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Preface

But thou hast ordered all things in
measure and number and weight.

Wisdom of Solomon, 11:20b

Sometimes, when one sets out on a journey to a specific destination and one has a
rough plan how to get there, one ends up at a completely different place than originally
anticipated. But this place might turn out to be at least as beautiful as the original goal.
Anybody who ever went hiking with me can confirm this.

This thesis started as a project to better understand the dynamics of some simple neuron
models. But soon a lack of theory for discrete dynamical systems on graphs became
apparent.

The action of cellular automata on spatially periodic points provided a particular simple
instance of this phenomenon. Hence the question became: Which dynamical properties of
cellular automata can be derived from the dynamics of their restriction to spatially periodic
points of a fixed period? In this context it is natural to study a notion of isomorphism which
we call conjugacy on all tori. But again, almost nothing was known about topological
conjugacies between cellular automata and there was a lot to investigate there.

Thus a few years, some conferences, many arcane handwritten notes, the birth of our
sons and a hundreds of questions later, this thesis mostly deals with periodic cellular
automata and tools to investigate topological conjugacies between them.

Writing this thesis would not have been possible without the support of many people.
First of all, I thank my wife Hella for all her love, her support and her interest in my
work.

I am greatly indebted to my advisor Professor Stefan Siegmund. He gave me a lot of
freedom to pursue my ideas and follow my interests. He was always interested in my
results and had an open ear for all my problems.

I had many interesting discussions with all members of the Institute of Analysis and the
group of Andreas Thom in Dresden. In particular the daily Kaffeerunde was always a place
to get new energy. Many thanks especially to Sascha Trostorff, Marcus Koéhler, Johannes
Greiner, Sebastian Mildner, Lars Perlich and Markus Hartlapp for all mathematical and
non-mathematical discussions we had.
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Chapter 1.

Introduction

Classifying structures up to some notion of isomorphism, i.e., describing and deciding
when one should consider the structures as “the same”, is a fundamental goal of modern
mathematical research. The structures in which we are interested are so called cellular
automata. They were introduced by voN NEUMANN in [VNB66] as a model for self-
replication. Consider a grid or a string of cells each having a state from the same finite
set. Each cell sees its own state and the state of its neighbors that are at most a fixed
distance away. At every discrete time step, every cell updates its state according to a rule,
taking into account only the states it can see. All cells update simultaneously and all use
the same rule. It was soon realized that the discrete nature of cellular automata make
them an attractive modeling tool in many situations.

The seminal paper [Hed69] by HEDLUND gave cellular automata a firm place in the
theory of discrete topological dynamical systems. One can characterize cellular automata
as the continuous, shift-commuting dynamical systems on symbolic spaces. Continuity
ensures that each cell can only see the neighbors that are closer than a fixed distance.
The fact that they commute with the shift ensures that every cell uses the same rule. This
framework allows to talk about dynamical properties such as equicontinuity, expansivity
or entropy and the relations between them, see for example the works of BoyLE and
KitcHENS [BK99] and BLANCHARD [Bla00] or the surveys of BLANCHARD, KURKA and
Maass [BKM97], Kari [Kar05] and Kurka [Kur09].

The straightforward way to define the notion of isomorphism for discrete dynamical
systems is to say that two systems have the same dynamics after a “relabeling” of the state
space in a structure preserving way. More precisely, we say that two dynamical systems
f:X —>Xand g: Y — Y are isomorphic or conjugate if there is a bijective map ¢: X —» Y
such that both ¢ and ¢! are structure preserving and such that p o f = g o . The
precise meaning of structure preserving depends on the systems under consideration. In
topological dynamics one assumes a topology on X and Y and considers continuous maps
f and g, hence one naturally wants ¢ to be continuous too. In measurable dynamics,
on the other hand, one might only demand that ¢ is measurable, whereas in smooth
dynamics one might ask for some smoothness of ¢. For cellular automata the natural
structure that can be preserved is given by the topology and the shift.

Very few things are known in general about topological conjugacies between cellular
automata. To our knowledge the only cases which were investigated before are subshifts,
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see for example Chapter 2 in the book of KiTcHENS [Kit98], and expansive or positively
expansive cellular automata, see the survey of Nasu [Nas04].

A conjugacy between topological dynamical systems f and g must map the p-periodic
points of f homeomorphically onto the p-periodic points of g. This gives rise to a simple
invariant for topological conjugacy. A seemingly stronger invariant is obtained if one
considers the restrictions of f and g to the p-periodic points which again must be
conjugate. For many dynamical systems these restrictions turn out to be rather simple
finite systems. For cellular automata, however, the set of p-periodic points is a subshift
of finite type, whose topological structure can be more involved. The major result in
this thesis shows that, nevertheless, the two invariants just described are equivalent.
More precisely, two p-periodic cellular automata on two-sided sofic shifts f and g are
topologically conjugate if and only if there is a homeomorphism between the state spaces
mapping g-periodic points onto g-periodic points for all g € {1,...,p}. To prove this, we
have to analyze the topological structure of intersecting sofic shifts. The main tool to
do this will be an algebraic structure which we call a derivative algebra. PIERCE in the
1970s (see [Pie70] and [Pie72]) introduced what he called topological Boolean algebras
to analyze the topological structure of compact metrizable zero-dimensional spaces.
Topological Boolean algebras are closure algebras with an additional operation satisfying
a rather complex axiom system. We show that derivative algebras are equivalent to
P1ERCE’s concept. They need, however, only one operation additional to the Boolean
ones and have a very simple axiom system. The existence of a homeomorphism between
two compact metrizable zero-dimensional spaces is then equivalent to the existence of
an isomorphism between associated derivative algebras, as long as these algebras are
finite. We will show that topological conjugacy and the weaker notion of topological orbit
equivalence between periodic dynamical systems can also be characterized in terms of
these algebras, again under the assumption that the algebras involved are finite. Showing
that the derivative algebra generated by multiple sofic shifts is finite will then be done
by graph theoretical methods. For one sofic subshift this was shown by HEAD in a series
of papers [Hea85], [Hea86] and [Hea91]. For multiple sofic shifts however, we need
some new ideas. Although this approach seems to be quite involved at first sight, we
show that the result is not merely an effect of the zero-dimensionality of the state space.
We construct two homeomorphic non-sofic two-sided subshifts and on each of them we
build a cellular automaton for which every point has minimal period two. We will show
that these cellular automata are, nevertheless, not topologically conjugate.

We apply these methods to classify the 256 elementary cellular automata with alphabet
{0,1} and radius one up to topological conjugacy (for the curious reader, there are
83 equivalence classes). A particular interesting pair of conjugate cellular automata is
given by rule 90 and rule 150. Both of them are left- and right-permutive and hence are
known to be conjugate. When one actually calculates this conjugacy, one notices the
phenomenon that the conjugacy uses local rules of larger and larger radius. Although
there exist many conjugacies between these cellular automata, we will show that this
phenomenon necessarily occurs. Every topological conjugacy between rule 90 and rule
150 uses an infinite number of local rules. Finally we investigate another equivalence
relation between cellular automata, namely conjugacy on all tori.

We start Chapter 2 by introducing our notations and the basic objects of our study: sub-



shifts, cellular automata and topological conjugacies. We also introduce some definitions
and basic lemmas from graph theory that are crucial for the analysis of subshifts in di-
mension one. We conclude this chapter by an overview of the literature on the conjugacy
problem for subshifts and some known theorems on periodic cellular automata.

Chapter 3 then introduces derivative algebras. After giving the definition we turn to
the class of derivative algebras that we need most, namely the powerset algebra of a
topological space together with the Cantor-Bendixson derivative.

In Chapter 4, we apply the results about derivative algebras to characterize the conjugacy
of periodic dynamical systems on certain topological spaces. More precisely, these are the
periodic dynamical systems on metrizable Stone spaces for which the derivative algebra
generated by their sets of periodic points is finite.

To apply these results to cellular automata, it remains to show that indeed the derivative
algebra generated by periodic cellular automata on sofic two-sided shifts is finite. This is
the focus of Chapter 5. As we will show, this is equivalent to showing that the derivative
algebras generated by a finite number of sofic two-sided shifts is finite. We do so by
defining a large derivative algebra whose finiteness immediately follows from its definition
and which contains the derivative algebra we are interested in. We start by considering
the derivative algebras generated by subshifts of finite type and by one-sided path spaces
in graphs. Since this algebra is quite huge and therefore somewhat impractical for
calculations, we also introduce simpler derivative algebras that at least allow us to extract
certain information about the subshifts under investigation. As a side result, we show
that every metrizable Stone space, whose derivative algebra is finite, is homeomorphic
to a one-sided subshift of finite type. Finally we show how to reduce the problem of
determining the derivative algebra generated by multiple two-sided sofic shifts to the
cases already considered.

In Chapter 6, we apply our results to classify the elementary cellular automata with
alphabet {0, 1} and radius one. It is well-known that these elementary cellular automata
fall into 88 equivalence classes up to spatial symmetry and permutations of the alphabet.
The systematically calculated invariants allow us to differentiate between 77 classes
up to topological conjugacy. The data for these invariants is presented in Appendix A.
Specific investigations of these classes then allow us to show that there are precisely
83 different elementary cellular automata up to topological conjugacy. One particular
interesting class of elementary cellular automata is that of the left- and right-permuting
ones. The systems in this class are known to be conjugate to the one-sided 4-shift and are
therefore also pairwise conjugate. We show that rule 90 and rule 150 are only conjugate
by homeomorphisms using an infinite number of local rules. This shows the complexity
of the homeomorphisms that can arise as conjugacies between cellular automata. To
do so, we use results by THomas et al. [TSLO6] and GoLDWASSER et al. [GKT97] to
explicitly calculate the minimal preperiod for the action of the cellular automata on
spatially periodic points.

Chapter 7 deals further with the action of cellular automata on spatially periodic points
and the sequences of finite dynamical systems that arise from this action. These systems
define yet another notion of isomorphism between cellular automata and we investi-
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gate the connection between this notion, topological conjugacy and various dynamical
properties.

We conclude with a mixture of open problems in Chapter 8.

Before we delve into proper mathematics, a few words on notation are needed. The natural
numbers start with one, so N = {1,2,3,4,...}. The non-negative integers are denoted by
Ny =1{0,1,2,3,...}. The powerset of a set M is denoted by Z(M)={K | KE M }.

If ¢ : X — Y is some function, we denote by D(y) := X the domain of ¢. If M C X is any
subset of the domain of ¢, we denote by (), the restriction of ¢ to M and by ¢[M] the
image of M under ¢. For N C Y we denote by ¢ '[N] the preimage of N. For two sets X
and Y we denote by Y¥ the set of all functions from X to Y. If X is a topological space,
we denote by M the closure of M C X. By idy : X — X we denote the identity map on a
set X. The field with two elements is denoted by F,.



Chapter 2.

Subshifts, Graphs and Cellular Automata

In this chapter, we introduce most of the objects that will play a part in the later parts of
this thesis. We start with Stone spaces as the topological spaces on which our dynamical
systems will act. Next we use graphs to describe the structure of certain symbolic spaces.
After introducing dynamical systems and subshifts, we turn to their endomorphisms and
arrive at cellular automata. Finally, we survey some known results about topological
conjugacies between special classes of cellular automata and collect some facts about
periodic cellular automata.

21. Stone Spaces and Symbolic Spaces

The biggest part of this thesis plays in the principality of symbolic dynamics, occupying
a beautiful part of the huge kingdom of discrete dynamical systems. We therefore start
by introducing some notation that will allow us to speak easily about symbolic spaces.

Throughout this thesis, A will be a non-empty finite set, usually containing at least two
elements, which we call the alphabet. A finite sequence of symbols from A is called a word.
For a word w € A™ we denote by |w| := n the length of this word. The unique word of
length zero is called the empty word. For I € Z and k,{ € Z with {k,k+1,...,£} €T and
x € Al we denote by X[k,¢] := Xk Xg41 - - - X¢ the subword of x from position k to position £.
We also write X[y ¢+1) = X(k—1,] = X(k—1,0+1) := X[k¢]- For I CZ and x € A" we call a word
w € J,enA" a subword of x if there is i € I such that x(; ;4,,;) = w. The concatenation
Vi=wiw, ... w, € AW+l of a finite number of words wy, ..., w, is defined by

2.1 Ve = (Widt—(tw, |+++wy 1)

where k € N is the unique positive integer for which [wq |+« -+|wi_;| < £ < |wq |+ -+|wi].
Concatenating the same word w k-times gives the k-th power of w, denoted by

Wk =wLooow.

~—
k times
We also identify the symbols in A with the words of length one over A. This allows us to

Write, €.8., W=a,a,as = (al,az, a3) for aq,dy,das eA.
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For an infinite sequence of words (wy)rey With [wy| > 1 for k € N we define the con-
catenation wyw, - -+ € AN by the same formula (2.1) as in the case of a finite number of
words. Finally for a two-sided infinite sequence (w;)iez We define the concatenation
V=...W_oW_1.WoW;... by

(2.2) v, = {(W0W1W2 o e ife>0

(W_iW_oWw_3...)_, otherwise

where W, denotes the reversal of wy, i.e., (W), = (Wi)jw,j—+1 for k < 0 and £ €
{1,..., lwel}.

If (w;);ey is an eventually constant sequence of non-empty words, i.e., there is ky € N
with wy = wy for all k > k,, we write wyw;... wg for the concatenation of these words.
The same holds for bi-infinite sequences of words which are eventually constant to the
left. We represent them by “w, wy ,q...w_.wow; .... For example

0 ifi<o0
(°°0.12%°), = (°°(00).1(22)*°); ={ 1 ifi=0.
2 ifi>0

Finally we define ®w® := “w.w®. By o we denote the left shift on AN, AN and AZ. This
map is given by o(x); = x;;1.

Now we turn to some topological notions. A topological space X is Hausdorff if for every
pair of different points x, y € X there are disjoint open neighborhoods of x and y. A
topological space is metrizable if there exists a metric generating the topology. It is
separable if it contains a countable dense subset. A point in a topological space is called
isolated if it has an open neighborhood consisting only of this point. A topological space
is called perfect if it does not contain any isolated point. A subset of a topological space
is called a perfect subset if it is closed and perfect when considered as a topological space
with the induced topology. A subset is clopen if it is simultaneously open and closed. A
topological space is called zero-dimensional if it has a base consisting of clopen subsets.
If we want to emphasize the topology, we write (X, Z) for a topological space X whose
open sets are Jy. If topological spaces X and Y are homeomorphic, we write X =Y.

All results in this section are real classics and can be found in most textbooks on topology,
for example the one by [Eng89]. We nevertheless give proofs for some of them in order
to get a feeling for the topological spaces on which our dynamical systems live.

A result that we will use over and over again is the following theorem.

Theorem 2.1. Let X be a compact topological space and let Y be a topological space. If
p: X — Y is continuous, then p[X] is compact. If, additionally, ¢ is bijective and Y is
Hausdorff, then ¢ is a homeomorphism.

We also need two classical results which describe how certain topological properties
transfer to product spaces, see for example Theorem 3.2.4 and Theorem 6.2.14 in the
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book by ENGELKING [Eng89].

Theorem 2.2 (Tychonoff’s theorem). For every family (X;);c; of compact topological spaces

the product space [ [;c; X; endowed with the product topology is again compact.

Theorem 2.3. For every family (X;);c; of zero-dimensional topological spaces the product
space [ [;c; X; endowed with the product topology is again zero-dimensional.

Besides product spaces we will also use disjoint unions to build new topological spaces
from old ones.

Definition 2.4 (Disjoint union of topological spaces). For two topological spaces (X, J)
and (Y, Jy) we define the disjoint union X @ Y as the topological space whose set of points
is given by the set theoretic disjoint union of the set X and Y and whose topology is given by
Txey =1UBV | U, VeI }.

With these notations in place, we can now turn to the topological spaces which will serve
as the state spaces of our dynamical systems.

Definition 2.5 (Stone space). A zero-dimensional, compact Hausdorff space is called a
Stone space. A perfect, metrizable Stone space is called a Cantor space.

The name Stone space is due to the fact that these spaces arise as the topological spaces
in the Stone duality theorem, see for example Chapter 34 in the book by GivanT and
Harmos [GH09]. Many sources, for example the book just mentioned, use the term
Boolean space instead of Stone space. We will almost exclusively talk about metrizable
Stone spaces but we will nevertheless always mention the metrizability assumption.

Example 2.6. The classical example of a Cantor space is the middle thirds Cantor set
€ :=[poy Cr Where Co :=[0,1] SR, Cryq 1= 3 (C U (24 Cp)).

Example 2.7. The Cantor spaces, which we will need in our analysis of cellular automata,
are constructed as follows. First we endow our finite alphabet A of cardinality at least two
with the discrete topology. If we then consider the product space AM for a countable set M,
we obtain a Cantor space. Let us first check that AM is metrizable. Without loss of generality
we may assume that M = N or M = Z. Define a metric d on AM by

d(x,y) = 27 minlIK | KM, xifnd iy o2

Since
{ y € AN

1
d(X,}’)<§}:{)’€AN | y[l,n]:X[l,n]}

and

1
z _ z _
{yEA d(x,y)<§}—{y€A | y[—n,n]_x[—n,n]}:
this metric generates the product topology on AM. Two points are close in this metric if they
agree on a large ball in the index set around the origin. Our space AM is zero-dimensional
by Theorem 2.3 and it is compact by Theorem 2.2. It is also easily seen to be perfect because
A contains at least two elements.
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Every closed subset of a Cantor space is again compact, zero-dimensional and metrizable,
hence a metrizable Stone space, but not necessarily perfect. Based on the following lemma
we show that all Cantor spaces are homeomorphic and that the metrizable Stone spaces
are up to homeomorphism precisely the closed subsets of the Cantor space {0, 1}

Lemma 2.8. For every ¢ > 0 and every compact, zero-dimensional and perfect metric space
X there exists ko € N such that for all k > k, the space X is the disjoint union of 2 non-empty
clopen sets of diameter at most «.

Proof. Since X is zero-dimensional, we can cover it with clopen sets of diameter at most
€. Since X is compact, this cover has a finite subcover V;,...,V,. The set system

61/::{ (Vi )X\ Vi

keM kEM

ME{l,...,n}}\{@}

forms a partition of X into clopen sets of diameter at most . Choose k, € N such that
2k > |9|. By further splitting the sets in % into clopen parts, we obtain a partition of X
into 2* clopen sets of diameter at most ¢ for every k > k. O

Theorem 2.9. Every Cantor space is homeomorphic to the Cantor space {0,1}".

Proof. Let X be a Cantor space. Let d be a metric generating the topology on X. Our
goal is to define recursively a sequence of non-negative integers (n;)rey and a family
of spaces X,, index by words w € W, :={1,...,2M} x {1,...,2"} x --- x {1,...,2™} for
¢ € N such that

(@ n=0,X;=X,

(b) X, CX, forallwew,,ae{l,...,2"1} [ €N,
(© X, = Uae{l,...,znlﬂ}XWﬂ’

(d) diam(X,,) < % forwe W,,£ eN.

Here diam(M) :=sup{d(x,y) | x,y € M } denotes the diameter of the set M C X. As-
sume we defined n; for k < m and X,, forw € W; U---UW,,. By Lemma 2.8 there is
nm+1 € N such that we can split each of the sets X,, for w € {1,...,2"™} into 2"+ non-
empty clopen sets X ,1,...,X, o1 Of diameter at most # These sets fulfill conditions
(b) to (d).

nested sequence of closed sets whose diameter tends to zero. Because X is a compact
space, each set X, therefore contains exactly one element which we denote by ¢(x).
This defines a bijective map ¢: Y := ]_[;21{1,...,2“} — X. Since X[1,_n] = Y[1,..n]
implies d(¢(x), p(¥)) < %, we see that ¢ is a bijective continuous map between compact
Hausdorff spaces, hence a homeomorphism. Finally {1, ..., 2%} is homeomorphic to {0, 1},
so Y, and therefore also X, are homeomorphic to {0, 1}. O

Corollary 2.10. Every metrizable Stone space is homeomorphic to a closed subset of the
Cantor space {0, 1}".
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Proof. Let X be a metrizable Stone space. Endow Y :=X x € with the product topology.
As a product of zero-dimensional metrizable compact spaces, Y is again zero-dimensional,
metrizable and compact. Since € is perfect, no point in Y is isolated and hence Y is also
perfect. All these properties together imply that Y is a Cantor space. The set X is a closed
subspace of Y which is homeomorphic to {0, 1} by Theorem 2.9. O

2.2. Graphs

Most of our combinatorial constructions are based on graphs in one form or the other.
We need very few results from graph theory, so this section mainly gives the relevant
definitions. The terminology varies a lot between sources, especially when it comes to
terms such as path, walk or trail. As a reference for directed graphs we recommend the
book by BanG-JENSEN and GuTiN [BJGO8]. All results mentioned in this section can be
found in this book. The book by LinD and MARcuUs on symbolic dynamics [LM95] also
contains most of the results on graphs that we need.

Definition 2.11 (Graph, terminal and initial vertex, loop). A graph G is a tuple consisting of
a set V(G) of vertices, a set E(G) of edges and two maps i;: E(G) — V(G) and t;: E(G) —
V(G). For an edge e € E(G) we call iz(e) the initial and t;(e) the terminal vertex of e. We
also say that e starts in ig(e) and ends in t;(e). We often omit the graph in the index and
simply write i(e) and t(e). This means that all our graphs are directed, that they might have
multiple edges starting and ending in the same vertex and that we allow loops, i.e., there
might be edges e € E(G) with iz(e) = tg(e). The edges e € E(G) with iz(e) =i are called the
out-going edges of i. Those with t;(e) =i are called the in-going edges of i.

If the edge set is a subset of V(G)?, the canonical initial and terminal maps are given by
the projection onto the first and second coordinate, i.e., iz(i,j) =i and ts(i,j) = j.

If not mentioned otherwise, all our graphs are finite, i.e., the vertex set as well as the edge
set of our graphs are finite.

Example 2.12. Consider the graph G given by V(G) :={1,2,3}, E(G) :={a, b,c,d, e} and

i(a)=1,t(a) =1, i(b) =1,t(b) =2, i(c)=1,t(c) =2,
i(d)=2,t(d) =3, i(e)=3,t(e) =2.

This graph is shown in Figure 2.1. The edge a is a loop since its initial and terminal vertex
is the vertex 1.

Definition 2.13 (Isomorphism of graphs). Let K and G be graphs. We call K and G
isomorphic, if there are bijective maps 0y : V(K) — V(G) and 65 : E(K) — E(G) such that
ic(Og(e)) = Oy (ix(e)) and t;(Og(e)) = Oy (tx(e)) for all e € E(K). The pair (6y, 6g) is called
a graph isomorphism. If every vertex in K and G has at least one out-going or in-going edge,
then 0y already determines 6, and we simply call 6y the graph isomorphism.

It will sometimes be convenient to group some graphs together into a single graph. This
is accomplished by the following definition.
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Figure 2.1.: Example of a graph with a loop and multiple edges between the same pair
of nodes.

Definition 2.14 (Disjoint union of graphs). Let G,..., G, be graphs. The disjoint union
of Gy,...,G, is defined as the graph G whose vertex and edge set is the disjoint union of the
vertex and edge sets of Gy,...,G,. More formally,

V(@)= V(G x{j},
j=1

EG) = JEG) x{j},
j=1

i(e, j) := (i(e), ),
t(e, j) := (i(e), j).

We often treat Gy, ..., G, as subgraphs of their disjoint union.

Definition 2.15 (Path). Let I be a set of consecutive integers. A path or more specifically
an I-path in a graph G is a sequence of edges (yi)rer of G such that t(y;) = i(y41) for all
kel withk+1el. IfI =N, we call y an infinite path. If I = Z, we call y a bi-infinite path.
We denote the set of all infinite paths in G by Pathy(G), the set of all bi-infinite paths by
Path;(G) and the set of all finite paths simply by Path(G). Normally we index finite paths
with the index set I = {1,...,n}. If I is bounded from below, we call i(y) := i(ymin(p)) the
initial vertex of y. If I is bounded from above, we call t(y) := t(Yyax()) the terminal vertex
of y. The set of finite or infinite paths whose initial vertex lies in a set S C V(G) is denoted
by Path(G, S) and Pathy(G, S), respectively.

For convenience, it is sometimes useful to also consider empty paths. For every vertex
there is precisely one empty path starting and ending in this vertex. Appending or
prepending an empty path to another path does not change this path. Formally it might
therefore be desirable to add the initial and terminal vertex to the data that defines a
path, but this is only necessary if the path is empty and creates problems with (bi-)infinite
paths. In practice this slight imprecision does not pose any problems.

Sometimes we do not care which edges a path traverses and are only interested in the
vertices it passes by. For this case we make the following definition.

Definition 2.16 (Vertex path). A vertex path in a graph G is a finite sequence of vertices

.....
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Example 2.17. Consider again the graph G from Example 2.12. We have

Path,(G) = { o*(*a.b(de)™) | ke Z}u{ o (®a.c(de)®) | kez}u

and, for example, abded € Path(G) and ab(de)®® € Pathy(G, {1}). A vertex path is, for
example, given by (1,2,3,2,3).

We often treat paths as words over the alphabet E(G). Everything said about the concate-
nation of words also applies to paths.

Definition 2.18 (Essential graph). A graph is called essential if for every vertex i € V(G)
there is an edge starting in i and an edge ending in i. These are precisely the graphs for
which every vertex is traversed by an bi-infinite path. Every graph G contains a maximal
essential subgraph G and Path,(G) = Path,(G). One can obtain G for example by successively
removing vertices from G that either lack in-going or out-going edges.

.....

called closed, if i(y) = t(y). A graph G is called a (directed) cycle if one can enumerate its
vertices by iy, ...,1i,_, and its edges by ey, .. .,e,_; such that i(e;) = i; and t(e;) = i(p11) mod n
for £ €{0,...,n—1}. A graph is called acyclic if it does not contain a closed path.

To prove results about acyclic graphs it is often useful to order their vertices such that
edges only pass from higher to lower vertices. The following lemma shows that this is
always possible.

Lemma 2.20. Let G be an acyclic graph. There exists a total order < on the vertices of G
such that ig(e) > t;(e) for every edge e € E(G).

Proof. The result is trivial if the graph contains at most one vertex. We proceed by
induction. Since G is acyclic, there can be no path of length larger then |V|+ 1. Otherwise
one vertex would be traversed at least twice by the path and the path would contain a
cycle. For any path y € Path(G) of maximal length, the vertex i := i(y) has no incoming
edge. Removing i from G gives an acyclic graph G whose vertices can be ordered such
that the initial vertices of edges are greater then their terminal vertices by the induction
hypothesis. We extend this order to G by demanding i to be larger than all other vertices.
There is no edge whose terminal vertex is i and the assertion holds for all edges starting
in i as well as for all edges in G. O

Definition 2.21 (Subgraph, induced subgraph). Let G be a graph. A graph H is called
a subgraph of G if V(H) € V(G), E(H) € E(G), iy(e) = ig(e) and ty(e) = tg(e) for all
e € E(H). If M € V(G), we call a subgraph H the subgraph induced by M if it is the maximal
subgraph of G having vertex set M, in other words,

E(H)={e<€E(G) | igle) € M,tz(e) €M }.

Definition 2.22 (Strongly connected, strongly connected components, condensation). A
directed graph G is strongly connected if for each pair of vertices (i, j) € V(G)? there is a
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path starting in i and terminating in j, i.e.,
Vi,j € V(G) Iy € Path(G): i(y) =1i,t(y) = .
We define an equivalence relation on V(G) by
=) < Jr1,172€Path(G) 1 i(y1) =i =t(yz) and i(yy) = j = t(r1).

Let S(G) be the set of equivalence classes with respect to =. We call elements of S(G) the
strongly connected components of G. Indeed this terminology is justified as the subgraphs
induced by the strongly connected components are precisely the maximal strongly connected
subgraphs of G.

Based on this equivalence relation we define a graph & (G), called the strong component
graph or condensation of G. The vertices of &(G) are the subgraphs of G induced by the
elements of S(G). For strongly connected components H and K with H # K there is an edge
from H to K in #(G) if there is an edge e € E(G) starting in a vertex in H and ending in a
vertex in K.

Example 2.23. For the graph G from Example 2.12 let K, be the subgraph induced by the
vertex 1 and let K, be the subgraph induced by the vertices 2 and 3. The condensation & (G)
of G has these two subgraphs as vertices and contains a single edge from K; to K.

Lemma 2.24. The condensation &(G) of a graph G is acyclic.

Proof. Assume there is a closed path y of length n in &(G). By definition #(G) contains
no loops, thus n is at least two. There must be edges e, in E(G) such that i(e;) € V(i(yy))
and t(e,) € V(t(yy)) for every k € {1,...,n}. Since the vertices of #(G) are strongly
connected subgraphs, there are also paths a; from t(e;) toi(e;,;) fork € {1,...,n—1} and
a path a,, from t(e,) to i(e;). Set K1 :=1ig(6)(r1), Kz :=ig()(v2), i1 :=ig(e;) € V(K;) and
iy :=tg(e1) € V(K,). The edge e, startsin i; and ends in i,. The path a;e,a5 .. .e,a,, starts
in i, and ends in i;. Therefore K; and K, are the same strongly connected component.
Hence y must have length one, contradicting n > 2. O

Definition 2.25 (Order on the strongly connected components). Let G be a graph. We
define a relation < on the strongly connected components of G by setting K < H if there is a
finite path in G which starts in K € V(< (G)) and ends in H € V(& (G)). By Lemma 2.24
this relation is a partial order.

For every path (y,),¢; there exists a unique vertex path K;,...,K, in &(G) and uniquely
determined indices k; < ky < -+ < k,,_; in I such that

i(yr) € V(Ky), t(y) € V(Ky) forkel k <k,

i(7y,) € V(Ky), try,) € V(K11) for¢ e {1,...,n—2},

i(ye) € V(K)), t(ye) € V(K,) forte{l,...,n—2},kel,k; <k<kpq,
t(y,) € V(K,) forkel,k>k,_;.

We say that y starts in the component K, and ends in the component K,,.
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For any graph G with at least two edges, the spaces E(G)Y and E(G)? are Cantor spaces.
For any S C V(G), the sets Pathy(G, S), Pathy(G) and Path,(G) are closed subspaces of
E(G)N and E(G)Z. In particular they are metrizable Stone spaces.

2.3. Topological Dynamics and Subshifts

As mentioned in the introduction, topological dynamics provides a natural framework to
study the behavior of cellular automata. We thus introduce in this section the necessary
notions from topological and symbolic dynamics and give proofs for some known results
about subshifts which we will need later on. As a reference for topological dynamics we
recommend the book by Kurka [Kur03]. The standard references for subshifts are the
book by Linp and Marcus [LM95] and the book by KitcHENS [Kit98].

For us a topological dynamical system is a compact topological space X together with
a continuous map f: X — X. Since the domain and codomain of f coincide, we can
repeatedly apply f and obtain the k-th iterate of f,

fl=foof.
——
keN
We can think of X as a set of states and of f as describing the transition from a state at one
point in time to the state one time step later. The sequence (f k(x))kENo then describes
the evolution of the state x as time progresses. Iterating f those gives rise to an action of
the monoid N, on X. It will sometimes be useful to generalize this and consider actions
of an arbitrary monoid A on a compact space X. Recall that a monoid is a set with an
associative binary operation and a neutral element which we denote by 1,.

Definition 2.26 (Monoid action). Let A be a monoid and let X be a topological space. A
family of continuous maps (f;);ep from X to X is called a (continuous left) action of A on
X if

f]-A :ld,
fij:fiofj forall i,jEA.

The set of all points which can be reached via the monoid action from a given starting
point x is called the orbit of x.

An invertible dynamical system can be seen either as an action of N or as an action of Z.
Both perspectives give rise to a different notion of orbit.

Definition 2.27 (Orbit). Let f : X — X be a dynamical system. We denote by Orb*(f, x) :=
{fk(x) | k e N, } the forward orbit of x under f. If f is invertible, we denote by Orb(f, x) :=
{fk(x) | kez } the orbit of x under f. The set of all orbits of f is denoted by Orb(f) :=
{Orb(f,x) | xeX}.
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Finite orbits are of particular interest to us. They give rise to the notion of periodic and
preperiodic points.

Definition 2.28 (Periodic points). Let f: X — X be a dynamical system. For p € N we
denote by

Perp(f):={xeX | fP(x)=x}

the set of periodic points of f with period p. The set of fixed points of f is denoted by
Fix(f) := Per,(f). The set of periodic points of f with minimal period p is denoted by

Per,(f) :=Per,(F)\| J{Per((f) | t€{1,....p—1}}.
The set of all periodic points of f is denoted by Per(f) := UpeN Per,,(f).

Definition 2.29 (Preperiodic points). For a dynamical system f : X — X andp € N,q € N
we define

Preg,(f):={xeX | fi(x)=f1"(x) },
Preg,(f):={x €X | pre(x) = q and per(x) =p}

where
pre(x) :=min{q €Ny | f(x) € Per(f) } € Ng U {00}
is the minimal preperiod and where
per(x) := min{p eN | fpre(")(x) € Per,(f) } e NU{oo}

is the minimal period of x with respect to f. We call Pre, ,(f) the preperiodic points with

period p and preperiod q and we call E‘Eq,p (f) the preperiodic points with minimal period
p and minimal preperiod q.

Let f : X — X be a dynamical system. If fP =idy, we call f p-periodic. If f9"P = f9, then
we call f preperiodic.

The natural notion of isomorphism between dynamical systems is that of a topological
conjugacy.

Definition 2.30 (Topological conjugacy). Two topological dynamical systems f: X — X
and g: Y — Y are called topologically conjugate if there is a homeomorphism ¢: X —»Y
such that ¢ o f = g o . More generally let A be a monoid and (f;);ep and (g;)iep be two
continuous actions of A on the topological spaces X and Y. We call (f;);cpx and (g;)ien
topologically conjugate if there exists a homeomorphism ¢: X — Y such that po f; =g;o¢
forallieA.

We now look at a particularly simple class of dynamical systems, namely subshifts. For
the remainder of this section let I' be a countable group and let A € T be a submonoid.
Denote the neutral element by 1; = 1,. While we almost exclusively will present results
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on subshifts over the group Z, considering the more general case often leads to interesting
questions and conjectures. Furthermore, proving results in the more general context
highlights the places where one really uses the structure of Z.

Definition 2.31 (Shift maps, shift-invariant, subshifts over groups). For i € I' we define
the shift map o;: A" — A" by

(Ui(x))j =X

These maps define an action of T on A'. A set X C A" is called shift-invariant if o;[X] C X
forallieT.

Endowed with the product topology, A" is a compact space. If A has cardinality at least two,
Al is a Cantor space. A closed, shift-invariant subset X C A" is called a subshift. We call the
elements of A’ configurations.

Example 2.32. Consider the alphabet A= {0,1}. The set of all configurations x € A* with
no pair of consecutive ones is a subshift, called the golden-mean subshift. We can define a
similar subshift over the group T = Z2. Consider again the set X of all configurations x € AT
with no two adjacent ones. More precisely

X = {X GAZd Yk, €Z: X = 1 = Xp+1,0 = 0 and Xie 0+1 :O}

This subshift is known in statistical physics as the hard square model.

We sometimes need a slight generalization of the concept of a subshift to the case
where T is not a group but only a submonoid of a group. All results about subshifts on
monoids in this section are folklore and more or less straightforward generalizations of
the corresponding results over Z or N,. However, they seem to be not explicitly stated in
the literature.

Definition 2.33 (Subshifts over submonoids). Let T be countable group and let A C T
be a submonoid. A closed subset X C A® is called a subshift if 0;[X]C X forallie A™! =
{i™' | i € A}. The subshift A" is called the full A-shift or the full k-shift, where k is the
cardinality of A.

Remark 2.34. We stick here with the convention of the book by CECCHERINI-SILBERSTEIN
and COORNAERT [CSC10] to define o;(x); as x;-1; and not x;;. This has the following
advantages. First of all we get 0;00; = 0;; instead of 0;00; = 03, i.e., we get a left action
instead of a right action. Our definition also coincides with the intuitive understanding
of what it means to shift a configuration by i. If a configuration x over the alphabet {0, 1}
has a single one at the origin, the configuration ¢;(x) has a single one at position i. The
obvious disadvantage is that this definition does not carry over to monoids in general
and we have the somewhat artificial restriction to submonoids of groups. However, the

only monoid we have to deal with will be N, and products of N, with groups.

Subshifts can more combinatorially be described by so-called forbidden patterns.

Definition 2.35 (Pattern, X,,). A pattern w is an element of A" for some finite subset
H C A. For a pattern w and i € A we denote by [w]; the set of all configurations, in which w
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appears at position i, i.e.,

(w]; := {x eAr } i1 (X)pw) =w }

Let M be a set of patterns. Denote by X, the set of all configurations in which no pattern
from M appears, i.e.,

Xy i={xea | YweMVieA: x &[w];}

=AA\(U U[w]i).

weM ieA

We call M the set of forbidden patterns of Xy.

Lemma 2.36. For every set of patterns M, the space X, is a subshift.

Proof. The set A"\ Xy = [, .eps Uica[w]; is open, hence X, is closed. Assume there
was x € X, and i € A~ with o,(x) € X,,. Then there must be w € M and j € A such
that o;(x) € [w]; and therefore x € [w];1j, contradicting x € X,,. Thus X, is also
shift-invariant. O

Lemma 2.37. Let X C A® be a subshift. If M is the set of all patterns not appearing in X,
ie.,

M={weA" | HCA finite,YxeXVieA: x ¢[w]; },

then X =X,.

Proof. Since by definition no pattern in M appears in any configuration in X, X C X,,.
Since A" \ X is open, there is a set of patterns N such that A" \ X = UweN[W]IA- Because
X is shift-invariant, we also have A\ X = | J;cx U,en[w]; =A™\ Xy, hence X = Xy. Now
w € N implies that for all x € X and for all j € A we have x ¢ [w];. Therefore N € M and

Continuous, shift-commuting maps between subshifts have a nice combinatorial de-
scription. This result goes back to the seminal paper [Hed69] by HEDLUND where it is
additionally credited to CurTis and LYNDON.

Lemma 2.38. Let A and B be finite alphabets and let X be a closed subset of A*. A map
h: X — B is continuous if and only if there is a finite subset H C A and a map hy,.: A" — B
such that

(2.3) h(x) = hyo(x))-

Proof. Let h be continuous. For every element b € B the set h™![{b}] is clopen, hence
the union of clopen cylinder sets. Since X is compact, this union can be assumed to
be finite. Additionally there are only finitely many symbols in B. Hence there exists a
finite set H C A and sets of patterns W, C A” for b € B such that k™ }[{b}] = Unew,[wl, -
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Let hj,.(w) be the unique element in h[{ xeX | Xjg =W }], which by definition fulfills
h(x) = hloc(x|H)-

If, on the other, h is defined by (2.3), then x|;; = y|y implies h(x) = h(y) for all x,y € X.
Hence h is continuous. O

Theorem 2.39 (Curtis-Lyndon-Hedlund on monoids). Let T' be a countable group and
A C T a submonoid. Let X C A" and Y C B” be subshifts. Amap f : X — Y is continuous and
shift-commuting if and only if there is a finite subset H C A and a block map f;,.: A” — B,
called the local rule, such that

(2.4) F(0); = fioe(oi1 (X)) foralli € A.

Proof. Assume that f is continuous and shift-commuting. By Lemma 2.38 there is H C T
and a local rule fi,.: A¥ — A such that

(2.5) f)1, = fioe(xm)-

Since f commutes with the shift,

flx)i= (Ui—l(f(x)))1A
:floc(o'ifl(x)m)-

If, on the other hand, f is defined by (2.4), then x — f(x); is continuous for every i € A
and

Uj(f(x))i =f(x)j—1i
=floc((0i—1j(x)|H)
= f(o;(x));- ]

Definition 2.40 (Subshift of finite type, sofic subshift). Let X C A* be a subshift. If there
is a finite set of patterns M = {wy,...,w,} such that X = X;;, we call X a subshift of
finite type. We can always assume that there is a single finite set H C A such that M C A",
Subshifts that are images of subshifts of finite type under continuous, shift-commuting maps
are called sofic subshifts. More precisely, a subshift X C A" is sofic if there is an alphabet B, a
subshift of finite type Y € B* and a continuous surjective map ¢: Y — X with poo; = o;0p
forallieA.

Remark 2.41. If A = Z or A = N,, we can always find a set of forbidden patterns M
consisting of patterns whose domain is of the form 0, ...,n—1 for some n. We can identify
these patterns with words in A™. If X is a one- or two-sided subshift of finite type defined
by a finite set of words of length at most n, we say that X has window width n.

A subshift conjugate to a sofic subshift is almost by definition again a sofic subshift. The
same holds for subshifts of finite type.

Lemma 2.42. Let X C A" be a subshift of finite type. If Y C B" is a subshift which is
topologically conjugate to X, then Y is also a subshift of finite type.
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Proof. Since shift-commuting homeomorphisms between X and Y can be represented by
block maps as shown in Theorem 2.39, we can find continuous shift-commuting maps
¢: A" - BM and v : B* — A" such that (¢ o y)y =idy and (v o ¢)x = idy. The subshift
X is of finite type, hence it is defined by a finite set of forbidden patterns M C A” for
some finite subset H C A. Since ¢ and 1) are continuous, there is a finite set H C A with
15 € H such that for all yy,y, € B* with (y1);5 = (¥2);53 both ¥ (y1)jz = ¥ (y2)y and

e(YP(y1))1, = ¢(P(¥2)), hold.

Let Y be the set of all configurations in B that contain only patterns over H which also
appear in configurations in Y. More precisely,

?::{yGBA | Vie Al HyEY:Ui(jl)m:yuq}
where 11 := B \ { Yia | y €Y }. This set ¥ is a subshift of finite type. All that is left
to do is showing that Y = Y. By definition, Y C ¥ holds. For every ¥ € ¥ and i € A~}

there is y € Y with 0;(§);5 = y5- Then o;(/(3))r = Y(0:(7)ja = ¥ ()} & M, hence
Y(¥) €X and y[Y] C X. Additionally,

(7)) = p(P(oi(F,

=@y,
=Y1, = O-i(y)l,\ =Y.
Thus 7 = (¢ (7)) € p[Y[Y]] S p[X] =Y. O

Most of the time we focus our attention on the situation where I' = A = Z. A subshift
X C A% is called a two-sided subshift. Since Z is generated by one element, two-sided
subshifts are precisely the closed subsets of X C AZ for which o_;[X] = X. In the case
of I' = Z we therefore omit the index —1 and simply write o or oy for the left shift.
For A = N, the shift maps are also all powers of the left shift. Closed subsets X C AMNo
that are invariant under o are called one-sided subshifts. Notice, however, that in this
case o : AN — AN js no longer bijective, as for example o(10%°) = o(0°°) = 0°°. It is
sometimes convenient to identify one-sided subshifts with subsets of AN although N is
not a monoid. The left shift, however, acts on AY the same way as it does in AN, hence
all results from this section carry over to AY.

