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Preface

This monograph is an extension of my Habilitationsschrift [95]. It is intended to
generalize the ‘classical’ notion of automaticity to a more broader framework. The
main purpose of this monograph is to demonstrate that the already existing ‘classical’
results can be rediscovered in the more general framework.

However, not all possible aspects of automatic sequences are covered. In particular,
the connection between automatic sequences and logic is not even touched, see e.g.
[47] and the literature cited there. Questions like complexity of sequences or spectral
properties of sequences are also completely neglected, see e.g. [38], [39], [102], [133],
[141], [142], [143].

Further relations to other structures are mentioned at the end of each chapter under
the heading ‘Notes and comments’.

Although it is not really necessary for an understanding of the basic ideas presented
in the text, it is helpful if the reader is acquainted with finite fields, finitely generated
groups, and some Perron—Frobenius Theory.

Acknowledgement. This monograph would have never been finished without the
material support from the Universitidt Bremen, Florida Atlantic University (Boca Ra-
ton, U.S.A.), Katholieke Universiteit Leuven (Belgium).

Naturally moral support of every possible kind is much more important. It was pro-
vided by J. P. Allouche, A. Barbé, W. Jiirgensen, M. Karbe, H.-O. Peitgen, A. Petersen,
G. Skordev, and R. O. Wells. My sincere thanks to all of you.

Leuven, October 2002 F. v. Haeseler






Contents

Introduction

1

Preliminaries

1.1 Sequence spaces over groups
1.2 The Heisenberg group

1.3 Notes and comments

2 Expanding endomorphisms and substitutions
2.1 Expanding endomorphisms
2.2 Substitutions
2.3 Notes and comments
3 Automaticity
3.1 Automatic sequences
3.2 Elementary properties of automatic sequences
3.3 Notes and comments
4 Automaticity II
4.1 Automatic subsets
4.2  Automatic maps
4.3 Automata and automatic maps
4.4 Automatic functions on N
4.5 Cellular automata and automatic maps
4.6 Notes and comments
5 Algebraic properties
5.1 Additional structure on A
5.2 Solutions of Mahler equations
5.3 T abelian
5.4 Notes and comments
Bibliography
Index

15
18

19
19
25
54

55
55
74
83

84
85
94
101
112
143
148

149
149
155
164
175

177

189






Introduction

In recreational mathematics one often encounters the problem of continuing a given
finite sequence of numbers, like,

1,2,3,4,5,...

From a strictly logical point of view there does not exist a unique answer to questions
of this type. In fact the answer can be whatever one likes. However, the ‘real’ meaning
of the question is to find the rule or the algorithm (in a naive sense) which has produced
the given finite sequence of numbers. Of course, as long as we are dealing with finite
sequences, this question is meaningless, too. The situation changes if one considers
infinite sequences, e.g., the decimal expansion of 7,

7w = 3.141592653589793238462 . ..

Then we all know that there exist several different algorithms to compute 7. On the
other hand, the naive approach of speaking of algorithms without a precise definition
leads to severe problems. Tossing a coin infinitely often produces a sequence of 0’s
(tail) and 1’s (head) in an algorithmic way. However, this ‘algorithm’is hardly capable
to produce the same sequence on a second run. One therefore is in need of a precise
definition of an algorithm. Instead of troubling ourselves with the general definition
of the notion of an algorithm, we simply drastically restrict the admissible rules to
produce a sequence of numbers.

In this monograph we discuss sequences (x,), <y Which are generated by a finite
device. Loosely speaking, the value x,, can be determined in finitely many steps and
from a knowledge of the p-adic expansion of n. Here the p-adic expansion of n is of

the form
o0
j=0

where p > 2 is a natural number and n; € {0, 1, ..., p — 1}. Sequences of this type
will be called automatic sequences.

The goal of this introduction is twofold. Firstly, we provide a few examples which
should give some insight into the realm of automatic sequences and their interrelations
with other concepts. In the second part, we present a short summary of the results
contained in this work.
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We start with a classic example, the Thue—Morse sequence. In 1906, A.Thue
constructed this sequence in connection with a word problem. In 1921, the Thue-
Morse sequence was rediscovered by M. Morse to establish the existence of recurrent
non-periodic geodesics. The Thue—Morse sequence (?,),cn 1s defined recursively by

1o =0,
t2n = tl’la
Dpt1 = 1 —1,.

The first few terms are: 01101001100101 .. .. The first property of the sequence (¢,)
is a simple consequence of its definition. Let 2ny+ -+ - +2n1 +ng = n be the 2-adic

expansion of n, then
1

t, = (Zn{,-) mod 2.
j=0
The next property of (#,) is concerned with certain subsequences of (#,). By con-
struction of (z,), we have (©2,)nen = (tn)neny and (22,41)nen = (1 — fy)nen. Thus
we can conclude that t4,41 = thon+1 =1 — oy = 1 —t, and 413 = LEa+1)+1 =
1 —t41 =1—0—-1t,) =t,. In other words, the set of subsequences which is
defined by
{ (g ), oy | k€N, j€{0,1,2,...,2° — 1}

is a finite set, namely {(#,), (t2,+1)}. The above defined set of subsequences is called
the 2-kernel of the Thue—Morse sequence. There exist certain relations between the
elements of the 2-kernel of (#,). We visualize this relations with a directed graph.

o (I__e)o

Figure 1. The graph associated with the Thue Morse sequence.

The interpretation of the graph is as follows: If one takes the subsequence (2,,)
of (¢,) one gets (#,) back. If one takes the subsequence (t2,+1) of (#,) one gets a
new sequence (u,) = (f2,+1). If one takes the subsequence (u3;) of (u,) one gets
(uy) back, for the other subsequence (u2,+1) of (u,) we obtain (#,). Moreover, the
above directed graph provides another method to compute 7, for a given n. If 2/n; +
.-+ 4+ 2n1 + nog = n denotes the 2-adic expansion of n, then the digits ng, ny, ..., n;
define a path in the directed graph. The path starts at the vertex labelled (#,) and then
follows the arrows ng, ny, ..., ny. The terminal vertex of the path determines ¢,. If
the path ends in (#,,) then we have #,, = 0, otherwise, we have t,, = 1. The graph is an
example of a 2-automaton, and we say that the Thue—Morse sequence is 2-automatic,
cf. Eilenberg [77], [78].
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There is a third way to generate the Thue—Morse sequence. It is the method of
substitution. A substitution is, roughly speaking, a rule which assigns words, i.e.,
concatenations of symbols or letters, to a single letter. The letters belong to a finite
set which is called alphabet. We define a 2-substitution over the alphabet {0, 1} by

0~ 01
1 — 10.

If we start with the letter O and iterate the substitution, we obtain a sequence of words
O 01~ 0110 — 01101001 > - --

and we observe that the sequence of words converges in a vague sense, to be more
precise the beginning (if one reads from left to right) of the words tends to stabilize.
In other words, we can speak of the limit sequence (u,),en Which is a fixed point of
the substitution. By construction of the substitution, we have u, = u, and u,11 =
1 — u,. Therefore, (u,) is the Thue—Morse sequence. Thus, we can say that the
Thue—Morse sequence is generated by a 2-substitution.

Besides this somehow combinatorial description of sequences which are generated
by substitutions, there is yet another, more algebraic, characterization of automatic
sequences. We explain the basic idea for the Thue—Morse sequence. Let (#,;) be the
Thue—Morse sequence. We consider the formal power series

[e.0]
T(x) = Z tyx"
n=0

as an element of [F2(x), i.e., the ring of all power series with coefficients in the field
Fy = {0, 1} with addition and multiplication modulo 2. Due to the characterization of
the Thue—Morse sequence, we have the identities >, = t, and 2,41 = 1, + 1, where
the addition #,, + 1 has to be carried out in Z;. With these identities and the fact that
for all f(x) € Fa(x) we have f (x)? = f (x2) we obtain that 7' (x) satisfies a Mahler
equation, namely

00 00
2 2n+1
T(x) = Zx "ton + Zx nt Dn+1

o0 o0
— szntn +Zx2n+l(tn + 1)
n=0 n=0

o0
=T +xT(x): +x Zx”’
n=0
X

=T(@)*(1+x) + et

As a summary we list the properties of the Thue—Morse sequence.
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The 2-kernel of (z,) is finite.

The Thue—Morse sequence is generated by a 2-automaton.
« There exists a 2-substitution which generates (z,).

» The generating power series T (x) of the Thue—-Morse sequence satisfies an
algebraic equation.

In [56], Cobham proved that the first three properties are equivalent. He showed that
a sequence over a finite alphabet has a finite k-kernel if and only if the sequence is
k-automatic, and the sequence is k-automatic if and only if it is generated by a k-
substitution. The algebraic property of the Thue—Morse sequence reflects a celebrated
theorem of Christol, Kamae, Mendes France, and Rauzy in [53], [54]. It states that a
sequence (k,) with values in a finite field IF of prime characteristic p is p-automatic
if the generating function, i.e., f(x) = )_ k,x" satisfies a Mahler equation over the
ring of formal power series FF(x), that is

N

@) =Y rm e,

j=1

where the r; (x) are rational functions. Furthermore, any solution in F(x) of the above
equation is p-automatic.

As a further example and generalization, we study double sequences, i.e., (sy k),
where n, k € N, with values in a finite set. One of the most prominent examples
of such a double sequence are the binomial coefficients reduced modulo a natural
number ¢, i.e., we consider ((Z) mod q), k, n € N. We start with the simplest example
(Skn = (Z) mod 2). We consider the double sequence as a table of numbers. In the
lower left corner we have s ¢ and si ,, is the element in the k-th column (counted from
the left) and in the n-th row (counted from the button). For the binomial coefficients
we obtain the following

1010101
1100110
1000100
1111000
1010000
1100000
10000O0O0

By inspection, we conjecture that the above table is generated by the following
2-dimensional (2 x 2)-substitution:

00

O|—>00.

1
1|—>1

1
0



Introduction 5

This fact can be proved using number theoretical properties of the binomial coeffi-
cients. As for the Thue—Morse sequence, we consider the formal power series

oo
P(X.Y)= Y staXr",
k,n=0

where the s , are elements of the field 2. Due to the definition of the binomial
coefficients, we have

P(X.Y)=) (1+X)"Y".

n=0
So, we have
0 00
PX,Y) =Y (1+X)%Y7 4 3 (14 x>+ y2n]
n=0 n=0
=P(X%LY)(1+Y +YX)
which yields

S2k,2n41 = Skons S2k+1,2n41 = Sk.n
S2k,2n = Sk,n» $2k+1,20 = 0.

Actually, this is the substitution which we found by inspection of the table. On the
other hand, we have P(X,Y) = m Thus, we see that the binomial coefficients
modulo 2 are generated by a 2-dimensional (2 x 2)-substitution and the generating
power series satisfies an algebraic equation, P(X, Y)(1+ Y (1 4+ X)) = 1. It remains
to show that (sx ) has a finite 2-dimensional (2 x 2)-kernel. By analogy, the (2 x 2)-
kernel of a sequence (u, k) is defined by

{aiy jotnidkn k€N, i, jef0,1,...,2" = 1}}.

The above relations between (s2x,21), (S2k+1,2n)5 (52k.2n+1)5 (52k+1,2n+1) imply that
the (2 x 2)-kernel of the binomial coefficients mod 2 is given by {(s, «), (0),,.x}, where
(0),,.« 1s the zero sequence. The graph of the kernel relations is then given in Figure 2.

(0,0) (1,0 0.0
©O,1)

o
’ (LD

Figure 2. The graph associated with the binomial coefficients mod?2.

The graph is an example of a (2 x 2)-automaton which generates the binomial
coefficients modulo 2. Let (k, n) = 2! (k;, ny) + 2!~V (kj—1, ni—1) + - - - + (ko, no) be
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the 2-adic expansion of (k, n). As for the Thue—Morse sequence, the binary expansion
of (k, n) defines a path which starts at the vertex 1. The terminal vertex determines
Sk.n» which is 1 for the vertex 1 and O for the vertex 0.

For the general case, i.e., the binomial coefficients modulo g, one knows exactly
whether or not the double sequence is automatic. In [11] and the literature cited there,
the authors prove that the double sequence ((Z) mod g) is k-automatic if and only if k
is a power of a prime number p and g is a power of p. In all other cases, there exists
no k such that the double sequence is k-automatic.

There is yet another interpretation of the table of numbers which is expressed in
[5], [6]. We can regard the double sequence as an orbit of a cellular automaton. We
remind the reader what a cellular automaton is. Let A be a finite set and X(Z, A) =
{a : Z — A} be the set of bi-infinite sequences with values in A. A one-dimensional
cellular automaton (of width r) isamap C : X (Z, A) — X(Z, A) such that

C@@) =W(ai —r),al—r+1),...,a6),...al +r —1),al +7r)),

where W : A2 1 — A is any map.

The above example, the binomial coefficients modulo 2, fits into the framework
of cellular automata. Let A = IF, be the field with two elements. Then X (Z, F») is
the set of all Laurent series, i.e., a € X(Z, A) is written as ¢ = Z;i—oo ajxj. The
usual product of a polynomial with a Laurent series defines a cellular automaton. In

our example, we have

(14 x) Z ajxj = Z (aj—1 +aj)xj-

j=—00 j=—00

Thus the series > o ¥"(1 4+ X)" describes the orbit of the Laurent series 1 under
iteration of the cellular automata. Orbits of certain cellular automata provide examples
of automatic double sequences.

The goal of this work is to develop a general approach to the above presented
phenomena.

In Chapter 1, we introduce the general setting. The set N (for the Thue—Morse
sequence) or the set N? (for the binomial coefficients modulo 2) is replaced by a finitely
generated group I'. By abuse of language, we consider ‘sequences’ to be maps from
I" to a finite set 4. The set of sequences is denoted by X (I, 4).

The second chapter deals with the introduction of the notion of a substitution on
(T, A). In the examples above we considered the p-adic expansion of a natural
number. This concept can be generalized to a finitely generated group I', provided
there exists an expanding group endomorphism H : I' — T such that the subgroup
H (I') is of finite index. The first section discusses under which conditions on the
group one can find such an expanding endomorphism.

In the second part of Chapter 2 we introduce the general notion of a substitution
S: X[, A) - 2T, A). More precisely, a (V, H)-substitution, where H : ' — I
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is an expanding group endomorphism with H (I") of finite index and V is a complete
system of left representatives of I'/ H (I").

As for the above examples, we study the fixed points of a substitution S. Analogous
to our examples, we introduce the (V, H)-kernel of a sequence. The main result will
be: A sequence f € X(I', ) is generated by a (V, H)-substitution if and only if
it has a finite (V, H)-kernel. In this chapter we also introduce the kernel graph of a
sequence. The kernel graph will be an important tool in the later chapters.

Chapter 3 is devoted to the introduction of (V, H)-automata, a notion analogous to
the finite automata given above. A (V, H)-automatic sequence is generated by a finite
(V, H)-automaton. We will prove that the following three statements are equivalent:

. i is generated by a finite (V, H)-automaton,
. i is generated by a (V, H)-substitution,
* [ hasafinite (V, H)-kernel.

In the second part of Chapter 3 a further investigation of (V, H)-automatic sequences
leads to the result that the above three statements are independent of the set V. E.g.,
if V and W are different systems of left representatives, then the (V, H)-kernel of f
is finite if and only if the (W, H)-kernel of f is finite. It is therefore justified to speak
of H-automatic sequences rather then of (V, H)-automatic sequences.

Chapter 4 pursues the investigation of properties of H -automatic sequences. In the
first section we demonstrate that a study of H -automatic sequences can be reduced to
a study of H -automatic subsets of I". We introduce the notion of (H; x Hy)-automatic
maps G : 'y — I'; and study their properties. The most important property is that
they preserve automaticity, i.e., if G is an (H; x H»)-automatic map, then G maps
an Hj-automatic subset on an Hp-automatic subset. In the third part of Chapter 4,
we characterize (H; x Hp)-automata which generate an (H; x H)-automatic map.
Furthermore, we prove that there exists a universal map U, : I' — N such that for
every H-automatic subset M C I' the image U, (M) is a p-automatic subset of N,
where p = | V| is the cardinality of V.

In the fourth section automatic functions G : N — N are studied in detail. We
present upper and lower estimates on the growth of these functions and we discuss the
question on the existence of automatic functions with prescribed properties. E.g., we
show that for p < ¢ no surjective (p, g)-automatic function exists.

Chapter 5 is written in the spirit of the above mentioned results on Mahler equa-
tions. We introduce an additional algebraic structure on the finite set . Firstly, we
suppose that .4 is a finite, commutative monoid. Closely related to the monoid is
the set of endomorphisms of A, i.e., the set End(A) = {h : A — A | h(a + b) =
h(a) + h(b) holds for all a, b € 4} and + denotes the addition in the monoid. A
polynomial with coefficients in End(A) is a sequence (h,) over I' such that 2, =0
(the zero-map) almost everywhere. The set of polynomials operates on the set of
sequences over I" with values in #. The important result of Chapter 5 is that any
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solution f = (fy)yer of a Mahler equation of the type

f=p-H()+-+pn HN()

is generated by a substitution and therefore H-automatic. In the above formula, p;
are polynomials with coefficients in End(s4), - is the operation of polynomials on
sequences, and H, is analogous to the map f(x) — f(x2) for the above mentioned
Thue—Morse sequence.

In the second part of Chapter 5, we present two methods how to solve a Mahler
equation of the form

f=p H(f)

One method is based on the construction of a certain substitution, the other one is
based on the computation of the kernel graph of an assumed solution.

In the last section of Chapter 5 we consider sequences over I', where I" is commuta-
tive and the sequences take their values in a finite field. Under these strong conditions
we will be able to establish the existence of certain Mahler equations for automatic
sequences.



Chapter 1

Preliminaries

In this chapter, we present the basic notions which will occur throughout the course
of this book. We begin with some basic properties of norms on groups and continue
with the basic facts on sequence spaces.

In the second part of this chapter, we study a particular group, the Heisenberg
group. It serves as an important example of a non-Abelian group for our theory.

1.1 Sequence spaces over groups

Let I" be a group and denote by e the unit of the group I', i.e., ey = ye = y forall
y € ' Anormon I is a function || || : ' — Rar = {r|r € R,r > 0} with the
following properties:

a) |lyll=0ifandonlyify =e
b) Iyl =Ily 'lforally el
o Yyl <Ily/Il+llyllforally’,y eT.

If T is afinitely generated group, e.g., generated by the set E = {yy, ..., Y}, thenthere
exists at least one function having the properties a), b), and ¢). Eachelement y € I" can
be represented by a word yf:' yl.fz e )/l.f’, with p; € Zfor j =1, ...,1. The number

|p1] + - - -+ |pi| is called the length of the word '. The length of the identity element
is equal to zero. We define the function ||y | g (with respectto E = {y1, ..., Yx}) as
the minimal length of the word representing y. Then the function || |[g : ' — R
has all the properties of a norm. We call || || g the norm induced by E. Moreover, if
E’' = {81, ..., 8;} is another set of generators of I" and || ||z’ the induced norm, then
there exists a constant C > 0 such that

Clylle = lylle = C ylle

holds for all y e I'.

ISometimes we define the length of a word as ./ p% + -+ pl2 or any other norm of this type. In any
case, every such word length gives a norm on I.
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Anynorm || || : T — R(J)r on I' induces a metric D | on I'. We define Dy :
'xl — Rar by

Dyv,p) = lpyll.

By construction, the metric D | is invariant under left translations, i.e., we have

Dy (zy, ) = D)y, p)

for all T € I'. On the other hand, any left invariant metric D : I' x I’ — ]R(J{ induces
anorm on I by setting ||y ||lp = D(y, e).

From now on we suppose that I' is equipped with a norm which we denote by || ||.
In most cases we may think of the norm as being induced from a set of generators of
the group.

It makes perfect sense to speak of balls of the group. The subset B.(y) € I
defined by

B.(y)={rlreland|y 't| <r)

is called the closed ball of radius r with center y. The open ball of radius r with

center in y, denoted by 1%,()/), is the set of T € " with ||y ~!y/|| < r. If we want
to emphasize the norm for which we consider the balls, we use the precise language
I ||-ball.

Examples.
1. Let Z be the group of integers with addition. Then Z is generated by 1, and for
| € Z we have for the induced norm ||/|| = |/|, where | | is the absolute value
function.

2. Since 2 and 3 are relatively prime, any integer [ € Z can be written as [ =
2m+-3n, with integers m, n € Z. Note that the representation of / is not unique.
Therefore 2 and 3 generate Z, and the induced norm is given by

k if |I| = 3k
1= dk+2 if|l]=3k+1
k41 if|I] = 3k + 2.

3. Let I" be the free group generated by a, b, then the induced norm of an element
y € I' is the length of y, ie.,if y = aj0p ..., with o; € {a, a=l,b, b’l},
i=1,...,n,then ||y| = n.

4. Let § = Z + 1Z be the additive group of the Gaussian integers. The group
4 is generated by {1,:} and the induced norm of w € § is given by |lw| =
IR(w)| + |I(w)|, where R (w) denotes the real part of w and J(w) denotes the
imaginary part of w.



1.1 Sequence spaces over groups 11

5. Let m be a natural number greater than or equal to 2 and let G,, = {0, 1, ...,
m — 1} = Z/mZ denote the additive group of residue classes modulo m. Then
G, is generated by 1 and the induced norm || ||; of an element g € G, equals
g. If h is a generator of G, then the induced norm || || of an element g is given
by llglly = hg mod m.

LetI"| and I'; be finitely generated groups withnorms || ||; and || ||2. Then the direct
product I'y x Iy is a finitely generated group and the function || || : 'y x 'y — ]R(J)r
defined by ||(y, p)Il = l¥ll1 + llpll2 is a norm for the direct product. In the same way
we can define a norm on the n-fold direct product of groups.

We now introduce the main object of our interest. It is the notion of a sequence
over a group I, or, if is clear from the context, simply a sequence. In general, we
assume that a sequence has its values in a finite set.

Let A = {aj, ..., an} be a finite set, where N € N, and denote by X(I", A) =
AL = {f : T — A} the set of maps from I" to s. The elements of A are called
symbols_and the elements of X (I", #) are called sequences over I' with values in the
symbols 4.

Any sequence space can be equipped with a metric in such a way that it becomes
a complete metric space. To this end, let § be any metric on + and let (r,), cr be a
family of positive numbers such that Zyel" ry < oo. Then

Af 9= rd8(f1).80)) (1.1)

yel

defines a metric on X (I", 4) such that (X2(T", 4), A) is a compact metric space. In
fact, if the cardinality of # is greater than 1, then (X(I", #4), A) is a Cantor set. From
now on, X (I", A) will be considered as a metric space with a metric of the above type.

For several technical reasons which will become apparent later, we have to enlarge
the set of symbols + by an empty symbol, denoted by @ and which is not an element of
. If the set of symbols is enlarged by the empty symbol then we denote it by A. We
are mainly interested in sequences with values in the symbol set . Sequences with
values in the extended symbol set 4 are only a helpful tool in certain constructions.
In all of the following we consider X (I", ) as a subset of X(T", ).

If we consider sequences with values in a product of finite sets, i.e., a set of the
form A X Ay X --+ X A,. Then A X Ay X -+ X A, denotes the extension of the
product by the empty symbol.

The sequence F(y) = @ is called the empty sequence.

Let A, B be two finite sets an_d a:o A — B be a map, then a has the obvious
extension, also denoted by a, a : A — B, where a(Q) = .

Fori e X(I, 4), we denote by supp(i) ={y |i(y) # &} the support ofi. The
set of sequences with finite support is denoted by (T, A). By abuse of language,
elements of X, (I", ) are called polynomials with coefficients in A.
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For f, g € E(T, ) with supp(f) Nsupp(g) = ¥, we define the sum f & g of f
and g by
J(y) ify €supp(f)
(f@ )= 18(y) ify €supp(g) (1.2)
1o} otherwise.
For 7z € I and a € A, we introduce the special sequence f Z : T — A having the
property that
a ify=rt

[ =

& otherwise.
In this notation, we can write any i € X(T, +) as a sum
_ f)
f= @ v
y €supp(f)

For the sake of simplicity and for later use, we abbreviate the above notation as a
“formal series”, i.e., we write f as

f= @
y €supp(f)

where f, = f(y) € «. If it is clear from the context, we even omit the summation
index.
Then the sum of i and g, as defined in Equation (1.2), can be written as

fog=ProPrsy =P v dey.

where @ is defined in the obvious way.
As a next step, we introduce the notion of reduction and expansion maps. These
maps are of utmost importance for all of the following.

Definition 1.1.1. Let G : T' — T be an arbitrary map. Then G induces a map
G*: Z(I', A) - Z(T, #A) which is defined by

G*(f)y) = foG(y).
G* is called the G-reduction. _ .
Furthermore, for G injective there exists a second map G : X(I", A) — Z([, A)
which is defined by
%} ify € G(I')

Gy =
DO =016y ity =6,

The map G is called the G-expansion.

Remark. The set X (T, #A) is invariant under G-reductions; but X (I", #) is not in-
variant under G-expansions. Note that X (I", 4) is invariant under G-expansions.
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Examples.
1. Let +4 be a finite set and let I' = Z be the additive group of natural numbers, let
G : Z — Zbe defined by G(z) = 3z 4 1. Then the G-reduction of a sequence

J = @&jfj is given by
G*(f) =P issin

If we consider the sequence f in the following way

f=C. faafsf2fa o 2 f3 fa.),
1

where the arrow indicates the zero position, then G*(f) is the sequence given
by
G'(fH=C... fou f=8 f=s f=2 fi fa f1 fro fa . o).
T

This explains the name reduction.

The G-expansion of a sequence f is given by

G.(f) =Gi+ 1
which can be regarded as the sequence given by

Gi)=(... 8O0 f1 DD o@D fr..).
T

In other words, a G-expansion expands a sequence with values in 4 (!) by
inserting the empty symbol at certain places.

2. Let G : Z — Z be defined by

1 ifz=0
2 ifz=1
G(z) =
@=10 if;=2
z  otherwise,

then G*(f) is given by

S=C. faafssf2fa i f2fofz fani)
T

and G.(f) is given by

S=C. faafasf2fa 2o i /3 fa..o).
T

The example shows that foramap G : I' — I being surjective the G-expansion
is well defined on X (T, A).
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Remarks.
1. We have the obvious relations for maps G, H
(Go H)* = H* o G¥,
and for G, H injective we have

(GoH), =Gyo H,y.

2. In the notation of formal series, we have
G*(f) =P rfow.
and for G injective
G =P G-
Proposition 1.1.2. Let G : ' — T be an injective map. Then
G* oG, =1d,
where id denotes the identity on (T, A).

Proof. We have
G*(G(fN) = GL(HG) = f(y)

due to Definition 1.1.1. O

In other words, G* is the left inverse of G,. Moreover, note that for G : I’ — T
bijective, the maps G* and G are well defined on X (T, +A4), and we have that G, =
(G™H*, or, equivalently, (G1), = G*.

Given two finite sets + and 8 and a map a : A4 — B. Then the map a induces a
map a : (T, A) — (I, B) which is defined by

a(f)y) = a(f )

for all y € I'. In the notation of formal series we write

a(f) =EPraf).

Proposition 1.1.3. Let G : T — "' and a : A — A be maps, then
aoG*=G*oa.
If, additionally, G is injective, then

aoGy=Gyoa.
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The proof is an immediate consequence of the definitions.

Let 7 be an element of I, then the map

T : ' > T

Y > Ty (1.3)

is called left translation. The induced map T} : (T, A) — Z(T, ) iscalled a (left)
shift on the set of sequences. Moreover, since T is bijective, we have T = (T;-1)x
and X(I", 4) is invariant under 7;* and (7).

Using the notion of formal series we have

(T)(f) = ®T7fy

and we use the short form t i for (T7)x( i ). The right translations are defined in a
similar way, namely
R,: T —>T

Yy B YT.
The induced map R} on (T, A) is called a right shift.

(1.4)

1.2 The Heisenberg group

In this section, we introduce one of our main examples of a non-commutative group
to which all of our theory can be applied. It is a finitely generated discrete subgroup
of the so-called Heisenberg group. The Heisenberg group is a non-Abelian, simply
connected 3-dimensional Lie group. Following the definition of the Heisenberg group
we show how to equip the Heisenberg group with a left invariant Riemannian metric
w.r.t. left translations. This left invariant metric gives a norm on the discrete subgroups
of the Heisenberg group.
Let L denote the set of upper triangular matrices with 1’s on the diagonal, i.e.,

1
L= 0
0

S = =

Z
y x,y,zZ€R
1

The usual matrix multiplication provides a group structure, where the unit is given by
the unit matrix. Moreover, the multiplication is smooth. If

1
A=10
0

S = =
— < N

is in L, then the inverse A~! of A is given by

—X Xy —2
-y

1
Al =0 1
00 1



16 1 Preliminaries

and therefore a smooth map. Thus, L is a Lie group. Moreover, we see that the set

1
Lz = 0
0

O = =

Z
y x,y,2€%y,
1

is a discrete subgroup of L.

LetT'y = (a, b, ¢; abc = ba, ac = ca, bc = cb),i.e., 'y is generated as a group
by a, b, ¢ with relations abc = ba, ac = ca, and bc = cb. The group I'y is called
the discrete Heisenberg group.

Lemma 1.2.1.

1. a™b"* = b"a"c™" for alln,m € Z.

2. (b"amcP) " = b a e P for all n, mp € 7.

3. The group U g is isomorphic to Ly,

Proof. 1. We have abc = ba which gives ab = bac™" and a='b™! = b~ la= 171,
From abc = ba we obtain b = a~'bac™! and thus ab™! = a(a"'b~1ac) = b~ 'ac

and a~'b = ba~'c. This gives a*b® = b%ac™¢% fore, § € {—1,0, 1}.
If we definee : Z — {—1,0, 1} by

-1 ifk<-1
€(k) =10 ifk=0
1 ifk >1,

then a™b" can be written as

a"b" = g™ g€t pem | pem)

|m|-times |n|-times

and an nm-times application of a€b® = b%ac % yields the desired result.

2. One has (b"a"cP)~! = ¢ Pa™™b™" = a b "¢~ P and by 1. we obtain the
assertion.

3.Lety € Ty, theny =y ...y * forsomek, yj € {a,b,c}, j=1,...,kand
a1, ..., 0 € Z. By the defining relations for 'y, we can write y as

.0 o !
y=v ...yl

where y; € {a, b}, j = 1,...,k. By 1., we see that we can move all a’s to the right
adding or removing c’s. After finitely many steps we have that y is of the form

y =b"a"c’.
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This givesamap h : 'y — Lz defined by
1
h"a"c?) =0
0

S = 3

p
m
1

By construction of /&, we have the identity

hb"a™cP) h(B"™ a™ ') = h(b"a™cP b a™ ') = h(a" " pm It pTr

which shows that / is a morphism of groups. Moreover, / is a bijection, i.e., both
groups are isomorphic. O

As the proof of Lemma 1.2.1 shows, Lz is generated by the matrices

100 110 101
A=|011}), B=|010}), C=1010],
001 001 001

and we have ABC = BA, AC =CA, BC = CB.
As a next step, we define a left invariant Riemannian metric on L. Let

Ox z
L = 00y x,y,z€R
000

denote the nilpotent Lie algebra of L. On £ we introduce a norm by defining
lall = +/x%+ y?+ z2, where a € £. We now consider the Heisenberg group as
a 3-dimensional manifold with tangent space isomorphic to £ at each point of the
Heisenberg group. Let

0&¢
v=|00n | eThL
000 (83){)

be a tangent vector, then we define the norm by ||v|| = /(¢ — x1)2 + n2 + £2. This
gives a Riemannian metric on L which is invariant under left translations. To this end,
let

lay

018 ]|elL

001
anddenote by T, g, : L — L the associated left translation, i.e., the left multiplication
of the above matrix with elements of the Heisenberg group. Then the derivative
DTy g, of Ty g, viewed as a linear map from £ to £, is given by

DTy gy : L — L
0&¢ laO 0&¢
00n|—|010 00n|,
000 001 000
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Therefore DTy g, is a map from

DTap.y: T(‘X:)L g T<1x+a,+V+}‘ot>L
01y 0 1 y+8
001 0 0 J
and for
0&¢
V= O 0 77 € Tlx L
000 (83)’1)
we compute DTy g, v as
0§ ¢+an
DTy gyv=[100 7 eT xtazty+yd L.
00 0 (‘é (1) Hl-ﬁ )

The norm of DTy g, v is given by

IDTy 0] = (¢ +an— (x +a)n)? 4+ n> + &>

which is the same as ||v||. If we define the distance of two points as the length (w.r.t. the
metric defined above) of the shortest path connecting these two points, we obtain a
left invariant metric on L. Therefore we have a left invariant metric on the subgroup
L7z which yields a left invariant metric on I'y.

From now on we suppose that I' i is equipped with the norm which is induced by
the Riemannian metric defined on L, and we denote this norm by || ||,.

1.3 Notes and comments

The definition of the norm || || g for a finitely generated group is from [88]. A proof of
the fact that the metric space (X (I", 4), A)) is a Cantor set can be found in [58]. The
definitions of G-reduction and G-expansion along with their properties are stated in
[95].

More information on the Heisenberg group, Lie groups and so forth can be found
in, e.g., [49] and the references cited there.



Chapter 2

Expanding endomorphisms and substitutions

In this chapter, we introduce the notion of a substitution on the space of sequences
(T, #). In order to do so, we have to consider expanding endomorphisms of the
group I'. This is done in the first section. We discuss the question which finitely
generated groups possibly admit an expanding endomorphism H : I' — T.

In the second part, we give the definition of a (V, H)-substitution S : X (T, A) —
(I, A), where H : I' — T is an expanding endomorphism such that the index of the
subgroup H (I") is finite and V is aresidue set of H. As a first step we shall investigate
the dynamic properties of a substitution. Then we introduce the notion of a sequence
which is generated by a substitution. As it will turn out later, these sequences are
precisely the automatic sequences we are interested in.

Furthermore, we introduce a special kind of reduction maps, namely the so-called
decimation. Along with the decimation of a sequence comes the kernel of a sequence
f € (T, A). Loosely speaking the kernel of a sequence f consists of all sequences
which can be obtained by repeated applications of the decimations. We shall show
that a sequence is generated by a substitution if and only if the kernel of the sequence
is finite.

Furthermore, we present two types of finite directed graphs. The first one is the so-
called graph of a substitution, and the second one is the kernel graph of a sequence f.
We discuss the relations between these two graphs. -

2.1 Expanding endomorphisms

In this section we introduce the concept of an expanding group endomorphism of the
finitely generated group I'. We begin with the definition of expanding endomorphisms,
followed by several examples of expanding endomorphisms.

The question on the existence of expanding endomorphisms of a group is a very
delicate one. Its answer depends on the structure of the group as well as on the norm.

Finally, we investigate for which groups I" there exists an expanding endomor-
phism H : ' — T such that H(I") is a subgroup of finite index.

From now on, (T, || ||) denotes a finitely generated group with a norm.
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Definition 2.1.1. Let H : (I, || |I) — (I, || ||) be a group endomorphism. If there
existsa C > 1, C € R, such that

IHWI = Cliyl

holds for all y € T" then H is called expanding (w.r.t. the norm on I').

If we want to emphasize that an endomorphism H of I' is expanding w.r.t. the
norm induced by a generating set E of I, we say that H is expanding w.r.t. E.

Remarks.
1. The largest C satisfying the condition of Definition 2.1.1 is called the expansion
ratio of H.

2. If Dy denotes the left invariant metric associated with the norm, then for an
expanding endomorphism H we have D(H(y), H(p)) > CD(y, p) for all
y,p€T.

3. If H is expanding, then the n-th iterate, H°", of H is expanding, too. The
expansion ratio of H" is greater than or equal to C", where C is the expansion
ratio of H.

4. If H is expanding, then H is injective.

5. If H is expanding (w.r.t. || ||) with expansion ratio C > 1, then

— (V4!
H 1 << —
l Il = C

holds forally e H(I') = {H(r) |t € I'}.

6. The property of an endomorphism H : I' — I to be expanding depends on the
norm. E.g.: Let Z be the group of integers and let H : Z — Z be defined by
z +— 2z. Then H is expanding w.r.t. E = {1} and the expansion ratio is equal
to 2. If we consider Z with generating set E’ = {2, 3}, then H is not expanding
w.r.t. E'. We have |[1||gr =2 and || H(1)| = |12 = 1.

7. If H: ' — I is an endomorphism and E is a generating set such that H(I") N
E # (, then H is not expanding w.r.t. E.

Examples.
1. Let I' = (x), i.e., I' is isomorphic to Z. Then all expanding endomorphisms
(w.r.t. {x}) are of the form H (x/) = x/¢, where d € Z and |d| > 2.

2. Let T' = (x, y) be the free Abelian group, i.e., I' is isomorphic to Z?. Any
endomorphism H : (x, y) — (x, y) is given by a matrix Ay € Z>*?, and vice
versa. Since any norm on the vector space R? induces a norm on the group
(x, y) (regarded as a subset of R?) the expanding property depends on the norm
on R?. By aresult in [114], there exists a norm on R? such that H is expanding
if all eigenvalues of the matrix Ay have modulus greater than 1.
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3. Let L be the Heisenberg group introduced in Section 1.2 equipped with the left
invariant Riemannian metric also introduced in 1.2. The map

H,p:L—>L

1 x z 1 ax abz
Oly|—1101 by ],
001 00 1

where a,b € R, is a group endomorphism of the Heisenberg group. If one
chooses a, b such that |a|, [b| > 1, then H, j is expanding w.r.t. the Riemannian
metric. Fora,b € Z, H, ;, maps the discrete subgroup Lz into Lz, and therefore
we have for a,b € Z and |a|, |b| > 1 that the map H,p : (Lz, || II;) —
(Lz, |l lI) is an expanding group endomorphism (w.r.t. the norm || ||,-)

4. Let I' be the free group generated by a, b equipped with the norm induced

by the generating set {a, b}. Then the endomorphism H : I' — I' defined
by the unique extension of the map @ + aa and b — bb is an expanding
endomorphism. Its expansion ratio is two.
The unique extension of the map @ — ab~! and b — bb to an endomorphism
H of the free group does not define an expanding map. We have ||H (ab)|| =
lab=1bb| = |lab|| which shows that H is not an expanding map. Indeed, there
exists no norm on I" such that A is expanding.

As a first step towards a characterization of groups which admit expanding endo-
morphisms we begin with some simple observations.

Lemma 2.1.2. Let " be a non-trivial finite group equipped with any norm. Then there
exists no expanding endomorphism of T.

Proof. Assume that H : I’ — T is an expanding (w.r.t any norm || ||) endomorphism
with expansion ratio C > 1. Since I is a finite group and H is injective, it follows
that H is an automorphism of I". Since the automorphism group of I is finite there
exists an ng € N such that

H™(y) =y

holds for all n € N. We therefore conclude that

IH () = lly Il = C™lyll

holds for all y € I'; this is a contradiction. O

Let Tor(I") denote the set of all elements of I" which are of finite order. If Tor(I")
is a subgroup of I and H is an expanding endomorphism, then, as a consequence
of Lemma 2.1.2, either the cardinality of Tor(I") is infinite or Tor(I") is trivial, i.e.,
Tor(I") = {e}. In case of a finitely generated Abelian group I" we state the following
result.



22 2 Expanding endomorphisms and substitutions

Lemma 2.1.3. Let I" # {e} be afinitely generated Abelian group and H : (T, || ||) —
(T, || I) be an expanding endomorphism. Then I" (as a group) is isomorphic to the
group 7" for some n € N.

