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0. Introduction

A one-dimensional cellular automaton is a complex system defined by a local rule which acts on a configuration space
A% synchronously and uniformly. These simple models exhibit a wide variety of dynamical behaviors. During the last
twenty years there have been several attempts to classify them according to their complex behavior. This problem starts
with Wolfram [20] who proposed an empiric classification. He suggested four different types of behavior according to the
observation of the space-time diagrams produced by the evolution of cellular automata.

Although the work of Wolfram was informal, this classification gave a determining impulse to the study of cellular
automata and a lot of authors started to give new formal classifications. From the point of view of topological dynamics,
Gilman [9] proposed a classification according to the sensitivity to initial conditions with respect to a Bernoulli measure and
Hurley [12] classified according to their attractors. Afterwards, Ktirka [ 15] refined these two ideas and proposed a third one
based on the possible language theoretical properties of codings of orbits in relation to a clopen partition. However, these
classifications remain unsatisfactory from the qualitative point of view since the (considered) product topology privileges
the central coordinates, while there is no reason to give more importance to coordinates around 0 than others. Thus, simple
cellular automata like the powers of the shift map are sensitive to the initial conditions. This is not in accordance with the
intuitive idea that appears when observing the extremely regular space-time diagrams of these cellular automata.

Previous classifications only take into account the action of the cellular automaton, without looking explicitly at the shift
map denoted by o. In order to capture the complexity of the structures observed in the space-time diagrams produced by a
cellular automaton F, it is natural to study the combined action of F and o. That is, the Z x N-action given by the family of
maps {o™ o F" : n € N, m € 7} (in contrast with the N-action defined by F and the Z-action defined by o). A shortcoming is
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that the Z x N-action inherits expansivity from the shift map, independently of F. Thus we must restrict to a sub-semi-group
of Z x N. In fact, since Z x N can be embedded into R?, one can define a suspension of the action and consider directional
dynamics according to a subspace of R?. This allows us to study irrational directions.

Inspired by the work of Boyle and Lind [1] on directional expansivity for general Z-actions, in this paper we study
directional dynamical properties of cellular automata from a topological and measure-theoretical point of view. This study
allows us to generalize classifications of [9] and [15] but according to a given direction. The main result of this article is the
characterization of the set of equicontinuous directions, directions containing equicontinuous points, expansive directions
and p-almost equicontinuous directions for an invariant measure . These results reveal a discrete geometry in the space-
time diagrams.

1. Different actions on the configuration space A~

1.1. General semi-group actions

Let M be a semi-group and X a compact metric space. One says M acts on X if for any m € M there is a continuous map
T" : X — Xand T™" = T™ o T" for all m, n € M. The pair (X, T) is called a dynamical system.If M = N or Z then T = T! is
a generator and one speaks about the M-action T.If M = Z x Nor Z x Z, S = T%9 and T = T are generators and one
speaks about the M-action (S, T).

A morphism between dynamical systems (X, T) and (X', T') is a continuous function 7 : X — X' suchthat w o T" =T™ o 7
for all m € M. If 7 is surjective (X', T') is a factor of (X, T); if & is injective (X, T) is a sub-system of (X', T'); if & is bijective
(X, T) and (X', T') are conjugate.

The following are the main dynamical properties of an action we will need (for more details see [10]). Let d be a metric
in X.

e (X, M) is M-equicontinuous if for all & > 0 there exists § > 0 such that if d(x, y) < & then d(T™(x), T"(y)) < ¢ for all
m e M.

e x € X is a M-equicontinuous point if for all ¢ > 0 there exists § > 0 such that for all y € X with d(x,y) < & one has
d(T™(x), T"(y)) < & for all m € M. Denote Eq" (X, T) the set of M-equicontinuous points of (X, T).

e (X, M) is M-sensitive if there exists ¢ > 0 such that for all x € X and § > 0 there exists y € X and m € M such that
d(x,y) < §and d(T"(x), T"(y)) > e.

e (X, M) is M-expansive if there exists € > 0 such that for all x # y there exists m € M which verifies d(T" (x), T"(y)) > e.

Let us remark that in the literature a N-expansive action is frequently called positively expansive and a Z-expansive action
is called expansive. In this article we prefer to precise the nature of the action.

1.2. The space dimension: Z-action of the shift on A%

Configuration space. Let 4 be a finite set and A the configuration space of Z-indexed sequences in . If A is endowed with
the discrete topology, 4” is metrizable, compact and totally disconnected in the product topology. A compatible metric is
given by:

VX, ye AZ, dC(X, y) -2~ min{|i|:x;#y; iez)'

Consider a not necessarily convex subset U C Z. For x € AZ%, denote x;, € A" the restriction of x to U. Given w € 4", one
defines the cylinder centered at w by [w]y = {x € A” : x, = w}. Denote by A* the set of all finite sequences or finite words
w = Wp...wn_1 with letters in 4; |w| = n is the length of w. When there is no ambiguity, denote [w]; = [W]}; it jw—1)-

Shift action. The shift map o : A” — A is defined by o(x); = x;.1 for x = () mez € A% and i € Z. It is an homeomorphism
of A~

A closed and o-invariant subset ¥ of A% is called a subshift. For U C Z denote £L5(U) = {xy : x € X} the set
of patterns centered at U. Since X is o-invariant, it is sufficient to consider the words of length n € N, so we denote
L) = {xjon-1y : ¥ € X}. The language of a subshift X is defined by £y = U,cyL5(n). By compacity, the language
characterizes the subshift.

A subshift & C A is transitive if given words u, v € /£, thereisw € £ such thatuwv € L. Itis mixingif givenu,v € L
there is N € N such that uwv € £, for any n > N and some w € L5 (n).

A subshift » c A? is specified if there exists N € N such that for all u, v € £ and for all n > N there exists a o-periodic
point x € X such that xg, jy—1; = v and Xjn4juj,ntju+1v—1; = v (see [8] for more details).

A subshift & C A” is weakly-specified if there exists N € N such that for all u, v € £ there exist n < N and a o-periodic
pointx € ¥ such that X[0,|u-1] = U and X[n-t|ul,n+ul+[v|-1] = V.

Specification (resp. weakly-specification) implies mixing (resp. transitivity) and density of o-periodic points. Let X be a
weakly-specified mixing subshift. By compacity there exists N € N such that for any x,y € ¥ and i € N there exist w € L,
lw| < N, and j € Z such that x_ e W (¥)[i+1w).c0) € 2. If Z is specified this property is true with |w| = nand n > N.
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Subshifts of finite type and sofic subshifts. A subshift X is of finite type if there exist a finite subset U C Z and £ C A" such
that x € ¥ if and only if 6™ (x), € F for all m € Z. The diameter of U is called an order of *.

A subshift ¥ c 8% is sofic if it is the image of a subshift of finite type ¥ C A% by a map I : AZ — B%,
I ((%)iez) = (7w(x:))iez, Where 7w : A — B.

A transitive sofic is weakly-specified and a mixing sofic is specified. For precise statements and proofs about sofic
subshifts and subshifts of finite type see [17] or [13].

1.3. The time dimension: N-action of a cellular automaton on A*

Cellular automata. A cellular automaton (CA) F : A* — A” is given by a local rule which acts uniformly and synchronously
on the configuration space. That is, there are a finite segment or neighborhood U C Z and a local rule F : AY — 4 such that
F(X)m = F((Xmsu)uev) for allx € A% and m € Z. The radius of F is r(F) = max{|u| : u € U}. By Hedlund’s theorem [11], a cellular
automaton is a pair (4%, F) where F : A% — A” is a continuous function which commutes with the shift.

Consideration of the past: Bijective CA. When the CA is bijective, since A is compact, F~! is also a continuous function which
commutes with o. By Hedlund’s theorem, (4%, F~1) is a CA. We remark that the radius of F~! can be arbitrary large compared
to the radius of F. In this case one can study the Z-action F on 4% and not only F as an N-action. This means that we can
consider positive (future) and negative (past) iterates of a configuration.

1.4. The space-time view

Let (4%, F) be a CA. Since o and F commute, they generate the Z x N-action (o, F) on »4Z%. Similarly, if F is bijective, it is
also possible to consider the Z x Z-action (o, F) on AZ. This point of view is used to study the space-time diagrams produced
by cellular automata. Nevertheless, the strong influence of the shift in the dynamics of the action (o, F) forces us to restrict
our study to some sub-semi-groups of Z x N.

