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1. INTRODUCTION

The object of study of symbolic dynamics are discrete dynamical systems made of infinite

sequences of symbols with values in a finite alphabet, with the shift map 7" acting on them:

the shift 7" maps an infinite word (u,)n>0 onto this infinite word from which the first letter
has been taken away, that is, T'((un)nen) = (Un+1)nen. Symbolic dynamical systems come in

a natural way as codings of trajectories of points in a dynamical system according to a finite
partition. They are used as discretization tools for analyzing such trajectories, but they also

occur in a natural way in arithmetics for instance for the representation of numbers (real,
complex), vectors, or else polynomials or Laurent formal power series with coefficients in a

finite field.

Date: February 25, 2025.
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Symbolic dynamics originates in the work of Jacques Hadamard [23], in 1898, through the
study of geodesics on surfaces of negative curvature (see also [I5]). It was then also applied
by Marston Morse in 1921 in [31] to the construction of a nonperiodic recurrent geodesic and
for the symbolic representations of geodesics. The study of combinatorics on words originates
at the same time in papers of Axel Thue from 1906 and 1912 (see [36], pp. 139-158 and 413-
477]), in particular with the study of the Thue-Morse word. Symbolic dynamics and Sturmian
words then were developed by Morse and Hedlund in 1938 in [32][33]. Substitutions are central
objects of symbolic dynamics. They play a prominent role in the study of aperiodic tilings
and in aperiodic order for the mathematical formalization of quasicrystals.

Acknowledgement. I would like to thank warmly Léonard Brice, Antonin Callard, Clément
Ducros, Thiago Felicissimo Cesar, Simon Jeanteur, Jana Lepsova, Rémi Morvan and Delphine
Salvy for their careful reading and for their constructive additions, and for various proofs for
the exercices in Section [6l

2. GENERAL NOTIONS

2.1. Discrete dynamical systems. By discrete dynamical system we mean here a map
T: X — X that acts on a space X that will be usually assumed to be compact. The map T
is also usually assumed to be continuous or piecewise continuous.

The (one-sided) orbit of x € X under the action of T is defined as {T"z | n € N}. If T is
assumed to be invertible (e.g., if T is a homeomorphism), then the two-sided orbit of z € X
under the action of T is defined as {T"x | n € Z}. Orbits are also called trajectories.

The terminology discrete refers here to the time: we consider trajectories of points of X
under the discrete-time deterministic action of the mapping 7. Discrete dynamical systems
can be of a geometric nature (e.g., X = [0,1]), or of a symbolic nature (e.g., X = {0,1}),
such as described below. More precisely, as examples of dynamical systems, let us mention

e symbolic dynamical systems: these are dynamical systems defined on sets of symbols
and words; we consider them in Section
e the translation R, by « on the one-dimensional torus, that is, Ry:  — « + « mod 1

(see Section [5)).

The notion of dynamical system can be considered in a topological context (this is what
we have considered so far), we get topological dynamics, but this notion can be extended
to measurable spaces: we thus get measure-theoretic dynamical systems, that is, dynamical
systems endowed with a probabilistic structure (an invariant measure). We will consider them
in Section 2.5

2.2. Word combinatorics and factor complexity. An alphabet is a finite set of symbols
(or letters). Let A be an alphabet. A finite word over A is a finite sequence of letters in A
(that is, a word of length n is a map u from {1,--- ,n} to A). We write it as u = uq - - - uy, to
express u as the concatenation of the letters w;.

Let u=wuq- - u; and v = v1 - - - v, be two words over A. The concatenation of v and v is
the word w = wy - - - W4y, defined by w; = w; if 1 < ¢ < 'm, and w; = v;_,, otherwise. We
write u - v or simply uv to express the concatenation of u and v. The set of all (finite) words
over A is denoted by A*. Endowed with the concatenation of words as product operation, A*
is a monoid with ¢ as identity element. It is the free monoid generated by A. We thus have
endowed the set of finite words with an algebraic structure.
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We also consider infinite words, that is, elements of AN, as well as bi-infinite (also called
two-sided) words in .A%. In all that follows we restrict ourselves to infinite words over a finite
alphabet indexed by the set N of non-negative integers. All the notions defined below extend
to two-sided words in AZ.

A factor of the infinite word u = (uy), is a finite block w of consecutive letters of u, say
W = Up41 - - Up4y for some index n (called an index of occurrence of w in w); [ is called the
length of w, denoted by |w].

Definition 1 (Factors and language). A word wj ---wy is a factor of the word u (finite,
infinite or bi-infinite) if there exists k such that wug - - - ugyp—1 = wy - - - wy. The set of factors
L, of an infinite word wu is called its language. The set of factors of length n is denoted as

Ly(n).

Definition 2 (Recurrence). An infinite word is said to be recurrent if every factor appears
infinitely often.

Note that every factor occurs infinitely often is equivalent to every factor occurs at least
twice.

Definition 3 (Uniform recurrence). An infinite word is said to be uniformly recurrent if every
factor appears infinitely often and with bounded gaps (or, equivalently, if for every integer
n, there exists an integer m such that every factor of u of length m contains every factor of
length n). This gives

VneN,Im e N,Vwe L, N A", L, NA" C L.

Exercise 4. Take A = {a,b} and consider the concatenation of words of A* ordered by
length and, when two words are of equal length, ordered by the lexicographic order, i.e.,

e-a-b-aa-ab-ba-bb-aaa-aab--- € AY
and show that it is recurrent but not uniformly recurrent.

Definition 5 (Linear recurrence). An infinite word w is said to be linearly recurrent if there
exists C' such that every factor of u of length Cn contains every factor of u of length n.

Observe that linear recurrence implies uniform recurrence which also implies recurrence.

Exercise 6. Construct an example of a word that is uniformly recurrent but not linearly
recurrent.

Let us introduce a combinatorial measure of disorder for infinite words over a finite alpha-
bet: this notion is called factor complezity.

Definition 7 (Factor complexity). The (factor) complexity of an infinite word u counts the
number of distinct factors of a given length: there are exactly p,(n) factors of length n in w.

For more on this function, see for instance [4]. The factor complexity is obviously non-
decreasing and for any integer n, one has 1 < p,(n) < d", where d denotes the cardinality of
the alphabet.

This function can be considered to measure the predictability of an infinite word. Indeed,
the first difference of the factor complexity counts the number of possible extensions in the
infinite word u of factors of a given length.
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Definition 8 (Right and left extensions). We call right extension (respectively left extension)
of a factor w of the infinite word u a letter x such that wz (respectively zw) is a factor of the
infinite word w.

Let u be an infinite word. Let w™ (respectively w™) denote the number of right (respectively

left) extensions of w in u. (One may have w™ = 0 but always w™ > 1.) We have

pu(n+1) = Z wt = Z wo,

wELy(n) wELy (n)
and thus
pu(n+1) —pu(n) = Z (wr —1) = Z (w™ —1).
WELy () wELy(n)
Indeed,
Z (w+ —-1)= Z wt — Z L =pu(n+1) = F#Ly(n) = pu(n +1) = pu(n).
WE Ly (n) wWELy(n) wELy(n)

Definition 9 (Periodicity). An infinite word w is periodic if there exists a positive integer
T such that Vn, wu, = u,+7. It is ultimately periodic if there exist a positive integer T" and
ng € N such that Vn > ng, u, = upyr.

Proposition 10. Let (uy,)nen € AYN. The following assertions are equivalent:

(1) (up)nen is ultimately periodic;
(2) In,pu(n) <n;
(8) 3C,¥n,p,(n) < C.

Proof. If p,(1) = 1, then u is constant. Otherwise, we assume p,(1) > 2. Then, p,(n) <n
implies that p,(k + 1) = py(k) for some k. For each word w of length k occurring in w,
there exists at least one word of the form wa occurring in wu, for some letter a € A. As
pu(k +1) = pyu(k), there can be only one such word. Hence, if w;...%;4p—1 = w;...uj 41, then
Uitk = Ujrk- As the set £, (k) is finite, there exist j > ¢ such that u;...uj1p—1 = uj...uj1p—1,
and hence i, = uj4p for every p > 0, one period being j — 1. g

Exercise 11. What happens in the case of a binfinite word defined over Z ?

The complexity function is a measure of disorder connected to the topological entropy: the
topological entropy is defined as the exponential growth rate of the complexity as the length
increases

lo n
Htop(u) — HEI—POO gd(iu( )) )
Remember that d stands for the cardinality of the alphabet. It is easy to check that this
limit exists because of the subadditivity of the function n +— log(p,(n)). Note that the word
entropy is used here as a measure of randomness or disorder.

Indeed, py(n +m) < py(n)p,(m) because a factor of length n + m can be seen as the
concatenation of a factor length n with a factor of length m: consider the map from £, (m+n)
to L,(m) x Ly,(n) which maps w to (u,v) € L,(m) x Ly4(n), where w = w - v; this map is
clearly injective, which implies that p,(m + n) < p,(m)py(n). Therefore, log p,(n + m) <
log pu(n) + log p,(m). Now, we prove the subadditive lemma. Let (uy),en be a subadditive



SYMBOLIC DYNAMICS M2 MPRI 2021 5

sequence: we prove that (u,/n) admits a limit in R U {—oo}. To do so, let n and g be two
nonnegative integers. Let n = pg + r be the Euclidean division of n by ¢. Then we have:

Un _ Upgtr < (p— 1)“(1 + Ugtr < n—q—TuUg n maxo<i<q Uqui.
n n n n q n
By going to limsup on n on both sides, we obtain that limsup u,/n < uq/q. And then going
to liminf on ¢, we obtain that limsup u,/n < liminf u,/q, which means that lim sup u,/n =
lim inf w,, /n, which concludes the proof. Because p,(n) > 1 for all n, this limit is non-negative
in the case of logp,(n).
The study of the complexity is mainly concerned with the following three questions.

e How to compute the complexity of an infinite word?
e Which functions can be obtained as the complexity function of some infinite word?
e Can one deduce from the complexity a geometrical representation of infinite words?

We will see how to answer the first question by introducing special factors, in some particular
cases of substitutive words. Although the complexity function is in general not sufficient to
describe an infinite word , we will see that much can be said on the geometrical properties in
the case of lowest complexity, i.e., in the case of Sturmian words: these words are defined to
have exactly n+ 1 factors of length n, for any integer n. By Proposition [10] an infinite word u
with complexity satisfying p,(n) < n for some n is ultimately periodic. Sturmian words have
thus the minimal complexity among all infinite words that are not ultimately periodic.

