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Chapter 1

Introduction

The term “fractal” was introduced by Mandelbrot in 1975 in his book Les Objets fractals: forme,
hasard et dimension [49]. However, the space-filling curves described by Peano and Hilbert
(see [25, 56]) in the late XIX-th century may be considered as the first fractals constructed by
mathematicians. The purpose was to find a curve which fills in the unit square. Since such curves
exist, this indicates that the intuitive notion of dimension (curve = 1, plane = 2 ) is not always
the right one. These curves have an infinite length and are in some sense everywhere irregular,
which is part of the notion of fractal. The word fractal has in fact no exact definition, it has even
no well-defined gender when used as a noun in French, but it usually refers to objects that present
similarities at every level of magnification, like coastlines, snow flakes, clouds, Romanesco broccoli.

A “tessellation” or “tiling” is a collection of patterns that fill the space without overlaps or
gaps. Tessellations inspired many artists and decorate lots of places. The patterns (or “tiles”)
may be all different, but most of the time there is a finite number of shapes, that fit well to-
gether. Maurits Cornelis Escher drew for example a tiling of the plane by horses, putting the
horses alternatively standing and upside down such that the legs imbricate. Escher also figurated
a tessellation of the circle by black bats and white angels (see Figure 1.1). The painting is called
Clircle limit IV: the shapes get smaller and smaller when approaching the boundary of the circle.

Figure 1.1: Clircle Limit 1V, M.C. Escher.

Both notions of fractal and tessellation can be combined by considering tessellations of the
space by fractal patterns. The “miracle” here is that despite their fractal boundary, the tiles still



fit together to provide a tessellation.

The purpose of this thesis is the investigation of the topology of fractal tiles giving rise to
a tessellation. Although tiles in n-dimensional spaces will be defined, the topological study will
mainly concern plane tiles. By topological study of a tile we then mainly mean: is the tile con-
nected? Is it homeomorphic to a closed disk? If not, what can be said about its fundamental
group? Can we describe the connected components of its interior? The tilings will be generated
by a single shape. We will consider the general class of crystallographic tiles, where the tilings
can involve not only translations but other isometric transformations, like rotations or reflections
of the tiles. The research in this general setting started quite recently, thus we will only deal with
the question of homeomorphy to a closed disk. Afterwards, we will concentrate on lattice tilings,
which allow only translations of the tiles. This more rigid case has already been much more investi-
gated, we will push forward the study of a special class of lattice tilings related to number systems.

Part of the results of this thesis were presented in the Fractal Workshop of Hangzhou in Septem-
ber 2006 and at the Journées de numération in Graz in April 2007. All results are either accepted
for publication in international journals and reviews (cf. [41, 43, 44, 45]) or under submission

(¢f. [42)).
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Chapter 2

Basic notions

The fractal sets described in the present PhD thesis are attractors of certain iterated function
systems. Moreover, isometric copies of these sets will tile the plane with no overlap or gap. In
this chapter, we recall the basic facts on iterative constructions of fractal sets and introduce the
particular kind of tilings of the space we are going to consider, the so-called crystallographic tilings.

2.1 Fractal sets

If not mentioned otherwise, the definitions and results below can be found in [17, 18].

2.1.1 Hausdorff metric

Let (X, d) be a metric space and A, B C X non-empty subsets of X. We define a distance between
A and B by:
d(A, B) = inf{d(z,y);z € A,y € B},

and write d(z, A) instead of d({z}, A) if z € X. d is not a metric on Q(X) \ {#} (for example,
from d(A, B) = 0 it does not follow that A = B). To get around the problem, let

e(A, B) = sup{d(z, B);x € A}

be the excess of A over B. This supremum may be infinite for certain choices of A and B. One
can then evaluate how far A and B are from each other by taking the maximum of both excesses
e(A, B) and e(B, A), as stated in a more formal way in the following definition.

Definition 2.1.1 (Hausdorff distance). If A, B are two non-empty subsets of a metric space
(X, d), the Hausdorff distance between A and B is

h(A, B) = max{sup{inf{d(z,y);y € B};z € A}, sup{inf{d(z,y);y € A};x € B}}.
Now, from h(A, B) = 0 follows that A = B.
Notation 2.1.2. We denote by K(X) the set of non-empty compact subsets of X.

Proposition 2.1.3 (Hausdorff metric). (K(X),h) is a metric space, and h is called Hausdorff
metric associated to d. Moreover, ((X), h) is complete iff (X,d) is.

An equivalent definition for the Hausdorff distance reads as follows.

Definition 2.1.4 (n-distance). Let A C X be non-empty and § > 0. The J-neighborhood of A is
the set
As={ye X;3zx € A, d(z,y) < }.

The n-distance between A and B is
n(A,B) =inf{d > 0; A C Bs, B C As}.

10



Proposition 2.1.5. For all A, B C X non-empty, we have:
(A, B) = h(A, B).

2.1.2 Iterated function systems
Let (X, d) be a metric space.
Definition 2.1.6 (Isometry, similarity, contraction). A mapping f: X — X is

(i) a similarity on X iff there is a r > 0 such that for all z,y € X, d(f(z), f(v)) = r d(z,y).
The number r is called the similarity ratio of f.

(ii) an isometry on X iff it is a similarity of ratio r = 1.
(iii) a contraction on X iff there is r € [0, 1) such that for all x,y € X, d(f(z), f(y)) <r d(z,y).
The minimal r with this property is called the contraction ratio of f.
As an example, we recall the following result of Beckmann and Quarles (see [9]).

Proposition 2.1.7. Let X = R” and d be the Euclidean metric. Assume that f : R — R"
satisfies the following property.

3¢>0,Va,y e R, d(z,y) =c = d(f(z), f(y)) =c.

Then there is an orthogonal n x n-matriz A and a vector b € R™, such that f(x) = Az + b for all
€ R".

Consequently, the similarities on the Euclidean space are the mappings f(z) = rAz + b where
r €[0,1), A is an orthogonal matrix and b € R™.

An easy construction of fractals results from iterated application of contractions to a given
compact set. It uses the Banach fixed point theorem, that appeared in Stefan Banach’s PhD
thesis in 1920. Let us write a version of this theorem with weakened hypotheses.

Proposition 2.1.8 (Weak contraction mapping theorem). Let (X,d) be a complete metric space
and f : X — X be a mapping such that some iterate fP is a contraction on X. Then f has
a unique fized point in X. For any xo € X, the sequence of iterates xo, f(zo), f(f(x0)),-..
converges to the fized point of f.

Thus for p = 1 the above proposition is the usual Banach fixed point theorem.

Definition 2.1.9 (IFS). A finite collection (f;)i<i<m (m € N) of contractions on X is called
iterated function system (IFS) on X.

Proposition 2.1.10. Let n € N and (f;)1<i<m an IFS, r; the associated contraction ratios. Then
the map
F:K(X) — KX)
is a contraction on K(X), with contraction ratio r = maxi<i<m{ri} (with respect to h, the Haus-
dorff metric associated to d).
We deduce from Propositions 2.1.8 and 2.1.10 the following fixed point theorem.

Theorem 2.1.11. Suppose (X,d) is complete. Let (fi)i<i<m be an IFS on X. Then there exists
a unique non-empty compact set E C X satisfying

E= U fi(E).

Moreover, let the map F be defined on K(X) by F(M) = U[~, fi(M). Then for all non-empty
compact set A C X, the sequence of iterates (F*(A))ren converges to E in the Hausdorff metric
associated to d.

11



Definition 2.1.12 (Attractor of an IFS). With the notations of the above theorem, the set E is
called the attractor of the IFS (fi)1<i<m.

Theorem 2.1.11 thus gives an iterative construction of the attractor of an IFS. One can for
example start from a set {z¢} containing one point and iterate the IFS. If z( is chosen in the
attractor E, then the constructed approximations are subsets of the attractor.

Remark 2.1.13. The weak version of the contraction mapping theorem (Proposition 2.1.8) allows
to define the attractor of an “almost IFS”. Indeed, if the (f;)i1<i<m are mappings from X into
itself, it is sufficient for the existence and unicity of the fixed point that the associated function
F:K(X)— K(X) with F(M) = J;~, fi(M) has some contracting iterate F”.

Definition 2.1.14 (Self-affine, self-similar set). Let (X,d) be a complete metric space. A non-
empty compact set £ C X is self-affine if it is the attractor of an IFS (f;)i1<i<m of affine trans-
formations. It is self-similar if it is the attractor of an IFS (f;)1<i<m of similarities.

Eventually, we mention the open set condition and its consequence.

Definition 2.1.15 (Open set condition). Let (fi)i1<i<m be mappings on (X,d). Then (f;)1<;
i <m)

satisfy the open set condition (OSC) if there is an open set V' such that the sets f;(V) (1 <
are pairwise disjoint subsets of V.

Proposition 2.1.16. If an IFS (fi)i<i<m on a complete metric space satisfies the open set con-
dition, the subpieces f;(E) (1 <1i<m) of its attractor E are pairwise non-overlapping.

2.1.3 Systems of graph directed sets
Graph directed sets generalize the preceding notion of attractor.

Definition 2.1.17 (Graph directed IFS). A geometric graph directed construction of R™ consists
of

(1) finitely many compact subsets J1,. .., J; of R™ such that each J; has nonempty interior;

(2) a directed graph G(V, E) with set of vertices V' = {1,...,q} and to each edge e € E a
contraction T, having the following properties:

a) Each vertex has outgoing edges.

b) Let Ej; be the set of edges leading from i to j. Then (J;{7e(J;);e € Ej;} is a non-
overlapping family and

Ji D U{Te(.]j);e €Eyy (ie{l,....q}). (2.1.1)

A very similar definition can be found in Mauldin and Williams [50] (see also [8] and [18]).
Despite the definition of geometric graph directed construction in [50] is more restrictive in some
regards the following result is still valid with the same proof.

Proposition 2.1.18 ([50, Theorem 1]). Given a geometric graph directed construction of R™ as
in the preceding definition, there exists a unique vector (K1, ..., Ky) of compact subsets of R™ such
that for each i € {1,...,q}

K; = | J{T.(K;);e € E;;} (2.1.2)
J
holds.

Definition 2.1.19 (Self-similar, self-affine systems of graph directed sets). With the notations of
Proposition 2.1.18, (K7, ... K,) is called a system of graph directed sets. If the T, are affinities the
system is called self-affine GIFS, if they are similarities, it is called self-similar GIFS.

12



2.2 Crystallographic tilings

2.2.1 Tilings

The definitions and facts of this subsection may be found in Griinbaum and Shephard’ book Tilings
and patterns [22]. We adopt the following notation.

Notation 2.2.1. For a set M in a topological space, the interior of M will be denoted by int(M)
(or sometimes shortly by M?).

Definition 2.2.2 (Tiling, tile). A tiling of R™ is a family {7};;¢ € I} such that:
(i) T; = int(Ty) for all i € I,
(i1) R" = Uie] i,
(29) int(T;) Nint(T;) = 0 for ¢ # j with i,5 € I.
A non-empty compact set which coincides with the closure of its interior, as in (4), is called a tile.

Hence, a tile is a regular-closed subset of R", and a tiling is a family of tiles covering R"
without overlaps or gaps. By Item (iii) of the preceding definition, the pieces of a tiling can only
intersect at their boundary.

In this general definition, the tiles may concentrate in small regions of the tiling. To avoid this,
we deal with locally finite tilings.

Definition 2.2.3 (Locally finite tiling). A tiling {7};¢ € I} is locally finite if each bounded set
intersects only a finite number of sets T;.

Definition 2.2.4 (Prototile). If all the tiles of a tiling are congruent to a single tile 7', then T is
called a prototile of the tiling (congruent to T' means that it is the image of T' by some isometry).

In this thesis, we will be concerned by locally finite tilings using a single prototile T'. In this
case, there is a discrete family I' of isometries such that {(T);y € T'} is a tiling of R™, and we
say that T tiles R™ by I.

2.2.2 Crystallographic groups

Definition 2.2.5 (Cocompact subgroup, fundamental domain). A discrete subgroup I' of the
group of isometries Isom(R™) on R™ is cocompact if there is a compact set K, such that {y(K);~v €
T'} is a tiling of R™. Such a K is then called a fundamental domain of T.

Notation 2.2.6. We denote by Isom(R") the group of all isometries on R™ with respect to a
metric d, and by id the identity mapping of R".

Definition 2.2.7 (Crystallographic group). A crystallographic group in dimension n is a discrete
cocompact subgroup I' of Isom(R").

A crystallographic group is nothing else but the symmetry group of a crystal.

Theorem 2.2.8 (Theorem of Bieberbach [11]). A subgroup T' of Isom(R™) is a crystallographic
group in dimension n if and only if there is a normal subgroup A C T’ with finite index, which is
isomorphic to Z, and which is a mazximal abelian subgroup in T'.

Definition 2.2.9 (Lattice, point group). With the notations of Theorem 2.2.8, the group A is
called the lattice of T, and the quotient I'/A of the crystallographic group by its lattice is called
the point group of T'.

13



p2-pavement. p2-prototile.
Figure 2.1: The pavement of Leoben’s main train station: a p2-tiling.

In the plane, there are seventeen isomorphy classes of crystallographic groups. For example, a
p2-group is a group generated by two independent translations and one m-rotation (thus its point
group has one non trivial element).

Definition 2.2.10 (p2-group). Let u(z,y) = (z + 1,y), v(z,y) = (z,y + 1), r(z,y) = (—z, —y).
Then a p2-group is a group of isometries of R? isomorphic to the subgroup of Isom(R?) generated
by the translations u,v and the w-rotation r.

Similarly, a p3-group is a group generated by two independent translations and a 27 /3—rotation:
the point group has two non-trivial elements. A pm-group is generated by two perpendicular trans-
lations and a reflection along one of the translation vectors.

2.2.3 Crystallographic tilings

Definition 2.2.11 (Crystallographic tiling, crystallographic tile, central tile). If I' is a crys-
tallographic group, T a tile and {y(T);y € T'} a tiling of R", then {y(T);y € T'} is called a
crystallographic tiling of R™. A crystallographic tile is any tile belonging to a crystallographic
tiling. T is called the central tile of the tiling. We call the corresponding tilings I'-tilings, and the
tiles in the tiling are I'-tiles.

In fact, by a slight abuse of notation, if for example I is a p2-group, we will call the tiling a
p2-tiling, and similarly for the tiles. An example of p2-tiling can be seen in Figure 2.1. We also
mention that another term for crystallographic tiling is isohedral tiling (see [22]).

The crystallographic groups offer the minimal requirement for the study of reasonable tiles.
Indeed, the discreteness of the group is a necessary condition for the tiling to be locally finite, and
its cocompactness for the tiles to be compact.

Remark 2.2.12. In the special case where I' is isomorphic to Z™, or in other words, where I" has
trivial point group, the collection {v(T');y € I'} is a said to be a lattice tiling of R™. One then
often says that T tiles the space by “its translates”: there are n independent translation vectors
t1,...,t, € R™ such that the family {T + kit1 + ... + kntn; k1, ..., kn € Z} is a tiling of R™.

Definition 2.2.13 (Neighbors). Let T’ be a tile of a crystallographic tiling {v(T),~ € '}, where
I" is a crystallographic group and T the central tile. The set of neighbors of T' is defined by

S(T') = {y € D\ {id}; T’ N v(T") # 0}. (2.2.1)

14



Hence, a neighbor of the tile T” is in fact an isometry v € I'\ {id} such that v(T") intersects
T

Lemma 2.2.14. S(T") defined above is a finite set.
Proof. This is because the tiling is locally finite (recall that T is discrete and 7" is compact). O
Among the possible neighbors of a tile, we mark out the following ones.

Definition 2.2.15 (Vertex and adjacent neighbors). Let T” be a tile of a crystallographic tiling
{¥(T),v € T}, where T is a crystallographic group and T the central tile. An element v € S(T”)
is called

o vertex neighbor of T if T' N~(T") = {x} for some z € R™;

o adjacent neighbor of T" if T N~ (T”) contains a point of int(T” U~(T")).
The set of adjacent neighbors of 7" is denoted by A(T").

For the composition of mappings, we adopt the following notations.

Notation 2.2.16. If m1, my are two mappings, we write m oms or shortly mims for the mapping
x — mi(ma(z)). For iterative compositions

mimsy---Mmy,
N————’

p times

we rather write mY. If M; and M, are sets of mappings, then M; M, stands for {mimeo;my €
My, mq € Ms}. MY means

MMy --- M.

—_——

p times

If M; happens to contain only one mapping mq, we will write my My for {m;}Ms. An analogous
notation is used if My contains one element. Eventually, if the elements of M; are invertible, M !
stands for {m;*;m; € M;}.

Remark 2.2.17. We have the simple relations, writing T’ = +/(T') for some 7' € T:

S((T)) =~'S(T),
AW(T)) =~ A(T).

Notation 2.2.18. The above remark invites us to write simply S for the set of neighbors of the
central tile T', and A for the set of its adjacent neighbors.

The configuration of the tiles in the tiling can be visualized with the help of graphs. We recall
some notions and definitions related to non-directed and non-labelled graphs. We refer to [15] for
more precisions.

Definition 2.2.19 (Graph; vertex or state, edge; incident and end vertices; subgraph and induced
subgraph). A graph is a pair G = (V| E) of sets such that F is a set of 2-subsets of V', with V' and
E finite or infinite; thus, the elements of E are of the form {z,y} with z,y € V. The elements of
V' are called vertices or states of the graph G, the elements of F are called edges. Two vertices are
incident if they constitute an edge. The two vertices incident with an edge are its end vertices or
ends, and an edge joins its ends. An edge {z,y} is usually written as zy (or yz). A subgraph of G
is a graph (V/, E') with V/ C V and E' C E. Eventually, if V' C V, the subgraph of G induced by
V' is the graph G’ = (V', E’) with vertex set V'’ and edges the elements of V that are 2-subsets
of V.

The usual way to draw a graph is by drawing a dot for each vertex and joining two of these
dots by a line if the corresponding two vertices form an edge.
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Definition 2.2.20 (Planar graph). If one can draw a graph G in the plane in a way that no two
edges meet in a point other than a common end, G is planar.

Notation 2.2.21. Let {y(T'); v € I'} be a crystallographic tiling, where I' is a crystallographic
group, T the central tile and S the set of neighbors of the central tile. For v € S, we write

B, =Tn~(T).

Definition 2.2.22 (Neighbor graph, adjacency graph and double neighboring graph). For a finite
symmetric set M C T, we define G(M) as the graph with vertex set I" and for which a 2-element
set {71,72} C T is an edge whenever v; 'y, € M. For the particular choice M = S, Gy := G(S)
is the neighbor graph, and for M = A, G4 := G(A) is the adjacency graph of the tiling. If A’ C A,
we will write G4(A") := G(A’) the corresponding subgraph of G 4.

The double neighboring graph G is the one having {v(By/);v € I',7’ € A} as set of states and
in which two distinct elements v (B%) and 7o (Bvé) are incident whenever they intersect each
other.

Note that the neighbor graph and the adjacency graph are variants of Cayley graphs (see for
example [24]).

Definition 2.2.23 (Regular graph, degree of a graph). A graph G is regular if each vertex is
incident with the same number of edges, called the degree of the graph.

A consequence of Remark 2.2.17 is the following lemma.

Lemma 2.2.24. Gy and G4 as in Definition 2.2.22 are reqular graphs by the group property of
T.

The tiling property of Definition 2.2.11 leads to the following remark.
Remark 2.2.25.

1. The neighbor graph Gy is always connected; otherwise, choose a component of G with
vertex set Vy, then Uvev0 ~(T) would be a subset of R™ which is both closed and open,
contradicting the connectivity of R™.

2. The neighbor set S of T is a symmetric generating set of I' (i.e., I' = (S)) and v € S if and
only if y~! € S. If T is a lattice, then #S, the cardinality of S, is an even number, at least
2n.
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Chapter 3

Crystallographic tiles

The present chapter is devoted to the study of self-affine tiles providing a crystallographic tiling
of R™ (see Definitions 2.1.14 and 2.2.11). The self-affinity of such a tile occurs in the following
way: there is an affine expansion that blows up the tile onto k of its isometric copies for some
k € N. Hence, it is called crystallographic replicating tile, or crystallographic reptile for short,
even crystile for very short. Gelbrich [19] introduced these tiles in 1994. He proved that for each
k there are only finitely many isomorphy classes of plane crystiles which are homeomorphic to a
closed disk (disk-like). He gave all candidates of disk-like crystiles for £ = 3 in the case that the
crystallographic group is p2 but could not decide whether these are really disk-like or not.

We will first give the exact definition of a crystile and present some general properties. Since
it turns out that the topology of a crystile is closely related to the configuration of its neighboring
tiles in the tiling, we will give an algorithm to compute the set of neighbors. Several criteria of
homeomorphy to a closed disk will then be proved. The first one will be stated for crystallographic
tiles in general. The next two criteria will concern crystallographic reptiles. The last criterion will
handle two special classes of crystiles: the lattice and the p2-crystiles. Throughout this chapter, a
norm ||-|| on R™ and its associated metric d are fixed. We refer to Appendix A for the definitions
and facts of plane topology.

3.1 Crystiles: definitions and example

Crystiles are compact sets mapped onto a finite union of their isometric copies by an expanding
mapping. In this section, we give some definitions and an example of these fractal sets.

Definition 3.1.1 (Expanding affine mapping). A mapping g : R” — R" is expanding affine if
g(x) = Ax +t for all z € R", where t € R™ and A is an n X n expanding matriz with real entries,
i.e., its eigenvalues all have modulus greater than 1. Hence, the vector t is the translation part,
the matrix A the linear part of g.

Let T" be a crystallographic group.

Notation 3.1.2. Let v be an isometry in I'. We denote by A its linear part and by ¢, its
translation part. Hence for all x € R”, y(z) = Ayx + t5.

Definition 3.1.3 (Crystallographic reptile, cf. [19]). A crystallographic reptile with respect to T’
is a set 7 C R™ with the following properties.

e The family {7(7);y € T'} is a tiling of R™.

e There is an expanding affine mapping g : R” — R" that conjugates I" onto a subgroup, i.e.,
gl'g~! < T, and a finite collection D C T, called set of digits, such that

9(T) = | (7). (3.1.1)

6eD
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Figure 3.1: p2-crystile with its neighboring tiles.

7 is the crystallographic reptile with respect to (I, D, g).
We will call a crystallographic reptile also simply a crystile, and the tiles associated to the

digits (6(7'), § € D) in the above definition, digit tiles.

From the replicating property (3.1.1), we deduce some compatibility relations between the
expansion g and the digit set D. Since g(7) is the union of non-overlapping copies of 7, its
volume is exactly |D| times the volume of 7, hence |D| = |detA|. However, this is not the only
restriction. Indeed, the tiling property and the replicating property iterated once imply that

Uy =r"=g®") = J g 67,

yer yer 6eD

hence I' = gI'g~'T' D and D must be a complete set of right coset representatives of I'/gT'g~*
(see [19]).

Example 3.1.4. We give an example of a plane p2-crystile, which will be studied in Subsec-
tion 3.3.4.

Take the map g defined by

9(z,y) = (y —3z — %)

D = {id, b, c},
where b(z,y) = (z,y + 1) and ¢(z,y) = (—z, —y). The set 7 fulfilling

and the digit set

g(T) = TUBT)Uc(T)
is then a crystile. The requirement gI'g~! C T' (see Definition 3.1.3) is fulfilled because
1 1

gag™' =b"?, gbgT ' =a, gegTt =b""c.

7T induces a tiling, as can be seen on Figure 3.1.
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Remark 3.1.5.
1. Without loss of generality, one can assume that the digit set D contains id (see [19]).

2. By definition, the expanded shape g(7") is the union of §(7) with ¢ running through the
set D. Thus for each v € I, there is a uniquely determined collection D, C I' such that
g7v(7T) is the union of all the tiles 6(7") with § running through D, ; more precisely, we have

Dy = gyg~'D.
Equivalent to the replicating property is the subdivision principle
T=J g7 ') (3.1.2)
6eD

Remark 3.1.6. Iterating the subdivision principle, one gets that, for each m, a crystile 7 is the
union of its (non-overlapping) subpieces {g_lél g Y (T); 01, 0m € D}.

Definition 3.1.7 (Subpiece of level m). For a crystile 7 with respect to (I', D, g) and an integer
m, a subpiece of level m is any

g 161 ... g7 0m(T),
where d1,...,0,, € D.

The functions ¢~ 'é are affine mappings. Nevertheless, crystiles need not be self-affine in the
sense of Definition 2.1.14. The g6 contract the volumes, because the eigenvalues of their linear
part are smaller than 1, but they may not contract the distances. However, even if the mapping
F(M) = Usep g '6(M) is not a contraction, one of its iterates will be. Hence, a crystile is a
self-affine attractor in the sense of Remark 2.1.13.

Proposition 3.1.8. With the notations of Definition 3.1.3, the mapping F(M) = Usep 9~ 6(M)
becomes contracting after finitely many iterations: there is an m > 1 such that F™ is a contraction
on K(R™).

Proof. Tt suffices to show that there is an m for which ¢=6;...¢7'd,, is a contraction on R” for
every family (J;)1<i<m of digits. Then F™ will be a contraction on the K(R™). Thus let p € N
and (0;)1<;<p any family of digits. Since gI'g~! C T, there are some isometries 7yi,...,7, of T
such that

g 1., gflép =g Py 9.
Since g(z) = Az + ¢, we have for all z,y € R™ that

g (@) —g Py =A"(x—y).

Denoting by ||| - ||| the matrix norm associated to the norm || - ||, and remembering that the v; are
isometries, we have for all z,y € R™:

™61+ g 7 5(2) — g 61 g7 5, w)I| < AP Il — vl

We now just choose p such that ||[|A7P||] < 1 (which is possible, since A is an expanding matrix)
and set m = p. O

Notation 3.1.9. If K is a compact set, we denote by diam(K) the maximal distance between
two points of K.

Remark 3.1.10. It follows from the above computation that for every sequence (J;);en of digits
and every x,y € R",

plirr;o llg7 01 ... g7 6p(x) — g 61... g7 0,(y)|| = 0. (3.1.3)
We can even say that, if K is a compact set and € > 0 is given, then there is p € N such that
diam(g™10; ... g7 6, (K)) < e (3.1.4)

for any sequence of digits (d;)1<i<p-
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We thus have the following topological property, stated in Hata [23] for self-similar sets.

Proposition 3.1.11 (Hata [23]). Let T be a connected crystile. Then T has property (S) and is
therefore locally connected and arcwise connected.

The above considerations lead to the following representation of a crystile.

Proposition 3.1.12. Let T be a crystile with respect to (I', D, g). Let a € R™. Then
T = { lim g='61 ... g 6 (a); (6:)ien € DN}. (3.1.5)
m—0o0

Proof. Proposition 3.1.8 together with Proposition 2.1.8 indicate that (g, D) gives rise to a unique
compact set T satisfying the subdivision principle (3.1.2) (see also Remark 2.1.13). Let K be the
set on the right side of Equation (3.1.5). Then K is a compact set that also satisfies (3.1.2), hence
K =T by the uniqueness of the attractor. O

Definition 3.1.13 (Isomorphic crystiles, cf. [19]). Let 7,7’ be two crystiles with respect to crys-
tallographic groups I', I, with expansions g, ¢’ and digit sets {41, ...,d4}, {07, ..., 0;}, respectively.
An affine bijection ¢ : 7 — 7T’ is said to preserve pieces of level m € N if for each sequence of
indices i1, . .., 4, there is a sequence ji, ..., jm such that ¢ is a bijection from g=1&;, ...g~1d;, (T)
onto g’_léél .. .g’_léém (T). We say that two crystiles 7 and 7’ are isomorphic iff there is an affine
bijection ¢ : T — 7" preserving the pieces of all levels.

3.2 Neighbors of a crystile

The results of this section will be published in the joint article [44] with Jun Luo and Jorg
Thuswaldner. For a crystallographic tiling, we already defined the neighbor graph, the adjacency
graph and the double neighboring graph in Definition 2.2.22. These graphs describe the geometri-
cal configuration of the tiles in the tiling. In addition to these, for a crystile, we introduce graphs
that take the fractal structure into account. They are useful in order to compute algorithmically
the set of neighbors of a crystile.

In the sequel we consider a crystile 7 with respect to a crystallographic group I'; ¢ is the
corresponding expanding mapping and D C T' the set of digits, which is supposed to contain id,
the identity map of I'. The set of neighbors of 7 is denoted by S, the set of its adjacent neighbors
by A, and B, stands for 7 N~(7), as in Subsection 2.2.3.

We first introduce the neighborhood graph and the contact graph associated to the crystile
T. We then show how the neighborhood graph can be used to characterize the boundary of the
crystile. We also give properties of the contact graph, and eventually give an algorithm which
allows to compute the neighborhood graph from this graph.

3.2.1 Definition of graphs

As we will show in the next subsection, the set of neighbors S can be computed algorithmically
from the data (T", g, D). The construction of the set S will require a set R which is related to the
neighbors of certain approximations of 7. It is defined as follows.

Let @ be an n-dimensional polyhedron that is the closure of a fundamental domain of I'. The
boundary of @ consists of a union of (n — 1)-dimensional faces (parts of hyperplanes of R™).
We can define R as the set of adjacent neighbors of the fundamental domain together with the
identity, i.e.,

Ro = {d}Uu{yeT;v(Q)NQ is an (n — 1)-dimensional face}
= {id}U{y e T;v(Q)NQ contains an inner point of v(Q)UQ} .
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Starting from this set, we define a sequence (R,),>1 recursively by
Ry =Ry 1U{yET;97¢g ' D N DR,1 #0}. (3.2.1)

Definition 3.2.1 (Contact set). The contact set of the crystile 7 is
R=JR,
p>0

Lemma 3.2.2. The contact set R is finite: R, eventually stabilizes, i.e., there is a py € N such
that Ry, = Ry, for p > po.

Remark 3.2.3. Lemma 3.2.2 follows from the facts that g is an expanding mapping and that
T" is a discrete group. An estimate for pg will be obtained in Remark 3.2.30, at the end of this
section.

Definition 3.2.4 (Neighborhood graph, contact graph). For M C T' we define the graph G(M)
as follows. The states of G(M) are the elements of M. Moreover, there is an edge

~ A e g

iff
0 Lgyg '8 = 4 with v, € M and 4,6’ € D.
The following special cases are of particular importance:

e The neighborhood graph G(S).

e The contact graph G(R).

3.2.2 Properties of the neighborhood graph

The non-overlapping property yields for the boundary of 7 that 97 = U B,. The following

veS
holds for every v € S.
9(By) = g(Tny(T)) = g(T)ng¥(7T)
= Usep9(T) N Usep gy~ 0'(T)
U 6 né67lgyg ' 6/(T)).
4,6'eD
€ 35—1 gvg_l S5’
Consequently, we obtain the following set equation for B,:
By = |J 97'6(Bs—1 gyg-re0 ) - (3.2.2)

5,6'€D

Using the neighborhood graph defined in Definition 3.2.4 and the fact that B, # 0 iff 4/ € S,
the set equation above reduces to

0T = U B, where B, = U g 8(By) . (3.2.3)
vES S€D,YES,
36 €D, 'y&)'y' EG(S)

Remark 3.2.5. (By)yes is not always a system of graph directed sets in the strict sense of
Definition 2.1.19, since the mappings ¢~ '§ may not be strict contractions.

Remark 3.2.6. The graph G(S) has the following properties.
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e To given 7,7 € §,§ € D, there is at most one ¢’ € D with ~ LR v in G(S).
e The graph G(S) is left-resolving, i.e.,

V(Y. 8)eSxD, N (1,6 eSxD: v cG(S).

Indeed, if (7/,8’) € S x D then there exists exactly one (v,d) € T' x D such that the
equality 7/6'~! = 6 'gyg~! holds. This is true because D is a complete set of right coset
representatives of gI'¢g~'. Moreover,

TAy/(T) £ 0

= TNétgyg 1o"(T)#0

= g '0(T)Nyg '8 (T) #0
—_—— ——

cT Y (7)
= TnyT)#0.

This implies that v € S, and by the definition of G(S) we conclude that ~ LN v e G(S).

One can wonder how many tiles of the tiling meet the tile 7 at a point of the boundary of 7.

Definition 3.2.7 (L-vertices). For v1,...,v. € S pairwise different, we call
V(v - yvn) ={z €eRYzeTnyu(T)n...nv,(7T)}

the set of points (so-called L-vertices) that are common to v1(7),...,v.(7) and 7, and
VL: U VL(VI?"'?’YL)
{71,--7L}CS
the set of L-vertices of 7.

Note that V1 (y) = B, holds.

There are characterizations of these sets using the neighborhood graph. Let us first characterize
a point belonging to two tiles (say w.l.o.g. to the central tile 7 and one of its neighbors). To this
matter, we recall the following definitions.

Definition 3.2.8 (Walk, length of a walk). A walk in a directed graph G starting from a state
of this graph is a sequence of edges

518 61163 8265
Y 2

The number of edges in the walk is called the length of the walk (this can be infinite).

Characterization 3.2.9. Let a € R", (6;)jen € DY a sequence of digits and v € S. Then the
following assertions are equivalent.

o z=Ilimy, 009 81...97 n(a) € B,.

o There is an infinite walk in G(S) of the shape

51109 52|85 83|04
l ! Y1 2‘2 Y2 3‘3 (324)

for some v; € S and &, € D.
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Proof. Suppose that z = limy,—0o g~ 101...9 "9 (a) € By, then x has also a representation of
the shape

r = lim vg '8 ...97% (a)
m—0o0
for some &’ € D.

