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Abstract. Let G be an amenable group and let V be a finite-dimensional vector space over
an arbitrary field K. We prove that if X C V¢ is a strongly irreducible linear subshift of
finite type and 7 : X — X is a linear cellular automaton, then 7 is surjective if and only if it
is pre-injective. We also prove that if G is countable and X C V¢ is a strongly irreducible
linear subshift, then every injective linear cellular automaton 7 : X — X is surjective.

1. Introduction

The goal of this article is to give a version of the Moore—-Myhill Garden of Eden theorem
for linear cellular automata defined over certain linear subshifts. Before stating our main
results, let us briefly recall some basic notions from symbolic dynamics.

Consider a group G and a set A. The set A® ={x:G — A} is called the set of
configurations over the group G and the alphabet A. We equip AC = ngG A with
its prodiscrete topology, i.e., with the product topology obtained by taking the discrete
topology on each factor A of A®. We also endow AY with the left action of G defined by
gx(h) =x(g~'h) forall g, h € G and x € AY. This action is continuous with respect to
the prodiscrete topology and is called the G-shift action on A . It is customary to refer to
the G-space A€ as the full shift over the group G and the alphabet A.

A closed G-invariant subset of A€ is called a subshift.

Forx € AS and Q C G, let x |q denote the restriction of x to €2. One says that a subshift
X C AC is irreducible if, for every finite subset 2 C G and any two configurations x| and
x7 in X, there exist an element g € G and a configuration x € X such that x| = x1|q and
X|ga = x2lg0.

Given a finite subset A C G, one says that a subshift X C A% is A-irreducible if the follo-
wing condition is satisfied: if €21 and €2 are finite subsets of G such that there is no element
g € Q29 such that the set gA meets 21 then, given any two configurations xi, x2 € X,
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there exists a configuration x € X such that x|, = x1|g, and x|, = x2|q,. A subshift
X C AC is said to be strongly irreducible if there exists a finite subset A C G such that
X is A-irreducible (cf. [12, Definition 4.1]). Note that if G is infinite then every strongly
irreducible subshift is irreducible. A trivial example of a strongly irreducible subshift is
provided by the full shift AS, which is A-irreducible for A = {15}.

If D is a finite subset of G and L is a subset of AP, then

Xg(D,L)={xe A% : (g7 'x)|p € L forall g € G} (1.1)

is clearly a subshift of AC. A subshift X C A is said to be of finite type if there exist a
finite subset D C G and a subset L C AP such that X = X5(D, L). One then says that
the finite subset D C G is a defining window and that L C AP is a defining law, relative to
the defining window D, for the subshift X. Note that the full shift AG is a subshift of finite
type of itself admitting D = {15} as a defining window with defining law L = AP = A.

A map t : X — Y between subshifts X, ¥ C A9 is called a cellular automaton if there
exist a finite subset M C G and amap w : AM — A such that

T(x)(g) = /L((g_lx)lM) forallx € X and g € G. (1.2)

Such a set M is then called a memory set and u is called a local defining map for t. It
immediately follows from the above definition that every cellular automaton 7 : X — Y is
continuous and G-equivariant.

If T : X — X is a cellular automaton from a subshift X C A into itself, a configuration
xo € X is called a Garden of Eden configuration for t if x¢ is not in the image of 7.
The origin of this biblical terminology comes from the fact that a configuration xo € X
is a Garden of Eden configuration for t if and only if, whatever the choice of an initial
configuration x € X, the sequence of its iterates x, 7(x), rz(x), ..., T"(x), ... can only
take the value xg at time n = 0.

Two configurations in AC are said to be almost equal if they coincide outside a finite
subset of G. One says that a cellular automaton t : X — Y between subshifts X, ¥ C AG
is pre-injective if whenever two configurations x, x, € X are almost equal and satisfy
7(x1) = t(x2) then one has x| = x;. Injectivity clearly implies pre-injectivity but there are
pre-injective cellular automata that are not injective.

The classical Garden of Eden theorem [8] states that if 7: A® — A9 is a cellular
automaton defined on the full shift over an amenable group G and a finite alphabet A, then
the surjectivity of 7 (i.e., the absence of Garden of Eden configurations for ) is equivalent
to its pre-injectivity (see §2.2 for the definition of amenability).

The Garden of Eden theorem was extended by Fiorenzi to cellular automatat : X — X
for subshifts X C A® with A finite in the following two cases: (1) G=7Z and X C AZ
is an irreducible subshift of finite type [11, Corollary 2.19]; and (2) G is a finitely
generated amenable group and X C A is a strongly irreducible subshift of finite type
[12, Corollary 4.8].

Now let G be a group, K a field, and V' a vector space over K. Then there is a natural
product vector space structure on V¢ and the shift action of G on V¢ is clearly K-linear
with respect to this vector space structure. One says that a subshift X € V¢ is a linear
subshift if X is a vector subspace of V@, Given linear subshifts X, Y ¢ VS, a cellular
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automaton t : X — Y is called a linear cellular automaton if the map t is K-linear. Note
that if X, Y c V© are linear subshifts and 7 : X — Y is a linear cellular automaton, then
the pre-injectivity of 7 is equivalent to the fact that the zero configuration is the unique
configuration with finite support lying in the kernel of <.

In [2, Theorem 1.2] and [5, Corollary 1.4], we proved the following linear version of
the Garden of Eden theorem.

THEOREM 1.1. Let G be an amenable group, K a field, and V a finite-dimensional vector
space over K. Let 1 : VS — VO be a linear cellular automaton. Then t is surjective if
and only if it is pre-injective.

The main result of the present paper is the following theorem.

THEOREM 1.2. Let G be an amenable group, K a field, and V a finite-dimensional vector
space over K. Let X C V9 be a strongly irreducible linear subshift of finite type and let T :
X — X be alinear cellular automaton. Then t is surjective if and only if it is pre-injective.

Note that Theorem 1.1 may be recovered from Theorem 1.2 by taking X = V.

A group G is said to be surjunctive [14] if, for any finite alphabet A, every injective
cellular automaton 7 : A — A over G is surjective. It was shown by Lawton (cf. [14])
that all residually finite groups are surjunctive. On the other hand, as injectivity implies pre-
injectivity, it immediately follows from the Garden of Eden theorem [8] that all amenable
groups are surjunctive. More generally, Gromov [16] and Weiss [23] proved that all sofic
groups are surjunctive. The class of sofic groups includes in particular all residually
amenable groups and therefore all residually finite groups as well as all amenable groups.
As far as we know, there is no example of a non-surjunctive nor even of a non-sofic group
in the literature up to now.

By analogy with the classical finite alphabet case, the following definition was
introduced in [3, Definition 1.1]. A group G is said to be L-surjunctive if, for any field K
and any finite-dimensional vector space V over K, every injective linear cellular automaton
7: VY% — VY is surjective. It turns out (see [3]) that a group G is L-surjunctive if and only
if G satisfies Kaplansky’s stable finiteness conjecture, that is, the group algebra K[G] is
stably finite for any field K (recall that a ring R is said to be stably finite if every one-
sided invertible square matrix over R is also two-sided invertible). A linear analogue of the
Gromov—Weiss theorem, namely that all sofic groups are L-surjunctive, was established
in [3, Theorem 1.2]. From this result we deduced that sofic groups satisfy the Kaplansky
conjecture on the stable finiteness of group algebras, a result previously established—with
completely different methods involving embeddings of the group rings into continuous von
Neumann regular rings—by Elek and Szabé [10].