Let G be a graph. The set Path,(G) is a closed, shift-invariant subset of E(G)Z, in other
words, a two-sided subshift over the alphabet E(G). Since y € Path,(G) if and only if
ig(y;) =tg(yis1) for all i € Z, Path,(G) is a subshift of finite type with window width 2,
called the (two-sided) edge shift of G. By the same reasoning, the set Pathy(G) is a one-
sided subshift of finite type over the alphabet E(G). We will show that, up to topological
conjugacy, all one-sided and two-sided subshifts of finite type arise in that way.

Definition 2.43 (Higher block representation). Let X C AZ be a two-sided subshift and let
n € N. Define a map ¢, : AZ — (A")? by

(pn(x)i = X[i,i+n) fOT' i€Z.
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We call ¢,[X] the higher block representation of X with block-length n. We can apply the
same construction to one-sided subshifts X C AN and obtain a subshift of (A")N.

Lemma 2.44. The higher block representation y,[X] is a subshift which is topologically
conjugate to X via the conjugacy ,. In particular ,[X] is of finite type if and only if X is
of finite type and ¢,[X] is sofic if and only if X is sofic.

Proof. The map ¢, is continuous, injective and commutes with the shift, hence it is a
topological conjugacy. O

Theorem 2.45. Let X be a one-sided or two-sided subshift of finite type with window width
n over the alphabet A. If ¢, is the higher block map with block length n, there is an essential
graph G such that ¢,[X] = Pathy(G) or ¢,[X] = Path;(G), respectively. In particular every
one-sided or two-sided subshift of finite type is conjugate to the edge shift of some graph.

Proof. Define the graph G by

V(G):={wea™! | [wlonX #0},
E(G):={weA" | [wlynX #0}.

The initial and terminal maps are given by iz (x4, ...,x,) = X1,..., X, and tg(xq,...,x,) =
X9,...,X,. For every x € X and k € Z we have ¢, (x); € E(G). Additionally t;(¢,(x)) =
Xkt 1.k4m) = 16 (@n(X)x11), hence ¢, [X] C Path;(G). Define a map v : Path;(G) — A” by
Yk = (rid1- Then Y(P)pen) = (s Xp1s -+ -5 Xkyn1) = Yi, hence ¢, (P(y)) = v. If

.....
.....

.....

p,[Y[Path,(G)]] = Path,(G). Hence finally ¢, [X] = Path,(G). The one-sided version is
proved in the same way. O

The graphs obtained by applying this construction to an one-sided or two-sided full shift
are called De Bruijn graphs.

Definition 2.46 (Edge and vertex labeling, right-resolving). A vertex or edge labeling of
a graph G is simply a map from the vertex or edge set into a finite set. An edge labeling £ is
called right-resolving if and only if for every vertex all out-going edges carry different labels,
i.e., if for all pairs of different edge e,, e, € E(G) withig(e;) =is(ey) we have £(e;) # £ (e,).

Let ¥ : E(G) — A be an edge labeling of G with values in a finite alphabet A. There is a
natural extension % : Path,(G) — A” given by

Lk =2 (re)-

This map is continuous and shift-commuting, hence ¥£[Path,(G)] is a sofic shift. The next
lemma shows that every sofic subshift in dimension one arises in that way as the image
of an edge shift under an edge labeling.
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Lemma 2.47. If X,,...,X, are one-sided or two-sided sofic shifts over the alphabet A, then
there exists a graph G, subgraphs G.,...,G, and an edge labeling & : V(G) — A such that
Z[Path;(Gy)] = Xj or £[Pathy(Gy)] =X forall k € {1,...,n}. The pair (G, ) is called
a cover of Xq,...,X,-

Proof. By the definition of sofic shifts there are subshifts of finite type Y3,...,Y, and
factor maps ¢y : X — Yi. By Theorem 2.45 we may assume that these subshifts of finite
type are given as Pathg(Gy) for some graphs G, and that ¢, is given by an edge labeling
of G. We can now simply set G to be the disjoint union of these graphs. O

To conclude this section, we investigate how subshifts of finite type and sofic subshifts
behave under intersection and union.

Lemma 2.48. If X C A" and Y C A" are subshifts of finite type, then X NY is a subshift of
finite type.

Proof. Let Wy and Wy be finite sets of forbidden patterns of X and Y, respectively. A
configuration x is contained in X NY if it contains no pattern from Wy or Wy. Hence
X NY is a subshift of finite type with forbidden patterns Wy U Wy. O

Remark 2.49. The union of two subshifts of finite type must not be a subshift of finite
type. For example every two-sided subshift of finite type containing ®°01°° and *°10*°
must also contain °°1.0X1°° for some k € N.

Lemma 2.50. If X C A» and Y C A are sofic subshifts, then X NY and X UY are again
sofic.

Proof. By the definition of sofic subshifts, there are subshifts of finite type X C B* and
Y € ¢* and continuous, shift-commuting, surjective maps f: X — X and g: ¥ — Y. By
Theorem 2.39, these maps are defined by block maps fi,.: B — B and gj,.: C! — C
for some finite set H C A. By enlarging H if necessary, we may assume that sets of
forbidden patterns of X and ¥ are contained in Bf and C. Let Wy and Wy be these
sets of forbidden patterns. Define a subshift of finite type Z C (B x C)" with forbidden
patterns W, C B x CH by

w, :={(v,w) | VEWX,WECH}
U{(v,w) | VGBH,WEWy}
U{(,w) | veB",weCh, fio(v) # glocw) }.
A pair (x,y) € B x C? is contained in Z if and only if x € X, y € ¥ and f(x) = g(y).

Define a map h: Z — A® by h(x, y) := f(x) = g(¥). An element z € A is in h[Z] if and
only if there is x € X, y € Y with h(x,y) =z = f(x) = g(y), in other words, if z€ X NY.

For the union of X and Y consider the subshift of finite type Z := X x {0}  u Y x {1}
The map h: Z - X UY, h(x,0) := f(x), h(y,1) := g(y) is surjective, hence X UY is also
sofic. O
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2.4. Cellular Automata

In this section, we introduce the central object of our study, cellular automata. We will
only give a very brief introduction and discuss results about them whenever we need
them. Good introductions to the theory of cellular automata in the one-dimensional
setting are given by the surveys of Kar1 [Kar05] and Kurka [Kur09] as well as the
book by the same author [Kur03]. For cellular automata on other groups, the standard
reference is the book by CECCHERINI-SILBERSTEIN and COONAERT [CSC10]. Again the
generalization to monoids is almost always straightforward, but to our knowledge it is
not written down explicitly in the literature.

Throughout this section let I be a countable group and A € I' a submonoid. We will
almost exclusively need I' =Z and A =Z or A =Nj.

Definition 2.51 (Cellular automaton). Let A be a submonoid of a countable group. Let
X C A" be a subshift. A continuous map f: X — X that commutes with all shifts, i.e.,
foo;=0;0f foralli€ A7, is called a cellular automaton on X.

Cellular automata are thus the natural endomorphisms of subshifts. We already saw in
Theorem 2.39 that continuous, shift commuting maps between subshifts over a monoid A
can be represented by local rules fi,. : A” — A. If A = Z or A = N, we can always enlarge
H so that it consists of consecutive integers. This allows us to view the local rule in this
case as a map from words into the alphabet. Theorem 2.39 therefore yields the following
corollary.

Corollary 2.52 (Curtis-Lyndon-Hedlund). Let X C A% be a two-sided subshift. A map
f: X — X is a cellular automaton if and only if there are £, € Ny and a map fip.: AT+ — A
such that

f(x)i = ﬁog(x[i_g’i+r])f0r 1 €Z.
We call ¢ the left radius and r the right radius of f. If £ = r, we simply call it the radius.

Example 2.53. Consider the alphabet A= {0,1,2}. We define two block maps fi,. : A2 — A
and g, : A> — A by

1 ifx,=0and x; =2
Sloe(x1,x3) =12 ifxo=0and x; =1

X, otherwise

0 I;fX2:2andX1:1
Sloc(x1,x3) =131 ifxy=2andx;=0.

x, otherwise

By setting f (x); = floc(x;, X;+1) we obtain a cellular automaton with left radius zero and
right radius one on AZ. It exchanges the symbols 1 and 2 if they are followed by a zero. It is
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easy to see that f is an involution, i.e., f2 = id,z. The same holds for g : AZ — A” defined
by g(x); = Goc(xi, Xi41)-

The concatenation h = g o f, however, is not periodic any more. To see this consider k € N
and x € A% with Xy o441 = 127202, We have f (x)p1 ax13] = 127120 and g(f (x))(1.2k42] =
12%02. Therefore h(x),h?(x),...,h*(x) are all pairwise different. Since k was arbitrary, this
shows that no two powers of h coincide.

The local rules fi,, and gj,. also define a cellular automaton on AN by the same formula as
in the two-sided case. If X is the subshift consisting of all configurations that have a zero at
every second position, then f can be considered as a cellular automaton on X, but this is not
possible for g. For example g(°°(10).(20)*°) = °°(10)11.(21)°°.

To visualize the dynamics of a cellular automaton, one typically plots the sequence
of states with different colors representing the symbols and time going downwards,
see Figure 2.2. for an example. This visualization can be formalized by the following
definition.

Definition 2.54 (Space-time diagram). Let X C A* be a subshift and let f: X — X be a
cellular automaton. For x € X we define the one-sided space-time diagram

Y0 0) = (FF (e, € AN
If f is invertible, we can also define a two-sided space-time diagram

Y/(x) = (F*(x0))kez € AT

The set of all one-sided and two-sided space time diagrams form a subshift of, respectively,
ANo*A and AZ*A | which we denote by Y?O and Y? )

Lemma 2.55. Let X C A® be a subshift and let f : X — X be a cellular automaton. If X
is a subshift of finite type, then YT" and Y? are also subshifts of finite type. If X is a sofic

subshift, then ijo and Y% are sofic subshifts, too.

Proof. If X is a subshift of finite type, there is a finite set H C A, such that X =X, for
some set of forbidden patterns M C A" and such that f has a local rule f,.: AM — A.
The subshifts YJI? and Y? are both defined by the set M € A{%1>*H of forbidden patterns,

given by
M = AlOIXH { (WO, wh) e AlOIIXH ‘ w® € AP\ M and (floc(WO))lA = W-:llA }

If X is sofic, there is a subshift of finite type Z C B* for some finite alphabet B and a
shift-commuting continuous map g: Z — X with g[Z] = X. Define

Z :={ (@ nen € 2™ | f(g(2,)) = g(zp41) forallne Ny } .
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Figure 2.2.: Space-time diagram of the cellular automaton wg; : F5 — F2 for a random
initial state. The cellular automaton is given by (wg;)(x); = x;_1Xx;X;41 +
x;_1 +x;+ 1. Zeros are represented by white squares, ones by black squares.

This space is clearly a subshift of finite type. The map g naturally induces a continuous
shift-commuting map g: Z — AYo*A by &((zn)nen,) = (&(21))nen, and we have

gL21={x, ex™0 | f(x) =, forallneNy } = v°.

Therefore Y?O is a sofic shift. Replacing all occurrences of N, by Z in this argument gives
the same result for Y? . O

Cellular automata give rise to subshifts in another way as the following lemma shows.

Lemma 2.56. Let X C A® be a subshift of finite type. If f,g: X — X are two cellular
automata, then the set Y :={x € X | f(x) = g(x)} is a subshift of finite type.

Proof. By Corollary 2.52 there exists a finite subset H C A such that f and g are generated
by block maps fi.: A — A and gj,.: A” — A, and such that X has a set of forbidden
patterns in A", Let W be the set of all patterns w in A which are not forbidden in X and
for which fi,.(w) = gjoc(w). Let Z be the subshift of finite type whose set of forbidden
patterns is A" \ W. A configuration x € X is contained in Y if and only if for every i € A

fioc(oj1 (x)|H) =f(x);=gx); = gloc(o'i—l(x)|H),
in other words, if o;-1(x);y € W. Therefore Y = Z. O

Corollary 2.57. Let X C A® be a subshift of finite type or a sofic subshift. Let f: X — X
be a cellular automaton. If p €N, q € Ny, then Pre, ,(f) = { xeX | FIP(x) = f9x) } is
again, respectively, a subshift of finite type or a sofic subshift.

Proof. By Corollary 2.52 f9 and fP*9 are defined by block maps. They therefore extend to
cellular automata g;, g, on the full shift A*. By Lemma 2.56 Y := {y € A%| g,(x) = g»(x)}
is a subshift of finite type. Finally, by Lemma 2.48 and Lemma 2.50 the set Pre, ,(f) =
Y NX is a subshift of finite or a sofic subshift as the intersection of a subshift of finite
type with a subshift of finite type or a sofic subshift. O

The following lemma shows that every cellular automaton on a subshift with periodic
points also has periodic points. In the cases which we will consider, we will therefore
always have periodic points available to construct conjugacy invariants.
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Lemma 2.58. Let f : X — X be a cellular automaton on a subshift X C AZ. If x € Per (o)
for some k €N, then there are p €N, q € N, such that x € Preg ,(f).

finite. Additionally o§ (fO)= f(o}k((x)) = f(x), so Per;(oy) is in’\;e,lriant under f. By the
pigeonhole principle there must be ¢, r € {0, ..., |A|X} with q < r such that f9(x) = f"(x)
and therefore x € Pre, ._o(f). O

We already introduced topological conjugacy as the natural isomorphism notion between
topological dynamical systems. Since the composition of cellular automata is yet another
cellular automaton, the conjugation of a cellular automaton by an invertible cellular
automaton is also a cellular automaton. The simplest instance of this is conjugacy by a
symbol permutation (“exchanging black and white”). Another way of getting a conjugate
cellular automaton from a given one is to reflect the local rule (“exchanging left and
right”). This is equivalent to conjugation by the reflection map

T AL S AL (X)) =X

See the paper by CaTrTaNEO et al. [Cat+97] for further properties of these conjugacies.
The following theorem shows that, at least on two-sided full shifts, this are in a sense the
only general methods to turn cellular automaton into cellular automata by conjugation.

Theorem 2.59. Denote by CA4 the set of all cellular automata over the two-sided full A-shift.
If ¢ : AL — A% is a homeomorphism, the following are equivalent.

(@) {pofop™ | feCA}CCA,
(b) {(pofo(p_l |f€CAA}:CAA,

(c) dheCAy: p=horp=hor.

Proof. The implications (¢) = (b) and (b) = (a) are trivial.

(a) = (c) Let f be an arbitrary cellular automaton. The map g := ¢ o f o o~ ! is again a
cellular automaton by the assumption and therefore commutes with o. Hence

1 1

g=0ogoo~ :o'ogpofocp_loo'_ and

f=¢TlooopofopTtooT ogp.

By setting f := o, we see that ¢! o 0 o ¢ is a cellular automaton. Now RyaN’s theorem,
see [Rya72], tells us that the center of the group {f € CA,| f is invertible} consists only
of powers of the shift, i.e., if an invertible cellular automaton commutes with all other
invertible cellular automata, it must be a power of the shift. Hence ¢! oo o ¢ = o*
for some k € Z or equivalently o o ¢ = ¢ o 0. This first of all implies that k # 0. Take
any point y € Fix(c¥). Then (o 0 ¢)(¥) = (¢ 0 6%)(y) = ¢(y). Hence ¢(y) € Fix(c) and
therefore ¢ defines an injective mapping from Fix(c*) into Fix(c). Having a look at the
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X—¢ X—g+1 X
X—g+n-1 X—t+n e Xr+n—1
bo
|7
Froe(X—¢,r7) e Froe(Xtn—1-tn-14r7)

I

Sroe(xp—e,r7)

Sioe(Xn-1-¢n-14r1)

Figure 2.3.: The local rule of ¢ o f o p™! in Lemma 2.60.

cardinalities, we see that |A|'Xl = |Fix(c*)| < |Fix(o')| = |A|, implying k = £1. In the case
of k =1 we are done. In the other case

1 1 -1

Toap_loo'ogoo’r_ =To0 0T =0,

1

hence ¢ o 77" is a cellular automaton. O

If X C A” and Y C A” are subshifts that are conjugate via a conjugacy ¢ : X — Y and
f : X — X is a cellular automaton, then clearly pof o™ : Y — Y is also a cellular
automaton. We record a slightly stronger version of this result for the case where Y is a
higher block representation of X.

Lemma 2.60. Let X C A” be a two-sided subshift and let Y C (A")Z be its higher block
representation with block length n. Let ¢ : X — Y be the corresponding higher block map.
If f: X — X is a cellular automaton with left radius { € N, and right radius r € N, then
pofop t:Y Y isa cellular automaton with left radius ¢ and right radius r as well.

Proof. Let fi,.: A“"*1 — A be the local rule of f. Let W C A" be the set of all words of
length n appearing in X. The block map hy,.: W™+ — A" defined by

hloc((xl’ sy xn); cees (Xl+r+1’ cees x€+r+n)) = (floc(xl’ R x€+r+1): s :floc(xnﬂ R Xl+r+n))

is a block map generating ¢ o f o ¢! with left radius ¢ and right radius r as can be seen
in Figure 2.3. O

We now introduce a weaker and a stronger isomorphism notion for cellular automata,
namely topological orbit equivalence and strong (topological) conjugacy. Together with
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Theorem 2.45 it allows to always assume that the state space of a cellular automaton on
a subshift of finite type is an edge shift.

Definition 2.61 (Topological orbit equivalence). Two invertible dynamical systems f : X —
X and g : Y — Y are called topologically orbit equivalent if there exists a homeomorphism
¢ : X — Y mapping every orbit of f onto an orbit of g. More formally,

VxeX3dy eY : p[Orb(f,x)] =Orb(g, y).

This notion has important applications in group theory for example in the study of
topological full groups, see for example the paper by BEzugLy: and MEDYNETS [BMO8].

Notice that one can make a similar definition for non-invertible dynamical systems by
demanding that ¢ maps every forward orbit of f onto a forward orbit of g. This notion
might be called forward orbit equivalence but this terminology is almost absent from the
literature. It is easy to see that two forward orbit equivalent invertible systems are also
orbit equivalent. The converse, however, is not true.

Example 2.62. Consider the subshift of finite type X generated by {°°1.0°°,°°2.0°°}. The
left shift o on X is orbit equivalent to the right shift o, since every orbit of o is also an
orbit of o' and vice versa. They are, however, not forward orbit equivalent. There are two
points in X with infinite forward orbit under o for which the closures of these forward
orbits have finite non-empty intersection, namely x = °°1.0%° and y = °°2.0°° . More
formally, Orb™ (o, x) N Orb™ (o, ¥) = {°°0°°}. This can not happen for o~*. The closures of
forward orbits under o~ of two points either have infinite intersection, if one of the orbits
is contained in the other, or have empty intersection.

For periodic dynamical systems, and this is basically the only situation where we use
topological orbit equivalence, the forward orbit coincides with the orbit and the difference
between these notions of isomorphism vanishes.

Besides the topology there is a second structure on a subshift, namely the shift. It might
thus be desirable to also preserve this additional structure.

Definition 2.63 (Strong conjugacy). Let X C A» and Y C B” be subshifts. Two cellular
automata f : X - X and g: Y — Y are called strongly conjugate if they are conjugate by a
homeomorphism 1) : X — Y that commutes with the shift in the sense that 1) o 0; = 0; 0
for every i € A1

However, we will put our focus on not necessarily strong topological conjugacies between
cellular automata for several reasons. First of all, most dynamical properties which are
investigated in the literature on topological dynamics of cellular automata can be defined
without mentioning the subshift.

Next, a prerequisite for a classification of cellular automata up to strong conjugacy is a
classification of subshifts of finite type up to topological conjugacy. In the next section we
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will see that this problem has a very special flavor different from the conjugacy problem
for general cellular automata.

There is even a stronger connection between strong conjugacy and topological conjugacy
of subshifts. Recall that a cellular automata f : A* — A® gives rise to a subshift of finite
type Yj?o via its space-time diagrams. Two such subshifts are topologically conjugate as
Ny % A actions if and only if the corresponding cellular automata are strongly conjugate.
Thus strong conjugacy of cellular automata can be seen as a special case of conjugacy
between subshifts of finite type.

2.5. Topological Conjugacies Between Subshifts of Finite Type

For subshifts, and in particular for one-sided or two-sided subshifts of finite type, the
conjugacy problem is well investigated. See for example Chapter 2 in the book by
KircHENS [Kit98] on which this section is based. Another good reference is, as always,
the book by LinDp and Marcus [LM95], Chapter 7. We give an outline of the results
and questions in this area, mainly to highlight the very special nature of this subclass of
cellular automata.

We already saw in Theorem 2.45 that every two-sided subshift of finite type is topologically
conjugate to the edge shift of an essential graph. Since isomorphisms of graphs lift to
topological conjugacies of the corresponding edge shifts, we can describe the edge shift
of a graph up to conjugacy by its adjacency matrix, i.e., the matrix L € NV(G)XV(G) given
by L;; = |{e € E(G) | ig(e) = i,tg(e) = j}|. Criteria for the existence of a topological
conjugacy between subshifts of finite type as well as invariants ruling out its existence

can therefore often be expressed in terms of linear algebra.

For example, consider an essential graph G with adjacency matrix L and let X be the
edge shift of G. We may assume that V(G) = {1,...,n}. The number of closed paths
of length k starting and ending in i € V(G) equals (L¥);;. This implies Per;(oy) =
(LF)qp + -+ (L5),, = tr(L*), where tr(L) is the trace of L. Since |Per,(oy)| < |A[* for
every k € N, one can combine the information about the number of periodic points into
a single object, the zeta function of the shift X, defined by

()= e (Z |Perk£ox)| -

(Z tr(L )

This definition directly implies that two subshifts have the same number of k-periodic
points for all k if and only if their zeta functions agree. For irreducible subshifts of finite
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type BowEN and LANFORD showed that
{x(t) =det(I—tL)™?,

see [Wil73]. The term irreducible here means that the subshift is conjugate to the edge
shift of a strongly connected graph. By calculating the polynomial det(I — tL) one can
therefore decide if two subshifts of finite type have the same number of k-periodic points
for all k € N.

Rurus BoweN asked if two irreducible two-sided subshifts of finite type are topologically
conjugate if they have the same zeta function. This question was answered negatively by
WiLLiaMs in the very remarkable article [Wil73]. Based on his earlier work on Axiom
A attractors, WiLL1aAMS introduced the notions of shift equivalence and strong shift
equivalence in order to characterize topological conjugacy between subshifts of finite
type. We are going to explain these notions now.

Besides graph automorphisms, there are two canonical ways to get from one edge
shift to a conjugate one, out-splitting and out-amalgamation as well as in-splitting and
in-amalgamation. In both cases we consider a partition & of the edges E(G). For an
out-splitting, each set in & has to consist of edges starting at the same vertex. For
each edge e € E(G) denote by &, the unique set in & such that e € &,. Define a map
Your: Pathy(G) — (E(G) x )2 by 0ou(y); = (i, &y,,,), in other words, ¢, annotates
each edge in y by the set in & to which the following edge belongs. The map ¢ is
injective, continuous and shift-commuting, hence the image Y := ¢, [Path;(G)] is a
subshift conjugate to Path,(G). It is even an edge shift of the graph G given by

V(G):={(ig(e), &) | e€ E(G)} S V(G) x &,
E(G):={(e1,8,,) | e1,e5 € E(G),t5(e1) =ig(es) } CE(G) x &,
iz(e1, &,,) = (ig(eq), &, ),
te(er, &) == (tg(e1), &,) = (ig(ez), &, ).

The edge shift Y is then called the out-splitting of X, and X is called the out-amalgamation
of Y.

For an in-splitting, each set in & must consist of edges ending in the same vertex. The
map y;, defined by ¢;;,(y); := (v, 8,,_,) is again a conjugacy between the edge shift of G
and the edge shift Z of a graph similar to G, called the in-splitting of X. X is called the
in-amalgamation of Z.

Somewhat surprisingly, WiLLiams [Wil73] showed that each conjugacy between two-
sided subshifts of finite type is the concatenation of in- and out-splittings, in- and out-
amalgamations and graph isomorphisms. On one hand, we therefore have a complete
understanding how we can get from one subshift to any of its conjugates. On the other
hand, there are still pairs of relatively small graphs for which it is not known if there
edge shifts are conjugate, see, e.g., the example due to ASHLEY given in Example 2.2.7
in [Kit98].
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On the level of adjacency matrices, out- and in-splittings take the following form. If G is

an essential graph with adjacency matrix L € Nj*" and & is a partition of the edges of G

fulfilling the conditions of an in- or out-splitting, then there are matrices R € Ngxlgl and
Se N'O'glxn such that L = RS and I = SR where L is the adjacency matrix of the in-splitting
or out-splitting of G.

On the other hand if there is m € N and matrices R € Nj™™,S € Nj"" with L =RS and K =
SR, the matrices L and K are called elementary strongly shift equivalent. Two matrices L and
K are then called strongly shift equivalent if there are matrices H; = L,Ho,...,H;_1,H) =K
each elementary strongly shift equivalent to the next one, in other words, L and K are
strongly shift equivalent if and only if there are matrices R;,Rs,...,R;,S;,...,S; such
that L = R;S1,S1R; = R,S,,...,S_1Ry_1 = RyS;, SR, = K. We already mentioned that
the adjacency matrices of two essential graphs with topologically conjugate edge shifts
are strong shift equivalence. WiLLiams [Wil73] showed that also the converse holds.
Hence the problem of finding a conjugacy between two subshifts of finite type completely
reduces to a problem in linear algebra over the non-negative integers.

WiLLiAMS also introduced a weakening of the notion of strong shift equivalence which he
called shift equivalence. Two matrices L and K are called shift equivalent if there is £ € N
and two matrices R, S over the non-negative integers such that L¢ = RS,K* = SR, LR =RK
and SL = KS. By taking R = RjR,...R, and S = §;S,_;...S; one sees that strongly
shift equivalent matrices are also shift equivalent. WiLLiaMs stated in [Wil73] that shift
equivalence and strong shift equivalence are equivalent but later an error in the proof
was found by PARRY, see the erratum [Wil74]. Thus the Williams Conjecture was born.
In 1999 Kim and RousH [KR99] gave an example of a pair of shift equivalent but not
strongly shift equivalent irreducible subshifts of finite type. The proof is based on earlier
work of these two authors and WAGONER on the so called “sign-gyration-compatibility-
condition”. There seems to have been no significant progress on this question since then.
In particular it is open if topological conjugacy of two-sided subshifts is decidable. In
contrast Kim and RousH showed in [KR88] that shift equivalence of matrices is decidable.
For a comprehensive overview of the ideas surrounding shift equivalence see the survey
[Wag99] by WacoNER. What remains from the Williams Conjecture is now known as
the “Little shift equivalence conjecture”, see Conjecture 3.1 in the famous list of open
problems in symbolic dynamics by BoyLE [Boy08].

Another classical invariant for topological conjugacy is topological entropy hy,, as in-
troduced by ApLER, KONHEIM and McANDREwW. Unfortunately for cellular automata in
general this quantity can not even be approximated. This was shown by HUrD, Kar1 and
Cuiik in [HKC92]. For irreducible subshifts, however, the topological entropy can be
derived from the knowledge of the number of k-periodic points, since

o1
htop(o'x) = Zl—lglo 7 log [Per, (o).

Finally one can associate various groups to a subshift of finite type such that these groups
must be isomorphic for conjugate subshifts. For example let R be a commutative ring,
thought of as a Z-module. Let p € Z[A] be a polynomial with coefficients in Z. Then A as
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well as p(A) act on R" and one can form the generalized Bowen-Franks-group
R"/R"p(A).

Each group obtained in that way is an invariant for topological conjugacy. The classical
Bowen-Franks group corresponds to R = Z and p(A) = 1—A. It was introduced by BowEN
and Franks in [BF77]. Another important case is R = Z[t] and p(A) = 1—tA. The group
obtained that way is the so called dimension group. KRIEGER constructed this group in
[Kri80] based on ideas from the theory of operator algebras. There are many isomorphic
ways to build it. Consider L as a linear map from Q" — Q" acting on vectors on the
right and let % be the eventual image of L, i.e., 2, =(,_, LkQ" = L"Q". Let A; be the
abelian group defined by

Ap :={v€%L | EIkEN:vaeZ”}.

This group is isomorphic to the dimension group. L acts on this group by multiplication
from the right, denote this action by 6. Furthermore let

AT :={VG%L | EIkGN:VLkEN"}

be the set of eventually positive elements in A(L). The triple (A(L), 5, A}) is called the
dimension triple of L. One can show that shift equivalent non-negative matrices have
isomorphic dimension triples in the sense that there exists a group isomorphism between
their dimension groups which intertwines the action of the matrices on the dimension
group and which maps eventually positive elements to eventually positive elements.
Furthermore, the dimension triple is a complete invariant in the sense that non-negative
matrices with isomorphic dimension triples are shift equivalent, see Theorem 7.5.8 in
[LM95]. There are further invariants for strong shift equivalence often using algebraic
number theory, see for example Section 12.3 in [LM95] or the paper by EiLERs and
Kiming [EK12].

Away from the case of irreducible subshifts of finite type, SaLo and TORMA [ST14] showed
that topological conjugacy is decidable for pairs of countable subshifts of finite type
with Cantor-Bendixson rank two (see Section 4.1 for more about the Cantor-Bendixson
rank).

Some of the above results were extended to sofic shifts or shifts of finite type over larger
groups. For example Nasu in [Nas86] defined a notion of strong shift equivalence for sofic
shifts and showed that it is equivalent to topological conjugacy. SCHRAUDNER defined
in [Sch08] a notion of state splittings and amalgamations for shifts of finite type over
7. This allowed him to decompose topological conjugacies between these systems into
a series of matrix transformations similarly as in the one-dimensional setting. Finally
JEANDELL and VANIER in [JV15b] obtained some results on the hardness of the conjugacy
problem for higher-dimensional subshifts of finite type, which by the considerations at
the end of Section 2.4 also apply to strong conjugacy of cellular automata.



2.6. Expansive and Non-Expansive Cellular Automata 31

2.6. Expansive and Non-Expansive Cellular Automata

For cellular automata, we lack such linear algebraic invariants. Furthermore, most decision
problems related to asymptotic invariants such as entropy, limit sets or attractors turn
out to be undecidable.

There is one class of cellular automata whose conjugacy problem received a lot of
attention because of its connection to subshifts, namely expansive and positively expansive
cellular automata. There is a very comprehensive survey on the relevant results by Nasu
[Nas04].

Definition 2.64 (Positively expansive). Let (X, d) be a metric space. A dynamical system
f : X — X is called positively expansive if and only if there is € > 0 such that for all x,y € X
there is n € Ny with d(f"(x), f"(y)) = €. An invertible dynamical system f : X — X is
called expansive if and only if there is € > 0 such that for all x,y € X with x # y there is
neZ with d(f"(x), f™"(y)) = e. We call ¢ the expansivity constant of f.

The following theorem is a classical result due to HEDLUND [Hed69] and REDDY [Red68].

Theorem 2.65. Let X be a metrizable Stone space. A map f : X — X is invertible and
expansive if and only if it is topologically conjugate to a two-sided subshift. Amap f : X —» X
is surjective and positively expansive if and only if it is topologically conjugate to a one-sided
subshift.

The goal is now to identify the subshifts arising from this theorem. Under which conditions
is, for example, an expansive cellular automaton on a two-sided subshift conjugate to a
two-sided subshift of finite type or to a full shift. In dimension one there are basically
four cases. The subshift X can be one-sided or two-sided and the cellular automaton
f : X — X can be surjective and positively expansive or injective and expansive. The
results in these four cases differ a lot with respect to completeness. To state them we
need some standard definitions from topological dynamics.

Definition 2.66 (Wandering point, transitive, mixing). Let X be a compact space. Let f :
X — X be a dynamical system. A point x € X is called wandering if there is a neighborhood
U of x and ny € N such that for all n > ny we have f"[U]NU = . f is called non-wandering
if it has no wandering point. f is called topologically transitive if for every pair of open sets
U,V CX thereis n € Nwith f "[U]NV # 0. Finally f is called topologically mixing, if for
every pair of open sets U,V C X there is ny € N such that f "[U]NV # @ for all n > ny,.

We give a summary of the most relevant results based on Nasu’s survey.

X is one-sided, f is positively expansive: If X is a transitive subshift of finite type, then
f is conjugate to a one-sided subshift of finite type. Surjectivity follows automatically. The
ideas for the proof are due to Kurka in [Kur97] and independently Nasu, see [Nas04].
The precise result and a nice presentation of the proof can be found Section 6 of a paper
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by BovLE and KitcHENS [BK99]. If X is a full-shift, then sufficiently large powers of f
are conjugate to a full shift. This is shown in Corollary 3.14 in the article [BKM97] by
BLANCHARD and Maas. This result is best possible as BoyLE, FIEBIG and FIEBIG present
in Example 5.6 in [BFF97] a positively expansive cellular automaton on a full shift not
topologically conjugate to a one-sided full shift.

X is two-sided, f is surjective and positively expansive: In this case one has the more
or less complete picture. If X is a mixing subshift of finite type, then f is conjugate
to a one-sided full shift. This was shown by Nasu, see [Nas04], combining the results
of Kurka [Kur97], which we already mentioned, and earlier results of himself from
[Nas95]. According to [Nas04], FieBiG showed in unpublished work that mixing can be
replaced by non-wandering and that there are no positively expansive cellular automata
on two-sided subshift of finite type with a wandering point.

X is one-sided, f is injective and expansive: If X is a full shift, then f is conjugate to
a subshift of finite type as Nasu showed in [Nas02]. By an earlier result of BoyLE and
Maas in [BMOO], this implies that all sufficiently large powers of f are conjugate to a
full shift. They made the conjecture that f must actually be conjugate to a full shift and
this problem is still open.

X is two-sided, f is injective and expansive: While this case received a lot of attention,
the results obtained are the weakest of all four cases. FIEBIG gave an example of a
non-transitive subshift of finite type X and an injective, expansive cellular automaton
on X which is not conjugate to any subshift of finite type. It is open if every injective
expansive cellular automaton on a transitive two-sided subshift X is conjugate to a
two-sided subshift of finite type. See for example Problem 12.1 in [Boy08]. According to
Nasu in [Nas04], it is likewise open if every injective expansive cellular automaton on a
two-sided full shift is conjugate to a two-sided full shift.

From Theorem 2.65 it is easy to see that every expansive or positively expansive dynamical
system on a metrizable Stone Space can only have finitely many p-periodic points for
every p € N. This is true in general as the following easy lemma shows.

Lemma 2.67. Let X be a compact metrizable space, let f : X — X be a dynamical system
and let p € N. If f is expansive or positively expansive, then Per,(f) is finite.

Proof. Let d be a compatible metric on X and let ¢ > 0 be an expansivity constant of f
with respect to d. By continuity of f and compactness of X, there is § > 0 such that for all
points x, y € X with d(x, y) < & we also have d(f*(x), f*(y)) < e forallk € {0, ...,p—1}.
In particular there can be no two points in Per,(f) which are 6-close. We can cover X
by finitely many balls of radius % and each of these balls can contain at most one point
from Per,(f). Hence f has only finitely many p-periodic points. O

Contrary to this, the p-periodic points of a cellular automaton in general form a subshift
of possibly infinite cardinality. These subshifts will be an object of central interest to
us.
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If a dynamical system f has only finitely many periodic points of each period length,
it does not matter if one considers (|Per,(f)|)pen Or (|Per,(f))pen- Both sequences can
easily be expressed in terms of each other. More precisely,

[Per, (f)| = > [Pery(f),

klp

[Pery (F)] = D u()Per(£)]

klp

where u : N — N is the Mobius function. For this Mobius inversion formula see any
textbook on number theory, for example the one by IRELAND and RoseN [IR82].

We now want to clarify in which ways the periodic and preperiodic points of a dynamical
system intersect. Denote by ged(k,{) the greatest common divisor of k and ¢ and by
lem(k, £) their least common multiple.

Lemma 2.68. Let X be a set and f : X — X. For p,,p, € N we have

Per,, (f)NPery, (f)=Pergcqep, p,)(f)-

Proof. Set p := gcd(py,p2)- If x € X is in Per,(f), then it is clearly also in Per, (f) and
Per, (f). On the other hand, there are kq,k, € Z such that p = kyp; + kyp,. When
restricted to its periodic points, the function f is invertible. Hence for x € Per, (f) N
Per,, (f) we have

FP00) = FRn(fhare(x)
= fan(x)

=X.

In other words, Per,,(f) 2 Per, (f) N Per,, (f). O]

We can slightly generalize these investigations and instead of the periodic points also
look at the preperiodic points.

Lemma 2.69. Let X be a set and f : X — X. For py,p, € Nand q;,q, € Ny we have

Preg, », (f)NPreg, ». (f) = Premin(q, q,),ged(pyp2)()-

Proof. Set q := min(q;,q) and p := ged(p;, p,). If x € Preg ,(f), then f47P(x) = f9(x).
Thus also f@1*Pi1(x) = f‘h_q(f‘”p%(x)) = f179(f9(x)) = f4(x). In other words, x €

Pre,, , (f) and, by the same reasoning, x € Preg, ,,, (f).

On the other hand consider x € Preg, , (f) NPrey, ,, (f). Without loss of generality we
assume that q; < ¢,, in other words, that ¢ = ¢q;. For all m > g, we have f™(x) €
Per, (f)NPer,, (f)="Per,(f). In particular

f(I1+(I2P1P+P(X) :fCh'HIzPlP(x) — fﬁh(x)_
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But we also have
fQ1+Q2P1P+P(x) — ffh‘*‘P(x)’

since x € Preg, , (x). Combining these equations gives f DtP(x) = f9(x), hence x €
Preg ,(f). O

Theorem 2.70. Let X be a set and f : X — X. For p € N and q € N, we have

2:6) Preg, (1) =) {Prece(f) | k<q. ¢1p)
and in particular

2.7)  Preg,(f) =Preg,(fFI\|J{Prewo(f) | k<gq, £|p, (k,0)#(q,p) }.

Proof. The right hand side of (2.6) is clearly contained in the left hand side. If x €
Pre, ,(f), there must be k < q and £ € N such that x € Prey ((f). By Lemma 2.69 and the
minimality of £, we have ¢ = gcd(¢, p), hence ¢ | p. Equation (2.7) follows directly from
(2.6) and the observation that

{ﬁ}gk,f(f) ‘ k<gq, t|p, (k,ﬂ)#(q,p)}={Prek,z(f) | k<gq, t1p, (k,0)#(g,p) }.0

2.7. Periodic Cellular Automata

As we discussed before, restricting cellular automata to their p-periodic points gives rise
to periodic cellular automata. We can use those to obtain obstructions for the existence
of conjugacies for the original systems. In this context it is also very natural to consider
cellular automata on subshifts of finite type, as the p-periodic points of cellular automata
have this structure. Even if one starts with a full shift as the state space, restricting a
cellular automaton to its periodic points of minimal period at most p gives rise to a
periodic cellular automaton on a sofic shift. This section discusses two known theorems
that characterize periodic cellular automata in different ways.

We showed that every two-sided subshift of finite type is conjugate to the edge shift of a
graph G. Every graph automorphism of G gives rise to a map Path;(G) — Path;(G) which
is continuous and commutes with the shift. In other words, it is a cellular automaton.
Since G is finite, the automorphism must have finite order and the induced cellular
automaton must be periodic.

The next result shows that the converse is also true. For every periodic cellular automaton
f on a subshift of finite type X, we find a graph G, whose edge shift is conjugate to X, such
that the representation of f on the edge shift of G is induced by a graph automorphism.
The result can be found in the paper [BLR88, Prop. 2.9] by BovLE, LIND and RUDOLPH,
where it is attributed to JouN FrRanks. With trivial modifications, the prove yields the
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stronger result that every finite subgroup of the automorphism group of a subshift of
finite type arises in that way. We follow the proof presented in [Kit98, Lemma 3.3.8].

Theorem 2.71. Let X C AZ be a two-sided subshift. If f: X — X is a periodic cellular
automaton, then there exists an alphabet B, a subshift Y C BZ such that oy is conjugate

to ox and a permutation ©w: B — B such that f is conjugate to the cellular automaton
g:Y — Y defined by

g(x); = n(x;) fori€Z.

Proof. Define a partition /4 :={[a], | a €A} of X. Applying f to this partition multiple
times and taking the common refinement, we get

p—1
N =\ Ry ={Mon fIM 1NN fP M, 1] | Mo, My € 4 }\ {0},
k=0

A is a partition of X into a finite number of clopen sets and since f is p-periodic, for
each M € 4 there is a unique N € 4 such that f[M] = N. Therefore there is a uniquely
determined permutation 7w: A — A with 7(N) := f[N] for all N € #. We now define a
map Y: X — N% by mapping each point to the sequence of partition elements which
(ot (X))IGZ traverses, i.e., 1)(x); is the unique element of .4 in which o(x) lies. Set
Y :=)[X] and let ¢: X — Y be the map obtained from 1) by restricting the range to Y.
Since 4 is a refinement of .#, for each element N € 4 there is a unique symbol ay € A
such that N C [ay]y. Therefore v is bijective and its inverse is given by

Y (NDiez) = (aniez-

The map 1! is defined by a one-block map, hence continuous and shift-commuting.
The map v is therefore a conjugacy between oy and oy. Define the cellular automaton
g:Y—>Yby

g:=1pofoyL.
Finally for y := (N;),cz € Y and j € Z we have

oYM (y)) N,
F@HA () € FIN;] = m(N),
) =v(F1 () = nly)). O
Corollary 2.72. Let X by a subshift of finite type. If f: X — X is a p-periodic cellular
automaton with p € N, then there exists a graph G, a graph automorphism n: E(G) — E(G)

and a conjugacy y from X to Path,(G) such that f is conjugate to the cellular automaton
g defined by

g(x); i =n(x;) forieZ

via the conjugacy .
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Proof. Applying Theorem 2.71 to f, we obtain a subshift Y over the alphabet B which is
conjugate to X via the conjugacy 1, such that the cellular automaton h := 1o f o)
has left and right radius 0.

X is a subshift of finite type, hence Y, too, is a subshift of finite type by Lemma 2.42.
Passing to a higher block representation, we find an essential graph G such that Y is
conjugate to Path,(G) via ¢ : Y — Path;(G). By Lemma 2.60 the map g := poho ¢!
can be defined by a local map with left and right radius 0. This means, there is a
map 7: E(G) — E(G) with g(x); = n(x;). Since h maps Path,(G) to itself, = is a graph
automorphism. O

Example 2.73. Consider again the cellular automaton f from Example 2.53. If we apply
f to the partition & = {[0]y,[1]o,[2]o} of AZ and take the common refinement with &, we
obtain

{[0]y,[10]p,[11]g U[12]y,[20],[21]o U [22]o}.

