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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 [17, 33]). 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 com-
binatorics of words (see for instance [15, 34]), mostly in the context of theoretical 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
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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 [21, 39], general Darboux interval maps are investigated from the point of view
of the connections between transitivity, turbulence and topological entropy in [29, 30], inter-
val maps with G5 connected graph are studied in [8, 9], while in [20] 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 generalisation of the ones cited above, that is Baire class 1, generally not Darboux func-
tions. 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 [18, 36, 37].

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 nth iterate of its action at
point x we must typically provide x with accuracy of order ~2~2"". 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 summarised as
follows.

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

(b) 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).

(c) 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).

(d) There are two rational R-cycles of order two which attract (in a finite time) every ratio-
nal, 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).
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(e) The combinatorially simplest periodic points of odd period (including period 1) are tran-
scendental numbers and there are uncountably many periodic points that are transcenden-
tal 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

d(s, 1) = 1/2min{k>1 | se# i}

forevery s = (s1,82,...,8n,...)and t = (t1,t2, ..., t,,...) such that s # ¢.
Then, B splits as the union of two dense subspaces

B=CUC,

where C consists of all the infinite binary sequences which are not eventually 0, while C’
consists of all the infinite binary sequences which are not eventually 1.
There is a one-Lipschitz homeomorphism 77 : A — € defined by

a=(ay,ay....a,...)— na =0",1,02,1,...,0"1,...)
:(0,"'5051,05"'5051,"'50,"'5051,"')ee (1)
—_——— N — —~——

aj ap an

forevery a = (aj,az,- - -,a,,---) € A.
For the sake of convenience, we introduce the notation

(@) =nQa+n""b) )

witha € A and b € C.If a = (aj,a,- - -, a,,- - -) then (@)’ is obtained from b by inserting
0°%* immediately before the kth occurrence of 1 in b. In particular, (@)~ = (a)"!*) = n(2a).
There is also a two-Lipschitz map £ : B — [0, 1] defined by

o0 bn
b:(bl,b2,-~-,b,,,~~-)ni>§(b):zﬁ:O.b1b2-~-b,,~-~e 0,11  3)

n=1

forevery b = (b1, by, -+, by, - -) € B.
The map & splits as the union of two bijective maps

£le:€—(0,1] and &|e:C —10,1).
Then, we have the inverse maps
B=(le)':(0,11=-€ and B =(|e) " :[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 O’s in the case of the
finite binary expressions of dyadic rationals.

We emphasise the difference between a binary expression 0.x,x; ... of x € [0, 1], which
can be finite (for dyadic rationals) or infinite, and a binary expansion of x which is always
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an infinite sequence in B. Namely, for a dyadic rational x € (0, 1] admitting the finite
binary expression 0.x1x; . . . X,,, we have 8'(x) = (x1,X2,...,%,,0,0,...) € €, while we have
B(x) = (x1,x2,...,x-1,0,1,1,...) € Cif k < n is the index of the last occurrence of 1 in
0.x1x2 ...,

Now, let D C Q denote the set of all dyadic rationals, and put

D=DnNI[0,1] and Q=QnNIO,1].

Notice that the two maps 3 and 3’ coincide and are continuous on (0, 1)\ D, while they differ
on the set D\{0, 1}, where 3 is only left-continuous and 3 is only right-continuous.

Finally, we introduce the further notations by, for the kth 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,

by = (b1, by,....by) € {0,1}*  foreveryb = (b, bs,....b,,...) € B, (5)

[w] = {(w,b) | b€ B} C B foreveryw = (wy,ws,...,uwy) € {0,1}. (6)

Then, for every b € B and k > 0 we can express the open ball B(b, 1/2") C B as [by].

In the following, we identify the infinite binary sequence b = (b1, by, . . .) with the infinite
binary word b = bb; - - -, and we write x = 0.b for (the corresponding binary expression of)
x = &(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
aword 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

0O e€
p:¢1—0 inoddpositions . @)
1 +— 1 inevenpositions

In other words, for any word b = byb, - - - € {0, 1} the word p(b) is obtained from b by
deleting all the b,, = 0 and replacing each b, = 1 by O 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
|w]; > 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

0—€
p:<1—1 inoddpositions . (8)

1+— 0 inevenpositions
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For the sake of convenience, we introduce the notation

p if k isaneveninteger
=19 _ .. , . ®)
p if k isan odd integer
and we write p, to mean p,,. In this way, for any v and w as above we have
pow) = p(v)py(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— €
01— 1
100
11+ 01

Y

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. Ifw # e is a finite binary word then n.(w) < 2|logz|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 (11), we immediately get |p?(w)| < |w|/2. Then, by
the inductive hypothesis,

ne(w) < n(p*(w)) +2 < 2Llog2|p2(w)|J +4 < 2[log,(Jw|/2)] + 4 = 2|log,|w| ]| + 2.
U

As it can be easily realised, 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 partic-
ular, the extremal values are attained for the words 0" and 1", which vanish exactly after 1 and
2|logy n] + 2 iterations of p, respectively.

Up to the identification between binary sequences and binary words, we have C C B C
{0, 1}°°. Moreover, it can be easily seen that p~!(B) = €. Then, it makes sense to consider
the restriction ple = 7|e : € — B.

Now, consider the substitution rule

(010
7 , (13)
101

andlet7 : {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, 7 o 7 = id{g 1}~ and T(w) €
C 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
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ple. The reason is that p(0) = € and that deleting/inserting subwords of even length does not
change the parity of the subsequent positions in the word.

In the following we indicate by 8 C 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 x isprecededby 1 — x inthe word oritis O as the first digit
o: .
x — 01 if x ispreceded by x inthe word oritis 1 as the first digit

(14)

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 € forevery b € B, and hence o|g : B — C is a section of p|e.

Proposition 2.2. For every b € B the fiber (p|c)~'(b) contains uncountably many ele-
ments. In fact,

(ple)™'®) = {{@)™ | a € A}, (15)

and hence o(b) is the unique element of (p|e)_1(b) belonging to 8 and it is the maximum of
(p|e)~(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, forevery n > 1, which
implies that p(c(b)) = b. On the other hand, by deleting pairs of 0’s as discussed above, we
get p({a)°®) = b for every a € A. Conversely, let any v € (p|e) ' (b) be written as v = 7(c),
thanks to (1). The nth occurrence of 1 in v is in position &, = ¢; + - - - 4+ ¢, + 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 0(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) = nQa + d) = (a)"®. O

We conclude this section by considering some continuity properties of the maps p|e : € —
B and 0|3 : B — € with respect to the metric induced by the inclusions € C B C A.

Proposition 2.3. The map p|e : C — B is continuous but not uniformly continuous. More-
over, lim,_,, p(v) does not exist for any b € B\ C. So, p|e cannot be continuously extended to
any subset of B larger than C.

Proof. Foranyb € Candn > 1,letk, = [p(b,)| = |b},|1. Then, p(B(b,1/2") = p([b},]) C
[p(bj)] = [p(b), )] = B(p(b), 1/ 2k, and hence the continuity of p|e at b immediately follows
from the fact that k, — oo for n — oco. 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\C. Then, b is eventually 0, and hence it can be written as b = v0>. Consider
the sequence (b, = v0"1*°),>; C €. We have, lim, .., b, = b, while the limit lim, ., p(b,)
cannot exist, being p(ba+1) = p(b1) # p(ba) = p(bar2) for every k > 1. (]
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Proposition 2.4. The map o|s : B — C is uniformly continuous, in fact it is one-Lipschitz.

