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Resumen

Probaremos que un autémata celular en un subshift transitivo es casi equicontinuo o sensible.
Por otro lado, construimos un autémata celular en un full shift que no es ni casi equicontinuo en
promedio ni sensible en promedio. Ademads, utilizando algin tipo de skew product “local” entre
un shift y un autémata celular que parece un odémetro, mostramos que existe un autéomata
celular casi diam-mean equicontinuo pero no casi equicontinuo.
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Abstract

We show that a cellular automaton on a transitive subshift is either almost equicontinuous or
sensitive. On the other hand, we construct a cellular automaton on a full subshift that is neither
almost mean equicontinuous nor mean sensitive. Furthermore, using some type of “local” skew
product between a shift and an odometer looking cellular automaton, we show that there exists
an almost diam-mean equicontinuous cellular automaton that is not almost equicontinuous.
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Introduction

Sensitivity to initial conditions (or simply sensitivity) is one of the classical notions of chaos on
dynamical systems. Such notion was introduced for topological dynamical systems by Gucken-
heimer in [17]. By a topological dynamical system (shortly TDS) we mean a pair (X,7)
such that X is a compact metric space (with metric d) and T': X — X is a continuous map. A
TDS is sensitive if given any region of X, there exist two points in the region and a time unit
n € N such that the n'" iterates of the two points under the map 7 are “significantly separated”;
that is: if there exists € > 0 such that for every non-empty open set U C X there exist z,y € U
and n > 0 such that d(7™z,T™y) > . A notion of order that contrasts sensitivity is equicontinu-
ity (or Lyapunov stability); a TDS is equicontinuous if {7T"},cy is an equicontinuous family
of maps. One may also study this notion locally. A point z € X is an equicontinuity point
of (X, T) if the diameter of the images of a small ball around z will always stay small; that is:
if for every € > 0 there exists § > 0 such that diam(7"Bs(x)) < € for every i € N. We say a
TDS is almost equicontinuous if the equicontinuity points are dense in X. Using sensitivity
and equicontinuity one can classify transitive topological dynamical systems (see Definition 1.3).
Akin, Auslander and Berg proved that any transitive TDS is either sensitive or almost equicontin-
uous [1] (a generalization of the Auslander-Yorke dichotomy in [2], which is only for minimal sets).

The dichotomy mentioned above has some limitations, since sensitivity is not a very strong
form of chaos. The “largeness” of the set of all n € N where this “significant separation” happens
for a particular pair of points in a given region, can be though of as a measure of how sensitive
the system is. If the set turns out to be rather “thin” with large gaps between consecutive
entries, then we may have some excuse for treating the system as practically non-sensitive. So,
if the large gaps between consecutive entries do not matter, we can take the averages of the
distances of the first n'"iterations, this generates a sequence. If this sequence does not converge,
we could say that the TDS is mean sensitive (defined by Garcia-Ramos [13]); that is: if there
exists € > 0 such that for every non-empty open set U C X there exist z,y € U such that

S d(Ti, T'y)

lim su > €.

In contrast, we have that a point € X is a mean equicontinuity point (defined by Fomin
[9]) if the diameter of the images of a small ball around z will stay small on average; that is: for
every € > 0, there exists § > 0 such that if d(z,y) <, then

" od(Thx, T
lim sup 2izg U172, T'y)
n—00 n+1

Similar to the classic case, one can classify transitive TDSs using the mean notions; that
is: a transitive TDS is either mean sensitive or almost mean equicontinuous [22, 13]. Mean



equicontinuity /sensitivity has been studied in recent papers (see for instance [8, 14, 18, 15, 10] or
the survey [23]). The set of mean sensitive TDSs is properly contained in the set of sensitive TDSs.

A weaker notion of equicontinuity but stronger than mean equicontinuity, diam-mean
equicontinuity, requires that the diameter of small balls to stay small on average (see Defini-
tion 1.15). The notion of diam-mean equicontinuity has been used to characterize regularity
properties of the maximal equicontinuous factor [14], which are natural in the context of aperiodic
order and mean equicontinuity (introduced in [9, 26]).

Cellular automata (CA) were introduced by Ulam and von Neumann to model the evolution
of cells. We say that (X,T) is a cellular automaton (CA) if X is a subshift and 7: X — X
is continuous and commutes with o, i.e., 0 oT =T o ¢. Cellular automata can be studied in the
context of TDS. For cellular automata, equicontinuity is strongly connected to local periodicity;
that is: if {T"x;},en is periodic for all ¢ € Z [11]. Given a CA, it is not difficult to check that
a point is equicontinuous if and only if it is locally eventually periodic; that is: if {T"x;},en
is eventually periodic for all ¢ € Z (in Proposition 2.12). However, for the mean versions of
equicontinuity this is not true. The notion of sensitivity in CA has been studied in many papers
(see for example, [20, 24, 16, 3, 27, 11]).

Kurka proved that any CA (not necessarily transitive) is either sensitive or almost equicon-
tinuous [21]. So, it is natural to seek the answers of the following questions:

e [s the set of almost equicontinuous CA properly contained in the set of almost diam-mean
equicontinuous CA?

e [s the set of almost diam-mean equicontinuous CA properly contained in the set of almost
mean equicontinuous CA?

e Can Kurka’s dichotomy be adapted for the (diam-)mean versions of equicontinuity /sensitivity?
e Does there exist an almost mean equicontinuous CA such that is diam-mean sensitive?

In Chapter 1 we will study some basic dynamical notions, such as transitivity, which plays
an important role in the dichotomy of these systems.

In Chapter 2, we introduce cellular automata (CA). We use Theorem 2.2 to give an equivalent
definition of CA. We will see that a CA is almost equicontinuous if and only if is not sensitive
(see Proposition 2.8). Transivity does not play a role in this dichotomy, at least not directly. In
Proposition 2.12 will show how equicontinuity and periodicity are related locally.

In Chapter 3, we provide four examples (the main results of the thesis). The first two
examples (The Pacman and The Pacman level 2 CA) are the first examples in the study of mean
equicontinuity /sensitivity on CA. In Section 3.1, to proof Theorem 3.14, we construct an almost
mean equicontinuous CA (Pacman) that is not almost equicontinuous. In Section 3.2, to proof
Theorem 3.18, we construct a CA (Pacman level 2) that is neither mean sensitive nor almost
mean equicontinuous. So, Kurka’s dichotomy does not hold for the mean notions on cellular
automata. In Section 3.3, to proof Theorem 3.40, we take some form of local skew-product
between a very regular CA (similar to an odometer) and a very chaotic CA on the shift map to
construct a CA that is almost diam-mean equicontinuous but not almost equicontinuous. In



Section 3.4, we construct a CA that is neither almost diam-mean equicontinuous nor diam-mean
sensitive (in Theorem 3.43). In Section 3.5, we show that the Pacman and the Pacman level 2
CA are cofinitely sensitive. It is easy to see that every cofinitely sensitive TDS is diam-mean
sensitive. So, there exist CA that are almost mean equicontinuous and diam-mean sensitive,
and diam-mean sensitive CA such that they are neither almost mean equicontinuous nor mean
sensitive.

In Chapter 4, we give a set of questions on various topics related directly or indirectly to the
results of this thesis.






Chapter 1

Topological dynamical systems

The main abstract object of study in this theses are topological dynamical systems.

Definition 1.1. A topological dynamical system (TDS) is a pair (X,7T) where X is a
compact metric space (with metric d) and 7" : X — X is continuous map.

Definition 1.2. Let (X,7T) be a TDS.

1. A point x € X is periodic, if there exists p > 0 with TPz = x. The least p with this
property is called the period of z.

2. A point z € X is eventually periodic, if T™x is periodic for some m > 0.

Definition 1.3. Let (X,T) be a TDS. We say that (X,T) is transitive if for every pair of
non-empty open sets U and V' there exists n > 0 such that 7-"U NV # (). A transitive point
is a point such that its orbit is dense.

For example a TDS that consists of one periodic orbit is transitive, but a TDS formed by
two disjoint periodic orbits is not transitive.

A subset of a topological space is residual (or comeagre) if it includes the intersection
of countably many dense open sets. By the Baire category theorem, residual sets of complete
metrizable spaces are always dense.

Definition 1.4. Let (X,7) be a TDS and z € X.
1. The point z is an equicontinuity point of (X, 7)) if
Ve >0, 39 > 0 such that Vy € Bs(z), Yn >0, d(T"z,T"y) < ¢.
The set of equicontinuity points of (X, 7T) is denoted by EQ.
2. (X,T) is equicontinuous if FQ = X.
3. (X,T) is almost equicontinuous if EQ) is a residual set.

4. (X, T) is sensitive if there exists € > 0 such that for every non-empty open set U C X
there exist x,y € U and n # 0 such that

d(T"x, T"y) > e.

5



Clearly, if (X, T) is equicontinuous, then it is almost equicontinuous. The other way around
is not true (see Example 2.7). Straightforward examples of equicontinuous TDS are the constant
function or any finite periodic system. An easy sensitive example is the full shift, for this we
need to define symbolic dynamical systems.

Definition 1.5.

1. Given a finite non-singular set A (called an alphabet), we define the A-full shift as AZ. If
X is the A-full shift for some finite A we say that X is a full shift.

2. Given z € A%, we represent the i-th coordinate of = as z;. Also, given 4, j € Z with i < j,
we define the finite word zj; ;) = ;... x;. We denote by A" the set of words of A of length
n > 1.

3. We endow any full shift with the metric

B 27" ifx#y wherei=min{|j|:x; #y;};
d(z,y) = { 0 otherwise.

This metric generates the same topology as the prodiscrete topology.

4. For any full shift AZ we define the shift map o : AZ — AZ by o(z); = ;1. The shift map
is continuous (with respect to the previously defined metric).

5. We say X is a subshift (or shift space) if X C AZ is closed and o-invariant (o(X) = X).

Let n € N. We will denote the balls of radius 27" with B,,(x). That is,
B,(x) ={y € A% : 2; = yVi € [-n,n|}.
A cylinder in a product space A% is any set
[w] = {z € A%z ju)) = w},

where w € A" and n > 0. A cylinder set is a ball. If x € [w] then [w] = Bj,-1(z), so [w] is an
open set. The complement of [w] is a finite union of cylinders, so it is open too. Thus every
cylinder is clopen (close and open). Consider a nonempty open set U C AZ. For any z € U
there exists n > 0 such that B,(x) C U. Thus, there exists w € A" such that [w] = B, ().

It is not difficult to check that the full shift is sensitive, in fact every subshift without isolated
points is sensitive. An example of an equicontinuous but not periodic TDS is the odometer.
This TDS is called odometer because the dynamics on finite sections look exactly like the mileage
meter on a car. The following example defines it in detail.

Example 1.6. Let X = ZY equipped with the prodiscrete topology. We also give X a group
structure with the operation of adding each coordinate with carrying. That is, if y = x - 2/, then
y; = x; + x/mod2 unless ;1 + x_; > 0 and y;,_; = 0, in this case y; = z; + 2} + lmod2. The
binary odometer is the TDS (X,T) where Tz = z - (1,0,0,...) (for a survey on odometers
see [7]). If w; = x/ for all 7 € [0,n] then Tx; = Tx) for all i € [0,n]. This implies that (X, T) is
equicontinuous. It is not difficult to check that this TDS has no periodic points.

6



Sensitivity and almost equicontinuity can be used to give a classification of transitive
topological dynamical systems.

Theorem 1.7 (Akin-Auslander-Berg dichotomy [1]). Transitive topological dynamical systems
are sensitive if and only if they are not almost equicontinuous.

Proof. Let (X,T) be a transitive system and € > 0. Firstly, we are going to show that the set
EQ.:={r e X :36,Vy,z € Bs(x),Vn > 0,d(T"y, T"z) < ¢}

is open. Let # € EQ.. Therefore, there exists a ¢ > 0 such that for every y, z € Bs(z) satisfies
that d(T%y,T?2) < ¢ for all n > 0. Let y € Bs(z). Let us take &' < min{d(x,y),d — d(z,y)}.
Then, By (y) C Bs(x). Hence, Bs(z) C EQ.. Therefore, EQ. is open.

