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Abstract

In this work, we begin the study of a new class of dynamical systems determined by
interval maps generated by the symbolic action of erasing substitution rules. We do this
by discussing in some detail the geometric, analytical, dynamical and arithmetic properties
of a particular example, which has the virtue of being arguably the simplest and that at
the same time produces interesting properties and new challenging problems.
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Introduction

Substitutive dynamical systems are a widely studied and quite well-understood class (see for
instance [18, 35]). In this context, it is usual to intend the term substitution in a rather specific
sense. Namely, a substitution S is typically understood as a rule replacing every element from
a given alphabet by a finite word on the same alphabet, in order to extend S by concatenation
to a morphism over all the finite or infinite words. The morphic nature of S means that the
action of the substitution on a certain symbol within a word w is independent of its position
in w. Moreover, most of the times no symbol is mapped by S to the empty word, that is the
substitution is assumed to be non-erasing.

In recent years, erasing substitutions have been taken in some consideration within combina-
torics of words (see for instance [16, 36]), mostly in the context of computer science, while
little attention seems to be devoted to the analytical and dynamical properties of real maps
generated by the symbolic action of erasing substitutions. The shift from symbolic spaces to
the continuous real context, that is from zero-dimensional spaces to one-dimensional ones, has
relevant consequences on the richness of the properties involved and the problems that seems
natural to consider. Lately, topological dynamics questions initially considered only in case
of continuous maps, such as the structure of w-limit sets, topological entropy, the presence
of Devaney, Li-Yorke or distributional chaos and mixing properties, have been addressed in a
more general context. For instance: Darboux interval maps of Baire class 1 are considered in
[22, 41], general Darboux interval maps are investigated from the point of view of the connec-
tions between transitivity, turbulence and topological entropy in [31, 32|, interval maps with G4
connected graph are studied in [9, 10], while in [21] an adjustment of the concept of Devaney
chaos is proposed for discontinuous maps. In this connection, the study of the dynamics of
real maps generated by erasing block substitutions appears as a natural development, as the
objects constructed in this way fall into a category which is in a way the direct generalization
of the ones cited above, that is Baire class 1, generally not Darboux functions. The systematic
investigation of the dynamical properties of these maps has just begun; for instance, generic
interval maps of Baire class 1 are studied in [38, 39, 19].



Our aim is the investigation of an interval map generated by what is arguably the simplest
erasing substitution rule, which we will indicate by p. We are led to the choice of p as follows.
We start selecting the smallest non-trivial alphabet, that is {0,1}. The simplest way to get an
erasing substitution is to map one of the symbols, say 0, to the empty word. Then, we must
make a choice on how to transform the other symbol 1. Clearly, to obtain a non-trivial map,
we cannot replace every 1 with a fixed word, independently of its position. Making once again
the simplest choice, we distinguish between odd and even positions, replacing one case with the
symbol 0 and the other with the symbol 1.

Even in this model-case, the real map R : [0, 1] — [0, 1] generated by the symbolic action of p
on binary expansions, presents interesting properties and challenging problems, which involve,
among others, measure-theoretic, dimension-theoretic, topological, dynamical and arithmetical
aspects. As we will see better in Section 2, from an operational point of view the map is hardly
manageable, as to obtain the first m digits of the n-th iterate of its action at point = we must
typically provide x with accuracy of order ~ 272"". This entails that it is almost impossible to
investigate in a purely numerical fashion objects as w-limit sets and attractors. Moreover, as
we will see, there is an uncountable and dense subset of [0, 1] exhibiting extreme distributional
chaos, which means that the qualitative relative behaviour of sets of points, even arbitrarily
close, cannot be extrapolated from finite samplings of the dynamics of any time length.

It is this combination of simplicity of the object and variety of related properties which in our
opinion confers interest to the proposed subject.

The main properties of the map R, defined in Sections 2 and 3, can be summarized as follows.

1. The graph of R is a totally disconnected subset of the plane, whose Hausdorff dimension
is between 1 and log, 3 (Section 4).

2. R is a singular Borel map of Baire class 1, it is not Darboux, and its mean value is the
(admittedly a bit surprising) rational number 3/7 (Section 5).

3. The closure of the fibers and of the fixed point set of R are null-measure Cantor sets, with
Hausdorff dimension belonging to [1/2,log, ¢| (Sections 5 and 6).

4. There are two rational R-cycles of order two which attract (in a finite time) every rational,
moreover R has uncountably many periodic points for any given period, it exhibits Devaney
and (uniform) DC1 chaos, it is topologically mixing, it has infinite topological entropy and
every point in [0, 1] is a full entropy point (Section 6).

5. The combinatorially simplest periodic points of odd period (including 1) are transcendental
numbers and there are uncountably many periodic points that are transcendental as well
for every given period (Section 7).

For the reader’s convenience, a list of the most used symbols is given at the end of the paper.

1 The general setting

Let A = N“ be the set of all infinite sequences of non-negative integers, and B = {0, 1}* C N*
be the subset of all infinite binary sequences, both endowed with the metric given by

for every s = (s1,82,...,8n,...) and t = (t1,tq,...,t,,...) such that s # ¢.

Then, B splits as the union of two dense subspaces

B=CUC,



where € consists of all the infinite binary sequences which are not eventually 0, while €’ consists
of all the infinite binary sequences which are not eventually 1.
There is a 1-Lipschitz homeomorphism 7 : A — € defined by

a=(a1,az ... an,...) —5 nla) = (09,1,0%,1,...,0%1,...)

=(0,...,0,1,0,...,0,1,...,0,...,0,1,..)ec (1)
—— N — ——
a1l az an
for every a = (a1, az,...,a,,...) € A.

For the sake of convenience, we introduce the notation

() = n(2a+n"'(0)) (2)
with a € A and b € C. If a = (a1, ay, ..., an,...) then (a) is obtained from b by inserting 0%
immediately before the k-th occurrence of 1 in b. In particular, (a)'" = (a)"') = n(2a).

There is also a 2-Lipschitz map £ : B — [0, 1] defined by

b= (b1, by, ... by,...) Ly £(b) :;S—Z = 0.byby...b,...€0,1] (3)
for every b = (b1, b9,...,b,,...) € B.
The map & splits as the union of two bijective maps

€le:C—(0,1] and &ler: € —[0,1).
Then, we have the inverse maps
B=(e)™:(0,1] =€ and f = ({le) ™" 1 [0,1) = €, (4)

giving the binary expansions of the real numbers in [0, 1], meaning the infinite sequences of
binary digits in their binary expressions, completed by infinitely many 0’s in the case of the
finite binary expressions of dyadic rationals.

We emphasize the difference between a binary ezpression 0.z12z5... of x € [0, 1], which can
be finite (for dyadic rationals) or infinite, and a binary ezpansion of x which is always an
infinite sequence in B. Namely, for a dyadic rational x € (0,1] admitting the finite binary
expression 0.x1xs ... x,, we have f'(z) = (x1,29,...,2,,0,0,...) € €, while we have §(x) =
(x1,m9,...,x,_1,0,1,1,...) € Cif k < n is the index of the last occurrence of 1 in 0.x1xs . . . .

Now, let D C Q denote the set of all dyadic rationals, and put
D=DnNI0,1] and Q=QnN][0,1].

Notice that the two maps § and £’ coincide and are continuous on (0,1) \ D, while they differ
on the set D \ {0, 1}, where § is only left-continuous and ' is only right-continuous.

Finally, we introduce the further notations bj; for the k-th truncation of an infinite binary
sequence b, and [w] for the cylinder consisting of all the infinite binary sequences having the
finite prefix w. Namely,

b = (b, ba, ..., by) € {0,1}F for every b= (by,ba,...,by,...) €B, (5)
[w] = {(w,b) | b€ B} C B for every w = (wy,ws, ..., wy) € {0, 1}~ (6)
Then, for every b € B and k > 0 we can express the open ball B(b,1/2%) C B as [bjx] .

In the following, we identify the infinite binary sequence b = (b1, b, ... ) with the infinite binary
word b = byby ..., and we write z = 0.b for (the corresponding binary expression of) = = £(b).
An analogous convention is adopted for finite binary sequences. Thus, the notations introduced
in the equations (2), (5) and (6) make sense also in the context of binary words, and hence in
the context of binary expressions/expansions of real numbers in [0, 1].



2 The substitution rule

Let {0,1}* be the set of all the finite or infinite binary words, including the empty word e.
For a word w € {0,1}*°, we indicate by |w| its (possibly infinite) length and by |w/|; the (possibly
infinite) number of 1’s occurring in it.

Consider the map p: {0,1}>* — {0, 1}*° digit-wise defined by the alternating substitution rule

0 e€
p: { 1+~ 0 in odd positions . (7)
1+— 1 in even positions

In other words, for any word b = bybs ... € {0,1}* the word p(b) is obtained from b by deleting
all the b, = 0 and replacing each b, = 1 by 0 if n is odd and by 1 if n is even.

We remark that the parity condition in the above definition makes p a non-morphic map
with respect to the concatenation. Indeed, for any v,w € {0,1}* with v a finite word and
lwly > 0, the equality p(vw) = p(v)p(w) holds only if |v| is even, while for |v| odd we have
p(vw) = p(v)p(w), where p is the complementary substitution rule

(N
p: { 11 in odd positions . (8)
1+ 0 in even positions

For the sake of convenience, we introduce the notation

, (9)

_ { p if k is an even integer
Pk =7 if k is an odd integer

and we write p, to mean p),. In this way, for any v and w as above we have
plow) = p(v)pu(w). (10)

We observe that, for binary words of even or infinite length, the action of p coincides with that

of the block substitution rule

00 — €
0l1—1
T Y 10m0 (11)

11 — 01
This interpretation of the substitution rule p enables us to estimate the vanishing order
n(w) = min{k > 0| p*(w) = €} (12)
of a finite binary word w under the action of p in terms of |w|.
Proposition 2.1. If w # € is a finite binary word then n.(w) < 2|log, |w|] + 2.

Proof. We proceed by induction on |w| > 1, based on the trivial case of |w| = 1. So, let |w| > 1
and observe that we can assume |w| even, because of the obvious equality n.(w) = n.(w0).
In this case, we have |p*(w)| = |p(7(w))| = |7(w)];. Looking at the contribution to |7(w)|; of
each single pair, according to (14), we immediately get |p*(w)| < |w|/2. Then, by the inductive
hypothesis,

ne(w) < ne(p*(w)) +2 < 2[log, [p*(w)[] +4 < 2|log,(Jw|/2)] + 4 = 2[logy [w]] +2. O



As it can be easily realized, the vanishing order n.(w) of a word of length n > 1 can assume any
value between 1 and the upper bound established by the proposition. In particular, the extremal
values are attained for the words 0" and 1", which vanish exactly after 1 and 2|log,n]| + 2
iterations of p, respectively.

Up to the identification between binary sequences and binary words, we have € C B C {0, 1}*.
Moreover, it can be easily seen that p=!(B) = €. Then, it makes sense to consider the restriction
p‘e:T‘eie—)‘B.

Now, consider the substitution rule
= { 0+— 10

101" (13)

and let 7 : {0,1}*> — {0, 1} be the corresponding digit-wise generated map. Then, the image
7(w) has even or infinite length for every w € {0,1}*°. Moreover, 707 = idfg 1} and 7(w) € €
for every w € B. It immediately follows that the map p|e is surjective.

Actually, 7(w) is not the “simplest” element in (p|e)~!(w) for w € B. In fact, 7(w) can contain
pairs of consecutive 0’s and these can be deleted without changing the image under p|e. The
reason is that p(0) = e and that deleting/inserting subwords of even length does not change
the parity of the following positions in the word.

In the following we indicate by & C € the set of the “simplest” infinite binary words, meaning
those which do not contain any pair of consecutive 0’s.

