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Homomorphisms between multidimensional
constant-shape substitutions

Christopher Cabezas

Abstract. We study a class of 74 -substitutive subshifts, including a large family of constant-length
substitutions, and homomorphisms between them, i.e., factors modulo isomorphisms of 74 . We
prove that any measurable factor map and even any homomorphism associated to a matrix com-
muting with the expansion matrix, induces a continuous one. We also get strong restrictions on the
normalizer group, proving that any endomorphism is invertible, the normalizer group is virtually
generated by the shift action and the quotient of the normalizer group by the automorphisms is
restricted by the digit tile of the substitution.

1. Introduction

In this article, we study multidimensional constant-shape substitutions and homomor-
phisms between them, i.e., continuous maps ¢ : X — Y (called isomorphisms for invertible
ones) such that for some matrix M € GL(d,Z) and any n € Z%, ¢ o " = SM" o ¢,
where (X, S, Z%) and (Y, S, Z¢) are subshifts given by substitutions with a uniform sup-
port. Such a map gives an orbit equivalence with constant orbit cocycle via a linear map.
When the matrix M is the identity, surjective homomorphisms are called factor maps, and
conjugacies when it is invertible. We refer to the conjugacies as automorphisms when the
dynamical systems are the same. In the one-dimensional case, homomorphisms lead to the
notion of flip conjugacy of dynamical systems [5] and by this fact are also called reversing
symmetries (see [2,24]). The relation between homomorphisms and factor maps becomes
less clear in higher dimensions, since GL(d, Z) is infinite for d > 2 (see for example [1]).

The study of factors and automorphisms of a dynamical system is a classical problem.
It mainly concerns their algebraic and dynamical properties in relation to the ones of the
system (X, S, Z?). The automorphisms can be algebraically defined as elements of the
centralizer of the action group (S), seen as a subgroup of all homeomorphisms Homeo(X)
from X to itself. With this algebraic point of view, isomorphisms can be seen as elements
of the normalizer group of (S) seen as a subgroup of Homeo(X). The automorphism

2020 Mathematics Subject Classification. Primary 37B10; Secondary 37B52, 37A15, 52C23.
Keywords. Homomorphisms, automorphism groups, substitutive subshifts, digit tiles, nondeterministic
directions.


https://creativecommons.org/licenses/by/4.0/

C. Cabezas 1260

group is always nonempty, but in general, the existence of isomorphisms for a particular
matrix M € GL(d, Z) is an open problem.

In this context, the rich family of symbolic systems exhibits rigidity properties of
factor maps and automorphisms already in the one-dimensional case. For instance, the
famous Curtis—Hedlund—Lyndon theorem [28], ensures that any factor map between sub-
shifts is a sliding block code, showing that the automorphism group is countable. Among
the simplest nontrivial zero-entropy symbolic systems, are the substitutive ones introduced
by W. H. Gottschalk in [25] (see [37] for a good bibliography on this subject). They also
present rigidity properties. B. Host and F. Parreau in [29] gave a complete description of
factor maps between subshifts arising from certain constant-length substitutions, proving
that any measurable factor map induces a continuous one, and the automorphism group
is virtually generated by the shift action. Moreover, any finite group can be realized as a
quotient group Aut(X, S, Z)/(S) for these subshifts as proved by M. Lemanczyk and M.
K. Mentzen in [33]. Later, I. Fagnot [19] proved that the problem of whether there exists
a factor map between two constant-length substitution subshifts is decidable, using the
first-order logic framework of Presburger arithmetic. Some years later, F. Durand in [15]
showed that linearly recurrent subshifts (in particular substitutive subshifts) have finitely
many symbolic factors, up to conjugacy. Using the self-induced properties of substitutive
subshifts, V. Salo and I. Tormi provide in [40] a renormalization process of the fac-
tor maps to extend the description obtained in [29]. In [13] the authors proved that the
automorphism group of a minimal subshift with non-superlinear complexity is virtually
generated by the shift action, using the concept of asymptotic pairs. Next, C. Miillner and
R. Yassawi [35] demonstrated that any topological factor of a constant-length substitutive
shift is conjugate to a constant-length substitution via a letter-to-letter map. More recently,
F. Durand and J. Leroy [17] showed the decidability of the existence problem of a factor
map between two minimal substitutive subshifts.

In the multidimensional setting, substitutive systems are originally motivated by phys-
ical reasons with the discovery of the aperiodic structure of quasicrystals modelized by
the Penrose tiling [36], where the symmetries play a fundamental role. Substitutions also
occur in different topics such as combinatorics, diophantine approximations and theoret-
ical computer science, with the minimal Robinson subshift of finite type being one of
the most fundamental examples [23]. Characterizations of the isomorphisms of the chair
tiling, together with the full shift and Ledrappier’s shift, were given in [3]. The chair tiling,
the table tiling and the minimal Robinson tiling belong to the class of constant-shape
substitutions, which is a multidimensional analogue of the so-called constant-length sub-
stitutions. As a difference with the one-dimensional case, these substitutions may not be
linearly recurrent (Example 3.1). In [7, 8], the case of bijective block substitutions was
studied.

In this article, we pursue the study of isomorphisms to homomorphisms, and more
general multidimensional substitutions (nondiagonal expansion matrix, nonrectangular
support, and a weaker version of bijectivity. See [22] for recent results on their spectral
properties). We also obtain rigidity properties about homomorphisms. First, we prove that
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any aperiodic symbolic factor of a constant-shape substitution is conjugate to a constant-
shape substitution via a letter-to-letter map (Theorem 3.26), extending the mentioned
one-dimensional result from [35]. Then, we show that any measurable factor map and
any homomorphism associated with a matrix commuting with some power of the expan-
sion matrix of the substitution induces a continuous one, and we give an explicit bound on
the radius of its block maps (Theorem 4.1 and Theorem 4.13). These are analogue results
of B. Host and F. Parreau from [29]. These imply that certain constant-shape substitutions
are coalescent (Proposition 4.8), and the automorphism group is virtually generated by
the shift action (Proposition 4.9). Finally, we give algebraic and geometrical properties of
the normalizer group for polytope substitutions, i.e., in the case where the convex hull of
the digit tile generated by the expansion matrix and the support of the substitution is a
polytope. To do this, we relate the nondeterministic directions of substitutive subshifts to
the supporting hyperplanes to the convex hull of the digit tile (Theorem 5.2). We deduce
that any homomorphism of the substitutive subshift is invertible, and the normalizer group
is virtually generated by the shift action (Theorem 5.17). Moreover, the linear represen-
tation group, defined as the set of matrices associated with a homomorphism, is finite and
we give explicit bounds for the norm of these matrices (Proposition 5.15). Together with
the former bound on the radii of the block maps, these restrictions enable an algorithmic
description of the normalizer group whenever the expansion matrix is proportional to the
identity. These recover results and answer some questions in [8].

This article is organized as follows. The basic definitions and background are intro-
duced in Section 2. In Section 3, we prove Theorem 3.26 characterizing the aperiodic
symbolic factors of substitutive subshifts. For this we study a recognizability property of
these symbolic factors (Proposition 3.7) and we determine their maximal equicontinuous
factor (Proposition 3.19). We also give a polynomial bound on the repetitivity function
for substitutive subshifts (Lemma 3.2). Section 4 is devoted to the proofs of the mea-
surable rigidity properties of homomorphisms: Theorem 4.1 and Theorem 4.13. Then,
we deduce the coalescence (Proposition 4.8) and that the automorphism group of sub-
stitutive subshifts is virtually Z¢ (Proposition 4.9). Finally, in Section 5 we describe the
nondeterministic directions of substitutive subshifts through the digit tile for bijective on
the extremities substitutions (Theorem 5.2). Moreover, these directions are computable in
terms of the combinatorics of the substitution (Corollary 5.13). This enables us to provide
algebraic restrictions and to bound elements of the linear representation group (Proposi-
tion 5.15). The last theorem (Theorem 5.17) summarizes all the results of this last study.

2. General setting and notions

2.1. Basic definitions and notation

2.1.1. Notation. Throughout this article we will denote by n = (n1,...,n4) the ele-
ments of Z4 and by x = (x1,...,xg) the elements of RY.If F € 74 is a finite set, it
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will be denoted by F € Z? and we use the notation || F| = max,er |||, where | - | is
the standard Euclidean norm of R¢ . The standard cartesian product in R¢ will be denoted
by (-,-). If L € M(d,R) is a matrix, we denote ||L|| = maxyer\foy [[L(x)[|/|lx]| as the
matrix norm of L. We denote GL(d, Z) as the set of d x d matrices M with integer coef-
ficients such that |det(M)| = 1. The matrices M € GL(d, Z) represent the automorphisms
of Z4.

We will call a sequence of finite sets (A,)n>0 C 72 a Fplner sequence1 if for all

n € 79 we have that
|AnA(n + An)| _

n—00 |An|

0.

Forany r > 0 and F € Z? we denote F°" as the set of all elements f € F such that
f+(B@O.r)NZY) CF,ie,

F" ={f e F: f +(B(0,r)NZ% C F}.
Note that the Fglner assumption implies that for any r > 0

For
lim L

n—o00 |Fn| -

1.

2.1.2. Convex geometry. A set C C R is said to be convex if for all x, y € C the set
[x.y]={zeR%z=tx+ (1 —1t)y.t €[0,1]} is included in C. Recall that the image
of a convex set under an affine map is also a convex set, and the intersection of an arbitrary
family of convex sets is also a convex set. This leads to the notion of convex hull of a set.

If A € R? we define the convex hull of A, denoted by conv(A), as the intersection of
all convex sets containing A.

A set S C R¥ is an affine set if for any x, y € S the line {tx + (1 —t)y:t € R} is
contained in S. For any set A € R? we define the affine hull of A, denoted by Aff(A), as
the intersection of all affine sets containing A.

A fundamental characterization of convex sets is provided by Carathéodory’s theorem.

Theorem 2.1 (Carathéodory’s theorem). For any A C R4, any element of conv(A) can
be represented as a convex combination of no more than (d + 1) elements of A.

We now recall some basic topological concepts associated with convex sets. A point
x € A is said to be relative-interior for A, if A contains the intersection of a ball centered
at x with Aff(A),i.e.,3r >0, B(x,r) N Aff(4) C A. The set of all relative-interior points
of A is called the relative interior of A and is denoted by ri(A4). We can also define the
relative boundary 0,;(A) as the set difference of the closure and the relative interior, i.e.,
0;i(A) = cl(A) \ ri(A).

'In the literature, especially group theory, it is common to also ask that the union of the sequence of
sets (Fy)n>o is equal to Z4 fora sequence to be Fglner, but we will not use it in this article.
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An important notion for convex sets are the supporting hyperplanes. Let C € R?
be a closed convex set and x € C be a point in the relative boundary of C. An affine
hyperplane 9H|a : ¢] = {y € R?:(a, y) = ¢}, for some a € R \ {0} and ¢ € R is called
a supporting hyperplane to C at x if x € dH|[a : c¢] and

inf (a,y) < {a,x) =c = sup(a,y).
yeC yeC
We now recall some basic notions about cones and polyhedral sets. A nonempty set
C < R is said to be a cone if for every x € C, the set C contains the positive ray
Ryx = {tx:t > 0} spanned by x. A translation of a cone by a nonzero vector is called
an affine convex cone. A cone C C R is said to be finitely generated if it can be written as

p
C:{Ztui:ui E]Rd,l,‘ ZO,[ZI,...,[)}.

i=1

For a given nonempty set A C R, the smallest cone containing the set A is called the
positive hull (or conical hull) of A. This set is given by

cone(A) = {tx:x € A, t > 0}.

The positive hull is also said to be the cone generated by A.

Convex sets can be represented, but it requires the notion of faces. A point x in a
convex set C is called an extreme point, if it cannot be written as the convex combination
of two different points in C, i.e., if x is equal to tu + (1 — ¢)v for some 0 < ¢t < 1, with
u,v € C,then u = v = x. We denote by Ext(C) the set of the extreme points of a convex
set C. A compact convex set is called a polytope if it has a finite number of extreme points.

Extreme points are special cases of faces of a convex set. A convex subset F C C is
called a face of C if forevery x € F and every y,z € C suchthat x =ty + (1 — 1)z,
with 0 <t < 1, we have that y,z € F. The dimension of a face F of C is the dimension of
its affine hull. The 0-dimensional faces of C are exactly the extreme points of C, and the
bounded 1-dimensional faces are called segments or edges. An extreme ray of a convex
set C is the direction of an affine half-line, that is, a face of C. A useful result about
representation of closed convex sets in R? is the following.

Theorem 2.2 (Krein—Milman theorem for unbounded convex sets). If a nonempty closed
convex set C C RY has at least one extreme point, i.e., does not contain an daffine line,
then C can be written as the sum of the convex hull of its extreme points and the cone
generated by its extreme rays.

A useful relation between faces and the convex hull of a set that we will use in this
article is the following. A proof can be found in [39, Section 18].

Theorem 2.3. Let C = conv(A) C R4 be the convex hull ofaset A C R¥ andlet F € C
be a nonempty face of C. Then F = conv(A N F).



C. Cabezas 1264

Some useful notion for closed convex sets corresponds to their normal cones. Let F
be a nonempty face of a closed convex set C. The opposite normal cone’ Np (C) of C at
F is defined as

Nr(C) ={v e ]Rd:mig(v,t) = (v.p).Vp e F}.
te
The opposite normal fan of C is the collection of all opposite normal cones of C,
e/\?(C) = {NF(C): F is a proper face of C}.

The following are simple statements on the normal fan:

e dim(Nf(C)) = d — dim(F).

o If F is aface of G, which is a face of C, then ﬁg(C) is a face of Np ().
* Theset Ug feeor ¢ NF(C) is equal to RY,

Figure 1 illustrates the opposite normal cones of a triangle.

mm

Figure 1. Example of the opposite normal cones of a triangle and the stratification of the circle S!
given by them.

2.1.3. Fractal Geometry. Let €(R¢) be the collection of all nonempty compact subsets
of R%. The Hausdorff metric h on €(R?) is defined as

VA, B € €(R?), h(A,B)=inf{e:A < B, A B C Ag},

where A, = {t € R%: ||t — y| < &, for some y € A}. With this metric (€(R?), k) is a
complete metric space.

A map f : R? — R is said to be a contraction if there exists 0 < ¢ < 1 such that
| f(x)— f)|l <cllx — y]| forall x, y € R?. Let {f,}fv=1 be a set of contraction maps

2The word opposite comes from the fact that the usual normal cone is related to the outward normal
vectors of convex sets and in this article we will use the inward normal vectors.



Homomorphisms between multidimensional constant-shape substitutions 1265

on R and define the map

F: (€R?Y), h) > (€(R?), h),

N
Ar | fi4)
i=1
This map is a contraction on (€(R?), 1). By the Banach fixed-point theorem (or partic-
ularly the IFS theorem), there exists a unique set 7 € € (R?) (called digit tile) such that
T = va=1 fi(T). A way to approximate this set is by iterations

T = lim F™(Ty), (1)
n—>oo

where T, is an arbitrary compact set of R and the limit is with respect to the Hausdorff
metric.

Since the convex hull of a compact set in R? is compact, the map conv : €(R¢) —
©(R%), which gives for any set 4 € €(R?) its convex hull, is well defined and is well
known to be continuous.

2.2. Topological dynamical systems

A topological dynamical system is a triple (X, T, G), where (X, p) is a compact metric
space, G is a group of self-homeomorphisms of the space X and 7 : X x G — X is a
continuous map, satisfying 7'(x,e) = x,and T (T (x, g),h) = T (x, gh) for all x € X and
g,h € G. We denote T4 the homeomorphism T'(-, g).

If (X, p) is a compact metric space, we denote Homeo(X) the group of self-homeo-
morphisms of X. If T € Homeo(X), we use (X, 7, Z) to denote the topological dynamical
system (X, T,{T":n€Z}). Similarly, if Ty, . .., T; are d commuting homeomorphisms on
X, we use (X, T, Z?) to denote the topological dynamical system (X, T, ({T1,....T4})).

For a point x € X, we define its orbit as the set O(x,G) = {T¥(x): g€ G}.IfAC X,
we say that A is G-invariant if for all x € A, O(x, G) is included in A.

If (X, T, G) is a topological dynamical system, a subset K C X is called a minimal
set if K is closed, nonempty, G-invariant and has no proper closed nonempty invariant
subsets, i.e., if N C K is closed and G-invariant, then N = @ or N = K. In this case,
we say that (K, T'|g, G) is a minimal system, where T |x : K x G — K corresponds to
the restriction of 7 to K. It is easy to see that a system is minimal if and only if it is the
closure orbit of all of its points.

Definition 2.4. Let (X, T, Zd), Y, T, Zd) be two topological dynamical systems and
M € GL(d, Z). A homomorphism associated with M is a continuous map ¢ : X — Y
such that for all n € Z¢, we have that ¢ o T" = TM" o ¢_If ¢ is surjective, then ¢ is an
epimorphism and if it is invertible, then ¢ is an isomorphism.

Note that a homomorphism between two minimal systems is always an epimorphism.
In the following, we fix the different notations that we will use throughout this article:
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«  We denote the set of all homomorphisms associated with M between (X, T, Z¢) and
(Y, T, Z%) by Homps (X, Y, T, Z4).

* The set of homomorphisms between two dynamical systems, is defined as the collec-
tion of all of homomorphisms, i.e.,

Hom(X.Y.T.Z%) = | ) Hompy(X.Y.T.Z%).
MeGL(d,Z)

* In the special case where M is the identity matrix, the homomorphisms are called
factor maps and we denote Fac(X, Y, T, Z?) the collection of all factor maps between
(X,T,Z%) and (Y, T, Z%). If a factor map is invertible, then it is called a conjugacy.

e In the case (X, T, Zd) =(Y,T, Zd), we simply denote these sets as Nps (X, T, Zd)
and N(X, T, Z?). The last set is called the normalizer semigroup of (X, T,Z%). A
factor map is called an endomorphism, and a conjugacy is called an automorphism. We
denote the set of all endomorphisms and automorphisms of a topological dynamical
system as End(X, T, Z%) and Aut(X, T, Z?), respectively.

»  We define the linear representation semigroup N (X, T,Z%) of (X, T,Z?) as the col-
lection of all matrices M € GL(d, Z) with Ny (X, T, Z%) # @.

A topological dynamical system (X, T, Z?) is said to be coalescent if every endomor-
phism of (X, T, Z%) is an automorphism.

Note that the linear representation semigroup of a topological dynamical system is an
invariant under conjugation. Now, if ¢ € Ny, (X, T, Zd) and ¥ € Ny, (X, T, Zd), then
oY isin Npyym, (X, T, 74), so the sets Nps (X, T, Z%) are not semigroups (except if M is
the identity matrix). Now, even though the matrices M € GL(d, Z) are invertible in 74,
the linear representation semigroup N (X, T, Z%) is not necessarily a group, since the
existence of a homomorphism associated with a matrix M does not necessarily imply the
existence of a homomorphism associated with the matrix M ~!.

The groups (T') and Aut(X, T, Z?) are normal subgroups of N*(X, T, Z?) (the group
of isomorphisms), and the centers of N*(X, T, Zd) and Aut(X, 7T, Zd) are the same. In
fact, we have the following short exact sequences

1 —> (T) — Aut(X, T, Z%) — Au(X, T, 2% /(T) — 1,
1 - Aw(X,T,Z2% — N*(X,T.2%) - N*X,T.Z%) — 1.

If7:(X,T.2%) — (Y, T,Z%) is a factor map between two minimal systems, and there
exists y € Y such that [~ ({y})| = 1, then this property is satisfied in a G5 dense subset
Yo C Y. In this case, we say that 7 is almost 1-to-1. If for some ¢ > 0, |7~ ({y})| = ¢ for
all y in a G dense subset of Y, then we say that 7z is almost c-to-1. If |7 =1 ({y})| < ¢ < 00
forall y € Y, we say that 7 is finite-to-1.

