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Zusammenfassung in deutscher Sprache

Die vorliegende Dissertationsschrift behandelt banachraumwertige, fast-additive Abbildun-

gen. Diese sind von der Form
F:FG)— Z,

wobei F(G) eine Menge von messbaren Teilmengen eines lokalkompakten Mafraumes G
darstellt und Z fiir einen beliebigen Banachraum steht. Eine solche Funktion F' nennt man
fast-additiv, falls sie gewisse Beschrénktheits- und Invarianzkriterien erfiillt und falls fiir jede
endliche Vereinigung @ = | |, Q paarweiser disjunkter Mengen @y € F(G) die Differenz
der Vektoren F(Q) und Y, F(Qy) durch einen sogenannten 'Randterm’ (’boundary term’)
kontrolliert werden kann. In gewissen solchen Rdumen G mit Mafl m findet man Aus-
schépfungen (Uj)jeny von G mittels kompakter Mengen Uj, deren normalisierter Randwert
asymptotisch verschwindet. In diesen Situationen ldsst sich die Existenz der Grenzwertes

in der Topologie des Banachraumes Z beweisen. Der Hauptgegenstand der Arbeit ist
der Nachweis solcher Konvergenzsitze (banachraumwertiger Ergodensitze) fiir eine grofie
Klasse von Geometrien. Diese Resultate werden in einem zweiten Schritt auf Fragen spek-
traler Konvergenz angewendet. Dabei wird die gleichméflige Existenz der integrierten Zu-
standsdichte von selbstadjungierten Operatoren mit endlicher Reichweite in verschiedenen
diskreten Geometrien gezeigt. Zudem wird die Ihara Zetafunktion fiir sofische Graphings
definiert und in der Topologie der gleichméfigen Konvergenz auf kompakten Mengen durch
normalisierte Zetafunktionen von endlichen Graphen approximiert. Die originalen Ergeb-
nisse dieser Arbeit finden sich in den Aufsétzen [Pogl3al, [Pog13bl [PS14l [LPS14].

Der Text ist wie folgt gegliedert. Das Kapitel 2] behandelt eine Einfiihrung in die Theorie von
lokalkompakten, mittelbaren, hausdorffschen Gruppen, welche das zweite Abzéhlbarkeits-
axiom erfiillen. Fiir unimodulare Gruppen wird gezeigt, dass sich (beziiglich der Grup-
penmultiplikation) geniigend invariante Teilmengen gut durch Translate von bestimmten
kompakten, kleineren Mengen iiberdecken lassen. Dies erweitert Ergebnisse aus [OWST].
Im folgenden Kapitel |3| werden Familien von Uberdeckungen von geniigend invarianten
Teilmengen in G konstruiert, welche im Durchschnitt wiinschenswerte Uniformitétseigen-
schaften aufweisen. Diese Resultate bilden die Grundlage zum Beweis zweier fast-additiver,
banachraumwertiger Ergodensitze in Kapitel Das Theorem fiir abzdhlbare mittelbare
Gruppen (Theorem |4.4)) verallgemeinert das Hauptresultat in [LSV11]. Fiir stetige Gruppen
erhdlt man mit Theorem einen fast-additiven, banachraumwertigen Mittelergodensatz,
welcher den klassischen Fall [Gre73] erweitert. Das Kapitel [5| behandelt die Konvergenz
von beschrankten, additiven Prozessen. Es wird gezeigt, dass Prozesse, welche sich durch
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iv Zusammenfassung in deutscher Sprache

L*°-Prozesse approximieren lassen, entlang von Tempelman-Fglnerfolgen fast iiberall kon-
vergieren, sieche Theorem Dies ist eine fundamentale Erweiterung des geometrischen
Rahmens der Ergebnisse in [Sat99l [Sat03]. Die Anwendung der Konvergenzsitze fiir Grup-
pen auf Fragestellungen von spektraler Approximation erfolgt im Kapitel[6] Hier werden die
Approximationsresultate fiir die integrierte Zustandsdichte aus den Arbeiten [LV09, [LSV11]
erweitert und ergénzt. Im Kapitel [7] werden Folgen von endlichen Graphen eingefiihrt,
die gegen Graphings konvergieren. Diese Folgen heiflen schwach konvergent oder auch
Benjamini-Schramm-konvergent, cf. [BSO1]. Besonderes Augenmerk liegt auf den hyper-
endlichen Graphenfolgen. In Theorem wird gezeigt, dass schwach konvergente, hyper-
endliche Graphenfolgen eine Cauchyfolge beziiglich einer bestimmten Pseudometrik bilden.
In diesem Fall spricht man von starker Konvergenz. Fiir stark konvergente Graphenfolgen
lassen sich banachraumwertige fast-additive, sowie subadditive Konvergenzsitze beweisen.
Dies ist Gegenstand der Theoreme [8.2] und im Kapitel |8l Die Ergebnisse erweitern den
geometrischen Rahmen bisheriger Resultate fiir endlich erzeugte Gruppen (siehe oben) und
Halbgruppen [CSKC12|. Im Kapitel |§| wird die gleichméaflige Approximation der integrierten
Zustandsdichte von selbstadjungierten, musterinvarianten Operatoren endlicher Reichweite
auf Graphings entlang von hyperendlichen, schwach konvergenten Graphenfolgen bewiesen
(Theorem . Ferner werden Verbindungen zur Liick-Approximation [Liic94, [ATV13]
fiir Graphenfolgen gezogen. Das Kapitel [10| behandelt die Approximation der in [LPS14]
eingefithrten Thara Zetafunktion fiir Graphings entlang normalisierter, endlicher Versionen
zu schwach konvergenten Graphenfolgen. Fiir sofische Graphings wird in Theorem [10.5] die
Konvergenz in der Topologie der gleichméfiigen Konvergenz auf kompakten Mengen gezeigt.
Fiir periodische Graphen mit sofischer Gruppenwirkung werden entsprechende Folgen ex-
plizit konstruiert, siehe Theorem[I0.8] Diese Ausfiihrungen verallgemeinern die Konvergenz-
resultate in [CMS02, |GZ04, [GILOS, [GIL09]. Im Kapitel [11| werden zwei offene, sich direkt

an diese Dissertation anschlieBende Fragen skizziert.
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1 Introduction

In this thesis, we consider Banach space-valued, almost-additive mappings. Abstractly,
these functions are of the form
F:FG) — Z,

where F(G) is a collection of finite measure subsets of a locally compact measure space
(G,m) and Z is a Banach space with norm || - ||z. We will call such a mapping F' almost-
additive if it possesses certain boundedness and invariance conditions and if for a finite
union @ = ||, Qr € F(G) of pairwise disjoint sets Qr € F(G), the difference of the vectors
F(Q) and Y, F(Qy) can be controlled with respect to || - ||z by a boundary term. Inspired
by elementary convergence theorems for subadditive sequences with values in Z = R (see
e.g. [Gro99|, [LW00], [Kril0]), the question arises whether one can find (partial) exhaustions
of the space G by a sequence (U;) of compact subsets such that the limit

F* := lim M
j—o0 m(Uj)

exists in the topology of the Banach space Z. The goal of this dissertation is to give a pos-
itive answer to this question in a wide range of geometric situations. We will show results
ranging from locally compact amenable groups to the geometrically very general situation
of convergent graph sequences. All new assertions have appeared or will appear in one of
the papers [Pogl3a), [Pog13bl [PS14] [LPS14].

The existence of the above limit provides interesting applications. One such example was
given by LENZ in [Len02] for subshift dynamical systems. There, the author defines F' on the
set of associated words and characterizes unique ergodicity of the subshift by the normal-
ized Banach space convergence of F' along increasing boxes. It was observed in [LS05] that
Banach space-valued, almost-additive mappings are a valuable tool to prove the uniform ap-
proximation of spectral quantities for large classes of self-adjoint operators via spectral data
of their finite volume analogues. One such key quantity is given by the integrated density of
states (IDS) which is of fundamental importance in the world of mathematical physics. In
the context of amenable groups a considerable amount of uniform convergence results along
Folner sequences can be found in the literature, see e.g. [KLS03| [LS05, LMVO08|, LSV1I].
In the two latter works [LMVO0S8] [LSV11], the authors use an abstract Banach space-valued
ergodic theorem for their spectral approximation results along Falner sequences in countable
amenable groups. Information about the coefficients of the operators under consideration
are encoded in a colouring of the group by finitely many colours. As an ergodicity condition,
it is assumed there that for all coloured patterns, their occurrence frequencies must exist
along the Fglner sequence. While the paper [LMVO0S§| covers the case G = Z%, the con-
vergence statement in [LSVT1I] holds true for all countable amenable groups containing a
monotile Folner sequence with symmetric grid set. The situation of general amenable groups



2 1 Introduction

remained open. One main result of this thesis closes the gap to the general case. Specifi-
cally, we show in Theorem [£.4] the Banach space convergence along Fglner sequences in all
countable, amenable groups. The key ingredient in the proof are e-quasi tiling techniques
developed by ORNSTEIN and WEISs in [OWR8T] in order to ’approximate’ large compact sets
in the group by finite unions of nearly disjoint translates of ’smaller’ prototile sets. We make
use of constructions of ORNSTEIN and WEISS, but we have to extend their results to obtain
effective covering estimates. This is done in Theorem We prove there the existence
of families of e-quasi tilings for all countable amenable groups such that on average, large
compact sets are covered evenly by the translates of prototiles at our disposal. Parts of the
covering theorems that we use here have been developed in cooperation with SCHWARZEN-
BERGER. In order to be clear with assigning originality we mention the cooperation at those
points. The mentioned results appear in [PS14].

Almost-additive functions on subsets of locally compact, amenable groups can also been
interpreted as a generalization of abstract averages appearing in classical ergodic theory.
Hence, it is worth raising the question if under some compactness criteria on the Banach
space Z (e.g. reflexivity), one can prove extensions of classical mean ergodic theorems. In
Theorem we give a positive answer to this problem. In fact, we prove the convergence
along Fglner sequences for almost-additive functions which are compatible with a weakly
measurable action of the group on the Banach space. This result is a generalization of
the classical ergodic theorems of VON NEUMANN and GREENLEAF [Gre73|. Like in the
countable case, a major ingredient in the proof are uniform families of e-quasi tilings of
'large’ subsets of the group. Specifically, we show in Theorem (which can be seen as
an analogue of Proposition 1.3.6. [OWST7]) that in all amenable, locally compact, second
countable unimodular Hausdorff groups, one can construct a family of e-quasi tilings for
"highly invariant’ compact sets 1" such that on average, the covering densities of the various
prototile sets are constant in every part of T. In fact, for the proof of Theorem we
need more. We will have to work with two families of e-quasi tilings referring to coverings
of the same set and maintaining a certain independence from each other. This leads to
the concept of uniform decomposition towers. We prove in Theorem that those latter
objects can always be constructed in all amenable groups under consideration.

Having the abstract mean ergodic theorem, Theorem at hand, it is natural to ask
whether there is a concept of a pointwise almost-everywhere convergence theorem for almost-
additive functions defined on Bochner spaces Z. We give a positive answer to this question
for additive functions F' which will be referred to as bounded, additive processes. In Theo-
rem [5.17], we prove the almost-everywhere convergence along increasing Tempelman Fglner
sequences for approximable processes taking their values in a Bochner space. The quo-
tients in the ergodic theorem are more general than the integral averages appearing in the
Lindenstrauss ergodic theorem, cf. [Lin01]. As for integral averages, one can prove point-
wise convergence also along Shulman Fglner sequences, our pointwise convergence theorem
is not a direct generalization of the Lindenstrauss ergodic theorem. However, it extends
the classical results in [Tem72, [Eme74] and we show convergence for a larger class of er-
godic averages, such that Delone point processes, cf. Example Moreover, a Banach
space-valued Lindenstrauss ergodic theorem can be shown to hold true, cf. Theorem [5.5]
We omit the proof in the text since it has essentially been given in the diploma thesis of
the author, cf. [Pogl0]. The almost-sure convergence of bounded, additive processes has
been investigated before in restricted geometric settings. In [Sat99, [Sat03], SATO proves a
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pointwise ergodic theorem for bounded, additive processes defined on G' = R4*, where the
semigroup action is dominated by a family of contraction majorants. We draw our attention
to special contractions, thus being in a slightly more specific situation from the viewpoint of
the underlying dynamics. Then, dealing with abstract amenable groups and with arbitrary
increasing Tempelman Fglner sequences, we can extend the results in [Sat99, [Sat03] to a far
more general geometric context. Note that the approximability condition is automatically
satisfied in the convergence statements proven in the latter papers. As in the classical case,
we prove the pointwise ergodic theorem by linking the mean ergodic theorem, Theorem
with a dominated ergodic theorem, given in Theorem For the proof of the latter the-
orem, we adapt a proof given in [Kre85| in order to show a weak (1, 1)-maximal inequality
for associated dominating processes. These objects are inspired by classical differentiation
theorems, see e.g. [AdJS8T, [Emi85, [Sat9s, Sat99, Sat03].

Most of the mentioned new results about uniform decomposition towers, the almost-additive
mean ergodic theorem, as well as about the pointwise almost-everywhere convergence the-
orem for bounded, additive processes are published in [Pogl3a].

Both of our Banach space-valued ergodic theorems (Theorems and can be applied
in order to show the uniform existence of the integrated density of states for finite hopping
range operators. For countable groups, we stick close to the setting of [LSV1I], but we
consider a random familiy of operators instead of one deterministic operator. Using The-
orem we show the uniform IDS approximation for all countable amenable groups in
Theorem [6.5] While basic ingredients have already been known, in this form the result is
new. For continuous groups we consider the geometric situation of [LV09]. In this work, the
authors deal with discrete operators with their ground space being randomly chosen from a
metric space with some quasi-isometry to some (not necessarily countable) amenable group.
The coefficients of the operator are random as well. We use Corollary [£.16] to reproduce the
IDS approximation result of the latter paper. In our text this is stated in Theorem
Starting from Chapter [7] we turn to graphs and graphings. In particular, we deal with
weakly convergent graph sequences of uniformly bounded vertex degree. This notion of
convergence has been introduced by BENJAMINI and SCHRAMM in the seminal work [BS01].
In the literature one calls these sequences also 'Benjamini-Schramm-convergent’. Precisely,
this convergence means the asymptotic existence of the occurrence frequencies for all geo-
metric patterns. Convergent graph sequences might have one deterministic (infinite) graph
as a limit. This is for instance true in the case of sofic approximations of groups, see e.g.
[Ele06b, [Ele08al [ScSc12, [AGV14]. However, in general, the limit is not just one countably
infinite graph but rather a probability space of countable, bounded degree graphs with some
additional structure. Namely, there are finitely many measure preserving involutions which
induce a graph structure on the measure space of graphs ("graph of graphs’). This is cap-
tured in the notion of graphings, see Definition [7.3] Graphings have been constructed in
various kinds and settings, see e.g. [Ele07bl Lov12, [LPS14]. In this thesis, we will focus on
hyperfinite graph sequences, cf. [Ele08a]. Roughly speaking, a family of graphs is hyperfi-
nite if for all elements in the family, there is a way to delete a uniformly small portion of
the edges in all elements in order to obtain (edge-)disjoint components with a uniformly
small number of vertices. In [Ele08a], ELEK introduced a pseudometric 6 which quantifies
geometric differences of finite graphs and defined strong convergence for graph sequences
as being Cauchy in 4. Further, he conjectured in the same paper that weakly convergent
and hyperfinite graph sequences are also strongly convergent. Using techniques of ELEK in
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[Ele12], we give a detailed proof in Theorem A variant of this statement can already
be found in Theorem 5 of [Elel2]. There, the author shows that two graphs with the same
number of vertices in a hyperfinite family are almost isomorphic, whenever they are sta-
tistically close to each other. The main ingredient is the so-called Equipartition Theorem
proven by ELEK in Theorem 4 of the same paper. For the proof of Theorem [7.10] we base
our argumentation on ELEK’s Equipartition Theorem as well. Another independent proof
via algorithmic techniques has recently been given by NEWMAN and SOHLER in Theorem 3.1
of [NS13]. These considerations partially solve Conjecture 1 in [Ele08a. The full conjec-
ture refers to graphs with their vertices and edges coloured by finitely many colours. For
its verification, one would have to prove a coloured version of the Equipartition Theorem.
Hyperfiniteness is strongly linked with concepts of amenability, see e.g. [ES11].

Being inspired by Theorem [4.4] we then turn to the question whether one can prove Banach
space-valued, almost-additive convergence theorems along weakly convergent, hyperfinite
graph sequences. We give a positive answer in Theorem [8:2] Being the first assertion of its
kind in a geometric situation without group or semigroup structures at hand, this result is
a cornerstone in the theory of almost-additive convergence. In the setting of finitely gen-
erated amenable groups endowed with a trivial colouring (one colour), Theorem is an
analogue of Theorem [4.4] Further, we are able to derive a subadditive convergence assertion
in Theorem [8:4] This result provides a generalization of a variant of the 'Ornstein-Weiss
Lemma’ which has been proven and used in the context of dynamical theory for countable
amenable groups, cf. [Gro99, [LW00, [Kri10]. Moreover, Theorem extends the geometric
framework of Theorem 1.1 in [CSKC12], where the authors prove subadditive convergence
along Fglner nets in left-cancellative semigroups. Here, we have to pay the price of an
additional monotonicity criterion. However, unlike in the latter work, we have to assume
subadditivity only for disjoint decompositions of graphs.

As an application, we address the question of approximation of the IDS along weakly con-
vergent graph sequences in Chapter [0} We do not claim originality for the results given in
this chapter, but present them in a structured way according to the context of this thesis.
In Theorem we show the weak convergence of the normalized eigenvalue distributions of
finite volume analogues towards the IDS of decomposable, pattern-invariant, finite hopping
range operators on graphings. Here, weak convergence means convergence in the topology
of weak convergence of measures. This result is not new and proofs of this fact can for in-
stance be found in [Ele08al, [Ele08b]. We give a direct and elementary proof which not only
shows convergence but also gives an explicit description of the limit distribution. In analogy
to Theorem we also prove a uniform IDS approximation result for hyperfinite, weakly
convergent graph sequences. In this context, Theorem [9.12] upgrades the weak convergence
in Theorem to uniform convergence of the spectral distribution functions. The fact
that strong convergence implies uniform spectral convergence has already been proven in
[Ele08a]. Using the Banach space-valued convergence theorem, Theorem we provide a
different and more structural approach to this question of spectral approximation. Another
new ingredient is the fact that weakly convergent, hyperfinite graph sequences are strongly
convergent (cf. Theorem and hence, they allow for the application of the Banach space-
valued convergence theorem. These results also imply the Liick conjecture for hyperfinite
graph sequences, see e.g. [Liic94, DLM ™03, [Ele06b]. The validity of the conjecture for all
(not necessarily hyperfinite) weakly convergent graph sequences is an open problem. Partial
results for operators with algebraic integer coefficients can be found in [ThoO8| [ATV13].
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The new main results of the Chapters and |§| are contained in the work [PogI3b].
Chapter [10] of this thesis is devoted to the Thara Zeta function for graphings. In recent years,
various methods have been used to define this function over infinite graphs via approxima-
tion. In cooperation with LENZ and SCHMIDT, the author of this thesis has developed a new
approach in [LPS14] which unifies and extends the examples in the literature. More specif-
ically, the authors define the Thara Zeta function for so-called measure graphs. This latter
class contains graphings as a special case. Further, it is proven there that this notion of Zeta
function has a continuity property with respect to weak convergence of graphs. Precisely,
the normalized versions of Zeta functions for the finite graphs in a weakly convergent graph
sequence converge to the Zeta function of the corresponding limit graphing in the topology
of uniform convergence on compact sets. As only local quantities need to be considered,
hyperfiniteness is not needed. We give a direct and elementary proof of this continuity
result for graphings in Theorem This result extends all the approximation statements
in [CMS02, \GZ04, [GIL08, [GIL09]. Moreover, our proof identifies the limit function as the
Thara Zeta function of the limit graphing. Further, we show in Theorem that every
countable graph coming along with a countable sofic subgroup of its automorphisms act-
ing freely and co-finitely on the graph can be approximated by a weakly convergent graph
sequence. Combined with Theorem [10.5] this implies the corresponding convergence theo-
rem for the Thara Zeta function, cf. Theorem [10.7] This generalizes the works of [GILOS]
for amenable automorphism groups and of [CMS02] for residually finite groups acting on
regular graphs via automorphisms.

The text is organized as follows. In Chapter 2 we start with a brief introduction on
amenability of locally compact, second countable, unimodular Hausdorff groups (LCSCUH
groups for short). For amenable LCSCUH groups, we extend the e-quasi tiling techniques
of [OWS8T] by precise covering estimates. Further, we show that ’large’ sets in the group
can be well approximated (e-quasi tiled) by translates of compact sets taken from a Fglner
sequence, cf. Theorem In the subsequent Chapter [3] we extend the previous covering
results by showing the existence of families of e-quasi tilings which on average have desirable
uniformity properties. To do this, we will deal with countable and with continuous groups
separately, cf. Theorems and Using these uniform e-quasi tilings, we prove
almost-additive ergodic theorems in Chapter [dl Again, we proceed separately for countable
groups and (possibly) continuous groups. In the countable situation, we prove the ergodic
theorem for almost-additive functions along coloured Fglner sequences, cf. Theorem [£.4] For
continuous groups, we prove an abstract almost-additive mean ergodic theorem in Theo-
rem [£.15] This statement generalizes classical mean ergodic theorems. Chapter [f]is devoted
to Banach space-valued, bounded, additive processes on continuous amenable groups. We
prove the almost-everywhere convergence for approximable processes along increasing Tem-
pelman Fglner sequences, cf. Theorem In Chapter [6] we apply both ergodic theorems
to prove the uniform approximation of the integrated density of states along finite volume
analogues for a large class of random operators. This is done in the Theorems and [6.9]
Next, we turn to the world of graphs with uniformly bounded vertex degree. In this con-
text, Chapter [7] deals with weak and strong convergence of graphs towards graphings. As
an analogue of amenability, we describe the concept of hyperfinite families of graphs at this
point. Moreover, we show that weakly convergent and hyperfinite graph sequences must
also converge strongly, cf. Theorem We use this result to prove almost-additive and
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subadditive, Banach space-valued convergence theorems for hyperfinite, weakly convergent
graph sequences in the Theorems and of Chapter [§] As in the situation of finitely
generated, amenable groups, we show the uniform approximation of the integrated density
of states for finite hopping range operators on hyperfinite graphings in Theorem of
Chapter [9} Chapter [10]is devoted to an investigation of the Ihara Zeta function for graph-
ings. We show the approximation of this function in the topology of uniform convergence
on compact sets along weakly convergent graph sequences, cf. Theorem Moreover, we
construct graph sequences approximating graphs with periodicity induced by sofic automor-
phism groups in Theorem [10.8] This shows the compact approximation of the Thara Zeta
function for all those graphs, cf. Theorem [I10.7 We conclude the thesis in Chapter [I] with
a short outline of two open questions arising naturally from our elaborations.
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Throughout the whole thesis, we assume that I is a locally compact Hausdorff group. That
is to say that I" is a topological group (with its topology making the group multiplication
and inversion continuous) with the property that each point possesses a compact neighbour-
hood and two different points can be separated by disjoint, open neighbourhoods. More
specifically, we are interested in groups of this kind which are in addition second countable,
i.e. there is a countable basis of the topology of I'. The neutral element of I shall be denoted
by e. We write B(I") for the Borel o-algebra generated by the open subsets in I'. By stan-
dard abstract harmonic analysis, one finds (up to constants) exactly one regular measure
mp(-) on B(I'), called the left Haar measure which is invariant under group multiplication
by elements from the left, i.e. mp(gA) = mp(A) for every g € I" and all A € B(T"). In
most of our considerations, we restrict ourselves to unimodular groups, i.e. groups for which
the unique Haar measure is both left- and right-invariant. In this case we simply write
|A| for the measure of some set A € B(I'). When integrating over sets in a unimodular
group, we will use the notation dg := dmy(g). Note that for instance, all discrete and all
abelian groups are unimodular. We shall write F(T') := {A € B(I") |0 < |A| < oo} for the
collection of Borel sets in I' with finite, positive measure. For the cardinality of some finite
set A C T, we will write #(A). For countable groups, we use the counting measure as Haar
measure, i.e. #(A) = |A| for all finite sets A C I". Most of the results in this thesis are
stated and proven for locally compact, second countable, unimodular Hausdorff groups. As
an abbreviation, we call those latter groups LCSCUH groups. We will always deal with
groups of infinite Haar measure, i.e. |I'| = oc.

The following chapter is devoted to the presentation of general e-quasi tiling results for
amenable LCSCUH groups. In a first section, we define amenable groups by the existence of
weak or strong Fglner sequences. Next, we turn to the e-quasi tiling techniques of ORNSTEIN
AND WEISs. The goal of these tools is to cover ’large’ (in the sense of invariant, see below)
compact sets in I' by ’smaller’ tiling sets. Ideally, a large percentage of mass is covered
by translates with few overlappings. We extend the results in [OWS8T] by precise covering
and invariance estimates. Our essential idea to do so is to find upper bounds on covered
volumes. This leads to the key Lemma The main Theorem of this chapter is
proven in the last section. It is joint work with SCHWARZENBERGER and appears in [PS14],
Theorem 4.4. Generalizing the Theorems 1.2.6 and 1.3.3 in [OWS87], the assertion shows
that in every amenable LCSCUH group, one can construct e-quasi tilings for sufficiently
invariant compact sets. The finitely generated version of our e-quasi tiling theory is also
presented and used in the Ph.D. thesis of SCHWARZENBERGER, cf. [Sch13].
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2.1 Amenable groups

The following section is devoted to a brief introduction of amenable LCSCUH groups. In
this context, we introduce a notion for a relative boundary (the K-boundary) of subsets
in a group I' with respect to compact sets and we use this concept to define so-called
weak and strong Fglner sequences. Those latter objects consist of non-empty, compact sets
T,, € I" which are asymptotically invariant under left-translation by arbitrary compact sets.
The existence of weak Fglner sequences is commonly referred to as a characterization of
amenability of the group. We will use their existence as the definition of amenability, cf.
Definition In Lemma [2.8] we state that each strong Fglner sequence is also a weak
Fglner sequence and that the groups under consideration always possess a strong Fglner
sequence, cf. [PS14], Lemma 2.6. Further, we introduce growth conditions on the sequences
in Definition Assumptions of this kind will play a major role in the proofs of pointwise
ergodic theorems, cf. Chapter Most of the results in this section are contained in the
papers [Pogl3a;, [PS14].

Definition 2.1 (K-boundary).
Let T be a locally compact Hausdorff group. Assume that ) # K, T C T' are subsets of T'.
We call the set Ok (T), defined by

Ox(T):={g9geT|KgNT #0 and Kgn(T'\T) # 0}

the K-boundary of the set T

The next proposition is an immediate consequence of the above definition.

Proposition 2.2.

Let T be a locally compact Hausdorff group and assume K,T CT'. Then
Ox(T) =K 'TnK ' (I'\T).

PROOF.

Let g € Ox(T'). Then by definition of the K-boundary, there are k € K and ¢t € T such that
kg = t. Hence g € K~'T. Again by definition of the K-boundary one finds k' € K and
t' € T\ T with k'g = ¢'. Hence g € K~!(I'\ T') and the first inclusion follows. The converse
inclusion is trivial. 0

We collect some nice and useful properties of the relative boundary definition. For the proof
of the following lemma we essentially stick to the presentation in [PS14], Lemma 2.4.

Lemma 2.3 (cf. [PS14], Lemma 2.4).
Let T,S,K,L CT be given and assume g € I'. Then the following assertions hold true.

(i) Ox(T) = Ox(P\T),
(ii) DK (SUT) € 0(S) Udk(T),
(iii) Ok (S\T) C Ok (S) Uk (T),
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T\S)Cok(T)U(Ok(S)NT) ife € K,
(viii) Op(0k(T)) C Dxen(T).

PROOF.
The statements (i) to (iv) follow from Definition [2.1} To see (v), note that
KhnS#0 <= KhgnSg#0

for every h € I' and all sets S C I'. By Definition one has h € 0x(T) if and only if
hg € Ok (Tg). We obtain dx(T) = 0x(Tg)g~*. To prove (vi), take g € Ok (T'S). Thus
KgnNTS # ( and thus, there is some ¢ € S with KgNTec # (. Since Kg N (I'\TS) # 0,
it follows that Kg N (T'\ T¢) # (). Hence, for every g € 9x(T'S), we can find some ¢ € S
such that g € Ok (Tc). By (v), the latter set is equal to dx(T")c and since ¢ € S, we arrive
at g € Ok (T)S. We turn to the proof of the assertion (vii). So assume that g € g (T \ S5),
but g ¢ Ok (T). Then the fact that Kg N (T'\ S) # 0 leads to KgNT # 0, as well as
to Kgn (I'\ S) # 0. Soif g ¢ Ox(T), this is only possible if Kg C T. Since e € K, it
follows that g € T. It remains to show that Kg NS # (), since then g € dx(S). Indeed,
since g € O (T \ S), we obtain KgN (I'\ (T'\ S)) # 0 and from Kg C T, it follows that
Kgn(SNT)#0.

For the statement (viii), note that

00k (T)) C{geTl| thereisl e L: lge€ dx(T)} C U Oxi(T).
leL

Now the property (iv) shows the claim. o

In our elaborations, we will have to compute the (Haar) measure of boundaries Ok (7).
Therefore, we have to know that these sets are in fact measurable. In most cases, we will
have to deal with the situation where K is compact and T is an intersection of a closed set
with an open set. In the following, we will refer to sets T" of the latter kind as locally closed
sets. The next proposition shows that for compact sets K and locally closed sets T in T,
the set Ox (T') indeed belongs to B(T).

Proposition 2.4.
Let T be a second countable, locally compact Hausdorff group. Then Ox (S N O) belongs to
B(T') whenever K C T is compact, S C T is closed and O C T is open.

Proor.
Note that by Proposition we have O (SNO) = K~1(SNO)N KT\ (SNO)). Since
the group multiplication is compatible with taking unions of sets, we can write

E7Hr\(Sn0)) = K Y(T\S)u(T\0)
K YT\ S) UK YT\ 0).
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Since the inversion is continuous in topological groups, K ! is a compact set as well. Hence
the set K—1(T'\ (SN O)) is a union of an open and a closed set and therefore, it belongs to
B(T). Tt remains to show that the set K ~1(S N O) belongs to B(T'). One can equivalently
check that K(SNO) € B(I') whenever K is compact, S is closed and O is open. Indeed,
as I' is a locally compact Hausdorff space, hence a T3-space, which in addition is second
countable, Urysohn’s metrization theorem (cf. e.g. [How95], Theorem 1.4) tells us that I"
is metrizable. In particular, each open set O can be written as a countable union U,V,, of
closed sets V,,. It follows from this that

K(SmO):K-(G SNV,) = GK-(SmVn).
n=1 n=1

Thus, the latter set is also a countable union of closed sets, and hence is Borel measurable.

For a positive number 0 < § < 1 and a precompact K C I' (i.e. K has compact closure), we
say that T C I" with |T'| > 0 is (K, 0)-invariant if

|0k (T)]

< 0.
T

We introduce the concept of Fglner sequences in groups.

Definition 2.5.
Let (T},) be a sequence of non-empty, compact subsets of a locally compact, second countable
Hausdorff group T'. Assume further that |T,| > 0 for alln € N, i.e. T,, € F(T'). If

. |TWAKT,|
lim —— =0

for all non-empty, compact K C T, then (T),) is called weak Folner sequence. Here, AAB :=
(A\B)U(B\ A) for sets A,BCT. If

O (Thn)] _
[l
for all non-empty, compact K C T, then (T,) is called strong Fglner sequence. We say that
a (weak or strong) Folner sequence (T,) is nested if e € T1 and T, C Tp41 for alln > 1.
Each element T,, of a Folner sequence will be called Fglner set.

Having the notion of weak Fglner sequences at hand, we can define amenability for groups.

Definition 2.6 (Amenability of groups).
Let T" be a locally compact, second countable Hausdorff group. We say that I is amenable if
there is a weak Falner sequence in I'.

Let us give some examples for amenable groups.
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Examples 2.7.
e Every compact group I' is amenable and unimodular. A Fglner sequence is given by
T, =T for all n € N.

e Every abelian group is amenable. This can be shown using the Markov-Kakutani
fixed point theorem (cf. [DS88], Theorem V.10.6). Note that abelian groups are also
unimodular.

e Every locally compact, second countable, polynomially growing group is unimodular
and amenable, cf. [Gui73], Theorem 1.1 and Lemma 1.3.

e There are groups of exponential growth which are amenable as well. One example is
the Lamplighter group, which is defined as

I:=7§Z:={(m,a)|me€Z, ac L},
1€EZ

where Zg is the cyclic group of order two. Thus, we have I' = {(m,a)|m € Z,a €
ZE} as a set. With o as the left shift on the space of all 0-1-sequences over Z (i.e.
o((zn)n) = (n+1)n), the group operation is

(m,a)-(n,b) :==(m+n,0"a+0).

A Foglner sequence for this group is given by

2n
T, = {(m,a) el|lm| <n,a= kZQ e, g € {071}}
=—2n

for n € N, where e, = (0jx)1ez is the Kronecker symbol, cf. [Pogl0], Example 3.7 (3).
e The free group F, of rank r € N, r > 2, is not amenable, cf. [Gre69], Example 1.2.3.

e Since the matrix groups SL(2,R) and GL(2,R), endowed with discrete topology, con-
tain a subgroup which is isomorphic to the rank two group Fs, they are not amenable,
see e.g. [Run01], Theorem 1.2.7.

In [OWS8T], the authors proved that in each amenable group I' the following holds: given
a compact set K C I' and some positive number § > 0, there is a compact set T" which is
(K, d)-invariant. Therefore, in each amenable, unimodular and second countable group, one
always finds strong Fglner sequences. Besides this, each strong Fglner sequence is also a
weak Fglner sequence. We collect these observations in the following Lemma. For the proof
we essentially stick to the presentation of Lemma 2.6 in [PS14].

Lemma 2.8 (cf. [PS14], Lemma 2.6).
Let T' be an amenable LCSCUH group. Then the following statements hold true.

(i) There exists a strong Folner sequence in T'.
(ii) Each strong Folner sequence is a weak Folner sequence.

(iii) If T is countable, then every weak Folner sequence is also a strong Folner sequence.
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(iv) There ezists a nested strong Folner sequence in T

PROOF.

Let T be an amenable LCSCUH group. To prove (i), we first denote by {V,,} an enumeration
of the countable base of the topology of I'. Since I is locally compact, we can choose the V,
to have compact closure. We now set K, := U?ZIV]-. Then each K, is compact and we have
K, C Ky41 forn > 1, as well as U, K, =T'. Let K C T be compact. We claim that there is
some M € N such that K C K. For the proof, note first that for any g € I', there is some
n(g) € N such that g € Viu(g)- Hence the union UgexVy (g is an open cover of K. Since K
is compact there must be a finite subcover K C U1 Vi) © U;”zlvn(gj). The latter union
denotes a compact set and by construction of the K,,, we have K C U;-”Zlvn(gj) C Ky, where
M :=max{n(g;) | j =1,...,m}. Take a sequence (&,) of positive numbers converging to
0. By the above mentioned statement in [OWS8T], we find for each n € N a compact set F,
such that

|01, ()|

< &p.
|2l !

Using property (iv) of Lemma we conclude that for all n > M, one obtains with
K C Ky C K,, that

0sc(F| _ 10n (P _ 0w (F)l _
7. 7 72

So, clearly lim;,,_,o |0k (F7)|/|Fn| = 0. This shows the assertion (i).

To prove statement (ii), it is sufficient to verify the inclusion

TAKT C 8(KUK*1U{6}) (T)

for all compact sets K,T C I' of positive measure. Indeed, the set Lx := K UK~ U {e}
is compact (it is a finite union of compact sets) and hence the convergence to zero follows
from the convergence of strong Fglner sequences to zero. To prove the inclusion, suppose
first that ¢ € KT \ T. Then we can write g = kt for some k € K and some t € T, but
kt ¢ T. Since k~! € Ly and t € T, we obtain LxggNT # (. Since e € Lx and g ¢ T, we
have LggN(T\T) # 0. Thus g € 91, (T). Now assume g € T\ KT. Then for all t € T and
every k € K, g # kt and therefore k~1g ¢ T for all k € K. Since K~! C L, one observes
LggN(T\T)# 0. Ase € Li and g € T we also have LxkgN'T # (. Hence g € dr,.(T).
Let us turn to assertion (iii). Assume that I' is countable with counting measure | - |. Let
K, T be arbitrary non-empty, finite subsets of I'. As above we set Ly := K UK~ U {e}.

To show statement (iii), it is sufficient to prove
Ok (T) C Oy, (T) € L (TALkT),

since then |0k (T)| < |Lg|-|TALkT|. Note that the first inclusion follows from Lemma
(iv). To see the second inclusion, take some g € I' such that Lxg intersects non-trivially
both 7" and I' \ 7. By the symmetry of Ly, we have g € L;{lT = LkT. If g ¢ T, then
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g € LT\ T and since e € Lg, we have proven the claim for this case. If g € T, find some
k € Lk such that kg € LT \ T, which exists since Lxg N (I' \ T') is non-empty. Again by
the symmetry of L, we have g € Lig(LxgT \ T). Now we have shown g € Lg(TALkT) in
both cases and this proves part (iii) of the Lemma.

Now we finally prove the claim (iv). Let (F},) be a strong Fglner sequence in I which exists by
the assertion (i). We choose some h € F; and set T} := Fih™!, then we proceed inductively.
If T,..., T are chosen, then there is an n € N such that F,, is (T, 1/2)-invariant. Ase € T}
we have F,\ Op, (Fy) C {g € Fy, | Trg C F,} =: S. Using |F,,\ 07, (F)| > |Fo| — |01, (Fy)| >
0, this yields that S has positive Haar measure. Hence S is non-empty and we find some
g € S. Define Ty, := F,,g~'. Proceeding in this manner, we obtain a sequence (7},) which
is nested by construction. Further (7)) is a strong Fglner sequence as it is up to shifts a
subsequence of (F),). Note that here we used unimodularity of I" and (v) of Lemma
stating that shifts via group multiplication do not change the measure of the K-boundary.g

Remark.

Lemma shows that in an LCSCUH group, amenability is equivalent to both the existence
of a weak Fglner sequence, as well as to the existence of a strong Falner sequence. In the case
of countable amenable groups we will only speak about Fglner sequences as the specifications
'weak’ and ’strong’ are dispensable then.

It is a well-known fact that one cannot expect pointwise ergodic theorems for arbitrary
Fglner sequences, cf. [Eme74]. Hence, it is important for our purposes to impose some
growth conditions on the Fglner sequences under consideration.

Definition 2.9.
Let T' be a second countable, unimodular, amenable group and assume that (T},) is a weak
or strong Falner sequence in I.

o We say that (T,,) fulfills the Tempelman condition if there is a constant C' > 0 such
that
U 77'1w| < ¢ 1yl
i<N
for all N € N.

o We say that (T),) fulfills the Shulman condition if there is a constant C > 0 such that

U 7711w | < Ol
i<N

for all N € N. In this case, we say that (T,) is a tempered Folner sequence.