The elements y; = 5171g’yg_1(5£, Yo = 5271971g_15§, ... can then successively be shown to belong
to S. Indeed, if v, = 01 'gyg~ 16} then

07ty (@) = lim g7'0...g70m(a) = lim mgT'o)...g7"0,(a),

€T €n(7T)

and similarly for vs,7s,... The elements 1,72, ... now yield the required infinite walk in G(S),
by the definition of the edges in this graph.

Conversely, if the infinite walk (3.2.4) in G(S) is given, by the definition of the edges of this
graph the equation

961 .9 O mla) = vg 101 g7 6, (a)

holds for every m and thus for m — oo. Similarly to the proof of Proposition 3.1.8, and using
that S is a finite set, one can write

VmeN, [lg7'01... g7 mym (@) — g7 0197 0m (a)l| < [[[AT]] max{[la —y(a)ll},

where A is the linear part of g. A being expanding, |||A~™]|| — 0 for m — oo, thus

lim yg~ 6] ... (a) = lim g *1...9 "0mym (@) = lim g7 '61...97 6 (a)

n—oo m—00

ev(T) eT

and we are done. O
In a similar way we obtain the following generalization.

Characterization 3.2.10. Let a € R™ and vo1,-..,vr5 € S pairwise different. Furthermore let
be (0;)jen € DN a sequence of digits. Then the following assertions are equivalent.

o r =lim,, g_151 .. .g_lém(a) S VL('YOL Ce ,’yOL).
o There are L infinite walks in G(S) of the shape

01014 82824 83834 .
Yoi Y14 Y2i .o (1<i<)

for some y14,72i ... € S and 614,09; ... € D.
Characterization 3.2.11. Let be v € I'. Then the following assertions hold.
o v is a vertex neighbor iff every sequence (0;)jen of digits associated to an infinite walk in
the graph G(S), =y % oGt % .. with y1,... € S and 81,8,,... € D, leads to the same
point x = lim,, o0 g 101 ... 6m(a).

o v is an adjacent neighbor (i.e., v € A) iff the set By \ Vo is nonempty iff there is a sequence
(0;)jen of digits such that for each infinite walk in G(S) of the form

- 5167 ~ 5265
1 2

where y1,72, ... € S and 81,85, ... € D, we have v, = 7.
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3.2.3 Properties of the contact graph

Let @ be the closure of a fundamental domain of I'. @ is a non-empty compact set of R", so an
iterative construction of 7 reads

{ 76 = Qa
T, = Usepy '0(Tp-1).

In the Hausdorff metric, we have 7, — 7 for p — oo, cf. [27]).
By induction on p, one can readily prove the following result.

Proposition 3.2.12. For every p > 0, {v(7,);y € T'} is a tiling of R™.
Notation 3.2.13. For each approximation 7,, we denote by B, , the set 7, N v(7},).

Using Proposition 3.2.12 we have

0T,= |J Byp- (3.2.5)
yel\{id}

This is in fact a finite union because the tiling is locally finite.

Remark 3.2.14. For every p > 0, gP(7,) is a union of n-dimensional non-overlapping polyhedrons,
i.e.,

PT)= | 9709 P20, 0977 L gdig T 60 (Q)
50,...,5},71€'D

where each g¥6,g~" is an isometry of I'. Thus for every v € T', gPy(7,) = gPvg~? gP(7,) is also a

union of n-dimensional non-overlapping polyhedrons and ¢” (B, ;) is the intersection of two unions

of polyhedrons that do not overlap. This also holds for B, ,, and, hence, this set is the union of

(n — 1)-dimensional faces.

The following result shows the correspondence between the boundary of 7, and the set R,
defined in (3.2.1).

Proposition 3.2.15. If B, , contains an (n — 1)-dimensional face then v € R,.

Proof. We proceed by induction on p. First note that the result is obviously true for p = 0. We
assume the result is true for a p — 1 € N. The number of faces of B, , is also the number of faces
of g(B, ). We have

9Brp) = Ussrepd(Tp—1) N gv97 16" (Tp-1)
= Ué,é/eD6(35_19’79_15’711—1)
and by (3.2.1) this last union contains an (n — 1)-dimensional face only if v € R,. O

Consequently, as 97, is the union of its (n — 1)-dimensional faces, from (3.2.5) follows that

T, = U By p
'YGR;D\{id}
with
Byp= U 9715(3%1771)
5eD Y ERp-_1\{id}
518"

38'eD, y—' €G(R)

Note that if B, , is not an (n — 1)-dimensional face, then it must be already contained in other
(n—1)-dimensional faces of other sets B, ,, with 7" # ~. This also holds for the sets g='6(B,/ 1)

24



in the union above. Thus, remembering that R, C R for every p and using Proposition 3.2.15, we
get for the boundary of the approximations

T, = U By p
yeR\{id}
with
B%P = U gilé(Bv’,pfly (326)
€D,y eR\{id}
518’

38'eD, yv—' €G(R)

There is a relation between the structure of the graph G(R) and the geometry of the sets B, ,
as follows.

Proposition 3.2.16. Let v € R. If all the walks in G(R) starting from ~y are at most of length
¢, then B, has no (n — 1)-dimensional face for p > (.

Proof. Let us take p > ¢. Starting from the set equation (3.2.6) above and writing it for the sets
By p—1,Byr p—2,... that appear at each iteration, one comes after ¢ steps to

By, = U - U g710...g7 6 (B o or1y) 5
v €G(R) 7@)&7(“1) €G(R)

but by assumption there is no edge 7 — “+1) in G(R), so no B+ p—(e41) and hence B,
can not have an (n — 1)-dimensional face. O

3.2.4 Neighbor finding algorithm

Scheicher and Thuswaldner [59] gave an algorithm starting from G(R) to get the neighborhood
graph G(S) in the case of lattice reptiles. In this section, we write this algorithm in a “crystallo-
graphic way”. Examples of contact and neighborhood graphs obtained by this algorithm will be
computed in Subsection 3.3.4.

Definition 3.2.17 (Reduced graph). If G is a directed graph, we denote by Red(G) the graph
emerging from G if all states of G that are not the starting point of a walk of infinite length are
removed. Such a graph is called a reduced graph.

Definition 3.2.18 (Product graph). For two subgraphs G; and G| of G(I") we define the product
graph Go = G1 ® G/ as follows.

e A state ro belongs to Gg iff ro = rir] or ro = r{ry for some 1 € Gy, ] € Gi.

.. . 616
e For ry, so states of Go, and 1, do digits of D, then there is an edge 72 £> S € Go
: 8181 , s, ,
iff there are edges r1 —— 51 € Gy and r] —— ] € G}

with 7o = r17], 89 = s158] and §] € D

5118

57182
or there are edges 7} —— s} € G} andr; —— s; € Gy
with ro = rjry, so = sis; and 6] € D .

The conditions of the second item both lead to the same set of edges if G1 = G.
We write ®2,G1 =G ®...® Gi.
S ———

m times

Definition 3.2.19 (Property (C)). A subgraph G(M) of G(T') is said to have property (C) if for

each pair (7/,0) € M x D there exists a unique pair (vy,d’) € M x D such that ~y o, v € G(M).
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From the last three definitions and the fact that D is a complete set of right coset representatives
of gT'g~ ', we derive the following proposition.

Proposition 3.2.20. If Gy and G are subgraphs of G(I') having property (C), then for ra, so
states of G1 ® G and 61,92 € D,

. 51|68 .
there exists an edge ro L s2 € G1 RG] iff grag 16 = 6159.

Furthermore, G1 ® G and hence Red(G1 ® G}) have property (C).

The proof of this result runs along the same lines as in the case of lattice tilings (cf. [59]) and
we omit it.

This means that the product graph of two subgraphs satisfying property (C) is again a subgraph
of G(I') and it has property (C), as well as its reduced graph.

Algorithm 3.2.21. We denote by G(S) the graph obtained from G(R) by the following algorithm.
p:=1
A[l] :==Red(G(R))
repeat
p:=p+1, Ap]:=Red(Ap — 1] ® A[1])
until Alp] = Alp — 1]
G(S) := Alp]\ {id}
Proposition 3.2.22. Algorithm 3.2.21 ends after finitely many steps and yields the neighborhood
graph (i.e., G(S) = G(S)).

In order to show this result we have to adapt the proof of the corresponding result in the case
of lattice tilings of Scheicher and Thuswaldner [59]. First we need the following lemmata to get
bounding sets for S (with respect to the inclusion) from below and above.

Lemma 3.2.23. Each state of G(R') := Red(G(R)) has infinitely many predecessors and in-
finitely many successors. Thus G(R') is a union of cycles of G(T') and of walks connecting these
cycles. Furthermore, G(R') has property (C).

This can be proved in the same way as in the lattice tiling case (cf. [59]).

Lemma 3.2.24. The graph G(SU{id}) is the union of all cycles of G(T') and all walks connecting
two of these cycles.

Proof. Let 7 be a state contained in a cycle of G(T'), i.e., there exists

5115 y 82|84 S1-118]_4 5 é116]
1 1

a cycle in G(T"). Then for all p € N we have

vy (9715’1...97152)[) = (97161...97161)]) .

If we take a € R™ and set 044 := 63, 5}+pl = 0} for every p € N, j € {1,...,1}, then we can write

v(w}gnoog_l%--g_l%(a)) = lim g7'61...g7 0m(y(a)) = lim g7'd1...97 0 (a)

(the last equality follows from Equation (3.1.3) of Remark 3.1.10). This means that v € SU {id}.
All walks connecting two cycles of G(T') are also contained in G(SU{id}). This follows inductively,
starting from the last state of the walk, that belongs to SU{id} as we just saw, and going the walk

backwards: the existence of an edge 1, LLIN v2 in G(T') with v, € S U {id} implies v4 € SU {id}
(see Remark 3.2.6).

No other state is contained in G(S U {id}), because S is finite and each state of G(S U {id}) must
have infinitely many predecessors and infinitely many successors. These states must be in a cycle
or in a walk connecting two cycles. O
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Corollary 3.2.25. Red(G(R)) C G(S U {id}).

This lower bound follows from Lemma 3.2.23 and 3.2.24. For the upper bound, we need one
more lemma.

Lemma 3.2.26. Let G(R') := Red(G(R)). Then R’ contains a generator set B := {y1,...,%q}
of T'. By symmetry and because id — id is a cycle in G(R), R’ even contains the set {id}UBUB™L.

Proof. R being a finite set, let £ := |R|. Then for p > ¢, the fact that B, , contains an (n — 1)-
dimensional face implies that v belongs to R’. Indeed, because of Proposition 3.2.16, there must
be a walk of length p > ¢ in G(R) starting from +. In this walk, a state 7' € R has to appear at
least twice (because p > |R]). This provides a cycle in the walk which can be repeated to get an
infinite walk starting from «. Thus v € R'. This allows the following description of the boundary
of 7, for p > £:
97, = U By p.
yER\{id}
Now we show that R’ generates I'. Let o € I'. Remember (Proposition 3.2.12) that {v(7,),y € I'}

is a tiling of R™; let x € 7, and y € «(7,) (but x,y not vertices of these tiles), one can draw a
line from z to y avoiding the vertices of the tiles. 7, is compact, so this line passes through a

finite number of tiles 7,, a1(7,), ..., aq(7,) in this order. Two consecutive tiles have an (n — 1)-
dimensional face in common, so aq, aflag, ceey ozq’loc are elements of R', thus « is a product of
elements of R'. O

Corollary 3.2.27. The inclusion
Red(G(R)P°) D G(S U{id})
holds for some positive integer py. Furthermore, Red(G(R)?°) has property (C).

Proof. If B is a generator set of I' contained in R’ (hence in R too), then the set of states of
G(R)P contains all elements of ({id} U BU B~!)? (see Lemma 3.2.26). As S is finite, there is a
po with G(R)P° D G(S U {id}), and each state of G(S) U {id} having infinitely many successors,
the required inclusion holds. The second claim follows from Proposition 3.2.20. O

The following lemma will be useful in the conclusion of the proof of Proposition 3.2.22. It can
be obtained in a similar way as in the case of lattice tilings, we refer the reader to [59, Section 5]
for more details.

Lemma 3.2.28. If G(R') denotes Red(G(R)), then the identity

Red(G(R')?) = Red(...Red(Red(Red(G(R')) ® G(R')) @ G(R'))...® G(R'))

p times

holds for every p € N.

Proof of Proposition 3.2.22. The proof of Proposition 3.2.22 is then similar as in [59]. Firstly, the
algorithm terminates: choosing py as in Corollary 3.2.27, we have by Lemma 3.2.28 that A[pg] =
Red(G(R)?°), thus A[po] 2 G(SU{id}). This implies in view of Lemma 3.2.24 that A[pg] contains
each reduced finite subgraph of G(I') with the property that each of its states has a predecessor.
Thus A[po + 1] € Alpo], and the opposite inclusion being trivial we even have Alpy + 1] = A[po].
Hence the algorithm terminates for a p1 < pg + 1, and we have G(S) = Alp1] \ {id}.

Secondly, G(S) is the neighborhood graph: note that by the definition of p; and of the algorithm,
Alp1] = Alp1 + 1] = ... = Apo + 1] = A[po] holds. Moreover, Lemma 3.2.24 indicates that
G(S U {id}) contains all reduced finite subgraphs G(I') for which each state has a predecessor,
and Proposition 3.2.20 states that A[po| has property (C), so that each state of A[pg] has a
predecessor. Hence A[py] C G(S U {id}) = A[p1] = Alpo), showing that G(S) = G(S). O
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We end up this subsection by giving an upper bound for the number of steps required by
Algorithm 3.2.21 to compute the neighbor graph from the contact graph. We first give a bound
for the number of neighbors, i.e., for the cardinality of S. Let || - || be the Euclidean norm on
R™, with respect to which the elements of T are isometries. We denote also by || - || the induced
matrix norm. Remember that we write g(z) = Ax + ¢, where A is the expanding matrix and ¢ the
translation vector associated to g. Similarly, for an isometry v € I': v(z) = A,z + t,, where A,
is an isometry matrix (in particular, ||A,|| = 1), and ¢, is the translation vector of ~.

Proposition 3.2.29. We have the upper bound

n

S| < T/A]- | 4 max{lt — a1} > |14
j=1

for the number of neighbors of the crystile T .

Proof. We compute a bound M for the norms of the possible translational parts ¢, of the elements
~v € §. Then, the volume of the hypercube of side size 2M will bound the number of these allowed
translation parts. Multipliying this volume by the cardinality of the point group, we get the
desired upper bound.

Let v € S, then some point belongs to 7 and y(7"). Thus there are sequences of digits (J;), (5}),
such that

lim g %61 ...97 " 0,m(0) = lim g~ '67...97%6.,(0).
m—oo m—oo
This means for the translation part of v that

ty = limm, oo

m—1 m—1
Ay Ag AT A AT Ay A Nty =) = D A AT A AT A A (s, — 1),
Jj=0 Jj=

where by convention A5, = As; = id.

We recall now that, by Definition 3.1.3, gT'g~! C T, hence if an isometry v € T is given, there
is another isometry 4/ € T' such that y¢g~!' = ¢g~!'4’. This property also holds for the linear
parts: given A, there is A, such that A,A~1 = A71A,,. Using this fact, one can rewrite the
products of matrices in the first sum above in the following way: for each j, there are matrices

Avép , Av@’ ... ,A’Y;j) such that
/AT A5 AT L AT = AU 4 . ,
A(;OA AglA . A(;jA A AVéJ)AA&,) .. .AA/J(J),

and similarly for the other sum. Taking the norm and using the triangle inequality and the fact
that isometries have norm 1, we obtain the majoration

]l <2 - STIIA7N] - max{lits —tll} = AL,
j=1

O

Remark 3.2.30. The bound in Proposition 3.2.29 often applies to the number of elements in the
contact set R. Indeed, in practical applications, looking at a picture of the tiling, it is possible to
guess an appropriate set Ry to start with, corresponding to a good first approximating polyedron
of the central tile. In this case, we eventually obtain R \ {id} C S. Often, we even have that R
is much smaller than S. A better general upper bound can not be given, the cardinality of the
contact set and the number of neighbors really depend on the geometry of the particular example
(crystiles with arbitrarily large number of neighbors can be produced, see [5]).
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Proposition 3.2.31. Let q := |T'/A| be the cardinality of the point group. Then there is a basis
By of the lattice A such that By U Bgl are states of G(R')4. Consider the translational parts of
the elements of S. If N is the maximal Euclidean norm of these translational parts, then S is
contained in the set of states of G(R')N9. Hence Algorithm 3.2.21 terminates after at most Nq
steps.

Proof. First note that by Lemma 3.2.28, the graph Red(G(R/)V9) will be exactly equal to the
graph obtained when reduction happens after each step, like in Algorithm 3.2.21. This graph is
moreover a subgraph of G(R')™4. Since ¢ is the order of the point group and by Lemma 3.2.26
the set R’ contains a generator for I', the product R’ = {ry...ry;r; € R’} contains a basis for
the lattice A and is equal to the set of states of G(R')?. It even contains all the elements of T’
whose translation vector has norm less than 1. Then, the set of states of G(R')?¢ contains all the
elements of T whose translation vector has norm less than 1+1 = 2. Consequently, the neighbor(s)
with maximal translation vector will be reached after iterating at most N times this operation, as
well as all the neighbors with smaller translation vector. O

3.3 Criteria for disk-likeness

The results and examples of this section appear in the joint articles [43, 44] with Jun Luo and Jorg
Thuswaldner as well as in the joint article [42] with Jun Luo. We will establish several criteria
for the disk-likeness of plane crystallographic tiles and plane crystiles. The first criterion concerns
crystallographic tiles in general. One gets easier conditions when the fractal structure is involved.
This is the purpose of the second criterion. The third criterion can be easily visualized on the
neighbor graph of a given crystile. The last criterion is dedicated to lattice and p2-crystiles and
mainly states that disk-likeness occurs when the neighbor set has the right shape and the right
configuration, and when the digit set has some connectedness property.

We use the sets and graphs defined in Subsection 3.2.1.
We recall the following fundamental facts, easily seen from the definition of the set of neighbors
S and the set of adjacent neighbors A. Let T be a tile of a crystallographic tiling with respect to
the group T.

e In A, there is a set of generators for I', and A C S.
e The boundary of T satisfies 0T = UycsBy = UyeaB,, where B, =T N~(T).

e For each A’ C § with 0T = U,c 4 B, we have A’ O A .

3.3.1 A criterion for a crystallographic tile
The following criterion is stated for general crystallographic tilings of the plane.

Theorem 3.3.1. Suppose that {(T);~y € T'} is a crystallographic tiling of R?. Then, T is disk-like
if and only if the following three conditions all hold.

(1) The triple intersection Va (y1,7v2) = T Ny1(T) N2(T) is either empty or a single point set
for any distinct y1,72 € S.

(2) For each v € S, the double edge B., is either a single point or a simple arc.

(3) The subgraph of the double neighboring graph Go (see Definition 2.2.22) with set of vertices
{By;y € A} consists of a simple loop.

We first need a lemma, deduced from the results of plane topology presented in Appendix A.

Notation 3.3.2. If C' is a simple closed curve in the plane, the complement of C' has two com-
ponents. We denote by Interior(C') the bounded one and by Exterior(C') the unbounded one.
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Lemma 3.3.3. Let {y(T),y € T'} be a crystallographic tiling with disk-like tiles, and ~,~" two
elements of I'. Then (v(T)U~'(T))° has no bounded component. In other words, no pair of tiles
can surround a third one.

Proof.

(i) For each v,7 € T, (v(T)U~/(T))" has finitely many bounded connected components. In-
deed, because of the tiling property, every component of (y(T')U~'(T))° being open, it is
intersected by the interior of at least one tile v/ (T") with 4" # ~,+/, thus it contains the
whole tile v”(T), since this tile is disk-like. For this reason, disjoint components contain
distinct tiles, and all of these tiles have the same Lebesgue-measure. But note that there
is a bounded domain containing all the bounded components of (y(T) U~/(T))°. Hence
(v(T)U~/(T)) can have only finitely many bounded components.

(ii) For each v € T, there are at most finitely many 7/ € T such that (y(7)U~/(T))° has a
bounded component. Indeed, because the tiles are disk-like, if 7" ¢ S, then (y(T) U~/(T))*
is connected and unbounded.

(iii) If Z is a bounded component of (v(T) U~/(T))¢, we denote by N(v,~', Z) the number of tiles
whose interior intersects Z. Note again that v/ (T°) C Z as soon as v/ (T)NZ # ), because of
the disk-likeness of the tiles, thus this number is finite. Moreover, we have N(v',~'v,7'Z) =
N(id,~, Z) for every v,~7" € ', and every component Z’ of (v'(T)U~'y(7T))¢ is obtained in
this way (i.e., Z' = v'Z with Z bounded component of (7 U~(7))°).

(iv) Let
-max {N(id,v, Z);y € I', Z bounded component of (T'U~(T))}
N = if (TU~(T)) has a bounded component for some v € T,
-0 otherwise.

Suppose that N > 0. Let v, Z with N = N(id,v, Z). By Lemma A.0.20, there exist disjoint
points a,b in T N ~(T') and simple open arcs Ciq,Cy contained in T°,~v(T°) respectively,
such that Z C Interior(C) with C' := Ciq U C, U {a, b} and such that for " ¢ {id, v} with
~'(T) N Interior(C) # 0, we have v'(T°) C Z. Let v ¢ {id, v} with +/(T) N Interior(C) # 0.
Then +/(T) lies entirely in Interior(C) U {a,b}. Moreover, v := v’y and Z’' := 4'Z satisfy
N(y',7",2") = N.

(v) We have v"(T)NZ = . Otherwise v (T') C Interior(C)U{a, b} and the bounded components
of (/(T)U~"(T))" have to lie in Z, but they are all different from Z since they do not contain
~'(T°) nor v”(T°) that are both in Z; in particular for Z’ we have N = N(v/,v",Z") <
N(id,~, Z) = N, a contradiction.

(vi) We have v ¢ {id,~v}. For sure, v/ = v’y # v, and if 4/ = id we obtain the same
contradiction as in item (v): the bounded components of (7/(7) U7) lie in Z but do not
contain v'(7°), so N = N(v/,id, Z') < N(id,~, Z) = N, a contradiction.

(vit) By Items (v) and (vi), v”(T) C Exterior(C') U{a,b}. Thus ~'(T) N~+"(T) = {a, b}, because
these tiles intersect in at least two points but are contained in Interior(C) U {a,b} and
Exterior(C') U {a, b}, respectively.

(viii) Consider a simple open arc C,» from a to b within 4”(T"). We may assume that Cig C
Exterior(Cy U {a,b} U Cyr).
We now have that (T'U~"(T))° has a bounded component Z” containing Z and ~(T°).
Indeed, each of these sets is in some bounded component of (T'U~"(T))°. Moreover, by
Lemma A.0.20, ZN~(T) is a simple arc from a to b that does not intersect T except in a and
b, and that lies in Interior(C') U{a, b}, so it does not intersect v"(7T") except in a and b either.
Thus one can find at least one point ¢ € ZN~(T)N(T U~"(T)), and this point connects the
open disks Z and «(7°) within (T U~"(T))": indeed, ZU{c}U~(T°) is connected and lies in
(T U«"(T)), thus the sets Z and v(T°) lie in the same bounded component of (7" U ~"(T))".
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(iz) From Item (viii), N(id,v”,Z") > N(id,~, Z) = N, contradicting the maximality of N.
This means that the assumption N > 0 in Item (iv) is false. Hence no union of two tiles has
a complement which contains a bounded component. O

Proof of Theorem 3.3.1. We first suppose that the three items hold and prove that T is disk-like.

Items (1) and (3) indicate that the compact sets {B;y € A} form a circular chain, and Item
(2) implies that for each v € A, B, and Bf are both connected. This means that {B,;y € A}
form a circular chain of continua, each of which does not separate the plane. By Corollary A.0.15,

R2\ (U%A BA,) = R?\ 9T is then the union of two connected sets; the bounded one is T° and
the unbounded one is R? \ T, since T = T° and T° = R? \ (Uwﬁd 'y(T)). Moreover, because 0T

is the union of arcs forming a circular chain, it has no cut point and Lemma A.0.19 assures that
T is disk-like.

Conversely, we assume that the tile T is disk-like and prove that the three items hold.

Proof of Item (1).

Let us assume that the triple intersection T'N v1(T) N v2(T) contains at least two distinct
points, say a and b. Then, choosing a point p in T°, one can find two disjoint simple open arcs
A and A’ in T° leading from p to a and b, respectively. C' := AU {p} U A’ is then a simple open
arc leading from a to b with C' C T°. Similarly for the other tiles, one can find simple open arcs
Cy C 71 (T°), Co C v2(T°), each of which joins a,b. Then 6 := {a,b} UCUC; UC} is a theta-curve
whose complementary set consists of three regions. Assume with no loss of generality that C; does
not intersect the unbounded component of R? \ §. Then ~;(T°) entirely lies in the interior of the
simple closed curve C' = {a,b} U C' U Cy, indicating that (T'U~2(T))° has a bounded component
there, a contradiction to Lemma 3.3.3.

Proof of ITtem (2).

Suppose that B, # 0. In view of Lemma A.0.11 and Lemma 3.3.3, B, must be connected.
Thus B, is a connected subset of the simple closed curve 97'. If B, = 07 this would imply that T
is surrounded by (T") which is impossible. Thus B, is homeomorphic to a (possibly degenerated)
interval and the proof is done.

Item (3) now follows from the disk-likeness of T' together with Items (1) and (2). O

3.3.2 Disk-likeness of a crystile

The following result gives informations on the topology of a connected attractor.

Proposition 3.3.4 (see [47, Theorem 1.1]). Let f1,..., fm be an IFS of injective contractions on
R? satisfying the open set condition (see Definition 2.1.15) and E its attractor. If E is connected,
then the following statements hold.

(1) The interior E° of E either is empty or has no hole.
(#3) The boundary OF of E is connected.

(ii1) Whenever E° is connected, OF is a simple closed curve, thus E is homeomorphic to a closed
disk.

Let 7 be a crystile with respect to (I', D, g). By Remark 3.1.10, even if (g716)sep are not
contractions, the pieces ¢g7'd1...9716,(7) can be made arbitrarily small for p large enough,
independently of (J;)1<j<p € DP. Moreover, 7 satisfies the open set condition with V' = 7°.
Since these are the main facts needed in the proof of Proposition 3.3.4, one can state the following
theorem.

Theorem 3.3.5. Let 7 be a crystile as in Definition 3.1.3. Then the following statements hold.

(i) T° either is empty or has no hole.
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(#3) The boundary 0T of T is connected.
(23t) If T° is connected, then T is disk-like.

Remark 3.3.6. In fact, (¢) and (i7) already follow from the tiling property. Indeed, if 7° has
a hole, by the tiling property and connectedness of the tiles, this should contain a whole tile
~(7T) for some v € T. Again, this new tile has a hole and surrounds another tile 7/(7") for some
v €T,v #~. Iteratively, one gets infinitely many tiles surrounded by 7', a contradiction to the
local finiteness of the tiling. We refer to Lemma B.0.24 of the appendix for the connectedness of
the boundary.

Theorem 3.3.5 will be the main tool in proving the disk-likeness of crystiles in the remaining
criteria of this chapter.

3.3.3 A criterion for a crystile

”

Using the replicating property, we will now get an “easier ” version of Theorem 3.3.1. Since a
crystallographic reptile 7 with respect to I' induces a crystallographic tiling {y(7);v € '}, the
disk-like question for crystiles is solved if we can verify the three items of Theorem 3.3.1, or dis-
prove a single one. In general, Items (1) and (3) can be checked by concrete algorithms, while we
still need to deal with Item (2). The self-affine structure of T will provide an algorithm to solve
the disk-like question of crystiles in R?, without verifying Item (2) of Theorem 3.3.1.

We will need the following subgraph of the double neighboring graph Gs (see Definition 2.2.22).
Its definition looks a bit awkward. We explain it in Remark 3.3.8.

Definition 3.3.7 (A subgraph of the double neighboring graph). For each v € A, denote by V,
the set of states

{6 (Bs-14y4-16') ; thereis 6,6’ € D with 6 'gvg~'6' € A} .
Then G is the subgraph of the double neighboring graph G with set of vertices V,.

Remark 3.3.8. Equation (3.2.2) gives an explanation to the graph G, defined in Definition 3.3.7.
Indeed, the union of its set of vertices is equal to g(B,). Thus G, contains some information about
the connectivity of g(B,) and, hence, of B,. Indeed, we will use this graph to show that B, is
connected under certain circumstances.

Theorem 3.3.9. Let T C R? be a crystile with respect to T whose expanding map is g and whose
digit set is D. Then T is disk-like if and only if each of the following three conditions holds.

(1) The triple intersection Vo (y1,7v2) =T N (T) N2 (T) is either empty or a single point set
for any disjoint pair y1,72 € S.

(2) For each v € A, the graph G- consists of a simple path.

(8) The subgraph of the double neighboring graph Go with set of vertices {B;y € A} consists
of a simple loop.

Indeed, for a crystallographic reptile 7 with respect to I' and the corresponding crystallo-
graphic tiling {v(7);v € T'}, let g be the expanding map, and let the double neighboring graph
G2 (), the sets V, and the graph G, be as in Definition 3.3.7. Then the union of all the elements
of V, is exactly the image g (By) of By under the expansion map g. If the complementary set
R? \ B, has some bounded component U then the region will be “enlarged” as g(U), which is a
bounded component of R?\ g (B,). Under simple assumptions on the graph G, we can exclude
the existence of such a region U. This will eventually leads us to connectivity of 7° and hence
disk-likeness of T (see Theorem 3.3.5).
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Proof of Theorem 3.3.9. The necessity part is a direct corollary of Theorem 3.3.1, so we just need
to show the sufficiency part. More precisely, we will assume the three conditions and infer that
the interior 7° of 7 is connected. By Corollary A.0.15, we just need to show that B, does not
separate the plane for each v € A and that {B,;~y € A} is a collection of continua which form a
circular chain.

Claim 1: BY is connected for every v € A.
If it is not the case, consider the set

U = {U C R? 3y € Asuch that U is a bounded connected component of B},

and choose U € U with maximal area, associated to B, for some v € A. Recall that

g(BV) = U 5(B6—1g'yg—15’)a
0(Bs—14yg—15)EVy

where the set V, has been defined in Definition 3.3.7. Then ¢(U), a bounded component of g(B,)®,
lies in the complement of every §(Bs-14y4-15) € V,, thus, by maximality of U, it must entirely lie
in the unbounded component of 0(Bs-144-15)¢ for every 6(Bs-14,4-15) € V. Let be p € g(U)
and ¢ in the unbounded component of g(B,)¢. Items (1) and (2) imply that the elements of V., form
a chain. Thus we can apply Corollary A.0.14 to the sets of V, to obtain that the union of these sets,
which is exactly g(B), does not cut between p and ¢, a contradiction to the choice of these points.

Claim 2: B, is connected for every v € A.

Indeed, by Items (1) and (3), one can arrange the elements of A as v1,72,...,7vm such that
the compact sets B,,,..., B, form a circular chain. Note that their union is the continuum
0T . Without loss of generality, suppose that B.,, is disconnected. We denote by C; and ('3 the
connected components of B,, such that #C; N B,, = 1 = #C3 N B,,. Then we have for each
other component D of B, and for every i € {1,3,...,m} that DN B,, = 0.

If Cy = C3 =: C, then C # B,, and by Lemma A.0.8 there exists a clopen subset P of B, with
C C P ¢ B,,. Thus the boundary can be written as

T=B,\P)u (PU |J B,],
i€{1,3,...,m}

which is a separation of 9T into two disjoint closed subsets, a contradiction to the connectedness
of 07 .
If C1 # Cs, one can write

0T =CiUCsUE U | By,

i€{1,3,...,m}

where E is the union of all connected components of B., different from C; and Cs. If E = 0,
note that the union C7 U C3 U Uie{mw’m} B,, is not a cut of the space (use Claim 1 and apply
Corollary A.0.14 to the chain C3, By, By,, ..., B, By,,C1). But this union is exactly 07 . This
contradicts the fact that 7 is a tile. If E # (), let C' be a component of B, distinct from C; and Cs.
Then using Lemma A.0.8 one can find clopen subsets P, P3 of B, such that C; C P;,C3 C P3
and P, NC = PsNC = (. Thus P, UP3 C B, is a clopen subset of B,,. This leads to the
separation

0T =(B,\(PUPR) U [PUPU |J B,
i€{1,3,...,m}

of the boundary of 7 into two disjoint closed subsets, contradicting the connectedness of 7.
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From Claims 1 and 2 and Items (1) and (3) we obtain that the {By;vy € A} form a circular
chain of continua, each of which does not separate the plane. The disk-likeness of 7 then follows
as in the first part of the proof of Theorem 3.3.1. O

3.3.4 Application to p2-crystiles
In this subsection, four examples of crystiles will be presented and we will answer the question of

their disk-likeness using Theorem 3.3.9.

Let T" be the following crystallographic group p2:
I'={a?Vic";p,qe Z, r € {0,1}}
where the isometries a, b, ¢ are defined by:

a’(x7y) = (LE + 17y)7 b(x7y) = (xvy + 1)7 C(l‘,y) = (_xv _y)

The following examples are cases of 3-reptiles (i.e., |D| = 3) and correspond to disk-like candidates
listed in Gelbrich [19].
For each example, we will proceed as follows.

(1) We compute the contact graph G(R), defined in Definition 3.2.4. Note that there are five
types of fundamental domains of p2 given by Griinbaum and Shephard in [22, pp.288-290].
For each example, we have the possibility to choose one of these types for @ (hence for Rg)
to get the contact graph G(R).

(2) The neighborhood graph G(S) (Definition 3.2.4) is obtained by Algorithm 3.2.21.