Proof. The setTor(I") of I' is a finite subgroup since I' is finitely generated and Abelian.
Moreover, H (Tor(I')) C Tor(I") and by Lemma 2.1.2 it follows that Tor(I") = {e}.
By the classification theorem of finitely generated Abelian groups, we obtain that I"
is isomorphic to some Z". O

If " is finitely generated nilpotent, then the torsion subgroupis finite, see e.g. [123].
Thus if a finitely generated nilpotent group admits an expanding endomorphism the
torsion subgroup must be trivial.

If one compares the examples of expanding endomorphisms given above, then one
observes a striking difference between 1., 2., 3., and 4.. For the cases 1., 2., and 3.
the subgroup H (T") is of finite index, while for the case 4. the subgroup H (") is of
infinite index, where the index of H (I") is equal to the number of different equivalence
classes given by the following equivalence relation: y,y" € I are called H -equivalent
ify=ly’ e HT).

For our study of substitutions we are only interested in expanding endomorphisms
H : " — T such that the subgroup H (I') is of finite index.

The next lemma shows that the existence of an expanding endomorphism of I"
implies that H-equivalent points cannot be too close together.

Lemma 2.14. LetH : (T, || |g) — (T, || |g) be expanding (w.rt. E = {y1, ..., Yk})

[
with expansionratio C > 1. Thenthe openball B c (e) contains no H-equivalent points.
2

o
Proof. Suppose there are y, ¥y’ € B%(e) with y # y"and y~'y’ € H(I), i.e., there

exists a 7 € I' with y ~!y’ = H(t). Then we estimate

C>lyle+1¥le=lly™¥lle=1H®IEe = Cltle.

Since the norm only takes values in N, we conclude that T = e and therefore y = y’
which is a contradiction. O

LetI" = (y1, ..., yx) be afinitely generated group. The open ball of radius » > 0
with center 7 is the set

Brm) =1y |l ylle <r}

Eachball of radius r centered at T € I" contains only finitely many elements. Moreover,
balls with different center but equal radius have equal cardinality.

Therefore it is sufficient to count the number of elements in the ball B, (¢). In order
to study groups which admit an expanding endomorphism we introduce the concept
of polynomial growth of a group.
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Definition 2.1.5. Let the group I' be generated by the set £ = {y1, ..., v}. The
group I' has polynomial growth if there exist real numbers K > 0 and D > 0 such
that

|By(e)| < KrP
holds for all » > 0.

Due two our preliminary remarks, see p. 9, the definition of polynomial growth
does not depend on the choice of the generating set.

Examples.

1. LetI' = (x), i.e., I is isomorphic to Z. Then I" has polynomial growth, since
|Br(e)| =2k +1 forr e[k, k+ 1[ and k € Ny.

2. Let T' = (x, y) be the free Abelian group, i.e., I' is isomorphic to Z?, with
generating set £ = {x, y}. Then I" has polynomial growth, since

|B.(e)| =2k> +2k +1 forr € [k, k + 1[ and k € N;.

3. Any finitely generated Abelian group has polynomial growth.

4. Let I" be the free group generated by a, b equipped with the norm induced by
the generating set {a, b}. Then I" is not of polynomial growth, since

IB,(e)|=2-3* -1 forr e[k, k+1[and € No.

Moreover, any free group with more than two generators does not have polyno-
mial growth. It rather has exponential growth, i.e.,

|B(e)] = K*

for all » > 1 and some real constant K > 1.

Theorem 2.1.6. Let I be a finitely generated group and H : (T, || ||[g) — (T, || |E)
be an expanding endomorphism (w.r.t. the generating set E) with expansion ratio
C > 1. If the index of the subgroup H (") is finite, then I" has polynomial growth.

Proof. By Lemma 2.1.4, we have that E% (e) contains no equivalent points. The

o
n-th iterate H°" of H is expanding and B ¢» (e) contains no H°"-equivalent points. If
2

d > 1is the index of H (I"), then the index of H°"*(I") is d", and, as a consequence of
Lemma 2.1.4, we obtain

|§%"(e)| <d"
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log d

foralln € N. Fora = TosC

the above inequality becomes
0 Ccn\¢%
|Bcn ()| <2¢ <—> .
2 2

[
Since the function r +— | B, (e) | is increasing, we have for all real numbers » such that

cr cntl . .
% < r < =5— the inequality

0 0 Cn—H o cn\ ¢
|Br(e)|§|Bcn+n(e)|§2°‘< 5 > = 2" <7) C* <2%dr*.
2

We therefore conclude that |1§r (e)| < 2%dr“ holds for all r > 0 which proves that I"
has the polynomial growth property. O

Remarks.

1. Note that the above proof also shows that the index of H(I") is not equal to 1,
unless I' is the trivial group {e}.

2. If T is the free group with more than two generators, then there exists no ex-
panding endomorphism H such that H(I") is of finite index.

In order to generalize the above result to arbitrary norms on I', we introduce the
notion of a discrete norm.

Definition 2.1.7. Let I" be a group and || || a norm on I". The norm is called discrete
if the set {||y|| | y € I'} is a discrete subset of ]R(‘)".

Remarks.
1. All previous examples of norms on groups are discrete norms.
2. LetI" = (x), then
k Ik
X = ——
1+ |k|
is a non-discrete norm on I".

3. If || || is a bounded norm, i.e., || T'|| is a bounded subset of R;}, then there do not
exist expanding endomorphisms (w.r.t. || ||) on I".

Lemma 2.1.8. Let ' be a finitely generated group and let H : (T, || ||) — (I, | |1
be an expanding group endomorphism with expansion ratio C > 1. If the index of the
subgroup H (') is finite and if the norm is discrete, then T has the polynomial growth

property.
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Proof. Since || || is a discrete norm, there exists an rg > 0 such that |B,(e)| = 1
forall 0 < r < rg. Letd, d > 1, be the index of the subgroup H(I') C I". Then

Lemma 2.1.4 generalizes to: The open ball 1(§ 0 (e) contains no equivalent points.
With analogous arguments as in the proof of Theorem 2.1.5 one obtains that

o

|B-(e)] < (3> dr®, @.1)

where d is the index of H(I") anda = llggg ,holds forall» > 0. Thus I' has polynomial
growth w.r.t. the norm || ||. It remains to show that I has polynomial growth w.r.t. a
generating set E. Let E = {y1, ..., yx} be a generating set of I" and let || || g be the
induced norm. Let y = yj[; b yj{: " be a minimal word length representation of y

(w.r.t. E), then

m
Iyl =1y v < D Il il
i=1

Since E is a finite set, there exists a K > 0 such that | y;|| < K holds for all y; € E.
This gives

m

Iyl <K 1pil = Klylle.
i=0

Therefore a || || g-ball of radius r and center e is contained in the || ||-ball of radius Kr
and center e. By Equation (2.1), it follows that the cardinality of a || ||-ball of radius
r with center e is at most %d (rK)“,i.e., I' has polynomial growth w.r.t. E. O

Due to a result of Gromov [88], we obtain that under the assumptions of Corol-
lary 2.1.8 T" contains a nilpotent subgroup of finite index.
After this excursion we focus our attention now on the substitutions.

2.2 Substitutions

We start with our example from the Introduction. Let (#,),en be the Thue—Morse
sequence, i.e.,

to=0
In=1y

bnt1 = 1 —ty.

Due to our observations, the Thue—Morse sequence is generated by a ‘substitution’
defined by O — 01 and 1 +— 10. Starting with O we get a sequence of words

0~ 01~ 0110 — 01101001 > - --
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which ‘converges’ to the Thue—Morse sequence. The goal of this section is to put this
observation on a firm mathematical ground.

Let A = {0, 1} be a finite set and consider the sequence space X (N, 4)., i.e., the
set of sequences over N with values in A = {0, 1}. Although N with addition is not a
group, we can consider it as a subset of the group Z with addition. In order to write
addition of the group Z in a multiplicative way, we denote the elements of the group Z
by x/ with j € Z. There is a natural projection of p : £(Z, 4) — (N, ) defined
by p( i ) = i N There does not exist a natural embedding X (N, 4) into X(Z, #A);

but there exists a natural embedding j of X (N, +) into X(Z, A) defined by

i) = {i(x” =9

= 5] if j <O
Themap H : Z — Zdefinedby H (x/) = xisa monomorphismof Z and H(Z) C Z
is a subgroup of index 2. Since Z is generated by x, there exists an induced norm
on Z which we denote by || || and which is defined by |x/|| = |j|. For x/ in Z
we thus obtain || H (x/)|| = 2|x/||, i.e., the monomorphism H is expanding w.r.t. the
generating set {x}. Moreover, the set N is H-invariant, i.e., H(N) C N.

Since H(Z) is a subgroup of index two, every element x/ € Z can be uniquely
written as x/ = xEH(xj/), where € € {0, 1}. The set V = {x°, x!} is called a residue
set of H. Due to the choice of the residue set we even have that any element x/ € N
has a unique representation x/ = x€ H (x/ ") with x/" € N.

As a next step we introduce the notion of a substitution. To this end, we consider
the finite set A = {0, 1} and define amaps : V x A — A by the following table:

x’x
0| O 1
1|1 O

For the sake of simplicity, we write sye : A — A for the map a > s(x€, a). The
extensions to A of the maps sy are defined by sy« (&) = & and also denoted by sye.
We now consider the map S : X(Z, A) — X(Z, A) defined by

S(f) = 8,0(Hu(f)) @ 5,1 (T o H)i(f)).

Note that ©(Z, A) C X(Z, #4) is S-invariant. Thus we can study S on X(Z, A).

Moreover, due to our choice of V, we have that the set X (N, ) is S-invariant, too.
The map S is called a substitution. To justify the name substitution we study the

orbit of the sequence [ 20 under the iteration of S. Since f 20 denotes the sequence

with value 0 at x? and @ otherwise, we obtain the following orbit:
S =(..000.000000...)
Sl =(..000.010002...)
502(120) =(..002.011002...),
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@ 9

where “.” indicates the lower left corner of the zero position. The map S|y = poSoi
is a substitution on X (N, +) which exactly models the generation of the Thue—Morse
sequence. Moreover, the Thue—Morse sequence, ¢, is a fixed point of the substitution
Sy=poSci,ie., wehave Sn() =t. If wesetu, =1 —t, forall n € N then the
sequence u = (u,) is another fixed point of Sy = p o § oi. These are the only fixed
points of Sy = po Soi.

The substitution S on X (Z, 4) has three fixed points; the empty sequence, the
embedded Thue—Morse sequence i (¢) and the embedded sequence

u= @Xj;j,

j=0

where 0 = 1 and T = 0. Moreover, S on X (Z, /) has two periodic points { S8 1)},
{Q, S(iz)} of period two, where

£ = @xj I—j-1 @@xj i, [,= @Xj I—j-1 @@xj uj

J<0 jz0 J<0 jz0

The substitution S on X(Z, #4) has two periodic orbits of period two and no fixed
points.

After this introductory example we start with the general theory. As we have seen,
it is the expanding endomorphism H (x/) = x?/ and the finite residue set V which
allow us to define a substitution. We therefore deal with expanding endomorphisms
and residue sets first.

Definition 2.2.1. Let (I, || ||) be a finitely generated group with a norm, and let H
be an expanding endomorphism such that H(I") is a subgroup of finite index. A set
V e T is called a (left-)residue set (w.r.t. H) if the following holds.

1. Theuniteof "'isin V.

2. For any y € I there exist a unique v € V and a unique y’ € I such that
y = vH(").
For the sake of simplicity, we often call V a residue set (of H).

Remarks.

1. The condition e € V is not really necessary for the definition of a residue set.
However, for all what follows it is very convenient to ensure that e belongs to a
residue set.

2. The number of elements in a residue set is equal to the index of the subgroup
H (I"). Therefore all residue sets have the same cardinality.
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3. Let V be residue set (w.r.t. H), and define the sequence (V,,),en as Vo = V and
forn > 1 set

Vi=VHWV,-1) ={vHw) [veV,we V,1}.

Then V,, is a residue set w.r.t. H".

Examples.
1. Let I' = (x), i.e., I" is isomorphic to Z. Then all expanding endomorphisms
(w.r.t. the norm induced by {x}) are of the form H (x/) = x/ 4 whered € Z and
|d| > 2. A residue set (of H(x) = x%) is givenby V. ={0,1,...,|d| —1}.

2. LetI' = (x, y) be the free Abelian group, i.e., I' is isomorphic to the additive
group Z?. Any endomorphism H : (x,y) — (x,y) is given by a matrix
A € Z**?, and vice versa. Since any norm on the vector space R? induces a
norm on the group (x, y) (regarded as a subset of R?) the expanding property
depends on the norm chosen on R2. The endomorphism H : (x,y) — (x,y)
defined by the matrix

1 -1
()

is expanding w.r.t. the euclidean metric; it is not expanding w.r.t. the metric
induced by the generating set {x, y}. Aresidue setis givenby V = {x0y°, x1y0}.

3. Let I'3 be the discrete Heisenberg group and consider the endomorphism H5 7,
see Example 3, p. 21,

HZ’Q:L—>L

1xz 1 2x 4z
Oly|—1]101 2y
001 00 1

Then H is an expanding endomorphism (w.r.t. the norm || ||;). A (left)-residue
set is given by

V ={b"a%c® | €1,e2 € {0,1}, 63 € {0, 1,2, 3}}.

By Lemma 1.2.1 each y € I'3 has a unique representation as y = a"b" cP and
therefore H(y) = b*"a®"c*P. If we write n = 21’ + €1, m = 2m’ + €», where
€1, € {0, 1} and n’, m' € Z, then we have

! / ’ ! !
y = anbmcp — a2n +elb2m +egcp — belaez a2n b2m Cp+2n 52’

where the last equation is due to Lemma 1.2.1. Since p — 2n'e; = 4p’ + €3,
where €3 € {0, 1,2, 3} and p’ € Z, we obtain

’ ! ! ’ ’ /
y = belaezce_;aZn b2m c4p — belaezce_;H(bn a™ cP ).
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The uniqueness property of the representation of y as y = a"b"c? yields that
V is aresidue set.

Definition 2.2.2. Let (I', || ||) be a finitely generated group with a norm, and let H be
an expanding endomorphism such that H (I") is a subgroup of finite index. Moreover,
let V bearesidue set (w.r.t. H). Themapsk = kg v :I' > Tand¢ =¢gy: T = V
defined by

Yy =¢()H (K (y))

are called image-part-map and remainder-map, respectively.

The image-part-map and the remainder-map define a kind of euclidian algorithm
on I'. If I' is equipped with a discrete norm, see Definition 2.1.7, then the dynamics
of kv is described by the next lemma.

Lemma 2.2.3. Let (T', || ||) be a finitely generated group with a discrete norm, and let
H be an expanding endomorphism such that H(I") is a subgroup of finite index. For
every residue set V there exists an Ry > 0 such that kg v maps the closed || ||-ball
Bry(e) ={y € U'lllyll = Rv} into itself.

For each y € T, there exists an n € N such that K;}”V(y) € Bg, (e).

Proof. We have ¢y (y) "'y = H(kg.v(y)), and therefore

+
ey ()] < ’"VT”V”

where ry = max{||v|| |v € V}. For |y || < Ry = &Y we have

eIl < Ry.

If |y|| > Ry, then ||k (y)| < |ly|l. Since the norm is discrete, there exists ann € N
such that ||« ;;'y, (¥)Il < Ry. This proves the second assertion. O

By our previous results, see Section 2.1, we see that under the conditions of
Lemma 2.2.3, |Bg, (e)| is finite. Since x maps the ball Bg, (e) into itself, « has
only finitely many periodic points all of which are contained in Bg, (e¢). The set
of periodic points of « is denoted by Per«, i.e.,Perk = {y |thereexistsann €
N such that «“*(y) = y}. As usual, the smallest positive n with «“*(y) = y is
called the period of y € Per k. If the period of y € Per« equals 1, then we call y a
fixed point of k. Obviously, we have e € Per k, since k (e) = e.

Given any y € I there exists an n such that «“*(y) is a periodic point of «, i.e.,
there exists an m € N such that k°"*"™) (y) = k°*(y). In other words, every y is a
preperiodic point of «.

As a consequence of Lemma 2.2.3 we have the following corollary.
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Corollary 2.2.4. Let (T, || ||) be a finitely generated group with a discrete norm, and
let H be an expanding endomorphism such that H(I") is a subgroup of finite index.
Furthermore, let V be a residue set. Then for all R > 0 there exists an n € N such
that K;_"} (Perkp.v) D Br(e).

Among the set of residue sets are special residue sets, the so-called complete digit
sets.

Definition 2.2.5. Let (T, || ||) be a finitely generated group and let H be an expanding
endomorphism such that H (") is a subgroup of finite index. A residue set V (w.r.t. H)
is called a complete digit set (of H) if Perkg v = {e}.

If V is a complete digit set for H and I', then the euclidian algorithm defined by
kg,v and ¢y v terminates at e forall y € I'.

Corollary 2.2.6. Let (', || ||) be afinitely generated group, and let H be an expanding
endomorphism such that H(I') is a subgroup of finite index. A residue set V is a
complete digit set if and only if each y € I" \ {e} has a finite representation as

y :UiOH(UiI)...HOn(U,‘n)
with 'Uij S Vforj =09”'anandvin #e'

Proof. Let V be a residue set and let { and k be the associated remainder-map and
image-part-map, respectively.

Suppose that V is a complete digit set. For every y € I' \ {e} there existsann € N
such that «“*(y) = e. Therefore there exist finite sequences (yx = P (Y)k=0....n—1
and (v = £ (Vk))k=0,....n—2 such that yx = ¢(yx) H (k (yx)). We therefore have

Yy =) HE () ... H" N (vi—1)),

which proves the first assertion.
The second assertion follows from

k(y) =k WigH i )H (i) ... H" () = vi, ... H" 1 (v;). O

Examples.

1. LetT" = (x),i.e., I"isisomorphicto Z. Thenthe map H (x/) = x%/ is expanding
(w.rt. E = {x}). The set V = {x°, x!} is a residue set of H but not a complete
digit set. We have Perkpy v = {x‘l, xO}, and all elements of Per k7 v are fixed
points.

Moreover, there exists no residue set V such that V is a complete digit set for
H(x)) = x%.
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. LetT" = (x) and H(x/) = x~%/. Then H is expanding (w.r.t. E = {x}) and the
set V = {x%, x'} is a complete digit set.

. Let ' = (x), then H(x/) = x/ is expanding. The set V = {x°, x!, x?} is a
residue set which is not a complete digit set. The periodic points are x~! and
x¥ and both are fixed points.

The set V| = {x’l,xo, x13} is a residue set for H(x/) = x3/. Then xY is a
fixed point of the associated image-part-map «, the point x ~2 is a periodic point

of period 3, i.e., k(x72) = x 72, k(x ) =x7% and k (x ) = x 2.

The set Vo = {x’l, xO, xl} is a complete digit set for H.

. ForT" = (x, y), the free Abelian group with two generators, the map H (x’y/) =
x2%y?J is expanding (w.r.t. E = {x, y}). A residue set V of H is given by V =
{xoyo, xlyo, xoyl, xly1 }, however, V is not a complete residue set. Moreover,
there does not exist a complete digit set for H.

Let Hy(x'y/) = x| b= x5 bi=1 is expanding (w.r.t, the norm induced by the

. . 2. .
euclidian metric on R2). The set V = {x?, xll, x12, e, xi’ } is a complete digit

set, cf. [103].

. Let Ly be the discrete Heisenberg group introduced in Section 1.2. Consider

H:L—>L

1xz 1 2x 4z
Oly|l—1]101 2y
001 00 1

Then H is an expanding endomorphism (w.r.t. the norm || ||;). A (left)-residue
set is given by V = {b1a%c® | €1, € {0,1}and e3 € {0, 1,2,3}}. The
residue set V is not a complete digit set. The fixed points of k are e,a™!, b~!,
b7 le a7 e b~ 'a= ¢!, Moreover, these are the only periodic points
of k.

The next theorem provides a simple criterion for the existence of complete digit

Theorem 2.2.7. Let H : ' — T’ be expanding w.r.t.the discrete norm | | with
expansion ratio C > 2 and let H(I") be of index d € N. Then there exists a residue
set that is a complete digit set (of H).

Proof. Let V. = {v] = e, v2,..., vy} be an arbitrary residue set (of H). For each
Jj=1,2,...,d there exists a §; € v; H(I") such that

1§11 < llv; H)I
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holds forall y e I'. Theset E = {§] = e, &, ..., £} is a residue set and a complete
digit set. Due to Definition 2.2.5 we have to show that Per kz g = {e}. Suppose that
yo € Perkp gz is a non-trivial periodic point of period n. Then we have

v = aoH () H* (@) ... H" Nau—1) H (o),

where o; € B,i =0,...,n — 1. Note that y1 = kg g (y0) is also a periodic point of
kg, H and
yi=a1H () ... H" *(ay_ 1) H" " (a0) H(1).

This observation allows us to choose yp in such a way that [lagl| > |[le;]| for all
j=0,...,n—1. We also have

vo=H "o '\ H7'C..H oy "H g o)) - ),

n—1

which yields the estimate

lanll | llan—1ll llaoll + llvoll
< +—+ .
Inll < =% & o
Due to our assumption, we have that ||apl| > |l forall j = 0,...,n — 1. This
leads to ool
o0
=< .
Il < &=
Since C > 2 we have that ||y| < |lag|l and Y9 = agH (y’). This contradicts the
choice of the residue set E. m]
Remarks.

1. If H : T' — I is an expanding endomorphism with expansion ratio C > 1, then
there exists ng € N such that H°"0 has an expansion ratio of at least C"0 > 2.
Due to the above theorem, there exists a complete digit set of H°"0.

2. The estimate C > 2 is sharp in the sense that there exists an expanding group
endomorphism H with expansion ratio C = 2 such that H has no complete
digit set, see Example 1, p. 30.

On the other hand, Example 2, p. 31, shows that there exist expanding maps H
with expansion ratio C = 2 such that H has a complete digit set.

Even for the case C < 2 there exists examples of expanding maps with a com-
plete digit set. E.g., the endomorphism H (xy/) = x~!177y/=J which is the
multiplication by —1 + 1, has expansion ratio C = +/2 (w.r.t. euclidian metric)
and the complete digit set V = {x?y°, x1y0}.

We are now prepared to state the definition of substitutions.
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Definition 2.2.8. Let (I, || ||) be a finitely generated group and H : ' — I an
expanding endomorphism (w.r.t. || ||) such that H(T") is of finite index. Furthermore,
let V be a residue set (of H) and » a finite set, and let s : V x A — + be a map.
Then s induces amap S : X(I', A) — X(I', A) defined by

S(H() = s, f(p)),

where y = vH(p) is the unique representation relative to H and V. The map S is
called a (V, H)-substitution.

Note that a substitution has a canonical extension, also denoted by §, to X (T, A).
This extension is defined by s(v, @) = & for all v € V. With this extension the set
(I, A) C (T, A) is an invariant set of S.

For v € V, we denote the map 4 3 a — s(v,a) € 4 by s,. If the map H and
the set V are clear from the context, we simply speak of the substitution S.

In terms of formal series, and it is here where we have to consider S as a map on
¥ (T, #), we can write S in the following way:

S(f) = SEP frv) =PIy 0 H)w o 5(f),
veV

where T, : ' — I', y +— vy are left-translations. If we use the short form for the
map (77 )., we can rewrite S(i) as

S(f) = P vH.E(f)).

veV

More informally, we can write

SN =P P vHEIsO, f).

veV yell

If the sumi ®g is defined, then we have S(i @g) = S(i) ® S(g).
The next lemma describes the dynamics of a substitution S.

Lemma 2.2.9. Let S : X(T, A) — X(T, A) be a (V, H)-substitution. Then the
w-limit set ofi e X(T, A) under S, i.e., the set

w(f) = {g | there exists (nj);eN with 1im nj = oo such that lim ST(f) = g},

is a periodic orbit of S.

Proof. Let k be the image-part-map associated with H and V and let Per « be the set

of periodic points of k. Let f € X(T", ) and denote by R(f) the restriction of f on

Perk,i.e., o o o
RN = P vh

y €Per k
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with the usual convention R( Ny)=02 for y ¢ Per«k.
Let A be a distance on X (I", A), see Equation (1.1), We begin by proving

Jim A(S™(f), S (R(f))) = 0.

This means that the -limit set of f is determined by the w-limit set of the restriction
of f onPer«.
For the first iterate S(R( i )) we obtain

SRN=EP P vHysw. R = @ vSREW),

veV yePerk yek—1(Per k)

and for S( /) we obtain

S =SRUNSS(EP v =SREN® @B  vSH.

y @Per k y éx 1 (Per k)

Therefore we have S(R(i))(y) = S(i)(y) for all y € «~(Per k). By Corol-
lary 2.2.4, we easily obtain

ST(R(N) =S ()

for all y € " "(Per«). This proves the first step. In other words, the e-limit sets
of i and R( i ) coincide. Since the set of maps from Per k to + is finite, there exist
no, k € N such that

R(STOH(£)) = R(S™(f)),

which implies that the w-limit set of f is a periodic orbit. O

Remarks.
1. Any (V, H)-substitution on X(I", ) has the empty sequence as a fixed point.

2. If S : X(T", A) — X(T', A) is a (V, H)-substitution, then the n-th iterate S°"
of S'is a (V,, H°")-substitution. Thus, by considering sufficiently high iterates
of H and S we can always assume that Per « consists of fixed points.

3. Let V be aresidue set (of H) such that the associated image-part-map « has only
fixed points as periodic points. If S is a (V, H)-substitution, then the number
of fixed points of § is given as the product

[] Halsu(@ =a, whereg& = vH)}.

&ePerk

If V is a complete digit set (of H), then the number of fixed points of a (V, H)-
substitution is given by

Ha | sc(a) = al}l.
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Under certain conditions one can restrict a substitution S on a subset of X (I", 4).

Definition 2.2.10. Let I'" C I" be a subset of I'. Then I'' is called (V, H)-substitu-
tion-invariant if

= JvHD),

veV

where vH(I') = {vH(y") |y’ € T’}

Remarks.

1.

The set I" is a (V, H)-substitution-invariant set for all residue sets V. In fact, it
is the only non-trivial set with this property.

Let I'" be a (V, H)-substitution-invariant set and e € I/, then the restriction
ki« I — T is well defined. Following Definition 2.2.5, we say that V is a
complete digit set of I'” if and only if Per kp = {e}.

Let k = «p,v denote the remainder-map, see Definition 2.2.2 and let w be a
subset of I, then

Q= U K (W)

neN

is the smallest (V, H)-substitution-invariant set containing .

. If IV is (V, H)-substitution-invariant then the restriction Sir ST, A) —

([T, A) of a (V, H)-substitution S : (T, A) — X(T, #A) is well defined.
If there is no risk of confusion, we simply speak of the substitution S on I'’.
Lemma 2.2.9 applies also for a substitution S on I''.

Let & € Perkpy v be a fixed point of «, then I's denotes the smallest (V, H)-
substitution-invariant subset containing £. By 2., one has I's = U,enc”""(§).

As a special case we note that the set I, is (V, H)-substitution-invariant and V
is a complete digit set of I',.

IfT = Zand Hx/) = x¥ withd > 2, then V = {x° x!, ..., x4 !} is not
a complete digit set for I'. However, the subset N C Z is (V, H)-substitution-
invariant and V is a complete digit set for N.

Definition 2.2.11. Let i € X(I', A). If there exist a finite set B,amap 6 : B — A
and a (V, H)-substitution S : X(I", B8) — X(I", B) with fixed point F € X(I", B)
such that

OE(y) = f(¥)

holds for all y € I, then [ is generated by a (V, H)-substitution.
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Remarks.
1. The above definition immediately generalizes to sequences f € (I, A),
where IV is a (V, H)-substitution-invariant set.

2. Ifi € X (T, A) is generated by a substitution S : X(I", A) — X (T, 4A), then
J regarded as an element of X (T, A) is generated by the natural extension of
Sto (T, ).

Examples.

l. LetT' = (x) = Z and H(x/) = x% with residue set V = {x°, x!}. Then
o= {x/ | j = 0} = Nis (V, H)-substitution-invariant and the Thue—-Morse
sequence, regarded as an element of X (N, {0, 1}) is generated by the substitution
S defined by

The finite set B from Definition 2.2.11 is equal to A= {0, 1, @}, the map 6 is
the identity. As already noted, the substitution S restricted on X (N, {0, 1}) has
two different fixed points. In the light of Lemma 2.2.9, these two fixed points
are given as limits, i.e.
t = lim $*(x°0),
n—oo
u= lim $"(x°1).
n—oo
The substitution S considered as a map from X(I", ) has no fixed point, it
rather has four periodic points of period two.

2. Let Hx/) =x% and V = {xO, xl}, let A = {0, 1, 2, 3} and define a substitu-
tion by

Since Per « = {—1, 0} consists of fixed points only, the number of fixed points
of S on X(Z, +A) is given by

Ha | s,0(a) = a}| [{a | sy1(a) = a}| = {0, 3}]1{1, 3}

which is 4. The fixed points f

Liwpy where (o, B8) € {0, 3} x {1, 3} are given by

f = lim S (x7'g ® x%).

—(@.p)  n—oo
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There are no other periodic points of S. Let 6 : {0, 1, 2, 3} — {0, 1} be defined
by 6(0) = 6(1) = 1 and 8(2) = 0(3) = 0, then the restriction of the sequence
2 ( i a. 0)) on N = Z, is called the Baum—Sweet sequence. It is recursively
defined by

bs(x") =1
bs(x**1) = bs(x/)
bs(x*) = bs(x/)
b_s(x4j+2) —=0.
By the recursive definition of bs, it is easy to see that bs(x/) = 1 if and only if

j = 0and the binary expansion of j contains no substring of the form 10 . . . 0 %!
such that the number of zeros is odd.

3. Let A = {0,1,2,3}, T = (x), Hx/) = x¥ and V = {x°, x'} and define
s:V xA— Aby

The induced (V, H)-substitution S on X (Z, +) has six fixed points and no other
periodic points. If 6 is defined as in 2. above, then the sequence

pf =6(lim $7(x°0)),
— n—oo

regarded as a sequence in X (N, {0, 1}), is called the paperfolding sequence.
By construction, the paperfolding sequence is recursively defined by

pfHTh = pf(x))
pfxt)y =1
ﬂ(x4j+2) —0,
for j > 0.
4. Let Hx/) =x3% andlet V = {x~', x% x!} and define s : V x 4 — s by

—1 0 1

‘ X X X
0] 2 0 1
1,0 1 2
21 2 2 2

IThe symbol  is either 1 or the end of the binary expansion
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Since V is a complete digit set, the number of periodic points of the induced
substitution S is equal to the number of periodic points of the map 5,0 : A — A
which is 3. All periodic points of S are fixed points of S. We denote the fixed
points by

f;= lim §7Q0 ),

- n—oo

where j € {0, 1}.

Let 6 : {0,1,2} — {0, 1} be defined by #(0) = 1 and 6(1) = 6(2) = 0.
The restriction of the sequence 6( f 0) on N is abbreviated as c¢s, and we have

cs(x) = 1 if and only if the 3-adic expansion of j contains no I, i.e., j =
Y 203" ni, where n; € {0, 2} forall i.

. Let ' = (x,y) be the free Abelian group generated by two elements, i.e,

I = 72, and let H(x'y/) = x3y3/. Then H is expanding (w.r.t. E = {x, y}).
LetA=1{0,1,2,3}and V = {x"‘yﬂ | a, B =0, 1, 2}, then the sequence
l_)(xiyj):{g ifi <Oorj <0

(iJl.rj ) mod 3 otherwise

is generated by a (V, H)-substitution. This sequence is the sequence of the
binomial coefficients modulo three. The substitution is given by a map s :
V x A — A, which is defined by

(x® ) %) ifa=9
s(x*yP . a) =
Y a(az:’g ) mod 3 otherwise,

where we consider a € 4, a # O as an element of the natural numbers. Note
that the induced substitution S : £(Z2, {0, 1,2}) — X(Z?, {0, 1, 2}) has 81
different fixed points and no periodic points.

Note that N?> = Zioyo is (V, H)-substitution-invariant. If we restrict S to
> (N2, {0, 1, 2}), then S has only three fixed points.

The introduction of the decimation maps which are special reductions (Defini-

tions 1.1.1), will enable us to develop a necessary and sufficient condition for a se-
quence f to be generated by a substitution.

Definition 2.2.12. Let H : (I, || ||) — (T, || ||) be an expanding endomorphism and
let T € I', then the map

A 2T, A) — (T, A)
f e (T o H)*(f)

is called the t-decimation w.r.t. H.
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Remarks.
1. In the notion of formal series the T-decimation is written as

o ()= vfine) =@y FOHW)).
In other words, a t-decimation is a (T; o H)-reduction.
2. We have the following identity

fy) ify=tH(®")

(Tr o H)y 0 01 (f)(y) = .
otherwise.

3. Leta : A — o be any map and leta : (T, A) — X(T, +) be the induced
map, then
M oa=a001

holds forallt € I".

4. X(I', A) regarded as a subset of X (I, ) is invariant under t-decimations.

Corollary 2.2.13. Let H : (T, || ||) — (T, || ||) be an expanding endomorphism, and
let T, p € T, then we have

H H H?
1. 9; oap =8pH(t),

2. 0l o (Tp)* = 0L,

3.9 o (Tp)s =011, .
Proof. 1.
Hodfl = (T o HY o (T, 0 H)*
=(TyoHoT;oH)*
= (T, o Ty o H?)*
= (Tpu(r) o H?)*
_u?

pH(T)"

2.0 o (T))* = (T, 0 T; o H)* =0/

3. Since the map T, : I' — T is bijective we have (7)) = (qu)* and the
assertion follows from 2. O
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Lemma 2.2.14. Let H : (I, || ||) = (T, || |I) be an expanding endomorphism such
that H(I") is a subgroup of finite index. If V is aresidue set of H, then any t-decimation
31 can be written as

H H
8‘[ = (TK(‘L’))* © 8((,)3
where k and ¢ are the associated image-part- and remainder-map, respectively.

Proof. Any t € T has a unique representation as 7 = ¢ () H (x (7)) = vH(t/). We
therefore obtain that

0 = 0y = (Ton(e)  H)”
= (Tyo HoTy)*
= (T'L',)* © 81{-19
which finishes the proof. O

A combination of Lemma 2.2.14 and 2. of Corollary 2.2.13 yields

Lemma 2.2.15. Let H be an expanding endomorphism of I', let V be a residue sys-
tem of H, and let ¢ and k be the associated remainder-map and image-part-map,
respectively. Then

011 o (Tp)" = (Tu(ou)” © 08

holds forall p e ' andv € V.

The next lemma provides a kind of summation formula for elements of X (T, A).

Lemma 2.2.16. Let the assumptions of Lemma 2.2.15 be satisfied. Then

f=T o H). 00 (f)

veV
holds for all f € (T, A).
The proof is a direct consequence of Remark 2, p. 39.
The following lemma relates v-decimations with v € V, V a residue set, to

(V, H)-substitutions.

Lemma 2.2.17. Let the assumptions of Lemma 2.2.15 be satisfied, and let
S: X[, A) —> X(I, A) bea (V, H)-substitution inducedbyamap s : VX A — A.
Then

ol o S(f) =5(f)
holds for all v € V and [ € E(T', A).
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Proof. By Definition 2.2.8, we can write S( /) as

S(f) = @ Tw o H)s 0 55 (f).

weV

by Corollary 1.1.2 and by Lemma 2.2.16, we obtain 851 (S(i)) = E;(i). m|

Remark. If IV is a (V, H)-substitution-invariant subset o_f I', then the v-decimations,
v € V are well-defined maps from Z(I'/, A) — Z(I, A).

The most important object which allows us to describe sequences generated by a
substitution, is the kernel of a sequence.

Definition 2.2.18. Let H : I' — I" be an expanding endomorphism and let V denote
a residue set of H. For any i € X(TI", +A) the set

(YU o 0dll(f)|viev.neN)

is called the (V, H)-kernel ofi and is denoted by kerv,H(i).

Remark. If IV is a (V, H)-substitution-invariant set, then the (V, H)-kernel of the
sequence i € X(I'V, A) is well defined.

Examples.
1. The (V, H)-kernel of the Thue—-Morse sequence, viewed as an elemﬁznt of
> (I, {0, 1}), consists of the elements ¢ = (¢,) and u = (f,), where 0 = 1
and 1 = 1.

2. The (V, H)-kernel of the Baum-Sweet sequence bs, cf., Example 2, p. 36,
contains three elements which are bs, ®x’/ bf (x2/) and ® i>0x/ 0. This follows
almost immediately from the recursive description of bf.

3. The (V, H)-kernel of the paperfolding sequence contains pf, the sequence
@x/ pf (x*/), and the sequences D=0 x/1, D=0 x/0.
4. The (V, H)-kernel of the binomials modulo three contains the sequences b,

@i, j>0x"y/2b(x"y/) mod 3 and @; j>ox'y/0.

The next theorem states a necessary and sufficient condition for a sequence to be
generated by a (V, H)-substitution.

Theorem 2.2.19. Let i € X(I', A). Then i is generated by a (V, H)-substitution if
and only if the (V, H)-kernel of f is a finite set.
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Proof. Let us assume that f is generated by a (V, H)-substitution, i.e., f = 0 (F),
where F is a fixed point of a (V, H)-substitution S : (I, B) — (I, B). We have
851 ch=0o0 851 , therefore it suffices to show that kery g (F) is finite.

Since S(F) = F and by Lemma 2.2.17, we obtain

M (F) =M (S(F)) = 5 (F).

This yields 37 o 08 (S(F)) = 3 (5,(F)) = 5, 0 31 (F) = §, 0 53,(F). Thus, we
obtain

kery,p (F) = (F} U {5y 005 (F) |vj € Vi j=1,...,n;n € NJ.
We conclude that the (V, H)-kernel of F is a subset of the set
K = {a(F) | whereaisanymapa: B — B}.

The above set is finite since B is finite, therefore the (V, H)-kernel of F is finite.
Now, let us assume that the (V, H)-kernel of i is finite, i.e.,

kery y(f) ={f.---. [y}

where N € Nand f | = . Asaconsequence of the finiteness of the (V, H)-kernel of
ithereexistsamapv :Vx{l,2,...,N} > {1,...,N} suchthataf(i/.) = iv(v i
forallv e Vand j € {1,..., N}. Due to Lemma 2.2.16 we obtain 4

— H —
[ =T ot (f) =D Tvo H)u(f 1) 22)
veV veV
forall j € {1,..., N}. Equation (2.2) can be interpreted as a (V, H)-substitution in

the following way. Define 8 = 4. Then the map
s:Vx8— 8B, s (ag,...,anN)) = (@w,1)s--->d®,N))
induces a substitution S : X(I", 8) — X(I', B). Let F € (I, B) be defined by
Ey)=,0) s £ )).

Due to Equation (2.2), the above defined F is a fixed point of the substitution S. If
we define 6 : B — A as0((ay,...,an)) = aj, we obtain

B =1 =1
This finishes the proof. O

The first part of the proof of Theorem 2.2.19 is a fundamental tool to establish the
finiteness of the kernel of a given sequence f. The procedure is as follows: Find a
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finite set K which contains f and is invariant under all v-decimations, then kery g ()
being a subset of K is finite. We shall encounter this method of proof several times in
the following chapters.

As the proof of Theorem 2.2.19 shows, we can compute the kernel of a sequence
which is a fixed point of a substitution.