Exercise 12. Deduce from Proposition [10| that every factor of a Sturmian word appears at
least two times in the infinite word. Deduce that the factors of every Sturmian word appear
infinitely often (we recall that such an infinite word is called recurrent).

Correction. We prove the first point by contradiction: assume that w is a prefix of a Stur-
mian word u that appears only once in u. Decompose u as v = a - u’, where a € A. Obvi-
ously, any factor of u’ is a factor of u, so py(n) < py(n) for all n. Consider now n = |w|:
because w only appears once in u as a prefix, it does not occur in ', which means that
pw(n) < py(n) —1 =n. This implies that «’ is ultimately periodic by Proposition 1, and so
is u.

Suppose now that a factor w appears only once in the Sturmian word u. Then, there exists
N such that w ¢ Lpn~,. Then T"u has at most |w| factors of size |w| (u had |w| + 1 factors,
w included), so T"u is ultimately periodic, so u is too, which is a contradiction to u being
aperiodic.

2.3. Frequencies and balance. Let w € A*,u € AN. Let |ug . . . Uktn|w denote the number
of occurrences of w in wuy ... ugy, (with possibly overlaps).

Example 13. One has |abaaabaaaalyq = 5.

Definition 14 (Frequencies). Let u be a word in AY. The frequency f; of a letter i € A in u
is defined as the limit when n tends towards infinity, if it exists, of the number of occurrences
of ¢ in wouy - - - up—1 divided by n, i.e.,

o Juo g
fi= i SOt

exists. In the case that the limit exists, we say that u admits a frequency for the letter i.
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The word u admits uniform letter frequencies if, for every letter i of u, the number of
occurrences of ¢ in ug - - - ug1p,—1 divided by n has a limit when n tends to infinity, uniformly
in k, i.e., for all letter i, there exists f; such that

Ve > 0,dng € N, Vn > ng, Vk, <e.

1
E|Uk .. .uk_,_n\i — f,L

Similarly, we can define the frequency f,, and the uniform frequency of a factor w, and we
say that u has uniform frequencies if all its factors have uniform frequency, i.e., for all factor
w, there exists f,, such that

Ve > 0,dng € N, Vn > ng, VEk, <e.

1
*|uk .o ’ukJrn‘w - fw
n

Definition 15 (Unique ergodicity). An infinite word is said to be uniquely ergodic if it admits
uniform frequencies for all it factors. It implies that it admits a frequency for every factor.

We will revisit this definition in Section 2.5
Exercise 16. Construct an infinite word for which the frequencies of letters do not exist.

Correction. Consider the infinite word
u = 010%1%20*1408% - - -

The infinite word uw admits no frequencies for the letter 0. Indeed, if u is cut after a 1,
|ug-+-unlo
n

if we cut after a sequence of IV 4 2 zeroes, we have n = 2 Ziv:o 2k 4 2N+1 and

‘UO"'un—l‘O _ Z]kV:O 9k 4 o+l _ oN+1 _ 1 4 9N+l _ 1 — 9—(N+2)
n 23N ok poN+l o 2NFZ 9N+l 1 g g L o= (N

= %, but if it is cut just after a sequence of zeroes, the value changes. For instance,

L2
5

More generally, on the alphabet A = {0, 1}, define the function f from Nto Nas f : n s 22"

and:
u=0W . 17Q) ofG) 1f@)  ofCk+1)  1f(2k+2)

For any n € N, one has:
n

" (k) < n2?" < 9w
k=1

f(n+1) R 1
St J(R) + fnr 1) T
In particular, this implies that the frequencies of both letters 0 and 1 oscillate between 0 and

1 without ever stabilizing (to be more precise, lim sup,, lwounlle _ 4 4 lim inf,,
for any a € {0,1}). So u is a word such that the frequencies of letters do not exist.

Hence

|u0"'un|a _
= 0

Definition 17 (Discrepancy). Let u € AN be an infinite word and assume that v admits the
frequency f; for each letter i. The discrepancy of u is

A(u) = limsup ||luguy ... up—1|; — nfil-
i€ A, neN

The quantity A(u) is considered e.g. in [I}, 2]. We also consider

Ay (u) = sup||uguy ... up—1|; — nfil.
€A
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Definition 18 (Balancedness). An infinite word u € AY is said to be C-balanced if for any
pair v, w of factors of the same length of u, and for any letter i € A, one has ||v]; — |w|;| < C.
It is said balanced if there exists C' > 0 such that it is C'-balanced.

The vector f whose components are given by the frequencies of the letters is called the
letter frequency vector.

Proposition 19. An infinite word u € AN is balanced if and only if it has uniform letter
frequencies and there exists a constant B such that for any factor w of u, we have ||wl|; —
filw|| < B for all letter i in A, where f; is the frequency of i. Moreover, if u has letter
frequencies, then u is balanced if and only if its discrepancy A(u) is finite.

Proof. Let u be an infinite word with letter frequency vector f and such that ||w|; — fi|lw|| < B
for every factor w and every letter ¢ in A. Then, for every pair of factors wy and wo with the
same length n, we have by triangular inequality

w1l — |wali| < [lwili —nfil + |[wal; — nfi] <2B.

Hence L is 2B-balanced (see also [I, Proposition 7).

Conversely, assume that u is C-balanced for some C' > 0. We fix a letter i € A. For every
non-negative integer p, let N, be defined as an integer N such that for every word of length
p of u, the number of occurrences of the letter ¢ belongs to the set {N,N +1,--- ,N + C}.

We first observe that the sequence (N,/p)pen is a Cauchy sequence. Indeed consider a
factor w of length pg, where p,q € N. The number |w|; of occurrences of i in w satisfies

pNy < |w|i < pNg+pC,  gNp < |wl|; < gNp +qC.
We deduce that —¢C < ¢N, — pN, < pC and thus —C < N, — pN,/q < pC/q, so —C/p <

Np/p = Ny/q < CJq.
Let f; stand for lim; N,/q. By letting ¢ tend to infinity, one then deduces that —C' <
N, —pfi <0. Thus, for any factor w of u we have

C
<

 Juwl’

lw;

|wl

—fi

which was to be proved.
If u has letter frequencies, the equivalence between balancedness and finite discrepancy
comes from triangular inequality. O

Sturmian words (see Section [5)) are known to be 1-balanced [29]; they even are exactly the
1-balanced infinite words that are not eventually periodic.

2.4. Symbolic dynamical systems. For detailed introductions to symbolic dynamics and
word combinatorics, see [4l 6], 10, 1] 25 27, 28, 29 22] and the references therein.

We first endow the set of infinite words AN with a topology. This topology is given by
the usual metric on infinite words: two infinite words are close if they coincide on their first
terms. More precisely, the set AN shall be equipped with the product topology of the discrete
topology on each copy of A. Thus, by Tychonov theorem, this set is a compact space. This
topology is also the topology defined by the following distance:

for u #v e AY, d(u,v) = 9~ min{neN; unFvn}

Then, the sequence of infinite words (u(™),, converges to u € AY if YN € N, 3ng € N/¥n >
no, u™ and u share the same prefix of length N.
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Note that the space AY is complete as a compact metric space. Furthermore, it is a Cantor
set, that is, a totally disconnected compact set without isolated points.

Note that the topology extends in a natural way to ANUA*. Indeed, let B be a new alphabet
obtained by adding a further letter to the alphabet A; finite words in A* can be considered
as infinite words in BY, by extending them by the new letter in B. The set AN U A* is thus
metric and compact, as a closed subset of BY.

The mapping T acting on sets of infinite words is the (one-sided) shift map acting on AN,
given by T'((un)nen) = (Un+1)nen- It is continuous.

Definition 20 (Subshift). A subshift (also called shift) is a closed shift invariant set included
in some AN,

If Y is a subshift, there exists a set F C A* of finite words such that an infinite word
u belongs to Y if, and only if, none of its factors belongs to F. This is by definition of
the product topology: if Y is closed, its complement is open, and as such can be written as
a union of cylinders: the words of these cylinders form a familly F of forbidden patterns.
Reciprocally, any family F of words defines a subshift, possibly empty. A subshift X is called
a subshift of finite type if one can choose the set F to be finite. A subshift is said to be sofic
if the set F is a regular language. A subshift X is called a subshift of finite type if one can
choose the set F to be finite. A subshift is said to be sofic if the set F is a regular language.

Definition 21 (Cylinder). For a word w = wy - - - w,., the cylinder set [w] is the set {v € X, |
v = o, Uy = Wy}

The cylinder sets are clopen (open and closed) sets in AN and form a basis of open sets
for the topology of X,. Indeed, if the cylinder [w] is nonempty and v is a point in it, [w]
is identified with both the open ball {v' | d(v,v") < 27"} and the closed ball {v’ | d(v,v") <
2711

Exercise 22. As an exercise, prove that a clopen set is a finite union of cylinders.

As an example of a shift, take the closure in AN of the positive orbit of u = (uy),>0 under
the action of the shift 7', with u being some infinite word in AY. This gives X, := O(u). One
checks that

Ou)={ve AV, £, c L.},

where L, is recalled to be the set of factors of the word v. Indeed, let v € O(u), and let w
be a factor of v. Without any loss of generality, we can assume that w is a prefix of v (if it
is not the case, we can shift v until it is). Then [w] is a cylinder which contains v, so [w] is a

neighborhood of v. Because v € O(u), one has [w] N O(u) # 0. So there exists some n such
that w is a prefix of T"(u). In other words, w is a factor of w.

Reciprocally, let v be an infinite word such that £, C L£,, and consider an open set
containing u. As cylinders form a basis of AN, one can assume that such an open set is of
the form [w] for some w € A*. Then w is a prefix of v, so w € £, C £,. This implies that
w is a factor of u, so there exists some n such that w is a prefix of 7" (u). This implies that
[w] N O(u) # (). With this, we conclude that v € O(u).

We can generalize this fact for any shift Y with a language £y = {w € A* : Jv €
Y, w is a factor of v}, i.e.