Let K = Nor Z (when K = Z the CA is considered to be bijective). Let M be a sub-semi-group of Z x K. If M itself contains
a sub-semi-group of Z x {0} then the dynamics of the restriction of (o, F) to M contains the dynamics of a power of o which
is still meaningful. So we are interested in sub-semi-groups of rank one M = (p, q)K where (p, q) € Z x K\ {0}. In this case
it is equivalent to consider a direction « = § € Q and study the directional dynamics of slope «.

In view of considering the dynamics of a CA in irrational directions, the semi-group Z x K is embedded into R? . Put
S =RTifK = Nand S = Rif K = Z. One defines the suspension of the Z x N-action (o, F) as the R x S-action on A% x T x T
(where T is the 1-dimensional torus) defined for all (m, n) € R x S by:

T .« AZXTXT —> ALXTXT
x, B1.B2) > (oMo MRl () {m + By}, {n + Ba})
where |-]| and {-} are the integer and fractional parts respectively. In the next section we define directional dynamics for
every slope @ € R without using the notion of suspension. However the process is equivalent.

2. Directional sensitivity

In this section we define directional sensitivity to initial conditions. To compare the orbits of close points we consider
two points of view:

(i) A topological point of view: points are chosen in a subshift ¥ c AZ, this follows ideas in [15];

(ii) A measure-theoretical point of view: points are chosen according to a o-invariant probability measure ., this follows
ideas in [9].

Let X be a subshift of A% and assume K = N or Z. Let x € A%, « € R and & > 0. The ball (relative to X') centered atx € ¥
of radius ¢ is given by B;;(x, &) = {y € ¥ : dc(x, y) < ¢} and the tube of slope « centered at x of width ¢ is:

D%(x, &, K) = {y € X : dc(0™ o F'(x), 1™ o F*(y)) < &, Vn € K}.

One assumes K = 7Z whenever the CA is bijective. If & = 4% one omits in the notation the subscript X.
2.1. Atopological point of view
2.1.1. Topological definitions
Definition 2.1. Assume K = N or Z. Let (A%, F) be a CA, ¥ C A” be a subshift and o € R.
e The set Eq% (X, F) of (K, X)-equicontinuous points of slope « is defined by
x € Eq3(X,F) <= Ve > 0,36 >0, Bx(x,8) C D} (x, & K).

o (A”, F) has (K, X)-equicontinuous points of slope « if Eq% (X, F) # .
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Fig. 1. u is a N-blocking word of slope .

o (A%, F)is (K, X)-equicontinuous of slope « if

Ve> 0,36 > 0,Vx € X, By(x,8) C D%(x, &, K).
o (AZ, F)is (K, X)-sensitive of slope « if

Je > 0,V6>0,Vxe X, 3y eBy(x,6) \D%(x, & K).
o (A% F)is (K, X)-expansive of slope « if

Je > 0,Vxe X, D%(x,e K)={x}.

Since the domain of a CA is a two sided fullshift, it is possible to break up the concept of expansivity into right-expansivity
and left-expansivity. The intuitive idea is that information can move by the action of a CA to the right and to the left in a two
sided fullshift.

o (A”, F)is (K, X)-right-expansive of slope « if there exists ¢ > 0 such that E¢ (x, &, K) NES,(y, €, K) = @ forallx, y € X such
that X0, +o0) 7 Y10, +00)-

o (A”, F)is (K, X)-left-expansive of slope « if there exists £ > 0 such that E%(x, ¢, K) NES(y, &, K) = @ forallx,y € X such
that X(_co,01 7 ¥(-o00,0-

Thus the CA (A%, F) is (K, X)-expansive of slope « if it is (K, X)-left-expansive and (K, X)-right-expansive of slope «.
Remark 2.1. If ¥ C ¥’ then ¥ NEq%¥(X’, F) C Eq% (X, F). Moreover, one has Eq% (X, F) C Eq¥ (X, F).

Remark 2.2. To make the concept of expansivity relevant one supposes that X is infinite. If not, one needs a finite number
of cells to distinguish all points of x.

Remark 2.3. For CA on A" we just consider right-expansivity of slope «.

2.1.2. Directional equicontinuity and blocking particles

To translate equicontinuity concepts into space-time diagrams properties, we need the notion of a blocking word of slope
«. The wall generated by a blocking word can be interpreted as a particle which has the direction « and kills any information
coming from the right or the left. The notion of particle is recurrent in the study of CA (for instance see [3]).

Definition 2.2. Assume K = N or Z. Let (47, F) be a CA with neighborhood U = [r, s] (also of F~1 if K = Z). Let & C A” be
a subshift, « € R,e € Nwithe > max(lo] + 1+s, —|la] + 1 —r) and u € L with |u| > e. The word u is a (K, X)-blocking
word of slope o and width e if there exists p € [0, |u| — e] such that:

Vx,y € [uloN 2, Vn € K, o™ o F*(X)ppre1) = 0" 0 F"®)ppre1-

The evolution of a cell i € Z depends on the cells [i + r, i + s]. Thus, due to condition on e, it is easy to deduce that if u is a
(K, X)-blocking word of slope « and width e, then for all j € Z, x, y € [u]; N ¥ such that x|_ jj = ¥}-,j and n € K one has
F'(x); = F'(y); fori < |an]| + p + e +j. Similarly for all x, y € [u]; N X such that x; ;) = ¥|j,~), ONe has F'(x); = F"(y); for all
i > |an] + p. Intuitively, no information can cross the wall of slope « and width e generated by the (K, X)-blocking word
(see Fig. 1).

The proof of the classification of CA given in [15] can be easily adapted to obtain a characterization of CA which have
equicontinuous points of slope a.

Proposition 2.1. Assume K = N or Z. Let (A%, F) be a CA, X C A” be a transitive subshift and « € R. The following properties
are equivalent:
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1. (A%, F) is not (K, X)-sensitive of slope o;
2. (A%, F) has a (K, £)-blocking word of slope «;
3. Eq%(X, F) # @ is a o-invariant dense Gj set.

Proof. Let U = [r, s] be a neighborhood of F (and also of F~! if K = Z).
(1) = (2) Lete > max(la] +1+s, — o] +1—r1).1f (A%, F) is not (K, X)-sensitive of slope «, then there exist x € X and
k, p € Nsuch that for all y € X verifying x(9 s = y[0,,j One has:

vn e K, 6" o F'(0)p pre—11 = 0" 0 F*(y)ppre—11-

Thus xpg 4 is a (K, X)-blocking word of slope « and width e.

(2) = (3) Let u be a (K, X)-blocking word of slope «. Since (X, o) is transitive, then there exists x € ¥ containing
an infinitely many occurrences of u in positive and negative coordinates. Let k € N. There exists k; > k and k; > k such
that x(_i;, —ky+u-11 = Xiky kp+ui—11 = U. Since u is a (K, X)-blocking word of slope « relatively to %, for ally € X such that
Y-k ky+lul—1] = X[k kp+|u/—1) ONE has

O‘Uw{J o Fn(x)[—k,k] = O.Lnaj o Fn(y)[,k!kj vn € K.

One deduces that x € Eq%(X, F).

Moreover, since X is transitive, the subset of points in ¥ containing infinitely many occurrences of u in positive and
negative coordinates is a o-invariant dense G; set of .

(3) = (1) Follows directly from definitions. O

Remark 2.4. When ¥ is not transitive one can show that any (K, X)-equicontinuous point of slope « contains a (K, ¥)-
blocking word of slope «. Reciprocally, a point x € ¥ containing infinitely many occurrences of a (K, X)-blocking word of
slope « in positive and negative coordinates is a (K, X)-equicontinuous point of slope «. However, if X is not transitive, the
existence of a (K, X)-blocking word does not imply that one can repeat it infinitely many times.

2.1.3. Adirectional classification
Thanks to Proposition 2.1 it is possible to establish a classification as in [15], but following a given direction.

Theorem 2.2. Assume K = N or Z. Let (A%, F) be a CA, X C A” be a transitive subshift and o € R. One of the following cases
holds:

1. Eq$(X, F) = ¥ < (A", F) is (K, X)-equicontinuous of slope o;

2. B #£EqX(X,F) # ¥ < (A", F) is not (K, X)-sensitive of slope « <= (X, F) has a (K, X)-blocking word of slope o;
3. (A%, F) is (K, X)-sensitive of slope « but is not (K, X)-expansive of slope «;

4, (A%, F)is (K, X)-expansive of slope .