An important type of topological dynamical systems are the equicontinuous ones. A
topological dynamical system (X, T, Z¢) is said to be equicontinuous if the set of maps
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{T™:n € Z%} forms an equicontinuous family of homeomorphisms. The equicontinu-
ous systems are, in some sense, the simplest dynamical systems, in fact, there exists a
complete characterization of them, and every topological dynamical system has at least
one equicontinuous factor: the system given by one point. In fact, for every topologi-
cal dynamical system there exists a maximal equicontinuous factor, i.e., a factor meq :
(X, T, Zd) — (Xeqs Tegs Zd) such that (Xeq, Teq. Zd) is an equicontinuous system and
for every equicontinuous factor 7 : (X, 7, Zd) —- (Y, T, Zd), there exists a factor map
¢ (Xeqs Teqs Z9) — (Y, Teq, Z%) such that 1 = ¢ 0 eq.

2.3. Measure-preserving systems

A measure-preserving system is a 4-tuple (X, u, T, G), where (X, ¥, ) is a probability

space and G is a countable group of measurable and measure-preserving transformations

acting on X (where the action is denoted by T'),i.e., YA€ ¥,Vg € G, ;L(Téﬁ1 A) = u(A).
We say that (X, i, T, G) is ergodic if for all A € ¥ we have that

[(Vg € G) w(T¢ ' (A)AA) =0] = pu(4) =0V u(4) = 1.

We now recall the notions of measurable homomorphisms in the measure-theoretic
framework.

Let (X,u,T,G) and (Y, v, T, G) be measure-preserving systems and M € GL(d,Z). A
measurable homomorphism associated with M is a measure-preservingmap ¢ : X' — Y’
where X', Y’ are measurable subsets of X, Y respectively, with u(X’) = v(Y’) = 1 and
forany g € G, T8(X') C X/, T8 (Y’) C Y’ such that for any n € Z¢ we have that ¢p o T" =
TMn o ¢in X'.

If there is a measurable factor map ¢ between X and Y, then X is said to be an
extension of Y. If ¢ is a bi-measurable bijection, we say that ¢ is a measurable conjugacy
and in this case (X, u, T, G) and (Y, v, T, G) are metrically isomorphic.

For topological dynamical Z¢-actions, we always have at least one invariant proba-
bility measure (in fact, at least one ergodic probability measure). We define M (X, T, Z%)
the set of all invariant probability measures. This set is convex and compact on the weak-*
topology. We say that (X, T, Z?) is uniquely ergodic if |M(X, T, Z%)| = 1, and strictly
ergodic if it is minimal and uniquely ergodic.

In the case of strictly ergodic topological dynamical systems (X, T, Z%), (Y, T, Z¢) we
denote m Hom(X, Y, T, 74 ), mFac(X,Y, T, Zd) the collection of all measurable homo-
morphisms and factor maps between (X, T, Zd) and (Y, T, 74 ), respectively.

2.4. Z%-odometer systems

LetZy>Z1>:--->Z, > Zy4+1 > --- be anested sequence of finite-index subgroups of
74 such that ﬂnzo Z, = {0}, and let o, : Zd/Z,H_l — Zd/Zn be the function induced
by the inclusion map. Following the notation in [10], we consider the inverse limit of these
groups

~d d
Z (Z,) =1<i—I£11(Z /Zn,a,,),
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<«
ie., Zd(zn) is the subset of the product [, 74/ Z, consisting of the elements g =

n)n>0 such that a,(g,+1) = g (mod Z), for all n > 0. This set is a group equipped
8n)n> g 8 group equipp!
with the addition defined coordinate-wise, i.€.,

<«
?"' h = (gn + hn)nzo.

Every group Z¢/Z, is endowed vith the discrete topology, so ano(Zd /Zy) is a
compact metric space. The odometer Z¢ (z,) 1s a compact topological group whose topol-
ogy is spanned by the cylinder sets

H
lal, = {¢ €29z, g0 = a},

with a € Zd/Z,,, and n > 0. Now, consider the group homomorphism k(z,) : 74 -
12024/ Zy defined for n € Z4 by

K(z,)(n) = [n (mod Z,)]n>o0.

The image of Z¢ by k(z,) is dense in Zd(zn), so the Z4-action n(g) = Kz, (n) + <,
withn € Z4, ? € Zd(zn), is well defined gnd (Zd(zn), +(Zn)s Zd) is a minimal equicon-
tinuous system as proved in [10]. We call (Z4 z,), +(z,» Z%) an odometer system. Odo-
meter systems have been extensively studied before (see [9, 10, 14]). The next result
characterizes the factor odometer systems of a fixed odometer system.

<«
Lemma 2.5 ([9, Lemma 1]). Let (Zd
1,2). There exists a factor map

iy +(Z}{),Zd) be two odometer systems (j =

~d d ~d d
7 (28 zpy + 2y 29) = (2% 22 +(z20 27)
if and only if for every Z?2 there exists some Z), such that Z} < Z2.

2.5. Symbolic Dynamics

Let 4 be a finite alphabet and d > 1 be an integer. We define a topology on AL by
endowing 4 with the discrete topology and considering in AL’ the product topology,
which is generated by cylinders. Since # is finite, AL’ is a metrizable compact space. In
this space, Z< acts by translations (or shifts), defined for every n € Z¢ as

S"(x)k = Xk, x €A kezd.

The Z -action (AZd, S, 7Z%) is called the fullshift.

Let P C Z< be a finite subset. A pattern is an element p € AT . We say that P is the
support of p, and we denote P = supp(p). A pattern occurs in x € AZd, if there exists
n € 7% such that p = x|,4 p (identifying m + P with P by translation). In this case we
denote it p C x and we call this n an occurrence in x of p.
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A subshift (X, S, Z%) is given by a closed subset X C AZ? which is invariant by the
7 -action. A subshift also can be defined by its language. For P € Z¢ we define

£p(X) = {p e AP:3x € X,pC x}.
We define the language of a subshift X by
rx) = J £p).

pPezd

Let (X, S,Z%) be a subshift and x € X. We say that p € Z¢ is a period of x if for
alln € 29, Xn+p = Xp. We say that the subshift (X, S, Z%) is aperiodic if there are no
nontrivial periods.

Let B be another finite alphabet and Y C i)’Zd be a subshift. For P € Z¢, we define a
P-block map as a map of the form @ : £p(X) — B. This induces a factormap ¢ : X — Y
given by

¢(xX)n = P(x|n+p).

The map ¢ is called the sliding block code induced by ® and P is the support of the
map ¢. In most of the cases we may assume that the support of the sliding block codes is
a ball of the form B(0, r), for r € N. We define the radius (and we denote it by r(¢)) as
the infimum of r € N such that we can define a B(0, r)-block map which induces it. The
next theorem characterizes the factor maps between two subshifts.

Theorem 2.6 (Curtis—Hedlund—-Lyndon). Let (X, S,Z%) and (Y, S,Z%) be two subshifts.
Amap ¢+ (X,S,2%) — (Y, S, Z%) is a factor map if and only if there exists a B(0, r)-
block map @ : £ (X) — £1(Y), such that ¢(x)n = ®(xX|ntB(0.1)), for all n € 7.4
and x € X.

For homomorphisms we have a similar characterization, but we need to make a slight
variation of this theorem.

Theorem 2.7 (Curtis—Hedlund-Lyndon theorem for homomorphisms). Ler (X, S, Z%)
and (Y, S, Z4) be two subshifts and M € GL(d,Z). Amap ¢ : (X,S,Z%) — (Y, S,Z%)
is a homomorphism associated with M if and only if there exists a B(0, r)-block map
@ : Lpo,n(X) = L1(Y), such that ¢(x)n = P(x|pr-1n4B(0,r)), for all n € 72 and
x € X.

Proof. We will only prove the nontrivial implication. Let ¢ : (X, S, Z%) — (Y, S,Z%) be
a homomorphism and let » > 0 be such that x|g(0,) = ¥|B(0,r) implies ¢(x)o = ¢(y)o.
Then the local map ®(x|p(,-)) = ¢ (x)o is well defined by the very definition of r.
Finally, note that ¢ (x)5 = S®¢(x)9 = ¢(SM71hx)0 = ®(x|pr-1h+B(0,r))> Which proves
the claim. ]

This means, for any homomorphism ¢ we can define a radius (also denoted by r(¢)),
as the infimum of r € N such that we can define a B(0, r)-block map which induces it. In
the case r(¢p) = 0, we say that ¢ is induced by a letter-to-letter map.
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2.6. Nondeterministic directions of a topological dynamical system

An interesting notion in the study of higher-dimensional dynamical systems is that of so-
called nonexpansive subspaces, introduced by M. Boyle and D. Lind in [6]. When the
phase space X is infinite such subspaces always exist [6, Theorem 3.7]. We will only
focus on hyperplanes in R?, which leads to the notion of deterministic/nondeterministic
directions. Let S~ be the unit (d — 1)-dimensional sphere. For v € S¢~! define H, =
{x e R?: (x,v) < 0} to be the open half-space with outward unit normal v. We identify the
set Hy of all half-spaces in R? with the sphere S¢~! using the parametrization v <> H,.

Definition 2.8. Let (X, S, Zd) be a subshift and v be a unit vector of R%. Then v is
deterministic for (X, S, Zd) if for all x, y € X we have that

Xg,nzd = Ylg,nzd = X =y.
If v does not satisfy this condition, we say that v is nondeterministic for (X, S, Z.4).

For a subshift (X, S, Zd) we denote DD(X, S, Zd) and ND(X, S, Zd) the sets of deter-
ministic and nondeterministic directions for (X, S, Z¢), respectively. Using an analogous
argument of [6, Lemma 3.4] we conclude DD(X, S, Z%) is an open set and ND(X, S, Z%)
is a compact set.

In [26] was introduced the notion of direction of determinism for two-dimensional
subshifts and in [11] these objects were used to prove a weak version of Nivat’s conjecture.

The following result establishes a link between nondeterministic directions and the
linear representation group of a subshift.

Proposition 2.9. Let (X, S, Z?) be a subshift. Then, for all v € ND(X, S, Z%) and
M e N(X,S,Z%), the vector (M*)™ v/|(M*)~'v|| is a nondeterministic direction for
(X, S,Z%), where M* is the algebraic adjoint of M.

Proof. If v is in ND(X, S, Z4), there exists x # y € X with X|g,nzd = Y|g,nzd- Set
M e N(X,T,Z%) and ¢ € Npys(X, S, Z?). Then we have that

)| MHY+n = PV (MH)+n>

where n is a vector of radius 7 (¢). We note that S”¢ (x)|ma, = S"d(y)|mH,. We con-
clude that (M*)~Yv/|(M*)" || € (X, S, Z9). "

2.7. Multidimensional constant-shape substitutions

2.7.1. Definitions and basic properties. Let L. € M(d, Z) be an expansion matrix, i.e.,
|L|| > 1 and |L~Y| < 1, such that L(Z¢) C Z?. Let F be a fundamental domain of
L(Z%) in Z¢ with 0 in F and s be a finite alphabet. A multidimensional constant-shape
substitution ¢ is a map 4 — AT . The set F is called the support of the substitution.
These are multidimensional analogues of the so-called one-dimensional constant-length

substitutions. Figure 2 shows an example of a constant-shape substitution with L = (3 g)

and F = {(0)- o) (1) (1)
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m- ..

M - M -

Figure 2. An example of a constant-shape substitution over a four-letter alphabet.

In the literature, constant-shape substitutions with a positive diagonal expansion ma-
trix L = diag(/;);=1,... .4 and support equal to the standard d-dimensional parallelepiped
F = ]_[;1:1 [0, l; — 1] are called block substitutions.

Examples of constant- shape substitutions can be generated via constant-length sub-
stitutions as follows: Let {{; }1—1 be d aperiodic one-dimensional constant-length sub-
stitutions with alphabet A; and length ¢; for 1 <i < d. We define the product sub-
stitution of {¢; }1—1 as the constant-shape substitution { with alphabet A = ]—L_l Aj,
expansion matrix equal to L; = diag(g;) and support Ff L= ]—[,_1 [0, gi — 1], defined as
Sar,....aq)j = (Gi(ar)j. . ... Calaq)j,).

Every element of Z¢ can be expressed in a unique way as p = L(j) + f, with j € Z¢
and f € F, so we can consider the substitution ¢ as a map from AZ? 10 itself given by

LGy +k = Ex (G )k

Given a substitution ¢, we will denote L its expansion matrix and F. f its support. For any
n > 0 we define the n-th iteration of the substitution {” : 4 — A" with expansion matrix
LZ’ and the supports of these substitutions satisfying the recurrence F¢ w1 =1 3 —|— Le(Fy g)
for all n > 1. From now on, we may assume that the sequence of supports (F In>o0 is a
Fglner sequence.

Figure 3 shows the first three iterations of the substitution given in Figure 2.

The language of a substitution is the set of all patterns that appear in (" (a), for some
n>0,aedsh,ie.,

£ = {p:p C ¢"(a), forsomen > 0, a € A}.

Using the language we define the subshift X; associated with a substitution as the
set of all sequences x € AL such that every pattern occurring in x is in &£¢. We denote
(Xe, S, 72) the substitutive subshift.

We will restrict our study to primitive substitutions. A substitution is called primitive
if there exists a positive integer n > 0, such that for every a,b € A, b occurs in {* (a). If ¢
is a primitive constant-shape substitution, the substitutive system (X¢, S, Z%) is minimal
(the proof of [37, Proposition 5.2] for the one-dimensional case can be easily adapted to
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Figure 3. An example of an application of the first three iterations of the substitution illustrated in
Figure 2.

our case), and the existence of {-periodic points is well known, i.e., there exists at least one
point xg € X¢ such that {?(xo) = xo for some p > 0. Under the primitivity assumption,
the subshift is preserved replacing the substitution by a power of it, i.e., X¢» is equal to X¢
for all n > 0. Then, we may assume that the substitution possesses at least one fixed point,
i.e., there exists a point x € X; such that x = {(x). It is well known that this subshift
is strictly ergodic (in [32] can be found a proof of the unique ergodicity for substitutive
tiling systems seen as substitutive Delone sets for R%-actions that can be adapted for our
context thanks to the assumption that the sequence of supports (F,f )n>o0 form a Fglner
sequence). The unique ergodic measure is characterized in terms of the expansion matrix
of ¢ and we denote this measure as p¢. For a cylinder set [p],, where p is a pattern in £,
the quantity i ([p]) represents the frequency of the pattern p in any sequence in X;. The
frequencies of patterns exist by unique ergodicity.

Since L is an expansion matrix, L' defines a contraction map in R, For any
gEc Ff define the map fg(-) = Lzl(- + g). As mentioned in Section 2.1.3, by the IFS
theorem, there exists a nonempty compact subset 7; (or denoted 7'(L, F;) when there is
no substitution defined) in R4 such that

LTy = |J Ty +e.

geFf
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As in [44] we call this set the digit tile of the substitution. Using Tp = {0} in (1) we get
that

n—1

n(pt

Ty —nli)ngoi(:)l,g (F) = lim L:"(Ff).
1

Figure 4 shows some approximations of some digit tiles.

The expansion matrices and fundamental domains of these examples are the following:
@ La = (39)-F =1(). ). (- C)-
® Loy =(39), F(b) =10 () G- (0) (). (- (%) (5)- -
© Ly =(3%)- A =10)-0)- () 0)-0)- G- (). (). G-
@ Lay=(7) A7 =10 ()

As in the one-dimensional case, the following proposition shows that for any multidi-
mensional constant-shape substitution there exists a finite subset K € Z¢ whose iterations

of the substitution fill the whole Z<. This set determines the ¢-periodic points of a primi-
tive constant-shape substitution.

Proposition 2.10. Let ¢ be a multidimensional constant-shape substitution. Then, the set
Ke = U0 ((id — L’;”)_1 (F,f,) N Z4) is finite and satisfies

U Li(Ke) + Ff =27,

n>0

using the notation F(f = {0}.

Proof. Setn € 74 and consider the sequence (@m)m>0 < 74 given by ag = n and for
any m > 0, @41 is defined as the unique element in Z? such that there exists an ele-
ment f,, € Fc with @, = L¢(@m+1) + fm. Note that for any m > 0, n = L (am) +
St L7 (), and lam |l < ILFH - lam |l + 1L - IF{ ||. This lmphes that for
allm > 0,

IR )

lamll < ILZ' 1™ laoll + - ,
" ¢ L= |Lg Y|

() (b) (© (d)

Figure 4. Approximation of some digit tiles: (a) Gasket, (b) Rocket, (c) Shooter, (d) Twin Dragon.
The names of these tiles come from [44].
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hence (a,,)m>0 is a bounded sequence in Z2. By the Pigeonhole principle there exist
m > 0 and n > 0 such that @y = @m4n, i.e., am = Li(am) + f, for some f € Fi 1t
follows that the set K¢ = J,,~((id — Lm) 1(Fm) N Zd) satisfies the desired property.
Now we prove that K¢ is finite. Note that for any m > 0,

m—1

o= L) FI = | Y- Ly )|
i=0

m—1 )

< IFN| > Gd— L' L;

i=0
< | F{IlIGd — L)~ Gd — L) Gd — L) ™!
< IFE G — L)

We conclude that K¢ is a finite set. [

Remark 2.11. The following statements can be easily verified.

(1) In the one-dimensional case, a direct computation shows that for any constant-
length substitution ¢, the set K¢ is equal to [—1, 0]. Similarly, a direct computa-
tion shows that for any d-dimensional block substitution, the set K is equal to
[-1.0]4.

(2) Since K¢ is a finite set, there exists j > 0 such that

J
Ke = |J(Gd— LM~ (Fy) nz),
m=0
thus, by the fact that the sets (id — Lm) Y E,, l;) N Z4 are nested, up to cons1der1ng
a power of £, we can assume that the set K¢ is of the form (id — L)~ (F YN Z4.

The argument used in the proof of Proposition 2.10 is inspired by the Euclidean
division algorithm. A similar idea can be used to find different sets satisfying specific
statements involving the supports (F,f )n>o0 that will be needed for some proofs. From
now on, for any n € Z¢ we denote d,, € Z¢ and f, € F f the unique elements such that
n = L¢(dy) + fa. The following result will be useful in a series of results throughout
this article.

Proposition 2.12. Set A € Z¢ and let F € Z¢ be such that Ff C F. Define B =
{dn}ncF + 4. Then, there exists a finite subset C of 7% satisfying the following conditions:
(1) BCC.
(2) C+ F+ AC L¢(C)+ FY.
G lICh = IBI+ 1L A AL+ I FIF+ IFE /(1= 1Lz
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Proof. We define two sequences of finite sets of z4, (Bn)n>0, (Cyu)nz0, with By = B,
Co=B+ F + A, and forany n > 0, set B,11 € Z% such that B, = {dn}nec,, and
Cnhy1 € 74 such that Cnt+1 = Bp+1 + F + A. Note that
1Batill < 1L I(I1CaIl + IF7 1)

< LBl + AL+ 1 F I + IFE )

< LBl + L (1AL + I F I+ IFE ).
Hence, for any n > 0 we have that

— L

IBall < IBIILG " + —
" ¢ 1—||L;||(

ILZ AL + LF I+ IEEID).-

Since ||LZl || is strictly smaller than 1,

1Ball < IBI+ ULZ NN+ IF I+ IF /(= 1L )

This implies there exists N € N such that | J, .y Bn = U, <y 11 Bn. We conclude the
proof taking C = Uflv o0 Bn. [

Remark 2.13. The following particular cases will be useful in the rest of the article.

(1) Condition (2) implies that C + A + F 3 C Le(C) + Fy ¢ and a direct induction
proves that for all n > 0, the following inclusion holds: L” (C+A)+ Fy, ;
L"“'1 (C)+ F, +1 So, forany set A € Z% and F = FE the set C is the m1n1mal set
(1n terms of cardinality) such that for all n > 0, L” (A) + F§ L""’1 (C)+ F n+1,
and the sets {L" C)+ FC n > 0} are nested.