Proof. Since |o(v)| > k for every v € {0, 1}¥, we have that d(b,b) = 1/2* = by, = b/ =
o(b) = o (b = d(o(b), o(b)) < 1/2" for every b, b’ € B. 0

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

2/3 if x=0

R(x) = { . : (16)
E(p(B(x)) if x € (0, 1]

For x # 0 this amounts to say that R(x) 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 € C then

R(x) = 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 p|e (proposition
2.3), and the fact that § is continuous everywhere but on the set D\{l}, where
it is only left-continuous. Then, the second assertion follows from the fact that R has count-
ably many discontinuities (see [41, theorem 11.8] or [22, chapter three, section 34, paragraph
VII)). O

It is worth remarking that the right-discontinuity of R on D\{1} is not simply due to the
right-discontinuity of 3 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 x € D\{0, 1} the right limit lim,~ , R(y) does not exist and even more

R(x) ¢ |liminf R(y),limsup R(y)| .
YA N

For example:
R(1/2)=2/3, while liminf R(x) =0 and limsupR(x)=1/2,
N\1/2 N\1/2
R(1/4)=1/3, while liminf R(x) =1/2 and limsupR(x) = 1.
A\ 1/4 K\ 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 x € D\{1} (see corollary
4.4). Thus, by Darboux’s theorem, the integral function fOXR(t)dt is differentiable everywhere
but on the set D\ {1}, where it is only left-differentiable.
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By a classical characterisation of Baire class 1 functions given by Lebesgue [23] (see
also [4, section 4.4] or [22, 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 O /(S) = sup,,es|f(x) — fO)|.

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.

Forevery x € {0,1}"andn > 1, we consider the cylinder [x] C B and the interval {([x]) =
[0.x0%,0.x1°°] C [0, 1], and observe that

R(E([x]) = { 10.1] =0 (17)
E{pGp_101)} U [p0)])  if x # 0"

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

Or(£([x]) < 1/2"  with h = |p(xy_y)| = |x]; — 1. (18)

Now we can start with our construction. Given ¢ > 0, we choose a positive integer ¢
such that 1/ 26-1 < ¢, and consider the set D, C D consisting of all dyadic rational x whose
binary expansion 3'(x) contains at most £ 1’s, that is | el (x)|1 < L. 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 Dy = 0.1° = £(1%), and for every x € D;\{0}, the immediate predecessor of x in Dy, that
is the largest element of D, smaller than x, is p(x) = £(8(x);,0°°), where k denotes the index
of the (th 1 in 3(x). Keeping the same notations, we put

1) = [£(170%), £11%)] = [0.1°, 1] ifx =1
Cr = ¢ B = [EBERO™), EB()R1)] = [p(x),x]  if x € D\{0}.
{0} ifx=0

Then, {Cy} e p,u(1} 18 @ countable closed covering of [0, 1] with the wanted oscillation bound.
Indeed, in all cases, we have Ox(C,) < 1/27! < e by (18).
Concerning the fibers, it immediately follows from (16) that

R'0)NO,11=8"0p"¢"0) =& {80, M) (19)

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

Taking into account equation (15) and the properties of the maps 3 and 3’ we have seen at
the end of section 1, we have

E({a (BN ify e [0,11\(DU{2/3}) or y=1
R1(y) = E({a(ByN))) U {0} , ?fy =2/3 oo
E{aBONMN UE(a(B' ) ify € D\{0, 1}
E{a(B' M) ify =0
where the following notation is used for b € €
(b) ={(a)" |a € A}. 1)
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Since &|e is injective, the fiber R~!(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(a(BW))) ifye[0,1\D or y=1
S = max{&(a(BM)), @By} ify € D\{0,1} - (22
E@(B' ) ify=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|s (proposition
2.4), 8 and 3', and the fact that, for every y = (2k + 1)/2" € D\{0, 1}, we have

€@ (BN — E@(B ] < 2d(a(BX)), o(B'(»))
< 2d(B(). B =1/2"".
Then, we can apply [41] as above to get the second assertion. (]
Recalling how p and p act on the binary digits of x we readily deduce the next proposition.

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

R (%) = 1= R), 23)

R<x;1):1_f® 4
Proof. Forevery x € (0, 1], we have

R (%) =< (f’ (5 (%))) = E(p(0B(x)) = EPEBX))) = 1 — Ep(B(x)))

=1 —R(x),

k (xer 1) =< (P (5 (x; 1))) = &(p(15(x))) = £(0p(B(x)))

_1=&p(B(x))) 1 —R(x)
o 2 - 2

]

Notice that the relations (23) and (24) are verified by any map defined by means of a gen-
eralised 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.
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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 x € (0, 1] we have

X - Wi “
JEED IR

Moreover, from (23) and (24) it easily follows that

1 (1 4 (=1yH!

V; "
5+ (D) R(x)) :

2R <x+ ;) if x € (0,1/2]

R(x) = (25)

1

SR (x—i) if x € (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 = {(x,R(x))|x € [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 repre-
sent 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 func-
tions, constant on cylinder sets characterized by the same 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.

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

Consider, the transformations Tj, T} : [0, 11> — [0, 1] defined by the equations

x+1 1—y
27 2 )

TO(X,)’): (g,l—Y) and Tl(x,Y): (

Let J be the operator which associates to each subset E C [0, 177 the subset
T(E) = To(E) U T(E).

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

Tyt R = (3.1 -R0) = (3.7 (3))

Ti(x, R(x) = (%#) _ (x; L <x42— 1)) |
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Figure 1. The graph of the map R (blue) and of its integral function (orange) (color figure
online).
To(H) = HN([0,1/2]1 x [0,1]) and T\(H)=H N ([1/2,1] x [0, 1]),

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

Ko=1[0,1" and K, = T(K,) = To(K,) U Ti(K,),

where

To(Ky) = Kp1 N([0,1/2] x [0,1])  and  Ty(K,) = Kuq1 N ([1/2,1] % [0, 1]).
(26)

The trivial inclusion K; C Ky 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 = NysoK, C [0, 117
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In order to describe the sequence of the K,,’s from a different point of view, we consider the
maps fo, f; : [0, 1] — [0, 1] defined by

1_
M =1—y and n(y) = Ty

which give the action of Ty and 7' on the second coordinate.
Moreover, we consider the intervals

Iy =1[0,1] and I, =t 0t,0---0t,([0,1]) forx e D\{1}

where 0.x1x; - - - X, is a finite binary expression of x. Since the terminal 0’s in the binary word
X1X2 - - - x, do not affect the interval /., this is well-defined, depending only on x.
We point out that the interval /, satisfies the identities

tw(ly) =1y and  6(1) = Iixqny)2- 27

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

Lo = [p(xr - - - x0)]. (28)

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

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

T1(Ky) = Upmgn . gnit o [k/2"F (k4 1) /2" X T
Then, we can obtain K, from K,, by replacing each rectangle

[k/2", (k4 1)/2"] X Iyjon
by the union

([k/2", Rk + 1)/2" 1] X Iyz)
U ([QRk 4 1)/2", (k+1)/2"T X L1y jan1)-

Remark 4.1. Passing from K, to K,,; amounts to split each rectangle [k/2", (k + 1)/2"] x
I /> into four congruent closed sub-rectangles and remove the right-top or right-bottom one,
depending 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 J(H) = H imply
that H C K, for every n > 0. On the other hand, as
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{0} % [0.1] = Tp({0} x [0, 1]) € T({0} x [0, 11),

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
Ky = CIG = G U (Uyep\ (13 ({x} X 1))).

Moreover, for every x € D\{0, 1},

Rx) ¢ I, = llim inf R(&), lim sup R(&)
N e

In order to prove the proposition a technical lemma is needed.

Lemma 4.3. Forevery x € (0, 1) we have
{x} x {R(x)} UIL,) with R(x) ¢ I, if x € D
{(x, R(x))} ifx¢ D

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

Koo N({x} x [0,1]) = {

Ky N ({x} x [0,1]) = {x} x (I, UJ,)

where (Jy,)n>k 1S @ non-increasing sequence of intervals such that N> J,, = {R(x)} with
R(x) ¢ I,. We prove this statement by induction on k > 1.
If k = 1 then x = 1/2, and for every n > 1, we have

Ky 0 ({1/2} % [0.1]) = To(K,—1 0 ({1} x [0, 1) U T1(K,—1 N ({0} x [0, 1]),
so that, by recalling equation (26),
K, 0({1/2} x 10, 11) = To({1} x £7'(10, 11) U T3 ({0} x [0, 1)
= {1/2} % (ty o 7110, 1)) U [0, 1/2]).