Remark.

Note that the Tempelman condition is stronger than the Shulman condition. Moreover,
tempered weak Fglner sequences always exist in second countable amenable groups, cf.
[Lin01]. However, there are second countable amenable groups without Tempelman Fgl-
ner sequences. On the other hand, as the following Theorem shows, there are reasonable
sufficient conditions on the group for the existence of Tempelman Fglner sequences.
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Theorem 2.10 ([Hoc07], Theorem 3.4).
If for a countable, abelian, amenable group I' we have

r(I') :=sup{n € N | T' contains a subgroup isomorphic to Z"} < oo,
then I' possesses at least one Tempelman Folner sequence.

Remark.
The number r(I") is called the abelian rank of T.

2.2 Ornstein Weiss tiling lemmas

In the following, we use e-quasi tiling techniques for amenable groups developed by ORN-
STEIN and WEISs in [OWS87]. The goal of the subsequent subsection is to cover ’highly
invariant’, compact sets 7' C I' (e.g. sets with large index in a Fglner sequence) by Fglner
set translates Tjc, 1 <1i < N, ¢ € C; where N is an integer number, the C; are finite subsets
of I and the T; are taken from a Fglner sequence in I'. Further, one wants those T;-translates
to have small overlaps and the union U; U, T;c shall cover most of T'. The classical e-quasi
tiling theory shows how this can be done in unimodular amenable groups. More precisely,
for small £ > 0 one obtains e-disjoint (cf. Definition translates that cover a portion
of (1 — 2¢) of the mass of T, cf. e.g. [OWS87], Theorem 1.3.3. For the construction, one
first proves covering results for one single level i € {1,..., N}. This section is devoted to
an extension of the basic lemmas of the sections 1.2 and 1.3 in [OWST] to obtain precise
covering and invariance estimates for the tiling sets {Tjc}.cc,, where 1 <i < N is fixed.

We start with a lemma that can be proven along the lines of [OW8T7], Section I.2.

Lemma 2.11.

Let T be a unimodular, amenable group with unit element e. Let some § > 0 be given
and assume that K C T' is compact. Further, suppose that there is a (K,§)-invariant set
T € F(T') such that the boundary Ok (T) belongs to B(T'). Define the set

A :={heT|KhCT}

Then the following assertions hold true.

(i) For all z €T,

/F]lKh(z) dh = K. (2.1)

(i) If e € K, then Ag € B(T') and |Ag| > (1 —6)|T.
(iii) If e € K, then for all S € F(T), there is an element ¢ € Ay with

[STIK]

KenSl < ——m——.
KenSl< a g

(2.2)
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Proor.
For the assertion (i), we compute using unimodularity

/ILKh(z)dh:/Ilz_1K(h_1)dh:/]lz_lK(h) dh = |2"'K| = |K|.
T I I

To show (ii), note first that as e € K, we have for all h € T that KhNT # (. Thus,
Ag = T\ (T NnOk(T)) € B(T') by the measurability assumption on Jx (7). Since T is
(K, d)-invariant, we compute

|Ax| {h e T|KhNT # 0} — [0k (T)|

>
> |T| =0T = (1 -9)|T].

Let us turn to the proof of the statement (iii). Assume that there exists a set S € F(I)
such that no ¢ € Ak satisfies the inequality (2.2)). By (ii), |Ax| > (1 — §)|T|, and hence

SIEL, ISIIK]Ax]
KcﬂSdc>/ de = > |S||K]. 2.3
fy Venside> [ gr—g =gy = IS1K] 23

However, on the other hand, it follows from Fubini’s theorem and equality (2.1]) that

/A |KcﬂS|dc:/A /ILKc(h)dhdc:/  Lxe(h)dedh < |9||K],
AK AK S S AK

which clearly is a contradiction to the strict inequality (2.3]). O

Next, we introduce the notion of e-disjoint sets, as well as of finite, e-disjoint families of
sets.

Definition 2.12 (e-disjoint families).

Let 0 < € < 1 be a positive number and assume N € N. We say that a finite family {T;}}¥,
of sets in F(T') is e-disjoint if for all 1 <i < N, there is a measurable set T; C T; such that
IT;| > (1 —¢)|T;| for all 1 <i < N and

=
[ =

j-ji:

i=1 =1

where the latter union consists of pairwise disjoint sets. For 0 < a < 1, we say that a set
T € F(I') a-covers a set S € F(T') if [T N S| > «|S].

Remark.

In the literature, one often finds a slightly weaker notion for e-disjointness. For instance in
[OWS8T], two finite measure subsets 71,7, C I" are defined as e-disjoint if there are subsets
T; C T; such that Ty N Ty #  and |Tj| > (1 — €)|Ty|, @ € {1,2}. However, it is easy to
construct sets from those Tl and Tg which satisfy Definition with N = 2.

The following assertion is the main result of this section. It extends Lemma I.3.2. in [OW&T7]
by two features. Firstly, we make sure that the e-quasi tiles can even be made disjoint in a
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way such that they preserve certain invariance properties with respect to a fixed compact
set. The techniques needed in the proof have been developed in private communication
of the author with WEISS. Secondly, we do not only prove a lower bound for the mass
proportion of some set T' covered by e-disjoint translates of the T;, but we also show an
upper bound. This is the essential step in order to compute precise covering densities in
Theorem For the proof of Lemma [2.13] we essentially follow the presentation of the
proof of Lemma 3.2 in [PS14].

Lemma 2.13 (cf. [PS14], Lemma 3.2).

Let T' be some unimodular, second countable Hausdorff group, 0 < £,6 < 1/2 and 0 < ( <
d/2. Furthermore, let T € F(I') and K, B C T be compact sets such that O (T), O -1 (T) €
B(T) and such that T is (KK 1, 0)-invariant, K is (B, (?)-invariant and let the sets K and
B contain the unit element e. Then we can find finitely many elements c¢j,j = 1,...,n in
T such that

i) Ke, CT,j=1,...,n
() J s J ’ ) 105
(i) {Kc;j}j_y is an e-disjoint family of sets,

(ii7) for all j =1,...,n, there is some measurable set K; C K with |K;| > (1 —¢)|K| such
that

o Kj is a locally closed set,

e Op(Kj;) e B(I),

K is (B,4()-invariant,

|08(K;)| < |0p(K)| + ¢|K],

2:1 Kcj = |_|§~:1 Kjc; for all 1 <1 < n and the latter union consists of pairwise
disjoint sets,

(iv) (¢ = 0)|T| < |Ujes Kej| < (e +0)IT.

Remark.

We could have stated the lemma without regarding the additional invariance conditions of
K with respect to B. However, we will heavily use these properties in the main theorems
of this and the next chapter.

PROOF.

We start the proof with a simple observation to estimate the ratio |K|/|T|. For each
g € 0 (T) and t € K we have tg € O —1(T), which immediately gives |K| < |Oxx-1(T)].
This implies

IR OkrZ (2.4)

as T is (KK ™!, §)-invariant.
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Now we formulate the following

Claim: if ¢; € T, j = 1,...,n are elements which fulfill conditions (i)-(iii) and
n
U K¢;| <e(1—26)|T],
j=1

then there exists some c¢,41 € T such that (i)-(iii) still hold true for ¢;, j =1,...,n+ 1.

We postpone the proof of the claim and we assume for the moment that it holds. In this
case, we start with some maximal disjoint family {K¢; };?:1 of translates of K contained in
T with n|K| < (¢ +0)|T| and set K; := K, j = 1,...,n. Then obviously (i)-(iii) hold. It
remains to check condition (iv). If

n
UKC]'

=1

> e(1—20)|T),

then we are done with the proof since ¢ < 1/2. Otherwise, we apply the claim and get some
cn+1 € T such that conditions (i)-(iii) are still fulfilled for ¢;, j = 1,...,n+ 1. Moreover, it
follows from the inequality (2.4 that

n+1
U Kcj| <e(1=20)|T|+46|T| < (e+0)[T).
j=1
If also the lower bound in condition (iv) is satisfied for cj,...,cp+1, then we are done, if

not, then we apply the claim again. This procedure will end after finitely many steps since
T has finite measure and after each iteration we cover at least (1 —¢)| K| more than before.
Thus, the only thing left to do is to prove the claim.

Let ¢;j € T, j = 1,...,n be such that (i)-(iii) hold with sets K;, j = 1,...,n and |4| <
e(1 —26)[T'|, where A := Uj_; Kc;. Weset S:={g € T|Kg C T}. If we had stated the
lemma without the additional invariance properties of K with respect to B, we could apply
Lemma[2.11]right away in order to finish the proof. In order to obtain the desired invariance
conditions, we define the set

U::{gES‘WSC}

which depends on ¢ and the set B. Note that K C KK~!. By Lemma (iv) and
by the fact that 7' is (KK !, §)-invariant, we have that T is also (K,§)-invariant. By
Lemma [2.11] (ii), S is Borel measurable and |S| > (1 —§)|T'|. Since the group multiplication
is continuous, it follows from the continuity of the Haar measure that U is Borel measurable
as well. Further, by the definition of U, it follows with T\ U C (T'\ S) U (S'\ U) that

[ T\U| _ [T\S] | [S\U] /HS\U(Q)
< + <d+
T T T

K A
dg <6+ |KgNnop(A)

RACACZ, dg.
s |7 s (|T||K|

Here we used the definition of U which yields

|[Kgnop(A)

Iaw(g) < (K|
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By Fubini’s theorem and assertion (i) of Lemma [2.11] !, we arrive at

[Kgnap(A)
29 B gy = t/{/ h) dh dg
s (CIT||K| CITHK! (A

h) dg dh

Treq(
CITHK! 05 ( A)/ 2

, 0(A)]
(Lemma [2.11] (i)) < ZT‘ .

By e-disjointness, the maximal number n of translates of K that can belong to A is bounded
by |T|/[(1 — ¢)|K|] such that with Lemma (ii), we arrive at

T 0 K L. .3 (ii) K K

T\U| _ |0p(Uis Kep) | HBIE) o) _ o om0 _ o ¢y
T CIT! ¢|T| (1 —e)lK| (1—-¢)

where the last inequality follows from ¢, < 1/2, ¢ < §/2 and the fact that K was chosen

to be (B, ¢?)-invariant. This yields |U|/|T| > 1 — 2§ which allows us to apply Lemma
(iii) to find some ¢, 1 € U such that

|A||K]|
Ke, A< ————
| C+1ﬂ |_‘T|(1—2(5)

and hence condition (ii) holds for ¢j, 7 =1,...,n —|— 1. As cpq1 € S, we have K¢, C T,
which gives (i). We set K,y = (Kcn+1\A) ¢piq. Clearly, K,41 € B(I') and by the
above inequality we get |K,4+1| > (1 — ¢)|K|. Also, K, 1 is a locally closed set, and by
Proposition u 2.4} the set Op(Kp+1) is indeed measurable. Thus, with the statement (vii) of
Lemma 2.3 and with ¢,;1 € U, we have

105 (Knt1)| = 105(K \ Acyiy)| < 1K NOp(Acy )|+ [05(K)| < (| K| + |0p(K)|
and using 0 < € < 1/2, one obtains

Op(FKa)l K| |op(K)]
Kol ~ (-2)K] T (0—o)lK] =

< ¢|K]|

<20 42¢2 < 4C.

Thus (iii) holds as well and the claim is proven. 0

In order to construct e-quasi tilings for compact sets in the group I';, we will use Lemma [2.13
inductively. The next lemma provides the necessary interfaces. This is joint work with
SCHWARZENBERGER and is contained in [PS14], Lemma 3.3.

Lemma 2.14 (cf. [PS14], Lemma 3.3).

Let T be some unimodular, second countable locally compact Hausdorff group, 0 < €,§ < 1/6,
0<(<d/4 andn > 0. Furthermore, let T € F(I') be a locally closed set and assume that
K,L,B C T are compact sets with e € L C K, e € B. Moreover, let T be (KK~!,§)-
invariant and K be (LL™',n)-invariant, as well as (B, (?)-invariant. Then there is a finite
set C € F(T') such that T\ KC is (LL™', 25 + n)-invariant and the properties (i) to (iv) of
Lemma are satisfied: {Kc}eec is an e-disjoint family, Kc¢ C T for all c € C and

|EC]
T

e—0< <e+4d
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holds. Furthermore, for each c; € C there is a measurable, locally closed set K; C K
with 0p(K;) € B(I') which is (B, 4¢)-invariant, satisfies |K;| > (1 —¢)|K| and |0p(K;)| <
05(K)| + C|K| and the sets Kjcj, c; € C are pairwise disjoint with KC = | [j_; Kc;c;.

Proor.

Note that the sets Ox(T") and Ok g -1(T) are measurable by Proposition Thus, the
assumptions of Lemma are satisfied, and we get a set C' = {c1,...,c,} such that the
properties (i) to (iv) therein are fulfilled. It remains to prove that T\ KC is (LL™!, 25+ n)-
invariant. To do so, note first that since T is a locally closed set, so is T\ KC' and it follows
from Proposition [2.4] that the sets d;;-1(T) and 0y 7-1(T \ KC') must be measurable. We
use the properties of the sets Kj, 1 < j < n to obtain

[KC| Y0 |Kjgl L l-e

Tl > —
| ’_54—6 e+ T e+d

K-

Therefore, using the upper bounds on € and §, we can compute

n n n e+9 1
< < = = < (2.5)
T| = [KC| —|T| = |Kln ~ (555 - DIl (1-2e=0)|K|] ~ |K]
Now apply the statements (iii) and (vi) of Lemma to obtain
0L (TN KCO) _ [0p (D] | [0p(KO) _ [0, (T)] | n-[0p-1(K)) (2.6)

T\KC| T [T\KC| T\KC| ~|T|—-|KC|  [T|-|KC|]

It follows from Lemma (iv) that |T| — |[KC| > (1 — (¢ + 6))|T|. Combining this fact
with inequality (2.5)), we deduce from (2.6|) that
O (TNKO) _ [0 |0+ (K)|
T\KC| = (1—(e+9))|T| K|

<2541,

which shows our claim. Note that here, we used that T is (LL™!, §)-invariant since L C K
and since T is (K K1, §)-invariant, cf. Lemma (iv). 0

2.3 The special tiling property

The results of the previous section put us in the position to obtain precise and effective
e-quasi tiling results for amenable LCSCUH groups. We prove that sufficiently invariant,
compact sets T C I" can be arbitrarily well ’approximated’ by finite, 'almost-disjoint’ unions
of Fglner set translates T;c. We proceed as follows. We say that an LCSCUH group has
the special tiling property if highly invariant sets can be *well approximated’ by translates of
Fglner sets. This is made precise in Definition which also enumerates all nice covering
and invariance properties that we need for our later purposes. Then, in Theorem [2.16] we
show that all amenable LCSCUH groups have the special tiling property. This generalizes in
part the Theorems 1.2.6 and 1.3.3 in [OWS87]. One new feature here is the fact that for each
g-prototile T; we can precisely control the portion of mass of T" covered by the collection
of the corresponding T;-translates. Moreover, we give an explicit construction for tilings of
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T consisting of pairwise disjoint subsets of the T;-translates preserving certain invariance
conditions which respect to a fixed finite-measure set. The achievements of this section are
joint work with SCHWARZENBERGER and will appear in [PS14] (cf. Theorem 4.4).

In the sequel we will use the following notation. For a positive, real number w € R, we
write

[w] :=min{l e N|] > w}
for the smallest integer number [ € N greater or equal than w. We now define the special

tiling property for amenable LCSCUH groups.

Definition 2.15 (Special tiling property (STP)).

Let T' be an amenable LCSCUH group with unit element e. Then we say that I' has the
special tiling property if for all given S, >0, 0 < 8 < e < 1/10 and every nested Folner
sequence (Sy)n in T, the following holds true: for N(e) := [log(e)/log(l —¢)] € N, there is
a collection

{e}ngggTN(s), TZE{Sn|nZZ} (1§Z§N(€))

of N(e) sets taken from (Sy), as well as some 6y = d(e, 3) > 0 such that for all 0 < § < dp
and for every (TN(s)TJQ(la),(S)—invariant compact set T C ', we can find finite center sets

CZ-T CT,1<i<N(e) such that

(1) Upecr Tic €T for all 1 <i < N(e),

(ii) {Tic} cor is an e-disjoint family of sets for all 1 <1i < N(e),
(7ii) the collection {TZClT}f\;(lE) is a disjoint family of sets in T,

(iv) < B  foralll<i< N(g), where n;(e) := e(1 — )N,

e
‘ T | —ni(e)

In this situation, we say that {Tl}f\i(f) is a family of e-prototiles for I' and if for some
compact T C T, the properties (i)-(iv) hold, we say that T has the special tiling property
(STP) with respect to ({Ti}ij\i(f), (Sn)n,€, B) and that T is e-quasi tiled (with parameter ()
by the compact e-prototiles T; with finite center sets CiT.

Roughly speaking, the special tiling property of a group means the following: one fixes
arbitrary 0 < € < 1/10. Then one computes N(e) := [log(e)/log(l — €)] and one finds
a finite sequence {Tz}fi(f ) of e-prototiles. For every 1 < ¢ < N(e) we get the densities
ni(e) = (1 — )N~ Now the special tiling property guarantees that for each 3 << ¢
there is an invariance condition with respect to the {7;} such that whenever a compact set
T € F(I') satisfies this condition, it can be e-quasi tiled by the e-prototiles {T;} in such a
way that for every 1 <i < N(e), the mass proportion of T covered by the translates T;c is
B-close to the value 7;(e).

A short computation shows that whenever some set T' C I is e-quasi tiled by sets {T;} with
center sets C# according to Definition then we can choose 8 > 0 in such a way that T'
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is (1 — 2¢)-covered by the Tj-translates, i.e.

N(e) N(eo)
U ncl| =Y |ncl| = (- 297, (2.7)
=1 =1

Indeed, set 3 := (2N (g))~! to obtain

N(e) N(e)
S et = Y (me) - 8)I7)
i=1 =1
N(e) '
> (Y -V O T 27| > (L= )T~ 2T
i=1

cf. Remark 4.3 in [PS14].

In the main theorem of this section, we extend Theorem 1.2.6 in [OWS87]. It indicates that
all amenable LCSCUH groups have the special tiling property. It is taken from [PS14],
cf. Theorem 4.4. The proof contains ideas of boths authors. The idea to impose the
upper bound ¢ + § in Lemma [2.13] (see assertion (iv)) is due to the author of this thesis.
This is the key ingredient for the precise computation of the covering densities being equal
to n;(e). For finitely generated groups, the proof of Theorem has been depicted in
SCHWARZENBERGER’S Ph.D. thesis, cf. [Sch13], proof of Theorem 5.20 in the appendix.
Before stating and proving the theorem, we compare the techniques of ORNSTEIN and WEISS
with the present construction in two pictures. We start with a qualitative illustration of a
‘typical” ORNSTEIN/WEISS e-quasi tiling.

Figure 2.1: ORNSTEIN/WEISS technique

Figure shows a cutout of an e-quasi tiling of some highly invariant compact set T
This cutout is indicated by the dashed line. For practical reasons, we have only drawn the
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translates of the three smallest e-prototiles T3 (blue), 75 (green) and 7 (yellow). (So one
can imagine a very small cutout in the set which has much less mass than the next bigger
e-prototile Ty.) Note that translates of the same kind (i.e. of the same colour) may intersect
each other in a small portion, while translates of different colours are pairwise disjoint. The
construction in [OWS8T7] is based on the following procedure. In all parts of the original
set which have not yet been 'touched’ by translates of e-prototiles, one covers as much as
possible with e-disjoint translates of blue e-prototiles. If it is not possible to include another
blue translate in this way, one turns to translates of the next smaller e-prototile which are
marked green in the picture. Again, one finds a covering which is maximal in the sense
that one cannot include another green translate with no forbidden intersections with the
sets which have already been included. In the last step, one fills in the remaining gaps with
translates of the yellow e-prototile. It is just due to this construction that the total mass
of all the translates of some bigger e-prototile will in most cases be much bigger than the
total mass of all the translates of some smaller e-prototile. In the above figure, this can be
seen clearly by comparing the total mass of the blue translates with the total mass covered
by the yellow translates. By imposing upper bounds on the covered portions (as described
above), we avoid this effect in e-quasi tilings of the kind as described in Definition In
particular, the total mass covered by blue, green and yellow translates will be the same up
to a very small factor of at most (1 + 2¢). Consequently, one finds much more smaller than
bigger translates in these e-quasi tilings. The qualitative picture then looks quite different,

see Figure

Figure 2.2: e-quasi tiling as in Definition m

Note that this heuristic reasoning with qualitative pictures presumes that the small cutouts
are in fact representative ('typical’) for the whole e-quasi tiling. In general, this is not the
case for every single cutout. However, there is a way to take care of this issue. Namely, in
Chapter [3] we construct families of e-quasi tilings which their ’average cutout’ satisfying all
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the properties just explained through the above pictures.

We now turn to the announced theorem and show that every amenable LCSCUH group has
the special tiling property. Thus, highly invariant compact sets in the group can indeed
be e-quasi tiled as illustrated above. Additionally, we show the validity of some technical
features which will be essential later in the construction of uniform families of e-quasi tilings,
see Chapter . The theorem can also be found in [PS14], Theorem 4.4.

Theorem 2.16 (Amenable groups have the STP).

Let T be an amenable LCSCUH group. Let B,e, N := N(e) and (S,) be given as in
Definition [2.15 and let B C T' be compact with e € B and 0 < ( < e. Then we can find
(B, ¢?)-invariant e-prototiles T; (1 < i < N(e)) such that each locally closed, (TN(g)TJQ(IE), 0)-
invariant (0 < & < 6N 3/4) set T € F(T') can be e-quasi tiled by translates Tic, (1 <
i < N(e), c € CF') such that the tiling sets can be made disjoint in a way such that for all
1 <i< N(e) and all c € CZ-T, there is some measurable set TZ-(C) C T; with the following
properties.

° Ti(c) s a locally closed set.

o [T > (1-9)|T3].

05(T\) € B(I).

Ti(c) is (B, 4¢)-invariant.

105(T )| < [05(TH)| + ¢ |T4].

TiC’iT = |—|c€CiT Ti(c)c, where the latter union consists of pairwise disjoint sets.

Here we essentially stick to the presentation of the proof of Theorem 4.4 in [PS14].

ProOOF.
Let € and 8 with 0 < 8 < e <1/10 and ¢ > 0 be given and let (S,) be some nested Fglner

sequence. Choose some 0 < § < gG*N (€). Without loss of generality, we assume that S,
is (B, (?)-invariant for all n € N and that ¢ < 6/4 (If ¢ is not chosen to be smaller than
0/4, then we can take some (<d /4 and repeat all the steps of the proof again. Hence,
all claimed statements will hold for the original ¢ as well.) As usual, we use the notation
N := N(e).

We start choosing the sets T; € {S,, | n € N}, 1 < i < N inductively in the following way:
set T7 := Sp and if T; = Sy then take T;11 € {S, | n > k4 1} which is (Tinl, d)-invariant.
Then obviously e € T; C T;41 and T; € {S,, | n > i} for all 1 <i < N. Define Dy := T and
8o := 8. Furthermore, set &; := (241 —1)§ for 1 <1 < N. Note that for every 1 <1 < N —1,
we have 0; < 0y_1 < & < 1/10. This allows us to apply Lemma inductively. If
for some 0 < [ < N — 1, the set D; € B(I'), which is an intersection of some open set
with the closed set T is chosen as a (T N—lTﬁil, 0;)-invariant set, we apply the lemma with
T=D,K=Tn_,L=Tny_1_1,B=B,§=9,n=09 and ( = (. We obtain a finite set
C']:\F,_l € F(T') such that D;yq := Dy \ TN_ZC}\}_Z is (TN_l_lTﬁll_l,5l+1)—invariant, where
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0141 = 26; + 6. Furthermore, there are (B, 4¢)-invariant, measurable sets T](chl C Ty_; with

_ (o)
UceCfH Thn_jc= LlceCITH TNZ,c, as well as

TS| > (1= )Ty and  |9p(T) )| < 108(Tn_1)| + ¢ |Tn—y| forallce Ch_,.

This will give the additional properties listed above. It remains to verify the assertions
(i)-(iv) of Definition Note that Lemma implies the inequalities

<e+§ (2.8)

forall 0 <I< N —1.
Claim: for all 0 <[ < N — 1, there is some constant x; independent of the parameters ¢, 8
and ¢ such that

I TN—1CF_]

l
|T’ ( ) > K l ( )

In fact, we will see that x; := 3!, 0 <1 < N — 1 is a good choice. For the proof of the claim,
we proceed by induction on [. Note that we have treated the case [ = 0 in inequality
with kg = 1. Now let [ € N> and assume that holds for all 0 < k <[ — 1. By the
induction hypothesis, we can sum up the resulting inequalities and arrive at

-1 T -1
Z 1—6 Zfﬁkfsk |Uk<lT‘1\;|k‘CNk| <e Z +Z/€k5k
k=0

k=0

Note that here we used the pairwise disjointness of the sets T;C; for 1 < i < N. By the
definition of D; we obtain T'\ D; = U, Tn— xCL _; and hence

-1 -1
1—c-) (1—-¢) anék <1f5 Z — o)+ Kl (2.10)
k=0 k=0
Combining this inequality (2.10|) with the estimate ([2.8]), we obtain

I Tn-1CR_]

-1 -1
(e —6) (1—62(1—5)’“—2@&6) < 7\T|
k=0 k=0
-1 -1
<(e+ ) (1—52(1—5)k+2/£k5k> .
k=0 k=0

Using 0 < € < 1 we obtain

-1
€ (1 —€ Z(l — €)k>
k=0

& = Tn-1CRl
(Sl 1+Z/€k6k —ZﬁkékST_

k=0

-1 -1
6(162(18 >+5l<1+zﬁk6k>+zﬁk5k-
k=0

k=0 k=0

IN
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Bydp,<é<land1l-—c¢ 22;10(1 —¢)¥ = (1 — ), this implies

|TN—1Cn—i] I
HnaiOvl _ g _ g
T

-1 -1 -1
< ¢ <1+Zﬁk5k> —le‘ﬁk&g < (1—1—22/%) 1.
k=0 k=0

k=0
This shows the claim 1' with k; ;=142 22;10 Kk. Since kg = 1 we can compute the x;
recursively, namely x; = 3' for all [ > 0. In particular, we have for all 1 < i < N that

g(1—e)N

o7
“T"C"— <3NVt 1) <2.6V6 < 3,

7]

by the choice of §. This proves (iv) of Definition [2.15] Properties (i), (ii) and (iii) follow
from the construction of the sets CiT , 1 <1 < N. The additional properties concerning the
)

disjoint sets TZ-(C can immediately be deduced from Lemma [2.14 O

The following corollary is an immediate consequence of the preceding theorem.

Corollary 2.17.
FEvery amenable LCSCUH group satisfies the special tiling property.

PROOF.
This follows from Theorem [2.16| O







3 Uniform tiling results

The goal of this chapter is to use Theorem [2.16] in order to prove the existence of uniform
e-quasi tilings in amenable groups. Roughly speaking, we show that for highly invariant
compact sets T' C I', we can find a family of e-quasi tilings as in Definition such that on
average (with respect to the family), almost all elements u € T occur in the center sets C7
with the same frequency. To do so, we significantly extend the e-quasi tiling techniques in
[OWST7]. In fact, we give effective estimates on the covering densities and on the uniformity
properties of e-quasi tiling families. These results provide a major tool in the proofs of
convergence theorems for almost-additive functions over I', cf. Chapter [d] We will deal with
countable groups and general LCSCUH groups separately. In the latter situation, we do not
only construct uniform e-quasi tilings, but certain pairs of e-quasi tiling families. Those pairs
are called uniform decomposition towers, cf. Definition They will become indispensable
later in the proof of the abstract mean ergodic theorem for almost-additive functions over
I', cf. Theorem The decomposition theorem for countable amenable groups (cf. The-
orem appears in [PS14]. The analoguous Theorem for general amenable LCSCUH
groups, as well as the existence theorem for uniform decomposition towers (cf. Theorem [3.6|)
are published in [Pogl3a].

3.1 Countable groups

In this section, we construct certain finite families of e-quasi tilings in countable, amenable
groups. We show that if a set T is e-quasi tiled by the family, then on average, most
of the elements u € T appear in the center sets C; of the tiling with relative frequency
e(1 —)N=%/|T;|. Since the latter number only depends on € and the element 1 < i < N,
this is a remarkable result. The corresponding existence Theorem is an analogue of
Proposition 1.2.7 in [OWS8T7]. We also use constructions of the proof of that proposition.
However, we compute different quantities. Moreover, we are able to give precise estimates for
tiling densities and occurrence frequencies of elements in the center sets. The corresponding
results can also be found in [PS14], Theorem 4.6.

Extending the special tiling property (cf. Definition [2.15]), we now introduce the uniform
special tiling property for countable groups.

Definition 3.1 (Uniform special tiling property (USTP)).
Let T' be a countable amenable group. Then we say that I' satisfies the uniform special tiling
property (USTP) if the following statements hold true.

27
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e For arbitrary 0 < ¢ < 1/10, N := N(e) := [log(e)/log(1l — €)], for every 0 < B <
27 N¢ and for all nested Folner sequences (Sy), the group T' satisfies the spectial tiling
property according to Definition [2.13 with - prototiles

{e}CTH CTh, C--- C Ty,

where T; € {Sy |n>i} for1 <i<N.

e For fized numbers € and 3 as above and for all Folner sequences (Uy,) in T, there is
a finite set Q(e,8,T;) =: Q C I' with e € Q depending on ¢, and the tiling sets T;,
as well as a number R € N such that for each k > R, the set Uy is (Q, 3)-invariant
and there is a finite set A, C T, along with a family {C} CT |\ € A, 1 <i < N} of
finite center sets for the T; such that the following holds: for all X\ € Ay, the set Uy
is e-quasi tiled with the properties (i) to (iii) of Definition[2.15 by the translates Tyc,
ceE Cl-)‘ and additionally,

UZI'V:1TZ'C¢>\
(1) —mr 2 1 —4e for all X € Ay,

(II) ’]Ak\*l Yoren,, Lea(u) — W\ZT(jI) < 3% +2ev; for all1 < i < N and every u €
Ui \ 9g(Uy), where ;(€) = e(1 — )N~ and the v; > 0 satisfy S0, vi|T;| < 2.

Remark.

The essential uniformity property is given by statement (II) of the second item. It states
that for a percentage of at least 1 — 3 of the elements in the set Uy, a fixed element u € Uy
serves as a center in the set C? in approximately e(1 — &)V=¢/|T;| percent of the e-quasi
tilings in the family. In Proposition 1.2.7 of [OWS&T7], one finds a different uniformity result:
it states that for most u € T', the number of center sets C; containing u compared to the
total mass Y_, |C?| is approximately proportional to 1/|T|. However, it turns out that we
cannot apply this fact for our purposes, but we need assertion (II) of the second item of
Defintion B.11

The following theorem shows that uniform tilings as in Definition [3.1] exist in all countable,
amenable groups. It is taken from [PS14], Theorem 4.6 and it is due to the author of this
thesis. In agreement with the author of this thesis, SCHWARZENBERGER, presented the proof
in his Ph.D. thesis, see the proof of Theorem 5.22 in the appendix. The result can also be
found in cf. [PS14], Lemma 4.6.

Theorem 3.2 (Amenable groups have the USTP).

Every countable, amenable group I satisfies the uniform special tiling property.

PROOF.
Let 0 < e < 1/10, set N := N(¢) := [log(e)/log(1 —¢)] and choose 0 < 8 < 2~ Ve. Further,
let (U,) be a Fglner sequence of I' and assume that 0 < 6y < 6~V 3/20.

Note that by Theorem [2.16] I" is e-quasi tiled by a finite sequence

{e}CTh---CTy
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of finite e-prototiles sets taken from a nested Fglner sequence (.Sy,).

Let 0 < § < dg. At various steps of the proof, we will have to make this parameter smaller.
For the sake of the reader, we prefer doing this in a successive manner instead of imposing
many technical conditions on § right now. This is possible since the restrictions will only
depend on ¢, 8 and the basis sets T;, 1 < i < N, but not on things developed in the proof.
One can then think of starting the proof all over again with a new condition on the param-
eter 0. We proceed in nine steps.

(1)

We let M := [log(d)/log(1—0)] and following Theorem we find finite sets T; D Ty,
1 <1 < M, taken from the nested Fglner sequence (S,), such that {7}, is a family
of §-prototiles in T'. In addition to this, we make sure that T; is (TyT' oL 63)-invariant
for all 1 <1 < M (we can do so because further invariance properties can be chosen
without changing the fact that the {T;} d-quasi tile T').

Then we find some integer K € N such that for each £ > K, the set T := Uy is
(TITI_I, 27!§)-invariant for all 1 <1 < M. Since § will depend on ¢, 3 and the basis sets
T;, so does the integer number K. Further, we choose 1" to be a (T'T~1,§)-invariant
finite set T which is also (Tlel 2” 5) invariant for all 1 < ! < M. Using Theo-
rem we can also make sure that 7" has the special tiling property with respect to
({Tl}l 1,( ), 0,81), where 0 < B < 2=M§. For instance, take T := =Up for R e N
large enough.

Define A := {h € T'|Th C T}. Since T is (T'T~',)-invariant, we have by the
Lemma and the unimodularity of the counting measure on I' that |[A| > (1 —0)|7].

Since 7" has the special tiling property with respect to {Ti M 1,(Sn),0,51) (0 < B1 <
27M§), we find a 0-quasi tiling of T with center sets C; C T 1 <l < M asin
Theorem Furthermore, we can make the T)-translates in this d-quasi tiling actu-
ally disjoint such that the resulting disjoint translates T)(c)c C Tic (¢ € Cy) are still
(TNTA_fl, 40¢)-invariant by applying Theorem with B = TNTﬁl. Due to inequal-
ity , those sets maintain the covering properties of our tiling, i.e.

. M -
“ = |T(c)c
L BO@). D) _ X Xeer Tl (o5 (3.1)
7| T
where B(6, (T;),T) = I~ 1 Uees, Tl( )e.
Since all sets T;(c)c are (TNTﬁ1,450)-invariant for 1 <1< M and ¢ € Cy, and since

S0 < 67N 3/4, we can apply Theorem with dy = &y to fix in each translate T}(c)c,
(c € C)) an e-quasi tiling of (T;)¥, vvlth center sets C; (Tl( )) and

Tié

Vs, o)
—
|Tz(0)\

—ni(e)| < B (3.2)
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for 1 <14 < N. Furthermore, we put

for 1 < ¢ < N. Then the elements in C’z can be considered as centers for the Fglner sets
T; such that the {Tic}cea_ are e-disjoint and such that for 1 < i < j < N, the sets T;C;

and TJCA’] are disjoint. Using the fact that 8 < 27 Ve, we obtain by inequality ([2.7)

N
U U Té=a-2) \T;(c)( (3.3)
=L eeCi(Ti ()

for each 1 <1 < M and every c € C}.

We now would like to determine the portion of T that is covered by each set TZCA’Z We
will see that up to some small error (23), this will be n;(e) = e(1 — &)V "

Let 1 < ¢ < N be given. Using the disjointness of the T;(c)c for all ¢ € C; and all
1 <1< M, inequality (3.1 and (3.2)), we obtain

-2 U m

I=1ceCy eeCi(T)(c)

M
>> 2 T1(e)|(mi(e) = B) > (1= 28)(ni(e) — B)IT| > (mile) — 2B)IT,

where the last step is true for sufficiently small §. Note that this is the first of the
announced conditions on the smallness of §. Let us estimate in the other direction.

Estimates and . ) lead to

Z > TiOlm(e) + 8) D () + BB, T). D) < (m(e) + BT

I= 1C€Cz

The above bounds yield for all 1 <i < N

(e)] < 2B. (3.4)

7

For each 1 < i < N, define the ratio ; := |C;|/|T|. We compare this expression with
the ratio n;(¢)/|T;|. By exploiting e-disjointness of the T;-translates, as well as (3.4)), we
obtain for each 1 < < N

TG < ITHICH < (1—e)™t Y2 |T(e)e| = (1 —¢)”

ceC;

<(l-¢) 1|TC’|

UT’ c)c

ceC;
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where the sets T/(c)c, ¢ € C; are pairwise disjoint and |T/(c)| > (1 —¢)|T;| for all ¢ € C;.
This leads us to

L_mE) L |IGIT] 1A N
4 = ~ = ~ i
| T Tl | |7 T Tl | |7
< € \le 28
L—e 7] |Ti|
2p

(e<1/2) < 2vie+ (3.5)

Tl

Using the e-disjointness of the translates of T; (and the rough bound £ < 1/2), it is
straight forward to show that

N
Dol <2
=1

holds true.

In this step of the proof, it will be shown that most of the T-translates contained in T
will be (1 — 3¢)-covered by the fixed pattern Ui]ilil}éi. Here, we will have to impose a
second restriction on . We recall from step (1) that we chose the set A as the collection
of elements a € I' such that the translate Ta lies entirely in T. For cach a € A, we set

(Tam (7\ B, (Tl),T))‘ - ‘Ta\B(d, (T)),T)
T a T

X(a) :=

and treat X as a function on A into [0,1]. Thus, it follows from the 'Chebyshev in-
equality’ that

Vol{a e A|X(a) > V3} <> X(a) = il Z S ).
acA a€A e\ B(8,(T)),T)
Using (3.1) and Lemma [2.11] (i), we continue estimating
1

lal Z Z Irq(9) = 7] 2;4

a€A geT\B(5,(T1),T) geT\B(5,(T)).T) °€

©
(Lemma BTT) () < [T\ B, (T0),7)
(inequality (3.1)) < 20|7|.

This and |A] > (1 — 8)|T| (see step (1)), as well as § < 1/2 yield

. 2V9|A
{a € A|X(a) > V5}| < 2VoIT| < 1[_‘5‘ < 4V5|A],
or equivalently

A > (1 —4V0)|A|, where A:={ac A|X(a)<V5} (3.6)
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Thus, up to a portion of 4v/3, the translates of T' which lie entirely in T are (1— \/5)—
covered by the tiling with basis sets (T;). However, it is convenient to work with quasi
tilings of the sets T'a with their basis sets being subsets of T'a, where a € A. Therefore,

for each a € A, we delete elements of the covering having a non-empty intersection with
'\ Ta. To do so, define for 1 <1 < M and a € A the sets

da,l) = {ceC|T)(c)enTa#0, T)(c)en (L'\Ta) £ 0}, and
I(a,1) = {ceCy|T)(c)eC Ta}.

Then, T}d(a,l) C afﬁfl (Ta) for every a € A and each 1 <1 < M. Using the invariance
i

properties of T" assumed in step (1), for all a € A, we arrive at

1 M - 1 ¥
|\L:J Ti(c)e| < 1 22 o (T

1 ced(a,l)
< 27ls|T|
2 Z
< .