Y={ve AV, £, C Ly},
This can be summarized by a claim that every shift is described by its language.
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Let us come back to the general case of a discrete dynamical system T': X — X. In order
to understand the behavior of trajectories, it is natural to partition the set X into a finite
number (say d) of subsets (X;)1<i<q: X = UL, X;. We then code the trajectory of a point
x € X with respect to the finite partition (X;)1<i<4. One thus associates with each point
x € X an infinite word with values in the finite alphabet {1,...,d} defined as follows:

Vn € N, u, =1 if and only if T"(z) € X;.

Coding trajectories allows one to go from dynamical systems (X,T') defined on ‘geometric’
spaces X to symbolic dynamical systems and backwards, provided the coding has been chosen
in an efficient way. Section [5| devoted to Sturmian words, provides an example of such
a fruitful coding since Sturmian words code discrete lines. If the partition is well-chosen,
these symbolic codings allow the statistical analysis (via ergodic theory) on the underlying
dynamical systems. This is the object of next section.

Consider the (one-sided shift) T defined on AY as T((un)n) = (Upi1)n. The map T is
uniformly continuous, onto but not necessarily one-to-one on AY.

Exercise 23. We recall that an infinite word is recurrent if every factor every factor appears
an infinite number of times in this infinite word.

Prove that an infinite word w is recurrent if and only if there exists a strictly increasing
sequence (nyg ) such that

w= lim T™u.
k——+o0

Definition 24 (Minimality). Let (X,7T) be a subshift. It is said minimal if the only subsets
of X that are closed and stable by the shift are the empty set and X.

Exercise 25. Prove that (X,7) is minimal if and only if X = O(u), for every element u of
X.

We recall that an infinite word is said to be uniformly recurrent if every factor appears
infinitely often and with bounded gaps (or, equivalently, if for every integer n, there exists an
integer m such that every factor of u of length m contains every factor of length n).

Proposition 26. An infinite word u is uniformly recurrent if and only if (O(u),T) is minimal

Proof. The idea is that if w is a factor of u, write
O(u) = |J 77" [w],
neN
and conclude by a compactness argument.
e Assume that (O(u),T) is minimal. Let w € £,,. Let us consider T "[w] = {v € O(u) |
w is a prefix of T"v}.
Let v € O(u). Since O(v) = O(u) by minimality, one has £, = £,. This implies
that for any w € L, if v € O(u), then w must appear somewhere in v. In other
words, one has

~—

O(u) € | T7"uw).
neN
We recall that T is continuous and that w is a clopen set, so T~ "[w] is a clopen set

as well. The set |J, T "[w] is closed. It is also non-empty (u € T~"°[w] for some
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ng), shift-invariant, and a subset of O(u). So, by minimality,

O(w) = |J 77wl
neN

As O(u) is closed in a compact space, it is compact. By compactness, if there is a
cover by open sets, a finite cover can be extracted. Hence there exists some m € N
such that

Since, for every k € N, T*(u) € O(u), one has
Vk €N, T"(u) € | J T7"[w].
n=0

This means that w appears infinitely often in u, and that the gaps between two of its
occurrences are bounded by m, i.e., u is uniformly recurrent.

e Reciprocally, assume that u is uniformly recurrent. Let v € O(u). Let us show that
for all w € L,, one has w € L£,. Then, we would have m C W and since
O(v) C O(u), we would conclude that O(u) = O(v), which proves the minimality.

Let w € L,. Since u is uniformly recurrent, there exists N such that every
factor of length N of u contains w. We know that v € O(u) = {T"u|n € N} U
{limg 00 T™u|(ng ) an increasing sequence}.

— Suppose that there exists n such that v = T"u. Then w € L,.

— Suppose that there exists (ng) such that v = limg_,oo 7™ u. We know Jko/Vk >

ko, T starts with the same prefix of length N as v. This prefix must contain
w, SO W € L.

0

2.5. More on measure-theoretic dynamical systems. General references on the subject
are [12, 18, 24, [34, 35, B7]. See [19] for connections with number theory and Diophantine
approximation.

A measure-theoretic dynamical system is defined as a system (X, T, u,B), where u is a
probability measure defined on the o-algebra B of subsets of X, and T" : X — X is a
measurable map which preserves the measure y, that is, u(T~(B)) = u(B) for all B € B.
The measure u is said to be T-invariant.

An invariant probability measure on X is said ergodic if for every set B € B such that
T~Y(B) = B, B has either zero or full measure. The system (X, T, u,B) is then said to be
ergodic. This implies that almost all orbits are dense in X (almost all means that the set of
elements € X whose orbit is not dense is contained in a set of zero measure). More generally
a property is said to hold almost everywhere (abbreviated as a.e.) if the set of elements for
which the property does not hold has zero measure; this property is said to be generic (the
points that satisfy this property are then also said to be generic). This helps us to give a
meaning to the notion of typical behavior for a dynamical system.

Ergodicity yields furthermore the following striking convergence result. Indeed, measure-
theoretic ergodic dynamical system satisfy the Birkhoff ergodic theorem, also called individual
ergodic theorem, which relates spatial means to temporal means.
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Theorem 27 (Birkhoff Ergodic Theorem). Let (X, T, u,B) be an ergodic measure-theoretic
dynamical system. Let f € L'(X,R). Then

1n—1
75 : k M a.e.
’I’Lk_OfOT n—r00 /fdM

Points for which this convergence property holds for a given f are generic.
In the case of a symbolic dynamical system (O(u),T) generated by an infinite word u, the
following special case of the Daniell-Kolmogorov consistency theorem (see for instance [37])

provides probability measures on (O(u),T).

Theorem 28. Let A = {1,...,d} and u € AY. Consider a family of maps (pn)n>1,
where DPn 18 @ map from .,4" to R, such that for any word w in A", p,(w) > 0, pp(w) =

anH .wpi), and Zpl = 1. Then there exists a unique probability measure p on
AN defined on the cylmders by p([wy .. owy)) = pp(wy ... wy).
Furthermore, if for any n and for any word w = w; ... wy, in A", py(w an+1 (fwy .

then this measure is T-invariant (shift-invariant).

If the frequencies of all factors exist for a given u € AY, then, according to Theorem
there exists a unique T-invariant probability measure p which assigns to each cylinder
[w] the frequency f(w) of the corresponding factor [w], by setting p[w] := f(w). Thus a
precise knowledge of the frequencies allows a complete description of the measure pu. One
can similarly define a shift-invariant measure for a subshift X c AN provided that any factor
w in the langage of X (i.e., the set of factors of its elements) has the same frequency in
all the infinite words of X. We have seen the notion of unique ergodicity in Definition [I5]
In fact, unique ergodicity is equivalent to the fact that there is a unique invariant measure.
Unique ergodicity corresponds in the case of continuous functions to uniform convergence for
all points (and not only for a.e. point) in ergodic sums, in Birkhoff’s ergodic theorem. For
more details on invariant measures and ergodicity, we refer to [35] and [10, Chap. 7].

Natural questions that can be addressed now concerning discrete dynamical systems are
the following. What is a good coding? How to describe the invariant measures? Can one
find geometric representations of a given symbolic dynamical system? How to measure the
disorder of a dynamical system? The next sections provides some elements of answer.

3. SUBSTITUTIONS

3.1. First properties. We consider a finite set of letters A, called alphabet. A (finite) word
is an element of the free monoid A* generated by A. A substitution o over the alphabet A
is a non-erasing endomorphism of the free monoid A* (non-erasing means that the image of
any letter is not equal to the empty word but contains at least one letter).

Let A= [1,d]. For i € A and for w € A*, let |w|; stand for the number of occurrences of
the letter ¢ in the word w. Let o be a substitution. Its incidence matric M, = (mi,j>1<i,j<d
is defined as the square matrix with entries m; ; = |o(j); for all 4, j. o

Note that if o and 7 are substitutions, then oo is still a substitution and Myor = My - M.
(Sending a substitution to its incidence matrix defines a monoid homomorphism from the
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monoid of substitutions to the monoid of square matrices equiped with multiplication.) In
particular, M,» = (M,)" for all n € N.

Definition 29 (Primitive substitution). A substitution is said primitive if there exists a
power of its incidence matrix whose entries are all positive.

A fized point of a substitution o is an infinite word u = (uy,), with o(u) = u.

Substitutions are very efficient tools for producing infinite words. Let o be a substitution
over the alphabet A, and a be a letter such that o(a) begins with a and |o(a)| > 2. Then
there exists a unique fixed point u of o beginning with a. This infinite word is obtained as the
limit in A* U AN (when n tends toward infinity) of the sequence of words (¢"(a)),, which is
easily seen to converge (we recall that the topology on AN is extended to A* U AN by adding
an extra symbol to the alphabet A).

Example 30 (Fibonacci substitution). We consider the substitution o on A = {a, b} defined
by o(a) = ab and o(b) = a. Its incidence matrix is

(10)
10/
Then, the sequence of finite words (¢"(a)),, starts with
o%(a) = a, o'(a) = ab, ¢*(a) = aba, o3(a) = abaababa, ...
Each 0™ (a) is a prefix of 0™*1(a), and the limit word in AN is

abaababaabaababaababaabaababaabaababaababaabaababaababaabaab . . .

The above limit word is called the Fibonacci word (for more on the Fibonacci word, see e.g.
[29, 22)).

Definition 31. A substitution is right prolongable if there exists a letter a such that o(a) = av
with v non-empty word.

Proposition 32. Any primitive substitution admits a power o® that is right prolongable,
that is, there exists a letter a such that o®(a) = av with v non-empty word. One then has
lim,, "™ (a) = +o00. It thus generates a fized point.

Proof. Let o be a substitution. Consider the oriented graph having as vertices the letters of
the alphabet and an arrow between a and b if b if the first letter of o(a). Since the graph is
finite, there exists a letter a and a non-negative integer n such that the first letter of o™ (a) is
a. We conclude by using the fact that o is primitive.

