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Abstract

We introduce the notion of pre-expansivity for cellular automata (CA): it is
the property of being positively expansive on asymptotic pairs of configurations
(i.e. configurations that differ in only finitely many positions). Pre-expansivity
therefore lies between positive expansivity and pre-injectivity, two important
notions of CA theory.

We show that there exist one-dimensional pre-expansive CAs which are not
positively expansive and they can be chosen reversible (while positive expan-
sivity is impossible for reversible CAs). We provide both linear and non-linear
examples. In the one-dimensional setting, we also show that pre-expansivity
implies sensitivity to initial conditions in any direction. We show however that
no two-dimensional Abelian CA can be pre-expansive. We also consider the
finer notion of k-expansivity (positive expansivity over pairs of configurations
with exactly & differences) and show examples of linear CA in dimension 2 and
on the free group that are k-expansive depending on the value of k, whereas no
(positively) expansive CA exists in this setting.

Keywords: cellular automata, linear cellular automata, 2-dimensional cellular
automata, expansivity, chaos, directional dynamics
2010 MSC: 68Q80, 37B15

1. Introduction

The model of cellular automata is at the crossroads of several domains and
is often the source of surprisingly complex objects in several senses (computa-
tionally, dynamically, etc).
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From the point of view of dynamical systems and symbolic dynamics, the
theory of cellular automata is very rich [I, 2, Bl 4] and tells us, on the one
hand, that CA are natural examples of chaotic systems that can perfectly fit
the standard notions developed in a general context, and, on the other hand,
that they have special properties allowing and justifying the development of
a refined and dedicated theory. For instance, the structure of the space of
configurations allows to define the notion of an asymptotic pair of configurations:
two configurations that differ only on finitely many positions of the lattice.
The Garden of Eden theorem, which has a long history [1l Bl [6l [7, 8, @] [10] 4]
and is emblematic of this CA specific theoretical development, then says that
surjectivity is equivalent to pre-injectivity (injectivity on asymptotic pairs) if
and only if the lattice is given by an amenable group.

Two important lines of questioning have been particularly developed and
provide some of the major open problems of the field [I1]:

e surjective CA and their dynamics;
e how does CA theory changes when changing the lattice.

In particular, the classical notion of (positive) expansivity has been applied
to CA giving both a rich theory in the one-dimensional case [12, 2 T3] and
a general inexistence result in essentially any other setting [14, [I5]. Even in
the one-dimensional case where positive expansivity is equivalent to being con-
jugated to a one-sided subshift of finite type [I6], it is interesting to note that
outside the linear and bi-permutative examples, few construction techniques are
known to produce positively expansive CA [I7]. On the other hand, it is still
unknown whether positive expansivity is a decidable property, although it is
indeed decidable for some algebraic cellular automata [18] [19].

In this paper, we introduce a new dynamical property called pre-expansivity
that both generalizes positive expansivity and refines pre-injectivity: it is the
property of being positively expansive on asymptotic pairs. Our motivation is to
better understand surjective CA and expansive-like dynamics, in particular in
the higher-dimensional case or in lattices where the classical notion of positive
expansivity cannot be satisfied by any CA [14] [15]. Pre-expansivity is weaker
than positive expansivity. We show examples of pre-expansive CAs which are
not positively expansive. In such CA, some perturbations on infinitely many
cells does not propagate at all, while every finite perturbation will be eventually
seen in the neighborhood of every cell: it is the finiteness of the perturbation
that allows the propagation on every direction.

Pre-expansivity is interesting in that:

1. a reversible CA can be pre-expansive (see section , while none can be
positively expansive [20];

2. pre-expansivity implies sensitivity in all directions (see Proposition ,
while some expansive CA (like the shift map) have equicontinuous direc-
tions.



This shows that the notion is useful in the classical setting of one-dimensional
cellular automata.

For other settings, the situation is left open: on one hand, we show an
impossibility result for Abelian CA in dimension d > 2 (see T heorem. This
means that for every Abelian CA and every finite window, there will be a
finite configuration that will preserve the window in state 0 forever. On the
other hand, we give several examples of k-expansive CA in this setting and on
the free group, where k-expansivity means positive expansivity over pairs of
configurations with exactly k differences.

The paper is organized as follows. In Section [2] we give the main definitions
and results we need to work on cellular automata on groups. In section (3| we
focus on Abelian cellular automata and develop a toolbox for this class that is
used later in different sections. As an aside, we prove that such CA are always
predictable in logarithmic space complexity. In Section [d we introduce pre-
expansivity and k-expansivity, and we give some preliminary results which do
not depend on the group defining the space. In Section [5] we restrict to the
group Z and give various examples of cellular automata which are pre-expansive
but not positively expansive, including a characterization for a particular family
of non-linear CA, namely multiplication CA. In Section [6] we consider the free
group and show that k-expansivity is possible for infinitely many values of k
although positive expansivity is impossible. Finally, in Section [7] we restrict to
the group Z2? and we study some k-expansive examples for particular values of
k but also show that there is no pre-expansive Abelian cellular automaton.

2. Formal Setting and Classical Definitions

We will work on cellular automata defined over a finitely generated group
G. We will consider Abelian and non-Abelian groups, but since most of our
examples are given for Abelian groups, we will prefer the additive notation for
G.

Fixing a generator set GG, that is closed under inversion, a norm can be
defined in G: given z € G, ||z|| is the length of the shortest sequence g1g2...9n
of elements in G such that z = g1 + g2 + ... + g». This norm induces a metric
in G naturally, and given a non-negative integer r we can define also the ball
of radius r and center z as the set B,.(z) = {z € G | || — 2+ z|| < r}. Given a
point z € G and two sets X, Y C G, we accept the following notation.

z+S={z+z]zeS}, and X+Y={z+y|lzeX,yeY}

Cellular automata are functions defined on the symbolic space Q% = {c :
G — @ | cis a function}. An element ¢, called configuration, assigns a symbol
of @ to each element of the group G, sometimes called cells. We will use both
c(z) and ¢, to denote the value of c at the cell z. A natural G-action on QC is the
shift: given z € G, the function: o, : Q¥ — QC is defined by o (c)(z) = c¢(2+2)
for every x € G. The Cantor distance in Q° is defined for any two configurations
¢, d as follows.



g—min{l|=ll:c(2)£d(2)}  if ¢ £ g

Ale.d) =
(c,d) {0 if o= d

Definition 2.1. Two configurations ¢, d are asymptotic, denoted ¢ = d, if they
differ only in finitely many positions: {z € G : ¢(z) # d(z)} is finite.

A cellular automaton (CA) is an endomorphism of Q€, compatible with the
shift G-action and continuous for the Cantor distance. From Curtis-Hedlund
theorem [1, M], every cellular automaton F' is characterized by a local function
f:QV — @Q, where V C G is finite and called neighborhood of F, as follows.

Ve e Q% Vz € G, F(c)(2) = flo.(c)|v)

Every function defined in this way is a cellular automaton.

Basic properties of F' such as surjectivity and injectivity have been con-
sidered and played an important role in CA theory because they were proved
to be efficiently decidable in dimension 1 but undecidable in higher dimensions
[21} 22]. The weaker notion of pre-injectivity says that, for every pair of different
asymptotic configurations ¢ and d, their image by F are different:

cZdandc#d= F(c) # F(d).

The so-called Garden-of-Eden theorem establishes that surjectivity is equivalent
to pre-injectivity, which in particular implies that injective CAs are also bijec-
tive (equivalently reversible by Curtis-Hedlund Theorem, i.e. having an inverse
which is also a CA). It was first proved in particular cases [Il Bl [6] and later
it was shown that it holds exactly when the group G is amenable, i.e. when it
admits a finitely additive measure which is invariant under its action [4].

The pair (Q®, F) is a dynamical system and can be studied from the point
of view of topological dynamics. The present work proposes a new particular
kind of topological unpredictability. Weaker and stronger notions in this area
are the following.

A CA F is sensitive if there exists a number § > 0, called sensitivity constant,
such that for every c and every e there exists an instant ¢ € N and a configuration
d € Bc(c) such that A(F(c), Ft(d)) > 4.

A stronger notion is expansivity, which can be of two kinds, and depends
on whether the CA is reversible or not. Given T be equal to either N or Z, a
CA F is called T-expansive if there exists a number § > 0, called expansivity
constant, such that for every ¢ # d there exists an instant ¢ € T such that
A(Ft(c), Ft(d)) > 4. In this work we will almost always consider positive times
only (i.e. T = N) and refer to N-expansivity as positive expansivity. Accordingly
we will stick to positive times in the definition of pre-expansivity below. This
choice is particularly relevant for one-dimensional reversible CA, since they all
possess a direction of Z-expansivityﬂ none has a direction of N-expansivity,

3Tt can be checked that any direction greater than both the radius of the CA and its inverse
is a direction of Z-expansivity, see [23] Proposition 5.3] for more details.



but having directions of pre-expansivity is a non-trivial property illustrated for
instance by Proposition |5.9

Denote by Ty, : Q¢ — (QB()N the trace function which to any configura-
tion associates its orbit restricted to B, (0):

Tn(c) = (t = (F'(0)]B,.)

A CA F is positively expansive if and only if T}, is injective for some m, in
which case we get a conjugacy between F acting on Q® and the one-sided shift
acting on T, (Q%) 2.

If G = Z, given a one-dimensional CA with local rule f: QI=b"1 — @ with
l,r >0, we say that it is LR-permutive when for any q_;,...,q € Q the two
following maps are bijective.

at— f(a‘vqfl+17"'aq?”)
a f(q—la"'vqr—ha)

LR-permutive are always positively expansive.

3. Abelian CA: Definitions and Toolbox

The class of Abelian CA will be an important source of examples in the
sequel. This section establishes a number of properties used later on for both
positive and negative results. These properties are essentially folklore knowledge
or extensions of already published results, mainly in [24]. We however give
detailed proofs below because our setting is more general than the usual one.
In particular, as far as we know, Corollary was never written in this level
of generality, and Lemma [3.8] is new. The reader can skip this section in a
first read: the following definition is used everywhere, but the main results
established below are only used in section

Definition 3.1. Let (Q, ®) be a finite group and denote by & the component-

wise extension of ® to Q% and by 0 the configuration identically equal to 0. A
CA F over QF is linear if

Ve,d € QF : F(c@d) = F(c) @ F(d).

When (Q, @) is an Abelian group we say that F is Abelian, which is equivalent
to the fact that F verifies an equation of the form:

F(C)z = Z hi(cz+i)
eV

for any configuration ¢, where the sum corresponds to the ® law and where V
is the neighborhood of F' and h; are endomorphisms of (Q, ®).



Given a € @), we denote by ¢ the configuration that is equal to e (identity
of the group @) everywhere except at cell 0 where its value is a. Any space time
diagram of a linear CA is a sum of translated copies of space-time diagrams
with initial configuration of the form c®.

The case where (Q, @) is a cyclic group has received much more attention
in the literature than the general Abelian case. We would like to stress the
importance of considering the general case. First, it was already established
that some dynamical behaviors related to randomization are possible in the
general case but not in the cyclic case [25], Thms 3 and 4]. Second, we will show
in section |5| below (Proposition and Theorem that pre-expansivity is
equivalent to positive expansivity in the cyclic case while there are reversible
(therefore not positively expansive) pre-expansive CA in the general Abelian
case.

The following lemma shows that Abelian CA can be decomposed according
to the structure of the group. It is a folklore knowledge that appears often in
the particular case of cyclic groups [26] 27], and also in the more general Abelian
case [24].

Recall that the product F' x G of two CA F and G is the CA defined on the
product alphabet and applying F' and G on each component independently.

Lemma 3.2. Let Q = Q, x Q' be an Abelian group (law + and neutral element
(0,0)) where Q, is a p-group (the order of every element is a power of p) for
some prime p and the order of Q' is relatively prime with p.

Then, any Abelian CA F over Q is isomorphic to Fy, x F' where F, is an
Abelian CA over Q, and F' is an Abelian CA over Q'.

n
Proof. By linearity of F, if ¢ satisfies that n-c=c+---+ ¢ = (0,0), then F(c)
must satisfy the same: n - F(c) = (0,0). We deduce that the subset of states
Q1 = Qp x {0¢g'} induces a subautomaton F; of F because any configuration ¢ €
QY is such that p* - ¢ = (0,0) for some k and no configuration in (Q \ Ql)G has

this property. Moreover if n - ¢ = (0,0) for n relatively prime with p, it implies
that ¢ € QF = ({0g,} x @’ )G (because the order of an element must divide the
order of the group it belongs to). Therefore @2 induces a subautomaton Fs of
F.

Now, any ¢ € Q¥ can be written ¢ = ¢; + co where ¢; € QY and ¢z € QS
through cellwise and componentwise decomposition, and F(c) = Fy(c1) + Fa(ca).
F} is isomorphic to a linear CA F), over @), and F» to a linear CA F’ over @,
and then F' is isomorphic to F), x F". O

Given an Abelian CA F, spot configurations (i.e. configurations ¢ every-
where 0 except in one cell) form a basis of the whole set of configurations and
we get the orbit of any configuration by summing the orbits of corresponding
spot configurations. The main point of this section is the existence of a sub-
stitutive structure describing the space time diagram of spot configurations in
an Abelian CA over p-groups when the underlying spatial structure is Z¢. This



in turn comes from the fact that such CA verify multiscale additive identities.
Intuitively, a multiscale additive identity is the generalization to the Abelian
setting of a linear dependency present in any space-time diagram between a fi-
nite set of cells whose relative positions correspond to a basic shape or a blowup
of it of factor P for some given «.

These facts were established in [24] in the one-dimensional setting. We give
below a proof in any dimension d using essentially the same approach. As it is
usual in Z%, we define for z € Z%, ||z]|oo = max{|2;| :i € {1,..,n}.

