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Abstract. Two linear numeration systems, with characteristic polyno-
mial equal to the minimal polynomial of two Pisot numbers 8 and ~
respectively, such that 8 and ~ are multiplicatively dependent, are con-
sidered. It is shown that the conversion between one system and the
other one is computable by a finite automaton. We also define a se-
quence of integers which is equal to the number of periodic points of a
sofic dynamical system associated with some Parry number.

1 Introduction

This work is about the conversion of integers represented in two different
numeration systems, linked in a certain sense. Recall that the conversion
between base 4 and base 2 is computable by a finite automaton, but that
conversion between base 3 and base 2 is not. More generally, two numbers
p > 1 and g > 1 are said to be multiplicatively dependent if there exist
positive integers k and ¢ such that p¥ = ¢’. A set of natural numbers
is said to be p-recognizable if the set of representations in base p of its
elements is recognizable by a finite automaton. Biichi has shown that the
set {¢" | n > 0} is p-recognizable only if p and ¢ are multiplicatively
dependent integers [5]. In contrast, the famous theorem of Cobham [7]
states that the only sets of natural numbers that are both p- and ¢-
recognizable, when p and ¢ are two multiplicatively independent integers
> 1, are unions of arithmetic progressions, and thus are k-recognizable
for any integer k > 1. Several generalizations of Cobham’s Theorem have
been given, see for instance [25,10, 6,17, 8]. In particular this result has
been extended by Bes [4] to non-standard numeration systems.

The most popular non-standard numeration system is probably the
Fibonacci numeration system. Recall that every non-negative integer can



be represented as a sum of Fibonacci numbers, which can be chosen non-
consecutive. It is also possible to represent an integer as a sum of Lucas
numbers. Since Fibonacci and Lucas numbers satisfy the same recurrence
relation, the question of the conversion between Lucas representations
and Fibonacci representations is very natural. In [22] and [23], the relation
between the Fibonacci sequence and the Lucas sequence is examined from
another point of view. A sequence of non-negative integers (vy, )n>0 is said
to be exactly realizable if there exists a dynamical system (S, o), where
S is a compact metric space and ¢ : S — S is an homeomorphism, for
which for all n > 1, v, is the number of periodic points of period n, that
is,

vy, =#{s €S| d"(s) = s}

The authors give a necessary and sufficient condition for a sequence to be
exactly realizable in certain cases. In particular, they prove that amongst
the sequences satisfying the Fibonacci recurrence u, = t,_1 + tn,_9, the
unique (up to scalar multiples) exactly realizable sequence is the one of
Lucas numbers, and the dynamical system is the golden mean shift, that
is to say, the set of bi-infinite sequences on the alphabet {0, 1} such that
a 1 is always followed by a 0.

A linear numeration system is defined by an increasing sequence of
integers satisfying a linear recurrence relation. The generalization of the
Cobham’s Theorem by Bes [4] is the following one : let two linear nu-
meration systems such that their characteristic polynomials are the mini-
mal polynomials of two multiplicatively independent Pisot numbers'; the
only sets of natural numbers such that their representations in these two
systems are recognizable by a finite automaton are unions of arithmetic
progressions.

From the result of Bes follows that the conversion between two linear
numeration systems U and Y linked to two multiplicatively independent
Pisot numbers cannot be realized by a finite automaton. In this paper, we
prove that the conversion between two linear numeration systems U and
Y such that their characteristic polynomials are the minimal polynomials
of two multiplicatively dependent Pisot numbers is computable by a finite
automaton. This implies that a set of integers which is U-recognizable is
then also Y-recognizable. Note that in [6] it is proved that if U and V are
two linear numeration systems with the same characteristic polynomial
which is the minimal polynomial of a Pisot number, then a U-recognizable
set is also V-recognizable.

1 A Pisot number is an algebraic integer such that its algebraic conjugates are strictly
less than 1 in modulus. The golden mean and the natural numbers are Pisot numbers.



The paper is organized as follows. First we recall several results which
will be of use in this paper. In particular, the normalization in a linear
numeration system consists in converting a representation on a “big” al-
phabet onto the so-called normal representation, obtained by a greedy
algorithm. Here the system U is fixed. It is shown in [15] that, basically,
when the sequence U is linked to a Pisot number, like the Fibonacci num-
bers are linked to the golden mean, then normalization is computable by
a finite automaton on any alphabet of digits. In the present work we first
construct a finite automaton realizing the conversion from Lucas repre-
sentations to Fibonacci representations. Then we consider two sequences
of integers U and V. If the elements of V' can be linearly expressed (with
rational coefficients) in those of U, and if the normalization in the system
U is computable by a finite automaton, then so it is for the conversion
from V-representations to U-representations. From this result we deduce
that if U and V have for characteristic polynomial the same minimal
polynomial of a Pisot number, with different initial conditions, then the
conversion from V-representations to U-representations is computable by
a finite automaton.

Next we introduce two different linear numeration systems associated
with a Pisot number 3 of degree m. The first one, Ug, is defined from
the point of view of the symbolic dynamical system defined by 3. We call
it Fibonacci-like, because when [ is equal to the golden mean, it is the
Fibonacci numeration system. The second one, V3, is defined from the
algebraic properties of 3. More precisely, for n > 1, the n-th term of V3
isvy, ="+ 065 +---+ 5], where 32, ..., By, are the algebraic conjugates
of 8. We call it Lucas-like, because when (3 is equal to the golden mean,
it is the Lucas numeration system. The conversion from Vj to Us (or any
sequence with characteristic polynomial equal to the minimal polynomial
of 3) is shown to be computable by a finite automaton.