A redaction in more details. If #A4 = 1, i.e., A = {a}, then for any substitution o the
configuration a“ is a fixed point. In what follows, we assume that #.4 > 2.

e First, we prove that there exists some n € N and a letter b € A such that o"(b)
starts with b and is of length at least 2. As o is a primitive substitution, there exists
some k € N such that for every a,b € A, a appears in ¢(b). In particular, for every
letter b € A, |0*(b)| > 2. Now, let a € A and consider the sequence (¢*?(a)),>0. It
is a sequence of non-empty words, and because A is a finite set, there exists some
p < p' such that o¥?(a) starts with the same letter b as 0" (a) (by the pigeon-hole
principle). Then we prove that o*®~P)(b) is a finite word which starts with the letter
b. Indeed, ¥ —P)(c*P(a)) = 0" (a) starts with the letter b, and o*P(a) also starts
with the letter b. Define n = k(p’ — p). As " is a power of 0¥, we have |o"(b)| > 2
and o™(b) starts with the letter b.
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e The sequence (¢™(b)),>0 is a converging sequence. Indeed, the sequence of lengths
(le™(b)|) tends towards +oo, and for every p > 0 the word ¢"P(b) is a prefix of
Un(p+1)(b)‘

O

We recall that an infinite word w = (uy,),, is uniformly recurrent if every word occurring in
u occurs in an infinite number of positions with bounded gaps, that is, if for every factor w,
there exists s such that for every n, w is a factor of wu, ... upys—1.

Proposition 33. If o is primitive, then any infinite word u with o*(u) = u for some k > 0
1s uniformly recurrent.

Proof. Let p be such an integer that Mg has only positive entries and let k& be such an integer
that o*(a) starts with a € A (as o is primitive, we know there exist such k and a and there
exists a fixed point u = o®(u), up = a). As the matrix M, has non-negative entries, it
follows that MZ™™ has strictly positive entries for every integer n > 1. Also, it holds that
(6")*(u) = u for any n > 1. Let us take n such that nk > p and let £ := nk. Then,
ot(u) = o(ug)o’(uy)... and every of(u;) contains all the letters from the alphabet. Therefore
the letters appear in v with bounded gaps, where the size of the gap is bounded by the largest
of the numbers o‘(u;). Let us consider a factor w € £,. Then, w is a factor of o™ (ug) for
some m € N. As we can write u = (¢°)™(u) = ()™ (ug)(c*)™(u1)..., every o*(u;) contains
ug and therefore every (o)™ (u;) contains w, w occurs in u with bounded gaps. There are
finitely many of factors of each length and therefore we can take for N the maximum of the
gaps for factors with the same length for proving uniform recurrence. O

According to Perron—Frobenius’ theorem, if a substitution is primitive, then its incidence
matrix admits a dominant eigenvalue A\ (it dominates strictly in modulus the other eigen-
values) that is (strictly) positive. It is called its Perron—Frobenius eigenvalue, or else its
expansion factor. Then, for all 4, j, there exists ¢; ; such that MZ”J JA = ¢ ;.

Proposition 34. Let o be a primitive substitution over the finite alphabet A. Let A stand
for its Perron—Frobenius eigenvalue. Then, there exist C,C' > 0 such that for all letters in A

C'\" < |o™(a)] < CA™.

Proof. We use the fact that My = (My)", and that |0"(a)| = Y ,c 4 |0™(a)[p. In more details.

(1) Let M be the matrix associated to o, a primitive substitution. Then if a € A is the
ith letter, then |o™(a)| = Z;l:l(M")m-.

(2) Let A be the Perron-Frobenius eigenvalue, and v be an associated Perron eigenvector
(V1 <j<d,v; >0). Then:

d
n
E M™); jv; = N
So if M = maxwv; and m = minwvj, one has:
d
m Vi

d
A\ < 2\ E n 7] E — |57
M)\ — M)\ j:1(M M = J |J (a‘ﬂ
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and
d d
Myn > )\” =S ()L > =|o"
m > (M)t Z )i = lo"(a)
J=1 Jj=1
So C" = 4; and C' = % verify the aforementioned inequality.

O

Theorem 35. (1) The factor complexity of a fized point u of a primitive substitution or
of a fixed point u of a substitution of constant length satisfies

AC, Vn, pu(n) < Cn.
(2) The factor complezity of a fized point u of a substitution satisfies
3C, Vn, pu(n) < Cn.

Proof. Let us prove (1). We show the result for o primitive. Let n € N and u be a fixed point
of 0. Take k € N satisfying

mln |01 (a)] < n < min|o*(a)|.
acA acA

This index exists by Proposition |34 since the sequence (minge 4 [07(a)|)j>0 is non-decreasing
and tends towards +oo0.
Let w be a factor of length n of u. As o(u) = u, we write u as

u= ak(u) = ak(uo)ak(ul)ak(uQ) e

Now note that a factor w of length n occurs either is some o*(u;) for some i, or in some
0" (u;)o* (uiy1), since n < minge 4 |0¥(a)|. In both cases we conclude that such a factor occurs
entirely in some o (usu;y1) for some i. Any factor of size n is thus uniquely determined by
two letters u;, u;11 and an offset [ with 0 <[ < max,e 4 |0¥(a)|, i.e., the number of factors of
length n is bounded by the number of possibilities for the choice of two letters and a starting
position. We therefore have the inequality

< 142 Bl
Pn(u) < | A max |o%(a)
We now would like to bound max,e 4 |o¥(a)| by a linear factor. First note that max,ec 4 |0 (a)| <
maxge 4 |0(a)| - maxqe |01 (a)| and thus

< |A|?2 max |0 < |AI?> ma ax |oF~1 .
pu(u) < |AP ma|o*(0)] < AP ma o ()| ma o4~ (a)

By Proposition there are C, C’ such that for all a € A,
C'NFL < oh " Ha)| < O,
where X is the Perron Frobenius eigenvalue. This inequality implies
C'Xf1 < min [o* 1 (a)| < max |o* " (a)| < CAFT1
acA acA

and an easy manipulation gives

C C
k— k— k—
Igleeada La) < AL —C/C')\ < o m1n|0 L(a)|.
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Finally, remember that we have taken k satisfying minge 4 |0*~1(a)| < n, and therefore we
also have

C C
k—1 : k—1
max|o™ (a)l < 7 minle™ (a)] < -

By putting all of this together,

u) < | Al ma a)| max |c¥ 1 (a)| < |A|? ma a)|l=n
o) < AP max ()| max o (@) < | A max]o(a)] 5

and as |A|? maxge 4 ]a(a)\% does not depend on n, we have shown the result.
O

We associate a symbolic dynamical system (X,,T') with the primitive substitution o over
A. Let u € AN be such that o¥(u) = u for some k > 1. We recall that such an infinite
word exists by primitivity of . Indeed, there exist a letter a and a positive integer k such
that o*(a) begins with a and |0*(a)| > 2; consider as first letter of u this letter a; take
u = lim,, 00 0¥™(a). Such an infinite word exists by primitivity of 0. Let again O(u) be the
positive orbit closure of the infinite word v under the action of the shift T, i.e., the closure
of the set O(u) = {T™(u) | n > 0}. The substitutive symbolic dynamical system (X,,T")
generated by o is defined as X, := O(u).

One checks by primitivity that (X,,7") does not depend on the choice of the infinite word
u fixed by some power of o. For more details, see e.g. [35]. Indeed, first, one should note that
because o is primitive, if u is fixed by some power k of o, then every letter of A appears in
u. Indeed, let N be a non-negative integer such that MY is positive; then every letter must
appear in 0"V (u) = u. Now, assume that v and v are fixed by some power k of o (we can
assume that they are fixed by the same power; otherwise, take their product). We have that
Ly C L,: indeed, if w is a factor of u, we can assume that it is a prefix of u (otherwise, shift u
enough); then if a denotes the first letter of u, there exists some n € N such that |o"(a)| > |w],
and then 0™ (u) = u and |0™*(a)| > w. This means that w is a factor of ¢™*(a). Because by
our first consideration, @ must appear in v, and that ¢™*(v) = v, we obtain that w is a factor
of v. Finally, by symmetry, £, = £,, which leads to O(u) = O(v).

The dynamical system (X,,T) associated with a primitive substitution o can be en-
dowed with a Borel probability measure p invariant under the action of the shift 7', that
is, u(T~'B) = u(B), for every Borel set B. Indeed, this measure is uniquely defined by its
values on the cylinders. For a given (finite) word w of the language of X, the cylinder [w] is
the set of infinite words in X, that have w as a prefix. We can define a measure by defining
the measure of the cylinder [w] as the frequency of the finite word w in any element of X,
which does exist (by primitivity of o).

Before we proceed to the next statement about primitive substitutions, let us summarize
what we know about them so far. If a substitution o is primitive, there exists k € N such
that the k-th power of o admits a fixed point u. The fixed point u is uniformly recurrent and
this is equivalent to the fact that the dynamical system (O(u),T) is minimal. We define a

dynamical system X, as X, = O(u) and this term is well-defined because O(u) = O(v) for
any u,v fixed points of any of the powers of . We also know that the incidence matrix M,
has a Perron-Frobenius eigenvalue A\ which dominates all the other eigenvalues (|| < A for
all other eigenvalues \’) and there exist constants C,C’ > 0 such that for every letter a € A
we have C'\" < |0"(a)| < CA". Finally, we have that there exists a constant C' > 0 such that
pu(n) < Cn for all integers n.
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Theorem 36. Let o be a primitive substitution. Then for any infinite word u which is a
fized point of some ¥, for some k > 1, the frequencies of all the factors exist in u. Moreover,
(Xs,T) is minimal and uniquely ergodic. Any of its elements has at most linear factor
complexity and it is linearly recurrent.

Proof. Let us prove the linear recurrence. We assume w.l.o.g. that o(u) = u. Let n,k as in
the proof of Theorem A factor of u of length n is contained in some o*(a) or some o*(ab)
since n < minge 4 [0¥(a)|. Let R be an upper bound on gaps between successive occurences
for any letter and any factor of size 2 (it exists by uniforme recurrence). Then, using the
same method as in proof of Theorem

C
R, (n) = min{N| every factor of length N contains every factor of length n} < R@)\n.

Therefore, every factor of length R%)\n contains all the factors of length n.
In more details.

e First, we prove that if u is fixed by ¥, then u is linearly recurrent. Let w be a factor
of length n in u, and let p be an integer such that:
“(a)| < n < min|o*P

min |o a n < min |c"P(a)|.

min|o*0~(a)| < n < min|o*(a)
Then similarly to the proof of Theorem [35] there exist two letters a,b € A such that
w is a factor of o*P(ab). Additionally, since u is uniformly recurrent, there exists
some m > 0 such that every factor of length 2 belongs in every factor of u of length
> m. Consider now the length between two occurrences of the word w. As the
length between two occurrences of ab is bounded by m, we conclude that the length

of between two occurrences of w is bounded by m - sup,c 4 |0*7(a)|.
There exist C,C’, A > 0 such that:

C (O _ C

suplo (@) < ONF =X G (V) X ink < (X ) m
We conclude that if w’ is a factor of u of length > (m)\k C) n, then every factor of u
of length n appears in w’. This means that u is linearly recurrent.

e We conclude by minimality. Let v € X,. There exists some fixed point u of o* such
that X, = (’)( ). By minimality, O(v) = O(u), which is equivalent to £, = L,.
Consider w’ a factor of v of length > (m)\k%) n. Then w' is also a factor of u: by
the first point, it contains every factor of u of length n, which are exactly the factors
of v of length n.

