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Abstract. An important question in dynamical systems is the classification problem, that
is, the ability to distinguish between two isomorphic systems. In this work, we study the
topological factors between a family of multidimensional substitutive subshifts generated
by morphisms with uniform support. We prove that it is decidable to check whether two
minimal aperiodic substitutive subshifts are isomorphic. The strategy followed in this work
consists of giving a complete description of the factor maps between these subshifts.
Then, we deduce some interesting consequences on coalescence, automorphism groups,
and the number of aperiodic symbolic factors of substitutive subshifts. We also prove
other combinatorial results on these substitutions, such as the decidability of defining a
subshift, the computability of the constant of recognizability, and the conjugacy between
substitutions with different supports.
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1. Introduction

Isomorphic systems are indistinguishable in terms of their dynamical properties, making
classification an important problem in dynamical systems. Nevertheless, finding an
isomorphism (or conjugation) between two dynamical systems has proven to be highly
challenging. We recall that an isomorphism between two symbolic systems (X, S, Z%)
and (Y, S, Zd) is a continuous and bijective map ¢ : (X, S, Zd) — (7, S, Zd) commuting
with the action, that is, for any n € Z%, ¢ o S* = S" o ¢. If the map ¢ is only surjective, it
is called a factor map.

One classic approach to address the classification problem involves identifying invari-
ants, which are properties shared by isomorphic systems and are easily determinable.
However, in some cases, the existing invariants may not suffice for this purpose. Addition-
ally, the topological factors of a topological dynamical system are rarely used explicitly to
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unravel the structure of a particular dynamical system. Nonetheless, they contain valuable
information for certain aspects and can be employed for concrete computations or the study
of specific structures, such as in spectral theory.

We are also concerned with the decidability of certain properties. A property is said to
be decidable if an algorithm exists that allows one to verify whether the property is satisfied
or not. In this article, our focus lies on the decidability of the classification problem within
the family of multidimensional substitutive subshifts.

One-dimensional substitutive subshifts have been extensively studied for several
decades, ever since they were introduced by Gottschalk in [27]. They represent the simplest
non-trivial zero-entropy symbolic systems and are generated in a highly deterministic
manner. This simplicity has led to their presence in various fields of mathematics,
computer science, and physics, such as combinatorics of words, number theory, dynamics
of aperiodic tilings, quasi-crystals, and more (see, for example, [1, 2, 35, 36]). However,
their deep understanding took several decades, with significant contributions made by
Cobham [10] (who identified them as so-called automatic sequences from a computational
perspective), Queffélec and others [14, 39, 42] (in terms of their spectral properties),
Mossé [34] (focused on recognizability, which is a sort of invertibility of substitutions),
Durand, Host, and Skau [18] (who classified their topological factor systems), and Host and
Parreau among several others [12, 13, 15, 30, 33, 41] (classification of their automorphism
groups). We refer to [23, 39] for extensive bibliographies on the (earlier developments
of the) subject. Many of the aspects mentioned above remain largely unexplored in the
context of multidimensional substitutive systems.

In the multidimensional setting, substitutive subshifts find their motivation in physical
phenomena, particularly through the discovery of the aperiodic structure of quasi-crystals,
modeled by the Penrose tiling [37]. In these models, symmetries play a fundamental role
and are described using finite data. Numerous articles have been dedicated to the study
of these tilings (see [3] for an extensive bibliography on aperiodic order). Substitutive
systems have then emerged as valuable mathematical models within this research direction.
Our focus in this article is on substitutions with uniform support, where the shape of any
pattern defined by the substitution remains the same (see [8] for basic properties on this
topic, where we follow the same notation). Within this class of substitutive subshifts, we
prove that assuming they have the same combinatorial structure, it is decidable whether a
factor map exists between two aperiodic substitutive subshifts.

THEOREM A. Let &1, {2 be two aperiodic primitive constant-shape substitutions with the
same expansion matrix L. It is decidable to know whether there exists a factor map ¢ :
(Xg. 8. 2% — (Xg, 8. 2.

The strategy followed in this article involves providing a complete description of the
factor maps between substitutive subshifts. This approach draws inspiration from a series
of works on automorphism groups of symbolic systems, which we proceed to describe.
The study of factors and conjugacies between dynamical systems is a classical problem,
primarily concerning their algebraic and dynamical properties in relation to those of the
system (X, T, Z¢). Automorphisms, which are self-conjugacies of a particular system, can
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The isomorphism problem between multidimensional substitutions 3

be algebraically defined as elements of the centralizer of the action group (T'), considered
as a subgroup of all homeomorphisms Homeo(X) from X to itself. Symbolic systems
already exhibit significant rigidity properties regarding factor maps and automorphisms.
For instance, the famous Curtis—Hedlund-Lyndon theorem [29] establishes that any factor
map between subshifts is a sliding block code, implying that the automorphism group is
countable and discrete. Initially studied for subshifts of finite type [29], these automorphism
groups were shown to be infinitely generated and containing various groups, including all
finite groups, the free group on two generators, the direct sum of a countable number of
copies of Z, and any countable collection of finite groups. The existence of a conjugacy
between two subshifts of finite type is known to be equivalent to the notion of strong shift
equivalence for matrices over ZT [47], which is not known to be decidable [31].

However, within the rich family of substitutive subshifts, factor maps exhibit strong
rigidity properties, as proven by Host and Parreau in [30]. They provided a complete
description of factor maps between subshifts arising from certain constant-length substitu-
tions, proving that any measurable factor map induces a continuous one. As a consequence,
the automorphism group is virtually generated by the shift action, meaning that there
exists a finite set of automorphisms such that any automorphism can be expressed as the
composition of an element from this finite set and a power of the shift. Moreover, any
finite group can be realized as a quotient group Aut(X, S, Z)/(S) for these subshifts, as
proven by Lemariczyk and Mentzen in [33]. The proof by Host and Parreau is based on the
following fact: there exists a bound (in this case, r = 2) such that any factor map between
these substitutive subshifts is the composition of a sliding block code with a radius less
than » and a power of the shift map. Using the self-induced properties of substitutive
subshifts, Salo and Tormi provided in [41] a renormalization process for factor maps
between two minimal substitutive subshifts of constant length and for Pisot substitutions,
extending the description obtained in [30] within a topological framework. More recently,
Durand and Leroy [20] showed the decidability of the factorization problem between
two minimal substitutive subshifts, extending the results of Salo and Tormi, giving a
computable upper bound R such that every factor map between minimal substitutive
subshifts is the composition of a power of the shift map with a factor map having a
radius less than R. The decidability of the factorization problem in the constant-length
case had previously been proved by Fagnot in [22] using the first-order logic framework of
Presburger arithmetic, without assuming minimality. In [8], an analogous result to that of
Host and Parreau for the multidimensional framework was established. In this article, we
further extend the findings in [8] to the whole class of aperiodic minimal multidimensional
constant-shape substitutive subshifts.

THEOREM B. Let {1, {2 be two aperiodic primitive constant-shape substitutions with the
same expansion matrix. Then, there exists a computable constant R such that every factor
map between (X¢,, S, 74 and (X, S, 7% is the composition of a shift map with a factor
map of radius less than R.

The constant R of the previous theorem depends on the constant of recognizability
of the image substitution . In [8], it was already established that aperiodic primitive
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constant-shape substitutions are recognizable. In this article, we prove that this constant is
computable.

THEOREM C. Let ¢ be an aperiodic primitive constant-shape substitution with expansion
matrix L and support F. There is a computable upper bound for the constant of
recognizability of ¢. This bound can be expressed only by the cardinality of the alphabet
| Al|, the expansion matrix L, the support F, and the dimension d.

This result is an analog of the one proved by Durand and Leroy in [19] for the
one-dimensional case.

This article is organized as follows. The basic definitions and background are introduced
in §2. Section 3 is devoted to the study of the supports of a constant-shape substitution.
We prove the decidability of whether this sequence is Fglner (Theorem 3.2), useful to
define the substitutive subshift. Then, we use this proof to get a bound on their complexity
function (Proposition 3.6). In §4, we deal with the conjugacy problem between two ape-
riodic primitive constant-shape substitutions with the same expansion matrix but different
support. We prove that for any pair of different supports F;, G of an expansion matrix and
any constant-shape substitution with support F7, there exists a constant-shape substitution
with support G such that the two substitutive subshifts are topologically conjugate
(Theorem 4.1). This answers a question raised in [24], where a similar result was shown
for the one-dimensional case. Section 5 is devoted to the computability of the constant
of recognizability of constant-shape substitutions. To do this, we study the computability
of the repetitivity function for substitutive subshifts (Lemma 5.4). Finally, in §6, we
characterize the factor maps between aperiodic primitive substitutive subshifts sharing
the expansion matrix (Theorem 6.2). Then, we deduce the coalescence of substitutive
subshifts (Proposition 6.4), meaning any endomorphism between the substitutive subshift
and itself is invertible. We also prove that the automorphism group of substitutive subshifts
is virtually generated by the shift action (Proposition 6.5). Additionally, we use Theorem
6.2 to conclude the decidability of the factorization problem between substitutive subshifts
having the same expansion matrix (Theorem 6.6). Thanks to the coalescence of substitutive
subshifts, we also deduce the decidability of the isomorphism problem (Corollary 6.9). We
finish this section proving that substitutive subshifts have finitely many aperiodic symbolic
factors, up to conjugacy (Lemma 6.12). Thanks to Theorem 6.2, we can provide a list
containing these factors.

2. Definitions and basic properties

2.1. Basic definitions and notation.

2.1.1. Notation. Throughout this article, we will denote by n = (ny, . . ., ng) the ele-
ments of Z4 and by x = (x1, ..., xq) the elements of RY. If F C Z9 is a finite set, it
will be denoted by F & 7%, and we use the notation || F| = max,cf ||r||, where || - ||
is the standard Euclidean norm of RY. If L ¢ M(d,R) is a d x d-matrix, we denote
IL|| = maxyer\foy IL(x)|l/llx|l as the matrix norm of L.

A sequence of finite sets (F},),=0 < 74 is said to be Falner if for any n € 74

. | FaA(n + Fy)|
lim —m— =

n—00 | Fy

s
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where | X| stands for the cardinality of the set X. (In the literature, especially in group
theory, it is common to also ask that the union of the sequence of sets (F},),~0 is equal to
74 for a sequence to be Fglner, but we will not use it in this article.) For any pair of subsets
E, F C 74, we denote F°F as the set of all elements f € Fsuchthat f + E C F, thatis,

FE={feF: f+ECF).

In the case where E is a discrete ball centered at the origin, meaning £ =[B(0, r)N Z4]
for some r > 0, we will denote F o[BO.)NZ] simply by F°". Note that the Fglner
assumption implies that for any E € Z¢,

lim EEAR (1)
n— 00 | Fyl

2.2. Symbolic dynamics. Let A be a finite alphabet and let d > 1 be an integer. We

define a topology on AZ by endowing A with the discrete topology and considering on

AZ the product topology, generated by cylinders. Since A is finite, AZ" is a metrizable

compact space. The additive group Z¢ acts on this space by translations (or shifts), defined

for every n € Z¢ by

S () = Xpi X € AL ke 7.

The Z¢-action (A%, S, Z4) is called the full-shift.

Let P C Z be a finite set. A pattern is an element p € A”. We say that P is the support
of p, denoted P = supp(p). We say that a pattern p occurs in x € AZ" if there exists
n € Z¢ such that p = x|, p (identifying P with n + P by translation). In this case, we
denote it as p C x, and we call such n an occurrence in x of p.

A subshift (X, S, Zd) is given by a closed subset X C AZd that is invariant under the
7% -action. In this article, even if the alphabet changes, S will always denote the shift map,
and we usually say that X itself is a subshift. A subshift can also be defined by its language.
For P € Z%, we denote

Lp(X)={pe€e AP . there exists x € X, p C x}.
We define the language of a subshift X by
LX) = U Lp(X).

Pezd

We say that the subshift (X, S, Z?) is minimal if it does not contain proper non-empty
subshifts. The subshift is aperiodic if there are no non-trivial periods; that is, if SPx = x
for some p € 7% and x € X, then p = 0.