Then, Jy2, = (tp 0 t’l"l([O, 11))n>1 1s a non-increasing sequence of intervals whose intersec-
tion is 7o(R(1)) = R(1/2) = 2/3. Moreover, J /5, N 11 = Ji/2, N [0,1/2] = () for every n
large enough, and hence R(1/2) ¢ I, /5.

Consider now the case of a dyadic rational x =0.x;---x; with k> 1. Let x' =
0.x2 - - - x4 = 2x (mod 1) and assume, by the inductive hypothesis, that K, N ({x'} x [0, 1])
{¥'} x Iy UJy,) foreveryn > k — 1, with (Jv ,),>¢—1 a non-increasing sequence of intervals
whose intersection is {R(x)} and R(x") ¢ Iv = t,,0 - - - o 1,,([0, 1]). Then, for every n > k we
have

Kn m ({x} X [Oa 1]) - TX] (Kn—l m ({x,} X [0’ 1]))5

and hence

Kn N ({X} X [O, 1]) = {X} X (txl(lx’) U txl (]x’,nfl))
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Here, (J,, = ty,(Jy,,—1))n>k 1s a non-increasing sequence of intervals whose intersection is
{RW)} = {1, RW)}, and R®) ¢ I, = 1, (1,).

We are left to consider the case when x ¢ D. For every n > 1, let Xjp = 0.x1 -+ xp the nth
truncation of the binary expression of x. We want to prove, by induction on n > 1, that

Ky 0 ({x} 5 [0,1]) = {x} x Ly, .

In fact, for n = 1 we have Ix‘1 =10,1]if x; = 0 and Ix‘1 = [0, 1/2] if x; = 1. In both cases,
KiNn({x} x[0,1]) = {x} x Ly, and R(x) € I,,,. Moreover, forn > 1 we have

1"71 if x, =0
L, =<1, if x,=1 and niseven

if x,=1 and nisodd

Xln—1

where I-;\Fn—l and I_;H denote the upper half and the lower half of L, s respectively. In all

the cases, the equality K, N ({x} x [0,1]) = {x} x Ly, and the relation R(x) € Ly, follow by
induction on 7, taking into account that

Oxy--x 1 <x<0x7---x,11 if x,=0
Ox; - x, 11 <x<O0xy---x,41%° ifx,=1.
Then,
Kso N (x x [0,1]) = {x} x (Mnz1ly,) = {(x,R(x))}.
|

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

Ky = GU (Uiep\(1y({x} x 1)), (29)
with
GnN (UXGD\{I}({'X} X IX)) - {(O’ 2/3)}

Equation (29) implies that C1 G C K. Therefore, in order to conclude that K, = CI G, it
suffices to show that the inclusion {x} x I, C ClG holds for every x = 0.x; - - - x, € D\{1}.
According to equation (28), for a generic point (x,y) € {x} x I, wehavey = 0.x; - - - x,v, with
v € {0, 1}. Then, the point (x,y) can be arbitrarily approximated by a point (x', R(x")) € G
with X’ = 0.x - - - x,(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(§),limsup R(&) | .
£ e

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

Corollary 4.4. The map R is not Darboux from the right (in the sense of [ 10]) at any dyadic
rational x € D\{1} and its graph G is totally disconnected.
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Proof. This is an immediate consequence of proposition 4.2. O

=
=

Figure 2. K, forn=20,---,7.

Using the inclusion G C K, we can prove the next proposition.
Proposition 4.5. folR(x)dx =3

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

Area K, = <i) (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,+| = Ry, for every n > 1, so we can write

1
/R(x)dx = lim A,,.
0 n—00

Looking at what happens inside each rectangle of K, , when passing from Ry, to Ry,
(compare Ky and K in figure 2), we have

3 3 9\"!
Aoy — Aoy = — AreaKoy o = — - [ —
I T T <16>
Therefore, starting from Ay = 0 we get
3e=~/9)" 3 16 3
lim A,, = — — | ==.—==1=Z.
e 2 16;_%(16) 16 7 7

O

Finally, we can compute the Box dimension dimp G and estimate the Hausdorff dimension
dimy G as follows.
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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 gen-
eral 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). U

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 two-normal numbers,
that is the numbers x € [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 5(x) = 3'(x) for every x € N. We recall
that N has full measure A(NN) = 1, as proved in [2].

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|, | of length k, and by
f(w, b) the asymptotic relative frequency of w in b, if it exists. Namely, we put

‘{i: 1,...,1’1 | w Zb,‘b,‘_H . 'b,‘+k_1}|
n

Ju(w,b) = €1y}

and
Sfw,b) = lim Su(w, b). (32)

Then, to say that x = 0.x;x, - - - is normal means that f(w,x;x;---) = 1/2" for every
w € {0,1}* and for every k > 1. This is equivalent to the property that for every k > 1, if
(w1, wy,...) is the decomposition of xjx; - - - into contiguous blocks of length k, then the
asymptotic relative frequency of any w € {0, 1}* in the sequence (wy,w,...) is 1/2* (see
[2,5,7,27,31)).

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 mea-
surable. 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 3(S(y)), which coincides with either o(5(y))
or o(B'()). Then, we have S([0, 1]) C [0, 1]\N, which implies that A(S([0, 1])) = 0 by [2].
Therefore, every set A C [0, 1] is the image R(S(A)) of the null measure set S(A). In partic-
ular, this is true for any non-measurable subset of [0, 1], like the Vitali set. Thus, R is not
bi-measurable. (Il

We remark that, in the light of 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 [32] 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.
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Proposition 5.2. The map R is a singular Borel function, being R(N) C [0, 1]\N.

Proof. It is enough to prove the last inclusion, since it implies that A(R~'([0, 1]\N)) = 1
with A([0, 11\N) = 0, and hence the singularity of R. So, given x = 0.x;x;--- € N and
R(x)=y=0.y,..., with y;y,- -+ = p(x;x2- - -), we have to prove that y is not normal.
Notice that x1x;--- = f(x) € € and y;y,--- € B are both infinite binary words (the lat-
ter coincides with either 3(y) or 3'(y)). Here, we think of the normality of x in terms of
asymptotic equi-distribution of contiguous blocks in x;x;--- of every given length, as
discussed above.

By considering the blocks of length 2 in the word x;x; ..., and taking into account the
substitution 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 y,y, - - -.

By arguing instead on the blocks of length 8 in the word xx; - - -, we will prove that

Hm (£, (01, y1y2-- ) + fu(10, y1y2 -+ )) > lim (£,00, y1y2 - - -)

+ (1l y1y2--4)), (33)

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

To prove (33), let @ > 1 be arbitrarily fixed. Since f(0,x;x1---) = f(1,x;xp- ) = 1/2,
for every § > O there exists m > 1 such that the length n of the word p(x1x; - - - xg,,) satisfies
the following properties

n lo(x1x2 - - Xgm)|  [X1x2 - - - Xgm|i _
— = = e(1/2—-06,1/246 d >
8m 8m 8m 1/ /2+0) and n>7

We want to show that for a suitable choice of m the following inequality holds

SaOLy1ya---) + fu(10,y1y2- - -) > fu(00,y1y2- - -) + fu(1L,y1y2-- ) +c,

(34

where ¢ > 0 is a constant independent of n, which gives (33).
Let (wy, wy, . .., w,) be the decomposition of the word x;x; - - - xg,, in blocks of length 8,
and (vy, vy, ..., v,) be the corresponding decomposition of the word y,y, - - -y, in blocks of

variable length <8, with v; = p(w;) foreveryi =1, ..., k.

