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Preface

The essence of mathematics lies in its freedom.
(Georg Cantor)

The moving power of mathematical invention is not
reasoning but imagination.
(Augustus De Morgan)

Approach theory was introduced in a series of papers which appeared between
1988 and 1995, and I refer to the bibliography for details. In 1997 a first book,
Approach Theory: the Missing Link in the Topology-Uniformity-Metric Triad,
appeared with Oxford University Press (Lowen 1997). With the maturing of the
theory and the many further developments in applications since then, the time was
ripe to write a more definitive account.

The work presented in this book could not have been completed without the
enthusiastic collaboration of many colleagues and students.

A very special thought goes to my wife, Eva Colebunders for the exciting times
we had when developing so many fundamental aspects together in our many joint
papers on approach theory, metrically generated theories, and lax-algebraic
theories.

Further, I have collaborated on approach theory, either in its own right or
related to metrically generated theories, lax-algebraic theories, or approach frames,
with many colleagues: Maria-Manuel Clementino, Guiseppe Di Maio, Eraldo
Giuli, Horst Herrlich, Dirk Hofmann, Som Naimpally, Sevda Sagiroglu, Gavin
Seal, Walter Tholen, Jan Van Casteren, David Vaughan and especially Bernhard
Banaschewski and Piet Wuyts.

Many of my Ph.D. students, over the years, have helped develop parts of the
theory: Rony Baekeland, Ben Berckmoes, Marc Nauwelaerts, Kristin Robeys,
Wannes Rosiers, Mark Sioen, Anneleen Van Geenhoven, Christophe Van Olmen,
Francis Verbeeck, Stijn Verwulgen, and Bart Windels. Several Ph.D. students of
Eva Colebunders too contributed to the development of parts of the theory: Veerle
Claes, Sarah De Wachter, An Gerlo, Gert Sonck, and Eva Vandersmissen. Many of
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viii Preface

their results are present in the text and references to their work in Ph.D. theses and
in joint publications can be found in the bibliography.

Most of these students were supported by Research Foundation Flanders (FWO)
doctoral and/or post-doctoral grants, and the FWO also funded the research project
on Metrically Generated Theories in cooperation with Eva Colebunders which has
had a fundamental impact on approach theory. Other students were supported by
doctoral grants from the University of Antwerp. Both the FWO and the University
of Antwerp also supported the series of conferences “Aspects of Contemporary
Topology” where approach theory always played an important role. Thus the
FWO and the University of Antwerp have indirectly also contributed to the coming
into existence of the present work and I wish to express my thanks for those many
years of considerable financial support.

Besides the colleagues mentioned above, I have been fortunate also to have had
interesting exchanges on approach theory with, and enjoy the support and
encouragement of many other colleagues, including the following, several of
whom have also worked on approach theory individually: Gerald Beer, Lamar
Bentley, Guillaume Briimmer, Peter Collins, Akos Csészar, Dikran Dikranjan,
Szymon Dolecki, Paul Embrechts, Marcel Erné, David Holgate, Mirek Husek,
George Janelidze, Max Kelly (}), Darrell Kent, Hans-Peter Kiinzi, Bill Lawvere,
Sandro Levi, Geert Molenberghs, Frédéric Mynard, Louis Nel, Gerhard Preuss (7),
Ales Pultr, Dieter Pumpliin, Gary Richardson, and Jerry Vaughan.

To all the aforementioned colleagues and students I would like to express my
sincere appreciation for the many years of cooperation and support.

I thank Ben Berckmoes, Nieves Blasco, and Mark Sioen for proofreading parts
of the manuscript and especially Piet Wuyts who proofread a complete first draft.
Of course any mistakes which remain are entirely my own responsibility.

Finally I would like to thank Springer, in particular Lynn Brandon and Catherine
Waite for the professional and pleasant cooperation during the writing and the final
production of this book.

Antwerp, 2014 R. Lowen

Reference
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Introduction

Beauty is the first test. there is no permanent place in
the world for ugly mathematics.
(Godfrey Harold Hardy)

1. The basics of approach theory The genesis of approach spaces and more
comprehensively, the whole of approach theory, finds itself in a very simple
ascertainment. We can produce a canonical metric for finite products of metrizable
(topological or uniform) spaces, only ad hoc metrics for countable products, and
no metric at all for uncountable products. These simple facts lie at the basis of a
vast history of development of important parts of mathematics. It was one of the
main reasons for the apparition initially of topological spaces and later of uniform
spaces (Weil 1937; Dieudonné 1939), the former in order to be able to deal with
the known local properties of metrizable spaces in a more general context, which
as history shows was entirely unavoidable, and the latter in order to be able to deal
with uniform aspects in an equally unavoidable more general context. Top
(respectively CReg), the category of topological spaces (respectively completely
regular spaces) and continuous maps, and gUnif (respectively Unif) the category of
quasi-uniform (respectively uniform) spaces and uniformly continuous maps both
allow for all usual constructions such as subspaces, products, quotients, and
coproducts, and constructions in one category concord well with those in the other
category. Those same constructions in Met (the category of metric spaces and
non-expansive maps) however, in general, do not concord with, e.g., either
topological or uniform initial structures and hence are virtually useless. In view of
the importance of initial structures, this explains why in many areas of
mathematics, out of necessity, one often has to abandon an original metric setup
and migrate to the settings of topological and/or uniform spaces.