In order to directly construct the “simplest” element in (p|e)~'(w), the unique one which
belongs to 8, we consider the section o : {0,1}*° — {0, 1}> digit-wise generated by the rule

. { x+— 1 if z is preceded by 1 — x in the word or it is 0 as the first digit (14)

x +— 01 if z is preceded by x in the word or it is 1 as the first digit
Given w € {0,1}*, o(w) is actually given by a true substitution rule (in the usual sense)
applied to the sequence of first differences of the word 1w obtained prepending 1 to w. Moreover,
o(b) € 8§ C € for every b € B, and hence o|g : B — € is a section of p|e.

Proposition 2.2. For every b € B the fiber (p|le)~(b) contains uncountably many elements.
In fact,
_ o(b
(ple) ™' (8) = {{a"™ | a € A}, (15)

and hence o(b) is the unique element of (p|le)~1(b) belonging to 8 and it is the maximum of
(ple) 1 (b) with respect to the lexicographic order.

Proof. We only need to prove equation (15), since the rest of the statement immediately follows
from it. A straightforward induction on n gives p|e(o (b)), = b, for every n > 1, which implies
that p(o(b)) = b. On the other hand, by deleting pairs of 0’s as discussed above, we get
p({aY®) = b for every a € A. Conversely, let any v € (p|e)"'(b) be written as v = n(c),
thanks to (2). The n-th occurrence of 1 in v is in position k, = ¢; + ... + ¢, + n. Since the
parity of k, is determined by p(v), = b,, induction on n shows that also the parity of ¢, is
determined for every n > 1. So, if o(b) = n(d) then we have d,, = 0,1 and ¢, = d,, mod 2
for every n > 1. This yields ¢ = 2a + d for a suitable a € A, and hence, according to (2),

v =n(c) =n(2a+d) = (a)"®. N

We conclude this section by considering some continuity properties of the maps ple : € — B
and o|g : B — € with respect to the metric induced by the inclusions € C B C A.



Proposition 2.3. The map ple : € — B is continuous but not uniformly continuous. Moreover,
lim, ., p(v) does not ezists for any b € B~ C. So, p cannot be continuously extended to any
subset of B larger than C.

Proof. For any b € C and n > 1, let k, = |p(bjn)| = |bjn]1- Then, p(B(b,1/2")) = p([bn]) C
[p(bn)] = [p(0)Ix,)] = B(p(b),1/2k"), and hence the continuity of p|e at b immediately follows
from the fact that k, — oo for n — oo. On the other hand, if p were uniformly continuous
then it would be possible to extend it to the whole space {0,1}>°, and this would contradict
the second part of the statement, which we are going to prove.

Let b € B ~ €. Then, b is eventually 0, and hence it can be written as b = v0°>°. Consider the
sequence (b, = v0"1%°),>1 C €. We have, lim,_, b, = b, while the limit lim,,_,~, p(b,) cannot
exist, being p(b(2k + 1)) = p(b(1)) # p(b(2)) = p(b(2k + 2)) for every k > 1. O

Proposition 2.4. The map o|g : B — C is uniformly continuous, in fact it is 1-Lipschitz.

Proof. Since |o(v)| > k for every v € {0,1}*, we have that d(b,V/) = 1/2% = b = V| =
o(O) =) = d(a(b),o(t))) < 1/2*, for every b,V € B. O

3 The real map
We define the map R : [0,1] — [0, 1] as follows

2/3 if 2 =0
R(z) = { . . 16
D= el itz e (0.1 1o
For x # 0 this amounts to say that R(z) admits a binary expansion which is the transform
under p of the unique binary expansion of x in €. In formulas, if x = 0.0 with b € € then

R(xz) = R(0.b) = 0.p(b) .

The image of 0 could be chosen somewhat arbitrarily. This particular choice is convenient for
later purposes.

The continuity properties we have seen in the previous section for the maps involved in the
definition of R give us the next proposition.

Proposition 3.1. The map R is continuous everywhere but on the set D ~ {1}, where it is
only left-continuous. Hence, R is a Borel function of Baire class 1, i.e. it is a point-wise limit
of continuous functions.

Proof. The first assertion immediately derives from the continuity of £ and ple (Proposition
2.3), and the fact that § is continuous everywhere but on the set D ~\ {1}, where it is only
left-continuous. Then, the second assertion follows by the fact that R has countably many
discontinuities (see [43, Theorem 11.8] or [23, Chapter Three, Section 34, Paragraph VII]). [

It is worth remarking that the right-discontinuity of R on D ~\ {1} is not simply due to the
right-discontinuity of S on that set, but it is instead also related to the fact that p|e is not
continuously extendable, as stated in Proposition 2.3. In fact, as we will see in Proposition 4.2,
for z € D ~\ {0, 1} the right limit lim,\_ , R(y) does not exist and even more

R(z) ¢ [li;n\fgf R(y), liryn\sl.clp R(y)] .



For example:

R(1/2) = 2/3, while liminf R(x) =0 and limsup R(x)=1/2,

T N\1/2 z\(1/2
R(1/4) =1/3, while liminf R(z) =1/2 and limsup R(z) =
zN\1/4 z\(1/4

In particular, R is not a Darboux function, meaning that it does not satisfy the intermediate
value property. Actually, it is not Darboux from the right for every z € D~ {1} (see Corollary
4.4). Thus, by Darboux’s theorem, the integral function fo t)dt is differentiable everywhere
but on the set D ~\ {1}, where it is only left-differentiable.

By a classical characterization of Baire class 1 functions given by Lebesgue [24] (see also [5,
Section 4.4] or [23, Chapter Two, Section 31, Paragraph II]), we know that for every ¢ > 0
there exists a countable closed covering {C), },>1 of [0, 1] such that the oscillation of R on each
C,, is less than . We recall that the oscillation of a real function f on a subset S of its domain

is defined as Of(S) = sup, ,eq | f(z) = f(y)].

Before going on, we want to provide an explicit construction of a covering {C,},>1 as above.
First, we need to estimate the oscillation of R on the dyadic intervals as follows.

For every x € {0,1}" and n > 1, we consider the cylinder [z] C B and the interval £([z]) =
[0.20%°,0.21%°] C [0, 1], and observe that

[0, 1] if . =0"
§{p(@p-101%)} Ulp(z)]) if z 70"

where k is the index of the last occurrence of 1 in z. In particular, in the latter case we have
R(&([z])) € &([p(x|k—1)]), which implies that

R(E([x])) = { an

Or(&([2])) < 1/2" with h = |p(xik-1)] = |zl = 1. (18)

Now we can start with our construction. Given ¢ > 0, we choose a positive integer ¢ such
that 1/2°°! < ¢, and consider the set D, C D consisting of all dyadic rational z whose binary
expansion {'(x) contains at most ¢ 1’s, that is |5'(x)|; < ¢. Then, the ordered set (D,,>) is
isomorphic to the countable ordinal w’ + 1, and hence D, has Cantor-Bendixson rank ¢ + 1.
Moreover, considering D, with the standard order in R, we have min D, = 0 and max D, =
0.1 = £(1%), and for every @ € D, ~ {0}, the immediate predecessor of z in Dy, that is the
largest element of Dy smaller than z, is p(x) = £(8(x)x0°°), where k denotes the index of the
¢-th 1 in p(z). Keeping the same notations, we put

([1°) = [€(10%),£(11)] = [0.1%,1] if 2 =1
Cyp = &([B()k]) = [£(B(2)1x0%), £(B(2)1x1%°)] = [p(x), z] if x € D\ A{0} .
{0} ifz=0

Then, {C,}zep,uq1y is a countable closed covering of [0, 1] with the wanted oscillation bound.
Indeed, in all cases, we have Og(C,) < 1/2¢71 < ¢ by (18).
)

Concerning the fibers, it immediately follows from (16) that

R (y)n (0,1 =87 (p (€ W) = (o~ HBW), B'(W)})) (19)

for every y € [0,1]. This actually coincides with R7!(y) if y # 2/3, while 0 must be added to
get R71(y) if y = 2/3.



Taking into account equation (15) and the properties of the maps  and 5’ we have seen at the
end of Section 1, we have

-1 o o Y Iy =
B0 = el UEo@ @) ity D~ o,1) -
(e (B w))) if y =0
where the following notation is used for b € C

(b) = {{a)’ | a € A}. (21)

Since &|e is injective, the fiber R7!(y) contains uncountably many elements for every y € [0, 1].
Moreover, according to Proposition 2.2, any fiber R~!(y) admits a maximum element

E(0(B(y))) ifyel0,]]~Dory=1
S(y) = {max{f(a(ﬁ( ) &0 (B'(y))} ify € D~ {0,1} - (22)
o (F'(y))) if y =0

The map S : [0,1] — [0, 1] defined by the equation above is a null measure section for R, as
we will see in Proposition 5.1. Here, we limit ourselves to consider the following continuity
properties of it.

Proposition 3.2. The map S is continuous everywhere but on the set D~ {0,1}, where it is
either left- or right-continuous, with different existing left- and right-limits. Hence, S is a Borel
function of Baire class 1.

Proof. The first assertion easily follows from the continuity properties of £, o|g (Proposition
2.4), p and f', and the fact that, for every y = (2k +1)/2" € D~ {0, 1}, we have

€(a(B(y))) — &0 (B' ()] < 2d(a(B(y)), o(B'(y))) < 2d(B(y), B'(y)) = 1/2"7".
Then, we can apply [43] as above to get the second assertion. O
Recalling how p and p act on the binary digits of  we readily deduce the next proposition.

Proposition 3.3. The map R satisfies the functional equations for every x € (0,1]

R(g) —1- R(2), (23)
() o

Proof. For every z € (0, 1], we have

R(5) =¢(p(8(5))) = €08@)) = €GEB@)) = 1= €p(B(x)) = 1 = R(x),

R<x;1> =¢(n(8(= ; 1))) — £(p(18(x))) = E(O0F(B(x))) = 2= ff’éﬁ(xm 1 —f(m) -

Notice that the relations (23) and (24) are verified by any map defined by means of a generalized
substitution of type (7), when odd-indexed 1’s go into a word w and even-indexed 1’s go into
its complementary word w.



By using the relations (23) and (24), one can get a countable family of functional equations,
one for each word w € {0,1}°°. Namely, if w is a finite binary word such that |w| = n, p(w) = v
and |v| = m, for every = € (0, 1] we have

x "L w; v 11 (=1t
R(2n+; ) 2 3t (R
Moreover, from (23) and (24) it easily follows that

2R(x+1) ifre(0,1/2
R@)=1 ( 21> ) | (25)
§R(x—§> it e (1/2,1]

4 Graph properties

In this section we consider some properties of the map R related to the geometry of its graph
G = {(z,R(z)) | z € [0,1]} C [0,1]?, which is depicted in Figure 1 below.

We remark that there is a priori no reason to think that the dots in the picture represent a
numerical approximation of points of the graph of R, as numerical computation is of course
based on (finite) binary expressions of dyadic rational numbers, whereas p acts always on
the infinite representation and is discontinuous precisely on dyadic rationals. However, the
picture still represents a numerical approximation of the graph of R for a somewhat deeper
reason, that is because we can interpret it as the plot of an element of a sequence of step
functions, constant on cylinder sets sharing a common finite prefix, converging to R. That this
“numerical” convergence is mathematically meaningful is indeed ensured by Proposition 3.1,
which establishes that R can be point-wise limit of continuous functions.

j 1]
X £

TRl
i

I bk
R
i '

Figure 1: The graph of the map R (blue) and of its integral function (orange).

The functional relations (23) and (24) induce an interesting recursive structure on G.



Consider, the transformations Ty, T} : [0, 1]? — [0, 1]* defined by the equations

T&x,y)z(%,l—y) and Tl(x,y):< 5 3

Let T be the operator which associates to each subset E C [0,1]? the subset

r+1 1—y>

T(B) = Ty(E) UTi(E).