Definition 3.3. Let F' be a d-dimensional Abelian CA over (Q, D). We say that
F' has a multi-scale additive identity if there is some scale factor a > 2, M > 0,
a finite set X = {(z1,t1),..., (Zk, tg)} with0 < t; < M for all1 < i <k and en-
domorphisms (h; : Q — Q)1<i<k such that for any n € N and any configuration
c it holds: ’

FMO(e) = Y7 hio F'" 00anz(c)

1<i<k

where the sum correspond to law @ over configurations and h; is the componen-
twise extension of h; to Q.

Example 3.4. Consider the CA F : 7% — 7%, defined by F(c) = cto(c). It is
straightforward to check that

F?'(¢) = cFoan(c)

for allm. In this case k=2, M =1, X = {(0,0),(1,0)}, « =2 and hy = hy =
id.

Similar multi-scale additive identities where no F' appears on the right hand
side can be derived using the binomial formula as soon as the Abelian CA

F(c). = Zhi(cz+i)

i€V

is such that the h; are commuting endomorphisms. The situation is a bit more
complex in the general case when the h; do not commute. However, we have
the following lemma.

Lemma 3.5. Any d-dimensional Abelian CA is a Cartesian product of Abelian
CA admitting multi-scale additive identities.

Proof. First, it is sufficient to prove that Abelian CA over p-groups (p prime)
admit multi-scale additive identities since any Abelian CA is a Cartesian prod-
uct of such CA (Lemma . Second, it is sufficient to consider @ a p-group
of the form @Q = Zfl because any Abelian CA on a p-group is a subautoma-
ton of some Abelian CA on a group of this form (Proposition 1 of [24]), and
a multi-scale additive identity in some CA holds in any of its subautomata.
Then, an Abelian CA of dimension d over the group @ = Zﬁ can be viewed
as a D x D matrix whose coefficients are Laurent polynomials with d variables



ui, ..., uq and coefficients in Z, (see for instance [28] for more details on this
representation).

Formally, we denote by Z [u;, u; Yi<i<a the ring of Laurent polynomials
with variables wuq,...,uq, i.e. the ring of linear combinations of monomials
made with positive or negative powers of the variables and coefficients in Z:.

A monomial corresponds to a vector of Z%, hence we use the notation ul for
any i = (i1,...,14) € Z% to denote the monomial ulf ---ufid. A linear cellular
automaton is identified with some T € MD(sz [u, u;l]lgigd) where the coef-
ficient az € Z,: of the monomial u* of the coefficient 7; ; of the matrix 7' means
that, when applying the CA, the layer j of cell 2 receives az times the content
of the layer ¢ of cell Z+z), and all these individual contributions are summed-up.
This matrix representation is correct in the sense that F'” is represented by 7.

By the Cayley-Hamilton theorem (Laurent polynomials form a commutative
ring), the characteristic polynomial of T' gives a relation of the form:

m—1

T =N N A W'

J=0 Fer

for some m < |D|, some finite I C Z¢, and where Az € Ly

By standard techniques (binomial theorem and Kummer’s theorem), we have
the following identity on any commutative ring of characteristic p' (this is done
explicitly in Lemma 10 of [25]):

n+l—1 1—1

(ox) (o)

for any positive n. Then, applying this to the expression of T™" obtained above

we get:
pl—l

m—1
m_pn-H,—l o p'ﬂ pn_; pn_j
ot (S S
J=0 fer
Noting that the sequence ()‘?;)” is ultimately periodic, we can choose a large

enough common period N so that for all Z,j and all n > 1:

nN N
A =0
) ]

Denoting o = p’¥ and expanding the right-hand side of the above equality, we
have for some M large enough, some finite I’ C Z¢, and py jE€Ly (0<j<M
and 7 € I'):
M—1 B
T 3 Y g e
J=0 fer

for any n > 1. This is exactly a multi-scale additive identity of scale o expressed
in the matrix representation of F' and the lemma follows. O



The following corollary shows that Abelian CA are computationally “easy”
to predict. Particular cases of this statement is folklore knowledge (see [29]) and
it is mentioned in the generality of Abelian CA in [24] (based on Lemma
bellow). We give here a simple proof of this fact using existence of multi-scale
additive identities.

Corollary 3.6. For any d-dimensional Abelian CA F with alphabet Q and
radius r, the following prediction problem is computable in LOGSPACE:

e input : a finite pattern v € QB () and ¢ € Q,
e question : do we have F""(u) = q, i.e. F"(c) = q for any c with c|g,., o) = u?

Proof. Using Lemma it is sufficient to give a LOGSPACE algorithm for
Abelian CA with multi-scale additive identities (the Cartesian product is han-
dled by sequentially computing each component which doesn’t change the
LOGSPACE complexity). Therefore let’s suppose that F' has the following
multi-scale additive identity (using notation of definition :

FMe"(0) = 3 hio F"" 0 g0z (c).
1<i<k

An algorithm to evaluate F(c)z is a recursive application of the above identity
with the maximal possible value for n at each application and until reaching
terms corresponding to time steps strictly less than M« (which can be evaluated
in constant time). Concretely if n is the largest integer with Ma™ < t we get

Flc)r= Y RroFe =Ml () o
1<i<k

and a™t; +t — Ma™ < t(M_l)O‘T;H_MO‘" < tie=d since t < Ma™*! by hypoth-
(M—1)a"+t—Ma™

esis on n and the ratio n is increasing with ¢. This shows that the
depth of recursive calls in the algorithm is logarithmic in ¢ (at most [log Mo )])

and since the recursive branching width is constant (exactly k) it is actually
doable in LOGSPACE. More precisely, it can be done in the following way:
o m [log%(t)];
e sum <« 0 (identity of group (Q,®));
e for each be{l,...,k}"™ do:
— h« IdeQ%;
—t —t
— 7 7
— for each i from 1 to m and while ¢’ > Ma do:
* h<hohy,;
* n < max{i: Mo’ <t'};
x 7t — Ma" ;



x t'« a"ty, +7;
¥ 2 2 + oz
— sum+ sum@ ho Ft/(c);, (bounded computation since t' < Ma)

e return sum

The algorithm explores successively each branch of the tree of recursive calls
(variable b) and for each of them (which is of depth at most m) it does a
descent from the root to the leaf (variable i) and accumulate the sequence of
endomorphisms to be applied at each level (variable h) while computing the
new current position of space-time (variables ¢ and 2’). For the prediction
problem of checking whether F"(u) = ¢ for some u € QP we apply the
above algorithm with ¢ = n and z = 0 so m is logarithmic in the input size and
all variables used have a logarithmic size. O

Lemma 3.7. Let F' be any d-dimensional Abelian CA with a multi-scale addi-
tive identity. Then there exists a substitution of factor a describing space-time
dependency, that is to say, there exists:

e a>2

e q finite set E,

e c:Z¢xN— E,
V:E—(Q—Q),

T €N and, for any 0 <ty < a and 2 € Z¢ with |||~ < a, a function
@Z% : E — FE such that, for anyt > T

e(aZ + 2, at + o) = B2 (e(2,1))

Z0
o I'L=U(e(Z,t))
where T'% is the space-time dependency function given by:
IL:qw oz0 FY(cT).

Proof. Taking the notations of Definition [3.3] we suppose that for any n € N and
any configuration c it holds:

FM"(e) = 3" hio F'" 0 04nz(c)
1<i<k

where the sum correspond to law @ over configurations. This identity extends
to the space-time dependency function by choosing ¢ = ¢? and composing both
sides by a common translation and a common power of F', so that for any n € N
and any 7 € N and any 7 € Z¢ we have:

re" M ey = 3 hiolg. L1 (1)

anz;+7
1<i<k

10



Applying this identity recursively, we can reduce any I'y to a sum of terms of
the form h o th; where t' < Ma. More precisely, we define the labeled k-regular
DAG Dy whose vertex set is Z¢ x N and such that each vertex (Z,t)

e is aleaf if t < Moy

e has the following % children:
xi(Z,t) = (a"z; + Z,a"t; + 1)
for 1 <i <k where n = max{m : Ma™ <t} and r =t — Ma", and the
edge e = ((Z,1), xi(%,t)) is labeled by A(e) = h;.

7

The multi-scale property of Equation [1| translates into D as follows. Consider
any zp € Z% and any tg < . If we denote by 7z, : Z? x N — Z? x N the
transformation such that 7 4, (2, t) = (a2 + 25, at + o), then we have:

o Xi(Tz.60(Z,1)) = T 10 (xi(Z,t)) when (Z,1) is not a leaf;
o ife=((2,t),xi(Z 1)) and €' = (7.4, (Z, 1), T,¢, X (Z, 1)) then A(e) = A(€/).

Indeed, as soon as t>aM, if n=max{m: Ma™ <t}, we have that
n+1=max{m: Ma™ <at+ty} and ar+ty=at+ty— Ma"" where
r=t— Ma"™. From this we deduce that to any path from (Z,¢) to a leaf
l € Z* x N corresponds a path from 7z, (Z,t) to 74, (1) with same labels.
Conversely any path from 7 4, (Z,t) to some leaf admits as prefix a path from

Tz 1o (Z, 1) 10 T 4, (1) where [ is a leaf. Formally, if PZZ:,’tt, denotes the set of path

from (Z,¢) to (z/,#') in Dy and L the set of leaves we have

T4 ,t (Eat) _ T2 ,t (Z,t) T2 ,t (l)
Jareet=Ueng - U ree
leL leL l'eL

where -’ denotes the concatenation of paths.

For any M € N,let Y3, = {(Z,t) : t < M« and ||Z]|oc < M}. For any 2z with
I20]l0 < & and ty < @ the (Euclidean) distance between (Z,t) and 7z 4, (%, t)
goes to infinity as ||Z]|o grows. On the other hand, when ¢t < M, the set of
positions (27, ') reachable from (Z,t) in D is finite and they are all at bounded
(Euclidean) distance from (Z,t). This implies that for any large enough M,
we have the following property: if there is a path in Dp from some 7z 4, ({)
to Yy with I € L and ||Z)]|co < @ and tg < «, then I € Ya;. Let now choose
X =Yy with M large enough to have the above property and also such that
any (Z,t) € L with T'Z # 0 (i.e. is not the constant map equal to 0) belongs to
Y. From Equation [I| and by definition of Dy and X, we have for any z € Z¢
and any t € N:

L= 3% ST Mer)o-oX(em) o, (2)

(ZtexX pept
2/t
p=e1,em

11



We define E = (QQ)" and e : Z¢ x N — E by

= 4 () = (3¢
(2, t) — {:) 11(,2 )= (51, if (Z,t) is a leaf,
e(Z,t) = else
(7. t) =3 pepit Aerp)o---oA(em) else.
Pielv--,tem

Then the map ¥ : E — (Q — Q) defined for any f € (QQ)X b
Y. f(Et)eTt
(Zt)ex

is such that W (e(Z,1)
Finally, for any (2,

e(tau(Z1) = (Z ) = > Ae) oo Nem). (3)

(Z,t)

=T'L by definition of e and Equation
t) ¢ L and any z) with ||20||cc < a and tg < a, we have:

)

0.t
0-to
peP;/ o

pP=€1,"",Em
5.0 (%)

/ t/
a path p; € PTZ0 to((lj " followed by a path ps € P?Z/to( Since (2/,#') € X and
by choice of X then le X. So p; is just the transformation under T to Of @
path from (Z,t) to I € X and this transformation doesn’t change the labels A.

We can then rewrite Equation [3] as:

() = ()= 3 D Y M) AK)

(v)

But, as said above, any path p € P- ? decomposes as a concatenation of

YEY pepyt ol ep 0t

/ +/

or equivalently

e(Ta.00(Z,0) = (Z,8) = D eZ ) D A

pep” T2, (¥)

't’

This shows that there is a map <I>t9 not depending on Z' or ¢ which satisfies
e(Tsz,1, (2, 1) = CI)tO( (Z,1)). The 1emma follows by letting T' = oM. O

The existence of this substitution has strong consequences on the structure of
traces: the trace of a finite configuration is determined by a prefix of linear size
in the distance of the farthest non-zero cell. Let us first define some notation.
The size of a configuration ¢ = 0 is the smallest n € N such that ¢(z) # 0 imply
12][e0 < m.

Lemma 3.8. Let F' be any d-dimensional Abelian CA having admitting multi-
scale additive identity. Let m > 0 and denote by T,,, the trace function associated
to F' and m. There exist a function A : N — N with A € O(n) and such that for
any n and for any pair of configurations ci, cy with:

12



e the size of ¢; is less than or equal to n,
o T(c1)(t) = Tin(e2)(t) for any t < A(n),
then T, (c1) = Tin(c2).

Proof. First F fulfills the hypothesis of Lemma so we have the existence of
the substitution and adopt the notations of the lemma.

Let’s focus on the substitution given by the function e and consider k > 0,
t > a*T, and 7 € Z¢ with ||z||c < a¥. By k — 1 applications of the substitution
we get the following expression for e(Z)t):

e(Z,t) = dtmode oo @Y T mod e (o5 1/ak))

Zmod «a Z/ak—1 mod «

where [|p(2)]|oo < @, and where the division/modulus correspond to the standard
Euclidean division on Z<.

The sequence of superscripts in this expression only depends on t mod o.
The sequence of subscripts depends only on Z. Therefore we can write this
functional dependency of e(Z,t) on e(p(2),t/a*) in the following way:

e(Z,1) = x4 " (e(p(2), t/a)). (4)

Now consider a time t, sufficiently large to see before time ¢y any possible
vector of the form (e(20,1))|z . <a that occur after time T', precisely:

Vit > T, 3, T <t <to,V20, |20]|lco < a:e(20,t) = e(2,t).