Now, given a group G and a vector space V over a field K, let us say that a linear
subshift X C V is L-surjunctive if every injective linear cellular automaton 7 : X — X is
surjective. The following result is an immediate consequence of Theorem 1.2.

COROLLARY 1.3. Let G be an amenable group, K a field, and V a finite-dimensional
vector space over K. Then every strongly irreducible linear subshift of finite type X C V©
is L-surjunctive.
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In fact, when the amenable group G is assumed to be countable, we can remove the
hypothesis that the subshift X is of finite type in the previous statement so that we get the
following theorem.

THEOREM 1.4. Let G be a countable amenable group, K a field, and V a finite-
dimensional vector space over K. Then every strongly irreducible linear subshift X C V¢
is L-surjunctive.

We do not know whether Theorem 1.4 remains true if the countability assumption is
removed.

The paper is organized as follows. Section 2 contains the necessary preliminaries and
background material. We recall in particular the definition and main properties of mean
dimension for vector subspaces of configurations X C V¢, where G is an amenable group
and V a finite-dimensional vector space. In §3 we study mean dimension of strongly
irreducible linear subshifts. We prove that if X C V¢ is a strongly irreducible linear
subshift then the mean dimension of X is greater than the mean dimension of any proper
linear subshift ¥ g X (Proposition 3.2). This result implies in particular that every non-
zero strongly irreducible linear subshift has positive mean dimension (Corollary 3.3). In
§4 we use the Mittag—Leffler lemma for projective sequences of sets to prove that if G is a
countable group, V a finite-dimensional vector space, and X C VY a linear subshift, then
every linear cellular automaton 7 : X — V has a closed image in V¢ for the prodiscrete
topology. This enables us to prove Theorem 1.4. The closed image property of linear
cellular automata is extended to possibly uncountable groups in §5 under the additional
hypothesis that the source linear subshift X has finite type. The proof of our Garden of
Eden theorem (Theorem 1.2) is given in §6. It consists in showing that both the surjectivity
and the pre-injectivity of t are equivalent to the fact that the linear subshifts X and 7(X)
have the same mean dimension (cf. Corollary 6.4). In the last two sections we describe
some examples of linear cellular automata which are either pre-injective but not surjective
or surjective but not pre-injective.

2. Preliminaries and background
In this section we collect some preliminaries and background material that will be needed
in the following (for more details the reader is referred to [6]).

2.1.  Neighborhoods. (See [2, §2] and [6, §5.4].) Let G be a group. Let E and 2 be
subsets of G. The E-neighborhood of Q is the subset Q¥ C G consisting of all elements
g € G such that the set g E meets 2. Thus, one has

Qtf =(geG:genQ#£a)=] Q' =QE".
eckE
Remark. The definition of A-irreducibility given in the introduction may be reformulated
by saying that, given a group G, a set A, and a finite subset A C G, a subshift X ¢ A®
is A-irreducible if the following condition is satisfied: if €2; and €2, are finite subsets
of G such that QTA N 2, = & then, given any two configurations xp, x € X, there exists
a configuration x € X such that x coincides with x1 on €21 and with x, on €.
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The following facts will be frequently used in the following proposition.

PROPOSITION 2.1. Let G be a group. Let E and 2 be subsets of G. Then the following

hold:

() iflg€E, thenQcC QVE;

(i) ifg e G, then g(QTE) = (gQ)TE so that we can omit parentheses and simply write
gQtE instead; and

(iii) if Q and E are finite, then QtE is finite.

Proof. This immediately follows from the definition of QT E. O

PROPOSITION 2.2. Let G be a group and let A be a set. Let 1:A% — A% be a
cellular automaton with memory set M. Suppose that there is a subset Q C G and two
configurations x, x' € A such that x and x' coincide on Q. Then the configurations T (x)
and ©(x') coincide outside (G\Q2)*M.

Proof. It suffices to observe that (1.2) implies that 7(x)(g) depends only on the restriction
of x togM. O

2.2. Amenable groups. (See for example [6, Ch. 4] and [15, 22].) A group G is said to
be amenable if there exists a left-invariant finitely additive probability measure defined on
the set P(G) of all subsets of G, that is, a map m : P(G) — [0, 1] satisfying the following
conditions:

(A-1) m(AU B) =m(A) +m(B) —m(AN B) forall A, B € P(G) (finite additivity);
(A-2) m(G) =1 (normalization); and

(A-3) m(gA) =m(A) forall g € G and A € P(G) (left-invariance).

By a fundamental result of Fglner [13], a group G is amenable if and only if it admits a
net J = (F}) jes consisting of non-empty finite subsets F; C G indexed by a directed set

J such that
_IFEF] .
lim |F—| =0 for every finite subset £ C G, 2.1)
J J
where we use | - | to denote cardinality of finite sets. Such a net F is called a right Fplner
net for G.

All finite groups, all solvable groups, and all finitely generated groups of subexponential
growth are amenable. On the other hand, if a group G contains a non-abelian free subgroup
then G is not amenable.

2.3. Tilings. (See [2, §2] and [6, §5.6].) Let G be a group. Let E and F be subsets of
G. Asubset T C G is called an (E, F)-tiling if it satisfies the following conditions:
(T-1) the subsets gE, g € T, are pairwise disjoint; and
(T-2) G = UgeT gF.
Note that if T is an (E, F)-tiling then it is also an (E’, F')-tiling for all E’, F’ such that
E'CcEand FCF CG.

An easy consequence of Zorn’s lemma is the following.

LEMMA 2.3. Let G be a group. Let E be a non-empty subset of G and let F = EE~! =
{ab=':a, b e E}. Then G contains an (E, F)-tiling.
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Proof. See [2, Lemma 2.2]. O

In amenable groups we shall use the following lower estimate for the asymptotic growth
of tilings with respect to Fglner nets.

LEMMA 2.4. Let G be an amenable group and let (F;) ey be a right Fglner net for G.
Let E and F be finite subsets of G and suppose that T C G is an (E, F)-tiling. For each
J € J, let T; be the subset of T defined by Tj = {g € T : gE C F}. Then there exist a real
number o > 0 and an element jo € J such that |T;| > a|Fj| for all j > jo.

Proof. See [2, Lemma 4.3]. O

2.4. Mean dimension. Let G be an amenable group, 7 = (F;) jes aright Fglner net for
G, and V a finite-dimensional vector space over some field K. Given a subset Q2 C G, we
shall denote by g : V¢ — V' the projection map. Observe that g is K-linear for every
Q C G. Observe also that the vector space V< is finite-dimensional if €2 is a finite subset
of G.

Let X be a vector subspace of V. The mean dimension mdimz(X) of X with respect
to the right Fglner net F is defined by

dim(mr (X
mdimz(X) = lim sup %
j j

J

: 2.2)

where we use dim(-) to denote dimension of finite-dimensional K-vector spaces.