Then we consider two linear numeration systems, U and Y, such that
their characteristic polynomial is equal to the minimal polynomial of a
Pisot number (3, or ~ respectively, where # and v are multiplicatively
dependent. Then the conversion from Y to U is shown to be computable
by a finite automaton (Theorem 2).

The Lucas-like sequence V3 plays a central role in the proof of Theo-
rem 2. In fact, it is also closely related to the number of periodic points
of the symbolic dynamical system Sg associated with 3. Here we do not
need the assumption that 3 is a Pisot number. A Parry number is a real
number ( such that the beta-expansion of 1 (see Section 2.4) is even-
tually periodic or finite. Such numbers are usually called beta-numbers



after Parry [21]. Note that a Pisot number is a Parry number [2]. From
now on ( is a Parry number, and the Fibonacci-like sequence and the
Lucas-like sequence are defined as in the Pisot case. If the symbolic dy-
namical system Sg associated with [ is of finite type, that is to say if the
beta-expansion of 1 is finite, then the sequence Vj is exactly realized by
Sp. This is no more the case when the symbolic dynamical system associ-
ated with (§ is not of finite type, but is sofic, i.e. the beta-expansion of 1
is infinite eventually periodic. We define a sequence Rg which is exactly
realized by Sg in the sofic case. It is shown that the set of greedy repre-
sentations of the natural numbers in the linear numeration system defined
by Rg is not recognizable by a finite automaton, and consequently the
conversion between Rg and Vg cannot be realized by a finite automaton,
even if 3 is a Pisot number.

Section 9 is devoted to the quadratic case study as an example for the
general case. We end this paper by exploring the connection between the
Lucas-like sequence V3 and the base (3-representations for the case where
B is a Pisot quadratic unit. Note that in [14] we have proved that the
conversion from Ug-representations to folded [-representations is com-
putable by a finite automaton, and in [16], that this is possible only if (3
is a quadratic Pisot unit.

Part of this work has been presented in [13].

2 Preliminaries

2.1 Words

An alphabet A is a finite set. A finite sequence of elements of A is called
a word, and the set of words on A is the free monoid A*. The empty
word is denoted by €. The set of infinite sequences or infinite words on A
is denoted by AN. Let v be a non-empty word of A*, denote by v" the
concatenation of v to itself n times, and by v* the infinite concatenation
v - - - . An infinite word of the form wv® is said to be eventually periodic.
A factor of a (finite or infinite) word w is a finite word f such that
w = ufv.

2.2 U-representations

The definitions recalled below and related results can be found in the
survey [20, Chap. 7]. We consider a generalization of the usual notion of
numeration system, which yields a representation of the natural numbers.



The base is replaced by an infinite increasing sequence of integers. The
basic example is the well-known Fibonacci numeration system.

Let U = (un)n>0 be a strictly increasing sequence of integers with
ug = 1. A U-representation of a non-negative integer N is a finite sequence
of integers (d;)r>i>0 such that N = Zf:o d;u;. Such a representation will
be written (N )y = di - - - dy, most significant digit first.

Among all possible U-representations of a given non-negative integer
N one is distinguished and called the normal U-representation of N; it
is also called the greedy representation, since it can be obtained by the
following greedy algorithm [11]: given integers m and p let us denote
by q(m,p) and r(m,p) the quotient and the remainder of the Euclidean
division of m by p. Let k > 0 such that uy < N < wugyq and let d =
q(N,ug) and 7, = (N, ug), and, fori = k—1, ..., 0, d; = q(ri+1, u;) and
r; = r(rit1,u;). Then N = dpug+- - -+doug. The normal U-representation
of N is denoted by (N)y. The normal U-representation of 0 is the empty
word €. The set of greedy or normal U-representations of all the non-
negative integers is denoted by G(U). In this work, we consider only the
case where the sequence U is linearly recurrent. Then the numeration
system associated with U is said to be a linear numeration system. The
digits of a normal U-representation are contained in a canonical finite
alphabet Ay associated with U.

Let D be a finite alphabet of integers and let w = d, - - - dy be a word
of D*. Denote by m7(w) the numerical value of w in the system U, that
is, my(w) = Zf:o diu;. The normalization in the system U on D* is the
partial function vy p« : D* — Aj; that maps a word w of D* such that
N = my(w) is non-negative onto the normal U-representation of N.

Let U and V be two sequences of integers, and let D be a finite
alphabet of integers. The conversion from the numeration system V' to
the numeration system U on D* is the partial function x : D* — Aj; that
maps a V-representation dy ---dy in D* of a non-negative integer N =
Z?:o d;v; onto the normal U-representation of N. In fact the alphabet D
plays no peculiar role, and we will simply speak of the conversion from V'
to U.

2.3 Beta-expansions

We now consider numeration systems where the base is a real number
[ > 1. Representations of real numbers in such systems were introduced
by Rényi [24] under the name of beta-expansions. Let the base § > 1
be a real number. First let z be a real number in the interval [0,1]. A
representation in base (3 of x is an infinite sequence of integers (z;);>1 such



that = .o, x; 7%, A particular beta-representation, called the beta-
ezpansion, can be computed by the “greedy algorithm” : denote by |y|
and {y} the integer part and the fractional part of a number y. Set 19 = z
and let for i > 1, x; = [Bri—1], ri = {Bri-1}. Then z = >, x5,
where the z;’s are elements of the canonical alphabet Ag = {0,...,|3]}
if B is not an integer, or Ag = {0,...,5 — 1} if § is an integer. The
beta-expansion of x is denoted by dg(z).

Let D be a finite alphabet of integers. The normalization in base 3
on DN is the partial function Vg.pN DN — Ag that maps a word (x;);>1
of DY such that x = Y_,o, ;87" € [0, 1] onto the B-expansion of z.