(3) We use the neighborhood graph to give some informations concerning the crystile, about its
sets of L-vertices (see Proposition 3.2.10), its vertex neighbors and its adjacent neighbors
(set A) (see Characterization 3.2.11).

The last part of the subsection is then devoted to the proof of the disk-likeness or non disk-likeness
of the tiles presented in these examples by applying Theorem 3.3.9.

Example 3.3.10. This example corresponds to Gelbrich’s picture [19, p.252, Fig.6 (i)]. It was
presented as introductive example in Example 3.1.4. It is depicted again in Figure 3.2 together
with the other digit tiles (images of the tile by the two other digits). This crystile will be shown
to be disk-like.

The map g was defined by

1
g(%y) = (ya -3z — 5) ) D= {1dab7 C}a

and the tile fulfills
g(T) = TUT)Uc(T).

(1) We choose Ry = {id,b,b~!,c,a"'c} (see the corresponding fundamental domain in Fig-
ure 3.6). This yields Ry = Ro U {a~b~1c}, Ra = Ry U {b~tc} = R3, so finally

R ={id,b,b" " c,a  e,a b e, b e}

(2) The application of Algorithm 3.2.21 leads to & = R \ {id}, so the contact graph and the
neighborhood graph are equal (up to the identity). They are depicted in Figure 3.7, and the
edges are listed in Table 3.1.

34



02 04 06

Figure 3.2: p2-crystile with its digit tiles (Example 3.3.10).

(3) Sets of L-vertices. Using Proposition 3.2.10, we read on the graph the sets of L-vertices and
obtain the following results:

— #Va(b,e) = #Va(b,a™te) = #Va (b=t b71e) = #Va (b=t a b Le)
= #Va(e,b71c) = #Va(a=tb7te,a"tc) = 1. (The other sets of 2-vertices are empty.)
— Vi =0 for L > 3.
Vertex and adjacent neighbors. One can use the neighborhood graph together with Charac-
terization 3.2.11 to get that there is no vertex neighbor and that the set of adjacent neighbors

is the whole set S. Another way to show this will be given in the last part of this section
(Proposition 3.3.15).

Example 3.3.11. This example corresponds to Gelbrich’s picture [19, p.252, Fig.6 (b)]. This
crystile will be shown to be disk-like. It is depicted in Figure 3.3 together with its other digit tiles.
We take

9(z,y) = (~y,3z+ 1), D= {id,b,c},

and the tile is defined by
g(T) = TUT)Uc(T).

We have gI'g~! C T because
gag~' =b% gbg~' =a"', geg™! = b
(1) We choose Rg = {id,b,b~ 1, c,bc,a=tc} (see Figure 3.6). This yields Ry = Ry, so

R = {id,b,b" ", ¢, bc,a"'c}.

(2) The application of Algorithm 3.2.21 leads to S = R \ {id} U {a~tbc,a 1b~1c}. The graphs
are depicted in Figure 3.7; the edges are listed in Tables 3.1 and 3.2.

(3) Sets of L-vertices. Using Proposition 3.2.10, we read off from the neighborhood graph the
sets of L-vertices and obtain the following results:
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Figure 3.3: p2-crystile with its digit tiles (Example 3.3.11).

— #Va(b,a=te) = #Va(b,a=tbe) = #Va (b=t a b7 te) = #Va(b~t a Lc)
= #Vo(a"te,a tbe) = #Va(a"te,a b e)
= #Va(b,bc) = #Vo(b~1,c) = #Va(c,be) = 1. (The sets of 2-vertices that are not
listed are empty.)

— #V3(b,a=te,a tbe) = #V3 (b7t a"tb7te,a7tc) = 1. (The sets of of 3-vertices that are
not listed are empty.)

— Vi =0 for L > 4.

Remark. For each of the first six sets V(s,s’) in the first item, using the neighborhood
graph in Figure 3.7 one gets only one possible sequence of labels for a walk starting from
s and s’, but for the other sets, one finds exactly two possible walks. Let us just con-
sider Va(b,bc). Then the infinite walks starting from b and be are (id,id,¢,id, ¢,id, ¢, .. .)
and (b,¢,id, ¢,id, ¢,1id, ...). However, they represent the same point on the boundary of 7,
because:

: —1/,—-1_—-1_\m 11 : -1y —1 - —1_\m

lim g~ (97 g~ ¢)"(0,0) = (—— —> = lim g7"bg™ ¢(g7g~ ¢)"(0,0).

m— oo 67 2

Vertex and adjacent neighbors. Looking at the graph in Figure 3.7, we see that there is
exactly one infinite walk starting from the neighbors

{a"'be,a b e}

This implies that these are vertex neighbors because of Characterization 3.2.11. One can
also use Characterization 3.2.11 to obtain that the set of adjacent neighbors is

A={id,b,b"*, ¢,bc,a” ¢},
but another way will be given in Proposition 3.3.15.

Example 3.3.12. This example corresponds to Gelbrich’s picture [19, p.253, Fig.8 (c)]. This
crystile will be shown to be non disk-like. It is depicted in Figure 3.4 with the other digit tiles.
We take

g(xv y) = (_yv —3z — y)v D= {ld, bv ailc},
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Figure 3.4: p2-crystile with its digit tiles (Example 3.3.12).

and the tile is defined by
g(T) = TUBT)Ua 'e(T).

The property gI'g~* C T holds because

1

-1 =a 7Y gegT =c.

gailcg = b3c, gbgf1

(1) We choose Ry = {id,b,b~',a ¢, c,bc} (see Figure 3.6). This yields Ry = Ro U {a"tbc},
Ro = R4, so finally
R = {id,b,b" ', a ¢, c,bc,a e}

(2) The application of Algorithm 3.2.21 leads to
S=R\{id} U{a,a"ta " b,ab !, a " b?c, bPc,a*b*c}.
The graphs are depicted in Figure 3.8, the edges listed in Tables 3.1 and 3.2.

Example 3.3.13. This example corresponds to Gelbrich’s picture [19, p.254, Fig.7 (a)], one of
the two “not as convincing” pictures listed by Gelbrich. We represented it in Figure 3.5. We take

g(z,y) = (x —y,3z + 1), D = {id, b,a '},

and the tile is defined by
g(T) = TUB(T)Ua 'e(T).
The property gI'g~! C T holds because

1 1

ga"teg P =a"tb e, gbgTt = a7, gegT! = b3
(1) We choose Rg = {id, b,b~%,¢,a ¢, be,atbe} (see Figure 3.6). This yields R1 = Ro, so

R = {id,b,b" ', a"tc,c,be,a tbe,a M be}.

(2) The application of Algorithm 3.2.21 leads to S = R\ {id}. It is again a tile with six neighbors.
The graphs are depicted in Figure 3.9.
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Figure 3.5: p2-crystile with its digit tiles (Example 3.3.13).

(3) Sets of L-vertices. Using Proposition 3.2.10, we read on the graph the sets of L-vertices and
obtain following results:

— #Vo(b,be) = #Va(b,a=tbe) = #Va (b1, c) = #Va (bt a " tc)
= #Va(bc,c) = #Va(a tbe,ate) = 1. (The sets of 2-vertices that are not listed are
empty.)
— Vi, =0 for L > 3.
Vertex and adjacent neighbors. One can use the neighborhood graph together with Charac-

terization 3.2.11 to get that there is no vertex neighbor and that the set of adjacent neighbors
is exactly the whole set S. Indeed, the infinite walks

(ate,b,b,...),(id,b,b,...) , (b, b,b,...), (a " c,a e, id, a" te,id, . . ) |
(id,a"tc,id,a" e, ...) , (a7 te,id,a " te,id, .. )

are in G1(S) iff their starting points are respectively b,b=% ,c,a"tc bc,a tbc. However,
this result will also be obtained by Proposition 3.3.15.

b b be b

be

a le a"1lb

Cc a[ﬁlc Cc
c
ate
b=t b1 b=t
Example 3.3.10. Examples 3.3.11 and 3.3.12. Example 3.3.13.

Figure 3.6: Fundamental domain Q.
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|| edges || labels ||
id id
id — id b b
c c
id—b id|b
id— b1 b|id
. id c
id—c¢ . i
id — b~le bl e
c b
b—a b lc c|b
b—alc c|id
b —wa b 1c b|ec
b=t —altc id | ¢
c—ble id | id
c—b c | id
c— b1 id | ¢
ale—c b|b
ale—b b|ec
ale— b1 c|b
a b le—ale b|b
b~ le —a b 1lc id | id

Example 3.3.10

|| edges || labels ||

id id
id — id b

c c
id—b id | b
id— b1 b | id
. id c
id— ¢ c id
b—alc id | ¢
b T —ale c|id
c—c b|b
c—b b|c
c— bt c|b
c— be id b

b id
bc — a"tc b
a"tc— be c
a"lc—b id
ate— b1 id | ¢

Example 3.3.11

|| edges || labels ||
id id
id — id b b
a e a e

id—b id|b
id— b1 b|id
. 1 id ate
id—a e ale id
b — bc a te | id
b—c ale| b
b=t — be id | a=te
bt —e¢ b|ale
c—c id | id
bc— b atc|id
bc — b1 id | a7t
bc — a"lbe ale | a te

1 1 id b
a”“bc — a " 'be b i
a tbe — b b|ale
a tbe — b7t atc|b
a tbe — a"te b|b
a e — be b|b

Example 3.3.12

Table 3.1: Tables of edges for three examples of contact graphs.

|| edges || labels ||
b—a b 1c b|c
bt —a b le c|b
a tbe — a o e id | id
a b le — athe c|c
bc — a~tbe 1% ibd

Example 3.3.11

|| edges || labels ||

c—a b ale| b
¢ — ab™! b|ate
c—a id | a”te
c—at a~lte | id
b—a ! id|b
bl —a b | id
a~the — a~Th%c id | id
a 1h%c —a atc|b
a 'b%¢c — a7t b|a?t
a " 'h%c — a b id | a”te
a~'h%c — ab! a le | id
a b —a b b id
a~ b — a"2b3%c id | a”te
ab™t — ab™! id | b
ab™! — a"2b3%¢ a~tc | id
a— a 1b%c ale| b
a~ ! — a1b?c b|ate
a=2b%c — a2b%¢ b|b

1 9 id b
a”‘c— b b i
b%c — b2c ale| ate

Example 3.3.12

Table 3.2: Additionnal edges for the neighborhood graphs.
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Example 3.3.10. Example 3.3.11.

Figure 3.7: Examples 3.3.10 and 3.3.11: contact graphs G(R) (dark part) and neighborhood
graphs G(S) (dark and dimmed parts).
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Figure 3.8: Example 3.3.12: contact graph G(R) (dark part) and neighborhood graph G(S) (dark
and dimmed parts).
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Figure 3.9: Example 3.3.13: contact graph G(R) and neighborhood graphs G(S).

We now answer the question of Gelbrich in these examples.

Proposition 3.3.14. The following assertions hold.
o The tiles defined in Example 3.3.10, Example 3.3.11 and FExample 3.3.13 are disk-like.
o The tile defined in Example 3.3.12 is not disk-like.

To prove this, we will apply the criterion contained in Theorem 3.3.9 to the examples. To this
matter, we want to identify the adjacent neighbors of the central tile 7 in another way than in
Characterization 3.2.11.

Proposition 3.3.15. Let T be a connected p2-tile. Let a,b be the translations of R? defined by
a(z,y) = (x+1,y) and b(z,y) = (z,y + 1), ¢ the w-rotation of the plane c(x,y) = (—z, —y).

(1) If T has siz neighbors

S = {b*', ¢c,a" e, be, a"the}
(or S = {b*!,c,a=te,be,a b7 e} )

then each element of S is an adjacent neighbor of id.

(ii) If T has seven neighbors S = {b*' c,bc,a " c,a be,a b~ ¢}, then {b*! c,be,a" c} are
adjacent neighbors of id.

(iii) If T has eight neighbors S = {b*' c,a " c,bc,b" c,a " be,a™ b~ ¢}
(or S ={c,bc,ac,ab= e, bt (a=tb)*F1}),
then {b*1, c,a"1c} (resp. {c,be,ac,ab'c}) are adjacent neighbors of id.

42



(iv) If T has twelve neighbors {c,a™'c,bc,abc,a”be,a™ b~ e, a™t, b1, (ab)*1},
then {c,a"tc,bc} are adjacent neighbors of id.

Proof. Let us consider the case of six neighbors. We will show that the rotation ¢ is an adjacent
neighbor. Let
T :=TUa b e(T) .

Then 7" is a connected compact set that tiles R? by Z2, i.e., T’ provides a lattice tiling of R%. We

set
St = Uezreqoy(@b)?e’(T) = Ugez(ab)*(T"),
M = (Upcqreroy @ ¢(T)) = (Ugeqy a®(17)),
Qy = Uq>q/,re{071}aqbqlcr(7) = Uq>q/aqbq’(T/)

The identity R?> = S; U UQy holds, and because of the assumption on the set S, we have
Ql n QQ = @

The tile T” being a connected compact set, Lemma B.0.24 assures that its boundary 9T is con-
nected. Let us suppose that 97" C Q1 U €, then we obtain

AT = (T’ NQy) U (9T NQy),

which is a partition of 9T into two relative closed sets that have empty intersection, a contradiction
to the connectedness of OT".
Consequently, 97" N (S1 \ (Q1 UQ2)) # 0, thus there is an s € {ab,a" b~} such that

(T' N s(T")) \ U a®b? (T") +#90), (3.3.1)
(Q7q,)¢{(010)7i(111)}

since ab(T”) and a=1b~*(T") are the only lattice tiles in S that are in contact with T” (this follows
from the assumption on S).
By the assumption on S, we have

T'Nab(T')=TNe(T) and T'Na b HT) =a o e(T)Na b (T), (3.3.2)

hence, also by this assumption, (7" Nab(T")) N (T" Na~ b= (T")) = 0.
Thus, if s = ab, we get from (3.3.1) and (3.3.2) that

(TnaTh\ J T) #0.

~yeI'\{id,c}

This indicates that ¢ is an adjacent neighbor.

If s =a~'b~!, we obtain similarly that a=16=1(7") and a='b~'¢(7) are adjacent neighbors, hence
after translation by ab we get again that c is an adjacent neighbor.

The other neighbors of the six-neighbor cases as well as the cases of seven, eight and twelve
neighbors can be treated similarly. (Note that the case of translations, say b for instance, does
not require the introduction of a substitution tile 77: we can choose S; = | ez b?(T) and use
Lemma B.0.21 to obtain that 07 intersects Sj.) (|

We are now able to examine the disk-likeness of the tiles presented in Examples 3.3.10 to 3.3.13
by checking the three items of Theorem 3.3.9.
For each example, we will have to compute the graph G for every v € A. The set of states of G
is

’

{6 (B,) ; there is an edge v LN 7" in G(A)}.
There is an edge in G between two states 6 (B/) and ¢ (B~ iff

TNY"(T)N&(T)Nd 1o (T) # 0.
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This can easily be checked by looking at the sets V5 and V3.
We will also need the subgraph of G2 induced by the states {B,;y € A}. Again, there is an edge
between B, and B, in this graph iff

TNY(T)NAY(T) # 0,
which can be seen using the sets V5.

Proof of Proposition 3.5.14.

e Example 3.3.10
The first item of Theorem 3.3.9 is fulfilled as we checked in Example 3.3.10.
From Proposition 3.3.15, we get

A={bb7  cate,a b e, b7 e}

We obtain the graphs G, for v € A in Figure 3.10. Each of them consists of a simple path.
So the second item is fulfilled.

The subgraph of G induced by the states {B,;vy € A} is represented on Figure 3.11: it is
a simple loop.

Thus the crystile of Example 3.3.10 is disk-like.

e Example 3.3.11
The first item of Theorem 3.3.9 is fulfilled (see page 35).
From Proposition 3.3.15, we get:

A={b,b"  c,a e,a b e, b el

We obtain the graphs G in Figure 3.10. Each of them consists of a simple path. So the
second item is fulfilled.

The subgraph of G induced by the states {B;~y € A} is represented on Figure 3.11: it is
a simple loop.

Thus the crystile of Example 3.3.11 is disk-like.

e Example 3.3.12
We show that the first item of the criterion of Theorem 3.3.9 is not fulfilled, in particular
we have

#Vo(a tbe,b71) > 2.
Indeed, the infinite walks

_ id b _ b _ b

a"tbe = atbe > albe S a"lbe >

d b b b

b1 = a5 a7 e & ot S

labelled by (id, b, b, b, ...) and

_ b _ id a"le a"te a"lte
a e 5 ale 5 p2e 25 e 5 k2 25
_ b id a"le _ a"te a"lte
=t S c S o =5 oW =5 4 =5

labelled by (b, id, a~tc, a=te, a~te, ...) are in G(S) (look at Figure 3.8). This means by
Proposition 3.2.10 that the points

z = lim g~(g~'B)™(0,0) = (-%,1)

m—0o0
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and

m—0o0 9 ’ 3

41
y = lim g7'bg (g7 a"0)"(0,0) = (—— —>

are two distinct points of Va(a=tbe,b™1).
Thus the crystile of Example 3.3.12 is non disk-like.

e Example 3.3.13
The first item of the criterion of Theorem 3.3.9 is fulfilled (see page 37).
From Proposition 3.3.15 (replace b by b~1) we have

A={b,b"" ¢c,a " c,a e, be}.

We obtain the graphs G in Figure 3.10. Each of them consists of a simple path. So the
second item is fulfilled.

The subgraph of G2 induced by the states {By;y € A} is represented in Figure 3.11: it is a
simple loop.

Thus the crystile of Example 3.3.13 is disk-like. 0
L & N e

b C(Baflbflc) — C(Baflc) b B,

bt b(Ba—lb—lc) - Ba—lc — a_"c¢c

c B B c(By) b c(By-1c)

b—1 — b—le¢ — b
b(By) — b(By.) — b(B.) — Bpe — c(By-
oo | By) BB~ WBY| [ (By) = b(Bc) . d 71>) v — By 1)
a_b~c b(Baflc) 1. — a_c —

b Tc Bo-1p-1c a ¢ By-1 = c(Bie) = c(Bb)

Fxample 3.3.10. Example 3.3.11.

L v | G, |
b a~te(Be)
b T B,
c b(By.) — b(B.) — B
ale By1 — a tc(Bg-1p.) — a 1ce(By)
a Tbe a~te(Bye)
be a_lc(Bb—l) — Ba-1pe — b(Ba—lc) - b(Ba—lbc) - b(Bb)

Example 3.3.13.

Figure 3.10: Subgraph G, of the double neighboring graph Ga.
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Baf1C Bc Bb—l Bb
Ba_lb_lc Bb_lc B, By,
Bb—l
Example 3.3.10. Example 3.3.11.

By
/ \
By Ba-1pe
| |
B. By-1c
\ /
By

Example 3.3.13.

Figure 3.11: Restriction of G5 to the set of states {By;y € A}.

3.3.5 A criterion for a crystile using the neighbor graph

We saw in Section 3.2 how to obtain the neighbors of a given crystile 7, i.e., from the expan-
sion map and the digit set defining the crystile. One thus easily gets the associated neighbor
graph, whose vertices are the isometries v and where two vertices 7, are connected via an edge
if ¥(T)N~'(T) # 0 (see Definition 2.2.22). In this subsection, we give a criterion for the disk-
likeness of a crystile checkable on this neighbor graph. Remember Example 3.3.11, depicted again
in Figure 3.12 with all of its neighbors. It produced a disk-like crystile 7 with seven neighbors,
five of them being adjacent to 7. This leads to the adjacency and neighbor graphs seen on the
same figure. We see that for this disk-like example, the whole neighbor graph is an extension
of the adjacency graph obtained by adding the edges that join the vertices of the non-triangular
faces of the adjacency graph. The theorem of the present subsection establishes the validity of
this observation for crystiles in general and gives a reciprocal statement.

We will restrict the class of crystiles where the theorem applies, hence we give some definitions
(cf. [15]) before stating and proving the criterion.

Definition 3.3.16 (Drawing of a graph; faces of a graph). Let G = (V, E) be a planar graph with
set of vertices V and set of edges E. Then a drawing of G is a mapping 7 : (V, E) — R? such that
m(V) is a discrete set of the plane, 7(zy) is a simple arc joining 7(z) and 7(y), and

m(zy) Nm(uww) = {r(z), 7(y)} N {r(u),7(v)} (ry,uwv € E disjoint).

We also say that n(G) is a drawing of G. For every planar graph G with a drawing , the set
R?\ 7(G) is an open set; its components are the faces of 7(G).

Definition 3.3.17 (Derived graph, drawing extension and picture). Given a planar graph G =
(V,E) and a drawing m of G, the derived graph of G is the graph G; = (V, E1) emerging from G
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Figure 3.12: The adjacency graph (solid edges) and the neighbor graph (solid and dashed edges)
for the p2-crystile of Example 3.3.11.

with the same set of vertices and where two vertices x,y are incident if their images 7(x), 7 (y)
belong to the closure of the same face of G. F contains F, and we extend 7 to a mapping 7 on
E; by joining the images of vertices corresponding to a new edge by a simple open arc inside one
of their common faces. 7 is called an extension of w. This extension gives rise to a picture of the
graph Gj.

Remark 3.3.18. Such an extension 7; is not unique. Also note that its picture does not to be a
drawing in the above sense because the derived graph of a planar graph is not necessarily planar.

We need special drawings of the adjacency graph G 4. In the following definition as well as in
the subsection we denote as follows a closed disk with radius r centered at x.

Notation 3.3.19. B,.(z) = {y € R%|ly — z|| < r}.

Definition 3.3.20 (Admissible drawing). Let G4 = (I, E) be the adjacency graph of a crys-
tallographic tiling (see Definition 2.2.22), and let G’y = (T, E’) be a subgraph of G 4 (possibily
G’y = G4a). Assume that G'; is planar. We say that a drawing 7 of G', is admissible if there is a
p € R? with v1(p) # 72(p) for all 1,72 € T',y1 # 72 such that:

e (7)) =) (vel)
e There is a constant ¢ € R such that for all e € E joining the vertices = and y, we have
7(e) C Be(m(x)) N Be(w(y)). (3.3.3)
Definition 3.3.21 (Admissible extension drawing). Let 71 be an extension of 7 as defined above.
We call 11 admissible if it satisfies (3.3.3) for all e € E; and the same constant c.

Theorem 3.3.22. Assume that T C R? is a planar crystallographic reptile with respect to a
crystallographic group T'. Then T is disk-like, if and only if the following three conditions all hold.

(i) The adjacency graph G 4 is a connected planar graph.
(ii) The digit set D induces a connected subgraph in G 4.

(iii) Ga has an admissible drawing © : G4 — R? such that the derived graph of G 4 is exactly the
neighbor graph Gy .
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Remark 3.3.23. Condition (ii7) says that two tiles v1(7),~v2(7) are neighbors if and only if the
vertices (1), m(7y2) lie on the boundary of a single face of the drawing 7(G4).

Proof of Theorem 8.3.22. Assume that 7 C R? is a planar crystallographic reptile with respect
to a crystallographic group I', an expanding affine map ¢ and a digit set D. We split the proof of
the theorem in two parts.

Sufficiency . Assume that Conditions (i), (ii) and (iii) of Theorem 3.3.22 hold. In view of
Proposition 3.3.5, it suffices to show that the interior of 7 is connected. We fix an admissible
drawing 7 for G 4, which gives an associated constant ¢ and a point p defined in Definition 3.3.20
(wlo.g., p € T). Gy is by assumption the derived graph of G4 and we call m; an admissible
extension of the drawing .

For each k € N, we define the set D of elements in I' such that

yEDF

Thus we have D! = D, and using Condition (ii), it can be shown recursively that the subgraph
G* of G4 induced by D* is connected for every k € N.

Our aim is to prove the result by contradiction. Indeed, assuming that int(7) is disconnected,
we will find a curve in 7(G%) intersecting a curve in 71 (Gx \ G%) and derive a contradiction
(Gn \ G is the subgraph of Gy induced by the set of vertices '\ DF).

We denote by D the diameter of the tiles v(7) (i.e., the maximal distance between two points
of a tile v(7"), which does not depend on the isometry ) and by L the minimal distance between
two disjoint tiles. We set M := max{D, L, c}.

Suppose that int(7") is disconnected, and let z; and z2 be two points in different components
of int(7). Let k € N be large enough such that Bgn(g*(2;)) C ¢F(int(7)) (i € {1,2}). For
i = 1,2, we denote by 7(?) an element of D¥ such that the tile v()(7") contains g*(z;) and by Q;
the component of g¥(int(7")) containing ¢*(z;). In the following, 4, (1 < p < 6) will stand for the
unbounded connected region R? \ (Byar(g"(21)) U Bpar (9% (22))).

Then the boundary 9021 of the component €27 is contained in Ag and separates between By :=
Banr(g¥(21)) and Ba := Baps(g¥(22)). Consider the the finite collection

U:={yeT\D*~(T)no #0}.

This definition implies that (J,,7(7) is contained in A5 and separates between By and By. By
Lemma A.0.18, there is a simple closed curve C in Uweu ~(7) which separates between B; and
B too. We suppose that B lies in the bounded component of R? \ C.

We denote by (C(¢),t € [0,1]) a parametrization of C' with C'(0) = C(1).

As C' is uniformly continuous, we may find a constant § > 0 such that d(C(t),C(t')) < L as
soon as |t —t'| < 0. Let m > 2 and (¢;)o<;j<m be a subdivision of [0,1] with 0 = <t < ... <
tm—1 < tm = 1 and tj41 — t; < §. Then, setting C; := C(t;), we have d(C;,Cj41) < L for all
0 < j <m—1. Choose now for each j € {0,...,m} an element o; € U with ap = ey, and such
that C; € a;(7). Then for all 0 < j <m —1, d(o;(7T),aj+1(7)) < L. Thus, by the definition of

L, two consecutive tiles are neighbors, i.e., oz;lozﬂ_l e SuU{id}.

ISome parts of this proof are inspired by the proof of a theorem of Bandt and Wang in [7].
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We now construct a closed curve that is homotopic to C' in A5 and is made by pieces m(e) for
some edges ¢ € Gy \G%. By Lemma A.0.17, this closed curve will also separate between B; and Bs.

Let j € {0,...,m — 1}. Consider the union R; of the intersecting balls Baoas(a;(p)) and
Bon(ajyi1(p)). Then R C Az. Moreover, the line segments «;(p)C; and Cjy1a;41(p), the arc

Ej :=m(a;(p)ajii(p))

as well as the piece

C7:={Ct);t € [tj, tjt1]}

of the curve C' are all contained in the simply connected set R;. Thus the arc E; can be obtained

from the union of a;(p)C;, C7 and Cji1a41(p) by a deformation in R;.

Consequently, the union
5 = U Ej
0<j<m—1

of the arcs is obtained from the union

Fe U (50000 UT0am0)

0<j<m—1

by a deformation in U0<j<m_1 R; C As.

Note that F separates between By and By. By Lemma A.0.17, so does £. Thus every curve
from v (p) € By to v?(p) € By intersects £. Since the subgraph G¥ of G4 induced by DF
is connected and y(1),4(2) € Dy, there is a connected path 71 = vV v, ..., y4—1,74 = 7P
in G4 with v; € D*,i = 1,...,q. The image by 7 of this path is a curve in 7(G%) joining
7D (p) and v (p). Tt is intersected by &, which is a closed curve in 7 (Gx \ G%). Thus, an
arc m (a;(p)aj+1(p)) (possibly degenerated in the sense that a; = ;1) must intersect an arc
(i (p)vi+1(p)). But by the assumption on the drawing, either m (co;(p)at+1(p)) is in 7(Ga) or

mi(aj(p)aj+1(p)) \ {a;(p), aj+1(p)}

is contained in a face of the drawing. In both cases, these arcs must share a common end point
to intersect, contradicting the disjointness of {ap, ..., am} and {y1,...,74}-

Necessity. Assume that 7 is disk-like. We have to check Conditions (7), (#4) and (¢ii) of The-
orem 3.3.22. Condition (i7) can be directly inferred from the disk-likeness of 7. Thus we have to
show that Conditions (¢) and (4i%) are also satisfied.

As v(T) N ~/(T) is either empty or a connected set for all distinct elements v,7’ € T, the
boundary 07 consists of arcs Pi,..., Py, where 3 < k < 6 and P; =7 N~,;(7) (cf. [19]). Here
Y1, ..,k are the adjacent neighbors of id. The arcs Pi,..., Py can be arranged to a circular
chain (see Definition A.0.13 in the appendix) in the sense that for all distinct 4,5 € {1,2,...,k}
the intersection P; N P; is a singleton if j = ¢ + 1(mod k), and is an empty set otherwise.

Choose an interior point z; of P; (in subspace topology), and let Orb(z1) = {y(x1);y € T'} be
the Orbit of 21 under the crystallographic group I'. Clearly, the number of points in Orb(x;)NOT
is between 1 and k. If it is not k, we can choose a least integer 41 such that Orb(z1) N P;, = 0.
Let x2 be an interior point of P;,, then Orb(z1) N Orb(z2) = @ and the number of points in
(Orb(z1) U Orb(z2)) N 0T is between 2 and k. Going on with this procedure for at most k — 1
steps, we will find &’ points z1, ..., on 07, where K’ < k, such that the number of points in

kl
| Orb(as) | noT
i=1
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The graph G4 (solid)
and its derived graph (solid and dashed).

Figure 3.13: p2-crystile with seven neighbors, digit set {id, b, c}.

is exactly k. Rename the k points of the above intersection as y1, ..., yx with y; € P.

By the Schénflies Theorem [51], choose a homeomorphism h : 7 — {rei’;0 < ¢ < 27,0 < r < 1}
such that h(y;) = e’F'i. Let R = {rezTﬂi; 0 < r < 1} be the radius joining the origin 0 and the
point h(y;), for 1 <1 < k. Then W = h~1 (Ule Rl) is a union of arcs in 7 which are disjoint
except at their common endpoint h~1(0) € int(7).

Now we can see that |J,.7(W) is an admissible drawing of G4 and that Condition (¢) is
satisfied. Clearly, each triple point of the tiling {7(7');y € I'} must be enclosed in a face of the
above drawing. Since an arc yoh~! (R;) is contained in the boundary of a face containing a triple
point z if and only if € y(F,), and since two tiles v(7),+'(7) are neighbors if and only if their
intersection (7)) N+/(7T) contains a triple point x, we see that Condition (4i7) is satisfied. O

3.3.6 Applications

The examples of Subsection 3.3.4 could be treated with the third criterion (Theorem 3.3.22). We
give here two new concrete examples, one of a p2-crystile with seven neighbors, and one of a p3-
crystile, both with three digits. They correspond to disk-like candidates of Gelbrich’s paper [19].

Example 3.3.24. (see [19, p. 252, (c)]) Let

blz,y) = (z,y+1),
c(:z:,y) = (—il), _y)'

Then the p2 group I' can be written as
I = {a't/c*;i,j € Z, k € {0,1}}.

The expanding mapping g is chosen as g(z,y) = (y,3z + 1), the digit set as D = {id, b, ¢}, thus
the tile 7 is defined by the set equation

g(T) = TUB(T) Uc(T).
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It is depicted in Figure 3.13.
It can be shown with the tools developed in Section 3.2 that 7 has exactly the seven neighbors

S={bblc,bc,ate,ahe,a b e,
and that its adjacent neighbors are
A={bb" ' ;b e,a e}

Thus the adjacency graph has a drawing as in Figure 3.13 (solid edges). Its neighbor graph Gy is
exactly the derived graph of the drawing of G4 (see Figure 3.13 also, solid and dashed edges). In
this case, T satisfies all the conditions in Theorem 3.3.22 because the digit set D is A-connected.
Hence it is disk-like.

Example 3.3.25. This example is devoted to a p3-crystile with ten neighbors which is called
“terdragon”. It also occurs in Gelbrich’s paper (see [19, p. 255]). It is the only disk-like p3-reptile
candidate with three digits found by Gelbrich. We show here that it is indeed disk-like.

e ol e

—
The graph G4 and part of its derived graph.

Figure 3.14: The “terdragon”, a p3-crystile with ten neighbors, digit set {id, ac?, bc?}.

Let
a(r,y) = (z+1,y),
b(z,y) = (z+1/2,y+3/2),
c(ey) = ((—2—V3y)/2. (V3 —y)/2).

A p3-crystallographic group is then generated by a, b and ¢, i.e.,
I'={a'¥/c* i jecZke{0,1,2}}.

The expanding mapping g is chosen to be g(x,y) = V/3(y, —), the digit set is D = {id, ac?, bc?},
thus the tile 7 is defined by the set equation

g(T) =T Uac*(T) Ubc*(T).
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Figure 3.15: The two neighbor configurations of disk-like lattice tiles.

It is depicted in Figure 3.14. Using the tools developed in Section 3.2 it can be shown that 7 has
exactly the ten neighbors

S ={a,a7 1 ¢, ac,ac®,bc?, ab e, abc?, a*b e}
four of which are adjacent. These are given by
A = {ac,ac?, bc?, ab~ ' c}.

Thus the adjacency graph has a drawing as in Figure 3.14. The neighbor graph Gy is exactly
its derived graph (see Figure 3.14 where the additional edges connected to id are dashed). In
this case, 7 satisfies all the conditions in Theorem 3.3.22 because the digit set D is .A-connected.
Hence it is disk-like.

3.3.7 A criterion for lattice and p2-crystiles

The last criterion will fully characterize the disk-like lattice and p2-reptiles. The preceding criterion
is in a way inconvenient, because all the adjacent neighbors have to be determined, whereas
simple techniques, as used in Proposition 3.3.15, only allow to identify some of them. In this
subsection, we are interested in more specialized criteria, but easier to apply. In fact, Grinbaum
and Shephard [22] listed all possible configurations of the neighbors of a disk-like crystallographic
tile. There are two possibilities in the lattice case, corresponding to six and eight neighbors (see
Figure 3.15), and six possibilities in the p2-case, corresponding to six, seven, eight and twelve
neighbors. Hence we just need to concentrate on theses cases and get for them the sufficient
conditions; this is what the general form of the preceding criterion will lead to.