Based on the normality of x, we can assume m sufficiently large in such a way that the rela-
tive frequency of any binary word w of length 8 in the sequence (w;, wy, . . ., w,,) belongs to the
interval (1/2% — §,1/28 + 6). Then, we consider the pairs of consecutive digits in y,;y, - - -y, ,
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
(vy,v2,...,v,) the number of occurrences of the pairs 01 and 10 is at least 541(1/28 — 0)m,
while the number of occurrences of the pairs 00 and 11 at most 228(1/2% + §)m. Putting all
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together we have

L 541(1/2° — O)m _ 541(1/2° — 6)

JrOL e Bz 2 n 7 8124 0) (35)
228(1/28
S0, y1y2 - )+ fu(1L,y1y2---) < 8( / :5)m—|—m
8
_ 22801/ + ) + 1 o

= 8(1/2—0)

At this point, it is enough to observe that (35) is greater than (36) for § sufficiently small. [

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

-1 _ Upes&({a(yb))) ify=1"
REEOI\0r = {ubeosa«a@b)») DE(o))) otherwise (37)

where y' = B(£() + 1/2").
Then, by putting |o(y)| = m and recalling that |o(y)|; = |y| = n, we get
MUpesE{a(vb))) = M{{a)?®? |a € A,b € BY) = \{(@)"b | a € N",b € B})
= MUaewr [(@) 70D = " MUa)™O) = D 1/21@

aeNn acN"

— Z 1/2(201+444+20n+m) _ Z 1/2201 A Z 1/22an /2m

aeNn a; =0 an=0

=(4/3)"/2" =27 /3" < (2/3)".
Moreover, by taking into account the inclusions

oM C Upené((a v kb)),

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

AEe(H)M) = 0.

Therefore, based on (37), we have
AR EY)) = 227 170/3m < (2/3)" (38)

foreveryy € {0,1}" andn > 1.

We remark that, by generalising 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 p, with 0 < p < 1, determined by p,(£([x])) = p"(1 — p)"~™ where
m = |x|q, forevery x € {0,1}"and n > 1.

Moreover, proposition 5.2 also entails that no R-invariant probability measure can be abso-
lutely continuous with respect to Lebesgue measure. Indeed, if there were such a measure
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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 dimg 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 Cl R’l(y)\R’l(y) c D.

Proof. First we prove the inclusion

CLE((p) C &by U D (39)

for every b € €, which implies that CIR'(y)\R"!(y) C D forevery y € [0, 1] by (20).

Given x € CI((b), let (x,)n>1 C E(((b))) be a sequence such that lim,_,. x, = x. Then,
by the definition of (b)) in (21), there exists a sequence (a,),>1 C ‘A such that x, = £({a,)?),
and hence (an>b = B(xy), for every n > 1. If x € D we are done, otherwise the continuity
of 3 at x (see section 1) implies that lim, . (a,)’ = B(x) € C. If the sequence of the ith
components ((a,)i).>1 is bounded for every i > 1, then by compactness we can replace
the sequence (a,),>1 by a subsequence converging to a € A, and recalling that 7 is a
homeomorphism, we have

lim (a,)” = lim n(2a, + 7~ (b)) = n( lim 2a, + 7~ (b))

n—0o0

=nQRa+n"'b) = (a)’,

and hence x = £((a)?) € &((b)). If instead some sequence ((a,);),>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,),,—; = ¢ for some ¢ € {0, 1}”"l and every n > 1, we have

B(x) = ligi<a">h = <C>b\m71000,

which is absurd, being S(x) € €. 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£([8(»)},]), and hence
R'() = Nz R EBG)), we obtain A(CIR™'(y)) = AR ™'(y)) = 0 by (38). Similarly,
we can obtain A((C1R~'(0)) = M(R™'(0)) = 0 starting from {0} = N,>1£([0"]).

We are left to prove that Cl R’l(y) is a Cantor set for every y € [0, 1]. To this end, it is
enough to show that CIR~'(y) is topologically O-dimensional and perfect (see [22, chapter
four, section 45, paragraph II]). The O-dimensionality immediately follows from the fact that
CI R !(y) cannot contain any interval, having a null measure. For the perfectness, we observe
that every x € CIR™'(y)\R"!(y) cannot be isolated. On the other hand, if x € R~'(y)\ {0},
then x = £(n(c)) for some ¢ € C (see (20)), and we have x = lim,_,, x, with the sequence
(xp = EMc))nz1 C R™(y) defined by (c,); = ¢; + 28;, for any i,n > 1. Finally, 0 is a limit
point for every fiber R’l(y), and in particular for y = 2/3. In fact, 0 = lim,, x, where
(Xn)a>1 C R71(y) is defined like above, starting with any ¢ € € such that £(1(c)) € R~ '(y) and
putting (c,); = ¢; + 2nd;; forany 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
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b= c¢ < thereexistsm > 0 suchthat|c;|; < |b;|i +m for everyi > 1.
(40)

We also introduce the induced equivalence relation:
bx~c&bx=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 = c and b =~ ¢ imply analogousrelations f(1,b) > f(1,c)and f(1,b) = f(1,c¢)
respectively, between the asymptotic relative frequencies of 1’s, if the latter exist. But 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. Forevery b,c € C, the natural bijection ¢, . : (b)) — ((c)) defined by

¢b,c(<a>h) - <Cl>€

with a € A, is a homeomorphism. Moreover, ¢,, . is a Lipschitz map if b = ¢ and c € 8, and
hence ¢y, . is a bi-Lipschitz map if b ~ c and b,c € 8.

Proof. Givenanyb € C, we consider the natural bijection ¢, : A — (b)) defined by ¢,,(a) =
(a)® = n(2a + n~'(b)). This is a one-Lipschitz homeomorphism, being the composition of the
isometric map A — A which sends a to 2a + 1~ 'b with the one-Lipschitz homeomorphism
n: A — C. Moreover, for every a,a’ € A such that a, = @', and a,, | # a;,,, we put

ha,d)=ai + -+ a, + min{a,41,a, .},

and observe that the maximum index i for which (a)b‘i = (d >”“ is givenby 2h(a, a’) + k%, where

kb denotes the index of the nth occurrence of 1 in b.

Then, for every b, ¢ € C the identity ¢p,. = ¢, © gi);l implies that ¢,, . is a homeomorphism.
Furthermore, if b »= c and ¢ € 8 we can see that ¢, . is a Lipschitz map as follows.

Letm > 1 such that |c;|; < |b;|; + m for every i > 1. In particular, we have

|C\kl.b|1 < ‘b\kibh +m=i+m,
and therefore
K+ 1 < Ky yy <A +2m+2 (42)

for every i > 1, where kf’ denotes the index of the ith occurrence of 1 in b as above, and the
last inequality derives from the fact that ¢ € S does not contain any pair of consecutive 0’s.
Given any two different sequences a,da’ € A, let n be the maximum index i such that
a; = a[i. Then, by the above observation, we have
d((a}h, <al>b) _ 1/22h(a,a’)+k2+1 and d(<a>c’ <a/>c) _ 1/22h(a,a’)+k,‘,'+l’
from which by (42) we obtain

d(¢b,c(<a>b)a ¢h,c(<a/>h)) < 22m+l
d({a)’, (a')") b '

So, we can conclude that ¢, . is a Lipschitz map with Lipschitz constant 22!, O
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Lemma 5.5. For every b,c € C, the bijection 1, . = & o ¢y, 0 Bley = E(B)) — E((c))
given by

Upe €(a)’) = E£(a)®)

with a € A, is a Lipschitz map if b = c and b € 8, and hence 1, . is a bi-Lipschitz homeo-
morphism if b =~ c and b, c € 8.