Assume that EQ. is nonempty and non dense. Then U = X \ EQ. is open and nonempty.
So, since (X, T) is transitive there exists n > 0 such that

D£UNT"EQ. CUNEQ. =0,

and this is a contradiction. Thus, EQ). for any € > 0, is either empty or dense. If for all £ > 0,
EQ. is nonempty. Then, EQ =(1,,, EQ 1 is a residual set. So, (X, T) is almost equicontinuous.

If EQ. = ( for some € > 0, then the system is sensitive: For any z € X and for any § > 0 there
exist y, 2 € Bs(z) and n > 0 such that d(1™y,T"z) > €. It follows that either d(1™y,T"z) > §
or d(T"z,T"x) > 5.

O

Without transitivity we may have cases just as the following example.
Example 1.8. Let
X={(2,9,2) eR*: 2 + 9 < 1,2 =0} U{(2,9,2) €ER®: (x — 1)* + 2* = 1,y = 0},
and
T(rcost,rsint,0) = (rcos2t,rsin 2t,0)
T(1 —cost,0,sint) = (1 — cos 2t,0, sin 2t).
The TDS (X, T) does not have equicontinuity points but is not sensitive.

It is easy to check that every isometry is equicontinuous. In particular, irrational rotations
of the circle are also equicontinuous non-periodic TDS. If we code this system into a subshift we
obtain a very regular TDS with no equicontinuity points. This means that equicontinuity is a
very strong property.

Example 1.9. Let o € (0,1) \ Q and consider the rigid translation R, : [0,1) — [0,1) given by
R, (t) =t + a(mod 1), for t € [0,1). Consider the partition {[0,1 — «), [l — a, 1)} of the unit
interval and define a coding map 1, : [0,1) — {0,1} by

_ 0 if te0,1-a),
la(t) = { 1 if te[l—a,l),
for ¢t € [0,1). The one-sided Sturmian subshift with parameter « is the space
Xo = {Ia(RL(t) hien : t €[0,1)} € {0,1}7,

together with the shift map o, : X, — X, given by o, = ol|x,, for x = (x;);en € X, and for
i € N. It is easy to see that (X,,0,) is sensitive.

7



We now introduce the mean versions of equicontinuity and sensitivity. Mean equicontinuity
is weaker than equicontinuity and sensitivity is weaker than mean sensitivity.

Definition 1.10. Let (X,T) be a TDS and z € X.

1. We call  a mean equicontinuity point of (X, T) if, for every € > 0, there exists § > 0
such that if d(z,y) < 0, then

Y od(Tix, T
lim sup 2izo U(T"2, T'y) <e.

We denote the set of mean equicontinuty points of (X, T) by EQ.
2. The TDS (X,T) is mean equicontinuous if X = FQ.
3. The TDS (X,T) is almost mean equicontinuous if FQ" is a residual set.

4. The TDS (X, T) is mean sensitive if there exists € > 0 such that for every non-empty
open set U C X there exist x,y € U such that

" od(Tix, T
lim sup iz I(T"2, T'y)

> €.

The Sturmian subshift is mean equicontinuous but we will not prove this here. An easier
example is the following.

Example 1.11. Let X C {0, 1}Z be the subshift consisting of sequences that contain at most
one 1. Notice that, for all z,y € X we have that

lim sup 2izo 40, 0'y)

=0.

So, we have that (X, o) is mean equicontinuous. Furthermore, one can easily check that 0* is
not an equicontinuity point.

Proposition 1.12. /13, Lemma 5]
Let (X,T) be a TDS and € > 0. Set

Y od(Thy, T
EQY ={re X :36>0, Yy,z <€ Bs(x), limsupzjz:0 (Ty, T2)

n—o00 n+1

<eh (1Y)

Then, EQM is open and EQM =(,,-o EQY . Furthermore, if EQ™ is nonempty, then EQ™ is

dense if and only if it s a residual set.
Proof. Let x € EQM. Therefore, there exists § > 0 such that for every y, z € Bs(z) it follows

that: A —
lim sup Liz ATy, T') <e.

Let y € Bs(z). Let us take &' < min{d(z,y),d — d(x,y)}. Then, Bs(y) C Bs(z). Hence,
Bs(x) € EQM and EQM is open.
Next, we are going to proof that FQ™ =

EQM.

m>0

8



C: Let z € EQM and £ > 0. By hypothesis, there exists § > 0 such that for every p € B;(x)
we have that:

. Yot od(Tix, T'p) e
1 = < =
e | 5
Now, let y, z € Bs(x). We have that:
lim sup 2 i Ty, T"2)
< limsup doico Ty, T) + 3, d(T"z, T"2)
tod(Tix, T n (T T
< limsup 2izo UT"2, T'y) + lim sup i ATz, T"2)
< €.
Therefore z € N, EQY.

U

: This part is straightforward to show.

By the Baire theorem (see [21]), we have that FQ" is dense if and only if it is a residual set.
[l

Lemma 1.13. [22, Proposition 4.2/
Let (X, T) be a topological dynamical system. The sets EQM and EQM are inversely invariant,
i.e., TT"EQM C EQM, T™"EQM C EQM for alln € Z>y.

Proof. Let x € X with Tz € EQY. Choose § > 0 satisfying (1.1) from the definition of EQ}
for T'z. By the continuity of 7', there exists n > 0 such that d(T'y,Tz) < ¢ for any y, z € B,(x).
Thus,

li d(T'y, T'2) = 1i
121;5£pn+1§( y, T'z) = lim sup

This implies that € EQM.
Observe that, for any & > ¢ > 0 we have that EQY C EQY. Hence, T""EQM C T"EQY
for all n € Z>(. So, we have that

TEQY = () T7EQy C (] EQy . = EQM.

m>0 m>0

— > d(TH(Ty), T'(Tz)) <e.

]

The Akin-Auslander-Berg dichotomy can also be stated for the mean versions of equicontinu-
ity /sensitivity.

Theorem 1.14 (Mean Akin-Auslander-Berg dichotomy [22, 13]). Transitive topological dynami-
cal systems are mean sensitive if only if they are not almost mean equicontinuous.

Proof. Let x € X be a transitive point such that there exists € > 0 such that for every ¢ > 0
there is y € Bs(x) satisfying

j R— S
li d(T'z, T'y) > e. 1.2
1&S£pn+1; (T2, T'y) > ¢ (1.2)

9



Fix a non-empty open set U C X. As x is a transitive point, there exist § and k € Z, such
that T*Bs(x) C U. So, there exists y € Bg(iL‘) satisfying

Zd :L‘TZ

Let 2 = Tz and 2/ = Tky. Then z, 7 € U and

lim sup
n—oo N+

1 < . 4
: 9 / o . g k 7 k
hI:l_}SOljp -y Zd 2, T'?) = h;n_}sogp — ;d(T (T"z), T"(T"y))
1 < o
= li?ﬁs;}p T ; d(T'z, T'y) > 6.

Therefore, (X,T') is mean sensitive.
Now, if z is a transitive point but does not satisfies (1.2), then x is a mean equicontinuity
point. So, by the Lemma 1.12, is almost mean equicontinuous. O

Mean equicontinuity is very related to measurable dynamics properties which we will not
explore in this theses. While studying these characterizations, a natural stronger property
appeared, diam-mean equicontinuity. We will also study this property on this theses.

Definition 1.15. Let (X,T") be a TDS.

e We say that z € X is a diam-mean equicontinuity point of (X, T) if for every e > 0
there exists 0 > 0 such that

lim sup >y diam(7" Bs(x))

Nn—00 n

< €.

We denote the set of diam-mean equicontinuity points of (X, T) by EQPM.
e The TDS (X,T) is diam-mean equicontinuous if EQPY = X.
e The TDS (X,T) almost diam-mean equicontinuous is EQ”" is a residual set.

e The TDS (X,T) is diam-mean sensitive if there exists ¢ > 0 such that for every open

set U we have "o Tig
lim sup 2 iz diam( ) > €.
n—o0 n

The point 0% in Example 1.11 is a mean equicontinuity point but it is not a diam mean
equicontinuity point. On the other hand, the Sturmian shift is diam-mean equicontinuous.

The proof of the next lemma is very similar to the proof of Proposition 1.12; it only differs
by some technical changes. However, the proof will be added to make it even clearer.

Lemma 1.16. [13, Lemma 5]
Let (X,T) be a TDS and € > 0. Define

" di T'B
EQ?M ={reX:3§>0, limsup 2iz diam( (7)) < e}l (1.3)
n—00 n

Then, EQPM is open and EQPM = N EQRM . Furthermore,if EQPM is nonempty, then

EQPM s dense if and only if it is a residual set.

m>0

10



Proof. Let x € EQPM: that is, there exists § > 0 such that

" diam(T'B
lim sup 2=t BT Bo(@))

Nn—00 n

Also, for every y € Bs(x) there exists ¢’ > 0 satisfying that

»  diam(T" By
lim sup iy diam(T" By (y)) _

n—00 n

Therefore, EQPM is open.
Next, we show that EQPM =

m>0

EQRM,
C: Let x € EQPM and ¢ > 0. By hypothesis, there exists § > 0 such that for every p € Bs(z)

we have that: 0 g(Tig T

Now, let y, z € Bs(x). We have that:

Z?:O d(Ti% Tiz)

lim sup
< limsup Do ATy, T'x) + 50 d(T'x, T"2)
< limsup 2izo AT, T'y) + lim sup > i (T3, T"2)
< €.
Therefore z € N, EQRM.

D: This part is straightforward to show.

By the Baire theorem, we have that EQP™ is dense if and only if it is a residual set.
O

As the Lemma 1.16 is analogous to the Proposition 1.12, the following lemma is analogous
to Lemma 1.13.

Lemma 1.17. [13, Lemma 46]
Let (X, T) be a TDS. The sets EQPM and EQPM are inversely invariant, i.e., T-"EQPM C
EQPM T—EQPM C EQPM for alln € Zsy.

Proof. Let x € X with Tz € EQPM. Choose § > 0 satisfying (1.3) for T'z. By the continuity of
T, there exists n > 0 such that d(Tz,Ty) < ¢ for any y € B,(x). Thus

n

I : 1 .
li — di T'B = li — di T'Bs(Tx)) < e.
im sup ; iam (7" B, (z)) im sup ; iam(7T"Bs(Tx)) < e

This implies that x € EQPM.
Observe that for any & > ¢ > 0 we have that EQPM C EQDM. Hence, T""EQPM C
T—"EQEM foralln € Zxo. From this observation, we have that T"EQPM =N . T "EQY". C

ﬂmZOE 2Dj\T{L = EQDM‘ -

11



Theorem 1.18. [13, Proposition 57]
If (X, T) is transitive TDS, then it is either almost diam-mean equicontinuous or diam-mean
sensitive.

Proof. Let x € X be a transitive point such that there exists € > 0 such that every 6 > 0:

lim sup > diam(7"Bs(x)) .

N—00 n

(1.4)

Fix a non-empty open set U C X. As z is a transitive point, there exist 6 > 0 and k € Z,
such that T%B;(x) C U. Hence, ' '
TY(T*Bs(z)) € T'U.

['his implies that
! diam(TU

n—00 n

> €

Therefore (X, T') is diam-mean sensitive.
Now, if z is a transitive point but does not satisfy (1.4), then z is a diam-mean equicontinuity
point. So, by Lemma 1.16, (X, T) is almost diam-mean equicontinuous. ]

In summary, we have the following notions which are related with strict implications.

Equicontinuity = Diam-mean equicontinuity = Mean equicontinuity;
Mean sensitivity = Diam-mean sensitivity = Sensitivity.

Other notions that will be of interest in this work are the following. In the introduction we
talked about “largeness” of the set of all n € N where this “significant separation” happens for a
given region of X. We could have that the complement of this set is finite (cofinitely sensitive).
There are bounded gaps of consecutive entries of the complement occur (syndetically sensitive).
The following definition formulates these notions of sensitivity formally.

Definition 1.19. Let (X,T) be a TDS. For U C X and 6 > 0, let
Np(U,9) :={n € N: diam(T"U) > d}.

e We say that (X,T) is cofinitely sensitive, if there exists 6 > 0 such that for every
nonempty open set U C X, we have that Ny (U, J) is cofinite; that is: N\ Ny (U, J) is finite.

e We say that (X,T) is syndetically sensitive, if there exists § > 0 with the property
that for every nonempty open set U C X, we have that Nr(U,¢) is syndetic; that is:
N\ Nz(U, ¢) does not contain arbitrarily large blocks of consecutive integers.