The criterion of this subsection was already found in 2002 by Bandt and Wang in the lattice
case (see [7]). In this case, as already told, disk-likeness happens only if 7 has six or eight neigh-
bors; the criterion states that it eventually depends on the shape of the digit set D. A new proof
of this result is given here, as well as its extension to the p2-case. The technique of the proof
makes use of the neighbor and adjacency neighbor graphs associated to the tilings. Moreover, on
the way to the proof, we will see that lattice and p2-tiles (not necessarily with a replication prop-
erty) always have at least six neighbors, whose configuration is fixed if the number of neighbors is
exactly six.

The proof seems to give general ideas for other crystallographic groups but the details closely
depend on the shape of the neighbor set of the crystile, that is why only the lattice and p2-cases
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are treated here.

The condition on the digit set will use the following notion of set-connectedness.

Definition 3.3.26 (Set-connectedness). If D and JF are two sets of isometries in R?, we say that
D is F-connected iff for every disjoint pair (d,d’) of elements in D, there exist an n > 1 and
elements d =: dgy,dy,...,d,_1,d, := d of D such that d;ldi+1 e Ffori=0,...,n—1.

Remark 3.3.27. This notion of set-connectedness is related to the connectedness of tiles : it can
be shown as in [23, 34] that a necessary and sufficient condition for a crystile as in Definition 3.1.3
to be connected is that the digit set is S-connected, where S is the neighbor set of the crystile.

We will always assume that the groups I' involved in the tilings below are the exact symmetry
groups of the tilings (see [22]).
The main result in Bandt and Wang [7] was the following criterion of disk-likeness for plane

crystiles defined as in Definition 3.1.3 in the case that I is a plane lattice.

Proposition 3.3.28 (see [7, Theorems 2.1 and 2.2]). Let T be a self-affine lattice plane tile with
digit set D.

(1) Suppose that the neighbor set S of T has not more than siz elements. Then T is disk-like
iff D is S-connected.

(2) Suppose that the neighbor set S of T has eight elements {a™1, b1, (ab)*!, (ab~ 1)1}, where a
and b denote two independent translations. Then T is disk-like iff D is {a™', b*'}-connected.

We will give a new proof of this result and extend it to p2-groups as follows.

Theorem 3.3.29. Let T be a crystile that tiles the plane by a p2-group. Let D be the corresponding
digit set.

(1) Suppose that the neighbor set S of T has sixz elements. Then T is disk-like iff D is S-
connected.

(2) Suppose that the neighbor set S of T has seven elements
{bil,c7 be,a e, a e, a7 o e,

where a,b are translations and ¢ is a w-rotation.
Then T is disk-like iff D is {b*1, ¢, bc, a™ c}-connected.

(3) Suppose that the neighbor set S of T has eight elements

{b*t c,a e, be, b e,a"the,a b e}
(or {c,bc, ac,ab™ e, bt (a=1b)*1} ),

where a,b are translations and c is a w-rotation.
Then T is disk-like iff D is {b*' c,a" c}- (resp. {c,bc,ac,ab™'c}-) connected.

(4) Suppose that the neighbor set S of T has twelve elements
{c,a e, be, abe,a™tbe,a o e, ot bEL, (ab)EL ),

where a,b are translations and ¢ is a w-rotation.
Then T is disk-like iff D is {c,a"c, be}-connected.

Remark 3.3.30 (To Proposition 3.3.28 and Theorem 3.3.29).
1. According to Griinbaum and Shephard’s classification of isohedral tilings (see [22, 6.2, p.285

ff]), the mentioned cases are the only ones for disk-like lattice and p2-tiles in the plane.
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2. In each item of these statements, the set with respect to which the digit set is connected
reveals to be exactly the set of adjacent neighbors of the central tile. Indeed, it corresponds
to the set of adjacent neighbors of the involved disk-like tile in Griinbaum and Shephard’s
classification (see [22]).

3. Propositions 3.3.35 and 3.3.37 will give the exact shape of the neighbor set that appears in
Proposition 3.3.28 (1) and Theorem 3.3.29 (1), i.e., in the 6-neighbor cases.

An easy way to visualize these results is by considering the neighbor and adjacency graphs,
whose definitions were given in the basics. They are depicted in Figures 3.16 to 3.19 (see Propo-
sitions 3.3.35 and 3.3.37 for the choice of the vertices in the six neighbor-cases). Disk-likeness
happens iff D is connected along the solid edges; the remaining edges are dashed.
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(1) 6 neighbor case (see also Proposition 3.3.35). (2) 8 neighbor case.

Figure 3.16: Proposition 3.3.28.
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Figure 3.17: Theorem 3.3.29 (1): 6 neighbor case (see also Proposition 3.3.37).

This remaining part of this subsection is organized as follows. We will first prove that 6 is the
least number of neighbors for lattice and p2-tiles (with or without replication property). Then,
we will see that for a lattice tile with six neighbors, the shape of its neighbor set is fixed. This
will also hold for a p2-tile if it is supposed to be connected. Eventually, we use the neighbor
and adjacency graphs to give a new proof of Bandt and Wang’s result as well as the proof of its
extension to p2-crystiles.
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(2) 7 neighbor case.

Figure 3.19: Theorem 3.3.29 (2) and (4).

Least neighbor number

We are interested in the least number of neighbors a tile has in a lattice or a p2-tiling. We will show
that for tilings using a single compact tile this number is six. The proof only uses the existence
of triple points, defined as follows (compare with Definition 3.2.7).

Definition 3.3.31 (Double point, triple point). Let {(T);y € '} be a tiling of R™ which uses
a single prototile T'. A point « € T is a double point if there is v € T'\ {id} such that z € v(T");
and x € T is called a triple point if there exist two distinct elements 1,72 € '\ {id} such that

x € v (T) Ny (T).

In Definition 3.2.7, we called V}, the set of (L + 1)-folded points; V; is the boundary of the tile
T. Note that sets of vertices have been recently studied, for example in [14] where the Hausdorff
dimension of V;, was computed.

It is clear that a tiling of R by compact pieces has double points. Lebesgue’s covering theorem
[16, 26, p.78, Theorem 1.8.15] says that if C is a finite closed cover of the n-cube [0, 1]™ no member
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of which meets two opposite faces of [0,1]™ then C contains n + 1 elements with a non-empty
intersection. See also [1] for a recent sharpening of this result. As a corollary of this, we can infer
the following proposition.

Proposition 3.3.32. For each tiling {y(T);y € T'} of R™ which uses a single compact prototile
T, the set of (n + 1)-vertices is nonempty.

Proposition 3.3.33. Let T be a compact tile providing a tiling of the plane by a lattice I'. Then
its set of neighbors S has at least sixz elements.

Proof. Suppose S has less than six elements. Then & = {a,a™!,b,b7!} for two independent
translations a, b € T’ by Remark 3.1.5.3. By the existence of triple points, two intersections TNa*(T’)
and T NV (T) (or T Na*(T)) must intersect for some i,5 € {—1,1} (or distinct i,k € {—1,1});
but this leads to the existence of a new neighbor a’b=7(T') (or a'~*(T)). O

We now consider the case of p2-tiles.

Proposition 3.3.34. Let T be a compact tile providing a tiling of the plane by a p2-group T'.
Then the set of neighbors S has at least siz elements.

Proof. Assume that T" is generated by the two translations u,v and the rotation r of Defini-
tion 2.2.10. Then one can easily check the commutation rules u*v/ = v/u! and u'vir = ru~'v =7
for all 4,j € Z. Moreover, if both v and 7/ are m-rotations, v ~'4/ is a translation, and if exactly
one of them is a translation, then v~ 14’ is a m-rotation. We will also often use the fact that
Y(T)N+'(T) # 0 implies v~/ € S.

By Remark 3.1.5.3. the neighbor set S of T generates I'; thus S contains an element u*vor =
nr, where n = u'v’ is a translation. Let T’ = T U nr(T), then {u'v’(T");i,j € Z} is a lattice
tiling of the plane.

Obviously, if 77 has ten neighbors or more, then T has at least six neighbors.
If 7’ has eight neighbors, say {u?v/*(T");1 < k < 8} = {4F1(T");1 < k < 4}, then

[T Unr(D) 0 [y (T) Uyenr(T)] # 0
= Vke{l,...,4}, {'y,fl} CSorvy'nreSorynreS.

If v, € S for some k € {1,2,3,4}, then S has at least six elements. If v ¢ S foreach k € {1,2,3,4},
we have v,*nr € S for iy,i2,143,14 € {1,—1}. Then S has a sixth element. Otherwise, #S = 5, and

by the existence of triple points, Tﬂfy;j nr(T") must intersect Tﬁ'y,i’c nr(T) for some j, k € {1,2,3,4}
and i; € {—1,0,1}, i, € {—1,1}. This indicates that S has a sixth element 'y;j'y,:i’“.

If 7" has exactly six neighbors, there exist a, 3 € I' = (u,v) such that o*'(T"), +(T"),
SEUT) = (aB)™! (T") are the six neighbors of T” (see Proposition 3.3.35). Let 7 = {a®!, g*1, §%1},
Then, T has at least four neighbors:

ir(T), o ()™ (T), B (yr)*2(T), 6% (pr)** (T)
for some k1, ko, ks € {0,1} and i1,1i9,i3 € {—1,1}.

We claim that S contains at least one translation v. Otherwise, the existence of triple points
indicates that T N ¢r(T') intersects T N ¢'r(T) for some tc # t'c € S, where t,t' are translations.
Then, tr(T) Nt'r(T) # 0 and t =1 (T)NT # 0, thus t ¢’ € S.

By this claim, if k; # 0 for each j € {1,2,3}, S contains a translation v and thus

{nr ™t ()™, B2 (gr) 2, 6% ()™=} C 8.
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If two of k1, ko, ks are 0, say k1 = ko = 0, then S contains at least the six elements
777,,’ Oéj:17 Bﬁ:l, 613 (nr)kg .
If now exactly one of ki, ks, k3 is 0, say k1 = 0, then S contains at least the five elements

nr, o, B2 (), 6% (nr),

where § = af. If S has a sixth element, we are done. We suppose on the contrary that

S = {nr,a®, 3" (nr), 5% (nr)}.

Consider T” = T U B%2nr(T), which tiles R? under the action of the lattice < «a,3 >. Then
B2nr(T) has exactly five neighbors

B2(T), o B2r(T), T, 326 "(T),
hence, T" has exactly six neighbors
ﬁil(Tﬁ), Ozil(T”), (5i36—i2)i1 (T”).

We can infer from Proposition 3.3.35 that 62372 € {(aB8)*!, (aﬁ_l)ﬂ}. This is impossible,
since ig,i3 € {—1,1}. O

Neighbor set

We now show that the shape of the neighbor set of a compact lattice tile or a compact connected
p2-tile is already determined by the fact that it contains the least possible number of elements
(i.e., six elements).

Proposition 3.3.35. Let T be a tile providing a tiling of the plane by a lattice. If the set S of
neighbors of T has exactly six elements, then

S={a,a',b,b71, ab, (ab)**}
for some a,b € T" with T' = (a,b).

Proof. By Remark 3.1.5.3. and Proposition 3.3.33 of the preceding subsection, we already know
that there exist two elements a,b € S C T such that ' = (a,b) and S = {a®!,bF1} U {6*!} for
some 6 € T, we just need to assure that ¢ has the form (ab)*' or (ab_l)ﬂ. This can be shown in
the following four steps.

(i) T Na(T) does not intersect T N a~1(T). Otherwise, § = a2, and the union @ of all those
compact sets a®(T N b(T)) with k € Z is a closed set such that R? \ Q has two unbounded
components.

Let
Q = Tnom), Q.= (TnbT)).

k<0 k>0

Then, one can see that both R? \ Q_ and R? \ Q; have exactly one unbounded component.
That is two say, there are two points in the sphere separated by Q = Q U {0} = Q_ UQ+
which can not be separated by Q_ = Qo U {00} or Q4 = Q1 U {oo} alone. As the sphere
is a Janizewski space (see [36, §61]), this implies that Q_ = (J,oa”(T Nb(T)) and Q4 =
Ukso @®(T'Nb(T)) must intersect each other.

Therefore, a’b(T) N a? (T) # 0 for some i < 0 and j > 0, and thus a/~'b € S with j —i > 1,
which would increase the number of neighbor.

(ii) Similar to item (i), TN b(T) does not intersect T N b~1(T).
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(iii) If TN a'(T) and T N (T) intersect for i,5 € {—1,1}, then ab € S or ab~! € S, thus § or
51 is equal to ab or ab~ .

(iv) Suppose (T'Na'(T)) N (TNH/(T)) = O for every i,j € {—1,1}, then by items (i) and
(ii) and the existence of triple points, T N a*(T) or T N &/ (T) must intersect [T'NS(T)] U
[T N6 1(T)]. We may assume without loss of generality that 7'M a(T') intersects T N §(T).
Then, a(T)N§(T) # 0 and a~ 16 € S, while § ¢ {a™!,b*'}. Thus we have a=1§ € {b, b1},
that is to say, = ab or § = ab™! again.

O

In the case of p2-tiles, we require the tiles to be connected. Indeed, we will use Lemma B.0.24
of the appendix that tells that the boundary of connected tiles is connected.

Let us consider a tiling of the plane by a single tile 7" and a group of isometries I'. Recall that
B, =TnN~(T) for yeS.

Lemma 3.3.36. Suppose that the neighbor set of T' contains m > 2 elements 1, ...,vYm and that
OT is connected. Then each B~;, i = 1,...,m intersects at least one By, J #£1q.

Proof. Writing for the boundary 7 = J!, B, , this follows from the connectivity of 9T O
Now I is supposed to be a p2-group.

Proposition 3.3.37. If T is a compact connected set which is the central tile of a p2-tiling and
if the neighbor set S of T contains exactly siz elements, then S has one of the following shapes
(where a,b are independent translations and c is a w-rotation):

S={bv*" c,a e, be,a oy or S = {1 e, a7 e, be,a b e

Remark 3.3.38. Since the inverse of ¢r is itself for ¢ a translation and r a w-rotation, we have
the symmetry property: S = S~1.

Proof. We will freely make use of the following facts: if 7,7’ € I, then from B, N B, # 0 it follows
that v~14' € S. Moreover, if both v and +' are w-rotations, v~ !4/ is a translation, and if exactly
one of them is a translation, then y~14' is a m-rotation.

At least one translation b # 1 and a 7-rotation ¢ must belong to the neighbor set. Indeed, if
S contains only translations, it can not generate a p2-group, which contradicts Remark 2.2.25.2.
If it contains only rotations, then by the existence of triple points, two neighbors v(T"),~'(T) of T
must intersect, thus the translation v~14' should also be a neighbor.
Since if y(T) intersects T, then 4~ 1(T) also intersects T', and we obtain that {b,b~!,c} C S.

‘We now show that no other translation can be in §. To this matter, we suppose on the contrary
that
S={bbtaatcc}

with a # id, b, b~ ! a translation and ¢’ a m-rotation. Two cases may occur.

If @ and b are dependent, then the neighbor set contains four translations that are linearly de-
pendent and two rotations. Using Lemma 3.3.36, one rotation can be written in terms of the
translation b and of the other rotation. This contradicts the fact that S is a generating set for I'.
If @ and b are independent, then the set Bj, can not intersect the sets By-1, By, By-1. Thus it
intersects B, or By, thus ¢/ = b 'c or ¢ = b~!¢’. Doing the same with the set B,, we obtain that
also ¢ = a~'cor ¢ =a"'¢. This is a contradiction, since a # b, b~ 1.

Consequently, we can write for the neighbor set:

§= {bv bila ¢, C1,C2, 03}7
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where ¢, ¢, c3 are the remaining m-rotations. If the set B, intersects By or Bp-1, then one of the
remaining rotations must be b*le; if it intersects one of the sets B., associated to the remaining
rotations, say v = ¢, then cc; = bt!, so ¢; = b¥'c. Since by Lemma 3.3.36 one of these
possibilities occurs, we can suppose w.l.o.g. (by exchanging b and b~!) that bc belongs to the
neighbor set, thus

S={bb" ¢ bc,co, 3}

To obtain a w-rotation that can be written in terms of a translation a independent of b, let
us consider the tile 7" = T U ¢(T). This tile provides a lattice tiling of the plane: there are
independent translations a’, b # id such that

R = | o"b9(T).
(4,5)€2?

By Remark 2.2.25.3. for a lattice tiling there must be a neighbor of the central tile that is not a
translation by some powers of b, i.e, there is an a # id independent of b such that a(T") NT" # 0.
This leads, as a ¢ S, to ac € S or a”'c € S. W.lLo.g. (exchange a and a~!), we suppose that
a"lc € S, such that

S={bb ' cbc,a e c3}).

The rotation ¢z can be written with the help of a,b and ¢. Indeed, the set B,-1. can not
intersect the sets B. and Bp. (this would introduce new translations in the set of neighbors),
thus it must have nonempty intersection with By, By-1 or B.,. In all these cases we obtain that
c3 = a~'btle, thus S has one of the two shapes of our proposition. O

Proof of Bandt & Wang-like statements

This part is devoted to the proof of Proposition 3.3.28 and Theorem 3.3.29. We first recall a
result of [7], which is a lattice tile analogue of Proposition 3.3.15 of Section 3.3.4, where adjacent
neighbors of p2-tiles having a neighbor set of known shape could be identified. Then, we give a
formulation of Theorem 3.3.22 with weaker assumptions. The proofs eventually follow.

If the shape of the neighbor set of the central tile is given, it is possible to identify all or some
of the adjacent neighbors of this tile. This was already done for p2-tiles in Proposition 3.3.15, and
the following is true for lattice tiles.

Proposition 3.3.39 (see [7, Lemma 3.3]). Let T be a connected tile providing a lattice tiling. Let
a,b be two independent translations.

(1) If T has siz neighbors
S = {ail, bil, (ab—l)il}7

then S consists of adjacent neighbors of id.
(#) If T has eight neighbors
S = {a*!,bF! (ab DAL (0~ Lh) L),
then {a™',b™} are adjacent neighbors of id.

Proof. This proposition was proved in [7] by an e-argument, we give here a shorter proof using
directly the connectedness of the boundary of 9T as in Proposition 3.3.15]. The connectedness of
OT is indeed assured by Lemma B.0.24 and the connectedness of 7.

To Item (i) : consider the subsets of the plane:

Q+ - = Um,nEZ,n>0 ambn(T)7
Q-: mpn(T).

Um,nez,n<o a
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Then Q4+ NQ_ is easily seen to be empty (a nonempty intersection would contradict the shape of
S). Assume that a is not an adjacent neighbor, hence a~! is also not an adjacent neighbor, and
the following equation for the boundary of T" holds:

= {bil7 (ab—l)il}

hence, 9T = (0T N Q4) U (9T NQ-) induces a separation of IT.
The cases of b and a,b as well as Item (i) are shown likewise. O

The criterion of disk-likeness as it is stated in Theorem 3.3.22 involves the knowledge of all
adjacent neighbors of the central tile. Since Propositions 3.3.39 and 3.3.15 only identify some of
them, we can not apply this criterion directly. We thus give the following criterion, derived from
Theorem 3.3.22. We use the notations of Definition 2.2.22.

Proposition 3.3.40. Assume that T is a plane crystallographic reptile with respect to a crystal-
lographic group T, an expanding affine mapping g and a digit set D. We write D* for the set of

isometries such that
M) = | §D).
s§€Dk

Let A denote the set of adjacent neighbors of the central tile. Then T is disk-like, if and only if
there is a subset A" of A with A'~* = A’ such that the following three conditions all hold:

(i) The subgraph Ga(A’) of the adjacent graph is a connected planar graph.
(ii) For every k € N, the set D induces a connected subgraph in G 4(A’).

(iit) Ga(A’) has an admissible draw 7 : Ga(A’) — R? such that the derived graph of Ga(A’) is
exactly the neighbor graph Gy .

Remark 3.3.41. Condition (i47) says that two tiles v1(7),v2(7) are neighbors if and only if the
vertices m(y1), m(y2) lie on the boundary of a single face of the drawing 7(GA(A")).

The proof is omitted since it runs along the same lines as for Theorem 3.3.22 (note that the
necessity part is simply proved by taking A’ = A and applying the quoted theorem).

We apply Proposition 3.3.40 in order to reprove Proposition 3.3.28 and to prove its extension
to p2-crystiles, which is the content of Theorem 3.3.29. As we noticed in Remark 3.3.30, if 7
is disk-like, the sets A are given in Grimbaum and Shephard’s classification. The main diffi-
culty lies in the proof of Item (ii) of Proposition 3.3.40, i.e., the A’-connectivity of the iterates
D* when D is assumed to be A’-connected. This part is the purpose of the two following lemmata.

We use the notations of Proposition 3.3.40.

Lemma 3.3.42. Suppose that the collections DUD., are A’-connected for every v € A'. Then so
also is D¥ for all k € N (see Remark 3.1.5 for the definition of D.).

Proof. We prove that D? is A’-connected if D = D! is, the result then follows by induction on k.

First note that if a set M C T is A’-connected, then so is yM for all v € T'. Let d1,ds € T with
dytdy € A'. Taking M = DU Ddl—ldz and v = gd1g~ !, we see that Dy, U Dy, is A’-connected.

Write
p’= | D,
veD?!

and choose v € D! with v # id. By the A’-connectedness of D!, there is a chain of elements
Y1s--3Yn in D! from 41 = id to v, = v such that 'yi_l'yiﬂ € A'. Thus D, U...UD,, C D?is
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A’-connected. Doing this for each v € D!\ {id}, we obtain that D? is A’-connected.

Writing DF+1 = U7 epr D and assuming that D* is A’-connected, one can show similarly that
so is Dk too. O

Lemma 3.3.43. Suppose the crystile T has the neighbor set S and that its set of digits D is
A’-connected, where the pairs (S, A’) are read off from the items Proposition 3.3.28 (2) and The-
orem 3.3.29 (2)(3)(4). Then the collections DU D~ are A’-connected for every v € A'.

Proof. We first state some properties valid for all the considered pairs (S,.A’), and then give sep-
arate proofs.

1

Note that since D is a complete set of coset representatives of I'/gT'g~*, we have

D, ND, =0 fory#+, and
e Vy €T, 3y €I such that v € D,.

For each constellation (S,.A’), we consider a drawing m associated to G4(A’). In the sense of
Definition 3.3.17, and by assumption on the neighbor set S, a picture of the neighbor graph Gy
is obtained by adding all the diagonal line segments in each of the non-gasket-like simple loops in
Figures 3.20, 3.22, 3.23, 3.24 (in the figures, we write ~ for m(v)). This picture then corresponds
to an extension m; of m and was already represented in Figures 3.16 to 3.19. Clearly, the degree
of G is then s := #S8. Moreover, for each connected subgraph of Gy with vertex set D’, finite
or infinite, the collection of vertices |, cp, Da induces a connected subgraph in Gy. We will use
this fact at the end of the proof. Remember that “induces” means that we connect the vertices of
D via all the available edges in G (so even if D is A’-connected, crossing diagonals may appear
in the picture of the subgraph of Gy induced by D).

One can easily see that this picture has the following properties.

(1) Two lines m (z122) and m1 (y1y2) intersect if and only if they have a common vertex or they
are the two diagonal line segments in the same face of 7(G4).

(#i) Gy is s-connected, in the sense that for any &/ C T' which has less than s elements, the
subgraph induced by I' \ U is connected.

(#3t) Suppose L = (V4, Ey) is an arbitrary connected subgraph of G4(A’) with finite vertex set
Vi. If each edge xy € E satisfies 771y € A’ and if R? \ 7(L) has a bounded component
intersecting m(G4(A’)) containing a point w(7y) for some v € T', then T'\ V5 induces a
disconnected subgraph in G, which has a component of finite vertex set containing v. We
can see that the image 7(L) of L must contain a loop, so we will in the sequel refer to this
as Loop Property.

We now distinguish the constellations.

and suppose that D U D, is not {a*!,b*!}-connected. Since g(T) = Uyep d(T) and ga(T)
Uwep, ' (T') intersect each other, we can choose some ¢ € D and ¢’ € D, with §(T) N ' (T') #
Then, we must have 618" € {(ab)*!, (ab‘l)ﬂ} =S\ A'. We may assume that § = id,é’ = ab.
See Figure 3.20 for relative positions of id and ab. Let a,3 € I' be the uniquely determined
elements with a € D,, b € Dg. Because D U D, is not {a*!, b }-connected, o and 3 are both
distinct from id and a.

Lattice-8 neighbor-case. Let us consider first the pair (S,.A’) of Proposition 3.3.28 (2)
0.

Then, we can find a vertex ¢ € I'\ {id, a, a, 3} such that ¢(T)NT # @ and (T) Na(T) # 0.
We can see on Figure 3.20 that ¢ must belong to {b,ab,b=%, ab='}.
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a 'b b ab

(ab)™" | bt ab™?

Figure 3.20: The graph G 4(A’) in the lattice-8 neighbor-case.

Now, we can choose
dED, dl,dg € D, ds € D,

such that
d(T) N dy(T) # 0, da(T) N ds(T) # 0.

Then, {d~'dy,d; *d3} C {a™!,b*?, (ab)*?, (ab’l)il}. By {a*!,b*!}-connectivity of D, for every
~v € T, consider the three connected pieces Hiq, H,, H, in the picture of Gy joining all the vertices
D, D, D, respectively and whose lines w(xy) are defined for vertices z,y € D (or D,, or D.)
whenever xy~! € {a*!,b¥1}. We can find three disjoint simple paths P C Hiq, P, C H,, and
P. C H. such that

e the two end points of P are 7(d) and 7(id),
e the two end points of P, are 7(d;) and 7(dz),
e the two end points of P, are m(ds) and m(ab).

Note that 7(a) and 7(b) do not lie on these paths.

Therefore, the union J of PU P, U P, with the three line segments 71 (ddy ), 71 (d2ds), 71 (id(ab))
is a simple closed curve. Since the diagonal line segments mq(ab) and m(id(ab)) intersect each
other at a single point, the two points m(a), 7(b) are separated by J.

Since m(a) and 7(b) (or equivalently, 7(D,) and m(Dg) ) are separated by the loop J, we may
assume that 7(a) is in the interior of J, thus the picture of the subgraph induced by D,, is enclosed
in the interior of J, according to the picture of G .

Note that 71(ddy ), m1(dads) could be either diagonal, vertical or horizontal line segments (see
Figure 3.21).

We discuss the possible three cases separately as follows.

Case 1 Suppose that 71(dd;), w1 (d2ds) are both vertical or horizontal, i.e., DU D, and D.U D, are
A’-connected. Then the union J; of PU P, U P, with the vertical or horizontal line segments
m1(ddy), m1(dads), m1(b(id)), 71 (b(ab)) satisfies the condition in the “Loop Property”. Then
we can claim that I'\ (D U D, U D. U Dg) induces a disconnected subgraph in G . Otherwise,
there would be a simple path P disjoint from all the m-images of the vertices of V =
DUD,UD.UDg which connects the vertex 7 (a) to a vertex 71 (n) in the exterior of J. We
may assume without loss of generality that all the vertices m (u) on the path P other than
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dy dy ds d ds d

N\ AN 7/
Co N\ Pc C1 N\ Pc 7

Case 2

Case 3

d1 dg dl d2
Case 1. Case 2. Case 3.

Figure 3.21: Lemma 3.3.43. Lattice-8 neighbor-case.

71(n) belong to the interior of J. Then v(T) Nn(T) # () for some 71 (y) # 71(n) on the path
P, where m1(7y) lies in the interior of J. This is a contradiction to the “Loop Property”.

Suppose that one of 71 (ddy ), w1 (dads) is diagonal and the other is vertical or horizontal, say
adi* € {(ab)*, (a1}

This means D U D, is not A’-connected but D. U D, is. We can choose 71 (co) on J or in
the exterior of J such that d_lco,caldl € {a*!,b*'}. Then, the union Jy of PU P, U P.
with the vertical or horizontal line segments 71 (dcy), w1 (cod1),m1(dads), w1 (b(id)),71 (b(ab))
satisfies the condition in the “Loop Property”. By the same argument used in Case 1, we

can infer that
'\ (DUD,UD,UD.UDg)

induces a disconnected subgraph in G, where v € I' is the unique element with ¢y € D,.

Suppose that 71(ddy), m1(dads) are both diagonal line segments, i.e., D U D, and D, U D,
are not A’-connected. Then we can find 71 (c1), 71 (c2) in the exterior of J according to the
drawing of G such that

{d7 ey, e tdyy € {a®h,0F), {dytea, eyt ds) C {att bE Y.
Then, the union J3 of P U P, U P, with the vertical or horizontal line segments
mi(der), mi(erdr), mi(dacz), m1(cads), 1 (b(id)), w1 (b(ab))

satisfies the condition in the “Loop Property”. Let 1,72 be the two uniquely determined
elements of I with
c1 € Dy, c2 € Dy,.

Put
V:=DUD,UD.UDgUD,, UD,,.

Then I'"'\ V induces a disconnected subgraph in G . By the same argument as the one used
in Case 1, we can infer that I'\ (D U D, U D. U Dg) induces a disconnected subgraph in G .
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In each of the above three cases, we have some V, union of sets D, with v running through a
collection of at most six elements of I', such that the infinite collection I'\ V induces a disconnected
subgraph in Gy . This contradicts the 8-connectivity of Gy, as mentioned at the beginning of the
proof.

Hence D U D, is {a™!,b*!}-connected. The cases of DU D, 1,D U Dy, DU D, 1 are treated
similarly.

p2-7 neighbor-case. Secondly we deal with the constellation (S,.4") of Theorem 3.3.29 (2).

We want to show that D U D, induces a connected subgraph in G4(A’) for each v € A’ =
{b,b=1, ¢,bc,a"c} (see Figure 3.22).

Figure 3.22: The graph G 4(A") in the p2-7 neighbor-case.

If v = b*! or v = a~'¢, this can be obtained in a similar way as for the preceding lattice
8-neighbor case; this is due to the fact that id and v have “enough” common neighbors for these
values of v, namely three. Let v = ¢, which has only two common neighbors with id (the same kind
of argument holds for v = bc), and suppose that D U D, is not A’-connected. Since T Nc(T) # 0,
we have g(T) N ge(T) # 0, thus there exist d € D and d’ € D, such that d(T) Nd'(T) # 0. In our
assumption, d~1'd’ € S\ A’. W.lo.g., either {d,d;} = {id,a"tbc} or {d,d1} = {id,a"1b"1c}.

We assume that d = id, di = a~'be (the treatment of d; = a~1b~ e runs likewise). Let n € T
be the uniquely determined element with b € D,. Then n ¢ {id,c}, otherwise D U D, would
be A’-connected in G4. Since b € D, both intersections gn(T) N g(T) and gn(T) N ge(T) are
nonempty, thus taking their images by g—!, we see that 1 must be a common neighbor of id and
¢, i.e., n € {be,b~1}. Similarly, let 1’ with a=1c € D,), then 1’ € {bc,b~1}.

We claim that n = n’. Indeed, if n # 7/, by assumption on S the intersection n(T) N7y’ (T") must
be empty, thus so has to be its blow-up by g. But this is not the case, because b € D,), a~'c € D,
and b(T) Na~'e(T) # 0. Consequently, n =1n'.

D,, being A’-connected, there is a simple path P in G4(A’) from 7(b) to m(a~'c) such that all
vertices in P belong to m(D,). Since id, a~'bc ¢ D,, either P’, the union of P with the broken
line from 7(b) to m(a~'c) via m(id), encloses w(a~tbe), or P”, the union of P with the broken
line from 7(b) to w(a~'c) via m(a~'be), encloses w(id). Thus, by the “Loop Property”, either
'\ (D,uUD)orI'\ (D, UD,) is disconnected in G . This contradicts the 7-connectivity of G .
Hence DU D, is also A’-connected for every v € A'.
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p2-8 neighbor-case. The constellation of Theorem 3.3.29 (3) is treated as in the lattice case
(see Figure 3.23).

J b

\4\,% a'b be b

. id

\"K‘\"c c id ac

! bt

\'4\06_10 h—t ab”'c ab !
Shape 1. Shape 2.

Figure 3.23: The graph G 4(A") in the p2-8 neighbor-case.

p2-12 neighbor-case. We eventually deal with the constellation (S,.4") of Theorem 3.3.29

(4).

Assume that DU D, is not A’-connected for some o € A’. As D is S-connected, DU D,, must
be S-connected. Thus, there exist some d; € D and ay € D, with dl_lag € (8§\ A'). That is to
say, in the drawing m of G4(A"), m(d1) and 7w(az) lie on the boundary of the same face Fy, but
not on a single side of Fj. See Figure 3.25 for the three possible relative positions of d; and as.
Moreover, if d € D and a’ € D, are neighbors, we must have d'~'a’ € (S\ A’), thus 7(d’) and
m(a’) lie on boundary of the same face of 7 (G4 (A’)) and not on a single side.

Clearly, 0Fy \ {n(d1),m(a2)} is the union of two open polygonal arcs, each of which contains
at least one element of 7(G).

Since # (0F1 N7(G)) = 6, while o and the identity id have exactly 8 common neighbors, we
can choose a common neighbor 3 of a and id with Dg N w~! (Fy) = 0.

Now, we can choose dy € D, by, by € Dg, and a1 € D, with {bfldg, aflbg} C S. Moreover let
F5, F5 be the faces of m (G 4(A’)) containing {m(b1),7(d2)} and {m(b2),m(a1)}, respectively. As
DB Nr—t (Fl) = (Z), Fy ¢ {F27F3}.