It follows in particular, that if A € A, then the estimate

\U U Tile ﬂ > ITAﬂB(é,(Tz),T)!—}LAj U Tg(c)c]

I=1ceI(\,10) I=1 ced(A,l)

> (16— 9)T]. (3.7)

holds true. Now, for a € A, we are able to estimate the portion of T'a which is covered
by those Cj-translates of T;,1 <4 < N which lie completely in T'a. To this end, we set

M
=U U G@e), and D) =) |J TeCTa

I=1cel(a,l) =1 ccC;(a)

for 1 <i < N and for a € A. Using the disjointness of the translates Tg(c)c, 1<I< M,
c € O and the estimate (3.3]), we obtain

ﬁ \GUE

I()\ 1) =1 eecy(T)(c)

M
(1—2e) Z Z |Tl
=1 cel(A]

for all A € A. Thus, imposing another condition on the smallness of § and using (3.7)),
we arrive at

DV = (1= 2)(1 =8 = V3)|T| = (1 - 3¢)|T] (3.8)

for every A € A.
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(7)

Next, we define the desired family of center sets and verify properties (i) - (iii) of
Definition as well as property (I) of Definition In the previous step we have
already defined the set A. Recall that A depends on T' = Uy, which justifies the notion
Ar == A. Foreach ke N; A€ Ay and 1 <i < N, we set

C} = CMNT) == C;(MA L
Then, we also have

G U Tie=DMWA ' CT

i

1c€~f

for all A € A, which shows (i) of Definition The properties (ii) and (iii) are fulfilled
by construction. The bound in (I) of Definition follows from (3.8]).

In this step, we prepare the proof of the uniform covering principle (II) of Deﬁnition
To do so, we define Q(d,¢, 3,T;) := Q = TMT]T/[I. We now show that foreach 1 <i < N
and u € T'\ 0g(T), we have indeed

<

(3.9)

1
’m > L) =

AEA |TZ|7

where the numbers ~; and the sets C? are as explained in steps (5) and (7) respectively.
Since C;(\) C C}, we obtain

Yo Tea(u) =Y Lgny ) < D0 1e (ud) = |G Nud| < |- (3.10)
AEA AEA AEA

Next, use (B.6) and |A| > (1 — )|T| (cf. step (1)) to calculate

- éi’ |éz‘\ Vi
AP  1aa(u) < | < — =
A A% cx() 1-4V0)|A] ~ 1 —-5Vo)T| 1-5V5

forall 1 <¢ < N. With ; < 1, we obtain

AT Loa(u) =i < (1_15\/3 - 1) Vi < (1_15\/5 - 1> < |£|, (3.11)

AEA

where the last inequality holds true if § is chosen small enough, which is the third
assumption on the size of §. Note here that the choice of the T; only depends on & but
not other quantities developed in the proof. Let us verify the converse bound. At first,
we claim that for all A € A and every 1 <1i < N,

CATI N (T \ dg(T)) C C (3.12)

To see this, let u € C;A~'NT\dg(T) be given. By the definition of C;, we find 1 <1 < M,
as well as ¢ € C) such that u € C’i(T;(c))/\_l. If ¢ € I(\ 1), then u € C;(A)A"! = C?
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and there is nothing left to show. If ¢ ¢ I(\,1), then T)(c)e N (I'\ TA) # 0. On the
other hand, as uA € T\ and
u € Tyuh C T(c)e,

we also have T;(c)c NTX # 0 and thus ¢ € 9(\,1). It also follows from the latter
inclusion (see step (6)) that u\ € GTZTA(T/\) which implies © € 0g(T"). But this is
1

a contradiction to the choice of w. Thus, we must have ¢ € I(\,l) and the claimed
inclusion (3.12) follows. Let now u € T\ 0g(T) be given.
We use (3.12)) to obtain

]103(“) Z léiA—lﬂ(T\aQ(T))( w) = Lo () =100,
which together with (3.10]) implies

AEA

With ¢; € T and uA C T (as TA C T'), we obtain || > |A| and hence, we calculate

1 Cil JuAN Gyl
Yi— e Y lea(u) < = - ——
Al ™ T 7|
A T\ ul A
C;ct) < [TAuAl ) AL
17| 7|

Now, the inequalities (3.6) and |A| > (1 — &)|T| yield

(1-4V5)(1 - 9)|T 8
i — Toa(u) <1— A <56 <
! \A\AGZA ¢ 7 [

where the last inequality holds if ¢ is chosen small enough, which shall be the fourth
and last additional condition on §. This and inequality (3.11]) show (3.9).

(9) Finally, we prove the property (II) of our theorem. To do so, we use the triangle
inequality followed by the Inequalities (3.9) and (3.5). We obtain

]y ni(e)

38
T |T|’

15+‘T|

1
‘wgﬂ |T|‘—’|A|210A i

for each u € T'\ 9g(T) and all 1 < i < N, where Y1V, v|Ti| < 2 as shown above.

Thus, we have finally finished the proof of the theorem. O

3.2 Continuous groups

We turn to the case of possibly continuous, LCSCUH groups. Again, we construct families
of e-quasi tilings with convenient uniformity properties. The corresponing existence Theo-
rem for amenable groups is an extension of Proposition 1.3.6 of [OW8T7]. For the proof
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of the general mean ergodic theorem for almost-additive functions (cf. Chapter [4)), we even
need more sophisticated decompositions. This leads us to the concept of so-called uniform
decomposition towers, cf. Definition [3.5] This latter object consists of a pair of uniform
e-quasi tiling famlies with index sets Y, A € F(I'). The crucial property is that for each
y € T, we can compute the corresponding uniform e-quasi tiling over A with center sets
{c? *()}rea- For our later purposes, it will be essential that A is chosen independently of
y. Thus, we need in fact decomposition pairs as described in Definition [3.5 and we must
refrain from just ’glueing’ two uniform families of e-quasi tilings together. In Theorem [3.6]
we show that in every amenable LCSCUH group, one can construct uniform decomposition
towers. The results of this section have been published in [Pogl3a].

Definition 3.3 (Uniform continuous decompositions).
Let T" be an LCSCUH group. We say that I satisfies the uniform continuous decompositions
condition (UCDC) if the following statements holds true.

o For each 0 < ¢ < 1/10, N := N(¢) := [log(e)/log(1 — ¢)], for arbitrary numbers
0 < B,¢ < 27Ng, for every nested Folner sequence (S,), and for each compact set
e € B CT, the group ' has the special tiling property according to Definition
with e-prototiles
fefcnncmC--- CTy,

where T; € {Sp|n > i} for 1 < i < N(e) and where the latter prototile sets are all

(B, (?)- invariant.

e For fized positive numbers € > 0,8 > 0,( > 0 and for a fixed compact set e € B C G,
there is some integer J € N, as well as a positive number 0 < §g < /4 depending on ¢,
B and the basis sets T; such that for each 0 < §1 < &g, every locally closed, (SJSjl, 01)-
invariant set T C T' can be uniformly e-quasi tiled in the following manner: we find a
finite-measure set A € F(I'), along with a family

{CHT) X eA 1<i< N}
of finite center sets for the basis sets T; such that for each A € A, the set T is e-quasi

tiled by the translates Tyc, 1 < i < N, ¢ € CNT) according to Definition and
moreover,

N en
(I) Wzl—%]‘oralh\el\,

(1I) for all 1 <i < N and for every Borel set S C T,

o1 [ #(CNT)NS) ni(e) |5 B ,

Tl T 73]

where n;(e) == e(1—e)N~% and the v; > 0 can be chosen such that Y1 | v|Ti| < 2,

(I1I) the translates Tyc (c € CN(T), 1 < i < N) can be made disjoint such that the

resulting sets Ti(c)c have the properties listed in the statement of Theorem
for all X € A.
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If for T € F(I') the assertions (1)-(III) hold true we say that T is uniformly e-quasi tiled
by the translates T;c.

Remark.

The essential property of Definition is given by the inequality (II) in the second item.
It shows that the center cets are uniformly distributed in T in the following sense. On
average with respect to the measure v(-) := m|f\('), the mean occurrence frequency of the
center sets is nearly constant almost-everywhere of 7. This statement is a refinement of
Proposition 1.3.6 in [OW8T7] and we use basic constructions of this assertion. Beyond that,
we obtain quantitative estimates for the coverings in Definition [3.3] The uniform continuous
decomposition condition is the continuous analogue of the uniform special tiling property in
Definition We also could have required property (III) already for the USTP. However,
it was not needed at this point. We will make use of this feature of the UCD condition when
we prove the existence of uniform decomposition towers in Theorem Another difference
is that in the uniformity estimate we consider an inequality normalized by the mass of T
The reason for this is that the number #(C{\ N S) might be large if S covers a large portion
of T'. This problem does not occur in the inequality in assertion (II) of Definition where
one deals with characteristic functions 1, (u) for u € T" and this latter function is clearly
bounded by 1. '

In the following theorem, we prove that each unimodular, amenable group is UCDC, i.e. it
satisfies the uniform continuous decompositions condition. This is the continuous analogue
of Theorem [3.2] for countable amenable groups and significant parts of the proof can be
adapted. For the presentation of the proof we essentially follow the proof of Theorem 3.7
in [Pogl3a).

Theorem 3.4 (Uniform continuous decompositions).
Each amenable LOCSCUH group 1" satisfies the uniform continuous decompositions condition.

PRrOOF.
Let 0 <e<1/10and 0 < (, 8 < 27Ne, as well as a compact set e € B C T' be given, where
as usual, N := N(g) := [log(¢)/log(1 — ¢)]. Assume further that 0 < &; < 6=V 3/20.

Note that by Theorem we can find (B, (?)-invariant basis sets
{feyCThh C--- CTy,

taken from a nested Fglner sequence (S,,) that e-quasi tile the group such that each (TnT ]Ql, 01)-
invariant set 7" C I' can be e-quasi tiled by translates T;c that can be made disjoint in a
way that they keep the claimed invariance properties with respect to the set B.

We choose 0 < § < 1/100. As in the proof of Theorem [3.2 at various steps of the proof, we
will have to make this parameter smaller. This is possible since the corresponding restric-
tions do not depend on objects developed in the following constructions, but only on ¢, 8
and the basis sets T;.
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We stick close to the proof of Theorem [3.2] and again, we proceed in nine steps. In fact, the
steps (1)-(7) can be proven in essentially the same manner as before. In step (8) we have
to deal with a major difference in the calculations because for continuous groups, the Haar
measure is not equal to the counting measure. Further, unlike in Theorem we deal with
quantities normalized by the mass of T'.

(1)

We set M := [log(0)/log(1 — §)] and we find (TnTx",0?)-invariant sets T; 2 T,
1 <1 < M, taken from (S,) such that the T; §-quasi tile the group I' (cf. Theo-
rem . Define J := min{n € N|S,, = Ty/}. Now let T" be a locally closed set
which is (S5, 27M§)-invariant, hence (TlTl_l, 2~ M§)-invariant for all 1 <1 < M by
Lemma [2.3] (iv). Further, we choose 1" to be a (T'T~1, §)-invariant compact set inherit-
ing all the mentioned invariance properties of T, i.e. it is also (TZTZ_I, 2~ M§)-invariant
for all 1 <1 < M. Using Theorem we can also make sure that 7' has the special
tiling property with respect to ({T;}14,, (S,),d,81), where 0 < B < 27M5. We set
A:={geT|TgCT}and we note that A € F(I') and

1Al > (1-0)|T)| (3.13)
by Lemma (ii) and the unimodularity of the group.

We fix a d-quasi tiling of T as in Theorem with basis sets T;, 1 <[ < M, where
we make the T'-translates actually disjoint such that the resulting disjoint translates

Tl(c)c are locally closed and still (TyTy',48;)-invariant. We note that these disjoint
translates (1 — 20)-cover the set 7', i.e.

M (e ol
‘ Ul:1 Uceél Tl C‘ . Z{\il 26661 |TZ(C)C|
7| 7|

>1— 26. (3.14)

Since all the sets Tl(c) are still (T’ NTJQI, 461 )-invariant for all 1 <1 < M and every c € C|
and 401 < dp, it follows from Theorem that we can fix in each translate Tl(c)c an

e-quasi tiling with the basis sets T; and finite center sets C’f’c such that
l7

|T.C;]

Ti

—ni(e)| < B (3.15)

for every 1 <+¢ < N. Further, we set

Cx

A l,c
C; = U C;
6661

l

1

for 1 < ¢ < N and we note that the C’Z can be considered as center sets for the basis
sets T; such that the family {Tic}cea is e-disjoint and such that for 1 <:¢ < 7 < N, the
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elements 7;C; and T]CA'J are disjoint. For the covering properties of this e-quasi tiling,
a short computation using inequality (3.15) shows that

(1—26 — 2¢)|T,

cf. proof of Theorem step (3)
The step (4) of Theorem shows that by imposing a first condition on ¢ depending

on € and (3, we have
e]
T

—ni(e)| <28 (3.16)

forall1 <3< N.

A short calculation using the e-disjointness of the T;-translates now shows with inequal-

ity (3.16) that

2f
T3]

7| |T5|

‘#(@) mi(e) e, (3.17)

where ;== #(Cy)/|T| for 1 < i < N and YN, 4|Ti| < 2, cf. proof of Theorem
step (5).

We recall from step (1) that we chose A to be the collection of elements a € I such that
the translate T'a lies entirely in 1. So for each a € A, we define

’Taﬂ (T\Ul 1UceC Tl) )’ _
T = 7]

6661

i
X(a) = .

Note that X is a measurable function on the finite measure set A. It follows then from
the Chebyshev inequality that

a.

{a € A| X(a) >\f}! / ‘Ta\Uz 1Uc€ClTlC’
\A| f |- T

Using the Inequalities (3 and ( -, we obtain by mterchanging integrals (Fubini’s
Theorem),

{a € A| X(a) > 6} 1 e
0 < Gl

- e [ f
25 1A N

:—A‘lT_l/ (/1a d)d
\/5‘ ’ ’ ‘ T\(UAEU Tl(c)c A T (g) a g

7|T\Ull Tl C\ |T|
Vs (1—51)|TH \
6.

M (€
Ul 1Uc€C Tl

)( g)dgda

174(g) dg da
Tl c)

IN

IA
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This shows that for most of the a’s (up to a portion of 6\/3), the corresponding translates
Ta are (1 — v/3)-covered by the disjoint union

LI 1] T

=1 ceCy, Tl( cNTa#)

It follows from this, as well as from the invariance properties of 17" that we can impose
a second restriction on § depending on € to obtain that up to a portlon of 6 \/5 of the
elements a € A, the translates Ta are (1 — 3¢)-covered by the union Y., T;C;, cf. step
(6) in the proof of Theorem However, for some elements a € A and some ¢ € C,
the translate T;c will have non- tr1v1al intersections with both T'a and its complement.
In order to cope with this difficulty, we introduce the following notions. Define

I(a,l) := {cGG\T?C)cha}
da,l) = {ceC|T%nTa#0ATcn(G\Ta)# 0}

forae Aand 1 <[ < M. Further, we set

M
=-U U ar

I=1ceI(a,l)

for a € A and 1 <i < N(e), where the sets C’f’c are those defined in step (3).

We are now in position to define the family A, as well as the corresponding center sets
CMT) := C? for 1 <i < N and A € A. Namely, we obtain A by erasing from the set A
the ’bad’ elements, i.e.

A:={A€ A| X(\) < V6}

From the measurability of the map X we deduce that A is measurable as well. Note
that by inequality (3.13]), we have

IA| > (1 —6V0)(1—8)|T). (3.18)

For A € A, we set
Cr:={deT|d\ecCi(\}CCix!

for 1 <i < N. An easy computation using the previous step shows that for every A € A,
the set T is (1 — 4¢)-covered by the union JY., T;C?. By construction of the C}, we
have indeed T;C} C T for all 1 < i < N(¢) and every A € A. This shows property (I)
of Definition

We still have to show the uniform covering property (II) of Definition Set T :=

T\ 8TMT_1 (T'). It follows from the invariance properties of 1" that with 6 < /3, we have
M

indeed |T'| > (1 — B)|T.

Now, fix some Borel set S C T and fix 1 < i < N. We show first that there is a constant

x > 0 such that

A08)dA— #(Ch) - |5]] < w VG ‘?', T] + #(C)BIT] (3.19)
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for all S and every 1 <+¢ < N. To do so, note first that
/#CAHS )dx < Z/Ilsc)\
ceCl

One immediately obtains from this that
/ #(CX N S) A < #(Ch) - |S]. (3.20)
A

This gives one part of the desired inequality.

On the other hand, we can prove the remaining in the following way. Since by construc-
tion, TA C T', we have A C T~'T. Furthermore, in the same manner as in step (8) in
the proof of Theorem we obtain C;A™1NT C C2. This implies C{* N T=CA1nT

and hence one computes

/A#(cij)dA > /#CAOSOT )d\ = /Z]lSmTc)\ 1

ceC}
= lgm(eA™! d)\—/ Lo p(cA™)dX
/T*lf“z sn(A™) 1T\AZ snr(c
> Lo (A1) dA — / Ig(eA™?
> [ 2 L o 2 15
ceC;
= 1 g1, (A) dA — Ci N SA) d.
/TTZC: W= [ #Ensy)

It follows from the e-disjointness of the translates T;c that the maximal number of
elements in C; which can belong to some translate SA must be bounded by

‘aTiTiﬂ(T)\) U T)\‘ 146 ‘T|
(1=l ~— 1-e L

where we also used the (TiTi_l, d)-invariance of the set T'. Hence, we can estimate

/#ckms YA > Z/ L grity-1o(\) dA — 21”‘;" TV A (3.21)

Moreover, with inequality (3.18]), we obtain

T\ Al T'T| - [A]
|70 dpp—1(T)| — (1 = 6V5)(1 = 6)|T
[14+6—(1—6V38)(1—0)]|T)

8V |T| (3.22)

ININ TN

by the invariance properties of T. Now making use of €,0 < 1/2 and the estimate in
inequality (3.22), the inequality (3.21)) yields
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/A#(C}HS)d)\ > #(C)-|SNT|—2-4- 7 -8V T

T3]
> #(C)-|SNT| - 645 |'§" 7]
~ ~ Tl &
> #(Cy)|S| — #(Cy)BIT| — 64V H 7).

Note that we used here the fact that IT| > (1 — B)|T), as well as the inclusions S C T
and T C T. Together with inequality (3.20)), this shows (3.19) with x = 64.

(9) We infer from inequality (3.18]) that for 6 small enough,

1 #(Ci)
< (a=ma=em )

< €%,

7 Al

|#(C'z') #(Cy)

where v; = #(C;)/|T| as above.
From inequality (3.17)), it follows that

28
<274 —. 3.23

|#(Cz) (1N
Al |T;]

Hence, using the triangle inequality in inequality (3.19)) and plugging in inequality (3.23]),
we arrive at

_ crnS) e(1—e)N 9| Vo T 38
A 1/#(Zd)\ - = Pl +27-e4
" ST Tl < m A 7
(B.18) 64+/6 36
< + 2764 ——.
(1—6)(1—6v0)|T3| |T;|

So it remains to choose ¢ small enough such that we have finally proven the theorem.q

For the general mean ergodic theorem which will be proven in Chapter [, we will need the
concept of a so-called uniform decomposition tower. In this context, we construct a uniform
family of e-quasi tilings of a highly 77T~ '-invariant set T as in Theorem [3.4 (with index set
YT C T') such that each e-quasi tiling associated with a y € T generates another uniform
family of e-quasi tilings for the set 7" with index set A C I'. Moreover, this set A will not
depend on the choice for y € T. In the following definition we make this concept precise.

Definition 3.5 (Uniform decomposition tower).

Let T be an amenable LCSCUH group. We say that I" has the uniform decomposition tower
condition (UDTC) if for every strong Folner sequence (Uy) in T, the following statements
hold true.
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e For each 0 < ¢ < 1/10, N := N(e) := [log(e)/log(1l — ¢)], for arbitrary numbers
0 < B,¢ < 27 Ne, for every nested Folner sequence (S,), and for each compact set
e € B CT, the group T satisfies the special tiling property according to Definition[2.15]
with e-prototiles
{fe}CT1 CT, C--- C Ty,

where T; € {Syp|n > i} for 1 < i < N(e) and where the latter prototile sets are also
(B, ¢?)-invariant.

o For fized positive numbers e > 0,8 > 0, > 0 and for a fized compact set e € B C G,
there are numbers K € N and ng > 0 depending on €, and the basis sets T; such
that for each k > K and for every 0 < n < ng, there is some (UkU,;l,n)—invariant,
compact set Uk, as well as sets A, T € F(I') of finite measure, such that

(1) UpAy, C Uy, (1= B)|Uk| < |Ag| < |Ug| and Uy, is (TnTx", B)-invariant,
(II) there is a family
{CY(Ur) |y € Tp, 1 <i< N}

of finite center sets for the prototile sets T; such that the covering of Uy, given
by the translates Tyc,c € CY(Uy), satisfies the assertions (I) and (II) of Defini-

tion [3.3,
(I111) for each y € Yy, the set Uy is uniformly e-quasi tiled by the family

{CPNUR) X € Ay, 1< i < N}
of finite center sets for e-quasi tiles T; according to Definition where
U, N CY(U)A™L € CVNUL) C U N CYO )N

for alll <i < N and every A € Ay, and U, C Uy, is a measurable, (TNT_1,4B)—
invariant set with |Ug| > (1 — B)|Uk|.

In this situation, we say that the pair (Y, Ay) is a uniform decomposition tower for
the pair (Uy, Uy,) with respect to ({7}}?}:(16), (Sn), &, ).

In fact, the existence of uniform decomposition towers can be proven in full generality. This
is shown in the following theorem, which is a strengthening of Theorem

Theorem 3.6 (Uniform Decomposition Tower).
Each amenable LCSCUH group I satisfies the uniform decomposition tower condition.

Remark.

At a first sight, one might wonder whether the existence of uniform decomposition towers
follows trivially from a repeated application of Theorem However, we will have to use
more involved arguments as we would like the sets T; and Ay to be independent from each
other.
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PRrOOF.
Let 0 <e<1/10and 0 < (, B < 27 Ne, as well as a compact set e € B C T be given, where
N := N(e) := [log(e)/log(1 — ¢)]. Assume further that (Uy) is a strong Fglner sequence.

By Theorem we can find (B, (?)-invariant basis sets
feyCTi C--- C 1,

taken from a nested Fglner sequence (S,) that e-quasi tile the group according to Defini-
tion [2.15)

As before (proof of Theorem , we choose 0 < § < 1/100, and at various steps of the
proof, we reduce this parameter for our purposes (restrictions depending on &, and the
T;). As before, set M := [log(d)/log(1 —9)].

(1) Let J € Nand 0 < 69 < /4 be the parameters from Definition that can be found
by Theorem Then we can choose a finite sequence of (575", 63/64)-invariant sets
from (S,), say (Ty);, 1 <1< M,

TN CS;CT1CTyC - CTyy,

which §-quasi tile the group I' according to Definition for any parameter 0 < 1 <
2~M§. Take some number K € N depending on ¢, and the basis sets T; such that
for each k > K, the set T := Uy, is (TlelTNTﬁl,2_l5)-invariant forall 1 <1 < M.
Moreover, we choose T = Uk, where U}, is a (UxU, L 0)-invariant set which has all the
mentioned invariance properties of T' = Uy, and which has the special tiling property with
respect to ({T}X,, (Sn), 0, B1). This can for instance be done by setting 7' = Uy, = Uz
for K € N large enough. Defining 1y := 0/2, we will be able to show all assertions
claimed for 7' = Uy.

(2) We use Theorem to fix a d-quasi tiling of 7' with basis sets T and finite center sets
C;,1 <1< M. In fact, by Theorem we can actually find disjoint translates T;(c)c
which are still (5757, d/2)-invariant for every 1 <1 < M and all ¢ € C.

(3) Next, we choose T as a (TMTX/},S)—invariant and (717!, 5)-invariant, compact set,
where

) )2
8 M #(C)/

Now by Theorem in every translate T;(c)c, 1 <1< M,ce C), we will find a uniform
family of e-quasi tilings with finite Tj-center sets CY (I, c), where the y are taken from a
set T(I,c) € F(I') of finite measure. We have seen before that those uniform coverings

—

can be induced by some background quasi tiling of a compact set T;(c)c which just has

0<5<(

to be invariant enough with respect to TlTl_l for 1 <[ < M. Hence, without loss of

generality, we can work with one single compact set T C T replacing all the sets T;(c)c
for 1 <1< M and every c € C.
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(4) By the construction given in inequality (3.18)) in the proof of Theorem [3.4] m and with our
choice for ¢ in the previous step, one obtams

IT(le) > (1-5-6Vd)T

> (1-7V5) T
1-7V5 . 1
1446
§<1/100 = ..
> (1-8Ve) T
> (1 - M‘S> sl (3.24)
>im1 #(C)

for every 1 <1 < M and each ¢ € C;. Note that in the third inequality we used the fact
that 7' was chosen to be (T7~!, §)-invariant.

Define

S

Tk::T:ﬂﬂ (I,c) € F(T).
=1 ceCy

Since T(I,¢) € T~'T for all 1 <1 < M and every ¢ € C; (see proof of Theorem ,
it follows from elementary measure theory from (3.24)) that for all 1 <1 < M and all
ceE 61,

17| > (1=0)|T7'T| > (1=6)|Y(l,¢)l. (3.25)

(5) We now show the uniform covering property for the set T = Uy. To do so, fix a Borel
set S C T as well as some 1 < ¢ < N. As a preparative step7 we use Theorem .
to establish the uniform covering property for each translate Tl( )e. Indeed, it follows
from (II) in the second item of Definition [3.3] that

g [ #ENT@gncito] s(1—e)V |SnT2<c>’
‘ml’ " s /(o) YT T
4B

\T| +27(l,c)e (3.26)

for all 1 <1 < M and for every ¢ € C;, where ", ~;(I,¢) |Tj| < 2. Furthermore, we
compute

o [ #ENT)NCIL] e [ #SNTi()e) 0 YL e)]
‘ml, ™ Lo |T;( . dy—pet [ T dy‘
|T(l,c)] —|Y] #(SNT(c)e) N CY(1,¢)]
= 7Y@, o) ‘/ T} ©) dy
_ #(SNT, (C)c) NCY(l,c)
Y(l,¢)| ™t d )
L 7,(0) v
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Note that due to 6-disjointness and due to the fact that all sets T(c) are (TNTN', 60/2)-
invariant, it is true that

’ _ 1+ 6o
(¢ (L=20)|Ti|

#(ENTi(e)e) N CY(L] _ (L4 0)IT0)
()| (-2 IT,

Thus, with inequality (3.25) and 6 < 1/100, one arrives at

_ #gﬂT,cc nCcY(l,c _ #SHT/CC NCY(l,c
‘\m,cn [ HEOTOINGHLAL s [ AGOTIING o),
(L) Ty(c)] T T3(c)|
8(5(1 + 50) 160
< —=< . (3.27)
| T | T
So combining the inequalities (3.26]) and (3.27)) with the triangle inequality yields
|m L[ #ENTI L), =9V [$NTi(e)el
IT3(0) i Tie)]
I6] 165
<4—=+2%e+ — (3.28)
| T T
for all 1 <1 < M and every ¢ € C}, where ¥; := max;. vi(l,c).
We are now in position to prove the uniform covering property of the family T for the
whole set T'. Firstly, we set
A o o M
CY = CY(T) = CY(U) == J U C¥(l,0)
=1 Ceél
Then, for each y € T, the finite set C’f/ contains the T;-centers of an e-quasi tiling of the
set T', see the steps (3) to (5) of the proof of Theorem Next, by disjointness of the
T,(c)c, we compute with
S N _
T 7| |73
A M p—
Sy Tife)e -1 / HENTi@enctwa) 91U e, T (o |
=1 et |T| Ti(e)l 7 IT:]

LTV (U U Ti0e)| ey | | (VU Ve, THOI N EY)

7| | T il
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Due to e-disjointness and Lemma (ii),(iii) we obtain

#((O U U, TH) N CY) [T\ (UM U, Tul@)e) | 1071 (D)
7] S T Q—md (- 2e)nl
S Y s (D))
(1—20)| 3|7

20 + 6 + dg 30 + g

T (1-29T]  (1-29)|T

for all y € Y. We continue with

_ S“mé?/) S| mie)
T 1/ #( A ) dy_i/\' v
“ | T T3]

T (c c| L[ #(SNTy(e)e)nCY (1, c)
ZZ ‘T| I i ‘T;(C)C’ dy

=1 CEC;

St 5 [Tl 80T n6)| | pemle) 85+
S 1T Ty T T (1 =2¢)|TH]
T #SﬂTlccﬂCf/l,c SNT(c)e i(e
o Sty e 4| HEOT@ING Gl 5, _ ST nte
= oct, | ’ T Ty(c)] Ty (c)] ‘
771() 35+50
+24 +
75| (1—2¢)|T}]
D |, 8 226 24,
< +2% e+ o+ —.
|T| Ti| |7

By noting that dyp < /4 and by making ¢ small enough (depending on & and (), this
shows the uniformity estimate claimed in the second item of (II) of Definition The
remaining assertion in the item (I) of Definition is satisfied by construction.

(6) Next, we verify the statement (III) of the second item of Definition We choose
A = Aj in exactly the same manner as in the proof of Theorem steps (6) and (7).

Note that A results from considerations concerning the sets T, 7', and the T,(c)c for
1 <1< M and c € C;, but not from the tilings constructed above. In this sense, A is
indeed independent of T = Y.

As demonstrated above, for every y € T, the set 7' is e-quasi tiled by the basis sets
T; with corresponding finite center sets CY for 1 < i < N and all the translates Tjc

(1<i<N,ce CA’iy) are contained in some translate T;id, where 1 <1 < M and d € C|.
Thus, if we fix y € T, we can argue as in the proof of Theorem steps (6) and (7),
to define

CIAUR) = CINT) = {deT[dre CY(N)
TNCYA)A!
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forall 1 <7< N and all A € A, where

M
/=1 U ¥ cC?nu.
I=1ccI()\l)

Note that as in step (6) of the proof of Theorem we have set I(\,1) = {c €
C;|Tj(c)e C TA}. Continueing with the steps (8) and (9) in the proof of Theorem
we obtain the desired uniform covering. Further, set U, := Uy \ 8TMTX41(U’“)' Then
indeed, |Ug| > (1 — B)|Ux| and CYA" N T, C Cl'y’)‘ for all A € A. Further, we infer from
Lemma (iv) and (viii) and the fact that Uy is (Ta Ty TnT 1, B)-invariant (for &
small enough) that

N < +2 <48.
|Ug| |Uk| |Uk|

Since these considerations must hold true for all y € Y, we have proven the state-
ment (III) in the second item of Definition

(7) The validity of statement (I) in the second item of Definition [3.5|follows by construction
for § small enough depending on .

This finishes the proof of the theorem. O






4 Banach space-valued ergodic theorems

The following elaborations deal with mappings
F:FT) = (Z]-12),

where I' is an amenable LCSCUH group and where Z is a Banach space with norm || - || z.
We will assume that the values ||F(Q)||z/|Q| are uniformly bounded. Further, we suppose
that for unions @ = | |j%, Qk of pairwise disjoint sets Qp € F(I'), the difference of the
expressions F(Q) and >t F(Q) in norm is controlled by a boundary term function
b: F(I') — [0,00). Those latter mappings have the crucial property that they asymptotically
relatively vanish for strong Fglner sequences (U;), i.e. limj_o b(U;)/|U;| = 0. We will F
call an almost-additive, Z-valued function on F(I'). Canonical examples for almost-additive
functions are ergodic integral averages: let I act on a probability space (2, 1) by measure
preserving transformations, set Z = L?(Q, u) and take f € L?(Q,p). In this situation,
one can define an almost-additive (in fact additive) mapping via F(Q)(w) := [, f(9w) dg.
By vON NEUMANN’s ergodic theorem (cf. e.g. [Gre73|, Corollary 3.4.), there is some f* €
L?(£2, u) such that

=0
L2(Q,p)

_f*

j—00

F .
= lim H (U])
1Uj|

lim H\ij | #erdg -1
e Us L2 (1)

for every (strong or weak) Fglner sequence (U;). Thus, it is a natural question to find an
abstract setting in which one can expect norm convergence of the expressions F'(U;)/|Uj]|
for general almost-additive mappings F'. In this chapter, we show that this holds true
under natural ergodicity assumptions. We discuss two different approaches, one for count-
able groups and another one for general amenable (possibly continuous) LCSCUH groups.
Firstly, we endow countable amenable groups with a colouring map C : I' — A, where A
is a finite set. For suitable Fglner sequences, C induces some kind of measure on the set of
all possible finite coloured patterns in the coloured group. In Theorem [4.4] we prove the
Banach space convergence for almost-additive functions F' which take their values accord-
ing to the shape of the patterns. The latter assertion is valid for all countable, amenable
groups. Hence, it is a major extension of the corresponding theorems in [LMVO0S, [LSV1I1].
This result can be found in [PS14]. Secondly, one might work with classical ergodic the-
ory for general amenable LCSCUH groups. By imposing a mild compactness condition on
the Banach space under consideration, we use the uniform tiling results of Chapter [3] to
generalize the abstract mean ergodic theorem for integral averages given in Theorem 3.2 of
[Gre73]. Precisely, we show in Theorem that there is some element F'* € Z such that
for all strong Folner sequences, the ratios F'(U;)/|U;| converge to F™* in the topology of Z.
This result has appeared in [Pogl3a), Theorem 5.7.

49
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4.1 Countable amenable groups

In this section, we assume that I' is a countable amenable group. As before, we write F(I")
for the set of all non-empty, finite subsets of I'. We consider I' to be coloured by finitely
many colours. As an ergodicity assumption, we consider Fglner sequences along which
the occurrence frequencies of all possible coloured patterns must exist as a limit. The first
model of this kind has been outlined by LENZ in [Len02], where the author characterizes the
existence of pattern frequencies in a subshift dynamical system by the validity of an almost-
additive convergence theorem. In Theorem 1 of [LMV08] the authors prove the Banach space
convergence along Fglner sequences for almost-additive functions over I' = Z%. This latter
assertion was generalized in [LSV11], cf. Theorem 3.1, to all countable, amenable groups
that possess a monotile Fglner sequence with symmetric grid system. In Theorem
we get rid of this assumption and prove the convergence of almost-additive functions over
arbitrary countable, amenable groups. The major tool for this undertaking is the uniform
special tiling property of all countable amenable groups, see Theorem [3.2] This achievement
appears (among other things) in a common work of the author with SCHWARZENBERGER,
cf. Theorem 5.5 in [PS14]. In his Ph.D. thesis [Schi3], SCHWARZENBERGER adapts our
proof of Theorem [£.4] to the case of finitely generated, amenable groups.

We assume in the following that A is a finite set that colours the group I" via some mapping
C:T'— A For Q € F(I'), we call P:=Cq the pattern of Q. In this situation, we say that
Q is the domain D(P) of P. The set of all finite patterns is denoted by P and for a fixed
Q € F(T), we write P(Q) C P for the set of possible patterns with domain Q. Further, if
P is a pattern and Q C D(P), the restriction of P to @ is given by

Po:Q— A:hw— P(h).
Moreover, for a pattern P € P and g € I', we define the translation Pg of P by
Pg:D(P)g — A:hg— P(h).

Translations and restrictions of whole colourings are defined analogously. Note that trans-
lations by group elements attach equivalence classes P to patterns P € P. Precisely, two
patterns are equivalent if and only if one pattern is some translation of the other. The set
of all possible induced equivalence classes shall be denoted by P.

Given two patterns P, P’ € P, the number of occurrences of the pattern P in P’ is defined
as

#p(P') :=# ({g €T| D(P)g € D(P'), Plpp), = Pg}).

Counting occurrencies of patterns along a Fglner sequence (Uj);en leads to the definition
of frequencies. If for a pattern P and a Fglner sequence (U;);en, the limit

vp i tim PG
oo (U
exists, we call vp the frequency of P in the coloring C along (U;);en.
In order to define the notion of an almost-additive set function, we need an object to measure
the degree of additivity of a mapping. We do this via a so-called boundary term.
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Definition 4.1 (Boundary term).
Let T be a countable, amenable group. A mapping

b: F(I') — [0, 00)
is called boundary term for I' if

(i) it is bounded, i.e. there exists some constant D > 0 such that b(Q) < D |Q| for all
Qe F(I),
(%) limj_ o b‘(U—U;j) =0 for every Folner sequence (Uj) in T,
(i) it is translation invariant, i.e. b(Q) = b(Qg) for all Q € F(T') and every g € T,

(iv) it satisfies the inequalities

b(QNQ) <b(Q)+b(Q), HQUQ) <HQ)+bQ), HR\Q) <bQ)+bQ)

for all Q,Q" € F(T).

For each coloured pattern P, we then define b(P) := b(D(P)). (Note that due to the invari-
ance property (iii), the value b(P) will only depend on the equivalence class of a pattern.)

With this definition at hand, we are in position to introduce the notion of an almost-additive,
Banach space-valued set function.

Definition 4.2.

Let (Z,] - ||) be a Banach space and assume that A is a finite set. Suppose that I" is a
countable group with a colouring C : T' — A. A function

FFT) = (2] -1)
is called almost-additive if
(i) it is C-invariant, i.e. F(Q) = F(Q') whenever Q,Q" € F(T) are such that Cig = Cj¢y,
(i3) there is a boundary term b such that for every finite collection {Q;}F_, of pairwise

disjoint sets in F(I")

k
HF(Q) — > F(Q))

=1

k
<> b(Qi),
i=1
where Q) 1= |_|f:1 Q;.

Every almost-additive function F : F(T') — (Z, ||-||), gives rise to a function F on P instead
of on F(I'):

F(p) {F(Q) if @ € F(I') such that Cjg = P, (41)

0 else.
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This is well-defined by the C-invariance of F. The next result yields properties of the
functions F' and F. It is joint work with SCHWARZENBERGER. It shows that even for e-
disjoint families {Qx}}~, Qx € F(I'), an almost-additive mapping F still satisfies a certain
almost-additivity property.

Lemma 4.3 (cf. [PS14], Lemma 5.3).
Let T' be a countable amenable group. Let a Banach space (Z,] - ||), as well as some finite
set A and a colouring C : T' — A be given. Furthermore let F : F(I') — Z be C-invariant
and almost-additive with boundary term b.

(i) Then F and F are bounded, i.e. there exists a constant C > 0 such that
IF@I <ClQlI and [IF(P)|| < C|D(P),

for all Q@ € F(T) and P € P, where F is given by (4.1)).
(ii) If furthermore 0 < & < 1/2 is given and Q;, 1 < i < k are e-disjoint sets and
Q =UL, Qi, then

k

HF(Q) - > F(Q))

i=1

k
< (3C +9D)e|Q| + 3> b(Qy),

=1

where C' is the constant from (i) and D is given by property (i) of the boundary term,
cf. Definition [{.1]

ProOOF.
Firstly note that as A is a finite set and F is a C-invariant function, the maximum m :=
maxger |[F({z})] exists. Therefore, we have for Q € F(T')

[F(Q)] <

- F({=})

z€Q

> F({a})

zeQ

<Y 6{=h) +IF{=DI) < ClQl,

z€EQ

where C := b({e}) + m and e is the unit element in I". Hence, F' is indeed bounded with
that choice for C. By definition of F, this proves the second estimate in (i) as well.