Proof. First we prove the first equivalence. From definitions we deduce that if (A%, F) is (K, £)-equicontinuous of slope «
then Eq%(Z, F) = X. In the other direction, put D(x, y) = sup({dc(c'" o F'(x), o™ o F*(y)) : Vn € N}) for allx,y € . The
function D : £2 — R is a distance and Eq%(Z, F) is the set of continuous points of the function Id : (2, dc) — (Z,D).
By compacity, if this function is continuous on ¥, then it is uniformly continuous. One deduces that (A%, F) is (K, ¥)-
equicontinuous of slope c.

The second equivalence and the classification follow directly from Proposition 2.1. O

2.2. A measure-theoretical point of view

Gilman in [9] defines the notion of p-almost sensibility to the initial conditions for any Bernoulli measure w. It is
possible to naturally extend this definition for all o-invariant measures. Furthermore, as in the topological case, the u-
almost sensitivity to initial conditions can be defined for a slope « € R.

2.2.1. Measure-theoretical definitions

The definition of an equicontinuous point x is that the tube of slope « centered at x has nonempty interior. To adapt
this notion to the measurable case, we replace the nonempty interior condition by a positive measure condition. The next
lemma justifies this point of view. It was adapted to any probability measure from [9] where only Bernoulli measures are
considered.

Denote M (A”) the set of probability measures on A*. Let M,(A%) be the set of o-invariant probability measures on
A” (that is, u € My (A7) if u(o~1(B)) = w(B) for all measurable subsets B of A7) and put ME8(A?) the set of o-ergodic
probability measures on 4” (a measure is o-ergodic if all o-invariant measurable subsets are trivial). Of course MS®(A”) C
My (A”) C M(A”). Ameasure € M, (A”) is o-strongly mixing if for all measurable sets Aand B u(ANo~"B) — w(A)u(B)
asn — +oo.
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Lemma 2.3. Let i € M(A%) and E be a measurable set with (E) > 0. For p-almost all x € E, one has:
. w(ENBX,27)
oo u(B(x,27M)
Proof. For m € N, we consider the set:
E,,,:{er:liminf’M(Erng(x’z_n))21—l
n—oo u(B(x,27M)) m

If w(E,) = n(E) forallm € N, the property is shown. Now, assume that there exists m € N such that w(E,,) # ©(E). Replacing
E by E \ E;, one can assume that £ (E) > 0 and that for infinitely many n € N and all x € E one has:

o (1- %) W(B(,2™) > w(EN B, 27)).

The measure wu is regular, then, since w(E) > 0, it is possible to assume that E is closed and thus compact. So there exist
j €72,k 1 eNand!+ 1different words u; € A* for i € [0, [] such that the cylinders [u;]; cover E and verify:

1
®  w@=(1- %) 3 ().
i=0

Let n > max(|jl, |j + k — 1|) such that (1) holds. For all i € [0, I], it is possible to decompose [u;]; as a disjoint union of longer
cylinders [u;]; = Up[vin]-, Where v;, € A2"+1. Using (1) and (}) one obtains the following contradiction:

1
w(E) > (1 - 5) > uvip)-n) > u(E). O
i,h

Definition 2.3. Assume K = N or Z. Let (A%, F) be a CA and it € M, (A?).
e The set Eq$ (F, i) of (K, u)-almost equicontinuous points of slope « is defined by
x € Eqy(F, u) <= Ve >0, n(D%x,e¢,K)) > 0.

o (AZ, F)is (K, w)-equicontinuous of slope o if L (EqS (47, F)) > 0;
o (A% F)is (K, u)-almost equicontinuous of slope o if w(Eq%(F, n)) > 0;
o (AZ F)is (K, w)-almost expansive of slope « if there exists ¢ > 0 such that u(D%(x, ¢, K)) = 0 for all x € AZ.

Remark 2.5. It is not necessary to specify the set of definition of the CA since this information is contained in the support
of the measure supp(u). Moreover Eqg (F, i) C supp(u).

Remark 2.6. Since Eq% (X, F) and Eq¥(F, ) are o-invariant, if u is o-ergodic and they have positive measure then their
measure is one.

Remark 2.7. One has Eq3 (F, ) C Eq%(F, ).

2.2.2. Directional almost equicontinuity and almost blocking particle

Asin the topological case, we define the notion of ;-almost blocking wall which allows to see the ;-almost equicontinuity
of slope « as a property of the space-time diagrams. In this case, particles are given by p-almost blocking walls which stop
the information p-almost surely.

Definition 2.4. Assume K = N or Z. Let (A?, F) be a CA with neighborhood U = [r, s] (also F~1if K = Z) and . € My (A?).
Leta € R,e > max(|a] +1+s, —|a] +1—r)and U = (uy)nen € (A°)". The sequence U is a (K, w)-almost blocking wall of
slope o and width e if:

W ({x € A”:F oo™ (X) gty = U Y € K}) > 0.

When U has these properties, denote W% (U, 1) = {x € A% : F" o 6" (x)}i1e—1) = U, Vn € K} fori € Z. For alli € z, one
has p(W(U, i)) > 0 since y is o-invariant and o~ (W2 (U, 0)) = W2 (U, i).
Foralli € Z, define:
p(Wg(U,i+)) NB(0'(x),27")
w(B(ol(x), 271))

Since w is o-invariant, by Lemma 2.3, one has p(Wg (U, 0)) = n(Wg (U, 0)').

wg(u,t)’:{xewg(u, i):nlLTo =1Vjez;.

Remark 2.8. If the interior of W (U, 0) is not empty, there existsu € 4* andp € Nsuch that [u] C WZ(U, p); uis aK-blocking
word of (A%, F).

As in the topological case, there exists a characterization of -almost equicontinuity by using -almost blocking walls.
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Proposition 2.4. Assume K = N or Z. Let (A%, F) be a CA, 1 € M,(A”) and o € R. The following properties are equivalent:

1. (A%, F) is (K, p)-almost equicontinuous of slope «;

2. Eqy(F, u) # 9;

3. foralle > max(la| + 1+s, — o] + 1 —r) there exists a (K, ju)-almost blocking wall of slope a and width e;
4. there existe > max(la| + 1+s, —|a| + 1 —r) and a (K, w)-almost blocking wall of slope « and width e.

Proof. It easily follows that (1) = (2) = (3) = (4). We prove that (4) = (1).
Let U = (ty)nen € (A" be a (K, u)-blocking wall of slope o € R. Let Y be the set of y € A* whose forward and backward
orbits for the shift intersect Wg (U, 0)’ infinitely many times, that is:

Y= (( Uizn WE(U, i)') N (Uie_p WE(U, i)’)).
nenN
By Poincaré’s recurrence Theorem p(Y) > 0. We want to show that Y N supp(u) C Eq%(F, w).
Lety € Y Nsupp(n) and m € N. Consider i, j € Nsuch thati < —m,j > m —Eandy € WZ(U, i)’ N Wg (U, j)'. By definition
of W (U, i)', there exists p > max(—i, j) such that

2 2
w(Wg (U, 1) NB(y, 277)) = §M(B(V, 277) and w(WZ(U,j) NB(y,277)) = §M(B(V, 27)).
We deduce that
1
u(Wg (U, ) NWE(U,j) NB(y,277)) = gu(B(y, 277)).

Moreover, for allx € W2 (U, i) NW2(U, j) NB(y, 27P), it is easy to see that ol o F"(x) i jse—1] = 09N 0 F"(y)ijse1) fOralln € K,
thus x € D*(y, 27™, K). Since y € supp(u), one has u(D%(y, 2™™, K)) > %M(B(y, 27P)) > 0. It follows that y € Eq%(F, ). O

2.2.3. Adirectional classification
The next proposition characterizes the p-almost equicontinuous points of slope o which are not equicontinuous:

Proposition 2.5. Let (A%, F) be a CA, t € My(A) and @ € R. A point x € Eq*(F, ) ~ Eq*(supp(n), F) if and only if
u(B(x, 8)) > w(B(x,8) ND*(x,&)) > 0foralle > 0and § > 0.

Proof. Assume there exist ¢ > 0 and § > 0 such that w(B(x, §)) = w(B(x, §) N D*(x, €)). One has w(B(x, §) ~ D*(x, ¢)) = 0.
However B(x, §) . D*(x, ¢) is open. Thus, B(x, §) = D*(x, ¢) since x € supp(u).
The converse follows from the definition. O

As in the topological case, we have a similar classification in the measurable case.
Theorem 2.6. Assume K = N or Z. Let (A”, F) be a CA, ;t € M, (A") and a € R. One of the following cases hold:

1. (A%, F) is (K, u)-equicontinuous of slope o <= there exists u, a K-blocking word of slope «, such that u([u]g) > 0;

2. (A%, F)is (K, u)-almost equicontinuous of slope o but not (K, p)-equicontinuous <= Eq% (F, u) \ Eq% (A”, F) # () <> there
exists U, a (K, u)-almost blocking wall of slope «, such that the interior of W* (U, 0) is empty;

3. (A%, F) is (K, p)-almost expansive of slope c.

