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Summary

German

In der vorliegenden Arbeit wird die Theorie der sogenannten Koopmanlinearisierung dynami-
scher Systeme erweitert, die in der Monographie ,,Operator Theoretic Aspects of Ergodic Theo-
ry‘{T] verfolgt wird. Anstatt die Dynamik auf dem Zustandsraum selbst zu betrachten, untersucht
man dabei den induzierten linearen beschrinkten Operator auf geeigneten Banachriumen von
Observablen. Dieser Perspektivwechsel ermdglicht den Einsatz von funktionalanalytischen und
operatortheoretischen Methoden, um Fragestellungen und Probleme der topologischen Dynamik
und der Ergodentheorie anzugehen.

Im ersten Artikel werden verschiedene Kompaktifizierungen von Operatorhalbgruppen betrach-
tet. Dabei werden die in der topologischen Dynamik auftretetenden kompakten Halbgruppen
(Ellis-, Kohler- und Jacobshalbgruppen) in eine systematische Theorie eingebettet. Der Zusam-
menhang zwischen konvexen kompakten rechtstopologischen Halbgruppen und Mittelergodizitét
wird in einem sehr allgemeinen Rahmen untersucht und dann konkret auf die topologische Dy-
namik angewandt. Ein besonderer Fokus liegt dabei auf der Klasse der zahmen dynamischen
Systeme.

Der zweite Teil der Arbeit befasst sich mit dem Primitivspektrum einer Markovhalbgruppe 8 auf
dem Banachverband C(K), wobei K ein kompakter Raum ist. Aufbauend auf Artikeln von H. H.
Schaefer werden bestimmte invariante Ideale betrachtet und, in Analogie zum Primitivspektrum
von C*-Algebren bzw. dem Primspektrum kommutativer Ringe in der algebraischen Geome-
trie, topologisiert. Der gewonnene topologische Raum beschreibt die Struktur des Fixraumes
von & und erlaubt eine neue Charakterisierung der Mittelergodizitit von 8. Weiterhin werden
sogenannte minimale Anziehungszentren in K mit der Idealstruktur von C(K) in Verbindung
gesetzt.

Im dritten Manuskript wird eine systematische Koopmanlinearisierung fiir Dynamiken auf topo-
logischen und messbaren Banachbiindeln entwickelt. Die zentralen Resultate sind algebraische
und verbandstheoretische Charakterisierungen der induzierten gewichteten Koopmanoperatoren
auf den zugehdrigen Rdumen von Schnitten. Diese konnen als Ausgangspunkt fiir eine operator-
theoretische Untersuchung von Kozykeln tiber Fliissen dienen.

Der letzte Teil der Arbeit beschiftigt sich mit strukturierten Erweiterungen dynamischer Systeme
und deren operatortheoretischer Charakterisierung. Dabei werden Erweiterungen topologischer

I[EFHN135]



dynamischer Systeme sogenannte einhiillende Semigruppoide zugeordnet. Im Spezialfall pseu-
doisometrischer Erweiterungen erhilt man dadurch kompakte Gruppoide, auf die unter geeigne-
ten Voraussetzungen eine Darstellungstheorie anwendbar ist. Dies liefert fiir eine grofSe Klasse
von Systemen die gewiinschte Beschreibung strukturierter Erweiterungen durch Eigenschaften
des Koopmanoperators.

English

In this thesis we extend the theory of the so-called Koopman linearization of dynamical systems
as systematically pursued in the monograph “Operator Theoretic Aspects of Ergodic Theory’{]
Instead of considering the dynamics on the state space itself, one investigates the induced linear
bounded operator on suitable Banach spaces of observables. This change of perspective opens
the door to use functional analytic and operator theoretic methods to address questions and
problems of topological dynamics and ergodic theory.

In the first article various compactifications of operator semigroups are considered. Compact
semigroups (Ellis, Kohler and Jacobs semigroups) appearing in topological dynamics are in-
tegrated into a systematic theory. The connection between convex compact right topological
semigroups and mean ergodicity is examined in a very general setting and applied to topological
dynamics. A special focus is laid on the class of tame dynamical systems.

The second part of the thesis is concerned with the primitive spectrum of Markov semigroups
8 on the Banach lattice C(K) where K is a compact space. Based on articles of H. H. Schaefer
certain invariant ideals are considered and topologised in analogy to the primitive spectrum of
C*-algebras or the prime spectrum of commutative rings in algebraic geometry. The resulting
topological space describes the structure of the fixed space of 8 and yields a new characterization
of mean ergodicity of . In addition, a connection between so-called minimal centers of attraction
in K and the ideal structure of C(K) is revealed.

In the third manuscript a systematic Koopman linearization for dynamics on topological and
measurable Banach bundles is developed. The main results are algebraic and lattice theoretic
characterizations of the induced weighted Koopman operators on the asscodiated spaces of
sections. These can be the starting point for an operator theoretic investigation of cocycles over
flows.

The last part of the thesis deals with structured extensions of dynamical systems and their
operator theoretic characterization. In the process enveloping semigroupoids are associated to
extensions of topological dynamical systems. In the special case of pseudoisometric extensions
one obtains compact groupoids for which—under suitable assumptions—a representation theory
is applicable. For a large class of systems this yields the desired description of structured
extensions via properties of the Koopman operator.

2|EFHNI15]
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1 Introduction: What is Koopmanism?

The beginnings of ergodic theory and the mathematical theory of dynamical systems go all the way
back to the end of the 18th century and Ludwig Boltzmann’s contributions to thermodynamicsT]
He considered gases and fluids by examining the behavior of their particles. The state of such
physical dynamical systems can, at a given time, be modelled by the positions and momenta of
all involved atoms or molecules. It can thus be considered as a point in RN for some (large)
natural number N and the collection of all possible states can then be seen as a subset Q of the
space ROV . This is what usually is called the state space of the given system. Now, after one time
step, the particles have moved leading to a new state. In the mathematical model this process
corresponds to a mapping ¢: Q — € assigning to a given state a new one.

Examining dynamical systems

Using such a model as a starting point, we ask questions about its properties: What is its long—
time behavior? Does the system converge to some kind of equilibrium? Can every possible state
be (at least approximately) reached if we wait long enough? Or is there a set of states the system
gravitates to, i.e., some sort of attractor? Can we single out “structured parts”?

These and other questions arise naturally and are of importance for engineers working, e.g.,
with fluid dynamics or aerodynamics. Translated into mathematical language they can be
examined with all the tools of modern mathematics. In fact, this has been done in the past and
lead—by imposing additional structure on (£2; ¢)—to theories for topological, differentiable and
measure-preserving dynamical systems (see, e.g., [GH55], [Bro70], [Par81]] [Man87], [Gla03]
and [BP13]).

Observables and the idea of Koopmanism

Let us, however, return to the physical viewpoint once more. When considering the particle
movement of a gas or fluid, it is impossible to know the exact state of the whole system at a given
time. Instead one has to be content with making measurements of, e.g., pressure or temperature,
and observe how these “observables” change. While this approach is a necessity in physics,
the change of perspective also has merits for mathematics and leads to the approach now called
Koopmanism.

1See [Mat88]], [Bad06] or the introduction of [EFHN15] for short historical accounts of the origins of ergodic theory.



In our mathematical model, an observable is a complex-valued function f: Q — C, and consid-
ering its change after a time step amounts to looking at a new observable T, f := f o ¢. If we
regard the space F(Q) := C* of all observables, this gives rise to a mapping T, : F(Q) — F(Q).
The set F(Q2) can be turned into a vector space and even an algebra over C with the natural
operations and 7, is then an algebra homomorphism. Likewise, F(Q) is—with the canonical
order—a complex vector lattice and T, then is a lattice homomorphism.

Even though these observations are simple, we have gained much algebraic and order theoretic
structure in the process. Most importantly, we have constructed a linear map T, out of (£2; ¢).
This is the Koopman operatoi?] Note that in contrast to local linearizations of dynamics around
fixed points this is a global linearization of ¢.

Variants of Koopmanism

Inducing linear operators on function spaces today is a common mathematical method and,
depending on the context, the operator T, is called the induced operator, composition operator
or simply the pullback of ¢. It appears in differential geometry (differentiable mappings induce
pullbacks on spaces of smooth functions), algebraic geometry (morphisms of algebraic varieties
induce pullbacks on spaces of regular functions) and complex dynamics (holomorphic mappings
induce composition operators on Banach and Fréchet spaces of holomorphic functions, see,
e.g., [CM935]]). In the theory of C*-dynamics the concept of Quantum Koopmanism has been
proposed (see pages 161-165 of [AJPO6|]). We focus on the Koopman linearizations in the
context of topological dynamics and ergodic theory.

Consider a topological dynamical system (K; ), i.e., a compact space K and a continuous
mapping ¢: K — K. Equipped with the supremum norm, the subalgebra and sublattice C(K) C
F(K) of continuous complex-valued functions is then a Banach space. It is clear that T, restricts
to a contraction on C(K) and we therefore obtain a Banach space £ = C(K) and a bounded
operator T = T, € .Z(C(K)) on that space.

In ergodic theory the objects of interest are measure-preserving systems, i.e., one considers a
probability space X = (Qx, Xx, ux) consisting of a set Qx, a o-algebra Xx of subsets of Qx
and a probability measure ux : £x — [0, 1] as well as a measurable mapping ¢: Qx — Qx such
that ux (¢~'(A)) = ux(A) for every A € Xx. The Koopman operator T, then leaves the space of
measurable functions invariant and induces an operator on the spaces L” (X) for every p € [1, oo]
also denoted by T;,. Again we obtain what we call a functional analytic dynamical system, i.e., a
pair (E;T) of a Banach space E and a bounded operator T € Z(E) on this space.

In both cases we therefore have the full toolbox of functional analysis and operator theory at our
disposal in order to investigate ¢ through the induced Koopman operator 7,.

2Named after Bernard Koopman, a coauthor of John von Neumann, who introduced the operator on L2-spaces in
his article [Koo31]).



Recovering the system

It is of course a crucial question to what extent the functional analytic dynamical system reflects
the original system. How do properties of ¢ translate into properties of T, and vice versa?
And—given the functional analytic dynamical system—can we reconstruct, up to isomorphy, the
original system?

In the topological situation it turns out that both—the algebraic as well as the lattice theoretic
structure of C(K) and the operator 7,—encode the original system. Recall that C(K) and T,
are the prototypes for commutative unital C*-algebras and unital *-homomorphism on these
algebras, respectively. In fact, if (A; T) is a pair concisting of a commutative unital C*-algebra A
and a unital *-homomorphism 7 € .Z(A), then—by Gelfand’s representation theorem—there are
a compact space K and a continuous mapping ¢: K — K such that the pair (A; T) is isomorphic
to (C(K);T,). Moreover, this system (K ) is unique up to isomorphy. Note also, that the
construction of (K; ¢) can be done in a canonical way by choosing K to be the Gelfand space of
A contained in the dual A’ of A and ¢ as the restriction of the adjoint 7’ to K. As a result, the
categories of topological dynamical systems (K; ¢) and such “commutative unital C*—dynamical
systems” are anti-equivalent.

Alternatively, we can consider the pair (C(K);7T,) in terms of Banach lattice theory. The
space C(K) is the prototype of a so called AM-space with order unit (see Section II.7 of
[Sch74] for this concept) and T, € .Z(C(K)) is a Markov lattice homomorphism, i.e., a lattice
homomorphism preserving the unit 1. By Kakutani’s representation theorem, the assignment
(K; ) = (C(K);T,) then also defines an anti-equivalence between the category of topological
dynamical systems and “unital AM—dynamical systems”.

In the measure-preserving case the situation is similar. The Koopman operator T, is a bi-Markov
lattice homomorphism on the AL-space L!(X) with quasi-interior point 1 (see Section II.8 of
[Sch74]). Again these are the prototypes for such spaces and operators [

We see that in both settings it is—from a category theoretic perspective—justified to look at the
functional analytic dynamical systems instead of the original systems[]

The benefits of Koopmanism

In view of the previous results, one could argue that there is no advantage in considering the
Koopman linearization since examining the functional analytic dynamical system is just as hard
as looking at the original system. However, “translating” a problem of one mathematical world
into a different one has proven to be very fruitful at various occasions. Concepts which are quite
involved and seem complicated on one side, are easy in the other. Some ideas and constructions

3The situation is slightly more intricate here than in the topological situation and one has to make some separability
assumptions on the probability spaces and AL-spaces. Also, constructing a (standard) probability space out of
some separable AL-space with a quasi-interior point is not canonical and involves choices.

4As a side note: Similar equivalence results hold in algebraic geometry, see, e.g., Proposition 1.33 and Theorem
2.35in [GW10]. A Koopman approach to differential geometry is discussed in Chapters 4 and 7 of [NesO3].



may be more intuitive in one category. And finally, new questions might arise naturally in
one language, but are difficult to grasp in another. In the following we discuss advantages and
applications of Koopmanism using examples from topological dynamics and ergodic theory.

Ergodic theorems. In a modern and mathematical way one can formulate the famous ergodic
hypothesis of Boltzman conjecturing that “time mean equals space mean” in terms of measure-
preserving systems in the following form.

Ergodic Hypothesis. If (X; ¢) is an ergodidy measure-preserving system, then for every mea-

surable set A € Xx
lim l{n €{0,...,N -1} | ¢"(x) € A}

N —o00 N

= pu(A)

for almost every x € Qx.

In other words: Given a measurable set, for almost every point, the average time the orbit of
this point is contained in the set asymptotically is the volume of that set. While the meaning
of the hypothesis is clear, only the translation of the conjecture in terms of observables and the
Koopman operator made an operator theoretic investigation of the problem possible and led to
the famous individual ergodic theorem of George David Birkhoff (see [Bir31]).

Theorem (Birkhoft’s individual ergodic theorem). If (X; ¢) is a measure-preserving system and
f € L\(X), then the limit

1 Nl
lim — Z T) f(x
Nooo N o)
n=0
exists for almost every x € Qx.
In a more general operator theoretic setting we obtain what today is called von Neumann’s mean

ergodic theorem (see Theorem 8.2 of [EFHN15]; see [vNe32| for the original result).

Theorem (Von Neumann’s mean ergodic theorem). For a contraction T € £ (H) on a Hilbert
space H the limit

1 Nl
lim — Z T"x
N—-oo N
n=0
exists for every x € H.

These first ergodic theorems were the starting point for a mathematical theory and its ramifica-
tions. Considering the problem from a functional analytic perspective has led to numerous new
interesting problems. For example, mean ergodicity of operators on arbitrary Banach spaces has
been studied extensively. Several characterizations are now available (see, e.g., Chapter 8 of
[EFHNI15]).

5 Ergodicity is a notion of irreducibility of meaure-preserving systems, see, e.g. Chapter 3 of [|[Gla03|] or Section 6.3
of [EFHNIS5]J.



Theorem. For a power bounded operator T € Z(E) on a Banach space E and its Cesaro

means Ay = % Zr]l\’:_ol T" for N € N the following assertions are equivalent.

(a) T is mean ergodic, i.e., limy_, Anx exists for every x € E.

(b) The sequence (Anx)Nen has a weakly convergent subnet for every x € E.
(¢) The fixed space fix(T') separates the dual fixed space fix(T").

d) E=fix(T)erg(I-T).

(e) There is an operator P € £ (E) such that PT = TP = P and

Px eco{T"x | ne Ny} foreveryxe€E.

It is an immediate consequence of this result that every power-bounded operator on a reflexive
Banach space is mean ergodic. For Banach spaces with a Schauder basis this property actually
characterizes reflexivity (see [FLWOL]).

The above theorem can be generalized in several ways to capture the asymtotic behaviour of
different types of operators and operator families. For example, one can consider operators on
locally convex spaces (see [ABR12] or [[GK14]]) or investigate— instead of working with a single
operator T € £ (E)—mean ergodic semigroups 8§ C £ (F) (see [Nag73[, [Sat78] and [Sch13]).
In view of (b) of the theorem, it is clear that there is no difference between convergence of the
Cesaro means with respect to the weak and strong operator topologies. However, one could ask for
convergence with respect to the operator norm. This leads to uniformly mean ergodic operators
(see, e.g., [Lin74]] and Appendix W of [DNP8&7/]). Based on Birkhoff’s theorem a variety of
ergodic theorems for operators on LP-spaces has been proved, we mention the individual ergodic
theorems for positive Dunford-Schwartz operators on L'(X) (see [Hop54|| and Theorem VIII.6.6
of [DS66]), for positive contractions on reflexive LP-spaces (see [Akc73]), for vector-valued
function spaces (see [BS57]]) and the stochastic ergodic theorem for positive contractions on
Ll—spaces (see Theorem 3.4.9 of [Kre85])).

Many recent results focus on so-called weighted and subsequential ergodic theorems (see Chapter
21 of [EFHN15]| and the references given there), i.e., one is interested in convergence of weighted
means

where (an)nen is a scalar sequence, or means of the form
N-1
v
N n=0
where (k,),en is a subsequence of the natural numbers. Returning to the physical motivation,

this corresponds to giving more weight to measurements at certain points of time and missing
measuring data at some points of time, respectively.



Finally, the investigation of convergence of multiple term Cesaro averages, e.g.,
| N=l
2 k-1
N D Te T T
n=0

for a measure-preserving system (X; ¢), f1,.... fk-1 € L¥(X) and some k € N, has been of
particular interest (see, e.g., [HKOS], [ZieO7] and [HK18]). The reason is the link between
ergodic theory and number theory brought to light by Hillel Furstenberg in [Fur77]]. It allows for
an ergodic theoretic proof of the celebrated result of Endre Szemerédi (see [Sze75])) asserting that
every subset of the natural numbers with positive upper density contains arithmetic progressions
of arbitrary length.

Theorem. Let A C Ny with upper density

— ANn{0,..,N-1
d(A) := limsup | { !

> 0.
N—>oco N

Then for each k € N there is a pair (a,n) € NXNwitha,a +n,a+2n,..,a+ (k—1)n € A

To reformulate this as a problem of ergodic theory, consider the compact space {0, 1}* and the
shift 7: {0, 1} — {0, 1}No defined by T((Xn)neny) = (Xn+1)nen, for (x,)nen, € {0, 1Wo, If A
is a subset of Ny, we can associate the characteristic function 14 € {0, 1} with it and consider
its closed orbit K := {14 | n € Ng}. The existence of an arithmetic progression in A of a
fixed length k € N, i.e., a pair (a,n) € NXNwitha,a +n,a +2n,..,a+ (k—1)n € A, is then
equivalent to the existence of a number n € N with

Mot M)n...nt® Dy £ 0 (1.1)

where M = {(x,)nen, € K | xo = 1}. We have thus translated our number theoretic problem
into the language of topological dynamics. By finding a suitable 7-invariant probability measure
pon K with u(M) > d(A) statement (1.1) becomes equivalent to

N-1
1
li — Lag -T'0py---T5 D1, du > 0.
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This observation reduces Szemerédi’s theorem to a mutiple ergodic theorem for the Koopman

operator and is part of Furstenberg’s correspondence principle (see Theorem 20.13 of [EFHN135]]).

Theorem. The following two assertions are equivalent.

(a) For every measure-preserving system (X; ¢) and 0 < f € L*(X)

N-1
1
lim sup > ff-T"f---T(k‘””fd,u > 0.
n=0

N—oo



(b) Every subset of the natural numbers with positive upper density contains arithmetic pro-
gressions of arbitrary length.

This established a connection between ergodic theorems for the Koopman operator on one hand
and theorems on structure in sets of positive integers on the other hand.

Dichotomy between structure and stability. The most structured systems appearing in topo-
logical dynamics are so-called almost periodic or equicontinuous in the sense that the powers
{¢" | n € N} are an equicontinuous set of mappings. The standard examples for such structured
systems are group rotations. Fix a compact group G and an element a € G. Then ¢,(g) := ag
for g € G defines an almost periodic system (G; ¢, ).

Now assume that (K; ¢) is an almost periodic and invertible topological dynamical system. By
the theorem of Arzela-Ascoli it then follows that the closure of {T;,’ | n € Z} with respect to
the strong operator topology is a compact topological group. Applying the Peter-Weyl theorem
yields that C(K) is then the closed linear hull of the union of all eigenspaces ker(1d — T,,) with
A € C of modulus 1. A power-bounded operator 7 € Z(E) on a Banach space E with this
property, i.e., such that

E:E{xeElthereis/lECWithl/ll:1ande=/1x},

is said to have discrete spectrum. We have thus seen that Koopman operators associated to almost
periodic invertible topological dynamical systems always have discrete spectrum[f Topological
and measure-preserving dynamical systems with discrete spectrum’] which are irreducible are
completely classified by the theorem of Halmos and von Neumann (see, e.g., Theorem 17.11 of
[EFHN135]| for the measure-preserving case; for further references and a generalization of the
results to the non-irreducible case we refer to [Ede19]).

Theorem. (i) A minimal topological dynamical system has discrete spectrum if and only if it
is isomorphic to a group rotation of a compact monothetid3d group. Moreover, two systems
with discrete spectrum are isomorphic if and only if their Koopman operators have the
same point spectrum.

(ii) An ergodic measure-preserving system has discrete spectrum if and only if it is isomorphic
to a group rotation of a compact monotheticS group equipped with its Haar measure.
Moreover, two systems with discrete spectrum are isomorphic if and only if their Koopman
operators have the same point spectrum.

This clearly shows the usefulness of spectral theory of the Koopman operator for the theory of
dynamical systems. However, switching to the Koopman representation sometimes even allows
for some sort of splitting between a structured and a stable part of the system. Recall that if T is
a mean ergodic operator on a Banach space E, then the space E decomposes into a direct sum
fix(T) ® rg(/ — T). This is an important example for such a decomposition of a space into a

6C0nversely, if Ty, has discrete spectrum, then (K; ) must be invertible and almost periodic.
"meaning that the induced Koopman operator has discrete spectrum
8A compact group G is monothetic if there is an element a € G such that {a” | n € Z} is a dense subgroup of G.



structured part (the fixed space fix(7")) and a stable part where the powers 7" converge to zero in
some sense (here, strongly in the mean). For contractions on Hilbert spaces there are a number of
such decompositions (see, e.g., Lecture 6 of [EF]). A powerful result for operators on arbitrary
Banach spaces is the decomposition theorem of Jacobs, de Leeuw and Glicksberg (see [Jac56],
[LG61] and Chapter 16 of [EFHN15]).

Theorem. If T € £ (E) is a bounded operator on a complex Banach space E with relatively
weakly compact orbits, then E = E.oy ® E,ws where the T-invariant closed subspaces Ee, and
E.ws are given by

Eiey :E{x € E|thereisad e Cwith|A| =1andTx = Ax},
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In the situation of the theorem we can therefore decompose the space into a part on which T
has discrete spectrum and a part where it is “stable” in some sense. This decomposition can be
used to prove Roth’s theorem asserting that every subset A C Ny with positive upper density
contains arithmetic progressions of length 3 (see Theorem 20.20 of [EFHN15|]). A version of
the decomposition results is also used in [MRR19] to show the sumset conjecture of Erdés.

Theorem. Let A C Ny have positive upper density. Then there are infinite sets B, C C Ny such
that B+ C C A.

For topological dynamical systems we obtain the Jacobs-de Leeuw-Glicksberg decomposition
only in rare situations. For a measure-preserving system (X; ¢), however, the Koopman oper-
ator T, € Z(LP(X)) always has relatively weakly compact orbits for p € [1,00). Since these
operators are also mean ergodic, we already have two different decompositions of L” (X) into a
structured part and a stable part. In the proof of the convergence of the multiple means of the
Koopman operator discussed above, the space L?(X) is usually also decomposed into a structured
part (a unital sublattice of L?>(X) corresponding to a so called characteristic factor) and a stable
part where the multiple term Cesdro means go to zero. This decomposition can be obtained by
defining certain seminorms (called Gowers-Host-Kra-seminorms) and decomposing L%(X) into
their kernels (the stable part) and the orthogonal complement (the structured part), see the last
part of Section 20.3 of [EFHN15]|| for more details.

Factors, subsystems and topological models. Often, useful information of a dynamical sys-
tem can be gained by investigating its subsystems and factors. While subsystems are (at least
seemingly) easier to understand, it can be difficult to imagine the behavior of quotient sys-
tems. However, since assigning the corresponding functional analytic system to a topological
or measure-preserving dynamical defines contravariant functors, factors of a topological or
measure-preserving system correspond to subsystems of the induced Koopman system and vice
versa. If (K;¢) is a topological dynamical system, then its factors correspond precisely to the



closed T, -invariant unital *-subalgebras of C(K). In particular, we can construct maximal fac-
tors with respect to some property by considering certain C*-subalgebras of C(K) instead. For
example, observing that the fixed space

A={feCK)I|T,f = f}

is a closed T, -invariant unital *-subalgebra of C(K) shows that (K; ) has a maximal factor with
trivial dynamic which is unique up to isomorphy. Similar constructions can be done for measure-
preserving systems (X; ¢) by considering closed T, -invariant sublattices of L'(X) containing
the unit 1.

The same idea can also be used to construct so-called fopological models for measure-preserving
systems relating topological dynamics and ergodic theory. Start with a measure-preserving
system (X; ¢). As pointed out earlier, the Koopman operator also acts on L*(X). Since L™ (X)
is a commutative unital C*-algebra and T, € .Z/(L* (X)) is a unital *-homomorphism, we find
a topological dynamical system (K ) representing (L*(X);T,), i.e., there is a compact space
K, a continuous mapping ¥ : K — K and a *-isomorphism V € Z(C(K),L*(X)) such that
T, =VTy, V!, Identifying the dual space C(K)’ of C(K) with the space M(K ) of complex regular
Borel measures on K, we can consider V’ as a mapping from L!(X) (canonically embedded into
(L*(X))") to M(K) and obtain a y-invariant probability measure u by setting u := V'1 on K.
The induced measure-preserving dynamical system on K is then isomorphid? to our original
system and we have constructed a fopological model for (X; ¢). The same procedure works if
we replace L™ (X) by some closed L'(X)-dense T,-invariant unital *-subalgebra of L™ (X) (see
Chapter 12 of [EFHN15] for the details).

Topological models are very useful since it is easier to work with a Borel measure on a compact
space and a continuous dynamic (possibly with some additional properties) rather than with
arbitary measure-preserving dynamics. The functional analytic apporach provides a systematic
way to construct such topological models.

Let us return to the topological case once more. If (K; ¢) is a topological dynamical system, then
for each closed subset M C K the set Iy := {f € C(K) | flar = 0} is a closed algebra and lattice
ideal of C(K). Conversely, if I is such an ideal, then there is a unique closed subset M € K with
I = Iys. Moreover, M is g-invariant if and only if Iy, is T, -invariant. The subsystems of (K ¢)
are therefore encoded in the ideal structure of C(K).

This observation can be used for an operator theoretic approach to attractors (see [Kii19]). Here a
non-empty closed and invariant set M C K is an attractor if ¢" (x) asymptotically approaches M
for each x € K. For the Koopman operator 7, this corresponds to limy, . 75 = 0 on /p7 in some
sense. For example, the sequence ¢ (x) converge to the set M if and only if T, restricted to
I is strongly stable, i.e., T f — O for every f € Ips. For operators on Banach spaces there is a
natural hierarchy of stability concepts (see, e.g., [Eis10]) which can be related to different kinds
of attractors. Consequently, attractors can be classified and studied using an operator theoretic

approach.

9
10

in some sense
meaning that for each neighborhood U of M, the sequence is eventually contained in U



A plea for Koopmanism

Based on an extensive study of topological vector spaces (see, e.g., [Jar81]] and [[Sch99]), Banach
lattices (see, e.g., [Sch74] and [MNO91]]) and operator algebras (see, e.g., [Dix77]] and [Bla06])
functional analysis has become a powerful, deep and elegant theory combining algebra, topology
and order theory. Koopmanism opens the door to apply linear functional analysis and all its
descendants to dynamical systems. As indicated above, the Koopman operator has already proven
to be useful for ergodic theory and topological dynamics at various occasions. The systematic
operator theoretic approach to dynamical systems, however, is only at its beginning. Based on
the manuscript [DNP87] and the book [EFHN15] this thesis contributes to this endeavor.
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2 Objectives

In my Master studies I learned about the operator theoretic approach to topological dynamics
and ergodic theory and wrote a thesis about compact operator semigroups (see [Krel6]). I then
was eager to apply the tools from functional analysis, operator theory and topological algebra to
dynamical systems. The main goal of my research was to extend the Koopman theory presented
in [EFHN15]]. More specifically, I focused on the structure theory of dynamical systems and
examined qualitative properties such as mean ergodicity. The concrete topics which my research
was concerned with and which are elaborated in this thesis have then be mostly motivated by ideas
appearing in the Arbeitsgemeinschaft Funktionalanalysis (AGFA), often brought to attention by
my advisor Rainer Nagel.

A first step was to generalize the results of my Master’s thesis from Ny-actions to amenable
semigroup actions and obtain a better understanding of compactifications of semigroups in
locally convex topologies and their relations to mean ergodicity. This lead to my first article
[Krel8].

Inspiration for my second project came from my courses in algebraic geometry and operator
algebras. Here the spectra of rings or algebras (such as the maximal, prime or primitive spectrum)
are used to study geometric objects (algebraic varieties or schemes) or to discuss representation
theory (of C*-algebras or locally compact groups). Motivated by papers of Helmut Schaefer, I
had the idea to consider a dynamical version of these concepts which finally led to [Kre19].

A further goal was to give an operator theoretic treatment of differentiable dynamical systems
complementing the Koopman theory for topological dynamics and ergodic theory. Considering
the derivatives of diffeomorphisms on the tangent bundle of some Riemannian manifold leads
to the notions of Lyapunov coefficients, Sacker-Sell spetrum and exponential dichotomy. More
generally, one can consider cocycles and so-called skew product flows. Sita Siewert and myself
wanted to get a better understanding of these notions. This lead to an abstract setting for dynamics
on Banach bundles and their operator theoretic description via dynamical Banach modules in
[KS19].

In the last project of my time as a PhD student, Nikolai Edeko and myself returned to a problem
that had been looming when I joined the AGFA several years ago. So called isometric and
equicontinuous extensions play an important role in the structure theory of dynamical systems,
in particular for Furstenberg’s theorem on minimal and distal topological dynamical systems.
We finally developed a deeper understanding of these structured extensions and their connections
to groupoids, see [EK19].
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3 Discussion of Results

As already indicated in the introduction, there are numerous ways to choose a mathematical setting
for dynamical systems. For instance, one can consider differentiable dynamics on manifolds,
actions of algebraic groups on algebraic varieties or complex dynamics on Riemannian surfaces.
However, the results of this thesis are mostly concerned with topological and measure-preserving
dynamical systems, i.e., group or semigroup actions on either a compact or locally compact space,
or on a measure space. In this overview, we will focus on Ng- and Z-actions on compact spaces
and probability spaces and refer to the attached articles for more general settings. We start
by fixing our notation and recalling some basic concepts of topological dynamics and ergodic
theory.

3.1 Preliminaries on dynamical systems

3.1.1 Topological dynamics and ergodic theory

The foundations of topological dynamics as a systematic theory were laid in the 1950s and can
be found in the book of Gottschalk and Hedlund [|[GHS55|]. We refer to [ELI69], [Bro79], [[Aus88],
[dVr93], [Gla03]] and [EE14] for classical treatments of this field. Here a fopological dynamical
system is a pair (K; ¢) such that K is a non-empty compact (Hausdorff) space and ¢: K — K
is a continuous map on that space. It is invertible if ¢ is a homeomorphism. A morphism
J: (K;¢) = (L;¥) between topological dynamical systems is given by a continuous mapping
?: K — L which is compatible with the action, i.e., such that the diagram

>

17
B

=

>

N

| —
53

_—
Y

commutes. It is called an embedding if the map ¢ is injective and an extension or a factor
mapping if it is surjective. Finally, if (K;¢) is a topological dynamical system, then a subset
L C K is g-invariant if ¢(L) C L. In this case (L; ¢|r) is called a subsystem of (K; ¢).

We briefly list some simple and classical examples of (invertible) topological dynamical systems
which will be used later on to illustrate the results.
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Standard Examples. (i) Let K := T := {z € C | |z| = 1} be the circle and a € T. Then
the rotation ¢, given by ¢,(z) := az for z € T defines a topological dynamical system
(T; ¢4). More generally, every element a of a compact group G defines such a “group
rotation”.

(ii) Equip K := {0, 1}* with the product topology. Then the shift ¢ given by ¢((x,)nez) =
(Xn+1)nez for (x,)nez € K defines a topological dynamical system (K; ¢).

(iii) Consider the unit interval K := [0, 1]. We obtain a dynamical system (K; ¢) by defining
@(x) := x? forevery x € K.

Of particular importance are dynamical systems which are irreducible in some sense. The
following natural notions of “irreducibility” will be of relevance for our discussion.
Definition. A topological dynamical system (K ¢) is

(i) minimal if it has no non-trivial subsystems.

(ii) (topologically) transitive if K = E(x) = {¢"(x) | n € Ny} for some x € K.

(iii) (topologically) ergodic if every factor of (K; ) with trivial dynamic is trivial, i.e., its
underlying space is a singleton.

Given a topological dynamical system (K;¢), we call a closed ¢-invariant subset M C K
minimal, if the correspoding subsystem (M; ¢|ps) is minimal. Note that if (K; ¢) is invertible,
then a closed ¢-invariant subset M C K is minimal if and only if it is minimal among invertible
systems, i.e., M is also cp‘l—invariant and the invertible system (M; ¢|pr) has no non-trivial
invertible subsystems (see Remarks 3.2 of [EFHN15])).

It is easy to check that in the Definition above (i) implies (ii) which in turn implies (iii). Returning
to our standard examples, we see that example (i) is minimal if a is not a root of unity and not
even ergodic otherwise. Moreover, (ii) is transitive, but not minimal, and one can show that (iii)
is ergodic and non-transitive.

‘We now turn to the measurable case and ergodic theory (see [Bro70], [Wal75], [Par81], [Kre85],
[EW11]] and [VO16| for an introduction). A measure-preserving system (X; ) consists of a
probability space X = (Qx, Xx, ¢x) and a measurable mapping ¢: Qx — Qx which is measure-
preserving, i.e, ux (¢ ' (A)) = ux(A) for every A € Xx. It is invertible if ¢ is essentially
invertible, i.e., there is a measurable mapping o : Qx — Qx such that po oo = idg, = o o ¢
almost everywhere.

If (K; @) is a topological dynamical system, then by the Theorem of Krylov-Bogolyubov (see,
e.g., Theorem 4.1 of [Gla03])), there always is a regular Borel probability measure ¢ on K which
is invariant under ¢ and therefore induces a measure-preserving system which we denote by
(K, u; ¢). For example, the Haar measure of T defines an invariant probability measure for
Standard Example The product measure of %(50 +61) on {0, 1}% is an invariant measure for
Standard Example The resulting system is a two-sided Bernoulli shift. Finally, in our third
example all invariant measures are convex combinations of the two Dirac measures 69 and
01.
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The “irreducible” measure-preserving systems are called ergodic. Ergodicity in this case can be
defined in several ways (see Section 6.3 of [EFHN15])), e.g., every A € X(X) with ¢~!(A) C A
has measure zero or one. Given a topological dynamical system (K; ¢), an invariant probability
measure yu is called ergodic if the induced system (K, u; ¢) is ergodic. If a system (K; ¢) admits
only one invariant probability measure, then this has to be ergodic. Such systems are called
uniquely ergodic and are automatically minimal. Standard Example |(i)|is such a system if a is
not a root of unity.

3.1.2 The operator theoretic approach

We consider topological and measure-preserving dynamical systems using Koopmanism. A
systematic introduction to this operator theoretic approach can be found in [EFHN15]. Since
the benefits and applications of the Koopman philosophy have already been discussed in the
introduction, we only recall the notation here. For a compact space K we denote by C(K) the
space of all complex'}valued continuous functions on K and identify its dual space C(K)’ with
the space of all complex regular Borel measures on K. If (K;¢) is a topological dynamical
system we define its Koopman operator T, € £ (C(K)) by T, f := f o ¢ for each f € C(K).
The mapping T, is a bounded operator on C(K) which is also a lattice and *-homomorphism
preserving the unit 1 € C(K).

For a measure space X = (Qx, Xx, ux) we write L” (X) for the corresponding complex L7”-
spaces where p € [1,00]. If (X;¢) is a measure-preserving system, we define its Koopman
operator T, f := f o ¢ for every measurable function f: Qx — C. This defines a linear mapping
on the vector space of all measurable complex valued functions which induces an operator on the
Banach spaces L” (X) for every p € [1, oo], also denoted by T,,. For p # oo this is an isometry
and a bi-Markov lattice homomorphism, i.e., |T,, f| = T,|f| for all f € LP(X), T,1 = 1 and
T,1=1.

We point out that some irreducibility notions of dynamical systems can be characterized nicely
using Koopman operators. A topological dynamical system (K; ¢) is minimal if and only if the
Koopman operator 7, is irreducible in the sense that there are no non-trivial closed 7, -invariant
ideals in C(K) (see Corollary 4.9 of [EFHNI15]) and it is ergodic if an only if 7, has a one-
dimensional fixed space in C(K) (an easy consequence of the Gelfand representation theorem).
Similarly, a measure-preserving system (X; ¢) is ergodic if and only if there are no non-trivial
closed T, -invariant ideals in L” (X)) for one/every p € [1, co) which is the case if and only if 7,
has a one-dimensional fixed space in all these spaces (see Proposition 7.15 of [EFHN15]).

ISome results discussed below also hold in the real case.
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3.2 Enveloping semigroups

3.2.1 Enveloping semigroups in topological dynamics and operator theory

The idea to associate an enveloping semigroup to group actions on compact spaces goes back to
Robert Ellis, see [EG60] and [Ell60]]. Given an invertible topological dynamical system (K; ¢)
we can consider its Ellis semigroup defined by

E(K;p) :={¢" |neZ} c KX

where the closure is taken with respect to the product topology. Clearly, E(K; ¢) is a compact
space. Moreover, with the composition of mappings as multiplication this is in fact a semigroup.
It is right topological in the sense that ¢ — @ o p is continuous for each fixed o € E(K; ¢). For
such compact right topological semigroups there is a deep structure theory (see [BJIM78]] and
[BJIM&9]) which can now be employed to study topological dynamical systems. It turns out that
many properties of the system (K; ¢) can be characterized in terms of algebraic or topological
properties of E(K; ¢) (see, e.g., Proposition 2.5 and Theorem 3.1 of [Gla0O7a]).

The idea of compact enveloping semigroups has also been applied to operator theory. For
operators with relatively compact orbits this leads to enveloping operator semigroups of Jacobs,
de Leeuw and Glicksberg. Applying the structure theory of semitopological semigroups leads
to the famous Jacobs-deLeeuw-Gliecksberg-decomposition stated in the introduction. Witz (see
[Wit64]) and later Kohler ([K694] and [[K693])) introduced an enveloping semigroup for arbitary
power bounded operators 7 € .Z(E) (or even bounded semigroups) on a Banach space E by
taking the closure of {((T")" | n € Ny} € Z(E’) with respect to the weak* operator topology.
In [Krel8] a general and systematic approach to enveloping operator semigroups is pursued.
Given a semigroup 8 of continuous operators on any locally convex space X we introduce its
Kéhler semigroup as the closure X(8) := § ¢ XX with respect to the product topology. In
Section 2 and 3 of [Krel8]] properties of these operator semigroups are then discussed and
applied to the different enveloping semigroups appearing in topological dynamics.

3.2.2 Convex enveloping semigroups and mean ergodicity

A power-bounded operator T € .Z(E) on a Banach space E is said to be (strongly) mean ergodic
if the limit P := limy_o0 % ZnN:‘Ol T" exists with respect to the strong (or—equivalently—the
weak) operator topology. In this case the operator P € .Z(E) (called the mean ergodic projection)
is contained in J.(T) := K(co{T" | n € Np}) where the Kohler semigroup is taken with respect
to the norm topology of E. Moreover, P is a zero element of J.(T) i.e., PS = SP = P for
every S € J.(T). It turns out that the existence of such a zero element is actually equivalent to
mean ergodicity (see [Nag73| and [Sch13]]). This characterization shows that there is no need to
define mean ergodicity via convergence of the Cesaro means. If 7' is mean ergodic then every
net (Ty)aea in Jo(T) such that
(I-TTy=0
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in the strong operator topology, converges strongly to P. Conversely, if any of these so called
ergodic operator nets converges, then T is mean ergodic.