The corresponding shift is represented as an edge shift in Figure 2.4. The graph automorphism
corresponding to f is given by the exchange of the vertices [10], and [20],.

()

[0]o

AN

[10] [20]o

I RN I
[11],u[12], [22], u[12],
~

Figure 2.4.: Representation of the subshift from Example 2.73 as an edge shift.

We now take a look at another source of periodic cellular automata. Sensitivity is a
property that received a lot of attention in the dynamical systems literature. It measures
how much small perturbations in the initial state influence the dynamics. A class of
systems showing very little sensitivity are the equicontinuous systems.

Definition 2.74 (Equicontinuous dynamical system). Let (X,d) be a compact metric
space. A dynamical system f : X — X is called equicontinuous if the set of its iterates is
equicontinuous, i.e.,

Ve>036>0Vx,y €eXVl €Ng:d(x,y) <6 = d(f'(x), fi(y)) <e.

It is easy to see that equicontinuity of a dynamical system does not depend on the metric but
only on the topology.
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The following theorem shows that on two-sided sofic shifts the equicontinuous cellular
automata are precisely the preperiodic ones. It is due to Kurka [Kur97, Theorem 4] for
the case of full shifts.

Theorem 2.75. Let X be a two-sided sofic subshift. For every cellular automaton f : X — X
the following are equivalent.

(a) f is preperiodic.

(b) f is equicontinuous.

Proof. (a) = (b) If f is preperiodic, the lengths of its orbits are uniformly bounded,
hence { ft | {teN } is finite. Every finite set of continuous functions is equicontinuous.

(b) = (a) Let d be the standard metric on X as defined in Example 2.7. Since f is
equicontinuous, there is € > 0 such that d(x, y) < ¢ implies

d(f'Ca, FfoN < 1.

This translates into the combinatorial statement that there is n € N such that for all
X,y €X with x;_,, ] = ¥[—n,n] We also have the equality FUx)o = fA(y)o for all £ > 0. Let
W be the set of all words which appear as subwords in elements of X.

Let w e W with |w| = 2n + 1. As a sofic shift, X is the image of an edge shift under an
edge labeling. Therefore there exists a positive integer m € N, words u,v € W, whose
lengths are a multiple of m, and a configuration x = x" € X such that x[_,,) = w,
X = CUX[_n0)-X[o,m)V ", Y = Tu® €X and z := v € X. In particular x_; = y_; and
x; = z; for all sufficiently large i € N.

Since f is equicontinuous and commutes with the shift, there exists k € N such that
fe(x)(—oo,—k] = fe(.)/)(—oo,—k]:
£k 00y = FH @k .00)

for all £ € N,,. Since y and z are o-periodic, they are eventually periodic under f by
Lemma 2.58. In other words, there are positive integers q, and p, with f%*Px(y) = f9x(y)
and f9+Px(z) = f%(z).

By the pigeon hole principle, there are ¢,,{, € N with ¢; < ¢, such that

FEPL00 g = FIP () e

We also have

FEP() oo,y = I (V) Coo,k]
= f P (Y ) Co0,k]

= FIP () oo g
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and f &P (00 o0y = F P (3 00). Together this shows that x is eventually periodic
under f with preperiod q,, := ¢, + p,{; and period p,, := p,({5 —£;). Define q :=
max({q, | weW,|lw|=2n+1})and p :=lem({p, | weW,|w|=2n+11}).

Let y € X be an arbitrary configuration. Set w := yj;_, ;1,] and consider x" as defined
above. We have f9%P(y), = f9*P(x")g = f9(x")o = f9(y ), since q > q,, and p,, | p. For
i € Z we also have fi*P(y); = f9*P(c'(y))g = f9(c'(¥))o = f9(¥);. This shows that f
has preperiod q and period p. O

Corollary 2.76. A cellular automaton f : X — X on a sofic subshift X C AZ is periodic if
and only if it is invertible and equicontinuous.

Despite these characterizations, periodic cellular automata can nevertheless be quite
complex. Kart and OLLINGER showed in [KOO08] that it is undecidable, in the algorithmic
sense, if a given invertible cellular automaton on a two-sided full shift is periodic.
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Chapter 3.
Derivative Algebras

For our investigation of topological conjugacy of dynamical systems on metrizable Stone
spaces we have to understand the topological structure of these spaces. To do so, a more
algebraic approach to topology is very beneficial. Already in the beginning of set theoretic
topology, topological spaces were studied by looking at operations on their power set.
See for example the works of STERPINSK [Sie27] and Riesz [Rie09] for early applications
of this method.

MoorEe [Mo010] and later McKiNsEy and Tarsk1 [MT44] looked at these structures
in an abstract algebraic framework. Starting with a Boolean algebra together with a
closure operation fulfilling certain axioms one defines what it means for an element of
the Boolean algebra to be closed and therefore gets a topology on the space underlying
the Boolean algebra. In the appendix of [MT44], McKinsEy and TARSKI also mention
that a structure similar to closure algebras can be obtained by considering the operation
of taking the set of accumulation points, the so called Cantor-Bendixson-derivative.

Later, in several works P1ERCE [Pie70; Pie72] investigated closure algebras together with
the additional operation of taking the inner accumulation points. He called these algebras
topological Boolean algebras and used them to classify certain Stone spaces.

We will study Boolean algebras with a derivative operation as suggested in [MT44]
and call them derivative algebras. It will be shown that these structures are actually
equivalent to the topological Boolean algebras of PIERCE but have a much shorter and
more intuitive axiom system.

3.1. Boolean Algebras

We begin by recapitulating some notions about Boolean algebras. A classical introduction
to Boolean algebras is the book [Hal63] by HaLmos. There exists a newer extended
version due to GivaNT and HALMos[GH09] which we will normally cite. For an outlook
on the vast theory of Boolean algebras, of which we only need a very modest part, one
can consult the handbook [MK89]. In particular, we will mostly be concerned with finite
Boolean algebras.
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Definition 3.1 (Boolean algebra). A Boolean algebra 9 is a set D equipped with two
binary and one unary operation V, A, and ¢ on D and two constants 0 and 1 in D, that
fulfill the following axioms.

(i) (Idempotence) aVa=a, aAa=a,
(ii) (Commutativity) avVvb=bVa,aAb=DbAa,
(iii) (Associativity) aV (bVvz)=(aV b)Vz,
(iv) (Absorption) aA(aVb)=a, aV(aAb)=a,
(v) (Distributivity) aV (bAz)=(aVb)A(aVz),an(bVz)=(aAb)V(aAz),
(vi) (De Morgan laws) (aV b)* =a® ADbS, (a Ab)* =a‘V b,
(vii) (Complement) aVa®=1,aAa®=0,
(viii) (Non Triviality) 1 # 0.

The three operations V, A, and ¢ are called join, meet and complement.

Notice that some of these axioms can be derived from the others and that there are
different possibilities of giving a minimal axiom system (see for example [Hal63, p. 5]).

Example 3.2. The canonical example of a Boolean algebra is the power set (X ) of some
set X together with the operations union, intersection and complement. The constants are
defined as Og () =0 and 15 x) =X.

Boolean algebras are therefore algebras in the sense of universal algebra. Concepts like
subalgebra and homomorphism carry over from this abstract setting. For the sake of
completeness we nevertheless present them here in our concrete situation.

Definition 3.3 (Subalgebra). A Boolean algebra & is a subalgebra of the Boolean algebra
92, if E C D and all operations in & are just the restrictions of the operations in 9. In
particular 04 € E and 1,4 € E must hold.

Definition 3.4 (Homomorphism). A homomorphism between Boolean algebras 2 and &
is a map p : D — E that commutes with the Boolean operations, i.e. it satisfies

(i) e(aVvb)=p(a)Ve(b),
(i) e(aAb)=p(a)A(b),

(i) o(a®)=e(a),
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(iv) 0(0)=0,0(1)=1.

A homomorphism p : 9 — & is an isomorphism of Boolean algebras if it is bijective.

Every Boolean algebra carries a natural partial order defined by
(3.1) a<bsaAnb=a.

Lemma 3.5. For a Boolean algebra 2 the relation < defined in (3.1) is a partial order.
Furthermorea<b<aVb=b>bforal be 9.

Proof. Reflexivity follows from idempotency of A. If a Ab = a and b A ¢ = b, then
aAc=(aAb)Ac=aA(bAc)=aAb=a, proving transitivity. Finally if a A b = a and
a Ab = b, we get a = b and therefore antisymmetry.

If a < b,thenaVb=(aAb)Vb=D>b by the absorption axiom. On the other hand if
aVb=>b,thenaAb=aA(aV b)=a, again by absorption. O

Definition 3.6 (Atom). An element a # 0 in a Boolean algebra for which b < a implies
b=0or b=ais called an atom .

It follows immediately that for two different atoms a and b we have a A b = 0. At least
for finite Boolean algebras the atoms form the basic building blocks of all elements of
the algebra as the following two lemmas show.

Lemma 3.7. Let b # 0 be an element of a finite Boolean algebra 9. Then there are atoms
a,...,a; in 9 such that b=a; Va,V -V a. These atoms are unique up to permutation.

Proof. Let b be an element of 2 and let M be the set of all atoms a for which a < b.
Clearly \/M < b, so assume b # \/ M. Let N be the set of elements ¢ # 0 for which
¢ <bA(\/ M) . Since N has only finitely many elements, it must have a minimal element,
which is necessarily an atom. But this atom is less or equal b, but not in M, contradicting
the definition of M. So b=\/M. Since b=a, V---V q; implies q; < b fori = 1,..., k, we
also showed uniqueness. O

Lemma 3.8. Let 9 and & be finite Boolean algebras with atom sets I and J, respectively.
Every map p : I — J can be extended uniquely to a homomorphism from 9 to &. If p is
bijective, this extension is an isomorphism.

In particular a finite Boolean algebra 9 with atom set I is isomorphic to the power set
algebra 2 (I).

Proof. Since every element a € 2 has a unique representation as a =c¢; V -+ V ¢, with
C1,--.,C €1, we define

(3.2) p(la):=p(cy) V-V plc).
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Using the finiteness of 9 it is easy to check that this is indeed a homomorphism and
since every homomorphism is compatible with V, this is the only possibility to define an
extension of p to a homomorphism.

If o is a bijection on I all atoms on the right hand side of (3.2) are pairwise different
and so p is injective. Surjectivity follows directly by Lemma 3.7. O

3.2. Derivative Algebras and Topological Boolean Algebras

In order to incorporate topological information into our algebra we equip it with yet
another operation.

Definition 3.9 (Derivative algebras). A derivative algebra is a Boolean algebra 9 equipped
with a unary operation * that fulfills the following three axioms.

(i-a) 0* =0,
(i-b) a™ < a*,

@i-c) (avb)* =a*Vvb*"

This structure is defined in Appendix I in the paper [MT44] by McKiNsEY and TARSKI.
However, it is not studied further there. The name “derivative algebra” follows the
terminology of “closure algebras” or “topological Boolean algebra”. The term “derived
set”! goes back already to CANTOR’s seminal article [Can72], which was one of the
starting points of point set topology. Esakia uses the name “derivative algebra” in a paper
[Esa04] for a very similar structure where Axiom (i-b) is replaced by a** < a* v a. The
focus in Esakia’s work is, however, on logical aspects.

The following lemma is an immediate consequence of the axioms.

Lemma 3.10. Let 9 be a derivative algebra and let a,b € 9. If a < b, then a* < b*.

Proof. Since a < b, we have b = a V b. Hence b* = (a V b)* = a* Vv b*, in other words,
a* < b*. O

Example 3.11. Let G be a graph. Consider the Boolean algebra B = 2 (V(G)). We can define
a derivative operation on B by setting M* := {t;(y) | v € Path(G),ig(y) € M and |y| =1}
for M C @ (V(G)). The derived set of M is thus the set of all vertices reachable from M by
non-empty paths. Axioms (i-a) and (i-c) are fulfilled by definition. Let i be a vertex in M**.
There are non-empty paths a, p € Path(G) with iz(a) € M, tg(a) =is(B) and t;(B) = i.
Taking the concatenation af3 shows that i € M*, hence (i-b) is also satisfied.

!Cantor, writing in German, uses the term “abgeleitete Menge”.
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We will not use this example further on, but it useful to keep it in mind in order to have a
simple finite example of a non trivial derivative algebra. The class of derivative algebras
that we will use over and over are given by the powerset of suitable topological spaces,
where the derived set of M consists of the accumulation points of M. This will be dealt
with in detail in Definition 3.17.

Subalgebras and homomorphisms of derivative algebras are defined as usual for algebras
in the sense of universal algebra.

Definition 3.12 (Derivative subalgebra, homomorphism). A derivative subalgebra % of
a derivative algebra 2 is a Boolean subalgebra of % such that the derivative operation on
A s the restriction of the derivative operation on 9 and such that 2 is closed under taking
derivatives. A homomorphism p : B8 — 9 between derivative algebras is a homomorphism
of Boolean algebras, that additionally commutes with the derivative in the sense that p(a)* =
p(a*) for all a € B. A bijective homomorphism between derivative algebras is called an
isomorphism between derivative algebras.

Lemma 3.13. Let & be a finite derivative algebra. A Boolean subalgebra € of % is also a
derivative subalgebra of 2 if and only if a* € € for every atom a € 6.

Proof. We have to show that b* € ¢ for every b € 6. Since ¥ is finite, we can decompose
b as the join of pairwise different atoms ay,...,a, of €. Since ¥ is closed under joins,
we get b*=ajV---Va; €E. O

Lemma 3.14. Let 8 and 6 be finite derivative algebras. A homomorphism of Boolean
algebras ¢ : B — € is also a homomorphism of derivative algebras if and only if

(3.3) ¢(a*) = p(a)*

for all atoms a of A.

Proof. For every homomorphism of derivative algebras the equation holds (3.3) for all
a € %, in particular for the atoms. Since 2 is finite, every element of 2 is the join of
atoms by Lemma 3.7, hence for b € 9 there are atoms a;,...,a, suchthat b=a; V...q,.
Applying (3.3) and the fact that p is a homomorphism of Boolean algebras

p(b*)=p(ajV---Vvay)
=p(a))V---Vvpla,)
=p(a)*V---Vpla,)*
=(p(a;)V---Vp(a,))*
= p(b)". O

Derivative algebras are quite similar to topological Boolean algebras introduced by
PIERCE, which we define next. Notice, however, that the axiom system for these algebras
is much more complex.
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Definition 3.15 (Topological Boolean algebras). A topological Boolean algebra 2 as
defined in [Pie72] is a Boolean algebra equipped with two unary operations ' and ~ that
fulfill the following axioms.

(ii-a) (avb) " =a Vb,

(ii-b) aAa” =a,ie,a<a,

(ii-c) a =a,

(ii-d) 0~ =0,

(ii-e) a’'Aa=d,

{i-f) a’=@Ab)Y v(@aAnb)YVv((aArb)y  AaAb?)V((aAb®)” AaAb).

The remainder of this section will be used to show that derivative algebras and topo-

logical Boolean algebras are equivalent concepts in the sense that one can define the
corresponding operations in terms of each other.

For a derivative algebra we can define
(i-op) ad=a*ANaanda =a*Va,
and for a topological Boolean algebra we can define a derivative operation as

(ii-op) a*=a’,

These resulting structures are equivalent in the sense of the following lemma.

x /I —

Theorem 3.16. Let 2 be Boolean algebra together with unary operations *,’,”. The algebra
9 fulfills the axioms (i-a)—(i-c) and (i-op) if and only if it fulfills the axioms (ii-a)—(ii-f)
and (ii-op).

Proof. Let a,b,c,d € 2 be arbitrary elements. All implications will be shown just by
algebraic manipulations which, however, will get quite involved at times.

(=) Let 9 fulfill the axioms (i-a)-(i-c) and (i-op). We show that this implies the identi-
ties (ii-a)—(ii-f) and (ii-op)
(ii-a) (avb) " =a Vb :

(avb)y =(avb)*V(aVvb) (Definition of a™)
=a*VaVvb*Vvb >i-c)
=a Vb (Definition of a™)
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(ii-b) ana” =a:

aNa =aA(a*Va)

=da.

(ii-c) a  =a:
a =(a*Vva)”
=a*" Va~
=(a™*Vva*")V(a*Va)

=a*Va=a .

(ii-d) 0~ =0:

0" =0VO0*

(ii-e) a’Aa=d':

a’ANa=(a ) ANa Aa
=(a*Va)*Aa
=(a@*VvVa")Aa

=a*Na=da.

(Definition of a™)

(Definition of a™)
(ii-a)
(Definition of a™)
(i-b)

(Definition of a™)
(i-a)

(Definition of a’)
(Definition of a™), (ii-b)
(i-c)

(i-b), (Definition of a’)

(i-f) ' =(@Ab)Y V(@aAb?)YV({(aAb) " AaAb)V((aAb) AaAb):

(@aAnb)Y V(aAb)YV({(anb)y  AaAb)V((aAb®) AaAb)

=((anb)*Aanb)Vv((@aAb) AaAb)v

(((@nby*V(anb)AaAb)V(((anb)* V(aab))Aaab) (Def ofd’,a’)

=(aA(((@aAbB)* AD)V ((aAb) ADY)))V
((@Ab)y* AaAb)V((@Ab)* AaAb)
=an(((@Ab)* Ab)V((aAb) ADT)V

((@aADB)* ADB?)V ((aAb)* AD))
=aA((aAnb) V(aAb))
=aA((aAnb)V(aAb))*

=ana*=d.

(Distributivity)
(bADB =0)

(Distributivity)
(Distributivity)
(i-0)

(Distributivity)
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(ii-op) a~’ =a*:
a’=(a*Vva) (Definition of a™)
=(a*vVa)*A(a"Va) (Definition of a’)
=(a™Vva')A(a*Va) (i-c0)
=a*A(a*Va) (i-b)
=a*.

(<) Let 2 fulfill the axioms (ii-a)—(ii-f) and (ii-op). We show that this implies the
identities (i-a)—(i-c) and (i-op). As a starting point we give an alternative expression for
a*. Axiom (ii-f) applied to the case b = a gives
a*=a’'=(ana )Y V(@ Aa)YV({(ara ) Aa Aa)V((a Aa) Aara’)
=dVv(a Aa)YV(a Aa Aa)V((a Aa®) Aa)
=dVv(a Aa)V((a Aa) Aa).

In particular this means that

(aAa)" Aa<a”,
(aAa) Aa=(a Aa°) Aana<a ' Aa=d.
Together this gives

3.9 a*=a’=d Vv(a Aa°).

(i-a) 0" =0:

0=0"A0=0,
0*=0"=0"=0.

(i-b) a** < a*: To show this, we first have to establish that taking the closure of elements
preserves the order <. For any pair of elements b,c with b <cwe have bvc=c
as shown in Lemma 3.5. By Axiom (ii-a) this implies b~ V¢~ = ¢, in other words
b~ < ¢~. Now notice that a’ < a, since a’ Aa = (a~’ Aa) Aa = a’. Furthermore
a~ Aa‘ <a” and hence

(3.5) (@ ANa)y <a =a .

Taking the intersection with a¢ and using (3.4) gives (a~ Aa®)” Aa® <a” Aa‘ < a*.
On the other hand (ii-f) also shows (a~ Aa®)”" Aa < a~ = a*. Taking the join of
these two inequalities gives

(3.6) (@ Aa®)” <da*.

Other consequences of (3.4) are a’~ Ad’® <a”* <a* and a~ Aa’ < d’ < a*. Again,
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taking the join of these inequalities gives
(3.7) a’” <d*.
Plugging (3.6) and (3.7) into (3.4) finally gives
a~=(@Vv(@a Aa)) =a " Vv(a Aa®) <a*
and
a*=a" V(@ Aad*)=a"V0<at
(i-¢) (aVvb)*=a*Vb*: First we notice that by Axiom (ii-f) with a :=c¢~VvVd~ and b := ¢~
we have
(cvd )Y =) V(d@ AC))Y V(A VAIAC))DVIAd ACE)) Ac)
=c*V(d AC))Y VA AC)) Ac)
and with a:=c~ vd™ and b :=d~ we have
(cvd)Y =d*V(c AA))Y V((cAME)) Ad).
Taking the join of these equations gives
(3.8) (covd )Y =c*vd* V(A A)) Ac)V((cTAM)) AdD).

Now we want to show that the third and fourth term on the right hand side are
contained in the first two terms. To see this, notice that ¢’ = ¢~ Ac < ¢ < ¢~, which
together with ¢~ A c = ¢ and (3.4) implies

FVe=(c' V(T A))VI(cT Ac)

=c'Ve =c¢".

3.9

For b<awehavea’ > (aAb) =b'anda” =(aVb)  =a Vb~ > b". Therefore
both mappings a — a’ and a — a~ preserve the order <, hence this is also true for
a — a* = a”’. Plugging (3.9) into the third term on the right hand side of (3.8)
gives

(A AT)) A <((d A VA ACT))DAC
=(d A(T))' A
<d*=d '=d’=d"

Exchanging ¢ and d we also get

(cTA@T)) Ad” <™.



48 Chapter 3. Derivative Algebras

Finally applying these two inequalities to (3.8)

(cvd) =(cvd)”’
=(c-vd)
=c*vd*. O

To finish our analysis of the relationship between topological Boolean algebras and
derivative algebras, we show that the definitions (i-op) and (ii-op) are compatible with
each other. More precisely, we show that if one starts with a topological Boolean algebra
and defines a derivative operation by (ii-op), applying (i-op) to this derivative gives back
the two original operations * and ~. For ’ this follows directly from Axiom (ii-e), since
a*ANa=a’ Aa=d is precisely what we have to show. For ~ we use (3.4) to conclude
that

a*Va=d V(a Aa)Va
=aV(a Aa°)
=(a" Aa)V(a Ad°)
=a .
Similarly, starting with a derivative algebra and defining a new operation by plugging
(i-op) into (ii-op) gives back the derivative operation. To see this, consider

a”’'=(a*Vva)
=(a*Va)*A(a*Va)
=(a@*Va")A(a*Va)
=a*A(a*Va)

=a*.

3.3. Derivative Algebras and Topology

Definition 3.17 (Accumulation Points). Let (X, ) be a topological space and let M € X
be a subset. The set of accumulation points of M in X is defined as

aca(M):={xeX |VUeT:xeU = IzeUNM:z#x}.

If there is only one topology under consideration, we omit the index and simply write ac(M)
or acy(M).

For a discussion of accumulation points and their properties see for example [Eng89].

Remark 3.18. Notice that accumulation points are sometimes also called limit points in
the literature, and there are the closely related notions of condensation points, proximal
points and cluster points. Of these terms, we will only use cluster points for the set of
limits of convergent subsequences of a sequence. Some authors, however, use limit points
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in connection with sets and accumulation point in connection with sequences. See [Voi]
for a discussion of this case of Babylonian confusion.

We can characterize the set of accumulation points by the following identity.

Lemma 3.19 (Approximating the accumulation points from the inside). Let X be a
topological space. If M C X, then

acM)= [ J S\s.

SCM

Proof. (2) Let x €S\ S for some S € M and let U be an open neighborhood of x. Then
UNS # 0, since otherwise X \ U is a closed superset of S not containing x and hence x
would not lie in S. Therefore there is z € SNU € M NU and since x ¢ S, we have z # x
and thus x € ac(M).

(€) Letx € ac(M). Let % (x) be the set of neighborhoods of x. For each open neighborhood
U € %(x) there is z;; # x with z; € UN M. We will show that x € {2, | Ue %(x) } \
{2y | Ue 2(x)}. Since x # gz for all U, it is enough to show x € {2, | U € %(x) }. Now
assume that this is not the case. Then V := X \{zy | U € %(x) } is an open neighborhood
of x. But this implies z, e VN{z, | U< %(x)} =0, a contradiction. d

Similarly as we do with the closure of a set, we can give an alternative definition of
accumulation points by approximating them from the outside as

(3.10) aco(M) := | M\ {a}.

aeM

This approach has some nice properties but in general we only get a subset of the
accumulation points as the following lemma and example shows.

Lemma 3.20 (Approximating the accumulation points from the outside). Let X be a
topological space. If M C X, then

ac(M) 2 ac,,,(M).

Proof. Let x € ﬂyeMM \ {y}. Either x ¢ M and hence x € M = M \ {x}, or x € M, in
which case x € M \ {x}, too. In both cases we have x e M \ {x}\ (M \ {x}) Cac(M). O
Example 3.21 (A topological space with ac,,, # ac). Consider the set X = {1,2} to-

gether with the topology {0,{1},{1,2}}. The closed sets of X are {@,{2},{1,2}}. Obviously
ac,,:({1}) = 0 whereas we have ac({1}) = {2}.

We can, however, rectify the situation by taking the union with M \ M or by imposing
stronger conditions on our space X.

Lemma 3.22 (Approximating the accumulation points from the outside under restric-
tions). For a topological space X the following assertions hold.
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(@) ac(M)=M \ M Uac,, (M) for all M CX.

(b) ac(M) = acyy (M) for all M € X if and only if (X,T) is T, i.e., if every set containing
exactly one element is closed in X.

Proof. (a) By Lemmas 3.19 and 3.20 we have to show that ac(M) € M \ M U ac,,(M). It
is enough to show that for S ¢ M and y € S\ S we have y € M \ M Uac,,(M). For y ¢ M
we have y € S\ M C M \ M. On the other hand let y € M and let a € M be an arbitrary
element. If y #a,then ye M\ {a}CM\{a}.ff y=a, then yeSC M\ {y} =M\ {a},
since S € M \ {y}. Therefore y € (),cpy M \ {a} = acyu(M).

(b)

(<) By (a) it is enough to show that M\ M € M \ {x} for all x € M. Let y € M \ M.
Assume there was x € M and an open neighborhood U of y with UNn(M \ {x}) = 0. Then
U\ { x } is an open neighborhood of y, since {x} is closed and we have (U \ {x})NM =
Un (M \ {x})=0. This, however, contradicts y € M.

(=)I1f ac@ = acy,:(M), then by (a) we have M\%g M \ {x} for all x € M. In particular
we have {x} \ {x} € {x}\ {x} =0 and therefore {x} = {x} for all x € X. Hence (X,7) is
T,. O

As already mentioned, a better known structure similar to derivative algebras is that of
(topological) closure algebras. These are Boolean algebras with one additional binary
operation ~ fulfilling axioms (ii-a) - (ii-d). One of their useful properties is that they can
be used to define topological spaces, see [KJ66].

To be more precise, let 2 = 2 (X) be the power set algebra of some non-empty set X.
Defining a set M as closed if M~ = M, we get a topology

F={MCcX | (X\M) =X\M}.
Moreover, if we then proceed and define the operation of taking the topological closure
M~ = ﬂ {S2> M | S is closed with respect to J }

we get our original closure operation back in the sense that M~ = M~ for all M C X.

Given a derivative algebra one can of course repeat this construction, since a derivative
operation * gives rise to a closure operation ~ by (i-op). Thus, if 2 = #(X) is the power
set algebra of some non empty set X and * is a derivative operation on X, we get a
topology by defining

T, ={MCcX | X\M)" SX\M}.

Lemma 3.23. Let X be a set. If x is a derivative operation on & (X), i.e., a binary operation
fulfilling axioms (i-a) - (i-c), then Z, is a topology on X.
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Proof. By Axiom (i-a), , contains X and the empty set. We have to show that ,
is closed under arbitrary unions and finite intersections, or equivalently, that J, =
{(X\M | MeZ,} ={MCX | M*C M} is closed under arbitrary intersections and
finite unions. First, let M;,i € I be a family of subsets of X with M € M; for all i € I.
The inclusion ([);; M;)* € M; € M; holds for every i € I by Lemma 3.10, hence also
(Nicr M)* € iy M. Second, for every M,N € 7, we have (M UN)* = M*UN* C MUN
by Axiom (i-c). O

However, we can in general not hope to recover the operation * from this topology. For
every derivative operation %, the operation a — a~ :=a* V a is a closure operation and in
particular again a derivative operation. Both of these derivative operations generate the
same topology, i.e., 7, = 7_. Therefore there can be no universal way to recover * from
this topology.

In the case of T;-spaces, however, we have the following theorem.

Theorem 3.24 (Topology from derivative algebras). (a) For a T;-space (X, ) the map
M — ac(M) is a derivative operation.

(b) If X is a set and & (X) together with * is a derivative algebra, such that
VxeX:{x} =0,
then (X, 7,) is a T;-space and we have M* = ac(M) for all M C X.

Proof. (a)Let(X,Z7)bea T;-space and let M C X. By Lemma 3.22 ac(M) is an intersection
of closed sets and therefore closed. Moreover, we have

acy(ac,(M))= [ acy(M)\ {a} € ac,(M) = ac,(M).
acac(M)

Therefore M — ac,(M) fulfills Axiom (i-b). That ac, (@) = @ and that M; € M, implies
acy(M;) € ac4(M,) follows by Lemma 3.19. This also gives us ac,(M;UM,) 2 acy(M;)U
acy(M,). For Axiom (i-c) to hold, it remains to show that ac,(M; U M,) € ac,(M;) U
acy(M,). We can derive this as follows.

ac,(MyUMy)= | ] S\s
SCM,UM,

= U U S]_USzm(S]_USz)C
5,CM, S,CM,

= |J U Giusynsinsg

S$1EM; S2EM,

E(U s‘msi)u(u 5055)

$,CM; $,CM,
=ac(M;)Uac(M,).
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(b) Let 2 (X) together with * be a derivative algebra such that for all x € X the equality
{x}* =0 holds. If X is endowed with the topology Z,, a set M is closed, if M* € M. Hence

{x}=({MCcX |xeM,Misclosed} = {MCX | xeM,M* CM}={x},
so (X,7,) is a T;-space.

Let B be an arbitrary subset of X. For any superset C 2 B with C* € C we have B* C C* C C
and thus BUB* C C. Together with (B* UB)* = B** U B* = B* we have

B=(){SCcX |BCs,s"cs}
=B*UB,
B*=((B\{x)u{x}h*
=B\ {x})"u{x}*
=B\ {x})".

Since (X,J,) is a T;-space, we can apply Lemma 3.22.

ac(B) = (]B\{a}

a€B

=(B\{a*UB\{a})

aE€B

=B UGB\ {a})

a€eB
=B"U[\(B\{a})
a€B

= B*. O

Definition 3.25 (Derivative algebra of a topological space). Let (X, Z) be a T,-space. The
derivative algebra obtained by endowing the Boolean algebra #(X) with the derivative
operation M — ac4 (M) is denoted by 2(X). We call 2(X) the derivative algebra generated
by (X, 7). Whenever we encounter a subset M of a T, (X, ) we denote by M* = ac(M)
the derivative in the derivative algebra 2(X), if not mentioned otherwise.

Notice that for a non T;-space X the map M — ac(M) is in general not a derivative
operation, since Axiom (i-b) does not necessarily hold as the following example shows.

Example 3.26. Consider the space { 1,2 } with the trivial topology { @, {1,2 }}. Then {1} =
{2}={1,2}, henceac({1})={2}and aclac({ 1)) =ac({2})={1} L ac({1}).

In the light of the close connection between derivative algebras and topology we make
the following definition.

Definition 3.27 (Closed element). An element a of a derivative algebra 9 is called closed,
if a* < a. It is called open if a is closed.

While the operation of taking the closure of a set behaves reasonably nice under continuous
mappings, the same is not true for the operation of taking the accumulation points. For
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example for the map f : R — R that maps every element to zero, we have f[ac(R)] =

f[R]={0} £ ac(f[R]) = ac({0}) = 0.

The following lemma, however, shows that taking the derivative commutes with homeo-
morphisms.

Lemma 3.28. Let f : X — Y be a homeomorphism between topological spaces X and Y.
Then f[ac(M)] = ac(f[M]).

Proof. A simple calculation based on Lemma 3.19 shows

flac()]=fLJ S\ 8]

SCEM

= | J FIST\ FIS]
SCM
= J Q\a
QEf[M]
= ac(f[M]). O

3.4. Derivative Algebras and the Order on their Atoms

Since a finite Boolean algebra is generated by its atoms by Lemma 3.5, it is nice to have
a characterization, when a set of elements of a Boolean algebra forms the atom set of a
derivative subalgebra. Such a characterization is provided by the next lemma.

Lemma 3.29 (Atoms of derivative subalgebras). Let 9 be a finite derivative algebra. A
non-empty set T C 9 of disjoint elements is the set of atoms of a derivative subalgebra of 9
if and only if for every element a € T the derivative a* is the join of elements of T.

Proof. If T is the set of atoms of a derivative subalgebra of 2, then for every a € T the
derivative a* must also lie in T and is therefore the join of elements of T.

On the other hand let & be the Boolean subalgebra of 2 generated by T. Every element

b € & can be represented as the join of elements a,, .. .,a, € T. Therefore b* = ajV---va;
and every element on the right-hand-side is the join of elements of T, hence b* € §. This
shows, that & is derivative subalgebra of 2, whose set of atoms is T. O

We will capture the structure of our derivative algebra by a relation on its atoms.

Definition 3.30 (An order on the atoms). Let 2 be a finite derivative algebra and let T
be its set of atoms. We define a binary relation < on T by

(3.11D) axXb:=(a@a<b*ora=0>).
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In the cases where we will apply our theory, namely finite derivative algebras generated
by their closed elements, this relation is a partial order. In Theorem 3.33 we will see that
this order together with some cardinality data characterizes the derivative algebra up to
homomorphism.

Lemma 3.31 (Order on the atoms for finite derivative algebras generated by their closed
elements). For any derivative algebra 9 the relation < is a quasiorder, i.e., it is reflexive
and transitive. If 9 is finite and generated by its closed elements, < is a (partial) order.

Proof. Since < is reflexive by definition, we only have to show its transitivity. For this let
a < b and b < c. Then either a = b or b = ¢, in which case we have a < ¢ immediately,
ora<b*and b <c*. Butthena < b* <™ < c*.

For the second part assume that 2 is generated by its closed elements. The quasiorder <
defines an equivalence relation = by

a=b:<=a=xbandb=xXa

The equivalence class of a € D under = is denoted by [a]=. Notice that for a = b we
either have a = b and thus a* = b* or we have a* < b** < b* and b* < a™ < a*, hence
also a* = b*.

Let J be the set of atoms of 2. Consider the Boolean subalgebra & of 2 with atom set I
obtained by merging all atoms equivalent under =, that is

1={\/ld-

Since the equivalence classes of = form a partition of J, this is the atom set of a Boolean
algebra. To see that it is also the atom set of a derivative algebra by Lemma 3.29 we have
to show that for any atom b € I the derivative b* is the join of atoms in I. For b € I there
is a € J with b = \/[a]=. As shown above, b* =\/{c* €I | c =a}=a*. Now there are
C1,.--,C €J Witha*=c¢; V---V¢,. For an atom d € J withd =¢;,i = 1,...,k we have,
however, that eitherd =c; ord <cj < a* < a".

aGJ}.

On I we can also define the relation < by (3.11). This relation on I is clearly an order,
since it is antisymmetric by the definition of I. It remains to show that all closed elements
in 2 are also contained in &. Because 2 is generated by its closed elements this implies
9 = & and in particular that I =J. Let b be a closed element of 2. We have to show that
for each atom a € J with a < b we also have \/[a]= < b. But for ¢ = a we either have
a = c or we have ¢ < a* < b* < b, since b is closed. O

Lemma 3.32. Let & be a finite derivative algebra generated by its closed elements. Let T4
be the atoms of % order by =< defined in Definition 3.30. Let a € T4 be an atom. If a £ a*,
the equation

a*=\/{beTy | b=a)}
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holds and if a < a*, the equation

a*=\/{beTy | b=aa#b}

holds.

Proof. Let a € T4 be an atom. Since 43 is finite, we can represent a* as the join of atoms
by,...,b, and hence a* =\/{ beTyg | b<a*}.lfa<a* thenb <a*ifandonlyif b <a.
If on the other hand a £ a*, then b < a* if and only if b < a and b # a. O

Theorem 3.33 (Equivalence of derivative algebras and the order on their atoms). Let %
and € be derivative algebras generated by their closed elements and let (T4, <) and (T, <X)
be the corresponding atom sets together with the order < defined in Definition 3.30. Let
Sz € Ty and S € T4 be the sets of those atoms a of B and 6, respectively, for which
a < a*. If B and € are finite, then every isomorphism of derivative algebras p : B — €
induces an isomorphism of ordered sets from T4 to T and every isomorphism of ordered
sets T: Ty — Ty with T[S 5] = S extends to an isomorphism of derivative algebras from
B to 6.

Proof. Let p : 8 — % be an isomorphism of derivative algebras. For a,b € T witha < b
we either have a = b implying p(a) = p(b) or a < b* implying p(a) < p(b)* and hence
p(a) = p(b).

For the other direction let 7 : T — T be an isomorphism of ordered sets with 7[Sz] =
S«. As a bijective map between the atoms of 8 and ¥, there is a unique extension of 7
to an isomorphism of Boolean algebras p. More precisely, every element a € 9 can be
uniquely represented as the union of atoms ay,...,a; and then p(a) = t(a;) V... 7(a,).

For an atom a ¢ S5 also 7(a) ¢ S, and hence by Lemma 3.32
pla)=p(\/{beTy | b=a})

=\/{7(b) | beTy,b=a}
=\/{clceTgczr(a)}

= 1(a).

For a € S5 also 7(a) € S and p(a*)z\/{r(b) | be Ty,b<a,b#a}=r(a). O

3.5. Properties of Derivative Algebras

In this section we prove some properties of derivative algebras which we use in the next
chapter. All of the remaining results in this section appear in [Pie72] but are formulated
there in terms of topological Boolean algebras instead of derivative algebras.
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Lemma 3.34. Let 9 be a derivative algebra and let a,b € 9. The following implications
hold.

(@) If a > 1% then a is closed.

(b) Ifaisopen, b<aand (anb®)* Na <anbs, then b is open.

Proof. (a) a* < 1* <a, hence a is closed.

(b) This is again a simple algebraic manipulation.

(ac n bC)* —a*<a < bc,
b =(a“Nb)*U(anb®)* < b". O

A subalgebra of a derivative algebra 2 always has the same maximal element as 2. Taking
the set of all elements less than or equal to a given element b € 2 does therefore not
even give a Boolean subalgebra of 2. However, with appropriately defined operations
this set is again a derivative algebra.

Definition 3.35 (Restriction of a derivative algebra). Let 2 be a derivative algebra and
let a € 9. The restriction of 2 to a is defined by

gNa:={cha|ce@}={cePD | c<a}l.

Lemma 3.36. For any derivative algebra 2 and any element a the restriction & := 2 Aa
of 2 to a is again a derivative algebra where the Boolean operations are given by

cVgd:=(cvVd)Aa=(cVvd),
chgd:=cAhdAha=(cAd),

c% :=c°Aa.
The constants are

Og = O@,

le:=a.
The derivative operation is given by
c*:=c"Aa.

Proof. Checking that & is a Boolean algebra is routine, see for example Chapter 12 in
[GHO9]. The three additional axioms of a derivative algebra are also fulfilled, since for
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b,ceo

0,5 =0y Aa=0g,
b*¢*¢ =(b*Aa)* Aa
<b™Aa
<b*Aa=b*,
(bve)s=(bVc) Aa
=(b*Aa)V(c"Aa)=Db* Vs, a

Some of the results on derivative algebras depend on certain generators. In order to carry
out inductive proofs on finite derivative algebras, we need information of how generating
sets behave under restriction. While for Boolean algebras, the meet with an element
always gives a homomorphism onto the restriction to this element, this is not always true
for derivative algebras.

Lemma 3.37. If 9 is a derivative algebra and a € 9 is open, then
P:92—9Na, b—aAbd

is a homomorphism and M A a = p[M] is a generating set of 2 A a for any generating set
M of 9.

Proof. Clearly p is a homomorphism of Boolean algebras. Since a is open, (a“)* < a°.
Hence for be 2

p(b*)=>b"Aa
=((bAa)*V(bAa))Aa
=(bAa)"Aa
=p(b)s.

This shows that 2 is also a derivative algebra. That the image of a generating set under
an algebra-homomorphism is again a generating set, holds for all algebras in the sense of
universal algebra. To prove this let & be the subalgebra generated by p[M]. Its preimage
under p is again a subalgebra, see for example Theorem 3 in the classical book by
BIRKHOFF [Bir67]. Since M is contained in this algebra and generates 2, we have
p &1=2 and & = p[2]. O

While the above result does not hold for closed a, the following result will be sufficient
for our applications.

Lemma 3.38. Let 2 be a derivative algebra and let M be the set of its closed elements.
Assume that 9 is generated by M. For a closed set a € M denote by 9, the subalgebra of
9 Na generated by M, :={mAa | me M } and by 9, the subalgebra of 2 A\ a® generated
by My :={mAa‘ | meM}. Then 9 = 9, ® 9D, that is, each element in 9 has a unique
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representation as the disjoint join of elements in 9, and 9. In particular 2 ANa = 9, is
generated by M, a set consisting of closed elements.

Proof. Since 2 Aa and 2 A a“ are contained in 9, so are 9, and Z,.. It remains to show
that 2 C 9, 9,.. To do so, we have to show that the right hand side is a subalgebra of 2
containing M. For each m € M we have mAa € 9, and mAa® € 9,.,hence M C 2,® D,
Clearly 2, ® 2, is a Boolean subalgebra of 2. Finally, for b, € 9, and b, € 9, consider
(b1 Vby)* =DbjVbsc=(bjAa)V(b]Aa‘)V(bjAa)V(b;Aa). Since b] and b; are closed,
they are contained in M and hence (b; V b,)* is contained in 2, ® 9,., which therefore
is a derivative subalgebra of 2. O

Lemma 3.39 (Open atom in finite derivative algebras). Every finite derivative algebra 9
which is generated by its closed elements contains an open atom.

Proof. Let I be the set of atoms of 2. Consider a maximal element a € I with respect to
the order < on I introduced in Definition 3.30. Then (a‘)* is the join of atoms in I by
Lemma 3.5. But a can not be among those atoms, since otherwise there would be an
atom b < a° such that a < b*, i.e., a < b, contradicting the maximality of a. Therefore
(a®)* € a®, in other words, a¢ is closed and a is open. O
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Chapter 4.

Topological Conjugacy of Periodic Cellular
Automata

Restricting any cellular automaton to its p-periodic points gives rise to a p-periodic
cellular automaton. For shifts these are rather boring finite invertible systems which
are completely described up to conjugacy by the number of their g-periodic orbits for
q € {1,...,p}. It is therefore easy to decide if the restrictions of two shifts to their p-
periodic points are conjugate. We already saw that for cellular automata the structure
of their p-periodic points might be significantly more complex. In this chapter we will
analyze p-periodic dynamical systems on metrizable Stone spaces and show that in the
case of systems with a finite derivative algebra, conjugacy is equivalent to a natural
necessary condition on the g-periodic points for q € {1,...,p}.