We now turn to the proof of assertion (ii). Now let ¢ € (0,1/2) and e-disjoint sets @,
1 <4 < k be given and set ) = Uk 1 Qi. Thus, there are pairwise disjoint sets Q; C Q;
such that |Q;| > (1 — €)|Q;] for all 1 < i < k. Using the triangle inequality, we compute

_F (Q @-) F (Q Qi> _ ;ZF(QZ)

+ i |F@) - F@).

k
HF(Q) =2 F(Qi)

i=1

(4.2)

Exploiting the fact that F' is almost-additive with boundary term b, we obtain

k k k
HF (U @) CY R < S0
=1 =1 =1
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as well as

|F@i) -

< |F@Q) - P(@) - F(@i\ Q)
<H(Q) +b(Q:\ Qi) +C|Qi\@;
< b(Q:) +£(C + D) |Qil.

+ HF(Qz‘\Qz‘)

In the same manner, we derive

ra-r(ye)-

@ >+b<Q\ZU1QZ>+C‘Q\UQZ
(k

where we used |Q \ U, Qx| < €|Q| (which is due to e-disjointness). Putting the last
estimates together and using property (iv) of the boundary term b, inequality (4.2)) leads to

||C

>+5 C+ D)|Q|,

k k
<33 °b(Q)) +£(C + D) <|Q +Z|Qi|> .

i=1 i=1

If we furthermore apply

b(Q:) < b(Qs) +b(Qi \ Qi) <b(Q:) + DIQ; \ Q| < b(Q;) +eD|Qsl,

which holds for all 1 < i < k again by property (iv) of the boundary term, we obtain

ng

<3

k
Hw—w»

k
b(Qi) + 3€DZ |Qil +e(C + D) (\Q’ + ’Qi‘)

=1 =1 =1

Mw

b(Qi) +&(C +4D) Z Qil +£(C + D)|Q.

=1

s
Il
i

Using 31 1Qi] < (1 —¢)7YQ| < 2|Q|, we arrive at the desired estimate. 0

We now prove our main theorem. This result appears in [PS14], Theorem 5.5.

Theorem 4.4 (Ergodic theorem for countable amenable groups).

Let T be a countable, amenable group along with a colouring C : I' — A, where A is a finite
set. Further, assume that (Sp)nen is a nested Folner sequence and suppose that (Uj) is a
Folner sequence in I' such that for all patterns P € P, the frequencies vp exist along (U;).
If F: F(T) — Z is an almost-additive (and C-invariant) map and if F is given as in (£.I)),
then the following statements hold true.

(i) There exists an element F* € Z such that

=0.

lim
j—roo H Uj
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(i) The element F* can be expressed as the limit

_ F(P)
;%Zm ( > vp IT5|>’

PeP(TY)

where for each 0 < ¢ < 1/10, we set N(e) := [log(e)/log(1l — ¢)]| and ni(e) =
e(1 —e)NE~ for 1 < i < N(¢) and where the finite sequence (Tf)fv(f) with the Tz

taken from (Sy) is given as in Definition E with parameters f = 2~ NE~1e and
do(B) < 67N 3/20.

(7ii) For every 0 < e < 1/10, there is some jo := jo(g, ) € N and some finite set Q € F(T")
such that for every j > jo, U; is (Q, B)-invariant and the difference

Py R L E(P)
ol -5, 2

PEP(TY)

A(j,e) =

satisfies the estimate

N(e)
A(j,e) < (12C +33D)e + C Z ni(€) Z
i=1 PeP(T?)

#pr(Cu;)
U
N(a

(TE) 190 (U;)| |
+4Zm T + (2C +4D) ‘U‘ ;]T (4.3)

—Up

ProoOF.

Fix 0 < € < 1/10. We first show the estimate (4.3)). To do so, choose jo = jo(e,5,17) € N
such that for each j > jo, the set U; is sufficiently invariant to apply Theorem @ Hence,
for each j > jo, we find a finite famlly AE of e-quasi tilings for the set T" = U; satisfying
the uniform special tiling property (USTP), cf. Definition |3.1] E With no loss of generality,
we may assume that all the T; = T} are taken from a subsequence {S,, }32; such that the
expressions b(Sy, )/|Sn,| converge to zero monotonically as k — co. Additionally, we make
sure that 77 € {Sy, |l > i} for all 1 < i < N. Then, for fixed j > jo we estimate with the
triangle inequality

, F(U;) F(TFe)
A(]7E)§ Uj |A6 Z Z Z |U]’

)\EAE =1 GC)‘ ;)

N(e) ~

F(Tfe #p(Cu;) F(P

+ ¥y ¥ CEEDWICEp s < St

It AeAs =1 cecMUy) J i=1 PeP(TF) J (

N(&) #P(C ) =~

U F(P)
a PILICEDY AR ~vp) ITe|
i=1 PeP(TF) J @

Again by the triangle inequality, we then obtain

A(j,&) < Dl(jvs) +D2(j75) + D3(j75)7
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where
N(e)
Dl(j’e = Z Z Z F(]jzsc) )
|U HA XGAE i=1 CEC;‘(UJ')
N(e ) ~
AEAS i=1 ceC}M(U;) o 1 PEP(TY)
) #p(Cu,) (P
SESIICED B it T B ‘}ﬂ)”.
i=1 PeP(T¥) J v

We will now separately estimate from above the expressions D3(j,€), D1(j,€) and Dz(j,¢)
(in this order). The boundedness of F', see Lemma yields

N) #p(Cu.)
Dy(j,e) <C Y mile) Y W —vp|. (4.4)
i=1 PEP(TY) 7

In order to estimate Di(j,¢), we make use of the almost-additivity of the function F' and
we use part (ii) of Lemma This gives for each j > jo and for every A € A5

N(e) N(e)

=3 Y R < [P - F(45,)[+]F (450) - X X Fare)
=1 ceCHUj) =1 ceCHU)
N(e)

< b( ;‘-,A)+b(Uj\A§A)+H1L?(U]~\A§7A)||+(30+9D)5|Uj|4ﬁ2Z1 2: b(Tfc
1= CGCi (U])

where
N(e)

w=U U Te
1=1 CGCZ.)‘(U]')
It also follows from the properties listed in Definition [3.1] that for each A € A%, the set U is
(1 — 4¢)-covered by the translates Tfc, 1 < i < N, ¢ € C}(U;) that are entirely contained

in U;. Thus, we have [U; \ A% | < 4¢|Uj|. Using this and the properties of the boundary
term b, we obtain after a short calculation

N(e)
Di(j,¢) 5 Z (TC +13D)e|Uj| +4 ) Z b(ch)

N(e)
(b translation invariant) < (7C + 13D)e - Z Z |CMNU;) |b(TF)
* O ||A &

N(a

(7C+13D5+4Z Ae Z'C
| AEAS

|U|
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Next, we make use of property (II) of the second item in Definition [3.1]to find some @ € F(I')
such that for all u € U; \ 0g(Uj), the uniformity inequality in (II) is satisfied. Note that
additionally, U; is (@, B) invariant. We will use this fact later. Splitting the sum over U;
into sums over U; \ dg(U;) and over dg(Uj), one obtains

CMU 1 D> 1
5 Z € HC}‘ € Z Z HC}‘(U
‘A XEAS ‘U‘ ‘AjHUJ" u€U;\0g (U;) AEAS ‘A 151, ) AEAS

Uj \ 9(U;)] (m(ﬁ) 33 aj) 1

< + +ev, |+ e Z Z 1

ol \Izel T KIS et 25

ni(e) 3B ei . 19(Uj)|

S Tty + —-
T T |Uj]

Inserting this in the last estimate for D1 (4, e) and exploiting the properties of the boundary

term b, as well as va(f v; ]\T€| < 2, we arrive at

NG) | | |
Di(j) < (7C +13D)e +4 3 b(I}) (m(:) + 30 e WUJ)')
i=1 5 T \U;j|
N(e) c N(s
< (7C +13D)e + (4 > mile) b,(TTEI)) +128DN(e) + 8D + ( \ach | 3 (T, )
=1 1=1
N(e)
TE
< (7C +33D)e + (4 Z () b|(TE|)) +4D3¢|2U | ’ Z 75|, (4.5)
i=1 i=1

where the last step uses SN(¢) < e
We finally estimate Ds(j, ), where again, we use the property (II) of Definition To do
so, note that

> #pCu)FP)= Y F(Tju).

PeP(T?) ueu;
Tfung
Therefore, we have
N(E)
D= | X X i X tepas o - Y ZFTE
i=1 uelUj /\eA8 i=1 ueU;

N
Z > | Z x| 7|7<|) VP (TFw)])
=1 U

J /\eAE

Again, we split the sum over U; into two parts: one where we are able to apply property
(IT) and a “small” one. Besides this, we use the boundedness of F' and SN (g) < € to arrive
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at

Z ]lC?(Uj)(u) _ mile)
|AS] 77|

o < 2,

uelj AEAS
ugdg (Uj)
Z Z Loxwy () ~ ni(e) )
c & 3 -
( Def.[3.1] ineq. (II) ) < 7] Z <|U |<|T€| —i-e'yfﬂ) —|—2|8Q(Uj)|>
N(e
: CWQ IR
SI|TE]) + 2 TE
N(a
C|0o(
(BN(e) <e) <5eC+2 | ‘?j | Z T (4.6)
=1

To finish the proof of (iii), we combine the Inequalities (4.5)), (4.6 and (4.4) and obtain

A(j7€) < Dl(jvg) +D2(j7€) + D3(j75)

Ne) #pr(Cu;)
<(120433D)e+C 3 mi(e) D | e
i=1 PeP(T¥) ‘ J‘
N(e)
b(T% g (
+4 0 mi(e) |(T;|) +(20+4D) j?m Z 1751
i=1 ¢

=1

for all j > jo(e,B8,17). Since 0 < ¢ < 1/10 (and therefore also ) was arbitrarily chosen,
this shows the desired estimate for j > jo(e, 8,17 ). Having this result at our disposal,
it is not hard to prove the remaining statements (i) and (ii) of the theorem.

The choice of the T and the monotonicity assumption on the sequence b(Sy, )/|Sn,| yield

that
N(e)

hm Z i ()| TE |~ 10(TF) < hm Z 1i(€)Sn, ] 10(S,,) = 0.

By the assumption that the frequencies vp exist along (U;);, we obtain with (4.3)) and the
fact that U; is (Q, B)-invariant that

lim lim A(j,e) =0. (4.7)

e—=0 j—o0

Now the triangle inequality shows that

F(Uy)

| < A(j,e) + A(m,e)

for all 0 < e < 1/10. By (4.7), the sequence (|U;| "' F(U;))jen must be Cauchy and hence, it
converges in the Banach space Z to some element F*. Hence, statement (i) of the theorem
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is proven. The limit in (4.7)) also shows that
N(e)

: Fp
F* = lim g(1—g)NE)— Z vp ; )
SN0 PeP(T)) 73]
and thus, statement (ii) holds as well. 0

Remark.
Note that in general, the limit element F'* will depend on the choice of the Fglner sequence
(Uj), see Chapter [6]

Being valid for all countable amenable groups, Theorem [4.4] generalizes the works [LMVO0S],
LSV11]. Another possible extension is to consider convergence of real-valued, subadditive
functions defined over amenable groups. In this context, KRIEGER uses e-quasi tiling tech-
niques in [Kri07, Kril0] to show the convergence along Folner nets. An analogous semigroup
result for cancellative amenable semigroups can be found in [CSKCI12]. However, the au-
thors need a periodicity condition on f, i.e. the (semi-)group is coloured by one colour only.
This assumption is too restrictive for the spectral applications that we have in mind, cf.
Chapter[6] We will get back to convergence issues for subadditive functions in Chapter

4.2 Continuous amenable groups

If not stated otherwise, we now consider I' to be an amenable (possibly continuous) LCSCUH
group. The main result of this section is Theorem [£.15] which is a mean convergence theorem
for almost-additive Banach space-valued mappings defined on F(I"). Here, we will not deal
with coloured groups, but we will emanate from classical ergodic theory. Precisely, we make
use of a mean ergodic theorem for integral averages proven by GREENLEAF in [Gre73]|.
The major ingredient for the proof will be the concept of uniform decomposition towers
(Definition [3.5]). The elaborations of this section can also be found in [PogI3a].

Abstract mean ergodicity

At first, we summarize well-known results about mean ergodic theorems for amenable
groups, see |Gre73|]. This includes the definition of abstract integral averages in Defini-
tion [4.6] and the corresponding mean ergodic theorem in Theorem [£.7] We will use this lat-
ter result in order to prove convergence along Fglner sequences for general almost-additive
functions.

Definition 4.5.

Let T be a second countable, locally compact Hausdorff group and assume that Z is a Banach
space with corresponding dual space Z*. We then say that I' acts weakly measurably on Z
via uniformly bounded operators {Tg}ger if there is a constant A >0 and a map

T:-T'xZ—=2Z:(9,f)—=Tyf
with the following properties.
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(i) Ty : Z — Z is a linear operator for each g € I,

(i6) | T, < A for all g €T,
(iii) Tof = f for each f € Z, where e is the unit element in T,
(v) Ty, (Tgof) =Tgg.f for each f € Z and all g1,g92 €T,

(v) For each f € Z and every h € Z*, the map

Cpp:I' = C:g—= (Tyf, h)z .z

is measurable with respect to the Borel o-algebras on I' and C respectively, where
(-,-)zz+ denotes the dual pairing of elements in Z and Z*.

Moreover, we define Fix(Tr) :={f € Z|T,f = f for all g € T'} as the space of elements in
Z which are fized under the action of all g € T'.

With the notion of weakly measurable actions at hand, we define the following abstract
ergodic integral averages.

Definition 4.6 (Integral averages).

Let T' be a second countable, locally compact Hausdorff group acting weakly measurably
on a Banach space Z via a family of linear, uniformly bounded operators {Ty}ser as in
Definition . Then, if (Uj) is a sequence of compact sets with positive measure in I', we
denote for f € Z the j-th abstract ergodic average A;f as

Ajf = ijrl/U T, fdmr(g), jEN.
J

Remark.

Note that in the first instance, the abstract ergodic averages are only defined in a weak
sense, i.e. A;f € Z** for f € Z, where Z** is the bidual space of Z. However, under mild
compactness assumptions on the Ty -orbit of f, one can show A;f € Z, see the remark
following Theorem 4.3 in [Pogl0]. One sufficient condition is that for f € Z, the closure
of the convex hull of the set {T;f|g € I'} is compact in the weak topology of Z. This
condition will be satisfied in all our subsequent considerations.

The following mean ergodic theorem is well-known, see e.g. Theorem 3.3 in [Gre73| or
Theorem 4.3 in [Pogl0].

Theorem 4.7 (Mean ergodic theorem for integral averages).

Let T be a second countable, locally compact Hausdorff group acting weakly measurably on
a Banach space (Z,| - ||z) via a family of linear, uniformly bounded operators {Ty}ger as
in Definition . If for each f € Z, the convex hull co{Tyf|g € I'} has compact closure in
the weak topology of Z, then there is a bounded projection P on Z such that given a weak
Folner sequence (Uj) in I' along with the corresponding ergodic averages (Aj);,

o limj .o ||A;f — Pfllz =0 forall f € Z.
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o Z =ran(P) @ ker(P), where ran(P) denotes the range and ker(P) denotes the kernel
of P respectively.

e ran(P) = Fix(1r).

e ker(P) is equal to strong closure of the set of those f € Z spanned by finite linear
combinations of elements h —Tyh, where h € Z,g € T'.

PROOF.
See |Gre73], Theorems 3.1 and 3.2, as well as [Pogl0], Theorems 4.2 and 4.3. 0

In fact, there is no need to assume that the compactness condition holds true for all f € Z.
This leads to the next corollary. It will serve as a major ingredient in the proof of the
abstract mean ergodic theorem, cf. Theorem

Corollary 4.8.

Assume the structure of the previous Theorem |{.1. If f € Z is such that the convexr hull
co{Tyf|g € I'} has compact closure in the weak topology on Z, then there is some f* € Z
such that

lim [|A;f — f*]|z = 0.
j—o0

PRrooF.
See [Gre73], Theorem 3.3. O

A mean ergodic theorem for almost-additive functions

In the following, we elaborate the concept of almost-additive functions on F(T'), where I is
a possibly continuous group. This notion is the analogue of Definition [£.2] in the countable
case with a minor difference: we have to drop the assumption on the boundary term b
to be bounded. The reason for this is that one cannot expect a reasonable boundedness
condition for the measure of K-boundary sets in continuous groups. For instance, consider

I':= (R,+4), K := [0, 0] for an arbitrary § > 0 and T, := [0,1/n] U (QN [0, 1]) for n € N.
Since Q is dense in R, one has that [1/n,1] C 0k (T,), hence |0x(T,)] > 1 — 1/n, but
|T| = 1/n, where | - | stands for the Lebesgue measure on R. Sending n to infinity, one

observes that sup,, "3’(7(,7%)‘ = 0o . To overcome this difficulty, we introduce tiling-admissible,
weak boundary terms in the Definitions -0 and This leads to the notion of admissibly
almost-additive mappings F' : F(I') — Z. In Theorem we show that under mild
compactness conditions, there is an element F* € Z such that

j—00

lim H
z

for every strong Fglner sequence (U;) in I'. This extends Theorem 3.2 in [Gre73]. We start
with the concept of weak boundary terms.
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Definition 4.9 (Weak boundary term).
Let T be an amenable LCSCUH group. A mapping

b: F(T) — [0, 00)

is called weak boundary term if

(1) lim;_ oo I)‘(U—U;ﬂ) =0 for every strong Folner sequence (Uj) in T,

(ii) it is translation invariant, i.e. b(Qg) = b(Q) for all Q € F(T') and every g € T,

(iii) one has the inequalities
H@RNQ) <b(Q)+b(Q), HQRUEQ) <HQ)+bQ), bQ\Q)<bQ)+bQ)
for all Q,Q" € F(T).

As in the proof of Theorem [4.4] we use uniform families of e-quasi tilings in order to prove
our mean ergodic Theorem For the e-prototiles T; appearing in the proof, some
estimates on the measure of their K-boundaries will be indispensable. However, our notion
of weak boundary terms will not guarantee boundedness in general. We cope with this
difficulty by introducing the concept of so-called tiling-admissible, weak boundary terms.
Those mappings possess certain boundedness properties for the sets arising from e-quasi
tilings.

Definition 4.10.

Let 0 < e < 1/10 be a positive number and assume that b is a weak boundary term. We call
a set C consisting of finite, e-disjoint families of sets in F(I') an e-admissible collection for
b if there is a constant D > 0 such that for each such family {Qr}i, in C we have

b(Qr) < D |Qy|

for all 1 < k <m and one can find a family {Qk}znzl of measurable, pairwise disjoint sets
with

o [Qkl > (1 —¢)|Qxl,

e b(Qr) < D (b(Qk) +£|Qx|)

foralll <k <m.

In our later considerations, we will have to work with weak boundary terms which are com-
patible with e-quasi tilings coming from uniform decomposition towers, see Definition |3.5
This leads to the following definition.

Definition 4.11.

Let T be an amenable LCSCUH group and assume that b is a weak boundary term for T.
We call b tiling-admissible if for every nested, strong Folner sequence (Sy) in T, there is a
constant D > 0 such that for all 0 < e < 1/10 and for each choice of e-prototiles

{e} CT7 C - C Ty
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taken from (Sy) according to Definition every e-quast tiling as constructed in Theo-
rem m is an e-admissible family of translates T} c for b with constant D.

The following proposition shows that the natural choice b(Q) = D |91 (Q)] for some constant
D > 0 and for some compact L C I'" defines a weak, tiling-admissible boundary term.

Proposition 4.12.
Suppose that I' is an amenable LCSCUH group. Let D > 0 be arbitrary and assume that
{e} C L is a compact set in F(T'). Then, the mapping

b: F(L') = [0,00) : b(Q) := D |0(Q)]
is a weak, tiling-admissible boundary term.

PRrOOF.

The fact that b is a weak boundary term follows from the Fglner condition and from
Lemma 2.3

Let (S,,) be a nested, strong Fglner sequence in I' and set

By the Fglner condition, we have D < co. Now let C be an e-disjoint family consisting of
translates 77 c appearing in some e-quasi tiling as constructed in Theorem @ where T} is
an element of (S,). Clearly, b(Tfc) < D |Tf¥¢| for all those translates. By construction, the
translates also satisfy the condition given in part (III) of the second item in Definition
which guarantees the existence of measurable sets 77 (¢) such that 9r (77 (c)) is measurable
as well, |T7(¢)| > (1 —¢)|T¢| and

|0L(T7 (e)e)| < OL(T7)| + e |Tidl,

see also Definition [2.15] Thus, we have proven that b is indeed tiling-admissible with the
constant D := D + 1. 0

Analogously to the case of countable groups, we can define Banach space-valued, almost-
additive functions on F(T'), where T' is a possibly continuous group. In order to avoid
confusions with Definition [£.2] we call those mappings F' admissibly almost-additive.

Definition 4.13 (Admissibly almost-additive function).
Let T be an amenable LCSCUH group and suppose that (Z,| - ||z) s a Banach space. A

map
F:FT)—Z

1s called admissibly almost-additive if
(i) F is bounded, i.e. there exists some constant C > 0 such that

IF(@)z

C= F%)llz
oerm) Q|

< 00,
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(ii) there is some tiling-admissible, weak boundary term b : F(I') — [0,00) such that F is
almost-additive with respect to b, i.e.

for any union Q = ||, Qr of pairwise disjoint sets in }"(F).

The following proposition is the analogue to Lemma part (ii). It appears in [Pogl3al],
Proposition 5.6.

Proposition 4.14.

Let T be an amenable LCSCUH group and let (Z,| - ||z) be a Banach space. Assume that
F: F(I') — Z is admissibly almost-additive with boundary term b : F(I') — [0,00). Further,
let 0 < e < 1/10 and denote by C an e-admissible collection for b with constant D. Then if
{Qr}i, is an element in C such that UpQr C Q and | Uy Qk| > o|Q] for some parameter
0 < a <1, the following error estimate holds true.

m

HF E: (Qr)

<C(2+1—(1-e)a)|Q|+10De|Q| +b(Q) + (5D +1) > b(Q
k=1

Z

where C' is the boundedness constant for F'.

ProoFr.

Since C is e-admissible for b with constant D, for each 1 < k < m, one finds a measurable
set Qr C Qp with |Qx| > (1 — €)|Q4| such that the Qj are pairwise disjoint and b(Qg) <
Db(Qr) + De|Qg| for all 1 < k < m. Since @ is a-covered by the @, one obtains

Q > (1-¢)alQ]. (4.8)

(G,

> |F@0 - Fow),
k=1

For the first expression, we obtain from the almost-additivity of F' that
HF(Q)—F(U%) < b(UQk>+b<Q\UQk>+HF<Q\UQk)
k=1 7

k=1 k=1 k=1
Since |Q \ UrQx| < (1 — (1 — ¢)a)|Q| and by Definition (iii), we obtain by using bound-
edness and inequality (4.8))

HPYQ)—f7<E]Qk>
k=1

TCs

By the triangle inequality, we get

‘F(Q) Sy QW)
k=1

<
Z

Z

23" b(Ge) + Q)+ C (1 - (1-)a) Q.
k=1

Z
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Moreover, by the fact that b(Qg) < D (b(Qr) + €|Qx|) for 1 <k < m and as € < 1/2,

HF(Q) —F (G Qk;)
k=1

< 2D 3 H(Qu) +4D=1Q] 4 (@) + O (1~ (1-2)a) Q).
VA k=1

For the second expression, we use the disjointness of the Qy, to get

(Ya) e

< i b(Qr)-
VA k=1

By the considerations above and by the e-disjointness of the @y (with e < 1/2), we arrive
at

m

< D> b(Qk) +2Dze|Q).

A k=1

HF <G Qk) - iF(Qk)
k=1 k=1

For the third expression, we compute similarly as before,

b(Qr) + b(Qr \ Qk) + [|1F(Qr \ Qk)llz
b(Qr) +2b(Qr) + Ce |Qyl

IF(Qr) — F(Qw)llz

<
<

for 1 < k < m. Taking sums, one obtains with the previous considerations that

m m
Y IF@K) —FQu)llz < (2D+1) Y b(Qr) +2Ce|Q| +4Dz Q).
k=1 k=1
Summing the partial results up, this proves the claim. O

We are finally in position to prove the abstract mean ergodic theorem for admissibly almost-
additive mappings on amenable groups. It has been published in [Pogl3a], Theorem 5.7.

Theorem 4.15 (Mean ergodic theorem for set functions).

Let T be an amenable LCSCUH group, (U;) a strong Folner sequence in I', (Z,] - |z) a
Banach space and {Ty}q4er a family of linear, uniformly bounded operators acting weakly
measurably on Z. Further, denote by

F:FI) = (Z]-z2)

some bounded (with constant C'), admissibly almost-additive mapping with tiling-admissible,
weak boundary term b defined on F(I') with the additional property that

T,F(Q) = F(Qg™)

for all Q € F(I') and every g € T.
If in addition to this, for every Q € F(T'), the convex hull Crgq = co{F(Qg)|g € T'} has
compact closure in the weak topology on Z, then the following assertions hold true.
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(A) For each Q € F(I'), the limit
S(Q) == lim |Uj|_1/ F(Qg) dm(g)
j—o0 Uj

exists in the topology of Z and S(Q) does not depend on the choice for (Uj).

(B) For each ¢ > 0 and N(e) := [log(e)/log(1l — €)], consider e-prototiles {Tf}ij\i(la) in the
group I' as in Deﬁm’tion with 0 < B < 2=NEe. Then the following limits exist in
Z and are equal:

N(e)
i S(T7)
- il_a% ; 77z(5) u—‘f| ’

where we have 1;(¢) = e(1 — )N~ for 1 <i < N(e). Further, F* is independent of
the choice of (Uj).

(C) The limit F* is a T,-fized point, i.e. for all g € I', we have
TyF* = F*.

PRrROOF.

For the proof of statement (A), let @ € F(I'). By Corollary [4.8 the claim now follows from
the relative weak compactness of Cr,q together with the invariance T,-1 F'(Q) = F(Qg) for
all g € I'. Note that it follows also from Corollary that S(Q) must be independent of

(Uj)-
For the proof of (B), fix 0 < & < 1/10 and 3 := 2=VE)e. By Theorem we find

K = K(e,3,T7) € N such that for each j > K, one can construct a uniform decomposition
tower for U;. Further, we set

LNE .
A= | = Y o) T
J i=1 7

for € > 0 and j € N. In the following, we fix j > K. With 0 < n < ng, where 7 is chosen
as in Definition [3.5] we can find

some (UjUj_l, n)-invariant set U; along with

a uniform decomposition tower (Y, A) with prototile sets 77, (1 <1i < N(¢)),

a family of finite center sets (Zy (y € T) for the e-quasi tiling of ﬁj,

e and for each y € T, a family of finite center sets C? ’A()\ € A) for the e- quasi tiling of
U;.

With no loss of generality, we assume that all the 7} are taken from a subsequence (S, )22
of a strong Fglner sequence such that the expressions b(Sy, )/|Sr,| converge to zero mono-
tonically as k — co. Additionally, we make sure that 77 € {S,, |l > i} for all 1 <i < N(e).
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It is our goal to show that lim._,q lim; o A(j, ) = 0. To do so, we combine the construction
of the uniform decomposition tower for (U;,Uj;), cf. Theorem statement (III), with the
triangle inequality and we arrive at

A(j76) < Dl(jae) +D2(j76) + D3(j76) +D4(j75) + D5(j75)

with
N(e)
FU; F(T?
Diie) = | T - St [y B anay|
|U]| =1 TJA YA
ceC; 7
ZITI YAl 1// FIe) _ 3 ETEO N gy,
“y |Ujl e 1
ceC? ceCYA-1NU;
N(e)
T\-1 F(TF)
Ds(j, &) == T—lA—l/ / DNRCH I ,
3(] 5) ;‘ ‘ | ‘ Z U \eA—1 |U| Y
Z
N(e) Ay
. L[ #(EY Ty 1 F(TF)
Dy(j,€) := Tl/ L dy /7& S(T¢
4(j,¢€) 2( A v 10, (T7)
Z
and
N(a N(e)
. #(C S(Ty
D5(]’5) = ( ‘ 1/ ‘A’ > (1—;6)_ an(s) ‘(jﬂa‘)
i=1 i 7

Here, to obtain D3(j,¢) and Da(j,€), we used

S F(IFe)dy = / S 1y, (A1) - F(TEeA™Y) dA
A ceCYA-1NU; A cecy

K3

= Y AIILUJ.(/\)-F(Tf)\)d)\
ceCy ¢

_ Z/ Ty F(TE) dA
CEéy UjﬂCA

forall 1 <i < N(e)and y € T. We also used here that the group I' is unimodular.

We will now give estimates for these expressions.

(1) We start with Dy (j,¢). Since Uj is a := (1 — 4¢e)-covered by e-disjoint translates {T;c},
1<i<N,ce Ciy’)‘ for each y € T and each A € A and as the weak boundary term b
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is tiling-admissible for some constant D > 1, it follows from Proposition that for
every j > K,

Di(Ge) = (7C+10D)€+b|(UU.j|)

y)\
+<5b+1> (m e #,5, dAdy)-b(Tf)-

By Theorem we can use the inequality in (II) of Definition with S =T = U;
and by the boundedness property of Definition for the sets T, this yields

Di(j,e) < (7C +10D)e +

Di(j,e) < (7C+10D)e+b(U?)

N(e)
+(BD+1) Y 9i(e) b(TF) +4D(5D + 1) e + 8D(5D + 1) ¢
i=1

< (TC+10D +12D(5D + 1)) e + b‘(gj|)
j
N(e)
> - b(T7
+(6D+1) Y e(1—g)NEi. |(T;’>
i=1 7
) (50 b(U;
< (7TC+10D+12D(bD +1))e o
j
N(e)
7 ~ b(Shn,
+ (5D +1) Z g(1—e)NE—. ’(5|)
i=1 n;

for every j > K. As lim;_,o b(U;)/|U;| = 0 we arrive at

limsup Dy (j,e) < (7C 410D +12D(5D +1))¢

Jj—00
N )
+(6D+1) 3 e(1—e)NEi bg"i‘), (4.9)
=1 g

(2) We continue with the estimate for Da(j,¢). It follows from the property (III) of the
Qeﬁnition of the uniform decomposition tower that there is a set U; C U; with
Uj| = (1 = B)|U;| and
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for 1 <4 < N(e), y € T and A € A. Further, one can choose U; such that it is a
(T N(e )TE ,40)-invariant set.

By the triangle inequality and the boundedness of F', we then obtain

N(e)

Sy

c€CYNIN(U;\T;)

N(e) YA T
CZWWWI//#C|gDWmemy
i=1

[E(TE )

A\ dy
Uj|

DQ(jve)

IN

IN

Since the set U; is (T, N(e )TE , B)-invariant, we have

|6TfTi€_l (Uj \ Uj)|

5
|Uj] <7
for all 1 < i < N(e). The e-disjointness of the T7-translates then implies the bound
#(CY N (U; \ Tj)N) 7 < (U \Uz) U Opeqe (U \ U -

|Uj - [UGITEI(L = 2¢)

< 2(B+58) =128

for every 1 <i < N(e), for each y € T and all A € A. Putting these estimates together,
we arrive at

2

(€) BN<2e
Dsy(j,¢e) <C 125 < 24Ce.
1

Thus,
lim sup Ds(j,¢) < 24Ce. (4.10)

Jj—00

For a good estimate for D3(j, ), the concept of a uniform decomposition tower is crucial.
At first, we observe that ¢ € U; \ uA whenever u € U; and ¢ € C} C U; are such that
u ¢ cA~!. Hence, due to the boundedness of F, we have for j > K that

N(e)
DiGie) < M ITAT [ S i [ TP @)lzdu | dy
i=1 T ceC‘?’ U]'\C/\_1

IN

N(e)
¢S petart Z|U| / L\ n () - 1T du | dy
=1

NG) Ny '
C Z |UJ|_1/|T|_1 (/T #((UJ \’A‘?) mCZ)dy) du - |Tz€|

B<1/2 N(E AN
R N R

IN
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where the last inequality is due to Definition statement (I) and g < 1/2.

The independence of A and T comes into play now. As the set A is the same for every
chosen y € T, we can exploit the propertles (I) and (II) of Definition Note that
the property (I) gives |U] \uld| = |U;| —|A] < 8 |U | for all u € Uj. Next we apply
the inequality in (II) of Definition [3.3| for each u € U; with T = UJ, S U \uA Now
using the boundedness of F, 8 < 2_ V(e)e, >l TF] < 2 and B < € we arrive at

3
: p p .
Ds(j,e) < 2C ; <77i(5)' |T¢] +4|Tz‘€’ +2%¢ | |T7]
< 2C(B+ 8 +4¢)
< 26Ce.
Consequently,
limsup D3(j,¢) < 26C ¢. (4.11)
Jj—o0
For Dy4(j,¢), it is a direct consequence of assertion (II) of Definition with § = T

and with [A] > (1 — 3)|U;]| that

N(e)
D4(j,€) < Z(l_ﬁ)—l (772(5) + 46 +2’%8>

Ty F(T7)
A T Vvl dN— STE
T T /. ()

|Uj]

i=1 J z
g<12 NG
<7 7 1o 1/ T\ F(TS)dA — S(T)|| +
=1 |T Z
4ﬁ +2,e| C-2-|1I7]
T '
N(e)
< 2 H|U - 1/ T\ F(TS) dA — S(TF)|| +48:C
=1 Z
for every j > K. It now follows from the claim (A) that
lim sup Dy(j,¢) < 48C'e. (4.12)

J—00

Flnally, again by using Theorem . (i.e. property (II) of Definition [3.5 with S=17=
Uj), we also get an estimate for Ds(j,¢). By the uniform dlstrlbutlon of the C’y and
since |[A| > (1 — B)|Uj| by the statement (I) of Definition we obtain

N( )
Do) = 3 |t [y, YT(E ISz
=1
< Ccl1-8)"" |T|1/Z#’U" #HE) T 4y 4
=1
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for j > K. Since the translates {Tfc}, ¢ € CY are e-disjoint and as Zi]i(f) i |T7| < 2,
we arrive at

a-pt-1,
Ds(j,¢) < CT+C Z (48 +2%;|T; | €)
=1
B<2 N(Ee
< 16C'e
for j > K and thus,
lim sup D5(j,¢) < 16C e. (4.13)
Jj—00

To conclude the proof of the theorem, we derive from the Inequalities (4.9)), (4.10[) (4.11),
(4.12), as well as (4.13)) that indeed,

lim lim sup A(j,¢) = 0.

e=0 00

Here, we use in the estimate (4.9)) the monotonicity of (b(Sp,)/|Sn,|) to obtain

hmz:nZ ( ) =0.

e—0 ‘Sn ‘

The triangle inequality now yields

. Uk) o -

lim su H — < lim limsup A(k, &) + lim limsup A(l, e

k,l—>oop |Ul| \Uk| 50 ooy (k.€) 50 oot ()
= 0.

Hence, F(U;)/|Uj| is a Cauchy sequence and thus, it converges in the Banach space Z. The
representation as the second limit is now an easy consequence of the triangle inequality. To
see the independence of the Fglner sequence (U;) under consideration, note first that by
claim (A), all the S(77) do not depend on (Uj) and hence the above e-limit only depends
of the choice of the tiling sets 7;. However, we have chosen an arbitrary collection of e-
prototiles in the group I which does not depend on (U;). Thus, the expressions F'(U;)/|Uj|
must converge to the same limit for every strong Fglner sequence (U;) in T

To show claim (C), we take an arbitrary g € I'. Note that for all 0 < ¢ < 1/10 and every
1 <i < N(eg), we have T,S(T7) = S(I7) by the Folner property of the sequence (U;). By
the boundedness (continuity) of the operator T, and by the convergence result in claim (B),

the following computation finishes our proof.
N(e)
: 148 (Ta)

=1

N(e)

TE

T,F* = T, (lim E n;i(€) S(T7)
—
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For spectral applications, we will also have to deal with situations where we do not have
an action of the group I' on the Banach space Z at our disposal. However, assuming the
existence of certain abstract limits, we are still able to derive the abstract mean ergodic
theorem.

Corollary 4.16.

Let T' be an amenable LCSCUH group, (U;) a strong Folner sequence in I', (Z,| - |z) a
Banach space and {Ty}ger a family of linear, uniformly bounded operators acting weakly
measurably on Z. Further, denote by

F2FT) = (2] l2)

some bounded (constant C'), admissibly almost-additive mapping with tiling-admissible, weak
boundary term b defined on F(I'). Assume that for each Q € F(G) and all elements h in
the dual space Z* of Z, the mappings

Yo :G—C:g— (F(Qg),h)zz-

are measurable, where (-,-)z 7. denotes the dual pairing of Z with Z*. For a positive se-
quence e, — 0 and N(ey) := [log(ex)/log(1 — ex)], take eg-prototiles {T;* }i]i(fk) in I asin
Deﬁm’tion with 0 < B < 27N Erg; .

Then, if for each k € N and every 1 < i < N(eg), the expression

Jj—00

S = lim U [ F(17g)dg
Uj
exists in Z, the following limits exist in Z and are equal:

N(ek) 3
.. FUy S(T")
P i, Tt = i, 3 (o) T

where 1;(eg) == e(1 — ex)NE = for 1 <i < N(ep).
In addition to this, F* does not depend on the choice of the sequence (Uj).

PROOF.
This follows by a simple modification of the proof of (B) of Theorem 4.15 o







5 Bounded, additive processes on groups

This chapter is devoted to the investigation of a specific class of almost-additive functions.
Precisely, we focus on so-called bounded, additive processes F' which can be interpreted as
admissibly almost-additive functions in the sense of Definition with boundary term b =
0 and with Z = L'(Q,Y) being a Bochner space with reflexive Banach space Y. The main
theorem of the present chapter is Theorem It is shown therein that for approximable
bounded, additive processes over probability spaces, there is some F* € L'(€,Y) such that
for increasing Tempelman Fglner sequences (U;),

lim =0

FU)w) .
SO

Uj

Y

for almost-all w € Q. As far as the underlying geometry is concerned, this significantly
extends the setting of the considerations of SATO in [Sat99, [Sat03], where he proves conver-
gence along d-dimensional cubes for an R%semigroup action. In the situation of the latter
work, the approximability is automatically satisfied. In the general setting of the present
thesis, we need to assume that L!-processes can be approximated in a suitable way by a
certain class of L°°-processes. Our result provides interesting applications and implications
to results from the literature. For instance, if F' is absolutely continuous, i.e. if it is an inte-
gral average as in Definition then we obtain a classical pointwise ergodic theorem, see
e.g. [Tem72, [Eme74, [Lin01]. By slightly extending the techniques in [Lin01], one can even
prove the convergence for Shulman sequences and for o-finite measure spaces in this special
situation. This has been done by the author of this thesis in Theorem 6.8 of [Pogl3a]. We
will state and discuss this result without proof in Theorem [5.5] More interestingly, our main
Theorem applies to a larger class of bounded, additive processes. The present chapter
is divided into two parts. At first, we introduce Bochner spaces and bounded, additive
processes. In the second part, we present and discuss the new pointwise almost-everywhere
assertions and draw some links to the literature. The corresponding results are partially
taken from Chapter 6 in [Pogl3a]. During the preparation of the present chapter, the author
of this thesis realized that in [Pogl3a], there is a gap in the proof of the pointwise ergodic
theorem. To deal with this, we add the assumption of approximability in the present version,
cf. Theorem An erratum on the pointwise almost-everywhere convergence statements
of [Pogl3a] is in preparation.