Secondly, we consider a real number x greater than 1. There exists
k € N such that g% < 2 < gF*1. Hence 0 < /3! < 1, thus it is enough
to represent numbers from the interval [0, 1], since by shifting we will get
the representation of any positive real number. A [-representation of an
T = cic_oo i3 will be denoted by (z)g = zj - To-T_1T_2 .

If a representation ends in infinitely many zeros, like v0, the ending
zeros are omitted and the representation is said to be finite.

A Pisot number is an algebraic integer such that its algebraic conju-
gates are strictly less than 1 in modulus. It is known that if § is a Pisot
number then dg(1) is finite or infinite eventually periodic [2].

2.4 Symbolic dynamical systems

The reader may consult [19] for more details on these topics. Let A be
a finite alphabet, recall that AN is endowed with the product topology
and the shift o defined by o((2;)i>1) = (i+1)i>1. It is a compact metric
space and o is a homeomorphism. A symbolic dynamical system is a closed
shift-invariant subset of AN. It is said to be a system of finite type if it is
defined by the interdiction of a finite set of factors. It is said to be sofic
if the set of its finite factors is recognizable by a finite automaton. Note
that a system of finite type is sofic. The same notions can be defined for
bi-infinite sequences and subsets of AZ.

Denote by Dg the set of S-expansions of numbers of [0, 1[. The closure
of Dg in Ag is a symbolic dynamical system, called the beta-shift Sg. The
following results are known: the beta-shift is of finite type if and only if
if the -expansion of 1, dg(1), is finite, and the beta-shift is sofic if and
only if dg(1) is eventually periodic [2].

By abuse, we will keep the same name of beta-shift for the set of bi-
infinite sequences such that each right tail is in the one-sided beta-shift.
We denote by Per,,(S3) the number of periodic elements of period n under
the shift of Sg .



Following [22, 23] we say that a sequence of non-negative integers V' =
(Un)n>0 is exactly realizable if there exists a beta-shift Sz such that for
every n > 1, v, = Per,(S5g).

2.5 Automata

We refer the reader to [9]. An automaton over A, A= (Q,A,E,I,T), is a
directed graph labelled by elements of A. The set of vertices, traditionally
called states, is denoted by @), I C @ is the set of initial states, T' C @
is the set of terminal states and E C Q x A x @ is the set of labelled
edges. If (p,a,q) € E, we denote p —%, ¢. The automaton is finite if Q is
finite. A subset H of A* is said to be recognizable by a finite automaton
if there exists a finite automaton A such that H is equal to the set of
labels of paths starting in an initial state and ending in a terminal state.
A 2-tape automaton with input alphabet A and output alphabet B is an
automaton over the non-free monoid A* x B* : A= (Q,A* x B*, E,1,T)
is a directed graph the edges of which are labelled by elements of A* x B*.
The automaton is finite if () and E are finite. The finite 2-tape automata
are also known as transducers. A relation R of A* x B* is said to be
computable by a finite automaton if there exists a finite 2-tape automaton
A such that R is equal to the set of labels of paths starting in an initial
state and ending in a terminal state. A function is computable by a finite
automaton if its graph is computable by a finite 2-tape automaton. These
definitions extend to relations (and functions) of infinite words as follows:
a relation R of infinite words is computable by a finite automaton if there
exists a finite 2-tape automaton such that R is equal to the set of labels of
infinite paths starting in an initial state and going infinitely often through
a terminal state. Recall that the set of relations computable by a finite
automaton is closed under composition and inverse.

2.6 Previous results

In this work we will make use of the following results. Let U be a linearly
recurrent sequence of integers such that its characteristic polynomial is
exactly the minimal polynomial of a Pisot number. Then the set G(U)
of normal U-representations of non-negative integers is recognizable by
a finite automaton, and, for every alphabet of positive or negative inte-
gers D, normalization vy p+ is computable by a finite automaton [15].
Normalization in base 3, when ( is a Pisot number, is computable by
a finite automaton on any alphabet D [12]. Addition and multiplication
by a fixed positive integer constant are particular cases of normalization,



and thus are computable by a finite automaton, in the system U and in
base 3. These results on normalization do not extend to the case that 3
is a Parry number which is not a Pisot number.

3 Fibonacci and Lucas

Let us recall that the Fibonacci numeration system is defined by the
sequence F' of Fibonacci numbers

F={1,2,3,5,8,13,...}.

The canonical alphabet is Ap = {0,1} and the set of normal representa-
tions is equal to G(F') = 1{0,1}* \ {0,1}*11{0,1}* Ue. Words containing
a factor 11 are forbidden.
The Lucas numeration system is defined by the sequence L of Lucas
numbers
L=1{1,3,4,7,11,18,...}.

The canonical alphabet is A;, = {0, 1,2} and the set of normal represen-
tations is equal to G(L) = G(F)U(G(F)\e){02}U{2}. We give in Table 1
below the normal Fibonacci and Lucas representations of the first natural
numbers.

Fibonacci|Lucas
1 1
10 2
100 10
101| 100
1000{ 101
1001| 102
1010{ 1000
10000| 1001
10001| 1002
10010| 1010
1010010000

TR ooNo otk w2

Table 1. Normal Fibonacci and Lucas representations of the 11 first integers

The Fibonacci and the Lucas sequences both have for characteristic
polynomial
PX)=X*-X -1



The root > 1 of P is denoted by ¢, the golden mean, and its algebraic
conjugate by ¢'. Since ¢ + ¢/ = 1, for coherence of notations with the
general case, we denote F' = (F),)p,>0 and L = (Ly,),>1. Recall that
for every n > 1, L, = ©" + ¢'". The associated dynamical system is
the golden mean shift, which is the set of bi-infinite sequences on {0, 1}
having no factor 11.