Let B be a finite alphabet and consider a subshift ¥ € BZd. Amap ¢ : (X, S, Zd) —
(v, S, Zd) is a factor map if it is continuous, surjective, and commutes with the actions,
that is, ¢ o S" = S" o ¢ for all n € 74 . In this case, we say that (¥, S, Zd) is a factor
of (X, S, Z%). If ¢ is also injective, we say it is a conjugacy (or an isomorphism). When
¢:(X,S, Zd) — (Y, S, Zd) is a factor map, there exists a finite subset P € 74 and a
P-block map ® : Lp(X) — B such that for any n € Z¢ and x € X, ¢ (x)n = ©(xX|nsp).

https://doi.org/10.1017/etds.2024.87 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.87

6 C. Cabezas and J. Leroy

This is known as the Curtis—Hedlund—Lyndon theorem [29]. We call such P the support
of ® and a support of ¢. Observe that if ¢ is induced by ®, we can define another block
map &’ also inducing ¢ and whose support is a discrete ball of the form [B(0, r) N Z?] for
r € N. We define the radius of ¢ (and denote it by r(¢)) as the infimum of » € N such that
¢ is induced by a block map with support [B(0, r) N Z4].

2.3. Multidimensional constant-shape substitutions. We recall some basic definitions
and results about multidimensional substitutive subshifts of constant shape that will be
used throughout this article. We refer to [8] for basic properties on this topic, where we
follow the same notation (see also [25] for spectral properties of these subshifts). Let
L € M(d, Z) be an expansion integer matrix, that is, there exists A > 1 such that for every
x € R\ {0}, we have that |L(x)|| > A|x|. Let F be a fundamental domain of L(Z4)
in 74, meaning a set of representative classes of 7 /L(Z%) (with 0 € F), and let A be
a finite alphabet. A multidimensional constant-shape substitution is a map ¢ : A — AF.
The set F is called the support of the substitution. The following shows an example of a
constant-shape substitution.

Example 2.1. (Triangular Thue—Morse substitution) The triangular Thue—Morse substitu-
tion is defined with L = 2idg2, F = {(0,0), (1, 0), (0, 1), (—1, —1)}, and A = {a, b} as

OATM : 4 > a b, b — b a.

In the literature, constant-shape substitutions with a positive diagonal expansion matrix
L = diag(l;);=1,...« and support equal to the standard d-dimensional parallelepiped F; =
1‘[;’:1[[0, I; — 1] are called block substitutions. These substitutions have a characteristic
block structure defined by the shape of F. Moreover, when L = pidp: is equal to some
positive multiple of the identity and the support is equal to F = [0, p — 1]%, we use the
term square substitution to describe such cases.

Given a substitution ¢, we let L; denote its expansion matrix and F’ f its support. For

. . o ¢ . .
any n > 0, we define the nth iteration of the substitution ¢ : A — A" by induction:
™ = ¢ o ¢, where the supports of these substitutions satisfy the recurrence

Flo = Lo(FS) + Ff foralln > 1. 2

Observe that we trivially have Ly = L?'
The language of a substitution is the set of all patterns that appear in {" (a) for some
n>0,a € A, that is,

Ly ={p:pE ¢"(a)forsomen >0, a € A}.

For such a language to define a subshift, we need that the sets Fy¢ contain arbitrarily
large balls for n large enough, that is, for any » > 0, there exists n > 0 such that (F,,§ ) £
. This condition is ensured by the Fglner property. Moreover, the Fglner assumption on
the sequence of fundamental domains (F},),~o is necessary to ensure that the subshift
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is uniquely ergodic, following the proof given in [32] for substitutive Delone sets. We
prove in the next section that the Fglner property is actually equivalent to the existence of
arbitrarily large balls in the sequence of supports. We also show that whether a sequence
(Fn)n=o satisfies this property is decidable (see Theorem 3.2).

Example 2.2. (Iterations of a constant-shape substitution) The first three iterations of the
substitution o a7y illustrated in Example 2.1.

b
a b
a a b
a b aab
b a ab aa b
b b b a b ab a a b
a +— a b — ab b a b b b a a a b
a b a b — abbabaab
ab a b a b ab a
a b aabd b a
b baa b
abba
b a b
a b
a

We define the subshift X, associated with the substitution ¢ as the set of all sequences
x € A% such that every pattern occurring in x is in £, . We call this subshift a substitutive
subshift.

A substitution ¢ is called primitive if there exists a positive integer n > 0, such that,
for every a, b € A, b occurs in ¢"(a). Each substitution ¢ can be naturally associated
with an incidence matrix denoted as M;. For any a,b € A, as (M;)ay is defined as
{f eF f : {(a) f = b}, that s, it is equal to the number of occurrences of b in the pattern
¢ (a), the substitution ¢ is primitive if and only if its incidence matrix is primitive. A matrix
is primitive when it has a power with strictly positive coefficients.

If ¢ is a primitive constant-shape substitution, the existence of periodic points is well
known, that is, there exists at least one point xg € X, such that £”(xo) = xo for some
p > 0. In the primitive case, the subshift is preserved by replacing the substitution with
a power of it, meaning X, is equal to X, for any n > 0. Thus, we may assume that the
substitution possesses at least one fixed point. To avoid some problems, we only keep in
the alphabet the letters that appear in the fixed points. We recall that in this case, the
substitutive subshift is minimal if and only if the substitution is primitive (see [39]).

As in the one-dimensional case, the supports do not need to cover all the space.
Nevertheless, up to adding a finite set and taking its images under powers of the expansion
map L, they cover the space. This property is explained in the following proposition. It is
similar to the notion of remainder in numeration theory and will be technically useful.
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PROPOSITION 2.3. [8, Proposition 2.10] Let L € M(d, Z) be an expansion matrix and
F\ be a fundamental domain of L(Z?) in Z¢ (containing 0). Then, the set K LF =
U,,-0((d — L™~V (F,) N Z4) is finite and satisfies

U L"Ker) + Fa =74,

n>0
where Fg = {0}

It is straightforward to check that for any block substitution, the set K r, is equal
to [—1, O]]d. If ¢ is a constant-shape substitution, we denote K, = K Lo FE The set K
controls, in some way, the number of periodic points that a constant—sha;l)e substitution
has. More specifically, it can be proved that a primitive constant-shape substitution has at
most [Lk, (K¢ )| -periodic points.

Remark 2.4. Observing that the sets |J!_, ((id — L™)~'(F,,) N Z%), n > 1, are nested,
Proposition 2.3 implies that K; r, is equal to f;lzl((id — L™~Y(F,) NZ%) for some
Jj > 0. Therefore, whenever ¢ is primitive, up to replacing ¢ by a power of itself, we may
assume that K is equal to (id — L{)_l (F1) N Z4. In the latter case, it is straightforward
to prove that | Kz r || < L~ (F)II/(1 — [L71]).

For the triangular Thue—Morse substitution, the set Karys is equal to {(—1, 0), (0, 0),
0, =D, d, D}.

The proof of Proposition 2.3 is inspired by the Euclidean division algorithm, which was
used to obtain finite sets satisfying particular properties as shown in the following result
that we will use in the rest of this article.

PROPOSITION 2.5. [8, Proposition 2.12] Set A € Z¢ containing 0 € Z¢ and let F € 7%
containing a fundamental domain F\ of an integer expansion matrix L. Then, there exists
a (computable) finite subset C C 7¢ containing 0 and such that we have the following.
(1) A+FCC+A+FCL(C)+ Fy.
(2) More generally, for any n > 0:

e L"(C+A+F)+F, SL"TN(C)+ Fuys

e C+Y! ,LI(A+F)CL"T(C)+ Fppr.
(3) The sequence of sets (L' (C) + F,)n>0 is nested.
@ lICl < (L7 A+ P + IL7 FD I/ = IIL7).

Proof. We define the sequence (C,),>0 of finite sets by Co = {0} and, for every n > 0,
Cop1 =[L7NCh+ A+ F — F)NZ).

One easily checks by induction that C,, € C,4 for all n > 0 and a quick computation
shows that
IL7' A+ P+ 1L FDl

1— L= '
As a consequence, the sequence (C,),>0 stabilizes and we set C = Cy, where N is such
that C,, = Cy for every n > N. This set C is obviously computable.

ICall <
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Let us now check that the set C satisfies all items. The set C contains 0 by construction,
which directly implies that A+ F CC+ A+ F. If ne C+ A+ F, then n belongs
to C, + A+ F for some n € N. We can thus write n =n’ =a+ f as well as n =
L(m) + f/, for some n' € B,,ac A, f € F, and f' € F|. We deduce that L(m) €
Cp+ A+ F — F1, and hence m € C. Item (2) follows by induction and implies item (3),
as0e ANF. O

Remark 2.6. Note that if we change the pair (L, F1) by (L", F,,) for any n > 1, then the

set C given by Proposition 2.5 is the same for fixed A and F. Using the notion of digit

tile defined in [8, §2.7], we note that |L™"(F,)|| —— IT(z,F,)|l- Hence, the sequence
n—>oo

UILT"(F) /(X = IL7"1))n>1 is uniformly bounded. Note that, in the block case, these
quantities are bounded by +/d, where d is the dimension of the substitution.

From now on, we denote Cy r, to the set given by Remark 2.6 using A = {0} and
F = Fy + Fy. By [8, Remark 2.13(2)], we have that for any n e N, Cp p, + F,, + F,, €
L"(CL,F,) + Fy. Note that, in the block case, the set Cy, r, is equal to [0, 17¢4.

Every element of Z? can be expressed in a unique way as p = L(j) + f, with j € Z4
and f € F1, so we can consider the substitution ¢ as a map from X, to itself given by

L+ f =)y

This map is continuous. Moreover, when the substitution is aperiodic and primitive,
Proposition 5.7 below ensures that this map is actually a homeomorphism. This property
is satisfied, even in the case where the substitution is not injective on letters, that is, when
there exist distinct letters a, b € A such that ¢ (a) = ¢(b). This comes from the notion of
recognizability of a substitution (see §5).

Definition 2.7. Let ¢ be a substitution and x € X; be a fixed point. We say that ¢ is
recognizable on x if there exists some constant R > 0 such that for all i, j € 74,

x|[B(L;(i),R)ﬂZd] = xl[B(j,R)ﬂZd] - (there exists k € Zd)((j = L; (k)) A ()Ci = Xk)).

The recognizability of a substitution ¢ implies that for every x € X, there exist a
unique x” € X, and a unique j € F f such that x = S/¢(x’). This implies that the set
¢(X¢) is a clopen subset of X, and {Sjé'(Xg)Z J€ Ff} forms a clopen partition
of X, (the proof is classical and similar to the one-dimensional case [39, §5.6]). Any
power of a recognizable substitution is also recognizable, so these properties extend to
¢" for all n > 0. The recognizability property was first proved for any aperiodic primitive
substitution by B. Mossé in the one-dimensional case [34], and in the multidimensional
case by Solomyak [43] for aperiodic self-affine tilings with an R4-action. Later, in [8], it
was established that the aperiodic symbolic factors of primitive substitutive subshifts also
satisfy a recognizability property.
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3. Decidability of the Folner property for fundamental domains of an expansion matrix
and computability of the language of constant-shape substitutions

Let L € M(d, Z) be an expansion matrix and F| € Z% be a fundamental domain of
L(Z%) in 74 containing 0. Define the sequence of fundamental domains of L” (Z%) as
in equation (2):

Foy1=L(F,)+ F foralln > 1.

We recall that the sequence (F},),cn is said to be Fglner if for any n € 74,
A+ F)|

n— 00 |Fn|

As mentioned in the previous section, the Fglner property ensures that the sets Fj
eventually contain balls of arbitrarily large radius, which then allows us to define a subshift.
However, the converse is not true in general, that is, having balls of arbitrarily large radius
is not enough to guarantee that the sequence is Fglner, since the sets can be sparse at the
same time, as the following example shows.

Example 3.1. Consider the sequence of finite sets given by A, = [0, n] U {—k(k 4+ 3)/2 :
0 <k <n}foranyn € N. Setr > 2. Let n € N be large enough. We note that

(An+r)ﬂAn:[[r,n]]U{r_k(k;3);()§k§@}U{_Mz(r"'l)},

which lets us conclude that |(A, +r)AA,|/|A,| = 1/2 as n — oco. Hence, the sequence
(A,)nen 1s not Fglner.

In this section, we prove Theorem 3.2, stating that, when the sets F, are built as in
equation (2), the Fglner property is equivalent to the existence of arbitrarily large balls in
the sets F, for large enough n. Moreover, we show that we have some control over the
index of the sequence to check an equivalent property, which implies that being Fglner is
decidable.

THEOREM 3.2. Let L € M(d, Z) be an expansion matrix and F; € Z¢ be a fundamental
domain of L(Z%) in Z% containing 0. Set ¥ = |[L~ (F)||/(1 — |L~Y). The sequence
(Fp)nen defined as equation (2) is Folner if and only if there exists n < ((6?)3d — (6F)d)/6
such that F,, contains a translation of Cp r, + [B(0,7) N 74). In particular, it is decidable
to check whether (Fy,)eN is a Folner sequence.