Proof. The classification in three classes follows from Proposition 2.4. It is just necessary to prove the first equivalence. One
can adapt the proof of [5] to the case of directional dynamics.

Assume that (47, F) is (K, u)-equicontinuous of slope «. Every point of Eq% (A”, F) contains a K-blocking word of slope c.
Moreover, there are countable many K-blocking words. Since (Eq% (A%, F)) > 0, one deduces that there exists a K-blocking
word u such that p([u]g) > 0.

In the other direction, we consider u, a K-blocking word of slope «, such that p([u]o) > 0. Define the set:

Y = () ((Uizn [11) 0 (Ui ).

By Poincaré’s recurrence Theorem . (Y) > 0. Moreover, by Proposition 2.2, one has Y C Eq (47, F). One deduces that (47, F)
is (K, )-equicontinuous. O

3. Sets of directions with a certain kind of dynamics

When we look to the action induced by a CA in a given direction we obtain similar classifications as P. Karka or R. H.
Gilman. Thus, this is not revealing of the spatio-temporal behavior of the CA. Our proposition is to consider sets of directions
which have a certain kind of dynamical behavior.
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3.1. Sets of directions and their relations

Assume K = N or Z. Let (4%, F) be a CA, £ be a subshift and u € My(A%).
o Sets with topological equicontinuous properties:
A(Z,F) = {a e R: Eqz (5, F) # 0},
and A, (2, F) = {a eR:Eq¥(Z,F) = Z}.
One has A, (¥, F) C Ax(Z, F).
Moreover, A (%, F) C Ay(Z,F) NAy(Z, F~ 1) and A, (2, F) C A (%, F) NAL(Z,F71).
o Sets with topological expansive properties:
By (X, F) = {a e R: (A", F) is (K, £)-expansive of slope «},
B, (X, F) = {a e R: (A", F) is (K, £)-right-expansive of slope a},
and B]IK(Z, F) = {a eR: (A" F)is (K, )-left-expansive of slope «}.
One has Bx(2, F) = BL(%, F) NB.(, F).
Moreover, (Bg(z, F) NB(Z, F—1)) U (Bg(x, F) NB. (2, F‘])> C B.(Z, F).
o Sets with measurable equicontinuous properties:
Cx(F, ) = {a e R: (A", F) is (K, u)-almost equicontinuous},
and C (F, £) = {& € R: (A%, F)is (K, p)-equicontinuous}.
One has C, (F, ) C Cx(F, ).
Moreover C;(F, ) C Cy(F, u) N Cy(F~1, w) and C,(F, u) C C..(F, u) NC(F~', w).
Remark 3.1. The set of directions which are (K, ¥)-sensitive is R\Ax (X, F) and the set of directions which are (K, u)-almost
expansive is R \ Cx(F, n). So it is not necessary to study these sets.
The next proposition shows the link between topological and measure-theoretical equicontinuous properties.
Proposition 3.1. Assume K = N or Z. Let (A”, F) be a CAand u € My (A%). One has:

C.(F, w) C Ax(supp(p), F) C Cu(F, ).
Proof. For o € R one has Eq% (A%, F) Nsupp(i) C Eq%(supp(u), F), so
C..(F, 1) C Ax(supp(u), F).

Leto € R, x € Eq¥(supp(u), F) and & > 0. There exists p € N such that [x;_, ;1N supp(u) C DS, (%, &, K). One deduces

that L (DG, ¥, €, K)) = 1([X(—p,pi]) > O since x € supp(u). Thatis, x € Eqg (F, ). Thus Eqg (supp(u), F) C Eqg(F, 1); and

consequently
Ay (supp(p), F) C C(F, ). O
The next proposition shows the link between expansivity and equicontinuous properties.

Proposition 3.2. Assume K = N or Z. Let (A%, F) be a CA, X be an infinite subshift and ;© € M,(A%) which does not charge
atoms (that is p({x}) = 0 for all x € A®).
In the topological case,

(BL(2, P UBL(Z,F) NA(S,F) = 0.
In particular, if By (2, F) # @ then Ax (X, F) = (.
In the measure-theoretical case,
(BL.(supp(), F) U B (supp(1), F)) N G (F, ) = .
In particular, if By (supp(u), F) # @ then Cx(F, u) = @.
Proof. Let (A%, F) be (K, X)-right expansive of slope @ and constant of expansivity €. One has:
DS(x,e,K) C{ye ¥ :y;=xVi>0}.

Then the interior of D%, (x, &, K) is empty. Thus Eq¥ (X, F) = .

Analogously, one proves B§<(E, F) N Ag(Z,F) = ¢. In the case By(X,F) # ¢, one has By (Z,F) U B%(Z, F) = R, so
A« (2,F) =0.

In the measurable case, (A%, F) is (K, supp(u))-right expansive with slope o and constant of expansivity €. Let x €
supp(u). One has:

w(D¥(x, &, K)) < u({y € supp(u) : yi = x Vi > 0}) =0,
since p does not charge the atom {x}. One deduces that x ¢ Eq%(F, ). Thus B (supp(i), F) N Cx(F, ) = 9.

Similarly, one deduces Bﬁ((supp(u), F) N Cx(F, ) = ¢. In the case By(supp(u),F) # @, one has B; (supp(u), F) U
B (supp(u),F) =R, 50 Cx(F, u) = 0. O
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3.2. Directional dynamics: Factors, inclusions and products

For completeness, we explain how directional dynamics behaves with factor maps, inclusions and products. The proofs
are left to the reader.

Suppose K = N or Z. Let (A%, F), (8%, G) be Caand ¥ C A% X’ C B* be subshifts. Consider a morphism 7 : A* — B%*
between the actions (o, G) and (o, F) and a measure & € My (A%).
o If 77 is surjective and open (send open sets into open sets) and 7(X) = X', then

A (X, F) CA (X, G), Ax(Z,F) CA(X',G), and Cy(F, p) C Ck(G, m,p).
o If 77 is injective and 7 (X) C X’ then:

AL (Z',G) CAL(Z, F), Ax (X', G) C Ax(Z, F), Ci (G, 1) C Cx(F, ), B, (X, F) C Bx(2', G).
o Consider the product CA ((A x 8)%, F x G). One has:

A (Zx X, FxG =A(Z,F)NA(Z,GC), Ac(Z x 2 Fx G) =Ax(Z,F) NA(X', G),
Cx(F x G, o x v) = Cx(F, n) N Cx(G, v), B (X x X', F x G) =By (2, F) N B (2, G).

3.3. Some examples

Example 3.1 (All Directions are Equicontinuous). Let (A%, F) be a nilpotent CA. That is, there exist y € A” and n € N such
that F*(x) = y for all x € A”. Then A, (A%, F) = R = A (A%, F) and B[, (A, F) = B} (A%, F) = 0.

Example 3.2 (Unique Equicontinuous Integer Direction). Assume K = N or Z. Let « € Z and consider the CA (4%, 0%). One
proves Ag (A%, 0%) = A, (A%, 0% = {—a}, that is, the CA has a unique equicontinuous direction —¢. It also holds that
B (A%, 0%) =]—a, +00), B, (A%, 0%) = (—o0, —a[ and By(A?, 6%) = {4, so the CA is right or left N-expansive in all directions
different from —c. It is not N-expansive but it is Z-expansive and B; (A%, 0%) = R\ {—«a}.

Example 3.3 (Equicontinuous Points for Directions Contained in a Closed Interval). Let A = {0, 1}and [r, s] C Z.Forallx € A%
one define F(x); = X4 ---xs,; (the product of the coordinates of [r, s]). One remarks that u = 0 is a (N, A%)-blocking
word of slope «, for all « € [—s, —r]. One has Ay(A%, F) = [—s, —r]. Moreover it is easy to see that A} (A% F) = @ and
Bl (A%, F) = B[(A%, F) = By(A%, F) = 0.

Example 3.4 (Open Cone of Expansive Directions). A CA of neighborhood U = [r,s] is left-permutative (resp. right-
permutative) if for any u € A" and b € s there is a unique a € 4 such that F(au) = b (respectively F(ua) = b). A CA
is bipermutative if it is left and right-permutative.