5.1 Bounded, additive processes

In the following, we introduce bounded, additive processes on LCSCUH groups with values
in a Bochner space. Moreover, we give some illustrative examples. Considering abstract

73
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Poisson point processes in Example [5.6] we demonstrate that there are bounded, additive
processes which are not of the integral form in Definition In Theorem we state
the almost-everywhere convergence result for absolutely continuous processes. This latter
assertion can be shown by using classical techniques. Therefore, we do not give a proof and
refer the reader to Theorem 6.8 in [Pogl13a].

Definition 5.1.

Let Y be a Banach space and (2, F,pu) be a o-finite measure space. For 1 < p < oo, we
denote by LP(,Y") the (Bochner) space of all equivalence classes f : 2 — 'Y such that each
representative f is strongly measurable with respect to F and

1/p
£l i= ([ I7@IE dute)) < oc,

ie. |f()lly € LP(QR) :== LP(Q, F, ). (Two functions f and h are considered as equivalent
if f(w) = h(w) for p-almost every w € 2.)

For p =00, we set L*(Q,Y") as the space of strongly measurable equivalence classes f such
that

[fllz(0,y) = ess sup [f(@)lly < oo,
we
e |fC)ly € L®(QUR) i= L®(Q, F, ).

Remark.

The strong measurability condition mentioned in the above definition is the common notion
for measurability in Bochner spaces, cf. [Boc33]. Precisely, a mapping f :  — Y is strongly
measurable if it can be obtained as a p-almost-everywhere limit of simple classes (f},), i.e.
for each n € N, there are L € N, y; € Y and A; € F, (1 <i < L) such that with

L
fn = Zyl:ﬂ-Alv

=1

we have lim,, o || fn(w) — f(w)|ly = 0 for p-almost every w € Q.

In the following, we are interested in the case where Z := LP(Q,Y") for some 1 < p < o0
and Y is a reflexive Banach space. Further, we suppose that the group I' acts measurably
on (Q, F, ) by measure preserving transformations. This is made precise in the following
definition.

Definition 5.2.

Let T be an LOCSCUH group with unity e and Borel o-algebra B(I"). Suppose that (2, F, ) is
a probability space. We say that ' acts on €2 measure preservingly or by measure preserving
transformations if there is a (B(I') ® F)-F-measurable map

T:I'xQ—=Q

such that

o (e,w)=w forallw € Q,
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o (g, m(h,w)) =7(gh,w) for all g,h € T and every w € Q,
o u(A) = pu(n(g,A)) for all g € I' and every A € F.

If in addition, a set A € F can only be fized under the I'-action (i.e. n(g,A) = A for all
gel)if u(A) € {0,1}, then we say that the action of I' on § is ergodic. In this situation,
we say that p is an ergodic measure for the action of I' on €.

For the sake of clarity, we write in the following simply gw := g w := 7(g,w) for g € I" and
w € .

We assume that the action of I' on the probability space €2 induces a weakly measurable
action of I' on Z according to Definition The connection of the corresponding operators
{T,} with the group action on € shall be given by a measurable group homomorphism
@ : I' = TI'. The latter must satisfy the following regularity condition: there is some
constant x > 0 such that for every g € I' and for each f € Z

1Ty f@)lly < & lf(elg)" )y

for p-almost every w € ). Since the action of I' on {2 preserves the measure p, it follows that
supger | Tyl zr(,y) < k- As ¢ is a group homomorphism, the above inequality implies

If(e(g) " wllly = T2 (TyHl(e(9) " w)lly
(T f)(elg™)  elo) ' o)lly = K II(Tef)(@)lly-

IN

This shows that the above regularity condition is equivalent to the assumption that there
is a number s > 0 such that

R (elg) T w)lly < Ty f @)y < w1 f(elg) ™ w)lly (5.1)

for all ¢ € T' and every f € Z. This also implies that k > 1. Note that this setting
includes the ’standard situation’ of the usual ground space transformation, where one has

(Tyf)(w) = f(g7'w) for f € LP(,Y), g€ T and w € Q.

In the following, we denote by (U;) a tempered, strong Fglner sequence in I'; cf. Defini-
tions 2.5 and [2.9] Recall that in Definition [4.6] we defined the j-th (j € N) abstract ergodic
average with respect to (U;) as

A0 [ o

for f e Z.

We are now in position to define the notion of bounded, additive processes on groups with
values in a Bochner space.

In this context, we restrict ourselves to the set F(I') consisting of all elements in F(T')
which additionally are locally closed and precompact (i.e. they have compact closure).
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Definition 5.3 (Bounded, additive processes).

Let T' be an LCSCUH group and denote by Y some reflexive Banach space. For a o-finite
measure space (2, F, p) with p-invariant T'-action, as well as for 1 < p < oo, we assume that
there is a family {T,}qer of uniformly bounded, linear operators acting weakly measurably
on LP(Q,Y) such that inequality 1s satisfied for some k > 1 and for some measurable
group homomorphism ¢ : I' — I'. In this situation, we call the map

F:FYT) — LP(Q,Y)
a bounded, additive process on I' if the following statements hold.
(i) F is bounded, i.e. K := sup{||F(Q)| r(0.,v)/|Q|| Q € F*(T),|Q] > 0} < o0,

(ii) F is additive, ie. F(Q) = S, F(Qr) if Q € FUT) is a disjoint union of the
Qr € FOT) for1 <k <m,

(iii) F is equivariant, i.e. T,F(Q) = F(Qg™?) for all Q € F°(T) and every g € T.

Before we approach the issues of norm and pointwise convergence of these mappings F’, let
us first give a couple of examples.

Examples 5.4.
e Assume that I" acts on a o-finite measure space (€2, F, 1) by measure preserving trans-
formations. Then, for every f € LP(Q,R) (1 < p < o0), the map

FOT) > LR FQ)() = [ T,/ dg ()
Q

defines a bounded, additive process for the canonical action Tyh(w) = h(g~'w) on
LP(Q,R). Note that the regularity condition, inequality is satisfied with Kk = 1
and the identity ¢ = idp. In this case, we say that the process F' is absolutely
continuous with density f with respect to I'. The boundedness constant is given by

C:= HfHLP(Q,R)~
e Let ' = R? (d > 1) and assume that F : FO(T') — L! (Q,R) is a bounded, additive
process for a measure preserving action T,h(w) = h(g~'w) on the canonical non-

negative cone in L'(Q,R). It is shown in [AdJ81] that in this situation, we can write
F = F| + F5, where F) is some absolutely continuous process with a non-negative
density and where F5 is a singular process, i.e. a bounded, additive process which does
not dominate any absolutely continuous, non-zero, non-negative process.

e In the previous example, set (Q, F,u) = (R B(R?), L), where Ly is the usual d-
dimensional Lebesgue measure in the euclidean space. Assume further that the action
of I on R is given by translation, i.e. T, f(z) = f(z — g) for all g,z € R? and where
feLt (R?). Then every singular bounded, additive process with respect to {7} is of
the form F(Q)(x) = v(z + Q) (x € R?), where v is a Borel measure which is singular
with respect to L4 (cf. [AdJ8I], Example 4.12).

e The same result as in the previous example holds true if we consider (2, F,u) =
(T, B(T%), L), where Lg is the d-dimensional Lebesgue measure on the d-dimensional
torus T¢ and I' = R? acts by rotations.
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In [Pogl3a], the author of this thesis has extended the Lindenstrauss pointwise ergodic the-
orem from L'(Q,R) (with € being a probability space) to general Bochner spaces LP(£2,Y))
as defined above. Since most parts of the proof are minor adaptions of LINDENSTRAUSS’
techniques, we state the assertion here without proof. We have seen in the first example
above that on Bochner spaces, abstract ergodic averages of the form as in Definition [4.6
can be interpreted as absolutely continuous, bounded additive processes F'. In this context,
Theorem [5.5| solves the question of almost-everywhere convergence of F(U;)(w)/|U;| in case
that F' has an LP(2,Y)-density f, i.e. if F' is absolutely continuous.

Theorem 5.5 (see [Pogl3a], Theorem 6.8).

Let T' be an amenable LCSCUH group which acts on a o-finite measure space (S, 1) by
measure preserving transformations. Assume further that for 1 < p < oo and some reflexive
Banach space Y, the group acts weakly measurably on LP(Q2,Y) via a family {Ty}ger of
uniformly bounded operators such that the regularity condition in inequality 1s satisfied.
Then, for each f € LP(Q,Y), there is a unique element f* € LP(Q,Y) such that for all
tempered, weak Folner sequences (Uj) in T,

=0
Y

lim
j—o0

U [ @af)w)dg - (@)
J

for p-almost every w € 2.

Moreover, we have T, f* = f* in LP(Q,Y) for all g € T

Note that the Theorem can also be interpreted as a convergence theorem for absolutely
continuous bounded, additive processes. Thus, it is natural to come up with the ques-
tion of pointwise almost-everywhere convergence of the averages F'(U;)(w)/|U;| for general
bounded, additive processes F'. Before approaching this question, one has to make sure that
the Definition [5.3]is in fact more universal, i.e. that there are bounded, additive processes
which are not absolutely continuous. In order to show that processes of this latter kind do
in fact exist, we give the following example.

Example 5.6 (Poisson point processes).

Let I be a locally compact, second countable, unimodular Hausdorff group with left measure
m = | -|. Moreover, let (2, F,u) be a probability space such that am (a > 0) is the
intensity measure of some I'-set valued, homogeneous Poisson point process X defined on
(Q, ). Concerning their existence and further information on point processes on locally
compact groups, the reader may refer to [Kin93]. Note that there is a p-preserving action of
I' from the right on 2 and we have X (gw) := X (w(g)) = X(w)g~!. In this case, the Poisson
random variables F(Q)(w) := #(X(w) N Q) (w € Q,Q € F°(I')) define a bounded, additive
process for the canonical translations (see above) {T,} on L! (€2, R). This can readily be
checked.

e For the boundedness, note that by the distributional properties of the Poisson point
process, we have

IF(@Q)ll1(0) = Eu (#(X()NQ)) =alQl, (Qe F(I)),

where E, denotes the expected value with respect to the measure p. Thus, F' is
bounded with constant o > 0.
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e For the additivity, assume that Q = | [}"; Qy is a disjoint union of elements in F°(T).
Then indeed,

m

F(Q)(w) =#(X(w)NQ) :i w) N Qk) :Z

k=1 k=1
for all w € Q.

e For the equivariance, we compute

FQ9)w) = #(X(w)NQg)=#X(w)g 'NQ)
= #(X(w(9)) NQ) = F(Q)(gw)

for Q € FO(T'), w € Q, g € T.

A further interesting fact is the following: if I' is not discrete, then the process is not
absolutely continuous. This might be known but we have not found a proof in the literature.
In the following, we give a brief justification which was delevoped by XUEPING HUANG and
reported to the author in private communication. So assume that there is some measurable
function f on €2 such that

H(X(@)NQ) = /Q f(gw) dg

for every Q@ € F°(I'). Now take an arbitrary open set @ € FO(I'). Integration yields
that f € L1(, 1) and that there is a set Q(Q) C Q of full measure such that the integral
Jo f(gw) dg is finite for all w € Q(Q). Taking a countable cover @; of the (second countable)
group consisting of open sets of finite measure, we find a subset Q C Q of full measure
such that for all w € Q and every j € N, the expression fQj f(gw)dg is finite. This also
demonstrates that for almost all w € 2 and every compact set A C T,

#X@NA) = [ flgw)dg <. (5.2)

Now fix wg € Q, along with an arbitrary x € X (wp). Further, take a decreasing sequence
Ay, of compact sets such that N, A, = {z}. Since I' does not possess atoms with respect to
the Haar measure, lim,_,o m(A,) = 0. Also, liminf,, ,, #(X (wo) N 4,) > 1. On the other
hand, it follows from Vitali’s theorem that lim,, . [ a, (gwo)dg = 0. This clearly is a
contradiction to the equality . Hence, there is no such f € L'(€, ). We conclude that
those Poisson point processes do not belong to the class of absolutely continuous processes.

We give another example which has some similarities to the previous one.

Example 5.7.

Let T' = (R? +). Clearly, this is a non-discrete, abelian LCSCUH group. A set w C R?
is called r-uniformly discrete for r > 0 if #(w N B.(g)) < 1 for all g € RY, where B,(g)
is the standard ball of radius r around ¢g. A set w C R? is R-relatively dense for R > 0
if wN Br(g) # 0 for all g € R?. We say that a set w C R? is a Delone set if there exist
r, R > 0 such that w is r-uniformly discrete and R-relatively dense. Note that this definition
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only makes sense if 2R > r. For a fixed pair (r, R) of positive numbers with 2R > r, we
denote by D(r, R) the collection of all Delone sets in R? which are r-uniformly discrete and
R-relatively dense. Then, there is a canonical way to come up with a topology that turns
D(r, R) into a compact space, cf. e.g. [Sol98] or [LS03] as well. Further, the canonical action
of R? on D(r, R) by translations is continuous with respect to this topology. Since R? is
abelian (and hence amenable), there exists an invariant probability measure p on D(r, R).
Similarly, as for the Poisson point processes above, we define

FQ)(w) :=#(QNw)

for Q@ € FO(R?) and w € D(r, R). By uniform discreteness, there is a constant C, depending
on r such that F(Q)(w) < C,|Q| for all Q € F°(RY) and every w € D(r, R). Thus, the
process F maps to L>(D(r, R),R) and since u(D(r, R)) = 1, F is bounded in L!(D(r, R), R).
Clearly, F is additive as well and satisfies the equivariance condition that for all ¢ € R¢,
every @ € FO(RY),

Ty F(Q)(w) = F(Q)(9w) = F(Qg)(w)

for (p-almost-)every w € D(r, R). The same argument as in the previous example shows
that there cannot be an L'-class f such that F(Q)(-) = Jo f(g-) dg. Therefore, as in the
previous example, F' is not absolutely continuous.

5.2 Pointwise convergence

In the following, we prove a pointwise almost-everywhere ergodic theorem for approximable
bounded, additive processes, cf. Theorem If not stated otherwise, we always assume
that the underlying processes take their values in L!(Q,Y’), where € is a probability space
with measure p and Y is some reflexive Banach space. The strategy will be in analogy to
classical proofs. Precisely, we use our abstract mean ergodic Theorem [4.15]in combination
with an L'-maximal inequality. The latter inequality is proven in a so-called dominated
ergodic theorem, cf. Theorem Unlike in the absolutely continuous situation, we do not
have an integral representation of the process under consideration. Consequently, we will
have to assume that the Fglner sequence satisfies the Tempelman condition. We conclude
this chapter with a short discussion, where we compare our pointwise convergence Theo-
rem [5.17] with the results in the literature. The achievements mentioned in this section are
partially taken from [Pogl3a].

We will see below that with the notion of some bounded, additive process F' at hand, it
is worth investigating this process on the level of the || - ||y-norm of the elements F(Q)(w)
with @ € FO(I') and w € Q. For this purpose, we define the following R-valued (in fact
non-negative) expressions. The analogue for the semigroup case I' = R%* can e.g. be found
in [Sat99, [Sat03].

Definition 5.8 (Associated dominating process).
Let T" be an LCSCUH group. For a bounded, additive process F' on I', we define the associ-
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ated dominating process F0 as

FO: FUT) — LY, R) :
FQ)(w) —esssup{ZHF Qr)lly (w \Q |_|Qk: disj., Qr € F(T), 1§k§L,L6N}

for @ € FOT) and for w € Q, where LY(,R) is the set of all real-valued, measurable
functions on €.

We have to justify the measurability of the FY(Q) first. Note that in the case of discrete
groups, we simply have FY(Q)(w) := > geq IF({gh)ly (w) for w € Q and a finite set Q C T'.
If ' is non-discrete, the measurability is guaranteed by the following lemma. For processes
on Re%intervals, a variant of this assertion has been used in the proof of Lemma 3.7 in

[Emi85).

Lemma 5.9.

Let T be a continuous, amenable, LCSCUH group. Further, suppose that F' is a bounded,
additive process on T' with values in L'(Q,Y) as indicated above. Then, we can find a
sequence of partitions { Py }men of I' consisting of countably many sets in F°(T) such that
the following properties hold.

® | |gcp, A=T forallm e N.
e For each A € Pp,, we have |A] <27 (m € N).

o P11 is a refinement of P, for each m € N, i.e. for each A € Pp,11, there exists a
unique B € P, such that A C B.

e For each Q € FU(I), we have the representation FO(Q)(w) = limy, 00 Fp (Q)(w) for
p-almost every w € Q, where P, (Q)(:) := Y acp,, IF(ANQ)()|ly for m € N.

ProOF.

Since I' is second countable and Hausdorff and by the outer regularity of the Haar measure,
for every n € N, one finds a precompact and open neighbourhood V,, of the unity e in I’
such that NpenVin, = {e}, Voy1 € Vy, and |V,| < 27" for all m € N. So let Q € FO(I'). We
will define a sequence of successively refined partitions of @) in the following manner. For
each n € N, cover the closure of ) by left-translates of V,,. Due to the precompactness of
@, we can extract a finite subcover U, (1 n) gl(n) V,, of Q. Next, we make the translates of this
union disjoint such that

where | | stands for the disjoint union and the sets f/,i C Vj, belong to FO(T) for all 1 < 1 <
K(n). Hence, putting QZ(") =QnN gz-(”)vrf for 1 < i < K(n), we have Q = |_| Q
well as \an)] < 27" for every 1 < i < K(n). We define the partitions

Q) = {QV]1<i< K@)},
Pu(@Q) = {Q™NnQmV1<i<K(m),QmVepr, 1} form>1,
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for the set Q. It is obvious that P,,,1+1(Q) is finer than P,,(Q) for every m > 1, and we write
Pri1(Q) > Prn(Q). Further, by construction, |A| < 27 for A € P,, (m > 1). Since I is
locally compact and second countable, it can be exhausted by a countable sequence (T'),)
of increasing, compact sets. We set T, := I',, \ I';,—1 with the convention that 'y := {e}.
Then, the sets T',, are locally closed and precompact, i.e. they belong to FOT) for every
n € N. and we repeat the above construction for each precompact set Q =I',, n > 1. Then
clearly, for each m > 1, the expression

Pr=J Pn(Ty)
neN

is a partition of the group satisfying the first three items of the Lemma [5.9]
To show the approximation result for FO, let Q € F°(I') and define

Fp(Qw):= Y [IF(ANQ)|y(w)
AEP,,
for m > 1, where the partitions P,, have been defined above. By the triangle inequality,
we have F (Q) < F} . (@) p-almost-surely for all m > 1. Further, it is clear from the

m

boundedness of F' that [|[Fp, (Q)|l11ry) < C|Q] for every m > 1. Hence, we can define

F(Q)(w) := lim F} (Q)(w)

m—r0o0

for p-almost every w € Q and we set FO(Q)(w) = 0 for the remaining w € 2. We will now

show that in fact FO(Q) = FO(Q) p-almost-everywhere. This shows that the equivalence
class F(Q) is well-defined and in particular measurable. Note that it follows from the
definition of FY that for each m € N, we have

Fp,(Q)(w) < F(Q)(w)

for -almost every w € . This implies F°(Q) > FO(Q) almost-everywhere. For the converse
inequality, we choose a finite, disjoint union Q = |_|lL:1 Q;, where Q; € FO(I') for 1 <1 < L.
For w € (), we obtain with the triangle inequality that

L L
Y IF@)Iyw) < > > IF(@nA)|y(w)

=1 =1 AePy,
L
< D> NFANQIvw) +>. > IIFANQ)|y(w)
Sl S Rarinay o
L
< PR+ Y IIFAnQ)|vw) (5.3)

=1 A€Pm,311#L:
Aan,Alel;é@

for all m € N. Further, we have by the boundedness of F' that

L L
> X IFAnQ)lv() <C Y10y, v (@)l

=1 AE€Pm,311#k: I=1
ANQANQ;, #0 LYQR)
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Note that since NpenVinV,,' = {id} and as @Q; has compact closure, it follows from the
continuity of the (Haar) measure from above that

10y, =1 Q)] = Vi Vi ' QN Vi Vi, HT\ Q1)) "= 0

for each 1 <1 < L. Therefore, we can find a subsequence (my) such that the second sum
in inequality ([5.3]) converges to zero almost-everywhere. Hence, we deduce from that same
inequality that

L
S IF@0ly(w) < limsup Fp (Q)(w) =T (@)(w)
=1 —00

for almost-every w € Q. Hence F°(Q) < FO(Q) and since Q € FY(I') was arbitrarily chosen,
this shows in fact that FO = F° on FO(T). 0

In the following proposition, we collect useful properties of associated dominating pro-
cesses.

Proposition 5.10.

Assume that T is an amenable LCSCUH group. Let F' be some bounded, additive process on

I with values in L*(,Y). Then the associated dominating process F takes values in L',
i.e. FO(Q) € LYQ,R) for every Q € FO(T'). Moreover, the following assertions hold true.

. HFO(Q)||L1(97R> HF(Q)HLI(Q Y)
(i) supqerom) ——Tqr - S SWPQerr) T

(ii) F°(Q) = Zle F(Qy) for every disjoint union Q = |_|lL:1 Q; in FO(T).

Proor.
Set 7 := SUPQefO%FO(Q)LI(Q,R)/Q and 7 := supgero(r) [ F(Q) |21 (a.y)/|Q|- It follows

from Proposition 5.9/ and the monotone convergence theorem that [|FO(Q) 11 r) < 71Q)
for every Q € FO(I'). This shows 7 < 7.

We turn to the proof of the fact that F°(Q) = 37, F°(Qy) for disjoint unions Q = | ;-1 Q.
The ' <’-inequality follows from the triangle inequality and the approximation statement in
Lemma For the converse ’ >’-inequality we compute with inequality and with the
approximation statement in the previous lemma that

S F(Q0(w) = th S (@6 0 Ay (@)
k=1

AEP

= hmZZHF kﬁAHy( )

k= 1 Aep,
< Jim FH(Q))
= PQ)Ww)

almost-surely. This concludes the proof. 0
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The following lemma describes how the dominating process F° for some F is related to the
Ty-action on LP(§,Y).

Lemma 5.11.

Let F be some bounded, additive process according to Definition |5.5 with its associated
dominating process F°. Then, if k > 1 is the constant and if ¢ : T — T is the measurable
group homomorphism in inequality , we obtain for all g € T and for every Q € FO(I),

E(Q)(p(9)w) < FU(Qg)(w) < kFP(Q)(p(g)w)

for p-almost every w € €.

Proor.
The claim follows from the above representation of F° in Lemma (fourth item) and from
the inequality (5.1]). 0

Note that Proposition and Lemma show that F° is a bounded, additive process
on FU(T'). We are now in position to introduce the concept of L'-maximal inequalities for
bounded, additive processes.

Definition 5.12.

Suppose that I' is an amenable LCSCUH group. Assume that (U;) is a weak Folner sequence.
Further, let F : FO(I') — LY(Q,Y) be some bounded, additive process along with its asso-
ciated dominating process F° on FO(T'). We say that F satisfies an L'-mazimal inequality
(or the L'-maximality condition) for the sequence (U;) if there is a constant v > 0 such
that for all A > 0 and for every M € N, one has

FO(U;) (w) ¥ IFO(U ) L1 om)
weN| sup —2L"2 > ) < = su —ay
: ({ ‘ jzf\% 1Uj A jzz\% Uj

A similar concept can be found in the book of KRENGEL, see § 6.4.2. in [Kre85]. For the
proof of the dominated ergodic theorem, we need the following combinatorial lemma.

Lemma 5.13.

Let T' be an amenable LCSCUH group, along with a weak Folner sequence (U;) with U; C
Ujt1 for all n € N. Further, let M < N € N be integer numbers and assume that B, F €
FOT) are given such that UyB C F. Then, for every map 6 : B — {M,..., N}, there
exists a finite subset B C B for which the sets Ug(p)b (b € B’) are disjoint and such that

B C Upe g Upyy) Uniob-

PROOF.
See [Kre85], Lemma 6.4.3. O

We are now in position to show that bounded, additive processes satisfy the L'-maximality
condition for every increasing, weak Tempelman Fglner sequence in some unimodular group
I'. Tt is an open problem whether this result can be extended to Shulman Fglner sequences.
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The method of LINDENSTRAUSS for absolutely continuous processes, see Theorem [5.5] relies
strongly on the integral structure of the ergodic averages (absolutely continuous case) and
we cannot make use of this fact here. We adapt a proof given in [Kre85]. There, the
originality of the dominated ergodic theorem is ascribed to TEMPEL'MAN.

Theorem 5.14 (Dominated ergodic theorem, cf. [Pogl3a], Theorem 7.9).

Let T' be an amenable LCSCUH group, along with a weak Folner sequence (Uj) such that
Uj CUjy1 forall j € N and which satisfies the Tempelman condition. Then, every bounded,
additive process F : FO(T') — LY(Q,Y) respecting the reqularity condition in inequality
satisfies an L'-mazimal inequality.

Proor.

The proof is a modification of the proof of Theorem 6.4.2 in [Kre85]. At first, we fix an
integer M € N and A > 0. Further, let N > M be an integer and denote by § > 0 an
arbitrary positive number. Define the compact set K := Ulj\; v Ui and since (Uj) is a weak
Folner sequence, we find a compact set Uy, (ky > N) such that |Ux, AUN| < §|Ugyl,
where Uy := KUy, . Moreover, define the sets

Dymn = {w e Q| sup FUU)(w)/|U] > A},
M<IZN

where F0 is the associated dominating process for F. For w € , set
B = B(w,)\,M, N) = {g c UkN |g0(g)w c D}\,M,N}7

where ¢ : ' = I' is the homomorphism taken from inequality . Then, for any element
b € B, there must be some number ¢ € {M,..., N} such that FO(Uy)(¢(b)w) > X |Upl.
Picking for each b such an element ¢ gives rise to a map 6 : B — {M,...,N} : 6(b) := £.
By Lemma we find some finite subset B C B such that the sets Ug(p)b are disjoint for
be B and
B(w,\,M,N) < | J U&;)Ug(b)b.
beB

Since the sequence (Uj) satisfies the Tempelman condition for some constant £ > 0, it
follows that

|B(w, A, M,N)| <& || | Uyrb|- (5.4)

beB

By construction of B, we have Upyp)b C Uy for b € B. We compute with the additivity
statement (ii) of Proposition and with Lemma that

FOUn)(w) = > F'(Uypb)(w) = 7" Y FO(Ugw)) (p(b)w)
beB beB
beZ % | ] Uswb]
beB
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where £ > 1 is the constant and ¢ : I' = I' is the homomorphism taken from inequality

(5.1). Tt follows from inequality ([5.4]) that

Blo A MN)| < S FTy)w)
< B (FOUN \ Uiy )(@) + F (Ui )(@)) (5.5)

Note that the latter inequality holds true p-almost-everywhere. Integration of the left hand
side yields

[ 1B, A M N die) = Usy | (Do as), (56)

since the action of I' on 2 is p-preserving. Note further that by the choice of the set
Un, it is true that |Ux \ Uk, | < 0 |Ug, | and therefore, integrating the right hand side of

inequality (5.5]), we obtain with v := supge ro(ry F%(Q)/|Q| < oo (cf. Proposition 5.10) that

- 0 )
(FO(UN \ Uky)(w) +FO(UkN)(w)) dp(w) < |Ugy| - % (’Y 5 | Ukl (Q,R)) .
? Uk |

KR

B

Combining this fact with the inequality (5.6|), we get with ky > M

>~ Z,

(D) < <,Y -8+ sup HFO{Ul)HLl(Q,ﬂg))

I>M Ui

and with 6 — 0, we arrive at

KR IF2U)] L .m)
sup .

D < —
HDrMN) < A >Mm |U1]

Since the right hand side of the latter inequality does not depend on NN, we can exploit the
continuity of the measure p as N — oo to finish the proof. O

We now set the preparations for a pointwise ergodic theorem for bounded, additive processes.
To do so, we introduce the notion of approrimable, bounded, additive processes.

Definition 5.15 (Approximable processes).

Let T' be an amenable LCSCUH Hausdorff group. Let some bounded, additive process F :
FOUT) = L(Q,Y) be given which satisfies the regularity condition (5.1). In this situation,
we call F approximable if there is a sequence (F,) of bounded, additive processes on F°(T")
with the following properties.

e For each n € N, the process F,, takes values in L=(Q,Y) C L'(Q,Y).

o For everyn € N, the process F' — F,, satisfies the reqularity condition given by inequal-

ity .
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o For every weak Tempelman Folner sequence (U;) in I' with U; C Ujy1, the following
boundedness condition holds true. For everyn € N, there is a jo € N such that for all
J=Jo

FR(Uj)(w) < n|Ujl

for almost-every w € Q, where FY is the associated dominating process for .

o For every weak Tempelman Folner sequence (U;) in I' with U; C Ujy1, the sequence
(Fy) approzimates F' along (Uj) in the sense that

o IH(U) | 1 o,m)
lim lim sup

=00 o |UJ|

=0,

where HY is the dominating process associated with the process F' — Fy,.

Remark.
The classical integral averages give rise to approximable processes. Let f € L'(Q,Y) be
fixed and consider the bounded, additive process

F:FT) = LYQY) : F(Q)(w) ::/Qf(gw) dg.

Now, let n € N. Then, there is a set B,, of measure less than || f|| 1 /n such that || f(w)|y <n
for all w ¢ B,,. Define

Fu(Q)(w) = /Q Folgw) dg

for Q € FO(T') and w € Q, where we set f,(w) = f(w) for w ¢ B, and f,(w) = 0 for w € By,.
It is easy to check that the F), are bounded, additive processes and that the sequence (F},)
approximates F' in the sense of the previous definition.

The following proposition shows that the elements of an approximating sequence (F},) for
some bounded, additive process F' converge almost-surely along increasing Tempelman Fgl-
ner sequences.

Proposition 5.16.

Let T be an amenable LCSCUH Hausdorff group and suppose that F : FO(T') — L>(Q,Y) C
LY(Q,Y) is a bounded, additive process satisfying the regularity condition . Further,
assume that (Uj) is an increasing Tempelman Folner sequence and that there are numbers
n, jo € N such that for every j > jo, we have

FO(U;)(w) < n|Uj| (5.7)

for almost-all w € Q~, where FO is the dominating process associated to F'.
Then, there is a set Q C Q of full measure such that for allw € ), the sequence F(U;)(w)/|Uj|
converges in the topology of Y as j — oo.

Proor.
Let (U;) be an increasing Tempelman Fglner sequence. Without loss of generality, we will
work with the sequence obtained by deleting the first jo elements in (U;). For the sake of
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simplicity, we will call this sequence (U;) again. Then, FO(U;)(-) < n |U | almost-surely
for all j € N. We define the sequence (S,,) of sets in I' via S,, := U,u~!, n > 1, where
u € Uy is an arbitrary element. Since (Uj) is increasing, the sequence (S,) is a nested Fglner
sequence.

Now, take a sequence (g;) of positive numbers converging to zero. For every k € N, we
set N(eg) := [log(ex)/log(l — )] and we choose ej-prototiles {Ta’“}Z fk) taken from the
sequence S, according to Definition “vmth 0 < B < 2~ NEk)g, . By Theorem we can
find a set Q C Q with () = 1 such that for each k € N, for every 1 < i < N(Ek), and for
all w € €, the limits

ST w) = lim |05~ [ P(I7g)(w) dg (53)
Jj—roo U;

exist in the topology of the Banach space Y. Now, fix £ € N. By Theorem we find

K = K (e, B, T;*) € N such that for every j > K, we find a decomposition tower emanating

from the set U;. Define

N(Ek) Ek
A(j,ep,w) = F(‘[{J)‘( Z ni(ek S(TT&:;E’( )
=1

for j > K. In the following, we fix j > K, choose 1y as in Definition [3.5 and fix 0 < n < 7.
Then, we find

e some (U;U j_l, n)-invariant set U; along with

e an associated uniform decomposition tower (T, A) with prototile sets T;*, (1 < i <

N(ek)),

e a family of finite center sets CA'ly (y € T) for the gx-quasi tilings of Uj,

e and for each y € T, a family of finite center sets CY ’A()\ € A) for the ex-quasi tilings
of Uj.

We will show
lim lim A(j,eg,w) =0

=00 j—00

almost-surely for a subsequence (gx,). To do so, we follow the lines of the proof of Theo-
rem m Fixing w € €, we obtain by means of the triangle inequality

ot

A(j, e, w Z o(j, e, w

where the expressions Dy(j, e, w) are defined as in the proof of the mean ergodic theorem.
Using the boundedness in inequality (5.7 and the limit relations (5.8)), we obtain

5
lim supz Dy(j, e, w) < (24 + 26 + 48 + 16)n¢e;, = 114n ey, (5.9)
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as in the steps (2) to (5) of the mentioned proof with C' = n. For D;(j, ek, w), we will have
to argue in a slightly different way. To do so, note first that due to the additivity of the
process, there is no boundary term present, i.e. b =0. For A € A and y € T, we define

N(ew)
€k .__ Ek
Ay,/\ = U U T *ec.
=1 ceov?

Further, for ¢ € C¥*, we denote by TF*(c) a subset of T with |T7*(c)| > (1 — &)|T5*| with
the property that the sets T *(c)c are pairwise disjoint for all 1 < i < N(gg), c € Cly’)‘ and

N(ek)
A= U e
i=1 cec

Using the additivity of the process F', we compute

F(U; \ A w
Dilj.enw) < A [ f (” \’U]’ V@)l

+

SN S o [F(TE e\ TE (c)e)(w) |y
i d\dy
\Uj]

for every w € Q. With inequality (5.7)), one obtains that the function

Dl(Ek,W) = thllle(j, Ekaw)
Jj—00
is bounded by the constant 3n for all w € Q. Moreover, the dominated ergodic theorem
combined with the boundedness of the process F in L}(Q,Y) yield

HDl(z’fk, ')HLl (QR) < 4dep + 2e, = beg.

Note that we used here that the sets U; are (1 — 4ej)-coverd by the sets AE’“)\ and that the
ex-disjoint translates T;*c are (1 — ;) covered by the disjoint translates TE’“( )e. Finally,
take a subsequence ¢y, such that

hm Di(ep,,w) =0

l—o0
for all w e QN fl, where () is a set of full measure as well. With inequality (5.9), we arrive
at

lim lim sup A(j, ex,,w) =0

=00 j o0

almost-surely. In the same manner as in the proof of Theorem we conclude that
(F'(Uj)(w)/|Uj|); is convergent in Y for almost-every w € €. 0

We are finally in position to prove the main theorem of this chapter. Precisely, we verify
the pointwise almost-everywhere convergence for approximable bounded, additive processes
along increasing Tempelman Fglner sequences. The method of the proof follows classical
concepts. The major steps towards pointwise convergence are the following.
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e Firstly, one proves the almost-everywhere convergence for essentially bounded pro-
cesses. We have done this in Proposition [5.16

e For a given bounded, additive process, one finds an approximating sequence of L>°-
processes, cf. Definition We will assume this in the pointwise ergodic theorem.

e One makes sure that one has an L'-maximal inequality at disposal. We have guaran-
teed this in the dominated ergodic theorem, cf. Theorem [5.14

e Finally, one combines the mentioned concepts to obtain a pointwise almost-everywhere
ergodic theorem. Precisely, we approximate the underlying process in L' by essentially
bounded processes. The pointwise convergence holds true for all elements in the
approximating sequence. Now, we can use the L'-maximal inequality to conclude
that the almost-everywhere convergence must also hold true for the original process.

Theorem 5.17 (Pointwise convergence of bounded, additive processes).

Assume that T' is an amenable LCSCUH group and denote by (U;) a strong Tempelman
Folner sequence such that U; C Ujyq (j € N). Let F : FO(I') — LY(,Y) be a bounded,
additive process, and let'Y be a reflexive Banach space. Further, suppose that F' is compatible
with a family {Ty}ser of uniformly bounded operators acting weakly measurably on L'(Q,Y)
(i.e. T,F(Q) = F(Qg™') and the regularity condition given in inequality is satisfied
for all g € T and every Q € FO(T)).

If, in addition, the process F is approzimable, then we obtain a unique F* € LY(Q,Y) such
that

=0

lim
j—00

H POD () - Fw)

|Uj|

Y
for p-almost every w € Q.

Further, for every g € I', we have TyF* = F* p-almost-everywhere.
ProoF.
Since F' is approximable, for every n € N, we find an approximating process
F,: FUT) — L™®(,Y)
as described in Definition Now, define
Hy, : FO(T) = LYQ,Y) : Hy(Q)(w) := F(Q)(w) — Fu(Q)(w)

for n € N. By Definition [5.15] the H, are bounded, additive processes satisfying the
regularity condition given in equality ([5.1)). Lemma shows that the same holds true for
the processes HY. Since the processes (F,) approximate F along (U;), we have

. . 0 .
Jim. h;ﬂ_}gp 1H 5 (U)/NUjll 1 o) = O-
With this, we derive from the dominated ergodic theorem, Theorem [5.14] that for every

e > 0, there is some integer n(e) € N such that for all A > 0 and for every n > n(e), we
have

HY(U; HO(U,
1% ({w € limsupM > A}) < 2 Tim sup 1 Hn (Uj) |l 210,)
j—00 1Uj A joame U]

g

A

IN
>
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where v > 0 is a constant independent of £, n and A. This shows that

FUj)(w)  Fu(Uj)(w)

Uj |Uj|

=0 (5.10)
Y

lim lim sup

almost-surely. Further, it follows from Proposition that for all n € N, there is an
element F* € L1(€,Y) such that

Fn( j)(w) —F'w)|| =0

| —00
J Y

lim H
almost-surely. Inserting this into the limit relation we arrive at

=0.
Y

FU)®) e

lim lim sup T
J

This shows that for almost-all w € €, the sequence (F(U;)(w)/|U j\)j is Cauchy in the Banach

space Y. Thus, it converges to some element F* almost-surely. By Theorem the ratios
F(U;)/|U;| converge in L'(,Y) to some element F* € L'(,Y) with the property that
TyF*(w) = F*(w) for almost-all w € 2. (To check that the compactness criterion required in
the abstract mean ergodic theorem holds true, the reader may e.g. refer to [DU77], Theorem
IV.2.1.) Thus, F* = F* almost-surely and we have finished the proof of the theorem. O

Let us briefly discuss Theorem We have seen above that for f € LP(2,R) and some
strong Folner sequence (Uj), the classical ergodic averages

Ayfw) = U7 [ (gw) dg

defined on LP(Q2,R), 1 < p < oo can be interpreted as values of an absolutely continuous,
bounded, additive process with density f. Therefore, in the situation of measure preserv-
ing actions of unimodular, amenable groups with an increasing strong Tempelman Fglner
sequence (U;), Theorem generealizes the pointwise ergodic theorems of TEMPEL'MAN
[Tem72], EMERSON [Eme74] and LINDENSTRAUSS [Lin0I]. Using convenient features of inte-
gral averages in the proof of the L!-maximal inequality for absolutely continuous processes,
cf. Theorem 6.6 in [Pogl3al, convergence can even be obtained in the setting of tempered
weak Folner sequences. In fact, if one restricts oneself to absolutely continuous processes
(and this has been done in [Tem72, Eme74} Lin01]), Theorem [5.5]is more general than Theo-
rem [5.17] The question is unsolved whether our theorem also holds true in the full generality
of Shulman Fglner sequences. Further, in order to guarantee the mild compactness criteria
of the almost-additive mean ergodic Theorem we have to accept the condition on the
measure space to be finite. On the other hand, Theorem [5.17] also includes processes which
are not absolutely continuous. One class of these instances is given by point processes aris-
ing from Delone sets in non-discrete, abelian LCSCUH groups, cf. e.g. Example In this
sense, it extends the assertions in [Tem72, [Eme74] [Lin01].