Example. Let ¢ be the Thue—Morse sequence. Then we have

M =5, =t

and
(D) =80 =u.

Thus we get

3,005 (0) = 84 By, () = u,
9,1 (0% (®) = 84, Gr, () = u.

Therefore the (V, H)-kernel of the Thue—Morse sequence is the set {¢, u}.

In order to compute the (V, H)-kernel of a fixed point F of a (V, H)-substitu-
tion we introduce the graph of a substitution. Let S be a (V, H)-substitution and
Sy, v € V be its defining maps. The maps s, and id 4 generate via composition a finite
semigroup, G = G(S) which is a subset of all maps from 4 to .

A finite directed labeled graph with base point is a quadruple (E, b, L, K). E
denotes the set of vertices, b € E is the base point, L denotes the set of labels and K

denotes the set of directed edges. An edge is denoted by g LN h, where g, h € E
and [ € L. Moreover, all sets are finite.

Definition 2.2.20. Lets : V x A — « be a (V, H)-substitution. The (V, H)-sub-
stitution-graph is the directed, labeled graph with base point defined by (G(S), id 4,
{sy | v € V}, K), i.e., the set of vertices is the semigroup G (S) of the substitution, the
basepoint is id 4, the set of labels is {s, | v € V}, and the set of labeled edges K is
defined as follows: If g1, g2 € G(S) and v € V, then (g SN g2) € K if and only if
Sy o 81 = §2-

Remarks.

1. The (V, H)-substitution-graph can be considered as a Cayley-graph of the semi-
group G(S) = ({sy | v € V}). To be precise, it should be called left Cayley
graph, since an edge from g; to g> with label s,, exists if and only if s, 0 g1 = g».
Later we shall see that the right Cayley graph of G(S) is also meaningful for
sequences generated by a substitution.
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2. Fixb=ajay...ay € AN, N = |A|, suchthata; # aj wheneveri # j and let

g € G(S), then we can encode the elements of G(S) by its action on b. For a
given g € G(S), we write g(b) = g(aj)g(az) ... g(ay). Thus we can describe
gasg(ay)...glan) € A". Inother words the vertices of the (V, H)-substitu-
tion-graph are given by g(a1) ... g(ay) € A" and b denotes the basepoint of
the (V, H)-substitution-graph.

. Let f be a fixed point of a (V, H)-substitution S and G(S) the associated

semigroup, then kerv,H(i) C {Q(i) | g € G(S)}.

. If F is a fixed point of a (V, H)-substitution S and 6 : 8 — o~ a map,

then the (V, H)-kernel of é(E) is contained in the set {é(gf(i)) | g € G(S)}.

Moreover, if 6 0 g = 0 o h for g, h € G(S), then §(¢(F)) = 6(h(F)). Thus,
the cardinalAity of the set {# o g | g € G(S)}is an upper bound for the cardinality
of kery # (6(F)).

Examples.

1. Let ¢ be the Thue—Morse sequence, then the (V, H)-substitution-graph is given

in Figure 2.1. The double circle represents the base point. This will be the case
in all figures!

JOWBOE

S1
Figure 2.1. The substitution-graph of the Thue—Morse substitution.

Each vertex of the graph represents an element of the semigroup of the sub-
stitution. Therefore the kernel of ¢ contains two elements, as we have seen
earlier.

2. Let bs = 6( f ) be the Baum—Sweet sequence, see Example 2, p. 36. The

graph of the assomated substitution is given in Figure 2.2.

Therefore the (V, H)-kernel of f 0 contains at most 7 elements. By in-
spection, one can see that the kemel of f 0 contains indeed seven different
elements.

Since 6 o (0123) = 0 o (1133), 6 o (0213) = 6 o (1213), and 0 o (2233) =
0 o (2323) = 0 o (3333), the kernel of the Baum—Sweet sequence contains at
most three elements. In fact, as one can easily see the kernel of the Baum—Sweet
sequence contains three elements.
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S

S0, S1

S0

%}
[y
@ ha

S0

NORO

Figure 2.2. The substitution-graph of the Baum—Sweet substitution.

3. Let A ={0,1,2,3, = (x) = Z, Hx/) = x¥ and V = {x0, x!} then
s:V x A — A defined by

induces a (V, H)-substitution S on X(Z, A). Let
Fao = lim S"(X7'3@x°0)

be one of the fixed points of the substitution S. The (V, H)-substitution-graph
is given in Figure 2.3. The number of kernel elements is therefore limited by
13. The actual value of the number of elements is three.

As the above example shows, the number of elements of G(S) gives only an upper

bound for the cardinality of the kernel. We next show how to determine the cardinality
of kery g ( i ), where i is a fixed point of a substitution.

Definition 2.2.21. Let J € X(I', A). The set

!R(i) = {a | there exists y € I" such that i(y) =a}

is called the range of f.

Remarks.

1. If i is a fixed point of a substitution S, then R( i ) is G(S)-invariant, i.e.,
g(R(f)) C R(f) holds forall g € G(S).
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Figure 2.3. The substitution-graph of the substitution of Example 3, p. 45.

2. The range R(f) of a fixed point f is the smallest G(S)-invariant subset of A
that contains the set {i(y) | y € Perky p}.

3. Let g, h € G(S) be elements of the semigroup associated with the (V, H)-sub-
stitution § and let f be a fixed point of S. We say that g is R( f)-equivalent
to h if gi=(s) = Mm(r). The quotient of G(S) w.r.t. R(f)-equivalence is a
semigroup. "This follows from the fact that g(R(f)) C R(f). We denote the
quotient by G (r)(S).

Examples.
1. The range of the Thue—Morse sequence is A4 = {0, 1}.

2. The range of the sequence f

a0 which generates the Baum—Sweet sequence,
is A ={0,1, 2, 3}.

3. The range of the sequence F, Example 3. above, is {0, 1, 2}. The quotient of
G (S) modulo R(F)-equivalence is the semigroup
GR(F 3,0, (S) = {(012), (120), (021)},

where we use the notation for maps on the finite set R(F 3 ().
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Lemma 2.2.22. Let F be a fixed point of the (V, H)-substitution S, then
|kery q(F)| = |Gr)(S)|.

Proof. The map g — g(F) defines a surjection from G 2 r)(S) to kery, g (F). There-
fore |G () (S)| > |kery, m(F)|.

Now suppose that there are g, 1 € G g(r)(S) such that g # h and g(F) = fz(ﬁ).
Since g # h there exists an a € R(F) such that g(a) # h(a); but this contradicts
§(F) = h(F). O

Corollary 2.2.23. Let F € © (', B) be a fixed point of the (V, H)-substitution S and
let 0 : B — A be amap. Then 6(F) is generated by a substitution and we have

|kerv. u@(F)| = {0 o g | g € Gripr) (S}

The proof follows the same lines as the proof of the above lemma.

Definition 2.2.24. Let F be a fixed point of a (V, H)-substitution S. The F-graph
of the (V, H)-substitution is a directed, labelled graph defined as follows: The set of
vertices is the semigroup G z(r)(S), and the set of labels {s, | v € V}. There is a
directed edge with label s, from g| to g if 5, 0 g1 = go.

The vertex id z(r) is called the basepoint of the F-graph.

Remark. The F-graph is the left Cauchy graph of the semigroup G 2 (r)(S).

Examples.

1. Consider Example 3 from above. The semigroup G &(r 4 ) (S) contains three
elements whichare (012), (120), (021). The F 3 ()-graphis shown in Figure 2.4.

Figure 2.4. The F 3 )-graph of the substitution of Example 3.

2. Let pf be the paper folding sequence, considered as an element of X (I, {0, 1}),
see Example 3, p. 37, and let i 0= lim,—, 00 S (x° 0) be considered as an ele-
ment of X (T, {0, 1, 2, 3}). Then we have é(io) = pf. The semigroup G(S)
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of the substitution S contains 7 elements. Since the range of f £ is{0, 1,2, 3, &},
the cardinality of the kernel of f is equal to 7, see Lemma 2.2.22. By Corol-
lary 2.2.23, the cardinality of the kernel of the paper folding sequence is equal
to {#og|g € Gr(r)(S)}, whichis 4.

In the preceding we have seen that the left Cauchy graph of the semigroup resem-
bles certain features of the substitution. Moreover, by factoring out certain elements
of G(S) we constructed the semigroup G 2 r)(S) which provides us with information
about the fixed point F of the substitution. Even if we consider a sequence of the form
6( f) the above concepts are useful, see Corollary 2.2.23.

Definition 2.2.25. Let i be generated by a (V, H)-substitution. Then the (V, H)-
kernel graph of f is a directed, labeled graph defined as follows: The set of vertices
is the (V, H)-kernel of f and the set of labels is the set V. There is a directed edge

with label v from f to f if and only if 8H ( f ) = fa.
The vertex f is called the basepoint of the (V H)-kernel graph.

Remark. If M = {f ..., f,}is afinite set such that 3{/ (M) C M forallv € V,
then the (V, H)- kernel graph of the set M is a directed graph with set of vertices

equal to M, label set equal to V, and the set of edges is given by {(f = h1f.he
M, 851 (f) = h}. If we choose a basepoint f; € M the (V, H)-kernel-graph of M
with basepoint f; is called extended (V, H )-kernel-graph of fi-

Examples.

1. Let ¢ be the Thue—Morse sequence, its kernel graph is shown in Figure 2.5,

where 0 and 1 are abbreviations for x°, x!, respectively.

1
o (O X))o
1

Figure 2.5. The kernel-graph of the Thue—Morse sequence.

2. In Figure 2.6 we see the kernel graph of the Baum—Sweet sequence. As for
the Thue—Morse sequence, 0 and 1 stand for x9 and x!. Furthermore, i =

®j=0x! bs(x*) and h = ®;>0x/ 0.

The next theorem shows how to compute the kernel graph of a sequence that is
generated by a substitution.

To this end we introduce the right Cayley graph of the semigroup G(S) of a
substitution S. The right Cayley graph is a directed, labeled graph. Its vertices are the
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0
0

Figure 2.6. The kernel-graph of the Baum—Sweet sequence.

elements of G (S), the labels are the maps s, and for g1, g2 € G(S) and v € V we have
that g; N g> is a labeled edge of the right Cayley graph if and only if g; o s, = g3.

Moreover, we need the concept of isomorphic directed, labeled graphs with a base
point. Let (E, b, L, K) be any finite, directed, labeled graph, where E denotes the set
of vertices, b the basepoint, L the labels and K the arrows, denoted by (a; —l> ay).
Let ¥ : E — E’ be a surjective map from E to a finite set E’. The ©-projection of
the graph (E, b, L, K) is the directed graph (E’, 9 (b), L, K'), where

K' = {(a] KN a5) | there exist (a; 2 az) € K such that 9 (a1) = aj, 9¥(a2) = a)}

is the set of edges, and ¥ (b) is the basepoint.

Two directed, labeled graphs (E, b, L, K), (E’, b’, L', K') are isomorphic if there
exist bijective maps © : E — E’, A : L — L’ such that ¥(b) = b’ and the map
(¥, L) : K — K’ given by

@, (a1 — a2) = @) 23 #(a2)

is well defined and bijective.

Theorem 2.2.26. Let F be afixedpoint ofthe (V, H)-substitution S. Thenthe (V, H)-
kernel-graph of F is isomorphic to the right Cayley graph of G g(r)(S).

Proof. By Lemma 2.2.22, we have
kery. g (F)| = |G r(F) (S)|

and the map A : Gg(F)(S) — kery p(F) defined by A(g) = g(F) is a bijection.
Define the map A : {s, | v € V} — V by A(s,) = v. Certainly, A is a bijection.
Then the pair (A, A) is a bijection between the right Cayley graph of G (r)(S) and
the (V, H)-kernel-graph of F.

It remains to show that (A, A) is a bijection of the edges. To this end it suffices to
prove that (A, 1) is well defined.

Let (g1 R g2) be a directed edge of the Cayley graph of G (r)(S), then we
have

(A, M)((g1 = £2) = Q1(F) — 22(F)).
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Therefore we must show that (g (F) LN &2(F)) is an edge of the kernel graph of i ,
i.e., we have to prove that 3/ (g, (F)) = g2(F).
By Remark 3, p. 39, we have

8, (81(F) = £19," (F)).
By Lemma 2.2.17, we obtain

§10H (F) = 81(s0(F)) = §2(F).

Thus, we have proved that (A, 1) maps arrows of the Cayley graph on arrows of the
kernel graph of f.

The bijectiVRy property of the map (A, A) on the edges is then an immediate
consequence of the bijectivity property of A and A. O

Corollary 2.2.27. Let F € Z(I', B) be a fixed point of the (V, H)-substitution S
and let 0 : B — A be a map. Iff = 9(F) and lf@ GrF)(S) — kery, H(f) is
defined by 6(g) = B(g(ﬁ)), then the (V, H)-kernel graph of f is isomorphic to the
-projection of the right Cayley graph of G RE(S).

Proof. By Corollary 2.2.23, the map 6 : Grr(S) — kerv,H(i) is bijective. Let
A:{sy|v € V} - V be defined as in the proof of Theorem 2.2.26. If g; LN grisan

edge in the right Cayley graph of G 2(r)(S), then it remains to show that 851 O(g1) =
5(g2). We have, cf. Remark 3, p. 39,

36(g1)) =F @1 (F)))) =00 61(F))).
By Lemma 2.2.17 this yields
01 (81(F)) = 6(81Gy(F))), = 6(g2)

which was our claim. O

Example. We consider the paperfolding sequence pf = 6(lim,_ o S (x° 0)),
see Example 2, p. 36. The range of F = lim,_, S‘“”()cO 0)is {0, 1,2, 3, g}. By
Theorem 2.2.26, the kernel graph of F is isomorphic to the right Cayley graph of
G(S). The right Cayley graph is shown in Figure 2.7, where the labels {s,0, 5,1} are
replaced by 0 and 1, respectively. Note that G(S) = Gz (r)(S) which implies that
the 5-projection of the left Cayley graph of G(S) gives the kernel graph of pf. In
Figure 2.8 the #-projection of the right Cayley graph is given. Due to Corollary 2.2.27,
this is the kernel graph of pf.
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Figure 2.7. The right Cayley graph of the paperfolding substitution.

0
0,1( (0000 1010 0 111) o, 1

Figure 2.8. The kernel-graph of the paperfolding sequence.

Remarks.

1. The semigroup G(S) of the paperfolding substitution is an example of the fact
that the right Cayley graph and the left Cayley graph need not to be isomorphic
as graphs. One easily computes that the left Cayley graph contains a cycle
depicted in Figure 2.9, whereas the right Cayley graph has only trivial cycles,
cf., Figure 2.7.

2. The right Cayley graph of the Thue—Morse substitution is isomorphic to the
left Cayley graph. This is no surprise, since the semigroup G(S) is in fact the
commutative group Z/(27Z).

3. The Baum—Sweet substitution provides another example of non-isomorphic left
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and right Cayley graphs.

Figure 2.9. A cycle in left Cayley graph of the paperfolding substitution.

Let us summarize the preceding results. A knowledge of the substitution that
generates a given sequence enables one to compute the kernel and the kernel graph
quite efficiently.

On the other hand, if we know the kernel-graph of a given sequence what can be
said about a generating substitution? The second part of the proof of Theorem 2.2.19
provides a method to compute a substitution of a sequence if its kernel graph is given.

Leti € X(T', A) be such thatkerv,H(i) = {ij lj=1,...,N} Withi1 = i
As the proof of Theorem 2.2.19 shows, there exists a map

s:VxB—-> 8B
s(v, (a1, ...,an)) = (@, 1), - - - Qu(w,N)))

that induces a substitution on £ (I, B), where B8 = A" . This map s can be understood
as a sum of certain matrices. In order to _do so, we consider the field [F; and the finite
set A = A U {F}. For b € FF and a € A we define the product a - b by

a ifb=1
b-a= )
g ifb=0.

For each v € V we define the matrix A, = (al?’j),-,jzl N E ]FéVXN by

.....

v {1 ifvv, j)=i

0 otherwise.

In terms of the kernel graph of f we have a}’j = 1 if and only if 8/ f) = ij. In
other words, A, is the adjacency matrix of the graph obtained from the kernel graph
after removing all edges not labeled with v.

The maps s, : A" — A" defined by the above substitution can then be written
as a matrix product, i.e.,

Sv(alv""aN)zAv ’
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where the sum is @ on A, i.e,a ® S = F®a = a foralla € A, and the products are
as above. Since each row of A, contains only one entry equal to 1, the above product
is indeed well defined.

The substitution S : (", AY) — (I, AY) of the proof of Theorem 2.2.19 can
now be written as

S(G) = P vHE)A(G (), (2.3)

where the summation is overallv € V and y € I'.
On the otherhand, if A, € ]Fév xN ,v € V,isacollection of matrices such that every
row of every A, contains precisely one 1, then Equation (2.3) defines a substitution.

Definition 2.2.28. Let A, € Fév *N v € V, such that every row of every matrix A,
contains one 1. The polynomial
Do,

veV

is called a substitution polynomial.

If the matrices A, are induced by a kernel graph of a sequence f € X(I', A), then
the substitution polynomial P is called the substitution polynomial of f.

Examples.

1. Let bs be the Baum—Sweet sequence viewed as an element of X (N, {0, 1}), see
Example 2., p. 36. Its (V, H)-kernel-graph, where V = {xo, xl}, 1s shown in
Figure 2.6. If we set il = ﬂ, iz = i, and i3 = h, then the substitution
polynomial is given by

0 100
Xl100]lex'|001
001 001

2. The Thue—Morse sequence as a sequence in X (N, {0, 1}) has the substitution
polynomial for V = {x0, x}.

0(10) . 1(01
x<01 10

3. The paper folding sequence as an element of X (T, {0, 1}) and for V = {x?, x!}
has the substitution polynomial

0100 1000
0001 0010

0 1

“1oo10]®* loo1o0
0001 0001

The substitution polynomial will be more relevant in the following sections.



54 2 Expanding endomorphisms and substitutions

2.3 Notes and comments

The question on the existence of expanding endomorphisms of a finitely generated
group is closely related to the existence of expanding maps on certain Riemannian
manifolds, see [49], [130], [154], [166]. It is also very much related to the work of
Gromov on the growth properties of finitely generated groups, see [88].

Residue sets and complete digit sets are usually studied within the framework of
representations of the integers or natural numbers, see e.g., [7], [9], [61], [79], [82],
[103], [107], [152], and the references given there.

The Thue—Morse sequence appears in [158] and later independently in [131]. It
is one of the best studied automatic sequences. Different facets of this sequence are
discussed in: [3], [S], [13], [26], [27], [41], [51], [52], [62], [68], [70], [71], [75],
[76], [81], [86], [104], [112], [113], [122], [139], [146], [150], [161], [162], [167],
[168], to name but a few.

The paperfolding sequence is also a prominent example of an automatic sequence.
In [15], [19], [37], [65], [66], [67], [108], [110], [125], [126], [129], [132], [144],
[145], [146], [157] the reader will find detailed discussions about properties of the
paperfolding sequence as well as generalizations of the paperfolding sequence.

The Baum—Sweet sequence defined in [32] seems to be less interesting.

In[11], one finds a discussion of the binomial coefficients modulo a natural number.

We conclude with some general remarks on substitutions. Substitutions provide a
basic tool for the constructions of fractal sets, see, e.g.,[135], [138] and the literature
cited there. Substitutions play also a prominent role in the theory of formal languages
and in the theory of combinatorics on words. In this context substitutions are special
morphisms of a free monoid, see, e.g., [60], [115] for more details.



Chapter 3

Automaticity

In this chapter, we introduce the concept of automatic sequences over I'. We begin
with the definition of automaticity, to be precise, (V,., H)-automaticity of a sequence
f € Z(I', A), where V. is a complete digit set for H. Roughly speaking, a (V,., H)-
automatic sequence is generated by a finite (V,, H)-automaton. We demonstrate that
the set of sequences which are generated by a (V,, H)-automaton coincides with the
set of sequences with a finite (V,, H)-kernel.

Closely related to a finite (V,, H)-automaton is a directed labeled graph, the tran-
sition graph of the automaton. We shall show that the finite (V,, H)-kernel graph
of a sequence provides a transition graph of a (V,, H)-automaton that generates the
sequence. Furthermore, this automaton is minimal within a certain class of automata.
Finally we develop an algorithm that allows us to construct a minimal (w.r.t. the number
of states) (V,, H)-automaton for a given (V,, H)-automatic sequence.

At the end of the first part, we also indicate how to introduce a notion of (V, H)-
automaticity if V is not a complete digit set for H.

The second part of this chapter is devoted to investigate properties of (V,, H)-
automatic sequences. The main result is that the automaticity of a sequence does not
depend on the choice of the residue set V. In other words, if f has a finite (V, H)-
kernel, then f has a finite (W, H)-kernel for all residue sets W of H. It is therefore
justified to speak of an H -automatic sequence.

3.1 Automatic sequences

Again, we consider the Thue Morse sequence (#,),>0. As we have seen in the intro-
duction, there exists a graph associated with the Thue Morse sequence, cf. Figure 1.
This graph allows us to compute the value ¢, using the binary expansion of n.

In Chapter 2 we introduced the kernel graph. In this section, we show that the kernel
graph of a sequence f generated by a (V, H)-substitution allows the computation of
f(y) from a knowledge of the ¢y, n-image of the orbit of y under iteration of kv _g.
"~ We consider an expanding endomorphism H : ' — I' (w.r.t.a fixed norm || ||)
together with a complete digit set V, cf. Definition 2.2.5. We begin with the definition
of a (V,, H)-automatic sequence.
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Definition 3.1.1. The sequence J e E(T,A) is called (V., H)-automatic if there
exist a finite set B8 = B U {2} and maps «, : B — B, withv € Ve, w B = A
such that:

1. w(9) = f(e).

2. Fory e I'\ {e} lety = v;,H(v;)) ... H"(v;,) be the digit representation, i.e.,

if v;, # e, then
(@, ooy, (@) = f()
holds for all y # e.

Remarks.

1. Ifitis clear from the context what V. and H are, we simply speak of an automatic

sequence f.

. If the sequence i € X(I', A) is automatic, then the quintuple aut( i) =

(B, D, A, 0, {oy | v e V) is called a (V,., H)-automaton for i The set

B is called the state alphabet, or simply the states, the special element & is
called the initial state, the set + is the output alphabet, the map w : B —> Als
the output map, and the maps {«, | v € V} are called transition functions. We
often say that the automaton aut( f) generates the sequence f.

The reader should be aware of the fact that there are several different finite
automata generating a sequence f. Despite this fact, the notion aut( f) simply
means that we have chosen one automaton generating f.

. Due to Corollary 2.2.6, any y € I has a unique digit representation.

. If V is any residue set for H, then I', is a (V, H)-substitution-invariant subset

of I and we can speak of the automaticity of elements in X(I",, 4).

The next examples provide some insight how to define a finite automaton which

generates a giVGH sequence.

Examples.

1. Consider the Thue—Morse sequence ¢ as an element of X (N, {0, 1}). Then ¢ is

(V, H)-automatic, where H(x/) = x%/ and V = {x°, x!}. The state alphabet
B is given by the set B = {@, 1}, the output alphabet is 4 = {0, 1}, the output
function @ : B8 — A is defined by w () = 0 and w(1) = 1, the transition
functions o0 and o1 are given by

a,0(Qd) =0, a(l)=1,
a1(@) =1, «,(l)=0a.

Thus the Thue—Morse sequence viewed as an element of X (N, {0, 1})is (V, H)-
automatic.
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2. Let ps € Z(N, {0, 1} denote the paperfolding sequence. Then ps is (V, H)-

automatic, where H (x7) = x% and V = {x0, x!}. The state alphabet B is
given by the set B = {2, 1, 2, 3}, the output alphabet is A = {0, 1}, the output
function w : 8 — A is defined by (@) = 1, (1) = 1, (2) = 0, and
w3) =1.

The transition functions o0 and o1 are given by

a0(@) =1 «oal)=3, o002 =2, a3 =3,
a1(@) =9, oaol)=2, a,a(2)=2, o03)=23.

3. The sequence f, € X(N, {0, 1,2}), see Example 4, p. 37, is (V, H)-automatic,
where H(xj) = x3/ and V. = {x‘l, xO, xl}. The state alphabet f_is the set
{2, 1, 2}, the output alphabet 4 is {0, 1, 2}, the output function w : B — A is
defined by w (@) = 0, w(1) = 1, and w(2) = 2. The transition functions are
given by

a-1(@ =1, a-1(1)=2, o-1(2)=2,
a0(@) =60, aol)=1, a,0(2) =2,
a,1(2) =2, aa(l)=0, aa(2)=2.

If we consider the sequence ¢s = 6(f, 0) € X (N, {0, 1}) defined in Example 4,
then the notion of (V,, H)-automaticity makes no sense, since the map «p.v,,
where H and V, are as above, is not defined as a map from N to N.

If we choose V = {x", x!, x?} instead of V.., thencs € T (N, {0, 1, 2}) is indeed
(V, H)-automatic.

Definition 3.1.2. Let i € X(I', A)bea (V,, H)-automatic sequence and let aut( i )=

(B, 2, A, 0, {ay, | v € V) be a gglerating automaton. Then the finite, labeled,
directed graph G = G (aut( i )) = (B, 9, V., K) with basepoint & where the set of
edges is given by

K = {(bi = b2) | b1, by € B such that there exists &, with o, (b1) = b},
is called the fransition graph of aut(f).

The output function w : 8 — 4 can be considered as a function on the vertices
of the graph G (aut( i )). The automaton aut( i ) “produces” the sequence i in the
following way. Let y € I', ¥y # e, then y has a unique finite representation

y =vH)H? ) ... H*(wp),

with v; € V. for j = 1,...,k and vy # e. The representation of y defines a path
in the graph G. The path starts at the basepoint & and follows the edges labeled
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vo, V1, ..., Vg. The value of w at the terminal vertex of the path is equal to i (y).
If y = e, then () = f(e). We often speak simply of the transition graph of a

sequence. Figure 3.1 shows a transition graph for the Thue—Morse sequence with
output map (@) = 0, w(/) = 1. For the sake of simplicity the arrows are labeled 0

1

Figure 3.1. Transition graph for the Thue—-Morse sequence.

If (B1, D1, A1, w1, {0y | v € V,}) and (B2, @2, A2, w2, {By | v € V,.}) are finite
(V,, H)-automata, then we say that they are isomorphic if their transition graphs
are isomorphic as directed, labeled graphs with basepoint, cf. the definition given on
page 49.

As a next step, we study the connection of sequences generated by a substitution
and automatic sequences. Let f be (V,, H)-automatic. Lety € I', ¥y # e and
y = viyH(1)... H"(v;,) be its unique representation, in particular v;, # e, then
the map «a, : B — B is defined by

Oy = Qy;, © -0y, .

If ¥ and ¢ denote the image-part-map and remainder-map of H w.r.t. V., respectively,
then we have @, = ac(y) o a¢(y) forall y #e.

If f is (V., H)-automatic and if aut(f) = (8,9, A, 0, {a, | v € V;}) is a
generating automaton for f, then the sequence F ; defined by

Fo=0¢®& P « @)y
yel,y#e

is an element of X (T, f_) and _(VC, H)-automatic. It is generated by the (V., H)-
automaton aut(F ) = (B, g, B, id, {«y | v € V,}). Furthermore, the output function
o of aut(f) satisfies ®(F ) = f.

By analogy, we define for any b € B the sequence F » by
Fy=bed P o0y (3.1)
vel,y#e

Definition 3.1.3. Let - be a finite set and X(I", ») the set of sequences. The map
L: %[, A):— X(T, A) defined by

LfH)=oa@Pfv
y#e

is called L-map.
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Note that any sequence f € X(I', A) can be written as f = f.e & L(f), where

the summands have to be considered as elements in = (T, A).
The following lemma is immediate, it relates the L-map and the decimations.

Lemma 3.14. If g € (', A) and v € V., v # e, then

@) ifv#e
a1 (L(g) =
LOf(g) ifv=e.
In other words, the L-map commutes with 8eH ,and 8UH , U # e, is a left inverse of

the L-map. . o
Leti be generated by (B, &, A, w, {ay | v € V}). Fora, b € B we define the

sequences G, , € X(I', B) by
G, =ae® L(Fy), 3.2)

where F, is defined as in Equation (3.1). The next lemma relates the maps o, of
(B, D, A, w,{ay | v € V,}) to the decimations Bf of G, p-

Lemma 3.1.5. Let (B, @, 8,id, {oy | v € V.}) be a (Ve, H)-automaton. If G, is
defined as in Equation (3.2), then

3G, ) = Gobyenvy v #e
v _a’b : i
Gooet) ifv=e.

Proof. By the definition of G, ,,, one has

Qa,h =ae @ @ay(b) Y,
y#e

and therefore

Gop=ae® P anpmvH©).

veVe,yel,
vH(I")#e

For w € V, with w # e this gives

011G, ) =P ewnr®)y =P ay@w®)y = Gy, 4.0, )
yel yell
This proves the first part of the assertion. The 3 -decimation of G, 1s given by
01 G, p)=ae® P anp®)y=ae® P oy @®)y =G, w
vel,y#e yel,y#e

This proves the second assertion. O



60 3 Automaticity

Theorem 3.1.6. i € X(T, A) is (V,, H)-automatic if and only ifkervc,H(i) is finite.

Proof. Let us suppose that i is automatic, i.e., there exists a (V., H)-automaton
(B, D, A, w, {oy | v € V.}). Then one has f = o(Fg) = @(Gy ). This yields for
vevV.

%W (f) = 0(0y(Gy »))-

By Lemma3.1.5, it follows that every kernel element /2 of f can be written as @(Qa, b

where a, b € B are determined by k. Therefore the (V,, H)-kernel of i is finite.
Suppose that f possesses a finite (V., H)-kernel. We construct a finite automaton

generating f. To this end, let B = kery, n(f) = {f [ = I f } be the state
alphabet with distinguished element & = e “The output alphabet 1S the set A, the

output function @ : B8 — A is defined by w(h) = h(e). The transition functions
: B — B are defined by oy (h) = 8H(h) Thus, we have w(9) = a)(f) f(e)
and for y € I' \ {e} with digit representation y = vj, H(v;,) ... H"(v;,), we have

(e, o0 ay (2)) = [0 009 (N1(€) = fwigH i) ... H™ (v;,)).
Therefore i is (V,, H)-automatic. |

The proof of Theorem 3.1.6 shows that the kernel graph of a sequence can be
interpreted as a transition graph of an automaton. Therefore the kernel graph provides
a ‘natural’ finite automaton generating the sequence f. The output function is then
defined by 6 : kery, g (f) — 4 with 0(h) = h(e). o

Note further that the first part of the proof of Theorem 3.1.6 also provides a way
to compute the kernel graph of the sequence G o = F .

Example. Let I' = N and H(x/) = x*/ with V. = {x0, x'} as complete digit set.
Figure 3.2 shows a transition graph of a finite (V,, H)-automaton. The first terms of

0
@D
0

Figure 3.2. Transition graph of a (V, H)-automaton.
the sequence F ; are then given by
S I1oTIID. .. .

Applying Lemma 3.1.5, we can compute the (V,., H)-kernel graph of F . Itis shown
in Figure 3.3.
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1 1
0
1
0
Figure 3.3. Kernel graph of F o = G o generated by the automaton in Figure 3.2.

We now investigate the relation between |kery ;(f)| and the cardinality of the
state set B of aut(F).

Deﬁnitigl 3.1.7. Let (B, @, A, w, {oy | v € V,}) be a finite (V,., H)-automaton. Let
a,b € B. The state a is accessible from b if a = b, or if there exist n € N and
Vigs -+ -» Vi, € Vesuchthata = Oy, © -+ 0y, (b). The set

Acc(b, B, {ay | v € V,.}) = {a € B | a is accessible from b}

is called the set of accessible states (from b w.r.t. the automaton).

Remarks.

1. If the automaton is clear from the context, we simply write Acc(b) for the set
of accessible states. In particular, Acc(f) is the set of accessible elements of
kery g (f) (w.r.t. the v-decimations).

2. The set of accessible states Acc(b) is the smallest subset of B which is invariant
under all maps o, v € V,, and contains b.

As a consequence of Lemma 3.1.5 we obtain the following estimate on the number
of kernel elements.

Proposition 3.1.8. Ler f € X(T", A) be generated by the finite automaton (B, 2,
A, w, {a, | v eV}, then

| kery, 1 ()] < |Acc(@)].

Examples.
1. Let f € (N, {0, 1}) be defined by
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where f, = lifandonlyifn = 2k _ 1 for k € N, otherwise fn = 0. In a more
compact way we write
f=@"

n>0
where we agree that all other values of the sequence f are equal to zero.

Then f is (V,, H)-automatic, where V. = (x%, x!} and H(x/) = x%/. The
transition graph of the automaton generating f is shown in Figure 3.4, the

Figure 3.4. Transition graph of the automaton for f = @3020 x2'1,

output function is w (&) = 1 and w (/) = 0. We then compute
AN =0 @LED)) = 12" @ L(F, 1)) = 1x° @ L(F) = ¢

)=1x"®LE) = f

aﬁ(i):Bﬁ(leEBL(El)):axl(l)xoeaL(LxI(l) f

WMo LE) =1x"@L(f, )=1x"®L(Fy)=¢

0(0)
0 (1" @ L(Fp) = 0x" @ L(F, o) = 02" ® L(Fy) =,

and 8}% (h) = 85 (h) = h. The kernel-graph is shown in Figure 3.5.

Figure 3.5. Kernel graph of f generated by the automaton in Figure 3.4.

. LetB ={@, A, B, C}andlet (B, A, id, A, {a, |v € V.}) be a finite automaton

with H and V. as above. The transition functions are given by the graph in
Figure 3.6.

The kernel graph of the sequence F  is shown in Figure 3.7.

Note that there are 7 different kernel elements while the generating automaton
has only 4 different states.
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Figure 3.7. Kernel graph for the sequence F o of the second example.

As we have seen already, the square of the cardinality of the set
ACC(@,E, {“v | Ve VC}))

is an upper bound for the number of kernel elements of F .
The range, R(F ), see Definition 2.2.21, of the sequence F ; is a subset of the

accessible states. Using the range and the dynamics of o, as a map from 8B to 8 we
can obtain a better estimate on the number of kernel elements of F .

Lemma 3.1.9. Leti € X(I', A) be generated by the automaton aut(i) = (8,9, A,
w, {ay | v eV}, then

kery, H(Fg)| < |0 (b)],
| = >
beR(F z)

where O.(b) = {a," (b) | n € N} denotes the orbit of b under iteration of ae, R(F )
denotes the range of F ,, and F ; is defined as in Equation (3.1).

Proof. The set K defined by
K=1{G,,=be® L(E 4ok ) | be R(Fy), ke N}

is a finite set, it contains G , = F  and is, due to Lemma 3.1.5, invariant under
decimations. O
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Remarks.
1. Note that Lemma 3.1.9 yields the estimate

[kerv, u(£H)] < D 100,

bER(F )

since O(F 5) = i . This is the best possible estimate.

2. Example 2, see also Figure 3.6, from above shows that the estimate stated in
Lemma 3.1.9 is sharp. The range of F 5 is the set {<&, B, D} and the orbits
under iteration of «, are givenby @ +— C+— D+ D, B+ C+— D +— D,
and D — D. This gives 7 as an upper bound for the number of kernel elements.
And indeed, the kernel has cardinalty 7, see also Figure 3.7.

Letw : {&, B, C, D} — {0, 1} be defined by w(z) = 1 if and only if z = D.
The sequence i = @(F 4) has also 7 kernel elements.

As we have noted already there exist several different finite automata which gener-
ate a given sequence f. It is therefore natural to ask for the minimal finite automaton
that generates the seqﬂence f. An automaton (8B, &, A, o, {ay, | v € V,}) that gener-
ates f is called minimal if the number of states is minimal. Itis called an f-automaton.

In the following we discuss properties of minimal automata. We show that the
kernel graph provides a minimal automaton in a certain subclass of finite automata.
Then we present a method how to obtain a finite automaton which is minimal. We
begin with an almost trivial estimate on the minimal number of states.

Lemma 3.1.10. Ler f € E(T', ) be (Ve, H)-automatic. If aut(f) is a minimal
(V¢, H)-automaton, then

|R(H| < 18I < |kery, u(f)|-

Proof. If w : 8 — A denotes the output map of a minimal automaton, then R ( f)C

w(B), i.e., B contains at least |{R( f )| different states.
As we have already seen, the (V,., H)-kernel graph of f provides a finite automaton
that generates f. Thus the number of states of a minimal automaton is at most

’keer,H(iﬂ- O

The next lemma collects some necessary conditions for an automaton aut( f) to
be minimal.

Lemma 3.1.11. [f aut(f) = (B, 2, A, 0, {ay | v e V) is a minimal (V,, H)-
automaton for f, then aut(f) has the following properties:

1. The set of cfcessible states Acc(D, B, {ay | v € V.))) is equal to the set of
states, i.e., B = Acc(D).
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2. Ifa,b € 8 such that a # b, then ®(F ) # &(F,) (see Equation (3.1) for the
definition of I ).

Proof. 1. If there exists b € 8B such that b ¢ Acc(@), then the set
B = Acc(@)

is a proper subset of B and the automaton (E/, G, wlg, fawlg | v € V) is well
defined and generates f. In fact, it even generates F 5. Since the cardinality of B is
smaller than the cardinality of 8, the automaton with states 8 is not minimal which
is a contradiction.

2. Assume that there exist @, b € 8 such that a # b and &(F,) = &(F ). Then
define B = B\ {a} and new transition functions o 3 >3 by

/ ay(x) ifay(x) #a
o, (x) = .

b if ay(x) = a,
and (5/, , a)lg/, {a; | v € V.}) is a finite automaton that generates the sequence
F . This is a contradiction to the minimality of aut(f). O

These necessary conditions for an automaton to be minimal are far from being
sufficient. The first condition states that the automaton has no superfluous states. The
second condition means that all states which are in a certain sense necessary appear
only once.

Remarks.
1. Given an automaton which generates a sequence f and which does not satisfy
condition 1 or condition 2 of Lemma 3.1.11, then it is possible to derive a smaller
automaton by applying the reduction process outlined in the proof.

2. The automaton defined by the (V., H)-kernel graph of a sequence [ is an
example of an automaton satisfying both minimality conditions.

If aut(f) is an automaton which satisfies the above minimality conditions, then
it is not easy to further reduce the number of states. The next theorem shows that
the automaton which is defined by the kernel graph is minimal under the class of
output-consistent automata.

Definition 3.1.12. Let aut(f) = (B, 2, A, 0, {ay, | v eV} bea (V,., H)-automa-

ton for i . Then aut( i ) is called output-consistent if for all a, b € B with a.(a) = b
we have that w(a) = w(b).

Remark. The automaton defined by the (V., H)-kernel graph of f with output func-
tion 6 : kery, p( i ) — A defined by 6(h) = h(e) is an example of an output-
consistent automaton.
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Among the output-consistent automata there exists a minimal automaton. The
following theorem characterizes the minimal output-consistent automaton.

Theorem 3.1.13. Let f € X (T, A) be a sequence such that the (V., H)-kernel of
f is finite. Then the (V,, H)-automaton defined by the (V., H)-kernel graph and
the output function 6 : kery, g(f) — A, where 0(h) = h(e), is minimal under all
output-consistent automata that generate f.

