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Abstract

In the first half of this thesis we study the properties of the dynamical hull associated with
model sets arising from irregular Euclidean Cut and Project Schemes. We provide determin-
istic as well as probabilistic constructions of irregular windows whose associated Cut and
Project Schemes yield Delone dynamical systems with positive topological entropy. More-
over, we provide a construction of an irregular window whose associated dynamical hull has
zero topological entropy but admits a unique ergodic measure.

Furthermore, we show that dynamical hulls of irregular model sets always admit an
infinite independence set. Hence, the dynamics cannot be tame. We extend this proof to
a more general setting and show that tame implies regular for almost automorphic group
actions on compact spaces.

In the second half of this thesis, we provide and discuss a generalization of the Cut and
Project formalism. We show that this new formalism yields all sets generated by Euclidean
Cut and Project Schemes as well as non-Meyer sets. Furthermore, we give a sufficient crite-
rion to obtain Meyer sets by this formalism in Euclidean space.






Zusammenfassung

Im ersten Teil dieser Arbeit studieren wir die Eigenschaften der dynamischen Hiille von
Model Sets, welche durch irregulédre euklidische Cut-and-Project Schemes erzeugt werden.
Wir konstruieren (sowohl deterministisch als auch nicht-deterministisch) Beispielklassen
irreguldrer Fenster, deren zugehorige dynamische Hiillen positive topologische Entropie
haben. Ebenso konstruieren wir irregulire Fenster, deren zugehorige dynamische Hiillen
keine topologische Entropie besitzen, jedoch eindeutig ergodisch sind.

Wir zeigen, dass dynamische Hiillen irreguldrer Model Sets stets eine unendliche un-
abhingige Menge beinhalten, wodurch die Dynamik dieser Hiillen nicht zahm sein kann.
Im Anschluss benutzen wir die hierzu entwickelten Methoden um zu zeigen, dass zahme
fast-automorphe Gruppenaktionen auf kompakten Rdumen regulér sein miissen.

Im zweiten Teil der Arbeit entwickeln wir eine Verallgemeinerung des Cut-and-Project
Formalismus. Wir zeigen, dass diese Verallgemeinerung sowohl alle Delone Mengen, welche
von euklidischen Cut-and-Project Schemes stammen, als auch Delone Mengen, welche nicht
die Meyer-Eigenschaft erfiillen, erzeugen kann. Weiterhin zeigen wir ein hinreichendes
Kriterium auf, um mit Hilfe dieses neuen Formalismus Meyer-Mengen im euklidischen Raum
zu erzeugen.
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Chapter 1

Introduction

The term crystal is usually associated with solid matter whose atoms are arranged in an
exactly repeating pattern. Hence, by translational symmetry, knowledge of only a section of
this structure provides already knowledge of the whole structure. It is well-known that such
crystals only admit diffraction spectra consisting of sharp bright spots, a property which is
sometimes referred to as long-range order. For a long time, scientific consensus was that
also the converse implication should hold, that is, long-range order implies translational
symmetry.

However, this changed drastically in 1982, when 2011 Nobel laureate Dan Shechtman
discovered solids which admit long-range order without translational symmetry ([SBGC84]).
Such solids became known as quasicrystals and discussions about precise definitions of terms
like “crystal”, “long-range order” or even “order” itself arose ([Sen96]).

On the mathematical side, non-periodic geometric structures have been studied at least
since the 1960’s. Probably most famous are aperiodic tilings of the plane like the Wang
tiling or the Penrose tiling. Interpreting the vertices of such tilings as atoms provides a well-
established possibility to describe quasicrystals. This leads to the notion of Delone sets *.

Roughly speaking, such sets are countable point sets such that two points are not too
close to each other and such that the space between points is not too large. More pre-
cisely, given a locally compact abelian group G (which we equip with a metric d; for better
understanding), we say a subset A C G is a Delone set if

e A is uniformly discrete, that is, there exists some r > 0 such that dg(z,y) > r for all
TF#y €A,

e A is relatively dense, that is, there exists some R > 0 such that A N Br(g) # 0 for all
g € G.

A common approach to generate Delone sets is the Cut and Project method which was
introduced by Meyer in 1972 ([Mey72]). We say a triple (G, H, L) consisting of a locally
compact abelian and o-compact group G, a locally compact abelian group H and a lattice
L C G x H is a Cut and Project Scheme (CPS) if the canonical projection 7¢ : G x H — G
is one-to-one on £ while for the canonical projection 7y : G x H — H the image 7y (L) is
dense in H. Given a compact subset W C H (the associated window), the CPS generates a
uniformly discrete subset of G given by

A(W) =16 (LN (G x W)).

Such a set is referred to as model set and, in case of int(W) = (), as a weak model set. We
may refer to G as physical space and H as internal space, respectively. Figure 1 illustrates the
Cut and Project method in the planar case G = H = R.

INote that, in the following discussion, we will use terminology which is well-known in literature about aperi-
odic order. While we provide brief definitions of certain key concepts, we refer the reader unfamiliar with these
notations to Part I (in particular Chapter 4) for precise definitions and further background.
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Lattice

Figure 1: Cut and Project method in case G = H = R

An advantage of this formalism lies in the circumstance that the structure of the window
determines many properties of the corresponding model set. For one thing, it is possible to
control geometric properties of the model set. The following implications are well-known
([Rob07], [Sch99]):

(i) If the window is proper, that is, cl(int(W)) = W, then A (W) is a Delone set.
(ii) If the window is generic, that is, 9W N L* = (), then A (W) is repetitive.

(iii) If the window is regular, that is, © z(OW) = 0, then A (W) has uniform patch fre-
quencies. Here, © 5 denotes the Haar measure on H.

Apart from that, the structure of W also controls the properties of a certain dynamical
system associated to A (W). To that end, one defines a metric on the space of uniformly
discrete sets, where two such sets are close to each other if they - possibly after a small
translation - agree on a large compactum. The topology induced by this metric is called
local topology. This provides the possibility to associate a dynamical system to A (W) by
considering the G-action

(ga A) = A= g

on the dynamical hull Q(A(W)) = c{ A (W) — g | g € G}, where the closure is taken
with respect to the local topology. It is well-known that the following implications hold
([Sch99]):

(i) If W is proper, then Q(_A (W)) is compact.
(ii) If W is generic, then (Q( A (W)), G) is minimal.
(iii) If W is regular, then (Q(A (W)), G) is uniquely ergodic.

Moreover, in case of proper windows, the dynamical hull admits a maximal equicontinuous
factor T = (G x H)/L. In case of regularity the dynamical hull is even isomorphic to the
minimal flow on this factor T defined by

w:GxT—=T:(g,&) — &+ [g,0],

and therefore has pure point dynamical spectrum ([Sch99]) as well as zero topological en-
tropy ([BLRO7]). Dynamical hulls arising from such regular model sets have been intensively
studied over the course of the last years. These studies focused also on proving pure point
diffraction for regular model sets ([Hof95], [Sch99]) and developing several approaches for
that purpose ([LMS02],[BL04]).

Conversely to the observation of regular model sets only admitting hulls with zero
entropy, Moody asked whether model sets corresponding to irregular windows (that is,
Oy (0W) > 0) admit dynamical hulls with positive topological entropy (compare [PH13]
for a historical survey about this question) and Schlottmann suggested in [Sch99] that such
hulls cannot be uniquely ergodic anymore.



For instance, in [BMPOO] and [HR15] the authors discuss a dynamical system arising
from the example of visible lattice points. As it turns out, this system has positive topolog-
ical entropy and is not uniquely ergodic. Concerning this result it is even more surprising,
that, in general, both questions bear negative answers. In [BJL16] the authors constructed
an irregular CPS whose corresponding dynamical hull has zero entropy and is uniquely er-
godic. Moreover, it was shown that each Toeplitz sequence can be interpreted as a model
set - and there are known examples of uniquely ergodic irregular Toeplitz flows with zero
topological entropy ([MP79], [Wil84]).

However, both the positive entropy example and zero entropy example rely on the fact
of the internal space having a more complex structure then being Euclidean. In fact, the ex-
ample of visible lattice points uses a p-adic internal space, while the internal space in case of
Toeplitz systems is chosen as an odometer. Thus, the questions by Moody and Schlottmann
are still open in case of Euclidean Cut and Project Schemes.

In Part II we will focus on these questions. First, in Chapter 5, we are going to con-
struct irregular windows for Euclidean Cut and Project Schemes such that the correspond-
ing dynamical hull admits positive topological entropy. To that end, we will introduce the
concept of embedded fullshifts, that is, a subset S C R¥ of positive asymptotic density and
a uniformly discrete subset U C R such that for any subset S’ C S there exists some
e QA(W))withT C U and S’ = I' N S. This means that we may think of the elements
of S as points which can independently of each other be switched on or off without leaving
the hull. As it turns out, the existence of such an embedded fullshift is a sufficient condition
for (Q( A (W)), @) to admit positive topological entropy. We will also see that the existence
of an embedded fullshift together with a few minor additional assumptions on the window
guarantees us to be not uniquely ergodic.

Further, we will show that embedded fullshifts are closely related to the local structure
of W around the points of L*. This will enable us to provide a sufficient condition for
positive entropy in terms of the window.

Equipped with these tools, in the remaining chapter we aim to construct irregular win-
dows which yield dynamical hulls with positive topological entropy. A first class of such
windows will be obtained by constructing irregular windows in a probabilistic setting. This
leads to the following theorem:

Theorem 1 (Theorem 5.18). Suppose (RY R, L) is a Euclidean Cut and Project Scheme and
C C [0,1] is a Cantor set of positive Lebesgue measure. Let (G, )ncn be a numbering of the
connected components of [0,1]\ C and put ¥+ = {0, 1}". Denote by P the Bernoulli distribution
on X with equal probability 1/2 for each symbol and define

Ww=cu |J G

neN:w, =1

where w € T, Then for P-almost every w € X7 the set W (w) is proper and the dynamical
system (Q(A (W (w) + h)),RY) has positive topological entropy for all h € R and is minimal
for h from a residual subset of R (depending on w).

A second class of irregular windows yielding hulls with positive entropy will be obtained
by using methods of rotational dynamics. This approach is justified by the following fun-
damental observation: each lattice of a Euclidean Cut and Project Schemes (RV R, L) is
generated by a rotation of ZV*! via a regular matrix satisfying certain properties. To ensure
denseness of L* we may assume that the (N + 1)-th row of A consists of rationally inde-
pendent entries. By assuming that the last entry of this row equals one, we may describe
L* as the lift of N irrational rotations on the circle R/Z. Now, since L* arises from a dy-
namical system, we may exploit this additional structure to construct windows which yield
embedded fullshifts.

In contrast to the former construction this approach is fully deterministic.

Theorem 2 (Theorem 5.23). Suppose (RY, R, £) is a Euclidean Cut and Project Scheme. Then
there exists a proper irregular window W C [0, 1] such that (Q(A (W + h)), RY) has positive
topological entropy for all h € R.
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Concluding this chapter, by modifying the previous construction slightly to acquire an
irregular window with empty interior, we obtain a similar statement for dynamical hulls
arising from weak model sets.

Theorem 3 (Theorem 5.25). Suppose (RY, R, £) is a Euclidean Cut and Project Scheme. Then
there exists a compact irregular window W C [0, 1] such that (Q(A (W + h)), R™) has positive
topological entropy.

In Chapter 6 we will reconsider the questions by Moody and Schlottmann in the Eu-
clidean setting. As it turns out, we may provide negative answers to both questions. To that
end, we introduce two general criteria for an irregular window W to admit dynamical hulls
with zero entropy. First, we discuss a self similarity condition for the window, that is, there
are just finitely many different local structures around points in W N L*. This implies that
the fibres of the factor map Q(A (W)) — T are finite, which leads to zero entropy. However,
in this case we may have several ergodic measures.

Thus, we also introduce a slightly more technical condition on W such that the associated
system still has zero entropy but allows infinite fibres. In this case, we are even uniquely
ergodic.

The remaining chapter is dedicated to the construction of irregular windows for planar
CPS satisfying the conditions above. Using methods of rotational dynamics we obtain an
irregular Cantor set in [0, 1], whose gaps can be filled in two ways - one way generates
a window satisfying the self similarity condition, while the other way provides a window
which yields a uniquely ergodic dynamical hull with zero topological entropy.

As a consequence of the discussions in Sections 6.1 and 6.3 we obtain

Theorem 4. Suppose (R, R, L) is a Euclidean Cut and Project Scheme. Then there exists a
proper irregular window W C [0, 1] such that (Q( A (W)),R) has zero topological entropy.

In the remaining part of the chapter we will discuss how to apply the methods above
to higher dimensional CPS (R, R, £) with irregular window W C R. It turns out that the
structure of the dynamical hull arising from the higher dimensional CPS is reflected in the
structure of the dynamical hulls arising from certain planar CPS (R,R, L;), i = 1,..., N,
which have the same window W. Here, the two dimensional lattices £; arise from the
N + 1-dimensional lattice £. We obtain

Theorem 5 (Proposition 6.25). Suppose (RY,R, L) is a Euclidean Cut and Project Scheme
with irregular window W C R. If there exists an associated planar Cut and Project Scheme
(R, R, £;) with window W C R such that the entropy arising from the hull associated to this
planar CPS is zero, then the entropy of (Q( A (W)),RY) vanishes.

In the final Chapter 7 of Part II we will focus on other dynamical properties of dynamical
hulls rather then entropy. To that end, we consider a CPS (G, H, £) consisting of second-
countable locally compact abelian groups G and H. We say (A (W)) admits an infinite free
set S C @ if there exists a uniformly discrete set A C G such that S C G and for all subsets
S’ C S there exists some I' € Q(A(W)) such that ' NS = S’. Observe that embedded
fullshifts discussed earlier are a special case of infinite free sets.

As it turns out, the existence of an infinite free set implies the existence of an indepen-
dence pair in (Q( A (W)),Q), that is, a concept introduced in topological dynamics equiva-
lent to non-tameness of the system ([KLO7]).

Theorem 6 (Theorem 7.7). Let (G, H, L) be a Cut and Project Scheme where G as well as H
are second-countable. If W C H is a proper irregular window, then (Q( A (W)), G) admits an
infinite free set and is therefore not tame.

Hence, in the context of Cut and Project Schemes, the question of tameness of a dy-
namical system translates into a topological question regarding the structure of the window.
With minor modifications it is possible to use the methods established for the proof of the
previous theorem to show a similar statement concerning almost automorphic dynamical
systems.



Theorem 7 (Theorem 7.11). Let X be a compact topological space G be an arbitrary topo-
logical group. Suppose (X,G) is almost automorphic. If (X, G) is tame, then it is a regular
extension of its maximal equicontinuous factor.

This provides a positive answer to a question asked by Glasner ([Glal8, Problem 5.7]).

After this short excursion to the general theory of topological dynamics we return to Cut
and Project Schemes.

It is well-known that all model sets are quite restrictive in the sense of possessing many
additional structures: model sets are always FLC sets and model sets always satisfy the
Meyer property ([Rob07], [HR15]), that is, there exists a finite set F' C G such that

A(W) = A(W) C F+ A(W).

However, in recent years interest grew in studying properties of point sets not satisfying the
Meyer property or FLC ([FR14], [HR15], [Fral5], [LS18]). In both cases, such point sets
cannot arise from Cut and Project Schemes.

In Part ITI we aim to generalize the well-known Cut and Project method to a new formal-
ism which allows more flexibility in the construction of point sets. To that end, we consider
a minimal dynamical system (X, T"), where T' = (T, -) is a discrete abelian subgroup of some
other group 7”. Further, we fix a window W C X and a starting point z( € X.

We consider all elements of ¢ € T such that ¢ - o hits the window. In case of a Z-
action one could think about obtaining bi-infinite sequences in {0,1}%*. However, instead
of working with sequences, we want to map the points of {t € T | ¢t - zp € W} into some
physical space, which usually is a locally compact abelian group G = (G, +). To that end, we
need some function which maps the times in some “nice” way to G, i.e., the images of this
function have to be somehow compatible with the given dynamical system. It turns out that
such maps are provided by cocycles, that is, a function ¢ : T'x X — G such that the equation

@st(x) = ps() + i(s - )

holds for all s,t € T and « € X. We refer to the tuple (X, T, G, ¢) as a dynamical Cut and
Project Scheme and associate to it a dynamical model set

Aoy (W) = {@e(wo) | t- 20 € W,

The main objective of Part III is to introduce this method and discuss its basic properties.
We also aim to give examples of point sets which may arise from dynamical Cut and Project
Schemes but not from classical Cut and Project Schemes.

In Chapter 8, we will give the necessary background of cocycles and precise definitions of
the new concepts above. In particular, we will focus on the properties of the cocycle which
heavily influences the structure and properties of the obtained point set.

The first two sections of Chapter 9 are devoted to provide sufficient conditions for dy-
namical Cut and Project Schemes to yield repetitive dynamical model sets or dynamical
model sets with uniform patch frequencies, respectively. Those properties do not only de-
pend on the windows boundary as in the classical case but also on the choice of the cocycle.
Note that we will also give a criterion for almost repetitivity in case of non-FLC sets.

The third Section 9.3 has its focus on dynamical Cut and Project Schemes with Euclidean
physical space. In this setting we will see that dynamical model sets do not necessarily
possess the Meyer property. Here, we will focus on cocycles which are induced by N step
functions of the form

K
f:X%IRN:x}—)ZaWXXj(:E),
j=1
where a; € RV and {X,..., Xk} is a partition of X. By choosing the coefficients carefully

the cocycle generated by such a function provides Delone sets with FLC. However, in contrast
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to classical Cut and Project Schemes, the Meyer property depends on more factors. In this
case, it is the structure of the underlying dynamical system.

To that end, we introduce additional terminology. We say a subset B C X of a measure
space (X, ) is a bounded remainder set (with respect to () if there exists a constant C' > 0
such that for all n» € N and = € Oz(zo) we have

z_: x5 (H'(x)) —nu(B)| < C,
1=0

as well as B
> xa(H' (@) = [nlu(B)| < C

for all n € —N. Further, we say a partition X of X consists of bounded remainder sets if
each element of X is a bounded remainder set. The concept of bounded remainder sets is
for instance discussed in [GL15] and can be dated back to [Ost27]. Recently, such kinds of
sets also appeared in the context of classical Cut and Projects Schemes ([FG18], [HK16],
[HKK17], see also [FHK18]).

This concept enables us to provide a sufficient condition for dynamical model sets arising
under certain cocycles to be Meyer sets in the setting of rotations induced by Z" on a
compact space X.

Theorem 8 (Corollary 9.16). Consider the dynamical Cut and Project Scheme (X, ZN R | ©)
with proper window W C X and starting point xo € X. Assume that (X,Z") carries a unique
ergodic measure. Let the cocycle ¢ be generated by N step functions defined on partitions X*,

. N
t=1,...,N, of X. If each partition X* consists of bounded remainder sets, then A%O (W) is
a Meyer set.

In Chapter 10 we will discuss whether dynamical hulls arising from dynamical model
sets have a factor system. While for classical Cut and Project Schemes the factor is given by
the Kronecker flow on the “torus” T = (G x H)/L (and thus depends on the lattice £), in the
generalized setting the factor space heavily depends on the cocycle. Given a dynamical Cut
and Project Scheme (X, T, G, v), the cocycle induces certain mappings h; : G x X - G x X
which are crucial to define the suspension of X (with respect to )

So(X) = (G x X)/{he | t € T}.

In this construction, we will slightly generalize ideas used for cocycles ¢ : ZM x X — R¥first
appearing in [FKMS93] and [KMMS98].

In our setting it turns out that the suspension is a compact G-space. Further, for a factor
map to exist, we will need the window W to satisfy a certain regularity condition (irredun-
dancy). It turns out that this condition is kind of a dynamical equivalent to irredundancy in
the case of classical Cut and Project Schemes.

Theorem 9 (Proposition 10.14). Let (X, T, G, ) be a dynamical Cut and Project Scheme with
proper irredundant window W C X and starting point o € X. Then for each A such that
Afo (int(W)) C A C AfO(W) there exists a semiconjugation

8 (QA), G) = (S,(X), G).

The last Chapter 11 is dedicated to show that this new formalism is indeed compatible
with classical Cut and Project Schemes in case of Euclidean spaces. We aim to proof that
all model sets acquired from Euclidean Cut and Project Schemes can also be obtained from
dynamical Cut and Project Schemes.

Theorem 10 (Theorem 11.5). Given an Euclidean Cut and Project Scheme (RY ,RM L), there
exists a dynamical Cut and Project Scheme (X, Z" ,RY ) such that for any window W C RM
there exists a window V' C X such that we have

AW) = AZ ).



We would like to mention that the results of Part II have been published in [JLO16] and
[FGJO18].

Notation and Standing Assumptions

Unless mentioned otherwise, we will use the following notation throughout this thesis:
e The cardinality of a set A is denoted by #A.
e The symmetric difference of two sets A, B is denoted by AAB.

e The M-dimensional standard torus is denoted by TM and the 1-dimensional standard
torus (i.e., the circle) by S = T!.

e The Lebesgue measure on RY as well as on T?V will be denoted by Leb.

e The Haar measure on a group G is denoted by ©;. Sometimes we will also use the
notations #(.) = Oz~ (.) as well as |.| = Leb(.).

e The space of regular N x N-matrices over R will be denoted by GL(N, R).

e Depending on the context, X = Y means that the spaces X and Y are isomorphic or
homeomorphic, respectively.

e The indicator function of a set A is denoted by x 4(.).

e The metric on a space X will be denoted by dx.

e Given any vector space X, the convex hull of a subset A C X is denoted by Conv(A).
e An arbitrary norm in Euclidean space is denoted by ||.|.

e The space of continuous functions f : X — Y will be denoted by C(X,Y). If Y is
known from the context we will just write C'(X).

e For functions f, g : X — Y between metric spaces, we write f = o(g) if for each e > 0
there exists some N € N such that we have dy (0, f(z)) <e-dy(0,g(z)) forall z € X
with dx(0,$) > N.

Unless mentioned otherwise, we will stick to the following assumptions throughout this
thesis:

e Topological spaces are supposed to be compact and Hausdorff.
e Topological groups are supposed to be locally compact second-countable abelian groups.

e For discrete subgroups or lattices acting on a topological space, we will use multiplica-
tive notation for both the operation on the group and the action on the space. In
the context of (dynamical) Cut and Project Schemes, physical spaces will usually be
endowed with an additive notation.
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Chapter 2

Group Theory

In this chapter we want to provide some advanced concepts of topological group theory.
Our main goal is to establish the notion of averaging sequences in locally compact abelian
groups. This concept is crucial for ergodic theory in groups, which will be discussed in detail
in Section 3.7.

2.1 Topological Groups and Lattices

In this short section we want to recall some basic notations and properties concerning topo-
logical groups.

Let G = (G,+) be a locally compact abelian (Ica) group. We say G is compactly gen-
erated if there exists a relatively compact neighbourhood U C G of the identity such that

n

G = U,enU", where U™ = {ijl Uj i uj € U}. In this case we call U generating neigh-
bourhood.

Theorem 2.1 (Structure Theorem for compactly generated lca groups, [HR12]). Let G be
a compactly generated lca group. Then G = R™ x Z™ x K, where n,m € N and K is some
compact group.

The Theorem of Birkhoff-Kakutani (compare for instance [BK96]) yields that lca groups
are metrizable if they are first-countable and Hausdorff. In case G is even second-countable
the metric on G has some sophisticated properties.

Lemma 2.2 ([CdIH16]). Let G be a locally compact and second-countable group. Then
(i) G is o-compact.

(ii) There exists a (left-) G-invariant and proper metric dg on G which induces the topology
on G.

(i) (G,dg) is a complete metric space.
Remark 2.3. A metric dg being proper means that for all € > 0 and g € G the balls
B:(g) ={h € G |da(g,h) <&}

are relatively compact.

By G = Hom(G, S) we denote the set of all continuous group homomorphisms from G
to S = R/Z. We call A € G a character of G and refer to G as dual group of G. Indeed, G
carries a group structure and it is possible to construct a topology on G.

Proposition 2.4 ([RS00]). Let G be a locally compact group. Then G is a topological group
itself.
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In case G is even a compact group, the following well-known theorem holds.

Theorem 2.5 (Peter-Weyl Theorem, [Sim96]). Let G be a compact abelian group. Then the
characters of G form an orthonormal basis of L*(G, O¢).

Let G be a Ica group and suppose T' < G is a discrete subgroup of G, that is, there exists
a neighbourhood U C G of the identity 0 of G such that TN U = {0}. It is easy to see that
the following holds.

Lemma 2.6. Let GG be a lca group and T a discrete subgroup.
(i) T is closed in G.
(ii) T is locally compact.

(iii) Every compact subset of T is finite.

Now suppose T is a discrete subgroup of G. We call T a lattice in G if the quotient space
G/T is compact. In this case, there exists a unique Borel measure p on G/T (up to scaling)
which satisfies

@ u(G/T) < oo,
(ii) for all g € G and for all measurable U C G/T we have p(g + U) = u(U).

Note that lattices inherit properties of the group they are contained in. In particular we
have

Lemma 2.7 ([CdIH16]). Let T be a lattice in a topological group G. If G is locally compact
and second-countable, then T is also locally compact and second-countable.

Let T be a lattice in G. Suppose F' C G is a Borel set such that every g € G can be written
uniquely as g = f +t for some f € F and ¢t € T. Then we call F' fundamental domain of T
in G. Moreover, we have

Lemma 2.8 ([KK98]). Suppose T is a lattice in a locally compact abelian group G. Then there
exists a relatively compact fundamental domain of T'in G.

As an important example we consider the case G = R". Then, given N linearly inde-
pendent vectors vy, ...,vy € RN, the set

T:ZU1+...+ZUN

is a lattice in RY. We will refer to {v1,...,vx} as a basis for T and to the vectors v; € RY
as primitive vectors of T.. Observe that the matrix (vy,...,vny) € GL(N,R) provides an
isomorphism between Z~ and T. On the other hand, each lattice T < RY defines a regular
matrix given by its base vectors. In particular, we obtain that all lattices in Euclidean space
are isomorphic to Z” . Furthermore, a given lattice 7 in R might be described by different
sets of primitive vectors, hence there is no uniquely determined set of primitive vectors
associated with 7.
A natural choice for a fundamental domain of 7" is

N
{ZW 2 t; € [0,1) forall i {1,...,N}}.
=1

It is well-known that the volume of this fundamental domain is given by |det(v1,...,vN)]
and equals u(RY /T, where y is the measure on RY /T induced by the Lebesgue measure
Leb on RY. Although the choice of a fundamental domain is not unique, it is not hard to
see that all fundamental domains of a given lattice have the same volume.
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2.2 Averaging Sequences

Suppose G = (G, +) is a locally compact and o-compact group. Fix a left Haar measure
O¢ on G. Suppose (S, )nen is a sequence of compact and non-empty subsets of G. We
say (Sp)nen is increasing if S,,—1 C S, holds for all n € N. We call (S,,),en exhausting if

G =U,en Sn-

We say an increasing and exhausting sequence (F},),en of compact, non-empty subsets
sets of G is a Fplner sequence if

lim GG(FnA(g + Fn))

oo 0c(F) =0

forall g € G.

A related but more restrictive concept is that of van Hove sequences. For compact A, K C
G we call
0K A= ((K+A)\int(A) U ((K +cl(A%))\ A9
the K-boundary of A. An increasing and exhausting sequence (A, ),cn of compact, non-

empty subsets of G is called van Hove sequence if

1 K
1' D E— A =
nlm ( n)@G(a n)=0

for every compact K C G.

We say an increasing and exhausting sequence (D,,),en of compact, non-empty subsets
of G is tempered (or satisfies Shulman’s condition) if there exists some C' > 1 such that

O <nU D, - Dk> < COG(D»)

k=1

foralln € N.

We refer to both Fglner sequences and van Hove sequences as averaging sequences. A
direct consequence of these definitions is

Lemma 2.9. Let G be a locally compact group. Then every van Hove sequence is also a Folner
sequence.

Proof. Let (A,,)nen be a van Hove sequence in G and fix g € G. Since (g + A,)° C g + AS
we obtain
Ap\ (94 A4n) C (94 A7) VA7 C (g +cl(47)) \ 47

Further, we have
(g+An)\ Ay C(9+ An) \ (int(An)).

This implies A, A(g + A,,) C 019} A,,. Hence, (A,,) is Folner. O

Suppose L C G is a compact set and we “thicken” a Fglner sequence (F,,),en by L, i.e. we
consider a sequence (L + F},),en. Then these “thickened” versions still have asymptotically
the same volume as the original sequence. A similar statement holds for “thickened” versions
of the K-boundary of van Hove sequences.

Lemma 2.10 ([MR13]). Let G be a locally compact group and suppose L C G is compact.

() For any Folner sequence (F),)ncn in G we have

@G(L + Fn) = @G(Fn) + O(GG(Fn)) as n — oo.
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(i) For any van Hove sequence (A, )nen in G and any compact K C G we have

Oc(L + 0% A,) = 0(0¢(A,)) as n — co.

In addition, the van Hove property is preserved by additions with compact sets, i.e.,

Lemma 2.11 ([StrO5]). Let G be a locally compact group and (A, )nen a van Hove sequence
in G. Suppose K C G is compact. Then

() B, =cl(A,\05A4,)
(i) Cp,= A, +(KuU{0})
are van Hove sequences in G. Moreover, we have

lim Oc(Bn) = lim Oc(Cn)

o —nl g,

The question arises whether groups admit averaging or tempered averaging sequences.
In the case of Ica o-compact groups the answer is positive for both cases.

Lemma 2.12 ([Sch99]). Every o-compact locally compact abelian group admits a van Hove
sequence (and thus a Falner sequence).

Lemma 2.13 ([Lin99], [MR13]). Let G be a o-compact locally compact abelian group. Then
every Folner sequence admits a tempered subsequence.

Remark 2.14. In fact, the existence of a Fglner sequence in a group G implies that G is
amenable, that is, the group is carrying a mean function which is invariant under translation
by group elements. Although the concept of amenability plays an important role in many
branches of mathematics, it will be not important for our further discussions. We refer to
[Ocn06] or [Zim13] for a detailed overview on this topic.



Chapter 3

Theory of Dynamical Systems

This chapter will provide solid background in dynamical systems as well as ergodic theory.
Both concepts will play a crucial role in the later parts of this thesis.

3.1 Topological Dynamical Systems

Let X be a compact topological space and G = (G, +) be a topological group with identity
0. A (left) G-action on X is a function f : G x X — X such that

(G1) f(0,z)=zforallz € X,
(G2) f(g,f(h,z))=f(g+h,z)forallz € X and g,h € G.

We say a pair (X, G) is a (topological) dynamical system if X is a compact Hausdorff space,
G acts on X and
fGxX =Xz f(g,2)

is continuous. Put f, : X — X : 2 — f(g,x) for g € G.

For g,h € G, it is immediate that f, o f, = f4+s and f, o f_, = f.. Hence, each f,; is a
homeomorphism of X onto itself with (f,)~! = f_,. Throughout this thesis, we will mostly
use the notation g - x = f,(z) = f(g, x).

Remark 3.1. Of course, it is possible to define right G-actions on X in the obvious way; i.e.,
there is a function f : X x G — X such that

(G1) f(z,0)=zforallz € X,
(G2) f(f(z,h),g9) = f(h+g,z)forallz € X and g,h € G.

Incase f, : X — X : z — f(z,g) is continuous, one may use the notation z - g = f,(z) =
f(z, g). However, throughout this thesis all occurring non-abelian group actions will be left
actions. In case G is abelian we will not have to distinguish between left and right group
actions and just speak about group actions.

We refer to the pair (X,Z") as a discrete dynamical system and to the pair (X,R") as a
flow. In the special case G = Z, we might represent the action via some homeomorphism

T:X—>X:z2—T(x)

in the sense of n - = T"(x), where T" = T'o... o T. In this case, we might refer to T" as
—_—

n times
transformation.

We say a dynamical system (X, T) is free, if g-= = x implies ¢ = 0. Throughout this thesis
we will assume that all occurring dynamical systems are free (unless mentioned otherwise).
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We say a subset S C X is G-invariant if g- S = S for all g € G. A topological dynamical
system is called minimal if the only closed, non-empty and invariant subset of X is X itself.
Equivalently, X is minimal if for all z € X the orbit O(x) = {g-x | g € G} is dense in X.

A set A C G is called syndetic if there exists a compact subset K C G such that

G=A+K={a+k|acAkeK}.

In case of G € {Z,R} this might be interpreted as A not containing arbitrarily large gaps.
We say that a point « € X is an almost periodic point if the set of return times

N, U)={geG|g-z €U}
is syndetic for every open neighbourhood U of x. Then we have

Lemma 3.2 ([Aus88]). Let (X, ) be a minimal topological dynamical system. Then every
point x € X is almost periodic.

Theorem 3.3 (Gottschalk’s Theorem, [Pet83]). Let (X, G) be a topological dynamical system
and xo € X such that O(x) is dense in X. Then (X, G) is minimal if and only if N(x,U) is
syndetic for all open neighbourhoods U of xy.

Suppose (X, G) and (Y, G) are topological dynamical systems. Amap 5 : X — Y is
called a G-map if (g -z) = g-B(z) forall g € G, x € X. We say (Y,G) is a factor of
(X,G) (and (X, G) is an extension of (Y, G)) if there exists a continuous and surjective G-
map [ : X — Y. Such a map is called semiconjugation or factor map. In case 3 is a bijective
semiconjugation, we call 5 conjugation or isomorphy.

3.2 Measurable Group Actions

Let X be a compact topological space and G = (G, +) a topological group. Let B = B(X)
denote the Borel o-algebra over X. A measurable (left) G-action on X is defined by a (B(G) x
B(X)) - B(X)-measurable map f : G x X — X such that f satisfies (G1) and (G2).

Remark 3.4. The discussions in Remark 3.1 also apply to the definition of measurable group
actions.

We say a probability measure x : B — [0, 1] is invariant (with respect to G) if
p(g - A) = p(A)

forall A € Band g € G. In this case, (X, G, p) is called a measure-preserving dynamical
system. We call an invariant measure p ergodic (with respect to G) if

u(A) € {0, 1}

for all G-invariant A € B. For fixed ergodic measure p, we refer to both the G-action and the
dynamical system (X, G, u) as ergodic. In case there exists exactly one ergodic probability
measure p on X, we say the system (X, G, u) is uniquely ergodic and p is an uniquely ergodic
measure.

We say two measure-preserving dynamical systems (X, G, ) and (Y, G, v) are measure-
theoretically isomorphic if there exist full measure sets Xg C X and Y;, C Y and a measurable
bijection 7 : Xg — Yj such that

n(g-z) =g n(x)

forallz € Xpand g € G.
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3.3 Equicontinuous Dynamical Systems

In this section we discuss a special class of topological dynamical systems. Assume that
(X,d) is a compact metric space and (X, G) a dynamical system. We say the metric d is
G-invariant if for all g € G, z,y € X holds

d(g-z,9-y) = d(z,y).

A dynamical system (X, G) which admits a G-invariant metric is called equicontinuous. In
case G is abelian, equicontinuous systems yield some additional structure.

Lemma 3.5 ([Aus88]). Let (X, G) be a minimal equicontinuous dynamical system and assume
G is abelian. Then X can be given the structure of a topological group (X,®) with a G-
invariant metric. Moreover, G can be naturally embedded as a dense subgroup of X, that is,
there exists a group homomorphism ¢ : G — X such that ¢(G) is a dense subgroup of X and
d(g)Ox=g-xforalgeG.

Remark 3.6. (i) Sometimes we will refer to such systems as described in Lemma 3.5 as
group rotations.

(ii) We want to point out that (X, ®) is indeed an abelian group. This follows directly
by Theorem 3.12 stated in the next section. In the same theorem there will also be
a statement about the structure of non-abelian minimal equicontinuous dynamical
systems.

Lemma 3.7 ([Bro76]). Let (X, G) be a minimal equicontinuous dynamical system. Then this
system is uniquely ergodic.

As an easy example we consider an irrational rotation, that is, the compact metric space
X given by the circle S = R/Z equipped with a Z-action defined via an homeomorphism

H:S—»S:z—x+a modS,

where a € R\ Q. It is well-known that (S, Z) is a minimal equicontinuous dynamical system
([KH971). By the above Lemma, (S, Z) carries a unique ergodic measure which is given by
the Lebesgue measure on S ([KH97]).

A dynamical system (Y, G) is called maximal equicontinuous factor (MEF) of (X, G) if it
is an equicontinuous factor of (X, ) and has the property that every other equicontinuous
factor (Z, G) of (X, G) is also a factor of (Y, G).

