COMPUTING MODULAR COINCIDENCES FOR SUBSTITUTION
TILINGS AND POINT SETS

D. FRETTLOH AND B. SING

ABSTRACT. Computing modular coincidences can show whether a given substitution system,
which is supported on a point lattice in R?, consists of model sets or not. We prove the
computatibility of this problem and determine an upper bound for the number of iterations
needed. The main tool is a simple algorithm for computing modular coincidences, which
is essentially a generalization of Dekking coincidence to more than one dimension, and the
proof of equivalence of this generalized Dekking coincidence and modular coincidence. As a
consequence, we also obtain some conditions for the existence of modular coincidences. In a
separate section, and throughout the article, a number of examples are given.

1. INTRODUCTION

Substitution tilings, or substitution point sets, are examples of objects which show high
order at both short and long range, even if they are not periodic. This manifests itself in
the diffraction spectrum of such a tiling. Like crystals or periodic tilings, some nonperiodic
substitution tilings show a diffraction pattern consisting of bright spots — the “Bragg peaks”
— only. Such tilings are called pure point diffractive. In general, it is hard to decide whether
a given substitution tiling is pure point diffractive. For a special class of tilings the question
can be answered for any given example in principle: If the set of difference vectors between
tiles spans a discrete point lattice, then there is a condition which is equivalent to pure
point diffractivity ([LMS2], see also Theorem 3.3 below). This class covers many well-known
examples, such as the chair tiling and the sphinx tiling (being pure point, see, e.g., [SO]
[BMS], [R], [LM]), or the Thue-Morse sequence and the table tiling (being not pure point,
see, e.g., [MA], [K], [R]). In fact, the condition of [LMS2] may be difficult to check in some
cases. Here, we devise a simple algorithm and show the equivalence between the output of
this algorithm and the condition mentioned. As a consequence, we obtain results about the
computability of the problem and some conditions for the existence (resp. nonexistence) of
modular coincidences.

The paper is organized as follows: Section 2 contains notations and basic terms used in this
text, the definition of lattice substitution systems and related facts and definitions. Section
3 is dedicated to the main result of [LMS2] (Theorem 3.3), together with the definitions of
model sets and modular coincidence. Since we used the notation of [LMS2] wherever it is
possible, readers who are familiar with [LMS2] may skip Sections 2 and 3. In Section 4, we
give the construction of the coincidence graph, which is a generalization of Dekking coinci-
dence [D], and establish the equivalence between this coincidence and modular coincidence
(Theorem 4.4). From this result, we obtain results about the computability of the problem
(Theorems 4.5, 4.12), as well as some conditions (Corollaries 4.6, 4.7, 4.9) for the existence
(resp. nonexistence) of modular coincidences. Section 5 is a brief remark about the best
1
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upper bound for the costs of computing modular coincidences. Section 6 is a collection of
examples which illustrate terms and statements of preceding sections and show the usefulness
of our results. Finally, three appendices show the connections between this text and Dekking
coincidence, the overlap algorithm in [SO|] and automatic sequences, respectively.

2. BASIC DEFINITIONS, SUBSTITUTION SYSTEMS

Let us fix some notation. By N we denote the set of all positive integers. The sum of two sets is
to be understood point-wise, i.e., M+ N = {n+m|m € M,n € N}. The closure of a set M is
denoted by cl(M), the interior of M by int(M). The cardinality of A is denoted by #A (where
#(@) = 0). By B? we denote the closed unit ball {x | ||z|| < 1} in R% A tile is a nonempty
compact set ' C R? with the property that cl(int(7)) = T. A tiling of R? is a collection of
tiles {T},},.cny Which covers R? and contains no overlapping tiles, i.e., int(7}) Nint(7,,) = @
for k # n. A tiling 7 is called nonperiodic, if the only solution of 7 + 2z =7 is x = 0. If
the tiles of a tiling belong to finitely many translation classes [T}],[T5],...,[T,,], then the
class representatives 1,T,,...,T,, are called prototiles. If necessary, one may consider two
congruent prototiles as different by labelling them with their type. Given a set of prototiles
T;, one can describe tilings — or parts of tilings — by a set

(1) {Tl—i—vgl),Tl+v§1),...,T2+v§2),T2—i—véQ),...,Tm—i—vgm),...} (vgj)eRd),

or shortly by {T} + V|, T, + V, ..., T,, + V,,} — where V, contains all v,(j) of (1)) — or even
shorter by a position vector V.= (V;,Vq,...,V,)T.

Nonperiodic tilings of long range order can easily be generated by a substitution. The idea
is, basically, to give a set of prototiles and a rule how to enlarge them, and then to dissect
them into tiles congruent to the original prototiles (cf. Example 6.7). Formally, this can be
done by a matriz function system, resp. by a substitution system.

Definition 2.1. A matrix function system (MFS) is an m x m-matriz ® = (®;;)1<ij<m,
where each @, is a finite (possibly empty) set of mappings x — Qx + Wik where Q) is an
expansive linear map, 1 <i,7 <m, 1 <k < #(Cbij), Qg € R,

An MFS @ is called primitive if its substitution matrix S(®) = (#(®;;))1<; j<,n (an m X m-
matriz with non-negative integer entries) is primitive, i.e., S* has only strictly positive entries
for some k € N,

Note that we can define ®* (for k& € N) inductively by the composition of maps, i.e.,
PEl = Pk o @ = (dF o D)y icm = (U, (%) 0 (®)6)1<; j<m Where

& if (®*)yy =2 or @, =@
(2%)i 0 Dy { {goflge (P, f < (I)Z].} otherwise.

Clearly, we have S(®*) < S(®)*. Note also that the linear part of the affine mappings in ®*
is given by z — QFz. Now we can apply the MFS ® to a position vector V. Le., if V =
(Vi,...,Vy) is a position vector as above, then ®V = (W1,... , Wy,), W; = U;n:1 @Z](VJ) =

Ui Usea,, F(V)):

Definition 2.2. A substitution system is a pair (V,®), where V.= (V},V,,...,V, )" is a

fized point of the matriz function system ® (i.e., ®V = V), such that all V; are mutually

)T
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disjoint and the unions in
vi=Ue,vp=U U rv)
j=1 ‘

are pairwise disjoint for all 1 <11 < m.
If supp(V') = U, V; is a lattice, then (V,®) is called lattice substitution system (LSS) with
m components.

Now the relation between substitution systems and substitution tilings becomes clear: A set
of tiles is represented by a vector V' whose entries V; are point sets (where each point encodes
the position of one tile). The substitution applied to this set of tiles yields a larger set of
tiles, which is represented by the vector ®V.

By the action of a tile substitution, each tile T is enlarged by @, then dissected into some
tiles of type [T1],...,[T,,]). If T € [T;], then QT is dissected into #(®,;) tiles congruent to
Ty, #(®,,) tiles congruent to T, and so on. The translational part of the affine maps in @
determines the exact location of these tiles inside the enlarged tile. In this way, (7, ®) can be
considered a substitution system. Wherever we will emphasize the fact that (7, ®) describes
a tiling, we will call 7 a substitution tiling and ® a tile substitution. For examples of the
relation between tile substitutions and substitutions on point sets, we refer to Example 6.7.
The next lemma reads essentially: The translate of an LSS (V,®) by a t € supp(V) is again

an LSS.

Lemma 2.3. Let (V,®) be an LSS, t € supp(V'), and let (V —t,® + Qt —t) be defined by
V—t=WVi—t,...,Vy,—t) and P+ Qt—t = (q)ij+Qt_t)ij, ‘I)Z']'—}—Qt—t ={p+Qt—t|p € ‘I)Z]}
Then (V —t,® + Qt — t) is also an LSS.

Proof. A simple calculation (cf. Def. 2.2) yields: (® 4+ Qt —¢)(V —t) =V —t if and only if
®(V) = V. Since t € supp(V), it follows that supp(V —t) is a lattice, thus all conditions for
lattice substitution systems are satisfied. ([l

If (V,®) is an LSS, then the set V' in Definition 2.2 consists of point sets V;. Rather than
considering V' as a subset of R%", we may think of V as a point set in R%, where each point
has got one color (out of m colors altogether). Such a single point of V' with color j, located
at € R?, is of the form

{(2,....,0, {z} ,9,...,9)},
~—~
jth entry

which is a somewhat inconvenient notation. Therefore, we will avoid to consider such single
points as much as possible. If such a single colored point located at x of type j is considered,
we use the notation 'V N {x}, z is of type j’ (or of color j).