Although the following result is a consequence of the more general
one below (Theorem 1), we give here a direct construction.

Proposition 1. The conversion from a Lucas representation of an inte-
ger to the normal Fibonacci representation of that integer is computable
by a finite automaton.

Proof. First, for every n > 3, we get L, = Fj,_1+ F,,_3. Take N a positive
integer and a L-representation (N)p = di - - - di, where the d;’s are in an
alphabet B D {0,1,2}, and k > 4. Then N = dyLy + --- + d1 L1, thus
N = dpFy_1 +dp_1Fp—2 + (dp—2 + di) Fi—3 + -+ + (d3 + d5) F> + (d2 +
dy)F1+(dy+da+ds) Fy, hence the word didg—1(dg—o+dg) - - - (ds+ds)(da+
dy)(dy + da + d3) is a Fibonacci representation of N on a certain finite
alphabet of digits D.

The conversion from a word of the form dj. - - - d; in B*, where k > 4,
onto a word of the form dkdkfl(dkfg—i-dk) s (d3—|—d5)(d2 —|—d4)(d1 +d2+d3)
on D* is computable by a finite automaton A = (Q, B x C, E,{e}, {t}):
the set of states is Q@ = {¢} UB U (B x B) U {t} where {t} is the unique

terminal state. The initial state is €. For each d in B, there is an edge

e "4 4. For each d and ¢ in B, there is an edge d of¢ (d,c). For each

(d,c) € B x B and a in B, there is an edge (d, c) ofatd (c,a). For each

d
(d,c) € Bx B and a in B, there is a terminal edge (d, ¢) ety Words
of length less than 4 are handled directly.
Then it is enough to normalize in the Fibonacci system on D*, and it

is known that this is realizable by a finite automaton, see Section 2.6. O

On Figure 1 we give an automaton realizing the conversion from nor-
mal Lucas representations to Fibonacci representations on {0, 1, 2}* ({¢}U
{3}). States of the form (d, ¢) are denoted by dc. Note that this automaton
is not deterministic on inputs. Since we are dealing with normal Lucas
representations, the automaton has less states than the one constructed
in the proof of Proposition 1 above. To decrease the complexity of the
drawing, we introduce more than one terminal state. Terminal states are
indicated by an outgoing arrow. The result must be normalized after-
wards.



Fig. 1. Conversion from normal Lucas representations to Fibonacci representations

4 A technical result

We now consider two linearly recurrent sequences U = (uy)n>0 and V =
(Un)n>0 of positive integers. The result below is the generalization of
Proposition 1.

Proposition 2. If there exist r rational constants N’s for 1 <i <r and
K > 0 such that for every n > K, v, = AMUntr—1 + - + Apn, and if
the normalization in the system U is computable by a finite automaton on
any alphabet, then the conversion from a V -representation of an integer
to the normal U-representation of that integer is computable by a finite
automaton.

Proof. One can assume that the \;’s are all of the form p;/q where the
pi’s belong to Z and ¢ belongs to N, ¢ # 0. Let N be a positive integer
and consider a V-representation (IN)y = b;---bg, where the b;’s are in
an alphabet of digits B 2 Ay. Then ¢N = bjqu; + --- + bpqug. Since
for n > K, qu, = piupyr—1 + -+ + pruy, and vg, vy, ..., Vg_1 can
be expressed in the system U, we get that qN is of the form qN =
djsyr—1Ujyr—1 + -+ - 4 doug. Since each digit d;, for 0 <i < j+r —1,is
a linear combination of ¢, p1, ..., p,, the b;’s and the coefficients of the
U-representation of the first terms vg, vy, ..., vg_1, we get that d; is an
element of a finite alphabet of digits D D Ay. By assumption, vy p« is
computable by a finite automaton. It remains to show that the function
which maps vy, p(dj4r—1---dp) =< ¢IN >y onto < N >y is computable
by a finite automaton, and this is due to the fact that it is the inverse

10



of the multiplication by the natural ¢, which is computable by a finite
automaton in the system U, see Section 2.6. g

5 Common characteristic polynomial

The Fibonacci and the Lucas numeration systems are examples of differ-
ent numeration systems having the same characteristic polynomial, but
different initial conditions.

Theorem 1. Let P be the minimal polynomial of a Pisot number of
degree m. Let U and V' be two sequences with common characteristic
polynomial P and different initial conditions. The conversion from a V -
representation of a positive integer to the normal U-representation of that
integer is computable by a finite automaton.

Proof. Since the polynomial P is the minimal polynomial of a Pisot num-
ber, normalization in the system U is computable by a finite automa-
ton on any alphabet (see Section 2.6). On the other hand, the family
{Un, Unt1, . s Untm—1 | m > 0} is free, because the annihilator poly-
nomial is the minimal polynomial. Since U and V have the same char-
acteristic polynomial, it is known from standard results of linear alge-
bra that there exist rational constants ); such that, for each n > 0,
Up = MUn+m—1+ - -+ Antyn. The result follows then from Proposition 2.

O

6 Two numeration systems associated with a Parry
number

Let 8 be a Parry number, i.e. the -expansion of 1 is finite or eventually
periodic. We define two numeration systems associated with S.

6.1 Fibonacci-like numeration system

First suppose that the J-expansion of 1 is finite, dg(1) = t;---tn. A
linear recurrent sequence Uz = (up)n>0 is canonically associated with 3
as follows

Up =t Up—1 + -+ +ENUp_ny for n > N

up=1, and for 1 <i< N —1, u; =tyuj_1+---+ tjup+ 1.