Proof. In the light of the previous lemma, recalling that £ is two-Lipschitz, it suffices to show
that 3¢y is a Lipschitz map for every b € 8.

Take any two different real numbers x = £((a)”) and x" = £((d)") in £((b), with a), = ],
and a, 1 # a, . Without loss of generality, we assume that @, < a,, . Like in the proof

of the previous lemma, we have (a)fwa Wk = <a/>T2h(a i Denoting by w this word, we

can write (@)’ = wlc and (@)’ = w00, and hence x = 0.wlc and x’ = 0.w00¢, for suitable
¢,c’ € C. Then, we get

|x — x| = 0.xlc — 0.x00¢’ > 0.x1 — 0.x01 = 0.0"+11 = 1/2lvF+2
while

d(B(x). B(x') = d((a)", (a)") = 1/21"+1.
These inequalities immediately imply that 3¢y is a two-Lipschitz map. 0

Now we focus on the ‘rational fibers’, that is the fibers R~ (y) withy € Q.

Proposition 5.6. Ify € Qrhen&(a(5(y))), (o (B'(y)) € Qwhen defined, and so S(y) € Q.

Proof. Since any binary expansion of a rational number is periodic, both 5(y) and 3'(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,
a(B(y)) and o(3'(y)) have both the corresponding form vg>, with

_Jow) ifw,=pe _Jolp) ifp=1
v {a(wp) if w, # pe and g = {U’(p) if pp=0 @)

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 g of length n,
and by applying £ we get a rational number in Q. (|

The next proposition expresses the Hausdorff dimension dimy R~!(y) for y € Q in terms of
the density d of the 1’s in the period ¢ of o(53(y)) or o(8'(v)) as given by (43), that is

d = lql1/lql-

We recall that 5(y) and 3'(y) coincide for y € [0, 1]\ D, while only one of them is defined
fory = 0, 1. On the other hand, fory € D\ {0, 1} the period of 3(y) is 1 and the period of 5'(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
a(B(y)) or a(B'(y)), in that d does not change if we choose a different starting digit for the
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period of the word or consider as a period any multiple of a minimal one. In fact, d coincides
with the asymptotic relative frequency £(1,a(8())) or f(1, (3 ().

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

P,
where d = |q|1/|q| € (0,1] is the density of the I’s in the period q of o(3(y)) or a(B'(y)).

Proof. According to (20) and (43), and recalling that dimy(A U B) = max{dimy A, dimy B}
for every A,B C [0, 1], we only need to compute dimy&({vg™)) with vg>™ € 8. More-
over, 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 vg™ = ¢*° and both vg™ and
g™ belong to 8. 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 g = ¢'1¢” for some (possibly empty) binary words ¢’ and ¢”, whence
qoc — (q/lq//)oo — qll(q//qll)oc ~ (q//q/l)oc'

Given g = q,4, - - - q, € {0, 1}" with g, = 1, we put m = |g|; and consider the family of
contractive similarities

T = {T,: R = R} yerwm
defined by
Ta(x) = x/22(01+~<+am)+n + x,,

where x, = 0.(a)?, for every a € N". Such family 7 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)9|, we have

T,(0.x1xp---) = 0.(a)%x1x7- - - (44)
This allows us to derive in a straightforward way that

£(<<qoo>>) = UaENmTa(£(<<qoo>>))~

Indeed, the equality (a)9g™ = (a0>®)?" gives the inclusion T,(£({g™))) C £({g>)) for every
a € N". On the other hand, for every x = £({a)?”) € £({g™))) with a € A, we have x =
£(<611612 o 'am>q<am+lam+2 o >qx) € Ta‘m(é-(«qoo»))

From (44), we also see that T,((0,1)) C (0,1) for every a € N, and T,((0,1))N
T,((0,1)) = () 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 [26] (see also [16, theorem 3.11]), in order
to conclude that

dimy(€((b)) = inf {s >0

Zr2<1}, (43)

acN™

where r, = 1/2%@+Fan+n denotes the similarity ratio of T, for every a € N™,
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Now, recalling that d = m/n, we have

Z P = Z 1/2(2(a1+~<+am)+n)s

acNm aeN™
_ Z 1/22a1s . Z 1/22ams /2ns
a1 20 am 20

— 27"”/(1 _ 1/22$)m — (zs/d(l _ 2723))7m.

Therefore, from (45) we deduce that dimg(£({b))) is given by the unique s > 0 where the
monotonic real function f(s) = 25/4(1 — 272) assumes the value 1. Finally, the equation
f(s) = 1 becomes 1> 4 1'/¢ = 1 as in the statement, by putting s = —log, . 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 [26, 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(l)=1% = o(B(1)) = (01)* = d = 1/2 = dimyR"'(1) = 1/2,
B(1/3)=OD® = o(B(1/3)=1° =d=1 = dimyR '(1/3) =log, ¢,

where p = (1 4+ +/5)/2 is the golden ratio.
Proposition 5.8. Foreveryy € [0, 1], the following holds
1/2 < dimy R™'(y) < log, .

Proof. Thanks to (20) and the formula dimy(A U B) = max{dimy A, dimy B} holding for
every A, B C [0, 1], it suffices to prove that 1/2 < dimy £({b))) < logy ¢ for every b € S.
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. (]

6. Dynamical properties

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

Py {0,137 = {0, 1}

for every finite binary word v and every n > 1 as follows.
We start by setting

po(w) = pu(w), (46)
with w € {0, 1}, and then for n > 1 we inductively define

oy = Ppr=1w) © PZ_1~ 47)
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We emphasise that, in general p! does not coincide with (p,)", the nth iteration of the map p,,
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

p? = pp”*l(u) o P,;nd(q,) O+ 0 Ppw) © Pus (48)

which is a composition of n maps, each equal to p or p. Namely, the ith 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

plow) = p"(v)plh(w), (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 p!!(w) € B when n > 1. For example

PHo((OD®) = (pyi10) © p110)(O1)®) = (po1 © p110)((01)™)
= p(p((01)*)) = p(0™) = e.

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

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

Proof. For any sequences (w,),>0 and (k,),>0 as above, we construct the generic element
of B as an infinite concatenation b = vyv; - - - € C, where the v,,’s are non-empty finite binary
words inductively defined as follows. We start with vy = wy. Then, given vy, v1, - - -, v,—1 With
n > 0,we putu, = vov; - - - v, and we choose v,, to be any of the infinitely many (non-empty)
words in (pf)~!(w,) ending with 1. We observe that, p*(u,) = € for every n > 1, whatever
the choice of the v,’s. In fact, p*1 (u;) = p*1(vy) = € since k; > n.(vg), while for n > 1, taking
into account that k, — k,—; > n.(w,—;), we have by induction

P (uy) = pfr 1 (pfn1 (v, 1))

_ pk" —kn—1 (pkn—l (unfl)Pﬁi:,:ll (Up—1))

= P (w,y)) = e

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 = vyv; - - - € [wp] N € such that

P (B) = P vy vagr -+ ) = p )Pl (PR, W1 -+ )

£,
- wnpu’:,un(vn—‘rl o ) S [wn]

for every n > 1, where the second equality can be obtained by two applications of (49), while

the third one immediately follows from p*(u,) = € and p} (v,) = w. O
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Lemma6.2. Foranysequence (w,),>o of non-empty finite binary words there is an uncount-
able set B C [wo] N € 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 subse-
quences, 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
[wo] 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. (]

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 N [0, 1] is R-invariant and establish the asymptotic
behaviour of the restriction of R|g : Q — Q.

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

Q=9QyUQy, (50)
where Q; consists of all the rationals in Q whose forward orbit contains C;, fori = 1,2.