12



Chapter 2

Cellular Automata

In this chapter, we introduce cellular automata (CA). Typically, cellular automata are defined
on a full shift. We give a more general definition. This class of systems are also known as
shift-endomorphisms or sliding block-codes. We use Theorem 2.2 to give an equivalent
definition of CA. We will see that a CA is almost equicontinuous if and only if is not sensitive
(see Proposition 2.8). As you can see transitivity of the CA is not required, but we do need the
CA to commute with a transitive map. In Proposition 2.12 we will show how equicontinuity and
periodicity are related locally.

Definition 2.1. We say that (X,7T) is a cellular automaton (CA) if X is a subshift and
T : X — X is a continuous map such that commutes with o;ie., coT =T oo.

Cellular automata can be described using local rules. Note that Tx; represents the ith
coordinate of the point Tx.

Theorem 2.2 (Curtis-Hedlund-Lyndon). Let X be a subshift and T : X — X a function. Then,
(X,T) is a cellular automaton if and only if there exist integers m < a and a (local) function
fAmH s A such that for any x € X and any i € Z

Tz = f(Tlivmita)-

Proof. Let T : X — X be a CA. Let r := max{—m,a}. Since —r <m < a <7, for any n > 0
we have

d('xay) <27 = L[—n—rntr]
= T.%'[,n’n}

Y—n—rmn+r] =~ Ll—n+mn+a] = Y[—n+m,n+a|
Ty[,n’n] = d(Tx,Ty) <27

So, T is continuous. For any ¢ € Z,

TU(iE)i = f(UfF[i+m,i+a]) = f(x[i+m+1,i+a+1]) =Txiy = U(T$)i-

So, T' commutes with the shift.
Conversely, we assume that 7" is a continuous map such that commutes with the shift. Since
T is uniformly continuous, for € = 1 there exists r > 0 such that

d(z,y) <27 = d(Tz,Ty) <1
T—rg] = Yl—ry] = Txo = T?Jo

13



There exists f : A — A such that for any z € X, Txg = f(2[_y,)). Since T commutes with
the shift,

Tz; = o(Tx)o = T(0"()[—ry) = f(Tlimrite)-

Thus we have a local rule with m = —r and and a = r. O

The numbers m, a and r introduced in Theorem 2.2 and its proof are called memory,
anticipation and radius, respectively. Cellular automata defined in {0,1} and radius r = 1
are called elementary. Their local rules are listed by numbers between 0 and 255 [21].

Example 2.3. The identity (Rule 204)
Let ({0,1}2.1), where Iz = z.

Example 2.4. The zero map (Rule 0)
Let ({0,1}%,0), where Ox = 0.

The reader can check that the previous CA are equicontinuous.

Example 2.5. The traffic CA (Rule 184)
Let ({0,1}%,T) where

TJZZ‘ =1& Tli—1,4 = 10 or Tliit+1] = 11.
This CA is sensitive.

Example 2.6. Rule 150
Let A={0,1} and T : AZ — AZ given by Tx; = mody(z;_ 1 + x; + x;41). Let us represent
0:=[Jand 1:= M Let v € A% such that 2o = Il and z; =[] for all i # 0. We have that

N I O o O B B O B
oo ammi]no o
HpNnNREE BEE REE RERENERE
HpNNEE B BEE RBEE b RERERE
Hpln BEREEEE RERNEREE NERE
HE B b BEE B B BEn B b Bl
_pln BEREEEE REREREE NN
_ il I EEE B b BN N EEE
oo dmb ndo

As we will see this example is permutative (and thus mean sensitive).

Example 2.7. The majority CA (Rule 232)
Let ({0,1}%, M), where
Ti—1 + T + Tip1

Mxi:L 9 Jv

is almost equicontinuous. Notice that 0°° and 1°° are equicontinuity points, but (01)* is not.

In general, a CA satisfies the Akin-Auslander-Berg dichotomy without assuming transitivity,
as it is proved in [21] for CA on the full shift. Using the same techniques we prove the following
result for CA on transitive subshifts.

Proposition 2.8. Let (X,0) be a transitive subshift and (X,T) a CA. Then, (X, T) is almost
equicontinuous if and only if is not sensitive.

14



Proof. =: Assume that (X,T) is an almost equicontinuous CA. This means that for every
open subset U C X, there exists © € U such that for all £ > 0 there exists 6 > 0 such that if
d(x,y) < 0, then we have that d(T"z, T"y) < € for all n > 0.

Let € > 0. Observe that there exists 0 > 0 such that for all y, z € Bs(z) and all n > 0, we

have that
d(T"y,Trz) < d(T"y,T"z) + d(T"z,T"z)

< f+i=e

Therefore, (X, T) is not sensitive.

<: Assume that (X, T) is not sensitive; i.e., for all € > 0 there exists an open set U C X
such that for all z,y € U and for all n > 0, we have that d(7T"z,T"y) < . Now, since T is
uniformly continuous, for ¢ = 1, there is r > 0 such that if d(z,y) = 27", then d(T'z, Ty) < 1.
This implies that for all z,y € X such that x_,,) = y_,), we have that T'xg = T'y. Hence, for
all m > 0, there exist d > r and w € A***! such that for all 2,y € X with 2_44 = w = y_aq
and for all n > O:

T" %[ mm) = T"Ymm)-
Then, there is p € {0,. .., |w| — 7} such that for all z,y € X satisfying z jwj-1] = W = Y[o,jw|-1],
we have
T"Tppir—1 = T"Ypprr—1]

for all n € N.

For every k > 0 we define the set

Qk = {ZL‘ € X :di S —kiyf[i,iﬂw\fl} =wA E|j Z k,x[j,jﬂw‘,l] = w}. (2.1)

It is clear that the sets €2 are open. Furthermore, the transitivity of (X,7') implies Qx are
non-empty and dense, for every k& > 0. Therefore, (1,5, €% is a residual set. We show now that
for every m > 0 there exists k,, > 0 such that

W, € EQo-m.
Notice that for all z,y € € we have:
T"Tligpitprr—1] = T Tjspjtprr—1) A T"Yjirpitprr—1] = T Yljtpjtptr—1]-
If 2 1w = Yli,j+w|), then for all n > 0 we obtain
T"%ispjiptr—1] = T Ylitpjtptr-1]-

Therefore, for every m > 0, there exists k,,, > 0 sufficiently large such that 2y, C E(Qs-m. Hence,

Nk, 50 ko S Nypso EQo-m. Thus, (), 5 EQy-m is a residual set. Since EQ = (1,5 EQ2-m,
we conclude that (X, 7') is an almost equicontinuous CA.

[l
Example 2.9. Let us define X = {0,1}2U{2,3}%. Let T : X — X as

ooz if x€{0,1}*
Te = {x if xe{23}7,

where o is the shift function. Every point x € {2,3}? is an equicontinuity point. For all
non-empty open set U C {0,1}% there exist x,4 € U and n > 0 such that d(T"x,T"y) = 1.
Hence, the CA (X, T) has equicontinuity points but is not almost equicontinuous.
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A TDS is minimal if every orbit is dense. The Auslander-Yorke dichotomy states that every
minimal TDS is either equicontinuous or sensitive [2]. Now, consider the proof of Proposition
2.8. Note that if (X, o) is minimal then €, = X (see (2.1)). Using this observation we obtain
the following result:

Proposition 2.10. Let (X, o) be a minimal subshift and (X,T) a CA. Then, (X,T) is equicon-
tinuous if and only if is not sensitive.

As we will see equicontinuity is a very strong property on CA because it implies eventual
periodicity on the columns.

Definition 2.11. Let (A% T) be a CA. A point 2 € A% is m-locally eventually point of T,
where m > 0, if T"2(_p, ) is eventually periodic, with respect to i. We call z locally eventually
periodic point if it is m-locally eventually point of T" for every m > 0.

Proposition 2.12. Let (A% T) be a CA. Any equicontinuity point in AZ is locally eventually
pertodic.

Proof. If the set EQ # (), then (A%, T) is almost equicontinuous. Thus, for every € > 0 exists a
open set U C AZ such that for all z,y € U and all n > 0, we have that d(T"z, T"y) < . Since
(A% o) is transitive, there exists § > 0 such that if d(z,y) < §, then d(T"z, T"y) < e.

Let z € EQ. For all m # 0, such that § > 27, there exist j > j° > 0 such that
T2 ) = T [ mm). Hence, d(T7F iz, T +x) < § for all i > 0. So, there exists p > 0 such
that j+p = j’. Then, this implies that Tz [_ s m = T9 P2y = T7 P2 ) for allm/ >0
such that € > 2=™'. Therefore, z is locally eventually periodic.

O

One can easily construct mean sensitive CA using the permutative CA.
Definition 2.13. Let (A%, T') be a CA with local rule f: A*™1 — A

o T is left-permutative if for all u € A*™™ and for all b € A, there exists a unique ¢ € A
such that f(cu) = 0.

e T is right-permutative if for all u € A*™™ and for all b € A, there exists a unique c € A
such that f(uc) = b.

e T is permutative if it is either left-permutative or right-permutative.
The next result follows immediately from Definition 2.13.

Lemma 2.14. Let (A%, T) be a CA. For each u € A*™™ we define the function f,: A — A as
fulc) = f(eu) (or fu(c) = f(uc)). If (AL T) is a left-permutative (right-permutative) CA, then
for all uw € A*™™ | the function f, : A — A bijective.

Proposition 2.15. If (A%, T) is permutative, then for every x € A and for every M > 0 there
exists y € (x| satisfying:

Y od(Tix, T
hm sup ZZ:O ( Z, y) — 1
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Proof. Let x € A% and let us assume that (A%, T') is right-permutative. We are going to construct
an element y € AZ such that d(T'z, T'y) = 1 for every i > 1. Without losing generality, fix
Y(ooa) = T(oo,a)- Lhen, there exists ¢; € A such that ¢; # x,-1 and f(@pna-11¢1) 7 f(Tm,q))- Fix
Yla,20—1] = C1T[a4+1,2a—1]- Oince Txg # Typ, Lemma 2.14 implies that there exists u € A such that
J(Txppa-1u) # f(TTpmq). Then, there exists co € A such that f(y[4m,2e—1]¢c2) = u. Hence,
T2y # TQ?JO-

Now, let us assume that for some [ > 0, there exists (ci)ézl C A such that y, = ¢,
Yllat1,(+1)a—1] = Tfat1,(+1)a—1) and T'zg # T'y for all 1 <4 <[. By Lemma 2.14, we have that
there is u € A such that f (Tlx[mﬁa_l]u) # f (Tlx[mﬂ}). Since for such [ is true, then there exists
¢141 € A such that Y(+1)a = Ci+15 Y[(I+1)a+1,(1+2)a—1] = T[(I+1)a+1,(1+2)a—1] and Til‘o #* Tiyo for all
1<i<I+1

Thus, we have that there exists (¢;)22; C A such that y;, = ¢, Ylia+1,(i+1)a—1] = Tfia+1,(i+1)a—1]
and T'zy # T'yg. Therefore,

" od(Tix, T
lim sup ZZZO (T, T'y)

= 1.

The proof for left-permutative CA is analogous.

The proof of the following statement follows directly from Proposition 2.15.
Proposition 2.16. Any permutative CA (A% T) is mean sensitive.

Example 2.17. The sum rule 90
Let ({0,1}%,9), where Sz; = mody(z;_1 + 7;41). We will show a section of the orbit of
z:="J LT

N s s I e B o I A B A B O B O
oo ddmetomnygnDngn
HpNREREENRNE REREREE RN
HpEpEREENE REE BEN EBEE RERERERERE
ool mbngn
HpEREE BN BERNEEREREE REE EEREEN
Hpln REENREE REREREE BERERNE REEN
Hy BEE BN BEE BEE REE REE Rl BN
B0 ggggooogofod.
OB 00000 ggnD o md
om0 ggonD e tdn
ORI RODOD00O0DO0OHOODO0OOHORD B[O

For this CA, the local rule is as follows:

HEE (/BN NN (/[N BN (/e e[ O™
[] L [] L L [] L []

From the local rule we can see easily that ({0,1}%,S) is permutative. Hence, by Proposition
2.16 we have that ({0,1}%,5) is mean sensitive. Moreover, by Proposition 2.15, ({0,1}%,9) is
cofinitely sensitive.
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Clearly, every almost equicontinuous TDS is almost mean equicontinuous. There exist many
almost mean equicontinuous TDSs that are not almost equicontinuous (see Example 1.11)[22, 15].
However, none of the examples contained in [22, 15] is a CA. We will later construct an almost
mean equicontinuous CA that is not almost equicontinuous.