In this paper we consider only primitive LSS (V, ®). This implies that each V, is a Delone
set, and we call V' a multi-component Delone set (see [LMS1, Section 2|, where the name
Delone multiset is used; however, the name “multiset” in this context is misleading).

Definition 2.4. A set V C R is a Delone set (or Delaunay set) if it satisfies the following
two conditions:
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(1) V is uniformly discrete: There is a value r such that each open ball of radius r contains
at most one point of V.

(2) V is relatively dense: There is a value R such that each closed ball of radius R contains
at least one point of V.

Note that the maximal such radius r is the packing radius for V', while the minimal value of
R is the covering radius of V.

We should mention that every primitive substitution tiling gives rise to a primitive substitu-
tion system in a quite natural way, see (1) and comments there. In the other direction, this
is less obvious. In the case of LSS, one simple way is the following: Assign to each point x
of type i in a multi-component Delone set a tile z + F of type ¢, where F' is a fundamental
domain of the lattice. Then it is trivial to read off the substitution for the tiling from the
MFS for the multi-component Delone set. Note that we do not require the tile—substitution
to be self-similar in the sense of [SO]. For details about the subtleties of the relation between
point—substitutions and tile-substitutions, see [LMS2, Section 3.2]. The property which de-
scribes this relation is given in the following definition. It works both for tilings and for
multi-component Delone sets. In order to express it, we denote by C,.(z, A) the finite portion
of the structure A in a ball of radius r around z, the r—cluster at . If A is a tiling, then
Cr(z,A):={T € A|TN(B!+2)#2}. If A= (Ay,...,Ay,) is a multi-component Delone
set, then C,.(z, A) := (A1 N (rBY 4+ z),..., Ay N (1B + 2)).

Definition 2.5. Let A, B be two multi—component Delone sets, or two tilings, or one multi—
component Delone set and one tiling. B is locally derivable (with radius r) from A, if, for
all z,y in RY, one has:

Cr(x,A) = Cr(y,A) + (x —y) == Co(x,B) = Co(y, B) + (x — y).

If B is locally derivable from A and A is locally derivable from B, then A and B are mutually
locally derivable (MLD), see [BSJ].

For examples of a tiling and its corresponding substitution system being MLD see Example
6.7. Another property which is frequently used is the following.

Definition 2.6. A tiling A, or a multi—-component Delone multiset A, is called repetitive,
if for every r > 0 there is R > 0 such that each R—cluster in A contains a translate of each
r—cluster in A.

3. MODEL SETS

The objects we consider in this paper are primitive lattice substitution systems (V',®) and
tilings which are MLD to a primitive LSS. To exclude certain pathological cases, we assume
further that all r—clusters in V' are contained in some ®*(v), where k € N and v is a single
point of some type i. In particular, this ensures that V' is repetitive. Moreover, the dynamical
system associated to V' is always minimal, see the remark at the end of this section or [SO]
for details.

A central question is whether such a substitution system consists of model sets or not; and
whether the diffraction spectrum of such a substitution pattern is pure point or not. If V'
is fully periodic (i.e., there are d linearly independent translation vectors such that V is
invariant under these translations), this is trivial. The question becomes interesting if V' is
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not fully periodic. A theorem by SCHLOTTMANN [Sc, Theorem 4.5] states that all regular
model sets are pure point diffractive. We first recall what a model set is, see [MO].

Definition 3.1. A cut and project scheme consists of a collection of spaces and mappings as
follows:

R T RIxH D% g

U U U dense

L &L —
where H is a locally compact Abelian group, L c RUXH is a lattice, i.e., a discrete subgroup for
which the quotient group (R x H)/f/ is compact, and 7, m, . denote the canonical projections,
where ﬂint(ﬂ) = L* is dense in H and the restriction W]E is injective (and therefore bijective
as map from L to L = n(L)). We call R the direct space (or physical space) and H the
internal space.
A model set (or cut and project set) in R? is a subset of R which (up to translation) is of
the form A(Q) = {r(z) |z € L, m,,(x) € Q} for some cut and project scheme, where @ C H
has non-empty interior and compact closure. We call £ the window of the model set.
A model set A(QY) is regular if the boundary 02 = cl(Q) \ int(Q2) is of Haar measure 0.

Note that one can define the so-called star map z* of x € L by z* = ﬂint(ﬂgl(x)), justifying
the notation L* above.

To an LSS, one can naturally associate a cut and project scheme (see Definition 3.2 below
for the definition of L'). The internal space is then given by H = (L/L') x lim._; L'/Q* L/,
where lim._j L' /QF L’ denotes the Q-adic completion of L' (a profinite group), see [LMS2,
Section 5.1], and Examples 6.1 and 6.2. Furthermore, the lattice L also arises naturally as
diagonal embedding of L in R x H, i.e., L = {(t,t) |t € L}. So only the existence and
shape of a window is in question. For this, a central role is played by the notion of a modular
coincidence.

Definition 3.2 (cf. [LM, LMS2]). Let (V,®) be an LSS and L = supp(V). Let L' :=
Ly+ Ly + -+ Ly, where L; := (V; — V;)z.
Forae L, let
®,[a] :=={p € ®;; | p(y) = a mod QL', where V,Cy+ L'}
={pe®;|e(V;) Ca+QL'}.

Furthermore, let

1<i,j<m

(V,®) admits a modular coincidence relative to QL’, if ®[a] is contained entirely in one row
of ® for some a € L, i.e., if (a+ QL") CV, for some 1 < i <m.

For an illustration of this concept, see Example 6.4 with an explicit calculation of a modular
coincidence in a particular case. (At this point, consider just the first part of the example,
before the first occurrence of ¥).

REMARK: Since Q(L) C L, one also has Q(L") C L (see [LMS2, Section 5.1]). Furthermore,
L/L" is finite, i.e., L' partitions L in finitely many cosets. By the definition of L', each V] is
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a subset of one such coset (it is possible that more than one V; are subsets of a fixed coset).
Clearly, we have V; C y + L' for y € V. Since ¢ € ®,; is affine, we get p(V}) C p(y + L") =
©(y)+ QL. Therefore, ®[a] partitions ® into congruence classes induced by the cosets L/QL’.
Note that ®[a] # @ for all a € L. Note also that even in the one-dimensional case, not all L,
have to be equal, cf. Example 6.1.

The answer to the questions about an LSS being a model set and being pure point diffractive
is now given in the following theorem.

Theorem 3.3. [LMS2, Theorem 5.12] Let (V,®) (with V = (V1,...,Vy)) be a primitive
LSS, L' = Ly + -+ + Ly, where L; :== (V; — V;)z. Then the following claims are equivalent.

(1) Each V; is a regular model set.
(2) There is a k € N such that a modular coincidence relative to QL' occurs in ®*.
(3) V s pure point diffractive (meaning that each V; is pure point diffractive). O

Essentially, this theorem tells us that it is sufficient to compute powers of @, until there is a
map ¢ which occurs in one row of ®* only. Alternatively, it follows from [LMS2] that it is
enough to find one sublattice a4+ Q" L’ which lies entirely in a single V., to ensure that each Vi
is a regular model set. At this point, it is difficult to estimate an upper bound for k, or even
to decide whether the derived algorithms will terminate, assuming that V' is not a model set.
An answer is given by Theorem 4.5 below.

Note that the above construction does not yield the “minimal” possible internal space, see
Example 6.2.

REMARK: To a multi-component Delone set V' (or a tiling 7), as obtained via a primitive
substitution, one can associate a compact metric space Xy, (X;). Here, Xy, := cl({V —t|
t € R4, i.e., it is the closure of the set of all translates of V' in the space of all multi-
component Delone sets, where the metric yields the following definition of closeness: Two
multi-component Delone sets V',V are close to each other if they coincide, after a small
shift, inside a large ball around the origin. This compact space together with the translation
action RY yields a topological dynamical system Xy R%). If the eigenfunctions of this action
span a dense subspace of L? (Xy), then we say that V' has a pure point dynamical spectrum.
In the cases considered here, V' (resp. 7') has pure point dynamical dynamical spectrum iff
it is pure point diffractive. This equivalence is often used in the literature. In fact, this
equivalence plays an essential role in the proof of Theorem 3.3. For details on dynamical
systems and this last connection see [LMS1, LMS2, G, BL].