In the wake of this development there appeared many other mathematical
theories in their own right which could not have existed without topology and/or
uniformity, such as, e.g., topological vector spaces, locally convex spaces,
topological groups, and a host of specific (mostly non-metrizable) topologies in
various fields, such as the weak topology on probability measures or the topology
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X Introduction

of convergence in measure of random variables (see e.g. Billingsley 1968;
Parthasarathy 1967) the Wijsman and Vietoris topology or any of several proximal
topologies on hyperspaces (see e.g. Beer 1993; Lechicki and Levi 1987), various
topologies of function spaces such as pointwise convergence or uniform
convergence on compacta (see e.g. Bourbaki 1961), many auxiliary non-
metrizable topologies in the theory of Banach spaces such as the weak and
weak* topologies (see e.g. Brezis 2011). In many of these examples one starts with
a metric setting and then auxiliary structures (topologies and/or uniformities) are
introduced which are no longer metrizable. The reason for this can always be
traced back to the ascertainment mentioned higher up: uncountable products or
more generally uncountable initial structures of metrizable spaces, be it
topological or uniformizable, are no longer metrizable. Hence one drops from a
numerical setup to a non-numerical topological, respectively uniform, setup.

Approach theory completely solves this by introducing precisely those two new
types of numerically structured spaces which are required: approach spaces on the
local level and uniform gauge spaces on the uniform level. Approach spaces
formalize exactly the numerical information which is preserved when making
arbitrary products of metrizable topological spaces and likewise uniform gauge
spaces formalize exactly the numerical information, which is preserved when
making arbitrary products of metrizable uniform spaces. In both cases this is
achieved by a type of structure which generalizes metrics respectively in a
topological way and in a uniform way.

The basic concepts of the local theory of approach spaces are largely explained
in the first two chapters. Because of the many different structures which
characterize approach spaces and of which we have to show the equivalence and
for which we have to prove transition formulas, this takes quite some work. In
Chap. 5, we elaborate on the uniform counterpart, so-called (quasi-)uniform gauge
spaces. Here we basically only give two different structural characterizations.

Met gMet

Iif\ quTnifL gmUnif
)/

mUnif U

e
\

/

i L~ gMet

N

mTop CReg Top gmTop
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Referring to the diagram above, these local and uniform theories relate to each
other as topological spaces relate to quasi-uniform spaces and as completely
regular topological spaces relate to uniform spaces. In Chap. 2, we see that the
category App of approach spaces (first question mark) contains both Top and gMet
as full subcategories and the category UAp (second question mark) of uniform
approach spaces contains both CReg and Met as full subcategories.

Hence it was indeed to be expected that similarly, well-behaved topological
categories should exist on the uniform level and which extend the categorical
relation that exists between Top and gUnif on the one hand and between CReg and
Unif on the other hand. In Chap. 5, we see that gUG (fourth question mark) contains
both gUnif and gMet as full subcategories and that UG (third question mark)
contains both Unif and Met as full subcategories. We note that in the diagram,
mUnif, gmUnif, mTop and gmTop stand respectively for the categories of
metrizable uniform spaces, quasi-metrizable uniform spaces, metrizable topologi-
cal spaces and quasi-metrizable topological spaces, all of course with their obvious
morphisms. All horizontal arrows as well as all straight vertical arrows are
embeddings and all curved arrows are forgetful functors. The question marks are
numbered in the order in which the categories are introduced in the text.

In order to be self-contained we include the foundational parts from Lowen
(1997) in the present work in the first two chapters. Concerning the basic structures
of approach spaces, some minor changes have been made to the definitions and
several new characterizations have been added. In particular, the notion of a basis
for a gauge has been improved. This also required a rewrite of most proofs
involving this concept. Further, three new structures are introduced bringing the
total number of fundamentally and conceptually different structures characterizing
approach spaces to ten. The new structures are upper regular function frames, upper
hull operators, and functional ideal convergence. The former two are the logical
counterparts to lower regular function frames and lower hull operators (previously
simply called regular function frames and hull operators) and the latter is an entirely
new and alternative way to describe the notion of convergence in approach spaces.
Of course all required and/or interesting new transition formulas are also contained
and proved in the present work.