The situation changes when we pass to a dual notion of mean ergodicity as considered by A.
Romanov in [Rom11]] and [Rom16] (and partly earlier by Day in [Day50]] and Witz in [Wit64]).
Let us call T weak* mean ergodic if all weak* ergodic operator nets converge in the weak*
operator topology. Then T is weak™® mean ergodic if and only the convex Kohler semigroup
K (T") = K(co{(T")" | n € Np}) with respect to the weak* topology on X’ contains a
zero element (see Theorem 1.3 of [Rom11]]). However, in contrast to strong mean ergodicity, the
convergence of one ergodic operator net is not sufficient for weak* mean ergodicity (see Example
5.14 of [Krel§])).

In [Krel8| this characterization is generalized to operators and semigroups on more general
locally convex spaces (see Theorem 4.3 of [KrelS8|]). In particular, strong and weak* mean
ergodicity are characterized for operators and semigroups on barrelled locally convex spaces (see
Theorem 4.7 of [Krel8])).

In the special case of Koopman operators we now have three notions of ergodicity: Weak* mean
ergodicity, strong mean ergodicity and unique ergodicity. Returning to our standard examples,
we see that [()]is always strongly mean ergodic and uniquely ergodic if and only if a is not a root
of unity. Example (i) is not even weak* mean ergodic, while it can be shown that [(iii)] is weak*
mean ergodic but not strongly mean ergodic.

In [Krel8]] we obtain a description of all these notions in terms of zero elements of the convex
Kohler semigroup K. (K; ¢) 1= K. (T(;,) as summarized by the following result.

Theorem. For a topological dynamical system (K; @) the following assertions hold.

(a) (K; ) is weak™ mean ergodic if and only if X.(K; ¢) has a zero.

(b) (K; ) is strongly mean ergodic if and only if X .(K; @) has a zero which is a weak*
continuous operaror.

(¢) (K; ) is uniquely ergodic if and only if K. (K; @) has a zero which is a rank one operator.

Moreover, all these notions are equivalent if (K; @) is topologically transitive.

3.2.3 Tame dynamical systems

Some notions of structuredness of a topological dynamical system (K; ¢) can be described by
compactness properties of the orbits of the Koopman operator on one hand, and by topological or
algebraic properties of the Ellis semigroup E(K; ¢) on the other hand. For example, an invertible
system (K; ¢) is equicontinuous, i.e., {¢™ | n € Z} is an equicontinuous set of mappings, if and
only if 7, has relatively norm compact orbits {T;; f | n € No} for f € C(K). This is the case if
and only if the Ellis semigroup E(K; ¢) is a topological group consisting of continuous mappings
(see Theorem 1.8 of [Gla03]]). We obtain a new notion of structuredness by requiring a weaker
compactness property for the orbits of the Koopman operator.
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Definition 1. A metric topological dynamical system (K; ¢) is tame if T, has relatively sequen-
tially compact orbits with respect to the product topology of CX, i.e., for f € C(K), every
sequence in {73 f | n € No} has a pointwise convergent subsequence.

Tame dynamical systems have been introduced (under a different name) by A. Kohler in [K694|
and [K095] and have become an important class of dynamical systems (see, e.g., [[GlaO6],
[Gla07b], [KLO7[, [GM15], [Glal8] and Chapter 8 of [KL16]). Once again, the enveloping
semigroups of a metric topological dynamical system (K; ¢) can be used to characterize tameness
of (K; ), see Proposition 3.11 and Remark 3.12 of [Krel8|]. In our standard examples, |(i)| is
almost periodic and, in particular, tame, while is not tame and is tame but not almost
periodic.

Tame systems have the benefit that the topology of its enveloping semigroups can be largely
descibed by sequences instead of nets. This can be used to obtain a simple proof of the following
result of Glasner (see Theorem 5.1 of [Gla07b] for abelian group actions and Corollary 5.4 in
[Krel8] for actions of amenable semigroups).

Theorem. Every metric topological dynamical system, which is minimal and tame, is uniquely
ergodic.

In addition, we obtain a nice characterization of weak* mean ergodicity for such systems (see
Theorem 5.10 of [Krel8]]).

Theorem. A metric topological ﬂnamical system (K; ¢), which is tame, is weak™® mean ergodic
if and only if every closed orbit orb(x) contains a unique minimal set.

This provides a simple way to see that Standard Example is in fact weak* mean ergodic.

3.3 Primitive spectrum

3.3.1 Spectra for C*-algebras

The famous Gelfand theory allows to represent every commutative unital C*-algebra A as a
space C(K). The compact space K can be chosen to be the Gelfand space X(A) consisting of
all non-zero multiplicative linear functionals on A equipped with the weak* topology. Another
approach is to consider the set Max(A) of all maximal ideals of A—which are precisely the
kernels of non-zero multiplicative functionals—and equip this set with the so-called Jacobson or
Zariski topology. This is called the maximal spectrum of A.

In the non-commutative case one can still consider maximal two-sided ideals, but the so called
primitive spectrum Prim(A) of a C*-algebra A contains more information and has broader
applications in its representation theory (see, e.g., Chapter 3 of [Dix77|] or Section 11.6.5 of
[BlaO6f]). Here an ideal p of A is called primitive if it is the kernel of a non-zero irreducible
unitary representation of A as operators on a Hilbert space. Again one can equip Prim(A) with
the Jacobson topology to obtain a quasi-compact but generally non-Hausdorff space. Moreover,
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this agrees with the maximal spectrum if A is commutative. A result of Dauns and Hofmann (see,
e.g., [Hof11]] or Theorem I1.6.5.10. of [Bla06]) shows that if A is unital, the space of continuous
functions on Prim(A) is canonically isomorphic to the center of A.

Similar concepts are used with great effect in algebraic geometry in the context of affine algebras
or commutative rings to construct affine varieties and affine schemes (see, e.g., [GW10]).

3.3.2 The primitive spectrum of a Markov operator

We now introduce a dynamical version of the primitive spectrum. Consider a Markov operator
S on a space C(K), i.e., a positive operator preserving the one function 1 € C(K). Proper
closed ideals I € C(K) which are S-invariant, i.e., SI C I, are called S-idealsﬂ If § =T, is the
Koopman operator of a dynamical system (K; ¢), then these are of the form

Ip :={f € CK) | flL =0}

where L C K is anon-empty and closed ¢-invariant subset of K. We call L the support of the ideal
Ir. In two articles H. H. Schaefer used the S-ideal structure to examine the spectral and ergodic
properties of S (see [Sch67] and [Sch68]]). Inspired by his work and by courses in algebraic
geometry and on operator algebras I asked if one could in this context find a natural analogon
of primitive ideals. Replacing the notion of irreducible representations by ergodic invariant
measures and kernels of these representations by absolute kernels of the ergodic measures?|leads
to the following (see Definition 2.6 of [Krel9]).

Definition. Let S be a Markov operator on C(K). An S-ideal p C C(K) is primitive if it is the
absolute kernel of an ergodic measure, i.e.,

p=1,:={f € C(K) [ (If], ) = 0}

for some ergodic measure y on K.

One can show that every maximal S-ideal (with respect to inclusion) is primitive (see Corollary
2.10 of [Kre19]), but the converse generally does not hold (see Example 2.11 of [Kre19]). The
set Prim(S) of all primitive S-ideals can now be topologized as in the case of C*-algebras using
the notions of hull and kernel (see Definition 3.1 of [Krel9]).

Definition. Let S be a Markov operator on C(K).
(i) For a subset I € C(K) we define its hull by

hull(7) := {p € Prim(S) | I C p}.

2More generally, we could consider ideals which are invariant under an amenable semigroup of Markov operators
here (cf. [Krel9]), but we confine ourselves to the case of a single operator in this discussion.

3The definitions of invariant and ergodic measures as well as the concepts of unique and mean ergodicity discussed
in the previous sections can be extended to Markov operators on C(K) in a straightforward way.
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(ii) For a subset A C Prim(S) we define its kernel by

ker(A) := (] p € C(K).
PEA

The mapping A — A := hull(ker(A)) then defines a Kuratowski closure operator and thereby
a topology on Prim(S). The topological space Prim(S) has similar properties as the primitive
spectrum of non-commutative C*-algebras or the topology of affine varieties and schemes of
algebraic geometry (see Proposition 5.5 of [Kre19]). In particular, it is non-Hausdorff in general.
A more intuitively accessible description of the primitive spectrum can be obtained by identifying
a primitive ideal with the support of the corresponding ergodic measure (which is possible, since
these supports and the primitive ideals are in one to one correspondence). A net of supports
(supp ;)ier of ergodic measures then converges to a support supp u if and only if for every open
subset U C K having non-empty intersection with supp u there is ig € I such that U Nsupp y; # 0
for every i > ip.

Using this perspective and returning to the standard examples we see that the primitive spectrum
of [(i)| consists of one point if a is not a root of unity since the system is minimal in this
case. If " = 1 then the primitive spectrum consists of the (ideals corresponding to) all orbits
E(b) ={a*b | k €{0,...,n— 1) where b € T. In examplethe primitive spectrum consists
of (the ideals defined by) {0} and {1}. In example the primitive spectrum is quite large and
non-Hausdorff. For example, the elements of Prim(7,) defined by the fixed points (0),cz and
(1)nez cannot be separated by open sets (cf. Example 5.7 (iii) of [Kre19]).

3.3.3 Radical ideals and centers of attraction

In case of the prime spectrum in algebraic geometry the so-called radical ideals are precisely
the intersections of prime ideals. In our situation an S-ideal I is radical if I = rads(l) :=
ker(hull(Z))}? It turns out that in our setting the radical ideals are related to stability properties
of the operator S (see Theorem 4.2 and Corollary 4.3 of [Krel9]).

Theorem. Let S be a Markov operator on C(K). For each S-ideal I = I € C(K) we have
N-1
rads(I) =3 f € C(K) | lim 1 Z S"1f111; = O uniformly
§ N —o0 N L
n=

= {f € C(K)| lim ( S"|f|)|L = 0 weakly in C(L)}

| Nl
= {f e C(K)| lim ( S”|f|)|L = Opointwise}.

4In [Sch68] Schaefer defined the radical (of an operator S) as the intersection of all maximal S-ideals.
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In the special case of a Koopman operator this leads to the characterization of so-called minimal
centers of attraction. Given a topological dynamical system (K;¢) a non-empty closed ¢-
invariant subset L of K is a center of attraction (see, e.g., [Sig77]] or Exercise 1.8.3 of [Man&7]))
if
lim €10 N-1} [ ¢"(x) € U}|
im
N—>o0 N

=1

for every neighborhood U of L and every x € K. This type of attraction is quite weak since the
orbit of a point can move far away from L as long as it returns to any neighborhood of L “often
enough”. We can now characterize these centers of atttraction in terms of radical ideals.

Theorem. Let (K; @) be a topological dynamical system. Then a non-empty closed invariant
subset L C K is a center of attraction if and only if I; C rads(0). In particular, there always is
a smallest minimal center of attraction M(S) given by the support of rads(0).

What are the minimal centers of attraction in our standard examples? The space in [(i)]is always
the union of minimal sets which implies that the minimal center of attraction is the whole space.
In the union of all orbits of periodic points are dense which again implies that K is the
minimal center of attraction. In example it is the set {0, 1} C [0, 1].

3.3.4 Representation of the fixed space and mean ergodicity

Let us return to a general Markov operator S on C(K). As said above, the Dauns-Hofmann-
theorem asserts that for a unital C*-algebra A the space of continuous functions on the primitive
spectrum of A is canonically isomorphic to the center of A. What happens in the case of
the “dynamical primitive spectrum”? It turns out that the space C(Prim(S)) is canonically
isomorphic to the fixed space of the operator induced by S on C(M(S)) (see Theorem 6.5 of
[Kre19]). This can be applied to give a characterization of S to be (strongly) mean ergodic (see
Theorem 7.1 of [Krel9]).

Theorem. For a Markov operator S € £ (C(K)) the following assertions are equivalent.

(a) The operator S is mean ergodic.
(b) The following three conditions are satisfied.
(i) The primitive spectrum Prim(S) is a Hausdor{f space.
(ii) For every ergodic measure u the support supp u is uniquely ergodic.

(iii) Every fixed function in C(M(S)) has an invariant continuous extension to K.

If S is radical free, i.e., rads(0) is the zero ideal, then clearly (iii) of (b) always holds. Coming
back to our standard examples we can employ the characterization to see (again!) that[(D)]is mean
ergodic. Example|(ii)]is not mean ergodic since the primitive spectrum is not a Hausdorff space.
Finally, Example((iii)|is not mean ergodic since the invariant continuous function f: {0,1} —» C
defined by f(0) := 0 and f(1) := 1 has no continuous invariant extension to the whole space
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K = [0, 1]. We refer to Example 7.5 of [Krel9] for more examples showing that the conditions
(i) - (iii) above are independent.

3.4 Dynamical Banach bundles and modules

3.4.1 Dynamics on Banach bundles

In the previous sections we have been concerned with topological dynamics and their Koopman
linearizations. However, if we assume that we have a diffeomorphism of a Riemannian manifold
(as in Standard Example[(i)), the Koopman operator on the space of continuous functions clearly
does not reflect all available geometric information. One could now pass to different Banach
function spaces and consider Koopman linearizations on spaces of differentiable functions. In
many contexts, however, one is interested in the derivative of a flow (or other cocycles) acting on
the tangent bundle (see, e.g., Anosov flows and hyperbolic dynamical systems in Chapter 1 of
[BP13])). Abstractly speaking, this is an example of dynamics on a bundle of (finite-dimensional)
Banach spaces. Such “dynamical Banach bundles” also appear in other contexts. Given an
extension q: (K;¢) — (L;¢) of invertible topological dynamical systems we can decompose
the space K into its fibers. This induces a fibering of the corresponding space C(K) into a bundle
of Banach spaces and ¢ induces a dynamic on this bundle (see Example 2.3 of [KS19]).

These two examples look quite differently and we strived to introduce an abstract setting including
both. This leads to so called “dynamical Banach bundles (E; ®@) over an invertible dynamical
system (K; ¢)'P’| (see Definitions 2.1, 2.6 and 2.7 in [KS19] for the precise definition). In [KS19)|
we present a systematic investigation by means of operator theory.

3.4.2 Weighted Koopman operators

Given a dynamical Banach bundle (E; @) over an invertible dynamical system (K; ¢) we consider
the Banach space I'(E) of continuous sections of E equipped with the supremum norm. On this
space we obtain the weighted Koopman operator T3 induced by ® by Tgs := ® o s o ¢! for
s € I'(E). In case of the derivative of a diffeomorphism on a tangent bundle of a Riemannian
manifold this is just the push forward of vector fields.

We tried to give an abstract characterization of such weighted Koopman operators in terms of
algebraic or lattice theoretic properties in analogy to (non-weighted) Koopman operators on
C(K). More precisely, given a fixed invertible topological dynamical system (K ¢), a Banach
bundle E over K and a bounded operator 7 € Z(I'(E)) can we characterize when 7~ is a
weighted Koopman operator?

To answer this question we first have to elaborate the algebraic and lattice theoretic structure of
the space I'(E). Observe that I'(E) is canonically a module over C(K) and in fact a Banach
module, i.e., || fs|| < ||f]l - |ls|| for all f € C(K) and s € I'(E). On the other hand, we obtain

SThe results of this section extend to dynamics on locally compact spaces and o -finite measure spaces. For the sake
of simplicity we remain in the framework introduced in Section 3.1.1.
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a “vector-valued norm” | - |: I'(E) — U(K),, where U(K), is the space of positive upper
semicontinuous functions on K, by setting |s|(x) := ||s(x)|| for x € K and s € I'(E). Indeed,
this mapping satisfies the following properties for all s, € I'(E) and f € C(K).

@ sl = Nlsleo-
(i) [fsl=1f1-1sl.

(dii) |s +¢t| < |s|+ [t].

It turns out that weighted Koopman operators can now be characterized either via the module
structure or via the “vector valued norm” (see Theorem 5.5 of [KS19])).

Theorem. Let (K; @) be an invertible topological dynamical system, E a Banach bundle over K
and Ty, the corresponding Koopman operator on C(K) and U(K), respectively. For a bounded
operator T € L (I'(E)) the following assertions are equivalent.

(@) T = 9o for some dynamical Banach bundle (E; ®) over (K; ¢).
(b) T isa T;l-homomorphism, ie, T (fs)= T;lf - T s for every f € C(K) and s € T'(E).
(c) T is T,'-dominated, i.e., |7 s| < ||T|| - T,;'|s| for every s € T(E).

What can be said about the measurable case? Similar to the topological setting we define
the notion of dynamical measurable Banach bundles (E£; ®) over invertible measure-preserving
systems (X;¢). and consider the induced weighted Koopman operators on spaces I''(E) of
(equivalence classes of) integrable sections. These spaces I'' (E) are then Banach modules
over L®(X) and admit an “L!(X)-valued norm” | - |: T'(E) — L1(X). Replacing the objects
accordingly, an analogous characterization of weighted Koopman operators also holds in the
measurable setting under some separability assumptions (see Theorem 5.16 of [KS19])).

3.4.3 Gelfand-type theorems

The classical theorems of Gelfand and Kakutani, respectively, represent abstract commutative
unital C*-algebras and AM-spaces with order unit as spaces C(K) for some compact space K
and AL-spaces as L!(X) for a measure space X (see, e.g. Theorem 4.23 of [EFHN15] and
Sections 11.7 and IL.8 of [[Sch74]). In the 70s and 80s of the past century a representation theory
for Banach modules has also been developed (see, e.g., [HK77|] or Chapter 2 of [DG83]]). The
well-known Serre-Swan theorem (see [[Swa62]]) establishes a connection between vector bundles
over a compact space K and finitely generated and projective modules over the algebra C(K).
Therefore, one might expect that certain Banach modules are isomorphic to section spaces of
Banach bundles. In fact, a Banach module I" over C(K) is isometrically isomorphic to a space
I'(E) if and only if it is (locally) C(K)-convex meaning that || fs + gt|| = max(]|s||, ||z]|) for all
s,t € I' and positive functions f,g € C(K) with f + g = 1. An equivalent condition is the
following: Whenever f, g € C(K) are positive and s € I', we have ||(f + g)s|l = ||fs]l + |Igs]|
(see Section 7 of [|Gie82]]).

Now, given a Banach module I" over C(K) we can consider the closed submodule I'y := C(K)s
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generated by an element s € I'. It can be shown that this can be canonically turned into a Banach
lattice (see Lemma 4.6 of [AAK92| and Proposition 4.1 of [KS19]]). The condition above then
actually means that I'y is an AM-space for each s € I'. Moreover, a result of Cunningham (see
[Cun67] and Proposition 4.17 of [KS19]]) shows that there is a duality between Banach modules
satisfying this AM-condition and Banach modules satisfying an analogous AL-condition:

Proposition. For a Banach module T over C(K) and its dual space T equipped with the
canonical structure of a Banach module over C(K) the following assertions hold.

(i) Ts is an AM-space for each s € T if and only if (I'’)y is an AL-space for each s” € T”.
(ii) Ts is an AL-space for each s € T if and only if (I'')y is an AM-space for each s’ € T,

This duality inspired us to introduce two notions of Banach modules: AM-modules (or, equiv-
alently, locally convex modules) and AL-modules. In view of the representation theorem of
Kakutani for AM- and AL-spaces and the representation result for AM-modules one might ex-
pect that, given a measure space X, every AL-module over L (X)) can be represented as a space
I''(E) of integrable sections of some measurable Banach bundle E over X. However, this is not
the case (see Example 5.10 of [KS19]).

The problem can be solved by taking the lattice theoretic structure into account. As we have seen
above, spaces of sections canonically carry a vector valued norm, either with values in U(K) (in
the topological case) or in L'(X) (in the measurable case). While every AM-module over C(K)
can always be eqipped with such a U(K)-valued norm, AL-modules over L*(X) generally only
admit an L*(X)’-valued norm (see Lemma 3 and Theorem 2 of [Cun67|] and Proposition 5.4 of
[KS19]). If we restrict ourselves to modules with an L! (X)-valued norm, then we indeed obtain
a representation theorem by employing results of A.E. Gutman (see [[Gut93a] and [Gut93b]). We
even obtain uniqueness under some separability conditions (see Proposition 5.18 of [KS19]):

Proposition. For a complete, o-finite measure space X and an L' (X)-normed module T there
is a measurable Banach bundle E over X such that T is isometrically isomorphic to T'(E). If T
is separable, then E can be chosen to be separable and is unique up to isometric isomorphy with
these properties.

We now consider the dynamical case. Take a pair (A;7T) of a commutative unital C*-algebra
A and a unit-preserving *-automorphism T € Z(A). A dynamical Banach module over (A;T)
is a pair (I'; 7) where I' is a Banach module over A and 7 is a T‘l—homomorphism, ie.,
T (fs) = (T 'f)-Tsforall f e Aands €T. The results of this and the previous paragraph
yield representation theorems for dynamical AM- and AL-modules. In terms of category theory
we can formulate them as follows (see Theorem 4.6 and 5.12 of [KS19]).

Theorem. (i) Given an invertible topological dynamical system (K; @), the assignment
(E; @) — (I'(E); To)

defines a fully faithful and essentially surjective functor from the category of dynamical
Banach bundles over (K; @) to the category of dynamical U(K)-normed modules over

(C(K); Ty).
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(ii) Given an invertible measure-preserving system (X; p) with X complete and separable, the
assignemt

(E; @) — (TY(E); To)

defines a fully faithful and essentially surjective functor from the catgeory of dynamical
Banach bundles over (X; @) to the category of dynamical L' (X)-normed modules over
(L'(X); T,p).

3.5 Structured extensions of dynamical systems

3.5.1 Systems with discrete spectrum

The most structured systems of topological dynamics and ergodic theory are so called systems
with discrete spectrum. Recall from the introduction that a power-bounded operator 7 on a
Banach space E has discrete spectrum if

E =lin{x € E | there is A € T with Tx = Ax},

i.e., the union of all eigenspaces with respect to unimodular eigenvalues of 7' are total in E.
Topological and measure-preserving dynamical systems have discrete spectrum if the induced
Koopman operators on the corresponding spaces C(K) and L!(X), respectively, have discrete
spectrum. The group rotations in Standard Example ((i)| always have discrete spectrum. The
following well-known result summarizes several characterizations of topological dynamical
systems with discrete spectrum.

Theorem. For an invertible topological dynamical system (K; @) the following assertions are
equivalent.

(a) The system (K; ) is equicontinuous, i.e., {¢" | n € Z} is an equicontinuous set of
mappings.

(b) The system (K; @) is pseudoisometric, i.e., there is a familiy of invariant pseudometrics
generating the topology of K.

(c) The Koopman operator T, has precompact compact orbits {Tj f | n € Z} for f € C(K).

(d) The Koopman operator T, has discrete spectrum.
3.5.2 Equicontinuous and pseudoisometric extensions
The concepts of equicontinuity and (pseudo)isometry can be relativized to extensions of topologi-

cal dynamical systems. To do so, we start from an open continuous surjection g: K — L between
compact spaces and a uniform space X and define the space of continuous fiber mappings

Cy(K, X) =] C(Ks, X),
leL
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where K; := ¢”'(I) C K is the fiber over [ € L. Moreover, if 9 € C(K;, X) we set () :=[ € L.
A subset F C Cr(K, X) is relatively (uniformly) equicontinuous if for every entourage U of X
there is an entourage V of K such that (J(x), #(y)) € U for every (x,y) € VN Ky») X K9y and
each ¢ € F. An open extension ¢: (K;¢) — (L;y) of invertible topological dynamical systems
is then called equicontinuous if the set

{¢"lk, In€Z1€eL}CCy(K, K)

is relatively equicontinuous (cf. Definition 2.9.8 of [Bro79] or Chapter 7 of [[Aus88|)).

We now generalize the characterization result of the previous section to extensions. As a first
step we introduce a “relative compact-open topology” on C, (K, X) using the Vietoris topology
for the graphs of the mappings in C, (K, X) (see Definition 1.15 of [EK19] for the details). This
allows us to prove a “relativized” Arzela-Asocoli theorem (see Theorem 1.25 of [EK19]).

Theorem. Let g: K — L be an open continuous surjection between compact spaces and X a
uniform space. For a subset 3 C C,(K, X) the following assertions are equivalent.

(a) T is relatively equicontinuous and im(F) C X is precompact in X.

(b) F is precompact in Cy(K, X).

As a corollary we obtain a characterization of equicontinuous extensions (see Corollary 1.26 of
[EK19]).

Corollary. For an open extension q: (K; p) — (L;y) the following statements are equivalent.

(a) The extension q is equicontinuous.

(b) {¢"|k, | n € Z,1 € L} is precompact in C4(K, K).

() T, flk, | neZl € L} € Cy(K,C) is relatively equicontinuous for every f € C(K).
(d) {T£f|K, |neZleL} CCyK,C) is precompact in Cy4(K,C) for every f € C(K).

Besides equicontinuous extensions we can also consider pseudoisometric ones. Here, an ex-
tension g: (K;¢) — (L;y) is pseudoisometric if there is a family P of invariant continuous
mappings

pii(xy) € KXK [ q(x) =q(y)} = [0,0)

such that each restriction p|k,xk, for p € P and [ € L is a pseudometric on K; and all these
restrictions generate the topology of K; for each [ € L (see Definition 1.3 (c) of [EK19]]). For
minimal systems the notions of pesudoisometric and equicontinuous extensions coincide (see
Corollary 5.10 of [dVr93][%). However, in general there are equicontinuous extensions which are
not pseudoisometric (see Example 1.27 of [EK19]).

Can equicontinuous or pseudoisometric extensions be characterized in terms of some notion of
“relative discrete spectrum”? The following theorem due to Knapp (see [[Kna67]) gives some
hope.

SIn [dVr93| pseudoisometric extensions are called quasi-isometric.
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Theorem. Let q: (K;¢) — (L;y¥) be an equicontinuous extension of minimal, distal and
invertible topological dynamical systems. Then the union of all finitely generated closed T,-
invariant C(L)-submodules of C(K) is dense in C(K).

What is the connection to the “non-relative” case? If we consider topological systems with
discrete spectrum, then C(K) is the closure of the union of all finite dimensional 7,-invariant
subspaces of C(K). Replacing the field of complex numbers by the algebra C(L) and finite
dimensional (closed) invariant subspaces over the field C with finitely generated closed invariant
submodules over C(L), we obtain the notion of relative discrete spectrum ocurring in the result
above.

Unfortunately, this result is not quite satisfying. Consider the following very simple extension
of Standard Example [(iii)| (see Examples 1.6 6) of [EK19])). We define K := [0, 1] x {—1, 1} and
L :=[0,1] as well as ¢(x, y) := (x% —y) for (x,y) € K and y(x) := x? for x € L. Then the
projection ¢: K — L defines an extension of dynamical systems and is clearly isometric (with
respect to the canonical metric on K). Moreover, C(K) = C(L)? itself is a finitely generated
C(L)-module. The systems (K; ¢) and (L; ), however, are neither minimal nor distal.

We therefore want to weaken the conditions and obtain an operator theretic charaterization
of pseudoisometric extensions of more general systems. Looking at the proofs of the above
theorems, one observes that the main ingredient is the representation theory of compact groups.
As a first step we therefore associate compact groups to extensions of dynamical systems.

3.5.3 Uniform enveloping semigroupoids

As described in Section 2, the Ellis semigroup E(K; ¢) of an invertible dynamical system (K ¢)
contains much information about the system. If the system (K;¢) is equicontinuous (e.g., a
group rotation as in Standard Example (i)), then E(K; ¢) is actually a compact topological group
of continuous mappings and agrees with E,(K; ¢) := {¢" | n € Z} € C(K, K) where the closure
is taken with respect to the topology of uniform convergence (cf. Proposition 2.5 of [Gla07a]). In
other words: The pointwise enveloping semigroup E(K; ¢) agrees with the uniform enveloping
semigroup E,(K; @) in this case. It turns out that one can carry out similar constructions for
extensions if one replaces enveloping semigroups by enveloping semigroupoids (see Chapter 2
of [MMMM13]] and Definition 1.7 of [EK19]).

Definition. A semigroupoid consists of
(i) asets,
(i) aset 8@ C 8 x 8§ of composable pairs,
(iii) a mapping
8@ 58, (g,h) > gh,
such that the following asscociativity condition is fulfilled:

If (g1, 82), (g2, 83) € 8, then (182, g3). (g1, g283) € 8@ and (g182)g3 = 21(8283)-
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If S is a topological space and - is continuous, then § is called a fopological semigroupoid.

Semigroupoids are more general than semigroupy’| in that the multiplication is only partially
defined, i.e., we can compute g/ only for (g, h) € 8@ c 8xS8.

We now associate semigroupoids with extensions of dynamical systems. Given an open extension
q: (K, p) — (L;¥) of invertible topological dynamical systems, we consider the set

CI(K,K) 1= {9 € Cq(K,K) | 9: Kg9) = Ky (9) for some r(9) € L} € Cy (K, K).

It canonically becomes a topological semigroupoid with the composition being the composition
of mappings whenever it is defined. There is a smallest closed subsemigroupoid £(g) containing
{¢"k, | n € Z,1 € L}. We call this the uniform enveloping semigroupoid of q (see Definition
1.19 in [EK19]).

If ¢ is pseudoisometric, then each element ¥ € &,(g) is invertible with 97! € €.(¢) and
the mapping ~': €,(q) — Eu(g) is a homeomorphism (see Propositions 1.22 and 1.28 of
[EK19]]). This turns €,(g) into a compact groupoid (see Definition 1.1 of [Ren80], Chapter 2 of
[MMMM13]] or Definition 1.7 of [EK19]]).

Definition. A semigroupoid G together with an inverse map ~': G — G is a groupoid if
(i) (g7, ¢) € 6@ and, if (g, h) € G, then g~'(gh) = h.
(ii) (g,¢7") € G? and, if (h,g) € §@, then (hg)g™" = h.

Moreover, G is a topological groupoid if it is a topological semigroupoid and the mapping
-1. G - G is continuous.

For the example discussed on the previous page we can explicitly compute the uniform enveloping
groupoid E,(g). Itis given by

gu(Q) = {ﬂx1,x2 | xl? x2 € [Oa 1]} U {Qxl,xz | xl? x2 € [05 1]}7
where
ﬁxl,xQ: {xl} X {_19 1} - {xz} X {_L 1}5 (xla )7) d (x27y),
Oxixy s Axih X {=1L 1} = {xo} X {=L 1}, (x1,y) = (x2,—y)
for x1,x, € L =10, 1].

3.5.4 Representation theory for compact groupoids

In order to characterize pseudoisometric extensions of topological dynamical systems we now
focus on the representation theory of compact groupoids which we then apply to the uniform
enveloping (semi)groupoids of such extensions. To do so, we introduce the unit space of a
groupoid G as the subspace

G0 :={g7'g1geG S

7Semigroups correspond to the case 8@ = 8 x 8.
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as well as the source and the range map

5:G-5 G99 g gle,
r:G—-80 g ggh

In the special case of § = €, (g) for an open pseudoisometric extension g of invertible systems
we can identify the unit space
EU(Q) = {idKl | le L}

with L. The range and source maps r and s then just become the mappings
r,s: Eu(g) C CZ(K, K)—> L

defined in the previous sections.

One can now introduce the notion of a continuous representation of a compact groupoid G on a
Banach bundle E over its unit space §* as a family of bounded operators T(g) € % (Eq(g), Ex(g))
for g € G with certain properties (see Definition 3.1 of [Bos11]] or Definition 3.4 of [EK19] for
the details). For representations of compact groups on Banach spaces the following result holds
(see Theorem 15.14 of [EFHN15])).

Theorem. Let T: G — Z(FE) be a strongly continuous representation of a compact group G
on a Banach space E. Then the union of all finite-dimensional invariant subspaces of E is dense
in E.

Is a similar result true for representations of compact groupoids on Banach bundles? In general,
the representation theory of compact groupoids seems to be quite intricate. It becomes more
accessible, however, if we restrict ourselves to compact transitive groupoids G, i.e., if we assume
that s™'(u) N r~'(v) # 0 for all u,v € G©. In this case we obtain the following result (see
Theorem 3.6 of [EK19]).

Theorem. Let T be a continuous representation of a compact transitive groupoid G on a Banach
bundle E over GO, Then the union of all invariant subbundles of constant finite dimension is
fiberwise dense in E.

Returning to extensions of dynamical systems, it turns out that the uniform enveloping groupoid
€u(g) of an open pseudoisometric extension g: (K; ¢) — (L; ) of invertible systems is transitive
ifand only if (L; y) is topologically ergodic (see Proposition 1.32 of [EK19]]). We therefore obtain
the following operator theoretic characterization of pseudoisometric extensions (see Theorem
3.8 of [EK19]). Recall that here a module I" over a unital commutative ring R is projective if
there is an R-module T such that T & T is a free module, i.e., has a basis.

Theorem. Let q: (K;¢) — (L;y¥) be an open extension of invertible topological dynamical
systems with (L; ) topologically ergodic. Then the following assertions are equivalent.

(a) The extension q is pseudoisometric.

(b) The union of all finitely generated and projective closed T, -invariant C(L)-submodules of
C(K) is dense in C(K).
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This result catches the simple example of an isometric extension given above. Moreover, it
provides a starting point for a systematic operator theoretic approach to extensions of dynamical
systems.

3.6 An outlook: Operator theoretic aspects of extensions

As in topological dynamics, structured extensions also play an important role in ergodic theory
and are known as compact extensions (see [[FKOS82||, Chapter 6 of [Fur81] or Section 2.13 of
[Taoc09]]), isometric extensions (see [Fur77]) or extensions with relatively discrete spectrum (see
[Zim76]). By the Furstenberg-Zimmer structure theorem every measure-preserving system can
then be constructed as a “tower” of such structured extensions and their counterparts, so called
weakly mixing extensions, see, e.g., Theorem 6.17 of [Fur81|] or Theorem 2.15.1 of [Tao09].
This fact can be used to give an ergodic theoretic proof of Szemerédi’s theorem discussed in the
introduction (see [FKOS82]).

As a continuation of our joint project, Nikolai Edeko and myself will now focus on this structure
theory for measure-preserving systems and—using our methods—develop a systematic operator
theoretic approach to extensions of dynamical systems.
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HENRIK KREIDLER

ABSTRACT. In this paper we develop a systematic theory of compact
operator semigroups on locally convex vector spaces. In particular we
prove new and generalized versions of the mean ergodic theorem and
apply them to different notions of mean ergodicity appearing in topo-
logical dynamics.

Mathematics Subject Classification (2010). Primary 47A35, 47D03;
Secondary 37B05.

1. INTRODUCTION

In [K694| and [K695] A. Kohler introduced the enveloping operator semi-
group of a power bounded operator T' € .Z(X) on a Banach space X as the
closure of the semigroup 8 := {(7")" | n € Ny} with respect to the operator
topology of pointwise convergence induced by the weak* topology on X’.

If the operator T is the Koopman operator of a topological dynamical sys-
tem (K;¢), ie., Tf = f o for each f € C(K), the relation between this
enveloping operator semigroup and the classical Ellis semigroup is an inter-
esting issue (see [K695] and [Gla0T7al).

In addition, A. Romanov used the semigroup given by the convex closure of §
to examine mean ergodicity of operators with respect to the weak* topology
(see [Rom11]) and—in the setting of topological dynamics—with respect to
the topology of pointwise convergence (see [Rom16]).

In this paper we generalize the concepts from above and give a new and sys-
tematic approach to compact operator semigroups on locally convex spaces.
We then discuss its applications to dynamical systems.

It turns out that these semigroups are right topological semigroups (see
[BJM78] and [BJM89] for an introduction to their theory) with respect to the
topology of pointwise convergence. We use this as our starting point and in-
troduce the new concept of abstract Kohler semigroups with their basic prop-
erties (see Proposition 2.4 and Proposition 2.5). In the subsequent section
we discuss examples appearing in topological dynamics: the Kdéhler semsi-
group, the Ellis semigroup and the Jacobs semigroup (see Proposition 3.8).
We give a new operator theoretic characterization of the Ellis semigroup
(see Definition 3.4) and prove that a metric topological dynamical system is
tame if and only its convex Kohler semigroup is a Fréchet—Urysohn space
(see Proposition 3.11).

The author wants to thank Roland Derndinger, Nikolai Edeko, Rainer Nagel and
Alexander Romanov for ideas, helpful suggestions and inspiring discussions. The author
is also grateful to the referee for their suggestions.
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2 HENRIK KREIDLER

Our main results are contained in the last two sections. In Section 4 we
return to the abstract viewpoint and generalize a mean ergodic theorem es-
tablished by A. Romanov in [Rom11]| for a single operator on a dual Banach
space with the weak™® topology to left amenable operator semigroups acting
on locally convex spaces (see Theorem 4.3). The result is then applied to
extend a mean ergodic theorem of M. Schreiber ([Sch13b]|) to right amenable
operator semigroups on barrelled locally convex spaces (see Theorem 4.7).
In the final section we study unique ergodicity, norm mean ergodicity and
weak™® mean ergodicity for right amenable semitopological semigroups act-
ing on a compact space. This approach as well as the result that transitive
weak™® mean ergodic systems are already uniquely ergodic (see Theorem 5.6)
seem to be new.

At the end of this section we discuss mean ergodicity of tame metric systems.
We give a new proof for unique ergodicity of minimal tame metric dynam-
ical systems generalizing results of Glasner (|Gla07al), Huang ([Hua06]) as
well as Kerr and Li ([KLO7]) to the case of amenable semigroup actions (see
Corollary 5.4). Finally we extend results of Romanov in [Rom16] and char-
acterize weak™ mean ergodicity for tame amenable semigroup actions (see
Theorem 5.10).

In this paper all vector spaces are complex. Moreover, all topological vector
spaces and compact spaces are assumed to be Hausdorff. Given topological
vector spaces X and Y we denote the continuous linear mappings from X
toY by Z(X,Y) and set Z(X) = Z(X, X).

We recall that a special class of locally convex spaces arises from dual pairs
(see [Sch99], Chapter IV). More generally, take two vector spaces X and
Y and a bilinear mapping (-, -): X x Y — C that separates X, i.e., for
each 0 # x € X there is y € Y with (z,y) # 0, and call the pair (X,Y) a
left-separating pair. The seminorms p, given by py(z) = [(z,y)| for z € X
and y € Y define a (Hausdorff) locally convex topology o(X,Y) on X.

The canonical duality between a Banach space X and its dual X’ clearly
defines left-separating pairs (X, X’) and (X', X). Other examples are dis-
cussed in Section 3.

2. ABSTRACT KOHLER SEMIGROUPS

We start with a general definition of Kohler semigroups. Examples and
applications are given in the sections below.

Definition 2.1. Let X be a locally convex space, 8§ C .Z(X) a subsemigroup
and equip XX with the product topology. The (abstract) Kéhler semigroup
of 8 is the closure X(8) := 8 C XX.

If X carries the weak topology induced by a left-separating pair (X,Y)
we denote the Kohler semigroup associated to a semigroup 8§ C Z(X) by
K(8; X,Y).

Recall that a semigroup S equipped with a topology is called right topological
if the mapping

S— S5, sw>st
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is continuous for each t € S. It is left topological if
S— S5, sets

is continuous for each t € S and semitopological if it is both, left topological
and right topological (see Section 1.3 of [BJM89]).
The topological center A(S) of a right topological semigroup S is
A(S) =={s € S|t stis continuous}.
The following basic properties of the Kohler semigroup are readily verified.

Lemma 2.2. For an operator semigroup 8 C Z(X) on a locally convex
space X the following assertions hold.

(i) K(8) is a right topological semigroup.
(ii) The topological center A(K(8)) contains 8.
(i) K(8) is compact if and only if Sx is relatively compact for each x € X.
(iv) If K(8) C ZL(X), then K(8) is semitopological.
(v) If 8 is abelian, then K(8) is semitopological if and only if it is abelian.
For operator semigroups on certain classes of locally convex spaces one can

say more and we recall some definitions from this theory. For an introduction
we refer to [Sch99] and [Jar81].

Definition 2.3. A locally convex vector space X is called

(i) barrelled if every radial, convex, circled and closed set is a zero neigh-
borhood.