4. MAIN RESULTS

In connection with modular coincidence, we define the following subsets of {1,...,m}:
Uyla] = {i| (a+Q°L) NV, # 2} (a€L/Q"L)
The following properties are obvious:

(1) W, [a] C{1,...,m} and 1 < #(¥,[a]) < m.

@) at+ QL' c U V, -
i€V, [a]
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(3) (V,®) admits a modular coincidence relative to Q*L’ iff there is an a € L/Q*L’ such
that #(¥,[a]) = 1.
(4) For z € L/L’', denote by z an element of the associated coset. Then ¥[z] is a partition
of {1,...,m} as z runs through L/L’.
(5) By QL' ¢ Q*L’ we have ¥, [a] = U [z
z=a mod QFL’

Already these properties can sometimes be used directly to decide on the (non-)existence of
modular coincidences, see Example 6.3.

Note that the sets ¥, [a] can be calculated iteratively:
Uy 0] = {i| 0+ Q"' L) NV, # &}

pe i rgo)n (U U e 2o

Js06<1> 0]

U U ((p+@*1)newy) #2

J e, ;[b]

U U (<a + Qk[/> N VJ> + @, where ¢(a)=bmod QL

J 4p€<I>
= {i| there exist j, ¢ € ®;;[b] and a € L s.t. p(a) =bmod QL and j € W, [a]},

where the fourth equation is due to the following: If (b + QL") N (V. ;) # 9, then there
exists an a such that p(a) = b mod Q1L

For a fixed W, [a], we call each W, [b] which is determined by the previous equation a child of
U, [a]. Conversely, for a fixed ¥, ,[b], we call all ¥ [a] which appear in the previous equation
the parents of W, _,[b].

Example 6.4 shall illustrate this concept. This example also inspires the following notation:
We fix a system of representatives (which includes 0) in L of L/QL, denoted by «,. Then we
can code every a € L by a finite sequence a = (ay, @, ..., qa,) (the Q-adic expansion of a),
where a € a; + QL, a — oy € ay + Q*L, a — oy — Qay € a3 + Q3L, etc.

Definition 4.1. A primitive LSS (V,®) is called admissible, if all mappings in ® have
translational parts of the form (aijk,0,0, ...), where ayji, is an element of a fized system of
representatives for L/QL.

Note that, by the definition of an LSS, all such translational parts appear exactly once in each
column of ® in the admissible case. The admissible primitive LSS are those to be considered

in the sequel. Later we shall discuss nonadmissible substitution systems (Theorem 4.12). For
an example of a nonadmissible primitive LSS, cf. Example 6.5.

In the following, we introduce a simple method for computing modular coincidences in the
admissible case.

Definition 4.2. The coincidence graph Gy ¢) of a primitive LSS (V,®) is a directed
(multi- )graph, where the vertices represent sets W, [a]. If ¥, [a] and V,[b] are equal as sets,
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then both are represented by the same vertex.

We mark the [L : L'] vertices Uyla] as “base points” (e.g., these vertices are represented by a
double circle instead of an ordinary circle). We draw an edge from vy to vy iff ve is a child
of v1. Therefore, there are at most | det Q| outgoing edges at each vertex.

Of course, one can also label the edges by the element z € L’'/QL’ which induces the par-
ent/child relation. This is useful if one wants to analyze the substitution further, e.g., de-
termine the windows of a model set explicitly. In this case, multiple edges are possible, and
there are exactly | det Q| outgoing edges at each vertex. For examples of coincidence graphs,
see Examples 6.7, 6.9.

The practical construction of a coincidence graph works as follows. Let us introduce the
following notation: For an (admissible) LSS (V,®) and fixed j, denote by ®(j), the letter 4
for which Qx + 2 € ®,; (where z € L/QL’). By definition, this is (for every j and z) exactly
one letter. Then we obtain the coincidence graph as follows: We start with the base points
Uola] (a € L/L'). Suppose {sy,...,s,} = ¥la] for some a, then there is a directed edge to
the vertex representing {®(s),,... ®(s,),} for each z. From these new vertices, we proceed
further (to the vertices {®2(s;),,... ®%(s,),}) until no further edges and vertices have to be
added. This graph is then the coincidence graph.

Lemma 4.3. Let (V,®) be an admissible primitive substitution system. If ¥, [a] = ¥ [c],
then W, [a] and V,[c|] have the same set of children.

Proof. Case L = L: Here a in ¥, [a] is actually a representative of L/ Q" L, wherefore we can
write (ag,,...,, ) for a. Similarly, we can write (ay,,...,q,,) for c. An (admissible) map
p(z) = Qe+ (0, 0,0,...) yields (with these identifications) ¢(a) = (@4, 4, - - - @, ) and
o) = (@ s -0, ). Now, since Wy a] = U[c], the same maps operate on a + QFL
as well as on ¢ + Q'L, and we get U, [t + Qa] = ¥, [t + Qc] (where ¢ is an associated
translational part). Furthermore, we observe in the admissible case that each child has exactly
one parent (¥, [(ay,...,q;, )] has parent ¥, [(ay,...,q; )]). This proves the lemma for
L=1I.

Case L # L': Since each set ¥*[a] determines the representative of L/L’' uniquely, we can
simply index the position by the Q-adic expansion relative to L’. This reduces this case to
the previous one. O

It follows that we need to compute children only as long as we find sets that did not occur
before. This justifies the representation of equal children ¥, [a] = ¥, [b] by a single vertex in
Def. 4.2. As a consequence, we obtain the following result.

Theorem 4.4. Let (V,®) be an admissible primitive LSS. Then, (V,®) admits a modular
coincidence iff at least one vertex of the coincidence graph G (v ¢ represents a singleton set.
The length of the shortest path from one of the vertices Wla] to this singleton set is the
minimal k such that a modular coincidence relative to QFL' occurs in ®F. O

The claim follows immediately from Lemma 4.3 and the construction of W. This result yields
an upper bound for the number of iterations needed to compute modular coincidences.
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Theorem 4.5. Let (V,®) be an admissible primitive LSS with m > 2 components. If ®F
admits no modular coincidence for k < 2™ —m — 2, then ®F admits no modular coincidence
for any k € N.

Proof. As described above, it is possible to determine the sets W, [a] iteratively. The LSS
(V,®*) admits a modular coincidence iff there is an a such that ¥, [a] is a singleton set.

From Lemma 4.3, it follows that we need to compute children until no new sets appear. Since
every child is a nonempty subset of {1,2,...,m}, after at most 2™ — 2 iterations all possible
sets have occurred. (We count the determination of W,[-] as the zeroth iteration step. So
U, [-] corresponds to ®1.) Moreover, after at most 2™ — m — 2, iterations either a set with
just one element occurred, or, by Lemma 4.3, it will never occur. By Theorem 4.4, this is
equivalent to the claim of the theorem. O

As a consequence of Theorem 4.4, we obtain some conditions for (V, ®) admitting a modular
coincidence. By Theorem 3.3, this translates to necessary conditions for V' consisting of
model sets, resp. being pure point diffractive.

Corollary 4.6. Let (V,®) be an admissible primitive LSS. If there is an a such that V[al
s a singleton set, then V' consists of model sets.

Proof. This is an immediate consequence of Theorem 4.4: W [a] is already a singleton set,
thus, by the construction of ¥, we obtain V; = a + L’ for some 1 < 7 < m. By the remark
following Theorem 3.3, V' consists of model sets. U

Corollary 4.7. Let (V,®) be an admissible primitive LSS, such that no ¥a] is a singleton
set. If V' consists of model sets, then ® admits at least one pairwise coincidence in some
Uylal, i.e., there are j # k such that j,k € Wyla] for some a and ®;; N Py, # @ for some i.