Since App has both a topological and a metric side to it, both the notions of
completeness and of compactness are simultaneously meaningful for general
approach spaces. Hence, we also have both a construction of completion and a
construction of compactification in a suitable subcategory of App. Moreover, we
obviously also have notions of completeness and completion on the uniform level in
UG. Thus in Chap. 6, we will study three types of extensions of spaces and mor-
phisms. This chapter recaptures part from Lowen (1997) while adding completion
of uniform gauge spaces together with the uniform aspects of the Cech-
Stone compactification.
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2. The basics of index analysis Topology and analysis, like all mathematical
theories usually deal with “good” objects such as for instance contractions, con-
tinuous functions, compact sets, convergent sequences, etc, .... Barring contrapo-
sition formulations, there are hardly any theorems of type: if X does not fulfill good
property A and f : X — Y does not fulfill good property B then ... . However, how
many objects in mathematical theories fulfill good properties compared to the
number of objects available. Let us look at some simple examples. Of course it is
easy to create situations where only finite sets are compact or where only constant
functions are continuous, but that usually requires pathological or uninteresting
setups. Therefore, let us focus on natural non-pathological situations, specifically
let us consider the real line R with its usual topology and metric. There are ¢
continuous functions from R to R and so there are 2° non-continuous functions. The
same situation arises for non-expansive maps. There are ¢ non-expansive maps and
hence 2° maps which are not non-expansive. There are ¢ compact subsets of R and
2° non-compact ones. There are only ¢ compact metric spaces up to homeomor-
phism. Hence there is a class of metric spaces which are not compact. A connected
set in R is an interval, there are ¢ such sets but only four nonempty ones up to
homeomorphism and there are 2° non-connected sets. Do all these not deserve some
consideration?

Let us compare some aspects of topological versus metric spaces. In a topo-
logical space there is no notion of “approximate convergence,” whereas in a metric
space we have notions like asymptotic center and radius (see e.g. Edelstein 1972;
Lim 1980). In a topological space we have no notion of “approximate compact-
ness,” whereas in a metric space we have the notion of measure of noncompactness
(see e.g. Banas 1997; Bana$ and Goebel 1980). In topological spaces we do not
have a notion of “approximate homeomorphism,” whereas in the theory of Banach
spaces we do have the notion of near-isometry (see e.g. Hyers and Ulam 1945,
1947; Bourgin 1946). So what we see is that the presence of metric information
allows for a more powerful and discerning analysis of various otherwise topological
phenomena. Each of the above concepts however was introduced and developed in
a fairly ad hoc way independent of the other concepts. Whereas convergence,
compactness, and homeomorphisms are topological concepts fully and canonically
embedded in the theory of topology, the approximate versions were not embedded
in any well-founded and unifying theory. This however is exactly what approach
theory provides.

The theory of approach spaces and index analysis set forth in this book is a first
step in the direction of a comprehensive mathematical framework whereby, as
much as possible and as far as meaningful, the extent to which properties are
fulfilled is measured by means of indices, and theorems that involve indexed
concepts contain as few conditions as possible and consist mainly of inequalities
involving indices.
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Of course not all concepts lend themselves to being indexed. Therefore, in
Chap. 3, we first study some such non-indexed properties of approach spaces.
These are mainly classical concepts, of either a topological nature, a metric nature
or a pure approach nature, which are invariant over equivalence classes of iso-
morphic objects. In particular we study (1) uniformity, which is the counterpart to
the topological notion of complete regularity and the metric notion of symmetry,
(2) weak adjointness, which actually is a pure approach property (although it also
once appeared in the theory of quasi-metric spaces), (3) some lower separation
properties, which are the counterparts for the topological notions of Ty, T, T, and
regularity, (4) countability properties which come in three flavors, two of which
are the counterparts to the topological notions of first and second countability and a
third one which again is a pure approach property, and (5) completeness, which of
course is the counterpart to metric completeness.

In Chap. 4, we then develop the basics of what we have called index analysis.
We deal with, in the first place, spaces and functions, such as for instance an index
of compactness of spaces and an index of contractivity of functions, but also, as the
need arises, with indices of other mathematical objects, certain properties of which
can naturally be measured. A common property of indices (which are [0, o|-valued
functions) is that they measure a “distance” from satisfying an ideal property, and
consequently the interpretation is that the smaller the value of an index is, the
better the object satisfies the ideal property which is being measured. As men-
tioned, these indices are not restricted to spaces and functions, many other
mathematical objects can be indexed. Thus, for instance, the basic defining
structures of approach spaces, namely distance and limit operator themselves can
be considered as being indices, the first as an index of closure and the second as an
index of convergence. In this chapter we will define and study basic properties of
(1) indices of contractivity, closed expansiveness, open expansiveness and prop-
erness for functions, (2) indices of compactness, relative compactness, sequential
compactness, relative sequential compactness, countable compactness and the
Lindelof index, (3) index of local compactness, and (4) index of connectedness.
Making use of the above indices, we will prove many basic “indexed theorems”
which mainly consist of inequalities involving indices. If yp, and yp, are indices of
properties P; and P, then the interpretation of a simple basic inequality
xp, (01) < 1p,(02) is that the better O, satisfies property P, the better O; will
satisfy property P;. Moreover this is not a vague heuristic claim, it is an exact
statement with numerical indices, the canonicity and appropriateness of which will
always be evident from the body of results.