41. The Cantor-Bendixson Rank

While examining the structure of metrizable Stone spaces, it is often necessary to repeat-
edly take the derivative of a subset. Sometimes one even wants to do this a-times where
a is any ordinal number. The definition of this operation using transfinite induction is
straightforward. For any set M in a T, space and a an ordinal number define

M@ .= (MDY = ac(M®) for any successor ordinal a + 1,

M@ .= ﬂ M® for any limit ordinal a.

B<a

All results in this section are classics in set theory and can be found for example in Chapter
4 in the book by JecH [Jec03]. By Corollary 2.10 we know that all metrizable Stone
spaces are homeomorphic to closed subsets of the reals. Hence we will only formulate
the results for this situation.

Lemma 4.1. For every subset X C R there is a minimal ordinal number a =: rank(X),
called its Cantor-Bendixson rank, such that X(@ = x(@+1),

Proof. We proved in Theorem 3.24 that M — ac(M) = M* is a derivative operation. In
particular M** € M* for all M € X, hence X 2 XM 2 x® 2 ... 2 x(@) 5 x(wotl) o |
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Assume we would have X(® # x(@*1) for all ordinals a. Then X(®*V) C X, a an ordinal,
would be pairwise different sets, giving us a surjective map from a subset of the powerset
of X onto the ordinal numbers. By the axiom of replacement, the ordinals would form a
set. But this is false, see [Jec03, Chap. 2] . Therefore there exists an ordinal number a
with X(@ = x(@+1) and there is also a minimal one, since the ordinals are well-ordered
[Jec03, Chap. 2]. O

Definition 4.2. For a topological space X denote by Iso(X) :=X \ X* the isolated points of
X. Denote by Dense(X) := [ corg X @ = XX the perfect part of X.

Example 4.3. Consider the space I := {0} U { % | neN } All points in I except 0 are
isolated and we have IV = {0} and I®) = §. The Cantor-Bendixson rank of I is therefore 2.
For k € N consider the set Z) := I C R¥. See Figure 4.1 for an illustration of Z,. A point x
is contained in the {-th derivative of Z, if and only it is zero in at least { components, i.e.,
for x € Z;, we have

er,E“ > |[{ie{l,....k}|x; =0} >¢.

In particular the space Z; has Cantor-Bendixson rank k + 1, as Zlgk) ={(0,...,0)} and
Zlgkﬂ) =0= Z,EHZ). Therefore Dense(Z,) = @ and Iso(Z,) = I \ {0}*. To get a space with
the same rank as Z,. and non-empty perfect part, we glue an interval to the point (0,...,0)
and consider the space 7, := Z,, U[—1,0] x {0}<~1. We get
70 =z u{0} x [-1,0] x {0},
Dense(Z,) =[—1,0] x {0}<1.

Figure 4.1.: The space Z, from Example 4.3.

Lemma 4.4. For every closed subset X C R the set Dense(X) is either empty or a perfect
subset of R. Every perfect subset of X is contained in Dense(X).

Proof. By the definition of the Cantor-Bendixson rank, we have Dense(X) = Xx (rank(X)) —
Dense(X)*. If M C X is perfect, we have M* 2 M and therefore Dense(X) = X (ank(X)) 5
M(rank(X)) 2 M. D
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Theorem 4.5 (Cantor-Bendixson). For every subset X C R the set X \ Dense(X) is at most
countable.

Proof. Let {J, | ke N} be a countable base of the topology of X. Consider x € X \
Dense(X). Since Dense(X) = [ ycord X (@) there must be a minimal ordinal « such that
x ¢ X@_ It must be a successor ordinal, for otherwise x € Np<aX (B) = x(@), Hence

there is an ordinal  =: 8, such that a = 8 + 1 and x € X® but x ¢ (X®))*. In other
words, x is an isolated point of X(#) and there exists a minimal index k =: k, € N such
that X(®) n Ji, = {x}. We want to show that the mapping ¢ : X \ Dense(X) = N, x — kx
is injective, because then X \ Dense(X) must be countable. Let x,y € X \ Dense(X) be
two different points such that , < f,. Then J, NX®#) ¢ J, NXPx) = {x}, hence
Y &Ji, nx®) and ke #ky. O

Lemma 4.6. Let [a,b] C R be a compact interval and let X C [a, b] be a perfect subset. For
every £ > 0 there exist disjoint intervals [c;,d,] € [a, b] and [c,,d5] € [a, b] of diameter at
most ¢ such that X N[c;,d;] and X N[cq,dy] are perfect.

Proof. Since X is perfect, there are at least two points y,z in X N (a, b). There is 6 < ¢
such that [y —6,y +6]C[a,b]and [2— 6,2+ 6] C [a,b] and such that [y —6,y +6]N
[z— 6,2+ 6] =0. If one of the interval borders is an isolated point of [y — &,y + 6], we
can slightly shrink the interval such that only this point is removed. The same holds
for [z — &,z + &]. That way we obtain two disjoint intervals [¢;,d;] and [c,, d,] without
isolated points which are non-empty because they contain y and z, respectively. O

Theorem 4.7. If X is a perfect subset of R, then |X| = |R|.

Proof. By Lemma 4.6 we can construct a family of non-empty compact intervals I,,,w €
U2 ,{0,1}" such that X N1, # @ is perfect, I,,; € I, 1,0 € I,, and I,,o N I,,; = @ for all
w e | J2,{0,1}" Then ¢ : {0, 1} > X, o(x) :=J;en Iy, is an injective map, showing
{0,1}"| = IR| < IX| < |R]. O

Corollary 4.8. A compact topological space which is homeomorphic to a subset of R is
either at most countable or has the same cardinality as R.

Theorem 4.9. Let X be a compact subset of R. If Y C X is non-empty, open and does not
contain any isolated point, then |Y| = |R|.

Proof. Let y be an arbitrary point of Y. Because Y is open, we can find a small compact
interval M around y such that X N M is contained in Y. Since Y has no isolated points,
the only points in X N M which can be isolated are the two boundary points of M. If one
of them is isolated, we can make M slightly smaller on this side so as to exclude only
this point. After this modification X N M is a perfect subset of R whose cardinality equals
that of R by Theorem 4.7. Since M is contained in Y, |Y| = |R], too. O
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4.2. Extension of Homeomorphisms

Before we deal with conjugacies of dynamical systems on metrizable Stone spaces, we
first have to clarify when two such spaces are homeomorphic. As PIERCE showed in
[Pie70] and [Pie72], derivative algebras are a very helpful tool to answer this question.
In particular he showed that if the derivative algebra of a space is finite, then this space is
composed of pretty simple building blocks and we can inductively build a homeomorphism
by defining extensions along these building blocks. The presentation in this section follows
the first two chapters in the small book of P1ErcE [Pie72]. The difference is that we use
derivative algebras instead of topological Boolean algebras. Furthermore, there are many
details omitted in PIERCE’S book, some of which can be found in [Pie70].

Theorem 4.10 (Extension of homeomorphisms). Let X,Y be metrizable Stone spaces. Let
M CX and N CY be closed sets such that either

@ X\MnX\M)=(Y\N)*N(Y\N)=0 (i.e. X\ M and Y \ N both consist of
isolated points) and |X \ M| = |Y \ N|, or

b)) X\M)Y=X\M)and (Y\N)*=(Y\N) (i.e. X\ M and Y \ N are both perfect).
If 6 : M — N is a homeomorphism for which 6[M N (X \M)*]=Nn(Y \N)* holds, then 6

can be extended to a homeomorphism from X to Y.

To prepare for the proof of this theorem we prove some lemmas.

Lemma 4.11. On every Cantor space X, there exists a compatible metric d, such that for
every x € X the map y — d(x, y) is injective.

Proof. Since all Cantor spaces are homeomorphic, if suffices to show the existence of one
metric space with this property that is compact, perfect and zero-dimensional. Consider
the set {0, 1} with the metric

A((xn)nei: (ndner) = 2, 5378(xn, y) where 5(a, b) =

1 0 ifa=>b
1 otherwise

This metric generates the product topology on {0, 1}¥. We will show that x — d(x,0) is
injective. For d(x,0) = d(y,0) we have

oo
1
= Z _(Xn
n=1 3"
Assume that x # y and let £ € N be the smallest index such that x, # y,. Without loss of

generality we may assume x, =0 and y, = 1. Then 0 = 3,l( 1+ Zn 0413 +(x, —y,)) and

oo oo

1= Z —(x yn)<Z—|x — Yal SZ%=%-

l’l:[+1 n=1
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Since this is a contradiction, we have x = y.

Furthermore it holds that for every x,y € X we have d(x,y) = d(0,x & y) where @& is
coordinate wise addition in (Z/2Z)". Thus d(x, y) = d(x,z) implies x ® y = x ® z, hence
y @z =0 and finally y =z. O

Lemma 4.12. Let X be a Cantor space with metric d such that for every x € X the map
y — d(x,y) is injective. If M is a closed subset of X, then the map ¢ : X — M defined by
®(x) := argmin ¢\, d(x, y) is a retraction of X onto M, i.e., it is continuous and surjective
and it fixes all points in M.

Proof. The equality @), = idy holds by definition. To show that ¢ is continuous, let
(xp)nen be a sequence converging to a € X and assume that (®(x,,)),ey does not converge
to ®(a). Since X is compact, we may choose a subsequence and assume that (®(x,)),ex
converges to b # ®(a). By the definition of &, we have d(a, b) > d(a,®(a)). Since y —
d(x,y) is injective, even d(a, b) > d(a,®(a)) holds. We have d(x,,®(x,))—d(a,x,) —
d(a,b) as n — oo. Hence for sufficiently large n € N the inequality d(x,, ®(x,)) >
d(a,x,)+d(a,®(a)) = d(x,,®(a)) = d(x,,®(x,)) holds. This contradiction shows that ¢
is continuous. O

Lemma 4.13. Let (X,d) be a compact metric space. If (x,;)nen> (Vndnen are two sequences
such that every point in X is a cluster point of both (x,,) and (y,,), then there is a bijection
7 : N — N such that

d(xn,yr(n)) —0asn— oo.

Proof. Since X is compact, there is a sequence (B,,),ey Of non-empty balls of radius r,, in
X such that (r,),ey is @ monotonically decreasing sequence tending to 0 and such that
every point in X is contained in infinitely many of these balls.

Define two maps from N to itself by

mi(n) :==min{f{eN | x, €B,and ¢ & m;[{1,...,n—1}]},
my(n) :=min{f{ eN | y,eB,and { & m,[{1,...,n—1}]}.

These maps are injective by definition. Since every point is contained in infinitely many
balls, these maps are surjective as well. Since d(xr, (n), Yr,(n)) < 21, — 0 @as n — oo, for
every £ > 0 there is ny € N such that d(x., (), Yr,mn)) < € for all n > ny. Furthermore
there is n; € N such that n7'(n) > n, for all n > n;. Thus d(X e, (e () Yo (n))) < € for
all n > n;. Therefore the bijection © = 1, o 71" satisfies d(x,,, y;(n)) > 0asn— co. [
Lemma 4.14 (Splitting Cantor spaces). Let X be a Cantor space with a compatible metric

d. For every € > O there is a finite partition of X into clopen subsets Vy,...,V, of diameter
at most «.

Proof. Since X is zero-dimensional, for each x € X we find a clopen set U, which is
contained in the ball of radius % around x. Since X is compact, there exist points x,..., x,
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such that U, ,...U, cover X. Let & be the Boolean subalgebra of 2?(X) generated by
Uy,>---> Uy - The atoms of & are a partition of X into clopen sets and each of them has
diameter at most ¢. O

Lemma 4.15 (Open subsets of Cantor spaces). Let U # @ be an open subset of a Cantor
space X with metric d. If U is non-compact, there are non-empty clopen subsets (Vi )xen € U
such that

@ vinV,=0foral k,l eN,k #¢,
(b) UkeN Vi =U,

(c) the diameter of V. goes to zero as k goes to infinity.

Proof. Since all Cantor spaces are homeomorphic, we may assume that U C {0, 1}".
Consider a set of cylinder sets Z = { [uly | ueJ,en{0,1}" } and let My be the set of
maximal cylinder sets from % contained in U, i.e.,

My:={De%¥|DCUand i E€c ¥ :D S ECU}.

The set My is countable, since % is countable and each of the sets in My, is clopen and
non-empty. Additionally Mj; is not finite because X is not compact. Finally for each x € U
there is a minimal r € N and u € {0, 1}" such that x € [u]; € U. Hence U is the countable
disjoint union of the sets in M;; and any enumeration of these sets gives us a sequence of
sets (V})xey fulfilling condition (a) and condition (b). By Lemma 4.14 we can further
split up these sets to also fulfill condition (c). O

To simplify checking, if an extension of a continuous map is again continuous, we prove
yet another lemma.

Lemma 4.16. Let X,Y be metric spaces and let M, ..., M, be a cover of X, i.e., M,U- - -UMj. =
X. For every element x € X and every function f : X — Y the following are equivalent.

(a) f is continuous in x.

(b) For every £ € {1,...,k} and every sequence of distinct points (x,)ney N M, with
lim,_, oo X, = X the limit lim,_, o, f (x,) exists and equals f (x).

Proof. If f is continuous in x, (b) holds for any sequence in X converging to x and we
are done. On the other hand assume that (a) does not hold. In that case there must be a
sequence of distinct points (x,),en converging to x for which lim,,_, ., f (x,) either does
not exist or is unequal to f(x). In both cases there is a subsequence (x,, Jiey and & > 0
such that f(x,, ) always has distance at least ¢ from f(x). There is at least one index
¢ €{1,...,k} for which M, contains infinitely many elements of this subsequence. Thus
(b) does not hold for this set M,. O
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Proof of Theorem 4.10. First we treat case (a). If (X \ M) and (Y \ N) are both finite, we
can extend 6 with any bijection between these two sets. Therefore assume that (X \ M)
and (Y \ N) are both infinite. Because X and Y are compact metrizable spaces and thus
second countable, (X \ M) and (Y \ M) must both be enumerable. Let (x,,),eny and (¥,,)nen
be an enumeration of X \M and Y \N. Let d be a compatible metric on X with y — d(x, y)
injective for all x € X, whose existence is guaranteed by Lemma 4.11. Define a map
¢ : X = X\M)" =X \M)"NM by x — argmin, ¢ x\y-d(x, y). By Lemma 4.12 this is a
retraction of X onto (X \ M)*. Assume there would be ¢ > 0 and a subsequence (x,, Jxen
with

(4.1) min { d(x,,y) | y € X \M)* } =d(x,,, ¢(x,)) = ¢ for k eN.

Since X is compact, (x, ) would have a convergent subsequence whose limit x is by
definition in (X \ M)*. But this contradicts (4.1). Therefore we have

d(x,, ¢(x,)) = 0asn— oo.

In particular, for any subsequence (x,, )ren converging to x € X, the sequence (¢ (xy, ))ken
also converges to x. By the same reasoning we can get a metric d on Y and a retraction
Y:Y > (Y\N)*=(Y\N)" NN with

d(.yn)l/)(.yn))_)o asn — o0,

Every point in (Y \ N)* is by definition a condensation point of the sequence (y, ) en
and thus also a condensation point of the sequence ((y,)),en- By the assumptions of
our theorem we have (Y \ N)* = 6[(X \ M)*], hence every point in (Y \ N)* is also a
condensation point of the sequence (0(¢(x,)))en- The pair of sequences (6 (¢ (x,))nex
and (Y (¥,))nen in the compact space (Y \ N)* fulfill the assumptions of Lemma 4.13.
Thus there is a bijection 7 : N — N such that

0= lim d(6(p(xn)), Y(yzm))-

We can now define the required extension of 6 by 6(x,,) := y.(,). By Lemma 4.16 we have
to show that for every convergent sequence of distinct points (X,),ey in X \ M we have
lim,_, o, 6(%,) = 0(lim,_,, X,,). Since Y is compact, we may assume that lim,_, ., 0(%,)
exists. There must be an injective mapping n : N — N such that %, = x,,) for all
n € N. There is a subsequence (X, )xen such that (7(fiy))en is strictly increasing, in
other words, (X, Jren = (X(n,))ken 1S @ subsequence of (x;,)en. We know that x :=
lim, 00 X, € (X \ M)* € M. Furthermore ¢(x,,,)) = x and 0(p(xye,))) — 0(x) for
k — oo. Finally this implies

0(x)= lim 0(p(xn(ny)) = UM Y(Yr(n(ny)) = UM Ye(rin,)
= klirgo Q(Xn(nk)) = nlint;lo 0(%,).
Now consider case (b). If (X \M)*NM =@ = (Y \N)*NN,X\M and Y \N are both Cantor
spaces and any homeomorphism between them is an extension of 6. Therefore suppose

that (X\M)*NM and (Y \N)*NN are both non-empty. Hence (X \ M) and Y \ N are both
open and non-compact. By Lemma 4.15 they can be decomposed into disjoint clopen
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subsets (V,),eny and (W,)),ey Which are homeomorphic to the Cantor set and whose
diameter goes to zero. From each set V,, and W, choose one point x, resp. y, and define
Xo:=MU{x, | neN}andY,:=NU{y, | n€N}. Wesee thatX; C M,so0X| is closed in
X and similarly Yy, is closed in Y. Furthermore (X, \M)*N(X,\M) =0 = (Y, \N)*N(Y,\M),
IXo \M|=IN|=|Y,\N|, Xo\M)*nM =X \M)*NnM and (Y, \N)*NN =(Y \N)*NN.
Therefore by case (a) of Theorem 4.10 we get a mapping 7 : N — N with the property
that x, — y.(,) extends the homeomorphism 6. Let v, : V;, = W_(,,) be homeomorphisms
and define § = 6 U U:il 2. Then 8 is a bijective extension of 6. It remains to show that
6 is continuous.

Let (z,)ren be any convergent sequence of distinct points in X \ M with limit z. Again
we may assume that lim,_, ., 0z, exists. If z € V, for some £ € N, then there exists k, € N
such that z; € V, for all k > kg, since V; is open. But then

Jim 0(z) = Jim 6,(5) = 0,(2) = 0(z).

Therefore we are left with the case that z € M. There is a sequence of positive integers
ny such that z; € V, . Because the sets V, for £ € N are closed, every integer appears only
a finite number of times in n;. Since the diameter of V, tends to 0 as £ goes to infinity,
we have z = limy_, oo 21 = limy_, o0 Xp, - Because x,, = y.(,) extends 6 homeomorphically
and z =limx, € M, we have limy_, oo Y(n,) = O(limy_, 00 X, ) = 0(2).

Since the diameter of W, goes to zero as { goes to infinity, we finally get limy_, o0 Y(n,) =
lim_, 00 O, (25, ) and thus

0(z)=0(z) = klggo Ye(n) = klirgo 0, (21) = klggo 0(z). O

Lemma 4.17. Let X be a metrizable Stone space and let %8 be a finite derivative subalgebra
of @ (X), which is generated by its closed elements. If M is an atom of 8 with M C M*,
then there is a compact subset Y of X such that M is an open setinY.

Proof. We prove this by induction on the size of 98. If 8 contains only one element, then
M is already an open subset of X. Otherwise 2 contains an open atom N by Lemma 3.39.
If M = N we are done. Otherwise X \ N is a metrizable Stone space and 8 AN° is a finite
derivative subalgebra of (X \ N) by Lemma 3.36. By Lemma 3.38 it is generated by
closed elements. Furthermore 8 A N° contains fewer elements than 9 and M is an atom
of 8 N N°. Therefore by induction M is contained as an open set in a compact subset of
X\N CX. O

Lemma 4.18. Let X be a metrizable Stone space. Let A be a finite derivative subalgebra of
P (X), which is generated by its closed elements. For every atom M of 9, one of the following
three cases holds.

(A M*NnM =M < |M|=|R|.

(b) M*NM =0and M*NM° # 0 < |M|=|N|.
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(©) M*=0 < |M|eN.

Proof. Since £ is a derivative algebra, 8 > M N M* C M. Because M is an atom of 4,
either M N M* =M or M N M* = {. In the first case M is contained as an open subset in
the compact subset of X by Lemma 4.17. Since X is homeomorphic to a compact subset of
R and M does not contain any isolated point, Theorem 4.9 implies that |[M| = |R|. In the
second case M consists of isolated points. Since M is second-countable as a metrizable
Stone space, we have |[M| < |N|. If M* = ), then M must be finite for otherwise we can
find a sequence of pairwise different points in M that converge in the compact space X.
In the last remaining case where M* N M = @) and M* N M¢ # ) we must have |[M| = |N]|
because a finite set in a metrizable space can have no accumulation points. O

The following is Theorem 4.3 in [Pie72] rephrased in our terminology of derivative
algebras.

Theorem 4.19 (Characterization of homeomorphic metrizable Stone spaces with finite
derivative algebras). Let X and Y be metrizable Stone spaces. Let 8 and € be finite
derivative subalgebras of, respectively, Z(X) and % (Y) which are both generated by their
closed elements. If p : 8 — € is an isomorphism of derivative algebras such that |p(M)| =
|M| for all M € 8 with M* = {, then there exists a homeomorphism ¢ : X — Y such that
p[M]=p(M) forall M € .

Proof. If 8 and € both only have one atom, either X and Y are perfect and hence
homeomorphic to the Cantor set, or both spaces are finite and have the same cardinality.
In both cases, X and Y are homeomorphic by a homeomorphism ¢ and the condition
¢[M]=p(M) for M € A is trivially fulfilled, since % = {#,X}. From here we proceed
by induction.

Let 8 and ¥ be derivative algebras having at least two atoms. By Lemma 3.39 there is
an open atom M of 4. Since p is an isomorphism of derivative algebras, N := p(M) is
also an open atom of %. The complements X =X \ M and ¥ = Y \ N are both closed.
Since p(X) =Y, p induces an isomorphism of the derivative algebras 8 AX and € A Y.
We have to check that |[p(Q)| = Q for all atoms Q of 8 AX with Q* AX = 0. Since X
is closed, we have Q* = Q* N X = @, hence by the assumptions. By Lemma 3.38 both
#NX and € NY are generated by their closed elements. By induction we obtain a
homeomorphism ¢ : X — ¥ such that $[Q] = p(Q) for all atoms Q of 8 AX. In particular
M NX]=pM*NX)=p(M)*NnpX)=N*nY.

By Lemma 4.18 either M*NM = M or M*NM = (. In the second case either M*NM°® # 0,
then also N*NN°¢ # @ and |M| = |N| = |N| or M* = ) = N*, but then by the assumptions
|M| = |N|. In both cases we can apply Theorem 4.10 and get a homeomorphism ¢ : X —» Y
extending (. For every set Q € 8 we have p[Q] = ¢[QNX]Up[QNM]=p(QNnX)U
p(Q@NM)=p(Q).
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Theorem 4.20 (Isomorphism of metrizable Stone spaces, derivative algebras and the
order on the atoms). Let X,Y be metrizable Stone spaces with derivative algebras 9 resp.
€. Let (T4,=x) and (T4, <) be the atoms of, respectively, 8 and € together with the order
< as defined in Definition 3.30. If 3 and ¢ are finite, then the following are equivalent.

(a) X is homeomorphicto Y.

(b) There exists an isomorphism of derivative algebras p : 8 — € such that |M| = |p(M)|
for all atoms M € Tg.

(c) There exists an isomorphism of ordered sets T : Ty — T such that |M| = |t(M)| for
all atoms M € Tg.

Proof. (a) = (b): If ¢ : X — Y is a homeomorphism, then p : 8 —» Z(Y), p(M) :=
@[M] is an injective homomorphism between derivative algebras.

The image p[ %] is a derivative subalgebra of 2 (Y) and therefore contains ¥. On
the other hand there is a homomorphism g : ¥ — 2 (X) between derivative algebras
defined by p(M) := ¢ ![M]. Again % is a derivative subalgebra of p[%]. Putting
both homomorphism together we obtain € C p[28] € p[p[€]] = €, in other words
%6 = p[AB], hence p is an isomorphism of derivative algebras.

(b) < (c) follows immediately from Theorem 3.33.

(b) = (a): Both 8 and ¥ are generated by a single closed element. Hence by
Theorem 4.19 there is a homeomorphism ¢ : X — Y such that p(M) = ¢[M] for every
atom M € T4. In particular this implies |[p(M)| = |¢[M]| = |M]. O

4.3. Topological Orbit Equivalence and Conjugacy

Constructing a conjugacy between two periodic dynamical systems comes basically down
to picking one element from each orbit of the dynamical systems in the right way. To
do so, we use the fact that each metrizable Stone space is homeomorphic to a subset of
the reals where we have a natural order and so we can just pick the smallest element in
each orbit.

Definition 4.21 (Closed total order). Let X be a topological space and let < be a total
order on X that is closed as a subset of X x X with the product topology. In the following we
simply call such an order a closed total order. For a homeomorphism f : X — X we define

L(f,0):={xeX|x<fNx)foralkez}.

We also give names to the images of this set under the iterates of f, namely L.(f,m) :=

SMIL(f,0)].
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Example 4.22 (Examples of closed total orders). Let < be the usual order on R. For
two converging sequences (x,)peny and (¥,)ney in R with x,, < y, for all n € N the same
inequality also holds in the limit, i.e., lim,_, o, x, < lim,_, o ¥,. Hence < is closed as a
relation in R x R. Since every metrizable Stone space is homeomorphic to a subset of the
reals by Corollary 2.10, there exists such an order on every metrizable Stone space. This is
what we will need for our applications.

Lemma 4.23 (Properties of L.(f,m)). Let X be a compact metrizable space and let <
be a closed total order on X. If f : X — X is a p-periodic dynamical system, the following
properties hold. The sets L.(f,k),k € {0,...,p — 1} form a covering of X by closed sets.
For kq,ky € {0,...,p —1},k; < k, the intersection L.(f,k;) N L<(f,k,) is contained in
Pery, i, (f ). Every periodic orbit of f with minimal period q contains exactly one point from
each of the sets L(f,0),...,L(f,q—1).

Proof. Given a point x € X denote by x.;, the point in Orb(f,x) which is minimal
with respect to <. Such a point always exists, since Orb(f, x) is finite. By definition, we
have x;, € L<(f,0). There is k € {0,...,p — 1} such that x,;, = f*(x). This implies
x = P R(x) € L.(f,p — k), therefore the sets L.(f,0),...,L<(f,p —1) cover X. If
(x,)nen is @ sequence in L.(f,0) which converges in X, we have x, < f¥(x,) for all
k € N. Since < is closed and f is continuous, we also have lim,_, oo X, < f€(lim,_, cc X,)-
Therefore L.(f,0) is closed and hence also compact. As the images of a compact set
under a continuous function the sets L.(f, k) for k € {1,...,p —1} are also compact.

If X € LS(f) kl) N Lﬁ(f: kZ)) then f_kl(x) € LS(fJ O) and f_kz(x) € LS(f> O): hence
f*e(x) < f7R(x) < f7%(x). Applying f*2 to the resulting equation gives x = f*2~1(x).

We already saw that each orbit of f has exactly one point in L(f,0). The images of this
point then lie in the sets L.(f,1),...,L<(f,q—1), respectively. By the previous argument
there is exactly one point from the orbit in each of these sets. O

Theorem 4.24 (Characterization of conjugacies in the simple case). Let X and Y be
Cantor spaces. If f : X — X and g : Y — Y are strictly p-periodic dynamical systems, i.e.,
Per,(f) =X and Per,(f) =Y for some p €N, then f and g are conjugate.

Proof. We may assume that both X and Y are the Cantor middle thirds set. The standard
order < on the reals is closed as a subset of X x X =Y x Y. For every a € L.(f,{) N
L.(f,m) with 0 <{ <m < p we have a € Per,,_,(f). However, the point a has minimal
period p under f, thus m = £. This shows that the sets L.(f,0),...,L-(f,p —1) and
L.(g,0),...,L-(g,p—1) are pairwise disjoint and therefore not only closed but also
open. Hence L.(f,0) and L.(g,0) are clopen subsets of the Cantor set and are therefore
themselves homeomorphic to the Cantor set. In other words, there is a homeomorphism
0 : L.(f,0) = L.(g,0). Since L.(f,0) and its images under f are closed and disjoint,
we can extend 6 to fe[LS(f, 0)],£<{1,...,p—1} such that § o f = g o §. This function
0 is the conjugacy between f and g that we are looking for. O

We already met topological orbit equivalence as a weakening of topological conjugacy in
Section 2.4. For a periodic dynamical system f : X — X the set Orb(f) is a partition of X.
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It will be useful to factor out the induced equivalence relation and consider the resulting
quotient space. We start with the relevant definition and a classical result which can be
found for example in Section 2.4 in the book by ENGELKING [Eng89].

Definition 4.25 (Quotient space). Let X be a topological space and Q a partition of X. We
define a new topological space X /Q which we call the quotient of X by Q. The set underlying
X /Q is just Q and we have a surjective map 7 : X — X /Q mapping every element of x to
the unique element of Q in which it lies. A set M in X /Q is defined as open, if and only if
n (M) =|JM is open in X. The resulting topology is called the quotient topology.

The quotient topology satisfies a nice universal property.

Lemma 4.26. Let X and Y be topological spaces, let Q be a partition of X and let 7w : X —
X /Q be the natural projection. Amap f : X/Q — Y is continuous ifand only if for : X —» Y
is continuous.

For general invertible dynamical system f it is often problematic to factor out Orb(f)
because the resulting space might be very unpleasant from a topological point of view.
For example it is not necessarily Hausdorff. In the case of periodic dynamical systems
the resulting factor space, however, is well-behaved, as the next lemma shows.

Lemma 4.27. Let X be a compact Hausdorff space and let f : X — X be continuous and
p-periodic for some p € N. The space X /Orb(f) endowed with the quotient topology is a
compact Hausdorff space.

Proof. Let M,N € Orb(f) be two orbits of f. Both sets contain at most p points of X, so
they are closed subsets of X. Every compact Hausdorff space is normal, see for example
Theorem 32.3 in the book of MuNKREs [Mun00]. Therefore there are disjoint open sets
U,V CX withM CU and N C V. These sets are, however, not necessarily invariant under
f so we can not use them to separate M and N in X/ Orb(f). To do this we define

p—1
U:=()f"lU]and
-
V=) fIVI1.
n=0

These sets are open and invariant under f. For x € M and k € Z we have f *(x) e M
and so x € fK[M] C f¥[U]. Therefore U and V are disjoint open and f-invariant sets
containing M and N, respectively. Let 7w : X — X /Orb(f) be the natural projection. Then
7 n[0]] =0 and n'[n[V]] =V, therefore n[T] and n[V ] are disjoint open subsets
of X/ Orb(f) containing M respectively N. All in all this shows that Orb(f) is a Hausdorff
space. Now X /Orb(f) is the continuous image of a compact space, hence it is itself
compact, see Theorem 2.1. O

The next result shows that the space obtained by factoring out Orb(f) is an invariant of
topological orbit equivalence.
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X —Y
Figure 4.2.: Orbit equivalences and the induced map on the factor space.

Lemma 4.28. Let f : X - X and g : Y — Y be periodic dynamical systems on compact
Hausdorff spaces. Define X := X /Orb(f) and Y := Y /Orb(g). If f and g are topologically
orbit equivalent, then X =Y.

Proof. Let ¢ : X — Y be the orbit equivalence between f and g. We define maps
¢:X—>Yand+:¥Y —X by

¢(Orb(f, x)) = ¢[Orb(f, x)] = Orb(g, ¢ (x)),

(Orb(g, y)) = ¢~ [Orb(g, ¥)] = Orb(g, ¢ ' (¥))

for x € X and y € Y. These maps are well-defined, since 1 is an orbit equivalence and
we have ¢ o) =id; and vice versa. It remains to show, that ¢ and 1) are continuous.

The diagram in Figure 4.2 commutes and by the universal property of the quotient
topology stated in Lemma 4.26 ¢ is continuous if and only if ¢ o © = 7 o ¢ is continuous.
But ¢ is a homeomorphism and 7 is continuous by the definition of the quotient topology.
Therefore ¢ is continuous and so is 1) by similar reasoning. O

Theorem 4.29 (Characterizations of topological conjugacy). Let X,Y be compact metriz-
able spaces with a closed total order <. If f : X » X and g : Y — Y are two p-periodic
dynamical systems, the following are equivalent.

(a) f and g are topologically conjugate.
(b) f and g are topologically orbit equivalent.

(c) There is a homeomorphism v : X/Orb(f) — Y /Orb(g) with Y[ nx[Per,(f)]] =
ny[Peri(g)] for ke {1,...,p}.

(d) There is a homeomorphism ¢ : L.(f,0) — L(g,0) with ¢[Peri(f)NL(f,0)] =
Peri(g)NL.(g,0) for ke{1,...,p}.

Proof. The implication (a) = (b) holds by definition. The implication (b) = (c) is
the content of Lemma 4.28.

(c) = (d). Consider the embedding ¢ : L(f,0) — X and the natural projection 7 :
X — X/ Orb(f). Both maps are continuous, hence 1) = 7 o ¢ is continuous. As we saw in
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Lemma 4.23, the set L(f,0) is closed and contains exactly one point from each orbit of f,
hence 1 is also bijective. We also know from Lemma 4.27 that L(f,0) is compact, hence
1) is a homeomorphism. For the same reason L(g,0) is homeomorphic to Y/ Orb(g). The
desired implication now follows at once.

(d) = (@).Let O :L(f,0) — L(g,0) be a homeomorphism with 8[L(f,0) NnPer,(f)] =
L(g,0) N Per,(f) for all k € {1,...,p}. Define § : X — Y by 6(x) = gt 00 o f~* for
x € L(f,0). If x € L(f,£;) N L(f,£,) with £, > £, then f®2~%1(x) = x, hence f~‘1(x) =
f(x) e Per;, 4 (x) and hence also 0(f(x)) = 0(f 2(x)) € Per;, 4 (g). Together
this shows

g1 O (x) = g1 (O (F ()
N S CEICIGEIE)))))
= g2(0(f ().

Therefore § is well-defined. Let (x,),cy be a sequence in one of the sets L(f,£),{ €
{0,...,p — 1} converging in X. Since L(f,£) is closed, the limit of (x,),cy lies also in
L(f,£). Since é| L(f,¢) s continuous, by Lemma 4.16 the whole map 6 is continuous. Finally
6 intertwines f and g almost by definition, as for x € L(f,¢) we have

g(0(x)) = g 1O ())
=g O I ()
= 6(f (x)). O

Remark 4.30. While the implication from (a) to (b) always holds regardless of the
assumptions on the space or the dynamical systems in question, the converse is false for
p-periodic dynamical systems if we remove the existence of a closed total order from our
assumptions. Circle rotations provide an example. Let f, g : S! — S! be the rotations of
the circle S* by, respectively, 27t/5 and 47t/5. Both maps are 5-periodic and the idendity
map is an orbit equivalence between them. However, their rotation numbers 27t/5 and
47/5 have different absolute values and hence they are not conjugate (see for example
the book by Karok and HasseLBLATT [KH95]). This argument also shows that one can
not find a closed total order on S!.

On the other hand topological orbit equivalence and topological conjugacy also become
distinct notions for dynamical systems on Cantor spaces if we drop the periodicity as-
sumption. There are mixing subshifts of finite type which are not conjugate to their
inverse, for an example due to KOLLMER see Proposition 30 in the book by PARRY and
TunceL [PT82]. On the other hand every invertible dynamical system is orbit equivalent
to its inverse, the necessary homeomorphism being simply the identity map.

In the situation of metrizable Stone spaces, a seemingly even weaker condition turns out
to be equivalent to topological conjugacy. In order to prove this, we need some further
preparations.

Definition 4.31 (Periodic point algebra). Let X be a metrizable Stone space. For a p-
periodic dynamical system f : X — X we denote by 2(f) the derivative subalgebra of % (X)
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generated by the sets Per.(f ),k € {1,...,p}. We call this derivative algebra the periodic
point algebra of f.

Lemma 4.32. Let X be a Stone space and let f : X — X be a p-periodic dynamical systems
on X. If 9(f) is finite, then the automorphism of 2(f) induced by f is trivial, i.e., f[b]=b
for all b € 2(f).

Proof. Let M be the set of atoms of 2(f). Consider the derivative algebra ¢ with atoms
T = { i;(l) fKIb] ‘ beM } We want to show that € is a derivative subalgebra of &2 (X)
containing 2(f).

Since the elements of T are pairwise disjoint sets and their union is X, they are indeed
the atoms of a Boolean subalgebra of #(X). Furthermore for f € {1,...,p}

p—1

%Mﬂ=U{UﬁM]

ae€ M,a CPer(f) } €%.
k=0

We have to show that for every atom b € T its derivative b* is in ¥. By definition

there is an element ¢ € M with b = i;(l) k[c]. There are atoms a;,...,a, € M with

¢*=a, U---Uaq,. The derivative of b equals
p—1
b*=J e’
k=0
p—1
=¥ au---ua]
k=0
p—1
= J e ]u---ufHa,)
k=0

p—1 p—1
= J Halu---u FHacl.
k=0 k=0
— ~—
€T €T
Therefore ¥ is a derivative algebra containing Per, (f) for all k € {1,...,k—1} and thus
2(f) = €. Since f acts trivially on % by definition, this proves the theorem. O

Lemma 4.33. Let X be a Stone space and let f : X — X be a p-periodic dynamical system.
If the derivative algebra 2(f) is finite, then 2(f)NL(f,0)={MNL(f,0) | M € 2(f) }is
a derivative algebra with

(M N L(f,0))* 1= acy(s (M N L(f,0)) = M* N L(f,0)

for M € 2(f) and the map p : 2(F) — 2(f )N L(f,0), defined by M — M N L(f,0), is an
isomorphism of derivative algebras. Furthermore for every atom M of 2(f) we have
_ M| e
(D] === for M| €N, M € Pery(£),
lo(M)| = M| for M| ¢N.
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Proof. We start by showing that ac; s o)(M N L(f,0)) = M* N L(f,0). If x € acy (s gy(M N
L(f,0)), there is a sequence (x,,),eny in (MNL(f,0))\{x} withlim,_, ., x,, = x. This implies
x € M* N L(f,0). On the other hand for every x € M* N L(f,0) there is a sequence x,, in
M \ {x} converging to x. Since the sets L(f,£),{ € {0,...,p— 1} cover X, there must be
m € {0,...,p — 1} such that (x,),ey has a subsequence (x;, Jxen in L(f, m). Since L(f,m)
is closed, the limit of this subsequence x is also in L(f,m). By Lemma 4.23 this implies
f7™(x) = x. Applying f™™ to (x,, Jren gives a sequence in f"[L(f,m)]\ {f " (x)} =
L(f,0)\ {f ™(x)} converging to f ™ (x) = x. Hence x € ac; s o)(M N L(f,0)).

By Lemma 4.32 f acts trivially on 2(f), hence every set M € 2(f) is a union of orbits
of f and in particular M N L(f,0) # @ if M # @. Therefore 2(f) N L(f,0) is a Boolean
algebra with atoms .#Z = { KN L(f,0) | K is an atom of 2(f) }. Let KN L(f,0) be such an
atom. We have

(KN L(f,0))" = acys,0)(K NL(f,0))
=K*nL(f,0)

=U{H|H§K*,His an atom of 2(f) } N L(f,0)
= J{HNL(f,0)| H SK*,HNL(f,0) is an atom of 2(f) N L(f,0) }

The Boolean algebra 2(f) N L(f,0) is therefore a derivative algebra by Lemma 3.13.
That p is a homomorphism of Boolean algebras follows directly from the axioms. Since
p(M)Y=(MnNL(f,0))=M*"NnL(f,0) = p(M*), it is also a homomorphism of derivative
algebras. The map p is surjective by definition. It is injective, since the only set M € 2(f),
for which p(M) = M N L(f,0) =0, is the empty set itself.

Since the sets f’;re(f),f €{1,...,p} are all contained in 2(f), for every atom M € 2(f)
thereisaunique k € {1,...,p} suchthat M C ISErk(f). The sets MNL(f,0),...,MNL(f, k—
1) partition M and by the invariance of M under f the sets M NL(f,0),...,MNL(f,k—1)
all have the same cardinality. Hence k- |p(M)| = |M| and the last conclusion of the lemma
follows. O

Theorem 4.34 (Conjugacy of periodic dynamical systems on metrizable Stone spaces).
Let X,Y be metrizable Stone spaces. Let f : X — X and g : Y — Y be p-periodic dynamical
systems. Let 9(f) and 2(g) be the periodic point algebras of f and g and let Ty and
Ty (q) be the atoms of these algebras, ordered by X as defined in Definition 3.30. If 9(f)
and 2(g) are finite, then the following are equivalent.

(a) f is topologically conjugate to g.
(b) f is topologically orbit equivalent to g.

(c) There exists a homeomorphism 6 : X — Y with O[Per(f)] = Peri(g) for all k €
{0,...,p—1}

(d) There exists an isomorphism of derivative algebras p : 2(f) — 2(g) with |M| =
|o(M)| for all atoms M of 2(f ) such that p(Peri(f)) = Per(g) forallk € {0,...,p—1}.
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(e) There exists an isomorphism of ordered sets T : To sy — To(g) with M| = |T(M)| for
all atoms M € Tgy), such that t(Per(f)) = Peri(g) for all k € {0,...,p—1}.

Proof. By Theorem 2.9 every metrizable Stone space is homeomorphic to a closed subset
of the reals. As shown in Example 4.22 this implies the existence of a closed order on X
and Y.

The equivalence of topological conjugacy and orbit equivalence for f and g thus follows
from Theorem 4.29.

Since each orbit of length k of f must be mapped to an orbit of length k of g by an orbit
equivalence, every orbit equivalence 6 between f and g fulfills (c).

Let 6 : X — Y be a homeomorphism satisfying (c). As a map between the underly-
ing spaces 6 induces an injective homomorphism of Boolean algebras from 2(f) into
#(Y). Since 0 is a homeomorphism, 6(a*) = 0(a)* for all a € 2(f) by Lemma 3.28.
Therefore 6(2(f)) is a derivative subalgebra of &2 (Y). By the assumptions on 6 we
have 6(Per,(f)) = Peri(g) € 2(g), hence 6(2(f)) € 2(g). By the same reasoning
071(2(g)) € 2(f). But this gives 0(2(f)) € 2(g) = 0(671(2(g))) € 6(2(f)). Since
M| = |6(M)| for all subsets M of X, this shows that (d) holds.

Let p : 2(f) — 2(g) be an isomorphism of derivative algebras fulfilling (d). Set 2(f) :=
2(f)NL(f,0) and 2(g) := 2(g)NL(g,0) as in Lemma 4.33. By this lemma, the derivative
algebras 2(f), 2(2), 2(f) and 9(g) are all isomorphic. Furthermore

IM NL(f,0)| = |p(M) N L(g, 0)| for all M € o(f).