It immediately follows from this definition that mdim ]:(VG) =dim(V) and that
mdimz(X) < mdim#(Y) whenever X and Y are vector subspaces of V¢ such that X C Y.
In particular, we have 0 < mdimz(X) < dim(V) for every vector subspace X C VG,

An important property of linear cellular automata is the fact that they cannot increase
mean dimension of vector subspaces.

PROPOSITION 2.5. Let G be an amenable group, F = (F}) ey a right Fplner net for G,
and V a finite-dimensional vector space over a field K. Let t: VS — VO be a linear
cellular automaton and let X C VC be a vector subspace. Then one has mdim(t (X)) <
mdim £ (X).

Proof. See [2, Proposition 4.7]. O

Remark. It may be shown that if G is an amenable group, F a right Fglner net, V a finite-
dimensional vector space, and X C VG a linear subshift, then the lim sup in the definition
of mdim(X) is in fact a true limit and that mdim~(X) is independent of the choice of
the right Fglner net F for G. These two important facts can be deduced from the theory of
quasi-tiles in amenable groups developed by Ornstein and Weiss in [21] (see [9, 17, 20]).
However, we do not need them in the present paper.

2.5. Reversible linear cellular automata. Let G be a group and let A be a set. A cellular
automaton 7 : X — Y between subshifts X, ¥ C A is said to be reversible if 7 is bijective
and the inverse map 7! : ¥ — X is also a cellular automaton.
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It is well known that every bijective linear cellular automaton 7 : X — Y between
subshifts X, ¥ C A is reversible when the alphabet A is finite (this may be easily deduced
from the compactness of A€ and the Curtis—Hedlund theorem [19], which says that, when
the alphabet A is finite, a map between subshifts of A is a cellular automaton if and only if
it is continuous and G-equivariant). On the other hand, if G contains an element of infinite
order and A is infinite then one can construct a bijective cellular automaton 7 : A® — AC
that is not reversible (see [7, Corollary 1.2]). Similarly, if G contains an element of infinite
order and V is an infinite-dimensional vector space then one can construct a bijective linear
cellular automaton 7 : V¢ — VO that is not reversible (see [7, Theorem 1.1]).

The following result is proved in [3].

THEOREM 2.6. Let G be a countable group, V a finite-dimensional vector space over
a field K, and X,Y C VY two linear subshifts. Then every bijective linear cellular
automaton T : X — Y is reversible.

Proof. See [3, Theorem 3.1]. O

We will use the fact that mean dimension of linear subshifts is preserved by reversible
linear cellular automata.

PROPOSITION 2.7. Let G be an amenable group, F = (F}) jey a right Fplner net for G,
and V a finite-dimensional vector space over a field K. Let X, Y C VY be two linear
subshifts. Suppose that there exists a reversible linear cellular automatont : X — Y. Then
one has mdimr(X) = mdimz(Y).

Proof. As t:X — Y is a surjective linear cellular automaton, we have mdimr(Y) <
mdimr(X) by Proposition 2.5. Similarly, we have mdimz(X) < mdimz(Y) since
t71:Y — X is a surjective linear cellular automaton. Thus we have mdimz(X) =
mdimz(Y). O

By combining Theorem 2.6 and Proposition 2.7, we get the following corollary.

COROLLARY 2.8. Let G be a countable amenable group, F = (F}) jey a right Fplner net
for G, and V a finite-dimensional vector space over a field K. Let X, Y C VS be two
linear subshifts. Suppose that there exists a bijective linear cellular automatont : X — Y.
Then one has mdimz(X) = mdim £ (Y).

3.  Mean dimension of strongly irreducible linear subshifts
This section contains results on mean dimension of strongly irreducible linear subshifts.
We start with a slightly technical lemma, which will also be used in the next section.

LEMMA 3.1. Let G be an amenable group, F = (F}) jey a right Fplner net for G, and V a
finite-dimensional vector space over a field K. Let X C VY be a strongly irreducible linear
subshift and let A be a finite subset of G such that 1g € A and X is A-irreducible. Let
D, E and F be finite subsets of G with DT* C E. Suppose that T C G is an (E, F)-tiling
and that Z is a vector subspace of X such that

7% p(Z) G mp(X) (3.1

forall g € T. Then one has mdimr(Z) < mdimr(X).
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Proof. Asin Lemma 2.4, let us define, for each j € J, the subset T; CT by T; ={g €T :
gE C Fj}. Observe that, for all j € J and g € T], we have the inclusions gD C gD C

gE C F;. Denote, for j € J and g € T}, by 71 : VFi — v&P the natural projection map.
Consider, for each j € J, the vector subspace JTFj (X)) C an(X ) defined by

JT;j(X) {q GJTF(X) nD(q) € mp(Z) forall g € T;}.

We claim that

dlm(JTF (X)) = dim(rr (X)) — |7} (3.2)

forall j € J.
To prove our claim, let us fix an element j € J and suppose that T; = {g1, g2, . . ., gm}»
where m = |T;|. Consider, for each i € {0, 1, ..., m}, the vector subspace nF')(X ) C

7p(X) defined by

nF(j)(X) {g € mp(X) : nkD(q)enng(Z) forall 1 <k <i}.

Note that
7 (X) € 700
foralli =1, 2, ..., m. Let us show that
dim(m (X)) < dim(r/(X)) — i (3.3)
foralli € {0, 1, ..., m}. Since nFm)(X) =T, *(X), this will prove (3.2).

To establish (3.3), we use induction on i. For i =0, we have T, )(X )= T (X) so that
there is nothing to prove. Suppose now that

dlm(nF' X)) < dim(mp (X)) — (i — 1)

for some i <m — 1. By hypothesis (3.1), we can find an element p € 1, p (X)\71; p(Z).
As (giD)t2 =g;D™» C g;E and X is A-irreducible, there exists an element x € X
such that 7, p(x) = p and x is identically zero on F;\g; E. Now observe that 7, (x) €

n(’:_l)(X) since the sets g1 D, g2D, ..., gi—1D are all contained in F;\g; E. On the other
hand, we have 77, (x) ¢ nF’)(X) as () = p & T, p(Z). This shows that | Dx) is
strictly contained in nF’ 1)(X ). Hence we have

dlm(nF’)(X)) < dlm(ng’ X)) — 1 < dim(p(X) — (i — 1) — 1 = dim(zp(X)) — i,

by using our induction hypothesis. This establishes (3.3) and therefore (3.2).
By Lemma 2.4, we can find a real number o > 0 and an element jy € J such that
|Tj| = alFj| forall j > jo. Since 7p; (Z) C nI?j(X), we deduce from (3.2) that

dim(np; (2)) < dim(z7p (X)) — afFj|  forall j > jo,
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so that

dim(zp, (Z
mdimz(Z) = lim sup M
j |Fjl

_dim(m(X))
lim sup ——— —

j |Fjl
=mdimzr(X) —«
< mdimr(X). O

IA

PROPOSITION 3.2. Let G be an amenable group, F = (F}) jey a right Fplner net for G,
and V a finite-dimensional vector space over a field K. Let X C VY be a strongly
irreducible linear subshift and Y C VC a linear subshift such that Y ; X. Then one has
mdimz(Y) < mdimz(X).