O

Exercise 37. Let A = {a,b} and let 0: A — A* be the Fibonacci substitution defined by
o(a) = ab and o(b) = a.

Prove the following decomposition property: every factor w of w can be written in a unique
way as

w =rio(v)re

where v is a factor of u (possibly empty), 1 € {&,b}, and ro = a if the last letter of w is a,
and ro = ¢, otherwise.

Prove that if w is a non-empty left special factor of u, then there exists a unique non-empty
left special factor v of u such that w = o(v)re, where ro = a if the last letter of w is a, and
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ro = €, otherwise. Give a description of left special factors. Deduce that this infinite word is
Sturmian.

Exercise 38. Let u be the Thue-Morse word defined as the fixed point beginning by 0 of the
following substitution: ¢(0) = 01 and o(1) = 10.

Prove that every factor w can be written as follows: w = rio(x)ry, where z is a factor of
u (possibly empty) and r; € {¢,0,1}. If |w| > 5, then this decomposition is unique.

Prove that p(2n) = p(n) + p(n + 1) and that p(2n + 1) = 2p(n + 1), for n > 2. Give an
expression for the complexity function.

3.2. More on Pisot substitutions. An algebraic integer A is a root of a polynomial whose
leading coefficient is 1 (it is said monic) with integer coefficients. Its algebraic conjugates
are the roots of the unique monic polynomial with integer coefficients with lowest degree
having A as a root (it is called the minimal polynomial of A). An algebraic integer A > 1
is a Pisot- Vijayaraghavan number or a Pisot number if all its algebraic conjugates N other
than A itself satisfy |\'| < 1. This class of numbers has been intensively studied and has some
special Diophantine properties.

Example 39. The largest roots of X2—X -1, X3 - X?—-X -1, X3— X —1lorelse X?—X2-1
are Pisot numbers.

A primitive substitution is said to be Pisot if its expansion number (i.e., its Perron—
Frobenius eingenvalue) is a Pisot number.

Example 40. The Fibonacci substitution is a Pisot irreducible substitution.
Theorem 41. Primitive Pisot substitutions are balanced, and have finite discrepancy.

Proof. The proof follows the proof of [2, Proposition 11] and uses the Dumont-Thomas prefix-
suffix numeration [20].

Let o be a primitive Pisot substitution over the alphabet A. Let us prove that o has finite
discrepancy. Let (f;); stand for its letter frequency vector. One has in particular ), fi = 1.
We consider the abelianization ma;ﬂl defined as the map

I: A = N4 w s (|wly, |w]a, - Jwl]g).
Note that
(o (w)) = Myl(w),
for any word w.
We first consider a fixed word w of the form w = o™ (j), for j letter in A. If i is a fixed letter

in A, the sequence (|c™(j)|i)n satisfies a linear recurrence whose coefficients are provided by
the minimal polynomial of M,. Hence, there exists C; ; such that

0" ()i = Cij i + O(n*2|A2]").
By applying the Perron-Frobenius Theorem, one checks that there exists Cj such that C; ; =
C; f; for all ¢, hence

6" (7)]i = Cifid™ + O(n**[Aa]").
We then deduce from ), f; =1 that

0" ()i = filo" ()] = O(n®*|Aa]").

LAbelianization comes from the fact that N? is the greatest abelian monoid contained in .A* in the sense that
if M is an abelian monoid, every morphism f : A* — M can be uniquely factored as f ol where f: N¢ — M.
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The conclusion follows from |[A2| < 1 since o is a Pisot substitution.

It remains to check that this result also holds for all the prefixes of the fixpoint w, and not
only for prefixes of the form ¢™(a). Indeed, it is easy to prove that any prefix w of u can be
expanded as:
kil(wkfl) ... wo,
where the w; belong to a finite set of words. (This corresponds to a “numeration system”
on words; there are some admissibility conditions on the possible sequences (w;), which can
be worked out explicitly: they are given by a finite automaton.) This numeration is called
Dumont-Thomas numeration. O

w = o*(wy)o

In fact, more can be said concerning balance properties of primitive substitutions. Let
o be a primitive substitution and A be its Perron—Frobenius eigenvalue. Consider the set
of eigenvalues of M, whose modulus is strictly smaller than A. Let Ay be one of those
eigenvalues with maximal multiplicity as + 1 in the minimal polynomial of M,. Note that
several eigenvalues might satisfy this condition.

Theorem 42 ([1, 2]). Let o be a primitive substitution. Let u be a fixed point of o.
o If [X\2] < 1, then the discrepancy A(u) is finite.
o If [\o| > 1, then A, (u) = (O N Q)((logn)*2nloss 2Dy,
o If|\o] =1, and Ay is not a root of um’ty%l , then

An(u) = (0N Q)((logn)*2th.
If Xa is a root of unity, then either
An(u) = (0N Q) ((logn)**™), or A, (u) = (0N Q)((logn)2?).

In particular there exist balanced fixed points of substitutions for which [f2] = 1. All
eigenvalues of modulus one of the incidence matrix have to be roots of unity.

Observe that the Thue-Morse word is 2-balanced, but if one considers generalized balances
with respect to factors of length 2 instead of letters, then it is not balanced anymore.

4. GRAPHS OF WORDS
4.1. First definitions.

Definition 43 (Graphs of words). Let w be an infinite word over the finite alphabet A (of
cardinality d). The Rauzy graph I',, of words of length n of the infinite word w is an oriented
graph which is a subgraph of the de Bruijn graph of wordsﬁ Its vertices are the factors of
length n of the infinite word v and the edges are defined as follows: there is an edge from U to
V if V follows U in u, i.e., if there exists a word W and two letters  and y such that U = W,
V = Wy and Wy is a factor of the infinite word. Hence, it is the graph I';, = (V, E) such
that:

V=L,NA"

E={UV), IW, Jz,y € A,U =aW,V =Wy and Wy € L,}.

There are p,(n + 1) edges and p,(n) vertices, where p,(n) denotes the factor complexity.

2A root of unity « is such that there exists n such that \"™ = 1.

3The de Bruijn graph of words corresponds to the graph of words of an infinite word of maximal complexity
(Vn, p(n) = d") and was introduced by de Bruijn in order to construct circular finite words of length d"
with values in {0,1,...,d — 1} such that every factor of length n appears once and only once: such a word
corresponds to a Hamiltonian closed path in de Bruijn graph.
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Exercise 44. Prove that the graphs of words of an infinite word are always connected. Prove
the following equivalence:

e the infinite word w is recurrent,
e cvery factor of u appears at least twice,
e the graphs of words are strongly connected.

Let u be an infinite word over the finite alphabet A (of cardinality d). Let U be a vertex
of the graph Ty, for some n. Denote by U™ the number of edges of I',, with origin U and
by U~ the number of edges of T, with end vertex U. In other words, U™ (respectively U™)
counts the number of right (respectively left) extensions of U. Recall that

pu(n+1) = Z Ut = Z Uu-,

[U|=n |U|=n
and thus

pu(n+ 1) *pu(n) = Z (U+ - 1) = Z (U_ - 1)'

|U[=n Ul=n

Exercise 45. Recall that a Sturmian word u is defined as an infinite word of factor complexity
pu(n) = n+ 1, for every positive integer n, and that it is recurrent (Exercise [12)).

e For any positive integer n, prove that there exists a unique factor of length n having
two right (respectively left) extensions: such a factor is called a right (respectively
left) special factor and is denoted from now on by R,, (respectively L,,).

e Prove that the graph of words I';; of a Sturmian word has the two following possible
forms.

A
A

-
N

<
J

A

U

e Deduce from the morphology of the graph of words I'), that every Sturmian word is
uniformly recurrent. One can first prove that every factor of a Sturmian word is a
subfactor of a factor of the form R, and then deduce from the morphology of the
graph I';, that R,, appears with bounded gaps.

Exercise 46. e Prove that if the infinite word u is uniformly recurrent and non-constant,
then the graph I'), has no edge of the form U — U, for n large enough.
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e Suppose that the infinite word w is uniformly recurrent. Prove that if the graph of
words I', 471 is Hamiltonian (i.e., there exists a closed oriented path passing exactly
once through every vertex), then the graph T, is Eulerian (there exists a closed path
passing exactly once through every edge) and that Ut = U™, for every vertex of T',,.
Is the converse true?

e Give the graphs of words of order 1,2, 3,4 for the Thue-Morse word.

4.2. More on graphs of words and frequencies. Let us see how to deduce from the
morphology of the graphs of words results concerning the frequencies of factors.

In this section we restrict ourselves to infinite words for which the frequencies exist. Observe
that the function which associates to an edge labelled by xWy the frequency of the factor
Wy is a flow. Indeed, it satisfies Kirchhoff’s current law: the total current flowing into each
vertex is equal to the total current leaving the vertex. This common value is equal to the
frequency of the word corresponding to this vertex.

Lemma 47. Let u be an infinite word which admits all frequencies of words, i.e., all the
frequencies of words exist. Let U and V be two vertices linked by an edge such that UT =1
and V— =1. Then the two factors U and V have the same frequency.

Proof. Write U = W and V = Wy, where x and y are letters. As U™ = 1, U has a unique
right extension y. Similarly, V' has a unique left extension x. Thus fy = fu, = fawy =
fzv = fv, where f denotes the frequency. O

A branch of the graph T',, is a sequence of maximal length (Uy,...,U,,) of connected edges
of I';,, possibly empty, satisfying
U7j-+:17 for i <m, U =1, for i>1.
Therefore, the edges of a branch have the same frequency and the number of frequencies of

factors of given length is bounded by the number of branches of the corresponding graph, as
expressed below (see [13]).