By Theorem 4.19 there is a homeomorphism ¢ : L(f,0) — L(g,0) such that ¢[Per,(f) N
L(f,0)] = Per,(g) N L(g,0). Finally Theorem 4.29 implies that f and g are topologically
conjugate. Thus we showed that (d) = (a).

The equivalence (d) < (e) is a consequence of Theorem 3.33. O

4.4. A Strange Pair of Shift Spaces

Our goal in this section is to show that the conclusion of Theorem 4.34 is not valid if we
drop the assumption that the derivative algebra generated by { Per,(f) | k € {1,...,p}}
is finite. More specifically, we will construct a pair of 2-periodic cellular automata f and
g on two-sided subshifts X and Y and a homeomorphism ¢ : X — Y such that

(a) f and g are not topologically orbit equivalent and in particular not topologically
conjugate,

(b) @[Peri(f)] =Per(g) for k € N.
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Cc X\C

Figure 4.3.: Structure of the Stone space in Theorem 4.35.

The basis of our construction is the existence of a pair of metrizable Stone spaces Y, Z
such that

4.2) YOeY=ZeZ,butY 2Z7.

Remember, that & denotes the disjoint union of topological spaces as defined in Defini-
tion 2.4.

Chapter 45 in [GHO9] is devoted to the construction of such a pair of spaces. The original
construction [Han58] is due to HANF, the version presented by GivanT and HaLMos in
[GHO9] is based on simplifications by DANA ScoTT. More precisely, HANF constructed
metrizable Stone spaces Y, U such that

(4.3) YZ2YeU,butY=EZYeUeU.

Setting Z :=Y & U gives the desired properties.

To use such spaces as the state space of a cellular automaton, we have to realize them as
shift spaces. We will not repeat their construction here, but will realize such space as
two-sided subshifts which will require some substantial modifications. Notice, however,
that the spaces in Chapter 45 of [GHO09] can be realized as one-sided subshifts, because
they fulfill the assumption of the following theorem.

Theorem 4.35. Let X be a metrizable Stone space. If X contains a set C € X homeomorphic
to the Cantor set with C € X \ C, then X is homeomorphic to a one-sided subshift.

Proof. The obstacle to finding a subshift homeomorphic to X is shift-invariance. With
every subset of the full shift, all shifted versions of this subset have to be included as
well. We will use the Cantor space C to “soak up this garbage”. Since all Cantor spaces
are homeomorphic, we can without loss of generality assume that X C {0, 1}". The set
Y :=C\X \ C # 0 is an open subset of C and C is zero-dimensional. Hence we can find a
subset O C Y which is clopen in C, see Figure 4.3 for an illustration. Since C is compact,
and hence closed in X, and O is closed in C, O is also closed in X. On the other hand
X\O0=(C\0)UX\C is a closed subset of X. Thus O is open in X. Therefore X can be
partitioned into the two clopen subsets O and X \ O and we have X = (X \ O) @ O. Since
O is a clopen subset of the Cantor space C, it is itself homeomorphic to C. Together this
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implies

X=x\0)ecC
Z(X\0)e(CoC)
=Z=Xe&C.

SetS:={2x | xex}u{0,1}N c{0,1,2}". We have

s{2x | xex}u{o,1}"
~XaC
~x,

Since S is clearly shift invariant, we realized X as a one-sided subshift. O

While the assumptions in the previous theorem are fulfilled in our application, it is not
clear, if they can be omitted. This gives rise to the following question.

Question 4.36. Is every metrizable Stone space homeomorphic to a one-sided subshift?

The answer is no in the case of two-sided subshifts as we will see soon.

What makes it hard to construct spaces Y and U withY @ U 2Y =Y @ U @ U is the large
set of endomorphisms that, e.g., the Cantor set has. This makes it very easy to make
room in Y in order to fit the additional space U into that space. One therefore desires a
space Y with rigid subsets. This can be done by defining in topological terms points of
type a for a an ordinal. We say that a point x in a topological space X has type a, if

x € (Iso(X) \ Iso(X)®*1)) N Dense(X).

Example 4.37. Consider the following space U := | J,c U, U1 € {0, 1, 21, which appears
as a building block in Chapter 45 in [GHO9]. The sets U, consist of one-sided sequences over
the alphabet {0, 1, 2}. Each of them starts with a block of £ ones. Either they contain at most
£ blocks of ones of length £ and no other blocks of ones, or the initial block of ones is followed
by an arbitrary sequence of zeros and twos, i.e.,

U :={10410% .. 010 [1<m < £, ky,..., k, eNJU{ 1% | x€{0,2}" }.

The sets U, are disjoint closed subsets of the compact space U. Each U, contains exactly one
point of type £, namely 1¢0°°, and no other point of type k € N. The point 1°° is of type wy.

The space U in Example 4.37 contains exactly one point of type £ for each £ € N. Since
every point of type ¢ has to be mapped to a point of the same type, every automorphism
of U has to fix the set of all points of type £. In particular every automorphism of U
must have infinitely many fixed points. But a two-sided subshift over the alphabet A has
an automorphism with at most |A| fixed points, namely the shift map. Hence U is not
homeomorphic to a two-sided subshift. This leads directly to the following question.
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[ J
A
Ly {o,a,b,c,d,e} {0,a,b,c,d,e}
{0,5,6,7,8} {0,5,6,7,8}
L,
Y
[ ]
A
L
{0,1,2,3,4}

Figure 4.4.: Structure of the space Y.

Question 4.38. Which metrizable Stone spaces are homeomorphic to two-sided subshifts?
The answer also seems to be unknown for subshifts of finite type or sofic subshifts in the
two-sided setting as well as in higher dimensions or over groups other than 7.

As we just saw, not all spaces occurring in the construction in [GHO09] can be realized as
two-sided subshifts. We therefore give an explicit construction of two two-sided subshifts
Yand ZwithYZ2ZandXeX=Z&Z.

The shift will use the following alphabet {0,0,1,2,3,4,1,2,3,4,5,6,7,8,a, b, c, d,g}. These
symbols fall into three groups: the Eezo_symbols {0, 0}, the marker symbols {1,1,5,a,c}
and the separator symbols {2,3,4,2,3,4,6,7,8,b,d, e}.

The space Y is horizontally! divided into 3 parts Ly, L, and Ls, each having a left and a
right half L}*" and L,r;ght, and a middle part L4 for k € {1,2,3}. Figure 4.4 illustrates
the general structure of Y and the symbols used in the respective parts. Each of the
halves L}{eft, lelght, k € {1,2} is the union of a countable number of sofic shifts L}{egt and
Lright |

kel :
shifts LM respectively L?iht with one point *0°° removed.

respectively. The halves L13eft and Lglght are the union of a countable number of sofic

LAll spatial notions here have no topological meaning. They just allow us to refer for example to something
“on the left” and hopefully help to provide some mental picture of the space.
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The sofic shifts forming the left halves are given by edge-labeled graphs in Figure 4.5. They
are concatenations of zero symbols and blocks of the form ay!By!*! where a is a marker, 8
a separator and y a zero symbol. The columns on the right side are obtained by replacing
each occurrence of such a block ay!By*! by ay*!'By!, or in other words, by shifting

each separator symbol one position to the left. Additionally, to obtain Lrlght from Llleft one
replaces all occurrences of non-zero symbols by their counterparts w1th a line on top. For

example °°(10200)10300.(10200)* € Lle1 is turned into °°(10020)10030.(10020)* €

nght . The result of this procedure is depicted in Figure 4.6.

The middle part is the closure of the left and the right half minus these two parts. All in
all this means

left .__ | 4] rleft
L= L,
{eN

right | U right
L= = Lk,e ,
{eN

Lll;ﬂlddle — Lleft U Lrlght \ (Lleft U Lrlght)

. rleft middle right
Ly:=L ULy} UL ="

The middle part thus consists of all points having at most one non-zero symbol and

priddle — {om(%°0.80%°) | meZ,B €{a,b,c,d,e} }U{®0"},
pidde — £ 5m(°°0.80%°) | me Z,B €1{5,6,7,8} } U {0},
pmidde = £ 5m(%°0.60°) | meZ,p €{1,2,3,4,1,2,3,4} }U{®0%}.

All three parts Lq, L, and L3 are compact. While L; and L, U L, are disjoint, we have
Ll N LZ == {OOOOO}'

For the definition of Z and some intermediate steps in our proof we also need modified

versions L, L, of L; and L, obtained by replacing every block of the form a0‘f0‘*!,
: ; {+1pnl+1 ; left

where a is a marker symbol and f is a separator symbol, by a0 0" in Lk‘} and by

replacing a0*?$0‘ by a0‘*260" in L;

Additionally, we set

nght . The middle parts of L, and L, are the same.

vt.={xel, | x,=1},
Uright::{xeil | x_lzi}’

V1:=kLJN{x€i1f£t x_[%]=1}UH{xGLnght x[k+4]=T},

S (S

VZ:ZL_J{XEZI;}CCt x_[kﬁ]ZS}UU{xeLnght X|—k+4-|—5},
keN ’ 2 keN

W::{xeiz | x_1:5}
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Figure 4.5.: The left half of the space Y.
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Figure 4.6.: The right half of the space Y.
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Figure 4.7.: Proving Y @ Y = Z & Z by a series of homeomorphisms.

NS4
[

We can now define

Y::L1UL2UL3,

. Fleft middle right
7 = plefty pmidde 118 G 1)y,

Since each of the columns and each of the three middle parts is shift invariant, so are Y
and Z.

We show Y @ Y = Z & Z by constructing a sequence of homeomorphisms as shown in
Figure 4.7.

Step 0: Z =Y @ Ut = v g yright,

Define a map ¢, : Y @ U'ft — Z. This map fixes all points in L, ULs. For a point x € Ly, ¢,
inserts the symbol 0 to the right of each marker symbol 1 appearing in x. If the marker
symbol is immediately left of the origin, the symbol 0 is also inserted to the left of the
origin. For example

x =...300010020001,002000100...
is mapped to
po(x)=...30001000200010,0020001000...

This map is clearly continuous and injective on Y. It is not surjective on Y as
Z\LpO[Y]:{xeil | x_1=1}.

This remainder is precisely U'®ft, hence fixing the points in U turns ¢, into a bijective
map. Furthermore, ¢, is continuous as the knowledge of x;_; ; uniquely determines
©0(xX)—k k]> in other words, the map is Lipschitz-continuous with Lipschitz-constant 1 with
respect to the standard metric as defined in Example 2.7. Since Y and U™ are compact,
their disjoint union is compact too. Therefore ¢, is a homeomorphism by Theorem 2.1.
The same arguments also establish that the maps constructed in the following steps are
homeomorphisms once we know that they are bijective.

Since U'ft and U8 are clearly homeomorphic, we also have Z =Y @ U"isht,
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Step 1: (L, UL, @ Ut urisht = [ yL,.

This step is almost the same as Step 0. Define a map ¢, : (L; UL,) @ Ufwursht - [, UL,
as follows. First of all, ¢, fixes all points in L,. For a point x € L, ¢, inserts the symbol
0 to the right of each marker symbol {1,1} appearing in x. If the marker symbol is
immediately left of the origin, the symbol 0 is also inserted to the left of the origin. This
map restricted to L, UL, is clearly injective and maps L, into L, but it is not surjective as
L\ (L)={xel, | x_; €{1,1} }. But this remainder is precisely U'" U U"8", hence
fixing the points in these sets turns (; into a homeomorphism from (L, UL,)® U@ urisht
into L, U L,.

Step 2: L; UL, =L, UL, UV;.

Similarly as in the first step, we construct a homeomorphism ¢, : L; UL, UV; — Ly U L.
The map g, fixes all points in L, and all points in the middle part of L,. It inserts the
symbol 0 between every occurrence of a marker symbol and a separator symbol if they
appear in that order and are only separated by zeros. As in the description of ¢, we
have to take care how blocks overlapping the origin are dealt with. Let x be an element
of one of the two halves of L;. Let i € {—1,—2,...} be the position of the first occurrence
of a non-zero symbol in x left of the origin and let j € {0,1,...} be the position of the
first non-zero symbol in x right of the origin.

If x; is a marker symbol, then x; is a separator symbol and ¢, adds a zero between them.
If |i| — 1 > |j|, we add the zero left of the origin, otherwise it is added to the right of the
origin. In other words, the side with the longer block of zeros next to the origin gets an

additional zero. If there is a draw, the zero is added on the right side.

For example for
x =...3000010002000010,00200001000...
we have i = —2 and j = 2, hence the zero is added right of the origin and we get
p5(x)=...30000100002000010,0002000010000....

This method ensures that ¢, is continuous. Clearly ¢, maps L; into L,. However, not
every point in L, appears as the image of (P2, fpa(x)=y € L, has a marker symbol
at position i € {...,—2,—1} as the first non-zero symbol left of the origin and a separator
symbol at position j € {0, 1,...} as the first non-zero symbol right of the origin, x also
must have a marker symbol as the first non-zero symbol left of the origin and a separator
symbol as the first non-zero symbol right of the origin.

If y is in the left half of L,, there is some k € N with y € LI and the equation |i|—1+|j| =
k +1 holds. Since the zero symbol is always added to the side already having more zeros
and to the right side in case of a draw, it is impossible that |i| —1 = |j| or |i| —1 = |j| + 1.
Hence it can never happen that 2|i| = k + 3 or 2|i| = k + 4. In other words, it can not
happen that |i| = [kzis].

On the other hand for y € iiiiht we have |i|— 1+ |j| = k + 2 and it can never happen that
li| = [k—;“]. All in all this means I, \ ¢,[L;]=V;. Fixing the points in V; therefore gives
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us a homeomorphism ¢, : L; UL, UV; — L UL,.

Step3: LiUL,UV; E(L;ULy))®W.
The third step is basically equivalent to the composition of Step 2 and Step 1 in that
order.

Define a homeomorphism ¢5 : L; UL, UV, — L, U L, by fixing all points in L; and all
points in the middle part of L,. In points in leEft and Lglght a zero is inserted between
every marker and separator symbol.

If the origin lies between the marker symbol and the following separator symbol, the
zero is added on the side of the origin with the larger block of zeros as in ¢,. In case of a
draw, it is added to the right side. This gives

@3[LyULy] =L ULy \

The set V; is then mapped by ¢4 bijectively into V, by replacing the marker symbols
1 and 1 by the marker symbol 5 and replacing the separator symbols 2 and 2 by the
separator symbols 6, replacing 3 and 3 by 7 and by replacing 4 and 4 by 8. The resulting
map is a homeomorphism ¢ : L; ULy UV; — Ly U Ly.

Define a homeomorphism ¢, : (L; UL,)® W — L; U L, by first of all fixing all points in
L. In points in leeft and nght a zero is inserted between every marker and separator
symbol. If the marker symbol is immediately left of the origin, the zero is also inserted

left of the origin. This gives
QalLiUL] =L ULy \ W.
By fixing all points in W we therefore get a homeomorphism ¢, : (L;UL,)®W — L, UL,.

Step4: L; oW =1L,.

Define a homeomorphism ¢ : Ly;@®W — Lj as follows. For x € L4 insert the zero symbol o
in front of every a. If the a is immediately to the right of the origin, insert the o to the right
of the origin, too. Therefore p5; maps L into Ls and L3\ ¢ps[Ls]={x € Ls | xo=a} =:R.
We now have to map W bijectively onto R.

Let x be a point in W N ilzel;f for some k € N. We can partition x into blocks of length
2k +4, all starting with the marker symbol 5 and containing exactly one separator symbol
s. Such a block has the form 50*1s0%*1. By removing all zero and marker symbols from
x, we obtain a two-sided sequence a(x) € {6,7,8}% and it is possible to reconstruct x
from this sequence if we know that x e W N ilzefkt We turn this into a one-sided sequence

B(x) € {6,7,8}" by defining
(B ien = (a(x)o, alx)_1, a(x)y, a(x)_p, alx)p, .. ).
From f(x) we create a point ¢s(x) by defining

ps(x) = oo0-(a0kb0k+1)wﬁ(x)1wﬁ(X)z e
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where
weg := cokbo**!,
wo :=cofdo*t?,
wg 1= cokeoktt,
For x € LIft the sequence f3(x) is either a sequence of symbols in {6, 7} with at most k

2,k
occurrences of 7 or it is an arbitrary element of {6,8}". Hence ¢<(x) is a point in R and
s is injective, since wg, w, and wg are pairwise different. As an illustration consider the
following example.

x =...50006000 50006000 50006000 5.0007000 50007000 50006000 - - € f.lzegt

a(x)=...666.776...
B(x)=767666...

ps(x) = °0,a00booo coodooo coodooo cooeooo ...

right

~right
LZ 3

By the same procedure we can map W N bijectively onto RN L, . Finally, the

unique point in W N Z;“iddle, ©°0.50°°, is mapped to “°0,a0*° by ¢s.
All in all this means

ZeZ= (Yo U e (y @ Uutsht)
Xl UL ®L;®Y
=LUL,UV;8l;8Y
SELUL,eWalLl;eY
SLUL,®L;®Y
=YoY

After we showed that Y @ Y = Z @ Z, we want to show that Y and Z are not homeo-
morphic. The proof is basically the same as in [GHO9]. The additional twist mainly
consists in showing the existence of an involution ¢ of X fixing a certain topologi-
cally defined subset. The existence of such an involution is obvious in the non-shift-
invariant construction in HALMOS’s proof, but requires more work in our setting. We
first identify the points of type £ in the spaces Y and Z. A point y is isolated in Y if
and only if it is contained in L}(‘fﬁt or ijht and contains ¢ occurrences of blocks in M :=
{10k30k+1 10k+130k, 50k 70k 50k*+170k cokdok*1, cokt1d ok, ao*bok*1, a0kt bok}. There-
fore all points in the middle of Y are contained in Iso(Y)(®0), so they are in particular
not of type £ for £ € N. The points y in L}fff and L?jht which are contained in Iso(Y)™
for m > 1 are therefore precisely those having at most k —m occurrences of blocks in M.
A point is in Dense(Y) if and only if its does not contain any of the symbols 3,3,7 or d.
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Together this implies for £ > 2

Type,(Y) = { o*(*°(10°201)*) | k€ {0,...,2¢ +2} } (in L)
u{o"(*°(10"1209%) | k€ {0,...,2¢ +2} } (in L7EM)
U{ 0" (> (50'60!"1)®) | k€ {0,...,2¢ +2} } (in Ly)
u{ck(*(501609)>°) | ke{o,...,20+2} } (in L&)
U{ ¥ (®0.(a0'bo M) (co bo" ")) | ke Z} (in LI
U{ 0" (™o bo")®) | ke {0,...,26} } (in ngfgt_l)
U{o"(0.(a0 b Yo" bo")®) | kez}  (inLIE™)
u{o*(®0.(co'bo" ™)) | ke{0,..., 2} }. (in L7

Almost the same characterization holds for the points of type ¢ in Z and we have

Type,(Z) =Type,(Y) \ Llfgt
u{ok(>°@0*1201)*°) | ke{0,...,2¢+3} } (in L.

Based on this we can further characterize certain subsets of Z. For a topological space
X, let Lim(X) be the set of all points x € X, for which there is k; € N and a sequence
(yi)ken converging to x with y; € Type,(X) for all k > kj. Let Sing(X) be the set of
all points x € Lim(X) for which there exists a k, and a neighborhood U of x such that
|U N Type(X)| =1 for all k > k. Finally define Fixed(X) := Lim(X) \ Sing(X). It is easy
to see that Lim(Y) as well as Lim(Z) are precisely those points that contain at most one
non-zero symbol and for which this symbol is in {1,2,1,2,5,6,a, b, c}. Furthermore,

Sing(Y) = Sing(2) = |_J o*[{*°0.50% |s € {1,2,,1,2}]
kez

and

Fixed(Y) = Fixed(Z) = |_J o*[{ 050 | 5 €{0,5,6} }]
kez
U U ok[{*®0.50® | se€{o,a,b,c}}].

keZ

Now we want to show that there exists an involution ¢ : Y — Y, i.e., a homeomorphism
with ¢? = idy, such that Fix(y) 2 Fixed(Y) and such that Fix(¢) N Uken Typer(Y) = 0.
The involution ¢ does the following. All points in the middle, i.e., those that contain at
most one non-zero symbol, are fixed by ¢. Consider a point x in one of the two halves
of Y. Let i be the position of the first non-zero symbol in x left of the origin and let j
be the position of the first non-zero symbol in x right of the origin. To get to a point in
the other half, we will either move all marker symbols or all separator symbols. If x is in
the left half, either all marker symbols are moved to the left or all separator symbols are
moved to the right. If x is in the right half, we do the opposite and either move all marker
symbols to the right or all separator symbols to the left. Moving a symbol left or right
means that we exchange it with the zero symbol on its left or right side, respectively. To
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determine if marker or separator symbols should be moved, consider the symbol x; if
|i| > |j| or the symbol x; if |i| < [}|. If this symbol is a separator symbol, move these, if it
is a marker symbol, move those. Finally we exchange 1,2, 3,4 with 1,2,3,4.

For example the point
x =...00001000.02000001000030...

has a block of three zeros left of the origin and a block of one zero on the right, hence
i =—4 and j = 1. Since the block of zeros left of the origin is larger than the block of
zeros on the right and it is terminated by a marker symbol, we are going to move the
marker symbols. The point x lies in the left half, hence we are going to move all marker
symbols to the left and the image of x is

¢(x) =...00010000.02000010000030. ..

. . . . . left1 __ right
It is easy to see that ¢ is an involution with cp[Lfk 1= Ly

most one non-zero symbol different from 1,2,3,4,1,2,3,4. Hence no point of type k € N
is fixed and Fixed(Y) C Fix(¢p).

which fixes all points with at

Restricted to one of the sets L%’elft and Lil]fht, the map ¢ is clearly continuous, as the
knowledge of x;_ ;7 allows one to deduce ¢(x);_, . To see that ¢ is continuous, let x be
a point in the middle and let y be some point such that x;_, ;; = y[_ ¢] for some { € N.
We know that x consists of zero symbols and at most one non-zero symbol. If x;_
contains only zero symbols, then so does ¢(x)—s41,¢-17 and ¢(¥)—¢+1,—1]- Now assume
there is a non-zero symbol in x at position i € {—(,...,£}. If i > 0, then the block of
zeros left of the origin in y is larger than the block of zeros right of the origin, hence the
symbol at position i in y is not moved and we have ¢(y);_s41-1] = ¢(¥)[—¢+1,0+1]- The
same holds for i < 0, hence ¢ is a continuous map.

We now have to show that Z does not have such an involution. Assume there would be
an involution 1 : Z — Z, fixing no point of type k and fixing all points in Fixed(Z).

The set M = leeft U LllniCldle U Llilght UL, € Z contains an odd number of points of type
k for every k € N. Since 1) is an involution and non of these points is fixed by 1,
there is a sequence (y;)rey Of points of type k in M whose image under 1) lies in
Z\M = L. Since M is compact, (yi)rey has a subsequence (y; )nen converging to
y € M NnLim(Z). Since ) is continuous and Lj is a closed subset of Z, ¢)(y) € L;. In
particular y # v¢(y) and hence y ¢ Fixed(Z). Therefore y € Lim(Z) \ Fixed(Z) = Sing(Z).
Since points of type k as well as Sing(Z) are defined in purely topological terms, they are
invariant under homeomorphisms, in particular y)(y) € Sing(Z) € M. But this contradicts

Y(y) € Ls. D

We have now reached the goal of this section in the following theorem.

Theorem 4.39. There exist two-sided subshifts Y and Z, cellular automata f : Y — Y, g :
Z — 7 and a homeomorphism 0 : Y — Z such that
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(a) f and g are not topologically orbit equivalent,

(b) O[Peri(f)]=Peri(g) for k eN.

Proof. Using the spaces Y and Z defined above, define the spaces ¥ :={—1,1} x Y and
Z :={—1,1}xZ and the functions f: ¥ — V¥, f(k,x)=(—k,x)andg: Z — Z,g(k,x) =
(—k, x). Both functions are two-periodic and have no fixed points, therefore Per,(f) =
Y = Z = Per,(g) and condition (c) of Theorem 4.34 is fulfilled. Now ¥ /Orb(f) = Y
and Z/Orb(g) = Z. Since Y 2 Z holds, the dynamical systems f and g can not be orbit
equivalent by Theorem 4.29. O

Based on this example we can go further and construct a pair of non-conjugate periodic
dynamical systems on the full Cantor space fulfilling property (c) of Theorem 4.34. As
an additional ingredient, the construction uses the following lemma.

Lemma 4.40. Let f : X — X be a p-periodic dynamical system on a metrizable Stone space
X with p e N. If ¢ > 2 is coprime to p, then there exists a pq-periodic dynamical systems
f :X — X on the Cantor space X and a subspace M C X, such every point in X either has
minimal period pq or minimal period p with respect to f, such that Perp( f)=M and such
that f| v is conjugate to f. The space X and the subspace M depend only on X, p and q, but
noton f.

Proof. Let C C R be the middle third Cantor set. Consider the sets C; = e C C for
k=0,...,q—1. Define X := X x( i;é Ci)- This space is compact as the product of compact
spaces by TycHONOFF’s theorem, Theorem 2.2. As the product of zero-dimensional spaces
it is also zero-dimensional, see Theorem 2.3, and it is also perfect because C and hence
all of the sets C; are perfect. All these properties together imply that X is a Cantor
space. Define f :X — X by f(x,c) = (f(x),e%c). Clearly this map is continuous and
pgq-periodic.

Since q is coprime to p, the only p-periodic points (x,c) of f are those with ¢ = 0,
hence Per,(f) =X x {0} and f|Perp(f) is conjugate to f via the projection onto the first
coordinate. O

Corollary 4.41. There exists a pair f,§ of 6-periodic dynamical systems on the Cantor
set, such that f and g are not topologically orbit equivalent but such that condition (c) of
Theorem 4.34 holds.

Proof. Let f : Y — Y and g : Z — Z be the pair of cellular automata constructed in
4.39. There is a homeomorphism ¢ : ¥ — Z. Applying Lemma 4.40 to f : Y — ¥ and
¢ logop:¥Y — Y with ¢ := 3 we obtain a Cantor space X with a subspace M and 6-
periodic dynamical systems f : X — X and § : X — X. Since ﬁperz(f) is conjugate to f and
&per,(g) 1S conjugate to ¢ logop, the dynamical systems f and g are not topologically orbit
equivalent. On the other hand, X = 15&2(f)u15€r6(f) = 1%}2(g)u1%6(g). Since lsgrz(f) =
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Per,(f)=M = 1§e?2(§) = Per,(g), we also have Perg(f) = Perg(§) and therefore condition
(c) of Theorem 4.34 is fulfilled with 0 =idy. O

The constructions in this section rely heavily on spaces with infinite Cantor-Bendixson
rank. In the next section we will see that in dimension one subshifts of finite type always
have finite Cantor-Bendixson rank. This is, however, not true in higher dimensions as
constructions by JEANDEL and VANIER [JV11] as well as SALo and TORMAA [ST13] show.

Question 4.42. Are there two subshifts of finite type Y C A% and Z € AY such that
YOoYZ=EZ®ZbutY £27?
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Chapter 5.
Topological Structure of Subshifts

In this chapter, we show that the derivative algebra generated by a finite number of
sofic shifts is finite. As we already know, sofic shifts can be represented by edge-labeled
graphs. Let G be a graph with an edge labeling ¥ and a set of distinguished vertices
S. We saw that ¥ (Path,(G)) is a two-sided sofic shift and that every two-sided sofic
shift arises that way. If we replace Z by N, we obtain the same result for one-sided sofic
shifts. If one applies the labeling to Path(G, S), one obtains a regular language and if
one does the same for Pathy(G, S) one obtains the adherence of this language. HEAD
showed in [Hea85] and [Hea86] that the adherence of a regular language generates a
finite derivative algebra'. He later used this result in [Hea91] to show that two-sided
sofic shifts generate finite derivative algebras. We extend these results to the derivative
algebras generated by multiple two-sided sofic shifts.

We first analyze the simpler special case of a finite collection of subshifts of finite type in
Section 5.1, in other words, we ignore the edge labels and concentrate on the structure
of the graphs. Besides the space Path;(G) we will also look at the space Pathy(G,S).
Somewhat surprisingly, introducing this distinguished set S of initial vertices allows us
to get rid of the edge labels also in the sofic case, as long as we are only constructing
homeomorphisms and not conjugacies. This will be shown in Section 5.4.

In between we will show in Section 5.2 how to use the condensation of a graph to
effectively obtain information about our derivative algebras. Furthermore, in Section 5.3
we show how to realize abstract derivative algebras as the derivative algebras of one-sided
subshifts of finite type.

The results on the derivative algebras of multiple sofic shifts obtained in this chapter
allow us to apply Theorem 4.34 to periodic cellular automata. As we already know, the
set of p-periodic points of a cellular automaton on a one-sided or two-sided sofic shift is
again a sofic shift. The results in this chapter therefore apply in particular to the periodic
point algebra of periodic cellular automata on such shifts.

More precisely he used the framework of topological Boolean algebras.
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5.1. Derivative Algebras of Multiple Subshifts of Finite Type

Our investigation starts by analyzing the topological structure of multiple intersecting
subshifts of finite type. We know that every two-sided subshift of finite type is conjugate
to the edge shift of some graph. Our goal is therefore to partition the edge shift of a
graph G into the atoms of a derivative algebra. This partition is given by the sets Full,(K)
for subgraphs K of G.

Definition 5.1 (Full,(G)). Let G be a graph. We denote by Full,(G) C Path,(G) the set of
all bi-infinite paths in G that contain all edges of G, i.e.,

Full,(G) :={y €Pathy(G) | Ve€cE(G)Ik € Z v, =e}.

The sets Full(G) € Path(G), Fully(G) € Pathy(G) and Fully(G, S) € Pathy(G, S) for S € V(G)
are defined analogously.

a Gﬂ/ b CP/ \OQ Oc/ =)

G F, F,

Figure 5.1.: The graph G of Example 5.2 together with its subgraphs F; and F,.

Example 5.2. Consider the graph G with its two subgraphs F; and F, in Figure 5.1. No
path in G can contain both the edge d and the edge e, hence Full,(G) = §. On the other
hand,

Full,(F,) = Pathy(F;) \ ({ c® }u{c*(®(fgh)™) | k€{0,1,2} }),
Full,(F,) = { 0*(®°a.db™) | ke z}.

The following two lemmas will provide building blocks to show that subsets of our edge
shifts have a certain cardinality.

Lemma 5.3. Let G be a strongly connected graph with at least one edge. For every pair of
vertices 1,1, € V(G), there is at least one finite path y € Full(G) starting in i; and ending
in i,.

Proof. Lete,...,e, be an enumeration of the edges of G. Since G is strongly connected,
for every pair of vertices j;, j, € V(G) there is a path a; ;, € Path(G) from j; to j,. Setting
V= Qigiger)€1%t(ey)i(e;) €2 Xtley) ile3) « - - En—1PXt(e,1),ile,)En Ftle, )i

gives a path starting in i, traversing all edges of G and ending in i,. O



5.1. Derivative Algebras of Multiple Subshifts of Finite Type 93

Lemma 5.4. Let G be a strongly connected graph which has at least one edge and which
is not a cycle, i.e., there are two different edges e, e, € E(G) with i(e;) = i(e,). For every
vertex i € V(G) there are two different paths v,y € Full(G) of equal length starting and
ending in i.

Proof. Let ey, e, € E(G) be two different edges with i(e;) = i(e,) =: j. For ji, j, € V(G) let
a; ;, be a path in Full(G) staring in j; and ending in j,, whose existence is guaranteed by
Lemma 5.3. Set 11 := a; je1Q(e,); and ¥, := @; jeaty(e,)i- S€L ¥1 := ?llm and y, := ?lzhl.
Both of these paths start and end in i, contain all edges of G and have length || - |¥5].
They are, however, different from each other, as (y1)|qijj+1 = €1 # €2 = (Y2)|aij+1- O

The fact that Fully(G) or Full,(G) is non-empty for a graph G puts severe restrictions on
the structure of G. It must have the form defined in the following definition.

Definition 5.5. Let G be a graph, let G4, ..., G, be subgraphs of G with pairwise disjoint
vertex sets and let eq,...,e,_; € E(G) be edges. We say that G has the form

€1 €2 €n—1
G — G —...— G,

if the following conditions hold.

V(G)=V(G)U---UV(G,),
E(G)=E(Gy)U---UE(G,)U{ey,...,en1},
igler) € V(GL) forke{l,...,n—1},
tg(er) € V(Gyyp) for ke {1,...,n—1}.

Lemma 5.6. For every graph G without isolated vertices and for every subset S C V(G), the
following are equivalent.

(a) The set Fully(G,S) is non-empty.

(b) The graph G has the form K; LN K, SN K,, where K4, ...,K, are strongly
connected graphs with SNV (K;) # @ and |E(K,,)| = 1.

Proof. (a) = (b) Assume there is a path y € Fully(G, S). Since G has no isolated vertices,
each strongly connected component of G is traversed by y. After y leaves a component,
it can never visit it again. Hence there exists an ordering of the strongly connected
components K,...,K, and indices ¢4, ...,{,_; such that

’)/[ S E(K]) lff < 61,
(5.1 v €EKK,)ifl,_1 <l<l,, me{2,...,n—1},
Y €EK,)if b, <!l

and such that G has the form

Tep Yiy Y

(5.2) Ki—K,— ... — K,.
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Since y starts in Ky, V(K;) NS # 0.

(b) = (a) Let i be a vertex in S N V(K;). If G fulfills (b), by Lemma 5.3 there are paths
B, € Full(K,) for £ € {1,...,n}, which are empty if E(K,) = @, such that

ic(By) =1 tg(B1) =1ilep),
ig(Be) = tleg—1) tg(Be) =ile) for £ €{2,...,n—1} with E(K,) # 0,
ic(B,) = tlep—1) te(Bn) = tlep—1)-

The path Be,Bqe5..., 2B,_1€,—18," is then an element of Fully(G, S). O

The characterization of graphs which contain bi-infinite paths containing all edges is
very similar to the one-sided case.

Lemma 5.7. For every graph G without isolated vertices the following are equivalent.
(a) The set Full,(G) is non-empty.

(b) The graph G has the form K; BN K, SR K,, where K4, ...,K, are strongly
connected graphs, |E(K;)| = 1 and |E(K,)| = 1.

Proof. (a) = (b) Assume there is y € Full,(G). As in the previous lemma, there is an
ordering K;,..., K, of the strongly connected components of G such that y fulfills (5.1)
and such that G has the form (5.2). Since y, _; € E(K;) and y,_ 1 € E(K,), both of
these components contain at least one edge.

(b) = (a) If G fulfills (b), there are paths 3, € Path(K;) for £ € {1,...,n}, which are
empty if E(K,) =0, such that

i(B1) = i(e1) t(B1) = iey),

i(B,) = t(e,_q) t(B,) = i(ey) for £ € {2,...,n—1} with E(K,) # 0,
i(ﬁn) = t(en—l) t(/jn) = t(en—l)-
The path *°f;.e;Be5 ..., 2B,-1€,-18," is then an element of Full,(G). O

For every bi-infinite path y in a graph G there is exactly one subgraph K for which
y € Full,(K), namely the subgraph induced by all the edges traversed by y. This subgraph
must have the form defined in Definition 5.5 as we just proved. To construct a derivative
subalgebra of #(Path;(G)) from these subgraphs, we have to calculate the derivative
of Full;(K). This is accomplished in the next two lemmas, first in the one-sided and
afterwards in the two-sided setting. Remember that for M C Path,(G) we have y € M* if
for every k € N there is a path in M \ {y} which agrees with y on {—k, ..., k}.

Lemma 5.8. Let G be a graph and let K be a subgraph of G that has the form

€1 €2 €n—1
Ki—K,—...—K,, ne€N,
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where K, ...,K, are strongly connected components of K. Let S C V(K). Let 5 be the set of
all subgraphs of G of the form

! €2 €r—2 €e—1
Ki—K,—...— K, 1 —H,

where 1 < { < n and where H, is a (not necessarily strongly connected) subgraph of K,.
The set of accumulation points of Fully(K,S) in the space Pathy(G,S) € E(G)Y is given by

J{Fully(H,SNV(H)) | He >} if K,, is not a cycle

Fully(K,S)* =
ully(K, 5) {U{FullN(H,SnV(H)) | He # }\Fully(K,S) otherwise

Proof. (C) Let y be a path in Fully(K,S)*. Every edge of y is contained in E(K), for
otherwise there is j € N with y; ¢ E(K) and there is no path a € Fully(K,S) with
vj = a;. Hence y € Pathy(K, S) and there is £ € {1,...,n},m € N such that all the edges in
{yx | k = m} lie in K,. Let H, be the subgraph of K, determined by these edges. The finite
the edgés, inKy,...,K,_; and all the edges e, ...,e,_;. There exists a subgraph H € 5
with y € Fully(H,SNV(H)). If K, is a cycle, then y can not be in Fully(K, S), for otherwise
there would be no other path in Pathy(K,S) agreeing with y on {1,...,m}.

(2) By Lemma 5.3 there are paths a, € Full(K;) for £ € {1,...,n}, which again might be
empty, such that

i(a;) € V(K1) NS, t(a;) =i(e;),
i(ag) =tleg_q), t(ay) = i(e,) forte{2,...,n—1},
i(an) = t(en—l ): t(an) = t(en—l):

and t(a,) =i(a;) € V(K;) NS if n = 1. If K, is not a cycle, then by Lemma 5.4 there is
another path &,, sharing the properties of a, stated above, such that a>° # a-°.

Let y be a path in Fully(H,S N V(H)) with H € 5. There is £ € N and a subgraph H, of
K, such that H has the form

€1 € €r—2 €r—1
Ky —Ky,—...— K, — H,.

Let m € N be sufficiently large such that t(y,,) € V(H,). There is a path 8 € Path(K) from
t(y ) to i(ay).

If £ < n, then

~ . o
7 i=vrmPareeriirsr---epq @,

is a path in Fully(K, S) different from y with (1,1 = 1[1,m]-
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If £ =n and K,, is not a cycle, then

7= rpmBacs,
72 =y mBace

are two different paths in Fully(K,S) with ?[11,111] = ?fl’m] = y[1,m]- At least one of these
two paths is different from y, hence y € Fully(K, S)*. O

Lemma 5.9. Let G be a graph and K a subgraph of G that has the form

€] € €n—1
Ki—Ky,—...—K,, neN,

where K4, ...,K, are strongly connected components of K.

Let € be the set of all subgraphs of K of the form

€¢q €ry+1 €ry—2 €ry—1
Hy — Ky, — ... — K¢,y — Hy,

where 1 < £y < {, < n and where H,, and H,, are (not necessarily strongly connected)
subgraphs of K, and K,,, respectively.

The set of accumulation points of Full,(K) in the space Path,(G) C E(G)Z is given by

J{Full,(H) | Hes#} if K, or K, is not a cycle

Full,(K)* = {U {Full,(H) | H € # }\Full,(K) otherwise

Proof. (€) Let y be a path in Full;(K)*. As in the one-sided setting, every edge in y
must be contained in E(K), in other words, y € Path,(K). There is m € N such that
{yx | ke{—m,...,m}}={yr | k€Z}, hence there are indices £,,{, € {1,...,n} such
that all the edgesin {y; | k <—m}lieinK, andalledgesin {y; | k >m} liein K,,. Let
H,, and H,, be the subgraphs of K, and K, determined by these edges. Since y[_, _m]
can be extended to a path in Full,(K), it must contain all the edges in K; 41,...,K;, 4
and all the edges e, ...,e,,_;. Hence y € Full,(H) for some H € 2.

If K; and K,, are both cycles, then y can not be an element of Full,(K), because in that
case there would be no second path in Path,(K) agreeing with v on {—m, ..., m}.

(2) As in the one-sided setting, choose paths a, € Full(K,),£ € {1,...,n} such that

i(a) =i(ey), t(a;) =ilep)
i(ap) =t(e_1), t(ay) =i(ey) forte{2,...,n—1},
i(an) = t(en—l ), t(an) = t(en—l)-

Let v be a path in Full,(H) with H € 2. By definition, there are indices £,{, € {1,...,n}
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and subgraphs H,, and H,, of K, and K,, such that H has the from

€ €r1+1 €ry—2 €ry—1
Hy — Ky 41— ...— K1 — H,y,.

Let m be sufficiently large such that {y; | k€ {—m,...,m}}={v | k € Z}. There are
paths f3; € Path(K, ) from t(a,,) to i(y_,) and 8, € Path(K,,) from t(y,,) to i(a,,).

The path

7i="aejazey...e0, 10 B1Y[—m0)-Y[o,m) B2, 80, - - - en—1, € Fully(K)

agrees with y on {—m,...,m}. Assume y = f. In this case £, = 1 and ¢, = n. Either K;
and K,, are both cycles and y € Full,(K), or at least one of K; and K,, is not a cycle. Then
either

Fajeiages...eq 10 B1Y[mo)-YomBae,ee, - - en 10, € Fully(K)

or

FCajerazes...eq, 10y Pr1Y[—m0)-YomBP2%e, 8, - - - €n18; € Fully(K)

is a path different from v, which agrees with y on {—m,...,m}. O

We now have all the ingredients to construct our derivative algebras on Pathy(G,S) and
Pathz(G)

Theorem 5.10. For any graph G and any subset S C V(G) the sets

Ty := {Fully(K,V(K)NS) | K is a subgraph of G, Fully(K,V(K)NS)# 0} and
T, := {Full,(K) | K is a subgraph of G, Full,(K) # 0}

are the sets of atoms of finite derivative subalgebras of, respectively, & (Pathy(G,S)) and
P (Pathy(G)).

Proof. As we already mentioned in the two-sided setting, for every path y € Pathy(G,S)
there is exactly one subgraph K of G with y € Fully(K, V(K)NS). In other words, the sets
in Ty form a partition of Pathy(G, S) and are therefore the atoms of a Boolean subalgebra
of & (Pathy(G,S)). By Lemma 5.8, the derivative of every element of Ty is the union of
elements in Ty, hence Ty is the atom set of a derivative subalgebra of & (Pathy(G,S)) by
Lemma 3.13. The same result for T, is implied by Lemma 5.9. O

Corollary 5.11. If Y and Y;,...,Y, are one-sided or two-sided subshifts of finite type with
Yy,...,Y, CY, then the derivative subalgebra of #(Y) generated by Yi,...,Y, is finite.