Given an index set I, consider any tuple (Z;)icr, with [|Z]c < ¥, and any
P C EL. For any time ¢, we can define the property P;(t) by:

Pi(t) < (e(Zi,t)),c, € P

Claim: if Pr(t) holds for every ¢ < (to + 1) - &* then P;(t) holds for every t € N.
Indeed, take some time ¢ > (tg + 1) - @*. Then by choice of t, there exists
t' <ty such that:

V20, |1 Z0]loe < o : e(£5, /%) = e(2,t).
Now we can choose t” < (tg + 1) - o* with

t" /o =t and

t" mod of = ¢ mod o

and equation [ yields the equalities:

e(Zi,t) = XEm01 " (e(p(5), t/a®)) = XE M0 (e(p(5), 1)) = e(5,t").

It shows that P;(t) < P;(t”) and the claim follows.

13



Since the space-time dependency function is completely determined by the
substitution e (Lemma [3.7)), the fact that the trace of a finite configuration at
time ¢ is null can be expressed by a property of the form P;(t). More precisely,

for any configuration c of size o, we can define
D = {z2€Z% : ¢(z) #0},
I = [ Bnl),
zeD
P = {feE" : Vo eBu(0),)> U(faya)(c(2)) = 0}.

zeD

We then have that

Pr(t) & Vo€ Bp(0), Y Ule(z+x,1))(c(z) =0

z€D
& V€ Bn(0),> Th,,(c(z))=0
z€D
& Y Tulon(e@)) =0
z€D
<~ Tm(C)t =0.

We deduce that if F*(c) is null on B,,(0) until time (tg + 1) - &* then it is
null forever. By linearity of F', equality of two traces is equivalent to nullity
of their difference. We have thus shown the lemma for m > 0 by choosing

A(n) = (to + 1) - for k = [loga(n)]. O

4. Pre-expansivity

Pre-expansivity is the property of positive expansivity restricted to asymp-
totic pairs of configurations.

Definition 4.1. Let F be a cellular automaton over Q¥. F is pre-expansive if:
36>0:Ve,d€ Q% c#d and c = d= 3t € N,A(F(c), F(d)) > 6.
The value § is the pre-expansivity constant.

Remark 4.2.

o (Cellular automata can be seen as examples of two continuous commut-
ing actions on a metric space: the spatial action S (the G-shift) and the
temporal action F (the cellular automaton itself). The definition of pre-
expansivity can be adapted to this general settings by requiring that F' be
expansive on pairs of S-asymptotic configurations. This goes far beyond
the scope of the present paper which focuses on cellular automata.

14



e Pre-expansivity is a conjugacy invariant: if a cellular automata F and

F" on Q© are conjugated via ¢ (i.e. ¢ is an automorphism of the full-
shift QF with F o ¢ = ¢ o F'), then F is pre-expansive if and only if F' is.
Indeed, ¢ = d is equivalent to ¢(c) = ¢(d) and for all € there is § such
that A(¢(c), p(d)) > € implies A(c,d) > 6.

The notion of pre-expansivity can be further refined by considering only pairs
of configurations with a fixed finite number of differences. Given ¢, d € Q%, we
denote c#, d if #{z € G:c(z) #d(2)} =k, i.e. if c and d differ in exactly k
positions.

Definition 4.3. Let F be a cellular automaton over Q® and let k > 0. F is
k-expansive if:

36>0:Ve,d e Q° c#,d= 3t € N, A(F'(c), F(d)) > 6.

Proposition 4.4. Let F be any CA over QF, it holds:

1

2
3
4

F is pre-expansive = Yk > 0 F s k-expansive,
F is k-expansive = F is sensitive to initial configurations,
F is pre-expansive < T,, is pre-injective for some m.

. If L is a CA over QF, then F x L is k'-expansive for every k' < k if and

only if L and F are k'-expansive for every k' < k.
Fpositively expansive = F pre-expansive = F pre-injective, moreover if G
is amenable then F pre-expansive = F' surjective.

Proof.

1.
2.

3.

It follows directly from definitions.

It is enough to note that for any configuration ¢, any § > 0 and any k > 1
there always exist a configuration ¢’ with c¢#; ¢/ and A(c, ') < 0.

For the third item, it is sufficient to note that the existence of some time ¢
such that A(F'(c), F'(c')) > § is equivalent to T}, (c) # Tpn(c) for a suit-
able choice of m.

. If F x L is k'-expansive, it is enough to take two configurations with their

differences in only one of their components, since both automata act inde-
pendently, k’-expansivity of F' x L imply that the perturbations will arrive
to the center at the same component, proving the k’-expansivity of the
corresponding automaton.

If now L and F are k’-expansive for every k' < k, we take two configura-
tions with &’ differences. They may lay in one or both of their components,
in any case there will be 0 < k¥ < &’ differences in one of the components
of F'x L. By the k”-expansivity of the corresponding automaton, we show
the k'-expansivity of F' x L.

Tt is clear that positive expansivity implies pre-expansivity (restriction of
the universal quantification). Then pre-expansivity implies pre-injectivity
because if there is a pair of configurations ¢, ¢’ with ¢ = ¢ and F(c) = F(c')
then, eventually applying a translation, we can also suppose them such
that A(e, ¢’) is arbitrarily small. Finally, if G is amenable we also have
that pre-injectivity implies surjectivity by Garden of Eden Theorem [4].
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O

Note however that k-expansivity does not generally imply pre-injectivity or
surjectivity as shown by the following example.

Proposition 4.5. For any k > 1 there exists a one-dimensional CA which is
not surjective but k'-expansive for any k' < k.

Proof. Consider any pre-expansive one-dimensional CA F' of radius 1 over state
set @ = {0, 1} (for instance a bi-permutative CA), and define a CA ¥ over state
set QFt! as follows. It has k+1 “layers” and to any configuration ¢ we associate
its projection 7;(c) on the ith layer. Intuitively it behaves on the k first layers
as k independent copies of F', except that the (k + 1)th layer induce a state flip
in the image in the following way: if it has a 1 at position z then, in the image,
layer 7 is flipped at position z + 3i. Moreover, (k + 1)th layer is uniformly reset
to 0 after one step. Formally, ¥ is defined by:

U(e), = (F(7r1 (¢)z+7rt1(c)z—3 mod 2,..., F(m(c))s + Tt1(c)2—3k mod 2, O)

First it is clear from the definition that it is not surjective since the image
of any configuration is always 0 on layer k + 1. Note also that, when reduced to
state set {0, 1}* x {0}, ¥ is isomorphic to F’* which is pre-expansive. Therefore,
to show that ¥ is k’-expansive for any 1 < k' < k, it is sufficient to show that
for any pair of configurations ¢ and d with c¢#,, d we have ¥U(c) # ¥(d).

So consider such a pair (¢,d). ¥ was defined such that, if ¢ and d differ
on the (k 4 1)th layer at position z, then, on the ith layer, F(c) and F(d) will
differ at position z + 3¢ as soon as ¢ and d are the same on the ith layer at
positions z + 3¢ — 1, z+ 3¢ and z + 3¢ + 1. Therefore, supposing that ¢ and d
indeed differ on the (k + 1)th layer at position z, it implies that F(¢) and F(d)
differ because ¢ and d having only k' < k differences, they can not differ at 2
and at one of the positions z +3i — 1, z+ 37 or 2+ 3i+ 1 for each 1 <i < k.

Finally, suppose that ¢ and d are equal on the (k + 1)th layer. Then
they must differ on some layer ¢ with 1 <¢ < k. Therefore, we must have
F(mi(c)) # F(mi(d)). We deduce that ¥(c) # U(d) because their respective ith
layers are F'(m;(c)) and F(m;(d)) up to some modification by the (k4 1)th layer
which are identical in ¢ and d. O

The next lemma talks about linear CA. When F' is supposed to be linear
(for law @), then Ty, is also linear, i.e. T,,(c®d) = Tp,(c) ® Trn(d) where @
denotes the component-wise application of @& either on Q€ or on (QBW)N.

Proposition 4.6. Let F be a linear CA for law @& and neutral element 0. Let
I be the set
I ={keN:F isnot k-expansive}

[ ifkl,kg el then ki1 + ko €1,
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o F is pre-expansive if and only if for some m > 0 there is no finite sequence
(915---,9n) of different cells in G and states (qi,...,qn) in Q such that

T (04, (™)@ - -+ @ Tm(ag, (c?)) = 0.

Proof. First, by linearity of the trace functions T,,, we have that T,,,(¢) = T,,.(¢')
if and only if T, (¢ ® (—c)) = T,,,(0) where —c is the configuration such that
c¢® (—c) = 0. Moreover we also have c#, ¢’ if and only if ¢/ & (—c) #,, 0. Hence
F' is pre-expansive (resp. k-expansive) if and only if there is m such that no
c# 0 with ¢ = 0 (resp. c¢#,0) can verify T, (c) = T;,(0).

From this we deduce the second item of the proposition.

For the first item, consider k; and k5 in I. From what we said above, for any
my there is ¢; such that ¢y #,, 0 and T, (¢1) = T, (0). Now choose my large
enough so that any non-zero state of ¢; appears at distance at most ms from the
center. Let us remark that the differences between ¢; and 0 are outside By, ,
otherwise Ty, (¢1) # Ty, (0), thus mg > m;. Since ks € I we deduce from what
we said earlier that there is ¢ such that ¢z #;, 0 and Ty, (¢2) = Tin, (0). By our
choice of my, this implies that T}, (c1 @ c2) = Ty, (0). Moreover ¢; @ ¢z #, 11, 0
Since m; was arbitrary, we deduce that F is not (k1 + k2)-expansive.

5. 1-dimensional Cellular Automata

The 1-dimensional setting is particular in our study since it allows examples
of all properties considered in this paper, and gives additional structure to
analyze them.

The first goal of this section is to show that the notion of k-expansivity,
pre-expansivity and positive expansivity all differ and interact differently with
properties of bijectivity and surjectivity. More precisely we will show the fol-
lowing existential result.

Theorem 5.1. Let B and S denote the set of bijective and surjective CA re-
spectively. Let Xy, Xpre and Xpos denote the set of 1-expansive, pre-erpansive
and positively expansive CA respectively. It holds:

o Xpre N (B\ Xpos) # 0,
o Xpre \ (BUXpos) # 0,
o X4 N(B\ Xpre) # 0,
o Xi\ (Xpre UB) # 0,

e X;\S#0.
We therefore have the following situation:
N|B|S\B|s
X\ Xpre | 3 3 3
Xpre \ Xpos | 3 3 0
Xpos | 0| 3 | 0
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For this purpose it will be sufficient to focus on linear cellular automata. At
the end of the section, we consider a well-known class of non-linear bijective CA
where pre-expansivity is a relevant property. But before the study of examples,
we give some additional results which hold in dimension 1.

5.1. Left/right propagation and directional dynamics

The pre-expansivity constant can be fixed canonically as we will prove in
Lemma [5.4] The next lemma is direct and it expresses the locality of CAs.

Lemma 5.2. Let F be a CA in Z with neighborhood [—1,r] the next assertions
hold.

o Ifc| oo = dj—oo,n) and there exists an iteration t such that Ft(c)]_ooyn] =+
F'(d))—co,n), then there is an iteration t' < t such that Ft (n—rm #

F(d) ) -

o If iy oo = din,oof and there exists an iteration t such that Ft(c)[nvoo[ =+
FY(d)p.oofs then there is an iteration t' < t such that F'(c)pniy #
Ft (d) [n7n+l] .

Proof. We will only prove the first assertion, the second one is completely anal-
ogous. Let ' be the first time such that F* (¢)j_sen) # F* (d)]—co,n], and let

i €] — co,n] be a position such that F*'(c); # F' (d);. Since F¥' 1 (¢)_oon] =
Ftl_l(d)]_oo,n]7 and only the cells in |Jn — r,n] depend on cells in |n,oo[, i >
n—r.

O

This lemma shows a particularity of dimension 1: expansivity properties can
be understood through left /right propagation of information. Let us precise this
notion.

Definition 5.3. Given two configurations ¢ # d, and a CA F, we define the
left and right propagation sequences as follows.

Il(c)=inf{z € Z: (F'(c))(z) # (F'(d))(2)}
ri(c) =sup{z € Z: (F'(c))(2) # (F'(d)) (2)}

Note that if ¢ = d then [¢(c) and r{(c) are always finite integers.

Lemma 5.4. Given a CA F of neighborhood [—l,7] and k € N, the next asser-
tions hold.

1. If F is k-ezpansive, then VYc#, d, (13(c))ien is not lower bounded and
(rd(c))ten is not upper bounded.
2. If Vk' < k,Ye#, d, (14(c))ien is not lower bounded and (ri(c))ien is

not upper bounded, then F is k-expansive with pre-expansivity constant
27maa:{l,r}'
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Proof. 1. Let us suppose that F' is k-expansive with pre-expansivity constant
m. Let c#; d be two configurations, and let us assume that [¢(c) > n
for some n € Z; this means that F'(c)|_, = F'(d)]—co,n for every
t € N. Thus T, (0p—m(c)) = Tn(0n—m(d)), which is a contradiction. The
analogous happens if (r¢(c))¢en is upper bounded.

2. We need to prove that F' is k-expansive with pre-expansivity constant
2-m = 2=maz{lr} Tet c#, d be two configurations, and let us define the
next two additional configurations.

[ () ifi<o0
Cl(’)_{ d@i) ifi>0
. (i) ifi<0
Cm{c@iuzo

If ¢(—m,m] # dl—m,m]> Tm(c) # Trn(d) and we are done, so let us suppose
that ¢[_y,;,m) = dj—m,m]- Let " and k" be such that ¢" #,, d, c #,., d and
E+ k' =k

If k' # 0, (I¢(c"))ten is not lower bounded, thus by Lemma and the
fact that ¢” is equal to d below position m, there is a minimal iteration ¢,
such that F' (¢")jm—r,m] # F'"(d){m—r,m]- Analogously, if k& # 0 there is
a minimal iteration ¢ such that F'(c")(_p,—m+y) # F*(d)[—m,—m+1-

Let us take ¢ = min{t,,t;}, by the choice of m we have that F?(c)[o,m] =
FY ) o,m) and FH(c)_pmo = FY(c)(—m,0. and at least one of them is
different from F*(d) between [—m,m], thus Ty, (c) # Tpn(d).