Proof. Let us assume that aut(f) = (8,3, A, w, {ay, | v € V.}) is output-consistent.
Let us further assume that the transition graph of aut(f) satisfies the minimality

condition 1.of Lemma 3.1.11, or, equivalently B = Acc(@). For b € 8 we define
F,, as in Equation (3.1). Then the map Q : 8 — X (I, 4) given by

Qb) = b(F,)
is well defined. From Lemma 3.1.5, we conclude that
8, (b)) = (b))
holds for all v € V., v # e. For v = e Lemma 3.1.5 yields
0,/ (1)) = &b ® L(Fy, ) = 0(b) & D(L(Fy, ()
Since w is output consistent, we can replace w(b) by w (o (b)) which gives
01 (Q) = 0(@e(b) ® D(L(Fq, ) = O(Fq, ) = Qb))

Thus, we have 3/ (2 (b)) = Q(ay (b)) forallv € V, and all b € B.

To prove that the automaton defined by the (V., H)-kernel graph is minimal it
suffices to show that for any i € kery, y(f) there exists a state b € B such that
Q(b) = h. To this end, let h € kerVC,H(Z). If h = f, then choose b = &. If

h=208lo..-00ll(f), then by our above observation we see that

h=d@] 000l (Fg)) =0T0- 00l (QE,)) = Qay, o 0y (D)),

0 0

which means that kery, i (f) C Q(B), i.e., [B] = |kerv, u(f)|. u!

Remarks.

1. Note that the above proof also shows that the automaton defined by the ker-
nel graph is the unique, up to isomorphism, among the minimal and output-
consistent automata. This follows from

3 (€2(D)) = Q(cy (D).
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2. All of the above remains true if we consider an arbitrary residue set V for H
and study sequences in X (I";, ).

Example. Let I' = Nand H(x/) = x*, V = {x°, x'} and define f € (N, {0, 1})
by the transition graph shown in Figure 3.8, where the output function is given by
w (D) =0, w(I) = 1. Note further that the automaton is certainly minimal.

O==0
0,1
Figure 3.8. Finite automaton for the sequence f = @Zio([logz(Zn + 1)] mod 2)x".

From the transition graph one easily concludes that the sequence f = @ f, x" =
®(F ) can be computed: f, = [log,(2n + 1)] mod 2. o

Figure 3.9 shows the kernel graph of the sequence F  which is via application of
o also the kernel graph of @(F ). It is the minimal output-consistent automaton and
has as many as |Acc(®)|2 = 4 states.

Moreover, it can be shown that any sequence g € (N, {0,..., M — 1}) with
n, = [log; (kn+1)] mod M, is generated by a ({xY, ..., x*¥=1}, H)-automaton, where
H (x/) = xX/. The minimal automaton generating the sequence has M states and the
associated minimal output-consistent automaton has M? different states.

Figure 3.9. The kernel graph of f = @, ([logy (27 + 1)] mod 2)x".

The still unsolved question is how to construct a minimal (V,, H)-automaton that
generates a given sequence f € X(I', A). We tackle this problem in the following.
It will turn out that the kernel graph again provides a tool to construct a minimal
(V., H)-automaton for f.

If f has a finite (V, , H)-kernel, then the kernel graph of f is a transition graph of
a finite automaton. An element h e kery, u( 5 is called accessible if h is accessible
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from f in the sense of Definition 3.1.7, where the automaton is defined by the kernel
graph. By its construction, each kernel element is accessible.

If a (V,, H)-automaton satisfies the minimality requirements of Lemma 3.1.11,
then each state is accessible. In order to distinguish between different kinds of acces-
sibility we introduce the properly accessible states.

Definition 3.1.14. Let (B, @, A, o, {a, | v € V,}) be a finite (V,, H)-automaton.
Let a,b € B. We say that a is properly accessible from b (w.r.t. the automaton) if
there existn € Nand v;, ..., v;, € V¢ suchthata = Oy 000ty (b) and v;, # e.
The set

AccPP(b, B, {oy | v € V,}) = {a € B | a is properly accessible from b} U {b}

is called the set of properly accessible states (from b). By definition, we set b €
AccPP(b).

Again we agree to write AccPP(b) if all other data are clear from the context.
Especially, we simply write AccPP( f) for Acc?®(f, kery, u(f). {851 v e VD,
the properly accessible states from f w.r.t. the automaton defined by the kernel graph,
if f has a finite (V,, H)-kernel.

" The L-map introduced in Definition 3.1.3 introduces an equivalent relation on
(T, A).

Definition 3.1.15. Twosequences g, h € X (I, ») are called L-equal if L(g) = L(h).

It is obvious that the relation L-equal is an equivalence relation. The equivalence
class of a sequence /4 is denoted by [X]r .

Theorem 3.1.16. Let f € X(I', A) be generated by the automaton
(57 @, ‘Aa Cl), {av I LS VC})
which satisfies condition 1. of Lemma 3.1.11. Then

1B = | Acc®™ ()] + |K*(/)

’

where AccPP(f) is the set of properly accessible h € kery, y(f) and K*(f) is the
set
K*(f) = {[hlL | h € kery, (f) and L(h) & L(kery, r(f))}.

Proof. Let h € AccP™®,i.e.,h = 811;1 o--+0dy,(f) and v # e. This can be written as
h=a@y 008, (Fg)).

A repeated application of Lemma 3.1.5 gives

h = @(Eauko---oavo(g))'
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This proves that every properly accessible kernel element requires a state in B.
Now let & € kery,, 1 (f) be not properly accessible, i.e.,

h=0@ odll o 0dll(Fy)).

A repeated application of Lemma 3.1.5 then gives

h=a(G

=1, 0 Oy ©+++0Uly (@))’

where a € B is determined by . This shows that a non-properly accessible kernel
element £ defines an equivalence class [2]z. Then either there exists a 8 € Acc™P(f)
such that g € [A]L or no such g exists. In the second case it follows that &z € K*( i ).

This shows that B contains additional |K *( S/ )| elements. This completes the proof.
O

It remains to show that for an (V,, H)-automatic sequence f € X(I", 4) there
exists an automaton such that the state set has cardinality equal to the lower bound in
Theorem 3.1.16.

Theorem 3.1.17. Let J € Z(A,T) be (Ve, H)-automatic. There exists a (Ve, H)-
automaton (B, @, A, w, {a, | v € V) that generates [ and satisfies
|B| = | Acc™P(f)| + |K*(f)|.

Proof. The proof is constructive. Let

kerv, 1 (f)/L = {IglL | g € kery, n ()
denote the kernel of f modulo L-equivalence. Then fix a map ¥ : kery, p /L —
AccPP UK *( /) such that

[W(h1L)], = Al

holds for all [#];, € kery, H( i )/L. Note that W([A];) can be considered as a repre-
sentative in AccPP UK ™*( i ) of the L-equivalence class [A]r.

We set B = AccPP(f) U K*(f), where K*(f) is defined as in Theorem 3.1.16.
The special element @ of 8 is e

The transition functions «, : B — B, v € V. are defined in different steps.

1. For v # e and h € AccPP( i ) we define
ay(h) = 8 ().

Note that o, (h) € AccP™P( 1)
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2. If v #eand[h]; € K*(i),then we set

ay([h]r) = 3 (h).

Note that this definition is independent of the chosen sequence in the equivalence
class. Note further that o, ([2]7) € AccP™P( i ).

3. Letv=eand h € Acc”™(f). Then

ae(h) = W([0] (W]L).
Note that e, (h) = ae @ L(GeH (h)), where a € A is determined by W.
4. Letv =eand [h], € K*(f). Then

ae([hr) = V(13 o W(hlL)]L).

Note that for every g€ (Al Nkery, H( /) there exists an g, € +4 such that

9 (g) = gee ® L@ ((h]1))
or, equivalently,
@ ([h]L) =ae® L®[ (g)),
where a € 4 is determined by W.
Due to the above definition of the transition functions «,, v € V, it is easy to

see that for all g € AccPP( i ), for all n € N and for all v € V, \ {e} the following
equation is true:

i o (0]")" () = a0 )" (g). (3.3)

To conclude the proof we define an output function w : Acc”® UK*(f)) — 4 by

gle) ifg € AccP™(f)

w =
(g) a otherwise,

where a € 4 is fixed.
Now let y = v;yH(v;,) ... H”*(v;,) be the representation of y, ie., v;, # e. It
remains to show that
(e, ooy (D) = f(7).

Since vi, # e, it follows that 85’1 0.0 85[{0 ( i ) € AccP™. As a consequence of
Equation (3.3) one has

H H _ prop
0 oo dll (f) =ay, o o ay (f) € Accm™,

and therefore w (o, o --- o oy, (f)) = f(y). This proves the assertion. O
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Note that the above construction of a minimal automaton is not unique. Every
choice of a function W gives another automaton.

Remark. Figure 3.8 is the minimal automaton one obtains from the kernel graph in
Figure 3.9 using the algorithm given in the proof of Theorem 3.1.17.

Proposition 3.1.18. Assumethat f € (T", A) is (Ve, H)-automatic. If kery, g (f) =
AccP®(f), then the f-automaton has |kery, u(f)| states.

In other words, if every kernel element is properly accessible, then the minimal
automaton is given by the kernel graph.

The kernel graph of the paperfolding sequence pf is a minimal automaton that
generates pf without the property that every kernel element is properly accessible.

As we will see in the next section, if fis (V,., H)-automatic, then f is also (W, H)-
automatic, where W is a residue set for H. Therefore if W, is another complete digit
set for H, the above construction gives a minimal (W,, H)-automaton which may or
may have not more states than the minimal (V,, H)-automaton.

Example. We consider the sequence ®,>0x" € X(Z, {0, 1}), ie.,, f(n) = 1if
and only if n € N, and the expanding endomorphism H (x/) = x3/. Then both
V. = {x‘l,xo,xl} and W, = {x_7,x0,x1} are complete digit sets for H. Then
the minimal (V,, H)-automaton for the sequence f has two states and the minimal
(W,, H)-automaton has five states. In fact, in both cases the minimal automaton
is provided by the kernel graphs, see Figure 3.10 for the (V,, H)-kernel graph and
Figure 3.11 for the (W,, H)-kernel graph.

0, 1 _11 (®))-1.0

Figure 3.10. (V,, H)-kernel graph for the sequence f = @nzo x".

Figure 3.11. (W, H)-kernel graph for the sequence f = B, > x".
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We conclude this section with some remarks on generalizations of automatic se-
quences, i.e., (V, H)-automatic sequences for V not being a complete digit set. To this
end, we have to consider properties of the remainder- and image-part-maps defined
by V and H, see Definition 2.2.2. We introduce a more general concept of automatic
sequences which becomes the concept of Definition 3.1.1 for complete digit sets.

To begin with, let us assume that V is a residue set for H such that Per kg v
consists of fixed points only, i.e., Per k = Fix «. Then I is the disjoint union of sets
I'e with § € Fix «, where

I'e = {y | there exists n € N such that k™ (y) = &} = | J * 7" ({€)).
nel
For a sequence f € X(I', A) we therefore have a canonical decomposition

= .

&eFix k

where (f)e = flr,.
Let & € Fix « be a fixed point of «, then there exists a unique ve € V such that
& =veH(§). Forall y € T"\ Fix « there exists a unique representation

Y =iy ... H" (v, )H" T (&),

where n = min{k | k°**!(y) € Fix «}, or, equivalently, Vi, 7 Vg. o
By analogy, we define (f)¢ to be (V, H)-automatic if there exist a finite set B
and maps oy ‘B —> B,veV,w: B — A such that

L. w(@) = (f):(&)
2. For y € I'g \ {£} with representation y = vj, ... H"”(v,-n)HO"“(&) one has

(e, oy, (2)) = (P @)

Taking the above considerations into account, we can extend the notion of auto-
maticity.

Definition 3.1.19. Let i € X(I', A) and let V be a residue set of H such that Per «
consists of fixed points only. Then i is called (V, H)-automatic if each ( i )g is
(V, H)-automatic.

It is now plain how to generalize the notion to arbitrary residue sets V. Let Per «
denote the set of periodic points, then for every y € I' \ Per « there exists a minimal
n such that k°"(y) € Per «; this defines amap E : [' — Per x with E(y) = «°"(y).
Thus I" can be written as the disjoint union

r= J r.

&ePer k
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where I's = {y | E(y) = &} and § € Per«. Any sequence i e X(I', A) has a

decomposition
=D s

EePer

where (f)¢ = fly,. In a similar fashion as above we can now define a notion of
automaticity for a sequence f. This notion of automaticity is based on the fact that
each y € I' \ Per « has a unique representation

Y =vigHi,) ... H" (v;,)H" T (E(y)).

The restriction of i on I'¢, i.e., the sequence ( i )¢ is (V, H)-automatic if there exists
a finite set 8 and maps a, : 8 — B, ® : B — s such that the following holds:

L w(@) = ().

2. Fory e TI'¢ \ {§} with representation y = v;y H (v;;) ... H™" (vin)HO"H@) one
has

(et o0y (2)) = (g ().

Thus a sequence f is (V, H)-automatic if and only if each sequence f, is automatic

/.
in the above sense.

This shows that in case of Per x 7# ¢ several different automata are necessary to
produce a sequence f. The following lemma shows that the (V, H)-kernel graph of
the sequence f provides already these different automata if we allow different output

functions.

Lemma 3.1.20. Let f € (T, A) be such that the (V, H)-kernel ofi is finite. For
& € Perk we define ws : ker,H(i) — A by

wg (h) = h(&).

Then for each & € Per k the automaton defined by (kery g, i, wg, A, {BUH lveV)
generates the sequence (f)g in the above sense.

The proof is easy and left to the reader.

The poor treatment of the generalized notion of automaticity is justified by the
results of the following section. There we shall show that in order to study (V, H)-
automatic sequences it is sufficient to study sequences and their (V, H)-kernels with
respect to a complete digit set.
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3.2 Elementary properties of automatic sequences

In this section we start to investigate certain elementary, but important properties of
sequences generated by substitutions. One of the main results is that a sequence has
a finite (V, H)-kernel if and only if the sequence has a finite (VH(V), H °2)_kernel.
Moreover, if a sequence has a finite (V, H)-kernel then it has a finite (W, H)-kernel
for any other residue set W of H. Thus the finiteness of the kernel of a sequence is a
property of the sequence and the expanding map H and does not depend on the residue
set chosen. In view of these results we simply say that a sequence is H -automatic.

One should also compare the results with our considerations of the previous section.
If a sequence has a finite (V, H)-kernel, then it has a finite (W, H°")-kernel, where W
is a residue set of H*" and n € N. By Theorem 2.2.7, we know that for n sufficiently
large we always can find a complete digit set W, for H*". Thus the concept of
automaticity introduced for complete digit sets is sufficient for a study of automatic
sequences.

However, although the automaticity of a sequence does not depend on the residue
set chosen it is often advantageous to choose a certain residue set, e.g., if one wants
to compute the substitution associated with an automatic sequence. Moreover, as we
have seen, the minimal automaton that generates a sequence depends on the residue
set.

Theorem 3.2.1. Let f € X(T', +4), then [ has a finite (V, H)-kernel if and only if [
has a finite (VH(V),H?)-kernel.

Proof. Let kerV,H(i) be finite. By 1. of Corollary 2.2.13, we have for t = vH(w) €
VH(V)

H°? H°? H ~H

81 = 8vH(w) = 8w ° av

for all v, w € V. In other words, Bfluz (i) € kery g forall T € VH(V). This means
kery vy, me2 (i) C kery g (i). Thus the finiteness of the (V, H)-kernel ofi implies

the finiteness of the (V H (V);H%)-kernel of i
Now, we assume that the (V H (V),H°?)-kernel of J is finite. Then the set

H
K = kerVH(V)’H& U U av (kerVH(V)’HOZ (i))
veV

contains i and is finite. In order to show that the (V, H)-kernel of i is finite it suffices

to show that K is invariant under v-decimations, v € V, i.e., Bf (f) C K; thisis a
simple consequence of the definition of K. O

Similar arguments show that the same assertion is true for higher iterates H"* of
H and the corresponding residue sets k°~"* (V).
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For several of the following results we need the fact that balls with radius r > 0
and center y € I' contain only finitely many elements. This is guaranteed if || || on I
is discrete, see Definition 2.1.7.

The next theorem shows that the finiteness of the (V, H)-kernel of f isindependent
of the residue system. o

Theorem 3.2.2. Let || || be a discrete norm on I" and let H : ' — I" be expanding
with H(T") of finite index in T". Let f € X(I', #A) and let kery, H(f) be finite. If W is
a residue system for H, then kery, H( ) is finite, too.

Proof. Letr = max{||v]| | v € V} and R = max{||x#, V(w)ll | w e W} and let C be
the expansion ratio of H. We shall show that kerw, # (f) C K, where K is defined by

K ={(T))*"() | h ekery p(f)and |y| < 2K}

Since kery gy (f) and Ba-icr (e) are finite sets, K is a finite set and therefore the
— [oR]

invariance of K under 85 -decimations, w € W, would imply that kerw, g ( i ) is
finite. o .
By the definition of K, we have i € K. Therefore, it suffices to prove that

851(?) CK forallw e W.
To this end, we write

H H
9, = (TKH,V(w))* © a4“1-1,v(w)’

2r+CR

see Lemma 2.2.14. Furthermore, let y € I such that ||y || < and consider for

weWw
© (T ) ( KH, V(w)) {H‘V(w) © (T)/)*

By Lemma 2.2.15 this gives
H
(TKH.V(W))* ° (TKH,V(J/{H,V(w)))* °© agH.V(y{H,V(w))
H
= (TKH.V(VCH,V(w))KH,v(w))* © a{H_V(ng,V(w))'
We now estimate
lca,v (s, vw)egy (Wl < kg, vy v @) + g,y (w)l.

From the proof of Lemma 2.2.3 we obtain

lyca,v@)|l +r
lca,v(yea, vl + kg vw)|| < S — +R
lyll + 2r
<" 4R
- C
2r + CR

<
- C-1
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by our choice of y. Therefore 85 (K) CK. O

From now on it is justified to speak of the H-kernel of f which we denote by
kerg (f). Furthermore, we may restate Theorems 2.2.19 and 3.1.6

Theorem 2.2.19*. The sequence i € X(T', A) is generated by a substitution (w.r.t. H)
if and only if the H-kernel of f is finite.

Theorem 3.1.6%. The sequence f € X(T', ) is H-automatic if and only if the H-
kernel of f is finite.

The next lemma shows that the change of the residue set does not create entirely
new sequences. In fact, the sequences contained in kerw g (f) are translations of the
elements in kery g (f).

Lemma 3.2.3. Let f be a sequence with a finite H-kernel. If V and W are residue
sets for H and kery ( i ), kerw ( i ) are the kernels w.rt.V and W, respectively, then
the following holds.

1. Forany h € kerv(i) there exists a p € T" such that (T,)*(h) € kerw(i).

2. For any g € kerw(f) there exists a h € kery(f) and a p € T such that
g = (T,)*(h).

Proof. Let h = ago--.oavH(i) € kery(f), where v; € V, j = 1,...,k. By

k
Lemma 2.2.14, we can replace each 81';_1 by (TKW(Uj))* o agv(v,-)’ where {w (v;) € W.

This gives
_ * H * H
h = ((Tey@))* 088 ) oo Teyw)* 08 L D).
A repeated application of Lemma 2.2.15 yields

h=(Tp)" 09 000, (f)

for a certain p € I" and w]’. e W, j=1,...,k. This proves the first assertion.
The second assertion follows from the above proof by interchanging the roles of
V and W. O

The next lemma relates H-automatic sequences with certain G-automatic se-
quences.

Lemma 3.24. Let G, H : I' — T be expanding endomorphisms. Suppose there exist
k,n € N such that H" = G°*. Then J € X(I, »A) has a finite H-kernel if and only
if f has a finite G-kernel.
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Proof. The proof is a direct consequence of Theorem 3.2.1 and Theorem 3.2.2. O

As a next step, we are interested in the following question. Suppose that f is an
H -automatic sequence. What are possible alterations of the sequence which preserve
the automaticity? In the remaining part of this section we will give some preliminary
answers. In the next chapter we shall investigate this question in greater detail.

We start with a translation invariance property.

Theorem 3.2.5. Let || || be discrete on T'. If | € X(I", A) has a finite H-kernel, then
(TP)*(i) has a finite H-kernel.

Proof. Let V be a residue set of H and lit r = max{||v|| | v € V}. Let C be the
expansion ratio of H and let the finite set K be defined by

K = {(T)*® |yl <max {llpll, Z;} and h € kery, 1 (f)}.

As usual, we shall prove that kery g ((T,)*( i ) C K. By construction, we have that
(Ty)*( i ) € K. It is therefore sufficient to show that BUH (K) C K forallv e V.
Lety € I" such that ||y || < max{|/p]l, %} and let v € V, then by Lemma 2.2.15
H H
9, © (TV)* = (TK(VU))* © 8{(yv)'
Again, we estimate

lyvll+r |yl +2r 2r
< < < L.
Iyl < C =< C <max el C_1

This proves the assertion. O

Remarks.
1. Since (T,)* = (Tp71)* the same assertion holds for (TP)*(i)'

2. The above lemma does not hold for right translations, as the example below
shows. The lemma is true for right translations R, (y) = yp under an additional
assumption on the group I', namely if the commutators

[H(y),pl=H(y Yo 'Hy)p

are uniformly bounded, i.e., there exists a constant K such that ||[H (y), p]|| <
K for all p and all y. This seems to be a rather strong condition on the group
I which is certainly satisfied by commutative groups.

The Heisenberg group provides an example for which H-automaticity is not pre-
served under right translations.
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Example. Let I's be the Heisenberg group and H>2 : L — L be as in Example 3,
p- 28. Then V = {b1ac® | €1, €3 € {0, 1}, €3 € {0, 1, 2, 3}} is a residue set for
H, ». Now consider the sequence f € X(I'3, {0, 1}) defined by f(y) = 1 if and only
if y = 0" withn € N. Then f has a finite Hj >-kernel. Indeed, we have

8,2 (f) =0 forallv# e, b, b,

(f)=f veleb b}

H22

Due to the above theorem, we have that the sequence (7,-1)*(f) is H-automatic. If
R,-1 : I's — I'; denotes the right translation, then the sequen_ce (R,~1)*(f) is not
H -automatic. o

In order to prove the non-automaticity of (R,-1)*(f) we introduce the set M (k)
for an arbitrary sequence & € X (I'3, {0, 1}). Itis defined by

Mi(h) ={y | h(y) = 1}.

By definition, we have (R -1 )*(i)(y) = i(ya_l), so we obtain (R,-1 )*(i)(y) =1
if and only if y = b"a = ab”c" and therefore

Mi((R;-0)*(f)(¥)) = {ab"c" | n € N}.

Now consider aa((Ra—l)*(i))()/) = (Ra—l)*(i)(aH()/)), and we thus obtain that
aa((Ra_1)*(i))(y) = lifand only if aH (y) = ab"c", i.e., H(y) = b"c". This is
only possible if n is a multiple of 4 which yields

M1 (3a((R-1)*(f))) = {b*"c" | n e N}
Finally we compute the set
M1 (3¢ (a ((Rg—1)* ())))-
By our above considerations we see that
e (30 (Ry-)* (SIN() =1

if and only if H(y) € {b*"¢" | n € N}, ie.,y = b*'¢" and n € N. By induction, we
obtain "
M1(9* @a((Rg-D)*())) = (b* "¢" | n € N).

This proves that the H-kernel of (R,-1)*( i ) is infinite.
The next theorem is about the finiteness of the kernel of a G-reduction of i .
Theorem 3.2.6. Let || || be discrete onT'. Let G : I' — T' be a group endomorphism

which commutes with H,i.e., Ho G = G o H. If the H-kernel ofi is finite, then the
H-kernel of G*(f) is finite.
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Proof. Let V be a residue system for H (with expansion ratio C) and let r =
max{||v] | v € V},7 = max{||G(v)| | v € V}. Define the finite set K by

K = {G* o (T,))* () | h € kery, 5 (f) and [l || < 2},

We thus have G*( i ) € K, and it suffices to show the invariance of K under the
r+r

1> then we have

v-decimations. Let ||y | <

3 o G* o (T}))* = (T, o H)* o (Ty 0 G)*
=(TyoGoTvoH)*
= (Ty o Tgw) o G o H)*
= (Ty o TGw) o H o G)* since HoG=GoH
= G" o6,
=G" o (Tey v (yG))" © 351,‘/(;/0(1)))

which gives

lyGWI+r _ Iyl +r+F _ F+r
C B C —C-1

ke, v(yG)Il <
due to our choice of y. O

If G: T — I' commutes with H and if G is not surjective, then Theorem 3.2.6
can be formulated as follows: A carefully chosen subsequence of f, i.e., the sequence
G*(f), of an H-automatic sequence f is H-automatic, too. -

IfGisa bijection and commutes with H, then we can say that a careful rearrange-
ment, i.e., G*(f), of an H-automatic sequence is also H-automatic.

One special rearrangement is the endomorphism G(y) = y 1.

Proposition 3.2.7. Let G(y) = y~'. Then G o H = H o G, and therefore J has a
finite H-kernel if and only if this holds for G*(i).

A slight modification of the proof of Theorem 3.2.6 yields the following general-
ization of Theorem 3.2.6.

Corollary 3.2.8. Let {G1, ..., Gy} be a finite set of group endomorphisms of I and
letn:{1,....,M}— {1,..., M} be a map such that

GjoH =HoGyg

holds for all j € {1, ..., M}. If the H-kernel of f is finite, then so is the H-kernel of
(GH*(f) forall j €{1,..., M}.
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Example. Let I be the additive group Z2. Then H : Z? — 77 defined by

a(3)=(:3))

is an expanding endomorphism (w.r.t. the euclidian metric). Let Go : Z> — Z? be

defined by
X ab X
w(;)= (1) ()

where a + b + ¢ + d = Omod 2. Then the set {H°"GoH" | n € N} is finite and
satisfies the requirements of Corollary 3.2.8.

As another application of Theorem 3.2.6 we show that a kind of blocking of an
automatic sequence again yields an automatic sequence.

The blocking is best explained by an example. If ( f,,),>0 1S a sequence with values
in +, then the sequence (g,),>0 defined by g, = (f21, f2n+1) 1S a new sequence with
values in 4.

Definition 3.2.9. Let G : ' — T" be a group endomorphism such that G(I') C I is
a subgroup of finite index and let W = {w = e, wo, ..., wp} be a residue set for G.
The map Bw g : Z(I', A) = X (T, AP) defined by

f(G)

S (w2G(y))
Bw,c(f)(y) = )

SfwpG(y))
is called (W, G)-block map.

Lemma 3.2.10. LetG : I' — T beasin Definition 3.2.9 and assume that G commutes
with H,ie., Go H = HoG. Ifi e X(I', A) is H-automatic, then Bw,c(f) €
(T, AP) is H-automatic.

Proof. The proof follows immediately from the fact that the j-th component of
BW’G(i), j=1,...,D,is ng (i) = (ij o G)*(i). By Theorem 3.2.5 and Theo-
rem 3.2.6, each component is H-automatic and therefore Bw ¢ ( i ) is H-automatic.

O

It remains to study the automaticity properties of G.(f), where G : I' — I is
injective. As for the case G*(f) we need that G satisfies certain requirements.

Lemma 3.2.11. Let G : T' — T be an injective group endomorphism such that the
subgroup G(I') C I has finite index. Furthermore, assume that G commutes with H,
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ie, HoG = HoG. IfV isaresidue set for H and W is a residue set for G, then
for alli e X(I',A)and allv e V

00 Gu(f) = €D (Tu oG o Tug1wmwn)” Ui wmiun -
weW(v)

where W(v) = {w |w € Wand vH(w) € G(I')} and « and ¢ are the image-part-
and remainder-maps w.r.t. V, respectively.

Proof. By its definition, we have

f(p) ifvH(y)=G(p)
otherwise.

0 (G (f)() = Gu(HWH(y)) =

Now let y € T" be such that vH(y) € G(I'). Since W is a residue set of G, y has a
unique representation y = wG(y’) with w € W. This yields vH(wG(y')) € G(I'),
and therefore vH (w)G(H (y’)) € G(I') which implies vH (w) € G(I'). Due to the
definition of W (v) the set

J wem

weW(v)
contains all y such that vH (y) € G(I"). In other words, we have
01 (G.(fHWGy)) = fFHWH(GY))

forall y € ' and w € W(v). For all p € I" which are not of the form wG(y) we
have that 85’ (G«( i ))(p) = &. Written as a formal series we obtain

WG(fN= P FOHWHGEY)wG®y).

weW(v),yel

By the fact that G! (vH(w)H (G (y))) iswell defined and equal to G! (wH(wW))H(y)
we can rewrite the summands as

0, (Ge(fN = B (TweGudf i ypuy )

weW (v)

and an application of Lemma 2.2.14 proves the assertion. O

Theorem 3.2.12. Let G : ' — T be as in Lemma 3.2.11. Ifi € X(I', A) is H-
automatic, then G ( i ) is H-automatic, too.

Proof. Let V be aresidue set for H and W be a residue set for G. By Lemma 3.2.11,
we have that

3G = €D TuoG)o Tugrwnwn)” U6 -
weW (v)
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Now (T o G)y = (T,,-1)* o G, and we obtain
0 Gu(fN = P Ty *0GuoTeia1wrw)" ° i1y L)-
weW (v)

Note that the summands are of the form (7)) o G4 o T;‘ (h), where h € kery m(f). As
a next step, we define several constants, namely

r=max{||v|| |v e V},
R = max{llG_l(vH(W))ll |veVandw e W(v)},

Ry = max{||w| | w € W}.

The set of sequences

K'={T}oG,oT;(h) | hekery(f).llyll < SEE ||p|| < Btr

where C denotes the expansion ratio of H, is a finite set. Unfortunately, it is not
decimation invariant. If we apply Lemma 3.2.11 to an element of K’, we obtain the
following formula

(T 0 GyoTr(h)

= @ T" 0GyoT! -1 -1 ©
w Kk (yv) k(P (G (vH (w)k (G (vH (w))
weW (& (yv))

H
a{(ﬁ{(G_l (vH (w)) ()

and we estimate

Iyl + 2r - CRy +2r

-1 <R
lw ™)l < Ry + o < =2

’

due to the choice of y, and

oG wH @G wH ) < PIEZHRET A
due to the choice of p. Therefore the decimation of an element in K’ is a finite sum of
elements in K’. Note that the summands have pairwise disjoint support. Note further
that the set of sums of elements in K’ where the summands have pairwise disjoint
support is also a finite set.

Since G4 ( i ) is an element of K’, its decimations are well defined and can be
written as a finite sum of elements of K’ such that the summands have pairwise
disjoint support. Therefore the H-kernel of G.(f) is finite. O

Corollary 3.2.13. LetG : " — " be asin Lemma3.2.11 and lets : W x A — B be
a map, where A and B are finite sets. Then S induces a kind of (W, G)-substitution
S from (T, A) to X(T", B) by setting

S(HWG()) = s(w, f()).
If f € (T, A) is H-automatic, then S(f) is also H-automatic.



3.3 Notes and comments 83

Proof. We have
S(f) = EP 5 (Tw o G)u(f),
weW

where sy, : A — B denotes the map s(w, ). By the above theorem and Theorem 3.2.5
each of the summands is H-automatic. Therefore the sum is H-automatic. O

The above results indicate that it is possible to perform alterations of an H -auto-
matic sequence without destroying the H-automaticity of the sequence. So far, we
have seen that as long as the alterations are compatible with the group structure and
with the expanding endomorphism H, then the H -automaticity is preserved.

On the other hand, there are simple alterations of a sequence f which certainly
do not affect the automaticity of the sequence. One of the simplest of these changes
is the exchange of two values. Let f be an H-automatic sequence and let y1, y» be
different elements of ', then g defined by

Sy ify=mn
gW)=1f(n) ify=wn
i(y) otherwise

is an H-automatic sequence, too. Unfortunately, this kind of exchange of two values
is not covered by mappings G : H — H which satisfy one of the above mentioned
conditions. It is clear that any finite number of changes of an H -automatic sequence
f produces a sequence g which is H-automatic.

"~ There is yet another, more complicated, way to rearrange an automatic sequence.
Let us assume that (B, &, A, o, {a, | v € V,}) isa (V,, H)-automaton generating the
sequence f € X(I', A). If o : V. — V. isbijective and o (¢) = e, then the automaton

(B, D, A, 0, {as@) | v € V.}) generates a sequence which can be considered as a
rearrangement of f. By the construction, it is clear that the new sequence is also
automatic. B

In the next chapter we shall introduce the necessary tools to deal with more general
rearrangements of sequences.

3.3 Notes and comments

The definition of a (V,, H)-automaton is a special case of the general notion of a finite
automaton. More information on finite automata and their relations to other structures
in mathematics and computer science can be found in, e.g., [45], [48], [77], [78], [851,
[98], [105], [124], [147], [156], [159].

Definition 3.1.1 is a generalization of the concept of automaticity for ‘true’ se-
quences, i.e., maps from N to a set. In [7], [9], [15], [17], [153], the reader will find
further generalizations of automaticity.

Theorem 3.1.6 is a generalization of a result in [55] for true sequences.



Chapter 4

Automaticity II

As we have seen in the previous section there exist operations on the set of H-automatic
sequences which preserve the H-automaticity. We have also seen that the allowed
operations are very restrictive since they depend on the group structure as well as on
the expanding endomorphism H. In this chapter we develop a more general theory of
admissible alterations of H-automatic sequences.

We begin with H -automatic subsets of I'. We study the behavior of H -automatic
subsets under the elementary set operations.

Using the notion of automatic subsets, we define (H; x Hj)-automatic maps
G :I'y > I'y,where H; : I'; — I';, i = 1,2, are expanding endomorphisms such
that the index of H(T;) is finite. We study the properties of automatic maps. In
particular, we shall show that an (H; x Hj)-automatic map G : I’ — ', maps an
Hi-automatic subset M C I'; on the H,-automatic subset G(M).

In the third section, we discuss the structure of finite (V| x V,, Hy x H))-automata
that generate (H; x Hj)-automatic maps G : 'y — I';. We present necessary and
sufficient conditions on the transition graph of a (V; x V2, H; x Hj)-automaton to
generate an (H; X Hp)-automatic map. We conclude this section by showing that
there exists an (H x H),)-automatic bijective map 2, : I' — N such that for every
H -automatic subset M C I the set U, (M) C N is Hj,-automatic, where H), (x)) =
xPiand p = |V].

In the fourth section we present a detailed discussion of the properties of (H), x H, )-
automatic functions G : N — N. We present upper and lower bounds for the growth
of (H, x Hy)-automatic functions. Moreover, we prove that for p < g there exists no
surjective (H, x Hy)-automatic function G : N — N. By studying the distribution
or density of an H,-automatic subset we are able to give sufficient conditions for the
existence of an (H, x H,)-automatic function G : N — N such that p < g and
GN) =M.

Finally, in the fifth section, we briefly introduce cellular automata and show that
under mild restrictions a cellular automaton is a tool to generate an (H; x Hj)-
automaticmap G : I'y — I's.
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4.1 Automatic subsets

As always, I is a finitely generated group and H : I' — I is an expanding endo-
morphism (w.r.t. some fixed discrete norm) such that H (") is of finite index in I'.
Moreover, 4 denotes a finite set and X (", #4) denotes the set of sequences.

In this section, we discuss the notion of automatic subsets of I". It will turn out
that a study of automatic subsets almost suffices to understand arbitrary H -automatic
sequences.

Definition 4.1.1. Asubset M C I'iscalled H-automatic if the characteristic sequence
xm € (I, {0, 1}) defined by
1 ifyeM

xm(v) = 0 otherwise

is H-automatic.

Examples.

1. The empty set ¥ and the set I' are H-automatic subsets. Indeed, we have
xo(y) = 0 and xr(y) = 1 for all y € I'". Therefore E)f(xg) = Xy and
a,f’(xr) = xr forallv e V.

From now on xy is simply denoted by 0, the sequence with values all equal to O.
2. Every finite subset M of I is an H -automatic subset.

3. If Misequal to " \ {y1,..., ¥u}, where n € N, then M is an H-automatic
subset.

In order to model the different operations with subsets, we introduce an additional
structure on the set {0, 1}. We denote this structure by B = ({0, 1}, v, A, 7), i.e., we
consider the set {0, 1} as a two element Boolean algebra, where

Ov0=0 and 1v0O=0vi=1vl=1,

and
1Al=1 and 1A0=0A1=0A0=0,

and0” =1,1" =0.
The operations given for the Boolean algebra can be extended to the sequence
space X(I', B). If f € 2(I", B), then f~ is defined by

o=

For two given sequences i 8 € 2 (I", B) we define their sum by

(fvew)=ry)vewy).
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As a formal series we write a sequence J e Z(T, B) as
f=\ tr

to emphasize the addition on B. There are to different kinds of products. The first one
is a pointwise product, it is induced by A and defined by

S AW =fr)ngly),

or, in the notion of formal series,

iA§= \/(fy/\gy)y-

yell

The second product is the so-called Cauchy product. It is defined by

f- W=\ fo g

pT=y

where the summation is over all pairs (p, t) with pt = y, or, in the notion of formal

series,
o=\ (V £ e&)r

yel pr=y

i.e., the Cauchy product of two sequences can be interpreted as the product of their
formal series. It is important to notice that the Cauchy product of two sequences is
well defined since the sequences take their values in the Boolean algebra B.
Ifa €e Band f € (', B), thena A f denotes the sequence (aA f)(y) = an f(y).
This is either the zero sequence if @ = 0 or it is the sequence f if a = 1. -
With regard to the automaticity of sequences in X (I, B) we have the following
first result.

Lemma 4.1.2. If f, g € (', B) are both H-automatic, then the sum f Vv g and the
A-product f A g are both H-automatic.

Proof. One easily shows that

kery w(f v g) Clivjli€keryn(f), j€kery (g}

and

kery g(f Ng) Clinjli€kery u(f), j€kery (g}
Since f and g are H-automatic, the sets on the right-hand side of the above inclusions
are finite. o

With this notation we can state several properties of H -automatic subsets.
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Lemma 4.1.3. Let M, N C I" be H-automatic subsets. Then the following holds:
1. The union M U N is H-automatic.
2. The intersection M N N is H-automatic.
3. The complement ' \ M = M€ is H-automatic.
4. The symmetric difference MAN = (M N N°)U (M€ N N) is H-automatic.

Proof. The set theoretic operations translate into operations with characteristic se-
quences having values in the Boolean algebra B. E.g., xpyun = XM V XN» XMAN =

Xm A Xnsand xpe = (xm) ™.
Then 1, 2, and 3 are immediate from Lemma 4.1.2. Assertion 4 follows from

XMaN = (XM A Xn) Y (Xpr A XN)

and Lemma 4.1.2. O

The next lemma justifies that a study of automatic subsets of I' is indeed a study
of automatic sequences in X(I', /). Before stating the lemma we define a ‘multipli-
cation’ x : A X B — A by

a ifb=1
axb= .
@ ifb=0.

Leta bein 4 and let x € (T, B), then a * x is an element of X (I", ). It is defined
by
(axx)(y)=ax*x(y).

Furthermore, we have the obvious identity
3 (axx)=axdl(x).
For a € A we define the maps §, : A — B by

1 ifa=>

8,(b) =
a(®) 0 otherwise.