In [Sat99, [Sat03], SATO has proven a semigroup result for Re-semigroup actions on the
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Bochner space L'(€,Y), where (Q, 1) is a o-finite measure space and Y is a reflexive Ba-
nach space. The convergence is shown along d-dimensional cubes exhausting the semigroup
I' = R, For the dynamics under consideration, it is assumed in the latter papers that
the weakly measurable transformations {7} have contraction majorants, i.e. for all g € I,
there is a contraction P, on L'(, R) such that

[Ty f @)y < (Pgllf()lly)(w)

p-almost-everywhere for all f € L'(,Y), where ||f(-)||y is the norm function for f on
LY(Q,R). In the present thesis, we have fixed the operators P, by inequality via
(Pyf)(w) = &k f(p(g) " w) for f € LYQ,R). In this sense, the present situation is more
special. However, we obtain in Theorem [5.17] a significant geometric extension, as we are
able to deal with arbitrary increasing strong Tempelman Fglner sequences in arbitrary
unimodular, amenable groups. (The approximability condition is automatically satisfied in
the settings considered in [Sat98| [Sat99].)

An interesting problem is also the issue of pointwise convergence for subadditive, bounded
processes. In some special euclidean situations and for certain random processes, muli-
tiparameter ergodic theorems with subadditivity properties have been proven, see e.g.
[Ngu79, [KP8T7, [Sch88|]. For certain countable amenable groups, a Kingman type ergodic
theorem can be found in the recent work [DGZ13]. The ingredients of the proof of Theo-
rem [5.17 might provide essential tools for future investigations about abstract, subadditive
pointwise ergodic theorems for continuous amenable groups.






6 Spectral approximation for amenable
groups

This chapter is devoted to uniform approximation results concerning the integrated density
of states (IDS) for random operators on discrete structures. We discuss two models in this
context. To do so, we make use of the ergodic theorems developed in the Chapters [4 and
The first application is inspired by [LSV11]. Using Theorem [4.4] we prove a statement
for all countable, amenable groups. Secondly, we reproduce major results in [LV09]. More
specifically, we show how the abstract ergodic Theorems and can be applied to
obtain the uniform existence of the IDS for operators resulting from certain point processes
in abstract metric spaces. The corresponding results can also be found in [Pogl13al, [PS14].

6.1 IDS approximation for countable groups

In this section, we give a major application of Theorem [4.4 In fact, we show the uni-
form approximation of the integrated density of states (IDS) for self-adjoint, finite hopping
range operators on Cayley graphs of amenable groups. The approach to work with almost-
additive, Banach space-valued set functions has been used before, see [Len02, [LS05, LMVO0S].
In [LSVT11], the authors prove a Banach space-valued ergodic theorem for amenable groups
in which a certain kind of Fglner sequences can be found. Since Theorem is valid
for all countable, amenable groups, we are now able to verify spectral approximation re-
sults in a more general geometric situation. The corresponding results are joint work with
SCHWARZENBERGER and can also be found in [PS14]. In the main Theorem [6.5 of this sec-
tion, we prove the almost-sure uniform IDS convergence for an ergodic family of bounded,
self-adjoint, finite hopping range operators defined on a randomly coloured Cayley graph.
Having the abstract convergence Theorem 4.4 at our disposal, we do not need to develop ad-
ditional spectral theoretic tools. Therefore, our proof will be an adaption of the Theorem 4.5
in [LSVT1I]. Besides our elaborations, there are more possible applications of almost-additive
convergence theorems. One example is to show the almost-sure convergence of cluster den-
sities in an amenable bound percolation model. In [PS14], the authors use Theorem to
extend previous results of GRIMMETT, |Gri76l [Gri99]. In order not to go beyond the scope
of this thesis, we refer the reader to the literature for more details. This section is divided
into three parts. At first, endowing countable amenable groups with a random colouring, we
draw a link to classical ergodic theory. Using the Lindenstrauss ergodic theorem, we show
that in this situation, the frequencies of the coloured patterns exist almost-surely. Moreover,
the limit attained is independent of the (tempered) Falner sequence under consideration.
Secondly, we define an ergodic family {H,} of bounded, self-adjoint operators on randomly
coloured Cayley graphs and we show the almost-sure uniform convergence of the integrated
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density of states along restrictions of the operators on Fglner sequences. As in the classical
situation, the limit will not depend on the choice of the sequence. We conclude this section
by citing a model in [LSVII], Example 4.8., which shows that the IDS can serve as an
example for an almost-additive set function for which the limit £ in Theorem does in
fact depend on the chosen Fglner sequence.

Random colourings and existence of frequencies

We assume that I' is a countable, amenable group. Let A be a finite set of colours. We
define

Q:={w = (w(9))ger|w(g) € A}

and endow this latter set with the canonical o-algebra F generated by the finite-cylinder
sets. Then I' acts naturally on the space Q via the maps gw = (w(gh))per for g € T
Further, we suppose that p is a probability measure on (2, F) which is invariant under the
translation by T, i.e. u(gA) = p(A) for all g € ' and every A € F. In addition to this, we
assume (1 to be ergodic with respect to the I'-action.

In this situation, we call the collection (Q, F,T', A, u) an ergodic random colouring of the
group, where the colours are chosen from the finite set A. Using the Lindenstrauss ergodic
theorem, we show that for p-almost every w € €, the frequencies vy exist along weak
and tempered Fglner sequences for all possible coloured patterns P € P, where P is the
collection of all coloured patterns, cf. Chapter [

Let P € P be a finite coloured pattern with domain D(P) € F(I') containing the unity e.
For this P, set Ap := {w € Q|wp(py = P}, which is the set of all colourings of I' that
coincide with P on D(P). The indicator function on Ap shall be denoted by 1p. Let (U;)
be a weak, tempered Fglner sequence in I'. With these notions at hand, we obtain

> Lp(gw) < #p(wp,) < D 1p(gw) (6.1)

9€U\0p(pyp(py-1(Uj) 9€U;

for all j € N, see [PS14], Theorem 6.2.

The following theorem is an immediate consequence of the Lindenstrauss ergodic theorem,
cf. [Lin01].

Theorem 6.1.
Let T' be a countable, amenable group along with a random colouring as described above.
Then for every weak, tempered Folner sequence (Uj), there is a set Qo C Q of full measure,
w(Qo) = 1, such that the limit

#p(w;)

Vg = lim —————~~
P e U]

exists for all w € Qo and for all finite coloured patterns P € P and it is equal to pu(Ap).

PRrOOF.
For one single pattern P € P, it follows from the Inequalities (6.1)) and from the Linden-
strauss ergodic theorem that there is a set Qp with p(2p) = 1 such that the above limit
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expression exists. As the set A contains only finitely many colours, there are at most count-
ably many different patterns that might occur in the random colouring. Intersecting yields
that the set Qg := NpQp is a set of full measure as well. By ergodicity of the action, the
convergence must be towards the measure p(Ap). o

Uniform convergence of the IDS

We turn to the proof of the uniform approximation of the integrated density of states for
Fglner subgraphs of Cayley graphs induced by finitely generated, amenable groups. We
start by making this model precise.

Definition 6.2.

A group T is said to be finitely generated if there is a finite set S C I' such that each element
g € I' can be written as a finite product of elements in S. In this situation, we call S a
generating system for I'.

Every finitely generated group I' with generating system S determines a canonical graph
structure. Namely, we call G := Cay(I', S) the Cayley graph for T with repect to S if G is
a graph with vertex set I' and two elements g,h € I' are linked by an edge if and only if
there is some s € S such that sg = h. At first hand, this definition forces us to work with
directed edges. Assuming in the following that the set S is symmetric (i.e. s € S implies
that s~! € S), we can forget about the directions since then either both or no directions
exist between two vertices. For two vertices g,h € I', we can define the canonical minimal
path distance dr g in Cay(I',S) by

drs(g,h) :==min{L € N|3s; € 5,1 <i < L,gh™' =s1s9...5.}.

For some integer number R € N and g € I', we denote by Bgr(g) :=={h € T'|dr s(g,h) < R}
the ball of radius R around g. For balls around the unit element e € I, we simply write Bgr
instead of Br(e).

Let us turn to operators on amenable Cayley graphs. At first, we have to define the under-
lying spaces. Assume that H is a finite-dimensional Hilbert space with inner product (-, )y
and induced norm || - ||%. Further, set

A H)={u:T > H \ > llu(g)llf < o0 },
gel

which again will be a Hilbert space with canonical ¢2-scalar product (-,-),2. For some
subset Q@ C T', we identify the subspace (*(Q,H) := {u: Q = H| X cq lu(g)ll5, < oo} as
the collection of all elements in £2(T", H) which are supported on ). Thus, we get a canonical
projection pg, as well as a canonical inclusion map ig. Precisely,

pq : (T, H) = £2(Q,H) : (pqu)(g) == ulg),
for g € @, and

0, else.

iq: 2(Q,H) = 12D, H) : (igu)(g) = {U(g%
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In order to deal with random operators, we introduce measurable families of operators on
2T, H).

Definition 6.3.
Let (2, F) be a measurable space. Then a family {H,}weq of bounded, measurable operators
on (2(T',H) is called weakly measurable if for all u,v € *(T',H), the mapping

Puw Q= C: pyp(w) = (u, Hyv) 2

is F-B(C)-measurable, where B(C) is the natural Borel o-algebra on C. Further, we say
that the family is self-adjoint if for all u,v € £*(I',H) and every w € 2,

(u, Hyv) g2 = (Hyu, v)p2.

We are now in position to define the family of random operators {H,} on Cayley graphs
for which we will prove the uniform spectral approximation.

Definition 6.4.

Let T’ be an amenable group with finite generating system S and denote by H some finite-
dimensional Hilbert space. Assume that A is a finite set. Further, suppose that (0, F,T, A, 1)
is an ergodic, random colouring of the group. Then, we call a family {H,},cq of bounded,
self-adjoint operators on ¢%(T', H) admissible if

o {H,}ueq is weakly measurable in the sense of Deﬁmtz’on

e {H,},cq is of finite hopping range, i.e. there is a constant M € N such that PigyHuwifny =
0 for all g,h € T" with dr s(g,h) > M and for every w € (2,

e {H,}uecq is equivariant, i.e. for every w € Q and for all g,h,t € ', one has

PitgyHwigeny = PigyHiwigny-

e {H,},cq is colouring invariant, i.e. there is a constant N € N such that for every
w € Q and for allt,g € ', the facl wip,y(g) ~ W|B,y(tg) Tmplies that

Pty = Preny Holgny
for all h,h € By(g).

Remark.
Note that the operators H, strongly take into account the underlying graph structure.
Thus, they are not only dependent on the group I', but also on the generating system S.

For every element H, of an admissible family of bounded, self-adjoint operators and for
each finite set U € F(I'), we define the restriction of H, to U as

H,U): *(UH) — *(U,H) : H,[U] == py Hy iy
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Note in case of a finite set U, the operator H,[U] is a finite-dimensional matrix possessing
dim(H)|U| real eigenvalues \; € R, where dim(?) denotes the dimension of H. Therefore,
we can define the cumulative eigenvalue function on R by

nuylU] : R = N:n,[U|(F):={i e N|I\ < E},

where the A\;, 1 < ¢ < dim(H)|U| are the eigenvalues of the matrix H,[U], counted with
their multiplicities. Note that for each finite set U € F(T') and for all w € €, the function
NLUI() = #%}‘U'() is bounded and continuous from the right. Thus, those mappings
belong to the Banach space Cp.(R) = Cpr-(R, || - ||oo) of all bounded and right-continuous
functions on R equipped with the sup-norm.

We are now able to state and prove the announced Banach space spectral approximation
result for admissible families of bounded, self-adjoint operators. To keep notation simple,
we will write Ug := U \ 0B, (U) for U € F(I') and R € N.

Theorem 6.5.

Let T be an amenable group with finite generating system S. Suppose that A is a finite set
of colours and that H is a finite-dimensional Hilbert space. Further, let (Q, F,T', A, u) be an
ergodic random colouring of I' and assume that { Hy }weq is an admissible family of bounded,
self-adjoint operators on £*(T,H). Set R := max{M, N}, where the constants M, N € N are
those of Definition 6.4 Then, there is a unique element N* € Cp.(R, || - |loo) Such that for
every weak, tempered Folner sequence (Uj) in T', one obtains the Banach space convergence

lim || Ny, [Uj,g](-) = N*(-)[l,, =0
Jj—o00
for p-almost every w € Q.

Remark.

The element N* € Cp, (R, || - ||oo) is called integrated density of states (IDS) of {H,}. Theo-
rem shows that we have almost-everywhere convergence to some abstract limit. In fact,
this limit can be identified by the so-called Pastur-Shubin trace formula, i.e.

N (B) = Q1 [ b (10 1)y (He)) dp(e) (6.2)

for £ € R, where Q € F(T') is an arbitrary non-empty, finite set. Here, the characteristic
function 1 is identified with the corresponding multiplication operator and 1j_ g)(H.,)
denotes the spectral projection of the operator H,, in the interval | — co, E]. We will not
prove the validity of equality as the techniques can be found in the literature, see e.g.
[LPVO7, LV09, LSV11l PSS13].

We now turn to the proof of Theorem The main task is to check that the assumptions
of Theorem [.4] are satisfied. We will not carry out the standard calculations in detail, but
refer to the literature at those points.

PROOF (OF OREM [6.5]).
6.1

By Theorem there is a set 2y of full measure such that for all w € €y, the frequencies

#p(w,)
w J
vp = jhm 7| x
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exist for all possible finite patterns P € P and they are independent of the choice of the
Folner sequence (Uj). So fix w € Qg and consider the group I' with colouring w. Define the
map

1

Ey : F(I) = (Cor(R), [| - floo) = F(Q)() := dim () 1 [QR](:)-

In order to show the w-invariance, let two finite sets @, Q € F(T) be given such that wig ~
w5 Since the operator H,, is colouring-invariant, the eigenvalues of the operators H,[QR]

and H,,[Qg] coincide and this implies F,,(Q) = F,,(Q). It remains to find a boundary term
b on F(I') with respect to which the map F,, is almost-additive. We claim that the function

b: F()—[0,00):b(Q) :=4 dim(’H)WBQR(Q)‘

is in fact appropriate. Clearly, b is a boundary term. To check the almost-additivity, we
proceed as in the proof of Proposition 4.6 in [LSV11]. Let @ = | ;L @k a union of pairwise
disjoint subsets in F(I'). By definition of R, the operators H,,[Qy g] decouple, i.e.

H, [6 Qk,R‘| = Gm}Hw [Qk,R]
k=1

k=1

and we can count the eigenvalues of H,,[Qy r] separately for 1 < k < m. This yields

T, [G Qkﬂ] = i nw[Qr, R]- (6.3)
k=1 =1

The key step is a rank estimate that also can be found in [LSVI1I], see Proposition 7.2. We
arrive at

< 4dim(H) 3" (9, (Q0)].

L k=1

nw[QR] — Ny [6 Qk,R‘|

k=1

Thus, with equality (6.3]), we obtain that F,, is almost-additive with boundary term b.
To conclude the proof of the theorem, note that we have verified the assumptions of Theo-
rem Therefore, we find indeed some N* € (Cp,-(R), || - ||s0) such that

3 N [UJ R] *
lim || ——2>— — N =0
j—00 ‘ lel(H) ‘Uj‘ .
in the || - ||co-topology. Moreover, since the frequencies 1% do not depend on the choice

of the Fglner sequence (Uj), we can deduce from the e-limit expression in Theorem
that the same must hold true for N*. We finish the proof with the observation that

limjj 00 |Uj,r]/|Uj| = 1. O

Theorem is a random version of Theorem 7.5 in [PS14]. In the latter assertion, the
authors work in a deterministic setting and they assume to have a Fglner sequence at hand
such that all pattern frequencies exist along this sequence. In the present situation, this
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condition is guaranteed by the Lindenstrauss ergodic theorem. In [PSS13|, the authors
discuss a model which is similar to the present one. Precisely, they show the almost-sure
uniform IDS approximation for random Schrodinger operators on amenable quantum graphs
with random boundary conditions at the vertices. Again, the key ingredients for the proof
are the Lindenstrauss ergodic theorem and our almost-additive ergodic Theorem (.4 A
previous version for the case I' = Z? can be found in [GLV07].

Non-uniqueness of the limit

In the above model, we strongly made use of the Lindenstrauss pointwise ergodic theorem
which assures that the values of the frequencies do not depend on the tempered Fglner
sequence. However, even in situations in which no classical theorem can hold true, The-
orem might be applicable. Due to lack of intrinsic ergodicity in those cases, the limit
expression [ can be different for different Folner sequences (U;) and (V;). We give a
concrete spectral theoretic example which is taken from [LSV11], cf. Example 4.8.

Example 6.6.

Let I' = Z along with generating system S = {—1,+1} and consider the Cayley graph
Cay(T",S). Further, assume that I" is labeled by two colours 0 and 1 (A := {0,1}) by the
colouring C, given by

1, if m > 0 or m = 3k for some k € Z,
0, else.

C:Z%A:C(m)::{

Now delete all edges in Cay(I', S) which are incident to a 1-vertex to obtain a new graph
G. Let H be the adjacency operator on G, i.e.

H : 0(%(Z) — (*(Z) : (Hu)(g) :== Z h(g, z) u(z)
Z2€EZ

with h(g,z) = 1 if g and z share an edge in G and h(g,z) = 0 otherwise. For a finite set
Q C Z, we set

H(Q]: (Q) — A(Q) : HIQ] := pg H g,

where, as above, pg and ig are the canonical projection and inclusion respectively. By the
same reasoning as above, the mapping @ — n[Q](-), where

n[Q](F) :=|{i € N|\; < E is eigenvalue of H[Q]}|,

is almost-additive with boundary term b(Q) := 4|9p,(Q)|. We define two (weak) Fglner
sequences (U;) and (V;) in Z via

Uj:={1,2,...,3j — 1,3} and Vj:={-3j,-3j+1,...,—2,—1}.

for j € N. Obviously, the frequencies along (U;) and (V}) do exist for all coloured patterns.
Thus, we can apply Theorem However, we obtain different limits for (U;) and (V})
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respectively. Since for all j € N, all entries of the matrix H[U;] must be equal to zero, the
IDS with respect to the sequence (Uj) reads as

" )0, if £ <0,
N(UJ')(E) T {1, otherwise.

On the other hand, basic linear algebra yields that the eigenvalues of the matrices H[Vj]
are —1,0 and 1 and each of those occurs with multiplicity j. Thus, the corresponding IDS
can be computed as

0, if B <—1
1/3, if —~1<E<0
2/3, f0<E<]1

1, otherwise,

which obviously is a different function from N(*Uj).

6.2 Continuous groups

In this section, we give an application of our ergodic theorems, Theorems and
More precisely, we prove pointwise convergence of the normalized eigenspace dimensions for
a class of random operators on randomly chosen discrete structures, cf. Theorem The
underlying space possesses a quasi isometry to an amenable group. By standard arguments,
this also leads to the almost-sure uniform convergence of the integrated density of states.
Those latter results are due to LENz and VESELIC and have been published in [LV(09]. We
do not claim originality but show that almost-additive ergodic theorems can be used to solve
problems arising naturally in mathematical physics. With our tools at hand, we will able
to deal with operators which are randomly chosen as point processes over general LCSCUH
groups. We start by explaining the model in [LV09], see also [Pogl3a].

Suppose that (X, dx) is a locally compact metric space with a countable basis of the topol-
ogy. Let I be an amenable LCSCUH group equipped with an invariant metric dr such that
every bounded ball in I" has compact closure. Moreover, we assume that I' acts continuously
from the right by isometries on X such that the following two properties hold:

e There exists a right fundamental domain J with compact closure .J, which is a count-
able union of compact sets,

e The map & : X — I': x — ¢, whenever x € J/g, is a quasi isometry, i.e. there exist
a>1and b >0 with

L (@), B()) ~ b < dx(r,y) < adn(®(z), B(y)) +b

for all x,y € X.
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For a set A C T" and r > 0, we write A, := {g € I'|dr(¢9,I' \ A) > r}, as well as A" :=
{g €T |dr(g,A) <r}and 9"(A) := A" \ A,. Analogously, with the metric dx at hand, we
introduce this notation for subsets of the space X.

For some fixed parameter 1 > 0, we set D as the family of n-uniformly discrete subsets of
X, ie.

D:={AC X |dx(xz,y) >n, forz,ye Awithx #y}.
We define the set D as
D:={(Ah)|A€D,h:Ax A— C},
where C* is an arbitrary compactification of C.

This space can be naturally equipped with the vague topology. It is then compact, cf. [LV09].
The action of I' on X induces an action from the right on D by g- (A, h) = (Ag~', h(zg,yg))
for g € I' and (A,h) € D. In this situation, there exists a I-invariant ergodic probability
measure on D, whose topological support will be denoted by €, cf. [LV0O9]. Then, Q is a
compact subset of D. Note that each element w € Q can be written as w := (X (w), hy,) € D,
where X (w) is n-uniformly discrete and h,, : X (w) x X(w) — C* is a map. Each X (w) gives
rise to a Hilbert space £?(X(w)), endowed with the canonical counting measure § X(w) =

ZJ:EX(UJ) 0z

We will draw our attention to the bounded operators H,, on £?(X (w)), defined as

(Hou)(z) := Z ho (2, y) u(y)

yeX(w)

for each z € X(w). Moreover, we assume that the H, are of finite hopping range, i.e.
there exists some number R > b such that for all w € Q, we have hy(z,y) = 0 whenever
dx(z,y) > R. For g € T, we let

Uy : C2(X(w) = (X (gw)) = (Ugu)(2) = u(zg)

with adjoint Uy = U,

4-1- With that notion, we assume that the operators H,, are equivariant,

i.e.
U, Hyw Ug = H,,
for all g € I' and every w € . Also, we need that the H,, are self-adjoint.

As in the previous section, we need to restrict and to expand the operators H,. In light of
that, for Q € F(T'), we denote by ig : £2(X (w)N(JQ)r) — £2(X(w)) the canonical inclusion
operator and by pg : £*(X (w)) — £2(X(w) N (JQ)Rr) the canonical projection operator for
w € Q, where (JQ)g stands for the R-interior of J@Q, i.e.

(JQ)r ={z € JQ|dx(z, X\ JQ) = R}.
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For every w € €, we consider the restricted operators HF[Q] : (2(X(w) N (JQ)g) —
2(X(w) N (JQ)R), where

HEQ] := poHuig

for Q € F(T). Since X (w) is n-uniformly discrete, each such H?[Q] can be described by a
finite, quadratic matrix. Now fix some energy level E € R. We define the function

FE.F@I) = LYQR): FP(Q) = #{i e N|), is eigenvalue of HE[Q] and \; = E}
= ftr (ﬂ{E}Hg[Q])

Note that FZ[Q] simply gives the multiplicity of the eigenvalue E for the operator HZX[Q)].
We consider the action of I' on € as a weakly measurable action via operators {1} }4er on
L'(,R). By the same methods as in the case of countable groups, we obtain the following
proposition.

Proposition 6.7.
In the above model, the following holds true: for every E € R and for allw € ), the mapping
FY: F(T) = R is admissibly almost-additive with tiling-admissible, weak boundary term

b: F(I') = [0,00) : b(Q) := D9 (Q)I,

where D > 0 and R > 0 are constants depending on a,b,n and R and B, is the open ball
of radius 2R around the unity e in the group I'. Further, the equivariance condition

T FJ(Q) = Fyi(Q) = FZ'(Qg)
is satisfied for all E € R, every w € , each Q € F(I') and every g € T.

ProOOF.

This follows by standard arguments, see e.g. the Propositions 8.1, 8.2 and 8.5 in [Pogl3a].
For the almost-additivity (b is in fact tiling-admissible, see Proposition , the main
ingredient is the rank estimate given by Proposition 7.2 in [LSV1I]. O

We now prove the main theorem of this section.

Theorem 6.8.

In the above model, the following spectral approximation result holds true: For every E € R,
there is a number 0 < FFP* < 1 such that for every tempered strong Folner sequence (U;),
one can find a measurable set Q C Q of full measure such that for each w € §,

j—oo |Uj]

PRrOOF.

With I' acting measure preservingly and ergodically on €2, we obtain a canonical weakly
measurable and ergodic action of operators {Ty}ger on L'(Q,p) via T, f(w) == f(g~'w).
Fix E € R. By Proposition we have T,FX(Q) = FF(Qg™!) for all g € T, each Q € F(T)
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and every w € ). It now follows from the ergodic Theorem (resp. from the Lindenstrauss
ergodic theorem) that for all @ € F(I'), the limit

S(Q) == lim |U;] ! / FP(Qg) dg
j—o0 U

exists for all w € €, where ) is a set of full measure. Note that S (Q) does not depend on
the choice of (Uj). Moreover, for each @) € F(I') and for every g € I', we can find a set
Q C Q of full measure such that S(Qg)(w) = S(Q)(w) for all w € Q. Take a sequence (g)
of positive numbers converging to zero. For each e, we have an e-quasi tiling sequence
{T7* }i]i(f’“), N(eg) := [logey/log(l1—¢g)] asin Deﬁnition By the above considerations,
we find a set Q C Q of full measure such that for every w € Q, the limits S(7;*)(w) exist
for all K € N and all 1 < i < N(gx). We have seen in the above Proposition that for
all w € Q, the map FF is admissibly almost-additive with tiling-admissible, weak boundary
term b(Q) := D yaBﬁ(Q)y, where the constants R, D > 0 depend on the parameters a, b, n, R
of our model. This puts us in the position to apply Corollary to obtain the convergence
to some number 0 < FE* <1 for every w € Q. Tt follows from the representation

N(ew) €
. L S(T7F) (w)

Ex . _ o N(eg)—1 7
Fw : klgrgo izgl é‘k(l 5k) 7|Tfk|

and the Ty-invariance of the averages S(T;*) that for all g € I, one obtains TgFf* = Fb*
p-almost-surely. The ergodicity of the action of T' on  yields that FF* must be constant
almost-surely. This finishes the proof. O

If one considers the empirical eigenvalue distributions of the operators HE[U,] as measures
vJ, then a standard calculation shows that almost-surely, the sequence (7)) converges weakly
to a deterministic measure v ('density of states’). Moreover, v is given by a trace represen-
tation on the group von Neumann algebra, see Theorem 2.1. in [LV09]. In fact, we have
FE* = y({E}) for all E € R. For detailed discussions, the reader may e.g. refer to Lemma
6.1 in [LV09] or Chapter [9] of the present thesis. Theorem shows the almost-everywhere
convergence of the normalized eigenspace dimensions for all energies E € R. For continuity
points E of the IDS, it follows from standard measure theory that the convergence follows
already from the weak convergence, cf. e.g. Satz 4.12 in [EIs05]. As the IDS allows only
for countably many discontinuity points, there is a set Q C Q of full measure such that
the convergence statement in Theorem [6.8| holds true simultaneously for all E € R, when-
ever w € . Now, another tool from measure theory shows that weak convergence and the
just mentioned considerations about pointwise convergence even yield uniform convergence
of the distribution functions, cf. Lemma 6.3 in [LV09]. Further, the Pastur Shubin trace
formula holds true. This leads to the following uniform convergence result.

Theorem 6.9 (Uniform appraximation of the IDS).
Let the conditions of Theorem|6.8 be given. Then, for every tempered strong Folner sequence
(Uj) in T, there is a measurable set Q C Q of full measure such that for each w € Q,

NE(U;
lim sup N (Uy) — NE* =0,
J—00 EeR |Uj|
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where NE(U;) .= #{i € N|\; < E is eigenvalue of HE[U;]} and NE* := v((—o0, E)).

Note that this theorem has already been proven before. It can be found in [LV09], Theo-
rems 2.1 and 2.4.
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In this chapter, we deal with concepts of convergence for graph sequences. Firstly, we
discuss weak convergence [BSO1] of finite graphs towards graphings. The latter objects
encode certain measurable equivalence relations which can be interpreted as a probability
distribution on the set of all isomorphism classes of countable graphs of bounded vertex
degree. Explicit constructions for graphings can e.g. be found in [Ele07bl Lovi2l [LPS14].
In a second part we define hyperfinite graph sequences as in [Ele07a] and show that weakly
convergent graph sequences of this kind converge in a stronger sense. More precisely, this
means that the graph sequence is Cauchy in a certain pseudometric 4, cf. Theorem[7.10} This
partially confirms Conjecture 1 of ELEK in [Ele08a]. Using the Equipartition Theorem of
ELEK (cf. Theorem 4 in [Ele12]), we give a detailed proof for this assertion. The fundamental
insight in this context that two graphs in a hyperfinite family having the same number of
vertices are geometrically alike (i.e. close in §) whenever they have similar local graph
statistics, has already been obtained in Theorem 3.1 of [NS13] and Theorem 5 in [Elel2].
Theorem has far reaching consequences. In the following chapters, we are able to prove
a Banach space-valued ergodic theorem for almost-additive functions defined on graphs
(Chapter , as well as the uniform approximation of the integrated density of states for
pattern-invariant, finite hopping range operators on the graphs (Chapter @ The results of
this chapter are taken from [Pogl3b].

7.1 Weak convergence and graphings

This section is devoted to a brief introduction of weakly convergent graph sequences. The
concept of weak convergence for graph sequences with uniform vertex degree bound has
been introduced by BENJAMINI and SCHRAMM in the influential work [BSO1]. Further,
we define limit graphings and sofic graphings as natural limit objects of convergent graph
sequences.

We start with some basic notation.

Throughout the remaining parts of this thesis, we deal with graphs G = (V, E), where V
is some set called the vertices of G and E C (V x V) \ U is a symmetric set of edges of G,
where U := {(v,v) |v € V} is the diagonal set. We say that two vertices v, w € V are linked
by an edge in G if (v,w) € E (and by symmetry also (w,v) € E). For v € V| we denote by
deg(v) the vertex degree of v, i.e. the number of w € V' such that (v,w) € E. Throughout
the whole thesis, we will deal with graphs (V, F') for which there is some D € N such that
sup,cy deg(v) < D. Further, a graph G is connected if for any two vertices v,w € V, one
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can find a finite sequence vy, ...,v;, € L with vgp = v and v, = w such that (v;,vi+1) € F
for all 0 < ¢ < L — 1. In this situation, we call (vg,...,vr) a path connecting v with
w. A component in a graph G is a subgraph of GG, where all vertices in the subgraph are
connected to each other via at least one finite path. Note that there are at most countably
many vertices in each such component. We say that two components are edge-disjoint in G
if the vertex sets of both components are disjoint and there is no edge in F linking a vertex
of one component with a vertex of the other component. For graphs G = (V, E), there is a
canonincal path metric on V', given by

dg:V xV —[0,00) : dg(v,w) := min{L € N|3 path (vg,...,vr) connecting v and w}.

If for v,w € V, no connecting path can be found, we set dg(v,w) = 0o as a convention. A
graph G = (V, E, 0) together with some distinguished vertex o € V' is called rooted and we
say that o € V is the root of G. For a finite, connected, rooted graph, we define the radius
p(G) of G as

p(G) := max{dg(v,0) |v € V}.

Given two finite, rooted graphs G = (V, E,0) and G = (V,E,5), we say that G and G
are rooted isomorphic if there is a bijective mapping ¢ : V — V such that ¢(0) = 6 and
(v,w) € E if and only if (¢(v), p(w)) € E. In this situation we write G ~ G. Fixing D € N,
as well as some r € N, we write A” for the finite set of all rooted isomorphism classes
(graphs identified by rooted graph isomorphisms) of rooted graphs with radius at most r
and vertex degree bounded by D. The collection of all isomorphism classes of rooted graphs
is denoted by the countable set AP = J22, AP.

Further, if G = (V, E) and T C V, we say that G := (T, Ep) is the subgraph of G induced
by T if Er := {(v,w)]|(v,w) € E,v,w € T}. In the following elaborations, S” denotes
a set consisting of finite, unrooted graphs with vertex degree bound D € N. For some
G=(V,E) €SP and a € AP we set

veV|BE \(v)~a«
G |‘,$T)<> ]

where p(«) is the radius of a (all) representative(s) of . Here, we mean that for each v € V,
we consider the subgraph BPG( ) (v) of G induced by the p(«a)-ball in G around v as rooted
graph with root v and we check whether this element is rooted isomorphic to the class «.
Therefore, the expression p(G, a) measures the empirical occurrence frequency of the class
« in the graph G. We say that a sequence (G),) in GP converges weakly if asymptotically,
the limit frequencies exist for all classes o € AP. This is made precise in the following
definition.

Definition 7.1 (Weak convergence of graphs).
Let (G,) be a sequence of finite, connected graphs with uniform vertex degree bound D € N
and such that lim,_, |V,| = co. Then we say that (G,,) is weakly convergent if for all
a € AP, the limit

pla) == nlLrgop(Gn,a)

exists.
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This concept of convergence has been introduced by BENJAMINI and SCHRAMM in [BS01].
Therefore, weakly convergent graph sequences are also called Benjamini-Schramm conver-
gent in the literature. A natural question arising immediately is to attach some limit element
to weakly convergent graph sequences. Before approaching this issue, let us give some ex-
amples first.

Examples 7.2.

e Let I' be a finitely generated (generating system S, unit element e), amenable group
along with its Cayley graph G = Cay(T', S). Let (T},) be a Fglner sequence in I'. For
each n € N, denote by G,, the subgraph of G induced by T,,. Then (G,) is a weakly
convergent graph sequence with limit probabilities

pla) = {1’ Byfay(€) =

0, otherwise

for all « € AP

e The above concept can be extended to the class of all sofic groups I' with finite
generating system S C I'. Sofic groups have been invented by GRoOMOV in [Gro99].
The name ’sofic’ was given by WEISS in [Wei00] who derived it from the Hebrew word
70 [sof] for 'finite’. In fact, a group is sofic if it can be approximated by certain weakly
convergent graph sequences, i.e. if there is a (particularly labeled) weakly convergent
graph sequence (Gy,) with uniform vertex degree bound D = |S| € N such that

p(a) = {1’ Bilay(€) =

0, otherwise

for all @ € AP, where again G = Cay(I',S). Note that the graphs G, are not
necessarily induced subgraphs of G. Subgraphs of this kind can only be found in
amenable groups. However, the class of sofic groups is much larger; in fact, it is not
known whether there are groups which do not have this property. In particular, all
amenable and all residually finite groups are sofic, cf. [Wei00]. A precise definition for
sofic groups will be given in Chapter [I0]

e Assume that G is a countably infinite graph (with vertex degree bound D € N) along
with a sofic group I' acting freely and co-finitely on G by graph automorphisms.
Suppose that F is a finite fundamental domain for G/T'. For a € AP, we set

Fo:={f € F|By(f) ~a}.

We show in Chapter that in this situation, there is a weakly convergent graph

sequence (Gy,) such that
: _ |F
Jim (G, ) = Tl
for all & € AP. Note that this is an extension of the group case since every sofic group
acts freely and co-finitely on its own Cayley graph by group automorphisms.
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In all the above examples, the countably infinite graph G can be interpreted as a limit
object of some weakly convergent graph sequence. However, this cannot be done in general.
We will see in the following that weakly convergent graph sequences give rise to probability
distributions of countably infinite graphs. This leads us to the concept of graphings and
their induced measure graphs.

Definition 7.3 (Graphing).

Let X be a compact topological Hausdorff space and v be a Borel probability measure on X.
Let furthermore finitely many measure preserving, continuous involutions I, 1 < k < D,
D e N on (X, u) be given. Then we call the collection

g:= (X7,U’7-[17"'7ID)

a graphing over (X, ).

Note that the involutions I of a graphing G give rise to a finitely generated group
=1 <k<D),

where group multiplication is just composition of bijective mappings from X into itself.
Obviously, I' acts on (X, ) by measure preserving transformations. In the following, we
refer to I' as the group associated with G. Given a graphing, one obtains a concept for
so-called measure graphs as given in [LPS14]. These objects are induced from certain
measurable equivalence relations with countable classes, see e.g. [FM77]. Let us make this
concept more precise.

Every graphing G := (X, u, I), 1 < k < D comes along with a canonical graph structure.
Precisely, we can define a graph Gx with vertex set X and two distinct elements z,y € X
being by an edge coloured by the label & if and only if y = I(z). Then Gx is a (possibly
uncountable) collection of pairwise disjoint, countable, coloured graphs with vertex sets I'z,
where x € X. Unfortunately, this graph does not fiber over its connected components and
it turns out that the quotient space X/T" has very unpleasant measurability properties, cf.
[LPVO07]. To overcome this problem, we will work with a particular measurable equivalence
relation over X. We then obtain a measurable coloured graph, cf. [LPS14]. Define

Vi={(z,y) € X x X |T'x =Ty}.

Note that the set V' C X x X is an eqivalence relation, where two elements =,y € X shall
be equivalent if and only if there is some v € I' such that y = yz. The set V' is a measurable
subset of X x X when endowing the latter space with the product Borel o-algebra. This
follows from the observation that I' is countable and

V =) (idx xI,)~" diag(X),
yerl

where I,(z) := v and diag(X) := {(x,z) |2« € X} is the diagonal set in X x X. We also
used here that the mappings I, are measurable (in fact they are also continuous). We now
define an edge relation on V. To do so, we set

E:={((w,2),(y,2) e VxV|w=y,x#2z 31 <k<D:x=Iz}.
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In this way, we obtain a graph G := (V, F) with vertex set V' and edge set F. It is even
true that G is a measurable graph as defined in Definition 1.2 of [LPS14]. (For a rigorous
justification of this fact, see Section 7 of this latter paper.) We mention the most important
features which will be used in the following. For a € AP, we set

Xo = {o € X| B, ((z,2)) ~ a}.