(ii) Montel if it is barrelled and every bounded subset is relatively com-
pact.

(ili) quasi-complete if every closed bounded subset is complete (with re-
spect to the uniformity defined by the zero neighborhoods of X).

Banach spaces and even Fréchet spaces are barrelled. Important examples
of Montel spaces are the space of all holomorphic functions H(2) on an open
connected subset 2 C C equipped with the topology of compact convergence
and the space of smooth functions C*°(€2) on an open set 2 C R™ equipped
with the topology of compact convergence and, in all derivatives. We refer
to Section 11.5 of [Jar81| for more about these spaces.

Besides Banach and Fréchet spaces the dual space of a Banach space equipped
with the weak™ topology is quasi-complete.

Proposition 2.4. Consider an operator semigroup 8 C £ (X) on a locally
conver space X.

(i) The Kdéhler semigroup K(8) consists of continuous mappings on X
if one of the following conditions is fulfilled.

(a) For each pointwise bounded subset M C Z(X) the pointwise
closure M C XX is contained in £ (X).

(b) The space X is barrelled.

(¢) X carries the weak topology o(X,X") associated to a barrelled
topology on X.
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(d) The semigroup 8 C £ (X) is equicontinuous.

(ii) If X is Montel, then K (8) is a compact semitopological subsemigroup
of Z(X).

Proof. Clearly, condition (a) implies K(8) C Z(X). We show that the
spaces in (b) and (c) satisfy (a). For a barrelled space X this is a consequence
of the Banach—Steinhaus Theorem (see Theorem II1.4.6 in [Sch99]).

Now consider a pointwise bounded set M of o(X, X')-continuous operators
and take T, € M for a € A and T € XX with lim,(T,z,2") = (Tz,z')
for all z € X and 2/ € X'. By passing to the (algebraic) adjoint operator
T*: X' — X*, we obtain

T2 (z) = lim T, 2' ()
(03

for 2’ € X' and x € X.

For given 2’ € X’ the net (T)2")aca is contained in the bounded set M'z' =
{S'2" | S € M} C X' which is (since X is barrelled) relatively o(X’, X)-
compact (see the corollary to IV.1.6 in [Sch99]). Thus we find a subnet
of (Tpx')aea converging in the o(X’, X)-topology to an element y € X’
which yields T*2’ = 3/ € X'. We obtain T*X’ C X’ which shows that T is
o(X, X")-continuous (IV.2.1 in [Sch99]) and so (ii) is proved.

In the situation of (d) we obtain K(8) C Z(X) by Theorem I11.4.3 of [Sch99].
From the definition of a Montel space and part (i) we immediately obtain
(ii). O
At the end of this section we prove some relations between different Kohler
semigroups. We recall that a continuous mapping between two right topo-
logical semigroups is a homomorphism of right topological semigroups if it is
multiplicative. A surjective homomorphism is called epimorphism.

Proposition 2.5. Let §; C Z(X;) be operator semigroups on locally convex
spaces X; fori=1,2.
(i) Assume that Xo is a subspace of X1 and 82 = 81|x,. If K(81) and
K(82) are compact, then

fK(Sl) —)fK(Sg), S*—>S|X2

is an epimorphism of right topological semigroups.

(ii) Assume that ® € £ (X1, X2) is a surjective map and V: & — 8
is an epimorphism of semigroups with ®(Sxz) = V(S)®(z) for all
S €81 and x € Xy. If K(81) is compact, then

U K(8)) — K(S), S+ W(S)

with U(S)(®(x)) = &(Sz) for S € 8y and x € X is an epimorphism
of right topological semigroups with ‘il|51 =V,

Proof. We start with (i). The mapping given by

T K(81) — X;2, S S|x,
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is clearly continuous and by compactness of K(8;) closed. Compactness of
K(82) implies

X
K(SQ) — gXQ 2

_XXQ

— 8,1
and thus

X

_ —X1 2 _X§(2
W(K(Sl)) :W(Sl) :71'(81) :Sg :fK(Sg).
Multiplicativity of the restriction map is trivial and (i) follows.
We now prove (ii). To this end, we first show that
U:K(81) — X532, S+ ¥(S)
is well-defined. Take x,y € X; with ®(x) = ®(y) and S € K(8;1) and take
So € 81 for @ € A such that lim, S,z = Sz for each z € X;. We then obtain

o(Sz) =0 <li£n Sax> = lién O(Spz) = lién U (S,)P(x)

= li;n U(S,)P(y) =@ <li£n Say> = ®(Sy).

This proves that ¥ is well-defined. Continuity of ¥ is obvious and by the
same arguments as in (i) we obtain W(X(81)) = K(82). To finish the proof,
consider S,T € K(81). We then have

U (ST)(2(x)) = (STx) = U(S)(@(Tx)) = ¥(S)(L(T)(®(x))
for each = € X and thus W(ST) = U(S)¥(T). O

3. COMPACT OPERATOR SEMIGROUPS IN TOPOLOGICAL DYNAMICS

We now apply the concepts and results from Section 2 in topological dynam-
ics.

Definition 3.1. A topological dynamical system is a pair (K;S) of a com-
pact space K and a semitopological semigroup S acting on K such that the

mapping
SxK-—K, (s,z)— sz

1S continuous.

Occasionally we identify an element s € S with the continuous mapping
K — K, x> sx.

Definition 3.2. Let (K;S) be a topological dynamical system.
(i) To each s € S we associate the Koopman operator Ts € £ (C(K))
by setting Tsf(x) = f(sx) for s € S and z € K.
(ii) The Koopman semigroup Ts associated to (K;S) is
Tg={Ts | s €S} C Z(C(K)).

For an introduction to the theory of dynamical systems we refer to [El69],
[Bro70| and [Gla08|. For an operator theoretic approach to this topic see
[EFHN15].

We now consider the adjoint semigroup Ty = {T, | s € S} C Z(C(K)')
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on the dual space C(K)" which we identify with the Banach lattice of reg-
ular Borel measures on K. We also identify the Banach lattice of discrete
measures on K with

((K) = (ar)aex € CF| D Jag| < o0
zeK
Given an S-invariant probability measure p € C(K)" we identify the Banach
lattice of measures absolutely continuous with respect to u with L!(K, ).
We then obtain operator semigroups associated to the left-separating pairs

(C(K), C(K)), ((/(K),C(K)) and (L'(K, n), C(K)).
Lemma 3.3. Consider a topological dynamical system (K;S) and the cor-
responding Koopman semigroup Ts. The following assertions are true.
(i) The semigroup T has relatively o(C(K)', C(K))-compact convex or-
bits co Tgu for all p € C(K)'.
(ii) The space (*(K) is Ty-invariant and the semigroup Tsleky has rel-
atively o (01 (K), C(K))-compact orbits Tg(ay)zex for all
(az)zex € 1HK).
(iii) For each S-invariant probability measure i € C(K)' the space L'(K, p)
is Ty-invariant and the semigroup ‘.T’S|L1( K,u) has relatively
o(LY(K, p), C(K))-compact convez orbits co Tgh for allh € LYK, p).

Proof. The first assertion holds since all operators in Tg are contractions
and the unit ball of C(K) is weak™ compact by the Banach—Alaoglu theorem
(see Theorem I11.4.3 of [Sch99)]).

Since T.0, = 85, for s € S and = € K we obtain that ¢!(K) is Tg-invariant.
Now take (ag)zex € ¢(K) and a net (Ts,)aca. Since KX is compact
for the product topology, we find a subnet (sg)gep of (Sa)aca such that
(spz)sep converges to some element s(x) € K for each x € K. Now consider

(bs)zex € (1K) given by
Z Ay

yeK
s(y)=z

forz € K. Let € > 0, f € C(K) and choose 1, ...,zy € K with

Y ladl-2lfll<e

z¢{z1,..., N}

We find By € B with |f(sgz;) — f(s(x;))] - Zévzl lag, | < e forall B > [y and
j€{1,...,N}. We thus obtain

(f, T, (an)zek — (bm)xem‘ <D laa| - [ f(sp2) = f(s())] < 2¢
zeK
for all B > By. This shows limg Ts’ﬁ (a3) ek = (by)zek-
Finally consider an S-invariant probability measure p € C(K)'. If a measure
v € C(K)' is absolutely continuous with respect to w, then so is T.v for

each s € S. To see this, take a Borel measurable p-null set A. Since p
is invariant, we obtain pu(s~!(A)) = 0 and by absolute continuity of v we
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conclude T/v(A) = v(s~1(4)) = 0.
To check compactness we note that the set

CO('TKS‘|L1(K,#) = CO {T5/|L1(K,,u) | S € S}

consists of bi-Markov operators on L'(K,u) and thus is relatively com-
pact with respect to the weak operator topology on L'(K, ) (see Theorem
13.8 in [EFHN15]). Therefore coTyh is relatively o(L!(K,p), Lo (K, u))-
compact and in particular relatively o(L!(K,u), C(K))-compact for each
h € LYK, ). O

We now introduce various enveloping semigroups.

Definition 3.4. To a topological dynamical system (K;.S) we associate the
following semigroups.

(i) The Kohler semigroup K(K;S) = K(Ty; C(K)', C(K)).

(i) The convex Kchler semigroup K.(K;S) = K(coTg; C(K)', C(K)).
(iii) The Ellis semigroup &(K;S) == K(T; (1K), C(K)).
)

(iv) For an S-invariant probability measure p € C(K)' the Jacobs semi-
group J(K, p; S) = K(Tg; LY (K, ), C(K)).

(v) For an S-invariant probability measure p € C(K)' the convex Jacobs
semigroup Jo(K, p; S) = K(co Tg; LMK, p), C(K)).

Remark 3.5. In the proof of Lemma 3.3 we have already seen that T con-
sists of bi-Markov operators and this set is relatively compact with respect
to the weak operator topology (see Theorem 13.8 in [EFHN15]). Since
the o(L!(K, 1), C(K))-topology is coarser than the o(L'(K, ), L™ (K, u))-
topology, we immediately obtain

I(K, 113 S) = K(Tg: LN (K, ), L¥ (K, ) € L(LH(EK, ),
Jo(K, 113 §) = K(co Tg; L (K, ), L (K, ) € L(LH(K, )

In particular, the Jacobs and the convex Jacobs semigroups are semitopo-
logical.

Remark 3.6. Consider the classical Ellis semigroup E(K; S) of a topological
dynamical system (K;S) given as the closure S C KX (see [EN60]). If we
identify K with its homeomorphic copy {é, | z € K} C C(K)' (where C(K)’
is equipped with the weak* topology), one readily checks that the mapping

E(K;S) — E(K;S), Rw— R|k

is an isomorphism of right topological semigroups (this is a simple conse-
quence of the fact, that the linear hull of Dirac measures is norm dense in
?}(K)). Thus our Ellis semigroup is isomorphic to the classical one, but is
now obtained as an operator semigroup.

Remark 3.7. Proposition 2.5 shows that taking subsystems and factors of
a topological dynamical system (K;S) induces epimorphisms of the corre-
sponding Kohler and Ellis semigroups.

The following result is an immediate consequence of Proposition 2.5 (i) and
shows the relations between these semigroups.
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Proposition 3.8. Let (K;S) be a topological dynamical system and p €
C(K)" an S-invariant probability measure. We then have the following dia-
gram of epimorphisms of right topological semigroups where the arrows are
given by the canonical restriction maps.

K(K;S) € Kc(K;S)

NN

E(K;9) Jp) < de(p)

It is natural to ask when these epimorphisms are isomorphisms. If the topo-
logical dynamical system (K;S) is weakly almost periodic, i.e., if Tgf is
relatively weakly compact for each f € C(K), we obtain the following.

Proposition 3.9. If (K;S) is a weakly almost periodic system, then the
canonical epimorphism K(K;S) — E(K;S) is an isomorphism.

If moreover p € C(K)' is a strictly positive invariant probability measure,
then the canonical epimorphisms K(K;S) — J(p) and K (K;S) — Jo(p)
are also isomorphisms.

Proof. Since (K;S) is weakly almost periodic, K(Tg;C(K),C(K)’) is a
compact semitopological semigroup and one readily checks that

K(Ts;C(K),C(K)) — K(Tg; C(K),C(K)) = K(K;S), S5

is an isomorphism if the order of multiplication in X(Ts; C(K), C(K)') is re-
versed. Thus each operator in K(K; S) is weak* continuous. Since ¢!(K) is
weak* dense C(K)’, we obtain injectivity of the restriction map X(K;S) —
E(K;S).

If 4 € C(K)"is a strictly positive invariant probability measure, then L' (K, )
is also weak* dense in C(K)’, and thus X(K;S) — J(u) is injective.

Since, by Krein’s theorem (see Theorem 11.4 in [Sch99] or Theorem C.11
in [EFHN15]), the sets coTsf are also relatively weakly compact, a similar
argument shows that the remaining map is an isomorphism. O

The question when the epimorphism K(K;S) — E(K;S) is an isomor-
phism was first posed by J. S. Pym (|[Pym89|) and then answered by A.
Kohler (|[K695|) for metrizable topological dynamical systems satisfying the
following condition which is weaker than weak almost periodicity.

Definition 3.10. A metric topological dynamical system (K;S) is tame if
for each f € C(K) the orbit Tgf is relatively sequentially compact with
respect to the product topology of C¥.

Such systems have been studied in detail by E. Glasner and M. Megrelishvili
(|IGMO6|, [Gla06], |Gla07al, |Gla07b], |[GM12], [GM13| and [GM15]) and later
by W. Huang in [Hua06|, D. Kerr and H. Li in [KLO7] as well as by A.
Romanov in [Rom16|.

We recall that a topological space X is a Fréchet—Urysohn space (see page
53 of [Eng89]) if each subset A C X satisfies

A= {:L' € X | there is a sequence (z,,)nen in A with z = lim xn} )

n—oo
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A compact space K is called Rosenthal compact if it can be continuously
embedded into the space of Baire 1 functions B;(X) on a Polish space X.
By results of J. Bourgain, D. H. Fremlin and M. Talagrand (see [BFT78|)
every Rosenthal compact space is a Fréchet—Urysohn space. Moreover, closed
subspaces and countable products of Rosenthal compact spaces are Rosenthal
compact (see Section c¢-17 of [HNVO03| for more properties of such spaces).
This leads to the following characterizations of tameness.

Proposition 3.11. For a metric topological dynamical system (K;S) the
following are equivalent.
(i) The system (K;S) is tame.
(il) K (K;S) is a Rosenthal compact space.
(iii) K(K;S) is a Rosenthal compact space.
(iv) E(K;S) is a Fréchet-Urysohn space.

Proof. As above we identify K with its homeomorphic copy {J, | * € K}
in C(K)'". In particular, (R f|x)(x) = (f, Rdz) for R € K.(K;S), f € C(K)
and z € K.

Assume that (i) holds. Then, for each f € C(K) the set coTsf is also
relatively sequentially compact with respect to the product topology of C¥X
and its closure is contained in the space of Baire 1 functions Bj(K) (see
Corollary 5G of [BFT78|). Take a dense subset {f,, | n € N} C C(K) (which
is possible, since K is metric). We will show that

[EE—LiY f
O: K (K;S) — Hcoﬂ'gfk , R (R fr|lk)ken
keN

is a continuous embedding. Then, since countable products and closed sub-
spaces of Rosenthal compact spaces are Rosenthal compact, this will finally
prove that K (K;S) is Rosenthal compact.

We first check that ® is well-defined. To this end, take a net (R}, )aca € co Ty
converging to R € K (K;S). We then obtain

(R/f‘K)(x) = <R,f, 5x> = héﬂ(Raf, 5x> = hén(Raf)(x)

for all f € C(K) and z € K. Thus ® is well-defined and it is clearly
continuous. Given a net (R[,)aca € co Ty converging to R € K.(K;S) the
main theorem of [Ros77| implies

/ (R f)lx dp = lim / R fi dpt = lim(Re fis 1) = (fus Rt}
K a JK @

for each k € N and p € C(K)'. This shows that ® is injective.

Since closed subspaces of Rosenthal compact spaces are Rosenthal compact,
we immediately obtain that (ii) implies (iii). Moreover, continuous images of
compact Fréchet—Urysohn spaces are again Fréchet—Urysohn, so (iii) implies
(iv) by Proposition 3.8.

Finally assume E(K;S) to be Fréchet-Urysohn. Take f € C(K) and a net
(Ts, [)aca With s, € S for each a € A converging pointwise to g € CK,
By passing to a subnet we may assume that (sq)aeca converges pointwise to
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some ¢ € E(K;S) such that g = fo. Since E(K;.S) is a Fréchet—Urysohn
space, we find a sequence (sy)nen in S converging to ¢ whereby

g=fop= li_)rn fosy € Bi(K).

(CK
Thus Tsfr  C Bji(K) and Corollary 5G of [BFT78]| yields the claim. O

Remark 3.12. The equivalence of assertions (i) and (iv) is well-known. Our
proof is based on the arguments of Glasner and Megrelishvili (see Theorem
3.2 in [GMO6]), but extends the result to the convex Koéhler semigroup show-
ing thereby that the classes D2 and D3 of dynamical systems in [Rom16]| are
actually the same.

The next result is known (see Theorem 1.5 of [Gla06] for the case of a group
action), but for the sake of completeness we give a short proof.

Proposition 3.13. Let (K;S) be a tame metric topological dynamical system
and for ¢ € E(K;S) define the Koopman operator Ty, € £ (C(K),B1(K))
by Ty f == fot forp € E(K;S) and f € C(K). Then

J:E(K;S) — K(K;S), ¢~ TMO(K)’

is an epimorphism of right topological semigroups and is the inverse to the
canonical restriction map

K(K;S) — E(K;S5), S~ Yk.

Proof. A map from a sequential space to a Hausdorff space is continuous if
and only if it is sequentially continuous (see Proposition 1.6.15 in [Eng89]). It
is therefore a direct consequence of Lebesgue’s Theorem that J is continuous.
Multiplicativity is trivial and, since J(S) = T§, J is surjective. O

Remark 3.14. Even for a tame system (K;S) and a strictly positive invariant
probability measure p € C(K)’ the epimorphism X(K;S) — J(K, u; S) is
not injective in general. In fact, if S is abelian, then so is J(K, u;S) (see
Lemma 2.2 (iv)), but X(K; S) generally not (see [Gla07a|, Example 4.5).

In Section 5 we use the semigroups introduced above to study qualitative
properties (e.g., mean ergodicity) of dynamical systems.

4. MEAN ERGODIC SEMIGROUPS

Inspired by the approach of R. Nagel to mean ergodic semigroups (see
[Nag73| and the supplement of Chapter 8 of [EFHN15|) we use techniques
developed by A. Romanov in [Rom11| as well as M. Schreiber in [Sch13a]
and [Sch13b]| to discuss mean ergodicity of operator semigroups on locally
convex spaces (see also [Ebe49], [Sat78|, Section 2.1.2 in [Kre85|, [GK14]; see
[ABR12| for mean ergodicity of one-parameter semigroups).

Definition 4.1. Let X be a locally convex space and 8 C £ (X) be an
operator semigroup.

X
(i) A net (T)aea C co $* is called
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(a) a left ergodic net for 8 if
lim(Id — T)Tqz =0
(0%

for each x € X and T € 8.
(b) a right ergodic net for 8 if
lim T, (Id — T)z = 0
«

for each z € X and T € 8.
(c) a two-sided ergodic net for 8 if it is left and right ergodic for §.
(ii) The semigroup 8 is called

(a) left mean ergodic if each left ergodic net for 8 is pointwise con-
vergent.

(b) right mean ergodic if each right ergodic net for 8§ is pointwise
convergent.

We recall some examples (see [Sch13b]|, Examples 1.2).

Example 4.2. (i) Consider 8 = {T™ | n € Ny} for an operator T' €
Z(X) with bounded orbits 8z for x € X on a locally convex space
X. The sequence (Ayx)nen of Cesaro means defined by

| Nl
ANz = I Z) T 'z
n—=

for x € X and N € N is a two-sided ergodic sequence for §.

(ii) For a pointwise bounded strongly continuous semigroup (7'(¢))i=0
(i.e., t = T'(t)z is continuous for each z € X) on a quasi-complete
space X (see Definition 2.3 (iii)) we set

1

Agx = —/ T(t)xdt
s Jo

for x € X and s € (0,00) where the integral is understood in the
sense of Bourbaki (see Proposition II11.3.7 in [Bou65]). Then (As)s>o
is a two-sided ergodic net for the semigroup {T'(¢) | ¢t > 0}.

(iii) The net of Abel means (Sy),e(1,00) for an operator T' € Z(X) with
bounded orbits on a quasi-complete, barrelled locally convex space
X defined by

o0

1
Spx = (r—1) Z MHT”x
n=0

for z € X and r € (1,00) is a two-sided ergodic net for § = {T™ |
nec No}.

(iv) Example (ii) can be generalized as follows. Consider a locally com-
pact group G with left Haar measure p and let S C G be a subsemi-
group. Assume further that there is a p-Folner net (Fy)aca in S,
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ie., F, C S is a compact set with positive finite measure for each
a € A and

. WL AsFy)
lim ———
o N(Fa)

for each s € S. Given a pointwise bounded representation

S — Z(X), s—=T(s)

=0

of S on a quasi-complete locally convex space X we can define

sy o Tdn

for each € X and each a € A and thereby obtain a left ergodic net
for {T'(s) | s € S}.

Faz =

Recall that a semitopological semigroup S is left amenable if the space Cp(S)
of bounded continuous functions on S has a left invariant mean, i.e., a pos-
itive element m € Cy(S) with m(1) = 1 and m(Lsf) = m(f) for each
f € Cp(S) and s € S, where Lgf(t) := f(st) for every t € S (see Section
2.3 of [BJM89]). Right amenability and (two-sided) amenability are defined
analogously.

We now assume that the semigroup 8 C .Z(X) endowed with the topology
of pointwise convergence is left amenable which is always the case if § is
abelian. In this situation we can characterize the convergence of all left er-
godic nets through an algebraic property of the Kohler semigroup K(co8).

Theorem 4.3. For a locally convexr space X and a left amenable semigroup
S8 C Z(X) with relatively compact convex orbits co8x for all x € X the
following are equivalent.

(i) The semigroup 8 is left mean ergodic.
(ii) The semigroup K(co8) has a zero Q, i.e., QS = SQ = Q for every
S € X(co8).
If these assertions hold, then lim T,z = Qx for all x € X and each left
ergodic net (Ty)acA-

Theorem 4.3 generalizes a result of A. Romanov (|[Rom11]) for
§={(T")" |neNy} CZLX)

and a dual Banach space X’ with the weak™ topology. For the proof we use
the methods developed by Romanov to cover our more general setting, but
need some lemmas. In the first one we describe the kernel of K(co8), i.e.,
the intersection of all ideals (see Notation 1.2.3 in [BJM89]).

Lemma 4.4. Consider a locally convex space X and a left amenable semi-
group 8§ C ZL(X) with relatively compact convexr orbits co8zx for x € X.
Then the kernel of X(co8) is given by

ker(K(co8)) = {Q € K(co8) | 8Q = {Q}}
={Q € K(co8) | Q is a right zero}.
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Proof. Set I := {Q € K(co8) | 8Q = {Q}} and consider the continuous
mappings

Ar: K(co8) — K(co8), S—TS

for T' € 8. Since 8 is left amenable, these mappings have a common fixed
point (see [Day61], Theorem 3) which yields I # 0. If @ € I, then clearly
co8 = {Q} and therefore K(co8)Q = {Q} since the semigroup is right
topological. Thus, each element of I is a right zero. Moreover, [ is an ideal
and we thus have ker(X(co8)) C I. On the other hand, each right zero @ of
K(co8) is a minimal idempotent and thus satisfies

{Q} = K(co8)Q C ker(K(co8)),
by Theorem 1.2.12 of [BJM89]. O

Lemma 4.5. Consider a locally convex space X and a left amenable semi-
group 8 C Z(X) with relatively compact convex orbits coS8z for x € X. For
a net (Ty)aca € K(co8) the following are equivalent.

(i) The net (Ty)aca is left ergodic.

(ii) All accumulation points of {T, | o € A} for the operator topology of
pointwise convergence are contained in ker(X(co§)).

Proof. Assume that (T}, )aca is left ergodic and take T' € 8. The map
K(co8) — XX, S (Id—T)S

is continuous. Thus, for each accumulation point @ of (T},)aca, the operator
(Id — T)Q is an accumulation point of ((Id — T)7T,)aeca. The assumption
yields (Id — T')@ = 0 and therefore @ = T'Q. Since T' € § was arbitrary, we
obtain @ € ker(X(co8)) by Lemma 4.4.

Assume now that there is T' € 8 such that ((Id —T)T,)aca does not converge
to zero. We then find a zero neighborhood U and a subnet (T3)gep of
(To)aca with (Id = T)Ts ¢ U for all § € B. By compactness of K(co8)
we find an accumulation point @ of this subnet satisfying (Id — 7))@ # 0.
Hence T'Q) # @ and thus (7},)aca has an accumulation point which is not
contained in ker(X(co§)). O

Proof (of Theorem 4.3). By Lemma 4.4 the second assertion is equivalent
to ker(K(co8)) being the singleton {Q} and thus Lemma 4.5 shows the im-
plication “(ii) = (i)”.

Now suppose that (i) is valid and take Q1, Q2 € ker(X(co8)). Take a family
of seminorms P generating the topology on X. We define a partial order on
the set

A:={(Y,M,k)|Y C X finite, M C P finite, k € N}

by saying that (Y, M, k) < (Y,M,k)if Y CY, M C M and k < k. This
order turns A into a directed set. For each triple a = (Y, M, k) € A we find
Tl,ou T27a € co S with

=

p(Ti,afL' - Qir) <
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forall z € Y, pe M and ¢ = 1,2. The net given by

T Tio ifa=(Y,M,2n)forneN,
“n Tro ifa=(Y,M2n—1)forneN,

is left ergodic by Lemma 4.5 and hence convergent. This yields Q1 = Q2. O

We now introduce different notions of mean ergodicity on barrelled spaces.
Given a pointwise bounded operator semigroup 8 C .Z(X) on such a space,
the Kohler semigroup X(co8’; X, X) for the convex hull of the adjoint semi-

group
§'={S'|Ses}

is a compact right topological semigroup. To apply the results obtained
above we assume that § is right amenable, hence 8’ is left amenable. For
a net (Ty)aca which is right ergodic for 8 with respect to the o(X, X')-
topology the adjoint net (7))aca is left ergodic for 8’ with respect to the
(X', X)-topology.

The following definitions are natural.

Definition 4.6. Let X be a barrelled space. A semigroup 8 C Z(X) is
called

(i) weak™ mean ergodic if §' is left mean ergodic with respect to the
(X', X)-topology.

(i1) weakly mean ergodic if § is right mean ergodic with respect to the
o(X, X')-topology.

(iii) strongly mean ergodic if 8 is right mean ergodic with respect to the
given topology on X.

Applying Theorem 4.3 to the o(X’, X)-topology immediately gives a charac-
terization of weak™ mean ergodicity. Next we characterize weak and strong
mean ergodicity (see also Theorem 1.7 in [Nag73|) extending results of M.
Schreiber for operator semigroups on Banach spaces to barrelled locally con-
vex spaces (see Theorem 1.7 in [Sch13b], see also Corollary 1 of [Sat78| for
a similar result). For a familiy T of operators on a locally convex space X
we use the notation

fix(T) :=={x € X | Tx =z for each T' € T},
rg(T) :={y € X | there are x € X and T € T with Tx = y}.

Theorem 4.7. Consider a bounded right amenable semigroup 8§ C Z(X)
on a barrelled locally convex space (X, 7). Then the following assertions are
equivalent.

(i) There is a two-sided ergodic net (Ty)aca for 8 with respect to the
weak topology such that (Tyx)aca converges weakly for each x € X.

(ii) The semigroup 8 is weakly mean ergodic.
(iii) The semigroup 8 is strongly mean ergodic.
(iv) The semigroup K(co8; X, X") has a zero P.
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(v) The semigroup K(co8'; X', X)) has a zero @ which is weak* continu-
ous.

(vi) The fized space fix(8) separates fix(8').
(vii) X = fix(8) @ linrg(Id — 8).
If one of the above assertions is valid, then limy, Tox = Px in weak (resp.

T ) topology for each operator net (T,)aca which is right ergodic for 8§ with
respect to the weak (resp. T) topology.

We start with the following lemma.

Lemma 4.8. Consider a bounded right amenable semigroup § C £ (X) on
a barrelled locally convex space (X, 7). Then the following assertions hold.

(i) There exist right ergodic nets for 8 with respect to the topology T.

(ii) Let D be the set of all x € X for which lim, T,z exists for every net
(Tw)aca which is right ergodic with respect to T. Then D is closed.

(iii) Let Dy be the set of all x € X for which lim,, Tpx = 0 for every net
(Tw)aca which is right ergodic with respect to 7. Then Dy is closed.

(iv) fix(8) Nlinrg(Id — 8) = {0} and fix(8) @ linrg(ld — §) C D.

Proof. We first observe that there are right ergodic nets for 8§ with respect
to the o(X, X’)-topology. In fact, by Lemma 4.5 we find a left ergodic net
(T )aca for 8 C Z(X') with respect to the o(X’, X)-topology such that
T! € co8’ for all @ € A. The net (Ty)aca of pre-adjoints is then right
ergodic for 8 with respect to the o(X, X’)-topology.

The proof of Theorem 1.4 in [Sch13b| (which still works in the case of locally
convex spaces) now shows that there are actually even right ergodic nets for
S with respect to the topology 7.

Now if (T)aca is a right ergodic net for 8§ with respect to the topology T,
then the set {1, | @ € A} C Z(X) is equicontinuous since (X, 7) is barrelled
(see Theorem II1.4.2 of [Sch99]). Therefore lim, T,z exists for each z € D
by Theorem III1.4.5 of [Sch99] and D is closed. Similarly we see that Dy is
closed.

Since lintg(Id — 8) C Dq by (ii), we have fix(8) N linrg(Ild — 8) = {0}.
Moreover, we obtain fix(8) @ linrg(ld — 8) C D. O

Proof (of Theorem 4.7). We first prove that (ii) implies (i). So assume (ii)
and take any right ergodic net (T, )aeca for 8 with respect to the (X, X')-
topology. For each S € 8 the net (STy)ac4 is also right ergodic with respect
to the o(X, X')-topology. Since all right ergodic nets converge, all of them
must have the same limit (otherwise the “mixed nets” would not be conver-
gent). Thus

lim(Id — S)T,z = limTpx — lim STz =0

(0% (03 «
weakly for each x € X and hence (Ty)aca is also left ergodic with respect
to the o(X, X’)-topology. A similar argument shows that (iii) implies (i).

Let now (T,)aca be a net as in (i). We set Pz := lim, T,z for x € X where
convergence is understood with respect to the weak topology o (X, X’). Then
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P € K(co8; X, X’) and P is continuous with respect to the weak topology
by Proposition 2.4. Moreover, we obtain

0=1imT7,(Id—T)xr = Px — PTx
«

0 = lim(Id — T)Thz = Pz — TPz
[0

for each x € X and T € §. This shows PT = TP = P for each T' € § and
consequently, since multiplication is separately continuous with respect to
the weak operator topology,

PR=P=RP
for all R € X(co8; X, X’) and thus (iv) holds.
Suppose that (iv) is valid and let P € K(co8; X, X’) be the zero element.
We then obtain P’ € K(co8'; X', X) and even P’ € kerXK(co8'; X', X)
by Lemma 4.4. Now take any @ € ker X(co8'; X', X) and a left ergodic
net (7/)aca C co8’ for 8 with respect to the weak* topology such that
lim, T}, = Q. Since each operator T}, has a pre-adjoint in K(co8; X, X') we
obtain

Q=PQ=ILmPT,="
«

and hence P’ = Q). Consequently, the kernel of ker X(co8'; X', X) consists
only of P’ which shows that P’ is a weak™ continuous zero.

Now assume that (v) is satisfied. Let @ = P’ € K(co8; X’; X) be the weak*
continuous zero and take 0 # z’ € fix(8'). We find z € X with (z,2’) # 0
and y := Pz € fix(8) then satisfies (y,z") = (z,Qz’) = (x,2’) # 0. Hence
we have (vi).

Suppose that (vi) holds. Take 2’ € X’ vanishing on fix(8) @ linrg(Id — 8).
In particular (x — Sz, 2’) =0 for all z € X and S € 8§ and hence 2’ € fix(8')
and 2’ = 0 since fix(8) separates fix(8’) and 2’ vanishes on fix(8). Thus
fix(8) @ linrg(Id — 8) is dense in X by the Hahn-Banach Theorem, and, by
Lemma 4.8 (ii) D = X. Thus (vi) implies (iii).

Theorem 4.3 shows that (v) implies (ii) and therefore the equivalence of as-
sertions (i) — (vi). The statement about the limit also follows from Theorem 4.3.
The implication “(vii) = (iii)” is clear. Conversely, if (T4 )aca is a net as in
(i), then Pz = lim, Tz € fix(8) and

r — Pz = lim(Id — T,)z € linrg(Id — §),

7

which establishes (vii). O

Corollary 4.9. Every amenable operator semigroup 8§ C £ (X) on a bar-
relled locally conver space X with relatively weakly compact convexr orbits is
strongly mean ergodic.
Proof. By compactness of X(co8; X, X’) the mapping

®: K(co8; X, X') — K(co8; X', X), S5
is an isomorphism of right topological semigroups if we reverse the order of
multiplication in K(co8; X, X’). In particular, we obtain

P (ker(K(co8; X, X"))) = ker(K(co 8'; X', X)).
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Take P € ker(K(co8;X,X’)). Then SP = {P} and 8P’ = {P'} by
Lemma 4.4 and thus SP = PS = P for each S € 8. Since K(co8; X, X') is
semitopological, we obtain SP = PS = P for each S € K(co8; X, X'), i.e.,
P is a zero in K(co8; X, X'). O

Remark 4.10. If X is a reflexive barrelled space, then every bounded amenable
semigroup is strongly mean ergodic by Corollary 4.9 (see Theorem IV.5.6 in
[Sch99]).

We present an example where Theorem 4.7 is applicable.

Example 4.11. Consider the space C(R) of continuous functions on R
equipped with the compact-open topology, i.e., the locally convex topology
induced by the seminorms px for K C R compact defined by

pi (f) = sup | f(x)]
zeK

for all f € C(R). Then C(R) is a Fréchet space (and therefore barrelled) and
its dual space can be identified with the compactly supported Borel measures
on R (see Corollary 7.6.5 in [Jar81]).
Consider the multiplication operator T' € Z(C(R)) defined by
(T'f)(x) = |cos(z)| - f(x)

for each f € C(R) and each x € R. Then 8 := {T™ | n € Ny} is bounded.
Moreover we have fix(8) = {0} and lin{d.x | k € Z} C fix(8’). Thus 8 is not
strongly mean ergodic by Theorem 4.7. However, it is weak™ mean ergodic.
In fact, for each f € C(R) we obtain lim, o 7" f = Pf pointwise with

f(rk) if x =wk with k € Z,

(Pf)(x) =
0 else.

Lebesgue’s Theorem implies

T = [ Pdu= (1Y n({rk))on)

R keZ
for each f € C(R) and each 1 € C(R)". Thus limy, o0 (T")" 1t = > jcq (k) O,
in weak™ topology which implies

lim Sap = Y pl({mk})dr
k€EZ

lim
n—o0

in weak™ topology for each € C(R)" and each left ergodic net (Sy)aca for
8.

5. MEAN ERGODICITY IN TOPOLOGICAL DYNAMICS

In this section we study different notions of mean ergodicity in topological
dynamics (see [Schl4]). We note that for a topological dynamical system
(K; S) the mapping

S—>(.Ts, Sl—>TS

is an epimorphism of semitopological semigroups, if we reverse the order
of multiplication in S and equip Tg with the strong operator topology (see
Theorem 4.17 in [EFHN15]). In particular, if S is left amenable, then Tg is
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right amenable.

A topological dynamical system (K;S) is said to be weak* (resp. norm)
mean ergodic if the Koopman semigroup Jg C Z(C(K)) is weak™ (resp.
strongly) mean ergodic. Moreover, the system (K;.S) is uniquely ergodic if
there is a unique S-invariant probability measure p € C(K)'. Using the
convex Kohler semigroup (see Definition 3.4) we obtain the following char-
acterization of unique ergodicity.

Proposition 5.1. Let (K;S) be a topological dynamical system with S left
amenable. The following assertions are equivalent.

(i) There is a net (Ty)aca C coTg for Ts which is right ergodic with
respect to the weak topology such that for each f € C(K) the net
(T f)aca converges weakly to a constant function.
(ii) The system (K;S) is uniquely ergodic.
(i) The semigroup K (K;S) has a zero which is a rank one operator.

If one of these assertions holds and pu € C(K)' is the unique invariant prob-
ability measure, then

limTaf:/ fdu-1
@ K

uniformly on K for each f € C(K) and for each net (T)aca which is right
ergodic for Tg with respect to the norm topology.

Proof. Assume that (Ty)aca is a net as in (i). For each f € C(K) let
c(f) € C with limy, oo Tof = ¢(f) - 1. Then

lim(Id — )T f = e(f) - 1~ e(f) - Tol =0

weakly for each f € C(K) and therefore (T, )aca is also left ergodic. Thus
assertion (i) of Theorem 4.7 holds. By (v) of Theorem 4.7 we obtain that
fix(Ts) separates fix(Tg). But for each f € fix(Tg) we have

f=lim Tof =c(f)- 1,

hence fix(Tg) is one dimensional and so must fix(T) proving (ii).

Suppose that (ii) is valid and let Q1,Q2 € ker(X.(K;S)). For each prob-
ability meausure p € C(K)' the measures Q1pu, Qap € C(K)' are invariant
probability measures and thus Q1 = Qop. This implies (1 = Q)2 and there-
fore K. (K;S) has a zero Q. If uy, ug € C(K)' are two probability measures,
we also obtain Qui = Quo. As a result ) has rank one.

Finally assume (iii). Let @ € K (K;S) be the zero which is a rank one
operator. Take x € K and set u := QJ,. Since @) is rank one, we obtain

Qv = Qd, = p for each probability measure v € C(K)". Now consider the
operator P € £ (C(K)) given by

for f € C(K). We then obtain
<val/> = <f,,u,>'<]1,l/> = <fau> = <f7QV>
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for each f € C(K) and each probability measure v € C(K)". Hence P’ = Q
and @ is weak™ continuous. Thus (i) and the remaining assertion follow from
Theorem 4.7. O

Remark 5.2. The equivalence of (i) and (ii) is also a direct consequence of
Theorem 1.7 of [Sch13b|. The new part of Proposition 5.1 is the characteri-
zation of unique ergodicity via properties of the zero @ € K.(K;5). In fact,
we have proved the following for topological dynamical systems (K;.S) with
S left amenable.
(i) (K;9) is weak™ mean ergodic if and only if K.(K;.S) has a zero (see
Theorem 4.3).

(ii) (K;S) is norm mean ergodic if and only if K.(K;S) has a weak®
continuous zero (see Theorem 4.7).

(iii) (K;S) is uniquely ergodic if and only if K.(K;S) has a zero which
is a rank one operator (see Proposition 5.1).

Recall that a topological dynamical system (K;S) is minimal if K has
no non-trivial closed S-invariant subsets. The following consequence of
Proposition 5.1 is a variation of [KW81]|, Proposition 3.2, for two-sided er-
godic sequences (see also the remark below Corollary 3.3 in [Rom11] and the
paper by Iwanik [Iwa80]).

Corollary 5.3. Consider a minimal topological dynamical system (K;JS)
with S left amenable. If there is an operator sequence (Tp)pen € coTg
which is two-sided ergodic for Ts with respect to the o(C(K), (1 (K))-topology
such that (T f)nen converges pointwise for each f € C(K), then (K;S) is
uniquely ergodic.

Proof. Take a sequence (T},),en as above and set Pf(x) == lim, o0 Tp, f ()
for x € K and f € C(K). Then P maps C(K) to the space of Baire 1
functions By (K).