Of course, T preserves compactness. Moreover, (23) and (24) imply the equality T(H) = H for
H =G —{(0,2/3)}. Indeed, for every = € (0, 1], we have

To(o, R(@) = (5. 1- k@) = (5. & (5))

B - (51 200 - (21 n(75)

and

Therefore,
To(H)=HnN([0,1/2] x[0,1]) and Ty(H)= Hn([1/2,1] x [0,1]),

which gives T(H) = H.
We inductively define K,, C [0, 1]? for n > 0, by putting

Ko =[0,1]% and K, = T(K,) = To(K,) UTi(K,),
where
To(K,) = K,:1N([0,1/2] x [0,1]) and Ti(K,) = K1 N ([1/2,1] x [0,1]). (26)

The trivial inclusion K; C Kj implies that K,,.; C K, for every n > 0. So, the K,,’s form a
decreasing sequence of compact subspaces of [0, 1]? converging to

Koo = Npso K, C [0,1]%

h‘hh M« ww 3 .

Figure 2: K,, for n =0,.

In order to describe the sequence of the K,,’s from a different point of view, we consider the
maps to,t; : [0,1] — [0, 1] defined by

1_
to(y) =1—y and ti(y) = Ty

which give the action of Ty and 77 on the second coordinate.
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Moreover, we consider the intervals
In=10,1] and I, =1, 0tz0---0t, ([0,1]) for x €D~ {1}

where 0.x125 . ..x, is a finite binary expression of x. Since the terminal 0’s in the binary word
x1Ts ..., do not affect the interval I, this is well-defined, depending only on .

We point out that the interval I, satisfies the identities

t0<[x) = 1z/2 and tl(I:(:) = I(:v+1)/2 . (27)

Then, by reasoning inductively as above, the interval I, for x = 0.x; ..., can be shown to
coincide with the cylinder generated by the word p(z; ... x,), that is

L= [p(z1...2)] (28)

For every n > 0, we can decompose K,, as a union of rectangles as follows

Kn = Ur—o anl[k/Qn, (]{I —+ 1)/271] X [k/gn

.....

This equality is trivially true for n = 0, while it can be proved by induction for n > 0 by taking
into account of (27), from which

.....

and

77777

Then, we can obtain K, ; from K, by replacing each rectangle
[k/2", (k +1)/2"] X Ijjon
by the union
([/2", (2K + 1)/2] x D) U ([(2K + 1)/2°, (k +1)/27] X Lgsny nen).

Remark 4.1. Passing from K, to K, amounts to split each rectangle [k/2", (k+1)/2"] x Ijjon
into four congruent closed sub-rectangles and remove the right-top or right-bottom one, depend-
img on n being even or odd respectively, while keeping the union of the other three sub-rectangles.

Now, come back to H and G. The trivial inclusion H C Ky and the equality T7(H) = H imply
that H C K, for every n > 0. On the other hand, as

{0} x [0,1) = To({0} x [0, 1]) < T({0} x [0, 1]),

we also have {0} x [0,1] C K, for every n > 0. Hence, G C ({0} x [0,1]) U H implies G C K,
and therefore C1G C K. We want to show that the reversed inclusion holds as well. In fact,
we have the following slightly stronger result.

Proposition 4.2. The following equalities hold

Ko =ClG = GU (Ugen 1y ({2} x 1)).
Moreover, for every x € D ~\ {0, 1},

R(z) ¢ I = [liminf R(S), limn sup R(€)].
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In order to prove the proposition a technical lemma is needed.
Lemma 4.3. For every x € (0,1) we have
R U/l,) with R I, if D
K (o) x (0.1)) — { {7} X (RE@YUL) with R@) ¢ 1, ifz e D
{(z, R(x))} if ¢ D

Proof. The case when x € D immediately follows from the definition of K., and the following
statement: if 0.z ...z is the shortest binary expression of x, then for every n > k

K,N({z} x[0,1]) = {2} x (I, U J,,)
where (J,,)n>k IS @ non-increasing sequence of intervals such that N,>xJ,,, = {R(x)} with
R(x) & I,. We prove this statement by induction on k > 1.
If k=1 then z = 1/2, and for every n > 1, we have
Ko 0 ({1/2} x [0,1]) = To(Kn—1 N ({1} x [0,1]) UT1 (K1 N ({0} x [0,1])),
so that, by recalling equation (26),
K, 0 ({172} x [0,1]) = To({1} > #77([0,1])) U T1 ({0} x [0,1])
= {1/2} x (to o t771([0,1]) U [0, 1/2]).
Then, Ji2, = (to 0 t"71([0,1]))n>1 is a non-increasing sequence of intervals whose intersection
is to(R(1)) = R(1/2) = 2/3. Moreover, Jijo, N I1j2 = Jij2n N [0,1/2] = O for every n large
enough, and hence R(1/2) & I 5.
Consider now the case of a dyadic rational = 0.2y ... 2 with & > 1. Let 2/ = 0.25... 23 =
2z (mod 1) and assume, by the inductive hypothesis, that K,N({z'} x[0,1]) = {2’} X (I UJw )

for every n > k — 1, with (Jun)n>k—1 & non-increasing sequence of intervals whose intersection
is {R(2')} and R(z') ¢ I, =t,,0--- 0oty ([0,1]). Then, for every n > k we have

KN ({z} x [0,1]) = T, (Knoa N ({27} x [0, 1])),
and hence
K, N ({z} x [0,1]) = {x} x (tz, (L) U tm(‘]x’,n—l))'
Here, (Jyn = tu,(Jwn—1))n>k is @ non-increasing sequence of intervals whose intersection is
{R(z)} = {t.,(R(2'))}, and R(z) ¢ I, =t (Ln).
We are left to consider the case when x ¢ D. For every n > 1, let x|, = 0.x;...x, the n-th
trucantion of the binary expression of z. We want to prove, by induction on n > 1, that
K, ({z} x[0,1]) = {z} x I,.

In fact, for n = 1 we have I, = [0,1] if ; = 0 and I, = [0,1/2] if z; = 1. In both cases,
Kin({z} x[0,1]) = {z} x I, and R(x) € I,,. Moreover, for n > 1 we have

I, , ifx,=0

I, = ]j‘n
I;m

_, ifz,=1andniseven ,

_, ifz, =1and n is odd

where Ij‘n_l and I,  denote the upper half and the lower half of I, ,, respectively. In all
the cases, the equality K, N ({x} x [0,1]) = {z} x I, and the relation R(x) € I, follow by
induction on n, taking into account that
Ozy... 21 <2 <0.27...2,-11 if x, =0,
0.x1...2p 11 <2 <0.27...2p11% ifz,=1.
Then,
Koo N (2 % [0,1]) = {2} x (Mn211a,) = {(z, R(2))}- O

12



Proof of Proposition 4.2. According to the lemma above, taking the union over z € [0,1) we
immediately get the following equality

Ky = GU (UxED\{l}({x} X I:E))? (29)

with
G N (Useny({z} x L)) ={(0,2/3)}.

Equation (29) implies that C1G C K. Therefore, in order to conclude that K., = CIG, it
suffices to show that the inclusion {z} x I, C C1G holds for every 2 = 0.2y ... 2, € D~ {1}.
According to equation (28), for a generic point (x,y) € {x} x I, we have y = 0.2 ... z,v, with
v € {0,1}*. Then, the point (z,y) can be arbitrarily approximated by a point (2’, R(z')) € G
with 2’ = 0.z;...7,(00)*w, k sufficiently large and w € {0,1}> any binary word such that
p(w) = v. This concludes the proof of the first part of the proposition.

To prove the second part of the proposition, we start by observing that the argument just

exposed immediately entails that

I, C |liminf R(£),1i R

The opposite inclusion readily follows by equation (28). O

Corollary 4.4. The map R is not Darboux from the right (in the sense of [11]) at any dyadic
rational x € D\ {1} and its graph G is totally disconnected.

Proof. This is an immediate consequence of Proposition 4.2. O

Using the inclusion G C K, we can prove the next proposition.

1
3
Proposition 4.5. /R(x)dx =z
0

Proof. By Remark 4.1, Area K,, = %Area K, 1 for every n > 0. Then, taking into account that
Area Ky = 1, we get

Area K, = ( 2 )n (30)

for every n > 0. Since this vanishes for n — oo, we can approximate the integral of R by the
integral A,, of the piecewise constant function R,, whose graph is given by the bottom edges of
all the rectangles forming K,,. Now, Ry,.1 = Rs, for every n > 1, so we can write

n—oo

1
/R(z)dm = lim A,,.
0

Looking at what happens inside each rectangle of K5, o when passing from Rs, o to Ra,
(compare Ky and K5 in Figure 2), we have

3 3 g \n—-1
AQTL - AQn—Q = E Area KQTL—Q = 1_6 . (E)
Therefore, starting from Ay = 0 we get
3 ~/9\" 3 16 3
lim Ay, = — <_> _ o0 s O
a0 2 16;::0 16/ 16 7 7
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Finally, we can compute the Box dimension dimg G and estimate the Hausdorff dimension
dimpy G as follows.

Proposition 4.6. 1 <dimy G < dimp G = dimp K = log, 3.

Proof. The two inequalities derive from the projection of G onto [0,1] and from the general
relation between the Hausdorff dimension and the box-dimension, respectively. The first equality
comes from the invariance of the box-dimension under closure. The second equality follows from
the fact that the boxes of the form [k/2", (k + 1)/2"] x [¢/2", (¢ + 1)/2"] needed to cover K
are exactly the ones contained in K,,, which are 3", as it is clear by equation (30). O

5 Analytical properties

Let us start with some global properties of the map R with respect to the Lebesgue measure.
We indicate by A(A) the standard Lebesgue measure of a measurable set A C [0, 1].

In the following propositions we indicate by N C [0, 1] the subset of 2-normal numbers, that is
the numbers = € [0, 1] which admit a binary expansion where all the binary sequences of any
given length k& > 1 occur with the same asymptotic relative frequency 1/2%. In particular, N
does not contain any rational number, and hence (z) = '(x) for every x € N. We recall that
N has full measure A(N) = 1, as proved in [3].

For any infinite binary word b € B and any finite binary word w € {0,1}*, we indicate by
fn(w,b) the relative frequency of w among all the n subwords of b, ,—1 of length k, and by
f(w, b) the asymptotic relative frequency of w in b, if it exists. Namely, we put

=1,... =bbi ... b
fn<w,b) — |{Z ; y TV | w i Vi+1 i+k 1}| (31)

n

and

Flw,b) = lim f,(w.b). (32)
Then, to say that * = 0.x175... is normal means that f(w,zzy...) = 1/2F for every
w € {0,1}*. This is equivalent to the property that for every k > 1, if (wy,ws,...) is the
decomposition of zix5 ... into contiguous blocks of length k, then the asymptotic relative fre-
quency of any w € {0,1}* in the sequence (wy,ws, ...) is 1/2% (see [3], [6], [8], [29] and [33]).

Proposition 5.1. The map R is measurable but not bi-measurable. Moreover, the map S defined
by equation (22) is a null measure section of R, being S([0,1]) C [0,1] ~ N.

Proof. The map R is almost everywhere continuous by Proposition 3.1, hence it is measurable.
Concerning the section S, for every y € [0, 1] the image S(y) does not contain any pair of
consecutive 0’s in its binary expansion $(S(y)), which coincides with either o(5(y)) or a(5'(y)).
Then, we have S([0,1]) C [0, 1] \ N, which implies that A(S([0, 1])) = 0 by [3]. Therefore, every
set A C [0,1] is the image R(S(A)) of the null measure set S(A). In particular, this is true for
any non-measurable subset of [0, 1], like the Vitali set. Thus, R is not bi-measurable. ]

We remark that, in the light the uncountability of all the fibers of R discussed in Section 3,
part of Proposition 5.1 could be also obtained as a direct consequence of a general theorem by
Purves [34] stating that, if f is a bi-measurable map from a standard Borel space X to a Polish
space Y, then at most countably many fibers of f can be uncountable.