Theorem 48. For a recurrent word of factor complexity p,(n), the frequencies of factors of
given length, say n, take at most 3(py(n + 1) — pu(n)) values.

Proof. Let V7 denote the set of factors of length n having more than one extension. In other
words V7 is the subset of vertices of the graph I',, defined as follows: U € Vj if and only if
U™ > 2. The cardinality of V; satisfies

card(Vi)= > 1< Y (UN=1) =puln+1) - pu(n).
Ul=n, U+>2  |Ul=n
Let V5 denote the subset of vertices of the graph I'), defined as follows: U € V5 if and only
if U™ = 1 and if V denotes the unique vertex such that there is an edge from U to V in I',,,
then V'~ > 2. In other words, U belongs to Vs if and only if U = xW, where z is a letter and
where the factor W of the infinite word w has a unique right extension but at least two left
extensions. The cardinality of V5 satisfies:

card(Vo) < V7= Y (VT =)+ > 1<2(pu(n+1) — pu(n)).
V=>2 V=>2 V=>2

Thus there are at most 3(p,(n + 1) — py(n)) factors in V3 U Va.
Let U be a factor of length n belonging neither to V; nor to Vo: UT = 1 and the unique
word V such that there is an edge from U to V in T, satisfies V~ = 1. The two factors U
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and V thus have the same frequency. Now consider the path of the graph beginning at U
and consisting of vertices which do not belong to V; nor to Va. The last vertex of this path
belongs to either V; or to V5, and has the same frequency as U. g

Remark 49. In fact we have proved that the frequencies of factors of length n take at most
pu(n + 1) — pu(n) + ry + 1, values, where r,, (respectively l,) denotes the number of factors
having more than one right (respectively left) extension.

We deduce from this result that if p,(n + 1) — py(n) is uniformly bounded with n, the
frequencies of factors of given length take a finite number of values. Indeed, using a theorem
of Cassaigne quoted below (see [16]), we can easily state the following corollary.

Theorem 50. If the complezity p,(n) of an infinite word u on a finite alphabet is sub-affine,
i.€.,

3(a,b), Yn, pu(n) < an+b,
then py(n + 1) — py(n) is bounded.

Corollary 51. If an infinite word has a sub-affine complexity then the frequencies of its
factors of given length take a uniform (with respect to the length) finite number of values.

Note that this does not hold anymore for the second-difference of the complexity p,(n +
2) + pu(n) — 2pu(n + 1) in the case of a sub-quadratic complexity (see the counterexample in
[21]).

5. STURMIAN WORDS

Sturmian words provide symbolic codings of translations R, of the unit circle (that is, the
one-dimensional torus T = R/Z) with

Ry:R/Z - R/Z, v — =+ o mod 1.

They have been introduced in [33] and widely studied. For more on Sturmian words, see the
corresponding chapters in [29], 22] and the references therein.

Definition 52. A word u € {0, 1} is Sturmian if and only if it has exactly n + 1 factors of
length n.

Theorem 53. The infinite word u = (un)neny € {0,1} is a Sturmian word if there exist
a€(0,1), a €Q, x € R such that

VneN, u, =i<= R)(z) =na+x € I; (mod 1),
with either Iy =[0,1 —af, I1 =[1 — o, 1], or Ip =]0,1 — o], I} =]1 — o, 1].

A Sturmian word is thus a coding of the dynamical system (T, R,,) with respect either to
the two-interval partition {Ip = [0,1—a[, I1 = [l —«,1[} or to {Ip =|0,1—«], I} =]1 —a,1]}.
Sturmian sequences are also characterized by the following properties.
e Sturmian sequences are exactly the non-ultimately periodic balanced sequences over
a two-letter alphabet.
e Sturmian sequences are codings of trajectories of irrational initial slope in a square
billiard obtained by coding horizontal sides by the letter 0 and vertical sides by the
letter 1.
e One can also consider Sturmian sequences as approximations of a line of irrational
slope in the upper half-plane.
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5.1. Factors and intervals. The following lemma is crucial for the study of Sturmian words.

Lemma 54 (Factors lemma). The word w = w; - - - wy, over the alphabet {0,1} is a factor of
the Sturmian word u if and only if Iy, = Ly, N Ry Ly, N - RS, # 0.

Proof. By definition, one has
VieN, u, =i <= na+z € l; (mod 1).
One first notes that ugugy1 - Uprk—1 = w1 - - - wy, if and only if

ka+ x € I, (mod 1)
(k+1)a+x € I, (mod 1)

(k+n—-1)a+zx e l,,(mod 1).

One then applies the density of (na)pen in Z/R (recall that « is assumed to be an irrational
number). O

We use here the fact that the sets I,,, N Ry T, N--- R;" LI, are intervals.
Lemma 55. The sets I,, N Ry, N -+ R, are intervals of T = R/Z.

Proof. We prove by induction on n that any intersection I,, N R, N--- R;" 11, which
is not empty is an interval, for w; ---wy € {0,1}*. This is true for n = 1. We assume that
the induction property holds for n. Consider some intersection Iy, N Ry'ly, M-+ Ry Ly,
and assume by contradiction that it is not connected. By induction, I := I, N R; I, N
-+ RZ™1I,, is an interval. This implies that |[I| 4 |Iy,,,| > 1 and all letters are equal to
Wn+1.We assume « < 1/2 without loss of generality. One has w41 =0 = w, = -+ = w;.
But one checks that Ik is an interval for every k; it is either empty or of the form [0,1 — k«)
for k such that 0 < o < 1/k. We deduce that I, N Ry 'Ly, N Ry "Ly, ., = Ipn+1 is an

interval. We get the desired since contradiction. O

One first notes that the condition of Lemma[54] does not depend on the point & whose orbit
is coded but only on . Also, it does not depend on the partition Iy = [0, 1—«a[, [y = [1—a, 1],
or Ip =]0,1—al, 1 =|]1 — a,1].

Furthermore, the factors of u of length n are in one-to-one correspondence with the n + 1
intervals of T whose end-points are given by —ka mod 1, for 0 < k£ < n. This implies that
two Sturmian words coding the same rotation R, have the same factors.

One thus can define the Sturmian shift (X.,T) as the closure in {0,1} of the orbit of
any Sturmian word coding R, (and also as the closure in {0, 1} of the orbit of all Sturmian
words coding R, ). Indeed, since two Sturmian words coding the same rotation have the same
set of factors, then one checks that the symbolic dynamical system generated by a Sturmian
word coding the rotation R, consists of all the Sturmian words that code the same rotation.
The system (X, T) is minimal: it admits no non-trivial closed and shift-invariant subset.

By Proposition Sturmian words are non-periodic words of smallest factor complexity.
This explains why Sturmian words are widely studied and occur in various contexts as models
of aperiodic order, for quasiperidoic structures such as quasicrystals (see the books [3]), or else
in discrete geometry, as (Freeman) coding discrete lines in discrete geometry. More generally,
for references on discrete lines, see the surveys [26, [14].
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5.2. Frequencies of factors. We now consider properties of frequencies of factors of Stur-
mian sequences.

One deduces from Lemma not only properties of a topological nature on the number
of factors, but also information of a measure-theoretical nature, such as the expression of
frequencies of factors [§], that can be deduced from the equidistribution of the sequence
(na)pen. Indeed, the frequency of occurrence of the word w in the Sturmian word v is equal
to the length of the interval I,,.

Remark 56. Note that we have seen in Section that it allows the expression of a shift-
invariant measure. Moreover, one checks that Sturmian words are uniquely ergodic: the
convergence to frequencies is uniform. Frequencies of factors thus provides the unique shift-
invariant measure of the Sturmian shift (X,,7). We also deduce from the expression of
the complexity function that it has zero topological entropy. Moreover, one checks that the
systems (R, T) and (X,,T) are measure-theoretically isomorphic, and even semi-conjugate.
We thus can consider that the chosen partition provides a good coding. One has the following

commutative diagram:

R/Z 5 R/Z

L

XQ?XQ

The frequency of the factor w; ...w, exists and is equal to the density of the set
{k | {z + ka} € Ly, },

which is equal to the length of I, ..., , by uniform distribution of the sequence ({x + na})y,.
The lengths of these intervals are equal to the frequencies of factors of length n. We deduce
from Theorem 48] the following result.

Theorem 57. The frequencies of factors of given length of a Sturmian sequence take at most
three values.

Theorem (b7 implies that the lengths of the intervals I, ....h,,, and thus the lengths of the
intervals obtained by placing the points 0,{1 — a},...,{n(1 — a)} on the unit circle, take
at most three values. We thus have proved the following classical result in Diophantine
approximation, called the three-distance theorem (see the survey [3]). In fact, this point of
view and more precisely, the study of the evolution of the graphs of words with respect to
the length n of the factors, allows us to give a proof of the most complete version of the
three distance theorem, i.e., to express the exact number of factors having each of the three
frequencies and the frequencies themselves.

The three distance theorem was initially conjectured by Steinhaus and proved by V. T.
Sos.

Theorem 58. Let 0 < a < 1 be an irrational number and n a positive integer. The points
{ia}, for 0 < i < n, partition the unit circle into n+ 1 intervals, the lengths of which take at
most three values, one being the sum of the other two.

More precisely, let (Z—:)k and (cg)r be the sequences of the convergents and partial quo-

tients associated to « in its continued fraction expansion (if o = [0,c1,co,...], then 2’—: =
[0,¢1,...,¢a]). Let mi, = (—1)*(qua — pi). Let n be a positive integer. There exists a unique

expression for n of the form
n=mqg+qx-1+7,
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with1 < m < cgq1 and 0 < r < qi. Then, the circle is divided by the points 0,{a},{2a},...,{na}
into n + 1 intervals which satisfy:

e n+ 1 — g of them have length ny, (which is the largest of the three lengths),
o r + 1 have length n_1 — mng,
e qr — (r+ 1) have length nx_1 — (m — 1)ng.