Proof. AsY ; X and Y is closed in V¢ for the prodiscrete topology, we can find a finite
subset D C G such that 7p(Y) ; mp(X). By the G-invariance of X and Y, this implies
that

(V) G 7ep (X)

forall g € G.

Let A be a finite subset of G such that 15 € A and X is A-irreducible, and take
E = D14, By virtue of Lemma 2.3, we can find a finite subset ¥ C G and an (E, F)-
tiling T C G. Then, by taking Z =Y, all the hypotheses in Lemma 3.1 are satisfied so that
we get mdimz(Y) < mdimz(X). a

COROLLARY 3.3. Let G be an amenable group, F = (F)jej a right Fplner net for G,
and V a finite-dimensional vector space over a field K. Let X C V¢ be a non-zero strongly
irreducible linear subshift. Then one has mdimr(X) > 0.

Proof. 1t suffices to apply Proposition 3.2 by taking ¥ = {0}. O

Corollary 3.3 becomes false if we suppress the hypothesis that X is strongly irreducible
even for irreducible linear subshifts of finite type, as the following example shows.

Example 3.1. Take G =7 and the Fglner sequence F = (F,),>1 given by F, =
{0,1,...,n— 1}2 for all n > 1. Let K be a field, V a non-zero finite-dimensional vector
space over K, and consider the subset X C V¢ defined by

X={xe e :x(g) =x(h) forall g, h € G such that p(g) = p(h)},

where p : Z> = 7Z x Z — 7 denotes the projection onto the second factor. In other words,
X consists of the configurations that are constant on each horizontal line in Z?. Observe
that X is a linear subshift of finite type with defining window D = {(0, 0), (1, 0)} and
defining law L ={y € VP :y(0,0) = y(1,0)}. On the other hand, X is irreducible.
Indeed, this immediately follows from the fact that if 2 is a finite subset of G, then we
can translate Q vertically to get a subset Q' C Z? such that © and Q' have disjoint images
under the projection p.

However, we have dim(7r, (X)) =ndim(V) and |F,| = n? for all n>1 so that
mdimz(X) = lim,_ o0 n~ ! dim(V) = 0.
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4. The Mittag—Leffler lemma and the closed image property for linear subshifts
This section contains the proof of Theorem 1.4.

Let G be a group and let A be a set.

Suppose first that A is finite and let 7 : X — A© be a cellular automaton, where X ¢ A¢
is a subshift. It immediately follows from the compactness of X and the continuity of t
that the image 7(X) is closed in AY for the prodiscrete topology. As 7 is G-equivariant,
we deduce that t(X) is a subshift of AC.

If G contains an element of infinite order and A is infinite then one can construct a
cellular automaton 7 : A9 — AY whose image is not closed in A% (see [7, Corollary 1.4]).
Similarly, if G contains an element of infinite order and V is an infinite-dimensional vector
space then one can construct a linear cellular automaton 7 : V¢ — V¢ whose image is not
closed in V¢ (see [7, Theorem 1.3]).

On the other hand, if A=V is a finite-dimensional vector space over a field K and
7: VY9 - VY is a linear cellular automaton, then the image of 7 is closed in VG (see [2,
Lemma 3.1] for G countable and [5, Corollary 1.6] in the general case; see also [16, §4.D]).
As 1 is G-equivariant and K-linear, this implies that t(VG) is a linear subshift of V.

In this section we extend this last result to linear cellular automata 7 : X — V¢, where
G is a countable group, V is a finite-dimensional vector space, and X C V¢ is a linear
subshift. The key point in the proof relies on a general well-known result, namely the
Mittag—Leffler lemma for projective sequences of sets. This version of the Mittag—Leffler
lemma may be easily deduced from Theorem 1 in [1, TG II, §5] (see also [18, §1.3]). We
give an independent proof here for the convenience of the reader. Let us first recall a few
facts about projective limits of projective sequences in the category of sets.

Let N denote the set of non-negative integers. A projective sequence of sets consists of
a sequence (X,)neN Of sets together with maps f,, : X — X, defined for all m > n that
satisfy the following conditions:

(PS-1) fun is the identity map on X, for all n € N; and

(PS-2) fuk = fum © fmk for all n, m, k € N such that k > m > n.

Such a projective sequence will be denoted (X,,, fy,) or simply (X,,). The projective limit
1(i£1 X, of the projective sequence (X, fum) is the subset of l_[neN X, consisting of the
sequences (x),eN satisfying x,, = fum (x,,) for all n, m € N such that n < m.

We say that the projective sequence (X,,) satisfies the Mittag—Leffler condition if, for
each n € N, there exists m € N such that f,,x (Xg) = fum(Xm) for all k > m.

LEMMA 4.1. (Mittag—Leffler) If (X,,, fum) is a projective system of non-empty sets that
satisfies the Mittag—Leffler condition then its projective limit X = l(in X, is not empty.

Proof. First observe that if (X,, fu,) is an arbitrary projective sequence of sets, then
property (PS-2) implies that, for each n € N, the sequence of sets fy,;;,(X;), m >n, is
non-increasing. The set X, =(),,~,, fum (Xs) is called the set of universal elements in X,
(cf. [18]). It is clear that the map fnm induces by restriction a map g, : X,, — X, for all
n < m and that (X}, g.m) is a projective sequence having the same projective limit as the
projective sequence (X, fum)-

Suppose now that all the sets X, are non-empty and that the projective sequence
(Xn, fam) satisfies the Mittag—Leffler condition. This means that, for each n € N,
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there is an integer m > n such that f,x (Xx) = fum (X,,) for all kK > m. This implies that
X}, = fum(Xm) so that, in particular, the set X is not empty. We claim that the map
gnn+1: X, | — X, is surjective for every n € N. To see this, let n € N and x, € X
By the Mittag—Leffler condition, we can find an integer p > n + 1 such that f,;(Xy) =
Fap(Xp) and frp1 k(X)) = fag1,p(Xp) for all k > p. It follows that X;, = f,,(X,) and

i1 = Jat1,p(Xp). Consequently, we can find x, € X, such that x;, = f,(x,). Setting
X, = fa+1.p(xp), we have x, | € X, | and

gn,n+l(x,/1+1) = fn,nJrl(x,/H_]) = fn,n+1 o fn+],p(xp) = fnp(xp) = x;y

This proves our claim that g, 41 is onto. Now, as the sets X are non-empty, we can
construct by induction a sequence (x,)nen such that x, = g, »+1(x,_ ) forall n € N. This
sequence is in the projective limit l(g1 X, = l(ln X,,. This shows that l(g] X, is not empty. O

THEOREM 4.2. Let G be a countable group and let V be a finite-dimensional vector space
overafield K. Lett : X — VY be a linear cellular automaton, where X C VO is a linear
subshift. Then ©(X) is closed in VS for the prodiscrete topology and is therefore a linear
subshift of VO.