Proposition 5.2. The map R is a singular Borel function, being R(N) C [0,1] N~ N.
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Proof. Tt is enough to prove the last inclusion, since it implies that A(R7([0,1] ~\ N)) = 1
with A([0,1] ~ N) = 0, and hence the singularity of R. So, given = = 0.z125... € N and
R(x) = y = 0.1y ..., with y1y2... = p(x129...), we have to prove that y is not normal.
Notice that xixs... = B(z) € C and 3192 ... € B are both infinite binary words (the latter
coincides with either 5(y) or 5'(y)). Here, we think of the normality of  in terms of asymptotic
equi-distribution of contiguous blocks in x5 ... of every given length, as discussed above.
By considering the blocks of length 2 in the word zx5 ..., and taking into account the substi-
tution rule 7 defined in (11) and the asymptotic equi-distribution of 01 and 10, guaranteed by
the normality of x, we can immediately conclude that R(x) is simply normal, meaning that 0
and 1 have the same asymptotic relative frequency 1/2 in the word y1ys . . ..

By arguing instead on the blocks of length 8 in the word x5 ..., we will prove that

ggrgo(fn(Ol, Y1y - )+ fa(10,5192...)) > nh_{{.lo(fn<00>yly2 )+ (L)), (33)

assuming that both the limits exist, otherwise y = R(z) cannot be normal and we are done. This
prevents the word v,y ... to satisfy the asymptotic equi-distribution of the binary subwords
of length 2, and hence implies once again that y = R(z) is not normal.

To prove (33), let @ > 1 be arbitrarily fixed. Since f(0,z12;...) = f(1,z122...) = 1/2, for
every § > 0 there exists m > 1 such that the length n of the word p(xixs ... xg,,) satisfies the
following properties

no|p(z1zs ... T _ |z129 . . g1

8m 8m 8m

€(1/2—-46,1/2+0) and n>7n
We want to show that for a suitable choice of m the following inequality holds

fn(()l, Y1Y2 - .. ) + fn(l(], Y1Y2 - .. ) > fn(OO, Y1Ya ... ) + fn(]-]-> 1Yz ... ) + ¢, (34)

where ¢ > 0 is a constant independent on n, which gives (33).

Let (wy,ws, ..., wy,) be the decomposition of the word x;xs ...z, in blocks of length 8, and
(v1,vg, ..., Uy) be the corresponding decomposition of the word y1ys . .. ¥, in blocks of variable
length < 8, with v; = p(w;) for every i =1,... k.

Based on the normality of x, we can assume m sufficiently large in such a way that the relative
frequency of any binary word w of length 8 in the sequence (wy,ws,...,w,,) belongs to the
interval (1/2% — §,1/2% + §). Then, we consider the pairs of consecutive digits in y19s ... Yn,
separating those occurring inside the blocks from those formed by the last digit of a block and
the first digit of the next one (disregarding the empty blocks).

The pairs of the latter type are less than m. Concerning the pairs of the former type, direct
inspection shows that in the images of all binary words of length 8 under p, the pairs 01 and
10 occur 541 times, while the pairs 00 and 11 occur 228 times. Therefore, inside the blocks
(v1,v9, ..., V) the number of occurrences of the pairs 01 and 10 is at least 541(1/2% — §)m,
while the number of occurrences of the pairs 00 and 11 at most 228(1/2% 4+ d)m. Putting all
together we have

541(1/28 — 6)ym _ 541(1/28 — 6)

Fo(0L, 12 ... ) + fu(10,00y2...) 2> - > 8(1/2+0) (35)
228(1/28 +6 228(1/28 + 6 1
fa(00, 5192 ) + fu(1l, 910 ..) < W/ j; Jm+m < é({/2t5))+ (36)

At this point, it is enough to observe that (35) is greater than (36) for ¢ sufficiently small. [
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As a consequence of Proposition 5.2, the map R does not preserve the Lebesgue measure. The
Lebesgue measure of the inverse images of dyadic cylinders can be directly computed as follows.

According to equation (20), for every y € {0,1}" and n > 1, we have

Unes&((a(y0))) ify =17

R (&([y]) ~ {0} = {UbeB (b)) UE((o(y))) otherwise ’

(37)

where y' = B({(y) +1/27).
Then, by putting |o(y)| = m and recalling that |o(y)|, = |y| = n, we get

ANUnesé({o(yh))) = A({{a)™ | a € A,b € BY) = A({(@)b | a € N",b € B})

— A(Uaenn[(@ ™)) = 32, e M@ @]) = 3, cppn 17217
— ZaeN" 1/2(2a1+...+2an+m) — (ZmZO 1/22(11) . (Z%ZO 1/22an)/2m
= (4/3)/2m = 22n=m/3m < (2/3)".

Moreover, by taking into account the inclusions

o (¥))) C Unesé({o(y'1xD))),

which hold for every k£ > 0, and by applying the above formula for the measure of the right-side

terms, we obtain
AE({e(y)))) = 0.

Therefore, based on (37), we have
MRHE))) = 217 Wl3 < (2/3)" (38)

for every y € {0,1}" and n > 1.

We remark that, by generalizing the above computation of the Lebesgue measure of the inverse
images of dyadic cylinders, one could show that actually the map R cannot preserve any product
measure j, with 0 < p < 1, determined by p,(£([z])) = p™(1 —p)" ™ where m = |z|;, for every
z € {0,1}" and n > 1.

Moreover, Proposition 5.2 also entails that no R-invariant probability measure can be absolutely
continuous with respect to Lebesgue measure. Indeed, if there were such a measure v, then we
would have v([0,1] ~ N) = 0, and hence v(R~([0,1] ~ N)) = 0. Thus, the density function of
v would vanish almost everywhere on a set containing N.

Now we pass to the topological and metric structure of the fibers of R, which we recall to be
all uncountable, as a consequence of equation (20) in Section 3. In particular, we will compute
the Hausdorff dimension dimy R™!(y) of the fibers of the rational numbers y € Q and estimate
that of all the other fibers. Let us start with some preliminary results.

Proposition 5.3. For every y € [0,1], the closure ClR™(y) of the fiber R~ (y) is a null
measure Cantor set in [0,1], with a countable remainder Cl1R™'(y) ~ R~'(y) C D.

Proof. First we prove the inclusion

CrE((b)) < £({b)) U D (39)

for every b € €, which implies that C1R™!(y) ~ R™*(y) C D for every y € [0,1] by (20).
Given z € CIE((b)), let (z,)n>1 C £({b)) be a sequence such that lim, . x, = . Then, by
the definition of (b) in (21), there exists a sequence (a,)n>1 C A such that z, = £({a,)), and
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hence (a,)’ = B(x,), for every n > 1. If € D we are done, otherwise the continuity of 3 at
(see Section 1) implies that lim, . (a,) = B(z) € €. If the sequence of the i-th components
((@n)i)n>1 is bounded for every i > 1, then by compactness we can replace the sequence (a,)n>1
by a subsequence converging to a € A, and recalling that 7 is a homeomorphism, we have

lim (a,) = Tim 7(2a, +n7' (b)) = n(lim 2a, + 17" (b) = n(2a + ') = {a)’,
and hence z = £({a)) € £((b)). If instead some sequence ((ay);)n>1 is unbounded, let m be
the minimum index i > 1 for which this happens. Replacing the sequence (a,),>1 by a suitable
subsequence such that (a,)m_1 = ¢ for some ¢ € {0,1}™~! and every n > 1, we have

Bla) = lim ()’ = ("0~

which is absurd, being S(z) € €. So this case cannot occur, and we finished the proof of (39).
At this point, for any y € (0, 1], taking into account that {y} = M,>1&([B(¥)}]), and hence
R(g) = Mot RE(B()1n]), we obtain A(CLR™(y)) = AR~ (3)) = 0 by (38). Similasly,
we can obtain A\(C1R71(0)) = A(R7!(0)) = 0 starting from {0} = N,>1£([0"]).
We are left to prove that C1 R7!(y) is a Cantor set for every y € [0,1]. To this end, it is
enough to show that Cl R7!(y) is topologically 0-dimensional and perfect (see [23, Chapter
Four, Section 45, Paragraph II]). The 0-dimensionality immediately follows from the fact that
Cl1 R~ !(y) cannot contain any interval, having a null measure. For the perfectness, we observe
that every z € Cl1 R7}(y) \ R™(y) cannot be isolated. On the other hand, if x € R~ (y) \ {0},
then z = &(n(c)) for some ¢ € € (see (20)), and we have z = lim,_,o, x, with the sequence
(x, = &M(cn)))n>1 € RH(y) defined by (c,); = ¢ + 28;, for any i,n > 1. Finally, 0 is a
limit point for every fiber R™!(y), and in particular for y = 2/3. In fact, 0 = lim,, ., x,, where
(Tp)n>1 C R (y) is defined like above, starting with any ¢ € € such that £(n(c)) € R™'(y) and
putting (¢,); = ¢; + 2nd;; for any i,n > 1. O

In order to compare different fibers of R, we introduce a partial order relation between infinite
binary sequences b, c € € as follows

b= c < there exists m > 0 such that |c|;|; < |b;;|1 +m for every i > 1. (40)
We also introduce the induced relation equivalence
brc & bix=c and c=b. (41)

The above relations provide a kind of uniform control on the distribution of the 1’s in the words.
In particular, b = ¢ and b ~ ¢ imply analogous relations f(1,b) > f(1,¢) and f(1,b) = f(1,c¢)
respectively, between the asymptotic relative frequencies of 1’s, if they exist. But of of course
the opposite implications are false.

The next two lemmas provide our technical tool for the comparison of fibers. Here, we recall
that 8 stands for the set of all infinite binary words without any pair of consecutive 0’s.

Lemma 5.4. For every b, c € C, the natural bijection ¢y, : {(b) — (c) defined by

dne({a)) = (af

with a € A, is a homeomorphism. Moreover, ¢y . is a Lipschitz map if b = ¢ and ¢ € §, and
hence ¢y is a bi-Lipschitz map if b~ c and b,c € 8.
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Proof. Given any b € €, we consider the natural bijection ¢, : A — (b) defined by ¢p(a) =
(a)’ = n(2a + n~'(b)). This is a 1-Lipschitz homeomorphism, being the composition of the
isometric map A — A which sends a to 2a + n~'b with the 1-Lipschitz homeomorphism 7 :
A — €. Moreover, for every a,a’ € A such that aj, = d'|, and a,41 # a),,, we put

h(a,a') = a1+ ...+ a, + min{a, 11, a1},

and observe that the maximum index i for which (a)'}; = (a'\’); is given by 2h(a, a’) + k2, where
k2 denotes the index of the n-th occurrence of 1 in b.

Then, for every b,c € € the identity ¢y, = ¢. o gbb_l implies that ¢, is a homeomorphism.
Furthermore, if b = ¢ and ¢ € § we can see that ¢ is a Lipschitz map as follows.

Let m > 1 such that |c;|; < |b;|1 + m for every ¢ > 1. In particular, we have
et < Jbpge |1 +m =i 4 m,

and therefore
KD+ 1 < Kf o <K§+2m+2 (42)

for every i > 1, where k? denotes the index of the i-th occurrence of 1 in b as above, and the
last inequality derives from the fact that ¢ € 8 does not contain any pair of consecutive 0’s.
Given any two different sequences a,a’ € A, let n be the maximum index ¢ such that a); = d');.
Then, by the above observation, we have

d(<a>b7 (a’)b) — 1/22h(a,a’)+k2+1 and d(<a>c7 <a/>0> _ 1/22h(a,a’)+k;+1’

from which by (42) we obtain

A(ne (@), 00e(@Y)) _ o
dfaf @f)

So, we can conclude that ¢, is a Lipschitz map with Lipschitz constant 22", O
Lemma 5.5. For every b, c € C, the bijection vy = £ 0 ¢y 0 Bley) : £({0)) — £({c)) given by
Une(§((a)) = £((a))

with a € A, is a Lipschitz map if b = c and b € 8, and hence . s a bi-Lipschitz homeo-
morphism if b~ c and b, c € 8.