5.3. More on Sturmian words and substitutions. Let us consider now a combinatorial
way of generating Sturmian words.

Let us see how to generate all the Sturmian shifts with substitutions. We work now on the
alphabet {a,b}. We consider the substitutions 7, and 7, defined over the alphabet A = {a, b}
by 7a: @+ a,b+ ab and 7,: a > ba, b+ b. Let (i,) € {a,b}". The following limits

(1) w= lm 77, -7, (a) = lm 77, -7, (0)

exist and coincide whenever the directive sequence (i, ), is not ultimately constant (it is easily
shown that the shortest of the two images by 7,7, ... 7;,_, is a prefix of the other). One
checks that the infinite words thus produced are all Sturmian words: indeed, it suffices to
consider and compute their factor complexity. More generally, one can prove that a Sturmian
word is an infinite word whose set of factors coincides with the set of factors of a sequence u of
the form , with the sequence (i, ),>0 being not ultimately constant (that is, it is an element
of the symbolic dynamical system X, generated by u, since (X, 7T) is minimal). The proof
relies on the fact that in a Sturmian language, either aa (the letter b occurs as an isolated
letter) or bb (a is isolated) occurs: one cannot have simultaneously aa and bb since there are
3 factors of length 2. One then desubstitutes according to the isolated letter: if b is isolated
in u, then one can write u as u = o4(v) (one reduces the ranges of successive occurrences
of @’ by 1). One checks that v (possibly up to a prefix letter) is again a Sturmian word
(associated with a different «v). If one wants to generate a specific Sturmian word (not only a
Sturmian language/shift), one can use four substitutions. One striking property of Sturmian
words is the following: the way one iterates the substitutions is governed by the continued
fraction expansion of . This method can be used for the generation of discrete lines and
planes in discrete geometry, as well as for the recognition of discrete planes. More generally
shifts with at most linear factor complexity can also be generated in terms of composition of
substitutions, see e.g. the survey [9] and the references therein.

6. HINTS AND CORRECTIONS FOR EXERCICES

Exercise [11] Consider the bi-infinite word ---0---010---0---. It is ultimately periodic on
the right and on the left but its factor complexity is n + 1.

Exercise Consider a clopen set C'. Since it is open and cylinders form a basis of the
topology, C' can be written as a union of cylinders. On the other hand, because C' is closed
in a compact space, C' is itself compact. So from the possibly infinite union of cylinders, one
can extract a finite union that still covers C'. As the union not only covered C, but was also
equal to C', we conclude that C' is the union of this finite family of cylinders.

Exercise 23]

e Let u be a recurrent infinite word. Let u[: n] be the prefix of size n of u. Take n; = 0,
and assume that (ng)g<x defines a finite and strictly increasing sequence such that
ul: k] is a prefix of T™ (u) for any k¥ < K. Then u[: K + 1] is a factor of u, so it
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appears infinitely many times in u (because u is recurrent). In particular, there exists
some ngy1 > ng such that u[: K + 1] is a prefix of T"&+1(u).

By induction, we conclude that there exists a strictly increasing sequence of positive
integers (ny)ren such that u[: k] is a prefix of 7™ (u) for any k € N. In other words,
(T (u))ken is a converging sequence, and it converges towards u.

e Reciprocally, assume that u = limy_, 1 o 7" (u) for some strictly increasing sequence
(nk)ken. And let w be a factor of u. There exists some N € N such that w is a
prefix of TV (u). By continuity of TV, one has TV (u) = limj_, oo T+ (u). And by
definition of convergence, there exists some K € N such that for any k > K, the first
|w| letters of TV (u) are the same; and as such they are then equal to w.

In particular, w appears infinitely many times in u.

Exercise |25/ Suppose X minimal. Let v € X. Then O(u) C X, with O(u) a subset both

closed and stable by the shift. So, since O(u) is not empty (it contains u), by minimality,

X = O(u). Suppose now that Vu € X,0(u) = X. Let Y C X such that it is non-empty,
closed, and shift-invariant. Let v € Y. Then, since Y is closed and shift-invariant, O(v) C Y.

But O(v) = X, which yields Y = X. So X is minimal.
Another redaction.

o Let u € X. O(u) is a closed, non-empty and shift-invariant subset of X. If O(u) # X,
then X is not minimal.

e Reciprocally, assume that X is not minimal: there exists some Y such that Y is a
proper, closed, non-empty and shift-invariant subset of X. Consider then some u € Y.
One has O(u) C Y, because Y is closed, and then Y C X: in particular, O(u) # X.

Exercise [37| Consider first the existence. As o(u) = u, and w is a factor of u, we can look
for the “antecedents” of w under o. We reason by induction.
(1) Initialisation. If w = a, then ro = a, 11 = e =v works ; if w =0, 71y =b,v =1y =¢
works.
(2) Induction. Let w = zw’, where z is the first letter of w. By induction hypothesis,
there exists some 7,v’, 75 such that w' = r{o(v')rh. We take ro = 7, and:
o If rj =c. If z = a, define v = bv’ and r1 = . If © = b, define v = v’ and r = b.
o If i =b. If x = a, define v = av’ and 11 = . And z cannot be equal to b,
otherwise there would be a factor bb in u, which is impossible.
Then w = rio(v)re is a valid decomposition.

Consider now the unicity. Assume that w = r1o(v)ry = rjo(v)r}, as above. Then ro = 7
because the value of 75 is determined by the last letter of w. Assume r; # 7, then without
any loss of generality we can assume that 71 = b: this would imply that 7] = ¢, and that b has
an antecedent under o, which is impossible. So r; = . This proves that this decomposition
is unique.

Prove that if w is a non-empty left special factor of u, then there exists a unique non-empty
left special factor v of u such that w = o(v)ra, where ro = a if the last letter of w is a, and
ro = €, otherwise. Give a description of left special factors. Deduce that this infinite word is
Sturmian.

By definition, a non-empty left special factor w of u has two left extensions. Because the
alphabet has two letters, and that u has no factor bb, this means that w starts with the letter
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a. In the previous proof, one can then take r; = €, and the decomposition is unique, which
concludes the proof.

By an easy induction, we prove that all the 0" (a) are left special factors (indeed, 6%(a) = a
is a left special factor, and 0"*1(a) = o(c™(a)); by induction, ¢"(a) is a left special factor,
which implies that both o(ac™(a)) and o(bo™(a)) are factors of o(u) = u, which proves that
both ac™*1(a) and bo™"1(b) are factors of u). We now prove by induction on |w| all left
special factors are prefixes of the words o™ (a).

e |w| = 1: then a is the only left special factor of size 1 (because bb is not a factor of
u), and a = 0°(a).

e Let w be a left special factor of length at least 2. Then by the decomposition lemma,
there exists a left special factor w’ such that w = o(w’)ry, where ro = a if w ends
with an a, and ro = ¢ otherwise.

First, |w'| < |w|. Indeed, because w is a left special factor, the first letter of w must
be a; and because aaa is not a factor of u, the second letter of w must be b, which
implies that the first letter of w’ is an a: the existence of an a in w’ proves that
w| > |o(w)] > |w].
By induction hypothesis, because w’ is a left special factor of size < |w|, w’ is a prefix
of some 07 (a):
— If ro = ¢, then w is a prefix of 6771 (a).
— If r9 = a, then because w’ is right-extensible by a letter x, that w’ is a prefix
of some 07(a) (and that o7(a) is a prefix of 6771(a)), w'z is a prefix of some
07*1(a): which implies that w is a prefix of o(w’x) which is a prefix of 07+2(a).
With this, we conclude that there is a single left special factor of any given left (for n € N, it
is the prefix of size n of any ¢7(a) such that |07(a)| > n). As there is exactly one left special
factor of any given length, we conclude by an easy induction that p,(n+1) = (p,(n)—1)+2 =
pu(n) + 1, and p1(u) = 2, which proves that u is Sturmian.

Exercise A factor w appearing in u Thue-Morse word is either an image of a single
factor x (w = o(x)), in which case r; = €,7 = 1,2, or it consists of o(x) which is prolonged
either to the left by one letter r1 or to the right by one letter ro or both. It cannot be
prolonged by two letters to neither side because then = could have been chosen larger.

If lw| =1, x = € and one of r; is equal to w (therefore this decomposition is not unique).
If |lw| € 1,2,3,4, the decomposition is unique if and only if the choice of x is unique, and we
can find examples of factors where x can be chosen in two ways (e.g. 01,101,0101).

However, if |w| > 5, the choice of x is unique. Let us have the decomposition w = ryo(x)rs.
Taking a subfactor & of = into the decomposition would lead to a decomposition w = $10(%)s2
where the length of at least one of s; would be at least 2, and therefore it does not fulfill the
conditions of the decomposition we chose. On the other hand, choosing a larger & than x
(e.g. T = ax for some a € A, the procedure would be analogical for Z = xza) would lead to

o(@)ra = o(a) o(x)re
~—~—
length>2
having larger length than w and therefore not being the decomposition of w at all.
Let us state the factors for n = 1,2, 3,4:
en=1:01
e n=2:01,10,00,11
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e n = 3: 001,010,011, 100,101,110
e n =4: 0010,0011, 0100, 0101, 0110, 1001, 1010,1011, 1100, 1101

Factor complexity for even numbers: When n = 2, we can see that p(4) = p(2) + p(3). Let
us prove the relation p(2n) = p(n)+p(n+1) for n > 3. A factor w of length 2n is decomposed
uniquely as rjo(z)ry and we can find there are two types of w.

Either r; = € and therefore |x| = n. There are p(n) factors of length n and each of them
creates one factor of length 2n.

Or, there is i that r; # ¢ and the even length of w implies that r; # ¢,7 = 1,2. Then,
|o(x)| = 2n — 2, therefore || = n — 1 and each factor w of this type is inside of an image of
azb, a,b € A for all factors in the language of length 1+ (n — 1) + n, i.e. there are p(n + 1)
factors w of this type.

On the whole, we have p(n) + p(n + 1) factors of length 2n which proves the relation.

Factor complexity for odd numbers: Let us prove p(2n + 1) = 2p(n + 1) for n > 2. Then
a factor w of length 2n + 1 is decomposed uniquely as rio(x)re and the odd length of w
implies that exactly one of r; will be non-empty. Therefore any factor of length 2n + 1 can
be decomposed either as ao(x) or o(z)a for some a € A where |z| = n and the amount of w
will be exactly the amount of factors of length n + 1 multiplied by 2 because for each y of
length (n + 1) we create w by dropping either leftmost or rightmost letter in o(y). Let the
reader think about why it cannot happen that dropping letters from two different factors y
create the same factor w.