Proof. Since G is countable, we can find a sequence (A;),cN of finite subsets of G such
that G = UneN A, and A, C Ap41 for all n e N. Let M be a memory set for 7. Let
B,={geG:gM C A,}. Note that G = UneN B, and B, C B, 4 for all n € N. Denote
by w4, : VO - VA and 7B, : VY — VB n e N, the corresponding projection maps.

Since M is a memory set for 7, it follows from (1.2) that if x and x’ are elements in X
such that 4, (x) = 4, (x") then g, ((x)) = g, (t(x')). Therefore, given x, € w4, (X)
and denoting by X, any configuration in X such that 74, (X,;) = x,, the element

yn =7, (T (%)) € VEn

does not depend on the particular choice of the extension X,. Thus we can define a
map 7, : w4, (X) = V Bn by setting 7, (x,) = y, for all x, € w4, (X). It is clear that 7, is
K-linear.

Let now y € V¢ and suppose that y is in the closure of 7(X). Then, for all n € N, there
exists z, € X such that

7B, (y) = 78, ((zn))- 4.1

Consider, for each n € N, the affine subspace X,, C 4,(X) defined by X, =1, 1 (g, (¥)).
We have X, # @ for all n by (4.1). For n <m, the restriction map w4, (X) = mwa,(X)
induces an affine map f,;, : X;n — X,. Conditions (PS-1) and (PS-2) are trivially satisfied
so that (X, fum) is a projective sequence. We claim that (X, fy,;») satisfies the Mittag—
Leffler condition. Indeed, consider, for all n < m, the affine subspace f;;,(Xm) C Xj.
We have [,/ (X)) C fum(Xp) for all n <m <m’ since fum = fum © fmm'- As the
sequence fn;, (X;,) (m=n,n+1,...)is anon-increasing sequence of finite-dimensional
affine subspaces, it stabilizes, i.e., for each n € N there exists an integer m > n such that
Jak(Xk) = fum (Xy) if k > m. Thus, the Mittag—Leffler condition is satisfied. It follows
from Lemma 4.1 that the projective limit l(iEIXn is non-empty. Choose an element
(Xn)neN € 1(£n X,. We have that x,41 coincides with x, on A, and that x, € w4, (X)
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forall n e N. As X is closed in V¢ and G = UneN A,, we deduce that there exists a
(unique) configuration x € X such that x|4, = x, for all n. We have 7(x)|p, = 1, (xn) =
yn = ylp, forall n. Since G = | J,,cry By, this shows that 7(x) = y. O

COROLLARY 4.3. Let G be a countable amenable group, F = (Fj)jej a right Fplner
net for G, and V a finite-dimensional vector space over a field K. Let T: X — Y be a
linear cellular automaton, where X, Y C VG are linear subshifts such that mdimz(X) =
mdimx(Y) and Y is strongly irreducible. Then the following conditions are equivalent:
(@) T is surjective; and

(b) mdimz(r(X)) = mdimz(X).

Proof. The implication (a) = (b) is trivial. Conversely, suppose that mdimz (7 (X)) =
mdimz(X). Theorem 4.2 implies that 7(X) is a linear subshift of V¢. As t(X) C Y, it
then follows from Proposition 3.2 that t(X) =Y. Thus, 7 is surjective. O

Proof of Theorem 1.4. Let X C VY be a strongly irreducible linear subshift and suppose
that 7 : X — X is an injective linear cellular automaton. Let us show that t is surjective.
Let F = (Fj)jes be a right Fglner net for G. We know that 7(X) is a linear subshift by
Theorem 4.2. As t induces a bijective linear cellular automaton from X onto t(X), we
have mdim (7 (X)) = mdim £ (X) by using Corollary 2.8. Since X is strongly irreducible,
this implies that 7 is surjective by Corollary 4.3. Thus X is L-surjunctive. O

5. The closed image property for linear subshifts of finite type

In this section we show that Theorem 4.2 remains true for any (possibly uncountable)
group G if we add the hypothesis that the linear subshift X C V¢ is of finite type. The
proof relies on the fact that a subshift of finite type can be factorized along the left cosets
of any subgroup containing a defining window. In order to state this last result in a more
precise way, let us first introduce some notation.

Let G be a group and let A be a set. Let H be a subgroup of G and denote by
G/H ={gH : g € G} the set consisting of all left cosets of H in G. For every coset
c € G/H, we equip the set A°=]] gec A with its prodiscrete topology and we denote
by . : A — A€ the projection map. Since the cosets ¢ € G/H form a partition of G, we
have a natural identification of topological spaces

A= [T A
ceG/H
With this identification, we have x = (x|¢)ceG,/n foreachx € AS, where X|e =m(x) € A€
is the restriction of the configuration x to c.
Given a coset ¢ € G/H and an element g € ¢, let ¢, : H — ¢ denote the bijective map

defined by ¢¢(h) = gh for all h € H. Then ¢, induces a homeomorphism ¢>;‘ CAC—> A
given by ¢;(y) =y o ¢, forall y € A“.

PROPOSITION 5.1. Let G be a group and let A be a set. Let X C A be a subshift of
finite type. Let D C G be a defining window and L C AP a defining law for X, so that
X = Xg(D, L). Suppose that H is a subgroup of G such that D C H. Then one has:
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i X= HCEG/H X, where X, = m.(X) C A€ denotes the projection of X on A€;
(i) Xyp=Xpg(D, L), and
(ii1) ¢;,“(XC) =Xy forallce G/H and g € c.

Proof. In order to establish (i), it suffices to show that [ [ .. o X CX since the converse
inclusion is trivial. Suppose that X = (X|¢)ceg/H € Hcec/H X.. Let g € G and consider
the left coset ¢ = g H . Then we can find x € X such that X|. = x|.. AsgD C gH = ¢, we
have

(™' %)) = (gd) = x(gd) = (¢~ '0)(@)
for all d € D. 1t follows that (g7'X)|p = (g~ 'x)|p € L for all g € G. We deduce that
X € Xg(D, L) = X. This completes the proof of (i).

If xe X then (W 'x|g)|lp=(h"'x)|peL for all he H. Thus, we have Xy C
Xu(D, L). Conversely, suppose that y € Xy (D, L). Choose a complete set of
representatives R C G for the left cosets of H in G and consider the configuration x € A®
defined by x(rh) = y(h) for all r € R and h € H. Then we clearly have x € Xg(D, L) =
X and x|g = y. Thus Xy (D, L) C Xpg. This completes the proof of (ii).

Let now ¢ € G/H and g € c. In order to prove

¢, (Xo) C X, (5.1

let y. € ¢>2§(Xc). Then there exists a (unique) x. € X, such that y, = qb;,‘ (xo). Letx e X
such that 7.(x) = x.. Forall h € H and d € D, we have

(h'ye)(@d) = ye(hd) = x.(ghd) = x(ghd) = (gh) ' x(d),

so that (h~'y.)|p = ((gh)~'x)|p € L since x € X = Xg(D, L). This shows that y. €
Xg(D, L) = Xy and (5.1) follows. Conversely, suppose that xi € Xy and consider the
configuration x, = qﬁ;,‘(xH) € A€. Let us show that x. € X.. Since xg € Xy, we can find a
configuration x € X such that xg = x|g. Setting y = gx € X, we have

y(gh) =g ' y(h) = x(h) = xp (h) = x.(gh),

for all h € H. Thus x, =y|. € X.,. This gives Xy C ¢Z,‘(Xc). From this and (5.1) we
finally deduce (iii). O

COROLLARY 5.2. Suppose that G is a group that is not finitely generated. Then:

() if Ais a set and X C AC is a subshift of finite type that is not reduced to a single
configuration then X is infinite; and

(i) ifV isavector space over a field K and X C VC is a linear subshift of finite type that
is not reduced to the zero configuration then X is infinite-dimensional (as a vector
space over K).

