Michel Coornaert

Topological
Dimension
and Dynamical
Systems

2 Springer



Universitext



Universitext

Series editors

Sheldon Axler
San Francisco State University, San Francisco, CA, USA

Vincenzo Capasso
Universita degli Studi di Milano, Milan, Italy

Carles Casacuberta
Universitat de Barcelona, Barcelona, Spain

Angus MaclIntyre
Queen Mary University of London, London, UK

Kenneth Ribet
University of California, Berkeley, CA, USA

Claude Sabbah
CNRS Ecole Polytechnique Centre de mathématiques, Palaiseau, France

Endre Siili
University of Oxford, Oxford, UK

Wojbor A. Woyczynski
Case Western Reserve University, Cleveland, OH, USA

Universitext is a series of textbooks that presents material from a wide variety of
mathematical disciplines at master’s level and beyond. The books, often well
class-tested by their author, may have an informal, personal, even experimental
approach to their subject matter. Some of the most successful and established books
in the series have evolved through several editions, always following the evolution
of teaching curricula, into very polished texts.

Thus as research topics trickle down into graduate-level teaching, first textbooks
written for new, cutting-edge courses may make their way into Universitext.

More information about this series at http://www.springer.com/series/223


http://www.springer.com/series/223

Michel Coornaert

Topological Dimension
and Dynamical Systems

@ Springer



Michel Coornaert
Institut de Recherche Mathématique Avancée

University of Strasbourg

Strasbourg

France

ISSN 0172-5939 ISSN 2191-6675 (electronic)
Universitext

ISBN 978-3-319-19793-7 ISBN 978-3-319-19794-4  (eBook)

DOI 10.1007/978-3-319-19794-4
Library of Congress Control Number: 2015941878

Mathematics Subject Classification: 54F45, 37B05, 37B10, 37B40, 54H20, 43A07

Springer Cham Heidelberg New York Dordrecht London
© Springer International Publishing Switzerland 2015

Translation from the French language edition: Dimension Topologique et Systéemes Dynamiques by
Michel Coornaert, © Sociét¢ Mathématique de France 2005. All rights reserved

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper

Springer International Publishing AG Switzerland is part of Springer Science+Business Media
(Www.springer.com)



To Marianne



Preface to the English Edition

This is a revised and augmented English edition of my book “Dimension topolog-
ique et systemes dynamiques” which was published in 2005 by the Société
Mathématique de France. As explained in the preface to the French edition, the goal
of the book is to provide a self-contained introduction to mean topological dimen-
sion, an invariant of dynamical systems introduced in 1999 by Misha Gromov, and
explain how this invariant was successfully used by Elon Lindenstrauss and
Benjamin Weiss to answer a long-standing open question about embeddings of
minimal dynamical systems into shifts. A large number of revisions and additions
have been made to the original text. Chapter 5 contains an entirely new section
devoted to the Sorgenfrey line. Two chapters have also been added: Chap. 9 on
amenable groups and Chap. 10 on mean topological dimension for continuous
actions of countable amenable groups. These new chapters contain material that has
never before appeared in textbook form. The chapter on amenable groups is based on
Folner’s characterization of amenability and may be read independently from the
rest of the book. There are a total of 160 exercises. The hardest ones are accompanied
with hints. Although the contents of this book lead directly to several active areas of
current research in mathematics and mathematical physics, the prerequisites needed
for reading it remain modest, essentially some familiarities with undergraduate
point-set topology and, in order to access the final two chapters, some acquaintance
with basic notions in group theory.

There are many people I would like to thank for their assistance during the
preparation of this book: Insa Badji, Nathalie Coornaert and Lindzy Tossé for
helping me in drawing the figures; Fabrice Krieger and Tullio Ceccherini-Silberstein
for proofreading the manuscript and offering invaluable suggestions; Dr. Jeorg Sixt,
Catherine Waite, and the editorial staff at Springer-Verlag for their competence and
guidance during the publication process. Finally, I want to thank my wife Martine
for her patience and understanding while this book was being written.

Strasbourg Michel Coornaert
October 2014
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Preface to the French Edition

This book grew out from a DEA course I gave at the University of Strasbourg in
Spring 2002. The first part of the book presents some fundamental results from
dimension theory. The second part is devoted to topological mean dimension and its
applications to embeddings problems for dynamical systems.

Dimension theory is the branch of general topology that studies the notion of
dimension for topological spaces. It has its root at the origins of geometry and the
difficulties encountered by mathematicians when trying to give rigorous definitions
of the concepts of curves and surfaces. The theory flourished at the end of the
nineteenth century and at the beginning of the twentieth century. Its developments
had a deep impact on many other branches of mathematics such as algebraic
topology, dynamical systems, and probability theory. Actually, several
non-equivalent definitions of dimension for topological spaces may be found in the
literature. The most commonly used are the small inductive dimension ind, the large
inductive dimension Ind, and the covering dimension dim. Small inductive
dimension was introduced by P. Urysohn in 1922 and independently by K. Menger
in 1923. Large inductive dimension and covering dimension were introduced by
E. Cech in 1931. These three dimensions coincide for separable metrizable spaces.

Mean topological dimension is a conjugacy invariant of topological dynamical
systems which was recently introduced by Gromov [44]. This invariant enables one
to distinguish systems with infinite topological entropy. It was used by
Lindenstrauss and Weiss [74] to answer a long-standing open question about the
existence of embeddings of minimal dynamical systems into shifts.

Chapter 1 begins with the definition of the covering dimension of a topological
space and the proof of its main properties. We establish in particular the countable
union theorem in normal spaces and the monotonicity theorem in metric spaces.

The second chapter is devoted to O-dimensional topological spaces. Examples of
such spaces are given and we investigate the relationship between the class of
0-dimensional spaces and other classes of highly disconnected topological spaces.

The notion of a polyhedron is introduced in Chap. 3. A polyhedron is a topo-
logical space that can be triangulated, i.e., is homeomorphic to the geometric
realization of some finite simplicial complex. We prove Lebesgue’s lemma on open
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X Preface to the French Edition

covers of Euclidean cubes. It is used to show that the covering dimension of a
polyhedron is equal to the combinatorial dimension of any of its triangulations. We
also deduce from Lebesgue’s lemma that the covering dimension of R” is equal to n
as expected.

In Chap. 4, we prove Aleksandrov theorem about topological dimension of
compact metrizable spaces and ¢-injective maps. We then establish the
Menger-Nobeling embedding theorem that states that any n-dimensional compact
metrizable space can be embedded in R** !,

Chapter 5 is devoted to the study of counterexamples which played an important
role in the history of dimension theory: Erdds and Bing spaces, Knaster-Kuratowski
fan, Tychonoff plank. These counterexamples enlighten the validity domains of
some of the theorems established in the previous chapters.

In Chap. 6, the mean topological dimension mdim(X, T) of a discrete dynamical
system (X, T), where X is a normal space and T : X — X a continuous map, is
defined and its first properties are established. When X is a compact metric space,
an equivalent definition of mdim(X, T) involving the metric is given.

In Chap. 7, we consider the dynamical system (K%, o), where K7 is the space of
bi-infinite sequences of points in a topological space K and o is the shift map
(x;) = (x;+1). We show that mdim(KZ%, o) < dim(K) for any compact metrizable
space K and that equality holds when K is a polyhedron. By considering appro-
priate subshifts, we show that mean topological dimension can take any value in
[0, o0].

Chapter 8 discusses embeddings problems of dynamical systems into shifts. We
prove the theorem of Jaworski that asserts that any dynamical system (X, T), where
T is a homeomorphism without periodic points of a finite-dimensional compact
metrizable space X, can be embedded into the shift (RZ, o). Finally, we describe the
Lindenstrauss-Weiss counterexamples which show that Jaworski’s theorem
becomes false if the hypothesis on the finiteness of the topological dimension is
removed.

There are historical notes and a list of exercises at the end of each chapter. All
along the text, I tried to give detailed proofs in order to make them accessible to
students who attended a basic course on general topology. The terminology used is
that of Bourbaki with the exception that compact (resp. locally compact,
resp. normal, resp. scattered) spaces are not required to be Hausdorff.

I thank all the students who attended my course and especially Fabrice Krieger
for numerous suggestions. I am also very grateful to Nathalie Coornaert, Lida
Leyva, and Stéphane Laurent who helped me in the preparation of the manuscript
and the realization of the figures.
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Chapter 1
Topological Dimension

In this chapter, we introduce the topological dimension dim(X), also called the
covering dimension, of a topological space X. The definition of dim(X) involves the
combinatorics of the finite open covers of X. We establish some basic properties of
the topological dimension and give first examples of topological spaces for which
it can be explicitly computed. We introduce the class of normal spaces and prove
the countable union theorem for closed subsets of normal spaces (Theorem 1.7.1).
We also show the monotonicity of topological dimension for subsets of metrizable
spaces (Theorem 1.8.3).

1.1 Definition of Topological Dimension

We denote by N the set of non-negative integers and by R the set of real numbers. We
use the symbol oo with the usual conventions co + 00 = 00,00+ a = a+ 00 = 00
and a < oo for all a € R. When E is a set, #E denotes the cardinality of E if E is
finite or the symbol oo otherwise.

Let X be a set. Let & = (A;);es be a family of subsets of X indexed by a set 1.
For each x € X, let

orde(a) i= —1 +#{i e I | x € A;}.

We say that the quantity ord,(a) € {—1} UNU {00} is the order of « at the point x.
We define the (global) order ord(«) € {—1} U N U {oo} of the family « by

ord(cv) := sup ord, (c).

xeX
(If X is the empty set &, we adopt the convention ord(«) = —1.)
In other words, ord(«) is the greatest integer n (or oo if such an integer does not
exist) such that we can find n + 1 distinct elements i, i1, ..., i, € I satisfying
© Springer International Publishing Switzerland 2015 3
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Ay NA; N---NA;, #@.

We say that «v is a cover of X (or that « covers X) if we have

X:Um.

iel

Note that «v is a cover of X if and only if one has ord, (o) > 0 for all x € X.

We say that « is a partition of X if «vis a cover of X and A; N A; = @ for all
distinct i, j € I. Note that the family « is a partition of X if and only if one has
ord;(a) =0 forall x € X.

Leta = (A;)ies and 8 = (Bj) jey be two covers of a set X. We say that the cover
(3 is finer than the cover «, and we write 3 > «, if for every j € J there exists i € [
such that B; C A;.

If o, § and ~y are covers of a set X such that v > (§ and 8 > «, then we clearly
have v > « (transitivity of >).

Remark 1.1.1 Let « = (A;)ier and 3 = (B;);ec; be covers of a set X such that
B; C A; foralli € I. Then § is finer than o. Moreover, for each x € X, we have

fiel| xeB}Ccfiel]| xeA;}

and hence ord, (3) < ord, («). Consequently, we have ord(5) < ord(a).

We say that a cover o = (A;);es of atopological space X is an open cover (resp. a
closed cover) of X if A; is open (resp. closed) in X foralli € I.

Definition 1.1.2 Let X be a topological space. Let a = (U;);c; be a finite open
cover of X. We define the quantity D(«) by

D(a) = mﬂin ord(3),

where (3 runs over all finite open covers of X that are finer than a.

Remark 1.1.3

(1) As a > a, we have D(a) < ord(a) < —1 +#1.

(2) We have D(a) € {—1}UN.

(3) We have D(«) < n if and only if there exists a finite open cover 3 > « such
that ord(3) < n.

Proposition 1.1.4 Let X be a topological space. Let o and o be finite open covers
of X such that o = . Then one has D(«) > D(a).

Proof Tf (3 is a finite open cover of X such that 8 > «, then we have 8 > o by
transitivity of >. Consequently, we have D(a) > D(c). (I

We shall use the following auxiliary result.
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Lemma 1.1.5 Let X be a topological space. Let o« = (U;)icy be a cover of X and
let 3 = (V})jey be an open cover of X such that 3 > o. Then there exists an open
cover v = (Wy)ier of X such that ord,(y) < ord,(B) for all x € X and W; C U;
foralli e I.

Proof As 3 is finer than «, there exists a map ¢: J — I such that V; C Uyj) for
all j € J. Consider the family v = (W;);< defined by

Wi = U V;.

jep™1@)

Each W; is open in X since it is a union of open subsets of X. On the other hand,
we have W; C U;as V; C U forall j € <p_1(i). As 3 = (V})jes covers X and
Vi C Wy forall j € J, we deduce that v is a cover of X. Finally, consider a point
x € X. We have x € W; if and only if there exists j € »~!(i) such that x € Vi It
follows that ¢ induces a surjection from {j € J | x € V;}onto{i € I | x € W;}.
This implies ord, () < ordy (5). O

Proposition 1.1.6 Let X be a topological space and let o = (U;);ey be a finite open
cover of X. Then one has
D(a) = mgin ord((),

where (3 runs over all open covers (finite or not) of X that are finer than c.

Proof 1t suffices to show that every open cover of X that is finer than « has order at
least D(«). Let 3 be an open cover of X such that 3 > «. By Lemma 1.1.5, there
exists an open cover ¥ = (W;);e<s such that ord(y) < ord(8) and W; C U; for all
i € I. As 7y is a finite open cover of X that is finer than o, we have D(«) < ord(7)
and hence D(«) < ord(f3). O

Proposition 1.1.7 Let X be a topological space and let o = (U;);cy be a finite open
cover of X. Then one has
D(a) = mgn ord((3),

where 3 runs over all finite open covers of X that are of the form 3 = (V;)ic with
Vi CUforalliel.

Proof This is again an immediate consequence of Lemma 1.1.5. Indeed, this lemma
implies that, for every finite open cover ~ of X that is finer than «, there exists an
open cover 3 = (V;);es such that ord(8) < ord(y) and V; C U; foralli € I. O

Definition 1.1.8 Let X be a topological space. The topological dimension dim(X) €
{—1} UNU {oo} of X is the quantity defined by

dim(X) := sup D(«),

where « runs over all finite open covers of X.



6 1 Topological Dimension

The topological dimension dim(X) is also called the Cech-Lebesgue covering
dimension, or simply the Lebesgue dimension, of X.

It is clear from its definition that topological dimension is a topological invariant,
that is, one has dim(X) = dim(Y) whenever X and Y are homeomorphic topological
spaces.

Example 1.1.9 One has dim(X) = —1 if and only if X = &.

Example 1.1.10 Let X be a non-empty set equipped with its discrete topology, i.e.,
with the topology for which all subsets of X are open. Let « be a finite open cover
of X. Then the family 5 = ({x})xex is an open partition of X. As > «, it follows
from Proposition 1.1.6 that D(«) = 0. Consequently, we have dim(X) = 0.

Example 1.1.11 Let n € N and let X be a finite set of cardinality n 4 2. Fix an
arbitrary element xo € X and equip X with the topology for which the open subsets
are & and all the subsets of X containing x¢. Then

o = ({x0, XPxex\(xo}

is a finite open cover of X. Observe that any open cover of X that is finer than o
must contain {xg, x} for each x € X\{x¢}. It follows that D(a) = ord(a) = n. As
« is finer than any open cover of X, we conclude that dim(X) = D(«) = n.

Example 1.1.12 Let X be an infinite set. Let us equip X with its cofinite topology,
i.e., the topology for which the open sets are the empty set and all the subsets U C X
with X\U finite. The space X is not Hausdorff since the intersection of two non-
empty open subsets of X is never empty. Note that X is compact. Indeed, if 7y is an
open cover of X, a finite subcover of v may be obtained by choosing a non-empty
open subset U of v and then, for each x € X\U, an open subset of v containing x.

Let us show that dim(X) = oco. Let n € N and let F be a subset of X with
cardinality n + 1. Consider the finite open cover o = (Uy)eF, Where

Uy := (X\F) U {x} = X\(F\{x})

for all x € F. Suppose that 3 = (V;);cy is a finite open cover of X that is finer
than a. Then any element of 3 contains at most one point belonging to F. There-
fore, we can find n 4 1 distinct elements jo, ji, ..., j» € J such that the open sets
Vio» Vijys -+, Vj, are all non-empty. As a finite intersection of non-empty open sub-
sets of X is never empty, we deduce that ord(3) > n. Therefore, we have D(«) > n.
This implies dim(X) > n for all n € N, so that dim(X) = co.

Proposition 1.1.13 Ler X be a topological space. Let n € N. Then the following
conditions are equivalent:

(a) dim(X) < n;

(b) for every finite open cover o of X, there exists a finite open cover 3 > « such
that ord(3) < n;
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(c) for every finite open cover o of X, there exists an open cover 3 > « such that
ord(f) < n;

(d) for every finite open cover o = (Uj)ier of X, there exists an open cover 3 =
(Vi)ier of X such that ord(8) < nand V; C U; foralli € I.

Proof This immediately follows from Definitions 1.1.2, 1.1.8, Propositions 1.1.6,
and 1.1.7. O

1.2 Topological Dimension of Closed Subsets

If Y is a subset of a topological space, then Y is itself a topological space for the
induced topology, i.e., the topology on Y for which the open sets are all the sets
of the form U = V NY, where V is an open subset of X. It is natural to try to
investigate the relations between the topological dimension of a topological space
and the topological dimension of its subsets. For closed subsets, we have the following
general result.

Proposition 1.2.1 Let X be a topological space and let F C X be a closed subset.
Then one has dim(F) < dim(X).

Proof Let o = (U;)ies be a finite open cover of F. By definition of the induced
topology, we can find, for each i € I, an open subset V; of X suchthat U; = V; N F.
Then the family § := (V;);c; U {X\ F} is a finite open cover of X. Therefore, there
exists a finite open cover v = (W;) ey of X with v > 3 and ord(y) < dim(X).
Clearly v := (W; N F) jey is a finite open cover of F that is finer than .. Moreover,
we have ord, (7') = ord, () for all x € F and hence ord(7’) < ord(y) < dim(X).
It follows that D(o) < dim(X). Consequently, we have dim(F) = sup, D(a) <
dim(X). a

When Y is a subset of a topological space X, it may happen thatdim(Y) > dim(X)
(“non-monotonicity” of the topological dimension). To provide such an example, it
suffices to start from a topological space Y with positive topological dimension and
then embed it in a zero-dimensional space X by using the following construction.

Example 1.2.2 LetY be atopological space and let X := Y U{xp} be the set obtained
from Y by adjoining an element xo ¢ Y. Equip X with the topology for which the
open subsets are X and all the subsets 2 C Y that are open with respect to the initial
topology on Y. Observe that the topology induced by X on Y is its initial topology.
On the other hand, the open cover of X that is reduced to X is finer than any open
cover of X since X is the only open subset of X that contains xg. It follows that
dim(X) = 0.

Remark 1.2.3 Observe that the space X in the previous example is never Hausdorff
for Y # &. In Sect.5.4, we will give an example of a compact Hausdorff space X
with dim(X) = 0 containing a subset ¥ C X with dim(Y) > 0. However, we will
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see at the end of this chapter that every subset Y of a metrizable space X satisfies
dim(Y) < dim(X) (Theorem 1.8.3).

Lemma 1.2.4 Let X be a topological space and F a closed subset of X. Let o =
(Uj)icr be a finite open cover of X. Then there exists an open cover 3 = (V;)icr of
X such that V; C U; foralli € I and ord,(3) < dim(F) forall x € F.

Proof The family v := (F N U;);¢y is a finite open cover of F. Therefore, we have
D(v) < dim(F). By Proposition 1.1.7, we can find an open cover 6 = (W;);¢; of F
such that W; € F N U, foralli € I and ord(§) = D(y) < dim(F). The sets W; are
open subsets of F. Thus, for each i € I, there exists an open subset €2; of X such
that W; = F N ;. Consider now the family 3 = (V;);cs consisting of the subsets
of X defined by

Vi = (Q,- U (X\F)) N U;

for all i € I. Clearly (3 is an open cover of X satisfying V; C U; foralli € I.
Moreover, we have F N V; = FNQ; = W; forall i € I. It follows that, for all
x eF,

ord, () = ord,(d) < ord(d) < dim(F).

This shows that the cover [ has the required properties. (I

Proposition 1.2.5 Let X be a topological space. Let F and G be closed subsets of
X such that X = F U G. Then one has

dim(X) = max(dim(F), dim(G)).

Proof We have dim(X) > dim(F) and dim(X) > dim(G) by Proposition 1.2.1.
Thus, it suffices to prove that dim(X) < max(dim(F), dim(G)). Let « = (Uj)ier
be a finite open cover of X. By virtue of Lemma 1.2.4, there exists an open cover
B = (Vi)ier of X such that V; C U; for all i € I and ord,(3) < dim(F) for all
x € F. By applying again Lemma 1.2.4, we can find an open cover v = (W;);¢s of
X such that W; C V; foralli € I and

ord, (7) < dim(G) forall x € G. (1.2.1)

As W; C V; foralli € I, we have ord, (7y) < ord, (/) for all x € X. We deduce that

ord, () < ord,(6) <dim(F) forallx € F. (1.2.2)

As X = F U G, inequalities (1.2.1) and (1.2.2) imply that ord(y) < max(dim(F),

dim(G)). Now observe that the cover 7 is finer than « since W; C V; C U; for all
i € 1.1t follows that

D(a) < max(dim(F), dim(G)).

Consequently, we have dim(X) = sup,, D(a) < max(dim(F), dim(G)). (I
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By an immediate induction on the integer n, we get the following result.

Corollary 1.2.6 Let X be a topological space and let
F,....Fb m>=1

be closed subsets of X such that

X = U Fy.

1<k<n

Then one has

dim(X) = lrllkaicn dim(Fy). O

1.3 Topological Dimension of Connected Spaces

Recall that a topological space X is said to be connected if the only subsets of X that
are both open and closed are @ and X.

Definition 1.3.1 One says that a topological space X is accessible if every subset
of X that is reduced to a single point is closed in X.

Accessible spaces are also called T7-spaces. A topological space X is accessible if
and only if, given any pair of distinct points x and y in X, there exists a neighborhood
of x that does not contains y. Every Hausdorff space is clearly accessible. The
converse implication is false as shown by the following example.

Example 1.3.2 Take again an infinite set X equipped with its cofinite topology as in
Example 1.1.12. The closed subsets of X are X and all its finite subsets. Therefore
X is accessible. However, as we have already observed in Example 1.1.12, X is not
Hausdorff since any two non-empty open subsets of X always meet. Note that X is
connected and compact.

Proposition 1.3.3 Let X be a connected accessible topological space containing
more than one point. Then one has dim(X) > 1.

Proof Let x and y be two distinct points in X. As X is accessible, the subsets X\ {x}
and X\{y} are open in X. Consider the open cover @ = {X\{x}, X\{y}}. The
connectedness of X implies that every open partition of X is trivial. It follows that
D(«) > 1. Since dim(X) > D(«), we conclude that dim(X) > 1. O

Proposition 1.3.3 becomes false if we remove the accessibility hypothesis. Indeed,
consider a set X, containing at least two distinct points, equipped with its trivial
topology, i.e., the topology for which the only open subsets are @ and X. Then X is
connected. However, we have dim(X) = 0 since the trivial open cover{X}, which
has order 0, is finer than any finite open cover of X.
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1.4 Topological Dimension of Compact Metric Spaces

Let (X, d) be a metric space. For x € X and r > 0, we denote by B(x, r) the open
ball of radius r centered at x. The diameter diam(Y) of a subset Y C X is

diam(Y) := sup d(y1,y2) € [0, o0].
yi,n2€Y

We define the mesh of a cover o« = (A;);es of X by

mesh(a) := supdiam(A;) € [0, oo].

iel

Remark 1.4.1 If o and (3 are covers of a metric space such that 5 > «, then one has
mesh(3) < mesh(q).

Proposition 1.4.2 Let o = (U;);cy be an open cover of a compact metric space X.
Then there exists a real number A > 0 satisfying the following property: for every
subset Y C X such that diam(Y) < ), there exists i € I such thatY C U;.

Proof Let us choose, for each x € X, an index i(x) € I such that x € Uj(y). As
Ui(x) 1s an open subset, there exists a real number r, > 0 such that the open ball
B(x, 2ry) is entirely contained in U;(y). The open balls B(x,r,), x € X, cover X.
By compactness of X, there exists a finite subset A C X such that the balls B(x, ry),
x € A, cover X. Let us set A\ := minyc4 ry. We have A > 0. Suppose that Y C X
satisfies diam(Y) < X and choose an arbitrary point y € Y. Then we can find a point
a € Asuchthatd(a, y) < r,. By applying the triangle inequality, we get

Y C B(a,rs + M) C B(a, 2r,) C Ujw.

Consequently, A has the required property. (|

A real number A > O satisfying the condition of Proposition 1.4.2 is called a
Lebesgue number of the open cover a.

Corollary 1.4.3 Let a be an open cover of a compact metric space X. Then there
exists a real number A > 0 such that every cover (3 of X with mesh(3) < X satisfies
B> a.

Proof We can take as \ any Lebesgue number of «. O
Proposition 1.4.4 Let X be a compact metric space and let n € N. Then the follow-
ing conditions are equivalent:

(a) dim(X) < n;
(b) for every € > 0, there exists a finite open cover o of X such that mesh(a) < ¢
and ord(av) < n;
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Fig. 1.1 The open cover a3 = {[x0, X2), (x1, X3), (x2, X4), (x3, X5), (X4, X6]}

(c) there exists a sequence (a)reN Of finite open covers of X such that limy_, o
mesh(ag) = 0 and ord(ayg) < n forall k € N.

Proof Conditions (b) and (c) are clearly equivalent.

Lete > 0. As X is compact, there exists a finite cover o of X consisting of open
balls of radius £/2. If dim(X) < n, we can find a finite open cover 5 > « with
ord(3) < n. We then have mesh((3) < mesh(«) < . This shows that (a) implies (b).

Conversely, suppose (b). Let o be a finite open cover of X. Let A > 0 be a
Lebesgue number of «. Since condition (b) is satisfied, there exists a finite open
cover (3 of X such that mesh(/3) < A and ord(3) < n. This implies # > « and hence
D(«) < n. We deduce that dim(X) < n. This shows that (b) implies (a). O

Let us use the above results to determine the topological dimension of the unit
segment [0, 1] C R. Note that any segment of R, and, more generally, any segment
of a Hausdorff topological vector space, is homeomorphic to [0, 1] and hence has
the same dimension.

Proposition 1.4.5 The unit segment [0, 1] C R has topological dimension dim
([0, 1) = 1.

Proof As [0, 1] is connected, we have dim([0, 1]) > 1 by Proposition 1.3.3.
Let k > 2 be an integer. Consider the points x; € [0, 1] defined by

x,-=2’—k foralli € {0,1,...,2k).

Let o be the finite open cover of [0, 1] consisting of the intervals [xg, x2),
(x26—2, x2x] and all the intervals of the form (x;, x;42) for i € {l,...,2k —
3} (see Fig.1.1 for k = 3). We have that ord(ax) = 1. On the other hand,
mesh(ag) = 1/k tends to 0 as k goes to infinity. This implies dim([0, 1]) < 1
by Proposition 1.4.4. O

1.5 Normal Spaces

In this section, we introduce the important class of normal topological spaces. We
shall see in particular that all metrizable spaces and all compact Hausdorff spaces
are normal.
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Z,

Fig. 1.2 Separation of closed subsets in a normal space

Definition 1.5.1 One says that a topological space X is normal if, given any pair of
disjoint closed subsets A and B of X, there exist disjoint open subsets U and V of
X suchthat A C U and B C V (Fig. 1.2).

Note that every accessible normal space is Hausdorff. Normal Hausdorff spaces
are also called Ty-spaces.

Proposition 1.5.2 Let X be a topological space. Then the following conditions are
equivalent:

(a) X is normal;

(b) for every closed subset A C X and every open subset U C X such that A C U,
there exists an open subset V.C X suchthat A CV C V. C U (here V denotes
the closure of V in X).

Proof Let us first show that (a) implies (b). Let X be a normal space. Let A be a
closed subset and U an open subset with A C U. Then the set B = X\U is closed
in X and does not meet A. Therefore we can find disjoint subsets V and W of X
such that A C V and B C W. The set V is contained in the closed subset X\ W. It
follows that V. C X \W C U. This shows that X satisfies (b).

Conversely, suppose that X satisfies (b). Let A and B be disjoint closed subsets
of X. Then the open subset U := X\ B satisfies A C U. By (b), there exists an open
subset V. C X such that A C V C V C U. Observe now that the open subsets
V and X\V are disjoint and contain A and B respectively. This shows that X is
normal. (]

Proposition 1.5.3 Every metrizable space is normal.
Proof Let (X, d) be a metric space.
Let Y be a non-empty subset of X. The distance of a point x € X to Y is

dist(x, Y) := inf d(x, y).
yey

It follows from the triangle inequality that the map x > dist(x, ¥) is 1-Lipschitz
and hence continuous on X. Moreover, one has dist(x, Y) = Oif and only if x € Y.
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Suppose now that A and B are disjoint non-empty closed subsets of X. The map
f: X — R defined by

f(x) :=dist(x, A) — dist(x, B)

is continuous. The open subsets U := {x € X| f(x) < O}andV :={x € X| f(x) >
0} are disjoint and contain A and B respectively. Consequently, the space X is
normal. O

Proposition 1.5.4 Every compact Hausdorff space is normal.

Proof Let A and B be disjoint closed subsets of a compact Hausdorff space X. We
want to show that there exist disjoint open subsets U and V of X such that A C U
and BCV.

Consider first the case where B is reduced to a single point y. As X is Hausdorff,
we can find, for each x € A, disjoint open subsets U, and V, such that x € Uy and
y € V. By compactness of A, there exists a finite sequence x1, ..., x, of points in
A suchthat A C Uy, U---UU,,. Then the open subsets U := Uy, U ---U Uy, and
V= Vi, N---NV,, have the required properties.

Let us now treat the general case. By the first part of the proof, we can find, for
each y € B, disjoint open subsets U, and V), such that A C Uy and {y} C V.
By compactness of B, there exists a finite sequence yi, ..., y, of points in B such
that B C V, U---UYV, . Then the open subsets U := Uy, N---N U, and
V =V, U---UYV,, have the required properties. O

Remark 1.5.5 There exist compact accessible spaces that are not normal. Indeed,
consider an infinite set X equipped with its cofinite topology. Then X is compact and
accessible but not Hausdorff (cf. Example 1.3.2). Therefore, X is not normal since
every normal accessible space is Hausdorff.

Let us note that a subspace of a normal space may fail to be normal. In Sect. 5.4, we
shall give an example of a compact Hausdorff (and hence normal) space containing
an open subset that is not normal. However, we have the following result.

Proposition 1.5.6 Every closed subset of a normal space is normal.

Proof Let X be a normal space and F' C X a closed subset. Let A and B be disjoint
closed subsets of F'. As F is closed in X, the sets A and B are closed in X. Since
X is normal, we can find disjoint open subsets U and V of X such that A C U and
B C V. Then the sets U N F and V N F are disjoint, open in F, and contain A and
B respectively. Consequently, the space F is normal. O

Remark 1.5.7 In Sect.5.5, we shall give an example of a normal Hausdorff space X
such that X x X is not normal. Thus, the Cartesian product of two normal spaces is
not necessarily normal.
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1.6 Topological Dimension of Normal Spaces

Two families of sets (E;);c; and (F;);ey, with common indexed set I, are called
combinatorially equivalent if one has

(E#2 < [F #2.
ieJ ieJ
for every subset J C 1.

Remark 1.6.1 If o = (E;);cs and 8 = (F;);c; are combinatorially equivalent fami-
lies of sets and v = (G;);es is a family of sets such that E; C G; C F; foralli € I,
then ~y is combinatorially equivalent to « and £3.

Remark 1.6.2 If o = (A;)ies and B = (B;);¢s are families of subsets of a set X that
are combinatorially equivalent, then one has ord(«) = ord(53).

Proposition 1.6.3 Let X be a normal space. Let (F;)icy be a finite family of closed
subsets of X and (U;)ic; a family of open subsets of X such that F; C Uj; for all
i € 1. Then there exists a family (V;)ic1 of open subsets of X satisfying the following
conditions:

(i) onehas F; C V; C Vi C U foralli € I;
(ii) the families(F;)icy, (Vi)ier and (Vi)icj are combinatorially equivalent.

Proof We can assume I = {1, ..., n}. Letus set
a=(Fi,..., Fy).
Let us show the existence, for every k € {0, 1, ..., n}, of a family
a® =M AW

of subsets of X with the following properties:

(C1) foreveryi < k the set Agk) is open in X and one has
F,cA® c AW cu;.

(C2) foreveryi > k + 1, one has Agk) = Fj.
(C3) the families of sets a and a®), where

a® = (AP, .. AP,

are combinatorially equivalent.
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Then the family o will have the required properties, i.e., it will suffice to take
Vi i= A" foralli € {1,...,n).

We prove the existence of a® by induction on k. For k = 0, we take a© = q,
thatis, A" := F; foralli € {1, ..., n}. Then @ trivially satisfies (C1), (C2) and
(C3). Suppose now that the family o* =1 has already been constructed for some
k < n. We then define the family a®) in the following way. For eachi € {1, ..., n}

such that i # k, we take
AR 48D,

It remains only to define A,(ck). Let us denote by £ the set consisting of all subsets
J C {l,...,n}\{k} such that

an(7)-=
ieJ

The set

o-U(Na)

Je& \ieJ

is closed in X since it is a finite union of closed subsets. We have Fy C X\® by
definition of J. As X is normal, it follows from Proposition 1.5.2 that we can find
an open subset W C X such that

Fr CWCWC(X\®) NU.
Let us take A,(Ck) := W. Then the family
k
a® =W, . ab)

clearly satisfies conditions (C1) and (C2). Let us show that the families a*—1
and a® are combinatorially equivalent. As Agk_l) = A;k) for all i # k and

A;{kil) = F, C A,gk) by construction, it suffices to verify that, for every subset
J c{1,...,n}\{k} such that

*k=D) =D ) _
Af VN (ﬂ Al ) = o,
ie

one has

® ®
AP N (ﬂ Al ) = 0.

ieJ
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Since A(k D = Fy and A<k b A(k) for all i # k, we have to check that

®) *k=D)
A} ﬁ(ﬂAi ):@
iel

for all J € £. But this immediately follows from the fact that A,(ck) =W c X\o.

We deduce that the families a®*—1 and a® are combinatorially equivalent. Conse-
quently, the family o®) also satisfies (C3). (]

Corollary 1.6.4 Let X be a normal space and let (U;)ie; be a finite open cover of
X. Then there exists an open cover (Vi)icy of X such that V; C U; foralli € I.

Proof The subsets F; = X\U; are closed in X and satisfy (,.; Fi = @. By Propo-
sition 1.6.3, there exist open subsets W; C X, i € I, such that F; C W; and
N; el W; = @. The subsets V; = X \Wi are open in X and cover X. On the other
hand, we have V; C X\W;. As X\ W, is closed in X, it follows that

V; C X\W; C X\F;, = U,.

Therefore, the subsets V; have the required properties. (]

Proposition 1.6.5 Let X be a normal space and let o be a finite open cover of X.
Then one has
D(a) = minord(7),
5

where ~y runs over all finite closed covers of X that are finer than o.

Proof Suppose that a = (U;)iej.

Let v = (F})jes be a finite closed cover of X that is finer than «. This means
that there exists a map ¢: J — [ such that F; C Uy forall j € J. By Proposi-
tion 1.6.3, there exists a family 3 = (V) jes of open subsets of X that is combina-
torially equivalent to y and satisfies

Fi C Vi CUggj (1.6.1)

for all j € J. From (1.6.1), we deduce that 3 is a finite open cover of X that is finer
than cv. Thisimplies D(«) < ord((3) by definition of D (). Asord(y) = ord(3) since
the covers 7y and (3 are combinatorially equivalent, this shows that D(a) < ord(v).
Conversely, suppose now that 3 = (V) je; is a finite open cover of X that is finer
than « and satisfies D(«) = ord(3). By Corollary 1.6.4, there exists a closed cover
v = (F})jey of X such that F; C V; forall j € J. Such a cover + if finer than 3
and hence finer than «. Moreover it satisfies ord, () < ord,(() for all x € X. It
follows that ord(vy) < ord(8) = D(«). O

Corollary 1.6.6 Let X be a normal space and let n € N. Then the following condi-
tions are equivalent:
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(a) dim(X) < n;
(b) for every finite open cover « of X, there exists a finite closed cover 3 > « such
that ord(3) < n.

Proof This is an immediate consequence of Proposition 1.6.5 since, by definition,

dim(X) = sup D(«),

where « runs over all finite open covers of X. (]

Corollary 1.6.7 Let X be a compact metric space and let n € N. Then the following
conditions are equivalent:

(a) dim(X) < n;

(b) forevery e > 0, there exists a finite closed cover o of X such that mesh(a) < e
and ord(a) < n;

(c) there exists a sequence (o )reN Of finite closed covers of X such that limy_, o
mesh(ag) = 0 and ord(ayg) < n forall k € N.

Proof Conditions (b) and (c) are clearly equivalent.

Let e > 0. If dim(X) < n, it follows from Proposition 1.4.4 that there exists
a finite open cover § of X with ord(3) < n and mesh(3) < e. We then have
D(B) < ord(8) < n. Since X is normal, we deduce from Proposition 1.6.5 that
there exists a closed cover o of X such that o > (3 and ord(a) < n. This shows that
(a) implies (b).

Conversely, suppose (b). Let o be a finite open cover of X. Let A > 0 be a
Lebesgue number of «. Since condition (b) is satisfied, there exists a finite closed
cover 3 of X such that mesh(8) < A and ord(3) < n. This implies § > « and
hence D(a) < n by Proposition 1.6.5. Consequently, we have that dim(X) < n.
This shows that (b) implies (a). O

1.7 The Countable Union Theorem

The following result is a generalization of Corollary 1.2.6.

Theorem 1.7.1 Let X be a normal space and let (Fy)rcN be a sequence of closed
subsets of X such that X = |y Fx. Then one has

dim(X) = sup dim(Fy). (L.7.1)
keN

Proof We have dim(X) > dim(Fy) for all kK € N by Proposition 1.2.1. Therefore, it
suffices to prove that
dim(X) < sup dim(Fy). (1.7.2)
keN
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Consider, for each k € N, the closed subset Ay C X defined by

A = U F;.

0<s<k

We have that
dim(Ax) = max dim(Fy), (1.7.3)
0<s<k

for all k£ € N, by Corollary 1.2.6.
Suppose now that & = (U;);ey is a finite open cover of X. Let us inductively

construct a sequence 3% = (Vl.(k)),-E 1, k € N, of open covers of X satisfying the
following conditions:

) v\ =y foralli €I,

2) v c v Dforalli e Iand k > 1,
(C3) ord,(B%) < dim(Ax) forall x € Ay and k > 1.

We first take 3@ = « so that (Cl) is satisfied. Suppose now that the covers
ﬁ(o), ﬁ(l), o ﬁ(k’l) have already been constructed for some integer £ > 1. As X

is a normal space, we can apply Corollary 1.6.4 to the cover 3%~ = (Vi(k_l))ie I
We deduce that there exists an open cover (W;);c; of X such that Wi C Vl.(k_l) for
alli € I. By Lemma 1.2.4, there exists an open cover ﬂ(k) = (Vi(k)),-E 7 such that
Vi(k) C W; foralli € I and ord, (3%) < dim(Ay) for all x € Ay. We then have

‘/l(k) C Wl C Vl'(k_l)

for all i € I. We deduce that the cover B(k) satisfies (C2) and (C3).
Consider now the family v = (L;);e;s of closed subsets of X defined by

foralli e I.
Let x be a point in X. As [ is a finite set, there exists an index iy € I such that
X € Vif)k) for infinitely many k € N. By using (C2), we deduce that x € L;,. This

shows that v covers X. On the other hand, Condition (C2) implies that L; C Vi(k)

foralli € I and k > 0. Therefore, we have ord, (7) < ord,(8®) for all k > 0. As
the sets Fy cover X, there exists an integer ko = ko(x) > 1 such that x € Ag,. By
Condition (C3), this implies

ord, (7) < ord, (3%) < dim(Ay,).
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By using (1.7.3), we deduce that

ord(y) < supdim(Ay) = sup dim(Fy).
keN keN

AsL; C Vi(o) = U; foralli € [, the finite closed cover 7 is finer than .. By applying
Proposition 1.6.5, we obtain

D(«) < ord(7y) < sup dim(Fy).
keN

Since dim(X) = sup,, D(«), this gives us (1.7.2). U

Corollary 1.7.2 Every countable normal Hausdorff space X # & has topological
dimension dim(X) = 0.

Proof Let X = {xo, x1, X2, ...} be anon-empty countable normal Hausdorff space.
We have X = (J; oy Fr, where Fy = {xi} for all k € N. It follows that dim(X) = 0
since each Fj is closed in X with topological dimension dim(Fy) = 0. (]

As every metrizable space is normal by Proposition 1.5.3, we get the following
result.

Corollary 1.7.3 Every countable metrizable space X # @ has topological dimen-
sion dim(X) = 0. O

Example 1.7.4 For every integer n > 0, the space of rationals n-tuples Q" C R”" is
metrizable and countable. Consequently, we have dim(Q") = 0.

As every compact Hausdorff space is normal by Proposition 1.5.4, we also obtain
the following.

Corollary 1.7.5 Every countable compact Hausdorff space X # @& has topological
dimension dim(X) = 0. [l

Remark 1.7.6 There exist countable compact accessible spaces with non-zero topo-
logical dimension. Indeed, if X is an infinite countable set equipped with its cofinite
topology, then X is compact and accessible but dim(X) = oo (see Examples 1.1.12
and 1.3.2). This also shows that Theorem 1.7.1 becomes false if we remove the
normality hypothesis. An example of an infinite countable Hausdorff space with
non-zero topological dimension will be given in Sect.5.3.

Corollary 1.7.7 The real line R has topological dimension dim(R) = 1.

Proof 1t suffices to observe that

o
R = U Fy,
k=1

where Fy = [—k, k], since dim(F}) = 1 for all K > 1 by Proposition 1.4.5. (I
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Remark 1.7.8 More generally, we shall prove in Corollary 3.5.7 that dim(R") = n
for every integer n > 0.

1.8 Topological Dimension of Subsets of Metrizable Spaces

In this section, we use the countable union theorem of the previous section
(Theorem 1.7.1) to show that every subset Y of a metrizable space X satisfies
dim(Y) < dim(X).

Lemma 1.8.1 Let X be a topological space. Suppose that every open subset Q C X
satisfies dim(2) < dim(X). Then every subset Y C X satisfies dim(Y) < dim(X).

Proof LetY C X.Leta = (U;);c; be afinite open cover of Y. Then, for eachi € I,
we can find an open subset V; of X such that U; = Y N V;. Consider the open subset
Q of X defined by Q := Uie, Vi. As 3 := (V})ier is a finite open cover of 2, there
exists a finite open cover v = (W) je; of € such that v > 3 and ord(y) < dim(£2).
This implies ord(y) < dim(X) since dim(£2) < dim(X) by our hypothesis. Then the
family 0 := (Y N W) ey is a finite open cover of Y that is finer than « and satisfies

ord(d) < ord(y) < dim(X).

We deduce that D(«) < dim(X). Consequently, we have dim(Y) = sup D(«) <
dim(X). ([l

Let X be atopological space. A subset A C X iscalled an F;-set (resp. a G s-set) if
A is the union of some countable family of closed subsets of X (resp. the intersection
of some countable family of open subsets of X). Note that a subset A C X is an
F,-set if and only if its complement X\ A is a G-set.

Lemma 1.8.2 Every open subset of a metrizable space is an F,-set.

Proof Let Q2 be an open subset of a metric space X. We may assume Q2 # X.
Consider the continuous map f: X — R defined by f(x) := dist(x, X\2). As
X\ is closed in X, we have that f(x) = 0 if and only if x € X\ . It follows that
Q = Upen Fr» where

R B , 1
Fioi= [ (000 = e X | dist(, X\®) = ;=)

As Fy is closed in X for all k € N by continuity of f, this shows that © is an
F,-set. O

Theorem 1.8.3 Let X be a metrizable space and Y C X. Then one has dim(Y) <
dim(X).
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Proof By Lemma 1.8.1, it suffices to prove that dim(£2) < dim(X) for every open
subset 2 of X. So let €2 be an open subset of X. By Lemma 1.8.2, we can find a
sequence (F)ren of closed subsets of X such that Q@ = | J, oy Fk. The sets Fy are
closed in 2. On the other hand, the space €2 is normal since every subspace of a
metrizable space is metrizable and hence normal. By applying Theorem 1.7.1, we
obtain
dim(€2) = sup dim(Fy).
keN

As dim(F;) < dim(X) for all k € N by Proposition 1.2.1, we conclude that
dim(2) < dim(X). a

Remark 1.8.4 Tt may happen that dim(Y) > dim(X) when Y is a subset of a normal
Hausdorff space X. Indeed, in Sect.5.4, we will give an example of a compact
Hausdorff (and hence normal) space X with dim(X) = 0 containing an open subset
of positive dimension.

Notes

Covering dimension is one among many other invariants that were introduced by
mathematicians all along the twentieth century in order to give a precise definition for
the intuitive notion of dimension in the category of topological spaces. The branch
of general topology that studies these invariants is known as “dimension theory”.
This is also the title of the most famous monograph devoted to the subject, namely
the book by Hurewicz and Wallman [50], which was first published in 1941. There
are several other excellent books entirely devoted to dimension theory, e.g., [9, 33,
79, 80, 86]. The reader interested in the history of the developments of dimension
theory is referred to [7, 8, 33, 56, 57, 92].

The covering dimension dim(X) was introduced by Cech [111]. Its definition
was directly inspired by a topological characterization of the dimension of the n-
cube [0, 1]" formulated by Lebesgue [66, 67] (see Lemma 3.5.2).

The idea of using induction for defining the dimension of a topological space was
popularized by Poincaré (see for example [89, p. 73]). This approach led in particular
to the definition of the small inductive dimension ind(X) and of the large inductive
dimension Ind(X). The small inductive dimension ind(X) € {—1} U N U {oo} of
a topological space X, also called the Menger-Urysohn dimension, is inductively
defined by the following conditions: (1) ind(X) = —1 if and only if X = @, (2)
ind(X) < n if and only if X admits a base of open subsets B such that ind(ﬁ\U ) <
n — 1 for all U € B. The large inductive dimension Ind(X) € {—1} UN U {oo},
also called the Brouwer-Cech dimension, is defined by: (1) Ind(X) = —1 if and
only if X = &, (2) Ind(X) < n if and only if, for every pair of disjoint closed
subsets F' and G of X, there exist disjoint open subsets U and V of X such that
F CcU,G C Vand Ind(X\(U U V)) < n — 1. An easy induction shows that
every accessible space X satisfies ind(X) < Ind(X). Urysohn’s theorem asserts
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that dim(X) = ind(X) = Ind(X) for every separable metrizable space X (see for
example [50]). Katétov [54, 55] and independently Morita [78] proved that one has
ind(X) < dim(X) = Ind(X) for every metrizable space X. The question whether
every metrizable space X satisfies dim(X) = ind(X) remained open for a long
time (cf. [7, p. 3]). Finally, it was answered in the negative in [96, 98] by Roy who
provided an example of a metrizable space X with ind(X) = 0 and dim(X) = 1. It
was shown by Pasynkov [84] that the equalities dim(X) = ind(X) = Ind(X) remain
true when X is the underlying space of a locally compact Hausdorff topological
group. A theorem of Alexandroff [6] asserts that every compact Hausdorff space X
satisfies dim(X) < ind(X) < Ind(X). Filippov [36] gave an example of a compact
Hausdorff space X with dim(X) = ind(X) = 2 and Ind(X) = 3. When X is a
normal space, one always has dim(X) < Ind(X) (see for example [33, 79, 86]) but
the inequality may be strict. In [79, p. 114], Nagami gives an example of a normal
Hausdorff space X such that ind(X) = 0, dim(X) = 1, and Ind(X) = 2.

The notion of a normal space goes back to the work of Vietoris [112] (see [94,
p. 1233]) and Tietze [105]. However, the main results about general properties of
normal spaces are due to Urysohn [109].

Theorems 1.7.1 and 1.8.3 were obtained by Cech [111].

In[110], Cech introduced the following definition. A topological space X is called
perfectly normal if X is normal and every open subset of X is an F,-set. For example,
every metrizable space is perfectly normal by Proposition 1.5.3 and Lemma 1.8.2.
It turns out that every perfectly normal space X is completely normal, that is, every
subset Y C X isnormal (see [18 exerc. 7,9 and 11 p. IX. 102-103], [64, 111]). Thus,
the proof of Theorem 1.8.3 can be extended to perfectly normal spaces. Consequently,
every subset Y of a perfectly normal space X satisfies dim(Y) < dim(X) [111, par.
28]. Alexandroff (see [8, p. 28]) conjectured that dim(Y) < dim(X) whenever Y is a
normal subspace of a normal space X. This conjecture was disproved by Dowker [30]
who gave an example of a normal Hausdorff space X with dim(X) = O containing
a normal open subset Y such that dim(Y) = 1.

The idea of finding a homological interpretation of the dimension of a topological
space was developed in the work of Alexandroff [4, 5] in the late 1920s. It subse-
quently led to the investigation of various notions of homological and cohomological
dimension (see the books [9, 50, 79, Appendix by Kodama] and the survey papers
[31, 32, 65]). Given a topological space X and an abelian group G, the cohomologi-
cal dimension cdimg (X) is defined as being the smallest integer n > —1 such that
Hrt! (X, A; G) = 0 for all closed subsets A C X, or oo if there is no such integers.
Here H* denotes relative Cech cohomology. It was shown by Alexandroff that every
compact metrizable space X with dim(X) < oo satisfies dim(X) = cdimz(X). In
the first International Topological Conference held in Moscow in September 1935,
Alexandroff asked if this equality remains true in the case when dim(X) = oo. This
question was answered in the negative in the late 1980s by Dranishnikov [31] who
proved, by using methods from K-theory, the existence of a compact metrizable space
X with topological dimension dim(X) = oo and integral cohomological dimension
cdimyz(X) = 3.
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Exercises

1.1
1.2

1.3

1.4

1.6
1.7

1.8

1.9

1.10

1.12

1.13

1.14

1.15

Show that every finite topological space X satisfies dim(X) < oo.

Show that the topological space X described in Example 1.1.11 is connected
but not accessible.

Let X be an infinite set and xo € X. The set X is equipped with the topology
for which the open subsets are & and all the subsets of X containing x(. Show
that dim(X) = oo.

Let X be the topological space whose underlying set is R and whose open
subsets are &, R, and all the intervals of the form (a, +00), where a € R.
Show that X is connected and that dim(X) = 0.

Let X be a non-empty set and 7 a partition of X. The set X is equipped with
the topology for which the open subsets are & and all the subsets of X that can
be written as a union of elements of 7. Show that dim(X) = 0.

Show that every finite accessible topological space is discrete.

Let X and Y be topological spaces with Y accessible and non-empty. Show
that dim(X x Y) > dim(X).

Let o = {U, V} be the open cover of R defined by

1 N 1
n
n] 41 n] 41

U= U(n,n+l)andV:: U(n—

nez nez

).

Show that av admits no Lebesgue numbers, i.e., for every A > 0, there exists a
subset ¥ C R such that diam(Y) < X that is contained in no element of a.
Let S := {(x, y) € R? | x2+ y2 = 1} denote the unit circle in R2. Show that
dim(S") = 1.

Construct, for every ¢ > 0, an open cover « of R? with order ord(ar) = 2
and Euclidean mesh mesh(c) < ¢. Deduce that every compact subset X C R?
satisfies dim(X) < 2.

Deduce from the previous exercise and the countable union theorem (Theo-
rem 1.7.1) that dim(Rz) < 2. More generally, show that dim(R") < n for
every n € N. (The fact that dim(R") = n will be proved in Corollary 3.5.7
below).

Deduce from the previous exercise that one has dim(Y) < n for every subset
Y CR™

Show that the topological space X of Example 1.1.11 is normal if and only if
n=0.

Let X be a normal Hausdorff space. Show that any two distinct points of X
admit disjoint closed neighborhoods.

Let 7 denote the set consisting of all subsets of R of the form U\C, where U
is an open subset of R for the usual topology and C C U is a countable subset.
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(a) Show that 7 is the set of open sets of a topology on R. Let X denote the
topological space whose underlying set is R and whose set of open subsets
is7.

(b) Show that any two distinct points of X admit disjoint closed neighborhoods.

(c) Show that X is not normal. Hint: consider the sets A := {0} and B :=
{1/n| n>1}.

1.16 Let X C R.Show that the following conditions are equivalent: (1) dim(X) = 1,
(2) X contains a subset homeomorphic to the unit segment [0, 1], (3) the interior
of X in R is not empty.

1.17 Let Y := [0, 1] denote the unit segment in R and let X := Y U {x¢} be the set
obtained from Y by adjoining an element xo ¢ Y. Equip X with the topology
for which the open subsets are X and all the subsets €2 C Y such that €2 is an
open subset for the usual topology on Y.

(a) Show that X is not accessible.

(b) Show that X is compact and connected.
(c) Show that every subspace of X is normal.
(d) Show that dim(X) = 0 but dim(Y) = 1.

1.18 Let X be a compact metric space. Let (ax)ren be a sequence of finite
open covers of X such that limy_, oo mesh(ag) = 0. Show that dim(X) =
limg— 00 D ().

1.19 Let T be a triangle in the Euclidean plane (i.e., the convex hull of three non-
collinear points in R?). The middle-triangle of T is the interior in R? of the

Fig. 1.3 Construction of a Sierpinski triangle
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triangle whose vertices are the midpoints of the sides of 7. We inductively
construct a decreasing sequence (K, ),cn of subsets of R? in the following
way. We start by setting K := T. Then we define K as being the set obtained
from Ko = T by removing its middle-triangle. Thus, K is the union of three
triangles that are the images of 7 by the homotheties of ratio 1/2 centered at
each of the vertices of 7. More generally, assuming that K, has already been
constructed and is the union of 3" triangles that are all pairwise disjoint except
at some of their vertices, we define K, as being the set obtained from K,, by
removing all the middle-triangles of these 3" triangles. The Sierpinski triangle
associated with T is the set S := (), .y K» (see Fig. 1.3).

(a) Show that the homeomorphism type of S does not depend on the initial
choice of T'.

(b) Show that S is a connected compact subset of RZ.