It turns out that each dynamical system has a MEF.

Lemma 3.8 ([Aus88]). Suppose X is a compact metric space and (X, G) a dynamical system.
Then (X, G) has a unique (up to conjugacy) a maximal equicontinuous factor (Y, G) with Y
compact metric.

A continuous map 5 : X — Y is called almost one-to-one if the set of its injectivity points

Xo={re X |57 ({B(x)}) = {=}}

is dense in X. In case ( is a factor map between topological dynamical systems (X, G)
and (Y, G) we refer to 8 as almost one-to-one factor map and to (X, G) as almost one-to-one
extension of (Y, G).

Corollary 3.9 ([Dow05]). Let (X,G) and (Y, G) be topological dynamical systems and let
B: (X,G) — (Y, G) be an almost one-to-one factor map. Then the following holds.

(1) Both X, and §(X,) are invariant subsets of X and Y, respectively.

(i) Both X, and B(Xy) are residual in X and Y, respectively.
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(iii) If (Y, G) is minimal, then (X, G) is minimal.

Now suppose (Y, G) is a minimal equicontinuous dynamical system. By Lemma 3.5 and
Lemma 3.7 the system yields a unique ergodic measure which equals the Haar measure
Oy. We say an almost one-to-one extension (X, G) of (Y, G) is regular if Oy (8(Xy)) > 0,
otherwise we call it irregular. The following facts are easy to see.

Corollary 3.10. Let (X, G) be a regular almost one-to-one extension of a minimal equicontin-
uous dynamical system (Y, G) with factor map (3. Then the following holds.

() We have Oy (8(Xy)) = 1.
(i) The system (X, G) is uniquely ergodic.
(iii) The systems (X, G) and (Y, G) are measure-theoretically isomorphic.

Proof. (i) follows directly from Corollary 3.9(i) and ergodicity of Oy

(ii). Assume p and v are distinct ergodic measures on X. Then p and v are mutually
singular. Note that both measures project to ©y. Together with (i) this yields that X has
full measure with respect to . and v, respectively, which contradicts mutually singularity of
1 and v. Hence, X is uniquely ergodic.

(iii). This follows directly from (i) and (ii). O

We call a topological dynamical system (X, G) almost automorphic if it is an almost one-
to-one extension of its MEF and the MEF is minimal. Note that, by our considerations above,
the latter implies that (X, G) is minimal, too.

3.4 The Ellis Semigroup and Tame Systems

Given a topological dynamical system (X, ), the Ellis semigroup associated to (X,G) is
defined as

EX)=c({z—g-z|geqG}) CX¥,
where the closure is taken with respect to the product topology. The operation on £(X) is
given by composition of maps.

Lemma 3.11 ([Aus88]). Let (X, G) be a topological dynamical system. Then (£(X),G) is a
topological dynamical system, where G acts via 7+ ¢ - T.

Regarding minimal and equicontinuous dynamical systems we obtain even more.

Theorem 3.12 ([Aus88]). Suppose (X, ) is a minimal equicontinuous dynamical system.
Then the following holds.

() E(X) is a compact metrizable abelian topological group. Further, (X,G) and (£(X),G)
are conjugated.

(i) Assume that G is not abelian. Then (X, G) is a factor of (£(X), G), where the factor map

is given by
mT:8X) > X712

for some fixed x € X. In particular, 7 is open.
Remark 3.13. Suppose (X, &) is a minimal equicontinuous dynamical system. By Lemma
3.7, this system yields a unique ergodic measure u. In case G is abelian, we may assume
X = £(X) and hence obtain ;1 = O¢(x). In case G is not abelian, we obtain y = O¢(xyor ™!,
where 7 is as in Theorem 3.12(ii) and ©¢ x) denotes the left Haar measure on £(X). Note
that £(X) is compact and thus unimodular.

A given topological dynamical system (X, G) is called tame if
te(X) < 2%,

and non-tame or wild otherwise. Here, 2% denotes the cardinality of the continuum.
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Theorem 3.14 ([Glal8]). Suppose (X, G) is a minimal and tame topological dynamical sys-
tem which allows for an invariant measure. Then (X, G) is an almost one-to-one extension of
its maximal equicontinuous factor.

For later purposes the following characterization of tame systems will be useful. Let
Uy and U; be closed subsets of X such that Uy N U; = (. We call the pair (Uy,U;) an
independence pair if there exists an infinite set S C G such that for all a € {0,1}° there
exists some ¢ € X such that
s-£ €U, wherese S.

This definition leads to the following theorem.

Theorem 3.15 ([KL0O7]). A topological dynamical system (X,G) is non-tame if and only if
there exists an independence pair.

Now let X = {0, 1}%. Then there is a Z-action on X given by
o (N, ;) = Tign.

We refer to o as shift and to (X, Z) as symbolic dynamical system. A closed and o-invariant
subset > C X is called subshift.

Let a € {0,1}. By [a] = {z € X | 9 = a} we denote the cylinder sets of length one in X.
It is not hard to see that, in the case of subshifts, ([0], [1]) is an independence pair. Thus, we
obtain the following.

Corollary 3.16. Suppose > C {0, 1}% is a subshift and there exists an infinite set S C Z such
that for every a € {0,1}° there is some ¢ € ¥ with &, = a, for all s € S. Then (X,0) is
non-tame.

3.5 Point Spectrum of Dynamical Systems

Suppose (X, G, ) is a measure-preserving dynamical system, where G is locally compact
abelian and second-countable. Recall that the space L?(X, ) of square integrable complex-
valued functions on X which is equipped with the inner product

<fa g> = <f7 g>L2(X”u) = /X?g d/L

A unitary representation of G in L?(X, i) is a group homomorphism
T:G = U(LA(X,p)),
where
UL (X, p) = {U : L*(X, p) — L*(X, p) | U is surjective, (U(f), U(9)) = (f,9)}

denotes the space of unitary operators of L?(X, ).
The G-action on X induces a unitary representation 7' = T¢ of G on L?(X, i) given by

(T9f)(x) = f(=g - x).

Let G be the dual group of G (compare Section 2.1). A non-zero f € L?(X,pu) is called
eigenfunction of T if there exists an y € G such that

T9f = x(9)f
for every g € G. Let
Hpp(T) = clrz(x ) (span{f € L*(X, p) | f is eigenfunction of T'}) .

We say T has pure point spectrum if H,,(T') = L*(X, u). In other words, T has pure point
spectrum if there exists an orthonormal basis of L?(X, u) which consists of eigenfunctions
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of T In either case, we say (X, G, 1) has pure point spectrum.

Now let (X,G) be a minimal equicontinuous topological dynamical system. Due to
Lemma 3.5 and Theorem 3.12 we may assume without loss of generality that X = (X, ®) is
a compact abelian group such that g-2 = 2©¢(g) forallz € X and g € G, where ¢ : G — X
denotes a group homomorphism with dense image in X. Observe that we have

x(r ® ¢(g)) = x(¢(9))x()

forallz € X, g€ Gand x € X. Moreover, xooeE X. Then, by the observations above, we
obtain

(T9%)(x) = x(—=g-z) = x(z © ¢(—g)) = x(¢(—9))x(x)

for every y € X. Hence, every character of X is an eigenfunction of (X,G). Now, by
the Peter-Weyl Theorem 2.5, the eigenfunctions of (X, G) form an orthonormal basis of
L3(X, p).

Hence, we have proven the following well-known fact.

Proposition 3.17. Let (X, G) be a minimal equicontinuous topological dynamical system.
Then (X, G) has pure point spectrum with continuous eigenfunctions.

3.6 Topological Entropy

In the following we introduce the notion of topological entropy and discuss some of its cru-
cial properties. Suppose (X, d) is a compact metric space and (X, GG) a topological dynamical
system. We denote the G-action X by . Further, let (A,,),en be a van Hove sequence in G.
In all the following definitions we keep the dependence of (A, ),en implicit.

We say a set S C X is (g,n)-spanning for a set K C X if for every ( € K there is some
¢ € S such that

Eé%d(s-g,s-g) <e.

holds. For compact K C X, we denote the minimal cardinality of a set which (&, n)-spans
K by S¥(¢p,e,n).

We say a set £ C X is (¢, n)-separated if for all distinct ¢, ¢ € E holds

Cs-€) > e
geli)id(s (,8-&)>¢

Let K C X be compact. By N¥(y,e,n) we denote the largest cardinality of any (e, n)-
separated set F contained in K.

The topological entropy of G on K is then defined as

hio, () = lim hZ (),

e—0
where
K . 1 K
h () = limsup log S™ (¢, &,n)
n—oo G(An)
1
=1li log N¥ :
i sup g o (¢,€,n)

We set htop(sﬁ) = h’ggp (90)
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Now let ¢ denote another G-action on a compact metric space Y. Suppose (Y,%) is a
factor of (X, ) with factor map 8 : X — Y. Then we can relate the entropy of the systems.
Indeed, we have

htop (w) S htop (‘P)

(compare [KH97]). For £ € Y, let hfop(@) = hfo;l(f)(@). Clearly, we then have hfop(@) <

htop () for any £ € Y. In case of G = R we then can formulate

Theorem 3.18 ([Bow71]). Let (X,R) be a topological dynamical system, where the R-action
is denoted by . Suppose (Y,R) is a factor of (X,R) with factor map 8 : X — Y and denote
by v the R-action on Y. Then we have

heop(9) < @(1) + sup hiy, ().
Eey

In case of hop (1)) = 0, the preceding inequalities yields hop () = supgcy hfop(go), which
means that the entropy is realised already in a single fibre of 3. Note also that, in the
Euclidean case, vanishing entropy with respect to a van Hove sequence implies vanishing
entropy with respect to all van Hove sequences (compare [BLRO7]).

3.7 Ergodic Theorems for Abelian Group Actions and the
Lattice Counting Problem

Let X be a compact metric space and consider the discrete measure-preserving dynamical
system (X,Z, ). Recall that the Z-action on X might be represented via some homeomor-
phism 7" : X — X. The following theorems are well-known.

Theorem 3.19 (Birkhoff’s Ergodic Theorem). Assume (X,Z, j1) is an ergodic dynamical sys-
tem. Let f : X — R be a measurable function. Then we have

1L i _
Jim ;:1 f(T*(z)) = /deu
for p-almost every x € X.

Theorem 3.20. Assume (X,Z, i) is an uniquely ergodic dynamical system. Let f : X — R be
a continuous function. Then we have

I
nlggoﬁzgf(T (l‘))—/deu

uniformly for every x € X.

It is natural to ask whether a similar statement holds for general group actions or not. In
fact, a main difficulty comprises of choosing a sequence along which we take the averages
of the sum on the left above. However, if the sequence is a chosen to be a Fglner sequence
(compare Section 2.2 ) and the group acting on X is nice enough in a certain sense, we
acquire a similar result in greater generality.

Let G be an abelian group and suppose (F},),cn is a Folner sequence in G (compare
Section 2.2). Define the value

(3.7.1) I(z, f) = @/F flg-z)dO¢(g)

forx e Xand f: X —» R.
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Theorem 3.21 (Pointwise Ergodic Theorem for Group Actions, [MR13]). Let X be a compact
metrizable space and G a locally compact abelian, second-countable group acting measurably
on X. Assume that (F,)nen is a tempered Folner sequence in G. Let u be a G-invariant
probability measure on X and let f € L*(X,u) be given. Then I,,(z, f) exists and is finite
for p-almost every x € X and all n € N. Furthermore, there exists a G-invariant function

f e LY(X, u) such that
fdu = d
/Xf 1 /Xf 1z

lim I, (z, f) = f(x)

n—oo

and

for p-almost every x € X.
Moreover, the following statements are equivalent:

(i) The measure y is ergodic.

(ii) For every f € L'(X, 1) we have
lim I, (z, f) :/ fdu

for p-almost every x € X.

(iii) There exists a dense subset F C C(X) such that for every f € F, we have
lim I, (z, f) :/ fdu
n—oo X

for p-almost every x € X.

Remark 3.22. Note that the limit in (ii) and (iii) is independent of the choice of the tem-
pered Fglner sequence.

In case of uniquely ergodic systems and under assumption of continuous functions f, we
may exclude the exceptional set of zero measure in the previous theorem. Note that the
following theorem holds under more general assumptions for the acting group G.

Theorem 3.23 ([MR13]). Let X be compact metrizable space and G a locally compact and
abelian group. Let (F,,)nen be a Folner sequence in G. Then the following are equivalent:

(i) There exists exactly one G-invariant measure p on X.

(i) For every f € C(X) there exists a constant I(f) such that the limit

lim I(z, f) = I(f)

n—oo
exists uniformly for all x € X.

(iii) There exists a dense subset F C C(X) such that for every f € F there exists a constant
I(f) such that pointwise for every x € X we have

lim I(z, f) =I(f).

n—00

In either case, the measure i is ergodic and the above statements hold with I(f) = [ f dp.

Remark 3.24 ([MR13]). The limits above are independent of the choice of the Fglner se-
quence. Also, in comparison to the Pointwise Ergodic Theorem 3.21, the Fglner sequence is
not required to fulfil additional conditions like being tempered.

Remark 3.25. We want to point out that both theorems above might be formulated for
non-abelian groups acting on X.
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Let (X, G, u) be an ergodic dynamical system. In the remaining section, we assume G
is a countable, discrete and abelian group. We say a point x € X is generic if for every
f € C(X) there exists a constant I(f) such that lim,_,« I(x, f) = I(f) exists uniformly. As
an immediate consequence of Theorem 3.23 we then obtain

Corollary 3.26. If (X, G, u) is uniquely ergodic, every point x € X is generic.

As seen in the following lemma, it is possible to extend the theorem above to character-
istic functions.

Lemma 3.27. Suppose (X, G, i) is uniquely ergodic and let W C X such that int(W) #
and p(OW) = 0. Then lim, o0 In(z, xw) = p(W) uniformly for all x € X.

Proof. Choose an open set U C X. Since the system is uniquely ergodic, every point z € X
is generic. By Urysohn’s Lemma we can find a sequence f, € C.(X) such that f, * xv.
Hence, f; < xu, which leads to

liminf I, (x, xv) > lim I,(z, fi) = / fre dpe — p(U).
n—oo n—oo X
In a similar way we obtain
limsup I (z, xc) < p(C)

n—00

for any closed C C X.
Choosing U = int(W) and C = cl(W) yields xv < xw < xc-. Hence,

liminf I, (x, xw) > w(U) and limsup I, (z, xw) < u(C).

n—00 n—o00

Since u(OW') = 0 we obtain

(W) = p(U) < liminf I, (x, xw) < limsup I, (z, xw) < p(C) = p(W)

n—oo n—o0
which implies lim,,—, o0 I, (x, xw) = p(W) for all z € X. O

Now let f € L'(X, ). We say = € X is generic with respect to f if there exists a constant
I(f) such that lim,,—, I(z, f) = I(f) uniformly. The above lemma ensures that, in the
uniquely ergodic case, all points x € X are generic with respect to a characteristic function
xw as long as the set W is “nice enough”. A direct consequence of this is the following
lemma:

Lemma 3.28. Let (X, G, u) be uniquely ergodic. Suppose P = {X1,...,Xn} is a partition of
X such that 4(0X;) = 0 forall j = 1,...,N. Let a; € C% j = 1,..., N, and consider the
function

N
f:X—=Clixms ZanXj(iE>-
j=1

Then all x € X are generic with respect to f.

Proof. Let (F,,) be Folner sequence in G. By Lemma 3.27 we have

I ) = i ot 33 )

71

gEF, j=1
N
= ;a]— nl;n;o @G Z Xx; (
N
=D anlX;) = | fdu O
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Remark 3.29. A partition in this context is a finite collection { Py, ..., Py} of subsets of X
with non-empty interior such that UjV: . P; = X and int(P;) Nint(P;) = () for all ¢ # j.

The remaining part of this section is, in a certain sense, a continuation of Chapter 2. We
suppose 7' is a lattice in a second-countable lca group G. Then it seems natural to ask what
the relation between O1(A,, NT) and O¢(A4,,) is for a given sequence of subsets A,, C G.
In other words, we ask for the existence of some constant (7, (4,)) > 0 such that

. @T(An n T) .
A ey~ U (An)).
This problem is also known as the lattice counting problem and, for instance, discussed in
[ME93], [DRS93] as well as [GN12]. Unsurprisingly, it turns out that answers to this prob-
lem heavily depend on properties of the sequence (A,)nen-

In [GN12], the lattice counting problem was discussed in the (broader) setting of second-
countable locally compact groups. To tackle this problem, the authors introduced a more
general class of sequences of sets. We say a sequence of non-empty sets B,, C G is well-
rounded if for any ¢ > 0 there exists an open neighbourhood U of the identity in G such
that

O¢(U + 0B,)
GG(Bn)

for all sufficiently large n € N. It turns out that van Hove sequences are well-rounded:

Lemma 3.30. Let G be a lca group and (A, )nen a van Hove sequence in G. Then (A, )nen is
well-rounded.

Proof. Observe that, by definition of the K-boundary, for every n € N and compact neigh-
bourhood of the origin K C G we obtain K + 9A,, C 9% A,,. Let ¢ > 0. Since (A4, )nen is

van Hove we can choose a neighbourhood U of 0 such that % < ¢ for sufficiently
large n € N. Thus,
) cl(U)
G(U+8An) < @G(a An) <e
Oc(An) Oc(An)
Hence, (A,,)nen is well-rounded. O

The following theorem provides an answer to the lattice point counting problem.

Theorem 3.31 (Lattice Point Counting Theorem, [GN12]). Let G be a second-countable lca
group and T < G a lattice. Suppose (A, )nen is a well-rounded sequence in G such that
Theorem 3.23 holds along (A,,)nen. Then we have

. eT(Aan) 1
3.7.2 1 -
(3.7.2) noe Og(An)  p(GIT)

where p denotes the measure of a fundamental domain of T in G with respect to a fixed choice
Of O¢.

Remark 3.32. (i) Note that in [GN12], a sequence (A, ),¢n is called well-rounded if for
every 0 > 0 there exist ¢ > 0 and N € N such that

eG(Ba(0)+An) < (1+6)®G g+ An
g€B:(0)

holds for all n > N. However, it is not hard to see that our definition of well-
roundedness implies this condition (compare also [ME93] for the case of affine sym-
metric spaces).
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(i) The original statement given in [GN12] needs less assumptions then our statement. In
particular, the groups involved there are neither assumed to be abelian nor amenable.
Thus, it is not clear whether such groups admit Fslner sequences which is the rea-
son for introducing terms like being well-rounded. Furthermore, those well-rounded
sequences had to be chosen such that a mean ergodic theorem holds, that is, (3.7.1)
converges in L'-norm for all f € LY(G/T).

However, we want to point out, that, according to our previous discussions, each
van Hove sequence (A, )nen is well-rounded and Fglner. Further, if Theorem 3.23
holds along such a sequence, the mean ergodic theorem is also satisfied (compare also
[Lin99]). Since G/T admits a unique G-invariant measure, the assumptions of Theo-
rem 3.23 are met and hence (3.7.2) holds along all van Hove sequences. Therefore, in
our context it is sufficient to assume that (A, ),en is a van Hove sequence instead of
assuming well-roundedness and validity of a mean ergodic theorem along (A, )nen-

As a preparation for later discussions, we will conclude this chapter with the following
general lemma regarding preimages of van Hove sequences.

Lemma 3.33. Let G be a lca group and assume T < G is a lattice. Suppose (A )n N IS a van
Hove sequence in G and let H : T — G be an injective homomorphism. Then (H ~(A,))nen is
a van Hove sequence in T.

Proof. LetT'= H(T). ThenT = T/ker(H). Since H is injective, ker(H) is trivial. Thus, T’
is also a lattice in G. We define F,, = H~!(A,). Clearly, each F,, is compact and we obtain
Unen Fn = T as well as F;,_y C F,. Now suppose that K C T is compact. Without loss of
generality we assume that 0 € K. Using cl(H ~1(A,)¢) = cl(H1(A%)) € H™1(cl(AS)) and
H~1(int(A,)) C int(H~'(A,)) aswellas H~!(A,) + K C H™ (A, + H(K)), a straightfor-
ward calculations shows 05 F,, C H=1 (9H#(K) 4,).

Note that we have

Or(F) =4(H ' (A) NT) =4(ANT) = Or(ANT)

for any set A C Gwith H~}(A)=F CT.

Apart from that, by Lemma 2.11, both B,, = A, + H(K) and C,, = A, \ 0754,
are van Hove sequences in GG. In particular, Theorem 3.31 holds for those sequences, i.e.,
Or(B,NI) = H(G/F)GG( n)+o(1) aswell as O (C,,NT") = H(G/F)GG(C )+o(1) asn — oco.
This directly yields that

(3.7.3) Or(O1HA, NI) = ———05(875A,) + o(1) as n — co.

w(G/T)
This leads to
Or(0"F,) _ Or(H (0" M) A,))  ©er(@"U)4,NnT)
Or(F,) ~—  Or(H '(4n)) Or(4, NT)
_Or(@7FA, NT)  Og(An)  Bg(87K)A,)
0¢8I A,)  Or(A,NT) Oc(A,)

Now Equation (3.7.3), Lemma 3.30 and Theorem 3.31 yield

i Or (0K A, NT) 1
1m =
n—o  Og(0HA,) w(G/T)

as well as
lim 790( )
n—oo Op(A, NT)

Together with the van Hove property of (A, )nen this shows that

wG/T).

K H(K)
lim LT@ Fn) < lim —eG(a An) =
n—oo  Or(F,) n— 00 Oc(An)

Hence, F,, is a van Hove sequence in 7. O
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Chapter 4

Aperiodic Order

4.1 Aperiodic Sets

Let G = (G, +) be a locally compact abelian second-countable group with identity 0. Note
that by Lemma 2.2 G admits a proper G-invariant metric d and G is o-compact. AsetT' C G
is called (r)-uniformly discrete if there exists r > 0 such that

d(g,h) > r for all distinct g, h € G.
We call ' C G (R)-relatively dense if there exists R > 0 such that
I'NBr(g) # 0 forall g € G.

A setT' C G is called (r-R)-Delone if it is both uniformly discrete and relatively dense.

Remark 4.1. (i) By o-compactness of G, every uniformly discrete set in G has to be
countable.

(i) Note that “relatively dense” and “syndetic” (as defined in 3.1) describe actually the
same property. In the context of point sets we are going to use the term “relatively
dense”, whereas in the context of dynamical systems we will use the term “syndetic”.

(iii) In fact, Delone sets can also be introduced for non-second-countable groups. In this
case, the terms above are defined with respect to the topology on GG. However, since
we won’t lose much generality by restricting ourselves to the second-countable case,
we will stick to this assumption.

We say a uniformly discrete set I' C G is aperiodic if ' — g = T" implies g = 0.
A set ' C G has finite local complexity (FLC) if

T —9)NBr(0) | g€ T} < oo
forall R > 0.
Lemma 4.2 ([Sch99]). Aset ' C G has FLC if and only if T — I is closed and discrete.
We say a Delone set I' C G is Meyer if there exists a finite set F' C G such that
r-rcr+r
Lemma 4.3 ([Lag98], [BLMO07]). Let I" C G be Delone.
(1) IfT" is Meyer then I" — I is uniformly discrete.

(ii) Suppose G is compactly generated. Then T' is Meyer if and only if I' — T is uniformly
discrete.

The connection between the terms defined above is seen in the following easy corollary.
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Corollary 4.4. Let I' C G. Then the following implications are strict:
I' is Meyer = T" has (FLC) and is Delone = T is Delone.
GivenasetI' C G and g € T, R > 0 the pair (P(R, g), R) with
P(R,g) = (' = g) N Br(0)
is called a (R)-patch of T in g. The set of all patches of I is denoted by
PT)={(P(R,9),R)| R>0,9g€T}.

Note that I is not required to be Delone for this definition. In case of G = R" it is possible
to characterize the FLC-property with patches.

Lemma 4.5 ([Lag98]). Let I' C R™ be a Delone set such that R" = J, . Br(z). Then the
following are equivalent:

(i) T has FLC.
(i) #{(I' —x) N Bar(0) |z € T} < oo
Let I' C G be a set with FLC. We say T is repetitive if for all (P, R) € P(T') the set
{9€T | P(R,g) =P}

is syndetic. For given van Hove sequence (4, )nen in G and patch (P, R) € P(T'), if the limit

V(P,T, (Ap)nen) = 1

. 1 -

exists, we call it patch frequency of P. We say I has uniform patch frequencies along (A, )nen
if for all (P, R) € P(I') the limit

. 1
nh_)ngomﬂ{ZE(F—g)ﬂAn|P(R,l)=P}

exists and the convergence is uniform in g € G. If the above holds along every van Hove
sequence (A, )nen in G we say I' has uniform patch frequencies (UPF).

Remark 4.6. If T has UPF the limit does not depend on the choice of the sequence (A, )nen
as long as it is a van Hove sequence (compare [Sch99]).

4.2 Cut and Project Schemes

A well-known approach to create Delone sets is to make use of cut and project schemes. In
this section we will introduce and discuss this method.

A (classical) Cut and Project Scheme (CPS) is a triple (G, H, £) such that
(i) G and H are lca groups,
(ii)) G is o-compact,

(iii) £L € G x H is a lattice such that the canonical projections n¢ : G x H — G and
7wy G x H — H satisfy

(1) the restriction 7¢|. is injective,
(2) mu (L) is dense in H.
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The space G is also called external group or physical group and the space H is called internal
group. As before, we assume all involved groups are second-countable. Thus, G is auto-
matically o-compact and we obtain metrics on G and H. We set L = 7g(L) (sometimes
called structure group) and L* = wy(L). Injectivity of n|. then yields the existence of a
well-defined map

x:L— L* 11" =nmy(ng' ().

It is not hard to see that x is in fact a homomorphism. We refer to * as star map. We may
visualize the components of CPS in the following scheme:

G &£ GxH ™ H

U U U

I 1-1 I dense L*

Given a subset W C H (in this context W is called window), one obtains a point set
A(W) =ra(LN (G x W)).
Lemma 4.7 ([Rob07]). Let (G, H, L) be a CPS with window W.
(i) If W is compact, then A (W) is uniformly discrete.
(i) If int(W) # (), then A (W) is relatively dense.

If the window W C H is compact, then we call A (W) and all translates A (W) — g,
g € G, weak model set. We say a window W C H is proper if W = cl(int(W)). In this case
A (W) is Delone and we refer to A (W) and all its translates A (W) — g, g € G, as model
set.

Lemma 4.8 ([Rob071). Let (G, H, L) be a CPS with proper window W. Then A (W) is Meyer.
On the converse, each Meyer set is a subset of some model set.

Lemma 4.9 ([ABKL15]). Let A C G be a Meyer set. Then there exists a CPS (G, H, L) with
compact window W C H such that A C A (W).

In the case of weak model sets, A (W) is not guaranteed to be relatively dense. However,
A (W) inherits still more structure then only being uniformly discrete.

Lemma 4.10 ([HR15]). Let (G, H, L) be a CPS with compact window W. Then A (W) has
FLC.

We call the window W generic if 9W NL* = (). The window is called regular if © gy (OW) =
0, otherwise we refer to the window as irregular. In all cases we may refer to A (W) itself
as generic or (ir)regular. The following result ensures that any given window might be
translated to a generic window.

Lemma 4.11 ([Sch99]). Let (G, H, L) be a CPS with proper window W C H. Then there
exists h € H such that W + h is generic.

Proof. Since L is countable and int(0W) = 0,

L —ow = J@ - ow)
leL

cannot agree with H by Baire’s category theorem. Then any h € H \ (L* — OW) has the
desired property. O

Now we will see that the above introduced additional properties of the window deter-
mine geometrical properties of the corresponding model set.

Lemma 4.12 ([Sch99]). Let (G, H, L) be a CPS with proper window W.
(i) If W is generic, then A (W) is repetitive.
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(ii) If W is regular;, then A (W) has UPF.

Finally, we want to discuss the special case G = RY. We will call such a CPS (RV, H, L)
Euclidean CPS. In this situation we will sometimes refer to £ as irrational lattice. In case
G = H = R we refer to the CPS as planar.

Since densities of model sets in Euclidean spaces will play an important role in our later
considerations, we want to point out some relations between the structure of the window
W C H, the lattice £ and the density of the corresponding model set A (W) for given CPS
(RN, H, L). For this, we use the partial order on R given by

s<t+=s; <t foralli=1,... N.
Givenn € N, we letm = (n,...,n) € RY and denote by
An:{SERN|—ﬁ§s§ﬁ}

the cubes of sidelength 2n and volume (2n)". Note that (A, ),cy is a tempered van Hove
sequence. Suppose I' C R¥ is a uniformly discrete set. Then we define its asymptotic density
by
vr = limsu M
P Leb(4,)

If vr is actually a limit, we call it the density of T'.

Theorem 4.13 (Density Formula for Model Sets, [M0002]). Let (R, H, L) be a CPS with
measurable window W C H and let (L) denote the measure of a fundamental domain of
(RN x H)/L. Then the following holds.

(i) For © g-almost every h € H the density of A (W + h) is given by

_ ox(W)
YAwan) T Ty

If © g (0W) = 0 then the statement holds for all h € H.

(ii) If W is compact, the inequality

lim sup

1
o mﬂ(ﬂ(W FR)NA,) <

holds for all h € H.

(iii) If W is open, the inequality

o 1

holds for all h € H.

Proof. Part (i) of the theorem is shown in [Mo002]. Inspecting the proof there one can easily
infer part (ii) and (iii) as well. For convenience we nevertheless want to sketch a proof. Let
T = (RN x H)/L be equipped with a natural R" -action w (compare the beginning of Section
4.4 for a discussion). Let o : RV — [0, 00) be a continuous function with compact support
and [y o dLeb = 1. We define the function

f:T—[0,00): &~ Z o(s)xw(h).

(S,h)E—&

Note that £ = (s,h) + £ € T denotes an equivalence class (see Section 4.4). Since both o
and xw vanish outside compact sets the sum has only finitely many non-vanishing terms
and is thus measurable.
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Define for ¢ = [s, h] the set A (£) = A (W +h)—s. Then a short computation (compare
[Mo002]) shows that

‘%/A F(s(£)) dLeb — ———#(A(€) N A)| = Das 1 — oo

Leb Leb(A,,)
for all ¢ € T. Then the desired statements (i), (ii) and (iii) follow from the corresponding
statements for the averages

o) = Loy f, 1O deb

These statements in turn hold as (T, R%) is uniquely ergodic.

(i). Birkhoff’s Ergodic Theorem 3.19 directly implies convergence of «,,(¢) for almost
every ¢ € T. As convergence for ¢ implies convergence for all w,(€), s € RY, the almost sure
convergence in ¢ € T implies almost-sure convergence in 4 € H. Moreover, Theorem 3.20
implies the second statement.

(ii). By replacing yw with a continuous function with compact support, we obtain con-
tinuity of f and uniform convergence in all ¢ € T by Oxtoby’s Theorem (compare [Oxt52]).
Approximating xw from above by continuous functions with compact support we obtain
statement (ii) uniformly in ¢ € T and thus also in h € H.

(iii). We replace the approximation used in the proof of (ii) above by an approximation
from below. By regularity of © 4 for each ¢ > 0 we may choose a compact set X C W such
that ©4 (W) = ©y(K) + . Now, invoking Urysohns Lemma we can choose a function f
with compact support and yx < f < xw (compare also the proof of Lemma 3.27, where
similar arguments are used). O

Remark 4.14. We want to mention that the original theorem in [Moo02] does not restrict
to Euclidean spaces. However, if © 5 (0TW) > 0, one has to take care about the properties of
the averaging sequences. Since we will only use the density formula for G = RY, to avoid
technicalities, we stick to the formulation given above.

Now we assume additionally that # = RM. In the following, we want to give two
statement regarding the lattice involved in such Cut and Project Schemes.

Lemma 4.15 ([HR15]). Let (RY,RM L) be a CPS. Then for any open U C RM there exists a
compact F' C G satisfying (F x U) + £ = RN+M,

Remark 4.16. Basically, this lemma states that denseness of L* implies the existence of
“arbitrarily thin” fundamental domains of £. Recall that fundamental domains of lattices
always have the same volume. Thus, by varying the set U, one might find arbitrarily many
primitive vectors of the lattice L.

Finally, we want to study the properties of matrices which generate lattices belonging to
Euclidean CPS. We consider the matrix

a11 a1, N+M
A= : : € GL(N + M,R).
aN+M,1 -+ ON4+M,N+M
T T , .
Put v = (alyj aN_,j) S RN and w; = (GJNJrLj aNJrI\/[_’j) c RM for ] =
1,..., N + M. Then the matrix may be written as
V1 ... O
4= (1 N+M |
w1 oo WN4+M

We say A is an irrational matrix (with respect to N and M) if the following properties hold:

(IM1) The vectors vy, ..., vy are rationally independent, i.e., forallk = (k1,...,knia) €

ZN+M holds
N+ M

> kjvj=0==k;=0forallj=1,...,N+ M.

Jj=1
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(IM2) Let wj,,...,w;,, denote M linearly independent vectors. Then there exists at least
one index jo € {1,..., N+ M} \ {j1,...,7m} such that all entries of w;, are rationally
independent with respect to (wj;, ... ij)fl, i.e., the entries of

-1
(wjl A ’ij) Wy, S RM

are rationally independent.

Remark 4.17. Observe that regularity of A ensures that there exist NV linearly independent
vectors in {v1,...,vnya} as well as M linearly independent vectors in {ws, ..., wN4as}-

It turns out, that, for a given Euclidean Cut and Project Scheme with an Euclidean inter-
nal space, we may describe the lattice via such an irrational matrix.

Lemma 4.18. Let (RY,RM ) be an Euclidean CPS. Then each matrix A satisfying L =
A(ZNTM) is irrational.

Proof. Let A be a matrix with £ = A(ZV*+M). We may write

A:(ul ’LLN+M),
where u1,...,unin € RYTM Since £ is a lattice, {u1,...,uns+a} is a set of linearly
independent vectors and in particular we have A € GL(N + M, R).
Define the vectors v; and w; as in the discussion before the lemma. Leta = (o, ..., antum) €

ZN+M be arbitrary. We have to show that

N+M
Z vja; = 0 implies a; =0 forall j =1,..., N + M.

j=1

To that end, choose = € £ such that x = Aa. Then the above sum equals 7~ (2). Due to
injectivity of mp~, we have v; # O forall j =1,..., N + M as well as v; # —v; for all i # j.
Further, mpn~ () = 0 implies @ = 0. This yields (IM1).

By assumption, we observe that

N+M

TTRM (E) = Z njw; : (nl, R ,TLN+M) S ZNJrM
j=1

is dense in RM. This yields that we may find M indices ji,...,ja € {1,...,N + M} such
that {w;,,...,w;j, } is a linearly independent set, otherwise 7z (£) would not be an M-
dimensional subgroup of RM.

Furthermore, there has to exist at least one additional index jo € {1,...,N + M} \
{j1,---,im} with w;, # 0, otherwise T (£) would be isomorphic to ZM which contradicts
denseness.

Put N' = {wj,,...,wj, } and M = {w; | w; ¢ N,w; # 0}. By the preceding discussion,
the set S = VU M then contains at least M + 1 elements.

Now observe that each M-tuple of vectors out of S defines a regular matrix B which
generates a lattice 'y < RM. Therefore each such M-tuple gives rise to an M-dimensional
torus Tg = RM /Tz. By np : RM — Ty we denote the canonical projection. We assign
to each w € {wy,...,wyyrm} \ N avalue c¢(w) = w(w) € Tp. Clearly, we have exactly N
vectors ¢(w) such that a least one of them satisfies ¢(w) # 0. Thus, we may label the ¢(w)
from 1 to N. We define a rotation

N
R:ZN xTp —» Tg: (n1,...,nN,x) HZniCi mod Tg.

i=1

Then Og(x) is dense in Ty for all z € T if and only if there is some ¢; such that B~*(c;)
consists of rationally independent entries. Note that 7z (£) N[0, 1] is also dense in [0, 1]
and [0, 1]™ may be identified in a natural way with the M-dimensional torus T . Since T
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is homeomorphic to T, denseness of mrn (£) N [0, 1]M ensures minimality of R. However,
this is only the case if some ¢; is rationally independent with respect to B. Thus, we may
choose vectors w;, € M and wj, ,...,w;,, € N such that wj, is rationally independent with

respect to (wj, ... ij)fl. This shows (IM2). O

Remark 4.19. We want to point out that also the converse direction holds: every irrational
matrix generates a lattice such that the canonical projections are injective and dense, re-
spectively. However, we will not need this statement in our further discussions.