Definition 2.18. Let S C Z>,. We define the upper density of S by

D(S) = lim sup 8(SN{0,...n— 1})

N—00 n

Definition 2.19. Let x € X, J C Z be finite set and n € N. For every y € B, (z) we define
S;={ieN:Ty; #T%2;}.
For every pair of integers n, k € N and every x € X we define the set
Si(x,m) = Sk N[0, n).

In view of Kurka’s dichotomy; it is natural to ask if there is a mean (diam-mean) version of
Theorem 2.8. Later on, we show that this question has a negative answer. First, we will give
a more concrete characterization of mean (diam-mean) equicontinuity on CA. The following
propositions use standard tools to connect density and averages.

Proposition 2.20. Let (X,T) be a CA and x € X. Then, x is a mean equicontinuity point if
and only if for every m > 0 there exists m’ > 0 such that for every y € B () satisfies that

— 1
D(Si-j5) < omra

forall0 <7 <m+1.

Proof. =-: Let us assume _that there exists m > 0 such that for all m’ > 0 there exists
y € Byy(x) such that D(S{_1;;) > 555 for some 0 <1 < m+ 1. This implies that

Z?:O d(Tll‘7 T'Ly) ZZGS{_ZJ}O[O,?’L} d<TZx7 le)

lim sup > limsup
. 8(Si—iy N[0, n
> i S
2 S D) > srs

Therefore, x is not a mean equicontinuity point.

<: Observe that for every k we have that
SEC St
and
Sk \ 5% € Sy kr1y N[0, ]
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Now, let us assume that, for every m > 0 there exists m’ > 0 such that every y € B, (z),
satisfies D(S{_j ;1) < zm73, for every 0 < j < m + 1. Then,

Zd :IZ‘TZ

lim sup =2

H(S?) + Z B(S™\ ST
= I
e
m+41 1_ [e's) 1_
< > ED(S{_Z-J}) + > 5 D(S1-i)
=0 i=m-2
m—+1 1
S 2m+2 Z 22 _z
i=m+2
< ! =
= om+l + om+1 — om’
This implies x is a mean equicontinuity point. [

Now we will define sensitivity sets on a set of columns.

Definition 2.21. Let J C Z be finite set and n € N. We define
SOM(pn)={i e N:Jy,2 € Bu(z), T'ys # T'2;}.
For every pair of integers n, k € N and every x € X we define the set
Sp(.m) = SPY (. m) 0 [0,n]

Proposition 2.22. Let (X,T) be a CA and x € X. Then = is a diam-mean equicontinuity
point if and only if for every m > 0 there exists m' > 0 such that

forall0 <7 <m+1.

Proof. =-: Suppose there exists m > 0 such that for all m’ > 0 there exists [ € [0, m + 1] such

that
1

E(S?_%}(x, m')) > ISR

This implies that

. ZTL_O diam(TiBm/ (:L’)) . ZZES{ M }(m m/)N[0,n] dlam(T B ( ))
lim sup === > lim sup .

1
> 2 limsup —— (5P (e, m') 1 [0,1)

2 n—oo N
1
Z Sl D(SPhy(w,m)) > 2ami3’

Therefore, x is not a diam-mean equicontinuity point.
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<: Note that for every k we have that

and

S£<$7m) g Sg+1(l‘,m),

Slg—i-l(x?m) \ S]?(.I', m) C S{D—A(Jk—&-l),k-i-l}(x:m) n [07 Tl]

Now, let us assume that for every m > 0 there exists m’ > 0 such that

1
(S{ JJ}(I m')) < om+2

for every 0 < 5 < m + 1. For sufficiently large m we conclude that

IN

IN

<

<

lim sup
n—oo T

! ] Z diam(T" B,/ (z))

n—o0

1 |
limsupn_i_l[ (S§(x,m') 22— #(SM(x,m')\ Sy (z,m"))

m+1

1—
> 7 DS ”}@0 )+ Y 3 D(SPLy (@)
=0 i=m-+2
m—+1 1
2m+2 21 7
i=m+2
2m

This implies x is a diam-mean equicontinuity point.
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Chapter 3

New examples

During this chapter we seek to answer the following questions:

e Is the set of almost equicontinuous CA properly contained in the set of almost diam-mean
equicontinuous CA?

e [s the set of almost diam-mean equicontinuous CA properly contained in the set of almost
mean equicontinuous CA?

e Is there a dichotomy for (diam-)mean sensitivity and (diam-)mean equicontinuity for CA
(similar to Kurka’s dichotomy)?

e Is there a CA that is almost mean equicontinuous and diam-mean sensitive?

Our objective is to construct four examples to answer the questions above. As an additional
result, we have that the example given in Section 3.1 shows the existence of CA that are almost
mean equicontinuous but cofinitely sensitive.

3.1 The Pacman CA

All the results in this section and their proofs are contained in [6]. We respect the order stated
in the cited article within this section.

In this section, we will construct a CA that is almost mean equicontinuous but not almost
equicontinuous. Firstly, we will give the formal definition of the CA, then we will give the
heuristics of the map so the reader gets intuition and, finally, we will approach the result using a
series of technical lemmas. We remind the reader that T'z; represents the ith coordinate of the
point T'z.
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Let A = {1, @], &, C),®]}. We define the function T": AZ — AZ locally as follows

([ if (w1 € {0 BB A (2 € (OB, A 2 € {0 00L,[G)})
V(zi =GN 211 ¢ {LI,[R0})))
V(zi—1 € {180} A [(z; € {L],E} Az € {L1LLIGH
V(z; =B A 21 ¢ LRI,

Zf Ti € {Ma} A Tit §é {3}7

if  (wio1 € {L]BLE} Az € {{L]BL,B} A ziyr € {BR]})
V(zi-1 € {10} A z; € {L]B} A x40 = [RI),

Zf (xi-‘rl = A [(xi—l € {[]77} Nx; € {Dv , })
V(zi—1 € {LI, R0} A z; € {{L],B})))
V(zi—1 = BN x; ¢ {1,180} A 21 € {1, [RI})
V(z; =B zi41 € {1, [R]}),

if (w1 =LA [(z € {LLB} Az =) v, =)

V(zi—1 =BIA x4, 241 ¢ {[LI,[R]}), and
if  x; € {Ll[RI} Az € {E, R}

We call this CA the Pacman cellular automaton. Notice that this CA has memory and
anticipation 1. We will call the members of the alphabet A as follows:

e [ | empty space,

e [] empty door,

J pacman,

. ghost.

. keymaster ghost, and
e [@] door with ghost.

We will now explain the heuristics of this map so the reader gets intuition on the dynamics. The
reader does not need to know the rules of the game Pacman. It is only needed to understand
that pacmans eat blue ghosts.

e A door always stays fixed in the same place (a ghost might cross it); that is, x; € {[[1, [®}
if and only if T'z; € {[L, [®]}.

e Pacmans [@ move to right (one position per unit of time) if there is no door; that is, if

z; =@ and 241, x40 ¢ {1, (R0} then Tx; 1, =[G

e If a pacman encounters a door (on the right) it is transformed into keymaster ghost &

that is, if x; =@ and z; € {[],[®]} with j € {i + 1,7+ 2} then Tz, = &.

e Ghosts (@) always move to the left (one position per unit of time) if there is no
pacman or a door on the left; that is, if z; = Bl(z; = &), »;_1 € {{],[@,E} and
Ti—2 € {D> =, }(371'—2 # )a then T'r; y = (Tiﬁi—l = )

e If a ghost or keymaster ghost encounters a pacman (on the left) it will disappear (get
eaten); that is,

— if 7; € {@, 8} and 7, ; =@, then Tx;_; ¢ {&,B}; and
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— if z; € {@,&}, z;_o =@ and 2,1 ¢ {[ 1,0}, then Tz;_; =Gl

e If a ghost [® encounters a door it transforms into a pacman; that is,

— if x; =@ and z;_, € {[1,[®}, then T'z; = G}; and
— if x; =@, ;9 = {[1,[®]} and z;_; ¢ {[1,[R], B}, then Tx;_; = Gl.
e If a keymaster ghost encounters a door he will enter the door, lose its key, and (in the

following step) proceed to the left; that is, if z; = B and z;_; € {[ I, R}, then Tz;_; = [@]
and

— if 2,3 =[], then T?z,_5 = [@ and

— if 2;,_3 = @], then T?z,_, = &.

When describing a point = in AZ we will use a point (.) to indicate the Oth coordinate of z. For
example, if x = [ J[G][ I then xy =[G and z; =[] for every 7 # 0. We will now provide some
examples on how the Pacman CA works. Notice that time flows downward on the diagrams.

Example 3.1. Let m > 2 and w = [ ]™ [ Let us show a section of the orbit of z := [_].w[{@™.
In this example, we can observe that the space between two doors is acting like a some sort of
“filter”, because many ghosts disappear.

N1 A =
N1 A Y <
0o O0O0OHO R & E E
N < == Y = =
N < - - TR IV < =
0D e R R | R E E
N S T - 1 =< 1 - O =
N 1= < Y =
OO0 R & & & E
OO0 dd R &R & B
OO0 OO0 H R & &
O O0O0B @ & & E
N < O = =
0O R R R R E
< < O -< T TR I - = =
L e G & @ & & [« @
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Example 3.2. Let w =[] ][] (1T We show a section of the orbit of z = [ J.w[ ™.

N O | € T -
I 1 R N I - [ ) R I R
a0 =& O
DD O0OCdE® D OO
N1 O < I I 0 A M A
N ¥ | A A O
1 A O N - [ N A A O
O D OoOdd®do o
N - O A A O
N - O A A O
N1 A N A O A O
Ok O0OOOOO OO

We now prove a series of technical lemmas. If there is one @ to the right of a pattern with
empty spaces and empty doors, then B will “cross” all the doors eventually. We state this fact
formally in the next lemma.

Lemma 3.3. Let m > 1, w € {[ ][I} such that wy = [1 = w1 and w; = [] for all
0<i<m—1. Set x =>°Jwl 1. Then, there exists N > 0 such that TNx[07m_1] = w.

Proof. Assume that m > 4. From the definition of 7" we have the followings implications:
o Txp =N Tz, € {10} Vi#m-—1,
o T iy, =@forl<j<m-—1AT" Iz, € {1} Vi#j,
o T g, =@lfor 1 <j<m—2ANT" g e {1} Vi# 7,
o T3~ ip, =@for 1 <j<m—2AT* g, e {JII} Vi#j,
o T3 bxy =M@ A T°" %z, € {{J,[0} Vi #0.

Then, for N = 3m — 5, we have that TN{E[Qm_l] = w. The case when 1 < m < 3 is easy to
check. ]

One thing to notice about Examples 3.1 and 3.2 is that [[]] stays fixed in the same place.
Remark 3.4. Note that if x; =[] and x;,1 =[] then Tx; =[]
Using Remark 3.4 and Lemma 3.3 we obtain the following:

Lemma 3.5. Let m > 0, w € A™ and x = [_Jw[ [ I*. There exists N > 0 such that for all
n>N,

Tz, € {{L} Vi>0.

In the proof of Lemma 3.3 we describe the “trajectory” of @& from the start until it crosses
the doors. In the following lemma, we describe a similar trajectory, but this time we are going
to do it backwards in time.

Lemma 3.6. Let m > 2, v € AY and z := ][I 1" [Mv. If N > 3m and TNz, = [&], then
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° TN73m+1xm+1 = |E]|
. TN72(m71)*jxj =@ for2 <j <m,
o TN-m=ig, =@ for1<j<m-—1, and

o TN7ig, = for1<j<m.