(c) Show thatdim(S) = 1. Hint: observe that the construction yields a sequence
(Bn)nen of finite closed covers of S with ord(3,) = 1 and Euclidean mesh

diam(T)

mesh(f3,) = o

and then apply Corollary 1.6.7 to get dim(S) < 1.



Chapter 2
Zero-Dimensional Spaces

This chapter is devoted to O-dimensional topological spaces. It follows from the defi-
nition of topological dimension given in Chap. 1 that a zero-dimensional topological
space admits arbitrarily fine open partitions. As every element of an open partition
is a clopen subset, i.e., a subset that is both closed and open, this suggests that any
zero-dimensional space must contain many clopen subsets and hence be very dis-
connected since the abundance of clopen subsets reflects the discontinuous nature
of a topological space. We shall study the relationship between the class of zero-
dimensional topological spaces and other classes of highly-disconnected topological
spaces such as the class of scattered spaces, the class of totally disconnected spaces,
and the class of totally separated spaces.

2.1 The Cantor Set

In this section, we first describe the construction of the Cantor set, which is a funda-
mental example of a compact metrizable space with zero topological dimension.
Let a and b be real numbers such that a < b. The open interval

+b—ab b—a _ 20 +b a+2b
T3 3 )73 3

is called the middle third of the segment [a, b]. We denote by T ([a, b]) the set
obtained by deleting from the segment [a, b] its middle third. Thus, we have

T([a. b]) := [a,a+bg“]u[b— b;“,b] = [a, Za;b}u[”zzb,b].
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More generally, for every subset A C R which is the union of a finite family
([ai, bi1)1<i<k of pairwise disjoint segments, we set
k
T(A) = J T(ai, bil).
i=1

Let us inductively define a decreasing sequence (K ), cn of closed subsets of [0, 1]
by setting

Ko := [0, 1],
Ky+1:=T(K,) foralln € N.

We therefore have
K—_O1 U 21
1—_,3 3
F 1 21 2 7 8
Kr=10,-|U|=,=|ulZ, =|u|=,1],
L 9 93 3°9 9
Fo1 2 1 2 7 8 1
Ki=10,—|U|—,-|U|Z, —|U|—, =
L 27] [27 9:| |:9 27] [27 3]
2 19 20 7 8 25 26
Ul=, —=|U|=—=,=|U|[=,—=|U|[=—=,1], etc.
327 279 9 27 27

Observe that the set K, is the union of 2" pairwise disjoint segments of length 1/3".
These segments are the connected components of K, (see Fig.2.1).

The set
K := () Kn
neN

is called the Cantor ternary set or simply the Cantor set. A topological space that is
homeomorphic to the Cantor ternary set K is called a Cantor space.

Proposition 2.1.1 The Cantor set K is a compact subset of R with empty interior.

Proof As the sets K, are closed in [0, 1], the Cantor set is closed in [0, 1] and hence
compact.

Ko
Kl e ————
K2 — — — —

K3 e = - - i - -

Fig. 2.1 Construction of the Cantor set
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Let I be an interval of R such that I C K. The fact that [ is connected implies
that, for each n € N, the set I is contained in one of the 2" connected compo-
nents of K,,. We deduce that the length of / is smaller than or equal to 1/3" for all
n € N. As 1/3" tends to O as n goes to infinity, it follows that / has zero length,
i.e., is either empty or reduced to a single point. This shows that K has empty
interior. (I

Proposition 2.1.2 The Cantor set K has topological dimension dim(K) = 0.

Proof The set K, is the disjoint union of 2" segments %, (i), 1 <i < 2", which are
clopen in K. Let us set U, (i) := K N X, (i). The family «,, := (Un (i))1<i<2,, isa
finite open partition of K. Therefore, we have ord(«,) = 0. As mesh(a,) = 1/3"
tends to 0 as n goes to infinity, we deduce that dim(K) = 0 by applying Proposition

1.4.4 (observe that the set K is not empty since we clearly have 0 € K). ([

Recall that every real number x € [0, 1] admits a ternary expansion, that is, a
sequence (ux)reN € {0, 1, 2}N such that

00
Uk
X = .
Z k+1
k=0 3

We will also write this equality under the form

x =0, uouiur---up---.

When x is not a triadic rational number of the form n /3™ with n and m integers
satisfying 1 < n < 3" — 1, such an expansion is unique. In the case when x = n /3"
with n and m integers such that 1 < n < 3" — 1, the number x admits two ternary
expansions: a first one, called the proper ternary expansion of x, whose terms are
eventually equal to 0 and another one, called the unproper ternary expansion of x,
whose terms are eventually equal to 2. For example, we have

% =0, 02020202...

and

7
5= 0,210000...=0,202222....

The set K,, consists of all numbers x € [0, 1] that admit a ternary expansion
(ur)ren such that uy € {0, 2} for all k < n — 1. We deduce that the Cantor set K
is the set consisting of the numbers x € [0, 1] that admit a ternary expansion whose
terms all belong to the set {0, 2}. Thus, the ternary expansions given above show that
both 1/4 and 7/9 belong to K.
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Proposition 2.1.3 The map ¢: {0, Wk defined by

o0

2uy
{OED I,

k=0

forallu = (uy) € {0, 1Wisa homeomorphism from the product space {0, 1N onto
the Cantor set K.

Proof The fact that the map ¢ is well defined and bijective follows from the previous
observations. Let us fix a sequence u € {0, I}N. For each integer n > 0, the set
Va.(u) C {0, 1}N consisting of all sequences v such that vy = uy for all k < n is an
open neighborhood of u. For all v € V,,(#), we have that

o) =W = X 257 =
k=n-+1

Since 1/3"*! tends to 0 as n goes to infinity, we deduce that ¢ is continuous. The
space {0, 1N is compact as it is a product of compact spaces. Consequently, ¢ is a
homeomorphism. O

Corollary 2.1.4 The Cantor set is uncountable. O

Let X be a topological space. A point x € X is called isolated if the singleton
set {x} is open in X. A topological space is called perfect if it contains no isolated
points.

Corollary 2.1.5 The Cantor set is perfect.

Proof Letu € {0, I}N. Consider the open subsets
Vo) :={v € {0, 3N | v = u forall k < n} c {0, Y.

By definition of the product topology, every neighborhood of « in {0, 1} contains the
sets V, (u) for n large enough. As the set V,, (1) is infinite for every n, we deduce that
u is not isolated. This shows that the space {0, 1N s perfect. As K is homeomorphic
to {0, 1}N, it is also perfect. O

2.2 Scattered Spaces

In this section, we introduce the class of scattered spaces. We prove that an accessible
topological space X is scattered if and only if there exists a set £ such that X is
homeomorphic to a subspace of the product space {0, 1}£.
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Let X be a topological space. A base of the topological space X is a set 5 of open
subsets of X such that every open subset of X can be written as a union of elements
of B.

A set V of neighborhoods of a point x € X is called a neighborhood base of x if,
for every neighborhood V of x, there exists N € A such that N C V. Observe that
a set B of open subsets of X is a base of X if and only if, for every x € X, the set

By ={BeB| x € B}

is a neighborhood base of the point x.
If B is a base of a topological space X, then B satisfies the following two condi-
tions:

(B1) the elements of B cover X
(B2) if By, By € Band x € B| N By, then there exists By € B such that x € By C
B N B;.

Conversely, if X is a set and B is a set of subsets of X satisfying conditions (B1) and
(B2) above, then there exists a unique topology on X admitting 3 as a base.

Example 2.2.1 Let X be a metric space. Then the set consisting of all open balls
B(x,1/n), where x € X and n > 1 is an integer, is a base of X.

Recall that a subset of a topological space X is said to be clopen if it is both open
and closed in X. Note that the clopen subsets of a topological space are precisely the
subsets with empty boundary.

Definition 2.2.2 We say that a topological space X is scattered if it admits a base
consisting of clopen subsets of X.

A topological space X is scattered if and only if every point of X admits a neigh-
borhood base consisting of clopen subsets.

Example 2.2.3 Every set endowed with the discrete topology is scattered.

Remark 2.2.4 A connected space X is scattered if and only if the topology on X is
the trivial one.

Note that a scattered space may fail to be accessible. For example, every set X
equipped with the trivial topology is scattered. However, such a space X is not
accessible as soon as X contains more than one point.

Proposition 2.2.5 Every scattered accessible space is Hausdorff.

Proof Let X be a scattered accessible space. Let x and y be distinct points in X.
Since X is accessible, the set X\{y} is an open neighborhood of x. As X is scattered,
there exists a clopen neighborhood V' of x that is contained in X\{y}. The sets V
and X'\ V are disjoint open subsets of X containing x and y respectively. This shows
that X is Hausdorff. (I
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Proposition 2.2.6 Every subspace of a scattered space is itself scattered.

Proof Let X be ascattered space and Y C X. If Bis a base of X consisting of clopen
subsets, then the sets Y N B, where B € B, are clopen in Y and form a base of Y.
Consequently, Y is scattered. (I

Proposition 2.2.7 Every product of scattered spaces is itself scattered.

Proof Let (X;);ies be a family of scattered spaces and consider their direct product
X = Hiel X;. Let B; be a base of X; consisting of clopen subsets. We can assume
X; € B;. Then the set [[,.; U;, where U; € B; forall i € I and U; = X; for all
but finitely many i € I, are clopen in X and form a base for the product topology.
Therefore X is scattered. |

Every open ball of the Euclidean space R” is connected. Consequently, every
scattered subset of R" (n > 1) has empty interior. For the subsets of R, the converse
is also true:

Proposition 2.2.8 Let X be a subset of the real line R. Then X is scattered if and
only if it has empty interior.

Proof We already observed that the condition is necessary. Let us show that it is also
sufficient. Suppose that X has empty interior. Let x € X and ¢ > 0. As X has empty
interior, we can find real numbers a and b notin X suchthatx —¢ <a <x < b <
x + . Then the set V := (a, b) N X = [a, b] N X is a clopen neighborhood of x in
X satisfying V C (x — ¢, x 4+ ¢). This shows that X is scattered. ([

By applying the preceding proposition, we see that the set of rational numbers Q,
the set of irrational numbers R\ @, and the Cantor set K are all scattered.

Proposition 2.2.9 Let X be an accessible space. Then the following conditions are
equivalent:

(a) the space X is scattered,
(b) there exists a set E such that X is homeomorphic to a subset of the product space
{0, 1}E.

Proof Given a set E, the space {0, 1}F is a product of discrete spaces and hence
scattered by Proposition 2.2.7. As every subset of a scattered space is itself scattered
by Proposition 2.2.6, this shows that (b) implies (a).

Conversely, suppose that X is a scattered space. Let E be a base of X consisting of
clopen subsets. Consider the map ¢: X — {0, 1}£ defined by ¢(x) = (xp(x))BecE,
where xp: X — {0, 1} is the characteristic map of B. As B is clopen in X, the
map xp is continuous for each B € E. It follows that ¢ is continuous. On the other
hand, if x and y are distinct points in X, then X\{x} is an open neighborhood of y
since X is accessible. Therefore, there exists a neighborhood By € E of y such that
Bo C X\{x}. This implies xp,(x) # xB,(y) and hence ¢(x) # ¢(y). We deduce
that ¢ is injective. We have that ¢ (B) = (p(X)ﬂngl(l),where g {0, 1}F — {0, 1}
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is the projection map onto the B-factor of {0, 1}£. This shows that ¢(B) is open in
@(X) forall B € E. As E is a base of X, we deduce that the image by ¢ of every
open subset of X is open in ¢ (X). Consequently, ¢ induces a homeomorphism from
X onto ¢(X). Therefore, the space X satisfies (b). (Il

2.3 Scatteredness of Zero-Dimensional Spaces

In this section, we give a characterization of O-dimensional topological spaces. This
characterization shows that every 0-dimensional accessible space is scattered.

Theorem 2.3.1 Let X be a non-empty topological space. Then the following condi-
tions are equivalent:

(a) dim(X) = 0;

(b) for every pair of disjoint closed subsets A and B of X, there exist disjoint open
subsets U and V of X suchthat X =U UV, ACUand B C V;

(c) for every closed subset A of X and every open subset U of X such that A C U,
there exists a clopen subset V of X such that A CV C U.

Proof Suppose first that dim(X) = 0. Let A and B be disjoint closed subsets of X.
Consider the open cover ¢ = {X\A, X\B}. As dim(X) = 0, there exists a finite
open partition 8 of X such that 8 > «. Note that no element of 8 can meet both A
and B. Denote by U the union of all the elements of 8 that meet A andlet V := X\U.
The sets U and V form an open partition of X. Moreover, we have that A C U and
B C V. This shows that (a) implies (b).

Let us show now that (b) implies (c). Suppose that X satisfies (b). Let A be a
closed subset of X and U an open subset of X suchthat A C U. Then B := X\U is
a closed subset that does not meet A. By (b), it follows that there exists a partition
of X into two open subsets V and W such that A C V and B C W. Then the set V
is a clopen subset of X and we have A C V C U. This shows that X satisfies (c).

Finally, let us prove that (c) implies (a). Suppose that X satisfies (c). Let o« =
(Ui)ier be a finite open cover of X. As X satisfies (¢), it follows from Proposition
1.5.2 that X is normal. By applying Corollary 1.6.4, we deduce that there exists a
closed cover (F;);c; of X such that F; C U; foralli € I. Since X satisfies (c), we
can find, foreachi € I, aclopensubset V; of X suchthat F; C V; C U;. Without loss
of generality, we may assume that / = {1, ..., n}. Consider the family 8 = (W;);es
of subsets of X defined by W; := V] and

W, = VA\(ViU---UV_)

foralli € {2, ..., n}. Clearly g := (W;);es is an open partition of X. Moreover, we
have that 8 > « since W; C V; C U; foralli € I. This shows that dim(X) = 0. U

Corollary 2.3.2 Every topological space X satisfying dim(X) = 0 is normal.
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Proof A topological space X such that dim(X) = 0 satisfies condition (b) in the
preceding theorem and is therefore normal. O

Corollary 2.3.3 Every accessible topological space X satisfying dim(X) = 0 is
scattered.

Proof Let X be an accessible space such that dim(X) = 0. Let V be a neighborhood
of apointx € X. The singleton {x} is closed in X since X is accessible. As dim(X) =
0, the space X satisfies condition (c) of the preceding theorem. Therefore, there exists
a clopen subset U of X such that x € U C V. Consequently, every point of X
admits a neighborhood base consisting of clopen subsets of X. This shows that X is
scattered. (]

Corollary 2.3.4 If X is an accessible topological space such that dim(X) = 0, then
X is Hausdorff.

Proof Every scattered accessible space is Hausdorff by Proposition 2.2.5. (]

Remark 2.3.5 Corollary 2.3.4 can also be deduced from Corollary 2.3.2 since, as
already observed in Sect. 1.5, every normal accessible space is clearly Hausdorff.

In Sect.5.4, we shall give an example of a locally compact Hausdorff space that
is scattered but not normal. Such a space has positive topological dimension by
Corollary 2.3.2.

2.4 Lindelof Spaces

In this section, we introduce the class of Lindelof spaces and we prove that every
non-empty scattered Lindelof space X has topological dimension dim(X) = 0.

Definition 2.4.1 A topological space X is called a Lindeldf space if every open
cover of X admits a countable subcover.

Example 2.4.2 Every countable topological space is Lindelof. Indeed, suppose that
X is a countable topological space. Let « = (U;);er be an open cover of X. Choose,
for each x € X, anindex i(x) € I such that x € U;(yy. Let J :={i(x) | x € X}.
Then B := (Uj);cy is a countable subcover of «.

Example 2.4.3 Every compact space is Lindel6f. Indeed, by definition, a topological
space X is compact if and only if every open cover of X admits a finite subcover.

Example 2.4.4 Every topological space that is a union of a countable family of
subsets that are Lindelof (for the induced topology) is Lindelof. In particular, every
o-compact space is Lindelof (recall that a topological space is called o -compact if
it is the union of a countable family of compact subsets). Thus, the Euclidean space
R" is Lindelof for any integer n > 1 since it is o -compact.
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Example 2.4.5 If an uncountable set X is endowed with its discrete topology, then X
is not Lindelof. Indeed, the open cover @ := ({x})yex admits no countable subcovers.
Note that X is metrizable (a metric inducing the topology on X is givenby d(x, y) = 0
if x = y and d(x, y) = 1 otherwise) and locally compact.

A subset of a Lindelof space is not necessarily Lindelof (see the example in
Sect.5.4). However, we have the following result.

Proposition 2.4.6 Every closed subset of a Lindelof space is itself Lindelof.

Proof Let X be a Lindelof space and F a closed subset of X. Let « = (U;);es be
an open cover of F. Then we can find, for each i € I, an open subset V; of X such
that U; = V; N F. As the family (V;);er U {X\F'} is an open cover of X and X is
Lindeldf, there exists a countable subset J C I such that the family (V;) jes U{X\ F}
covers X. Then the family (U;) jcs is a countable subcover of «. This shows that F
is Lindelof. [l

Remark 2.4.7 The product of two Lindel6f spaces may fail to be Lindelof (see
Sect.5.5).

Definition 2.4.8 A topological space is said to be second-countable if it admits a
countable base.

For example, the Euclidean space R” is second-countable since the open balls
B(x, 1/m), where x € Q" and m > 1 is an integer, form a countable base of R”.

A topological space X is called first-countable if every point of X admits a count-
able neighborhood base. Clearly every second-countable topological space is also
first-countable. On the other hand, a first-countable space is not necessarily second-
countable. For example, an uncountable set equipped with its discrete topology is
first-countable but not second-countable.

Proposition 2.4.9 Every subset of a second-countable topological space is itself
second-countable.

Proof If X is a topological space admitting a countable base B and Y C X, then the
set consisting of all the subsets of the form Y N B, where B runs over 13, is clearly a
countable base for Y. O

Proposition 2.4.10 Every countable product of second-countable spaces is itself
second-countable.

Proof Let (X;);es be a countable family of second-countable spaces and consider
their direct product X := Hie ; Xi. Let B; be a countable base of X;. We can assume
X; € B;. Then the sets [[;; U;, where U; € B; foralli € I and U; = X; for all but
finitely many i € I, form a countable base for the product topology. Therefore X is
second-countable. ([l

Proposition 2.4.11 (Lindelof) Every second-countable topological space is Lin-
deldf.
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Proof Let X be a topological space admitting a countable base 5. Let o« = (U;)jer
be an open cover of X. Denote by B’ the set consisting of all B € B such that
there exists i € [ satisfying B C U;. Define a map ¢: B/ — I by choosing,
for each B € B', an index ¢(B) € I such that B C Uy(p). Then the image set
J = @(B') C I is countable. Let x € X. As a covers X, we can find an index
i(x) € I such that x € Uj(y). Since B is a base of X, there exists an open subset
B(x) € B such that x € B(x) C Uj(y). We have that B(x) € B/, by definition of 5/,
and x € B(x) C Uy(p(x). It follows that (U;);ey is a countable cover of X. This
shows that X is Lindelof. O

Definition 2.4.12 A topological space is said to be separable if it admits a countable
dense subset.

Proposition 2.4.13 Every second-countable topological space is separable.

Proof Let X be a topological space and 5 a base of X. Let us choose, foreach B € B
with B # &, a point xp € B and denote by Y the set consisting of all such points
xp. Since B is a base for X, every non-empty open subset of X contains a point of
Y. Consequently, Y is dense in X. If B is countable, then Y is also countable and
hence X is separable. O

From Propositions 2.4.9,2.4.11 and 2.4.13, we immediately deduce the following
result.

Corollary 2.4.14 Every subset of a second-countable space is separable and Lin-
deldf. In particular, every subset of the Euclidean space R" is separable and Lindeldf.
|

The following example shows that a separable compact Hausdorff space may fail
to be first-countable.

Example 2.4.15 Let X denote the set consisting of all maps from R into the unit
segment [0, 1]. We equip X with the topology of pointwise convergence. Thus, the
space X may be identified with the product space [0, 1% and is a compact Hausdorff
space by Tychonoff’s theorem. Let f € X. By definition of the topology of pointwise
convergence, for every ¢ > 0 and every finite subset A C R, the set

V(f,e,A) :={ge X | |f(x) —gx)| <eforall x € A}

is an open neighborhood of f. Moreover, the sets V(f, e, A), where ¢ > 0 and
A C R is a finite subset, form a neighborhood base of f. Let D denote the subset
of X consisting of all finite linear combinations with rational coefficients of char-
acteristic maps of segments of R with rational endpoints. Clearly D is dense in X.
As D is countable, this shows that X is separable. However, X is not first-countable.
Otherwise, every f € X would admit a countable neighborhood base W,,, n € N.
Then, for every n € N, there would exist ¢, > 0 and a finite subset A, C R such
that V(f, €4, Ay) C W,. The set E := UneN A,, would be countable and hence we
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would have R\ E # &. Taking a point xo € R\ E, any map g: R — [0, 1] such that
g(x0) # f(x0) and g(x) = f(x) for all x € E would satisfy g € W), foralln € N.
As X is Hausdorff, this would imply g = f, which contradicts g(xg) #= f(xg).
Consequently, X is not first-countable and hence not second-countable either.

Remark 2.4.16 The topological space in the preceding example is not metrizable.
Indeed, every metrizable space is first-countable since, in a metric space X, every
point x € X admits a countable neighborhood base, e.g., the one formed by the open
balls B(x, 1/n),n > 1.

Remark 2.4.17 The space X in Example 2.4.15 is Lindelof since it is compact. In
Sect. 5.5, we will describe a first-countable separable Lindelof Hausdorff space S
which is not second-countable (see Proposition 5.5.1 and Corollary 5.5.7).

For metrizable spaces, we have the following equivalent conditions.

Proposition 2.4.18 Let X be a metrizable space. Then the following conditions are
equivalent:

(a) X is second-countable;

(b) X is Lindelof;

(c¢) X is separable;

(d) X is homeomorphic to a subset of the Hilbert cube [0, I]N.

Proof The fact that (a) implies (b) follows from Proposition 2.4.11.

Let us fix a metric d on X compatible with its topology.

Suppose (b). Given an integer n > 1, consider the cover of X formed by the open
balls B(x, 1/n), x € X. As X is Lindeldf, there exists a countable subset ¥, C X
such that the balls B(y, 1/n), y € Y,,, cover X. The set Y := |J,,-; Y» is countable
and dense in X. Consequently, X is separable. This shows that (b) implies (c).

The unit segment [0, 1] C R is second-countable. Thus, condition (d) implies
(a) since any countable product of second-countable topological spaces is second-
countable by Proposition 2.4.10 and any subset of a second-countable space is
second-countable by Proposition 2.4.9.

To complete the proof, it suffices to show that (c) implies (d). Suppose (c). Let
A = {a, | n € N}beacountable dense subset of X. After possibly replacing d (x, y)
by the metric min(d(x, y), 1), which is also compatible with the topology on X, we
can assume that diam(X) < 1. Consider the map F: X — [0, 1]N defined by

F(x) = (d(x,an)),enN -

The map F is continuous since all maps x +— d(x, a,) are continuous. As every
point of X is the limit of some sequence of points in A, it follows that F is injective
(uniqueness of the limit in Hausdorff spaces). Let now xg € X and ¢ > 0. As A is
dense in X, there exists an integer ng > O such thatd(xo, a,,) < /2. Then the subset
U c [0, l]N consisting of all sequences (u#,),eN € [0, l]N such that u,, < /2 is
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an open neighborhood of F(xg). If x € X is such that F(x) € U, then x satisfies
d(x, an,) < /2 and hence

d(x,x0) <d(x, ano) + d(xo, ano) <é,
by applying the triangle inequality. Consequently, we have that
F~Y(U) c B(xo, o).

We deduce that F induces a homeomorphism from X onto F'(X). This shows that
X satisfies (d). O

As every compact space is Lindelof, we immediately get the following:

Corollary 2.4.19 Every compact metrizable space is second-countable and hence
separable.

It follows from Corollary 2.3.3 that every accessible topological space X with
dim(X) = O is scattered. The following theorem states that the converse holds in
the class of Lindelof spaces. This is very useful for showing that certain spaces are
zero-dimensional.

Theorem 2.4.20 Let X be a non-empty scattered Lindeldf space. Then one has
dim(X) = 0.

Proof As X is scattered, it admits a base B consisting of clopen subsets. Consider
a finite open cover ¢ = (U;);c; of X. For every x € X, we can find an index
i(x) € I such that x € Uj(y). As B is a base of X, there exists B(x) € B such that
x € B(x) C Uj(y). The subsets B(x), x € X, form an open cover of X. Since X is
Lindeldf, this open cover admits a countable subcover. Therefore there exists a cover
B = (Bp)nen of X such that 8 > « and B,, € B for all n.

Consider the sequence y = (Cy),en of subsets of X defined by Cy := Bp and

Cy = Bn\(BOUBl U"‘UBn—l)v

for every integer n > 1. As the subsets B, are clopen and cover X, it is clear that
y is an open partition of X. On the other hand, we have that y > B > «. By
applying Proposition 1.1.6, we deduce that D(«) = 0. Thus, we have dim(X) =
sup, D(x) = 0. O
Remark 2.4.21 As mentioned earlier, we shall give in Sect.5.4 an example of a

scattered locally compact Hausdorff space with positive topological dimension.

By Corollary 2.3.3, every accessible space X with dim(X) = 0 is scattered.
Combining this result with the previous theorem, we get the following.

Corollary 2.4.22 Let X be an accessible Lindelof space (e.g., a separable metrizable
space or a compact Hausdorff space) with X # . Then the following conditions
are equivalent:
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(a) dim(X) =0,
(b) X is scattered. [l

Example 2.4.23 We deduce from Corollary 2.4.22 and Proposition 2.2.8 that a non-
empty subset X C R satisfies dim(X) = O if and only if X has empty interior
in R. This shows in particular that the set R\Q of irrational numbers satisfies
dim(R\Q)=0.

As animmediate consequence of Corollary 2.4.22, we obtain the following results.

Corollary 2.4.24 Let (X;)ic; be a family of compact Hausdorff spaces with
dim(X;) = 0 for all i € I. Then the product space X = [[;c; X; satisfies
dim(X) = 0.

Proof By Proposition 2.2.7, the space X is scattered since it is a product of scattered
spaces. On the other hand, X is a product of compact Hausdorff spaces and hence
also compact and Hausdorff. ]

Corollary 2.4.25 Let (X;)ic; be a family of non-empty finite discrete spaces. Then
the product space X := [];.; Xi satisfies dim(X) = 0.

Proof This immediately follows from Corollary 2.4.24 since each X; is a compact

iel

Hausdorff space with dim(X;) = 0. O
By taking X; = {0, 1} for alli € I in Corollary 2.4.25, we get the following.
Corollary 2.4.26 One has dim({0, 1}£) = 0 for any set E. O

Example 2.4.27 We have dim({0, 1}N) = 0. As {0, 1}N is homeomorphic to the
Cantor set K by Proposition 2.1.3, we recover the fact that dim(K) = 0 (cf. Propo-
sition 2.1.2).

Corollary 2.4.28 Let (X;);cs be a countable family of separable metrizable spaces
such that dim(X;) = 0 for all i € I. Then the product space X := [[;.; X; satisfies
dim(X) = 0.

Proof By Proposition 2.2.7, the space X is scattered since it is a product of scattered
spaces. On the other hand, X is a product of countably many separable metrizable
spaces and hence also separable and metrizable. ]

iel

The following example shows that the product of two zero-dimensional topolog-
ical spaces may fail to be zero-dimensional.

Example 2.4.29 Let X = {x¢, x1} be a set with cardinality 2. Equip X with the
topology for which the open sets are &, {xo} and X. We have that dim(X) = 0 since
the open cover of X reduced to X is finer than any open cover of X. In fact, X is the
space described in Example 1.1.11 for n = 0. Consider now the set X x X equipped
with the product topology. The open subsets of X x X are & and all the subsets of
X x X that contain (xg, xo). Thus, we have that dim(X x X) = 2 by applying the
result in Example 1.1.11 forn = 2.

Remark 2.4.30 The topological space X in the previous example is not Hausdorff,
noteven accessible since {x¢} is not closed in X. In Sect. 5.5, we shall give an example
of a normal Hausdorff space X such that dim(X) = 0 and dim(X x X) # O.
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2.5 Totally Disconnected Spaces

Let X be atopological space. Recall that the connected component of apointx € X is
the union of all the connected subsets of X containing x. The connected components
of the points of X form a partition of X. Moreover, every connected component is
connected and closed in X.

Definition 2.5.1 We say that a topological space X is fotally disconnected if the
connected component of every point x € X is the singleton set reduced to the point
X.

In other words, a topological space X is totally disconnected if and only if the
only non-empty connected subsets of X are the subsets that are reduced to a single
point.

Example 2.5.2 Every discrete space is totally disconnected.

Example 2.5.3 The only connected subsets of R are the intervals. It follows that a
subset X C R is totally disconnected if and only if X has empty interior.

Proposition 2.5.4 Every subset of a totally disconnected space is itself totally dis-
connected.

Proof This immediately follows from the observation that if Y is a subset of a
topological space X and y € Y then the connected component of y in Y is contained
in the connected component of y in X. ([

Proposition 2.5.5 Every product of totally disconnected spaces is itself totally dis-
connected.

Proof Let (X;)ies be a family of totally disconnected spaces and consider their
direct product X := [],.; X;. Let C be a non-empty connected subset of X. As the
continuous image of a connected space is itself connected, the projection of C on each
X; is connected and hence reduced to a single point since X; is totally disconnected.
This implies that C itself is reduced to a single point. (]

Proposition 2.5.6 Every totally disconnected space is accessible.

Proof In a topological space, every connected component is closed. Consequently,
if the topological space X is totally disconnected then {x} is closed in X for all
x € X. O

The following example shows that a totally disconnected space may fail to be
Hausdorff.

Example 2.5.7 Let X be an infinite set. Let us fix two distinct points a, b € X and
let Y := X\{a, b}. Let 7 denote the set consisting of all U C X satisfying one of
the following two conditions:
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() UcCy;
(2) U = Uy U Uy, where U is a non-empty subset of {a, b} and Uy C Y is such
that Y\ U, is a finite set.

It is straightforward to verify that 7 is the set of open sets for a topology on X. Let
us equip X with this topology. Suppose that A C X has more than one point. If we
can find a point yy € ANY, then the singleton set {yo} is clopen in A. Otherwise, we
have that A = {a, b} and then {a} is clopen in A. It follows that A is not connected.
Thus, the space X is totally disconnected. However, X is not Hausdorff since every
open neighborhood of a meets every open neighborhood of b.

2.6 Totally Separated Spaces

In this section, we introduce the class of totally separated spaces. We prove that every
totally separated space is totally disconnected and that every scattered accessible
space is totally separated.

Let X be a topological space. The quasi-component of a point x € X is the
intersection of all clopen neighborhoods of x. Note that the quasi-component of
every point x € X is a closed subset of X containing x.

Definition 2.6.1 We say that a topological space X is fotally separated if the quasi-
component of every point x € X is the singleton set reduced to the point x.

Remark 2.6.2 A topological space X is totally separated if and only if it satisfies
the following condition: for every pair of distinct points x and y in X, there exists a
partition of X into two open subsets U and V suchthatx € U and y € V.

Proposition 2.6.3 Every totally separated space is Hausdorff.
Proof This immediately follows from the preceding remark. (]

Proposition 2.6.4 Let X be a topological space and x a point in X. Then the con-
nected component of x is contained in the quasi-component of x.

Proof Denote by C, the connected component of x and by Q its quasi-component.
Consider a clopen neighborhood V of x in X. Then Cy N V is a clopen subset of
C, that is not empty since it contains x. By connectedness of C,, we deduce that
C, NV =C,,thatis, Cy C V. It follows that C, C Q,. O

Corollary 2.6.5 Every totally separated space is totally disconnected. (I

A totally disconnected space is not necessarily totally separated. Indeed, we have
described in Example 2.5.7 a totally disconnected space that is not Hausdorff. Such
a space is not totally separated since, by Proposition 2.6.3, every totally separated
space is Hausdorff. In Sect.5.2, we shall give an example of a totally disconnected
separable metrizable space that is not totally separated.
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Proposition 2.6.6 Every scattered accessible space is totally separated and hence
totally disconnected.

Proof Let X be a scattered accessible space. Let B be a base of X consisting of
clopen subsets of X. Consider a point x in X. As B is a base of X, the set I3, consist-
ing of all elements of 13 containing x is a neighborhood base of x. The intersection
of all the neighborhoods of x is reduced to the point x since X is accessible. This
implies that the intersection of the elements of By is also reduced to x. Consequently,
the quasi-component of x is the singleton set {x}. This shows that X is totally
separated. ]

The accessibility hypothesis in Proposition 2.6.6 cannot be removed. Indeed, a
set having more than one point equipped with its trivial topology is scattered but not
totally separated (not even totally disconnected).

Let us note also that the converse of Proposition 2.6.6 is false. Indeed, we will give
in Sect.5.1 an example of a separable metrizable space that is totally separated but
not scattered. However, as we shall see, the converse of Proposition 2.6.6 becomes
true if we restrict ourselves to locally compact Hausdorff spaces. Let us first establish
the following result.

Lemma 2.6.7 Let X be a compact Hausdorff space. Let x be a point in X. Then the
connected component of x coincides with its quasi-component.

Proof Denote by Cy the connected component of x and by Q, its quasi-component.
We have that C, C Q, by Proposition 2.6.4. Thus, it suffices to prove that Q, is
connected. Let A and B be disjoint closed subsets of O suchthat AU B = Q. We
can assume that x € A. As Q, is closed in X, the sets A and B are closed in X. On
the other hand, since X is a compact Hausdorff space, it is normal by Proposition
1.5.4. Consequently, there exist disjoint open subsets V and W of X suchthat A C V
and B C W. Denote by £ the set consisting of all clopen neighborhoods of x in X.
We have that

(fU=0.cvuw.

Ue€

Therefore, the open subsets X\U, U € &, cover X\(V U W). As X\(V U W) is
compact, there exists a finite sequence Uy, ..., U, of elements of £ such that

X\(VUW) C X\Up)U---UX\Uy,).

By setting 2 := Uj N --- N Uy, this amounts to saying that 2 C VU W. As V and
W are disjoint, we deduce that 2 NV = Q\W. Consequently, the set Q NV is a
clopen neighborhood of x in X. It follows that O, C 2N V. Therefore we have that
Q, = A. This shows that Q, is connected. O
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Proposition 2.6.8 Let X be a locally compact Hausdorff space. Then the following
conditions are equivalent:

(a) X is scattered;
(b) X is totally separated;
(c) X istotally disconnected.

Proof The fact that (a) implies (b) follows from Proposition 2.6.6. On the other hand,
Corollary 2.6.5 shows that (b) implies (c).

Suppose that X is totally disconnected. Let x be a point in X and let V be a
neighborhood of x. As X is locally compact, there exists a compact neighborhood
W of x such that W C V. Denote by U the interior of W in X and by & the set
consisting of all clopen neighborhoods of x in W. As W is totally disconnected by
Proposition 2.5.4, it follows from Lemma 2.6.7 that {x} = (1) .¢ F. This implies
that the family

a:={UJU{W\F | F €&}

is an open cover of W. Since W is compact, o admits a finite subcover. This means
that there exists a finite sequence Fi, ..., F, € £suchthattheset A := FiN---NF,
satisfies A C U. Each F;, 1 < i < n, is closed in W and hence in X since W is
closed in X. On the other hand, A is open in U and hence open in X. It follows that
Aisclopenin X. Asx € A C V, we deduce that the neighborhoods of x that are
clopen in X form a neighborhood base of x. This shows that X is scattered. Thus,
(c) implies (a). ([l

2.7 Zero-Dimensional Compact Hausdorff Spaces

By combining results obtained in the previous sections, we get the following char-
acterizations of zero-dimensional compact Hausdorff spaces.

Theorem 2.7.1 Let X be a non-empty topological space. Then the following condi-
tions are equivalent:

(a) X is a compact Hausdorff space with dim(X) = 0;

(b) X is a scattered compact Hausdorff space;

(c) X is a totally separated compact Hausdorff space;

(d) X is a totally disconnected compact Hausdorff space;

(e) there exists a set E such that X is homeomorphic to a closed subset of the product
space {0, 1}E.

Proof Conditions (a) and (b) are equivalent by virtue of Corollary 2.4.22. On the
other hand, conditions (b), (c) and (d) are equivalent by Proposition 2.6.8. Finally,
the equivalence of (b) and (e) is an immediate consequence of Proposition 2.2.9 since
the product space {0, 1} is a compact Hausdorff space for any set E by Tychonoff’s
theorem. [l
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2.8 Zero-Dimensional Separable Metrizable Spaces

We also get the following characterizations of zero-dimensional separable metrizable
spaces.

Theorem 2.8.1 Let X be a non-empty topological space. Then the following condi-
tions are equivalent:

(a) X is a separable metrizable space with dim(X) = 0;

(b) X is a scattered separable metrizable space;

(c) X is a separable metrizable space that admits a countable base consisting of
clopen subsets;

(d) X is homeomorphic to a subset of {0, I}N;

(e) X is homeomorphic to a subset of the Cantor set.

Proof Conditions (a) and (b) are equivalent by Corollary 2.4.22.

Suppose that X is a scattered separable metric space. Let B be a base of X
consisting of clopen subsets. As X is separable, we can find a countable dense subset
Y C X. Let us choose, for each y € Y and each integer n > 1, a neighborhood
By, € B of y contained in the open ball of radius 1/n centered at y. Then the
subsets By , form a countable base of X. This shows that (b) implies (c).

Let us now show that (c) implies (d) (cf. the proof of Proposition 2.2.9). Suppose
that X is a separable metric space and that (B),) <N is a base of X consisting of clopen
subsets. Let x,: X — {0, 1} denote the characteristic map of B,,. Consider the map
p: X — {0, 13N defined by ¢(x) = (xn(x))nen for all x € X. As B,, is clopen, the
map ¥, is continuous for every n € N. This implies that ¢ is continuous. As X is
Hausdorff, the injectivity of ¢ follows from the fact that the subsets B,,, n € N, form
a base of X. We have that ¢(B,) = ¢(X) N rrn_l(l), where 7, : {0, 1}N — {0, 1} is
the projection onto the n-factor of {0, 13N, This shows that ¢(B,) is open in ¢(X).
As the subsets B, form a base of X, we deduce that the image by ¢ of any open
subset of X is open in ¢(X). Consequently, ¢ induces a homeomorphism from X
onto ¢(X). This shows that X satisfies (d).

To complete the proof, it suffices to observe that (d) implies (b) by
Proposition 2.2.9 and that (d) and (e) are equivalent since the space {0, 1N is home-
omorphic to the Cantor set by Proposition 2.1.3. (]

Remark 2.8.2 As already mentioned above, we will give in Sect. 5.1 an example of a
separable metrizable space that is totally separated (and hence totally disconnected)
but not scattered.

2.9 Zero-Dimensional Compact Metrizable Spaces

Every compact metrizable space is both Hausdorff and separable. By combining
Theorems 2.7.1 and 2.8.1, we obtain the following statement (Table?2.1).
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Table 2.1 Summary Table (X non-empty)
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NOTES

dim(X) = 0|=|scattered | =

totally sepa-
rated

totally dis-
connected

Hausdorff spaces

dim(X) = 0|« |scattered | =

separable metrizable spaces

dim(X) = 0]=[scattered | =

totally sepa-
rated

=

totally dis-
connected

totally sepa-
rated

-

totally dis-
connected

locally compact Hausdorff spaces

dim(X) = 0| < |scattered | <

totally sepa-
rated
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totally dis-
connected

compact Hausdorff spaces

Theorem 2.9.1 Let X be a non-empty topological space. Then the following condi-

tions are equivalent:

(a)
(b)
(c)
(d)
(e)

clopen subsets;

X is a compact metrizable space with dim(X) = 0,
X is a scattered compact metrizable space;

X is a totally separated compact metrizable space;
X is a totally disconnected compact metrizable space;
X is a compact metrizable space that admits a countable base consisting of

(f) X is homeomorphic to a closed subset of {0, 1}V;

(g)

Notes

X is homeomorphic to a closed subset of the Cantor set.

O

The terminology used in this chapter follows that of Bourbaki [18]. However, the
terms “scattered”, “totally disconnected”, and “totally separated” have sometimes
different meanings in the literature. For example, spaces that are called “scattered”
in the present book are called “zero-dimensional” in [102], while a “scattered” space
in [102] is a topological space in which every non-empty subset admits an isolated

point.
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The Cantor ternary set was described by Cantor in [21, note 11 p. 46]. It can be
shown that every totally disconnected compact metrizable space that is perfect is
homeomorphic to the Cantor set (see for example [48, Corollary 2-98]).

A non-empty topological space X is scattered if and only if ind(X) = O (see the
Notes on Chap. 1, p.19, for the definition of the small inductive dimension ind(X)).
The question of the existence of scattered metrizable spaces with positive topological
dimension remained open for many years (cf. [18, note 1 p. IX.119]). An affirmative
answer to this question was finally given by Roy [96, 98] who constructed a scattered
metrizable space X with dim(X) = 1.

The notion of a totally disconnected space and that of a totally separated space
were respectively introduced by Hausdorff [47] and by Sierpinski [99]. In [99],
Sierpinski described a totally disconnected subset of R that is not totally separated
and a totally separated subset of R? with positive topological dimension.

Exercises

2.1 Does the real number 1/ belong to the Cantor set?

2.2 Show that the Cantor set has Lebesgue measure 0.

2.3 Show that every countable product of Cantor spaces is a Cantor space.

2.4 Let H denote the Hilbert space of square-summable real sequences (i,,),>1.
Show that the subset X C H consisting of all sequences (u,),>1 such that
lu,| < 1/n for all n > 1 is homeomorphic to the Hilbert cube [0, l]N.

2.5 Let G be a group. Let B denote the set of all left cosets of subgroups of finite
index of G, i.e., the subsets of the form gH, where g € G and H C G is a
subgroup with [G : H] < oo.

(a) Show that there is a unique topology on G admitting B as a base. This
topology is called the profinite topology on G.

(b) Show that the profinite topology on G is scattered.

(c) Show that the profinite topology on G is discrete if and only if G is finite.

(d) Show that the profinite topology on the additive group Q of rational numbers
is the trivial topology.

(e) Show that the profinite topology on G is Hausdorff if and only if G is
residually finite. (Recall that the group G is called residually finite if the
intersection of all its subgroups of finite index is reduced to the identity
element.)

2.6 (Furstenberg’s topological proof of the infinitude of primes [38]). Let Z denote
the group of integers equipped with its profinite topology (see Exercise 2.5).

(a) Show that nZ is a closed subset of Z for every n € Z.
(b) Show that every non-empty open subset of Z is infinite.
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2.7

2.8
2.9

2.10
2.11
2.12

2.13
2.14

2.15
2.16

2.17

2.18

(c) Let P := {2,3,5,7,11, ...} denote the set of prime numbers. Use the
results obtained in (a) and (b) to recover Euclid’s theorem that P is infinite.
Hint: observe that UpeP pZ = Z\{—1, 1} is not closed in Z.

Let f: X — Y be acontinuous map from a Lindel6f space X into a topological
space Y. Show that f(X) is a Lindelof space.

Show that every locally compact Lindel6f space is o-compact.

Let X be an uncountable set equipped with its cofinite topology. Show that X
is not first-countable.

Show that every open subset of a separable space is separable.

Show that every subspace of a separable metrizable space is separable.

Show that the set consisting of all isolated points of a separable space is count-
able.

Show that every countable product of separable spaces is separable.

Let (X, d) be a separable metric space. Consider the Banach space £*°(R)
consisting of all bounded sequences of real numbers u = (u,),cn With the
supremum norm [lu|| = sup,.y |u,|. Fix a point xo € X and a sequence
(an)nen of points of X such that the set {a,, | n € N} is dense in X. Show that
the sequence (d(x, a,) — d(xg, ay)),en 1s in £°°(R) for every x € X and that
the map ¢: X — £°°(R) defined by ¢(x) = (d(x, ay) — d(x0, an))neN is an
isometric embedding.

Show that the Banach space £°°(R) is not separable.

Show that every second-countable scattered accessible space is homeomorphic
to a subset of the Cantor set.

A metric space (X, d) is called an ultrametric space if one has

d(x,y) < max(d(x, z),d(y, z))

forall x, y, z € X. Let (X, d) be a non-empty ultrametric space.

(a) Let A be a closed subset of X and p > 0. Show that the set consisting of
all x € X such that dist(x, A) = p is a clopen subset of X.

(b) Let A and B be disjoint closed subsets of X. Show that the set consisting
of all x € X such that dist(x, A) < dist(x, B) is a clopen subset of X.

(c) Show that dim(X) = 0.

(d) Show that the metric completion (X', d’) of (X, d) is also an ultrametric
space.

Let p be a prime integer. Every non-zero rational number ¢ € Q\{0} can be
a
written in the form ¢ = an’ where n € Z and a,b € 7Z\pZ are integers

not divisible by p. The integer v,,(q) := n € Zis well defined and called the
p-valuation of q. Define the map d: Q x Q — R by

preTY ifx £y

d(x,y) =
(. ) [0 ifx=y
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forall x, y € Q.

(a) Show that (Q, d) is an ultrametric space.
(b) Show that the metric completion Q,, of (Q, d) satisfies dim(Q,) = 0. (The
set Q, is the set of p-adic numbers.)

Show that every totally disconnected topological space that is locally connected
is discrete. (Recall that a topological space X is called locally connected if every
point x € X admits a neighborhood base consisting of connected subsets.)
Let X be a non-empty subset of R. Show that one has dim(X) = 0 if and only
if X is totally disconnected.

Let X be the topological space described in Example 2.5.7.

(a) Show that X is compact.
(b) Show that X is not normal.
(¢) Show that dim(X) = 1.

A topological space X is called extremally disconnected if the closure of any
open subset of X is open in X.

(a) Show that if a set X is equipped with its trivial (resp. discrete) topology
then X is extremally disconnected.

(b) Show that every extremally disconnected Hausdorff space is totally sepa-
rated.

(c) Show that every extremally disconnected metrizable space is discrete.



Chapter 3
Topological Dimension of Polyhedra

In this chapter, we introduce the notion of a simplicial complex of R” and that of a
polyhedron. A simplicial complex is a finite assembly of simplices and a polyhedron
is a topological space that is homeomorphic to some simplicial complex. The main
results of this chapter is that the unit cube in R” has topological dimension n for any
integern > 0 (Theorem 3.5.4). This is used to shows that the topological dimension of
the support of a simplicial complex is equal to its combinatorial dimension (Corollary
3.5.5). We also deduce that the topological dimension of the Euclidean space R” is
n (Corollary 3.5.7).

3.1 Simplices of R"

Let us start by briefly reviewing some elementary facts about affine subspaces of R”.
This material is standard and proofs are omitted.

Let n > 0 be an integer. A subset A C R”" is called an affine subspace of R" if
either A = & or there exist a linear subspace V C R” and a point p € R” such that

A=p+V:={p+v| veV}

In this case, we have that V. = {b —a | a,b € A}. It follows in particular that
the linear subspace V' C R” depends only on A. One says that V is the direction
of the affine subspace A. The dimension dimg (V') of V as a vector space over R is
called the affine dimension of A and is denoted dim,(A). By convention, the affine
dimension of the empty set & is dimuy(@) = —1. An affine hyperplane of R" is an
affine subspace of affine dimension n — 1.

The affine subspace of R" generated by k + 1 points pg, pi, ..., px € R" is the
smallest affine subspace A C R” such that p; € A forall 0 <i < k. One has
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k k
A:{inp,- | A eR©O<i<k)and ZA,-=1}.
i=0 i=0

The points pg, p1,..., px € R" are said to be affinely independent if the affine
subspace of R” they generate has affine dimension k. This amounts to saying that
the k vectors p; — po, ..., px — po are linearly independent in R”".

Let po, p1, - .., pi be affinely independent points in R”. Consider the convex hull

A :=[po, p1,.... pxl CR"

of the set {po, p1, ..., pr}. We have that

k k

A=1[po,pi,-.. il =1{D Xipi | i =00 <i<kyand > N\ =1}.
i=0 i=0

The extremal points of A are the points pg, pi, ..., px (recall that a point x of a
convex subset K C R” is called extremal if the set K\ {x} is convex). One says that A
is the simplex whose vertex set is {po, p1, - - ., pr}. Observe that A is compact since
it is a closed and bounded subset of R”. The integer k (i.e., the number of vertices of
A minus 1) is called the combinatorial dimension of the simplex A and is denoted
dime¢omp(A). Note that dimegp(A) = dimgrr(A), where A is the affine subspace of
R" generated by the points po, p1, ..., px- When A is a simplex with combinatorial
dimension &, one also says that A is a k-simplex. Thus, a O-simplex is a subset of R”
reduced to a single point, a 1-simplex is a line segment joining two distinct points
of R", a 2-simplex is a triangle, a 3-simplex is a tetrahedron, etc. (see Fig.3.1). The
empty set is a simplex whose vertex set is empty and whose combinatorial dimension
is —1.

Suppose that pg, p1, ..., pr are affinely independent points in R” and let A denote
the simplex whose vertex setis { pg, p1, ..., pr}. Considerasubset/ C {0, 1, ..., k}.
Then the points p;, where i € I, are affinely independent. They are the vertices of
a simplex A’ C A whose combinatorial dimension is dimey;,p(A") = —1 + #1.
One says that the simplex A’ is a face of A. The number of faces of A is equal
to the number of subsets of {0, 1, ..., k}, i.e., 2k+1 Two particular faces of A are
the empty set & and the simplex A itself. They are obtained by taking I = & and
I ={0,1,...,k}respectively. A face A" of A is called proper if & # A’ # A.

A

k=0 k=1 k=2 k=3

Fig. 3.1 Some k-simplices
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The set A C A defined by

k k
A= Npil Ai>00=<i<kand > X\ =1
i=0 i=0
is called the open simplex with vertices pg, p1, ..., pr. Observe that A is the interior

of A in the affine subspace A of R” generated by the vertices of A. In particular, A
is open in A. Note also that A\ A is the union of the proper faces of A. We have that
A # A for k > 1. For k = 0, we have that A = A = {po}.

3.2 Simplicial Complexes of R"

Definition 3.2.1 A simplicial complex of R" is a finite set C of simplices of R”
satisfying the following conditions:

SC1 if A € C, then every face of A belongs to C;
SC2 if A; € Cand A, € C, then A; N Ay is a face of both A and A, (Fig.3.2).

Let C be a simplicial complex of R". A point p € R”" is a vertex of C if there
exists a simplex A € C such that p is one of the vertices of A. As C contains only
finitely many simplices, the set of vertices of C is finite. It follows from conditions
(SC1) and (SC2) of Definition 3.2.1 that if p is a vertex of C and A is a simplex of
C such that p € A, then p is a vertex of A.

The combinatorial dimension dim¢,;»(C) of the simplicial complex C is the
maximal combinatorial dimension of the simplices of C. Note that we always have
dimeomp (C) < n.

The set |C| C R” defined by

|C|:=UA

AeC

is called the support of the simplicial complex C.

Fig. 3.2 A simplicial complex of R?
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Definition 3.2.2 A topological space X is called a polyhedron if there exist an integer
n > 0 and a simplicial complex C of R” such that X is homeomorphic to the support
|C|of C.

Note that every polyhedron is compact and metrizable.

Proposition 3.2.3 Let C be a simplicial complex of R". Then the open simplices A,
where A € C, form a partition of the support |C| of C.

Proof Let x € |C|. Choose a simplex Ag € C containing x. Let k := dimy;,p(Ao)
and suppose that pg, p1, ..., pk are the vertices of Ag. As x € A, there exist real
numbers \; > 0,0 < i < k, such that

k k
)CZZ/\,'p,' and Z)\,':l.
=0 i=0

Denote by [ the set consisting of all i € {0, 1, ..., k} such that \; > 0. The simplex
A whose vertices are the points p;, with i € I, belongs to C by (SC1) since it is a
face of Ag. On the other hand, we have that

)CZZ/\ipi and Z)\i =1.

iel iel

As \; > Oforalli € I, we deduce that x € Z

Suppose now that there is another simplex A" € C suchthatx € AO’. By (SC2), the
set AN A’ is aface of both A and A’. The simplex AN A’ meets Asincex € ANA'.
As any proper face of A is contained in A\z, we deduce that ANA’ = A. Similarly,
we get AN A" = A’ It follows that A = A, O
Remark 3.2.4 Note that if C is a simplicial complex of R” and A is a simplex

belonging to C, then the open simplex A is not necessarily open in |C]|.

3.3 Open Stars

In this section, given a simplicial complex C of R" and a vertex p of C, we define
the open star of C at p. We prove (see Proposition 3.3.2) that the open stars of C
form a finite open cover of the support |C| of C and that the order of this cover is
equal to the combinatorial dimension of C.

Consider a simplicial complex C of R". Let p be one of the vertices of C. Denote
by Fc(p) the union of all the simplices of C that do not contain p. As every simplex
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is compact and C contains only finitely many simplices, the set F¢(p) is compact
and hence closed in |C|. It follows that the set

Ste(p) = |C\Fc(p)

is an open neighborhood of p in |C|. We call Stc (p) the open star of the simplicial
complex C at the vertex p.

Proposition 3.3.1 One has

sic( = |J A (33.1)
peAeC

Proof Denote by E the right-hand side of (3.3.1).
Let x € Stc(p). By Proposition 3.2.3, there exists a simplex A € C such that

x € A. As x ¢ Fc(p), we have that p € A and hence x € E. This shows that
Stc(p) CE.
Conversely, suppose now that x € E. This means that there exists A € C such

that x € A and p € A. Consider a simplex A € C such that x € Aj. Then there is

aface Ay of Aq such that x € A,. By applying Proposition 3.2.3, we get Ay = A.
This implies p € A, and hence p € A|. We conclude that x ¢ Fc(p). This shows
that E C Stc(p). O

Proposition 3.3.2 Let C be a simplicial complex of R". Let V denote the set of
vertices of C. Then the family o := (Stc(p)) pev is a finite open cover of the support
|C| of C. Moreover, the order of « is equal to the combinatorial dimension of the
simplicial complex C.

Proof The set V is finite since C contains only finitely many simplices. On the other
hand, we have seen above that Stc(p) is open in |C| for all p € V. Therefore o is a
finite family of open subsets of |C|.