Proof. SetI:=N orI := Z such that Y C A’. By the proof of Theorem 2.45 there is a
graph G with subgraphs G, ..., G, and a conjugacy ¢ : Path;(G) — Y such that

cp[PathI(Gk)] =Y for k € N.
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By Theorem 5.10 the derivative subalgebra of Path;(G) generated by Path;(G,), ..., Path;(G,)
is finite. The homeomorphism ¢ induces an isomorphism between this subalgebra and the
derivative subalgebra of Y generated by Y3,...,Y,, hence also the later one is finite. [J

We now know how to construct the derivative algebra we are interested in. In order to
apply Theorem 4.34 we additionally need information about the cardinality of its atoms.
We thus want to calculate the cardinalities of Full,(G) and Fully(G, S).

To unify the treatment of the one-sided and two-sided case somewhat, we first prove the
following lemma.

Lemma 5.12. For every strongly connected graph G the following are equivalent.
(a) G isnota cycle.
(b) Pathy(G, {j}) is perfect for all j € G.

(©) |Pathy(G, {j})| = R| for all j € G.

Proof. If G is not a cycle, there must be a vertex i with two distinct out-going edges e, e,.
Since G is strongly connected, there exists a path a; from t(e;) to i(e;) and a path a, from
t(ey) to i(ey). Then ay =y p1(e;@1)°° and ay = vy 43(exa,)™ are two different paths
starting in j and at least one of them is different from y. The set { y € Pathy(G) | i(y)=j}
is thus a closed perfect subset of the Cantor space E(G)". By Theorem 4.7 the cardinality
of such a set equals the cardinality of the reals. If, on the other hand, G is a cycle, then
every path in Pathy(G) is uniquely determined by its initial vertex, hence there is exactly
one path in Pathy(G, {j}). O

Theorem 5.13. If K is a graph of the form

€1 €2 €n—2 €n—1
Ki—Ky,—...—K,_1—K,, neN,

where K4, ...,K,, are strongly connected subgraphs with |E(K,,)| = 1 and SNV (K;) # @, then

[V(K;)NS| ifK,isacycle, E(K,)=0forallle{1,...,n—1}
| Fully(K,S)| =1 IN| ifK,isacycleand 3 € {1,...,n—1} : E(K,) #0 .
IR otherwise

Proof. If K, is a cycle, there is a path a € Full(K,,) with i(a) = t(a), such that every
path in Fully(K,S) is of the form fa® for some 8 € Path(K,S). Hence Fully(K,S) is
at most countable. If furthermore E(K,) = @ for all £ € {1,...,n— 1}, then the initial
vertex of a path y € Fully(K, S) uniquely determines this path. There are |V (K;)NS| many
possibilities for this initial vertex. If, on the other hand, K,, is a cycle and E(K,) # @ for some
¢ €{1,...,n—1}, then there is a path € Full(K,) with i(f) = t(f3), a path y; € Path(K)
starting in a vertex in S and ending in i() and a path y, starting in t() and ending
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in i(a). Combining these paths, one obtains countably many paths y;.85y,a°°, k € N in
FUHN(G, S).

Finally, if K, is not a cycle and i € V(K,,), then | Pathy(K,,, {i})| = |R| by Lemma 5.12. By
Lemma 5.6 and Lemma 5.3 there is also a path y € Full(K, S) ending in i. The concatena-
tion of y with a path in Pathy(K,,, {i}) gives a path in Fully(K,S), hence |Fully(K,S)| =
IR|. O

Theorem 5.14. If K is a graph of the form

e € €n—2 €n—1
Ki—Ky,—...—K,_1—K,, neN,

where Ky, ..., K, are strongly connected subgraphs with E(K;) # 0, E(K,,) # 0, then

|V(K)| ifKisacycle
| Full,(K)| = { IN| if n > 2 and K, and K,, are cycles .
IR| otherwise

Proof. If K is a cycle, then Full,(K) = Path;(K) and hence |Full,(K)| = |E(K)|. Consider
the case that n > 2 and K; and K,, are both cycles. There are paths a; € Full(K;)
and a, € Full(K,) such that every path y € Full;(K) has the form *°a;f3;.8,a5° with
B1, Bs € Path(K). Hence |Full,(K)| < |N|. On the other hand for any y € Full,(K) the set
{ ok (y) | kez } is a countable subset of Full,(K), thus | Full,(K)| = |N|.

In the case that K,, is not a cycle, choose a path a € Full(K;) with i(a) = t(a). By The-
orem 5.13 | Fully(K, {t(a)})| = |R| and for every y € Fully(K, {t(a)}), the concatenation
*a.y is in Full,(K), which therefore also has the same cardinality as the reals. If K; is
not a cycle, repeat the same argument with a € Full(K,,). O

With the information about the cardinality of the atoms at our disposal, Theorem 4.19
and Theorem 4.34 immediately yield the following corollaries.

Corollary 5.15. Let Y,Y;,...,Y, and Y,Y;,..., Y, be one-sided or two-sided subshifts of
finite type with Yy,...,Y, CY and Y, ...,Y, C ¥ given by finite lists of forbidden patterns. It
is decidable if there exists a homeomorphism ¢ : Y — ¥ with ¢[Y;]1=7Y, foralli € {1,...,n}.

Corollary 5.16. Let X,Y be one-sided or two-sided subshifts of finite type. If f : X — X
and g : Y — Y are p-periodic cellular automata, then f is topologically conjugate to g if
and only if there is a homeomorphism p : X — Y such that p[Per,(f)] = Per(g) for all
k € {1,...,p}. If the subshifts are given by finite lists of forbidden blocks and the cellular
automata are given by their local rules, the existence of such a homeomorphism is decidable.

Corollary 5.17. The conjugacy of periodic cellular automata on one- or two-sided subshifts
of finite type is decidable.

As it is often the case in symbolic dynamics, the situation in higher dimensions or over
groups other than Z¢ is drastically different from the one-dimensional situation. We
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will show that it is in general undecidable, if there exist a conjugacy between two given
periodic cellular automata over full shifts. The famous domino problem asks if a subshift
of finite type, given by a list of forbidden patterns, is empty. BERGER showed in [Ber66]
that the domino problem is undecidable over Z¢,d > 2. Therefore we only have to prove
that if one is able to decide the conjugacy problem for periodic cellular automata over
full shifts, one is also able to decide the domino problem.

Theorem 5.18. Let I' be a countable group. If the emptiness of a subshift of finite type
given by a finite set of forbidden patterns is undecidable over T, then topological conjugacy of
2-periodic cellular automata on full-shifts over I is also undecidable. In particular topological
conjugacy of 2-periodic cellular automata on full shifts over Z¢,d > 2, is undecidable.

Proof. For a subshift of finite type X C A!, given by a finite list M C A" of forbidden
patterns over a finite subset H C T, define a cellular automaton fx as follows. The domain
of fx is the full shift ¥ := (A x {0,1}). Let 7, and ry,; be the projections of ¥ on the
full shifts with alphabet A and {0, 1}. Define

) mai 1= (v); i maloia(Y))w €M
fx(y)i= { . .
Ta(¥)i> 0,13 (¥ )i otherwise

We can think of Y as consisting of a control layer A" and a dynamic layer {0,1}'. The
control layer remains fixed under fx and the bit at index i in the dynamic layer is flipped
if and only if there is a forbidden pattern in the control layer at position i. The map f is
two-periodic by definition, and Fix(fx) = 7, *(X). In particular fy has fixed points if and
only if X # (). By Theorem 4.24 fy is conjugate to fy, if and only if X is empty. Therefore,
being able to decide the existence of this conjugacy allows one to decide the emptiness
of subshifts of finite type. O

There are a number of reasons to believe that the conjugacy problem for cellular automata
without the periodicity assumption is undecidable also in dimension one. First of all,
if we allow cellular automata over subshifts of finite type, the problem includes as a
“simple” case the conjugacy of subshifts of finite type themselves. As we saw in Section 2.5,
the decidability of this problem is still open and already withstands attacks for quite
some time. Next, for many dynamical properties, which are invariant under topological
conjugacy, it is undecidable if a given cellular automaton possess this property. Finally,
it is undecidable if two cellular automata are conjugate on their eventual image, i.e.,
the maximal subset on which they are surjective. This is due to the fact that it is even
undecidable if the eventual image consists only of a single point, see the paper by Kar1
[Kar92] and Section 7 in the survey [Kar0O5]. The fact that sometimes every conjugacy
between two cellular automata has to use infinitely many local rules, as we will show in
Section 6.4, gives even more credibility to the conjecture.

Conjecture 5.19. It is undecidable if two cellular automata (without the periodicity as-
sumption) over one-sided or two-sided full shifts are conjugate.
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5.2. The Strong Component Graph

In the preceding section we constructed a derivative algebra containing the derivative
algebra generated by multiple edge shifts as a subalgebra. This algebra, however, was
really huge as we got one atom for every subgraph with a certain structure. Even if we
are dealing with strongly connected graphs, the size of the algebra constructed that way
grows exponentially with the size of the graph.

In this section, we will show how to use the condensation of a graph to recover information
about our derivative algebra. First we show that if we are only dealing with the edge
shift of a single graph, the condensation is actually enough to calculate the derivative
algebra it generates. In particular, this allows us to decide when the sets of p-periodic
points of two cellular automata are homeomorphic.

Afterwards we will introduce a special labeling of the condensation to calculate at least
the cardinality of sets of the form Y \ (Y; U---UY;), where Y and 1;,...,Y, are edge
shifts. This allows us to calculate the cardinality of Pre, ,(f) for cellular automata f by
Theorem 2.70. We will use both methods in Chapter 6 to obtain conjugacy invariants for
elementary cellular automata. In this section, we only prove the results in the two-sided
setting because this is what we will use later.

We start by defining a coarser partition of Path,(G) based on the strongly connected
components which a path traverses.

Definition 5.20 (Trav,(Ky,...,K,)). Let G be a graph and let K,,K,,...,K, be strongly
connected components of G with K; < K, < --- < K,,. We denote by

Trav,(K;,Ks,...,K,)

the set of all bi-infinite paths, that start in K, end in K,, and traverse a vertex in each of the
components Ky, ...,K,. More formally, y € Trav,(Ky,...,K,) if there are indices k,...,k,
such that ig(yy,) € V(K) for £ €{1,...,n}, ig(yi) € V(Ky) for k < ky and ig(yy) € V(K,,)
for k > k,.

Example 5.21. Consider the graph G shown in Figure 5.2. We have

Travy(Ky,K3) = 0 = Travy (K, Ky, K»),
Travy,(K4, K4) = {7 g%},
Travy(Ky, Ky) = { ok (%°(dsd;ydy).eg™) | kez},
Trav,(K;,K4) = Trav,(K;, Ky, Ky) U Travy, (K, K3, Ky)
= Path;(G) \ (Trav,(K;) U Trav,(K,) U Trav,(K,) U
Trav,(K;,Ky) U Travy(Ky, Ky)).

For now we only need to consider sets of the form Trav,(K;,K,). The need for more
components will only arise when we introduce the labeling of the condensation. The fact
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as

Kl

4

8

Figure 5.2.: The graph with strongly connected components Kj,...,K; from Exam-
ple 5.21.

that sets of this form are the atoms of a derivative algebra is established by the following
theorem.

Theorem 5.22. Let G be a graph. Let Ky, K, be strongly connected components of G, both
containing at least one edge. If K; < K,, then

Travy(Ky, Ky)* = | J{Travy(L1,Ly) | Ky <Ly S Ly <Ky }J\ M

where M := Trav,(K;,K,) if K; and K, are both cycles and M := ) otherwise.

Proof. (C) Let y be path in Trav,(K;,K,)". There are indices {,{, € Z and strongly
connected components L, L, of G such that y, € E(L;) for £ < £, and y, € E(L,) for
¢ > {,. Since y is an accumulation point of Trav,(K;, K5), there is a path a € Trav,(K;,K>)
with a1 = Y1¢,¢,]- Thus there is a path from K; to L, and a path from L, to K;, in
other words, K; < L, < L, <K,. If K; and K, are both cycles, there is exactly one path a
in Trav, (K, Ky) with gy, 4,1 = v(¢,.¢,), namely y, hence Trav;(K;, K;) NTrav,(Kq, Ky)* = 0.

(2) Now let y be a path in Trav, (L4, L,) with K; < L; < L, < K,. Let n € N be sufficiently
large such that iz(y_,) € V(L) and t;(y,) € V(L,). There are paths a; € Path(K;),a, €
Path(K,) with ig(a;) =ts(a;) and ig(a,) = tg(a,). Since K; < L, and L, < K,, there are
also paths f3,, B, € Path(G) with ig(B;) = tg(a1), te(B1) = ig(y_pn), ig(B2) = ts(r,) and
to(B2) = igaz). If Ky < Ly or Ly <Ky, the path *° a1 B17[n0)-Y[o,n1f205° € Travy(Ky,Ky)
is different from y but agrees with it on {—n,...,n}. This shows that y € Trav,(K;, Ky)*.

Now consider the case that K; = L; and K, = L,. Assume that K; is not a cycle. By
Lemma 5.4 we can replace a by a different path @; € Path(K;) such that

a, B Y[—n,o)-Y[o,n]ﬁzago

is another path agreeing with y on {—n,...,n}. Again this shows that y € Trav,(K;,K5)*.
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If K, is not a cycle, repeat the same argument with a path @, replacing a,. O

Again we also need the cardinality of Trav,(K;,Ks,...,K,) in order to apply Theo-
rem 4.19.

Lemma 5.23. Let G be a graph. Let K4, ...,K,, be strongly connected components of G with
K; £K, <--- <K, IfK; and K, both contain at least one edge, then

|E(Ky)| ifK;=---=K, and Ky is a cycle
| Trav, (K, ..., K,)| =1 |R| if K, or K,, is not a cycle ,
|N]| otherwise

otherwise Travy(Ky,...,K,) is empty.

Proof. If K; <K, <--- <K, and K; and K,, both contain at least one edge, there exists
a path y € Trav(Ky,...,K,) and there is an index m € N such that y_,, € E(K;) and
Ym € E(Ky).

If K; = K, is a cycle, there are exactly |E(K; )| possibilities to choose an edge from K; and
a path in Trav,(K;) is completely determined by the edge at index 0.

If K, and K,, are both cycles, then every path in Trav,(K;,Ks,...,K,) is uniquely deter-
mined by its edges not contained in E(K;) U E(K,,). Since each path contains only finitely
many of these edges, the set Trav,(K;,Ks,...,K,) is at most countable. It is not finite,
since it contains the non-periodic path y and all its shifts, which are pairwise different.

Assume that K,, is not a cycle. By Theorem 5.13 there are uncountably many different
paths in Pathy(K,,) which start in t;(y,,). Each of one of them gives rise to a different path
in Travy(Kj,...,K,), namely y(_ oo ]-@, hence |Travy(K;,...,K,)| = |R|. A symmetric
argument establishes this fact in the case that K; is not a cycle.

If K; or K,, contains no edge, there can be no path starting or ending in this component,
in other words, Trav,(Ky,...,K,) is empty in that case. O

We now build an algorithm to calculate ﬁ;éq’p( f) for cellular automata f : X — X on
subshifts of finite type X. We already showed in Theorem 2.70 that we can represent

Prey,(f) by
Preg,(f) =Y \(Y1U---UY,).

where Y, Y3,...,7Y,, are subshifts of finite type all contained in Y. We take ¢ large enough
such that the higher block-representations with window size ¢ of Y,Y,...,Y,, can all
be represented as the edge shift of some graphs G, Gy, ..., G,, which are all subgraphs
of G. Let ¢ : X — Path;(E(G)) be the higher block map. We now label all edges in G
by the subshifts from Yi,...,Y,, in which they are contained. More precisely, we define
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I:={1,...,m}and & : E(G) - 2(I) by
Y(e):={kel | ecE(G)}.
With these definitions we have

elYI\ (p[Y1]U- - U@lY,]) = {y €Pathy(G) | () £(r) =0}

LeZ

and therefore

[Pre, ,(f)l = |{r € Path;(G) | [ | £(r) =0 }I.

leZ

Together with these considerations, the next lemma shows that all we have to do is to
find those strongly connected components Kj, ..., K, of G, for which there is a path in
TraVZ(Kl, .. 'JKI‘I) N Y \ (Yl U---u Ym).

Lemma 5.24. Let I be a finite set and let G be a graph with edge labeling & : E(G) — 2 (I).
Let Ky,...,K, be strongly connected components of a graph G with K; <K, <--- <K,. If
there is at least one path a € Travy(Ky, . ..,K,) with (e, £(ax) =0, then

[{r e Travy(Ky,....K) | () £ (i) =0} = | Travy(Ky, ..., K,)|
keZ
|E(K,)| ifK; =K, is acycle
IR| if K, or K,, is not a cycle .

|N| otherwise

Proof. To shorten notation, define M := {y € Travy(Ky,...,K,) I Mkez L (ri) = (Z)}.
Choose m € N large enough such that {a; | ke {—m,...,m}}={a, | keZ}.

It is enough to show that | Trav,(K;,...,K,)| < [M|. If n =1 and K; =K, is a cycle, then
all paths y € Travy(K;) are just shifts of the path a, hence (o L(yx) = 0. If n # 1,
then a is not periodic under the shift, hence { ok(a) | ke Z} is an infinite subset of
M. If K, is not a cycle, there are uncountably many paths y in Pathy(K,, {t;(a,,)}) by
Theorem 5.13 and every one of these paths gives rise to a different path a_ o, ).y € M.
The case that K; is not a cycle is treated in an analogous way. The result then follows
from Lemma 5.23. O

Based on a labeling .¥ : E(G) — #(I) we now define a vertex and an edge labeling of
& (G) that allows us to determine the components Ky, ..., K, for which Trav,(K;,...,K,)
contains a path y with (), £ (y,) = 0.

Definition 5.25. Let I be a finite set. Let G be graph with edge labeling £ : E(G) — Z(I).
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(o)
1,2 0000 0001 1011
2] (1,2} \K (1,2 g
K, K,

{1,2} {1,2}

oo

Figure 5.3.: The subgraph G of the De Bruijn graph for the cellular automaton w,g with
n=2.

{1,2}

We label the edges and vertices of & (G) by the following maps

%y V(Z(G) - 2(I), K~ (] Z(e),
e€E(K)

Zp: E(Z(G) » 2(2(1), (K,L)—{ZL(e)|e€E(G),igle) € V(K),ts(e) € V(L)}.

We use the convention that ﬂeeE(K) %(e) = I whenever E(K) = 0.

Example 5.26. Figure 5.3 shows the graph whose edge shift corresponds to the higher
block representation with block-length 5 of the 2-periodic points of the elementary cellular
automaton wayg : F — FZ, whose local rule is (wog)joc(x_1, X0, X1) = X_1 + Xo + X_1 X1 +
X_1XxoXx; (see Section 6.1). The edge e = (aj,a,,...,as) is labeled by k € {1,2} if the
corresponding pattern can appear in a configuration in Per;(wqg). The condensation of this
graph has the form K; — K, — K. The labelings are given by

£y (Ky) ={1,2},
£y (Ky) ={1,2},
£y (Ky) = {2},
25 (K, Ky) = {{1,2}},
L5 (Ky, K3) = {{1,2}}.

Example 5.27. Figure 5.4 shows a graph G on the left side, whose condensation on the
right side is more complex. For example the vertex D of & (G) corresponds to the subgraph
of G induced by {d, e}. It is labeled by {1,2,3} N {1,2,3,4} ={1,2,3}.

Lemma 5.28. Let I be a finite set and let G be a graph with edge labeling & : E(G) — 2 (I).
Let C := &(G) be the condensation of G together with the edge and vertex labelings defined
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{1,2}

{{1,3,4}}

,0){1,2,3,4}

1,2,3,4
{ } {{3,4}}

{1,2},{1,3}}

{3,4} {3,4}

Figure 5.4.: A graph G with edge labels in 2 ({1, 2, 3,4}) and the corresponding vertex
and edge labeling of #(G), the cardinality of Path,(K) is shown next to the
name of the component K.

in Definition 5.25. If K4, ...,K,, is a vertex path in C, there is a path y € Trav,(K,...,K,)
with ez £(vi) = 0 if and only if

n

n—1
e ﬂfva(Ke)ﬂ ﬂLe |Ly € 28 (K, Kyy) for €€{1,...,n—1}}.
(=1 (=1

Proof. Assume there is a path y € Travy(Ky, . .., K,) with (e, £ (yx) = 0. There must be
indices ky < -+ < k,,_; such thatig(yy,) € K; and t(yy,) € K4 forevery £ € {1,...,n—1}.
Then £(yy,) € £y (K¢, Kyyq) and

n

n—1 n n—1
P=(20d2() [ 2E@n()Lti)=( )% &KIn[)Llr)-
(=1 (=1

kez {=1ecE(K,) =1

To prove the reverse implication, assume there are sets L, € .,%EC (K¢, K1), L €{1,...,n—1}
such that @ = (),_, £7 (KN ﬂ;:} L,. By the definition of the edge labeling £¢, for every
¢ € {1,...,n—1} there is an edge ¢, € E(G) starting in a vertex in K, and ending in a
vertex in K, ; such that ¥(e,) € L,. By Lemma 5.3 there are paths a, € Full(K,) such
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that

ig(a;) =tgla;) =ig(eq),
iglap) =tglej—y) forL € {2,...,n—1},
to(ay) =ig(e) forL e {2,...,n—1},

iG(an) = tG(an) = tG(en—l)-

o

Since a, contains all edges of K, .,%‘f(K[) = ﬂeeE(KZ) Z(e) =) 2; Z((a)). Combining
these paths into y := *a;.e;aye;...e,a.° € Trav(Ky,...,K,) we get

n n—1 n lagl n—1
D=(Li K[ \Le= ([ )2 U{ad) N[ L) =)L O
=1 (=1 {=1k=1 =1 kez

In a typical strong component graph arising in our application (see Chapter 6), many
components will contain no edge. We can significantly reduce the size of our condensation
if we remove these components with the help of the following definition and the lemma
following it.

Definition 5.29. Let C be an acyclic graph whose vertices are themselves graphs (for example
a strong component graph of another graph) and whose edges are elements of V(C)? with
the canonical initial and terminal map. Let £ and £ be vertex and edge labelings. Let K
be a vertex of C with |V(K)| = 1. Define a new graph C by first removing the vertex K from
C and then adding a new edge (L, L,) for each pair of edges of the form (L,,K), (K, L) in
C, ie.,

V(C):=V(C)\K,
E(C) := E,jq U Eyey, Where
Eoq:={e € E(C) | ic(e) #K,tc(e) #K } and
Enew = { (L1, L2) € V(C)?* | (L1,K),(K,Ly) €E(C) }.

We label the edges and vertices of this graph by

£E V(@) - 2(U), 2E(K):=L5K),
£8 E(C) —» 2 (2 (1)),

) L5 (Ly,Ly) if (L1,L3) & Epew
£ (L1, Ly) =14 £S(Ly,L,) U{M; N M, | M; € 28(Ly,K),  otherwise
M, € £ (K,Ly)}

We call C an elementary contraction of C. A graph obtained from C by a finite sequence of
elementary contractions is called a contraction of C.

Example 5.30. Consider again the graph C := &(G) from Example 5.27. Figure 5.5 shows
a sequence of two elementary contractions. In the first step, for example, the vertex C is
contracted. The edge from Ato F is labeled by {{3}} = {{3,4}n{1, 2, 3}} after the contraction,
as the path from A to F via C is labeled by {{3,4}} and {{1, 2, 3}}. The edge from B to F is
labeled by {{1,2},{1,2,3,4}} since there was an edge-labeled {{1,2,3,4}} before and the
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{1,2} {1,2}

{1,3,4} {1,343}

{{3,4}} {31 {{3,4}}

{1,2,3}

{1,231} {{1,21,{1,3}}

{3,4} {3,4}
1,2}

{3,4})

{1}, {3},{1,3,4}}

Figure 5.5.: A sequence of elementary contractions of the condensation of the graph from
Example 5.27.

path from B to F traversing C is labeled by {{1,2,4}} and {{1,2,3}}.

Lemma 5.31. Let I be a finite set and let G be a graph with edge labeling & : E(G) — Z(I).
Let C := (G) be the condensation of G together with the edge and vertex labelings defined
in Definition 5.25. If D is a contraction of C, then for every vertex path Ky, ...,K, in D there
is a path y € Travy(Ky, ..., K,) with (),_, £(y,) =0 if and only if

n—1

De{ ()Ll &) () Le|Le € LP Ky, Kppr) forLefl,...,n—1}}.
(=1 (=1

Proof. LetKy,...,K, be a vertex path in D. If K;,...,K, is also a vertex path in C then
we have nothing to show. Therefore assume that there is an index k € {1,...,n—1}
and a strongly connected component H € V(C) of G such that D is obtained from
C by contracting H and such that K;,Ks,...,Ky,H,K;,q,...,K, is a vertex path in C.
Then £¢(H) = #(I) and for every L, € £ (K, H) and L, € ££(H,Kyy;) we have



5.3. Representing Metrizable Stone Spaces by Subshifts 109

LynLy € £LP(Ky,Kii1). Therefore

n—1

{(LP&)IN [\ Le|Le € LP(KiKeyn) forLef1,...,n—1}}
(=1 (=1

is contained in the set

n k n—1
{ﬂffvc(Ke)mff‘f(H)m (Leniinin () L
(=1 (=1 (=k+1

| Ly € L5 (Ky,Kpp) for € €{1,...,n—1}, L, € 28 (K, H), L, € .%EC(H,K,(H)}.

Together with Lemma 5.28 this proves the result for elementary contractions. Since
every contraction is obtained by a sequence of elementary contractions, this proves the
result. O

Combining the results, we obtained an algorithm to calculate the cardinality of

{r ePathy ()| () £(ri) =0}

keZ

Let C be the strong component graph of G. Apply elementary contractions to C until
this is no longer possible and call the graph thus obtained D. The sets of the form
Trav,(Ky,...,K,), where K, ...,K, is a vertex path in D, partition Path,(G). Thus with
the help of Lemma 5.28 and Lemma 5.31 we determine all vertex paths K,...,K,, in D
for which there is a path a € Travy(Ky, ..., K,) with [y, £ (ax) = 0. Following this, we
determine the cardinality of {y € Travy(Ky, ..., K) [ iez L (ri) =0 } by Lemma 5.24.
Adding up all these cardinalities gives us |{ y € Path(G) | Miez Z(ri) =0}

5.3. Representing Metrizable Stone Spaces by Subshifts

Before we proceed to derivative algebras generated by multiple sofic shifts, we present a
second interlude. We show that every metrizable Stone space X which generates a finite
derivative algebra is homeomorphic to a one-sided subshift of finite type.

The following theorem appears in a similar form in the paper of HEap [Hea85, Thm.
4], but there only a slightly weaker statement, namely that X is homeomorphic to the
adherence of a regular language, is shown.

Theorem 5.32. Let & be a finite derivative algebra. Let T be the set of atoms of 9 and let
c: T — NU{|N|,|R|} be a function. The following are equivalent.

(a) A contains no smaller derivative subalgebra and for every a € T we have c(a) € N if
and only if a* = 04.
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(b) There exists a metrizable Stone space X and an isomorphism of derivative algebras
P B — P(X)such that |p(a)| =c(a) forallae T.

(c) There exists a one-sided subshift of finite type Y and an isomorphism of derivative
algebras p : B — 9(Y) such that |p(a)| =c(a) forall a e T.

Proof. (c) = (b): Every one-sided subshift of finite type over the alphabet A is a closed
subset of the Cantor space A" and therefore a metrizable Stone space.

(b) = (a): The derivative algebra of a topological space X is by definition the smallest
derivative subalgebra of #(X). Hence it contains no smaller derivative subalgebra. Since
2(X) and % are isomorphic, 8 can not contain a smaller derivative subalgebra either.
Finally for every subset M C X of a metrizable space the derivative M* is empty if and
only if [M| € N. For a € T we have c(a) = |p(a)|, hence a* = Og4 if and only if c(a) € N.

(a) = (c): We construct a graph G, whose edge shift generates a derivative algebra
isomorphic to 9. Roughly speaking, we take the Hasse diagram of the partial order <
on T, direct edges upwards, add a loop to every vertex a with c(a) = |N|, two loops if
c(a) =|R| and a cycle of length c(a) if c(a) € N. More precisely we define G as follows.

V(G):={(a,k) | aeT,ke{0,...,ky(a)—1}},
E(G):={(a,b) | a,beT,a<band#ceT:a<c<b}
U{(a,k) | aeT,ke{0,...,kg(a)—1}},

c(a) ifc(a)eN
ky(a):=11 if c(a)=|N| foraeT,
1 if c(a) = |R|

c(a) ifc(a)eN
kp(a): =11 if c(a)=|N| foraeT,
2 if c(a) = |R|
ig(a,b) :=(a,0)fora,beT,
tg(a,b) :=(b,0) fora,b €T,
ig(a,k) :=(a,k mod ky(a)) forae T ke{0,...,kg(a)—1},
te(a, k) :=(a,(k+1) mod ky(a)) forae T,k {0,...,kg(a)—1}.
See Example 5.33 for an example of this construction. 4 contains no smaller deriva-
tive subalgebra, in other words, it is generated by the closed element 1,. The re-
lation < on T is therefore a partial order by Lemma 3.31. The strongly connected

components of G are the subgraphs K, for a € T induced by the vertex sets V, :=
{(a,k)eV(G) | keA{0,...,ky(a)—1}. Set

Ter(a) := { y € Pathy(G) | vy eventually lies in K, }.

Then { Ter(a) | a € T } is a partition of Pathy(G).
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If c(a) €N, then a* = 04, in particular there is no atom b € T with b < a. Therefore no
edge enters K, and Ter(a) = Pathy(K,). Furthermore |Ter(a)| = c(a) and Ter(a)* =
0. If c(a) = |N|, then Ter(a) = {y €Pathy(G) | IngeNVn>nq:y,=(a,0)}, hence
| Ter(a)| < |N|. Since in this case a* # @, there is at least one atom b € T with b < a and
therefore there are infinitely many paths in Ter(a) starting in K}, hence | Ter(a)| = |N|. We
also have Ter(a)* = J{ Ter(b) | b € T,b < a }. Finallyif c(a) = |R|, then {(a, 0), (a, DI c
Ter(a), hence |Ter(a)| = |R| and Ter(a)* = Ter(a) U| J{ Ter(b) | b € T,b < a }. For every
a € T the set Ter(a) is non-empty, hence the map p : a — Ter(a) is injective. In all three
possible cases for c(a) we showed that p(a*) = p(a)*. By Lemma 3.8 and Lemma 3.14 p
is therefore an isomorphism of derivative algebras. O

(b,0) (c,0)

(e,0)
ofhc AR

@ (o) d,1) d,2) (e,1)

Figure 5.6.: Realization of a derivative algebra by a one-sided subshift of finite type.

Example 5.33. The left side of Figure 5.6 shows the 5 atoms of a derivative algebra. The
cardinalities of the atoms are |a| = |b| = |R|,|c| = |N|, |d| = 3, |e| = 2. The order < on the
atoms is shown as a Hasse diagram, in other words, one atom is smaller than another, if
there is a path from the first to the second going only upwards. For example d < a, while b
and c are incomparable.

The right side of Figure 5.6 shows a subshift of finite type constructed as in the proof of
Theorem 5.32. There is a cardinality preserving isomorphism between the derivative algebra
generated by the one-sided shift of finite type defined by this graph and the derivative algebra
defined by the order on the atoms given on the left side.

Remark 5.34. While Corollary 5.11 together with Theorem 4.19 shows that every two-
sided subshift of finite type is homeomorphic to a one-sided subshift of finite type,
the converse is not true. Consider for example the one-sided subshift X generated by
{ 0k1%° | keN } It contains exactly one accumulation point, 0°°. Assume there would be
a two-sided subshift of finite type Y homeomorphic to X. Then Y would be homeomorphic
to Path;(G) for some graph G. Since X is countably infinite, G must contain at least two
strongly connected components, both of which are cycles. But then Y contains two
distinct accumulation points.

Question 5.35. Is every metrizable Stone space which generates a finite derivative algebra
homeomorphic to a two-sided sofic shift?
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a a a a
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Figure 5.7.: Two sofic shifts whose union generates a complicated derivative algebra.

5.4. Derivative Algebras of Multiple Sofic Shifts

After having shown that multiple one-sided or two-sided subshifts of finite type generate a
finite derivative algebra, we extend this result to multiple sofic shifts. By Lemma 2.47 we
can reduce this problem to the study of the images of edge shifts under an edge labeling.
The following example, however, shows that the methods from Section 5.1 do not apply
straightforwardly. In particular, for a graph G with edge labeling £, the Boolean algebra
generated by { Z(Full(H)) | H is a subgraph of G } must not be a derivative algebra.

Example 5.36. Consider the sofic shift given by the graph G with edge labeling £ depicted in
Figure 5.7. The underlying graph consists of two parts, H; and H,. Set X := ¥ (Full,(H;))
and Y := £ (Full,(H,)). It is easy to see that *°a.bcba® € (X NY)* but ®a.bca®™ ¢
(XnNnyY)~

Let x € {*°a.bcba®,®a.bca®™} and let H be a subgraph of G such that x € ¥ (Full,(H)).
Either H contains the subgraph induced by i,,...,is or it contains the subgraph induced
by ji,.-.-,Je In both cases { “°a.bcba®,*®a.bca® } C Full(H). This implies that a set M
in the Boolean algebra generated by { £ (Full(H)) | H is a subgraph of G} either contains
{®®a.bcba®,*a.bca®} as a subset or is disjoint from it. This Boolean algebra is therefore
not a derivative algebra.

Nevertheless we can reduce the problem of determining the derivative algebra generated
by a finite number of two-sided sofic subshifts to the cases we already covered in the
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previous sections. The main tool to do so is the folding of a two-sided subshift.

Definition 5.37 (Folding of a subshift). For x € AZ define the folding Z (x) € (A x AN of
x by

F(x); = (xi_1,x_).

The folding Z (X) of a subshift X C AZ is then simply the image Z[X] of X under .

For example we have .Z(°°(01)2.34(56)*°) = (3, 2)(4,1)((5,0), (6,1))°°. This notion was
introduced without a name by HEAD in [Hea91]. The map .Z : AZ — (AxA)" is continuous
and bijective, hence Z (X) is homeomorphic to X for all subshifts X. Notice, however, that
the folding of a subshift is in general not shift invariant and in particular not a one-sided
subshift.

Definition 5.38 (Folding of a graph). Let G be a graph. Define the folding Z(G) of G as
the graph with

V(Z(G) :=V(G),
E(Z(G)) := E(G)?,
iz (e, e) := (ig(eq), tg(er)),
tzc)(er,es) := (tgler),ig(es)).

In other words, Z(G) is obtained as the Cartesian product of two copies of G with the
direction of every edge being reversed in the second copy.

If £ : E(G) — Alis an edge labeling of G, then #(G) also has a naturally defined edge
labeling < : E(Z(G)) — A? given by

L(ey,e5) = (ZL(e1), L(ey)).

We call £ the folding of .

The next lemma gives a connection between the folding of a graph and the folding of its
edge shift.

Lemma 5.39. Let G be a graph. If G = Z(G) is the folding of G, then
F (Pathy(G)) = Pathy(G, Ay (g)),
where Ay gy = {(v,v)|v € V(G)}. If £ is an edge labeling and <L is the folding of &, then

F(£[Path,(G)]) = Z[F (Path,(G))] = Z[Pathy(G, Ay(g)]-

Proof. For every path y € Path,(G), we have i;(y,,1) = tg(y,) for all £ € Z. Let ¥ be the
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folding of y. For every f € N

ig(Yes1) =ia(re, v—e-1)
= (ig(re)s to(r—e-1))
= (tg(re-1),ic(r—¢))
=t5(Ye-1,7—¢)
=t (T¢)

and iz (¥1) = ig(ro, v—1) = (6(r0), te(r1)) € Ay(s). Hence ¥ € Pathy(G, Ay (c))-

On the other hand, let § = (e;, €} )sen € Pathy(G, Ay(g)). We can unfold ¥ by defining
y € E(G)? by

el ift>0
YIZ:{ {+1

eEE if¢ <o’

Clearly Z(y) = 7, iG(el}H) = tG(el}) and tG(efH) = iG(ef). Hence for £ > 0, ig(y,41) =
iG(el}Jrz) = tG(el}H) = tg(ye), for £ < 0, ig(ye41) = iG(eE[_l) = tG(eEg) = tg(y,), and
ig(yo) =ig(el) = tg(e?) = ts(yy). Allin all, this shows that y € Path,(G). For y € Pathy(G),

F(LM) = (L -1, LG-Dien = LY 11, Y-ien) = L(F (V). O

The following theorem is well-known in automata theory as the subset construction,
showing that the languages recognized by deterministic and non-deterministic automata
coincide. See for example the book by SakaroviTcH [Sak09, Prop. 3.2]. In symbolic
dynamics it is used to construct right-resolving presentations of sofic shifts, see [LM95,
Section 3.4].

Theorem 5.40. Let G be a graph with edge labeling £ and let S € V(G). There is a graph
G, a right-resolving edge labeling & and a subset S C V(G) such that

£[Pathy(G,S)] = Z[Pathy(G, S)].

Proof. Define the graph G, the edge labeling % and the set S as follows.

V(G) := 2(V(G)) (hence the name subset construction),
E(G):={(M,5,M),a) | MCV(G),acA}\{(M,D,a) | M CV(G),acA}, where
6,M):={t5(e)eV(G) | ecE(G),i(e)e M, %(e)=a},
ie(M,N,a) =M,
te(M,N,a) :=N,
%(M,N,a):=aq,
S:={S}.

The edge labeling ¢ is by definition right-resolving. If y is a path in Pathy(G,S) and
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x :=%(y), then

ig(y1) €S := My,
ig(y2) € 04, (M;) := My,
ig(rs) €6,,(My) := Mg,

ig(re) €6y, (My_q) := My,

Hence '}7 = (M],Mz, xl)(Mz, M3,X2)(M3, M4, XB). .. isa path in PathN(G,g) with 5?(')7) =
x=2(y).

On the other hand, let ¥ be a path in Pathy(G,3) and let n € N. Set % := Z(¥). There
must be an edge e, € E(G) labeled by £ with x,, starting in a vertex in iz(¥,) € V(G) and
ending in a vertex in tz(7,). Next, there must be an edge e, ; € E(G) labeled by £ with
x,_1,ending inig(e,) and starting in a vertex in iz(¥,_;). Continuing this way, one obtains
a finite path y in Path(G) starting in a vertex in iz(¥,) = S with £(y) = .57()7[1’,1]). A
straightforward compactness argument then shows the existence of a path 8 € Pathy(G, S)
with £(8) = (). O

The following theorem, while pretty simple, is the key tool to get rid of the edge labels.

Theorem 5.41. Let G be a graph, let & : E(G) — A be an edge labeling and let i € V(G)
be a distinguished vertex. If & is right-resolving, then the extension of ¥ to Pathy(G, {i}),
% : Pathy(G, {i}) = £ [Pathy(G, {i})], is a homeomorphism.

Proof. Since the edge labeling is right-resolving, its extension to the edge shift is bijective.
Additionally ¢ : Pathy(G, {i}) — £[Pathy(G, {i})] is continuous since it is induced by an
edge labeling, hence it is a homeomorphism by Theorem 2.1. O

At the moment we are able to represent the folding of sofic subshifts by graphs with right
resolving edge labelings. To apply the previous theorem, we have to merge them into
one graph with one distinguished initial vertex. This is accomplished by a construction
that is very similar to the one used to construct the intersection of sofic subshifts, see
[LM95, Prop. 3.4.10].

Theorem 5.42. For k € {1,...,n} let G; be a graph, let %, : E(G,) — A be a right-resolving
edge labeling and let S < V(Gy) be a set of vertices. There exists a graph G with a right-
resolving edge labeling %, a distinguished vertex i € V(G) and subgraphs G, such that

ZL[Pathy(Gy, {i})] = L [Pathy(Gy, Si)]

and such that

Pathy (G, {i}) = U Pathy (G, {i}).
k=1
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Proof. Let Gq,...,G, be graphs with disjoint vertex sets, right-resolving edge labelings
£,..., %, with values in A and distinguished sets of vertices S, ...,S,. Let 0 be a vertex
not contained in the vertex sets of Gy,...,G,. Let G be the disjoint union of G,...,G,.
The edge labelings %, k € {1,...,n} naturally define an edge labeling ¥ on G. Now we
construct a graph G by first adding a vertex 0 to G. Next, we add an edge from i to 0
labeled with a € A for every vertex in G which has no out-going edge labeled with a by
. Finally, we add a loop from O to itself for every symbol in A. Formally this means

V(6):=V(G)u {0},
E(6):=E(G)u{(i,a) | i€ V(G),Ve € E(G): £(e) #a}u{0} x {a},
ig(e) :=1ig(e) for e € E(G),
ta(e) := tg(e) for e € E(G),
Z(e) =% (e) for e € E(G,), k€ {1,...,n},
ig(i,a):=ifori e V(G)U{0},a €A,
ta(i,a) :==0fori e V(G)U{0},a €A,
%(i,a):=aforieV(G)U{0},a €A.

We identify the sets Si,...,S, with the corresponding vertex sets in G and G and set
S:=S,U---US,.

Since each of the edge labelings %, ..., %, is right-resolving, each vertex in G has exactly
one out-going edge labeled with a for every symbol a € A. Hence for every i € V(G) and
x € AV there is a unique path y(x,i) € PathN(G, {i}) with £(y(x,1)) = x.

Finally we define a new graph G by

V(G):=V(6)° \ {0},

E(G):= { (e;)ies € E(G)S | dieS:tgle;)) #0and Vi, j€S: Z(e) = ,CZ(ej)},
ig((e;)ies) := (ig(e))ies>
te((epies) = (tg(ei))ies-

We also define a labeling Y EG)—A by =?((el-)ies) = Q(ej) where j € S is any fixed
vertex. By the definition of E(G), the choice of this vertex does not influence .

Set § = {(i);es} and and let G,,..., G, be the induced subgraphs defined by
V(G) :={(iies | Ji€Sk:j; #0}.

If two edges (e} );cs and (e?);cs of G start in the same vertex (j;);cs and have the same
label a under &, then ig(e}) = ig(e?) = j; and £ (e}) = £(e?) = a. Because . is right-
resolving, this implies e! = e? for every i € S, in other words, (e});cs = (e?);cs. But this
shows that %, too, is right-resolving.

Lety = ((Ef)ies)geN be an infinite path in Pathy(G, S). If t@(ef) =0forsomei€S,LEN,
then ts(el) = 0 for all m > ¢, as the only edges leaving the vertex 0 in G are loops
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(a) The graphs G, and G,. (b) The graph G. (c) The graph G.

Figure 5.8.: The three steps in the construction of the graph G in example Example 5.43.

ending in 0 again. Hence there must be a vertex i € S such that ef # 0 forall ¢ e
N. Since S = S; U---US,, there exists an index k € {1,...,n} such that i € S, and
hence § € Pathy(Gy,S). Since 7 was an arbitrary infinite path in Pathy(G,S), we have
Pathy(G,3) = | J,_, Pathy(Gy, §). Additionally y := (e');cy is a path in Pathy(Gy, S;) and
£(y) = £(¥). This implies £(7) € £, [Pathy(Gy, S;)].