Proof. Let A be aset, X C A® a subshift of finite type, and D C G a defining window for
X. Let H denote the subgroup of G generated by D. Observe that H is of infinite index
in G since G is not finitely generated. With the above notation, we have X =[] .4 /i Xe
by Proposition 5.1. Moreover, for all c € G/H and g € ¢, we have ¢Zf (X¢)=Xp. Asall
the maps ¢)£,k are bijective, we deduce that X is either reduced to a single configuration or
infinite. This proves (i).
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Suppose now that A =V is a vector space over some field K. Then X, is a vector
subspace of V¢ and ¢§ : X, — Xp is an isomorphism of K-vector spaces for all c € G/H
and gec. As X =]_[C€G /H X., we conclude that X is either reduced to the zero
configuration or infinite-dimensional. This shows (ii). O

Example. Let G be a group that is not finitely generated and let V be a non-zero finite-
dimensional vector space over a field K. Suppose that G is a finite index subgroup of
G. Consider the linear subshift X C V¢ consisting of the configurations x € V¢ which
are fixed by each element of Gy. We clearly have dim(X) =[G : Go] dim(V) < oco. Thus
X is not of finite type by Corollary 5.2(ii).

THEOREM 5.3. Let G be a (possibly uncountable) group and let V be a finite-dimensional
vector space over a field K. Let 1 : X — VS be a linear cellular automaton, where
X C VC is a linear subshift of finite type. Then t(X) is closed in VO for the prodiscrete
topology and is therefore a linear subshift of V.

Proof. Let M C G be a memory set and i : VM — V a local defining map for . Also
let D C G be a defining window for X and denote by H the subgroup of G generated by
M and D. Note that H is finitely generated since both M and D are finite sets.

Setting X, = m.(X) forall c € G/H, we have X = ]_[L.Ec/H X by Proposition 5.1. On
the other hand, if x € X, c € G/H, and g € c, then 7(x)(g) depends only on the restriction
of x to ¢, since gM C gH = c. This implies that T may be written as a product

T= l_[ Te, 5.2)

where 7. : X, — V¢ is the unique map that satisfies t.(x|.) = (v(x))|. for all x € X. Note
that 7yy : Xy — VH is the linear cellular automaton over H with memory set M C H and
local defining map u.

Let us show that the maps 7. and ty are conjugate by qb;,‘, that is,

o= (@) ot 0. (5.3)
Let y € X, and let x € X extending x. For all h € H, we have
(¢g 0 )V (h) = ¢g(zc (V) (h)

= (Tc(y) 0 ¢g)(h)

= 17.(y)(gh)

= 7(x)(gh)

=g 't(x)(h)

=g '),

where the last equality follows from the G-equivariance of r. Now observe that the
configuration g~'X € X extends x o ¢¢ € Xy. Thus, we have

(¢ 0 T)(X) (h) = T (x 0 dg) (h) = Tpy (5 (X)) (h) = (Th 0 D) (x) ().

This shows that ¢g 0T, =TH O ¢§, which gives (5.3) since ¢;," is bijective.
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As the subgroup H C G is finitely generated and therefore countable, we deduce from
Theorem 4.2 that gy (Xp) is closed in V# for the prodiscrete topology. Since qb;,‘ is a
homeomorphism, it follows that

(X)) = (¢9) " (tu (X))

is closed in V¢ for all c € G/H. Thus,

)= [] me@)= ] X

ceG/H ceG/H

is a closed subspace of V©. O

COROLLARY 5.4. Let G be a (possibly uncountable) amenable group, F = (F;) ey
a right Fglner net for G, and V a finite-dimensional vector space over a field K.
Let 7:X — Y be a linear cellular automaton, where X, Y C VY are linear subshifts
satisfying mdimz(X) = mdim £ (Y). Suppose that X is of finite type and that Y is strongly
irreducible. Then the following conditions are equivalent:

() 7 is surjective; and

(b) mdimz(r(X)) = mdimz(X).

Proof. The implication (a) = (b) is trivial. Conversely, suppose that mdim £ (7 (X)) =
mdim (X). Theorem 5.3 implies that t(X) is a linear subshift of VO, Ast(X)CY,it
then follows from Proposition 3.2 that 7(X) =Y. Thus, 7 is surjective. O

6. Proof of the Garden of Eden theorem
This section contains the proof of Theorem 1.2. Let us start with the following theorem.

THEOREM 6.1. Let G be an amenable group, F = (F}) jej a right Fplner net for G, and
V a finite-dimensional vector space over a field K. Let X C VY be a strongly irreducible
linear subshift of finite type and let T : X — V9 be a linear cellular automaton. Then the
following conditions are equivalent:

(a) 7 is pre-injective; and

(b) mdimg(r(X)) = mdimr(X).

For the proof of (a) = (b) in Theorem 6.1, we shall use the following lemma.

LEMMA 6.2. Let G be a group and let V be a finite-dimensional vector space over a field
K. Let X C V9 be a strongly irreducible linear subshift of finite type and suppose that
M is a finite subset of G such that X is M-irreducible, 1 € M, and M~ is a defining
window for X. Then, given any configuration x € X and any finite subset Q2 C G, there
exists a configuration z € X that coincides with x on Q and is identically zero on G\Q1M.

Proof. Let x € X and Q C G a finite subset. Note that we have the inclusions @ ¢ Q™™ ¢
QM - QM gince 1 € M. As both x and the zero configuration belong to X and X
is M-irreducible, we can find a configuration z’ € X that coincides with x on  and is
identically zero on QM 3\Q*‘M . Now consider the configuration z € V¢ that coincides
with 7/ on QM and is identically zero on G\Q™™°. Observe that if g € 2+ then
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gM~' c Q+M and therefore z coincides with z’ on gM~!, while if g € G\Q+M2 then
gM~!' € G\Q™ and therefore z is identically zero on gM~!. As both 7’ and the zero
configuration belong to X and M ~! is a defining window for X, we deduce that z € X. On
the other hand, z coincides with x on € and is identically zero on G\Q*¥ . Consequently,
z has the required properties. O

Proof of (a) = (b) in Theorem 6.1. Suppose that mdim (7 (X)) < mdimr(X). Let Y =
7(X). Let M C G be a memory set for . Up to enlarging the subset M if necessary, we
can also suppose that 1 € M and that X is M-irreducible and admits M ~! as a defining

window. o
We first observe that T /+ w2 (Y) is a vector subspace of TR (Y) x vET Vi 5o that we
have
dim(nF‘Jer (Y)) < dim(ms; (Y)) + |Fj+M2\Fj| dim(V). (6.1)