Proof. Assume the hypothesis of the lemma. By checking the rules of T" we can see that if
TNz = [@] and z; # [ then necessarily TV~ 'x, = B. We can go back step by step to obtain
the result. n

Using Lemma 3.6, we will see, that if TV zy = [&] = TV z¢ then N and N’ cannot be near.

Lemma 3.7. Let m > 0, v € AN, and x := [ ["[v. If N’ > N > 3m are such that
TNxy =@ = TN g, then:

e if0<m<1, then NN — N >2m; and
e ifm>2 then N — N >2m — 1.

Proof. The case 0 < m < 1 is straightforward to check.

Let m > 2, and N’ > N > 3m such that TVzy = [&] = 7" xy. Assume that N'—N < 2m—1.
From Lemma 3.6 we have that:

o TN=ig;, =@ for 1 <j <m and

° TN,_m_j/xm_j/ =@lfor1 <j <m-—1.

N'—N
2

First, suppose that N' — N is even. Let j =m — Nl;N and j' =

N, N" and m it follows that 1 < j <m, 1 <j <m —1, and

. By the assumption on

o r__ 4l
T ij:TN R

a clear contradiction.

Now suppose N’ — N is odd. Let j = m — (NIQ_NW and j' = (NIQ_N] By the assumption on

N, N" and m it follows that 1 < j <m, 1< j <m—1,

i o r__ _al
TV g, =@, and TV "™ ', =3
Therefore,
N—j =
T i = BIG

which is also a contradiction because Q] is not on the image of T'.
]

In Example 3.1, we see that considering an infinite right-tail of keymater ghosts, some get
eaten and some cross the doors. It is natural to ask what will be the frequency of @& that cross
a doors. The next lemma answers this question.

Lemma 3.8. Let w =[] [ ", with m >0 and x =" _].w@E™.
If0 <m <1, then

25



o T2y = [al,

o T3m—2+QmADky — [@] for k >0, and

o Tixg=[1, for all3m — 2+ 2m+ 1Dk <i<3m—2+2m+1)(k+1) and k > 0.
If m > 2, then

o Ty, = [ml,

o T3m+@m=Dky — @] for k >0, and

o T'xo =[], for all 3m + (2m — 1)k <i <3m+ (2m — 1)(k+ 1) and k > 0.

Proof. The proof for 0 < m <1 is similar to the proof when m > 2. So, we are only going to
prove the result when m > 2. Using a similar argument of the proof of Lemma 3.3, we obtain
that T°"xy = [R] and Tz = [[] for all 0 < i < 3m. Also, we have that T?" 'z, ., = @ Hence,
T g = Al

We will proceed by induction on k. Let us assume that
T3m+(2m_1)l$0 — IHI

Next, let k =1+ 1. By the induction hypothesis, we have that

T2m—1+(2m—1)lx(m+2) — B

Hence, Tom—1+@m=1)ly - — [a]. Doing simple calculations we obtain
Tv?;m—l—(2m—1)(l-i—1)x0 = [Al.
The proof of Tz = [}, for all 3m + (2m — 1)k <i < 3m+ (2m — 1)(k+ 1) and k > 0,
follows immediately from Lemma 3.7. [
We will now prove that the set of equicontinuity points of the Pacman CA is empty.

Proposition 3.9. Let m > 1 and w € A™. Then, there exist v,y € A% such that

Zom—1] = W = Ylo,m—1]

and the set ' '
S = {Z € Zzo . TZ.’ﬂO 7£ szo}

18 infinite.

Proof. Let m > 1, w € A™ and x =*° [_Jw[_]>°. Lemma 3.5 says that there exists N > 0 such
that T"xzq € {[_],[ 1} for every n > N. Let y == [ Jul [ B™. By Lemma 3.8, the the set S is
infinite. [

Lemma 3.8 tells us the exact frequency of B& crossing doors when a ponit = has a tail B™ to
the right. If we do not have precise information on what is in the right, we may not have the
exact frequency as in the Lemma 3.8. However, using Lemma 3.7, we will be able to obtain an
upper bound.

Now we will explore a similar situation but with finitely many doors.
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Lemma 3.10. Let {d;}I, a finite set of non-negative integers, v € AY,
_ d() d1 dn
w = O™ - - - I,

v =Hwv, and 0 < j < n+ 3 d;. Assume that TNz; = [&] = TV z; for some N, N' > 0.
We have that

e if0<d, <1, then |N — N'| > 2d,, and
e ifd, >2, then [N — N'| > 2(d, — 1).

Proof. The case where n = 0 is a direct application of Lemma 3.7. We will prove the other case
by induction. Assume that for n = p the result holds. Now, let n = p+ 1 . By the induction
hypothesis, we have that if z; =[], forall 1 < j <p+14>""  d;, and TNz, =[R] = TN/:L‘]' for
all N, N’ > 0 then:

if dyy1>2  then |[N—N'|>2(dp1—1)or
if 0<dps; <1 then |N—N'|>2dy;.

Hence, the only thing left to show is that, for o = [] and for all N, N' > 0 such that
TNzo =[@) = TV z, we have that:

if  dyy1>2  then |[N—N'|>2(dp1—1)or
if 0 S derl S 1 then |N — N/’ 2 2dp+1.

For 0 < d,4; < 1 the result is easy to check. So, let us assume that d,;; > 2. Also, let us
assume that there exist N, N’ > 0 such that Tz, =[&] = TV "2o. This means that there exist
No, N} > 0 such that Tz 4, = [&] = T™x4, 1 and N) +r = N’ and Ny +r = N. Therefore,

2dyy —1) < |N'— N].

For Lemma 3.11 it will be useful to consider the CA as a (vanishing) particle system, where
ghosts and pacmans are particles.

We define the particle function v : AZ — {{],[@ }Z as

@) _{ O if = e {100},
=V @ if oz e {88 0, R,

where # € A% and i € Z. Observe that with this function the Examples 3.1 and 3.2 turn out as
follows:
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We can compare the density by columns for two different points in

Lemma 3.11. Letd > 0, w =[] Dd[ﬂ, = Ju*, ve AN, andy == Jwv. If1 <i<d,
then
3D(S(ar1y) > D(Sqy)-

Proof. Using the Pacman CA and the particle function, we can define a trajectory function
of an specific particle (a ghost/pacman) p. We will not construct this function explicitly, but
we will give its properties. Given a point x € X and a particle of that point; that is, p € Z
with v(z), = (@, we can define trajectory of that particle (all the way to the infinity or until
it disappears). This trajectory is a function 7, : N — Z where N C N is the lifespan of the
particle (i.e. N = N if it never disappears), 7,(0) = p and 7,(n) the position at time n. We
have that |7,(n) — 7,(n+1)] <1 for n+ 1 € N. Using the properties of T" it is not hard to see
that for every z € Z we have that |7,7*(z)| < 3; that is, a particle can only be at most three
times on a particular position. By Lemma 3.5, there exists N > 0 such that, if for some [ > 0,
TNy, ¢ {1}, then there exists a unique k > |w|, such that v(y); = [@ and 7,(N + 1) = i.
Hence, for all n € S;, there exist a unique k, > |w| and m < n such that 74, (n) = i and
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Tk, (m) = d+ 1. Since yg4q = [}, then |7, '(d + 1)| = 1. Define P := {z € Z : y(y). = [@l}.
Therefore,

: 34[(Uzep 7= ' (d+1)N[0,n]] : H(U.ep 72 ()N[0n]]
lim sup,,_, = > limsup,,_, S : (3.1)
Since y(z), =[] for all z € Z, we have that
U T, = Sy and
zeP
U7+ 1) = Sy
zeP

Therefore, from (3.1), we conclude that
3D(S(ar1y) > D(Sgiy)-
[

Notice that we know how ghosts behave between doors, how long it takes them to cross
two walls, and how to compare column densities for two given elements in A%. Using these
information, we can construct an equicontinuity point for the Pacman CA.

Proposition 3.12. Let z = ---[] Dgz[ﬂ []21[[] []20 [ Dzo[ﬂ []21[[] []22 -+, Then, x is a mean

equicontinuity point.

Proof. We divide the proof in two parts:
Part 1: Let m >0, m’ —m+3+2m+32l and y € X with

2m+3 2m+3

ye = - OO O OO - 0,

for a certain k. By Lemma 3.10, we have that, if z; =[], where 0 < j <m 43+ Zm+2 2!, then
for all N, N" > 0 such that TNyJ Rl =1V y;, satisfies [N — N'| > 2(2m3 —1). Now,

Si_inN|o SN0 S, anlo
lim sup {8 010,m]) < limsupw+limsup B(Si=y N1 a"])

$(S(;3N[0,No])

Define Ny = min Sg;;. Observe that ==5—5— = L. Let Ny = min Sp;; \ {No}. We have
that BSynoN]) o 2

N = Wi < N e Following this construction, for every r > 1, we
define N, = min(Sg;y \ {Vi}/Z, ). Observe that

BS,NIOND) g
N+ — N
< W.
Since
LTl 1 !
rlﬂnéolo r 2m+4_2+% _2m+4_2’
then S N[0, N, | |
. m , r
i 280 010N L
r—00 N, +1 2(2m+3 — 1) 2m+3

29



Similarly, we obtain

I .
e VA Qm+3
Thus,
_ B(S{=.5y N[0, N ]) 1
’ <
TN = gmiz

Part 2: By Lemma 3.11 and Part 1, we have that for all j € Z with z; =[], and

m—+2 m—+2
—(m+2+ > 2)<j<m+2+) 2,
1=0 1=0

then o _
3D(S{—aa1) = D(S{—j 1),

where d = m + 3 + Z?:(;Q 2!, Since D(S{_4ay) < 255, then D(S(_; ;) <

Proposition 2.20 gives us that x is a mean equicontinuity point.

1
smrz- Lherefore,

]

In the following statement, we state that the set of equicontinuity points is dense. The proof

of Lemma 3.13 is very similar to the proof of Proposition 3.12.

Lemma 3.13. Let m >0, w € A™ and
r= 00D 0 PO D

We have that x is a mean equicontinuity point.

We now present the main theorem of this section which states that the set of almost
equicontinuous CA is properly contained in the set of almost mean equicontinuous CA.

Theorem 3.14. (AZ,T) has no equicontinuity points (hence is not almost equicontinuous).

However, it is almost mean equicontinuous.

Proof. The first statement follows immediately from Proposition 3.9.
Now, let z € A%, m > 0, and w = z,,,. We set

y=--NF OO0 OO ome? - .

From Lemma 3.13, we conclude that y is a mean equicontinuity point. Therefore, (A%, T) is

almost mean equicontinuous.

3.2 The Pacman level 2 CA

]

Let A = {11, B G, &}, Ay = {{],,@} and T : AZ — AZ the Pacman CA of Section

3.1. We define Ty : AZ — AZ as

D Zf $Z‘:D;
Tox, = Zf x; = D)
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Now we will define some sort of skew product (see Example ??). We define Ap := A x Ay, and
the map Tp : AL — A% as

Tor, = (wa TQZ’Z) Zf L ¢ {(@7 )7 (a )a (a )}7
B (T, ) if ;€ {(E ), (@], 6), (B 6H)}
The following result is almost identical to Lemma 3.5; in fact, its proof follows immediately

from Lemma 3.5.

Lemma 3.15. Let m > 0, w € Ap, and

z ==, 0w (I, ([, ).

Then, there exists N > 0 such that for alln > N and all 0 < i < |w|,
Tpx; € {(p,q) :p € {110} N g € Az}

We want to show that (A%, Tp) is not almost mean equicontinuous. Using Proposition 1.12,
we need to find a non-empty open set that does not contain any mean equicontinuity points.

Lemma 3.16. Let m > 0 and w € A% such that wy = ([1,)). Then, there exist x,y € A% such
that

L[o,|w|-1] = Y[0,[w|—-1] = W
and the set
Zn>0 \ {n € ZLnzo : Tpwo # Tpyo}

s finite.

Proof. Let w € A} as in the hypothesis of the statement. Let us define
x =", ). w (0, ) (B, D) (L, )™

and

y = (L) (I, ) (D).