Let x be a point in |C|. By Proposition 3.2.3, there is a simplex A € C such that

x € A. Let p be one of the vertices of A. It follows from Proposition 3.3.1 that
x € Stc(p). Consequently, « covers |C].
Let k := ord(«). Then there exist distinct vertices pg, pi, ..., pr of C such that

k
(Ste(p) # 2.

i=0

Letx € ﬂ;{:o Stc(pi) and choose asimplex A € C suchthatx € A.Asx € Stc(p;),
we have that p; € Aforalli =0, 1, ..., k. Consequently, the points pg, p1, ..., Pk
are vertices of A. This shows that ord(«) = k < dimp;p(C).
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Consider now anon-empty simplex A € C.Let po, p1, ..., px denote the vertices
of A. As ﬂf’c:o Stc(pi) D A # @, we have that ord(or) > k. It follows that
ord(«) > dimeppp (C). O

3.4 Barycentric Subdivisions

Let A C R” be a non-empty k-simplex whose vertices are pg, pi, ..., px. The

barycenter of the simplex A is the point v € A defined by

1
V-—m(PO-FPl‘F"“FPk)

Given two simplices A and A" of R", we write A < A’ if A is a proper face of
A’. Note that the relation < is transitive.
A chain of simplices of R" is a (possibly empty) finite sequence

™= (A()’A]""?Ar)
of non-empty simplices of R” such that
Ag < Ay < -+ < Ay

The integer r € {—1,0, ..., n} is called the length of the chain 7.

Let # = (Ao, Ay, ..., A,) be a chain of simplices of R". Denote by ~; the
barycenter of the simplex A; (0 < i < r). Clearly the points g, 71, . . ., 7-—1 belong
to the simplex A,_; and +, is not contained in the affine subspace of R” generated
by A,_1. By induction on r, we deduce that the points g, 71, ..., 7, are affinely
independent in R”. Consequently, these points are the vertices of an r-simplex

A(ﬂ-) = [705 1, ~--”Yr] - ]Rn-

The simplex A(7) is called the simplex associated with the chain 7. We have that
A(m) C A, since all the simplices of A(7) are contained in A,.

Let C be a simplicial complex of R"”. We say that a chain m = (Ag, Ay, ..., A}))
of simplices of R” is a C-chain if A; € C foralli € {0, 1, ..., r}. We denote by
[1(C) the set consisting of all C-chains.

Lemma 3.4.1 Let C be a simplicial complex of R". Then the open simplices A(r),
7w € I1(C), form a partition of the support |C| of C.
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Proof Every chain
T = (Ag, Ay, ..., Ay) € II(C)

satisfies A(mw) C |C| since A(m) C A,.
Let x € |C|. By Proposition 3.2.3, there exists a unique simplex A € C such that

x € A. Let S denote the set of vertices of A. There is a unique family of positive
real numbers () ,) pes such that

x=> Ap and D A, =1 (3.4.1)

peSsS pes
Let us write
(Ap| peSt={ag,a1,...,r}
withag > a1 > -+ > a,.Foreachi € {0, 1, ..., r}, denote by 7; the set consisting
of all vertices p € S such that A\, = ;. The sets Ty, 11, ..., T, are all non-empty

and form a partition of S. By rearranging the terms of the right-hand side of (3.4.1),
we get

x = Zai Z . (3.4.2)
i=0 peT;
Let us set, foreachi € {0, 1, ...,r},
S =TyUT1U---UT;
and denote by A; the simplex whose vertex set is S;. We clearly have
Ag <Al <--- <A =A.

It follows that 7 := (Ao, Ayq, ..., A,) is a C-chain. After summing up by parts,
equality (3.4.2) gives us

r—1
X=Z(ai — Qjy1) ZP + ay le
i=0

PES; PES,

Denoting by ~; the barycenter of A; (0 <i < r), we obtain

’
X = Z HiYis
i=0
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where p; := (a; — aj11)#S; for0 <i <r — 1 and u, := o, #8S;. It is easy to verify

that p; > O for all i and Z;Zl ui = 1. Therefore we have that x € A(m).
Suppose now that there exists another C-chain

:(A6, /1,...,A;,/)

such that x € A(n’). Then, denoting by ~/ the barycenter of A}, there exist real
numbers p; > 0 (0 < i < r’) such that

r/ r/
x:Zu;*y[ and Zu;=1.
i=0 i=0

Let S; denote the set of vertices of A} (0 < i < 7). Let us set T := S and
T/ .= S]\S/_, foralli € {I,...,r'}. We have that

i=0 pET/
where
14; 1,
aj = /—i- 5 ST To0<i<r).
#S| RS, #S),
The sets Ty, 77, . . ., T are non-empty and form a partition of S’,. On the other hand,

we have that
r/

.
ay>a)>->a,>0 and Eaﬁ#T/:Eué:l.
i=0 i

By using Proposition 3.2.3, we deduce that r = 7 and T; = T/ for all i €
{0, 1,...,r}. It follows that S; = Slf for all i € {0,1,...,r}. This shows that
=7 O

Proposition 3.4.2 Let C be a simplicial complex of R". Then the set
= {A(m) | m e II(C)} (3.4.3)

is a simplicial complex of R". Moreover, the simplicial complexes C and C' have the
same combinatorial dimension and the same support.
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Proof Letm = (Ag, A1, ..., Ay) be a C-chain. Denote by v; the barycenter of A;
O <i<r)Let A be a face of A(m). Denote by s the combinatorial dimension
of A and suppose that 7;,, Vi, . . ., 7, are the vertices of Z, where 0 < ip < i1 <

- < iy < r.Clearly ™ := (A, Ajj, ..., A;,) is a C-chain and we have that
A = A(F) € C’. This shows that C’ satisfies condition (SC1) of Definition 3.2.1.

Let us show now that C’ satisfies condition (SC2). Let 7 = (Ag, A1, ..., A})
and 7’ = (A(, A), ..., A/r,) be two C-chains. The simplices appearing in both 7
and 7’ form a C-chain 7" = (A, A, ..., A;’,,). We claim that

A(m) N A = A(). (3.4.4)

The inclusion A(7”) C A(w) N A(w') is obvious since the simplex A(7”) is a face
of both A(w) and A(x’). Let x € A(w) N A(x'). As x € A(w), we can extract a
chain 7 of 7 such that x € A(7). Similarly, we can extract a chain 7 of ' such

o

that x € A(7). Lemma 3.4.1 implies that 7 = 7/. It follows that the chain 7 can
be extracted from the chain 7" and hence that x € A(7”). This completes the proof
of (3.4.4). This shows that C’ satisfies (SC2).

The inclusion |C’| C |C] is straightforward. The inclusion |C| C |C’| follows
from Lemma 3.4.1. It follows that |C| = |C’|.

Let m := dimeomp(C) and m’ := dimepmp(C). If 1 = (Ag, A1, ..., A;) isa
C-chain, then the length » of 7 is clearly less than or equal to the combinatorial dimen-
sion of A,. It follows that m’ < m. Let A be a m-simplex in C. If pg, p1, ..., pm
are the vertices of A, then

([Lpol, [po, P11, ..., [P0, P1s -y Pm])

is a C-chain with length m. It follows that m < m’. This shows that the simplicial
complexes C and C’ have the same combinatorial dimension. O

The simplicial complex C’ is called the barycentric subdivision of C.
Suppose now that R” is equipped with a metric d.
If C is a simplicial complex of R", we define the mesh by

mesh(C) := max diam(A).
AeC

Proposition 3.4.3 Let V denote the vertex set of C and o := (Stc (p)) pev the finite
open cover of |C| consisting of the open stars of C. Then one has

mesh(a) < 2mesh(C).
Proof Let p € V. Suppose that x and y are two points in Stc(p). Then there exist

simplices A1 and A; in C admitting p as a vertex and containing x and y respectively.
By applying the triangle inequality, we obtain
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d(x,y) =d(x, p) +d(p,y) < diam(Ay) + diam(A2) < 2mesh(C).

This implies diam(Stc(p)) < 2mesh(C) for all p € V. It follows that mesh(a) <
2mesh(C). O

We assume from now on that d is the metric associated with a norm || - || on R”,
that is, d(x, y) = ||x — y|| for all x, y € R".

Lemma 3.4.4 Let A C R" be a k-simplex whose vertices are the points po, p1, .- .,
Pk. Then one has
diam(A) = nl)a}x lpi — pjll. 3.4.5)

Proof Let § denote the right-hand side of (3.4.5). We have that § < diam(A) since
pi,pj € Aforalli, j.

Consider the closed d-ball B; of radius ¢ centered at p;. Then we have that p; € B;
for all j. As B; is convex, it follows that A C B;. We deduce that if x € A then
d(x, pi) < 0 for all i. Consequently, the simplex A is contained in the closed d-
ball of radius ¢ centered at x. It follows that d(x, y) < ¢ for all x, y € A, that is,
diam(A) < 6. O

Proposition 3.4.5 Let C be a simplicial complex of R" with dimy;,»(C) = m. Let
C’ be the barycentric subdivision of C. Then one has

mesh(C’) < n
m+1

mesh(C).

Proof Let A’ be a simplex in C’. Consider two distinct vertices u and v of
A’. After possibly exchanging u and v, we can find two simplices A} < Aj
of C whose barycenters are u and v respectively. Let r := dimeomp(A1) and
s = dimgymp(Az). Let po, p1, ..., ps be the vertices of A, numbered in such
a way that A1 = [po, p1, ..., prl. Let w denote the barycenter of the simplex
[Pr+1, ..., ps]- Then, we have

1
U—m(PO‘FPl‘i‘"“i‘Ps)

(r+Du+ (s —rw),

s+ 1
which gives us
s—r
u—v_s+1(u—w).
We deduce that
lu —vl = llu —wl
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As the points u and w belong to A», this equality implies

—r

+1

s
lu = vll = —— diam(Az).

Since diam(A3) < mesh(C) and

s—r s m
< < ,
s+1 " s4+1 " m+1

it follows that

e — v < m"fr - mesh(C).
By applying Lemma 3.4.4, we obtain
. p m
diam(A") < mesh(C).
m+1
This shows that
/ m O
mesh(C") < mesh(C).
m+1

Let C be a simplicial complex of R". One defines by induction the N-th barycen-
tric subdivision C™N) of C by setting C© = C and CU*+D = (CD)’ for any integer
i>0.

Proposition 3.4.6 Let C be a simplicial complex of R". Then one has

lim mesh(C™)) = 0.
N—o00

Proof The simplicial complexes C (M) N > 0, have the same combinatorial dimen-
sion by Proposition 3.4.2. Therefore, by applying Proposition 3.4.5, we get

N
mesh(C(N)) < (L) mesh(C),
m—+ 1
where m is the combinatorial dimension of C. Consequently, the mesh of C™

converges to 0 as Ngoes to infinity. (]

Proposition 3.4.7 Let C be a simplicial complex of R". Then one has dim(|C|) <
dimcomb(c)-

Proof Denote by V(N) the vertex set of the N-th barycentric subdivision C™) of
C. By Proposition 3.3.2, the family ay := (Stewv) (p)) pev(nv) is a finite open cover



60 3 Topological Dimension of Polyhedra

of |C w )| = |C| whose order is m := dimgy;;»(C). On the other hand, we have
that mesh(ay) < 2mesh(C™)) by Proposition 3.4.3. By using Proposition 3.4.6,
we deduce that limy_, .o mesh(ay) = 0. This implies dim(]C|) < m by Proposi-
tion 1.4.4. (I

Corollary 3.4.8 Every polyhedron P satisfies dim(P) < oo. (I

3.5 The Lebesgue Lemma and its Applications

Let n be a non-negative integer.

Lemma 3.5.1 Every finite union of affine hyperplanes of R" has empty interior

in R™.

Proof This is an immediate consequence of the Baire theorem since every affine

hyperplane of R” has empty interior. (]
Consider the unit cube [0, 11" C R". For each k € {1, ..., n}, the kth lower face

Fx(0) and the kth upper face Fy (1) of [0, 1]" are defined by

Fr(0) := {(x1,...,x,) €[0,1]" | xx =0}, (3.5.1)
Fr(1) :={(x1,...,x,) €[0,1]" | xx =1} (3.5.2)

respectively. One says that the faces F;(0) and F (1) are opposite faces of the cube
[0, 1]".

Lemma 3.5.2 (Lebesgue’s lemma) Let « be a finite open cover of the unit cube
[0, 1]*. Suppose that there is no element of o meeting two opposite faces of [0, 1]".
Then one has D(a) > n.

Proof We have to show that every finite open cover of [0, 1]” that is finer than «
has order at least n. Suppose for contradiction that 5 = (U;);es is a finite open
cover of [0, 1]" finer than « such that ord(3) < n — 1. Foreachi € I, let p(i) =
(pr(@))1<k<n € {0, 1}" be the vertex of the cube [0, 1]* defined by

(3.5.3)

. 1if U; meets the face F; (0),
pr(i) == .
0 otherwise.

Let (fi)ic; be a family of continuous maps f;: [0, 1]* — [0, 1] satisfying the
following conditions:


http://dx.doi.org/10.1007/978-3-319-19794-4_1

3.5 The Lebesgue Lemma and its Applications 61

(Cl) 3o, fi(x) = 1forall x € [0, 1],
(C2) fi(x)=0ifx ¢ U

(cf. Sect.4.2). To get such a family, we can for example choose a metric on [0, 1]"*
that is compatible with the topology and take

gi(x)
fix) = ——,
l Zjel g;(x)
where g; (x) = dist(x, [0, 1]"\U;).
Consider now the map ¢: [0, 1]" — [0, 1]" defined by

p(x) =D fix)p().

iel

The point ¢(x) belongs to the simplex whose vertex set is {p(i) | x € U;}. As
ord(8) < n — 1 by our hypothesis, it follows that the image set of ¢ is contained
in a finite union of simplices, each of combinatorial dimension at most n — 1. By
applying Lemma 3.5.1, we deduce that the image set of ¢ has empty interior in R”.
In particular, we can find a point w in the interior of the cube [0, 1]" that does not
belong to the image of .

On the other hand, the fact that /3 is finer than « implies that no element of 5 meets
two opposite faces of [0, 1]”. Now observe that it follows from Formula (3.5.3) that
if the open set U; meets a face of [0, 1]", then the vertex p(i) belongs to the opposite
face. Therefore, the image under ¢ of a arbitrary face of [0, 1]” is always contained
in the opposite face.

Consider now the radial projection 7: [0, 1]*\{w} — [0, 1]" that sends each
point x € [0, 1]"\{w} to the intersection point of the half-line starting from w and
passing through x with the boundary 0[0, 1]* = [0, 1]"\(0, 1)" of the cube [0, 1]"
(see Fig.3.3). Then the composite map ¥ := 7w o ¢: [0, 1]* — [0, 1]" is continuous
since 7 and ¢ are continuous. The points belonging to the interior of [0, 1]" are
sent by v in the boundary of [0, 1]”. On the other hand, as ¥ and ¢ coincide on the
boundary of [0, 1]”, the image under % of each face of [0, 1]” is contained in the
opposite face. It follows that there is no point of [0, 1]" that is fixed by ). This gives
a contradiction since, by the Brouwer fixed point theorem, every continuous map
from [0, 1]" into itself has at least one fixed point. O

i

Fig. 3.3 The radial projection m
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Let 1 < p < oo. Recall that the p-norm || - ||, on R" is defined by
n 1/p
Ixllp = (Z |xk|f’)
k=1

Ixllooc = max |xg|.
1<k<n

if | < p < oo, and

Corollary 3.5.3 Denote by d,, the metric on [0, 11" associated with the norm || - || p
(1 < p < 00). Let « be a finite open cover of [0, 11". Suppose that the mesh of «,
with respect to the metric d,, is less than 1. Then one has D(c) > n.

Proof No element of the cover o meets two opposite faces of [0, 1]" since the d,-
distance between two opposite faces is 1. (|

Theorem 3.5.4 One has dim([0, 1]") = n foralln € N.

Proof Let A C R" be an n-simplex. We have that dim(A) < n by Proposition 3.4.7.
As [0, 1]" is homeomorphic to A, we deduce that dim([0, 1]") < n.

Consider now a finite open cover « of [0, 1]" such that no element of o meets
two opposite faces of [0, 1]". We can take for example the cover « consisting of
the 2" open subsets of the form U; x - - x U,, where Uy = [0, 1) or Uy = (0, 1]
forall k = 1,...,n. Then « satisfies D(«) > n by Lemma 3.5.2. This shows that
dim([0, 1]") > n. O

Corollary 3.5.5 Let C be a simplicial complex of R". Then one has
dim(|C]) = dimeomp (C).

Proof The inequality dim(|C|) < dimg e, (C) follows from Proposition 3.4.7. Let
m := dim¢e,p(C) andlet A € C be anm-simplex. As A is homeomorphic to the cube
[0, 1], we have that dim(A) = m by Theorem 3.5.4. This implies dim(|C|) > m
by Proposition 1.2.1. O

Remark 3.5.6 We can also obtain Corollary 3.5.5 by applying Corollary 1.2.6 which
gives

dim(|C|) = max dim(A) = m,
AeC

since every k-simplex A satisfies dim(A) = k by Theorem 3.5.4.

Corollary 3.5.7 One has dim(R") = n foralln € N.
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Proof We have that

o
R" = U Fy,
k=1
where Fy := [—k, k]". As dim(F}) = dim([0, 1]") = n, we deduce that dim(R") =
n by applying Theorem 1.7.1. (]

Corollary 3.5.8 If A is an affine subspace of R" (n € N) then one has dim(A)
dimg sy (A).

Proof This is an immediate consequence of Corollary 3.5.7. Indeed, if A is an
affine subspace of R” then A is clearly homeomorphic to R”, where m

ol

dimg s (A).
Corollary 3.5.9 The Hilbert cube [0, 11N satisfies dim ([0, 1Y) = oc.
Proof The space [0, 1]” can be embedded as a closed subset of [0, 1]N so that
n = dim([0, 1]") < dim([0, 11%)
for every n € N by Proposition 1.2.1. (I

Corollary 3.5.10 Let P and Q be two polyhedra that are not both empty. Then one
has

dim(P x Q) = dim(P) + dim(Q).

Proof As P is a polyhedron, we can find an integer p > 0 and a simplicial complex
C of R? such that P is homeomorphic to |C|. Similarly, we can find an integer g > 0
and a simplicial complex C’ of RY such that Q is homeomorphic to |C’|. Then we
have

|IC| = U A and |C|= U A

AeC AeC’

Consequently, the product space P x Q is homeomorphic to

ICIxIC'1= ] AxA CRxR!I=RM.
AeC,AeC’

Let A € C be a k-simplex and A" € C a k’-simplex (k, k' € N). Then A x A’ is
homeomorphic to [0, 11* x [0, 1]"/ = [0, 1]"*",. It follows that dim(A x A') =
k + k' by Theorem 3.5.4. On the other hand, A x A’ is compact and hence
closed in |C| x |C’|. By applying Corollary 1.2.6, we obtain dim(|C| x |C'|) =
m +m’, where m (resp. m’) is the combinatorial dimension of C (resp. C’). By using
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Corollary 3.5.5, we finally get dim(|C| x |C’|) = dim(|C|) 4+ dim(|C’|). Thus, we
have that dim(P x Q) = dim(P) + dim(Q). [l

The above proof obviously extends to a finite product of polyhedra. Thus, we have
also the following:

Corollary 3.5.11 Let Py, P>, ..., P, be a finite sequence of non-empty polyhedra.
Then one has

dim(P; X Py X -+ X P;) =dim(Py) + dim(Pp) + - - - + dim(P,). O

3.6 Abstract Simplicial Complexes

Definition 3.6.1 An abstract simplicial complex is a pair I' = (V, X) consisting of
afinite set V and of a set ¥ whose elements are subsets of V satisfying the following
condition:

(ASC) if 0 € ¥ and ¢’ C o, then one has 0’ € .
Let I' = (V, X) be an abstract simplicial complex. The elements of V are called

the vertices of I' and the elements of X are called the simplices of I". The combina-
torial dimension dimg,,,,(0) € {—1} UN of a simplex o € X is defined by

dimeomp (o) ;= —1 4+ #o.
The combinatorial dimension dim,,,,(I') € {—1} UN of I is defined by

dimppp () := max dimee,p (o).
gEXR

Example 3.6.2 Take V := {1, 2, 3,4} and
= {o, {1}, {2}, {3}, {4}, {1, 2}, {2, 3}, {1, 3}, {2, 4}, {1, 2, 3}}.

One immediately checks that (ASC) is satisfied. Therefore I' := (V, X) is an abstract
simplicial complex. It has combinatorial dimension dimcy,, (') = 2.

Example 3.6.3 Let C be a simplicial complex of R”. Let V be the set of vertices of
C and let X be the set consisting of all ¢ C V such that there exists a simplex A € C
whose set of vertices is . Condition (SC1) in Definition 3.2.1 implies that I" :=
(V, 2) satisfies (ASC). One says that I" is the abstract simplicial complex associated
with C. Note that the combinatorial dimension of I" is equal to the combinatorial
dimension of C and hence, by Corollary 3.5.5, to the topological dimension dim(|C]|)
of its support |C| C R".
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Two abstract simplicial complexes I' = (V, ) and IV = (V’/, ') are called
isomorphic if there exists a bijective map f: V — V' such that

ceX & flo)e¥

forallo C V.

LetI' = (V, ¥) be an abstract simplicial complex. Let (e, ),ey be the canonical
basis of RV (we may identify RY with R”, for n = #V). For each 0 € X, denote by
A, the simplex in RV whose vertex set is {e, | v € o}. Clearly, we have that

As N Ay = Agng
for all o, 0’ € X. It follows that
C:={A, | c€X)

is a simplicial complex of RY. One says that C is the geometric realization of the
abstract simplicial complex I". Note that the combinatorial dimension of I is equal to
the combinatorial dimension of C. Observe also that the abstract simplicial complex
associated with C is the abstract simplicial complex I'g = (Vp, ¥), where Vo C V
is the set of active vertices of T, that is, the set of v € V such that {v} € X.

Notes

The Lebesgue lemma (cf. Lemma 3.5.2) about the finite open covers of the n-cube
was stated by Lebesgue in [66]. It was used by Lebesgue in order to show that [0, 1]"
and [0, 1] are not homeomorphic for n # m. The proof of Lebesgue’s lemma given
in [66] contains an error as was pointed out by Brouwer in [19]. A corrected proof
appeared in [67].

Let D" (resp. S*~!) denote the closed unit ball (resp. the unit sphere) in the Euclid-
ean space R". The Brouwer fixed point theorem, which says that every continuous
map f: D" — D" admits at least one fixed point, may be proved by using tools
from algebraic topology (see for example [101]) in the following way.

Suppose for contradiction that there exists a continuous map f: D" — D"
without fixed points (n > 2). Consider the map g: D" — §"~! that sends every
point x € D" to the intersection point of the half-line starting from f(x) and passing
through x with the boundary sphere S"~! (see Fig. 3.4). Clearly g is continuous. On
the other hand, the map g fixes every point belonging to S"~!, that is, it satisfies

goh =i, (3.6.1)

where / is the inclusion map S"~! — D" and i is the identity map on S"~!. On
the level of n — 1-dimensional real homology, the maps g, & and i induce linear
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Fig. 3.4 The map g: D" — §"!

maps gy: Hy—1(D") = H, 1 ("), hu: Hy ((S"™') — H, ((S""") and iy, =
Id: H,_1(S" Y = H,_1(S"1), where Id is the identity map on H,_{(S"~!). Now
it follows from (3.6.1) that

g« o hy, = I, =1d,

which is impossible since H,_1(D") = 0 while H,_;(S*™') = R # 0. Actually,
there are many other proofs of the Brouwer fixed point theorem (see [116] and the
references therein). The one presented by Milnor in [76] is elementary an especially
clever.

Exercises

3.1
32

33
34

35
3.6

3.7

3.8

Show that, up to homeomorphism, there are only countably many polyhedra.
Let X be a non-empty topological space. Show that X is a polyhedron with
dim(X) = 0 if and only if X is finite and discrete.

Show that a polyhedron has only finitely many connected components.

A topological space X is called path-connected if, given any two points x, y €
X, there exists a continuous map v: [0, I] — X such that v(0) = x and
(1) = y. Show that every connected polyhedron is path-connected.

Show that neither the Cantor set nor the Hilbert cube are polyhedra.

Find a proof of Lemma 3.5.1 that does not require Baire’s theorem. Hint:
proceed by contradiction and use induction on the dimension n (consider a
suitable translate of one of the hyperplanes for going from n ton — 1).
(Lebesgue’s lemma for closed coverings). Let o be a finite closed cover of
[0, 11" such that no element of o meets two opposite faces of [0, 1]”7. Show
that one has ord(«r) > n. Hint: use Proposition 1.6.3 and Lemma 3.5.2.

Show that the unit sphere S"~! ¢ R”, defined by

n
S = {(x1, ..., x0) €RY Zx,% =1},
k=1

satisfies dim(S*™ ) =n — 1.
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39

3.10

Let X be a polyhedron and n a non-negative integer. Show that one has
dim(X) > n if and only if X contains a subset homeomorphic to [0, 1]".

Letl’ = (V, X)and " = (V’, ¥’) be two abstract simplicial complexes. Equip
each of the sets V and V' with some total ordering. Let W := V x V' denote
the Cartesian product of the sets V and V’. Consider the set A consisting of all
subsets A C W satisfying the following condition: there exist an integer n > 0,
vertices vo, v1, ..., v, € Vand v, v}, ..., v, € V/suchthatvg < vy <--- <
Un, V) S V] < --- < v, {vo, V1, ..., U} € B, {vg, v, ..., v} € X, and

A = {(vo, vg), (1, V), -+, (U, )}

(a) Show that IT := (W, A) is an abstract simplicial complex.

(b) Let P (resp. P’, resp. Q) denote the support of the geometric realization
of T (resp. I/, resp. IT). Show that Q is homeomorphic to the topological
product P x P’.

Let X and Y be polyhedra. Show that the product space X x Y is a polyhedron.
Hint: use Exercise 3.10.



Chapter 4
Dimension and Maps

In this chapter, we establish Urysohn’s lemma (Lemma 4.1.2) and the Tietze extension
theorem (Theorem 4.1.4) for normal spaces. We introduce the notion of e-injective
map and prove the theorem of Alexandroff saying that a compact metric space X
satisfies dim(X) < n if and only if for every € > 0, there exists a polyhedron P
such that dim(P) < n and an e-injective continuous map from X into P (Theo-
rem 4.5.4). We deduce that dim(X x Y) < dim(X) +dim(Y) whenever X and Y are
compact metrizable spaces that are not both empty (Corollary 4.5.6). We also prove
the Nobeling-Pontryagin embedding theorem (Corollary 4.7.6) asserting that every
compact metrizable space with topological dimension n embeds in R*"*1

4.1 The Tietze Extension Theorem

Lemma 4.1.1 Let X be a topological space. Let A and B be disjoint closed subsets
of X. Suppose that there exists a dense subset E of the unit segment [0, 1] and a
family (2(t)):cE of open subsets of X satisfying

AC Q@) c Q@) cQi)c X\B 4.1.1)

forallt,t' € E suchthatt < t'. Then there exists a continuous map f: X — [0, 1]
such that f(a) = 0foralla € A and f(b) = 1forallb € B.

Proof For each x € X, let E(x) denote the set consisting of all # € E such that
x € Q(t). Consider the map f: X — [0, 1] defined by

inf E(x) if E(x) # 2,

Fo) = [1 ifE(x) = 2.

We deduce from (4.1.1) that f(x) =0forallx € Aand f(x) = 1 forallx € B.

© Springer International Publishing Switzerland 2015 69
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Let us fix now xg € X and e > 0. If 11 € E satisfies f(xo) < 11 < f(x0) + ¢,
then €2 (#1) is an open neighborhood of x(, and we have that f(x) < f(xo) + ¢ for
all x € Q(#1). On the other hand, if r, € E satisfies f(xg) — e < tp < f(xp), then
X\ () is an open neighborhood of x¢, and we have that f(xg) —e < f(x) for all
x € X\L2(t2). We conclude that f is continuous at xg. (I

Lemma 4.1.2 (Urysohn lemma) Let X be a normal space. Let A and B be disjoint
closed subsets of X. Then there exists a continuous map f: X — [0, 1] such that
f(a) =0foralla € Aand f(b) = 1forallb € B.

Proof Let
k
E = [—| neN,ke{O,l,...,Z"}]
2}1

denote the set consisting of all dyadic rationals in [0, 1]. We construct a family
(2(#)):cE of open subsets of X satisfying the conditions of Lemma 4.1.1 in the
following way. We first take Q2 (1) := X\ B. As X is normal, it follows from Propo-
sition 1.5.2 that we can find an open subset £2(0) C X such that

A CQ0) c 0 cQ).

Suppose now that we have already constructed, for some integer n > 0 and all

k
k €{0,1,...,2"}, open subsets Q2 (—) C X such that

21‘1

k k+1
°() <2 (%)
forallk € {0, 1,...,2" — 1}. By applying again Proposition 1.5.2, we can find, for
2k +1
C X such that

on+l

k 2k +1 2k+1 k+1
Q(z—n)cﬁ( n+l )CQ( n+l )CQ( on )
By induction on n, we construct in this way a family (2(¢));cg of open subsets of
X with the required properties. As the set E of dyadic rationals is dense in [0, 1], it

follows from Lemma 4.1.1 that there exists a continuous map f: X — [0, 1] such
that f(a) =0foralla € Aand f(b) = 1forall b € B. U

every k € {0, 1, ...,2" — 1}, an open subset 2 (

Lemma 4.1.3 Let X be a normal space and let Y be a closed subset of X. Let
f:Y — R be a continuous map. Suppose that there is a constant C > 0 such that
|f)| < C forally € Y. Then there exists a continuous map g: X — R such that
lgx)| < C/3forallx € X and |f(y) — g(y)| <2C/3forally €Y.
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Proof Consider the sets
A={yeY| f(y) =-C/3} and B:={yeY| f(y) = C/3}

Clearly A and B are disjoint closed subsets of X. Therefore, it follows from
Lemma 4.1.2 that there exists a continuous map i#: X — [0, 1] such that 4(a) =0
foralla € A and h(b) = 1 for all b € B. Then the map g: X — R defined by
g(x) := C(2h(x) — 1)/3 for all x € X is also continuous. Moreover, it satisfies
lg(x)| < C/3 forall x € X since 0 < h(x) < 1. To complete the proof, it remains
only to show that

lf() =9l =2C/3 (4.1.2)

for all y € Y. Suppose first that y € A. Then we have that —C < f(y) < —C/3 and
g(y) = —C/3 so that (4.1.2) is satisfied. Similarly, for y € B, we have that C/3 <
f(y) < C and g(y) = C/3 so that (4.1.2) also holds. Finally, if y € Y\(A U B),
then | f(y)] < C/3 and |g(y)| < C/3 so that (4.1.2) remains true by the triangle
inequality. (]

Let X and Z be sets and let Y C X. Let f: Y — Z be a map. One says that a
map F: X — Z extends f, or that F is an extension of f,if one has F(y) = f(y)
forally e Y.

Theorem 4.1.4 (Tietze extension theorem) Let X be a normal space and let Y be
a closed subset of X. Let I C R be any interval and suppose that f: Y — I isa
continuous map. Then there exists a continuous map F: X — I extending f.

Proof We may assume that / contains more than one point since otherwise the
statement is trivial.

We shall distinguish three cases depending on the homeomorphism type of the
interval 1.

Suppose first that / is a segment, i.e., I = [«a, §] with o < 3. As all segments in
R are homeomorphic, we can assume, without loss of generality, that [ = [—-C, C]
for some C > 0. By Lemma 4.1.3, we can find a continuous map go: X — R such
that |go(x)| < C/3forall x € X and | f(y) — go(y)] <2C/3forally € Y.

By applying again Lemma 4.1.3, with f replaced by f — go|y and C replaced by
2C/3, we can find a continuous map g;: X — R such that |g;(x)| < 2C/9 for all
x € Xand|f(y) —go(y) —g1(y)| <4C/9forall y € Y.

Continuing in this way, we obtain by induction a sequence of continuous maps
gn: X — R satisfying, for every n € N, the following conditions:

(C1) |gn(x)| <2"C/3" ! forall x € X;
(€2) [f() = g0() = g1(y) =+ = ga(V)| < 2"T1C/3" forall y € Y.

As > ,2"C /3" = C < 0o, we deduce from (C1) that the series Z;’géy gn(x) is
normally convergent and hence uniformly convergent on X. Moreover, we have that
| >°9% 0 gn(x)] < C forall x € X.On the other hand, since 2"*1C/3"*! tends to 0 as
n goes to infinity, it follows from (C2) that the continuous map F: X — [-C, C],
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defined by F(x) := Z;’;O gn(x) for all x € X, satisfies F(y) = f(y)forally € Y.
Thus F has the required properties.

Suppose now that / is an half-open interval. We can assume I = [0, 1). By
the first part of the proof, there exists a continuous map G: X — [0, 1] such that
G(y) = f(y) forall y € Y. Consider the subset A C X defined by A := G~ (1).
As A and Y are disjoint closed subsets of X, it follows from Lemma 4.1.2 that
there exists a continuous map ¢: X — [0, 1] such that ¢p(a) = 0 for alla € A and
p(y) = 1forally € Y. Thenthemap F: X — [0, 1) defined by F(x) := ¢(x)G(x)
is continuous and extends f.

Finally, suppose that / is an open interval (e.g., I = R). In that case, we can
assume / = (0, 1). By the second part of the proof, there exists a continuous map
H: X — (0,1] such that h(y) = f(y) for all y € Y. We then use the same
kind of argument, namely we apply Lemma 4.1.2 again to get a continuous map
1: X — [0, 1] such that ¢)(a) = O foralla € A := H~'(1) and ¥(y) = y for all
y € Y. Thenthe map F: X — (0, 1), defined by F(x) := ¥ (x)H (x) forall x € X,
has the required properties. (I

Let X be a compact space and let C(X) denote the vector space consisting of all
continuous maps f: X — R. Recall that C(X) is a Banach space for the sup-norm,
i.e., the norm || - |X defined by

£ == sup | f ().
xeX

Corollary 4.1.5 Let X be a compact Hausdorff space and let Y be a closed subset
of X. Suppose that f: Y — R is a continuous map. Then there exists a continuous
map F: X — R extending f such that ||F||§o = ||f||§O

Proof As every compact Hausdorff space is normal by Proposition 1.5.4, this imme-
diately follows from Theorem 4.1.4 by taking I = [—|| fI|%, || fIIL%]. O

4.2 Partitions of Unity

Let X be a topological space. The support of a map f: X — R is the closure of
the set of points in X where f does not vanish, i.e., the closed subset supp(f) C X
defined by

supp(f) == {x € X | f(x) # 0}.

Note that the set X\ supp(f) is the largest open subset of X on which the map f is
identically zero.

Let a = (U;);er be a finite open cover of X. One says that a family (fi);c; of
continuous maps f; : X — [0, 1] is a partition of unity subordinate to « if it satisfies
the following conditions:

(Pu-1) > .c; filx) =1forallx € X;
(Pu-2) supp(f;) C U; foralli € I.
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Proposition 4.2.1 Let X be a normal space and let o = (U;)icy be a finite open
cover of X. Then there exists a partition of unity subordinate to c.

Proof By Corollary 1.6.4, there exists an open cover (V;);e; of X such that V; C U;
for all i € I. By applying again Corollary 1.6.4, we can find an open cover (W;);ef
of X satisfying W; C V; forall i € I. Now, by Lemma 4.1.2, there exists, for each
i € I, acontinuous map g;: X — [0, 1] that takes the value 1 at every point of W;
and the value 0 at every point of X\ V;. The support of g; is contained in V; and hence
in U;. On the other hand, we have that

> gi(x) >0

iel

for every x € X since the sets W;, i € I, cover X. It follows that the family ( f;)ier,
where f;: X — [0, 1] is defined by

gi(x)
filx) = =—————
l Zjel gj(x)
for all x € X, is a partition of unity subordinate to a. (I

4.3 Nerve of a Cover

Let o = (U;);es be a finite family of subsets of a set X. The nerve of « is the abstract
simplicial complex N whose set of vertices is / and whose simplices are the subsets
J C I such that

U # 2.

ieJ

It is obvious that N satisfies condition (ASC) of Definition 3.6.1. Observe that the
simplicial dimension of the nerve N is equal to the order of «.

Suppose now that « is a finite open cover of a topological space X and that ( f;);es
is a partition of unity subordinate to a.. Let C denote the simplicial complex of R/
that is the geometric realization of the nerve N of «. Consider, for each x € X, the
point f(x) € R defined by

)= fitvei,

iel

where (e;);ic; is the canonical basis of R’. Denote by 7 (x) the set consisting of all
i € I suchthat x € U;. As x € ();¢y(,) Ui, the subset I (x) C I is a simplex of N.
We have that

f =2 fie and > fir) = L.

iel(x) iel(x)
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This shows that f (x) belongs to the simplex A,y € C. It follows that f(x) € |C]
for all x € X. One says that the continuous map f: X — |C| is the map associated
with the finite open cover « and the partition of unity (f;);c;-

We shall use the following observation in the next section.

Proposition 4.3.1 With the above notation, for every vertex p = e; of C, one has

Y (Ste(p)) C Us.
(Recall that Stc (p) denote the open star of C at p as defined in Sect. 3.3.)

Proof Let x € X\U;. The point f(x) belongs to the simplex of C whose vertices
are the points e; such that x € U;. As the point p = ¢; is not one of the vertices of
this simplex, we have that f(x) € |C|\ Stc(p). This shows that the inverse image
of Stc(p) by f is contained in U;. O

4.4 o-Compatible Maps

Let f: X — Y be amap from a set X into a set Y. The inverse image of a family
B = (By)icr of subsets of Y is the family f~!(3) of subsets of X defined by

B = (T (B))ier-

Proposition 4.4.1 Let f: X — Y beamap fromaset X toasetY. Let 3 = (B;)icy
be a family of subsets of Y. Then one has

(i) ordy(f~1(B)) = ord s(x) () for every x € X;
(i) ord(f~'(B)) < ord(B);
(iii) ord(f~1(B)) = ord(B) if f is surjective;
(iv) f=YB) is a cover of X if 3 is a cover of Y.

Proof By definition, we have that x € f~!(B;) if and only if f(x) € B;. It follows
that

ord (fTNB)=—1+#{iel| xef'B)=—1+#iel| f(x)€B;}=ordsu ().
This shows (i). Properties (ii), (iii), and (iv) are immediate consequences of (i). [

Suppose now that X and Y are topological spaces and that f: X — Y is a
continuous map. If 3 is an open cover (resp. a closed cover) of Y, then f -1 (P) is an
open cover (resp. a closed cover) of X.

Proposition 4.4.2 Let X and Y be topological spaces and let f: X — Y be a
continuous map. Let (3 be a finite open cover of Y. Then one has D(f~1(3)) < D(B).
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Proof Let ~y be a finite open cover of Y such that v > 3 and ord(y) = D((). Then
we have that f~!1(y) = f~1(3) and hence D(f~1(3)) < ord(f~1(7)). As

ord(f (7)) < ord(v)

by Proposition 4.4.1(ii), we deduce that D(f~!(3)) < ord(y) = D(f). O

Definition 4.4.3 Let X and Y be topological spaces. Let « be a finite open cover of
X. A continuous map f: X — Y is said to be a-compatible if there exists a finite
open cover /3 of ¥ such that f~1(3) > c.

Proposition 4.4.4 Let o = (U;)icq be a finite open cover of a topological space X.
Let C denote the geometric realization of the nerve of a. Suppose that (f;)icy is a
partition of unity subordinate to o. Then the map f: X — |C| associated with the
cover o and the partition of unity (fi)icy is a-compatible.

Proof Let V denote the set of vertices of C. Then 3 := (Stc(v))yey is a finite open
cover of |C| by Proposition 3.3.2. As f~1(3) > a by Proposition 4.3.1, it follows
that f is a-compatible. (]

Proposition 4.4.5 Let X be a topological space and o a finite open cover of X.
Suppose that there exist a topological space Y and an a-compatible continuous map
f: X — Y. Then one has D(a) < dim(Y).

Proof As f is a-compatible, there exists a finite open cover § of Y such that
fYB) > «. We have that D(a) < D(f~'(5)) by Proposition 1.1.4. Since
D(f_l(ﬂ)) < D(B) by Proposition 4.4.2, we deduce that D(a) < D(0)
< dim(Y). O

Proposition 4.4.6 Let X be a normal space. Let « be a finite open cover of X. Then
there exists a polyhedron P with topological dimension dim(P) = D(«) and an
a-compatible continuous map f: X — P.

Proof Let 3 be a finite open cover of X such that 3 > « and ord(3) = D(«). Let
C denote the geometric realization of the nerve N of 3. Consider the polyhedron
P :=|C|. By Proposition 4.2.1, we can find a partition of unity (f;);c; subordinate
to 3. Let f: X — P denote the map associated with the cover 3 and the partition
of unity (f;)ies. By Corollary 3.5.5, the topological dimension dim(P) of P is
equal to the simplicial dimension of N and hence to the order of 3. Consequently,
we have that dim(P) = ord() = D(a). On the other hand, the map f is (-
compatible by Proposition 4.4.4. As the cover (3 is finer than «, it follows that f is also
a-compatible. O

Theorem 4.4.7 Let X be a normal space. Let n € N. Then the following conditions
are equivalent:

(a) dim(X) < n;
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(b) forevery finite open cover o of X, there exist a polyhedron P such that dim(P) <
n and an a-compatible continuous map f: X — P;

(c) for every finite open cover o of X, there exist a topological space Y such that
dim(Y) < n and an a-compatible continuous map f: X — Y.

Proof The fact that (a) implies (b) immediately follows from Proposition 4.4.6
since every finite open cover « of X satisfies D(«) < dim(X). Condition (b) triv-
ially implies (c). Finally, Proposition 4.4.5 shows us that (a) is a consequence of
(c) since, by definition, dim(X) = sup D(«), where « runs over all finite open
covers of X. O

4.5 e-Injective Maps

Let (X, d) be ametric space and Y aset. Given arealnumbere > O,amap f: X — Y
is called e-injective if it satisfies

F&x1) = f(x2) = dx(x1,x2) <€
for all x1, x, € X.
Remark 4.5.1 The map f is injective if and only if it is e-injective for every € > 0.

Remark 4.5.2 If diam(f~'(y)) < e for all y € Y, then the map f is e-injective.
Observe that the converse is also true if we assume that X is compact and that Y is
equipped with a Hausdorff topology such that f is continuous.

Lemma 4.5.3 Let X be a compact space and Y a Hausdorff space. Let o« = (Uj)jey
be an open cover of X. Let f: X — Y be a continuous map satisfying the following
condition: for every y € Y, there exists i € I such that f~'(y) C U; (in other
words, the closed cover vy of X defined by v = (f_l(y))yey is finer than «). Then
there exists an open cover 3 = (Vi)ier of Y such that f~'(V;) C U; foralli € I.

Proof Consider, for each i € I, the subset V; C Y defined by
Vie={yeY| f'y c Ul

Then we clearly have that f~!1(V;) C U;. On the other hand, it follows from our
hypothesis on f that the sets V; cover Y. Finally, observe that V; = Y\ F;, where
F; = f(X\U;). As X\U; is compact and f is continuous, the set F; is compact.
Since Y is Hausdorff, it follows that F; is a closed subset of Y. Thus V; is open
in Y for every i € I. This shows that the family 5 := (V;);e; has the required
properties. ([

The following theorem gives a characterization of the topological dimension of a
compact metric space in terms of e-injective maps.
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Theorem 4.5.4 Let X be a compact metric space. Let n € N. Then the following
conditions are equivalent:

(a) dim(X) < n;

(b) foreverye > 0, there exists a polyhedron P with dim(P) < n and an c-injective
continuous map f: X — P;

(c) for every € > 0, there exists a compact metrizable space Y with dim(Y) < n
and an e-injective continuous map f: X — Y;

(d) for every ¢ > 0, there exists a Hausdorff space Y with dim(Y) < n and an
e-injective continuous map f: X — Y.

Proof Suppose that dim(X) < n. Let € > 0. Consider the cover of X formed by its
open balls of radius €/2. By compactness of X, this cover admits a finite subcover
a. By Theorem 4.4.7, we can find a polyhedron P with dim(P) < n and an a-
compatible continuous map f: X — P.Then f is e-injective. This shows that (a)
implies (b).

Condition (b) clearly implies (c) since any polyhedron is compact and metrizable.
Also (c) implies (d) since any metrizable space is Hausdorff.

Finally, let us show that (d) implies (a). Suppose (d). Consider a finite open cover
a = (Uj)ijer of X. Let A > 0 be a Lebesgue number for «. By (d), we can find a
Hausdorff space Y with dim(Y) < n and a A-injective continuous map f: X — Y.
For every y € Y, we have that diam( f -1 () < A. Therefore, there existsi € I such
that f~'(y) C U;. Thus, it follows from Lemma 4.5.3 that f is a-compatible.
We then deduce that D(a) < n by applying Proposition 4.4.5. Consequently,
X satisfies (a). U

Remark 4.5.5 We cannot remove the hypothesis saying that Y is Hausdorff in con-
dition (d) of Theorem 4.5.4. Indeed, for every topological space X, there exists a
topological space Y with dim(Y) = 0 and an injective continuous map f: X — Y
(we can take for example as Y the set underlying X equipped with the trivial topology
and as f the identity map).

Corollary 4.5.6 Let X and Y be compact metrizable spaces that are not both empty.
Then one has
dim(X x Y) < dim(X) + dim(Y). (4.5.1)

Proof We may assume 0 < dim(X) < oo and 0 < dim(Y) < oo. Let dx and dy
be metrics on X and Y respectively that are compatible with the topologies. Let us
equip X x Y with the metric defined by

d((x, ), (x',y) == max(dx (x, x"), dy (v, ¥))

forall (x, y), (x’, y') € X x Y. The metric d is compatible with the product topology
onX xY.Lete > 0. By Theorem 4.5.4, we can find a polyhedron P with dim(P) <
dim(X) and an e-injective continuous map f: X — P. Similarly, we can find a poly-
hedron Q with dim(Q) < dim(Y) and an e-injective continuous map g: ¥ — Q.
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Then the product map F: X x Y — P x Q, defined by F(x, y) := (f(x), g(y))
for all (x,y) € X x Y, is clearly e-injective. As P and Q are polyhedra, we
have that dim(P x Q) = dim(P) + dim(Q) by Corollary 3.5.10. We deduce that
dim(P x Q) < dim(X) + dim(Y). As P x Q is Hausdorff, it follows from Theo-
rem 4.5.4 that dim(X x Y) < dim(X) 4 dim(Y). ([l

Observe that Corollary 4.5.6 implies in particular that if X and Y are compact
metrizable spaces with dim(X) = dim(Y) = 0 then one has dim(X x Y) = 0. This
last result remains true if X and Y are only assumed to be compact and Hausdorff
by Corollary 2.4.24. However, it becomes false for general topological spaces X and
Y. Indeed, in Example 2.4.29, we described a non-accessible topological space X
satisfying dim(X) = 0 and dim(X x X) = 2. In Sect. 5.5, we shall give an example
of a normal Hausdorff space X such that dim(X) = 0 and dim(X x X) > 1.

4.6 Definition of dim. (X, d)

Let (X, d) be a metric space. Given a real number ¢ > 0, we define the quantity
dim. (X, d) by
dim.(X, d) := i%f dim(K),

where K runs over all compact metrizable spaces for which there exists an e-injective
continuous map f: X — K.

Example 4.6.1 If d is the usual metric on the unit segment [0, 1], then we clearly
have
1 if0 <1,
dim ([0, 1,y ={ "~ "=
0 ife>1.

Proposition 4.6.2 Let (X, d) be a compact metric space. Then the following hold:

(a) dim.(X,d) < dim(X) forall ¢ > 0;

(b) dim.(X,d) < oo foralle > 0;

(c) the map € — dim.(X, d) is non-increasing on (0, 00);

(d) lim._odim.(X, d) = dim(X),

(e) if dim(X) < oo, then there exists €9 > 0 such that dim.(X, d) = dim(X) for
all0 < € < eo.

Proof Assertion (a) follows from the fact that the identity map Idx: X — X is
injective and hence e-injective for every € > 0.

Lete > 0. Since X is compact, we can find a finite open cover o of X consisting of
open balls of radius smaller than £ /2. Consider a partition of unity ( f;);e7 subordinate
to a.. Let C denote the geometric realization of the nerve of a and f: X — |C| the
map associated with « and the partition of unity (f;)ics. As the map f is e-injective
and continuous, it follows that dim. (X, d) < dim(|C|) < oo. This shows (b).
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If K is a compact metrizable space and f: X — K is e-injective, then f isalso&’-

injective for every ¢’ > . Consequently, the map ¢ > dim. (X, d) is non-increasing.
This shows (c).

Let n be an integer such that n < dim(X). By Theorem 4.5.4, there exists
€0 > 0 such that dim.,(X,d) > n. Then for every 0 < ¢ < gp, we have that
n < dim.(X, d) < dim(X). This shows (d).

Assertion (e) immediately follows from (c) and (d) since dim. (X, d) is an integer
for every € > 0. ]

The following results will be used in Sect.7.1.

Proposition 4.6.3 Let (X, dx) and (Y, dy) be compact metric spaces. Suppose that
there exists a continuous map p: X — Y such that

dx (x1,x2) < dy(p(x1), p(x2))
forall x1, x> € X. Then one has
dim. (X, dx) < dim.(Y, dy)
forall e > 0.

Proof 1t suffices to observe that if f: ¥ — K is e-injective, then f op: X — K is
e-injective. ]

Corollary 4.6.4 Let d and d' be metrics on a set X that define the same topology
on X and such that d(x,y) <d'(x,y) forall x, y € X. Then one has

dim.(X, d) < dim.(X,d’)
foralle > 0.
Proof 1t suffices to take as  the identity map on X. O

Proposition 4.6.5 Letn € Nand p € [1, o). Let d be the metric on [0, 1]" C R”
induced by the norm || - || p. Then one has

dim. ([0, 11", d) =n
forall0 <e < 1.
Proof We have that
dim ([0, 11", d) < dim([0, 1]") =n

for all € > 0 by Proposition 4.6.2(a) and Theorem 3.5.4.
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Suppose now that 0 < ¢ < 1. Let K be a compact metrizable space and
f:10,1]" — K a continuous map that is e-injective with respect to the metric
d. Consider the cover « of [0, 1]” whose elements are the 2" open subsets of the
form U; x --- x Uy, where U, = [0,1) or Uy = (0, 1] for all k € {1,...,n}.
Let y € K. As ¢ < 1, the e-injectivity of f implies that f~!'(y) cannot meet two
opposite faces of the cube [0, 1]". Consequently, the cover ( f -1 ())yek is finer than
a. By applying Lemma 4.5.3, we deduce that the map f is a-compatible. Therefore
we have that D(«) < dim(K) by Proposition 4.4.5. As D(«) > n by Lemma 3.5.2,
we deduce that dim(K) > n. This shows that dim. ([0, 11", d) > n. O

4.7 Euclidean Embeddings of Finite-Dimensional Spaces

Let m, r € N. One says that a finite sequence of points pg, pi, ..., pr € R™ isin
general position if every subsequence of cardinality < m + 1 is affinely independent,
i.e., for every sequence of integers 0 < iy < i] < --- < i < r, with k < m, the
points pjy, pi, - - ., pi, are affinely independent.

Remark 4.7.1 If r < m, the sequence po, p1, ..., pr is in general position if and
only if it is affinely independent. If m < r, the sequence po, pi, ..., pr is in general
position if and only if every subsequence of cardinality m + 1 is affinely independent.

Let d be a metric on R” compatible with the topology.

Lemma 4.7.2 Let m,r € N. Let po, p1,..., pr € R™. Then, for every ¢ > 0,
there exists a sequence of points qo, q1,-..,qr € R™ in general position such
that d(pi,qi) < € foralli € {0,1,...,r}. In other words, the set of (r + 1)-
tuples (qo, q1, - - ., qr) € (R™)F in general position is dense in the product space
(Rm)rJrl.

Proof We proceed by induction on r. Suppose that there exist points qo, g1, . . - , §r—1
in general position in R such that d(p;,q;) < eforall0 <i <r — 1. Let E
denote the union of all the affine subspaces of R that can be generated by at most
m points in the set {qo, g1, ..., gr—1}. The set E is contained in a finite union of
affine hyperplanes of R™ and therefore E has empty interior in R” by Lemma 3.5.1.
Consequently, we can find a point g, € R™\E such that d(p,, g-) < €. Then the
points qo, q1, - - - , ¢ are in general position. O

Let X be a compact Hausdorff space and Y a metric space. Let C(X, Y) denote
the space consisting of all continuous maps f: X — Y. We equip C(X, Y) with the
metric d, defined by

doo(f; 9) 1= sup dy (f(x), g(x)).

xeX

The topology on C (X, Y) associated with the metric d, is the topology of uniform
convergence.
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If X is a compact metric space, Y a metric space, and ¢ a positive real number,
we denote by C.(X, Y) the subset of C(X,Y) consisting of all continuous maps
f: X — Y that are e-injective.

Lemma 4.7.3 Let X be a compact metric space, Y a metric space, and € > 0. Then
the set C-(X,Y) is openin C(X,Y).

Proof Let f € C-(X,Y). The set
K :={(x1,x2) € X x X | dx(x1,x2) > €}

is closed in X x X and hence compact. As f is e-injective, we have that
dy(f(x1), f(x2)) > O for all (x1,xp) € K. Thus, there is a real number § > 0
such that dy (f (x1), f(x2)) > ¢ for all (x1,x;) € K. Consider a continuous map
g: X — Y such that do (f, g) < §/4. By applying the triangle inequality, we get,
for all (x1, xp) € K,

dy (g(x1), g(x2)) = dy (f(x1), f(x2)) —dy(f(x1), g(x1)) — dy (f(x2), g(x2))
>6—6/4—68/4=05/2>0.

It follows that g is e-injective. This shows that C-(X, Y) is open in C(X, Y). ([l

Lemma 4.7.4 Letm,n € Nsuchthatm > 2n+ 1. Let X be a compact metric space
such that dim(X) < n and let € > 0. Then the set C-(X, R™) is dense in C(X, R™).