It is not hard to see that all sets X, are measurable, cf. [LPS14]. Further, set

Vo :={ve V‘B,?Ea)(v) ~ a}.

Due to the representation

Vo = ﬂ (I, x idy) ' diag(X,), diag(X,) = {(z,z) |z € X, },
~yel

the sets V,, are measurable subsets of V for all @ € AP. Tt follows also from the con-
siderations in [LPS14] that there is a finite measure M on the set V with the property
that u(Xa) = M(V,) for every a € AP. Furthermore, this measure can be desintegrated as
M = pon, where for every x € X, n” is the counting measure on the set V* := {z} xI'z C V.
Then for every non-negative, measurable function f on V', we have

[ @ty arw = [ 1) duta).
|4 X

where u : V' — R is a certain measurable, non-negative averaging function. This equality
follows from Lemma 1.16 (b) in [LPS14] which is strongly based on the non-commutative
integration theory of CONNES (see [Con79]).

Definition 7.4 (Measure graph induced by a graphing).

Let G = (X, u, I) be a graphing. Let G be the graph with vertex set V and edge set E as
above and let M be the finite measure on V constructed from p as above. Then, we call
(G, M) the measure graph induced by the graphing G.

As said before, graphings can be constructed in a canonical way from weakly convergent
graph sequences. This is stated in the following theorem. For a proof, see [LPS14], Propo-
sition 9.3. The crucial observation that is needed here is the fact that one can attach to
every finite graph a canonical probability measure which is invariant under transformations
shifting a fixed root to another vertex. The existence of an invariant limit measure follows
from a compactness condition for probability measures. Similar constructions for graphings
have been obtained before, see e.g. [Ele07h, [ALO7].

Theorem 7.5 (Existence of graphings, cf. [LPS14], Proposition 9.3).
Let (Gy,) be a weakly convergent sequence of graphs with uniform vertex degree bound D € N.
Then, there is a graphing G = (X, u, I) along with a measure graph (G, M) induced by G
such that for all a € AP

Tim p(G, @) = p(Xa),
where X, is the collection of x such that the subgraph in G = (V, E) induced by the ball of
radius p(a) around (xz,x) € V is rooted isomorphic to .
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We will refer to the graphings arising from convergent graph sequences as so-called limit
graphings. The converse question is an open problem, i.e. it is not known whether all
graphings (with suitable topological and measurable assumptions) are a limit graphing for
some weakly convergent sequence (G,) of finite graphs). This is a question of ALDOUS
and Lyons [ALO07, [Sch08]. A positive answer to this question would imply that all finitely
generated groups are sofic. However, we can define the large class of sofic graphings as those
graphings which are attained as a limit of Benjamini-Schramm convergent sequences.

Definition 7.6 (Sofic graphings).
Let G = (X, u, Ix) be a graphing along with its induced measure graph (G, M). Then G is
called sofic if there is a weakly covergent sequence (Gy) of finite graphs such that for all
ac AP

nh_%op(Gnv a) = M(Xa)a

where X, is the collection of x such that the subgraph in G = (V, E) induced by the ball of
radius p(a) around (z,x) € V is rooted isomorphic to a.

Sofic graphings have been considered before. This concept has been introduced in [EL10]
as sofic measurable equivalence relations. Further, some examples are given in the latter
paper. For instance, it is shown there that every treeable equivalence relation is sofic.

7.2 Hyperfiniteness and Banach space convergence

In this section, we consider a different notion of convergence for graphs with uniform vertex
degree bound D € N. Precisely, a sequence (Gy,) of graphs taken from a set S will be
called strongly convergent if it is Cauchy in a particular pseudometric § on S” introduced
by ELEK in [Ele08a]. The goal of the next chapter is to prove a Banach space convergence
result for almost-additive mappings on S”. Here, we provide the necessary preparations.
In this context, we will have to work with hyperfinite graph sequences. This latter condi-
tion roughly says that all elements in the graph sequence can be cut in small edge-disjoint
components by deleting only a small portion of the edges in each graph. There is a signif-
icant link to concepts of amenability for graphs. For instance, a statement of ELEK and
SzaBO [ES11] shows that sofic approximations of a group are hyperfinite if and only if the
group is amenable. It is well-known that strong convergence implies weak convergence and
hyperfiniteness. One can conclude from the results in [NS13] or in [Elel2] that the con-
verse assertion holds also true. This is a partial positive answer to a conjecture of ELEK in
[Ele08a]. The full conjecture refers to graph sequences with edge- and vertex colourings by
finitely many colours. In Theorem we give a clear and detailed proof which is based
on the so-called Equipartition Theorem, cf. Theorem 4 in [Elel2]. It is an open problem
whether the latter statement also holds true for edge- and vertex coloured graphs. Pri-
vate communication of the author of this thesis with ELEK gives rise to evidence that the
Equipartition Theorem holds also true in the coloured case. A nice consequence would be
the validity of ELEK’s conjecture in full generality. This in turn would allow for the proof
of a Banach space-valued, almost-additive convergence theorem along hyperfinite, coloured
weakly convergent graph sequences.
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As usual, we assume that S” is a set consisting of finite graphs with uniform vertex degree
bound D € N. Suppose that G, G € SP are defined on the same vertex set V and that the
vertices in both graphs are labeled with the numbers {1,...,|V|}. We set

v G (v Gy
5 (G.C) = {veV]S |$/|)755 ( )}|’

where S%(v) denotes the labeled 1-ball (the star) around v € V in the graph G. Thus, the
Z#-sign must be understood not only in the sense of rooted isomorphism classes but it also
decodes the differences in the vertex numberings of both stars. As shown in Lemma 2.1 of
[Ele08a], §y defines a metric on the graphs in S modulo isomorphism which are defined on
the common vertex set V. For the empty graph &, we set 6y (G, &) = 1 for all G € SP. Next,
we define a metric which is invariant under permutations of the vertex numbers. Referring
to Lemma 2.2 in [Ele08a], we define the metric
Is(G, Q) = UESI}I}I;I(1|V|)5V(G7G )

on all graphs in G,G € SP modulo isomorphism defined on V, where Sym(|V|) is the
symmetric group over the set {1,...,|V|} and G is the graph G with its vertex numbering
translated by o. Finally, we get rid of the assumption that graphs need to be defined over
the same vertex set. This leads us to the so-called geometric distance

5(G,G) = inf _ d5(pG,qQ),
{p.geN|p|VI=q|V]}

where the graph p GG consists of p edge-disjoint copies of the graph G. This is a pseudometric
over the set of all unrooted isomorphism classes in S, cf. [Ele08a], Proposition 2.1. In fact,
we have §(G, G) = 0 if and only if there is some graph G € SP such that both graphs G, G
consist of edge-disjoint copies of G. For G € SP, we denote by a(G) the corresponding
unrooted isomorphism class for G. Now, we are finally in the position to define strong
convergence for graph sequences (Gy,).

Definition 7.7 (Strong convergence of graphs).
Let (Gy,) = (Vi, Ey) be a sequence of finite, connected, graphs in S with lim,, s |Vy,| = co.
Then (Gy,) converges strongly if (a(Gy))n s Cauchy in the pseudometric §.

It is well-known that strongly convergent graph sequences are also weakly convergent, see
e.g. [Ele08al, Proposition 2.2. We now turn to the concept of hyperfiniteness for graphs.

Definition 7.8 (Hyperfinite families of graphs).

A family P C SP is called hyperfinite if for every € > 0, there is an integer K. € N such
that there is a way to remove from each G € P a portion of at most € of the edges such
that the remaining graph G- consists of edge-disjoint components consisting of at most K.
vertices.

We say that a graph sequence (Gy) is hyperfinite if the set P := {G,|n € N} C SP is a
hyperfinite family.

Here are some examples for hyperfinite graph sequences.
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Examples 7.9.
o Let P :={P,}°,, where P, is a path of length n. Then P is hyperfinite. One may
choose K. :=2/¢ for ¢ > 0.

o Let P := {Gp}>2,, where each G,, is the subgraph of Cay(I',S) induced by the set
T,, where (T,) is a Fglner sequence in an amenable group I' generated by some finite
set S C I'. Using the e-quasi tiling result of Theorem [2.16] it can be seen that P is
hyperfinite.

o Let P := {G,, = (Vp, E,)}22, be a graph sequence of subexponential growth, i.e.
there is a function f : N — N of subexponential growth such that for every n € N,
for each 2 € Vj, and for all 7 € N, one has |BY(x)| < f(r). Note that f is said to
have subexponential growth if for each 5 > 0, there is a number rg > 0 such that
f(r) <exp(Br) for every r > rg, cf. [Ele08a]. Then, P is a hyperfinite family.

e A large class of non-examples is given by sofic approximations for non-amenable
groups, see the second item in the example list [7.2 In fact, sofic approximations
for a group I are hyperfinite if and only if I" is amenable, cf. Proposition 4.1 in [ES11].
In particular, if (G),) is a sofic approximation for the free group F, of rank r > 2, then
the set P := {G,}52; is not a hyperfinite family of graphs.

Hyperfiniteness is implied by strong convergence, cf. Proposition 2.3 in [Ele08a]. We now
turn to the converse statement and we show that weakly convergent, hyperfinite graph
sequences are in fact strongly convergent.

Theorem 7.10 ([Pogl3b], Theorem 3.1).
Let (G,,) be a weakly convergent sequence of graphs with uniform vertex degree bound D € N.
If in addition, (Gy) is hyperfinite, then (Gy,) is strongly convergent.

Using algorithmic techniques, this statement has essentially been proven in [NS13]. In
Theorem 3.1 of this latter work, the authors show that two graphs on the same vertex set
taken from a hyperfinite family have small d-distance from each other if they look alike
statistically. We follow a different approach and use the FEquipartition Theorem which is
due to ELEK. Roughly speaking, it says that one may delete a small portion of the edges
in the graphs of some hyperfinite Benjamini-Schramm convergent sequence in order to cut
them into small egde-disjoint components in such a way that asymptotically, the number of
the various remaining components stabilizes. It is shown in [Ele08a] that every hyperfinite,
weakly convergent graph sequence contains a strongly convergent subsequence. Using a
part of the proof of this latter statement, as well as the Equipartition Theorem, we obtain
convergence for all such sequences. We still need some notational preparation.

At first, we introduce another distance function d,; which measures statistical differences of
two graphs. Take an arbitrary enumeration (o;);en of the elements in A”. Now consider
the map

L£:8P = 0,1N: L(G) = (p(G, i))ien-

Then L is almost-injective in the sense that L£(G) = L(G) implies that there is a graph
G € SP such that both G and G are edge-disjoint unions of G-copies, cf. [Ele12]. With this
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notion at hand, we set

S (G ay) — p(Gay)
G HE) = 22 L+ [p(G, ) — p(G, )]

for G, G € SP. Using this distance function, we can characterize weak convergence of some
graph sequence (G,,) by saying that (L£(G),))n is Cauchy with respect to d.

Moreover, for D,r € N we denote by .Af) the set of all unrooted isomorphism classes of
finite graphs with vertex degree bound D of diameter at most r. Note that the diameter
of a finite graph is the longest possible distance between two distinct points. Precisely, a
graph G € SP is unrooted isomorphic to a class & € .ATD if there is a bijection between
both vertex sets preserving the edge relations in G and &. Set AP = et} .A,l? . Then, the
Equipartition Theorem reads as follows.

Theorem 7.11 (Equipartition Theorem).

Let P C SP be a hyperfinite family. Then, for all € > 0, one finds a number K. € N such
that the following holds true: for each B > 0, there exists § > 0 such that if G = (Vg, Eq) €
P and G = (Vg, Eg) € SP are such that d-(L(G), L(G)) < 6, then there is a way to delete
less than 2¢ |Eg| edges in G, as well as less than 2 |Eg| edges in G such that

e in the remaining graphs G. and G’E, all connected (edge-disjoint) components have
vertex size at most K.,

G/

Gw
o X et et <B
GEAR_
here ¢§ = |CS*|/|Va| and CS* is the set tices Vi which lie i t of G
where c;° := |C4°|/|Vg| and C5< is the set of vertices Vg which lie in a component of G

which is unrooted isomorphic to &.

PROOF.
See [Elel2], Theorem 4. 0

Remark.

We would like to point out that ELEK shows more in Theorem 4 of [Elel2]. Namely, it is
assumed there that one, but not necessarily both of the graphs G and G must belong to
the hyperfinite family P. This shows testability of important properties for bounded degree
graphs such as planarity. For our purposes, the weaker version given above is sufficient.

Having this result at hand, we are now able to prove Theorem [7.10}

PROOF (OF THEOREM [7.10]).

Assume that (G,,) = (Vg,, Eg, ) is weakly convergent and hyperfinite as a set in S”. Let
e >0, set g1 :=¢/(6D) and for this e;, choose K, according to the Equipartition Theorem,
Theorem For every n € N, we remove at most 2¢; |Eg, | edges of G,, such that in
the remaining graphs G;Lﬁl, all connected components consist of at most K., vertices. As
in [Ele08a], we call a vertex v € Vi, exceptional for ¢; if at least one of the edges in Eg,,
incident to v has been removed. Hence, for every graph G,, there are at most 2De1|Vg,, |

exceptional vertices in Viz, . Denote the various unrooted isomorphism classes of diameter
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at most K¢, by &1,d9,...,4n., (Mg, € N). Forn € N and for 1 <4 < M, we write
r;°" € N for the number of connected components in Gy, ., which are unrooted isomorphic
to &;. Set ! == k""" /|Vig,| for n € Nand 1 <i < M.,. With C3*' being defined as the
collection of vertices that lie in a component of G;z,sl unrooted isomorphic to ¢&;, we have
w7 = |C7H/|V (i) Since (G,) is weakly convergent, the sequence (a(Gy)) is Cauchy
in the distance function d, and Theorem is applicable. Hence for 5 := 1 /(K. M., ),
we find some number L € N such that

g
|,y;%81 _ ,ylm781| < /B _

— 7.1
6DM,, K., (7.1)

for all n,m > L and every 1 < ¢ < M,,. It remains to show that 6(G,,Gy) < € for
n,m > L. To do so, we follow the lines of the proof of Lemma 2.3 in [Ele08a]. Take
n,m > L. We denote by H,, the graph given by |V, | disjoint copies of G,, and by H,, the
graph given by |V, | disjoint copies of G,,. Then there is no loss in generality to assume
that both graphs H,, and H,, are defined on a common vertex set V and that they both
have a vertex labeling with numbers {1,2,...,|V|}. Analogously, we let Hj, . and Hj, .,
be the subgraphs consisting of |Vg,,| respectively of [Vg, | edge-disjoint copies of Gj, .,
respectively of G, . . Then, there are Vg, |s;""" components in Hj, ., which are unrooted
isomorphic to é; and |Vg, |x;""" components in H), . which are unrooted isomorphic to d;.
Set gi e, == min{|Vg,, |k Ve, |k;°' } and Qi ¢, := max{|Vag,, |5 Ve, |5; "' }. Further,
for each i, choose g; ., edge-disjoint components in H;Lﬁl which are unrooted isomorphic to
&;. If for v € V, there is no 1 < ¢ < M., such that v is contained in one of the chosen
components of H{lﬂ isomorphic to &;, then call v a non-matching (cf. [Ele08a], proof of
Lemma 2.3) vertex. Now, find a bijective map o € Sym(|V|) such that there is a subset V'
of V of vertex size Y, ¢i e, |V ()| such that o restricted to V' preserves the star relations
between Hj, . and H,,_, i.e. the edge relations including the number labeling. On the
numbers associated with vertices in V' which are non-matching for Hj, ., or for Hy, . , we
may define ¢ arbitrarily. We show that
ov(Hy, HY) <e.

To see this, observe that if v is neither non-matching nor exceptional for e; in Hy, . and
neither non-matching nor exceptional for £; in Hg;al, then its star including the vertex
numbering is the same in H,, and as in HZ respectively. The number of non-matching

vertices is bounded by
M,

Z (Qi,m - Qi,al) KEl .
=1
By multiplication with |V, we deduce from inequality (7.1]) that

3

S —
6DM51K£1| |

’Qi,el - Qi,51| <
for all 1 < ¢ < M,,. By construction, the union of the exceptional vertices in H,, and in
HZ, has cardinality less than 4e; D |V|. With our estimate for the non-matching vertices,

we conclude that
4e1 D|V| + £

<
V] 6D ~°

6V(Hn7 H7UrL) S
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Finally, passing to infima, we arrive at
(G, Gm) < 0y (Hp, H) < €.

This finishes the proof of the theorem. O

In [Ele08al, the author considers graphs with their edges and their vertices being labeled
by finitely many colours. In this context, weak convergence means that for all coloured
isomorphism classes, the occurrence frequencies exist in the limit. Thus, if one proved the
Equipartition Theorem for coloured graph sequences, one could use the same method as
above to solve the full conjecture of ELEK claiming that weakly convergent, hyperfinite
coloured graph sequences are strongly convergent (note that in this situation, the stars in
the graphs to measure the d-distance take the vertex und edge colourings into account in
the canonical manner). We have not pursued this goal in this thesis. A positive answer
to this issue can then also be considered as an extension of Theorem [£.4] in the finitely
generated situation. Precisely, one would be able to prove a Banach space convergence
theorem for almost-additive functions along hyperfinite, weakly convergent coloured graph
sequences. With the methods at our disposal, we can prove the convergence for uncoloured
graph sequences. This is the topic of the next chapter.






8 Convergence theorems for graphs

In this chapter, we prove two convergence theorems along weakly convergent, hyperfinite
(i.e. strongly convergent) graph sequences. The first result refers to almost-additive, Banach
space-valued functions on some set SP consisting of finite graphs with uniform vertex degree
bound D € N. In this context, we discover that a natural notion for almost-additivity is
given by a particular continuity property with respect to the distance function § introduced
in the previous chapter. It turns out that there is a nice analogy to our Banach space
convergence theorem for countable amenable groups, see Chapter Namely, considering
finitely generated, amenable groups and sticking to the uncoloured situation, the conver-
gence theorem, Theorem developed in this chapter can be interpreted as an extension
of Theorem Being the first assertion of its kind for graph sequences, Theorem isa
breakthrough in combinatorial approximation theory.

Secondly, we turn to the issue of subadditive convergence for graphs. Subadditive con-
vergence theorems play a major role in proving the existence of invariants in topological
dynamical systems, cf. e.g. [Gro99, [LWO00L [CSKC12]. Using Theorem we prove nor-
malized convergence along weakly convergent, hyperfinite graph sequences for a large class
of subadditive functions on SP, cf. Theorem As far as the underlying geometry is
concerned, this provides a significant extension of variants of the ’Ornstein-Weiss Lemma’
for amenable groups [Gro99, [LWO00L Kril0] and semigroups |[CSKC12]. All results of this
chapter are contained in [Pogl3b].

8.1 Almost-additive, Banach space convergence

In this section, we provide an almost-additive Banach space-valued convergence theorem for
almost-additive functions. They will be defined on some set SP consisting of finite graphs
with uniform vertex degree bound D € N. This assertion is analogous to Theorem [4.4] for
uncoloured, finitely generated groups.

Definition 8.1 (Almost-additive functions on graphs).
Let (Z,||-||) be an arbitrary Banach space and denote by P some subset of SP. A mapping

F:8° 57

is called almost-additive on P if F(@) = 0 for the empty graph 0 (in case 0e SP) and if
there is a constant C' depending on D such that

IpF(G) — qF(G)| < Cds(pG,qG) p|Val,

whenever G,G € P and p,q € N are such that p Vol = q|Va|. (The distance function 6g is
defined as in the previous chapter.)
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We are now in position to prove the convergence result.

Theorem 8.2 (Almost-additive convergence theorem for graph sequences).
Suppose that F is a mapping on SP with values in some Banach space (Z,]| - ||). If (Gyn) =
(Vi, Ey) is a weakly convergent, hyperfinite graph sequence in SP, and if F is almost-additive
on P :={G,|n €N}, then there is some F* € Z such that

_ F*

figi-ri <

[Vl

PRrROOF.

Take a sequence (G,,) = (V;,, E,) in 8P which is hyperfinite and weakly convergent. By
Theorem (G) is strongly convergent as well. Fix ¢ > 0 and find some integer L € N
such that 6(Gy,Gy,) < € for n,m > L. By definition, we find p,q € N with p|V,| = q|Vi|
such that 0s(pGp, ¢Gr,) < 2¢. Since F' is almost-additive on (G,,) for some constant C' > 0,
we obtain

H (Gn)  F(G )H:Hp (Gn) ¢ (G)HgmE

|Vl [Vin| p|Val q[Vinl
for all n,m > L. Therefore, the sequence (F'(Gy)/|Vy|)n is Cauchy in the Banach space Z
and thus, it converges to some limit F™* € Z. O

Let us briefly explain the links of the above result to Theorem [£.4] Consider the Cayley
graph G := Cay(I', S) induced by an amenable group I with finite generating system S C I.
Further, suppose that I' is coloured trivially by a constant map C : I' — {a}, where a is the
only colour at disposal. Then, the setting described in Chapter [] fits into the context of
Theorem To see this, note first that every mapping

F:FT)—Z

can be rewritten as

F' .88 = 2
by identifying all finite sets in @) € F(I') with their induced subraphs G(Q) in G such that

ST == {G(Q)|Q € F(T)}

and F'(G(Q)) = F(Q) for all Q@ € F(T). Let (U;) be a Fglner sequence in I'. Then (G(Uj));
is weakly convergent and hyperfinite. Now, Theorem [8.2] tells us that it is sufficient to show
that I is almost-additive on {G(U;)|j € N}. This is proven in part (iii) of Theorem
(even for the situation where I' is endowed with an ergodic colouring). There we use the
e-quasi tiling theory to cut the U; into e-disjoint translates of 7T} and asymptotically (with j
getting large), the occurrence frequencies of the different e-quasi tiles stabilize. This implies
that there is some jo € N such that for j,j > jo, the graphs G(U;) and G(U;) are close in
the d-distance.

The extension of Theorem [7.10]to the case of coloured graph sequences is an open problem.
Note that the proof essentially relies on the fact that (Gy,) is Cauchy in 6. Therefore, if the
theorem holds true also for coloured graphs, we would immediately obtain a Banach space
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convergence theorem that gives an extension of Theorem (for finitely generated groups).
As explained before, this would require an Equipartition Theorem for hyperfinite, coloured
graph sequences.

8.2 Subadditive convergence

In classical analysis, Fekete’s Lemma says that for every sequence (a,,) of real numbers with
pim < an + am (n,m € N), the sequence (a,/n) converges to its infimum (which may be
—o0). For the sake of applications, it is an important question whether one can replace
the index set of the sequence by more complicated structures such as sets or graphs. In
Theorem 1.1 of [CSKC12], the authors prove convergence along Folner nets for functions
on left-cancellative amenable semigroups. Using this result, they obtain the existence of
topological entropy and topological mean dimension for continuous dynamical systems. We
prove a corresponding subadditive convergence assertion in the context of weakly conver-
gent, hyperfinite graph sequences. To do so, we have to accept an additional monotonicity
condition on the subadditive function F' under consideration. More precisely, we need F'
to be non-decreasing with respect to the subgraph relation. However, unlike in [CSKCI12],
we have to assume subadditivity only for disjoint decompositions of graphs. In this con-
text, Theorem extends a variant of the ’Ornstein-Weiss Lemma’ which was used in the
framework of amenable group dynamical systems theory, cf. [OW8&T, [Gro99, [LW00Q].

We start with the definition of a subadditive function on SP. Note that G = ~(V, E)is a
subgraph of G' = (V,E) if V. C V and if there is an injective map ¢ : V' — V with the
property that (x,y) € E implies (¢(x), ¢(y)) € E.

Definition 8.3 (Subadditive functions on graphs).
Let P C SP. A mapping h : SP — R is subadditive if it satisfies the following properties.

e There is a constant C > 0 such that h(G) < C|V| for all G = (V,E) € S (bound-

edness).
e If G is a subgraph of G € SP, then h(G) < h(G)  (monotonicity).

o If G = (V,E) and G' = (V', E') are both subgraphs of some G = (V,E) € SP such
that V' is the disjoint union of V and V', then

h(G) < h(G) + h(G")  (subadditivity) .

If in addition, we are in the edge-disjoint situation, i.e. e € E if and only if either
e € FE or e € E', then we have in fact

h(G) = h(G) + h(G') (special additivity).

e If G € P is (unrooted) isomorphic to G' € P, then h(G) = h(G')  (pattern-

invariance).
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At a first glance, the special additivity assumption may look a bit strong. However, in
most settings it appears just as a technicality, e.g. if one considers induced subgraphs of
connected graphs. In the proof of the convergence theorem, we have to make use of this
special criterion at one technical point. Namely, we will have to work with the distance
function § which forces us to consider ¢-fold (¢ € N) vertex- and edge-disjoint copies of
graphs G € SP. For those objects, the special additivity condition in combination with the
pattern-invariance condition makes sure that h(¢G) = qh(G).

Theorem 8.4 (Subadditive convergence theorem for graph sequences).
Let (Gy,) = (Vi, Ey) be a weakly convergent, hyperfinite graph sequence in SP and assume
that h : SP — R is subadditive. Then, there is an element A € RU {—o0} such that

. h(Gn)
| =\

w0 |V

Proor.

Let (G) = (Vi, E,) be a weakly convergent, hyperfinite graph sequence in SP. By Theo-
rem (Gp) is in fact strongly convergent. Define

A = lim inf 1(Gn)

Due to the boundedness of h, we have A € [—o0, C], where C' is the boundedness constant
for h. Note that A = —oo is possible as well. Denote by K C N an infinite set containing
the indices of some subsequence of (h(Gy)/|Vy|) that converges to A (or diverges to —oo).
Now fix an arbitrary € > 0. By strong convergence, we find some kg € K such that for all
n, k > ko, we have 6(G,, Gp,) < €. We fix such integers n and k and we also make sure that
k € K. Take a pair of integers ¢y, qx € N such that ¢,|V,,| = qx|Vk| and

05(Gn G, qr Gi) < 2e. (8.1)

With no loss of generality, we may assume that the graphs ¢, G, and ¢, Gi are defined on
a common vertex set V;, . Then we find a subset Vri,k C V,, 1 containing those vertices such
that the labeled stars (i.e. 1-balls including vertex numberings in both graphs) coincide in
both graphs. By inequality (8.1), we obtain [V, ;| > (1 — 2¢)[V,,x|. For this set V., we
denote the corresponding induced subgraph in ¢, G,, (respectively in g Gi) by G’n,k. Using
the boundedness, subadditivity, special additivity, as well as the pattern invariance property
of h, we get

_ < LI To (8.2)

As h is monotone, it follows that h(G, ;)
and the pattern-invariance of h yield h(G

ity (8.2) that

< h(qx Gr). Now the special additivity property
wi) < @ h(G). Thus, we deduce from inequal-

h(Gn) _ aih(Gy)
< +2Ce =
Vil \Z¥3 |Vi|
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Since k € K,n € N,n, k > ko were chosen arbitrarily, the latter inequality holds true for all
large enough k& € K and every large enough n € N. We conclude that

h(Gy, .. h(G
liga_}sogp \(Vn|) < hgl_l)ggf ’(VkT) +2Ce=A+2Ce.

Thus, sending € — 0 finishes the proof. O






9 Spectral approximation for graphs

In this chapter, we present some known results about spectral approximation in a structured
way fitting in the context of the previous chapters. We do not come up with new results,
but give direct proofs via calculations with explicit expressions for all involved quantities.
The chapter is divided into two parts.

Firstly, we associate to each graphing some canonical von Neumann algebra. The latter
space consists of those operators which act fiberwise on the connected components of the
graphing. This will lead us to the concept of so-called Carleman operators. Moreover, we
are able to define a notion of a trace on the von Neumann algebra. To do so, we stick to the
construction given in [LPS14] for measure graphs over a groupoid. The corresponding oper-
ator algebraic considerations in this latter article rely on the non-commutative integration
theory developed by CONNES in the form discussed in [LPVQ7]. For similar results on opera-
tor algebras on measurable equivalence relations, see e.g. the papers [FM77, [Ele08al [E1e08b].
In the second part, we turn to the question of the IDS approximation for operators on sofic
graphings along their finite analogues on weakly convergent graph sequences. We start by
proving weak convergence of the empirical spectral distributions towards the trace of the
spectral family. This result has been proven before, see e.g. [Ele08a, [Ele08b]. Having an
explicit formula for the IDS of Carleman operators on graphings at hand, we are able to give
a slightly more structural proof below which is based on measuring the geometric differences
between the finite graphs in the graph sequence and the random geometric patterns in the
graphing. Briefly describing the Liick conjecture for weakly convergent graph sequences
(see e.g. [ATV13]), we give a short outline concerning the issue of uniform convergence in
possibly non-hyperfinite situations. While partial results on this matter have been obtained
through algebraic tools (cf. [ThoO8, [ATV13]), the full conjecture, as well as a geometric ap-
proach to a possible solution remain open. The main result of this chapter is Theorem
where we show that for finite range Carleman operators on sofic hyperfinite graphings, we
can approximate the IDS uniformly. This is a variant of the convergence result in [Ele08al
for strongly convergent graph sequences. Our proof relies on a different method, namely
the Banach space-valued convergence theorem from the previous chapter, cf. Theorem [8.2
Being valid for all hyperfinite, weakly convergent graph sequences, it provides a direct ap-
proach describing the combinatorial structure behind spectral approximation results. More-
over, Theorem generalizes previous assertions, see e.g. [Ele06a, [DLM ™03, [EIe06D]. In
the context of uncoloured Cayley graphs of amenable groups, it also extends the spectral
approximation results in [LSV11] [PS14].
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9.1 Operators on graphings

The von Neumann algebra of a graphing

In the following, we obtain a canonical von Neumann algebra arising naturally from graph-
ings. It turns out that this von Neumann algebra comes along with a finite and faithful
trace. The results are a special instance of the more general concept of measure graphs over
some measurable groupoid, cf. [LPS14].

We start with a graphing G = (X, u, Ii) (see Deﬁnition with the group I' := (I) acting
measure preservingly on X. As discussed after Definition every graphing induces a
measure graph G = (V, E) with M being the corresponding finite measure on V. For every
x € X, we define

V®:={x} x Iz,

which clearly is a subset of V. Now for f € L?(V, M), there is a bundle (f,)zcx of mappings
fz € £2(V®) such that f((z,vz)) = fo((z,vz)) for p-almost every x € X and each v € T.
There is a canonical way to write L2(V, M) as a direct integral over the bundle spaces, i.e.

L2(V, M) ~ /EB V) dpu(a).
X

For a more detailed discussion of this latter fact, see e.g. [Con79, LPV07]. More background
material in direct integral theory can e.g. be found in [Dix81].

We will make use of this decomposition in order to consider bounded, linear operators
on L?(V,M) acting as a graph operator on the fibers V*. This leads to the notion of
decomposable operators.

Definition 9.1.
Let G = (X,pu, I1,...,Ip) be a graphing with induced measure graph (G, M), where G =
(V,E). Then, we call a bounded, linear operator H : L*(V, M) — L*(V, M) decomposable
if for p-almost every x € X, there exists a bounded, linear operator H® : £2(V®) — (2(V®)
such that for v e V¥, we have (H f)(v) = H” fz(v). In this situation, we also use the direct
integral notation

H:= /X@ H dpu(z).

Further, we call (H*) a decomposition for H and we write H ~ (H?").

We still need an equivariance condition for the operators under consideration. So for x € X
and v € I', define the unitary operator U, as

Upy : C(VF) = (V) 2 (Ueyh) ((y,7'y) == (v w7 ')

Note that we could also write z instead of y~'y. Now, we are in the position to define a
class of operators which is suitable for our purposes.
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Definition 9.2 (Bounded random operators).

Let G = (X,u, I1,...,Ip) be a graphing with induced measure graph (G, M), where G =
(V,E). Suppose that H : L>(V, M) — L*(V, M) is decomposable. Then, we say that H is
a bounded random operator on the graphing G if there is a decomposition H ~ (H*),ex,
H®: (V) — (2(V?) such that

e the mapping x — (fz, H*gs)e2(v=) is measurable for all f,g € L3(V, M),
o there exists a constant C' > 0 such that ||H*|| < C for p-almost every xz € X,

e the equivariance condition is satisfied, i.e.
YT __ T T T*
H"™ =U,,H*U, ,

for all x € X and each v €T.

In this context, we say that two decompositions (H*) and (H*) are equivalent if H* = H*
holds true p-almost-surely. Therefore, we will from this point on identify bounded random
operators with the equivalence class of its decompositions, i.e. H = [H?]. For the operator
norm, we define

|H|| = inf {C' > 0|[H*] = H and ||H"|| < C p-ae.}.

Considering the usual addition and multiplication on the fibers, one notes that the set
N(V,G) of all bounded, random operators on the graphing (V,G, M) is an algebra. Even
more can be said.

Theorem 9.3.

The set N(V,G) is a von Neumann algebra.

PROOF.
See e.g. [Con9], Theorem V.2. 0

Denote by N7 (V, G) the set of all non-negative, self-adjoint operators in N'(V,G). Here, we
say that H € N(V,G) is non-negative if the spectrum of H is contained in [0,00). Then,
for each H € N't(V,G), there is a canonical notion of a trace.

Definition 9.4 (Trace on N T(V,G)).
Let G = (X, u, Ih,...,Ip) be a graphing with induced measure graph (G, M), where G =
(V,E). Then, for H e N*(V,G), we define the trace 7(H) of H as

T(H) = A<5(m’z), H$6(17x)>g2(vz) d/J,($),

where (H®)zex is an arbitrary decomposition with H ~ (H*) and §(; z) : V¥ — {0, 1} is the
usual delta function giving weight 1 only to the element (z,x).

Note that the mapping 7 : NT(V,G) — [0,00] : H — 7(H) is a weight on N'(V,G), i.e. a
(positive) linear functional on N*(V,G). Following the lines of [LPS14], it can be readily
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checked that 7 gives in fact rise to a trace on the von Neumann algebra N(V,G) in the
classical sense. Moreover, this trace is finite (i.e. it attaches a finite number to the identity
operator) and faithful (i.e. 7(H) = 0 implies that H = 0), see Theorem 7.6 in [LPS14]. Also,
there is a unique extension of 7 to a continuous map on the whole algebra N (V, G).

Carleman operators

It turns out that the structure of the elements in N'(V,G) can be described more explicitly.
More precisely, they can be represented as operators on L2(V, M) with a decomposable
kernel function. Those elements are called Carleman operators, see e.g. [Wei80) [LPS14].
In the following, denote by 7 the measurable projection of the elements in V' to its first
coordinate, i.e.

7V —=>X:v=(z,yz) — x.
Definition 9.5 (Carleman operators).
Let G = (X,pu, I1,...,Ip) be a graphing with induced measure graph (G, M), where G =
(V,E). An operator H on L?(V,M) is called Carleman operator if there is a measurable
function on the space V- x V with

h(v,) € (V)
for all v € V such that for every f € L*(V, M), one obtains
Hf(w)= % hv,w) f(w) = (H fr,))(0)
weV (@)

in the L?-sense. The function h is called the kernel function for the Carleman operator H.

Note that in the above definition, one can use an arbitrary decomposition (H%),cx of H.
We denote by K the set of all Carleman operators in the von Neumann algebra N (V,G)
such that the kernel function A is compatible with the action of I' on V' in the sense that

h(7y-v,y-w) = h(v,w),
where v - v := (yx,vy'x) for v = (z,7'z) € V.

It is known that K is a right ideal in N (V,G), see Proposition 4.4 in [LPVQT7]. Since the
identity operator also belongs to I with kernel function h(v,w) = 1if v = w and h(v,w) =0
otherwise, one directly obtains the following.

Proposition 9.6.
Let G = (X,u, I,...,Ip) be a graphing with induced measure graph (G, M), where G =
(V,E). Then, every element in the von Neumann algebra N'(V,G) is a Carleman operator

in IC.

Note that the converse statement of the above proposition is trivial. Hence, one arrives at
N(V,G) = K. For this reason, there is no loss in generality to consider Carleman operators
as the ’right’ class of decomposable operators on graphings.
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9.2 Convergence of the IDS

The goal is to prove the IDS approximation for pattern-invariant, finite hopping range
Carleman operators on sofic graphings along weakly convergent graph sequences. The con-
vergence will be in the sense of weak convergence of (spectral) measures. In this context,
our Theorem unifies the results in the literature in a concise and explicit way. This will
be discussed next.

The issue of spectral convergence along Benjamini-Schramm convergent graph sequences
has already been covered before, see for instance the work of ELEK. In [Ele08a], the author
proves weak convergence on finite analogues towards the integrated density of states of an
element in a von Neumann algebra obtained from a GNS construction on graph sequences.
In a second paper [Ele08b], the author obtains weak convergence for the spectral distribu-
tions of discrete Laplace operators towards an element in the abstract von Neumann algebra
constructed from measurable equivalence relations, see e.g. [FM77]. In both cases, the limit
is given by a trace expression which coincides with the trace 7 on the graphing von Neumann
algebra N (V,G) as introduced above. Using Carleman operators on graphings, we give an
explicit description for the arising limits. From the geometric point of view, Theorem
also extends the deterministic considerations of [ScScl12]. In the latter work, the authors
deal with more general, unbounded random operators. We will not pursue this goal in this
thesis. However, this seems to be an interesting project for future investigations.

As in the situation of (finitely generated) amenable groups, we will have our main focus
on the convergence of spectral distribution functions uniformly in all energies £ € R. Pre-
cisely, we show as an application of Theorem that for self-adjoint, finite range operators
on hyperfinite graphings, one obtains indeed uniform convergence along weakly convergent,
hyperfinite graph sequences.

Passing to operators with matrix valued kernel, with only few steps we could now obtain
the Liick approximation in its original formulation (cf. [Liic94]) for hyperfinite sequences.
This also generalizes the convergence statements along Fglner sequences in finitely gen-
erated groups, see [DLMT03, [EIe06b]. For length issues, we refrain from giving detailed
descriptions of those latter results, but we refer the interested reader to the mentioned
literature.

Weak convergence along Benjamini-Schramm sequences

We start with the definition of finite hopping range Carleman operators. Let G = (X, p, Ij)
be a graphing. As usual, we denote the corresponding induced measure graph by G = (V, E)
and the finite measure on V is denoted by M. For x € X, we write G* for the subgraph of
G induced by V¥ C V. We say that G* is the leaf graph for x.

Definition 9.7.

LetG = (X, u, In,...,Ip) be a graphing with induced measure graph (G, M), and G = (V, E).
Assume that H is a Carleman operator on L*>(V,M). We say that H is of finite hopping
range if there is a constant R € N such that for the kernel function h of H, one has
h(v,w) = 0 whenever 7(v) = w(w) and d™®)(v,w) > R for v,w € V, where d™) is the
canonical path metric in G™).
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In the following, we assume that G is a sofic graphing with approximating sequence (Gy,) :=
(Vp, Ey). Further, denote by H a Carleman operator on L2(V, M) with finite hopping range
R € N. Further, we require H to satisfy the following invariance condition. There is a
constant R > 0 such that for all pairs v, w € V satisfying B2G£(v) (v) ~ ng(w) (w) via some

rooted graph isomorphism ¢, we have

h(z,2") = h(p(2), ¢(¢))

for all choices of z, 2’ in the vertex set of ng(v) (v). This essentially means that the coeffi-
cients of the operator depend only on the local geometric patterns occurring in the graphing.
In the following, we will refer to those elements as pattern-invariant, finite hopping range
Carleman operators. Then for large enough n € N, there is a canonical way to define finite
analogues of H on ¢2(V,,). Let us describe this construction in detail.