Remark 4.20. Summarizing the proof of the previous lemma, there exists a crucial connec-
tion between model sets arising from Euclidean CPS and irrational rotations on a topological
torus.

To be more precise, let A = (u1 ... wunya) be the generating matrix of a lattice
L for a Euclidean CPS (RY ,RM [). Then integer linear combinations of v; = mpn (u;),
i=1,...,N + M, determine the possible points of the model set A (W). Let w; = mpm (u;),
i=1,...,N+ M. Then M vectors wj, , ..., w;,, span a lattice in R and thus determine a
topological torus T, while the remaining N vectors w;, ..., w;, define a minimal Z" -action
on T. This action controls whether points of L are included in A (W) or not, i.e., if there
exist k1,...,kn € Z such that Zil k;wj, mod T € W, then there exist kny1,..., kNt €
Z such that SN kv, € A(W).

4.3 Delone Dynamical Systems of FLC sets

Let GG be a Ica and second-countable group. Throughout this section we fix » > 0. We denote
the set of all r-uniformly discrete subsets of G by

U=U-(G)={T C G|d(g,h) > r for all distinct g, h € T'}.

There are different approaches to define a topology on U{. The first way is to define a uniform
structure on 4 (compare [Kel75] for background on uniform structures). We will follow the
depiction in [Sch99]. Let K C G be compact and V' C G be an open neighbourhood of the
identity. On U we then define the sets

UK, V)=Urr(K,V)={,I")eU xU| (v+T)NK =T"NK for some v € V}.

Then the collection C = {U(K,V) | K is compact and V is an open neighbourhood of 0}
defines the base of an uniform structure on /. Hence, those entourages induce a basis for a
topology on U in the following sense: a set O C U is open if and only if for all T" € O there
exists some U (K, V) € C such that

U(K,V)[[]={T"| (I, T") € U(K,V)} C O.

The so-generated topology is called local topology (LT). Note that this approach also works
if G was not supposed to be second-countable.

For the second approach, we explicitly use that G is second-countable and thus metriz-
able. The latter implies that I/ is metrizable itself (compare [MR13]). We can define a
distance on U/ given by

distpr(C,I") = inf{e > 0| Is € B(0) : ([ —s) N By,(0) =I" N By,.(0)}.
Define furthermore
1
\/57

This means that two points are close if they coincide on a large ball up to a small translation.

d(F, F/) = dLT(F, F/) = mm{ diStLT(F, F/)} .

Lemma 4.21 ([LMSO02]). (U, d) is a metric space.
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Recall that the metric on G is proper, that is, B, (g) is relatively compact for all » > 0 and
g € G. Hence, we obtain

Lemma 4.22. The topology on U induced by d is the local topology.

Throughout this thesis, we will mostly work with the second approach. However, in both
cases there is a canonical G-action on U given by

GxU—-U:(9,T)—T—g.
Lemma 4.23 ([BLMO07]). The canonical G-action on U given as above is continuous.

Suppose A € U is an r-uniformly discrete set. Then we call
QA) =Qur(A) = cur{A —g | g € G},

equipped with the natural G-action on U, (Delone) dynamical system (or (dynamical) hull)
of A. Sometimes the hull is also referred to as (mathematical) quasicrystal. In this context,
we will sometimes denote the G-action on €2(A) as ¢. There is a crucial connection between
geometrical properties of A and topological properties of its hull.

Lemma 4.24 ([Sch99]). The following are equivalent:
(i) A €U has FLC.
(i) Q(A) is compact.

In either case, (2(A), dyr) is a complete metric space.

There are also basic connections between geometrical properties of A and dynamical
properties of Q(A).

Proposition 4.25 ([Sch99]). Assume A € U has FLC. Then the following holds.
(D) A is repetitive if and only if (2(A), G) is minimal.
(i) A has UPF if and only if (2(A), G) is uniquely ergodic.

Proposition 4.26 ([Rob07]). Assume A € U has FLC. Then A is aperiodic if and only if
(QA), G) is free.

In the context of Cut and Project Schemes we obtain as a direct consequence of Lemma
4.12 and Proposition 4.25 the following statement.

Proposition 4.27. Let (G, H, L) be a CPS with proper window W C H.
(i) If W is generic, then (Q( A (W)),G) is minimal.
(iD) If O (0W) = 0, then (Q(A(W)), G) is uniquely ergodic.

Concluding this section we state a useful connection between dynamical hulls of Delone
sets and the structure group of CPS.

Proposition 4.28. Let (G, H, L) be a CPS and A C G a Delone set with FLC such that A C L.
Then, for I' € Q2(A) the following assertions are equivalent:

(i) I' CL
(ii) T contains one point of L.

Proof. (i) = (i) : This is obvious.

(i) = (i) : Let € T'N L be given. By FLC, there exists a sequence (g, )neny C G with
I'n =A+g, =T, n— oo, and we may assume x € I, for all n € N. We then have z € L
as well as € L + g, and hence g,, € L for all n € N. Thus, we obtain I",, C L for all n € N.
Consider now an arbitrary point y € T'. AsT',, —» I"and = € T';, N T', we infer by FLC that
y € I, for sufficiently large n. This implies y € L. O
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4.4 The Torus Parametrization

Let (G, H, L) be a CPS. Since £ C G x H is a lattice, the quotient T = (G x H)/L is a
compact abelian group. A natural G-action on T (the so-called Kronecker flow) is given by

w:(u,[s,tlz) = [s+ u,t]z,

where [s,t]. denotes the equivalence class of (s,t) € G x H. Then (T,G) is a minimal
dynamical system (compare [Rob07]). Depending on the situation we will also refer to the
G-actionon T as w.

Now consider a window W C H. We say the window is irredundant if it has no non-
trivial translation invariance, thatis, {h € H | h+ W = W} = {0}. Note that, if oW is
irredundant, then W is irredundant, too. Under the assumption of irredundancy, it turns
out that (T, G) is a factor of (( A (W)), Q).

Proposition 4.29 ([BLMO7]). Let (G, H, L) be a CPS with proper and irredundant window
W C H and A C G such that

A (int(W)) C A C A(W).
Then there exists a unique factor map
B+ (AAW)),G) — (T, G)
such that B(A) = 0 and
(4.4.1) B(T) = [g,h]r <= A(int(W)+h)—gCT C A(W+h)—g
for ' € Q(A).

The factor map (3 is also referred to as torus parametrization or flow morphism.

Before we discuss the properties of the torus parametrization, we want to point out a
few important things regarding the definition of 3.

Remark 4.30. Throughout this thesis we will often deal with A = A (W). In some situations
(like in Chapter 5) we will also need to replace the window W by any of its translates W +h,
h € H. In this case, Proposition 4.29 yields a unique factor map

B : (UANW + 1)), G) — (T,G)

which sends A (W + h) to 0. For h = 0 € H we will still write 3 instead of 3.

Remark 4.31. The torus parametrization always exists as long as W is proper. If W is
compact with int(W) = () then A (W) is a weak model set. In this case it is still possible to
construct the dynamical hull of A (W), although then () € Q(A (W)). Thus, the empty set
becomes a fixed point of the G-action on Q(_A (W)). On the other hand, there exists no fixed
point of the G-action on T and hence there exists no semiconjugation. It is still possible to
define such a mapping on Q( A (W)) \ {0} (compare [Sch99]).

Remark 4.32. Suppose (G, H, L) is a CPS and W C H is not irredundant. Let Hy =
{h € H | h+ W = W} denote the period group of W. Then it is always possible to
construct a CPS (G, H', L") with an irredundant window W’ = W/Hy, C H' such that for
each A € Q(A(W)) with A(int(W)) € A € A (W) we have A (int(W’)) C A € A(W).
For a detailed discussion we refer to [LMO06, Section 5] and [BLMO07]. Thus, from now on,
without loss of generality we may assume that all occurring windows in the context of CPS
are irredundant.

Since the structure of the fibres of 5 will be crucial for later investigations, we want to
discuss some basic properties of the fibres. The following lemma gives further insight in the
structure of fibres of 3. In fact, we can approximate elements of the fibres in a certain way.
Note that similar arguments can also be found in [BLMO7].
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Lemma 4.33. Let (G, H, L) be a CPS with proper window W C H. For given [0, h|. € T, the
following are equivalent:

@ T e B1([0,h]z).
(i) There exists a sequence h; € L* such that lim;_, h; = h and

lim A(W +h;)=T.

j—oo
Proof. (i) = (ii) : By 8(T") = [0, h]. we have
rc A(W-h)CL.

By Proposition 4.28 we obtain a sequence g; € L such that A — g; — I'. Due to continuity
of 3, we then obtain

[0, k] = B(T) = lim B (¢g, (A(W))) = lim [0, g}]..

J—0o0 Vimde

This easily implies convergence of h; = g; to h € H for j — oc.
(#4) = (¢) : This follows immediately from the continuity of 5. O

Lemma 4.34 ([BLMO7]). Let (G, H, L) be a CPS, W C H a proper window and A C G such
that A (int(W)) € A C A (W). Then the following dichotomy holds.

(D If OW + h) N L* = ( then [0, h]c has exactly one preimage under 3.

(ii) If there exists | € L with I* € OW + h, then 371([0, h] ) contains at least two elements T
and I'" such that l e T'and | ¢ T".

In particular; [0, ]z has exactly one preimage under 3 if and only if W + h is generic.

Proof. Clearly, (W +h)NL* = (int(W) + h) N L* if and only if (OW + h) N L* = (). Consider
first the case (int(W)+h)NL* = (W +h)NL*. Then, by definition of 8 (compare Proposition
4.29), [0, h|. has exactly one preimage under £.

Now let I* € OW + h for some [* € L*. Since L* is dense in H and W is proper, we can
find sequences h, = g%, n € N, and b/, = (g/,)*, n € N, with

o limy, o0 by = lim, o0 b, = A,

o I* €int(W)+ h, and I* ¢ W + h!, for all n € N.

By going over to subsequences if necessary, we may assume (¢_g, (A))nen = (A + gn)nen
and (¢_g (A))nen = (A + g, )nen converge to I and I”, respectively. Since

0_g.(A) = A+ g, 2 A(int(W)) + gn, = A(int(W) + hy,) 3 1,

we obtain | € T. In a similar way, we can show that at the same time [ ¢ I". Hence, we
obtain I # I'". As § is a G-map, we have

B) =B (im ¢, (4)) = lim Blp—y, () = lim w_y, (B(A)
= nh_)ngo w_g, (0) = nli_}rréo[—gn,O]L = nli_}rr;()[O, hnle =10, h]c.
The same holds for IV and hence I',T” € 371([0, h]2). O

As a direct consequence of Lemma 4.34 and Lemma 4.11 we obtain

Corollary 4.35. Let (G, H, L) be a CPS with proper window W C H. Then there exists some
h € H such that 4371([0, h]z) = 1.

From the fact that L* is countable and the above Lemma 4.34, we also immediately
obtain that regularity of the window W has strong implications for the fibre structure.
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Corollary 4.36 ([BLMO7]). Let (G, H, L) be a CPS, W C H a proper window and A C G such
that A (int(W)) € A C A(W). Further; assume that W is regular, i.e. ©y(0W) = 0. Then
for ©r-almost all ¢ € T the preimage $~1(€) is a singleton. In particular, the flow ((A), G) is
uniquely ergodic and measure-theoretically isomorphic to (T, G).

In the following, we apply the methods introduced in Section 3.3 about (ir)regular ex-
tensions of equicontinuous dynamical systems to the setting of CPS. A first observation is
the following.

Lemma 4.37 ([KR16]). Suppose (G, H, L) is a CPS and W C H is a proper window. Then
(T, G) is the MEF of (2(A(W)), G).

Now let h € H such that (OW + h) N L* = (. Then, by Lemma 4.34(i), we have
A(int(W) +h) —g = A(W + h) — g. Thus, 871([g, h]) is a singleton for every g € G. Put

Gw ={he H|487"([9,h]c) = 1forall g € G}.

Comparing the proof of Lemma 4.11, it is not hard to see that Gy is a residual set. By
definition of Gy-, Lemma 4.37 and the discussion in Section 3.3 we obtain

Lemma 4.38 ([Rob07]). Let (G, H, L) be a CPS with proper window W C H and let [g, h]z €
T. If h € Gw, then
QAW + 1) - g),G)

is an almost automorphic system.

As a direct conclusion we may point out the following connection between (ir)regularity
of model sets and (ir)regularity in the context of (ir)regular extensions.

Lemma 4.39. Let (G, H, £) be a CPS with proper window W C H. If A(W) is an (ir)regular
model set, then (Q(A(W)),G) is an (ir)regular extension of (T, G).

Regarding the dynamical invariant of entropy we obtain the following fundamental ob-
servation.

Lemma 4.40. Let (G, H, L) be a CPS with proper window W C H. If ©y(0W) = 0 then
hiop (A (W), G) = 0.

Proof. The proof makes use of the concept of metric entropy. Since we won’t need this
concept elsewhere, we refer to [Wal82] for an introduction to this topic. By Corollary
4.36 the dynamical systems (Q(A(W)),G) and (T,G) are measure-theoretically isomor-
phic. Thus, the metric entropies of both systems have to agree. Since (T,G) is uniquely
ergodic, its topological entropy agrees with its metric entropy. Since hp(T,G) = 0 we
obtain hop (AN (W), G) = 0. O

It is even possible to give an upper bound for the entropy in terms of the measure of the
windows boundary.

Lemma 4.41 ([HR15]). Let (G, H, L) be a CPS with compact window W C H. Then we have

log 2
hiop (AN (W), G) < EGH(GW),

where ;1(L) denotes the measure of a fundamental domain of (RN x H)/L.
Remark 4.42. (i) Note that this estimation also holds in case of weak model sets.

(i) This estimation yields another proof of Lemma 4.40 which omits the usage of factor
maps.

(iii) The proof of the statement above makes use of the notion of pattern entropy, which
is, roughly spoken, a measure for the complexity of a uniformly discrete set in terms
of the number of different occurring patches with respect to some fixed van Hove
sequence. For deeper discussion we refer to [HR15].
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4.5 Geometrical properties and Delone Dynamical Systems
of non-FLC sets
As seen in the definitions of Section 4.1 and Lemma 4.24, being FLC is a crucial require-
ment for point sets to define geometrical properties like repetitivity or to obtain compact
dynamical systems associated to those sets. Suppose I', I € U/ are non-FLC sets. In general
those two sets won’t coincide on a large ball up to a small translation, which renders the
local topology useless. We want to define a metric on ¢/ in which T and I” are close if they
coincide on a large ball up to small translations of all single points in T" and I"”. It turns

out that the dynamical hull of a Delone set with respect to this metric becomes compact.
Furthermore, this approach gives us a method to define repetitivity for non-FLC sets.

Let G be a Ica and second-countable group. By [MR13], the set I/ then becomes metriz-
able. For I', IV € U let

diStLRT(F, F/) = inf {E >0 | I'n Bl/a(o) - (F/)E and I N Bl/a(o) - (F)E} ,

where (') = U, ¢r B=(p). Define

1
d I',T') = min { —, dist r,r’ } .
Lrr(L, 1) {\/5 Lrr (I, 1)

For A € U we then define the corresponding (Delone) dynamical system (or (dynamical) hull)
QA) = Qrr(A) =clirr{A —g | g € G}.

We call the topology induced by dprr local rubber topology. If no confusion arises, we
omit mentioning the indices LT or LRT. The name “local rubber topology“ is justified by the
following lemma.

Lemma 4.43 ([MR13]). (i) The space (U, dirr) is a compact Hausdorff space.

(i) For any A € U the space Qrrr(A) is compact. In particular, (Qurr(A), dLrT) is @ com-
plete metric space.

Furthermore, the local rubber topology and the local topology coincide for FLC sets.
Corollary 4.44 ([FR14]). Suppose A € U has FLC. Then Qp(A) = Qurr(A).

On the geometrical side, we are now able to define a generalization of repetitivity for
non-FLC sets. Let I', TV € U and R > 0. Define

dr(I,I") = inf{e > 0 | T'N BR(0) C (I"). and I N Br(0) C (I').}.

Note that this distance equals the Hausdorff distance between I' and I" if both sets have no
points outside of Br(0). We say a Delone set I' € U is almost repetitive (or LRT-repetitive) if
forall 6 > 0 and R > 0 the set

{leT |dp(l,T —1) < 5}.

Lemma 4.45 ([FR14]). Let A € U. Then A is almost repetitive if and only if (QLrr(A), G) is
minimal.
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Chapter 5

Irregular Cut and Project Schemes
with Positive Entropy

In this chapter we are going to provide two classes of examples of Euclidean CPS (RY, H, L)
with irregular and proper window W C H such that the corresponding Delone dynamical
system yields positive topological entropy. We will introduce a simple criterion for positive
entropy of the hull and relate this to the local structure of the window. As it turns out, this
method will also apply to the case of weak model sets.

Throughout this section we assume that all occurring uniformly discrete sets have FLC
unless mentioned otherwise. Further, by (A,,),cn we denote the sequence of cubes of side-
length 2n and volume (2n)N in RN (compare Section 4.2). Note that this sequence is a
tempered van Hove sequence.

5.1 Embedded Fullshifts and Topological Entropy

The key concept in providing positive topological entropy is that of embedded fullshifts.
Assume A C RY is a uniformly discrete set. An embedded fullshift in (A) is a pair (Z,S)
consisting of a closed subset = C Q(A) and a subset S C R such that the following holds:

(FS1) The set S has positive asymptotic density (recall Section 4.2) , i.e.

1
vs = lim sup Leb(An)ﬂ(S NA4,) >0

(FS2) The set

v=Jr

rez

is uniformly discrete.

(FS3) For any subset S’ C S there exists a I' € = such that

rns=2¢.

The elements of S above are called free points of the embedded fullshift. The set U is called
grid of the embedded fullshift. The quantity vg is the asymptotic density of the embedded
fullshift.

If (§,5) is an embedded fullshift in Q2(A) with = C Q' for some €' C Q(A) we say that
Q' contains an embedded fullshift.

We want to point out some properties of embedded fullshifts which follow immediately
from the definition.
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Lemma 5.1. Let A C R¥ be uniformly discrete with FLC. Assume (=, S) is an embedded
fullshift of Q(A). Then the following holds.

(i) We have S C U. In particular, S is uniformly discrete.
(i) Let = =cl({T' € 2| T'NS # 0}). Then (Z', S) is also an embedded fullshift with =’ C =.
(iii) For all s € RY the pair (¢s(Z), ps(S)) is an embedded fullshift.
In the context of Cut and Project Schemes we obtain the following.

Lemma 5.2. Let (RY, H, L) be a CPS with proper window W C H. Let ¢ = [s,h]; € T.
If B~1(&) contains an embedded fullshift (=,S) then (871(¢),S) is an embedded fullshift in
QAW))withU = A(W + h) — s.

Proof. Let £ = [s,h]z € T. First note, that by Proposition 4.29 all elements of 3~1(¢) are
contained in A (W + h) — s. Hence, for any subset = C 371(£) we then obtain uniform
discreteness of UFeE I'. Thus, (FS2) holds. By Proposition 4.29 and Lemma 4.34 we then
infer U = A (W + h) — s. It is obvious that (FS1) and (FS3) are fulfilled for (31(¢),S). O

Remark 5.3. The points of S are free in the sense that we can choose any subset of S and
exactly this will be the subset from .S appearing in some I' € =. In later arguments we will
not only have to control occurrence of points of S but also non-occurrence of points of S.
We will need the set U in order to treat this non-occurrence.

In the following we provide a simple characterization for existence of an embedded
fullshift.

Proposition 5.4. Let A C RY be a uniformly discrete set. Then Q(A) contains an embedded
fullshift if and only if there exists S C RY and a uniformly discrete set U C R with the
following properties.

(i) The set S has positive asymptotic density.

(ii) For all finite F C S and a € {0,1}¥, there exists a ' € Q(A) with T' C U such that for
s € F holds
sel' <= as=1.

Proof. If Q(A) contains an embedded fullshift there clearly exist S C R" and a uniformly
discrete U C RY satisfying (i) and (ii). Conversely, if there exist S C R" and a uniformly
discrete U C RY satisfying (i) and (ii) we may define

2 ={TeQA)|TNS+#0andT C U}.

Let Z = cl(Z'). Then, all elements in E are contained in U and a simple compactness
argument shows that for any subset S’ C S there exists aI' € Z with ' NS = S’. Hence,
(£, S) is an embedded fullshift contained in Q(A). O

Corollary 5.5. Let (R™, H, L) be a CPS with compact window W C H. Assume Q( A (W))
satisfies conditions (i) and (ii) of Proposition 5.4. Let ' = {I' € Q(A(W)) | T NS #
PandT C U} and U’ = Upez I Then for all s € S we have

SCcU ct+L.

Proof. Shifting S and U by —s for s € S, we may assume without loss of generality that
0 € Sand s = 0. Since 0 € L we may infer from Proposition 4.28 that any I" € Z = cl(Z')
containing 0 must be contained in L. This yields

U= U rclL.
re=,0el’

Since U C U is a discrete set, a compactness argument shows U = U’. Hence, U’ C L and
since any s € S is contained in U’, the statement holds. O



5.2. INDEPENDENCE OF SETS 43

Remark 5.6. Note that this corollary allows int(W) = (. Hence, it also holds in the setting
of weak model sets.

The relevance of embedded fullshifts as a sufficient condition for positive topological
entropy comes from the following lemma.

Lemma 5.7. Let A C RY be a uniformly discrete set with FLC. If Q(A) contains an embedded
fullshift of asymptotic density vg, then

htop() > vg - log 2.

Proof. Let S be the set of free points and U the grid of the embedded fullshift. By (FS2) we
may assume U is r-uniformly discrete for some r > 0. Consider I', T € Q(A) with '\ TV C U
and s € " and s ¢ I” for some s € S. By uniform discreteness of U the set I then does not
contain a point in B, (s). This yields

d((PS(F)a Ps (FI)) >

Hence, any pair I', I € Q(A) which satisfies the above for some s € SNA4,, is (r, n)-separated.
Consider now an arbitrary v < vg. Then there exists an arbitrarily large n with

§(S N An) > v - Leb(A,).

By the assumption on existence of an embedded fullshift, for each finite subset F' of SN A,
we can choose an element I'r € Q(A) with T'r NS = F. Then all elements I'r are (r,n)-
separated by the considerations at the beginning of the proof. Hence, we have

NQ(A) (SO; 7’, TL) 2 2D~Leb(An).

But this implies
¥ () > v - log 2.

As v < vg was arbitrary we infer h?(A)(@) > vg - log 2. Now the desired statement follows

from hiop () > AN (o). O

5.2 Independence of sets

In the context of Euclidean Cut and Project Schemes, we want to provide a condition for the
existence of an embedded fullshift. Thus, let (RY, H, £) be a CPS. In order to provide also
a criterion for the existence of embedded fullshifts in the case of hulls arising from weak
model sets we only assume W C H to be compact.

The problem of finding an embedded fullshift with set of free points S C L in the associ-
ated dynamical system is actually related to analysing the local structure of the window W
in some neighbourhood of the points s* for s € S. In order to get a first idea on this issue
the following observations may be helpful.

Let F' C L be a finite set, a € {0,1}* arbitrary and h € H be given. Now assume that
< N w-s9\ (Ws*)> N(L* —h) #0.
seF:as=1 s€F:as=0
Then there exists an | € L satisfying for any s € F' that
I"—heW—-s"<=a,=1.

For s € F this yields
s€ AW +h)—l<=as=1.

Thus, the set A (W + h) — [ respects the choice of F' C L given by a. Our dealing below will
build on this observation. However, two additional points will come up:
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e We have to simultaneously deal with all finite subsets F' of a subset S C L. In order
to still provide the uniform discrete subset U necessary for an embedded fullshift, we
will need to require that the set S* = {s* | s € S} is relatively compact (see Lemmas
5.8 and 5.13).

e We will allow for one overall shift by § € H.
Motivated by the preceding considerations we give the following definition. The finite

index set F' appearing in the definition will later be a subset of L (or L*, respectively).

Let D C H be given. A finite family Cs, s € F, of subsets of H is independent with respect
to D if for all a € {0,1}F we have

( N ¢\ U CS>0D7£(Z).

se€F:as=1 se€F:as=0

An infinite family of sets is called independent with respect to D if the condition above holds
for each finite subfamily. We say the window W is independent in P C L* with respect to D,
if the family W — p, p € P, is independent with respect to D.

The following lemma relates these concepts to the existence of embedded fullshifts. This
lemma is our main tool to construct embedded fullshifts (and hence, by Lemma 5.7, exam-
ples with positive topological entropy). In fact, we will apply the lemma in two situations,
namely for proper windows and for windows with empty interior but of positive measure.
The lemma is formulated in a general version that includes two parameters h,6 € H.

Lemma 5.8 (Basic criterion for embedded fullshifts). Let (RY, H, £) be a CPS with compact
window W C H and h,0 € H. If A(W + 0) possesses a subset S of positive asymptotic density
such that S* = {s* | s € S} is relatively compact and W + 0 is independent in S* with respect
to L* + (6 — h), then Q( A (W + h)) contains an embedded fullshift.

Proof. We will show that the conditions (i) and (ii) of Proposition 5.4 are met for S as in
the statement of this lemma and

U= AW +6—5%).
Note that U is indeed uniformly discrete as W + 6§ — S* is compact.

Condition (i) is met by assumption. To show condition (ii) fix a finite subfamily ' C S
and let a € {0,1}¥. Then, by independence of W + 6 in S* with respect to L* + (6 — h), we
have

< N w+o-s9\ | (W+95*)>0(L*+9h)7é®.

s€F:as=1 se€F:as=0

Thus there exists an
m*eL*+0—h

such that

(5.2.1) meW+0—-—s"<—a,=1

for all s € F. Further, by the symmetry L* = —L* we have
(5.2.2) m"=60—h—-k*

for some k € L. Combining this with (5.2.1) we obtain

(5.2.3) s€ A(W +h)+kifand only if a;, = 1.
Moreover, we have

F=AW+h)+k=AW+h+k*)=A(W+0-m*)CU,
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where the last equality holds due to (5.2.2) and the inclusion uses that m* belongs to W +
6 — S* by (5.2.1). Thus, I' belongs to (A (W +h)) with T' C U, and due to (5.2.3) we have

s € I'if and only if as = 1.
This finishes the proof. O

A slightly more specific notion of independence is given in the following definition. It
will be needed in particular to obtain further information about embedded fullshifts in the
case of proper model sets.

Let D C H be given. A finite family C, s € F', of subsets of H is locally independent in
0 € H with respect to D if for all a € {0, 1} we have

0€c1<< N ¢\ U CS>0D>.
se€F:as=1 s€F:as=0

An infinite family of sets is called locally independent in 0 € H with respect to D if the above
condition holds for each finite subfamily. We say the window W is locally independent in
P C L* with respect to D, if the family W — p, p € P, is locally independent in 0 € H with
respect to D.

It is easy to see that the following characterization holds.

Corollary 5.9. Let (R™, H, L) be a CPS with proper window W C H. Let D C H and P C L*.
Then W is locally independent in P with respect to D if and only if

0661(( N w-s9\ U (Ws*)>mp>
seF:as=1 se€F:as=0
for any finite F C P and any a € {0,1}*.

We obtain the following connection between embedded fullshifts in fibres of the factor
map and local independence of proper windows (recall Remark 4.30 for a discussion of the
notations used in the following).

Corollary 5.10. Let (RN, H, £) be a CPS, W C H proper and h, € H. Assume that A (W+0)
possesses a subset S of positive asymptotic density such that W + 6 is locally independent in
S* = {s* | s € S} with respect to L* + (6 — h). Then there is an embedded fullshift contained
in 8, ([0,6 — hle).

Proof. This follows by extending the proof of the previous Lemma 5.8. Fix a finite subfamily
F C Sand a € {0,1}. By Corollary 5.9 we can choose some m* € L* + 6 — h such that

em*eW+0—-5s"<a,=1,
e m* is arbitrarily close to 0.
This means that we can find a sequence m; €L*+0—h,jeN, such that
e mj eEW+0—s"<as;=1foraljeN,
o lim;_, m;‘ =0.

Let V C H be a compact neighbourhood of 0. Without loss of generality we may assume
that mj € V forall j € N.

If now k; € L are chosen such that m} = 0 — h — k} (compare Equation (5.2.2)) then we
obtain

(5.2.4) seTl; = A(W +h)+k;j if and only if a, = 1.
Moreover, we have

Dj= AW +h+kj)=AW+60-—m;) S AW+0-V)=0,
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where U is uniformly discrete since W + 6 — V' is compact.

Now, (T';);en is a sequence in the compact space Q( A (W + h)). Hence, it possesses an
accumulation point I' € Q(A (W + h)). As T, is a subset of U and U is uniformly discrete,
lim; ., I'; =T and Equation (5.2.4) yield

s € I'if and only if as = 1.

As W is proper, (3}, is continuous. This gives
Br(l') = i Br( AW +h) + kj) = Jim, Br( AW + h+ k7))
= jli}lilo[o, k;]g = jli)Holo[O, 0—h— mj]g = [0, 0— h]g.

Thus, the I' constructed above are all contained in the fibre 3, '([0,0 — h]z). Hence we
obtained an embedded fullshift in that fibre. O

Now we will provide a sufficient condition for applicability of Corollary 5.10. Our con-
structions of proper windows which generate hulls with positive topological entropy will
mainly be based on this condition. Thus, we assume in the following that W C H is a
proper window.

We say a finite family of sets C;, s € F', of subsets of H is locally topologically independent
in0 € H if forall a € {0,1}¥ we have

O€c1<int< N ¢\ U C))
seF:as=1 s€F:as=0

An infinite family of sets is called locally topologically independent in 0 € H if the condi-
tion above holds for each finite subfamily. We say the window W is locally topologically
independent in P C L* if the family W — p, p € P, is locally topologically independent in 0.

Lemma 5.11. Any family of subsets of H which is locally topologically independent in 0 € H
is locally independent in 0 with respect to any dense subset D C H.

Proof. Consider an arbitrary finite subfamily C;, s € F, of the original family and let a €
{0,1}* be given. We define

c@= ()] ¢\ U c.

s€F:as=1 se€F:as=0

By assumption we have 0 € cl(int(C(a))). Since D is dense in H, the intersection int(C(a))N
D is dense in int(C(a)). Thus, we may choose a sequence (6,),en in int(C'(a)) N D such that
lim; o 0 = 0. =

Lemma 5.12 (Topological criterion for embedded fullshifts). Let (RY, H, L) be a CPS with
proper window W C H and suppose 0 € H. Assume that there exists a subset S C A (W + 6)
of positive asymptotic density such that W + 6 is locally topologically independent in S* = {s* |
s € S}. Then the fibre 3; ' ([0,0 — h].) contains an embedded fullshift for every h € H.

Proof. As W + 0 is locally topologically independent in S* and L* + (# — h) is dense in H
for all h € H, the preceding Lemma 5.11 gives that W + @ is locally independent in S* with
respect to L* + (§ — h) for all h € H. As W is proper, we can now apply Corollary 5.10 to
obtain that the fibre 8; (0,6 — h].) contains an embedded fullshift. O

Concluding this section we want to adapt the concepts above to the case of weak models
sets. Since we have int(W) = () in this case, we need to replace open sets by sets of positive
measure and invoke uniform distribution in order to prove analogous statements. As a result
we will obtain a criterion for embedded fullshifts for compact W C H with positive measure.
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We say a finite family of sets C;, s € F', of subsets of H is metrically independent if for all
a € {0,1}F we have

@H< ﬂ Cs \ U CS>>O.
s€eF:as;=1 seF:as=0

An infinite family of subsets of H is called metrically independent if the condition above holds
for each finite subfamily. Further, we say the window W is metrically independent in P C L*
if the family W — p, p € P, is locally metrically independent.

Lemma 5.13 (Metric criterion for embedded fullshifts). Let (RY, H, L) be a CPS with com-
pact window W C H and let § € H. Assume that there exists a subset S C A (W + 0) of
positive asymptotic density such that S* = {s* | s € S} is compact and W + 6 is metrically
independent in S*. Then Q( A (W + h)) contained an embedded fullshift for © y-almost every
h e H.

Proof. Let F be a finite subset of S and let a € {0,1}! be given. Consider the family
W + 60— s*, s € I, and define

W(a) = ﬂ W+0—s"\ U W+0—s"

s€EF:a,=1 s€F:a,=0
Since W + 6 is metrically independent in S* we have
Og(W(a)) > 0.
By Theorem 4.13 we thus obtain that the density of
A(W(a) — 6+ h)

is positive for almost every h € H. By excluding a set of measure zero, we therefore obtain
a set H(a) C H of full measure such that for every h € H(a) we have

(L* +6—h)NnW(a) # 0.

Intersecting over the countable family of all finite F C S and a € {0,1}! we obtain a set
‘H C H of full measure. Then for each i € H we have

(L*+0—h)NnW(a) #0

for arbitrary F C S and a € {0, 1}¥. Hence, W + 6 is locally independent in S* with respect
to L* + 6 — h for each h € H. Given this, Lemma 5.8 implies the assertion. O

5.3 Embedded Fullshifts and Unique Ergodicity

In this section we study how existence of embedded fullshifts of sufficiently high density
prevents unique ergodicity of the corresponding hull. Let (RY, H, L) be a CPS and W C H
be a compact window. Recall that, if the associated system (Q(A (W)),RY) is uniquely
ergodic, by Proposition 4.25, the density (compare Section 4.2)

1
vr = lim Leb(An)ﬂ( NA4,)

exists for every I' € Q( A (W)) and is independent of T" (as this is just the patch frequency
of the patch ({0}, r/2), where r is the minimal distance between points in I'). Based on this
basic observation we can now show that (Q(A (W)),RY) cannot be uniquely ergodic if it
contains an embedded fullshift with set of free points S and grid U such that vg is large
compared to vy .
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Proposition 5.14. Let (R, H, L) be a CPS with compact window W C H. Suppose that
QA (W)) contains an embedded fullshift with set of free points S and grid U such that

vg > —.
577

Then (Q(A(W)),RY) is not uniquely ergodic. This applies in particular if W is proper and
QA (W)) contains a fullshift embedded in a fibre with asymptotic density

O (W)
2u(L)

where p(L) denotes the measure of a fundamental domain of (RN x H)/L.

Vs >

Proof. Let (£, 5) be the embedded fullshift in question. Let I'y,I'; € E be given with
IynS=0andI'; NS =25.

Then we have

. . 1 .. 1 vy
R — < [ — < — —
hnn_1>1£f Leb(An)ﬂ(Fo NA4,) <liminf Leb(An)ﬁ((U \S)NA,) <vy —vs < 5
but at the same time
. 1 . 1 vy
msup Py A 0 ) 2 msup P s d(S N An) = vs > 5

This contradicts the existence of uniform patch frequencies discussed above and thus ex-
cludes unique ergodicity.

To show the statement for the case of a fullshift contained in a fibre, note that for an
embedded fullshift in a fibre the grid U is contained in A (W + h) — s for some h € H and
s € RY (compare Lemma 5.2). By Theorem 4.13(ii) we then have

1 O (W)
vy < —=<0yg(W+h) = .
V= N =
Now the statement follows from the considerations in the first part of the proof. O

5.4 Random Windows and Positive Entropy

In this section we will provide a probabilistic construction for a window which then yields
almost surely a Delone dynamical system with positive topological entropy. As seen in the
discussions of Section 5.1, the existence of an embedded fullshift is a sufficient condition for
positive entropy. Further, the existence of such a fullshift follows from a certain structure of
the window (for instance, from local topological independence). Using this dependence is a
main ingredient for the following construction as well as the constructions in the following
Sections 5.5 and 5.6.

In contrast to the discussions before we will focus on Euclidean CPS with Euclidean in-
ternal group H = R. Recalling the discussions in Section 4.2, we then can represent £ as
A(ZN+1), where A is an irregular matrix. In particular, u(£) = det(A) (compare Section
2.1).

For the construction, we assume C' C [0, 1] C R to be a Cantor set such that Leb(C) > 0.
Let (G )nen be a numbering of the bounded connected components in R\ C. We then define
forw € ¥ = {0,1}" the set

W(w)=CU U Gn.

neN:w, =1
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Let P be the Bernoulli measure on ¥ 1 with probability p € (0, 1), i.e. P is the product measure

on
H 122

neN
where p is the measure on {0, 1} which assigns the value p to {0} and 1 — p to {1}.

Lemma 5.15. For P-almost every w € ©.F, the window W (w) is proper.