Proof Let f: X — R™ be a continuous map and 6 > 0. Let us show that there
exists an e-injective continuous map g: X — R such that do(f, g) < 6. As X
is compact, the map f is uniformly continuous. Thus, there exists > 0 such that
d(f(x), f(y) < d6/2if x,y € X satisfy dx(x,y) < 7. Since X is compact and
dim(X) < n,itfollows from Proposition 1.4.4 that we can find a finite open cover o =
{Up, U1, ..., U} of X such that ord(«r) < n and mesh(a) < min(e, n). Choose, for
eachi € {0, 1,...,r},apointa; € U; andlet p; := f(a;). By virtue of Lemma4.7.2,
we can find points qo, q1, - . ., g, € R™ satisfying the following conditions

(C1) the points qo, g1, - - -, g- € R™ are in general position,
(C2) d(pi,gi) < %for all0 <i <r.

Let (A\;)o<i<, be a partition of unity subordinate to the cover .. Let us show that the
continuous map g: X — R that is defined by

g(x) =D N(N)gi

i=0

has the required properties.
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Suppose that x and y are points in X such that g(x) = g(y). Denote by s the order
at x of v and let us write

{ie{0,1,....r}| x €U;} ={io,i1,..., 05}
Similarly, denote by s’ the order at y of « and let us write

{jelo. L....r} | ye Ut ={jo. j1, ... Jg}-

As s < n < m, Condition (C1) implies that the points ¢;,, ¢;,, ..., qi, generate
an affine subspace A C R™ of dimension s. Similarly, the points gj,, g, - - -, 4},
generate an affine subspace A’ C R of dimension s’. Now observe that A and A’
both contain the point g(x) = g(y). As a consequence the s + s’ + 2 points

qiovqilv -~-7Qis,CIjO7Qj11 ---,CIjS/

generate an affine subspace of R™ of dimension at most s + s’. Since s + 5" +2 <
2n +2 < m + 1, Condition (C1) implies that there exist integers k and k" with
0 <k <sand0 < k’ < s’ suchthat qi, =q jk,.Therefore, there exists an open subset
U, in the cover « such that x and y both belong to U;. As diam(U;) < mesh(a) < ¢,
it follows that d(x, y) < . Consequently, the map g is e-injective.

It remains to show that doo(f, g) < 6. Let x be an arbitrary point in X. If
x € Uj, then we have that dy (x, a;) < diam(U;) < n and hence d(f(x), pi) =
d(f(x), f(a;)) < /2. This implies

d(f (), D Ni)pi) < D N@d(f (x), pi)

i=0 i=0

d )
sgmx)z

NSNS TIN

By the triangle inequality, this gives us

d(f(x), g(x) < g +d (Z A (%) pi g(x))

i=0

5 : \
=3 +d(2)\,-(x)p,~, ZN(X)CI,')
i=0 i=0
<003 Nwdn
= 2 1 1> Y1

i=0
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(by Condition (C2))

5
2
_ 5
=37
We deduce that doo(f,g) < 0. This shows that C.(X,R™) is dense in
C(X,R™). O

Theorem 4.7.5 Letm and n be non-negative integers such thatm > 2n+ 1. Suppose
that X is a compact metrizable space such that dim(X) < n. Then the set consisting
of all continuous maps f: X — R™ that induce a homeomorphism from X onto
f(X) is a G dense subset of C (X, R™).

Proof Choose a metric on the space X that is compatible with its topology. Denote
by €2 the subset of C(X, R™) consisting of all continuous maps f: X — R™ that
induce a homeomorphism from X onto f(X). Then we clearly have

Q=

38

Ci(X,R™).
k

I
—

As C-(X,R™) is a dense open subset of C (X, R™) for every ¢ > 0 by Lemmas 4.7.3
and 4.7.4, we deduce that 2 is a G5 dense subset of C (X, R™) by applying Baire’s
theorem (the metric space C (X, R™) is complete since R” is complete). O

One says that a topological space X embeds in a topological space Y if there
exists a subset of Y that is homeomorphic to X. This amounts to saying that there
exists a continuous map f: X — Y that induces a homeomorphism from X onto
f(X). Such amap f is called a topological embedding of X in Y. As an immediate
consequence of Theorem 4.7.5, we obtain the following result.

Corollary 4.7.6 (The Menger-Nobeling embedding theorem) Every compact
metrizable space X satisfying dim(X) = n embeds in R*"*1, (I

Notes

The Tietze extension theorem (cf. Theorem 4.1.4), also called the Tietze-Urysohn
extension theorem, was first proved for metric spaces by Tietze [104] and then gen-
eralized to normal spaces by Urysohn [109].

The notion of a nerve was introduced by Alexandroff in [3]. Theorem 4.4.7 as
well as Theorem 4.5.4 are also contained in that paper of Alexandroff.

A variant of dim. (X, d) introduced by Gromov [44, Sect.I.1] is Widim. (X, d)
which is defined, for any compact metric space (X, d) and € > 0, as being the
smallest integer n such that there exists an e-injective continuous map f: X — P
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from X into some n-dimensional polyhedron P (cf. Exercise 4.11). Motivated by a
question raised by Gromov [44, p. 334], Gournay [40] and Tsukamoto [107] obtained
interesting estimates for Widim. (X, d) when X is the £7-ball in R” and d is the metric
induced by the £7-norm.

Let X and Y be topological spaces that are not both empty. For X and Y compact
and metrizable, it may happen that the inequality dim(X x Y) < dim(X) + dim(Y)
in Corollary 4.5.6 is strict. Indeed, in 1930, Pontryagin [91] (see also his survey paper
[92, Sect. 11]) gave examples of compact metrizable spaces X and ¥ with dim(X) =
dim(Y) = 2 but dim(X x Y) = 3. Actually, the dimension of the product of two
compact metrizable spaces can deviate arbitrarily from the sum of the dimension.
More precisely, it was proved in the 1980s by Dranishnikov (see the survey paper
[31]) that, given any positive integers n, m, k withmax(n, m)+1 < k < n+m, there
exist compact metrizable spaces X and Y satisfying dim(X) = n, dim(Y) = m, and
dim(X x Y) = k. Recall that we always have dim(X x ¥) = dim(X) +dim(Y) if X
and Y are polyhedra by Corollary 3.5.10. The inequality dim(X x Y) < dim(X) +
dim(Y) remains valid when X and Y are both compact Hausdorff or both metrizable
(see [77], [33, Th.3.4.9]). In [77], Morita proved the inequality dim(X x Y) <
dim(X)+dim(Y) in the case when X and Y are paracompact Hausdorff spaces with Y
locally compact (see [79, p. 153]). Recall that every metrizable space is paracompact.
By a result of Hurewicz [49], one has dim(X x Y) = dim(X) + dim(Y) whenever
X is a non-empty compact metrizable space and Y a separable metrizable space
with dim(Y) = 1. In this last result, the compactness hypothesis on X cannot be
removed. Indeed, Erdos [34] gave an example of a separable metrizable space X
such that dim(X x X) = dim(X) = 1 (see Sect.5.1). On the other hand, Wage
[114] described a separable metrizable space X and a paracompact Hausdorff space
Y such thatdim(X x Y) = 1 > dim(X) +dim(Y) = 0. The result of Corollary 4.7.6
(Menger-Nobeling theorem) is optimal in the sense that for every integer n > 0 there
exists a compact metrizable space X with dim(X) = n that cannot be embedded in
R2" . One can take as X the n-skeleton, i.e., the union of the n-dimensional faces, of
a (2n + 2)-simplex (see [33, p. 101]). The idea of using Baire’s theorem in order to
prove the Menger-Nobeling embedding theorem is due to Hurewicz.

Exercises

4.1 Let X be a metric space. Let A and B be disjoint closed subsets of X. Show
that the map f: X — [0, 1] defined by

) = dist(x, A)
F®) = S A + diste. B)

is continuous and satisfies A = f’] (0) and B = f’] (D).
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4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

Show that in the statement of Lemma 4.1.2 one cannot replace the condition
A C f~1(0) by the condition A = f~1(0). Hint: consider for example the
product space X = [0, 1]R with A = {a} and B = {b}, where a and b are
distinct points in X.

Let X be a topological space. Suppose that for every finite open cover « of X,
there exists a partition of unity subordinate to . Show that X is normal.

Let o = (Uj);e; be a finite open cover of a topological space X. Let C denote
the geometric realization of the nerve of «v. Suppose that ( f;);cy and (g;)ics are
partitions of unity subordinate to c. Let# € [0, 1]. Show that ((1—1) fi +1gi)ier
is a partition of unity subordinate to . Deduce that the maps f: X — |C|and
g: X — |C] associated with (f;);es and (g;);es respectively are homotopic,
i.e., there exists a continuous map H: X x [0, 1] — |C| such that H(x, 0) =
f(x)and H(x, 1) = g(x) forall x € X.

Let X and Y be compact metrizable spaces. Show that if dim(Y) = 0, then
one has dim(X x Y) = dim(X).

Let X be a non-empty compact metric space. Show that one has dim.(X) = 0
for every € > diam(X).

Let (X, dx) and (Y, dy) be metric spaces. The set X x Y is equipped with the
metric d defined by

d((x1, y1), (x2, y2)) := max(dx (x1, x2), dy (y1, y2))
for all (x1, y1), (x2, y2) € X x Y. Show that one has
dim.(X x Y,d) < dim.(X, dx) + dim.(Y, dy)
for every € > 0.

Let dq and d; be two metrics on a set X. Consider the metric d on X defined
by d := max(d, d2). Show that one has

dim. (X, d) < dim-(X, d}) + dim.(X, d»)

for every € > 0.

Let d denote the Euclidean metric on [0, 1]2. Compute dim. ([0, 112, d) for
every € > 0.

Letn € Nand p € [1, oo]. Denote by d the metric associated with the p-norm
| - I, on R". Show that one has

dim.(R", d) = n

for every € > 0.
Let (X, d) be a compact metric space and let ¢ > 0.
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(a) Show that there exist a polyhedron P and an e-injective continuous map
f:X— P.

(b) Let Widim, (X, d) denote the smallest integer n such that there exist a poly-
hedron P withdim(P) = n and an e-injective continuousmap f: X — P.
Show that one has dim. (X, d) < Widim.(X, d) < 2dim.(X, d) + 1.

(c) Determine dim.(X, d) and Widim. (X, d) for every ¢ > 0 when X is the
Cantor ternary set and d is the usual metric on X C R.



Chapter 5
Some Classical Counterexamples

The topological spaces presented in this chapter are spaces with amazing properties.
Their analysis reveals the validity limits of certain statements in dimension theory
and they may be used as counterexamples to various plausible-sounding conjectures.
Despite their pathological nature, each of them has its strange intrinsic beauty.

In Sect.5.1 and Sect. 5.2, we construct totally disconnected separable metrizable
spaces with positive topological dimension. The space described in Sect.5.1 is a
separable metrizable space that is totally separated but not scattered while the space
of Sect. 5.2 is a separable metrizable space that is totally disconnected but not totally
separated. Moreover, the space of Sect. 5.1 is a subset of Hilbert space and the space
of Sect.5.2 is obtained by removing a single point from a connected subset of the
Euclidean plane. In Sect. 5.3, we construct a countable Hausdorff space with positive
topological dimension. The space described in Sect.5.4 is a zero-dimensional com-
pact Hausdorff space containing an open subset with positive topological dimension.
In the last section, we give an example of a topological space with positive topological
dimension that is the product of two zero-dimensional normal Hausdorff spaces.

None of the results of the present chapter will be used in the sequel.

5.1 The Erdés Space

In this section, we describe an example of a separable metrizable space that is totally
separated but not scattered. Note that such a space is necessarily totally disconnected
with positive topological dimension by Corollaries 2.6.5 and 2.3.3.

Let H denote the vector space over R consisting of all real sequences i = (/1)1
that are square-summable, i.e., such that

oo

2
Z h; < oo.
n=1
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The vector space H is a Hilbert space for the scalar product (-, -) defined by

oo
(k)= " ks
n=1

for all h = (hy,), k = (k,) € H. We denote by d the associated metric on H. It is
given by d(h, k) = ||h — k||, where

7l = v/ (h, h)

is the norm on H associated with the scalar product.
Let X denote the subset of H consisting of all sequences x = (x,,) € H such that
xn € Q for all n. The space X is called the Erdds space.

Proposition 5.1.1 The Erdos space X is separable, metrizable, and totally sepa-
rated.

Proof Of course, X is metrizable since its topology is defined by the metric induced
by d on X.

The subset Y C X formed by sequences (x,) for which x,, = 0 for all but finitely
many 7 is countable and dense in X (itis even dense in H ). Therefore, X is separable.

Suppose that a = (a,) and b = (b,)) are distinct points in X. Then there exists
an integer ng such that a,, # b,,. As Q is totally separated, we can find a partition
of Q into two disjoint open subsets U and V such that a,, € U and b,, € V (we
can take for example U := ({,7) NQ and V := Q\U, where ¢ and 7 are irrational
numbers such that £ < a,, < 7 and b,, ¢ (£, n)). Let 7: X — Q denote the map
defined by m(x) = x,, forall x = (x,,) € X. Observe that 7 is 1-Lipschitz and hence
continuous. Then the open subsets 7~ 1(U) and 7~ 1(V) form a partition of X and
contain respectively a and b. Consequently, the space X is totally separated. (]

Before proving that X is not scattered, let us first establish some auxiliary results.
We start with the following elementary observation.

Lemma 5.1.2 Let A and B be non-empty disjoint subsets of Q such that Q = AUB.
Then, for every € > O, there exists a € A and b € B such that |a — b| < e.

Proof Let us inductively construct a sequence (a,,), <N of points of A and a sequence
(bn),en of points of B in the following way. We first choose arbitrarily points ap € A
and bp € B. Suppose now that a, € A and b, € B have already been defined for
some n > 0. Let ¢, := (a, + b,)/2 € Q denote the middle of the segment [a,, b, ].
Ifc, € A, we take a,4+1 = ¢, and b, = b,,. Otherwise, we have that ¢, € B and
we take a,4+1 = a, and b,+1 = c,. It then follows that |a, — b, | = |ag — bg|/2" for
all n. Consequently, given ¢ > 0, we have |a, — by, | < ¢ for n large enough. (I
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Proposition 5.1.3 The only bounded clopen subset of Xis the empty set.

Proof Let Q be a non-empty bounded open subset of X. Let us show that €2 is not
closed in X. Choose a sequence

w=(Ww,wz,...) € Q.

Let us construct a sequence of rational numbers 1, 12, . . . satisfying, for every integer
J > 1, the following conditions:

(C1) the sequence u'/), defined by

ud = (r1, r, e P W WG, ),
belongs to €2;

(C2) one has

, 1
distw, X\Q) < —.
J

We proceed by induction. Suppose that for some integer i > 0 the rational numbers

}’1,}"2,...,}’,'6@

satisfying (C1) and (C2), for all j < i, have already been constructed. Consider the
map
c:Q—> X

defined by
O(t) = (F1, 12, ooy Fiy L Wi, Wig 3, « - 2)e

Note that o is an isometric embedding of Q into X, that is, d(c(t), o(¢')) = |t — 1’|
for all ¢,/ € Q. We have that o(w;+1) = u® e Q since (C1) is satisfied for
Jj = i. On the other hand, the fact that Q2 is bounded implies that () ¢ 2 for |
large enough. By applying Lemma 5.1.2 with A = 0~ !(Q) and B = ¢~ (X\Q),
we deduce that we can find a,b € Q such that o(a) € @, o(b) € X\ and
d(o(a), o)) = la — b| < 1/(@ + 1). Consequently, we can take r;11 = a. This
completes our induction.

Consider now the sequence r = (r,),>1. We have that r € X. Indeed, since 2 is
bounded, there exists a constant M > 0 such that ||u¥ )|| < M for all j > 1. This
implies

r12+r22+~~~+rj2~§M2

for all j > 1, so that we get, by letting j tend to infinity,

o0
Zrﬁ < M? < oo.
n=1
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On the other hand, we have that

d(r,u) =

Asr —w € X, the series > (r, — wn)? converges. It follows that
d(r, u(f)) — 0asj — oo,

which shows that r belongs to the closure of €2 in X. Now, by using (C2), we obtain
dist(r, X\Q) = limj_00 d(’, X\Q) = 0. As X\Q is closed in X by hypothesis,
we deduce that » ¢ 2. This shows that €2 is not closed in X. O

Corollary 5.1.4 The Erdos space X is not scattered.

Proof Let x € X and r > 0. It follows from Proposition 5.1.3 that the open ball
B(x,r) C X contains no clopen neighborhood of x in X. This shows that X is not
scattered. (]

5.2 The Knaster-Kuratowski Fan

In this section, we give an example of a separable metrizable space X that is totally
disconnected but not totally separated. Such a space X is not scattered and has
positive topological dimension by Proposition 2.6.6 and Corollary 2.3.3. The space
X is obtained by removing a point from the Knaster-Kuratowski fan, which is a
connected subset of R?. The construction goes as follows.

Consider the Cantor ternary set K C [0, 1] (see Sect.2.1). For each ¢ € K, we
denote by L. the line segment in the Euclidean plane R? whose endpoints are (c, 0)
and yo := (1/2, 1/2). We denote by E the subset of K consisting of all the endpoints
of the open intervals that are removed from the unit segment [0, 1] in the construction
of the Cantor set. In other words, E is the set of all the ternary rational numbers that
are in K\{0, 1}:

121278 1 2 7 8 19 20 25 26
N [3’ 39799797277 277277277277 27" 27’ 27""]
Let F := K\ E denote the complement of E in K. For each ¢ € E (resp. c € F), we

denote by Y, the set consisting of all points in the line segment L. whose ordinate is
rational (resp. irrational). The set

Y = U Y. C R?
cek
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Fig. 5.1 The
Knaster-Kuratowski fan

is called the Knaster-Kuratowski fan (see Fig. 5.1). Observe that yg € Y since yg € Y,
for all ¢ € E. The set

X ==Y \{yo}

is called the punctured Knaster-Kuratowski fan.

Proposition 5.2.1 The punctured Knaster-Kuratowski fan X is a totally discon-
nected separable metrizable space.

Proof The space X is separable and metrizable since it is a subset of R.

Let A be a non-empty connected subset of X. Consider the map 7: X — K
sending each point x € X to the unique ¢ € K such that x € L.. Observe that 7 is
continuous. As K is totally disconnected, we deduce that 7(A) is reduced to a single
pointcg € K. Wethenhave A C Y,,. As Y, is totally disconnected, we conclude that
A is also reduced to a single point. This shows that X is totally disconnected. ([

Proposition 5.2.2 The Knaster-Kuratowski fan Y is connected.

Proof Let U and V be disjoint open subsets of ¥ suchthat U UV =Y and yg € U.
To prove that Y is connected, it suffices to show that U = Y. As the sets U and V
are closed in Y, there exists closed subsets A and B of R? such that U = ¥ N A and
V =Y N B.Foreach p € Q, let us denote by H, the horizontal line of RR? consisting
of all points whose ordinate is p. Let F), denote the set consisting of all ¢ € K such
that the line segment L. meets H, N A N B. Clearly F), is closed in K for every
p € Q. On the other hand, we have that F,, C F for every p € Q since A N B does
not meet Y. The set F has empty interior in K since E is dense in K. As E and Q
are countable, it follows that the set M C K, defined by

M:=EU[|]JF,]|.
peQ

is a countable union of closed subsets of K that have empty interior in K . By applying
Baire’s theorem, we deduce that the set

K\M=F\[|JF,
peQ

is dense in K.
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Suppose now that ¢y € F is such that Y,,; meets B. Denote by 7y the least upper
bound of the set consisting of all # € [0, 1/2] such that the point of L., with ordinate
t belongs to B. Observe that the point in L., with ordinate fp isin AN B.As AN B
does not meet Y, it follows that 7o € Q and hence ¢y € F;, C M. We deduce that
Y. C Aforallc € K\M. As K\M is dense in K, we finally get Y C A and hence
Y = U. This shows that Y is connected. ]

Proposition 5.2.3 The punctured Knaster-Kuratowski fan X is not totally separated.

Proof Letc € K. Let xg and x be points in L. N X with ordinate respectively #y and
t1, where 7y < 1. Let us show that x| belongs to the quasi-component of xq in X.
Suppose that it does not. Then it exists a clopen subset U of X such that xo € U and
x1 € X\U. As X\U is open in X, we can find a small Euclidean open disc D C R?
centered at x; that does not meet U.

Leta and b beelementsin R\ K suchthata < ¢ < b.Denote by A the open Euclid-
ean triangle in R2 whose vertices are the points (a, 0), (b, 0) and yg = (1/2, 1/2).
Take a and b sufficiently close to ¢ so that A\ D has two connected components in
RR?, one, denoted by C_, contained in the open half-plane H_ consisting of the points
in R? with ordinate < #1, and the other, denoted by C., contained in the open half-
plane H. consisting of the points of R? with ordinate > 7, (see Fig.5.2). Then the set
E := U NC_isclopenin the fan Y. Indeed, we have that E = U N A N H_, which
shows that E is open in Y (remark that U is open in X and hence open in Y since X
is open in Y). On the other hand, we also have E = UN AN ‘H_, where H_ denotes
the closure of H_ in R2. As U and AN X are closed in X, we deduce that E is closed
in X. It follows that E is also closed in Y since we can find a small open Euclidean
ball centered at yg that does not meet E. As Y is connected by Proposition 5.2.2 and
E # & since xo € E, we deduce that E = Y. This gives a contradiction because

Yo

(a,0) (6,0)

Fig. 5.2 Proof of Proposition
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x1 ¢ E. Consequently, the quasi-component of xg in X contains x; and hence X is
not totally separated. (|

5.3 The Bing Space

In this section, we provide an example of a countably-infinite connected Hausdorff
space. Such a space has necessarily positive covering dimension by Proposition 1.3.3.
Let X denote the closed upper half-plane in Q?, i.e., the set consisting of all pairs
(x,y) € Q% such that y > 0. Let us fix some irrational real number 6 > 0. We define
a topology on X in the following way.
For each (x, y) € X, define the numbers p_(x, y) and p4(x, y) by

p—(x,y)=x — % and py(x,y):=x+ %
Thus, the point (p_(x, y),0) (resp. (p+(x, y),0)) is the intersection point of the
line with slope 6 (resp. —6) passing through the point (x, y) with the horizontal axis
R x {0} C R2 (see Fig.5.3). Note that, in the case when 6 = «/§, the points (x, y),
(p—(x,y),0), and (p+(x, y), 0) are the vertices of a Euclidean equilateral triangle.
Given a real number ¢ > 0, we denote by V.(x, y) the set consisting of the
point (x, y) and all the points (z,0) € X satisfying |z — p_(x,y)| < € or |z —
p+(x.y)| <e.
Thus, we have

Ve(x, y) == {(x, M} U L(x, y) U Je(x, y),
where I.(x, y) (resp. J-(x, y)) denotes the set of rational points on the horizon-

tal axis that belong to the open interval of length 2¢ centered at (p_(x, y), 0)
(resp. (p+(x,y),0)) (see Fig.5.3).

(x.3)

I (x,y) Je(%,5)

Fig. 5.3 Construction of the Bing space
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Let 7 denote the set consisting of all the subsets 2 C X satisfying the following
condition: for every (x,y) € €2, there exists a rational number € > 0 such that
Ve(x,y) C Q. One easily checks that 7 satisfies: (1) @, X € 7, (2) 7 is closed
under finite intersections, (3) 7 is closed under arbitrary unions. In other words, 7°
is the set of open sets for a topology on X. We equip the set X with this topology.
The topological space X is called the Bing space.

Proposition 5.3.1 The Bing space X is a countably-infinite second-countable Haus-
dorff space.

Proof The set X is countably-infinite because the set Q is.

The sets V. (x, y), where (x, y) € X ande > Oisrational, clearly form a countable
base for the topology on X. Therefore X is second-countable.

Let (x, y) and (x, y") be distinct points in X. Suppose first that neither (x, y)
nor (x’, y’) is on the horizontal axis. Then, as 6 is irrational, the points p_(x, y),
p—(x’',y"), p+(x,y) and py(x’,y’) are all distinct. In the case when one of the
points (x, y) and (x’, '), say (x, y), is on the horizontal axis and the other is not,
then we have that p_(x’, y') # p_(x,y) = p+(x,y) # p+(x’, y"). Finally if both
(x, y) and (x’, y’) are on the horizontal axis, we have that p_(x, y) = pi(x,y) #
p—(x',y") = pi(x’,y"). In all cases, we see that the neighborhoods V. (x, y) and
V-(x’, y") do not meet for € small enough. This shows that X is Hausdorff. O

Lemma 5.3.2 Let (x, y) and (x', y") be two points in X. Then one has

Vex, y) N Va(x!,y') # 92
foralle > 0and e’ > 0.
Proof A point (u, v) € X belongs to the closure of V. (x, y) if and only if

lp—(u,v) — p—(x, )| <¢e or |p_—(u,v) — pt(x,y)| <e or
Ip+(u,v) — p_(x,y)| <e or |ps(u,v)— pi(x,y)| <e.

We deduce that, for € small enough, V. (x, y) is the union of four “strips”, two with
slope 6 and two with slope —6. From this description, it is clear that V. (x, y) always
meets V. (x’, y'). Alternatively, assuming for instance p_(x, y) < p_(x’, y'),apoint
(u,v) € Vo(x, y) N Vo (x’, y') may be explicitly obtained by solving the system

u—
u+
withu,v € Qanda, b € Rsuchthata < b,|la—p_(x,y)| <eand |b— p.(x', )]
<. U

e e

a
b

Lemma 5.3.3 Let U and U’ be non-empty open subsets of X. Then one has U N U’
# .
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Proof Let (x,y) € U and (x’, y") € U'. As U and U’ are open subsets, there exist
€ > 0and & > 0 such that V.(x,y) C U and Vo (x,y) C U’. We have that
V.(x,y)NVo(x',y) c UNU’. Since V.(x, y) N Vo (x', y') # @ by Lemma 5.3.2,
we deduce that U N U’ # @. O

Proposition 5.3.4 The Bing space X is connected.

Proof 1f U is a clopen subset of X then U’ := X\U is also clopen so that U N U’ =
UNU = @. This implies U = @ or U’ = & by Lemma 5.3.3. Therefore X is
connected. (]

Corollary 5.3.5 The Bing space X has topological dimension dim(X) > 1.

Proof By Proposition 1.3.3, every connected accessible space X having more than
one point satisfies dim(X) > 1. O

Corollary 5.3.6 The Bing space X is not normal and hence not metrizable.

Proof By Corollary 1.7.2, every non-empty countable normal space N satisfies
dim(N) = 0. O

5.4 The Tychonoff Plank

In this section, we give an example of a scattered locally compact Hausdorff space
with positive covering dimension.

Let X be a set endowed with a total ordering denoted by <. The open intervals
in X, that is, X itself and all the intervals of the form («—, x) :={z € X | z < x},
(x,—)={ze X | x<z}and (x,y) :=={z€ X | x <z <y}, where x and y
run over X, constitute a base for a topology on X. This topology is called the order
topology associated with the ordering <.

Proposition 5.4.1 Let X be a totally ordered set endowed with the associated order
topology. Then X is Hausdorff.

Proof Let x and y be distinct points in X. Let us show that there exist an open
neighborhood U of x and an open neighborhood V of y suchthat U NV = &. We
can assume x < y. If the interval (x, y) is empty, we can take U := (<, y) and
V := (x, —). Otherwise, there exists z € X such that x < z < y. We can then take
U := (<, z)and V := (z, —). This shows that X is Hausdorff. [l

Let A be a subset of a totally ordered set X. Recall that one says that an element
x € X is a lower bound (resp. an upper bound) for A if we have that x < a
(resp. a < x) for all a € A. One says that x is a greatest lower bound (resp. a least
upper bound) for A if x is a lower bound (resp. an upper bound) for A and m < x
(resp. x < m) for every lower bound (resp. every upper bound) m for A. Note that if
A admits a greatest lower bound (resp. a least upper bound) then it is unique.
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Proposition 5.4.2 Let X be a totally ordered set endowed with the associated order
topology. Then X is compact if and only if every non-empty subset of X admits both
a greatest lower bound and a least upper bound.

Proof Let us first show that this condition is necessary. Suppose that X is compact
and let A be a non-empty subset of X. Then the set A admits a greatest lower bound
since otherwise the intervals (a, —) and (<—, m), where a runs over A and m runs
over all lower bounds of A, would form an open cover of X admitting no finite
subcover. A similar argument shows that A admits a least upper bound.
Conversely, suppose that X 7# & and that every non-empty subset of X admits
a greatest lower bound and a least upper bound. This implies in particular that X
admits a minimal element m and a maximal element M(. Let o be an open cover
of X. Consider the subset A of X consisting of all x € X such that the half-open
interval [mg, x) can be covered by a finite number of elements of «. Observe that A
is not empty since mo € A. Let M denote the least upper bound of A. As « covers X,
we can find an open set U in the family o such that M € U. We claim that M = M.
Indeed, otherwise, there would exist elements y, z € X suchthat y < M < z and
(v, z) C U.This would imply z € A and would contradict the fact that M is an upper
bound for A. This proves that M = M. It follows that o admits a finite subcover.
Therefore, the space X is compact. (]

A well-ordered set is a set X equipped with an ordering relation such that every
non-empty subset of X has a minimal element. The ordering relation of a well-
ordered set X is a total ordering since the set {x, y} has a minimal element for all
x,y € X.

Corollary 5.4.3 Let X be anon-empty well-ordered set endowed with the associated
order topology. Then the space X is compact if and only if X has a maximal element.

Proof This is a necessary condition. Indeed, if X is compact, it follows from
Proposition 5.4.2 that X has a least upper bound. This least upper bound is the
maximal element of X.

Let us show now that this condition is also sufficient. Suppose that X admits a
maximal element M. Let A be a non-empty subset of X. As X is well-ordered, A
has a minimal element and hence a greatest lower bound. On the other hand, since
X is well-ordered, the set E consisting of all upper bounds of A, which is not empty
as My € E, has a minimal element. Therefore, the set A admits a least upper bound.
We deduce that X is compact by applying Proposition 5.4.2. (]

Let us recall without proofs some basic facts about ordinal numbers (see for
example [58] for more details).

Two well-ordered sets E and F are called isomorphic if there exists an order-
preserving bijective map from E onto F. An ordinal is an isomorphism class of
well-ordered sets. If E is a well-ordered set that represents an ordinal &, one also
says that £ is the order type of E.

There is no set containing all ordinals (this would lead to a contradiction in set
theory). One speaks instead of the collection of all ordinals. Let £ and 7 be ordinals,
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represented by well-ordered sets E and F respectively. We write ¢ < n if E is
isomorphic to a subset of F. It can be shown that the relation < is a well-ordering
on the collection of all ordinals.

For each n € N, we denote by n the ordinal represented by the well-ordered set
{1,...,n}

Let £ be an ordinal. The interval [0, £), which consists of all ordinals o < &, is a
well-ordered set whose order type is £. The minimal element of the interval (£, —)
is the order type of the well-ordered set [0, £]. This ordinal is denoted by £ + 1 and
is called the successor of £. Observe that, for every ordinal o < &, we have

(0, =(,§+ 1) =[a+1,E]. (5.4.1)

Proposition 5.4.4 Let & be an ordinal. Then the set X = [0, ], equipped with its
order topology, is a scattered compact Hausdorff space.

Proof The space X is Hausdorff by Proposition 5.4.1. The compactness of X follows
from Corollary 5.4.3. To prove that X is scattered, it suffices to verify that every
point € X admits a neighborhood base consisting of clopen subsets of X. We can
assume 0 < 7 < ¢ since O is isolated in X. Then the intervals of the form («, 1],
where < 1, form a neighborhood base of 7. These intervals are clopen in X by
(5.4.1). Consequently, the space X is scattered. (]

An ordinal £ is said to be infinite (resp. countable) if the well-ordered sets that
represent £ are infinite (resp. countable). Note that there exist uncountable ordinals
since every set can be well-ordered. We denote by w the smallest infinite ordinal (i.e.,
the countable ordinal that is the order type of N) and we denote by €2 the smallest
uncountable ordinal. Let us equip the sets [0, w] and [0, 2] with their order topology.
The product space P := [0, ] x [0, w] is called the Tychonoff plank (Fig.5.4).

Proposition 5.4.5 The Tychonoff plank P is a scattered compact Hausdorff space.

Proof The spaces [0, 2] and [0, w] are scattered compact Hausdorff spaces by
Proposition 5.4.4 and any product of Hausdorff (resp. compact, resp. scattered) spaces
is Hausdorff (resp. compact, resp. scattered). (]

Corollary 5.4.6 The Tychonoff plank P has topological dimension dim(P) = 0.
Proof The space P is compact and hence Lindel6f. On the other hand, by Theorem
2.4.20, every non-empty scattered Lindelof space L satisfies dim(L) = 0. (]

(0, @) (2,0)

(0,0) (€2,0)

Fig. 5.4 The Tychonoff plank
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The space X := P\{(Q, w)} obtained from the Tychonoff plank by removing its
right upper point, is called the punctured Tychonoff plank.

Proposition 5.4.7 The punctured Tychonoff plank X is a scattered locally compact
Hausdorff space.

Proof The space P is a scattered compact Hausdorft space by Proposition 5.4.5.
On the other hand, every subspace of a Hausdorff (resp. scattered) space is itself
Hausdorff (resp. scattered) and every open subspace of a compact Hausdorff space
is locally compact. (]

Proposition 5.4.8 The punctured Tychonoff plank X is not normal.

Proof Let A := {2} x [0,w) and B := [0, Q) x {w}. Thus, A is the subset of
X consisting of all points whose first coordinate is €2 while B is the subset of X
consisting of all points whose second coordinate is w. The sets A and B are closed
subsets of X since

A=XN({Q) x[0,w]) and B = X N ([0, Q] x {w)).

Observe that
A={(2,n)| neN}L

Let U be an open subset of X containing A. As U is a neighborhood of every point
in A, there exists, for each n € N, an ordinal &, < Q such that (¢,, 2] x {n} C U.
Denote by 7 the least upper bound of the set consisting of all such &,. We have that

[0.m) = [ J10,&).
neN

As the ordinals &, are countable, we deduce that 7 is itself countable. It follows that
n < Q. As (n, 2] x [0,w) C U, we conclude that every neighborhood of the point
(n+1,w) € B meets U. Consequently, every open subset of X containing B meets
U. As the sets A and B are disjoint closed subsets of X, this shows that the space X
is not normal. (]

Note however that P is normal since it is compact and Hausdorff (Proposition
1.5.4). This shows that a subspace of a normal space may fail to be normal.

Corollary 5.4.9 The punctured Tychonoff plank X has topological dimension
dim(X) > 1.

Proof Every topological space whose covering dimension is 0 is normal by Corollary
232. -

Remark 5.4.10 Recall that the Tychonoff plank P has covering dimensiondim(P) =
0 by Corollary 5.4.6. Thus, Corollary 5.4.9 shows that a subspace of a topological
space with covering dimension 0 may have positive covering dimension.
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Remark 5.4.11 The space P is a Lindelof space since it is compact. However, X
is not a Lindel6f space since every non-empty scattered Lindelof space L satisfies
dim(L) = 0 by Theorem 2.4.20. This shows that a subspace of a Lindelof space is
not necessarily Lindelof.

Corollary 5.4.12 The Tychonoff plank P and the punctured Tychonoff plank X are
not metrizable.

Proof The punctured Tychonoff plank is not metrizable since every metrizable space
is normal by Proposition 1.5.3. As every subspace of a metrizable space is metrizable,
the Tychonoff plank is not metrizable either. (]

5.5 The Sorgenfrey Plane

This section is devoted to the Sorgenfrey plane, a topological space that may be
used to show that the product of two normal (resp. Lindeldf, resp. zero-dimensional)
spaces may fail to be normal (resp. Lindeldf, resp. zero-dimensional). We start by
introducing the Sorgenfrey line.

Consider the set 53 consisting of all half-open intervals of R that are of the form
[a, b), where a and b run over R. It is clear that 3 covers R and that By N B, € B
for all By, By € B. Thus, there is a unique topology on R admitting B3 as a base. The
Sorgenfrey line is the topological space S with underlying set R that admits B as a
base. A subset 2 C § is open if and only if it satisfies the following condition: for
every x € €, there exists € > 0 such that [x, x + &) C Q. It follows in particular
that the topology on S is finer than the usual topology on R. In fact, it is strictly finer
since for example the half-open intervals [a, b), where a < b, are open in S while
they are not open for the usual topology on R. Note that [a, b) is also closed in §
since S\[a, b) = (—o00, a) U [b, 00) is clearly open in S.

Proposition 5.5.1 The Sorgenfrey line S is a scattered Lindeldf first-countable sep-
arable Hausdorff space.

Proof The topological space S is scattered since the half-open intervals [a, b) are
clopen in S and form a base of the topology.

The topology on S is Hausdorff since it is finer than the usual topology on R.

For every x € §, the intervals [x, ¢), where ¢ € Q and x < ¢, form a countable
neighborhood base of x. Therefore S is first-countable.

The set Q is dense in S since every interval [a, b), where a < b, contains rational
numbers. Therefore § is separable.

It remains only to show that S is Lindelof. Suppose that &« = (Uj;);e; is an open
cover of S. Consider the subset X C § consisting of all points x € S satisfying the
following condition: there exist two real numbers a, < by and an element i(x) € 1
such that x € (ay, by) C Uj(y). Observe now that the family (X N (ay, by))xex is an
open cover of X with respect to the usual topology. As X C R with its usual topology


http://dx.doi.org/10.1007/978-3-319-19794-4_2
http://dx.doi.org/10.1007/978-3-319-19794-4_1

100 5 Some Classical Counterexamples

is Lindeldf by Corollary 2.4.14, it follows that there exists a countable subset C C X
such that the subfamily (X N (ay, by))rec covers X. This implies X C | Uj,
where J := {i(x) | x € C} is countable.

On the other hand, we claim that Y := S\ X is countable. Indeed, the fact that o
is an open cover of S implies that, for every y € Y, there exist real numbers a, < by
and an element i(y) € I such that y € [ay, by) C Uj(y). Then we can find a rational
number p(y) € [ay, by). If y1, y2 € Y satisfy y1 < y», then p(y1) # p(y2) since
otherwise we would get y» € X. Therefore the map p: ¥ — Q is injective. We
deduce that Y is countable. Therefore, we can find a countable subset K C I such
that Y C Uyex Uk-

We conclude that (U;);cjuk is a countable cover of X. This shows that X is
Lindelof. U

jelJ

Corollary 5.5.2 The Sorgenfrey line S has topological dimension dim(S) = 0.

Proof By Theorem 2.4.20, every non-empty scattered Lindelof space X has covering
dimension dim(X) = 0. ([l

Corollary 5.5.3 The Sorgenfrey line S is normal.

Proof By Corollary 2.3.2, every topological space X satisfying dim(X) = 0 is
normal. ]

The Sorgenfrey plane is the space S x §, i.e., the product of the Sorgenfrey line
with itself.

Proposition 5.5.4 The Sorgenfrey plane S x S is a scattered first-countable sepa-
rable Hausdorff space.

Proof Thisimmediately follows from Proposition 5.5.1 since the product of two scat-
tered (resp. first-countable, resp. separable, resp. Hausdorff) spaces is itself scattered
(resp. first-countable, resp. separable, resp. Hausdorff). (|

The following observation will be useful.

Lemma 5.5.5 The second diagonal A := {(x, —x) | x € S} is discrete and closed
in the Sorgenfrey plane S x S.

Proof Forevery p = (x,y) € S x Sand € > 0, the set C(p,¢) := [x,x +¢€) X
[y, y+e¢)isopenin § x S.If p lies outside of A and ¢ is small enough, then C(p, )
does not meet A. Consequently, A is closed in S x S. On the other hand, A is discrete
inS x Ssince ANC(p,e) ={p}forall p e Aande > 0. ]

Proposition 5.5.6 The Sorgenfrey plane S x S is not Lindelof.

Proof The second diagonal A := {(x, —x) | x € S} is a closed discrete subset of
S x § by Lemma 5.5.5. As every discrete Lindelof space is countable (see Example
2.4.5), we deduce that A is not Lindelof. It follows that S x S is not Lindelof since
every closed subset of a Lindelof space is itself Lindelof by Proposition 2.4.6. [
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Corollary 5.5.7 The Sorgenfrey line S and the Sorgenfrey plane S x S are not
second-countable.

Proof The Sorgenfrey plane S x S is not second-countable since every second-
countable space is Lindelof by Proposition 2.4.11. As the product of two second-
countable spaces is also second-countable by Proposition 2.4.10, this implies that
the Sorgenfrey line S is not second-countable either. (]

Corollary 5.5.8 The Sorgenfrey line S and the Sorgenfrey plane S x S are not
metrizable.

Proof The Sorgenfrey plane S x S is not metrizable since every separable metrizable
space is Lindelof by Proposition 2.4.18. As the product of two metrizable spaces is
also metrizable, this implies that the Sorgenfrey line S is not metrizable either. [

Proposition 5.5.9 The Sorgenfrey plane S x S is not normal.

Proof First observe that, since S x § is separable by Proposition 5.5.4, the set F
consisting of all continuous maps f: S x § — R has cardinality bounded above
by the cardinality ¢ of the continuum, i.e., card(F) < card(R) = c¢. On the other
hand, since A is discrete, the characteristic map x4 : A — R s continuous for every
subset A C A.If § x § were normal, it would be possible to extend every x4 to a
continuous map f4: S x S — R by applying the Tietze extension theorem (Theorem
4.1.4). This would imply that the cardinality of F is at least that of the power set of
A, i.e., card(F) > 2° We would then get a contradiction since, by Cantor’s theorem,
we have that 2¢ > ¢ for every cardinal £&. Consequently, the Sorgenfrey plane is not
normal. O

Remark 5.5.10 The Sorgenfrey plane is separable but its second diagonal A C S x §
is not since it is discrete and uncountable. This shows that a subspace of a separable
space may fail to be separable even if it is closed. Note however that every open
subspace of a separable space is clearly separable and that it follows from Propositions
2.4.9 and 2.4.18 that every subspace of a separable metrizable space is separable.

Corollary 5.5.11 The Sorgenfrey plane S x S has topological dimension dim(S x
S) > 1.

Proof Every topological space X satisfying dim(X) = 0 is normal by Corollary
2.3.2. O

Notes

The counterexamples gathered in this chapter played an important role in the history
of dimension theory (see [33, 50, 93]). They are named after the mathematicians
who discovered them.
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The space X of Sect.5.1 was introduced by Erdos in [34]. It has topological
dimension dim(X) = ind(X) = Ind(X) = 1 (see [34]) and Roberts [95] proved
that it can be embedded in the Euclidean plane R?. Note that X is a subgroup of the
additive group H and hence inherits a structure of a topological group. This gives
an interesting example of a totally disconnected abelian group. It turns out that X is
isomorphic, as a topological group, to certain homeomorphism groups of manifolds
(see [29] and the references therein).

The Knaster-Kuratowski fan was described in [60] (see [102, Example 129
p. 145] and [33, p. 29]). It is also sometimes called the Cantor teepee. The point
yo is a dispersion point of the Knaster-Kuratowski fan Y (a point p in a connected
space C is called a dispersion point if the space C\{p} is totally disconnected).
Propositions 5.2.3, 2.6.6, and Corollary 2.3.3 imply that the punctured Knaster-
Kuratowski fan X = Y\{yp} satisfiesdim(X) > 1.As X C Y C R2, we deduce that
1 < dim(X) < dim(Y) < 2 by applying Theorem 1.8.3 and Corollary 3.5.7. Actu-
ally, it can be shown that dim(X) = dim(Y) = 1 by using the fact that every subset
of R" whose topological dimension is n has non-empty interior (see for example [50,
Th. IV.3 p. 44)).

The counterexample of Sect.5.3 was described by Bing in a one-page paper [14,
Example 1] (see [102, p. 93] and [17, I p. 108 exerc. 21 and I p. 115 exerc. 1]). The
Bing space has covering dimension co and small inductive dimension 1 (cf. [14]).
The first examples of countably infinite connected Hausdorff spaces were given
by Urysohn in his posthumous article [109]. Subsequently, many other interesting
examples of such spaces were discovered (see the paper by Miller [75] and the
references therein). A topological space X is called a Urysohn space if any two
distinct points of X admit disjoint closed neighborhoods. Of course, every Urysohn
space is Hausdorff. It immediately follows from Lemma 5.3.3 that the Bing space is
not a Urysohn space. An example of a countably-infinite connected Urysohn space
admitting a dispersion point was constructed by Roy in [97].

The Tychonoff plank was introduced in [108]. The smallest uncountable ordinal
is sometimes denoted wj instead of 2. It can be shown that the punctured Tychonoff
plank X has covering dimension dim(X) = 1.

The Sorgenfrey topology was used by Sorgenfrey in [100] to show that a product
of paracompact spaces is not necessarily paracompact, thus settling in the negative a
question previously raised by Dieudonné [28]. According to Cameron [20], it seems
that the copaternity of the Sorgenndroff and Urysohn [10] for priority reasons.

Exercises

5.1 Let X denote the Erdos space (cf. Sect.5.1).

(a) Show that X and QN are isomorphic as vector spaces over Q and hence as
additive groups.
(b) Describe an injective continuous map f: X — QN.
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52
53

54

5.5

5.6

5.7

5.8

5.9

5.10

5.12

5.13

(c) Show that the space QN is scattered.
(d) Show that there is no subspace of QN that is homeomorphic to X.

Show that dim(QY) = 0.

Show that the Erdos space X described in Sect.5.1 cannot be embedded into
R.

Show that the space (@N can be embedded into the Cantor set (and hence into
R).

Let X denote the Erdos space (cf. Sect. 5.1). Show that X x X is homeomorphic
to X.

In this exercise, we use the notation of Sect.5.2. Let x be a point in X and let
¢ € K such that x € Y.. Show that the quasi-component of x in X is Y. \{yo}.
Show that the Bing space X described in Sect.5.3 is not regular. (Recall that
a topological space X is called regular if for every closed subset A of X and
every point x € X\ A, there exist disjoint open subsets U and V of X such that
ACUandx eV.)

Let X be the Bing space described in Sect.5.3. Consider the subsets Y and Z
of X defined by ¥ := Q x {0} = Q and

Z=X\Y={(x,y)eX]| y>0}.

(a) Show that the topology induced by X on Z is the discrete one.

(b) Show that the topology induced by X on Y is the usual topology on Q.

(c) Show that Y is an open dense subset of X.

(d) Give a direct proof of the fact that X is not compact by showing that the
cover of X consisting of Y and all the subsets of the form Y U {z}, where
z € Z, is an open cover admitting no finite subcover.

Let X denote the Bing space described in Sect. 5.3. Show that X admits a base
consisting of open subsets whose topological boundary is clopen.

Show that a countable connected Hausdorff space having more than one point
cannot be compact.

Show that a countable accessible topological space having more than one point
cannot be path-connected. Hint: use Baire’s theorem to prove that the unit
segment [0, 1] cannot be expressed as the union of a countably-infinite family
of pairwise disjoint non-empty closed subsets.

Let X be a countable connected space. Show that every continuous map
f: X — Ris constant.

(The relatively prime topology on the positive integers [39], [102, Example 60
p.82]). Let Z4 := {1, 2, ...} denote the set of positive integers. Given coprime
integers x, r € Z, define the subset V,(x) C Z4 by

Viix) i={x+rn| neZ}NZy.
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5.14

5.15

5.16
5.17

5.18

5.19
5.20
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(a) Show that there is a unique topology on Z, admitting as a base the set
consisting of all V,(x), where x,r € Z, are coprime. In the sequel, the
set Z4 is equipped with this topology.

(b) Show that the space Z is Hausdorff.

(c) Show that if x, r € Z, are coprime, then every y € Z that is a multiple
of r belongs to the closure of V;.(x).

(d) Deduce from (c) that if U and U’ are non-empty open subsets of Z, then
onehas U NU’ # @.

(e) Show that the space Z is connected.

The set [0, 2), which consists of all the ordinals that are smaller than the first
uncountable ordinal €2, is equipped with its order topology.

(a) Show that [0, €2) is a locally compact first-countable Hausdorff space.

(b) Show that [0, ©2) is not Lindelof.

(c) Show that [0, €2) is not second-countable.

(d) Show that [0, €2) is sequentially-compact but not compact. (Recall that a
topological space X is called sequentially-compact if every sequence of
points of X admits a convergent subsequence.)

(e) Show that [0, 2) is not metrizable.

(f) Recover from (e) the fact that neither the punctured Tychonoff plank P
nor the Tychonoff plank X is metrizable (cf. Corollary 5.4.12).

Let €2 denote the first uncountable ordinal. Let [0, 2] be the set consisting of
all ordinals ¢ < 2, equipped with its order topology.

(a) Show that [0, 2] is not first-countable.
(b) Deduce from (a) that neither the Tychonoff plank P nor the Tychonoff
plank X is first-countable.

Show that the punctured Tychonoff plank X is not o-compact.

Show that neither the Tychonoff plank P nor the punctured Tychonoff plank
X are separable.

Show that every non-empty subspace X of the Sorgenfrey line S has topological
dimension dim(X) = 0.

Show that every subspace of the Sorgenfrey line S is normal.

Let A and B be the subsets of the Sorgenfrey plane S x S defined by

A={x,—x)eSxS| x€Q} and B:={(x,—x) e Sx S| x ¢Q}.
Give a direct proof that S x S is not normal (cf. Proposition 5.5.9) by showing

that there do not exist disjoint open subsets U and V of § x S with A C U and
BcCV.
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Chapter 6
Mean Topological Dimension
for Continuous Maps

In this chapter, the term “dynamical system” refers to a pair (X, T'), where X is a
topological space and T a continuous map from X into itself. The topological space
X is called the phase space of the dynamical system and it will be implicitly assumed
to be non-empty. The self-mapping T describes the way the points are moved in the
phase space when times goes from ¢ to r 4+ 1. At time ¢ = n, the change in the phase
space from ¢ = 0 is described by the iterate 7" = T o T o --- o T (n times). In
Sect. 6.3, we define the mean topological dimension, denoted by mdim(X, 7), of a
dynamical system (X, T'), where X is a normal space and 7': X — X a continuous
map. This definition is an asymptotic version of the definition of covering dimension
for topological spaces that is presented in Sect.1.1. Mean topological dimension
is an invariant of topological conjugacy taking its values in [0, co]. We have that
mdim(X, 7) = 0 whenever X has finite topological dimension (Proposition 6.4.4).
Examples of dynamical systems with positive mean topological dimension will be
given in the next chapter. When X is a compact metric space, we give in Sect. 6.5 an
equivalent definition of mdim (X, 7') that involves the metric.

6.1 Joins

Let o = (A;)jes and 3 = (B)) jes be two families of subsets of a set X. The join of
« and (3 is the family o Vv 3 of subsets of X defined by

aV fB:=(A; N Bj)q jerxJ-

Proposition 6.1.1 Let f: X — Y be a map from a set X into a set Y. Let a and 3
be two families of subsets of Y. Then one has

-1 -1 -1
fTlavpB) =@V f@.
© Springer International Publishing Switzerland 2015 107
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Proof Suppose that v = (A;);e; and 3 = (B}) jes. Then we have

F e v B) = (F AN B jerx
= (AN FUB))jrerxs
= v ). 0

Remark 6.1.2 1If o and (3 are covers of X, then « v /3 is also a cover of X and one
has a vV 8 > aand a vV 8 > (. Moreover, if v is a cover of X such that v > « and
~v > 3, then one has v > «a V (.

Remark 6.1.3 1If « and 3 are open (resp. closed) covers of a topological space X,
then o vV (3 is an open (resp. closed) cover of X.

Lemma 6.1.4 Let X, Y and Z be topological spaces. Let o and (3 be finite open
covers of X. Suppose that f: X — Y is an a-compatible continuous map and that
g: X — Z is a $-compatible continuous map. Then the continuous map F: X —
Y x Z, defined by F(x) := (f(x), g(x)) forall x € X, is (o vV 3)-compatible.

Proof Let v = (V;)ie; be a finite open cover of Y such that f_l(’y) > « and
let 6 = (W;) ey be a finite open cover of Z such that g 1(0) = B. Then n :=
(Vi x W), jyerxJ is a finite open cover of ¥ x Z satisfying F_l(n) > aV (. This
shows that F is (« v 3)-compatible. O

Proposition 6.1.5 Let X be a normal space. Let o and (3 be finite open covers of X.
Then one has
D(aV () < D(a) + D(B).

Proof By Proposition 4.4.6, we can find a polyhedron P such that dim(P) = D(«)
and an a-compatible continuous map f: X — P. Similarly, we can find a polyhe-
dron Q such that dim(Q) = D(f) and a §-compatible continuous map g: X — Q.
Then the continuous map F: X — P x @, defined by F(x) := (f(x), g(x)) for
all x € X, is (o v 3)-compatible by Lemma 6.1.4. We deduce that D(a Vv () <
dim(P x Q) by using Proposition 4.4.5. As dim(P x Q) = dim(P) + dim(Q) by
Corollary 3.5.10, we finally get

D(a Vv ) < dim(P) +dim(Q) = D(«) + D(B). O

The following example shows that Proposition 6.1.5 becomes false if we drop the
normality hypothesis on X.

Example 6.1.6 Let X = {x¢, a, b, c, d} be a set of cardinality 5. Equip X with the
topology for which the open sets are the empty set and all the subsets of X containing
xo. Note that dim(X) = 3 (see Example 1.1.11). Consider the open cover a of X
that consists of the sets {xg, a, b} and {xo, ¢, d} and the open cover 3 that consists
of the sets {xo, a, ¢} and {xq, b, d}. Then we clearly have D(a) = D(5) = 1.
However, the cover « Vv 3 consists of the sets {xg, a}, {xo, b}, {x0, ¢}, and {x¢, d} so
that D(a Vv ) = 3 and hence D(a Vv ) > D(a) + D(B).
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6.2 Subadditive Sequences

A sequence (u,),>1 of real numbers is said to be subadditive if it satisfies

Untm < Up + Uy

foralln,m > 1.

Example 6.2.1 The sequences ()1, (v/M)n>1, (1 + (—=1)");>1, and (—nz)nzl are
all subadditive.

Example 6.2.2 Let a, b, ¢ be non-negative real numbers. If the sequences (u,),>1
and (v,),>1 are subadditive, then the sequence (a 4 bu, + cv,)n>1 is subadditive.