For f € C(K) and x1,22 € K the pre-images M; = (Pf)"Y(Pf(x;)) are
non-empty, S-invariant Gy sets for ¢ = 1,2 and—by minimality of (K;S)—
dense. In Baire spaces the intersection of two dense Gy sets is dense and
in particular non-empty. We conclude Pf(z1) = Pf(x2) and therefore Pf
is constant. By Lebesgue’s Theorem and Proposition 5.1 (K;.S) is uniquely
ergodic. O

Corollary 5.4. Every minimal tame metric topological dynamical system
(K; S) with S amenable is uniquely ergodic.

Proof. By Proposition 1.3 of [Sch13b]| there exists a two-sided ergodic net
(To)aca with respect to the weak topology o(C(K),C(K)’). By passing to
a subnet we may assume that the limit Qu := lim, 7] u exists in weak*
topology for each p € C(K)'. Then Q € ker K (K; S). Since (K;S) is tame,
K(K;S) is a Rosenthal compact space and we find a left ergodic sequence
(S))nen € co T converging to Q. Since QT, = T.Q = @ for each s € S, the
sequence (S),)nen is also two-sided ergodic. In particular (Sy,)nen is a two-
sided ergodic sequence for Tg with respect to the o(C(K),£!(K))-topology
such that (S, f)nen converges pointwise for each f € C(K) and hence (K; S)
is uniquely ergodic by Corollary 5.3. O
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Remark 5.5. Corollary 5.4 has been proved for abelian group actions by E.
Glasner (see Theorem 5.1 in [Gla07b]), D. Kerr and H. Li (see Theorem 7.19
|[KLO7]) as well as W. Huang (see Theorem 4.8 in [Hua06]). Their proofs are
based on a representation type result for minimal tame systems while our
proof uses the topological properties of the semigroup X.(K;S).

The following theorem is the main result of this section. We recall that
a topological dynamical system (K;S) is topologically transitive if there is
x € K such that Sz = K.

Theorem 5.6. Consider a topological dynamical system (K;S) with S left
amenable and the following assertions.

(i) (K;9) is weak™ mean ergodic.
(ii) (K;S) is norm mean ergodic.
(iii) (K;S) is uniquely ergodic.
Then (iii) = (ii) = (i). If (K;S) is topologically transitive, all these asser-

tions are equivalent.

Remark 5.7. Simple examples show that the three notions of weak* mean
ergodicity, norm mean ergodicity and unique ergodicity are truly distinct.

For the proof of Theorem 5.6 we need two lemmas. We write P(K) for the
probability measures on a compact space K and remind the reader that we
identify K with the space of Dirac measures {J, | z € K} C P(K).

Lemma 5.8. Consider a topological dynamical system (K;S) with S left
amenable and a point x € K. Then the following identities hold.

(i) K(K;S)(z) = Sz C K.
(il) K.(K:5)(x) = P(S7) € P(K).

Proof. Since X(K;S) is compact, assertion (i) is obvious. For (ii) we obtain,
by the Krein—Milman theorem,

P(Sz) =co{d, |y € St} =co{dsz | s € S} = Kc(K; S)(x),

where the latter equation is a consequence of the compactness of K.(K;.5).
O

Lemma 5.9. Consider a weak™ mean ergodic topological dynamical system
(K;S) with S left amenable. Then for each x € K the orbit system (Sx;S)
s uniquely ergodic.

Proof. Since subystems of weak* mean ergodic systems are again weak™
mean ergodic, we may assume—Dby passing to an orbit system—that (K;5)
is transitive. Take z € K with K = Sz and let Q € X.(K;S) be the zero
element. The measure p = Qx € C(K)' is S-invariant.

Now consider an invariant probability measure v € C(K). By Lemma 5.8
we find an operator T' € K.(K; S) with v = T'x. This yields

v=Qv=QTr =Qx = p.
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Proof (of Theorem 5.6). It is obvious that (iii) = (ii) = (i). If (K;S) is
transitive, then Lemma 5.9 proves the equivalence. O

To conclude this section we characterize weak* and “pointwise” mean ergod-
icity for tame metric systems. Our theorem extends Theorem 4.5 of [Rom16|
where a similar result was shown for Ng-actions with metrizable Ellis semi-
group (called ordinary systems).

Theorem 5.10. Consider a tame metric topological dynamical system (K;S)
with S amenable. Then the following assertions are equivalent.
(i) For each operator net (Ty)aca which is right ergodic for Ts with
respect to the o(C(K), 1 (K))-topology, each f € C(K) and each
x € K the limit limy (To f(2))aca exists.

(ii) The system (K;S) is weak™ mean ergodic.
(iii) For each x € X the system (Sx;S) contains a unique minimal set.

Once again we need two lemmas. The first one is a generalization of Lemma
2.3 of [Rom11] to our setting.

Lemma 5.11. Let (K;S) be a topological dynamical system and consider
Y € ker E(K;S). Then (K) is contained in the union of minimal sets.

Proof. By Theorem 1.2.12 in [BJM89] we find a minimal left ideal I of
E(K;S) containing . However, the set I(x) is minimal by Proposition
1.6.12 in [BJMS9). 0

We need a more general version of Corollary 5.4.

Lemma 5.12. Let (K;S) be a tame metric topological dynamical system with
S amenable containing a unique minimal subset. Then (K;S) is uniquely
ergodic.

Proof. Denote the unique minimal subset by M and consider an invariant
probability measure p € C(K)'. Since the support of u is closed and invari-
ant, it contains M.

Now take a minimal idempotent ¢ = lim,, o s, € E(K;S). Then (K) C
M by Lemma 5.11 and for each positive f € C(K) vanishing on M we obtain

(fom) = lim (f, T p) = (f, Tip) = (T f, p) = 0.
This shows supp 4 = M and Corollary 5.4 proves the claim. O

Before proceeding to the proof of Theorem 5.10, we observe that pointwise
and weak ergodic nets are the same for tame systems.

Lemma 5.13. Consider a tame metric topological dynamical (K;S) with
S amenable. Each operator net (Ty)aca which is right ergodic for Tg with
respect to the o(C(K), ¢} (K))-topology is right ergodic for Ts with respect to
the o(C(K), C(K)")-topology.

Proof. Take an operator net (T,),c4 which is right ergodic with respect
to the o(C(K), ¢ (K))-topology, f € C(K) and s € S. We then have
limo (To(f —T5f))(xz) =0 for all z € K.

Equip B (K) with the topology of pointwise convergence. Since (K;S) is
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tame, the set coTg(Id — Ty)f is compact in B1(K) and it contains the net
(T (Id — T5) f)aca- The main theorem of [Ros77| therefore implies

lim T (Id — T,)f = 0

with respect to the o(C(K), C(K))-topology. O

Proof (of Theorem 5.10). If (K; S) is weak™ mean ergodic, then each orbit
is uniquely ergodic by Lemma 5.9 and—since every minimal set supports an
invariant probability measure—contains only one minimal set. This proves
the implication “(ii) = (iii)”.

By Lemma 5.12 assertion (iii) implies that each orbit is uniquely ergodic.
Thus, for each right o(C(K), C(K)')-ergodic net (Ty)aca for Ts we obtain
that (Tof)aca converges weakly and thus pointwise on each orbit. But then
(T f)aea converges pointwise on K. Combined with Lemma 5.13 this im-
plies (i).

Finally suppose that (i) holds and take two elements Q1, Q2 € ker(K.(K;S)).
Since K.(K;S) is a Fréchet—Urysohn space, we find right ergodic sequences
(T} ) )nen C co T for Tg converging to Q; for i = 1,2. Consider the sequences
(Tin)nen consisting of the pre-adjoints and observe that for each f € C(K)
we have lim,, oo Tj ,, f = Q) f with respect to the o(C(K)”, C(K)')-topology
for ¢ = 1,2. By assumption the sequence obtained by alternating the mem-
bers of (11 f)nen and (To, f)nen converges pointwise and thus, by Lebe-
gue’s Theorem, in the o(C(K)"”, C(K)')-topology. This yields Q1 = Q2. O

The next example shows that even for tame systems the weak™ convergence
of a single ergodic sequence does not ensure weak™® mean ergodicity.

Example 5.14. Consider the space {0, 1} with the product topology (which
is compact and metrizable) and endow it with the shift ¢ given by

gp((an)neN) = (@ny1)nen for (an)nen € {0,1}N. Consider the point x =
(xn)nEN € {O, 1}N with

Cf1 ifne {k(N)+1,.. k(N) + N},
N0 ifne (k(N)+ N +1, . k(N + 1)},

where
N—-1
N-(N-1) 101 -1
k(N) = 0= —— 2410 ———
(N) ;(H ) o+ 5

for N € N. For illustration we give the start of this sequence as

z=(1,0,.....,0,1,1,0,.....,0,1,1,1, 0, ......;0,1,1,1,1,0, cc0....... ).
~—— SN—— S——
10 zeroes 100 zeroes 1000 zeroes

Now consider the compact subspace K = {¢"(x) | n € Ny} and the system
(K;S) with S == {(¢|x)" | n € Ngo}. It is easy to see that K is countable
and thus E(K;S) C KX has cardinality at most c¢. Therefore the system is
tame by Theorem 1.2 of [Gla06].

For each f € C(K) the Cesaro means (% ij;ol 17 f)nen converge point-
wise (and therefore with respect to the weak™® topology) to the function
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Pf: K — C with
f((1)nen) if there is N € N with z, =1 for all n > N,
f((0)nen) else.

On the other hand, the constant zero sequence and the constant one sequence
are two fixed points of the system. Thus (K;S) is not weak* mean ergodic
by Theorem 5.10.

Pf((xn)nGN) =

REFERENCES

[ABR12] A. Albanese, J. Bonet, and W. Ricker. Mean ergodic semigroups of operators.
RACSAM, 106:299-319, 2012.

[BFT78] J. Bourgain, D. H. Fremlin, and M. Talagrand. Pointwise compact sets of
Baire-measurable functions. Amer. J. Math., 100:845-886, 1978.

[BJMT78] J. F. Berglund, H. Junghenn, and P. Milnes. Compact Right Topological Semi-
groups and Generalizations of Almost Periodicity. Wiley, 1978.

[BIM89] J. F. Berglund, H. Junghenn, and P. Milnes. Analysis on Semigroups. Function
Spaces, Compactifications, Representations. Wiley, 1989.

[Bou65]  N. Bourbaki. Eléments de Mathématique. Livre VI. Intégration. Hermann,
1965.

[Bro70] J. R. Brown. Ergodic Theory and Topological Dynamics. Academic Press Inc.,
1970.

[Day61] M. M. Day. Fixed-point theorems for compact convex sets. Illinois J. Math.,
5:585-590, 1961.

[Ebe49]  W.F. Eberlein. Abstract ergodic theorems and weak almost periodic functions.
Trans. Amer. Math. Soc., 67:217-240, 1949.

[EFHN15] T. Eisner, B. Farkas, M. Haase, and R. Nagel. Operator Theoretic Aspects of
Ergodic Theory. Springer, 2015.

[E1Ll60] R. Ellis. A semigroup associated with a transformation group. Trans. Amer.
Math. Soc., 94:272-281, 1960.

[EL69] R. Ellis. Lectures on Topological Dynamics. W. A. Benjamin, 1969.

[Eng89] R. Engelking. General Topology. Heldermann, revised and completed edition,
1989.

[GK14] M. Gerlach and M. Kunze. Mean ergodic theorems on norming dual pairs.
Ergodic Theory Dynam. Systems, 34:1210-1229, 2014.

[Gla06] E. Glasner. On tame dynamical systems. Colloq. Math., 105:283-295, 2006.

[Gla07a] E. Glasner. Enveloping semigroups in topological dynamics. Topology Appl.,
154:2344-2363, 2007.

[Gla07b]  E. Glasner. The structure of tame minimal dynamical systems. Ergodic Theory
Dynam. Systems, 27:1819-1837, 2007.

[Gla0g] E. Glasner. Ergodic Theory via Joinings. Amer. Math. Soc., 6th edition, 2008.

[GMO06]  E. Glasner and M. Megrelishvili. Hereditarily non-sensitive dynamical systems
and linear representations. Colloq. Math., 104:223-283, 2006.

[GM12] E. Glasner and M. Megrelishvili. Representations of dynamical systems on
banach spaces not containing l;. Trans. Amer. Math. Soc., 364:6395—-6424,
2012.

[GM13] E. Glasner and M. Megrelishvili. Banach representations and affine compacti-
fications of dynamical systems. Fields Inst. Commun., 68:75-144, 2013.

[GM15] E. Glasner and M. Megrelishvili. Eventual nonsensitivity and tame dynamical
systems. arXiv:1405.2588, 2015. [unpublished; accessed online, 25-07-2016].

[HNVO03] K. P. Hart, J. Nagata, and J. E. Vaughan. Encyclopedia of General Topology.
Elsevier, 2003.

[Hua06] W. Huang. Tame systems and scrambled pairs under an abelian group action.
Ergodic Theory Dynam. Systems, 26:1549-1567, 2006.

[Twa80] A. Iwanik. On pointwise convergence of cesaro means and separation properties
for markov operators on C(X). Bull. Pol. Acad. Sci. Math., 29:515-520, 1980.



24

[Jar81]
[K594]

[K595]
[KLOT]
[Kre85]
[KW81]
[Nag73]

[Pym89]

[Rom11]
[Rom16]
[Ros77]
[Sat78]

[Sch99]
[Sch13a]

[Sch13b)

[Sch14]

HENRIK KREIDLER

H. Jarchow. Locally Convex Spaces. Teubner, 1981.

A. Kohler. Enveloping Semigroups in Operator Theory and Topological Dynam-
ics. PhD thesis, University of Tiibingen, 1994.

A. Kohler. Enveloping semigroups for flows. Proc. Roy. Irish Acad. Sect.,
95:179-191, 1995.

D. Kerr and H. Li. Independence in topological and C*-dynamics. Math. Ann.,
338:869-926, 2007.

U. Krengel. Ergodic Theorems. de Gruyter, 1985.

Y. Katznelson and B. Weiss. When all points are recurrent/generic. In
A. Katok, editor, Ergodic Theory and Dynamical Systems I, pages 195-210.
Birkhauser, 1981.

R. Nagel. Mittelergodische Halbgruppen linearer Operatoren. Ann. Inst.
Fourier, 23:75-87, 1973.

J. S. Pym. Compact semigroups with one-sided continuity. In K. H. Hofmann,
J. D. Lawson, and J. S. Pym, editors, The Analytical and Topological Theory
of Semigroups, pages 197-217. de Gruyter, 1989.

A. Romanov. Weak* convergence of operator means. Izv. Math., 75:1165-1183,
2011.

A. Romanov. Ergodic properties of discrete dynamical systems and enveloping
semigroups. Ergodic Theory Dynam. Systems, 36:198-214, 2016.

H. P. Rosenthal. Point-wise compact subsets of the first Baire class. Amer. J.
Math., 99:362-378, 1977.

R. Sato. On abstract mean ergodic theorems. Téhoku Math. Journ., 38:575—
581, 1978.

H. H. Schaefer. Topological Vector Spaces. Springer, 2nd edition, 1999.

M. Schreiber. Topological Wiener—Wintner Theorems for Amenable Semi-
groups. PhD thesis, University of Tiibingen, 2013.

M. Schreiber. Uniform families of ergodic operator nets. Semigroup Forum,
86:321-336, 2013.

M. Schreiber. Topological Wiener—Wintner theorems for amenable operator
semigroups. Ergodic Theory Dynam. Systems, 34:1674-1698, 2014.

HENRIK KREIDLER, MATHEMATISCHES INSTITUT, UNIVERSITAT TUBINGEN, AUF DER
MORGENSTELLE 10, D-72076 TUBINGEN, GERMANY

E-mail address: hekr@fa.uni-tuebingen.de



1.2 The primitive spectrum of a semigroup of Markov operators

62



THE PRIMITIVE SPECTRUM OF A SEMIGROUP OF
MARKOV OPERATORS

HENRIK KREIDLER

ABSTRACT. For a semigroup 8 of Markov operators on a space of con-
tinuous functions, we use S-invariant ideals to describe qualitative prop-
erties of § such as mean ergodicity and the structure of its fixed space.
For this purpose we focus on primitive S-ideals and endow the space
of those ideals with an appropriate topology. This approach is inspired
by the representation theory of C*-algebras and can be adapted to our
dynamical setting.

In the particularly important case of Koopman semigroups, we charac-
terize the centers of attraction of the underlying dynamical system in
terms of the invariant ideal structure of S.

Mathematics Subject Classification (2010). Primary 47A35, 47D03;
Secondary 37B05, 37B25, 47B65.

1. INTRODUCTION

The primitive spectrum is a useful tool in the study of C*-algebras (see, e.g.,
Chapter IV of |Dix77|, Section 4.3 of [Ped79| or Section I1.6.5 of [Bla06|) and
plays a crucial role in representation theory (cf. [Hof11]). Given a C*-algebra

A it is defined as
Prim(A) := {ker 7 | 0 # 7 irreducible representation of A}.

Equipped with the hull-kernel topology (also called Jacobson topology) it be-
comes a quasi-compact Top-space. A nice application is the so called Dauns-
Hofmann Theorem asserting that—in the unital case—the center of A is
canonically isomorphic to C(Prim(A)).

In this note we study a dynamical version of the primitive spectrum in the
commutative and unital case. Starting from a right amenable semigroup §
of Markov operators on the space of continuous functions C(K) on some
compact space K we introduce the primitive spectrum Prim(8) of 8 as the
set of absolute kernels of ergodic measures. Again we equip the primitive
spectrum with a hull-kernel topology and obtain a quasi-compact Ty-space.
We then describe the space C(Prim(8)) and give applications to topological
dynamics and ergodic theory.

We now give a more detailed description of the results.
Based on two papers of H. H. Schaefer (see [Sch67] and [Sch68]) as well as
Paragraph II1.8 of [Sch74| we consider 8-invariant ideals and measures in

The author wants to thank Roland Derndinger, Nikolai Edeko, Ulrich Groh and Rainer
Nagel for ideas, suggestions and inspiring discussions. The author is also very grateful to
the referee for their suggestions. Their thorough reports have led to major improvements
of the article. In particular, their valuable advice vastly helped to improve the abstract,
the introduction and the readability of the article overall.
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Section 2 recalling some basic definitions and facts.

In the subsequent sections we introduce and study radical 8-ideals. In Sec-
tion 3 we give the definition and prove an equivalent characterization in the
metric case (see Proposition 3.7). In the fourth section we then establish a
close connection between radical S-ideals, centers of attraction appearing in
topological dynamics and stability conditions of the semigroup (see Theorem
4.2 and Theorem 4.9).

The last three sections are devoted to the primitive spectrum of 8 as a topo-
logical space and its applications. In Section 5 we define the topology (cf.
Proposition 5.3), state its basic properties and give some examples.

In Section 6 we then prove a Dauns-Hofmann-type theorem showing that if
§ is radical free (see Definition 3.1) the space of continuous functions on the
primitive spectrum C(Prim(8)) is canonically isomorphic to the fixed space
fix(8) of the semigroup 8 (see Theorem 6.3). We then extend this result to
the general case of not necessarily radical free 8§ (see Theorem 6.5).

As an application we obtain in Section 7 a new description of mean ergodic-
ity of semigroups of Markov operators (see Theorem 7.1) which generalizes
Schaefer’s Theorem 2 of [Sch67] in two different ways. On one hand we
consider the more general setting of right amenable semigroups instead of
single operators. But more importantly, we obtain—in contrast to Schaefer’s
work—a full characterization of mean ergodicity . We finally look at some
examples illustrating these results (cf. Examples 7.5).

It should be pointed out that while maximal invariant ideals (which have
been the central objects in [Sch67] and [Sch68|) are enough to describe mean
ergodic Markov operators and semigroups, the results of our paper show
that primitive ideals are the natural algebraic structure to describe dynam-
ical properties of general Markov semigroups, see also Remark 7.2 below.

In the following we always assume K to be a compact (Hausdorff) space.
We denote the Banach lattice of continuous complex-valued functions on K
by C(K) and identify the dual space C(K)’ of C(K) with the Banach lattice
of complex regular Borel masures on K. Moreover, we refer to [Sch74] and
[MNO91] for Banach lattices and their ideal structure and remind the reader
that the closed lattice ideals of C(K') coincide with the closed algebra ideals
and are precisely the sets

I = {f € C(K) | flo = 0}

with L C K closed. Recall also that a positive operator T € Z(C(K)) is
called Markov if T1 = 1.

We now fix a semigroup § C .Z(C(K)) of Markov operators which is right
amenable (cf. Section 2.3 of [BIM89]) if endowed with the strong operator
topology, i.e., there is a positive element m € Cy(8)’ (called right invariant
mean) such that m(1) = 1 and m(Rsf) = m(f) for every f € Cy(8) where
Rs(f)(T) := f(T'S) for all T, S € §. All abelian topological semigroups and
compact topological groups are amenable and, in particular, right amenable.
For more examples and counterexamples we refer to [Day61| and Chapter 1
of [Pat88].

Note that the important cases of semigroups generated by a single operator
and one-parameter semigroups are contained in our results since these are
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always abelian.
Many examples of Markov operators and semigroups arise from topological
dynamical systems on K. In fact, if p: K — K is a continuous mapping,
then the asscoiated Koopman operator T, € £ (C(K)) defined by f := fop
for f € C(K) is a Markov lattice operator. We write 8, for the semigroup
{17 | n € No}.

2. ERGODIC MEASURES AND PRIMITIVE IDEALS

In this section we introduce primitive S-ideals adapting concepts from the
theory of C*-algebras and start with the following definition going back to
H. H. Schaefer (see [Sch67]). Recall that an ideal I of C(K) is called proper
if I # C(K).

Definition 2.1. A closed proper ideal I C C(K) is an S-ideal if it is 8-
invariant, i.e., ST C I for each S € 8. It is called mazimal if it is maximal
among all 8-ideals with respect to inclusion.

Remark 2.2. If I is an 8-ideal, then a standard application of Zorn’s lemma
shows that I is contained in a maximal proper 8-invariant ideal. Since there
are no dense proper ideals in C(K), this ideal is already closed and therefore
each 8-ideal is contained in a maximal 8-ideal (cf. Proposition 1 in [Sch67]).

In [Sin68| R. Sine used the concept of a self-supporting set of a Markov
operator. Generalizing this to our setting, a non-empty closed set L C K
is called self-supporting if the measure S’0, € C(K)’ has support in L for
each x € L and S € 8. Recall that here the support supp i of a probability
measure p € C(K) is the smallest closed subset A C K with u(A) = 1.
Each self-supporting set L defines an 8-ideal

Iy :=A{f € C(K) | flo = 0}.
Conversely, each 8-ideal is an I; for some self-supporting set L and the
mapping L +— I}, is bijective. Moreover, each maximal 8-ideal corresponds
to a minimal self-supporting set.

Given an 8-ideal I we call the unique self-supporting set L with I, = I the
support of I and write L = supp I.

Remark 2.3. For each S-ideal I, the semigroup 8 induces a semigroup 8; of
Markov operators on C(supp I) given by

Sr:={Sr|S €8}

with S;f := SF|suppr for S € 8 and f € C(supp ) where F' € C(K) is any
extension of f to K. It is readily checked that I is maximal if and only if
81 is irreducible, i.e., there are no non-trivial 8;-ideals (see the corollary to
Proposition I11.8.2 in [Sch74]).

We are primarily interested in S-ideals defined by measures. The absolute
kernel of a measure 0 < p € C(K)' is

Iy :=A{f € C(K) | {|f], m) = 0}
If 1 is invariant, i.e., S’ = p for each S € 8, this is an 8-ideal.
We write Pg(K) C C(K)' for the space of invariant probability measures
on K equipped with the weak* topology. By right amenability of § this
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is always a nonempty compact convex set (this is a simple consequence of
Day’s fixed point theorem, see Theorem 3 of [Day61]).

We recall that for each yu € Pg(K) the space L!(K, ) is the completion
of C(K)/I, with respect to the L'-norm. Since I, is S-invariant, every
S € 8 induces an operator on C(K)/I, which then uniquely extends to a bi-
Markov operator S, on LY(K, ), i.e., S, is a positive operator on L' (K, p)
with S, 1 =1 and S, 1 = 1. We write 8, := {5, | S € 8} for the semigroup
on L' (K, 1) induced by 8.

Definition 2.4. A measure p € Pg(K) is called ergodic if the fixed space
fix(8,) in LY(K, ) is one-dimensional.

The following characterization of ergodicity generalizes a result of M. Rosen-
blatt (cf. [Ros76]) and is well-known for single operators. We give a short
proof in case of semigroup actions inspired by the proof of Proposition 10.4
of |[EFHN15|. Here and in the following we write ex M for the set of extreme
points of a convex subset M of a vector space.

Proposition 2.5. A measure p € Pg(K) is ergodic if and only if p €
eXPg(K).

Proof. Assume that fix(8,) is not one-dimensional. Since fix(8,) is an AL-
sublattice of L' (K, i) with weak order unit 1, the set

B:{fEﬁX(SH)|f>Oand sup(f, 1 — f) =0}

is total in fix(§,) (cf. page 115 of [Sch74|). But B is just the set of char-
acteristic functions in fix(8,). Thus there is a measurable set A C K with
Sula=14and 0 < pu(A) < 1. Now consider the measures ji1, pp defined by

1 1
pi(g) = M(A)/Agdu and fi2(g) = 1_M(A)/K\A9dﬂ

for g € C(K). For every g € C(K) with 0 < g < 1 and each S € 8§ we obtain

/gdu:/g/\]lAd,u /S (gNA1a)dp < /Sg/\]lAdM /Sgdy
A

and, similarly

/ gdp < [ Sgdp,
c Ac
which implies u; € Pg(K) for i = 1,2. Moreover,

p=p(A)p + (1 — p(A))p2,
so p ¢ exPg(K).
Conversely, take an ergodic measure p € Pg(K) and suppose that p =
%(Ml + pg) for some py, p2 € Pg(K). Since

[(Fr )] < 2011 1) < 20 ller (i oy

for each f € C(K) and C(K) is dense in L}(K,u), we conclude that s
extends uniquely to a continuous functional ji; € L>®°(K, ) = L'(K, p)". The
semigroup 8, is mean ergodic (in the sense of Definition 8.31 of [EFHN15]) on
LY(K, ) (see Example 13.24 of [EFHN15|) and therefore fix(8,) separates
fix(8),) by Theorem 8.33 of [EFHN15]. Since fix(8,) is one-dimensional,
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ﬁx(SL) is also one-dimensional. Consequently we obtain fi; = 1 € L*(K, p)
which implies p; = p. O

We are now ready to introduce primitive S-ideals.

Definition 2.6. An S-ideal p is called primitive if there is an ergodic measure
p € Pg(K) with p = 1,.

The set of all primitive S-ideals is called the primitive spectrum of 8, denoted
by Prim(8).

Remark 2.7. The supports of primitive 8-ideals are precisely the supports
of ergodic measures. Instead of looking at the ideal space it is therefore
justified (and sometimes helpful) to see the primitive spectrum as a subset
of the power set of K.

Remark 2.8. If § C Z(C(K)) is irreducible, i.e., there are no non-trivial
S-ideals, then Prim(8) is a singleton. Other examples are given below (cf.
Examples 5.7).

We need the following result which relates invariant measures for quotient
systems to invariant measures on K.

Proposition 2.9. Let L C K be the support of an 8-ideal and consider the
semigroup 81, of Markov operators on C(L) induced by 8. The canonical
continuous embedding

i: C(L) — C(K)
with i(p)(f) == (flp,u) for each f € C(K) and u € C(L)" restricts to
continuous embeddings
i: PSL<L) — PS(K),
i: engL(L) — eXPS(K)
with
i(Ps, (L)) = {i € Ps(K) [ supp i € L} and
i(exPs, (L)) = {ji € ex Ps(K) | supp i C L},

Proof. It is obvious that images of invariant measures remain invariant.
Now assume that p € exPg(L) and suppose that i(u) = $(fi1 + fi2) for
measures i1, fio € Pg(K). Then supp fi; C supp p for i = 1,2 and therefore
fur and fip restrict to measures pi,po € Pg, (L) with p = %(Nl + p2), so
1 = p = Wg since p is ergodic. O

Corollary 2.10. Each mazimal 8-ideal is primitive.

Proof. Take a maximal 8-ideal I = I;. Then the induced semigroup 8; on
C(L) is irreducible and consequently every Sr-invariant measure p is strictly
positive, i.e., supp 4 = L.

O

We give two simple examples showing that the converse of Corollary 2.10
does not hold.
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Example 2.11. (i) f K=T:={z€C||z] =1} and ¢(z) := 22 for
z € T, then the Haar measure of T is ergodic by Proposition 2.17 of
[EW11]. However, 1 € T is a fixed point of ¢ and therefore I7;y is a
non-trivial 8,-ideal. Therefore, the zero ideal is a primitive, but not
maximal 8-ideal.

(ii) Consider K = {0, 1} and o((2n)nen) := (Zni1)nen for (2n)nen €
K. Clearly, ¢ has fixed points whence the zero ideal is not a maximal
S,-ideal.

Let v := 2(do + 61) € C({0,1})". Then the product measure y :=
[I.env € C(K)" on K is ergodic by Proposition 6.20 of [EFHN15]
and has full support. Therefore I, = {0} is a primitive 8,-ideal.

Remark 2.12. In view of Examples 2.11 considering all primitive ideals in-
stead of maximal ideals yields more information on the semigroup action.

3. RaDpicAL IDEALS

The Jacobson topology on the primitive spectrum of C*-algebras can be
defined using the notions of hull and kernel (see Section 4.3 of [Ped79| or
Section I1.6.5 of [Bla06]). In our context they also yield a natural corre-
spondence between closed subsets of Prim(8) and so-called radical 8-ideals.

Definition 3.1. For subsets A C Prim(8) and I C C(K) we set
ker(A) := ﬂ D,

pEA
hull(Z) := {p € Prim(8) | I C p}.
(i) For a subset I C C(K) the 8-radical of I is
radg(I) := ker(hull(I))) = (] p.

pEPrim(8)
Icp

(ii) An 8-ideal I is a radical 8-ideal if I = radg([l).
(iii) The semigroup 8 is radical free if the zero ideal is a radical 8-ideal,
i.e., if radg(0) = 0.
We denote the set of all radical 8-ideals by Rad(8).

Remark 3.2. We point out that our definition of a radical free semigroup does
not coincide with the one of Schaefer (using maximal S-ideals, see [Sch68§]).
Every radical free semigroup in the sense of Schaefer is also radical free in
our terminology. However, the converse does not hold (see Examples 2.11).

Remark 3.3. By the Krein-Milman theorem Pg(K) is the closed convex hull
of ex Pg(K') with respect to the weak™ topology and therefore

rads(0) = (] I

nePg(K)
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Remark 3.4. The 8-radical of a subset I C C(K) is either C(K) or a radical
8-ideal. Moreover, we always have hull(I) = hull(radg(1)).

Remark 3.5. Just as primitive ideals correspond to the supports of ergodic
measures, radical ideals correspond to the closures of unions of supports of
ergodic measures. Therefore § is radical free if and only if the union of all
supports of invariant ergodic measures is dense in K. Note that the latter
set is not closed in general (see Example 5.7 (iii) below). For the Markov
semigroup induced by the right shift on KX = SN\ N this set is nowhere dense
(cf. Corollary 1.5 in [Cho67]).

We need the following result which relates radical and primitive ideals of
quotient systems to the corresponding 8-ideals of C(K).

Proposition 3.6. Let I = I, C C(K) be an S-ideal and S; the semigroup
of Markov operators on C(L) induced by 8. Then the mappings

{p € Prim(8) | I C p} — Prim(8;), p+ plL,
{JeRad(8)| I CJ} — Rad(Sy), Jw— J|r,

where J|r, :={f|r | f € J} for J C C(K), are inclusion preserving bijections
with inclusion preserving inverses. Moreover, radg, (0) = rads(I)|r,.

Proof. We first recall that the natural projection P: C(K) — C(L) is a
surjetive Banach lattice homomorphism. Thus, if J € C(L) is a closed ideal,
then J := P~1(J) is a closed ideal containing I with J = P(P~1(.J)) = J|.
It is readily checked that J is the unique closed ideal H containing I with
H|p = J. Clearly J is 8;-invariant if and only if J is S-invariant.

We therefore obtain mutually inverse and inclusion preserving mappings

{J C C(K) | J 8-ideal with I C J} <+ {J C C(L) | J 8/-ideal},
J = J|L
P7HJ) = J.
We now prove that
{p € Prim(8) | I C p} — Prim(8;), p+— plL

is a bijective map. Assume that I C J = I, for some p € exPg(K). Then
supp ¢ € L and we thus find v € exPg, (L) with i(v) = p (see Proposition
2.9). Moreover we obtain for every f € C(L) that

(1) (1f1,v) = /L Fldp,

for each extension F' € C(K) of f to K. Thus f € I, if and only if f € I,,|1.
If, on the other hand, J = I, for some v € ex Ps, (L), then Equation (1)
holds for y = i(v) and thus J = I,,|1.

Before proceeding with the remaining assertions, we make the following two
observations.
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e For a familly (J,)aea of 8-ideals with I C J, for every o € A

ﬂ ch ’L - ﬂ (Joz‘L)-

a€cA aEA

e For two 8-ideals Jy,Jo with I C Jy,Jo the inclusion Ji|p C Ja|f,
implies J; C Js.
We use these facts to show that

{J €Rad(8) | I C J} — Rad(8;), Jr— J|L

is a well-defined bijection. Take an S-ideal J C C(K) with I C J. Then J
is radical if and only if

which is—by the observations above—equivalent to

Je= (1 pe= () pe= (] »

pEPrim(8) pEPrim(8) pEPrim(8r)
JCp JILCplL JILCp
i.e., J|r being a radical 8-ideal.
Finally, the identity rads, (0) = radg([)|, follows from the fact that rads, (0)
is the smallest radical 8;-ideal and radg(I) is the smallest radical S-ideal
containing 1. O

Our main class of examples for radical ideals are the absolute kernels of
(possibly non-ergodic) invariant measures. The following result generalizes
Proposition 12 of [Sch68|] using similar arguments.

Proposition 3.7. The following assertions are valid.
(i) For each p € Pg(K) the 8-ideal I, is a radical 8-ideal.

(ii) If K is metrizable, then for each radical 8-ideal I there is u € Pg(K)
with I = 1,,.

Proof. For (i) let © € Pg(K). By Lemma 3.6 we may assume that K =
supp p and it then suffices to show that § is radical free. But this directly
follows from Remark 3.3.

We now prove (ii) and assume that K is metrizable and I is a radical 8-ideal.
We may assume that I = 0 (otherwise we pass to C(supp I), cf. Lemma 3.6).
Take a countable base of the topology consisting of nonempty open sets U,,,
n € N. Since the supports of ergodic measures are dense in K we find
n € ex Pg(K') with supp pu, NU, # 0 for each n € N. For

= Zanun € Ps(K)

n=1

we obtain p(U,) > 0 for each n € N, hence pu(U) > 0 for each non-empty
open set U C K. O
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Remark 3.8. Taking 8§ = {Id} in Proposition 3.7 (ii) yields the probably well-
known fact that every compact metric space has a fully supported regular
Borel probability measure.!

The following examples show that part (ii) of Proposition 3.7 is wrong in the
non-metric case.

Example 3.9. (i) If K = QU {oo} is the one-point compactification
of an uncountable discrete space €2, then C(K)" can be identified
with ¢1(K). Thus there is no fully supported probability measure
p e C(K)!

(ii) If K = BN\ N and 8, is the Markov semigroup induced by the right
shift ¢, then

m IMn Z rads;p (O)
neN

for every sequence of probability measures (pn)neny € C(K)' (see
Corollary 1.10 of [Cho67]).

4. CENTERS OF ATTRACTION

Radical 8-ideals can also be described via an ergodic stability condition. To
formulate our theorem we write €0S for the closed convex hull of § with
respect to the strong operator topology and recall that a net (T,)aca C
c08 C Z(C(K)) of operators is right ergodic if

lim7,(Id - S)=0
«
for each S € 8 with respect to the strong operator topology. We note

that there always are right ergodic operator nets for 8 (see Corollary 1.5
of [Sch13]). We give some examples (see Examples 1.2 of [Sch13]).

Example 4.1. (i) If § = {S™ | n € Ny} for some Markov operator
S € Z(C(K)), then the Cesaro means
1 N-1
CN::NZ;]S"forNEN

define a right ergodic operator sequence (Cn)nen for 8. Likewise,
the net of Abel means (Ar),e(0,1) defined by

[e.9]

A= (1-r) Z(TS’)” for r € (0,1)
n=0

is right ergodic for 8.

(ii) If § = {S(¢) | t = 0} is a strongly continuous one-parameter semi-
group of Markov operators on C(K), then the Cesaro means

1 T
Crf ::T/0 S(t)fdt for fe C(K)and T >0

define a right ergodic operator net (Cp)psq for 8.

1Remark 3.8 and Example 3.9 (i) were kindly suggested by the referee.
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The following result generalizes Theorem 4 of [Sch68].
Theorem 4.2. For each support L C K of an S-ideal

radg(Iy) = {f € C(K) lim/ To|fldp =0 for each pu € C(L)'}
@« Jr

_ {f € C(K)

ligl(Ta|f|)|L = 0 in the norm of C(L)}

where (Ty)aca is any right ergodic operator net for 8.
In particular, if (Ta)aca is any right ergodic operator net for 8, then an
S-ideal Iy, is a radical 8-ideal if and only if every f € C(K) satisfying

lim (T, )] = 0
vanishes on L.

Proof. By Lemma 3.6 we may assume L = K. Take f € radg(0) and any
right ergodic operator net (T,)aca for S.

Let p € C(K)" and observe that each subnet of (T)pu)aca has a subnet
converging to some v € Pg(K). Since (|f|,v) = 0 (see Remark 3.3), we
obtain that each subnet of ((T,|f], t))aca has a subnet converging to zero
which implies

hgl<Ta|f‘7/L> = 0.

Now let f € C(K) with lim,, T,,| f| = 0 weakly for some right ergodic operator
net (Ty)aca for 8. Then for p € Pg(K)

0= 115I1<Ta‘f‘,,u,> - <‘f‘mu>

which proves f € radg(0) and thus the first equation.
By Theorem 1.7 of [Sch13] the semigroup 8 is mean ergodic on radg(0) with
mean ergodic projection P = 0 and therefore

rads(0) C { feC(K)

lim 7, |f| = 0 in the norm of C(K)} .

The converse inclusion is obvious. O

If § has a right ergodic operator sequence (for example if it has a Fglner
sequence as defined in Assumption 4.5 below), then Lebesgue’s Theorem
yields the following result.

Corollary 4.3. Suppose that (T,)nen is a right ergodic operator sequence
for 8. Then

radg(l) = {f € C(K) ’nlirgloTn|f](x) =0 for each z € suppI}

for each 8-ideal I.

The next corollary shows that if 8 is the semigroup generated by a Markov
lattice homomorphism 7' € £ (C(K)) (i.e., a Koopman operator), the radical
rads(0) of the zero ideal coincides with the almost weakly stable part of C(K)
with respect to T' as defined in (9.4) on page 176 of [EFHN15]|.
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Corollary 4.4. Assume that ¢: K — K is a continuous mapping and
8§ =38,. Then

N-1
1
rads(0) = < f € C(K) A}gnooﬁ Z (T, f,m)| =0 for each p € C(K)'
n=0

Proof. If f € radg(0) and u € C(K)', we obtain

1 N-1 1 N-1
ST ] < e ST AL )
n=0 n=0

for every N € N and therefore limy_,0 - Zﬁf;@l (T f, )| = 0 by Theorem
4.2. The converse inclusion follows directly from Corollary 4.3. a

For Koopman semigroups 8 we also obtain a further dynamical characteriza-
tion of radg(0). For the rest of this section we make the following assumption
(cf. Examples 1.2 (e) of [Sch13]).

Assumption 4.5. Let & be a closed subsemigroup of a locally compact
group G with left-invariant Haar measure \ acting on K such that

SXxK—K, (s,z)— sx
is continuous. Let 8 be the associated Koopman semigroup, i.e.,
§={Ts|seS}

with T f(z) := f(sz) for f € C(K), s € S and z € K, which is strongly con-
tinuous by Theorem 4.17 of |[EFHN15|. Moreover, we assume that (£, )nen is
a Folner sequence for S, i.e., each Fj, is a compact subset of S with positive
measure satisfying

. MF,AsFy)
1 N
AT AE)
for each s € S.
Example 4.6. (i) If S is the additive semigroup Ny, then the sequence
(Fy)nen defined by Fy, := {0, ...,n—1} for n € N is a Fglner sequence

for S.