By A’-connectedness of D, we can find three simple paths P, P,, Pg in drawings of the sub-
graphs of G 4(A’) respectively generated by D, Dy, Dg such that

e 7(dy),m(d2) are the two ends of P,
e 7(ay),m(az) are the two ends of P,, and
o 7(by),m(bs) are the two ends of Pg.

Note that the above three paths could be degenerate ones, like the case d; = dy thus P = {n(d1)}.

Claim 1. F; # F5. Otherwise, we would have afldg € S\ A, and OF; \ {a1,d>} consists
of two open polygonal arcs each of which contains at least one element of 7(G) N OF,. (Similar
to the case of Fy.) Then the union Jy of P U P, with the two line segments 71 (a2d;) C Fy and
m1(d2a1) C Fy is a polygonal simple closed curve in the plane, whose interior Interior(Jy) contains
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abc

Figure 3.24: The graph G4(A’) in the p2-12 neighbor-case.

Figure 3.25: Lemma 3.3.43. p2-12 neighbor-case. Relative positions of d; and as on Fj.

at least two elements, 7(y1) € #(G) N Fy and 7(y2) € 7(G) N Fa.

As (Fi\Interior(Jo)) N 7(G) has at most three elements for ¢ = 1,2, we may denote by
e1,€ea,...,e, (k < 6) the elements of G with m(e;) € (F1 U F3) \ Interior(Jy), and choose g;
(1 <i<k)of G with ¢; € Ds,.

Fori = 1,2, let P; C OF; be the open subarc which is contained in Jy’s exterior Exterior(Jp) =
R? \ Interior(Jy). Now
PUP,UPUP,

satisfies the conditions of the “Loop Property”. This means that
G\ ({id,a} Ufer,e2,... ex})

induces a disconnected subgraph in G, a contradiction to the 12-connectivity of G . This proves
Claim 1.

Let J be the union of P U P, U Pg with the line segments 71 (axd1), m1(d2b1) and 7 (beaq).
Then, J is a polygonal simple closed curve in the plane with (1) € Interior(.J).

Claim 2. {bl_ldg, al_lbg} C S\ A'. Otherwise, say, by 'dy € A’. Similar as for Claim 1, there
are k < 6 elements eq, eq, ..., e, € G with 7(e;) lying in (Fy U F3) \ Interior(J). We can see that

G\ ({id, o, B} U {e1,e9,...,e1})
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induces a disconnected subgraph in Gy, which has a component with finite vertex set containing
~1. This again contradicts the 12-connectivity of G .

Claim 2 immediately indicates that Interior(J) N F; N w(G) contains at least one element for
each 1 <4 < 3. Actually, we may further show that Interior(J) N F; N 7(G) contains exactly one
element for each 1 <4 < 3. Otherwise, there would be k < 8 elements e, e, ..., e, with 7 (e;)
lying in (Fy U Fo U F3) \ Interior(J). If g; (1 < i < k) are elements of G with e; € D.,, where
€; = €5 is possible, the subgraph of G induced by

G \ ({ld, O‘?ﬂ} U {6176% s 7519})
has a component with finite vertex set containing ~;. This is impossible by the 12-connectivity of

Gn.

Recall that {m(y1)} = Interior(J) N F1 N 7(G), we denote by ~; (i = 2,3) the unique element
of G with 7 (v;) lying in Interior(J) N F; N7(G). Here, 7; = v; is possible.

Let ey, ea, ..., €9 be the nine elements of G with 7 (e;) belonging to (Fy U F U F3)\ Interior(J),
and €1,€2,...,€9 the corresponding elements of G with e; € D.,. Also, €; = ¢; is possible here.
W.lo.g., we may assume that

{m(er),m(e2),m(e3)} CF1, {m(ed),m(es),m(es)} C Fa, {m(er),m(es),m(e9)} C F.

See Figure 3.26 for a graphical explanation of the relative positions of Fi, Fs, F3.

Figure 3.26: Lemma 3.3.43. p2-12 neighbor-case.

Claim 3. {v1,72,73} C D5 for a single 6 € I'. Otherwise, we may assume that 2 € Ds for
some ¢’ # 0. Thus

G\ ({id, o, 3,6'} U {e1,e2,e5,67,€5,89})

would induce a disconnected subgraph in G, contradicting its 12-connectivity.

Claim 4. ¢; # ¢ for i # j. Otherwise, assume for instance 1 = £2. Then G\{id, o, 5, €2,¢€3,...,€9}
would induce a disconnected subgraph G, which is again impossible by 12-connectivity of Gy .
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Claim 5. {§,a716,3716} = A’. Otherwise, say, =10 ¢ A’ ; then, a and § would not belong
to a single edge of G4(A’), thus a and § would have exactly four common neighbors, see the
Figure 3.26. This contradicts Claim 3 and Claim 4, which imply that « and ¢ have eight distinct
common neighbors id, §,e1,€9,€3, €7, €8, £9.

Conclusion. Claim 5 is impossible. Indeed, o € A’ by the beginning assumption, and § € A’
by Claim 5. But A’ = {c,a"!c,bc}, hence a and § are m-rotations. Thus a~14 is a translation
and can not belong to A’, a contradiction to Claim 5. This ends our proof. O

We are now ready to prove Proposition 3.3.28 and Theorem 3.3.29, using Proposition 3.3.40.

The lattice case.

Proof of Proposition 3.3.28.

(1) 6 neighbor-case. Assume that 7 has exactly six neighbors. By Propositions 3.3.35 and
3.3.39, the neighbor set is S = {b,b~!,a,a=*,a"1b,ab~'} for independent translations a,b and
only consists of adjacent neighbors, i.e., S = A. The graph G4 has a drawing like in Figure 3.27.
The equivalence now follows from Proposition 3.3.40 by taking A’ = A (in this case, Condition
(43) of Proposition 3.3.40 reduces to (ii’): D is S-connected).

Figure 3.27: The graph G 4 in the lattice-6 neighbor-case.

(2) 8 neighbor-case. Assume that 7 has exactly the neighbor set
S = {ail, bil7 (ab)il7 (b_la)il}.

By Proposition 3.3.39, S contains A’ := {a™!,b¥!} as adjacent neighbors. The corresponding
graph G 4(A’) has the drawing depicted in Figure 3.20.

If 7 is disk-like, we have A" = A and the result follows from Condition (i¢) of Proposition 3.3.40
(D' = D). On the other side, suppose that D is A’-connected. Then the drawing of G4 (A’) in
Figure 3.20 satisfies Conditions (¢) and (i4i) of Proposition 3.3.40. The verification of Condition
(i) is the content of Lemmata 3.3.42 and 3.3.43. By Proposition 3.3.40, 7 is disk-like. O

The p2-case.
Proof of Theorem 3.3.29.
We note that if 7 is disk-like or if D is F-connected (for some F C S, and hence for F = S),

then 7 is itself connected (see Remark 3.3.27). Thus we can assume in this proof that the tile 7
is connected.
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(1) 6 neighbor-case. Assume that 7 has exactly six neighbors. By Propositions 3.3.37
and 3.3.15, the neighbor set S only consists of adjacent neighbors, i.e., S = A. The graph G4
has a drawing like in Figure 3.28. The equivalence now follows from Proposition 3.3.40 by taking
A’ = A (in this case, Condition (i¢) of Proposition 3.3.40 again reduces to (ii'): D is S-connected).

Figure 3.28: The graph G4 in the p2-6 neighbor-case.

(2) 7 neighbor-case. Assume that 7 has exactly the neighbor set
S = {b*!, ¢,be,ate,a tbe,a b e}

By Proposition 3.3.15, S contains A’ := {b*!, ¢,bc,a”!c} as adjacent neighbors. The correspond-
ing graph G 4(A’) has the drawing depicted in Figure 3.22. If 7 is disk-like, we have A’ = A and
the result follows from Condition (i) of Proposition 3.3.40 (D' = D). On the other side, suppose
that D is A’-connected. Then the drawing of G4(A’) in Figure 3.22 satisfies Conditions (i) and
(#97) of Proposition 3.3.40. Condition (i7) is the direct corollary of Lemmata 3.3.42 and 3.3.43. By
Proposition 3.3.40, 7 is disk-like.

(3) 8 neighbor-case. Assume that 7 has a neighbor set of the shape
S={b" c,a e, be, b e, a7 e, a o ey (resp. S = {e, be, ac, a” be, b, (a7 D) EY ).

By Proposition 3.3.15, the set A’ := {b*! ¢, a7 c} (resp. A’ := {c,bc,ac,a"'bc}) is a subset
of the adjacent neighbor set A. The corresponding graph G4(A’) has the drawing depicted in
Figure 3.23. If T is disk-like, we have A’ = A and the result follows from Condition (i) of Propo-
sition 3.3.40 (D! = D). On the other side, suppose that D is A’-connected. Then the drawing
of G4(A’) in Figure 3.23 satisfies Conditions (i) and (4i4) of Proposition 3.3.40. Condition (i¢) is
contained in Lemmata 3.3.42 and 3.3.43. By Proposition 3.3.40, 7 is disk-like.

(4) 12 neighbor-case. Assume that 7 has twelve neighbors of the shape
S ={c,a e, be,abe, abe, a1 e, oL, b (ab) Y.

Then A’ := {c,a"'c,bc} is a subset of the adjacent neighbor set A (Proposition 3.3.15). The
corresponding graph G 4(A’) has the drawing depicted in Figure 3.24. If 7 is disk-like, we have
A’ = A and the result follows from Condition (ii) of Proposition 3.3.40 (D! = D). On the other
side, suppose that D is A’-connected. Then the drawing of G4(A’) in Figure 3.24 satisfies Condi-
tions (¢) and (iii) of Proposition 3.3.40. Condition (ii) follows from Lemmata 3.3.42 and 3.3.43.
By Proposition 3.3.40, 7 is disk-like. O
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3.3.8 Examples and counterexamples

The assumptions of Proposition 3.3.28 were shown in [7] to be minimal. This is also the case for
our Theorem 3.3.29. As noticed in Remark 3.3.30.1, we listed all possible disk-like cases of p2-
tiles. We illustrate the counterpart by considering examples of disk-like and non disk-like crystiles
having from six to twelve neighbors.

In this section, the maps u,v,r are defined by u(z,y) = (z + 1,y), v(z,y) = (z,y + 1) and
r(z,y) = (—x,—y), as in Definition 2.2.10.

Examples of disk-like p2-crystiles
We are first interested in examples of disk-like p2-crystiles.
6 neighbor case. We consider the p2-crystile defined by the expanding mapping
9(@,y) = (z — 2y, +2y — 1)
and the digit set D = {id, r, ur,vr}. The crystile T is solution of the set equation
g(T)=TUr(T)Uur(T)Jovr(T).
With the methods developped in Section 3.2, we compute that the set of neighbors is
S = {ut, r,ur, vr, uvr}.

It has the first shape given in Proposition 3.3.37 (take a = v~!,b = u,c = r). The tile 7 together
with its neighbors is depicted in Figure 3.29. The digit set is S-connected, as can be checked on
the graph of the same figure. Thus by Theorem 3.3.29 (1), 7 is disk-like.

YAV,

Figure 3.29: Disk-like p2-crystile with six neighbors (shape 1).
Taking now the expansion
1
g(l’,y) = (LIJ - y,2x + 2y - 5)3

and the same digit set D, we obtain another crystile 7 whose neighbor set is

S = {vF, r ur, vr, v},

70



Figure 3.30: Disk-like p2-crystile with six neighbors (shape 2).

It has the second shape given in Proposition 3.3.37 (take a = u,b = v~!,¢ = ur). The tile T
together with its neighbors is depicted in Figure 3.30 and is disk-like by Theorem 3.3.29 (1).

7 neighbor case. We consider an example that Gelbrich [19] listed as “not convincing”, since
he could not decide from the figure if it is disk-like or not. The expansion g reads

1
gz, y) = -2r+y -5 -2r-y),
the digit set is D = {id, v, r}, hence the crystile 7 is solution of the set equation
g(T)=TUuv(T)ur(T).

With the methods developped in Section 3.2 we compute that the set of neighbors is

S={v,v, ryor,u e u e u o )
The tile 7 and its neighbors are depicted in Figure 3.31. By Theorem 3.3.29 (2) (identify w,v,r
with a, b, ¢ respectively), 7 is disk-like.

8 neighbor case. A disk-like p2-crystile with eight neighbors of the first shape is ob-
tained by considering the union of gray squares given in Figure 3.32. The expansion map reads
g(z,y) = (4z,4y) and the sixteen digits are easily read off from the picture. Indeed, let 7 denote
the union of gray squares of side length 1/4 as in this picture. Then ¢g=*(7) = 1/4 T is a smaller
copy of 7 entirely contained in the lower left square of side length 1/4. One then recovers the
whole tile 7 by rotating and translating this smaller copy in an obvious way; each of these trans-
formations corresponds to a digit. Exactly 8 x 2 = 16 digits are needed.

Consider now the expansion g(z,y) = 2z + 1/2,—z — 2y — %), and the digit set D =
{id, r, wr,vr}. The corresponding crystile 7 has the neighbor set

S = {r,ur,vr, uvr,u*! v*},

It has the second shape given in Theorem 3.3.29 (3) (take a = uv,b = v,c = r). The tile T
together with its neighbors are depicted in Figure 3.33 and is disk-like by Theorem 3.3.29 (3).
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ur

Figure 3.31: Disk-like p2-crystile with seven neighbors.

Figure 3.32: Disk-like p2-crystile (gray) with eight neighbors (shape 1).

12 neighbor case. Like a right angled isoceles triangle, the “stair case” crystile on Figure 3.34
gives rise to a p2-tiling where each tile has twelve neighbors.

Here, the expansion map is g(z,y) = (37, 2y) and the digit set D = {id, a1, a3, by, arbici, a2b?},
with a1(z,y) = (x — 2,y), b1(z,y) = (z,y + 1) and ¢1(z,y) = (—z, —y). This crystile is disk-like
by Theorem 3.3.29 (4) (take a = b;', b= aj b1, ¢ = aycy).

Examples of non disk-like p2-crystiles.

We are now moving to the non disk-like examples, varying the number of neighbors. Since we are
interested in connected tiles, the case of six neighbors can be excluded (see the later comments in
Section 3.4). Thus we start with a seven neighbor example.

7 neighbor case. Each tile 7 is the union of nine squares of side length 1/3 (gray on Fig-
ure 3.35). Using the expansion g(z,y) = (6x,6y), one sees that g(7) is the union of 36 isometric
copies of 7. It is Grinbaum’s 36-p2-reptile. The tile has the seven neighbors indicated in Theo-
rem 3.3.29 (2), but the digit set is not connected in the drawing of its adjacency graph.
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Figure 3.33: Disk-like p2-crystile with eight neighbors (shape 2).

—1
aq b1 -1

a%cl
Figure 3.34: Disk-like p2-crystiles with twelve neighbors.

8 neighbor case. This example is depicted in Figure 3.36. It is a p2-crystile with 16 digits.
It is obtained after an obvious modification of the digit set of the disk-like example of Figure 3.32;
it has the same neighbor set.

9 neighbor case. Again, this tile is constructed from squares (see Figure 3.37). It has nine
neighbors, among which seven are adjacent.

10 neighbor case. Let g(x,y) = (=2 — 1/2, —x + 2y) be the expansion and the digit set
D = {id, u,v,r}. The crystile 7 defined by

9(T) = T Unu(T) Un(T) Ur(T)

has the neighbor set
S = {ut, v (wo)F o u T T}

(see Figure 3.38).
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0 1

Figure 3.35: Non disk-like 36-p2-reptile (gray) with seven neighbors.

Figure 3.36: Non disk-like p2-16-reptile with eight neighbors.

Figure 3.37: Non disk-like p2-36-reptile (gray) with nine neighbors.

11 neighbor case. The crystile of Figure 3.39 is trivially non disk-like and is again a 36-reptile
constructed from squares. It has eleven neighbors, seven of them are adjacent.

12 neighbor case. Our last example is a perturbation of the stair case disk-like example.

It still has twelve neighbors in the induced tiling and is depicted on Figure 3.40. It is obtained
by taking the expansion g(x,y) = (3x,3y) and the digit set D = {id,a,a?,b,b?, ¢, ac, be, abe},
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Figure 3.38: Non disk-like p2-crystile with ten neighbors.

Figure 3.39: Non disk-like p2-36-reptile (gray) with eleven neighbors.

Figure 3.40: Non disk-like p2-crystile with twelve neighbors.

where a(‘r’y) = (l‘ - 27y)’ b(x’y) = (x,y + 1)7 c(x,y) = (—JJ, _y)-
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3.4 Comments and questions

We were mainly interested in the neighbor relations in a tiling by crystallographic tiles and reptiles.
For T being a lattice or a p2 group, the minimal neighbor number of a I'-tile was shown to
be 6. In both cases, all neighbors turned out to be adjacent. Since a crystile with neighbor
set S is connected if and only if the digit set is S-connected (see Remark 3.3.27), we conclude
from Proposition 3.3.28 and Theorem 3.3.29 that a lattice or p2-crystile with minimal number
of neighbors is connected if and only if it is disk-like. We conjecture that this remains true for
the other crystallographic groups for which the least neighbor number is 6. Note that not all
crystallographic groups have this number as minimal neighbor number, since it is 8 for the pm-
group (generated by two perpendicular translations and a reflection along one of the translation
vectors).

After dealing with the minimal neighbor number, we may now wonder how many neighbors
and adjacent neighbors a crystile can have. Indeed, we found in the last section p2-crystiles with
six to twelve neighbors, is then every number greater than 6 admissible? If not, which numbers are
forbidden? How are they related to the crystallographic group? Even the lattice case is still open:
is every even number greater than 6 admissible? Some partial results are known, for lower number
of neighbors and it is also known that lattice reptiles can be constructed with 6 + 4k neighbors
for every k € N: these are tiles associated to canonical number systems (see the next chapter).
Concerning the adjacent neighbors, Griinbaum and Shephard’s results on normal tilings (see [22])
indicate that 4 and 6 are the only possible numbers of adjacent neighbors for disk-like lattice tiles,
and 3,4,5 and 6 for disk-like p2-tiles, hence these restrictions remain valid for disk-like lattice and
p2-crystiles. What about non disk-like crystiles? We already gave in this study two examples of
p2-crystiles with seven adjacent neighbors. Can there be more? Or is this number limited by some
rigidity of the crystallographic group?
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Chapter 4

Lattice tiles: the class associated
to canonical number systems

Lattice tiles are a particular case of the crystallographic tiles described in the previous chapter
when the crystallographic group has a trivial point group (see Definition 2.2.7 and Remark 2.2.12).
Lattice reptiles were studied long before the crystallographic reptiles. More is known about their
topology (see for instance [21, 37, 38, 39, 48]), and many classes arise from the consideration of
number representations (see e.g. [4, 20, 30, 31, 32, 58]). We concentrate on one of these classes,
the class of self-affine tiles associated to canonical number systems.

Dealing only with translations, we will use vector sums instead of mapping compositions.
Indeed, let w.l.o.g. g(z) = Az be expanding on the Euclidean space R™, I" isomorphic to Z" a
lattice group, and D a complete set of right coset representatives of I'/gT'g~!. In this case, this is
equivalent to D being a complete set of coset representatives of Z™/AZ™. Writing §(z) = =z + d
for the digits, we have for a € R™ and m € N that

m
g 101970, .971(57,,,(a) =A""aq+ Z A~d;.
i=1

Redefining D as the set of translational parts d of the digits §, the crystile 7 with respect to
(T, g, D) has the form

T = {i A_idi; (di)ieN S DN} (401)

(compare with (3.1.5)). We write fq(x) = A=1(x + d) for d € D, and we rather use the notation
{T + u,u € Z"} for the tiling induced by 7.

Unlike crystiles in general, lattice crystiles are self-affine in the strict sense of Definition 2.1.14.
More precisely, a norm can be defined on R™ that makes all the functions f; be contractions. The
following definition uses the same notations as above.

Definition 4.0.1 (Lind Norm, cf. [40]). Let A;, j = 1,...,n be the eigenvalues of A and r any
number satisfying 1 < r < minj<;<y |Ai|. If || - || denotes the Euclidean norm, the formula

o0
]| = r*l|A" ]
k=0

defines a norm on R", the so-called Lind Norm.

Proposition 4.0.2 (see [38]). All the maps fa(x) = A=Y(z + d) are contractions with respect to
the Lind Norm.
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In this chapter, we are interested in a generalization of a class of self-affine plane lattice tiles
connected to real complex number representations in a given basis. The tiles are presented in
the first section, most of the facts can be found in the extensive study of Shigeki Akiyama and
Jorg Thuswaldner [5] and their survey [4]. The characterization of disk-like tiles was fully treated
there, hence we concentrate on the topological properties of non-disk like tiles. The second section
is dedicated to the fundamental goup of these tiles. It turns out that, as soon as such a tile is
not disk-like, then its fundamental group is uncountable. In the third section, the closure of a
connected component of the interior of a tile is computed. We prove that the adresses of its points,
i.e., the sequences (d;) of digits such the point Y;°, A~%d; belongs to that component closure,
can be read off from a finite graph.

4.1 Canonical number systems : basic and known facts

We will deal with a class of self-affine tiles associated to canonical number systems (cf. [57]).

Definition 4.1.1 (Canonical number system (CNS)). For n > 1, let
P=a"+b, 12" ' + ...+ by € Zx],

N ={0,1,...]bp| — 1} and Q = Z[z] / P Z[x]. Let us denote the projection of x into Q by [z]. Then
the pair (P,N) is called a canonical number system (or CNS) with digit set N if each element ~y
of Q can be written in the form

¥ = ap + al[x] + ... +al(7)[x]l(7)
with a; € N and I(y) € N.

Note that, in this definition, if P is irreducible and « is a root of P then Q is isomorphic to
Z[a], thus [z] can be replaced by « in the above expansion. Characterizations of CNS have been
studied for example by Scheicher and Thuswaldner [60], Akiyama and Rao [3] and Brunotte [10].
Also, Knuth ([35]) pointed out in 1981 important applications in computer science of the fact that
for each integer b > 1, —b forms a CNS. For larger values of n, the quadratic case (n = 2) is the
only one where a characterization of all CNS is known. For the other cases there are only partial
characterizations, involving conditions on the coefficients of the polynomial.

Notation 4.1.2. In the case of quadratic CNS, we write P = 2% + Az + B € Z[x].
Then it was established (c¢f. [10, 20, 31, 32]) that
(P,N) isaCNS iff B>2 and —1<A<B. (4.1.1)

To each quadratic CNS, a tile 7 is attached in the following way (see the work of Lagarias and
Wang [38] for more details, as well as [28, 30]).

Definition 4.1.3 (Quadratic CNS-tile). Let (P, N) be a quadratic CNS. Let

0 —-B 0 B-1
A:(l _A) andp:{(0>,...,< . )}
then the set 7 defined by
AT = | J(T+4)
deD

is a self-similar plane tile of R? satisfying
T = ZA_idi;di eD
i>1

(see the introduction of this chapter). 7 tiles the plane by Z2. It is called the quadratic CNS-tile
with expansion matrix A and digit set D or also often the fundamental domain of the canonical
number system (P, N).
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Figure 4.1: Disk-like CNS-tiles (on the left, the Knuth dragon).

The tiles are defined in the same way for n > 2 (see [5]). An example of (disk-like) quadratic
CNS-tile is depicted on the left hand side of Figure 4.1. It is called the Knuth twin dragon
(see [35]) and is associated to the polynomial P = 22 + 2z +2 (so A =2 and B = 2). A root of P
is &« = —1 + +/—1 and, sloppily spoken, 7 represents the complex numbers whose representation
in the basis a has integer part zero. For the picture, we used the similar matrix

-1 1
A= ( o ) |
The example on the right hand side of Figure 4.1 is also disk-like and is associated to the the root
a=-1++v-20of P=2%+2x+3.

The following quantity is of great importance for the topology of the tiles. It is related to the
number of neighbors the tile has in the induced tiling.

B-1
J = Inax{l, {mJ}

J>1 iff 2A> B+ 3.

Notation 4.1.4. We define

Note that

In Section 3.2 of the preceding chapter, we defined the neighborhood graph of a crystile 7°
and showed how this rather abstract graph can be used to identify boundary points of 7. This
graph will also be an important tool in the next two sections. We will make use of the additive
notation, thus we will redefine it for CNS-tiles and list some of its properties partially given in
Subsection 3.2.2. It will be even more interesting to introduce the transposed graph of the neigh-
borhood graph of Definition 3.2.4, since it reveals to be an adding machine.

Definition 4.1.5. If G is a graph, the transposed graph GT is the graph with the same vertices

d|d’ d|d’
as G obtained by changing the direction of every edge of G: s L s e GTiff & A, s €G.

In the remaining part of this subsection, 7 is a quadratic CNS-tile with expansion matrix A
and digit set D. Let S be the neighbor set of 7 in the induced lattice tiling, i.e.,

S ={s€eZ’s#0,TN(T +s) #0}.
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As will be seen soon, the neighborhood graph G(S) will be replaced by its transposed GT'(S),
which we will call graph of neighbors and denote by G (S) to avoid confusion.

Definition 4.1.6 (Adding graph of a CNS; input and output; string). We define in Z? the directed
labelled graph Gi(Z?) as follows:

e cach s € Z? is a state of Gy (Z?).

o for s,s' € G1(Z?) and d,d’ € D, there exists an edge s A%, ¢ from s to s labelled by d|d’ if
and only if s+d = As’+d'. It is the adding graph of the quadratic CNS-tile with expansion
matrix A and digit set D. As D is a complete set of coset representatives of Z2/AZ?, s’
and the output digit d’ are uniquely determined by s and the input digit d, and this addition
is well-defined for all s € Z2 and all d € D. Thus G1(Z?) is a so-called adding machine or
adding graph.

If do,...,d, are digits, then w = (do,...,dy) is called a string. If n is the maximal ¢ for
which d; is non zero, the length of the string, written |w/|, is said to be equal to n + 1.
For s € G1(Z?), one can associate an output string ¢ = (dj,...,d.) to an input string by

“feeding” the graph with the input string from left to right as input digits, starting at the
sate s and collecting the corresponding output digits (see also [48]).

Definition 4.1.7 (Graph of neighbors). The graph of neighbors G1(S) is the restriction of G (Z?)
to the subset S of Z2.

It is shown that the graph G;(S U {0}) is stable by addition of any digit to any state.
Remark 4.1.8. This graph is called G;(S) in [5] and GT(S) in [48].

The graph of neighbors for quadratic CNS has been found in [5]: defining the points

o () () e () e

then the set of neighbors consists of the 2 4+ 4.J elements
+P,..., 2Py, £Q1,...,£Q s, LR.

Definition 4.1.9 (State level). The states £P;,+@Q1,+R defined above are said to be of first
level, the states =P, £@Q,, of level n for 2 < n < J.

The edges are given in [5, p.1471] and are reproduced in Table 4.1.

We obtain the graph of Figure 4.2, explicitely depicted there until J = 2, and where we also
wrote the point (0,0) as an empty state and the corresponding edges. Moreover, if 7 stands for
the label d|d’, then —7 stands for d’'|d. For the special case J = 1 we have the graph of Figure
4.3, which is a subgraph of the general graph.

Since we are working with the transposed graph, we complete Definition 3.2.8 with the following
one.

Definition 4.1.10 (Walk). A walk in a graph G ending in a state sg of this graph is a sequence

of edges (finite or infinite)
do\dg d1|d/1 (12|d’2
S0 S1 S9 e

Considering the graph in Figure 4.2, we get the following result (see [5]).

Proposition 4.1.11. Let W be an infinite walk ending in a state sg of the graph of neighbors
G1(S), then one of the following possibilities occurs.
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|| edge || labels || name ||
0 0
0—0 : :
B-1 B-1
0 1
B-2 B-1
[ Pn—R | B-1[0 L+ |
0 B-—A
A-1 B-1
A 0
R—>—P1 : : €
B-1 B—-—A-1
0 1+n(B—-—A+1)
P71,+1_>Qn : K
(1STL<J) . . n
A-3-(n-1)(B-A+1) | B-1
A—2-n-0O)B-A%1) | 0
P71,+1 - _Pn . Y
1<n<J) : : "
B—1 | n(B—A+1)
0] A_l—-wm-DB-A4+1D)
Qn — P, . . "
nB-A+1)—1 | B-1
nB-A+1) | 0
Qn,H_Qn : : Y
(1<n<J) . . "
B-1 | A—2—(n—1)(B-A4+1)

Table 4.1: Edges of the general graph of neighbors G;(S).
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Figure 4.2: General graph of neighbors G (S).

0 A—l

B-1|B-2

Figure 4.3: First level graph of neighbors.
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1. All states of W belong to level 1.

2. Going the walk W backwards from sg, one comes to one of the cycles £Q,, — FQ, — +Qn,
for some n with 2 <n < J.

We recall that the L-vertices of a tile are the points shared by the tile and other L distinct
neighbors (see Definition 3.2.7). Characterization 3.2.10 of the last chapter indicated how to get
the L-vertices of the crystile 7 using the neighborhood graph G(S). It is also possible to define
L-folded powers of this graph and to read at once the L-vertices of the tile. We rather define the
L-folded power of G (S).

Definition 4.1.12 (L-folded power of the graph of neighbors). The L-folded power of the graph
of neighbors, denoted by Gy,(S), is constructed as follows.

e The states of G (S) are the L—subsets of S.

e There exists an edge
d
{511,810} — {s21,...,520.}

in G, (S) if, after possible rearrangement of sa1, ..., s2y, there exist the edges

in G1(S) for some dy,...,dr € D.

e The states that are not the endpoints of infinite walks are removed, together with the edges
leading to them.

This leads to the following characterization of the L-vertices.
Characterization 4.1.13. The following assertions are equivalent.
1. The point x = 2321 A~Id; belongs to Vi(so1,-- -, SoL)

2. In Gr(S), there is an infinite walk

d d d
{801,...,80L}<—1{811,...,81L}<—2 {821,...,82L}<—3

This follows as in Characterization 3.2.10 from the fact that a point  belonging to 7 N (7 + s)
admits the two representations x = 3., A7id; = s+ > i1 A~Jdj if and only if there is an
infinite walk B B

dild} da|d; ds|d;
s 51 59

in the graph G (S).
Remark 4.1.14.

e For I = 2 we come to the subgraph of level 1 depicted in Figure 4.4. Note that the edge
from {Q1,—Q1} to itself only exists for 24 > B + 3.

e For L = 3, it is mentioned in [5, p.1478] that the subgraph of level 1 is empty. So there
are no three infinite walks in level 1 of the graph G;(S) with the same input digits that end
in three different states of level 1. This can be checked here directly using the graphs of
Figures 4.3 and 4.4.

This provides the tools for the next section.
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Figure 4.4: Graph Go(S) (restriction to the states of level 1).

4.2 Fundamental group of CNS-tiles

The main result of this section will appear in [41]. Topological properties of quadratic CNS-
tiles have been studied by Akiyama and Thuswaldner in [5]: depending on J, the tile is either
homeomorphic to a disk (J = 1) or it has a disconnected interior (J > 1). This means that the
fundamental group 71(7) of a quadratic CNS-tile 7 is trivial in the former case. A result by
Luo and Thuswaldner [48] states that the fundamental group of such a tile is either trivial or
uncountable. An overview of these results can be found in [4]. We will use the criterion given in
[48] to prove the uncountability of 71 (7) in the latter case (J > 1).

We recall the criterion for uncountability of the fundamental group of a tile given by Luo and
Thuswaldner in [48].

Proposition 4.2.1. Let T be a connected Z?-tile in R%. Furthermore, suppose that there exist
$1,82 € S such that the following assertions hold.

(1) #Va(s1,52) = 2 and Va(s1,52) \ Vs # 0.

(2) For each i€ {0,1,2}, there exists a string w; such that
using w; as input string in G1(SU{0}) starting at 0, s1, s2 yields the output strings cb, ct, ch
satisfying
max {|c}],[cl 1|} < |clis| (indices are written modulo 3).

Then the fundamental group of T is uncountable.

A short explanation to this criterion reads as follows. Under the assumptions (1) and (2), the
complement of the tile 7 in R? is shown to be disconnected: two subpieces of 7 can be found
whose union has a bounded complementary component that also intersects the complement of
7. Thus the complement of this tile is disconnected, it even has infinitely many components.
Therefore the tile 7 cannot be locally simply connected, which is equivalent to the uncountability
of its fundamental group by a result of Conner and Lamoreaux [12].

We can now state and prove the following theorem on the fundamental group of quadratic
CNS-tiles.

Theorem 4.2.2. Let T be the quadratic CNS-tile corresponding to the polynomial x> + Ax + B.
Then the fundamental group of T is:

e trivial for 2A < B + 3,

e uncountable for 2A > B + 3.
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Proof. The first part has been proved in [5], we prove the second part by showing that both items
of the above criterion are true. Let s1 = Pp, s = —Q1.

1. Claim. The point

=Y A7d

j=1

B—-A 0 B-1
d1+3k:( 0 >7d2+3k:<0>7d3+3k:< 0 )

belongs to Va(Py, —Q1) \ Vi,
Indeed, looking at the first level subgraph of G(S) (Figure 4.4), the infinite cycle

with

{P1,—Q1} B4 {Q1,—R} L {—Py, R} B (P, —Q1}) B-A

provides a point of Va(P1, —Q1) because of Characterization 4.1.13.

Then, as seen in the second item of Remark 4.1.14, an infinite walk in G;(S) with the same
input digits as the cycle above and ending in P ¢ {P;,—Q1} could not have all states in
level 1. Note that the levels would grow up going this infinite walk in G;(S). Thus, one

should come to a cycle in level n > 2 (see Proposition 4.1.11): +Q, «— FQ. — £Qn;
this would imply the existence of the edge —Q, B4 Q. in the walk, which is not true

(according to Table 4.1 page 81). This proves the claim.