In the block case, that is, L = diag(ﬁ,-)f;l and F; = ]_[le[[O, I; — 1], we note that
Crrp +[BO,7r)N Zd] C [B(0, 2\/3) N Zd], and hence for any n € N such that n >
log(4x/3)/ log(min ;) contains a translation of Cy g, + [B(0,7) N 74].

Roughly speaking, the idea of the proof of Theorem 3.2 is twofold. First, we show
that if some Fj contains a large enough ball B, then the ‘extended image’ L™ (B) + F,
inside Fy4,, will contain a ball larger than B and this will enforce the Fglner property.
The statement of Proposition 3.3 below is actually more precise about the ball B, which
allows us get a characterization of the Fglner property. Figure 1 illustrates this idea. In
the second step (Proposition 3.4), we define a finite graph and translate the condition of
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FIGURE 1. A visual representation of Claim | with the triangular Thue—Morse substitution (Example 2.1). The

black points on the left represent the points in F4, and Fs on the right. The blue points (triangles) represent the

points (=2, 5) in F4 (left) and (—4, 10) =2 - (=2, 5) + (0, 0) in F5 (right). Finally, the red points (squares) on
the left represent the set (=2, 5) + Cr r, + K and (=4, 10) + C r, + L(K) + F} on the right.

Proposition 3.3 into the existence of a path in this graph. This leads to the decidability of
the Fglner property and to a bound on the index N. Figure 3 is an example of the graphs
for the triangular Thue—Morse substitution.

Consider the set K € Z¢ given by Proposition 2.3, and the set C, IS 74 given by
Proposition 2.5 with A = {0} and F = F; 4+ F|. We recall that, by item (2), for any
n>1,Crp +F,+F, €L"CLF)+ F,. We also deduce from item (4) that

ICLA Nl <25 3)

Assume, up to replacing L by an appropriate power of it, that K = (id — L)~ (F}) N Z<.
The following result shows a characterization for the sequence of fundamental domains
(Fy)nen to be Fglner.

PROPOSITION 3.3. Let L € M(d, Z) be an expansion matrix, F| € Z¢ a fundamental
domain of L(Zd YinZ4 containing 0, and (Fy)neN be the sequence of fundamental domains
defined as equation (2). The following conditions are equivalent:

(1) the sequence (Fy)nenN is Folner;
(2) there existsn € Nand f € F, such that

f+CL,F1 +K§ Fn;
(3) forevery finite set B 2 K, there exists m € N, f € F,, such that

f+CL,F1+B§Fm'

Note that item (3) implies that it is equivalent for a substitution ¢ to define that the
substitutive subshift X, to the sequence (F},), >0 is Fglner.

Proof. The implications (1) = (2), (1) = (3), and (3) = (2) are direct. Let us thus
assume item (2). We recall that, by Proposition 2.3, | J peN LP(K)+ Fp = 7% and the
sequence of finite sets (L”(K) + F)) pen is nested. To check that (F,),en is Fglner, it is
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enough to prove that

FyA(F, +C LP(K) + F
(forall p € N) lim [Fn Ay + Crp + LPKK) + Fp)l

n—00 | Fy

£}

or, equivalently, that

|{f€Fn3f+CL,F|+LP(K)+Fngn}| _
|yl h

(forall p € N) lim L 4)
n— oo

Foranyn € Nand p € N, we set
Jop=1f € Fu: f+CLR +LP(K)+ F, C Fy},

an,p = |Jn,pl, and b, , = ay,p/|Fy|. By assumption, there exists N € Nand f € Fy such
that f + Cr r, + K € Fy. In other words, we have ay > 1. Claim 1 below shows a
form of stability of elements of J, , under the application of L. In particular, it implies
thatayyp p > 1forall p € N. Since UpeN LP(K)+ Fp = 74 and the sequence of finite
sets (LP(K) + F)) pen is nested, it also implies item (3).

CLAM 1. Foralln,p eNandall f € F,, if f +Crr, +LP(K)+ F, C F,, then all
elements g € L(f) + F1 € F,41 are such that g + Cpr r, + LPH(K) + Fpy1 € Fuqa.
In particular, we have

Qntl,p = Aptl,p+1 = ap,pldet(L)].
Proof of Claim 1. Indeed, since Cy g, + F1 + F1 € L(Cp, F) + F1, we have

f+CrLp +LP(K)+ F, C F, = L(f) + (L(CLp,) + F1) + LPTY(K) + L(F)) C Fyt1
— (L(f)+ F)) + Crp, + LPTY(K) + Fpi1 € Foyr.

This implies that @, 41,p41 > ay,pldet(L)|. The other inequality follows from the fact that
LP(K)+ F, C LP*Y(K) + Fpi1. O

Figure 1 illustrates Claim 1. Note that Claim 1 proves that item (2) implies item (3).

Since |Fyy1| = |Fylldet(L)], we deduce from Claim 1 that the sequence (by,p), is
non-decreasing for all p. Furthermore, it is also bounded from above by 1, and the limit in
equation (4) exists.

For every p € N, we set m(p) = inf{n | a,,, > 0}. By hypothesis and Claim 1, we note
that m(p) < N + p. Recall that for any k > 1, any element in Fy.;,(p) can be written as

k— i .
STy LIV (f ), with £ € Fo(p).-

CLAIM 2. Ifthereexists0 <i < k — 1suchthat f; € Jy(p),p, then (Zf;ol Li""(p)(fi)) €
Jiem(p),p-

Using the notion of invariance introduced by Weiss in [45], Claim 2 proves that if
Fy is (C + LP(K) + F, ¢)-invariant, then for any k > 0, the set Fy, is (C + L?(K) +
Fp, €)-invariant, which will let us conclude that the sequence (F},),~ is Fglner.
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Proof of Claim 2. First, we note that m(p) > p.Forany ¢ € Cr,, andn € L?(K) + F),

we need to find (gl-)f:é C Fu(p) such that

k—1 gl
<Z Li‘m(P)(fl.)) +c+n= (Z Li'm(p)(gi))~
par i=0

Let 0 < j <k —1 be the minimal such that f; € Jy(p),p- If j =0, then the result
follows from Claim 2. Assume that j > 0. Since L”(K) + F, € L™ P)(K) + Fjn(p),
there exist k € K and (h,-){;o1 C Fp(p) such that

j-1
n= Lj.m(p)(k) + (Z Li""(p)(hi)>-

i=0

Then, using items (2) and (3) of Proposition 2.5, there exists ¢; € Cy, r, and (gi),j:_l -
F(py such that

j—1 j—1 j—1
c+(§:UWMLO+(§:UMWmQ=L”WMm+§:UWm@>

i=0 i=0 i=0

Hence,

k=1 j-1 =l
(B ocen- (i) £ )
i=0 i=0

i=j+1
+ LI (f it er+ k).
We conclude by noting that f ; + ¢1 + k € Fy(p). O
Now, Claim 2 implies that
| Fiem(p) A(Fem(py + C + LP(K) + F))|
k—1
c { D LD (f}) € Femip: (foralli) f; ¢ Jm(,,),p}.
i=0

Hence, for any p € N,

lim bk,[, > lim bk-m(p),p
k— 00 k— 00

k=1
H S LI(f;) € Frmpy: (forall 0 <i <k—-1)f; ¢ Jm(p),p”

>1— lim —=°
k=00 | Fie-m(p)|
gy (4t @ = 1,
k—o0 |det(L)|kmp)
7 k
“ 1= gim (11— m@el
k—o00 |det(L)|™P)
=1.
We conclude that the sequence (F},),~¢ is Fglner. O
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[o,0—1]

OC@ [1,¢—1] & [0,¢— 2] @le

FIGURE 2. The graph G(¢, [0, £ — 1], {—1, 0}) for the classical one-dimensional case.

We now aim to show that satisfying item (2) of Proposition 3.3 is decidable. The next
result shows that this condition is equivalent to the existence of a synchronizing word in
some particular finite graph, a condition which is known to be decidable [44].

Assume that B € Z¢ satisfies K € B C L(B) + Fi. Let us consider a labeled directed
graph G(L, Fi, B), where the vertex set is Cy r, + B and there is an edge from a €
Crr,+B to beCrp + B labeled with f € Fy if and only if there exists g € Fj
such that f +a = L(b) + g. Figure 2 shows the graph G(L, F;, B) in the classical
one-dimensional case, where L = £ > 2 and F; = [0, £ — 1].

Figure 3 represents the graph G(L, Fi, K) for the triangular Thue—Morse
(Example 2.1).

Note that 0 € Cp r, + B has out-degree |Fi| = |det(L)| and any edge from 0 is a
self-loop. Furthermore, if a € Cp f, + B is an in-neighbor of 0 with an edge labeled

by f € Fi, then f4+a € F|. Let P =ayp ﬁ> ai £> ap be a path in G(L, Fi, B). By
definition, we have that f,+ao = L(a1) + gy and f; +a; = L(az) + g; for some
80> &1 € F1. This implies that L(f{) + fo + a0 = L%(ay) + L(gy) + go-

PROPOSITION 3.4. Letn > 1and f = Z;:ol L' (f;) € F,, with f; € Fy for every i. We
have that f + Cp p, + B C Fy, if and only if fof, -+ f._1 labels a path from every
vertex in G(L, Fi, B) to 0.

Proof. Assume that f + Cp r, + B C F,. Seta € Cr r, + B. Then, there exists g(a) =
27:_01 Li(gi(a)) € F, such that f +a = g(a). Note that there exists a; € Cp r, + B
such that f, +a = L(a1) + go(a), and a straightforward induction shows that there exists
a sequence (ai)?;ll such that for any 1 <i <n—1, f;, +a; = L(a;+1) + g;(a) and

fa_1 +an—1 = g,_1(a). This implies that there is a path P, = a & a; £> e i'-'li
a,_| ﬁi]—) 0. All of these paths have the same label. The other direction is direct. O

The next result is a direct consequence of Propositions 3.3 and 3.4.

COROLLARY 3.5. Let L € M(d,Z) be an expansion matrix, F| € 74 a fundamental
domain of L(Z%) in Z% containing 0, and (Fy,)nen be the sequence of fundamental domains
defined as equation (2). Let also B € Z¢ satisfying K € B C L(B) + F}. The sequence
(Fo)nen is Fplner if and only if there exists n > 1 and a word ff --- f,_| € F] that
labels a path from any vertex to 0 in G(L, F|, B).

Note that in Figure 2, if £ > 3, the letter 1 labels paths from every vertex in {—1, 0, 1}
to 0. If £ = 2, the word 01 labels paths from every vertex in {—1, 0, 1} to 0. Observe that
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FIGURE 3. The graph G(L, Fy, K) for the triangular Thue-Morse. Outgoing edges from vertex (0, 0) are not
represented as they are self-loops.

in Figure 3, the word (0, 1)(1, 0)(—1, —1)(0, 1) labels paths from every vertex to (0, 0),
which implies by Corollary 3.5 that the corresponding sequence (F; ), of fundamental
domains is Fglner. In particular, we have

()= () o)+ () +0)

so Proposition 3.4 implies that (-2, 5) € Fy satisfies (—2,5) + Cr r, + K € Fy. This
inclusion is illustrated on the left part of Figure 1.

Proof of Theorem 3.2. Set B = [B(0, 7) N Z%]. Since ||K || < 7 (see Remark 2.4), we have
that K C B. Assuming that some F,, contains a translation of Cy r, + B, we directly
deduce from Proposition 3.3 that the sequence (F},);~0 is Falner.

Let us now assume that the sequence (F,);,~¢ is Fglner. We first prove that we also have
that B € L(B) + F;. Indeed, if n, n; € Z¢ and f1 € Fraresuch that n = L(n1) + f1,
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then
Il < ™M llmll + 1L DI
In particular, we have that
B < LB, L7 -7+ |IL""(FDI) NZ]) + Fi = L(B) + F\. (5)

By Corollary 3.5, there exists n > 1 and a word fuf,--- f,—; labeling a path
G(L, Fy, B) from every vertex to 0. When such a word exists, it is known that the length of
the shortest one is at most (N3 — N) /6, where N is the number of vertices of G(L, Fi, B)
[26, 38]. It thus suffices to observe, using equation (3), that N < (6r)4. O]

Thanks to Proposition 3.3, from now on, we always assume that the sequence of
supports of a substitution is Fglner.