J

On the other hand, as (F) jey is aright Fglner net for G, we have
|FHM\F|
i AR

by (2.1). Therefore, after dividing the two sides of (6.1) by |F;| and taking the lim sup
over j, we get

o AmEae @) imeg )
lim sup ———~2——— <limsup ———— = mdim £(Y).
j |Fjl j |Fjl

As mdimz(Y) < mdimz(X) by our assumption, this implies that there exists jy € J such
that
dim(nFjJer Y)) < dim(nij(X)). (6.2)
0
Consider now the finite-dimensional vector subspace Z C X consisting of all
configurations z € X whose support {g € G : z(g) # 0} is contained in F ].JgM . By virtue
of Lemma 6.2, we have

75, (Z) = 77, (X). 6.3)

On the other hand, we deduce from Proposition 2.2 that t(z) is identically zero on
G\F;gM ’ for every z € Z. Consequently, we have
dim(r(2)) = dim(anMz (r(2)))
Jo
< dim(m, .2 (V)

Jo

< dim(zr; (X)) (by (6.2))
= dim(7r; (Z))  (by (6.3)).

As dil’l’l(ﬂ.’pjo (Z)) <dim(Z), this implies that dim(z (Z)) < dim(Z). It follows that we can
find two distinct configurations z1, z2 € Z such that 7(z1) = t(z2). Since all configurations
in Z coincide outside F ].JgM , this shows that 7 is not pre-injective. O
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For the proof of (b) = (a), we shall use the following lemma.

LEMMA 6.3. Let G be a group and let V be a finite-dimensional vector space over a field
K. Let X C VS be a linear subshift of finite type and let D be a defining window for X with
1G € D. Let ()ier be a family of subsets of G such that ;° 0 QjD = & for all distinct
i, j€l. Also let (x;)ics be a family of configurations in X such that the support of x; is
contained in Q; for each i € I. Then the configuration x € VC defined by x(g) = x;(g) if
g € Q; for some (necessarily unique) i € 1, and by x(g) = 0 otherwise, satisfies x € X.

Proof. If g € Qj‘D for some (necessarily unique) i € I then x coincides with x; on gD.
Otherwise, x is identically zero on gD. As D is a defining window for X, this shows that
xeX. O

Proof of (b) = (a) in Theorem 6.1. Suppose that t is not pre-injective. This means that we
can find a configuration xog € X with finite support 2 = {g € G : xo(g) # 0} # & satisfying
7(x0) = 0. Let M be a memory set for 7. We can also assume that 1 € M, that M = M~!,
and that M is a defining window for X. Let E = QtM 2. Then, by Lemma 2.4, we can find
a finite subset F C G and an (E, F)-tiling T C G. Note that, for each g € G, the support
of the configuration gxy is the set gQ. As g C gQ+M, this implies that Tyq+m (8X0) # 0.
Let us choose, for each g € T', a hyperplane H, C T+ (X) such that Teq+m(8x0) & Hg.

Consider now the vector subspace Y C X consisting of all the configurations y € X that
satisfy Theq+M (y) € Hg for all g € T. We claim that 7(Y¥) = 7(X). To see this, let x be an
arbitrary configuration in X. Then, for each g € T, there exists a scalar A, € K such that
oM (x + Aggxo) € Hy. Now observe that (g)*M N (g'Q)™ c gENg'E = & forall
distinct g, g’ € T (cf. the defining property (T-1) of a tiling in §2.3). Since X is of finite
type with defining window M and 1g € M, it follows from Lemma 6.3 that we can find
a configuration x;, € X such that 7, (x) = ma(Aggxo) for all g € T and x| is identically
zero outside | | ger 852. Note that in fact we have

LA (xp) = LAY (Ag8x0) (6.4)

for each g € T, since the configuration gx is identically zero outside g<2.

Consider the configuration y = x + x). By construction we have y € Y. Let us show
that 7(y) = t(x). Since y = x outside ]_[geT g2, we deduce from Proposition 2.5 that
7(y) and 7(x) coincide outside ]_[geT gQ*M. Now, if h € gQ*M for some (necessarily

unique) g € T, then hM = hM~" € gQ+M* and therefore

t(y)(h) = t(x + x0) (h)
T(x + Aggxo)(h) (by (6.4))
= 1(x)(h) + Aggt(xo) (by linearity and G-equivariance of 1)

t(x)(h) (since xg is in the kernel of 7).

Thus 7(x) = t(y). This proves our claim that 7(X) = t(Y).
Using Proposition 2.5, we deduce that

mdim#(t(X)) = mdimz(7(Y)) < mdimz(Y). 6.5)
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Now observe that, for all g € T, we have

(8x0)|q+m € Tyq+m (X)\T,q+m (V)

and hence
JTgQ+M(Y) ; 7Tg§2+M (X)

Therefore, we can apply Lemma 3.1 to the strongly irreducible linear subshift X and the
vector subspace ¥ C X by taking A= M and D = Q*™. This gives us mdimz(¥) <
mdimz(X) which, combined with (6.5), implies that mdim r(7 (X)) < mdimz(X). O

This completes the proof of Theorem 6.1.

COROLLARY 6.4. Let G be an amenable group, F = (F;) ey a right Fplner net for G,
and V a finite-dimensional vector space over a field K. Let T : X — Y be a linear cellular
automaton, where X, Y C VC are linear subshifts satisfying mdimz(X) = mdimz(Y).
Suppose that X is strongly irreducible of finite type and that Y is strongly irreducible.
Then the following conditions are equivalent:

(a) T is surjective;

(b) mdimr(r(X)) =mdimz(X); and

(c) T is pre-injective.

Proof. The equivalence of conditions (a) and (b) follows from Corollary 5.4. The
equivalence between conditions (b) and (c) follows from Theorem 6.1. O

Proof of Theorem 1.2. This follows immediately from the equivalence between condi-
tions (a) and (c) in Corollary 6.4 by taking X =Y. 0

7. Pre-injective but not surjective linear cellular automata

In this section we give examples of pre-injective but not surjective linear cellular automata
7:X — X, where G is a group, V is a finite-dimensional vector space, and X C Ve
is a linear subshift. We recall that Theorem 1.2 implies that there is no such example
with X strongly irreducible of finite type, and in particular with X =V, if the group
G is amenable. When G contains a non-abelian free subgroup and dim(V) = 2, one can
construct a linear cellular automaton 7 : V¢ — V that is pre-injective but not surjective.
This was done in [4, Example 4.10] for free groups of rank two in a more general setting,
namely for linear cellular automata whose alphabet is a module over any non-zero ring.

PROPOSITION 7.1. Let G be a group and let V be a two-dimensional vector space over a
field K. Suppose that G contains a non-abelian free subgroup (e.g. G is a non-abelian free
group). Then there exists a linear cellular automaton t : VS — VO that is pre-injective
but not surjective.