If (A%, F) is left-permutative, then Bl (A?, F) = (—oo, —r[. If (A%, F) is right-permutative, then Bl (A%, F) =] — s, +00).
Thus, if (A%, F) is bipermutative, then By (A%, F) =] —s, —r[.

Example 3.5 (Just Gliders: p-almost Equicontinuous Points). Let A = {—1, 0, 1}, U = [—1, 1] and the local function defined
by:

1 ifa=1and2b+c> 0,
F(a,b,c) =1—1 ifc=—-1anda+2b<0,
0 in the other cases.

It is possible to interpret space-time diagrams as a background of 0’s where there are 1 particles which go to the right
and —1 particles which go to the left. Two opposite particles disappear when they collide.

Let © € M,(4%). We consider the CA (A%, F). One proves that Ay(A*, F) = A (A% F) = @.1f u([1lo) > O then
Cy(F, n) = {1} and if u([—1]o) > 0 then Cy(F, n) = {—1}.

Example 3.6. Let A = {0, M, R, L, I}. Consider (+4Z, F) be the CA defined by F(abc) = Lifc € {L,I} and a, b € A\{R}, F(abc) =R
ifae (D, Iyand b,c € #4 \ {G}, F(abc) = I'if(a € {R,]}and borc € {L,I})or (c € {L,I} andaorb € {R,I}), abc = 0. In this
example there is a “background” of 0 where there are particles M, which act as walls, and there particles L and R which go
to the left and to the right respectively, they rebound on the walls and intersect as I. This is a classical example of bijective
CA with equicontinous points [16].

We can verify that Bl (4%, F) =] — oo, —1[ and B[, (4, F) =]1, +00[ 50 By (A”, F) = @, but B, (A%, F) =] — o0, —1[U]1, 00l.
For the equicontinuity, one has Ay (A%, F) = A, (A%, F) = {0} and A} (A%, F) = A, (A%, F) = @.

Example 3.7 (All Directions are Sensitive and N-Expansive Direction do not Exist). The relations given in Section 3.2 allow to
say that A (4 x 4)%, 0 x 071) = Ay((A x A)?, 0 x 67 1) = By((A x 4)?, 0 x 071) = 0.
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3.4. Multiplication and addition

Multiplication by a rational. Let (A%, F) be a CA of neighborhood U = [r, s]. We want to construct a CA where the set of
directions which have a certain kind of dynamics is the same as (A%, F) multiplied by a rational o« = 5

Let Ay, = A1 X -+ - X A Where 4; = A foralli € [1, g]. One defines the CA (4, F,) of neighborhood U, = [pr, ps] by the
local rule:

F,: (A1 X ..o X AP — A1 X ... X g
@,...da), .. @, ..d) — (Fd,.. d),a,.. ad .
It is easy to verify that
A (AL Fy) = QAL (A" F),  Ac(AL Fy) = aBe(A% F) and B(AZ,Fy) = aB(A”, F).
Moreover

Ca(Fy, o X . x ) = aCx(F, ) and C(Fy, X ... x n) = aC, (F, w).

Thus if F = ¢! with | € N, the associated CA (AZ, F,) verifies A} (4%, Fy) = {a}.

In the same way, if (4%, F) is the CA defined in the Example 3.3, the associated CA (AZ, F,) verifies Az (AZ, Fy) =
[—as, —ar].

To finish, if (4%, F) is bipermutative of neighborhood [r, s] (Example 3.4), the associated CA (8%, G) verifies B(A%, G) =
1 —as, —ar|.

Addition of a rational. Let (A%, F) be a CAand @ = ’a’ € Q. Consider the CA (A, F) where F = F x ... x F. One verifies that
AL (A", Fo0y) = AL(A”, F) — a, Ag(A”, F 0 0y) = Ax(A% F) — a, Ce(A*, Fo0ay) = Cx(A”, F) —aand B(A*, Foo,) =
B(A%, F) — a.

4. Sets of directions with equicontinuous properties

If a CA has a direction verifying an equicontinuous property, then this direction is delimited by blocking walls which
indicate the propagation of information. If there exist two directions verifying equicontinuous properties, we are going to
see that all the propagation of information disappears and the CA evolves towards a trivial configuration. This phenomenon
appears when we characterize Ay (2, F), A, (%, F) and Cx(F, ).

4.1. Directions with equicontinuous points

Definition 4.1. Let (A%, F) be a CA and ¥ be a subshift. (A%, F) is X-nilpotent if the X-limit set defined by
AE(F) = mneNUmanm(E),
is finite. By compacity, there exists n € N such that F*(¥) = Ap(%).

We observe that in general X is not F-invariant.
We are interested in the directions containing equicontinuous points.

Theorem 4.1. Let (A%, F) be a CA of neighborhood U = [r, s] and X2 C A” be a weakly-specified subshift. One of the following
cases holds:

e A (X, F) = R, which is equivalent to (A*, F) is X-nilpotent;
o thereexista/, o € [—s, —r], with o’ < «”, such that |/, " [C Ay(Z,F) C [, &"] C [—s, —T1];
o there exists o € [—s, —r] such that Ay(X, F) = {a};
e Ay(X,F)=0.
Proof. CLaiM 1: Ay (X, F) is convex (we just need the transitivity of X).

Proof: Assume there exist ' < o” such that Eq% (¥, F) # ¢ and Eq%’ (£, F) # #. We can consider two (N, X)-blocking words
v’ and u” of slope &' and «” respectively. So there exist ¢/, ¢” > max(|la¢”] + 1+ s, —|&'] +1—71),p € [0, |u'| — €] and
p” € [0, |u”’| —e”]suchthatforallx',y € [u']o N X, forallx”,y” € [u”]lo N ¥ and forall n € N:

ol o pr Ky pre-11 = oo p O p+e—11
and O‘Umt,/J [e] F” (X//)[p”,p”+e”—1j = ()'me//J [e] Fn (y//)[p”,p”+e”—1J .

Since X is transitive, there exists w € £ such that u = u'wu” € L. Forallx, y € [u]o N ¥ and for all n € N one has:
F 1w+ o) 197 +or 14 amit = F ODipr L) o 7+ 1 L)

This implies that u is a (N, X)-blocking word of slope « for all « € [/, &"]. ¢ Claim 1
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U=[r,s]

[TTTITTITTTIITTIITITIIITI]
0 . lu] + & [u| + &k —rn [u| + &+ (s —r)n

Fig. 2. AN(Z, F) C [—s, —1].

CLamm 2: If (A%, F) is not X-nilpotent then Ay(X, F) C [—s, —T].
Proof: Let u be a (N, ¥)-blocking word of slope « > —r and width e. There exists p € [0, |u| — e] such that

Vn € N, Vx, ye [u]O nx, F' (X)[Lnaj+p, na)+p+e—1] = F' (.V)[Lnaj+p, |nat|+p+e—1]-

Let z € ¥ N [u]p be a o-periodic configuration. The sequence (F"(z)),«y is ultimately periodic of preperiod m and period
p. Denote £’ the subshift generated by (F"(2))nejm,m+p—1), £’ is finite since F"(z) is a o-periodic configuration for all n € N.
Let g be the order of the subshift of finite type X'.

Since ¥ is a weakly-specified subshift, there exists N € N such that for all u,v € £ thereexistk < Nandx € Y a
o-periodic point such that xg, jyj—1) = ¥ and X4y, k+ju+v—1] = V- Let n € N such that [u| + N —rn+ q < an + q (it is possible
since a > —r), we want to prove that F"(X) C ¥'.

The set [rn, sn] is a neighborhood of (A%, F"). Let v € Lx((s — r)n + q). There exist x € ¥ and k < N, such that
X(—oo,lul-1] = Z(—o0,jul—1] AN X[k, jui+k+vi—11 = V. Since u is a (N, X)-blocking word of slope «, the choice of n implies
that F*(X){juj+N—rn,jul+N—-rntq-1] = F (@ {jul+N-rn.ju+N-m+q—1) (S€€ Fig. 2). One deduces that the image of the function F" :
L ([rn, sn + q]) — A7 is contained in £ (q). One deduces that F*(%) C X’ so (A%, F) is X-nilpotent.