Proof. In the light of the previous lemma, recalling that £ is 2-Lipschitz, it suffices to show that
Ble(y) is a Lipschitz map for every b € 8.

Take any two different real numbers z = £((a)) and 2/ = £((a')) in £((b)), with a, = d'}»
and a,41 # al,,,. Without loss of generality, we assume that a,; < a,,,. Like in the proof
of the previous lemma, we have (a>b|2h(a,a/)+kg = <a’)b|2h(a,a/)+k%. Denoting by w this word, we

b

can write (a)’ = wlc and (¢’ = w00¢, and hence 2 = 0.wle and 2/ = 0.w00¢, for suitable

¢, € C. Then, we get
|z — 2| = 0.x1¢ — 0.200¢ > 0.1 — 0.2z01 = 0.0*1+1] = 1/2lwH+2

while
b w
d(B(x), B(z")) = d({a), (a')’) = 1/2"F".
These inequalities immediately imply that | ¢((v)) is a 2-Lipschitz map. 0

Now we focus on the “rational fibers”, that is the fibers R™!(y) with y € Q.
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Proposition 5.6. Ify € Q then £(a(B(y))),{(a(B'(y))) € Q when defined, and so S(y) € Q.

Proof. Since any binary expansion of a rational number is periodic, both £(y) and '(y) have
the form wp>, where w and p are finite binary of length n > 0 and ¢ > 1, respectively. Then,
recalling that o can be interpreted as a true substitution rule applied to the first differences,
o(B(y)) and o(5'(y)) have both the corresponding form vg>, with

fo(w) ifw, =p _(o(p) ifp =1
U_{U(wp) if w,, # py and q_{a’(p) ifp,=0" (43)

where we assume w, = 1 for n = 0 and indicate by ¢'(p) the word o(p) with the first digit
complemented. In all cases, we have a periodic binary sequence with a period ¢ of length n,
and by applying £ we get rational number in Q. O]

The next proposition expresses the Hausdorff dimension dimz R~ (y) for y € Q in terms of the
density d of the 1’s in the period ¢ of o(5(y)) or (5’ (y)) as given by (43), that is

d=lql1/lql.

We recall that 5(y) and §’(y) coincide for y € [0, 1] \ D, while only one of them is defined for
y = 0, 1. On the other hand, for y € D ~\ {0, 1} the period of f(y) is 1 and the period of ' (y)
is 0, and hence in both cases ¢ = 01 or ¢ = 10 and then d = 1/2.

We also observe that actually d does not depend on the specific choice for the period ¢ in
o(B(y)) or o(f'(y)), in that d does not change if we choose a different starting digit for the
period of the word or consider as a period any multiple of a minimal one. In fact, d coincides
with the asymptotic relative frequency f(1,0(5(y))) or f(1,0(8'(y)))-

Proposition 5.7. For every y € Q we have dimg R™(y) = —logyt, with t the unique real
number in (0, 1) verifying the equation

£t =1,
where d = |q|1/|q] € (0,1] is the density of the 1’s in the period q of o(5(y)) or a(5'(y)).

Proof. According to (20) and (43), and recalling that dimy (AUB) = max{dimg A, dimy B} for
every A, B C [0, 1], we only need to compute dimg ({vg™)) with vg> € 8. Moreover, thanks
to Lemma 5.5 and the bi-Lipschitz invariance of the Hausdorff dimension, we can limit ourselves
to consider the case when v = ¢, since v¢™ ~ ¢*° and both v¢™> and ¢*° belong to &. In addition,
by applying once again Lemma 5.5, we can assume that the last digit of ¢ is 1 without changing
the ~ class. Indeed, ¢ must contain some 1 and thus it can be written as ¢ = ¢'1¢” for some
(possibly empty) binary words ¢’ and ¢”, whence ¢ = (¢'1¢")* = ¢'1(¢"¢'1)* ~ (¢"¢'1)>°.
Given ¢ = q1q2...q, € {0,1}" with ¢, = 1, we put m = |¢q|; and consider the family of
contractive similarities
T={T, : R — R}senm

defined by
To(x) = af2ert-om o 4 g,

where z, = 0.(a)?, for every a € N™. Such family T is clearly relatively compact in the space of
all the contractive similarities of R with the topology of the uniform convergence over bounded
sets.

In terms of binary expressions, since 2(a; + ... + a,,) + n = |{(a)?|, we have

T.(0.z125...) = 0(a)x12s. .. . (44)
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This allows us to derive in a straightforward way that

§({a™)) = Uaenn Tu(§((a™))).

Indeed, the equality (a)’¢q®> = (a0>)"" gives the inclusion T,(£({q¢>))) C &£({¢>)) for every
a € N™. On the other hand, for every x = £({a)! ) € £((¢>)) with a € A, we have z =

§((arag . . . am) (@mi1amya - - '>q°°) € Ty, (E({a>N))-

From (44), we also see that T,((0,1)) C (0, 1) for every a € N™ and T,((0,1)) N T ((0,1)) =0
for every a,a’ € N™ with a # o/, that is the family T satisfies the so called “open set condition”.
Then, we are in position to apply Theorem 2.2 of [28] (see also [17, Theorem 3.11]), in order
to conclude that

dimy (§((b))) = inf{s > 0 X epymra <1}, (45)

where r, = 1/22(@+Fam)*n denotes the similarity ratio of T}, for every a € N™,
Now, recalling that d = m/n, we have

ZaeNm ’f‘; — ZaeNm 1/2(2(a1+...+am)+n)s
— (Zalzo 1/221115) L (Zamzo 1/22ams)/2ns
— 27ns/(1 . 1/22s)m — <2s/d(1 . 2723>)7m_
Therefore, from (45) we deduce that dimg(E({b))) is given by the unique s > 0 where the

monotonic real function f(s) = 2%/¢(1—272) assumes the value 1. Finally, the equation f(s) = 1
becomes t? + ¢!/ = 1 as in the statement, by putting s = — log, t. O]

We remark that actually the open set condition as formulated in the proof above also implies
that the rational fibers of R have positive Hausdorff measure in the relative Hausdorff dimension
(see [28, Theorem 2.2]).

To conclude this section, we want to provide a common lower and upper bound for the Hausdorff
dimension of all the fiber of R. To this end, we first apply Proposition 5.7 to compute the
Hausdorff dimension of the two “extremal” rational fibers R~*(1) and R~'(1/3). We have

B(1) = 1% = o(B(1)) = (01)® = d=1/2 = dimy R'(1) = 1/2,
B(1/3) = (01)® = o(B(1/3) =1% = d=1 = dimy R '(1/3) = log, ¥,
where ¢ = (1 ++/5)/2 is the golden ratio.
Proposition 5.8. For every y € [0, 1], the following holds
1/2 < dimy R '(y) < log, ¢.

Proof. Thanks to (20) and the formula dimg(A U B) = max{dimy A, dimy B} holding for
every A, B C [0, 1], it suffices to prove that 1/2 < dimg &({b))) < log, ¢ for every b € 8. This
immediately follows from Lemma 5.5, taking into account the obvious relation 1°° = b = (01)>
and the fact that the Hausdorff dimension cannot increase under Lipschitz maps. O

6 Dynamical properties

For the sake of convenience, we extend the notation p, introduced in (9) and (10) by defining

the maps
py 10,1} —{0,1}*

for every finite binary word v and every n > 1 as follows.
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We start by setting
po(w) = po(w), (46)
with w € {0,1}*°, and then for n > 1 we inductively define

P = pon-iwy 0 Py (47)

We emphasize that, in general p!" does not coincide with (p,)", the n-th iteration of the map
pu, when v # € (for v = € we have p. = p, and hence p!' = p™ = (p.)" for every n > 1). Indeed,
by expanding the inductive definition we obtain

Po = Ppn=i(w) © Pon=2(v) © -+ © Pp(v) © Pu s (48)

which is a composition of h maps, each equal to p or p. Namely, the i-th map in the composition
is p or p depending on the parity of the length |p"~%(v)| of the image of v under the (n — i)-th
power of p. Nevertheless, a straightforward induction on n > 1 based on (10) gives the identity

o (vw) = " (v)p" (), (49)
where only the first two occurrences of n denote iterations of maps.

As an consequence of the surjectivity of p, and hence of p, also all the maps p? are surjective.
In fact, as it happens for p and p, the inverse image (p?)~!(w) is countably infinite if w is a
finite non-empty word, while it is uncountable if w is an infinite word, that is w € B.

On the other hand, contrary to what happens for p and p, the fact that w € € is not enough
to guarantee that pl!(w) € B when n > 1. For example

P10((01)%) = (pp(110) © p110) ((01)>) = (po1 © p110)((01)>) = p(p((01)>)) = p(0%) = €.

The next two lemmas constitute fundamental technical tools used for establishing the dynamical
properties of the map R.

Lemma 6.1. For any sequence (w,)n>0 of non-empty finite binary words and any sequence
(kn)n>o of natural numbers with ko = 0 and ky, > kn—1 + ne(wn_1) for every n > 1, there is an
uncountable set B C [wo] N C C B such that p* (b) € [w,] for every b € B and every n > 1.

Proof. For any sequences (wy,),>o and (k,)n>o as above, we construct the generic element of B
as an infinite concatenation b = vgv; ... € C, where the v,’s are non-empty finite binary words
inductively defined as follows. We start with vy = wg. Then, given vy, vy, ...,v,_1 with n > 0,
we put u, = vyv; ... v,—1 and we choose v, to be any of the infinitely many (non-empty) words
in (pkn)~'(w,) which ends with 1. We observe that, p™ (u,) = € for every n > 1, whatever the
choice of the v,’s. In fact, p* (uy) = p* (vy) = € since ky > n.(vo), while for n > 1, taking into
account that k, — k,_1 > n.(w,_1), we have by induction

prn(un) = pln=hn=t (phn=t (u, v, 1))
= P (Pt (1) Pl (vn 1))
— bt () = c.
The condition that each v, ends with 1 prevents different choices for the v,,’s to produce the
same final word b, as it can be easily deduced from the fact that |v,|; = |w,| does not depend

on the specific choice of v,. In this way, as the result of infinitely many infinite choices, one for
each n > 0, we get an uncountable set B of words b = vgv; ... € [wp] N € such that

pr(0) = PP (uponvpg ) = p™ (un)Pﬁz (Un)PﬁZvn (Vnt1-..) = wnpvlj:vn (Vs - -.) € [wn]

for every m > 1, where the second equality can be obtained by two applications of (49), while
the third one immediately follows from p* (u,) = € and pf» (v,) = wy,. O
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Lemma 6.2. For any sequence (wy,)n,>0 of non-empty finite binary words there is an uncount-
able set B C [wg] N C C B with the property that for every b € B and every n,m > 0, there
exists k > m such that p*(b) € [w,] C B.

Proof. Possibly by replacing (w,,),>o with the concatenation of all its finite initial subsequences,
we can assume that each word w, appears infinitely many times in the sequence. Under this
assumptions, it is enough to prove the existence of an uncountable subset B C [wg] N € with
the weaker property that for every b € B and n > 1 there is k > 1 such that p*(b) € [w,]. The
existence of such a set B is guaranteed by the previous lemma. O]

We now proceed discussing some asymptotic properties of the orbits of the map R. First of all,
we show that the set of rationals Q = QN [0,1] is R-invariant and establish the asymptotic
behaviour of the restriction of R|q : Q — Q.

Proposition 6.3. The set Q C [0,1] is R-invariant. Moreover, R|o admits only two periodic
orbits, namely Cy = {0,2/3} and Cy = {1,1/3}, and Q decomposes as the disjoint union of two
dense subsets

Q=0Q,UQy, (50)
where Q; consists of all the rationals in Q whose forward orbit contains C;, for i =1,2.