Proof. First note that the complement of W (w) in R consists of a union of connected com-
ponents of R\ C' (exactly those G with w,, = 0 and the two unbounded components in the
complement of C). Since these are all open we obtain compactness of W (w). By definition
of W(w) we obtain

wwycocu ) aG,=cC.

neN:w, =1

Next, we are going to show that the reverse inclusion holds P-almost surely. Suppose x € C.
Since C is perfect, there exists a sequence of gaps (G, )ken such that

infG,, = inf g—xask— oo
9€Gn,,

By definition of the window, only intervals G,,, with w,, = 1 are included in W (w). Since
all random variables are independent, the Borel-Cantelli-Lemma (compare for instance
[Dur10]) implies

P {for infinitely many k the set G,,, is included in W (w)} =1
as well as
PP {for infinitely many & the set G,,, is not included in W(w)} = 1.

Thus, for P-almost every w there exist subsequences G, € W(w) and G,,, € R\ W(w)
7 J

such that

lim inf G,,, lim infG,,, = .

. - ’
Jj—o0 7 Jj—o0 k3

Hence, we have © € W (w) P-almost surely for every fixed « € C. Now let M C C
be a countable and dense subset of C. Then for any x € M the argument above shows
x € OW(w) P-almost surely. Hence, the countable set M is contained in W (w) P-almost
surely. Consequently, we also have

cl(M)=C C oW (w)
P-almost surely. Together with the other inclusion shown above, this yields
oW (w) =C
P-almost surely. Form this we obtain

int(W(w)) =Ww)\oWw) = |J Gn

neEN:iw, =1

P-almost surely. Using this equality and going again through the argument giving C' C
OW (w), we then find P-almost surely

C C 9(int(W(w))).
From this we then obtain
cl(int(W(w))) = int(W(w)) U d(int(W(w))) 2 int(W(w)) U C = W(w)

and hence

for P-almost every w € X. |
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In the next step we need to find a suitable § € R and a respective subset S C A (C +
0) of positive asymptotic density. In order to avoid some technicalities later, it turns out
convenient to work with

C=C\ <U G, U {infC,supC}) .
neN

Note that, since C'\ C is just the countable set of endpoints of intervals G,, together with

the two extremal points of C, we have Leb(C') = Leb(C).

As a direct consequence of Theorem 4.13 we obtain the following.

Lemma 5.16. For Leb-almost every 6 € R the sequence A (C + 6) has an asymptotic density
given by
_ Leb(C)
YA€+ T det(A)

It remains to show that the random window W (w) is IP-almost surely locally topologically
independent in the sequence A (C + 0)*.

Lemma 5.17. Let C be a Cantor set with positive measure and let W (w) be defined as above.
Choose 6 € R. Then for P-almost every w € ¥ the window W (w) + 6 is locally topologically
independent in L* N (C + 6).

Proof. Let F be an arbitrary finite subset of L* N (C + ). Let

= g iyl ol

Since any Cantor set is nowhere dense and perfect, for x € F there exist gaps I7 C (0,6,) of
C + 0 — x such that
() If #0.

zeF

By the choice of 61, we have I # I} if z # y € F. Further, if we let
d2 = min {1, min inf 11”“} ,
zeF
then by the same argument there exist pairwise different gaps I3 C (0,d2) of C' 4+ 6 — x such

that
(15 #0.

zeF

Proceeding inductively with this construction, in the (n + 1)-st step we define
A
Op+41 = min ¢ —, mininf I¥
n xzckF
and choose gaps I, | C (0,0,41) of C'+ 6 — x such that

() Ii #0.
x€eF

Now let (G, )nen be a labeling of all gaps of C' 4 0. Then by construction we have

I} =Gpe —x for some nj € N.
J

Moreover, the choice of the d,, and I;; C (0,6,) ensures that nf # nf,’ if (x,7) # (2/,7'). In

particular, this means that (wn@ is a two-parameter family of identically distributed

),
jeNxzeF
independent random variables. Therefore, we obtain that for any a € {0, 1}¥ the set

Q(a) = {w € X7 | Jinfinitely many j € N: wy: =1 <= a, = 1}
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has full measure P(2(a)) = 1. However, for all w € Q(a) we have that

gﬂ];g( N W(w)+9:p>\< U W(w)+9:p>.

xEF rxEF:a,=1 rEF:a,=0

Since the intervals I; are all open and lim;_, inf I; = 0, this shows the local topological
independence of W (w) in F. As this works for any finite subfamily F' of L* N (C + 6) and
there exist only countably many such subfamilies, we obtain local topological independence
of W(w) + 6 in L* N (C + ) for P-almost every w € X+, O

Now we may provide our main theorem regarding random windows which reads as
follows.

Theorem 5.18. Let (R, R, £) be a CPS with window W (w) constructed as above. Then there
exists a subset 5 C ©F of full P-measure such that the following holds.

(i) Forallw € Zf{ and h € R there exists a set =(w) C T of full measure such that the Delone
dynamical system (Q(A (W (w) + h)),RY) contains an embedded fullshift in 3, ' (¢) for
every £ € E(w).

(i) For all w € ¥¢ and h € R the Delone dynamical system (Q(A (W (w) + h)),RY) has
positive topological entropy

hiop(RY) Leb(C) log 2.

1
~ det(A)

(iii) Forevery w € Zf{ there exists a residual set H C R such that the Delone dynamical system
QA (W (w) + h)),RY) is minimal for every h € H.

(iv) For every w € ¥§ and every h € R the Delone dynamical system (Q( A (W (w) + h)), RY)
is not uniquely ergodic provided that C additionally satisfies Leb(C) > 1.

Proof. By Lemma 5.15 there exists as set 3] of full measure in %+ such that W (w) is proper
for every w € Xf. By Lemma 5.17 there exists a set ¥3 of full measure in * such that for
every w € %F the window W (w) + 6 is locally topologically independent in L* N (C + 6)
some f € R. By Fubini’s Theorem this statement for local topological independence holds
for Leb-almost every 6 € R. Then

SE=2fnxy

is a set of full measure in ¥ *. Now consider an arbitrary w € 37 .

(i). As due to Lemma 5.16 the set A (C' + ) has asymptotic density Ei?((g)) for almost
every 0 € R, we obtain that for almost every § € R the assumptions of Lemma 5.12 are
satisfied for W = W(w) + 6 and S = A(C + 0). Applying Lemma 5.12 we then obtain
a set Z'(w) C R of full measure such that for any § € =/'(w) and any h € R there exists
an embedded fullshift in the fibre 3; ' (¢) for £ = [0,6 — h] € T. Since the existence of
an embedded fullshift in a fibre is a property that is invariant under translation (compare
Lemma 5.1), we then obtain an embedded fullshift for all [t, 0 — b with (¢,0) € RN x Z'(w).
The projection of the latter set to T gives the required full measure set =(w) which satisfies
the assertion (i).

(ii). We note that the proven part (i) together with Lemma 5.7 directly yields

1
N
>
reop(RT) = det(A)

Leb(C)log 2.
On the other hand, by Lemma 4.41 we know that

ht0p (RN> <

1
det(4) Leb(C) log 2

which implies the assertion.
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(iii). This statement is a direct consequence of Lemma 4.11, Lemma 4.12(i) and Propo-
sition 4.25(i).

(iv). The preceding considerations give almost surely an embedded fullshift with set of
free points S satisfying

Vg = det(A) Leb(C).

Since C C [0, 1], the grid U must be contained in A ([0, 1] + h) — ¢ for some h,t € R. Thus,

1
< <
YOSV A (o,1]+h)—t = det(A)’

where the last inequality holds due to Theorem 4.13. This yields

vy
Vg > —
S

and Proposition 5.14 gives the desired statement. O
As an immediate consequence of Lemma 4.37 we obtain the following.

Corollary 5.19. Suppose the situation of Theorem 5.18. Whenever W (w) is proper, the dy-
namical system (A (W (w) + h)), RY) has the torus T as its maximal equicontinuous factor.

5.5 A deterministic construction for CPS with Positive En-
tropy

In contrast to the construction in the section before we now will provide a deterministic
construction of proper model sets with positive topological entropy. In the following section
we are going to extend this construction to the case of weak model sets. The starting point
of our construction will be the construction of an initial Cantor set Cj that is adapted to the
respective CPS. To that end, we need to introduce some further notation.

Consider the Euclidean CPS (R™ R, £). As already pointed out in Section 4.2, there

exists an irrational matrix A = (a;;);;"; € GL(N + 1,R) such that £ = A(ZN*!). Without

loss of generality we may assume thatayy1; € (0,1)forallj=1,...,Nand an+1,n+1 = 1.
In this case, given any v = (vy,...,vy) € Z", there exists a unique vy € Z such that

v N+1
lz = TR (A <UN+1)> = ]:Zl aN+1,jV5 € [0, 1) NL*.

By an+1,~n+1 = 1 we obtain in particular
N

l: = E AN+41,5V5 mod 1.
j=1

Given v € Z", let ||v|| = max_, |v;| and fix a numbering (v(n))nen of ZV such that |jv(n)]|
is non-decreasing in n.
Fort € Nlet Ny = Z¥ N A; and R, = [1,(2t +1)V] N Z. Then the definition of the
numbering implies
v(Ry) ={v(n) | n € R} = N-.
Lemma 5.20. There exists an increasing sequence (ny)ren C N and a sequence (i )ren € Rsg
such that the open intervals Ij, = (l;(nk) Loy 5k) satisfy

D INI, =0 forall j # k.
(i) <l (Upen Ir) = [0,1].
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(i) limg_ o0 757 > 1.

Proof. For simplicity, we work on the additive group R/Z and omit to write mod 1. Hence,
by slightly abusing notation we automatically interpret real numbers as elements of the
circle. In particular, we denote by d(x,0) the distance of x € R to the nearest integer. We
choose a strictly increasing sequence of integers (x(t)):en that satisfies

ﬂNQt < 1

(5.5.1) oo ST

teN

For v € ZN set .
My = 5 min {d (17,0) | w € Nyquyy N2V}
Now let
Tn = (B Uiy + oy ) 010, 11

We then define the set
B={neN|J,NJ; #0forj<n}.

We now want to estimate the cardinality of B N R,. To that end, note that if J,, N J; # () and
Jyn N J; # 0 for some n,n’ > j, then

and therefore ’U(?’L) - U(n/) ¢ NK(H”U)H)‘ Similarly, ’U(?’L) - U(j),v(n') - U(j) ¢ NK(HU(J')H)'
Covering NV; \ (NK(\\U(j)ll) + v(])) by at most

ﬁNQt
Nk (@D
translates of NV, (||,(;)|) for each j leads to the following rough estimate.
IN:
SBNR) <> #{ne{j+1,... ,tN} | J.nJ; # 0}
j=1
ﬁNt t
iNo; G20 Ny _ NG
< <=
ZW Hv(])ll) kz 258 = 2

Now let n; = 0 and define

N1 = min{n > ny | J, NJ,, =0 forall j < k}.

Then by defining £, = min {nv(nk), 1-— l;(nk)} and thus I}, = J,,, property (i) follows by
construction.

Assume, the union over all I;, would not be dense in [0, 1]. Then there exists some interval
(o, B) C [0, 1] which does not intersect any of the Ij,. Then any interval .J,, that is contained
in («, B) appears as some I, by the above construction, which leads to a contradiction. Note
that, by definition of Cut and Project Schemes, the image of v — [ is dense in [0, 1], so there
exists some n € N such that J,, C («, 8). Thus, (ii) holds.

Now let N' = {n;, | k € N}. Then we have

B'=N\WN CB.
Thus, we have
{N OB > 4R, — 8RO B) > P
By using
i PBN\Rey) BNV AN —0,

tﬂIgo ﬂRt t—o00 ﬁ/\/;t
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this yields that
lim BN N{1,...,m})

m—00 m

>

N =

Hence (iii) is proven. O
Since all intervals I, are pairwise disjoint and their union is dense in [0, 1], the set
Co = 10,1\ |J I
keN

is a Cantor set. Further, property (iii) of the lemma above implies that the Lebesgue-measure
of Cj is positive.

Lemma 5.21. Let C be a Cantor set in [0, 1] such that {0, 1} C C. Then there exists a sequence
of open sets O; C [0, 1] such that

(D For all j € N the set O; is a union of gaps of C.
(i) 00; =C forall j € N.
(iii) The family (O;);en is locally topologically independent in 0.

Proof. It is well-known that for any two Cantor sets C, C’ C [0, 1] with {0,1} C C' N’ there
exists an orientation-preserving homeomorphism of [0, 1] which maps C to C’. So without
loss of generality we may assume C' is the middle third Cantor set. Then we can write

C = {i 2a,37" : a € {0, 1}N} :

n=1

Denote by A = (J,,c5{0, 1}" the set of finite words with letters 0 and 1 and denote by |a| the
length of a word a € A. Then

|al lal

(5.5.2) Ga= | 20,37"+37"> 2a,37" +2-371

n=1 n=1

are exactly the gaps of C. We will construct the sets O; such that they all contain

o= |J G

a€A:|a|€4N

but no G, with |a| € 4N + 1. Since all points of C are approximated by gaps of both types
we always have 00; = C. Thus, properties (i) and (ii) hold.

Let a(™ = 0?"*+11 € {0,1}?"*2. Choose a countable partition (S;);en of N into infinite
sets. Further, let (A, N;);en be a numbering of all pairs of disjoint finite sets of integers.

Then let
vi= U s
neN:jeM,
and
0;=0u J G,o.
lev;

For any n € N the set S, is a subset of V; whenever j € M, and S, is disjoint from all V;
whenever j € N,,. Thus, the set
N o\ U o

JjEMy, JEN,

contains (J,cg G,w. Since S, is infinite, this shows the local topological independence
required in (iii). O
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Now let Cy = [0, 1] \ U,cn I+ as above and define a window W C R by
W = Co U | (I N cl(Oy, + inf(Ix))).
keN
Note that by construction we have inf([;) = I, .
Lemma 5.22. The window W constructed above is proper.

Proof. By Lemma 5.21 we have W = (. Hence,
int(W) = | J I N cl(O, + inf(I1)).
keN

On the other hand, a straightforward calculation yields

U I nel(Ok + inf (L)) = | J T n W.
keN keN

By definition of W we have cl (. It " W) = W. Thus, the assertion holds. O

Theorem 5.23. Let (RV,R, L) be a CPS with window W constructed as above. Choose S =
(ZU("k))keN’ where (ny)ren is chosen as in Lemma 5.20 and l,,(,,,.) is defined by (lv(nk), l:(nk)) €
L. Then the following holds.

() For all h € R the pair (2, S) with

== 0, (0,~hle)

is an embedded fullshift with grid U = A(W). In particular, the system (Q(A(W +
h)),RY) has positive topological entropy for all h € R.
(ii) For all h € R the system (Q(A (W + h)),RY) is not uniquely ergodic.

Proof. (i). By construction, the local topological independence of W in S* is equivalent
to the local topological independence of the sets (O )ren and thus follows from Lemma
5.21(iii). Hence, by Lemma 5.12 3; ([0, —h].) contains an embedded fullshift.

(iD). Let U’ = {l, | v € ZV} = A ([0, 1]). By applying Theorem 4.13 we then obtain

1
U Qet(A)
As U C U’ we have that )
< —.
U= et (A)

At the same time it follows from Lemma 5.20(iii) that

Hence, (ii) follows by Proposition 5.14. O

5.6 Weak Model Sets with Positive Entropy

As mentioned before, in this section we will modify the construction of the previous section
such that the resulting window has empty interior, but the corresponding dynamical hull
still provides positive topological entropy. Note that in this case we are not dealing with
Delone sets anymore.

Lemma 5.24. Let C' C [0, 1] be the middle third Cantor set. Then there exists a sequence of
sets O; C [0, 1] such that
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(D C C 00 forall j € N.
(i) int(O;) =0 forall j € N.
(iii) The family (O;);en is locally metrically independent in 0.

Proof. We can write

C= {Z 20,37 : a € {0, 1}N} .
n=1

As before, let A = | J,,.{0, 1}", denote by |a| the length of a € A and by G, the gap of C
corresponding to a. Let K C [0, 1] be another Cantor set such that {0,1} C K, Leb(K) > 0
and 0 € {z € R | Leb(B:(0) N K) > Oforalle > 0}. We will construct the sets O; such
that each set contains C' and, to ensure metric independence, we insert K into the gaps of
C. Thus, let again a(™) = 02"*!1 € {0,1}?"*2 and choose a countable partition (S;),cy of N
into infinite sets. Further, let (A, N;);en be a numbering of all pairs of disjoint finite sets
of integers. Then let
vi= U s

neN:jeM,
and

0;=CuU U G, N (K +inf G,0).
lev;

Then conditions (i) and (ii) follow directly by construction. Further, for any n € N the set
S, is a subset of V; whenever j € M,, and S, is disjoint from V; whenever j € N,,.

Since S, is infinite, for any ¢ > 0 there exists [ € S,, such that G,y C B.(0). Since
0€{zeR|Leb(B:(0)NK) > 0forall e > 0}, the set G,y N (K + inf G,)) has positive
measure. Thus, as

Gau) N (K + inf Ga(l)) g Ba(o) N ﬂ Oj \ U Oj
JEM, JEN,

(and hence G, N (K +inf Gog)) € Njenr, O5 \ Ujen, O;), the set on the right side has
positive measure. Since this holds for all ¢ > 0 and (M, N,,) was arbitrary, this shows the
metric independence of the family (O; ) en. O

Now let (ng)ren and the intervals I; be as in Lemma 5.20. As in the previous section
define

Co=10,1]\ | I
keEN
Then
W = CoU | (Zx N (O + inf I))
keN
is a compact subset of [0, 1] such that int(WW) = 0. Again, we have inf [, = [, , by con-

struction of the ;. Similar to Theorem 5.23 we obtain the following.

Theorem 5.25. Let (R, R, £) be a CPS with compact window W as defined above. Further,
choose S = (I, )ken as in Theorem 5.23. Then for Leb-almost all h € R the hull Q( A (W +h))
contains an embedded fullshift and the dynamical system (Q(A (W + h)),RY) has positive
topological entropy.

Proof. By construction, the metric independence of W in S* is equivalent to the metric
independence of the sets (O )xen and thus follows from Lemma 5.24(iii). Hence, by Lemma
5.13, Q(A (W + h)) contains an embedded fullshift for Leb-almost all i € R. O

Remark 5.26. (i) Since int(W) = () we have () € Q( A (W + h)). Thus, it is obvious that
the system cannot be uniquely ergodic.
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(ii) Similar as in Lemma 5.12 one may show that the obtained embedded fullshift = is
contained in A (W + h). In the case of proper model sets, this was used further to
conclude that = is contained in a certain fibre. However, for weak model sets there is
no analogous statement to that, since the torus parametrization does not exist in this
case.
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Chapter 6

Irregular Cut and Project Schemes
with Zero Entropy

In the previous chapter we discussed irregular Euclidean Cut and Project Schemes where
the corresponding hull has positive topological entropy. However, the implication

“irregularity” = "positive topological entropy“

does not hold in general. As mentioned in the Introduction, the authors of [BJL16] con-
structed an irregular CPS with integers as physical space and an odometer as internal space
such that the above implication does not hold. In this chapter we are going to construct
counterexamples in Euclidean space. Additionally, we provide a class of irregular windows
which yield uniquely ergodic dynamical hulls.

6.1 Criteria for Zero Entropy

Let G and H be locally compact abelian second-countable groups. Consider a CPS (G, H, £)
with proper window W C H and torus parametrization 3 : Q(A (W)) — T. In this section,
we provide two criteria in terms of the local structure of W which control the structure of
the fibres of 8 and their entropy. We would like to point out the following things:

e Although our examples later will be constructed in Euclidean space, we provide the
mentioned criteria in a more general setting.

e We note that all [g, h]. € T are translates of [0, h] . Hence, 8371 ([g, h]z) = $87([0, h] ).
Therefore, throughout this chapter, it will be sufficient to consider points [0, k], € T.

The first criterion for vanishing entropy will make use of the cardinality of the fibres of
B. We will require the window to satisfy a certain condition on ”self similarity“. This will
ensure that all fibres of 3 have finite cardinality, which directly implies that the fibres won’t
carry any entropy.

Recalling the discussions in Section 3.6 and Theorem 3.18 we immediately obtain
Lemma 6.1. Let (G, H, L) be a CPS with proper window W C H. Then the following holds.
(@) If$871(€) < oo for all € € T, then hi,, (U (W)),G) = 0.
(i) If G =R and #571(€) < oo for all € € T, then hiop (A (W)),G) = 0.

Remark 6.2. Note that the assumptions in this lemma are quite strong, since we require all
fibres to be finite. As seen in [MP79] or Corollary 4.36, for regular windows we only have
#371(¢) = 1 for Op-almost all ¢ € T. Thus, in case © 5 (0W) = 0 there may exist fibres with
infinite cardinality.
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Therefore, it is our first goal to control the number of elements in the fibres of 5. Thus,
let [0, h]z € T. As seen in Lemma 4.34, Delone sets contained in 371([0, h].) basically differ
from each other in points I € G whose conjugates [* are contained in W + h. Hence, we
have to distinguish two cases.

() IfOW + hn L* =0, then §871(]0, h]z) = 1. Hence, the fibre carries no entropy.

(i) If OW + h N L* # (), then the cardinality of {I* | I* € 8W + h N L*} may be finite or
not.

Lemma 6.1 ensures that the respective fibre carries no entropy in case of
I | I" e OW+hNL"} < oo
Hence, we only have to investigate the infinite case.

We say a point [0, k] € T is critical if #{l* | I* € OW + h N L*} = oo. For a given critical
point [0, h]. € T, we say that I, 15 € OW + h N L* are similar with respect to h if there exists
some ¢ > 0 such that

(B(I7) N (W + h)) =11 = (B:=(l3) N (W + h)) = I5.
It is easy to see that the following holds.

Corollary 6.3. Let h € H. Then
I ~p 15 < 17,15 are similar with respect to h
defines an equivalence relation on OW + h N L*.

If for every h € H there are only finitely many equivalence classes with respect to ~yp,
then we call W self similar.

The following lemma gives insight into the connection between self similar points with
respect to some h € H and the structure of Delone sets in the respective fibre. Roughly
spoken, points are contained in the same Delone set of 371([0, k] ) if their images under the
star map are similar with respect to h.

Lemma 6.4. Let [0, h]. € T. Suppose I ~y, 5. Then for each T € 3~1([0,h]z) we have l; € T
ifand only if I € T.

Proof. Fix h € H. LetT" € 371([0, h].) and suppose I; € T'. Due to Lemma 4.33 there exists
a sequence h; € L* such that

(] 11m‘7‘)00 h,j = h,
o | € A(W-f—hj) forall j € N.

This implies [T € W + h; for all j € N. Since I} ~}, I3, there exists some j, € N such that
I3 € W+ h; for all j > jo. Hence, Iy € limj_,oo A(W + h;) = T'. The other implication
follows by symmetry. O

An immediate consequence of this lemma is, that, for given [0, h]; € T, similar points
with respect to h are (not) contained in the same Delone set. Thus, if there are only finitely
many equivalence classes with respect to h, the corresponding fibre contains only finitely
elements, which implies vanishing entropy.

Proposition 6.5. Let (G, H, L) be a CPS with proper window W C H. If W is self similar, we

have hio, (A (W), G) = 0 forall € € T.
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Proof. Fix an arbitrary £ = [0, h]z € T. Without loss of generality we may assume ¢ to be
critical, otherwise the claim holds by our considerations above. By self similarity of W we
may decompose W + h N L* into finitely many equivalence classes E} (h), i.e.

K(h)
oW +hnL*= | E;(h).
;=1

This observation and Lemma 6.4 immediately yield that each fibre has to be finite, i.e.
1871 () < 2K,

Then, by Lemma 6.1, we obtain 5, (Q(A (W)),G) = 0. O

top

As a second criterion for vanishing entropy, we introduce a concept which still allows
fibres to contain infinitely many elements. However, in this case these elements will have a
certain geometrical structure which allows us to control the entropy in terms of the windows
structure.

We say a window W C H has locally disjoint complements if for all critical [0,h]; € T
and l7,15 € OW + h N L* there exists ¢ > 0 such that

((B(17) N (W +R)) = 17) N ((B=(l3) N (W + h)%) = 15) = 0.

As we will show in the following lemma, for given ¢ € T, all elements in 8~1(¢) will differ
in at most one point from each other.

Lemma 6.6. Suppose (G, H, L) is a CPS with proper window W C H such that W has locally
disjoint complements. Then for all critical ¢ = [0, h]. € T there exists some I';. € 371(£) such
that for all T € 371(&) we have

(D I Cry.
(ii) T, differs from I in at most one point.

Proof. Fix a critical £ = [0,h]z € T and let [ € OW + h N L*. By Lemma 4.33 and Lemma
4.34 there exists I'" € 37! (¢) such that [y ¢ I and a sequence h; € L* such that

o limy_,o0 B = I,
o IV =limj 00 A(W + 1),
oI5 € (W+h))forall j € N.

Now let I* € (OW + h N L*) \ {l}}. Since W has locally disjoint complements there exists
some ¢ > 0 such that

0€ (B(lg) N (W +h)°) =15 = 0¢ (B(I") N (W + h;-)c) -1
for large enough j. Hence, for sufficiently large j we have [* € W + h}. This implies
I €limj oo AW+ 1)) =T
As [* was arbitrary, the above yields the existence of a sequence (I',,)nen in 371(€) such

that
{l|1*€dW +hNL*}NB,(0) CT,.

Compactness of the fibres 371(€) then gives a convergent subsequence with limit ', which
verifies (i). Then (ii) follows immediately. O

Regarding the entropy, we obtain the following useful criterion.

Proposition 6.7. Let (G, H, L) be a CPS with proper window W C H. If W has locally disjoint
complements, we have hgop(Q(A(W)), G)=0forall¢ €T.
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Proof. Let £ =0, h]. € T be critical and (A, ),en @ van Hove sequence in G. By Lemma 6.6
there exists 'y € 371(¢) such that every other set I' € 371(¢) \ {I';} differs from I';. in one
point. We denote this point by {(T"). By K. we denote the closed ball in G centered around
the origin with radius -. For ¢ > 0 and n € N we define

S(G,e,n)={T € B71(¢
={lLep (¢

) | l(F) € Kl/s +An} U {F+}
) (L) € 051+ (A4,) U A} U (T}
Then we obtain

5_1(5) = U {F'Eﬂ_l(f) : Eeli)jd(s.F,yF/) <€},

res(G,e,n)
which implies that S(G, e,n) is an (e, n)-spanning set.

Letr = minl¢l/€p+ dg (l, l/)/2. Then

1S(G,e,n) < O¢ (05 (A,) UA,) .

_ 1
®G (K’l“ )
This yields

RE(QUA (W), G) < hfln_}solip @G(IA ] log (@G(IKT)GG@KUEM (Ap) U An))

1 1 1
<1 1 1 Kijetr(A 1 An)) .
< lim sup oo (i) og(@G(KT)> + Oc (AL (log©¢ (0 (An)) +log O (An))

n—00

Since A, is a van Hove sequence we obtain that
lim 1t log ©g(0F1/=+(A,,)) = 0.

This yields h4(Q(A(W)), G) = 0 and hence A

top

(QA(W)),G) = 0. O

Due to the special geometrical structure of the elements of the fibres, it is even possible
to get a statement regarding unique ergodicity.

Lemma 6.8. Let (G, H, L) be a CPS with proper window W C H. If W has locally disjoint
complements, the dynamical hull (Q( A (W)), Q) is uniquely ergodic.

Proof. Let (A, )nen be a tempered van Hove sequence in G (note that, by Lemma 2.12 and
Lemma 2.13, GG always admits such a sequence). Suppose there exist two invariant ergodic
measures p; and pg on Q(A(W)). Given f € C(Q(A(W))) and i € {1,2}, the pointwise
ergodic theorem 3.21 yields a subset Qf C Q(A(W)) of full pu;-measure such that for all
I € Qf we have

(6.1.1) / ) d® / dus.
= @G r = Jachom T

We want to show that (6.1.1) holds for all T ﬂ*(ﬂ(ﬂ{)). To that end, given gy € G and
€ > 0, consider the function

foo.e QA (W)) = R: T+ max {O, 1-— lmind(g,BE(go))} .
g gel

It is easy to see that f,, . is continuous. Furthermore, the set
F ={fg0e | 90 € G,e > 0}

contains the constant function equal to 1 and separates points. Due to the Stone-Weierstrass
Theorem, F is dense in C(Q(A(W))).
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Now, given f € F, Lemma 6.6 yields

(6.1.2) lim / f(I' —5) dOg(s) = lim / J(I'" = 5) dO¢(s)

n—00 @G n—00 @G

forallT € Qf and I" € B~(B(I')). Observe that (6.1.2) straightforwardly extends to all
f € F and hence to all f € cl(F) = C(Q(A(W))). This shows that (6.1.1) holds for all
I e B~H(B(Q)) with f € C(QA(W))).

Since 8 sends p1 and pe to the unique invariant measure O on T, we clearly have

B=LHBQ])) N B~H(B(2))) # 0. Hence,

fdpp = lim / f(T'—s)dOg / fdu
(A w)) P S @G () = (A w)) ?

forall ' € B~1(3(Q)) N B()). Since f € C(Q(A(W))) was chosen arbitrarily, we obtain
11 = peo. This finishes the proof. O

6.2 Construction of a self similar Boundary

Given a planar CPS, we will use methods of the theory of minimal rotations to construct
irregular proper windows W and V such that W is self similar and V' has locally disjoint
complements. To that end, we will construct a self similar and irredundant Cantor set with
positive measure which serves as the boundary of W and V, respectively. By filling the
gaps of C' in certain ways - one preserving the self similarity of C, while the other destroys
this property - we will obtain the desired windows (compare Chapter 5 for similar con-
structions). Before we start, we will discuss some basic observations regarding planar CPS
(compare also Remark 4.20).

We consider a planar CPS (R, R, £). By Lemma 4.18 there exists an irrational matrix

A= (‘z Z) € GL(2,R)

such that A(Z?) = £. Without loss of generality we may put d = 1. This leads to
L* =7mr(L) = {nc+m| (n,m) € Z*} = 7~ ({nc mod 1| n € Z}),

where 7 : R — S denotes the canonical projection (compare also Chapter 11 for further
discussion).

As pointed out in the previous section, the entropy of the Delone dynamical system
(A (W)),R) is related to the local structure of W + h at points in L* N W + h. Given
h e R, if W C [0, 1], then a point in L* N OW + h corresponds to some n € Z with nc — h
mod 1 € 9W. Thus, a self similar window W C [0, 1] for the CPS (R, R, £) can be understood
as a subset W C S such that for all orbits O(x) = x+ ¢Z there are finitely many nq,...,ny €
Z such that for all y = 2 + nc € OW N O(x) thereisi =1,..., N and ¢ > 0 with

(B:(y) N W) + (n; — n)c = Be(x + nic) NW.

Consistently with the terms introduced in Section 6.1 we will call such a subset of S self
similar.

For simplicity, throughout this section we will work on the additive group S and omit
writing mod 1. By d(z,0) we denote the distance of « € R to the nearest integer. Since we
later have to distinguish between ”left“ and "right“ on S, we fix an orientation on S.

Let ¢ € [0,1] \ Q. By R, we denote the rotation by c on S, i.e. R.(x) = x + ¢. Without
loss of generality we may assume |c| < 1. Let

q1 = min{l € N | d(R'(0),0) < ||}
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and define a sequence (¢, )nen Via
gui1 = min{l € N | d(RL(0),0) < d(Re" (0),0)}.

Further, let I,, be the closed interval on S with endpoints 0 and R?(0). Then its length is
given by |I,,| = d(R?(0),0).

Proposition 6.9 ([DMVS12, Swis8]). Suppose R, is an irrational rotation on S. Let
Pn={RL(In) |1 <j < gnir} U{RL(Tn41) [ 1 <5 < g},
where ¢, and I,, are defined as above. Then the following holds.
(D) S=Ujyep, J and int(J1) Nint(Jz2) = 0 for each Jy # Jo € Py

(i) For each J € P, and each m > n, there is Q j,, C Py, such that J = UKEQJ K

(iit) If J,J' € P, and J = RL(J') for some | € N, then Q;,, = R.(Qy ) = {RLK) | K €
Q' m} forall m > n.

Remark 6.10. (i) Note that (i) states that the elements of P, basically partition S (com-
pare also Remark 3.29) and (ii) yields that the partition of by elements of P,,;; is a
refinement of that given P,. Point (iii) is to be understood as a self similarity of the
respective partitions.

(i) For n = 1, we provide this rough geometrical interpretation of the above proposition:
The construction above yields two intervals I; and I, whose boundaries are contained
in O(0). Applying R. to I; transports its endpoints along O(0) such that the ¢, iterates
of I; cover S up to ¢; small gaps of length |I5|. Those gaps are filled by applying R. to
I>. Note also that, for arbitrary n € N, the intervals in P,, are nested around 0 and we
have 0 € 9] forall I € P,.

Before we construct the boundary C, we want to give a rough outline of the construc-
tions idea. We will construct C' as the limit of a nested sequence (C});cn of recursively
defined compact subsets of S. At each step [ of the construction, the set C; is obtained by
removing elements of P,, from C;_; (where (n;);cy is an appropriately chosen increasing
sequence) so that by Proposition 6.9(ii), C; is a union of intervals from P,,,. To establish the
self similarity of the limit set C, we treat the intervals which comprise C;_; equally. That is,
roughly speaking, if J1,.Jo € Pp,_, with J;,J; C C;_; are translated copies of each other,
say R} (J1) = Ja, then we keep J € Q, », in () if and only if R?(J) € Q, », is kept in C;.

Fix some € € (0,1). Let (5;);en be a sequence of positive numbers such that

i 361 <e
=1

and let (n;);en be a sequence of positive integers such that

|Im+1| l
|Inz+1| Bi

For technical reasons, without loss of generality we may assume n;+; > n; + 6 for all [ € N.
Note that this yields §Q,,,., > 8 foreach/ € Nand J € P,,.

We will recursively define a decreasing sequence of compact sets C; C S (i.e., C; € Cy_1)
whose limit will be a Cantor set C satisfying the self similarity condition. Now suppose we
have already constructed C; C C;_; C ...C; = S. Given a set C;, we call a connected
component J C Cf agap of level k, k € {2,...,1},if JNCf # 0 and J N Cy_; = 0. We say
an interval J € P, with J C C is k-accessible from the left/right if its left/right endpoint is
at the boundary of a gap of C; of level k. We would like to point out that we will construct
each C} in such a way that each J € P, is accessible from at most one side.

Put C; = S. Given C}, we obtain Cj; in the following way:
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(C1) If J € Py, is k-accessible from the left/right and [ — k is even, then remove from
C, the interior of the two left-most/right-most intervals and the interior of the right-
most/left-most interval of Q. ,.

(C2) For all remaining J € P,,, remove from C; the interior of the left-most and right-most
interval of Q. -

(C3) Remove all isolated points from C; which remain after applying (C1) and (C2).
Put C' = [,y Ci- As an immediate consequence of the construction we obtain

Corollary 6.11. We have O*(0) N C = (.

Lemma 6.12. The set C constructed above is a Cantor set with positive measure.

Proof. As (C));en is a decreasing sequence of non-empty and compact sets, it follows imme-
diately that C is non-empty and compact. By construction, C is perfect. Due to minimality
of R. and Corollary 6.11 the forward orbit O (0) = {R?(0) | n € N} is a dense subset of
C¢. Hence, C* has dense interior and thus C is nowhere dense. Finally, observe that

Leb(C) = lim Leb(C1) > 1~ > 3s>1-¢
=1

which concludes the proof. O

To ensure self similarity of C, we introduce the following relation. Basically, along a
common orbit, two points are related if the local structures (in terms of the elements of P,
in the [-th construction step) around those points are the same. Given z € S, n € Z and
I € N, we write z ~; R?(z) if

M @, R2(2) ¢ US, RE (I, U Ls1)
(ii) for fixed i € {0, 1} there exist jo,j1 € {1,...,qn,+1—:} such that

(@) z € int(RI°(I,,+:)) and R?(x) € int(RI (I, +1)),
(b) R¥°(I,,+;) and R} (I,, ;) are
e from the same side k- and k’-accessible, respectively, with k& — &k’ even
or

e are not accessible at all.

Recalling the proof of Lemma 6.12, we have O7(0) N C = (). Thus, for each z € C, we have
that x € R¥°(I,,+;) actually means that z € int(R% (I,,,+;)).

In particular, if points are in relation for some [ € N, then this relation will be pre-
served under succeeding construction steps (C1) - (C3), i.e. if we have © ~; R?(z), then
x ~j R(x) forall k > 1.

Lemma 6.13. Consider « € C. If x ~; R?(x) for some l € N and n € Z with R (z) € C,
then R} (z) € C.