Proposition 6.2.3 (Fekete’s lemma) Let (u,)n>1 be a subadditive sequence of real
numbers such that u, > 0 for all n > 1. Then the sequence (v,)n,>1 defined by

Up .
Uy i= — IS Convergent. MOrEOVeT; one has
n

lim v, = inf v,. 6.2.1)
n—oo n>1

Proof Let n and k be integers such that n > k > 1. Then there are unique integers
g > landr e {1, ..., k} such that n = gk 4 r. The subadditivity of the sequence
(u,) gives us

u Up +u u u u
vy = qk+r§‘1k riqk+_r=vk+_r’
n n qk n n
which implies
max(uy, ..., ux)
vy S v —m8M8M8M8M.
n

By letting n tend to infinity, we deduce that

limsup v, < vk
n—0o0

for all kK > 1. Consequently, we have that

limsupv, < X := inf v,. (6.2.2)
n—00 n>1

A < liminf v, < limsup vy,
n—0oo n— 00

it follows from inequality (6.2.2) that
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lim sup v, = liminf v, = A.
n— 00 n—oQ

This shows that the sequence (v, ) converges to \. ]

Example 6.2.4 Let X be a non-empty compact metrizable space. Then X" is also
compact and metrizable for any n > 1. As X" embeds as a closed subset of X" ! =
X" x X for any n, the sequence (dim(X")),>; is non-decreasing. Moreover, if
dim(X) < oo, it follows from Corollary 4.5.6 that (dim(X")),> is a subadditive
sequence of non-negative integers. The limit

. . dim(X™)
stabdim(X) := lim ———

n— 00 n

is called the stable topological dimension of X. In the case where X is a com-

pact metrizable space with dim(X) = oo, we put stabdim(X) = oco. We have that
dim(X"
stabdim(X) = inf,> w by (6.2.1). In particular, we always have
n

stabdim(X) < dim(X). (6.2.3)

Note that this inequality is in fact an equality when X is a polyhedron by
Corollary 3.5.11.

Remark 6.2.5 1f (u,) is a subadditive sequence of real numbers of arbitrary sign, it
may happen that the sequence (u—n) is divergent. For example, the sequence u, =
n

. .. . Up
—n? is subadditive but one has lim,_, oo — = —00.
n

6.3 Definition of Mean Topological Dimension

Let X be a topological space and 7: X — X a continuous map.
Denote by Idy the identity map on X. The iterates of T are the maps 7" : X — X,
n € N, inductively defined by 70 .= Idx and Tl .= T o T" for all n € N. Thus,
we have
T"=ToTo---0oT

n times

forall n € N.
Let « be a finite open cover of X. For each integer n > 1, define the finite open
cover w(a, T, n) of X by

n—1
w, T,n)i=aVvVT ) VT 2()Vv---vT " () = \/ T ),
k=0
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and let
D(a, T,n) := D(w(a, T, n)).

Proposition 6.3.1 Let X be a normal space, T: X — X a continuous map, and o
a finite open cover of X. Then the sequence (D(c, T, n)),>1 is subadditive.

Proof Let n and m be positive integers. Then, by Proposition 6.1.1, we have that

n+m—1
wa., Ton+my = \/ T
k=0

n—1 n+m—1
(\/ T_k(a)) \/( \/ T_k(a))
k=0 k=n
n—1 m—1
= (\/ T_k(a)) vTT" ( \/ T—k(a))
k=0 k=0

=w(a, T,n) v T " (w(a, T,m)).

As X is normal, we can apply Proposition 6.1.5. We deduce that

D(a, T,n+m) = D(w(oz, T,n+ m))
= D(w(a, T,n)vT "w(,T, m)))
< D(w(a,T,n) + D(T " (w(a, T, m))),

which implies, by using Proposition 4.4.2,

D(a,T,n+m) < D(w(a, T, n)) + D(w(a, T, m))
=D(a,T,n)+ D(a, T, m).

Consequently, the sequence (D(c, T, n)),>1 is subadditive. U

Let X be anormal space and 7: X — X acontinuous map. Let « be a finite open
cover of X. By Propositions 6.3.1 and 6.2.3, the limit

. D(a,T,n)
D, T):= lim ——— (6.3.1)

n—oo n
exists and is finite.

Definition 6.3.2 Let X be a normal space and 7: X — X a continuous map.
The mean topological dimension of the dynamical system (X, T') is the quantity
mdim(X, T') defined by
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mdim(X, T) :=sup D(a, T) € [0, o],
«

where « runs over all finite open covers of X and D(«, T) is the non-negative real
number defined by formula (6.3.1).

Example 6.3.3 Take as T: X — X the identity map. Let « be a finite open cover
of X. Then w(a, T,n) = a VvV --- VvV « for every n. As w(a, T,n) > o and o >
w(a, T, n), we deduce from Proposition 1.1.14 that D(«, T, n) = D(«). It follows
that D(«, T) = 0. Thus we have that mdim(X, T') = 0.

Remark 6.3.4 Examples of dynamical systems with positive mean topological
dimension will be given in Sect.7.2.

6.4 General Properties of Mean Topological dimension

Let X and X’ be topological spaces.Let T: X — X and T’: X’ — X’ be continuous
maps. The dynamical systems (X, T') and (X', T’) are called topologically conjugate
if there exists a homeomorphism #: X — X’ such that 7/ = h o T o h™!. One
then says that the homeomorphism i conjugates T and T'. Note that the equality
T'"=hoToh isequivalenttoh o T = T’ o h, i.e., to the commutativity of the
following diagram:

X —— X
T/
Mean topological dimension is an invariant of topological conjugacy. More pre-
cisely, we have the following statement:

Proposition 6.4.1 Let X and X' be normal spaces. Let T: X — X and T': X' —
X' be continuous maps. Suppose that the dynamical systems (X, T) and (X', T') are
topologically conjugate. Then one has mdim(X, T) = mdim(X’, T').

Proof Let h: X — X’ be a homeomorphism that conjugates T and T'. Let o be a
finite open cover of X’ and a := h~!(a/). Ash o T = T’ o h, the homeomorphism
h sends w(a, T, n) to w(a’, T', n) for every n > 1. It follows that D(a, T, n) =
D(c/, T', n) for all n and hence D(a, T) = D(c/, T’). Since o +> «a provides a
bijective correspondence between the finite open covers of X’ and those of X, we
deduce that mdim(X, T) = mdim(X’, T"). O

Proposition 6.4.2 Let X be a normal space and T: X — X a continuous map.
Then one has
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mdim(X, T") = nmdim(X, T)

for every integer n > Q.

Proof Let o be a finite open cover of X. For every integer k > 1, the cover
w(a, T, kn) =aVv T ) vT 2(@) Vv .- v T ()
is finer than the cover
W, T k) =av T (@) VT (@) V.- v T ).
Thus, it follows from Proposition 1.1.4 that
D(a, T, kn) > D(a, T", k),

which implies

D(a, T,k . D(a, T", k
nD(e.T) = lim 2 Tkm ) D@TLO b ),
k—00 k k— 00 k
We deduce that
nmdim(X, T) > mdim(X, T"). (6.4.1)

On the other hand, by Proposition 6.1.1, we have that
w(a, T, kn) = w(a, T,n) vV T "(w(a, T,n) V- v T~ D (a, T, n)),
that is, by setting § := w(a, T, n),
w(a, T, kn) =w(B, T", k).

We then get
nD(a, T) = D(3, T") < mdim(X, T"),

and hence
nmdim(X, T) < mdim(X, T"). (6.4.2)

Inequalities (6.4.1) and (6.4.2) imply that
mdim(X, T") = nmdim(X, T). O
Corollary 6.4.3 Let X be anormal space andlet T : X — X be a homeomorphism.

Then one has
mdim(X, T") = |n|mdim(X, T) (6.4.3)
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foralln € Z.

Proof This follows directly from Proposition 6.4.2 if n > 0. Therefore, it suffices
to verify Formula (6.4.3) for n = —1. For every finite open cover a of X and every
integer kK > 1, we have that

wlo, T7V k) = TF Yw(a, T, k).
As T¥1is a homeomorphism, we deduce that D(«, T k) = D(a, T, k) for
all k > 1. This implies D(o, T~') = D(a, T). It follows that mdim(X, 7~!) =
mdim(X, T). O

Proposition 6.4.4 Let X be a normal space with dim(X) < oo. Let T: X — X be
a continuous map. Then one has

mdim(X, T) = 0.

Proof For every finite open cover a of X, we have that D(a, T, n) < dim(X) by
definition of dim(X). As dim(X) < oo, we deduce that

. D(a,T,n)
D(a, T) = lim ————= =0.
n—oo n
Thus, we have that
mdim(X, T) = sup D(a, T) = 0. O
[0}

Let X be a topological space and T: X — X a continuous map. A subset ¥ C X
is called T-invariant if it satisfies T(Y) C Y. If Y C X is T-invariant, then T
induces by restriction a continuous map T'|y: ¥ — Y given by T'|y(y) = T (y) for
ally e Y.

Recall from Proposition 1.5.6 that every closed subset of a normal space is itself
normal.

Proposition 6.4.5 Let X be a normal space and let T: X — X be a continuous
map. Let Y C X be a closed (and hence normal) T -invariant subset of X. Then one
has

mdim(Y, T|y) < mdim(X, T).

Proof Let o = (U;);es be a finite open cover of Y. For each i € I, we can find
an open subset V; of X such that U; = V; N Y. Consider the finite open cover
B of X defined by 3 := (Vj)ie; U (X \ Y). Let v = (W;)es be a finite open
cover of X that is finer than w(3, T, n). Then v/ := (W;NY)jey is clearly a finite
open cover of Y that is finer than w(a, T|y,n) and we have ord(y/) < ord(v)
(cf. the proof of Proposition 1.2.1). It follows that D(«, T'|y,n) < D(G, T, n) for
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all n > 1. This implies D(«, T|ly) < D(3,T) < mdim(X, T). We deduce that
mdim(Y, T'|y) = sup, D(a, T|y) < mdim(X, T). O

Remark 6.4.6 Inthe sequel, when Y is a T'-invariant subset, we will sometimes write
by abuse T instead of T'|y if there is no risk of confusion.

Corollary 6.4.7 Let X be a compact space and Y a normal Hausdorff space. Let
T:X — Xand S: Y — Y be continuous maps. Suppose that there exists an
injective continuous map f: X — Y such that f oT = S o f. Then one has
mdim(X, 7) < mdim(Y, S).

Proof It follows from our hypotheses that Z := f(X) is a closed S-invariant subset
of Y ant that f induces a topological conjugacy between (X, T') and (Z, S|z). Thus,
we have that

mdim(X, T) = mdim(Z, S|z) < mdim(Y, §)

by virtue of Propositions 6.4.1 and 6.4.5. (]

6.5 Metric Approach to Mean Topological Dimension

In this section, (X, d) is a compact metric space and 7: X — X a continuous map.
Letn > 1 be an integer. For all x, y € X, define d, (x, y) by

dn(x,y) = dy (x,) 1= max_d(T*(), T* ().

Clearly d,, is a metric on X.
Proposition 6.5.1 The metric d,, defines the same topology as d on X.

Proof We have thatd(x,y) < d,(x,y) forall x, y € X. Therefore, the identity map
(X, d,) — (X, d) is continuous. On the other hand, the continuity of 7: (X, d) —
(X, d) implies that, if (y;) is a sequence of points of X such that the sequence d(x, y;)
converges to 0, then the sequence d, (x, y;) converges also to 0. Consequently, the
identity map (X, d) — (X, d,) is continuous. O

By Proposition 4.6.2, we have that dim. (X, d,) < coforalle > Oandn > 1.

Remark 6.5.2 As d, < d,4 for all n > 1, we deduce from Corollary 4.6.4 that, if
we fix € > 0, then the sequence (dim. (X, d,;)),>1 is non-decreasing.

Proposition 6.5.3 Let ¢ > 0. Then the sequence (u,),>1 defined by
u, = dim.(X, dy,)

is subadditive.
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Proof Let n and m be positive integers. Let K be a compact metrizable space such
that there exists a continuous map f: X — K that is e-injective for the metric
d,. Let L be a compact metrizable space such that there exists a continuous map
g: X — L that is e-injective for the metric d,,. Then the map F: X — K x L
defined by F(x) = (f(x), g(T"(x))) is clearly continuous and e-injective for the
metric dy 4+, We deduce that dim: (X, dy4,) < dim(K x L) since K x L, being the
product of two compact and metrizable spaces, is itself compact and metrizable. As
dim(K x L) < dim(K) + dim(L) by Corollary 4.5.6, this implies dim: (X, d; ;) <
dim(K) + dim(L) and hence

dim: (X, dyqm) < dim.(X, dy,) + dim (X, dy).

Consequently, the sequence (u,,) is subadditive. O

For every € > 0, we define the real number mdim. (X, d, T) > 0 by

dim. (X, d
mdim, (X, d. T) = lim e dn)

n— 00 n

€ [0, ool.

The above limit exists and is finite by Propositions 6.2.3 and 6.5.3. For a fixed
n, the map ¢ — dim.(X, d,) is non-increasing. It follows that the map ¢ +—
mdim. (X, d, T) is also non-increasing. We deduce that mdim. (X, d, T') has a (pos-
sibly infinite) limit as ¢ tends to 0.

Theorem 6.5.4 Let (X, d) be a compact metric space and let 7: X — X be a
continuous map. Then one has

mdim(X, T) = lir% mdim. (X, d, T).
E—>

Proof Consider a finite open cover « of X. Let A > 0 be a Lebesgue number of «
relative to the metric d. We claim that

D(a, T, n) < dimy(X, dy) (6.5.1)

for every n > 1.

Indeed, consider a compact metrizable space K such that there exists a continuous
map f: X — K that is A-injective relatively to the metric d,. Let y € K. As f is
A-injective relatively to d,,, the d-diameter of T*( f -1 (v)) is less than or equal to A
for every integer k such that 0 < k < n — 1. As A is a Lebesgue number of the cover
a, it follows that f~!(y) is entirely contained in one of the elements of the cover

(U(O[, T, }’l) =aV Tﬁl(a) \VEAV T*”H’l(a).

By applying Lemma 4.5.3, we deduce that f is w(a, T, n)-compatible. Therefore,
by using Proposition 4.4.5, we obtain
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D(a, T,n) = D(w(a, T, n)) < dim(K),
which yields (6.5.1).
Inequality (6.5.1) implies

D(a, T, . dimy(X. d, .
DTy = lim 2Ty MK d) o imy (X, 4. T).
n

— 00 n n—od n

As the map € — mdim. (X, d, T) is non-increasing, we deduce that

D(a, T) < lim mdim.(X,d, T),
e—0

and hence, by taking the upper bound over «,

mdim(X, 7) < lim mdim.(X, d, T).
e—0

To complete the proof, it suffices to establish that

lirr}) mdim.(X,d, T) < mdim(X, T). (6.5.2)
E—>

Let ¢ > 0. Consider the open cover of X by its open d-balls of radius £/2. By
compactness of X, it admits a finite subcover «v. Let n be a positive integer. Consider
the finite open cover w(«, T, n). By Proposition 4.4.6, we can find a polyhedron
P such that dim(P) = D(«a, T, n) and a continuous w(«, T, n)-compatible map
f:X — P.Lety e P.As fisw(a, T, n)-compatible, the set £~!(y) is contained
in one of the open sets of the cover w(a, T, n). Consequently, for each integer k such
that 0 < k < n — 1, the set T7%(f~1(y)) is contained in one of the open balls of
radius €/2. Thus, the map f is e-injective for the metric d,,. As P is compact and
metrizable, we deduce that

dim. (X, d,) < dim(P) = D(a, T, n).

We then get

dim. (X, d, _ D(.T,
mdim.(X.d. T) = fim 9me@odn) o D@lon) b,
n

—> 00 n n—oo n

Since D(«, T) < mdim(X, T), we obtain
mdim.(X,d, T) < mdim(X, T),

which yields (6.5.2) after letting € tend to 0. (I
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Notes

Subadditivity plays an important role in many branches of pure and applied math-
ematics. Fekete’s lemma (Proposition 6.2.3), which is named after Fekete (cf. [35,
Satz 2] and also [90, p. 198]) has been generalized in various directions. For ex-
ample, it is known [63, Theorem 16.2.9] that if f is a measurable subadditive real-
valued map on R" then, for every x € R”", the function g(t) := f(fx)/t admits
inf;~0g(t) € RU {—oc} as a limit as ¢ tends to infinity.

There exist compact metrizable spaces X for which Inequality (6.2.3) is strict. Ac-
tually, Boltyanskii [15, 16] gave examples of compact metrizable spaces X satisfying
dim(X) = 2 and dim(X x X) = 3. For such a space X, we have that stabdim(X) <
3/2 < dim(X). Since the inequality dim(X x Y) < dim(X) + dim(Y) remains
valid whenever X and Y are compact Hausdorff or metrizable (see the Notes on

1 n
Chap. 4), the limit lim,,_, % exists and thus the definition of stabdim(X)
may be extended to the case whgln X is compact Hausdorff or metrizable.

Mean topological dimension was introduced by Gromov [44] for studying dy-
namical properties of certain spaces of holomorphic maps and complex varieties.
It was used by Lindenstrauss and Weiss [74] to answer in the negative a question
that had been raised by Auslander (see Chap.8). The paper by Lindenstrauss and
Weiss contains many other important results about mean topological dimension. It
is shown in particular in [74] that if T is a homeomorphism of a compact metrizable
space X such that (X, T') is uniquely ergodic or has finite topological entropy, then
mdim(X, 7)) = 0 (cf. Exercise 6.11 for the definition of topological entropy).

Exercises

6.1 Let a be a real number such that 0 < a < 1. Show that the sequence (n),>1
is subadditive.

6.2 Let C be a positive real number. Show that the sequence (log(C + n)),>1 is
subadditive.

6.3 Let T: X — X be amap from a set X into itself and let F be a finite subset of
X. For each integer n > 1, let u,, denote the cardinality of the set

n—1
FUT(FH)UT>(FH)U---UT" Y(F) = U TE(F).
k=0

(a) Show that the sequence (u,),>1 is subadditive.
(b) Show that the sequence (v,),>1, defined by v, := up41 —u, foralln > 1,
is non-increasing.
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(c) Show that there exist integers o > 0 and ng > 1 such that v, = « for all
n > ngp.

u
(d) Show that lim,_, s — = a.

n

6.4 Let S be a semigroup, i.e., a set equipped with an associative binary operation.

Let A be a non-empty subset of S. For n > 1, denote by =, the number of
elements s € § that can be written in the form s = ajay...a;r withk < n
and @; € A forall 1 <i < k. Show that the sequence (u,),>1 defined by
u, := log~, is subadditive.

6.5 Let (u,),>1 be a subadditive sequence of real numbers. Show that if the se-
Uy . . Up

quence (—) is not convergent then one has lim,,_, oo — = —00.

n

n
6.6 Let (4,),>1 be a sequence of real numbers. Suppose that there exists a real
number C such that
Upim < Uy + Uy +C

for all n, m > 1. Show that the sequence (u, + C) is subadditive. Deduce that
the sequence (—) either is convergent or has —oo as a limit.
n

6.7 (Translation number). Let f: R — R be a homeomorphism such that f(x +
k) = f(x) +kforallx € Rand k € Z. Let x € R. Show that the limit

7(f) = lim %)

n—oo n

exists and is finite and that this limit does not depend on the choice of the point
x € R. Hint: first observe that f is increasing and then prove that the sequence
(f"(0) + 1),,>1 is subadditive.

6.8 Let G be a group. A map ¢: G — R is called a quasi-homomorphism if
the map (g1, g2) > q(g9192) — q(g91) — g(g2) is bounded on G x G. Let
q: G — R be a quasi-homomorphism.

n

q(g")

(a) Let g € G. Show that the sequence (
n
(b) Consider the map goo: G — R defined by

) is convergent.

goo(g) = tim 197

n—oo n

Show that g is a quasi-homomorphism.
(c) Show that goo(¢") = ngoo(g) and goo(h ™ gh) = goo(g) foralln € Z and
g, h €G.

6.9 Amap f: [0, 00) — Ris called subadditive if it satisfies f(x +y) < f(x) +
f(y) forall x, y € [0, 00).

(a) Let f:[0,00) — R be a continuous subadditive map. By adapting the
proof of Proposition 6.2.3, show that the map g: (0, c0) — R defined by
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fx)

g(x) := —— has a limit A € RU {—o00} as x — oo and that one has

A =inf,.q g(x)'

(b) Recall that a map f: [0, co) — R is called concave if it satisfies f((1 —

Hx +ty) > 1 —1t)f(x)+tf(y) foral x,y € [0,00) and ¢ € [0, 1].
Show that a concave map f: [0, oc0) — R is subadditive if and only if

f©0) =0.

(c) Show that there exists a non-linear map f: R — R suchthat f(x +y) =

(d) Show that if f is as in the previous question then

f(x)+ f(y) forall x, y € R. Hint: use the fact that R, viewed as a vector
space over the field QQ, admits a base.

J )

has no limit as

X
x — 00. (This shows that the hypothesis that f is continuous cannot be
removed in the first question.)

6.10 Let X be a normal space and 7: X — X a continuous map. Let « and 3 be
finite open covers of X. Show thatone has D(aVv 3, T) < D(a, T)+D(5, T).
6.11 Let X be a non-empty topological space and T: X — X a continuous map.
Given a finite open cover a = (U;);es of X, denote by N(a) the smallest
integer k > 1 such that there exists a subset o C [ with cardinality & satisfying

Uie]o Ui =X.

()
(b)

(©)

(d)

Let « and 3 be finite open covers of X. Show that N (aV 3) < N(a)N (D).
Let o be a finite open cover of X and f: X — X acontinuous map. Show
that N(f~'(a)) < N(o).

Let « be a finite open cover of X. Given an integer n > 1, let

n—1

w(a, T,n) = \/ T_k(a).

k=0

Show that the limit

log N (w(a., T.
Hiop(X. T, ) i= lim —2 W, T,n)

n—o00 n

exists and is finite. Hint: observe that the sequence (log N (w(av, T, n)))n>1
is subadditive.
The quantity
hiop(X, T) :=sup Hyop(X, T, ),
«

where « runs over all finite open covers of X, is called the topological
entropy of the dynamical system (X, 7).

Let Y be a topological space and S: Y — Y a continuous map. Suppose
that there exists a surjective continuous map f: ¥ — X suchthat fo S =
T o f. Show that one has h;p (X, T) < hyp(Y, S).
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6.12

6.13

6.14

6.15

6.16

Let X be a normal space and 7: X — X a constant map. Show that
mdim(X, T) = 0.

Let (X, d) be a compact metric space and 7: X — X a map satisfying
d(T(x), T(y)) <d(x,y)forall x,y € X. Show that mdim(X, T) = 0.
Let X and X, be compact metrizable spaces.Let 77 : X1 — XjandT>: X» —
X» be continuous maps. Consider the product map

Ti xTr: X1 x Xo —> X1 x X
defined by T x Tz (x1, x2) := (T1(x1), T2(x2)). Show that
mdim(X; x X5, T1 x Tb) < mdim(X1, T1) + mdim(X», 75).

Hint: use Theorem 6.5.4 and the result of Exercise 4.7.
Let X and Y be compact metrizable spaces. Let T: X — X be a continuous
map. Show that

mdim(X x Y, T x Idy) = mdim(X, T).

Let (X, d) be a compact metric space and let 7: X — X be a continu-
ous map. For n > 1, let d, be the metric on X defined by d,(x,y) =
maxo<k<n—1 d(T*(0), TX(y)).

(a) (cf. Exercises 4.11 and 3.11). Let € > 0. Show that the sequence
(WldlmE (X, dn))nzl

is subadditive.
(b) Show that the limit

Widim. (X, d,,)

mWidim.(X,d, T) := lim
n—00 n

exists and is finite.
(c) Show that
mdim(X, T) = lir% mWidim. (X, d, T).
E—>



Chapter 7
Shifts and Subshifts over Z

In this chapter, we introduce the shift map o: K Z — KZ on the space of bi-infinite
sequences of points in a topological space K . We prove that mdim (K Z o) < dim(K)
whenever K is compact and metrizable (Theorem 7.1.3) and that equality holds if K
is a polyhedron (Corollary 7.2.3). In the last section, we prove the existence, for any
real number 0 < \ < 1, of a closed shift-invariant subset X C [O, 1]Z with mean
topological dimension mdim(X, 0) = A (Theorem 7.6.2). As an application, we
show that mean topological dimension can take any value in [0, oo] (Corollary 7.6.5).

7.1 Shifts

Let K be a topological space. Consider the set K Z formed by all bi-infinite sequences
(xi);ez, of points of K. We equip K% = [1;c7z K with its product topology (i.e., the
coarsest topology for which the projection map K% — K given by x — x; is
continuous for every i € Z). Themap o = og: K Z _ KZ that sends the sequence
x = (x;) € KZ to the sequence o(x) := (y;), where y; = x;41 foralli € Z
is called the shift map on KZ. Clearly o is a homeomorphism of K Z with inverse
ol KZ — KZ given by o~ (x) = (z;), where z; = x;_; for all i € Z. The
dynamical system (K%, o) is called the full shift, or simply the shift, over Z with
symbol space K.

Our goal is to evaluate the mean topological dimension mdim (K Z o) of this
dynamical system. Recall that mdim (X, 7') has been only defined in the case when
the ambient space X is normal. The following example shows that it may happen
that K is normal and K7 is not.

Example 7.1.1 The Sorgenfrey line S is normal by Corollary 5.5.3 but its square
S x S is not by Proposition 5.5.9. As S x S clearly embeds as a closed subset of SZ,
it then follows from Proposition 1.5.6 that SZ is not normal.

Note however that if K is metrizable then K Z is also metrizable and hence normal
by Proposition 1.5.3. Indeed, the product of a countable family of metrizable spaces
© Springer International Publishing Switzerland 2015 123
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is metrizable. To see this in our particular setting, suppose that K is a metrizable
space and let d be a metric on K that is compatible with the topology. As the metric
min(1, dg) is also compatible with the topology, we may assume that dx is bounded.
Then one easily verifies that the metric d on K%, given by

— di (xi, i
dx.y)= > % (7.1.1)

1=—00

forall x = (x;),y = (y;) € K%, is compatible with the topology on K%. Another
class of topological spaces for which K% is normal whenever K is in the class is that
formed by compact Hausdorff spaces. Indeed, any product of compact Hausdorff
spaces is itself a compact Hausdorff space and hence normal by Proposition 1.5.4.
Thus, the mean topological dimension mdim (K Z_ o) is well defined if K is a metriz-
able space or a compact Hausdorff space.

Example 7.1.2 Let K be a compact Hausdorff space or a separable metrizable space
such thatdim(K') = 0 (e.g., anon-empty finite set with its discrete topology or a space
homeomorphic to the Cantor ternary set). As dim(K%) = 0 by Corollaries 2.4.24
and 2.4.28, we deduce from Proposition 6.4.4 that mdim (K Z, o) =0.

Recall that the stable topological dimension of a non-empty compact metrizable
space K is the quantity

. . dim(K™) . dim(K")
stabdim(K) = lim = 1nf1 € [0, oo].
n—00 n n> n

(see Example 6.2.4).
Theorem 7.1.3 Let K be a non-empty compact metrizable space. Then one has
mdim(K%, o) < stabdim(K) < dim(K). (7.1.2)

Proof Letdk be ametric on K compatible with the topology and consider the metric
d on K% defined by Formula (7.1.1) (observe that d is bounded by compactness of
K). Fix some € > 0. Let 4 := diam(K) and choose an integer r > 0 such that

]

— < E.
or—1

Let n > 1 be an integer and d,, the metric on K% defined by

dy(x,y) i=  max_ d(o"(x), 0" ().
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Consider the continuous map f: K Z _, g2rtn given by

Jx) = (X—ps Xepp 15 -+ Xpn—1)

forall x = (x;) € KZ.

Let x = (x;) and y = (y;) be two sequences in KZ such that f(x) = f(y). This
means that x;4y = yjqg foralli € {—r,...,r}and k € {0,...,n — 1}. In other
words, for any k € {0, ..., n— 1}, the terms with index i of the sequences ok (x) and
o*(y) coincide if i € {—r, ..., r}. We deduce that

1)
2r—1

— &
do* ). o* () =2 3 =
i=r+1

<Eg,

for every k € {0,...,n — 1}. This implies d,(x, y) < e. Consequently, f is e-
injective with respect to the metric d,,. As K>+ is a compact metrizable space, we
deduce that

dim. (K%, d,) < dim(K¥ ™). (7.1.3)

This yields

dim.(K%,d
mdim. (K%, d. o) = fim Sme(KT dn)

n— 00 n

) dim(K2r+n)
lim ——

n—oo n
. dim(K? )
= lim ———=
n—oo  2r+n
= stabdim(K),

and hence, by using Theorem 6.5.4,

mdim(K%, o) = lim mdim.(K?%, d, o) < stabdim(K) < dim(K). 0
E—>

7.2 Shifts on Polyhedra

The following result provides examples of dynamical systems with finite positive
mean topological dimension.

Theorem 7.2.1 Let N € N and let K := [0, 11V be the N-dimensional cube. Then
one has

mdim(K%, o) = N.
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Proof We have that mdim(KZ, 0) < dim(K) by Theorem 7.1.3. As dim(K) = N
by Theorem 3.5.4, it only remains to establish the inequality

mdim(K%, o) > N.

Let dx be the metric on K associated with the sup-norm | - ||ooc on R" and d the
metric on KZ defined by Formula (7.1.1).
Observe that
dk (x0, yo) < d(x,) (7.2.1)

forall x = (x;), y = (y;) € KZ.
Let n > 1 be an integer. Consider the metric d,, on K Z Jefined by

dy(x,y):= max d(ak(x), Uk(y)).

0<k<n-—1
Inequality (7.2.1) yields

max ldK(Xk, Vi) < dp(x,y) (7.2.2)

0<k<n—
forallx, y € KZ.

Consider now the topological embedding ¢: K" — K7 that sends each u =
(uy,...,u,) € K™ to the sequence (x;) € KZ defined by

Uil if0<i<n-—1,
X, =
' 0 otherwise.

Denoting by p the metric induced by the sup-norm || - [|oo on K" = [0, 11"V ¢ RV,
Inequality (7.2.2) implies

p(u, v) < dyp(pu), p(v))
for all u, v € K". By applying Proposition 4.6.3, we deduce that
dim. (K", p) < dim-(K”, dy)
forall e > 0. As dim. (K", p) = nN for all ¢ < 1 by Proposition 4.6.5, we obtain
nN < dim.(K%, d,)

for all ¢ < 1. Consequently, we get

dim. (K%, d,
mdim(KZ.d, o) = lim Sme&Zd)

n— 00 n

N
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for all € < 1. By applying Theorem 6.5.4, we deduce that
mdim(KZ%, o) = lim mdim.(K%,d, o) > N.
e—0

This shows (7.2). O

Corollary 7.2.2 Let N € N and let K be a metrizable or compact Hausdorff space
such that there exists a subset A C K that is homeomorphic to the N-cube [0, V.
Then one has mdim(KZ, o) > N.

Proof The subset AZ  KZisclosed and o-invariant. It follows that mdim(K z ,0) >
mdim(AZ, o) = N by Proposition 6.4.5. ]

Corollary 7.2.3 Let P be a polyhedron. Then one has
mdim(PZ, ) = dim(P).

Proof Let N := dim(P). Since every polyhedron is compact and metrizable, we have
that mdim(P%, o) < N by Theorem 7.1.3. As P is a polyhedron, we can find n € N
and a simplicial complex C of R” such that P is homeomorphic to |C|. We know
that the combinatorial dimension of C is equal to N by Corollary 3.5.5. Therefore,
the complex C contains an N-simplex. This shows that we can find a subset A C P
that is homeomorphic to [0, 11V. Thus, mdim(PZ, o) > N by Corollary 7.2.2. 0O

Corollary 7.2.4 Let K = [0, 1]N be the Hilbert cube. Then one has
mdim(KZ, 5) = 0o

Proof The subset A C K consisting of all (#,),cn € K such that u, = 0 for all
n > N is homeomorphic to [0, 11V, Thus, we deduce from Corollary 7.2.2 that
mdim(KZ%, o) > N forall N € N. O

7.3 Mean Projective Dimension of Subshifts
Let K be a topological space. Consider the shift map o: K% — K%. A subset
X C K% s called a subshift if X is a closed subset of K% and o(X) =

Example 7.3.1 Let A := {0"(x) | n € Z} denote the o-orbit of a point x € K Z.
Then its closure X = A is a subshift of KZ. This subshift is called the orbit closure
of x.

Example 7.3.2 The intersection of any family of subshifts of K Z is itself a subshift
of KZ.

Example 7.3.3 Any finite union of subshifts of KZ is itself a subshift of KZ.
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For each integer n > 1, we denote by w, the projection map from K Z on K™
defined by
Wy (x) 1= (X0, X1, ..., Xp—1) (7.3.1)

forall x = (x;) € KZ.

Proposition 7.3.4 Let K be a compact metrizable space with topological dimension
dim(K) < oo. Let X C K% be a non-empty subshift. Then the sequence Un)n=>1
defined by u,, := dim(w, (X)) is subadditive.

Proof Let n and m be positive integers. As X is o-invariant, we have that
Wym (X) C wp(X) X wy(X) C K" x K™ = K",
By applying Proposition 1.2.1 and Corollary 4.5.6, we deduce that
dim(wp4m (X)) < dim(w, (X)) + dim(wy, (X)),

which shows that the sequence (u,) is subadditive. [l

Suppose that K is a compact metrizable space with topological dimension
dim(K) < oo and that X C KZ is a non-empty subshift. As w,(X) C K", we
have that dim(w, (X)) < ndim(K) < oo for all n > 1. Thus, it follows from
Propositions 7.3.4 and 6.2.3 that the limit

di X
prodim(X) = lim Smn(X)) (1.3.2)
n—00 n
exists and is finite. One says that prodim(X) is the mean projective dimension of the
subshift X. Note that
. . z . dim(K") . .
prodim(X) < prodim(K“) = lim ————— = stabdim(K) < dim(K),
n—oo n

since w, (X) C K" for all n.

It turns out that the mean projective dimension of a subshift X C K Z yields an
upper bound for the mean topological dimension of the dynamical system (X, o).
More precisely, we have the following result, which extends Theorem 7.1.3.

Theorem 7.3.5 Let K be a compact metrizable space with dim(K) < oo and X C
KZa non-empty subshift. Then one has

mdim(X, o) < prodim(X).

Proof Using the notation introduced in the proof of Theorem 7.1.3, the map
f: K Z _ K2+ induces by restriction a continuous map g: X — w4, (X).
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As f is e-injective with respect to the metric d,,, the same is true for g. Therefore we
have that

dim: (X, d,) < dim(wz,4,(X)).

By using the result of Proposition 7.3.4, we deduce that

dim. (X, dy) < dim (w2, (X)) + dim(w, (X)),

and hence
dim.(X, d
mdim_ (X, d. o) = lim Sme(X: dn)
n—oo n
di X
< lim M = prodim(X).
n—o00 n
Finally, we get
mdim(X, ) = lim mdim. (X, d, o) < prodim(X). 0
e—0

7.4 Subshifts of Finite Type

Let K be a topological space. Let ¢ > 0 be an integer and L a closed subset of K9.
Consider the subset X ¢ KZ consisting of all sequences (x;) € K Z such that

(-xkv X415 e v xk+q—l) €L
for all k € Z. Note that

X ={xeK?| wy(c*(x)) € Lforallk € Z}
= ﬂ o *w (L),

keZ

where w, : K Z _ K4 is the projection map defined by (7.3.1).
Clearly X is a subshift of K Z_ One says that X is the subshift of finite type
associated with the pair (g, L). One also says that (g, L) is a defining law for X.

Proposition 7.4.1 Let K be a compact metrizable space with dim(K) < oo. Let
q > 0 be an integer and L a non-empty closed subset of K9. Let X C K Z denote
the subshift of finite type with defining law (q, L). Then one has

stabdim (L) _ dim(L)
— q .

prodim(X) < (7.4.1)
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Proof As wy,(X) C L" for every n > 1, we have that

d X)) _1 . dim(L") _ stabdim(L
prodim(X) = lim M < — lim im(L") _ sta im( ).
n—00 qn g n—>00 n q
This yields (7.4.1) since stabdim(Y) < dim(Y) for any compact metrizable
space Y. o

Example 7.4.2 Let K be a non-empty polyhedron and ¢ > 1 an integer. Take L =
K4. The subshift of finite type X C K% with defining law (g, L) it the full shift
K”. By applying Corollaries 7.2.3 and 3.5.10, we see that we have the equalities

. . dim(L) .
mdim(X, o) = prodim(X) = = dim(K).

Example 7.4.3 Take K = [0,1],¢ = 2 and L = [0, 1] x {0} C [0,1]*> = K9.
The subshift of finite type X C K% with defining law (g, L) is reduced to the
identically-zero sequence. In this case, we have that

tabdim(L)  dim(L) 1
mdim(X, o) = prodim(X) = 0 < SAodim(L) _ dim(Z) _ >
q q

7.5 Subshifts of Block-Type

Let K be a topological space. Let ¢ > 1 be an integer and B a closed subset of K9.
Define the subset Xo C KZ by

Xo = {x = (xi)iez € K | (Xkg» Xkg+1» -+ > Xkg+q—1) € B forall k € Z}.

(7.5.1)

Clearly X is o7-invariant. Observe that

Xo={x € KZ| wy(c*(x)) € B forall k € Z)
=)o w, (B).
keZ

This shows that X is the intersection of closed subsets of K% and hence closed in

KZ.

Proposition 7.5.1 The dynamical system (X, o) is topologically conjugate to the

shift on BZ.

Proof Consider the map ¢: Xo — BZ that sends each x = (xi)iez € Xo to the

sequence y = (Yx)kez € BZ defined by

Yk = (Xkg» Xkg+1s - -+ » Xkg+q—1)
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forall k € Z. Clearly ¢ is a homeomorphism from X, onto BZ and satisfies po o4 =
o o . Thus, ¢ conjugates the dynamical systems (X, 07) and (B%, op). O

Consider now the subset X C K% defined by
X ={xe KZ | there exists k € Z such that Jk(x) € Xo}.

In other words, the set X consists of all sequences x € K Z that can be obtained by
concatenating elements of B. It is clear from this characterization of the elements of
X that X is o-invariant. On the other hand, since

x= |J oo,

0<m<g—1

the set X is a finite union of closed subsets of KZ and hence closed in KZ. Conse-
quently, X is a subshift of K%. One says that X is the subshift of block-type of K%
associated with the pair (g, B).

Proposition 7.5.2 Let K be a compact metrizable space with dim(K) < oo, g > 1
an integer, and B a non-empty closed subset of K9. Let X C K Z denote the subshift
of block-type associated with (q, B). Then one has

stabdim(B) _ dim(B)
=T,

mdim(X, o) < prodim(X) = (7.5.2)

Proof For every n > 1, we have that

B"Cwm(X)c |J K"xB"'xK™
O0<m=g-1
By applying Corollaries 1.2.6 and 4.5.6, we deduce that
dim(B") < dim(wg, (X)) < dim(B"™") + g dim(K).
After dividing by gn and letting n tend to infinity, we conclude that

. stabdim(B)
prodim(X) = ———.

This gives us (7.5.2) since mdim(X, o) < prodim(X) by Theorem 7.3.5. U

Theorem 7.5.3 Let K be a compact metrizable space with dim(K) < 0o, g > 1 an
integer, and B C K% a polyhedron. Let X C K Z denote the subshift of block-type
associated with (q, B). Then one has

) _ dim(B)
mdim(X, o) = . (7.5.3)
q
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Proof The inequality

. dim(B)
mdim(X, o) < .

follows from Proposition 7.5.2.

On the other hand, consider the closed o?-invariant subset Xo C X defined by
(7.5.1). As the dynamical system (X, 07) is topologically conjugate to the shift on
B” by Proposition 7.5.1, we have that

mdim(X, %)

mdim(X, o) = —— (by Proposition 6.4.2)
q
mdim(Xg, %) ..
> —  (by Proposition 6.4.5)
q
dim(BZ,
= w (by Proposition 6.4.1)
q
dim(B
= im(B) (by Corollary 7.2.3).
This shows (7.5.3). O

7.6 Construction of Subshifts with Prescribed Mean
Dimension

In this section, we shall prove in particular that the mean topological dimension of a
dynamical system can take any value in [0, oo] (see Corollary 7.6.5).

Lemma 7.6.1 Let K := [0, 1] and m > 1 an integer. Let I C {1, ..., m} a subset
with cardinality r. Let B be the subset of K™ defined by

B :={(ur,...,up) € K" | u; =0foralli ¢ I}.
Let X C K7 denote the subshift of block-type associated with (m, B). Then one has
) r
mdim(X, o) = —.
m

Proof Since the space B is homeomorphic to [0, 1]", we deduce from Theorem 7.5.3
that
. dim([0, 11") T

mdim(X, 0) = —— = = —. 0

It follows from Theorem 7.2.1 and Proposition 6.4.5 that every subshift X C
[0, 1]Z satisfies 0 < mdim(X, o) < 1. Conversely, we have the following result.
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Theorem 7.6.2 Let \ be a real number such that 0 < \ < 1. Then there exists a
subshift X C [0, 1]Z such that mdim(X, o) = \.

Proof Let us choose some integer ¢ > 2 that will serve as a numeration base (for
example g = 10 if you are used to count on your fingers). For each integer n > 0,
let

E,:={0,1,...,4" — 1}

denote the set consisting of all non-negative integers that are less than ¢”. Leta, € N
denote the integral part of ¢ A and let b,, := a, + 1. Then the sequences (u,) and

(vp) defined by

ap n
Up == — and v, = —

satisfy
1

u, <\ <wv, and Un — Up < —-.

It follows that

lim u, = lim v, = \.

n—oQ n— oo
Moreover, the sequence (u,) (resp. (v,)) is non-decreasing (resp. non-increasing).

Let m,: E,+1 — E, denote the map that sends each k € E,; to the remainder

of the Euclidean division of k by ¢". As ga, < ay4+1 < b,4+1 < gb,, for all n, we
can construct by induction on n two sequences (1), <N and (J;,), N of subsets of N
satisfying the following conditions:

(CH I, C Jy C Ey,
(C2) #I, = a, and #J,, = b,,,
(C3) my ' (Iy) C Ing1 and Juyy C 7, ' (Jn)
for all n > 0. Indeed, we can start by taking /o = @ and Jy = {0}. Then, assuming
that the subsets ,, and J, have already been constructed and that they satisfy (C1)
and (C2), we remark that

T (In) € 7y (),

by (C1). On the other hand, we have that #7,!(I,) = qa, and #7,1(J,) = qb.
Thus, we can find sets /,,41 and J,,41 satisfying

T (1) C Lt C Jpt € 7 (),

#1411 = ay1 and #J,41 = by41. ,
Let K := [0, 1]. Consider the subsets A, and B,, of K¢ defined by

Ap = {(o. ... . ugn_1) € K | u; =0ifi ¢ I,}, and
By = {(uo. ... .ugn—1) € K | uy =0ifi ¢ J,}.
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Let Y, C K% and Z, C K” denote the subshifts of block-type associated with
(¢", A,) and (¢", B,) respectively. Conditions (C1) and (C3) imply that

YY1 CZyy1 CZy

foralln > 0.
Consider now the subshift X c K% defined by

X::ﬂZ,,.

n>0

It follows from Lemma 7.6.1 and Condition (C2) that

S

dn
q
b,

mdim(Y,,, o) = = U, and
n
n

mdim(Z,, 0) = — = v,.

<

As X C Z,, Proposition 6.4.5 gives us
mdim(X, ) < mdim(Z,, o) = v,
for all n > 0. By letting n tend to infinity, we obtain
mdim(X, o) < A. (7.6.1)

On the other hand, for every N > n, we have that Y, C Yy C Zy. We deduce that

Y, C ﬂZNZX.

N=n
By applying again Proposition 6.4.5, this gives us
u, = mdim(Y;,, o) < mdim(X, o)
for all n > 0. By letting n tend to infinity, we finally get
A <mdim(X, o). (7.6.2)
Inequalities (7.6.1) and (7.6.2) imply that mdim (X, o) = A. (Il
Corollary 7.6.3 Letn be apositive integerandlet K := [0, 1]" be the n-dimensional

cube. Let p be areal number suchthat0 < p < n. Then there exists a subshiftY C K Z
such that mdim(Y, og) = p.
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Proof By Theorem 7.6.2, we can find a subshift X C [0, 11% such that mdim (X, o) =
p/n.Now consider the map 4 : [0, 1]Z — KZ that sends each x = (x)iez €10, 1]Z
to the sequence y = (y;);c7 € K7 defined by

Vi = (Xnis Xnit+1s -+ s Xnitn—1)

foralli € Z. Clearly & is a homeomorphism conjugating ¢ and ok . It follows that
Y := h(X) is a subshift of KZ and that the dynamical systems (X, ¢") and (Y, og)
are topologically conjugate. As

mdim(Y, og) = mdim(X, ")  (by Proposition 6.4.1)
=nmdim(X, o) (by Proposition 6.4.2)
= p,

the subshift ¥ ¢ K? has the required properties. (]

Corollary 7.6.4 Let P be a polyhedron and p a real number such that 0 < p <
dim(P). Then there exists a subshift Z C PZ such that mdim(Z, o) = p-

Proof If n := dim(P), then P contains a subset A homeomorphic to [0, 1]".
By Corollary 7.6.3, we can find a subshift Z ¢ A% c PZ such that mdim
(Z,0) =p. O

Corollary 7.6.5 For every § € [0, col, there exists a dynamical system (X, T),
where X is a compact metrizable space and T : X — X is a homeomorphism, such
that mdim(X, T) = 6.

Proof This immediately follows from Corollaries 7.6.3 and 7.2.4. (I

Notes

The branch of the theory of dynamical systems devoted to the investigation of the
dynamical properties of shift maps o: K% — K% is known as symbolic dynamics.
The most studied case is when the symbol space K is a finite or countably infinite
discrete space (see for example [59, 70]).

Theorem 7.2.1 is in [44, 74]. Theorem 7.3.5 is a particular case of Proposition 1.9.
Ain [44].

As mentioned in the Notes on Chap. 6, Boltyanskii [15, 16] gave examples of
compact metrizable spaces K satisfying stabdim(K) < dim(K). For such spaces
K, we have that mdim (K Z, o) < dim(K) by Theorem 7.1.3. It would be interesting
to find an example of a compact metrizable space K for which mdim(K?%, o) <
stabdim(K).
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Exercises

7.1 Let K be a metrizable space and let dx be a bounded metric on K that is
compatible with its topology. Show that if the set K Z g equipped with the
metric d defined by Formula (7.1.1), then the shift map o: K Z  KZis
2-Lipschitz, i.e., it satisfies d(o(x), o(y)) < 2d(x,y) forall x, y € KZ.

7.2 Let X beatopological spaceand 7': X — X acontinuous map. The dynamical
system (X, T) is called fopologically mixing if, given any two non-empty
open subsets U and V of X, there are only finitely many n € Z such that
T"(U)NV = @. Let K be a topological space and let ¢ : KZ — KZ denote
the shift map on K Z_Show that the dynamical system (K Z g)is topologically
mixing.

7.3 Let K and L be topological spaces. Show that the dynamical systems ((K X
L)Z, ok x1) and (KZ X LZ, ok X or) are topologically conjugate.

74 Let K :={0,1}and o: KZ — KZ the shift map. Let X denote the subset of
KZ consisting of all x = (x;);ez € K Z such that there is at most one integer
i € Zwithx; = 1.

(a) Show that X is a subshift of KZ.
(b) Show that the subshift X is not of finite type.
(c) Show that the dynamical system (X, o) is not topologically mixing.

7.5 Let K := {0,1} and o: KZ — KZ the shift map. Let X denote the subset
of K7 consisting of all sequences with no consecutive 1s. Let ¥ denote the
subset of K% consisting of all sequences such that between any two 1s there
are always an even number of Os.

(a) Show that X and Y are subshifts of K Z_The subshifts X is called the
golden mean subshift and the subshift Y is called the even subshift.

(b) Show that the dynamical systems (X, o) and (Y, o) are not topologically
conjugate. Hint: count fixed points.

(c) Show that the subshift X is of finite type but Y is not.

(d) Show that the dynamical systems (X, o) and (Y, o) are both topologically
mixing.

(e) Show that the map f: X — Y that sends each x = (x;);c7z € X to the
sequence y = (;);cz given by

L 1 ifxi = Xi+1 =0
Vi = 0 otherwise,

is well defined, continuous and surjective, ant that it commutes with the
shift.

7.6 Let K be a finite discrete topological space with cardinality k. Given an integer
n>1,letm,: KZ — K" be the map defined by
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7.7

7.8

T (X) = (X0, X1, ..., Xp—1)

for all x = (xj);e7 € KZ LetX c KZbea non-empty subshift. Forn > 1,
let 7, (X) denote the cardinality of the set 7, (X).

(a) Show that the sequence (log v, (X)),>1 is subadditive.
(b) Show that the limit
1 X
hX) = lim 280X
n

—00 n

exists and satisfies 0 < h(X) < logk. This limit is called the entropy of
the subshift X.

(c) Show thath(X) = hyop (X, 0), where hy, (X, ) is the topological entropy
of the dynamical system (X, o) (cf. Exercise 6.11).

(d) Take K = {0, 1} and suppose that X C K Z is the subshift considered in
Exercise 7.4. Show that h(X) = 0.

(e) Takeagain K = {0, 1}. Show that the golden mean subshift X and the even
subshift ¥ (cf. Exercise 7.5) have the same entropy 2(X) = h(Y) = log ¢,
where ¢ := (1 + \/3)/2 is the golden mean. Hint: check that v,42(X) =
Tn+1(X) + ¥ (X) and 7, (Y) = y41(X) — 1 foralln > 1.

(f) Show thatif Y C KZ is a subshift such that X C Y, then h(X) < h(Y).

(g) Show that if X is the subshift of block type associated with a pair (¢, B),
where g > 1 is an integer and B C K9 has cardinality b, then

h(X) =

(h) Show that if p is a real number such that 0 < p < logk, then there exists
a subshift X ¢ KZ such that 2(X) = p. Hint: adapt the ideas used in the
proof of Theorem 7.6.2.

Let X be a compact metrizable space and 7: X — X a homeomorphism. Let
d be a metric on X defining the topology. One says that the homeomorphism
T is expansive if there exists a real number 6 > 0 satisfying the following
condition: if two points x, y € X are such that d(T" (x), T"(y)) < ¢ for all
n € Zthenx = y.

(a) Show that the above definition does not depend on the choice of d.

(b) Show that the following conditions are equivalent: (1) the homeomorphism
T is expansive and dim(X) = 0; (2) there exist a finite discrete topological
space K and a subshift ¥ C K% such that the dynamical systems (X, T')
and (Y, o) are topologically conjugate.

Let K be a finite discrete topological space and let o: KZ — K7 denote the
shift map. One says that a map f: K% — KZis a cellular automaton if fis
continuous and satisfies f oo = o o f.
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(a) Let f: K Z 5 Klbea map. Show that f is a cellular automaton if and
only if it satisfies the following condition: there exist an integer n > 0
and a map p: K1 s K such that, for all x = (x;);cz € KZ, one has

f(x) = (yi)iez, where
yi = l’l’(xifnv xi7n+1, ey xl’+”)

foralli € Z.

(b) Show thatif f: K% — K%Zand g: K% — KZ are cellular automata, then
their composite map f o g: K% — K% is also a cellular automaton.

(¢c) Show that if f: K Z  KZisa bijective cellular automaton, then its
inverse map f~': KZ — K is also a cellular automaton.

Let K := [0, 1] denote the unit segment and o: K Z _ KZ the shift map.
Let X denote the subset of K% consisting of all x = (x;);e7 € K Z such that
Xi +xj41 = 1 foralli € Z.

(a) Show that X is a subshift of finite type of KZ.

(b) Show that (X, o) is topologically conjugate to the dynamical system
(K, f), where f: K — K is the map defined by f(r) = 1 — ¢ for
allt € K.

(¢) Show that mdim(X, o) = 0.

Let K C C denote the unit circle K := S' = {z € C : |z] = 1} and let
o: K% — K’ be the shift map. Consider the subset X C K Z defined by

X = {(zwnez € K% : 22 = 23, foralln € Z}.

(a) Show that X is a subshift of finite type.

(b) Show that mdim(X, o) = 0. Hint: observe that w,, (X), where wy, : KZ -
K" is defined by (7.3.1), is homeomorphic to S! for all n > 1 and then
apply Theorem 7.3.5.

Let K be a compact Hausdorff space and let o: K% — K% denote the shift
map. Show that a closed subset X C K7 is a subshift of finite type if and only
if it satisfies the following condition: there exists a finite subset 2 C Z such
that

X ={xeK?| nq(c"(x)) € mq(X) foralln € Z}

(here T : K% — K denotes the canonical projection map).



Chapter 8
Applications of Mean Dimension
to Embedding Problems

In this chapter, we prove the embedding theorem of Jaworski (Theorem 8.3.1) which
asserts that every dynamical system (X, T), where T is a homeomorphism without
periodic points of a compact metrizable space X such that dim(X) < oo, embeds in
the shift (RZ, o). We also describe a family of counterexamples due to Lindenstrauss
and Weiss showing that one cannot remove the hypothesis that X has finite topological
dimension in the statement of Jaworski’s theorem, even if the dynamical system
(X, T) is assumed to be minimal.

8.1 Generalities

Let X be a topological space and 7: X — X a homeomorphism. The orbit of a
point x € X is the set
Or(x) :={T"(x) | n€Z).

The orbits of the points of X form a partition of X.
One says that a point x € X is a fixed point of T if T (x) = x. This amounts to
saying that the orbit of x is reduced to the point x itself. The set

Fix(T):={xe X | T(x) =x}

is a T-invariant subset of X. Note that Fix(7T) is closed in X if X is Hausdorft.
One says that x € X is a periodic point of T if the orbit of x is finite. The set
Per(T') consisting of all periodic points of T is a T -invariant subset of X and one has

Per(T) = U Pern(T)v

n>1

where Per, (T) := Fix(T") is the set consisting of all fixed points of 7". Observe
that the set Per,, (T') is also T -invariant for each n.
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Example 8.1.1 Let K be a topological space and o: K Z _ KZ the shift map. Then
the set Per,, (o) consists of all sequences (x;) € K Z guch that Xi+n = x; foralli € Z.
The map h: Per,(0) — K" defined by

h(-x) = (-xO’-xls e 7xn—l)

is a homeomorphism. Moreover, if 7, denotes the cyclic permutation of coordi-
nates on K", i.e., the map (xg, X1, ..., x,—1) — (x1, X2, ..., X0), then & conjugates
the dynamical systems (Per, (o), o) and (K", 7;,). In particular, Per;(c) = Fix(o),
which consists of all constant sequences in K%, is homeomorphic to K.