The same proof holds for@ < —s. ¢ Claim 2

Since Ay (X, F) is convex, if Ay(X, F) # @ then it is a segment of R. If (A%, F) is not X-nilpotent, the conditions on the
boundaries of Ay (X, F) follow from Claim 2. O

Remark 4.1. If moreover X is specified, the same proof shows that there exists 4., C + such that Az(X) = {*a™ : a € A}

Example 4.1. Consider ({0, 1}*, 0) on £ = {8=(1)~, ~a0y=}. X is a transitive subshift of finite type (so it is weakly-
specified) which is not mixing. One has Ax(X,F) = A/ (X,F) = R and A,(¥) = ¥ which does not contain o-uniform
configuration.

Example 4.2. Consider ({0, 1}"*2,F) such that F(x); = xi_1 - x; - xiy1. Let X the subshift such that £ N {0™1" : n >
log,(m)} N {1"0™ : n > log,(m)} = @. X is a transitive F-invariant subshift and according the relation verifies by %, the
word 100001 is blocking of slope 2. However Ar(X) = {x € {0, 1}* : 10"1 is not a subword of x} is infinite.

Corollary 4.2. Let (A”, F) be a bijective CA and X~ C A* be a mixing sofic subshift. Denote U = [r, s] a neighborhood of F and
U = [r', s'] a neighborhood of F~'. One of the following cases holds:

o there exists o € [max(—s, —s'), min(—r, —r')] such that A, (2, F) = {«};
o A (X, F)=0.

Proof. One has A, (X, F) C Ay(Z, F) NAy(x, F1), so we can apply Theorem 4.1 to characterize A, (X, F). Since F is bijective,
if X is infinite, it is impossible that Ay (X, F) contains two different directions with equicontinuous points. Thus the two first
cases of Theorem 4.1 are eliminated. O

4.2. Directions of equicontinuity

Theorem 4.3. Let (A%, F) be a CA of neighborhood U = [r, s] and £ C A” be a weakly-specifed subshift. One of the following
cases holds:

1. A, (2, F) = R, in this case (A?, F) is $-nilpotent;

2. there exists o € [—s, —r]NQ such that A, (2, F) = {c}, in this case there exist a preperiod m > 0 and a period p > 0 such that
glmtpal o pmtp — lmal o pm.

3. A(2,F) =0

Proof. CLaM 1: A, (Z, F) contains two distinct directions if and only if (A”, F) is Z-nilpotent.
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The state of the cell F™(x)(g,_1) depends
uniquely on the states of cells in [¢,7 + k]

evolution of the CA

j=i+k+|uw

UH]llH\i[lll‘HHll_‘
] \ IR’
lne| +j7+p lna’| +i+p i+ k

Fig. 3. N-Equicontinuity of slope o’ and &’ and nilpotent CA.

Proof: If (A7, F) is -nilpotent, one obtains a o-periodic configuration after finitely many steps. One deduces that Eq% (X, F) =
Y foralla € R.
Assume that (A%, F) is (N, ¥)-equicontinuous of slope o’ and «” with &’ > «”. By definition, there exist e > max (¢’ ] +
1+s,—|a"]+1—r)and k,p € Nsuch thatforallx € », foralli € Z,n € Nand z € [x; ;+,];i N £ one has:

™ o F"(X)(ip,itpe—11 = 0" o F'(D)(itp,ispre—11
and 0™ o F'(X)ispispre1] = 0% ™ 0 F'(2)fisp,itpre—1]-

Letz € X be ao-periodic configuration. The sequence (F"(z) ) is ultimately periodic of preperiod m and period p. Denote
X' the subshift generated by (F"(z))nepm.m+p—17, = 18 finite since F"(z) is a o-periodic configuration for all n € N. Let g be the
order of the subshift of finite type X’.

Since X is a weakly-specified subshift, there exists N € N such that for all x,y € ¥, for alli € Z, there exists w € Ly,
lw| <N, andj € 7 such that x(,m,i[wof(y)[i+|w|,+oo) e .

Letn € Nandi € Zbe such that [na” | +i+k+p+N <0 < q < |na’| +i+p; such integers exist because«’ > «”.Letx € X,
there exist w € 4* such that |w| < N,j € Z and y = X[_co i)W (2)[i1k+1-41w].00]- SINCE Y € [X[i 11471, the states F"(y)(p.4-1; dO
not depend of coordinates of y larger than i + k (see Fig. 3). One deduces that F"(x)0,q—1) = F"(¥)(0,4-1)- Analogously in the
other side, one obtains that F"(¢?(2))j0,4—1] = F"(¥)10.g—13- Thus F*(x)0,4-1] = F*(¢?(2))10,4—1;- Since x is arbitrary, one deduces
that F*(X) C X, so (4%, F) is X-nilpotent.

Thus, if A (X2, F) # @ and (A% F) is not X-nilpotent, the set A, (X, F) is reduced to {«}. By Theorem 4.1, one has
o € [—s, —r]. The claim follows.

< Claim 1

CLaM 2: IfA[(Z, F) = {a} then « € Q and (o™ o F"), is ultimately periodic.
Proof: By definition, there exist k, p € N such that forallx € >, foralln € Nand z € [x_, y]; N £ one has:
ol o F'(x)g = o' o F'(2)o.

Thus the sequence (o1*" o F"(x)o)scw is uniquely determined by the knowledge of x_, . For all n € N, put p, = |an] and
consider the function

for Le(=p, k) — A
u > F"(x)o where x € [ulp,—p,poti1 N 2.

Since there exist a finite number of functions from £ ([—p, k]) to 4, we deduce that there exist n; < nj such that
fn] =fn2- We want to prove thatfn1+1 =fn2+1 and Pny+1 — Pny = Pny+1 — Pny-
Forallx € ¥,

Fn1+] (X)O = fn1+1 (X[Pnﬁ-] *P~Pn1+1+k]) ? F((fm (x[pn1 —p+u,pny +k+u]))ueU)7
where U is the neighborhood of (4%, F). Moreover,

1 _
Fr2t x)o = F((fnz (X[pn2 —p+it,pny +k+uJ))ueU)
= F((fm (x[pnz —p+U,pny +k+u]))ueU

> S+ (X[Pn2 +Pnq+1—Pny —P:Pny +Pny+1—Pny +kl) ’
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where x follows from . Since F'2+1(x)q = fag+1 (x[pnzﬂ_p,pnﬂﬁk]), one deduces that f;, .1 = fa,+1a0d Pp; 41 —Pn; = Pry+1—DPn,-

Thus the sequences (f;)neny and (p,)ney are ultimately periodic. We deduce that @ € Q and ('*" o F"), is ultimately
periodic. ¢ Claim 2
O

Corollary 4.4. Let (4”, F) be a CA and ¥ be a mixing sofic subshift. If A, (X,F) = {a} then there exixts m € N such that
B, (F"(£), F) =] — 0o, of and B}, (F"(£), F) =]a, +ool.

Proof. By previous theorem, the sequence (o*™ o F"),cy is ultimately periodic of preperiod m and period p. Thus, for all
n e N the restriction of ol*"?)) o F"+P to F™(5) is the identity. The result is plain. O

Remark 4.2. In this case, since F"(X) is not reduced to one point (F is not X-nilpotent), one deduces that Ay(X,F) =
A (2, F).

Corollary 4.5. Given a CA (A%, F) and « € R, it is undecidable to know whether (A”, F) is N-equicontinuous of slope «.

Proof. By the result of Culik, Pachl and Yu [6], it is undecidable to know if a CA is nilpotent. However, if it is possible to know
the N-equicontinuity of slope «, then to decide if a CA is nilpotent, it would be enough to know if (A%, F) and (A%, o o F) are
N-equicontinuous of slope «. Thus, the N-equicontinuity of slope « is undecidable. O

Remark 4.3. There is another proof of this result in [7].

Corollary 4.6. Let (A“, F) be a CA and ¥ C A” a mixing sofic subshift. If (A%, F) is bijective and (N, X)-equicontinuous of slope
a € Q, then (A%, F1) is (N, X)-equicontinuous of slope —a. Thus, one has A,,(2, F) = A, (X, F).

Proof. By previous proposition, there exist m, p € N such that F"+? ogl(m*tP)¢) — Fm o gl where FP o 6P} = Id. One deduces
that (F" o o~1")), . is periodic of period p. It follows the (N, ¥)-equicontinuity of slope —« of (4%, F~1). O

4.3. Directions of p-almost equicontinuity
In the measurable point of view, the property Eq% (X, F) = X is translated to w(Eq%(F, n)) = 1 which is equivalent to
EqZ(F, i) # ¥ when p is o-ergodic. Now we study p-almost equicontinuous directions.
Definition 4.2. The following notion was introduced in [14]. Let (A%, F) and u € M, (A%). The p-limit set of F is given by
u g £(A,(F) <= lim u(F"([ulo)) = 0.
Thus (47, F) is said p-nilpotent if 4, (F) is finite.