3. Traces in mathematical theories In Chaps. 7-11 on applications in topology,
functional analysis, probability theory, hyperspaces, and domain theory, we
exhibit the abundance of situations where approach theory actually is hidden
within those theories and how bringing it to the forefront and using it systemati-
cally enriches the theory and meets the goals we set forth. The applications we
deal with in Chaps. 7-11 are of three different kinds.
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(1) A first case is where the basic setup is actually built with numerical
information given typically by a metric or norm, and in the course of the
development of the theory it is required to construct auxiliary spaces and
structures. Either the auxiliary structure can be obtained employing countable
operations, such as, e.g., countable products of metric spaces, and then one can
again obtain a metric, which however is necessarily ad hoc, or, which is more
usual, no such construction is possible and the auxiliary space can only be
endowed with a uniformity or a topology. This means that an original setup with
rich numerical information, which makes use of the additive semigroup structure
of the positive reals, is abandoned and replaced by a considerably weaker setup at
a purely qualitative level.

Remarkably, in many cases the necessary numerical information is actually
available, but it was never recognized as such and only a fraction of it was used to
define a uniformity or a topology in the same way that the quantitative information
of a metric may be discarded and used merely to define the underlying topology.
So we go from an isometric level [e.g., a metric space (E, d)], the level of
structures where numerical information is preserved and used, to the isomorphic
level [e.g., a derived topological and/or uniform space (D(E), &, % )] where only
derived qualitative information on a topological (or uniform) level is available.

App

Isometric level — — — — (E,d) (D(E),d)
Underlying topology App
Top
Isomorphic level — — — (E, 7) (D(E),T)

This is the case of the applications in functional analysis where we start with a
normed space (Chap. 8), probability theory where we start with a separable Polish
space (Chap. 9) and hyperspace theory where we start with a metric space (Chapter
10; Sects. 10.1 and 10.2). In all these cases, instead of going straight from (E, d) to
(D(E), 7) we construct in a canonical way an approach space (D(E), J) the
underlying topological space of which is (D(E), 7). Analysis is now performed in
(D(E), 0) on the same isometric level as (E, d) giving indexed results of which all
classical results are simple consequences.

(2) A second case is where the basic setup (a topology or uniformity) contains
no numerical information (the isomorphic level) as such but is actually endowed
with a canonical or natural metric or normed structure (the isometric level), such
as, e.g., the real line where the Euclidean topology invariable comes linked to its
usual norm. Here, we take the stance that we extend what happens on the
topological or uniform level to the approach and uniform gauge level and then
apply this to the canonical metric or normed situation.
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A
Isometric level — — — — (E,d) — (D(E),d)
Canonical metric App
Top

Isomorphic level — — — (E, )

(D(E), 7)

This is the situation in applications to topology (Chap. 7). Function spaces often
involve the real line with its natural normed structure, or they involve another
given metric or normed space, which we can take as a starting point. Similarly,
when we study the Cech-Stone compactification of N we again use the canonical
metric structure which N inherits from R. So instead of staying with the topo-
logical situation (E, ;) we go to the canonical metric space (E, d) and derive
(D(E), 9) again in a canonical way and such that the underlying topological space
is (D(E), 7). Again analysis is performed in (D(E), 0) and classical results for
(D(E), 7) are simple consequences.

(3) A third case is where classically one actually also stays in the isometric
realm. Again one starts with a metric (or in our particular case quasi-metric) setup
and out of necessity has to restrict the development of the theory to countably
constructed auxiliary spaces since one explicitly wants to obtain an, again ad hoc,
quasi-metric also in the auxiliary situation.

(E.d)

gMet App

countable, ad hoc (D(E) , d') (D(E)7 5) unlimited, canonical

This for instance is the case in the application to DCPO’s and domains (Chap. 11),
where going the approach way not only does away with the countability limitation
but also produces a canonical approach structure giving the required numerical
information in the auxiliary spaces. In this case, if available, i.e., in the countable
case, the canonically constructed approach space (D(E), J) will have (D(E), d') as
underlying quasi-metric space.

It is of course not our intention, and would also not be feasible in this work, to
develop each and every application to a very large extent. What we will do in each
case however is demonstrate the canonicity of the structures, unveil their links
with existing structures and give a body of evidence consisting of basic results
which apply the new structures and make use of index analysis.
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4. The categorical connection The categories of approach spaces and of uniform
gauge spaces are well-behaved in the sense that they are topological categories (see
e.g. Herrlich 1968, 1971, 1983) as we will see in the Chap. 1 and in the Chap. 5.
In Chap. 2 we prove that Top is fully embedded as a simultaneously concretely
reflective and coreflective subcategory. The fact that Top is coreflectively
embedded is especially important since it will allow us to interpret the Top-core-
flection of an approach space in a way similar to our interpretation of the topology
underlying a (quasi-)metric. In the same chapter we also prove that gMet and Met
are fully embedded as concretely coreflective subcategories of App. Here it is the
fact that neither of these two categories is reflectively embedded, which is
important as it will imply that, e.g., arbitrary products of metric or quasi-metric
spaces in the category of approach spaces are hardly ever again metric or
quasi-metric spaces, they are, in general, genuine non-metric and non-topological

approach spaces.
App c
C C
/ 1\\

c
Top gMet <—— Met

Similar results are shown in Chap. 5 for (quasi-)uniform gauge spaces: gUnif
and Unif are fully embedded as simultaneously concretely reflective and core-
flective subcategories of respectively gUG and UG. Also, gMet and Met are fully
embedded as concretely coreflective subcategories of respectively gUG and UG.
Here again it is the fact that neither is reflectively embedded which is important.

qUG UG
r r
qUnif gMet  Unif Met

The situation for App is studied in more detail in the last chapter.