(2) Using F = Ff + Ff and A = {0}, we obtain aset C € Z? such that C + Ff +
Ff € L¢(C) + Ff. Since 0 € Ff, 0 is in C, which implies that F{ + Ff
L¢(C) + Ff. Assume for some n > 0 that F,f + F,f - L’E’(C) + F,f Then we
obtain that

Fijy+ Fiy = F§ + LI(F) + Ff + LY(FY)
C LI(C) + Ff + LE(F{) + LY (Fy)
= LI(C + Ff + F{) + F}
c LITN(C) + L"(Ff) + Ff
= LyPNC) + F, L
so0, by induction we have proven that for all n > 0, F,f + F,f C LE’ (C)+ F,,E.

The next result shows that for any aperiodic symbolic factor (Y, S, Zd) of (X¢, S, Zd)
we can change ¢ for an appropriate substitution ¢’, having the same expansion matrix
and fundamental domain, such that (X¢/, S, 74 ) and (X¢, S, Zd) are conjugate, and there
exists a factor map 7 : (X¢/, S, 74 )— (Y, S, 74 ) induced by a letter-to-letter map.
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Lemma 2.14. Let { be an aperiodic primitive constant-shape substitution and ¢ :
(Xe, S, Z%) — (Y, S, Z%) be an aperiodic symbolic factor of (Xe, S, 7). Then there
exists a substitution ', having the same support and expansion matrix of ¢, such that
(Xe, S.7Z%) and (Xe¢, S, Z2) are conjugate and a factor map 7 : (Xe, S.7%) - (Y,S,Z2%)
induced by a letter-to-letter map.

Proof. Suppose that ¢ : (X¢, S, 7%y — (Y, S,Z%) is a factor map via a B(0, r)-block
map. Set A = B(0, r), by Proposition 2.12 there exists a set C € Z¢ such that B(0, r) +
Ff +C C Le(C) + Ff. Set D = L¢(C) + Ff. We will define a substitution ¢‘) con-
sidering the set £p(X¢) as the alphabet, with the same expansion matrix and support
of ¢ in the following way: If p € £p(X¢), then for any j € Ff we set E(D)(p)j =
¢(P)|j+p. It is straightforward to check that x € X; is a fixed point of the substitu-
tion ¢ if and only if y € fD(X;)Zd such that y, = x|p4p for all n € Z¢ is a fixed
point of the substitution ¢(P). With this, we can define the following sliding block codes
Yy (X;,S,Zd) - (Xew), S, 74) given by the D-block map W;(p) =p and V¥ :
(Xem, S, 79) — (Xe, S, 7.4) given by the letter-to-letter map W, (p) = Po- These maps
commute with the shift action and define a conjugacy between X and Xy»). We then
define a factor map @) : (X ¢, S, 79) — (Y, S, Z%) given by the letter-to-letter map
equal to Y, ¢. ]

3. Recognizability property of aperiodic substitutions and dynamical
consequences

In this section, we will study the recognizability property of aperiodic constant-shape sub-
stitutions and some dynamical consequences. Every aperiodic substitution satisfies it. To
prove this result we first prove that there is a polynomial growth of the repetitivity func-
tion for substitutive subshifts (Lemma 3.2) that allows us to prove that aperiodic symbolic
factors of substitutive subshifts also satisfy a recognizability property (Proposition 3.7 and
Proposition 3.8). Then we will present here several consequences of the recognizability
property: there exist a finite number of orbits in X; which are invariant by the substitution
map (Proposition 3.9) and we determine the maximal equicontinuous factor of substi-
tutive subshifts and their aperiodic symbolic factors (Proposition 3.19). Thanks to these
last descriptions, we get that any aperiodic symbolic factor of a substitutive subshift is
conjugate to a substitutive subshift (Theorem 3.26).

3.1. The repetitivity function of a substitutive subshift

In order to prove that the recognizability property is satisfied, we study first the repeti-
tivity function of a substitutive subshift. Let { be an aperiodic primitive constant-shape
substitution and assume that x € X¢ is a fixed point of the substitution. The minimality
property implies that the substitutive subshift is repetitive, i.e., for every pattern p C x
there is a radius » > 0 such that for every n € Zd, the ball B(n, r) contains an occurrence
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of p in x. The repetitivity function is the map Mx, : R4 — R defined for r > 0 as the
smallest radius such that every ball B(n, Mx, (r)) contains an occurrence in x of every
pattern with diam(supp(p)) < r. We say that the substitution is linearly recurrent or lin-
early repetitive if the repetitivity function has a linear growth, i.e., there exists C > 0 such
that My, (r) < C - r. It is well known that aperiodic primitive one-dimensional substitu-
tions are linearly recurrent [15], but in the multidimensional case this is no longer true, as
we can see in Example 3.1.

Example 3.1 (A non-linearly repetitive constant-shape substitution). Consider the block
substitution 07, given by Lo, = (2 3) and F{> = [0, 1] x [0, 2] defined by

b ¢ a ¢ c b
o,: awrc b, b—rc¢ b, c—a c.
a b b ¢ c b

For any p > 1, we consider the pattern w, = of(a)|[[0,2p-1ﬂx{o} € Lo,20-1]xf0y (X¢)-
Observe that the pattern ab appears horizontally only in the inferior corner of o3(a)
between the three images of the substitution. So, a direct induction enables to prove that
if for some p > 1 the pattern w, occurs in ozp ‘;‘ ’g), fora, B,y,8 € {a, b, c, e} (where ¢
denotes the empty pattern), then one of the letters must be a. Moreover, w, only appears
in the lower left corner of the pattern o (a). These properties imply that there is only
one occurrence of w, in 0 (w,), which is in the lower left corner of o (w,) as seen in
Figure 5.

Then there is a ball of radius 37 /2 in the support of 6.4’ (w,) with no occurrences of w,.
Since this is true for any p, this implies that this substitution is not linearly recurrent.

However, the repetitivity function has at most polynomial growth, with the exponent
depending only on the expansion matrix of the substitution.

oy (@) ol (b) 0¥ (wp)

3174

¥

47

Figure 5. Decomposition of aé’ (wp).
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Lemma 3.2. Let { be an aperiodic primitive coystant-shape substitution. Then, the repet-
itivity function Mx, (r) is O (r~ tog(llZ¢ )/ tog (I ¢ ”))

Proof. Let x € X; be a fixed point of {. Using A = {0} and F = FZ + Fc in Propo-
sition 2.12, we get a finite set C; C 74 such that for every n > 0, §+1 + Fg
L?H(Cl) + Fn§+1

Claim 1. For any r > 0, we have that
L}(BO.r) N2 € LY(BO.r + id— L' - | F{ ) N Z%) + Ff.

Proof of Claim 1. Set n € L’Z(B(O, r)) N Z2. Then, there exist m; € Z% and f € F,f
such that m = L’g(ml) + f, which implies that ||m; + LE” ()]l < r. We then get that

lmy]| <7+ LI < v+ llid— L' - 1 FE ). -

Consider R; > 0 as the maximum radius such that for any Ff + (B(0,R))NZ%) C
Le(Cy) + Ff.Set Ry = Ry + [lid — L' - | F{ ||. Note that, by the definition of C; and
Claim 1, for every n > 0,

Ff+ (LE(BO0.Ry) N Z%) € LE(Cy + (B(0. Ry) N Z%)) + Fy.

Consider T = My, (diam(Cy + (B(0, Rz) N Z%))) and for any n > 0, let T}, > 0 be
such that every ball of radius 7}, contains an occurrence of any pattern of the form " (w),
withw € $C1+(B(0,R2)ﬂZd)(X§)'

Claim 2. We have that T,, < ||L¢||"(T + 1/2).

Proof of Claim 2. We recall that the lattice L" (Z4) is | L¢||” /2-relatively dense, i.e., any
ball of radius ||L¢||”/2 contains an element of L'Zl (Z%). Set n € Z¢. Consider m =
L"(p) € Z4 such that ||n —m| < |L¢]l" /2. Then, the ball B(p,T) N 72 contains an
occurrence for any pattern w € £, 4 (g(0,R,)nz¢)(X¢)- Since x is a fixed point, the set
L" (B(m, T)) N Z¢ contains an occurrence of any pattern of the form ¢"(w), with w €
:CC1+(B(0 R»)nzd)(X¢). The fact that L"(B(m T)) € B(m, ||L¢||"T) and the Cauchy—
Schwarz inequality let us conclude that the ball B(n, || L¢||"(T +1/2)) N Z4 contains an
occurrence of any pattern ¢ (w), forw € £ 4 (p(0,Ry)nz4) (X¢)- [

Letr > 0, p € £(X¢) a pattern such that diam(supp(p)) < r andn € 7% be an occur-
rence of p. Consider n > 0 such that R1/||L 1"~ < diam(supp(p)) < R1/||L e,
Then there existn; € Z% and f € F; such that n= L” (n1) + f. Set

W = X[y, 40 +(BO,R)NZA)-

Noting that B(0, R1/||Lé?1 h < LIE(B(O, Ry)), by Claim 1 we have that p C " (w). By
Claim 2, any ball of radius ||L¢||"(T 4 1/2) contains an occurrence of {”(w) in x, so it
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also contains an occurrence of p. Set t = —log(||L¢|])/ 10g(||L§_1 ). Hence

My(r) _ ILE IO DL (T +172)
L A = ILel(T + /)Ry =i C.
1

We finally conclude that Mx, (r) < Cr!, witht = —10g(||L;||)/log(||Lz1 - |

Remark 3.3. The following statements can be easily verified.

(1) In the case of a symmetric expansion matrix for the substitution, a bound for
My, (R) is given by its eigenvalues, that is, the repetitivity function Mx, (R) is
O (R o111}/ (og(12a D)) wwhere |A1], |A4| are the maximum and minimum of the
absolute values of the eigenvalues of L, respectively.

(2) In the case of a self-similar substitution (where the expansion matrix satisfies
| Le()] = Allt |, for some A > 0), the norm matrix satisfies || L¢ || = (||L§_1 ==
A, so the repetitivity function has a sublinear growth. Hence self-similar substitu-
tions are linearly recurrent, as it was already proved in [41].

(3) The sufficiency of the previous case is not true, there exist constant-shape substi-
tutions that are not self-similar, but are linearly recurrent.

3.2. Recognizability of a constant-shape substitution and their aperiodic symbolic
factors

The substitution ¢ seen as a map from X; to {(X¢) is continuous. Moreover, when the
substitution is aperiodic and primitive, this map is actually a homeomorphism. This prop-
erty is satisfied, even in the case where the substitution ¢ : A — AT is not injective on
letters, i.e., when there exists a pair of letters a, b € +4 such that {(a) = ¢(b). This comes
from the notion of recognizability of a substitution.

Definition 3.4. Let { be a primitive substitution and x € X; be a fixed point. We say that
¢ is recognizable on x if there exists some constant R > 0 such that forall i, j € Z¢,

g aypnzd = XlpGpnze = Gk € Z)((J = Le(k) A (xi = xx)).

This implies that for every x € X, there exist a unique x” € X; and a unique j € F f
such that x = S7¢(x’). With this, the set {(X¢) is a clopen subset of X; and {SjZ(X;):
Jj € Ff} is a clopen partition of X¢ (in [37, Section 5.6] can be found a summary of
these statements for the one-dimensional case. The proofs can be found in [37, Proposi-
tion 5.17], [37, Proposition 5.20], and [20, Corollary 7.2.3] that can be easily adapted to
our case). These properties are also true for the iterations ¢”, for all n > 0. The recog-
nizability property was first proved for any aperiodic primitive substitution by B. Mossé
in [34] for the one-dimensional case, and in the multidimensional case, B. Solomyak
in [41] proved a recognizability property for aperiodic self-affine tilings with R¢-actions.
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In this section, we will prove it for aperiodic symbolic factors of substitutive subshifts
(Xe, S, Z%) (Proposition 3.7). Like in Mossé’s original proofs, the proof of the recog-
nizability will go in two steps. This property will allows us to determine the maximal
equicontinuous factors of aperiodic symbolic factors of substitutive subshifts.

For the first step of the proof of the recognizability property we use the following
propositions. The first one, called repulsion property, is a direct consequence of the growth
of the repetitivity function. The proof is an adaptation of the proof of [41, Lemma 2.4].

Proposition 3.5 (Repulsion property). Let { be an aperiodic primitive constant-shape
substitution, x € X¢ and set t = —10g(||L;||)/10g(||L Y)). Then, there exists N > 0
such that, if a pattern p T x with B(s,r) N Z¢ C supp(p) for some s € Z and r > 0,
has two occurrences ji, ja € Z% in x such that r = N | j1 — ja |, then ji is equal to j,
(see Figure 6).

B(s.Nr})

e

B(ji,r1) | JN]

Figure 6. Illustration of a forbidden situation given by the repulsion property (Proposition 3.5).

Proof. Forany k € Z4, we consider the pattern wx = X |guk+ j,—j,)- Note that

diam(supp(wx)) = [lj2 — j1l.-

We are going to prove that the statement is true for N > 0 such that Mx, (|| j2 — j1l) <
N|j2— jil" <r.ByLemma 3.2 such N > 0 exists. Indeed, since r > Mx, (lj2 — J1lD,
the support of the pattern p contains an occurrence in x of any pattern wg. Since jp is
an occurrence of p in x, we get that for any k € Zd, there exists ni € 74 such that
Xjitng+k = Xk and Xj,nyt(jo—j1+k) = Xjo—ji+k, Which implies that xj, +n;+k =
X j,—j,+k- The fact that j, is an occurrence of p in x let us conclude that for any k € VAR
Xj,—j,+k is equal to xg, i.e., jo — ji is a period of x. Since { is aperiodic, we conclude
that j, = j». |

As mentioned in [16], a key argument of the proof of the recognizability property is
to prove the existence of an integer p > 0 such that for all a, b € A, if {"(a) = {" () for
some n > 0, then ¢?(a) = {P(b). This was proved in the one-dimensional case in [18].
We extend this result in our context.
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Proposition 3.6. Let { be a constant-shape substitution over an alphabet A. For any
patterns wy,wy € éC(X;), we have that

A ) # A () = Vi > 0,8 () # ' (w).

Proof. We proceed by induction on m = |#A|. The statement is obviously true when
|A| = 1. Assume now that the statement is true for |B| < m — 1.

Suppose that w; # wy (if w; = wy there is nothing to prove). Then ¢ is not injective on
letters. Consider the equivalence relation a ~ b in 4, such thata ~ b if {(a) = {(b) and
consider .. : A — 4/~ the canonical projection. We define a morphism o : A/~ — AL
given by o ([a]) = ¢(a). This morphism is well defined by the very definition of ~. Note
that { = 0 o .. Then

Gn = D) ="(w) = (7~0)" 7 (11) = (71~0)" 7~ (W2),

where 7.0 : A/~ — (A/~)F is the substitution with alphabet 4/~ such that for any
f e Ff and [a] € A/~. Thus, .o ([a]) y isequal to [{(a) r]. Note that (In > 1){" (w;) =
{"(wy) if and only if (In > 0)(w~0)" 7w (w1) = (w~0)" 7w (w2). Since the cardinality of
A/~ is smaller than m — 1, by the inductive assumption we have that

@n = D) = "(w) = (120)"2n (W) = (1.0)" 2 r(w2)
= 2 L") = 2" ().

Now, 7™ 2(wy) = m.{™ 2 (wy) implies that o7 ™2 (wy) = o™ 2(wy), which is
equivalent to {771 (w;) = ™ L(wy). n

We then proceed to prove the first step of the recognizability property for aperiodic
symbolic factors of constant-shape substitutions. As proved in Lemma 2.14, we may
assume that an aperiodic symbolic factor of a substitutive subshift is induced by a letter-
to-letter map.

Proposition 3.7 (First step of the recognizability property of aperiodic symbolic factors
of substitutive subshifts). Let A, B be two finite alphabets, { be an aperiodic primitive
constant-shape substitution from the alphabet A and let T : A — B be a map such that
(t(Xe), S, Z%) is an aperiodic subshift. Let x € X¢ be a fixed point of { and y = t(x).
Then, there exists R > 0 such that if y|; +B©,r) = Y|j+B(,R) and i € L;(Zd), then
j € Le(Z9).

Proof. By Proposition 2.12 there exists two finite sets C, D C Z< such that for every
n>0,Fy +Fj CLYC)+ Fy and F — F{ € LI(D) + Fy. Set

= NIL AL AV C + € + D)+ flid = L - (L FL L

where ¢t = —10g(||L;||)/1og(||L§_1 |) and N is one given by Proposition 3.5. We prove
the statement by contradiction. Assume the contrary, then for every n > 0 there exist
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in € Le(Z?), jn ¢ Le(Z?) such that

y|i,,+Lg(D+B(o,r)nZd)+F,f = y|j,,+Lg(D+B(o,r)mZd)+F,§'

For any n > 0, we consider a, € 74 and fn € F,f such that L’E’ (an) + fn = i,.Note
that

L{(an) + LE(BO.r) N Z%) + Ff Cip + L}(D + B(0.r) N Z%) + F{.

Letu, € £p(9,)nze (X¢) be such that (see Figure 7)

— n —
y|in+L"(B(0 nnzdy+rs = TE () = ylj,,+L"(B(0 PNZAY+FE

Note that j, — f, is not necessarily in L” (Z%),soweseth, € Z% and g, € F§ such
that L’g (bn) + gn = jn — fn- Now, for any n > 0and E C Z? we define the following
sets:

Gng = {n € Z4:(LE(n) + F{) N G — f) + LE(E) + F{ # 0},
Hyp = {n € Z4 (L} (m) + Ff) € (n — fa) + L}(E) + Ff}.

Since x = {(x), there exist a pattern v,, € é(iGn Bornzd —bn (X¢), with L" (by) being an
occurrence of " (v,) in x, such that j, + L"(B(O ryNnzé)yc L (Gn B0, r)mzd) + Fg
In particular, " (u,) E " (vy,) (hence 7({" (u,,)) C (8" (vn))), as 111ustrated in Figure 8.

Claim 3. Foranyn >0, b, € H, p(o.r)nze and (G, (g(0.r)nzd) — bn) is a bounded set.

Proof of Claim 3. Let h, € Ft Note that b, € H, p(9 r)nza if and only if there exists
rn € B0,r)NZ%andl, € F such that L"(b )Y+ h, =L} (b )+ g0+ L”(r,,) + 1,
ie,h, =L" (rn) + gn + 1, Wthh is true since r > ||D||.

Now, setm € (G, 0.r)nzd — bn), i.€., there exists hy, € F¥, rn € B(O, r)N Z4 and
l € FE such that L"(m) + h, = L”(b )+ gn + L"(rn) +1l,,ie,m—b, =r, +

L™ (gn + Iy — ha), Wthh implies that lm —bnll <7+ |L"(8n + In — ha)ll. Note
that ILy "(gn + 1y —hn)|| <3|id- Ly 1||||F§|| which let us conclude that ||m b,| <
r+3||1d Ly 1||||F I u

T(¢" ()

o(¢” (1))

dn

Figure 7. [llustration of the pattern 7({" (uy)) around the coordinates i, (black) and j, (blue).
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7(£"(va))

i o))

Figure 8. Illustration of the patterns 7 ({" (vy)) and 7(£" (uy)) around jj,.

By the Pigeonhole principle, there are an infinite set J C N, a finite set G € Z¢
such that G = (G, (p(0,r)nzd) — bn) and H = (H, (9 r)nzd) — bn) foralln € J and
patterns u € £p(g ;)nzd (X¢), v € LG (X¢) such that foralln € J,u, =uand v, = v.
Consider w € %H(X;) such that x|Lg(b,,)+Lg(H)+F,f = {"(w). Note that L7 (b,) is an
occurrence of " (w) in x and set a, = X |(jn—fn+(L'g(B(0,r)+F,f NZA)\(L] (ba)+LY (H)+F)
as illustrated in Figure 9.