O

The last lemma establishes that the pre-expansivity constant is uniform in
dimension one (it does not depends on k), thus we can conclude the next corol-
lary.

Corollary 5.5. If F' is k-expansive for every k € N then it is pre-expansive.

Lemma 5.6. F is pre-expansive if and only if for all ¢ = d, (1¢(c))ien is not
lower bounded and (rl(c))ien is not upper bounded.

Proof. (=) Let ¢ #, d be two asymptotic configurations. Since F' is pre-expansive,
it is also k-expansive, thus by Lemma (I¢(c))ten is not lower bounded
and (rd(c))en is not upper bounded.

(«=) If for every k € N and every pair ¢ #,, d we have that (I¢(c))sen is not lower
bounded and (r¢(c))sen is not upper bounded, then by Lemma Fis
k-expansive, and by Corollary [5.5] we conclude that F' is pre-expansive.

O

Left and right propagation determines also expansivity. The next lemma
can be proven by using the techniques from the last lemmas.
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Lemma 5.7. F is positively expansive if and only if for any pair of different
configurations c,d, if ¢)—oo0) = d—oo,0) then (I¢(c))ten is not lower bounded,
and if ¢jg 0o = djo,00] then (ri(c))ien is not upper bounded.

The last two lemmas show a similarity in information propagation between
pre-expansivity and positive expansivity: the differences between two configu-
rations are spread both to the left and to the right and thus there is a sensitivity
to initial conditions in all directions. We can formalize this following the direc-
tional dynamics setting of [23] (we could also use the more general viewpoint
of [30] but we prefer to keep a lighter setting for clarity of exposition). Let
a € R. A CA F is said to be pre-expansive in direction « if there is some § > 0
such that

Ve,de Qfc#dandc = d= Tt e N, A(oras © Ft(c),cf[aﬂ o F'(d)) > 6.

In particular, pre-expansivity in direction 0 is the same as pre-expansivity. Sim-
ilarly F' is said to be sensitive to initial conditions in direction « if there is some
& > 0 such that

Ve e Q¥ Ve >0,3d € Q%3t € N: A(c,d) < eAA(0a10F (), 0[ar) o F'(d)) > 6.

Remark 5.8. Lemmal[5.0] generalizes to the directional dynamics setting:
F is pre-expansive in direction B if and only if for all ¢ = d, (1¢(c) — [Bt])ien
is not lower bounded and (r{(c) — [Bt])ten is not upper bounded.
In particular, if the CA neighborhood is N C {l,...,r}, then its set of pre-
expansivity directions is included in | — r, —I[.
Proposition 5.9. Let F be any CA which is pre-expansive in some direction
«a. Then the following holds:

1. F is sensitive to initial conditions in any direction;

2. if F is also pre-expansive in direction o/ > « then it is pre-expansive in

any direction B with o < 3 < o'.

Proof. We first deduce that if @ < 8 < o/ and «/ is a direction of pre-expansivity,
then for any ¢ # d with ¢ = d:

1{(c) = [Bt] <I(c) = [at]
is not lower bounded and
ri(c) = [Bt] = ri(c) — ['t]

is not upper bounded so S is also a direction of pre-expansivity.

Finally, consider a direction > a (the case 8 < a is symmetric), some
configuration ¢ and some € > 0. Take any d # ¢ with ¢ = d and [g(c) large
enough so that A(c,d) <e. Since (I¢(c) — [at])ten is not lower bounded and
B > « then there is some t with [¢(c) — [8t] < 0. Let to be the smallest such
t. Since |If,;(c) — If(c)| is bounded by the radius of F' we deduce that there
exists a constant M, depending only on § and the radius of F, such that
M < 1f (c) — [Bt] < 0. Said differently A(o(gs,) © F'(c), 05,7 © F'o(d)) > 2.
We have thus shown that F' is sensitive in direction . O

20



5.2. Hierarchy of expansive-like properties

The following proposition shows that the simplest form of linearity is not suf-
ficient to achieve the separation between positive expansivity and pre-expansivity.
Let us first introduce some notation.

Proposition 5.10. Let Z,, be the group of integers modulo n with addition, and
let F' be a one-dimensional linear CA over Z,. Then F is 1-expansive if and
only if it is positively expansive.

Proof. First by Proposition [{.4] if F' is positively expansive it is in particular
1-expansive.

For the other direction, it is sufficient to consider the case n = p* with p a
prime number by Lemma [3.2] because if some F; x Fy is 1-expansive then both
Fy and F» must be 1-expansive. B B

By commutation with shifts we have (0, (c%)) = —n +1?(c*) and the anal-
ogous for r;. Moreover c¢® = a - ¢! because we are on a cyclic group.

Let us define 1Y (¢*) = min{i € Z | gcd(F!(c*);, p) = 1}. The next properties
hold.

1. If ged(a, p) # 1, then 1Y (c*) = oo (respectively r¥ (c*) = —o0). In fact, in
this case the entire evolution of F' over ¢® is composed by multiples of a,
which are multiples of p too.

2. If ged(a,p) = 1, then 1Y (c*) = 1Y(c') (respectively r¥(c*) = rY(c!)). In
fact, in this case F*(c%); = aF*'(c'); is coprime with p if and only if F*(c!);
is.

3. 19(c®) <1Y(c) (respectively r9(c*) > rY(c!)). In fact, if F(c!); is coprime
with p, then F(c%); = aF*(c'); is not null.

4. 10(cP" Y = 1Y (eY) (respectively r9(c?* ') = rU(c!)). In fact, Ft(cP" '), =
pFIF(cl); = 0 < ged(Ft(cY);, p) # 1.

From the last assertion and Lemma (first item) we have that IV (c!) is not
lower bounded and Y (c!) is not upper bounded.

Now let us take a configuration v € (Zpk)z, such that v; = 0 for every

i < 0and vy # 0. Let us define j = maz{i € {0,....k} | Vo € Z,p|v(x)},
and let us consider u = v/p?. In this way, there is y > 0 with u(y) # 0 and
ged(p, u(y)) = 1. Let y be the smallest integer with this property.

17 (M) ty+rt

Ft(u)l?(cl)—&-y = Z Ft<cuz)l?(cl)+y—ﬂc
=0

But u(z) is a multiple of p when = < y, thus Ft(c%); = 0 mod p for any i
and any = < y. For = > y, Ft(cuz)ly(cl)+y7$ is also a multiple of p because the

smallest index for which F*(c%+) is coprime with p is I¥ (c%+) which is greater
than or equal to I (c!). In this way we conclude that

Ft(u)zgf(cl)ﬂ; = Ft(cuy)zy(cl) mod p
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is coprime with p and is non null. Therefore Ft(v)l?(cl)_;’_y is non null as well.

This implies that [9(v) is not lower bounded. Symmetrically, 79(w) is not upper
bounded when w is any configuration equal to zero on positive coordinates.
Lemma [5.7| concludes that F' is positively expansive. O

To establish a separation between positive expansivity and pre-expansivity,
we will focus on linear CA obtained by what is often called “second order
method” in the literature [3I]. The idea is to turn any CA into a reversible
one by memorizing one step of history and combining, in a reversible way,
the memorized past step into the produced future step. The interest of this
construction for our purpose is that positive expansivity is excluded from the
beginning because no non-trivial CA can be positively expansive and reversible
at the same time [20].

Let @ = {0,...,n — 1} be equipped with some group law @ and consider
some CA F over state set (). The second-order CA associated to F' and &,
denoted SO (F, @) is the CA over state set Q x @), which is conjugated through
the natural bijection Q% x Q% — (Q x Q)% to the map:

(¢,d) — (d, F(d)®c)

The following proposition shows that second order construction is useful to
separate positive expansivity from l-expansivity. Some of the results in the
next proposition can be deduced from more general results in [19, [32] B3], but
we develop a new specific proof here.

Proposition 5.11. Let & be a group law over Q with neutral element 0 and
F be a CA over Q which is linear for @& . It holds:

1. SO(F, @) is bijective and linear for the law @& X & ;
2. if F is LR-permutive then SO(F, 69) is Z-expansive and 1-expansive;

3. if F is LR-permutive then for any m > 0 the subshift of traces T, ((Q X Q)Z)
is a vertex SFT.

Proof. 1. It is sufficient to check that the CA over the state set @ x @ is
conjugated to the following map:

(c,d) — ((F(c))@d,c)

the inverse of SO(F, @), where ¢ denotes the inverse function for the
group law @&. Moreover SO(F, @) is linear for & X @ because it is
component-wise linear for & .

2. Let us suppose that F' is LR-permutive with neighborhood {—,...,7} and
denote ¥ = SO(F, @ ). To prove Z-expansivity of W it is sufficient to no-
tice that ¥ propagates to left and right when the second Q-component is
non-null and ¥~! propagates to left and right when the first Q-component
is non-null. In fact, let us consider a configuration ¢ € (Q x Q)% equal to
(0,0) on negative coordinates but such that ¢(0) # (0, 0). If the second Q-
component of ¢(0) is non-null then, and since F(0,...,0) = 0, the leftmost
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non-null cell of ¥(c) is at position —r and it is its second Q-component
which is non-null, i. e., if the leftmost difference from (0,0) is in the second
@Q-component, this will be always like this and the difference will prop-
agate to the left. The same holds symmetrically for propagation to the
right. In the same way, and given the form of U1, differences in the first
QQ-component will propagate to the left and right through ¥—!, thus by
lemma [5.7} ¥ is Z-expansive.

Now let us take c¢(®?) (recall it is the configuration equal to (a,b) at
0 and (0,0) everywhere else). By the previous arguments, if b # 0,

(lt(o,o) (cl@?)),cn is not lower bounded and (rt(o’o)(c(a’b)))teN is not up-
per bounded. But if b = 0 and a # 0, then (¥(c))(0) = (0,a) and null
everywhere else, then again (lgo’o) (c{@?)),cn is not lower bounded and

(r@(c(%b)))tg\; is not upper bounded. Therefore, ¥ (and ¥~1!) is 1-
expansive.

. The proof of the third item will be performed in two steps. To simplify
notations, for any pair of words u,v € @* of the same length, we will
denote by (Z) the word over alphabet @@ x ) whose projection on the first
(resp. second) component is u (resp. v).

Assertion 1L: For every word u € Q" there exists a configuration c such
that U (c)0,r—1) = (5v) and ¥¥(c); = (0,0) for every 0 < k <t and
i< (t—kK)r.

Proof of Assertion 1L. By induction on ¢. If ¢ = 0 it is obvious, we
just take ¢ equal to ((;i) at [0,7 — 1] and (0, 0) everywhere else. Now,
since F is LR-permutive, given a word w € Q'", let us define the
permutation 7,,(a) = f(wa) for every a € Q. Given a word u € Q",
we inductively define another word v € Q" as follows: vy = To_lir(uo),

Vi1 = T&L,ivw] (uit1). In this way, f(0!'*"v) = u. By induction
hypothesis, there exists a configuration ¢ such that W*(c)|,,—1] =
(o) and U¥(c); = (0,0) for every 0 < k < t and i < (t — k)r. We
take d = o_,(c), then W!(d)|;2,—1) = (;.), and (0,0) to the left of
r; and U (d)[j0,—1) = (o), and (0,0) to the left of 0. Moreover,

Uk(d); = (0,0) for every 0 <k <t+1andi< (t+1—k)r.
Assertion 1R: For every word u € Q' there exists a configuration ¢ such

that W' (c)|—i141,0) = (o) and ¥*(c); = (0,0) for every 0 < k <t and

i>(k—1t)l.

The proof of Assertion 1R is analogous to the proof of Assertion 1L.
::0’ with wy € (Q x Q)*™ L, is a finite
subsequence of a trace in T, ((Q X Q)Z) if and only if for any t, there
are extensions wr € (Q x Q)" and wr, € (Q x Q)! verifying

Assertion 2: A sequence (wt)

1/1(1UL c Wy - wR) = Wt41

where 9 denotes the action of ¥ over finite words.
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Proof of Assertion 2. In one direction, it is clear, so let (wt)::o be
a sequence such that for any ¢, there are extensions wg € (Q x Q)"
and wy, € (Q x Q)! verifying ¥ (wr, - w; - wr) = wyy1, and let us prove
that it is a subsequence of a trace of . We perform the proof by
induction on n. If n = 0 there is nothing to prove, of course any
sequence of length 1 can be part of a trace. Now let ¢ be a config-
uration such that W*(c)|(_p,m) = wy, for every k € {0,...,n — 1}.
By locality, only the values of ¢ between —m — nl and m + nr are
relevant to this hypothesis, and we take ¢(i) = (0,0) outside these
limits. Let wgr and wy, be such that ¥ (wr, - wy,—1 - wR) = w,. Let
us remark that the first Q-component of w; and wgr can be chosen
arbitrarily, given the form of ¥. We will suppose that m(wr) =
T (0" ) mm—t,—m—1]) and 71 (wr) = 71 (L () pnt1,mtr]), thus
we can take (%lL) = wp — \Il"_l(c)h,m,l’,m,” and (%f?) = wp —
‘I/"_l(c)hmﬂ,mﬂ]. We take from Assertion 1L a configuration c’*
that produces the word (;¥) at time n— 1 at position [m + 1,m + r]
and (0,0) to the left of the light cone that starts at m+ nr with slope
—1/r. From Assertion 1R we take a configuration ¢ that produces
the word ((tF) at time n — 1 at position [—m — I, —m — 1] and (0, 0)
to the right of the light cone that starts at —m — nl with slope 1/1.
By linearity, \Iln_l(cL@cR@c)“_m_l,mM] = WrWp_1Wg, and then
V(L ®CR®C)|[—mm] = Wn, moreover V¥(cL B cr®c)|_pm,m =
wy, for every 0 < k < n, which completes the proof.