Using Lemma 3.15, we can assume, without loss of generality, that w; € {(p,q) : p € {{_ 1[I} Aq €
Ay}, Now, there exists N > 0 such that T3z = ([&l, ¢), where ¢ € {8, }. Meanwhile, for all
i > 0, we have that Thyo = ([, ¢) with q € {é),[@}. We have two cases to prove.

Case 1: TN xo = ([w], @9)).
This implies that 75 ™z = ([1,le8). Meanwhile, 75 'y = (1, ). Therefore, we can

easily see that T Ty # TH Ty, for all i > 0.

Case 2: Tz = (R], ).

Again, we have that T3 ™ zq = ([1,8). So, TH xq = TH 'y, for all i > 0. In this case,
we redefine

e (R ) (0 - (R B

and we finish the proof using a similar argument as the one given in Case 1.
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The following statement follows immediately from Lemma 3.16.
Lemma 3.17. Let v € A% such that zo = ([1},[). Then, = is not a mean equicontinuity point.

Notice that, for all € > 0, any y € B.(x), where 2o = ([ 1, [é4]), is not a mean equicontinuity
point.

Theorem 3.18. (AL Tp) is neither mean sensitive nor almost mean equicontinuous.

Proof. Let us show that (A%, Tp) is not mean sensitive, i.e., for every € > 0 there exists a open
set U C A% such that for every z,y € U

lim su < €.

From Proposition 3.13,
= (0,000 @O0 D@ OO DY@ OO 0 -

is a mean equicontinuity point. From Proposition 1.12, for every € > 0, there exists 6 > 0 such
that for all y, z € Bs(x)

" od(Thy, T
lim sup >oico WTpy, Th2) <e

Therefore, (A%, Tp) is not mean sensitive.
The fact that (A%, Tp) is not almost mean equicontinuous follows immediately from Lemma
3.17. 0

Naturally, this example cannot be a transitive CA.

3.3 Almost diam-mean equicontinuity 1

All the results in this section and their proofs are contained in [4].
The strongest form of diameter sensitivity is called cofinitely sensitivity (see Definition
1.19)[25]. It is easy to see that every cofinitely sensitive TDS is diam-mean sensitive.

In the proof of Lemma 3.3, we know exactly when a ghost crosses two doors in N iterations.
So, it is clear that, if we move the ghost one place to the right it will take N 4 1 iterations. To
generalize this idea we show the following:

Lemma 3.19. Let (X,T) be the Pacman CA and w € A" a finite word. We define the points
vt =~ TR ™.
Then, there exist N, M > 0 such that for every j € Z=o we have that TN+jxéw+j € {@ &=, =]}

Proof. First assume that w € {{J[J}T. By simple application of the rules of the Pacman
CA we can conclude that there exists Ny > 0 such that 7™z} € {@], &, [®l}. Furthermore,
since Tx® = 2~! we obtain the result for M = 0; that is, for every j € Zs, we have that

TNotigl e {5, @)
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For the general case, let w € A™ and x = [ Jw[ [ . Lemma 3.5 implies that there exists
M’ > 0 such that
T z; € {110} Vi > 0.

Since points y° : look exactly like the cases presented on the first part of the
proof, we conclude that there exist N, M > 0 such that for every j € Z, we have that
TN g™ € {@), B, [}

— TMIJTM/Jri

]

With the help of Lemma 3.19, we can construct a sequence of elements in any open set that
will help us to show that the Pacman CA is cofinitely sensitive.

Proposition 3.20. The Pacman CA is cofinitely sensitive.

Proof. Let w be a finite word and let z € [w]y such that z = *[_Jw[D[T°. Let (y")32, C [w]o
such that

y' =~ I8 .
By Lemma 3.5, there exists M > 0 such that for all n > M we have that
T e {0} Vi>0.
Hence, by Lemma 3.19, there exists N > 0 such that
A(TN+ig, TN+iyM+i) = |
for all 7 > 0. Therefore, the Pacman CA is cofinitely sensitive. O

Using a similar strategy, it can be shown that the Pacman Level 2 CA is also cofinitely
sensitive.

3.4 Shift-odometer example

The results of this section appeared in [5].

In this section, we will construct an almost diam-mean equicontinuous CA that is not almost
equicontinuous.

First, we define a CA that resembles an odometer (compare with Example 1.6). Let
A ={1tuZs={] 0], [T, [2]}. We define the CA T : AZ — AZ locally as follows: Tyx; =[]
if and only if z; =[], otherwise T1z; € {x;, (x; + 1)mod3}, with T1z; = (z; + 1)mod3 if and only
if ;41 € {{_],[2]}. In other words:

.

Zf €T; :D
if (vi=1[2 ANz € {] 21}V

(s = [0 Ay € AL\ {L], [21});
if (z; =100 Azyq € {121}V

(i = M A € A\ {L], 21});
if x=M0 ANz € {1121}V
L (s = 2l Az € A\ {L [21}).

The following example will help us to understand (A%, T}). Also, it helps us to see why
(AZ T), to some extent, resembles an odometer (see Example 1.6).

=[]

Thw, =

H

=
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Example 3.21. Let 2 € A% such that x5 = [[0][0][0][OJ]. We have that

Tzps = 0O O [0 @ [©O O s = O [0] []
Titzps = [ [ [0 [ [] TPxps = [ [0] 0] [
Tizps = [ [@ [0 [© [] Tz = [ []
Tixps = [ [0 [ 0] [] TVaps = [ []
Tirpy = 0O @ [ [] Tzps = [ 0] [0 [ O
TPxps = [ [0 [0 [] TPzps = [ [0] [0] []
Txps = O [ [0 0] [] TPx05 = [ [0] [0] []
Tizpy = O W@ [] Tt'zps = O [0] 0] [
TPxps = [ [0 [] TPxps = [ [0] []
Txps = 0O 0] [0 [0 [ TPz = [ [0] []
Tz05 = [ [0] [0] [] T aps = [ [0] 0] [
THaps = [ [0] [0] [] TPz = [ []
TPz = O [0] 0] [] TPz = []
T [] [0] [] Tfzps = O 0O 0O @ O O

Now that we have looked at Example 3.31, we can see that “empty” remains fixed and is not
influenced by any of its neighbors; a difference from the odometer. In addition, the following
remarks add observations that are easy to verify.

Remark 3.22. Note that the CA T) has anticipation 1 and memory 0; that is, Tizy only
depends on xg and x;. Hence, if x; =y, y for every ¢ < 1 then Tix; = Ty, v for every ¢ < 0.

Remark 3.23. It is not difficult to see that 77 is almost equicontinuous. In fact, [ ]is a blocking
word, i.e., if x,y € AZ with Tt m] = Ypm!;m] a0d T, = [, then T ) = 17y m) for every
n > 0. Moreover, in this situation, one can check that there exist M > 0 and p > 0 such that
TlMpr[m/,m] = TM () for all i > 0.

Given a CA (X, T), we say a point x € X is periodic with period p if TPx = x. This should
not be confused with the statement, T"x is periodic, which means that the sequence with
respect to n is periodic. We will now state some statements that help us to understand the
behavior of T73.

Lemma 3.24. Let x := [ ].[0] [ . Then x is a periodic point with period 3.
Proof. Observe that Tix; =[] if and only if z; =[_]. Hence,
o Thzy = and Tyz; =[] for all i € Z \ {0};
o TPry=[2] and TZz; =[] for alli € Z\ {0}; and
o TPxg = [0] and TPx; =[Jfor alli € Z\ {0}.
Therefore, x is a periodic point with period 3. ]

The following lemma shows that, if we start adding [0] to = we can change its periodicity;
although this does not necessarily have to happen as we will see in Lemma 3.27.
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Lemma 3.25. Let x := <[ ].[0][0] [ I°. Then x is a periodic point with period 9.

Proof. Remark 3.23 and Lemma 3.24 implies that T3%z; = 1 and T3%z; =[] for all i € Z\ {0, 1}
and for all k£ € Z>(. Thus, we have that:

o TPz = [ [0] and TPz, =[Jfor alli € Z\ {0,1};
o TPz = (2] [0] and TPx; =[Jfor all i € Z\ {0,1};

o TPz = [0] [0] and TP2; =[Jfor all i € Z\ {0,1}. Therefore, z is a periodic point with
period 9.

]

From the proof of Lemma 3.25, we can conclude the next result. Although the following
lemma seems redundant because it is very similar to Lemma 3.25, it helps us to see what exactly
happens at the 0th coordinate of x.

Lemma 3.26. If x :=°°[].[0][0] [, then
1. Tizg = [0 for all 0 < i < 2;
2. Tiwg = [ for all 3 <i <5;
3. Tixg = [2 for all 6 <1 < 8.

As we mentioned before, something to be careful about is that the period does not necessarily
increase if the amount of [0]s increases (one of the differences with an odometer). The following
result is an evidence of the previous comment.

Lemma 3.27. Let y := °[_].[0][0][0] [ *°. Then x and y are periodic points with period 9.

Proof. By Lemmas 3.25 and 3.26 we have that
Tlly() = @a
for all 0 < ¢ < 6. Observe that ' '
TP yo = Ty,
for all 0 < i < 3. Hence, Ty = [0] [0] [0] and T}y, = for all i € Z )\ {0,1,2}. O

Since the periodicity of x changes if it has one or two [0]’s while the periodicity is the same

when it has two or three [0]’s, it would be nice to determine exactly how many [0]’s it takes to
change the periodicity and when it is preserved. In other words, we want to generalize Lemmas
3.24 to 3.27. For that endeavor, we need the following result, which gives us some conditions for
when we want the first n iterations, of two close points of (AZ,T}), to stay close.

Lemma 3.28. Let m,k > 0, and x,y € AY such that o = ypx, and {Tizy, Ty} C
{21} for every i € [0,m]. Then Tixypx = Tiypx for every i € [0,m].

Proof. The proof can be obtained using Remark 3.22; the shift commuting property of a CA,
and the fact that if 2/, ¢’ satisfies that z( =y} and {z}, vy} } C {{J, 2]}, then T1z{ = T1y}.
O
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The following proposition gives the desired generalization of Lemmas 3.24 to 3.27.

l
Proposition 3.29. Let | > 1,1 < j < 2!, 2l .= OOD.@Q [ and y*7 = ><[]. @Qﬂ I

Then:
1. 2t and y"7 are periodic points with period 3!
2. We have that:

o Tizh =10 for all 0 <i < 3l;
o Tizh =[1] for all 3" <i < 2(3Y);
o Tizh =1[2] for all 2(3') <i < 341,

Proof. Let us shows part 2 firstly, we will prove the result by induction on [. From Lemma 3.27,
we obtain the result for [ = 1. Assume the result holds for [ = k. Now, let [ = k + 1. By the
induction hypothesis and Remark 3.23 we have:

oTZ’chrl [0] for all 0 < i < 3
o Tiaht' = [ for all 3F < i < 2(3);

o Tiaht' = [2] for all 2(3%) < i < 3M1,

k
Hence, we have that Tjx f0+21,9) — @ forall 0 <i < 2(3%). Observe that

2k 2k
Tl( ) ﬁ)_'_zlk] @ and xf;l:;k+1] - @ D
Using Lemma 3.28 and the fact that 77 commutes with the shift, we obtain that

2(38)+i k41 i k41
h 0.2%) = L1%gk grs1);

for all 0 < i < 3*. This implies that szlgﬂ = [0] for all 0 < i < 3F+1,
2k+1_1

By the induction hypothesis we have that y*2"~! = >[] .[0] [ has period 3¥*!. Since
](“(Ekﬂ] = y[o 2k+1 > Remark 3.23 gives us that
T3 gkl Lht M1
Loar+1) = Lgartr) =

Thus,
2kt

T3k+1 1$F0+21k+1] @ . D, and

ok+1_1q

k+1
(N I T |
By this, and a similar use of the induction hypothesis, we obtain that

. Tf’kH“ kEL— [0] for all 0 < i < 3%,

o TH iy Ml = [ for all 3F <i < 2(3%);
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o Ty M= [2] for all 2(3%) < i < 3FH,

Then T?’k+ tig @*;k = (1] @ " for all 0 <4 < 2(3%). So, using Lemma 3.28 and the fact that

T, commutes with the shift, we have that

k+1 i ’L
T3 + ][C0+21k) Tl F;IC_IQkJrl)
for all 2(3%) < i < 3k+1. Therefore, Tizf ™ = [1] for all 3**1 < i < 2(3*1). In a similar way, we
have that TizE™! = [2] for all 2(3"*1) S i < 32, Hence,

o Tizith = [0] for all 0 < i < 3F+1;
o Tizht! = [1] for all 3F+1 < i < 2(3F+1); and

o Tizt™ = [2] for all 2(3F+1) <4 < 3k+2,

Therefore, zF! has period p = 3¥+2. With this, we conclude part 2 of the proposition.