The techniques used in the proof of Theorem 3.2 are also useful to understand the
pattern complexity of a multidimensional substitutive subshift. The pattern complexity
Sfunction (or just the complexity function), denoted by p;(r), is the number of patterns in
L p0,)nz41(X¢)- The next result shows that the pattern complexity of a multidimensional
substitutive subshift is polynomial. This result was already known in the case of aperiodic
tillings [40, Theorem 7.17], which follows the proof in the dissertation of Hansen [28].

PROPOSITION 3.6. Let ¢ be an aperiodic and primitive constant-shape substitution with
expansion matrix L and support F f . Then, there exists a constant ¢ > 0 such that

pe(r)<c- - log(ldet(Lo)D/ log(IIL;lH)'
Proof. To alleviate notation in the proof, we omit the indices and exponents ¢ to denote
the fundamental domains F;, and the expansion matrix L. Set B = [B(0, 7) N 74 ], where
F= LY F)|/(A = |IL~Y). The idea of the proof is to show that, for all » > 0, every
pattern in Lz nzd;(X¢) will appear in the image under some power of ¢ of a pattern
in Lc,. r+B(Xe) and that we can control the needed power. The polynomial bound then
appears using some counting argument.

First, observe that the inclusion given in equation (5) holds if we replace r by any
positive radius r, that is,

[BO,r)NZ S LABO, |IL7']-r + IL7 (FDID N Z) + Fr.
This implies that for all r > 0,
(B, r) NZ C L"(B) + Fu(, (6)

where n(r) = [log(r — |IL~'(F1))[l/log(IIL~'|)]. Recall that the set Cy r, satisfies
Crp +F,+F, CL"(CpLF)+ F, for all n > 0. Thus, using equation (6), we get that

Fuiy + B0, 1) NZ] € L") (Cpp, + B) 4 Fg).

Let x € X; be a fixed point of ¢. Since x = {(x), for every pattern u €
Lipnza)(Xe), there exists v € Lc, , +8(X¢) and f € Fypy such that u=¢"®
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(V) p+1B0,)nz4)- Indeed, if n € 7% is such that u= Xnt[BO.r)NZd]s Write 1 =
L") (ny) + f for some n; € Z¢ and f € Fy, ). Consider v :x|"l+cL,F1+B' Since
x is a fixed point of ¢, we have that ¢")(v) = Xln 100)(Cp g, +B)+Fyry - 10 PaTticular,

u= ;”(’)(v)fHB(O’r)ﬂZd]. Now, since |Lc, »,+5(X¢)| is at most |ACLA Bl we have
that
pe(r) < |AICEA+ Bl der(L)"")
< |A||CL,F] +B| ,r—log(\det(L)\)/log(l\Lflll),
which ends the proof. O

4. Conjugacy between constant-shape substitutions sharing the expansion matrix
Constant-shape substitutions in dimension 1 were defined in [24] under the name of
pattern substitutions. This notion slightly differs from the one-dimensional constant-shape
substitutions by allowing the support associated with each letter to vary. The author
proved that every biinfinite sequence which is a fixed point of a pattern substitution is, in
fact, substitutive. As a consequence, pattern substitutions do not generate new aperiodic
sequences beyond those produced by regular substitutions. This raised the question of
whether this fact holds in higher dimensions. In this section, we prove an analog of this
result (Theorem 4.1). For a fixed expansion matrix, the conjugacy class of substitutive
subshifts is invariant by changing the supports of the substitution.

Let us start with an example. The triangular Thue—Morse substitution has exactly eight
oaTMm-periodic points of order 2 (or 027  has exactly eight fixed points), which are
generated by the eight patterns in Lk ,;,, (Xo .7, ) sShown in Figure 4.

Now, consider the substitution oy shown in Figure 5, with L =2 -idg2 and F; =
[o, 1]]2, over the alphabet A = {0, 1, . . ., 15} defined as follows.

This square substitution is conjugated to the triangular Thue—Morse substitution via the
following coding:

®: 0 a 1 = b 2 = b 3 = a

8§ — b 9 b 10— b 11 —» b

2 — a 13— a 14 — a 15 — b.

To see this, we note that o also has exactly eight o -periodic points of order 2 generated
by the patterns in L 2(Xo) shown in Figure 6.

A standard computation shows that if we define ¢ : X;,,,, — ¢(X,,) by the coding
¢(x)p = P(xy) for any n € 72, then any fixed point of 012 is mapped, via ¢, to a fixed
point of 03 ;,,- The minimality of (X,,,,,» S, Z?) lets us conclude that ¢ (Xo, ;) = Xo, .
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b a a b
b a a b b b a a
a b b
a b a b
b a a b a a b b
b a b
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w
ot
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(=]
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oo
(e)

ocr: 0 — 0 1 1 = 7 4 2 = 7 5 3 = 0 8

14 11 0 10 14 9 0 8
8 — 8 13 9 — 8 13 10 — 8 0 11 —» 8 0

15 8 15 10 10 9 6 3
12— 12 15 13 — 12 9 14 — 12 15 15 — 7 4

FIGURE 5. A square substitution conjugate to the triangular Thue—Morse substitution.

9 0 4 8 13 0 1 8
0 10 8 6 3 14 11 2

13 12 17 9 12 4 7
4 10 9 6 6 14 10 2.

FIGURE 6. The patterns that generate the eight fixed points of 0‘12.

It can be shown that the map ¥ : X,,,,, = Xo, induced by the local map

V: b a a a b a a a
a b —» 0 b b — 1 b a — 2 a a — 3
a a a b b a a a
a b — 4 a a — 5 a — 6 b a — 7
a b b b a b b b

b b b b a b b a
a b —~ 12 a a +— 13 a b — 14 b b — 15,

satisfies ¥ o ¢ = idx,,l, so (X4, S, 72), Xorys S, 7?) are topologically conjugate. The
example above generalizes as follows.
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THEOREM 4.1. Let { be an aperiodic primitive constant-shape substitution with an
expansion matrix L and support Fy. Now, consider another fundamental domain G| € 7%
ond/L(Zd), with 0 € G1, and such that the associated sequences (Fy) >0, (Gn)n>0 are
Fplner. There exists an aperiodic computable primitive constant-shape substitution ¢ with
support Gy such that (X¢, S, 7% and (Xg, S, Z%) are topologically conjugate.

The proof of Theorem 4.1 is an adaptation of the construction of substitution of length
n from the one-dimensional case that we now recall. We refer to [39] for more details.
Assume that ¢ : A* — A* is a primitive one-dimensional substitution. For every n > 1,
we consider the set £,,(X;) as an alphabet B, and define the substitution ¢, : B — B
as follows. If w = wy - - - w, € B, and {(w) =v = vy - - - vy, where all w; and v; are
letters, then € > |¢(w1)| + n — 1 and we set

Cn(w) = (v1 - - V) (V2 -+ - Vpg1) = Wiy Vjg(wn)+n—1)-

It turns out that ¢, is a primitive substitution and that the subshifts X, and X, are
conjugate, an isomorphism being given by the sliding block

D Ly(Xy) = By, wi (w).

In the proof of Theorem 4.1, we find a set B whose Fi-image L(B) + F; can be cut into
blocks with support B along G . This allows us define the substitution Z and we prove that
the associated subshifts are conjugate. Note that, the local map ¥ in the above example
that defines a conjugacy between the triangular Thue—-Morse substitution and a square
substitution is a coding of the patterns in Lo 12 (X).

Proof. Using Remark 2.4, we may assume that ¢ has a fixed point x € X;. Assume K| =
(d— L) "(F))NZ% and K, = (id — L)"1(G1) N Z? are the sets given by Proposition
2.3 for Fy and G, respectively.

First, we adapt the proof of Proposition 2.5 to obtain a finite set A € Z¢ such that for
anyn >0, K, + A+ G, € L"(Ky + A) + F,. Consider the sequence (A,),>o of finite

sets in Z9 as follows: set Ag = {0}, and for n > 0,

Anp1 = {p € 2% | there exists f € F1, g/, 8, € G1.q € Ay L(p)+ f =q + g + &}
=L YA, +G,+G, - F))nZ%

We will prove that this sequence is eventually stationary, that is, there exists N > 0 such
that forallm > N, A,, = Apn.

CLAIM 1. Foreveryn > 0and every k > 0, we have the following inclusions: A, C Ap+41
and Ky + A, + Gy € LK(K2 + Aysi) + Fi.

This claim shows that if we choose N > 0 such that for all m > N, A,, = Ay, then
for all k > 0, we have that K + Ay + G C Lk(Kz + An) + Fy. Now, if we consider
a pattern w € Lk, 4, (X¢), the support of ¢¥*(w) is large enough to be split into (K> +
Ap)-blocks along G. This will allow us to consider Lk, 4, (X;) as an alphabet and to
define the substitution ¢ with support G .
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Proof of Claim 1. We first prove that A, C A, foreveryn > 0. Since 0 € G| N F, we
trivially have that Ag € Aj. It is then a direct consequence of the definition of the sets A,
thatif A, € A,41,then A, 11 C A, 40.

Now, let us prove the other sequence of inclusions. The inclusion K> + A, + G| C
L(K> 4+ Ay41) + Fp is direct for any n > 0. Suppose that K> + A, + G C LYKy +
Aptk) + Fy for some n > 0 and some k > 0. Since Gyt = Gy + Lk(Gl), we get that

Ky + Ap+ Giy1 = Ko+ Ay + G + LKG)) € LK(Ka + Ay + G1) + Fi.

By the initial case, we have that K> + A,+x + G1 € L(K2 + Ap+k+1) + F1. Using the
equality Fy4+1 = Fx + Lk(Fl),

LYKy + Ayk + G1) + Fr € LKy + Apgirn) + LY (F)) + Fi
= LM (Ko + Apies1) + Figr
This completes the proof of the claim. O

Now, we prove that the sequence of finite sets (A,),~0 is eventually stationary. Define
the sequence a,, = ||A,||. This sequence satisfies

ans1 < IL"ay + IL7YG + G — F),

which implies that

en . 1— L=t
ap <ao-[IL""|" + L (G1+G1—Fl)||m~

Since ||[L~Y| < 1, the sequence (a,)n>0 is bounded. Therefore, the nested sequence
(An)n>0 is eventually constant. Let n > O such that A, = A,, for all m > n and set A =
A,. By Claim 1, we have

forallk > 0, K» + A + Gy € LX(K2 + A) + Fy. (7

To define a substitution E with support G, we consider the set B = Lk, 4(X;) as

a new alphabet and we define the substitution ¢ with support G| on the alphabet B as
follows:

forall g € G, (£(W)g = {(W)gtKyta-

Note that by equation (7), the substitution Z is well defined. Using Claim 1 and the
primitivity of ¢, it is straightforward to check that ¢ is primitive. Let us now prove that
(X¢, S, 7% and (X & S, Z4) are topologically conjugate. Indeed, consider the factor map

¢ X; — BZ" induced by

(O [«[(2+A(X;) — B
w = w.

Thus, for all x € X; and n € 74, we have that ¢ (X)n = P(x|ntk,+4). We prove that
¢ (x) is a fixed point of 7. Set n € Z¢. There exists a unique n1 € Z¢ and g € G such that
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n = L(n;) + g. Note that

(D E)n = € @E)) L)) +g
= (@(E))n))g
= (@ (Fln+K244)))g
= ({(Xlny+Ka+4)) g+ Kot A
= ()L +g+Kr+4
= (C(X)n+Kr+4
= Xn+Ky+A
= O (X|nrky+a)

= (¢(X))n,

sop(x) e X § is a fixed point of g: . By the minimality of ¢ (X, ) and X §»we conclude that
P X)) =X g Therefore, ¢ is a factor map from X; to X i To prove that it is a conjugacy,

we check that the factor map ¢ : X i AZ! induced by

v £K2+A(X§) - A
w = W

is its inverse map. Indeed, for any n € Z4, we get that V(¢ (X)) = V(P (X)p) =
W (Xp4K,+4) = X, that is, ¥(¢(x)) = x. The minimality of (X, S, Z4) implies that
¥ o ¢ = idx,. Hence, ¢, ¥ are invertible and ¢! = . We conclude that (X¢, S, Z4)
and (X & S, Z¢) are topologically conjugate. O

Observe that, by construction, the set B = K, + A only depends on L, Fi, and Gy,
not on the combinatorial properties of ¢. For example, the set B = [—1, 2]? is enough
to obtain a square substitution conjugate to a substitution defined with L = 2 - idp> and
Fi ={(0,0), (1,0), (0, D, (=1, =D}.