Setm > n > |A| € J. Applying " to {"(u), we obtain the patterns " (a,) and
gt (w) = {"(w).

Claim 4. Foranyn > 0 and any E C 74, we have that Gnge €CH,g+C+C+D.

Proof of Claim 4. First, we are going to prove that for any n > 0 and E € Z¢, we have
that G, g € Hy,E+c+c + D.Setm € G, g. Then, there exists h, € F,f, e,k l, e F,f
such that

L';'(m) +h, = L?(bn) + &n + L?(en) + 1.

Setd, € D suchthatl, —h, + g, = L’g(d,,). Hence m = b, + e,, + d,. We prove that
m—d, € Hy g+c+c-

(8" (v))

1@ |agpy v o(¢"(w)

T(ay

Figure 9. [llustration of the patterns {" (w) and a,, in jj.



C. Cabezas 1284

Seto, € F,f. Then
LY (m —dy) + 0, = L{(m) + hy — L (dn) — hy + 0p
= L(bn) + gn + L (en) + Iy — L(dy) — by + 04
= L} (ba) + L} (en) + 0
Letg, € F,,Z and ¢, € C be such that g, + ¢, = L’El (cn). We get that
L{(m —dy) + 00 = LE(bn) + gn + Li(en + n) + (00 + qn).

Since F,f +qn C LZ’(C) + F,f, we conclude thatm € H, g+c+c + D.

To finish the proof, we note that a straightforward computation shows that for any
n>0and A, B € Z?, we have that Hy a+B € Hy 4 + B. We then, conclude that G, g C
Hn,E + C + C + D. | |

If {™"(a,) and a,, are different, there are two occurrences of {™(w). By Proposi-
tion 3.6, these patterns come from two patterns wy, wa € £ (X¢) such that eA=T () =
eI (wy) = 141 (w), occurring in ¢*41=1(v). The distance between these two occur-
rences is smaller than maxtec+c+1) ||L|"’°| o)) < |L¢||*=1|C + C + D], and by
Claim | we have that ng"l (B(0,r)) C supp(é"""’| L(w)), so supp(¢!*=1(w)) contains
a ball of radius 1/|| LEI ||#I=17. By the repulsion property (Proposition 3.5), this is a con-
tradiction, so ¢ "(a,) = a,, as illustrated in Figure 10.

To finish the proof, we note that since ¢"(u) C " (v), there exists p,, € L" (bm) +
L”(G) + Fg such that x| P +LI(BO, DNz LEE = {" (u), which implies that

_ s
oo+ @@nnzo R =8 @
Using the fact that (7" (a,) = a,;,, we get that

LY (pm) + LP(BO.r) N Z) + Ffy = jm — fm + LF(B0.r) N Z9) + Ff,

ie., jm — L"’ "(pm) € L’"(Zd) Since i), € L;(Zd) we have f, € L;(Zd) and
we conclude that Jm € L;(Z ). [ ]
(" (v))
1@ ) Gy | [eer)
4 T(§" " (an)) = t(am)

Figure 10. Illustration of the patterns {™ " (a;) in LZ’*" (Jn)-
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We now prove the second part of the recognizability property. Note that if the substi-
tution is injective on letters, the second step is a direct consequence of the first one.

Proposition 3.8 (Recognizability property of aperiodic symbolic factors of substitutive
subshifts). Let ¢ be an aperiodic primitive substitution from the alphabet A and let T
A — B be a map such that (t(X¢), S, Z%) is an aperiodic subshift. Let x € X¢ be a fixed
point of ¢ and y = t(x). Consider R > 0 as the recognizability radius from Proposition 3.7
for 4 and M = R + 2| F{ | (| Ll = 1)/ (| Lell). Then, for any i j € 2.2

YIBwa),.m) = YIBwG).my = yi =Yj-

Proof. Letk € Z4 and f = Zw L’ (fi) € F | be such that LI'A’I(k) + f = L¢(@).

Hence, we have that
|A|

LM k) + ZL’;I(ﬁ) =i.

By the definition of R > 0, we have the existence of m € Z¢ such that Lw(m) + f =
L¢(j), which implies that j = Ll'A’| 1 (m) + Zl”fll L’ L(fi). Note that, by the definition
of M > 0, we get that

y|L|§‘A|(k)+FfA‘ = y|L‘;‘°‘(m)+F|fA|'

Hence 7(¢*!(xx)) = (¢4 (xm). By Proposition 3.6 for the substitution 7¢ on B, we
get that (14171 (xz)) = 7(¢/*1=1)(x,,), which then implies that y; = Vi- |

3.3. Invariant orbits of substitutive subshifts

As mentioned in the previous subsection, we assume that aperiodic primitive constant-
shape substitutions admit at least one fixed point for the map ¢ : X; — X¢. The orbits
of these fixed points lead to the notion of {-invariant orbits. An orbit @ (x, Z?) is called
¢-invariant if there exists j € Z<¢ such that {(x) = S7 x, i.e., the orbit is invariant under
the action of { in X,. Since for every n € 74 we have £ o S™ = SLt" o ¢, the definition is
independent of the choice of the point in the Z?-orbit of x. The orbit of a fixed point of the
substitution map is an example of an invariant orbit. In the following, we will prove that
for aperiodic primitive constant-shape substitutions there exist finitely many (-invariant
orbits. This property will be used to prove other properties about some constant-shape
substitutions such as coalescence (Proposition 4.8) and that the automorphism group is
virtually generated by the shift action (Proposition 4.9).

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, |A|, ||L 1, ||F§ | and det(L; — id).

Proof. Let x € X be such that {(x) = SJxx, for some j, € Z%. For any m € Z¢, we
have that
é'(Sm)C) — SL;mé-(x) — SLtm-i-jxx — S(L;—id)m-i—jxsmx’
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thus jx — jsmy € (L¢ — id)Z9. Let H € Z? be a fundamental domain of (Le — id)(z%)
in Z? with 0 € H. We may assume that x € X¢ is in a {-invariant orbit with j, € H.
Let K; € 72 be from Proposition 2.10. Using —H as the set 4 and F = F f in Propo-
sition 2.12 we obtain a set C € Z¢ such that L”( H+C)+ FZ c L"+1(C) + ,f+1
for all n > 0. Define D € Z¢ as D = C + K; H . Suppose that there are more than
|4|!P. | H| ¢-invariant orbits. By the Pigeonhole principle there exist j € H and two
different points x # y € X¢ such that x|p = y|p and {(x) = S7x,¢(y) = S7y. Note
that

;(x|D) = é‘(x)|L§(D)+F1§ = x|j+L;—(D)+F1§'

Hence, the patterns x|

J+Ly(D)+ gt are the same. Inductively, we obtain
1
that for every n > 0

j+Lg_(D)+FI§7 y|

sy sbi)rioers, =7 (Sise thi) iy o4,

Let E¢ be equal to D and for all n > 0, define E,, = (Z" J) + L”(D) + F§
We will prove that Un>0 » = Z%. This implies that x = y, Wthh isa COIltI'adICtIOI’I
To do this, we will prove that for every n > 0 the set L7 (K;) + F is included in E, 41
and we conclude by Proposmon 2.10. Note that L% (K;) + F C Ep4q if and only if
LEK, — )+ (Dizb LE(FE — j) € L1 (D) + Y,

Claim 5. For everyn > 0 the set Y ;_, Lk(FZ — J) isincluded in L” )+ F,f.

Proof of Claim 5. For n = 0, note that F; - J isincluded in L¢(C) + F; 3 by Propo-
sition 2.12. Assume that for some n > 0, > _, Lk(F Jj) < L"+1(C) + ,fH We
have that

n+1
S LE(F — ) = (ZL"(FC 1)) +LIFIFE - )
k=0 k=0
Ln+1(C)+ +1 +Ln+1(F§ ')
cLtC + Ff—j)+FL,,
- Ln+2(c) + LnH(F )+ F, n+1 (by Proposition 2.12)
= LJ*3C) + F.s.
We conclude that for every n > 0, > _, Lk(F —-j)c L"+1(C) 4+ F n+1 -
By Clalm 5,the set Ly (K¢ — j) + iz (Ft Jj))isincludedin LY (K — j) +

L" )+ F and L7 (K; +C—j)isa subset of L"+1(D) + L"(Fg) by definition of
D We have that

LY(Kg — j)+ LE(C) + Ff € LIYN(D) + LE(F{) + Ff = LPY (D) + Fy,

and we conclude the proof. ]
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Remark 3.10. Let ¢ be an aperiodic primitive substitution with an expansion matrix L
such that |det(L¢ — idga)| = 1. This implies that (L — idga)(Z4) = Z9. Let x € X;
be a point in a ¢-invariant orbit, i.e., there exists j € Z? such that {(x) = S/ x, and set
m € 79 such that (L¢ —idga)(m) = —j. Then

E(SmX) — SL;m-f—jé-(x) — Sm+(L§—ide)(m)+jx = S™x.

Hence S™x is a fixed point of {. We conclude that the only ¢-invariant orbits in this case
are the ones given by the fixed points of the substitution.

In the following, we show an example of a {-invariant orbit that it is not the orbit of a
fixed point of the substitution map.

Example 3.11 (An example of a nonfixed point orbit, which is ¢-invariant). Consider the
one-dimensional substitution o, of length 3 given by

oy : 0 032,

1+ 123,

2+ 013,

3 102.
This is an aperiodic primitive constant-length substitution. The set of words of length 2 (or
with support K5, = {—1,0}) is {01, 02, 03, 10, 12, 13, 20, 21, 23, 30, 31, 32}. The words

20,21, 30, 31 generate the 4 fixed points of the square of the substitution 022, as illustrated
in Figure 11.

...032123102.032102013.. ..
...032123102.123013102.. ...
...123032013.032102013.....

..123032013.123013102. ...

Figure 11. The four fixed points of 022. The dot in the center represents the origin.

In [29] it was proved that the substitutive subshift (Xg,, S, Z) has an automorphism ¢
induced by a sliding block code of length 2, given by:

®: 0l—2, 020, 03—~2, 10—~3, 123, 131,
20—3, 21—1, 23—~1, 30—0, 31—2, 320,

and also that S¢o, is equal to o,¢. This implies that

S*po? = 03¢. )
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Let x € X, be a fixed point of 022. We have that S*¢(x) = 0} 2(¢(x)), so the orbit of
#(x) is oZ-invariant. The orbit of ¢(x) does not contain a fixed point of 07. Indeed,
suppose that there exists j € Z such that 022(51' (¢(x))) = S7(¢(x)). By (2), we have
that S%+4¢(x) = S’/¢(x). The aperiodicity of (Xs,, S, Z) implies that 8 + 4 = 0,
which is a contradiction since j € Z. We conclude that in the orbit of ¢ (x) there is no
fixed point of 0%.

3.4. Substitutive subshifts as extensions of d -dimensional odometers

The recognizability property establishes a factor map from the substitutive subshifttoa d-

dimensional odometer as follows: For every n > 0, let 7, : X¢ — F be the map satisfying

x € §T@en(x ¢). This map is well defined (mod L" (Z%)) thanks to the recognizability

property. Using basic group theory a{_rguments Tp41 (x) =1, (x) (mod L” (Z%)).
Consider the odometer system (Z¢ (L1 (zd): +¢ L1z Z%). The map

. d d d
7 (X, 8. 29) = (29 wp @y +apa Z°)

<
given by (7, (x))n>o0 is a factor map between (X¢, S, Z% and (Zd(L?(Zd)), —i—(Lrg @) 79).
Moreover, it satisfies the following property.

Lemma 3.12. Let (X¢, S, Z%) be the substitutive subshift from_an aperiodic primitive
constant-shape substitution . Then, for any § = (gn)n>0 in Zd(Lzl(Zd)), two different
cases occur:

(K1) Assume that\ - o(—gn + F,f) = Z2. Then, there are at most |A| elements in
Ea (03]
(K2) On the other hand, |7~ ({g})| is not greater than |¢A)||?€|, where f;— = K¢ +
C, with C + Flg + Ff C Lg(C)+ Ff is obtained by Proposition 2.12 using
={0}and F = Flg + Ff, and Ky is given by Proposition 2.10.
In particular, the factor map mw : (X¢, S, 79— ((Z_d(Lg(Zd))v +(L'§ (zd))» 72) is finite-to-1.

Proof. We separate the proof in these two cases.

(K1) Assume that |7~ ({g})| > |4A|. Let xo. . .., X|4| bein 7 '({g}).Foralln >0
and all j € {0, ..., |A[}, there exist y/ € X; such that x; = S&2¢"(y). By
the Pigeonhole principle, there exist j; # j» € {0, ..., ||} and an infinite
set £ C N with y7lo =y} |o forn € E. Th1s 1mphes that for any n € E,

Xji |_g”+an Xj, |_g FE- By definition of g, the points x;, , x;, are the same,
which is a contradiction

(K2) Suppose that g does not satisfy (K1). Proceeding as in the previous case, we
assure the existence of two indices ji # > such that y; |E =} |§§ for any n
in an infinite subset £ C N. This will imply that

le |—g,,+LE.’(?C)+Fn = xj2 |_gn+L?(?§)+Fn§
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forany n € E. Now, note that foranyn € N, g,41 — g, € L" (Ff), and a direct
induction prove, —g, + L" (f;) + F,,Z is included in —g,41 + L"H(f;) +
F,f +1- Since K¢ € K¢, we conclude by Proposition 2.10 that x;, = x;, which
will be a contradiction. ]

<—
Remark 3.13. Note that the set of points T e Zd( L1(@)) satisfying (K1) is a Gg-set.

Indeed, for any M > 0 define
H
Uy = {? € Zd(Lrg(Zd)): [—M, M]]d C—gn+ F,f, for some n > O}.

<«
Note that Ups is an open subset of Zd( L1@4)) and the set (7., Um contains exactly the
points satisfying (K1).

Now, for any n in Z¢ and M > 0 the set Uyy is included in Ups 1 || Hence the set of
points on the odometer satisfying (K1) is invariant by the Z?-action.

In some particular cases, we can compute explicitly the fibers of the factor map. For
any f € Ff we define p y the restriction of { in f',i.e., fora € 4, we have that pr (a) =
{(a) r. We say the substitution is bijective if for all f € F f the maps py are bijective.
We have the following result about bijective substitutions

Proposition 3.14. Let { be an aperiodic bijective primitive ¢onstant-shape substitution
with alphabet A. Then, the factor map w : (X¢, S,72%) — (Zd(Lg(Zd)), +(L21(Zd)), 79)
is almost |A|-to-1.

Proof. The map py is a permutation of »A, so we consider a power of pg such that pg is
equal to the identity. Since ¢ is primitive, we replace it by ¢” and with this we may assume
that { possesses at least || fixed points (one given by each letter of the alphabet). Now, let
? € Zd( L (zdy) satisfy (K1). For any a € A, consider a fixed point of ¢, denoted as x4,
with x,(0) = a and define x; = lim,,, 00 S8 x, for some convergent subsequeng_e.
Since the sets {S¥"[{" (a)]}ae are disjoint, for any a # b € 4, xg s different from x % .
Finally, noticing that Jl’(x;g ) = &, we have that 771 ({&}) > |A|. By Lemma 3.12 we
conclude that 7 =1 ({&}) = |4|. Since the set of points satisfying (K1) form a G set, we
conclude that the factor map 7 : (X¢, S,Z9) — (Zd(L?(Zd)), Ty Z4) is almost
|A|-to-1. L]

In general, this d-dimensional odometer is not the maximal equicontinuous factor of
aperiodic constant-shape substitutions.
3.5. The maximal equicontinuous factor of substitutive subshifts

For completeness, we will describe the maximal equicontinuous factor of substitutive
subshifts (see [21] for the case with diagonal expansion matrices and [12] for the one-
dimensional case). The results are well known in the literature but nowhere written.



C. Cabezas 1290

A subgroup £ < Z¢ is called a lattice if it is isomorphic to Z<, i.e., it has finite index.
For a lattice £ of Z?, we define the dual lattice of £, as the subgroup

L ={xe R%: (x,n) € Z, Vn € £}

We have that (Z4)* = Z4, and for any R € M(d, Z) the set R(Z?) is a lattice of Z¢
with dual lattice equal to (R*)™1(Z¢), where R* stands for the algebraic adjoint of R.
Let £, £, be two lattices of Z4 . We denote by £; Vv £, the smallest lattice that contains
£ and £,, i.e., if a lattice £ contains £ and £,, then it must contain £; V £5.

Fix x € X¢. We define the set of return times as

:R(X;') = {j (S Zd:EIk (S Zd, Xk+j = xk}~

By minimality of X this set is well defined independently of x € X¢ and itis syndetic, i.e.,
there exists a finite subset A € Z4 such that R(Xe)+ A= 74 . We define L(R(X¢)) as
the smallest lattice containing R (X¢). The height lattice # (X¢) of a substitutive subshift
¢ is the smallest lattice containing £(R (X)) such that H(X¢) N L¢ (2% < Le(H(Xe)).
Notice that the last property is equivalent to #(X¢) N L’g (z%) < L'E‘ (#H(X¢)), for any
n > 0. The height lattice is trivial whenever # (X¢) = z4.

Example 3.15 (An example of a height lattice). Consider the product substitution o3
of the one-dimensional substitutions o4 : 0 — 010, 1 — 201, 2 — 102 (with height 2)
and 05 : a — abcd, b — bede, c +— cdef,d — defa, e — efab, f — fabc (with
height 3). The substitution o3 has an alphabet of cardinality 18 with Lo, = (3 9) and
F? =[0,2] x [0, 3]. A direct computation shows that the height lattice (X5, S, Z?))
is equal to 2Z x 3Z.

In the following, we will give a description for the height lattice, adapting the proof for
the one-dimensional case [12,37]. For k € Z%, we define Ry Xe)=1{Jj ez: Xj+k =Xk}
Let (Rx(X¢)) be the smallest lattice containing R (X¢) and Hx(X¢) be the smallest
lattice containing £ (R (X¢)) such that Hp (X¢) N L (z4) < L (Hr(Xe)).

Lemma 3.16. Let ¢ be an aperiodic primitive constant-shape substitution. Then, for any
ki ky € Z% the sets Hr, (Xe), Hi,(X¢) are the same. In particular, for any k € 74,
Hr(Xe) is equal to H (X¢).

Proof. Let x € X be a fixed point of the substitution, k1, k> € 74 and N be large enough
such that xg, = ¢V (xg,). Set m such that xg, = ¢V (xk,)m. Since x = ¢V (x) for any
J € Rk, (X¢), the set Lév(kl + j) + m is included in Rg,(X¢). Hence Lév(j) is in
L(Rk,(X¢)) and therefore in Hy, (X¢). By definition of Hy, (X¢) and invertibility of LN,
we conclude that j € Hr,(X¢). Since it is the smallest lattice satisfying the property,
Hr, (X¢) is a subgroup of Hy, (X¢), and by reciprocity of the arguments these sets are the
same. We conclude the second equality by observing that #(X¢) = > rczd Hi(Xe). =
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As in the one-dimensional case, to study the maximal equicontinuous factor of a
substitutive subshift, we study their eigenvalues. A vector x € R is said to be an eigen-
value for the topological dynamical system (X¢, S, Z4) (the measure-preserving system
(Xe. ., S, Z%)) if there exists a continuous function £ : X¢ — C (f € L*(X¢, jue), respec-
tively) such that for every n € Z%, f o S" = 27161 £ in Xe (foS"= e2milxn) £ in
X¢, pne-a.e. in Xe, respectively). In [42] the following result was proved, generalizing the
characterization of eigenvalues for the one-dimensional case [12].

Theorem 3.17 ([42]). Let { be an aperiodic primitive constant-shape substitution which
has a fixed point in X¢. Then the following are equivalent for x € R4

(1) The vector x is a continuous eigenvalue for the topological dynamical system
(X¢, S,RY).