The characteristic polynomial of Ug is thus

K(X)=X" —t; XN ... —ty.

11



Suppose now that the f-expansion of 1 is infinite eventually periodic,
dg(1) =t1 - tN(ENt1 - EN4p)”
with NV and p minimal. The sequence Ug = (uy)n>0 is the following one
Up =1Up—1+  +EINIpUR-N—p T Un—p —L1Up—p-1—  —EINUp_N—p
forn > N + p,
up=1, and for 1 <i:< N+p—1,u; =tu;—1 +---+t;ug+ 1.

The characteristic polynomial of Ug is now

N+p . N A
K(X)=XN4P 3", xNHp=i XNy g x N
=1 i=1

Note that in general K (X) may be reducible. Since K (X) is defined from
the beta-expansion of 1, we will say that it is the beta-polynomial of 3.

The system Upg is said to be the canonical numeration system asso-
ciated with 5. In [3] it is shown that the set of normal representations
of the integers G(Ug) is exactly the set of finite factors of the beta-shift
Sp. The numeration system Ug is the natural one from the point of view
of symbolic dynamical systems. The set G(Up) is recognized by a finite
automaton, see Section 8.

6.2 Lucas-like numeration system

Now we introduce another linear recurrent sequence Vg = (vy,)n>0 asso-
ciated with 8 a Parry number of degree m as follows. Denote by 51 = (3,
B2, ..., Bm the roots of the minimal polynomial P(X) = X™ —a; X™! —
- ay, of 5. Set

vo=1, and for n>1, v, =067+ -+ 0.
Then the characteristic polynomial of V3 is equal to P(X). The set G(Vj3)
is recognized by a finite automaton, [15].

As an example let us take 3 = ¢ the golden mean. Then U, is the set
of Fibonacci numbers, and V,, is the set of Lucas numbers (for n > 1). If 5
is an integer, then the two systems Ug and Vj are the same, the standard
(-ary numeration system.

12



6.3 Conversion in the Pisot case
Now we suppose that § is a Pisot number.

Proposition 3. Let 8 be a Pisot number such that its beta-polynomial
K(X) is equal to its minimal polynomial. Let U be any linear sequence
with characteristic polynomial equal to K (X) (in particular Ug). The con-
version from the linear numeration system Vg to the linear numeration
system U (and conversely) is computable by a finite automaton.

Proof. It comes from the fact that U and V3 have the same characteristic
polynomial, which is the minimal polynomial of a Pisot number. Thus
normalization in both systems is computable by a finite automaton on
any alphabet, and the result follows by Theorem 1. O

7 Multiplicatively dependent numeration systems

First recall that if 3 is a Pisot number of degree m then, for any positive
integer k, B* is a Pisot number of degree m (see [1]). Two Pisot numbers
(G and ~y are said to be multiplicatively dependent if there exist two positive
integers k and ¢ such that 8¥ = ~. Then 8 and ~ have the same degree
m.

Theorem 2. Let 8 and v be two multiplicatively dependent Pisot num-
bers. Let U and Y be two linear sequences with characteristic polynomial
equal to the minimal polynomial of B and v respectively. Then the con-
version from the Y -numeration system to the U-numeration system is
computable by a finite automaton.

Proof. Set 6 = ¢ = ~%. As above, let Vs = (vn)n>0 with vg = 1 and
v, = B0 + -+ + B}, for n > 1. The conjugates of § are of the form
§; = BF for 2 < i < m. Set W = (wy)n>0 with w, = 87 + -+ +
oy, for n > 1. Then W is the Lucas-like numeration system associ-
ated with 6. Now, for n > 1, w, = vg,. Thus any W-representation
of an integer N of the form (N)w = dj ---dp gives a Vj-representation
(N)v, = dp0F1d,_10F=1 ... 4,0~ 1d,, and thus the conversion from W-
representations to Lucas-like Vg-representations is computable by a finite
automaton. The same is true for the conversion from W-representations
to V,-representations. By Proposition 3 the conversion from Y to V,, and
that from V3 to U are computable by a finite automaton, and the result
follows. O
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A set S of natural numbers is said to be U-recognizable if the set
{< n >y| n € S} of normal U-representations of the elements of S is
recognizable by a finite automaton. The following result is an immediate
consequence of Theorem 2.

Corollary 1. Let 8 and v be two multiplicatively dependent Pisot num-
bers. Let U and Y be two linear sequences with characteristic polynomial
equal to the minimal polynomial of B and v respectively. Then a set which
1s U-recognizable is Y -recognizable as well.

8 Periodic points

Let 3 be a Parry number. The beta-shift Sg is sofic, i.e. the set of its
finite factors is recognizable by a finite automaton, and periodic points
of S are periodic bi-infinite words that are labels of bi-infinite paths in
the automaton that recognizes it.

The determination of the number of periodic points of the beta-shift
Sp is important, because the entropy of Sg is equal to

1
h(Sz) = lim - log Per,(Sg) = log 3

see [19, Th. 4.3.6].

Note that, for any prime ¢, Per,(Sg) = Peri(S3) mod g, see [23].

In the sequel, we assume that the minimal polynomial P(X) of /3
and its beta-polynomial K (X) are identical, of degree m. As above, let
Vg = (Un)n>0 with v, = " + 33 +--- + Gy, for n > 1.