Proof. Assume that ® admits no pairwise coincidence in any ¥,[a]. Therefore, and because
any set W[a] contains more than one element, any child ¥,[Qa + 2] contains more than one
element. Inductively, no set ¥, [-] is a singleton set. O

Surprisingly, the last corollary applies to a large number of substitutions found in the litera-
ture, showing that they do not consist of model sets, since they admit no pairwise coincidence
(cf. Examples 6.3, 6.7, 6.8). In [FRA2, Def. 1.2], the author defines bijective substitutions.
This definition reads in our notation as follows.

Definition 4.8. Let (V,®) be an admissible primitive LSS. If each ¢ occurring in ® appears
exactly once in each row, then (V,®) is called bijective substitution (system).

The following statement is mentioned in [FRA2, Section 3.3|, but without proof. Here we
obtain the result quite easily.

Corollary 4.9. Let (V,®) be an admissible primitive LSS, such that ® is bijective and V is

nonperiodic. Then V' does not consist of model sets, therefore V' is not pure point diffractive.

Proof. The proof is an application of Corollary 4.7. ® is bijective, thus ¥ admits no pairwise
coincidence at all. All we need to show is that no ¥[a] is a singleton set.
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First we note that in V' all types of points occur with the same frequency, if V' arose from a
bijective substitution: Since (V, ®) is bijective, every ¢ appears exactly once in each row of
®. Since (V, @) is admissible, every ¢ appears exactly once in each column of ®. Therefore,
the row sums of the substitution matrix S(®) = (#®;j)1<i j<m are all equal. Let ¢ € N be
this row sum. Thus ¢ is an eigenvalue of S(®), with corresponding normalized eigenvector
(1/m,1/m,...,1/m)T. Since S(®) is primitive, it follows from the Perron-Frobenius Theorem
that ¢ is the unique eigenvalue of S(®) which is largest in modulus (since it is the unique one
with a strictly positive eigenvector). It is well-known (and easy to see) that the corresponding
(normalized) eigenvector contains the relative frequencies of the points of each type. Thus,
all types of points have the same frequency in V.

Assume that there is some W [a] such that #W¥ [a] = 1. This means that all points and only
the points in a + L’ are of the same type, which occurs with relative frequency % Therefore,
the index [L : L'] equals m, but there are exactly m types, and each coset L/L’' contains at
least one type. Then the only possibility is #W,[b] = 1 for all b and V' is periodic (w.r.t. the
lattice L').

Under the nonperiodicity assumption of the corollary, it now follows that each ¥[a] contains
more than one element, which completes the proof. O

The following theorem allows us to extend the results to nonadmissible LSS. Under a certain
condition, we can find for a primitive LSS (V, ®) an admissible one, say, (V', ®'), such that V'
and V' are MLD. Here and in the sequel, V. N RB? is to be read as (Vi N RBY, ..., V,, N RBY).

Definition 4.10. Let (V,®) be a primitive LSS and F a fundamental domain of the lattice
supp(V'). We say that (V,®) is nicely growing, if there is an R > 0 such that, for all
R-—clusters V N (t + RBY),

(2) supp(V) N (Qt + QF + RB?) C supp <<I>(V N(t+ RBd))) .

In plain words: In particular, we require that the action of ® maps the set of points of
V N RB? to the points inside a region which is considerably larger, namely, V N (QF + RB?)
(and maybe to some more points). And in general, the points of V' inside any ball of radius
R, centered at t, are mapped to the points in the set V N (Qt + QF + RIBSd), “centered” at
Qt (and maybe to some more points).

REMARK: All admissible substitution systems are nicely growing. If (V', ®) is admissible, then
® maps V N RB? onto V N Q(RBY) (and possibly more), at least for R large enough. (E.g.,
the admissible substitution of the substitution system (V, ®) in Example 6.1 maps the cluster
VNB! = VN[-1,1] to the cluster V N[—6,11], which is a superset of V' N ([0,6] +[—1,1]) =
V N [—1,7], thus (2) is fulfilled in this example for t = 0, R = 1.) Then the number of
points in the support of the left hand side of (2) grows approximately like R? 4 cR%~!, where
the number of points in the support of the right hand side grows like R¢|det(Q)|. Since
|det(Q@)| > 1, Equation (2) is fulfilled for R large enough. This shows that all admissible
substitutions are nicely growing.

This is also true for the nonadmissible substitutions in Example 6.5. Essentially, all primitive
lattice substitution systems known to the authors are nicely growing (but cf. Example 6.6).
Note that the requirement of checking R—clusters is a finite problem, since there are only
finitely many translation classes of them.
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Theorem 4.11. Let (V,®) be a nicely growing primitive LSS. Then there exists (V',®'),
such that V and V' are MLD and (V',®') is admissible.

Note that our general assumption on V' — all r—clusters in V' are contained in some iteration
®F(v) of a single point v — ensures that V is repetitive.

Proof. The basic idea is to construct V' out of V' by assigning to each colored point in V' a
colored point in V' at the same position, where the color of the latter one depends on the
local surrounding of the former one. This construction is well-known, see for example [KEP]
(“forcing the border”) or [ORS] (“collaring”). In general, V' will use more colors than V.
Then the admissible MFS @’ arises in a quite natural way, using the property ®(V) = V.

Let R > 0 such that
supp(V') N (QF + RBY) C supp ((I)(V N RIB%d)> .

Since (V, ®) is nicely growing, we find such an R by Definition 4.10. Let uq,...,uq be a basis
of the lattice L, i.e., L := (uq,...,uq)z. We introduce the fundamental domain

d
F:{Z)\iuilog)\i<1}
i=1
of L. For a fixed lattice L, the lattice basis is not unique, hence there are many possibilities
how F' may look like. For simplicity, we may choose the vectors u; such that the diameter
diam(F) becomes minimal among all possible fundamental domains. But this is not relevant
in the following.

Let x € L. Then any set x + F contains exactly one element of L, namely x, and any set
Qx + QF contains exactly | det(Q)| elements of L, which just are representatives of L/QL.

Consider all types of R—clusters in V, i.e., all sets
(3) V N (xz+ RB?Y) := (Vi N (z + RBY), ..., V,, N (z + RBY)),
where 2 € L. There are finitely many translation classes of these, [C(D], [C®)], ..., [C™)],

say. For simplicity, we represent every translation class by a cluster C®) centered at the

origin. Note that the C'® are of the form (CY), e ,C’,(,?). Now we construct V' out of V' in
the following way:

V/:={zeL|Vn(z+RBY) e [CW],
and V' = (V/,..., V). In plain words: If z is the center of a cluster of type C*) in V', then z

r'n
in V' gets color 4. Since all lattice points 2 € L are covered, we get L = J; ., V/. Clearly,

any x € L is the center of exactly one R—cluster, therefore this union is disjoint.

The MFS &’ is given as follows: Let V' N {z} be of type j, i.e., z € V/. Now define @' by
(V' 0 {z}) = V 1 (Qx + QF) = (Qa + QF) N V{,.... (Qu + QF) N V).

The sets (Qz+QF)NV, contain finitely many points, which define the maps in @/ ; as follows.

Let j be fixed. If (Qz 4+ QF) NV; = {b1,ba,..., b}, then set a;jp :== by — Qx € QF N L,

we(y) = Qy+aze (1 <L < k) and i = {1,902, ¢x}.

We claim that (V’/,®’) is an admissible primitive LSS such that V and V' are MLD. The
maps of @ are of the form = — Qz + a;j0. By construction, the substitution given by &’
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maps every element of V' to |det(Q)| elements, which are contained in some translate of QF.
Moreover, every a;je is an element of QF N L, which is a fixed system of representatives of
L/QL. Thus the definition of admissibility is fulfilled.

Obviously, a point in V' determines an R-cluster in V', so V is locally derivable from V.
By construction, V" is locally derivable from V', so V and V' are MLD.

Let VN{z} be of type i, R > 0. Since (V, ®) is primitive, and by our general assumption (see
the beginning of Section 3), ®*(V N{x}) contains all types of R-clusters for some appropriate
k. Therefore, applying (®')* to the corresponding point V' N {x} yields all types of points in
V'. The choice of V N {z} is arbitrary, so it can be the center of any type of R—cluster in
V. Altogether, this means that, for any V' N {z}, there is k € N such that (®)*(V' N {z})
contains all types of points that occur in V’. This is equivalent to ® being primitive.