One says that the dynamical system (X, T) is fopologically transitive if there
exists a point in X whose orbit is dense in X.

One says that the dynamical system (X, T') is minimal, or that the homeomorphism
T is minimal, if the orbit of every point of X is dense in X. This amounts to saying
that the only closed T -invariant subsets of X are X and the empty set.

Remark 8.1.2 Let X be an accessible topological space and 7: X — X a homeo-
morphism admitting a periodic point x. Then the dynamical system (X, 7') is minimal
if and only if X is reduced to the orbit of x.

Let X and Y be topological spaces.LetT: X — X and S: Y — Y be homeomor-
phisms. One says that the dynamical system (X, T') embeds in the dynamical system
(Y, S) if there exists a topological embedding f: X <—— Y suchthat foT = So f.
One then says that f is an embedding of the dynamical system (X, 7') in the dynam-
ical system (Y, S). Note that the system (X, T') embeds in (Y, S) if and only if there
exists a S-invariant subset Z C Y such that (X, T) is topologically conjugate to
(Z,9).

Clearly every embedding of (X, T) in (Y, §) induces an embedding of (Per, (T),
T) in (Per,(S), S) for every integer n > 1. In particular, a necessary condition
for the existence of an embedding of (X, T') in (Y, S) is that the space Per, (T) is
embeddable in Per, () for every n > 1.

Example 8.1.3 Let S? = {(x1, x2,x3) € R¥ | x7 +x3 +x3 = 1} be the unit sphere
in R3. Consider the equatorial symmetry 7: §£ — S, i.e., the homeomorphism
of S? defined by 7(x1, x2, x3) = (x1, X2, —x3). Then the dynamical system (S, 7)
cannot be embedded into the shift (RZ , 0) because the set of fixed points of 7,
which is a circle, cannot be embedded into the set of fixed points of o, which is
homeomorphic to R. Note that the dynamical system (S?, 7) embeds into the shift
((R?Z, 5). Indeed, one easily verifies that the map f: S? - (R?)Z that sends each
point x = (x1, X2, x3) € S? to the sequence u = (u;) € (R2)Z defined by

| (1 4 x3, x0) if i s even,
"7 1 — x3, x2) if i is odd

yields an embedding of (S2, 7) into (R%)Z, ).
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8.2 Embeddings in Shifts

Proposition 8.2.1 Ler K and L be topological spaces. Then the shift (L~ op)
embeds in the shift (KZ, ok) if and only if the space L embeds in K.

Proof 1f the shift (LZ, o) embeds in the shift (KZ, ok ), then Fix(or) embeds in
Fix(og). As Fix(op) (resp. Fix(ok)) is homeomorphic to L (resp. K), this implies
that L is embeddable in K.

Conversely, suppose that ¢p: L —— K is an embedding. Then the map f: L% -
KZ, defined by f(x) = (p(xi));ez for every x = (x;)ic7 € L% s clearly an
embedding of (L%, o7) in (KZ, ok). ([l

Example 8.2.2 Let X and Y be finite sets equipped with their discrete topology.
Then X embeds in Y if and only if #(X) < #(Y). Consequently, the shift (X Z gx)
embeds in the shift (YZ, oy) if and only if #(X) < #(Y).

Proposition 8.2.3 Let X be a topological space and T : X — X a homeomorphism.
Suppose that K is a topological space such that X embeds in K. Then the dynamical
system (X, T) embeds in the shift (KZ, o).

Proof Letyp: X — K beatopological embedding. Considerthemap f: X — K z
that sends each point x € X to the sequence (u;) € K Z defined by u; = <p(Ti (x))
for all i € Z. Clearly f satisfies f o T = o o f. On the other hand, f induces a
bijective map from X onto f(X) whose inverse is the map 7: f(X) — X given by
(u;j) — ap’l (up). As the maps f and 7 are obviously continuous, we deduce that f
is an embedding of (X, T) in (K%, o). O

Corollary 8.2.4 Let X be a compact metrizable space and T : X — X a homeo-
morphism. Let K = [0, 11N denote the Hilbert cube. Then the dynamical system
(X, T) embeds in the shift (K%, o).

Proof By Proposition 2.4.18, every compact metrizable space embeds in the Hilbert
cube. |

Corollary 8.2.5 Let X be a compact metrizable space such that dim(X) < oo and
T: X — X a homeomorphism. Then the dynamical system (X, T) embeds in the
shift (RMZ, o) forn = 2dim(X) + 1.

Proof The space X embeds in K := R” by Corollary 4.7.6. O

Remark 8.2.6 Let K be a compact metrizable space with dim(K) = oo (e.g., the
Hilbert cube [0, I]N). Let T denote the shift map on the compact metrizable space
X := KZ.Then there is no integer n such that the dynamical system (X, 7') embeds
in the shift (R")Z, ). Indeed, the set of fixed points of the shift o on (RMZ is
homeomorphic to R” while the set of fixed points of 7', which is homeomorphic to
K, cannot be embedded in R”.
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Proposition 8.2.7 Let X be a compact space and K a Hausdor{fspace. Let T : X —
X be a homeomorphism. Then the following conditions are equivalent:

(a) the dynamical system (X, T) embeds in the shift (K Z g);
(b) there exists a continuous map f: X — K satisfying the following condition:
given any two distinct points x and y in X, there is an integer i € 7 such that

FT) # f(T' )

Proof Suppose (a). Then there exists an embedding p: X — K Z such that poT =
o o . Let x and y be distinct points of X. The injectivity of ¢ implies the existence
of an integer i € Z such that the terms of rank i of the sequences ¢(x) and ¢ (y) are
distinct. Therefore, we have that

Woaiogp(x);zr’:ﬂoaio@(y),

where : K% — K denotes the projection on the O-factor. As o’ o ¢ = p o T",

it follows that the map f = mo p: X — K satisfies f(T(x)) # f(T'(y)). This
shows that (a) implies (b).

Conversely, suppose that f: X — K is a map as in (b). Consider the map
p: X - K Z that sends each point x € X to the sequence (u;) € K Z Jefined
by u; = f(Ti (x)) foralli € Z. Clearly ¢ is continuous and satisfies c o p = po T.
Our hypothesis on f implies that ¢ is injective. As X is compact and K Z is Hausdorff,
we deduce that ¢ induces a homeomorphism from X onto ¢ (X). This shows that (b)
implies (a). (]

Example 8.2.8 Take as X the unit circle
S' = {(x1,x2) € R? | xlz +x% =1}.

Let o be a real number that is not an integer multiple of 7 and let 7: X — X denote
the rotation of angle «, i.e., the map given by

T (x) = (x1 cosa — xp sin a;, X1 Sin & 4 X3 COS )

for all x = (x1, x2) € X. Let o denote the shift map on RZ. Consider the vertical
projection f: X — R, i.e., the map defined by f(x, x2) = x;.If x and y are distinct
points in X that lie on the same vertical, then the angle between the horizontal and
the line passing through the points 7'(x) and 7 (y) is 7/2 + a, so that (7T (x)) #
f(T(y)). Thus, every pair of distinct points x,y € X satisfy f(x) # f(y) or
f(T(x)) # f(T(y)). By applying Proposition 8.2.7, we deduce that the dynamical
system (X, T') embeds in the shift (RZ, 7).
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8.3 Jaworski’s Embedding Theorem

Let X be a compact metrizable space with dim(X) < oo and T: X — X a homeo-
morphism. By Corollary 8.2.5, there exists an integer n > 1 such that the dynamical
system (X, T)) embeds in the shift ((R")Z, o). A natural question that immediately
arises is to determine the smallest integer n such that (X, 7') can be embedded in
the shift (R")Z, o). Let us denote this integer no(X, T). For example, if 7 is the
equatorial symmetry on the sphere S then no(S?, 7) = 2 (see Example 8.1.3). The
following theorem shows that one always has no(X, T) = 1 if T has no periodic
points.

Theorem 8.3.1 (Jaworski’s embedding theorem) Let X be a compact metrizable
space with dim(X) < coandlet T: X — X be a homeomorphism without periodic
points. Then the dynamical system (X, T) embeds in the shift (RZ, ).

Let (X, T) be a dynamical system satisfying the hypotheses of Theorem 8.3.1.
We shall use the following notation. The vector space consisting of all continuous
maps f: X — R is denoted by C(X). We equip C(X) with the sup-norm || - ||
given by [ flloo = supyex | f()I-

Let ©2 denote the complement of the diagonal in X x X, that is, the open subset
of X x X defined by

Q:={(x,y) e X x X | x #y}.

For each subset K C €2, we denote by D(K) the set consisting of all maps f € C(X)
satisfying the following property: for every (x, y) € K, there exists i € Z such that

T @) # f(T' ).

Let us start by establishing some auxiliary results.

Lemma 8.3.2 Let K be a compact subset of Q2. Then D(K) is an open subset of
C(X).

Proof Let f € D(K). Then the map H: X x X — R defined by
H(x,y) = sup |f(T x) — f(T )
i€

satisfies H (x, y) > Oforall (x, y) € K. The map H is lower semi-continuous since
it is the supremum of a family of continuous maps. As K is compact, the restriction
of H to K attains its infimum. It follows that there exists a real number § > 0 such
that H(x, y) > ¢ forall (x, y) € K.

Consider now a map g € C(X) such that || f — gllec < /4. Let (x,y) € K.
Using the triangle inequality, we obtain, for every i € Z,

Ig(T (x)) — g(T" (Y| > | f(T (x)) — F(T' )| — | £(T'(x)) — g(T" (x))]
— | f(T () — g(T ()]
. . 1)
= |f(TT0) = (TG = 5
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We deduce that
i i 5 _ 0
sup [g(T" (x)) —g(T" (YN = H(x,y) — 5 = 5 > 0.
i€Z 2 2
It follows that g € D(K). Consequently, the set D(K) is open in C(X). ([

Lemma 8.3.3 Let (x, y) € Qandletm be apositive integer. Then there exist integers
i1,...,Im € Z such that the points

T @), . T (), T ), . T ()

are pairwise distinct.

Proof By our hypotheses, the homeomorphism 7 has no periodic points. This means
that, for every z € X, the map i — T (z) yields a bijection from Z onto the orbit of
z. If x and y are not in the same orbit, we can take as i1, ..., i;, arbitrary pairwise
distinct integers. Otherwise, we have that y = 7" (x) for some integer n % 0. Then
we can construct a sequence i1, ..., I, by induction on m in the following way.
For m = 1, we can take any i; € Z. Suppose that iy, ..., i, have already been
constructed. Then we can take as i, any integer that does not belong to the set
{it,...,im} Uit +n,....in+n} Uiy —n,..., i, —n}. |

Lemma 8.3.4 Let (xo, yo) € Q. Then there exists a compact neighborhood K of
(x0, yo) in 2 such that D(K) is dense in C(X).

Proof Let m be an integer such that m > 2dim(X) + 1. By applying Lemma 8.3.3,
we can find integers i, ...,i,, € Z such that the points T (xo), ..., T (xq),
Th o)y .- Tim (yo) are pairwise distinct. As X is compact and Hausdorff, there
exist a compact neighborhood V of x¢ in X and a compact neighborhood W of yq
in X such that the sets

TV, ..., T"(V), TV (W), ..., T"(W)

are pairwise disjoint. Observe that V N W = & and that the set K :=V x Wisa
compact neighborhood of (xg, yp) in 2. Let us show that D(K) is dense in C(X).
Suppose that f € C(X) andlete > 0.Considerthe map p: VUW — R defined by

e(x) i= (F (T (x)), ..., F(T™(x)))

forallx e VUW.Asm > 2dim(X)+1 > 2dim(V U W) + 1 by Proposition 1.2.1,
we deduce from Theorem 4.7.5 that there exists an embedding ¢: VU W «—— R™
such that

lox) —(x)|| <e forallx e VUW, (8.3.1)
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where || - || denotes the Euclidean norm on R™. Write ¢ = (¢, ..., ¥y,) and
Z:=TH(V)U---UT"(V)UTH(W)U---UT"(W).

Consider now the map i: Z — R defined by h(z) := Y (T~ (z)) for all z €
T (V)UT* (W) (1 <k =< m). Clearly & is well defined and ;ontinuous. Moreover,
forevery z € T'*(V) U T* (W), we have, by setting x := T ~'*(z) and using (8.3.1),

h(z) — £ = [e(x) = FITHE))] < llih(x) — o) < e.

It follows that |h(z) — f(z)| < e for all z € Z. By Corollary 4.1.5, we can extend
h to a continuous map g: X — R such that ||g — flloc < €. Let us show that
g € D(K).Let (x,y) € K =V x W.As 1 is injective, there exists k € {1, ..., m}
such that ¥ (x) # 1 (y). Since g(T(x)) = (T (x)) = Y (x) and g(T*(y)) =
h(T*(y)) = Y (y), we deduce that g(T* (x)) # g(T'*(y)). Thus, we have that
g € D(K). This shows that D(K) is dense in C (X). U

Proof of Theorem 8.3.1 By virtue of Proposition 8.2.7, it is enough to prove that
D(€2) is not empty. It follows from Lemma 8.3.2 and Lemma 8.3.4 that, for every
(x,y) € Q, we can find a compact neighborhood K of (x, y) in  such that D(K)
is a dense open subset of C(X). The space 2 C X x X is a Lindeldf space since
every subset of a compact metrizable space is Lindelof by Corollary 2.4.14 and
Proposition 2.4.18. Therefore we can cover 2 by a sequence (K,),<N of compact
subsets such that D(K),) is a dense open subset of C(X) for every n. As C(X) is
complete, we can apply Baire’s theorem and conclude that D(2) = [, N D(Ky)
is dense in C(X) and hence non-empty. ]

Corollary 8.3.5 Let X be a compact metrizable space with dim(X) < oo and let
T: X — X be a minimal homeomorphism. Then the dynamical system (X, T)
embeds in the shift (RZ, 7).

Proof If T has no periodic points, this follows from Theorem 8.3.1. On the other
hand, if x € X is a periodic point of 7', then the minimality of 7 implies that
X is reduced to the orbit of x (see Remark 8.1.2). Consequently, the set X is
finite. As every finite discrete space can be topologically embedded in the real
line, we conclude that the dynamical system (X, 7)) embeds in (RZ, 5) by applying
Proposition 8.2.3. U

8.4 The Lindenstrauss-Weiss Counterexamples

The goal of this section is to establish the following result which shows that the
finiteness hypothesis on the topological dimension of X cannot be removed from the
statement of Corollary 8.3.5.
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Theorem 8.4.1 There exists a minimal dynamical system (X, T), where X is a com-
pact metrizable space and T : X — X a homeomorphism, that cannot be embedded
in the shift (RZ, o).

Remark 8.4.2 A dynamical system (X,7) that satisfies the conditions of
Theorem 8.4.1 has no periodic points (see the proof of Corollary 8.3.5). Conse-
quently, Theorem 8.4.1 also shows that the finiteness hypothesis on the topological
dimension of X cannot be removed from the statement of Theorem 8.3.1.

Theorem 8.4.1 is an immediate consequence of the following result.

Theorem 8.4.3 Let N > 2 be an integer and let K = [0, 11V denote the
n-dimensional cube. Then there exists a subshift X C K% such that the dynami-
cal system (X, o) is minimal and satisfies mdim(X, o) > 1.

Indeed, if X is a compact metrizable space and 7: X — X a homeomor-
phism such that the dynamical system (X, T) embeds in (RZ, o), then (X, T)
embeds in ([0, I]Z, o) (since R embeds in [0, 1]), and hence mdim(X, T) <
mdim([0, I]Z, o) = 1 by Corollary 6.4.7 and Theorem 7.2.1.

The remainder of this section is devoted to the proof of Theorem 8.4.3. Let us
first establish some auxiliary results.

Lemma 8.4.4 Let K be atopological space, g € N, and B a separable closed subset
of K. Let X C K7 denote the subshift of block-type associated with (q, B). Then
the dynamical system (X, o) is topologically transitive.

Proof Let A be a countable dense subset of B. As the disjoint union [[; Ak is
countable, there exists a sequence (u,),c7 of elements of A satisfying the following

property: for every integer k > 1 and every (ay, ..., ar) € A, there exists ng €
Z such that (i, ..., Upg+k—1) = (ai, ..., ar). Consider now the sequence x =
(xi)icz. € X defined by (x4, ..., Xgniq—1) = uy for all n € Z. Then, it follows

from our construction that, given any non-empty open subset U of X, there exists
m € Z such that 0™ (x) € U. Consequently, the orbit of x is dense in X. This shows
that the dynamical system (X, T') is topologically transitive. (I

Let (X, d) be a metric space. Given a real number £ > 0, one says that a subset
Y C X ise-densein X if, for every x € X, there exists y € Y such thatd(x, y) < e.

Lemma 8.4.5 Let (E,d) be a metric space and T: E — E a homeomorphism.
Let (Xpn)neN be a sequence of subsets of E such that T(X,) = X, foralln € N.
Let X := (,en Xn. Suppose that there exists a sequence (¢,),eN of positive real
numbers converging to O such that, for alln € N and x € X,,, the T-orbit of x is
en-dense in X,,. Then the dynamical system (X, T) is minimal.

Proof Let x and y be points in X. Then, for every n € N, we have that x, y € X,,.
Therefore, we can find an integer k, € Z such that d (T*(x),y) < ep. As the
sequence (g,) converges to 0, this implies that the orbit of x is dense in X. (]
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Lemma 8.4.6 Let (X, d) be a compact metric space and T : X — X a homeomor-
phism. Suppose that y is a point of X with dense T -orbit and let € > 0. Then there is
an integer m > 0 such that, for every x € X, there exists anintegerk € {—m, ..., m}
such that d(x, T¥(y)) < e.

Proof As the orbit of y is dense, we can find for every x € X, n(x) € Z such that
d(x, T ( y)) < €. By continuity of the metric, there exists a neighborhood V, of x
such that d(z, 0™ (y)) < e for all z € V,. The compactness of Ximplies that there
exists a finite subset A C X such that the sets V., where x € A, cover X. Then the
integer m := maxye4 |n(x)| has the required property. ]

The upper-density 6(J) € [0, 1] of a subset J C N is defined by

S(J) IZlimSup#(‘/m{O,1,..,,n_1}).

n—oo n

Example 8.4.7 1f J is a finite subset of N, then 3(] ) =0.

Example 8.4.8 1f J := {1, 3,5, ...} is the subset of N consisting of all positive odd

numbers, then 6(J) = >

In what follows, we fix some integer N > 0 and K := [0, 11V denotes the N-
dimensional cube. For A C Z, we denote by m4: K Z _ KA the projection map,
i.e., the map given by 74 (x) := (x;)iea € KA forall x = (x;);ez € KZ. We denote
by d the metric induced on K C R¥ by the norm || - ||« and we equip K% with the
metric d defined by Formula (7.1.1).

Lemma 8.4.9 Let X C KZ be a subshift. Suppose that there exist an element X =
(Xi)iez € X and a subset J C N satisfying the following condition: if x = (x;);c7 €
KZ is such that g (X) = 77\ g (X), then one has x € X. Then X satisfies

mdim(X, o) > NO(J).
Proof (cf. the proof of Theorem 7.2.1 and that of Lemma 7.6.1) Recall that

di (x0, y0) = d(x,y) (8.4.1)

forall x = (x;), y = (y;) € KZ.
Consider, for every n > 1, the metric d,, on X defined by

dy(x,y) i=  max_ d(o"(x), 0" ().

Define the subset J,, C N by

Joi=JN{0,1,....,n—1},
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and denote by p, the metric induced on K7+ = [0, 11V#Un) < RVN#(n) by the norm

Il lloo-
Consider the topological embedding ¢, : K’ < K% that sends each u =

(uj)jes, € K’ to the sequence x = (x;);cz given by

u; ifi € Jn,
Xj 1=
l X ifi € Z\J,.

By our hypothesis on X, we have that ¢, (1) € X forallu € K. On the other hand,
Inequality (8.4.1) implies that

Pn (U, v) < dn(p (1), pn(v))
for all u, v € K’». By applying Proposition 4.6.3, we deduce that
dime (X, dy) = dim- (K™, pn),

for every € > 0. As dimg (K 7», pn) = N#(J,) for all € < 1 by Proposition 4.6.5, it
follows that
dim. (X, dy) = N#(Jyn),

for all € < 1. Since, by definition,

dim. (X, d
mdim_(X.d, o) = lim SmeX:dn)

n— 00 n

we deduce that 3
mdim. (X, d, o) > N6(J)

for all € < 1. By letting ¢ tend to 0, we finally get
mdim(X, ) = lim mdim.(X, d, o) > N&(J). O
e—0

Lemma 8.4.10 Let (¢,),eN be a sequence of positive real numbers converging to
0.Let X c K Z, n € N, be a sequence of subshifts such that there exists, for each
n € N, an element T € XM and a subset I C 7 satisfying, for all n € N, the
following properties:

(P1) the orbit of every point of X" is €,,-dense in X™,

(P2) X®th c xm,

(P3) 1+ < W),

(P4) 7z, 100 E"TD) = 77 1 &),

(P5) if x € K” satisfies Tz 10 (X) = Tz, 1) (x™), then one has x € X™.
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Let X C K7 be the subshift defined by

X = ﬂ xm,

neN

Then the dynamical system (X, o) is minimal and one has
mdim(X, o) > N (J),

where 6(J) denotes the upper density of the subset J C N defined by

J = Nm(ﬂ 1<">).
neN

Proof Since the sequence (¢,),en converges to 0, Property (P1) implies that the
dynamical system (X, o) is minimal by Lemma 8.4.5. By compactness of K Z we
can extract from the sequence (X)) a subsequence that converges to some element
¥ € KZ.Sinceeach X™ isclosed in KZ , we deduce from (P2) that x € X. Moreover,
Properties (P3) and (P4) imply that g\ 1o (X) = Tz, jo x™) foralln € N. By using
(P5), we deduce that every element x € K Z such that Tz g (x) = 77\ g (X) belongs
to X. It follows that mdim(X, o) > N§(J) by Lemma 8.4.9. O

Proof of Theorem 8.4.3 Let us first choose a sequence of positive real numbers
(en)nen converging to O such that ¢g = diam(K Zy = 3. We also fix a sequence
(an)nen of positive integers (a condition on the sequence (a,),cn Will be added at
the end of the proof).

Let us construct, by induction on n € N, a sequence of pairs (g,, B,), where g,
is a positive integer and B, is a closed subset of K9, and a sequence of subsets

1™ C 7Z such that the subsets X ¢ X® c K% defined by
X = {x = (W)iez € KZ| (K., Xitg—1) € By foralli € g, 2},

and
x® = o xg™
keZ

satisfy the following properties:

(Q1) the orbit of every point of X is ¢,,-dense in X ™,
(Q2) 77y (X) = 77y (x") forall x, x’ € xm,

Q3) X"V ¢ x{” (and hence X" +D c x™),

(Q4) I(n+1) cC I(n)

forall n € N.
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We start by taking go := 1, By := K, and I9 := Z. This gives us X(()O) =x0 =
KZ 50 that Properties (Q1) and (Q2) are trivially satisfied for n = 0.

Suppose now that ¢, B, and 1™ have already been constructed for some n > 0.
Then we construct g, 1, Buy1, and I+1 in the following way. Since the space B,
is a subspace of RV9, it is separable by Corollary 2.4.14. As X is the subshift of
block-type associated with the pair (g,, B,), we deduce from Lemma 8.4.4 that the
dynamical system (X, o) is topologically transitive. This means that we can find
an element y € X whose orbit is dense in X". After possibly replacing y by a
point in its orbit, we can assume that y € X(()"). Choose an integer r,1 > 1 large
enough so that, for all x, x’ € KZ,

En+1
7r{*"n+|~~-,rn+l}(x) = 7T{*Vn-%—ly-~~,7’n+1}('x/) = d(x’ X/) S nT

By Lemma 8.4.6, we can find an integer L,,+1 > r,+1 such that, for every x € X,

there exists k € {—L, 11 +7pit, ..., Lyt — rpp1) satisfying
€
d(x.0! () = 7

We can assume in addition that the integer L, is a multiple of g,. Put g,4+1 =
(ap+1 4+ 2L, 4. Let B,41 denote the closed subset of K9'+! consisting of all

b=(b,..., by, )€ Byx---xB, C KMt
—_—
dn+1
CIT times
ending by the finite sequence (y_r,,,, ..., YL, ,—1), that is, such that
(bqn+l_2Ln+l+1’ e bqn+1) = (y_Ln+l LA yLnJrl_l)'

Consider now the subsets X(()"H) c X®+D defined by (¢n+1, Bn+1). Then, we have
that X(()nﬂ) c X(()") (and hence X"*+D ¢ X™) since

B,+1 C B, X+ X By.

As the sequence (Y_g,,, .-, YL,,,—1) appear in every element of X" it
follows from our choices of r, 41 and L, that the orbit of every point of X (n+1)
is £,41-dense in X and hence in X"+, Consequently, Property (Q1) is satis-
fied at rank n + 1.

Denote by R, the set consisting of all integers i € Z such that there exists

kef0,...,qnr1 — 2Ly — 1}
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withi =k mod g41. Let 1@+ < 1™ be the subset defined by
1D =W R,

Suppose that x, x’ € X(()"+l). Then we have that w7\, (x) = 7z\g,., (X") by
definition of B, 4. Moreover, we have that TTz\ 1 (x) = Tz\ 1 (x”) since X(()"H) C

X(()") and Property (Q2) is satisfied at rank n by our induction hypothesis. As
ZNITHD = (Z\I™) U (Z\Ru41),

we deduce that 77, e+ () = Tz e+ (x"). This shows that (Q2) is satisfied at rank
n + 1. This completes the construction by induction.
Let us choose an arbitrary element ™ € X (()") for each n € N. Then we have that

(Q3) 7wz ety = WNG) x™),
by (Q2) and (Q3).
Let us show by induction on n the following property:

(Q6) if x € K7 satisfies 77, jo (x) = 77, ;o ™) then x € X{".

For n = 0, there is nothing to prove. Suppose now that the statement is true at rank
n and let x € KZ such that

T\ 10+ (x) = T\ 0D ()_C(n+l)).

By using (Q4) and (Q5), we obtain

Tz 10 (X) = Tz 1) ™).

This implies x € X, (()”) by our induction hypothesis. On the other hand, as Z\ R,+1 C
Z\I+D | we also have that

’/TZ\R;H—I (X) = ﬂ-Z\Rn+l (Y(’H_l))'

Thus, we finally get x € X(()n+l)

Consider now the subshift

, which completes the proof by induction of (Q6).

X:= () x".

neN

It follows from Properties (Q1), (Q3), (Q4), (Q5), and (Q6) that X", ™ and 1
satisfy the hypotheses of Lemma 8.4.10. Consequently, the dynamical system (X, o)
is minimal and

mdim(X, o) > NO(J), (8.4.2)
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where 6(J) € [0, 1] is the upper-density of the subset J C N defined by

reo(e)-o(0)

Recall that, by definition,

- #(J,
6(J) = limsup (/ ),

n— 00 n

where J, :=JN{0,...,n—1}.
For every m > n+ 1, we have that g, < ¢, — 2L,, and hence {0, ..., g, — 1} C
R,,. It follows that

n
Jy, = (w Ry.
k=1
We deduce that

#(Jg,) _li[ 2a Ly _11[ ap 1
qn 2ap Ly + 2Ly _k=1 a+1 HZ:I(I““’/:])

k=1

for all n > 1. This implies

- 1
0oJ)y> ———. (8.4.3)
[ +a!
Let us choose now the sequence (a,) so that
o0
H(l +ah <2 (8.4.4)

n=1

We can take for example a,, = 2"*! since the inequality log(1 + x) < x (x > 0)

implies that
o0 o
H(l +27h < exp(z 2_"_1) =.e <2.
n=1 n=1

Finally, Inequalities (8.4.2)—(8.4.4) give us mdim(X, c) > N/2. This implies
mdim(X, o) > 1 since N > 2. O
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Notes

Theorem 8.3.1 was obtained by Jaworski in his Ph.D. thesis [51, Th. IV.1] (see [11, p.
194]). A homeomorphism 7T of a topological space X generates a continuous action
of the additive group Z on X, given by the map Z x X — X that sends each pair
(n,x) € Z x X to the point 7" (x). A continuous action of the additive group R is
called a flow. More precisely, a flow on a topological space X consists of a family ¢ =
(¢1)ser of homeomorphisms of X such that the map (7, x) — ¢;(x) is continuous
and ;o g = 4 forallt, s € R. A point x € X is afixed point of the flow (X, ¢)
if p;(x) = x for all # € R. One says that the flow (X, ) embeds in the flow (Y, 1))
if there exists a topological embedding #: X < Y such that & o ¢; = 1; o h for
all + € R. Denote by C(RR) the set consisting of all continuous maps f: R — R
and equip C(R) with the topology of uniform convergence on compact subsets of
R. Consider the flow A = (\;);cr on C(R) defined by \;(f)(u) := f(u + t) for
all f € C(R) and ¢, u € R. The flow (C(R), \) is a continuous version of the shift
(RZ, o). Theorem 8.3.1 is analogous to a theorem of Bebutoff [13] (see also [53,
55], [11, p. 184]) which asserts that every flow without fixed points (X, ), where X
is a compact metrizable space, embeds in the flow (C(R), \). Note however that, in
contrast with Theorem 8.3.1, there is no hypothesis about the topological dimension
of X in the statement of Bebutoff’s theorem. The set of fixed points of the flow
(C(R), \) is the set of constant functions and is therefore homeomorphic to the real
line R. It follows that a necessary condition for a flow (X, ¢) to be embeddable in the
flow (C(R), M) is that the set of fixed points of (X, ¢) is homeomorphic to a subset
of R. By a result of Kakutani [53], which extends Bebutoff’s theorem, it turns out
that this condition is also sufficient for flows on compact metrizable spaces.

The construction of the counterexamples described in Sect. 8.4 is due to Linden-
strauss and Weiss (see [74, Proposition 3.5]).

Let T be a homeomorphism of a compact metrizable space X. In [72, Th. 5.1],
Lindenstrauss proved that if (X, 7') is minimal and mdim(X, T') < d/36 for some
integer d > 1, then the dynamical system (X, 7)) can be embedded in the shift
((RY)Z, 5). On the other hand, Lindenstrauss and Tsukamoto [73] constructed, for
any integer d > 1, a compact metrizable space X admitting a homeomorphism 7
such that the dynamical system (X, 7') is minimal and satisfies mdim(X, T') = d/2
but cannot be embedded in the shift (R?)Z, ). For additional results related to
Jaworski’s theorem and the question of the embeddability of dynamical systems in
the shift on (RY )Z, see also [45, 46].

Exercises

8.1 Let K be a topological space and let o denote the shift map on K Z_Show that
the set of periodic points of ¢ is dense in K Z.

8.2 Let K be an accessible separable space with more than one point. Show that
the shift (K%, o) is topologically transitive but not minimal.
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8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10
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Let K be a topological space and let o: K Z 5 KZ denote the shift map on
KZ. Let q be a positive integer and B a closed subset of K9. Let X C K L
denote the subshift of block-type associated with (g, B). Show that the set of
periodic points of the dynamical system (X, o) is dense in X.
(Adding machines). Let (a,), <N be a sequence of positive integers. Consider
the product space

X:=]J0.1,....a,— 1}

neN

and the map 7: X — X defined in the following way. If x = (x,),eny € X
with x, = a, — 1 for all n € N then we take T'(x) := (¥4)neN, Where y, = 0
foralln € N. Otherwise, there is a largest integer ng € N such that x, = a, — 1
for all n < ng, and we take T (x) := (¥n)neN, Where y, = 0 for all n < ny,
Yng+1 = Xng+1 + 1, and y, = x,, foralln > ng + 2.

(a) Show that 7" is a homeomorphism.
(b) Show that the dynamical system (X, T') is minimal.

Let X be a topological space and 7: X — X a homeomorphism. Show that
the dynamical system (X, T') is minimal if and only if every non-empty open
subset U C X satisfies | J,.;, T"(U) = X.

Let X be a compact space and 7: X — X a homeomorphism. Show that the
dynamical system (X, T') is minimal if and only if, for every non-empty open
subset U C X, there exists n € N such that J]__, T*(U) = X.

Let X be a non-empty compact Hausdorff space and 7: X — X a home-
omorphism. Show that there exists a non-empty closed subset ¥ C X with
T (Y) =Y such that the dynamical system (Y, T') is minimal. Hint: use Zorn’s
lemma.

Show that every closed subgroup G of R such that {0} # G # R is infinite
cyclic. Deduce that if 7: S' — S! is a rotation of angle # with /7 irrational,
then the dynamical system (S', 7') is minimal.

Let S be a subset of Z. One says that S is syndetic if there exists a finite subset
F C Zsuchthat S+ F = Z. Show that the following conditions are equivalent:
(1) S is syndetic; (2) there exists an integer N > 1 such that S is N-dense in
Z; (3) there exists an integer k > 1 such thatone has {i,i + 1,...,i + k —
1} NS #@foralli € Z; (4) S has bounded gaps, i.e., there exists an integer
L > 1 such that every subset of Z\S consisting of consecutive integers has
cardinality at most L.

Let X be a topological space equipped with a homeomorphism 7: X — X. A
point x € X is called almost-periodic if, for every neighborhood U of x, the
set consisting of all n € Z such that 7" (x) € U is a syndetic subset of Z (see
Exercise 8.9).

(a) Show that every periodic point of T is almost-periodic.
(b) Show that if X is compact and (X, T') is minimal then every point x € X
is almost-periodic.
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8.11

8.12

8.13

8.14

8.15

(c) Suppose that X is acompact Hausdorff space and x € X is almost-periodic.
Let Y denote the closure in X of the orbit of x. Show that the dynamical
system (Y, T') is minimal.

Let n, m € Z. Show that the shift ((R")%, ) embeds in the shift (R™)%, o)
if and only if n < m.

Let X be a compact metrizable space and 7: X — X a homeomorphism.
Let d be a metric on X compatible with the topology. The dynamical system
(X, T) is called distal if the following condition is satisfied: given any pair
of distinct points x and y in X, there exists a real number £ > 0 such that
d(T"(x), T"(y)) > eforalln € Z.

(a) Show that this definition does not depend on the choice of the metric d.
(b) Show that if the dynamical system (X, T') is both distal and minimal, then
it embeds in the shift (RZ, o).

Let S! := {(x1, x2) € R? | xl2 + x% = 1} denote the unit circle in R2. Let
T:S! — S! be the half-turn given by T'(x1, x2) = —(x1, x2). Show that the
dynamical system (S!, T) does not embed in the shift (]RZ, o). Hint: observe
that the dynamical system (Per>(7), T') does not embed in the dynamical sys-
tem (Perz(0), o).

(cf. [51, Example 4.1]). Let Y be a compact metrizable space and n > 2
an integer. Consider the product space X := Y x {0, 1,...,n — 1} and the
homeomorphism 7': X — X defined, for all x = (y, k) € X, by

T(x) = (v, k+1) ?fkfn—2
(y,0) ifk=n-—1.

Show that the dynamical system (X, 7') embeds in the shift (RZ, 5) if and only
if Y is topologically embeddable in R”.

Let X be a compact metrizable space withdim(X) =n < ococandT: X — X a
homeomorphism. Suppose that every orbit of 7' contains at least 6n 4 1 distinct
points. Show that the dynamical system (X, 7') embeds in the shift (RZ, 7).
Hint: observe that Lemma 8.3.3 remains valid form = 2n + 1.



Chapter 9
Amenable Groups

This chapter is devoted to the class of amenable groups, a class of groups which
contains all finite groups and all abelian groups and which is closed under several
group operations, in particular taking subgroups, taking extensions, and taking direct
limits. Countable amenable groups can be characterized by the existence of Fglner
sequences, i.e., sequences of non-empty finite subsets of the group that are asymp-
totically invariant under translations. Using such Fglner sequences, it is possible
to define the average value of an invariant subadditive function on the set of finite
subsets of the groups (see Theorem 9.4.1). This will be used in the next chapter
for extending the definition of mean topological dimension to continuous actions of
countable amenable groups.

9.1 Fglner Sequences

From now on, we prefer to use the notation |A| instead of #A to denote the cardinality
of a finite set A.

Let G be a group. We assume that the group operation on G is denoted multi-
plicatively (additive notation will be used in some examples, e.g., for G = Z%). The
identity element of G is denoted 1.

We recall that the subgroup generated by asubset A C G is the smallest subgroup
(A) C G containing A. It consists of all elements g € G that can be written in the
form

g=a'---ay
where n > 0,a; € Aand¢; € {—1, 1} forall 1 <i < n. One says that the group G
is finitely generated if there exists a finite subset A C G such that (A) = G. Note
that every finitely generated group is countable.

If Ais asubsetof G and g € G, the left-translate of A by g is the set gA := {ga |
a € A} C G. Similarly, the right-translate of A by g is the set Ag := {ag | a €
A} C G.

Observe that A\gA consists of all elements of A that are moved out of A under
left-translation by g ~'. When A is finite, the sets A and gA have the same cardinality
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so that
[A\gA| = |gA\A| = |A] — [ANgA|.

If A is a non-empty finite subset of G, the ratio

[A\gAl _ lgANAT _,  [ANgA]
|A] |A] |A]

is the proportion of elements in A that are moved out of A by left-translation by
g~ So, heuristically, this proportion measures the lack of invariance of A when it
is left-translated by ¢~ !.

A Fglner sequence for a group G is a sequence of non-empty finite subsets of G

that are “asymptotically left-invariant”. The precise definition goes as follows.

Definition 9.1.1 Let G be a group. One says that a sequence (F,),>1 of non-empty
finite subsets of G is a Fglner sequence for G if one has

I | Fu\gFl
m — =

n—00 | Fy

0

forall g € G.
Proposition 9.1.2 [fa group G admits a Fglner sequence, then G is countable.

Proof Suppose that (F;,),>1 is a Fglner sequence for the group G. Consider the finite
subsets A, of G defined by

1

Ay i={xy  x,y e F,}

Given g € G, we have |F,\gF,| < |F,|/2 for n large enough. This implies that
gF, meets F,, and hence that g € A,,. It follows that G = Unzl A,,. Therefore G is
countable. (]

Definition 9.1.3 One says that a countable group is amenable if it admits a Fglner
sequence.

Proposition 9.1.4 Every finite group is amenable.

Proof If G is afinite group, then the constant sequence F;, = G is a Fglner sequence
for G since F,\gF, = G\G = @ forallg € G. (]

An example of an infinite amenable group is provided by the additive group Z of
integers.

Proposition 9.1.5 The group Z is amenable.
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Proof Consider the sequence (F}),>1 defined by

F,:={0,1,...,n—1} C Z.
Let us fix g € Z. Then, for all n > |g|, we have

{0,1,...,9 -1} ifg>1,
Fai\g+ Fa) = 1@ itg=0,
{g+n,g+n+1,...,n—1} ifg<—1.

and hence
|F\(g + Fu)l i @

[ Fnl n

s

which converges to 0 as n goes to infinity. We deduce that the sequence (F;);>1 is
a Fglner sequence for Z and hence that Z is amenable. (]

Proposition 9.1.6 Suppose that G| and G, are countable amenable groups. Then
the group G = G| x Gy is also amenable.

Proof Let (A;)n>1 be aFglner sequence for G and let (B,,),>1 be a Fglner sequence
for G;. Consider the non-empty subsets F,, C G defined by F, := A, x B,. For
every g = (g1, g2) € G, we have

F\gF, = ((Ap\g1An) X By) U (Ap x (By\g2By))

and hence

[F\gFn| = | ((Ap\g1An) X By) U (Ap X (By\g2By)) |
< [(Ap\g14n) X By| + Ay X (By\g2By)|
= |[A\g1Anl| Byl + |Aul| By \g2Bal.

Dividing by | F,,| = |A,||By|, we obtain

[ Fu\g Ful < [An\g1An | By \g2 Bul
[Fal = |Aa] | By |

The right-hand side of the preceding inequality tends to 0 as n goes to infinity since
(Ap) and (B,) are Fglner sequences for G| and G, respectively. It follows that

m [Fu\gFhl —0

n—00 |Fn|

This shows that the sequence (F},),>1 is a Fglner sequence for G and hence that G
is amenable. ([l
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Remark 9.1.7 Note that the preceding proof gives us an explicit way for constructing
a Fglner sequence for G| x G, if we are given Fglner sequences for G and G».

Corollary 9.1.8 The group Z¢ is amenable for every integer d > 0.

Proof This immediately follows from Propositions 9.1.5 and 9.1.6 by induction
ond. (]

Corollary 9.1.9 Every finitely generated abelian group is amenable.

Proof This follows from Proposition 9.1.6, Corollary 9.1.8, and Proposition 9.1.4
since it is known that if G is a finitely generated abelian group then there exist an
integer d > 0 and a finite group T such that G is isomorphic to Z¢ x T. ]

Remark 9.1.10 If d > 1 and T is a finite group, an explicit Fglner sequence for
74 x T is provided by the sequence (F;),>1, where

F,:={0,1,....n—1}¢ xT.

9.2 Amenable Groups

In the previous section, the notion of amenability has been only defined for countable
groups via Fglner sequences. Although we are here mainly interested in countable
groups, it is very convenient to consider the class of all amenable groups, countable
or not. In order to extend the definition of amenability to uncountable groups, we
shall use the following characterization of countable amenable groups.

Lemma 9.2.1 Let G be a countable group. Then the following conditions are equiv-
alent:

(a) G admits a Fplner sequence;
(b) for every finite subset S C G and every € > 0, there exists a non-empty finite
subset F C G such that |F\sF| < ¢|F|foralls € S.

Proof Suppose that (F;),>1 is a Fglner sequence for G. Let S be a finite subset of G
and € > 0. For each s € S, we can find an integer n(s) such that | F,,\s F,,| < €|F;|
for all n > n(s). Then F := F,,, where m := maX;egs n(s), satisfies | F\s F| < ¢| F|
for all s € S. This shows that (a) implies (b).

Conversely, suppose that (b) is satisfied. As G is countable, we can write

G={gl,gZ,g37.--}~

Choose some sequence of positive real numbers (g,),>1 that converges to 0. By
applying (b) with S = {g1,92,...,9,} and € = ¢,, we deduce that there exists
a finite non-empty subset F;,, C G such that |F,\gr Fy|/|Fn| < e, forall 1 <
k < n. Fixing k, it follows that |F;,,\gr Fy,|/|Fy| tends to O as n goes to infinity.
Therefore the sequence (F},),>1 is a Fglner sequence for G. This shows that (b)
implies (a). O
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Definition 9.2.2 One says that a (possibly uncountable) group G is amenable if it
satisfies the following condition: for every finite subset S C G and every € > 0,
there exists a non-empty finite subset ' C G such that | F\sF| < ¢|F|foralls € S.

In the case when G is countable, it follows from Lemma 9.2.1 that the preced-
ing definition is equivalent to the one given in Sect.9.1, namely the existence of a
Fglner sequence for G. Recall however that uncountable groups do not admit Fglner
sequence by Proposition 9.1.2. The condition in Definition 9.2.2 that characterizes
amenable groups is known as the Fglner condition.

Proposition 9.2.3 Let G be a group. Suppose that there exists a family (H;)ic; of
amenable subgroups of G satisfying the following conditions:

(C1) G = U His
(C2) foralliy, iy € I, there exists j € I such that H; U H;, C Hj.

Then G is amenable.

Proof Let S be a finite subset of G and € > 0. By (C1), we can find, for each s € S,
an index i(s) € I such that s € H;(). Now we deduce from (C2) that there exists
J € I such that | J, g Hi(s) C Hj. As H; is amenable and S C H;, there exists a
non-empty finite subset ' C H; C G such that |[F\gF| < ¢|F|forall g € §. This
shows that G is amenable. O

Corollary 9.2.4 Let G be a group. Suppose that there exists a non-decreasing se-
quence
HycH CcHyC...

of amenable subgroups of G such that G = Unzo H,. Then G is amenable. (I

Definition 9.2.5 Let P be a property of groups. A group G is said to be locally P
if every finitely generated subgroup of G has property P.

Corollary 9.2.6 Let G be a group. Suppose that every finitely generated subgroup
of G is amenable. Then G is amenable. In other words, every locally amenable group
is amenable.

Proof Denote by S the set consisting of all finitely generated subgroups of G. Then
the family (H) s clearly satisfies the conditions of Proposition 9.2.3. ([

Corollary 9.2.7 Every abelian group is amenable.

Proof This is an immediate consequence of Corollary 9.2.6 since we already know
that every finitely generated abelian group is amenable by Corollary 9.1.9. [

Example 9.2.8 The additive group R of real numbers is amenable since it is abelian.
This provides an example of an uncountable amenable group.
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A group G is called a rorsion group if every element of G has finite order. Every
locally finite group is a torsion group. Indeed, if a group G is locally finite then the
group generated by any element x € G must be finite. Conversely, every abelian
torsion group is locally finite. This follows from the above mentioned result about
the classification of finitely generated abelian groups, namely that every finitely
generated abelian group is isomorphic to Z¢ x T for some integer d > 0 and some
finite group 7, since it immediately implies that every finitely generated abelian
torsion group is finite.

Example 9.2.9 The group QQ/Z (which is isomorphic to the multiplicative group
formed by all the roots of unity in C) is locally finite. Note that QQ/Z is countably
infinite. Another example of a countably infinite, locally finite, abelian group is
provided by the additive group K [x] of polynomials over a finite field K .

Example 9.2.10 Let X be a set. Consider the symmetric group of X, that is, the
group Sym(X) consisting of all permutations c: X — X with the composition of
maps as the group operation. The support of an element 0 € Sym(X) is the subset
supp(c) C X consisting of all x € X such that o(x) # x. Observe that supp(c ') =
supp(o) and that supp(cio2) C supp(or) U supp(or) for all o, o1, 02 € Sym(X).
Let Sym((X) C Sym(x) denote the set of permutations of X whose support is finite.
Then Sym(X) is a locally finite subgroup of Sym(X). It is non-abelian as soon as
X contains more than two elements. Observe that Sym(X) is countably infinite and
isomorphic to Sym(N) whenever X is countably infinite.

Proposition 9.2.11 Every locally finite group is amenable.
Proof This immediately follows from Proposition 9.1.4 and Corollary 9.2.6. (]

Given two subsets A and B of a group G, the subset AB C G is defined by

AB:={ab| ae A,be B} =|]aB =] Ab.
acA beB

The following characterization of amenability is sometimes easier to handle than the
original Fglner condition.

Lemma 9.2.12 Let G be a group. Then the following conditions are equivalent:

(a) G is amenable;
(b) for every finite subset S C G and every € > 0, there exists a non-empty finite
subset F C G such that |SF\F| < €|F|.

Proof Suppose first that G is amenable. Let S be a finite subset of G and € > 0.
Since G is amenable, there exists a non-empty finite subset F C G such that

|F\sF| < %|F| foralls € .
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It follows that

ISF\F| = || JGF\F)

seS

< D IsF\F]|

seS

=D IF\sF]|

seS

9
S _—
S|

seS

=E.

This shows that (a) implies (b).

Conversely, suppose (b). Let S be a finite subset of G and € > 0. Condition (b)
implies the existence of a non-empty finite subset ¥ C G such that |[SF\F| < ¢|F]|.
Since, for every s € S, we have that s F\F C SF\F, it follows that

|F\sF| =[sF\F| < |SF\F| < ¢|F]|.

This shows that G is amenable. |

We shall use the preceding lemma for proving that the class of amenable groups
is closed under taking subgroups.

Proposition 9.2.13 Every subgroup of an amenable group is amenable.

Proof Let H be a subgroup of an amenable group G. Let S be a finite subset of
H and ¢ > 0. As G is amenable, it follows from Lemma 9.2.12 that there exists a
non-empty finite subset £ C G such that

ISE\E| < ¢|E]. (9.2.1)

Let T C G be a complete set of representatives of the right cosets of H in G. This
means that every g € G can be uniquely written in the form g = ht with h € H and
t € T.Foreacht € T, denote by E; the subset of H consisting of all # € H such
that hr € E. Consider also the subset T’ C T definedby T' :={t € T | E; # &}.
We then have E = [[,.; E;t and hence

El =D |Edl= D |Ei. 9:2.2)

teT’ teT’

Since § C H, we have that SE = [[,.;» SE; and hence

SE\E = H(SE,\EI)I.

teT’
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This gives us

ISE\E| = D I(SE\EN!| = D [SE\E].

teT’ teT’

Using (9.2.1) and (9.2.2), we then get

D ISENE/| <& |E.

teT’ teT’

This last inequality implies that there exists 7y € T’ such that
ISEw\Esy| < el Egl.

As Ej, is a non-empty finite subset of H, we deduce from Lemma 9.2.12 that H is
amenable. (]

One says that a group G is an extension of a group A by a group B if there exists
a normal subgroup H of G such that H is isomorphic to A and G/H is isomorphic
to B. Our next result is that the class of amenable groups is closed under extensions.

Proposition 9.2.14 Let G be a group. Suppose that there exists a normal subgroup
H of G such that the group H and the quotient group K = G/ H are both amenable.
Then G is amenable.

Proof Let S be a finite subset of G and ¢ > 0. We want to show that there exists a
non-empty finite subset F' C G such that |F\sF| < ¢|F| forall s € S.

Denote by g: G — K the quotient homomorphism, i.e., the map defined by
q(g) = gH = Hgforall g € G.Let T = g(S). As K is amenable, there exists a
non-empty finite subset C C K such that

|IC\tC| < %|C| forallt € T. (9.2.3)

Let us choose a set of representatives for the cosets of H that are in C, i.e., a set
A C G such that g induces a bijection from A onto C.

Now let R denote the set consisting of all 7 € H for which there exist elements
a,a’ € Aand s € S such that h = a~lsa/, thatis, R := A~!SA N H. Observe that
R is a finite subset of H (of cardinality bounded above by |A|?|S]).

As H is amenable, there exists a non-empty finite subset B C H such that

|B\hB| < ﬁw forall /i € R. 9.2.4)

Consider now the subset F' C G defined by F' := AB. Note that g(F) = C. Observe
also that each element g € F' can be uniquely written in the form x = ab witha € A
and b € B. Consequently, we have that
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|[F| = |Al|B. 9.2.5)
Let us fix some element s € S and let ¢ := g(s) € T. In order to bound from

above the cardinality of F'\sF, we observe that F\sF is the disjoint union of the
sets E1 and E, defined by

Ei:={ge F\sF| q(g9) ¢1C}

and
Er:={ge F\sF | q(g9) €tC}.

If g € E1 and we write g = ab, witha € A and b € B, then g(a) = ¢g(g) € C\tC.
Since g is injective on A, we deduce that

|Eq| < |C\tC||B]
g
< EICIIBI (by (9.2.3))
g
= §|AIIBI
g
= SIF] (by (9.2.5)).

Suppose now that g € E7 and write again g = ab witha € Aandb € B. Wethenhave
q(a) = q(g) € tC = q(sA). It follows that we can find » € H and a’ € A such that
ah = sa’. Observe that & € R by definition of R. We then get g = ab = sa’h~!b.
This last equality implies b ¢ hB since g ¢ sF. Thus b € (J,cx(B\hB). This
gives us

|E2l < |A[ || (B\hB)

heR

< IAI(Z |B\hB|)

heR

€
< |A||R|—I|B by (9.2.4
= |A]l |2|R|I I (by (9.2.4))

3
= 5 |4lIBI

— §|F| (by (9.2.5)).

Combining the above results, we finally get

3 9
[F\sF| = E1|+ | Eal = SIF| + S IF[ = ¢l F].
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This shows that F has the required properties. Thus G is amenable. ([

One says that a group G is a semidirect product of a group G with a group G»
if G contains a normal subgroup H isomorphic to G| and a subgroup K isomorphic
to Gy such that G = KH and K N H = {15}. As the quotient group G/H is then
isomorphic to K and hence to G, an immediate consequence of Proposition 9.2.14
is the following:

Corollary 9.2.15 Ifa group G is a semidirect product of two amenable groups then
G is amenable. (]

A group G is called metabelian if it is an extension of an abelian group by an
abelian group, i.e., G contains a normal subgroup H such that both H and G/H are
abelian. From Corollary 9.2.7 and Proposition 9.2.14, we get:

Corollary 9.2.16 Every metabelian group is amenable. (I

Example 9.2.17 Let K be a field. Consider the group G consisting of all affine trans-
formations of K, i.e., all transformations of the form x — ax + b (x € K), where
a € K* = K\{0} and b € K, with the composition of maps as the group operation.
The translations x +— x 4+ b, b € K, form an abelian normal subgroup T of G
isomorphic to the additive group K and the quotient group G/T is isomorphic to
the multiplicative group K* = K\ {0} (the map that sends the affine transformation
X > ax +btoais asurjective group homomorphism from G onto the multiplicative
group K* with kernel T'). Therefore G is metabelian. Note that G is also the semi-
direct product of its normal subgroup 7 with the subgroup of homotheties x +— ax
(a € K*).

Example 9.2.18 Let G denote the group of affine transformations of the real line R
and let T denote the normal subgroup of G consisting of all translations x +— x + b
(see Example 9.2.17). Fix an integer n > 2 and consider the subgroup G, of G
generated by the translation 7: x +— x + 1 and the homothety /#: x +— nx. The
group G,, consists of all affine transformations of the form x +— ax + b, where
a=nFkeZ,isan integral power of n and b € Z[1/n] is an n-adic rational (i.e., a
rational of the form mn*, where m, k € Z). The translation subgroup 7, = G, N T
is isomorphic to the additive group Z[1/n]. It is normal in G, with quotient group
G, /T, infinite cyclic. Therefore G, is a countably infinite metabelian group. Note
that G, isnotabelian since ht # th. The group G,, belongs to the family of Baumslag-
Solitar groups and is denoted BS(1, n).