Proof. Since x ~; R!'(x), there exist jo,j1 € N which satisfy conditions (i) and (ii) above.
Due to (i) and Proposition 6.9(i) we obtain j, + n = j;. Hence, the distance of R?(x) to
the left endpoint of R/ (I,,4+;) = R°*"(I,,+;) equals the distance of x the left endpoint
of R¥(I,,+i). Note that the same statement holds for the right endpoints. By Proposition
6.9(iii) we further have

; _r (0., .
QRJcl (Iny+i),mi+1 ¢ QRzo(Inl+i)7nl+l

Then, by definition of Cj1, we obtain R?(z) € Cj;+1 and = ~;41 R?(z). Induction on [ then
yields R (x) € C. O
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On the other hand, if points along one orbit are contained in the resulting Cantor set,
both points have to be in relation at some point during the construction of C.

Lemma 6.14. Assume x € C and y € O(z) N C. Then we have x ~; y for sufficiently large
leN.

Proof. Without loss of generality we may assume y = R_"™(z) for some n € N. By Propo-

C

sition 6.9(i) there exists some /o € N such that for all [ > Iy there is 4, € {0,1} such that
w € Ui Ri(In,44,). Together with Corollary 6.11 this yields

dn;+1—1;

zeint | () Ri(In4i)
j=2n+1

Hence,
dn+1—i;

y € int U Rg (Lny+ir)

j=n+1

This means, there are j, ji € {1,...,gn,+1-i, } With
1 ) .1
x € int (RZU(IHM)) and y € int (RZF (Imﬂl)) — in (Rﬁf"([nﬁ“)) .

Recalling the proof of Lemma 6.13, we see that z and y have the same distance to the
.l .l
endpoints of R (I,,,+,,) and R (I,,,+;,), respectively, and that

Q jll - :n Q j[l) .
Rt (Iny iy )smit1 R (Iny+iy)smit1

It remains to show (ii) (b) for sufficiently large | € N. To that end, fix some | > [y. Then we
have to consider the following cases.

.l .l
() R (I,,+:) and R (I,,1;, ) are accessible from different sides. By construction of Cjyq
and ﬂQRiO(Inl+i0),nl+1 > 6, we have that either
jz+1 gt . :
R (In, i +iy,)and Re' (In,,, +i,,) are accessible from the same side

or at least one of the two intervals is not accessible at all. Hence, we have reduced the
problem to one of the following cases.

.1 .
(i) RY(In,+4,) and Rf;i (In,+i,) are k- and k'-accessible from the same side and k — k' is
odd. We may assume without loss of generality that both intervals are accessible from

the right and that [ — & is even. If Ri;é+1 (Inysy+i,4,) is still accessible from the right,
then RZ:ZlH (I, +i,., ) is not accessible anymore, since Rﬁll (In,+i,) has been dealt with
according to (C2) while RZé(ImHZ) has been dealt with according to (C1). Hence, we
are in case (iv). If Rﬁ-éﬂ (I, +i,4, ) is not accessible from the right anymore, then the

Q41
same is true for R.' (I, 4, ,) and hence either both are | + 1-accessible from the
left or not accessible at all. In both cases we are done.

-l )
(iii) R (I,,44) is k-accessible from some side with 1 —_lk even, while R’ (I,,,1,) is not acces-
sible. Without loss of generality assume that R’ (I,,,) is accessible from the right.
41
If R (In,,+i,,) is accessible from the left or not accessible at all, the same holds
141 41
for R (In,,,+i,,) and we are done. If R (I,

A1
right, then R (I, ,+4,,,) is not accessible which leads to case (iv).

1414414, ) 18 still k-accessible from the
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(iv) RZ‘Z’ (In,+i,) is k-accessible from some side with | — k odd, while Rfﬁ (In,+i,) is not ac-
cessible. Without loss of generality, we assume that Rﬁ‘l’ (In,+4,) is accessible from the
right. Note that RZ‘L)H(IM t14i+,) is still k-accessible from the right if and only if
RE (1,

41
even we are done. In case R (I,

i41+4i1,1) is k'-accessible from the right as well with £’ =/ + 1. Since k' — k is

141444, ) is accessible from the left or not accessible

Q41
at all, the same holds true for R (In,,,+i,,)-

Thus, the proof is complete. O
Now we are ready to proof that C' is indeed self similar.

Proposition 6.15. Let x,y € C such that y = R}(z) for some n € Z. Then there exists ¢ > 0
such that
RZ(B:(z) N C) = Be(y) N C.

Proof. Due to Lemma 6.14 there exists [ € N such that « ~; y. Thus, there are ¢ € {0,1} and
j(),jl € {1, cey qnlJrl,i} such that

x € int(R¥(I,,1:)) C C; and R"(x) € int(R%*(I,,,+:)) C Ci.
Choose ¢ > 0 such that B.(x) C R/ (I,, ;). By the assumptions, we then also have B.(y) C
RJ(I,,+:). Suppose there exists some z € B.(z) N C. Then we obtain R?(z) € C; and

z ~; Rl(z). By Lemma 6.13, we then have R?(z) € C. But this means R} (B.(x) N C) C
B.(y) N C. By analogous arguments we obtain the opposite inclusion. O

6.3 Filling the Gaps of the self similar Boundary

Now we are going to construct the windows W and V' mentioned in the previous section.
Both windows will satisfy OW = 9V = C and will give rise to Delone dynamical systems
which are almost automorphic extension of (S, R.). Further, depending on the windows the
fibres of the corresponding factor map will have different properties:

e The fibres of 3 : Q(A(W)) — T will contain at most two elements (as we will see,
they will contain almost surely exactly two elements). This allows Q(_A (W)) to carry
two distinct ergodic measures.

e In contrast, the fibres of 3 : Q(A(V)) — T will have infinite cardinality, whereas
Q(A(V)) will be uniquely ergodic.

Remark 6.16. Regarding the second statement, it turns out that infinite fibres are a nec-
essary requirement for an irregular almost automorphic system to be mean equicontinuous
([FGL18]). We refer to [DG16] for a discussion of mean equicontinuity.

Similar to the constructions in Section 5.4 and 5.5, our goal is to fill the gaps of C in
such a way that the resulting set becomes a proper window. As a preparation, we first
take a closer look at the accessible points of C. To that end, let us provide the following
observation.

Proposition 6.17. For all | € N there are G, |, G}, | € Pn,,, such that for each J € Py, the
left-most interval (the interval second from left) of Qg n,,, is a translated copy of G} 41 ( G? 1)

A similar statement holds if we replace left by right.

Proof. We only consider the "left case”. Without loss of generality, we may assume that
I,,+2 is an interval to the right of zero (otherwise, we may proceed with n; + 3 instead of
n; +2). Now, recall that ¢,11 > ¢, + qna1 for each n € N (in fact, if a,, is the n-th coefficient
of the continued fraction expansion of ¢, then ¢,+1 = angn + qni1, [Kur03]). Given any
G € P,,, this yields that the left-most interval of Q¢ ,,+2 is a translated copy of I,,, ;5. Since
we assume n;41 > n; + 6, the statement follows by means of Proposition 6.9(iii). O
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Let (G,)nen be a labeling of the gaps of C' and denote by x,, € C the right endpoint
of G,,. We say that G,, is of level | if G, N Cf # () and G,, N Cf_; = 0. Assume G, is of
level I. Let y,, denote the isolated point in G,, which had to be removed in step (C3) of the
construction of C;. Let k denote the level of G,, and &’ the level of G,,; and assume without
loss of generality that k < &'.

Suppose k' — k is even, i.e. both gaps are of odd level or both gaps are of even level.

Then we have
k' —1

Tn — Tp/ = Yn — Yo/ + Z Q_q1i-k;],
I=k
where oy, = |G} | and a_1,; = |G}|+|G?| (recall, that every second step of the construction
of Cj,, we remove two intervals on either side of G,, N Cy. Hence, z,, — x, is an integer
multiple of ¢. This means, all right endpoints of the even-level gaps of C belong to one orbit
and all right endpoints of odd-level gaps belong to one orbit.
Now suppose k' — k is odd, i.e. one gap is of odd level and one gap is of even level. Then

we have
k-1

n — Tn' = Yn — yn’+zallkl+z lk/|G2

I=k'
Note that, by possibly going over to a subsequence, we may assume that 2%, 41 |G?| <
|G| for all integers k > 2. Hence, >7,°,(—1)"4|G} | # S0, (—1)4]G2 | for distinet subse-
quences (n;;) and (nl;) of (n;). Since there are clearly uncountably many subsequences but

only countable many integer multiples of ¢, we may assume without loss of generality that
S, (=1)|G?| (and thus also 3_;°,, (—1)!"*'|G2|) is not an integer multiple of c. Then =,
and z,, belong to different orbits of R..

Thus we have proven

Lemma 6.18. Let (G, )nen be a labeling of the gaps of C' and x., denote the right endpoints of
G,. Then there exist points x,y € S such that the following holds.

(D Ifnis even, then x,, € O(x).
(i) If nis odd, then z,, € O(y).
Further, O(z) N O(y) = 0.

A similar statement holds for the left endpoints, i.e. the left endpoints of even-level gaps
belong to one orbit and the left endpoints of odd-level gaps belong to a different one.

Observe that two gaps of C are of equal length if and only if they are of the same level.
This immediately shows

Lemma 6.19. The Cantor set C is irredundant.

Without loss of generality, we may assume in the following that G5, is of an even level
while G, is of an odd level for each n € N. Then define the window W by

W=Cu UG2n.

neN

Clearly, the boundary of W is given by the Cantor set C'. By Lemma 6.19, we obtain irredun-
dancy of W. Furthermore, we observe that between two gaps of level [ there always exists
a gap of level [ + 1. Thus, we obtain

Lemma 6.20. We have OW = C and W = cl(int(W)). Further, W is irredundant.

Lemma 6.21. Suppose we are given x,y € C with y = R (z) for some n € Z. Then there
exists ¢ > 0 such that
R (B-(z) N W) = Bu(y) N W.
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Proof. By Proposition 6.15 there exists ¢ > 0 such that R? (B.(x)NC) = B.(y) N C. In
particular, each left/right endpoint 2’ € B.(x) of a gap G,, which intersects B.(x) corre-
sponds to a left/right endpoint ¢/ = R (z') € B.(y) of a gap G, which intersects B.(y).
As J, and J,, have endpoints of one and the same orbit (compare Lemma 6.18), the above
discussion shows that, by definition of W, that G,, C W if and only if G,,, C W. Hence,
R?(Ba(x) nw) = Bs(y) nw. L

Recalling the discussion at the beginning of the previous section, this window W is self
similar in the sense of the definition of Section 6.1.

Next, we turn to the construction of the window V. Let (G}, ).cn be a labeling of the gaps
of C. Given a gap G,, and a level k > 2, let G(k,G,,) be a gap of level k¥ which minimizes
the distance to G,,. Set

V =8\ G(k,Gh).

E>2
By construction, V' contains exactly one gap of each level.

Lemma 6.22. The set V is proper; irredundant and we have 0V = C. Further, V has locally
disjoint complements.

Proof. By construction, the first three properties are satisfied. Let x, R?(z) € C for some
n € Z. By self similarity of C' (compare Proposition 6.15) there exists some ¢ > 0 such that
R (B:(x) N C) = B(RX(z)) N C.

Note that V¢ is a disjoint union of gaps which all belong to different levels. Thus we obtain
R} B:(z) N V)N B(RMz)) NV = 0.

Hence, V has locally disjoint complements. O

Concluding this section we want to point out an immediate consequence of the discus-
sions above and in Chapter 5.

Proposition 6.23. Let (R, R, £) be a planar CPS. Equip W = {W C R | W is a proper window}
with the Hausdorff metric. Then the map

W = R:W = hop (QUA(W)),R)
is neither upper nor lower semicontinuous.

Proof. Suppose C as well as the gaps G, are constructed as above. Let ¥* = {0,1}"V. By
P we denote the Bernoulli measure on ¥ (compare Section 5.4 for further discussion). By
Theorem 5.18, the window
Ww=cu [J Gn
neN:w, =1
yields a Delone dynamical system such that

htop (A (W (@))), R) > 0

for P-almost every w € X+,

Let Wy denote the self similar window constructed in this section (compare Lemmas
6.20 and 6.21). Given two sequences o,w € X1, we denote by z(n; o, w) € ¥T the sequence
which coincides with ¢ on the first n entries and with w on all of the remaining entries. Now
let w be chosen such that W (w) is proper (compare Lemma 5.15) and yields a dynamical
hull with positive topological entropy, while ¢ is chosen such that W (o) = W,. Then for
each n € N we have that

W(z(n;o,w)) and W (z(n;w, o))
are proper. Furthermore, we have
heop(UA (W (2(n; 0,w))), R) = hiop (UA (W (w))),R) > 0

as well as hiop (A (W (2(n;w,0)))),R) = 0. Thus, the statement holds. O
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6.4 Higher Dimensional Euclidean CPS and Topological En-
tropy

Our goal of this section is to provide a whole class of higher dimensional CPS with irregular
windows whose associated Delone dynamical systems have zero entropy. To that end, con-
sider an Euclidean CPS (R" R, £) with proper window W C R. To this given CPS we will
associate NV planar CPS, whose respective lattices may be constructed from the given lattice
L. We are going to show the following: if one of the planar CPS yields a dynamical hull with
vanishing entropy, then the dynamical hull corresponding to the given N-dimensional CPS
has also zero entropy.

As discussed in Lemma 4.18 and Remark 4.20 (see also Chapter 11), we may represent
the lattice as £ = A(ZNT!), where A = (a;;) € GL(N + 1,R) is an irrational matrix. Let
vi = (a1i,...,an;)T denote the first N entries of the columns of A and put ¢; = ayi1;-
Without loss of generality we may assume cy4+1 = 1 as well as W C [0, 1]. Additionally,
we assume without loss of generality that {c;,...,cny11} is a set of rationally independent
values. Then we have

N N
L*=nn41(L) = {chz +nyi1:n; € Z} =71 ({chZ mod 1:n; € Z}) ,

=1 =1

where 7 : R — S denotes the canonical projection and my4; : RV*! — R the canonical
projection to the internal space. Hence, L* is the lift of an orbit of a Z" -rotation on S with
N rationally independent rotation numbers ¢;. To each rotation number we may associate a
set LY = 7~ '({nc; mod 1| n € Z}).

Fori:=1,...,N put
A; = (au‘ ai,NJrl) .
C; 1

Observe that each A; is a regular matrix with rationally independent rows. Thus, £; =
A(Z?) is an irrational lattice in R?. In particular we have m(£;) = L}. In this way, we
associate N planar CPS (R, R, £;) with window W C R to a given CPS (RM R, L) with
exactly the same window W C R. We denote the corresponding Delone dynamical systems
by (UANi(W)), ¢i).

It is easy to see that the following equivalences hold foreachn € Zandi=1,..., N:

(6.4.1) ne; mod 1 € W < nv;—|nc; |uny+1 € A(W) <> naj;—|ne;a; yi1 € Ai(W).

Now fix some ¢ € R. Given a point p = nv; + ZfVZQ miv; + koyyr € AW +t), put
m, = (ma,...,my) € ZV¥~1. Note that nv; + Zf\; miv; +kvyy1 € A(W +1) is equivalent
toncy +keW +t— vaﬂ mjc;. For given m € ZVN~!, we define the pseudoline

N N
Gwyt(m) = Zmivﬂr{nvl + koyyr:n,k€Z,nci +keW +t — Zmicl} C A(W+t).
i=2 i=2

Pseudolines have the following properties:
(i) The set {Gwi¢(m) |m € ZN*1} partitions A (W +t).

(ii) Rationally independence of a1; and a1 n+1 ensure that the restriction of 71 to Gy 4 (m)
is injective for allm € ZV 1.

(iii) Forall p e A (W +t) we have

N N
(6.4.2) 771(Gw+t(mp) = Zmiali + Al (W +t— Zmlcl> € Q(Al(W + t))

i=2 i=2
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Now, for given m € Z~~! we define the line

N
1
= v+ R —vp — C RN,
g(m) ;m v; + <Cl (%1 UN+1) -
Notice that there exists C > 0 independent of ¢ such that for each Gy 1:(m) we have
Gw+t(m) C Bo(G(m)). Due to by regularity of A we have (évl — UN+1) ¢ span{va,...,UN}.
Therefore, we immediately obtain the following statement.

Lemma 6.24. Suppose (RV,R, L) is a CPS with proper window W C R. Then there exists
k > 0 such that for each t € R we have

1 {Gwii(m) |m € ZV 7', Gwe(m) N By (0) # 0} < k- Leb (Ba,'(0)) ,
where B, (0) C R denotes the d-dimensional M-ball centered at 0.
Now we may state the main result of this section.

Proposition 6.25. Let (R, R, £) be a CPS with proper window W C R. Furthermore, assume
that there exists i € {1, ..., N} such that hop(p;) = 0. Then we have hfop(go) =0forall¢ €.

Proof. Without loss of generality, we may assume that W C [0, 1] as well as hyop(¢1) = 0.
We equip R as well as RY with the Euclidean metric and consider the entropy of ¢; and ¢
by averaging over the van Hove sequence given by one-dimensional balls (B},(0)),, . and
N-dimensional balls (B/(0)) ¢y, respectively.

Fix some £ = [0,t], € TNV *L. Put

" i { inf  |lp—ql, inf | ||}
r = —min in p—ql, in p—q
2 ptae A (W) pae Ay (W)

and let e € (0,7). Given M € N, let S (e, M) denote an (e, M)-spanning set for Q( A (W))
with minimal cardinality. Put Pi(e, M) = #Si(e, M). Our goal is to construct an (e, M)
spanning set S (e, M) for 571 (¢) which satisfies

(6.4.3) 155(e, M) < Py(e, M)™P(Bat - 0))

To that end, we want to point out that Equation 4.4.1 together with our choice of ¢
imply that two Delone sets A, T € 371(¢) satisfy max,ep,, () d(A —5,I' — s) < ¢ if we have
ANBy,.(0) =T'NDBy,.(0) forall s € By (0). Since A (W +t) can be covered by pseudolines,
the above is the case if for all such s and p € By /.(s) N A (W + t) we have that

GW+t (mp) NAN Bl/e(s) = GW+t (mp) NN B1/5(8)-
Since the restriction of m; to pseudolines is injective, this is equivalent to
(644) 7T1(GW+t(mp) NAN Bl/a(s)) =T (GWth(mp) NN Bl/a(s))

Now, let I' € 8~1(¢). By Lemma 4.33 there is a sequence (¢;) ey C L* such that we have
I =limj0 A(W +t;). Letm € ZV~1. Observe that we have

T (Gwe(m) N 1) = m (Gw i (m) N lim, AW +15))

= ]]iglo T (GWJth (m) N A(W + tj))
which is an element of Q(A1(W)) due to 6.4.2. Hence, by definition of S (¢, M), there is
A € Si(e, M) with

max d(m (Gwie(m)NT) —s,A —s) <e.
s€B},(0)
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In particular, we have
(645) ™1 (Gw+t(m) NN BI\/[Jrl/E(O)) - A + 1)

for some § € R with |§| < e. Since ¢ < r, we have that for fixedm € ZV¥ ! and A € S;(e, M)
there is at most one such § for which 6.4.5 is satisfied for some I' € Q( A (W +t)). If 6.4.5
holds, we say T realizes the local configuration of A along Gy ++(m). We define a relation ~
on f1(€) by putting I' ~ A if I" and A realize the same local configuration along Gy 4+ (m,,),
where p € By ,.(s) N A (W +t). Itis easy to see that ~ is an equivalence relation on ().
Thus, we obtain
Matsey 0)d(A =5, T —s) <eif ' ~ A.

Finally, we set S¢(e, M) to be a set which contains one representative for each equiva-

lence class of ~. By our considerations above, this set is (¢, M)-spanning for 371(¢).

Note that there are at most P, (¢, M) possible configurations realized along each Gy 4+ (m,)N
Bhr41/:(0). Furthermore, according to Lemma 6.24, the number of pseudolines intersecting

Bir41/:(0) is bounded by « - Leb (Bﬁ;ll/g(o)). Hence, we obtain 6.4.3. Thus,

k- Leb (BN—1 (0))

13 <1 . M+1/e
fiop(p) < i limsup —— oy — log Pa(e, M)
lim Tim s 26 (1 N g Py (e, M)
= 11m 1imsup —= — 1
30 Moee /T \ Me Leb(B},(0))
25 . . log Py (e, M)
< —Iliml —= = 0.
= VT a0 aas Leb(B1,(0))
This finishes the proof. O

6.5 Invariant Measures, Dynamical Spectrum and Diffrac-
tion
Consider a CPS (G, H, L) with proper window W C H and associated torus parametrization

B (UAW)),¢) — (T,w). We call a measurable map v : T — Q(A(W)) an invariant
graph (for Q( A (W))) if v is a G-map and for all s € G and h € H holds

6(7([85 h]ﬁ)) = [Sa h]ﬁ
Given an invariant graph ~, we define the associated graph measure by setting
1y (4) = O1(771(4))

for all measurable A C (A (W)). Observe that, since Or is ergodic, the graph measure is
an ergodic measure on (Q(A (W)),G). Now let

Uy < LA (W), ) — L2(T, On) - f 5 f o,
Then, for all f,g € L2(Q(A(W)), uy), we have

<U'yfa U’yg>L2(’]1‘,®T) = /W U'yg dOr = /(T g) oy dOr
T T

= /Q(A(W)) f g d:u"Y = <f7 g>L2(Q(A(W))an).

Due to the definition of U, and ~ being an invariant graph, for all g € L?(T, Or) we have
U,(g o B) = g. Hence, U, is bijective and thus an isometric isomorphism.

Recalling the notions introduced in Section 3.5, for s € G and f € L(Q(A(W)), u,) we
have

T*(Uyf)() = forw=s() = flo-s(v(-)) = (T°f) o () = U (T f)(-).

Altogether, we have proven
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Proposition 6.26. Let (G,H, L) be a CPS with proper window W C H and v : T —
Q(A(W)) be an invariant graph with corresponding graph measure 1. Then the dynami-
cal hull (Q(A(W)), G, ) has pure point spectrum and all eigenfunctions are continuous.

Now suppose for almost every ¢ = [s, h]. € T the fibre 371(¢) contains a unique maximal
element I'y = I'; (§) or a unique minimal element I'_ = T"_ () with respect to set inclusion.
We set

ve 1T = QA(W)) : & = Te(§).

Proposition 6.27. Suppose almost every fibre contains an element I'y. (I'_) as above. Then
~v4 (y_) is an invariant graph.

Proof. As the proofs for v, and ~_ are similar, we omit the index + in the following. It is
easy to see that v is a G-map and satisfies G(y(£)) = ¢ for all £ € T. In order to see the
measurability of v, we define

F:T — KQAW))): € L),

where K(Q(A(W))) denotes the space of compact and non-empty subsets of Q(A (W))
equipped with the Hausdorff metric. Since 3 is continuous and Q(A (W)) is compact, the
map F is upper semicontinuous and hence measurable. Now Lusin’s Theorem yields the
existence of compact set K,, C T with
1
Op(K,)>1——
n
on which F is continuous. Hence, 7|k, is also continuous. Thus, 7 is measurable with
respect to the completion of the o-algebra of the Borel sets of T. O

Now we consider the windows W and V constructed in Section 6.3. By construction
of W, all critical fibres of 5 contain exactly two elements I'_ and I'; such that ' C T',.
Hence, by Proposition 6.27 above, the dynamical hull (Q(A (W)),R) allows for two invari-
ant graphs v+ mapping each ¢ € T to the maximal/minimal element of 371(¢&).

In case of V, by Lemma 6.6, (2(A(V)),R) allows for one invariant graph v mapping
each ¢ € T to the maximal element of 371(¢).

Moreover, taking into account that 8 : Q( A (W)) — T is almost everywhere 2-to-1, the
proof of Lemma 6.8 yields that the associated graph measures p., of (Q(A(W)),R) are
the only ergodic measures of (Q2(_A (W)),R). Together with Proposition 6.26 this proofs the
following statement.

Theorem 6.28. Let (R, R, £) be a planar CPS and W,V C R constructed as above. Then the
following holds.

(@) (Q(A(W)),R) equipped with any ergodic measure has pure point spectrum with all
eigenfunctions being continuous.

(i) (Q(A(V)),R) equipped with the unique invariant measure has pure point spectrum with
all eigenfunctions being continuous.

Concluding this chapter we want to point out a direct implication of this theorem con-
cerning the studies of diffraction measures associated to Delone dynamical systems. Since
we will not focus on this topic elsewhere in this thesis, we refer to [LS09], [LMS02], [Rob07]
or [BLRO7] for definitions and detailed discussions.

Corollary 6.29. Let (R,R, £) be a planar CPS and W,V C R constructed as above. Then the
following holds.

(i) Let p1 be an invariant measure on (Q(A(W)),R). Then p-almost every I' € Q( A (W))
has pure point diffraction spectrum.

(ii) Every I' € Q(A(V)) has pure point diffraction spectrum.

Proof. This is a direct consequence of [LMS02, Theorem 3.2, Theorem 4.1] and Theorem
6.28 above. O
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Chapter 7

Tame implies Regular

In the last chapter of this part we are going to prove that tame implies regular. First, we
discuss this for the case of model sets. Then we generalize the used methods to symbolic
system and finally to arbitrary minimal group actions.

7.1 Tame implies Regular for Model Sets

Based on Theorem 3.15 we provide a criterion for non-tameness for Cut and Project Schemes
analogous to Corollary 3.16. Let G be locally compact abelian second-countable group,
r > 0and  C U = U,(G) an invariant subset with respect to the canonical G-action on &
(compare Section 4.3). We say 2 admits an (infinite) independence set or (infinite) free set
S C G if there exists a uniformly discrete set A C G such that

(IS1) S C A.
(IS2) For any subset P C S there exists a I' € €2 such that

rns=~r.

Remark 7.1. In Section 5.1 we introduced the notion of embedded fullshifts. In fact, if
U contains an embedded fullshift (=,.5) then = admits an independence set S with A =
UrezI'- Then (IS1) follows by Lemma 5.1 and (IS2) is exactly property (FS3). However,
since independence sets do not satisfy (FS1), the existence of independence sets does not
yield the existence of embedded fullshifts.

Lemma 7.2. Let G be a locally compact abelian second-countable group and 2 C U a compact
and translation-invariant subset. If Q) admits an infinite free set, then (), G) is non-tame.

Proof. Since 2 admits an infinite free set S C G there exists some r-uniformly discrete set
A C G such that S C A. Put

Up=1{I' € Q|TNB,(0) =0}

and
U ={T € Q|T'ncl(B,/2(0)) # 0}.

By the assumptions, (Uy, U;) form an independence pair. O

Hence, by Remark 7.1, we obtain the following statements for the dynamical systems
constructed in Chapter 5.

Corollary 7.3. Let (RY R, L) be a CPS.

(i) Let W = W (w) C R be constructed as in Theorem 5.18. Then for P-almost all w € {0, 1}
and all h € R the dynamical hull (Q( A (W (w) + h)), RY) is non-tame.
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(ii)) Let W C R be constructed as in Theorem 5.23. Then for all h € R the dynamical hull
(QUAN (W) + h),RY) is non-tame.

Now we provide a criterion for the existence of infinite independence sets which trans-
lates the dynamical problem into a purely geometric question about the structure of the
window. Before we formulate this lemma, recall that

Gw = {he H |48 (g, h]c) = 1 forall g € G}
was defined in Section 4.4.

Lemma 7.4. Suppose (G, H, L) is CPS with locally compact abelian and second-countable
groups G and H. Let W C H be a proper irregular window, i.e. ©(0W) > 0. Suppose there
exists a relatively compact set S* C L* such that for each P* C S* we have

H(S*  P)= [ W=s)n [] (W=s)N(-Gw)#0.

s*€ P~ s*€S*\P*
Then the set S = {s € G | s* € S*} is free.
Proof. Let P C S and choose h € H(S*, P*). Since —h € Gy we obtain
A (W —h) € QA (W)).
Further, for any s € S, we have
sEPsheW-—s"es*cW-hese A(W-—h).

Therefore, A (W — h)N S = P. Note that if P* # (), then H(S*, P*) CW — P* C W — §*.
Hence, we may assume without loss of generality that the points /4 from above belong to the
compact set

V=c(W-5")u{ho} CH,

where hg is some point in (W° — 5*) N (—=Gw ). Clearly,
AW —-=h) T AW -V)=A

for h € V. Since W — V is itself compact, the set A is uniformly discrete. As P C S was
arbitrary, we obtain that S C A is a free set. O

For the next two statements we drop the restriction of H being abelian, since we will
need this generalization for the discussions in Section 7.3. In the following, we will write
the operation on H multiplicative. We denote the right Haar measure on H by ©7% and the
left Haar measure on H by © . It is well-known that the Haar measures of a locally compact
second-countable group are outer regular. Let C C H be a Borel set of positive measure. Set

o, (B.(C
770(5): Ié(r 6((;V )) —1.
7(0)
Then we have
lim 7 (¢) = 0.
Let ¥, = {0,1}" and put ¥, = |J,,cy Xn. As before, by |a| we denote the length of a
word a € ¥,. In the following, we assume the metric d = dy to be left-invariant.

Lemma 7.5. Let H be a locally compact and second-countable group. Suppose that C C H is
a Borel set with ©%,(C) > 0 and ({,)aex, is a collection of elements &, € H. Let (¢,,)nen be a
sequence of positive real numbers such that

en > sup d(0,&q).
a€X,



7.1. TAME IMPLIES REGULAR FOR MODEL SETS 77

For j e Nandn € NU {oo} let
6] = ZE[.
=3

Further, givenn € Nand a € %, let
n
Ya = H §a1,...,aj =&aar,as -+ Sar,ysan-
=1

Then we have
Cl ( N cw) >05(C)- [ 1= 2 'n°(6})
a€x, j=1
foralln € N.

Proof. We proceed by induction on n.
Base case n = 1. In this case we have ¥ = {0,1}, 70 = &, 71 = &1, 01 = &1 and

d(0,&51) < €1 as well as d(0,&;1) < e

Both Cy; ' and Cv; ! are sets of measure O, (C) which are contained in By (C). Note that
we have
0% (B (O)) = (1+1°(61)) - ©4/(C).
This yields
0L ((Cr ") N(C ) 2 O(C) - (1 —1(81)).
Inductive step n — n + 1. Suppose the statement holds for some n € N and all sets C C H

and all collections (£,)qcx, as well as all sequences (¢, )nen as above. Given a € X, let
& =&, and & = &1, and define ~/,, v accordingly. Then

N Cw'= <ﬂ Cvfﬁ) &' ( N CVZ{//l)

a€Xn41 a’'ex, a’’€X,

= —J

By the induction hypothesis, both I’¢;* and "¢, ! are contained in B sn1 (C) with measure
greater equal

04(C) - 1—223 Gy
Hence, we obtain that
O ((I'eg") N (I"€7) = ©5(C) - [ 1- 5767+ 22 27 (07
n+1
=0u(C) [ 1= 2 (™)
This completes the proof. O

Now we are going to prove the existence of an infinite set S* that satisfies the assump-
tions of Lemma 7.4. In preparation for the arguments needed in Section 7.3 we state the
following proposition in a more abstract form.

Proposition 7.6. Suppose that H is a locally compact second-countable group with left Haar
measure © . Moreover, suppose Vo, Vi C H are closed subsets such that
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(i) Vp and V; are proper,
(i) int(Vp) Nint(Vy) = 0,
(iii) ©x(Vo NnVy) > 0.

Assume that T C H is a dense subgroup and G C H is a residual set. Then there exists an
infinite set I C T such that for all a € {0,1}! there exists h € G with the property that

(7.1.1) th € int(V,,) fort € I.

The same result holds if H = S and (iii) is replaced by the assumption that Vo N'V; is a Cantor
set.

Proof. Let G = ), cy Gn, Where each G, is an open and dense subset of H. We will construct
a sequence (t,)nen Of points in 7" and a collection (U, ).cx, of compact subsets of H with
the following properties foralln € Nand a € ¥,,:

(1) U, C (t;'int(Vp)) NG, if a, = 0and U, C (¢, (int(V1))) N Gy, if ap, = 1;
(12) UaO ) Ual c Ua-

This will prove the statement: if we define I = {t,, | n € N}, then for any given a € {0,1}!
we let a(™ = (a1, ..., as,) and obtain from (I2) that (), U, is a nested intersection of
compact sets and therefore non-empty. By (I1), any h € [, oy U, has the property that
h € G and t,,h € int(V,, ) foralln € N, as required by Equation 7.1.1.

We are going to construct (t,)nen and (U,)qes, by induction on n = |a|. Let us first
specify some details. We will choose U, as closed balls of the form U, = cl(B;(ja|)(7a))
which we can ensure to be compact by choosing r(.) sufficiently small. We set £, = ~o,
& =1 and &0 = v, Va0, a1 = 75 Va1 for a € 3, and n > 1. By definition, we hence have

n
Ya = I I gal,...,ajy
j=1

which is consistent with the notation of Lemma 7.5. Further, we let C = V5 N V;. Observe
that if ©5(C) > 0, then ©7%,(C) > 0, since Oy is absolutely continuous with respect to ©7%;.
Now fix a sequence (&,,),en such that

o0

D 27O < 1,

j=1
where the 5;? are defined as in Lemma 7.5. We moreover include the condition

(I3) sup,es, d(0,&a) < en

in the inductive assumption. Note that this boils down to choosing ~,¢ and 7,1 €,11-close
to ~, in each step of the construction.

For the case H = S and C = V;; NV} being a Cantor set, the sequence (¢, ),eny and
condition (I3) will not be needed. Instead, we will use the assumption

(I3) foralla € ¥, we have U, C t,,},C

in this case.
Let us first consider the case that © 5 (C) > 0.
Base case n = 1. Choose t; € T and two open balls

Uy = cl(B,1)(&)) € int(Vo) Nt1(G1 N Be, (0))

and
Ui = cl(B,1)(£1)) € int(V1) Nt1(G1 N Be, (0)).

If we let Uy = t; 'U} and U; = t;'UJ, then (I1) and (I3) are satisfied for n = 1, and (I2) is
still void.
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Inductive step n — n + 1. Suppose now that ¢,...,¢, and U, fora € U;’Zl ¥, have been
chosen and satisfy (I1)-(I3). Then Lemma 7.5 yields

O ( N C%f) >05(0) [ 1= 2 (5®) | > 0.
j=1

a€¥y,

In particular, the set on the left is non-empty and we can choose i € (o5, Cg L. Clearly,
Vo € h71C for all a € ¥,,. Now, we choose t,,.1 € T close enough to h to guarantee that
t.+,C intersects Byi(ny1)2(7a) € U, for all a € X, where r'(n + 1) = min{e,1,7(n)}.

However, since points in C lie in the closure of the interior of both V) and V; this al-
lows to find some r(n + 1) > 0 as well as closed ball U,y = cl(B(n41)(7a0)) and Ua1 =
cl(By(n41)(Va1)) with midpoints 7,0 and 7,1 en41-close to v, for all @ € ¥,, such that (11)-
(I3) are satisfied for n + 1.

Finally, if H = S and C is a Cantor set, we can proceed in a similar way without invoking
Lemma 7.5. The crucial observation here is that if we choose some At,, ;1 sufficiently close
to zero, then the rotation by t,11 = At,+1t, will send one of the endpoints of each U,,
a € X,, into int(U,) (the left endpoints if At,; is locally to the right of zero and vice
versa). Hence, we arrive at the same situation as in the first case. O

The observations above now lead to the following theorem.

Theorem 7.7. Suppose that (G, H, L) is a CPS with locally compact abelian and second-
countable groups. If W C H is a proper window with © g (0W) > 0 or if H = S and W
is a Cantor set, then Q( A (W)) admits an infinite free set S C G.

Proof. First, consider the case Oy (0W) > 0. Put Vj = cl(W°), Vi = W, T = L* and
G = —Gw. Note that we then have ©x (Vo N V;) = ©x(OW) > 0. Then Proposition 7.6
yields an infinite set I C L* such that for all a € {0, 1}/ there exists some h € —Gy such
that

th € int(V,,), fort € 1.

This means, if a; = 1 for ¢ € I, there exists some h € —Gy, such that
h+I1ICVi=W.

By compactness of W this gives that [ is relatively compact. Now, with S* = I, the assump-
tions of Lemma 7.4 are fulfilled. This proves the theorem.
The proof works analogously if H =S and 0W is a Cantor set. O

7.2 Tame implies Regular for Symbolic Systems

Consider the subshift (X,7Z) and denote by 8 : ¥ — H the factor map onto its MEF. It
is well-known that (H,Z) is completely characterized by a transformation on H which we
denote by p, thatis, n- h = p™(h) for h € H and n € Z. The basis for the direct application
of the results from the last section to symbolic systems is provided by the following fact.