Proof. The fact that Cy = {0,2/3} or C; = {1,1/3} are 2-cycles can be trivially verified.
Then, the R-invariance of Q follows once we prove that R(x) € Q for every x € Q \. {0,1}.
Given any z € Q \ {0, 1}, we can write S(z) = wp>® € € with w and p finite binary words of
minimal length such that [p|; > 0. Then, by applying p we obtain

p(B(x)) = pwp™) = p(w)puw(P) Pup(P) Pup2 (P) - - -

If [p| is even, |wp¥| has the same parity of |w], and hence p,,r = p,, for every k > 1. If instead
p| is odd, |wp”| has the same parity of |w| + &, and so p,,. coincides with p,, for k even while
it coincides with the complementary map p,, for k odd. Thus, we can rewrite p(5(z)) as

[ plw)(pu(p))™ if |p| is even
PBle)) = {P(w)(Pw(p)ﬁw(p))"o i |p| is odd

In both cases p(5(x)) is periodic, which implies that R(x) = &(p(8(z)) € Q. This concludes the
proof of the R-invariance of Q.

Now, we pass to prove that the forward orbit of any x € Q \ {0, 1} contains one of Cy or C.
From the last formula we derive that p(5(z)) € C, that is p(8(x)) = B(R(x)), except when
Ip| is even and |p,(p)[1 = 0, in which case p(f(x)) = f'(R(x)) = p(w)0>. Here, we have two
possibilities, either |p(w)]; = 0 and then R(z) = 0 or else |p(w)|; > 0 and then S(R(x)) = v1*®
with n.(v) < n(p(w)) (in fact v = p(w)|x—10, where k the position of the last 1 in p(w)).
By iterating the process, we can conclude that R"(z) admits a purely periodic binary expansion
for every n > n.(w).

On the other hand, for ' € Q ~\ {0, 1} such that f(2’) = ¢ with ¢ a finite binary word of
minimal length such that 0 < |¢q|; < |g|, we have

nf (plg)™ if |¢| is even
pB)) = { (p(@F(@)™ if lgl is odd °

The minimality of ¢, implies that |p(q)| = |g|1 < |q| if |g| is even, while |p(q)p(q)| = 2|p(q)| =
2lqy < 2|g| if |q| is odd. In this last case, |p(q)p(q)] is even, |p(q)p(q)ly = |p(q)p(q)]/2, and
p(B(x")) = B(R(z")). Therefore, either R(z") = &(p(B(2'))) or R*(z) = £(p*(B(2'))) admits a
purely periodic binary expansion whose period length is strictly less than |g|. By iteration, we
eventually get R™(z') = 0 or R™*(z') =1 for a sufficiently large n.
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At this point, we are left to show that Qy and Q; are dense, or equivalently that they meet all
the dyadic intervals {([w]) C [0, 1] with w any finite binary word.

First, let us argue for Q9. We put n = n.(w), and define a sequence of finite binary words
Do, P1, - - -, Pn Dy induction on i decreasing from n to 0, as follows. We start with p, = 0, and
given p; with 0 < ¢ < n, we let p;_1 be any even length element of (p,i-1(,)) " (p;). The existence
of such an element is guaranteed by the surjectivity of p,i-1(,) and the possibility of appending
a 0, if needed to make the length even, without changing the image under pyi—1(,).

Then, we put x = {(wpy™®) € &([w]). By induction on i, we get

R'(z) = &(p" (w)pi°)

for every ¢+ = 0,...,n, as follows. The base of the induction is the trivial case of ¢ = 0, while
the inductive step is given by

Ri(z) = R(é(pi_l(w)pfil)) (the inductive hypothesis)
p(p' ™ (w)pi)) (since p™ ! (w)piZ, € €)
' (
(

(W) ppi-1(w) (D5°1)) thanks to equation (47))
since p;_; has even length)

' w)(ppi—l(w)pi—l)oo>
w)pse) (by definition of p;_1).

In particular, we have R™(z) = £(p™(w)ps®) = £(0°°) = 0, as desired.

This concludes the proof of the density of Qy. The same argument, but starting from p,, = 1
instead of p, = 0, proves that Q; is dense. O

We remark that Cy and C; are the only periodic R-orbits in Q and that Q does not contain
any dense R-orbit. Thus, in the following, when considering any other periodic R-orbit or any
dense R-orbit, we can always assume that they are disjoint from Q, avoiding in this way the
technicalities due to the double binary expansion of the dyadic rationals.

Proposition 6.4. The set of periodic points of R is dense in [0,1] and contains uncountably
many n-periodic points for any given minimal period n > 1.

Proof. In the light of the above observation, apart from the 2-cycles Cy and C, all the other
n-periodic R-orbits are contained in [0, 1] \ Q and then they bijectively correspond to those of
p through the unique binary expansion §(z) of every = € [0,1] \ Q.
Therefore, the first part of the statement follows once we prove that for any non-empty finite
binary word w there are uncountably many infinite binary p-periodic words b in [w] N €, whose
period is the vanishing order n.(w). In fact, it is enough to observe that the corresponding
points £(b) in the generic dyadic interval £([w]) C [0, 1] are R-periodic with the same period.
Fixed any non-empty finite binary word w, we put n = n.(w) > 1 and consider all the infinite
concatenations

b= wourwy ... wy... €C,

where wy = w and for every integer k& > 1 we let wy be any of the infinitely many (non-
empty) words in (p ,, w,._,) ' (Wk—1) which ends with 1. As in the proof of Lemma 6.1, this
last condition guarantees that there are no duplicates in the resulting words b, which are thus
uncountably many. Then, we have
p"(b) = p"(wowiws . .. wg . . .)
= 0" (w0) Pl (W1) Py (W2) - - Prigy oy, (W) - -

:EWle...wk_l...:b,

and hence b has period n.
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For the second part we need the additional fact that for every n > 1 is the vanishing order of
all the non-empty finite binary words w in p~"(¢), for example w = ¢"~1(0), and that such a
word w can be chosen so that no p*(w) is a prefix of w for k < n, for example w = 006™1(0).
This last property immediately implies that p*(b) # b for every as above and k =1,...,n — 1,
that is n is the minimal period of b. ]

In particular, Proposition 6.4 tells us that the set Fix R of fixed points of R is uncountable,
meaning that the graph of R crosses the diagonal uncountably many times. In fact, by taking
w = 0% in the previous proof, the resulting word b = wow,w, . .. € € belongs to Fix p, and hence
€(b) € Fix R. In the special case when w = wy = 0 and each wy, is chosen to have minimal length
among the words with the prescribed properties, that is either wy = o(wy_1) or wy = o(Wy_1)
according to the parity of |wow; ... wg_1|, we get as b the word

B0 = 00101 T[>, (132" (01)*2") = 00101111010101111111010101010101 . ... . (51)
The corresponding real number
2% = £(b°) = 0.00101111010101111111010101010101 . .. (52)

turns out to be the largest element in Fix R, as we will see in a while.

Now, we want to make more explicit the procedure given in the proof of Proposition 6.4 in
the specific case of fixed points. To any sequence a = (aq,as,...) € A = N¥ we associates a
(distinet) fixed point (a)” € Fixp C € and a corresponding (distinct) fixed point 2¢ = £((a)") =
0.0% € Fix R C [0, 1], with 5° and x° associated to the null sequence.

First, we observe that a non-empty finite binary word w can be completed to a fixed point
wb € Fix p for a suitable b € B if and only if p(w) is a prefix of it. Moreover, if this is the case
then there is a unique word b € 8 such that b* = wb € Fix p. The word b* can be constructed,
by generalizing the construction of ° outlined above. Since p(w) is a prefix of w, we can write
w = p(w)vy for a certain word vy, which can be easily seen to be non-empty. Then, we define
b" as the infinite concatenation

bY = wvivy ... € Fixp,

where the words v, for £k > 1 are inductively defined by starting from vy and putting vy =
o(vg_1) or v = o(vg_1) if |wvy ... vE_1] is even or odd, respectively (compare with the con-
struction of b above). Then b = vyvy... € 8, since each v contains no pair of consecutive
0’s and ends with 1. Moreover, these properties of v, make it uniquely determined by v;_; for
every k > 1, which implies the uniqueness of b in 8 by induction.
Now, given any a = (ay, az, . ..) € A, we put (a), = b and define the sequence ((a)y),>0 C Fixp
as follows. For every n > 1, let k, be the position of the n-th occurrence of 1 in {(a),_1, and
w? be the word obtained from (a1, by inserting the word 02¢» before the last digit 1. The
word w? share with (a),_1, the property that its image p(w?) = p({a)y_11,) is a prefix of it,
so we can set (a), = b". Notice that |w?| = k, + 2a, > k, > ky—1 + 2a,-1 = |wl_,| for every
n > 1. Since the sequence (k,),>; is increasing and (a)pr, 1 = (a)n_1|,_1 for every n > 1,
there exists the limit

(@) = Jim (o). (53

which is a fixed point for R, admitting by construction all the prefixes w? for n > 1.

In order to characterize the structure of Fix R, we need to prove that the previous construction
produces all the points in Fix p. Actually, we prove something more in the following Lemma.

Lemma 6.5. The map ¢ : A — Fixp given by a — ¢(a) = (a)" is a Lipschitz homeomorphism.
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Proof. For any b € Fixp, we consider the sequence a® = (a%,a%...) € A, where a® is the
number of (disjoint) pairs of 0° immediately preceding the n-th occurrence of 1 in b. Then, the
map 1 : Fix p — A given by b+ a® is the inverse of ¢, as straightforward verification shows.

Now, for any a,a’ € A we have that d(a,a’) = 1/2"*! if and only if a}, = ', and a,1 # al,. 4,
or equivalently, with the above notations, w? = w? and w2, # w?, ;. Therefore, (a)" and (a')"
share the same prefix of length |w?| = k,, + 2a,, > k, > n, while they have different prefixes
of length |w?, | = ki1 + 2an41. So, we have 1/2Fn+12ans1 < d(¢p(a), p(a’)) < 1/2"F!, which
means that ¢ is a Lipschitz map (second inequality) and that v is continuous at ¢(a) (first
inequality). O

Proposition 6.6. The fized point set Fix R is a uncountable subset of [0,1]\D and its closure
Cl(Fix R) is a null measure Cantor in [0, 1] with a countable remainder C1(Fix R)\Fix R C D.

Proof. The inclusion Fix R C [0, 1] \ D follows by Proposition 6.3. As a consequence, the maps
& and S restrict to a bijective maps Fix p <» Fix R, and hence Fix R is uncountable.

We now prove that Cl(Fix R) C Fix R U D, which trivially gives Cl(Fix R) \ Fix R C D. The
argument is similar to the first part of the proof of Proposition 5.3. Let x € Cl(Fix R) and
(n)n>1 C Fix R be a sequence such that lim, ,., z, = . Then, by Lemma 6.5 there is a
sequence (a,),>1 C A such that z,, = {(¢(ay)) for every n > 1. If € D we are done, otherwise
the continuity of 5 at x implies that lim, . ¢(a,) = B(z) € C. If the sequence of the i-th
components ((a,);)n>1 is bounded for every ¢ > 1, then by compactness we can replace the
sequence (a,),>1 by a subsequence converging to a € A, and by the continuity of ¢ we have
B(x) = ¢(a), that is © = £(¢(a)) € Fix R. If instead some sequence ((ay);)n>1 is unbounded, let
m be minimum index ¢ > 1 for which this happens. In this case, we replace the sequence (a,),>1
by a suitable subsequence such that the sequence of truncations ((ay)m—1)n>1 is constant, and
hence ¢(an )|k, _,, where k,, 1 is the index of the (m — 1)-th occurrence of 1, coincides with the
same finite word d for every n > 1. Then, we get B(x) = lim, o ¢(a,) = d0>, which is absurd
since 5(z) € €. This concludes the proof of the inclusion Cl(Fix R) C Fix RU D.