Proof. We may assume V =K?. Let p; and p, be the endomorphisms of V defined
respectively by pi1(v) = (A1, 0) and p2(v) = (X2, 0) for all v= (A1, X2) € V. Leta
and b be two elements in G generating a free subgroup of rank two. Consider the map
7: VY — VY given by

T(x)(g) = p1(x(ga)) + pa(x(gh)) + p1(x(ga™")) + pa(x(gh™)
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for all x € V¢ and g € G. Clearly 7 is a linear cellular automaton admitting M =
{a,b,a™", b~'} as a memory set. We have (V%) c (K x {0})¢ ; VG so that T is not
surjective.

Let us show that 7 is pre-injective. Suppose it is not. Then there exists a configuration
xo € VY with non-empty finite support  C G such that 7(xp) = 0. Let F denote the free
subgroup generated by a and b. Choose a left coset co € G/ F such that ¢y meets 2. The
coset ¢o may be viewed as a regular tree of degree four by joining two elements g, & € ¢
if and only if 2~'g € M. Consider now an element go € 2 that is an ending point of the
minimal tree spanned by co N 2 in the tree cg. Observe that, among the four elements in ¢
that are adjacent to go, there are at least three elements outside 2. As go is in the support
of xg, we must have p1(xo(go)) # 0 or p2(xo(go)) # 0. If p1(x0(go)) # 0, let us choose g1
outside  such that go = ga or go = gra~". This gives a contradiction since g is then the
only element in €2 that is adjacent to g; so that (7) implies that t(x)(g1) = p1(x(go)) #O.
If p1(x0(go)) =0 then pa(xp(go)) # 0. In this case, we choose an element g, outside 2
such that go = gob or go = gzb’l. We then get 7(x(g2)) = pa(x0(go)) # 0, which yields
also a contradiction. O

PROPOSITION 7.2. Let G be a group and let V be a one-dimensional vector space over a

field K. Then the following hold:

()  if G is infinite, then there exist a linear subshift X C VY and a linear cellular
automaton T : X — X that is pre-injective but not surjective;

(i) if G contains an infinite subgroup of infinite index, then there exist an irreducible
linear subshift X C VS and a linear cellular automaton t : X — X that is pre-
injective but not surjective;

(iii) if G is not locally finite (e.g. G = 7), then there exist a linear subshift of finite type
X C VY and a linear cellular automaton t : X — X that is pre-injective but not
surjective; and

(iv) if G contains an infinite finitely generated subgroup of infinite index (e.g. G = 7?),
then there exist an irreducible linear subshift of finite type X C VS and a linear
cellular automaton t : X — X that is pre-injective but not surjective.

Proof. Suppose that H is an infinite subgroup of G. Consider the subset X c V¢
consisting of the configurations x € V¢ which are constant on each left coset of H. Clearly
X is a non-zero linear subshift of V. The linear cellular automaton 7 : X — X defined
by t(x) =0 for all x € X is not surjective. However, 7 is pre-injective. Indeed, as every
left coset of H is infinite, any two configurations in X that are almost equal must coincide.
We obtain (i) by taking H = G.

If H is of infinite index in G, we can find, for every finite subset 2 C G, an element
g € G so that no left coset of H meets both 2 and g€2. This shows that X is irreducible
and (ii) follows.

If H admits a finite generating subset D C H, then X is of finite type since X =
Xg(D, L), where L ¢ VP denotes the vector subspace of yP consisting of all constant
maps from D to V. This shows (iii).

Finally, if H is both finitely generated and of infinite index in G, then X is an irreducible
linear subshift of finite type by the preceding observations. This gives (iv). O
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Note that none of the linear subshifts X C V¢ appearing in the proof of Proposition 7.2
is strongly irreducible (G amenable or not). Indeed, suppose that A is a finite subset
of G. Then, as H is infinite, we can find an element hy € H that is not in A. The sets
Qq = {ho} and Q, = {15} satisfy QTA N, =@. However, if x; € VY is a non-zero
constant configuration, we have x; € X but there is no configuration x € X that coincides
with x; on 7 and with the zero configuration on €.

8. Surjective but not pre-injective linear cellular automata

In this section we describe examples of surjective but not pre-injective linear cellular
automata 7 : X — X, where G is a group, V is a finite-dimensional vector space, and
X C VY is a linear subshift. We recall that Theorem 1.2 implies that there is no such
example with X strongly irreducible of finite type, and in particular with X = V©, if the
group G is amenable. When G contains a non-abelian free subgroup and dim(V) =2,
one can construct a linear cellular automaton 7 : V¢ — V that is surjective but not pre-
injective. This was done in [4, Example 4.11] for free groups of rank two in a more general
setting, namely for linear cellular automata whose alphabet is a module over any non-zero
ring.

PROPOSITION 8.1. Let G be a group and let V be a two-dimensional vector space over
a field K. Suppose that G contains a non-abelian free subgroup (e.g. G is a non-abelian
free group). Then there exists a linear cellular automaton v : VY — VO that is surjective
but not pre-injective.

Proof. We may assume V =K?2. Let ¢ and g, be the endomorphisms of V respectively
defined by g1 (v) = (A1, 0) and g2 (v) = (0, A1) forall v = (A1, A2) € V. Leta and b be two
elements in G generating a free subgroup of rank two. Consider the map 7 : V¢ — V©
given by

T(x)(8) = q1(x(ga)) + q1(x(ga™ ")) + g2 (x (b)) + g2 (x(gb™"))

for all x € V¢ and g € G. Clearly 7 is a linear cellular automaton admitting M =
{a,b,a”!, b~} as a memory set. The configuration that takes the value (0, 1) at 1
and is identically zero on G\{1} has non-empty finite support and is in the kernel of t.
Therefore 7 is not pre-injective.

Let us show that 7 is onto. Let z = (z1, z0) € VY. We have to show the existence of
a configuration x = (x1, x2) € V¢ such that z = t(x). Let F denote the free subgroup
of G generated by a and b. For h € F, we denote by £(h) the word length of h, that is,
the smallest integer n > 0 such that 2 can be written as a product & = s1s7 - - - 5, Where
si € M for 1 <i <n. Let R C G be a complete set of representatives for the left cosets
of F in G so that every element g € G can be uniquely written in the form g = rh with
r € R and h € F. We define x(g) by induction on £(h). If £(h) = 0, that is, g € R, we set
x(g)=1(0,0). If £(h) =1, thatis, g =rs forsome r € R and s € M, we set

(z1(r),0) ifs=a,
x(g) =1 (z2(r), 0) ifs =0,
0, 0) ifs=alors=0b"1.
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Suppose now that, for some integer n > 2, the value of x has been defined at each element
of the form rh, where r € R and & € F satisfies £(h) <n — 1. Let g =rh, where r € R
and h € H satisfies £(h) = n. Then h can be uniquely written in the form h = kss’, where
k € F satisfies £(k) =n — 2 and s, s’ € M are such that ss’ # 1. We set

(z1(rks) — x1(rk), 0) ifse{a,a '}ands =y,
(z2(rks), 0) ifsef{a,a "}and s’ = b,

x(g) = { (z1(rk), 0) ifse{b,b"}ands =a,
(z2(rk) — x2(rks), 0) ifse{b, b1} and s’ =s,
0, 0) otherwise.

The configuration x defined in this way clearly satisfies z = 7(x). This shows that 7 is

surjective. O
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