Proposition 4.7. Assume K = N or Z. Let (A*, F) be a CA and i € M, (A"*) be a o-ergodic probability measure. The set Cx (F, (1)
is convex.

Proof. Let U’ and U” be two (K, u)-almost blocking walls of slope «’ and «” respectively with o < «” and common
width e. By o-ergodicity of u, there exists k € N such that ;L(W“‘;"(U’, 0) N Wﬁ' (U”,k)) > 0. By Lemma 2.3, there exist
x e WY (U,0) nWe (U", k) and r € N such that j(X) > 0 where

X=WgU,0)NWE (U, k) N [Xirier]—r-

Moreover, for all z € X and for all n € N, one has F"(x); = F"(z); for alli € [la/n], |&"'n] + k + e].
Let o € [o,"]. Put U = (F"(X)(ian), |an)+e—1])nen- Since U” and U” are (K, pu)-almost blocking walls, one deduces that
X C WZ(U, 0). Then u(Wg (U, 0)) > 0, that is to say U is a p-almost blocking wall of slope « and widthe. O

Theorem 4.8. Let (A”, F) be a CA of neighborhood U = [r, s] and t € M, (A%) be a o-strongly mixing probability measure. One
of the following cases hold:

1. (AZ, F) is u-nilpotent;
2. there exists « such that Cy(F, 1) = {a};
3. Gu(Z,F)=4.

Proof. We are going to prove that if Cy(F, u) has at least two distinct elements, then there exists 4., C o+ such that
Ap(F) ={®a™ 1 a € A}

Let U’ and U” be two (N, u)-almost blocking walls of slope «’ and «” respectively, with o' < «”. By o-ergodicity of u,
there exists k € N such that s (W¥ (U, 0) N\W%" (U", k)) > 0. By Lemma 2.3 there existx € W (U', 0) N\W2" (U”, k) and r € N
such that ©(X) > 0 where

X=Wg U, 0) "W U, k) N Xirieri]—r.

Moreover, for all z € X and for all n € N, one has F'(x); = F'(z); for alli € [|&/n], |&"n] + k].
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Fig. 4. ;1-almost equicontinuity of slope o’ and «” and the set A, (F).
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Assume o’ < 0. Let & > 0. Since u is o strongly mixing, there exists | € N such that for allj > I we have u(XNo (X)) > 0.
By o-ergodicity of i, there exists h € N such that the set
Y¢ = {y € A% : 3j € [L, | + h] such that o/ (y) € X}
verifies ;£ (Y) > 1 — e. Consider N € N such that |&'N] + [+ h < |&”N]| + k, this is possible since o' < «”; this inequality
is verified for alln > N.Letn > Nandy € Yf. There exists j € [I, ] + h] such that ¢?(y) € X. So for all z € o (X), one has
F'(y); = F'(z); for alli € [la'n] +j, la”n] + k+j] (see Fig. 4). Since (XN o~ (X)) > 0 there exists z € XN o7 (X). We deduce
that

F'(y); = F"(2); = F'(x); foralliec [|a'n], |[&"n] +kIN[la'n] +], [&'n] +k+j] £ 9,
(%)

where () follows from the inequality verified by every n > N. So, there exists a € + such that:
Fiulaligny+j = Fiplal > p(Y)) > 1—e.
It follows that if u is not a power of an element of 4 then F"u[u] converges to 0. This proves the result when o < 0. The
case o’ > 0is analogous. O

Corollary 4.9. Given a CA (A”, F), @ € R and p a non-trivial Bernoulli measure, it is undecidable to know if (A%, F) is (N, u)-
equicontinuous of slope a.

Proof. By the result of Boyer, Poupet and Theyssier [4], it is undecidable to know if a CA is u-nilpotent. However, if it is
possible to decide the (N, u)-equicontinuity of slope «, to know if a CA is nilpotent it would be enough to verify if (A%, F)
and (AZ, o o F) are (N, u)-equicontinuous of slope «. Thus, the (N, p)-equicontinuity of slope « is undecidable. O

5. Directional expansivity

The directional expansivity was first studied for general Z¢-action in [1]. There are a lot of studies of expansive properties
for CA. The most connected to directional dynamics is the work of Nasu [18] or [19]. In this section we establish that
expansive directions are contained in an open cone. This shows that CA with an expansive direction have a strong
information transfer. Indeed, each direction in the open cone contains all the information of the initial configuration. Of
course this transfer of information is bounded by the neighborhood of the CA; the information cannot go faster than the
computations of the CA. However, we do not know if the bounds of the cone can be irrational.

5.1. Characterization of K-expansivity

We will need some additional notations.
Notation. Let V, V' C Z x K. We say that V codes V' relatively to (¥, F), denoted V 5 ; V', if forallx,y € ¥,
(Fn(x)m)(m,n)ev = (Fn(y)m)(m,n)ev - (Fn(x)m)(m,n)e\v’ = (Fn(y)m)(m,n)ev’~
That is, for all x € ¥ the knowledge of (F"(x)m) (m,nev allows us to know (F"(x)m) im,nyev With the local rule F (and the local

rule F-1 if K = Z). If there is no ambiguity, we write - instead of FipIfVCVonehas V' F V.
Leta € R, 1, " € Zand N € N. Denote

Ve, ", N) = {(lm+nal,n) € ZxK:ne[-N,NJNK, ' <m <7r"}.
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Fig. 5. V{ ([0, re], 2rr) {0} x [0, rg +2].

First of all, let us establish a lemma which allows to characterize the K-right-expansivity and K-left-expansivity.
Lemma 5.1. Assume K = N or Z. Let (A%, F) be a CA, X C A” be a subshift and « € R. The following properties are equivalent:

1. (A%, F) is (K, X)-right-expansive (resp. (K, X)-left-expansive) of slope o with expansivity constant & = 27"¢;

2. there exists r, € N such that for all R > r, there is rr € N which verifies V&([0, r.], rr) = VZ([0, R], 0) (resp. V&([—r¢, 0], 17) F
V#([—R,0],0));

3. there exists re, rr € N such that V¢([0, r], rr) = V¢([0, re + 11, 0) (resp. V& ([—r, O], rr) = V&([—r, — 1, 0], 0)).

Proof. The definition of the (K, X)-right-expansivity is translated by the coding formalism: (4%, F) is (K, X)-right-
expansive of slope « if and only if there exists r, € N such that V§([0, r.], +00) F VZ([0, +00), 0).

(1) = (2) By expansivity of slope «, there exists r, such that VZ([0, r.], +00) + VE([0, +00),0). Let R > r,, then
V&([0, R], 0) is a finite subset of V([0, +00), 0). One deduces that there exists a finite subset of Vg([0, r,], +00) which
allows us to code Vg ([0, R], 0) relatively to (X, F). So, there exists ry € N such that V([0, r.], rr) - V$([0, R], 0).

(2) = (3) This implication is direct.

(3) = (1) Assume there exists r,, rr € N such that V§([0, r.], rr) F VE([0, r, + 1], 0). So, one has V& ([0, re], 7 + 1) F
V&([0, r, + 11, 1). By ry iterations of the same process, one obtains V¢([0, r.], 2rr) F VZ([0, r. + 1], rr) (see Fig. 5). By
o-invariance, one has V¢([0,r. + 1],rr) F VE([0, . + 2], 0), so VE([O, r], 2rr) = VE([0, r, + 2], 0). By recurrence one
deduces that for all n € Nit holds that V§([0, r,], nrr) = VE([0, r, 4+ n], 0). The (K, X)-right-expansivity of slope « of (A", F)
follows. O

Remark 5.1. The integers r, and rr depend on «; in case of ambiguity we can denote them by r¢ and r¢. In fact, r; corresponds
to the radius of the transverse CA (see [2]).

5.2. Directional N-expansivity

The previous lemma allows to describe the sets B[, (2, F), B’N(E, F) and By (X, F). For more convenience, we denote V¥
instead of V¢.

Theorem 5.2. Let (A”, F) be a CA of neighborhood U = [r, s] and X C A” an infinite transitive subshift.

o IfB (X, F) # ¢ then there exists o' > —s such that B{,(X, F) =]o/, +00) C] — s, +00).
o IfB\.(XZ, F) # ¢ then there exists o” < —r such that B,(¥, F) = (—oo, &’[C (—o0, —r].
e IfBy(X, F) # (0 then there exist o', " € Rwith —s < & < «” < —rsuch that By(X, F) =]&/, &"[C] — s, —T1[.