O

We will now give an example of pre-expansive CA which is not positively
expansive.

Example 5.12 (¥). Let Q = {0,1,2}, + be the addition modulo 3, and Fj
be the CA defined over Q% by F3 = o+o_,. We define U as the second order
construction applied to Fs.

¥ =SO(Fs,+)
Figure|1] shows a space-time diagram of V.

To establish the pre-expansivity of ¥ we will study its dependency structure,
i.e. how the value of the cell at position z and time ¢ depends on value of cells
at other positions and earlier times. To express these space-time relations we
denote by ¥ the map o, o ¥ and by @ the component-wise addition modulo
3 over {0, 1,2} x {0,1,2} naturally extended to configurations of (Q x Q)% and
then naturally extended to functions on such configurations.

Following section [3] and lemma [3.5] the matrix that represents WU is:

0 1
1 27 42 /)
Its characteristic polynomial is p(A) = A2 — A\(z~! + z) — 1, which gives the

relation U2 = Woo_; ®id® ¥ oo. Lemma proves that this imply the
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Figure 1: Space-time diagram of ¥ starting from a configuration with a single non-zero cell.

Figure 2: In the first row some space-time diagrams of ¥ are shown (state (0, 0) is represented
by empty space). The third diagram shows the morphisms representing the dependence of
Wt (c(@:9)); on (a,b), for each space-time coordinate (i,t): in particular, white means no de-
pendence and red means bijective dependence.
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existence of a multi-scale additive identity, next lemma gives the precise shape
of this identity in the special case of W.

Lemma 5.13. Let ¢ be a configuration in (Q x Q)%.Then, for any k > 0, any
t >0 and any z € Z we have:

ok ak k
U2 () = W o U? H o (o).

Proof. First it is straightforward to check that
Ui(c) = VL, @ Id ® Uy(c).

Then, by property of the Frobenius endomorphism, we have (a + b)?”c =a3" + %
when doing the arithmetics modulo 3. This identity naturally extends to ¢ and
therefore we have: . X .

Ue3 (c) = V2., @ Id® U3, (c).
Finally, by linearity of both ¢ and ¥ with respect to @ we can compose both
sides of the above equality by ¥ and the lemma follows. O

Using the above lemma, and arithmetics modulo 3, we can show that ¥ has
a simple dependency structure at some space-time locations.

Lemma 5.14. Let us consider a configuration ¢ = c'%*) for some pair (a,b) €
Q x Q. For any integers k > 0 and M > 1, let dy g = \I/M'3k+1(c). Then we
have:

o darp(—M 38 +2.3F) = dpy (M - 38T — 2. 3%) = ¢(a, b)
e dy (i) = (0,0) for (M —1)-3*1 < Ji| < (M — 1) - 3k+1 4 3F
where ¢ is an automorphism of QQ X QQ which does not depend on k nor on M.

Proof. Let’s first show the two items for M =1 and let dy = d; ;. Denote
by ¢ the state (¥'(c))(z). First, by a simple recurrence we can show that
T

c",, = c? =m(a,b) where 7 is the projection m(a,b) = (0,b). Then, applying
Lemma [5.13| on \I,%g:w’“’ we obtain:

k 2.3F 3k 2.3F
di(=3") = Zhgn + g + 57

Applying Lemma to \IJ%-3’“+0 we then have:

de(—3%) = 32t + e
= (0,b) +2(0,b) + (0,b) + (a, b)
= (a,2b)

where ¢(a,b) = (a, 2b) is an automorphism. The same equality holds for dj,(3%)
by symmetry and the first item of the lemma is shown.
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For the second item, first note that ¢! = (0,0) whenever z < —t or z > ¢ be-
cause ¥ has radius 1. Consider any i with —3% < i < 3%, Applying Lemma
k k
on \II?'?’ +3° we obtain:

. 2.3F 3k 2.3F
dis(i) = ;% + ¢+ ¢iian.

Applying Lemma to \I/ff;,f Y and \I/?f;;ro we further get:

N 3k 0 3k 0 3k
di(i) = ¢ gae t g +3-¢; + Citsk T Cilyo3k-

From what we said before and doing the arithmetics modulo 3 we deduce
di (1) = (0,0) and the lemma follows.
Now, proceeding by induction on M, suppose we have:

o dyp(—M - 3F1 +2.38) = dpy (M - 381 — 2. 3F) = ¢(a,b)
o dyri(i) = (0,0) for (M —1)-3*1 < |i| < M -3F+1 —2.3F

Writing iM +1)- 381t =2.381 4t with t= (M —1)-3*"! and applying
5.13

Lemma to W23" ' with 2 = (M + 1) - 3F1 — 2. 3% we get:

dyrr,e((M+ 1)3k+1 -2 3k) = dyp(M- gt —2. Sk) + C7EM+1)3’¢+1—2-3'€
+dpr (M +2)371 — 2. 3%)
= dyp(M 3" 2.3
= ¢(a,b) = (a,2b)
Applying again Lemma but with 2z = (M +1)-3%¥1 —2.3% — j where
-3k < j < 0Owededuce dps11(7) = (0,0) for M - 381 <i < (M +1)-3F1 — 2.3~

By symmetry z — —z we obtain the corresponding equalities and we finally
have:

o dyri1k(—(M+1)-3¥1+2.3%) = dppyq k(M 41)- 351 —2.3F) = ¢(a,b)
e dyri1(i) = (0,0) for M - 381 < Ji| < (M +1) -3kt —2.3F
which completes the induction step. The lemma follows. O

The last lemma assures that finite configurations will always produce at least
one non 0 cell at arbitrary large positions in the line.

Proposition 5.15. U is pre-expansive in direction « if and only if « €] — 1,1].

Proof. Let ¢ be any configuration with ¢ = (0,0). Denote | = l(()OT)(c) and

r = r(()OT)(c) and consider any k such that 3% > max(|l|, |r|) and M such that
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0, 11, 11, 1{1, 1|1, 11, 11, 1{1, 1|0, 1 0, 1|1, 0|0, 1|1, 00, 1|1, 0|0, 1
0, 11, 11, 1{1, 1|1, 11, 1{0, 1 0, 11, 0[0, 1[1, 0|0, 1.
0, 1(1, 1{1, 1|1, 1|0, 1. 0, 1|1, 0[0, 1

time
= -
e
= |
o
=
[
time
=] o
ol =

0, 11, ofo, 1|1, 0|0, 1|1, 0f0, 1{1, 0|0, 11, O[O, 1 |Tr e lid| e |id| e |id| e |id| e | T
0, 1{1, 0[O, 1[1, 0|0, 1|1, Of0, 1{1, 0|0, 1 w™ | e |id| e |id| e |id| e | ™
0, 11, ofo0, 1|1, 0|0, 1|1, O[O, 1 w™| e |id| e |id| e | ™
0, 1(1, 0|0, 1|1, 0|0, 1. w|e|id|e|m™

time
—_
= !

=

‘ S|~
=| o
2

=

time
s
3
HE
3

Figure 3: Some space-time diagrams of YT (state (0,0) is not represented). The right bottom
figure represents the morphism transforming the state at the central cell into the state at each
space-time coordinate.

o] < 1— BLM By a finite number of applications of Lemma and by linear-
ity and translation invariance of ¥, we have:

(LM () (r— M -3 42 35) = 6 (c(r))
(UM () 1+ M -3 —2-3%) = 6 (c(1).

Since ¢ is a permutation of @ sending (0,0) to itself and since ¢(r) and ¢(l)

are both different from (0,0) we deduce that lgg’_%)kﬂ (c)<r—M- -3k 4 2.3k
(0,0)

and 74,7 (c) > 14+ M - 31 —2.3F for any k large enough. This shows that
(Li(c) — [at] )tEN is not lower-bounded and (r;(c) — [at] )tEN is not upper-bounded
and concludes the proof by a directional version of Lemma [5.6 O

We now give an example of CA that is 1-expansive but not pre-expansive.

Example 5.16 (Y). Let Q = {0,1}, + be the addition modulo 2, and Fy be
the CA defined over Q% by Fy =o+o_,. We define Y as the second order
construction applied to Fy:

T = SO(Fy, +).

T has the same matrix as ¥, the same characteristic polynomial, and a
similar multi-scale identity, but arithmetics modulo 2 gives a different shape to
the time space diagram as we can see in figure
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Proposition 5.17. T is not k-expansive when k > 2 and in particular Y is not
pre-expansive.

Proof. Let k > 2 be fixed and for each z € Z define the configuration ¢* by:

(0,0) if 2 < z,
(0,1) if 2/ =z,

A=< 1,1) ifz<<z+k-2,
(1,0) if 2/ =z+k—1,
(0,0) if2' >z+k.

3

We have c¢* #,,(0,0) and it is straightforward to check that T(c*) = ¢*~1. We
conclude that T is not k-expansive by Lemma [5.6 O

With these two examples we have proven two of the items of Theorem 1, this
together with the preliminary results of section 3 and 4 allow us to conclude.

Proof of Theorem[5.1 Let F be any irreversible and positively expansive CA.
It holds:

e U is pre-expansive (by Proposition [5.15)) and it is reversible and not pos-
itively expansive (by Proposition and [20]);

e therefore ¥ x F' is pre-expansive and irreversible and not positively ex-
pansive;

e T is l-expansive and reversible (by Proposition [5.11)) but it is not pre-
expansive (by Proposition [5.17));

e therefore T x F'is l-expansive and irreversible and not pre-expansive;

e finally Proposition [4.5] gives an example of 1-expansive CA which is not
surjective.

O

5.8. Non linear examples: multiplication CA

Now we exhibit a non linear family of reversible CA that will provide us with
new examples of pre-expansive CA. This family has already been considered with
different points of view in the literature [12,[34] and underlined for its links with
some Furstenberg problems in ergodic theory [35].

Given two natural numbers k and %/, let us consider the cellular automaton
Fy, 1 on the state set Z,,, with m = kk’, defined as follows

F i (€); = ke;%m + | keiyq /m]

where 1%j denotes 7 mod j with operation precedence as follows: a + b%¢c
means a + (b mod ¢) and ab%c means (ab) mod c. Note that Fy, 4/ (c); is always
in Z,, because kc;%m < k(k' — 1) and |kc;41/m] < k. Fj s can be seen as a
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Figure 4: . (a) Space-time diagram of F3 o starting from a configuration with a finite number
of non-zero cells (time goes from bottom to top, states are represented by tones of grey
from white for 0 to black for 5). (b) Space-time diagrams of F3 o starting from two random
asymptotic configurations (the coincident cells are colored with light grey tones, the effect of
the perturbation is colored with dark grey tones)

multiplication by k in base kk’, and the fact that there is no carry propagation
ensures that it is a CA. Figure [4] shows the evolution of a finite configuration in
a background of 0 under F3».

Proposition 5.18. Fj, ;. is bijective and Fk_,i, =Fp o o L.

PT‘OOf. We will show that Fk,k' ] Fk/,k = 0.

kFy, C);
Fk‘,k’ 0] Fk/,k(c)i = (ka/,k(C)z)%m_F \‘%J

= 0+ciy1 — i1 %k
+ i1 C+1% + m

m(ciy1 — kleiv1/k]) + kLCi+2/kJJ

{(mci+1)%(mk) + klciva/k) J

= Cit1 — Cip1 Nk + {

Cz‘+1J T LCH-Q - Ci+2%kJ

= Ciy1 — Cim1 Nk +cip1 — k { 3 ™

= ¢4+1+04+0

from here we obtain that Fj, ;- is surjective and F}- j, is injective, but exchanging
the roles of k and k' we obtain that both are bijective and we are done. O

Next lemma establishes some elementary bounds on the way perturbations
propagates through Z.

Lemma 5.19. Given a sequence a = 0 in {—m +1,...,0,....,m — 1}%, we
define the rational number:
g(a) = Zaim_iv

€L
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then, given two configurations ¢ = d € ZE with ¢ # d, the next properties hold.

1. If =’ represents the substraction in Z, then |g(Fgp(c) — Fp(d))| =
Hg(c - ). | |

2. Ifi=14(c), and j = ri(c), then m™7 < |g(c—d)| < m~*TL, moreover, —j
is the biggest integer such that |g(c — d)|/m™7 € Z.

3. 1d(c) <rd(c)+1— tll(f;((:m)).

log(k
4.1 (e) — 1= 258 < (0.

Proof. 1. The result is directly obtained from the definition of Fj ;- and g.
We can see that g(Fj i (c) — Fi 1 (d)) is equal to:

= Y (ke%m + |civa /K| — kd;%m — |di1 /K |ym™

i€z

= S (ke %om — kdia %om)m ™0 £ 3" (i /K] — [diga /K [ym ™
= i€z

= Z(kci-i'l %m + mchi+1/mJ — (k;dl+1%m + mLdelH/mJ ))m_(“'l)
i€l

- Z k(ciyr — dm)m—(iﬂ)
i€z

= kg(c—d).

2. lg(c—d)| =] Zfl:i(cn — d,)m~"| from where the result is clear.

3. From itemand we have that m (D1 > |g(Ft(c)— F!(d))| = k|g(c—
d)| > k'm0 thus m =@+ > gty —r5(0),

4. Analogously, we have that m =" () < |g(Ft(c) — F!(d))| = k'|g(c — d)| <
Etm =1+ thus m~"(© < ktm~6(©+1 from where we can conclude.