In the first place, it has the remarkable property of having very many
simultaneously concretely reflectively and coreflectively embedded subcategories,
a situation it shares with gMet and Met, and in Chap. 12 we characterize all of
these subcategories.

In the second place, App is neither extensional (see e.g. Herrlich 1988a, b) nor
cartesian closed (see e.g. Herrlich 1974), and hence also not a quasi-topos. In
Chap. 12, we construct and completely describe the extensional (PrAp), cartesian
closed (EpiAp) and quasi-topos (PsAp) hulls of App and see how they relate to
similar hulls of Top. The situation is depicted in the diagram below.
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PsTop PsAp

EplTop EpiAp

PrTop PrAp
\ \
L App

The above is an overview of the main topics treated in the last chapter showing
in which way category theory has influenced the development of the theory of
approach spaces and uniform gauge spaces.

However, there also is another connection between approach theory and
category theory, going in the opposite direction. In Hofmann et al. (2014) it is
abundantly shown that approach spaces are the penultimate example of “lax-
algebraic categories,” and many developments in that book are inspired by the
situation in App. In a private communication to Tholen in 2000, Lawvere
suggested that, in the same way as topological spaces generalize ordered sets,
approach spaces should be describable as generalized metric spaces using
multicategories instead of just categories. Simultaneously, following a suggestion
by Janelidze, in 2003, Clementino and Hofmann gave a lax-algebraic description
of approach spaces using a numerical extension of the ultrafilter monad
(Clementino and Hofmann 2003). In the final section of the last chapter we
revisit this and give a more direct proof of that description. These developments
also led the way to the comprehensive research which is presented in the book
“Monoidal Topology” (Hofmann et al. 2014) and which includes several other
lax-algebraic characterizations of App.
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Chapter 1
Approach Spaces

All the other vehicles of mathematical rigor are secondary to
definitions, even that of rigorous proof.
(Yuri Manin)

Structures are the weapons of the mathematician.
(Bourbaki)

In this chapter we define the basic structures which determine what is called an
approach space. One of the powerful features of approach spaces is that they can be
determined by conceptually totally different but nevertheless equivalent structures.
This is not unlike the situation in topology, where the structure of a topological space
can be determined by a number of equivalent concepts, such as, for example, open
sets, closed sets, closure operator, neighbourhood system, and convergence structure.
In the case of approach spaces there are even more different basic structures, namely
ten in total. These structures can have a topological side and/or a metric side to them,
and the reason for this is made abundantly clear in the second chapter.

We will not only introduce these various structures but obviously we will also
prove that they are indeed equivalent. This will provide us with transition formulas
as to how one structure unambiguously determines another. Moreover we will of
course also define the morphisms and other types of functions that are most naturally
linked to approach spaces and we will characterize them in terms of the various
structures.

We will also show that with the right morphisms (contractions) approach spaces
constitute a topological category. The main aspect of this being that both initial and
final structures exist. We then go on to describe these making use of several of the
defining structures.

1.1 The Structures

Concerning the concept of a metric, we should warn the reader right from the start
that in this work we will adopt a terminology which differs from the one from our
former work in this field and from the usual conventions. Given a set X a map
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2 1 Approach Spaces

d : X x X —> [0, eo] which vanishes on the diagonal and satisfies the triangle
inequality will be called a quasi-metric. If the map is moreover symmetric then it is
called a metric, if the map is finite the metric will simply be called a finite metric
and if the underlying topology is Hausdorff the metric will be called separated. So
in this work a quasi-metric (or metric) need neither be finite nor separated, and if it
satisfies any of these conditions then it will explicitly be mentioned.

Throughout this work, given a set X, we denote the set of all subsets of X by 2%
and for conciseness in notation the set of all finite subsets of X will sometimes be
denoted by 2X) Further we put RT := [0, e[ and Ra' :=]0, eo[. The unbounded
closed interval [0, eo] will play a prominent role and therefore we also reserve a
special notation for it, P := [0, eo]. We consider P with its natural quantale structure
basically consisting of the usual order and complete lattice structure and the additive
semigroup. Hence we will freely use the symbols + and — also for the natural
“extensions” of these operations to P. More precisely, + and — stand for the usual
addition and subtraction in the case of real numbers and further, for any x € [0, oo[
we have x + o0 = oo+ x = 00 00 = 00, 00 — x = oo, and oo — o = (). In order to
have a “subtraction” interior to IP, when required, we will use truncated subtraction
which is defined and denoted as a © b := (a — b) v O for all a, b € P. Given a
function u € PX, for simplicity in notation we will often denote inf ¢ x tt(x) simply
by inf u and likewise sup, .y t(x) simply by sup .

When proving an inequality a < b, since the values 0 and e may appear, we,
often silently, assume that @ # 0 and that b # o since otherwise there is of course
nothing to show.