All we are left with to show is that @' is well-defined, i.e., that two points of the same type are
substituted in the same way. This follows essentially from the condition ®(V') = V': Since two
congruent clusters in V' are mapped by ® to congruent clusters in ®(V'), the corresponding
points in V' are mapped to congruent clusters in V’. Formally, we need to show: If z,y € V/
for some 7, i.e., V' N {z} = (V' Nn{y}) + = — y, then
(4) (V' n{z}) =" (V'n{y}) + Qz —y)
holds. So, let V' N {z} = (V' N {y}) + = —y. By construction of V', it follows that the
corresponding R—clusters in V' are of the same type, i.e.,

VN(z+RBY) = (VN(y+RBY) +2—y.
Since ®(V') = V', we obtain

@(Vﬁ(x+RIB%d)> :(I)((Vﬁ(erRIB%d))er—y) :<I><Vﬁ(y+RIB%d)>+Q(x—y).

Consider V N (Qx + QF + RBY),V N (Qy + QF + RBY) + Q(x — y). The growing nicely
condition implies:
supp (V N(Qz+ QF + RIB%d)) C supp (<I> (V N (z+ RIB%d)))
|
supp (V N (Qy + QF + RBY)) + Q(z —y) C supp (2 (V N (y+ RBY))) + Qz —y).
The four sets V N (Qz + QF + RB?), ® (VN (z+ RB?)), V N (Qy + QF + RB?) and
® (V N (y + RB?) occurring in the above equation are all subsets of V' as multi-component
sets, i.e., with respect to colors. We obtain
VN (Qr+ QF + RBY) c @ (Vn(z+ RBY)
I
VN (Qy+QF + RBY) +Q(z—y) < @(VN(y+RB))+Qz—y).

Obviously, the supports of the left hand sides are equal. Therefore, it follows from the above
equation, that the left hand sides are equal as multi-component sets:

VN (Qr+ QF + RBY) =V N (Qy+ QF + RBY) + Q(x — )

By the construction of V', the R—cluster Cg = V N (x + RB?) in V determines the color of
x € V'. Therefore, the above equation yields

V' N(Qz+QF)=V'N(Qy+QF) + Q(z —y),
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and by the construction of ®’; this is equivalent to (4). Altogether, (V' ®’) is an admissible
primitive LSS, such that V and V' are MLD. O

The last result proves useful as follows.

Theorem 4.12. Let (V,®) be a primitive LSS, and (V',®') be an admissible one, derived
from (V,®) as in the proof of Theorem 4.11. If V' consists of model sets, then so does V.

Proof. Let V = (Vq,..., V). By the construction of V', each set V; is partitioned into sets
Vi, Vi,..., Vi belonging to V’. Recall: An element of V' at position x got its type according
to the R—cluster surrounding « in V. Denote all translation classes of R—clusters with center

of type i by [C;,], [Ci,), ..., [Cs ). Then V; = VZ'1 U VZ’2 U---u Vz’k

Let V' consist of model sets. This means that each VZ’] is a model set. To each VZ’J belongs a
window set Wi/j- Let V! V! ..., VZ’]c be the sets assigned to V;, i.e., V; = Ulgjgk VZ’J Let Q;j

i1 Vgt

be the window of VZ’J (cf. 3.1). Then

vi- U vi= U @)= 2.

1<j<k 1<j<k 1<j<k
Since the windows ng have nonempty interior and compact closure, this is also true for their
(finite) union. Thus V; is a model set, too. O

5. REMARKS ON COMPLEXITY

Theorem 4.5 gives an exponential upper bound for computing modular coincidences. This
may be far away from the best upper bound. In particular, it is not known whether the
required number of iterations is polynomial in m or not.

If K = 2™, the k—th power of an (m x m)-MFS & can be computed by m — 1 “matrix
multiplications”, to be understood as stated after Def. 2.1. If ¥’ < k and ®*" already admits
a modular coincidence, then ®* also does. Therefore, it suffices to compute ®, 2, &4 38 .. .
At first sight, this would lead to a polynomial bound for computing modular coincidences.
However, unlike usual matrix multiplications, the costs for each multiplication is not m3, but
the costs per multiplication increase with k. We do not study this question in detail here,
but essentially, the costs grow faster than the sum of the entries of the substitution matrix

S(®F).

The authors conjecture that the lowest upper bound is quadratic in m, hence not linear in
m. Consider the following example:

(5) 1—12, 223 3—34,....m—1—>m—1m, m—11

If m = 2 this reads as the well-known substitution a — ab, b — aa. For 2 < m < 16, the first
modular coincidence occurs in ®™~1D?. This is a hint that a general upper bound is quadratic
in m. It will be difficult to find a worse example, since the dimension (=1) and the factor
det(Q) (=2) are the smallest possible for admissible primitive LSS, as well as the number
of pairwise coincidences (=1). For m € {2,3,4,5,6}, we computed for all substitutions with
these three properties the minimal number k, such that ®* shows a modular coincidence (if
there is such a k). It turned out that the substitution (5) yields the maximum value of k in
these cases.
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6. EXAMPLES OF SEQUENCES AND TILINGS

6.1. Periodic substitution I. The primitive substitution given by the following MF'S yields
a periodic sequence. Here h; denotes the map h;(z) = 6x + 1, i € Z.

{ho,hs} {ho,hs} {ho,h3}
® = | {h1,hs} {h1,hs} {h1,hs}
{h2’h4} {h2ah4} {h2ah4}

In symbolic notation, this reads a — abcach, b — abcach, ¢ — abcach. This substitution on
L =7 yields L, = 3Z, L, = 2Z and L, = 27 (and therefore L' = L). Note that here — as in
some of the following examples — we use letters a, b, ¢ instead of numbers 1, 2, 3. To obtain
a tiling, replace the letter at position n by the interval [n,n + 1] (and label it with its letter).
To obtain a multi-component Delone set, let V' = (V,, V4, V..), where V,, contains all positions
of letters a etc.

6.2. Periodic substitution II. The trivial substitution a +— ab, b — ab on L = Z yields the
periodic solution ...ababababababa . .. (and therefore V, = 27, V, = 2Z 4+ 1 and L' = 27Z). It
already shows a modular coincidence relative to QL' (each ®[i], 0 < i < 3, consists of exactly
one element). Following the construction preceding Def. 3.2, one would obtain as internal
space H = Cy X Z, (where C, = Z/27 is the cyclic group of order 2, and Z, are the 2-adic
integers) and the lattice L = {(t,t mod 2,t) € R x Cy X Zy | t € Z}, but it is easy to see that
H' =C,and L' = {(t,t mod 2) € R x C, | t € Z} suffices.

6.3. Thue-Morse sequence. The Thue-Morse sequence is defined as the fixed point begin-
ning by 0 of the substitution 0 — 01, 1 — 10 (it starts 0110100110010110100...). There
is also an arithmetic definition of this sequence (e.g., see [H, p. 2], [PF, 2.1.1]): For any
integer n, denote by S,(n) the sum of the dyadic (binary) digits of n, i.e., Sy(n) = >~y 7,
if n =3 ,50n;2" (n; € {0,1}). Then the n-th symbol in the sequence is a 1 iff S,(n) is odd.
Obviously, for n < 2¥, we have the following: if Sy(n) is odd, then Sy(n +2%) is even and vice
versa. Therefore W, [n] = {i | (n +2*Z)NV,} = {0,1} for all k and n, and the Thue-Morse
substitution admits no modular coincidence.