The point
y=A ( 0 +A 0 Jt_A 0

Jj=4

is distinct from z and also belongs to Va(Pr, —Q1) (this set is even easily seen to contain
infinitely many elements, using Characterization 4.1.13 and the graph of Figure 4.4).
Thus the first item of the criterion is proved.

2. The second part is obtained by looking at the graph in Figure 4.3.
With the input strings

wo = (0,0,0,0),

w =(B—-1,0,B-1,A-1,1,0),

ws = (B—1,B —1,0,0,0,0),
one gets

max {|cd],[§|} = 1 < |§] = 3,

max§|c%|,|c§|% =3 < || = 5,

max{|c%|,|c(2)|} =2 < |3 = 5.

Thus the second item of the criterion is fulfilled and Theorem 4.2.2 is proved.
O

An example of a CNS-tile with uncountable fundamental group can be seen in Figure 4.2. This
tile 7 is associated to the quadratic polynomial z? + 4x + 5. It is a limit case in the sense of
Theorem 4.2.2; since the quantity 24 — B is here exactly 3, the threshold value where the CNS-tiles
“begin” to have uncountable fundamental group. The interior of 7 cannot be connected, because
a self-affine plane tile with connected interior is already disk-like (see Proposition 3.3.4 and [47]).
Ngai and Tang proved that the closure of the interior components of 7 are disks (see [54]). The
purpose of the next section is mainly the computation of one of them.
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Figure 4.5: A CNS-tile with uncountable fundamental group (limit case, with A =4, B =5).

4.3 Interior component of a CNS-tile

Tis section is contained in the joint paper [45] written with Jorg Thuswaldner. 7 denotes here
the tile of Figure 4.6, i.e., the non disk-like tile already depicted at the end of the last section.
The closure Cy of the interior component containing the origin can be seen in the same figure. We
want to describe it as a graph directed self-similar set. Indeed, the sequences (d;); € N of digits
such that the point >_°, A~%d; belongs to Cy will be given. Because of the self-similar structure,
common subsequences of digits appear in these sequences, such that the set of sequences charac-
terizing Cy can be read off from a finite graph. A byproduct is the computation of the Hausdorff
dimension of the boundary of Cy using the technique of Appendix B. Amazingly, it is be strictly
less than the Hausdorff dimension of the whole boundary of 7.

The polynomial P = 22 + 4z + 5 is irreducible. By Definition 4.1.1, the root o = —2 4+ /=1
of the polynomial 2% + 4z + 5 together with N := {0,1,2,3,4} forms a canonical number system
(o, N), i.e., each element = € Z[a] has a unique representation

£(x)

T = E a;o’
i=0

for some non-negative integer £(z) and a; € A with agz) 7 0 for z # 0. It is a special case of CNS
in imaginary quadratic fields (see [20, 33]). We use a matrix A associated to the polynomial that
is similar to the matrix introduced in Definition 4.1.3. Indeed, let us define the natural embedding

&:C — R?
z — (R=),3(2)).

Then the multiplication by «a can be represented by the 2 x 2 matrix
-2 -1
()

O(ax) = Ad(x).

i.e., for every x € C,
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Figure 4.6: Tile associated to the base —2 + +/—1 with interior component containing 0.

T, the set of points of integer part zero in the base o embedded into the plane is therefore

T = {Z @(a_iai); (ai)ieN € NN} = {Z A_i@(ai); (ai)ieN € ./\/N} . (4.3.1)
=1 =1

It is depicted in Figure 4.6. Thus each point of this set can be represented by an infinite string

w = (a1,a9,as,...) with a; € N. The set T satisfies the set equation

T = Jwu(T), (132)
i=0

where 1¢; (0 < ¢ < 4) are contractions defined via the matrix A and the embedding ® by
Yi(r) = A"z + ®(i), z € R (0<i<A4). (4.3.3)

Since 7 is a CNS-tile, it is a self-similar continuum with non-empty interior which induces a tiling
of the plane by its translates (see Definition 4.1.3 and also [30]): the family of sets

{T +?(w);w € Z[a]} (4.3.4)

is a tiling of the plane.

Some research on the structure of the components of the interior of self-similar and self-affine
tiles has already been done. Bailey et al. [6] investigate the interior of the Lévy dragon, which
is a self-affine continuum with disconnected interior providing a tiling of the plane. They stated
many conjectures concerning the geometrical shape of the connected components of its interior.
Ngai and Nguyen [53] study the components of the Heighway dragon. Moreover, as mentionned
in the introduction of this section, Ngai and Tang [54, 55] gave general results on components of
the interior of self-affine tiles. As an example they consider our tile 7 in [54] and prove that it has

no cut point, and that the closure of each component of its interior is homeomorphic to a closed
disk.
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In order to describe the closure Cy of the connected component containing ®(0) (or 0, for
short), we need some notations.

Notation 4.3.1. For a finite string w = (a1, ..., a,) we define the map 1, by

Yu(r) = Yoy - Va, (2) = A2+ Y ATB(a;), xR (4.3.5)

i=1

Following Definition 3.1.7, the set 1),,(7) is called an n-th level subpiece of 7. So by definition
it contains all the points represented by an infinite string of the shape (a1, ..., an,d1,ds,...) with

d; € N.
Note that iterating (4.3.2) we have for every n > 1 the subdivision principle

T= |J vu(D). (4.3.6)

w,|w|=n

The description of Cy will be in terms of n-th level subpieces with n > 0. Indeed, it will
be shown that Cy can be obtained as the closure of the union of such subpieces; the strings w
involved in this union will be read off from a graph G presented in details in the next subsection and
depicted on Figure 4.7. Consequently, the set Cy will be viewed as the attractor of a graph-directed
construction (see Definition 2.1.17). For the so-called accepting state o, there is by convention an
edge o = o for every a € N.

4.3.1 Component graph ¢

Let us introduce the graph G and explain how the set Cy can be derived from it. We need some
notations. The graph G is right resolving, i.e., each walk of G is uniquely defined by its starting
state together with its labeling.

Notation 4.3.2. We will write w = (4;a4,...,a,) for a walk w starting in A with labeling the
string (a1, ..., an).

Notation 4.3.3. For subsets of the walks in G we adopt the following notations.

p set of all walks in G,
pn set of all walks in G having length n,
p(Ay1) set of walks in p starting at node Ay,
pn(A1)  set of walks in p, starting at node Aj,
p(A1,Az)  set of walks in p(A;) ending at node As,
pn(A1, A2)  set of walks in p,, (A7) ending at node As.

Notation 4.3.4. If w is a walk in G with labeling (a1,...,a,), then we denote the walk which
corresponds to w in the transposed graph G7 by w? (backwards walk). Its labeling is obviously
(an,...,a1). The terminal state of a walk w in G shall be denoted by t(w). If w; and ws
are two walks in G and ws starts at the terminal state of w; then we write w;&ws for the
concatenation of these two walks. If we emphasize on the labeling (a1, ..., a,) of a walk w we will
write w = (aq,...,an).

So, for instance, by the above notation, if we concatenate wy = (Ai;a1,...,a,) and wy =
(A2;b1,. .., by) we will often write (A1, a1, ...an)&(b1,...,by) because the starting state of ws is
defined via wy.

Notation 4.3.5. For a walk w of length n and k& < n we denote by w|j the walk consisting of the
first k edges of w, i.e., (a1,...,an)|x = (a1,...,ar). If v=w|x we write v < w.
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Figure 4.7: The graph G describing the closure of the interior component of 7" containing 0.



Notation 4.3.6. If A is a state of G, we call A’ its dual. By convention we set F/ = F, o = o/
and A” = A for all the other states of G.

Note that in G every edge A; % A has a dual edge A} Aa, Al

By attaching the contraction v, defined in (4.3.3) to each edge labelled by a in G, the graph
G leads to a system of graph directed sets. For each state A of G let

M(A) :=¢z= ZA_iq)(ai);w = (a1, ag, ...) infinite walk of p(4) » . (4.3.7)

i>1
Then we have the following result.

Proposition 4.3.7. The vector {M(A); A € G} together with the graph G defines a system of
graph directed sets. It is even a system of self-similar graph directed sets.

Proof. We have to verify the conditions in Definition 2.1.17 and Proposition 2.1.18. M(A) is
obviously bounded. The fact that it is closed follows by a Cantor diagonal argument very similar
to the one used in Katai [29].

The family (Jz{.(M(B));e € Eap} is non-overlapping because M(B) C 7 and G is right
resolving (note that (o, N) admits unique representations). Furthermore, it is easy to see that
{M(A)|A € G} fulfills (2.1.2). O

In particular,
M := M(F)

is a compact set and M C 7. The aim is to show that M = Cy. We state the main results of
this section and postpone their proofs to the subsequent subsections, since they will require the
several lemmata and propositions.

Theorem 4.3.8. Let (a = -2+ +/—1, N = {0,1,2,3,4}) be the quadratic canonical number
system related to the polynomial x? + 4x + 5. Let T be the fundamental domain associated to
(o, N). Then int(M) is the component of int(T) containing 0. Moreover, M is the closure of its
interior, hence M = Cy, the closure of the component of int(7T) containing 0.

Remark 4.3.9. Note that the above mentioned result of Ngai and Tang [54] implies that Cy is
homeomorphic to a closed disk.

For the proof of this theorem we will consider approximations of the set M in terms of finite
walks of the graph G.

Notation 4.3.10. For some n € N and some state A of G let W C p,,(A) be a set of walks. Then
we set

MW) = | vu(T).

weWw

Here, according to (4.3.5), 1, (7) is the subpiece associated to the labeling of w. The approx-
imating sets are obtained by taking for W the sets

Gy, :=pn(F,0) (n > 3). (4.3.8)

It is easy to see that for every n > 3, M(G,—1) C M(G,) C M. Note that there exists no walk in
pn(F,0) if n < 3. This means that there are no subpieces t,,(7) with |w| < 3 entirely contained
in M.
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We will show that M = Cj in the following way. First we show that the interior of M is
connected and contained in the interior of 7, hence int(M) C int(Cp). In a second step we show
that its boundary lies on the boundary of 7, which implies that Cy C M. By proving that M is
the closure of its interior, i.e., int(IM) = M, this will finally yield M = Cj.

The connectivity of int(M) will be obtained by considering the approximations M (G,,) for
n > 3, since we will show that

int(M) C | J M (Gn).
n>3
Using this fact, we will be able to connect a point from int(M) to 0 by a path going from subpiece
to subpiece with increasing size (i.e., over subpieces ¥,,(7) with decreasing |w|) within int(7).

The second main result concerns the Hausdorff dimension of the boundary of the interior com-
ponent containing zero. It reads as follows.

Theorem 4.3.11. Let (o = =2+ /-1, N ={0,1,2,3,4}) be the quadratic canonical number
system related to the polynomial x® + 4z + 5. Let T be the fundamental domain associated to
(o, N') and denote by Cy the component of int(7T) containing 0. Then

2log3
log5h

dimg 0Cy = =1.36521....

Remark 4.3.12. Since the Hausdorff dimension of 97 is given by

2log 8

. T
dimg O Tog 5

= 1.60858. ..

where 3 is the dominant root of the polynomial 2% — 322 — x + 5 we have that
dimg 0Cy < dimg 9T

The computations of Theorem 4.3.11 and Remark 4.3.12 are essentially done by standard tech-
niques from fractal geometry, see Proposition B.0.27 of the appendix.

The remaining part of this section is organized as follows. In Subsection 4.3.2 we present
an automaton By which is helpful to determine whenever subpieces intersect each other. It is a
subgraph of the graph of neighbors defined in Definition 4.1.7. This leads to the definition of an
action of By on G in a way that is stated in this subsection too. Subsections 4.3.3 and 4.3.4 will be
helpful for the proof of the connectivity of int(IM). Subsection 4.3.5 shows that the boundary of
M is contained in the boundary of 7. Subsection 4.3.6 is devoted to the construction of connected
paths within the interior of 7 together with some of its neighbors, that will be also used to show
the connectivity of int(M) inside int(7). Subsection 4.3.7 contains the proof of Theorem 4.3.8
and in Subsection 4.3.8 we prove Theorem 4.3.11.

4.3.2 Counting automaton B; and its action on the graph G

We define a counting automaton and an action of this automaton on the preceding graph G.

Counting automaton 5.

We call counting automaton the first level graph of neighbors of Figure 4.3. It was given in [58]
for bases of quadratic canonical number systems in general and it is reproduced in Figure 4.8 for
a = —2++1/—1. We denote the automaton on Figure 4.8 by By. Note that it is only a subgraph
of the graph of neighbors, since only six particular neighbors are considered among the ten (cf.
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O
Figure 4.8: The counting automaton By.
Definitions 4.1.6 and 4.1.7).
Its states are defined by
+P:=+d(1), +Q =193+ a), tR:=10(—4— a),

and o denotes the accepting state 0 (compare with page 80).

The edges of By are defined as follows. There exists an edge from a state S to a state S’ in By
labelled by ala’ with a,a’ € N if and only if

S+ ®(a) = AS' + ®(d').

In particular, since o denotes 0, there is an edge o ga, o for each a € N (these edges are not
represented in Figure 4.8).

Remark 4.3.13. Note that By is right resolving: to any state S and any input digit a € N,
there is exactly one state S’ and one output digit a’ such that the addition in the graph can be
performed, i.e., such that S LNy By.

Thus the automaton By can also perform the addition of S + Z;:Ol Ai®(a,_;) for S € By and
a; € N, simply by feeding By with the input digit string (a,...,a1) from left to right starting
from S and collecting the output digit string (a,,...,a}) and the landing state S’. In particular,

to
anlal, an—1lal,_, ai|al g

S S1 (4.3.9)
corresponds the addition
n—1 . n—1 .
S+ Ad(a,_i) =Y A'®(d, ;) +A"S. (4.3.10)
i=0 i=0
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Note that for S’ = 0, i.e., for a walk leading from S to 0 in By, the term A™S’ vanishes. In this case
the automaton produces from the string (a, ..., a1) corresponding to the “A-adic” expansion of
z = Z’,ZOI A'®(a,_;) the string (a,, ..., a}) which is the string of the “A-adic” expansion of z+ 9.

(2

Remark 4.3.14. By Remark 4.3.13, the final state S’ and the outputs (al,, ..., a}) are uniquely
defined by the starting state S and the inputs (ay,...,a1).

The automaton emerging from By by leaving away the accepting state is called B. It is helpful
in order to characterize the boundary of 7, as the following results show.

Proposition 4.3.15 (Scheicher and Thuswaldner [58]). The following equation holds for the
boundary 0T of T :
0T = | J(Tn(T +59)). (4.3.11)
SeB
Thus, even if 7 has more neighbors than the six presented here (see [5]), these neighbors are
sufficient to describe the whole boundary.

Proposition 4.3.16 (Miiller et al. [52]). For S € {+P,+Q,+tR} let Bs :=T N (T + S). Then
Bgs # (0. Furthermore, if there exists an infinite walk

atlay azlay

S S

in B such that x = ,.; A~'®(a;) then x € Bs.
As a consequence of these propositions and of the definition of By, we have the following way

to characterize that two n-th level subpieces of 7 have common points.

Characterization 4.3.17. Let n € N and w = (a1,...,a,), @'

length n. If there is a walk

= (df,...,al) be two strings of

’ ’ ’
anla;, Ap—1|a, 4 ailaj

Sn Sn—l

in By, then

ww (T) N %/(T) 7£ (Z)

Graph action of By on G.

The structure of M will be understood with the help of the following graph action of By on the
graph G.

Definition 4.3.18 (Graph action of the counting automaton). Let S be a state in By, A a
state of G and let w = (A4;a1,...,a,) € pn(A). Take (an,...,a1) as the input string for the
automaton By with starting state S and denote the output string by (al,,...,a}). Then we define
Ug(w) := (A;al,...a)). ¥g is called the addition of S. If the automaton By rests in o after

reading (an,...,a1) and if Ug(w) € p,(A) then we say that the addition of S is admissible for w.
Note that for a walk w = (A) of length zero only ¥,(w) = w is admissible.

Remark 4.3.19. By Characterization 4.3.17, the admissible addition of S to a string w produces
a string w’ := Wg(w) such that 1,(7) N Yy (T) # 0.

Definition 4.3.20 (Equivalence of walks). Fix n € N, a state A € G and let wy, we € W C py(4).
Let )y, (T) and 1y, (7) be the corresponding subsets of 7. We say that wy and wy are W-
equivalent to each other, if there exist finitely many states Sy, ..., S,, of B such that the following
conditions hold with admissible additions Ws;.

Ug o---oWg (w) = we and

m

Vg, 0---0¥g (w1) € W (1<j<m).
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We denote this by wy ~ ws (W) or simply by wy ~ ws if the underlying set W is clear from the
context. In this case we also call the corresponding sets 1, (7) and ¢, (7) W-equivalent and
use the same notation 9y, (7) ~ tw, (7).

If wy = Ug(wq) we also write in a slight abuse of notation wy ~g ws or wa g ~ wy.

It is easy to check that ~ is an equivalence relation.

Remark 4.3.21. We want to give some comments on these definitions.

1. Let w = (Aja1,...,an) € pn(A) be a walk and assume that ¥g, with S, € By is an
admissible addition for w. Then from Definition 4.3.18 it follows that there exists a walk

anlal, an—1laj,_,

azlaj ailay
Sh Sn_1 . S1

in By such that w' = (4;4],...,a},) € pn(4). Furthermore, we can perform this addition
“digit wise”, i.e.,

Us, (Ajai,...,an) = Vs, (Asa1,... ,aj)&(a;Jrl, coan) = (Asdy, ..., al).
Note that from this we easily see that
w\I/sn(w) (T) = Yuw (T + Sn)

We even have, if 57(11)7 ce S,(lm) are m states of By such that the additions ¥ ;) 0+ -oW ) (w)
are admissible for 1 < j < m, that

wq,s(m) 00 W (w) (T) = o (T + ST + ... 4+ S,

2. Let wy, wq be W-equivalent for some W C p,,(A). Then there exist vy, ..., vy with vy 1= wy
and v,, := ws such that

wvj(T) n ij+1(T) 7& 0 (1 < .7 <m— 1)'
This follows immediately from Remark 4.3.19 together with Definition 4.3.20.

3. Let W C p,(A) and let k < n be integers. Let wy,ws € W such that wi|x = wa|x =: 0.
Then there exist
71,72 € Wy :={1;0&T € W}

such that w; = o&m; (i = 1,2). If 74 and 7» are equivalent in W, then w; and wsy are
equivalent in W. This follows from the following fact together with Definition 4.3.20. Let
7,7 € W, and S € By. Then

Ug(r) =7 = Ug(o&kTr)=V.(0)&7" =0&7'.

This implies that
T~T (W) = okt ~a&t (W),

and this means that in order to examine equivalences of walks it often suffices to examine
equivalences of their tails.

Definition 4.3.22 (Transitivity of a set of strings). Fix n € N and let W C p,(A) be a set of
strings. Then W and the set
MW) == {¢u(T);w e W}

are called transitive if we have wy ~ wo (W) for each two wy,ws € W.
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Remark 4.3.23. Since the subpiece 1,,(7) is arcwise connected for every string w (remember
that 7 is arcwise connected), by definition of the equivalence relation in W, a transitive set
W C pn(F, o) yields an arcwise connected subset M(W) of M.

We end this subsection with a last definition.

Definition 4.3.24 (Admissible graph action). Let A be a node of G and S a state of By. If Ug
is admissible for all walks in p(F, A) then we call Ug an admissible graph action for A on G, or an
A-action, for short.

If Uy is an A-action then we call

F(Vg, A) = {t(w);w' = Ug(w) for a walk w € p(F, A)}
the ending set of (¥g, A).

Remark 4.3.25. Consider the assertion

Ug is an A-action with ending set F(Vg, A),

then we define the dual assertion

V_g is an A'-action with ending set {Z';Z € F(¥g,A)}.

4.3.3 Admissibility of all the additions for a class of walks in §

This subsection is devoted to the proof of the following result.

Proposition 4.3.26. Let w be a finite walk in p(F,o). Then for each state S of B the addition
Ug(w) is admissible for w.

Remark 4.3.27. By Remarks 4.3.19 and 4.3.21.1 , this implies that for w € p, (F, o), all the sets
(T + S) with S € By are subpieces of 7 that have non-empty intersection with ¢, (7).

Suppose that w is a finite walk in p(F, o). Then w is of the shape
F Ay 2 B gy, B 0 B2 S o (A #£0) (4.3.12)

for some 2 < k < n. Let S, := S. Note that S,, together with the labels (a1,...,a,) defines
uniquely the walk

’ ’ !
anla;, an—1la;,_, ak+2‘ak+2

Sn—l

S, Skt il o arlai e, o (4.3.13)

in By (recall that By is right resolving by Remark 4.3.13). By the definition of ¥ this walk yields
the identities

Us(w) = Vs, (a1,...,a;)&(a} q,...,a,) = Vs, (a1,...,a)&(apyy, .., ap). (4.3.14)

'

We want to show that Ug(w) is a walk in p(F') and that Sy = o for all states S of B. We first
need the following lemma.

Lemma 4.3.28. Ug is an A-action in the following cases:
(L,-Q): ¥_g is an L-action with F(V_g,L) C {o,L',K'}.

(L,R): Ug is an L-action with F(¥gr,L) C {o,I', J', L', M'}.
(L,P): ¥p is an L-action with F(Yp,L) C {L,M,I,N'}.
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(L,-P): V_p is an L-action with F(Y_p,L) C {L,H,J}.
(M,-Q): V_g is an M-action with F(¥_g, M) C {o,J'}.
(M,R): Vg is an M-action with F(¥r, M) C {o,L'}.
(M,P): ¥p is an M-action with F(Vp, M) C {o}.
(M,-P): W_p is an M-action with F(¥_p, M) C {L}.
(H,-Q): ¥_g is an H-action with F(¥_g,H) C {I',K}.
(H,P): ¥p is an H-action with F(Yp,H) C {I,L}.
(H,-P): ¥_p is an H-action with F(¥_p, H) C {G}.
(I-Q): V_g is an I-action with F(V_g,I) C {H',J}.
(LR): YR is an I-action with F(Vg,I) C {o, L', K,I'}.
(I,-P): W_p is an I-action with F(V_p,I) C {H,L}.
(J.Q): ¥q is an J-action with F(Vq,J) C {I,K'}.
(J,-Q): W_g is an J-action with F(V_q,J) C {o,J',M'}.
(J,R): Wg is an J-action with F(¥g,J) C {o,L'}.
(J,P): Up is an J-action with F(¥p,J) C {L}.
(J,-P): W_p is an J-action with F(Y_p,J) C {o, K}.
(K,Q): Vg is an K-action with F(Vq,J) C {H,J'}.
(K,-Q): ¥_q is an K-action with F(¥_¢q,K) C {o,L'}.
(K,-R): U_pg is an K-action with F(V_g, K) C {o,I}.
(K,P): Up is an K -action with F(Vp, K) C {o,J}.

Moreover, the duals of these assertions are also true, that is to say: if for some pair S € B
and A € G
(A,S): Ug is an A-action with F(Vg, A) C {A1,..., Ak}

holds then also the dual statement
(A’,-5): V_g is an A'-action with F(V_g, A") C {A},... AL}

holds.

Remark 4.3.29. Note that ¥, is an A-action (with set of ending states {A}) for every A € G.

Proof. The statement will be proved by induction on the length of the walks w € p(F). The
assertion (4, S), stands for: (A4,S) holds for all walks up to length n. If there is no walk in
pr(F, A) for k < n, then (A, S), is true.

For n <1 the statements (A, S),, for the pairs (A, S) in the proposition are all true.

Suppose now that (4, S),—1 is true for all pairs (A, S) of the proposition and their duals. We
show that all (A,S),’s and their duals are also true. We will show how to proceed for the case of
(L, —Q),, and sum up the results for all the cases in a table.
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(A, S), an, Ap—1 (An—2) | al, (al,_1) | Sn—1 (Sn—2) | end of ¥g, _ (w],—;) | end of Ug(w)
(L, —Q)n 0,1,2 H' 4 Q I,K' o
K’ 2 o, L o, L’
r 4 H,J K’
L 4 o, L, K o, L’
M’ 4 o,J o
3,4 H 0 -P I, r o
r 0 L', M' N o, L'
M’ 0,1 o o
N’ (I') 1(2) —P (o) r r
(L,R), 0,1,2,3 H' 3,4 Q I,K' o, J'
K’ 1 o, L o, L’
r 3,4 o, L, K o, J'\M' L'
r 3 H,J o,J'
M’ 3,4 o,J o
4 M’ 0 -P o o
N’ 0(2) —P (o) r r
(L, P), 0,1,2,3 H 3,4 o H I,L
K’ 1 K’ M
r 3,4 r L, 1
r 3 r N’
M’ 3,4 M’ L
4 M' (K) 0(4) R (Q) H,J L
N’ (I') 0(4) J, H L
(L,—P), | 1,2,3,4 H 1,2 o H J, L
r 1,2 r J, L
r 1 r J
M’ 1,2,3 M’ J, L
N’ 3 N’ H
0 K'(J) 4 (3) -R (-Q) I' K L
(Mv _Q)n 1 K' 3 Q OaL OaJ/
(M, R),, 1 K’ 2 Q o, L o, L’
(M, P), 1 K’ 2 o K’ o
(]\/L _P)n 1 K’ 0 o K/’ L
(-Q)n | 3 N | 0@ | PO 7 7
G' (F;G,N) 0(0;1) —P (o) F,G,N I'K
(H, P), 3 NG 4 o N'. G L1
(H,—P), 3 N, G 2 o NG’ G
(I,—Q)n 4 H' 1 -pP r,r J
r I'M' L')N J, H'
G' (F;G,N) 1(0;1) —P (o) F,G,N H J
(I,R), 4 H 0 -pP I, r o, L’
r I'M' L')N o, L’
G' (F;G,N) 0(0;1) —P (o) F,G,N I'K
(I,—P), 4 G, L H 3 o G',L' H' H,L
(J,Q)n 1 H 4 P G’ I
M’ r I
r H L 1
r m.L,J LK
(Jv_Q)n 1 H' 3 Q Kle OaJ/
M’ o,J o
r o, L, K o, J', M’

Table 4.2: Proof of Lemma 4.3.28.
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(A, 9)n | an | An—1 (An—2) | al, (al,_1) | Sn—1 (Sn—2) | end of ¥g, . (w|,—;) | end of Ug(w)
(J,R)n, 1 H' 2 Q K' I o, L’
M’ o,J o
I H,.J o, I/
L o, L, K o, L’
(J,P), 1 | H M, I L 2 o H M. I L L
J,—P), | 1 | H,M,T,I 0 o T, I o K
(K,Q)n | O H’ 3 P G H
J L J'
(K,_Q)n 0 H,7J 2 Q Kle OaL,
(K,—R), | 0 I 1 P e T
J L o
(K,P), | O H'J 1 o H'J o,J

Table 4.3: Proof of Lemma 4.3.28: end of the preceding table.

We have to show that U_g is an L-action for all walks w of length at most n with ending set
F(¥_q,L) C{o,L',K"'}. Let w = (a1, ...,a,) such that there is a walk

a a An—2 an—1 An
A—1>A1—2> An,Q An,1—>L

in G. Then by Remark 4.3.13 the input digits (an,...,a1) define a unique walk in By starting
from —@Q:

anla’, an—1lal an—2lal,_,

_Q Snfl v Sn72
First suppose that a,, € {0,1,2}, i.e., by By, Sp,—1 = Q. Then
V_q(w) = Vo(wln-1)&(a,)-
According to G, since w ends up in L and a,, € {0,1,2}, w|,—1 can end up in H', K', I', L' or M’,
i.e, Ap_1 € {H',K',I')L',M'}. If A,,_1 = H’, then a,, = 2, because the edge leading from H’
to L in G has only the labels {2, 3}, and we assumed a,, € {0,1,2}. Thus a], = 4, as indicated by
the edge —Q 2, Q of By. Moreover, by (H',Q),—1, which is the dual of (H,—Q),,—1, we have

T
wly_q

Q —— o in By and ¥g(w|,—1) ends up in {I, K'}. Thus —Q w o, i.e., Sp = o, and ¥_g(w)

ends up in {o}, because of the edges I L oand K’ % oin G. We can argue along the same lines
if Ay € {K',I',L’, M'}. All these cases lead to walks U_g(w) ending in o, K’ or L'.

aila)
. = Sp.

Secondly, suppose that a,, € {3,4}, i.e., by By, Sp,—1 = —P. Then
V_g(w) = ¥_p(wlp-1)&(ay,).

n

According to G, since w ends up in L and a,, € {3,4}, w|,—1 can only end up in H', L', M’ or N,
i.e., Ap—1 € {H',L',M’',N'}. The first three cases can be treated as above and lead to ¥_g(w)
ending in o or L, so let us assume that A,,_; = N’. Then, the only edge in G leading from N’ to

L being N’ &R L, we have a,, = 4, and since there is only one edge landing in N’ (I’ 3, N'), we

even have A, s = I’ and a,,_1 = 3. Thus, by the edges —Q A, -P 32, of By, we read al, = 1,

a,,_, =2 and S, = o. Consequently, we have o o, o, and ¥, (wl|p—2) = w|,—2 ends up in
{I'}. Thus again Sy = o and
U_g(w) = Vo (w|p—2)&(al,_q,al) = w|,—2&(2,1)

n—1"%n

ends up in {L'}, as it can be checked on G by considering the edges I’ LNy RN 75
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Thus in all cases ¥_g(w) is a walk in p(F) ending up in {o, L', K'}. Thus (L,—Q), is true
and we are done.

All the other assertions can be treated likewise. The occurring cases are summed up in Ta-
bles 4.2 and 4.3 from which the complete proof can be read off easily. In these tables, A, _2,al,_;
and S,,_o are given if they are needed, and in this case we use ¢ = 2 in the 6-th column, otherwise

1=1. (]

Proposition 4.3.26 will be proved inductively: let w be a finite walk in p(F,0) and j > k + 1,
where k is defined by (4.3.12). We will show that for every j > k + 1, the addition ¥g(w|;) is
admissible for each state S of B: taking for j the length n of w will yield the result. Lemma 4.3.30
will contain the induction start, Lemma 4.3.31 the induction step.

Lemma 4.3.30. Suppose that w is a walk of the shape (4.3.12). Then the following assertions
hold.

(i) Yp(wlky1) ends in {o,M', K’ J}.
(11) Uo(w|k+1) ends in {o,J, K, L}.
(iii) Vr(w|k+1) ends in {o, L', J', I' /K}.
(iv) wlk41 ends in {o}.

Their associated duals also hold (“ ¥ g(w|k+1) ends in the set of states A” has the dual “¥_g(w|k4+1)
ends in A" 7).

T
w|k+1

In particular, Us(w|g+1) is a walk in p(F) for all S € By. Moreover, S ——— o for all S € By.
That is to say, ¥s(w|gs+1) is admissible for all S € By.

Proof. Let S € By. Note that the following edges exist:

A LS in G by definition of k and
akq1lag . (4315)
S ————= 8" in B for some S’ € By
(the second edge is uniquely defined by S and ag41). We recall the identity:
Ws(wlesn) = Us (wl)&(a) ) (4.3.16)

To (i): S = P. Depending on a1, the edge P % S’ of (4.3.15) in By implies that S’ = o
or R, which fix the range of aj, (aj,, = 0if ' = R and aj,, € {1,...,4} if S’ = o). The

possible states Ay are also determined by ajp41 via the existence of the edge Ay 2 5 in g
(see (4.3.15)). Using the corresponding assertion (A, S’) of Lemma 4.3.28 it is then easy to get
the possible endings of ¥g/(w|x). Now if Y € G is such an ending, then, by (4.3.16), with the

range of aj_, , one obtains the possible endings Z of Wg(w|x+1) by looking for all edges Y’ ML

in G. Let us consider an example: if ax1; = 4, we are considering the edge P 400, R in By, thus

S"= R and aj,, = 0. Moreover, Ay, € {K', L, J,I, M} because these states are the only starting

states of edges in G labelled by 4 and leading to o. For Ay = K’, using (K’, R) of Lemma 4.3.28

we get that Wp(wlx) ends up in o or I". Consequently, since aj; = 0, ¥p(w|x+1) ends up in o:
T

indeed, we have o Loand I' L oin G. Note that (K’, R) also implies R % o in By, thus

P w‘£+1 o

The results for the other values of ax11 are given in Table 4.4.

The proof is the same for the other cases (S = @, S = R) and their duals, it is summed up in
Table 4.4 for S = @ and S = R. Item (iv) is clear. O
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Akt1 S" | Ap | end of Vg (w|g) | ap, | end of Ug(wlpiq)

01,23 o | I/ I 1 J
J J 2,3,4 o
J' J' 1,2,3,4 o, K’
K K 1,2,3 o, M’
K' K' 3,4 °
M’ M’ 3,4 o

4 R J o, L'
I o, I' K, L
L | oJ. L' M, I 0 o
K/ O’I/
M o, L'

0,1 P | K o J 3,4 5
L H.J. I/ 3 oL
J L 4 o
M’ r 3 L
I o, K’ 3,4 L
J’ o, K’ 3,4 o

2,34 | Q| K’ H,J 0,1,2 o, K, J,L
L o, I/, K’ 2 o L
K o, L' 0 o
J’ K, I 0,1
I H',J 2 o, L
J o, M, J’ 0,1,2 o,J,L
M o,J’ 2 o

01,23 QO | K H,J 1,2.3 o L
K’ o, L 3,4 o,J’
L o,L,K 1 o, L’
J 1K' 2,3,4 o, L, J'
J’ o, M,J 1,2,3,4 o, J', I/
I H,J 1 o, I/
M’ o,J 1 o

4 —-P | K' o, J' o, L’
L H,J,L I' K
J o, K 0 o
I H, L I
M L I

Table 4.4: Proof of Lemma 4.3.30.
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Again, let w be a finite walk in p(F,o) and j > k + 1, where k is defined by (4.3.12). We call
(Bj) the assertion: for all S € By, ¥s(w|;) is a walk in p(F) with possible ending states given in
w|F
Table 4.5. Moreover, S s So = o in By. In particular, (B;) states that ¥g(w|;) is admissible
for all S € By.
By Lemma 4.3.30, (Bj+1) already holds. The induction step is contained in the following lemma.

walk possible ending states
Wo(wl;) {o}
\I/p(w|j) {O,M/,K/,J}
U_p(wl;) {o, M, K,J"}
To(wly) {o, J,K,L, M}
W—Q(wlj) {OajvilaL/vM/}
\IIR(w|j) {O’L,aJ/alllevK}
\I/*R(w|j) {OaLaJ7I’M7K,}

Table 4.5: Table of statement (B;).