Lemma 4.14. Let f € X(I', A). The sequence [ is H-automatic if and only if the
sets

Ma(f) =1y | f(y) = a}

are H-automatic subsets of T for all a € 4.
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Proof. For a € A we define x, € X (I, B) to be the characteristic sequence of the set
M, ( i ). Then the sequence i can be written as

f=@axxmu

acA

and we have xu,(s) = 8a (f)- Since 840 ol =9l o 8., the assertion follows. |

Therefore a study of automatic sequences is basically a study of automatic subsets
of I'. All of our previous theorems for automatic sequences apply to automatic subsets
M C T. Le., if V. is a complete digit set for H, then there exists a finite automaton
that generates the subset. In that case we can — in a more poetic language — say that
the automaton answers to the question whether a given y is an element of M with
‘yes’ or ‘no’.

As we have seen, the usual set theoretic operations with automatic subsets do
not affect the automaticity property. Besides these set theoretic operations there are
operations with subsets of I" which are induced by the group structure of I'. The
product M N of two subsets M, N C T is defined by

MN ={yp|ly e M, p e N}

In terms of characteristic functions we have the following result

Lemma 4.1.5. Let M, N be subsets of I'. Then the characteristic sequence xyn €
2T, B) of MN is the Cauchy product of xy with xn, i.e.,

XMN = XM * XN-

Proof. Let y = pt, where p € M and t € N, then

o xnW) =\ xm(0) A xn (@)
o't'=y

is equal to 1. On the other hand, if (xas A xn)(y) = 1, then there exists at least one
pair (o', ') suchthat p’ -t/ =y and p’ € M, 7" € N. |

Thus the question on the automaticity of M N translates into a question on the
automaticity of the Cauchy product of two automatic sequences.
The definition of the products of sets allows us to define an embedding ¢ : ' —
(T, B) by setting
Ly) = Xiy)-

Then we have ((yp) = t(y) - t(p). If we interpret ((y) as a formal series, we can
simply write ¢(y) = y. From now on we do not distinguish between ¢(y) and y. It
will always be clear from the context which interpretation of y has to be chosen. The
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Cauchy product enables us to give a new meaning to the left translation (77), and
right translation (R; ). By their definition, see Equations (1.3), (1.4), we have

(Tr)*(i) =T i and (Rr)*(i) = i - T

for all f € X(I', B) and all T € I', where we interpret t as an element of X(I", B).
Due to Theorem 3.2.5, the left translations preserve the automaticity while the right
translations do not necessarily preserve the automaticity, as shown by the example on
p- 78. Since the Cauchy product x,s - xn involves the left translations as well as the
right translations, the question on the automaticity of x,s - xn is closely related to the
automaticity properties of left and right translations.

If " is a commutative group, then I is isomorphic to Z", see Lemma 2.1.3, and the
question on the automaticity of the product of two automatic sequences is answered
in the next theorem. Before we state and prove this theorem we need a preparatory
lemma. It provides us with a product formula for decimations and does only apply to
the situation where I" is commutative.

Lemma 4.1.6. Let f, g € Z(Z",B), then

W (fo=\/ x@w -3 9,
u,wev

S (uw)=v

where k and ¢ are the image-part- and remainder-map associated with H and a
residue set V for H.

Proof. Due to Lemma 2.2.16, we can write
f=Voey v H(0)' (1))

2= \Vyey v He(3] ().
Therefore the Cauchy product is given by
frg=\/ uw- HGIf) H6F ().
u,wevV

where we use the fact that the underlying group is commutative. If we write uw =
¢ (uw)H (k (uw)) (again the commutativity is crucial), and if we use the fact that

H,O2 () - HO () = H.BF ()-8 (9)).

then we can rewrite the product as

fg=\Vv V He&@w) HOIf) - al@g).

veV u,wevV
L (uw)=v
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Observe that the summands can be written as

H(kuw)) - H, @) (f) -8l (9)) = Hu(k ww) - 3 (f) - 35 ()

and therefore the product takes the form

fg= \/v-H*< \/ K(uw)~8f(i)-3£1(i)).

veV u,weV
¢ww)=v
Thus, as a consequence of Lemma 2.2.16, 85 ( i - 8) is of the desired form. O

We are now prepared to prove the announced theorem on the automaticity of a
product of automatic sets.

Theorem 4.1.7. Let I" be a commutative group and let H : I' — I be an expanding
endomorphism. If M and N are H-automatic subsets of ', then the product M N is
H-automatic.

Proof. Let r = max{||v|| | v € V} for a residue set for H and let C denote the
expansion ratio of H. We define the set K C X (I", B) by

K = { \/ ap,fe N f-8| el =R, f €kery g(xm),
pfg

g €kery g(xn), ap,1,g € B}'

where R = % Since M and N are automatic, K is a finite set. It remains to show
that K is decimation invariant and contains ys - xn. The latter assertion is certainly
true. Therefore it remains to establish the decimation invariance of K. It is obvious

that it suffices to prove that the decimation of a summand

anp-f-8=(@pE-g-8

is also an element of K. For a = 0 there is nothing to show. We therefore assume that
a = 1. By Lemma 4.1.6, we can write

p'i'§=p-(\/v-H*< \/ x(uw)-af@-auf’(p)).

veV u,wevV
Suw)=v

Since vp = ¢ (vp)H (k (vp)), we obtain
p-fg=\ {(vp)H*( \/  «@pk@w)df (f)- a,f(g))

veV u,wevV
¢(uw)=v
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Thus the decimations of p - J-gare of the form

\/  k@ok@w)dy (f) - 94 ().
u,wevV
¢(uw)=v

It remains to estimate the norm of « (vp)k (uw). We have

2
e oYk @w)l < e @)l + e Guwy) < 1Al lf‘”+”””+ ’
_Sr+lell
- C
Sr
c-1

=

where the last inequality is due to our choice of p. Thus the decimation of a summand
is the sum of summands of the given form. Therefore the set K is decimation invariant
which yields the H-automaticity of xp/n. O

The following lemma deals with a proper mixing of H -automatic subsets.

Lemma 4.1.8. Let W be a residue set of G, where G satisfies the conditions of
Lemma 3.2.11, and let M, C " with w € W be H-automatic subsets. The set

M= wGMy).
weW

where wG (M) = {wG(m) | m € My}, is H-automatic.

Proof. The proof follows from the fact that

xu = EP (Tw o H)u(xm,)

weW

and Theorems 3.2.5 and 3.2.12. O

As a next step we discuss automatic sets of direct product of groups. We suppose
that I'; and I'; are two finitely generated groups and H; : I'j — [’y and H; :
', — TI'y are expanding endomorphisms, respectively. The direct product I' =
I'y x I'; is a group and the endomorphism H = (H; x Hy) : ' — T defined
by H(y1,y2) = (Hi1(y1), H2(y2)) is expanding with respect to the discrete norm
I(vi, ¥l = llyilli + lly2ll2, where || |1 and || ||2 are the discrete norms on I'; and
I'>. If Vi and V; are residue sets for H; and Hj, then V = V| x V; is a residue set
for H.

Thanks to our general setting, all results stated so far carry over directly to the case
where ' =TI x 'y and H = (H; x H) is an expanding endomorphism.



92 4 Automaticity II

Lemma 4.1.9. LetT"' =T x I'y and H = (Hy x H)), where Hy, Hy are expanding
endomorphisms of I'y and I'>. If My C T'y and My C Ty are Hy-automatic and
H-automatic, respectively, then the set M1 x M, C T is H-automatic.

Proof. The proof is almost trivial, all we have to do is to construct the characteristic
sequence of the set My x M. It is defined by

Ay xmy (Y1, v2) = oy © ) (vis v2) = xmy (Y1) A xm (v2),

Le., XM xM, = XM; © xm,. Then the (Vi x Vo, H)-kernel of xu, xm, is contained
in the finite set

K={f0glf €kery, m(xm), g €kerv, m,(xm,)}

and K is invariant under (v1, vy)-decimations. O
Corollary 4.1.10. Lete : X(I'1, B) — X(I'1 x 'z, B) be defined by

(v, v2) = fr).
If f € ("1, B) is Hy-automatic, then €(f) is (H X Ha)-automatic.

Proof. €(f) is the characteristic sequence of the set supp(f) x I'2. Therefore the
assertion follows from Lemma 4.1.9. O

The following result allows a kind of reduction of variables.

Theorem 4.1.11. Let f,geZ(T xIy, B) be (Hy x Hy)-automatic. The sequence
h = f ®g € X(I't, B) defined by

h) =\ f.v)Agn. )
el

for vy, € T'y is Hy-automatic.

Proof. Let V; be a fixed residue set for H;, i = 1,2. By ker(i) and ker(g) we
denote the (Vy, Hy)-, (Va, Hy)-kernel of i and 8 respectively. We define the subset
K C ¥(I't, B) by

K:{ \/ af,’g//\(i/®g/)‘af/’g/EB}U{Q}’
[feker(f),
g'cker(g)

The set K is finite and contains f ® g. It remains to prove that K is decimation
invariant. To this end it is sufficient to consider a summand 4’ = I '® g’ f " € ker( i)
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g’ € ker(g),and to prove that o (f'®g") € K forallv € V;. To this end we compute

a3y = \/ fWH0).v2) - ¢ WH(1). 12)
el

= \/ fwHy). wH(») gwH 1), wH())

weVy)
26l

=\ V fOH). wH) - gwH(). wH(12)).

weVy el

Due to the definition of ®, the last expression can be written as

\/ 8(H1 XHZ)(i/) ® a(Hl ><H2)(§/)'

(v,w) (v,w)
weVy

This shows that Bf '(h') is an element of K. Therefore the set K is invariant under

85 !_decimations. This completes the proof. O

As a consequence of the above proof we note
Corollary 4.1.12. Ifi, g € (' x Iy, B), then
o 0dfl(f®g)
=V (a“fle’z) oo a(Hleﬁ(i)) ® (a“’lez) oo a(H'XH”(g))

(vo,wo) (v, wg) (vo,wo) (v, wi)
wo,...,wr V2

holds for all vy, ..., vx € Vi and all k € N.

The next lemma deals with projections of automatic sets.

Lemma 4.1.13. Let I" and H be as in Lemma 4.1.9. If M C T is H-automatic, then
the projection

p1(M) = {y1 € I'1 | there exists yo € Ty with (y1, y») € M}
is Hy-automatic.

Proof. The characteristic sequence X, (um) is given by

Xmon () = \/ xm(.v2) = G ® xryxr) (1)
el

and Theorem 4.1.11 applies. O
It is obvious that the projection of an (H; x Hj)-automatic subset of 'y x I'2 on

the second component also yields an H»-automatic subset.
As an application of Theorem 3.2.6, we have the following result.
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Corollary 4.1.14. Let T2 =T x I and let H be an expanding endomorphism of T.
IfM C I'2is (H x H)-automatic, then the set

M" ={(y,p) | (p,y) € M}

is (H x H)-automatic.

Proof. Themap G : I'2 — I'? defined by G(y, p) = (p, y) is a group endomorphism
which commutes with H x H. Therefore Theorem 3.2.6 applies. O

Remark. An analogous result is true for (H; x H»)-automatic subsets M C I'1 x ['s.
If M is (H; x Hp)-automatic, then the set

MT ={(y2, 1) | (11, y2) € M} C Ty x Ty

is (H> x Hp)-automatic.

4.2 Automatic maps

In this section, we introduce the concept of automatic maps. The main purpose is,
besides the interest in its own right, to obtain a large class of maps which preserve the
automaticity of a sequence.

At the end of the section we shall show that the study of automatic maps G : ['1 —
I'; can be reduced to a study of automatic maps on N.

Definition 4.2.1. Let "1, I'; be groups, and H| and H; be expanding endomorphisms
of 'y and I'y. Amap G : '} — I'y is called (H; x Hp)-automatic if the graph of the
map, i.e., set

Gr(G) ={(y1,G(y1) | v1 € '},

is an (H; x H»)-automatic subset of 'y x I';.

Remarks.
1. G : 'y — I'zis (H; x Hp)-automatic if and only if xgr () is (H1 x Ha)-
automatic.

2.If G : ' — I''is (H x H)-automatic, we simply say that G is H-automatic
provided there is no risk of confusion.

3. Constant maps are (H; x Hj)-automatic for all expanding maps Hy, H>.

4. fM CcTl'yand G : M — T’y is amap, then G is (H; x Hj)-automatic if the
graph, i.e., the set

Gr(G: M —T) ={(y,G(y)) |y € M},

is an (H] x H,)-automatic subset of I'; x [';. By Lemma 4.1.13, the set M has
to be Hj-automatic.
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The following lemma relates the maps discussed in Theorem 3.2.5 and Theo-
rem 3.2.6 with automatic maps.

Lemma 4.2.2.
1. The left translation T; : I' — T is a H-automatic map.

2. If G : 'y — I'y is a group endomorphism such that G o Hy = Hp o G, then G is
(Hy{ x Hy)-automatic.

Proof. Both proofs follow similar arguments already encountered in the proofs of
Theorems 3.2.5, 3.2.6.

1. We fix a residue set V for H. Set r = max{||v|| | v € V} and denote by C the
expansion ratio of H.
The characteristic function of Gr(77) is given by

Xary = \/ (v, ty).
yel

This can be written as

Xarry = \/ WH(y), TvH(y))

veV
yell

or as

Xaray = \/ WH(y), {(xv) H (k(tv)y)),

veV
yel

where { = ¢p.v and k = kv are the remainder- and image-part-map, respectively.
The above formula gives

o (xarcry) = \/ (v, k(zv)y)

yel
for w = ¢(tv) € V and for w € V such that w # {(Tv) we have

HxH
o (xar(r)) = 0,

the characteristic sequence of the empty set.
The above reasoning leads us to consider the set

K={>,cr(.pv) | ol < R}U{0},

where R = max { szl el } K is a finite set and decimation invariant and contains

XGr(T,)- This shows that xg, has a finite (H x H)-kernel.




96 4 Automaticity IT

2. The characteristic sequence of the graph of G is given by
xare) =\ . G()).
vel

Let V> be aresidue set for Hy, letr = max{||v|>|v € Vo}and7 = max{||G(v)|]2 | v €
Vi}, where V) is a residue set for Hy. If C denotes the expansion ration of H, then
for R = é—i-rl The set

K ={X\er, (v, 0G)) | lIoll < R} U {0}
is finite, contains xGr(G), and is decimation invariant. Therefore G is (H; x H»)-
automatic. O

The situation is different for right translations, see the example on page 78.

Examples.
1. Let H : I' — I' be H-automatic. The (H x H)-kernel of xg(x) contains the
sequences XGr(r,oH), where v € V, and the sequence 0. To prove this assertion,
consider

Xy = Y (v, Hp)) = Y (wH(y), HWH(y)).

o
This gives B(IZTUI){ (xcray) =0forallv e Vand w € V \ {e}. For the (v, e)-

decimations with v € V one obtains
ol (xarm) = Y (v, vH(Y)) = XGr(1)-
yel

Similar arguments show that the decimations of xg(r,) are either O or of the
form xGr(r,) foraw € W.

2. Letidr : ' — T be the identity. Then idr is (H x H)-automatic, grace to 2. of
Lemma 4.2.2. But (!) idr is not (H x H°%)-automatic. This follows from

02\ o N o
B Griar) = Y HN (), )
yell
for N € N.

3. Let T = Z and let G(x/) = x¥*! where k, € Z, then G is H-automatic for
every H(x/) = xP/ and |p| = 2.

4. LetT = Nandlet H(x/) = x%/, then G(x/) = x/ is not H-automatic. This is
a special case of a general theorem which we shall discuss later, see Example 1,
p- 111.
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5. LetT' = Nand H(x/) = x*, Hy(x/) = x3/, furthermore let V| = {x°, x!}
and V, = {xo,xl,xz}. The map G : N — N is defined in the following
way: If n = ag + ai2' + ... a2k is the binary expansion of n, then G(n) =
ao + a13' + - - - + a 3% is the value of G at n. The map G is an example of an
(H1 x Hp)-automatic map.

We continue our discussion of automatic maps by considering allowable operations
with automatic maps.

Lemma 4.23. If G : 'y — ©'y is a bijective map which is (H; x Hj)-automatic,
then the inverse map G 'y — I'y is an (Hy x Hy)-automatic map.

Proof. The assertion follows immediately from Gr(G™") = Gr(G)T and Corol-
lary 4.1.14. O

The next important question is whether compositions of automatic maps are auto-
matic. The question is answered by the next theorem.

Theorem 4.2.4. Let1';, H; : I'; — T'y,i = 1, 2, 3, be groups and expanding maps as
always. If F : Ty — I'y is (H; x Hp)-automatic and if G : Ty — T'3 is (Hy x H3)-
automatic, then the composition G o F : 'y — T'3 is (H; x H3)-automatic.

Proof. We define the embeddings

€1: 2 xT2,B) > 2T x Iy x I3, B),  e1(HH (1, v2, v3) = f(r1, v2)s

€: XM xT3,B) » (T x Iy xT3,B),  er(S)yi, v2, v3) = f(2, v3).

Due to Corollary 4.1.10, both embeddings preserve automaticity, e.g., if f € X(I" x
I';, B) is (H» x H3)-automatic, then 62(1) is (H; x Hy x H3)-automatic. We define
the projection
p13: (TN xTI'p xI'3,B) = (' xI'3, B)
by setting
sy =\ L. v ).
r2el

In terms of subsets, p; 3 is the usual projection of a subset M € I'y x I'2 x I'3
on the first and third coordinate. By Lemma 4.1.13, p; 3 preserves automaticity.
If xGrr) € 2(I'1 x I'2, B) and xGrg) € Z(I'2 x I'3, B) denote the characteristic
sequences of Gr(F') and Gr(G), respectively, then the sequence

e2(xar)) © e1(xGr(p) € (T x 'y x I'3, B)
defined by

e(xGr(6)) © €1(xar(F)) (Y1, v2, v3) = €2(XGr(G)) (2, v3) A €1(XGe(F)) (Y1, V2)
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is (H; x Hy x Hz)-automatic, see Lemma 4.1.9. Therefore the sequence

P13(e2(xcr(G)) O €1(xGr(r))) € X(I't x I'3, B)

is (H; x H3)-automatic. It remains to show that

P1,3(€2(XGrG)) © €1(XGr(F))) = XGr(GoF)-

We have

P13@ (X)) © € (Xare) i, v)) = \/ Xar6)(v2, 13) - X6 (1, 72)
r2€l

and the sum is equal to 1 if and only if there exists a y; € 'y such that F(y;) = »»

and such that G(y2) = y3. This shows that p1 3(€2(XGr(G)) © €1(XGr(F))) = XGr(GoF)
and it follows that G o F' is (H; x Hj3)-automatic. O

Remark. If F : M| — M, and G : My — '3 are automatic maps on M| C I';
and M C I'p, respectively, then their composition G o F : M| — T'3 is (H; x H3)-
automatic on M.

If F, G : 'y — T’y are (H| x Hj)-automatic maps, then the group structure of
I'; also allows to consider the group product F G of these maps. It is defined by
(FG)(y) = F(y)G(y). As for the product of two sets M, N C I', the question
whether the group product of two automatic maps is automatic is a very delicate one.
Again the discrete Heisenberg group shows that the group product of two automatic
maps need not be automatic. To this end we consider the identity id : Lz, — Lz onthe
Heisenberg group and the map G (y) = a, where a is one of the generating elements of
the Heisenberg group (see Lemma 1.2.1). Both maps are H> >-automatic. However,
the group product (id G) is the map (id G)(y) = y a, i.e., a right translation which
is not H »>-automatic.

We tackle the problem of the automaticity of the product of two automatic functions
in a more general setting.

Definition 4.2.5. Let u : I' x I' — I" be amap. If uis ((H x H) x H)-automatic,
then p is called an H-automatic operation on I'.

Automatic operations allow us to construct new automatic functions from two
automatic functions. If w is an automatic operation on I'; and if G, F are maps from
I'y to 'y, then u(G, F) denotes a new map from I'y to I';. It is defined by

(G, F)(y) = u(G(y), F(y))

and called the p-product of G and F.
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Theorem 4.2.6. Let i : 'y x 'y — 'y be an ((Hy x Hy) X Hp)-automatic operation
onTorandlet G :T'y — I'y, F : 'ty — Iy be (Hy X Hp)-automatic maps. Then the
w-product, u(G, F) : T'y = I'z, of G and F is (Hy x Hj)-automatic.

Proof. From the automaticity of G and F it follows immediately that the map
t: 'y = I'y x I'p defined by

ty) =(G). F(y))

is (H; x (Hy x H»))-automatic. Due to Theorem 4.2.4, the composition of u with ¢,
ie., wot(y) = u(G(y), F(y)),is (H; x H,)-automatic. O

Remarks.
1. If wy, wo : F% — I'p, are H»-automatic operations on I';, then

w1(F1, w2 (F2, F3))

is (Hy x Hp)-automatic for (H; x Hj)-automatic maps F; : 'y — I, i =
1,2,3.

2. Itis straightforward to generalize the above result to operations with more than
two variables p : T'* — T.

The notion of automatic operations allows us to answer the question whether
products of automatic functions are again automatic.

Corollary 4.2.7. If the product u(y, p) = yp is an Hy-automatic operation on I'p
and if G, F are (H| x Hy)-automatic maps from ' to Ty, then the product GF is an
(H1 x Hp)-automatic map.

Note that for the Heisenberg group the multiplication is not an H;x-automatic
operation.

Lemma 4.2.8. If I is a commutative group, then the product u(y, p) = yp is an
H -automatic operation on T".

Proof. We denote by x € Z(I' x I x I, B) the characteristic sequence of the set

{yv,o,vp) v, p e},

which is the graph of the multiplication. It remains to show that x is (H x H x H)-
automatic. Let V be aresidue set for H and let r = max{|jv|| |v € V}. Let R = %,
where C > 1 is the expansion ration of H. Then the set

K={f,= \V oo Izl = R} U

y,pel
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is a finite subset of X (I' x I x I, B) and contains y. As usual, to prove the automaticity
of x it suffices to show that K is invariant under decimations. To this end, we observe
that, due to the commutativity of ",

tvH(y)wH (p) = tvwH (yp) = {(tvw) H (k (Tvw)yp),

where v, w € V and ¢ and « are the remainder- and image-part-maps w.r.t. V and H.
If i . is an element of K, then we have

HxHxH
i (fo ="\ . p.k(xvw)yp)
v.pel
and for u # ¢(tvw) we have
8(H><H><H)

(v,w,u) (ir) =0.

Due to the choice of 7 one has |k (tvw)| < R. This proves the decimation
invariance of K. O

So far we have discussed properties of (H; x Hj)-automatic maps with respect
to operations, i.e, composition, p-product, on the set of (H; x H)-automatic maps.
The true relevance of H-automatic maps is revealed by the following results.

Theorem 4.2.9. Let G : 'y — T'p be (Hy x Hp)-automatic. Ifi e X(I'y,B) is
Hy-automatic, then G*(i) e X(I'1, B) is Hy-automatic.

Proof. We consider the embedding, see Corollary 4.1.10, € : £X(I'2, B) — X (I'1 x
I';, B) by setting

e, y) = f().
Note that € (f) = xr, xsupp - This gives the following equation for all y; € I'y:

G*(Hv) =\ o). v2) - €(HH . v).
y2€ln

Therefore G*( i ) is Hj-automatic, due to Corollary 4.1.10 and Theorem 4.1.11. O

Remark. If G : I — T is bijective and H -automatic, then G*( f) is H-automatic if
f is an H-automatic sequence. Thus, loosely speaking, an automatic rearrangement
of an automatic sequence preserves the automaticity.

Theorem 4.2.10. Let G : 'y — T’ be an (Hy x Hj)-automatic map. If M C T’y is
Hi-automatic, then G(M) is Hy-automatic.
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Proof. The assertion follows from the identity

XG(M) = XGr(G) @ XMxT,

and the automaticity of both xg;(G) and xuxr, (see Lemma 4.1.9) in combination
with Theorem 4.1.11. O

Finally, we state a result for preimages.

Theorem 4.2.11. Let G : 'y — T’y be an (Hy x Hj)-automatic map. If M C 'y is
H-automatic, then the preimage

GT'\(M) = {n |y €Tt Gn) € M)
of M is Hi-automatic.
Proof. The proof is a consequence of

G™H(M) = p1 (T1 x M) N Gr(G)).

where p; : I'1 x 'y — T'; is the projection on the first component. O

4.3 Automata and automatic maps

This section is devoted to the study of the properties of finite (H] x Hj)-automata that
generate an automatic map. We begin with a modified kernel graph of an automatic
sequence.

Definition 4.3.1. Let J € X(I', A) be an H-automatic sequence such that the cardi-

nality of the range of i satisfies |£(i)| >2andleta € R(i}. Let V be a residue
set of H. The labeled, directed graph 9,?, i ( i ) = (ker?,’ o i ,V, K), where

« the set of vertices is given by

kery y(f) ={h € kery u(f) | h # a},
where a denotes the constant sequence with value a,

« the set of edges is given by
K ={g=>hlgheker ;(f)and ) (g) = h),

is called the reduced kernel graph (w.r.t. a).
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Remarks.
1. The condition |R( S )| > 2 is introduced to avoid an empty reduced kernel
graph.

2. The reduced kernel graph is obtained from the kernel graph by removing the
constant sequence a from the vertices of the kernel graph and by deleting all
arrows leading to or leaving from the constant sequence a. If the sequence a is
not an element of the kernel, then the reduced kernel graph and the kernel graph
are the same.

3. If f € X(I', B) is an H-automatic sequence, then we agree that the reduced
kernel graph of f, denoted by 9*“, > always means the reduced kernel graph
w.r.t.0. The set kery z(f) \ {0} is denoted by ker*{,’ u(f) and is called the
reduced kernel.

Let (B, 2,B, o, {eww) | (v, w) € Vi x V2}), where Vi, V, are complete digit
sets for Hy, H,, respectively, be an (H; x H»)-automaton. This automaton generates
a subset of I'; x I'>. The question is, when is this generated subset a graph of a map
F : 'y — T,. In order to answer this question we have to consider the transition
graph of the given automaton. We begin by introducing the notion of a path in the
transition graph of an automaton.

To (v;, w,-)f;(} € (Vi x V»)K, where k € N, k 0, we associate a path of length
k in the transition graph of the automaton. The path starts at the vertex @ and moves
along the edges labeled (v;, w;),i =0, ...,k — 1. A path in the transition graph is
denoted by tv = (&; (vi, w;)i=0,... k—1). We agree to consider the vertex & as a path
of length O in the transition graph and denote it by toey = (&; ). The set of paths
in the transition graph is denoted by 20(V; x V2). We define two evaluation maps
e WV, Vo) — T'j, i = 1,2. The first evaluation map e : 2 (Vy, Vo) — I’y is
defined by

4 1fm:(®, )

e (o) =
)= O H ) HE o = (@5 (o, w)ky).

The second evaluation map is defined in a similar way for the second components.
For a path tv # tv in the transition graph of an automaton the terminal vertex of
the path is denoted by t(tv) € B. The terminal vertex of 4 is equal to &. Note that
t(10) = oy j.wg_p) © 0 A(ug,wp) (D)-
The next lemma states a necessary criterion for an automaton to generate an automatic

map.

Lemma 4.3.2. Let F : 'y — I’y be (Hy x H»)-automatic. If (B, @, B, w, {aw,w) |
(v, w) € Vi x Vb)) is an (Hy x Hy)-automaton that generates Gr(F), then for every
y1 € I'1 \ {e1} there exists a path vo € W (V) x V») such that

y1 =ej(lv) and w(t(t)) =1.
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The proof is clear. The following definition characterizes automata that generate
automatic maps.

Definition 4.3.3. Let (8, @, B, 0, {¢@.w) | (v, w) € Vi x Va}) be an (H; x Hy)-
automaton, where V1, V, are complete digit sets for H; and H», respectively. Further-
more, for y; € I'y let

20, (V1 x V2) = {0 | y1 = e1(w), o € W(Vy, Vo)}.

The automaton has the unique first component property if the following holds: If 11,
w; € W, (V1 x V2) such that w(t(tw)) = w(t(wy)) = 1, then e3(tv1) = ex(1wy).

Remarks.

1. Let (B, @, B, w, {a@,w) | (v, w) € Vi x V2}) be an automaton with the unique
first component property. If the set

QH;I ={w|mw e W, (Vi x V) and w(t(w)) = 1}

is not empty, then it contains a unique shortest path tv,, € 20, (V; x V2) such
that (t(to,,)) = 1. In case y; = e this shortest path maybe the empty path.
This shortest path is denoted by v, .

Ifo,, = (2, (v;, w,-)f.‘zo) denotes the shortest path, then all other possible paths
inQU’;l(Vl x V) are of the form (&, (v, wo) ... (vk, wr), (e1, €2), ... (e1, €2)).

2. It is essential for the definition that both V| and V, are complete digit sets.
One can extend the above definition to arbitrary residue sets taking the periodic
points of the image-part-maps into account. The extended definition would
involve several awkward technical details which, as it seems, do not create any
deeper insight into the realm of automatic maps.

3. If M C Ty x I'y is the graph of an automatic map G : I'j — I', then the kernel
graph (w.r.t. complete digit sets) provides an example of a finite automaton with
the unique first component property. Moreover, the reduced kernel graph has
also the unique first component property.

4. It is straightforward to generalize the unique first component to Hj-automatic
subsets of M C I';. We say that the automaton (f, a,B, o, {oww | (v,w) €
V1 x V3}) has the unique first component w.r.t. M if for every y € M there
exists a unique path in the transition graph of the automaton.

The relevance of the above definition is justified by the following lemma.

Lemma 4.34. Let (8, 9,B, 0, {apw) | (v,w) € Vi x Va}) be an (H; x Hp)-
automaton with the unique first component property. If the set QU’;I # @ for all
y1 € 'y, then the set M generated by the automaton is the graph of an (Hy x Hy)-
automatic map F : 'y — I's.
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Proof. By the definition of an automaton with the unique first component property,
the sets V| and V, are complete digit sets for H; and Hj, respectively. We define a
map F : 'y — I'; in the following way. Since QU*;I # @ for all y; € I'; there exists
a unique shortest path w,, in 207 . Define F as

F(y)) = ex(vy,).

This defines a map F from I'j to ['; such that Gr(F) C M.

It remains to show that the graph Gr(F') of F is equal to M. Therefore let us assume
that there exists a pair (y1, y2) € M such that F(y1) # y2. Suppose that (e1, e2) € M
and (eq, e2) ¢ Gr(F), then the shortest path to,, in Qﬂjl satisfies e (tv,,) = e; and
ey (., ) = ez. This shows that F'(e;) = ez, a contradiction.

Now assume that (y1,y2) € M, (y1,y2) ¢ Gr(F) and (y1,y2) # (e1,e2). If
(vo, wo)(Hy x Hp) (v, wy) ... (Hj x H2)* (vg, wi) denotes the unique representation
of the pair (yy, y2) w.r.t. the complete digit set V| x V3, then it follows that

@ (C g, wy) © ** * © Avg,wp) (D)) = 1.

If vy # ey, then the path (&, (vg, wy), . . ., (Vk, wg)) is the shortest path in Qﬁ*l , there-
fore F(y1) = y». If vy = ey, then wy # e and therefore (&, (vg, wo), . . ., (Vk, Wg))
is the shortest path in 207, , i.e., F'(y1) = y2. Therefore M is the graph of an automatic
function. O

Remark. If the automaton in Lemma 4.3.4 has the unique first component property
w.r.t. an Hj-automatic subset M C I'{ and if mr; # () for all y € M, then the above
arguments show that the automaton defines a function G : M — I';.

Examples.

1. Let T' = (x) and H(x/) = x* and V = {x, x'}. In Figure 4.1 the kernel
graph of an automatic subset of N2 is shown. We have omitted all directed
edges emanating from the vertex 0, the zero sequence. The automaton has the
unique first component property and 207, # ¢ for all y1 € N. Therefore the
automaton represents an automatic function.

Figure 4.1. Transition graph with the unique first component property. Note that w (&) =
l,w(B) = w(0) =0.
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2. LetT' = (x) and H(x/) = x* and V = {x°, x'}. In Figure 4.2 a kernel
graph without the unique first component property is depicted. The set M C N?
generated by this automaton is characterized by M = {(n, k) | (ﬁ) isodd, n,k €
N}. Again we have omitted the edges leaving from the zero sequence 0.

H(@—=

Figure 4.2. Transition graph without the unique first component property. Note that
w@) =100 =0.

3. LetI’ = (x)and H(x/) = x¥ and V = {x°, x!}. Figure 4.3 shows the reduced
kernel graph of an automatic subset M C N2. The output function is defined
by w(9) = w(C) = w(D) = 1 and w(B) = 0. Note that all missing edges
lead to the constant sequence 0. The automaton satisfies the requirements of
Lemma 4.3.4 and therefore defines an automatic function G : N — N. This
function is in fact given by

0 ifn=0o0orn=2forank e N
n otherwise.

Gn) = {

0,0)

©,0) @D @ LD @Eﬁ):‘f?

(1,0)
0o (@

Figure 4.3. Reduced kernel graph of a subset M C N2 with unique first component
property.

Although Examples 1 and 3 are examples for reduced kernel graphs with the unique
first component property there exists a difference. The first example has exactly two
edges emanating from each vertex. Moreover for each vertex g in the reduced kernel
there exists a bijective map v, : {0, 1} — {0, 1} such that the arrow (v, Vg (v)) ends
in a vertex of the reduced kernel graph. This is not true for the third example.

Automata with this property will be studied next.

Definition 4.3.5. Let M C I'1 x I'; be an (H; x Hj)-automatic set. The set M has
the transducer property if there exist complete digit sets Vj for H; and V; for H, such
that for all g€ kerz‘v1 Vo). (H H1)( XM ) there exists a map

v52V1—>V2
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such that
(Hy x Hp)
8(v,zlu) *(g) € Ker(y, vy (#,, Hy) (XGr(G))

if and only if w = vg(v).

Remarks.

I. If G : 'y — I'zis an (H] x Hp)-automatic map, then we say that G has the
transducer property if the set Gr(G) has the transducer property.

2. f M Cc Ty x I'y is (Hy x Hj)-automatic and has the transducer property, then
there exists amap G : pi(M) — M, where py(M) = {m1 | (m, my) € M},
suchthat M = {(y, G(y)) | v € p1(M)}.

Note that we do not require that the maps v, are bijective. At a first glance one
would expect that the transducer property of a automatic function depends on the
choice of the residue set. As a consequence of the following lemma we shall see that
the transducer property is a property of the automatic function G.

Lemma 4.3.6. Let G : 'y — 'y be (Hy x Hy)-automatic. Let Vi and V> be complete
digit sets for Hy and Hy, respectively. Then G has the transducer propertyw.r.t. Vi x Vo

lg‘cand ?nly if every g € ker?vlxvz),(Hlez)(XGr(G)) is the graph of a function Gg :
11— 12

Proof. Let G have the transducer property. Let ker"{,1 Vs Hy x Hy (XGr(G)) be the reduced
kernel of Gr(G). Then every kernel element / defines a subset M;, = supp(h) C

'y x T'2. Since G has the transducer property, every subset M}, also has the transducer

property. It is therefore sufficient to prove that the decimations 8((5 11;)( Hz)( XGr(G))»

W = Vyg g, (V), represent a map defined on I'. We have
xGr(6) = Vyer, (7. G(¥))

= Vvev(WHi(y), GWH1(y)))
yel

= \/;eex;(le (¥), S(G(wH(¥) Ha(k (G(vH1(¥))))),

where ¢ and k are the remainder- and image-part-maps w.r.t. V> and H,. The transducer
property now implies that

S(GH(y) Ha(k (G(wH(Y)))) = Vyg) (V) = W

holds for all y € I'y. Therefore we see that

3 (x6ria) =\ (7. k(GWHI (1))
vel
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represents a function from I'y to I'>. This shows that every set M, is a graph of a map
from I to I'5.

Let us now assume that for every kernel element g the set M, is a graph of a
function from I'; to I';. To prove that G has the transducer property it suffices to

. . HyxHy
show that there exists a map Vg Vi — V3 such that B(U’ o) ()

(g) = 0 forw # vg(v). Letv € Vi, then there

(g) is an element of the

(H1 x H»)
(v,w)
(Hi xHp)
(v,w)

reduced kernel of xg(G) and d

exists a w € V, such that 0
a function. Then we have

(g) # xu, otherwise M, would not be a graph of
o) (o) (y. p) = g(WHi (), wHa(p)).

and for any y there exists a unique p such that

gWH (y), wHa(p)) # 0,

since 8((5 }S i)

gt XHz)(g) # Xy, then there exists for any y € I'; a unique p’ such that

(v,w’)

(g) represents a graph of a function. If there exists a w’ # w such that

8,5?35"’”(5)(% p)=gWH(y), wH(p") # 0.

Since M, is a graph of function this is impossible unless w’ = w and p’ = p. Thus

for any v € V there exists a unique w € V such that 8((51 115 Hz}(g) is an element of the

reduced kernel of xGr(G). In other words, G has the transducer property. O

As a corollary to the above lemma we obtain that the transducer property of an
automatic function is a genuine property of G.

Corollary 4.3.7. Let G : T'y — Iz be an (H; x H)-automatic map such G has
the transducer property w.r.t. Vi x Vo. Then G has the transducer property w.r.t.any
residue set for (Hy x Hj).

Proof. If G has the transducer property w.r.t. Vi x V,, then any kernel element rep-
resents a function. If V| x V; is another residue set for (H; x H>), then, by Lemma
3.2.3, for every g€ keer’xVZ’ (Xcr(G)) there exists a (y1, y2) such that

(Tty1.) " (8) € kery, xv, (XGr(G))-

Therefore g represents a function defined on I';. By the above lemma, the assertion

follows. O

Examples.

1. LetI' = Nand H(x/) = x/P and let k € N. Then the function F(x/) = x¥ is
H-automatic and has the transducer property. The function F, (x/) = xk/+m
withm € N, m > 1, provides another class of H-automatic functions on N with
the transducer property.
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2. If G : T — T is a group endomorphism that commutes with H, then G has the
transducer property.

3. Example 1, p. 104, shows an automatic function G : N — N that has the
transducer property. It is not a function as simple as the examples given above.
In fact, G is fairly complicated. Using the reduced kernel graph one can show
that G satisfies the following inequalities:

n<Gm) <3n.

These inequalities are best possible, since G(2" —1) = 2"4+1and G(2") = 3-2"
foralln > 1.

The last example shows that automatic functions may have a strange behaviour
as far as their growth is concerned. We shall investigate this phenomenon in the next
section.

By Theorem 4.2.10 we already know that G(I"{) is H»-automatic if the map G :
I'y — I'p is (H; x Hp)-automatic. The image of I'y under G is described by the
sequence xG(r;) € % (I'2, B) which is also given by

xaarn) =\ xarm (1. v2).
yiel

The above formula allows us to compute the kernel graph of x ;) using Corol-
lary 4.1.12. An application of the above formula is particularly easy if the automatic
map has the transducer property and the maps v, are injective. Then the kernel graph
of the image G(I'}) is obtained by removing all first coordinates from the labels of
the edges. The graph obtained in this way is the kernel graph of the characteristic
sequence of the set G(I"y).

Examples.

1. The automatic function defined in Figure 4.1 has the transducer property. More-
over, each map v, is injective. Thus the automaton for the image G(N) is given
by removing the first coordinates from the labels. This shows that G(N) is the
support of the Thue—Morse sequence.

2. Figure 4.4 shows the reduced kernel graph of the graph of the function Go(n) =
3n,n e N, wrt. Hi(x/) = Hbo(x)) = x¥ and V; = V, = {xo,xl}. The re-

1,1 (1,0)
0,0 1,1
©.0 O, 1) @ 0,0) b

Figure 4.4. Reduced kernel graph of the graph of the function Go(n) = 3n.