5. Computability of the constant of recognizability

The recognizability property of substitutions is a combinatorial one that offers a form of
invertibility, allowing the unique decomposition of points within the substitutive subshift.
Recall that if ¢ is a substitution with a fixed point x € X, then ¢ is recognizable on x if
there exists some constant R > 0 such that for all i, j € 74,

x|[B(L{(i)’R)mZd] = x|[B(j’R)mZ41] — (there exists k € Zd)((j = L; (k)) A (x,- = Xk)).
®)

This property was initially established for aperiodic primitive substitutions by Mossé in
[34]. This proof implies the existence of a natural sequence of refining (Kakutani—Rokhlin)
partitions, which is a key tool when studying substitutive systems and more general
S-adic systems. Subsequently, in [5], it was extended to cover non-primitive substitu-
tions. Later, Durand and Leroy proved the computability of the recognizability length
for one-dimensional primitive substitutions [19], which was then generalized by Beal,
Perrin, and Restivo in [4] for the most general class of morphisms, including ones with
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erasable letters. In the multidimensional setting, Solomyak showed in [43] that aperiodic
translationally finite self-affine tilings of R¥ satisfy a recognizability property, referred to
as the unique composition property. Furthermore, in [8], it was demonstrated that aperiodic
symbolic factors of constant-shape substitutive subshifts also exhibit a recognizability
property. In this section, we provide a computable upper bound for the constant of
recognizability of aperiodic primitive constant-shape substitutions (Theorem 5.1). This
upper bound can be expressed solely in terms of |A|, L¢, || F f || and d. This result will
be instrumental in the subsequent section, where we establish the decidability of the
factorization problem between minimal substitutive subshifts. To achieve this, we will
adapt some of the proofs presented in [8] to obtain computable bounds. We prove the
following.

THEOREM 5.1. Let ¢ be an aperiodic primitive constant-shape substitution on an alphabet
A, with expansion matrix Ly and support F, f admitting a fixed point x € X¢. Define:

o 1=—log(|L¢I)/log(IL; " );

L FOI/A =1L D

o a=TQIF I +d@IF | + L [ATHAFD D)
o R=TIL A a9 L PAZDF 4 47);

o 1= [|ACRH6N

Then, ¢ is recognizable on x and the constant of recognizability is at most

o 7

2L IMR2NF I+ L 1A @IFS I+ 77 + 1L AT a9 L) A=),

In B. Mossé’s original proof, a key argument for the proof of the recognizability
property is the existence of an integer p > 0 with the following property: for all a, b € A,
if ¢"(a) = ¢"(b) for some n > 0, then ¢”(a) = ¢P(b). This result was proved in [21].
Notably, this property holds true for p = 1 when the substitution is injective on letters.
The original proof concerns only one-dimensional morphisms. Nevertheless, it is possible
to adapt the proof to the multidimensional context. The proof is left to the reader.

THEOREM 5.2. [21, Theorem 3] Let { be a constant-shape substitution. Then for any
patterns u, v € AP for some P € 74 we have that

(M ) # (M (v) = foralln, ¢"(W) # ().

We recall that ¢ is primitive if and only if its incidence matrix M defined for all a, b €
Aas (Mg)ap = [ € Ff : {(a) y = b}| is primitive, that is, there exists k > 0 such that
M é‘ only contains positive integer entries. The following is a well-known bound for this k.

LEMMA 5.3. [46] A non-negative d x d matrix M is primitive if, and only if, there is an
integer k < d* — 2d + 2 such that M* only contains positive entries.

Following the proof of the recognizability property of multidimensional substitutive
subshifts in [8], we first study the computability of the growth of the repetitivity function.
We recall that the repetitivity function of a minimal subshift is the map Ry : Ry — Ry
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defined for r > 0 as the smallest radius such that every discrete ball [B(n, Rx (r)) N Z%]
contains an occurrence of every pattern whose support has a diameter less than .

Like in several proofs of §3, we will consider the set K of Proposition 2.3, the set C LeoF
]

given by Proposition 2.5 with A = {0} and F = Ff + Fg, and the set B = [B(0, 7) N Z4],
where r = ||L§_1(Ff)||/(1 — ||L§_l ). Recall that B € L;(B) + Ff (see equation (5)) and
that K satisfies || K|| < r (see Remark 2.6), and so is included in B.

LEMMA 54. Let { be an aperiodic primitive constant-shape substitution. Define
t = —log(IIL¢ )/ log(IL; ). Then,

2 ©n¢
Rx, (r) < QIF || + | L [ATHAEDTT QL |+ ay)r.

Proof. Set r > 0. We will show that every pattern u € Lgg nzd)(X¢) occurs in every
image ™ (a), a € A, for some m(r) € N and then we give an upper bound on m(r),
from which we deduce a bound on the repetitivity function.
Following the proof of Proposition 3.6, we know that for every pattern u €
Lipo,nzd(X¢), there exists v e ECL; Lc+B (X;) and f € an(r) such that u=
!

£"O() f 4 1p0)nzay Where n(r) = Mog(r — |7 '(F{))I/ log(I L} ' [)1. Thus, consider
v E ECL Lc+B (X¢)and letn € N denote the smallest positive integer such that v C " (a)
oF

for some a € A (such an n exists by primitivity of the substitution).

IC ¢+B| .
Let us first prove that n < (JA| + 1) “¢fi . Indeed, as v := v occurs in ¢"(a),

there exists f, € Fy, such that ¢"(a) s, +c, p+8 = vi. Writing f, = L¢(f,—) + f1,
there exists a pattern v, with minimal support S, such that ¢"~!(a) fo_i+5, = V2 and
vi=¢(W2)f+c. +B- Note that we have

LC‘FI

¢ ¢ ¢
Cpope ¥BHS1SC pe+ LeB)+ Fi + F{ S Le(B+Cp o)+ Fy.

so the support S, of v; satisfies S € B + Cp, r,. Observe that since v does not occur in
¢""1(a), we have that v, # v1. Using the same argument, we can find a pattern v3 with
minimal support S3 in ;”’z(a) such that v3 occurs in ¢(v2), S3 € B + CL(’F; and v3 ¢
{v1, v2}. Continuing this way, we inductively construct a sequence of pairwlise distinct

patterns v, v2, . . . in Jgce (+B Ls(X¢), such thatforany j > 1,v; E ¢(vjy1), and
- LCA,Fl
v occurs in £"7/ *1(a) but does not occur in "~/ (a). Considering that there are at most

|C +B]|
|A|!S! patterns in L5(X ), we conclude that n < (JA| + 1) Loy

Now, by Lemma 5.3, for any pair of letters a, b € A, we have thata C ¢ A2 (b). Hence,
c
Ly F.
for any letter a € A, any pattern v € ECL F¢+B(X§) occurs in §|A|2+(|A\+1) o ().
o

Since for any n > 0, LZ’(Zd) is d||L¢||"-relatively dense, any ball of radius
dl|L " +2||Ff|| -|IL¢|I"* contains a set of the form L'{’(m) + F,f for some m € Z¢.

This implies that any pattern of the form ¢"(a), for some a € A, occurs in any pattern

IC ~ +B|
. . _ 2 Ly .F
in 'C[B(O,HL;||"(d+2||Ff|\)ﬂZd](X§)' In particular, for N =|A]*+ (JA|+1) "1
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p

(s, Rx(r1))

J

B(gi,m) | g5
FIGURE 7. Illustration of a forbidden situation given by the repulsion property (Proposition 5.5).

we conclude that any ball of radius ||L4~||N (2||Ff | + d) contains an occurrence of
any pattern v € /.ZCL F§+3(X;). Hence, by the first part of the proof, any ball of
of

radius ||L¢||"(’)(2||Ff|| + ||L§||N(2||Ff|| + d)) contains an occurrence of any pattern
ue E[B(O,r)mZd](X{)~
To finish the proof, we deduce from equation (3) that ”CLc ot B|| < 3r. Using
B!
classical upper bounds for the cardinality of the discrete balls [B(0, ) N Z¢], we have
that |C Lo FE + B| < (67)“. With this new bound, we get that for any r > 0,
1

-1
Ry, (r) < QUF; Il + L 1N QUF] || + d)y) || L'oe/ oeliL )

)(()f)‘[

2
< QIF{ |+ L JATHIAFDET Q) EE | 4+ ay)r'. O

As pointed out in [8], the growth of the repetitivity function has a direct consequence
on the distance between two occurrences of a pattern in a point x € X, called repulsion
property. This is an analog to the k-power-free property of one-dimensional primitive
substitutions. We add the proof for completeness.

PROPOSITION 5.5. (Repulsion property) Let ¢ be an aperiodic primitive constant-shape
substitution, x € X, and sett = — log(||L¢ )/ 10g(||L;1 D). Then, if a pattern p T x with
[B(s,r)N Zd] C supp(p), for some s € 74 and r > 0, has two occurrences Ji1-Jo € 74
inx such thatr > Rx (|lj — j2 ), then j, is equal to j,.

Proof. For any k€ 74, we consider the pattern wx = X|gU(k+j,—j,)- Note that
diam(supp(wk)) = [lj, — jill. Since r > Rx, (I jo — jill), then the support of the
pattern p contains an occurrence in x of any pattern wg. Since j; is an occurrence of
p in x, we get that for any k € Z¢, there exists ny € Z¢ such that Xj +ng+k = X and
Xji4ng+(a—ji+k) = Xjy—j+k> which implies that Xjotng+k = Xjy—j+k- The fact that
Jj» is an occurrence of p in x lets us conclude that for any k € Z¢, x jo—ji+k 18 equal to
Xk, that is, j, — j is a period of x. Since ¢ is aperiodic, we conclude that j; = j, (see
Figure 7). O

Now, we proceed to give a computable upper bound for the constant of recognizability
of constant-shape substitutions. As mentioned in [19], the proof of the recognizability
property has two steps. Using the notation of equation 8, the first step is to show that j
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belongs to L, (Z%) and the second one is to show that x; = x;. Here, we adapt the proofs
in [8].

PROPOSITION 5.6. (First step of recognizability: positions of ‘cutting bars’) Let ¢ be an
aperiodic primitive constant-shape substitution from an alphabet A with expansion matrix
L and support F, f . Let x € X be a fixed point of ¢. Consider the constants:

o 1=—log(lLcID/log(IL; " );

o F=IL; FDI/A = ILT D

o R=TILZ M R, ONLMAITF) + 471

o = [‘|A|(2R+6f)d'|.

Then, R = || L¢ [P AR 4 37) + 2| L AL | FY | is such that for all i, j € 74,

. d
XL @y+BO.R)NZ = X jrBo.R)NZd) = J € L (Z7).

The proof of Proposition 5.6 is an adaptation of the proof of [8, Proposition 3.7],
using some ideas in [19]. This bound is far from being sharp, but does not depend on
the combinatorics of the substitution. The idea of the proof is to construct sequences of
patterns ¢"(wy), ¢"(u,) and ¢"(v,) around two points i, € L;(Zd) and j, ¢ L;(Zd)
such that ¢"(wy,) C ¢"(u,) E ¢"(v,), where supp(wy,), supp(u,), and supp(v,,) are fixed
for every n > 0 and big enough to ensure that if two occurrences of w, occur in u,, they
must be the same. The constants given in Proposition 5.6 ensure that the arguments are
true.

Proof. Using Proposition 2.5 with A = {0} and F = Ff - Ff , there exists a finite set
D C 74 such that for every n > 0, F,f - F,f C L’Z(D) + F,f. Observe that, by item (4)
of Proposition 2.5, we have that ||D| < 3r. We prove the statement by contradiction.
Assume the contrary. Then, for every |A| <n < + |A|, there exist i, € L;(Zd) and
Jjn ¢ L¢e(Z%) such that

x| =x|,

in+LE(D+BO,R)NZIN)+F | JntLE(DH[BO,RNZA)+Fy

For any |A| <n <|A|+#, we consider a, € Z¢ and f, € F,f such that i, =
L’Z (an) + f, (see Figure 8). Note that, by definition of the set D € 7%, we have that

L}(an) + LE(BO, R) N Z) + Ff iy + LE(D +[BO, R) NZ]) + Fy.
Letu, € Lp g )nzd)(X¢) be such that (see Figure 8)
— #n —
Min@orrzasoinzners =8 @) =X ey nasopnziy R

Observe that j, — f, is not necessarily in L’g (Z4), so we set b, € Z% and g, € F,,C such

that j, — f, = L’Z (b,) + g,- Now, for any n > 0 and E C Z¢, we define the following
sets:

G = {n € Z: (L{m) + F) N Gy = fo) + LY(E) + Ff # 0);
Hyp={neZ': (L{n)+ F) S (j, — f,) + LE(E) + F).
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¢" )

Lilan)

C" ()

Jni In

FIGURE 8. Illustration of the pattern ¢{"(u,) around the coordinates L’g (a,) (black, left) and j, — f, (blue,
right).