A second redaction. Existence:
First, once again, u = o(u). So if w is a factor of u, and that ¢ maps each letter to words of
size 2, there is some factor x of u such that o(x) is contained in w, and such that w = ro(z)rs,
for r1, 7y € {€,0,1}.
Unicity:
If w is of length at least 5, then a factor 00 or 11 must appear in w. Indeed, o(u) = u, and
the words 000 and 111 cannot be factors of u. Then, if w is a factor of length at least 5, the
decomposition is unique because 11 and 00 cannot be in the image of ¢ (in other words, there
is only one way to split w into pairs of letters, modulo the first and the last one).

Prove that p(2n) = p(n) + p(n + 1) and that p(2n + 1) = 2p(n + 1), for n > 2. Give an
expression for the complexity function. First, p(4) = 10 and p(5) = 12, so the formula works
(see OEIS A005942). Now, let n > 3: we can use the decomposition lemma above:

e Compute p(2n): let w be a factor of u of length 2n. There are two possibilities (which
are disjoint, by unicity of the decomposition):

— w = o(z) for z of factor of u of length n. Because o is injective, we obtain the
term p(n) in the expression p(2n) = p(n) + p(n + 1).

— w = rio(x)ry for r1,r9 # €, with z a factor of u of length n — 1. Consider 2’ an
extension of z of length n+ 1, 2/ = axb for a,b € A (it necessarily exists because
factors appear infinitely often in w). Then w is o(2’) without its first and its last
letter, and the map (' € L,(n + 1) — o(2')[1 : 2n]) is bijective. We obtain the
term p(n + 1) in the expression p(2n) = p(n) + p(n + 1).

e Compute p(2n + 1): let w be a factor of u of length 2n. There are two possibilities
(which are disjoint, by unicity of the decomposition):

— w = rio(x) for © € L,(n). Then similarly, we consider the extension 2’ = ax

of z and 2’ € L,(n+ 1) — o(2')[1 : 2n] (forget the first letter of o(z')), which
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is bijective. From there comes one term p(n + 1) in the expression p(2n + 1) =
2p(n+1).

— w = o(z)ry for z € L,(n). This case is completely symmetric, and there comes
the other term p(n+ 1) in p(2n + 1) = 2p(n + 1).

We conclude that p(2n) = p(n) + p(n + 1) and p(2n + 1) = 2p(n + 1) for n > 2.

We now prove by recurrence that if n — 1 = 27 +r, with —2/72 < < 297!, then one has:
p(n) =3(n—1) +|r|
(In other words, |r| is the distance between n — 1 and the nearest power of 2)
e Initialization: 3-2+0=6=p(3) and 3-3+ 1 =10 = p(4).
e Assume that for any k < 2n, p(k) is equal to the form above. .
— Computation of p(2n + 1). We write n = 2/ + r with —2/72 <y < 2771 Then
on = 2+ 4 9o, obviously —2i=1 < 9r < 27 and:
p(2n+1) =2p(n+1)
=2-3-((n+1)—=1)+r)
=3-(2n+1)—1)+2r
— Computation of p(2n +2). We write n = 2/ + r, with —2/72 < r < 2971 There
are now two possibilities. ‘ '
First, if r = 2771 then n + 1 = 271 — (2771 — 1) and
p(2n+2) =p(n+ 1)+ p(n + 2)
=B ((n+1)-1)+2"HY+ B ((n+2)—1)+277" - 1)
=3-(2n+2)—1)+ (29 —1)
and 2n+1=2(n+1) -1 =27%2— (27 —2) -1 =21"2 — (2/ - 1).
Second, if 0 < r < 2/7! thenn+2=2/+r+1 and
p(2n+2) =p(n+1)+ p(n+2)
=@ ((n+)-1)+r+B-(n+2)—1)+(r+1))
=3-(2n+2)—-1)+(2r+1)
and 2n+1=2n+1=2"" 427 + 1 with 0 < 2r +1 < 27,
Lastly, if 2772 < 7 < 0, then n +2 =2/ + 74 1 and
p(2n+2)=p(n+1)+p(n+2)
=@B-((n+1H)—-1)—=r)+B-(n+2)—1)—(r+1))
=3-(2n+2)—1)—(2r+1)
and 2n+1=2(n+1)—1=2""1 4 (2r + 1), with 277! < 2r +1 <0.
In all the previous cases, the formula holds.
So we conclude that that for n > 3, if n — 1 = 2/ 4+ 7, with —2972 < r < 2/~! then one has:

p(n) =3(n—1) +|r].
Exercise 44| The equivalence between (1) and (2) is immediate.

(2) = (3) : It is clear that a graph of words of an infinite word is connected. If there exists
n such that I';, is not strongly connected, it means that there is a vertex U which does not
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have an ingoing edge. But then the factor corresponding to U only appears in the word w
once and that is a contradiction.

(3) = (2) : If there is a factor in u appearing only once, the corresponding vertex U in
the graph of words has no ingoing edge. This is a contradiction to all graphs of words being
strongly connected.

Let u be an infinite word over the finite alphabet A (of cardinality d). Let U be a ver-
tex of the graph I',,, for some n. Denote by U™ the number of edges of I';, with origin U and
by U~ the number of edges of T, with end vertex U. In other words, U™ (respectively U ™)
counts the number of right (respectively left) extensions of U. Recall that

pu(n+1) = Z Ut = Z u-,

|Ul=n |Ul=n
and thus
puln 1) —puln) = 3 (UF -1 = 3 0 -1,
|U|=n |U|=n
Another redaction.

e The graphs of an infinite word are always connected: consider some n € N. Then
from the prefix of size n of u, you can access any other factor of size n, ie. there is a
path from the prefix of size n to any other vertex of I',,.

e Assume that u is recurrent: we prove that every graph of word is strongly connected.
Indeed, consider I',,. Because u is recurrent, if w and w’ are two factors of u of length
n, there exists a finite word v such that wvw’ is a factor of u. In particular, if we
label the edges of T';, with letters (if xtW — Wy exists in I';,, then label it with y), we
can start in vertex w, read vw’ in the automaton, and we end up in the vertice w’ in
I',,. This proves that I',, is strongly connected.

e Assume that the graphs are strongly connected: we prove that every factor of u

appears at least twice.
Let w be a factor of u, and n be an integer such that w appears in the prefix of u of
size n. In Ty, the prefix u[: n] is a vertex which has an incoming arrow (by strong
connectivity). So u[: n] must appear somewhere else in u. This implies that w appears
at least twice.

e Assume that every factor of u appears at least twice: we prove that u is recurrent.
Let wy = w be a factor of u. Because it appears at least twice, there exists a word
vo such that wy = wvgw is a factor of u. Because wq is a factor of u, it must appear
at least twice: there exists a word vy such that wy = wiviw; is a factor of u. Etc...
By induction, we prove that for every k € N, w must appear at least 2¥ times. This
proves that w appears infinitely often.

Exercise [45]

Let n be a positive integer, and s, be the number of right special factors of size n. Then
pu(n+1) = (pu(n) —sn) +28, = pu(n)+sp; so we obtain that s, = 1 (because u is Sturmian).
(The very same proof applies for left special factors).

First, L, = 2 and R;} = 2; for every other vertex, UT = U~ = 1. There is a single left
(resp. right) special factor of length n, and because Sturmian words are recurrent, the graphs
must be strongly connected. This nearly proves that I';, is of these two possible forms: the
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only thing left to prove is that there is no path from R, to itself (or L, to itself) that does
not contain L,, (resp R,) [Remark: this statement does not assume that R,, # Ly].

Let R, —T R, be a path between R, and itself. If its length is smaller that n, iterate
this path again until its length becomes large enough. Consider then L, the n'" vertex of
this path. Because R, is right special, L must be left special. As there is a single left special
vertex (ie. Ly ), one has L = L,. So L, appears in the original path.

Deduce from the morphology of the graph of words I'y, that every Sturmian word is uniformly
recurrent. One can first prove that every factor of a Sturmian word is a subfactor of a factor
of the form R, and then deduce from the morphology of the graph Ty, that R, appears with
bounded gaps.

Consider w a factor of length n. Because I';, is strongly connected, there exists a path from
w to R, in I';: in other words, there exists a finite word v such that wv is a right special
factor of w. This proves that w is a subfactor of some Ry. We then prove that each R,
appears with bounded gaps: consider the graph I, and let [,, be the length of the longest
path from R,, to itself which does not contain R, as an intermediary vertex. Then R,, occurs
with gaps bounded by [,,. Combining the two considerations, we obtain that any Sturmian
word is uniformly recurrent.

Exercise [46]

e Prove that if the infinite word w is uniformly recurrent and non-constant, then the
graph Ty, has no edge of the form U — U, for n large enough.

Because u is non-constant, there exist two letters a and b which appear in u. Then
by uniform recurrence, there exists some m € N such that any factor of w of length
> m necessarily contains both letters a and b. Then for any n > m, there is no edge
U — U in T, (because all the vertices in such a I',, contain a subfactor xy for z,y two
different letters, so each vertex represents a factor that is not shift-invariant).

e Suppose that the infinite word u is uniformly recurrent. Prove that if the graph of
words T'yy1 is Hamiltonian (i.e., there exists a closed oriented path passing exactly
once through every vertex), then the graph Ty, is Eulerian (there exists a closed path
passing ezactly once through every edge) and that UT = U™, for every vertex of T',.

Once again, we label the edges of the graphs of words. Let

AT, 11|
T1Wq —) To2W2 —) L T|Tp 1| WDy | = T1W1

be an Hamiltonian circuit of I';, 1. We prove that

|Fn+1|

w1—>WQ—> —>’LU‘F = w1

n+1|
is an Eulerian path of I';,. Indeed, it is clearly a path of I',,. Assume now that there

exists some i < j < |[py1| such that w; <5 w;yq = w; SN wjy1 (i.e., we assume that
this path is not Eulerian). Then define a = a; = aj, W= w; = w;j. In I'y41, we have
some z;w — wa at the ™ step of the Hamiltonian path, and Tiw % wa at the j*™
step of the Hamiltonian path: this is absurd, because the vertex wa is visited twice
(and it is not the vertex we start from). So this path is Eulerian, which means that
I',, is Eulerian. And in particular, in an Eulerian graph, for any vertex U we have
Ut = U~ (for example, assume U < U~: then a path that visits only once each
edge must get stuck in U at some point, because it enters it more than it exits it; and
if U= < U™, then you cannot visit all the exiting edges of U).
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Is the converse true?
No. See the counter-example on the infinite word: « = (10011001000)%.
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