4.3 Automata and automatic maps 109

duced kernel graph has the transducer property. Removing the first components
of the labels gives the kernel graph of Go(N) = 3N. Moreover, the vertices
G2 represent the functions G;(n) =3n+1i,i =1, 2.

The above example raises the question: If M C I'; is an Hp-automatic subset,
does there exist an (H| x Hp)-automatic map G : I'y — I' such that G(I'}) = M?
In its simplest form this question is related to the existence of an (H| x H»)-automatic
map G such that G(I'y) = I'y.

In order to answer these questions we introduce a kind of normalization. We shall
show that every (H; x H»)-automatic map can be realized in a precise sense by an
(xP, x?)-automatic map from N to N. To this end we define the p-valuation map.

Definition 4.3.8. Let H : I' — I' be an expanding group endomorphism such that the
index of H(I') is equal to p > 2 and let V, = {e = vg, v1, ..., vp—1} be a complete
digit set for H. The map U, : ' — N defined by

k
V) (y) =By igH (viy) ... H (i) = > ijp/,
j=0

where v H (v;;) ... H ok (v;,) denotes the unique representation of y, is called a
p-valuation map (w.r.t. (H, V;)).

Remarks.

1. A p-valuation map transforms the unique representation of y € I' w.r.t. the
complete digit set V. of H into the unique representation of a natural number
n € N wur.t. the complete digit set {0, 1,..., p — 1} for the expanding map
n > pn.

2. There exist several p-valuation maps depending on the numbering of the com-
plete digit set V.. In fact, every bijective map v : V. \ {e} — {1,..., p — 1}
defines a p-valuation map. However, from the point of view of automaticity all
these p-valuations are equivalent.

3. A p-valuation map is completely determined by its values on V.

Lemma 4.3.9. Let U, : I' — N be a p-valuation map.
1. The map ‘G, is bijective.

2. Forall y € I" and all v € V, the following holds:

T, (vH(y)) = UVp(v) + pB,(y).
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3. If k and ¢ denote the remainder- and image-part-map w.r.t. V. and H, respec-
tively, then

1
Bp(k(y)) = » (T () = Bp(C(¥))
holds for all y € T.

The proof is an obvious consequence of the fact that V. and {0, 1, ..., p — 1} are
complete digit sets for H and H),(x") = x?", respectively. The next lemma gives a
first hint to the importance of the p-valuation map.

Lemma 4.3.10. Let H : ' — T such that the index of H(T") is equal to p and
let Vo = {vg = e, vy,...,vp—1} be a complete digit set for H. Let 'y = N, let
H, : N — N be defined by Hy,(n) = np and let V, = {0,1,...,p —1}. Then a
p-valuation map is (H x Hp)-automatic.

Proof. Figure 4.5 defines an automaton that generates the graph of U, : I' — N, see
also Lemma 4.3.9. O

©

Figure 4.5. Reduced kernel graph of the graph of a p-valuation map, w (@) = 1.

(e,0)

Wp—1,p=1)

As acorollary we note that as far as the H -automaticity of aset M C I is concerned
the actual choice of the p-valuation map is not important.

Corollary 4.3.11. Let U, and B}, be p-valuation maps. The map %;1 o, : ' > T
is bijective and (H x H)-automatic.

As a consequence of the above results we note

Theorem 4.3.12. Let H : I' — T be expanding such that the index of H(T") is equal
to p and let V. be a complete digit set for H. A subset M CT is H-automatic if and
only if B,(M) C N is Hy-automatic, where Hy,(x’) = x¥/.

The notion of (H; x H)-automatic maps G : I';y — I'; can be transported to N.

Lemma 4.3.13. Let G : I'y — 'y amap and let G, : I'y — Nand U, : ', — N
be valuations (w.r.t. (Hy, V1) and (Hy, V)). The map G is (H| x Hy)-automatic if
and only if

QL,OGOQT;l :N—> N

is (H, x H,)-automatic.
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Let M; C T'; be (H;, V;)-automatic sets fori = 1,2 and let |V{| = p, |V2| = q.
Then U, (M) and Y, (M>) are both subsets of N. It is therefore natural to ask under
which conditions these sets are equal. This question can be rephrased as follows:
Under which conditions is a set M C N both H),-automatic and H,-automatic? By
Theorem 3.2.1 and Lemma 3.2.4, it follows that the H)-automaticity of M C N
implies the H,-automaticity of M if there exist o, B € N, o + B # 0, such that

p* =4q°

holds. One calls p and g multiplicatively independent if the above equation has only

the trivial solution &« = B = 0. In [56] a characterization of H),- and H,-automatic
sets is given for multiplicatively independent p and q.

Theorem 4.3.14 (Cobham). Let p, q € N, p, g = 2 be multiplicatively independent.
A subset M of N is p-automatic and q-automatic if and only if there exist ng € N and
d € N\ {0} such that

xm(n+d) = xpn)
holds for all n > ny.

In other words, M is H),- and H,-automatic if and only if x s is ultimately periodic.
Note that in this case M is automatic for all p > 2.

Examples.
1. Thesets M, = {p" |n € N}, p > 2, are H,-automatic and not H,-automatic for
multiplicatively independent p and g. Obviously, x u, is not ultimately periodic
and M), is H,-automatic. By Cobham’s theorem M), is not H,-automatic.

2. The set M = {(n,n) | n € N} ¢ N2 is (p, p)-automatic forall p > 2, p € N.
For p = 2 and the complete digit set V| = {(0, 0), (1, 0), (0, 1), (1, 1)} of
H(l,m) = 2(l, m) we define a 4-valuation map U, as the continuation of

204(0,0) =0, 2U4(0,1) =1,
U4(1,0) =2, Va(l,1) =3.

The set U4(M) is Hs-automatic. Figure 4.6 shows the reduced kernel graph of
the characteristic sequence y of U4 (M).

0, 3

Figure 4.6. Reduced kernel graph of the characteristic sequence of U4 (M).

From the reduced kernel graph one immediately sees that x is not ultimately
periodic. Therefore U4 (M) is not Hy-automatic for all ¢ multiplicatively inde-
pendent from 4.
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4.4 Automatic functions on N

In this section we investigate properties of automatic maps defined on N. We consider
(N, 4) as a semigroup. Then any expanding (w.r.t. the absolute value) endomorphism
is givenby H,, : N — N, n — pn, where p > 2, p € N. Moreover, there exists only
one complete digit set V,, = {0, 1, ..., p — 1}. However, all of our above results on
automaticity properties of sequences apply to the case (N, +).

To simplify our language we say that M C N is p-automatic if it is H,, automatic,
where H),(n) = pn. Aset M C N x Nis called (p, g)-automatic if it is (H, x Hy)-
automatic, the same applies for functions ' : N — N. We also simplify the notion of

. . H . . . .
the decimations. Instead of 9, ”, we write 3, whenever there is no risk of confusion.
We begin with a fundamental estimate on the growth of automatic functions.

Theorem 4.4.1. Let G : N — N be a (p, q)-automatic function. Then there exists a
constant Ky > 0 such that

logg
G(n) < Kinler

holds for alln € N, n # 0.

Proof. Letn = vo+ pvi+- - -+ pFuy, vj € {0, ..., p—1} bethe unique representation
of n, n # 0. Then the reduced kernel graph of xG:(G) has the unique first component
property, see Remark 3, p. 103. Thus there exists a unique shortest path to, =
(@5 (vo, wo), - . ., (Vk, wk), (0, wks1), ... (0, wi41)) € W, see Remark 1, p. 103,
where [ = [(n) such that wi4; # 0. Since the reduced kernel graph is finite and the
path is shortest there exists an upper bound L for all /(n), n € N. Thus we conclude
that
Gn) < qk+L+1’

where k depends on n. Since wy # 0, we have the important relation
_ logn
~ logp

and we obtain
L+1 logg
Gn) <gq nloep

the desired result. O

Remarks.

1. Interms of groups, p- and g-valuation maps, the above theorem reads as follows.
Let G : 'y — I'; be (H; x Hy)-automatic and let V| and V, be complete digit
sets for H; and H», respectively. If the cardinality of V; is equal to p and the
cardinality of V; is equal to ¢, then there exists a constant K such that

logg
B,y(G(y)) < KDB)(y)ler
holds for all y # ey.



4.4 Automatic functions on N 113

2. If one wants to take also the zero into account, the estimate becomes

logg
G(n) < K(n+ 1)ler,
where K is a properly chosen positive number.

3. The above estimate on the growth readily generalizes to the case where M C N
and G : M — Nis a (p, g)-automatic map. We then have

logg
G(m) < Kimer

forallm € M.

As a simple consequence we note

Corollary 44.2. Let G : N — N be (p, q)-automatic. If p > q, then G is not
injective.

Proof. By our basic inequality we have that

logg
Gn) <Kn+1)lker <n
for all n > ng. Since G is a function from N to N, it cannot be injective. O

Corollary 4.4.3. Let G : N — N be (p, g)-automatic. If p < q and G is injective,
then G is not surjective.

Proof. Suppose that there exist an automatic function G : N — N which is bijective.
Then by Lemma 4.2.3, G~ ! wouldbe (¢, p)-automatic and bijective which contradicts
Corollary 4.4.2. O

Examples.
1. The identity on N is a (p, p)-automatic map for all p > 2.

2. If p and ¢ are different, then the identity on N is not (p, ¢)-automatic.

3. If a, B € N, then the function n +— an + B is (p, p)-automatic for all p > 2.
See Lemma 4.2.2.

4. If p > ¢, then there exists a surjective automatic map G : N — N. Fig-
ure 4.7 shows the reduced kernel graph of G, where the residue sets are V), =
{0,1,...,p—1}and V, ={0,1,...,g—1}and v : V, — V, is any surjective
map with v(0) = 0. Note that G even has the transducer property and G is not
injective.
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!
(Y0
Figure 4.7. Reduced kernel graph of a surjective (p, g)-automatic function.

5. Let M = {3" | n € N} then M C N is 3-automatic. There exists no (2, 3)-
automatic function G : N — N such that G(N) = M and G is injective.

Let us assume that G is an injective function such that G(N) = M. By Theo-

log3
rem 4.4.1, we have G(n) < Knloe2, For every n € N there exists ng(n) € N
such that 0
no(n) < e <nho+ 1.
K log3

Then G(ng(n)) < 3". Since G is injective, G([0, ng(0)]) C (M N [0, 3"])
contains ng(n) + 1 elements. If n is sufficiently large, then ng(n) > n which is
a contradiction.

On the other hand, if we drop the requirement of injectivity, then it is possible to
construct a (2, 3)-automatic map with G(N) = N. The reduced kernel graph of
the graph of such a function is shown in Figure 4.8. Note that the kernel graph
also has the transducer property.

0.0((2)—"2—() )9

Figure 4.8. Reduced kernel graph for the (2, 3)-automatic set N x {3"|n € N}.

The next theorem is concerned with a lower bound for (p, ¢)-automatic functions.
Since any constant function is automatic, no useful lower bound can be achieved
without certain restrictions on the automatic function.

Definition 4.4.4. A function F : N — N has the finite preimage property if the set
F~Y(m) = {n | F(n) = m} is finite for all m € N.

Examples 3 and 4 from above both provide examples for automatic functions with
the finite preimage property.

Theorem 4.4.5. Let G : N — N be a (p, q)-automatic function such that G has the
finite preimage property. Then there exists an no € N and a constant Ko > 0 such

that
logg

Krnler < G(n)

holds for all n > ny.
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Proof. For the proof we construct the (x, 0)-skeleton of the (p, g)-kernel graph of

XGr(G) by removing all edges of the form i =% g with w # 0.

Now let b € ker(xcr(G)) such that A(0, 0) = 1 and such that there exists a
g€ ker(XGr(G)) with 8(,),0) (g) =handv # 0.

Then the number of paths in the (*, 0)-skeleton leading to g is finite. Indeed, if
we suppose that the number of paths leading to g is infinite, then there exists a cycle
in the (x, 0)-skeleton, see Figure 4.9. B

.0 ™ (x,0) (v, 0)
OO

(*,0) %.0)

Figure 4.9. A cycle in the (x, 0)-skeleton.

This shows that there are infinitely many paths in the kernel graph which start at
XGr(G) and terminate at . The first component of each of these paths corresponds to
different values of n while the second component remains constant. Therefore there
exists an n € N such that G~!(n) is an infinite set. This is a contradiction.

It follows that there exists an L € N such that for all 1 € ker(xGr(G)), where
h(0,0) =1 and g with 9(y,0)(g) = A, v # 0, the length of the longest path leading to
g in the (%, 0)-skeleton has length at most L.
~ Now let (n, G(n)), n # 0, be given and let (vo, wy), . . ., (vk, wi) be the unique
representation of (n, G(n)). We distinguish two cases.

o If wy # 0, then it follows that G(n) > ¢*, and using the fact that

- logn
“logp

k -1

one obtains
logg
G(n) > —nloer,
q

o If wy = 0, then vy # 0. If k > L, then, by our above considerations, at least

one of the wr_p, Wik—r+1, - .., w is different from 0. This gives
1 logg
k—L
Gn)g = "t = — ner,

logn 1

where we also used the inequality k > 1= op
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* The finitely many cases left, namely wy = 0 and k < L for the representation
of (n, G(n)) and (0, G(0)) are incorporated in the constant ny.
These three cases complete the proof. O

Remarks.

1. If we assume that G satisfies the assumptions of Theorem 4.4.5 and G~1(0) =0,
then there exists a K > 0 such that

logg
G(n) = K nloep
holds for all n € N.

2. Asfor Theorem 4.4.1, the above theorem also applies for (p, ¢)-automatic maps
G : M — N provided G has the finite preimage property and M C Nis a p-
automatic subset.

As a first application of Theorem 4.4.5 we can generalize Corollary 4.4.3.
Corollary 4.4.6. Let G : N — N be a (p, q)-automatic map. If p < q and G has
the finite preimage property, then G is not surjective.

Proof. By Theorem 4.4.5, there exists a constant such that

logg

G(n) > Kon'ler

holds for all n > ng. Thus we see that

logg

GO, ....aH N {0, ..., [Kan®er ]}| <n

logg
for all n > ng. Since p < ¢, it follows that n < Kner for n sufficiently large. This

shows that G is not injective. O

Remark. The assertion of the above corollary remains true if we consider (p, g)-
automatic maps G : M — N.

As afurther application of Theorems 4.4.1,4.4.5 we consider the usual addition and
multiplication on the natural numbers. In view of Theorem 4.2.6 and of Lemma 4.2.8
it is natural to ask whether the addition or multiplication are (p, g, r)-automatic. We
begin with the addition.

Theorem 4.4.7. The set Gr(Add) = {(m, n, Add(m, n)) | m,n € N} c N3, i.e. the
graph of the map Add(n,m) = n+m € N, is (p, q, r)-automatic if and only if
p=qg=r>2
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Proof. Suppose that Gr(Add) is (p, g, r)-automatic. Since the set V, x V, is a
complete digit set for N> w.r.t. H, x Hp, we define a pg-valuation U, : N? — Nas
the unique continuation of

Vpq((Q, j)) =i+ pj

for (i, j) € Vp x V,. The function G = Add o m;ql : N — N is well defined and

(pq, r)-automatic. Furthermore, G has the finite preimage property and G~!(0) = 0.
By Theorems 4.4.1, 4.4.5 there exist constants K| and K> such that

logr logr
Kinlersa < G(n) < Konlogrq

holds for all n € N.
Since U, is a pg-valuation one computes that

By (p",0) = (pg)" and B, (0, ¢") = p(pg)".
This gives the following values for G = Add o Q];ql:
G((pg)") = p" and G(p(pq)") = q".
In view of the inequalities satisfied by G, we therefore get the two inequalities
Kir" < p" < Kor"

logr n n logr n
Kyplerar® < q" < Kyplerar

for all n € N. This is only possible if p = ¢ = r. It remains to prove that xGradd) is
(p, p, p)-automatic for p > 2. This follows immediately from the invariance of the
set

K={0.Y, (n.mn+m).>, n.mn+m+1}C NN B)
under the decimations 9, j k), (i, j, k) € Vp X V4 X V. O

As an important consequence of the above theorem we have

Corollary 4.4.8. If F, G : N — N are both (p, q)-automatic functions, then the sum
(F 4+ G)(n) = F(n) 4+ G(n) is also a (p, q)-automatic function.

As far as the multiplication is concerned we state
Theorem 4.4.9. There exists no (p,q,r) € N3, P, q, r > 2 such that the set

Gr(Mul) = {(n, m,nm) | n,m € N}, i.e., the graph of the multiplication, is (p, q, r)-
automatic.
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Proof. The proof is analogous to the proof in case of addition. In order to avoid
complications with 0 we consider the graph of the multiplication only for positive
natural numbers.

We assume that there exist (p, ¢, r) such that Gr(Mul) is (p, ¢, r)-automatic. We
consider the pg-valuation U, : N? — N defined in the proof of Theorem 4.4.7.
Then the function G = Mul o i];ql : N\ {0} - Nis a (pg, r)-automatic map with
finite preimage property.

As before one easily computes that G((p+1)(pq)") = (pq)* and G((pg)"+1) =
p". This leads to the inequalities

Kir" < (pg)" < Kjr"

Ki/rn

IA

pn S Ké/rn
for certain positive constants K/, K;',i = 1,2, and all n € N. This is impossible for
any triple (p, g, r) with p, g, r > 2. O

We have seen thatincase p < g there exists no surjective (p, g )-automatic function
G : N — N with the finite preimage property. Thus the question arises whether there
exists a surjective and (p, g)-automatic function G : N — N at all. The question is
answered by the next theorem.

Theorem 4.4.10. Let p < q. Then there exists no surjective (p, q)-automatic func-
tion G : N — N,

Proof. The idea of the proof is quite simple. We assume that there exists a surjective
(p, g)-automatic function G. Then, by the above results, G does not have the finite
preimage property. We therefore try to find a p-automatic subset M C N such that
G : M — N is surjective and has the finite preimage property. This yields the
desired contradiction, see the remark on p. 116. The main difficulty is therefore the
construction of the set M. M will be obtained by a careful modification of the reduced
(p, q)-kernel graph of xgr(G). As already seen in the proof of Theorem 4.4.5, it
is the structure of the (x, 0)-skeleton of the reduced kernel graph which causes the
existence of infinitely many preimages. In particular, cycles in the (x, 0)-skeleton
‘create’ infinitely many preimages.

An elementary cycle in the (x, 0)-skeleton is a path whose initial point coincides

with its terminal point and for every vertex & of the path there exists a unique edge

.0 . .
g (u—>) h of the path. In other words, an elementary cycle is as short as possible. Due

to the finiteness of the (x, 0)-skeleton, there exist only finitely many elementary paths.
These are denoted by Cq, ..., Cr. The length of the paths, i.e., the number of edges
in the cycle, is denoted by dy, ..., dr.
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As a next step, we construct a special (p, g)-automaton (B, &, B, o, {a@,p) | a €
{0,...,p—1}, b€ {0,...,q — 1}). The set of states is given by

L
B = (kerp,q(XGr(G)) X 1_[{0, I,....dL — 1}> U {h* | h € kerp 4 (XGr(G))}-
j=1

The elements of B are denoted by (h, w) with w = (w; )jL=1 or as h*. The output
function w : B — B is defined by

0 ifs = h*
w(s) = . -
{E(O, 0) ifs=(h, w).

Finally we define the transition function o, p).

1. If (a,b) € {0,..., p—1} x{1,...,q — 1}, then

A(a,p) ((h, W) = (0,p)(h), (0, ...,0))
oa,p)(B*) = (3a,py(R), (0, ..., 0)).

2. If (@,0) € {0, ..., p — 1} x {0} and 1™ € B, then

a,0)(*) = (d(a,0)(R))" .

3. If (a,0) € {0,..., p — 1} x {0} and (h, w) € B, then we define an element
w = (wJ’.) in NL, where wJ’. is given by
u)j’. =wj + 1,

if h and 9(4,0)(h) are both vertices of the elementary cycle C; of the (x, 0)-
skeleton.

If 9(4,0y (h) is not a vertex of the elementary cycle C;, then wj’. =0. If 94,0)(h)
belongs to the vertices of C; and A does not belong to the vertices of C;, then
u)j’. = 0. In all other cases w]’. = wj. Finally, we set

(8(5,,0) (@))* if there exists j such that w} =d;

Ya0 (W) = G W, w)  otherwise.
It remains to define the distinguished element &. We set & = (xGr(G), (0, ..., 0)).
Figure 4.10 shows how a cycle of length 2 in the (x, 0)-skeleton of the kernel graph
reappears in the extended transition graph defined by the above automaton. Note that
the cycle has become a cycle in the *-states.
Let us pause for a moment and reflect upon the properties of the transition graph
defined by the above automaton. A path starting in xGr(G) in the kernel graph of
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Gr(G) corresponds to a path starting in & in the transition graph of the above defined
automaton. The vector w counts the number of successive steps done in the elementary
cycle Cj, j =0, ..., L. If the path leaves a cycle C;, then wj; is reset to 0. If the
path has completed an elementary cycle, then the path in the transition graph of the
automaton enters a x-state 1*. The only way to leave a %-state is via a4, With b # 0.

o) | 0

@ @ 0,0 @ 1,0

Figure 4.10. Transformation of a cycle in the (x, 0)-skeleton.

It is clear that the above defined automaton is a (p, g)-automaton. Since its values
are in B it defines a subset M of N x N. It remains to show the following three
assertions.

1. The projection on the second coordinate py(M) is equal to N.
2. The projection on the first coordinate p;(M) is unbounded.

3. The restriction of G on p1 (M) defines a function which has the finite preimage
property.

Letm € N, m # 0 be given. Then there exists a minimal n € N such that G (n) = m.
Let (n,m) = (xGrG), ((no, mo), ..., (ng, mg))) be the path defined by the unique
representation of (n2, m). Then the path terminates at a kernel element /4 of the reduced
kernel graph of xGr(c) such that £(0,0) = 1. Now we consider the same path in the
transition graph of the above defined automaton. To this end we consider the sequence
of states (s; );?:0 defined by

8j = Q(mj,n;) ©** © Ung,mg) (XGr(G))-

If my # O, then s = (h, (0,...,0)) and w(s,,) = 1, i.e., the point (n, m) belongs to
M.
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If m; = 0, then ny, is different from 0, for otherwise (ng, mo), ..., (ny, my) would
not be the unique representation of (n, m). Since m # 0 there exists an /[ < k such
that m; # O which means that the state s; is not a *-state. It remains to show that
the states s;, j =1+ 1, ..., k are no *-states either. Due to the minimality of n, the
path starting in s; and following the edges (n;41, mi+1), - . ., (n, my) does not contain
an elementary cycle. This shows that the final state s; is not a *-state and therefore
w(sk) = h(0,0) = 1,1i.e., (m,n) € M. This proves the first assertion.

A similar argument applies for the remaining case m = 0.

The second assertion follows directly from our above considerations. We have
shown that pj (M) contains all minimal preimages of all m € N. This means that M
is unbounded.

The last point is to show that G : M — N has the finite preimage property. By our
construction of the automaton, a (*, 0)-cycle in the transition graph of the automaton
occurs only for s-states and w (h*) = 0. This yields that G~! (m) N M is finite for all
m e N.

Therefore we have constructed a (p, g)-automatic function G : M — N which is
surjective and has the finite preimage property. This is impossible and therefore no
surjective (p, g)-automatic function G : N — G does exist. O

An immediate consequence of the proof the above theorem is the following corol-
lary.

Corollary 4.4.11. If G : N — N is a (p, q)-automatic function, then there exists a
p-automatic subset M of N such that G(M) = G(N) and G : M — N has the finite
preimage property.

If G : N - Nis a (p,g)-automatic function with p < ¢, then, as we have
seen, G(N) is a g-automatic set different from N. It is therefore natural to ask which
g-automatic subsets M, are of the form M; = G(N). In view of Corollary 4.4.11
and the lower bound for the growth of G restricted on M it is not surprising that the
“density” of M, plays a crucial role in whether M, is of the form M, = G(N) or not.

Before we begin with a closer study of the “density” we demonstrate that under
certain circumstances it is possible to construct a (p, g)-automaticmap G : N — M,
such that G(N) = M,,.

Definition 4.4.12. Let x be a p-automatic sequence, and let 9;‘; (x) be the reduced
q-kernel graph of x. For h € ker}k7 (x) the number

[{j 18 () € kerly(x), j=0,....q — 1}
is called the degree of h and denoted by deg(h#). The number
max{deg(h) | b € ker, (x)}

is called the degree of 9,; (x) and is denoted by deg(gf, (x)).
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Lemma 4.4.13. Let M C N be a q-automatic subset. If the degree of the reduced
q-kernel graph of kerZ (xm) satisfies

deg(§,(xm)) < p,
then there exists a (p, q)-automatic function G : N — M such that G(N) = M.

Proof. We construct a (p, g)-automatic function with the transducer property. To this
end, we define for every h € kerz (xm) surjective maps vy : {0, ..., p — 1} — W,
where Wy, = {j | 9;(h) € kerj,(xm), j =0,...,q — 1}

Ifth e ker;k (xm) and if h(0) = 1, then v, : V — W)}, can be any surjective map
which satisfies v;(0) = 0.

Ith e kerz (xm) and h(0) = 0, then there exists a minimal n > 1 such that
h(n) = 1. If n = ng + gn’, then v, : V. — W}, is any surjective map such that
vp(0) = np.

Using the maps v, we define a (p, g)-automaton in the obvious way. The states
are given by the g-kernel of xjs, the basepoint is s, the output function is given by
w(h) = h(0), and the transition functions are defined by

ow(h) ifvp(v) =w

o h) =
(w.w) (1) 0 otherwise,

forh € ker;‘,(XM), and a(y,)(0) = Oforall (v, w) € {0,..., p—1} x{0,...,g—1}.

It remains to prove that the above automaton defines a function G : N — M. By
Lemma 4.3.4, it suffices to show that the automaton has the unique first component
property.

Ifn = 0 and x» (0) = 1, then we have G (0) = 0is well defined since v,,, (0) = 0.
If x4 (0) # 0, then there exists a smallestm = mgo+mp+- - -—|—mkpk, my 7% 0, such
that xp(m) = 1 and we set G(0) = m. Due to the construction of the maps v;,, we
have that the path (0, mg), (0, my), ..., (0, my) is the unique path which terminates
at a kernel element A with 4(0) = 1.

Iftn=no+nip+---+ nkpk, ni # 0, then the maps vy, define a unique path
(ng, mo), ..., (ng, my) which terminates in & € ker;()(M). If h(0) = 1, then we
define G(n) =mo +miq +---+ mkpk. If 4(0) = 0, then with the same arguments
as for the case n = 0, there exists a unique extension

(no, mo), ..., (nk, mg), (0, mpy1), ... (0, myqp)
such that m,; # 0 and the path terminates in a kernel element &’ with 4'(0) = 1. O
As a corollary we note
Corollary 4.4.14. Let M C N be a q-automatic subset. If

deg(h) = p
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forallh € ker; (xm) and p > 2, then there exists a bijective (p, q)-automatic function
G:N—> M.

Examples.

1. The Thue-Morse sequence t = (f,),en defines a subset M; C N. In Figure 3.1
the reduced kernel graph of ¢ is shown. Since every vertex in the reduced
kernel graph has degree 2, it follows that there exists a (2, 2)-automatic function
G : N — M;. Following the procedure in the proof of Lemma 4.4.13 we
construct the reduced kernel graph of x = xgr(G). It is shown in Figure 4.11.
See also Example 3, p. 108, for further properties of G.

(. 0>(1,0)

Figure 4.11. Transition graph for the bijective function G : N — M, where M is the
support of the Thue—Morse sequence.

2. Figure 4.12 shows the reduced kernel graph of a (2, 3)-automatic function G :
N — M, where M is the set of integers n which have no 1 in their 3-adic
representation.

0,0)
(1,2)
Figure 4.12. Transition graph for the bijective function G : N — M. M is the set of

integers without a 1 in the 3-adic representation.

We now start our investigation on the “density” of the set M, C N. To this end
we introduce certain counting functions.

Definition 4.4.15. Let M C N be a p-automatic set. The function c(M) : N — N
defined by

c(M)(n) =1[0,n + 1[NM|
is called the counting function of M. The function C,(M) : N — N defined by

Cp(M)(n) = 10, p"[NM|
is called the p-counting function.

Examples.
1. C,(N)(n) = p" and c(N)(n) =n + 1.
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2. Consider the Thue—Morse sequence (#,,) as a characteristic sequence of a subset
M; € N. The 2-counting function C2(M) is given by

Co(My)(n) = 2"~
foralln > 1.

3. If M is a bounded set, then
c(M)(n) = M|

for all n > nyg.

4. If M = (2" | n € N}, then
Co(M)(n) =n

for all n.

The following lemma is immediate. It provides a first hint how the density of M,
influences the existence of a surjective function G : N — M.

Lemma 4.4.16. Let M, C N be a q-automatic subset and let G : N — My be a
(p, g)-automatic map with the finite preimage property. Let Ko be the constant given
in Theorem 4.4.5. If there exists an no such that

log p

1 logg
Cq(Mq)(n) > (K_2> p"

holds for all n > ng, then G : N — My is not surjective.

Proof. Assume that there exist a (p, g)-automatic function G : N — M, such that G

is surjective and has the finite preimage property.
log p

Ifn > KZ_ 24 ™M and m > my for a certain large mg, then it follows that

logg
G(n) > Kon'er > g™,

_logp
This shows that C,(M,)(m) < K, 24 ™ for all m which proves the assertion. O

The counting function c¢(M) of a g-automatic subset M allows us to establish
the existence of a very special (p, g)-automatic function G : N — M such that
G (N) = M. We have the following surprising result.

Theorem 4.4.17. Let M C N be an unbounded q-automatic subset. Then c(M) :
N — N is (g, p)-automatic if and only if there exists a (p, q)-automatic function
F : N — M such that F is bijective and monotone increasing.
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Proof. Let F : N — M be (p, q)-automatic with the above properties. By purely set
theoretic operations we construct the graph of the counting function c¢(M) from the
graph of F.

For a subset L C N x N, we define the upper closure L"P of L by

L= |J @.nin=h.

(,h)eL
The upper closure Gr(F)"P of Gr(F) is then given by
Gr(F)"? ={(n,l) |n € Nand ! > F(n)}.

Then Gr(F)" is a (p, g)-automatic subset. It is easy to see that

XGr(F)® = XGr(F) * X{0}xN = \/ xyFm . \/ ',
neN neN

i.e., xcr(F)yw is the Cauchy product of two elements in ¥ (N2, B). Since both factors
are (p, g)-automatic, it follows from Theorem 4.1.7 that Gr(F)"P is (p, ¢g)-automatic.

Now let G : N — M be defined by G(n) = F(n + 1). Then G is also (p, g)-
automatic. This follows from the fact that the addition is p-automatic and that com-
positions of automatic functions are automatic. Then the sequence

X = XGr(F)"AGr(G)"

which is the characteristic sequence of the symmetric difference of Gr(F)"P and
Gr(G)" is (p, g)-automatic, see 4. of Lemma 4.1.3. Since F' is monotone increasing,
it follows that

supp()" = {(n, 1) | x(U, n) = 1} = Gr(c(M)).

This proves the (g, p)-automaticity of the counting function of M.
Let us now assume that c(M) : N — N is (g, p)-automatic. Since M is un-
bounded, it follows that ¢(M) is surjective. Moreover, for m € M the set

(N x {m}) N Gr(c(M))"

contains only one point and, furthermore, for any n € N there exists a unique m, € M
such that
(N % {ma}) N Gre(M)" = (n, my).

Thus the map F : N — M defined by F'(n) = m,, provides a monotone bijection. By
the construction of F' we have

Gr(F) = (N x M) N Gr(c(M)T.

It follows that F is (p, g)-automatic. O
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Examples.
1. Theset M = {3n + 1 | n € N} is a 2-automatic subset of N and its counting
function is (2, 2)-automatic since F(n) = 3n + 1 provides an automatic and
monotone increasing function from N to M.

2. Let M = {2" | n € N}, then M is a 2-automatic subset of N and c(M)
is not (2, 2)-automatic. This follows almost immediately from the fact that
c1logy(n) < c(M)(n) < cylog,(n) holds foralln > 1 and constants ¢y, c2 > 0
and the growth theorem for automatic functions. Thus there exists no monotone
increasing surjective and (2, 2)-automatic function F : N — M. In particular,
f(m) = 2" is not a (2, 2)-automatic function. However, in Figure 4.13 the
reduced kernel graph of a surjective (2, 2)-automatic function F' : N — M is
shown. Observe that w(A) =0, w(B) = 1.

.0 (D—5—®) )%

Figure 4.13. A surjective function F : N — {2 | n € N}.

Note that F' does not have the finite preimage property. Indeed, F(2n +1) =1
foralln € N.

3. The Thue—Morse sequence t = (#;),>0 € X (N, B) provides a non-trivial exam-
ple of a 2-automatic subset M; = {n | t, = 1} with a (2, 2)-automatic counting
function ¢(M). In fact, it follows from the construction of the Thue—Morse
sequence by a substitution that

k+1 ifn=2k+1
c(M)(n) = .
k+t ifn=2k
holds foralln € N. From these formulas it follows that c(M) is (2, 2)-automatic.
Moreover, the monotone bijective function F : N — M; is given by

Fn)=2n+1-—1t,
for n € N. From these formulas it follows that ¢(M) is (2, 2)-automatic.

In order to compute the counting functions ¢(M) and C,(M) of a p-automatic
subset M # () we use the fact that the sequence yy € X (N, B) is generated by
a p-substitution § : (N, BY) — (N, B"), where N denotes the cardinality of
ker, (xp). If we enumerate the kernel elements such that xy = i i then the substi-
tution is given by its substitution polynomial

p—1
Ps=3 xiA;
=0
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where A; are N x N-matrices with entries in {0, 1}, see Definition 2.2.28. Moreover
we have that the sequence F;, € X (N, BY) defined by

Fy() = (f (). ... f ()
is a fixed point of the substitution S, i.e.,
Fy = PsHy(F),

where H(x/) = xP/. Thus we can write Fu(x) = Ps(x)F,;(x?), considered as a
Cauchy product over B. Actually, we can consider this product as the usual product
over Z which we do from now on.

Definition 4.4.18. Let M C N be a p-automatic subset and let f P I N4 be a

enumeration of the kernel elements such that f | = XM and f N+l = 0. Then the
polynomial

p—1
red __ Jj pred
Pyt =) xl AR,
j=0

where A" is an N x N-matrix obtained from A j by removing the N + 1-st row and
the N + 1-st column, is called the reduced substitution polynomial of M.

In case that 0 ¢ ker, () we consider the substitution polynomial also as the
reduced substitution polynomial. The next lemma justifies the above definition.

Lemma 4.4.19. Let M C N be p-automatic and let Pged be the reduced substitution
polynomial of M. Furthermore, let F’ ﬁ‘,}d e (N, BN) be defined by

Fiin) = (f,(n), ... f,,(0).
Then F’ ff satisfies the equation
Fif = PFUH(FR
inBN and H : N — N is given by H(x/) = xP/.

Proof. There is nothing to show if 0 ¢ ker, (). Therefore let us assume that 0 is a
kernel element. Then the matrices A, j =0, ..., p— 1 have the following structure:

A b
A = 7
/ (0...0 1)’
where b € BV, and each row of A j contains one 1. We now notice that F;,(n) is
an element of BY x {0} and Aj(ay,...,an, 0" = (by,...,by,0)T holds for all
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ai,...,ay € {0, 1}. Then the assertion follows from
aj ai
red . d .
e
0...01 ay ay
0 0

where the matrix multiplication on the r.h.s. of the equation is an operation in B. O
The above lemma remains true if B is replaced by Z.

Examples.

1. Let (ty)n>0 € (N, B) be the Thue—Morse sequence. Then the reduced substi-
tution polynomial is given by

10 01

which is equal to the substitution polynomial.

2. Let x be the characteristic sequence of the set {2" | n € N}. The sequence yx is
two automatic and its reduced substitution polynomial is given by

a_ (10 01
%62(01 T\ oo)

3. For the paperfolding sequence the reduced substitution polynomial is given by

010 100
ped=(o01|+x[001
001 001

Remarks.

1. If P(x) denotes the reduced p-substitution polynomial of a sequence xjs, then
P(x)P(xP) defines a pz-substitution which has F;, as a fixed point, i.e., we
have ,

Fp(x) = P(x)P(xP)E )y (xP).

2. The polynomial P (x)P (xP) is not necessarily equal to the reduced p>-substi-
tution polynomial.
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We are now prepared to compute the counting function ¢(M) and the p-counting
function C),(M). The following observation is crucial for the computation. Let M be
a subset of N and let xj; be its characteristic sequence, i.e.,

(o.¢]
xm =\ x7 xm ().
j=0
If we consider the formal series for xjs as an element of the ring Z[[x]] of formal
power series with coefficients in the ring Z, then we have the identity

00 _ 1 00 _ 1
M) =Y x (M) = 7= % xm () = T——xm ().
j=0 =0

In other words, the generating function c(M)(x) of the sequence (c(M)(n)),>0 is
given by the above identity.
This observation yields the following lemma.

Lemma 4.4.20. Let M C N be a p-automatic subset and let PSred denote the re-
duced substitution polynomial with respect to an enumeration of the kernel elements,
il = XM, .-, iN. Then the generating function Cp (x) € (N, ZN) of the sequence
((c(supp(il)), e, C(SUPP(iN)))nzo with values in NV satisfies the following equa-
tion

Cu@) = +x+--+xPH POy (aP)
over 7.
Proof. Since M is automatic it follows from Lemma 4.4.19 that

Ered — P;ed H, (E;,Id)

If we consider the above equation as an equation in the ring Z, then the equation
remains true for F;,. This follows from the fact that due to the construction of the
matrices A;ed contain at most one 1 in each row.

Thus F,,(x) satisfies

Fo(x) = PEYOOF  (xP)

viewed as an equation with coefficients in Z. This gives

1 1
T En () = T PRI E, (D),

where the multiplication by ﬁ is defined component-wise. Hence

1
Cu() = —Fy(0) = (L4 x4+ -+ xPHPEY ) Cpr (). O
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Examples.
1. For the Thue—Morse sequence ¢ we obtain the equation

Cl) = <1+x)(i ’{)C(x%

for the counting functions of the kernel elements. If one further observes that
c(supp(?))(n) +c(supp(91(¢)))(n) = n holds for all n € N we get the following
equation (over Z!) for the generating function c(M)(x) with M = supp(?):

M) = (1 =xHeM) () + 75—

The above equation yields the formulas given for c¢(M)(n) in Example 3, p. 126.

2. If we consider the counting function for the paper folding sequence, then we
obtain the equation

c(M)(x) = x(1 4+ x)c(x?) + [ ——

for the generating function of the counting function of M = supp(pf). The
above functional equation yields the following recursive relations:

c(M)(2n) = c(M)(n — 1) + [ 2]

D@+ 1) = e + [ 2],

It is not known whether c¢(M) is a (2, 2)-automatic function.

The reduced substitution polynomial also provides a tool to compute the p-coun-
ting function C, (M) for an automatic subset M.

Lemma 4.4.21. Let M be a p-automatic subset and P;ed the reduced substitution
polynomial w.r.t.an enumeration of the kernel elements of xy;. Then we have

5,0
Co(M)(n) = (1,0,...,0)(P§ed(1))" :
3O

for all n € N, where we interpret P;ed(l) as an (N x N)-matrix with coefficients in
7 after substituting 1 for x.