O

Theorem 5.20. Suppose that p1,...,pr are distinct prime numbers and o and
q are co-prime integers (possibly 1) which are also co-prime with py---py. If
k=op'---pj and k' = pi* ---p}'q, then Fy s is a-pre-expansive if and only

if

e a €] —log,,(k), —min{ c1e{l,....,I}} and g =1, or

61',5:62
e a€]—log,, (k),0] and g # 1.

Proof. We need to prove that [¢(c) — [ 5t] is not lower bounded and r{(c) — [3t]
is not upper bounded for every ¢ = d if and only if 8 in the given interval. The
fact about [¢(c) can be obtained directly from Lemma first Id(c) — [Bt] <
rd(e)+1—tlog,, (k)—[Bt] is not lower bounded when 3 > —log,, (k). Conversely,
if 8 < —log,, (k) then I¢(c) — [Bt] is lower bounded when considering d = 0 and
¢ the configuration with ¢g = 1 and ¢, = 0 for z # 0, because in this case
9(F} o (c) = Ff . (d)) = k' and tlog,, (k) — 1 < —If(c) < tlog,, (k) + 1.
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In order to prove the second fact, we will first study the way r{(c) varies
in time. Let us fist suppose that ¢ = ¢;* -~-q§1 . Let us suppose, without loss
of generality, that rd(c) = 0, and let n = |g(c — d)|, which must be a natural
number. Finally, let us assume that n = o”p{' - - p}’ q{l -~-q§", where 0" is
co-prime with p1---prq1---qy.

From Lemma [5.19((12), we know that s; = —r¢(c) is the largest natural
number such that m®t|kin. But m® = osfpi‘(€1+el) . .pj‘(”"’el)qftfl gttt

a;
and k'n = o”o'p]! ter py’ +te'q{1 . 'q?, thus m®t|kfn if and only if

1. 0°t]o" ot
2. Vie{l,.... I}, si(e; +¢f) <te; +e
3.Vje{l, ... J}sefi < f]

The first condition is asymptotically true, because we know from Lemma
that s; < —Ig(c) + 1 + tlog,, (k) which is smaller than ¢ for bigger enough t. We
distinguish two cases.

(¢ =1) In this case, condition 3 is empty, I > 1, and

te; + el
S = min{ {:Z;LZJ NS {1,...,[}} , for big enough t,

thus r¢(c) — [Bt] = —s; — [Bt] is not upper bounded if and only if 8 <

€

_min{eiie; cied{l,...,I}}.

(¢ > 1) In this case J > 1, and the condition 3 is non empty, thus for some
jge{l,....,J}, —s — [Bt] > —% — [Bt] which is not upper bounded if
and only if 8 < 0.

O

It is said that two integers n and m are multiplicatively dependent if there are
positive integers a and b such that n® = mb, and multiplicatively independent
otherwise.

Corollary 5.21. Fj ;s has directions of pre-expansivity if and only if k and k'
are multiplicatively independent.

Proof. First, multiplicative independence of k and k' is equivalent to multi-
plicative independence of k and m = kk’. Let us first suppose there are positive

integers a and b such that k% = m’. It is clear that a > b in this case. Then

b b bel+be'1 beIere'I b . aei aey
m’ = 0°p; Ry ) g’ = o%pi™ ---p7°", and we deduce that ¢ =0 =1

and 2 = —% =log, (k) for every i. Then from theorem there is no «

e;i+e
such that F}, p/ is a-expansive.
Suppose now that k and k&’ are multiplicatively independent and let py, ..., pr

be the common primes in the decomposition of k and &’ so that we have k =
er

.p[

€1

op] and k' = p{'---p}'q where o and g are co-prime (but possibly 1)
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and co-prime with p; - - py as in the hypothesis of Theorem [5.20} First, if ¢ # 1
then Theorem shows that Fj, ;» has a non-empty set of directions of pre-
expansivity.

Suppose now that ¢ = 1, then it holds

log(k) _ _ log(o) +3 ,eilog(p) _ Mlog(o) +3; M(e; + ) log(pi)
log(m)  log(o) +3_;(ei + ;) log(pi) —  log(o) + 3 (ei + ¢;) log(pi)

where M = min; ;% because M < 1 and for all i we have M % < 1. The
i . 4

equality holds only if o =1 and M = — o for all 4, which is not the case since

k and m are multiplicatively independent. We deduce by Theorem that
the set of directions of pre-expansivity of Fj, ;- is not empty. O

Let us interpret this result in a more geometrical way. Theorem [5.20| es-
tablishes that perturbations will diffuse (at least sparsely) inside a cone whose
left slope is —log,, (k) and right slope is 0 or —M where M = —mm{eeﬁ :
ie{l,...,I}. Lemma expresses moreover that perturbations are actuaﬂy
always present close to the left boundary of the cone (with a tolerance equal
to the size of the initial perturbation). In the case ¢ # 1, perturbations also
accumulate on the right boundary of the cone since the CA is one-way.

In [I2], it was proved that F, s is left-expansive if and only if ¢ = 1, where
left-expansive means {I¢(c)}sen not lower bounded for every d # c. The proof
is performed through an argument using interesting results about the entropy
of left-expansive CA. Let us stress that left-expansivity and directional pre-
expansivity are independent properties (none of them implies the other), and
that any reversible CA has directions of left expansivity (any direction greater
than the radius of the CA). Left expansivity asks for left-propagation of any
perturbation, including perturbations over infinitely many cells. That is why
Lemma [5.19| cannot be applied in this case, and in fact these perturbation
may not propagate to the left when ¢ # 1. The conflictive cases are those
corresponding to configurations which are identical up to some cell at which
one configuration has a n # 0 followed by 0s and the other has n —1 followed by
m — 1s. Until this boundary, both configurations will evolve in the same way,
thus when ¢ # 1, the cell where their differences start, which is equal to the
right boundary of the first with respect to 0, will stop shifting to the left.

On the other hand, if & and k' are multiplicatively dependent, there are
natural numbers a, b such that Fy,, = oy, that is, Fj j is a rational power of
the shift (thus left-expansive), this means that all the perturbations propagate
in a unique direction, in this case the direction is a = —3, to the left. This
direction is actually a direction of equicontinuity (see [23]), a strong form of non-
sensitivity and prevents such CA from having any direction of pre-expansivity
(see Proposition [5.9).

As a final remark, let us recall that [34] establishes that F3 4 is a universal
pattern generator: precisely, from every initial configuration ¢ on Z%, and every
finite pattern p there exists an iteration ¢ such that p appear in F?f’z (c) at some
position. The theorem is stated for k = 3 and k' = 2 but the proof only uses
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that logk (k') is irrational, which is exactly the condition for Fj s to admit
pre-expansive directions.

6. Cellular automata over the free group

Some of the properties proved in the last section come from the fact that
the graph (Z,{(i,i + j) | 7 € V}) can be always disconnected by extracting
a finite part from Z. The graph of any free group where the edges are given
by any finite neighborhood has this feature, and we would be able to extend
some of the previous properties to the case of a cellular automaton over the free
group. In particular, the pre-expansivity constant is strictly related with the
neighborhood size, as in Z, and it does not depend on k for a k-expansive CA.
We denote by F,, the free group with n generators (F; is Z).

Proposition 6.1. If F is a cellular automaton with a neighborhood V C B,.(0)
of radius v over the free group F,, and it is k'-expansive for all k' < k, then F
18 k-expansive with pre-expansivity constant equal to 277

Proof. The proof takes the ideas of Lemmal[5.4] Let ¢#, d be two configurations
in IF,,. Let us call S the set of standard generators of F,,, including their inverses
(i. e. |S] = 2n), and for each s € S, let us call R, the branch of F,, that hangs
from s; we mean the set of elements whose shortest description in terms of S
starts with s. In this way F,, = {0} U (UsesRs).

Now let us define D = {i € F,, | ¢(4) # d(i)} and Dy = DN R,. We want
to prove that T).(c¢) # T,(d) so let us suppose the opposite. This implies that
D = UsesDs, and we can consider ks = |Ds| < |D| = k. As in the case of
Lemma [5.4] we define configurations ¢® which are equal to d everywhere except
on branch s, as follows.

i) = { c(i) ifie R,
d(i) otherwise

At the beginning, ¢* differs from d only on branch R,. We will see that this
will be always the case. Let us suppose that, for some t € N, Ft(c¢®); = F(c);
for alli € Ry and F*(c®); = F'(d);, for all j ¢ R,. We remark that, we assumed
that if j € B,(0), F'(c*); = F'(d); = F*(c);. Since F, is a tree and F is a
CA of radius r, if i € Ry, B,(i) C Ry U B,.(0), thus Ft*1(c®); = Ft*l(c);. If
je{o}tu (l—ls’ES\{s}Rs’)a B.(j) C (US’ES\{s}Rs') U B;(0), then Ft""l(cs)j =
Ft+1(d)j.

We conclude that T,.(¢®) = T,.(¢) = T,(d), for every s € S.

But we know, by hypothesis, that F' is k’-expansive, let us take its pre-
expansivity constant as e = 27™. Let us consider now the configuration o_,,5(c®),
the shift of ¢® by ms € F,,. By construction, o_,s(c®) and o_,,,5(d) are equal
over B,,(0). By the k’-expansivity of F, there exists a time ¢t and j € B,,(0)
such that F'(o_ms(c®)); # F'(0_ms(d));. But, as shown before, F'(c®) and
F*'(d) differ only on branch Ry. Therefore F'(o_,,s(c®)) and F'(o_,,s(d)) differ
only on branch R,,s which is disjoint from B,,(0): this is a contradiction. [
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The last proposition shows that being k-expansive for every k € N is enough
to being pre-expansive, as in F; = Z. But not all the properties survive from Fy
to F,,, when n > 1; k-expansivity is possible for infinitely many k’s in F,, even
without pre-expansivity, as the next example shows.

Example 6.2 (A,,). Let Q = {0,1}, + be the addition modulo 2, and A,, be the
CA defined over Q¥ by

An(e)i = (i) + Y e(i + ).

jES

In this CA, a spot will produce a wave of 1s advancing with velocity 1 over
the boundary of a ball, as the next lemma establishes.

Lemma 6.3. If i,j € F,, are such that ||i]| = ||j||, then for every t € N
Al (ch); = AL(ch);, moreover Aqu(C1)i =1.

Proof. We prove by induction on [ that for every ¢t <[ and every z, y € B;(0),
[l = 1311 = A% (1) = AL (e!);] and that A (el), = 1 if [[if] = I

For [ = 0 is clear since in this case i = 0 = j and AY(c!)y = 1. Now let us
suppose it true for some [, and let us prove it for [ + 1.

Case 1, t <. By the induction hypothesis, we only need to verify the property
for i, € Bi41(0)— Bi(0), but A, (c!); =0 = Al (c!); because at time ¢ <[
no perturbation at 0 has the time to arrive to these cells.

Case 2, t = [+1. We first remark that any cell ¢ in ), has exactly 2n —1 neigh-
bors farther and exactly one neighbor closer than i to 0; we also remark
that the local rule of A,, is totalistic, only the quantity of neighbors at a
given state counts. If 4,j € B;(0), all of their neighbors are in B;11(0),
thus by Case 1, their state at time [ depends only on their distance to
0, thus AL (ct); = ALFY(cY);. If i, 5 € Biy1(0) \ Bi(0), then their neigh-
bors outside B;(0) and themselves have all state 0 at time [; their unique
neighbors in B;(0) have both state 1, by induction hypothesis. Thus, by
the definition of A,,, ALF(c!);, = ALFY(cl); = 1.

O

Proposition 6.4. A, is k-expansive for every k odd with pre-expansivity con-
stant equal to 1, and it is not 2-expansive if n > 2.

Proof. Let ¢#,0. Let D = {i | ¢(i) # 0} and let D; = D N (B;(0) \ B;—1(0)).
It is clear that ¢ = Y, 0_;(c!). Since |[D| = k is odd, there exists some !
such that |D;| is odd, let us take [ as the smallest one. For every z,y € Dy,
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To(o_5(c')) = To(o—y(c)), thanks to lemma Therefore, given a cell y € Dy,

ALST S oale)o

leN zeD;

1
= AL D o-ale)o

=0 x€D,

i —
= D ALY oale))o
=0

Al (c)o

= Ay (o—y(c)o-

By Lemmal[6.3] this last term is equal to 1 which proves the k-expansivity when
k is odd.

The second part of the proposition is almost direct from lemma[6.3] In fact,
let m € N be any natural number and let us take z = ms for some fixed generator
s. Now let s’ be another generator, different from s and —s and define x = z+ s’
and y = z — 5. This imply that ||z]| = ||y|| = ||2]| + 1 = m + 1. Lemma [6.3
says that To(oz(c')) = To(oy(c')), but also that T, (0z(ct)) = Th(oy(ch)),
because z and y are equidistant from z, as well as from all the other members
of By, (0). O

7. Cellular Automata on Z™, with n > 2

Expansivity is not possible in dimension n > 2 or more, due to combinato-
rial reasons: the number of possible n-dimensional patterns grows too quickly
to be uniformly conveyed into a 1-dimensional array without loss (see [15] for
a general result of inexistence of expansive CA). This argument does not apply
to pre-expansivity because only finite differences have to be propagated. Nev-
ertheless, in Abelian CA the information propagates in a very regular way, and
pre-expansivity is impossible as we will show.

7.1. No pre-expansivity for Abelian CA in dimension 2 or higher
Theorem 7.1. No Abelian CA of dimension d > 2 is pre-expansive.