Example 9.2.19 Let R be acommutative ring. The Heisenberg group is the subgroup
Hp of GL3(R) consisting of all matrices of the form M (a, b, c), where

lac
M(a,b,c):=(01b (a,b,c € R).
001
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The map defined by M (a, b, ¢) — (a, b) is a surjective group homomorphism from
Hpy onto the additive group R? whose kernel is isomorphic to the additive group
R. Thus Hp is a metabelian group. When R # {0}, it is not abelian since the
matrices M (1,0, 0) and M (0, 1, 0) do not commute. The integral Heisenberg group
Hy provides another example of a countably infinite non-abelian metabelian group.

Let G be a group. The commutator of two elements g and i of G is the element
[g, h] € G defined by
lg.h] == ghg™'h™".

The subgroup of G generated by all commutators [g, i], with g, h € G, is called
the derived subgroup of G and is denoted D(G). If « is a group automorphism of
G, then one clearly has a([g, h]) = [a(g), a(h)] for all g, h € G. This implies
a(D(G)) = D(G), that is, D(G) is invariant by «. In particular D(G) is invariant
by every inner automorphism of G, i.e., D(G) is normal in G. Note that the quotient
group G/D(G) is abelian since gh = [g, h]lhg for all g, h € G. Moreover, if H is a
normal subgroup of G such that G/H is abelian then D(G) C H.

The derived series of G is the sequence (D" (G)), >0 of subgroups of G inductively
defined by D°(G) := G and D"*1(G) := D(D"(G)) for all n > 0. One has

G = D%G) > D(G) = D' (G) > D*(G) D ...

with D"*t1(G) normal in D"(G) and D"(G)/D"*!(G) abelian for all n > 0.

The group G is said to be solvable if there is an integer n > 0 such that
D"(G) = {lg}. The smallest integer n > 0 such that D"(G) = {lg} is then
called the solvability degree of G. Note that the solvable groups of solvability de-
gree O (resp. 1, resp. 2) are the trivial groups (resp. the non-trivial abelian groups,
resp. the non-abelian metabelian groups). Note also that if a group G is solvable of
solvability degree n then any subgroup of G and any quotient group of G is solvable
with solvability degree < n.

Example 9.2.20 Let K be afield and let G denote the subgroup of GL,, (K) consisting
of all upper triangular matrices, i.e., all matrices of the form M = (m;;)1<;, j<n With
mij € Kforalll <i,j <n,m;; =0fori > j,andm;; #0forl <i <n.
Then G is a solvable group. To see this, consider, for each integer k > 0, the subset
E; C GL,(K) consisting of all matrices M = (m;;) such that m;; = ¢;; for all
i > j—k, where d;; is the Kronecker symbol defined by 6;; = 1ifi = jandé;; =0
ifi # j.Inother words, E consists of all matrices in GL,, (K') whose entries located
below the diagonal line i = j — k coincide with the corresponding entries of the
identity matrix I,. Note that Ey = G. An easy computation shows thatif M, N € E
then [M, N] € Ej4. By induction on k, this implies Dk(G) C Ep forallk > 0.1In
particular, we have D"(G) C E,. As E,, = {I,}, we deduce that G is solvable.

Theorem 9.2.21 Every solvable group is amenable.
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Proof 1f G is solvable of solvability degree O then G is trivial and hence amenable.
Suppose now that G is solvable of solvability degree n > 1. Observe that D(G) g G.
From the definition of the derived series, we see that D(G) is solvable of solvability
degree < n — 1. As G/D(G) is abelian and hence amenable by Corollary 9.2.7,
we conclude that G is amenable by applying Proposition 9.2.14 and induction
on n. ]

If P is a property of groups, one says that a group G is virtually P if G contains
a subgroup of finite index that satisfies P. For example, a virtually abelian group is
a group that contains an abelian subgroup of finite index.

Corollary 9.2.22 Every virtually amenable group is amenable.
For the proof, we need the following classical result from group theory.

Lemma 9.2.23 Let G be a group. Suppose that H is a subgroup of finite index of
G. Then there exists a normal subgroup of finite index K of G such that K C H.

Proof The group G acts by left translation on the set G/H of left cosets of H (the
left translate by g € G of the coset xH, x € G, is the coset gx H). This action is
described by ahomomorphism p: G — Sym(G/H), where Sym(G/ H) is the group
of permutations of G/H . The kernel K of p is of finite index in G since G/ H is finite
(the index of K in G divides | Sym(G/H)| = n!, where n = [G : H] = |G/H|).
We have K C H since if g € K then g fixes each coset and in particular H. (I

Proof of Corollary 9.2.22 Let G be a virtually amenable group. This means that G
contains an amenable subgroup H of finite index. By Lemma 9.2.23, there exists a
normal subgroup of finite index K of G such that K C H. The group K is amenable
since every subgroup of an amenable group is itself amenable by Proposition 9.2.13.
As G/K is finite and hence amenable by Proposition 9.1.4, we conclude that G is
amenable by applying Proposition 9.2.14. ]

Corollary 9.2.24 Every locally virtually amenable group is amenable.
Proof This follows from Corollaries 9.2.6 and 9.2.22. (]
Corollary 9.2.25 Every locally virtually solvable group is amenable.

Proof This immediately follows from Theorem 9.2.21 and Corollary 9.2.24. (]

9.3 Examples of Non-amenable Groups

The goal of this section is to provide examples of groups that are not amenable. The
reader is assumed to have some familiarity with free groups. Let us start by recalling
some basic facts about them.
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One says that a group G is free if there exists a subset X C G such that the
pair (G, X) satisfies the following universal property: given any group H and any
map f: X — H, there exists a unique group homomorphism ¢: G — H such that
p(x) = f(x) for all x € X. One then says that X is a base of the free group G. It
can be shown that if G is a group and X C G, then G is free with base X if and only
if every g € G can be uniquely written in the form

g=aia...ay, (9.3.1)

wheren > 0,q; € XUXforalll <i < n,and aj 1 # al._l foralll <i <n-—1.
This is known as the normal form of the element g.

Given a set X, there always exists a group with base X and such a group is unique
up to a unique isomorphism fixing X pointwise. This is the reason why itis acommon
abuse to speak of rhe free group with base X to designate any of the free groups with
base X.

Proposition 9.3.1 If X is a set with more than one element, then the free group with
base X is non-amenable.

Proof Let X be a set with more than one element and let G denote the free group
with base X. Let x and y be two distinct elements in X. Consider the set S C G

defined by

1

S:i={x,y,x" ,y_l}.

If G were amenable, then for every € > 0 we could find a non-empty finite subset
F C G satistying
|F\sF| <¢|F| foralls € S. (9.3.2)

For each s € §, let G, denote the subset of G consisting of all elements g # 1
whose normal form (9.3.1) starts with a; = s~L. The sets Gy, s € S, are pairwise
disjoint. This implies in particular that

D IFNG| <|F|. (9.3.3)

seS
On the other hand, for each s € S, we have that
|F| = |F\G| + |F N Gs| = |s(F\Gy)| + |F N Gsl. (9.3.4)

Now observe that
s(G\Gy) C G4

so that
s(F\Gy5) C (sF\F)U (F N Gy-1)
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and hence

Is(F\G)| < IsF\F|+ [F NG|
= |F\sF|+|F NG|
<elFl+1FNGe] (by (9.3.2)).

By using (9.3.4), we deduce that
|F| <€lF|+|F NG|+ |F NGyl
for all s € S. After summing up over all s € S, this gives us

AF| <4elF|+ Y (IFNGi|+|F N Gyl)

sesS

=4e|F|+2 ) |FNG;l.

seS

Combining with (9.3.3), we finally get
4|F| < 4e|F| 4 2|F|

and hence |F| < 2¢|F|, which yields a contradiction for ¢ < 1/2. This shows that
G is not amenable. ]

Remark 9.3.2 Suppose that G is a free group with base X. As every abelian group is
amenable by Corollary 9.2.7, we deduce from Proposition 9.3.1 that G is non-abelian
if X has more than one element. In fact, this can be shown directly by observing that
if X contains two distinct elements x and y then xy # yx by uniqueness of normal
forms in G. Note that if X is empty (resp. reduced to one single element) then G is
trivial (resp. infinite cyclic). Thus, the following conditions are all equivalent: (1) G
is non-amenable; (2) G is non-abelian; (3) X contains more than one element.

Combining Propositions 9.2.13, 9.3.1, and the above remark we get the following
result.

Corollary 9.3.3 Ifa group G contains a non-abelian free subgroup then G is non-
amenable. ]

Corollary 9.3.3 may be used for showing that certain matrix groups are not
amenable. Here is an example. Recall that the group SL;(Z) is the multiplicative
group of d x d matrices with entries in Z and determinant 1.

Corollary 9.3.4 The group SL4(Z) is non-amenable for d > 2.

Proof As the group SL,(Z) embeds into SL;(Z) for any d > 2, it suffices to show
that SL(Z) is non-amenable.
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Consider the matrices P, Q € SL;(Z) defined by

13 10
P:=(01) and Q:=(31).

Let G be the free group based on a set X = {x, y}, with x # y. By the universal
property of free groups, there is a unique group homomorphism ¢: G — SL2(Z)
satisfying p(x) = P and ¢(y) = Q.

Let us show that ¢ is injective. Suppose not. Then there exists an element g # 1
in G such that ¢(g) = I, where I € SL,(Z) denotes the identity matrix. Let us write
¢ in normal form:

g=aiaz...ay,

where n > 1, a; € {x,y,x‘l,y_l} forall 1 <i < n,and aj+1 # ai_1 for all
1 <i < n — 1. After grouping equal consecutive factors, this can be written as

ny_n2

—_— .. nk
g=uyly Uy

where k > 1, u; € {x,y}and n; € Z\{0} forall | <i <k, and u; # u;4+; for all
1 <i <k—1.Setting U; = p(u;) for | <i <k, we obtain

1=ul"uy - Uk, (9.3.5)

where k > 1, U; € {P, Q} and n; € Z\{0} forall 1 <i <k, and U; # U;4 for all
1<i<k-1.
To prove that this is impossible, we use the natural action of SLy(Z) on Z?2, that

is, the action given by gv = (avy + bvy, cv; + dvp) for all g = (i 2) e SL»(Z)

and v = (v, 1) € 72 Indeed, consider the subsets T}, Ty C Z? defined by
Ty :={(vi,v2) € Z* | |v| > [v2]} and Tp:={(vi,v2) € Z* | |v2] > |v1l}

and the point b := (1, 1) € Z? (see Fig.9.1). We claim that, for all n € Z\{0}, the
following hold:

(P1) P"b € Ty;
(P2) Q"b € Ty;
(P3) P'v e T forallv e Tz;
(P4) Q"v e T, forallv e Tj.

Indeed, let n € Z\{0}. Property (P1) is satisfied since P"b = (1 + 3n, 1) and
|1 + 3n| > 2. On the other hand, if v = (vi, v2) € T, then we have P"v =
(v1 + 3nvz, v2) and, by the triangle inequality,

lvr + 3nvz| = 3|nllvz| — [v1] = 3fva| — |vi| > 2va],
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Fig. 9.1 The ping-pong table

so that P"v € Ty. This shows (P3). Properties (P2) and (P4) are obtained similarly
by exchanging coordinates. This establishes our claim.

Now, we distinguish two cases. Suppose first that Uy = P. Then, by using (P1),
(P3), and (P4), we successively get

U'beT, USUMb e, US7UM' UMb e, U0 UMb e, .. ..
On the other hand, if Uy = Q, then we deduce from (P2), (P3), and (P4) that
Ub e T, U URb e Ty, U0 URb e T, U UAT UM UMb eT, .. ..
Thus, in both cases, we have that

Ui“U;’2 ...U,?"b eTH UTs.
As b ¢ Ty U T3, this gives us

Ur'us® ... U:"b # b,

which contradicts (9.3.5). Consequently, the group homomorphism ¢: G — SL2(Z)

is injective. This implies that ¢©(G) is a non-abelian free subgroup of SL(Z). By
applying Corollary 9.3.3, we deduce that SL>(Z) is non-amenable. O

Remark 9.3.5 The key step in the above proof is an example of application of the
ping-pong principle. It may be visualized by thinking of 77 and 7 as the two halves
of a tennis table and observing that in the sequence

ng Ng—1 prig Ng—2 prMk—1 g 71k k-3 prMk=2 7 /Mk—1 77Nk
UMb, UMUMDb, UMZUMURD, UM UM US UMD,

the points lie alternatively in each of these halves so that they cannot return to the
initial position b because b is outside of the table.
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9.4 The Subadditive Convergence Theorem for Amenable
Groups

The goal of this section is to establish the following result, which is an analogue of
Proposition 6.2.3 for countable amenable groups.

Theorem 9.4.1 (Ornstein-Weiss lemma) Let G be a countable amenable group and
let F = (Fy)n=1 be a Folner sequence for G. Let P, (G) denote the set of all finite
subsets of G. Suppose that h: Pyi,(G) — R is a real-valued map satisfying the
following conditions:

(H1) h is subadditive, i.e., one has
h(AU B) < h(A) + h(B) forall A, B € Pyin(G);
(H2) h is right-invariant, i.e., one has
h(Ag) = h(A) forallg € G and A € Prin(G).
Then the limit W(F
A= lim M
n—o00 |Fn|

exists and one has 0 < \ < 0o. Moreover, the limit \ does not depend on the choice
of the Fglner sequence F for G.

The proof of Theorem 9.4.1 is rather long and technical. It is based on several
auxiliary results.

Lemma 9.4.2 Let A and B be finite subsets of a group G. Then one has

> |Agn Bl =|A||B|. 94.1)
geG

Proof For E C G, denote by xg: G — R the characteristic map of E, i.e., the map
defined by xg(g) = 1if g € E and xg(g9) = 0 otherwise. Then we have

> 1agn Bl =D D xagns(d)

geG geG \g'eG
=> | 2 xag@)xs(d)
9geG \g'eG

= > D xag@) | xs9)

geG \geG
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= > | D xal@'g™h | xa9)

g'eG \yeG

= > 1Alxz()

g eG

=41 D x5(9)

geG
= |A[|B|.

This shows (9.4.1). O

Definition 9.4.3 Let X be a set and € > 0. A family (A;);es of finite subsets of X
is called e-disjoint if there exists a family (B;);c; of pairwise disjoint subsets of X
such that

B; C A; and |A;\Bi| < ¢|A;|

foralli € I.

Lemma 9.4.4 Let X be a set and € > 0. Suppose that (A;)ey is an e-disjoint finite
family of finite subsets of X. Then one has

A=) D> 14 <

iel

. 9.4.2)

U

iel

Proof Let (B;)ics be a family of subset of X as in Definition 9.4.3. We then have

A—a> 141D 1Bl=|JB| = |JA

iel iel iel iel

=

This shows (9.4.2). g

Definition 9.4.5 Let 2 and K be subsets of a group G. The K -interior of Q2 is the
subset Intg (€2) C G defined by

Intg(Q) :={ge G| Kg C Q).

The K -closure of Q2 is the subset Clg (2) C G defined by
Clg(Q) :={ge G| KgNQ # o).
The K-boundary of Q is the subset Ok (2) C G defined by

Ok () := Clg (2)\ Intg (2).
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In other words, Intg (2) (resp. Clg (2), resp. Jx (2)) is the set consisting of all
g € G such that the right-translate of K by g is contained in €2 (resp. meets €2,
resp. meets both 2 and G\ 2).

Lemma 9.4.6 Let G be a group. Then one has

(i) Ox(G\2) = 0k () forall K, Q2 C G;
(ii) Ox(Rg) = (Ox(R))gforall K,Q C G and g € G;
(iii) Ok (1 U Q) C 9k (1) Uk () forall K, 21, 2 C G;
(iv) Og(2\A) C O () U0k (A) forall K, A, Q C G such that A C Q.

Proof Let K, 2, Q1,2,,A C G with A C Q2 and let g € G. Property (i) immedi-
ately follows from the observation above that Ok (€2) consists of all 2z € G such that
K h meets both Q2 and G\ €2 since G\ (G\2) = 2.
Property (ii) follows from the fact that, given an element 2 € G, the set K/ meets
both 2 and G\ if and only if the set K g meets both Qg and (G\Q2)g = G\Qg.
Every element in Og (2] U €23) is in Ok (21) or in Ok (£2) since

G\ (21 U 22) = (G\1) N (G\R2).

This shows (iii).
Property (iv) immediately follows from (i) and (iii) above since Q\A = G\((G\
Q) U A). (I

Observe that Intg (2) C Clg (2) whenever K # &. Note also that one always
has Clg (2) = K~ 'Q. This shows in particular that if the sets K and 2 are finite
then Clg (2) and Ok (2) are also finite (of cardinality bounded above by |K ||£2]).

Definition 9.4.7 Let 2 and K be finite subsets of a group G with Q # &. The relative
amenability constant of Q with respect to K is the rational number a (€2, K) > 0
defined by

|0k ()]

a(R2, K) = 2

Lemma 9.4.8 Let G be a countable amenable group. Let (F,),>1 be a Folner
sequence for G and K C G a finite subset. Then one has

lim «(F,, K) =0.

n—oQo

Proof First observe that

Ok (Fy) = K~'F,\ Intg (Fy)
= J&E\TR)
keK

= |J ¢'EN\CTRY.

h,keK
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This implies
Ok (F)l = | | 'R\ Ry
h,keK
< > I RN R
h,keK
= D> |F\hk"Fy,
h,keK
and hence

10k (Fu)| _ -3 |1Fa\hk ™ Fy|

a(F,, K) =
! C|Fal | Fl

’

h,keK
which shows that a/(F;,, K) tends to 0 as n goes to infinity since

| Fn\gFnl _

n—00 | Fy |
for all g € G, by definition of a Fglner sequence. (]

Lemma 9.4.9 Let Q and K be finite subsets of a group G with Q # &. Then one
has
a(Qg9, K) = a(2,K) 9.4.3)

forall g € G.
Proof By using Lemma 9.4.6(ii), we get
10k (29)] = [(Ok () g] = |0k ()],
which yields (9.4.3) after dividing by |2]. (]
Lemma 9.4.10 Let G be a group. Let K be a finite subset of G and 0 < ¢ < 1.

Suppose that (A}) jey is an e-disjoint finite family of non-empty finite subsets of G.
Then one has

1
U Aj K| = g maxa(4;. K).
jeJ

Proof Let us set
M :=maxa(A;, K).
jeJ
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It follows from Lemma 9.4.6(iii) that

Ok UA.,' CU@K(AJ').

jeJ jelJ

Thus, we have that

ox [ JAj | =[Uox@p
jeJ jeJ
< > 10k(Ap)
jelJ
=> a4}, K)|A)]

jeJ

<MD 1Al

jelJ

As the family (Aj) jey is e-disjoint, it then follows from Lemma 9.4.4 that

o (U as)| _ m
o UAj’K = /e < .
) ‘U A-‘ 1—¢
JjeJ jeJ

O

Lemma 9.4.11 Let G be a group. Let K, A and Q2 be finite subsets of G such that
& # A C Q. Suppose that € > 0 is a real number such that |Q2\A| > ¢|Q2|. Then
one has

(22, K) + a(A, K)

a(Q\A, K) < (9.4.4)

€

Proof By Lemma 9.4.6(iv), we have the inclusion
Ok (2\A) C 0 () U Ok (A). 9.4.5)

It follows that

|0k ($2\A)|
|2\ A
_ |9k (@\A)]
€€
_ 19k (@) Uk (A)]
€€

a(Q\A, K) =

(since |2\ A| > €|2| by hypothesis)

(by (9.4.5))
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_ 10k ()] + 19k (A)]

€|2|
1912, K) + |Ala(A, K)
- e|2|
QK A, K :
- o )+ o ) (since |A] < |2)).
€
This shows (9.4.4). .

Definition 9.4.12 Let G be a group and € > 0. Let K and €2 be non-empty finite
subsets of G. A finite subset P C G is called an (g, K)-filling pattern for Q if the
following conditions are satisfied:

(FP1) KP C Q;
(FP2) the family (K g)4ep is e-disjoint.

Lemma 9.4.13 Let G be a group and 0 < € < 1. Let Q and K be non-empty finite
subsets of G. Then there exists an (e, K)-filling pattern P for Q such that

|[KP|>e(l—a(2, K))|2|. (9.4.6)

Proof Let P denote the set consisting of all (e, K)-filling patterns for 2. Observe
that P is not empty since @ € P. Note also that every element P € P has cardinality
bounded above by ||| K| since P C K ~'Q by (FP1). Choose a pattern P € P with
maximal cardinality. Let us show that (9.4.6) is satisfied. By applying Lemma 9.4.2
with A := K and B := K P, we get

> IKgnKP|=|K|KP]. 9.4.7)
geG
We claim that
e|K| < |KgnN KP| forall g € Intg (). (9.4.8)

Indeed, suppose first that g € P. Then we have KgN K P = K g and hence (9.4.8) is
satisfied since |Kg| = |K| and € < 1. Suppose now that g € Intg (2)\ P. If (9.4.8)
were not satisfied, then we would have |[Kg N K P| < ¢|K| = ¢|Kg| and hence
P U{g} would be an (e, K)-filling pattern for £2, contradicting the maximality of the
cardinality of P. This completes the proof of (9.4.8).

Finally, we obtain

elK||Intk ()= D elK|

gelntg ()

Z |KgNKP| (by (9.4.8))
gelntg ()

> IKgNKP|
geG

IA

A
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= |K[|K P (by (9.4.7)).
After dividing by | K|, we get
lIntg (2)] < |KP|.
This gives us (9.4.6) since
(1-a(2, K))|Q| = |Q|—|0k ()] < |K~'Q|—|0k ()] = | Clx ()| —|0k ()| = | Intg ().
d

1
Lemma 9.4.14 (Filling lemma) Let G be a group and 0 < € < —. Then there exists

an integer so = so(€) > 1 such that for each integer s > sq the following holds.
If K1, K2, ..., K5 are non-empty finite subsets of G such that

(K, Kj) <&* foralll <j <k <s, (9.4.9)
and D is a non-empty finite subset of G such that
a(D,K;) <e® foralll <j<s, (9.4.10)

then there exists a sequence Py, Pa, ..., Py of finite subsets of G satisfying the
following conditions:

(T1) foreveryl < j <s, the set P; is an (¢, K ;)-filling pattern for D;
(T2) the subsets KjP; C D, 1 < j < s, are pairwise disjoint;
(T3) the subset D' C D defined by

D' :=D\ |J K;P

I<j<s
has cardinality |D'| < ¢|D|.

Proof Fix aninteger s > 1. Let Kj, 1 < j < s, and D be non-empty finite subsets
of G satisfying conditions (9.4.9) and (9.4.10).

Let us first describe, by decreasing induction on j, a finite process with at most s
steps for constructing finite subsets P; C G for 1 < j < s. We will see that these
subsets have the required properties when s is large enough, namely for s > so with
so = So(¢e) that will be made precise at the end of the proof.

Step 1. We put Dy := D. By (9.4.10), we have a(Dy, K ;) < e forall 1 < Jj<s.
By applying Lemma 9.4.13 with Q2 := Dy = D and K = K, we can find a finite
subset P; C G such that P is an (e, K;)-filling pattern for Do and

|Ks Ps| > e(1 — (D, Ky))|D|. (9.4.11)
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We deduce from (9.4.11) and (9.4.10) that

K Ps| > e(1—e™)|D|. (9.4.12)
Setting D1 := Do\ K P;, we deduce from (9.4.12) that

IDi] < (1 —e(1—€*))|D].

Step k. We continue this process by induction in the following way. Suppose that
the process has been applied k times, with 1 < k < s — 1. It is assumed that the
induction hypotheses at step k are the following:

(H(k;a)) Dy—_1 is a subset of D satisfying
a(Dg-1, K;) < 2k — D>~ 1 foralll < j <s —k+ 1;

(H(k;b)) Ps—gx+1 C G is an (¢, Ky_g41)-filling pattern for Dy_1;
(H(k;c)) setting Dy := Dy—1\Ks—+1Ps—k+1, we have that

<[] (1 —e(1- i+ 1)62‘—")) ID|.

0<i<k—1
Note that these induction hypotheses are satisfied for k = 1 by Step 1.
Let us pass from Step k to Step k + 1.
Step k + 1. We distinguish two cases.

Case 1. Suppose that | Dy | < €| Di_1| and hence |Di| < €|D|. Then we take P; = &
forall 1 < j <s — k and stop the process.

Case 2. Suppose on the contrary that | Dy| > €| Dg—_1].

Let us first estimate from above, for all 1 < j < s — k, the relative amenability
constants a(Dg, K ;).

Letl <j<s—k.

If Ps_j4+1 = @, then Dy = Di_ and therefore

a(Dy, Kj) = a(Dy-1, Kj)
< 2k — 1)5257’”rl (by our induction hypothesis (H(k;a)))
< 2k + 1>k (since 0 < & < 1).

Suppose now that Ps_41 # <. Then we can apply Lemma 9.4.11 with Q := Dy
and A := Ky_y+1 Ps_k41. This gives us

a(Dg—1, K;j) + a(Ks—+1Ps—k+1, Kj)

a(Dyg, Kj) = a(Dg—1\Ks—k+1Ps—k+1, Kj) < 8

(9.4.13)
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On the other hand, Lemma 9.4.9 and condition (9.4.9) imply that, for all g € G,
a(Ky—is19, Kj) = a(Ky_pt1, K ) < %

As the family (K5 x119)gep,_,,, 18 €-disjoint, this last inequality together with
Lemma 9.4.10 give us

alKs i P Kp=a| | Koo Kj| <
9EPs 41

From (9.4.13) and the induction hypothesis (H(k;a)), we deduce that

(2k _ 1)523—k+1 €2s
+
€ (I1—¢)e

a(Dy, Kj) < < 2k + 1>k

(for the second inequality, observe that 1 /(1 —¢) <2since 0 <& < 1/2).

This shows (H(k+1;a)).

Using Lemma 9.4.13 with Q := Dj and K := K_, we can find a finite sub-
set Ps_x C G such that Ps_j is an (e, Ky_y)-filling pattern for Dy, thus yielding
(H(k+1;b)), and satisfying

|Ks—kPs—i] = & (1 = a(Dy, Ks—))IDe| = & (1 — k + D™ ¥)[ Dyl (9.4.14)

Setting
Dy41 := DI\Ky_ Py,

we deduce from (9.4.14) that
|Diy1| < |Dk|(1 — 5(1 -k + 1)82S_k)),

Together with the inequality of the induction hypothesis (H(k;c)), this yields

[Di+1] < | D] H (1 — 5(1 — Qi+ 1)€2s7i)).

0<i<k

Thus condition (H(k+1;c)) is also satisfied. This finishes the construction of Step
k + 1 and proves the induction step.
Now, suppose that this process continues until Step s. Using (H(k;c)) for k = s,
we obtain
Dl <Dl [] (1 — (1 —(2i+1)52s_i)). (9.4.15)

0<i<s—1

To conclude, let us show that for s > s¢, with 5o = s9(¢) depending only on ¢, we
have |Dg| < ¢|D|.
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As (2i + De® 1 < 2s + De’t forall 0 < i < s — 1, we deduce from (9.4.15)
that
IDy] < |D|(1 — e(1 — @25 + D). (9.4.16)

Since limy— 100 (2r + e’ = 0 and lim,_, 4o (1 — 5)" = 0, both monotonically
for large r, we can find an integer so = so(¢) > 1 such that for all » > so, we have
both 2r + 1)t < % and (1 — %)’ < e. Now, if s > s0, using inequality (9.4.16)
we deduce that oo

DI < 1DI(1-3) =<IDI

This completes the proof of the lemma. (]

Proof of Theorem 9.4.1 Let A € Pyri,(G). By taking A = B in (HI), we get
h(A) < 2h(A) and hence

0 < h(A). (9.4.17)
On the other hand, we have that
hA)y=h (| Jlg)
geA
<> hdgh (by (H1))
geA
=h({lg}IA] (by (H2)),
so that, setting M := h({1g}),
h(A) < M|A]. (9.4.18)

Let (F,,)»>1 be a Fglner sequence for G. By Lemma 9.4.8, we know that

lim «a(F,, K) =0 forevery finite subset K C G. (9.4.19)
n—oo

Consider the infimum limit

h(F,
A= lim inf ") (9.4.20)
n—oo | F,|
Note that 0 < A < M by (9.4.17) and (9.4.18).
1
Let 0 < ¢ < 3 and choose an integer s > sp, where so = sp(¢) is as in

Lemma 9.4.14.

Recall that one says that a finite sequence (K ;)i<j<s is extracted from the se-
quence (F,),>1 if there are positive integersn; < ny < --- < ngsuchthat K; = Fnj
foralll <j <s.
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It clearly follows from (9.4.19) and (9.4.20) that we can find, by induction on j,
a finite sequence (K ;)1<;<s extracted from the sequence (F},),>1 such that

(K, Kj) <e® foralll <j<k<s

and
h(K;)

<A+4¢e foralll <j <s. (9.4.21)
|K;]

Let D C G be a non-empty finite subset satisfying a(D, K;) < £ for all
l<j=<s.

By Lemma 9.4.14, we can find a sequence (P;)1<j<y of finite subsets of G
satisfying the following conditions:

(T1) the set P; is an (g, K ;)-filling pattern for D for every 1 < j <'s;
(T2) the subsets K; P; C D, 1 < j <s, are pairwise disjoint;
(T3) the subset D’ C D defined by

D' =D\ |J K;P

1<j<s
is such that |D’| < ¢|D|.
As

p=pDu| |J k;P].

l<j<s
it follows from the subadditivity property (H1) that

h(D) <h(D")+ > h(K;P;). (9.4.22)

I<j<s
Now, since |D’| < €| D| by (T3), we deduce from (9.4.18) that
h(D") < Me|D|. (9.4.23)
On the other hand, for all 1 < j < s, we have that

hKiP)=h( ] Kjg
gePp;

< Z h(K;g) (by the subadditivity property (H1))
geP;
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= Z h(Kj) (by the right-invariance property (H2))

geP;

h(K ;) .
=> |Kjgl  (since |K;| = |K;g])
1Kl

geP;

<(\+8) D IKjgl  (by (9.4.21)).
QGP/'

As the family (K j g) ge P; is e-disjoint by (T1), we then deduce from Lemma 9.4.4 that

Ate Ate
WK P = T— U k9 = T IKi Pl

geP;
This gives us
Ate
Z h(K;P) < T Z |K; P;|
I<j=s I<j=s
and hence
Ate
> h(KiP)) < — DI, (9.4.24)
1<j<s —e

since the sets K P;, 1 < j <'s, are pairwise disjoint subsets of D by (T2).
Combining (9.4.22)—(9.4.24), we get

h(D) Ate
=< m . 9.4.25
bl =TT 0425

By (9.4.19), we can find an integer ng > 1 such that, for all n > ny,
a(Fy, Kj) <e* foralll <j<s.
By replacing D by F), in (9.4.25), we obtain

h(F,) e s Ate
[ Fl 1—¢

for all n > ng. By letting n tend to infinity, this gives us

h(Fw) _Ate

lim su
e, [l

Me.
1—€+
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Letting now ¢ tend to 0, we get

h(F,
lim sup (Fu) <A
n— o0 I’l|
Consequently, we have that
h(F, h(F,
A = liminf (Fn) = lim su ( ”).
n—00 n n—oo | Fyl

h(Fy)
[Fnl

This proves that the sequence ( ) converges to \.
n>1

h(F,
It only remains to show that A = lim,,_, % does not depend on the choice
n
of the Fglner sequence (F,),>1. To see this, suppose that (F),),> is another Fglner

h(F!
sequence for G and let A := lim,,_, %
Consider the sequence (E;);>1 deﬁnednby

F,, ifnisodd
E, = PR
F, ifniseven.

h(E
Clearly (E,),>1 is also a Fglner sequence. Therefore, the sequence (—|(E "|))
n n>1

has a limit ;. We get & = A = X by uniqueness of the limit. (I

Notes

A detailed exposition of the theory of amenable groups may be found for example
in [41, 85, 88], and [22, Chap.4]. The notes by Tao [103] provide an especially nice
introduction to amenability via Fglner sequences.

Amenability theory has its roots in the difficulties raised at the beginning of the
20th century by both the definition of the Lebesgue integral and the Banach-Tarski
paradox (see [27] for a historical survey). Amenable groups were introduced by von
Neumann [113] in 1929. The original definition of von Neumann requires that the
group admits an invariant finitely-additive probability measure defined on the set
of all of its subsets. A fundamental observation of M. Day is that von Neumann’s
definition is equivalent to the existence of an invariant mean on the space of bounded
functions on the group. The introduction of means has the advantage of allowing the
use of the powerful tools of functional analysis. Let G be a group. For g € G, we
denote by L, and R, the left and right multiplication by g, thatis, the maps L,: G —
Gand R;: G — G defined by L,(h) = gh and R;(h) = hgforallh € G. Consider
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the vector space £°°(G) consisting of all bounded real-valued maps f: G — R.
A mean on G is a linear map m: £*°(G) — R such that inf e f(g) < m(f) <
supgeg f(9) for all f € £°°(G). One says that a mean m on G is left-invariant
(resp. right-invariant) if it satisfies m(f o Ly) = m(f) (resp. m(f o Ry) = m(f))
forall f € £°°(G)and g € G. Ameanm on G is said to be bi-invariant if it is both left
and right-invariant. The following conditions are all equivalent: (1) G is amenable;
(2) G admits a left-invariant mean; (3) G admits a right-invariant mean; (4) G admits
a bi-invariant mean. There is a natural one-to-one correspondence between means
on a group G and finitely-additive probability measures on subsets of G which is
given by m — p,,, where i, (A) is the value taken by m at the characteristic map
x4 of A C G. This correspondence between means and finitely-additive probability
measures preserves left and right-invariance and explains the equivalence between
von Neumann’s and Day’s definitions. In fact, many other equivalent definitions
of amenability for groups may be found in the literature and a complete list, if it
exists, would be certainly far too long to be given here. The interest of choosing
one of these definitions rather than another depends on the context. It seems that the
term “amenable” was used for the first time by M. Day in 1949. The German word
originally used by von Neumann in 1929 was “messbar”. Note that “amenable”
is an anagram of “meanable” and that the French word that is currently used for
“amenable” is “moyennable”.

The Tits alternative [106] asserts that every finitely generated linear group either
contains a non-abelian free subgroup or is virtually solvable (a group G is called
linear if there exist a field K and an integer n > 1 such that G is isomorphic to
a subgroup of GL, (K)). One deduces from the Tits alternative that if G is a linear
group then the following conditions are equivalent: (1) G is amenable; (2) G is locally
virtually solvable; (3) G contains no non-abelian free subgroups. The group GL, (K),
where K is the algebraic closure of a finite field, provides an example of a linear
group that is locally virtually solvable (it is even locally finite, see Exercise 9.10) but
not virtually solvable. However, in characteristic 0, every linear group that is locally
virtually solvable is virtually solvable. There exist finitely generated amenable groups
that are not virtually solvable. The groups of intermediate growth, e.g., Grigorchuk
groups [42], are examples of such groups. The infinite finitely generated amenable
simple groups exhibited by Juschenko and Monod in [52] provide further examples
of finitely generated amenable groups that are not virtually solvable, since it is clear
that an infinite simple group cannot be virtually solvable. On the other hand, there
exist non-amenable groups that contain no non-abelian free subgroups among Tarski
monsters [82] and free Burnside groups [2]. These examples illustrate the fact that
both the class of amenable groups and the class of non-amenable groups are very
hard to apprehend from an algebraic viewpoint.

A net in a set X is a family (x;);e; of elements of X indexed by a directed set
I (recall that a directed set is a partially ordered set (I, <) satisfying the following
condition: for all iy, i>» € I, there exists j € I suchthati; < jandi; < j).Ina
topological space, the notion of a limit can be extended to nets of points. For example,
one says that a net (x;);<; of real numbers converges to 0, and one writes lim; x; = 0,
if, for every € > 0, there exists i) € [ such that |x;| < eforallip <i.If Gisa
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group, a Fglner net for G is a net (Fj);c; of non-empty finite subsets of G such
that lim; |F;\gF;| = 0 for all g € G. By adapting the proof of Lemma 9.2.1, one
easily shows that a (possibly uncountable) group is amenable if and only if it admits
a Fglner net. On the other hand, given a Fglner net (F;);<;, there is an associated
net of means (m;);e;, where m;(f) is the average of f € £°°(G) on F;. Then, by
the compactness of the closed unit ball of the dual space of £°°(G) for the weak-»
topology (which follows from the Banach-Alaoglu theorem), there exists a subnet
of (m;)ics that converges to a mean m. From the fact that (F;);c; is a Fglner net,
one easily deduces that the limit mean m is left-invariant. The converse implication,
namely that the existence of a left-invariant mean implies the existence of a Fglner
net, is more delicate. The proof given by Fglner [37] for this converse implication
was subsequently simplified by Namioka [81].

The definition of amenability via the existence of invariant means may be extended
to semigroups, i.e., sets equipped with a binary operation that is only assumed to
be associative, but theoretical complications appear in this more general setting (see
[25, 26, 81, 85]). For instance, when considering semigroups, one must distinguish
between left-amenability and right-amenability. Also, no equivalent definition of
amenability based on Fglner-type conditions is available in this setting. However,
for semigroups, there is a Fglner-type condition that is implied by amenability and a
stronger Fglner-type condition that implies amenability.

The notion of amenability has been generalized in several other directions (group
actions, groupoids, associative algebras, orbit equivalences, etc.) and plays now an
important role in many branches of mathematics such as combinatorial and geometric
group theory, ergodic theory, dynamical systems, geometry of manifolds, and oper-
ator algebras. This is due to the fact that amenable objects are easier to manipulate
because they are close to finite and commutative ones.

The Baumslag-Solitar groups B S(m, n) were introduced in [12]. Given non-zero
integers m, n, the Baumslag-Solitar group BS(m, n) is the group given by the pre-
sentation (a, b : ba™b™! = a™). This means that BS(m, n) is the quotient of the free
group F on two generators a and b by the smallest normal subgroup N of F such
that ba™b~'a™" € N. Baumslag-Solitar groups are often used as counterexamples
in combinatorial and geometric group theory. For instance, the Baumslag-Solitar
group BS(2, 3) is non-Hopfian (a group G is called Hopfian if every surjective en-
domorphism of G is injective). In contrast, it follows from results due to Malcev
that every finitely generated linear group is residually finite and that every finitely
generated residually finite group is Hopfian (cf. Exercise 10.8 for the definition of
residual finiteness). For a nice survey on Baumslag-Solitar groups, see [1].

A proof of Theorem 9.4.1, under the additional hypothesis that 4 is non-
decreasing, was given by Lindenstrauss and Weiss in [74, Theorem 6.1]. Their proof
is based on the theory of quasi-tiles in amenable groups that was developed by Orn-
stein and Weiss in [83]. An alternative proof of Theorem 9.4.1 was sketched by
Gromov [44] (see [61] for a detailed exposition of Gromov’s argument). A version
of Theorem 9.4.1 for cancellative one-sided amenable semigroups was given in [23].
The proof of Theorem 9.4.1 presented in the present chapter relies on Gromov’s
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ideas and closely follows the exposition that may be found in [23]. The extension to
uncountable amenable groups, for which Fglner sequences are replaced by Fglner
nets, is straightforward (cf. [23]).

Exercises

9.1

9.2

9.3

94

9.5

9.6

9.7

9.8

9.9

Show that the additive group Q of rational numbers is countable but not finitely
generated.
Show that the sequence (F},),>1, where

k
F, = —'| keNandkS(n+1)!]
n!

for all n > 1, is a Fglner sequence for Q.

The symmetric difference of two sets A and B is the set A A B consisting
of all elements that are either in A or in B but not in both. Thus one has
AAB=AUB\ANB.

(a) Show that one has A A B = (A\B) U (B\A).

(b) Show that one has A A B = & if and only if A = B.

(c) Show that if A and B are finite sets with the same cardinality then one has
|A A Bl =2|A\B| = 2|B\A|.

(d) Let G be a group and let (F;,),>1 be a sequence of non-empty finite subsets

of G. Show that (F;),>1 is a Fglner sequence for G if and only if one has

. [ Fn A gFy|

lim, oo ————— =0forall g € G.

[Fnl

Let G be a countable amenable group. Let (F;),>1 be a Fglner sequence for
G and let (g,)n>1 be a sequence of elements of G. Show that (F},g,),>1 is a
Fglner sequence for G.
Let G be a group and let A be a finite subset of G. Show that if (F;),>1 is a
Fglner sequence for G then (F, U A),> is also a Fglner sequence for G.
One says that a Fglner sequence (F},),>1 for a group G is a Fglner exhaustion
if it satisfies F, C F,4+1 foralln > 1 and G = Un>1 F,,. Show that every
countable amenable group G admits a Fglner exhaustion.
Show that any group G satisfies the following condition: for every s € G
and every € > 0, there exists a non-empty finite subset F C G such that
|F\sF| < elF|.
Deduce from Lemma 9.2.12 that a group G is amenable if and only if it satisfies
the following condition: for every finite subset S of G and every € > 0, there
exists a non-empty finite subset ¥ C G such that |SF| < (1 + ¢)|F|. Hint:
observe that SF C FUSF and SF\F = (SU{lg}H)F\F forall F, S C G.
Let G be a group.
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9.10

9.11

9.12

9.13

9.14

9.15

9.16

(a) Show that the following conditions are equivalent: (1) G is countable and
locally finite; (2) there exists a non-decreasing sequence (H,),> of finite
subgroups of G such that G = |J,,».; Hn.

(b) Suppose that G is countable and locally finite. Let (Hp)n>1 be a non-
decreasing sequence of finite subgroups of G such that G = |J,,.| H,.
Show that the sequence (H,),>1 is a Fglner exhaustion of G (cf. Exer-
cise 9.6).

Let K be the algebraic closure of a finite field and let n be a positive integer.
Show that the group GL,, (K) is locally finite. Hint: Observe that K is the union
of an increasing sequence of finite subfields.

Let G be a group. Suppose that G contains a normal subgroup H such that H
is solvable of solvability degree m and G/H is solvable of solvability degree
n. Show that G is solvable of solvability degree at most m + n.

Let G be a group and let (D"(G)),>0 denote its derived series. Show that
D" (G) is normal in G for every n > 0.

Show that every virtually solvable group that is a torsion group is locally finite.
Hint: reduce to the case of a solvable group and then use induction on the
solvability degree.

Let G be a finitely generated group. Suppose that A C G is a finite generating
subset of G. Show that the following conditions are all equivalent: (1) G is
amenable; (2) for every € > 0, there exists a non-empty finite subset I C G
such that |F\aF| < ¢|F| for all a € A; (3) for every € > 0, there exists a
non-empty finite subset F* C G such that |[AF\F| < ¢|F|[; (4) forevery ¢ > 0,
there exists a non-empty finite subset F' C G such that |[AF| < (1 + ¢)| F|.
Show that a group G is amenable if and only if it satisfies the following condi-
tion: for every finite subset K C G and every real number £ > 0, there exists
a non-empty finite subset F C G such that a(F, K) < e.

(Groups with subexponential growth). Let G be a finitely generated group.
Let A C G be a finite subset which generates G as a semigroup (i.e., every
element of G can be written as a finite product of elements of A). Forn > 1,
let B, = B, (G, A) denote the set consisting of all ¢ € G that can be written
in the form g = ajay...ar withO <k <nanda; € Aforall 1 <i <k.

(a) Show that the limit

log | B,

A= XG, A) ;== lim
n— 00 n

exists and that 0 < A\ < oo. Hint: see Exercise 6.4.

(b) One says that G has subexponential growth if A = 0 and that G has
exponential growth otherwise. Show that this definition does not depend
on the choice of the finite subset A C G which generates G as a semigroup.
Hint: Observe that if A" is another finite subset of G which generates G
as a semigroup and B, := B, (G, A’), then there exists a positive integer
C =C(G, A, A') such that B, C B, foralln > 1.



190

9.17

9.18
9.19

9.20

9 Amenable Groups
(c) Show that if G has subexponential growth then

.. | Bn
hmmfM =1.
n—>oo n

(d) Show that if G has subexponential growth then G is amenable. Hint: Con-
sider a finite subset S C G and € > 0. Choose a finite subset A C G
that generates G as a semigroup with S C A. Observe that the subsets
B, := B, (G, A) satisfy SB, C B+ for all n > 1 and deduce from the
result of the previous question that if G has subexponential growth then
there exists n > 1 such that | B,,+1\B,| < ¢|B,|. Conclude by using the
characterization of amenability in Lemma 9.2.12.

Let G be a finitely generated group and H a subgroup of G.

(a) Show thatif H is finitely generated and G has subexponential growth, then
H has subexponential growth.

(b) Suppose that H is of finite index in G. Show that H is finitely generated
and that G has subexponential growth if and only if H has subexponential
growth.

Show that every finitely generated abelian group has subexponential growth.
Show that the integral Heisenberg group Hy described in Example 9.2.19
is finitely generated and has subexponential growth. Hint: Observe that the
matrices X := M(1,0,0),Y := M (0, 1,0),and Z := M (0, 0, 1) generate the
group Hy, and that they satisfy [X, Y] = Z and [X, Z] = [Y, Z] = 1.

(An example of a finitely generated amenable group with exponential growth).
Consider the Baumslag-Solitar group G := BS(1, 2), i.e., the group of affine
transformations of the real line generated by the translation #: x +— x + 1
and the homothety 4 : x > 2x (cf. Example 9.2.18). We have seen in Exam-
ple 9.2.18 that G is metabelian. Therefore G is amenable by Corollary 9.2.16.
The goal of this exercise is to show that G has exponential growth. Let a and
b be the elements of G respectively defined by a := h~! and b := ar.

(a) Showthatifuy,...,u,andvy, ..., v, aretwo finite sequences of elements
of {a, b} such that u;...u, = vy...v, then n = m and u; = v; for all
1 < i < n. Hint: use a ping-pong-type argument after observing that a
sends the open interval (0, 1) in (0, 1/2) and that b sends (0, 1) in (1/2, 1).

(b) Deduce from the result of the previous question that G has exponential
growth.

(c) Find a similar argument to prove that BS(1, n) has exponential growth for
every n > 2.



Chapter 10
Mean Topological Dimension for Actions
of Amenable Groups

In this chapter, by a “dynamical system”, we mean a triple (X, G, T'), where X is a
topological space, G a group, and T: G x X — X a continuous action of G on X
(see Sect. 10.1). The mean topological dimension of a dynamical system (X, G, T),
where X is a normal space and G is a countable amenable group, is defined in
Sect. 10.2. In the case G = Z, it coincides with the mean topological dimension
of the time 1 homeomorphism associated with the action. We extend most of the
results of Chaps.6 and 7. We prove in particular that if G is a countably-infinite
amenable group and P is a polyhedron, then the mean topological dimension of the
G-shift on PC is equal to dim(P) (Corollary 10.6.3). We also show that if G is a
countable amenable group admitting subgroups of arbitrarily large finite index and P
is a polyhedron, then the mean topological dimension of closed invariant subspaces
of K¢ take all real values in the interval [0, dim(P)] (Theorem 10.8.1).

10.1 Continuous Actions

Let G be a group. For our exposition, we shall use a multiplicative notation for the
binary operation on G. An action of the group Gonaset Xisamap7: Gx X — X
satisfying T'(g, T (h, x)) = T(gh,x) and T (1g,x) = x forallg,h € Gandx € X
(here 1 is the identity element of G). Denoting by 7,,: X — X the map defined by
Ty(x) = T (g, x) for all x € X, this amounts to saying that one has

(Act-1) Ty o T, = Ty, forall g, h € G, and
(Act-2) T, =Idx,

where Idy is the identity map on X. It follows from (Act-1) and (Act-2) that 7} is
bijective for all ¢ € G with inverse map Tg’l = (Tg)’l =Ty-1.

Let X be a set equipped with an action 7: G x X — X of a group G. One says
that a subset ¥ C X is T-invariant if Y is Ty-invariant, i.e., T4(Y) C Y, for all
g € G. Note that if ¥ C X is T-invariant then one actually has T,(Y) = Y for all
g € G. Indeed, we then have on one hand T,(Y) C Y (since Y is Ty-invariant) and
on the other one Y = Ty (T, -1(Y)) C Ty(Y) (since Y is T, —i-invariant).
© Springer International Publishing Switzerland 2015 191
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If Y C X is T-invariant, then T induces by restrictionanactionT|y: G XY — Y
given by T'ly(g,y) = T(g,y) forallg € G and y € Y. It is a common abuse to
write T instead of T |y if there is no risk of confusion.

When X is a topological space, one says that an action T of G on X is continuous
if the maps 7}, are continuous on X for all g € G. This implies that, for every g € G,
the map 7}, is a homeomorphism of X with inverse homeomorphism Tg_1 =Ty1.

In this chapter, by a dynamical system, we shall mean a triple (X, G, T'), where
X is a topological space, which is called the phase space of the dynamical system,
Gisagroup,and T: G x X — X is a continuous action of G on X. All dynamical
systems will be implicitly assumed to have non-empty phase spaces.

Example 10.1.1 Suppose that f: X — X is a homeomorphism of a topological
space X. Thenthe map 7': Z x X — X, defined by T'(n, x) = f*(x) foralln € Z
and x € X, is a continuous action of the additive group Z of integers on X. One says
that (X, Z, T) is the dynamical system generated by f.

Conversely, if T: Z x X — X is a continuous action of Z on the topological
space X, then (X, Z, T) is generated by the homeomorphism 77: X — X. Thus,
there is a canonical bijection between the set of homeomorphisms of X and the set
of continuous actions of Z on X.

If T and S are continuous actions of the same group G on two topological spaces X
and Y, one says that the dynamical systems (X, G, T) and (Y, G, §) are topologically
conjugate if there exists a homeomorphism ¢: X — Y suchthatg o T, = §; o ¢
for all g € G. One then says that the homeomorphism ¢ conjugates the dynamical
systems (X, G, T) and (Y, G, S). One says that the dynamical system (X, G, T)
embeds in the dynamical system (Y, G, S) if there exists a topological embedding
f:X < Ysuchthat f o T, = §;0 f forall g € G. One then says that f is an
embedding of the dynamical system (X, G, T) in the dynamical system (Y, G, §).
Note that the system (X, G, T') embeds in (¥, G, S) if and only if there exists an S-
invariant subset Z C Y such that (X, G, T') is topologically conjugate to (Z, G, S).

Example 10.1.2 Let X and Y be topological spaces. Suppose that f is a homeomor-
phism of X and g is a homeomorphism of Y. Let (X, Z, T') and (Y, Z, S) denote the
dynamical systems generated by f and g respectively. Then (X, Z, T) and (Y, Z, S)
are topologically conjugate if and only if the homeomorphisms f and g are topo-
logically conjugate. Moreover, a homeomorphism ¢ : X — Y conjugates (X, Z, T')
and (Y, Z, S) if and only if it conjugates f and g. Similarly, (X, Z, T') embeds in
(Y,Z, S) if and only if (X, f) embeds in (Y, g).

10.2 Definition of Mean Topological Dimension

Let (X, G, T) be a dynamical system, i.e., a topological space X equipped with
a continuous action 7: G x X — X of a group G. Let Py;,(G) denote the set
consisting of all finite subsets of G.
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Given a finite open cover « = (U;);e; of X and an element A € Py, (G), we
define the finite open cover a4 = a4 (X, G, T) by

ap:=\/ T, (. (10.2.1)
geA

Formally, a4 is the family indexed by 74 (the set consisting of all maps from A to I)
formed by all the open subsets

7, W) C X,
geA

where (: A — I runs over /4.

Proposition 10.2.1 Let X be a topological space equipped with a continuous action
T:Gx X — Xofagroup G. Let a be a finite open cover of X. Then the following
hold:

(i) D(aag) = D(an) forall g € G and A € Pyin(G);

(ii) D(ap) < D(ap) forall A, B € Pyin(G) such that A C B;
(iii) if X is normal then one has

D(aaup) < D(ag) + D(ap)

forall A, B € Pfin(G).

Proof If A € Py (G) and g € G, then

ang =\ Ty, (@
heA

= \/(ThoTp) (@)
heA

=V 7 e @
heA

=\ 1, @)

heA

=7, (\/ 7, (Ol)) (by Proposition 6.1.1)

heA
=T, (@)

This shows that the homeomorphism Tg_1 sends a4 to a4 and hence that D(a44) =
D(ap).
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If A, B € Pfin(G)and A C B, then ap is finer than a4 . It follows that D(a4) <
D(ap) by Proposition 1.1.4.

It remains only to establish (iii). So let us assume that X is normal and let A, B €
Prin(G). In the particular case when A and B are disjoint, we have that aqup =
o4 V ap and hence

D(aaup) = D(aa vV ap) < D(aa) + D(ap)

by Proposition 6.1.5.
For the general case, it suffices to observe that

D(aauB) = D(aa\B)UB)
< D(aa\B) + D(ap) (since A\B and B are disjoint)
< D(xa) + D(ap),

where the last inequality follows from the fact that A\B C A so that D(aa\p) <
D(ay) by (ii). O

Suppose that X is a normal space equipped with a continuous action7: G x X —
X of acountable amenable group G. Let « be a finite open cover of X. It follows from
assertions (i) and (iii) in Proposition 10.2.1 that the map A : Py;,(G) — N defined
by h(A) = D(ay) is right-invariant (i.e., h(Ag) = h(A) for all A € Py;,(G) and
g € G) and subadditive (i.e., h(AU B) < h(A) + h(B) forall A, B € Py (G)).
Thus, we deduce from Theorem 9.4.1 that if (F,),>1 is a Fglner sequence for G,
then the limit

D
D(x, X,G,T) := lim M

n—oo | Fy|

: (10.2.2)

exists, is finite, and does not depend on the choice of the Fglner sequence (F},).

Definition 10.2.2 Let X be a normal space equipped with a continuous action
T: G x X — X of a countable amenable group G. The mean topological dimen-
sion of the dynamical system (X, G, T) is the quantity 0 < mdim(X, G, T) < o0
defined by

mdim(X, G, T) :=sup D(«, X, G, T),
o
where o runs over all finite open covers of X and D(«, X, G, T) is the non-negative
real number defined by (10.2.2).

Example 10.2.3 Let f be a homeomorphism of a normal space X and consider the
dynamical system (X, Z, T') generated by f. Let us choose the Fglner sequence
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(Fyu)n>1 for Z given by F,, := {0, 1, ..., n — 1}. Then, for every finite open cover o
of X, we have that

n—1 n—1
-1 —k
ar, = \/ T @ =\ f*@
k=0 k=0
and hence, using the notation introduced in Sect. 6.3,

af, = a)(a, f: n)

It follows that

D, X,Z,T) = lim D(a, f).

o0

D(ar,) ~ tim D(a, f,n) _
n

n n—00

Since, by definition,

mdim(X,Z,T) =supD(«, X, Z,T) and mdim(X, f) = sup D(«, f),
o o

where « runs over all finite open covers of X, we conclude that mdim(X, Z, T) =
mdim(X, f).