(2) The vector x is a measurable eigenvalue for the measure-preserving system
(X¢, pe, S, RY).

(3) The vector x satisfies the following condition:

lim 2" FeI¥) =1 Vj e R(X;).

n—-oo

(4) The vector x satisfies the following condition:

lim 2™ HeIx) — 1 v e H(Xyp).

n—>oo
Remark 3.18. The same results are satisfied for Z?-topological actions adapting the
arguments given in [42]. Note that condition (4) in Theorem 3.17 is not proved in [42]
but it can be easily checked noticing the set of points satisfying ((L;)N x,j)eZisa
lattice.

This implies that the set of continuous (and measurable) eigenvalues of (X¢, S, Zd)
corresponds to the set UnZO(LZ‘)_” (#H*(Xt)), where H*(X¢) is the dual lattice of
H(X¢). In particular, the set of eigenvalues E(X¢, S.Z%) of (Xe, S, Z%) is a subset
of Q4. A direct consequence of Theorem 3.17 is a description of the maximal equicontin-
uous factor of (X¢, S, Zd).

Proposition 3.19. Let ¢ be an aperiodic primitive constant-shape substitution. The max-
imal equicontinuous factor of the substitutive subshift of (X¢, S, 72) is the odometer
system

<«
(Zd(LZ‘ X)) TLEX)- z%) = (l(i_r;ll(zd/L'Z (JE (X)) otn). + L2 xp))- z%).

For completeness, we provide another description for the maximal equicontinuous
factor in a general setting. Let (X, T, Z%) be a topological dynamical system, where X
is a Cantor set, and "' < 74 a finite-index subgroup. We say that (X, T, Zd) admits a
['-minimal partition if there exists a closed partition (1), ¢4, Xg = X such that for all
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g € Z4 T the set of return times RT (Xg)={ne z4: T7"(Xg)NXg #0@}isequalto T
and the topological dynamical system (X, I') is a minimal system. Note that, since it is a
finite partition, the sets X are clopen. The minimality of the induced actions implies that
there is at most one I'-minimal partition, up to a permutation of the sets {Xg }gez4 /-

A T'-minimal partition is associated with an equicontinuous factor of (X, T, Zd) in
the following way: We enumerate X, such that for all g € Z2/T and n € Z¢ we have
that 7" Xy = Xg4nmod - Then, the map m : (X, T, Zd) — (Zd/F, +r, Zd), such that
n(x) = g if and only if x € X, is a factor map onto (Z4/T, +r,Z%), where Z¢ acts
by quotient translations onto Z¢/T. The following proposition shows the connection
between I'-minimal partitions and eigenvalues of a topological dynamical system.

Proposition 3.20. Let (X, T, Z%) be a minimal topological dynamical system and T’ < 74
be a finite-index subgroup. The system (X, T, Z%) admits a T -minimal partition, if and
only ifT* C E(X,T,Z%).

Proof. Let L € M(d,Z) be such that I’ = L(Z%). We recall that L([0, 1)4) N Z< is a
fundamental domain of L(Z4) in Z¢.

Let {Xg}ger(j0,1)4)nz¢ be a I'-minimal partition satisfying Xg = T¥(Xo) for all
g € L([o, l)dg) N Z%. Let x be in (L*)~1(Z%). Define f as the map

f — Z ezni(x,g)]lx
o

geL([0,1)4)nz4

Since the sets {Xg }4ez,(0,1)4)nz¢ are clopen, the map f is continuous. Let x € Xo, m €
Z% andm, € Z%, m» € L([0,1)?) N Z< be such that m = L(m1) + m». Note that 7™ x
is in X, and since x is in (L*)~'(Z¢), we have that

e2milem) _ J2wilx,R(mi)+ma) _ 27i(x,R(m1))+(x,m2)) _ ,2mi(x,m2) 3)

We found a continuous map such that f(7™x) = ¢27(*m) £(x) for all x € X and
m € 7. We conclude that x € EX, T, Zd).

On the other hand, let y be in X. For j € {1,...,d} we denote x; = (L*)"!(e;). Since
['*CE(X,T,Z%) there exists a map Ji :X — Csuchthat f;(T™y) = o2l "")fj (y) for
allm € Z?. Since the eigenspaces are one-dimensional we choose Jj suchthat f;(y) =1.
By (3), the values of e>*¢*/™) only depend on m € L([0, 1)) N Z¢. Now, for any
je{l,....d}andm e L([0,1)?) N Z? we denote X3 = j;_l({ez’”'(xf’m)}). By min-
imality, for each j € {1,...,d}, the set X is equal to UmeL([o,l)d)mZd X3,. We define

Indeed, note that X, is ['-invariant. Now, assume that there exist ny,n, € L([0, l)d) N
74 such that ny # no and X, N X,,, # 0. Using the Z¢-action on X, this is equivalent to
the existence of m € R([0,1)¢) N Z¢ with m # 0 and X,, N Xo # @. This means that for
all j €{l,...,d}, e2milx;m) jq equalto 1,i.e., (xj,m) € Z. Since I'* = ({x1,...,x4}),
we have that m € (I'*)* = I which is a contradiction, so all of these sets are disjoint.
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By minimality, we have that X = UmeR([O,l)")ﬁZ" O(Tm™y,T). Since O(T™y,T)
is included in Xy, we conclude that {Xm } e r(0,1)4)nz¢ is @ clopen partition of X and
O(T™y,T') = Xm, so the action of I" on X,, is minimal. A direct computation shows
that the set of return times of each Xy, is I'. Hence {Xm}meRr(0,1)4)nz¢ is @ ['-minimal
partition. m

Remark 3.21. The following statements can be easily verified.

(1) In the case of an aperiodic primitive constant-shape substitution ¢, the recog-
nizability property implies that for all n > 0, the sets {S7 " (X ;)}je p¢ form a
L’Z (Z4)-minimal partition.

(2) By Theorem 3.17 and Proposition 3.20 for any aperiodic primitive constant-shape
substitution there exists a # (X¢)-minimal partition.

3.6. Aperiodic symbolic factors of substitutive subshifts are conjugate to
substitutive subshifts

In the following, we will extend the results of C. Miillner and R. Yassawi in [35], by
proving that aperiodic symbolic factors of a substitutive subshift (X¢, S, 7.4) are conjugate
to substitutive subshifts where the substitutions have the same expansion matrix and same
support as {. First we have the following consequence of Proposition 3.7.

Remark 3.22. It is straightforward to check that Proposition 3.7 implies that if x,x" € X,
are such that 7(x) = 7(x’), then 7 (x) is equal to 7 (x’), where

—
. d d a
w:(Xe, S, 2%) — (Z wr@dy: twray- L )

is the factor map.

To prove the result we will introduce some notions as in [35].

Let ¢ be an aperiodic primitive constant-shape substitution. We consider a labeled
directed graph G¢ with vertex set E = #2 and we put an edge (a,b) to (¢, d) with label
f e Ff if{(a)y =c,{(b) y =d.Note that the diagonal A 4, = {(a,a):a € A} is a stable
set, i.e., E(A4) = Au. Let P = (ag, bo)(ay, b1)(az, bz) be a path, by definition, there
is an edge from (ag, by) to (ay, b1) with some label f and an edge (a1, b1) to (az, ba)
with some label f1, i.e., {(ao) f, = a1, {(bo) g, = b1, and {(a1) g, = a2, {(b1) g, = Da.
Then, we have that £*(ao)L, fo+f1 = @2, (> (D)L, fo+f1 = ba. This means that the paths
indicate the simultaneous positions of the letters in the iterates of the substitution.

The following definitions were introduced in [35].

Definition 3.23. Let ¢ be an aperiodic primitive constant-shape substitution.

(1) We say that a pair (a,b) € A% \ Ay is a periodic-pair if there is a cycle in Gy
which starts and ends in (a,b). We define n(a,b) = min{| P|: P is a cycle in (a,b)}
and we denote

n(¢) = lem{n(a, b): (a, b) is a periodic pair},
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we call the substitution pair-aperiodic if n(¢) = 1.

(2) We call a pair (a,b) € A \ Ay an asymptotically disjoint pair if for any k > 0,
there exists a path P = (ao,bo) - - - (ak, bx) in G¢ of length k with (ag, bg) = (a,b)
and (ag, bx) & Aa.

Remark 3.24. The following statements can be easily verified:

(1) As for the case of {-periodic points for the substitution, we can replace the substi-
tution ¢ for an appropriate power, i.e., "), so we may assume that the substitution
is pair-aperiodic.

(2) If the substitution ¢ is bijective, every (a, b) € #42 \ A is an asymptotically dis-
joint pair.

(3) Assume that ¢ is pair-aperiodic. If (a, b) € A2 is not an asymptotically disjoint
pair, let k be the minimum length of a path from (a, b) such that any path of
length k has an end in A 4. Since the shortest path has no cycle, we have that
k < |A|?. Indeed, if k > |A|?, there exists a cycle as a subpath in P, i.e., one of
the vertex (c, d) is a periodic-pair. Since ¢ is pair-aperiodic, there exists f € F f
such that {(c)y = ¢ # d = {(d) . So we can create a path of length arbitrarily
large from (a, b) that does not reach A4, which is a contradiction. This implies
that 147 (@) = ¢I*P ().

Definition 3.25. Let 4, B be two finite alphabets, { be an aperiodic primitive constant-
shape substitution with alphabet 4 and 7 : A — B. We say thata, b € A with a # b are
indistinguishable (by (¢, 7)) if for all n > 0 we have that (" (a)) = t(£"(b)).

With these definitions we are ready to prove the next result which is a multidimen-
sional analogue of [35, Theorem 22].

Theorem 3.26. Let (Y, S, Z4) be an aperiodic symbolic factor (with alphabet B) of
a substitutive subshift (X¢, S, Z2), with ¢ being an aperiodic primitive constant-shape
substitution with alphabet A. Then there exists an aperiodic primitive constant-shape
substitution {' with alphabet € having the same expansion matrix and support of a power
of ¢ and a conjugacy v’ : (X, S, 74y — (Y, S, Z%) via a letter-to-letter map.

Proof. By means of Lemma 2.14 and Remark 3.24 we can assume that the factor map
T:(Xe, S, 7%y — (Y, S, 7Z%) is induced via a letter-to-letter map and ¢ is a pair-aperiodic
substitution.

We define an equivalence relation @ ~ b in A, such that a ~ b if a, b are indistinguish-
able. We define a substitution ¢’ on #/~ as ¢'([a]) f = [{(a)f], for f € Ff. Note that
the map 7' : A/~ — B, given by T/([a]) = (a) is well defined. This map satisfies the
following property:

Every pair in 4/~ is distinguishable. 4)

It is straightforward to check that primitivity of ¢ implies primitivity of ¢’.
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We will prove that every periodic pair in 4/~ by ¢’ is the quotient of a periodic
pair in #A by . Assume now that ([¢], [b]) is a periodic pair, i.e., there exists a cycle
Py = ([aol. [bo]) - - - ([ak]. [bk]) in Ggr with ([ao]. [bo]) = ([ak]. [bk]) = ([a]. [b]). Let P, =
(co.do) -+ (ck.dy) be apathin G¢ with [¢;] = [a;] and [d;] = [b;] for 0 <i < k having the
same label of edges as P;. Now, repeating this process we get a path Ps in G¢ of length
(max{|[a]|, [[P]|} + 1)k from (c, d) repeating the labels of the path P; with a period k.
By the Pigeonhole principle, there exist two subpaths P4 = (eq. fo) - - (e1,k, f1,k)> P5s =
(g0, ho) -+ (g1,k, hy,k) of P3, having the same labels of the edges of P; repeating them
with period k, such that eq = e, ho = hpx and [eg] = [ao], [ho] = [bo]. Now con-
sider the cycle in Ge, (ug, Vo) - - - (U, 1,52, V1, 1,k2) Where Uy i - U k(j+1) = €0 el k
and Vi, km ** Vik(m+1) = ho -+ hpi forall 0 < j < [k, 0 < m < [ik. Since { is pair-
aperiodic, there exists f € F f such that {(eg) f = eq, {(ho) f = ho. We then conclude
that ¢'([a]) r = [a], {'([b]) f = [D], i-e., {’ is pair-aperiodic.

On the other hand, for all n > 0, we have that 7({"(a)) = /(£ ([a])), hence Y has
the same language as 7/(X¢/), so they are equal, since subshifts are uniquely determined
by their language.

Finally, we prove that 7’ : (X¢/, S, Z%) — (Y, S, Z%) is a conjugacy. Let x, X’ € X,
with 7/(x) =7/(x"). By the recognizability property of X/ we can write x = S /1 c2AR (),
x' = §/2221A47 (/). By Remark 3.22 we have that f; = f>.

If there exists n € Z? such that (y, y,) € A? is an asymptotically disjoint pair, we
can find a periodic pair ([a], [p]) and a path P = ([ao], [bo]) - -- ([ak], [Pk]) in G¢ with
([ao), [Po]) = (¥n. yy,) and ([ak], [bx]) = ([a], [b]), with k <|A|*. Since ¢’ is pair-aperiodic,
we have that there exists f € Fzﬂ 4pp Such that (E)HAP (ya) p = [al, ()2 (y) ;= [B].
Note that

(PP (ya)) = E2AP (@ () = EHAP (2 (ya)) = 7 (@PAF (),

so t/(a) is equal to 7/(b). This implies that ([a], [b]) are indistinguishable, which contra-
dicts (4).

If (yn, y;,) is not an asymptotically disjoint pair for any n € 72, by Remark 3.24 we
have that ¢24P (y,) = ¢247 (/). ie., x = x'. We conclude 7’ is bijective and then a
conjugacy. ]

4. Measurable morphisms between constant-shape substitutions

In this section, we study different types of homomorphisms between substitutive subshifts.
First, we extend a result of B. Host and F. Parreau from [29] to the multidimensional
case (Theorem 4.1), which establishes that any measurable factor between two substitu-
tive subshifts given by aperiodic constant-shape substitutions, under some combinatorial
property, induces a continuous one. Then, we deduce some consequences: Every substitu-
tive subshift given by an aperiodic constant-shape substitution satisfying the combinatorial
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property is coalescent (Proposition 4.8), the quotient group Aut(X¢, S, Z4)/(S) is finite,
generalizing the results in [8] and we give some conditions where the automorphism group
of a substitutive subshift is isomorphic to a direct product of Z¢ with a finite group (Corol-
lary 4.10). Finally, we extend Theorem 4.1 to homomorphisms associated with matrices
commuting with a power of the expansion matrix of the substitution (Theorem 4.13). This
leads to the same rigidity properties about these homomorphisms (Proposition 4.17) and
for some restricted normalizer group. Notice that in Section 5 we will give sufficient con-
ditions to ensure that the former result is a complete characterization of the normalizer

group.

4.1. Measurable factors imply continuous ones for substitutive subshifts

Let ¢ be a constant-shape substitution. Recall that the substitutive subshift (X¢, S, Z9) is
uniquely ergodic and we denote ¢ the unique ergodic measure. For any n > 0, the image
measure of ¢ by " is equal to |Fn§| * W¢ len(x,)» and as in the one-dimensional case [37],
the unique ergodic measure satisfies

1
VU € Fx,. ug(U) = w5 ) {f € FE:ST¢"(x) e UY|dpe (x),
n 4

where Fx, corresponds to the Borel sets of X.
As in [29] we use the notion of reducibility of a constant-shape substitution. For any
pair of distinct letters a # b € 4 and n > 0 we consider the sequence

(S € B8 @)y # 0 s

|F |
This sequence is decreasing for all of the pairs a, b € 4. We say that the constant-shape
substitution is reduced if min,eN g£pes dn(§" (a), " (b)) > 0. For instance, every bijec-
tive constant-shape substitution is reduced. The following theorem is a multidimensional
analogue of [29, Theorem 1.3].

dn(§"(a). 5" (b)) =

Theorem 4.1. Let (X¢,, S, 7%, (X 6 S, Z%) be two substitutive subshifts from two aperi-
odic primitive constant-shape substitutions {1, {» from finite alphabets A and 8B, with the
same expansion matrix L and same support Fy. If {5 is reduced, then for every measur-
able factor ¢ : (X¢,, e, S, Zd) — (Xg,, pe,, S, Zd), there exists j € 74 such that qub
is equal (g, -a.e. to a continuous factor map \ @ (X, S, 7%) - (Xe,, S, Z2), satisfying
the following two properties:

(1) The factor map V is a sliding block code of radius
IFFIQ+ 1L @ + 1/ = L7 D).

(2) There exist an integern > Q and p € Ff such that, SPYL = (3.
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Remark 4.2. The following statements can be easily verified.

(1) If L¢ is a diagonal matrix, then || L7 '|| < 1/2, so the radius of ¥ is bounded by
3.

(2) As the set of sliding block codes of radius || Ff (1 + ||Lz1 le+1/(1- ||LE1 ()}
between X¢, and X¢, is finite, we may consider an appropriate iteration of ¢; and
5 such that any factor v satisfying (2) in Theorem 4.1 satisfies SPy{; = (.

(3) As also mentioned in [29], we may assume that p ¢ (L’g —id)(Z%), because it is
equivalent to find a factor map commuting with the substitution map, i.e., ¥ (" =
¢y, with p € FY.

If a substitution is not reduced, we consider an equivalence relation calling two let-
ters a, b equivalent when d, (¢"(a), ¢" (b)) — 0. If two letters a, b € #A are equivalent,
then ($(a)) s ~ (§(b)) s forall f € Ff. We define a substitution Z‘ on 4/~ given by
(E ([aD))r =1[l(a)s] for f € F f . We have a natural letter-to-letter factor map ¢ :
(Xe, S, Zd) — (Xf’ S, Zd), and it is called the reduced substitution of {.

In the one-dimensional case, if (X¢, ue, S, Z) does not have purely discrete spectrum,
it can be proved, using the results in [12], that (X £ S, Z) is aperiodic. An ergodic system
(X, u, T, Z) has purely discrete spectrum if the vector space spanned by eigenfunctions
of the Koopman operator Ur(f) = f o T € L?(X, u) is dense in L?(X, ). It is well
known that any ergodic system with purely discrete spectrum is conjugate to an ergodic
rotation on a compact abelian group [27].

In the multidimensional case this is not true in general, as we can see in Example 4.3.

Example 4.3 (An aperiodic constant-shape substitution, with a periodic reduced substitu-
tion). Consider the substitution 0 with Lg, = (% g) and F¢ = [0, 1]?, given by

20

O¢ : 0 3+—>2 0

1 3 | 0 2 9 31
0 27 0 2’ 2 0’

This substitution corresponds to the product substitution between the Thue—Morse
substitution (o7 : 0 — 01, 1 — 10) and the doubling sequence substitution (og : a + ab,
b+ aa). Note that a ~ b, since for all n > 0, 0§ (a) and o§ (b) differ only in their last
letters. Figure 12 is a pattern of 0.

The system (Xo, X Z (an7), S X +(2nz). Z?) is a topological factor of (Xo, S, Z?),
hence the substitutive subshift (Xg,, S, Zz) does not have purely discrete spectrum. The
reduced substitution of ¢ is defined with the same expansion matrix and support, given
by
~ a b b a

Og:.: ar> , b~ ,
a b b a

where every element in {0} x Z is a nontrivial period of .

However, as proved in [29] for the one-dimensional case, if the reduced substitution
system is aperiodic, then (XE’ e, S, Zd) is metrically isomorphic to (X¢, Mg S, Zd).
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1331311331131331
0220200220020220
0220200220020220
0220200220020220
1331311331131331
0220200220020220

Figure 12. A pattern of the substitution o¢.

Proposition 4.4. Let ¢ be an aperiodic primitive constant-shape substitution. If the re-
duced substitution { is aperiodic, then the natural factor map between (X¢, pe, S, Z%)
and (Xf’ g S, Z%) is a metric isomorphism.