Proof. First, if G is the Abelian group of the theorem it can be decomposed in
a direct product G = G, x G’ where G, is a finite p-group for some prime p and
G’ is a group whose order m is such that p doesn’t divide m (structure theorem
for finite Abelian groups, see [36]). Then F is isomorphic to Fj,, x F” according
to Lemma where F}, is linear over G,. Moreover if F' is pre-expansive, then
F, must also be pre-expansive (by Proposition . It is therefore sufficient to
show the Theorem for p-groups.
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Now consider F' of dimension d > 2 linear over a p-group and some m > 0.
By Lemma we know that the trace T, of a finite configuration of size n
is determined by its prefix of size A(n) where A € O(n). The number of such
finite configurations grows like o™ for some o > 0 and the number of prefixes
of T,,, of length \(n) grows like ™) for some 8 > 0 which depends only on
m, G, and d. Since d > 2 and A is linear we deduce for n large enough that
two finite configurations of size n have the same trace T,,. Therefore T}, is not
pre-injective and by Proposition [f4] F' is not pre-expansive. O

Note that this does not avoid a priori the existence of a linear CA which is
k-expansive for any k& € N or for infinitely many k.

7.2. Simple Abelian CA

In general, in a CA with neighborhood V' C G, we can remark that the
influence of the cell 0 is restricted to the set generated by linear combinations
of —V. More precisely, at time ¢, its influence is restricted to the following set:

V(0 {Zvl (Vie{l,.,t}) v € V}

A perturbation in a cell u € G can produce a change in the state of cells in
—Vi(u) = u — V4(0) up to time t.

If G is commutative, for example G = Z™ and V' = {v1, .., vy, }, this set can
be computed as follows.

-Vi(0) = {Z ng(—vg) | an =t and for each k,n; € N}
k=1

k=1
m n m
= {Zt —tug) | an:tand for each k nkeN}
k=1 k=1
C {Z —tug) | Z)\ 1 and for each k, A\, € [0, 1], }
k=1 k=1

C co(—tV)

Where tV = {tv | v € V}, and co(-) stands for the convez hull (in R™).
In the simpler case where G, = Z,,, any linear CA F' can be expressed as

F = Z .0,

z€eV

where (a,).cv is a sequence of elements of Z,. When p is prime, the Frobe-
nius endomorphism gives strong self-similar properties to linear CAs, more pre-

cisely:
k
= E azopkz
zeV
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More generally, consider any Abelian CA F with states G, such that p- g =0
for all g € G, and such that

F:thoaz,

where h, are commuting automorphisms of G,. The Binomial formula and the
k

fact that p divides all (Pl ) for 0 < i < p* gives:
k k
FP =" hY oy,
zeV
Since the h, are automorphisms of G, there are infinitely many k such that
h, = hlz’k for all z € V and therefore
k
FP = Z hZO'pk-Z.
zeV
These particular cases suggest the following definition.

Definition 7.2. An Abelian CA F' =}, h. oo, is simple if it verifies

FM =3 "h.oun- (5)
zeV

for arbitrarily large M.

The next lemma establishes that the constant of k-expansivity in a simple
Abelian CA on Z, depends only on the radius of the neighborhood. The radius
of a neighborhood V' is the smallest integer r such that V' C B,.(0).

Lemma 7.3 (Amplification). Let F' be a simple Abelian CA with neighborhood
V C Z"™ of radius r. If there exists a configuration ¢ # 0 such that T.(c) = 0,
then for any m > r there exists a configuration ¢’ # 0 such that T,,(c') = 0.

Proof. Let ¢ be such that T;.(c) = 0 and let M be such that m < M — 1. We
define ¢’ by ¢}, = ¢ for every x € Z™ and 0 elsewhere.

From Equation 5] it is easy to see that F* ('), = F*(c),, and 0 elsewhere.
Therefore, for every ¢t € N and every v € B,.(0), FM(¢/)p, = 0.

Now, between iterations t M and (t+1)M, we know, from the former remarks,
that only cells in 2 = U (Mx — Vi(0)) can have a state different from 0.

zZBr(0)
Since =V C B,(0), we have that —V3,(0) C B,s(0), and the complement of €

contains Bjys_1(0), which is what we were looking for, in fact,

y € Q= |J Mz-Vu(0)

¢ B,
(3z & B-(0))(Fv € =V (0)) y = Mz +v
Iyl > [|Mz]| —[[v]] = M(r+1) — Mr =M
y & Brn-1(0).

G4y
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O

The next corollary shows that in this case again the expansivity constant
depends only on the neighborhood radius. Let us remark that here it is a
little bit stronger than in the 1-dimensional case because it does not need &’
expansivity for every k' < k.

Corollary 7.4. Let F be a linear CA in Zy. It holds:

o F is k-expansive, if and only if F' is k-expansive with pre-expansivity con-
stant 27";

o F is k-expansive for all k € N if and only if F' is pre-expansive.

With this lemma we can establish k-expansivity just by looking at T,.. We
will show a CA in that setting which is l-expansive, 3-expansive and non 2-
expansive, and another which is non 1l-expansive (and so non k-expansive for
every k).

7.2.1. The rule ®2 with von Neumann neighborhood in 72

The rule that simply sums the state of its 5 neighbors in the von Neumann
neighborhood: (0,0), (0,1),(1,0),(0,—1),(—1,0) is not 2-expansive. This can
be seen through a simple picture: let us suppose that we start with the config-
uration ¢ that has a ‘17 in cell (—2%,2%=1) and in cell (2¥,2%~1). By symmetry,
the vertical line {0} x Z will be always null. Thus, at iterations 2% only cells
at 2%(Z\ {0}) x Z will be activated. Between iterations t2¥ and (¢ + 1)2* these
cells cannot influence the ball Byx—1_1(0,0) and this ball will have a null trace:
T2k—1 (C) =0.

In order to establish the 3-expansivity of this CA, we will start by proving
some lemmas that describe the form of the traces T} (o, (c!)) of the evolution of
the configuration ¢! at the different points of Z2. In order to achieve this, we
start by computing the partial traces To(0.(c'))|[0,26—1] and To (0= (c)) |2k 25 +1-1)-
We first give a way for compute them, and afterwards we prove they are effec-
tively the partial traces.

Definition 7.5. Given k > 0 and z € Bayx_1(0,0), we recursively define uy(z)
and vy (2) as follows. Let us define Sy = {(0,0), (0,2%), (2¥,0), (0, —2F), (—2%,0)},
the active cells of iteration 2F.

ug(z) = wvo(z) =1;
Ukk—ll(z)vk—l(z) if 2 € Bar-14(0,0)
up(z) = 0% up_1(z—x) if 2 € Boyr-1_1(x) \ Bar-1_1(0,0) and x € Sp_1
02" otherwise
ug—1(2)uk—1(2) if z € Bor—1_41(0,0)
u(z) = up—1(z — x)up—1(z — ) if z € Bor—1_1(x) \ Bar-1_1(0,0) and z € Sy,
02" otherwise
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Lemma 7.6. If z € Bor_1(0,0), then ug(z) and vi(z) represent the trace of z
from 0 to 28 — 1 and from 2F to 28+1 — 1 respectively.

Proof. When k = 0, By(0,0) = {(0,0)}, and the trace of (0,0) is constant and
equal to 1.
Let us suppose the lemma true for k —1 > 0. Let z € Byx_1(0,0).
Figure[5|(a) depicts the first two cases in the definition of u(z), the last one
corresponds to cells in the diagonals segments, which remains null by symmetry

e Casel) z € Byr-1_1(0,0). In this case, the induction hypothesis says that
the trace until 2% — 1 is given by wus_1(2)vg_1(2)

e Case 2) z € Byx_1(0,0) \ Bax—1_1(0,0). From 0 to 28~ — 1, 2 has not
been touched yet, thus its trace until 281 —1 is 02°7". At iteration k=1
only the cells in Si_1 are in state 1, thus z is influenced by only one of
the cells in Si_1, say z, its trace from 2¢~1 to 2¥ — 1 is equal to the trace
of the cell z — 2 from 0 to 2F~! — 1, thus by induction again, it is equal to
ug—1(z — x).

e Case 3) If z belong to none of these balls, it belongs to one of the two
diagonals lines that pass through (0,0), and its trace is null.

Figure [5|b) depicts the three cases in the definition of vy (z).

e Case 1) z € Box-1(0,0). At iteration 2%, only the cells in Sj, are in state
1. Therefore, from 2 to 2¥ +2k=1 —1, 2 will be influenced only by the cell
(0,0), and its trace will be equal to ug_1(2). At iteration 2% + 28=1 the
active cells corresponds to red and brown cells in Figure b), and again
only cell (0,0) reaches z, the process is repeated.

e Case 2) z € Bye_1(0,0) \ Bor-1_1(0,0). At iteration 2*, only the cells in
S are in state 1, thus, before iteration 2 + 2¢=1, 2 is touched only if it
is at distance less than 2¥~! from one of the cells in Sy, say x, (orange
zone in Figure [f[(b)), then its trace is equal to up—1(z — ). At iteration
2k 1 2k=1 the active cells are far again, and z is influenced only by x
again.

e Case 3) If z belong to none of these balls, its trace is null.

O

This lemma proves that the traces can be obtained through the substitution
u — uv and v — uu. The basic u and v for a given cell z are obtained at iteration
241 if Bor_1(0,0) is the smallest ball containing z. From the next lemma we
can conclude the 1-expansivity of this automaton with pre-expansivity constant
equal to 271,

Lemma 7.7. If i + j is odd and smaller than 2F, then the trace of the cell
2= (i,7), To(o,(ch)) is not null and its first non null index is odd and smaller
than 2%, in particular uy(i,7) is not null.
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(a) (b)

Figure 5: (a) Represents the evolution from iteration 0 to 2¥. Non-null cells at iterations 0

and 21 are marked with dark brown and red dots, respectively (cell (0,0) is active at both

instants). The balls of radius 2*~1 around these cells are colored with similar lighter colors.
(b) Represents the evolution from iteration 2¥ to 2¥*!. Dark brown dots represent non-null
cells at iterations 2% and 2% 4+ 2¥—1 while red dots represent the cells which are non-null
at iteration 2F + 28—1. The balls of radius 2! around these cells are colored with similar
lighter colors. Faded colors represent the cells outside the ball of radius 2%.

Proof. For k = 1, the trace of the odd cells inside B;(0,0) from 0 to 1 is u = 01,
the result holds. Let us assume the result true for k > 1, and let z = (4, ) be
an odd cell in Bgr+1_1(0,0) \ Bax_1(0,0). Since the cell is odd, it is not over
the diagonals, and it belongs to the ball of radius 2% of one of the four cells of
S1\{(0,0)}, say z. Then, by lemmal7.6] its trace from 2* to 25+1 —1 is given by
ug(z — ). Since the cells of Sy, are even, (z — z) is also odd, and the conclusion
follows by induction. O

Now we will prove several properties that will be useful to prove 3-expansivity.
Lemma 7.8. Given k >0, if z € Bor_1(0,0) then vg(2) is a square.

Proof. Tt is clear from Definition [7.5 and the fact that k > 0. O

Lemma 7.9. Given k > 0, if z € Bor_1(0,0) \ {(0,0)} and uy(z) # 02", then
ug(z) is not a square.

Proof. By induction on k. For k = 1, if 2 is inside the von Neumann neigh-
borhood of (0,0), thus u;(z) = 01 which is not a square. Let us suppose the
assertion true for k — 1 > 1. Since k£ > 1, from Definition |[7.5] we recognize two
cases for ug(2).

Case 1: ug(z) = 02kuk,1(z —z), for some z € S;;_1. The only way for uy(z)
to be a square is to be equal to 02"
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Case 2: ug(z) = up—1(2)vk—1(z). By the induction hypothesis u is either null
or not a square. From Lemma vg—1(2) is a square, then wug(z) is a
square if and only if ug(z) = 02"

O

Lemma 7.10. If |i| = |j]| and (i,j) # 0, then the trace of the cell (i,7),
To(0(,5)(c")) is equal to 0¥,

Proof. Cells in the diagonals systematically falls in the boundaries of the zones
given by the substitution, then their traces are systematically assigned equal to
0. O

Lemma 7.11. Ifi+j is even, smaller than 2% and the trace of the cell z = (i, j),
To(o.(ct)) is not null, then the first non null index of the trace is even and it
is smaller than 2F.

Proof. For k = 0, the trace of the even cell inside By(0,0) from 0 to 0is u = 1,
the result holds. Let us assume the result true for £ > 0, and let z = (4, 5)
be an even cell in Bor+1_1(0,0) \ Bor_1(0,0). Since the cell is attained, from
Lemma [7.10] it is not over the diagonals, then it belongs to the ball of radius
2% of one of the four cells in Sy, say x. Then, its trace from 2F to 21 — 1 is
given by uy(z — x). Since the cells in Sy are even, z — x is also even, and the
conclusion follows by induction. O

Now we are ready to prove that this automaton is 3-expansive.

Lemma 7.12. If 21, 2o and z3 are three different cells and Ty(o,, (ct)) +
To(oz, (') + To(os5(ct)) = 0%, then there exists z € {z1,22,23} such that
To(o.(c')) = 0.

Proof. We will prove a stronger assertion:

If 21, 22 and z3 are three different cells in Bgr_1(0,0) and ug(z1) +
ug(2z2) + up(z3) = 02", then there exists z € {71, 22, z3} such that
up(z) = 02",

It is stronger because from Lemmas and if z € Bor_1(0,0) and ug(z) =
02", then Ty(o-(c')) = 0%.

By contradiction, let 27, zo and z3 be three different cells in a ball Byx_;(0, 0)
such that ug(z1) + ug(22) + ur(z3) = 02" and for all i € {1,2,3}, up(z) # 02"
Let us choose these cells such that k is as small as possible.

Let be t,,, t,, and t,, the indices where the respective traces equals 1 by
the first time. It is clear that two of these numbers are equal and smaller than
the third. Let us suppose that t,, =t,, <t,,.