(ii) If S is the additive semigroup R>¢ and (,)nen is any sequence in
(0,00) with limy,_yo0 t,, = 00 then (F,)pen defined by F,, := [0,t,]
for n € N is a Fglner sequence for S.

Lemma 4.7. Under Assumption 4.5 S is left amenable and thus 8 is right
amenable. Moreover we obtain an ergodic operator sequence (Fp)nen for 8
by setting
1
Fof = Tsf dA
= i [ T

for f € C(K) and n € N.
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Proof. For each n € N set

s)dA(s)

mnp

for f € Cy(S). Then m, € Cy(S)" with my(1) = 1 and m,, > 0 for each
n € N. Let m be any weak* limit point of (my,),en. Since
)\(F AtF,)

1
AF) Jr f() /fts ) dAs CAMF)

for each f € C,(S), n € Nand t € §, m is an invariant mean. The second
assertion is obvious. O

I/l

We now introduce certain “attractors” of the dynamical system (K;.S) with
respect to the Fglner sequence (F},)nen.

Definition 4.8. A closed non-empty set L C K is a (global) center of at-
traction if for each open set U O L we have

1
T}Ln;oﬁ {seF,|sxeU})=1

for every z € K.

This type of attraction is quite weak. Loosely speaking, orbits of points may
move arbitarily far away from a center of attraction as long as they come
back “often enough” with respect to the Fglner sequence.

Global as well as point-dependent centers of attraction for Np- and Rso-
actions have been examined by several authors (see, e.g., [Hil36|, [Ber51],
[JR72], [Sig77], Exercise 1.8.3 in [Man87| and [Dail6|). In a recent paper Z.
Chen and X. Dai study the chaotic behavior of minimal centers of attraction
with respect to a point for discrete amenable group actions (see [CD17]).

It is known that in case of Ny-actions on metric compact spaces there always
is a unique minimal (global) center of attraction given by the closure of the
union of the supports of ergodic measures (see Exercises 1.8.3 and I11.1.5 in
[Man87]). The following result shows that this still holds in our more general
situation.

Theorem 4.9. Under Assumption 4.5 the definition of a center of attraction
does not depend on the Falner sequence. Moreover, for a closed non-empty
set L C K the following assertions are equivalent.

(a) L is a center of attraction.

(b) I :={f € C(K) | flr =0} Cradg(0).
In particular there is a unique minimal center of attraction M(8) given by
the closure of the union of the supports of ergodic measures, i.e.,

M(8) = supprads(0).
Proof. Take a non-empty and closed set . C K. The mapping
I, — Co(K\ L), [+ [l
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is an isomorphism of Banach lattices. Now L is a center of attraction if and
only if

1
lim ——\({se€ F,|szeA})=0,

. 1 _
(2) HILH;O NED /Fn LTa(sz)dA(s) =0

for each compact set A C K \ L and each x € K. Since the mapping
SxXK—K, (s,z)—sx

is continuous, the function f: Sx K — C, (s, ) — 14(sx) is Borel measur-
able. By Lebesgue’s and Fubini’s theorems Equation (2) is thus equivalent
to

n—o0

i = lim ! ! s) =
lim /K/n 14(sz)dA(s)du(x) = nlﬁ\OO NE /Fn T.u(A)dA(s) =0

for each p € Co(K \ L)' and each compact set A C K \ L. Since the space of
compactly supported continuous functions C.(K \ L) is dense in Co(K \ L),
this is the case if and only if

1
lim —— L f], phdA(s) =
/Fn<T|f| WdA(s) = 0

n—oo \(F},)
for each f € Ij, and every p € I} . This means
lim F,[f| =0
n—oo

with respect to the weak topology for each f € Iy, i.e., I, C radg(0). O

5. THE PRIMITIVE SPECTRUM AS A TOPOLOGICAL SPACE

In this section we return to a general right amenable Markov semigroup 8 C
Z(C(K)) and analyze the topology of Prim(8). It turns out that it basically
has the same properties as the (non-dynamical) primitive spectrum of C*-
algebras and the topology of affine schemes of algebraic geometry (cf. Section
(2.2) of [GW10]). We employ methods as in Chapter IV of [Dix77| and
Section 4.3 of [Ped79] and first prove two technical lemmas before introducing
a topology on Prim(8). Recall that given p € Pg(K) we write §, for the
induced semigroup on L' (K, u1).

Lemma 5.1. If u € Pg(K) and L C K s the support of an S-ideal, then
17 € ﬁX(Su).

Proof. We fix S € §. For each open set O O L take a continuous function
fo with fo(K) C [0,1], flr = 1 and fo|x\0) = 0. The set A of open sets
containing L is directed with respect to converse set inclusion and thus we
obtain a net (fo)oea with

1L = follLi gy S WO\NL) =0
by regularity of ;. By definition of §,,
Syl = ligl Sfo.
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in LY(K, p). Moreover,
SfO(SU) = <Sf075$> = <anS,6x> =1
for each x € L since L is the support of an 8-ideal. This implies
0= hén((]l - Sfo) . HL) = HL - Su]lL . ]lL,

where the limit is taken in L'(K, ). Thus 17 = S, 1p -1 which shows 17, <
S, 17, and consequently 17, € fix(8,) by Theorem 13.2 (d) of [EFHN15|. O

Lemma 5.2. Consider two 8-ideals I1,15. If p is a primitive S-ideal with
I1NI; Cp, then Iy Cp or Is C p.

Proof. Let p = I, for some p € exPg(K) and let L; := supp I; for j = 1,2.
By Lemma 5.1, 1, € fix(§8,) for j = 1,2 and therefore p(L;) € {0,1} since
w is ergodic. Now supppu C Ly U Lo implies u(Ly U Lg) = 1, so there is
J € {1,2} with u(L;) = 1. But this means supp ¢ € L; and consequently
I € p. m

We are now ready to equip Prim(8) with a topology by defining a Kuratowski
closure operator (see page 43 of [Kel75] for this notion). Recall that the
concepts of hull and kernel have been introduced in Definition 3.1.

Proposition 5.3. The mapping
C P(Prim(8)) — Z(Prim(8)), A~ A := hull(ker(4))
defines a Kuratowski closure operator.
Proof. It is readily checked that
@Z@,Agﬁandjzz

for each A C Prim(8). It remains to show that A1 U Ay = A; U Ay for
all A1, A2 C Prim(§8). Applying Lemma 5.2 to the ideals I; := ker(A;) for
7 =1,2 yields

A1 U Ag = hull(ker(A4; U Az)) = hull(ker(A;) Nker(As))
= {p € Prim(8) | ker(A4;) Nker(As) C p}
= {p € Prim(8) | ker(4;) C p or ker(4s) C p} = A; U Ay,

which shows the claim. O

Definition 5.4. The topology on Prim(8) induced by the closure operator
of Proposition 5.3 is called the hull-kernel-topology.

We from now on equip Prim(8) with the hull-kernel-topology.
Proposition 5.5. The following assertions are valid.
(i) The mappings
{0 # A C Prim(8) closed} <> Rad(8)
A ker(A)
hull(I) = 1

are mutually inverse bijections.
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(ii) The sets

U :={p € Prim(8) | f ¢ p}
for f € C(K) define a base for the hull-kernel-topology of Prim(8).
(iii) If K is metrizable, then Prim(8) has a countable base.
(iv) The space Prim(8) is To. Given p € Prim(8), the set {p} is closed if
and only if p is a mazimal S-ideal.
(v) The space Prim(8) is quasi-compact.

(vi) The mapping
7: exPg(K) — Prim(8), pw— 1,
s continuous and surjective.

Proof. Assertion (i) is obvious. For (ii) observe that Prim(8) = Uy. Now
take a closed set ) # A C Prim(8). Then A = ker(I) for some 8-ideal I and

we obtain

Prim(8)\ A = | J{p € Prim(8) | f ¢ p} = | J Uy
fel fel

Moreover, each Uy is open since Prim(8) \ Uy = hull({ f}). This proves (ii).
Assertion (iii) is a direct consequence of (ii).
We proceed with part (iv) and prove that Prim(8) is a Ty-space. If p1,ps €
Prim(8) with p; # po, then M; # My for the supports M; := supp p;,
i =1,2. We may assume that there is x € My \ M; and find f € C(K) with
flm, =0 and f(xz) =1. Then p; ¢ Uy and py € Uy.
For the second part of (iv) take a maximal S-ideal and assume that p € {m}.
Then m C p and thus m = p by maximality of m.
Conversely, suppose that {m} is closed and take a maximal 8-ideal p with
m C p. Then ker({m}) = m C p and thus

p € hull(ker({m})) = {m},
ie.,p=m.
For the proof of (v) take closed subsets A; C Prim(8) for j € J with
(14,=0
jedJ

and let I; := ker(A;) be the corresponding radical ideals for j € J. We show
that

> I =C(K).

Jj€J
Denote the ideal on the left side by I and assume that it is a proper invariant
ideal. Since there are no dense ideals in C(K), the closure I is contained in
a maximal 8-ideal p. But then p € A; for each j € J since the sets A; are
closed, a contradiction.
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Take j1,...,5% with 1 € I, + ... 4+ I;, for some k € N. Then

k
> I, = C(K)
m=1

and consequently
k
) 4. =0.
m=1

Finally, assertion (vi) follows from the fact that the set

7 1 (Uy) = {n € exPs(K) | (|f], 1) # 0}
is open in ex Pg(K) for each f € C(K). O

Corollary 5.6. A net (pa)aca in Prim(8) converges to p € Prim(8) if and
only if for each open set U C K with suppp NU # () there is ag € A with
supp po NU # 0 for every a > «y.

Proof. Consider the sets Vy := {x € K | f(x) # 0} for f € C(K). Proposi-
tion 5.5 (ii) shows that a net (pa)aca in Prim(8) converges to p € Prim(8)
if and only if for each f € C(K) with f|suppp # O there is ag € A with
flsupp(pa) 7 0 for every a > ay, i.e., for each f € C(K) with V; Nsuppp # 0
there is ap with Vy Nsupppa # 0 for every a > og. Since the sets Vy are a
base of the topology of K, this shows the claim. O

Example 5.7. (i) For the trivial semigroup § = {Id} every ideal is
invariant and Prim(8) coincides with the maximal ideal space of the
commutative C*-algebra C(K), i.e., it is homeomorphic to K.

(ii) Consider the torus K = T = {z € C | |2| = 1} and the rotation
©a(2) := az for z € T and some fixed a € T with a* = 1 for some
k € N. Denote the group of kth roots of unity by Gj. The ergodic
measures are then precisely the measures p € PSW(K ) with pyp, =

%Z?;& d4p for b € T. Their supports are clearly the sets
My :=bGp ={bz |z €T, 2F =1}

for b € T. Using Corollary 5.6 a moment’s thought reveals that
T/Gr — Prim(8,), bGj — I,

is a homeomorphism if we endow the factor group T/Gj with the
quotient topology.

(iii) Consider the space L := {0,1}" and the shift ¢: L — L given by
©((n)nen) = (Tnt1)nen for each (z,)peny € L. For each k € N
consider the minimal non-empty closed invariant set

My i= {p"(e") | n € {0, .., 2k — 1}}
with ¥ = (2 ),en defined by

ko 0 ifmed{l,.. k}+2kNy,
’ 1 else.
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Now if

K= | M,
keN
then it is readily seen that K is the invariant set
U My U{(zm)meN € L | (m)men increasing or decreasing}.
keN

We restrict ¢ to K and claim that Prim(8,) is not Hausdorff. It
suffices to show that the sequence (my)nen in Prim(8,) with m,, :=
Iy, converges to two different points.

To this end, consider k£ € N and the open subset

k o)
U= |J[{1}x I {0,1} | nK.

i=1 i=k+1
Then M; NU # 0 for each | > k. By Remark 5.6 this implies
m; — I{(1), o) and a similar argument shows m; — I(g), .}

6. CONTINUOUS FUNCTIONS ON THE PRIMITIVE SPECTRUM

It is our goal to describe the continuous functions on Prim(8). As above
we write M(8) for the support of radg(0), i.e., the closure of the union of
all supports of invariant ergodic measures, and recall that the semigroup on
C(M(8)) induced by 8 is denoted by 8;aq(0)- Now consider the following
functions.

Definition 6.1. For a function f € fix(8;a44(0)) We define

~

f:Prim(8) — C, I,— / fdpu.
M(8)

Note that each f € fix(8,,q4(0)) is constant on supports of ergodic measures
and therefore fM(S) fdp only depends on I, and not on p itself. Thus f is

in fact well-defined for each f € fix(8;aq5(0)) and the next lemma shows that
it is even continuous.

Lemma 6.2. If f € fix(8,4q4(0)), then f € C(Prim(8)).

Proof. Let p =1, € Prim(8) and € > 0. We set

f= [ raue
M(8)
Then U := Uy, is an open neighborhood of p. Moreover, for each ¢ = I, € U

/ v - / fdu
M(S) M(8)

which means |f(p) — f(q)| < e. O

fe :=sup (5-]1—

,0) ‘M(S) e CM(S)).

e — >0

In the radical free case (i.e., M(8) = K) we now obtain a linear mapping
from the fixed space fix(8) to C(Prim(8)). It turns out that this is actually
an isomorphism.
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Theorem 6.3. If S is radical free, then the fized space fix(8) is a Banach
sublattice of C(K) and the mapping

“fix(8) — C(Prim(8)), f— f

18 an isometric Markov lattice isomorphism.

Proof. We first show that fix(8) is a sublattice of C(K). Take f € fix(8)
and S € 8. Since M(8) = K, it suffices to prove that Sy|f||suppp = |f|lsuppp
for each p € Prim(8). However, this is true since the fixed space fix(8,)
consists only of constant functions for every p € Prim(8).

The mapping " is clearly linear and 1 = 1. Next we show that ~ is an
isometric Markov lattice homomorphism. For f € fix(8)

Ifl= suw |f)l= sup  [(f.m) <IfI.

pEPrim(8) peex Pg(K)

The set {x € K | |f(x)| = || f||} is the support of an 8-ideal (see Theorem
1.2 in [Sin68|) and thus contains a minimal support of an S-ideal M which
in turn supports an ergodic measure p. This implies

(L) = [{f ml = [f ()] = [I£]

for each z € M and consequently || f| = || f]].
Now take f € fix(§) and p = I, € Prim(8). For each = € supp(u)

1F®)| = 1f (@) = |fI(z) = [£](p)-

It remains to show that ~ is surjective. Take f € C(Prim(8)) with 0 < f < 1.
We fix n € N and consider the open sets

k—1 k+1
Uk = {p € Prim(8) ’ — < f(p) < + }
n n
for k € {0,...,n}. Then Ug, = hull(ly,) for invariant ideals Iy, C C(K)
and k € {0,...,n}. Assume

I:= Zf,m #+ C(K).

k=0

Then I is contained in a maximal 8-ideal p. Since I, C p for all & €
{0,...,n},

c

pe (N hull(Zen) = [ | Ukn | =0,
k=0 k=0

a contradiction.

We thus find 0 < frn € Iy for k € {0,...,n} with 1 = Y7 | fun ( see
I1.5.1.4 in [Bla06]). Now set g, := > p_; £ fi ..

Take p € Prim(8). If k € {0, ...,n} with p ¢ Uy, ,,, then I, ,, C p and therefore
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frm €D, 1€, funlsuppp = 0. This implies

@) =S =| 3 Tl = Y fen(@)f )

for « € suppp. In particular we obtain

1 1

90(@) — gm(@)| <~

for all z € M := UpePrim(s)
M is dense whence (gp)nen is a Cauchy sequence in C(K). Denoting its
limit by g we obtain g(x) = f(p) for = € supp p, p € Prim(8) and, since M
is dense, g € fix(8). Moreover, we clearly have g = f. O

supp p and all n,m € N. Since § is radical free,

The first part of the proof of Theorem 6.3 is based on the proof of Theorem
5 in [Sch68], while the second part uses arguments from the Dauns-Hofmann
Theorem 11.6.5.10 in [Bla06].

We now focus on the general case, i.e., 8 not being radical free.

Lemma 6.4. The mapping
J: Prim(8) — Prim(Srads(O)), P p\M(S)
18 a homeomorphism.
Proof. Note first that ¢ is well-defined and bijective by Lemma 3.6 since
radg(0) C p for each p € Prim(8). Lemma 3.6 also implies that
Rad(S) — Rad(Srads(O)), I— I|M(5)
is bijective. By Proposition 5.5 (i) we obtain that A C Prim(8) is closed if

and only if A = hull(/) for some I € Rad(8). If A is closed, we therefore
obtain

J(A) =9({p € Prim(S) | I C p})
= {q € Prim(8545(0)) | 1 S V7' (q)}
= {q € Prim(8,.45(0)) | IIm(s) € ¢}
= hull(Z]yys) )

and therefore ¥(A) is closed. Conversely, if 9(A) is closed, then by Lemma
3.6 and Proposition 5.5 (i) there is I € Rad(8) with ¥(A) = hull(Z|yys)) and,
by the above, we obtain A = hull(7). O

By combining Lemma 6.4 with Theorem 6.3 we obtain the main result of
this section.

Theorem 6.5. The fived space fix(8,,44(0)) i a Banach sublattice of C(M(S))
and the mapping

~

& ﬁX(Srads(O)) — C(PI‘IHI(S)), f = f

s an isometric Markov lattice isomorphism.
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7. MEAN ERGODIC SEMIGROUPS OF MARKOV OPERATORS

Using the space C(Prim(8)) we can now analyze mean ergodicity of Markov
semigroups and extend Theorem 2 of [Sch67]|. Recall that €68 denotes the
closed convex hull of § with respect to the strong operator topology. The
right amenable semigroup § is mean ergodic if there is P € €68 with PS =
SP = P for each S € 8 (see [Nag73| or [Sch13| for this concept). In this
case P is unique with these properties and a projection onto the fixed space
fix(8) of 8, called the mean ergodic projection.

Theorem 7.1. The following assertions are equivalent.

(a) 8 is mean ergodic.
(b) The following two conditions are satisfied.

(i) The mapping

exPg(K) — Prim(8), pw— 1,
s a homeomorphism.

(ii) For each f € fix(8;ad4(0)) there is F € fix(8) with f = Flyys)-
(¢) The following three conditions are satisfied.

(i) The primitive spectrum Prim(8) is a Hausdorff space.

(ii) For each p € exPg(K) the support supp p is uniquely ergodic,
i.€., [ 1s the only invariant measure having its support in supp p.

(iii) For each f € fix(8yaa4(0)) there is ' € fix(8) with f = Flyys)-

Remark 7.2. Note that assertion (c) (i) of Theorem 7.1 implies that each
primitive ideal is maximal (see Proposition 5.5 (iv)). This shows that the
concept of maximal S-ideals is sufficient for mean ergodic semigroups. In
particular, combining Theorem 7.1 with Proposition 3.7 (i) implies Theorem

2 of [Sch67].

Proof ( of Theorem 7.1). “(a) = (c)”: Assume that 8 is mean ergodic with
mean ergodic projection P € Z(C(K)). We first show that Prim(8) is
Hausdorft.

Consider 1,,,, 1, € Prim(8) with p1 # po. Since 8 is mean ergodic, we find
f € fix(8) with

c1 = (fy 1) < (f,p2) =t ca

by Theorem 1.7 of [Sch13]. Choose ¢ € (c1,¢2) and set Uy := f~1((—o0,c))
and Us := f~!((c,00)). The sets

Vi :=={p € Prim(8) | suppp N U; # 0} C Prim(8)

are open by Proposition 5.5 (ii) and I, € V; for ¢ = 1, 2.

Assume there is p € V73 N V5. Then there are x; € U; Nsuppp for i = 1,2
and thus f(z1) < ¢ < f(z2). Since f is constant on supports of ergodic
measures, this is a contradiction.

Given p € ex Ps(K') we know that 87, C .2 (C(supp p)) is also mean ergodic.
Since fix(8;,) is one-dimensional, we obtain that ﬁX(S/Iu) is one dimensional,
too. Thus, the supports of ergodic measures are uniquely ergodic.
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Next, take f € fix(8;a44(0)) and let G be any continuous extension of f to
K. Then F := PG € fix(8) with Flyys) = PGlys) = f.- Thus (a) implies
(c).

“(c) = (b)”: Now suppose that (i), (ii) and (iii) of (c) are valid. We first show
that ex Pg(K) is compact. Take a net (f1q)aca in ex Pg(K) with limg pq =
p € Pg(K). Since I, is a radical ideal by Proposition 3.7 (i) we obtain

1, = ﬂ p.

pEPrim(8)
Iu Cp

Now take p € Prim(8) with p O I, and any f € C(K) with p € Uy. Then
f ¢ p and consequently f ¢ I,. This implies (|f|, ) # 0 and thus there
is g € A with (|f], pta) # 0 for all & > . But then I,,, — p and, since
Prim(8) is Hausdorff, this implies that there is only one such p, hence I, is
primitive. Applying (ii) shows that p is ergodic.
We now obtain that
7 exPg(K) — Prim(8), p— I,
is a homeomorphism since the mapping is injective by (ii), ex Pg(K) is com-
pact and Prim(8) is Hausdorff by (i).
“(b) = (a)”: Finally assume that (b) is valid. The mapping
®;: C(Prim(8)) — C(exPg(K)), fw fom
is then an isometric Markov lattice isomorphism and by Theorem 6.5 the
mapping
" Aix(81adg(0)) — C(Prim(8))
is s0, too. Now consider the map

Dy £ix(8) — fix(Saaz0), [ fhues)-

This is an isometric Banach space embedding (isometry follows with the
same arguments as in the proof of Theorem 6.5) and by (ii) it is surjective.
Thus

P =P 0 0dy: fix(8) — ClexPg(K)), f (f,-)

is an isometric isomorphism of Banach spaces.

Now take u1,pe € Pg(K) with py # pe. The space ex Pg(K) is compact
since it is homeomorphic to Prim(8). By Choquet theory (see Proposition
1.2 in [Phe01]) we thus find measures fi, ji2 € C(exPg(K)) with 1 # fia
such that

Gy = [
for each f € C(K) and i = 1,2. We then obtain
)= [ (D0 dR) = (@(1), )
ex Pg(K)

for each f € fix(8) and i = 1,2. Since C(exPg(K)) separates C(exPg(K))’,
this proves that fix(8) separates Ps(K). Now 8 consists of Markov operators



22 HENRIK KREIDLER

and therefore fix(8) separates fix(8’). Thus 8 is mean ergodic by Theorem
1.7 of [Sch13|.
O

Corollary 7.3. If 8 is radical free, then 8§ is mean ergodic if and only if
exPg(K) — Prim(8), p—1,

s a homeomorphism.

The next corollary follows from Proposition 2.9 and Lemma 6.4.

Corollary 7.4. The semigroup 8 is mean ergodic if and only if Syaqg(0) 45
mean ergodic and for each f € fix(8,.q4(0)) there is F' € fix(8) with f =
Flus)-

Finally we discuss some examples showing that the conditions of Theorem
7.1 (c) are independent of each other.

Example 7.5. Consider the following continuous mappings ¢: K — K
and the induced semigroups 8§ = 8, C .Z(C(K)).

(i) If K = [0,1] and ¢(z) = 2? for z € K, then M(8) = {0,1} and
the primitive spectrum is the two point discrete space. Clearly, both
fixed points define uniquely ergodic sets, so conditions (i) and (ii) of
Theorem 7.1 (c) are fulfilled. However, 8 is not mean ergodic since
the function f: {0,1} — C defined by f(0) := 0 and f(1) := 1 has

no invariant continuous extension to K.

(ii) If K = T then there is a homeomorphism ¢: T — T such that 8
is not uniquely ergodic, but minimal (see Theorem 5.8 of [Par81]).
In particular, the support of every ergodic measure is K. Thus the
primitive spectrum is trivial and & is radical free whence Theorem
7.1 (c) (i) and (iii) are valid. § is not mean ergodic since supports of
ergodic measures are not uniquely ergodic.

(iii) If K and ¢ are defined as in Example 5.7 (iii), then supports of
ergodic measures are uniquely ergodic and 8 is radical free. Thus
Theorem 7.1 (c) (ii) and (iii) are fulfilled. The semigroup 8 is not
mean ergodic since the primitive spectrum is not Hausdorff.
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ABSTRACT. The representation theorems of Gelfand and Kakutani for
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1. INTRODUCTION

The concept of Koopman linearization provides a very powerful method to
study dynamical systems, see [EFHN15]. Given a topological G-dynamical
system, i.e., a locally compact group G acting continuously on a locally com-
pact space €2, one can consider the induced Koopman representation of G
as automorphisms of the commutative C*-algebra Cy(€2) of all continuous
functions on 2 vanishing at infinity given by T'(g)f(z) := f(g~'z) for x € Q,
f€Cy(),and g € G.

Passing to these linear operators opens the door for the use of functional an-
alytic tools (e.g., spectral theory) to investigate the qualitative properties of
the G-dynamical system. This is justified by Gelfand’s representation theory
which shows that no relevant information is lost in this process.

More precisely and in terms of category theory (see [Lan98| for an intro-
duction), assigning the Koopman representation to a group action defines
an equivalence of the category of topological G-dynamical systems and the
category of strongly continuous representations of G as automorphisms of
commutative C*-algebras, see, e.g., Section 1.4 of [Dix77| and Sections 4.3
and 4.4 of [EFHN15].

Likewise, in the measure theoretic setting Koopman representations on L!-
spaces reflect the qualitative behavior of measure-preserving systems up to
null sets (under some separability assumptions, see Section 7.3 and Chapter
12 of [EFHN15]). Using Kakutani’s representation theorem for AL-spaces
(see Theorem II.8.5 of [Sch74]), such Koopman representations can also be
characterized in terms of Banach lattice theory.

The authors thank Nikolai Edeko, Daniel Héttig, Viktoria Kiihner, Philipp Kunde,
Walther Paravicini and Marco Peruzzetto for ideas and inspiring discussions.
The first author was supported by a scholarship of the Friedrich-Ebert-Stiftung and the
second author was supported by a scholarship within the scope of the Landesgraduierten-
férderung Baden-Wiirttemberg.
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2 HENRIK KREIDLER AND SITA SIEWERT

These results connect topological dynamics and ergodic theory with func-
tional analysis and operator theory and led, amongst others, to the classical
and recent ergodic theorems.

In this article we prove suitable versions of these representation theorems for
dynamics on Banach bundles and modules. This can be the starting point
for a systematic operator theoretic investigation of differentiable flows on
manifolds and their differentials on tangent bundles.

We consider a Banach bundle E over a locally compact or measure space
X and dynamics on E compatible with a fixed group action on X. These
dynamical Banach bundles then induce weighted Koopman representations
on Banach spaces of sections of the bundle.

Such dynamical Banach bundles and the induced weighted Koopman rep-
resentations appear naturally in many contexts. Important examples are
so-called evolution families solving nonautonomous Cauchy problems (see
Section VI.9 of [ENO0O0]) and derivatives of smooth flows on manifolds (see
Chapter 5 of [BP13]).

The goal of this article is to characterize such weighted Koopman represen-
tations via abstract algebraic and lattice theoretic properties.

The correspondence between topological Banach bundles and certain kinds
of Banach modules has established in the 70s and 80s of the last century (see,
e.g., [HK77] and [DGS83]). We extend these results to a dynamical setting
and then also treat the measure theoretic case.

We start in Section 2 by recalling the concepts of topological and measur-
able Banach bundles and introduce dynamics on these bundles. Concrete
examples motivate the abstract concepts.

In the third section we consider Banach modules as the natural operator
theoretic counterparts of Banach bundles. We introduce dynamics on these
modules and give a first characterization of these operators via a local-
ity condition (see Theorem 3.10). In particular, dynamical topological and
measurable Banach bundles induce such “dynamical Banach modules” (see
Example 3.13 and Example 3.16).

As in the case of Banach lattices (see Sections I1.7, I1.8 and I1.9 of [Sch74|)
there are two important classes of Banach modules which are dual to each
other: AM-modules and AL-modules.

In Subsection 4.1 we focus on AM-modules, which are known in the litera-
ture as (locally) convex Banach modules, see [HK77] or [Gie98|, and prove
our first main result: A Gelfand-type representation theorem for dynamical
AM-modules (see Theorem 4.6). In Subsection 4.2 we then discuss the du-
ality between AM- and AL-modules (see Proposition 4.17).

In Section 5 we see that AM- and AL-modules admit a lattice theoretic
structure (see Proposition 5.3 and Proposition 5.9). In Theorem 5.5 and
Theorem 5.16 we show that the algebraic structure of a module and this lat-
tice theoretic structure are strongly related. In particular, weighted Koop-
man operators can be characterized algebraically (as weighted module homo-
morphisms) or in a lattice theoretic way (as dominated operators).

We use the lattice theoretic structure to prove our second representation
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theorem, which clarifies the relation between dynamical measurable Ba-
nach bundles and AL-modules (see Theorem 5.12). It should be pointed
out that—in contrast to the “AM case”™—even the non-dynamical version of
this result seems to be new (see Proposition 5.18).

In the following all vector spaces are over K € {R,C} and all locally compact
spaces are Hausdorff.

2. DYNAMICAL BANACH BUNDLES

2.1. The topological case. In this section we define dynamics on topolog-
ical Banach bundles over some fixed topological dynamical system. Recall
the following abstract definition of a Banach bundle (see Definition 1.1 in
[DG83], see also [HKT77]).

Definition 2.1. A (topological) Banach bundle over a locally compact space
Q) is a pair (E, pg) consisting of a topological space F and a continuous, open
and surjective mapping pg: E — € satisfying the following conditions.

(i) Each fiber E, := pj'(z) for z € Q is a Banach space.
(ii) The mappings
+:ExqEF — FE, (u,v)—u+pg

() U
KxE—E, ()\,U)H)\-EPEU)U

(
are continuous where £ xq E = J,cq Ez X E; € E x E is equipped
with the subspace topology.

(iii) The map

I-1: E—Rao, v Ilolls,, 0,

is upper semicontinuous.

(iv) For each z € © and each open set W C E containing the zero 0, € E;
there exist € > 0 and an open neighborhood U of x such that

{vepg' (U)] ] <e} W

In the following we usually suppress the mapping pr and denote the bundle
(E,pg) simply by E. Moreover, we call E a continuous Banach bundle if
the mapping || - || is continuous.

Remark 2.2. Note that if F is a Banach bundle over a locally compact space
), we obtain a Banach bundle E over the one-point compactfication K :=
QU {oo} in a canonical way by taking the space E := EJ{0}, the canonical
mapping pg: F — K and the topology on E generated by the topology on
FE and the sets

U(Le) = {vepg (Q\L) | |lv]| <<}

for compact L C €2 and € > 0. In the following we will frequently make use
of this fact.

We now list some important examples of Banach bundles.
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Example 2.3. (i) Let Z be any Banach space and €2 a locally compact
space. Then E := Q) x Z is a continuous Banach bundle over €2, called
the trivial bundle with fiber Z if pp: Q x Z — K is the projection
onto the first component and 2 x Z is equipped with the product
topology.

(ii) Consider a Riemannian manifold M. Then the tangent bundle 7'M
over M is a continuous Banach bundle over M.

(iii) Let m: L — K be a continuous surjection between compact spaces
L and K. For each k € K let Lj := m (k) be the associated fiber.
We define

E:= [ C(Lp),

pp: E— K, veC(Lgy)—k
and endow this with the topology generated by the sets
W(s,U,e) = {v € p5(U) | v = |z, llow, ) < )

where U C K is open, s € C(L) and € > 0. Then (E,pg) is a Banach
bundle over K. Moreover, it is easy to see that F is a continuous
Banach bundle if and only if 7 is open. This construction has been

used in topological dynamics (see e.g., page 30 of [Kna67] or Section
5 of [EIST]).

The topology of a Banach bundle is determined by its continuous sections.
We make this precise by the following definition and the subsequent lemma.

Definition 2.4. Let E be a Banach bundle over a locally compact space Q.
A continuous mapping s: 2 — FE is a continuous section of E if pgpos = idg.
We write I'(E) for the space of continuous sections of F and

[o(E):={se'(F)| Ve > 03 compact K C Q with ||s(z)|| <eVz ¢ K}
for the subspace of all continuous sections vanishing at infinity.

Lemma 2.5. Let E be a Banach bundle over a locally compact space 2. For
v € E the sets

V(s,Uye) == {w € E | pp(w) € U, |lw = s(pe(w))|| <<},

with s € To(E) satisfying s(pe(v)) = v, U C Q an open neighborhood of p(v)
and € > 0, form a neighborhood base of v in E.

Proof. In the case of a compact base space this follows from 1.5 and 3.16
of [Gie98]. The general case can readily be reduced to this by considering E
(cf. Remark 2.2). O

In order to define dynamics on Banach bundles we need morphisms between
them (cf. page 17 of [DGS83]).

Definition 2.6. Let 2 be a locally compact space and ¢: £ — 2 a con-
tinuous mapping. Consider Banach bundles E and F over Q. A (bounded)
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Banach bundle morphism over ¢ from E to F' is a continuous mapping
o F— F
such that
(i) ppo® = popg, i.e., the diagram

P

E-2.F
pEl or
0—-0
commutes,
(ii) @|g, € L(Ey, Fy(y)) for each z € Q,
(i) 8] = supeq Bl | 25 1,y < 5.

Moreover, ® is isometric if ®|g, is an isometry for each z € Q. If ¢ = idg, we
simply call a Banach bundle morphism over ¢ a Banach bundle morphism.

We are interested in dynamical Banach bundles over invertible dynamical
systems. Therefore we fix a topological G-dynamical system (£2; ) for the
rest of the section, i.e., £ is assumed to be a locally compact space and G is
a locally compact group acting on 2 via the continuous mapping

0:GxQ—Q, (g9,7)— @g(x) = gx.

Moreover, let S C G be a closed subsemigroup of G containing the neutral
element e, i.e.; a submonoid of G. Important examples of this situation are
the cases of G =7, S =Np and G =R, § = R>.

Definition 2.7. An S-dynamical Banach bundle over (; ) is a pair (E; @)
of a Banach bundle E over 2 and a monoid representation

$: S — EE, g 0,
such that
(i) the mapping
b, FE— E

is a Banach bundle morphism over ¢, for each g € S,

(ii) @ is jointly continuous, i.e., the mapping
SxE-—E, (g,v) ®4(v)
is continuous,

(iii) @ is locally bounded, i.e., sup,ec k ||| < oo for every compact subset
KCS.

A morphism from an S-dynamical Banach bundle (E;®) over (£2;¢) to an
S-dynamical Banach bundle (F; ) over (£2; ¢) is a Banach bundle morphism
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©: F — F such that the diagram

E-°.F

égl Wy

EF——F
(€]

commutes for each g € S.

Remark 2.8. If Q = K is compact, then conditions (i) and (ii) of Definition 2.7
already imply (iii). This can be seen using the same arguments as in the
proof of Proposition 1.4 of [DGS83].

Remark 2.9. The concept of a dynamical Banach bundle is closely related
to the notion of cocycles and linear skew-product flows (cf. Definition 6.1 of
[CL99]). In fact, if (E;®) is an S-dynamical Banach bundle over (£2;¢), the
operators @, = @y|p, € L(Ey, By () for g € S and z € K satisfy the
cocycle rule

(I)gng,x = (I)gmogQ (z) © (1)9271
for all g1,92 € S and x € Q.

Now we consider dynamics on the Banach bundles of Example 2.3.

Example 2.10. (i) Assume that G =R, S = R, Z is a Banach space
and F = Q x Z is the corresponding trivial Banach bundle.
If {®(x) € L(Z) | z € Q,t > 0} is a strongly continuous exponen-
tially bounded cocycle in the sense of Definition 6.1 of [CL99]|, then
the continuous linear skew-product flow ®; given by

By (z,v) = (pi(x), D' (x)v)
forz € Q, v € Z and t > 0 defines an R>p-dynamical Banach bundle
(E; @) over (€2;¢). Conversely, each R>o-dynamical Banach bundle
(E; ®) defines a strongly continuous exponentially bounded cocycle
by setting

! (2)v := pry(®4(x,v))

forx € Q,v € Z and t > 0, where pry: 2 X Z — Z is the projection
onto the second component.

In particular, evolution families (see Example 6.5 of [CL99]| and Sec-
tion IV.9 of [EN00|) define R>p-dynamical Banach bundles.

(ii) If Q@ = M is a Riemannian manifold and ¢g,: M — M is differen-
tiable for each g € G, then, by the chain rule, the differentials Dy,
define a G-dynamical Banach bundle over (M; ).

(iii) Assume that Q = K is compact and 7: (L;1)) — (K ) is an exten-
sion of topological G-dynamical systems, i.e., a continuous surjection
intertwining the dynamics, and F is defined as in Example 2.3 (iii).
For each g € G consider

(Pg: EFE—FE wve C(Lk) = vo ¢g—1 S C(L@g(k)).

This defines a G-dynamical Banach bundle (E; ®) over (K; ).



GELFAND-TYPE THEOREMS FOR DYNAMICAL BANACH MODULES 7

2.2. The measurable case. A measure space X is a triple (Qx,Yx, ux)
consisting of a set Q2x, a g-algebra X x of subsets of x and a positive o-
finite measure px: Xx — [0,00]. We also assume that our measure spaces
are complete, i.e., subsets of null sets are measurable.

We define Banach bundles over measure spaces as in Section 11.4 of [FDS8S]
or Appendix A.3 of [ADROO] (see also [Gut93b]).

Definition 2.11. A (measurable) Banach bundle over a measure space X is
a triple (F, pg, Mpg) where F is a set, pg: E — Qx is a surjective mapping
such that the fiber F, := py'(z) is a Banach space for each z € Qx and
ME is a linear subspace of

Sp:={s:Qx — E |pgos=ida,}
such that
(i) if f: Qx — K is measurable and s € Mg, then fs € Mg, where
fsis— E, xz— f(x)s(x),

(ii) for each s € Mg the mapping
[s|: Qx — Ro0, 2= [|s(2)l|m,
is measurable,

(iii) if (sp)nen is a sequence in Mg converging almost everywhere to
s € Sg, then s € Mg.

Elements s € Sg are called sections and elements s € Mg are called mea-
surable sections.
The bundle is separable if, in addition,

(iv) there is a sequence (Sp)nen in Mg such that lin{s,(z) | n € N} is
dense in FE, for almost every z € Qx.

We mostly just write F for a measurable Banach bundle (E, pg, MEg).

Remark 2.12. Let X be a measure space and (E,pg) a pair such that E is
a set and pgp: B — x is a surjective mapping such that the fiber F, :=
py'(z) is a Banach space for each z € Qx. Then by Section I1.4.2 of [FD8S]
every linear subspace Mg of Sg satisfying condition (iii) of Definition 2.11
generates a measurable Banach bundle, i.e., there is a smallest linear sub-
space Mg of Sg such that (E,pE,M p) is a measurable Banach bundle.
Moreover, Mg consists precisely of all almost everywhere limits of sequences
inlin{las| A€ Xx,s € Mg}

We briefly list some examples for measurable Banach bundles and refer to
Appendix A.3 of [ADROO0| for additional examples.

Example 2.13. (i) Let X be a measure space and Z a Banach space.
Consider E := X x Z with the projection pg onto the first com-
ponent. The space of sections Sg can be identified with the space
of all functions from X to Z. The set of all strongly measurable
functions (see Section 1.3.5 of [HP57]) then defines a subset Mg of
Sg which turns F into a measurable Banach bundle called the triv-
1al Banach bundle with fiber Z. This coincides with the measurable
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Banach bundle generated by the constant sections (see Section I1.5.1
of [FD8g|).

(ii) Let E be a topological Banach bundle over a locally compact space
Q, p be a regular Borel probability measure on Q and B(2) the
Borel o-algebra of Q. Then the space I'g(E) (see Definition 2.4)
generates a measurable Banach bundle E,, over the completion of
the measure space (€2, B(€2), ). See Section 15 of [FD8§| for a more
explicit description of the measurable sections of a continuous Banach
bundle.