Distances

Intuitively, probably the most appealing structure which we will consider is that of a
distance between points and sets. Whereas in ametric space (X, d) a distance between
pairs of points is given, and a distance between points and sets can then be derived
from this according to the usual formula which says that forall x € X and A € X

04(x, A) := inf d(x, a)
acA

here we consider the latter as a primitive structure, i.e. we start from a concept of
distance between points and sets. Before giving the precise definition we need to
introduce the following notation.

If X is a set, and we have a function 8 : X x 2X — P, then for any subset
A C X and any € € P, we define

A® = {x e X |8 A) <&}.
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1.1.1 Definition (Distance) A function
§:Xx2X —P

is called a distance if it satisfies the following properties.

(Dl) Vxe X,VACX:x € A= 6(x,A) =0.

(D2) Vx € X : 8(x, ) = oo.

(D3) Vx € X,VA,BC X : 6(x, AU B) = min(6(x, A), 6(x, B)).
(D4) Vx € X,YAC X, Ve € P: 8(x, A) < 8(x, A®) +¢.

In the same way as in a metric space the value O(x, A) is interpreted as the
distance from the point x to the set A. We wish to emphasize, however, that this
distance cannot necessarily be derived from the distances o (x, {a}) fora € A. We
will see numerous examples of this fact throughout this work.

The following proposition contains some simple but fundamental properties which
we will use implicitly in the sequel.

1.1.2 Proposition If§ : X x 2X — P is a distance then the following properties
hold.

I. Vx e X,YA,BC X:AC B = 8(x, B) <3(x, A).
2. Vx € X,V C 2%, o finite : §(x, | &) = I‘ni;;( S(x, A).
S
3. Vx € X,VA, B C X :38(x, A) < 8(x, B) +sup &(b, A).
beB

Proof The first and second properties follow immediately from (D3). To prove the
third property let x € X and A, B C X, then with

e::inf{eeP| BgA<9>}

the result follows from (D4). |

The third property in the foregoing result, modulo the difference in domains for
Kk-metrics and for distances, is the same as the so-called regularity condition for
k-metrics in Shchepin (1980).

Although a distance is defined as a function of two variables, points and sets,
it will sometimes be useful also to consider the following associated functions on
points. For a given subset A € X we define

O4: X — P:xr— 0(x, A).

As is usually done in the context of hyperspaces of metric spaces (see e.g. Lechicki
and Levi 1987) we will also call such functions distance functionals.
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Limit Operators

The basic set-theoretical tools needed to define convergence in a topological space
are sequences, nets and filters. Sequences suffice in metrizable spaces, but not in
general topological spaces and as it will soon turn out, neither do they suffice in our
case. Although in particular cases we will sometimes give results for sequences, for
the general theory we have to resort to either filters or nets. We have chosen filters, as
introduced by Choquet (1947), because of their conceptual beauty. All results can,
however, be properly rephrased in terms of nets.

Whenever convenient we will use the following notations. F(X) will stand for
the set of all filters on X, and U(X) will stand for the set of all ultrafilters on X.
Sometimes it will be useful to generalize this notation in the following way. If % is
a given filter on X, then we will denote by F(.%) the collection of all filters on X
which are finer than .%, and by U(.%) the collection of all ultrafilters on X which
are finer than .% . If .% is the trivial filter on X, i.e. % = {X}, then F(.%) reduces to
F(X) and U(.%) reduces to U(X).

If 7 is a collection of subsets of X, then the stack of </ is defined as

stacke/ :={BC X |3dA € &/ : AC B}.
If .7 is a filter on X then the sec of .7 is defined as

secZ = | ) % ={ACX|VFeZ:ANF #0).
U eU(F)

If o7 is a filter basis then stack.e is the filter generated by .27. Not to overload
the notations, and if the meaning is self-evident, we often omit writing stack before
a filterbasis. In case .« reduces to a single set A we write stackA, or even shorter A,
instead of stack {A}, and in case the single set A furthermore reduces to a single point
a we write stacka, or a, instead of stack {a}. If A C X, A # ¢, then, for notational
simplicity, especially in formulas, we will often write F(A) instead of F(stackA),
and U(A) instead of U(stackA), i.e., whenever possible and no confusion can occur,
we use the same notation for all filters on a (non-empty) set A € X as for all filters
on X containing A.

We refer to Kent (1964), Kowalsky (1954) and Lowen-Colebunders (1989) for
more information on the so-called Kowalsky diagonal operation which we require
in one of the axioms.

Since we will also be using this concept in the sections on regularity (3.3), on
functional ideal convergence (1.1) and on lax algebraic descriptions of approach
spaces (12.7) we give it in the required generality. Given sets J and X, a filter
Z € F(J)and amap ¢ : J —> F(X) then the diagonal filter of ¢ with respect to
7 is defined as

soZ) =\ (19=V ()ow-

Aco(F)GeA FeZ jeF
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The symbol \/ in this notation stands for the supremum of a collection of filters.
Note that in the particular case of a diagonal filter this supremum always exists. We
refer to (0(j)) jes as being a selection of filters onX.

We will need the following results concerning this diagonal operation.