6.4. Parents and children. Consider a substitution defined by a — aba, b — bee and
¢ +— abe (this substitution arises in the study of the Kolakoski sequence over the alphabet
{2,4}, see [S1]). The corresponding MFS & is given by:

{ho, ha} @ {ho}
®=| {hi} {ho}  {M} |,
o {h1,h2}  {h2}

with h;(z) = 3z +i. A fixed point is given by ...ababccabcababecaba. .., where the dot
marks the zeroth position. It is easy to check that here we have L = Z = L'. In this case,
as L = L' and ® is admissible, the check for modular coincidence reduces to finding a map
g which is shows up in only one row of ®* for some k& € N. Therefore we get (note that

@aa = {hO;hQ}, @ba = {h1}7 etc.)
o[0] C @,,U P, UP,., P[1]C P, ,UD,UD,., P2/ CP, UP,LUD,..
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Here we use letters rather than numbers to avoid confusion, because numbers are used to
represent cosets below. Since none of the sets ®[-] is contained in just one row of the MFS, &
itself does not show a modular coincidence. (For instance, ®[0] is contained in the first and
second row of ®, ®[1] in the second and last row, etc.) Nevertheless, ®* shows a modular
coincidence already, or more precisely, three of them.

9 {hzﬂh0h2’h2h0’h%} {h20h12’ h0h2} {h%’thO’h0h2}
P = {h1h0a2h1h2ah0h1} {h ahlahth} ) {h1hg,h0h1,h%h2}
{hl’thl} {hlhOathOathl’hl} {hl’hZhl’hZ}

The map hy o hy(z) = 92 + 6 is contained in just the first row, the map hy o hy(x) =92 +7
just in the second row and the map hy o hy(x) = 92 + 5 just in the third row.

Since L = L', we have U,[0] = {a,b,c}. The next step is easy: For ¥,[i] we just have to
consider the maps ®[i] (see the first indices of the matrix elements of ® involved in ®[i]) to
obtain
\Ijl[o] = {a7 b}7 \Ill[l] = {b7 C}, \1/1[2] = {a’7 C}-

Basically, we make use of the (unique) ternary expansion of each natural number and that
the maps of the MFS line up with this ternary expansion. E.g., to calculate W, [7], we observe
that 7= 2.3 + 1, therefore W,[7] is determined by the 4’s of ®;;[1] with j € ¥,[2], yielding
U, [7] = {b}. For completeness, we list all ¥,:

Uo[0] = {a, b}, Wy[l] ={b,c}, W,[2] ={a,c}, Uy[3] ={a,b},

\II2[4] = {b’ C}’ \1]2[5] = {C}a \1]2 [6] = {CL}, \112[7] = {b}a \IIQ[S] = {CL,C}.
Here, the children of ¥, [i] are W,[3-i], Uy[3 -7+ 1] and ¥4[3 - i + 2]. Since Uy[5], ¥2[6] and
Wy [7] are singleton sets, we have a modular coincidence.
Note the correspondence between ®*[i] and ¥, [j]. For instance, the fact that W,[5] = {c}

corresponds to the fact that hy o hy(z) = 92 + 5 is contained in the last (the “c—th”) row
of 2.

6.5. Nonadmissible substitution I. Consider the one-dimensional substitution given by
the following MFS (where h; denotes the map h;(z) = 3x + 1):

{ho}  {h1}  {he}
® = [ {h1,hs} {ho} {h1,hs}
{he} @ {ho}

In symbolic notation, this corresponds to the substitution

a — abc__b, b — ba, ¢ — cba__b,
where _ stands for an empty position. A fixed point of this substitution is
(6) ... cba bab abc bab abe bab cba bab abe . . .

The dot marks the zeroth position. Obviously, this substitution is not admissible. Never-
theless, a brief look at the first iterations ®*({0}, @, @) shows that this substitution is nicely
growing. It is easy to see that this substitution is equivalent to the admissible substitution

a — abc, b — bab, ¢ — cba.

Both substitutions yield the same sequences, therefore the sequences are clearly MLD. Here
we did not use the construction of Theorem 4.12. This would yield another sequence V'’
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E -

FIGURE 1. Tile substitution for the Chair Tiling (left) and for the Table Tiling

(right).
=P X=4¢ S
2N

F1cure 2. Labelling for Chair Tiling (left) and for the Table Tiling (right)

MLD to (6), but it would use more than three letters. Namely, the construction works with
R = 2. There are eight different types of 2—clusters (five-letter words) in (6), yielding eight
different letters in the new sequence V’/. This example is easily generalized to more than one
dimension.

6.6. Nonadmissible substitution II. The following MFS yields another nonadmissible
substitution:

{h15}  {his} % {15}
& — {h1a} {3} {h12} {h1a, h13}
{h13}  {h1a} {P15, P14, M1} oz ’
{h12,ho} {h12} @ %]
where h;(x) = 4z + i. In symbolic notation, this would look quite weird, since the action of
® contains large shifts to the right. E.g., a letter a at position 0 becomes a word d_ ... _dcba

under the action of @, showing a large gap between the first letter d at position 0 and the
second letter d at position 12. This substitution is clearly not admissible. Nevertheless, there
is a V such that ®(V) = V. E.g., let C = ({-5},d,{—4}, ). The iteration of ® on C yields
a sequence with ®(V) =V, namely V = (J,cy ®¥(C). Thus (V,®) is a primitive LSS. It is
not easy to see whether this substitution is nicely growing. If so, it can be shown that R must
be at least 15. (Note that the difference between the smallest and the largest translational
part occurring in ® is 15.)

This example can be generalized to higher dimensions, too. It can also be generalized to
any number m > 4 of types of points such that the difference between the smallest and the
largest translational part occurring in ® is m? — 1 (and we really have an LSS). In this case,
it can be shown that R must be at least m? — 1, if the corresponding substitution system is
nicely growing. Anyway, the substitution above on 4 letters yields the same sequences as the
admissible substitution

a — dcba, b — dbca, ¢ — cccb, d — dbba,

showing a modular coincidence in ®2.
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FIGURE 3. Induced substitution for the Chair Tiling (left) and for the Table
Tiling (right).
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FIGURE 4. Coincidence graph for the Chair Tiling (left) and for the Table
Tiling (right)

6.7. The Chair Tiling and the Table Tiling. The chair tiling and the table tiling (also
called the domino tiling) and their spectral properties are discussed in detail in [SO], [R]
and [BMS]. They are generated by the tile substitutions in Fig. 1. The expansion @ acts as
scaling by a factor 2, and the rotated versions of the shown tiles are substituted analogously.
Both tile substitutions can be described by substitutions over the alphabet {p,q,r, s} on
L = 72, where one uses the labelling of Fig. 2.

These labellings yield the (induced) substitutions in Fig. 3. Therefore, we obtain the coin-
cidence graphs shown in Fig. 4 (observing that L = L' = Z?). Note that the substitution
for the table tiling admits no pairwise coincidence, therefore Corollary 4.7 yields that the
induced LSS does not consist of model sets. The substitution is also a bijective substitution,
so Corollary 4.9 applies, too.

These graphs show that the chair tiling is pure point diffractive (compare to [R, Theorem
8.1], also see [So, Example 7.1]), while the table tiling is not (compare to [R, Theorem 8.2],
also see [SO, Example 7.3]). We note that the internal space for the chair tiling is Z2 (which
lines up with the inflation by a factor of 2, i.e., Z3 = lim._;, Z2/2% - Z?).
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N
N

FIGURE 5. The substitution for the Semi-Detached House Tiling (left) and a
part of the tiling, which (hopefully) illustrates its name.

6.8. R1-R2 Tilings. In [FrRA1], a family of substitutions is considered which fulfil two
conditions, namely, (R1) and (R2). In our notation, these read as follows. Let (V,®) be an
admissible primitive LSS supported on L = Z4, V = (V1,...,Vap,), [L : L'] = m.

(R1) Wgla;) = {i,i + m} (1 <i <m), where a; runs through L/L’.
(RQ) (I)jyi N q)j,i—i—m = @ for all 4, j.

The first condition tells us that no ¥[a| is a singleton set: each one contains two elements
1,7 + m. Therefore, the second condition tells us that there is no pairwise coincidence in any
Vyla]. Thus, it follows from Corollary 4.7 that none of the multi-component Delone sets (or
tilings) induced by these substitutions consist of model sets.

6.9. The Semi-Detached House Tiling. The tile substitution in Fig. 5 (with expansion
factor 2) appears as unsolved problem in [F, Abbildung 17]. As above, rotated and reflected
versions of the tiles are substituted analogously to the shown tiles.

Each of the two semi-houses (i.e., the big and the small one, see tile substitution in Fig. 5)
arises in 4 different orientations and its reflected versions. To derive a substitution, we use
the labelling in Fig. 6.