Before introducing dynamics on measurable Banach bundles, we first de-
fine morphisms of measure spaces. A premorphism ¢: X — Y between
measure spaces X and Y is a measurable and measure-preserving mapping
p: Qx —> Qy. Setting ¢ ~ ¥ if p(x) = ¥(x) for almost every z € Qx
defines an equivalence relation on the set of premorphisms from X to Y.
The equivalence classes with respect to this equivalence relation are then
the morphisms from X to Y. As usual, given a morphism we will implicitly
choose a representative of it but also denote it by ¢ when there is no room
for confusion.

We now define morphisms of measurable Banach bundles in a similar man-
ner.

Definition 2.14. Let ¢: X — X be a morphism on a measure space X.
Consider Banach bundles E and F over X. A premorphism ® from E to F
over @ is a mapping ®: F — F such that

(i) o Mp C Mpoyp,
(ii) prp o ® = ¢ o pp almost everywhere,
(iil) @|g, € L(Ey, Fyz)) for almost every x € x,
(iv) [[ @[ := esssupeqy [[®[e. || < oo
Again, we want to identify premorphisms which agree up to a null set. Set
Premor,(E, F) := {®: E — F premorphism over ¢},

NG(E, F) :={® € Premor,(E, F) | ® = 0 almost everywhere},

and Mor,(E, F) := Premor,(E, F)/N,(E, F) for measurable Banach bun-
dles E and F' as above.
An equivalence class [®] € Mor,(E, F) is called a morphism of measurable
Banach bundles over . It is isometric if ®|g, is isometric for almost every
x € Qx. If ¢ = idyx, we call a morphism over ¢ simply a morphism of
measurable Banach bundles.

As above, we will implicitly choose representatives of morphisms whenever
necessary and denote them with the same symbol.

Now we introduce dynamical measurable Banach bundles. For the rest of
this section let G be a group with neutral element e € G. A measure-
preserving G-dynamical system (X;p) is a measure space X together with
a group homomorphism

0: G — Aut(X), g+~ ¢,
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where Aut(X) is the set of automorphisms of X. Also fix a submonoid

SCaG.

Definition 2.15. An S-dynamical Banach bundle over (X;¢) is a pair
(E;®) of a measurable Banach bundle E over X and a monoid represen-
tation

, E
¢: S —E”, g—

such that ®, is a morphism over ¢, for every g € S. We call (E; ®) separable
if F is separable.

A morphism between measurable Banach bundles (E;®) and (F; V) over
(X;¢) is a morphism ©: E — F of Banach bundles such that the diagram

E-°-F
wl o |w
E——F
o
commutes for each g € S.

Example 2.16. (i) Let E be the trivial bundle with fiber Z (see Example 2.13
(i)). Then the S-dynamical Banach bundles correspond to measur-
able cocycles, i.e., mappings ®: S x X — £ (Z) such that

®(gh,z) = ®(g,pn(x)) o ®(h,x) for almost every x € X for all
g,h €5,

®(e,z) = Idy for almost every x € X,

o X — Z, x> ®(g,x)v is strongly measurable for all g € S and
vEJ,

esssup,cq, [|®(g, )| < oo for every g € S.

(ii) Let (E;®) be a topological S-dynamical Banach bundle over a topo-
logical G-dynamical system (£2;¢) (with G and S discrete) and let y
be a regular Borel measure on 2. Moreover, let E), be the induced
measurable Banach bundle of Example 2.13 (ii). Then (E,; ®) is an
S-dynamical measurable Banach bundle.

3. DYNAMICAL BANACH MODULES

In the previous sections we have defined dynamics on topological and mea-
surable Banach bundles. We now consider Banach modules as the operator
theoretic counterparts. First we recall the following definition from Section
2 of [DGS83].

Definition 3.1. Let A be a commutative C*-algebra. A Banach space T’
which is also an A-module is a Banach module over A if || fs|| < || f|l|ls|| for
all fe Aand s eT.

A homomorphism from a Banach module I' over A to a Banach module
A over A is a bounded operator T' € Z(I', A) which is also an A-module
homomorphism. It is isometric if T is an isometry.
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In the following we always assume that Banach modules I' over a commuta-
tive C*-algebra A are non-degenerate (see [Par08]) in the sense that

I=1lin{fs|fecAsecl}.

Note that if (e;);er is an approximate unit for A (see Section 1.8 of [Dix77]),
then this is the case if and only if lim; e;s = s for each s € I'. In particular,
if A has a unit, then the module is unitary.

We now discuss Banach modules associated with Banach bundles.

Example 3.2. Let E be a topological Banach bundle over a locally compact
space §). Then I'g(E) (see Definition 2.4) is a Banach module over Cy(2) if
equipped with the operation

Co(Q) x To(E) — To(E),  (f;8) = [z = f(x)s(z)]
and the norm || - || defined by ||s|| := sup,cq ||s(x)|| for s € T'o(E).

Remark 3.3. Let ) be a locally compact space and E a Banach bundle over
Q. If K is the one-point compactification of €} and F the extended bundle
of E (see Remark 2.2), then

(E) = Ty(E), s~ s|a

is an isometric isomorphism of Banach spaces. In particular, we can consider
I'y(E) as a Banach module over C(K).

Example 3.4. For a measurable Banach bundle F over a measure space X
we define

Ng = {s € Mg | s =0 almost everywhere},
I'(E) := {s € Mg ||s| is integrable} /N,
I°(E) := {s € Mg | |s| is essentially bounded} /Ng.

With the natural norms and operations the spaces I''(E) and I'*°(E) are
Banach modules over L*>°(X).

In order to define dynamical Banach modules we now proceed as above and
define first “morphisms over morphisms”.

Definition 3.5. Let A be a commutative C*-algebra and T' € Z(A) a *-
homomorphism. Moreover, let I' and A be Banach modules over A. Then
T € Z(I,A) is a T-homomorphism if

T(fs)=Tf -Tsforal fe Aand s€eT.

Example 3.6. (i) Let ¢: @ — Q be a homeomorphism of a locally

compact space §2. Then the Koopman operator T, € £(Cpy(£2)) de-
fined by T, f := f o~ ! for f € Co(2) is a *-automorphism.
If EF and F' are Banach bundles over 2 and ®: F — F' is a Ba-
nach bundle morphism over ¢, the weighted Koopman operator Te €
L ([To(E),To(F)) given by Tes :== ®osop ! for s € Tg(E) is a
T ,-homomorphism.



GELFAND-TYPE THEOREMS FOR DYNAMICAL BANACH MODULES 11

(ii) Let p: X — X be an automorphism of a measure space X. Then

the Koopman operator T, € £ (L>®(X)) defined by T,,f := fo ™!
for f € L*°(X) is a *-automorphism.
If ¥ and F' are Banach bundles over X and &: F — F is a
Banach bundle morphism over ¢, the weighted Koopman operator
Te € L(TYHE),TYH(F)) given by Tes := ®oso ™! for s € T(E)
is a T ,-homomorphism. Similarly, ® induces an operator 7o €
L(T(E),T>(F)).

Before introducing the concept of dynamical Banach modules we prove a
different characterization of T-homomorphisms as some sort of “locality pre-
serving operators”. We start with the following definition.

Definition 3.7. Let A be a commutative C*-algebra and I" a Banach module
over A. For s € I we call the closed ideal

I, ={fe€eA| fs=0}
the supporting ideal of s in A.

If A = Cy(R2) for some locally compact space €, there is a correspondence
between the concept of supporting ideals and the following notion of support
(see Definition 9.3 of [AAK92]).

Definition 3.8. Let 2 be a locally compact space and I" a Banach module
over Co(2). For s € I" we call

supp(s) :={z € Q | each f € Cy(Q2) with f(z) # 0 satisfies fs # 0} C Q
the support of s in €.

Lemma 3.9. Let € be a locally compact space and I' a Banach module over
Co(R2). Then

I, = {f € CO(Q) | f‘supp(s) = O}
for every s € T'.

Proof. Let s € T'. Since I is a closed ideal in Cy(Q2), we find a unique
closed subset M such that f|y; = 0 if and only if f € I;. It is clear that
supp(s) € M. On the other hand, if x € Q \ supp(s), we find f € Cy(f)
with f(x) # 0 but fs =0. Then f|as = 0 which shows x= ¢ M. O

The following is a first characterization of T-homomorphisms extending The-
orem 9.5 of [AAK92|.

Theorem 3.10. Let Q be a locally compact space, I' and A Banach modules
over Co(R2) and T € Z£(Cy(R2)) a *-automorphism. For T € L (I',A) the
following assertions are equivalent.

(a) T is a T-homomorphism.
(b) T1s C Iy for every s € T.
(c) supp(Ts) C p(supp(s)) for each s € T.

For the proof we need the following lemma.
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Lemma 3.11. Let Q be a locally compact space and I' be a Banach module
over Co(Q2). Let K = QU {0} be the one-point compactification of Q2. The
mapping

CE)xT'—T, (f,8) = (f = f(o0)D)]as + f(oo)s
turns I' into a (unitary) Banach module over C(K).

Proof. It is easy to check that the mapping above actually turns I' into a
module over C(K). Choose an approximate unit (e;);cr for Co(€2). Now take
f € C(K) and s € I" and observe that

175l = lim [[(f — f(o0)D)|aeis + floo)ess|

= tim [ (fe;)s]| < lim sup e 3]

< [I£[Hisll-

This shows || fs|| < || f]||s|]| and therefore I' is a Banach module over C(K).
a

Proof (of Theorem 3.10). The equivalence of (b) and (c) is obvious while
the equivalence of (a) and (c) follows from Theorem 9.5 of [AAK92] if K = 2
is compact and ¢ = idg?.

Now take {2 non-compact but still assume ¢ = idg. We consider the one-
point compactification K of Q and the module structure of T over C(K) (see
Lemma 3.11). For s € T" we denote the support of s with respect to this
module structure by suppy(s). It is easy to see that

supp(s) € suppyc(s) € supp(s) U {oo}.
Let (e;)ier be an approximate unit for Co(€2). It is easy to see that oo ¢
suppg (s) if and only if there is g € Co(£2) with gs = s. But this is the case
if and only if there is ig € A with (e;jg —e;)s = 0, i.e., (eig — €;)|supp(s) = 0
for every i > ig. Therefore, the result for non-compact 2 can be reduced to
the compact case.

Finally let ¢: & — 2 be an arbitrary homeomorphism of a locally compact
space ). Consider the module A7, which is the space A equipped with the
new operation f g, s = T, f-s for f € Co(2) and s € A. Then T € Z(I',A)
is a T,,-homomorphism if and only if 7 € £(T', A7,) is a homomorphism of
Banach modules. By the above, this is the case if and only if

{x € Q] each f e Cy(Q) with f(x) # 0 satisfies T, f - Ts # 0} C supp(s),
i.e., supp(7Ts) C p(supp(s)) for each s € I O

We now introduce dynamical Banach modules. Fix a pair (A4;7") of a commu-
tative C*-algebra A and a strongly continuous group representation 7: G —
Z(A) of alocally compact group G as *-automorphisms of A. Moreover, let
S C G be a fixed closed submonoid.

Definition 3.12. An S-dynamical Banach module over (A;T) is a pair
(I; T) consisting of a Banach A-module I' and a monoid representation
T:S8 — Z(T') such that

INote that even though the authors work in the complex setting, their proof also works
in the real case.



GELFAND-TYPE THEOREMS FOR DYNAMICAL BANACH MODULES 13

(i) T(g9) € Z(T) is a T(g)-homomorphism for each g € S,
(ii) T is strongly continuous, i.e.,
S—T, g—T(g9)s
is continuous for every s € I'.

A homomorphism from an S-dynamical Banach module (I';7) over (A;7)
to an S-dynamical Banach module (A;S) over (A;7) is a homomorphism
V e Z(I',A) of Banach modules over A such that the diagram

r—-a
T(g)l lS(g)
r — A
commutes for each g € S.

Starting with the topological case, we now show that dynamical Banach
bundles induce dynamical Banach modules.

Example 3.13. Consider an S-dynamical Banach bundle (E; ®) over a topo-
logical G-dynamical system (£2;¢). For each g € G the Koopman opera-
tor T,,(g) = T, is a *-auotmorphism of Co(Q2) (see Example 3.6 (i)) and
g + Ty(g) defines a representation of G as operators on Cy(£2), called the
Koopman representation which is strongly continuous (this is probably well-
known, but also a special case of Proposition 3.14 below).

By setting Te(g) := Ts, for each g € S we obtain a T, (g)-homomorphism
To(g) € ZL(To(FE)) for each g € S (see Example 3.6). We call the monoid
representation 7g the weighted Koopman representation of (E; ®).

Proposition 3.14. Let (;p) be a topological G-dynamical system, A =
Co(2) and T =T, the Koopman representation of (2;¢).

(i) If (E;®) is an S-dynamical Banach bundle over (2;¢p), then the
weighted Koopman representation T defines an S-dynamical Banach

module over (Co(€2); T5,).
(ii) For a morphism ©: (E;®) — (F; V) of S-dynamical Banach bun-
dles over (2;¢) the operator Vg € L (T'o(E),I'o(F)) defined by
Vos:=0Oos forseTly(E)

is a homomorphism Vg € Z(I'o(E),Io(F)) between the S-dynamical
Banach modules (T'y(E); To) and (To(F); Ty).

For the proof we need the following lemma.

Lemma 3.15. Let (E;®) be an S-dynamical Banach bundle over (2; ). Let
K := QU {oo} be the one-point compactification of Q2. Then the following
assertions hold.

(i) The mapping
00 T = 00,

0:Gx K —K, (g,2)—
p(g:x) x# o0,
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15 continuous.
(i) Setting

0 v € By,

d:SxE—E, (g,v)
o0 veL,

defines an S-dynamical Banach bundle (E;®) over (K; ().

Proof. If ¢ € G and L is a compact subset of €2, we choose a compact
neighborhood V of g and set U := (V~! . L)°. Then U is cocompact with
hy ¢ L for all h € V and y € U. This shows (i).
Now let L C Q be compact, € > 0 and g € S. Choose a compact neighbor-
hood V' C § of g and an open subset U in €2 with compact complement such
that hz ¢ L for all h € V and « € U. Since @ is locally bounded, we find a
§ > 0 with [|® < § for every h € V.
For v € E with |jv]] < ¢ and pg(v) € U and h € V we then have
pp(®pv) ¢ L and || @40]] < . This shows that @ is jointly continuous.

O

Proof (of Proposition 3.14). We first prove continuity of the weighted Koop-

man representation in the case of a compact space 2 = K. Fix s € I'(E)

and let g € S and € > 0. For each x € K the set
Vi=V(®jo0s0p,-1,K,¢) :={veE||v— @QS(gfl(pE(v)))H <e}

is a neighborhood of ®,s(¢~'x). Since the mapping

Sx K —E, (hy)— Pps(y)
is continuous as a composition of the continuous mappings
SxK—SxE, (hy)— (hs(y)),
SxE— E, (hv)— ®po,

we find a neighborhood O C S of g and a neighborhood U C K of g~z such
that ®,s(y) € V for every h € O and y € U, i.e.,

1®ns(y) — Pgs(g™ hy))|l < e.
By compactness of K we thus find a neighborhood W C S of g with

sup [|[®5s(y) — ®gs(g™ " hy))| < e
yeK

for all h € W. But then

sup [@ns(h™"y) — @ys(g™'y))l| = sup [rs(y) — Rgs(g™ hy))|l <€
yeK yeK

for each h € W.

The general case of (i) now follows from Lemma 3.15 and Remark 3.3 and

part (ii) is obvious. O

Example 3.16. Let G carry the discrete topology, (X;¢) be a measure-
preserving G-dynamical system, A = L*°(X) and T' = T, the induced Koop-
man representation on L>(X), i.e., T,,(g) := Ty, for every g € G.

Then every S-dynamical Banach bundle (E; ®) over (X; ¢) induces a weighted
Koopman representation T on T''(E) which defines a dynamical Banach
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bundle. Moreover, if O: (F;®) — (F;V) is a morphism of S-dynamical
Banach bundles over (X;¢), then Vgs := © o s for s € I''(E) defines a
homomorphism from (I''(E); Tg) to (T''(F); Ty).

4. AM- AND AL-MODULES

We have seen that topological and measurable Banach bundles induce dy-
namical Banach modules and that these assignments are functorial. We now
describe the essential ranges of these functors.

For this we recall a connection between Banach modules and Banach lattices,
observed by Kaijser in Proposition 2.1 of [Kai78| and Abramovich, Arenson
and Kitover in Lemma 4.6 of [AAK92] in the compact case. We give a new
proof for the locally compact case based on Lemma 1 of [Cun67]| and also
provide more details on the lattice structure.

Proposition 4.1. If Q is a locally compact space, I' a Banach module over
Co(R2) and s € T, then the submodule T's := Cy(Q2) - s is a Banach lattice

with positive cone Cy(Q)4 - s. Moreover, we obtain the following for f,g €
Co(2,R),

(i) fs < gs if and only if flsupp(s) < 9lsupp(s):
(i) (fsVgs)=(fVg)s,
(iii) (fsAgs)=(fNg)s,

(iv) |fs| = [fls.

Proof. Since I'; is also a Banach module over Cy(€2)/I; = Cy(supp(s)) and
the canonical mapping Cy(2) — Co(supp(s)) is a lattice homomorphism
(see Proposition 11.2.6 of [Sch74]|) we may assume that Iy = {0}.

Now let f,g € Co(Q2) with |g| < |f|. Take N := ¢g~1({0}) and choose an
approximate unit (e;);er for Iy := {h € Co(Q) | h|xy = 0} such that e; has
compact support for every i € I. Also define h € Cy(Q2) by

ei(x)?(—ga T ¢ Na

hi(x) :=
(@) 0, x € N.

Then |h;(z)] < 1 for every x € Q and therefore
lgsll = lim [[esgs]| = lim [[A: s < Timsup [[Rsf[[lfs] < [Ifs]]

Now consider the case K = R and equip the normed space Cy({2) - s with the
order generated by the cone Cy(€2)4 - s. Using that I; = {0}, it follows that
fs < gs for f,g € Cp(2) if and only if f < g. This implies that A - s is a
normed vector lattice with properties (i) — (iv) and by Corollary 2 on page 84
of [Sch74] I's is a Banach lattice with positive cone A, - s. Moreover, since
every normed vector lattice is a sublattice of its completion, the properties
(i) — (iv) still hold with respect to the lattice operations of I's.

Now take K = C. If t € Co(Q,R)s NiCy(2,R)s, we find sequences (fp)nen
and (gn)nen in Co(£2) such that

t= lim f,s= hm igns.
n—oo
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In particular, lim, oo (fn —ign)s = 0. The inequality | f,| < |fn —ign| implies
[ fnsll < 1(fn —ign)s||

for every n € N and therefore t = lim,,_, o, fns = 0. Consequently, Co(£2, R)sN
iCo(Q,R)s = {0}.

On the other hand, if ¢t = lim,, o frs for a sequence (f,)nen, a similar ar-
gument shows that ((Refy,)-s)nen and ((Imfy,) - $)nen are Cauchy sequences
in I'. This yields t € Co(2,R)s +iCp(£2,R)s.

Thus I'y = Co(Q2,R)s & iC(2,R)s is the complexification of a real Banach
lattice, hence a complex Banach lattice. O

We use this observation to introduce different types of Banach modules.

4.1. AM-modules. The first is based on the concept of AM-spaces (see
[Sch74], Section II1.7).

Definition 4.2. Let Q be a locally compact space. A Banach module I" over
Co(Q?) is an AM-module over Cy(2) if I's is an AM-space for each s € I'.

Remark 4.3. Clearly a Banach module over Cy(2) is an AM-module over
Co(Q) if and only if

max([| fusl, [l f2s]) = [(fr v fo)s]
for all f1, fo € C()(Q)+ and s el

Example 4.4. If F is a topological Banach bundle over a locally compact
space (2, then I'g(E) (see Definition 2.4) is an AM-module over Co(£2).

Remark 4.5. (i) AM-modules are known in the literature as locally con-
vex Banach modules (see Definition 7.10 in [Gie98] or Definition 1.1
of [Par08], see also [HK77]) and are defined differently. By Propo-
sition 7.14 of [Gie98] our definition is equivalent in the unital case,
and using an approximate identity, even in the general setting. Our
terminology leads to a duality between AM and AL-modules, see
Proposition 4.17 below.

(ii) Given a compact space K, each AM-module over C(K) is isometri-
cally isomorphic to a space of sections I'(E) of some Banach bundle
E over K which is unique up to isometric isomorphy (see Theorems
2.5 and 2.6 of [DG83]). The same holds (and is probably well-known)
in the locally compact case if I'(F) is replaced with I'g(E). However,
since we did not find a reference for this fact, we give a proof in
Proposition 4.10 below.

We now state and prove our first representation result for dynamical Banach
modules.

Theorem 4.6. Let G be a locally compact group, S C G be a closed sub-
monoid and (2; ) a topological G-dynamical system. Then the assignments

(E;®) = (Lo(E); Te)
O~ V@
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define an essentially surjective, fully faithful functor from the category of
S-dynamical topological Banach bundles over (€2;p) to the category of S-
dynamical AM-modules over (Co(€2);T5,).

The proof of Theorem 4.6 starts with the following simple observation.

Lemma 4.7. Let Q) be a locally compact space, p: @ — € a homeomor-
phism and (E,pg) be a Banach bundle over Q). Then (E,,p,) with E, := E
and p, = 0~ o pp is a Banach bundle over Q0 which has the following
properties.

(i) The identical mapping idg: E — E, is a Banach bundle morphism
over ¢

(ii) If F is a Banach bundle over Q, then a mapping ®: F — E is a
Banach bundle morphism over ¢ if and only if ®: F — E, is a
Banach bundle morphism over idq.

Using these facts, most of the proof of Theorem 4.6 can be reduced to the
non-dynamical case. We first consider single operators.

Lemma 4.8. Let E and F be Banach bundles over a locally compact space §2.
Moreover, let p: Q — Q be a homeomorphism and T € £ (To(E),To(F)) a
T,-module homomorphism. Then there is a unique Banach bundle morphism
® over ¢ with T = Tgp. Moreover, |®|| = ||T|| and T is an isometry if and
only if ® is isometric.

Proof. Assume that 2 = K is compact. Consider the bundle F, induced
by ¢, see Lemma 4.7. The operator V € Z(I'(E),I'(F,)) defined by Vs :=
s o ¢ is an isometric and surjective Ti,-1-homorphism. Therefore, VT €
Z(I'(E),I'(F,)) is a (non-dynamical) homomorphism of Banach modules.
By Theorem 2.6 of [DG83] we thus find a unique bundle morphism ®: £ —
F, over idg with

VTs=®os

for each s € T'(E), i.e., ®: E — F is the unique bundle morphism over ¢
with

T5:V_1(<I)05) :(I)osogp_l
for every s € I'(E). Moreover, ||®| = ||[VT|| = ||T|| and ® is isometric if and
only if VT is an isometry, i.e., if and only if 7 is isometric (see Propositions
10.13 and 10.16 of |Gie98]).
Now suppose that € is non-compact, but locally compact. Let K be the one-
point compactification and @: K — K the canonical continuous extension
of ¢. The canonical mapping

[(E) — To(E), s slg

is an isometric isomorphism of Banach spaces (see Remark 3.3) and therefore
T induces an operator T € .Z(I'(E),T(F)). It is easy to check that T is

T3 homomorphlsm and we can apply the first part to find a umque bundle
morphlsm ®: E — E over ¢ with T(slo) = (® oso@ )| for every
s € I'(E). Since each Banach bundle morphism of E has a unique extension
to a Banach bundle morphism of E, the restriction <I>\ g is the unique bundle
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morphism ® over ¢ with 7Ts := ®osogp~! for all s € ['g(E). The remaining
claims are obvious. ]

Lemma 4.9. Let G be a locally compact group with identity element e € G,
S C G be a closed submonoid and (2;¢) a topological G-dynamical system.
Moreover, let E be a Banach bundle over Q and let T: S — Z(I'o(E))
be a strongly continuous monoid representation such that (To(E);T) is an
S-dynamical Banach module over (Co(2);T,). Then there is a unique S-
dynamical Banach bundle (E;®) over (Q; ) such that Te = T .

Proof. We apply Lemma 4.8 to find a unique bundle morphism ®, over ¢4
such that 7(g) = T, for each g € S. Since T (e) = Idr,(g), we obtain that
®(e) = idg. Moreover, for g1,92 € S we obtain that b = Oy 0Py, is a
bundle morphism over g4, 4, with

T(g192) = T(91)T (92) = Ta(91)Ta(g2) = 7:i>'

By uniqueness of ®,,,, we therefore obtain

Qg 0Py, =0 =Dy,

To conclude the proof we have to show that the mapping
»:S—EF, g9,

is jointly continuous and that @ is locally bounded. The latter follows since
|1®(g)]l = IT(g)|| for every g € S by Lemma 4.8 and T is locally bounded
by strong continuity and the principle of uniform boundedness.

Now let v € E and g € S. Take s € I'g(E) with s(gpr(v)) = ®4v, € > 0 and
an open neighborhood U C K of gpg(v). Since ®, is continuous, we find

§ e Ty(E), § > 0 and a neighborhood V of pg(v) such that 3(pg(v)) = v
and

d,(V(3,V,08)) CV(s,Ue),

in particular ||®,3(z) — s(gx)|| < ¢ for every x € V. Since ¢ is continuous,
we find a neigborhood V' C V of pg(v) and a neighborhood W of g in S such

that hy € g(V)NU for every y € V and h € W.
Finally choose a compact neighborhood W C W of g with

sup 1@1,3(z) — @g3(g~ ha)|| = || T (h)5 — T(9)3] < e.
for every h € W. Then M := sup,cy ||7(h)|| < oo and for h € W and
ueV(sV, MLH), we obtain
[@nu = s(hpe ()|l < 1@l - llu = $(pe(w))]l
+ @3 (pp () = Bg5(g~ hpp(u))|
+12g5(9~  hwp(u) — s(hpp(u)|
< 3e,
and hpp(u) € U. This shows
du € V(S, U,E)

for each h € W and u € V(3,V, 37577) and thus @ is jointly continuous. O
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Finally, we look at AM-modules.

Proposition 4.10. Let Q be a locally compact space and I' an AM-module
over Co(Q2). Then there is a Banach bundle E over Q such that T'o(E) is iso-
metrically isomorphic to I'. Moreover, this bundle is unique up to isometric
isomorphy.

Proof. If Q is compact, the claim holds by Theorem 2.6 of [DG83]. If € is
non-compact, we consider I' as a Banach module over C(K) where K is the
one-point compactification of €2 (see Lemma 3.11). Using a similar argument
as in Lemma 3.11 we see that I" is then an AM-module over C(K) and we
therefore find a Banach bundle F' over K such that I'(F') is isometrically
isomorphic to I' as a Banach module over C(K'). Moreover, by the proof of
Theorem 2.6 of [DG83] we have Fi, = T'/Js with

Joo = lin{fs| f € C(K) with f(co) =0 and s € T'}.

Since I is non-degenerate, we obtain Jy, = I' and thus Fi,, = {0}. We can
therefore define a Banach bundle E over Q by setting F := F \ Fy and
pp = pr|p and it is clear that F = E. In particular, we obtain an isometric
isomorphism of Banach spaces (see Remark 3.3)

I'(F) — Ty(F), s+ sla

and it is then easy to check that I' is isometrically isomorphic to I'g(E) as
a Banach module over Cy(£2). Uniqueness follows directly from Lemma 4.8.
a

Combining Proposition 4.10 with the preceding Lemmas 4.8 and 4.9, the
proof of Theorem 4.6 is straightforward. We skip the details.

Remark 4.11. It is not hard to construct an inverse to the functor of Theorem 4.6.
In fact, if I' is an AM-module over Cy(2), then we obtain the fibers E, of a
Banach bundle F by setting

Jy :=1lin{fs | f € Co(Q) with f(x) =0 and s € T'},
E,:=T1/J,,

for x € Q, see Section 2 of |[DG83| or Section 7 of |Gie98|. Moreover, if
@: Q@ — Q is a homeomorphism and 7 € Z(T') is a T, ,-homomorphism,
then TJ, C J ) for every z € Q and therefore 7 induces a bounded oper-
ator ¢, € E(Ex, E¢(I))

With these constructions one can assign a dynamical Banach bundle to a dy-
namical AM-module (I'; 7). We leave the details to the reader (cf. Theorem
2.6 of [DG83).

4.2. AL-modules. The dual concept of AM-spaces in the theory of Banach
lattices are so-called AL-spaces (see Section I1.8 of [Sch74]). Again we make
use of this concept to introduce a certain class of Banach modules.

Definition 4.12. Let Q be a locally compact space. A Banach module I’
over Co(2) is called an AL-module over Co(2) if I's is an AL-space for each
sel.
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Remark 4.13. A Banach module over Cy(£2) is an AL-module over Cy(€2) if
and only if

[f1s + fasll = [ frsl] + [l fas]]
for all f1, fo € Co(Q)+ and s € T'.

Note that if X is a measure space, then L*>°(X) is *-isomorphic to C(K)
for some compact space K. Thus, every Banach module over L (X) can

be seen as a Banach module over C(K). In particular, we may speak of
AL-modules over L>®(X).

Example 4.14. Let E be a measurable Banach bundle over a measure space
X. Then T'Y(E) (see Example 3.4) is an AL-module over L*°(X).

Remark 4.15. It is tempting to expect that for a measure space X every
AL-module over L*°(X) is already isomorphic to a space I''(E) for some
measurable Banach bundle E over X. However, we will see below that this
is not the case (see Example 5.10).

As in the case of Banach lattices, AM- and AL-modules are dual to each
other. To formulate this result we first equip the dual space of a Banach
module with a module structure.

Definition 4.16. Let " be a Banach module over a commutative C*-algebra
A. Then the dual space I'" equipped with the operation (f-s')(s) := s'(f - s)
forsel, s eIV and f € A is the dual Banach module of T' over A.

It is straightforward to check that the dual Banach module of a Banach
module is in fact a Banach module. We can now make the duality between
AM and AL-modules precise using the following result due to Cunnigham
(see [Cun67]) though in somewhat different notation. He only treats the
compact case. However, using Lemma 3.11 the general result can easily be
deduced from this.

Proposition 4.17. Let Q be a locally compact space. For a Banach module
I over Co(Q2) the following assertions hold.

(i) T is an AM-module if and only if T is an AL-module.
(ii) T 4s an AL-module if and only if T is an AM-module.

5. LATTICE NORMED MODULES

5.1. Up(2)-normed modules. As observed in [Cun67|, AM-modules admit
an additional lattice theoretic structure. For a locally compact space €2, we
write
U(Q) :={f: Q@ — R| f upper semicontinuous},
Up(Q2) :={f€U(Q) | Ve > 03K C Q compact with ||s(z)| <eVz ¢ K},
Uo(Q2)+ :={f € Uo(Q) | f =0},

and introduce the following concept (see Section 6.6 of [HK77| for the com-
pact case).
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Definition 5.1. Let 2 be a locally compact space and I" a Banach module
over Cp(2). A mapping

T — Up(@)
is a Ugy(Q)-valued norm if
(@) llsll = flsll;
(i) [fs] = [f]- s,

(iii) |s1 4 s2| < [s1] + [s2],

for all s,s1,50 € I" and f € Cp(€2). A Banach module over Cy(£2) together
with a Ug(€2)-valued norm is called a Ug(€2)-normed module.

Example 5.2. Let £ be a Banach bundle over a locally compact space
Q. Setting |s|(z) := ||s(x)| for x € Q and s € 'o(E) turns ['o(E) into a
Up(£2)-normed module.

Note that each Up(€2)-normed module is automatically an AM-module over
Co(€2). The converse also holds and is basically due to Cunningham in the
compact case (see Lemma 3 and Theorem 2 in [Cun67]).

Proposition 5.3. Let Q be a locally compact space. For a Banach module
I' over Co(Q2) the following are equivalent.
(a) T is an AM-module over A.

(b) T’ admits a Ug(2)-valued norm.

In this case the Ug(2)-valued norm is unique and given by

sl(x) = inf{| 5] | £ € Co(@)+ with f(z) = 1}
forx e Q and s €T.

Proof. Using Lemma 3.11, existence and the desired formula of the Up(2)-
valued norm can be reduced to the compact case which is treated in Lemma
3 of [Cun67].

For uniqueness, observe that any Up(f2)-valued norm |- |: T' — Up(Q)+
satisfies

|s|(z) < inf{[|fs]| | f € Co()+ with f(z) =1}
for every z € 2 and s € I'. On the other hand, if x € 2, s € " and € > 0, we
find a neighborhood U of z such that |s|(y) < |s|(z)+¢ for every y € U since
|s| is upper semicontinuous. Thus, there is f € Co(Q)4 with [|f]| = f(z) =1
and

1f sl = sup|fs[(y) = sup | f(y)] - [s|(y) < [s](z) +¢
yeN yeN

which implies the claim. O
Remark 5.4. The representing Banach bundles of AM-modules I' over Cy(€2)
satisfying |s| € Co(2) C Up(QQ) for every s € T' are precisely the continuous

Banach bundles (see Theorem 15.11 of |Gie98| or pages 47-48 of [DG83| for
the compact case; the locally compact case can easily be reduced to this).
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We can now state the main theorem of this subsection which shows that
the algebraic and lattice theoretic structures of Up(£2)-normed modules are
closely related to each other.

Theorem 5.5. Let € be a locally compact space, p: Q& —  a homeomor-
phism and T' and A Uy(Q)-normed modules. For T € Z(T',A) the following
are equivalent.

(a) T(fs)=Tuf-Ts for every f € Cy(Q) and s € T.

(b) supp(7's) C ¢(supp(s)) for every s € T'.

(c) [Ts| <|T| - Tyls| for every s € T.

(d) There is m > 0 such that |Ts| <m-T,|s| for every s € T.

Moreover, if ' = T'g(E) and A = T'o(F') for Banach bundles E and F over
Q, then the properties above are also equivalent to the following assertion.

(e) There is a morphism ® over ¢ with T = Tg.
If (e) holds, then the morphism ® in (e) is unique, ||®| = ||T|| and ® is

isometric if and only if T is isometric.

For the proof we need the following lemma connecting the vector-valued
norm with the concept of support introduced in Definition 3.8.

Lemma 5.6. Let ' be a Uy(Q2)-normed module. Then

supp(s) = supp(|s|) = {z € Q| [s[(x) # 0}

for each s € T.

Proof. Let x € Q with |s|(z) # 0 and f € Cy(2) with f(x) # 0. Then
|£51(z) = |£1(2)]s] (z) # 0 and therefore |[£s]] 0.

Conversely, let x € supp(s). Assume there is an open neighborhood U of
x such that |s|(y) = 0 for every y € U. We then find a positive function
f € Co(Q) with support in U and f(x) = 1. But then |fs| = |f||s| = 0 and
therefore fs = 0 which contradicts x € supp(s). O

Proof (of Theorem 5.5). The equivalence of (a) and (b) holds by Theorem 3.10.
Now assume that (a) and (b) hold and there is s € I' such that |Ts| €
Tl - Ty|s|. We then find z € Q with ||| - |s|(z) < |Ts|(¢(z)). Since |s|

is upper semi-continuous, we find an open neighborhood V of z such that
1T 1s|(2) < |Ts|(e(x)) for all z € V. Now choose a compact neighborhood
W of x contained in V. Since z € supp(s) by Lemma 5.6 and (b), we find

y € W with s(y) # 0.

Now take a positive function f € C.(Q2) supported in V' with 0 < f < 1 and
f(z) =1 for every z € W. Then § := fs # 0 and

170 - W31l = sup TN - f(2) - Isl(2) < |Tsl(p(x)) = (T f)(e(x) - [Ts[((x))

= [T (f)l((x)) < IT3]l;

contradicting the definition of || 77|
The implications “(c) = (d)” and “(d) = (b)” are obvious and the rest of the
theorem follows from Lemma 4.8. |
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Remark 5.7. In view of Proposition 5.3 and Theorem 5.5, the assignments
of Theorem 4.6 also define an essentially surjective and fully faithful functor
from the category of dynamical Banach bundles over a topological dynamical
system (€; ¢) to the category having as objects pairs of Uy(€2)-normed mod-
ules and monoid representations of “dominated operators” (in the sense of
Theorem 5.5 (¢)) and as morphisms operators V € Z (", A) between Uy (2)-
normed modules such that there is an m > 0 with |Vs| < m - |s| for all
sel.

5.2. L'(X)-normed modules. AL-modules also admit a vector-valued norm.

Definition 5.8. Let A be a commutative C*-algebra and I' a Banach module
over A. A mapping

|-]: T — A,
is an A’-valued norm if
(@) (sl = 1],
(ii) [fs] = L] Isl,
(i) |s1 + s2| < [s1] +|s2],

for all s,s1,s9 € I' and f € A. A Banach module over A together with a
A’-valued norm is called a A’-normed module.

Again the main part of the following result is due to Cunningham in the
compact case (see Theorem 4 of [Cun67]). We give a new proof in the
general case and also provide an explicit formula for the vector-valued norm.

Proposition 5.9. Let Q be a locally compact space. For a Banach module
I' over Co(R2) the following are equivalent.

(a) T is an AL-module over Cy(£2).

(b) T' admits a Co(2) -valued norm.

In this case, the Co(2) -valued norm is unique and given by |s|(f) == ||fs||
forall s €T and f € Co(R) 4.

Proof. It is clear that (b) implies (a) since Co(2)" is an AL-space by Propo-
sition 9.1 of [Sch74|.

If (a) holds, we define |s|(f) = || fs|| for all s € " and f € Cp(€2)4. For every
s € T the map [s|: Co(Q2)+ — R is additive and positively homogeneous
and therefore has a unique positive extension |s| € A’ by Lemma 1.3.3 of
[MNO1|.

Now take an approximate unit (e;);er for Co(€2). Then

sl = timn ess]) = tim |s|(ee) = [l
where the last equality follows from Proposition 2.1.5 of [Dix77|. It is clear

that |s1 +s2| < |s1]|+|s2| for all s1,s9 € I'. Finally, let f € Cy(£2) and s € I
Then

f51(9) = llgfsll = lllgflsll = [s[([f1g) = (If]- [s[)(g)
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for every g € Co(2)4+, where the second equality follows from the fact that
I's is a Banach lattice (see Proposition 4.1). This shows |f - s| = |f| - |s]|.

To prove uniqueness, let | - | be any Co(€2)’-valued norm on T' and let (e;);er
be an approximate unit for Co(£2). Then

1fsll = lim[fs|(e;) = lim|s|(fei) = [s[(f)
for each s € I' and f € Cy(Q2)4+, showing the claim. O

If A =L>*(X) for some measure space X, Proposition 5.9 yields a vector-
valued norm |- |: T' — L*°(X)’,. On the other hand, if F is a measurable
Banach bundle over X, then the mapping

[ THE) — LX)+, s [0l

satisfies properties (i) — (iii) of Definition 5.8 and since L!(X) embeds canon-
ically (as a lattice ideal and as a Banach module over L>°(X)) into L= (X)’,
this already defines the unique L*°(X)'-valued norm. In particular, an AL-
module over L*>°(X) can only be isometrically isomorphic to I''(E) for some
measurable Banach bundle E over X if the L>°(X)’-valued norm takes val-
ues in (the canonical image of) L'(X). This is not always the case as the
following example shows.

Example 5.10. Let X be any measure space and consider ' := L>®(X)’
as a Banach module over L*°(X). Then I' is an AL-module over L>(X)
by Proposition 4.17 since L!(X) is an AL-module over L>°(X). The usual
modulus | - |: L®(X) — L*(X)’ is given by

|s|(f) = sup{ls(g)| [ 0 < lg| < f}

for f € L®(X)4+ and s € L>°(X)’ (see Corollary 1 to Proposition I1.4.2 of
[Sch74]). It is easy to see that

sup{[s(g)| | 0 < [g| < f} = sup{|s(g/)| | 0 <lg] <1} = [[fs]]

for f € L°(X); and s € L°(X)" and therefore | - | is the L>°(X) -valued
norm. If L'(X) is not finite-dimensional, then L'(X) is not reflexive (see
Corollary 2 of Theorem I1.9.9 in [Sch74|). Thus, there are elements s € T’
with |s| ¢ L(X) in this case.

Definition 5.11. Let X be a measure space. An L (X)"-normed module
I is called an L'(X)-normed module if |s| € L'(X) for every s € I.