Lemma 4.3.31. If (B;) holds for some j > k + 1, then (Bjt1) holds too.

Proof. First we deal with the case of S = P. Then there is an edge P % S’ in By, thus

S’ € {o, R}. Remember that ¥p(w|;+1) = Vg (w|;)&(aj, ).

T

. . T
By assumption (B;), S’ & o, thus P wlit!

a]+1|al'+1 w|jT .
o, 8 o in By.

o, i.e., P

Moreover, if S" = o, then Wp(w|;+1) = w|;&(a},,) is a walk in p(F) that ends at o: indeed,
wl; is in p(F) and j > k + 1, so by (4.3.12) w|; already ends at o; its concatenation with (a’, )
remains in p(F'), because o Lt
If S’ = R, then the edge P % R in By indicates that a, ; = 0. Hence ¥p(wj;1) =
Ur(wlj)&(al, ), with Wg(w|;) walk in p(F) ending at Y € {o, L', J', I', M', K'} by assumption
(Bj) (see Table 4.5 for the endings). Now we can check on G that there is an edge starting from
each Y € {o, L/, J',I', M', K} and labelled by 0. They all lead to o.

The other cases (S = Q, S = R) as well as their duals are treated in a similar way (see Table 4.6
for S=@Q,S5 =R). O

Proof of Proposition 4.3.26. Let w be a walk in p, (F,o) of the shape (4.3.12) and the resulting
walk in By given by (4.3.13). If n = k + 1, then w|x4; = w and Lemma 4.3.30 gives the result

Sjy1 | S a’iq end of Wg (w[;) | end of ¥g  (w[jy1)
P o 1,2,3,4 o o
R 0 o J,L',I' M'| K o
P 3,4 o, J,K', M’ o, L
-Q | 0,1,2 o L',K',J M o,J,L,M
R | Q | 1,234 oL K, JM o L, J, M
—P 0 o, J,K,M o, L’

Table 4.6: Proof of Lemma 4.3.31.
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immediately. Otherwise, starting from the same lemma and going on with Lemma 4.3.31 from
j=k+1to j=n, we also obtain the statement of Proposition 4.3.26. O

4.3.4 Equivalences of paths

The main result of this subsection, Proposition 4.3.33, will be used in Subsection 4.3.7 to construct
arcs inside int(M) from arbitrary points contained in a subpiece ¥,,(7"), where w € p(F, o), to the
point 0 (contained in 9 g,0,0)(7)).

In the following, the equivalences of walks from the set Gy defined as in (4.3.8) for some k € N
will take place in G. First we note the following fact about the walks of length 3.

Remark 4.3.32. We have G3 = {(F';0,0,0),(F;1,4,4)} and these walks are equivalent in Gs.
Namely, (F;1,4,4) = ¥_p((F;0,0,0)). In other words, G5 is transitive.

Proposition 4.3.33. Let n > 4 and w € G,. Then there is a walk w' € Gni1 such that
W |p—1 € Gr—1 and w&d ~ w' for some d € {0,...,4}.

In view of Remark 4.3.21.2 this proposition says the following. Let w be a walk in G,, and
let 1, (7)) be the associated subset of 7. Then ,,(7) contains a subpiece 1y,g4(7) with the
following property. There exist walks wé&d = vy, vs,...,vp = w’ in G,41 such that the associated
subpieces satisfy

Vo, (T) Ny, (T)#0 (1<j<k-1).
Since w” := w'|,—1 € Gp_1, this means that one can draw an arc from each piece 1,,(7) of M(G,,)
to a piece Y, (T) of M(G,,—1). By induction on n this will lead to a proof of the connectivity of
M because it allows to draw arcs from each point of M to the connected set v (r.0,0,0)(7) C M.

Remark 4.3.34. 1. If w&d ~ v’ for w € G, and d € {0,...,4}, then by using U4 p we even
have w&d ~ w’ for every d € {0, ...,4}.

2. If two walks w and w’ of G,, are equivalent, then there exist d,d" € {0,...,4} with w&d ~
w'&d’. This means that two intersecting pieces 1., (7) and ¢, (7) (i.e., such that ¥, (7)N
Yo (T) # 0) contain intersecting subpieces ¥y,e4(7) and Yuyrga (7). In particular it is
sufficient to find a walk w’ € G,, with w'|,—1 € Gn—1 and w ~ w'. In this case w will
automatically fulfil Proposition 4.3.33.

3. For p € N, we introduce the notation w s» ~ w’: this means that w’ is obtained after

applying Ug to w for p times.

Proposition 4.3.33 will be shown via the following lemmata. By Remark 4.3.21.3, we just have
to concentrate on the tails of the walks. Moreover, the lemmata correspond to the following classes
of walks:

E.(A) :={w € G,, w contains the edge A — o } (a € G\ {o}).

Sloppily spoken the walks contained in F,(A) are those walks of G,, which reach the accepting
state via the state A. Note that

Gn= | En(4). (4.3.17)

Aeg

Lemma 4.3.35. Letn >4 and w € E,(K)UE,(K'). Then there is a walk w' € Gp41 such that
W |p—1 € Gr—1 and w&d ~ w' for some d € {0,...,4}.
Proof. Let us consider w € E,(K). If w|,—1 € E,_1(K), we are ready. We suppose it is not the
case. We have the following cases for the tails 7 of w = c&7 (o is fixed by w and 7).

(1) 7= (J;0,a) with a € {0,1,2}. Then

which ends at o. Thus w ~ 0&(J;1,3) with c&(J;1) € G,,—1, and we are ready by Re-
mark 4.3.34.2.
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(2) 7= (4;d,1,0,a) with (A,d) € C := {(F,0),(G',2),(N',2),(I,1)} and a € {0,1,2}. Then
for all constellations (A,d) € C, we have

(A;d,1,0,0) p ~ (A;d,1,0,1) p ~ (4:d,1,0,2) o ~ (A;d+1,4,2,0) o ~ (A;d+1,4,3,3)
Cpp~ (Ad+1,4,3,0) g~ (A;d+1,4,4,3) < (A;d + 1,4,4),

which ends at o. Thus w ~ 0&(4;d + 1,4,4,3) with 0c&(A;d + 1,4,4) € G,,_1, and we are
ready by Remark 4.3.34.2.

One can proceed identically for w € E,(K’) by considering the dual walks of the previous ones.
Thus Lemma 4.3.35 is proved. O

Lemma 4.3.36. Let n > 4 and w € E,(J) U E,(J'). Then there is a walk w' € G,41 such that
W |p—1 € Gn—1 and w&d ~ w' for some d € {0,...,4}.

Proof. Let us consider w € E,(J). If w|,—1 € E,_1(J), we are ready. We suppose it is not the
case. Then the tail 7 of w = &7 has the form 7 = (4;1,a) with A € A:={L',M',I’,H'} and
a € {1,2,3,4}. We have the following equivalences for A € A:

(A;1,1) p~ (A1,2) p~ (4;1,3) p~ (451,4) —q ~ (4;0,1).
For Ae {L',M',I'}, ~ (4;0,1) < (A4;0), which ends at o. Thus w ~ g&(4;0, 1) with 0&(A4;0) €
Grn—1, and we are ready by Remark 4.3.34.2.

For A = H', we have w = o&(H';0,1) which is now a walk belonging to E,(K), thus we
obtain the required result by using Lemma 4.3.35.

One can proceed identically for w € E,,(J'), thus Lemma 4.3.36 is proved. O

Lemma 4.3.37. Letn > 4 and w € E,(L)U E,(L'). Then there is a walk w’' € G411 such that
w1 € Gpo1 and w&d ~ w' for some d € {0,...,4}.

Proof. Let us consider w € E,(L"). If w|,—1 € E,—1(L’), we are ready. We suppose it is not the
case. Then w belongs to one of the following classes of tails 7 of w = o&7 (o is fixed by w and 7).

(1.4) 7 = (L;2,0). Then (L;2,0) g ~ (L;3,3) which leads to a walk 0&(L;3,3) equivalent to w
which belongs to E,,(J’), treated in Lemma 4.3.36.

). We subdivide this class into the following smaller classes:
(A;d,1,0) with (A,d) € C4 := {(K',0),(H’,a),(L,a),a € {2,3}}.
,0) with d € {2,3,4}.

(1.i7)

,4,0)P,2,1,0) for some p € N and

(Av d) €Cp:= {(Fa 0)7 (K/a 0)7 (I/a 2)7 (M,74)a
(G,a a)v (va a)a (H/a)v (L/a a)v (M,v a)a ac {2a 3}}

Here (3,4,0)? inside the walk means that the sequence of digits (3,4,0) has to be read p

times before going on to the digit 2. This corresponds to the cycle I’ — N’ — L — I’ in
the graph of Figure 4.7.

A. We have for (A,d) € Ca: (4;d,1,0) _g ~ (A;d+1,4,2) < (A;d+1,4), which ends at o.
B. We have for d = 3,4 that (K;3,d,1,0) _p ~ (K;2,d —3,0,4) < (K;2), which ends at o,

and (K;3,2,1,0) _g ~ (K;3,3,4,2) < (K;3,3,4), which ends at o.

103



C. We have (I';3,4,1,0) _p ~ (I';2,1,0,4) < (I’;2,1,0), which ends at o too.

D. The following chain holds for every (A,d) € Cp \ {(M’,4)} and p > 0:

(A’ d’ 07 (3’ 47 0)p’ 27 ]'7 0) - (A’ d + ]'7 (37 47 0)p’ 3 47 07 4)
= (A;d+1,(3,4,0)7,3,4,0,4,4)
Q~ (A;d+1,(3,4,0),3,4,0,3,1)
pr~ (A;d+1,(3,4,0)7,3,4,0,3,3)
o~ (A4;d+1,(3,4,0)7,3,4,0,2,0)
Cap ~ (A4;d,0,(3,4,0)7,2,2,0,2)
< (4:;d,0,(3,4,0)7,2,2,0),

which is of type (L;2,0) treated in Item (1.7).
If (A, d) happens to be (M’,4), we go into smaller classes by considering the tails
(A’51,0,3,4,0,(3,4,0)7,2,1,0)

with A" € A:={G,N,H',M’', L', I'} and for A’ € A we get the chain

(A%:1,0,3,4,0,(3,4,0)7,2,1,0) _p ~ (A’;2,3,4,0,(3,4,0)7,3,4,0,4)
= (A:2,3,4,0,(3,4,0)7,3,4,0,4,4)
o~ (A32,3,4,0,(3,4,0)7,3,4,0,3,1)
P2~ (A32,3,4,0,(3,4,0)7,3,4,0,3,3)
_o~ (A2,3,4,0,(3,4,0)7,3,4,0,2,0)
(g~ (A':1.0,3.4 ,0,(3,4,0)7,2,2,0,2)
< (A;1,0,3,4,0,(3,4,0)7,2,2,0),

which is again of type (L;2,0) treated in Item (1.7).

(2) 7€ {(1,2),(M,0),(M,a),(H,a),a € {1,2}}. Then
(4;2,0) g ~ (S;3,3) € E,(J)

for A € {I, M, H}, and for the other cases one can consider the smaller classes:

e for A e {G',N'},
(4;3,1,0) @ ~ (4;4,4,2) < (4;4,4),

which ends at o.

e for d € {0,1},
(K';1,d,0) g ~ (K';2,d+3,2) < (K';2),

which ends at o.

(3) 7= (N;0,0). Then w must end in the form (I;1,0,0), and the following chain holds.

(I:1,0,0) = (I31,0,0,0) o ~ (I;1,0,1,3) p ~ (I;1,0,1,4)
o~ (1;2,3,3,2) _pp ~ (I;2,3,3,0)
o~ (132,3,4,3) < (I;2,3,4),

which is of type (L';3,4). Since this is the dual of the tail (L;1,0), it can be treated as in
Ttem (1.74).
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(4) 7= (K;4,0). Then the walk w ends in the following way: (A4;d, 1,0, (4,1,0)?,4,0) for some
p € N and

(4,d) e C:= {(F,0),(G,2),(N',2),(I,1)
(G’ 1)7( ) ( 7(?))’( )7 (L70)’ (H’0)7

(172)7( ) ( ) 7( ),(L,a),(H,a),ae{l,Q}}.
For (A, d) € C, the following chain holds:
(A4;d,1,0,(4,1,0)7,4,0) = (A;d,1,0,(4,1,0)?,4,0,0) g ~ (A;d,1,0,(4,1,0)?,4,1,3)
p~ (A4;d1,0,(4,1,07,4,1,4) g ~ (A;d+1,(4,1,0)7,4,2,2,3,2)
(=P)2 ™~ (Aad+ ]-7 (47 170);’);4727273’0)
Q" (A’d+ 1 (47170);0;4727274’3)'

If now p =0 and (A,d) € {(G',2),(N,2),(I,2),(M,?2),(L,2),(H,2)}, then we have
(Ajd+1,(4,1,0)7,4,2,2,4,3) < (A;d +1,4,2),
which ends at o; otherwise
(A;d+1,(4,1,0)7,4,2,2,4,3) < (A;d+1,(4,1,0)7,4,2,2,4),

which is of type (L’;3,4), i.e., of the dual of the tail (L;1,0), that can be treated similarly
as in Item (1.i7).

Proceeding identically for w € E, (L), we obtain Lemma 4.3.37. O

Lemma 4.3.38. Letn >4 and w € E,(M)UE,(M'). Then there is a walk w' € Gy 41 such that
W' |p—1 € Gpo1 and w&d ~ w' for some d € {0,...,4}.

Proof. Let us consider w € E,(M’'). If w|,—1 € E,_1(M'), we are ready. We suppose it is not
the case. Then w belongs to the following classes of tails 7 of w = o&7: (4;d,1,0,(4,1,0)?),3,0)
for some p € N and

(A deci= {
:3),(G.,0),(L,0),(H,0),
2),(N,0),(M,0),(M,a),(L,a),(H,a),a € {1,2}}.

For (A, d) € C, we have the equivalence
(A;d,1,0,(4,1,0)7),3,0) _p ~ (A;d+ 1,(4,1,0)P,4,2,2,4).
If now p =0 and (A,d) € {(G",2),(N',2),(I,2),(M,?2),(L,2),(H,2)}, then we have
(A;d+1,(4,1,0)7,4,2,2,4) < (A;d + 1,4, 2)

which ends at o, otherwise the tail of the equivalent walk is of type (L;4) which was treated in
Lemma 4.3.37.

We can proceed similarly for the dual case, and Lemma 4.3.38 is proved. O

Lemma 4.3.39. Let n > 4 and w € E,(I) U E,(I'). Then there is a walk w' € Gp41 such that
W |p—1 € Gn—1 and w&d ~ w' for some d € {0,...,4}.

Proof. Let us consider w € E,(I). If w|,—1 € E,_1(I), we are ready. We suppose it is not the
case. Then w belongs to the following classes of tails 7 of w = o&7: (A;d, 4, (1,0,4)P), 4) for some
p € N and

(4, d) € C:= {(G,1),(N,1),(F1),(G,2),(N,2)
(1,2), (K, 4) (M,0),(M,a),(L,a),(H,a),a € {1,2}}.



For (A,d) € C\ {(M,0)}, we have the equivalence
(4;d,4,(1,0,4)7),4) p ~ (A;d — 1,(1,0,4)",0,0).
We consider the following cases:
e for p=0and (A4,d) = (F,1), then w = (F;1,4,4) € G5 has length n = 3;

e for p = 0 and (A,d) € {(G,2),(N,2)}, (4;d — 1,0,0) is the tail of a walk belonging to
E,.(K), treated in Lemma 4.3.35;

e forp=0and (4,d) = (I,2), (I;1,0,0) is the tail of a walk in E,,(L’), treated in Lemma 4.3.37;
e otherwise (A4;d —1,(1,0,4)?,0,0) < (A;d —1,(1,0,4)?,0), which ends at o.

For (A,d) = (M,0), we go into the smaller classes (A’;3,4,1,0,4,(1,0,4)?,4) with p > 0 and
A e{G,X',I,M,L,H}. In these cases,

(A/’ 37 47 17 0? 47 (17 07 4)p’ 4) P ~ (A/’ 27 ]‘7 07 4’ (17 07 4)p’ 07 0) -< (A,7 2’ 17 07 47 (17 07 4)p7 O)’
which ends at o.

Dealing with the walks of F,,(I’) in the same way, we obtain Lemma 4.3.39. O

Proposition 4.3.33 now follows from Lemmata 4.3.35 to 4.3.39 together with the equation (4.3.17).

4.3.5 Boundary of the graph directed set M

As will be seen later, the last two subsections assure the connectivity of the subset of M consisting
of the union of the subpieces 1,,(7) where w is a walk of G starting at F' and ending at the accepting
state o. By definition, this subset is dense in M. The present subsection now uses the walks of
p(F') that do not end at o to prove that the boundary 0M of M lies in the boundary of 7.

Proposition 4.3.40. Let wg := (a1, ...,ay) be a walk in p(F) which does not end at o. Then
bun(T) 1T #0.

For wy as in the proposition, we will show that w := (0, 4)&wy satisfies 1,,(7) N Bg # 0. Note
that then 1, (7) = g 0 14 0 ¢y, (T ); we will see that this piece stays in contact with 07 after
application of the inverse of ¥ o 14. We need the following lemma.

For A a state of G, S a subset of B and n > 3, let (B,,) be the following assertion.

If wo is a walk of length n — 2 in p(F) ending at A # o, then w’ = ((0,4)&w0)T is the
labelling of a walk in B starting at S and ending at Q for every S € S, where (A,S) are given in
the Table 4.7 (the duals have to be added, they associate A’ to —S).

Lemma 4.3.41. The assertion (By,) holds for every n > 3.
Proof. For n = 3 we have w = (0,4,0) and A = G, or w = (0,4,1) and A = G’. It is easily seen
on By that S vl Q for all S in the corresponding S.

Let us suppose (By) to be true for an n > 3. We show that (B,11) also holds. Let
w=(0,4,as,...,ant1) with (F;as,...,an+1) =: wo € p(F).

If wy ends up in A = G, then u := (as,...,a,) ends up in G’ or N’ and a,1 = 2, because

G' % Gand N’ 2 G are the only edges of G leading to G (the case F’ 24 Gis not possible, since
there would be no edge labelled by a,, leading to F). If v ends up in G’, then by assumption we
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have § " Q for all § € {Q, —Q, R, —R}. Since R § = Q, —Q % S = Qand =R > § = —Q,
Q 2,8 = —Q all exist in B, we obtain for every S’ € {+Q,+R}: 5’ 28 w—‘Tl> Q, i.e., S w, Q.
If v ends up in N’, then by assumption we have S i Q for all S € {Q,—Q,}. Thus one can
use the preceding walks in B: R 2,8= Q, —Q 2,8= Q and —R 28 = -Q, Q 5= —Q all
exist in B, hence for every S’ € {+Q, R}, S’ 28 i Q, i.e., S vl Q.

The results for the other possible endings A of wg are summed up in Table 4.8 (the duals can
be treated likewise). O

Proof of Proposition 4.3.40. Let w := (0,4)&wo with wy a walk in p(F') that does not end at o.
Then

Yu(T)N Bq # 0.
Indeed, by Proposition 4.3.16, it suffices to show that there exists a walk Q «— S in B. This is what
Lemma 4.3.41 does. Now recall that 1,,(7) = 10 014 0 1y, (7). Thus again by Proposition 4.3.16

there exists an infinite walk @ Lgld g inB. This implies that S’ € {P,Q,—R}, as
can be checked on By. Thus there is an infinite walk S’ <~ ... in B with S’ € B, and therefore
Yo (T) NIT # 0, as assured by Proposition 4.3.16. O

In what follows we will use the following notations.
Notation 4.3.42. We fix a metric dist(-,-) on R2.
Proposition 4.3.43. The boundary of M is contained in the boundary of T .

Proof. Let x € OM. We will show that for every £ > 0, we have dist(x,07) < . This will imply
that x € 97, since 07 is a closed set. We consider two cases.

Case 1. For every n > 3, © ¢ M(G,,) (see Definition 4.3.10). The element x belonging to M,
we can write z = >~ A7'®(a;) with w,, := (a1,...,a,) € pp(F). In our assumption, for every
n > 3, we have wy, ¢ p,(F,0). Let € > 0 and ng such that for n > ng, diam(t,(7)) < ¢ for every
w of length |w| = n. Then

. Wny € Py (F) (by definition),
T € Yun, (T) with { Wno & Dne(F,0) (by assumption).
By Proposition 4.3.40, ¥y, (7) N IT # 0, thus dist(x,0T) < € since diam (¢, (7)) < e.

Case 2. There is an ng > 3 with x € M(Gy,). Because of Equation (4.3.2), we even have
x € M(G,,) for all n > ny.

S
{Qa _Q7 Rv _R}
{QaRv _R}
(P.Q}
{—R}
(=P}
{Qa _R}
{Q}
{Qv _Q}

Table 4.7: Table for assertion (B,,).

ZENRN S ~T Qe
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A | end of w|, | ant1 g it g
R,-Q — Q
! / k)
G G'\N 2 RO — -0
' / R — Q
H G',N 3 “RQ — -0
P — R
I | H,G' L 4
Q — -Q
J | H M, T | 1 "R - —Q
K| H,J 0 P - R
' T Q - _Q
L H', L 2,3 R — -Q
Q — -Q
/
M 234 5 5
Q — -Q
A
N 4 2 2 5
Q — P
!
K 0 -R — P
M K’ 1 Q — P
Q — P
N I 1
-Q - Q

Table 4.8: Proof of Lemma 4.3.41.

We denote by B,.(0) the open ball {y € R?, dist(0,y) < r}. By compactness of 7, it is possible to
find r; > 0 such that
T C B,,(0). (4.3.18)

Since {P, @} is a basis of the lattice ®(Z[a]) by (4.3.4), there exist positive integers my, ms such
that

B, (0) C U (T +n1P +n2Q) C By, (0). (4.3.19)
ny € {—mq,...,mi}
ng € {—ma,...,ma}

The second inclusion follows again from the compactness of 7, ro > 0 is simply chosen large
enough.

Let now € > 0, n > ng such that diam(t,(By,(0))) < € for every w of length |w| = n, and let
w € pn(F,0) = Gy, such that € 1¥,,(7). Then using (4.3.18) and (4.3.19), the following inclusions
hold:

X €¢U)(T) C ww(Brl(O)) C Yy U (T+n1P+n2Q) C ww(BTQ(O))-
ny € {_mlv s 7m1}
ng2 € {_m27 cee 7m2}
= U Yu(T + 1P +n2Q)
ny € {_mlv cee 7m1}
ng € {—ma,...,ma}

Our aim is to find a y € 97 in the union above. Since x and y will then both belong to v, (B, (0)),
which has diameter less than e, we will be done. Note that 1, (B, (0)) is a neighborhood of z, a
point of OM, hence this neighborhood has nonempty intersection with the complement of M in R2.
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Remember that w is a walk of p,, (F, o). Now we make the following assumption.

e Each of the following additions is admissible,

e Each of the following additions yields a walk that is contained in p(F, o).

Wi = {®p,po®uow)|0<n <mi;0<ny <mal,

Wao = {P,,(—p) 0 Pryo(w) |0 <ny <my; 0 <ng <ma},
Wi = {®,,po®,,—g)(w)]0<ny <mg; 0<ng <mpy},
Wy = {fI)m(_p) o <I>n2(_Q)(U)) |0 <ni; <mq;0<ngy <ma}.

Set W := Wy U Wy UWs3 UW,. With a slight abuse of notation we may write
W= {®p,p o Pp,o(w)| —mi <ny <my; —mg < ng < mat.

By assumption all walks of W are contained in G,, = p,(F,0). Thus

Yu(Br(0) € | (T +mP+nQ)

n1,n2

= U Vo, podn,ow)(T) (by Remark 4.3.21.1)
n1,n2

c M(G,)

c M,

which contradicts the fact that 1, (B, (0)) contains points of the complement R? \ M. So our
assumption is wrong.

Therefore one of the following alternatives must hold.
e at least one of the additions in W is not admissible or
e at least one element wg € W does not belong to Gy,.

In view of Proposition 4.3.26 we conclude that at least one wy € W does not belong to G,, =
pn(F,0). Proposition 4.3.26 also shows that all additions are admissible for each element of G,
i.e., starting from a word in G,, each addition Uyp,¥,qg leads to a word in p,(F). Thus,
starting at w, by a sequence of admissible additions we can reach a word wg € W which belongs
t0 pn(F) \ pn(F,0). Let us write

wo = P, p 0 Pryq(w) € pul(F) \ pn(F,0)
for some ny € {—my,...,m1}, ng € {—ma,...,mz2}. (Note that by Remark 4.3.21.1
V(T +11P +n2Q) = Puy, (T)
because we have a sequence of admissible additions from w to wp.) For this choice of wy we have
o Uy, (T) C Yy (Br,(0)) by assumption,
o 1, (T)NOT # () by Proposition 4.3.40.

This implies that )., (B, (0)) contains = as well as some point of 7, hence dist(z,9T) < e.

Consequently, in both cases for every ¢ > 0, dist(z,dT) < ¢, thus € 97, and this holds for
every x € OM, hence, M C 97. O
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4.3.6 Generalized fundamental inequality and consequences

This subsection is devoted to a generalization of the fundamental inequality found in [5]. This will
lead to the construction of an arcwise connected skeleton inside the interior of the tile 7 together
with some of its neighbors. We denote by S the set of elements of Q[a] with integer part zero with
respect to the basis « and the digits N = {0, 1,2, 3,4}:

!
S := {Z ®(a"a;);l €N, (ai)1<i<i € NZ} '
=1

Consequently we have ®(S) = 7.

Remark 4.3.44. We recall that the tile 7 is symmetric with respect to the point
4
dc) =P ——
@ =2 (755

Proposition 4.3.45 (Generalized fundamental inequality). There is an € > 0 such that for any
T € S+ 2a we have

(see [5, Lemma 3.2]).

Proof. This follows from the minoration

1 !
. . 4
( g aa”t) > — g a;a” | > — ,
i=1 i=1 oo =1
1
so that for x € S 4+ 2a we have %(x)>0>](c):—g. O

Corollary 4.3.46. Let v € Z[a] and put v = u + va with u,v in Z. Then there exists a constant
€ > 0 such that for any x € S,

S(e)+e ifv>2,
S(e)—e ifv< =2
Proof. This is proved in the same way as in [5, Lemma 4.3]. O

We will now construct a generalized version of the skeleton constructed in [5] where the tiles
were disk-like. To this matter set the backbone

L= {®(c) + wd(1);w € [0,4]}.

Furthermore, let
Vo= |J (T+9).

SeBoy

Then the following lemma holds.

Lemma 4.3.47. We have £ C int(AVp).
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Proof. Note that

mi(A) = B\ |J (AT +2)
T€Z*\Bo

= R2\< U (T + @(u+va)) U

w€Z, |v|>2

U (T + ®(u+va)) U

v=1,u<—1 O u>10

U (T + ®(u+va)) U
v=0,u<—6 O u>10

U (T+<I>(u+va))>.

v=—1,u<—6 O u>5

Thus we have to show that (7 + ®(u + va)) N L = @ for all constellations (u,v) occurring in
the above unions.
Let first v = u 4+ va with u € Z and |v| > 2. Then Corollary 4.3.46 and the fact that ®(S) = 7
imply that (7 + ®(v)) N L = 0.
For the pairs of the shape (u,0), v < —6 or u > 10 we see that (7 + ®(7)) N L = @ in exactly the
same way as in [5, Lemma 4.4].
If now v = —1, suppose first that u < —6. If z € a~1(S — a?) + u, then ax € S+ 5+ (u+4)a.
From u + 4 < —2 and by Corollary 4.3.46, we can write $(az) < $(c¢) — €, and consequently:

Vi €40,...,4}, S(ax) = S(az +j) = S(a(z + a5)) < I(c) —«,

thus
Vi€ {0,...,4}, Vo € a (S —a® +j) +u, I(az) < J(c) —e.

From ®(S) = 7, we conclude that this inequality also holds if we replace S by 7, and from the
set equation of 7 we obtain, taking the union over j € {0,...,4},

VO(z) €T+ P(u—a), Sazr) <(c)—e.
On the other hand, for an element of L, i.e., ®(z) = ®(c) + w®(1),w € [0, 4], we have
S(ax) = w + S(ac) > S(ac) = -1/5 = (c),
which implies that (7 + ®(u — «)) N L = 0 for all u < —6.
Suppose secondly that u > 5. If again z € o 1(S — a?) + u, then ax € S+ 5+ (u + 4)a. From

u > 5 and by Corollary 4.3.46, we have S(ax) > S(c) + € + 45 (), and consequently, by a similar
reasoning as above, we obtain

VO(x) €T +P(u—a), S(az)>(c)+e+4.

On the other hand, for ®(x) € L, we have S(az) < S(c) + 4, thus again (7 + ®(u—a))NL =10
for all u > 5.

The remaining case v = 1 is treated likewise, thus the proof is complete. O

Composing small pieces of backbones, let us define the n-skeleton by

Kn=J U DY A7) +A (L)

m=1 \(a1,a2,...am) =1
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Lemma 4.3.48. K, is arcwise connected and K,, C int(Vp).

Proof. The arcwise connectivity can be shown as in [5, Lemma 4.6].
For the second part, note that for every (ai,...,a,), by Lemma 4.3.47 we have for the small
pieces

m m

S ATO(a)+ AL C Y ATO(a;) + int (A7)

i=1 i=1

Now remember that using the automaton By one can compute for S € By that
SILATD@) AT = A (S0 A B(a)

— A Am5/+z;’;51A—iq>(%_i)) (by (4.3.10))
S AT0(a)) + 8

with S” € By and a; € N. From this we can conclude that

m
> ATO(a) + ATV C WA,

i=1
hence the union of the backbones remains in int(Vp). O

Remark 4.3.49. Note that the middle points Y .-, A~*®(a;) of the union of all backbones are
dense in 7.

4.3.7 The component of int(7) containing 0

We are now almost ready to prove Theorem 4.3.8 concerning the description of Cy. We will first
construct an arc from an arbitrary point in int(IM) to zero entirely contained in int(M).

Lemma 4.3.50. If x € int(M), then there is an n > 3 such that x € M(G,,).

Proof. Let x =} .+, ®(aJaj) € int(M). In particular, w = (a;j);>1 is an infinite walk in p(F).
Suppose x ¢ M(G,,) for any n > 3, i.e., wy, := (F;a1,a2,...,a,) € pn(F) does not end at o for
any n > 3. We show that € 97, which is a contradiction, since M C 7, hence int(M) C int(7).
We have by definition that = € 1, (7) for every n > 3. Fix € > 0, then for n large enough we

also have that
diam(¢w, (7)) <&,
U, (T)NOT # 0 (by Lemma 4.3.40).

Thus for every € > 0, dist(z,07) < ¢, hence x € 97, since 97 is a closed set. O

Lemma 4.3.51. Letn > 3, S € B and v1,v2 € G, such that vo = Ug(v1). Then 1y, (T)Nthy, (T)
contains points of int(7T).

Proof. Since both subpieces v, (T) and v, (7) are subsets of 7, points of their intersection that
are not in int(7) must be in 97. We show that there are at most countably many such points,
whereas ¥, (T) N1y, (T) is uncountable.

The uncountability of 1, (7)) Ny, (T) follows from the fact that vy = Ug(vy), hence ¢, (T) =
Yo (T 4+ 5), with S € B (see Remark 4.3.21.1). Since 7 N (7 + S) has uncountably many points
for S € B (see [5, Section 9]), this remains true after applying the homeomorphism ), .

On the other side, a point @ of ¥, (T) N1y, (T) which lies on 97 also belongs to a translate
T + 5 of T with S” € B, by the boundary equation (4.3.11). This translate is the union of the

112



subpieces 9., (7) + S with |w| = |v1]| =: n. Let us write v; =: (a1,...,a,) and w =: (by,...,by).
Then the point A™x belongs to the triple intersection

n—1 n—1 n—1
<T+ > Ai@(ani)> N <T+ S+Y° A@(ani)> N <T+ A"S +Y A (b, ;) ) ,

i=0 i=0 i=0
or, equivalently, the point A™x — Z;:Ol A'q,_; belongs to the triple intersection
TNIS+T)N(S"+T)=V(S,5")

with S := A"S' + SV AiD(b, ;) — S Ai®(a,_;). Note that S” ¢ {o,S}. Indeed, us-
ing (4.3.9), (4.3.10) and Remark 4.3.14, S” = o as well as S” = S would imply S’ = o.