8.1 The finite type case

If dg(1) = t;---tn, then S is a system of finite type. We construct an
automaton Az which recognizes the set of factors of Sg. There are N
states q1, ..., qn. For each 7, 1 < i < N, there is an edge labelled ¢; from
q; to qi+1. For 1 < ¢ < N, there are edges labelled by 0, 1, ..., t; — 1
from g; to ¢i. The adjacency matrix of Ag is the companion matrix M of
K(X), defined by, for 1 <i < N

M[i1] =t
Mlii+1] =1

and other entries equal to 0.
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Proposition 4. Let 3 be a Parry number such that dg(1) = ti---tn.
Then for n > 1, v, = trace (M™) = Per,(Sg).

Proof. Since M is the adjacency matrix of a system of finite type, the
number of periodic points of period n in Sy is equal to trace (M™), see for
instance [19]. On the other hand, since M is the companion matrix of the
minimal polynomial of 3, we have that trace (M™) = 7" +---+ By = vy
for n > 1. O

Corollary 2. When dg(1) is finite, the Lucas-like sequence Vg is exactly
realized by the beta-shift Sg.

8.2 The infinite sofic case

This is the case when dg(1) =t1---tn(tn41 - tn4p)¥. We construct an
automaton Az which recognizes the set of factors of Sg. There are N +p

states q1, ..., qn4p. For each ¢, 1 < i < N + p, there is an edge labelled
t; from ¢; to g;41. There is an edge labelled ¢y, from gn ), to gn41. For
1 < ¢ < N + p, there are edges labelled by 0, 1, ..., t; — 1 from ¢; to q;.

The adjacency matrix of Ag is the matrix M defined by for 1 <i < N+4p

Ml[i 1] =t
Mliyi+1]=1fori# N +p
M[N +p,N+1]=1

and other entries equal to 0.

Proposition 5. Let B be a Parry number such that

dg(1) =t tn (N1 ENgp)*.
Then forn > 1, v, = trace (M™").

Proof. Remark that M is not the companion matrix of P(X). The com-
panion matrix C' is in that case the following one

Cli,1]=t;ifor1<i<p-1
[p,l]—t +1
Cli,]]=t;j—tipforp+1<i<N+p
Cli,i + ]-1for1<z<N+p

and other entries equal to 0. By a straightforward computation, it is
possible to show that the matrices M and C' are similar. More precisely,
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there exists a matrix Z such that M = Z~'CZ, where Z is defined by,
for 1<i,j < N+p

Zli,jl]=1if i=j modp and i>j

=0 otherwise
Therefore trace (M") = trace (C") = 81 + -+ 8y;, =vn forn >1. O

Contrarily to what happens in the case where the system is of finite
type, in the sofic case different loops in the automaton .Ag may have the
same label, see Section 9.2 for the quadratic case. So Per,(S3) is not equal
to vy,

Proposition 6. Let 3 a Parry number such that

da(1) =ty tn(EN41 - Enp)”
Then forn > 1,

Per,,(Sg) = v, — pif p divides n

Per,,(S3) = vy, otherwise.

Proof. Recall that dg(1) is strictly greater in the lexicographic order <j¢,
than the shifted sequences o°(dg(1)) for i > 1, [21].
First, suppose that for each i, 1 < i < p, ty+; < t1. Then in the automa-
ton Ag there are two loops with label ¢nx41---tn1p, One starting from
state ¢; and the other one from state gy 1.
Second, suppose that there exists 1 < ¢ < p maximum such that ¢;---¢; =
tn41 - tn4+i = w. Then necessarily ty1;+1 < t;+1. Thus there is a path

w tNtig1

qQ — 4di+1 — 41

and since tnyiy2- tNtp <iew t1---lp—i—1, there is a loop with label
tN+it+2 - - tN4p from g1. Thus there are two loops with label tx 11 -+ - tn4p.
So there are p times two loops with same label, a circular permutation of
the word ty41 - - - tN4p. Thus when counting the periodic bi-infinite words
in the automaton that are labels of loops, we must remove p of them each
time the period is a multiple of p. O

Corollary 3. The sequence Rg = (rp)n>1 defined by ro = 1, and for

n>1r, = v, —p if p divides n and r, = v, otherwise, is exactly
realized by the sofic beta-shift Sg.

16



Proposition 7. The sequence Rg is a linear recurrent sequence, of char-
acteristic polynomial (XP — 1)K (X).

Proof. Let us rewrite the minimal polynomial of 3 as K(X) = XN*P —
ag XN+l an+p. Hence, forn > N +p+1,

Up = Q1VUp-1+ -+ AN4pUn—N—p.

Suppose that p does not divide n. Then

T'n = Un = Z T Z ai(rnfi +p)

1<i<N+p 1<i<N+p
pfh—i pln—i
Thus
Ty = g QiTp—i + E p. (1)
1<i<N+p 1<i<N+p
pln—i
Similarly
Tn—p = Z QiTp—p—i + Z p.
1<i<N+p 1<i<N+p
pln—p—i

Therefore, since the two last sums in r, and r,_, respectively are equal,
'n = ( Z airnfi) + rp—p — Z QiTpn—p—i-
1<i<N+p 1<i<N+p
If p divides n then

™ =—p+ Z QiTn—i + Z p (2)

1<i<N+p 1<i<N+p
pln—i

and the result follows as above. Hence the characteristic polynomial of

Rg is equal to (X? — 1)K (X). O

Proposition 8. The set G(Rg) of normal Rg-representations of the nat-
ural numbers is not recognizable by a finite automaton.

Proof. Suppose that G(Rg) is recognizable by a finite automaton. Then
the set
H={(rn =Ry [n =1}

of words of G(Rg) that are maximal for the lexicographic order is recog-
nizable by a finite automaton as well, see [26]. It is also known, by [18],

17



that the normal Rg-representation of r, — 1, for n large enough, be-
gins with a prefix of the form t;---tny(tn41-- -tN+p)j for some inte-
ger j, because ( is the dominant root of the characteristic polynomial
J(X) = (Xp - 1)K(X) of R/g, and dﬁ(l) = tl ce tN(tNJrl s tNer)w.