Proposition 7.8 ([BJL16]). An almost automorphic subshift (X, Z) is isomorphic to the system
(Q(AN(W)),Z) obtained from the CPS (Z, H, L) with lattice L = {(n, p"(ho)) | n € Z}, where

(i) ho € H has a unique preimage under the factor map 3;
(i) W =p([1]), where [1] ={¢ € X | & =1}
Moreover, the window W is proper.
Together with Theorem 7.7 and Corollary 3.16 we directly obtain

Theorem 7.9. If an almost automorphic subshift (3, Z) is irregular, then it admits an infinite
free set. In particular, it is non-tame. The same result holds if the MEF is an irrational circle
rotation and $([0]) N B([1]) is a Cantor set.

Remark 7.10. For the special case of Toeplitz flows this result has been established previ-
ously by Downarowicz ([Dow]).
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7.3 Tame implies Regular for Minimal Group Actions

Now we generalize the discussions in the previous sections to the case of arbitrary minimal
dynamical systems. Note that the following theorem provides an analogue to Theorem 7.7
for the case of general almost automorphic systems. However, this theorem does not imply
Theorem 7.7 as a corollary, since the existence of an infinite free set does not follow directly
from non-tameness.

Theorem 7.11. Let X be a compact topological space and G = (G, -) a topological group.
Suppose that (X, G) is almost automorphic. If (X, Q) is tame, then it is a regular extension of
its MEF.

Proof. Let us denote the maximal equicontinuous factor of (X,G) by (H,G). As (H,G) is
minimal and equicontinuous, Theorem 3.12 implies that (H, G) is a factor of (£(H), G) with
factor map

m:E(H) — H.

Further, we denote the unique G-invariant measure on H by y. Recall that 1 = O ¢y om ™!
and 7 is open (compare Remark 3.13).

Assume for a contradiction that 3 is not almost surely one-to-one with respect to the
measure y on H so that (X, G) is an irregular extension of (H, G). We aim to show the exis-
tence of an independence pair (Uy, Uy) for (X, G) which implies non-tameness by Theorem
3.15.

To that end, consider the space X(X) of compact subsets of X equipped with the Haus-
dorff metric dy. Consider the mapping

F:H = K(X): & 871,

Comparing the proof of Proposition 6.27, we infer that F' is measurable. By Lusin’s Theorem,
we may therefore choose a compact set K C H of positive measure such that F|x is con-
tinuous. Let Ky C K denote the topological support of the measure u|x (i.e., the essential
closure of K). Then u(Ky) = p(K) > 0. Hence, by irregularity, we can find some h € K
such that #3~!(hg) > 1. Moreover, we have that u(V N K) > 0 for every neighbourhood V
of ho.

Choose &y, & € 871 (ho) such that & # &,. Further, put e = 2&8) and U; = cI(B.(&;))
for i € {0,1}. We aim to show that (Up, U;) is an independence pair for (X, G), i.e. that
there is an infinite set / C G such that for any a € {0, 1}/ there exists some ¢ € X with

(7.3.1) t& e U, fortel.

Let Vo = B(Uy) and V; = (Uy). Since 8 is almost one-to-one, both sets are proper. Since
points with singleton fibres are dense, V and V; have disjoint interior.
Due to continuity of F on K, we can choose § > 0 such that for any h € B;s(ho) N K we
have
dy(F(h), F(ho)) <e.

This yields that the fibre F(h) = ~1(h) intersects both Uy and Ui, so that h € V, N V;.
Therefore, Bs(ho) N K C Vo NV, so that

1(Vo NV1) = p(Bs(ho) N K) > 0.

Set V& = n71(Vp) and V£ = n~1(V}). Since 7 is open, both sets are proper. Thus, the
assertions of Proposition 7.6 are met by V¢ C &(H) with G = 77 1(B(Xy)), where X,
denotes the set of injectivity points of 5. Since 7 is open, we obtain that G is residual.

Hence, we obtain a set I C G and for each a € {0,1} a point ' € G such that th’ €
int(V,£) for t € I and hence

(7.3.2) th € int(V,,) fort e I

for h = w(h’) € p(Xo). However, since h has a unique preimage under §, Equation 7.3.2
directly implies Equation 7.3.1 so that (Uy, U;) is an independence pair as claimed. O
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Chapter 8

Introduction to Dynamical Cut
and Project Schemes

In this final part, we aim to generalize the Cut and Project method. This first chapter is
dedicated to provide the necessary background for understanding the concept of dynamical
Cut and Project Schemes.

8.1 Cocycles

Let T = (T,-) and G = (G, +) be abelian groups. Let X be a compact topological space and
assume (X, T) is a topological dynamical system. A mapping

0:TxX—G:(t,x) = o)
satisfying
(CoEq) Pst(1) = @s(x) + @u(s - x)

forall s,t € T and = € X is called cocycle. We refer to (CoEq) as cocycle equation.

As a first example, consider the case T' = Z and G = R. According to previous discussions
in Section 3.1 we may express the Z-action via a transformation

H: X —X.

Then every mapping f : X — R induces a cocycle ¢ : Z x X — G via

S f(H(2) forn > 0
(8.1.1) (@) =
- Z::ln f(H(z)) otherwise.

In particular we have that ¢o(x) = 0. If no confusion arises, we will use the convention

S f() ==, f(.) in case of n < 0.

We may generalize the above to higher dimensional acting groups (compare also [Bj609]
and [Fra00]). Put T = Z" and suppose the corresponding action is given via a mapping
H : X — X satisfying

grnn) — H o...oH;}N

and the Hy, ..., Hy are commuting (compare the discussions in Section 6.4 for an example
of such a Z" -action given by N rationally independent rotations on the circle). Suppose we
have given N measurable functions

fiZX—>G,i:1,...,N
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which satisfy

fi(Hj(2)) + fi(@) = fi(z) + f;(Hi(2))
forallz € X and ¢,j € {1,...,N}. Put ., = f;, where e; denotes the i-th canonical basis
vector in Z~. We define recursively a sequence of functions via

Pntm(T) = pn(T) + om (H" (7)),

where n,m € Z" and x € X. Clearly, ¢ satisfies (CoEq) and is thus a cocycle.
Moreover, a straightforward calculation shows that ¢ may be represented as

N ’ni*l

(8.1.2) Gl (@) = D | D2 i (M 0 B oo HYY ()
i=1 \ j=0
(recall that we use the convention Z?;_Ol fl)=- Z;:ln f(.) in case of n; < 0).
We refer to o as induced cocycle and call the functions f1, ..., fy generators. Observe that

each cocycle ¢ : ZV x X — G is induced by the functions f; = ¢, : X = G,i=1,...,N.

8.2 Delone Cocycles and Dynamical Cut and Project Schemes

Let G = (G, +) be a locally compact abelian and second-countable group and let T = (T}, )
be a discrete subgroup of some metrizable group 7”. Throughout the next chapters we will
assume that 7" carries a proper metric (recall Lemma 2.2 and Remark 2.3). Let X be a
compact topological space and assume that 7" is acting minimally on X via

TxX—>X:(t,x)—t-x

and let ¢ : T x X — G be a cocycle. We call the tuple D = (X, T, G, ¢) a dynamical Cut and
Project Scheme (DCPS). Given a window W C X and a starting point xo € X, a DCPS gives
rise to a (dynamical) model set in G which is given by

AL (W) = {gi(wo) | t- w0 € W},

As in the case of classical CPS we will also refer to translates AfO(W) — g, g € G, as model
sets. Further, sometimes we refer to the group G as physical space. In case of G = RY we
refer to the DCPS as Euclidean.

The cocycle might be chosen arbitrarily (for instance, ps(z) = 0 forall s € T, x € X)

which might lead to undesired properties of Afo (W) (which would equal {0} in this case).
Thus, most of the remaining section is dedicated to discuss several additional properties of
cocycles and their effects on the corresponding dynamical model sets. Concluding this dis-
cussion we will provide examples of cocycles satisfying those properties.

We call ¢ : T' x X — G a Delone cocycle if it satisfies the following conditions:
(D1) there exists a constant ¢ > 0 such that for all z € X and s,¢ € T with s # t holds
da(ps(z), pi(x)) = ¢
(D2) for every x € X there exists some C' > 0 such that
or(x) N Be(g) # 0
forall g € G.
(D3) forall x € X and for all R > 0 there exists some p > 0 such that
dr(s,t) < R = da(ps(2), o:(2)) <p

forall s,t € T.
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The following observation points out why ¢ is referred to as Delone cocycle.

Proposition 8.1. Let D = (X, T, G, ) be a DCPS with proper window W C X and starting
point xo € X. Assume that ¢ is a Delone cocycle. Then

() AL (W) is uniformly discrete.
(i) A (W) is relatively dense.

In other words, A~

Zo

(W) is a Delone set.

Proof. (i) follows immediately from the cocycle property (D1). To show (ii) let g € G. By
(D2), there exists some ¢ € T such that ¢;(z¢) € Bc(g). Since T is acting minimally on X
and int(WW) # @, by Lemma 3.2 z; is an almost periodic point. This means that the set of
return times

N(zo,W)={ueT|u-z9€W}

is syndetic. Then we may find some R > 0 such that T = N(xo, W) - cl(Br(0)) (note
that cl(Br(0)) € T). Hence, there exists some s € N(xg, W) such that dr(s,t) < R.
Then, by (D3), there exists p > 0 such that dg(ps(x0), ¢:(z0)) < p. Thus, we obtain
da(ps(20), 9) < C + p. Since oy (40w (@0) = AfO(W), the set AfO(W) is relatively dense
in G with constant C + p. |

Remark 8.2. As seen in the previous proof, uniform discreteness of dynamical model sets
follows directly from property (D1). In contrast, relative denseness additionally depends on
W, but holds whenever int(W) # 0.

Next we want to point out a crucial connection between translations of model sets in G
and iterations of the associated starting points in X.

Lemma 8.3. Let D = (X, T, G, ¢) be a DCPS with window W C X and starting point xy € X.
Then

A tag (W) = Mgy (W) = (o)
forallt € T. In particular we obtain P(R, ¢i(z9)) = AZZD(W) N Br(0).

Proof. Lett € T. The cocycle equation (CoEq) yields

tag (W) = {s(t - 20) | s(t - 20) € W}

= {pts(z0) | st-x0 € W} — @1(20)

= AL (W) — @i(ao).

Hence, the first assumption holds. The second identity follows as an immediate conse-
quence. O

In the following we are going to introduce a few more properties for Delone cocycles.
We say a Delone cocycle ¢ satisfies the distance property if

(Dist) for all R > 0 there exists some p > 0 such that for all z € X and ¢ € T holds

dr(0,t) > p = dg(e(x),0) > R.

Remark 8.4. In literature, this property is also known as uniform growth of ¢ or ¢ being a
covering cocycle (compare [KMMS98], [FKMS93]).

Further, the Delone cocycle is said to be piecewise constant if

(PwCo) for all s € T the map ¢, (z) is piecewise constant for all z € X, thatis, foreach s € T
there exists a partition P(s) of X (compare Remark 3.29) such that

(PwCo1) fP(s) < oo,
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(PwCo02) tps(P) =1and ps(P) # 0 for all P € P(s) with s # 0.

Remark 8.5. (i) An immediate consequence of the cocycle equation is ¢g(x) = 0 for all
x € X. This is the reason we exclude the case s = 0 in (PwCo2).

(ii) Due to (PwCo2) and ¢s(z) = ¢i(x) + ws—t(t - ) we infer that ps(z) = ¢+(z) if and
only if s = ¢.

A Delone cocycle which satisfies both (Dist) and (PwCo) is called FLC cocycle.

Proposition 8.6. Let D = (X, T, G, ) be a DCPS with window W C X and starting point
xo € X. If ¢ is an FLC cocycle, then Afo (W) has FLC.

Proof. Fix R > 0 and put Bg = cl(Br(0)). Lett € T. By Lemma 8.3 we have P(R, p;(x¢)) =
AL, (W) N Bg. By uniform discreteness of Afﬂ (W) there exists some K € N such that

P(Ra ‘pt(‘TO)) = {9031 (t : ‘TO)) s Ps (7f : ‘TO)}

Thus, to each patch we may associate a set of corresponding times which we will denote by
I(P(R,¢t(x0))) = {s1,...,8K}. Due to (Dist) there exists p = p(R) > 0 such that

(0, pu(r)) < R == dr(0,u) <p

forall z € X and u € T. Since T is equipped with a proper metric, the set D(R) = {u € T |
dr(0,u) < p} is finite and we have

(8.2.1) I(P) C D(R) for all R-patches P € P(AL, (W)).

In particular each R-patch consists of a maximum of §D(R) points.
Now fix some R-patch P = AtT,ZO(W) N Bg and let p € P. Then p = (¢ - xg) for some

s € I(P). On the other hand, due to ¢ satisfying (PwCo1) and (PwCo2), there exists some
N(s) € N and values ¢;(s),...,cn(s)(s) € G such that p € {c1(s),...,cn)(s)}. Together
with finiteness of D(R) and (8.2.1) this implies that there occur just finitely many different
configurations of points of Afo (W) in a ball of radius R. Hence, ﬂ{AtT_zo (WYNBg |t -z €
W} < 0. O

In some cases it might become handy for an FLC cocycle ¢ to satisfy a few more proper-
ties. We say a cocycle ¢ is an aperiodic FLC cocycle if

(APwCo) it is an FLC cocycle such that

(APwCol) for all s € T\ {0} we have #P(s) > 2 and there exist at least two distinct set
P,Q € P(s) satisfying ¢, (P) # ¢.(Q) as well as o (P) # —¢s(Q),
(APwCo2) forall s,t € T'and z,y € X we have

ps(x) = pi(y) = s =t

Remark 8.7. (i) Recall that our definition of a partition immediately yields that int(P) #
() for all partition elements P (compare Remark 3.29).

(i) In [FKMS93], cocycles satisfying (Dist) as well as (APwCo2) are referred to as embed-
ding cocycles.

It turns out that aperiodic FLC cocycles might be used to describe aperiodic point sets.

Lemma 8.8. Let D = (X, T, G, ¢) be a DCPS with proper window W C X and starting point
xo € X. If ¢ is an aperiodic FLC cocycle with respect to W, then AfO(W) is aperiodic.

Proof. Let R > 0. Put Br = cl(Bg(0)) and A = Afo (W). Letg € Gsuchthat A—g=A.In
particular we have
P(R,g) = P(R,0).
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We maywrite P(R7 g) = {(ph (ZCQ)—g, sy Pty (ZCQ)—g} as well as P(Ra 0) = {(1081 (‘To)a sy Psy (l’o)},
where N = N(R) € N. Further, we label ¢;, s; € T such that we have ¢y, (x0) — g = ¢s, (20)-
Then the cocycle equation yields

(8.2.2) 9= @t,—s,(5i - 20)

forall i = 1,...,N. By (APwCo2) there exists some ¢ € T such that ¢; — s; = ¢ for all
i=1,...,N. By (APwCo1), we may find sets P, Q € P(c) such that

(8.2.3) @e(P) # Tc(Q).

Since (X, T) was supposed to be minimal, without loss of generality (otherwise we have to
increase R) we may find distinct indices 41,42 € {1,..., N} such that we have s;, -zo € int(P)
and s;, - ¢y € int(Q). Together with (8.2.3) this contradicts (8.2.2) except in case ¢ = 0.
Hence, g = 0. o

More generally, we say a Delone cocycle ¢ is piecewise continuous if
(PwCts) for all s € T there exists a partition P(s) of X such that

(PwCtsl) fP(s) < oo,
(PwCts2) fips(P) = oo and ps|p is continuous for all P € P(s).

Assuming a Delone cocycle ¢ satisfies (Dist) and (PwCts), the corresponding model set
Afo (W) has not to satisfy (FLC) anymore. For this reason, we will refer to such cocycles as
non-FLC cocycles.

Suppose T is even a lattice in G. We say the cocycle ¢ satisfies the uniform distortion
property if
(UDP) there exists an injective homomorphism H : T — G such thatforallz € X and s € T
holds
ws(x) = H(s) + 0x(s).

Here, 0, : T — G denotes a mapping with parameter x € X such that for each ¢ > 0 there
exists > 0 such that that for all s ¢ Bs(0) holds

(8.2.4) da(0,04(s)) < eda(0, s).

In case there exists a C' > 0 such that o,(s) € cl(B¢(0)) forall z € X and s € T, we say ¢
satisfies the strict uniform distortion property (or (SUDP) for short).

For reasons becoming clear in Section 9.2, we will refer to a cocycle satisfying (Dist),
(PwCo) and (UDP) (or (SUDP)) as (strict) UPF cocycle (or (strict) uniform patch frequency-
cocycle).

Concluding this chapter, we want to provide a simple class of examples for FLC cocycles.
To that end, consider a dynamical system (X, Z), where the Z-action is given via an home-
omorphism H : X — X. Let P = (Pi)jil be a finite partition of X. Now consider the step
function

K

(8.2.5) f:X%R:xHZanpj(x),
j=1

where the coefficients a; € R are chosen such that
® a; #0,

e sgn(a;) =sgn(aj ) forall 5,5/ € {1,...,K}.
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Following the discussions in Section 8.1, the map f is the generator of a cocycle ¢ :
7Z x X — R given as in (8.1.1). In the following, fix an arbitrary point =y € X.

First, we want to point out the following identity. Let n, m € Z. By the cocycle equation,
we obtain

©n(20) = ©m(20) = Pn—m(H™ (20)) = leajv

where [; = > "y p,(H'(H™(x0)) € Z. Observe that these coefficients satisfy

° ZjK:1 lj=n—m,
e sgn(ly) =...=sgn(lx) =sgn(n — m).

Now observe that we have ¢,11(x0) = pn(z0) + ¢1(H"(20)) for any n € Z. This means,
that in each iteration ¢ grows at least by the value » = minf(:1 la;|. However, since all a;
have the same sign, we immediately obtain that between any two values ¢, (z¢) and ¢, (xo)
is at least a distance r, i.e.,

K
| on(z0) = m(m0)| = > kja;| >r
j=1

for all distinct n, m € Z. Thus, ¢ satisfies (D1).

Regarding (D2), we notice that ¢.,,(z9) — 00 as n — co. By putting R = max/_, |a;],
we obtain that

¢z(r0) N Barte(p) # 0
for some ¢ > 0 and all p € R.

Let C > 0 such that |n — m| < C for n,m € Z. Without loss of generality we may assume
n > m. Again, put R = max/_, |a;|. Then we may calculate

|on(20) — @m(z0)] < Z Zlajl-\xPj(Hi(xo))\

< K-R<|n—m|-K-R<K-R-C.

Thus, ¢ satisfies (D3) and is hence a Delone cocycle.

Now we want to show that ¢ satisfies (Dist). To that end, let R > 0 be arbitrary and

define
_ R

- mingi‘(:l |aj|.

It is not hard to see that we have
K
[l - minfa;| < fon(2)]
for arbitrary « € X and n € Z. Hence, if |p,(z)| < R, then |n| < p. Thus, ¢ satisfies (Dist).

To show that ¢ is an FLC cocycle, we aim to proof that (PwCo) holds for ¢. To that end,
consider first the case n = 0. Put P(0) = {X}. Clearly, P(0) satisfies (PwCo1l) as well as
(PwCo2). Since ¢o(z) = 0 for all z € X, (PwCo2) holds.

In case of n = 1, we may put P(1) = P. By our assumptions on P, (PwCo1l) and (PwCo2)
holds. Now consider the case n = 2. Recall that

p2(z) = 1(z) + 1 (H(z)).
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Observe that
ZQJXP ZGJXH 1(P;)

which yields

Zag xp; (@) + aj - xu-1(p;) (@)

Since H is a homeomorphism, the collection H~*(P) = {H-1(Py),..., H 1 (Pg)} is also
a finite partition of X. Thus, it is not hard to see that p(z) = a; + a; if and only if
xr € P,N H Y(P;). Moreover, P(2) = {P,NH Y(P;) | i,j € {1,...,K}} is a partition of X
satisfying (PwCo1l) as well as (PwCo2). By proceeding successively and using

= g (Hi())
1=0

for each n € N we obtain a finite partition of sets

{ﬂH Piay) : 3(0) € {1,. K}}

of X such that fp, (P) = 1 for all P € P(n). Since the same construction works analogously
for negative n € Z, we obtain that ¢ indeed satisfies (PwCo). Hence, ¢ is an FLC cocycle.

To give an example for an aperiodic FLC cocycle, we will additionally assume that all a;
are rationally independent. In particular we have a; # a; for all ¢ # j and thus (APwCo1)
holds.

Let n,m € Z and x,y € X. Since all coefficients have the same sign, in the following it
is sufficient to focus on n,m € N. Then ¢, (z) = ¢ (y) yields

n—1 K m—1 K
E E ajxp,(H" E ajxp( )=0
i=0 j=1 =0 j=1

which is equivalent to

doai | Y xp(H(2) = Y xp(H () | =0.
j=1 i=0 j=0

Put k; = 30 xp, (Hi(z)) and [; = S " xp,(H'(y)), respectively. By rational indepen-
dence, we obtain k; = [; for each j € {1,..., K}. Since Zle k;j =n and Z;il l; =m, we
obtain n = m. This shows (APwCo02).

Finally, we aim to give an example for FLC cocycles satisfying UDP. To that end, we drop
the additional assumptions we made previously in the case of (APwCo). Instead, we assume
that (X, Z) carries a unique ergodic measure . Additionally, we claim that p(0P;) = 0 for
all Pj eP.

Then

L:Z—>R:n»—>n-/ fdup
b's

is a well-defined, linear and injective function. Now consider the map

Rw(n)an(w)—n-/deu-
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Clearly, ¢, () = L(n) + R, (n). By Lemma 3.28 we obtain

%(@n(w)W/deu)‘
%zf(Hi(x))— [ 7

for every z € X. Hence, R, (n) = o,(|n|) in the sense of (8.2.4). Thus, ¢ is a UPF cocycle.

In Section 9.3 we will discuss a condition for the dynamical system (X, Z) (namely, the
partition corresponding with f consists of bounded remainder sets) such that our cocycle ¢
satisfies SUDP (compare also Remark 9.15).

—0asn — o0

Altogether, we have proven

Lemma 8.9. Let (X,Z) be a dynamical system and let ¢ denote the cocycle induced by a step
function as given in (8.2.5). Then the following holds.

(i) The cocycle ¢ is an FLC cocycle.

(i) If (X,Z, u) is uniquely ergodic, the cocycle ¢ is an UPF cocycle. If the associated partition
of f consists of bounded remainder sets, then ¢ is a SUPF cocycle.

(iii) If the coefficients of the induced cocycle are rationally independent and W C X is chosen
such that its intersections with at least two partition elements is non-empty, then o is an
aperiodic FLC cocycle with respect to W.

Remark 8.10. (i) As seen in the previous construction, minimality of (X,Z) (or, more
general, minimality of (X, T)) is not required for a cocycle to satisfy the Delone prop-
erty. In the previous example, in case of a; # a; for all j # j’, we might obtain an
infinite dynamical model set Afo (W), as long as W N P # () for at least two different

P € P. However, in such a case Afo (W) might not be aperiodic anymore.

(ii) Based on the previous example, we might construct FLC cocycles Z"V x X — R" gen-
erated by step functions which assign vectors to partition elements instead of scalars
(compare Section 11.2). However, showing that such a cocycle is indeed an FLC cocy-
cle is in general more difficult then the previous example.

(iii) As long as every point = € X is generic, the method used above provides a decompo-
sition of ¢ into two functions such that (UDP) is satisfied.



Chapter 9

Geometric Properties

In the following, we will discuss several geometric aspects of dynamical Cut and Project
Schemes. First, we aim to discuss the influence of the chosen cocycle and window on geo-
metric properties of the associated dynamical model set. Afterwards, we discuss the inter-
play between properties of the underlying dynamical system and the corresponding model
sets in the setting of Euclidean dynamical Cut and Project Schemes.

Recall that, by our assumptions on the groups G and T, these groups admit a proper
metric, i.e., all balls with respect to this metric are relatively compact. Throughout this
chapter we will always assume that our groups are equipped with this metric.

9.1 Repetitivity

In this section we first want to reformulate Lemma 4.12(i) in terms of dynamical CPS. To
that end, we will discuss DCPS with FLC cocycles. Following this, we will consider DCPS
with non-FLC cocycles and state a lemma about almost repetitivity of non-FLC sets.

Before we discuss repetitivity let us introduce some notation. Consider a DCPS D =
(X,T,G, ¢) with window W C X and an arbitrary point z € X. We say x is generic with
respect to W if Or(x) NOW = (. If ¢ satisfies (PwCo) we say x is generic with respect to ¢ if
forall s € T holds z ¢ Upep s OP-

Lemma 9.1. Let D = (X, T, G, ) be a DCPS with proper window W C X. Then the following
holds:

(i) There exists x € X such that z is generic with respect to .

(i) If ¢ satisfies (PwCo) there exists x € X such that x is both generic with respect to W and
generic with respect to .

Proof. (i). Since T is countable and int(OW) = 0,
T-ow = Jt-ow
teT

cannot agree with X by Baire’s category theorem. Then any x € X \ (T'- 0W) is generic with
respect to W.
(ii). Observe that the sets 7' - W and

7= U)(’)P

teT PeP(t

are meagre. Hence, also the union 7 U (T - 9W) is meagre and cannot agree with X by
Baire’s category theorem. Then any x € X \ (7 U (T - 9W)) is generic with respect to W and
generic with respect to . O
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Proposition 9.2. Let D = (X, T, G, ¢) be a DCPS with FLC cocycle , proper window W C X
and starting point xg € X. If xq is generic with respect to W and generic with respect to ¢ then
AL (W) is repetitive.

Proof. Since ¢ is an FLC cocycle, Afo (W) has FLC by Proposition 8.6. Recalling the defini-
tion of repetitivity we have to show that the set

Rep(P) = {l € A, (W) | P(R,1) = P}

is relatively dense in G for all (P, R) € P(AfO(W)). Fix R > 0 and put Br = cl(Bgr(0)) C G.

Without loss of generality assume 0 € AfO(W). Fix P = P(R,0) = AfO(W) N Br. We aim
to show that
Repp(P)={teT |t -zg € W,P(R, ¢:(x)) = P}

is relatively dense in 7. In this case it follows by (D2) and (D3) that also Rep(P) is relatively
dense in G (compare also the methods used in the proof of Proposition 8.1). Put

I(P)={seT|ps(xg) € Ptand J(P) ={s €T | ps(xo) € Br \ P}.

Clearly, I(P) is a finite subset of 7. By (Dist), we also obtain finiteness of J(P). Let X, =
X \ OW and put

o Si={z€Xy|Vs€I(P):ps(x) =ps(x0)},

s(@
e So={reXy|VselI(P)UJ(P):s-zeW < s-zg€ W}
o Sy={reXo|Bs €T\ ((P)UJ(P)):¢s(x) € Br}.

Using Lemma 8.3, for [ = ¢;(z) € AL (W), we obtain
P(R,1) = {ps(t o) | st-xz0 € W,s(t - 20) € Br}.

We observe that ¢ - zp € S; NSy yields that P C P(R,¢:(z0)), whereas the additional
condition ¢ - zp € S3 ensures that P = P(R, ¢:(zo)). This shows that the inclusion

{teT |t -z9g € N(P)} C Repyp(P)

holds, where NV (P) = S; N Sy N Ss. Further, we note that zo € A'(P) and hence N (P) # 0.
To conclude the proof we aim to show the existence of an open subset of A/(P).

Given s € T put M(s) = {z € Xo | ps(z) = vs(x0)}. Then we obtain

Si= () M(s).

sel(P)

Since ¢ has (PwCo) and x( is generic with respect to , for each s € I(P) there exists an
open neighbourhood U,(xo) C M (s). Hence,

Due to finiteness of I(P) we have proven the existence of an open subset of S;.

Put

ﬂ s70 -int(W) and Wy = ﬂ sTLo(X\W).
sel(P) s€J(P)

Then we have S, = W; N Ws. Since both Wy and W5 are finite intersections of open sets,
the set Ss is open. }

Let K(P) = I(P)U J(P) and put R = maxcx(p) dg(0, ¢s(x0)). By (Dist), there exists
some p = p(R) > 0 such that for all z € X and s € T holds dg(ps(x),0) > R whenever
we have dr(s,0) > p. In particular, we have p > max,cx(py dr(0, 5). Due to genericity of ¢
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with respect to zy, for each s with dr (0, s) < p we may find some small open neighbourhood
Ul(xo) € X such that for all + € U[(xo) we have ¢ (x) = ¢s(x0) as well as p,(z) ¢ Bp
for all w € T'\ B,. Hence there existsnou € T'\ B, C T\ K(P) with ¢,(z) € Bpg for
all € (;.4,.(0,5)<p Us(@o). Since T is a discrete subgroup with a proper metric, the latter
intersection is finite and thus open.

Altogether, we have proven the existence of an open neighbourhood of zy contained in
N(P). By minimality of (X,T), theset {t € T | ¢t - o € N(P)} is syndetic. Hence, Rep(P)
is relatively dense in G. O

In case of non-FLC cocycles, we obtain a similar result for almost repetitivity (compare
Section 4.5).

Proposition 9.3. Let D = (X,T,G, ) be a DCPS with non-FLC cocycle ¢, proper window
W C X and starting point xy € X. If xq is generic with respect to W and generic with respect

to ¢, then AfU(W) is almost repetitive.

Proof. For given R > 0 put Bg = cl(Bgr(0)) € G. Observe that (D1) yields that for each

R > 0 the intersection Afo (W) N Bpg is finite. As already seen in the proof of Proposition
9.2 it is sufficient to show that

RepT:{t€T|t~z0€VV,dR(AT

t-xo

(W), Az, (W) < e}

is syndetic for all e > 0 and R > 0.
Fix some ¢ > 0 and R > 0. Following the notations of the FLC-case put P = AfO(W) N
Bpg. Then define index sets

o A (P)={se€T|ps(x0) € Bric},
o [(P)={seT|ps(x) € P},
. IE(P) = {S S AE(P) | (Ps(-rO) ¢ BR}'

We want to point out that the elements of I.(P) correspond to points which are included in
Bprye \ Br. In particular, we have ¢ (x¢) ¢ P whenever s € I.(P). Let Xy = X \ O0W and
put

o S1={z€Xo|Vse€I(P):dg(ps(x0), ps()) <e},

e Ss={reXy|Vs€A(P):s-2 €W & s-29g€ W},
o S3={r€Xo|Ps €T\ A(P): ps(x) € Brie},

o Sy={z € Xo|Vs € L(P): da(ps(z0), ps(x)) <e}.

The sets S1, S2 and S3 are similar to the sets defined in the proof of Proposition 9.2, whereby
they contain also points whose images under ¢ are contained in Bry.. As we will see
later, the latter set S4 will be used to describe points ¢s(z) € Bpr being e-close to points
(ps(xo) € BRrys \BR. Fmally, put

Now let ¢ € T such that ¢ - zp € N'(P). Since t - zy € S1, we have ¢ (zg) € B:(ps(t - zo)) for
all s € I(P). Together with ¢ - 2y € S2 we obtain

P= A, W)NBrC (A, W)= |J  Bep)

pe A, (W)

On the other hand, ¢ - xg € Sy implies ¢4 (t - 29) € Be(ps(x0)) for all s € I.(P). Due to
t-xo € S1 we obtain also ¢ (t-x¢) € Be(¢s(xo)) for all s € I(P) with ¢4(t - o) € Br. Then
t-xz9 € S2 N S; yields AZIO(W) N Br C (AfO(W))g. These observations imply ¢ € Rep
and hence the inclusion

{teT |t -zo e N(P)} C Repp
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holds. To conclude the proof we need to show the existence of an open subset of N (P)
containing .

Given s € I(P) put M(s) = {z € Xo | ¢s(z) € Be(ps(w0))}. Clearly,

Si= (] M@s)= () ¢ (Be(s(@o)))-

s€I(P) s€I(P)

Using (PwCts) and genericity with respect to ¢, we obtain the existence of an open subset
Us(zo) € M(s). Due to finiteness of /(P), the intersection (,c;p) Us(zo) is an open subset
of S; containing z,. Analogously, we prove the existence of an open neighbourhood of z
contained in Sj.
Let Il = {S S AE(P) | S-xo € W} and IQ = AE(P> \Il Then we obtain SQ = W1 n WQ,
where
ﬂ s -int(W) and W = ﬂ ST (XA\W).

sely s€ls

Since both W; and W, are finite intersections of open sets, the set S is also open.

Put R = max,c4, Py dc(0,ps(w0)). By (Dist), there exists some p = p(R) > 0 such
that for all z € X and s € T holds dg(ps(z),0) > R whenever we have dr(s,0) > p. In
particular, we have p > max,ca_(p) dr(0,s). Due to genericity of ¢ with respect to xg, for
each s with dr(0, s) < p we may find some small open neighbourhood U/ (xy) C X such that
for all x € U/(xo) we have dg(ps(x0), ps(x)) < € as well as g, () ¢ B forallu € T'\ B,,.
Hence there exists no u € T\ B, C T\ A:(P) with ¢, (z) € Bg forallz € [, 4, ¢ ¢)<, Us(20)-
Since T is a discrete subgroup with a proper metric, the latter intersection is finite and thus
open.

Altogether we have shown that N'(P) contains an open neighbourhood of xy. By mini-
mality of (X, T'), theset {t € T | t-zo € N(P)} is hence syndetic. Thus, Repy is relatively
dense in G. O

9.2 Uniform Patch Frequencies

The goal of this section is to find a sufficient condition for dynamical model sets to have
uniform patch frequencies, analogous to Lemma 4.12(ii). We start with the following lemma
which kind of generalizes Lemma 3.33. Note that we provide actually two variants of this
statement: the first variant holds in arbitrary locally compact abelian groups but requires
more restrictive cocycle properties. The second variant provides a similar statement along
balls in Euclidean space, but requires less assumptions on the cocycle.

Lemma 9.4. Let D = (X, T, G, ) be a DCPS.

(1) Assume T < G is a lattice. Additionally, suppose  is a strict UPF cocycle and (A, )nen is
a van Hove sequence in G. Then the following holds.

(i) The sequence
Fo(z) ={t €T | ps(z) € Ap}

is a van Hove sequence in T for all x € X.
(ii) There exists a constant k > 0 such that for all x € X we have

o OrFu)
n— o0 @G(An)

(2) Assume T = Z» and G = R". Suppose ¢ is a UPF cocycle and let B,, C R¥ denote the
closed balls of radius n centered at the origin. Then the followings holds.

(i’) The sequence
Fo(x) = {t € Z" | p4(x) € By}

is a van Hove sequence in Z" for all z € X.
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(ii’) For all x € X we have
L HE()
n—oo Leb(By,)
Proof. Throughout the proof fix x € X and put F,, = F,, ().

(). Clearly, (F,)nen is an increasing sequence of increasing and compact subsets of T'.
Since ¢ is a strict UPF cocycle, there exists an injective homomorphism H : T — G and a
C > 0 such that ¢ decomposes into ¢,(x) = H(s) + 0,(s), where o0,(s) € cl(B¢(0)) for all
xz € X and s € T. In the following put K = cl(B¢(0)). Observe that we have

=1

(921) F,={tcT|H{t)+o,(t)c A} C{teT|H({t)c A, +K}=H (A, +K).
Put C,, = cl (4, \ 0% A,). Similarly as above we obtain the inclusion
(9.2.2) H™'(C,) C F,.

Note that, by Lemma 2.11 and Lemma 3.33, both H~!(A4,, + K) as well as H~!(C,,) are van
Hove sequences.

Let L. C T be compact. Without loss of generality we assume that L is a symmetric
neighbourhood of 0 € T'. Observe that we have

O"F, = (F, + L)\ () g+ Fa
geL
as well as
H' | (Ng+Cu| S g+ Fn
geL geL

Together with (9.2.1) and (9.2.2) the above identities yield

Or(9"F,) _ Or (H'(A) +H'(K)+ L) Or (H* (ﬂgeLngCn))

23 5@ = or (H-1(C,)) or (H-1(C,))

In the following, we aim to show that the right side of the above equation tends to zero as
n tends to infinity. Before we start, we would like to point out that we have O (H~1(.)) =
Or(.NT), where I' = H(T). Due to injectivity of H, the set I is also a lattice in G.