Thus to each point x of 1, (T) Ny, (7) N IT corresponds exactly one point of Vi, the set of
all triple points of 7 (i.e., where 7 meets with two other translates). Since V3 is at most count-
able (see [5, Theorem 10.1]), there are at most countably many points in ¥, (7) N1y, (7) N OT.
Together with the first part of this proof this means that 1y, (7)) Ny, (7)Nint(7) is not empty. O

Proposition 4.3.52. Let € int(M) and an n > 3 given by Lemma 4.3.50, i.e., such that
x € M(G,). Then there is an arc p from x to an element y of int(M(Gr—1)) with p C int(7).

Proof. In this proof we will often use the fact that 7 is the closure of its interior. This has been
shown in a more general context in Wang [62]. Let w € G,, such that x € ¢,,(7). By Proposi-

tion 4.3.33 there exists a finite chain of walks v1,...,v,, € G,4+1 with the following properties:
vy = w&d for some d € {0,...,4},
Ug,(vi) = w1 forsome S; €B (1<i<m-—1),

n—1 S Gn71~

Um

Now choose x; € int(3,, (7)) arbitrary and set y := x,,. Note that ¢, (7T) C v, ., ,(7) C
M(G,,—1), thus y has the required property. First we shall construct an arc p; C int(7") from x
to x1. Without loss of generality, one can suppose that x € 1, (7) (see Remark 4.3.34.1).

Since z € int(M) there exists an € > 0 such that B.(x) C int(M). Thus there is a z; €
B (z) Nint(¢n, (7)). Connect & with z; by a straight line segment ¢;. Obviously, ¢; C int(M).

Now 1, 21 € int()y, (7)). Thus there exists €2 > 0 such that

BE2 (Zl) c int(wvl (T))a
BEz (1[,’1) c int(%l (T))

By Remark 4.3.49 at the end of the previous section there exists a j € N such that v, (K;)
contains points zo, z3 with

zZ9 € 352(21),
z3 € B€2($1).

Now connect z; with zo by the line segment f5 and connect z3 with z; by the line segment /3.
Both of these line segments are obviously contained in int(7). Since K; is arcwise connected by
Lemma 4.3.48 there exists an arc ¢1 € 9, (K;) connecting z with z3. We have to show that
q1 C int(T).

What we know from Lemma 4.3.48 is that

q1 C int(thy, (Vo)) = int < U v (T+ 5)) = int < U wws(m)(7)> ~

SeBo SeBo

113



We used here Remark 4.3.21.1. Indeed, since v1 € Gp41, all the additions ¥g(v1) with S € B are
admissible by Proposition 4.3.26. So for all S € By, ¥, (7 + S) is contained in 7, because it is a
subpiece of level n+1 of 7. This implies that int(t,, (Vo)) C int(7"). Thus ¢1 C int(7). Summing
up we have constructed an arc p; := ¢1£2¢1¢3 from z to x1 which is contained in int(7).

In the next step we construct an arc p;41 from x; to x;11, still inside int(7"). Because Ug, (v;) =
vi41 for some S; € B, Lemma 4.3.51 implies the existence of a 2, € v, (7) Ny, , (7) which is
contained in int(7"). Thus there exists an 1 > 0 with B, (z1) C int(7"). Furthermore,

21 € Yy, (T) = dzx € B, (2:1) N int(lpvi (T)),
Z1 € wUH_l (T) = dz3 € B, (2:1) N int(1pvi+1 (T))

Now connect zo with z; by the line segment ¢; and connect z; with z3 by the line segment /5.
Both of these line segments are obviously contained in int(7).

As above we can now construct using the n-skeletons an arc ¢; C int(7) connecting x; with zo
and an arc gz C int(7) connecting zs with x;41. The arc p;+1 := ¢1€102g2 C int(7) now connects
X, with Tit1-

Setting p := p1 ... pm we have a path connecting x with y lying entirely in the interior of 7. [
Proposition 4.3.53. Let © be a point of int(M). Then there is an arc connecting  to 0.

Proof. By Lemma 4.3.50 there is an n > 3 such that € M(G,,). By applying Proposition 4.3.52
n—3 times we can construct an arc inside int(7") from z to some y € int(M(G3)). Since M(G3) =
Y(0,0,0)(T) = YP(1,4,0)(T) with (F;1,4,4) = ¥_p((F;0,0,0)) (see Remark 4.3.32), an arc ¢" from
Y to 0 € Y(0,0,0(7) inside int(7) can be constructed in the same way as the arcs p; in the proof
of Proposition 4.3.52, using the n-skeletons. Now ¢ = ¢’q” does the job. O

We obtain directly from the above proposition the following result.

Corollary 4.3.54. The set int(M) is a subset of the interior component of T containing 0.
The reverse inclusion is the purpose of the next proposition.

Proposition 4.3.55. The component of int(7T) containing 0 is a subset of int(M).

Proof. Let y be a point in int(7) such that there is an arc p : [0,1] — int(7") connecting 0 and y.
Suppose that y does not belong to int(M). Since O9M C 97 (see Proposition 4.3.43), y does not
belong to M. Let

to := inf{t € [0, 1]; p(¢¥) &€ M}.
Then ty € (0,1) and p(ty) € OM, because every neighborhood of this point encounters M as well

as its complement. Since again OM C 97, we obtain that p(ty) € 97, a contradiction to the
definition of p. O

Lemma 4.3.56. The set M is the closure of its interior, i.e., int(M) = M.

Proof. Let x € M and e > 0 be arbitrary. Let n > 3 be large enough such that diam(,,(7)) < &
for each w € p,(F). There exists a walk v € p,(F) such that z € ¥, (7). It can easily be read
off from the graph G that each v € p,(F) can be extended to a walk v/ = v&(b1,b2) € Gpia =
Pn+2(F,0). Thus

Y (T) C M = int (¢ (T)) C int(M)

and
Yo (T) C (7).
Select y € int(¢),/ (7)). Then the above inclusions imply that y € int(M) and dist(z,y) < e.

Since € can be arbitrarily small we have that = € int(M). O
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Proof of Theorem 4.3.8. The first part of this theorem follows from Corollary 4.3.54 and Propo-
sition 4.3.55. The second part is given by Lemma 4.3.56. O

4.3.8 Dimension calculation

The present subsection is devoted to the proof of Theorem 4.3.11. Let G’ be the graph that
emerges from G by removing the states o and all edges leading to them. Then G’ defines system
of graph directed sets (0M(A))4 where A runs through the states of G'. Let M := SM(F) be
the set corresponding to the state F. The following lemma shows that éM is very close to dCj.

Lemma 4.3.57. The symmetric difference
oM A 0C)y

is countable.

Proof. First note that Lemma 4.3.50 implies that dM C 0C).

Suppose now that x € 9Cy \ M. Then the address of x corresponds to the labelling of a
walk which is contained in G but not in G’, i.e., there exists a walk w € G,, for some n such that
x € Yyu(T) and, a fortiori, x € 01, (T ). Since dCy; C IT holds by Proposition 4.3.43, x € 97T.
Thus, z has to lie in another tile of the tiling induced by 7. However, in view of Proposition 4.3.26
and the remark after it,

x € Yy(T +5)

where S is a neighbor of 7 not contained in B. It is well known (see for instance [5, Chapters 9 to
11]) that there exist only countably many points in 0, (7) with this property. Since, moreover,
there are only countably many paths contained in

U

n>3
we conclude that there exist only countably many points z in the set 9Cp \ 6M. O
Now from basic fractal geometry we get the following corollary.

Corollary 4.3.58.
dimgy 0Cy = dimyg 0M.

Thus calculating the Hausdorff dimension of 0Cj is reduced to calculating the Hausdorff di-
mension of the GIFS attractor M. However, calculating the Hausdorff dimension of a self similar
GIF'S satisfying the open set condition can be performed by standard methods from fractal geom-
etry (¢f. Appendix B or for instance [18, 50]). With that Theorem 4.3.11 is proved.

4.4 Comments and questions

We have shown in the last section how to obtain the closure M of the interior component of 7°
that contains the origin ®(0). This component was depicted in Figure 4.6. It is of natural interest
to wonder how the closure of the interior component of 7 containing a given point x could be
computed. For the other “big” components (see Figure 4.10), i.e., the ones containing ®(1), ®(2)
and ®(3), the description is similar: it suffices to replace the edges at the top of the graph G
describing M in a way that can be seen in Figure 4.9.

Thus the closure of each of these components is simply the image of M by translations (see
Figure 4.10).

For other “smaller components”, we conjecture that there closure is similar to M, the similitude
may be given by a pre-graph that would be connected to G via the state F. One can also wonder
if the computation of the graph G is also possible for other quadratic number systems. Eventually,

115



d d+1

©)

Figure 4.9: Top edges in G for the closure of the component containing ®(d), d =0,1,2,3.

Figure 4.10: Tile associated to the base —2 + /—1 with “big” interior components.

other topological properties of lattice tiles associated to quadratic canonical number systems may
be studied, like the existence of cut points in the case that the fundamental group is uncountable.
The particular example of the last section was already proved to have no cut point (see [54]).
What about the general case 7
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Chapter 5

Conclusion

In this PhD thesis, topological properties of fractal tiles giving rise to tessellations of the plane
were studied. The fractal structure induces some regularity that allows to establish algorithmic
criteria to answer topological questions about the tiles. Even the description of a connected inner
component ended up in a finite graph. Concerning the criteria of homeomorphy to a closed disk,
they mainly relie on the Jordan curve theorem: showing that the boundary of a tile is a simple
closed curve, one obtains its disk-likeness of the tiles. This is the reason why we were so much in-
terested in the neighbor relations of the tiles. In higher dimensional spaces, statements analogous
to Jordan curve theorem are not valid. The topology of 3 dimensional tiles for example would
be much more complicated. But could we state simple criteria of homeomorphy to a closed ball?
Rather than the first homotopy group, what could be said about the homology groups of the tiles?
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Appendix A

Plane topology

The tiles are compact sets, and we restrict our topological study to plane connected tiles. The
plane can be considered after one-point compactification as the Riemann sphere. This leads to
many interesting results in the study of the topology of plane compact sets. We will be interested
in the characterizations of homeomorphy to a closed disk.

Most of the definitions and facts given here can be found in Kuratowski’s book Topology IT [36].

Definition A.0.1 (Connectedness, local connectedness, arcwise connectedness, cut). Given a set
M in a topological space X, we say that M is

(i) connected iff it can not be partitioned into two non-empty disjoint relatively open subsets.
Otherwise M is disconnected.

(#i) locally connected at z iff every neighborhood of = contains a connected relatively open neigh-
borhood. M is locally connected if it is locally connected at each of its points.

(#i1) arcwise connected if any two points of M are the end points of a homeomorphic image of
[0,1] contained in M.

(iv) a cut of X or a separation of X if its complement X \ M = M€ is disconnected.

If n points x1,...,2z,,n > 2, belong to pairwise distinct connected components of X \ M, we say
that x1,...,x, are separated by M; if n = 2, we also say that M is a cut between x1 and x2, or
that M cuts between x1 and x9 in X.

Definition A.0.2 (Continuum). A continuum is a connected compact Hausdorff space.

Notation A.0.3. The diameter of a compact set M in a metric space is the maximal distance
between two points of M and is denoted by diam(M).

Close to the local connectedness is the following property (.59).

Definition A.0.4. A set M in a metric space has property (S) provided that for every ¢ > 0, M
is the union of finitely many connected sets of diameter less than e.

Proposition A.0.5 (¢f. [63, §XV]). A set having property (S) is locally connected.
Proposition A.0.6 (cf. [63, §XX]). Every locally connected continuum is arcwise connected.

Definition A.0.7 (Connected component, quasi component). In a topological space X, the con-
nected components of M are the maximal (with respect to the inclusion relation) connected subsets.
Equivalently, the connected component at the point p € X is the intersection of all connected
subsets of X containing p. The quasi-component at the point p € X is the intersection of all
closed-open (or clopen) sets of X containing p.
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Lemma A.0.8 (cf. [36, §47, II, p.169, Theorem 2]). In compact spaces, the quasi-components are
connected and coincide therefore with the components.

Definition A.0.9 (Janiszewski space). A locally connected continuum X is a Janiszewski space
([36, §61, I, p.505]) provided that the union M U N of two continua M, N C X is a cut of X
whenever their intersection M N N is not connected.

Lemma A.0.10 (¢f. [36, §61, I, Theorem 7]). Let B,C be two closed or two open sets of a
Janiszewski space X. If none of these sets is a cut between p and q and if BN C is connected,
then BUC is not a cut between p and q either.

Since the 2-dimensional sphere S? is a Janiszewski space [36, §61, I, Theorem 2], we can infer
two separation theorems for the plane R? as follows.

Lemma A.0.11. If the common part of two continua M, N in the plane is disconnected, then
there exist two points po,p1 separated by M U N but not by either M or N.

Lemma A.0.12. Let M, N be compact sets in the plane and suppose that there exist n(> 2) points
separated by M U N but not by either M or N. Then the common part M N N has at least n
components.

Definition A.0.13 (Chain, circular chain). Suppose that My, My, ..., M,,n > 3, are compact
sets in the plane. If # (M; N M;11) =1for 1 <i<n—1and M; N M; =0 for |i — j| > 2, we
say that My, Ms, ..., M, form a chain. f # (M; N M;41)=1for 1 <i<n—-1,#(M,NM;)=1
and M; N M; =0 for 2 < |i — j| <n — 2, we say that My, Ms, ..., M, form a circular chain.

By Lemmata A.0.10 to A.0.12, we have the following two corollaries which will be used in the
proof of Theorems 3.3.1 and 3.3.9.

Corollary A.0.14. If My, ..., M,(n > 3) are compact sets in the plane which form a chain, then
every two points separated by Uj M; are separated by a single M;.

Corollary A.0.15. If the continua M, ..., My(n > 3) in the plane form a circular chain and
each of them does not separate the plane, then R? \ (UJ Mj) 1s the union of two regions.

Definition A.0.16 (Deformation, see [36, §54, IV]). Let X C Y and f: X — Y be a continuous
function. If there exists a continuous function h : X x [0,1] — Y such that h(z,0) = z and
h(z,1) = f(z), the set f(X) is said to be obtained from X by a deformation in Y.

Lemma A.0.17 (cf. [36, § 59, IV, Theorem 2]). If a compact set F C R? separates between two
points p and q, then every set obtained from F by a deformation in R? \ {p,q} separates between
p and q.

Lemma A.0.18 (¢f. [36, § 61, IT, Theorem 5]). Every locally connected continuum which separates
the plane between two continua A and B contains a simple closed curve which separates the plane
between A and B.

We also recall a theorem of Torhorst.

Lemma A.0.19 (cf. [36, §61, II, Theorem 4]). Let M C S? be a locally connected continuum
having no cutpoint and R a component of M¢. Then R is homeomorphic to a disk.

Dealing with disk-like tiles in crystallographic tilings, we also need the following considerations.
For a closed disk D, distinct points of the boundary are accessible (see [36, §47, III]) from any
given point of the interior of D by disjoint simple open arcs within D°. More precisely, for distinct

ai,...,a, € 0D, n € Nand p € D°, there are pairwise disjoint simple open arcs Ay,..., A, C D°
leading from p to ai,...,a,, respectively. This fact is needed in order to prove the following
lemma.
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Lemma A.0.20. Let D1, Dy be two closed disks with disjoint interiors such that there exists a
bounded connected component Z of (D1 U D3)°. Then Z N Dy N Dy consists of two points a,b.
Furthermore, Z N\ D;, i = 1,2, are simple arcs meeting in their end points a and b, and there
are C1 C DY, Co C D§ simple open arcs from a to b such that Z = Interior (C1 U Cs U {a,b}) N
(D1 U Dy)".

(Here the interior Interior(C) of the simple closed curve C is defined as the bounded component
of the complement of C'.)

Proof. Note that Dy U Do, union of disks with disjoint interiors, is a locally connected continuum
with no cut points because its complement has a bounded component, so by Lemma A.0.19 Z is
disk-like, thus its boundary 0Z = Z N (D U Dy) is a simple closed curve and Z = Interior(97).
The intersection Z N D1 N Dy has at least two points because 7 is connected and has no cut point.
Let us suppose that it contains three distinct points a, b, c. Then, choosing p; € D?, i = 1,2, and
disjoint simple open arcs C!, from p; to o within D¢ for i = 1,2 and o = a, b, ¢, we obtain three
disjoint simple open arcs from p; to pa, namely C, := {a} UCL U (—Cﬁ) for « = a,b,c, (—C?
stands for the arc C? travelled in the reverse way) with the property that C, C D$U D3 U {a}.
Thus 0 := {p1,p2} UJ, Cqa is a theta-curve. Since Z C 6¢ is connected, it must be entirely
included in one open disk-like region B of #°. This implies that a, b, c are all on B, contradicting
the fact that these points lie on the distinct arcs of 6.

Thus Z N Dy N Dy consists of exactly two points a, b, and the remaining assertions follow: A; :=
Z N D; for i =1,2is a continuum and each point of A; different from a,b is a cut point of A4;, so
A; is a simple arc on 97 (see [36, §49, IV, Theorem 4]). Every two simple open arcs Cy, Cy from
a to b within D¢, D§ are homotopic to A1, As within D1, Dy and have the required property. O
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Appendix B

Boundary of tiles and fractal
dimension

By definition, the tiles have positive Lebesgue measure. Nevertheless, if they fulfill a replicating
property, their boundary happens to contain the irregular structure, hence the fractality. We give
here the important results about the connectedness of the boundary of tiles and about the fractal
dimension of the boundary of reptiles.

We recall some results on the boundary connectedness and arcwise connectedness of attractors
and tiles.

Lemma B.0.21 (see [2, Theorem 1.1]). Let fi,..., fx be injective contractions on R™ (n > 2)
satisfying the open set condition, and let E be the attractor. Then the boundary OF of E is
connected whenever E is.

Tai-Man Tang proved also the following.

Proposition B.0.22 (¢f. [61]). Let f1,..., fr are injective contractions on R™ n > 2 satisfying
the open set condition, and let E be the attractor. Suppose that E is connected. Then OF is
arcwise connected.

Remember that a compact set in R™ which coincides with the closure of its interior is a tile,
and it is said to tile R™ by Z" if the translates of this set by the vectors of Z" form a tiling of R"
(Remark 2.2.12).

Lemma B.0.23 (see [2, Theorem 3.1]). Let T be an arcwise connected compact set that tiles R™
by Z", then its boundary 0T is connected.

Luo Jun [46] noticed that a quick proof exists for the following stronger result.

Lemma B.0.24. Let (T;)icr be a family of connected compact sets that provide a tiling of R™.
Then the boundary of T; is connected for each i € I.

Proof. This follows from the unicoherence of Euclidean spaces (see Definition B.0.25 and [63]).

Indeed, writing R® = T; U Uj;«éi, jer Ty, we obtain that 0T; = T; N Uj;éz} jer Tjis connected. [
Definition B.0.25 (Unicoherent space). A connected space is unicoherent if, representing it as
any union of two closed connected sets, the intersection of these sets is connected.

Equation (3.2.3) on page 21 shows that the boundary of a crystile may be related to some
graph directed construction. If the maps ¢~ '¢ in this equation are similarity contractions, it is
then possible to compute the Hausdorff dimension of the boundary of the crystile. We shortly
recall the definition of the Hausdorff dimension and state a result on its value for self-similar
systems of graph directed sets (see Definition 2.1.19 in Chapter 2).
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Definition B.0.26 (Hausdorff dimension). If F' is a subset of the Euclidean space R™ and s > 0,
one defines for § > 0

H3(F) = inf{) _ diam(U;)"},
=0

where the infimum is taken over all at most countable covers (U;); of F' for which 0 < diam(U;) <
holds for every 7. The number
HE(F) = (}in(l) H3(F)

is well defined for all s > 0, and there is a unique value of s for which H*(F') jumps from oo to 0.
This value is called the Hausdorff dimension (or Hausdorff-Besicovitch dimension sometimes) of
F and denote it by dimgy F.

We refer to [17] for more details on this subject.

Proposition B.0.27 ([18, 50]). Let (K1,...K,) be a system of graph directed sets with respect to
the contractions T, (e € E). Let r. be the contraction ratio of T, for each e € E and let E; ; be
the set of edges from the vertex i to the vertex j for alli,j =1,...,q. For s >0, denote by A®®)
the matriz whose (i, j)-th entry is
(s) _ :
Aifj = Z e

eck; j

If p(A®)) stands for the spectral radius of the matriz A®), then there is exactly one value sy of s
for which
p(A)) = 1.

Moreover, 0 < H*(K;) < 0o, thus sg is the Hausdorff dimension of K; for alli=1,...,q.

We note that for self-affine systems of graph directed sets, only the box-counting dimension
can be computed exactly (see [13]). The Hausdorff dimension is known in particular cases, for
example the boundary of tiles associated to canonical number systems (see [58]).
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Index

n-skeleton, 111 digit tile, 18
p2-group, 14 digits, 17
p2-tiling, 14 disk-like, 17
p3-group, 14 distance
7, 10
accessible point, 119 Hausdorff, 10
adding graph, 80 sets, 10
adding machine, 80 double point, 55
admissible drawing, 47 drawing, 46
admissible graph action, 95 extension, 47
attractor, 12 dual
backbone, 110 :,i;gi;’ %%
backwards walk, 88 ’
. edge, 15
canonical number system (CNS), 78 .
. equivalent walks, 93

central tile, 14

. excess, 10
chain, 119 di & . 17

circular, 119 expatt d}ng & ?e mzispmg,
CNS-tile, 78 expanding matrix,

extension drawing

cocompact, 13 admissible, 47

connected, 118

arcwise, 118 face, 46
component, 118 fixed point, 11
locally, 118

theorem (weak), 11
contact set, 21 fractal, 7

continuum, 118

) fundamental domain, 13, 78
contraction, 11

ratio, 11 graph, 15
counting automaton, 91 adjacency, 16
crystallographic Cayley, 16

reptile, 17. contact, 20, 21
crystallographic group, 13 double neighboring, 16
crystile, 17, 18 neighbor, 16
crystiles neighborhood, 20, 21

isomorphic, 20 product, 25
cut, 118 reduced, 25

) regular, 16

deformation, 119 graph directed IFS (GIFS), 12
degree, 16 graph of neighbors, 80
d-neighborhood, 10
derived graph, 46 Haudorff dimension, 122
diameter, 118 Hausdorff
digit . distance, 10

tile, 34 metric, 10

digit set, 78
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induced subgraph, 15

input
digit, 80
string, 80

isometry, 11

iterated function system (IFS), 11

Janiszewski space, 119

L-vertices, 22, 55
lattice, 13
left-resolving, 22
length

string, 80

walk, 22
Lind Norm, 77
linear part, 17

neighbor, 14, 15
adjacent, 15
vertex, 15

open set condition (OSC), 12
output

digit, 80

string, 80

picture, 47
point group, 13
property (C), 25
prototile, 13

quasi-component, 118

regular set, 13
replicating property, 18
right resolving, 88

self-affine, 12
self-similar, 12
set connectedness, 53
similarity, 11

ratio, 11
state, 15

level, 80
string, 80
subdivision principle, 19
subgraph, 15
subpiece of level m, 19

system of graph directed sets, 12

self-affine, 12
self-similar, 12

terminal state, 88
tessellation, 7

tile, 13
crystallographic, 14
lattice, 77
replicating, 17

tiling, 7, 13
crystallographic, 14, 17
isohedral, 14
lattice, 14
locally finite, 13

transitive, 94

translational part, 17

transposed graph, 79

triple point, 55

unicoherent, 121

vertex, 15
end, 15
incident, 15

walk, 22, 80
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Notations

K(X)

int(M), M°
Isom(R"™)

id

miq ©Mmag, M1M2
S

A

B,

Ayt
diam(K)
Ve(v1s---57L)
Vi

Interior(C)
Exterior(C')
B, (x)

set of non-empty compact subsets of X

set of inner points of M

group of all isometries of R"™

identity mapping

mapping composition x — my(maz(x))

set of neighbors of the central tile

set of adjacent neighbors of the central tile
intersection set T'Ny(T') (T central tile)

linear and translation part of an isometry =
maximal distance between two points of a compact set K
set of points belonging to T',v1(T),. .. and v (T)

set of L-vertices

bounded component of the complement of a simple closed curve C'
unbounded component of the complement of a simple closed curve C
closed ball of radius r around x

for a quadratic polynomial 22 + Az + B, J = max {1, {BIE—ZI_HJ }

the state (0,0)

for a sequence of digits w = (a1, ...
Hausdorff dimension of the set F’
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p.10
p.13
p.13
p.13
p.15
p.15
p.15
p.16
p.17
p.19
p.22
p.22
p.29
p.29
p.47

pp.78-79

p.80
p.88
p.122



Bibliography

Colin Adams, Frank Morgan, and John M. Sullivan. When soap bubbles collide. Amer. Math.
Monthly, 114(4):329-337, 2007.

Shigeki Akiyama, Jun Luo, and Jorg Thuswaldner. On boundary connectedness of connected
tiles. Math. Proc. Camb. Soc., 137:397-410, 2004.

Shigeki Akiyama and Hui Rao. New criteria for canonical number systems. Acta Arith.,
111:5-25, 2004.

Shigeki Akiyama and Jorg Thuswaldner. A survey on topological properties of tiles related
to number systems. Geom. Dedicata, 109:39-105, 2004.

Shigeki Akiyama and Jorg Thuswaldner. The topological structure of fractal tilings generated
by quadratic number systems. Comput. and Math. with Appl., 49:1439-1485, 2005.

Scott Bailey, Theodore Kim, and Robert S. Strichartz. Inside the Lévy dragon. Amer. Math.
Monthly, 109:689-703, 2002.

Christoph Bandt and Yang Wang. Disk-like self-affine tiles in R2. Discrete Comput. Geom.,
26:591-601, 2001.

Michael F. Barnsley, John H. Elton, and Douglas P. Hardin. Recurrent iterated function
systems. Constr. Approx., 5:3-31, 1989.

Frank S. Beckmann and Donald A. Quarles. On isometries of euclidean spaces. Proc. Amer.
Math. Soc., 4:810-815, 1953.

Horst Brunotte. Characterization of CNS trinomials. Acta Sci. Math. (Szeged), 68:673—679,
2003.

Johann J. Burckhardt. Die Bewegungsgruppen der Kristallographie. Birkh&user, Basel, 1947.

Greg R. Conner and Jack W. Lamoreaux. On the existence of universal covering spaces for
metric spaces and subsets of the euclidean plane. preprint.

Anca Deliu, Jeff Geronimo, Ronald W. Schonkwiler, and Douglas P. Hardin. Dimensions
associated with recurrent self-similar sets. Math. Proc. Cambridge Philos. Soc., 110(2):327—
336, 1991.

Da-Wen Deng and Sze-Man Ngai. Vertices of self-similar tiles. Illinois J. Math., 49(3):857—
872, 2005.

Reinhard Diestel. Graph Theory. Electronic version. Springer-Verlag, New York-Heidelberg,
2005.

Ryszard Engelking. Dimension Theory. PWN-Polish Scientific Publishers, Warszawa, 1978.

Kenneth J. Falconer. Fractal Geometry. John Wiley and Sons, Chichester, 1990.

126



18]

[19]
[20]

Kenneth J. Falconer. Techniques in Fractal Geometry. John Wiley and Sons, Chichester,
New York, Weinheim, Brisbane, Singapore, Toronto, 1997.

Gotz Gelbrich. Crystallographic reptiles. Geom. Dedicata, 51(3):235-256, 1994.

William J. Gilbert. Radix representations of quadratic fields. J. Math. Anal. Appl., 83:264—
274, 1981.

Karlheinz Grochenig and Andrew Haas. Self-similar lattice tilings. J. Fourier Anal. Appl.,
1:131-170, 1994.

Branko Griinbaum and Geoffrey C. Shephard. Tilings and patterns. Freeman, New York,
1987.

Masayoshi Hata. On the structure of self-similar sets. Japan J. Appl. Math., 2:381-414, 1985.
Allen Hatcher. Algebraic topology. Cambridge University Press, 2002.

David Hilbert. Uber die stetige Abbildung einer Linie auf ein Flichenstiick. Math. Ann.,
38:459-460, 1891.

W Hurewicz and H. Wallman. Dimension Theory. Princeton University Press, Princeton,
1941.

John E. Hutchinson. Fractals and self-similarity. Indiana Univ. Math. J., 30:713-747, 1981.

Shunji Ito. On the fractal curves induced from the complex radix expansion. Tokyo J. Math.,
12(2):299-320, 1989.

Imre Kétai. Number systems and fractal geometry. Janus Pannonius University Pecs, 1995.

Imre Katai and I. Kérnyei. On number systems in algebraic number fields. Publ. Math.
Debrecen, 41(3-4):289-294, 1992.

Imre Katai and Bela Kovacs. Kanonische Zahlensysteme in der Theorie der Quadratischen
Zahlen. Acta Sci. Math. (Szeged), 42:99-107, 1980.

Imre Kétai and Bela Kovacs. Canonical number systems in imaginary quadratic fields. Acta
Math. Hungar., 37:159-164, 1981.

Imre Kéatai and Janos Szab6. Canonical number systems for complex integers. Acta Sci.
Math. (Szeged), 37(3-4):255-260, 1975.

Ibrahim Kirat and Ka-Sing Lau. On the connectedness of self-affine tiles. J. London Math.
Soc., 62:291-304, 2000.

Donald E. Knuth. The Art of Computer Programming, Vol 2: Seminumerical Algorithms.
Addison Wesley, London, 3rd edition, 1998.

Kazimierz Kuratowski. Topology. Vol. II. New edition, revised and augmented. Translated
from the French by A. Kirkor. Academic Press, New York, 1968.

Jeffrey C. Lagarias and Yang Wang. Integral self-affine tiles in R™ I. standard and nonstandard
digit sets. J. London Math. Soc., 54(2):161-179, 1996.

Jeffrey C. Lagarias and Yang Wang. Self-affine tiles in R™. Adv. Math., 121:21-49, 1996.

Jeffrey C. Lagarias and Yang Wang. Integral self-affine tiles in R"™ II. lattice tilings. J. Fourier
Anal. Appl., 3:833-102, 1997.

Douglas Lind. Dynamical properties of quasihyperbolic toral automorphisms. FErgodic Dy-
namical systems, 2:49-68, 1982.

127



[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Benoit Loridant. Fundamental group of tiles associated to quadratic canonical number sys-
tems. Math. Slovaca, to appear.

Benoit Loridant and Jun Luo. On a thoerem of bandt and wang and its extension to p2-tiles.
Discrete Comput. Geom., submitted.

Benoit Loridant, Jun Luo, and Jorg Thuswaldner. A new criterion for disk-like crystallo-
graphic reptiles. In Topology Proc., to appear.

Benoit Loridant, Jun Luo, and Jérg Thuswaldner. Topology of crystallographic tiles. Geom.
Dedicata, to appear.

Benoit Loridant and Jorg Thuswaldner. Interior components of a tile associated to a quadratic
canonical number system. Topology Appl., to appear.

Jun Luo. private communication. 2007.

Jun Luo, Hui Rao, and Bo Tan. Topological structure of self-similar sets. Fractals, 10:223-227,
2002.

Jun Luo and Jorg Thuswaldner. On the fundamental group of self-affine plane tiles. Ann.
Inst. Fourier (Grenoble), 56(7):2493-2524, 2006.

Benoit Mandelbrot. Les objets fractals : forme, hasard et dimension. Flammarion, 1975.

R. Daniel Mauldin and Stanley C. Williams. Hausdorff dimension in graph directed construc-
tions. Trans. Amer. Math. Soc., 309:811-829, 1988.

Edwin E. Moise. Geometric Topology in Dimensions 2 and 3. Graduate Texts in Mathematics.
Springer-Verlag, New York-Heidelberg, 1977.

Wolfgang Miiller, Jérg Thuswaldner, and Robert F. Tichy. Fractal properties of number
systems. Periodica Math. Hungar., 42:51-68, 2001.

Sze-Man Ngai and N. Nguyen. The heyweigh dragon revisited. Discrete Comp. Geometry,
29:603-623, 2003.

Sze-Man Ngai and Tai-Man Tang. A technique in the topology of connected self-similar tiles.
Fractals, 12(4):389-403, 2004.

Sze-Man Ngai and Tai-Man Tang. Topology of connected self-similar tiles in the plane with
disconnected interior. Topology Appl., 150:139-155, 2005.

Giuseppe Peano. Sur une courbe, qui remplit toute une aire plane. Math. Ann., 36:157-160,
1890.

Attila Peth. On a polynomial transformation and its application to the construction of a
public key cryptosystem. In Computational number theory (Debrecen 1989), pages 31-43. de
Gruyter, Berlin, 1991.

Klaus Scheicher and Jorg Thuswaldner. Canonical number systems, counting automata and
fractals. Math. Proc. Cambridge Philos. Soc., 133:163-182, 2002.

Klaus Scheicher and Jérg Thuswaldner. Neighbours of self-affine tiles in lattice tilings. In Peter
(ed.) et al. Grabner, editor, Fractals in Graz 2001. Analysis, dynamics, geometry, stochastics.
Proceedings of the conference, Graz, Austria, June 2001, pages 241-262. Birkh&user, 2003.

Klaus Scheicher and Jérg Thuswaldner. On the characterization of canonical number systems.
Osaka J. Math., 41:327-351, 2004.

128



[61] Tai-Man Tang. Arcwise connectedness of the boundaries of connected self-similar sets. Acta
Math. Hungar., 109(4):295-303, 2005.

[62] Yang Wang. Self-affine tiles. In K. S. Lau, editor, Advances in Wavelet, pages 261-285.
Springer, 1998.

[63] Gordon T. Whyburn and Edwin Duda. Dynamic Topology. Undergraduate Texts in Mathe-
matics. Springer-Verlag, New York Inc., 1979.

129