¢"(vn)

¢M(wn) Jnxi I ¢"(Un)

FIGURE 9. Illustration of the patterns {" (w), ¢"(u,), and {" (v,) around j, — f,.

By definition, we have for any n >0 and any E C Z? that H, g is included
in Gppg. Since x = {¢(x), there exist patterns v, € EGn,[B(o,Rmzdrbn (X¢), wy €
EHn,[B(O,R)ﬂZd]_b" (X¢), with L’g (b,,) being an occurrence of ¢"(v,) and {"(w,) in x, such
that ¢" (w,) occurs in ¢"(u,) and ¢"(u,) occurs in " (v,,), as illustrated in Figure 9.

CLAIM 1. For any n > 0, b, belongs to Hn,[B(O,R)ﬁZdJ’ and (Gn,[B(O,R)mZd] —by,) is a
bounded set.

Proof of Claim 1. Note that b, € H, g g)nz«) if and only if
F{ —g, S L{(IBO, R)ynZ) + FY,
which is true since R > || D||. Now, set m € (G, 1B0.R)NZA] — b,), that is, there exists
h, € F{,r, € [B(0, R)NZ%],and I, € F; such that
LiGm) + hy = LY (by) + g, + LE(ra) + L.

that is, m —b, =r,+L;"(g, + 1, —hy), which implies that [m —b,| <R+
||L§_"(gn +1, — hy,)|. Since ||L{_" (g, +1, — hy)| < 3F, we conclude that |jm — b,| <
R + 3F. O

Since |G, 0. R)nzd) — b, || < R + 37, as in the proof of Proposition 3.6, we have that

Lo (X)) < |A|(2R+6f)d. Since n > |Lg (X¢)|, there are two

n[BO,R)NZd by n[BO,R)NZd1~by
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¢"(v)

T @2 xdn 1 B ¢ )

a'll

FIGURE 10. Illustration of the patterns ¢" (w) and a, around (j, — f,).

indices | A| < n < m < i1 + |.A|, some finite sets G, H € Z¢ such that

G= (Gn,[B(o,r)mZd] —by) = (Gm,[B(O,r)ﬂZd] —bn),
H = (H, [p0,)nz¢) — bn) = (H,, 10,10z — bm)s

and some patterns u € Lig g)nzd)(X¢), v € L6(X¢) and w € Ly (X¢) such that
Uu=1u,; = Uy, V=1V, =V, and w = w, = w,. Set

1 = X L BN SN (b + L () +F)’

that is, a, is the pattern whose support is equal to supp(¢" (1)) \ supp(¢”(w)), as illustrated
in Figure 10.

Applying ™" to ¢ (u), we obtain the patterns ¢ (a,) and ¢™ 7" (" (w)) = ™ (w).
Note that

supp(¢™ (1)) = supp(an) W supp(¢™ (w)) = supp(™ " (a,)) W supp(™ (w)).

If ¢™(a,) and a, are different, then the pattern {”*(u) contains two occurrences of
™ (w). We will use the repulsion property (Proposition 5.5) to get the contradiction, that
is, these two occurrences are the same. To do this, we need the following result.

CLAIM 2. Foranyn > Qand any E C 74, the set G, is included in H, g + CL{ ot
1
CL;+F§ +D.

Proof of Claim 2. First, we prove that for any n >0 and E € Z¢, we have that
+ D. Indeed, set m € G, g. Then, there exists h, € F,f,
ofy
e,.cE 1, e F,f such that L?(m) +h, = L’Z(bn) +g,+ L?(e,,) +1,. Set d, € D
such thatl, — h, + g, = L?(dn). Hence, m = b, + ¢, + d,,. We prove that m — d,, €
Hn,E+CL;YF1; +chny .
Now, set 0,, € F,f . Then,
L’g(m —d,) +o, = L’g(m) +h, — L';’(dn) —h, +o,
= L’Z(bn) + 8, + Lrgl(en) + ln - L?(dn) - hn + 0,

= L?(bn) + L?(en) + 0p.
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Letg, € F,f and ¢, € CL;,Ff be such that g, + ¢, = L?(cn). We get that Lg’(m —d,) +
0n = LY (by) + g, + Ll (en + ¢x) + (04 + q,,). Since Fy; +¢,, C LUC, o)+ F¥, we

conclude thatm € Hy p+c  ,+c ., +D.
L(,F1 L{,F1

To finish the proof, we note that a straightforward computation shows that for
any n >0 and A, B € Z4, we have that Hy o+ € Hya + B. We then conclude that

Gn,E C Hn,E + CL;,FI{ + CL[,Ff + D. O

By Theorem 5.2, these patterns come from two patterns wy, wa € Ly (X;) such that
§|A|_1(w1) = §|A|_1(wz) = ;‘A|_1(w), occurring in §|A|_1(v). Thanks to Claim 2 and
the fact that ||C Le.FS +C Le.FS + D|| < 9r, the difference between these two occurrences

11 a8

is included in LLA‘_l([B(O, 97) N Z4]), so the distance is smaller than 9IIL, AI=TF,

CLAIM 3. For any r >0 and any n >0, we have that [B(0,r —3r)N 741 c
H, g0,z and [LE(B(0, 1)) N Z4] € LI(BO, r +7) N Z4]) + F; .

n
Proof of Claim 3. Setn € [B(0, r — 37) N Z%] and h,, I,, € F} . Then, we write
L?(”) +hn = (Jn - fn) + Lg(rn - bn) +ln
= L)+ g, +1n
for some r, € Z%. We note that there exists ¢ € CL: ¢ such that LE’ ) +h,=g,+1,
(|
and we conclude that m = r, + c. Since ||m| <r — 37 and ||¢|| < 37, we conclude that

r, < r.Now we prove the second inclusion.
Set n € L’Z (B(0, r)) N Z%. Then, there exists m; € Z¢ and f € F,f such that m =

L}(my) + f, which implies that [m; + L;”(f)|| < r. We then get that

lmill < r + L (O <7 +7. O

By Claim 3, we have that
(L (B, R - 47) N 2]
< LATN(BO, R = 37) N Z9) + FSy € supp(c 4™ ),

SO supp(§|A|_1(w)) contains a discrete ball of radius (R —47’)/||L21|||A|_1. By the
repulsion property (Proposition 5.5), this is a contradiction. Indeed, by the choice of
R, we note that
1 D = 1 ' lA|—1=
W(R —4r) = W9 (IL¢ 1l - Rx, Ol Ll r),
so (™" (a,) = ayy as illustrated in Figure 11.
To finish the proof, we note that since ¢"(u) C ¢"(v), there exists p,, € L'g (bn) +

LY(G)+ F; such that x| which implies that

— n
Pt L BO Rz = & (D

x| = ¢"™(u). Using the fact that ¢~ "(a,) = a,;, we get that

Ly (pu)+LY (BO,RNZA)+F,
LY (py) + LE(BO, RYNZY) + Fry = (ju — f) + LP(BO, R) N Z4)) + Fy,
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¢"(v)

C n (W) :é:%n77l(j L) CWI, u)

C’ L_”(an,) = am

FIGURE 11. Illustration of the patterns ¢" ™" (a,) in Ly ™" (j ).

that is, j,, — f, = L'{”_”(pm) € L’C”(Zd). Since i, f,, € L;(Zd), we conclude that
Jm € Le(Z9). O

In Proposition 5.6, we compute a constant such that we can recognize patterns of the
form ¢ (a) for a € A. However, it does not give information on the letter from which the
pattern ¢ (a) arises. If the substitution is injective in letters, this result is enough to get a
complete recognizability property. To finish the proof of Theorem 5.1, we need to deal with
the case where the substitution is not injective. For this case, we prove the second step of
the recognizability property.

PROPOSITION 5.7. (Second step of recognizability: uniqueness of pre-images) Let ¢ be
an aperiodic primitive substitution and x € X; be a fixed point of {. Consider R4 > 0
the constant of Proposition 5.6 associated with {‘A|, that is,

_ : |Al 7d
LA Gy rpr gz = iRz = T € L (D).
Consider also R = R 4| + 2||F1§|| -|IL¢ |||A‘. Then, for any i, j € 74,

XL @),0nzd) = X\ B(L (), RNz == Xi = Xj
Proof. LetkeZ¢ and f = YAV Li(f) e FS, be such that L (k) + f = L. (i)
: = 2i= LU € by ¢ = felb)

Hence, we have that ngA‘_l(k) + Zlé‘l_l L"{_](f,-) =1i. By the definition of R4 >

0, we have the existence of m € Z¢ such that ngAl(m) + f = L:(j), which implies

that j = LLA‘_l(m) ~|—Zl’i‘l_l Lé_l(fi). Note that, by the definition of R > 0, we

get that x|L\{A|(k)+F‘¢A‘ = x|L\{A\(m)+F|€4‘. Hence, ;IAI(xk) = ;'A‘(xm) and by Theorem

5.2, we also have that £MI=!(xy) = ¢I=1(x,,). This implies that x|, .41 ;=
Ly () +F5

le\AH , which lets us conclude that x; = x;.
¢

(m)+FfA|_ .

Remark 5.8. We recall that if R; is a constant of recognizability for the first step for ¢,
then 2|| L. || R; is a constant of recognizability for the first step for 2. Indeed, note that if

x|L§(i)+L;([B(O),R;]ﬁZd)-&-[B(O),R{]ﬂZd = x|m+L;([B(O),R;]ﬁZd)+[B(0),R;]ﬂZd’
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then m € L?(Zd). A straightforward induction shows that for any n > 0, 2|[L;||"R; is a
constant of recognizability for the first step for ¢”.

Proof of Theorem 5.1. Finally, to get an upper bound, we just need to make the
computation. By Remark 5.8, we have that if R, is given by Proposition 5.6 for ¢, then
2||L;||‘A|(R; + ||Ff||) is a constant of recognizability, for the second step, for ¢. By
Proposition 5.6, we then get that ¢ is recognizable on x and the constant of recognizability
is at most

2L AN FS |+ ILe A @I+ 77 + 1L a9 L |7 AI=D)7),

O

6. Rigidity properties of topological factors between aperiodic minimal substitutive
subshifts

In this section, we study factor maps between multidimensional substitutive subshifts.
The main theorem (Theorem 6.2) shows that if &1, ¢, are two aperiodic substitutions with
the same expansion map L and there exists a factor map 7 : (X¢,, S, 74 ) = (Xg, S, 74 )
between two substitutive subshifts, then there exists another factor map ¢ : (X, S, 74 —
(Xgy, S, Z%) given by a local map of a computable bounded radius that only depends on
the support and the constant of recognizability. We recall that, by Theorem 4.1, if two
substitutions are defined with the same expansion matrix, we can assume, up to conjugacy,
that they also share the same support. We then deduce the following consequences:
every aperiodic minimal substitutive subshift is coalescent (Proposition 6.4) and the
quotient group Aut(X, S, Z4)/(S) is finite, extending the results in [8] for the whole
class of aperiodic minimal substitutive subshifts given by constant-shape substitutions.
Next, we prove the decidability of the factorization and the isomorphism problem between
aperiodic minimal substitutive subshifts (Theorem 6.6 and Corollary 6.9). We finish this
section proving that aperiodic minimal substitutive subshifts have finitely many aperiodic
symbolic factors, up to conjugacy (Lemma 6.12) and providing an algorithm to obtain a
list of the possible injective substitution factors of an aperiodic substitutive subshift.

6.1. Factor maps between substitutive subshifts. We prove a multidimensional analog
of [20, Theorem 8.1] as follows. There exists a computable upper bound R such that
any factor map between two aperiodic minimal substitutive subshifts is equal to a shift
map composed with a sliding block code of radius less than R. This was first done in
the measurable setting under some extra combinatorial assumptions for the substitutions
(in particular, for bijective substitutions) in the one-dimensional case in [30] and in the
multidimensional case in [8]. A similar result was also proved for factor maps between
two minimal substitutive subshifts of constant-length and Pisot substitutions in [41]. This
last result was extended in [20] for the whole class of aperiodic minimal substitutive
subshifts. They also gave a computable bound for the radius of a factor map between two
minimal substitutive subshifts. We prove a similar result of [20] for the multidimensional
constant-shape case, where the expansion matrices of the constant-shape substitutions are
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the same. We start with the following property about factor maps between substitutive
subshifts.