Put K’ = H-Y(K) + L C T. Clearly, K’ is compact. Now the first term on the right side
of (9.2.3) reads as

Or(H~'(An) + K') _ Or((An + H(E)NT)  Og(An)

or(H-1(Cy) 0c(4,) “or(C,NT)’
By Lemma 2.11 and Theorem 3.31 we obtain
lim Or((A, + HIK"))NT) ~ fim <@p((An + H(K"))NT) O¢(4n + H(K’))> _ 1
n—00 @G(An) n—00 @G(An + H(K')) eg(An) /L(G/F) ’

where i denotes the unique G-invariant measure on G/T". Similarly, we calculate

lim _Oc(4n) = lim Oc(4n) | _O6(Cn)
n—oo Op(C,, NT)  n—oo \ Bg(C,) Or(C,NT)

) = (G

and hence we showed
lim Or(H 1 (A,) + K')

T O E G

Regarding the second term on the right side of (9.2.3), we have H ! (ﬂgeL g+ Cn) =

H=Y(C,)\0LYH=1(C,,). Recalling that H~1(C,,) is a van Hove sequence, this yields together
with Lemma 2.11 that

p OT (# (Nyerg+Cn)) o Or(HTH(Cy) \ 0P H N (C))

oo Or (H-1(Cp)) n—oo Or(H-YCy)) =t
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Hence,
. eT(aLFn) o
o)

(ii). We define the values

Or(H~! (Cn))
Or(H™1(45))

Or(H (A, + K))

fn = or(f-1(A,))

aswell as U,, =

Using the fact that (C,,),en is a van Hove sequence, we may calculate

; _Or(GnD)  6¢(4)  Oc(Cy)
" 06(Cn)  Or(A,NT) Og(4,)

A similar identity holds for U,,, and, by the Lattice Point Counting Theorem 3.31, we obtain

9.2.49) lim L, = lim U, = 1.
n—oo n—oo

Further the identity
@T(Fn) . @T(Fn) GF(An N F)

@G(An) B @F(An n F) @G(An)

holds. By the Lattice Point Counting Theorem 3.31 we now obtain

lim Or(A,NT) . 1

o O(A,) | plG/T)

According to (9.2.1) and (9.2.2) we have

Or(F,)

L,<——WW—
- @F(Anﬂl—‘)

S Un;

which, together with Equation (9.2.4), yields

lim GT(F") = 1
3% Og(A,) (G

(). Fix e > 0. Due to (UDP) we may decompose ¢ into an injective homomorphism
H : 7N — RY and a function o, (t) which satisfies ||o,(t)|| < ||t for large enough ||¢||. Now
assume that ¢;(x) € By and let ||¢|| be large. Then we may calculate ||H(t)|| < k + «]|t]|.
Since H is a homomorphism there exists a matrix A € RY*¥ such that H(t) = At. Then
we obtain ||¢|| - ((||At||/||It])) — ) < k and therefore ||t]| < &k/(]||A|]| — &). Thus, [Jo.(t)]] <
ek/(I|Alll —€). Put § = 6(H) = |||A]|| — €. Then we obtain H (t) € By ke/s = Bi(1+¢/s), i-€.,
Fy, € H™Y(By(1+¢/s))- On the other hand, we also have H ! (By1_c/s)) C Fi.

Similar to Equation (9.2.3) the above yields

801 Fy) < §(H ' (Br(iqess)) + L) 8 (H (Bra—ess)) \ O"H Y (Byi—c/s)))

8(F) —  #(H Y (Bra-c/s))) # (H=Y(Br(1—c/5)))

for some compact L C Z". Proceeding similar to (i) we obtain

lim ﬂ(H_l(Bk(Hs/zs)) + L) _ (1 + %)N
k—oo  f (H=Y(Byai—c/s))) 1-5

and

lim # (H ! (Br1—c/s)) \ OV H Y (Bi1—c/s)))
k=00 # (H=(Bi(1—-c/5)))

Since ¢ was chosen arbitrarily, we obtain

=1

§(0" Fy)

Koo B(F1) =0
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(i"). Observe that Leb(RY /ZN) = 1. For fixed ¢ > 0 and large enough k € N put

8 (H™" (Bra-e/9))) 8 (" (Bratess)))
§(H~1(By)) $(H-Y(Br))

L = aswell as U, =

Proceeding analogously to (ii), this leads to 1 — § < lim % <1+ %. Since ¢ was
chosen arbitrarily the claim follows. O

Remark 9.5. As seen in the proof above, the constant in (ii) does not depend on the choice
of the van Hove sequence (A,,),cn. Instead, it just depends on the lattice.

This lemma gives us the necessary tools to prove the main statement of this section.

Proposition 9.6. Let D = (X, T, G, ) be a DCPS with proper window W C X and starting
point xo € X. Suppose, the following additional claims are true:

(1) T is a lattice in G,

(i) X is metrizable and (X, T, u1) is uniquely ergodic,
(iii) ¢ is a strict UPF cocycle and each element of the corresponding partitions of X is regular.
Then the following holds: If W is regular; then Azo (W) has uniform patch frequencies.

Proof. During this proof, let Br = cl(Bgr(0)) C G denote the compact ball of radius R > 0
centered around the neutral element 0 of G. Furthermore, for given ¢t € T'and K C G we
introduce the notation

oy (K) = {z € X | pu(2) € K}

Since each UPF cocycle is an FLC cocycle, Proposition 8.6 yields finite local complexity
of AfO(W). Suppose (A,,)ren is a van Hove sequence in G. Fix some g € G. For each patch
P e P(AL (W)) define

Anlg, P) = {z e (AT (W)—g)nA, | P(R,I) = P} .

Since d¢ is G-invariant, we may assume without loss of generality that ¢ = 0. Now we have
to show that the limit

(9.2.5) L(P) = lim

1
L mﬁAn(g,P)

exists uniformly along (A4, )nen in g for all (P, R) € P(AfO(W)).

To that end, fix R > 0 and without loss of generality consider the patch P = P(R,0).
Put I(P) = {s € T | ps(xp) € P}. Due to (Dist) we may find some p = p(R) > 0 such that
we have I(P) C B,(0) C T'. For the sake of simplicity we may assume

I(P) = {s1,...,8Nn}

Assume [ = @y (7o) = @¢(w0) € An(g, P) for some n € N. According to Lemma 8.3, this
means that there exist s/, ..., sy € T such that

{(psl (:CO)a sy Psn (.170)} = {(Ps’l (t : 170), B (psg\, (ﬁ : .170)}
Note that this is equivalent to
3
t-xzg€eS= {xeX:ES'l,...,s’N:xe ﬂSi(s'l,...,sﬁv)},
i=1
where

o Si(sh,...,sy)={x e X |Vs; € I(P) : ps,(x0) = <ps/i(ac)},
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o So(sh,...,shy)={reX|Vi=1,...,N:xw(s; z) =1},
o S3(sh,....sh)={reX |BseT\{s|,...,s\}:ps(x) € Brand s-z € W}.
Note that we always have z;, € S. Now it is easy to see that we have
84, (9, P) =t{t € T | p1(w0) € Ap,t-20 € S,t- 30 € W}
= Z Xsow (t - 2o).

t:pi(x0)EAR

To apply Lemma 3.27 it is necessary to show u(9(S NW)) = 0. To that end, recall that
(X, T, 1) was supposed to be measure-preserving. Since we have

pOSNW)) < p(dSUIW) < p(dS) + p(OW)
as well as p(0W) = 0, it is sufficient to show p(9S) = 0. Thus, we are going to show

1(0Si(sh, ..., sy)) =0

for arbitrary but fixed s/, ..., sy € T. For the sake of simplicity, in the following we will use
the notation S; = S;(s},...,sy)-
Clearly,

S1= [ {zeX|ps(20)= ¢y ()}

SiGI(P)

and hence

1(0S1) < p ( U ofz e X | ps(0) = 0ur (x)})

s;€1(P)
< Y w(0f{reX | ps(x0) =0 (x)}).

SiGI(P)

Observe that we have {z € X | 5, (v0) = ¢s (2)} = (p;l(@si (x0)). Since ¢ has (PwCo), this
preimage equals an element of P(s}), for which, by deﬁnition, the measure of the boundary
vanishes. Hence, 11(951) = 0.

A similar estimate as in the first case shows

N
u0Sa) <> p(d{w € X | xwl(s-w) = 1}).
i=1
Then, due to

{reX|xwsh-2)=1}={zecX|zc(s) - W}=(s)""- W,

we obtain
u(0fz € X | xw(si-x) =1}) = u@((s;) "' - W)) = p(dW) = 0.
Put I’ = {s},..., s }. Then we have
Ss= [ {0 €X | o) ¢ Br} o € X | xw(s-z) = 0}.
sET\I'
Hence,

w0Ss) < Y po{w € X | ps(x) ¢ Br}) + n(0fz € X | xw(s-z) =0}).
sET\I'
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Fix some so € T\ I'. For the first term of the above sum we may calculate

w({z € X | ¢s(2) ¢ Br}) = 1 (0(v5, (Br))®) = n(0(v3, (Br)))
= w(0{zx € X [ s (7) € Br}).

However, since we consider a fixed time sy and the cocycle has (PwCo), we obtain

K
a{x eX | cpso(x) S BR} g U an(SO),
j=1

where K = {fP(so) € Nand P;(so) € P(so). Since all elements of P(s¢) are regular, we have
also p(0{zr € X | ps,(2) € BR} = 0. On the other hand, we compute

(@t € X [xw(so- )} = (9 (s5" - W)°) = u(@W) =0,
Hence, we obtain ;(9S3) = 0 and therefore we have shown that
pENW)) =

Now let F,, = F,, (o) = {t € T | ¢1(x0) € A, }. We write Equation (9.2.5) as

2.6 L(P)= 1 t
(9.2.6) (P) mommy 90 tEZF Xsnw (t - xo).

Note that, since ¢ is a strict UPF cocycle, (F},)nen is a van Hove sequence in 7' due to Lemma
9.4. We may reformulate (9.2.6) as

. © Fn
L(P)= lim r( Z xsnw (t - o).
teF

Now Lemma 9.4(ii) yields the existence of some x > 0 (which only depends on the lattice
T) such that lim,,_, o O7(F,)/O¢(A,) = k. Recalling that u(9(S N W)) = 0, Lemma 3.27
then yields

L(P) = k- (S N W),
where the convergence is uniform in ¢ = ¢(I). Hence, Afo (W) has uniform patch frequen-

cies. O

Remark 9.7. As already mentioned in Remark 9.5, the constant in Lemma 9.4(ii) does not
depend on the choice of the concrete van Hove sequence. Likewise, the limit in Equation

9.2.6 is independent of the choice of the van Hove sequence as well. Hence, if AfU(W) has
UPF, it has UPF along every van Hove sequence in G. Moreover, the limit is independent of
the choice of the sequence.

As an immediate consequence of Lemma 9.4 and the previous proof we obtain

Corollary 9.8. Let D = (X,Z" ,R¥ ) be a DCPS with proper window W C X and starting
point xo € X. Suppose, the following additional claims are true:

(1) T is a lattice in G,
(ii) X is metrizable and (X, T, uu) is uniquely ergodic,
(iii) ¢ is a UPF cocycle and each element of the corresponding partitions of X is regular;

Then the following holds: If W is regular; then AfU(W) has uniform patch frequencies along
(cl(Bn(0)))nen.
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9.3 Bounded Remainder Sets and the Meyer Property

We consider a DCPS D = (X, ZN ,R", ¢) with proper window W C X and starting point
zo € X. In this section, we want to point out a crucial connection between the dynamical
system (X, Z") and the local structure of the corresponding model set. It turns out that we
have the following interplay: the more restrictive the dynamics on X are, the more restric-
tive the local structure of the model set is (and vice versa).

In this section, we will consider the following setup. Let (X, ZV) be a minimal dynamical
system. As discussed in Section 3.3, we might represent the Z" -action as
(9.3.1) H:ZN x X = X :x s HOoomw) (),

We assume that we have H(™m~) = [ o ... o HyN and that the actions commute.
Further, we introduce N functions

K;
. N i
(932) sz_>R tzla]XXj(‘r)a
=
where each family of sets X’ = {X} | j = 1,..., K} is a partition of X and the coefficients
are chosen such that o} € RY; as well as a} # 0 for all 7,5 € {1,..., N}. Additionally, we

assume that
filH; () + fi(x) = fi(z) + f;(Hi(x))
forallz € X and¢,5 € {1,...,N}.
According to our examples in Section 8.1, we might construct a cocycle

0:ZN x X - RN

which is generated by the N functions f1,..., fy. Recall that the explicit form of ¢ is given
in Equation (8.1.2).

We want to focus on the question which additional assumptions on (X, Z") and the coef-
ficients a§- are required such that a dynamical model set arising from the DCPS (X, ZY ,R¥ | )
satisfies certain geometrical properties like the Meyer property.

As a first approach to deal with this question we restrict the coefficients ) to consist of
rational numbers instead of real numbers. Then we obtain the following

Lemma 9.9. Let D = (X,Z",R", ) be a DCPS with proper window W C X and starting
point xg € X. Foreachi € {1,...,N}let X = (X;)f;l be a partition of X. Let  be defined as
in (8.1.2), where the generating functions have the form of (9.3.2) with coefficients aé- e QY
such that o’ # faz-i foralli,i' j,j’ €{1,...,N}.
N
Then Afo (W) is a Meyer set.

Proof. Put A = AZ: (W). Since ¢ is an FLC cocycle and W is proper, Proposition 8.6 yields
that A is itself a Delone set with FLC.
Let p € A. Then there existsn = (ny,...,ny) € ZY such that

nifl K

p=nlwo) =Y | D D abxx: (HF o Hi{{' 0.0 HYN (0))
=1

i=1 \ k=0 \j=

N Ki
_ i i
=2 | 2k
i=1 \j=1

for integers k! € Z. With the last identity it is not hard to see that

K;
A= A= (A=) =D (D Kl | 1k ez

i=1 \j=1



9.3. BOUNDED REMAINDER SETS AND THE MEYER PROPERTY 101

Now we supposed that all vectors aj» consist of rational numbers. Hence, we obtain
0 ¢ cl((A — A = (A= A))\{0}).
This immediately yields that A is a Meyer set. O

In the above lemma, the assumption of rational coefficients was crucial. The last step
of the above proof won’t work anymore if the coefficients consist of rationally independent
numbers.

However, it is also possible to obtain Meyer sets in such a case. Indeed, as we will see in
Section 11.2, this is in particular the case for dynamical CPS arising from classical CPS.

Before we discuss the case of arbitrary coefficients, we are going to introduce some new
notation. First, we will discuss the case 7' = Z and G = R, later we will generalize this to
arbitrary dimensions of the acting group and the physical space. As usual we will represent
the Z-action on a compact topological space X via an homeomorphism H : X — X and
write also (X, H) instead of (X,Z). Further, we assume that (X,Z) carries exactly one
ergodic measure denoted by .

Consider a subset B C X. We say B is a bounded remainder set (with respect to xo € X)
if there exists a constant C' > 0 such that for all n € N and z € Oz(z) holds

n—1
(9.3.3) > xs(H'(z)) — nu(B)| < C,
i=0
as well as
-1
> xp(H'(x)) = [n|u(B)| < C,
for alln € —N.

Let ¥ = {X, | j=1,..., K} denote a finite partition of X. We say X consists of bounded
remainder sets (with respect to o € X) if each X; € X is a bounded remainder set (with
respect to xp € X). If no confusion arises we will omit to mention the dependence on .

Remark 9.10. Given a finite partition (X;)}<, which consists of bounded remainder sets,
it is easy to see that the constant C' > 0 can be chosen such that (9.3.3) is satisfied for all
j=1,..., K with respect to this constant.

In the following, we want to discuss examples of systems admitting bounded remainder
sets. To that end, we consider the special case X =S = R/mZ, m € N. Suppose there is a
Z-action on S given by

H:S—»S:z2—~xz+a modS

with o € R\ Q. As discussed in Section 3.3, (S, H) is a minimal dynamical system carry-
ing a unique ergodic measure given by the Lebesgue measure Leb on S. Furthermore, let
X ={[0,1—-«),[1 —a,1)} be a partition of S. We will refer to an irrational rotation with
such a partition X as above as Sturmian rotation.

In this situation it was shown in [Ost27] that intervals with length Z + oZ then satisfy
(9.3.3). On the other hand, as shown in [Kes66], an interval is a bounded remainder set
only if the length of the interval is in Z 4+ «Z. Altogether, this shows that the partition
elements of Sturmian rotations are, in a certain sense, the prototype of bounded remainder
sets:

Proposition 9.11 ([Ost27],[Kes66], [GL15]). Let X = R/mZ, m € N. Consider the dynam-
ical system (X, H), where H: X — X : x — 2+« mod X. Let I C X be an interval. Then I
satisfies (9.3.3) with respect to all x € X if and only if Leb(I) € Z + oZ.

Corollary 9.12. The partition elements of a Sturmian rotation are bounded remainder sets.
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It seems natural to ask for a similar characterization of bounded remainder sets in the
case of T™ = RM /ZM with M > 2. We recall (9.3.1) and observe that a minimal Z-action
on TM is given by

H: ™ 5T .2 2z4+a mod TV,

where a = (ay,...,ay) € RM is chosen such that all entries of « are rationally indepen-
dent.

Not surprising, it is much harder to characterize bounded remainder sets on the higher
dimensional torus. Despite this, there are still some results which describe such sets. As
in the one-dimensional case, properties of bounded remainder sets crucially depend on the
corresponding rotation vector. In the following, we want to mention a few results concern-
ing bounded remainder sets in T,

To that end, we want to briefly introduce two new notions related to the structure of
higher dimensional bounded remainder sets. Given M vectors v, ..., vy € TM we will call

P(vy,...,om) = {224:1 tro . € )0, 1)} parallelelepiped spanned by vy, ...,vy. Further,
we say two measurable sets A, B C T™ are equidecomposable, if the set A can be partitioned

into finitely many measurable subsets which can be reassembled by rigid motions to form a
partition of B up to a set of measure zero.

Proposition 9.13 ([GL15]). Consider the dynamical system (T™ | H) given as in (9.3).

(i) Suppose S C TM is a bounded remainder set. Then Leb(S) = ng + Zf\i 1 nicy, where
n; € 2.

(ii) Suppose vy,...,vn € Za+ ZM. Then P(vy,...,vy) is a bounded remainder set.

(iii) Suppose S C TM is Riemann measurable. Then S is a bounded remainder set if and only
if it is equidecomposable to a parallelelepiped spanned by vectors vy, . ..,vy € Zoa + ZM
using translations by vectors in Zo + ZM.

Now we are going back to dynamical CPS. Recalling Lemma 4.8, every model set emerg-
ing from a dynamical CPS is a Meyer set. However, due to the larger flexibility of dynamical
CPS, we can not expect this to hold anymore for arbitrary DCPS.

Our goal is to provide a method to characterize dynamical model sets which satisfy FLC
or the Meyer property. To that end, consider the DCPS (X,Z, R, ¢) and assume that the
cocycle is an FLC cocycle. Since T' = Z and G = R, the discussion in Section 8.1 yields that
any cocycle ¢ : Z x X — R is induced by a function f : X — R. To ensure (PwCo), we
assume that ¢ is induced by a step function as given in (9.3.2).

As we will see in the next theorem, if the partition elements of X satisfy additional
requirements, dynamical model sets may carry the Meyer property although the coefficients
of the inducing function were chosen (almost) arbitrary.

Theorem 9.14. Let D = (X, H,R, ¢) be a DCPS with proper window W C X and starting
point zo € X. Assume (X, H) carries a unique ergodic measure \. Further, let X = (X;)I,
be a partition of X and ¢ be the induced cocycle of a function as defined in (9.3.2). Then the
following is true: If X consists of bounded remainder sets, then Azo (W) is a Meyer set.

Proof. Put X = X and A = A” (X).Letpe A — A, i.e. there exist n,m € Z such that

n—1 m—1
P =n(w0) = om(z0) = Y _ f(H'(20)) = Y f(H'(20))
=0 =0

Without loss of generality we assume that n > m > 0. Then we have

n—1 n—1 K

K
p:Zf(Hl (0)) ZZGJXX 0)):ijaj

i=m i=m j=1
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for integers k; := k;(n,m) € Z. Now fix some j € {1,..., K}. Since X consists of bounded
remainder sets, there exists C' > 0 such that we have
n—m-—1
(H'(20)) — (n - - o, (HH(H™(20)) — (n = m)A(X;)| < C.
=0

This leads to the following calculation:

n—1 K ne1
i_sz(Hi(xo))(nm)/de)\ = ;ay <;Xxj(Hi($o)) (n*m)/ X d)\>
< Zaj iXXJ(Hi(%))*(nfm))\(Xj)
< Zaj C =: k.

We aim to show that 0 ¢ cI(A — A — (A — A)) in order to proof that A is Meyer. To that
end, choose another point

n'—1
p= f(H (x0)) Zk’a] (A =)\ {p}
and assume that ||p — p’|| < 1. Note that » does neither depend on n — m nor on n’ — m/.

Hence,
p=if| = fn=m— @ =) [ Fa <o) [ ran+
X X

<K+ Kk =2k

—(n'—m’)/xfdx\

As a direct consequence we obtain
p-ifl =20 < - m )| [ A <o p 4o
b's

Together with |p — p'| < 1 this yields
1+2k
“TraN

Recall that for each j € {1,..., K} we have S7 """ xx,; (H'(x0)) = k;. Since X consists of
bounded remainder sets we obtam

(9.3.4) n—m— (n' —m’)

kj < (n—m)NX;) + Caswellas kj < (n' —m/)A\(X;) +C
forall j € {1,..., K}. This leads to
ks = 5 = I = m = (0 =)A< s = (1= m)ACG)] [ — (1 = m)AC)|
<C+C=2C
and hence, by Equation (9.3.4) and A(X;)/ | [y f dX| < 1,
|kj — K| <2C +|n—m — (n' —m/)|NX;) <2C + (A(X;) < 1+ 2k + 2C.

Thus, there exists a uniform boundary for the value of all differences of coefficients k; — k;}
occurring in the difference p—p’ = Zle(kj—k:;)aj forallp—p’ € (A—A—(A— A))ﬂBl( )
This means there occur only finitely many elements in (A — A — (A — A)) N B1(0), i
0¢cl(A—A—(A—AN)). Hence, A is a Meyer set.

To conclude the proof, observe that each relatively dense subset of a Meyer set is itself
Meyer. Since int(W) # () and AfU(W) C A, we have shown that AfU(W) has the Meyer
property. O
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Remark 9.15. Recalling the setting of Lemma 8.9, it is easy to see that cocycles induced
by step functions defined on bounded remainder sets are SUPF cocycles. The proof shows
that the compact set required for (SUDP) is given by cl(B,(0)). Furthermore, the required
homomorphism is then given by
n—n- / fdA.
b's

Finally, we are going to discuss the case D = (X,Z",R", ). Here, we assume that
the Z"-action is given as in (9.3.1) and the corresponding cocycle ¢ : ZV x X — RY
is generated by N functions given as in (9.3.2). Recall that to each i € {1,...,N} we
associate a finite partition X* of X. For given n € Z" put

n;—1

Kh(n) = Z XX}(Hik oH1'o...0c HN (x0)) € Z.
k=0

N N
Now observe that each point p € Afo (X) - Afo (X) has a representation as

N K; N K;
p=<pn($o)—wm(wo)=z Za§(f€§(n)—f<&§(m)) ZZ Zaé"% ;

where £} := r%(n,m) = £’(n) — ' (m). Following the methods used in the previous proof
of Theorem 9.14 we then obtain

Corollary 9.16. Let D = (X, Z" ,R", ) be a DCPS with proper window W C X and starting

point o € X. Assume the Z"-action on X is given as in (9.3.1) and the system carries a

unique ergodic measure \. For each i € {1,..., N} let X' = (X;)j;l be a finite partition of X

and assume ¢ is a cocycle generated by N functions as given in (9.3.2). Then the following is
. N

true: If X* consists of bounded remainder sets for all i € {1,..., N}, then Afo (W) is a Meyer

set.

Concluding this section, we want to provide an example of a Delone set which is not
Meyer arising from a DCPS such that the condition of X consisting of bounded remainder
sets is not satisfied.

To that end, consider the subsets X; = [0,1/2) and X = [1/2, 1) of the circle S. Clearly,
X ={X;, X,} is a partition of S. Fix a € [0,1] \ Q and put

H:S—S:z—~2x2+a modl.

By Proposition 9.11, both X; and X are not bounded remainder sets, respectively. For that
reason we will refer to the dynamical system (S, H) with partition X as pseudo Sturmian
rotation.

Before we investigate the connection between the pseudo Sturmian rotation and dynam-
ical model sets we first want to discuss a few consequences of X; and X> not being bounded
remainder sets. Fix j € {1,2}. First, X; being not a bounded remainder set means, that for
all C' > 0 there exists some N = N(C') € Nand z = z(C) € O(x¢) such that we have

N—-1 . N
(9.3.5) > xx, (H(z)) - | >¢
1=0

Note that this definition naturally extends to integer N (compare Remark 9.10(i)). However,
to avoid unnecessary case analysis, we will stick to the case of N being positive in the
following discussion.
For given N € N and = € O(xy) put
N-1

=0

The following lemma mentions a few immediate consequences of (9.3.5).
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Lemma 9.17. Fix j € {1,2}. Then the following holds.

(D) Let C >0, N € Nand z € O(xo). If ki(N,z) — & > C, then ky(N,z) — § < —C and
vice versa. In particular we have |ki (N, x) — ka(N, )| > 2C.

(i) For all x € O(xg) and for all C > 0 there exists some N € N such that we have
|kj (N, z) — &| > C. In particular; there exist infinitely many such N.

(iii) For each C > 0and N € N there exist infinitely many « € O(xg) such that we have
|k (N,z) - & | <C.

Proof. (i) and (ii) are immediate consequences of the definition of k; and (9.3.5), respec-
tively.

To see (iii), fix C > 0 and N € N. Assume we have |k;(N, z) — %\ > C forall z € O(xg).
Without loss of generality we may assume that k1 (IV, z) — % > (. Then we obtain

N N
/kl(N,ac)——dx:———:0>C
A 2 2

which contradicts C' > 0. Hence, there has to exist some 2’ € O(x) satisfying the desired
statement. Since (S, H) is an irrational rotation, we may find some small neighbourhood U
of 2/ such that for all = € U N O(x) we have |k;(N,z) — 5| < C. Minimality of (S, H) now
ensures §(U N O(xg)) = oo. O

In the following we will discuss an example class of Delone sets not satisfying the Meyer
property if they are arising from step functions whose corresponding partition does not
consist of bounded remainder sets.

Proposition 9.18. Let (S, H,R, ¢) be a DCPS with starting point zo € S. Assume that (S, H)
is a pseudo Sturmian rotation with partition {X1, Xo} = {[0,1/2),[1/2,1)} and the cocycle ¢
is induced by a function

f:S=R:z— arxx (2) + aaxx,(x),
where a1 and ay are rationally independent positive numbers. Then Afo (S) is not a Meyer set.

Proof. Put A = A%O (S). In the following we want to show that for each pair (o, 3) €
N x (—N) we may find points p,p’ € A — A with p = kja; + keaz and p’ = kja; + kbas
with k1 — k] = « and ks — k}, = (. Together with rational independence of a; and a; this
immediately yields that A is not Meyer.

Note that (9.3.5) immediately yields |k; — §| € N+ N forall N € Nand j € {1,2}.
Thus, fix C € N + N and assume without loss of generahty C > 2. Then there exists | € N
and z € O(xo) such that |k;(l,z) — £| = C. Since 2 € O(z() we may find some m € N such
that x = H™(z). Further, there exists n € N satisfying [ = n — m. We may assume that

n—m n—m

(9.3.6) ky(l, @) — = Cand ky(l,z) — =—C.

In this case we have k1 (I, z) > k2(l, ). Moreover, the coefficients &, (I, ) and kx(l, ) corre-
spond to a point

©1(2) = r—m(H™(20)) = pn(x0) — pm(0) € A - A
By Lemma 9.17(iii) we may find infinitely many m’ € N such that we have

< Yandt,a)-L>-C

l
/ —_— =

where ' = H™ (z,). As above, these coefficients correspond to a point

@i(x") = pn(x0) — @mr(20) € A — A
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for some n’ e Nwithn/ —m/ = L.
This leads to

(9.3.8) ky(l,2) — ki (l,2') >

% > 0 as well as ko (1, z) — ka(l,2") < _% <0.

Furthermore, observe that, by the definition of k;(.,.), we have that one of the following
holds: either we have both

k/’l(l — 1,$) = kl(l,l‘) —1and k/’g(l — 1,1‘) = k/’g(l,l‘)

or both
k/’l(l — 1,1‘) = k/’l(l,l‘) and k/’g(l — 1,1‘) = kQ(l,l‘) — 1.

In the remaining proof we will refer to this condition as k;(.,.) being monotone.

In the following we fix z € O(xo) associated to (9.3.6) and an m’ € N (and thus
= H™ (x0)) associated to (9.3.7). Monotonicity of k;(.,.) together with Equation (9.3.8)
and Lemma 9.17(ii) yield that we may choose a constant x; = k1(!) € N as the smallest
natural number such that &k, (I,z) — k1 (I + k1,2') = 0 and k1 (1, 2) — k1 (', 2') > 0 for all
" € (1,1 + k1) N N. Similarly, we may choose k3 = r2(l) € N as the smallest natural number
such that ko (I, x) — ko(l — K2,2’) = 0 and ko (I, z) — ko(I',2') < O forall I’ € (I — ka,1) NN.

Now suppose I’ € (I,1+ k1) NN with kq (I, 2) — k1 (I’, ") > 0. Then we immediately obtain
k/’g(l,l’) - kQ(l/,l’/) =11+ kl(l/,l’/) - kl(l,x) < 0.

Similarly, for I’ € (I —ka,l)NN with ko (I, z) —ko(I’, ") < 0, we obtain k; (I, z) — k1 (', z") > 0.
This yields

o ki(l,x) —ki(l +r1,2") = ka(l,2) — ko(l — ko, 2") = 0and ki (1, ) — k1 (I — K2, 2") = kKo
aswell as ko (I, ) — ko(l + k1,2") = —K1,

o ki(l,x) —ki(lI';2") > 0and ko(l,x) — ko (I',2") < Oforalll € (I — ka,l 4+ k1) NN.

By putting o; = k1 (I, ) — k1 (I — ko +i,2") and B; = ka(l, ) — ko (I — ko +14,2), we obtain
a finite sequence of pairs (v, 3;)M, € N x (—N) such that (ag, Bo) = (k2,0), (anr, Bu) =
(0, —m) and either both o;_1 = o; +1 and 8;_1 = 8; or both o;_1 = o; and 8,1 = 5; + 1.
In the next step, we want to investigate further the properties of the sequence («a;, 3;).

To that end, put o = «;, = k1(I,2) — k1({,2') and 8 = B;, = ko(l,z) — ko(l,2"). Clearly,
a € [0,—k2] NN and 8 € [0,x1] N N. Recall, that by (9.3.8) we have « > C/2 as well as
B < —C/2. Now it is not hard to see that for all i € {ig,..., M} with a;; < a we then have
B; < B < —C/2. Similarly, for all i € {0,...,4io} with 8; > 8 we have «; > « > C/2. Hence,
as C increases, also «p and |8,/| (and by monotonicity also the length of the sequence)
increase.

Now for each I’ € (I — k2,l + k1) NN we may define some C’ = C’(I’) > 0 such that
k(U 2") — ka(U',2") = 2C". Without loss of generality we may assume that C' > C’ for all
" € (I = k2,14 K1) NN. Then we always have

(k1(l,2) — ko (I, 2")) — (ka(l,z) — ko (I, 2")) = 2(C — C").

By Lemma 9.17(ii) there exist infinitely many indices leN satisfying (9.3.6). We denote
the set of all such points by S. For each such point in S we may do the same construction

as above (with respect to the same point 2’ € O(zg)). Note that we have x; = k;(I) = &;({)
foreach! € S, j € {1,2}. Now minimality of (S, H) ensures the existence of points [ € S
such that C'(I') # C'(I') forl’ € (I—ka,l+k1)NNand I’ € (I—ka,l+k1)NNwithl'—1 =1'—1.

Summarizing the preceeding discussion, to each [ we may associate a finite sequence
(a, B;)M, C N x (—N) such that we have ag > £, 8y = 0,as = 0 and 8y < —< as well as
either a;_1 = a; +1and 3;_1 = B; or a;_1 = o; and B;_1 = B; + 1.
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Further, each different l~satisfying (9.3.6) yields another such subset (v;, ;) such that
we have ag = 79, B0 = o, apr = vy and By = 6y as well as a; # v; and 5; # §; for
certain indices ¢ € {1,..., M}. In particular, all possible combinations of pairs are realized
by varying over [ and m/'.

Since C was chosen arbitrarily, the above considerations show that for each pair («, 3) €
N x (—N) we may find points p = kja1 + koaa € A — A and p' = kja; + khaz € A — A
such that « = k; — k] and 8 = ko — k). Due to rational independence of a; and a», for each
¢ > 0 there exist p,p’ € A — A such that we have

p—p €(A—-A—(A—=N)NBA0).

Hence, 0 € cl (A — A — (A — X))\ {0}) which shows that A is not a Meyer set. O
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Chapter 10

Dynamical Properties

We want to establish a concept similar to the torus parametrization for dynamical Cut and
Project Schemes. In the first section we provide simple conclusion regarding the dynamical
hull of dynamical model sets, while in the second section we discuss the existence of a factor
map.

10.1 Delone Dynamical Systems for Dynamical CPS

Applying the results of Chapter 9, in this short section we restate some of the lemmas of
Section 4.3 in the setting of Dynamical Cut and Project Schemes.

An immediate consequence of Proposition 8.6 and Lemma 4.24 is the following

Proposition 10.1. Let (X, T, G, ¢) be a DCPS with proper window W C X and starting point
xo € X. Assume @ is an FLC cocycle. Then () (AfU(W)) is compact.

Assuming that ¢ is even an FLC cocycle satisfying (APwCo), Proposition 4.26 and Lemma
8.8 yield
Proposition 10.2. Let (X, T, G, ¢) be a DCPS with proper window W C X and starting point
o € X. Assume ¢ is an FLC cocycle satisfying (APwCo). Then (Q (AfO(W)) ,G) is free.

The following statement characterizes minimality and unique ergodicity of the dynamical
hull.

Proposition 10.3. Let (X, T, G, ¢) be a DCPS with proper window W C X and starting point
T € X.
(i) Assume that ¢ is an FLC cocycle. If xq is generic with respect to ¢ as well as generic with
respect to W, then (Q (AT (W)) ,G) is minimal.

Zo

(ii) Assume that o is a UPF cocycle. Further, suppose T is a lattice in G, the space X is
metrizable, (X, T, 1) is uniquely ergodic and each element of the corresponding partitions
P(s) of X is regular. If W is regular, then (Q (AfO(W)) ,G) is uniquely ergodic.

Proof. Both assertions are a direct consequence of Proposition 9.2, Proposition 9.6 as well
as Proposition 4.25. O

Finally, in the case of non-FLC sets, we obtain a statement regarding minimality of the
hull.

Proposition 10.4. Let D = (X, T, G, p) be a DCPS with proper window W C X and starting
point xg € X. Assume ¢ is a non-FLC cocycle. If xq is generic with respect to W as well as

generic with respect to ¢, then (Q (AfO(W)) ,G) is minimal.

Proof. This is a direct consequence of Proposition 9.3 and Lemma 4.45. O
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10.2 The Torus Parametrization for Dynamical CPS

In the following, we want to investigate the existence of a factor for dynamical hulls arising
from dynamical Cut and Project Schemes similarly to the torus parametrization in case of
classical Cut and Project Schemes.

To that end, consider a dynamical CPS D = (X, T, G, ¢) with proper window W C X
and starting point zp € X. Throughout this section we will assume that T is a lattice in
G. Further, we assume that ¢ is an aperiodic FLC cocycle.This assumption guarantees by

Proposition 10.1 and Proposition 10.2 that the hull (Q (AT (W)) ,G) is a compact and

Zo

free dynamical system.

It is not immediately clear which dynamical system might be a factor of (Q (Afo (W)) , G) .

To investigate this problem, we will need a few additional assumptions and introduce some
new concepts.

In the following we will discuss the concept of suspensions. Fix some ¢ € T and define
the mapping
hi :GxX > GxX:(g,2)— (9g—pe(x),t-x).

Due to continuity of the T™-action on X as well as continuity of the group operation on G, the
map h, is continuous. Observe that &, is bijective. Indeed, we have h; o h; L= hy Yohy =id,
where

h;l(gvx) = (g =+ Sﬁt(t_l ) x)vt_l ) :E)

Note also that hs; = hy o hy. Thus, we have proven that

Lemma 10.5. For each t € T the map h; is a homeomorphism. Further, h defines a continuous
T-actionon G x X.