We now state and prove our second main result. Here a measure space
X is separable if there is a sequence (Ay)nen of measurable subsets of Qx
such that for every B € Y x and every € > 0 there is an n € N with
nx (AnAB ) < E.

Theorem 5.12. Let G be a group, S C G be a submonoid and (X;¢) a
measure preserving G-dynamical system with X separable. Then the assign-
ments
(B; @) = (T (E); To)
O~ V@



GELFAND-TYPE THEOREMS FOR DYNAMICAL BANACH MODULES 25

define an essentially surjective, fully faithful functor from the category of S-
dynamical separable measurable Banach bundles over (X;¢) to the category
of S-dynamical separable L*(X)-normed modules over (L°°(X);T,).

We start by showing that separable Banach bundles over separable measure
spaces in fact induce separable spaces of sections.

Proposition 5.13. Let E be a separable measurable Banach bundle over a
separable measure space X. Then I''(E) is separable.

The proof of the following lemma is based on the proof of Proposition 4.4 of
[FD88| (see also Lemma A.3.5 of [ADROO] for a similar result).

Lemma 5.14. Let E be a separable Banach bundle over a measure space X
and (sp)nen in Mg such that lin{s,(x) | n € N} is dense in E, for almost
every x € Qx. Then lin{s, | n € N} generates E, i.e., every s € Mg is an
almost everywhere limit of a sequence in lin{l s, | A € ¥x,n € N}.

Proof. Let s € Mg, ¢ > 0 and set
Ay =A{x € Qx| [|s(x) — sp(x)] < e} € Ex

for every n € N. Then

Qx\ | U 4x

neN
is a nullset. Therefore, ||s(z) — §(x)| < € for almost every x € Qx where
n—1
S(z) = sp(x) x € A, \UiZy Ag,n €N,
0 else.

Since s is a measurable section with respect to the Banach bundle generated
by lin{s,, | n € N} (see Remark 2.12), this shows the claim. O

Lemma 5.15. Let E be a separable Banach bundle over a measure space X .
Then there is a sequence (Sp)nen in Mg such that

(i) lin{s,(z) | n € N} is dense in E, for almost every x € Qx,
(i) px({]n] £ 0}) < o0 for every n € N,
(iil) [sn| = Lyjs, |0} almost everywhere for every n € N,
(iv) for every x € Qx andn € N

Sp+1(z) =0 or spt1(z) € lin{si(z), ..., sn(x)}.

Moreover, for any sequence (sp)nen n Mg with properties (i) and (ii), the
set

lin{las, | A€ Xx,nec N} CTHE)

is dense in T'1(E).
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Proof. Let (sp)nen be a sequence in Mg such that lin{s,(z) | n € N} is
dense in E, for almost every = € Q0x. By replacing s, by 5, defined as

Sp(x) = {m‘sn(@ sn(z) # 0,
0 $n(z) =0,

for every n € N we may assume that (i) and (iii) hold. Now pick a sequence
(Ap)nen of measurable subsets of Qx of finite measure such that

Oy = U A,.
neN

Then px({|1a4,,sn] # 0}) < oo for all m,n € N. Replacing (sp)nen once
again, we may assume that properties (i)—(iii) are fulfilled.

We define a new sequence (§,)nen in Mg by the following procedure.

First set §; := s1. Now assume that s, is defined for some n € N. Let () be
a countable dense subset of K. For each ¢ = (q1, ..., qn) € Q™ define

n
foi= 1|5k =Y |-
k=1

Then f, is measurable for each ¢ € Q™ and therefore f: 2x — R defined by
f(z) ;= infyeqn fy(z) for x € Qx is also measurable. Note that for z € Qx

Sp+1(z) € lin{s1(x), ..., S (x)} if and only if f(x) = 0.

Therefore, the set B := {z € Q| spy1(z) € lin{si(z), ..., sp(x)}} is measur-
able. We now set §,,11 := 1ps,+1 € Mg.

Clearly, lin{s1(z), ..., sp(z)} = lin{5;(x),...,5,(z)} forall z € Qx andn € N
and therefore (8,,)nen has properties (i) — (iv). This shows the existence of
a sequence with the desired properties (i) — (iv).

Now assume that (s,)nen is a sequence Mg satisfying (i) and (ii) and let
s € Mg with [ |s|dpx < co. By Lemma 5.14 and Lemma 4.3 of [FD88] we
find a sequence (ty,)nen in

M :=lin{las, | A€ Ex,ne N} C Mg

such that lim,_, t, = s almost everywhere and |t,,| < |s| almost everywhere
for all n € N. By Lebesgue’s theorem we therefore obtain that the canonical
image of M in T'(E) is dense in I'}(E). O

Proof (of Proposition 5.13). Using the separability of X, we pick a sequence
(A )nen of measurable subsets of 2x such that for every B € ¥ x and every
e > 0 there is n € N with pux(A,AB) < . Moreover, take a sequence
(Sn)nen as in Lemma 5.15. For each n € N and every A € Y x we then find
an m € N with

|1Lasp, — La,,snll < n(AAA,) <e.
This implies that {14, s, | n,m € N} is total in T''(E). O

The following result characterizes weighted Koopman operators induced by
measurable dynamical Banach bundles similarly to the topological setting
(cf. Theorem 5.5).
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Theorem 5.16. Let X be a measure space, ¢o: X — X an automorphism
and T, A LY(X)-normed modules. For an operator T € Z(I', \) the following
are equivalent.

(a) T(fs)=Tuf-Ts forall f € L®(X) and every s € T

(b) |Ts| < || T\ - Tyls| for every s € T.

(c) There is an m > 0 such that |Ts| < m - Tyl|s| for every s € T,
Moreover, if T = TY(E) and A = I''(F) for Banach bundles E and F over X

with E separable, then the above are also equivalent to the following assertion.
(d) There is a morphism ®: E — F over ¢ such that T = Tg.
If (d) holds, then the morphism ® in (d) is unique,
‘(I)| Qx — [0> OO)» T = H(I)mn

defines an element of L>°(X) and

o sup{|Tas| | s € I°(E) with |s| < 1} =T,|®| € L>(X),

o @] = [ITallre(m) = ITlIr1 ()

e & is an isometry if and only T € L (T'Y(E),TY(F)) is an isometry.

Proof. Assume that (a) is valid and take s € I". For each f € L*°(X) with
f=0

(Tsl, f) = Tsll = 1T (Tp-1f) - s)
TN 1T f - sl = WA - (sl T=r f) = (T - Tl s, f)
since ¢ is measure-preserving. Thus, |Ts| < || T - Ty |s].

Conversely, assume that (b) holds. Since X is o-finite, we find measurable
and pairwise disjoint sets A,, € X x with finite measure for n € N such that

Qx = U A,
neN

For fixed n € N consider the submodules
[,i={sel|[s| e LX) -14,} CT,
Api={seA||s| e L¥(X) Ly,)} €A

We define ||s|c = |[[|s][[Lee(x) for s € Ty and s € A, respectively. If
(Sm)nen is a Cauchy sequence in I',, with respect to the norm || - ||, then
by completeness of I" there is s € T" such that lim,, . s, = s in I'. Using
that there is a subsequence (sy, )gen Of (8m)men such that |s,, —s| — 0
almost everywhere, it follows that s € I';, and lim,,, , S;, = s with respect
o |- o

Thus, I'), and likewise A,, is a Banach module over L>°(X). Moreover, T|r, €
Z(Tn, Ay).

Choose a *-isomorphism V € Z(L*°(X), C(K)) for some compact space K.
We then consider I',, and A,, as Banach modules over C(K) via V1 and see
that the mappings

Iy — C(K), s~ V]s|,
A, — C(K), s—V]s]|
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turn I';, and A,, into U(K)-normed modules. Applying Theorem 5.5 then
shows that T (fs) = (T,,f) - T's for all f € L>°(X) and s € I'y,.

Take f € L®(X) and s € I with [s| € 14, L'(X). Then s = limy, 00 Lj5j<p} 8
in I' and therefore

T(fs) = nh_>ngo T (f1gs/<n}s)
Finally,

im (Tyf) - T(Agpsi<nys) = (T f) - Ts.

n— o0

N N
T(fs)= lim T £ 1a,s :]\}gnooZT(f]lAns)
n=1

n=1
N
Nfloo;l Lf - Tla,s=Tof - Ts

for every f € L>°(X) and s € T.

Now assume that I' = I'}(E) and A = I'' (F)) for measurable Banach bundles
E and F over X with E separable. Let (s,)nen be a sequence in Mg as in
Lemma 5.15 and set

H, = lin{sx(x) | k € N}

for every x € Qx.
Let T be a T,-homomorphism. We choose a representative ¢, € Mp of
Ts, € TY(F) for each n € N. Since

[En (N < NTN - llsn ()]l

for almost every x € Qx and n € N by (b), we find a unique linear mapping
®, € L(Hy, Eyyy) such that @,s,(x) = (t,)(¢(x)) for every n € N and
almost every x € Qx. For almost every x € 2x the map ®, is bounded with
||| < ||7|| and has a unique extension to a bounded operator on E, which
we also denote by ®,. We set ®, := 0 € Z(E,) for the remaining points
x € Q2x and obtain a mapping

¢: F — F, U'—)‘I)pE(U)’U.

Since ® o (14 - sn) = (Ly(a) - tn) © ¢ almost everywhere for every n € N and
every set A € Xx, we can apply Lemma 5.14 to see that for each s € Mg
there is a t € Mp with ®os = toyp almost everywhere. This shows that @ is
a morphism of measurable Banach bundles over . Moreover, Tes, = T sp
and, since {s, | n € N} defines a total subset of I''(E), we obtain T = Te.
Thus (a), (b) and (c) imply (d). The converse implication is obvious.
Now let ®: E — F' be a morphism over . Using standard arguments, we
find a sequence (8, )nen in Mg such that

e |5,| < 1 almost everywhere for every n € N,

e ux({|5n] # 0}) < oo for every n € N,

e {5,(x) | n € N} is dense in the unit ball Bg, of E, for almost every

r € Nx.

If @ is a premorphism representative of @, then

@5, | = sup||®g, 5. (x)]|
neN
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for almost every z € Qx. Thus, Qx — R, z +— ||®p, || is measurable and
|®| defines an element of L°°(X) of norm ||®||.
Clearly,

|Ta| := sup{|Taos| | s € I'°(F) with |s| < 1} < Ty,|P|

in L*°(X) (note that the supremum on the left hand side exists since the
Banach lattice L°°(X) is order complete, see Example 5 on page 106 and the
Corollary of Proposition I1.7.7 of [Sch74]). On the other hand,

Tyl ®|(2) = @12l = 5uD | @10 5 (0™ (2)) ]| = sup [|(To50n) (2)
neN neN
< |Tel(2)
for almost every « € Q2x, showing that T,,|®| = |Ta|. Moreover,
11} = ess supyen, SUP [[(TaSn) (@)l] = sup esssupsca, |[(Tedn) (@)
ne

neN
= sup || To5nlloo < H7:I>HF°°(E)7
neN

and [T ||pe(g) < [|®| is clear, hence [|Ta[|poe () = 2] = [[[Ta|llLoe x)-
Now pick s € I'*°(F) with |s| < 1. For every measurable set A € ¥x with
finite measure

La|Tas| = |To(Ty " 1a - 8)| < [ Tollvr(m) - Tol(T; ' La - 5)| < ||Tallri(z) - 1a

by (b). Since X is o-finite, we obtain ||[7s|lp~x) < [|Tallri(z) and the
inequality [|7a|/r1(g) < [|®]| is obvious. Therefore,

@[] = I Tellree ) = T2 llrs (k)

and, since the difference of premorphisms over ¢ is again a premorphism
over ¢, this equality also proves the uniqueness of ® in (d).

If @ is an isometry, then clearly 7s is an isometry. Assume conversely that
To is an isometry and pick a representative ® of ®. We already know that
) E, 1s a contraction for almost every x € Qx.

Assume that there is a set A € Xy with positive measure such that ®|g, is
not an isometry for every x € A. We then find an n € N and a set B € X
with positive measure such that ||®,5,(x)| < [|S,(x)| for every x € B. This
implies

[ Tadall = / @250 ()| djix < / 1n (@)l dux = |3l
X X

a contradiction. O

Since we have not employed any continuity assumptions on dynamical mea-
surable Banach bundles, we immediately obtain the following consequence
of Theorem 5.16.

Corollary 5.17. Let G be a (discrete) group, S C G be a submonoid and
(X;9) a measure-preserving G-dynamical system. Moreover let E be a sep-
arable Banach bundle over X and let T: S — Z(T'Y(E)) be a monoid
representation such that (TY(E);T) is an S-dynamical Banach module over
(L*®(X);T,). Then there is a unique dynamical Banach bundle (E; ®) over
(X;¢) such that T =T.
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Finally, we use a result of Gutmann ([Gut93b]) to represent L!(X)-normed
modules.

Proposition 5.18. Let X be a measure space and I' an L*(X)-normed mod-
ule. Then the following assertions hold.

(i) There is a measurable Banach bundle E over X such that T''(E) is
isometrically isomorphic to T'.

(ii) If T is separable, then there is a separable Banach bundle E over X
such that TY(E) is isometrically isomorphic to T'. Moreover, E is
unique up to isometric isomorphy.

Proof. In the real case, 7.1.3 of [Kus00]| shows that the space I is in partic-
ular a Banach-Kantorovich space over L(X) (see Chapter 2 of [Kus00] for
this concept) and we find a measurable Banach bundle E over X such that
I is isometrically isomorphic to I''(E) as a lattice normed space by Theorem
3.4.8 of [Gut93b]?. If we start with a complex L!(X)-normed module, the
proof of this theorem reveals that the constructed Banach bundle E is canon-
ically a Banach bundle of complex Banach spaces and that the isomorphism
of T' and T'}(E) is C-linear (see Theorem 3.3.4 of [Gut93b] and Theorems
2.1.5 and 2.4.2 of [Gut93a]). In any case, we can apply Theorem 5.16 to see
that this isomorphism is an isometric Banach module isomorphism.

Now assume that I' and therefore I'' (E) is separable. Let (s, )nen be dense
in TY(E) and choose a representative in Mg for each s, (which we also
denote by s,). We define a new measurable Banach bundle by setting
Fy :={sp(x) | n € N} for every x € Qx and

Mp :={s e Mg |s(x) € F for every x € Qx}.

Then
V:TYF) —TYE), s—s

is an isometric module homomorphism. However, since s, € T''(F) for
every n € N, V is in fact an isometric isomorphism. Clearly, F' is sep-
arable. Uniqueness up to isometric isomorphy follows immediately from
Theorem 5.16. O

Combining Lemma 5.14, Corollary 5.17, Theorem 5.16 and Proposition 5.18
now yields Theorem 5.12.

Remark 5.19. Note that in contrast to the topological setting, the construc-
tion of the representing separable measurable Banach bundle is not canonical
and involves choices.
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UNIFORM ENVELOPING SEMIGROUPOIDS FOR EXTENSIONS OF
TOPOLOGICAL DYNAMICAL SYSTEMS

NIKOLAI EDEKO AND HENRIK KREIDLER

ABsTRACT. We study isometric and pseudoisometric extensions of topological dynamical
systems and prove two new characterizations for such extensions. Our starting point is
that, in the study of extensions ¢: (K; G) — (L; G) of dynamical systems, the enveloping
Ellis semigroup E(K; G) has certain limitations when the systems are nonminimal. This
motivates the concept of enveloping semigroupoids as a generalization of enveloping semi-
groups that is adapted to extensions. We introduce the uniform enveloping semigroupoid
Eu(q) of an extension and, under appropriate assumptions, show that an extension ¢ is
(pseudo)isometric if and only if £€,(g) is a compact groupoid. We then prove a Peter-Weyl-
type theorem for representations of compact, transitive groupoids on Banach bundles and
use this to derive an operator theoretic characterization for pseudoisometric extensions.

Given a topological dynamical system (K;¢) consisting of a compact space K and a
continuous map ¢: K — K, its enveloping Ellis semigroup E(K; ¢) introduced by Ellis
in [EII60] as the pointwise closure

E(K;¢) = {¢"|n e N} C KX

is an important tool in topological dynamics. It is a compact, right-topological semigroup
that allows to study a dynamical system in terms of topological and algebraic properties
of its enveloping semigroup. In particular, it allows to apply the theory of compact, right-
topological semigroups to topological dynamics. But apart from single systems, the Ellis
semigroup also allows to understand extensions

q: (K;9) = (L;y)

of systems by taking elements ©} € E(K; ¢) and restricting them to fibers K; := ¢~' (/) of
q. These restrictions 1, := |k, capture properties of the system (K ¢) relative to (L;y)
and the resulting fiber semigroups

Ei(K;¢) := {919 € E(K; ¢): 9(K)) € Ki}

acting on the fibers of g serve as a “relativized” version of the Ellis semigroup and yield
many results about extensions of minimal systems, see, e.g., [Bro79, Section 3.14].

However, for systems that are not pointwise recurrent (a property guaranteed by minimal-
ity), this approach of “relativizing” the Ellis semigroup has not proven very fruitful since
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2 NIKOLAI EDEKO AND HENRIK KREIDLER

a fiber semigroup E;(K; ¢) is nonempty if and only if / € L is a recurrent point. This
means that there is an inherent dependence on recurrence in the approach of considering
the semigroup {¢" | n € N}, forming the enveloping semigroup E(K; ¢), and then consid-
ering its restrictions E; (K; ¢) to fibers of g. Yet, as we discuss in Section 1, there are many
examples for extensions of nonminimal systems for which properties that can be proved in
the minimal setting still hold, suggesting that minimality is inessential for certain purposes.
Thus, in order to extend the scope of the fiber semigroup approach, we suggest to work
around this built-in dependence on recurrence and introduce the concept of enveloping
semigroupoids as a generalization of enveloping semigroups. Concretely, we change the
above-explained approach by first forming the semigroupoid of restrictions

S(q) = {¢}

passing to its uniform enveloping semigroupoid €,(8(g)). Then we consider the semi-
groups formed by the elements in €,(S(g)) that act on a given fiber K;.

neN,leL},

Groupoids, generalizations of groups that allow to capture local symmetry, play an im-
portant role in, e.g., noncommutative geometry where they have provided a framework
for studying operator algebras, index theory, and foliations (see [Con95] or [MS06]). In
ergodic theory, Mackey used groupoids for his theory of virtual groups in order “to bring
to light and exploit certain apparently far reaching analogies between group theory and
ergodic theory” ([Mac66, p. 187 and Section 11]). It is the purpose of this article to show
that groupoids have also been implicitly used in the study of extensions of topological
dynamical systems and that the systematic analysis of the occurring groupoid structures
allows to simplify and generalize results on isometric and equicontinuous extensions by
replacing minimality with the considerably weaker condition dimfix(7,) = 1 for the
Koopman operator 7,: C(K) — C(K), f — foo.

The importance of isometric and equicontinuous extensions of topological dynamical
systems is in particular due to the Furstenberg structure theorem for distal minimal flows
which states that any distal minimal flow can be constructed via a Furstenberg tower
consisting of isometric (equivalently: equicontinuous) extensions. In this article, we are
interested in an operator theoretic characterization of these extensions. For (invertible)
topological dynamical systems it is known that equicontinuity and the Koopman operator
T, having discrete spectrum are equivalent. The following consequence of results of A.
W. Knapp from [Kna67] gives hope that a similar characterization can be derived for
extensions. Note here, that every continuous surjection g: K — L canonically induces a
C(L)-module structure on C(K).

Theorem. Let g: (K;¢) — (L;¥) be an equicontinuous extension of invertible, minimal,
and distal topological dynamical systems. Then the union of all finitely generated closed
Ty-invariant C(L)-submodules of C(K) is dense in C(K).

As one of our main applications of the uniform enveloping semigroupoid, we extend
this to a characterization of nonminimal, not necessarily distal systems in the following
way. Recall that a module I' over a commutative unital ring R is projective if there is an
R-module T such that the module T’ @ T is free, i.e., has a basis.
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Theorem. For an open extension q: (K;¢) — (L;¢) with dimfix(T,) = 1 the following
assertions are equivalent.

(a) g is a pseudoisometric extension.

(b) The union of all finitely generated and projective closed T,-invariant C(L)-
submodules of C(K) is dense in C(K).

Note that the openness condition on the extension is automatically fulfilled in the case of
minimal and distal systems (see [Bro79, Corollary 3.12.25]). Our key tool for the difficult
implication (a) = (b) is the following Peter-Weyl-type theorem for compact, transitive
groupoids which we prove in Theorem 3.6.

Theorem. Let T be a continuous representation of a compact transitive groupoid G on
a Banach bundle E over the unit space G9. Then the union of all invariant subbundles
of constant finite dimension is fiberwise dense in E. If, moreover, G is abelian, then the
union of all invariant subbundles of constant dimension one is fiberwise total in E.

Apart from this, we also generalize another result of Knapp on the existence of unique
relatively invariant measures for equicontinuous extensions (see Theorem 2.7).

Organization of the article. In Section 1, we discuss equicontinuous and related ex-
tensions, prove new characterizations for such extensions, and in particular establish a
generalized Arzela-Ascoli theorem for extensions. We motivate and then introduce the
uniform enveloping semigroupoid of an extension and characterize its compactness. In
Section 2 we then consider Haar systems for the isotropy bundles of compact transitive
groupoids and use them to show the existence of relatively invariant measures for open
pseudoisometric extensions of topologically ergodic systems. Section 3 is then devoted to
a Peter-Weyl-type theorem for representations of compact transitive groupoids on Banach
bundles. We apply this to the uniform enveloping groupoids of pseudoisometric extensions
to derive the characterization stated above.

Terminology and Notation. All compact spaces are assumed to be Hausdorff though we
may occasionally specify the Hausdorff property for emphasis. The neighborhood filter of
a point x € X in a topological space X is denoted by Ux (x) or simply U (x) when there
is no room for ambiguity. If X is a uniform space, we write Uy for the uniform structure
of X.

At several points in the paper we consider bundles, i.e., continuous surjections p: E — L
for some topological total space E (usually with some additional structure) to a topological
(usually compact) base space L. For | € L, we write E; := p‘1 (1) for the fiber over | of
such a bundle, and if f: £ — X is a map to some set X, we set f; := f|g,. Moreover, if
p1: Ey = Land py: E; — L are two bundles over the same base space L, we define

Ey Xppp E2 i ={(x,y) e Ey X Ey | p1(x) = pp())} C E1 X B

and equip this set with the subspace topology induced by the product topology on E;| X Ej.
We also write E1 X Ep := E| X, ,, E> if the mappings p; and p; are clear.
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We use the letters S and G for topological semigroups and groups and the letters 8 and G for
semigroupoids and groupoids, respectively. By a fopological dynamical system we mean
atriple (K; S, ¢) consisting of a non-empty compact space K, a topological semigroup S,
and a continuous action ¢: S X K — K of S on K. If S contains a neutral element 1g,
we require that ¢(lg,-) = idg, so that if S is a group, ¢ is automatically a group action.
For s € S, we denote the map ¢(s,-): K — K by ¢;. We omit ¢ from the notation if
there is no room for confusion and if § € {N, Z}, we abbreviate (K; S, ¢) by (K; ¢) and
identify ¢ with the map ¢(1,-): K — K that completely determines the action. If (K; ¢)
is specified as invertible, we consider the system as a Z-action, otherwise we assume an
N-action.

As usual, a morphism q: (K; S, ¢) — (L; S, ) between dynamical systems (K; S, ¢) and
(L; S, ) is a continuous mapping g: K — L such that the diagram

commutes for all s € §. A morphism ¢g: (K;S,¢) — (L;S,¢) is an extension (of
topological dynamical systems) if the underlying map g: K — L is surjective.

Finally, if K is a compact space, we write C(K) for the Banach space of all continuous
complex-valued functions on K. We identify its dual space C(K) with the space of all
complex regular Borel measures on K and write P(K) C C(K)’ for the space of all
probability measures in C(K)". If ¢#: K — L is a continuous mapping between compact
spaces K and L we write ¢, u for the pushforward of a measure 4 € C(K)', i.e.,

ffdﬁ*(,u):ffoﬁdu for f € C(L).
L K

Moreover, we define the Koopman operator Ty € £ (C(L),C(K)) of # by Ty f := f o
for f € C(L). For a topological dynamical system (K; S, ¢), the mapping
T,: S - Z(C(K)), s T,

is the Koopman (anti)representation of (K; S, ¢).

1. UNIFORM ENVELOPING SEMIGROUPOIDS

The famous Peter-Weyl theorem (see [Fol15, Section 5.2]) on representations of compact
groups has numerous applications among which is in particular the following result in
representation theory (see [EFHN15, Theorem 15.14]).

Theorem 1.1. Let n: G — Z(E) be a strongly continuous representation of a compact
group G on a Banach space E. Then the union of all finite-dimensional G-invariant
subspaces of E is dense in E.
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In topological dynamics, this allows to prove the following characterization of the equicon-
tinuity of a group action.

Theorem 1.2. Let (K; G) be a topological dynamical system. Then the following asser-
tions are equivalent.

(a) (K;G) is equicontinuous.
(b) The union of all finite-dimensional G-invariant subspaces is dense in C(K).
One approach to this theorem uses the enveloping Ellis semigroup
E(K:S,¢) = (g5 [ s € S} KX

of a system (K S, ¢) and the fact that if S = G is a group, then (K; G) is equicontinuous
if and only if E(K; G) is a compact topological group of continuous functions on K. This
allows to use Theorem 1.1 to prove the difficult implication (a) = (b) in Theorem 1.2
by using the compact group E(K; G) and its Koopman representation.

The main goal of this article is to prove a common generalization of Theorem 1.2 and
Knapp’s above-mentioned result to extensions of nonminimal dynamical systems. To this
end, we develop the notion of uniform enveloping semigroupoids as an alternative to the
enveloping Ellis semigroup and prove a generalization of Theorem 1.1 to representations
of compact, transitive groupoids.

Equicontinuous extensions. We start by recalling the following notions of extensions as
well as the relations between them.

Definition 1.3. Letg: (K;S) — (L; S) be an extension of topological dynamical systems.
Then g is called

(i) weakly equicontinuous or stable if for each [ € L and each entourage U € Uk
there is an entourage V € Uk such that one has (sxq, sxp) € U for all s € S and
(x1, x2) € V with x1, xp € K].

(ii) equicontinuous if for each entourage U € Uk there is an entourage V € Uk such
that for each / € L one has (sx1,sxp) € U for all s € S and (x1, x2) € V with
X1, Xy € K.

(iii) pseudoisometric if there is a set P of continuous mappings p: K X; K — [0, o)
such that

® p; = plk,xk, is a pseudometric on K; for every [ € L,
e the pseudometrics p; for p € P generate the topology of K; for every [ € L,
o p(sx,sy) =p(x,y)forall s € Sand x,y € K with g(x) = g(y).

(iv) isometric if it is pseudoisometric and the set P can be chosen to consist of a single
map which is (necessarily) a metric on each fiber.

Remark 1.4. With Proposition 1.5 below we obtain that (iv) = (iii)) = (ii) = ().
If (K;G) and (L; G) are minimal group actions, ¢ is equicontinuous if and only if it is
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pseudoisometric if and only if it is weakly equicontinuous and open, see [dVr93, Corollary
5.10] and [Bro79, Theorem 3.13.17]. Moreover, all of the notions in Definition 1.3 differ
in general, even for extensions of invertible systems: For (iii) and (iv) this is obvious, for
(ii) and (iii) see Example 1.27 below, and for the relation between and (i) and (ii) we refer
to [Aus13].

Proposition 1.5. Let q: (K;S) — (L;S) be a pseudoisometric extension of topological
dynamical systems. Then q is equicontinuous.

Proof. Pick a set P as in Definition 1.3 (iii) and take U € Ug. For each finite subset
F C Pande > 0, set

Ure ={(x,y) e KX, K| VpeF:p(xy)<e}

(| Ure=Ax.

FCP finite
>0

and note that

We claim that for every U € Uk, there are a finite set F € P and an & > 0 such that
Urs € U which would yield the claim since Uf, is S-invariant. In order to prove the
claim, first recall that Ux = Ugxx (Ag) is just the neighborhood filter of the diagonal.
The claim then follows from the fact that if (M, )q.ea is a decreasing family of sets in a
compact space X and U is an open neighborhood of (<4 My, then there is an ag € A
such that M,, C U (use the finite intersection property). m|

The types of extensions in Definition 1.3 are well-understood for extensions g: (K; G) —
(L; G) of minimal group actions and, in particular, enjoy several pleasant properties such as
the existence of relatively invariant measures for equicontinuous extensions (see [Kna67,
Proposition 5.5] or [Gla75, Corollary 3.7]) or Knapp’s above-mentioned result. The key
for obtaining these results are the Ellis fiber semigroups

E/(K;S) == {0 | # € E(K;8): 9(K)) < F(K))}

derived from the Ellis semigroup of a system (K;S). Unfortunately, this approach to
equicontinuous extensions breaks down for systems that are not pointwise recurrent since
E/(K;S) is nonempty if and only if / € L is recurrent. Yet, the following examples
illustrate that there are many nonminimal extensions for which the union of all invariant
C(L)-submodules of C(K) of constant finite dimesion is still dense, even if almost all Ellis
fiber semigroups are empty.

Examples 1.6. One readily verifies for all the following equicontinuous extensions g : (K; S) —
(L; S) that the C(L)-submodules of C(K) of constant finite dimension are dense.

1) Let (K; G) be a nonminimal equicontinuous system and consider the factor map
q: (K;G) — (pt;G) onto a point. Then the conclusion of Theorem 1.2 may
be reformulated by saying that the invariant C(pt)-submodules of constant finite
dimension of C(K) are dense.
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2) Let (K;¢) be a nonminimal invertible equicontinuous system. Then the Ellis
semigroup E(K; ¢) is a compact topological group consisting of continuous maps
and the quotient L := K/E(K; ¢) is acompact Hausdorff which yields a factor map
p: (K;¢) — (L;idy). If P is a family of pseudometrics generating the topology
of K, define for p € P

" KX, K ! =
p XL - [Oa OO)’ P (X, y) ﬂer]gl(é}{X;/J) p(ﬂ(x)’ ﬂ()’))

and note that the family P’ = {p’ | p € P} satisfies all the conditions of Defini-
tion 1.3 (iii). Therefore, the extension ¢g: (K;¢) — (L;idy) is pseudoisometric.
Moreover, each fiber semigroup E;(K; ¢) is a compact topological group.

3) Let (K; ¢) be adynamical system and ¢g: (K; ¢) — (K; ¢) the isometric extension
given by the identity map. Then for each k € K

Ex(K; o) = {idjy} if kis r.ecurrent,
0 otherwise.
4) Let (D; ¢) be the rotation with varying velocity on the disc D, i.e., D = {z € C |
|z] < 1} and
¢:D—->D pelria L dmi(a+r)
Then

q: (D;p) = ([0,11;ido17), re*™@ > r

defines an isometric extension. Forrational r € [0, 1], the fiber semigroup E, (K; ¢)
is a finite cyclic group and for irrational 7 it is isomorphicto T = {z € C | |z| = 1}.

5) Take a € T and let (Tz; ©q) be the corresponding skew rotation, i.e.,
Yo T > TZ, (x,y) — (ax, xy).

Then, denoting by ¢, : T — T the rotation ¥, (x) = ax, consider the isometric
extension

q: (T%04) = (T;¢a),  (x,9) = x.

If « is irrational, each fiber semigroup is ismorphic to T, but if « is rational their
structure is more complex.

6) Consider the system (L;y) given by L := [0, 1] and ¥ (x) := x2 and define a group
extension g: (K; ) — (L;¥) by setting K := [0, 1] x 72, plx,g) = Wx),g+1),
and g(x, g) := xfor (x, g) € K. Then g is an isometric extension of the nonminimal
system (L; ) for which E;(K; ¢) = 0 for every [ € (0, 1).

None of the above systems is minimal, yet the extensions still fit into the picture of
Knapp’s result. This suggests that minimality might be inessential for his result and given
the restrictiveness of minimality, it is clear that the question of the necessity of minimality
is important.
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A (semi)groupoid approach. Among the best-behaved examples in Examples 1.6 is
example 2): It can be shown (see [Ede19]) that g is necessarily open and that the fiber
groups form an open, compact group bundle. Moreover, under a topological assumption
on the map ¢: K — L, this group bundle completely determines the system (K; ¢) or,
more precisely, the extension ¢: (K;¢) — (L;idz). However, the rotation on the unit
disc in 4) shows that one cannot expect to obtain a compact group bundle in general and
example 6) demonstrates that the approach of fiber semigroups fails severely if the systems
are not pointwise recurrent.

The underlying reason is that whereas most of the information about a single system
(K; S, ¢) is contained in the semigroup {¢; | s € S} and, by extension, the Ellis semigroup
E(K; S, ¢), most of the information about an extension g : (K; S, ¢) — (L; S, ¢) is encoded
in the set

8(q) :={eslk, | s € S, 1€ L}

of all restrictions to fibers. This is reflected by the fact that most notions for extensions
can be defined using only the set S(g), as one readily verifies for Definition 1.3. In light
of this and the apparent limitations of the enveloping semigroup E(K; S) and the derived
fiber semigroups E;(K; S), a more promising approach appears to be the construction of
an enveloping structure for S(¢). However, 8§(g) is no longer a semigroup since only some
elements can be composed, making S(gq) a semigroupoid and the object we are looking
for an enveloping semigroupoid.

Following [MMMM 13, Definitions 2.1, 2.2, and 2.17], we recall the definition of groupoids
and semigroupoids.

Definition 1.7. A semigroupoid consists of a set 8, a set $® C 8§ x 8§ of composable pairs,
and a product map -: 8 — § that is associative in the sense that

(i) if (g1,82) (g2, &3) € 8P, then (g1 - g2,83), (81,82 - &3) € $@ and (g1 - g2) - g3 =
81 (82 83).

We usually abbreviate g - h by gh if there is no room for confusion. We call a semigroupoid
G a groupoid if there is an inverse map -1. G — G such that, additionally, for each g € G

(i) (g7, g) € G® andif (g, h) € G, then g~!(gh) = h,
(iii) (g,g~") € G and if (h, g) € G, then (hg)g~! = h.
If G is a groupoid,
50 :={g7'glg €Y
is called the unit space of G and the maps
s: 6 — g0 g g_lg,
r:G—99 g g

are called the source and range maps of G. For u,v € GO we write G, := s~ (u),
G" :=r71(v), and Sy :=59,NnG". A groupoid is transitive if G}, # 0 for all u, v € G and



UNIFORM ENVELOPING SEMIGROUPOIDS FOR EXTENSIONS 9

a group bundle if G = 0 for all u,v € G with u # v. If G is a group bundle, we write
pi=r=s.

A topological semigroupoid is a semigroupoid (8, $?, -) with a topology on 8 such that the
product map is continuous. We define topological groupoids analogously by demanding
that the inverse map be continuous, too. Finally, subsemigroupoids and subgroupoids of
a given semigroupoid or groupoid are defined in a straightforward way.

Example 1.8. Let ¢: (K;S) — (L;S) be an extension of topological dynamical systems.
Then 8(q) is a semigroupoid with the set of composable pairs

8@ (q) == {(¥,n) € 8(q) x 8(g) | im(;7) € dom(d))}

and the product map given by composition. If S = G is a group, this yields a groupoid
with the canonical inverse map.

Example 1.9. Let g: K — L be a continuous surjection of compact spaces and consider
the set
T = CU(K, K) := U C(K,Kp).
LlI’el
Then setting
TP (g) == {(®,n) € Tx T | im(y) € dom()}

and again taking composition as the product map, we obtain the semigroupoid of continu-
ous fiber maps of the extension. In the situation of Example 1.8, Cg(K , K) contains 8(g)
as a subsemigroupoid.

Example 1.10. Given a groupoid G, the subgroupoid
Iso(9) :={g € G| s(g) =r(g)}
of G becomes a group bundle called the isotropy bundle of G.

Example 1.11. Let L be aset. Then Gy, := L x L is a groupoid with the set of composable
pairs

57 = {((x,y), (0. 2) | x.y.z € L},

a product map defined by (x, y) - (y, ) := (x, z), and the inverse map (x, y) — (y, x). The
groupoid Gy is called the pair groupoid of L and has the property that the equivalence
relations on L can be identified with full subgroupoids of G;, where a subgroupoid is
called full if it has the same unit space as its ambient groupoid.

In order to define an enveloping semigroupoid for 8(g), it is necessary to form its closure
in a larger semigroupoid with respect to a suitable topology. As the examples given
above illustrate, a pointwise closure is ill-suited for studying equicontinuous extensions of
nonminimal systems. However, we observe the following: For equicontinuous systems,
it can be shown that the semigroup E(K; S, ¢) coincides with the uniform enveloping
semigroup Ey(K; S, ¢) defined as the closure of the semigroup {¢, | s € S} with respect
to the compact-open topology. Moreover, the topology of pointwise convergence and the
compact-open topology then coincide on E(K; S, ¢). Motivated by this observation, we
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introduce a relativized version of the compact-open topology on the space of continu-
ous functions between fibers of two bundles in order to define the uniform enveloping
semigroupoid €,(8(g)).

Definition 1.12. If p: X — L and ¢: Y — L’ are continuous surjections onto compact
spaces, set

CI(X,Y)| :==C(X,Y) for(l,l')eLxL
and define the set of continuous fiber maps between p: X — Landg:Y — L as
chx.vy = | ) ik x)y.
leL,l’el’
We define “source” and “range” maps
s: CHX,Y) > L, r:ChX,Y)— L
by setting
s(@) =1 and r(¥):=10" forde CZ(K,X)II'.
If Y is a topological space and g: Y — pt is the unique map onto a one-point space pt, we
abbreviate C,(X,Y) := C;’,(X, Y). Moreover, we write C,(X) := C,(X, C).

In order to endow CZ(X, Y) with a topology, observe that an element 9 € C,q, (X,Y) may
be identified with its graph Gr(J) € X X Y. Therefore, CZ(X, Y) may be regarded as a
subspace of the space €' (X X Y) of closed subsets of X X ¥, on which there exist many
topologies such as the Vietoris topology.

Definition 1.13. Let X be a topological space and %' (X) the set of its nonempty closed
subsets. The Vietoris topology on € (X) is the topology generated by the sets

U ={AeCX)|AnU # 0} and

Ut ={Ae¥(X)|AcCU)
for open subsets U C X.

Remark 1.14. It is known that if X is a Hausdorff space, then so is €' (X), see [Mic51,
Theorem 4.9]. If X is compact, then €' (X) is also compact, see [Mic51, Theorem 4.9]
or [EE14, Proposition 5.A.3]. If, additionally, X is a metric space, the Vietoris topology
coincides with the topology induced by the Hausdorff metric, see [Mic51, Theorem 3.4
and Proposition 3.6] or [EE14, Exercise 5.4].

Definition 1.15. If p: X — L and ¢: Y — L’ are continuous surjections of topological
spaces X and Y onto compact spaces L and L’, we define the relativized compact-open
topology on CZ(X ,Y) to be the initial topology with respect to the map

Gr: CH(X,Y) 5> € (X XY), ¢ Gr(d)
where ¢’ (X X Y) is equipped with the Vietoris topology.

Next, we characterize the convergence of nets with respect to the relativized compact-open
topology. For technical reasons, we limit ourselves to open bundles.
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Proposition 1.16. Let p: K — L, q: Y — L’ be continuous surjections onto compact
spaces. Suppose that K is compact and p is open. For a net (14 )qca in CZ(K, Y)anda
VNS CZ (K,Y) the following assertions are equivalent.

(a) lim, ¢, = ¥ with respect to the relativized compact-open topology.
(b) The following two conditions are satisfied.
e lim, s(¥,) = s(P).
o If (pp)pep is a subnet of (pq)aca, then
ligl Vp(xp) = F(x)

for every net (xg)pep in K that converges to some x € K and satisfies
q(xg) = s(¥p) for every g € B.

In particular, the relativized compact-open topology is the coarsest topology on CZ(K ,Y)
such that the maps

s: CH(K,Y) — L, 3 - s(9)
ev: C[q,(K, Y)Xsp K=Y, (3,x) > 9(x)
are continuous.