<«
Proof. Letm : (X¢, S, 7% - (Zd(yé), +wps Z2) as defined in Section 3.4. By Propo-
sition 3.7, for every n > 0, 7, (x) is equal to 7, (¢(x)). In particular, if x, y € X; satisfies

cg(x) = $(y), then 7 (x), 7 (y) are equal.

SetU = {x € X¢:3y € X¢, P(x) = (). xo # yol. It is enough to prove that U is
a null-set.

Letn >0, f € F,f and x € X be such that S ¢"(x) € U. Then, there exists y € X

with ¢(y) = $(S/¢"(x)) and yo # ¢"(xo) s - Then 7, (y) = 7, (S7 £ (x)) and is equal
to f. Moreover, there exists z € X; with y = Sf¢M(z), so a(x) is equal to 5(2). This

implies that (§"z¢) , ({" x0); are equivalent for all j € F¥. Note that (£"z0) f = yo,s0
it is different from ({"x¢) r. We define the set

Gy = J {f € F:[¢"a)s1 = [("b)s). (§"a)y # (D) s}

a,beA

We deduce from the previous paragraph that

1 n
1o (U) = ﬁ/\{f € FE: 876" (x) € UY|dp(x)

_1Gul

|Fr|
For any a, b € A we denote
DpP ={(c.d) e A% 3f € Ff, ({"a)y = ¢, ("b)s =d, [c] # [d]}
and

€20 =(c.d) e A%3f € F}, ({"a)y = ¢, (("b)y = d, [c] = [d]}.
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Set ¢ > 0 and let j > 0 be large enough such that for any a,b € A
dj (¢ (a).¢ (0)) < lim d(§*(@).55 (1)) +e.
k—o00
Fix a, b € 4. Note that

A+ (" (@) $" T (b))

= ; ST OUF & ). @)+ > IF I (). 8 (d))

[ Fos ] (c,d)eD? (c,d)e8&d®
1 . . . .
——( ¥ awera+ ¥ aee.ca)
|Fa| (c,d)eD? (c,d)e&d®
1 i
s—§( > (lim @O @) o)+ Y e)
| F | (c,d)eD? (c,d)e€?
e( D"+ 16°) | 1 . koo ok
< : Y. Jim de(@ (). 5 (@)).

¢
|Fl’l| |Fn (C,d)E:D,‘,Lb
Since this is true for every & > 0 and limg_ 0 dx (E¥(c), £¥(d)) < 1, we have that
dn+; (" (a), " (b)) < |D2?| /| F} | and this is true for every j large enough, so
j)a,b
lim de(¢* (@), ¢ (b)) < 122
k—o00 FZ

| Fa |

hence
ne(U) = 37 (dn(E"(@). " (b)) = lim (£ (@), " (b))).
a,beA oo
When n — oo, the right expression goes to zero, and we conclude that s (U) = 0. ]

Now, to prove Theorem 4.1, we assume that {, is an aperiodic primitive reduced
constant-shape substitution. We denote by 7 = min,eN a#pe8 dn($5(a), {5 (b)) and R
the radius from the recognizability property of {». Let ¢ be in m Fac(X¢,, X¢,, S, 7%).
The map 7, (x) — 7, (¢x) (mod L” (Z?)) is invariant under the Z¢ -action, so it is constant
We,-a.e.. We denote this constant by p,(¢) in F,f' . The set SPr ("’)qbff (X¢,) is included in
{5 (Xe,) up to a pg,-null set. Recall that the recognizability property implies that {7 is a
homeomorphism from X¢, to {7 (X¢,), so for p¢, -almost all x € X¢, there exists a unique
point y € X¢, such that S""(¢)¢§;’ (x) = ¢Z(y), which we denote ¢, (x). So, for every
¢ € mFac(X¢,, X¢,, S, 74) we consider a sequence (pj, (¢))n>0 and a sequence of maps
(¢n)n € mFac(Xe,, Xe,, S, Z%) such that

pn(p) € FF, SPr@grr(x) = (3 (gn(x)).
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It is straightforward to check that the sequence (p,(¢))n>o satisfies the recurrence

Put1($) = pa(®) + L}, p1(¢n)  (mod LEF(Z)).

We also have the recurrence (¢,)1 = Pn+1-
Now, for ¢, 0 € mFac(X¢,, X¢,, S,7Z4), we denote d(¢,0) = e, ({x € Xe 1 (Px)o #
(6x)0}). We also denote, for any r > 0, the quantity C(r) = |B(0,r) N Z¢|.

Lemma 4.5. If d(¢, 0) is smaller than n/C(R), then ¢, 0 are equal ji¢, -a.e. in X¢,.

Proof. For all n > 0, we denote U, = {x € X¢,: (¢ux)0 # (Onx)o}. We will prove by
induction on n > 0 that p,(¢) = p,(0) and u¢, (U,) < 1/C(R). By hypothesis, this is
true for n = 0. Now, suppose that p, (¢) = p,(0) and u¢, (Uy,) < 1/C(R) for some n > 0.
We note that the map 71 (¢, x) — 71 (6, x) is equal to (p1(6,) — p1(¢n)) (mod L’él (Z%))
for ug -a.e x in X¢,. By the recognizability property, this map vanishes on the set {x €
Xe, 1 (@nx)|B0,R) = (BnX)|B(0,R)}, Which has a positive measure by hypothesis. We con-

clude that p,,+1(¢) = pu+1(0).
Now, let x be in Uy, 1. Then, there exist at least n|Fn§lL1| indices f € F,f_'H such that

& n1 (@) # G 1 (0)) g de
(Sp"“(d’)(ﬁ{f—i_l(x))f # (Spn+l(9)9é-{l+1(x))f,

so we have that

77|F,fi.1|ﬂc1 (Un+1) < /|{g € Fné-li-l + Pnt1(¢): S8 x € Uptldpe, (x)
= |F; e, (Uo).

Hence, pi¢, (Up41) is less than 1/C(R).
Now, we will prove that ¢ = 6 for u; -a.e. x € X¢,. Let r > 0 be an integer. Since
(F,fl),,>0 is Fglner, we choose n > 0 large enough such that |(F,,§1)°r |/|{Fn§1 } = 1/2.Set

P = pu(@). If x € U§, then (SP@CTx)| Loy = (SPOLTx)] so we have that

F,,Zl F,,Z;l ’

(SPH 981 x) porynza = (SPH 01 %) g,z
for f € (F£1)°r . This implies that

[(FE)°r|
|Fe|

\Y
3

pe ({x € X:(9x)|B0,r) = (0X)B0.1)}) =

%(l—ﬁ)>0.

Finally, the set {x € X:¢(x) = 6(x)} is the decreasing intersection of these sets, so it
has a positive measure. By ergodicity, ¢, 0 are equal ji¢,-a.e. in X, . ]

v
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Lemma 4.6. Let ¢ be in m Fac(X¢,, th» S, Z%). Then there exists a sequence (V)
of sliding block codes of radius ||F 1+ ||L§11||(2+ 1/(1 - ||L§11||))) such that

d(¢n, Yn) — 0.

Proof. Set ¢ > 0. By Lusin’s theorem, there exist an integer £ > 0 and a continuous map
f + X¢, — B such that f(x) only depends on x|p(g,¢), and the measure of the set V =
{x € X¢,:(¢x)o # f(x)} is less than e7/6. Since (F,,gl )n>0 is Fglner, we choose n > 0
large enough such that

$1yol
(FD™
|F'| 3
Set p = p,(¢). Forevery x eX;l,wedenote Jx)={f € (F,,El)°e:Sf+1’§{’x ¢V}
and W = {x € X¢,:[J(x)| > (1 —n/2)|F, l|} Note that

&n
—_ > H’{l(V)

6
/ (CEEYE = 1T (x))dpe(x)
WC

>
|Fe|
n
> (1= e, (W)

So we have that g, (W) > 1 —e.

Using Proposition 2.12 with F = Fg + F§ and A = {0}, we find aset C € Z? such
that0 € C, [C| < || F{ (1 - IL; 1||(2+ 1/(1 = |[L7*))) and by Remark 2.13 we have
that FZ + Fé CL*C)+ F Ifx y € W with x|¢c = y|c, then forevery f € (F§1)°£
we have that (S7FP¢1x)|pg.nze = (ST TP Y) p0.eynza- and so f(STHPLIx) =
f(SfJ”’{{’y). Moreover, we note that for f in J(x) N J(y) that,

(Gux)r = (SPPLIx) p = f(STTPLIx) = f(STHPHLLy) = (Gpuy) s

Since x, y € W, there are strictly more than (1 — r])|F,fl| elements in J(x) N J(y), so
(¢nx)o is equal to (¢, y)e by definition of 1. Hence, for every x in W, (¢,x)o only
depends on x|c. L]

Finally, to prove Theorem 4.1 we use similar arguments to those given in [29] that we
describe for completeness.

Proof of Theorem 4.1. For fixed alphabets 4 and B, there exist a finite number of sliding
block codes of radius || Ff (1 + ||LE1 2+1/(1— ||L§_1 ))). By Lemma 4.6 there exist
two different integers m, k > 0 such that d(¢n,, pm+x) < n/C(R), so by Lemma 4.5 we

have that ¢, = @ik, e -a.e..
Let n > m be a multiple of k. Note that

(¢n)k = ¢n+k = (¢m+k)nfm = (¢m)nfm = ¢n,
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M, -a.e.. This implies that for all » € N, ¢, is equal to (¢, )k, pi¢, -a.e. and then ¢, is equal
to a sliding block code of radius ||Ff (1 + ||L§_1 l2+1/(1— ||L§_1 D)), e -a.e.in X, .
Since ¢, is equal to ¢2p, g, -a.e., we denote Y = ¢, and p = p, (). By definition of p
we have that SPy (] = Dy,

Set j = pu(¢) — p, then

ST gt = Spn(¢)—p¢§111 =STPY =YLl ue-ae.,

this implies that S7 ¢ and ¥ coincides in ¢ 1 (X¢)), e, -a.e., and by ergodicity in the whole
set X¢,, g -a.e.. m

In [15] it was proved that linearly recurrent subshifts (in particular substitutive sub-
shifts) have a finite number of topological Cantor factors, up to conjugacy. In our context,
Theorem 3.26 together with Theorem 4.1 implies that a substitutive subshift has finitely
many reduced substitutive factors, up to conjugacy. However, the reduced hypothesis does
not cover all the aperiodic symbolic factors a substitutive subshifts may have, and this
property is not invariant by conjugation, leaving the following question.

Question 4.7. Does all aperiodic substitutive subshifts have finitely many aperiodic sym-
bolic factors, up to conjugacy?

4.2. Applications of rigidity results on factors

As applications of Theorem 4.1, we get some results on the coalescence and the auto-
morphism group of substitutive subshifts. Since the set of sliding block codes || F f (1 +
||L§_1 2+1/(1- ||LE1 [))) is finite, we will assume here (up to considering a power
of ¢) that if a factor map ¥ € End(X¢, S, 7.%) satisfies property (2) in Theorem 4.1, then
it does so for n = 1, i.e., there exists p € Ff such that SPy ¢ = Cy.

4.2.1. Coalescence of substitutive subshifts. In [15] it was proved that one-dimensional
linearly recurrent subshifts (in particular substitutive subshifts) are coalescent, i.e., any
endomorphism is an automorphism. Here we use Theorem 4.1 to obtain that substitutive
subshifts are also coalescent, for aperiodic primitive reduced constant-shape substitutions.

Proposition 4.8. Let ¢ be an aperiodic primitive reduced constant-shape substitution.
Then the substitutive subshift (X, S, Z2) is coalescent.

Proof. Set ¢ € End(X¢, S, 7). Theorem 4.1 ensures that there exists j € Z9 such that
S7 ¢ is equal to a sliding block code ¥ of a fixed radius satisfying SPy¢ = ¢y, for
some p € Ff. Let X € X¢ be in a {-invariant orbit, i.e., there exists j € 74 such that
¢(¥) = S7X. Note that

SPYL(x) = SPH yx = (Y (%),

so, if the orbit of x is in a {-invariant orbit, then v (x) is also in a {-invariant orbit. By
Proposition 3.9, there exist finitely many ¢-invariant orbits, hence for n large enough, we
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can find x € X¢ with x and " (x) being in the same orbit, i.e., there exists m € 7 such
that S™ " (x) = x. The minimality of (X¢, S, Z%) allows to conclude that y" = S,
Hence  is invertible, which implies that ¢ is invertible. ]

4.2.2. The automorphism group of substitutive subshifts. Because the set of sliding
block codes of radius ||Ff||(1 + ||LE1||(2 +1/(0 - ||LE1||))) between X; to itself is
finite, we get the following result as a direct corollary of Theorem 4.1.

Proposition 4.9. Let (X¢, S, Z4) be a substitutive subshift from an aperiodic primitive
reduced constant-shape substitution {. Then, the quotient group Aut(Xe, S, 7%)/(S) is
finite. A bound for |Aut(X¢, S, 74)/(S)| is given by an explicit formula depending only
ond, | Al L I FE].

In the special case, where any automorphism of (X¢, S, Z%) satisfies property (2)
of Theorem 4.1 with p = 0, i.e., commutes with the substitution map (like in bijective
substitutions as we will prove in Section 5), we have a more rigid result.

Corollary 4.10. Let { be an aperiodic primitive reduced substitution. If any automor-
phism ¥ € Aut(Xe, S, Z2) satisfying property (2) in Theorem 4.1 commutes with the
substitution map, i.e., Y& = {, then the automorphism group is isomorphic to a direct
product of 2 (generated by the shift action) with a finite group.

Proof. Note that an automorphism ¢ commutes with the substitution map if and only if ¢
is equal to ¢, for all n > 0.

Now, by Lemma 4.6, that property (2) implies property (1) of Theorem 4.1. There-
fore, the group of automorphisms commuting with the substitution map is finite. To con-
clude we just need to observe that the pair (jg, ¥¢) in Theorem 4.1 associated with any
automorphism ¢ is unique. Indeed, set ¢ € Aut(X¢, S, Z%) and ji, j» € Z%, Y1, Y5 €
Aut(Xe, S, Z%) commuting with the substitution map such that SJi ¢ = ;, fori € {1,2}.
Then S/2771y, is equal to . Hence, for any n > 0

SJ2—J1 Yt = é‘n(Sj2_j11//-l)
— SL?(jz_jl)é'"l//l

which implies that (id — L’g)(jz — j1) = 0,50 jo = j; and then Y1 = V5. |

4.3. Rigidity properties for homomorphisms between substitutive subshifts and
applications

This subsection is devoted to homomorphisms between substitutive subshifts. We recall
that for M € GL(d,Z), a map ¢ : (X, T, Z%) — (Y, T, Z%) between two topological
dynamical systems is said to be a homomorphism associated with M if for all m € Z¢
we have that ¢ o S™ = SM™ o . We can also define measurable homomorphisms in the
measure-theoretic setting. First, we establish a necessary condition for the matrices M
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with m Homps (X¢,, Xe,, S, Z4) being nonempty whenever {1, £, are two aperiodic prim-
itive constant-shape substitutions with the same expansion matrix and support. Then we
prove an analogue of Theorem 4.1 (Theorem 4.13) establishing that measurable homo-
morphisms induce continuous ones when the matrix M commutes with some power of
the expansion matrix. Finally, we give an explicit bound on the norm of these matrices
for the quotient group of a restricted normalizer semigroup with respect to the shift action
(Proposition 4.17).

Lemma 4.11. Let &y, {3 be two aperiodic primitive constant-shape substitutions hav-
ing the same expansion matrix L and same support F. If M € GL(d, Z) is such that
m Homas (Xe,, Xe,, S, Z4) # @, then for all n > 0 there exists m(n) > 0 such that

ML™® (H(Xe,)) < L"(H(X¢,)) (Normalizer condition).

Proof. Let ¢ beinm Homys (X¢,, Xe,, S, Zd), and x € E(Xe,, pg,, S, Zd). We will prove
that M*x € E(X¢,, e, S, Z¢). Indeed, let f € L?(X¢,, ji¢,) be such that for all m € Z¢,
foSm=e2rilxm . £ . ae. in X¢,. Then, we have that

(fog)oS™ = (foSMmM)yop = rrile:Mm  rq4
o2mi (M x.m) | f o, Mg -ae.in Xe, .

By Theorem 3.17 and Proposition 3.20 the system @/M_IL” (H(Xe,)), +. Z2), for
any n > 0, is a finite factor of the odomet(Lsystem (z4 (Lr (I (X, ))s T (LI (X)) 79),
which 1mpl§s that the odometer system (Z¢ (M 1L (I (X)) T (M1 L (I (X)) Z%)isa
factor of (Z¢ (L7 (3 (Xg,)))» T (L7 (Xe,)) Z4). By Lemma 2.5, we conclude that for any
n > 0, there exists m(n) > 0 such that L’”(”)(Jf(Xgl)) < M7UL"(H(X¢,)). |

A consequence of Proposition 4.8 is that if a homomorphism is associated with a
matrix with finite order, then it is an isomorphism.

Lemma 4.12. Let ¢ be an aperiodic primitive reduced constant-shape substitution. If
M € GL(d, Z) has finite order, then any homomorphism ¢ € Npyr(Xe, S, Z92) is invertible.

Proof. Since M has finite order, there exists n > 0 such that M" = idgs. This implies
that ¢” € End(X¢, S, Z%). By Proposition 4.8, ¢ is invertible, so ¢ is also invertible. =

Now, we will prove an analogue of Theorem 4.1 for homomorphisms associated with
matrices commuting with a power of the expansion matrix L. As mentioned before, a
priori this does not cover all the homomorphisms between substitutive subshifts.

Theorem 4.13. Let (X¢,, S, 7%, (X 0 S, 7% be two substitutive subshifts from two ape-
riodic primitive constant-shape substitutions {1, 5 from finite alphabets A and B, with
the same support Fy and expansion matrix L. Let M € GL(d, Z) be a matrix commuting
with a power of L, i.e., there exists n > 0 such that ML"™ = L" M. If {5 is reduced, then
for every measurable homomorphism ¢, associated with M, there exists j € Z% such that
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ST ¢ is equal Mg, -a.e. to a continuous homomorphism , associated with M, satisfying
the following two properties:

(1) The homomorphism  is given by a block map of radius
IFENILE I+ M D@ = L 1D/ = 1L D

(2) There exist an integern > 0 and q € F,f such that STy = Oy,

Remark 4.14. Let ¢ € Homyy (X¢,, X¢,. S, 7.9) satisfying property (2) of Theorem 4.13.
For any m in Z¢, we have that STy (L7 (S™x)) = 5 (Y (S™x)), and

n
Llem

Sy (S™x)) = UMy (¢h(x),  LW(S™x) =S W),

it follows that M Lz’lm = Lz_’l Mm,ie., M and L'gl commute. Hence this hypothesis is
optimal to obtain property (2). Note that if L is an integer multiple of the identity, then
any matrix M € GL(d, Z) commutes with L.

The proof of Theorem 4.13 follows the same strategy as the one of Theorem 4.1,
except for some small modifications. Since the substitution {; is primitive, we can replace
it by some power {7, so we may assume that M commutes with the expansion matrix of {;.
We replace the term p, (¢) by the map 7, (x) — M ' 7, (¢x) (mod L’g (Z%)), with 7, (x)
and M 17, (¢x) being the representative classes in F,f. The commutation assumption
implies that, for any n > 0 the map M defines a bijection in Z¢ /L"(Z?), also denoted
by M,ie.,n =m (mod L"(Z%)), if and only if Mn = Mm (mod L"(Z%)). With this,
the map p,(¢) is invariant under the shift action. Since (X¢,, e,, S, Z%) is ergodic,
the map p,(¢) € F,f is a constant map ¢, -a.e. in X¢, and the set SMpn ("’)d){{' (Xe,) is
included, up to a ¢, -null set, in £5 (X¢,). We can define the map ¢, for e -a.e. in X¢
as the unique point y € X;, such that SMP”("’)zl)Cf (x) =& (y), where M p,(¢) is the
representative element in F,,% It is straightforward to check that ¢, o S” = SM" o ¢,, for
alln € Z%, 50 ¢y, is in m Homyy (Xe,, Xe,, S, Z%). The sequences p,(¢) and (¢,,) satisfy
the same recurrences given in Section 4.1,

Pn+1(9) = pn(9) + L?Pl(ﬁbn)s (Dn)1 = Pnt1-

As in Theorem 4.1 we need the following adaptations of Lemma 4.5 and Lemma 4.6
for homomorphisms. The proof are the same, so we omit them.