Now fix ¢ € G and consider the mapping given by

(¢, (g,2)) = (c+ g, ).

Put
So(X)=(GExX)/{h |t €T}

and let 7 : G x X = S,(X) denote the canonical projection. Then it is easy to see that
(c,m(g,2)) — w(c+g,T)
is a continuous G-action on S, (X ). We call the dynamical system (S, (X), G) the suspension
of (X,T). By [.,.]~,, we will denote the elements of S, (X). If no confusion arises we will
write [.,.]. instead of [., .|~ ..
A simple calculation yields the following identities.

Lemma 10.6. Forallt € T, x € X and g, h € G we have

@D [g,z]~ = [h,t-z]~ ifand only if g — h = p4(x).

i) [0,t-x]x = [pe(2), 2]~

In general, the suspension might have some undesirable properties: [KMMS98] provides
an example of a suspension which is not even Hausdorff. However, under our assumptions
the space is rather well-behaved.

Lemma 10.7 ([FKMS93]). The following holds:
(1) S,(X) is a Hausdorff space.

(ii) S, (X) is compact.



10.2. THE TORUS PARAMETRIZATION FOR DYNAMICAL CPS 111

(iii) S, (X) is a metric space.

Proof. (i). Assume that [g,z|. and [h,y]. cannot be separated by open sets. We aim to
show that we then obtain [g, 2|~ = [h,y]~. There exist sequences (g, zn)neny € G x X and
(tn)nen C T such that lim, o0 (gn, Tn) = (9,2) and limy, o0 (gn — @1, (Tn), tn - n) = (b, y).
Thus, lim, 0 ¢, (z,) = g — h. By (Dist), we may assume that ¢,, = ¢ for all n € N. Thus,
(h,y) = (g — ¢e(x),t - ) and hence [g, 2]~ = [h, y]~.

(ii). Since ¢ is an FLC cocycle we might choose a constant C' > 0 such that we have
or(x) N Be(g) # 0 for all g € G and € X. In particular, this yields the existence of a
compact set K = cl(B¢(0)) such that we have o7 (z) + K = G for all x € X. Together with
Lemma 10.6(ii) this yields

{9€G|g-[0,z]. €m(B:(0) x X)}+ K =G

for all ¢ > 0. The claim follows by S, (X) = K - 7(cl(B:(0)) x X).

(iii). Observe that local compactness of G and compactness of X yield local compactness
of the product space G x X. Since the canonical projection is open, the suspension S, (X) is
also locally compact. By similar arguments we might show that S, (X) is second-countable.
On the other hand, since locally compact Hausdorff spaces are regular, the suspension is
also a regular space. Now the claim follows by Urysohns Theorem. O

Remark 10.8. A metric on S, (X) is given via the quotient metric.
A direct calculation yields

Lemma 10.9 ([FKMS93]). The following holds:
(D The system (S, (X), G) is free.
(i) If (X, T) is minimal, then (S,(X),G) is minimal.

Next, we need that W satisfies an additional property. To that end, putZ = {I C T |
I is countable}. We say W is irredundant if

(10.2.1) g)s - wn () sh-ax\w) | <1
sel se€T\I

for all I € Z, i.e., this intersection is either empty or contains one element.

In the following, we want to discuss the existence of irredundant windows. While it is
not clear whether such windows exist in arbitrary dynamical systems, we may provide some
information in case of equicontinuous systems (X, 7). Recall that such systems carry the
structure of a topological group by Lemma 3.5. Let W C X be a proper subset such that
W + h = W implies h = 0. Put V = cl(X \ W) and note that this set is clearly proper.
Observe also that we have int(IW NV) = (. A pair (W, V) satisfying the three conditions
mentioned before is also called a separating cover (compare [MP79] and [Pau76]).

In [MP79] it was shown that, in equicontinuous systems, the condition W + h = W =
h = 0 yields that for all distinct ,y € X there exists a time ¢t € T such that ¢ - x € int(W)
and ¢t -y € int(V'). Now let I C T be countable and assume there exist distinct

(10.2.2) zye()s™-wn [) sV
sel seT\I

Since (W,V) is a separating cover, we may find some ¢ € T such that ¢ - 2 € int(WW) and
t -y € int(V') which contradicts (10.2.2). Hence, we have shown the following.

Lemma 10.10. Suppose (X,T) is a minimal and equicontinuous dynamical system and let
W C X be proper. If W + h = W implies h = 0, then W is irredundant in the sense of
(10.2.1).
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In particular, for equicontinuous systems, irredundant windows in the sense of classical
CPS provide a huge class of examples for irredundant windows in the sense of (10.2.1).

Before we construct a semiconjugation, we want to investigate the dynamical hull a bit
further. To that end, assume we have given a Delone set A such that

Az (nt(W)) € A € A, (W),
Its dynamical hull may be parameterized by G x X, i.e.,

Proposition 10.11. Let D = (X, T, G, ¢) be a DCPS with starting point xo € X and proper

irredundant window W C X. Let A C G be such that A} (int(W)) C A € AL (W). Then
for any I € Q(A) there exists (g, ) € G x X such that we have

AL(int(W)) —g T € AT (W) - g.

Proof. Throughout the proof we assume that Q(A) C U,.. Let A be as assumed. By Propo-
sition 10.1 the hull Q(A) is compact and hence for each T' € Q(A) we may find a sequence
(9/,)nen C G such that

I'= lim A—g),.

n—oo

Observe that for each g/, we may choose an index ¢, € T and some g,, € G such that we
decompose g, = g + @1, (z0). Put A, = A —g,.

By the definition of the local topology we may find some g € G and compactum K C G
such that T+ gN K = AN K # (. So in the following, instead of working with T, we
may consider the element ' + g € Q(A) such that T + g = lim,,y00 A — ¢4, (xg) — gn. Due
to aperiodicity we may infer that lim, _,., g, = —g. To simplify notation, without loss of
generality we assume g = 0.

Therefore suppose that A,, = A — ¢, (z0) and put z,, = t,, - 9. Due to A C Afo (W) we
have

An = A —p, (0) © Agy (W) = 1, (w0) = Ay (W).

Thus, each point contained in A,, might be represented as ¢, (z,,) for some s € T'. Fixe > 0.
Then there exists some N, € N such that for all n > N. we have d;r(A,,T) <¢, ie.,

(10.2.3) AN Byy(0) =T N By (0).

By uniform discreteness and compactness of B;,.(0), both intersections consist of finitely
many points. Put

FﬁBl/E(O) = {’)/1,...,’)/[(}.

By (10.2.3), for each ~; there exists an index s; € T such that we have v, = s, (z,).
Similarly, we have v; = ¢y, (z,,) form > nand ¢; € T. Thus we have v, = @, () = @1, (Tm)
and due to (APwCo) we acquire s; = t;.

Put I, = {s € T | ps(xn) € AN By/-(0)}. By (Dist), there exists some p = p(g) > 0
such that I, . € B,(0). Observe that we have s -z, € W for all s € I,, . and, on the other
hand, s -z, ¢ int(W) (and in particular s - z,, € cI(X \ W)) forall s € B,(0) \ I, .. Note that
there may exist s € B,,(0) \ I, such that s-z,, € OW = 9(X \ W), however, such points are
not included in I,, . by definition.

By our previous considerations we have I, := I,, . = I, . for all n,m > N,. Further, for
all n,m > N. we have

Ty Ty € ﬂ s~Lwn ﬂ sTocl(X O\ W).
sel. sEB,(O\ .

Note that lim._,g p(¢) = co. By irredundancy of W, the diameter of the above intersection
tends to zero as ¢ tends to zero. Together with completeness of X this yields the existence
of a limit # = lim,, oz, such thats-z € W forall s € I, and s - = € cl(X \ W) for all
5 € By(0)\ I, e >0and n > N.. Hence, T’ = lim,, o0 A, C lim,, oo AL (W) = AL (W).
Now assume that p € A (int(W)). Then for large n € N we have p € A, (int(W)) C A,
and hence p € T. O
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In the remaining part of this section we are going to construct the desired semiconjuga-
tion. To that end, let A be a Delone set such that

A, (int(W)) €A C AT (W),
and fix I € Q(A). We define
(10.2.4) B(T) = [g,2]~ 4= A (int(W)) —g CT € A (W) —g.
As an immediate consequence of Proposition 10.11 we obtain

Corollary 10.12. Let D = (X, T, G, ¢) be a DCPS with starting point x, € X and proper
window W C X. Assume that W is irredundant. Let A €  such that Afo (int(W)) C A C
A2 (W). Then the map 8 : Q(A) — S,(X) is well-defined.

Now we aim to show that 3 is indeed a semiconjugation. Note that in the following proof
we will make use of methods established in [Rob07, Theorem 5.19].

Lemma 10.13. Under the assumptions of Corollary 10.12, the map 3 : Q(A) — S, (X) is
uniformly continuous.

Proof. First, we suppose that AfO(W) is an r-R-Delone set. Hence, all sets contained in
Q(A) are also r-R-Delone sets. Choose an arbitrary I' € (A). Then there exist ¢ € G and

2z € X such thatT" C Af(W) — g. We assume without loss of generality that ¢ = 0 and put
I(T') = {s € T' | ps(z) € T'}. By irredundancy of W we then have

(] s-wn [ s dX\W)={z}.

sel(I) seT\I(T)

For given m > 0 put

(10.2.5) Iy = N s wn N sThocl(X\ W),
s€I(I'NB,,(0)) s€B,(0)\I(I'NB,,(0))

where p = p(m) > 0 is chosen according to (Dist). Clearly, we have lim,, o, diam(Z,,) = 0.

Now let A1, A2 € Q(A). Assume without loss of generality that A; = Af(W) — g and
Ay = A;(W) — h, respectively (otherwise use that A; C Af(W) —gand Ay C A;(W) —h
in the following). Let ¢ > 0 and choose m € N so large that diam(/,,) < 5. Put

. € 1
d=mins -, ——— 5.
{2 m+R}

We suppose that drr(A1,A2) < §. This means, there exists some « € B;s(0) such that we
have

(10.2.6) A1 N Bys5(0) = (A2 — k) N By/5(0).
Since we assumed % > R, we have
Al n (AQ - H) N BR(O) 7& @

Thus, this intersection contains an element «. First, we have o € A = Af(W) — g. Hence,
there exists p € T such that a + g = ¢,(x). On the other hand, we also have o € Ay — &,
which yields the existence of an index ¢ € T' such that a + h + k = @,4(y) € Ag(W). Note
that we have Ay —ar = AL (W)=, (z) = Ag_z(W) aswellas Ap—a—k = A;(W)—cpq(y) =
Ao, (W).

Then (10.2.6) together with § > m + R yields

AL (W) 0 By (0) = AL, (W) 0 By (0).
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Write

IS (W) N By(0) = {06, (0 @), -, 05 (- 7))}
and

I(A gy (W) N Bu(0) = {00, (a- ), -+, 0un (a-9) ),

respectively. Recall that by (Dist) there exists some p = p(m) > 0 such that both sets
introduced above are contained in B,(0) C T. By (APwCo) we have s; = t; and, with the
notation introduced in (10.2.5),

Do ™

dx(p-z,q-y) <
By definition of 8 and Lemma 10.6 we observe that

B(A1) = B(A (W) = g) = [g,2]~ = [a,p- 2]~
as well as .
/B(AQ) = /B(Ay (W) - h’) = [hvy]’\‘ = [’i+ a,q - y]"‘
Recall that x € B;(0). Using Remark 10.8 we compute
ds,x)(B(A1), B(A2)) < inf  daxx(¢,v) <doxx((a,p-x),(k+a,q-y)) <5+ Z<e

T ¢e[B(A1)]~ 2
YE[B(A2)]~

Hence, § is uniformly continuous.
O

Proposition 10.14. Under the assumptions of Corollary 10.12, the map (3 is a semiconjuga-
tion.

Proof. Let c € G and I € Q(A) such that 5(T") = [g,z]~. We may write I' = lim,, ,ooc A —
©t,, (o) — gn. By construction of § and Lemma 10.13 we then obtain

B —c)=p (nlggoA — ¢, (20) = gn — C) = lim B(A =y, (20) = gn — ©)

= lim [¢+ gn,tn - To]~ = ¢+ lim [gp, b, - To]~ = ¢+ [g, T]~.
n—oo n—oo
Furthermore, 5(O(A)) = O([0, zo]~). By Lemma 10.9, the system (S, (X), G) is itself mini-
mal. Since O([0, zo]~) is a dense subset of S, (X), the function § is surjective and hence a
semiconjugation. O



Chapter 11

Classical and Dynamical
Euclidean CPS

In this chapter we will discuss the interplay of dynamical and classical Cut and Project
Schemes in the Euclidean case. By Theorem 9.14, we may find dynamical CPS which yield
Delone sets not satisfying the Meyer property. Thus, the class of dynamical model sets is in
fact larger than the class of classical model sets.

Then again the question arises whether each classical model set has a representation as
a dynamical model set. In Section 11.2 we will answer this question positively for the Eu-
clidean case. For the convenience of the reader, we will give a rough outline of this approach
for small dimensions in the following Section 11.1 (compare also the related discussions at
the beginning of Sections 6.2 and 6.4).

11.1 Basic Observations

First, we consider the planar case (R, R, £). We have already seen in Lemma 4.18 (compare
also Section 6.2) that there exists an irrational matrix

a b
A= <C d) € GL(2,R)
such that £ = A(Z?). For the projection 7, : £ — R to the internal space, we then obtain
(see also Section 6.4):

L* = (L) = {nc+md| (n,m) € Z°}
=71({nc modd|ncZ})

=d-r ! ({n-ganZ})7

where 7 : R — R/dZ and 7 : R — S denote the canonical projections. By our assumptions
on A we have ¢/d € R\ Q. Hence, the projection of the irrational lattice to the internal
space is the lift of an irrational rotation on S with rotation number ¢/d. We will denote this
rotation by Ry.

Without loss of generality we will assume that d is positive, ¢ € (0,d) as well as W C
[0, d]. Additionally, we assume that a and a — b have the same sign. In case this is not given,
we might choose two other vectors (a’ ¥’ )T (¢ d )T € R? which generate £ and satisfy
sgn(a’) = sgn(a’ — b') as well as d’ > ¢/. By rescaling, we may assume that d = 1 and write
R =R;. Put X =S =R/Z. In an abuse of notation we will identify ¢ with 7(c) throughout
the following discussion.

First, we want to discuss the interplay between points in L* and L. To that end, put
F =[0,1) and observe that A (W) = {p € A(F) | p* € W}. Thus, the Delone set A (F)
contains all possible candidates of points of A (W).
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The preceding discussion yields the following: each x € A (F) corresponds to a point
x* € FNOz(0) C [0,1). More precisely, we have

nec mod 1 € F <= nc— |nc| € F <= na — |nc|lbe A(F)

(compare also the discussion leading to Equation (6.4.1)). In other words: iterating the
starting point one time by c leads to increasing the corresponding point in the physical space
one time by the value a, unless the iteration “exceeds” S, in which case the corresponding
point in the physical space is additionally decreased by b.

Again in other words: if we embed S canonically into 7 C R, for x € F N L* there are
exactly two possible behaviors under translation of c:

(i) x+ce For
() x+ce F+1.

In the first case, we increase the corresponding point in A (F) by a, otherwise the corre-
sponding point in the physical space is additionally decreased by b. Going back to S, these
cases translate to (by identifying « and m(x))

(@) z€[0,1—¢)CSor
(i) z €[l —c1) CS, respectively.

Thus, if 2 € [0,1 — ¢), then one iteration by R does not “exceed” S. Indeed, we have
R(z) € [e,1) and the corresponding point in A (X) is increased by a. In the second case,
the iteration by R “exceeds” S and the corresponding point is additionally decreased by b.

Hence, we define subsets P; = [0,1 —¢) and P, = [1 —¢,1) of S. Clearly, P = { P, P>} is
a partition of X. As seen in the examples discussed in Section 8.1,

SrZoasxp (RE(2) + (a—b) - xp,(R*(@)) forn > 0
0:ZxX —->R:(n,zx)—

St (—a) - xp, (R*(x)) + (b — a) - xp, (R*(x)) otherwise

is a cocycle. As a consequence of the previous discussion we obtain

Proposition 11.1. Given a planar CPS (R, R, £) with window W C R, there exists a dynamical
CPS (S,7Z,R, ¢) such that

z
A(W) = Ko (x(W)),
where 7 : R — S denotes the canonical projection.

Moreover, the dynamical system (S, R) introduced above together with the partition P
is a Sturmian rotation. In particular, P, and P, are both bounded remainder sets. Thus,
the set A%(W(W)) satisfies the Meyer property due to Theorem 9.14. This result is coherent
with Lemma 4.8.

11.2 Connection between Dynamical and Euclidean CPS

Consider an Euclidean Cut and Project Scheme (RY, R £) with compact window W C
RM . Similarly to the low-dimensional case, we want to use the lattice £ to construct a dy-
namical system and a corresponding cocycle which describe all possible candidates of points
contained in A (W). It turns out that this dynamical system is in fact conjugated to a mini-
mal Z"-action (which is given as an N-fold irrational rotation) on the torus T™.

First, we have to ensure that we may find primitive vectors of £ such that the convex
hull of their projection to RM fully contains the window W. These projected vectors then
give rise to a lattice in R which yields in turn the desired dynamical system.



11.2. CONNECTION BETWEEN DYNAMICAL AND EUCLIDEAN CPS 117

To that end we will assume without loss of generality that the window does not contain
the origin, that is, we suppose that 0 ¢ int(Conv(W)) holds. Otherwise, by denseness of L*,
we may find some appropriate h* € L* such that W’ = W 4 h* satisfies the above condition.
In such a case, we obtain A (W) via A(W)= A(W') — h.

Lemma 11.2. Let (RN, RM L) be a CPS with compact window W C RM. Then there exist M
primitive vectors 01, . ..,0y € RN+*M such that W C Conv{0, mga (61), . .., mrar (Sa1) }.

Proof. In the following, we denote the canonical projection of a vector in R¥*M to its i-th
coordinate by 7; : RV*M — R. Lemma 4.15 and Remark 4.16 yield the existence of a
primitive vector §; € R¥N*TM gatisfying

) |mN41(61)] > pelbax TN (w)]-
Fix §; and consider the set of all remaining primitive vectors S = {32, ... ,5N+ m}of L. If

there is a vector 0 € S satisfying |7Ty12(d)] > max,econv(w) |[Tn+2(w)], put 2 = 0. Then
proceed successively to find vectorsin 6 € S \ {6} satisfying

() TN+ (6)] > pedhax 7N+ (w)]

forj =3,..., M.

However, if at one point there is no primitive vector satisfying (1), we choose a new
primitive vector §; € RVTM\ ({§,}US) satisfying () and proceed as described before. Since
the lattice admits arbitrarily many primitive vectors with growing length, this algorithm has
to determine eventually. O

Now fix M vectors 41, ...,0,s according to the previous lemma. Note that we may as-
sume that the projections w; = mgn (d;) of those vectors are linearly independent (compare
also Remark 4.17).

Let v1, ..., vy denote the remaining primitive vectors of £. In particular, we have that

N M
i=1 i=1
Now put
B = (w1 wM) EGL(M,R)

Then B generates a lattice I in the internal space, i.e., I' = B(Z™) C R™. By our choice of
B the window W is fully contained in the fundamental domain

M
F = {Ztiwi tt; € [0, 1]}

of I'. Now we define a topological space
X =RM)T

and let 7 : RM — X denote the canonical quotient map. Note that B induces a homeomor-
phism between the M-dimensional standard torus T and X, i.e.,

™ — X : [z]zm — [B2]x,

where [.]zm and [.]x denote the corresponding equivalence classes on TV and X, respec-
tively. For i = 1,..., N we define
ci = m(v;).

Then we may define a ZV-action on X given by

N
(11.2.1) R:ZN x X = X :(n1,...,ny,2) = 2+ Y _nic; modT.
=1
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Applying Lemma 4.18 yields minimality of this action. Furthermore, we define the i-th
subrotation as
Ri:X—>X:z—x+¢ modl.

Observe that we have R(z) = Ry o...o Ry(x) as well as R; o R; = Rj o R; for all
1,7 €{1,..., N} (compare also the second example in Section 8.1).

In the following we aim to construct the desired cocycle. To that end, we first construct
partitions of X which we will then use to define the cocycle.

Choose representatives ¢, € m—*(¢;) N F fori =1,..., N. Given a point z € F, there are
2M possible sets  may gets transported to by translation with ¢, i.e., foreachi = 1,..., N
we have

M
(11.2.2) Tc, € F+ Y Thwp
k=1

where 75, € {0,1}. Foreachi =1,..., N we define 2™ subsets of X given by
. M
P=n (fﬂ (-FWLZT]éWk) cé)
k=1
where 7! € {0,1}™ and 7} denotes the k-th entry of 7'. Put
(11.2.3) P ={P|l=1,....2"}.
It is not hard to see that the following lemma holds.

Lemma 11.3. For each i = 1,..., N, the set system P' is a partition of X. In particular we
have

. 2]\/1 .

(l) ﬂl:l Pll = (Z):
. oM .

(i) U, P =X.

In the following, put a; = 7~ (v;) for i =1,...,N as well as ayy; = mpy(6;) for
i=1,...,M.Giveni € {1,..., N}, to each P} € P’ we assign a steplength

M
i !
sp=a; — E TN +k-
k=1

Further, put

2 M

(11.2.4) fi: X >RV 2 ZS;XP;(.T).
=1

We obtain the following.

Lemma 11.4. The N functions f; given as in (11.2.4) induce a cocycle ¢ : ZV x X — RV,
Moreover, the cocycle is given by

N [n;—1 [2M
(11.2.5) Py @ =S 3 [ st (Rg (BRIt oo RN (x)))
i=1 \ j=0 \i=1

Proof. Letxz € X and 4,5 € {1,..., N}. We aim to show that

file) + [5(Ri(z)) = fi(R;(x)) + f;(x)
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holds. Then the claim holds according to the discussions in Section 8.1. For given i we have

M oM
filz) =a; — Z AN+E ZT}CXP; (x)
k=1 1=1
and thus we aim to show that
M oM M oM
ai =Y |anr Y mixe @) | —a;+ Y [anie ) TiXps (2)
k=1 1=1 k=1 =1
M oM M oM
=a; — Y | anin Y mixp (Ri(2) | —a5+ Y | ansn Y T]éXPLj (Ri(z))
k=1 I=1 k=1 =1

Recall that, by Lemma 4.18), (a;)Y1" is a family of rationally independent vectors. Thus,
the above equality holds if for each k£ € {1,..., M} we have that

2 M 2 M

S e () =y (2) = 307 (i (Ril)) — xpy (R (2):
=1 =1

To see that this equality holds we consider the case of a Z?-action on S given by (ny, n2, ) —
T +nja + nefB mod S for two rational independent numbers «, 3 € [0,1). In this case, a
simple case analysis shows that we always have

X1-8,1)(Z) = X[1—a,1)(Z) = Xp1—,n(x + @ mod S) — xj1—a,1)(z + 5 mod S).

As pointed out at the beginning of this section, the dynamical system (X, Z") is conjugated

to (T™, H), where H is an irrational rotation induced by N rationally independent rotation
. ; i \T

vectors w, = Bcyp, n € {1,...,N}. Now we may write w; = (of ... «};) , where the

ol are itself rationally independent. This yields that each P/ is homeomorphic to a product

Hffl Cj, where C; € {[0,1 — ), [1 — a},1)}. The same observation holds for the rotation

along R; and the corresponding partition P7/. Applying the low-dimensional observation
successively yields the desired equality. O

Altogether, the preceding constructions yield the following.

Theorem 11.5. Given an Euclidean Cut and Project Scheme (RN, RM L), there exists a dy-
namical Cut and Project Scheme (X, 7™ ,R" ) such that for any window W C RM there
exists a set V C X such that we have

AW) = AE (V).

Proof. As discussed in the beginning of this section, we assume without loss of generality
that 0 ¢ int(Conv(W)). We assume that £ can be represented as £ = vaz 1 Zw; + zﬁl 76,
where the ¢; are chosen according to Lemma 11.2. Hence, we may construct a lattice
I' € RM and hence a topological space X = RM /T". Further, we define a rotation R : X — X
as given in (11.2.1) and a cocycle ¢ : ZV x X — X as given in (11.2.5). Recall that all those
constructions depend on the choice of the irrational matrix A with £ = A(ZN ), which in
turn depends on the window W C RM,

In the following, put V = w(W), where 7 : R™ — X denotes the canonical projection.
N

Now let © € A% (V). Then there exists some n = n(z) = (n1,...,ny) € Z~ such that
¢©n(0) = z. By definition of ¢ (and the convention of writing sums with negative upper
bounds introduced in Section 8.1) we have

21\4

=Y | YD sixp (RURET 0. 0 R (0)))

i=1 \ j=0 \i=1
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Due to Lemma 11.3, for alli = 1,..., N there exist unique integers
n.;fl
e
=Y xp(RIRT 0. 0 Ry (0) € Z
21\4 i
such that we have ), | o] = n; as well as
N 21\4
r= 303 aish
i=1 [=1

Applying the definition of the steplengths, a straightforward calculation yields

N 2]% 2]%
YOS DTS B 9l
i=1 =1 i=1 1=1
By defining
N 21%
Br = Z Z alrl €
i=1 1=1
we obtain the identity
N M
(11.2.6) x = Z aim; — Z an-+kBk-
i= =1
Let 2 = (n1,...,nn, —B1,...,—Bu) € ZN+TM, Then identity (11.2.6) implies x = 71 (Az)

and hence z € L = 711 (£).
Due to our assumption, we have R*(0) = R{* o...o R\ (0) € V = n(W), that is,

2 M

N
Znici mod I' = Z cZZal modI' e V.
i=1

i=1

Thus,
N 2]\/1
! Z ciZa}' ca (V)
i=1 =1
Consider the point
N 21\4
y=> c Zal Zﬂkwk e 7 L(R™(0)).
=1 =1

Recall that W was supposed to be contained in a fundamental domain F of I where 0 € F.
Lifting the action on the torus X to R means that we iterate 0 to the point Zfi L i} €

F+ Z,I:[:l Brwy. By definition, the numbers ;. describe the amount of translations we need
to translate "~ | n;¢} back into F. Indeed, we have

y = ma(Az) € W.
Hence, z € {p € RN | p* ¢ W} = A(W).

For the converse inclusion, put k; = wpum(v;) fori = 1,..., N and kn4; = w; for i =
., M. Now suppose x € A (W). Then there exists a unique vector (a1, ...,anir) €
ZN+M such that

N+M N+M
T = E arar € L aswell as z* = g apkr € W.
k=1
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By definition of the lattice I" we obtain that

M M

(11.2.7) Z apkn+r mod ' = Zakwk mod I' = 0.
k=1 k=1

Now let n = n(z) = (a1, ..., ay) € Z". Then we have

w(z*) =R"(0) e n (W) = V.

Put » ‘
R)(0) = RI(R{{" 0.0 RN (0)).

We calculate

N fo;—1 [2M o
en(0) =D 1 D | D sixp (RI(0))

i=1 \ j=0 \i=1
N fa;—1 [2M M .

= Z Z Z (ai — Z T,lnaNer) Xp} (Ri (0))
i=1 \ j=0 \I=1 m=1
N f[a;-1 oM - 2M

= Z Z a; prli(Rf( Z (Z 7, aNer) XP%(R (0))
i=1 \ j=0 1=1 =1 \m=1

To conclude the proof, we want to discuss both summands in the above expression sep-
arately.

Fix some i € {l1,...,N}. Due to P’ being a partition of X consisting of 2 elements, we
have Zz 1XP (E. (0)) =1 for each j € Z. In particular this yields that

a;—12M a;—1 2M
ai 30 Do xp(BU0) = ai D7 Dy (RURT 0.0 R (0))) = aie
§=0 I1=1 §=0 I=1
and thus
N N fa;—1 2™ / M -
(11.2.8) on(0) = Z a;o; — Z Z Z (Z T,lnaNer) XPp; (R1(0))
i=1 i=1 \ j=0 \I=1 \m=1
Now consider the second expression
a;—1 [2M / M o
(11.2.9) Y (Z Tfnamm) Xp; (17(0))
=0 \i=1 \m=1
for some fixed i € {1,...,N}. Put{ = R;/{' o...0 R2¥(0) € X and fix some representative

¢ of 771(¢) such that C € F. Recalling (11.2. 2), any iteration of ¢ by R; corresponds to a

translation of ¢ by ¢;. Thus, by construction of P?, if ¢ is contained in any partition element

P}, where [ # 1, iteration by R; corresponds to ¢ leaving F in direction of Z T W,
Hence, according to Equation (11.2.7), we may rewrite the sum in (11.2.9) as

M
E 7
aN+me5
m=1

where the ¢!, € Z are integers depending on «;. Summarized, the numbers o' represent
how often we have to decrease ¢ + «; - ¢, by wy, to be contained again in F, i.e., we have

M
CHoi-ci—> 1 ol wm € F.
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By defining o, = 3", o, we then may rewrite (11.2.8) as

N M
(,Dn(()) = Zaiai + ZaN-l-iai'
=1 i=1

However, due to our previous discussion and z* € W C F, the values of the ¢; are exactly
given by the oy, ;. This immediately yields

N+M

N M
T = E a0 = E a0 + g an+i0; = ¢n(0)
i=1 i=1 i=1

and hence z € A%N (V), which concludes the proof. O

Remark 11.6. Observe that the above proof also holds for Euclidean Cut and Project Schemes
whose windows have empty interior. According to Remark 8.2, the corresponding dynami-
cal model set is only a weak model set, although the cocycle itself would provide relatively
dense point sets in case of windows with non-empty interior.
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Conclusion and Outlook






Chapter 12

Open Problems

Concluding this thesis, we want to collect some open problems which arose in the context
of our investigations.

12.1 Open Problems in Part II

The most obvious question for all constructions done in Chapter 5 is the question for higher-
dimensional internal spaces. While in our case of H = R the boundary of each irregular
proper window has to be a Cantor set, in higher dimensions there is much greater variety
of possible structures. This is due to the fact that higher-dimensional boundaries need to
contain non-trivial connected components. Since the window used in Theorem 5.18 was
constructed out of an arbitrary Cantor set with positive measure, it might be difficult to
obtain general statements like this for higher-dimensional internal spaces.

Problem 1. Is it possible to obtain statements similar to Theorem 5.18 for Euclidean CPS
(RN RM L)?

However, instead of giving general statements it should be possible to construct specific
examples with only minor modifications of the one-dimensional case. For instance, in the
probabilistic setting, we might start the construction of a irregular proper window with a
Sierpinski carpet of positive measure. By labeling the squares which were removed in the
construction of the carpet and including each of them into the window with probability 1/2,
we should obtain an example for an irregular proper window whose associated dynamical
hull yields positive topological entropy almost surely.

In case of the deterministic constructions, which lead to Theorems 5.23 as well as 5.25,
we could obtain similar statements in higher dimensions by slightly modifying the given
methods. By starting the construction with the projection of a fundamental domain of the
lattice £ to H = RM, removing neighbourhoods of rapidly decreasing size around points in
L* should yield an initial Cantor set Cy. Then we just have to paste in locally topologically
independent sets into these gaps to obtain (weak) model sets yielding hulls with positive
entropy.

The construction of the boundary of the irregular window in Chapter 6 depended heavily
on the irregular matrix A = ((CI i)
a self similar Cantor set which was constructed out of an irrational rotation induced by ¢
on S. As seen for instance in the discussions in Chapter 11 or in Section 6.4, there is an
interplay between the dimension of the physical space and an action on a fitting quotient of
the internal space, i.e., a higher-dimensional physical space R” yields a Z" -action on S. In
our case we might describe such an Z" -action by the sum of N irrational rotations on S.

Thus, to obtain a result about vanishing entropy without using Proposition 6.25, we
would need to construct a self similar Cantor set C' C S out of N rationally independent
rotations on S.

) € GL(2,R). In fact, the boundary was supposed to be
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Problem 2. Is it possible to construct self similar windows for CPS (R, R, £)?

Associated to the question above, another problem arises. Recalling the discussions
in Section 6.4, we associated N planar CPS (R, R, £;) to a given higher-dimensional CPS
(RY R, £). Note that all occurring CPS had the same window W C S. It turned out that the
entropy of the system (Q(_A (W)), RY) vanishes as long as the entropy of at least one of the
hulls arising from an associated planar CPS is zero. This leads to the following question:

Problem 3. For a given CPS (R, R, L), is it possible to construct an irregular window W C S,
such that one of the associated planar hulls has zero entropy while another planar hull has
positive entropy?

The last question is quite mandatory:

Problem 4. Is it possible to generalize the constructions of Chapter 6 to higher-dimensional
internal spaces?

12.2 Open Problems in Part III

In the beginning of Part III we defined dynamical Cut and Project Schemes and discussed
properties of the associated cocycle. A first general question is the following:

Problem 5. Is it possible to drop assumptions on the cocycle for all results obtained in Part III?

In case of induced cocycles, we discussed an example in Section 8.2. Even in higher
dimensions, cocycles induced by step functions with certain coefficients are FLC cocycles.
However, it is unclear which conditions have to hold for the coefficients of such functions
such that the obtained cocycle satisfies certain properties, i.e.,

Problem 6. Consider a step function f : X — RY. Which conditions need its coefficients to
satisfy such that the induced cocycle is a Delone cocycle, an FLC cocycle or a UPF cocycle?

In Section 9.1, we provided a statement regarding repetitivity of non-FLC sets (compare
Proposition 9.3). This was possible due to the notation of almost repetitivity of non-FLC sets
and the proper connection between almost repetitivity and minimality of the corresponding
hull. Clearly, we may ask for a similar statement regarding uniform patch frequencies and
unique ergodicity.

Problem 7. Is it possible to define an analogue to uniform patch frequencies for non-FLC sets
such that the corresponding hull is uniquely ergodic in this case? Can we obtain a statement
similar to Proposition 9.6 for non-FLC sets?

More open problems arise from the discussion of bounded remainder sets and their re-
lation to Meyer sets. First of all, we considered only Z” -rotations on a compact space X. It
turned out that there is a characterization of bounded remainder sets on the M -dimensional
torus. Thus, it seems obvious to ask whether such sets exist for non-equicontinuous dynam-
ical systems.

Even more general, given a group rotation (X, T'), the question arises if it is possible to
define a group-theoretic analogue for bounded remainder sets. Clearly, this notation should
somehow depend on an averaging sequence. This leads also to the question whether such
a generalization can be independent of the choice of the averaging sequence or not. Again
the question arises how such a generalization could be done in case (X,T') is not a group
rotation.

Finally, it was crucial for our proofs that the cocycle ¢ was induced by step functions.
We may ask how a proof similar to Theorem 9.14 works in a more abstract setting.

Problem 8. Can we find examples for bounded remainder sets for arbitrary Z" -actions? Is it
possible to generalize this notation to arbitrary group action (X, T)? In this case, is it possible
to obtain a similar statement to Theorem 9.14?
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On the converse, we obtained examples for non-Meyer sets arising from DCPS. Even
more, the partitions introduced in the discussions in Section 11.2 are not bounded remain-
der sets according to Proposition 9.13. However, the resulting sets satisfy the Meyer prop-
erty. Hence, it might turns out to be fruitful to investigate the connection between the
underlying dynamics and the Meyer property further. It might be of interest to find an
answer to

Problem 9. What are necessary conditions for a DCPS to yield Meyer sets?

In Chapter 10 we discussed the existence of a factor of dynamical hulls. A crucial as-
sumption was irredundancy of the window. As we have seen, there was a huge class of
irredundant windows in the case of equicontinuous dynamical systems. However, it is still
unclear whether such windows exist in arbitrary dynamical systems.

Problem 10. Given an arbitrary dynamical system (X,T), under which assumptions on X
and T exists an irredundant window W C X?

Further investigation can also be done regarding the structure of the factor we obtained.
Problem 11. Which dynamical properties does the factor space (S,(X), G) have?

In Chapter 11 we showed that model sets arising from Euclidean CPS have a representa-
tion as dynamical model sets. More general, we ask

Problem 12. Let (G, H, L) be a CPS with compact window W C H. Does there always exist a
dynamical Cut and Project Scheme (X, T, G, ¢), a compact subset V C X and a point x € X

such that we have A (W) = AL (V)?

Of course, if we consider groups not admitting a metric, we have to adjust the properties
of the cocycle to such a setting.

We expect that a solution to this problem gives more insight into the structure of dynam-
ical model sets. In particular, we might obtain a partial solution to Problem 9.
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