Now, let 0 < j < 281, Using part 2 of the proposition, we have that Tfy{%“’y = @ for all

0 < i < 2(3%1). Using Lemma 3.28 and the fact that T} commutes with the shift, we obtain

that (341
2(3 +i k+1,5 7
1 Yoy =T

for all 0 < ¢ < 3FF1. Since z* has period 3+ we have that

[2k+1,J 2k+1)

T3k+1 FQ_Zil J2k+1] @ D
Therefore, y*t17 has period 2(3%1) + 3*1 = 3**2_ With this we conclude part 1. O

Already at this point in the section, we could easily think of the elements of A% that remain
fixed or eventually fixed. The following proposition tells us when the elements of AZ do not
remain fixed or eventually fixed.

Proposition 3.30. If x € A% is such that x; =[] for some j € Z, then for all i € N we have
Tt € {1, 21} for infinitely many n > 0.

Proof. We will prove this result by induction on i. The result follows for ¢ = 0 using straightfor-
ward applications of the rules of the automaton (as in Lemma 3.24). Assume the result holds for 1.
We may assume that x;_; # [ ] and x;_;_1 # []; otherwise, the result is straightforward. Hence,
we have that {n > 0: T7'z;_; = [2]} is infinite. Furthermore, by the rules of the automaton for
every n' € {n > 0:TPz; ; = [2]} we have that 7" "'z; ;, ; = (T"x; ;1 + 1)mod3. With this
we can conclude that for all ¢ € N we have T7'z;_; € {{_], [2]} for infinitely many n > 0. O

Now we will combine T} with the shift map. Let Ay = {{ ][}, and o : AZ — AZ the shift
map.
Let A= A; x Ay. At times we will identify A with the following set

A= {0, 0,2, 0@ 2}

Note that with this notation, we identify the point [ ] x [ ] € A with [_] In general it will be
clear which [_] we are referring to. Let v, : A — A; and v, : A — A, be the projection functions.
We also extend such functions to AZ — A% and A% — AZ| respectively.
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We define the CA T : AZ — AZ locally (and coordinate-wise) as the only CA satisfying:

(m(Tx)); = (Thn(x));, and
(72(Tz)); = (072(@)); if {’ @} NA{zi, zis1} # 0,
)

(v2())s otherwise.

In other words, on the first coordinate T acts exactly as T7; on the second coordinate, an
arrow advances to the left if and only if the first coordinate is a [ ] or a [2]. In case two arrows
overlap they superimpose each other.

In the Introduction, we mentioned that the previous construction is a “local” skew product.
On a skew product the phase space is the product, one coordinate acts normally and the second
acts only if the first coordinate is in a certain position. The main difference is that here the shift
only acts locally.

Though the next table is not needed for the proofs, we provide it in case it is of assistance to
the reader.

([ if z e {0} Az € A\ {=, 2}
if me{lJ} Az € {4 21}
[0 dif (v € {2, 2]} Azipa € {[],21})V;
(z; = [0 Az € A\{1E, 2, @));
if (zi=[0 Az € {0,121}V,
(i = M Aziyr € A\ {1, 21, [2});
if (z; =0 Az € {12}V
T, = (zs € {2], 2} A i1 € AN AL [, 120, [21});
[ if (v e{2,2} Avia € {21V
(zi = [ A xi1 € A\ {1, 21, 21});
if (zi=[00 Az € {52}V
(x; =[O Az € {1, 2], 21}V
(z; =M Az € A\{OE, 2,2}
2] if (z;= ./\$z+1€{. 21})v
| (x; =[Nz € {1, 21, [2]}).

Example 3.31. Let € A% such that r0,6) = 0] [0][0][OJl=] [[]. We have that
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T 2,6 (] [0 [©] [0] [0] L] T 206 L] [0] 1 O
T'zpe = 0O @ 0O @ @ O O TYxpe = [ [T [0 0 [ [
T’rpg = 00 0 O O 2 OO T = [ 1 O
Tirpg = [ [0 [0 o [ O T xpg = [ 1 O
T'rpe = [ [0 [0 N TSz = O 2 [0 0 O O O
TPxpe = [ [0 [0 N TYzpg = [0] [0O] 1 [
Tozpe = 0O @ O 2 O O O T 2pg = [ [0] [0] 1 O
T'rpg = [ [ N T*'zpe = [ [0] 0 [ [
TPrpe = [0 [0 [ N T*xpg = [ [0] 1 O
Trpe = [ 0 [ [0 ] [ Txpg = [ [0] 1 O
Txpg = [ [0] [0] 1 [ T*xpg = [ [0] 0 [ [
T"zpe = [ [0] [0] N T*zpe = [ 1 O
Tz = [ [0] 0] [ O Tz = [ O O
T2 L] [0] N T 1)) ] [@ [ [ 0 O

In the Pacman CA we looked at how long it would take for a ghost to go through two doors,
but we don’t know exactly what iterations the ghost goes through. In the constructed CA, we
are able to know in which possible iterations the arrow can pass through consecutive [0]s and

exactly in which iterations it does not. Let us start with one [0].

Lemma 3.32. Let x € A% such that rp2 = L] [0] . Then T"xg =[] for all n # 3k, where
k>1.

Proof. From Lemma 3.24 we have that v, (T"z,) = [2] if and only if n = 3k — 1, where k& > 1.
Then, T"zy =[] for all n # 3k, where k > 1. O

As we saw in the proof of Lemma 3.32, the periodicity of (T ix[0,2])i6220 was used for when it
is a single [0]. Now, for what we will continue taking advantage of the periodicity but for 2!
[0]’s, where [ > 0.

l
Lemma 3.33. Let | > 0, v € A% such that Tpooi1] = L] @2 [, and k € N. If n # k(3"7!) +
2(3") + 1 then TMxo =[]

Proof. By Proposition 3.29 we have that Tz, has period 3*! and
o v (T'xy) = [0] for all 0 < i < 3
o v (Tixy) = [I] for all 3! < i < 2(3Y);
o v (Tixy) = [2] for all 2(3") < i < 3IFL.

Note that in general for a point y € X, if v1(y1) ¢ {{_], [2]} then v2(Tyy) = []. This implies
that T'zg =[] for all 4 < 2(3'). Furthermore, note that configurations on position 1 imply that
i (Tixy) # [2] for all 2(3!) < i < 3 — 1. Hence, vo(T?z;) =[] for all 2(3') +1 < i < 3'*1) and
thus T 'z =[] for all 2(3!) +2 < i < 3!, This concludes the proof for k = 0. Using periodicity
we conclude that T"zy =[] for all n # k(3"!) 4 2(3!) 4 1, for some k € N. O
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Considering # € A% such that ~,(z;) = [0] for all i € Z then we have that v, (T"x;) = [0]
for all 7+ € Z and for all n > 0. In other words, the arrows found on z will always stay in the
same place. So, Proposition 3.30 guarantees that, at least for a part of the element mentioned in
the Proposition 3.30, that the arrows keep moving to the left as we iterate. This motivates the
following lemma.

Lemma 3.34. Let x € A” and j € Z such that yo(x;) =[] for all i > j and v (z;) =[]. For
every k € Z there exists N > 0 such that yo(T"zy) =[] for every n > N.

Proof. Let us assume that vo(x;_1) = If v1(x;_1) =[], then yo(T'z;—1) =[Jand o (Tx;_2) =
[=]. But, if 1 (z;—1) € {[0], 1], 2]}, then from Proposition 3.30 we have that vo(T"x;_1) =[]
and yo(TV 2, _5) =[ for n > N = min{n > 0 : v (T"z;_1 = [2])}. This case repeats for all
1< g — 1 O

The following statement will be used to show that (A%, T) is not almost equicontinuous.

Proposition 3.35. Let m > 0 and w € A*™*'. There exists x,y € A” with x_pm = w =
Yl—m,m] such that T"xy # T"yo for some n > 0.

Proof. We set x; =[] and y; = [=], for every i € Z such that |i| > m. By Lemma 3.34 we
have that there exists N > 0 such that for all n > N we have that vo(7"z;) = [] for all
i € [-m,m]. Since y; =[] for all @ > m and an application of Lemma 3.34 also gives us that
{n € N : % (T™yy) =[]} is infinite.

m

Proposition 2.22 helps us to recognize when x € A% is an equicontinuity point by comparing
the “density of its columns” with elements close enough to the x. Therefore, it is important to
analyze the densities of consecutive [0]s. In the following lemma, we will use the sets SPM (x, m)
defined in Definition 2.21.

l
Lemma 3.36. Let x € A” such that T4 = L] @]2 [ ], where l > 0. Then

_ 1
D(S{Y (z,2' + 1)) = ST

Proof. There exist y,z € A% such that Y2141 = To2+1] = Z[0,2i41], Yolq1+i = L] = Yy, and
Zoiy144 = [=and z_; =[], for all ¢ > 1. Hence, we have that

Sy (@2 +1) = {i e N:i =37k +2(3) + 1V k > 0}
Therefore,

D(S{Y (z,2'+1)) =D({i e N: i =3""k+2(3) +1V k > 0})

k 1
1?1_}8013}) 3i+1E + 2(3l) + 1) 3i+1

[l
Remark 3.37. Let m > 0 and z € A? so that v, (z,,) =[] and va(z;) =[] for all i € Z. Then:
SGY (z.m) = {i €N: 3y € Bu(w), »(T'y;) =}

and
S{D_Af}(x,m) ={ieN:3Jye€ B,(z), Ty, =},
for all |j| < m.
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-1 !
Lemma 3.38. Letl >0, w =[] o’ O’ [, 2 :=<Jwl ], and m = 2"+ 271 +2. Then

D(Sgy'(w,m)) = D(SHs,y(x,m)),
Q(S?%(x,m)) = D(Sg{wlﬂ}(a: m)), and
DSV (e,m) < (23 + DD(SEY, (2, m)),
for all 1 < <2071

Proof. For any y € B,,(z) one can check that vo(T™ygi-1,1) = 1 if and only if 7o (7726 y,) =
[=]. Using this and Remark 3.37, we obtain that

Stoy (w,m) = +S32 (w,m) +2(371).

Therefore,
(5{0} (z,m)) = (5{2; 1+1}(517 m)).

Notice that for any y € By, (z) and ¢ > 0 we have that T""'y_;;1) = [& if and only if
T"y_; = [=]. This implies that

Hence,
DS (x,m)) = D(Sit (@, m)).
Lastly, let 1 <4 < 2=, By Lemma 3.29, we have that

e v (T"x,) = [0] for all 0 < n < 371
o v (Tmxy) = [I] for all 3171 < n < 2(3171);
o v (T"x,) = [2] for all 2(371) <n < 3.

This implies that for any y € B,,(z) we have that yo(T™y;) = [ for at most 2(3'~!) consecutive
n. Hence, by Remark 3.37 we can conclude that

B(SEY (@, m) N0, (k+1)377]) < (2(37) + 1)ﬂ(5{21 oy (2, m) N[0, (k + 1)34+1)),

for all £ > 0. Therefore,

D(Sty (w,m)) < (2371) + DD(Siita gy (w,m)).
O

One of the objectives in the construction of this example is to show that diam-mean
equicontinuous points exist and that they are dense. Hence the importance of the following
proposition.

Proposition 3.39. Let k > 0, w € A* and

on

=" 000 00 - O

We have that x is a diam-mean equicontinuity point.
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Proof. We will prove that z is a diam-mean equicontinuity point with the use of Proposition
2.22. Let m > 0. First notice that, without loss of generality we may assume that vo(w;) =[]
for every 1 < i < k (from Lemma 3.34 there exists M > 0 such that yo(T™z;) = [] for all
0<i<k). Let I >0 so that k < 2! and

2371 + 1) o1
3l+1 - 2m+2'

Let k<j<k+1+ Zi;o 2!, By applying Lemma 3.38 recurrently (and using that k < 2), we
have that

J— l i _ - l 7
D(SPG (@ k+1+302) < 267+ DS s (@ k+ 1430, 2Y).