Case 1: 21, 23 € Byr-1_1(0,0). In this case, from Lemma the trace of z3
from 2F=1 to 2% — 1 is equal to uy (23 — ), for some x € Sy, thus uy(z3) =

O2k71uk_1(z3 — ). On the other hand, uy(z;) = ug—1(2;)vg—1(z;) for i €
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{1,2}. From Lemmal(7.8] v;_1(21) and vj_1(22) are squares if k > 0, which
is the case, since By(0,0) contains only one cell. Thus vg_1(21) +vg—1(22)
is also a square, then it cannot be equal to ug_1(z3 — ) which is not a
square thanks to Lemma [7.9]

Case 2: z1, 23, 23 & Bor-1_1(0,0). In this case, from Lemma for each i €
{1,2, 3} there exists some x; € Sj,_; such that uy(z;) = 02 71uk_1(zi—zi).
Of course z; —x; € Bor-1_1(0,0) for each ¢ € {1,2,3} and ug_1(z1 — 1) +

up—1(22 — x2) + up—1(23 — x3) = 02"
of k.

, which contradicts the minimality

O

Theorem 7.13. The rule ®» with von Neumann neighborhood in Z? is 1-
expansive, 3-expansive but not 2k-expansive for every k € N.

Proof. We have stated that the rule is not 2-expansive, through a counter exam-
ple, and this fact can be extended to every even number 2k, thanks to Propo-
sition

Since By (0, 0) always contains odd cells, from Lemmawe know that T (o (c!)
is never null, which proves that the CA is 1-expansive.

Finally, Lemma shows that if three cells produce a null trace of radius 1,
then one of them has a null trace of radius 0, this means that this cell is even,
and its four neighbors are odd. When looking at the neighbors of these cells,
their sum is also null, for each if its neighbors. Thus at least one cell must have
even neighbors with a null trace, but in this case, two of these cells are odd,
and its four even neighbors cannot equal the odd neighbors of the first cell, and
then the trace of radius 1 of the sum of the three cells cannot be null. O

7.2.2. The rule 2 with triangular neighborhood

The last rule is 1- and 3-expansive, now we present a linear rule which is even
not 1-expansive. Thanks to Proposition [4.6] it implies in particular that is not
k-expansive, for any k € N. It correspond to addition modulo 2 as the last one
but with a triangle shaped neighborhood: N = {(-1,1),(1,1),(0,0),(0,—1)}.
We only need to prove that it is not 1-expansive with expansivity constant equal
to 272 thanks to Corollary

Proposition 7.14. T5(0 (g 36)(c")) is null.

Proof. We will prove, by induction, that T2(0‘(0736)(Cl)) is null from 0 to 2*. For
k = 0 to 5 is clear since cell (0,36) is too far to touch Bs(0,0). At iteration
2% the only active cells are (—2F, —2F 4 36), (2%, —2% 4 36), (0,2* + 36) and
(0,36). The first three are too far to touch By(0,0) from iterations 2% to 28+1.
By induction hypothesis (0,36) does not attain By(0,0) in 2% iterations, thus
B»(0,0) remains null until iteration 28+1. O
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Figure 6: Simulation of @2 with a triangular neighborhood at iteration 25 starting from an
initial configuration with a single 1 inside Os: cells in state 1 are in red, cells that have been
in state 1 between iteration 0 and 24 but not at 25 are in blue, and the others cells are not
drawn.

8. Open Problems

We showed in this paper that dynamics like pre-expansivity or k-expansivity
can exist without necessarily implying positive expansivity. We also showed that
some combinations of the space structure and the local rule structure forbid pre-
expansivity (Theorem [7.1). However, we left many open questions concerning
pre-expansivity and k-expansivity:

e is there a pre-expansive cellular automata on Z¢ when d > 2?

e is there a 2-expansive cellular automata on Z? on the free group? more
generally what is the set of integers k& such that a given group admits
k-expansive cellular automata?

e a lot of results are known on traces of (positively) expansive cellular au-
tomata. What can we say for pre-expansive CA? for instance are they
always transitive? what are their mixing properties?

e is the property of pre-expansivity decidable?

9. Acknowledgment

We would like to thank the anonymous referees who pointed out several tech-
nical errors and made valuable comments that certainly improved the present

paper.

44



References

1]

2]

[12]

[13]

G. A. Hedlund, Endomorphisms and automorphisms of the shift dynamical
system, Mathematical Systems Theory 3 (1969) 320-375.

P. Kurka, Topological and symbolic dynamics, Société Mathématique de
France, 2003.

M. Pivato, The ergodic theory of cellular automata, Int. J. General Systems
41 (6) (2012) 583-594.

T. Ceccherini-Silberstein, M. Coornaert, Cellular Automata and Groups,
Springer, 2010.

E. F. Moore, Machine models of self-reproduction, in: A. W. Burks (Ed.),
Essays on Cellular Automata, University of Illinois Press, 1970, pp. 187—
203.

J. Myhill, The Converse of Moore’s Garden-of-Eden Theorem, in: Proceed-
ings of the American Mathematical Society, Vol. 14, American Mathemat-
ical Society, 1963, pp. 658—686.

T. G. Ceccherini-Silberstein, A. Machi, F. Scarabotti, Amenable groups
and cellular automata, Annales de 'Institut Fourier 49 (2) (1999) 673-685.
doi:10.5802/aif.1686.

URL https://aif.centre-mersenne.org/item/AIF_1999__49_2_673_0

L. Bartholdi, Gardens of eden and amenability on cellular automata, Jour-
nal of the European Mathematical Society (2010) 241-248doi:10.4171/
jems/196,

URL http://dx.doi.org/10.4171/JEMS/196

L. Bartholdi, Amenability of groups is characterized by myhill’s theorem,
CoRR abs/1605.09133. |arXiv:1605.09133.
URL http://arxiv.org/abs/1605.09133

A. Machi, F. Mignosi, Garden of eden configurations for cellular automata
on Cayley graphs of groups, STAM journal on discrete mathematics 6 (1)
(1993) 44.

M. Boyle, Open problems in symbolic dynamics, Contemporary Mathemat-
ics 469 (2008) 69-118.

F. Blanchard, A. Maass, Dynamical properties of expansive one-sided cel-
lular automata, Israel Journal of Mathematics 99 (1997) 149-174.

M. Nasu, Nondegenerate g-biresolving textile systems and expansive cellu-
lar automata of onesided full shifts, Transactions of the American Mathe-
matical Society 358 (2006) 871-891.

45


https://aif.centre-mersenne.org/item/AIF_1999__49_2_673_0
https://aif.centre-mersenne.org/item/AIF_1999__49_2_673_0
http://dx.doi.org/10.5802/aif.1686
https://aif.centre-mersenne.org/item/AIF_1999__49_2_673_0
http://dx.doi.org/10.4171/JEMS/196
http://dx.doi.org/10.4171/jems/196
http://dx.doi.org/10.4171/jems/196
http://dx.doi.org/10.4171/JEMS/196
http://arxiv.org/abs/1605.09133
http://arxiv.org/abs/1605.09133
http://arxiv.org/abs/1605.09133

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[24]

[25]

M. A. Shereshevsky, Expansiveness, entropy and polynomial growth for
groups acting on subshifts by automorphisms, Indagationes Mathematicae
4 (2) (1993) 203 — 210. doi:http://dx.doi.org/10.1016/0019-3577(93)
90040-6.

M. Pivato, Positive expansiveness versus network dimension in symbolic
dynamical systems, Theor. Comput. Sci. 412 (30) (2011) 3838-3855. |doi:
10.1016/j.tcs.2011.02.021)

P. Kurka, Languages, equicontinuity and attractors in cellular automata,
Ergodic Theory and Dynamical Systems 17 (1997) 417-433.

C. Jadur, J. Yazlle, On the dynamics of cellular automata induced from
a prefix code, Advances in Applied Mathematics 38 (1) (2007) 27 — 53.
doi:http://dx.doi.org/10.1016/j.aam.2005.11.004.

P. Di Lena, Decidable properties for regular cellular automata, in:
G. Navarro, L. Bertossi, Y. Kohayakawa (Eds.), Fourth IFIP International
Conference on Theoretical Computer Science- TCS 2006, Vol. 209 of IFIP
International Federation for Information Processing, Springer US, 2006, pp.
185-196. [doi:10.1007/978-0-387-34735-6_17.

V. Lukkarila, On undecidable dynamical properties of reversible one-
dimensional cellular automata, Ph.D. thesis, Turku Centre for Computer
Science (2010).

E. M. Coven, M. Keane, Every compact metric space that supports a posi-
tively expansive homeomorphism is finite, Vol. Volume 48 of Lecture Notes—
Monograph Series, Institute of Mathematical Statistics, Beachwood, Ohio,
USA, 2006, pp. 304-305. [doi:10.1214/074921706000000310.

J. Kari, Reversibility and surjectivity problems of cellular automata, J.
Comput. Syst. Sci. 48 (1) (1994) 149-182.

S. Amoroso, Y. N. Patt, Decision procedures for surjectivity and injectivity
of parallel maps for tesselation structures, Journal of Computer and System
Sciences 6 (1972) 448-464.

M. Sablik, Directional dynamics for cellular automata: A sensitivity to
initial condition approach, Theor. Comput. Sci. 400 (1-3) (2008) 1-18. |doi :
10.1016/j.tcs.2008.02.052.

J. Giitschow, V. Nesme, R. F. Werner, The fractal structure of cellular
automata on abelian groups, in: Proceedings of Automata 2010, 2010, pp.
55-74.

B. Hellouin De Menibus, V. Salo, G. Theyssier, Characterizing asymptotic
randomization in abelian cellular automata, Ergodic Theory and Dynami-
cal Systems (2018) 1-30doi:10.1017/etds.2018.75.

46


http://dx.doi.org/http://dx.doi.org/10.1016/0019-3577(93)90040-6
http://dx.doi.org/http://dx.doi.org/10.1016/0019-3577(93)90040-6
http://dx.doi.org/10.1016/j.tcs.2011.02.021
http://dx.doi.org/10.1016/j.tcs.2011.02.021
http://dx.doi.org/http://dx.doi.org/10.1016/j.aam.2005.11.004
http://dx.doi.org/10.1007/978-0-387-34735-6_17
http://dx.doi.org/10.1214/074921706000000310
http://dx.doi.org/10.1016/j.tcs.2008.02.052
http://dx.doi.org/10.1016/j.tcs.2008.02.052
http://dx.doi.org/10.1017/etds.2018.75

[26]

[27]

[34]

[35]

M. It6, N. Osato, M. Nasu, Linear cellular automata over Zm, Journal
of Computer and System Sciences 27 (1) (1983) 125 — 140. doi:http:
//dx.doi.org/10.1016/0022-0000(83)90033-8.

G. Manzini, L. Margara, A complete and efficiently computable topological
classification of d-dimensional linear cellular automata over Zm, Theoretical
Computer Science 221 (1-2) (1999) 157 — 177. doi:http://dx.doi.org/
10.1016/80304-3975(99)00031-6.

J. Kari, Linear cellular automata with multiple state variables, in: H. Re-
ichel, S. Tison (Eds.), STACS 2000, Springer Berlin Heidelberg, Berlin,
Heidelberg, 2000, pp. 110-121.

C. Moore, Predicting non-linear cellular automata quickly by decomposing
them into linear ones, Physica D 111 (1998) 27-41.

M. Delacourt, V. Poupet, M. Sablik, G. Theyssier, Directional dynamics
along arbitrary curves in cellular automata, Theor. Comput. Sci. 412 (30)
(2011) 3800-3821. doi:10.1016/j.tcs.2011.02.019.

N. Margolus, Physics-like models of computation, Physica D: Nonlinear
Phenomena 10 (1-2) (1984) 81 — 95. |doi:http://dx.doi.org/10.1016/
0167-2789(84)90252-5.

P. Di Lena, Decidable and computational properties of cellular automata,
Ph.D. thesis, University of Bologna (2007).

B. P. Kitchens, Expansive dynamics on zero-dimensional groups, FEr-
godic Theory and Dynamical Systems 7 (1987) 249-261. |doi:10.1017/
S0143385700003989.

J. Kari, Universal pattern generation by cellular automata, Theor. Comput.
Sci. 429 (2012) 180-184. |doi:10.1016/j.tcs.2011.12.037.

M. Pivato, Ergodic theory of cellular automata, in: R. A. Meyers (Ed.),
Encyclopedia of Complexity and Systems Science, Springer New York, New
York, NY, 2009, pp. 2980-3015. |doi:10.1007/978-0-387-30440-3_178.

L. Fuchs, Abelian groups, International series of monographs in pure and
applied mathematics, Pergamon Press, 1960.

47


http://dx.doi.org/http://dx.doi.org/10.1016/0022-0000(83)90033-8
http://dx.doi.org/http://dx.doi.org/10.1016/0022-0000(83)90033-8
http://dx.doi.org/http://dx.doi.org/10.1016/S0304-3975(99)00031-6
http://dx.doi.org/http://dx.doi.org/10.1016/S0304-3975(99)00031-6
http://dx.doi.org/10.1016/j.tcs.2011.02.019
http://dx.doi.org/http://dx.doi.org/10.1016/0167-2789(84)90252-5
http://dx.doi.org/http://dx.doi.org/10.1016/0167-2789(84)90252-5
http://dx.doi.org/10.1017/S0143385700003989
http://dx.doi.org/10.1017/S0143385700003989
http://dx.doi.org/10.1016/j.tcs.2011.12.037
http://dx.doi.org/10.1007/978-0-387-30440-3_178

	Introduction
	Formal Setting and Classical Definitions
	Abelian CA: Definitions and Toolbox
	Pre-expansivity
	1-dimensional Cellular Automata
	Left/right propagation and directional dynamics
	Hierarchy of expansive-like properties
	Non linear examples: multiplication CA

	Cellular automata over the free group
	Cellular Automata on Zn, with n2
	No pre-expansivity for Abelian CA in dimension 2 or higher
	Simple Abelian CA
	The rule 2 with von Neumann neighborhood in Z2
	The rule 2 with triangular neighborhood


	Open Problems
	Acknowledgment