PROPOSITION 6.1. Let 1, & be two aperiodic primitive constant-shape substitutions
with the same expansion matrix L and the same support Fy, and ¢ : (X, S, 7%y —
(Xg,, S, 7% be a factor map. Then, for any n > 0, there exists a unique fn € Fy such
that if x € {'(X¢,), then ¢ (x) € S™In gl (Xy,).

Proof. Set x € {{'(X¢,). Then, there exists f,(x) such that ¢(x) € Nk £ (Xg,). We
prove that f, (x) is constant on ¢{'(X¢ ). Note that $"x € ¢{'(X¢,) if and only if n =

L2(m) for some m € Z?. Hence, ¢(5"c™ (x)) = $"™ ¢ (x) € S/l (X,,). Now, if

y € {f (X¢,), we use the minimality of (X¢, S, Zd) to obtain a sequence (SL’tl(mP)(x))p>0
converging to y. By continuity of ¢, we conclude that ¢ (y) € S~/»@ g (x). U

The following theorem states the rigidity properties that factor maps between substitu-
tive subshifts with the same expansion map satisfy. As in the previous sections, we define
F=L~Y(F)|/(1 = ||IL~Y). Observe that in the proofs of the next results, we sometimes
need to replace a substitution ¢ by a power ¢" of itself. However, in the computations,
this modification does not impact the bound 7, that is, we do not have to replace 7 by
IL™"(F) /(L= IIL7"ID.

THEOREM 6.2. Let {1, {» be two aperiodic primitive constant-shape substitutions with

the same expansion matrix L and support F|. Suppose there exists a factor map ¢ :

(X, S, 74y — (Xe,, S, Z%) with radius r. Then, there exists JjE€ 7% and a factor map ¥ :

(X¢p» S, 73y — (X¢,, S, Z%) such that S7¢ =, satisfying the following two properties.

(1) The factor map  is a sliding block code of radius at most 2r + Ry, + 1, where R,
is a constant of recognizability for &;.

(2) There exists an integer n > 0 and f € F, such that Sf1//§1” =4

The proof is inspired by [41], but contains more details, as in the works in [8, 20],
allowing to express a bound on the radius of factor maps, that it is invariant under iteration
of the substitutions. While V. Salo and 1. Torma state explicit formulas on how the
invariants of the substitution behave under iteration, as well as the lemma that gives the
ultimate bound obtained in the case of a contracting affine map, they do not explicitly state
a bound on the radius of factor maps. The key contribution of Durand and Leroy in [20] was
to extend these results to the whole class of primitive substitutions. In particular, for the
constant-length case, the arguments remain similar. We then use Theorem 6.2 to deduce
some topological and combinatorial properties of aperiodic primitive constant-shape
substitutions.

Proof. For any n > 0, we denote f,(¢) as the element of F, given by Proposition 6.1.
We recall that the recognizability property implies that the substitution maps ¢, ¢} are
homeomorphisms from X¢, to ¢{'(X¢,) and from X, to &) (X, ), respectively. Hence, for
any x € X, there exists a unique point ¢, (x) € X;, such that

ST @ pri(x) = &3 (¢ (x)). 9)

https://doi.org/10.1017/etds.2024.87 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.87

32 C. Cabezas and J. Leroy

Let us show that ¢, is also a factor map and that, for large enough #, it has a ‘small’
radius. The map ¢, is obviously continuous, so let us prove that it commutes with the shift.
Take m € Z¢. We note that

CH(Bn(S™x)) = ST Pyt (5™ x)
= an(tﬁ)d)SL”(m)cln(x)
— SL”('”)Jrf"(qb)qb{f'(x)
= S M el (g, (x))
= 7 (S™ ¢y (x)).

The map ¢ : Xy, — £5(X¢,), being injective, proves that ¢, (S™x) = S™¢,(x), so the
map ¢, is a factor map between (X, S, Zd) and (X, S, Zd).

Let us now show that equation (9) allows to bound the radius of ¢, for large enough
n. Roughly, given x| g9 gynze}» We first apply ¢’ to compute ¢{'(x) on some big support.
Then we lose some information using ¢ and the shift §/». Our aim is thus to find R such
that, for large enough n, the remaining information is large enough to be ‘desubstituted’ by

&
Let P, € 74 be such that if x, y € X, then
x|p, = ylp, = ¢un(x)0 = u(¥)o. (10)

By definition, we have that ¢{'(x)|zn(p,)+F, is equal to {'(¥)|Ln(p,)+F,- We then obtain
that

(ST Do w4 Fner— o) = ST Pl O w4 Foyr—foigyr (1)

which implies that

83 (Dn CNN(Ln P+ E — £, = &3 @n D@ (pyy+F)er — £, (6)-

Let R, be a constant of recognizability for ¢». By Proposition 5.7 and Remark 5.8, we get
that ¢, (x) and ¢, (y) coincide on the support

[L7"(((L"(Py) + F)® — fo(@) "INz,

where R, = Z:':ol Li([B(0, Ry, N Z4)). By equation (10), for ¢, to be a sliding block
code induced by a P,-block map, we need that

0 [L7"((L"(Py) + F) — fo@)° 1Nz,
We have that

0 [L7"(((L"(Py) + F)™ — fn(q)))oR”)] NZ & 0e (L"(P,) + Fp)° — fn((b))oRn
< Rn g (Ln(Pn) + Fn)or - fn(¢)
<:> fn(¢) + Rn g (Ln(Pn) + Fn)or.

(12)

Consider R = 2r + Ry, + 1 and let us prove that P, = [B(0, R) N 7] satisfies equa-
tion (12) for large enough n. Indeed, for all r, € R,, and all r € [B(0, r) N Z4], we can
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write f,(¢) +r,+r =L"(a)+ g, forsome a € 74 and g, € F,. We then get

lall < IL7"(fn(P) — & +Tu+ D)
<UL @I+ I @I+ L7 )+ L7 @) (13)

and the fact that for n large enough, (L-1mt!

enough, || P,|| < 2r + R, + 1.

As in [8, 30], we note that for any n > 1, f,.(¢) = f,(¢) (mod L"(Z4)). Hence,
there exists g € Fy such that f,(¢) = f,(¢) + L"(g) (mod L' (Z%)). We note that
g = f1(¢n). Indeed,

r <1, we conclude that for any n large

STt @ pentt = 1l (g, ),
St @=Sug @ prne — i+ (g, 1),

SE'®crg, 0 = 2 (Gui1),
S8t = Lo (Pnr1)- (14)

By definition of g, f(¢n), $n+1, and (¢,)1, we conclude that g = f(¢,) and (¢p)1 =
®n+1. By recurrence, we conclude that for any n, k > 0, (¢n)x = Pn+k-

To finish the proof, observe that for fixed alphabets .4 and B, there exists a finite number
of sliding block codes of radius 27 + R, + 1. Thus, there exist two different integers
m, k > 0 such that ¢, = Ptk

Letn > m be a multiple of k. Note that (¢,)r = dntk = DPm+idn—-m = DPu)n—m = Pn.
This implies that for all » € N, ¢, is equal to (¢,),«. Since ¢, is equal to ¢»,, we denote
Y = ¢, and f = f,(). By definition of f, we have that wagl" =0y,

Set j = f,,(¢) — f. then

Si¢§-i1 — an(¢)—f¢é-il — S_ffznl/f — w;f’

which implies that $7¢ and ¥ coincides on ¢1'(X¢,), and hence on the whole set X, by
minimality. O

6.2. Consequences of Theorem 6.2. As a consequence of Theorem 6.2, we extend the
results on the coalescence and the automorphism group of substitutive subshifts proved in
[8]. Specifically, we get rid of the reducibility condition for constant-shape substitutions.
We recall that a system is coalescent if any factor map between X and itself is invertible.
This was first proved in [16] for one-dimensional linearly recurrent subshifts (in particular,
aperiodic primitive substitutive subshifts). Multidimensional linearly recurrent substitutive
subshifts (such as the self-similar ones) are also coalescent as a consequence of a result in
[11]. For an aperiodic primitive constant-shape substitution, we denote R; to be a constant
of recognizability for ¢.

Since the set of sliding block codes 27 + R; + 1 is finite, we will assume here (up to
considering a power of ¢) that if a factor map  satisfies property (2) in Theorem 6.2, then
it does so for n = 1, that is, there exists p € Ff such that SPy¢ = ¢y,

6.2.1. Coalescence of substitutive subshifts. The coalescence of aperiodic substitutive
subshifts was proved in [8] for reduced aperiodic primitive constant-shape substitutions.
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Here, we proved it for the whole class of aperiodic primitive constant-shape substitutions.
As in [8], we use the notion of ¢-invariant orbits. An orbit O(x, 74 is called ¢ -invariant
if there exists j € 74 such that tx)y==S J x, that is, the orbit is invariant under the action
of ¢ in X,. Since for every n € Z we have that ¢ o §" = SL¢" o ¢, the definition is
independent of the choice of the point in the Z?-orbit of x. As an example, the orbit of
a fixed point of the substitution map is an example of an invariant orbit. We recall that in
[8], it was proved that there exist finitely many invariant orbits.

PROPOSITION 6.3. [8, Proposition 3.9] Let { be an aperiodic primitive constant-shape
substitution. Then, there exist finitely many ¢ -invariant orbits in the substitutive subshift
X¢. The bound is explicit and depends only on d, | Al, ||L§_1 Il, ||Ff I, and det(L; — id).

We now prove that substitutive subshifts are coalescent.

PROPOSITION 6.4. Let ¢ be an aperiodic primitive constant-shape substitution. Then, the
substitutive subshift (X¢, S, Zd) is coalescent.

Proof. Set ¢ € End(X¢, S, Zd). Theorem 6.2 ensures that there exists j € 74 such that
S7 ¢ is equal to a sliding block code ¥ of a fixed radius satisfying SPy ¢ = ¢ for some
pE Ff. Let x € X be in a -invariant orbit, that is, there exists j € Z4 such that ¢ (x) =
SJ . Note that

LY (E) = SPYL(E) = SPH Y (),

so, if the orbit of x is in a ¢-invariant orbit, then v (x) is also in a ¢-invariant orbit. By
Proposition 6.3, there exist finitely many ¢-invariant orbits, and hence for n large enough,
we can find x € X; with x and /" (x) being in the same orbit, that is, there exists m € 74
such that $”" (x) = x. The minimality of (X, S, Z%) allows us to conclude that ¢ =
S™™. Hence, v is invertible, which implies that ¢ is invertible. O

6.2.2. The automorphism group of substitutive subshifts. The rigidity properties of the
topological factors between substitutive subshifts also allow us to conclude that the group
Aut(X,, S, Z4)/(S) is finite, since any element in Aut(X,, S, Z4) can be represented as
an automorphism with radius 27 + R; + 1.

PROPOSITION 6.5. Let (X¢, S, Z%) be a substitutive subshift from an aperiodic primitive
reduced constant-shape substitution {. Then, the quotient group Aut(X¢, S, 73y /(S) is
Sfinite. A bound for |Aut(X¢, S, 74 /(S)| is given by an explicit formula depending only on
d AL L L IF L

We recall that this was proved in the one-dimensional case as a consequence of the
works [12, 13, 15], where they proved that the automorphism group of a minimal subshift
with non-superlinear complexity is virtually generated by the shift action.

6.2.3. Decidability of the factorization problem between aperiodic substitutive sub-

shifts. In this section, we prove that the factorization problem is decidable for ape-
riodic substitutive subshifts, given by substitutions sharing the same expansion matrix
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(Theorem 6.6). This extends the one proved by Fagnot [22] and Durand and Leroy [20]
in the one-dimensional constant-length case as follows.

THEOREM 6.6. Let £1, &3 be two aperiodic primitive constant-shape substitutions with the
same expansion matrix L. It is decidable to know whether there exists a factor map between
(X¢,, S, Z4) and (X¢,, S, 7).

First, we note that, by Theorem 4.1, we may assume that the substitutions share the same
support. Let &1, {» be two aperiodic primitive constant-shape substitutions with the same
expansion matrix L and support Fj.

PROPOSITION 6.7. Let ¢1: A— AN & :B— BfY be two aperiodic primitive
constant-shape substitutions with the same expansion matrix L and the same support
Fy. Let & : ALBOr NZ s B be a block map of radius r and let ¢ be the associated factor
map from A2 10 qb(AZd). If there exists f € Z¢ such that ST¢¢i(x) = ¢ (x) for all
x € X¢,, then ¢ is a factor map from X¢, to Xo,.