Lemma 4.15. If ¢,y € mNy (Xe,, Xg,, S, Z2) are such that d(¢p, V) is smaller than
n/C(R), then ¢, are equal ji¢,-a.e in Xg,.

Lemma 4.16. Let ¢ € mNy (X¢,, Xe,, S, 7%). Then there exists a sequence (V) of
homomorphisms associated with M of radius ||F1§|| ||Lz11 1A+ |M|DQR - ||L§_1 /1 —
||L§_1 ) such that d (¢, ) — 0.

To finish the proof of Theorem 4.13, we proceed exactly as in the proof of Theorem 4.1
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Proof of Theorem 4.13. For fixed alphabets 4 and B, there exists a finite number of homo-
morphisms associated with M of radius || Flc I ||L§_11 T+ |M])2— ||L§_1 h/(— ||L§_1 .
By Lemma 4.16 there exist two different integers m, k > 0 such that d(¢m, Pmar) <
n/C(R), so by Lemma 4.15 we have that ¢, = ¢k, fhe,-a.€..

Let n > m be amultiple of k. We have (¢n)x = dntk = (Dmti)n—m = (Om)n—m = dn>
M, -a.e.. This implies for all r € N, ¢, is equal to (¢, ),k, [i¢,-a.€., and then ¢, is equal to
a homomorphism associated with M of radius ||Ff I ||Lzll la+ M- ||L§_1 /@ —
||L§_1 ), e -ae. in Xg, . Since ¢, is equal to ¢, ¢ -a.e., we denote ¥ = ¢, and p =
Pn(¥). By definition of p, we have SMPWE{’ =y.

Set j = M(pn(¢) — p), then

STpLy = SMEn@=Pgrn = S™MPrly = yil, g, —ae,

this implies that S7¢ and v coincides in {7 (Xe,) Mg -ae.. Further, the ergodicity of
(Xe,s g, s S, Z.4) lets us conclude that ¢ and v are equal Mg -ae.. |

In the case {; = {», we can consider a restricted normalizer group: the group of
isomorphisms associated with matrices commuting with some power of the expansion
matrix L¢,,

NC(X¢,, S, Z¢%) = g (Np (X, T, Z%) N Homeo(X)).
MeGL(d,Z),
ML’E =LZ_’ M, for some n
1 1
This set is a group under composition and (S'), Aut(X¢,, S, 7.4) are normal subgroups of
NC(X¢,, S, Zd). We obtain a similar result on this restricted normalizer group as for the

automorphism group (Proposition 4.9).

Proposition 4.17. Let (X¢, S, Z%) be a subshift from a reduced aperiodic primitive con-
stant-shape substitution ¢ from a finite alphabet. If the set of matrices M € N (Xe, S, 7%)
commuting with a power of the expansion matrix L¢ is finite, then the quotient group
NC(X¢, S, 72)/(S) is finite. A bound for INC(X¢, S, 72)/(S)| is given by an explicit
formula depending only on d, | A, ||LE1 Il, ||F1§ I, and SUD Ny, (X,,5,24) 40 M.

Proof. Lety € NC(X¢, S, 7.4), satisfying property (2) of Theorem 4.13. Following the
proof of Proposition 4.8, i acts as a permutation of the ¢-invariant orbits. Since the set of
matrices M € ﬁ(X;, S, Z4) commuting with a power of L is finite, there exists n > 0
such that ¥" is an automorphism of X;. By Proposition 4.9 we have that ¥" has finite
order, which implies that ¥ has finite order. The bound for [NC(X¢, S, Z%)/(S)| is given
by Theorem 4.13. ]

Remark 4.18. Note that, if L, is a diagonal matrix and all of its entries are different, the
set of matrices M € GL(d, Z) commuting with a power of L. is finite.



Homomorphisms between multidimensional constant-shape substitutions 1307
5. Precisions on bijective constant-shape substitutions

Bijective substitutions are of great interest because of their mixed dynamic spectrum.
They are never almost 1-to-1 extensions of their maximal equicontinuous factor. Bijec-
tive substitutions were studied before in [21] for block substitutions, where it was proved
that the substitutive subshift is measurable-theoretic isomorphic to a skew product of one-
dimensional odometers. Also, [8] studied the normalizer group of bijective block substitu-
tions. We extend the study by describing the normalizer group for general constant-shape
substitutions. To do this, we relate the linear representation group with different types of
supports of the substitution and nondiagonal expansion matrices.

We start with a characterization of the automorphism group of substitutive subshifts
from aperiodic bijective primitive constant-shape substitutions. Then we describe the non-
deterministic directions of a substitutive subshift, by the supporting hyperplanes to
conV(F,f ) (Theorem 5.2). We further emphasize when the convex hull of the digit tile
conv(T¢) is a polytope, because this implies strong geometrical restrictions on the support-
ing hyperplanes. Conversely, we provide a checkable combinatorial condition to ensure
a vector to be nondeterministic (Corollary 5.13). Finally, we deduce dynamical conse-
quences for (X¢, S, Z%) on the normalizer group. For instance, the normalizer group is
virtually generated by the shift action (Theorem 5.17) and we provide restrictions on the
linear representation group (Proposition 5.15). It follows that all the results of the previous
sections may apply in this case.

5.1. The automorphism group of substitutive subshifts from bijective
constant-shape substitutions

Since bijective substitutions are reduced, Proposition 4.9 implies that the automorphism
group of the substitutive subshift (X¢, S, Z%) is virtually Z<. In fact, we have a more rigid
result in the bijective case as shown in the following proposition.

Proposition 5.1. Let {1, {» be two aperiodic bijective primitive constant-shape substitu-
tions with the same expansion matrix L and support Fy. Then, any factor map ¢ : X¢, —
X,
ticular, the automorphism group Aut(Xe¢, S, Z2) of a substitutive subshift given by an

satisfying property (2) in Theorem 4.1 is induced by a letter-to-letter map. In par-

aperiodic bijective primitive constant-shape substitution is isomorphic to the direct prod-
uct of Z%, generated by the shift action, with a finite group given by a permutation of the
letters in the alphabet A.

Proof. Let ¢ € Fac(X¢,, X¢,, S, Z%) satisfying property (2) in Theorem 4.1, i.e., there
exists p € Fp such that SPy{; = (. Suppose that p # 0. Let n > 0 be large enough
such that the set F°€ = {f € F,: f + C C F,} is nonempty, where C is the set defined
in Lemma 4.6. Then, for any x € X¢,, the coordinate x¢ determines the pattern {7 (x)| g, .
Hence the pattern (S?"Y/{7)|p, +(F,)ec is also completely determined by the letter in xo,
where p, = Z:’;& Li(p). Set m € Z4 such that (p, + (F,)°€) N (L"(m) + F,) # @.
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Since SP»y ¢} is equal to {3 and ¢, is bijective, the coordinate xo determines ¥ (X ).
This implies that S ™™ 1/ is a factor map induced by a letter-to-letter map. Set ¢ = S™™ v,
we get that

spotm=L" Mot = ¢3¢,

and, by bijectivity, the coordinate x¢ determines two coordinates of i, unless for any
n € N large enough p, + m isin L? (Z?), i.e., for any n large enough, there exists r,, € Z¢
such that p, + m = L"(r,). Note that p + r, = L(r,+1), which implies that

rasall < IL7HIArall + 2D,

0 (rp)n>o is a bounded sequence. Hence, there existn > 0 and N > 1 such that r,, 4 y =
rn, which implies that py_; € (LY —id)(Z%). This is not possible by Remark 4.2.

If p, + m ¢ L'é (Z?), then x¢ determines two coordinates n1, n, of ¥ (x), so deter-
mines the coordinates 0 and n, — n; of ¥1(x) = S™™'(x). Hence v is also induced
via a letter-to-letter map. Note that, the map ¥; : A — B inducing ¥ is bijective. If not,
there are two fixed points x, y with W1 (xg) = W2(y¢) and xo # yo generate two points
with the same image, which is a contradiction. It follows that x¢ determines x,,—n,, and
then Xg(n,—n,) for all k € Z, so x has a nontrivial period, which is a contradiction. Finally,
we conclude by Corollary 4.10. ]

5.2. Nondeterministic directions of substitutive subshifts from extremally
permutative constant-shape substitutions

In this section, we give a characterization of the nondeterministic directions (defined in
Section 2.6) of a substitutive subshift (X¢, S, Z%), in the case where ¢ is extremally per-
mutative. A starting remark is that, for each n > 0, the set of directions S9-1 is stratified
by the opposite normal fan N (conv(F,,; )) (see Section 2.1.2). Our description of the non-
deterministic directions is given in terms of union of these fans.

Following the notion of left and right permutative morphisms (see [4]), we say that
a constant-shape substitution { is extremally permutative if the restriction py of { in
f is bijective for all f € Ext(conv(Ff)). Since Ext(conv(A + B)) € Ext(conv(A4)) +
Ext(conv(B)), a substitution is extremally permutative if and only if for any n > 0 and
f e Ext(conv(F,f)) the restriction py of {" in f is bijective. Since (F,f)n>0 is a Fglner
sequence, there exists n > 0 such that conV(F,f ) is a nondegenerate polytope, so up to con-
sidering a power of ¢, we may assume that conv(F f ) is a nondegenerate polytope. Using
the recognizability property of substitutions and some basic results in convex geometry,
we prove the following result.

Theorem 5.2. Let ¢ be an aperiodic extremally permutative primitive constant-shape sub-
stitution. Then the set of nondeterministic directions ND(X¢, S, Z2) of its substitutive
subshift (X¢, S, Z2) is the intersection of S?=1 with a nonempty union of limits of nested
sequences of opposite normal cones of the form ]VG" (conv(F,,Z )), where G, is a face of
conV(F,f ), for some integer n > 0.
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This theorem gives topological constraints on the set of nondeterministic directions.
Actually, we will see that the convex hull of any digit tile is a polytope when L; = Aidga,
i.e., it has a finite number of extreme points (Theorem 5.6). In this case, by Theorem 5.2,
the set of nondeterministic directions ND(X¢, S, Zd) is a finite union of closed inter-
vals (eventually degenerated). More explicitly, in the two-dimensional case, we obtain the
following corollary, showing in particular that it cannot be a Cantor set.

Corollary 5.3. In the two-dimensional case, under the hypothesis of Theorem 5.2, either
the set ND(X¢, S, 7?) has nonempty interior, or it has at most 2 accumulation points.

Proof. Assume that the set of nondeterministic directions ND(X¢, S, 7%) has empty inte-
rior. By Theorem 5.2, the elements of ND(X¢, S, Zz) are limits of normal vectors to edges
of conV(F,,§ ) for some n > 0. In [43] it was proved that such vectors are normalized vec-
tors of the form (L;)_kuk, with u; € S! being a normal vector to an edge of conV(Ff)
for some k > 0. Hence, their accumulation points are accumulation points of orbits of the
projective action L; on the circle S!. A standard analysis of this action (you can check
[31, Theorem 3]) provides that the cardinality of the accumulation points is at most 2,
when a power of one of the L¢-eigenvalues is a real number. Otherwise, the projective
orbits of LZ‘ are dense in the circle. Since ND(X¢, S, 72) is closed, it is the whole circle,
which is a contradiction. ]

Proof of Theorem 5.2. Let v be a nondeterministic direction for (X¢, S, Z%), and x| #
X2 € X¢ such that x1|g, = x2|H,. Consider the set D = {n € Zd:xl(n) = x5(n)}. Since
D € R?\ H,, its convex hull is also contained in R \ H,. We have two possibilities:

(1) The convex hull conv(D) has at least one extreme point. By Theorem 2.3 all the
extreme points of conv(D) belong to D. Now, if v € Z¢ is an extremal ray of
conv(D), then for any extremal point n € D, the map dist(n + tv, H,) must be
increasing (if not, there exists t* > 0 with n 4 t*v € H,, which is a contradiction).
Hence, the distance map to H restricted to conv(D) is minimized in the extreme
points of conv(D). Since the extreme points of conv(D) are in D, we can use the
shift action in x7, x, and assume that x; (0) # x,(0).

(2) If conv(D) does not have extreme points, then it contains a line. In this case, the
hyperplane dH, must be parallel to this line. Using similar arguments, we can
assume that x1(0) # x(0).

So we can assume that 0 is in a face Fy of smallest dimension of conv(D) and then
veN F,(conv(D)). In fact, any element in N Fo(conv(D)) N S9-1 is a nondeterministic
direction for (X¢, S, Zd).

Now, for any k > 0 consider R®¥) > 0 as the recognizability radius for ¥ given by
Proposition 3.7 and R = 4R®_ Since x; and x, coincide in an arbitrarily large ball, they
have the same image under the maximal equicontinuous factor, hence 7, (x1) = 7, (x2) €
Ff forany n > 0. By Lemma 3.12, there exist n > 0 and two words w\™, w{" € Lx, (X¢)
such that x;|g(o gynz¢ E " (wl(") ), fori € {1,2}. By the Pigeonhole principle, there exist
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an infinite set £ C N, two patterns wy, wy € :ﬁf (X¢)and ky, k; € f; such that for all

n € E, xilgo,rynze =" (W1)|Ln(k Y1 (x1)+B(0.R)nzd> i € {1,2}. The recognizability
property implies the origin is in the boundary of conV(F — 7 (x1)). Letting k to infinity,
for all n > 0, the origin is in the boundary of COl’lV(Fn — mp(x1)). If G, is the face of
smallest dimension containing 7, (x1) in conV(F,f ), then N F,(conv(D)) is included in
]VG,l (COHV(F,%)), forall n > 0.

We will show now the converse. We separate the proof in two cases.

Suppose first that conv(D) is closed. Let F; be a face of conv(D) containing 0 of
codimension 1. By Theorem 2.3 we have that F; = conv(¥F; N D). Fixt € F; N D
different from 0. Since F,f is a fundamental domain of L” (Z%), there are h, € F, ¢ and
z,(t) € Z9 such that t = h,(t) — 7, (x1) + L" (zn (1)) and t, being in the boundary of
conv(D), lies in the boundary of conv(Fg Ty (xl) + L” (2, (¢))). Since this last set is
a translated one of conv(F — 7, (x1)) and they are both subsets of conv(D), a basic
geometrical argument ensures that for any n > 0, h,(¢) and 7, (x1) are in the same face
of conv(F,f ). The same arguments imply that &, (¢1), h, (¢2) are in the same face for any
t1,t, € F1 N D. Furthermore, h,(t) and 7, (x1) are different for any n € E large enough.
Indeed, assume the converse, taking R > ||¢||, we have that x{|, = (" (WI)L"(k3)+nn(x1)»
for some k3 € K ¢ for infinitely many n € E. Since

]l = IIL7 (k1 —k3)|l, for infinitely many n € E,

we have that necessarily k1 = k3, which is a contradiction.

Consider the face H,, of conv( F,f ) of smallest dimension generated by {h,(¢)}tcF,nD-
Notice that ]\A/F1 (conv(D)) S N=0 ]VH,, (conv(Ff)). We will prove that ]’\71:l (conv(D))=
Mr>o ]VH" (conv(F,f)). By construction of x1, x2, the set {z,(¢)}ser,np is bounded
(for all n large enough it belong to f; - fg), so there exists # € F; and ¢ > 0 small
enough such that for all ¢’ € B(t,e) N F; we have that z,(¢') = z,(¢) for all n € E large
enough. Hence H,, is a face of codimension 1. An argument of dimensions ensures that
]Vpl (conv(D)) = ek ]VHn (conv(F,)?%).

Suppose now that conv(D) is not closed. Let F; be a face of conv(D) of codimen-
sion 1 containing 0 and w € N F, (conv(D)). We will find a sequence of faces H, of
conV(F,f) such that ]’\}F] (conv(D)) = =0 ﬁH,, (conv(Fnc)). By definition we have that

vVt € Fi,{(w,t) = nlgf(w n) = 0. 5)

Now, set ¢t € F; and consider a sequence (t™);,~9 C conv(D) converging to ¢. By

Carathéodory’s theorem for any m > 0, we can write ¢t = Zf’ ot S, with t; > 0,

Zf ot" =1and f/" € D. Then (5) implies that for all 7, ¢/*(w, f"") —= 0. The

only difficulty to get the result, concerns the indices i such that liminfy, o t]" > 0. For

such i, we have that (w, f") —= 0. Using the recognizability property, for alln € E
we write

S =h(m,i,n) —my(x1) + L?(Z(mv"’”))’
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with h(m,i,n) € F,f and z(m,i,n) € 74 . Since (w, h(m, i, n) — my(x1)) > 0 and
(w,L’C’(z(m,i,n))) > 0, we have that foralln > 0

(wvh(mvi’n)_nn(xl))mo VAN (w,ng(Z(m,l,l’l)))mO

Since F,f is finite, we conclude that for all n € E, there exists m(n) such that for all
m > m(n),
(w,h(m,i,n)) = (w, 7,(x1)) = 0. 6)

The same argument as the former one when conv(D) is closed, gives that k(m,i,n) #
n(x1) and ifi # j, h(m,i,n) # h(m, j,n) for all n large enough.

Now, for any n > 0, we define H,, as the face of conv(F}, t) of smallest dimension con-
taining 7, (x1) and {h(m, i, n) te F1,0<i <d,m>m(n) W1th liminf,, . /" > O}.
In particular, (6) shows that N F\ (conv(D)) N N H, (conV(F )). We claim

n>0

() Na, (conv(F})) = Nr, (conv(D)).

n>0

First, note that taking subsequences if its necessary, for all n € E we get the following
limits

d
mlgnooZz h(m,i,n) =h,(t) A r)gnmzt;"z(m,i,n) = 2,(¢t).
i=1 i=1

Hence, for all n € E, h,(¢t) is in H,. Also, z, () is in conv(f; — E;) foralln € E
large enough. A geometric argument shows that there exist# € F; and ¢ > 0 small enough
such that for all ¢’ € F; N B(t,¢), z,(t') = z,(¢). So H, is a face of codimension 1 for
all n € E large enough. We then conclude that ﬂne E N H, (conV(F ) = N F, (conv(D)).

Consequently, the extremal rays of N F,(conv(D)) are equal to sets of the form
Mn>o0 N H, (conv(F,, )), with H, being faces, eventually, of codimension 1 of conv(F,f )
containing 7, (x1). |

Then, to determine the nondetermlmstlc directions for (X¢, S, Z%), we need to study
the supporting hyperplanes to conV(F ). To do this, we focus on the convex hull of the
digit tile of the substitution. In general, this convex hull is not a polytope, i.e., it can have
infinitely many extreme points, even if the expansion matrix is diagonal, as we see in
Example 5.4.

Example 5.4 (A digit tile, with a nonpolytope convex hull). Consider L = (29) and
F; ={(0,0),(0,1),(0,2),(1,0), (1,2), (1, —2)} (see Figure 13).
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Figure 13. The fundamental domain and an approximation of the digit tile of Example 5.4.

A direct computation shows that, for any n > 0, the set of extreme points of conv(F},)
is the set {(0,0), (0,3" — 1), (2" — 1,3" — 1)} U {(2" =2k, 3k —3"):0 <k <n—1},
which implies that

Ext(conv(T(L, F1))) = {(0,0), (0, 1), (1, 1), (1, =D} U {(1 —=27%, —1 + 37%):k > 0.

5.3. The polytope case

Here, we focus in the case when the convex hull of the digit tile is a polytope. We present
some known results about this set that we will use in the rest of this article.