Proof. The factthat Cy = {0,2/3} or C; = {1, 1/3} are two-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 x € Q\{0, 1}, we can write 3(x) = wp™ € € with w and p finite binary words
of minimal length such that |p|; > 0. Then, by applying p we obtain

p(Bx) = plwp™) = p(w)puw(P)Puwp(P)Pup(P) - -

If |p| is even, |wp!| has the same parity of |w|, and hence Pupk = pu forevery k > 1. If instead
|pl is odd, |[wp*| has the same parity of |w| 4 k, 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(x)) as

| p(w)(pu(p)™ if |p| iseven
B = {p(w)(pw<p>ﬁw<p)>°° if |p| isodd”

In both cases p(3(x)) is periodic, which implies that R(x) = £ (p(5(x)) € 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 C, or
C;. From the last formula we derive that p(5(x)) € C, that is p(8(x)) = S(R(x)), except when
|p| is even and |p,,(p)|1 = 0, in which case p(3(x)) = B'(R(x)) = p(w)0>. Here, we have two
possibilities, either | p(w)|; = 0 and then R(x) = O orelse |p(w)|; > 0 and then B(R(x)) = v1*°
with n.(v) < n(p(w)) (in fact v = p(w)—10, where k the position of the last 1 in p(w)). By
iterating the process, we can conclude that R"(x) admits a purely periodic binary expansion for
every n = n.(w).

On the other hand, for x" € Q\{0, 1} such that S(x") = ¢ with ¢ a finite binary word of
minimal length such that 0 < |¢|; < |g|, we have

ny _ S (@)™ if |¢|iseven
pLAG)) = {(p(q)ﬁ(q»m if |glisodd

The minimality of ¢, implies that | p(¢)| = |g|1 < |g]| if |¢| is even, while |p(q)p(q)| = 2|p(q)| =
2|q|1 < 2|q] if |g| is odd. In this last case, |p(q)p(q)| is even, |p(@)p(|1 = |p(q)p(q)|/2, and
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p(B(x")) = B(R(x")). Therefore, either R(x") = £(p(B(x))) or R*(x") = &(p*(B(x'))) admits a
purely periodic binary expansion whose period length is strictly less than |¢|. By iteration, we
eventually get R"(x") = 0 or R"(x") = 1 for a sufficiently large n.

At this point, we are left to show that Q 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 Q,. We put n = n.(w), and define a sequence of finite binary words
Po> P1>* * *» D, by induction on i decreasing from n to 0, as follows. We start with p, = 0, and
given p, with0 < i < n, welet p;_, be any even length elementof (p -1 (w))*l(p,-). The existence
of such an element is guaranteed by the surjectivity of p -1, and the possibility of appending
a 0, if needed to make the length even, without changing the image under p i1,

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

R'(x) = £(p(w)py)

foreveryi =0, - - -, n, as follows. The base of the induction is the trivial case of i = 0, while
the inductive step is given by

R'(x) = R0 (w)p*))) (the inductive hypothesis)
=& (w)p)) (since p~ ' (w)p*, € €)
=&(p'(W)p,-1,y(p1))  (thanks to equation (47))
=£(p'(w)(p i) pi—1)™)  (since p;_; haseven length)
— £ w)p) (by definition of p;_1).

In particular, we have R"(x) = £(p"(w)p,°) = £(0°°) = 0, as desired.
This concludes the proof of the density of Q. The same argument, but starting from p, = 1
instead of p, = 0, proves that Q, is dense. |

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 two-cycles Cy and Cj, 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 5(x) of every x € [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 C,
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 =wowwy -+ -wy -+ € C,

where wy = w and for every integer k > 1 we let wy, be any of the infinitely many (non-empty)
words in (07, -, )~ !(wy_1) which ends with 1. As in the proof of lemma 6.1, this last condi-
tion guarantees that there are no duplicates in the resulting words b, which are thus uncountably
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many. Then, we have

p"(b) = p"(wowywy - - - wi -+ )
= pn(wO)pZ:O (wl)pﬁrowl (’U)z) T pz,rou,'lmwk,l (wk) T

:Ewowl“'wkfl“':b3

and hence b has period n.

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 = ¢"~'(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 = 000" '(0).
This last property immediately implies that p¥(b) # b for every b as aboveandk = 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, - - - € C belongs to Fix p, and
hence £(b) € Fix R. In the special case when w = wy = 0 and each wy is chosen to have min-
imal length among the words with the prescribed properties, that is either w; = o(wi—;) or
wy = o(wg—_1) according to the parity of |wow - - - wi_1|, we get as b the word

p° = 00101 (1% 01*%"
h=0

=00101111010101111111010101010101 - - - . ShH
The corresponding real number
1% = ¢% =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 = (a;,az, - -) € A = N, we asso-
ciates a (distinct) fixed point {a)f € Fix p C € and a corresponding (distinct) fixed point
x* = £({a)F) = 0.0 € FixR C [0, 1], with b° 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 generalising the construction of 5° 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

b = wvyvy - - - € Fix p,

where the words vy for k > 1 are inductively defined by starting from v, and putting
Vg = o(vg—1) or vg = o (Ug—y) if |[wvy - - - vg_1] is even or odd, respectively (compare with the
construction of ° above). Then b = vjv, - - - € 8, since each v, contains no pair of consecu-
tive 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 = (a,a,---) € A, we put {(a)f = b° and define the sequence
({(a)%)n>0 C Fix p as follows. For every n > 1, let k, be the position of the nth occurrence of
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L in (a)§_;, and w? be the word obtained from (a)5_1|k, by inserting the word 0°* before the
last digit 1. The word w¢ share with (a)f_;|k, the property that its image p(w?) = p({(a)%,_1|k,)
is a prefix of it, so we can set (a)}, = b"i. Notice that |w?| = k, + 2a, = k, > k,_| + 2a, | =
|wé_, | for every n > 1. Since the sequence (k,),>1 is increasing and (a)} |k, — 1 = (a)}_ 1}, -1
for every n > 1, there exists the limit
(a)F = lim (a)¥, (53)
n—0o0

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

In order to characterise 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 aws ¢(a) = (a)¥ is a Lipschitz
homeomorphism.

Proof. For any b € Fix p, we consider the sequence a’ = (a?,d5 - - -) € A, where a” is the
number of (disjoint) pairs of 0° immediately preceding the nth occurrence of 1 in b. Then, the
map v : 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 ay, = a"n and

any1 # d, 1, orequivalently, with the above notations, wy = w,‘;/ and wy, | #+ w,‘;;l . Therefore,
(a)¥ and (a')¥ share the same prefix of length |w¢| = k, + 2a, > k, > n, while they have dif-
ferent prefixes of length [w?, || = ky41 + 2du41. So, we have 1 /25+1+24+1 < d(p(a)p(a’)) <
1/2"+!, which means that ¢ is a Lipschitz map (second inequality) and that ¢ is continuous at
¢(a) (first inequality). U

Proposition 6.6. The fixed point set FixR is a uncountable subset of [0,11\D and
its closure CI(FixR) is a null measure Cantor set in [0, 1] with a countable remainder
CI(Fix R)\FixR C D.

Proof. The inclusion Fix R C [0, 1]\ D follows by proposition 6.3. As a consequence, the
maps £ and f3 restrict to a bijective maps Fix p <+ Fix R, and hence Fix R is uncountable.

We now prove that CI(Fix R) C FixRU D, which trivially gives CI(Fix R)\FixR C D.
The argument is similar to the first part of the proof of proposition 5.3. Let x € CI(Fix R)
and (x,),>1 C Fix R be a sequence such that lim,_,., x, = x. Then, by lemma 6.5 there is a
sequence (a,),>1 C A such that x, = £(¢(a,)) for every n > 1. If x € D we are done, oth-
erwise the continuity of 8 at x implies that lim,_,, ¢(a,) = S(x) € C. If the sequence of the
ith components ((a,);),>1 is bounded for every i > 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 x = £(¢(a)) € Fix R. If instead some sequence ((a,);),>1 is unbounded,
let m be minimum index i > 1 for which this happens. In this case, we replace the sequence
(@n)n>1 by a suitable subsequence such that the sequence of truncations ((@,)}—1)n>1 is con-
stant, and hence ¢(a,)yx,, ,, where k1 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 S(x) = lim, ., ¢(a,) = d0>, which
is absurd since S(x) € C. This concludes the proof of the inclusion CI(Fix R) C FixRU D.