On the other hand, let x be an element of &, [Pathy(Gy,Si)] for some k € {1,...,n}.
Define ¥ := ((y(x,1);)ies)¢en- This is a path in G, starting in (i);cs, whose label under 72
is x. Since x € ¥ [Pathy(Gy,Si)], there must be a vertex j € Sy such that ta(y(x, j),) #0
for all £ € N, hence § € Pathy(Gy, ). Together this shows

L1Pathy(Gy, 8)] = £ [Pathy(Gy, S O

Example 5.43. We will apply the construction from Theorem 5.42 to the two edge-labeled
graphs G, and G, depicted in Figure 5.8(a). The edge labelings define two subsets X, =
21 [Pathy(Gq,{1})] and X, = %5[Pathy(Go, {3})]. A sequence is contained in X if every
block of “a”s it contains has even length and a sequence is contained in X, if every block of

[{P)

a”’s it contains has length divisible by three.

By taking the disjoint union of G; and G, and adding the vertex O together with the
corresponding edges, one obtains the graph G depicted in the middle.

With S = {1, 3}, the final output of the construction is the graph G shown on the right side.
For space reasons, all vertices not reachable from (1,3) are omitted. This does clearly not
change Pathy (G, {(1,3)}). It is easy to check that & is right-resolving. Taking the subgraphs
induced by all vertices having no gero in the first or second coordinate gives rise to the
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subgraphs G, and G, respectively.

To recapitulate what we proved, we introduce some further notation. For topological
spaces X,Y and subsets X{,...,X,, €X,Y,...,Y, €Y, we write (X1,...,X,) =(Yy,...,Y,)
if there is a homeomorphism ¢ : X; U---UX, = Y; U---UY, such that ¢[X;] =Y for
ke{1,...,n}.

We showed that for two-sided sofic shifts Y;,...,Y,, € A? there are graphs G,,...,G,,
Hi,...,H,, F...F, and a graph F with subgraphs Fy,...F,, edge labelings % , ..., % ,
L Lh s Lrys->Lr, Li, sets of vertices Sy € V(Hy),...,Sy € V(H,), Sp, ©

V(F1),...,Sg, € V(F,), and a vertex i € V(F), such that Lr,>--->%r, and ¥ are right-
resolving and such that

(Yy,...,Y,) = (Zg,[Pathy(Gy)], ..., Z5, [Pathz(G,))]) (Lem. 2.47)
2 ( Ly [Pathy(Hy, Sy)], . ., Ly, [Pathy(H,, S5 ) (Lem. 5.39)
= (g, [Pathy(Fy,Sg,)], .. ., %5 [Pathy(F,, Sp )]) (Thm. 5.40)
= (Ls[Pathy(Fy, {iD)], ..., Zs[Pathy(F,, {i})]) (Thm. 5.42)
> (Pathy(Fy, {i}), ..., Pathy(F., {i})). (Thm. 5.41)

By the results in Section 5.1, in particular Theorem 5.10, this shows that the derivative
algebra generated by a finite number of two-sided sofic shifts is finite. Since all the
theorems used in the chain of homeomorphisms above give explicit constructions for the
graphs involved, one also obtains an algorithm to calculate this finite derivative algebra
and the cardinality of its atoms and hence by Theorem 4.34 an algorithm to decide
topological conjugacy of periodic cellular automata on two-sided sofic shifts.

We finish this section by explicitly stating the results analogues to Corollary 5.15 and
Corollary 5.16 for sofic subshifts.

Corollary 5.44. Let Y,Y;,...,Y, and Y,Y,,..., Y, be one-sided or two-sided sofic subshifts
withYy,...,Y, CY and ¥y,...,Y, C Y given as edge labelings of finite graphs. It is decidable
if there is a homeomorphism ¢ : Y — Y with o[V, ]=Y, forall k € {1,...,n}.

Corollary 5.45. Let X and Y be one-sided or two-sided sofic shifts. If f : X — X and
g :' Y — Y are p-periodic cellular automata, then f is topologically conjugate to g if
and only if there is a homeomorphism p : X — Y such that p[Per(f)] = Peri(g) for all
k € {1,...,p}. If the subshifts are given as edge labelings and the cellular automata are
given by their local rules, the existence of such a homeomorphism is decidable.
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Chapter 6.
Elementary Cellular Automata

In this chapter we apply the methods developed in the previous chapters to classify the
256 cellular automata with radius 1 over the binary alphabet, which are also called the
elementary ones. There have been many proposed classifications for cellular automata,
see for example the survey by MARTINEZ [Mar13]. Usually the equivalence classes consist
of cellular automata showing similar behavior, for example, with respect to sensitivity.
Our equivalence classes in contrast consist of cellular automata having identical behavior
in the sense of topological dynamics.

The results in this chapter, together with Theorem 2.59 and a very brief version of
Section 5.2, were presented by the author at Automata 2015, see [Epp15]. Notice that
this article contains an error in the formula for | Trav(K;, ..., K, )|, see Lemma 5.23 for the
correct version. Consequently the data calculated for w54 was wrong. The error does,
however, not affect any other result or computation presented there and in particular it
changes nothing with respect to the classification.

6.. Data for the 256 Elementary Cellular Automata

There are 22 = 8 possible inputs for a binary function with three variables and therefore
there are 28 = 256 cellular automata with radius 1 on the two-sided full 2-shift. We
enumerate them according to their Wolfram code and denote by w, the cellular automaton
with Wolfram code c. To do so, consider 8 positions enumerated from right to left and
write at position k the output of the local rule with the binary expansion of k as the input.
The result is the binary expansion of the Wolfram code of the cellular automaton. More

formally,
c= Z Z Z (Wc)loc(x_l, X0, xl) . 24X—1+2x0+x1.

x_1€{0,1} xq€{0,1} x;€{0,1}

This naming scheme was introduced by WoLFrAM in [Wol83].

In Section 2.4 it was shown that we can always get a conjugate cellular automaton by
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conjugation with the automorphisms of {0, 1} induced by

v:{0,1} - {0,1}, v(a)=1—a,
T:Z—-7Z, v(k)=—k.

Each equivalence class of cellular automata up to conjugation with these two homeo-
morphisms contains at most four elements (it contains less if, e.g., f =vo f ov™!), see
Appendix A. It is well known that 88 of these equivalence classes remain see for example
the survey by MARTINEZ [Mar13]. Let & be the set of these equivalence classes. In the
following, each class will be represented by its element with the lowest Wolfram code.

For each of these representatives we calculate the cardinalities of ﬁ?éq’p forq,p=1,...,n
with ¢ + p < 5 as outlined in Section 5.2. In order to also include some topological
information, we calculate the cardinality of the derived set of the p-periodic points and
the cardinality of the complement of this set for p =1,...,6. The results are shown in
Appendix A.

6.2. The Special Cases

There are 8 tuples of cellular automata in & that can not be distinguished by the invariants
in Appendix A.

The following pairs of cellular automata are conjugate by the map ¥ : {0,1}%2 — {0,1}Z
that flips every second bit, i.e.,

1—x, ifkisodd

9: {0,1} - {0,1}7, ﬂ(x)k:{ o
X if k is even

(a) (15,170),wy5 = 0 o v, wy7y = o. Notice that w5 and w;,, can not be strongly
conjugate because every cellular automaton commutes with o.

(b) (23,178),
© (77,232).
Next we have the three rules wgy, wygs, w1sg : F5 — F2 with

Woo loc(X—1, X0, X1) = X_1 + Xy,
W105,loc(X—1, X0, X1) = 1+ X_1 + X0 + X1,
W1s0,loc(X—1, X0, X1) = X_1 + X0 + X7.
These, together with their conjugates with respect to v, are exactly the left- and right-

permutive elementary cellular automata. Therefore, by a result of Kurka [Kur03], they
are conjugate to the one-sided full shift with alphabet {1,...,4} and in particular they
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(@) wye

Figure 6.1.: De Bruijn graphs for wsg and wo,.

are conjugate to each other. A conjugacy between w5 and w5, is given by

1—x, ifke{4 |Lecztu{4+1|LeZ}

¢ :{0,1}" > {0,1}%,  p(x):= { .
X otherwise

while the conjugacy between wg, and w5 is significantly more complicated. We will
discuss these cellular automata in more detail in Section 6.3 and Section 6.4.

We will show on a case by case basis that all cellular automata in the remaining classes are
pairwise non-conjugate. To do so, we define a further invariant of topological conjugacy.

Definition 6.1 (Fixed points with k preimages). For a map f : X — X let Fix;(f) to be
the set of all fixed points of f with k preimages, i.e.,

Fix(f) :={ x €Fix(f) | If '[{x}]l =k }.

For every cellular automaton f with local rule fi,.: {0,1}® — {0,1} we draw the De
Bruijn graph over the alphabet {0, 1} with block length 3 and annotate its edges by fi,.-
An edge is drawn with a bold line if f(x_;, xg, x;) = xo. The edge shift of the subgraph
defined by the bold edges thus equals v)[Fix(f)] = Fix(f) where 2 : {0,1}* — ({0,1}®)*
is the higher-block map with block length 3.

Rules 36 and 72

Because of the horizontal symmetry of the annotated De Bruijn graph in Figure 6.1(a),
we see that Fix;(ws¢) = 0. On the other hand *°(011)°° € Fix;(wy5).

Rules 78 and 140

From Figure 6.2 we derive that ®°1°° € Fix;(w4). On the other hand, Fix;(wsg) =0
since w;é[{ooo‘x’}] = {*°0°°,°°1°°) and each occurrence of 01010 or 10110 might be
replaced by, respectively, 01110 or 10010 in fixed points of w-g without changing the
image.
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Figure 6.3.: De Bruijn graphs for wy, and wg.
Rules 24 and 46

Both cellular automata agree with the shift, either o or 01, on their eventual image.
Consider the sets Myy := w,; [Fix(Wy)] = w,, [{*°0%°}] and Mys := wZ [Fix(wse)] =
w;g[{°°o°°}]. Both are countable subshifts of finite type. M,, is generated by *°0.(10)*°
and °°1.(01)°°, while My is generated by °°1.0°°. Therefore M,, has the four accumula-
tion points *°0°°, *°1°°, *°(01)*° and °°(10)°, while M, has only two, namely *>0*°
and *°1°°.

Rules 4,12, 76 and 200

These cellular automata are all equal to the identity on their eventual image, or, more
specifically, Fix(f) = f[{0,1}2] for f € {w4, W12, W6, Waoo}. The set of fixed points of each
of these four cellular automata is a Cantor space. Notice that even Fix(w,) = Fix(w,).

As a last invariant we look at the possible cardinalities of the preimage of a point and

(@) wy (b) wy, (©) wye (d) wago

Figure 6.4.: De Bruijn graphs for w4, w5, w¢ and wyqq.
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(@) wye (b) wago

Figure 6.5.: Space-Time-Diagrams of w4, w,(, with random initial condition and periodic
boundary, black represents 0 and gray represents 1.

define B(f) == { | fF[{x}]I \ x € AL }. Let Fib be the set of Fibonacci numbers defined
by a; =1,a, = 2,a;,9 = ax41 + ai for k € N. We will show that

P(Wago) = P(wy)
— IR|U{byib,...b | k€N, b, €Fibfor € € {1,..., k }}.

In the case of w,, the ambiguity in forming the preimage comes from blocks of the
form 110511, see Figure 6.5(b). Since isolated ones are erased by wy,, the number of
preimages of ®1.0K1°° equals the number of words of length k — 2 containing no two
consecutive ones, which equals a,_; € Fib. If more than one block of the form 110%11
occurs, one can independently put isolated ones in these blocks without changing the
image, hence the number of preimages is the product of those for the single blocks. The
same is true for w,¢, but here we look at blocks which are terminated by 11 on both
sides and which contain only isolated ones, e.g., 11001001010001011. We can replace
010%10 by 01%+20 without changing the image. But since we can not do this for adjacent
occurrences of 010%10, again the number of preimages of ®10w01°° with w containing
¢ isolated ones is a,.

On the other hand,
w,[{*°(01).0°}] = { *°(01).1°0%° | ke Ny }U{*°(01).17°},

so |N| € B(w;,). But |N| € B(w,). Any point having infinitely many preimages with
respect to w, must contain infinitely many occurrences of blocks of the form 10%1 with
k > 3 or it must start with °°0 or end with 0°°. Thus it already has uncountably many
preimages. Consequently, w, is not conjugate to any of w,, w,¢ and wyqq.

This leaves us with these three cellular automata. Next we look at wf[{x}] for
x = °(01).000000(10)°°).

Each element of this set has to coincide with x everywhere except for the underlined
block of four consecutive zeros. In this block we only have to ensure that no isolated ones
occur. So we have to determine the number of {0, 1} blocks of length 4 where ones only
occur in blocks of length at least two. There can be only either zero or one block of ones
of length from 2 to 4. This gives 1+ 3+ 2+ 1 = 7 possibilities, thus wf({x}) =7.But7is
not a product of Fibonacci numbers, hence w, is not conjugate to either w,¢ or wyqq.

Finally we differentiate between these two cellular automata. Notice that Fixs(wyq)
consists of all configurations in Fix(w,,) containing the block 11000011 but no other
block of zeros of length greater than two. Hence the closure of Fixs(w5) is contained in
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Fix3(wogq) U Fix; (wyg0). On the other hand we have (°°0.10°°) € Fixz(w-g), hence there
is (x;)nen in Fixg(w,g) with x,, —» °°0°° € Fix,(w-¢). With that we have finally shown
that w,, and w4 are not topologically conjugate.

Notice, however, that |Fix; (w¢)| = [Fixi(wq00)| = |R| for all k € P(wqgo) = P(w). Since
Wy and wo are idempotent, they are thus conjugate when {0, 1}Z is endowed with the
discrete topology instead of the product topology.

6.3. Permutive Cellular Automata

As promised, we will now compute the conjugacy between wyg and ws.

Definition 6.2 (Left- and right-permutive). A block map fi,. : A — A for n € N is called
left-permutive if the map A> a — f(ax) € Ais a permutation for every x € A" L. In other
words, for u,v € A" with f (u) = f(v) and up, 5] = V[, we also have uy; = vy. The map fi,
is called right-permutive, if the map A> a — f(xa) €A is a permutation for every x € A"1,

The following theorem is due to Nasu in [Nas95] and independently SHERESHEVSKY
and AFRAIMOVICH in [SA92], see for example the book by Kurka [Kur03, Prop. 5.8].
Compare this with the results mentioned at the beginning of Section 2.6.

Theorem 6.3. Let f : AZ — AZ be a cellular automaton with left radius £ € N and right
radius r € N that is defined by the local rule fi,. : A1 — A If fi,. is left- and right-
permutive, then f is conjugate to the one-sided full shift over the alphabet A**", where the
conjugacy  is given by

wi(x) :fi(x)[_e,r) forieN,.

The proof is based on the following lemma.

Lemma 6.4. Let f : AZ — AZ be a cellular automaton with left radius ¢ and right radius
r that is defined by a left- and right-permutive local rule fiy. : A" — A Let k,m € N,
k<mand m—k > {+r and let x,y € AZ. If Xtiem) = Ykeom) and f (0 pe,my = f (Y k,m), then
X[ k—t,m+r) = Y[k—t,m+r)-

Proof. Since m —k > { +r, the assumptions imply f (x)xy¢ = f (¥ ise and Xpj gyp4r) =
Ykk+e+r)- By the definition of left-permutivity this implies x;_; = y;_;. Therefore we
also have X[_1 g4¢4+r—1) = Y[k—1k+t+r—1)> h€NCE X}y = yi_o. Continuing that way we get
X[k—t,m) = Y[k—t,m)- Using the right-permutivity of fj,c we get X[k m+r) = Yk,m+r) Dy the
same reasoning. O

Proof of Theorem 6.3. Set B := A" Define a continuous map ¢ : A” — BN by

i(x) = f{(X)¢, forieN,.
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7, Woo \ w7

F5 > 5
m A

Nyx{0,1} o Nyx{0,1}
$90,150 ]F2 —) [E‘Z 90,150

11:151/ %0

7 Wis0 \ %

IE‘2 > IFZ

Figure 6.6.: The conjugacies between wqg, w5, and the one-sided 4-shift.

We have

o(p(x)); = v(x)it1 :fi(f(x))[—e,r) for i € N,

The only thing left to show is that ¢ is bijective. Let x, y € AZ with ¢(x) = ¢(y), in other
words, we have f!(x)_¢ ) = f'(¥)[e, for all i € Ny. By repetitively applying Lemma 6.4
we get f'() ke kr) = f'(V )=k kry fOr all k, i € Ny. In particular we have x = y, hence ¢
is injective.

Let W, be the set of all possibles words that can occur as x[_, ) and let S, be the set of
all possible n-tuples that can occur as (f i(x)[_e’r))?:_g. Since f has left radius ¢ and right
radius r, it induces a well-defined map g,, from W, to S,,. This map is injective because
applying Lemma 6.4 n-times implies that for all x, y € AZ with fi(X)[_g,r) = fi(y)[_g’r)
fori € {0,...,n—1} one also has x[_, ;) = Y[_n¢,nr)- Now comparing cardinalities gives
|W,| = |A"¢*) > |, |, thus g, is also surjective. In particular for every n-tuple w € B"
there is x € A% with (f'(x);_)'=a = w. Since A” is compact, this shows that ¢ is
surjective. O

While Theorem 6.3 shows that wy, and wy5q are conjugate, it does not give a concrete
description of the conjugacy. We are going to rectify this now.

Let 1. be the conjugacy between ({0, 1}%,w.) and ({0, 1}"0*2, o) described in the proof
of Theorem 6.3 for ¢ € {90,150}. Set @gq 150 := Y5, © Poo. Figure 6.6 gives an overview
of the maps involved in this construction.

Let M be a set. The space (F,)™ is a vector space over the field F,. We say that a vector
x € F)! has finite support if the set of indizes where x differs from 0 is finite. For a vector
w € (F,)M with finite support we can define the scalar product with any vector x € (F,)™
by (w,x) := (x,w) := >._,, x;w;. Note that the values of (w, x) lie in F, contrary to the
normal definition of a scalar product.

Nj x

5 ” be the space time diagram of x under w,,

For x € FZ and c € {90,150} let S°(x) € F
i.e.,

SE(x);j = (Yo (x));j = (we) ()5
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The definition of w. then translates to the following recurrence relations for i € Ny, j €
Z.
SQO(X)H_LJ' = Sgo(x)i,j—l + S9O(X)i,j+1:

S100x)i41,5 = S00x); oy +S00x); ; + S0(x); -
We have
Pe(x);; =8(x);; fori €Ny, j € {0,1},
1/JC_1((Sc(x)i,j)ieNo,je{o,n) =X.

Our goal is to express x in terms of S°(x); ; and vice versa. To do so we define vectors

Nyx{0,1
ve e phox ol
i,j 2

relations.

and vectors wfj € Iﬁ‘g for i € Ny, j € Z according to the following recursive

(Vig’?)k’z = (Vi];-?o for l,k (S NO and ],E S {0, 1},

e 1 ifk=iand{=j
710 otherwise

vﬁ?ﬂ = v?fl’j + vig,?;l for j & {0,1},
VIS0 = 1304 150y 150, for j ¢ 10,1},
(wo e = (o e = {1 e 7 for j,t €2,
g > 0 otherwise
w?ﬂl’j = W?’(J)._l + W?’(J).+1 fori €N,
w}f(l)’j = w}j&l + W}j’.o + w}jgl fori eN.

All of these vectors have finite support since this property is preserved under sums.

It is straightforward to prove by induction that for i € Ny and j € Z

SE(x)i ;= (x,wi )

= ("Hbc(x),vi,j)-

Consider the linear maps o : FZ — F2 and & : ]FI;IOX{OJ} — IFEIOX{O’” defined by

o(x); =xj1 for j ez,
0 ifi=0
g(y); ;= fori e Ny and j € {0,1}.
(}’)1,1 {yi_l,j ifi>0 0 J { }
Again, by induction we see that for i € N, and j € Z we have
_ -1
Wi =0 (W),

[ —_ C
i1, = (V)

Together with the definition of the vectors w$ j and v{ j we get the following recursive
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relations
0 —1(,,90 0
Wi =0 WD+ oW,
150 —1/., 150 150 150
wi+1’j=a W) +w +o(wi%),
90 _ 90
Vi,jﬂ:l l]:Fl + U(V )
150 _ .,150 , - 150 150
Vit =Vi; tViim +O'(V ).

We can now write our maps 1, : F5 — IFN"X{O Y and Y1 Fs— IFN"X{O 1

ofvlandw as

with the help

I,b (X)i] S¢ (X)l] (X w; ]>
TP 1(}’)]_5 (’4} 1()’))01 <y,V0]>

Composing g and 7., gives

$90,150(X); = lﬂf_glo(‘#%(x))j

= (W) keno teo 1 Vi)

_Z Z (Vé )k(xwkg>

keN, £€{0,1}

= 20 20 205 ke

keNy Le{0,1} meZ

We therefore define vectors ui90,150 € ]F% by

90 150 15 0
Z Z (V() )k,K(Wi,g)m'

keN, (€{0,1}

Since v, ; has finite support for every j € Z, the vector 11]9.0’15O has the same property.

90,150

Using u; we can rewrite our formula for g 159, which we derived above, as

90,150
@90,150(35)1 = (X,Uj ).

The recursion relations for wfj and vl.cj translate to recursion relations for u;, namely

90 150 150 90
]:I:l )m Z Z (Vojil)k,ﬂ(wk’e)m

keNy £€{0,1}

=30 37T (O ke + e + (GOEDie ) W)

keNy £€{0,1}

_(u]9:(;1150)m+( 2 150)m+Z Z (Vlso)k 1Z(W e)m

keN(e{0,1}
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P

Figure 6.7.: Local rules of the conjugacy ¢ 150, the k-th row (see the numbers in the
middle column in the plot on the left) corresponds to w0 the plot on the

k
right side shows ui%’égo at the top up to ugggso at the bottom. Black squares

correspond to ones, white squares to zeros.

The sum on the right side can be further simplified,
20 20 O m = D0 D% e Wi2,
keN(e{0,1} keNy £€{0,1}
=20 20 (0T W) + o (Wi

keNy £€{0,1}

— 150 90 90
= Z Z (VO,j )k,IZ ((Wk’g )m—l + (Wk,[ )m+1)
keNy £€{0,1}

1 1
— (u]?O, 50 90,150

)m—l + (u]‘ )m+1'

Together we finally get

90,150

90,150 90,150 90,150 90,150
(U. )m = (u ; )m—l + (u] )m+1'

j+1 i1 dm + (u} I + (uj

The vectors defining the local rules of ¢g ;50 can therefore be calculated by a cellular
automaton with memory. The result is depicted in Figure 6.7.

The conjugacy just constructed is by far not the only conjugacy between wq, and wys.
Let ¢ : FZ — FZ be a conjugacy between wq, and w5,. Then
-1 _ -1
1/’150°<P°1/J90 °0 —¢150°@°W90°1/’90
_ -1
= Y1500 W150° P © Q11’90
_ -1
—U°¢150°<P°¢90,

hence ;550 p o ngg is an automorphism of the one-sided full 4-shift. On the other hand
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let 6 be such an automorphism. Then 3, 0 6 01y is a conjugacy between wg, and
wis0- Thus there is a one-to-one correspondence between conjugacies of wg, and w5
and automorphisms of the one-sided full 4-shift X,.

It is easy to see that the automorphism group of X, is large. For example consider the
following automorphisms. For every word w over {0,...,3} and symbols a, b € {0, ...,3}
we can define a cellular automaton g,,, 5 : {0,..., 3} — {0,...,3}" that exchanges the
symbols a and b if they are followed by w, i.e.,

a if X; = b and x[i+1,i+1+|w|) =w
8wab(X)i=1b ifx;=aand X 14wy =w-

x; otherwise

If a # b and both a and b do not appear in w, then g, , , is an involution, in particular
it is invertible. These maps are in general non-linear, hence there are also non-linear
conjugacies between wyq and w .

6.4. Weak Conjugacy

The results in this section show that conjugacies between cellular automata can be
quite complicated homeomorphisms. In particular we show that the elementary cellular
automata with Wolfram code 90 and 150 are topologically conjugate but every conju-
gacy between them has to use infinitely many local rules in the sense of the following
definition.

Definition 6.5 (Definable by a set of local rules, finite number of local rules). Let X C AZ
and Y € B% be two-sided subshifts. Let M C | J, c{fioc : A1 — B} be a set of block maps.
We say that a continuous map ¢ : X — Y is definable by M if for each index i € Z there is
a local rule fioe € M, fioe : A1 = B with ¢;(x) = fioe(X[i—r,itr])-

We say that a homeomorphism ¢ : X — Y has a finite number of local rules, if there exist
finite sets M C | ), en{fioe : A = B} and N € |, cn{fioc : B — A} such that ¢ is
definable by M and ¢! is definable by N.

Remark 6.6. Notice that there are homeomorphisms between full shifts which are defin-
able by a finite set of local rules but whose inverses are not. Consider for example the
following n x n matrix over F,

1 10 0 0

011 0 0

0 01 0 0
Jp = )

0 0O 11

(=)
o
o
(=)
—_
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Its inverse is

111 11
011 11

oo 11

n .
000 11
000 01

Now consider the two local rules

E:25— Ly, &E(x_q,%0,X1) = Xg+x1,

.73 —
L 'ZZQZZ: L(x—la-xO:xl)_XO‘

Let (a;);cz € { £,¢ }” be a sequence of local rules that contains the block &, for each
k € N. Then the global map ¢ corresponding to (a;);ez is linear and can be represented
by an infinite block matrix with blocks of the form J,, and I,, where I,, € {0,1}"*" is the
identity matrix. Thus ¢ is invertible and its inverse ¢ ! can be represented by an infinite
block matrix with blocks of the form J ! and I,,. In particular ¢~ is not definable by a
finite set of local rules while ¢ is definable by { &, }.

Lemma 6.7. Let X and Y be the two-sided full shifts over the alphabets A and B. Let
reNandlet M C {f : A" - B} and N C {f : B> *! — A} be finite sets of local rules.
Let f : X - X and g : Y — Y be cellular automata. Consider the set 6 of all sequences
(a;, b;)icz € (M x N)? such that the global function ¢ defined by (a;);cz is a conjugacy
between f and g and the global function defined by (b;);cz is ¢~ '. Then € is either empty
or a subshift of finite type.

Proof. There is a radius R € N such that f and g both have local rules fj,. and gj,. with
radius R. Let (&;,¢;)icy, € (M x N)? and let ¢ and 1) be the global rules defined by (£,);cz,
respectively (¢;);ez. The condition v = ¢! is equivalent to

((X—Zr’ s Xop) = Gi(E (X grs e, X0)s -+, S (X0, - --,er))) =idp o,

(6.1) .
((y—Zr’ o ',er) e gi(é’i—r(.y—Zr’ .. ')yO)’ (ERS) €i+r(y07 o ',er))) = ldB,Zr'

for all i € Z where id¢ , : C¥ ! — C is defined by id¢ ,(x_, ..., x,) = xo.
The condition that ¢ is a conjugacy between f and g is equivalent to

((X—r—R> ) xr+R) = gl(f (X—r—R) LR x—r+R): e )f(xr—R: LR xr+R)))

(6.2)
z((x—r—RJ T xr+R) — g(gi—R(x—R—r: ce X—R+r): R 5i+R(XR—r: AR xR+r)))

foralli e Z.

Set q := max(R, r). We may characterize € as the set of all configurations in (M x N)Z
not containing a block of the form ((§_4,¢_),-..,(&4,{,)) violating (6.1) or (6.2) for
i = 0. Therefore ¢ is a subshift of finite type with window width 2q + 1. O
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Theorem 6.8. Let X be a two-sided full shift. For cellular automata f,g : X — X the
following are equivalent.

(a) f and g are conjugate by a homeomorphism ¢ with a finite number of local rules.

(b) f and g are conjugate by a homeomorphism 1 commuting with a power of the shift,
i.e., there exists k € N such that 1 o 0 = X 0.

Proof. (a) = (b) Let M and N be the finite sets of local rules by which ¢ respectively
¢! can be defined. There is a sequence (c;);ez € MZ of local rules for ¢ and a sequence
(d));ez € NZ of local rules for ¢ .

Define ¢ as in Lemma 6.7. Then (¢;,d;);ez, € € is a subshift of finite type and con-
tains a periodic configuration (&;, {;);cz With period k € N. Let ¢ be the global map
corresponding to (&;);cz. Then 4 is a conjugacy between f and g and

o ()i = P (s
= &eri (Xpieriorierier])
= gi(o'k(x)[i—r,H—r])
= (o (x)):.

(b) = (a) Since v and v~! are continuous, there are sequences of local rules &; :
A%t — B and ; : B¥i*! — A for 1) respectively 1. Since v and )~! commute with
ok, both of these sequences are k-periodic and therefore contain only at most k-different
elements. Hence 1 has a finite number of local rules. O

Lemma 6.9. Let X and Y be subshiftsandlet f : X - X and g : Y — Y be cellular automata.
If f and g are conjugate by a homeomorphism ¢ commuting with o*, i.e., ¢ o of( = 0’{, o

for some k €N, then fiper, (5,) ANd &jper, () are also conjugate by .

Proof. Since ¢ commutes with o, we get an induced map ¢ : Pery(oy) — Peri(oy),
which is the desired conjugacy between fiper, (5,) and gpper, (o, )- O

With these results we established that two cellular automata which are conjugate by a
homeomorphism with a finite number of local rules are also conjugate when restricted
to Per, (o) for some k € N. The next theorem shows that this is never the case for wy
and wygg.

Theorem 6.10. For any n € N the finite dynamical systems (W150) per, (o) aNd (Woo)\per. (o)
are not conjugate. In particular wqsq and weoq are not conjugate by a homeomorphism with
a finite number of local rules.

We will show this by calculating the transient time for these dynamical systems. This
will take up the rest of this section. For wq, this was already done in [Wol83] using the
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representation of linear cellular automata as the multiplication of Laurent polynomials
by a fixed polynomial. The calculation for wys,, however, seems to be new. For reflective
boundary conditions instead of periodic boundary conditions which we need, some
small partial results can be found in a paper by Axin, Siap and K6rogLu [ASK12]. All
results for wyq are already contained in [TSLO6] and we follow the proof presented there
very closely. The information obtained there for the minimal polynomial, in which we
will be interested in, is, however, not enough to also treat w;s,. The crucial ingredient
missing is an identity between Fibonacci polynomials involving composition and not
only multiplication. This identity can for example be found in the paper [GKT97, Lemma
4] by GOLDWASSER, KLOSTERMEYER and TRAP on switch-setting games.

We start with some linear algebra over finite fields. Given a finite field F and a linear
map f : F¥ — F¥ the annihilating polynomials of f at the point y € F¥ are defined by
Ann(f,y) :={p e F[A] | p(f)(y) =0} and the set of annihilating polynomials of f is
defined by Ann(f) = ﬂyeF" Ann(f, y).

Both sets Ann(f, y) and Ann(f) are ideals and since the polynomial ring F[A] is a principal
ideal domain, they are generated by a single polynomial. We denote these polynomials
by us, and ug. The polynomial u, is called the minimal polynomial of f.

For a polynomial q # 0 the multiplicity of the zero at z is defined by
mul,(q) := max{ k e N, { (x —2)% | q(x) } .

If mul,(q) = 0, then z is not a zero of q. Since we are going to calculate a lot with mul,,
we collect some useful properties of it.

Lemma 6.11. If g,h € F[x] are polynomials over the field F and z € F, then the following
hold.

(a) mul,(g) = k € Ny if and only if there is a polynomial § € F[x] with g(x) = (x —
2)*g(x) and g(z) #0.

(b) mul,(g(x)) =muly(g(x +2)).
(c) If h(0) =0, then muly(g o h) = muly(g) muly(h).

(d) mul,(gh)=mul,(g)+ mul,(h).

Proof. (a) Setk :=mul,(g). By the definition of divisibility of polynomials there is g(x)
with g(x) = (x —2)¥g(x) and by maximality of k, §(z) # 0. On the other hand, if
3(z) # 0, then the maximal power of (x —z) dividing (x —z)¢g(x) is (x —z)".

(b) If g # 0 and mul,(g(x)) = k € Ny, by part (a) there is § € F[x] with g(x) =
(x —2)*g(x) and g(z) # 0 Therefore g(x +z) = x*g(x + z) and again by part (a)
muly(g(x +2)) =k.
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(c) We decompose g and h as g(x) = x'g(x) and h(x) = xkh(x) with € = muly(g),
k = muly(h) > 0, g(0) # 0 and h(0) # 0. Composition gives

g(h(x)) = g(h(x)x*)(h(x)x*)
= g(h(x)x*)(h(x)) x*E.

Defining q(x) := §(h(x)x*)(A(x))! and using the fact that k > 0, we calculate

q(0) = £(0) (A(0))" #0.
~—~—
#£0  #0

By part (a) we can conclude muly(g o h) = kf = muly(g) muly(h).

(d) Again we have the decompositions g(x) = (x —z)m‘ﬂz(g)g(x) and h(x) = (x —
2)™Mh(x). Then (gh)(x) = (x —z)™E@+mul:( 5 (x)h(x) and §(z)h(z) # 0.

O]

Lemma 6.12. Let F be a finite field and let f : F* — F* be linear. For every y € F* the
minimal preperiod of y under f equals muly(uy ).

Proof. Since F is finite, every point is preperiodic under f. For every y € F* there is
a minimal preperiod q € N, and a minimal period p € N. Since fP™(y) = f9(y), the
polynomial A9(A? —1) is in the annihilator of f at y and we have u; , | A1(A? —1). In
particular muly(uf,) < q. On the other hand, consider the decomposition u; (1) =

Amubo(kry) (1) as in Lemma 6.11 (a). By the pigeonhole principle there are positive
integers k and ¢ with k < ¢ such that A* and A¢ have the same remainder when divided
by (1), hence (1) | AK(A*~%—1). By definition v(0) # 0, hence »(A) | A* ¥ —1. Therefore
Amubo(kr )27k —1) € Ann(f, y) and f™Wolbry )+ =k(y) = mubo(isy)(y), By the minimality
of ¢ we have g < muly(uy ). O

Theorem 6.13. Let F be a finite field, let f : F* — F* be linear. For y € F* let q, be the

minimal preperiod of y under f. Let t := max { qy | y e Fk } be the transient time of f. If
uy is the minimal polynomial of f, then t = muly(uy).

Proof. By Lemma 6.12 we have q,, = muly(uy , ). By definition,

muly(us) = muly(lem({ Wr,y | y €Fk})
= max{mulo(,uf’y) \ y e Fk }
=max{qy{y€Fk}:t. O

Corollary 6.14. If F is a finite field and f, g : FX — F* are linear maps that are conjugate
by a not necessarily linear bijection v : FX — FX, then mul,(u £) =muly(ug).

Notice that the minimal polynomials of conjugate linear maps f, g : F* — F¥ must not
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coincide as the following example shows. This is due to the fact that we allow non-linear
conjugacies.

Example 6.15. Consider the cellular automata f, g : F2 — F2 given by f(x); = x;41 +
Xi4o and g(x); = x; + x;;1- Their restrictions to Pers(o) are conjugate, but have minimal
polynomials pp(A) = A° + A% + A respectively pg(2) = A° + A% + 4.

To apply Corollary 6.14 to (wgg)per, (o) and (Wiso)per, (o), We calculate their minimal
polynomials. For this we need three additional lemmas and some facts about the Smith
normal form of a matrix.

Lemma 6.16. Let W be a vector space and let f : V — V be a linear map. Let W be a
subspace of V that is invariant under f. Assume there are linear maps g1,...,8x:V =V
commuting with f such that g;(W)+---+ g (W) =V. Then degu; < dimW where u; is
the minimal polynomial of f.

Proof. Since W is invariant under f, we can restrict the domain and range of f to W to
get alinearmap f : W — W. Set h := p7(f). The map h annihilates all vectors in W and
commutes with g, for £ =1,...,k. For every v € V we can find vectors wy,...,w, € W
such that v = g;(w;) + - - - + gx(wy). A short calculation gives

h(v) = h(g1(w1)) + -+~ + h(gk(wy))
= g1(h(w1)) + -~ + g (h(wy))
=0.

Since v was arbitrary, this shows that py € Ann(f), hence u; | ur and degu; < deg pp <
dimW. O

Lemma 6.17. Let f : FZ — FZ be a linear cellular automaton. Let f be the restriction of f
to Per, (o). If f is left-right-symmetric, i.e., f o7 =7 o f, then deg(u;) < 51

Proof. Define the vector e, € F5 by

eo(k):{1 ifn|k

0 otherwise

Its iterates ey, o' (ey), . .., 0" 1(ey) under o form a basis of Per,, (o). Thus every F-invariant
subspace W of Per, (o) that contains e, fulfills the assumptions of Lemma 6.16.

If n =2k +1, we consider W := Fix(7t) N Per, (o). Since f commutes with 7 and o, this is
an f invariant subspace. The vectors ey, o (ey) + T(0'(ep)), ..., 0% + 1(0¥(ey)) generate
W, hence dim(W) < k + 1. Thus Lemma 6.16 applies and we get deg(uf) <k+1.

If n = 2k, we consider the slightly smaller subspace W = { x € Fix(7) N Pery (o) | x, =0}.
This subspace is generated by ey, o'(eg) + (0 (ep)), ..., (eg) + T(a¥1(ey)), hence
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dim(W) < k. Since f is a cellular automaton with some radius r € N, there are coeffi-
cientsa_,,...,a, € F, such that f (x), = a_, x)_, +---+aox;+- - -+a,x;,,. Because f com-
mutes with 7, a_, = q, forall £ € {1,...,r}. For every x € W we have x;_;, = Xy_r = Xi4¢
for all £ € Z. Since the entries of x lie in F,, this implies f (x); = apxy = 0. Therefore W
is again invariant under f and Lemma 6.16 gives deg(u;) < k. O

Remark 6.18. Notice that it is not enough that f commutes with 7. Consider the linear
cellular automaton f : F2 — F2 defined by f(x); = x;_1 + X;41 + X;15. The matrix
representation of f = fiper,,(o) With respect to the basis used in the proof of Lemma 6.17
is

[0100010001\
1 0100O01O0O00O0
01 010O0O0T1TO0PO0
00101O0O0O0T1F0
0001O01O0O0O0°71
1 000101O00O00
01 00O01O01O00O0
0010O0O0T1QO0T1FO0
0001O0O0O0T1OQ0°71
\1000100010}

and we have 7 o f = f o 7. The minimal polynomial of f, however, is x° + 1.

Lemma 6.19. If v and n are polynomials over F, with v> = 02, then v = 1.

Proof. Both polynomials must have the same degree. If ¥(x) =ay+a;x +---+a,x" and
n(x) = bg+byx+---+b,x", then v(x)? = (ag+a;x+---+a,x")? = a(2)+afx2+- --+ar21x2”
and n(x)* = b3 + b2x* + - -- + b2x*". Comparing coefficients gives a2 = b3,...,a> = b2.
Since the coefficients lie in FF,, this implies ay = by, ...,a, = b,. O

The following theorem collects some facts about the Smith normal form of a matrix. See
for example Chapter 6 in the book by SERRE [Ser02], in particular Theorem 6.2.1.

Theorem 6.20. If K € R™" is a square matrix over a principal ideal domain R, then there
are elements {1,...,L, €R, called the invariant factors of K, such that the product £ ----- I
equals the greatest common divisor of all minors of K (not only the principal ones) of order
k forall k € {1,...,n}. Furthermore £ | £5,€5 | £, .... The diagonal matrix L with diagonal
elements Ly; = {; is called the Smith normal form of K.

Since the ring of polynomials over a field is a principal ideal domain, we can consider
the invariant factors of the characteristic matrix of M € F™". These factors allow us
to calculate the characteristic and minimal polynomial of M as the following theorem
shows, see Theorem 6.3.5 in [Ser02].

Theorem 6.21. Let M € F™" be a square matrix over a field F and let K = xI—M € F[x]™"
be its characteristic matrix. If £+, ...,L, € F[x] are the invariant factors of K, then £ ----- l,
equals the characteristic polynomial of M and {, equals the minimal polynomial of M.
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Let M, be the matrix representation of (wgg)|per, () With respect to the standard basis,
ie.,

1 0 0 01
1 01 - 00O
0 o0
M1:(0)>M2:(0 O)’Mn: n.
000 -1 01
1 00 --- 010

This matrix corresponds to applying wq, on ]Fé0 """ "1} with periodic boundary conditions.

For our calculations we will also need the matrices corresponding to the application
of wgy with null-boundary conditions. Therefore define the matrices M, as the n x n
matrices with

i =) =9 5)

0 if (i,j)=(1,n) or (i,j) = (n,1)
(M,);; otherwise ’

(Mn)ij = {

Therefore
010 0 0O
1 0 1 0 0 O
i, = n
0 0O 1 0 1
0 0 O 010

Let y,, and #, be the characteristic polynomial of M, and M, and let u,, and fi, be the
minimal polynomial of M, and M,,.

Definition 6.22 (Fibonacci polynomials). Let (f,),en be the sequence of polynomials in
F,[x] recursively defined by

fo(x)=0, filx)=1,
fn+2(x) = X'fn+1(X) +fn(x):

the so called Fibonacci polynomials.

We now prove various relations between the polynomials we defined. As already men-
tioned, the identities for the Fibonacci polynomials are proven for example in [GKT97].
The identities involving the characteristic and minimal matrices of M,, and M, can be
found in [TSLO6]. Only the connection between those two kinds of polynomials was
missing.

Theorem 6.23. The following equations hold.

@ xn(x) = xFn(x) forn=1,
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(1) yp(x)=xf,(x) forn>2,
(iii) fon(x) = xf,(x)* for n 20,
(1V) f2n+1(x) = fn(x)2 +fn+1(x)2f0r nz 0:
(V) frre G+ fre () = xfr(x)fe(x) forn = t =2 0,
(vi) fmn(x) = fm(x)fn(xfm(x))for m,n =0,
(vii) uor(x) = x fi(x),
(viii) Wop41(x) = x(fies1 () + fir (X))
Proof. (i) Since we are working over FF,, the characteristic matrix of M,, is
x 1 0 0 1
1 x 1 0 O
0 1 x 0 O
M, +xI =
0 0 O x 1
1 0 O 1 x
Laplace expansion of its determinant along the first row gives
x 1 0 0 1 1 0 O 1 x 1 0
1 x 0 O 0 x 0 O 0 1 x 0
(6.3) det(M,, +xI)=x +
0 0 00 x 1 000 -+ x
0 O 1 1 O 1 x 1 0 O --- 1

By first moving the last row to the top and then forming the transpose we have the
following equality.