1.1.3 Proposition Ler J, L and X be sets, letc : J — F(X)andy: L — F(J)
and let F € F(J). Then the following properties hold.

L so(F = U N o)

FeZ jeF
2. To() yd) = N To)).
leL leL
3. Yo(¥) = N Xp(F).
pe Hj U ()
4. Yo(F) = N N Xp@).

pe[] U(c(j)) % cU(F)
jeJ

5. If all filters involved are ultrafilters, then so is X 6 (.F).

Proof We only prove the third property, leaving the remaining ones to the reader.
One inclusion is clear; to show the other one, suppose that A ¢ X o (#). For any
Jj € J, we now choose an ultrafilter in the following way: if A ¢ o(j) then choose
p(j) € U(o(j)) such that A ¢ p(j) and if A € o(j) then choose p(j) € U(c(j))
arbitrarily. Then it follows from the first property that, for any F € .#, there exists
J € Fsuchthat A ¢ o(j) and hence, A ¢ p(j). Consequently, A¢ X'p(F). O

Before moving on we give some preliminary properties related to filters. The
following is an extremely useful, purely filter-theoretic result which we will require
numerous times throughout the book.

1.1.4 Lemma If .7 is a filter, and for each ultrafilter % € U(F) we have selected
a set S(%) € U, then there exists a finite set Us C U(F) such that

U S(U) e F.
%EUS

Proof Suppose the conclusion does not hold. Then this implies that the family
FUX\S) | % € U(F)}

has the finite intersection property, and thus is contained in some ultrafilter % €
U(Z). This, however, implies that both S(%) € % and X \ S(%) € % whichis a
contradiction. O

The following result is a kind of minimax formula which will allow us to inter-
change liminf and limsup in several instances.
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1.1.5 Lemma [If % is an ultrafilter on X and f : X —> P is an arbitrary
function, then

sup inf f(y) = inf sup f(y).
Ue yeU Ue yeU

Proof Tt is immediately clear that, for any U,V € %, we have ing fly) <
ye

sup f(y). Consequently
yeV

sup inf f(y) < inf sup f(y).
Ue yeU Ue yeU

To prove the other inequality, suppose that inf sup f(y) > r. Then, forallU € %,

Ue yeU
we have U N{f > r} # @ and consequently { f > r} € % . This then also implies
that r < 1{r;f } f(y), from which the converse inequality follows. O
ye J=>r

1.1.6 Definition (Limit operator) A function
A FX) — PX

is called a limit operator if it satisfies the following properties.

(L1) Vx € X : Ax(x) = 0.
(L2) For any (non-empty) family (#;) jes of filters on X

A([) F) = sup A.F;.
jeJ jeJ
(L3) For any .# € F(X) and any selection of filters (o(x))yecx on X

AXo(F) < AZF +sup Ao(x)(x).

xeX

The value A.% (x) is interpreted as the distance that the point x is away from being
a limit point of the filter .% . The word distance here is meant generically and not in
the sense of 1.1.1. However, apart from the general formulas which exist involving
distances and limits and which we will prove in this chapter, in the third and fourth
chapters some more specific relationships will be shown to hold between these two
notions.

The smaller the value of A% (x), the closer x comes to being a limit point of .%.
Notice also that it immediately follows from (L2) that

VZ,9eFX):YC.F = AF <AY.
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Condition (L3) has been generalized in various interesting ways by Brock and Kent
(19974, b) in order to investigate a notion of regularity for approach spaces and we
will come back to this in the third chapter.

One of the consequences of their investigations is the following alternative com-
bination of (L2) and (L3) which instead of a selection of filters requires an extra
variable, namely a function y : J — X for (L3) and a weaker form of (L2).

1.1.7 Theorem Given a function A : F(X) — PX satisfying (L1), A is a limit
operator if and only if it satisfies the following properties.

(L2w) Forany 9 C F: A7 < AY9.
(L)  Forany set J, forany v : J — X, forany ¢ : J —> F(X) and for any
F e F(J)

AXo(F) < Ay(F) + S_urj)/lﬁ(j)(lll(j))-
j€

Proof We first show the if-part. Letting J := X and v := 1x we see that (L) implies
(L3). To show (L2), let (%) jes be a family of filters and let x € X. Define o, y
and .7 as follows

c:J —FX):j— 7,
v:J— X:jrx,
F={J}.

Then it follows that Yo (%) = ﬂje] Fi, Ay(F)(x) = 0 and Sup ey ALo(j)
(W(j)) = sup;¢, lf/(x),whichshowsfrom(L)thatk(ﬂjGJ Fj) < Sup ey AZ;.
The other inequality follows from (L2w).

Conversely, if A is a limit operator, then let J be any set, let v : J — X,
o:J — F(X)and ¥ € F(J). Put

X x ¢ y(J),
X F(X) :
p: X —FX):xr— Hﬂjewl(x) o(j) xewy()),

and consider Y (%) on X. If A € Yp(y (%)) then there exists F € .# such that

A € mxew(F) p(x). For j € F we then have A € p(y(j)) = mlll(k):lll(j) o(k), in
particular A € o(j). Hence Xp(y (%)) C Yo (%) and thus

AXo(F) < AXp(y(F))
< AWY(F) + sup Ap(x)(x)
xeX
=Ap(F)+ sup A( () o))

xey(J) keu/"(x)

= Ay(F) +sup Ao (j)(w())). O
jeJ
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In spite of the fact that (L) (together with (L1) and (L2w)) is all that is required
in a complete axiom system for a limit operator actually an even stronger version

holds.