Proof. ClaiM 1: Ifo’ € B (X, F) then [o/, +00) C B[ (X, F).

Proof: By Lemma 5.1, there exists 1, r¢ e N such that V¥ ([0, 1], rr) - V¥ ([0, 1 + 1], 0).
Leta € [, +00). Put 1% = (& — &/)r% | 4+ r¥. One has

VE([0, 1], 1) F VE([0, 191, 0) U VE (1% — 1%, 1%, 1%) - VE([0, 1% + 1], 0).
One deduces that « € B[(Z,F). < Claim 1

CLamm 2: B[ (X, F) is open.
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Fig. 6. B[, (=, F) is open.

Proof: Let o € B[ (X, F). By Lemma 5.1, there exist r,, rr € N such that v*([0, r.], rr) F V*([0, e + 2], 0). One defines

/ LOerJ—l
o= —.
T

Thus, V¥ ([0, 1, + 1], 1) D V*([0, re], rr) and V¥ ([0, r, + 1], 17) = V¥([0, r, + 2], 0) (see Fig. 6). One deduces that
o' € B[(Z, F). According to the previous step, one has « €]&’, +00) C B[(Z,F). < Claim 2

ClaM 3: B[ (Z,F) C] —s, +00).

Proof: If (A", F) is (N, X)-right-expansive of slope «, there exists r, € N such that if X0 10) # Y0400 then
F*(X)[—rot+Lan,ret+an)] 7 F"(Y)[=re+1om),re+1an)) fOT SOMe n € N. Since the neighborhood of (4%, F") is [nr, ns], the differences
between X0 yo0) and yjo 100y COMINgG from (F'(x) (it an) ket Lom)icion) 7 (F' )=kt lan) k+Len))icio,n) aPPEAr in the interval
[0, k + |an] + sn]. If ¥ is infinite, then to have (N, X)-right-expansivity of slope « the right extremity of the interval must
tend to +oco. This needs o €] — s, +00[. ¢ Claim 3

From previous steps, one deduces thatif B{, (X, F) # ¢, there exists &’ > —ssuch that B} (X, F) =]«/, +00). Symmetrically,
if Bf\,(z, F) # (@, then there exists «” < —r such that B’N(E, F) = (—o0, ’[. The result on By(X, F) follows from the
intersection of previous sets. O

Remark 5.2. Let (A%, F) be a CAand let & C A” be a subshift. If B (2, F) # @ (resp. B’N(E, F) # @) then for all x, y € X such
that X(_co.k] = V(—oo.k] (TESP. X[k +00) = Yik.-+o0)) fOT SOMeE k € Z then F"(x) # F2(y) (if not, it is not possible to distinguish o' (x)
and o'(y) for all i € Z). By definition (A%, F) is said right-closing (resp. left-closing) on .

Therefore, if X is an F-invariant transitive subshift of finite type such that B{(Z, F) U BL(Z, F) # ¢ thenF: ¥ — Xis
surjective since it is right or left-closing (see [17]).

5.3. Directional Z-expansivity

Here we are going to consider bijective CA to be able to speak about directional Z-expansivity. As for the Z-expansive
CA, the study of the directional Z-expansivity is not easy. Already, the set B, (A%, F) is not necessarily convex (consider the
identity map where B (4%, Id) = R\ {0}; or Example 3.6). However, Claim 2 of Theorem 5.2 can be adapted to show that
B, (X, F) is open. This proof does not hold for B (X, F) and BIZ(E, F); those last ones are not necessarily open.

Proposition 5.3. Let (A%, F) be a bijective CA and 5. C A” be a subshift. The set of (Z, X)-expansive directions, B, (X, F), is open
and there exist o' < o” such that (—oo, &'[U]et”, +00) C By (X, F).

Proof. Let « € B,(X, F). By Lemma 5.1, which characterizes the (Z, ¥)-expansivity, there exists r,, rr € N such that
V%([_ra» rel, ) V%([_rs — 2, 1: + 2], 0). One defines
larr] —1 larr] +1
op=———— and oy =—-"——.
T T

Leta” € [, a2].One has V" ([—re—1, re4-11, 11) D VE([—r, 1], 17), 50 V" ([—re—1, re4-11, 71) F V¥ ([—1e—2, 1:42], 0).
One deduces that «”” € B;(X, F). Thus [, «3] is a neighborhood of « included in B, (X, F). Thus B, (X, F) is open.

A bijective CA is open, so it is right and left-closing. Since it is right-closing, there exists m; € N such that if x;__ of =
Viemeor and FX) e my = FO){_p my) then xo = yo. By Lemma 5.1, one deduces that m; € B, (X, F). In the same way
there exist m{, m\_,,m’, € N such that m{ € By(2,F), m., € By(2,F")and m/, € B, (£, F~"). One deduces that
(—oo, min(my, —my_,)[Ul max(mg, —m; ), +00) C Bz(Z,F). O
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Modifying Example 3.6 thanks to Sections 3.2 and 3.4, it is possible to construct a CA (A7, F) such that

B, (A", F) = |J I, ol
ke[1,n]

I

where —co =} <o) <ah < <. <d L

1 S0 <o
we do not know examples where B, (X, F) has another form.

< o = +oo with aff and o}, in Q for all k € [1, n]. However,

6. Conclusion: A directional classification according to dynamical properties

We have studied CA as Z x N-action (or Z x Z-action when we want to consider the past for a bijective CA) in order to
emphasize the spatio-temporal structures produced by this type of dynamics. We study the sensibility to initial conditions
from two points of view. The first one privileges points chosen in a subshift X and the second one privileges points which are
chosen according to a o-invariant probability measure 1. We also study sets of directions which have extreme and opposite
dynamical behaviors, namely, equicontinuous and expansive properties:

o If A (Z,F) # B or Au(Z,F) # ¥ or Cy(F, n) # @, there is a direction delimited by blocking walls which indicates the
propagation of information. If there are two directions, all propagation is killed and the CA evolves towards a trivial
configuration.

o If By(X,F) # @, there exists an open cone where from each direction it is possible to recover from it the information
contained in the initial configuration.

According to the topological point of view, the different results of this paper can be summarized to obtain the following
classification.

Theorem 6.1. Let (A%, F) be a CA of neighborhood U = [r, s]. Let ¥ C A” be a weakly-specified subshift. One of the following
cases hold:

Cl. A, (2, F) = Ay(Z, F) = R. In this case (A, F) is ¥-nilpotent, moreover BL(%, F) = B.(¥, F) = .

C2. There exists @ € [—s, —r] N Q such that A (2,F) = Au(X,F) = {a}. In this case there exist m,p € N such that
the sequence (F* o ol®"), . is ultimately periodic of preperiod m and period p. Moreover, B’N(F”"(E), F) =] — o0, af and
B (F"(%), F) =)o, +o0l[.

C3. There exists o/, " € [—s, —r], & < «” such that Jo/, &"[C Ax(Z,F) C [&'a"]. In this case A (Z,F) = B (X,F) =
B.(Z,F) = 0.

C4. There exists « € [—s, —r] such that Ay(%, F) = {a} and A, (%, F) = . In this case B (¥, F) and B’N(Z, F) can be empty or
not, but By(X,F) = @.

C5. There exist o', o € [—s, —r] such that B, (%, F) =]o/, «"[. In this case Ay(Z, F) = A, (2, F) = 0.

C6. All directions are sensitive and N-expansive directions do not exist. In this case Ay(Z, F) = A (X, F) = By(X,F) = ¥ but
B (X, F) and Bg(z, F) can be empty or not.

There exist examples in each class of the preceding classification:

Class Cl. | C2. | C3. | C4. | C5. | C6.
Example | 3.1 | 32 | 33 | 3.6 | 34 | 3.7

There are still a lot of open questions. Here we address some of them:

e Can the bounds of Ay (X, F), Cy(F, u) and By (X, F) be irrational ?

o IsAy(X, F) closed ?

e Can B, (X, F) be different than a union of open segments with rational bounds ?
e Is it true that:

A2, F) ZA(Z,F) and Cu(8,F) £ Cu(5, P).
o It is possible to define dynamics according to a curve defined by h : K — Z. One only has to define the tube D" (x, &, K) =

{y € £ :dc(F oo™ (x), F"o0"™(y)) < g, ¥n € K} and replace D% (x, &, K) by D" (x, &, K) in the definitions of Subsection 1.3.
It is easy to do a similar theory but we have no example where the slope is not linear.
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