Proof. The proof follows from the fact that the sequence F;, is obtained as a limit of
the substitution S, i.e.,

£,0

F = lim §" :

n—oo

’

Fy©
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where the limit is in X (N, BY). We thus obtain in terms of formal power series over Z

£, £,0
s" : (x) = PR PRI(xP) ... PR (xP") :
Sy £

and by substituting x = 1 in the r.h.s. of the equation we achieve the desired result. O

We have almost reached our goal, namely to characterize g-automatic subsets M
which are an image of a (p, ¢)-automatic map F : N — N.

There are basically two approaches to decide whether a g-automatic set is the image
of a (p, ¢)-automatic map. The first approach uses Lemma 4.4.16 and Lemma 4.4.21.
The second approach uses Lemma 4.4.13.

Examples.

1. In Figure 4.14 a reduced 3-kernel graph of a 3-automatic subset M is shown.
Note that f(0) = g(0) = 1.

0, 10,2

Figure 4.14. The automaton generates a set M C N which is not of the form F(N) for a
(2, 3)-automatic function F'.

The reduced kernel polynomial is given by

(01 10 , (01
P(x)—(01>+x(00>+x (01>,
P(l):(éé).

Using the above result we easily compute that C3(M)(n) = 2" + n2"~!. By
Lemma 4.4.16, it follows that there exists no (2, 3)-automatic function F' such
that F(N) = M and F has the finite preimage property. Indeed, if we suppose
that there exists a (2, 3)-automatic F with F(N) = M and F does not have
the finite preimage property, then by Lemma 4.4.11 there exists a 2-automatic
subset M, such that F : My — M is surjective and has the finite preimage
property which is a contradiction to Lemma 4.4.16.

which gives

By Lemma 4.4.13, for all p > 3 there exists a (p, 3)-automatic map F with
F(N) =M.
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2. Figure 4.15 shows the reduced 3-kernel graph of a 3-automatic subset M =
supp(i), where i(O) = g(O) = 0 and h(0) = 1. We show that M is an image
of a (2, 3)-automatic map F.

Figure 4.15. 3-automatic subset M C N which is of the form M = F(N) for a (2, 3)-
automatic function.

Since the degree of the reduced kernel graph is equal to 3, Lemma 4.4.13 does
not apply. Let P (x) be the reduced substitution polynomial then

012
py=[o011
100

Since M is 3-automatic it is also 9-automatic and the reduced 9-substitution
polynomial is given by Q(x) = P (x)P(x3). We obtain

1
o) = P(1)* = 1
2

S =N
— e —

Since the sum of the entries of Q(1) in row i gives the degree of the kernel
element f . € Go( /), we see that the degree of the 9-kernel graph of f is
equal to 4. By Lemma 4.4.13 we can construct a (4, 9)-automatic function
F :N — M suchthat F(N) = M. If F is (4, 9)-automatic, then it is also (2, 3)
automatic which proves our assertion.

The reduced 9-kernel graph of M is shown in Figure 4.16.

4,7
Figure 4.16. The reduced 9-kernel graph of M in Figure 4.15.
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Moreover, for any p > 2 there exists a (p, 3)-automatic function such that M
is the image of the function.

The above examples indicate that the existence of a surjective function from N
onto an automatic set M C N is closely related to the behavior of the powers of the
matrix Pys(1). This behavior is influenced by the eigenvalues of the matrix P(1).
Note further that P(1) is a non-negative matrix, i.e., all entries of P(1) are greater
than or equal to zero.

Remark. If Aisan N x N matrix with entries a;; > 0, then there exists a non-negative
eigenvalue A such that A, > || for all other eigenvalues A of A, see e.g. [84]. The
eigenvalue is called leading eigenvalue of A.

As a first result on the existence of a surjective (p, ¢)-automatic function F : N —
M we state

Theorem 4.4.22. Let M, be a q-automatic subset, Py (x) its reduced q-substitution
polynomial and let )y be the leading eigenvalue of Pyy(1). If p = 2 and p > iy,
then there exists a (p, q)-automatic function F : N — N such that F(N) = M,.

Proof. Let € > 0 be such that € + A4 < p. Since A4 is the leading eigenvalue there
exists a constant » > 0 such that the entries ( p;’j)i, j=1,....n of the nth power Py (1)"
satisfy

.....

0 < pj; <r(e+ir)”

for all n € N, see [84]. Thus there exists an ng € N such that
N
>4 = N < g
j=1

holds for alli = 1, ..., N. Since the sum of the entries in the i-th row of Py;(1)"°
equals the degree of f ; in the reduced P;fl" -kernel graph, we obtain that the degree
of the reduced p"°-kernel graph is less than p"°. By Lemma 4.4.13, there exists a
(p"°, q"°)-automatic map F such that F'(N) = M,,. This proves the assertion. O

The above theorem is useful if the leading eigenvalue is not a natural number.
Example 1. from above shows that it is not necessarily true that A, = p implies the
existence of a (p, ¢g)-automatic function F with F(N) = M. Example 2. provides an
example where the leading eigenvalue is less than 2. In fact the leading eigenvalue is
approximately 1.8019.

The following examples show that a surjective function may exist even if the
leading eigenvalue of Pys(1) is an integer.
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Examples.

1. Figure 4.17 shows an example of a reduced 3-kernel graph of a 3-automatic
subset M. It is plain to see the P(1) = 2, therefore the leading eigenvalue is
equal to 2. Due to Lemma 4.4.13, there exists a (2, 3)-automatic function F

such that F(N) = M.

Figure 4.17. 3-automatic subset M C N that is of the form M = F(N) for a (2, 3)-
automatic function.

2. Figure 4.18 presents an example of a reduced 3-kernel graph that generates a
3-automatic set M such that the leading eigenvalue of P(1) is equal to 2. Note
that f(0) = 1 and g(0) = 1.

Figure 4.18. 3-automatic subset M C N with degree of the kernel graph equal to 3 and
that is of the form M = F(N) for a (2, 3)-automatic function.

One computes that the degree of f in the p"-kernel graph is given by

deg(f € gp) =2""" — 1.

Therefore deg(f € 9;,1) > 2" for all n > 1 and Lemma 4.4.13 does not apply.
On the other hand, the 3-counting function C3(M) is also given by

Cy(M) =2"*t1 — 1,

which might induce the conjecture that there exists a (2, 3)-automatic function F
with F(N) = M. Indeed, it is possible to construct a (2, 3)-automatic function
F : N — Nsuch that F(N) = M. We outline the construction of this function.
At first, one observes that M can be partitioned into two non-empty subsets My,
M such that M = My U M. These are

Mo = supp(f) and M; = supp(g).

Then there exists a surjective (2, 3)-automatic function Fy : N — My (the
reduced kernel graph for y, is shown in Figure 4.17). Figure 4.19 shows the
reduced (2, 3)-transition graph of a (2, 3)-automaton that generates a surjective
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function F; : N\ {0} — M/, where a)(i) =0and a)(g) =1.

(0,0) (1,1)

Figure 4.19. Reduced (2, 3)-transition graph that generates Fy : N\ {0} — M.

Lemma 4.1.8 now states that the function F : N — M defined by

o = {Fo(k) ifn =2k

Fik)y ifn=2k—1
is (2, 3)-automatic and, due to our construction, F is surjective.

As we have already seen, if the leading eigenvalue of P (1) is equal to a natural
number greater than or equal to 2 then the existence of a surjective map F' depends on
the finer structure of the reduced kernel graph. Before we study this dependence we
introduce the notion of recurrence.

Definition 4.4.23. Let x € X (N, B) be p-automatic. If there exists a k € N and
vg, ..., Uk € {0,..., p— 1} such that

81)0 SR Oavk(X) =X
then y is called p-recurrent.

The importance of the recurrent sequences is demonstrated by the following the-
orem.

Theorem 4.4.24. Let M C N be g-automatic such that x = xuy is not q-recurrent.
Then M is the image of a (p, q)-automatic function F : N — M if and only there
exist pairwise disjoint g-automatic non-empty sets M; C N, j =1,...,land (p, q)-
automatic functions F; : N — M; such that

F(N) = M;
l

UMj:M.
j=1

Proof. Since y is g-automatic and non recurrent, there exists a k € N such that the
sequence

avk ©e-+0 avo(X)
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for vo, ..., v € {0,..., g — 1} is either the sequence 0, the zero sequence, or the
sequence is g-recurrent. For Q = ¢! and V = {0, ..., Q — 1} these sequences can
be written as x; := d;(x), where J € V. Then M is given by

M= J @suwpp(x)+J),
J | xs#0

where Q supp(xy)+J ={0x+J | x € supp(xy)} = M. The sets M ; are mutually
disjoint and each M is g-automatic.

Let us now assume that there exist a (p, ¢g)-automatic function F : N — M
such that F(N) = M. It remains to show that there exist (p, g)-automatic functions
F;:N— Mj;with Fy(N) = My forall J € {0,..., Q — 1} with M; # (. To this
end we construct (g, g)-automatic functions Gy : M — M suchthat G ;(M) = M.
The functions F; are then given by Fjy = Gjo F. Let mj € M be fixed for every
J with Mj # . The functions G; : M — M defined by

m ifm e M
Gy(m) = .
my otherwise
are (g, g)-automatic and satisfy G yj(M) = M.
The other assertion, namely that M = F(N) fora (p, ¢)-automatic function F if M

is the union of finitely many mutually disjoint sets My, ..., M; with (p, g)-automatic
functions F; : N — M;, j = 1,...1, and F;(N) = M; is a direct consequence of
Lemma 4.1.8. O

Thus, non-recurrent sequences can be considered as being composed of recurrent
sequences. In order to study recurrent sequences, we make deliberate use of the theory
of non-negative matrices, see, e.g., [84] or [151].

We begin with some standard definitions. A matrix A = (a;;) € R"*" is called
non-negative if @;; > O for all i, j = 1,...,n. The matrix A is called positive if
a;j > O0foralli, j=1,...,n.

Definition 4.4.25. A non-negative matrix A € R"*”" is primitive if there exists an
no € N such that A" is positive.

A non-negative matrix A = (a;;) € R"*" is irreducible if for every pair (i, j) €
{1, ..., n} there exists an n € N such that (i, j)-th entry of A" is positive.

Remarks.
1. If a non-negative matrix A is reducible, then there exist a permutation matrix P
such that the matrix A’ = P~ A P is of upper triangular block form:

Al * ...

A/= O A2 ’
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where the A;, i = 1,..., k, are either irreducible square matrices or the zero
matrix.

2. If a non-negative matrix A is irreducible, then either A is primitive or there
exists a permutation matrix P andaw € N, 7 > 2, such A’ = P “1AP is of
the form

A/

0 0 0 ... Dy
D,y 0 0 ... O

Moreover (A’)™ is of block diagonal form

Ao O ... O
ar=[ %%
: .0
0 ... 0 Ay
where the square matrices A;, i = 0,...,7 — 1, are primitive and given by

Ai=D;...D;_1Dg...D;_;.

If A € R™" is given and if Ao is an eigenvalue of A, then the order of the
zero of the characteristic polynomial of A, i.e., det(Aid —A), is called the algebraic
multiplicity of Ag. The complex dimension of the kernel of the matrix A id — A is called
the geometric multiplicity of 1.

The main result of the Perron—Frobenius theory is the next theorem.

Theorem 4.4.26 (Perron-Frobenius Theorem). IfA € R"*", A £ 0, isa non-negative
irreducible matrix, then A has a positive eigenvector x € R" with eigenvalue A > 0
that has algebraic and geometric multiplicity equal to one. Furthermore, any positive
eigenvector of A is a multiple of x, and if w is another eigenvalue of A, then || < Ay

Proofs may be found in the above mentioned books. Note that if A is a non-
negative matrix in upper triangular block form, then the leading eigenvalue A4 of A
is the maximum of the leading eigenvalues of the block matrices A;.

Remarks.

1. If A € R" " is a non-negative and irreducible matrix, then the leading eigen-
value A, of A satisfies
r— < )\,+ < r4,

where r_ and r denote the smallest and the largest row sum of A, respectively.
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2. If A # 0is a non-negative irreducible matrix such that A is of the form

0 Do O ... O
0 O0 Dy... O
0 0 0 ... Do
D1 0 0 ... O

and if X is an eigenvalue of A and u € C a w-th root of unity, then uA is also
an eigenvalue of A.

3. Let A be as above. Since A” is of block diagonal form

Ao 0 ... 0
ar—| 0 A

: .0

0 ... 0 Ay

with primitive matrices A;, each of the matrices A; has the leading eigenvalue
ML, where A is the leading eigenvalue of A.

IftM C N, M # (, is a p-automatic set and if Py (x) denotes the reduced
substitution polynomial then Pjs(1) is clearly a non-negative matrix. Remark 1,
p. 136, can be stated as follows: There exists a numbering of the kernel elements of
xm such that Py, (1) has an upper triangular block structure. The irreducible matrices
A;;i # 0 correspond to strongly connected components of the reduced kernel graph of
xm. A non-empty subset C C ker,(xu) is called strongly connected if for every g,
h € G there exists a path in G from / to g and vice versa. Furthermore C is maximal
with this property (w.r.t. inclusion). -

If Cy, Co C kerp(xp) are two different strongly connected components of the
reduced kernel graph of yx, then Cj is larger than C3, denoted by C; > C», if there exist
g € Crand h € C; such that i € ker,(g) or, equivalently, there exists a path from
g to h in the reduced kernel graph of x;. This clearly defines a partial order on the
set of strongly connected components. If xj/ is p-recurrent, the strongly connected
component containing y is the maximal element.

Note further that for every strongly connected component C of the kernel graph
of x there exists a corresponding square matrix in the upper triangular block form of
the matrix P (1). This matrix is denoted by A(C).

Theorem 4.4.27. Let M C N be g-automatic and let xy be q-recurrent. Let P(x)
be the reduced substitution polynomial and let Ao+ = p > 2, p € N, be the leading
eigenvalue of P(1).

If there exist two strongly connected components C1, Cy C kery(xp) such that
C1 < Cy and such that the leading eigenvalues of A(C1) and A(C») are both equal to
p, then there exists no (p, q)-automatic function F : N — N such that F(N) = M.



4.4 Automatic functions on N 139

Proof. We assume that P (1) is given in upper triangular block structure. Since the
matrices A;, i = 1,...,k, along the diagonal are either irreducible or zero, there
exists an Ng € N such that either AIN =0or AIN is of the form

Ao 0 ... O
0 A

: .0
0 .. 0 Ajm

if A; is irreducible. Since the matrices A; ; are primitive there exists an N € N such

that the AQ/ | are positive matrices. This yields that P(1)NoM is of upper triangular
block structure and a block along the diagonal is either a positive square matrix or the
Zero matrix.

Let A;, and A;, be the matrices corresponding to the strongly connected compo-
nents C1 and C;. Since C; > C3, the triangular block structure of P (1) implies that
P (1) contains the submatrix

Ai] * A
0 Aij41

o -
0 ... 0 A

Now the results on the structure of P(1)No and the fact that C; > C, imply the
existence of an Ny such that P (1)MoN1N2 contains the submatrix

Ny
Ailj1 ... B
0o ... Aizi‘z
where A; j, j1 €{0,...,m —1},and A;, j,, j» € {0, ..., mo — 1}, are primitive and
positive matrices and where the matrix B = (by;) with (s, ¢) € I x J for certain sets
I,J C{1,...,|kery(x)|} is positive. Due to the assumption, A;, and A;, both have

the leading eigenvalue p. Due to the primitivity of A;, ; and A;, j, it follows that there
exists a constant ¢ > 0 such that

?{;\IIONINZ > cpNNONlNZ

f;/zoNlNz - cpNNONl N>

holds for all N € N. If By = (bY) denotes the submatrix of P(1)NNoN1N2 defined
by the entries at position (s, ) € I x J, then an induction argument shows that

b?l{ > 2cp(N_1)N0N1N2 + (N _ 2)C2p(N_1)NON]N2
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forall N e Nand all (s, ) € I x J.
Thus there exists a sequence i € ker, () such that

Cy(supp()) (N NoN1N2) = 2cpN=DNOMN2 4 (7 — 2)¢2 p(N=DNONIN

for all N € N. Due to Lemma 4.4.16, a (p, g)-automatic function F : N — supp(h)
with F(N) = supp(h) does not exist. Since i € ker, () the same conclusion holds
for the set M. O

In short the above theorem says, that if there exists a bad connection between two
strongly components of the reduced g-kernel graph of x,s, then M is not an image of
a (p, g)-automatic function. If no such bad connection exist, then the question on the
existence of a (p, g)-automatic function GN — M with G(N) = M is still open.

We conclude this section with a further result which can be derived from our
approach to compute Cj, (M).

Lemma 4.4.28. Let M C N, M # 0, be a p-automatic subset such that yu is p-
recurrent and let Ay be the leading eigenvalue of P*%(1). There exists a ¢ > 0 and
an ng € N such that

Cp(M)(n) > cdly

holds for all n > ny.

Proof. Since M is recurrent and non-empty, the leading eigenvalue A of P™4(1) is
positive. Furthermore, we assume that P™4(1) is in upper triangular block form. Then
there exists a submatrix A; along the diagonal of P™d(1) such that A; is irreducible
and has leading eigenvalue A;. Due to the irreducibility there exists a w and an ng
such that A?"O is of block diagonal form, where the square matrices A;q, ..., Ajx

along the diagonal are positive and with leading eigenvalue ki"o. We can therefore
conclude that there exists a ¢ > 0 such that

Tnon Tnon
Al.j > cAy

holds for alln € N, n # 0, and all j = 1, ..., 7. This shows that there exists an
h € ker,(xm) such that

Cp(supp(h))(mnon) > ca}""
foralln € N, n > 1. This leads to

)Lnn()+n

Cp(supp(h))(wng +n) >

wnog—1
)\'+

for all n > 1. Since h € ker,(xum), it follows that there exist m € N and [ €
{0, ..., p™ — 1} such that
p" supp(h) +1 C M.
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This yields the existence of a ¢’ > 0 such that
Cplang +n +1+ 1) > 3ottt
holds for all n > 1. This proves the assertion. O
The case s being non-recurrent is similar.

Corollary 4.4.29. Let M C N be p-automatic. If A4 denotes the leading eigenvalue
of P™d(1), then there exist ¢ > 0 and ny € N such that

C (M)(n) - C)ui lf}\.+ > 0
P - ifiy =0

holds for all n > ny.

Proof. If .. > 0, thenthe assertion is a consequence of Lemma4.4.28. If A, = 0, then
the upper triangular block form of P™4(1) has only zero matrices along the diagonal.
In other words, the reduced kernel graph has no strongly connected component. This
means that M contains only finitely many points. This proves the second assertion. O

In combination with the Jordan form of the matrix P™9(1) Lemma 4.4.28 and
Corollary 4.4.29 one obtains a rather good description of the growth of C,(M)(n).

Theorem 4.4.30. Let M C N be p-automatic and unbounded, and let Ly be the
leading eigenvalue of Pred(l). There exist o € N, k € Nand s € [0, 1] such that the
limit
5 Cp(M)(an)
im —————
n—> 00 (n-n)kpoms

exists and is positive.

Proof. Let N denote the cardinality of the reduced p-kernel of xj;. Let P™4(1) be
in upper triangular block structure. Then there exists an & € N such that P™4(1)¥
has only primitive or zero matrices along its diagonal. Moreover, A is the leading
eigenvalue and all other eigenvalues . of P™4(1)% satisfy |u| < A

We can therefore conclude that there exists a matrix U € CV*V such that

Ay 00

PM*=U| 0 A
00

0|u,
L
where A is a diagonal matrix with entries AS along the diagonal, A has entries A%

along the diagonal and entries 1 at the positions (j, j + 1), the matrix L is an upper
triangular matrix and the entries along the diagonal have absolute value less then A15.
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Now choose s = lfogg)‘; . Since A is an eigenvalue of an irreducible matrix which

corresponds to a strongly connected component of the p-kernel graph of x, it follows
that 1 < A4 < p and therefore s € [0, 1]. Note that p* = A. Then we have

#AZ 0 0
red an __ 1 n -1
pans —m b (DT = 0 pors A 0 u
0 0 T
potns

foralln € N,n # 0. If A, is a k x k-matrix, where k > 2, then the nth power of A,
is given by
E G A

k—1
AZ: . n ‘an—l
At (DAY
A%n
Therefore
Cp(M)(an)
poms
A0 0
=(1L0,....,0U | 0 ZmA" 0 UL, 0. £,0)..... fn(O)T
0 0 el

is of the form

Cp(M)(an) "Zla >_+O(n)
J

OtI’lY
+

where lim;, _, o, 0(n) = 0 and & € R. Due to Lemma 4.4.29, we obtain

k—1
O<c<C(M)(Om) a( >—+o(n)
=0 +

nns
J

This shows that at least one of the coefficients «; is different from zero. Let jo =
max{j |a; #0, j =0,...,k — 1}, then clearly aj, > 0. This concludes the proof,
since

I 1 n\ 1 o 0

im —« — = >

n=oo () \k) 2K T wkak

is the desired limit. O

As an application we show that the prime numbers are not automatic. It is a
well-known fact that the number of prime numbers in the interval [0, n] is given by
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O (n/logn), i.e., there exist constants 0 < ¢} < ¢ such that

<H{p|pisprime, pe Np <x}| <c

Cllogx - 2logx

holds for all x > 0. Actually there exist stronger estimates. However, the above
estimate is sufficient for our purpose.

Now assume that the set of prime numbers P is p-automatic. Then there exist 7,
k € Nand s € [0, 1] such that the limit

Cp(P)(zn)

n—o0 pTns (nn)k

exists and is positive. The asymptotic formula for 7 (n) yields

C,p(P)(n) = O (p—n>
mnlog p

which in turn gives

Cp(P)(n) ( P )

prns (nn)k - (7Tl’l)k+1p”m log p

This shows that s = 1, in order to guarantee the existence of a limit. However, for
every choice of k € N, the limit is zero. Therefore it follows that the set of prime
numbers is not p-automatic for all p > 2.

4.5 Cellular automata and automatic maps

In this section we shall show how cellular automata may be used to define (H] x Hj)-
automatic maps G : I'y — [';. Surprisingly, the conditions on a cellular automaton
to induce an automatic map are very weak.

We begin with a definition of a cellular automaton. Let A;, +A> be finite sets.
As we have mentioned in Chapter 1 we can define a metric A; on X(Z, +1) and a
metric Ay on X(Z, #A>) in such a way that both sequence spaces become complete
metric spaces. Itis therefore meaningful to consider continuous functions between the
sequence spaces. Among the continuous maps there is a special class of continuous
maps, the class of cellular automata.

Definition 4.5.1. Let ¥ : (X(Z, A1), A1) = (2(Z, A3), A3) be a continuous map.
W is called a cellular automaton if

V(T () = (T« (Y ()

holds for all f € (7, Ay).
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As usual, we denote an element i € X(Z, A1) by
r=@
JEZL

and (T)«(® fjx/) = @ fjx/T! = x f is called shift, see Chapter 1.
The following theorem is due to Hedlund, [97]. It gives a complete characterization
of cellular automata.

Theorem 4.5.2. A continuous map V : (X(Z, A1),d1) — (X(Z, A3), dy) is a cel-
lular automaton if and only if there exist a k € N and a function ¢ : A%Hl — Ao
such that

() = ¢(f IR, faD) L fITRY)
holds for all | € E(Z, A1) and for all j € Z.

Remarks.
1. The function ¢ : A%k 15 A is called the generating function of the cellular
automaton W.

2. Let H : T — T and let V. be a complete digit set of H. If y € ', then
k
E}/ = Q% vij,
Jj=

where y = voH (v1) ... H*(vy) is a polynomial in X.(Z, V). Note that r, is
the polynomial e. p, is called the y-polynomial.

If g € 3 (Z, Ve) is a polynomial, i.e., the set {j | ¢(j) # e} is finite, then

p(q) = qO)H(g(1)H*(q(2)... H*(q k). .., (4.1)
is a well-defined element of I". Moreover, one has
p(p)=v
for all y € I'. In other words, p is the inverse of the map y +— p, Note that
Pp(g) = ¢ if and only if g truly is a polynomial. i.e. supp(q) C N.

We now set A = V. and A, = W,, where V., and W, are complete digit sets for
the expanding maps Hy : I'y — I'; and H, : 'y — @', respectively. Furthermore,
the neutral elements e; € V. and e; € W, play the role of the empty symbol in A
and A».

Definition 4.5.3. Let ¥ : X(Z,V.) — X(Z, W,) be a cellular automaton. The
cellular automaton W preserves polynomials if

V(XE(Z, Ve)) C Ee(Z, We).
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Remarks.
1. A cellular automaton ¥ : X(Z, V) — X(Z, W,) preserves polynomials if and
only if
pler,...,e1) =e

for the generating function ¢ : Vf"“ — W, of W.

2. A special class of cellular automata which preserve polynomials is given by the
left dependent cellular automata. A cellular automaton with generating function
¢ : V21— W, is left dependent if there exists a map ¢ : VX! — W, such
that

¢(a_k7 "'?a07al7 "'7ak) - ¢(a_k? "'7a_17a0)

holds for all (a—y, ..., ax) € V2k+1,

v : ¥, V,) > Z(Z, W,) is a cellular automaton that preserves polynomials,
then there exists an induced map Gy : I'1 — I'; defined by

Go(r)=po¥ip ).

where r, € ¥.(Z, V.) is the y1-polynomial and p : X (Z, W) — Iy is defined as in
Equation (4.1).

Theorem 4.54. IfV : X(Z, V.) - X(Z, W,) is a cellular automaton that preserves
polynomials, then the induced map Gy : I'y — 'z is (H| x H»)-automatic.

Proof. Let x € X(I'1 x I';, B) denote the characteristic sequence of the graph of
Gy : I't = I';. The generating function of the cellular automaton W is denoted by
¢ : A%kH — . Itis no restriction to assume that & is greater than or equal to 1.

In order to prove the finiteness of the (V. x W,)-kernel of x, we define auxiliary
functions @5 'y = I', wherea € Vf and g8 € Vf“. For reasons that will be appar-
ent in a moment we denote « by « = (a—¢, ...,a—1) and B by 8 = (bg, by, ..., bi).
With these settings we define

LTS R )

by
Py =po ‘1’< @ aix' ® @bixl @ xk+1£y1>,
i=—k i=0
where p : X.(Z, W.) — TI'; is defined as in Equation (4.1). Since W preserves

polynomials, the maps CDg are well defined for all choices of « € V¥, g e VA1,
To each CIDg we associate a sequence Xf € X (I'y x I'z, B) which is defined by

&=\ BoHi1(B) ... H* B H“ TV (). ©F ().
yel
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Note that Xo'l? can be considered as the characteristic sequence of the graph of a function

defined on the set foHy (B1) . .. H¥ (B Hy* TV ().
The auxiliary maps allow us to express the characteristic function x of the graph

of Gy as a finite sum of sequences of the form Xol? . Indeed, we have

Let K be the set of all finite sums of sequences of the form X(f witha € VX, g e VAL,
Since the addition is in the Boolean algebra B, K is a finite set and contains .

In order to prove that Gy is an automatic map it remains to show that K is invariant
under decimations. It is clear that it suffices to show that the decimations of Xf isa

P’ To this end, we make use of the following identity:

sum of sequences of the form X

bi,....bg, ’
DLy =dla. HH: (SU00 (D) = b B (010 (D).

where y; = voHi(y{) with vg € V. and (B',v0) = (b1, ..., bx,vo), (&', by) =
(@—k+1,...,a-1, bo).
Using this identity we rewrite )(O’? as

=\ (bo...Hlok(bk)HIO(kH)(UO)HIO(Hz)(y),¢(a, B)H, (Qgg/:;}g;(m))).

yiel
vo€ Ve

Thus we see that the decimations of Xf are given by

\/ x&oel ifv=boand d(a. f) = w
voeVe

dw.wy (XD =

0 otherwise.

Therefore the non-trivial decimations of Xo/f are given as a sum of sequences of the

!

form x,,. This shows that the set K is invariant under decimations and proves the
(Hy x H»)-automaticity of Gy. O

Examples.

1. The automatic function defined by Figure 4.1 is an example of an automatic
function G : N — N that is induced by a cellular automaton. In fact, if we
consider the set X (7Z, {0, 1}) as the set of formal Laurent series with coefficients
in the field F, = {0, 1}, then the multiplication of a Laurent series with the
polynomial 1 + x defines a cellular automaton ¥ : ¥(Z, ;) — X(Z, ).
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If one sets H(x/) = x2/ and V = {x, x!} and defines the generating function
¢ : {0, 133 = {0, 1} as ¢(a,b,c) = a+ b+ cmod 2, then the proof of
Theorem 4.5.4 allows to compute the reduced kernel graph of the induced map
Gy : N — N. It turns out that the reduced kernel graph of Gy is the same as
is shown in Figure 4.1.

Note further that Gy (N) is the support of the Thue—Morse sequence.

2. As we have seen in the previous section the map n +— 3n defines a (2, 2)-
automatic function, see Figure 4.4 for the reduced kernel graph. It is a function
which is not induced by a cellular automaton ¥ : (Z, {0, 1}) — W (Z, {0, 1}).
Loosely speaking, this is a result of the carry overs which occur if one performs
a multiplication by 3 in the binary representation of natural numbers.

Let us assume that there exists a cellular automaton ¥ : X(Z, {0, 1}) —
¥ (Z, {0, 1}) which induces the multiplication by 3 on the natural numbers,
i.e., the graph of Gy : N — Nis equal to the graph of the function n +— 3n. By
Hedlund’s Theorem 4.5.2, there exist a k and a generating map ¢ : {0, 1}2+1 —
{0, 1}.

Choose N = 222”;1, then N is a natural number and the 2n + 1-st coefficient
of the binary expénsion of 3N is equal to zero. Since N is an even number the
binary expansion of N + 1 coincides with the binary expansion of N except for
the first digit. Now we have 3(N +1) = 220+l 4 1 je., the 2n + 1-st coefficient
of the binary expansion of 3(N + 1) is equal to one. This shows that the value
of k has to be greater than 2n 4+ 1. Hence there exists no cellular automaton
defined on X (Z, {0, 1}) that induces the multiplication by 3 on N.

The general question whether a given (H; x H>)-automatic function is induced
by a cellular automaton is a very delicate one. By Hedlund’s theorem the question
is closely related to the question whether an automatic map G : I'y — I'p has a
continuous extension G : X(Z,V.) —> Z(Z, We).

Although the proof of Theorem 4.5.4 provides an algorithm to compute the kernel
graph of Gy, W being a cellular automaton. Performing this computation can be quite
painful.

The situation is slightly improved if we consider left dependent cellular automata.

Lemma 4.5.5. If the cellular automaton V : ¥(Z, V.) — X (Z, W.) preserves poly-
nomials and is left dependent, then Gy : I'y — 'y has the transducer property.

Proof. The proof is almost a copy of the proof of Theorem 4.5.4. Due to the left
dependence of W is suffices to consider auxiliary maps &, : I'j — I'» with o =
(a—gk,...,a—1) € V(f‘. These functions are defined by

Dy(y1) =po ‘1’( e_la a;x' @Bm)'

i=—k
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The sequences xy, € X (I'1 x 'z, B) are then given by

Xe =\ 0, ®a(11).

viel

Following the same line of arguments as above, we arrive at

X(dprona 1, ifw=¢@ t+1,...,a-1,v)
Ov,w(Xa) = (@koao1,) .
0 otherwise.
This proves the transducer property. O

The cellular automaton in Example 1 is a left dependent cellular automaton. Note
further that the second example provides an automatic function with the transducer
property that is not induced by a cellular automaton. In other words, the converse of
Lemma 4.5.5 is not true.

4.6 Notes and comments

Within the framework of formal logic, automatic subsets are also called recognizable
subsets. For the relations between formal logic and automatic sets we recommend
[46], [47].

The kernel graph of an automatic map can also be considered as a special transducer
in the sense of [77]. Besides the literature already mentioned for finite automata we
add [42], [44], [59], [74], [83], and [165] for further reading on transducers.

A proof of Theorem 4.3.14 can be found in [56], see also [80] and [137].

The results on non-negative matrices can be found in, e.g., [84], [151].

For further connections between cellular automata and automatic sequences we
suggest [5], [6], [11], [29], [30], [31], [44], [90], [91], [96], and [116].



Chapter 5

Algebraic properties

As already noted it is advantageous to consider an additional structure on the set 4. In
order to study automatic subsets, we introduced a Boolean structure on the set {0, 1}.
In this chapter we are studying automatic sequences which take their values in -+ and
A 1s a commutative and associative monoid.

In the first section, we shall show that an automatic sequence always satisfies a
special equation, namely a so-called N-dimensional Mahler equation (over a monoid).

In the second section, we study certain Mahler equations (over a monoid) and
provide a method to solve the equation with the help of a substitution.

In the third section, we restrict our investigations to the case that I is a finitely
generated Abelian group and +4 carries the structure of a finite field. It will turn out
that every p-automatic sequence over a commutative group and with values in a finite
field of characteristic p satisfies a generalized Mahler equation. We also discuss the
converse of this statement.

5.1 Additional structure on -

In this section, we suppose that the finite set # carries an algebraic structure. Through-
out this section we assume that 4 is a commutative, associative monoid with neutral
element. This monoid is denoted by M and its neutral element is denoted by 0. The
binary operation is given by + : M X M — M, (a, b) — a + b, called addition. It
satisfiesa + b =b +a foralla,b € M and a + 0 = a for all a € M. Moreover,
a+ (b+c)=(a+b)+ cholds for all a, b, c € M. From now on O is the distin-
guished element of M. In order to emphasize the addition on M, we write sequences

i e X(I', M) as
=Y fv

In this setting we can add any two sequences f, g € X(T', M), i.e., f+g =D (f, +
gy)v,and by 0 we denote the sequence with all values equal to 0. For the decimation
operators 851 we have the obvious equation

afl (f+g =3l +all(g).
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Let End(M) ={h: M — M | h(a + b) = h(a) + h(b) for all a, b € M} denote
the endomorphisms of the monoid M. We have the usual addition, denoted by +, and
composition, denoted by o, of endomorphisms. The constant map which maps every
a € M on 0 is denoted by 0.

The set X.(I", End(M)) C X (T", End(M)) denotes the sequences with finite sup-
port.

For p, g € Z.(I", End(M)) we define the Cauchy product p * g as

P*)¥) =Y Ppogr

pT=y

where p =) p,yandqg =) q,y.
We endow X, (I", End(M)) with a norm || || defined by

Ipll = max{[ly| | ¥ € supp p}

for p # 0 and [|0]] = 0. Then we have ||p + gl < max{||pll, llg|l} and [|p * g <

el +ligl.
Finally, we define a product - of elements of X.(I", End(-M)) with elements of

(T, M) by
pof=( o)y
yell  pt=y
Lemma 5.1.1.
1L.0-f=0.
2.p-(f+89=p-f+pP-g

3p+q)-f=p-f+q-f.
4.q-(p-fH=(@=*p)-f.

5. Let 'V be a residue set for the expanding map H : I' — I with expansion ratio
C > landlet r = max{||v| | v € V}. Then for p € L.(I', End(M)) we have

Ipll +r

12 (p)Il < c

6. Let p € X (", End(M)) andi e X(I", M), then
o (p-H.(f) =0l (p)- f

holds for the v-decimations.

7. Ho(p - f) = Hi(p) - Hi(f).
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Proof. The assertions 1, 2, 3, 5, 6, and 7 are obvious. To prove 4, we calculate
9 DO =D a5 (D pefirp).
P &

Since g, € End(M) and due to the commutativity of + on M we obtain

a2 W)= qp0pe(fe1p-1,),
P&

which is the same as (g * p) -i(y). O

We are interested in the invariance of the finiteness of the H-kernel under certain
operations of X.(I", End(M)) on X(T", M). We start with a simple observation. We
consideran element 2 € End(M) as anelementin X.(I", End(.M)) by writing p = he,
i.e., p isamap from I' to End (M) with value / at the neutral element e € I and value O
for all y # e. Then we have p - f = Y h(f,)y, i.e., in the notation of the previous

chapters, - f = h(f). Thus, we obtain

a3 (h- fr=0alh(f)=h@F () =h-al ),

cf. 3. of the remark on p. 39. Moreover, we have the trivial statement that the sum of
two sequences with finite H -kernel has again a finite H-kernel.

Lemma 5.1.2. Let p € T (I', End(M)) and let | € E(T", M) have a finite H-kernel,
then p - f has a finite H-kernel.

Proof. Consider £ € I and the polynomial p = h& € X (I, End(M)), where
h € End(M), h # 0. Then

pef=> h(fi1,)=hT-)*(f).
14

By Theorem 3.2.5 and due to the above observation, we conclude that p - f has a finite
H -kernel. B

For an arbitrary p = ) p, ¥ € Z.(I', End(M)), where p, = h, y and h, €
End(M), we write p - f as a finite sum

pf

>y ()

y €supp(p)

each of the summands has finite H-kernel and therefore p - f has a finite z-kernel. O

We are now prepared to state the main result of this section.
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Theorem 5.1.3. Let p € X.(T", End(M)). Ifi € X(I, M) satisfies

J=p-H(f), (5.1)
then f has a finite H-kernel.

Proof. We shall show that the H-kernel of f is finite. For this purpose we fix a residue
set V for the expanding map H with expansion ration C > 1. By « we denote the
associated image-part-map. With r = max{||v|]| |v € V}and R = % we set

K =1{q- f |q € (T, End(M)) such that ||g|| < R}.

Since f € K and K is a finite set, it remains to show that K is invariant under

decimation operators. Tothisend, leth = g- f be in K. Since f satisfies Equation (5.1)
and due to 4. of Lemma 5.1.1, we obtain

q-f=q-p-H(f)=(q*p) H([).

Due to 6. of Lemma 5.1.1, we obtain that 85’ (g-f)= 3,7 (q * p) - f. We therefore

estimate
lg*pli+r _ llgl +lpll+r _

C - C -
by the choice of R. Therefore K is decimation invariant. O

R

10 (q * p)Il <

As the next example shows the above proof actually allows a calculation of the
kernel of an assumed solution.

Example. Let M = [, be the field with two elements and let I' = (x) = Z. Then

H(x%) = x%® is expanding. We fix the residue set as V = {x?, x!}. In this setting,

we consider [, as a subset of End([F»), where 0 € I is considered as the O-map in

End(IF») and 1 € [Fy is considered as the identity in End(FF,). This means that we

have the inclusion X(I", F;) € X(T", End(IF;)). The multiplication of p € (T, Fp)

is the Cauchy product of a polynomial with a formal Laurent series. The equation
f=0+x+x)H(f)

has at least one non-trivial solution. We calculate the kernel of the assumed solution
as

M H=0+0f
01 =1
M +x) )= +x)H(f) = f
M +x)f)=xf
M f)y =l (x+x* +xHH(f) =xf

0

o0 (cf) =1 +x)f.



5.1 Additional structure on 4 153

By the proof of Theorem 2.2.19 there exists a substitution which is associated with
the above kernel. In the next section, we shall discuss whether the fixed points of the
substitution give a solution of the Mahler equation.

Furthermore, we can also obtain the (reduced) 2-kernel graph of a solution. It is
shown in Figure 5.1

(===

Figure 5.1. Reduced kernel graph for Example 1.

Corollary 5.1.4. Let p,q € £.(I', End(M)). Ifi € X(I, M) satisfies

S =q+p-H(f),
then f has a finite H-kernel.