Remark 1.17. Note that a continuous surjection g: K — L between compact spaces K
and L is open if and only if the following condition is fullfilled: For every convergent net
(la)aea in L with limit / € L and every x € K, there are a subnet (Ig)gep Of (I4)eeca and
anet (xg)gep in K that converges to x and covers (/) gep in the sense that g(xg) = g for
every 8 € B. We will make use of this observation in the proof of Proposition 1.16 and at
several occasions in the article.

Proof of Proposition 1.16. Suppose (4 )q.c4 converges to ¢ with respect to the relativized
compact-open topology. Then for every U € U (s(F)),

Gr(9) C p ' (U)xY

and so it follows that (s(}4 ) )qea €ventually liesin U. Since U was arbitrary, s(,) — s(3).
Now pick x € K9 andanet (xg)gep asin(b). LetV € U ((x)) be an open neighborhood
and set Up := 9~ 1(V) C K s9). Then there is an open neighborhood U € U (x) such that
Up = U N K. If C € U(x) is a closed neighborhood of x with C C U, then

Gr(9) CcUXVUCXY.

Since xg — x and g — ¥ with respect to the Vietoris topology, (xg)gep eventually lies
in C and (Gr(¥ g))gep eventually lies in U X VU C XY. Thus, (xg, ¥ g(xp))gep eventually
liesin CxV C UXxV. Since V € U (P (x)) was arbitrary, it follows that #5(x5) — F(x).

Conversely, suppose (b) holds and assume that (i, ),c4 does not converge to ¥} with respect
to the relativized compact-open topology. Passing to a subnet, we may assume that there
is an open subset U C K X Y such that

e 9 CUandd, € U forevery @ € A or
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e ¥NU #0and ¥, NU = 0 for every a € A.

In the first case, we find x, € Kg,) such that (x,, 94 (x,)) € U for each @ € A. Again
passing to a subnet, we may assume that (x,).eca converges to some x € K. By (b) we
then obtain that x € K,y and lim, ¢, (x,) = ?(x). But since (x,9¥(x)) € U we find an
a € A with (x,, ¥,(x,)) € U, a contradiction.

In the second case, we pick x € K9) with (x,#(x)) € U. Since gisopenandlim, s(¢,) =
s(1#), we may assume—Dby passing to a subnet—that there is a net (x4 )qe4 in K converging
to x such that x, € Ky, for each @ € A. But then (x, #(x)) = lim, (x4, ?4(x,)) and
therefore there is an @ € A such that (x,, ¥, (x,)) NU # 0, another contradiction. Hence,
Gr(,) — Gr(9) with respect to the Vietoris topology. O

Remark 1.18. It follows from Proposition 1.16 that if L consists only of a single point,
then the relativized compact-open topology on C,(K,Y) = C(K,Y) coincides with the
compact-open topology on C(K,Y).

After these preparations, we now regard the semigroupoid CZ(K, K) of fiber maps in-
troduced in Example 1.9 as a topological semigroupoid with respect to the relativized
compact-open topology. This allows to define the uniform enveloping semigroupoid of a
set of fiber maps.

Definition 1.19. Let g: K — L be an open, continuous surjection of compact spaces and
JF be a subset of the topological semigroupoid CZ(K, K). Then the uniform enveloping
semigroupoid E,(F) of F is defined to be the smallest closed subsemigroupoid of Cg (K,K)
containing J. If ¢: (K;S) — (L;S) is an extension of topological dynamical systems, we
call

E:u(q) = 8u(S(Q))

the uniform enveloping semigroupoid of the extension.

Remark 1.20. Note that this definition makes sense since the intersection of a family
of closed subsemigroupoids of a topological semigroupoid is again a closed subsemi-
groupoid. Also, the definition of the uniform enveloping semigroupoid of an extension
q: (K;S) — (L;S) is more intricate than that of the Ellis semigroup E(K; S): The Ellis
semigroup is defined as the closure of a semigroup and it turns out that this closure is
automatically again a semigroup. The following example and Example 1.27 demonstrate
that this is not true for £,(g) because it takes into account the global orbit structure of a
system.

Example 1.21. Consider the invertible dynamical systems (L; ¢ ) defined by L := [-1, 1],
U(x) = sign(x)x2 and (K; ¢) given by K :=[-1, 1] X Zp, ¢(x, g) := (Y (x),g + 1). Then

q: (K;¢) = (L;y), (x,8)—x

is isometric. The uniform enveloping semigroupoid of ¢ is given by

Eu(q) = {Oyun| %y € L h € Zo}
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where 9, , ;, denotes the function
Deyn: Ke = Ky, (x,8) = (3,8 +h).
In contrast to this,
8(q) = 8(q) U {90 Foxn|x € [-1,11,h € Zy} U {ﬂ_l,y,h, By —1,h | ye[-1,0Lh€ Zz}
U { &1y Oyin |y € 10,11 h € Zp} .

Thus, the inclusion 8(g) € £(q) is generally strict.

As pointed out above, one of the key facts required for the proof of Theorem 1.2 is that for
invertible equicontinuous systems the uniform enveloping semigroup is in fact a compact
topological group. In the setting of extensions this raises the question: When is the
uniform enveloping semigroupoid actually a compact groupoid? As a first step to address
this problem, we observe that the groupoid property follows automatically for invertible
systems, once we have ensured compactness.

Proposition 1.22. Assume that q: (K;G) — (L; G) is an open extension of topological
dynamical systems. If E,(q) is compact, then it is a compact groupoid, i.e., every 9 € Ey(q)
has an inverse 91 € £,(q) and the mapping ~': €,(q) — E.(q) is a homeomorphism.

Proof. Consider the set M of all elements ¢ € €,(g) having an inverse 9! in €,(g). Then
M is certainly closed under compositions and contains $(g). To see that M = E,(q) it
therefore suffices to show that M is closed in €,(g). Pick anet (13, )qeca in M converging to
¥ € €,(q). Passing to a subnet we may assume that ('), converges to some element
0 € Eu(g). Using Proposition 1.16 and the openness of g we conclude that o = 9. This
shows M = &,(g). Moreoverm if (1, )qc4 is anetin €,(g) converging to some ¢ € £,(q),
then a similar argument shows that 91 is the only cluster point of the net (ﬁ;l Jaca. 0O

Remark 1.23. If g: (K;G) — (L; G) is an open extension and £,(q) is a groupoid, then
its unit space is

Eu(q) ¥ = {idg, | L € L}.

In the following we identify €,(¢)® with L. The source and range maps s and r then co-
incide with the restrictions of the mappings r, s: CZ(K , K) — L defined in Definition 1.12
to the subspace £,(q).

We now try to characterize the compactness of the uniform enveloping semigroupoid by
investigating when a set is (pre)compact in the relativized compact-open topology. Recall
that if K is a compact space and Y is a uniform space, the precompactness of a subset
F C C(K,Y) is characterized by the classical Arzela-Ascoli theorem: ¥ is precompact
if and only if ¥ is equicontinuous and im(F) = |Jyes im(f) is precompact in Y. In
what follows, we relativize the notion of equicontinuity and prove a generalization of the
Arzela-Ascoli theorem to compact bundles.

Definition 1.24. Let p: K — L, q: Y — L’ be continuous surjections onto compact
spaces, K be compact, and Y be a uniform space. A subset F C CZ(K, Y) is called
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relatively (uniformly) equicontinuous if for each U € Uy there is a V € Uy such that
(?(x),9(y)) € U for every I € F and every (x,y) € VN K X; K.

Theorem 1.25. Let p: K — L, q: Y — L’ be continuous surjections onto compact
spaces, K be compact, and Y be a Hausdorf{f uniform space. If p is open, then a subset
FC CZ(K, Y) is precompact if and only if the following two conditions are fulfilled.

(i) im(JF) C Y is precompact.

(ii) T is relatively equicontinuous.

Proof. Suppose that (i) and (ii) hold. In view of Remark 1.14, it suffices to show that the
closure Gr(J) in ¥ (K x Y) is in fact contained in Gr(Clq,(K, Y)). So we pick C € Gr(F)
and show that C = Gr(¢) for some ¢ € C}(K,Y).

Let (14 )aeca be anetin F such that Gr(¢,) — C with respect to the Vietoris toplogy. First,
let (x,y) € Candset! := p(x),l’ := g(x). Weclaimthat C C K; xY;: If U € Uy (I) and
V e Uy (I") are open neighborhoods of / and /’, then

Cnp ' (WU)xqg (V) 0.
Thus, there is an ag € A such that for all @ > «
Gr(9o) Np ' (U) x g7 (V) £ 0.

Since ¥, € Cp(K,Y), it follows that Gr(¢,) € p~'(U) x g~ (V) for @ > a¢ and hence
that C € p~1(U) x ¢~1(V). Since U and V were arbitrary, C C K; X ¥}/

Since p is open, it follows that for every x € K; there is a y € ¥ such that (x,y) € C:
Use Remark 1.17 and the compactness of im(¥ ) to find a subnet (Gr(¥3))gep and a
net (xg)gep such that (xg)gep converges to x, p(xg) = s(ig) for every g € B, and
(9 g(xp))pep converges to some y € Y. Since (Gr(ig))gea converges to C with respect
to the Vietoris topology, this then shows that (x, y) € C. In order to see that C is, in fact,
the graph of a function : K; — Y}/, assume that (x, y), (x,y") € C. Then there are nets
(Xa, o (Xa))aeca, (X5, 0q(x],))aca converging to (x,y) and (x,y”). It then follows from
the equicontinuity of J that the nets (¢, (x4))aeca and (¥, (x},))aca have the same limits.
This shows that y = y’, i.e., there is a function : K; — Y;» with C = Gr(##). Since K] is
compact and ¥} is Hausdorff, the closed graph theorem shows that ¢ is continuous, i.e.,
= CZ(K, Y). Hence, F is compact.

For the converse implication, we may assume J to be compact. Using Proposition 1.16, it
is then easy to see thatim(J) is compact. If I were not relatively equicontinuous, we would
find a net ((¢q, Xa» X}))aca in F X, K X, K and a U € Uy such that lim, x, = lim, x/,
and (94 (xq), 3o (x},)) ¢ U for every @ € A which clearly contradicts the compactness of
J. Thus, J is equicontinuous. O

This characterization of compactness in turn allows to characterize equicontinuous ex-
tensions and also derive an operator theoretic characterization of such extensions via the
Koopman operator.
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Corollary 1.26. For an open extension q: (K;S) — (L;S) of topological dynamical
systems the following assertions are equivalent.

(a) q is equicontinuous.

(b) % - CZ(K, K) is compact.

(©) {Tsf | s € S} € Cy(K) is relatively equicontinuous for every f € C(K).
(d) {Tf | s € S} € C,(K) is compact for every f € C(K).

In particular, if €,(g) is compact, g is necessarily equicontinuous. The following example
shows that the converse is generally not true because of the generally strict inclusion

8(g) C Eu(g) noted in Remark 1.20 and Example 1.21.
Example 1.27. Let L := [0, o0) and

o: Lo — Lo, $o(x) = x| + (x = [x])?
as well as Ky := Lo X Zp and

®o: Ko — Ko, ¢o(x,8) = (Yo(x),g +1).
Then go: Ko — Lo, (x, h) — x is continuous and intertwines ¢ and . Since ¥, ¢g, and
q are proper, they extend canonically to the one-point compactifications K := Ko U {cok, }
and L := Ly U {ooy, } of K¢ and L and thereby yield an extension g: (K; ¢) — (L;¢) of
invertible topological dynamical systems. It is easy to see that S(¢g) is compact since

8(q) € {¥} U U {ﬂx,y,g|x,y €elnn+1]ge Zz}
neNy

where for x, y € L and g € Z,, we define ¢, ,, and ¥, as

0x,y,g: K, — Ky’ (x,h) = (y,g + h),

ﬂx: Kx - {OOK()}’ (-x’ h) = OOK()-

However,

Eu(q) = {ﬁx,y,g

and since ¥, is not invertible for x # ooy, €,(g) is neither compact nor a groupoid.

x.y€Log€Zaf Ul |xel)

Thus, in order to characterize the compactness of £,(g), a more restrictive property than
equicontinuity is needed. In the remainder of this section, we show that, under appropriate
assumptions, €,(g) is compact if and only if the extension ¢ is pseudoisometric. We start
with the easy implication.

Proposition 1.28. Let g: (K; G) — (L; G) be an open pseudoisometric extension. Then
Eu(q) is a compact groupoid.

Proof. Pick a set P as in Definition 1.3 (iii) and consider the set

I(P) := {19 e CH(K,K)

v K5y — Kr(9) is bijective and for all p € P,
X,y € K5 one has p(d(x), #(y)) = p(x,y) |~
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By Theorem 1.25, I(P) is acompact (semi)groupoid containing 8(q) and therefore €,(q) C
I(P) is itself a compact semigroupoid. It follows from Proposition 1.22 above that it is in
fact a groupoid. O

In order to prove a partial converse to Proposition 1.28, we need to take a closer look at
Examples 1.6 3): In the case of the isometric extension idg : (K;G) — (K;G), Ey(idg) is
a compact groupoid by Proposition 1.28. However, Cig’; (K, K) can be identified with the
pair groupoid K X K and as seen in Example 1.11, the closed subgroupoid €, (idg) € KxXK
is then just a closed equivalence relation on K. As we will show, this equivalence relation
yields the maximal trivial factor of the system.

Definition 1.29. Let (K; S) be a topological dynamical system. Then a factor (L; S) of
(K; S) is called trivial if S acts trivially on L. A trivial factor (M; S) is called a maximal
trivial factor of (K; S) if any trivial factor of (K; S) also is a factor of (M; S).

Any system (K;S) has a maximal trivial factor which is unique up to isomorphy, cf.
[Aus88, Exercise 9.2]. We therefore speak of the maximal trivial factor (Kgy, S) of a
system. Up to isomorphy, the trivial factors of (K;S) can be identified with closed, S-
invariant equivalence relations of K and the maximal trivial factor then corresponds to
the smallest closed, invariant equivalence relation. This equivalence relation can also be
characterized in terms of the fixed space

fix(Ty) == {f € C(K) | Vs €S: T, f = f}
of the Koopman representation of S on C(K): The equivalence relation
~fix 1= {(x,y) € K><K| V f e fix(Ty): f(x) =f()’)}

certainly is closed and invariant and it can be shown that it coincides with the smallest
such equivalence relation.

Lemma 1.30. Let (K;G) be a topological dynamical system. Then K/E,(idg) is the
maximal trivial factor Kgx of (K; G).

Proof. By construction, €, (idk) is the smallest closed equivalence relation of K X K that
contains the orbit equivalence relation

S(idg) ={(x,y) e KxK | dge G:y=gx}.

Thus, K/&,(idg) is the maximal trivial factor of (K; G). ]

Of special interest to us is the case when the maximal trivial factor is a point, i.e., if every
invariant function f € C(K) is constant. As proposed by M. Haase, we call such systems
topologically ergodic.

Definition 1.31. A topological dynamical system (K S, ¢) is called topologically ergodic
if its maximal trivial factor is a point, i.e., if the fixed space fix(7,) consists only of
constant functions.
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The following observation links topological ergodicity with transitivity of the uniform

enveloping groupoid. Recall that a groupoid G is transitive if G, # 0 for all u,v €
GO,

Proposition 1.32. Let q: (K;G) — (L;G) be an open extension such that €,(q) is a
compact groupoid. Then E(q) is transitive if and only if (L; G) is topologically ergodic.

Proof. The set
S:={d € Eu(q) | (s(P),r () € Eu(idL)}
is a closed subsemigroupoid of €,(g) containing 8(g) and therefore & = €,(g). The
mapping
(s,r): Eulg) — Eu(id), & (s(F),r ().

is continuous and its image is a compact subsemigroupoid of €,(id;) containing 8(idy),
wich means that (s,r) is surjective. Transitivity of ,(q) is just a reformulation of the
equivalence relation &, (id;) being all of L X L. O

We are now ready to state the final result of this section.

Theorem 1.33. Let q: (K;G) — (L; G) be an open extension of dynamical systems such
that (L; G) is topologically ergodic. Then the following assertions are equivalent.

(a) g is pseudoisometric.
(b) Eu(q) is a compact groupoid.

Proof. The implication (a) = (b) was already established more generally in Proposi-
tion 1.28, so assume that £,(g) is a compact groupoid. We mimick the construction of
Examples 1.6 2). That is, let P be a family of pseudometrics generating the topology of
K. Then for p € P, define

P Kxp K—[0,00), p'(x,y):= max p((x),3(y))
elulq)
s(9)=q(x)
Then the family P’ := {p’ | p € P} generates the topology of K; foreach / € L since €,(q),
is compact. Moreover, since the range and source map of a compact transitive groupoid

are open (see Proposition 2.3 below), each p’ is continuous and one readily verifies the
invariance of the p’. O

Remark 1.34. Let ¢: (K;G) — (L;G) be an open extension of topological dynamical
systems such that (L; G) is topologically ergodic. If K is metrizable, then the proof above
reveals that ¢ is isometric if and only if it is pseudoisometric.

2. HAAR SYSTEMS AND RELATIVELY INVARIANT MEASURES

As discussed in the introduction, it is known that equicontinuous extensions of minimal
topological dynamical systems always admit a relatively invariant measure. We recall the
definition (cf. [Gla75, Section 3]). Here and henceforth, we write ¢; for the Dirac measure
of a point / in a compact space L.
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Definition 2.1. Letg: (K;S) — (L;S) be an extension of topological dynamical systems.
Moreover let (P(K); S) be the induced dynamical system on the space P(K) of probability
measures equipped with the weak* topology. A relatively invariant measure for q is a
morphism

p: (L;S) = (P(K);S), [0
such that g.u; = 6; forall Il € L. We call u fully supported if supp u; = K; forevery l € L.

Using the (uniform) Ellis semigroup, it can be shown that any equicontinuous, minimal
system (K; G) has a unique invariant probability measure which is the pushforward of
the Haar measure on the compact group E(K; G). We use the uniform enveloping semi-
groupoid in order to prove a generalization of this in terms of relatively invariant measures
for pseudoisometric extensions. To that end, we require Haar systems, a generalization
of Haar measures to group bundles and more generally groupoids, see [Ren80, Definition
2.2].

Definition 2.2. Let G be a compact group bundle and for u € G© let m, be the Haar
measure on the fiber group §,. Then G has a continuous Haar system if the mapping

g0 ¢ u|—>ffdmu

is continuous for each f € C(9).

It is known, that a compact group bundle G has a continuous Haar system if and only if the
mapping p: § — G© is open (see [Ren91, Lemma 1.3]). The following result shows that
this always holds for isotropy bundles of compact transitive groupoids (see Definition 1.7
above for the definition).

Proposition 2.3. Let G be a compact transitive groupoid. Then (s,r), s, and r are open
and so is the restriction p of s and r to 1s0(SG). In particular, the isotropy bundle 1so(9)
has a continuous Haar system.

Proof. We start with the restrictions to Iso(G): Pick g € Iso(G) and set u := p(g) € §©.
Moreover, let (i, )qca be a net in G© converging to u. For each @ € A we there is an
he € G, and by passing to a subnet, we may assume that lim, b, = h € G%. But then
g = lim, ha(h‘lgh)h;1 and so we have found a net (g, )qe4 in Iso(9) that converges to g
and satisfies r(gy) = u, for every @ € A. Thus, r is open.

To show that (s,r), s, and r are open, it suffices to show that (s, r) is open, solet g € §
and (g, Vo )aea be a net in G x GO converging to (u,v) = (s(g),r(g)). Since G is
transitive, there is a net (hy)qeas in G with s(hy) = u, and r(h,) = v, for each a € A.
By compactness of G, we may assume that (/,),ec4 converges to some element 4 € G in

9;22. Sety :=gh™!' € Iso(9)r(4) and, using the openness result for the isotropy bundle,
find—after possibly passing to a subnet—a net (y4)qea in Iso(G) with p(y,) = v, for
each @ € A. Then the net (Y, hy)aeca converges to g and satisfies (s(hy), r(hy)) = (Ug, Vo)

for each @ € A. Hence, (s, r) is open. O
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Corollary 2.4. Let q: (K;G) — (L;G) be an open and pseudoisometric extension and
(L; G) be topologically ergodic. Then the isotropy bundle 1so(Ey(q)) has a continuous
Haar system.

For an open pseudoisometric extension ¢g: (K;G) — (L; G) we want to “push forward”
the continuous Haar system of Iso(E,(g)) to K in order to obtain a relatively invariant
measure. This works if the fiber groups Iso(€,(g)) act transitively on the fibers of ¢ and
the next result characterizes when this is the case.

Proposition 2.5. For an open pseudoisometric extension q: (K; G) — (L; G) of topolog-
ical dynamical systems the following assertions are equivalent.

(a) The group action of 1so(E(q)); on K| is transitive for every | € L.
(b) T, fix(Ty) = ix(Ty).

For the proof we need the following lemma.

Lemma 2.6. Let q: (K; G) — (L; G) be an open pseudoisometric extension of topological
dynamical systems. Then the following assertions hold.

(i) The map
Eu(q) Xs5qg K — Eu(idk), (4 x) — (x,3(x))

is a continuous surjection.

(ii) Ifqlfl(x: K — Kjx is the factor map to the maximal trivial factor Kgx of (K; G),
then

150(€4(9))g(x) (x) = ¢~ (q(x)) N (gh ) (g (x))

for every x € K.

Proof. For (i), notice that the set
§:={0e&ul(q)|VxeKyp: (x,9(x)) € Eu(idk)}

is a closed subsemigroupoid of €,(g) that contains 8(g) and therefore § = £,(gq). Clearly,
the mapping

€u(q) X5q K = Eu(idk), (&, x) - (x,9(x))

is continuous. Since its image is a compact subsemigroupoid of ,(idgx) containing
8(idg), (i) holds. Part (i) and Lemma 1.30 then yield (ii). O

Proof of Proposition 2.5. By Lemma 2.6 (ii), we obtain that Iso(E(g)); acts transitively

on K; for every [ € L if and only if g '(g(x)) C qfflxl(qﬁx(x)) for every x € K. Now
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consider the following commutative diagram.
K
L Kiix
Lix

First, assume that 7}, fix(T;,) = fix(T,,). Then p is injective and if x € K, then

g (q(x) € ¢ ((gh) gk (@) = (@b ) P (plgk ) = (gX ) (gf (x)).

Conversely, assume that Iso(E(g)); acts transitively on K; for every [ € L and pick
f € fix(T,). Then f takes a constant value ¢; on K; for every [ € L and it is easy to see

that f(l) := ¢; for [ € L defines a function fe fix(Ty,) € C(L) such that qu: f. O

We now state the main result of this section.

Theorem 2.7. Let g: (K; G) — (L; G) be an open pseudoisometric extension and (K; G)
be topologically ergodic. Then there is a unique relatively invariant measure for q.
Moreover, this relatively invariant measure is fully supported.

We first prove two lemmas.

Lemma 2.8. Let g: K — L be a continuous open surjection between compact spaces and
u: L —->P(K), [y

a continuous map with q.u; = 6; for every l € L. Moreover, let (fy)aca be a convergent
net in C,(K) with limit f € C,(K). Then

lim Jodusr,) = f Jdps(p)-
¢ IKs(f) Ks(r)
Proof. Choose F' € C(K) such that Flem = f. For each a € A choose an x, € Ky,
such that
| fa(xa) = F(xo)l = sup |[fa(x) = F(x)I.
xEKS(f(,)

For each subnet of (f,)qca We then find a subnet (fg)gep such that x = limg x g exists in
K. But then

lim sup |fg(x) — F(x)| =lim|fg(xp) — F(xp)| =0.
XEKx(fﬁ) ,3

As a consequence,

f fa’ dl'ls(fa/) - f Fd’uv(f‘lf)
Ks(fa) KS(fa)

lim
a

<lim sup [fo(x) = F(x)[ =0,
a XGKS(fa)
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which implies the claim. O

Lemma 2.9. Let g: (K;S) — (L;S) be an open extension with relatively invariant
measure [. Then 9. g9y = Ur) for every 9 € E4(q).

Proof. The set
8§ :={ €S| P = r}

is a subsemigroupoid £,(q) containing 8(¢). We only have to check that it is closed. If
(Fa)aca is a net in 8§ converging to ¢ € €,(q) and f € C(K), then lim, Ty, f = Ty f in
C,(K) and therefore lim,(Ty, f, us9,)) = Ty f, 1s9)) by Lemma 2.8. Thus,

(fs Duprseoy) = WT f, (o)) = B S, (s piso)) = WA, piroa)) = (F tron)-
This shows that ¢ € 8§ and so E,(g) = 3. |

Proof of Theorem 2.7. As usual, we denote the Haar measure on Iso(€,(g)); by m; for
l € L. For x € K, we denote by p,: Iso(Eu(q))g(x), & — gx the induced map onto the
orbit of x. Now pick a point x; € K; for each / € L and set

wi = (px,), (my).

It is clear from the transitivity of the group actions of Iso(Ey(g)); on K; that y; does
not depend on the choice of x; € K; and that supp y; = K; for every [ € L. Moreover,
Deis9) = Mr9) forevery & € 8(q).

Now take f € C(K). We show that lim,, 1, (f) = w;(f) for every net (/,)qoca converging
to some [ € L. By passing to a subnet, we may assume that there is a convergent net
(Xo)aea in K with limit x € K that satisfies g(x,) = [, foralla € A. Then p,, — p, with
respect to the relativized compact-open topology and so f o px, — f o p, with respect to
the relativized compact-open topology. Therefore, Lemma 2.8 yields

lim (f, ) = lim (f o py,,mi,) = {f o px,my) = {f, ).
a€A a€A
Hence, u: L — P(K) is continuous.

Finally, take any relatively invariant measure v: L — P(K) for g and let [ € L. By
Lemma 2.9 the measure v; is invariant with respect to the action of the fiber group
Iso(€y(g));. Since a transitive action of a compact group is equicontinuous and minimal
and therefore uniquely ergodic, v; = w; and since / € L was arbitrary, u is the unique
relatively invariant measure for ¢. O

3. REPRESENTATIONS OF COMPACT TRANSITIVE GROUPOIDS

In this final section, we study the representation theory of compact transitive groupoids and
apply it to the uniform enveloping (semi)groupoids of open pseudoisometric extensions.
We start by recalling the concept of Banach bundles (see, e.g., [DG83, Definition 1.1] or
[Gie82, Section 1 and Theorem 3.2]).
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Definition 3.1. Let L be a compact space. A Banach bundle over L is a topological space
E, called the fotal space, together with a continuous open surjection p: E — L with the
following properties.

(i) Every fiber E; is a Banach space.

(ii) The mappings
+:EXLE—E, (ef)—e+f

-t EXE—>E, (4,e) > Ade
are continuous.

(iii) The norm mapping
I -1I: E = [0,00), e |l
is upper semicontinuous.
(iv) Foreach !l € L, the sets
lec Elple) el llell <&}
for neighborhoods U C L of [ and £ > 0 define a neighborhood base of 0; € E;.
A Banach bundle E is

e continuous if the norm mapping || - || of (iii) is continuous,
e of constant dimension n for some n € Ny if dim(E;) = n forevery [ € L.
e of constant finite dimension if it is of constant dimension n for some n € Nj.

e [ocally trivial if for each [ € L there are a compact neighborhood W of [, n € N
and a homeomorphism @: p~!(W) — W x C" with the following properties.

- The diagram

P l(W) ke W x C"

X 281

W

commutes where pr; : WXC" — W is the prorjection onto the first component.

- O|g: E; — {I} x C" is an isomorphism of vector spaces for every [ € W.
- There are constants ¢, co > 0 such that
c1 - llell < [lpray (@)l < callell

for every e € p~!(W) where pr,: W x C* — C" is the projection onto the
second component.

Moreover, we write
I'(E) ={c e C(LLE) | poo =id.}

for the space of continuous sections of E.
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Remark 3.2. (i) If E is a Banach bundle over a compact space L, then I'(E) is
canonically a module over C(L) and a Banach space with the norm defined by

lo|l = sup;e; llo(Dlg, for o € T'(E). Moreover, ||foll < ||f]l - llo]| for all
f € C(L)and o € T'(E), i.e., ['(E) is a Banach module over C(L) (cf. [DG83,
Chapter 2]).

(ii) If E is a continuous Banach bundle, then its total space is Hausdorff (see [Gie82,
Proposition 16.4]).

(iii) A Banach bundle with finite-dimensional fibers which is locally trivial as a vector
bundle (in the usual sense) is locally trivial as a Banach bundle (see [Gie82,
Proposition 10.9]).

(iv) By [Gie82, Theorem 18.5], a Banach bundle of constant finite dimension has a
Hausdorff total space if and only if it is locally trivial. In particular, every Banach
bundle of constant finite dimension with a Hausdorff total space is locally trivial
as a vector bundle and therefore its section space I'(E) is finitely generated and
projective as a C(L)-module by [Swa62, Theorem 2].

A subbundle of a Banach bundle E is a subset F' of E together with the restricted mapping
plr: F — L such that the following conditions are satisfied.

e F; = F N E;isaclosed linear subspace of E; for every [ € L.

e The restricted mapping p|r is still open.

Under these conditions, F together with p|r in fact becomes a Banach bundle (see [Gie82,
Section 8]).

There are plenty of examples of Banach bundles coming from differential geometry. Here
we are interested in Banach bundles arising from surjections of compact spaces.

Example 3.3. Let g: K — L be an open continuous surjection between compact spaces.
Then a moment’s thought reveals that the relativized compact-open topology on C,(K)
agrees with the topology generated by the base

V(F,Uy¢e) :={f € Cy(K) | s(f) e U,IIf - Flx

ol <&

for F € C(K),open U C L, and € > 0 (considered, e.g., in [Kna67, p. 30]). Together with
the canonical mapping p: C,(K) — L, the space C,(K) becomes a continuous Banach
bundle over L. Moreover, the mapping

CK)—->TI(E), FI|[lm F]
is an isometric isomorphism of Banach modules over C(L).

Next, we introduce the notion of continuous representations for topological groupoids (cf.
Definition 3.1 of [Bos11]).
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Definition 3.4. Let G be a topological groupoid. A continuous representation T of G on
a Banach bundle E over G is a familiy of bounded invertible operators

T(g): Esg) = Erg)

for g € G such that

o T(gh) = T(g)T(h) forall (g, h) € §@,

e T(g)=T(g) ! forevery g € G,
and

SXsp E—>E, (gv) > T(g)v

is continuous. A subset F' of E is G-invariant if T(g)(F N Esg)) € F N E,(g) for every
geq.
Proposition 3.5. Let q: (K; G) — (L; G) be an open extension of topological dynamical

systems. Then T(¥)f = f o 9! for f € C(Kgw)) and ¥ € €,(q) defines a continuous
representation of €y(q) on the continuous Banach bundle C,(K).

Proof. We only check that the mapping
Eu(q) X5p Cy(K) = Cy(K), (W f)m=>Tf

is continuous since the remaining assertions are obvious. Pick a net ((4, fo))eea in
€u(q) Xsp E converging to (¥, f) € Eu(q) Xsp E. We have to show that T'(d) fo
converges to 7' (1) f with respect to the relativized compact-open topology.

Let (¥4, f5))pep be a subnet and (xp)gep be a convergent net in K with limit x € K
that satisfies p(xg) = r(ig) for every g € B. Then limg ﬁ;l(xﬁ) = 97 1(x). Since
limﬁ fﬂ = f,

i 15 (951 (1)) = 7 (07 C0).

This shows that 7" is continuous. O

We now state our main theorem: a version of Theorem 1.1 for compact transitive groupoids.
Here, a subset F of a Banach bundle E over a compact space L is called fiberwise dense
if F N E; is dense in E; for every [ € L. The notion of a fiberwise total set is defined
analogously.

Theorem 3.6. Let T be a continuous representation of a compact transitive groupoid G
on a Banach bundle E over the unit space G0, Then the union of all invariant subbundles
of constant finite dimension is fiberwise dense in E. If, moreover, G is abelian, then the
union of all invariant subbundles of constant dimension one is fiberwise total in E.

Remark 3.7. Notice that if E has a Hausdorff total space (in particular, if E has continuous
norm), then the subbundles in Theorem 3.6 are locally trivial (see Remark 3.2 (iv)).

Proof of Theorem 3.6. Note first that each invariant subbundle F such that dim F,, < oo
for some u € G already has constant finite dimension since T(g) € -Z(Fy(y), Fr(g)) is an
isomorphism of Banach spaces for each g € G, and § is transitive by assumption.
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Now fix u € G, The idea is to prove the claim by using the transitivity of the groupoid
and Theorem 1.1 for the compact isotropy group G4 = Iso(G),. So let F,, be a §%-invariant,
finite-dimensional subspace of E, as provided by Theorem 1.1. For every g € G,, we
define a subspace F(g) € E, (g by setting F(g) := T(g)F,. Then F(g) only depends on
r(g), forif r(g) = r(g’) and s(g) = s(g’) = u, then

F(g)=T(¢)F, =T(Q)T(g'¢)F. =T(g)F,

since g_1 g’ € G4 and F, is Gi-invariant. Thus, we can define a prospective subbundle
F C E by setting F, := F(g) forany v € 3 and g € G’ and defining

F = U F,.

yego

This set is invariant since if g € §® and h € SZ(g), then
T(g)Fs(g) = T(g)T(h)Fu = T(gh)Fu = Fr(gh) = Fr(g)-

To show that F is a subbundle of E, it suffices to check that p|r: F — GO jg open. So
let f € F and (v4)aea be a convergent net in G with limit v := p(f) € §©. Since
(5,7): G = GO x GO j5 open by Proposition 2.3, we may assume—after passing to a
subnet—that there is a net (g4)qea With limit v such that s(g,) = v and r(g,) = v, for
every @ € A. The net (T(gq) f)aca then is a net over (v, )qea that converges to f, showing
that p|r is open.

Since [ € L was arbitrary, it follows from Theorem 1.1 applied to the fiber groups of the
isotropy bundle Iso(G) of G, that the union of all invariant subbundles of constant finite
dimension is fiberwise dense in E. If G is abelian, the fibers of the bundles considered
above are at most one-dimensional and using [EFHNI15, Corollary 15.18] for the fiber
groups yields the claim. O

We now apply Theorem 3.6 to the representations of uniform enveloping groupoids of
pseudoisometric extensions and obtain a generalization of Knapp’s result stated in the
introduction. Recall that a module I" over a commutative unital ring R is projective if there
is an R-module T such that T @ T is a free R-module, i.e., has a basis.

Theorem 3.8. Let g: (K;¢) — (L;G) be an open extension such that (L; G) is topolog-
ically ergodic. Then the following assertions are equivalent.

(a) q is pseudoisometric.

(b) The union of all finitely generated and projective closed T,-invariant C(L)-
submodules of C(K) is dense in C(K).

We first prove the following two lemmas.

Lemma 3.9. Let L be a compact space and E a Banach bundle over L. If T'(E) is finitely
generated and projective as a C(L)-module, then E is locally trivial.

Proof. By the Serre-Swan theorem (see [Swa62]) we find a locally trivial vector bundle
F over L and a C(L)-module isomorphism 7': I'(F) — I'(E). Equip F with any mapping
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|[-]I: F — [0, 00) turning F into a Banach bundle (these always exist, see [Swa62, Lemma
2]). Then by Remark 3.2 (iii) F is also locally trivial as a Banach bundle. If / € L and
o € I'(F) with o(I) = 0, then we find & € C(L) with h(/) = 0 and T € I'(F) such that
o = ht by [Swa62, Corollary 3]. But then To (l) = h(l)(TT)(l) = 0. Forevery [l € L we
therefore obtain a well-defined linear map ®;: F; — E; by setting ®;0° (1) := (To)(l) for
o € I'(F) and [ € L. Moreover, since F; is finite-dimensional, ®; is bounded for every
[ € L. We show as in the proof of [Swa62, Theorem 1] that

O:F—>E [fOpnf.

is continuous. Pick / € L, a neighborhood V € Uy (l) and sections o, ...,0, € I'(F)
such that 0'1(7), e Op (7) define a base in Fj for every [ € V. We then find continuous
functions Ay, ..., b, : p‘l(V) — Cwith f = Z;’Zl hi(f)o;(p(f)) for every f € p‘l(V).
But then ®(f) = ;‘21 hi(/)(To;)(p(f)) forevery f € p‘l(V). Since T'o; is continuous
for every j € {1,...,n} we obtain that ® is continuous. By [Gie82, Proposition 10.2] it is
a morphism of Banach bundles and therefore T is a bounded operator. By the bounded
inverse theorem we obtain that 7" is an isomorphism of Banach modules and therefore E
and F are isomorphic as Banach bundles by [Gie82, Summary 10.18]. This shows that £
is locally trivial. O

Lemma 3.10. Let E be a Banach bundle over a compact space L which is locally trivial.
If M C E is a bounded subset, i.e., Sup ¢y, |lel|pe) < o0, then it is precompact.

Proof. We may assume M to be closed. Now pick a net (ey)qpea in M. Passing to a
subnet, we may assume that (p(ey))qaca converges to some [ € L. By choosing a local
trivialization as in Definition 3.1, the claim reduces to the case of a trivial Banach bundle
L x C" for which it is obvious. O

Proof of Theorem 3.8. 1f (a) holds, then applying Theorem 3.6 to the representation of
€u(q) introduced in Proposition 3.5 yields that the &, (g)-invariant subbundles of constant
finite dimension are fiberwise dense in C,(K). Since the Banach bundle C,(K) is contin-
uous, its total space is Hausdorff (see Remark 3.2 (ii)), and therefore these Banach bundles
are locally trivial (see Remark 3.2 (iv)). Now take an invariant subbundle F of C,(K) of
constant finite dimension n € Ny. Then

L(F) := {s e T(Cy(K))| V1 € L: s(I) € Fi} € T(C4(K)),

is a C(L)-submodule of I'(C,(K)) which is isomorphic to I'(F) as a Banach module

over C(L). In particular, f(F ) is finitely generated and projective as a C(L)-module (see
Remark 3.2 (iv)) and closed in I'(C,(K)).

Let M be the union of all modules f(F ) where F is a £, (g)-invariant subbundle of constant
finite dimension. Then M is a C(L)-submodule since the sum F = F; + F, of two invariant
subbundles of F| and F; of constant finite dimension is again an invariant subbundle of
constant finite dimension and f(F 1)+ f(Fz) - l:(F ). Moreover, M is stalkwise dense in
the sense of [Gie82, Definition 4.1] and via a Stone-Weierstrafl theorem for bundles (see
[Gie82, Corollary 4.3]), this implies that M is dense in I'(C,(K)). Using the canonical
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isomorphy I'(C,(K)) = C(K) we conclude that the union of all finitely generated and
projective closed T,-invariant submodules is dense in C(K).

Now assume that (b) holds. By Theorem 1.25 it suffices to show that {f o ¥ | & € E,(q)}
is a compact subset of C,(K) for every f in a dense subset of C(K). We may assume that

f is contained in a finitely generated and projective closed T,,-invariant submodule T of
C(K). For each [ € L, the subspace

F:={h|leL} CCK))

is finite-dimensional and, in particular, closed. By Example 3.3 and [Gie82, Theorem
8.6], this implies that
F = U F

is a subbundle of the Banach bundle C,(K) and that I'(F) is isomorphic to [ as a
Banach module over C(L). Therefore F is locally trivial by Lemma 3.9. We show that
Fy9) 0 0 € Fy(y) for each ¥ € €,(q). For this, consider

§ = {29 (S Eu((]) |Fr(19) o e Fs(ﬂ)} .

It is clear, that 8 is a subsemigroupoid of CZ(K, K) containing 8(g). We show that it is
closed which implies § = €,(g). Pick a net (14)qe4 in 8 converging to ¥ € £,(q) and
h € T. Then hy9) 0¥ = limy hy9,) 0¥y in Cy(K). Since (hy(g,) 0P )aca is a bounded net
in the locally trivial bundle F', we may assume—by passing to a subnet—that it converges
to an element of F (see Lemma 3.10). Therefore h,9) o 9 € F.

Using Lemma 3.10 once again, it now follows that {f o ¢ | ¥ € Ey(g)} is compact in
F C Cy(K). O

Remark 3.11. Our main theorem Theorem 3.8 is applicable to many of the extensions in
Examples 1.6. However, for some of the examples (e.g., the rotation on the disc over its
maximal trivial factor in Examples 1.6 4)) the system (L; G) is not topologically ergodic.
A more general characterization of pseudoisometric extensions inluding these examples
is the goal of future work.
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