1
0

— =
= =

0
1

0
0

(el e)

X
1

O =

0

— ® O

0

= = O

0

(=)

X

0
1

1 0 0
X 0 0
0 X
0 1

Therefore the second and third term in (6.3) cancel out and we have

2n(x) =det(M,, + xI) =x det(M,_; + xI) = x 7,1 (x).

= =
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(i) This time we expand the characteristic matrix of M, along the first row and get

x 1 0 --- 0 O
1 x 1 --- 0 O
) 01 x -+ 0 0
in(x)=det(M, +xI) =
0 0 O x 1
0 0 O 1 x
1 0 0 1 1 0 O
1 x 0 0 0 x 0 0
=X +
0 O x 1 0 O x 1
0 0 1 x 0 O 1
x 1 0 0
1 x o ol [© 00
=x . +
00 - x 1 8 ’1“ )1(
0O 0 --- 1 x

= xin—l(x) + Zn—z(x)-

Together with #;(x) = x and #,(x) = x? + 1 we have 7,(x) = f,.1(x) and y,(x) =
xin—l(x) = an(X).

(iii) + (iv) We prove these identities by induction. We have f;(x) = 0 = xfy(x) and
f1(x) =1 = fo(x)? + f,(x)?. Furthermore

fon+a(x) = x fan41(x) + fon(x)
= x(fa(x)* + frg1 (x)?) + x o (x)?
= xfn+1(x)2,

fon+3(x) = x fany2(x) + foni1(x)
= 5% 41 (0% + f,(0)* + fr1 (x)?
= (% fns1(X) + fo())* + fry1 (x)?
= frra(X)* + fra ()%

(v) We prove this identity for fixed n by induction on t. For t = 0 we have zero on both
sides of the equation and the case t = 1 is just a transformation of the recurrence relation
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defining f,,. For the induction step we calculate

Fr—t=100) + frger1(0) = O frme () + frer1(0)) + X frrpe () + frge—1 ()
= X(fat () + frre D) + =1y () + fre—1)
= x? £ () f (x) + x () f—1 (%)
= x fr()(x fr () + fr1(x))
= X2 f(x) fep1 (x).

(vi) This identity is proved by fixing m and using induction on n. The case n = 0
corresponds to fy(x) = 0 = f,,(x)fo(xf,n(x)) and the case n = 1 corresponds to f,,(x) =
fn () f1(xfin(x)). For the induction step we use (v) and calculate

Smn+1)(%) = X frn () fin () + fin(n—1y(x)
= X fi (30) (fin () fr e fi (3D)) + fin () frra (X (fin (%))
= fin ()¢ fin () fn (X frn(20)) + frim1 (o (X))
= () fr1 (e fim ().

(vii+viii) The characteristic matrix of M, has a minor of order (n — 2) with value 1. The
corresponding (n—2) x (n — 2) matrix is highlighted in the following illustration.

x 1 0 --- 0 1
1 x (1 --- O

01 |x --- 0 O
0O 0|0 x 1
1 0 O 1 x

Therefore the Smith normal form of M,, + xI has the form diag(1,...,1,s(x), u,(x)) with
s | tn> Sty = xn and hence deg(s) + deg(u,,) = n. By Lemma 6.17 we have deg(u,) <[5]
and deg(s) >[5 ].

If n = 2k, this gives s = u, and we have py(x)? = spor(x) = yor(x) = x2f5(x)?. By
Lemma 6.19 this shows that u,(x) = x f,(x).

If n = 2k + 1, this implies u,(x) = u(x)s(x) where u(x) € {x,x + 1} is a polynomial of
degree one. Since

Hok+1() = X forp1 ()
= x(fil(x) + fis1 (),
the multiplicity of the zero at 0 of yy.; is odd, hence muly(u(x)s(x)?) = muly(u(x)) +

2muly(s(x)) is also odd and we have u(x) = x. Therefore x(fi.(x) + fi1(x))? = xs(x)?.
Again by Lemma 6.19 we have s(x) = fi.(x) + fi41(x) and u(x) = x(fi () + fip1(x)). O
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The matrix representation of (wisg)per, (o) With respect to the standard basis is given
by M, + I, hence the minimal polynomial of (wi50)per, (o) i given by u,(x + 1). By
Lemma 6.11 (d) we therefore know that the transient time of (w1sg)per, (o) IS given by
muly(u, (x + 1)) = mul; (u,(x)). It is Theorem 6.23 that allows us to calculate mul, and
mul; for the Fibonacci polynomials f,, and therefore also for the minimal polynomials

-
Theorem 6.24. For n > 1 we have

mulo(fn)=max{25—1 ’ (€N, 2¢] n},
max{2“1|€€N0,2l|n} if3|n
0 otherwise’

mU11(fn) = {

muly(fy41 + f) =0,
1 ifn=1 d3

muly (fpq + f,) = {o z[t;zlerwise et '

Proof. We start with muly(f,,). Since f;(x) =1 and f,(x) = x, we have mul,(f;) =0 and
muly(f,) = 1. Thus the assumption is valid for n € {1,2}. We proceed by induction. For
even n, i.e., n = 2k, we have

mulo(for (x)) = mulg(x fi (x)*)
=1+ 2muly(fi(x))
=1+2max{2'—1]|(eN, 2'|n}
=max {21 —1 | £ €Ny, 21| 2n }
:max{ze—l \ {eN,, 2 |2n}.

If n is odd, we have to show that muly(f,) = 0. Let n = 2k + 1. Either k is odd and by
induction muly(f;) = 0 and muly(fi,1) > 0 or k is even and by induction mul,(f;) > 0 and
muly(fi41) = 0. In both cases we can conclude from Theorem 6.23 (iv) that fy,1(0) =1,
hence muly(for41(x)) =0.

Now we have a look at mul, (f,,). Again we proceed by induction on n. We have mul, (f;) =
0 = mul; (f;). For the induction step consider the equation f, (1) = f,_1(1) + f,—2(1). If n
is not divisible by 3, exactly one of the summands on the right hand side is zero by the
induction hypothesis. Therefore f,(1) = 1 and mul,(f,,) = 0. Now assume n is divisible
by 3, so there is k € N with n = 3k. By Theorem 6.23 (vi) we have

f31(x) = f3(x) fre(x f3(x)),
mul; (f3x(x)) = muly(f3r(x + 1))
= muly(f3(x + 1)fi((x + 1)f3(x + 1))
= muly(x?fi.((x + 1)x?))
= 2 + muly(fi((x + 1)x2)).

By Lemma 6.11 we have muly( fi, (x+1)x2)) = muly((x+1)x2) muly(f(x)) = 2muly(fi.(x))
and hence mul; (f5;(x)) = 2 + 2muly(fi(x)) = max{ 20+1 | €Ny, 2t | n }
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We have already shown that f,(0) = 1 for odd n and f,(0) = 0 for n even. Therefore
fa41(0) + £,(0) = 1 and muly(fy4q + f) = 0.

We also saw that f,(1) =0 if 3| n and f,(1) = 1 otherwise. Hence we have

1 ifn=1(mod 3)
0 otherwise ’

(far1 + f)(1) ={

Finally we see that for n = 3k + 1 with k > 0 we have

(Fakr + farr1)(x +1) = (¢ + 1) fagpr (x + 1) + far(x + 1) + foppa (x + 1)
= X farg1(x + 1) + for(x + 1),
muly (f3x42 + faes1)(x)) = mulo((fss2 + farr1)(x +1))
= muly(x fa4100 + 1)+ far(x + 1))
muly(-)=1 muly(-)>2

=1 O
Corollary 6.25.
muly(ug) = rnax{ 2t \ teNy, 2k } ,

muly(Ugks1) =1,

max {21 | £eNg, 2|k} if3|k
mu]‘l(nu’Zk) = . >
0 otherwise

1 ifk=1 (mod3)

mul =
1(W2ks1) {0 otherwise

With all calculations in place, we can now proof the main result of this section.

Proof of Theorem 6.10. Set wgg, := (Woo)per, (o) @0d Wisg, = (Wiso)per, (o). We first
consider the kernels of wg, and wys. It is easy to see that

ker(WQO) = {OOOOO: OO]_OO’ 00(01)009 00(10)00}’
ker(wis0) = {°0°°, °°(100)°°, °°(010)°, *°(001)*°}.
Therefore for every y € Per,(c) we have
wel () 2 ifn=1 (mod?2)
w =
90,11 4 ifn=0 (mod2)’
1 ifn=1 (mod3)orn=2 (mod 3)
|W150 n(-y)| = . _ .
’ 4 ifn=0 (mod 3)

Therefore if wgg,, and w5, are conjugate, n must be divisible by 6. Conjugate finite
dynamical systems must also have the same transient time, but for n = 6k the transient
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time of wy ,, is
muly(Ugr) = max{ 2t | (€N, 2° | k }
while the transient time of ws , is
mul; (uer) = max{ 2t+1 \ (€N, 2' |k } .

In particular these transient times are never equal.
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Chapter 7.
Conjugacy on Tori

At the end of the last chapter we analyzed wyy and w5, by studying their action on o-
periodic points. In this chapter we continue this study and take a look at another notion of
isomorphism for cellular automata over Z¢. In contract to many other dynamical systems,
such cellular automata have an abundance of finite subsystems. Let (ej)xeq1,... 4} b€ the
standard generators of Z¢. Given v € Z¢, we call the set of points which are v, periodic
with respect to o, for all k € {1,...,d} spatially periodic with period v. These points
form an invariant set for every cellular automaton. This subsystem corresponds to the
action of the cellular automaton on the discrete torus Z2/vZ? = (Z/v{Z) x -+ x (Z/v4Z).
From this perspective, every cellular automaton over Z¢ gives rise to a cellular automaton
over the finite group Z¢/vZ?. We now try to recover as much information about the
cellular automaton as possible from these finite systems.

One can visualize a finite dynamical systems f : X — X by its state transition graph.
This graph has vertex set X and an edge from x to y if f(x) = y. A conjugacy between
finite dynamical systems is then nothing more than an isomorphism between their state
transition graphs. Drawing the state transition graphs of cellular automata on tori yields
beautiful pictures such as Figure 7.1. There is even a book by WUENScHE and LESSER
[WL92] consisting almost entirely of drawings of these graphs.

The action of cellular automata on spatially periodic points received a lot of attention,
especially in connection with the automorphism group of subshifts, see for example the
paper by BoyLE and KrRIEGER [BK87]. The questions studied here, however, seem to be
new. The results in this chapter were presented by the author at Automata 2016, see

[Epp16].

74. Cellular Automata on Tori

We start be making the correspondence between the invariant subsystem and the torus
more precise.

Definition 7.1 (Torus). For v € N¢ denote by T, := Z%/vZ? the quotient of the ring
7% by the ideal generated by v and call T, a torus. Denote by n : Z¢ — T, the natural
projection. Every configuration x € A™ corresponds to a unique configuration ¥ € A%
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Figure 7.1.: State transition graph of the action of w¢ on the torus Z/10Z.

with %; = x ) fordli € 74 and UZ,’:(J”C) = X for all k € {1,...,d}. Conversely, every
g eAl = {_y e Az ‘ o:’k‘(y) =yforalke{l,...,d} } corresponds to a unique element
in AT,

Definition 7.2 (Induced cellular automata on tori). Let f : AZ = A2 be a cellular
automaton. Since f commutes with all shifts, T, is invariant under f. By the preceding
considerations f induces a shift-commuting map fr, : AT — AT The set A™ is finite and

carries the discrete topology, hence fr is automatically continuous, in other words, a cellular
automaton. We call fr, the cellular automaton on the torus T, induced by f.

Remark 7.3. From yet another perspective, what we do is to consider f on the finite box
{1,...,v;} x---x{1,...,v4} with periodic boundary conditions.

Definition 7.4 (Conjugate on a torus). Let v € N and let f, g : AL — A" be cellular
automata. We cdll f and g conjugate on the torus T, if fr and gr, are conjugate. We call
f and g conjugate on all tori if f is conjugate to g on the torus T, for every v € N%.

Equivalently, f and g are conjugate on T, if the restrictions fig : AT - AT and 8,
A" — ATv are conjugate. Since A™ is finite, the topology plays no role here and the systems
fr, and gp_ are conjugate if there is a bijective map ¢ : A™ — A™ with p o f =go¢.

The easiest example of cellular automata conjugate on a torus are those which are
strongly conjugate.

Lemma 7.5. Let f : A2 — AZ" and g : AL" — A% be cellular automata. If f and g are
strongly conjugate, then f and g are conjugate on all tori.
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Proof. Let v € N, Since f and g are strongly conjugate, there is an invertible cellular
automaton ¢ : AZ" — AZ" with g o f = g o ¢. All of the maps f, g and ¢ induce cellular
automata on A™ and we have o1, © fr, = gr, © ¥T1,, hence f and g are conjugate are
conjugate on all tori. O

Invertible finite systems are conjugate if the numbers of their p-periodic points agree for all
p € N. Thus if f and g are invertible cellular automata and |Per,(f) nT,| = |Per,(g) nT,|
for all p € N and v € N%, then f and g are conjugate on all tori. Based on this, we now
construct two cellular automata f, g on a two-sided full shift which are conjugate on all
tori, but which are not even topologically conjugate let alone strongly conjugate.

1 1
X 2 0k~ 2%
Q) 0
tod.
S LV\ N ~
L A N \
h C. (SN \
N J R \ \ \
; : N . \ \ \
. . ; ! 1 |
0 zL 3 |4 U P I
: . " i 1 1 1
E i . 1 ! ’
. . - ;7 ’
" -, ’
“ “‘I,, /’
. gt -
»
T4 Q RN
3L 5 3L 4 5;
L L

Figure 7.2.: Two cellular automata on the full 6-shift.

Example 7.6. Consider the graph G depicted in Figure 7.2. Its edge shift is obtained
by an out-splitting of the full 6-shift. For this the set {0, ...,5} is partitioned into the sets
L ={0,1,2} andK := {3,4,5}. The dashed and dotted lines define two graph-automorphisms
f and § of G. Edges with the same dash pattern are permuted cyclically and edges which
are not dashed are fixed. Written as elements of the permutation group of E(G) the two
automorphisms are defined by

f (0L> 1L7 2L)(OK7 1K)(3LJ4L)
( L> 1L)2L)(3K:4K: SK)(OKJ 1K)(3L)4L)

The graph automorphisms induce automorphisms f, g of Path,(G) and since this edge shift is
conjugate to {1,...,6}%, they also define two automorphisms f,g : {1,...,6}2 — {1,...,6}~.
Both automorphisms have order 6. For example the cellular automaton f exchanges 0,1 and
2 cyclically if they are followed by a symbol in L, it exchanges 0 and 1 if they are followed
by a symbol in K and it exchanges 3 and 4 if these symbols are followed by a symbol from L.
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We have
Fix(f) N Per(c) = Fix(g) NPer(c) = { 2, 5; }* N Per(o),
Per,(f) N Per(c) = Per,(g) NPer(c) = { O, 1x, 2k, 31,41, 5; }2 NPer(o),
Pers(f) NPer(c) = Pers(g) NPer(c) = { 2¢, 5,01, 11,21, 3k, 4k, 5¢ Y2 NPer(o),
Perg(f )N Per(o) = Perg(g) N Per(c) = Per(o).

By the above considerations this shows that f and g are conjugate on all tori.

If we now widen our focus and not only look at the o-periodic points, we see that

Fix(f) = { 2¢, 51, 3> 4k 5¢ 12
Fix(g) = {2 }* U {5, }*.

In particular Fix(f) is infinite while Fix(g) is finite. Therefore f and g are not topologically
orbit equivalent let alone topologically conjugate, not even in the discrete topology.

7.2. Preimage Entropy

We now want to show that surjectivity is invariant under conjugacy on all tori. In dimen-
sion one this follows simply from the fact the surjectivity is equivalent to boundedness-
to-one on periodic points, see Theorem 7.11, but in higher dimensions we have to work
a little bit more.

The following construction is based on counting the preimages of single elements. It will
be convenient to write g~!(x) instead of g~![{x}] to simplify notation.

Definition 7.7 (Preimage entropy). Let S, T be non-empty finite sets and let g : AS — AT
be a map. We define the preimage entropy of g by

, FRIEINERIE!
hg):= |T|Z 5] 5]

lg7 ()| log g7 (x)]
|T| oglA) = Z oA

In other words, it equals the Shannon entropy of the image under g of the uniform probability
measure on AS averaged over T. As usual in the definition of entropies we have the convention
that “0- oo =0".

Preimage entropy is not just a property of the image g[A%] but crucially depends on the
map g. The key tool to bound this entropy is given by the following classical result.
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Lemma 7.8. If ay,...,a, are non-negative real numbers with sum s, then

n
—slogs < —Z a;loga; < —s(logs —logn).
i=1

Proof. We can rewrite this inequality as
& a; a;
0< —Z —log— <logn.
im1 ® 5

This is the well-known fact that the Shannon entropy of a discrete probability distribution
is non-negative and is maximized by the uniform distribution. The result follows directly
from the concavity of the map ¢t — —tlogt on [0, 1], see for example the book by
PETERSEN [Pet89]. O

Example 7.9. Consider the following cellular automaton f : {0,1,2}% — {0, 1, 2}% given
by

_ 0 leiZO
fdi= {1 ifx; €{1,2}

For the torus T :=Z/nZ = {0,...,n—1} we have
|fT—1(x)| — 2|{i€T | x;=1}

for x €{0,1}" and |f; 1 (x)| =0 for x €{0,1,2}" \ {0, 1}". Putting this into the definition
of h(fr) gives

n

1 n
h(f;) =1log3— 2k log 2k
(fr) =log n-S"éO(k) 0g
1o 3_210g2 Zn (n)zk_lk
— 08 n-3n k
k=1
2log?2 el 2
=log3—mn-3 —log3—§log2.

Notice that in this case h(fy) is independent of T. This is due to the fact that the state of
f(x) at index i is independent of the state of f (x) at any other index. Hence the image of
the uniform measure on |A|! is the product measure of the image of the uniform measure on

141 and h(fr) = h(f(o})-

Apart from such easy examples, it seems hard to give closed expressions for h(f;) for
non-surjective cellular automata. Even in dimension one, determining the number of
preimages of a configuration leads to intricate combinatorial questions.
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7.3. Surjectivity and Conjugacy on Tori

In this section, we show that surjectivity is invariant under conjugacy on all tori. This
is not obvious, as two cellular automata f and g which are conjugate on all tori are
not necessarily conjugate when considered on Z¢. It is even not clear if they must be
conjugate when restricted to the set of all spatially periodic points. Even if this turned
out to be true, it would not immediately help us to show that surjectivity is invariant
under conjugacy on all tori, as it seems to be still unknown if surjectivity of a cellular
automaton implies surjectivity of its restriction to spatially periodic points (see Open
Problem 2 in [Kar05]).

Definition 7.10 (Induced map on boxes). For R € N let By := {—R,. ..,R}! be the box
with side lengths 2R + 1 centered at the origin. Let f : A" 5 A" be q cellular automaton
with radius r > 0, i.e., f has a local rule fi,. : AB — Awith f(x);, = fioc(X|p,+i)- Here we
identify patterns in AP+ with the corresponding patterns in ABr. For every R>r, f induces
a map fr : AP — AR by fr(x); = fioc(X|g,+i) for i € Bg_,.

There are many properties of cellular automata equivalent to surjectivity. The following
theorem is one of the earliest results on cellular automata in the context of dynamical
systems and goes back to HEDLUND [Hed69] in dimension one and MarRuoKkA and KIMURA
[MK76] in the higher-dimensional case.

Theorem 7.11. For every cellular automaton f : AL = A with radius r > O the following
are equivalent.

(a) f is surjective.
(b) fg is surjective for every R>r.
(¢) fg is balanced for every R>r, i.e., | ijrlr(x)l = |A|1BrerI=IBrl for all x € APr,
In dimension one these properties are furthermore equivalent to the following properties
(d) Thereis D € N such that |f ~!(x)| < D for all x € AZ.

(e) There is D € N such that |f5 *(x)| < D for all tori T,,v € N? and x € A™.

Notice that we can immediately conclude that in dimension one surjectivity is invariant
under conjugacy on all tori because boundedness-to-one on tori, i.e., property (e), is
obviously preserved by conjugacy on all tori.

In the following let T := Z%/vZ9 be a torus and let R,r € N. We cover a large part
of T by translates of Bg,, as follows. Start by defining the vector v/ = ((2R + 2r +

1)|_2R+v21r+1 J’ .. ’(2R+ 2r+ 1)LmJ) and set

T'={0,...,v;—1}x---x{0,...,v;—1} C T.
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2R+2r +1 { o o <
2R+1 { o s 6
C7 Cg Cg

T/

Figure 7.3.: Partitioning the torus T.

We can partition T’ into n translates Cy,...,C, of By, centered at cy,.
7.3 for an illustration. Finally set Wy := AP,

..,C,. See Figure

Lemma 7.12. With the above notation the following estimates hold.

/ 71 %1
h(fy) > 1Tl (10g|A|— 3 |fx (W)llog|fy (w)|) S0

7] S Byl AT

|1+ 17" —niBgl |
T

|T| Z |fx )l log | f ' (w)]

h <
Ur) B AT

og |A| —

<log|A].

weWr

Proof. For patterns w,...,w, € W = A we denote by Xw,,...w, the set of all configu-
rations x € A" for which xp ;. =w; fori =1,...,n. Partitioning A" into these sets we
get

h(fr) = log|A| - ||'T'| D I Glog I ()
xeAT
=log|A| - P Z Ile(X)Iloglle(x)l

T
Al '|T| Wiy weiy xek,

Because ), x |fT_1(x)| = |fT_1 [Xy,....w, ]|, we can bound h(f7) from below by Lemma
W1,eWn 20
2 and get

R 2 loglal——— S oo S X,y 0glf7 X,

T
AT S

.....

Using the fact that |f;'[X,, _, 1= A|ITI=IT'I [T, Ifz(w;)l, we can compute the sum

.......
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on the right-hand side. We get

Li= >0 >0 1 X, Mo 711X,
wiEWR w,EWR
n n

= > DT AT T )l (T = 1T/ Dlog Al + > log I fi (w)) )
j=1

wiEWR w,EWR i=1 j=

=AM (1TI = |T)loglAl + >~ - >

wiEWR  w,EWR

VR n B
l'ﬁ'm [ 117 0wl 2 tog 1 (w)l.
i=1 j=1

Setting K := Zw,eWR | fR_ !(w")| and rearranging the summands on the right side, we get

|A|IT|
|A||T’|

L=A"(IT|=|T])log Al +n > K w)llog | f ()l

weWyr

Putting this back into our estimate of h(f;) and replacing K"~! by the term |A|/Br+I(n=1) =
|A|!TI=1Br+r| we obtain

|T’| n]A|IT = Brer|
— )1 | |_—T
IT| |T]lAIT]

/ F—1 F—1
Id (loglAI— 3 U Gllog (w)|)_

IT] weEWR |BR+r| |A] [Brsr|

hC7r) > loglal - (1 ST 1wl og I (w)
weWg

From Lemma 7.8 we also get an upper bound on h(f;), namely

1 _
h(fT)S108|A|—m(L— Z Z |fT1[Xw1,...,wn]|log|Xw1 ..... wn|)-

wiEWR w,EWR
Plugging |X,, ., | =IA|""""Bxl into this inequality gives
L T|—n|B
|T| —nl|Bgl o
|IT|- AT T

T|+|T'| —n|B T F=1(w)|log | fo L (w
s' | +|T'| —n R|10g|A|_uZ Ifg (W) gl]jf (w)]
IT| |IT| |Brr| - |A]1Brer]

h(fr) < log|Al— glAl

weWg
Theorem 7.13. Let (T,),en = (Z%/v,Z%) be a sequence of growing tori, i.e.,

min({vn,i | ie{l,...,d} })—>c>o as n— oo,

Iff L AL — A s q cellular automaton, then f is surjective if and only if lim,,_, o, h(fr,) =
log |A|.

Proof. Let r be a radius of f. Let R € N and let T, and Wy be defined as above. Since
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. . T e
(T,)nen is @ sequence of growing tori, il tends to one as n goes to infinity and we get

. .
0<logla— > |fg W)l log|fz ' (w)]

< liminfh ,
|Brar| - |A]1Brer] mmathUs)

weWg
F—1 F-1
B w)llo w
log|Al > (2— 1B )log|A| — Z (W)l gl% ( )|21imsuph(an).
|Bryr weWy |Brr| - |A|IBrs| n—00
|Bg|

For R — oo we have — 1 and we get

|BR+r|

|fz ")l log | f (W)

lim h = lim log|A|—
i W) = Jlim logll = 0 S R

weWR

In particular the limit in the assertion exists.

If f is surjective, we have | {71 (w)| = |A|!Br+I=IBx| for every pattern w € Wy by Theorem 7.11
(c). Hence

|A|1Br+I(1og |A|1Br+rD) —1og |A|1Br)
JAlIB] - | B | - JA[ P

lim h(fy )= lim log|A| —|W|
n—oQ n R— 00

B
= lim [Brl
R—00 |BR+r|

log |A| =loglA].

If, on the other hand, f is not surjective, then by Theorem 7.11 (b) there is R € N such
that

[{xeab | fl(x)#0} < AP —1.

By Lemma 7.8 we therefore get the estimate

B AllBrerl (Toe( |AIBR+1) — Toe(|AIBRl — 1
lim h(f; ) < (2— <2RLyjog ] — A Uog (A7) —log(jAl™ — 1))
noee |Bror| Baa, | - |A|Brer]
 log(lAl®) —log(AlIP — 1)

=log|4| T
R+r

<loglA]. O

Corollary 7.14. Surjectivity is invariant under conjugacy on all tori.

Proof. If f and g are conjugate on a torus T, then clearly h(f;) = h(gr) and the assertion
follows from the previous theorem. O

Interestingly one can, however, not deduce surjectivity from the knowledge of the dy-
namics on a finite number of tori, as the following theorem shows.

Theorem 7.15. Let f : AZ — AZ be a cellular automaton. If Ty,..., T, are tori, there are
cellular automata g,h : A~ — A” such that g is surjective while h is not surjective and such
that fr,, gr, and hy, are pairwise conjugate for all k € {1,...,n}.
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Proof. We start with the easier part, namely the construction of h. Let r be the radius of
f. There are integers my,...,m, such that T, = Z/m;Z for k € {1, ...,n}. Set

m:=lem({m; | ke {l,...,n}}).

Let a be a fixed symbol in A. Define hy,. : A>™*! — A by

hloc(x—m> o xm) _ {floc(x[—r,r]) if X_—m : Xm
a otherwise

Let h be the cellular automaton with local rule hj,. and radius m. We have |h;)i(a)| >
|A]2™L — |A]?™ = (|A] — 1)|A]*™ > |A]*™. By Theorem 7.11 (c) h is not surjective. On the
other hand, every configuration x € A’ fulfills x,_,, = x;,,, for alli € {0,...,m; —1},
hence fr. = hy,. The existence of g follows from a theorem of AsHLEY [Ash91, Theorem
3.5]. The theorem states that a cellular automaton g with the desired properties exists
and that it is not only surjective but even 1-1 almost everywhere and right-closing (see
[LM95] or [Kit98] for the meaning of these notions). Two years later, ASHLEY proved in
[Ash93] a much stronger extension result. One can replace UZ:]ATk by any subshift of
finite type on which f is right-closing and one obtains a surjective cellular automaton g
that coincides with f on this subshift. O

7.4. Injectivity and Further Properties

It is well known that in dimension one a cellular automaton is injective if and only if its
restriction to the spatially periodic points is injective, see for example [Kar05].

Theorem 7.16. A cellular automaton f : AZ — AZ is injective if and only if its restriction
to Per(o) is injective.

Proof. If f is injective, its restriction to any invariant set is also injective.

On the other hand, consider x,y € AZ with f(x) = f(y). Let r > 0 be a radius of
f. We distinguish two cases. In the first case x and y are left- and right-asymptotic,
i.e., there is ny € N such that for all n € N with |n| > n, we have x,, = y,. Define
X 1= P X[ong—2rne+2r] " and ¥ = Py o 2r1" - For every i € Z we either have
)?[i—r,i+r] = .)N/[i—r,i+r] or there is JEZ such that JN([i—r,i+r] = X[j—rj+r] and y[i—r,i+r] =
Y(j-rj+r]- Therefore f(X) = f(¥), hence X = ¥ and also x = y. Now assume that x
and y are not left- and right-asymptotic. By the pigeon hole principle there are indices
Lj€Zi+r<j—r such that X[i—r,j—r) 75 Yli—r,j—r)s X[i—ri+r] = X[j—r,j+r] and Yli—ri+r] =
Yjrj+r]- Then & := *xp_,.; 1 and ¥ := *°y};_, j_* have the same image under f.
Since f is injective on Per(c’), we have X = ¥, contradicting X(;—. j—r) # Y[i-r,j—r)- O

Corollary 7.17. Injectivity is invariant under conjugacy on all tori for one-dimensional
cellular automata.
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Remark 7.18. A cellular automaton f for which there is a sequence of tori (T,),en
such that f; is injective must not necessarily be injective. We saw an example of this
phenomenon in the form of the elementary cellular automaton wysq. (W1s0)r, is injective
for T, := Z/(6n + 1)Z but of course every point has exactly 4 preimages with respect
to wys9. See Theorem 4.4 by RHODES in [Rho88] for a non-linear cellular automaton
showing this behavior.

This is no longer true in higher dimensions. Kar1 in [Kar92] (see also [Kar05]) constructed
a two-dimensional cellular automaton that is not injective, whose restriction to spatially
periodic points, however, is injective. Hence it is natural to ask the following.

Question 7.19. Is injectivity invariant under conjugacy on all tori?

It is highly likely that one can answer this question negatively by a modification of the
construction mentioned above.

A long standing open problem on the dynamics of cellular automata is the conjecture
that surjectivity of cellular automata implies denseness of (jointly) periodic points. By
compactness one sees that denseness of periodic points implies surjectivity. The distribu-
tion of periodic points for surjective cellular automata on tori, on the other hand, has
for example been experimentally investigated in the paper [BLO7] by BoyLE and LEE. If
the conjecture is true, Corollary 7.14 would imply that denseness of periodic points is
invariant under conjugacy on all tori. The following might therefore be a more accessible
weakening of the conjecture.

Conjecture 7.20. Denseness of (jointly) periodic points is invariant under conjugacy on all
tort.
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Chapter 8.
Conclusion and Open Problems

Our main goal in this thesis was to show that the restrictions of cellular automata on
two-sided sofic subshifts to their p-periodic points are conjugate if and only if a natural
homeomorphism condition for their periodic points is fulfilled. Let us recapitulate the
major new results we obtained along the way.

We showed that although derivative algebras have a significantly simpler axiom system
than topological Boolean algebras, these algebraic structures are in fact equivalent. We
used derivative algebras to simplify PIERCE’s work on the classification of closed subsets
of the Cantor space for which these algebras are finite.

By using the order on the reals, we showed that topological conjugacy coincides with
topological orbit equivalence for periodic dynamical systems on closed subsets of the
Cantor space.

For periodic dynamical systems whose periodic point algebra is finite we showed that
topological conjugacy can further be characterized by the existence of a homeomorphism
mapping p-periodic points onto p-periodic points.

Extending work of HEAD, we showed that the derivative algebra generated by a finite
number of intersecting two-sided sofic subshifts is finite. Combined with the abstract
results on periodic dynamical systems with a finite periodic point algebras we thus
reached the goal mentioned above. We were also able to construct an algorithm to decide
the existence of a topological conjugacy between such systems.

Next we showed that the soficness assumption is crucial. We constructed two-sided
subshifts which are not homeomorphic but which become homeomorphic when they are
doubled. Based on this, we built a cellular automaton on each of these two subshifts for
which every point has minimal period two such that these two cellular automata were
not topologically orbit equivalent.

We classified the elementary cellular automata up to topological conjugacy and showed
that for this notion of isomorphism there are 83 equivalence classes. Special emphasis
was put on the left- and right-permuting cellular automata wq, and w5,. We showed that
these cellular automata are conjugate, but every conjugacy has to use infinitely many
local rules, putting them especially far away from the class of strongly conjugate cellular
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automata pairs.

Finally, we investigated the systems induced by cellular automata on spatially periodic
points of a fixed period, or equivalently, on tori. Introducing the notion of being conjugate
on all tori, we showed that surjectivity is invariant under this notion of isomorphism.

The diagram in Figure 8.1 gives an overview of most of the various equivalence relations
between dynamical systems which we discussed.

strongly conjugate

/ Lemma 7.5
Wis, W1i70

conjugate by homeomorphisms . .
Al ——~—> conjugate on all tori
with finite sets of rules Jus

W1s50, Woo H \U
; . Example 7.6
topologically conjugate
in general N
Section 2.5 150> Woo
for periodic CA

Theorem 4.29 . . .
topologically orbit equivalent

Figure 8.1.: Equivalence relations between cellular automata on two-sided subshifts.

During the research for this thesis naturally many questions came up. Some of them as
possible generalizations of results we proved, some of them just like small flowers at the
side of the road. We already mentioned many of them in context but some interesting
ones, which did not really fit in any other place, we collect here.

We mainly studied topological conjugacy. Many results could have counterparts for strong
topological conjugacy.

Question 8.1. Is there a criterion analogous to Theorem 4.34 for strong conjugacy of
periodic cellular automata?

Question 8.2. Is there a pair of topologically conjugate cellular automata f, g : AZ — A%
such that f and g are conjugate on all tori but not strongly conjugate?

The structure of periodic points is another source of many questions.

Question 8.3. Which sets arise as the periods of a cellular automaton? In other words, can
one characterize the family of sets

{ {keN| Isa”k(f) £0} | f is a cellular automaton on A* }?
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For continuous self-maps of the interval, SHARKovskir's theorem [Sha64] answers this
question in an astonishing way. Namely, there is a partial order < on the natural numbers
such that

{{k€N|15&k(f)7é(D} ‘f:[0,1]—>[O,1]iscontinuous}={{k€N|k§la} | aeN}.

For cellular automata we can show the following. For all n € N and M C {1,2,...,n}
there is an alphabet A and a cellular automaton f : AZ — A% such that

(ke{1,...,n} ‘ Peri(f)#0} =M.

We can even show the following stronger result.

Theorem 8.4. For every function w : {1,...,n} — NU{|N|,[R|} there is an alphabet A and
a cellular automaton f : A> — A” such that |Peri(f)| = k- w(k) forall k € {1,...,n}.

Proof. For k € {1,...,n} let X; € {0,1}Z be a subshift of finite type with w(k) elements,
in particular, X; might be empty. There is r € N such that all of these subshifts of finite
type are defined by sets of forbidden words of length at most r. Let V;, be all words of
length r not appearing in X;. Define A:={0,1} x{1,...,n} x{1,...,n}x{1,...,n+2}. For
k < ¢ define a permutation t, : {1,...,4} = {1,... £} by 7, , = (1,...,K)(k +1,...,0),
written here as the product of two cycles. Finally, define f : AZ — A% by

(%1, ¥is Tyn(Z)s Tone2()) i yi # Yig1 OF X510 €V, OF 2> y;
(X5, Yi» Ty, n(2), T1,n2(w;))  otherwise

f((xj’.)’j:zj,uj)jez)i = {

If (x,y,2,u) € A is periodic with respect to f with period at most n, then u = *°1°°,
y = k> for some k € {1,...,n} and x € X;. Hence
Pery (f) = Xjo x {k} x {1,...,k} x {1},
[Pery(f)] = k- w(k). O

JEANDEL and VANIER in [JV15a] characterize the sets of periods that can arise for
multidimensional subshifts, thus giving recursion theoretic restrictions on the sets of
periods that can arise for cellular automata.

Furthermore, most of the questions asked in this thesis can also be asked for factor maps
instead of topological conjugacies. We say that a dynamical system f : X — X factors
onto a dynamical system g : Y — Y if and only if there is a surjective continuous map
p:X—>Ywithpof=goop.

Question 8.5. Can one characterize when a cellular automaton factors onto another?

Is this question decidable? The answer seems to be non obvious already for periodic or
preperiodic cellular automata.

We conclude with the question that seems to me to be the most attackable.
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Question 8.6. Can one characterize when two preperiodic cellular automata are conjugate
to each other?

That this question might be hard already in the case of idempotent cellular automata is
illustrated by the considerations for w,q, and w- in Section 6.2.
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Appendix A.

Data for the Elementary Cellular Automata

In this appendix we present five tables containing various cardinalities calculated for the
classification of the 256 elementary cellular automata with radius 1 on the two-sided
full shift over the alphabet {0,1}. The first table shows for every elementary cellular
automaton w, the Wolfram codes of all those cellular automata which are obtained by
conjugating w, with 7, v and 7 o v, see Section 6.1. Each of these equivalence classes is
in the following referred to by its minimal element.

CA conjugate CA CA conjugate CA CA conjugate CA CA conjugate CA CA conjugate CA
0 0, 255 46 116, 139, 209 92 78, 141, 197 138 174, 208, 244 184 184, 226

1 1,127 47 11, 81,117 93 13,69, 79 139 46, 116, 209 185 56, 98, 227

2 16, 191, 247 48 34,187, 243 94 94,133 140 196, 206, 220 186 162, 176, 242
3 17, 63,119 49  35,59,115 95 5,95 141 78,92,197 187  34,48,243

4 4,223 50 50,179 96 40, 235, 249 142 142,212 188 152, 194, 230
5 5,95 51 51 97 41,107, 121 143 14,84,213 189 24, 66, 231

6 20, 159, 215 52 38,155,211 98 56, 185, 227 144 130, 190, 246 190 130, 144, 246
7 21,31, 87 53 27,39, 83 99 57,99 145 62,118, 131 191 2,16, 247

8 64, 239, 253 54 54,147 100 44,203,217 146 146,182 192 136, 238, 252
9 65,111, 125 55 19, 55 101 45, 75,89 147 54,147 193 110, 124,137
10 80, 175, 245 56 98,185,227 102 60,153,195 148 134,158,214 194 152,188,230
11 47,81,117 57 57,99 103 25,61, 67 149 30, 86, 135 195 60,102, 153
12 68, 207, 221 58 114, 163, 177 104 104, 233 150 150 196 140, 206, 220
13 69, 79, 93 59  35,49,115 105 105 151 22,151 197 78,92, 141
14 84, 143, 213 60 102, 153, 195 106 120, 169, 225 152 188, 194, 230 198 156, 198

15 15, 85 61 25, 67,103 107 41,97,121 153 60, 102, 195 199 28, 70, 157
16 2,191, 247 62 118, 131, 145 108 108, 201 154 166, 180, 210 200 200, 236

17 3, 63,119 63 3,17,119 109 73, 109 155 38, 52,211 201 108, 201

18 18,183 64 8,239, 253 110 124,137,193 156 156, 198 202 172, 216, 228
19 19, 55 65 9,111, 125 111 9, 65,125 157 28,70, 199 203 44,100, 217
20 6,159, 215 66 24,189,231 112 42,171,241 158 134, 148,214 204 204

21 7,31,87 67  25,61,103 113 43,113 159  6,20,215 205 76,205

22 22,151 68 12, 207, 221 114 58,163,177 160 160, 250 206 140, 196, 220
23 23 69 13,79, 93 115 35,49, 59 161 122,161 207  12,68,221
24 66,189,231 70 28,157,199 116 46,139, 209 162 176, 186, 242 208 138,174,244
25 61, 67,103 71 29,71 117 11,47,81 163 58,114,177 209 46,116,139
26 82,167,181 72 72, 237 118 62,131, 145 164 164,218 210 154, 166, 180
27  39,53,83 73 73, 109 119  3,17,63 165 90, 165 211  38,52,155
28 70, 157, 199 74 88,173,229 120 106, 169, 225 166 154, 180, 210 212 142,212

29 29,71 75 45,89, 101 121 41,97,107 167  26,82,181 213 14, 84,143
30 86, 135, 149 76 76, 205 122 122,161 168 224, 234, 248 214 134,148, 158
31 7,21,87 77 77 123 33,123 169 106, 120, 225 215 6, 20, 159

32 32,251 78 92,141, 197 124 110, 137, 193 170 170, 240 216 172, 202, 228
33 33,123 79 13,69, 93 125 9, 65,111 171 42,112, 241 217 44, 100, 203
34 48,187,243 80 10, 175, 245 126 126, 129 172 202, 216, 228 218 164, 218

35 49, 59, 115 81 11, 47,117 127 1,127 173 74, 88, 229 219 36, 219

36 36, 219 82 26,167,181 128 128, 254 174 138, 208, 244 220 140, 196, 206
37 37,91 83 27, 39, 53 129 126,129 175 10, 80, 245 221 12, 68,207
38 52,155,211 84 14, 143, 213 130 144, 190, 246 176 162, 186, 242 222 132,222

39 27,53, 83 85 15, 85 131 62,118,145 177 58,114,163 223 4,223

40 96, 235, 249 86 30, 135, 149 132 132, 222 178 178 224 168, 234, 248
41 97,107,121 87 7,21, 31 133 94,133 179 50, 179 225 106, 120, 169
42 112, 171, 241 88 74,173, 229 134 148,158,214 180 154, 166, 210 226 184,226

43 43,113 89  45,75,101 135 30, 86, 149 181 26, 82,167 227  56,98,185
44 100, 203, 217 90 90,165 136 192, 238, 252 182 146,182 228 172,202,216

45 75, 89, 101 91 37,91 137 110, 124, 193 183 18,183 229 74, 88,173
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CA conjugate CA CA conjugate CA CA conjugate CA CA conjugate CA CA conjugate CA
230 152, 188, 194 234 168, 224, 248 238 136, 192, 252 242 162, 176, 186 246 130, 144, 190
231 24, 66,189 235 40,96, 249 239 8,64,253 243 34,48,187 247  2,16,191
232 232 236 200, 236 240 170, 240 244 138, 174, 208 248 168, 224, 234
233 104,233 237 72,237 241 42,112,171 245 10,80, 175 249 40,96, 235

The following three tables show the cardinalities of lsé}q,p(wc), Pre, ,(w.)* and Preg ,(w.)\
Pre, ,(w.)*, respectively. The entry in the first column in each of these tables is the
representative c of the equivalence classes mentioned above and the following columns
are indexed by the pairs g, p with ¢ + p < 6. The cardinalities |N| and |R| are represented
by “N” and “R”.
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.,5hLp € {1,...,6},p + g < 6. The final 12 columns labeled Dk and Ck for k €

{1,...,6} show |Prey (w.)*| = |Pery(w.)*| and |Per;(w,.) \ Peri(w,)*
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The last table groups all those equivalence classes together which can not be differentiated
by the data in the previous three tables. For space reasons we do not repeat all columns but
show only a subset sufficient for the classification. The first column shows the equivalence
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