Proof. Let V be a residue set of H with expansion ratio C > 1 and let r =

max{[lv|| [ v € V}, r* = max{|ly| | y € supp g}. Set R = %ﬂ{*}” We

prove that the set

K={s+1t [ Is,t € Z(I, End(M)) such that ||s|| < R and 7| < R}

is invariant under the decimation operators. Since f € K and K is a finite set, the
assertion follows. We have

W+t fHr=lc+t-g+dtxpf

due to the equation for f. Applying 5. of Lemma 5.1.1 and the properties of the norm

on X.(I", End(M)), we obtain ||81‘7 (t*xp)|l = R. Moreover, we have supp(s +7-¢) C
BR(e). O

More important is the next consequence

Corollary 5.1.5. Let p; € X.(I', End(M)), j =1,..., N and g € L (I, M). Ifi
satisfies

f=q+pi-H(f)+-+pn-HY(f). (5.2)

then f has a finite H-kernel.
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Proof. Let il = iiz = H*(i)""’izv = va_l(i). Then Equation (5.2)
transforms into

il=P1‘H*(i1)+"'+PN‘H*(£N)+g

fy=Ho(f)
fy=Hfy -
Let 8 = MY with distinguished element (0, ..., 0) and componentwise addition,

ie., (ai,...,an)+ (b1,...,by) = (a1 + b1, ...,ay +by). Then End(B) is given
by End(M)V*V | i.e., by matrices whose entries are elements of End(M). For A =
(hi j)i j=1...N we define

N
(Aar,....an)k =Y hei(ap).

=1
With this notation the transformed Equation (5.2) can be interpreted as
F=P- -H(F)+ 0,
where F € (I, MN) with F(y) = S, @)y fy(r)), and @ € (T, M)
with Q(y) = (¢(y),0,...,0) and P € (T, End(8B)) defined by

(pl)y (pZ)y (pN)y

id 0 ... 0
p=| 0 id .. 0
0 ... id 0

Thus, we have shown that F satisfies the requirements of Theorem 5.1.3 and Corol-
lary 5.1.5. Therefore, F has a finite H-kernel and, by projection, f has a finite
H -kernel, too. ]

Equations of type (5.2) are called Mahler equations. One may hope that Corollar-
ies 5.1.4, 5.1.5 even hold for the case that ¢ has a finite H-kernel. Indeed, this is true
as we shall show, with different methods, in the next section.

Finally, we arrive at the characterization of H-automatic sequences. A combina-
tion of the proofs of Theorem 2.2.19 and Theorem 5.1.3 provides us with the following:

Theorem 5.1.6. A sequence f € X(I", M), where M is a commutative, associative

monoid with 0, is H-automatic if and only if there exists an N € N, B = MV,
P e 3. (I',End(B)) and F € (T, B) such that

E: PH*(E)
andé(ﬂ) = f, where 6 : B — M isdefined by 6(ay, ..., a,) =a.
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An equation of the type in Theorem 5.1.6 is called an N-dimensional Mahler
equation.

5.2 Solutions of Mahler equations

In this section we study Mahler equations over the finite, commutative, and associative
monoid M in more detail. As we have seen in the previous section, any solution f of
an equation of the type -
i = p - Hx (i )

is H-automatic, or, equivalently, has a finite H-kernel. Since there exists always the
trivial solution f = 0, we are mainly interested in non-trivial solutions of the above
equation. In this section, we develop a method based on substitutions which allows
us to find all solutions of the above equations.

We also present a method based on the reduced kernel graph of an assumed solution.
This method is less efficient than the method based on substitutions.

We begin with the method based on substitutions. At first glance one might expect
that the proof of Theorem 5.1.3 in combination with the proof of Theorem 2.2.19
provides such a tool. The steps for finding a non-trivial solution would then be the
following.

Firstly, calculate the H-kernel of an assumed solution. This is basically the proof
of Theorem 5.1.3. The H-kernel of f and the relations between the elements of the
kernel lead to a substitution, as shown in the proof of Theorem 2.2.19.

Secondly, find all fixed points of the associated substitution and check which of
the fixed points projects to a solution of the Mahler equation. It is the last step which
causes the main difficulties, even if V is a complete digit set of H. The next example
shows the drawbacks of the approach.

Examples.
1. LetM = {0, 1} be considered as the field F. LetT" = (x) = {x! | [ € Z},ie.,T
is isomorphic to Z. The map H (x) = x* is an expanding group endomorphism
w.r.t. the generating element x. We consider the following equation:

f=0+x+x)H(f).

The set V = {xo, xl,xz} is a residue set for H. Then the (V, H)-kernel of an
assumed solution f has four elements, namely

kery g (f) ={fi = f, =050, 3 =005, fa =032}
We thus obtain a substitution S : (I, F ‘2‘) — X(T, Fé’) defined by

so(ai, az, as, as) = (az, az, as, as)
s1(a1, a2, a3, as) = (a1, az, az, a4)
s2(ay, az, as, as) = (as, ai, ai, as).
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Since Per k = {x°, x~'} and x°, x ! are fixed points of ¥ we can calculate the
number of fixed points of the substitution as

|la € F3 | so(a) = a}||{a € A" | 52(a) = a)

9’

which is 16. However, as it will turn out, not all fixed points are solutions of
the equation.

-1

Let the setting be as in 1, except for V. Now let V., = {x x0 xl} be a

complete digit set. The (V,, H)-kernel is given by

kery, #(f) = {f, = f. (1 +x)f. xf)

and the kernel graph is shown in Figure 5.2.

Figure 5.2. (V,, H)-kernel graph for Example 2.
The substitution is given by

solar, az, az, a4) = (az, az, a4, as)
s1(a1, az, as, as) = (ay, az, as, as)

s_1(a1, az, a3, as) = (as, as, az, as).

The number of fixed points is equal to 4. However, the number of different
solutions of the equation is equal to 2.
Note that the kernel graph together with the output function 6 : kery, u (f) —

{0, 1} with 0(g) =g x%) gives an automaton which generates the two possible
solutions.

The examples indicate that the above method is not well suited for finding solutions

of Mahler equations. We explain the underlying idea for a better method to solve these
equations.

Let M be the usual monoid and consider the simple Mahler equation

f=pH() = (D) Ho(),

veV
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where V is aresidue set of H and p € X(I", End(-M)). The product of p with H,.(f)
is then given by p - H*(i) = Zuev,yer hy(fy)vH(y), i.e., the map i — p- H*(i)
is a substitution. A solution of the simple Mahler equation is a fixed point of the
substitution, and vice versa.

For an arbitrary p € X.(I", End(-M)) and its associated Mahler equation we shall
prove a similar result. Namely, we shall show that there exists a finite set B, an
injective map ¢ : X(I', M) — X (T, B), and a substitution Sy X(T, B) —> (T, f)
such that

Sp((f) = u(p - He(f))

holds for all f € X(I', M). In a dynamical interpretation, we can say that the map
f — p- H.(f) is conjugate to a substitution Sp on ((X(T, M)). Moreover, any fixed
point of the substitution S is an element of ¢ (X (T", M)) The following example gives
a hint for an understanding of the general case.

Example. Let id be the identity on M = {0, 1}. We consider the Mahler equation
f=>dx" +idx' +idx’)H.(f),

where H(x) = x3. Let V = {x~!, x%, x!} be a complete digit set of H. We want
to find a (non-trivial) solution f € X(Z, M) of the above equation. To this end, let

= fix'. Then we can calculate

(P H{(MNHE'2) = f&'hH
(p- H{(MNHE'H =0

(p- H(MNHE = &N+ £
(p- Ho(f))H) = (.

(5.3)

We can conclude that a knowledge of f (x') and of f (x'=1) enables us to compute
(p- H*(i))(xj) for j =31 —2,31 — 1,31, 30 + 1. If we set B = M? and define the
injective map ¢ : X (I, M) — X (T, B) by

fxh )

(HEh = (f—(xz_l)

then Equation (5.3) defines a substitution § : ©(I', 8) — X(T, B) via

s_1(ay,az2) = (0, ay)
so(ai, az) = (a1 +ay, 0)
s1(at, a2) = (a1, a1 + a2).

By construction, we have S(L(i)) =u((1+x+ x3)H*(i)). Since V is a complete
digit set, the number of solutions of the substitution equals the number of fixed points
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of s, which are (0, 0) and (1, 0). In fact, these are all solutions of the Mahler equation.
We thus have seen that a sort of grouping of f(x/), where j is in a finite set, gives a

new finite set 8 and new sequences. In this context the operation of p on X(T", M) is
a substitution. This idea will be our guiding rule for the general situation.

From now on A C I denotes a finite subset of I and B = {h : A — M} is the
set of maps from A to M, where the zero-map, denoted by 0 : A — M, O(L) =0, is
the distinguished element.

Definition 5.2.1. Let A C I be finite. The map 15 : (", M) — (T, B ), where
LA(i)y : A — M is defined by

W (f)y ) = fOp),

is called A-block-map. A sequence h € (T, Bp) is called admissible if h e
LA (BT, M)).

Remarks.

1. It is plain that ¢4 is injective.
2 A (f + £y = () +alf,).

3. h= ZV hyy € X(T, B) is admissible if and only if hy (A) = h,/(})) for all
y,y €, A, ) € Asuchthat Ay = )\'y’.

There exist several projections from X (T, EA_) to X(I", M), some of them are
important for us. For A € A we define p; : (I, B5) — Z([, M) by

(D hyr) =Y oy

and p} : (T, Bp) — (T, M) as

PE(Dhyr) = 3 by Gory = (T prh).

The projections p} allow a characterization of admissible sequences. A sequence

h € (T, Bp) is admissible if and only if pi(h) = pi, (b)) for all 1, 1" € A.

Moreover, p; (1o (f)) = f,i.e., p} is injective on the set of admissible sequences.
The next lemma shows that the map ¢, respects the finiteness of H-kernels.

Lemma 5.2.2. Ifi € X (I, M) has afinite H-kernel, then t 5 (f) has afinite H-kernel,
too.

Ifh € (I, B) has a finite H-kernel, then py (h) has a finite H-kernel for all
L eA.
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Proof. We have the following identity: p; 03 (h) = 8 o p; (h) forallh € (T, B,)
and A € A. Thus for h = ip (i), we conclude that

prodfl () =al o (T)*(f).

Due to Theorem 3.2.5 and due to the finiteness of A, we obtain that the H-kernel of
ta( i ) is contained in the set

K={Y gy | ps(Xgy) €ker(Th)*(f) forall € A}

which is finite.
The second assertion follows from the above commutativity of the projections p;
and the v-decimations. O

Since p; = (T;.)* o p;, we obtain that p; (k) has a finite H-kernel if / has a finite
H-kernel.

The following theorem states that for a certain choice of a finite set A C I" and its
associated map t5 we can model the operation of p € X .(I", End(.M)) on elements
of the form H,(f) by a substitution S, : X(T’, Br) = (T, Ba).

We remind of the notion of the product of two (finite) sets. If Aj, A» C T, then
the product A1 Ay is givenby A1Ay = {y1y2 | ¥1 € A1, y2 € Az).

Theorem 5.2.3. Let p € X.(I', End(M)) and let V be a fixed residue set of H. Then
there exists a finite set A = A(p, V) and a (V, H)-substitution S, : Z(I', Bp) —
X (T, Bp) such that

A (p - He(f)) = Spa(f))
holds for all i e (I, M).
Proof. We start with the defining properties of A. For p € £.(I", End(M)) let the set

W be defined by W = {y~!| p(y) # 0}. In order to describe the operation of p on
elements of the form H,( i ) as a substitution we need a finite set A such that

WAvH(y) N H(T) C H(A)H(y)

holds for all y € I" and v € V. In fact, this equation for A was solved for the above
example. The equation for A is equivalent to

WAV N HT) C H(A).

Now observe that for any subset A’ of I" the following inclusion is true:
A c | vHE@N)).
veV

Therefore we obtain
WAV NHT) C Hk(WAV)).
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Thus we can conclude that a solution A of the equation H(xk (WAV)) = H(A) gives
a solution of the above inclusion. If we apply H ™!, we obtain: if A is a solution of
k(WAV) = A, then A satisfies the desired inclusions.

The next step is to show that there exists always asolution A. Letr = max{||v||v €
V}and r* = max{||lw| | w € W}, let R = 2241* where C is the expansion ratio of
H. If A is a non-empty subset of Bg(e), then due to the choice of R we have the
following inequality for the norm of y € k(WAV):

r+ ||lwiv||
C
2r+r*+R
< -
- C
< R.

VIl = lk(wAv)|| <

Therefore, if # # A C Bgr(e), then k (WAV) is a non-empty subset of Bg(e), too.
Since the set of subsets of Bg(e) is finite there exists a subset which is a periodic point
of the map A — k(W AYV). If we take the union over the orbit of the periodic point
we obtain a finite set A with A = x (W AV). We thus have established the existence
of a finite set A with the desired property.

From now on A denotes a solution of A = x(WAV). With A we are able to
define the substitution S,. Anelementh € B canalso be considered as an element of
X (I, M). If we consider h as an element of (", M) we writeitash’ = D", . h(A)A
with the usual convention A(y) = 0 for y ¢ A.

Due to the choice of A we can define maps s, : By — Bx by

sv(h) = ta(p - Hy () (v),

where v € V. Sinci 5y(0) = 0 for all v € V, we can define a substitution S, :
Z(T, Bp) = Z(T, Bp) by Sp(h) =D (Ty 0 H)y 0 5y(h).

Finally, we prove that S, o LA(i) =a(p- H*(i)) holds for all i

Let A, ' € A. We start with

(P Ho(f)orn ) = (p - H( R VH@) = Y poyei (fe),
w,§

where the sum is over all w € W and & € T such that H(§) = wA vH (y).
For the substitution we obtain:

SpUa(PNore) ) = sua(f)y) )

o ()0
rEA
=(p- (Y fir))¥'0)
reA

= Z Py-1 (f)\y),
w,A
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where the sum is over all w € W and A € A such that H(X) = wA’v holds. Once
again, we encounter the defining equation for A. The defining equation guarantees
that the last sum is in fact equal to the above sum. More formally, we obtain that
H(E) = wAMvH(y) = H(Ay), i.e.,, § = Ay. Therefore both sums are equal which
proves the assertion. o

We say that the substitution S, is induced by the equation f = p - Hi(f), or
simply is induced by p.

Example. Let ' = (x), H(x/) = x3/ andlet V, = {x !, x%, x!} be a complete digit
set. Consider the Mahler equation

Sx) = (id+id x +id x*) - He(f),

where id is the identity id on M. Then W = {xO, x_l,x_4} and A = {x‘z, x L xO}
satisfies

k(WAV) = A.
Therefore 8 = M® = M> = {(ap,a_1,a_2) | a; € M, i = 0,—1,—2}. The
multiplication (id +id x + id x%) - Hy( f) is modelled by the induced substitution
Sy : (I, MA) — (T, M™) defined by

s_1(ap,a—1,a2) =(0,a1 +a—2,a_1)
so(ag, a—1,a-2) = (ap, 0,a—1 +a—»)
s1(ag, a—1,a-2) = (ap +a—i, ap, 0).

The fixed points of the substitution S, are given by (a, 0, b), where a, b € A. These
fixed points give all solutions of the Mahler equation.

If we combine the proofs of Corollary 5.1.5 and Theorem 5.2.3, we obtain a
substitution for Mahler equations of the type

f=p1-H(f)+-+pn - HN(f).

As a consequence of Theorem 5.2.3 we get an answer to our question on the number
of solutions of Mahler equations.

Corollary 5.2.4. Suppose V is a complete digit set of H and S, is the induced (V, H)-
substitution. Then the number of fixed points of S, equals the number of solutions of
the equation

S =p-H(f).

Proof. The proof of Theorem 5.2.3 shows that S, maps admissible sequences on
admissible sequences. It therefore remains to show that any fixed point of S, is
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admissible. To this end, suppose that 1 = )" h, y is a fixed point of S, then i, =
Y sen he(), 1 € X(I", M) maps via 15 to an admissible sequence tA (h.), which
coincides with the assumed fixed point at e. Due to the proof of Lemma 2.2.9, the
value at the fixed point of ¥ completely determines the dynamics. We thus obtain that
the sequence Sév (1A (R))) is a sequence of admissible sequences and converges to the
fixed point. Therefore the fixed point is an admissible sequence, and the projection
p; is a solution of the Mahler equation. Since the projection is injective the assertion
follows. O

Remarks.

1. If V is such that Per k contains only fixed points we get a similar result. Let 2
be a fixed point of Sj,. Consider g = Zg cper 1§, and suppose g satisfies

ge(W) = ger (M)

whenever €1 = &'\ forall £, &’ € Perk and A, A’ € A. Then

f= Y g

E€Perk, AeA

is mapped under ¢, to an admissible sequence which coincides on Per « with
the fixed point 4. The number of solutions of the Mahler equation is then given
by the number of fixed points of the substitution with the above property.

2. In the general situation one has that the number of solutions of the Mahler
equation is given by the number of admissible fixed points of the associated
substitution.

As another application of Theorem 5.2.3 we obtain a generalization of Corol-
lary 5.1.4.

Corollary 5.2.5. Let pe X.(I", End(M)), and let&e (T, M) with a finite H-kernel.
If f satisfies
f=p-H(f)+g

then f has a finite H-kernel.

Proof._By Theorem _5.2.3 there exist a finite set A and a (V, H)-substitution S, :
(T, Bp) —> X[, Bp) such that

a(p - He(f)) = SpGa(f)).

Therefore we consider the Mahler equation over the set (I, Bn), i.e., we consider
the equation

h=Sp(h) +ta(g).
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By Lemma 5.2.2, 15 (g) has a finite H-kernel. Moreover, an admissible solution A
projects via p; (h) to a solution of the Mahler equation. By Lemma 5.2.2, the finiteness
of ker p} (h) follows from the finiteness of the H-kernel of /. To this end, we define
the set K by

K ={am + Y jekeria(g) 131(1‘) | where a,b; € End(B,) and j € keria(g)}.

The set K is finite and contains /. It is therefore sufficient to show the decimation
invariance of K. To this end, we calculate

o @+ b ()
=a@, )+ b))
= a0, (Sp(h) +1a(®)) + Y _ b} (j) by fixed point property of /
= a5 ) +a@, (ta (@) + Y _bj(j) by Lemma2.2.17.

The last line shows that 85[ (K) C K. By projection, we obtain the desired result for
the H-kernel of p}h. O

For the number of different solutions of non-homogenous Mahler equations we
get a result similar to Corollary 5.2.4.

Corollary 5.2.6. Let V be a complete digit set and let g € X(I', M) with finite H-
kernel. Then the number of solutions of the non-homogenous Mahler equation

i=p'H*(i)—|—§

is equal to the number of fixed points of the equation
h=8,(0) +ta(g).

Yet another application of Theorem 5.2.3 is concerned with a criterion for a residue
set to be a complete digit set.

Corollary 5.2.7. Let V be a residue set of H, and let M = {0, 1} be considered as
the field Fy. Let W be a residue set of H, W # V. The residue set W is a complete
digit set if and only if the equation

f=0)_ idgw) - Hy(f) (5.4)

weW

has two solutions.
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Proof. We start with a simple observation. Since W is a residue set of H there are
always the solutions f = 0 and f = 1 of Equation (5.4).

Now suppose that W is a complete digit set. We apply Theorem 5.2.3 to Equa-
tion (5.4) and residue set W and obtain A = {e} and s,,(a) = a for all w € W.
Therefore 5.4 has only two solutions.

Suppose that 5.4 has two solutions and that W is not a complete digit set. Then

L. =Ur2o Ky w(e) # T and

yele

is a solution of 5.4; this is a contradiction. O

If M has a richer algebraic structure, e.g., a commutative ring with 0 and 1, we
can transfer all the above results to this situation in the following way. The ring
multiplication defines a left operation on X(I", M) (componentwise multiplication),
i.e., we consider X (I", M) as an M-module. The set X.(I", End(-M)) is then the set
of polynomials with coefficients in M, i.e.,

P=)_ pyy

yell

with p,, € M and p,, = 0 almost everywhere. Hence we can identify X.(I", End(M))
with E.(I, M) = {f € Z(I, M) | f has finite support}. The operation of p €
(T, A) on (T, A) is the usual Cauchy product. If M is a commutative ring then
Lemma 5.1.2 states that the set of H-automatic sequences is a X.(I", M)-module.

We conclude this section by comparing the substitution approach for the solutions
of a Mahler equation with the approach of using the kernel graph of an assumed
solution. As the example above shows, one can determine the solutions of the Mahler
equation f = (id +idx +id x*) - Hy( /) for every monoid M. An attempt to find the
solutions using the kernel graph requires to compute the kernel graph of an assumed
solution. It is obvious that this computation depends heavily on the cardinality of M
and also on the structure of the addition in M.

5.3 T abelian

In this section, we study the theory of substitutions for the case that I' is an abelian
group. As we have already seen the commutativity of I" implies that I" is equal to Z"
for some n € N, see Lemma 2.1.3.

We also impose some further restriction on the finite set 4. Namely we suppose
that A carries the structure of a finite field which we denote by % . As before, we also
write [F, for the finite field with ¢ = p® elements, p a prime number.

The main goal of this chapter is to obtain a sort of inverse statement of Theo-
rem 5.1.3. We shall prove that for f € Z(Z", ¥), the finiteness of the H-kernel of f
implies the existence of a generalized Mahler equation for which J is a solution. In
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the course of the proof it will become clear that the conditions that I' is commutative
and that ¥ is a field are crucial.

From now on we think of I' = Z" with generating set {xy, ..., x,}. The elements
of I" are written as x* = x{'x3? ... x," and we have x*y# = x‘lxlﬂsl xIn P Any
expanding endomorphism (w.r.t. the generating set {xi, ..., x,}) of Z" is given by a

matrix M € Z™*" which is expanding w.r.t.any norm on R”. Usually, we use the
euclidian norm on R”.

For an expanding endomorphism H and a residue set V we have the following
trivial identities for the associated remainder- and image-part-map, respectively,

k(xy) = k(& (X)) (x)K(y)

(5.5)
¢lxy) = ()¢ ().

Similar to Lemma 4.1.6 we obtain a product-formula for decimations.

Lemma 5.3.1. Let M be a commutative, finite monoid and let p € X (7", End(M)).
Then, for H : " — 7" expanding,

W=D Teaw)«od (p)od (f)
u,wevV
t(uw) =v

holds for all v € V, V a residue set of H.

Proof. We have for x € Z" and v € V that

0 (p- Hx) = (p- HOHE) = py(fo),

v,z

where the sum is over all y,z € Z" such that yz = vH(x). For y = uH(y'),
z = wH (Z') and by Equation (5.5) we get

Zpy(fz) = Z (ZpuH(y’)(wa(z’))>,
¥,z

u,weV v,z
fuw) =v

where the last sum is over all y’, 7’ such that y'z’ = « (uw)~'x. This means that

> Pution (Fur) = Tewn)s 0 0 (p) 0 8 (£)(x)

yl,z/

which proves the assertion. O
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Remarks.

1. The product formula is also valid for the x-product of two elements in
Y (Z", End(M)).

2. If M is a commutative ring, then the product formula holds for all f, g €

X (Z", M) aslong as the products are well defined. E.g.,if supp f, suppg C N N
the Cauchy product is well defined and the product formula holds.

After these preliminary remarks we turn our attention to a partial converse of
Theorem 5.1.3 and its consequences. Namely, we shall show that for any expanding
map H : Z"" — 7" and any f € X(Z", ¥) with finite H-kernel, where ¥ is a finite
field, there exists an N € N and polynomials p; € X.(Z",End(F)) = Z(Z", F),
j=0,1,..., N,such that f satisfies a generalized Mahler equation, i.e.,

pof + prH(f) + -+ paHY (f) = 0.

Before we state two lemmata which are important for a proof of the above state-
ment, we remark that the set of polynomials, i.e., £.(Z", ), equipped with Cauchy
product and componentwise addition is a commutative integral domain, i.e., a com-
mutative ring without zero divisors. As in Section 5.1, we also work with the sequence
space X(Z", FV) and its associated polynomial ring =.(Z", End(Z", ¥V)) =
T (Z", FN*N) which is not commutative. The elements of E.(Z", FV*N) are
polynomials with coefficients in the set of N x N-matrices with entries in the field
F . These polynomials operate in an obvious way on X (Z", V).

Ifg e (2", F)and F € ©(Z", FV), then

(¢.f ) ()
(qF)(x) = :
(qf ) )
The following lemma shows that f , € {f TR S/ N} satisfies a generalized
Mahler equation if the elements f IERRRS S/ y are related by a functional equation.

Lemma 5.3.2. Let ¥ be a finite field and let H : 7' — 7" be expanding. Let
F e 2(Z", FN) be such that there exist a polynomial q € S.(Z", F), q # 0, and
A€ T (2", FN*NY with

qH(F) = AF. (5.6)

Then each component ij of F satisfies a generalized Mahler equation.
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Proof. 1t suffices to prove that f | satisfies a generalized Mahler equation. Let
<i1’ o ,iN) be the X.(Z", F)-module generated by 11’ ...ZN, i.€.,

o L) = =000 | pj € Be(@, F)).

Then Equation (5.6) implies that the X.(Z", ¥)-module (g H, (il), ..., qH, (iN))
is a submodule of (f RS I/ N). Applying H, to Equation (5.6) we obtain

Hy(q)H}(F) = Hi(A)H.(F)
and after multiplication by ¢ we arrive at
qH (@) H}(F) = Hy(A)g Hy(F)

which yields
qH(qQ)HX(F) = H.(A)AF.

In other words, the X(Z", )-module (g Hy(qQ)H; (f ), .-, g H«(@) HZ(f ) is
submodule of <i1’ .. ,iN) and of the module (qH*(il), R qH*(iN)). If we set

g0 = 1x% and ¢, = gH,(g,) and By = idx° and B,,4| = H.(B,)A, we obtain that
Qan (F) =B, F

holds for all n € N. We thus have constructed a descending sequence of ¥.(Z", ¥)-
modules

(oo ) D @UHL e qUH(f )

S UGN HY (f ), anHY ()

If we consider the matrices B, € X(Z", FV*N) as elements of £.(Z", F)N*N ie.,
as a polynomial-matrices, then B, has the following property.

Letg € (anj}(il), ...,anf(in)) and write

N
g= X;VanHf(ij),
J:

where r; € T (Z", F). Then

rn SN

and g = Z;vzl Sjij'
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We thus obtained that the X.(Z", £)-module <i1’ qu*(il), R qNHf’(il))

is a submodule of <i1’ R iN). From the Bj, j = 0,..., N, we can construct an
M e T.(Z", F)N*WN+D guch that for
N .
g=Y rigiHi(f) € (f atHu(f ). an HY (f )
j=0

the polynomials defined by
(51,2 85n) = M(ro.....rN)"

give a representation of g as g = ZJN: 18j fj- Since X (Z", F) is an integral do-

main there exist non-trivial polynomials po, ..., pn such that M(po, ..., )T =
0,0, ...,0). Therefore g = Z;V:o Djqj H] (il) equals zero; which is the desired
generalized Mahler equation. O

The next example shows how the proof proceeds.

Example. Let # = Fy and let I' = Z and H(x/) = x?/, and suppose that S/,

satisfy
W)= (3)(2)
‘”“(H*@ RACAVAVYA

Then we obtain ¢ = 1 + x? 4+ x* 4 x% and

B, — 14 x3 x +x2
27 e+ x2 143

3
w=(011i0)
We thus conclude that (x + x3, 1+ x, l)T is mapped on (0, 0) by M. Therefore the
generalized Mahler equation
0=+ fi+A+x+x" 4+ +xHH( )+ A+ x> +x +xOHI(f)
is satisfied by il.

which yields

Remark. The proof of Lemma 5.3.2 shows that the condition H : Z" — Z" expanding
is not necessary.

The next lemma is inspired by the following observation. Suppose that f €
(7", F) has a finite (V, H)-kernel {il = L iz’ ...,LN}. Then there exists an
A e 2.(Z", F)V*N such that

A:ZAvx“

veV
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and each A, has 0 or 1 as entries. Moreover A is such that

/
F=| : |=a1.®
Iy
holds. This is essentially the second part of the proof of Theorem 2.2.19.
The determinant of A is a polynomial in the variables xi,...,x,. If detA is

different from the zero polynomial, then we can multiply with the adjoint A*! of A
and obtain
AMF = (det A)H,(F).

Then by Lemma 5.3.2, f satisfies a generalized Mahler equation. Unfortunately,
there exist automatic sequences such that det A = 0. The next lemma provides a kind
of reduction process to overcome this difficulty.

Lemma5.3.3. Let F € (2", FN) = (f,..., [ )" and let A € T (2", FV*N)
and p € T .(Z", F), p # 0, be such that

pF = AH.(F)
holds. If det A = 0, then there exists an A € £ (Z” FN=Dx(N= 1)) a polynomial
P e X2 F)yand j € {1,2,..., N} such that F = (fl,...,f Ly )T e
T (Z", FNTY, where ij is omitted, satzsﬁes

PF = AH,(F).

Proof. Since pf = AH.(F) and det A = 0, we have that A¥pF = 0. Since
(7", F) is an integral domain there exists oq,...,ay € X (Z", F) and j =
1,..., N with@; # 0 and

N
apf,= ) apf, (5.7)

I=11#]

Forallk € {1,..., N} we have

N
pfe=Y_ auH.(fi),

=1

where A = (ay), k,l =1, ..., N, regarded as an element of X (Z", FHYNXN  Mul-
tiplication by H, (e p) yields

Ho(ejp)pfi = Y aw Ho(oj p) Hu(f ).
=1
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From Equation (5.7) we get

N
Hiejpf)= ) Hdapf).
I=1,1#]

and thus

N

Hoip)pfi = Y (aHa(ejp) + ar; Ho(eu p)) Ha(f)
I=1,1#£]

foralll =1,...,Nand! # j. Forp = H.(ajp)p and A = (@r,1) = (ar Hy(ajp) +
axjHe(oyp)), wherel,k =1,..., N and [, k # j the assertion is proved. O

Example. LetZ" = (x),i.e., Z" is isomorphic to Z, let H(x)) = x¥ andlet ¥ = TF,.
We consider

f x1 0 0 Hi(f )
Sol_[00 1 x Hi(f,)
fi]l {o0o1+x 0 Hi(f)
I 00 0 1+x Ho(f)

which is the defining equation for a 2-automaton that generates the paperfolding se-
quence. Then det A = 0. Multiplying the above equation by

01+x21+xx(1+x)
01+4+x%14x x(1+x)
0 0 0 0
0 0 0 0

Aad —

leads to (1 +x?) f> = (1 +x) [, +x(1 4 x) £ . This yields

I x(14+x3) 1+x2 21 +x2)\ [ H(f)
A+ fy ] = 0 1+x> 0 H(f) |,
£, 0 0 1+ x? H.(f,)

and the above matrix has a non-vanishing determinant. We can thus multiply by the
adjoint and apply Lemma 5.3.2.

With these two lemmata we are able to prove the main result of this chapter.

Theorem 5.3.4. Let f € X(Z", ¥), where F be is finite field. If [ has a finite
H-kernel, then [ satisfies a generalized Mahler equation.
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Proof. Letkerg y = {il = i . ,iN} be the kernel ofi and V be a residue set of
H. Then there exists a matrix A € Z.(Z", F)¥*V such that

/

F= AH.(F).
I

If det A # 0, we multiply the above equation by the adjoint A* of A and obtain
AYF = (det A)H,(F).

By Lemma 5.3.2, f, satisfies a generalized Mahler equation.

If det A = 0, then there exist aq,...,ay € XZ.(Z", F) such that 0 = a1i1 +
etanf N and not all «; equal zero. We distinguish two cases.

Ifthereisa j € {2,3,..., N} such that a; # 0 we apply Lemma 5.3.3 and obtain
apr € (2", Frand Ay € T (Z", F N=DxN=1)ygych that for the modified kernel
ofi, i.e., the set {L |i=1,...,N,i # j} the equation p; F| = A;H,(F) holds.

Ifa #0anday = a3 = -+ = ay = 0then 0 =a1i1 = aliisthedesired
Mahler equation.

Iterating this process we either arrive at an A; with det A; # 0 and, after multi-
plication by the adjoint of A;, we apply Lemma 5.3.2 or we get a Mahler equation of
the typeO:pL where p € X.(Z", F). O

The question on the converse of Theorem 5.3.4 is a very delicate one. Its answer
depends on the field & and the expanding map H. Even in the one-dimensional case,
i.e., I' = Z, interesting phenomena occur.

Example. Let ' = Z and ¥ = [, where p is a prime number, the field with p
elements, the expanding map H : Z" — 7" is defined by H (x) = x>.
We consider the following generalized Mahler equation

(1 —x)f = Ho(f).
Then we have the following results.

a) For all prime numbers p there exists a non-trivial solution 8, with supp 8, CN.
b) The solution 8, has a finite H-kernel if and only if p = 2.
The first statement follows from the fact that the infinite product

() = lo_o[ 1 _lxz_,- _ lO—O[ (ixzjk>

j=0 j=0 k=0
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is well defined over Z and not zero. Moreover, 8,= g(x) mod p satisfies the above
generalized Mahler equation.

For the second assertion, we fix the residue set as V = {x°, x'} and a prime
number p > 3 and show that the orbit of 8, under iteration of 8XH0 is not eventually
periodic. Therefore the 2-kernel of g ' is infinite. Since supp 8, C Np we can divide
by 1 — x and thus obtains that g, satisfies

1

8, = T, (5.8)

As anext step we use Corollary 5.3.1 to calculate the decimations of rational functions.
A rational function r is of the form r = p/q, where p, g are polynomials.

We have o o
8 (p)aH (q) — x8" ()8t (q)

07(¢)? — x0"(¢)?

0/(p/q) =

and
8% (8™ (p) — 8% ()8 ()
o (@2 —x0T(@?

If we consider 1 — x as an element of the polynomial ring Z[x] then a simple induction
argument shows that

0/ (p/a) =

(1= x" =% (1 —x")* = xa (01— ")
holds for all n € N. Moreover, we have
(@ —xmm=2""" and (1 -x)")1)=-2""

foralln € N.
The product formula and the formula for the decimations of rational functions
applied to Equation (5.8) gives for the n-th iterate of 9 xf{)

(08)" &) = 58,

and the recursion

Gn1(x) = 3% (gl (1 — )" 1) = xd! (g)d!T (1 — x)" ).

0
Combining all these facts we see that g, (1) = 2"¢go(1).
Since g, (1) is always a power of 2 the polynomial g, (x) viewed as an element of
Zp|x] (p prime number greater than 2) has no factor of the form 1 — x. Therefore all
n
(8 )%) (gp) are different, i.e., the 2-kernel is infinite. For p = 2 it is easy to verify,
using the above formulas, that the 2-kernel is finite.

If ¥ = Fpe is a finite field of characteristic p, then f being a solution of a
generalized Mahler equation implies that f is automatic.
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Theorem 5.3.5. LetI" = ZandletF po be afinite field of characteristic p and consider
the expanding map H(x/) = xPI_ If f = Yoien xlf e X (Fpe) is such that there
exists an mo € Z with f,, = 0 for allm < mq and if f satisfies a generalized Mahler
equation, i.e., o

N .

Do HI(f)=0

j=0
for polynomials P € X.(Z, A) not all of them equal to zero, then [ has a finite
H-kernel.

Proof. Since )« is a finite field of characteristic p, the p®-th power of p € Z.(Z, A)
is given as the a-th iterate of H,, i.e.,

P = H*(p). (5.9)

It is no restriction to assume that p, is not the zero polynomial. Indeed, suppose that
there exists 0 < jo such that P, is the smallest non-zero polynomial, then there exists

at least one decimation BiH, i €{0,..., p— 1}, such that BiH (Ejo) # 0. This gives

N N
= (Y pH (D =0)= Y ¢HI (.

J=jo Jj=jo—1
Therefore
Pof + D HAS) + o p HA(f) =0
and P, is different from the zero sequence. Since p; are polynomials and f;;, = 0

for all m sufﬁ01ently small, we may divide by Py If we set 8 = = H, o= 1)( J) for

i =1,..., N, then we can transform the above equatlon into a matrix version:
g, T2y TPy TPy Hi(g)
| ] L 0 - Hi(g,)
G=| T |=— ¢ b .0 | =om0.
' =t o0 o '
En 0 0 ... 1 (g )

For o as in Equation (5.9) one obtains a polynomial g € X(Z, /) and a polynomial
matrix Q € E.(Z, AY*N) such that

QH(G).

I’QI'—‘

To complete the proof we prove that G has a finite H*-kernel. To this end, we consider
the set

1 A ~
K = {;QQ | Q € 2(Z, AV*Ny 10| < gl + 110l +r}’
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where r = max{|v| | v € V} for a residue set V of H%. Let v € V, then we have
o o 1 ~
0" (G) =) (5 OH; (Q)>.

By Equation (5.9), this can be transformed to

1 o o ~
e (¢ '0)G

and

[ < (p* = Dlgll + 1101l +r
< o

which shows that 8{7“ (G) € K forall v € V. Similar arguments show that K is
invariant under decimations. This shows that G is p*-automatic and therefore f is
p-automatic. O

|8, (4771 0) < llgll + 101l +r

As an immediate consequence we also note

Corollary 5.3.6. Let ¥, be a finite field of characteristic p. If | = Yoiez fi xbis such
that there exists an ly € Z with fi = 0 for all | < ly and if there exist polynomials
Ej € X(Z,Fy), j=0,...,N, such that

then f is p-automatic.

Proof. 1f f satisfies the above equation then there exist polynomials q; € 3(Z,Fy),

Jj = 0,..., M, such that at least one of the polynomials is different from zero and
such that

M .
>4 H()=0
j=0
holds. Then the assertion follows from Theorem 5.3.5. O

We conclude with the higher dimensional analogue of Theorem 5.3.5.

Theorem 5.3.7. Let S X(Z",Fpe) be such that there exists at € N" with t +
supp(f) C N". If there exist polynomials P j=0,..., N, notall of them zero, and

> pHI () =0,

j=0

then f is H-automatic, where H()cil1 T xfal Coxpan
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The proof follows the same lines as the proof of Theorem 5.3.5. Observe that the
condition on the support of f allows us to multiply f with 1/p for a polynomial p.

Examples.

Y (Z", F), where F is a finite field. Therefore, & =p is an equation fo
By Corollary 5.3.6, i is H-automatic, where H : Z" — 7", H(x) = xP.

1. A rational function f € X(Z", #4) is the quotient of two polynomials p, q
r

S
f.

2. Let' = Z? and H(x‘l"xg) = xf“xgﬁ. Thenr = Y 2 xixh € ©(Z2, Zo) is
a rational function. However, r has an infinite H-kernel. This follows from
the fact that supp(r) is the graph of the identity on N and an application of
Theorem 4.4.5

5.4 Notes and comments

The book [111] provides an excellent source of information on finite fields.

Theorems 5.3.4, 5.3.5 and 5.3.7, and Corollary 5.3.6 are generalizations of results
stated in [53], [54], [148], and [149].

The theory of Mahler equations dates back to 1929, see [121]. Mahler equations
play an important role in transcendence question, see e.g., [134]. In [117], [118],
[119], [120], N-dimensional Mahler equations are considered.

The inverse problem, namely the question whether a solution of a Mahler equation
is automatic has been discussed under various aspects in [33], [34], [35], [72], [73],
and [99].

Automaticity properties of rational functions in more than one variable are dis-
cussed in [94] and [149].

In [147] one finds a treatment of formal power series in non-commuting variables.
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