We then obtain the substitution for “squares” in Fig. 7, p. 20, which is again a substitution
on L = 72 by a factor of 2.

Instead of using all 56 squares which occur in this substitution, we form 20 classes which are
already present in Fig. 7 (i.e., squares which yield the same substitute are in the same class).
We now look at the substitution induced on these classes, e.g.,
i e _ [

a— a— _

a a a a

Obviously, if we do not have a modular coincidence for this induced substitution, then there
is no coincidence for the original substitution either. The coincidence graph for the induced
substitution is shown in Fig. 8, p. 21. As suggested by Fig. 7, L' forms a checkerboard with
respect to L, i.e., [L: L'] = 2.
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B| B Y]y XX
ol D B Z vy X|X Z
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FIGURE 6. Labelling of the Semi-Detached House Tiling

As we do not have a modular coincidence for this substitution (no vertex in the coincidence
graph represents a singleton), the semi-detached house tiling does not arise from a model set
and is not pure point diffractive. This non-trivial example shows that analyzing LSS and
tilings can often be quite elaborate.

APPENDIX A. MODULAR COINCIDENCE VS. DEKKING COINCIDENCE

An admissible LSS in one dimension (i.e., on L = Z) is known as a primitive substitution
of constant length q, see [D, Q, PF|. Here the mappings of the MFS & are of the form
T T+ Qg where @k € {0,...,q—1}, i.e., each letter is substituted by exactly ¢ letters.

The first step in analyzing such a substitution is to determine L’. Since L = 7Z, we have
L' = r-7Z and r € N is to be determined. To this end, we define, for a sequence u =
C U_gU_jUgUq Uy - . ., the sets S, = {j € Z | Ujyp, = u;, } and numbers g, = ged S). It is easy
to see that g, = g, if u;, = u,,, so that we only have to determine the g, once for each letter
of the alphabet. Furthermore, we have L, = g, - Z if u;,, = i (in other words: if uy, is of type i)
and, by L' = L, + ...+ L,, (m is the cardinality of the alphabet), also r = ged{g, | k € Z}.

Let us introduce the height h of a substitution of constant length ¢ (see [D, Definition II.8]
and [Q, Definition VI.1.]): h = max{n > 1|gcd{n,q} = 1 and n divides g,}. We have the
following property for every k € Z ([D, Remark I1.9(i)] and [Q, VI.2.1.1.]):

{n>1]gcd{n,q} =1 and n divides gy} = {n > 1| ged{n,q} =1 and n divides g}

From this, it follows directly that 1 < h < r < m and h divides r, but is relatively prime to
q. If r = m, then the sequence under consideration is periodic (compare to the argument in
the proof of Corollary 4.9). It can happen that h < 7.

ExAMPLE: The paperfolding sequence can be generated by the substitution a — ab, b — cb,
¢+ ad, d — cd and a subsequent projection {a,b} — 0, {¢,d} — 1 on a two letter alphabet
{0,1}. We consider the original substitution on {a,b,c,d} for which we have: ¢ = 2, g, =2
foralk € Z,r=2and h = 1.
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FIGURE 7. Substitution on squares, derived from the substitution in Fig. 5.

For a substitution o of constant length with h > 1, it is always possible to introduce a
substitution 7 on a (usually bigger) alphabet of the same constant length with height 1 such
that the sequence generated by o can also be obtained from the sequence generated by 7,
see [D, Lemma II.17 & Definition I1.20]. We illustrate the general method by an example,
also compare this construction to Theorem 4.11.

ExAMPLE: Consider the substitution (see [D, Example following Definition II.20])
0 — 010, 1 — 102 and 2 — 201 of height 2. This substitution generates a sequence u =
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{a,b,c,d,e,f,g,h,i,k} e {bvdvevagvhvivk}

\
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FIGURE 8. The coincidence graph of the derived tiling of the Semi-Detached
House Tiling.

...010102010102. . .. Now we take as the new alphabet all words in {w,, , ..., ,_; |7 € Z},
in this case just a = 01 and b = 02. Then the substitution n of height 1 is given by a +— aab

and b +— aba (since a = 01 — 010102 = aab).

Let 1 be a substitution of constant length ¢ and height h = 1. We say 1 admits a coincidence
(or Dekking coincidence) if there exist k and 0 < j < ¢* such that the j-th symbol of n¥(i)
is the same for all letters i ([Q, Definition VI.3], see also [D, Defnition III.1]). In the above
notation, 7 admits a coincidence if 7*(4) ; 1s the same for all 2. A substitution o of constant
length ¢ and height h > 1 is said to admit a coincidence if its associated substitution of height

h = 1 admits one.
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Reformulating [D, Theorem I1.13 & Theorem IIL.7] (compare to [Q, Theorem VI.13 & The-
orem VI.24] and [PF, Theorem 7.3.1 & Theorem 7.3.6]) we obtain:

Lemma A.1. Let o be a substitution of constant length q and height h. Let u be the sequence
generated by o. Then u is a reqular model set iff o admits a Dekking coincidence. The internal
space H s given by H = 7, x C,, where Z, denoles the product over the distinct primes p
dividing q of the p-adic integers Z,, and C,, is the cyclic group of order h. O

We compare this result with the ones involving the modular coincidence (Definition 3.2 and
Theorem 3.3): The substitution has a modular coincidence iff it is a regular model set with in-
ternal space C, xlim._ Z/q*7Z. Obviously, lim._ Z/q*7 ~ Z, (e.g., observe that lim. 7./4%7,
is topologically isomorphic to Z,, wherefore it is enough to consider just the distinct primes
p). We can write r = h - ¢, where ged{r, ¢} = ¢, and we observe that C, x Z, is topologically
isomorphic to C), x Z, (note that C; x Z, and Z, are topologically isomorphic). So both
methods actually give — up to isomorphism — the same internal space.

In a sense, the height A tells us whether L' = r-Z lines up with the length ¢ of the substitution.
If h =1 but r > 1, then we do not have to know the sets ®,[-] explicitly for the Dekking
coincidence, the substitution rule itself already gives the right partition of the alphabet.

EXAMPLE CONTINUED: The underlying substitution of the paperfolding sequence (a — ab,
b — ¢b, ¢ — ad, d — cd) has height h = 1 but » = 2. We observe that there is either an
a or a c on the zeroth place of the substitute, while on the first we have either b or d. But
we also have U,[0] = {a,c} and Uy[1] = {b,d}, therefore the substitution lines up with this
partition. We note that this substitution has a modular coincidence relative to 227 (after
two substitutions the first letter is always an a, a — ab — abcb, b — cb — adcb etc.), and
therefore is pure point diffractive.

APPENDIX B. SUBDIVISION GRAPH FOR OVERLAPS

(2 .
(V,9)’

is a directed (multi-)graph, where each set of pairs of elements of W[a] for some a

Instead of the coincidence graph G(V ), We can also define a pair coincidence graph G

a®

(V7¢)
(i.e., both elements are from ¥ [a] with the same a) is represented by a vertex. We call pairs
of the same element {i,i} = {i} a coincidence in the pair coincidence graph. We draw an
edge from v, to v, iff vy is a “child” of v; (Here we mean by an “child”: If v; = {s;,...,s,}
then vy = {®(s;),,...,P(s,),} for some z.) The pair coincidence graph of the table tiling is
shown in Fig. 9.

Obviously, if the coincidence graph G(

(2)
(V,®)

since the alphabet is finite, if from each vertex of G

V.®) has a singleton set (i.e., we have a modular coinci-

there is a path leading to a coincidence. Conversely,

2
(V,2)
cidence, then G(V,q)) also has a singleton set (compare this to Corollary 4.7). Therefore, we

dence), then from each vertex of G

there is a path leading to a coin-

can also use the pair coincidence graph to decide the question about modular coincidences
(the pair coincidence graph of the table tiling is not connected, the coincidences forming one
connected component; the table tiling has no modular coincidences).