Denote by K'(X) the opposite of the reciprocal polynomial of K (X),
K'(X)=-14+tX+-+t, 1 XP7L 4+ (t, + DXP + (tpe1 — t1)XPH +
coot (Engp — t) X NP Similarly, let J'(X) = K'(X) — XPK'(X).

By a direct computation, one gets, for each j > 1

J(X)+2XPJ (X)) +-+ (G + D)X J(X) =
K'(X)+ XPK'(X)+ -+ XPK'(X) — (j+ DXPUTVK (X)) (3)

We introduce a notation: if w = wy - - - wy, is a word, ¥(w) = wp + w1 X +
-+« +w, X™ is the polynomial associated with w (with increasing powers).
The signed digit —d is denoted by d. We then get, for each j > 1

K'(X)+ XPK'(X) + - - +ijK'(X) _
Y(Ttr -t (v ) )+ XPUFDG (18 - ) (4)

Case 1.p> N + 1.
From Eq. (3) and (4) follows that, for n = N+p(j+2)+¢, with 1 < ¢ < p,
rn — 1 has a Rg-representation of the form

(rn — )Ry =t1 - tn(tnsr tNer)jw(")

where w(™ is a word of length 2p + ¢, corresponding to the polynomial

W(X) =ty +tnpeX + - tyapXP
+ XPNTL g xPpN Ly X
— G+ D)XPNTIK(X) — XL (5)

The difference between WHNHPGH3)+0 and WN+p+2D+) 5 equal to
—XP~N=1K'(X). The word associated with —XP~N~=1K'(X) is of the
form s = 0P~ N =114y - 8, 1 (—t, — 1) (t1 — tps1) -+ - (tn — tn4p)0Y, and the
value of s in the system Rg is equal to TR, (S) = "Nipte — LITN1pre—1 —
= tpoarNyerr — (b + D)rvae + (B = tppr)rve—1 + - + (I — Engp)re

Suppose that N +p+ £ is not divisible by p. From Eq. (1) follows that
TR, (s) is equal to the positive constant

C) = Z P.

1<i<N+p
pIN+L—i
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For 1 < ¢ < p fixed such that N + p + ¢ is not divisible by p, let I(¢) =
{neN|n=N+p(j+2)+¢ j>1}. Let k(n) = TrRﬁ(w(”)). The family
(k(n))ner(e) is thus strictly increasing. Remember that the length Jw(™)|
is equal to 2p + /.

If k(n) < 7Topys, then the normal Rg-representation of r, — 1 is of the
form (r, — 1)r, = t1---tn(tn41- - tn1p) 2™ where 2™ is a word of
length 2p + /, equal to the normal Rg-representation of w™ | prefixed by
an adequate number of 0’s.

If k(n) > 2p + ¢, then let h be the smallest positive integer such that

TR (EN41 -+ tnvp)"w™) < 7(42) 44 Then

(rn— D p, =t1 - tn(tngr - -tN_H,)j*hz(n)

where 2™ is a word of length p(h + 2) + ¢ that is the normal Rgs-
representation of (tN+1~--tN+p)hw("). From this follows that the set
{{rn — D)ry | n € I(£)} is not recognizable by a finite automaton, and so
it is for the set H itself.

Case 2. p < N + 1.

Let k be the smallest integer > 2 such that N+1 < kp. Then from Eq. (3)
and (4) follows that, for n = N +p(j +2) + ¢, with 1 < ¢ <p, r, — 1 has
a Rg-representation of the form

(rn— )Ry =t1- - tn(tngr -+ tN+p)j+1_kw(")

where w(™ is a word of length p(k+1)+¢, corresponding to the polynomial
W(n)(X) = (tN-i-l + tN+2X =+ - tN+po71)(1 + X+ + Xk)
+ XR(xPN=L g xPN L XxPTY
N (] + 1)K/(X)ka—N—1 - Xp(k—l—l)—i—z—l. (6)

With the same reasoning as in Case 1, we show that H is not recog-
nizable by a finite automaton. a

9 Example : the quadratic case

Here we are interested only in the case where the root § > 1 of the
polynomial P(X) = X? —aX — b, with a and b in Z, is a Parry number,
which is the case only if a > b > 1, orifa >3 and —a+2 < b < —1.
Note that g is in fact a Pisot number. We denote the conjugate of 3 by
g, 10 < 1.
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9.1 The finite type case

Suppose that a > b > 1. Then the (-expansion of 1 is dg(1) = ab, and
the canonical alphabet is Ag = {0,...,a}. Forbidden words are those
containing a factor in the finite set I = {ab,a(b+ 1),...,aa}, hence the
dynamical system Sg associated with 3 is of finite type. It is the set of
bi-infinite sequences in the automaton described in Figure 2.

0,....,b—1

Fig. 2. Automaton in the finite type case

The matrix M of Sg is

al
M= (5o)

The Fibonacci-like sequence Upg is defined by u,, = au,,—1 + bu,,—o for
n > 2, with ug =1 and u; =a+ 1.

The Lucas-like sequence Vj is defined by v, = av,—1+bv,_o for n > 3,
with vg =1, v1 = B+ 3 = a and vy = 3% + 5'2 = a® + 2b. In the special
case in which a = b = 1 (Fibonacci), this definition gives vy = v; = 1,
which is not allowed, since the sequence must be stricly increasing. This
case has been handled in Section 3.