Concerning the null measure property, let us consider the map

podrx : (1°) = Fixp,

where ¢ : A — (1) and ¢ : A — Fixp are the homeomorphisms defined in the proof of
Lemma 5.4 and in Lemma 6.5, respectively. This map sends (a)'” € (1°) to (a) € Fixp for
every a € A, and it can be shown to be a 1-Lipschitz map as follows. Given any a,a’ € A such
that aj, = d'|, and a,41 # a;, ., we put h(a,a’) = a1 +...+a,+min{a,41,a,,,, }, as in the proof
of Lemma 5.4. Then, the maximum index i for which (a)']; = (a)'}; is given by 2h(a,d’) + n,
while the maximum index i for which (a)"|; = (¢/)"|; is given by 2h(a,a’) + k,, where k, is the
index of the n-th occurrence of 1 in the word (a);, , defined in the construction of (a)" just
before Lemma 6.5. Since k,, > n, we can conclude that ¢ o ¢ is a 1-Lipschitz map. From this,
arguing as in the proof of Lemma 5.5, we can derive the Lipschitz condition for the map

Eododkof:E({17)) - FixR.

Therefore, thanks to Proposition 5.8 and its proof, we have dimy Fix R < dimg £({1%°)) =
log, ¢ < 1, which implies that Fix R has a null Lebesgue measure. Since the remainder
Cl(Fix R) \ Fix R is countable, also Cl(Fix R) has a null Lebesgue measure.

As a consequence, Cl(Fix R) is topologically 0-dimensional. On the other hand, it is a perfect
set, because for every a € A, we have £((a)’) = lim, o £({a,)") with a, € A defined by
(an); = a; + 6; , for any i,n > 1. So, Cl(Fix R) is a Cantor set (see [23]). O
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We observe that the proof of Proposition 6.6 is essentially based on the parametrization of Fix p
given by Lemma 6.5, which is nothing else than an explicit reformulation in the case of fixed
points of the general construction provided in the proof of Proposition 6.4 of periodic points of
any period. So, we expect that similar results hold for periodic points of any given period.

The idea is that, in order to generate all the periodic orbits of a given period n > 1, one
could start from a certain finite set of “simplest” ones, and than progressively enlarge this set
by iterating in a suitable order the following procedure. Take any such n-orbit (b, ba, ..., b,),
insert some pairs of consecutive 0’s in any position of any b;, and then reconstruct all the orbit
accordingly.

For example, starting from the 2-cycle (1°°,01%°) of p, corresponding to the 2-cycle C; of R
(see Proposition 6.3), one can obtain in this way the Thue-Morse 2-cycle (u,w) of p described
in the next remark, and hence a corresponding 2-cycle for R.

Remark 6.7. Consider the well known Thue-Morse substitution rule on B

A.{0|—>01
1+— 10"

and the digit-wise generated map T : B — B. The map T has two fized points, the Thue-Morse
sequence starting with 0

v = 01101001100101101001011001101001 . ..

and its complementary sequence u, the Thue-Morse sequence starting with 1, which was used in
[42] to found the combinatorics of words. Recalling the definition of T in (13) and noting that

72(0) = 72(0) = 0110 and 72(1) =7%(1) = 1001,

we can easily verify that (u,u) is a 2-cycle of p. Then, letting t = &(u) be the Thue-Morse
number, we have the corresponding 2-cycle (t,1 —t) of R.

Concerning the periodic points of R having higher order n, in analogy with the description of
the maximal fixed point 2°, we limit ourselves to consider the periodic points whose binary
expansion is the “simplest” infinite binary word among those generated by the construction
described in the proof of Proposition 6.4. Namely, the binary word obtained by starting from
the word wy = 0 and choosing each wy to be the shortest word in () ., .. )" (wk-1), that
is the image of wy_; under a suitable composition of ¢’s and ¢’s.

The case of n even is not so interesting, since we always obtain 0.1°°, while the binary expression
of the “simplest” periodic point of odd order n = 2¢ + 1 > 3 is given by

ajz _ 0.(01)21?—1 HZO o (12(2Z+1)h+€ (01)2(24+1)h+l—1 1(2[71) 2(2¢4+1)h+L

(01)2(2e+1)h+2e 12(2z+1)h+2z (01)(2471) 2(2£+1)h+2£) (54)
In order to see that this point has order n = 2¢ 4+ 1, we write it as 0.w Hzozo(uhvh), with
w = (01 2/3—1’ Ur — 12(22+1)h+£ 01 2(24+1)h+z-11(2271)2(224.1)11.*.4’
(01) h (01) )

(2041)h+2£ _ o(26+1)h+2¢ l_ (20+1)h+2¢
vp = (01)? 12 (01)@ 12 :

Then, we first note that the word w vanish to the empty word € in exactly n iterates of p.
Moreover, by a somewhat tedious but straightforward calculation, repeatedly using the rules

{ (01)F - 1%
7z (1)

26



for every k > 1, one checks that

while
pguovo...uh (Uh> = p26+1 (vh) = Up and p?uuovo...vh (uh+1) = p2£+1<uh+1> = Un

for every h > 0. Putting all those equation together, one can conclude that w [[;-,(upvp) is a
fixed point for p", and hence that 0.w [[,~,(usvy) is a fixed point for R™.

The rest of this section is devoted to analyse some chaotic properties of the map R.
Proposition 6.8. The set of points with a dense R-orbit is uncountable and dense in [0, 1].

Proof. To get the existence of uncountably many points with a dense R-orbit, it suffices to take
the sequence (wy,)n>0 in Lemma 6.2 with the property that it contains all the non-empty finite
binary words. The density of the points with a dense R-orbit follows immediately observing
that we can take any non-empty finite word as wy. O

Proposition 6.9. For every interval I C [0,1], there exists n > 1 such that R™(I) = [0,1].
In particular, R is topologically (strongly) mizing and has sensitive dependence on initial con-
ditions.

Proof. Let w be any non-empty finite binary word such that £(Jw]) C I, and set n = n (w).
Pick y € [0,1]. By the surjectivity of pf, there is v € € such that pl(v) = B(y), and hence
P (wv) = p™(w)plk(v) = B(y) as well. Then, for x = {(wv) we have z € I and R"(z) = y.

This implies sensitivity to initial conditions with sensitivity constant 1/2. Since every open set
is a countable union of open intervals, it also follows that, for every open sets A, B C [0, 1],
there is n > 1 such that R™(A) N B # () for every m > n, that is R is topologically mixing. [J

Corollary 6.10. The map R is chaotic in the sense of Devaney (see e.g.[13]).
Proof. 1t follows by Propositions 6.4, 6.8 and 6.9. O

Concerning distributional chaos, a concept introduced within the context of topological dynam-
ical systems in 1994 (see [37]), the map R satisfies the strongest form of distributional chaos,
namely the distributional chaos of type 1, DC1-chaos in short [1]. Actually, we prove that the
DC1-chaos exhibited by R is uniform in the sense of [30], as specified in the next proposition.

Proposition 6.11. The map R is uniformly DC1-chaotic, meaning that it admits an uncount-
able uniformly DC1-scrambled set, that is an uncountable subset S C [0, 1] such that for every
0 >0 and some § > 0 the following two conditions hold, where # denotes the cardinality,

1

limsup, ., — #{k =0,...,n — 1 such that |R*(x) — R*(y)| <6} =1, (56)
n
1 —

liminf, o — #{k =0,...,n — 1 such that |R*(z) — R*(y)| <6} =0, (57)
n

for every x #y in S.

Proof. We will explicitly construct a set S = {x,}aca satisfying the properties (56) and (57).
As the set of indices A we take the image A = pu(B) C B of the map p : B — B defined by

1(b)n =

Y

b if n = p* with p prime and k£ > 1
0 otherwise
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for every b € B. We observe that A is an uncountable set, being u injective, and that all the
elements o € A share the same n-th component «,, = 0 for infinitely many n > 1. Furthermore,
since each o = u(b) contains infinite copies of b as subsequences, any two different elements
a, o/ € A cannot be ultimately coinciding, that is for every m > 1 there is n > m with a,, # o/,.
Now, let (e,)n>1 be the increasing sequence of even natural numbers inductively defined by

ep=1 and e,=n>Y 7" e forn>1, (58)
and let (v,),>1 and (u,,),>1 be the two sequences of binary words inductively defined by

vy=1 and v, =0%"(v, ) forn>1,

29
u; =001 and w, =000%"(u, 1) forn>1. (59)

Clearly, we have n.(v,) = n.(u,) = >_,_, 2ej, for every n > 1. Moreover, the equality o%(1%) =
12* implies that
Uy, = 122]6:2 ek, (60)

for every n > 1.
To any index o € A we associate the sequence of non-empty finite binary words (w$),>o, where
w{ can be arbitrarily chosen, while for n > 1

n

N {vn ifa, =0
wd = . :
u, ifa,=1

We set k, = n.(wf) + ...+ n(w?_,) and observe that k, is the same for all a € A.
Then, we apply Lemma 6.1 the sequences (w$),>o and (k,),>1 and pick a single binary word
be € [wE]NE, out of the uncountable resulting set B, such that pk~(b,) € [w?] for every n > 1.
Finally, we put S = {24 = £(ba) }aca. Since all the words b, and p*(b,) belong to C, by their
construction in the proof of Lemma 6.1, we have that all the points z, are distinct and that
RF(z,) = £(pF(by)) for every k > 1 and a € A.
To see that S is uniformly DCl-scrambled, take any a # o in A. For any 6 > 0, let ¢(d) > 1
be such that

122" <5,

in such a way that the interval £([p"(w®)]) has width
ME([P"(w)]) < 6 for every h=1,...,n(w?) —c(8) = > p_, 2ex — c(9). (61)

By construction, there is a sequence (n;);>1 such that a,, = aj, for every ¢ > 1. By (61), this
implies that

1 o 2e, — (0
—— #H{k = L. Ky such that |[R¥(za) — R (2ar)| < 0} > ==L =<l (g
n;+1 n;+1
Thanks to equation (58), we have
S 2ep, = S 2ep + 26, = 2(n? + 1)2’"; , (63)

while _
kni1 = Zk’lne(wk) Ek 1 h | 2ep

= kth 1 2en + 20510 26

< 2(ni — 1) YR e + Yot 26 (64)
:2(ni—1)fﬁ+z | 2ep,
= 2(n; —1)7% +2(n +1)
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Therefore, the right hand side of (62) is bounded below by

n+1  c(0)

nzz + kni"l‘l 7

which tends to 1 as n; diverges. This completes the proof of property (56).

To prove (57), we consider a different sequence (n;);>1 such that a,, # aj, for every i > 1,
whose existence is once again guaranteed by construction. Then, (59) and (60) imply that
| RFni (24) — RFmi (24/)] > 1/8. So, putting § = 1/8 and arguing as above, we get

! < kn - ni_ 2
B0k =1, Kus such that [BH(zq) — R¥(zy)| < 8} < Fnctl — 2ok 26
kni+1 km—i—l

Recalling the equations (63) and (64), we see that the last quantity vanishes as n; diverges,
which gives property (57). ]

We emphasize that in the above proof the family of starting words (w§)aca is completely
arbitrary. This means that the DC1-scrambled sets for R form a dense subset in the space of all
subsets of [0, 1] with the Hausdorff pseudo-distance. In particular, the DC1-scrambled set S can
be chosen to be a dense subset of any interval I C [0, 1]. Moreover, by suitably modifying the
sequences (w%),>1 in the proof, it could be shown that actually R is transitively DC1-chaotic,
that is all the points of the uncountable DC1-scrambled set S have dense orbits.

Remark 6.12. Proposition 6.11 is interesting in view of the results of [39] and [40], in which
the author proves that there is a residual subset in the space of bounded functions of Baire
class 1, and of Baire class 2 as well, whose elements are neither Devaney nor Li- Yorke chaotic
(see [20] and [26]). It follows that the map R, although generated by a very simple erasing
substitution rule, is “much more chaotic” than the topologically generic map in its Baire class
and also in the higher one.

In the final part of this section we address topological entropy.