Concerning the null measure property, let us consider the map

G0 @ik (1%) = Fixp,

where ¢1o 1 A — ((1°°)) and ¢ : A — Fix p are the homeomorphisms defined in the proof of
lemma 5.4 and in lemma 6.5, respectively. This map sends (a)'” € ((1>)) to (a)F € Fix p for
every a € A, and it can be shown to be a one-Lipschitz map as follows. Given any a,d’ € A
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such that a), = a"n and a,41 # a,, we put h(a,d") = a + - - - + a, + min{a, 1,4, }, as
100

in the proof of lemma 5.4. Then, the maximum index i for which () 1;0 = {(a) ; 1s given by

2h(a,a’) + n, while the maximum index i for which <a>F‘i = <a’>F‘i is given by 2h(a,d’) + ki,
where k,, is the index of the nth occurrence of 1 in the word (a)f | defined in the construction
of (a)F just before lemma 6.5. Since k, > n, we can conclude that ¢ o ¢12£ is a one-Lipschitz
map. From this, arguing as in the proof of lemma 5.5, we can derive the Lipschitz condition

for the map
Eopogtof:EW17)) — FixR.

Therefore, thanks to proposition 5.8 and its proof, we have dimy Fix R < dimy £({1°°) =
log, ¢ < 1, which implies that Fix R has a null Lebesgue measure. Since the remainder
CI(Fix R)\Fix R is countable, also C1(Fix R) has a null Lebesgue measure.

As a consequence, CI(Fix R) is topologically 0-dimensional. On the other hand, it is a per-
fect set, because for every a € A, we have £ (<a>F) = lim, 0 & ((a,,>F) with a, € A defined by
(an)i = a; + iy, for any i,n > 1. So, CI(Fix R) is a Cantor set (see [22]). |

We observe that the proof of proposition 6.6 is essentially based on the parametrisation 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 (by, by, - - -, 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 two-cycle (1*°, (01)>) of p, corresponding to the two-cycle
C; of R (see proposition 6.3), one can obtain in this way the Thue—Morse two-cycle (u, i) of
p described in the next remark, and hence a corresponding two-cycle for R.

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

_[o=o1
T: ,
1—10
and the digit-wise generated map 7 : B — B. The map 7 has two fixed points, the Thue—Morse
sequence starting with 0

u=01101001100101101001011001101001 - - -

and its complementary sequence u, the Thue—Morse sequence starting with 1, which was used
in [40] to found the combinatorics of words. Recalling the definition of 7 in (13) and noting
that

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

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

Concerning the periodic points of R having higher order n, in analogy with the description
of the maximal fixed point x°, we limit ourselves to consider the periodic points whose binary
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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 (ply, 1y, ..., )~ Nwy_), that
is the image of w;_ under a suitable composition of ¢’s and 7’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

o0

) (-1 (204 D40 QUADR0—1 _ rl 1\9 2+l
2 =0.002 [ (12 1) -
=0 (54)
(01)2(21+1)h+21 12(21+1)h+21(01)(21_ 1)2(2Z+1)h+21)

In order to see that this point has order n = 2¢ + 1, we write it as 0.w] [~ (usvp), with

2@l D+ 2QUHDI+I=1 1 ol QU+

1¢ ,

w= 01" =1
(01)(2171)2(21+1)h+21 (55)

vp = (01)

y

2L+ 1h+20 12(21+1)h+21

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

{ O1) > 1%

1% 15 (01
for every k > 1, one checks that
Pl o) = p* 0 p* ! (ug) = w,
while
Doy ) = P2 ) =y and pl0 o (i) = 07 ) = vy

for every i > 0. Putting all those equation together, one can conclude that w]],~ (usvy) is a
fixed point for p”, and hence that O.wHZO:O(u;,v;,) 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 (w,),>o 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. (]

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) mixing and has sensitive dependence on initial
conditions.

Proof. Let w be any non-empty finite binary word such that £([w]) C I, and set n = n.(w).
Pick y € [0, 1]. By the surjectivity of p!, there is v € C such that p! (v) = B(y), and hence
PH(wv) = p'(w)pll (v) = B(y) as well. Then, for x = £(wv) we have x € [ and R"(x) = 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. [
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Corollary 6.10. The map R is chaotic in the sense of Devaney (see e.g. [ 12]).

Proof. It follows by propositions 6.4, 6.8 and 6.9. ([

Concerning distributional chaos, a concept introduced within the context of topological
dynamical systems in 1994 (see [35]), 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 [28], as specified in the next
proposition.

Proposition 6.11. The map R is uniformly DC1-chaotic, meaning that it admits an uncount-
able uniformly DCI-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 suchthat | R*(x) — R*(y)| < 6} =1, (56)
n—oo N
1 -
lim inf ~ #{k=0,---,n—1 suchthat|R*(x) — R‘(y)| < 6} =0, (57)

forevery x # yin S.

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

by =

s

{ by if n = p* with p primeand & > 1

0 otherwise

for every b € B. We observe that A is an uncountable set, being p injective, and that all the
elements o € A share the same nth component o, = 0 for infinitely many n > 1. Further-
more, since each o = u(b) contains infinite copies of b as subsequences, any two different
elements o, o’ € A cannot be ultimately coinciding, that is for every m > 1 there is n > m
with o, # o).

Now, let (e,,),>1 be the increasing sequence of natural numbers inductively defined by

n—1

e1 =1 and en:nzzek forn > 1, (58)

k=1
and let (v,),>1 and (u,),>1 be the two sequences of binary words inductively defined by

v =1 andv, = 0> (v,_,) forn>1,

) (59)
u; = 001 and u,, = 000" (u,,—1) for n > 1.

Clearly, we have n.(v,) = n.(u,) = > ,_,2¢; forevery n > 1. Moreover, the equality o*(1¥) =
12F implies that

Shoae
vy = 127 (60)

forevery n > 1.
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To any index v € A we associate the sequence of non-empty finite binary words (wj;),>0,
where w{ can be arbitrarily chosen, while for n > 1

N v, if o, = 0
wy = .
u, if o, = 1

We set k, = n.(w)") + - - - + n.(w,_,) and observe that k, is the same for all a € A.

Then, we apply lemma 6.1 the sequences (wy, ),>0 and (k,),>1 and pick a single binary
word b, € [w§] N C, out of the uncountable resulting set B, such that pk" (ba) € [wy]for every
n > 1. Finally, we put S = {x, = &(bs)}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 x,, are distinct and
that R*(x,) = £(p*(b,)) forevery k > 1 and o € A.