Using that k < 2! and similar techniques as the ones used in the proof of Lemma 3.38 we can
conclude the same inequality for j < k -+ 1+ Zi;é 2!, By Lemma 3.36 and the choice of [, we

obtain that .

2(3-141
< %
< 1

2m+2 .

E(‘S{D—]\j{j}(x? k+1+ Zizo 2'))

Therefore, by Proposition 2.22, we have that x is a diam-mean equicontinuity point.
O

We conclude this section with the following statement and the main purpose for building
this example.

Theorem 3.40. (A% T) is almost diam-mean equicontinuous but not almost equicontinuous
(and also not mean equicontinuous).

Proof. From Proposition 3.39 we have EQP”M is dense. Hence, by Proposition 1.12, EQP is
residual. So, (A% T) is almost diam-mean equicontinuous. By Proposition 3.35 there are no
equicontinuity points. Therefore, (A%, T') is not almost equicontinuous. O

The next result is not in [5].
Proposition 3.41. (A%, T) is not cofinitely sensitive but it is syndetically sensitive.

Proof. Let w € AT such that w =[] [0]. From Lemma 3.36 we have that Nr(Jw],1) is not a
cofinite set. Let w € AT. Without of lost of generality, let us assume that w; € {{], [0], [11, [2]}.
Let us fix z = *°[0].w[0]” and *[ JwE®. By Lemma 3.38 we have that D(SPA (2, [w])) > 0
for all 0 < i < |w|. Hence, Np([w]o, 1) is syndetic. Therefore (A%, T') is syndetically sensitive. [J

3.5 Diam-mean sensitivity

All the results in this section and their proofs, except for Corollary 3.44 and Proposition 3.45,
are contained in [5].

In Section 3.2, we construct Pacman Level 2 to show that Kurka’s dichotomy does not hold
for the mean version. Similarly, we will construct a CA that shows that the diam-mean version
of Kurka’s dichotomy does not hold.
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Let T : AZ — AZ the CA from the Section 3.3 and Az = {a, b, c}. We define T3 : AZ — AZ as

a if x;=a;
Tgl’i = b Zf T; = Cj
c if ;=0

We set Ag := A x As. For every x € Ag, we have that 2! is the component on A and z?
is the component on Az. Let id : AZ — A% be the identity function and Ty : AZ — A% a CA
defined locally with

Tez; { (Tx},id(z7))  if ya(z;) =

(Tz}, Tyx?) otherwise.

Thus, on A, Ts behaves exactly as T, and on Ag, as T3 except if there is an arrow on the first
coordinate. When this happens the periodicity on b and ¢ changes.
In the next lemma, we establish that the set of diam-mean equicontinuity points is not dense.

Lemma 3.42. Let m > 0 and w € AZ such that wy = ((],b). Then, there exist x,y € AL such
that

Lo, |w|-1] = Y[o,jw|-1] = W
and the set
ano \ {n < ano : Tgl’o 7é Tg’yo}

is finite.
Proof. Let w € A¥ as in the hypothesis of the statement. Let us define
r=""(1a)w(a)],a)®
and
y=""(1a)w(]a)™.
Using Lemma 3.34 we can assume, without loss of generality, that
wi € {(p,q) :p {1, [0), 1], 2]} A q € A5}
Now, there exists N > 0 such that T2z = (5, q), where ¢ € {b, c}. We have two cases to prove.
Case 1: T xo = (5,0).

This implies that T +1$0 = ([J,b). Meanwhile, T2 'yy = (], ¢). Therefore, we can easily
see that T4 T xy # TH Typ, for all i > 0.

Case 2: T xo = (5, ¢).
Again we have that T3 ™z = (], ¢), so Ta T'ag # TE Ty, for all i > 0.

]

Notice that for all e > 0, any y € B.(x), where o = ([_],b), is not a diam-mean equicontinuity
point.

Theorem 3.43. (A%, Ts) is neither diam-mean sensitive nor almost diam-mean equicontinuous.
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Proof. From Lemma 3.42 we conclude that for every z € AZ such that zy = ([, b), we have that
x is not a diam-mean equicontinuity point.
From Proposition 3.39, we have that

2 = (,a).(J, a)([0], a)((), a)([0), @)*((], a)([0, )" - (T, @) ([0}, @) -

is a diam-mean equicotinuity point. Hence, for all € > 0 there exists [ > 0 such that

=0 diam(Té(BHzi:O 2i(7)))

lim su <e.
Therefore, (A%, Ts) is not diam-mean sensitive. ]

From Pacman CA Level 2 we have that there are CA that are neither almost mean equicon-
tinuous nor mean sensitive. Now, from (A%, Ts), we have that there exist CA such that they are
neither almost diam-mean equicontinuous nor diam-mean sensitive. Is (A% Ts) mean sensitive
or almost mean equicontinuous? The answer is none, as we will see in the next corollary.

Corollary 3.44. (A% Ts) is neither mean sensitive nor almost mean equicontinuous.

Proof. From Lemma 3.42 we have that (A%, Ts) is not almost mean equicontinuous; and by the
second part of the proof of Theorem 3.18, we have that (A%, Ts) is not mean sensitive. O

As we saw, (AZ Tg) is neither mean sensitive nor almost mean equicontinuous. So, where
does this AC lie?

Proposition 3.45. (A%, Ts) is not confinitely sensitive. However, (A%, Ts) is syndetically
sensitive.

Proof. Let w € AL such that w = ((J,a)([0),a)(C],a). From Lemma 3.36, we have that any
x € [w] satisfies that

D(S1ey (. Jwl)) <

Wl

Hence, we have that (A%, Ts) is not confinitely sensitive.

Let w € AY. Without loss of generality, let us assume that w; € {(p,q) : p € {{J, [0J, I, 2I} A
q € Ag} for all 0 < i < |wl|. Let fix z = (], a).w(],a)* and y = *°(_],a).w(],a)>. By the
above, we have that 5(55?4(1’, |w|)) > 0 for all 0 < i < |w|. Hence, Nry([w],1) is syndetic.
Therefore, (A%, Ts) is syndetically sensitive. O
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Chapter 4

Final comments

For this final chapter we will see some questions derived from the results of our research and
other questions related to the topic of our research. We will divide the chapter into small sections
to give context to the questions raised.

4.1 Minimal TDS

A minimal TDS is mean equicontinuous if and only if it is not mean sensitive (see [22, 13].
Considering Proposition 2.10, we ask.

Question 4.1. Does there exist a minimal subshift (X, o) and a CA (X, T) that is neither mean
equicontinuous nor mean sensitive?

We remind the reader that a TDS is expansive if ther exists € > 0 such that for every z,y € X
there exists n > 0 such that d(7T"z,T"y) > ¢. We know that every expansive CA is sensitive,
thus we ask.

Question 4.2. Is every expansive CA mean sensitive?

4.2 One dimensional CA

In Chapter 2 we saw some examples of Elementary Cellular Automata (ECA). We conjecture
that a stronger dichotomy holds in this case.

Question 4.3. Is every elementary CA that is not almost equicontinuous cofinitely sensitive?

So far, we have seen that all the examples presented in this thesis are either cofinitely sensitive
or syndetically sensitive. Even (A%, Ts) is neither almost mean equicontinuous nor diam-mean
sensitive, but it is syndetically sensitive.

Question 4.4. Does there exist a one-dimensional CA that is neither almost mean equicontinuous
nor syndetically sensitive?

Another more general question is the following:

Question 4.5. Does there exist a CA that is almost mean equicontinuous that is niether almost
diam-mean equicontinuous nor diam-mean sensitive?
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4.3 Monotone and conservative CA

Let (AZ,T) be a CA, with A ={0,...,q — 1}, with ¢ € N, and let Cp be the set of all periodic
configurations in AZ; for each ¢ € Cp choose a period p(c). Let ¢ be a function ¢ : A> — R,
where b is a non-negative integer. Then ¢ is said to be a non-increasing additive quantity
under 7" if and only if

)—1

D STk T(rgp) < O(Chy - -, Crip_1), Ve € Cp. (4.1)
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Similarly, ¢ is said to be non-decreasing additive quantity if condition (4.1) holds with the
inequality in the other direction. It is easy to see that ¢ is non-increasing if and only if -¢ is
non-decreasing. If ¢ is both non-increasing and non-decreasing, it is said to be a conserved
additive quantity. We said that ¢ is monotone if it is either non-increasing or nondecreasing.
The Pacman CA is monotone but not conservative.
A CA is said to be conservative if A is a subset of the integers and the identity is conserved.

Question 4.6. For conservative CA, is almost equicontinuity and not mean sensitivity equivalent?

4.4 Measure sensitivity and equicontinuity

Definition 4.7. Let (X,T) be a TDS and p a Borel probability measure on X.

1. We say (X, T) is u-equicontinuous if for every 7 > 0 there exists a compact set M C X
such that u(M) > 1 — 7 and for every € > 0 there exists § > 0 such that if z,y € M and
d(x,y) <6 then d(T"z, T"y) < e Vn € N.

2. We say (X, T) is pu-sensitive if there exists € > 0 such that

px p({(z,y) € X*:3In € Ns.t. d(T"z, T"y)}) = 1.

Transitivity plays an important role when talking about the Akin-Auslander-Berg dichotomy
(see Theorem 1.7). Now to talk about equicontinuity involving measures it is natural to introduce
the concept of ergodicity which plays an important role for the Huang-Lu-Ye dichotomy.

Definition 4.8. Let (X,T) be a TDS and p a Borel probability measure. We say that p is
ergodic if (A) =0 or 1 for every Borel set A C X such that T7!(A) = A.

Theorem 4.9. [19] Let (X,T) be a TDS and p a T-ergodic Borel probability measure on X.
Then (X, T) is p-equicontinuous if and only if it is not u-sensitive.

Just as we have Kurka’s dichotomy for CA, we also have a dichotomy for CA with respect to
p-sensitive and p-equicontinuous without assuming ergodicity with respect to the CA.

Theorem 4.10. [16] Let (AZ,T) be a CA and u a o-ergodic Borel probability measure on X.
Then (X, T) is p-equicontinuous if and only if it is not p-sensitive.

Note that for the theorem above u may not be T-ergodic.
Naturally we may define the mean versions of u-sensitive and p-equicontinuous.
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Definition 4.11. Let (X,T) be a TDS and p a Borel probability measure on X.

1. We say (X, T) is p-mean equicontinuous if for every 7 > 0 there exists a compact set
M C X such that u(M) > 1 — 7 and for every ¢ > 0 there exists § > 0 such that if
z,y € M and d(x,y) < 6 then

1 <& . .
li — d(T'z, T"y) < e.
1msupn; (T'z, T'y) < ¢

n—0o0

2. We say (X,T) is u-mean sensitive if there exists € > 0 such that

1 < o
X u({(:c,y) € X7 :lim sup — Y d(T'z, T'y) > g}) = 1.
=1

n—soo 1 i

We now have the analog of Theorem 4 for the mean y version (the Garcfa-Ramos dichotomy).

Theorem 4.12. [13] Let (X, T) be a TDS and p a T-ergodic Borel probability measure on X.
Then (X, T) is p-mean equicontinuous if and only if it is not p-mean sensitive.

Definition 4.13. Let A be an finite alphabet and m > 0. The Bernoulli measures are defined
on cylinder sets and then extended to the whole sigma-algebra; that is, let w € A™, where n > 0,
(W] = {z € A% : T}y i jw)) = w} we have that

|w]
u(fuln) = [ oo
i=1
where p; is the probability of w; for 1 <i < |w].
Having these tools and influenced by the work in these thesis we have the following questions.

Question 4.14. Is there a one-dimensional CA and a Bernoulli probability measure i, such
that the CA is p-mean equicontinuous but not p-equicontinuous?

Question 4.15. Is there a one-dimensional CA and a Bernoulli probability measure i, such
that the CA is neither p-mean sensitive nor j-mean equicontinuous?
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