Definition 5.5. We say that a substitution ¢ is a polytope substitution if it is extremally
permutative, and the convex hull of the digit tile Ty = T (L¢, F f ) is a polytope.

From now on, we only consider polytope substitutions. This geometrical hypothesis
implies several algebraic restrictions on the expansion matrix L; (Proposition 5.10) and
some dynamical consequences for the substitutive subshift (X¢, S, Zd) (Theorem 5.17).

We recall here some results characterizing the polytope case in terms of the extreme
points of conv(F,f ) [30], and the inward unit normal vectors of the (d — 1)-dimensional
faces of conv(7%) [43].

Theorem 5.6. Let T be the digit tile for an expansion matrix L € M;(R) and a funda-
mental domain Fy C R?. The following statements are equivalent:

(1) The convex hull of the digit tile T (L, Fy) is a polytope.

(2) The inward unit normal vectors of the (d — 1)-dimensional faces of conv(Fy) are

eigenvectors of (L*)* for some k [43, Theorem 4.2].

(3) The cardinality of Ext(conv(Fy,)) and Ext(conv(F, 1)) are the same for some
n > 0. In such a case, for any m > n, |Ext(conv(Fy,))| = |Ext(conv(Fy))|, and
then |Ext(conv(T (L, F1)))| = |Ext(conv(Fy))| [30, Theorem 2.2].

Remark 5.7. In the case L = Aidga, with A > 1, a direct computation shows that the
statements (2) and (3) of Theorem 5.6 are satisfied without taking any power of L.
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A big family for the polytope case is when a power of the expansion matrix L is an
integer multiple of the identity, because for any fundamental domain F of L(Z%), the
convex hull of the digit tile generated by L and F is a polytope. In particular, all the
convex hulls of the digit tiles of the examples in Figure 4 are polytopes. Nevertheless, it
is not the only case where Theorem 5.6 can be applied.

Example 5.8. (1) (Example of a non-self-similar matrix with a polytope digit tile)
Consider L = (_1 3) and F; ={(0,0),(1,2),(-2,-1),(=2,-3),(1,0),(—1,-1)}
(see Figure 14).
We have that L* = (% _31) with eigenvectors equal to {(—1, 1), (1,0)}. A direct
computation shows that the set of extreme points of conv(F},) is equal to

{@"—1,2" — (3" + 1)/2), 2" — 1, (2" ! + 3" = 3)/2),
(—22" = 1), (3" +3-2"1?)/2),(=2(2" = 1), (53" = 2"1%)/2)},

so the set of extreme points of conv(7' (L, Fy)) is

{(1,1/2),(1,3/2).(=2.-3/2).(=2.-5/2)}.

I
mhl

Figure 14. The fundamental domain and an approximation of the digit tile of a non-self-similar
matrix.

(2) As an example where the statement (3) in Theorem 5.6 to be applied is not nec-
essarily satisfied in n = 1, consider L = (‘02 _02) and F; = {(0,0), (1,0), (0, 1),
(—1,—1)}. We have that

Fy ={(-1.-3).(0.-2).(1,-2). (3. —1). (=1, =1), (0. —1). (=2.0). (-1, 0),
(0,0),(1,0), (=2,1),(0,1), (1, 1), (2,2), (3,2), (2, 3)},

so conv(F3,) has 3 extreme points, while conv(F7) has 6 extreme points as shown
in Figure 15.
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Figure 15. The sets Fy, F> and F3. Note that conv(F3) and conv(F3) have 6 extreme points.

In [30], the following result was proved about the extreme points of conv(T (L, Fy))
as well as the extreme points of conv(F,,) for any m > n, where n is such that

|[Ext(conv(Fy))| = |Ext(conv(Fy41))].

Proposition 5.9 ([30, Theorem 4.8]). If |Ext(conv(Fy))| = |Ext(conv(F,+1))|, then all
the extreme points of conv(T (L, F1)) are of the form ) _;_, L=0+DI (8 LE(f7)), with
"o L' (f;) being an extreme point of conv(Fy1).

This implies that conv(T (L, F})) is equal to (L™ —id)~! conv(F,,) for all m > n.
Now, assume that we are under the condition |Ext(conv(F7))| = |Ext(conv(T (L, F1)))|
and for alln > 0, conv(T (L, Fy)) = (L™ —id)~! conv(F},). Let u be an inward unit normal
vector of a (d — 1)-dimensional face of conv(7 (L, Fy)). Foreachn > 0, (L" —id)*)"'u
is an inward normal vector of a (d — 1)-dimensional face of F;,. By Theorem 5.6 (1), there
exists k > 0 such that (L — id)*) ™'« is an eigenvector of (L*)¥. Hence by commutation,
u is an eigenvector of (L*)¥. Since conv(T'(L, F})) is a polytope, we can take n > 0 large
enough such that any of the inward unit normal vectors of conv(F}) is an eigenvector of
the same power (L*)". Hence, by the same arguments, up to considering a power of L,
we may assume that all of the inward unit normal vectors of the (d — 1)-dimensional
faces of conv(F;) are eigenvectors of L*. This is equivalent to the hyperplane 0H [u] =
{t € R%: (t,u) = 0} (the vector space of an affine hull of a face of conv(F;)) generated
by u, being preserved by L, i.e., LOH [u] = 0H [u]. This implies that the normal fan
N (conv(Fy)) is the same for all n > 0, and it is equal to the one of conv(7T (L, Fy)).

Since for some n > 0, conv(F},) is nondegenerate (by the Fglner condition), it has d
linearly independent inward normal vectors (that have integer coordinates with no com-
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mon divisor), which are eigenvectors of L*. The polytope condition implies then the
following algebraic restrictions on the expansion matrix L. The proof is left to the reader.

Proposition 5.10. If |Ext(conv(Ff )| = |Ext(conv(T (L, F1)))|, then the eigenvalues of
L are integer numbers.

Moreover, if uy, uy, us are linearly dependent inward unit normal vectors of (d — 1)-
dimensional faces of conv(T (L, Fy)), then L restricted to the vector space generated by
these vectors acts as an integer multiple of the identity.

In particular, in the two-dimensional case, if the digit tile has 3 or at least 5 edges, then
it follows that the expansion matrix is an integer multiple of the identity.

Finally, up to taking an appropriate power of a substitution, we may assume the fol-
lowing hypotheses.

(PC 1) The expansion matrix L is diagonalizable, with positive integer eigenvalues.

(PC 2) The convex set conv(F7) is nondegenerate and
|[Ext(conv(F1))| = |Ext(conv(T (L, F1)))|.

(PC 3) Any inward unit normal vector of a (d — 1)-dimensional face of conv(Fy) is
an eigenvector of L*.

(PC 4) The set K given by Proposition 2.10 is equal to (id — L)™' (F}) N Z¥4, i.e., for
any k € K, there exists f € Fj suchthatk = L(k) + f.

5.4. Dynamical properties of substitutive subshifts from polytope substitutions

As we saw in the previous subsection, under the hypotheses (PC 1), (PC 2), (PC 3) and
(PC 4), the normal fan is the same for the convex hull of the supports of ", for any
n > 0, and for the convex hull of the digit tile, so we have the following interpretation of
Theorem 5.2 in the polytope case.

Corollary 5.11 (Nondeterministic directions in the polytope case). Let { be an aperiodic
primitive polytope substitution. The set of nondeterministic directions ND(X¢, S, 7% is
the intersection of S?~1 with a nonempty union of opposite normal cones of the form
Ng (conv(T:)), where G is a face of conv(T).

Hence, in the two-dimensional case, the former corollary implies strong restrictions
on the set of nondeterministic directions. For instance, the number of its connected com-
ponents is bounded by the number of edges of conv(7%).

Now, as shown in the proof of Theorem 5.2, to establish which opposite normal vec-
tors of conv(F f) appears as nondeterministic directions for (X¢, S, Z%), we study the
convex sets conv(Lz’ (k) + F,f ) generated by the points k in K¢, which depend on the
combinatorics of the substitution. We say that a subset W C K is a set of differences if
there exist two patterns wy, wp € L, (X¢) such that wy (k) is equal to w» (k) if and only if
kisin K¢ \ W.
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The next lemma gives a sufficient condition to ensure that a vector v is a nondetermin-
istic direction for (X¢, S, 7.4 ), seen as the converse of Theorem 5.2 in the polytope case.
As in Lemma 3.12, we consider a set C € Z< such that forall n > 0, C + F,f + F,f -
LY(C) + Fy and K¢ = K¢ + C.

Lemma 5.12. Let W C K¢ be a set of differences, k € W, n > 0, a point f €0 conV(L” (k)
+ Fg) and v € S~ be such that f + 0Hy supports ConV(L” (k) + F ) at f. Suppose
that f satisfies the following conditions:

H1) f + K¢ C LIK) + Fy,

(H2) f + (K¢ N Hy) € LE(Kg \ W) + Fy.

Then v is nondeterministic for (X¢, S, 7%).

Proof. Let wy,w, be two patterns such that wy (k') = wy (k') if and only if k' € K \ W.
Note that COIldlthIl (H1) is equlvalent to for all m > 0, Lm(f) + Lm(K;) + Fg C
L”+m (Ke) + F - Since K¢ = K¢ + C, Remark 2.13 (2) 1mphes that for all m > 0,

L’"(f) + FL+ (LY (Ke) + FS) S LE™(Ke) + Fy e ©)

If f is an extreme point of conV(L" (k) + F ), there exists g € Ext(conv(F )) such
that f = L” (k) + Yz 3 L‘ (g).If f isin the relative interior of a k dimensional face of
conV(L" (k) + Fy ) 1<k < d — 1), we consider g € Ext(conv(F )) such that L” (k) +

:’:é L’g(g) and f are in the same k-dimensional face of conv(L'E’ (k) + Fn ) as shown
in Figure 16.
Now, condition (H2) is equivalent to for all m > 0,

LY(f + (K¢ 0 Hy)) + F © LE™(Ke \ W) + Fy,

We will prove that for all m > 0

m—1

L)+ Y Li(g) + (LY (Kp) + F) N Hy) € LY (f) + (Ke N Hy) + Ff. (8)
i=0

H,

conv(L} (k) + Fy)

Lyk) + X729 Li(g)

Figure 16. The hyperplane dHy supports conv(L’g’ (k) + F,f ) at f and L’g (k) + f’;& Lé (2).
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We have that
(v.g) = min(v,7). )]
ieF;
Fix n € L’”(f) + 3 01 L‘ (g)+ ((L'"(K;) + Fm) N Hy). There exist k1 € K¢, j €
Fg and h € H, such that

m—1 m—1

n—L'"(f>+ZL (&) + Ly (k) +j =LP(f)+ Y Li(g) +h.
i=0

On the other hand, by definition of E;, there exist ¢ € f; andl € F,,S such that

m—1

DO LL(g) + LY (k) +j = LP(e) +1.
i=0
To prove (8), it is enough to show that ¢ € H,. Indeed, writing I = Y /= 01 L’ (1),
with [® ¢ FE forO <i <m —1, we have that¢c = L7 m(Z:" 01 L’ (g —1D) +h) So,
we get that

m—1
(v,¢) = <v LZ (ZLé(g—l(i))+h)>
i=0
m—1

= Aim( > (v.Li(g- 1(”))) + Aim(v,h)

i=0
1 m—1 ) ) 1
= A—m(gk’(v,g —l(‘))) + g (v ).

Since h € H,, we have (v, h) < 0, and by (9) we have that (v, g — ) < 0, for all
1 <i <m—1.Since A > 0, we conclude that (v, ¢) < 0, which implies that ¢ € H,.

By (7) and Proposition 2.10, the iterations of the substitution on the patterns wy,
wy leads to two points x; # X2 € X¢ such that, x; is in [zn(wl)]—L’g(f)—Z?;é LiGe) for
i € {1,2}. Finally, (8) implies that x1|g, = Xx2|m,. The fact that f is in the set of differ-
ences of w; and wy ensures that x;(0) # x2(0), so x; # x,. We then conclude that v is
nondeterministic for (X¢, S, Zd). [

As described in Theorem 5.2, depending on to which faces of conV(L’g (k) + F,,E ) the
point f satisfying condition (H1) belongs, we may have more nondeterministic directions,
obtaining the following corollary.

Corollary 5.13. Let W C K¢ be a set of dlﬁerences ke W,n >0, and a point f €
aconv(L" (k) + Fg) Nna conv(L”(W) + F ) satisfying condition (H1) of Lemma 5.12.
Then any v in Nr (conv(L"(W) + Fé)) NS4~ (with F being the face of smallest di-
mension where f belongs to conV(L" w) + F )) is nondeterministic for (X¢, S, 7%).
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In addition to this result, the proof of Theorem 5.2 provides that, for some n > 0,
the 0pp051te normal cone N (conV(L”(W) + Fy, )) is equal to an opposite normal cone
Ng (conV(F )), where G is a face of conV(F ).

Example 5.14 (Different behaviors for the nondeterministic directions). In the following
we present two examples with different behaviors given by Lemma 5.12.

(1) Consider the 2D-Thue-Morse substitution with L¢,,, = (29), FIETM = [0, 1]?,

@

given by

trmy: 0 , 1

1 0 0 1
0 1 1 0
The following is a pattern of {7py:
0110100110010110
1001011001101001
0110100110010110
1001011001101001
1001011001101001

0110100110010110.
In this case, the set K¢,,, is equal to [—1, 0]%. We have that

01101001001 1001 1
‘:CKer(XTM)_{1 0’0 1’1 00 11 1°0 0°0 01 1}'

The sets of differences for the 2D-Thue—Morse substitution are {{(0, —1), (0, 0)},
{(=1,0), (0,0}, {(=1,0), (0, =D}, {(=1, =1), (0, 0)}, {(=1, =1), (=1, 0)}}. By

Lemma 5.12 it can be proved that ( ) ( 01), ((1)), ((1)) are the only nondeterministic

directions for (X¢,, . S, Z?).

Consider the substitution of the table tiling [38], with L¢, = (% g) F f‘ = [0,1]2,
given by ¢,
30 1 1 2 3 0 2
O»—>1 0 1+—>O 5 2r—>2 R 3r—>3 3
The following is a pattern of ¢;:
3023302302021111
1021102133330202
0230230211110230
3310213302023310
1130231130231130
0210210210210210.

The set K¢, is equal to [—1, 0]? and the sets of differences is equal to 2X& \
{9, K¢, , {(=1,-1),(0,0)},{(0, —1), (=1, 0)}}. By Lemma 5.12, it can be proved
that the set of nondeterministic directions for (X¢, S, 7?) is the whole circle S!.
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Now, we proceed to determine the normalizer semigroup N(X¢, S, Z%) of substitutive
subshifts given by polytope substitutions. Set M € N (Xe, S, Z4). By Proposition 2.9, if
v is a nondeterministic direction for (X¢, S, Z4), then M*v /|| M*v|| is also a nondeter-
ministic direction for (X¢, S, Zd). Moreover, Theorem 5.2 ensures that the matrix M acts
on the opposite normal cones of conv(7%), that appeared as nondeterministic directions
for (X¢, S, Z%). In particular, the matrix M* permutes the hyperplanes defined by the
(d — 1)-dimensional faces of conv(7;) whose unit opposite normal cones are nondeter-
ministic directions for (X¢, S, Zd). If there are d linearly independent nondeterministic
directions for (X¢, S, Zd), we get the following result about the linear representation
semigroup.

Proposition 5.15. Let ¢ be an aperiodic primitive polytope substitution. If the set of non-
deterministic directions for (X¢, S, Z%) contains d linearly independent vectors, then the
following hold:

(1) Any homomorphism ¢ € N(X¢, S, Z2) is invertible.

(2) The linear representation semigroup N (Xe, S, Z2) is a finite group, and it is iso-
morphic to a subgroup of GL(d, Z/37Z).

(3) The norm of any matrix M in the linear representation group ]V(X;, S.Z2%) is
bounded by an explicit formula only depending on the convex hull of the digit
tile Tt.

Proof. By assumption and Corollary 5.11 there are d linearly independent inward unit
normal vectors to the (d — 1)-dimensional faces of conv(T;) that are nondeterministic
directions for (X¢, S, 74 ). Let n > d be the number of unit normal vectors to the (d — 1)-
dimensional faces of conv(7%) that are nondeterministic directions. Any matrix M in the
linear representation group of (X¢, S, Z%) permutes the hyperplanes defined by these
(d — 1)-dimensional faces of conv(7%). By condition (PC 3), the normal lines (generated
by the inward vectors) of these hyperplanes are invariant by a power of the expansion
matrix L;. Hence M* permutes n eigenspaces {Quv1, ..., Quv,} of some power of Lz.
Moreover, we can assume that these vectors have integer coordinates not having common
divisors except £1. Note that each vector is unique up to a sign and does not depend
on M. Since M is in GL(d,Z), M* is also in GL(d, Z). This implies that M* sends
vectors with integer coordinates with no common divisor to vectors with the same prop-
erty. Therefore, forall 1 <i <mn, (M*)Z”’vi = =v;. Since the set {vy,...,v,} contains
d linearly independent vectors, we get that (M *)2"" is the identity matrix, which implies
that M has finite order. By Lemma 4.12 any homomorphism of (X¢, S, Z4) is invertible.
We recall that a subgroup of GL(d, Z) is finite if and only if any element in the subgroup
has finite order. We then conclude that the linear representation group N (Xe, S, 74) is
finite, and by Minkowski’s theorem, we have that ﬁ(X;, S, Zd) < GL(d,Z/3Z).



C. Cabezas 1320
Finally, note that |[M || < ||P||-||Oum| - [|P |, where || P|, || P~"| and

sup [ Qul < oo
MeN (X;,S,24)

only depend on the convex hull of the digit tile 7. ]

Remark 5.16. In particular, it follows from the proof that if n = d, each matrix Qy is
a permutation matrix, so N (Xe, S, Z%) is conjugate to a subgroup of the hyperoctaedral
group Wy . These recover results in [8] for block substitutions. By the realization result
[8, Theorem 35] these results obtained are optimal.

The following theorem summarizes all the properties satisfied for aperiodic primitive
reduced polytope substitutions.

Theorem 5.17. Let ¢ be an aperiodic reduced primitive polytope substitution. Then,

(1) the system (X¢, S, 7% is coalescent, and also any homomorphism in N(X oS, 7%
is invertible.

If there are d linearly independent vectors that are nondeterministic directions for
(Xe, S, Zd), we have that

(2) the normalizer is virtually generated by the shift action;

(3) the linear representation group N (Xe, S, Z4) acts as a permutation group on
the set {Ng (conv(T¢)): Ng (conv(T¢)) € ND(X¢, S, 7%),G aface of conv(T¢)}.
In particular, if ND(X¢, S, Z2) = S then the linear representation group
N(X;, S, Z%) is isomorphic to a subgroup of the automorphism group of the nor-
mal fan of conv(T¢).

Proof. Statement (1) is true by Proposition 4.8 and Lemma 4.12.
Now, by the third isomorphism theorem we have that

NS 2D/ aw(Xe,8,29) = (NX.S.2D)/(5)) [ (AuXy.S,2)/5)).

Then, Proposition 5.15 gives that the quotient group N(X¢, S, 7%/ Aut(X, e S, 7% =
]V(X;, S, Z) is finite and Proposition 4.9 implies that Aut(Xe, S, Z%)/(S) is also finite.
We conclude that N (X, S, Z%)/(S) is a finite group.

Finally, statement (3) is true by Proposition 5.15. ]

The hypothesis of having d linearly independent vectors as nondeterministic direc-
tions for (X¢, S, Z%) is decidable by an algorithm, studying all the sets of differences
and then applying Lemma 5.12. Until now we did not find an aperiodic d-dimensional
reduced primitive polytope substitution with less than d linearly independent nondeter-
ministic directions leaving the following question.

Question 5.18. Does there exist an aperiodic primitive reduced polytope substitution ¢
with less than d linearly independent nondeterministic directions for (X¢, S, 79)?
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