10.3 General Properties of Mean Topological Dimension

Mean topological dimension is an invariant of topological conjugacy. More precisely,
we have the following statement:

Proposition 10.3.1 Ler X and Y be normal spaces equipped with continuous actions
T:GxX — XandS: G xY — Y ofa countable amenable group G. Suppose that
the dynamical systems (X, G, T) and (Y, G, S) are topologically conjugate. Then
one has mdim(X, G, T) = mdim(Y, G, §).

Proof Let ¢: X — Y be a homeomorphism that conjugates the systems (X, G, T)
and (Y, G, S). Let 8 be a finite open cover of ¥ and « := ¢~ '(8). As g o T, =
Sy 0 ¢ for all g € G, the homeomorphism ¢ sends a4 (X, G, T) to Ba(Y, G, S) for
every A € Pyin(G). It follows that D(aa(X, G, T)) = D(Ba(Y, G, S)) for every
A € Pyin(G). Replacing A by F,, where (Fy),>1 is a Fglner sequence for G, we
deduce from (10.2.2) that D(«, X, G, T) = D(B, 7Y, G, S). Since 8 +> « provides
a bijective correspondence between the finite open covers of ¥ and those of X, we
deduce that

mdim(X,G,T) =supD(«, X, G, T) =supD(B,7Y, G, S) =mdim(Y, G, S). O
o B
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When the phase space of a dynamical system is finite-dimensional, its mean
topological dimension is zero. More precisely, we have the following result.

Proposition 10.3.2 Ler X be a normal space equipped with a continuous action
T: G x X — X of a countably-infinite amenable group G. Suppose that dim(X) <
0o. Then one has

mdim(X, G, T) = 0.

Let us start by establishing a general property of Fglner sequences in infinite
groups.

Lemma 10.3.3 Let G be a countably-infinite amenable group and let (F,),>1 be a
Folner sequence for G. Then one has

lim |F,| = oo. (10.3.1)
n—oo

Proof Let M be a positive integer. As G is infinite, we can find a finite subset S C G
with |S| > M?2. Since (Fn)n>1 1s a Fglner sequence, there is an integer nog > 1 such
that |F,\gF,| < |F,|/2 forall g € S and n > ng. As F,, # @, this implies that the
set F,, meets gF, and hence that S is contained in the set

Ay = {x)’_l

tx,y € Fpl.
It follows that |S| < |F,|> and hence that |F,| > M for all n > ng. This
shows 10.6. O

Proof of Proposition 10.3.2 Choose a Fglner sequence (Fy),>1 for G. For each
finite open cover « of X and all A € Py;,(G), we have that D(a4) < dim(X) by
definition of dim(X). As dim(X) < oo and lim,,_, | F;,| = oo by Lemma 10.3.3,

we deduce that D
D(@. X.G.T) = Tim 2@F) _

n—00 |Fn|

Thus, we have that

mdim(X, G, T) =sup D(e, X, G, T) = 0. ]
o

Proposition 10.3.4 Let X be a normal space equipped with a continuous action
T: G x X — X of a countable amenable group G. Let Y C X be a closed (and
hence normal) T -invariant subset of X. Then one has

mdim(Y, G, T|y) < mdim(X, G, T).

Proof Leta = (Uj)ic; beafinite opencoverof Y. Foreachi € I, we can find an open
subset V; of X such that U; = V; N Y. Consider the finite open cover  of X defined
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by B := (Vi)ier U(X\Y).Now let A € Py, (G). Let y = (W) jey be a finite open
cover of X that is finer than B4 (X, G, T). Then y' := (W;NY)jey is clearly a finite
open cover of Y that is finer than a4 (Y, G, T|y) and we have ord(y’) < ord(y) (cf.
the proof of Proposition 1.2.1). It follows that D(a4 (Y, G, T|y)) < D(Ba(X, G, T))
for all A € Pyin(G). Replacing A by F,, where (F};),>1 is a Fglner sequence for
G, and passing to the limit, we deduce that D(«, Y, G, T|y) < D(B,X, G, T)
mdim(X, G, T). This implies that mdim(Y, G, T|y) = sup, D(«, Y, G, T|y)
mdim(X, G, T).

OIAIA

Corollary 10.3.5 Let X be a compact space and Y a normal Hausdorff space
equipped with continuous actions T: G x X — X and S: G xY — Y of a
countable amenable group G. Suppose that the dynamical system (X, G, T) embeds
in the dynamical system (Y, G, S). Then one has mdim(X, G, T) < mdim(Y, G, S).

Proof Let f: X — Y be a topological embedding of (X, G, T) in (¥, G, S). It
follows from our hypotheses that Z := f(X) is a closed S-invariant subset of ¥ and
that f induces a topological conjugacy between (X, G, T) and (Z, G, S|z). Thus,
we get

mdim(X, G, T) = mdim(Z, G, S|z) < mdim(Y, G, S)

by applying Propositions 10.3.1 and 10.3.4. (I

Let H be a subgroup of a group G. Recall that a subset C C G is called a left-
coset of H if C = gH for some g € G. The left-cosets of H form a partition of G.
We denote by G/ H the set consisting of all left-cosets of H. Left-multiplication by
elements of G induces an action of G on G/H. This action is defined by the map
from G x G/H to G/H given by (g, C) + ¢gC for g € G and C € G/H. A subset
R C G is called a complete set of representatives of the left-cosets of H if each
left-coset of H contains a unique element belonging to R. Thus, if R is a complete
set of representatives of the left-cosets of H, then the cardinality of R is equal to
that of G/H, i.e., to the index [G : H] of H in G. Recall from Proposition 9.2.13
and Corollary 9.2.22 that if H is of finite index in G, then the group G is amenable
if and only if H is amenable.

IfT: G x X — X is a continuous action of a group G on a topological space X
and H is a subgroup of G, then T induces by restriction a continuous action 7 %)
of H on X defined by

T (h, x) := T(h, x)

forallh € H and x € X.

When a countable amenable group acts on a normal space, the mean topological
dimension of the restriction of the action to a subgroup of finite index is proportional
to the index of the subgroup. More precisely, we have the following result.

Proposition 10.3.6 Letr X be a normal space equipped with a continuous action
T: G x X — X of a countable amenable group G. Let H be a subgroup of finite
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index of G and let T denote the continuous action of H on X induced by T. Then

one has
mdim(X, H, T™) = [G : Hlmdim(X, G, T), (10.3.2)

where [G : H] denotes the index of H in G.
Let us first establish an auxiliary result.

Lemma 10.3.7 Let G be a countable amenable group and let H be a subgroup of
finite index of G. Suppose that (L) n>1 is a Fplner sequence for H and let R C G be
a complete set of representatives of the left-cosets of H. Then the sequence (F,),>1,
where F,, == RL, for alln > 1, is a Fglner sequence for G.

Proof Let k := [G : H] denote the index of H in G and fix some element g € G.
Since G acts on G/H by left-multiplication, there is a permutation o : R — R and
amap p: R — H such that gr = o (r)p(r) for all r € R. Thus, we have that

Fo\gF, = (H an) \g (H an)
reR reRr
(1) (1)
reR rer
( ) (]_[o(r)p(r)L )
reRr rer
( ) ( [Jre™ (r))Ln)
reR rer

= (rLa\roe™ oD La) |
reR

where | ] denotes disjoint union. Setting &, := p(c~!(r)) to simplify notation, we
deduce that

|F\gFul = || [ La\rhr L)

rer

= > IrLy\rh,Ly|

rer

= Z|Ln\h,Ln|.

rer
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As |F,| = k|L,| and (L,),>1 is a Fglner sequence for H, we conclude that

F\gFul _ 1 Lo\l Lol
|l Z,; Ll

tends to O as n goes to infinity. This shows that (F,),>1 is a Fglner sequence
for G. (|

Proof of Proposition 10.3.6 Let (L,),>1 be a Fglner sequence for H andlet R C G
be a complete set of representatives of the left cosets of H. We can assume 1g € R.
By virtue of Lemma 10.3.7, the sequence (F;),>1, where F,, := RL, foralln > 1,
is a Fglner sequence for G.

Let « be a finite open cover of X. Letn > 1. As 1g € R, we have that L, C F,,.
By applying Proposition 10.2.1(ii), we deduce that

D(ap,) < D(apg,). (10.3.3)

This gives us

D
D(a. X, H. T™) = lim 2L

n—00 |Ln|

D
— & tim 2L

n—oo | F,
D(ar,)

n
=kD(x, X,G,T)
< kmdim(X, G, T)

(since | F,,| = k|Ly|)

<k lim

(by (10.3.3))

and hence

mdim(X, H, Ty = sup D(or, X, H, T™) < kmdim(X, G, T).  (10.3.4)
o

On the other hand, observe that

ap, = \/ T, (@)

geF,

V 17 @
gERL,
=V /@
heL,,reR
=V 5,77 @)

hel,,reR



200 10 Mean Topological Dimension for Actions of Amenable Groups

= \/ Th’l (\/ Tr_1 (a)) (by Proposition 6.1.1)

heL, reR

= (\/ T;l (a))
reR L,

D
D@ X.G.T) = lim 2@

nco |y

D((V,er T @),,)

so that

= lim

n—00 |Fn|

| D ((\/reR Tril(a))L,l)
= — lim

k n—o0 |Ln|

1
= %D(\/ T a), H, T(H))

reR

1
= mdim(X, H, T'?).
This implies that
1
mdim(X, G, T) =supD(, X, G, T) < T mdim(X, H, T"). (10.3.5)
o

Inequalities (10.3.4) and (10.3.5) give us (10.3.2). U

Remark 10.3.8 Let f be a homeomorphism of a normal space X and let n be a pos-
itive integer. It follows from Proposition 6.4.2 that mdim (X, ") = n mdim(X, f).
This equality may also be obtained by applying Proposition 10.3.6 by taking G := Z
and H := nZ. Indeed, nZ is a subgroup of Z with index n. On the other hand, if
(X, Z, T) is the dynamical system generated by f,then (X, nZ, T |,7) is (canonically
topologically conjugate to) the dynamical system generated by f” and we know (cf.
Example 10.2.3) that mdim(X, Z, T) = mdim(X, f) and mdim(X, nZ, T|,7) =
mdim(X, f").

Remark 10.3.9 Although actions of finite groups are uninteresting from a dynamical
viewpoint, we can apply Proposition 10.3.6 with G finite and H := {1}. This shows
that if X is a normal space equipped with a continuous action 7: G x X — X of a
finite group G, then

dim(X)
|G|

mdim(X, G, T) =
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10.4 Metric Approach to Mean Topological Dimension

Let X be a compact metrizable space equipped with a continuous action7: G x X —
X of a group G.

Let us fix some metric d on X that is compatible with the topology. For each
g € G, the map Ty: X — X is a homeomorphism of X. Consequently, the map
(x,y) = d(Ty(x), Ty(y)) is ametric on X that is also compatible with the topology.
More generally, given a non-empty finite subset A € Py;,(G) of G, the map d4 on
X x X defined by

da(x,y) = mag(d(Tg(x), Ty(y)) forallx,ye X
ge

is ametric on X compatible with the topology. Recall from Sect. 4.6 (see in particular
Proposition 4.6.2) thatdim, (X, d4) is the smallestinteger n > 0 such that there exists
a compact metrizable space K with dim(K) = n and a continuous map f: X — K
that is e-injective with respect to the metric d4. If A is the empty set, we will take
by convention dimg (X, d4) := 0.

Proposition 10.4.1 Let X be a compact metrizable space equipped with a contin-
uous action T: G x X — X of a group G and let d be a metric on X compatible
with the topology. Let ¢ > 0. Then the following hold:

(i) dimg(X, dag) = dimg(X, da) forall g € G and A € Pyin(G);
(ii) dimg(X,da) < dim¢(X, dp) forall A, B € Pyin(G) such that A C B;
(iii) dimg (X, daup) < dimg(X, da) + dim¢(X, dp) forall A, B € Pyin(G).

Proof Letg € Gand A, B € Py (G).

Assertion (i) immediately follows from the fact that the metric spaces (X, dag)
and (X, d,) are isometric. To see this, observe that the homeomorphism 7} is an
isometry from (X, dag4) onto (X, dy) since

da(Ty(x), Ty()) = max d(Ty(Ty(x)). Tw(Ty(y))
= max d(Thg(x), Thg(y))
= }IlIé%ild(Th (x), Th(y))
= dAg(-x» )’)

forallx,y € X.

If A C B, then we have that d4(x,y) < dp(x,y) for all x, y € X and hence
dim, (X, d4) < dimg(X, dp) by Corollary 4.6.4. This shows (ii).

To establish (iii), first observe that d yup = max(da, dg). Now, let K be acompact
metrizable space with dim(K) = dim.(X, d4) such that there exists a continuous
map f: X — K that is e-injective for the metric d4. Similarly, let L be a compact
metrizable space with dim(L) = dim. (X, dg) such that there exists a continuous
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map g: X — L thatis e-injective for the metric dp. Thenthe map F: X — K x L
defined by F(x) = ( fx), g(x)) is clearly continuous and ¢-injective for the metric
max(da, dp). Since K x L, being the product of two compact metrizable spaces, is
itself compact and metrizable, we deduce that

dim. (X, daup) = dim. (X, max(d4, dp)) < dim(K x L).
As dim(K x L) < dim(K) + dim(L) by Corollary 4.5.6, we conclude that
dimg (X, daup) < dim(K) + dim(L) = dimg(X, dy) + dim. (X, dp).

This shows (iii). U

Suppose that (X, d) is a compact metric space equipped with a continuous action
T: G x X — X of a countable amenable group G. For each ¢ > 0, we define the
real number mdim, (X, d, G, T) > 0 by

di X,d
mdim, (X, d, G, T) := lim S 45)

n—00 |Fn| ’

where (F,),>1 is a Fglner sequence for G. Since the map A +— dim.(X, d4) is
right-invariant and subadditive on Py;,(G) by assertions (i) and (iii) in Proposi-
tion 10.4.1, it follows from Theorem 9.4.1 that the above limit exists, is finite,
and does not depend on the choice of the Fglner sequence (F),). For a fixed
n > 1, the map ¢ — dim,(X, df,) is non-increasing. This implies that the map
¢ — mdim¢ (X, d, G, T) is also non-increasing. We deduce that mdim, (X, d, G, T')
admits a (possibly infinite) limit as ¢ tends to O. It turns out that this limit is precisely
the mean topological dimension of the dynamical system (X, G, T'). More precisely,
we have the following result.

Theorem 10.4.2 Let X be a compact metrizable space equipped with a continuous
action T: G x X — X of a countable amenable group G. Let d be a metric on X
that is compatible with the topology. Then one has

mdim(X, G, T) = lirr})mdims(X, d,G,T). (10.4.1)
E—>

Proof Consider a finite open cover o of X. Let A > 0 be a Lebesgue number of «
relative to the metric d. We claim that

D(ay) < dim; (X, da) (10.4.2)

for all A € Pyin(G). Indeed, suppose that K is a compact metrizable space such
that there exists a continuous map f: X — K that is A-injective with respect to
the metric d4. Then, for every y € K and for all g € A, the set Tg(f’l(y)) has
d-diameter at most A. As A is a Lebesgue number for «, this implies that £ ~!(y) is
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contained in some open set belonging to the cover a4. Hence f is a4-compatible
by Lemma 4.5.3. We deduce that D(a4) < dim(K) by applying Proposition 4.4.5.
This gives us (10.4.2).

Consider now a Fglner sequence (F},),>1 for G. Using (10.4.2), we get

D(Oan)<dimA(X,dF,,)
[Ful  — [ Fyul

for all n > 1. Letting n tend to infinity, we obtain
D(x,X,G, T) <mdimy(X,d, G, T).
Since, as mentioned above, the map ¢ — mdim, (X, d, G, T) is non-increasing, this

implies
D(a, X,G,T) < lin})mdimg(X, d,G,T).
£e—

Therefore this yields

mdim(X,G,T) =supD(«, X, G, T) < lin%)mdimg(X, d,G,T).
a £—>

To complete the proof, it suffices to prove that, conversely,

lim mdime (X, d. G.T) < mdim(X, G. 7). (10.4.3)
£—>

Lete > 0. Consider the open cover of X by its open d-balls of radius £ /2. By com-
pactness of X, it admits a finite subcover o. Let A € Py;,(G). By Proposition 4.4.6,
we can find a polyhedron P such that dim(P) = D(x4) and a continuous o4-
compatible map f: X — P.Lety € P. As f is ag-compatible, the set f~!(y) is
contained in one of the open sets of the cover a4. Consequently, for each element
g € A, the set T_q(f_1 (y)) is contained in one of the open balls of radius &/2. Thus,
the map f is e-injective for the metric d4. As P is compact and metrizable, this
implies

dimg (X, ds) < dim(P) = D(x4).

If (F)n>1 1s a Fglner sequence for G, we deduce that

dim, (X, d . D
mdim,(X,d, G, T) = lim dim; (X, dr,) _ .~ D@r) _

< D(x, X,G,T).
oo Ryl neeo |yl
Since D(a, X, G, T) < mdim(X, G, T'), we finally get

mdim,(X,d, G, T) < mdim(X, G, T),

which yields (10.4.3), by letting ¢ tend to 0. ]
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10.5 Shifts and Subshifts

Let G be a group. Given g € G, we denote by R, the right-multiplication by g on
G,ie., themap R;: G — G defined by Ry(h) := hg for all h € G. Observe that

Ri; =1dg and Ry9o = Ry, © Ry,

for all g1, g» € G.

Let now K be a topological space. The set K ¢ consists of all maps x: G — K. It
may be identified with the product of a family of copies of K indexed by G. We equip
K¢ = ngc K with the product topology. Consider the map X: G x K¢ — K©
defined by

Y(g,x) :=x0Ry (10.5.1)

forallg € Gand x € K©.

Proposition 10.5.1 Let G be a group and K a topological space. Then the map
¥: G x K9 — KO, defined by (10.5.1), is a continuous action of G on K©.

Proof Forall x € K% and g1, g2 € G, we have that
Y(g,x) =xoRj; =xo0ldg =x
and
X (g1, 2(g2,x)) = X(g1, X o Ryy) =x 0 Ry, o Ry, = x 0 Ry, = L(g192, X).

This shows that ¥ is an action of G on K. To see that this action is continuous,
it suffices to observe that if we fix g € G, the element X (g, x) is obtained from
x € K9 by a permutation of its coordinates that is entirely determined by g. Indeed,
this shows that X, is continuous by definition of the product topology. (]

If G is a group and K a topological space, the continuous action £: G x K¢ —
K¢ of G on K¢ defined by (10.5.1) is called the G-shift on K¢ and the dynamical
system (K9, G, %) is called the full shift, or simply the shift, with symbol space
K over the group G. Note that K¢ is compact if K is compact (by the Tychonoff
product theorem) and that K¢ is metrizable if K is metrizable and G is countable
(since the product of a countable family of metrizable spaces is itself metrizable).

Example 10.5.2 If we take G = Z, then (K G G, ¥) is the dynamical system gen-
erated by the shift map o : K Z _» KZ introduced in Sect.7.1.

A closed G-invariant subset X C K ¢ is called a subshift of K©.

For E C G,letg: K¢ — K¥ denote the canonical projection map, that is, the
map defined by mg(x) := x|g forall x € K G where x| g denote the restriction of
x:G— KtoE CG.
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The following result provides an upper bound for the mean topological dimension
of a subshift.

Theorem 10.5.3 Let K be a compact metrizable space of finite topological dimen-
sion dim(K) < oo. Let G be a countable amenable group and let (Fy),>1 be a
Fglner sequence for G. Suppose that X C K© is a subshift. Then one has

di X
mdim(X, G, £) < lim inf S0 X)),

10.5.2
n— 00 | Fyl ( )
For the proof, we shall use the following general properties of Fglner sequences.

Lemma 10.5.4 Let G be a countable amenable group and let (Fy,)n>1 be a Folner
sequence for G. Let S be a finite subset of G. Then one has

SF,\F,
im 1SE ] (10.5.3)
n— 00 |Fn|
Proof We have that
ISEN\Ful = || (9Fa\F)
ges
< D lgFa\Fl
ges
= > |F\gFa|  (since|gF,| = |F,| forall g € §).
ges

After dividing by |F,| and letting n tend to infinity, this gives us (10.5.3) since
(Fu)n>1 1s a Fglner sequence for G. U

Proof Let us choose a metric d on K¢ which is compatible with the topology. Let
¢ > 0. By compactness of K¢, we can find a finite subset S C G such that, for all
X K¢
) y S £
ws(x) =ms(y) = d(x,y) <e. (10.5.4)

By replacing S by S U {15}, we can assume 15 € S.

Let A be a non-empty finite subset of G. Let f: X — K54 denote the restriction
of mga to X. If x, y € X satisfy f(x) = f(y), then we have that mg(gx) = mws(gy)
for all g € A. This implies d4(x,y) < € by (10.5.4). Consequently, the map f is
e-injective with respect to the metric da. As f(X) C K54 is a compact metrizable
space, we deduce that

dim. (X, dy) < dim(f(X)). (10.5.5)
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Observe now that A C SA since 1 € S. Thus, we have the inclusion

F(X) Cma(X) x KSMA,
It follows that

dim(f(X)) < dim(ma(X) x K54\4) (by Proposition 1.2.1)
< dim(m4(X)) + dim(K 34\ (by Corollary 4.5.6)
< dim(wa(X)) + |SA\A|dim(K) (again by Corollary 4.5.6).

After dividing by |A|, replacing A by F,,, and using (10.5.5), we deduce that

dim, (X, dF,) < dim(wg, (X)) | |SF\Ful dim(K)
| Fal | Fal | Fal

for all n > 1. By letting n tend to infinity and using the result of Lemma 10.5.4, we

obtain )
dim (s, (X))

mdim, (X, d, G, ¥) < liminf
n—o00 |Fn|

Finally, by letting ¢ tend to O and using the result of Theorem 10.4.2, this gives us
(10.5.2). O

As a consequence of Theorem 10.5.3, we get the following extension of
Theorem 7.1.3.

Corollary 10.5.5 Let K be a compact metrizable space and let G be a countably-
infinite amenable group. Then one has

mdim(K, G, ¥) < stabdim(K) < dim(K). (10.5.6)
Proof 1f we take X = KC, then 7r,(X) is homeomorphic to K'Fnl As lim,_ o0

| F,,| = oo by Lemma 10.3.3, Inequality (10.5.6) immediately follows from (10.5.2)
and the definition of stabdim(X) given in Sect.6.2. U

10.6 Mean Topological Dimension of Shifts over Polyhedra

The following result is an extension of Theorem 7.2.1.

Theorem 10.6.1 Let N € N and let K := [0, 11V be the N-dimensional cube. Let
G be a countably-infinite amenable group. Then one has

mdim(K%, G, ) = N.
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Proof We immediately get
mdim(K9, G, ¥) < dim(K) = N
by applying Corollary 10.5.5 and Theorem 3.5.4. Thus, it only remains to prove that
mdim(K%, G, T) > N.

Let dg be the metric on K associated with the sup-norm || - |l on RY. Since G is
countably-infinite, we can find a family of positive real numbers (ay)4ec such that

ajg; =1 and Eoeg<oo
geG

and consider the metric d on K¢ defined by

d(x,y) = D agdi (x(g), y(9))

geG

forall x, y € K9. Clearly d is compatible with the topology of K ¢. Moreover, we
have that

dg (x(1g), y(16)) = a15dk (x(16), y(1g)) < zagdK(X(g), (@) =d(x,y)
eG
! (10.6.1)

forallx, y € KC.
Let A be a non-empty finite subset of G. Consider the metric d4 on K ¢ defined by

dA y) = max dX,(x), 2 y)).
(-x’ ) ge ( g( )’ g( ))
Inequality (10.6.1) gives us

r;leaj dg (x(g9), y(9)) = r;leaj dg (Zg(x)(1g), Zg(n (1)) < rgneajd(Eg(x), Z4(»)
=du(x,y) (10.6.2)
forallx,y € KC.

Consider now the topological embedding ¢: K4 < K thatsends eachu € K4
to the element x = ¢(u) € K¢ defined by

B u(g) ifgeA,
x(g) =
g 0 otherwise,
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and the metric p on K4 defined by

p(u, v) = maxdg (u(g), v(g))
geA

for all u, v € KA. Inequality (10.6.2) implies that
pu,v) < da(p), ),
for all u, v € K. By applying Proposition 4.6.3, we deduce that
dimg (K4, p) < dim. (K%, dy) (10.6.3)

for all ¢ > 0. Observe now that the metric space (K4, p) is isometric to ([0, 1]VI4],
0'), where p’ is the metric associated with the sup-norm on R¥ 1Al Therefore, it
follows from Proposition 4.6.5 that dim,(K#, p) = N|A| forall 0 < & < 1. Thus,
Inequality (10.6.3) gives us

N|A| < dimg (K€, ds)

forall 0 < ¢ < 1. After replacing A by F,,, where (F,),>1 is a Fglner sequence for
G, we deduce that

dim. (K9, d
mdim, (KO, d.G. %) = lim Sme(K”.dr)
n

-0 | Fil -
for all 0 < ¢ < 1. By applying Theorem 10.4.2, we conclude that

mdim(K%, G, £) = lin})mdims(KG, d,G,X) > N.
e—

This shows (10.6). |

Corollary 10.6.2 Let N € Nand let K be a metrizable or compact Hausdorff space
such that there exists a subset A C K that is homeomorphic to the N-cube [0, V.
Let G be a countably-infinite amenable group. Then one has mdim(K ¢, G, £) > N.

Proof The subset AG c K is closed and Z-invariant. We deduce that mdim(K G,
G, %) > mdim(A%, G, ) = N by applying Proposition 10.3.4. O

Corollary 10.6.3 Let K be a polyhedron. Let G be a countably-infinite amenable
group. Then one has
mdim(K 9, G, £) = dim(K).

Proof Let N := dim(K). Since every polyhedron is compact and metrizable, we
have that mdim(KG, G, ¥) < N by Corollary 10.5.5. On the other hand, we know
that K contains a subset A homeomorphic to an N-simplex and hence to [0, 1]1V. We
deduce that mdim(K ¢, G, ) > N = dim(K) by applying Corollary 10.6.2. ]
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Corollary 10.6.4 Let K = [0, 11N be the Hilbert cube. Let G be a countably-infinite
amenable group. Then one has

mdim(K9, G, ¥) = oo.

Proof Let N be a positive integer. The subset A C K consisting of all (#,),cn € K
such that u, = 0 for all » > N is homeomorphic to [0, 11V. Thus, we deduce from
Corollary 10.6.2 that mdim(KG, G,X)>N. O

10.7 Subshifts of Block-Type

In this section, we assume that K is a compact metrizable space.

Let G be a group. Suppose that H is a subgroup of finite index of G andlet R C G
be a complete set of representatives of the left-cosets of H. Thus, R is a finite set
with |R| = [G : H] and every element g € G can be uniquely written in the form
g=rhwithr € Rand h € H. Let B be a closed subset of K X.

We define the subset Xg = Xo(K, G, H, R, B) C K¢ by

Xo:={x € K| nr(Zp(x)) € B forallh € H) (10.7.1)

and the subset X = X(K, G, H, R, B) C K¢ by

X = Zy(Xo). (10.7.2)
geG

Proposition 10.7.1 The subsets Xo, X C K© defined above satisfy the following
properties:

(i) XoC X;
(ii) Xo is a closed =) -invariant subset of KY;
(iii) the dynamical system (Xo, H, s H)y g topologically conjugate to the H -shift
on BH K
(iv) X =U,er Zr(Xo);
(v) the subset X C K9 is a subshift (i.e., a closed %-invariant subset of K©).

Proof Property (i) follows from the fact that
Xo = 21,(Xo) C X.

The definition of X may be written in the form

Xo= () (g oZp) ' (B).

heH
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As g o Xy, is continuous for all # € H and B is closed in K R this shows that
Xy is the intersection of a family of closed subsets of K¢ and hence closed in K ©.
Moreover, we clearly have X;(x) € Xg for all x € Xg and k € H, so that X is
() _invariant. Consequently, X satisfies (ii).

Consider the map ¢: Xo — B! defined by

@(x)(h) := R (Ep(x))

for all x € Xo and h € H. Note that ¢ is well defined by (10.7.1) and that ¢ is
bijective since the family of cosets (Rh),cpy is a partition of G. As X is compact
and ¢ is clearly continuous, we deduce that ¢ is a homeomorphism from X onto
BH . On the other hand, denoting by ' the H-shift on B¥, we have, for all x € X,
and h,k € H,

(¢ 0 Zn)(®) (k) = @(Zh (x)) (k)
= TR(Z (Zp(x)))
= TR(Xkn (x))
= p(x)(kh)
= %) (p(x)) (k)
= (2}, 0 ) (x) (k).

It follows that (¢ o Xj,)(x) = (X, 0 ¢)(x) forall x € Xo. This implies that p o &), =
%, o¢ forall h € H. Thus, ¢ is a topological conjugacy between the dynamical
systems (Xo, H, 2y and (B, H, %'). This shows (iii).

Property (iv) follows from the fact that

X =J =,(Xo)

geG

U =ao

reR,heH

U = oZu(xo)
reR,heH

U =Eixo)

reR,heH
U %, (Xp) (since Xo is = -invariant by (ii)).

rer

Since Xy is closed in K¢, we deduce from (iv) that X is a finite union of closed
subsets of K¢ and hence closed in K. As X C K9 is clearly T-invariant by
(10.7.2), we conclude that X C K is a subshift. U
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One says that the subshift X ¢ K ¢ defined by (10.7.2) is the subshift of block-type
associated with the quintuple (K, G, H, R, B).

10.8 Construction of Subshifts with Prescribed Mean
Dimension

It follows from Corollary 10.6.3 and Proposition 10.3.4 that if G is a countable
amenable group and P is a polyhedron, then every subshift X C P¢ satisfies
mdim(X, G, ¥) < dim(P). Conversely, it is natural to ask whether every real num-
ber in the interval [0, dim(P)] appears as the mean topological dimension of some
subshift X C PY. The following result gives a partial answer to this question.

Theorem 10.8.1 Let G be a countable amenable group and let P be a polyhedron.
Suppose that G contains subgroups of arbitrarily large finite index (i.e., for any
integer N > 1, there exists a subgroup H of G suchthat N < [G : H] < 00). Then,
for every real number p satisfying 0 < p < dim(P), there exists a subshift X C P¢
such that mdim(X, G, £) = p.

For the proof, we shall use several lemmas.

Lemma 10.8.2 Let K be a compact metrizable space with dim(K) < oo. Let G be
a countably-infinite amenable group. Suppose that H is a subgroup of finite index of
G. Let R C G be a complete set of representatives of the left-cosets of H in G and
let B C KR be a polyhedron. Let X C K© be the subshift of block type associated
with the quintuple (K, G, H, R, B). Then one has

dim(B)
[G: H]

mdim(X, G, ) > (10.8.1)

Proof Let Xo C K€ as in (10.7.1). It follows from Proposition 10.3.6 that

mdim(X, H, £ ())

mdim(X, G, X) = (G H]

On the other hand, as Xg is a =) -invariant subspace of X and (Xo, H, >y g
topologically conjugate to (BY, H, ¥'), where ¥’ denotes the H-shift on B by
Proposition 10.7.1, we have that

mdim(X, H, ©) > mdim(X,, H, =) (by Proposition 10.3.1)
= mdim(BH, H,%) (by Proposition 10.3.1)
= dim(B) (by Corollary 10.6.3).
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Thus, we get

dim(B)
[G: H]

mdim(X, G, X) > O

Lemma 10.8.3 Let K be a compact metrizable space with dim(K) < oo. Let G be
a countably-infinite amenable group. Suppose that H is a normal subgroup of finite
index of G. Let R C G be a complete set of representatives of the cosets of H in G
and let (By)recr be a family of closed subsets of K. Let B denote the closed subset
of KR defined by B := [1,cg Br and let X C K be the subshift of block type
associated with the quintuple (K, G, H, R, B). Then one has

i dim(B)
mdim(X, G, ¥) < . (10.8.2)
|G : H]
Proof Leth € H and g € G. We claim that
dim(gp (X4(X0))) < dim(B). (10.8.3)

Indeed, first observe that

Trn(Z9(X0) C [ [ 7iem (Zg(Xo)).

rer

Now, using the canonical identification of K "} with K, we have that

Tirny(Xg(X0)) = {Eg(x)(rh) | x € Xo}
= {x(rhg) | x € Xo}

forall r € R. Since H is assumed to be normal in G, there is a bijective mapo : R —
Randamap p: R x H — H (both depending on g) such that rhg = o (r)p(r, h).
This gives us

Tirny(Eg(X0)) = {x (o (r)p(r, 1) | x € Xo}
={Zpr.my () (@ (r) | x € Xo}
={x(@() | x € Zpn(Xo)}
={x(@() | x € Xo}
(since X is £ #)-invariant by Proposition 10.7.1)

= Bo(r).-

We deduce that g, (X4(X0)) is a closed subset of [[,cx Bo(r)- As [[,cg Bo(r) i8
homeomorphic to || B, = B, this shows (10.8.3).

rer
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Now, let L be a non-empty finite subset of H. By Proposition 10.7.1, we have that

X = =y(Xo).

geER

This implies that

wrL(X) = mrL (| 2g(X0) = | mre(Z4(X0)),
geR geR

and hence, by using Corollary 1.2.6,

dim(rr (X)) = max dim(7r gL (£4(X0)))-

TRL(Z¢(X0)) C [ | wrn(Zg(X0)).
helL

this gives us

dim(rr (X)) < D dim(rr(Z¢(X0)).
heL

Applying Inequality (10.8.3), we finally get
dim(mrr (X)) < |L|dim(B). (10.8.4)

Suppose now that (L,),>1 is a Fglner sequence for H. Then the sequence (F},),>1,
where F,, := RL, for all n > 1, is a Fglner sequence for G by Lemma 10.3.7. After
replacing L by L, in (10.8.4), we get

|Fnl

dim(rp, (X)) = dim(wgr, (X)) < |L,|dim(B) = G dim(B)
foralln > 1. As
di X
mdim(X, G, £) < lim inf S0 (X))
n—00 | Fy
by Theorem 10.5.3, this yields (10.8.2). (]

Lemma 10.8.4 Let G be a countably-infinite amenable group. Suppose that H is a
normal subgroup of finite index of G and let R C G be a complete set of represen-
tatives of the cosets of H in G. Let P be a non-empty polyhedron and let py € P.
Let S C R and consider the closed subset B C PR defined by
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B = PS x {pO}R\S C PS % PR\S — PR.

Then the subshift of block type X C BY associated with the quintuple (P, G, H,
R, B) satisfies
||

[G: H]

mdim(X, G, ¥) = dim(P).

Proof This immediately follows from Lemmas 10.8.2 and 10.8.3 since dim(B) =
|S] dim(P) by Corollary 3.5.11. ]

Lemma 10.8.5 Ler G be a group containing subgroups of arbitrarily large finite
index. Then there exists a strictly decreasing sequence (H,),cN of normal subgroups
of finite index of G.

Proof We use induction. We start by taking Hy = G. Suppose that Hy, Hy, ..., H,
are normal subgroups of finite index of G such that

H()%Hl;;[‘]n

Since G contains subgroups of arbitrarily large finite index, we can find a subgroup
of finite index K C G such that [G : K] > [G : H,]. Then K N H, is a subgroup
of finite index of G which is strictly contained in H,. Moreover, it follows from
Lemma 9.2.23 that we can find a normal subgroup of finite index L of G such that
L C KN H,. As

H, 2 KNH, DL,

we can take H,4+1 = L. O

Proof of Theorem 10.8.1Let A := p/dim(P).If p = dim(P), we can take X = PC
by Corollary 10.6.3. Thus, we can assume 0 < A < 1.

By applying Lemma 10.8.5, we can find a strictly decreasing sequence (H,),cN
of normal subgroups of finite index of G with Hy = G. Let v, := [G : H,] denote
the index of H,. Observe that vy = 1 and that

Vn+1
Vn

=[H, : Hn+1] >2

for all n € N. Let a, denote the integral part of v,A and b, := a,, + 1. We then have
ap = 0, b() = 1, and
a, < vuA < by, (10.8.5)

for all n € N. It follows that the sequences (u,) and (v,) defined by

. an . by
U, ;= — and v, = —
Vn Vn
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satisfy
U, <X\ < vy (10.8.6)

and

Up — Uy = — =— (10.8.7)

foralln € N. As v, — oo as n goes to infinity, we deduce from (10.8.6) and (10.8.7)
that the sequences (1) and (v,) both converge to A.
Observe also that (10.8.5) implies that

Vp41 Vp41
e ap < Vyph < s by
U Vn
so that
V. 1 V 1
"y < an1 < byi1 < —by (10.8.8)
Yy "
forall n € N.

Let us choose, for each n € N, a complete set R, C G of representatives for the
cosets of H, in G. Let u,,: R,4+1 — R, denote the map which associates to each
element r € R, the representative of the coset » H,. Note that u,, is surjective and
that every element of R, is the image by u, of exactly £l elements of R, 1.

Let us show that we can find two sequences of sets (I, )neN and (J,),enN With the
following properties:

P1) I, C J, C Ry,
(P2) |I| = ap,
(P3) [ Jn| = by,
P4 i (1) C Ly,
(PS) Jut1 C iy ' (Jn),
foralln € N.
We proceed by induction on n. We start by taking Ip = @ and Jo = Ry. Now,
suppose that [; and J; have already been constructed for k < n with the required
properties. As I, C J, by (P1), we have that

1y () €y ().

On the other hand, since |I,,| = a, and |J,| = b, by (P2) and (P3), the fact that w,
is "—“—to -one implies that

_ Vn+1
()] = 2 . 2, and uy ()] = =L

n n

by.
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Thus, we deduce from (10.8.8) that we can find subsets I,,+1 and J,, 41 of R, 11 such
that
1 (1) C Ingt € Jny C gy (J)

with |I,+1] = ay+1 and |J,+1| = by41. This completes our induction.
Now, let us fix some point pg € P and consider the subsets A, C B, C PRn
defined by

Ap = Pl x {po}R"\I” and B, := P’ x {po}R"\]".

Let Y < PG and Z™ < P denote the subshifts of block-type respectively
associated with (P, G, H,, R,, A,) and (P, G, H,,, R,,, B,,). This means that

Y™ = | 2y(r”) and z® = | 2z,

geG geG
where
Y\ = {x € PO | ng,(Sh(x) € A, forallh € H,)
={xePY| x(9)=po ifg¢ LH,
and

Z8 .= (x € PO | g, (Sh(x)) € B, forallh € H,)
={xe P9 x(9)=po ifg¢ JuHy,),

(we recall that g, PS¢ — PR denotes the canonical projection map).
Let us show that

Q) ymw -~ Z(”),
(Q2) Y(n) C Y(n+1)’
(Q3) Z(n+]) C Z(n)
foralln € N.

Property (Q1) follows from the inclusion /,, C J, since it clearly implies Yé") -
zv.

Consider an element g € I,H,. Then ¢ = rh, where r € I, and h € H,.
Write g = r'h/, where ' € R,y and i’ € H,. . Observe that u,(r') = r since
Wlhe H,. This implies r’ € I, by (P4). Thus I,,H,, C I+ H,. This clearly
implies Yén) C YénH) and hence (Q2). Similarly, we deduce J,,+1H,+1 C J, H,
from (P5). This implies Z\"™" ¢ Z\", which gives (Q3).
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Consider now the subshift X ¢ PY defined by

X = ﬂ zm.

neN

By using Lemma 10.8.4, we deduce from (P2) and (P3) that

1
mdim(Y™, G, £) = || dim(P) = 2 dim(P) = u,, dim(P)
n n
and
[Jnl

mdim(Zz™, G, %) =

dim(P) = bn dim(P) = v, dim(P).
V,

n n
Since X € Z™, we get
mdim(X, G, £) < mdim(Z™, G, £) = v, dim(P)
for all n € N by applying Proposition 10.3.4. Letting » tend to infinity, this gives us
mdim(X, G, ¥) < Adim(P) = p. (10.8.9)

On the other hand, since Y™ < YN < ZM for all N > n by (Q1) and (Q2),
we get

y®c () z™=x.
N>n

Applying again Proposition 10.3.4, we obtain
Uy dim(P) = mdim(Y™, G, £) < mdim(X, G, ¥)
for all n € N. Letting n tend to infinity, this yields
p = rdim(P) < mdim(X, G, X). (10.8.10)

Inequalities (10.8.9) and (10.8.10) imply that mdim(X, G, ¥) = p. O

Remark 10.8.6 The group Z clearly satisfies the hypotheses of Theorem 10.8.1,
so that Theorem 10.8.1 is an extension of Corollary 7.6.4. More generally, every
countable amenable group G admitting a surjective homomorphism f: G — Z
satisfies the hypotheses of Theorem 10.8.1 since f~! (nZ) is then a subgroup of index
n of G for every n > 1. This shows in particular that any infinite finitely generated
abelian group (e.g., G = Z¢ for d > 1) satisfies the hypotheses of Theorem 10.8.1.
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Notes

Mean topological dimension for actions of amenable groups was introduced by Gro-
mov in [44]. Its properties were investigated in depth for Z-actions by Lindenstrauss
and Weiss in [74]. The exposition in the present chapter closely follows that in [24].
One can define mean topological dimension for actions of uncountable amenable
groups by replacing Fglner sequences by Fglner nets (see the Notes on Chap.9).

The notion of mean topological dimension has been extended to continuous
actions of countable sofic groups by Li [68]. Sofic groups were introduced by Gro-
mov [43] and Weiss [115]. The class of sofic groups is a very vast one. It is known to
include in particular all residually finite groups and all amenable groups. Actually,
the question of the existence of a non-sofic group is still open. For an introduction to
the theory of sofic groups, the reader is referred to the survey paper [87] and to [22,
Chap.7].

Theorem 10.8.1 was obtained by Krieger and the author in [24]. Every residually
finite countably-infinite amenable group, and hence every infinite finitely generated
linear group (see the Notes on Chap.9), satisfies the hypotheses of Theorem 10.8.1
(see Exercise 10.8). However, there exist countably-infinite amenable groups, such
as the infinite finitely generated amenable simple groups exhibited in [52], that do not
satisfy the hypotheses of Theorem 10.8.1. It might be interesting to know whether
the conclusion of this theorem remains valid for such groups.

There is an impressive literature dealing with shifts and subshifts over G = Z4 (see
for example the survey papers [69, 71] as well as the references therein). For d > 2,
the study of subshifts of finite type over Z¢ has connections with undecidability
questions for tilings of Euclidean spaces.

In his Ph.D. thesis [51, Corollary 4.2.1], Jaworski proved that if G is an abelian
group and X is a compact metrizable space with dim(X) < oo, then every minimal
dynamical system (X, G, T) can be embedded in the G-shift on R (see Exer-
cise 10.8). On the other hand, Krieger [62] has shown that if P is a polyhedron and
G is a countably-infinite amenable group, then there exist minimal subshifts X ¢ P¢
whose mean topological dimension is arbitrarily close to dim(P). It follows in par-
ticular from Krieger’s result that there exist minimal dynamical systems (X, G, T),
where X is compact and metrizable, that do not embed in the G-shift on RE.

Exercises

10.1 Let G be a group and K a topological space. The set K¢ = ngc K is
equipped with the product topology. For g € G, denote by L, the left-
multiplication by g, i.e., the map L,: G — G defined by L (h) = gh for all
h € G. Consider the map £: G x K¢ — K defined by

f)(x) =xoLg
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10.2

10.3

10.4

10.5

10.6

forall g € G and x € K. Show that ¥ is a continuous action of G on K¢
and that the dynamical systems (K¢, G, ) and (K¢, G, ¥) are topologically
conjugate. Hint: use the map f: K¢ — K¢ defined by f(x)(g) := x(g~")
forallx € K¢ and g € G.

Let X be a compact metrizable space equipped with a continuous action
T:G x X — X of a group G. Let S(X) denote the set consisting of
all continuous maps f: X — X. We equip S(X) with the topology of
uniform convergence (i.e., the topology associated with the metric p given
by p(f1. f2) = sup,ex d(fi(x), fo(x)) for all f1, fo € S(X), where d
is a metric on X that is compatible with the topology). Consider the map
U: G x SX) > S(X) givenby U(g, f) := T(g, f(x)) forall g € G,
feSkx),andx € X.

(a) Show that U is a continuous action of G on S(X).

(b) Show that the system (X, G, T') embeds in the system (S(X), G, U). Hint:
consider the map ¢: X — S(x) that sends each a € X to the constant map
t(a) € S(X) defined by t(a)(x) :=aforall x € X.

(cf. Exercise 4.11). Let (X, d) be a compact metric space equipped with a
continuous action 7: G x X — X of a countable amenable group G. We
associate to each non-empty finite subset A C G the metric d4 on X defined
by da(x, y) 1= maxgea d(Ty(x)., Ty(y)).

(a) Lete > Oandlet (Fy),>1 be a Fglner sequence for G. Show that the limit

Widim, (X, d
mWidim, (X, d, G, T) := lim —oame(X. dr,)

n—00 | Fy |

exists, is finite, and does not depend on the choice of the Fglner sequence

(Fn)nzl-
(b) Show that

mdim(X, G, T) = lirr%) mWidim, (X, d, G, T).
E—>

(cf. Exercise 7.2). Let G be a group and let X be a topological space. One
says that a continuous action 7' of G on X is fopologically mixing if, given
any pair U, V C X of non-empty open subsets of X, the set of g € G such
that 7,(U) NV = @ is finite. Let K be a topological space. Show that the
G-shift on K¢ is topologically mixing.

Let G be a group. Let K and L be topological spaces. Show that the G-shift
on LY embeds in the G-shift on K © if and only if the space L embeds in K.
Let X be a non-empty topological space equipped with a continuous action
T: G x X — X of a countable amenable group G.
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(a)

(b)

©

(d)
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Let o be a finite open cover of X. Show that the map h: Pys;,(G) — R
defined by h(A) = log N(a4) (Where a4 is defined by (10.2.1) and N (-)
is defined in Exercise 6.11) is right-invariant and subadditive.

Let (F)n>1 be a Fglner sequence for G. Show that the limit

log N
hiop(e, X, G, T) := lim Og—(aF")

n—00 |Fn|

)

exists, is finite, and does not depend on the choice of the Fglner sequence

(Fn).
The quantity 0 < h;yp(X, G, T) < oo defined by

hiop(X, G, T) :==suphyop(a, X, G, T),
o

where « runs over all finite open covers of X, is called the fopological
entropy of the dynamical system (X, G, T').

Let Y be a topological space equipped with a continuous action S: G x
Y — Y of G. Suppose that there exists a surjective continuous map
f:Y — Xsuchthat fo§; =T, o f forall g € G. Show that one has
hiop(X. G, T) < hiop(Y, G. 5).

Let ¢: X — X be a homeomorphism of X. Show that the dynamical
system (X, Z, T) generated by ¢ satisfies hop(X, Z, T) = hop(X, @),
where 0, (X, ) is the topological entropy of (X, ¢) (cf. Exercise 6.11).

10.7 Let K be a finite discrete topological space with cardinality k and let G be a
countable amenable group. Given A € P (G), let wa: K G _ K4 denote
the restriction map. Let X C K¢ be a non-empty subshift.

()

(b)

(©)

Let (Fj,)n>1 be a Fglner sequence for G. Show that the limit

hx) = tim 28]
n—00 |Fn |

exists, is finite, does not depend on the choice of the Fglner sequence

(Fp), and satisfies 0 < h(X) < logk. This limit is called the entropy of

the subshift X.

Show that h(X) = h;op(X, G, X), where ¥ denotes the G-shift on X

and h,0p (X, G, X) is the topological entropy of the dynamical system

(X, G, 2) (cf. Exercise 10.8).

Show that if ¥ K¢ is a subshift such that X C Y, then h(X) < h(Y).

10.8 One says that a group G is residually finite if the intersection of all the finite
index subgroups of G is reduced to the identity element (cf. Exercise 2.5).

(a)

Let G be a group. Show that the following conditions are equivalent:
(1) G is residually finite; (2) the intersection of all the finite index normal
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10.9

10.10

10.11

10.12

10.13

10.14

subgroups of G is reduced to the identity element; (3) for every element
g # 1 in G, there exist a finite group F' and ahomomorphism¢: G — F
such that ¢(g) # lf; (4) for any two distinct elements g1, g» € G,
there exist a finite group F' and a homomorphism ¢: G — F such that
@ (g1) # ¢(g2); (5) forevery finite subset 2 C G, there exist a finite group
F and a homomorphism ¢: G — F whose restriction to €2 is injective.

(b) Show that every finite group is residually finite.

(c) Show that every finitely generated abelian group is residually finite.

(d) Show that the additive group Q of rational numbers is not residually finite.

(e) Prove that if G is an infinite residually finite group, then G contains sub-
groups of arbitrarily large finite index. (This shows in particular that every
countably-infinite residually finite amenable group satisfies the hypothe-
ses of Theorem 10.8.1.)

(f) Show that if G is a residually finite group and K is a topological space,
then the periodic points in K¢ (i.e., the points whose orbit under the
G-shift is finite) are dense in K.

(g) Let G be a group. Show that if there exists a Hausdorff topological space
K with more than one point such that the periodic points are dense in K @,
then G is residually finite.

Show that every infinite, finitely generated, virtually solvable group satisfies
the hypotheses of Theorem 10.8.1. Hint: prove that every infinite, finitely
generated, solvable group G has subgroups of arbitrarily large finite index by
induction on the solvability degree of G.

Let X be a topological space equipped with a continuous action7: G x X —
X of a group G. Suppose that K is a topological space such that X embeds in
K. Show that the dynamical system (X, G, T') embeds in the G-shift on K G,
Let X be a compact metrizable space equipped with a continuous action
T: G x X — X of agroup G. Suppose that dim(X) < oco. Show that there
exists an integer n > 1 such that the dynamical system (X, G, T') embeds in
the shift (R")°, G, ).

Let X be a compact space equipped with a continuous action7: G x X — X
of a group G. Let K be a Hausdorff space. Show that the following condi-
tions are equivalent: (1) the dynamical system (X, G, T)) embeds in the shift
(K G G, %); (2) there exists a continuous map f: X — K such that, given
any two distinct points x and y in X, there is an element g € G satisfying
F(Ty(0) # [Ty ().

Let G be a group. One says that an action 7: G x X — X of G on a set
X is free if Ty(x) # x forall g € G\{lg} and x € X. Show thatif K is a
topological space having more than one point, then the G-shift on K¢ is a
free action.

(An embedding theorem for free actions [51, Theorem 4.2]). Let G be an infi-
nite group and let X be a compact metrizable space equipped with a continuous
actionT: G x X — X of G. We suppose that the action of G on X is free (cf.
Exercise 10.13) and that X has finite topological dimension dim(X) < oo.
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(a) Let x and y be distinct points in X. Show that for every integer m > 1,
there exist elements g1, ..., g, € G such that the points

To (x)s ooy Tgy (X), Tgy (), - g ()

are pairwise distinct.
(b) Show that (X, G, T) embeds in the G-shift on RE by using the result of
Exercise 10.12 and following the lines of the proof of Theorem 8.3.1.

(An embedding theorem for minimal actions of abelian groups [51, Corol-
lary 4.2.1]). Let G be an abelian group and let X be a compact metrizable
space equipped with a continuous action 7: G x X — X of G. We suppose
that the action of G on X is minimal (i.e., every orbit is dense in X) and that
X has finite topological dimension dim(X) < oco.

(a) Let x € X. Show that H := {g € G| T;(x) = x} is a subgroup of G and
that H does not depend on the choice of the point x € X.

(b) Suppose thatthe group G/ H is finite. Show that X is finite and then deduce
from the result of Exercise 10.10 that the dynamical system (X, G, T)
embeds in the G-shift on RC.

(c) Supposenow that the quotient group Q := G/H isinfinite. Observe that T’
induces a continuous free action of Q on X. Then conclude that (X, G, T')
embeds in the G-shift on R by using the result of Exercise 10.14 and
the canonical embedding R¢ < RC.
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topologically conjugate —, 112

E
Embedding
— of dynamical systems, 140, 192
topological —, 83
Entropy
— of a dynamical system, 120, 220
— of a subshift, 137, 220
e-dense subset, 146
e-injective map, 76
Erdos space, 88
Even subshift, 136
Expansive homeomorphism, 137
Exponential growth
group of —, 189
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— of amap, 71
— of groups, 164
Extremal point, 50
Extremally disconnected space, 48

F
Face of a simplex, 50
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Knaster-Kuratowski —, 91
punctured Knaster-Kuratowski —, 91
Finer cover, 4
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Finite type

subshift of —, 129
Finitely generated group, 157
First-countable space, 35
Fixed point, 139
Flow, 153
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— condition, 161
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— sequence, 158
Free

— action, 221
Free group, 169

base of a —, 169

G
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Geometric realization of a simplicial com-
plex, 65
Golden mean subshift, 136
Greatest lower bound, 95
Group
— of exponential growth, 189
— of subexponential growth, 189
amenable —, 158, 161
Baumslag-Solitar —, 166
finitely generated —, 157
free —, 169
Heisenberg —, 166
Hopfian —, 187
linear —, 186
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residually finite —, 46, 220
solvable —, 167
symmetric —, 162

H
Heisenberg group, 166
Homeomorphism
expaansive —, 137
Hopfian group, 187
Hyperplane
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Induced topology, 7
Invariant subset, 114, 191
Isolated point, 30
Iterates of a map, 110
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a-compatible —, 75
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Mean, 186
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Minimal dynamical system, 140
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Neighborhood base, 31
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Normal

— form, 169
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— at a point of a family of subsets, 3
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— topology, 95
— type, 96
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— of unity, 72
Path-connected space, 66
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Periodic point, 139
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Ping-pong principle, 172
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Tychonoff —, 97
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periodic —, 139
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Residually finite group, 46, 220
Right-translate, 157
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Separable space, 36
Sequence
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— group, 162
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Tits alternative, 186
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Totally separated space, 41
Translation number, 119
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Ultrametric space, 47
Upper bound, 95
Upper-density, 147
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