We recall that for a map f : X — X with X a metric space, the topological entropy can be
written as [14, 4]
logr(n,e
h(f) = lim lim sup logr(n, ) , (65)
=0 pooo n

where 7(n, ) is the maximum cardinality of an e-separated set (that is a set whose points are
at least e-apart from each other) in the metric

do(a,y) = o |7 () = )l (66)
Although this definition is expressed in metric terms, it turns out to depend only on the
underlying topology — for a modern general reference on topological entropy see [15].

For continuous interval maps, positive topological entropy is known to be equivalent distribu-
tional chaos, and in particular to DC1-chaos. In our more general context, the positivity of the
entropy of the map R should be proved directly. In fact, in the next proposition we prove that
h(R) = oco. This can be thought as a consequence of the fact that the substitution p is “efficient
enough” in erasing the prefixes, so that all the points “forget” quickly where they came from.
Namely, Proposition 2.1 tells us that the vanishing order of any finite binary word w satisfies
the inequality

n(w) < 2 [logy Jwl] +2. (67)

29



Proposition 6.13. The map R has infinite topological entropy.

Proof. For every k,n > 1 and every sequence of words wg,wr,...,w, € {0,1}* we apply
Lemma 6.1 to get a single binary word by ;... w, € [wo0] N € such that for every i =0,1,...,n

pw<bwo,w1,...,wn) S [UJZO],

where ¢ = 2[log, |w|| + 2 > n.(w;) according to Proposition 2.1. Then, we put
Sk,n = {xwo,wl,...,wn = f(bwo,wl,...,wn) | Wo, Wi, -« -, Wy € {OJ 1}k} C [07 1] : (68)

Since all the words by ;... w, and pk(bwo,wl,...,wn) belong to C, by their construction in the proof
of Lemma 6.1, we have that all the points @y, w,. .w, are distinct and that R (2w, w,) =
E(0*(bwpwr....w,)) for every k > 1 and wo, wy, . .., w, € {0,1}~.
We note that, for every k,n > 1 the set S, has cardinality #Sk, = 20Dk and it is e-sepa-
rated in the metric d, if ¢ < 1/2¥"1. Indeed, given any two different points z = Lapow1,....w,, AN
as it can b’é”’easily deduced from z € {(Jw;0]) and y € &([w]0]).
Then, based on equation (65) and putting k = [—log, 2¢] — 1 we get
1 2(n+l)k 11 2((— log, 2e]—1)
h(R) > lim lim sup 28— lim lim (n+1)log = 0. O

e—=0 5300 n e—0n—o0 n

Recently some attention has been devoted to the study of finer properties of topological entropy,
in particular to the characterization of the points around which the entropy concentrates. More
precisely, one can introduce the notion of relative entropy h(f, K) for a map f: X — X, with
X ametric space, and a subset K C X, as the limit (65) where r(n, €) is defined by constraining
the e-separated sets to be contained in K. Then, following [44], if f has positive entropy, * € X
is called an entropy point (resp. a full entropy point) if h(f, K) > 0 (resp. h(f, K) = h(f)) for
every closed neighborhood of z in X.

Remark 6.14. [t is known that, in case of continuous maps with positive entropy on a com-
pact metric space, minimality implies that every point is a full entropy point [44]. The system
([0,1], R) is not minimal (there are periodic points of every period), nevertheless every point is
a full entropy point, as an immediate consequence of Proposition 6.9.

7 Arithmetic properties

We recall that a Liouville number is a real number x such that, for every n, there exists a
sequence of rationals p;/q; (pi, ¢ € Z,q; # 0) verifying

< —. (69)

Proposition 7.1. The map R admits uncountably many fixed points that are Liouville numbers,
hence transcendental real numbers.

Proof. For the existence of uncountably many Liouville fixed points, it suffices to observe that,
by construction, the fixed point 0.(a)" is a Liouville number as soon as the sequence a € A
increases fast enough (see definition (53) and Proposition 6.6). By a classical result [25], all the
fixed points which are Liouville numbers are transcendental. O

A similar result could be established analogously for periodic points of any given period. How-
ever, this simple argument does not apply to the largest fixed point, for which we have to
provide a different proof of transcendence.
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Proposition 7.2. The largest fized point 2° of the map R is transcendental.

Proof. Let p(n,z°) be the cardinality of the set of words of length n appearing in the binary

expansion of z°. Then we have
p(n,z°)

< 8. (70)

lim sup
n—oo

Indeed, given any n > 3, let k be the least positive integer such that k > log,(n/3), hence
3-28 > nand 32! < n. Then, we split the binary expansion 8 of z2° as the product
B0 = byb, where by = 00101 [[F— 132" (01)*%" and b} = [[>2, 172" (01)*%". The length of b}, is

592" =5+9(2" —1) =92 —4 < 6n— 4 <6n. ()

Therefore, there are less than 6n different subwords of »° having length n and starting in
bi. We are left to consider the different subwords of length n that are contained in b{. Due
to the inequality 3 - 2¥ > n, each of them consists of a (possibly empty) sequence of 1’s
followed /preceded by a (possibly empty or truncated on the right/left) sequence of 01’s. So,
there are at most 2n + 3 such subwords. Therefore, p(n,2°) < 8n + 3 for every n > 1, which
gives (70). Thus, by Theorem 3.1 in [7], 2" is transcendental. O

Along the same lines we can prove the following.

Proposition 7.3. The “simplest” periodic point x° of period 20+ 1 defined in (54) is transcen-
dental for each ¢ > 1.

Proof. We know that the general form for the binary expansion of z is b* = w 115~ unv, where
w, up, and vy, are the words in (55). Proceeding as above, let k be the least positive integer such
that 2CGHVE+H > and 2@HDE=D+ < 5 We then split the binary expansion of b* as bb]/, where
by =w H:;l) upvy, and b = [[,2, upvs. Now, one shows that the length of bj is bounded above
by 12 - 22*1n which also gives a bound for the number of different subwords having length n
and starting in 0},. Moreover, by the same argument used above yields that 0} contributes with
at most 2n + 3 to p(n, b°). O

8 Some open questions
Many natural questions concerning the map R do not have yet an answer. We limit ourselves
to list a few of them.

Concerning basic properties of the map, we propose the following.
Question 8.1. What is the Hausdorff dimension of the graph G of R?

We note that the self-affine structure of GG discussed in Section 4 seems not to fit into any of
the known criteria for the computation of the Hausdorff dimension.

From the ergodic point of view, the main question is probably the next one.
Question 8.2. Does R admit an invariant measure which is not purely atomic?

We recall that the singularity of R prevents the existence of absolutely continuous (with respect
to Lebesgue) invariant measures.

Although the main interest in studying the dynamics of a map such as R comes from a natural
generalization of topological dynamics questions to a wider class of functions, like Baire class 1
functions, it could be of interest also in an ergodic context to model specific “non-equilibrium”
situations in which events that are impossible at one time become possible at another time.
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Concerning points with a dense orbit, heuristics indicate that there is plenty of them, as we
have uncountability for two different reasons: in the procedure described in the proof of Lemma
6.2 there are countably many steps each involving countably many choices; in Proposition 6.8
there are uncountably many possible choices for the sequence (wy,),>1.

Therefore, it seems reasonable to ask the following.

Question 8.3. Is the set of points with a dense R-orbit of second category (or even co-meagre) ?
Does it have positive (or even full) Lebesque measure?

About the arithmetic properties of R, in the light of the results of Section 7, and of the fact
that the Thue-Morse number is known to be transcendental, one could ask the question below.

Question 8.4. Is every fized point of R transcendental? Is every periodic point of R not in Cy
or C; transcendental?

Finally, as said in the Introduction, the map R is the model-case of a more general class of in-
terval maps generated by erasing block substitutions, meaning (in the binary case) substitution
rules s : {0,1}* — {0,1}* such that at least one word w of length k is mapped to e. Looking
at these more general maps poses of course new problems.

Question 8.5. What of the properties we established for the map R are true for interval maps
generated by which classes of (binary) erasing block substitutions? What new phenomena arise
in this extended context?

Let us list some speculation about this last question.

1. While the map p has an “almost-inverse” map o (up to insertions of the word 00), this is
not true for a general erasing substitution rule s as above. Indeed, in the s-preimages of a
given infinite word v € {0, 1}, there could be in principle infinitely many words [[;~, w;
with w; € {0,1}*, such that s(w;) # € for every i > 1. This could make the topological
structure of the fibers much more complex than in our present case.

2. Even assuming that there is only one word w, € {0, 1}* mapped by s to the empty word, if
w, # 0F we have to consider separately three objects, that is the set D of dyadic rationals
in [0, 1] and the two sets

S1={x€[0,1] |z =00, v==s(w0®), we{0,1}*},
Sy ={z€0,1] | x = 0.ww>, w € {0,1}"*} .

€

It is not difficult to see that these sets coincide in the case when w, = 0%, but this is not
true in general. Moreover, if s7*(e) C {0, 1}* has more than one element, the interval map
fs 1 10,1] — [0, 1] generated by the symbolic action of s is in general discontinuous also at
some (actually uncountably many) irrationals.

3. For suitable erasing substitution rules s, the map f, can have stronger properties than R.
For instance, s can be chosen so that f, is a Darboux function.

A first study of interval maps generated by general erasing block substitutions is done in [12],
but several problems are still open, in particular concerning point 1 above.
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List of symbols

DcCcQ

natural numbers (including 0)
dyadic rationals and all rationals, respectively

the golden ratio (14 /5)/2

Q=Qn[0,1] rationals in [0, 1]

[0,1] dyadic rationals in [0, 1]
normal binary numbers in [0, 1]

A =N infinite sequences of natural numbers

B ={0,1}* infinite binary sequences/words

CCB infinite binary sequences/words which are not eventually 0

¢ CB infinite binary sequences/words which are not eventually 1
ScCce infinite binary sequences/words with no pair of consecutive 0’s
n:A—C map (ay, ag,...) +— 041091 ...

€:B — 0,1 map (by,by,...)—x=0.byby...
f:(0,1] =€ map x> (by,bs,...), the unique sequence in € such that x = 0.b1bs. ..

p':0,1)
|s], Jw]
|s]1, [w)i
s, w
Sln » Win
[s], [w]

{0,1}*
{0, 13>

e e o
R
N — —

— € map z > (b1, ba,...), the unique sequence in € such that x = 0.b1bs. ..

length of a sequence s or word w, respectively
number of 1’s in a binary sequence or word, respectively
binary sequence/word obtained by complementing s/w, respectively

n-truncation of a sequence s or a word w, respectively (5)
set of all infinite sequences/words having prefix s/w, respectively (6)

possibly empty finite binary sequences/words
possibly empty finite or infinite binary sequences/words

p:{0,1}>* — {0,1}*> the main substitution map (7)
7:{0,1}>* — {0,1}* an equivalent 2-block substitution map

(defined on even/infinite length binary sequences/words) (11)
7:4{0,1}>° — {0,1}> the substitution map inverse to 7 (13)
o:{0,1}>* — {0,1}> the “simplest” substitution map inverse to p (14)
R:[0,1] — [0,1] the real map corresponding to p (16)
S:[0,1] — [0, 1] the section of R corresponding to o (22)
€ the empty sequence/word
Ne vanishing order function of binary sequences/words under the action or p (12
] the substitution map complementary to p (8
Pk p or p, depending on k being an even or odd natural, respectively (9
Pv auxiliary substitution map, coinciding with pj,|, such that p(vw) = p(v)p,(w) (10
pr auxiliary substitution map such that p"(vw) = p™(v)pl(w) (48

Q07Q1

binary sequence/word obtained from b by inserting 0%** before each k-th 1 (
the auxiliary set {(a)’|a € A} used to construct the fibers of p and R (15,21
the element of Fix p generated from the “simples” one b° according to a € A 5
the “simplest” fixed point (0=)" of the map p

(
(
the largest fixed point £(8Y) of the map R (
the “simplest” periodic point of the map R having odd order 2¢ + 1 (
the two rational R-cycles {0,2/3} and {1,1/3} respectively

the subsets of Q attracted by Cy and C) respectively (50)
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