Fix an arbitrary € > 0. Since (G,,) is weakly convergent, we find some number N(¢) € N
large enough such that for all o € AP with p(a) < 4R, we have that

[p(Gn, @) — u(Xa)| < e/DFH

whenever n > N(¢g), where X, 1= {z € X| Bf(a)((x,x)) ~ a}. Decreasing ¢ if necessary
(thus increasing N (¢)), we have that for n > N(e) that the sets

T(Gp,a) :={acV,| Bf(g)(a) ~ a}

are non-empty for all o € ./E)R, where the latter set denotes the collection of those o € AP
with p(a) < 4R and p(X,) > 0. We define the following operators on the graphs G,,.
Namely,
H, : 2(Vy) = 2(Vy) : (Hpu)(a) :== Z h™(a,b) u(b),
beVn

where the kernel function h"(a,b) is given by

he(p(a), (b)), FveVy,z€X: abe BG(v),
h™(a,b) := Bz (v) =% By (7)) ~ o, i(Xa) > 0

0, else.

We need to show that the kernel functions are well-defined, i.e. that they do not depend on
the choices for v € V,, and = € X.

Lemma 9.8.

Suppose that the operators (Hy) (n € N) are as described above. Then, for every n € N
and for all vertices a,b € V,,, the value h™(a,b) does not depend on the choice of the v € V,,
given in the above definition.

PROOF.

For simplicity, we use in this proof the notation Bg(v) both for the subgraph in G induced
by the set of vertices with distance at most R from v, as well as for the underlying vertex
set itself.
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Fix n € N and take a,b € V,,. Let v and v/ be elements in V,, with associated rooted graph
isomorphisms ¢ and ¢’, as well as with elements z, 2’ € X as given in the definition of the
value h™(a,b). Due to the triangle inequality, we can compute for w € Bgﬁ (v)

dg, (w,v") < dg, (w,v) +dg, (v,a) + dg,(a,v") <4R

and thus, BS? (v) C BSg (v'). Now, set
. o (BGn Gn P = —1
D ¥ (BQR (1))) - (10<B2R (U)) 1P = po ((p|<P/(BQGI’€L(,U)))
This is a rooted graph isomorphism of induced subgraphs in the measure graph induced by
the graphing. By definition of ¢, we have

(a), ¢ (b) € ¢ (BS"(v)) = BE" (¢ (v).

By the invariance property of the kernel function h of the graphing, we obtain

h¢'(a), ¢'(b) = h(® o ¢'(a), @ o ¢/ (b)) = h(p(a), (b))

This shows our claim. O

The previous lemma shows that if H is a pattern-invariant, finite hopping range Carleman
operator, then the operator H, is a well-defined, finite dimensional version of H on ¢2(V},).
Even more can be deduced. Namely, if H is self-adjoint (symmetric), so is H, as well
for large enough n. So assuming that H is a finite hopping range, self-adjoint Carleman
operator and if (H,,) are the approximating operators along some graph sequence converging
to the graphing, we can define the empirical eigenvalue distributions of the H,, as follows.

Set
_ [{A < E| ) is eigenvalue of H,|

[Val

Ny, iR —[0,1]: Np(E) -

and
N*:R—[0,1] : N(E) := 7(1)_oo sy (H)),

where 7 is the trace on N'*(V,G) introduced above and 1)_ g(H) denotes the spectral
projection of the operator H to the real set | — 0o, E], see also [WeiB0]. As in Chapter [7| we
call N* the integrated density of states (IDS) for the operator H. Note that for each n € N,
the functions N, are elements of the Banach space Cp,(R) of all bounded, right-continuous
functions endowed with the sup-norm || - || cc-

Theorem 9.9 (Weak IDS convergence).

Let G = (X, pu, I1,...,Ip) be a sofic graphing with induced measure graph (G, M), where
G = (V,E). Further, let (G,) = (V, Ey) be a weakly convergent approximating sequence.
Now, assume that H = [H*],ex is a self-adjoint, pattern-invariant Carleman operator on
L2(V, M) which is of finite hopping range with parameter R € N. Then, for all bounded,
continuous, real-valued functions f defined on the spectrum o(H) of H, one has

i Vol ™H Y (G, f(Ha)da) ez v,y = /X<5(x,z)af(Hw)d(x,m)>€2(V“”)d:u(x)7
aGVn

where all expressions are defined according to the continuous spectral calculus for bounded,
self-adjoint operators.
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The above theorem shows weak convergence of the empirical spectral measures to the density
of states measure of the limit operator H. It follows from a basic result in measure theory
that this implies the convergence of the spectral distribution functions in all continuity
points E of N*.

Corollary 9.10.
In the situation of the previous theorem, we obtain
. _ AT*
Jlim N, (E) = N*(E)

for all continuity points E of N*, where the Ny (-) are the empirical eigenvalue distribution
functions for the operators H, and N*(-) denotes the IDS of the operator H.

PRrOOF.
This follows from Theorem [9.9)in combination with Satz 4.12 in [Els05]. 0

We now give the proof of Theorem

PROOF (OF THEOREM [9.9)).
We first prove the theorem for the function f with f(x) = 2* for all z € o(H), where k € N
is an integer number. Then note that

f(Hy=HF:=Ho---0H.
k

As N(V,G) is an algebra, f(H) is also a Carleman operator. Further, computing the
kernel by matrix multiplication yields that f(H) is of finite hopping range with parameter
R’ := k- R. For the weakly convergent graph sequence (G,,), construct the operators f(H,)
from f(H) as described above. Then for all large enough n € N and a € V;,, the value
On(a) := (dq, Hﬁ5a>e2(vn) only depends on the local geometry around a in G,,. Indeed, since
H is pattern-invariant, there is a constant R € N depending on R’ such that if a € AP has
radius p(a) = 4R, then all a € T(Gj, ) give rise to the same value 6, (a). The analogous
assertion holds true for all x € X, i.e. 0(z) := (J(z,0), Hk5($7z)>52(vz) is constant on each set
X, of positive measure, where a € AP has radius p(a) = 4R. Moreover, it follows from
the construction of the operators f(H,) that 6,(a) = 6(z) =: 0, if there is some o € AP
of radius p(a) = 4R such that a € T(Gp, ), © € X, and p(X,) > 0. Due to the weak
convergence of the sequence (G,,) and the connectedness of the G,,, we obtain

. -1 _ . T (G, )
nlggo ‘Vn| E <5aa f(Hn)5a>Z2(Vn) - nlggo § |V | o
acVnp acAD n
p(a)=4R

= Z Oa 11(Xa)

aEAD,p(a):4R
n(Xa)>0

— [ B FEDS )y dila). (9:1)

This shows the claim for f(x) = 2*. By linearity, we can extend the statement to the space
P(H) consisting of all real coefficient polynomials defined on o(H). Since the latter set is
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compact, we obtain from the Stone-Weierstrafi Theorem (cf. [Wer(0], Satz VII1.4.7) that
P(H) is dense in the set of all bounded, continuous functions on o(H). We conclude that
the limit relation ((9.1]) also holds true for general bounded, continuous functions on o(H).m

As mentioned before, we are interested in the question whether we can obtain uniform con-
vergence of the eigenvalue distribution functions N, (E). It is well-known that the distribu-
tion functions of a sequence of finite measures converges uniformly whenever the measures
converge weakly and the distribution functions converge pointwise, cf. e.g. Lemma 6.3 in
[LV09]. So knowing that weak convergence holds true, we obtain even uniform convergence
of Ny, () to N*(-) if we can show

im (Vo™ Y (00, Lipy (Ha) 0a)2v,) :/X<5(:v,a:)aH{E}(Hx)é(ac,:c)>€2(\/x)d:u(x) (9.2)
a€Vy,

for all energies E € R, where for n € N and = € X, the operators 1z (H,) and 1{gy(H?)
are defined according to the measurable spectral calculus. Note that here,

Y o Lpy(Hn) da) 2w,y = tr (L) (Hn))
a€Vy

= dim (ker(H, — E))

for all n € N and for every E' € R, where tr(-) denotes the standard trace for matrices. The
question whether the limit relation holds true for arbitrary weakly convergent graph
sequences is known as the Liick conjecture for Benjamini-Schramm sequences. Using the
Banach space almost-additive convergence theorem from the previous section (Theorem,
we solve this question for hyperfinite graph sequences in the next subsection. The issue of
uniform convergence for possibly non-hyperfinite, weakly convergent graph sequences (Liick
approximation for non-hyperfinite graph sequences) is an open problem. A partial answer
is given by THOM in [ThoO8] (Theorem 4.3), where it is shown that uniform convergence
holds true along sofic approximations of groups for operators with algebraic integers as
matrix coefficients. The extension of this latter statement to general weakly convergent
graph sequences was realized in [ATV13|, Theorem 4. The method of the corresponding
proofs is given by diophantine approximation techniques. However, this algebraic approach
cannot be used for operators with arbitrary complex coefficients. Thus, it is an interesting
(and seemingly hard) problem to use geometric tools to prove the Liick conjecture for graph
sequences in its full generality.

Uniform convergence in the hyperfinite case

The goal of the following subsection is to prove the uniform approximation of the integrated
density of states (IDS) of pattern-invariant, finite hopping range Carleman operators on
hyperfinite sofic graphings. We do so by applying our almost-additive Banach space-valued
ergodic theorem, Theorem The corresponding Theorem [9.12] has essentially been stated
before as a convergence result for strongly convergent graph sequences, cf. [Ele08al, Propo-
sition 3.2. However, our method of proof detects the underlying combinatorial structure of
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spectral convergence assertions of this kind. Moreover, we obtain uniform approximation in
the more natural formulation of weakly convergent, hyperfinite graph sequences. To show
almost-additivity, we stick to the arguments given in [Ele08a]. For the sake of completeness,
we sketch the major steps in the proof and emphasize the use of our Banach space-valued
convergence theorem. We start with the definition of hyperfinite sofic graphings.

Definition 9.11 (Sofic hyperfinite graphings).
Let G be a sofic graphing. Then, we say that G is hyperfinite if it is a limit graphing of some
hyperfinite, weakly convergent graph sequence (Gy,).

Note that one may also define hyperfiniteness for general graphings without referring to
approximating sequences, see e.g. [KMO04, [Ele12]. However, the context of sofic graphings
is absolutely sufficient for our purposes. In this situation the graphing will be hyperfinite
if and only if one/all approximating sequences are hyperfinite, cf. Theorem 1 in [Elel2] or
Theorem 1.1 in [Sch08§].

The uniform IDS approximation theorem now reads as follows.

Theorem 9.12 (Uniform IDS approximation for hyperfinite graphings).

Let G = (X,u,I1,...,Ip) be a sofic graphing with induced measure graph (G, M), where
G = (V,E) and 7 is the canonical trace on the von Neumann algebra N (V,G). Suppose
that (Gp) := (Va, Ey) is an approximating sequence for G. Then, for every self-adjoint,
pattern-invariant Carleman operator H = [H%),ex on L*(V, M) which is of finite hopping
range, one obtains

where the Ny, € Cy-(R) are the empirical normalized spectral distribution functions corre-
sponding to the finite analogues (Hy) and N*(E) = 7(1)_o g (E))-

PROOF.
For n € N and every subset Q@ C V,,, we denote by H,? the induced operator

Q) = A(Q) : HY := pg Hy g,

where ig and pg are the canonical injection and projection respectively, see also Chapter @
Further, denote by G(n, @) the subgraph of G,, induced by the set @ C V,,. We set

SP:={G(n,Q)|IneN,QCV,}
and define the mapping
F:8P = (Cr(R), | - loo) : F(G(n,Q))(E) := |{\ < E|\ eigenvalue of HZ}|.
We claim that F' restricted to &’ := {G,,|n € N} is almost-additive in the sense of Def-
inition Indeed, for m,n € N, we find p,,,q, € N such that p,,,|V,,| = qn|Va| and we

can assume that the two graphs p,, G, and ¢, G, are defined on the same vertex set V'
labeled with numbers {1,...,[V[}. Further, define in a canonical way H,, := @, Hn and
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Hj, =@, Hy. It follows from the uniform rank estimate (cf. e.g. [LSV11], Proposition 7.2
or [Ele08a], Lemma 3.6) that there is a constant C' > 0 depending on R and on D such that

rank (H), — H,)) < C 6v(pm Gm, @n Gn) |V].
Hence (cf. e.g. [Ele08al, Lemma 3.5), one arrives at
1F'[H] = F'[Hp oo < C v (Pm Gy gn Gn) [V,

where F'[H]|(F) := [{\ < E|\ eigenvalue of H),}| for n € N. By passing to infima, we
conclude that the same holds true when replacing the distance function dy, by the distance
function dg. By the definition of F', we also have F'[H]| = p,, F'(Gy,) for all n € N. Therefore,
F is almost-additive on &’. Now, by Theorem there must be some F* € Cp,(R) such

that
H F(Gn) —0

This shows the claimed convergence. We still need to identify the limit F™* as N*. Note that
by Theorem the N,, converge to N* weakly, i.e. lim,, N,,(F) = N*(E) in all continuity
points E of N*. Thus F*(E) = N*(FE) for all those points £ € R. Due to monotonicity,
there are at most countably many points of discontinuity of N* and for each such point Ey,
there is a sequence E, of continuity points converging to Ey from the right. Since F™* is
right-continuous, we arrive at

_ F*

|Nn — F*[|, = lim

lim
n—oo n—00

N*(Eo) = lim N*(E,) = lim F*(E,) = F*(E).

n—00 n—oo

Thus, we have finished the proof of the theorem. 0






10 The Ihara Zeta function for graphings

In this chapter, we define the Thara Zeta function for graphings. In its original form, this
Zeta function has been introduced by IHARA in order to count prime elements in certain p-
adic groups, see [[ha66b, Tha66a]. Some years later it was discovered by SUNADA that there
is a natural extension of this concept to finite, regular graphs. Further results concerning the
Thara Zeta function for finite graphs can be found in [Has89| [Has90, [Has92, Has93| [KS00].
In the past decade, various attempts have been made to define the Ihara Zeta function for
infinite graphs. For certain periodic graphs, see for instance the works |[CMSO01, [GILOS].
Another approach for weighted graphs can be found in [Deil4]. Recently, it has been shown
by LENZ, SCHMIDT and the author of this thesis that there is a canonical way to define the
Thara Zeta function for the very general class of measure graphs over a groupoid [LPS14].
This gives in particular a natural way to define a Zeta function for graphings and this in-
cludes the notions of [CMS0T, |GZ04, [GIL08, [GIL09] as special cases. Further, the article
[LPS14] extends some classical results to a very general setting, amongst them determinant
formulae and convergence statements.

Here, we will prove the approximation of the Ihara Zeta function for sofic graphings by
normalized versions for elements in a weakly convergent graph sequence. Since the geo-
metric quantities under considerations depend only on local patterns, we obtain uniform
convergence on compact sets for all (and in particular, for possibly non-hyperfinite) graph
sequences. The corresponding Theorem significantly generalizes the earlier results.
In fact, it contains all the approximation statements in [CMS02, \GZ04, [GIL0S, [GIL09] as
special cases. Moreover, we give an explicit construction of an approximation sequence for
countable graphs endowed with a free, co-finite action by a countable sofic group of au-
tomorphisms. This includes and unifies important cases given in the literature, i.e. if the
subgroup I' of the automorphisms is amenable, cf. [GILOS8], or if ' is residually finite and
acts on a regular graph, cf. [CMS02].

Theorem 5.3 of [LPS14] expresses the Ihara Zeta function in terms of a determinant formula.
Thus, approximation results for the Zeta function can also be interpreted as convergence
statements for an abstract notion of determinant. Hence, the question arises if one can prove
approximating statements for other kinds of determinants as well. An example is given in
Theorem 1.4 of [LT14]. There, the authors prove a corresponding result for the Fuglede-
Kadison determinant on the von Neumann algebra associated with a countable, amenable
group I'. The approximation is attained along normalized finite analogues induced by a Fgl-
ner sequence in I'. For this notion of determinant, one has to cope with singularity issues
in the case of non-invertible operators. Thus, the extension of this result to general (even
hyperfinite) weakly convergent sequences seems to be a non-trivial problem.

The results of this chapter are contained in [LPS14].

Let G = (V,E) be a graph, where as before, E C V x V is a symmmetric set. If e =

135
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(v1,v2) € E, then we say that o(e) := v is the origin of e and t(e) := vy is the terminus of
e. A closed path of length [ € N in G is a sequence (e1, ea, ..., ¢;) of edges e; € E such that
t(ej) = o(ej41) forall 1 < j <1—1 and t(e;) = o(e1). In order to fix the rules for counting
cycles in a graph, we need to define some properties for closed paths.

Definition 10.1 (Properties of closed paths).
Let G = (V, E) be a graph and assume that P := (e1,ea,...,¢;) is a closed path of length
leNinG. Then

e we say that P is backtracking if there is some 1 < j < 1—1 such that ej 11 = €;, where
€; is the edge linking the vertices of e; with interchanged roles for its origin and its
terminus. A closed path with no backtracking is said to be proper;

e we say that P has a tail if there is a number k € N such that €; = e;_j11 for every
1<j <k

e we say that P is primitive if it is not obtained by going k > 2 times around a shorter
closed path;

o we say that P is reduced if it is neither backtracking nor has a tail;

e we say that P is a prime cycle if it is reduced and primitive.

In the following, we denote the set of prime cycles of finite length in a graph by P. Note
that by ’forgetting’ the starting point of some element P € P, one may consider equivalence
classes [P] of prime cycles P. With a slight abuse of notation, we will then write [P] € P in
order to emphasize that we are interested in prime cycles 'modulo’ their starting points.

We now have all necessary tools at our disposal in order to define the Ihara Zeta function for
finite graphs. The original definition was given by the following Euler product formula.

Definition 10.2 (Ihara Zeta function for finite graphs).
Let G = (V,E) be a finite graph with vertex degree bound D € N. Then, the IThara Zeta
function for G is defined as

Za(u) == H (1 — ul(P)>_1 ,

[PleP

where 1(P) is the length of the cycles represented by [P] and u € C with |u| < (D —1)71.

Obviously, one has to verify that the above function is well-defined, i.e. that for v € C with
|u| < (D —1)"! the above product exists. This can be seen by an alternative representation
of Zg(u). Namely, Zg(u) can equivalently be written as an exponential function involving
the number of finite closed paths in G. For a fixed [ € N and p € V, we denote by N;(p)
the number of reduced (not necessarily primitive) closed paths of length [ in G which start
and end at p. We further set

Nl = Z Nl(p)

peV
for [ € N. Then, the following holds true.
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Proposition 10.3 (Exp-representation of Zg).
Let G = (V,E) be a finite graph with vertex degree bound D € N. Then, the Ihara Zeta
function for G can be written as

Za(u) =e —u
a(u) Xp(z;l )
for u € C with |u| < (D —1)7!

PROOF.
We define the function

Ca(u) :=exp (Z Zjlul) . Jul< (D=1t

1>1

where N; is the number of closed paths of length [ in G without tail and without back-
tracking. Note that for |u| < (D — 1)71, there exists some D* € R with D* > D — 1 and
lu| < D*~1. Since N; < D(D — 1)1 we get,

D [/D-—1\"1
N ul < ( )

- D* D~
for all [ > 1. Estimating with the geometric series, we observe that the series occurring in
the definition of (g (u) exists. Further, we compute

N ul©)
loglg(u) = Z—u = Z —
1>1 ! reduced C l(c)
UJ I(P)
(passing to primitive loops) = Z Z
PeP g>1 pepj>1
JlUP
(passing to primitive classes) = Z Z i
Plepizt 7
(logarithmic series) = — Z log (1 - ul(P))
[PleP
-1
= log( H (l—ul(P)) ) ,
[PleP

where [(C') and [(P) denote the lengths of the closed paths C' and P respectively. Taking
exponentials yields (g(u) = Zg(u). This finishes the proof. 0

Note that for infinite graphs, there might exist lengths [ € N such that N; = co. Hence, the
corresponding Thara Zeta function cannot be just defined in the same manner as in the finite
case. We will deal with this issue by normalization. Precisely, for a finite graph G = (V, E),
we define the normalized version of Zg(u) as

ZG norm( ) = eXp (Z ]‘\;| Q;)
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We immediately observe that anorm(u)"/' = Zc(u). Hence, the values Zg pnorm(u) could
be interpreted as some |V|-th root of the values Zg(u). However, taking roots in the field
of complex numbers, we might find several solutions. Therefore, we refrain from giving a
definition involving rational (non-integer) powers of Zg(u).

Now, one idea to define the Ihara Zeta function for a (countably) infinite graph G = (V, E)
(with vertex degree bound D € N) is to exhaust G by induced subgraphs (G),) of finite
volume and to verify that the limit

Za(u) == nh—>Holo Za,, norm (1)
exists in a suitable topology. In [GIL09], the authors prove the existence of this limit
along some Fglner type sequence (G,) = (V,, E,) of finite, self-similar graphs. To do
S0, the authors show that there is a notion of a trace 7 defined for certain finite hopping
range operators on £2(V') such that for each such operator H, one obtains 7 from the limit
process

tr (P(V,)H
7(H) := lim M

n—00 ’Vn‘ ’

where P(V,,)H = py, Hiy, denotes the canonical projection of H to ¢*(V,,) and tr(-) stands
for the natural finite dimensional trace. It is not hard to see that the latter limit relation
implies that the sequence (Gy,) is in fact weakly convergent. These examples raise the ques-
tion whether it is possible to extend this definition to a Zeta function for limit graphings. It
turns out that this is true. We can even follow the more elegant way to define the Ihara Zeta
function for arbitrary graphings and we show afterwards that in the sofic situation, these
functions are approximated in uniform convergence on compact sets by the corresponding
normalized versions of the elements of the approximating sequence (Gy,).

Definition 10.4 (Ihara Zeta function for graphings).
Let G = (X,u, I,...,Ip) be a graphing with induced measure graph (G, M), where G =
(V, E). Then we define the Ihara Zeta function Zg for this graphing as

=N
Zg(u) = exp (leul) , ueC, |ul<(D-1)"1

=1

where

N, = /X Ni(x) du(z)

and Nj(x) denotes the number of reduced closed paths of length l in G starting and ending
at (x,x) € V.

Remark.

Note that the function N;(x) is measurable: as the connected components of the graphing
are infinite, the value N;(z) just depends on the geometry of the ball B | ((z,z)) as induced
subgraph of the graph G induced by the graphing G. Thus, for all a € AP with p(a) > 1+1,
the mapping N;(x) is constant on the set

KXo = {:E € X|B,DG(a)((1:7$)) = 04}7
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which has already been defined in Chapter[7] Recall that those latter sets X,, are measurable
by the construction of graphings, see e.g. [LPS14].

Furthermore, we have N; < oo for all I € N, as Nj(x) < D(D —1)!~! for all # € X and p is
a probability measure.

10.1 Approximation of sofic graphings

We can immediately state and prove the approximation theorem for the Ihara Zeta functions
associated with a sofic graphing. As only local quantities need to be considered, we do
not have to impose amenability /hyperfiniteness conditions on the graphing. We have seen
above that Thara Zeta functions for infinite graphs can be defined via convergence of finite,
normalized analogues. Moreover, there are infinite graphs with a natural definition for its
Thara Zeta function. For many of these functions, one can find sequences of finite graphs such
that the associated normalized Ihara Zeta functions converge to a notion of Zeta function
for the original graph in the topology of uniform convergence on compact sets. For instance
in [CMS02], the authors show compact convergence along residually finite approximations of
groups acting freely on regular graphs. A similar approach involving the integrated density
of states of Markov operators on regular graphs can be found in [GZ04]. An approximation
theorem for graphs with a free action by countable amenable groups has been shown in
[GILOS].

It turns out that all those limit functions can be interpreted as the Thara Zeta function for
some sofic graphing and the underlying approximation is via weak convergence of graph
sequences, see [LPSI4]. Hence, considering the graphs in [CMS02, \GZ04, [GIL0S, [GIL09]
as sofic graphings, we can interpret our approximation theorem, Theorem [10.5 as a major
extension of the mentioned convergence results. The identification of the corresponding
Zeta functions with a Zeta function of a limit graphing is straight forward in all cases where
the Thara Zeta function is defined via a limit relation. For other notions, this problem will
in general be more difficult. We will show how to do this for periodic graphs in the next
section.

Let us state and prove the main theorem of this section. It shows that the Thara Zeta
function satisfies a continuity property with respect to weak convergence of graphs.

Theorem 10.5 (Approximation of the Ihara Zeta function).

Let G = (X, pu, I1,...,Ip) be a sofic graphing with induced measure graph (G, M), where
G = (V,E). Moreover, let (Gy) = (Va, Ey) be an approximating sequence of finite, connected
graphs with uniform vertex degree bound D € N. If Zg denotes the Ihara Zeta function of
the graphing, then

n—o0

in the topology of uniform convergence on compact sets in the set of numbers u € C with
lu| < (D — 1)~

PRrROOF.
Note that by dominated convergence and by the continuity of the exponential function, it
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is sufficient to check that

for every length I € N. Here, N; is defined as in the definition of Zg (see above) and

N =) Ni'(v),

’UEVn

where N;*(v) denotes the number of reduced closed paths of length [ in G,, which start and
finish in v. So fix [ € N and an arbitrary I’ > /2 + 1. Since the connected components of
the graphing G are infinite and as

Wl:/XNl(x)du(x)

with N;(z) being constant on all sets X,, for o € AP with p(a) = I’, we obtain

Nl = Z Nl(a) M(Xa)'
KIGAD
pla)=l"
Here, Nj(«) denotes the number of reduced closed paths of length [ starting and ending at
the root in the class a. Since N;* is a local quantity and as the G, are connected, we have

N
—== > Ni(2) p(Gp, )
|Vn’ aE.AD

pla)=t/

for all but finitely many n € N. Now (G),) is an approximating sequence and hence,
Jim (G, @) = p(Xa)

for all @ € AP. Hence, the convergence follows from the above representations of N; and
N[ /|Vy| as finite sums. 0

Remark.

The above theorem is also given in Theorem 9.5 of [LPS14]. There, the main ingredients
for the proof are the compactness of the space of invariant, normalized measures on X, as
well as the continuity of the Thara Zeta function with respect to the weak topology of finite
measures. For details, we refer the reader to the Theorems 3.2 and 9.5 in [LPS14].

10.2 Approximation for periodic graphs

In this section, we consider the class of countably infinite, connected graphs G = (V, E)
with a countable subgroup I' of its automorphisms Aut(G) acting freely and co-finitely on
G. Precisely, this means that the I'-action does not have non-trivial fixed points and that
there is a finite fundamental domain F' C V for the action of I' on G. We show here that if
I is sofic, then the Thara Zeta function Zg(u) for G is equal to the Thara Zeta function for a
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sofic graphing. To do so, we explicitely construct weakly convergent sequences (G,) of finite
graphs recovering the graph statistics of G in Theorem Then, Theorem [10.5] implies
the approximation of Zg(u) by the normalized Zeta functions associated with the graphs
Gy, cf. Theorem As mentioned before, the class of sofic groups is very large and it is
not known whether there is a non-sofic group. A nice survey on the topic can be e.g. found in
[PesO§]. In non-amenable situations, subgraph exhaustions of G are no sofic approximations.
Consequently, a continuity result for those sequences cannot be expected. On the other
hand, Fglner exhaustions in amenable (hyperfinite) graphs are indeed sofic approximations.
Therefore, Theorem [10.7|is a significant generalization of the convergence theorem for graphs
endowed with an automorphism action through amenable groups in |GILO8]. Moreover,
Schreier graph approximations in residually finite groups are sofic approximations as well.
Hence, our Theorem substantially extends the convergence statement of [CMS02] for
regular graphs endowed with a free and co-finite action by some countable residually finite
automorphism group.

For o € AP and some fundamental domain F C V for the action of I on G, we define

Fo:={f € F|By,(f) ~a},

Then, it is natural to denote the Thara Zeta function for the graph G by

=N
Za(u) :==exp <Z Tl ul>
for u € C with |u| < (D — 1), where

Ni:= Y |Fal Ni(o)

acAP

pla)=t
for some (every) I’ > 1/2+ 1, see also [LPS14]. Here again, N;(«) is the number of reduced
closed paths of length [ which start and end at the root of a. It is easy to see that the
definition of Zg is independent of the choice of F'. Moreover, we would like to point out
that it is not hard to define the Thara Zeta function also in the case of possibly non-free
actions with finite stabilizer sets for all points f € F. Moreover, it was shown by SCHMIDT
that this notion corresponds to the usual definition via the Euler product representation, cf.
Proposition 2.10 in [LPS14]. Thus, we work indeed with the 'right’ notion of Zeta function.
However, since our approximation result (and likewise all mentioned results in the literature)
hold only true for free actions, we prefer sticking to this situation.

For a precise definition of sofic groups, we need a slight piece of preparation. For N € N,
we denote by Sym(N) the symmetric group over {1,..., N} with unit element Idy. This
group is naturally endowed with the normalized Hamming distance dyr, defined as

#{a €{l,...,N}|o(a) # T(a)}
N

for o,7 € Sym(N). One can check that dy is a metric on Sym(NV), see e.g. [Pes08]. We
now define sofic groups via almost-homomorphisms with respect to the Hamming distance
dpr.

dg(o,7) =
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Definition 10.6 (Sofic groups).
A group I’ with unit element e is called sofic if for every finite set T C I' and for each e > 0,
there exist N € N, along with a mapping

o:T — Sym(N): s+ o5
such that
(i) if s,t,st € T, then dg(os0¢,05) < €,
(ii) if e € T, then dg(oe,1d,) <e,
(iii) if s,t € T with s #t, then dg(os,0¢) > 1 —¢.

If for T and e, there is some map o satisfying (i) and (ii), then we say that o is an almost
homomorphism for (T),¢).

Our goal is to prove the following theorem.

Theorem 10.7 (Approximation of the Thara Zeta function for periodic graphs).
Let G be a countably infinite graph with vertex degree bound D € N. Further, assume
that T' < Aut(QG) is a countable sofic group acting freely and co-finitely on G. Denote by
F some finite fundamental domain. Then, there is a weakly convergent graph sequence
Gn = (Vi, Ey) such that

lim Z5 (w) = Za(u)

nooo  Gn,norm

in the topology of uniform convergence on compact subsets in the set of u € C with |u| <

(D—-1)"1

The main task in the proof of the above theorem is to construct a weakly convergent graph
sequence (Gy,) = (V,, Ey,) such that

: _ Kl
i p(Gns @) = TE7
for all @« € AP. It will follow then from Theorem m that the functions Zg,, norm(-)
converge to the Thara Zeta function Zg(+) of the limit graphing G associated to the sequence
(Gp). Since Zg = Z‘QF‘ (which is due to the finite sum representation for the values N),
Theorem will be a consequence of the following theorem.

Theorem 10.8.

Let G be a countably infinite graph with vertex degree bound D € N. Further, assume that
I' < Aut(G) is a countable sofic group acting freely and co-finitely on G = (V,E). Let
F C V be a finite fundamental domain for the I'-action on G. Then, there is a weakly
convergent graph sequence G, = (V,, Ey,) such that

Fo
lim p(Gy,a) = u

for every o € AP, where F, := {f € I | BpG(a)(f) ~ a}.
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Proor.
Take r € N, as well as § > 0 and pick a fundamental domain F'. It is our goal to construct
a finite graph G, s such that

p(Grs. @) = |Ful/|IF|| <6 (10.1)

holds true for every a € AP. Now for every v € V, there are unique elements 7, € I' and
f € F such that v = ~,f. We write m : V — F for the corresponding covering map with
m(v) == f. Set
7= {wlve U BID}.
fer

Since the action of I' on G is free, this latter set is finite and we have e € T'. Next, we define
T:=TTu((TT) 'urT'TUTT

Note that 7UT~! C T, which is due to e € T. Set ¢ := §/(2|T|?). Since T is sofic,
we find an N € N depending on T and ¢, along with a map ¢ : T — Sym(N) fulfilling
the properties (i), (ii) and (iii) of Definition [10.6] This puts us in the position to define
the graph G,s5 = (V, 5, E, ) through an algebraic equality involving o. To do so, define
first V.5 := F' x {1,2,...,N}. Further, two vertices (f,7) and (g,j) with f,g € F and
i,j € {1,2,..., N} shall be linked by an edge if and only if there are elements v¢,7, € T
such that v¢f ~ 7,9 in G and such that the equation

Oy (i) = U’yg(j)
holds. Now, for each 1 <1¢ < N, we define
g1 BE(F) = Vg 10 (n(0),0, (1)),

where we have set BY(F) := U f BY(f). The key observation for the proof of inequal-

ity (10.1)) is the following.

Claim: For at least (1 — §)N of the numbers in {1,2,..., N}, the map ¢; is a graph
isomorphism onto its image in V, 5.

Let us prove the claim. We denote by N the set of those numbers i such that the following
properties are fulfilled at the same time.

(a) We have o, (0.(i)) = 0.(i) whenever 7,7 € T UT~'. We remind the reader at this
point that T UT~! C T and by the definition of T, it is also true that (TU T*1)2 CT.

(b) For all 4,7 € T, the equation o.,(i) = o./(i) implies v = 7.

Now, we use the fact that I' is a sofic group. We will show that up to a portion of §, the
properties (a) and (b) are satisfied for the numbers i. Indeed, by item (i) of Definition [10.6}
there are at most ¢|T|>N indices violating property (a) and by item (iii) of Definition [10.6]
there are not more than |T|?N indices violating property (b). Hence, we arrive at

IN| > (1—2:|TP)N = (1 - 6)N,
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where the latter equality is due to the choice of . We now show that for every i € N, the
map ¢; as defined above is indeed a graph isomorphism onto the image ;(B,(F')). So, fix
i € N. Since F is a fundamental domain and as the assertion (b) is satisfied, ; is injective,
hence bijective onto its image. We still need to show that ¢; and its inverse preserve the
edge relations given by E and defined in E, s above, respectively. To do so, suppose that
(m(v),0.,-1(i)) ~ (7(w), 0. -1(i)) in Gy for v,w € B&(F). We show that this is true if and
only if v ~ w in G. By the definition of E, 5 the above edge relation is equivalent to the
existence of v, € T satisfying

7 (v) ~~'m(w) in G and o, (0.,-1(1)) = oy (0,-1(3)).
It follows from property (a) that this holds true if and only if there exist v, € T such that
yr(v) ~~'r(w) in G and 0, -1(i) =0, -1(i).
By property (b), this latter statement is equivalent to the existence of v,~" € T' with
(V) ~A'm(w) in G and 3y, =", "

Recall that 7(v) = 7, v and m(w) = v,'w. Since the element vy, ! = 7/y,! is a graph
automorphism by assumption, the previous statement is equivalent to v ~ w in G. This
proves the claim.

We still need to finish the proof of the theorem. To do so, fix an arbitrary o € AP. The
previous claim shows that

(1= )| FalN < [{(£,4) | By ((£,3) = a}] < [Fal N +8|F|N,

which in turn implies inequality (10.1]). This finishes the proof. 0

With this, Theorem can be proven very quickly.

PROOF (OF THEOREM [10.7)).
By Theorem |10.8] we find a weakly convergent graph sequence (G,) = (V,, E,,) with limit
probabilities

. _ | Fal
lim p(Gn,a) = TF
for every o € AP. Tt follows from Theorem that the normalized Zeta functions Zq,, norm
converge uniformly on compact sets in the complex (D — 1)~ !-neighbourhood around 0
towards the Zeta function of the limit graphing G with counting functions

Nl:/XNl(x)du(a:)

for | € N, cf. Definition [10.4] Since the G, are connected, the functions Ni(-) are constant
on the sets X, for all a € AP with p(a) =1+ 1. Thus, N; = > p(a)=1+1 Nl(a)%. Note
that these expressions coincide with the counting functions for periodic graphs up to the
normalization by the power |F|. Hence, we arrive at Zg = Z |F|, and this proves the desired
result. O



11 Open questions

In this chapter, we briefly summarize two open questions emanating from the elaborations
of this thesis. The first question refers to the Equipartition Theorem of ELEK, cf. Theo-
rem [7.11] It is open whether there is a coloured version of this assertion.

Question 1.
Does the Equipartition Theorem also hold true for hyperfinite families of graphs with their
vertices and edges labeled by finitely many colours?

Private communication with ELEK indicates that there is considerable evidence for a pos-
itive answer to this question. As a consequence, one could prove a Banach space-valued
convergence theorem for coloured, hyperfinite Benjamini-Schramm graph sequences. More-
over, one would obtain a coloured version of Theorem standing in one line with the
ergodic theorem for coloured amenable groups, cf. Theorem [£.4] This in turn would imply
the uniform approximation of the integrated density of states of a larger class of Carleman
operators, cf. Theorem [9.12

The attempt to prove Banach space-valued convergence theorems for non-hyperfinite graph
sequences will fail in general. The reason for this is that almost-additivity essentially means
continuity with respect to the pseudometric § which will satisfy the Cauchy criterion if
and only if the graph sequence is hyperfinite, cf. Theorem [7.10} However, it is known
that for operators with algebraic integer coefficients, the integrated density of states does
converge uniformly along (possibly non-hyperfinite) weakly convergent approximations, cf.
[ThoO8, [ATV13]. The strategy of the proof is via diophantine approximation and cannot
be applied to operators with arbitrary real or complex coefficients. Therefore, it is natural
to raise the following question.

Question 2.
Let H be a self-adjoint, pattern-invariant, finite hopping range Carleman operator on a
(possibly non-hyperfinite) sofic graphing G. Let (Gy,) be a weakly convergent graph sequence
for G and suppose that the operators H, are the finite approzimations of H on the Gy. Is
it true that

nlglgo [N = N¥loo =0,
where the N,, are the empirical spectral distribution functions for the operators H,, and where

N* is the IDS of H?

Note that the emphasize in Question [2] is on the uniform convergence of the spectral dis-
tribution functions. For the issue of weak convergence, we refer the reader at this point to
the discussions in Chapter [9] In the literature, this question also appears under the name

145



146 11 Open questions

Liick approximation. In [Liic94], LUCK showed the spectral convergence for combinatorial
Laplacians on Schreier graphs of residually finite groups for F = 0. This result was a start-
ing point for a considerable amount of investigations which finally led to the general issue
concerned with arbitrary coefficients. It would be nice to find a geometric approach to this
question which does not depend on the algebraic properties of the coefficients. In partic-
ular, it is an interesting task to investigate spectral convergence in non-amenable groups.
One approach might be to use the tools developed by BOWEN and NEVO in their proofs of
ergodic theorems for non-amenable groups, cf. [BN13al, [BN13b].
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