Proof. A straightforward induction shows that for all n > 0, there exists f, € Z¢ such
that anq&{f(x) = ¢(x) for all x € X¢,. Let x € X be a fixed point of ¢;. By
minimality and using the Fglner property, it suffices to show that any pattern of the form
& (x) f,+F, belongs to L(X,). Since x is a fixed point of ¢1, we have that X F+f, =
(&5 (@ (X)) F, = &5 (¢(x)9), which concludes the proof. O

COROLLARY 6.8. Let ¢ : A— AP, ¢ : B — B be two aperiodic primitive
constant-shape substitutions with the same expansion matrix L and the same support
Fi. Let r >0 and @ : ABONNZY . B be q block map of radius r and let ¢ be the
associated factor map from AZ 1o ¢(AZd). For any f € 7%, it is decidable whether
Sfd){l(x) = 0o (x) forall x € X¢,.

Proof. Note that
$Tpc1(x) = La((x)
& (forallnm € Zd)(for allg € F1), ¢51(X) Liyt+g+f = $2(@ (X)) Ln)+g
& (foralln € Z%)(for all g € Fy), p21(X) Liny4g+5 = C2(3(n)g

& (foralln € Z%)(forall g € F), $51(X) Lmy+g+f = (P X |y m0.nz4))e-
(15)

Let ¢g € C and hg € Fy be such that g + f = L(cg) + hg, then equation (15) is
equivalent to

(foralln € Z%)(forall g € F), (¢, OOl L)+ Licg)+hg+BO.)NZA])
= (P (Xl py(B0,r)nZ))e- (16)

Using Proposition 2.5 with A = [B(0, ) N Z4 and F = F;, we find aset E € Z¢ such
that || E|| < |[IL~Y|r/(1 — |L7'])) + 37 and

Fy +[B(0,r)NZ% € L(E) + F),
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SO we can rewrite equation (16) as

(forall n € Z%)(for all g € Fy), ®(¢y L@y +Leg)+LE)+F) = §2(P (X4 1B0,)n24)))g
(foralln € Z%)(forall g € Fy), d(¢ (X lnteg+E)) = &2(P (X |yp 0,902z g- (17)

We note that diam(supp(xlu-+e,+£)) < 21 Ell < 2L~ Ir/(1 = IL7"]) + 67 and
diam(supp(x |, (0.r)nze])) < 2r. Consider R = max{2r, 2L~ |r/(1 — L") + 6F}.
To test if a sliding block code satisfies equation (17), we consider any pattern w € L(X¢,)
with support [B(0, RX{l (R)) N Z4], where qu (-) denotes the repetitivity function of
the substitutive subshift X, . By Lemma 5.4, we note that this discrete ball contains an
occurrence of any pattern of the form x|n+¢,+£ and x|, (g )z for any n € Z¢ and
g e F. [

Proof of Theorem 6.6. Let R, be a constant of recognizability for £». Using Theorem 6.2
and Proposition 6.7, there is a factor map from X, to X,, if and only if there exist n >
0, f € F, and a factor map ¢ with radius R = 2r + R, + 1 that satisfies qub;f (x) =
& ¢(x) forall x € X¢,.

We first show that if such a factor map exists, we can find another factor map i with
the same radius such that ngb;{“(x) = ¢y ¢ (x) for all x € X;, and for some n < |B|‘A|R.
Indeed, equation (9) defines other factor maps ¢, that, by equation (13) forn > |log,(R)],
also have radius R. We can thus find two indices m, n € [|log,(7)], [log,(7)] + |B||A|r]]
such that ¢, = ¢, = ¥ and m < n. By equation (14), the factor maps ¢, satisfy S8¢,¢; =
& (puy1) for some g € Fy. Hence, there exists f € F,_, such that Sfl/fg“{’_m(x) =
& " (x) forall x € X,

Finally, for every n < |B||A‘R, every f € F,, and every block map @ : A[B(O’R)mzd] — B,
Corollary 6.8 allows us to decide whether that block map defines a factor map from X, to
X¢,. Since there is only a finite number of possibilities, this completes the proof. O

Using the fact that minimal substitutive subshifts from aperiodic primitive constant-
shape substitutions are coalescent (Proposition 6.4), we can decide if two aperiodic
primitive constant-shape substitutions with the same expansion matrix are conjugate.

COROLLARY 6.9. Let 1, ¢y be two aperiodic primitive constant-shape substitutions
with the same expansion matrix L. It is decidable to know whether (X, S, Zd) and
(Xg,, S, 7% are topologically conjugate.

6.2.4. Aperiodic symbolic factors of substitutive subshifts. The radius of the sliding
block codes given by Theorem 6.2 can be improved when the substitutions involved are
injective on letters. Indeed, under the assumption of injectivity, we can deduce from
equation (11) that, by injectivity of the substitution &, ¢, (x) and ¢, (y) coincide on the
set {m € Z: L"(m) + F, € (L"(P,) + F,)*" — f.(®)}. Moreover, if ¢, is given by a
P, -local map, we need that

Fn g (Ln(Pn) + Fn)OV - fn(¢)7
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which is true if F,, + F, + [B(0, r) N Z?] € L"(P,) + F,. Proceeding as in the proof of
Theorem 6.2, we get that ¢,, has radius at most 37 4+ 1. As mentioned in Remark 2.6, this
bound is independent of the choices of the powers ¢; and ¢;. We thus have the following
result.

COROLLARY 6.10. Let 1, &2 be two aperiodic primitive constant-shape substitutions with
the same expansion matrix L and support Fy, such that §; is injective. If ¢ : X¢ — X, is
a factor map, then there is a factor map ¥ : X, — X, with radius at most 3r + 1 such
that ¢ = ST for some j € 7.

Now, as in [20], we prove that we can always assume that the aperiodic substitutions
are injective on letters. Indeed, let ¢ : A — A be an aperiodic primitive constant-shape
substitution and consider B C A such that for any a € A, there exists a unique b € B
satisfying ¢ (a) = ¢(b). We define the map @ : A — B such that ®(a) = b if and only if
¢(a) = ¢(b). Then, there exists a unique constant-shape substitution g: : B — BF defined
by £ o¢ = ¢ o . It is clear that ¢ is primitive and ® induces a topological factor from
(X¢, S, Z% to (Xz, S, 7%) denoted by ¢. The substitution ¢ defined this way is called the
injectivization of ¢.

PROPOSITION 6.11. [6] Let ¢ be an aperiodic primitive constant-shape substitution and ¢
be its injectivization. Then, (X, S, 7% and (XZ’ S, Z%) are topologically conjugate.

Proof. Since ¢ is a factor map, we prove that it is one-to-one. Let x, y € X, be such

that ¢ (x) = ¢ (y). Note that {(x) = {(¢(x)) = £(#(y)) = ¢(y). The fact that ¢ : X; —
¢(X¢) is a homeomorphism lets us conclude that x = y. U

By construction,  may not be injective on letters, so we proceed in the same way to
obtain an injectivization of £ (and of ¢). Since in each step the cardinality of the alphabet is
decreasing, we will obtain, in finite steps, an injective substitution E such that (X¢, S, Zd)
and (Xf’ S, Z4) are topologically conjugate.

Now, let ¢ be an aperiodic primitive constant-shape substitution. From [8, Theorem
3.26], we know that any aperiodic symbolic factor of (X, S, Z%) is conjugate to an
aperiodic primitive constant-shape substitution with the same expansion matrix and
support of some power of ¢. This substitution may not be injective, but using Proposition
6.11, we can find an injective substitution which is conjugate to the symbolic factor. Then,
thanks to Corollary 6.10, we only need to test finitely many sliding block codes, which are
the ones of radius 37 + 1. In particular, we prove the following result, extending what is
known [18] for linearly recurrent shifts (in particular, aperiodic primitive substitutions).

LEMMA 6.12. Let ¢ be an aperiodic primitive constant-shape substitution. The substitutive
subshift (X¢, S, 74Y has finitely many aperiodic symbolic factors, up to conjugacy.

7. Future works and discussions

7.1. Listing the factors and decidability of the aperiodicity of multidimensional substitu-
tive subshifts.  Since substitutions are defined by finite objects, it is natural to ask about
the decidability of some properties about them. Lemma 6.12 states that any aperiodic
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substitutive subshift X, has finitely many aperiodic symbolic factors. Furthermore, from
[8, Theorem 3.26] and Proposition 6.11, any such factor is conjugate to a substitutive
subshift defined by an injective constant-shape substitution with the same support as ¢.
Thus, we would like to give a list £1, . . ., {x of injective constant-shape substitutions that
define all aperiodic symbolic factors of X.

Corollary 6.10 allows to give a bound on the size of the alphabet of any injective
constant-shape substitution that would define an aperiodic symbolic factor of X . Hence,
we can produce a finite list of candidates. Furthermore, if we know that two substitutions
from that list are aperiodic, then Theorem 6.2 allows us to decide whether they are
conjugate. Therefore, positively answering the following question would allow us to list
all possible aperiodic symbolic factors of X.

Question 7.1. Is it decidable whether a primitive constant-shape substitution is aperiodic?

7.2. Toward a Cobham’s theorem for constant-shape substitutions. In[22], it was proved
that if ¢, {» are two one-dimensional aperiodic primitive constant-length substitutions
and (X¢,, S, Z) is a symbolic factor of (X, S, Z), then their lengths have a common
power (greater than 1), generalizing a well-known result proved by Cobham [9]. In the
multidimensional framework, Theorem 4.1 and [17] imply that this still remains true when
the expansion matrix is equal to a multiple of the identity, but there is no generalized
version for all constant-shape substitutions, which raises the following question.

Question 7.2. Is there a version of Cobham’s theorem for constant-shape substitutions?

7.3. Connections with first-order logic theory. In the one-dimensional case, the decid-
ability of the factorization problem between two constant-length substitutions was proved
in [20] using automata theory and its connection with first-order logic. We describe the
proof in the following. Let k£ > 2. An infinite sequence is called k-automatic if there is a
finite state automaton with output (we refer to [2] for definitions) that, reading the base-k
representation of a natural number 7, outputs the letter x (n).

Now, consider the first-order logical structure (N, +, Vi, =), where Vj corresponds to
k-valuation function Vy : N — N by V4(0) = 1 and

Vi(n) = max{p: ¢" divides n}.

A subset E C N is called k-definable if there exists a first-order formula ¢ in
(N, +, Vi, =) such that £ ={n € N: ¢(n)}. An infinite sequence x € AN is called
k-definable if for all a € A, the set {n: x,, = a} is k-definable.

THEOREM 7.3. [7, 10] Let A be a finite alphabet and k > 2. An infinite sequence x € AN
is k-automatic if and only if it is k-definable and if and only if it is the image under a
letter-to-letter substitution of a fixed point of a substitution of constant length k.

THEOREM 7.4. The theory (N, +, Vi, =) is decidable, that is, for each closed formula
expressed in this first-order logical structure, there is an algorithm deciding whether it is
true or not.
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Theorem 7.3 extends to multidimensionnal constant-shape substitutions for which the
expansion matrix is proportional to the identity. Hence, in that case, the decidability of the
factorization problem can be deduced by the Biichi—Bruyere theorem. In the general case, it
is not clear that these tools can be applied. For an integer expansion matrix L € M(d, Z),
we do not have the analogous notions of L-automaticity and of L-definability. This raises
the following questions.

Question 7.5.

(1) Can we extend the notion of k-automaticity to the general case of integer
expansion matrices? More precisely, can we define L-automatic sequences so
that these sequences are exactly the image under a letter-to-letter substitution of
a constant-shape substitution with expansion matrix L?

(2) Can we define a logical structure depending on L and a notion of L-definability to
obtain an analog of the Biichi—Bruyere theorem for constant-shape substitutions?

(3) Assuming that the logical structure exists, is this theory decidable?

7.4. Topological Cantor factors of substitutive subshifts. In the one-dimensional case,
the topological Cantor factors of aperiodic primitive substitutions are either expansive or
equicontinuous [18]. This classification result is no longer true in the multidimensional
framework ([8, Example 4.3] is an example of an aperiodic primitive constant-shape
substitution with a Cantor factor which is neither expansive neither equicontinuous).
Moreover, we only study the aperiodic topological factors of substitutive subshifts, leaving
open the study of the topological factors with non-trivial periods. The following are open
questions.

Question 7.6.

(1)  Are the expansive factors of aperiodic substitutive subshifts also substitutive?

(2) Is there a classification theorem for topological Cantor factors of constant-shape
substitutions?

(3) Do aperiodic primitive constant-shape substitutions have a finite number of aperiodic
topological Cantor factors, up to conjugacy?
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