On the tiling level, the pair coincidence graph is called subdivision graph for overlaps, see [SO,
p. 721] and [LMS2, Appendix 2]. The construction of this subdivision graph follows closely,
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FIGURE 9. Pair coincidence graph for the Table Tiling

® )
(=) ==

FiGURE 10. Subdivision graph for overlaps for the Table Tiling

with the necessary changes, the construction of the pair coincidence graph. For the pair
coincidence graph we can think of placing two multi-component Delone sets on top of each
other (or, placing a translated (by a vector of L) copy of the multi-component set on top)
and observing what happens under substitution. Likewise, we can think of placing two tilings
on top of each other and than we observe, what happens to the overlaps of the tiles under
substitution. As an illustration we give the subdivision graph for overlaps (overlaps are
denoted by filled areas) for the table tiling in Fig. 10 (where we identify rotated versions of
the configurations), see also [SO, Fig. 7.4 (d)]. This graph should be compared with the pair
coincidence graph in Fig. 9 (basically, rotation identifies all the singletons, {p,r} and {q, s},

and the four sets {r, s}, {q,7}, {p, s} and {p, q}).

APPENDIX C. CONNECTIONS TO AUTOMATIC SEQUENCES

In [H], von Haeseler is interested in the question, under which conditions a sequence is auto-
matic and/or generated by a (not necessarily primitive) substitution of constant length (and
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in the higher dimensional case even whether there exists an LSS). To this end, he introduces
the kernel of a sequence u = upujug ... [H, Definition 2.2.18.], which (in one dimension) one
can think of as the set {uqtgey Uggh 1o ---| k € No,a € {0,...,¢* —1}}, ie., the set of subse-
quence on ¢*Z + a (Q¥L + a) for all k and a. The finiteness (and cardinality) of this set is in
question, and can be answered (see [H, Lemma 2.2.22.]) by the substitution graph [H, Defini-
tion 2.2.20.]: The substitution graph is the directed, labelled graph with base point (1,...,m)
(the whole alphabet) and the vertices are given by all ordered m-tuples (®*(1),/,...,®*(m)_,)
(where 2’ € L/Q¥L), which can be obtained by some power k of the substitution. We draw
an edge with label z from v; = (sq,...,5,,) to vy = (®(s1),,...,P(s,,).) (2 € L/QL).

Obviously, in the case L = L', the coincidence graph can be obtained from the substitution
graph: m-tuples which are equal as sets are identified. And Lemma 4.3 tells us that with
this identification there is no problem with the edges. Furthermore, an m — tuple (i,...,1)
indicates a coincidence. As an example, we give the substitution (see [H, Example 1. following
Definition 2.2.20.]) and coincidence graphs of the Thue-Morse sequence (a +— ab, b — ba).

CC) Cle)== DD

FIGUure 11. Coincidence graph (left) and Substitution graph (right) of the
Thue-Morse substitution

ACKNOWLEDGEMENTS

Both authors thank the referees for many valuable suggestions. D.F. thanks L. Danzer for
helpful discussions about nonadmissible substitutions. B.S. acknowledges financial support
by the Cusanuswerk. Both authors express their thanks to the German Research Council,
Collaborative Research Center 701.

REFERENCES

[BL] M. Baake and D. Lenz: Dynamical systems on translation bounded measures: Pure point dynamical
and diffraction spectra, Ergodic Theory Dynam. Systems 24 (2004) 1867-1893; math.DS/0302061.

[BMS] M. Baake, R.V. Moody and M. Schlottmann: Limit-(quasi)periodic point sets as quasicrystals with
p-adic internal spaces, J. Phys. A: Math. Gen. 31 (1998) 5755-5765; math-ph/9901008.

[BSJ] M. Baake, M. Schlottmann and P.D. Jarvis: Quasiperiodic tilings with tenfold symmetry and equiv-
alence with respect to local derivability, J. Phys. A: Math. Gen. 24 (1991) 4637-4654.

[D] F.M. Dekking: The spectrum of dynamical systems arising from substitutions of constant length,
Z. Wahrscheinlichkeitstheorie verw. Gebiete 41 (1978) 221-239.
[F] D. Frettloh: Nichtperiodische Pflasterungen mit ganzzahligem Inflationsfaktor, Ph.D. Thesis, Dort-

mund (2002); http://hdl.handle.net/2003/2309

[Fra1l] N.P. Frank: Substitution sequences in 7% with a non-simple Lebesgue component in the spectrum,
Ergodic Theory Dynam. Systems 23 (2003) 519-532.

[FrRA2] N.P. Frank: Multidimensional constant-length substitution sequences, Topology Appl. 152 (2005)

44-69.

[G] J.-B. Gouéré: Quasicrystals and almost periodicity, Comm. Math. Phys. 255 (2005) 655—681;
math-ph/0212012.

[H] F. von Haeseler: Automatic Sequences, de Gruyter Expositions in Mathematics 36, de Gruyter, Berlin

(2003).



COMPUTING MODULAR COINCIDENCES FOR SUBSTITUTION TILINGS AND POINT SETS 25

(K]

[KEP]

[LM]
[LMS1]
[LMS2]

[Ma]

[Mo]

[ORS)
[PF]

[R]
[Q]

[Sc]

[S1]

[So]

S. Kakutani: Strictly ergodic symbolic dynamical systems, Proc. Sixth Berkeley Sympos. Math.
Statist. Probability, Univ. Calif. 1970, 2 (1972) 319-326.

J. Kellendonk and I.F. Putnam: Tilings, C*—-algebras and K—theory, in: Directions in Mathematical
Quasicrystals, M. Baake and R.V. Moody (eds.), CRM Monograph Series, vol. 13, AMS, Providence,
RI (2000) pp. 177-206.

J.-Y. Lee and R.V. Moody: Lattice substitution systems and model sets, Discrete Comput. Geom.
25 (2001) 173-201; math.MG/0002019.

J.-Y. Lee, R.V. Moody and B. Solomyak: Pure point dynamical and diffraction spectra, Ann. Henri
Poincaré 3 (2002) 1003-1018; mp_arc/02-39.

J.-Y. Lee, R.V. Moody and B. Solomyak: Consequences of pure point diffraction spectra for multiset
substitution systems, Discrete Comput. Geom. 29 (2003) 525-560.

K. Mahler: The spectrum of an array and its application to the study of the translation properties
of a simple class of arithmetical functions. Part two. On the translation properties of a simple class
of arithmetical functions, Journ. of Math. and Phys. (Massachusetts) 6 (1926) 158-163.

R.V. Moody: Model sets: a survey, in: From Quasicrystals to More Complexr Systems, F. Axel,
F. Dénoyer and J.P. Gazeau (eds.), EDP Sciences, Les Ulis, and Springer, Berlin, 2000, pp. 145-166;
math.MG/0002020.

N. Ormes, C. Radin and L. Sadun: A homeomorphism invariant for substitution tiling spaces, Geom.
Dedicata 90 (2002) 153-182.

N. Pytheas Fogg: Substitutions in Dynamics, Arithmetics and Combinatorics, Lecture Notes in Math-
ematics 1794, Springer, Berlin (2002).

E.A. Robinson, Jr.: On the table and the chair, Indag. Math. (N.S.) 10 (1999) 581-599.

M. Queffélec: Substitution Dynamical Systems — Spectral Analysis, Lecture Notes in Mathematics
1294, Springer, Berlin (1987).

M. Schlottmann: Generalized model sets and dynamical systems, in: Directions in Mathematical
Quasicrystals, M. Baake and R.V. Moody (eds.), CRM Monograph Series, vol. 13, AMS, Providence,
RI (2000) pp. 143-159.

B. Sing: Kolakoski-(2m,2n) are limit-periodic model sets, J. Math. Phys. 44 (2003) 899-912;
math-ph/0207037.

B. Solomyak: Dynamics of self-similar tilings, Frgodic Theory Dynam. Systems 17 (1997) 695-738.
B. Solomyak: Corrections to “Dynamics of self-similar tilings”, Ergodic Theory Dynam. Systems 19
(1999) 1685.

FAKULTAT FUR MATHEMATIK, UNIVERSITAT BIELEFELD, POSTFACH 100131, 33501 BIELEFELD, GERMANY

E-mail address: frettloe@math.uni-bielefeld.de, sing@math.uni-bielefeld.de

URL: http://www.math.uni-bielefeld.de/baake