Note that, for n > 1

a—2b 2a + 2b — ab

Un:a—b+1un+ a—b+1

Unp—1-

The sequence V3 is exactly realizable. It is proved in [23] that if a
and b are in N, if A = a? + 4b is not a square, and if a and a® + 2b are
relatively prime, then a sequence V satisfying the polynomial P is exactly
realizable if and only if 2 = @.
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9.2 The infinite sofic case

Suppose that a > 3 and —a+2 < b < —1. Then dg(1) = (a—1)(a+b—1)
and the canonical alphabet is Ag = {0,...,a—1}. The dynamical system
Sp associated with (3 is sofic : it is the set of bi-infinite sequences in the
automaton described in Figure 3. A word is forbidden if and only if it
contains a factor in the set I = {(a — 1)(a+b—1)"d | a+b < d <
a — 1, n > 0}, which is recognizable by a finite automaton.

0,...,a—2 a+b-—1

0,...,a+b—2
Fig. 3. Automaton in the sofic case

The matrix M of Sg is

a—1 1
M= <a—|—b—11)

The companion matrix of 3 is

)

The Fibonacci-like sequence Ug is defined by w,, = au,—1 + bu,,_2 for
n > 2, with ug =1 and u1 = a.

The Lucas-like sequence Vj is defined by v, = av,—1+bv,_o for n > 3,
withvg =1, v1 = B+ 3 = a and vy = 3%+ 3> = a2 + 2b.

Note that, for n > 1 we have

Up = 2Uyp — QUp_1.-

We have that, for n > 1, Per,(S3) = v, — 1, since there are two
different loops labelled by (a + b — 1) in the automaton of Figure 3, one
from state 1 and the other one from state 2, because 0 < a+b—1 < a—2.

The sequence Rg = (ry)n>0 defined by

o= (a+ Drp_1+ (b—a)rp_—o — bry,_3
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forn>3, andrg=1,r1=a—1,r=a’>+2b—1and r3 = a® +3ab—1,
exactly realizes the beta-shift.

Ezample 1. Take a = 3 and b = —1. Then 8 = 3+2\/‘F’, dg(1) = 21¢, and
Us = {1,3,8,21,55,144,377, ...} is the sequence of Fibonacci numbers
of even index; Vg = {1,3,7,18,47,123,322, ...} is the sequence of Lucas
numbers of even index n for n > 1. The sequence which exactly realizes
Spis Rg ={1,2,6,17,46,122,321,...}. Theset H = {(r, —1)r, | n > 1}
is equal to H = {1,21,220,2121,21200, 211201, 2111210, 21111211,

211111220,2111112000,...}. O

10 Quadratic Pisot units

Here 3 is a quadratic Pisot unit, that is to say the root > 1 of the
polynomial P(X) = X? —aX — 1, with a > 1, or of the polynomial
P(X) = X? —aX + 1, with @ > 3. In that case there are nice properties
connecting the numeration in the systems Uz and Vj and in base 3. It
is known that, when ( is a quadratic Pisot unit, every positive integer
has a finite S-expansion [15], the conversion from Ug-representations to
(G-representations folded around the radix point is computable by a finite
automaton [14], and this property is characteristic of quadratic Pisot
units [16].

As an example, we give in Table 2 the p-expansions of the first inte-
gers.

(p-expansions
1.
10.01
100.01
101.01
1000.1001
1010.0001
10000.0001
10001.0001
10010.0101
10100.0101
10101.0101

— =
D8 © 00Utk w2

Table 2. p-expansions of the 11 first integers

We now make the link with the Lucas-like numeration Vj.
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10.1 Case B%2 =afB+1

First suppose that a > 2. The following result is a simple consequence of
the fact that for n > 1, v, = " + #'" and that 8’ = —3~1.

Lemma 1. Let B be a finite alphabet of digits containing Ay, . If (N)v, =
dy - -+ dpy, with d; € B, then (N)g =d--- do.d_1d2d_3 s (—1)kdk.

Note that the digits in (N)s are elements of the alphabet B = {d,d | d €
B}. Then the f-expansion of N is obtained by using the normalization
Vg BN (which is computable by a finite automaton).

Now we treat the case a = 1. The connection between Lucas repre-
sentations and representations in base the golden mean ¢ is the following
one.

Lemma 2. Let B be a finite alphabet of digits containing Ar. If (N)L =
di - --di, with d; € B, then (N)SO =dj---d10.didy - - (—1)kdk

As above, the p-expansion of N is obtained by using the normalization

ljlpvéN .

10.2 Case B2 =af —1

Then dg(1) = (a — 1)(a — 2)~.
The following lemma is just a consequence of the fact that for n > 1,
vy = B" + " and that 3 = gL,

Lemma 3. Let B be a finite alphabet of digits containing Ay, . If (N)y, =
dk'--do, with di S B, then (N)g = dk"'do-dl dk

Proposition 9. If di---dy is the normal Vg-representation of N then
dp -+ dg.dy -+ d is the B-expansion of N.

Proof. Note that G(V3) = {w € G(Up) | w # w'(a — 1)(a — 2)", n >
1}. Now, it is enough to show that if w = dj---dp is in G(Vp), then
dy, - - - didody - - - dj, contains no factor in I = {(a—1)(a—2)"(a—1) | n > 0}.
First, w has no factor in I since G(V3) C G(Ug). Second, dod; - - - dj, has
no factor in I either, because I is symmetrical. Third, suppose that g =
dy - - dydody - - - dy, is of the form g = ¢/(a — 1)(a —2)/ (a —2)" 7 (a —1)g",
with w = ¢/(a — 1)(a — 2)’. Then w ¢ G(Vj3), a contradiction. 0
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