To see that S is uniformly DC1-scrambled, take any o # o in A. Forany § > 0, let ¢(d) > 1
be such that

1/227 < 5,

in such a way that the interval £([p"(w®)]) has width

ME[P"(wH]) <6 forevery h=1,---,n(w”) — c(0) = 226" — ¢(0).
k=1

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

implies that

1

2 #{k=1,..., k11 suchthat|R"(x,) — R'(x,)| < &}
ni+1

n; 2 _
> Zk_lkej_l 0(5). ©2)

Thanks to equation (58), we have

n; nj—1
N 20 =Y 2e + 26, = 2nF + 1)%, (63)
k=1 k=1 i
while
n; n; k ni—1 k n;
ky,+1 = Zne(w?) = Z Z ey = Z Z 2ep, + Z 2ep
k=1 k=1 h=1 k=1 h=1 h=1

I‘l,‘*l

<2m— DY e+ ZIZek
k=1 k=1

=2~ D+ 3 2¢

(64)

n2
e, ot en.
=2(n; — D% +2(n} + D2
n; ns

1
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Therefore, the right-hand side of (62) is bounded below by

n?+1 c(6)
I’ll2 + n; kni+1 ’

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 cv,, # a;,i foreveryi > 1,
whose existence is once again guaranteed by construction. Then, (59) and (60) imply that
|Ri (x,) — R*i(x,1)| > 1/8. So, putting § = 1/8 and arguing as above, we get

1
kﬂi-H

#{k=1,...,k, 11 suchthat|R"(x,) — R‘(x,)| < &}

n
Kni+1 — Zklzlzek

<
k"i+1

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

We emphasise that in the above proof the family of starting words (wg)aea 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 ),> 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 [37, 38], 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
[19, 25]). 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 [3, 13]
1 b
h(f) = lim Tim sup -2&722).
e—0 n

n—00

(65)

where r(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

dy(x,y) = max |f'(x) = /). (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 [14].
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For continuous interval maps, positive topological entropy is known to be equivalent distri-
butional 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) = oo. 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

ne(w) < 2 [log,|w|| + 2. (67)
Proposition 6.13. The map R has infinite topological entropy.
Proof. For every k,n > 1 and every sequence of words wg, w, . . ., 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

pm(b'u,ro,'u,rl,...,'u,r,,) S [’U)iO],

where ¢ = 2|logs|w|| + 2 > n.(w;) according to proposition 2.1. Then, we put

Sk,n - {xwo,wl ..... wy — g(bwo,wl ..... w,,) ‘ Wo, Wiy ..., Wy € {Oa 1}k} C [0, 1] (68)

EP (bug oy wy) for every k > 1 and wo, wy, . . ., w,,e o

We note that, for every k,n > 1 the set Sy, has cardinality #S;, = 2% and it is e-
separated in the metric d,, ife < 1/ 2K+ Tndeed, given any two different points x = Xy.u,,....uw,
€, as it can be easily deduced from x € £([w;0]) and y € £([w]0]).

Then, based on equation (65) and putting k = [—logy 2] — 1 we get

log 20Dk Dlog 2(~log2¢1-1)
BR) > Tim limsup 252" _ Jim Jim D108 = .
&0 pooo n e—0 n—o0 n

]

Recently some attention has been devoted to the study of finer properties of topological
entropy, in particular to the characterisation of the points around which the entropy concen-
trates. More precisely, one can introduce the notion of relative entropy A(f, K) for a map
f: X — X, with X a metric 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 [42], if f has posi-
tive entropy, x € X is called an entropy point (resp. a full entropy point) if A(f, K) > O (resp.
h(f,K) = h(f)) for every closed neighborhood of x in X.
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Remark 6.14. It 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 [42]. 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, qi € Z, q; # 0) verifying

; 1

ol L (69)
qi qi

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)F 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 [24], all
the fixed points which are Liouville numbers are transcendental. (]

A similar result could be established analogously for periodic points of any given period.
However, this simple argument does not apply to the largest fixed point, for which we have to
provide a different proof of transcendence.

Proposition 7.2. The largest fixed point x° of the map R is transcendental.

Proof. Let p(n, x°) be the cardinality of the set of words of length n appearing in the binary
expansion of x°. Then we have

0
lim sup pn. )

n—00 n

< 8. (70)

Indeed, given any n > 3, let k be the least positive integer such that k > loga(n/3), hence
3.2 >n and 32! < n. Then, we split the binary expansion b° of x° as the product
b® = biybfy, where by = 00101] 61320132 and by = [T, 132" (01)*?". The length of b,
is

k—1
549> 2"=5+92 -~ 1)=9-2"—4<6n—4<o6n (71)
h=0

Therefore, there are less than 6n different subwords of 5° having length n and starting in by.
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 fol-
lowed/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, x%) < 8n+ 3 for every n > 1, which gives
(70). Thus, by theorem 3.1 in [6], x° is transcendental. U
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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
transcendental for each { > 1.

Proof. We know that the general form for the binary expansion of x is b’ = w[ ], usvs
where w, u;, and v, are the words in (55). Proceeding as above, let k be the least positive integer
such that 2@V > 5y and 2@HDE=D+E < We then split the binary expansion of b’ as
b,b!!, where b, = w[[i_yunvn and b = [ ,unvn. Now, one shows that the length of b} is
bounded above by 12 - 22*15, which also gives a bound for the number of different subwords
having length n and starting in »}. Moreover, by the same argument used above yields that b7
contributes with at most 2n + 3 to p(n, bh). 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 G 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. We add finally that it can be proved that the even-order
iterates of the map preserve the Lebesgue measure (work in progress).

Although the main interest in studying the dynamics of a map such as R comes from a
natural generalisation 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.

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) Lebesgue 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 fixed point of R transcendental? Is every periodic point of R not in
Cy or C, transcendental?
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Finally, as said in the introduction, the map R is the model-case of a more general class
of interval maps generated by erasing block substitutions, meaning (in the binary case) sub-
stitution 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.

(a) 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.

(b) 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

S;={x€[0,1]|x=0.v, v = s(w0>), w e {0,1}7},
S;={x€[0,1]]| x = 0ww™,  we{0,1}*}.

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

(c) For suitable erasing substitution rules s, the map f; can have stronger regularity 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
[11], but several problems are still open, in particular concerning point a) above.
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P vw) = p"(v)p(w)

List of symbols Definition Eq. number
N Natural numbers (including 0)
DcCQ Dyadic rationals and all rationals, respectively
® The golden ratio (1 + v/5)/2
Q=0QnIo0,1] Rationals in [0, 1]
D=DnNIO0,1] Dyadic rationals in [0, 1]
N c[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
C'cB Infinite binary sequences/words which are not
eventually 1
Sce Infinite binary sequences/words with no pair of
consecutive 0’s
n:A—C Map (aj, az,- - ) — 011021 - - - (1)
£:B —10,1] Map (b1, b, ) = x =0.b1by - - - 3)
B:(0,11— C Map x — (by, by, - - -), the unique sequence in C 4)
such that x = 0.b1b, - - -
B:10,1) — € Map x — (by, by, - - -), the unique sequence in C’ 4)
such that x = 0.b1b, - - -
Is], |w] Length of a sequence s or word w, respectively
Is] 1, w1 Number of 1’s in a binary sequence or word,
respectively
S, w Binary sequence/word obtained by
complementing s/w, respectively
S|ns Wiy n-truncation of a sequence s or a word w, &)
respectively
[s], [w] Set of all infinite sequences/words having prefix (6)
s/w, respectively
{0,1}* Possibly empty finite binary sequences/words
{0, 1} 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 two-block substitution map (11)
(defined on even/infinite length binary
sequences/words)
7:{0,1}>* — {0, 1} The substitution map inverse to 7 (13)
0:{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]1—1[0,1] The section of R corresponding to o (22)
€ The empty sequence/word
ne Vanishing order function of binary (12)
sequences/words under the action or p
I The substitution map complementary to p (8)
Pr p or p, depending on k being an even or odd (&)
natural, respectively
Do Auxiliary substitution map, coinciding with py,,, (10)
such that p(vw) = p(v)p,(w)
o Auxiliary substitution map such that (48)

(continued on next page)
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(a)b Binary sequence/word obtained from b by (2)
inserting 0% before each kth 1

{b) The auxiliary set {(a)’|a € A} used to construct (15, 21)
the fibers of p and R

(a)F The element of Fix p generated from the ‘simples’ (53)
one b° according to a € A

»° The ‘simplest’ fixed point (0°)F of the map p (51)

x° The largest fixed point £(b°) of the map R (52)

xf The ‘simplest’ periodic point of the map R having (54)
odd order 2/ 4 1

Co, Cy The two rational R-cycles {0,2/3} and {1,1/3}
respectively

Qo, 04 The subsets of Q attracted by Cy and C, (50)
respectively
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