1.1.8 Theorem Given a function A : F(X) — PX satisfying (L1) and (L2w), A is

a limit operator if and only if it satisfies the following properties.

(L*) For any set J, for any vy : J —> X, for any 6 : J —> F(X) and for any

F e F()

AXo(F) < Ay(F) + inf sup Ao (j)(w(j)).
FeZ jeF

Proof Obviously (L*) implies (L). Conversely, suppose that J, v : J — X,

o :J — F(X)and .% € F(J) are given and suppose that

inf sup Ao (j)(w())) <&,
FeZ jeF

Choose Fj such that SUp ey Ao(j)(y(j)) < € and define

stacky (/) j ¢ Fo.

o :J]—FX):j—d'()) ::[G(j) i e Fo

From the fact that {F € .% | F C Fy} is a basis for .% it follows that 0’.% = 0.7

and making use of (L1) it further follows from the definition of ¢’ that

sup Ao’ (j)(y())) = sup Ao () (y())) < e.
jel JeFy

Hence

AX0(F)<AyF +¢

and we are finished.

m}

In a perfectly analogous way one can prove the following result involving the

original axioms where (L3) gets replaced by a similarly stronger version.

1.1.9 Theorem Given a function A : F(X) —> PX satisfying (L1) and (L2), A is a

limit operator if and only if it satisfies the following property.
(L3*) Forany .% € F(X) and any selection of filters o : X —> F(X)

AYXo(F) < AF + inf sup Ao(x)(x).
Fe.Z xeF

Proof This is analogous to 1.1.8 and we leave this to the reader.
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The foregoing characterizations were formulated in terms of filters. It is however
also possible to do this in terms of ultrafilters. Of course (L1) is already a property
of ultrafilters and neither (L2) nor (L2w) makes sense when using ultrafilters, so we
are basically only looking at conditions (L) and (L*). Further, when we say that a
characterization with ultrafilters suffices, then this is of course in the understanding
that the limit operator working on arbitrary filters is deduced from the limit operator
working on ultrafilters by the formula .7 := supy, cyz) A% .

We require the following lemma.

1.1.10 Lemma If o : J — U(X) is a selection of ultrafilters on X then
UZo({Ih) ={Zc?) | # € UU)}

Proof One inclusion follows from 1.1.3. To prove the other inclusion let ¥" be an
ultrafilter finer than X ¢ ({J}) and suppose that for every ultrafilter # on J we have
YoW) <LV, ie.

FAy e |J ) oG) suchthat Ay ¢ 7.
weW jeWw

This implies that there exists W € %" such that Ay € ();cy 0(j) but Ay & 7.
From 1.1.4 it then follows that there exist ultrafilters #1, ..., #, on J and sets
Wi € #,k=1,...,nsuchthat |J]_, W; = J and J;_, Ay; & 7. Hence, since
Yo({J})) = ﬂje] o(j) we also have

UAw ¢ () oW
i=1

jeJ

This then implies that there exists j € J such that (Ji_; Ay € o(j). Now there
further exists i € {1, ..., n} such that j € W; and from the supposition we have that
Ay, € o(j) which is a contradiction.

This proves that for every ultrafilter ¥ finer than X o ({J}) there exists an ultrafilter
W € U(J) such that Yo (#') C ¥ and hence, by 1.1.3, that Yo (#') = V. This
proves the result. O

‘We now give the announced result for the ultrafilter version of (L*), the result and
proof for (L) are perfectly similar.

1.1.11 Theorem Given a function A : U(X) — pX satisfying (L1), the extension
to F(X) defined by

AFX) —PX . 7 sup A%
U eU(F)

is a limit operator if and only if it satisfies the following property.
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(LU*) For any set J, for any y : J —> X, for any ¢ : J —> U(X) and for any
F e UWJ)

AX0o(F) < Ay(F) + inf sup Ao () (w())).
Fe jeF

Proof Of course we only need to prove the if-part and hereto we use 1.1.8. (L1) is
clear and (L2w) follows from the definition of A . Because we require this in the sequel
of the proof we first prove one inequality of (L2) for the case that all filters involved
are ultrafilters. Solet 0 : J — U(X), fixx € X andlety : J — X : j — x.
Then it follows from the foregoing lemma and from (LU¥*) that

A(() oG = AZa({IH)(x)

jeJ

= sup AV (x)
7eU(Zo({J})

= sup AXo(#)(x)
W eU(J)

< sup Ay(#)(x)+ inf sup Ao (j)(y(j))
W eUJ) wWeW jew

< sup (Ax(x)+supAo(j)(x))
W eU) jeJ

=sup Ao (j)(x).

jeJ

Now suppose given v : J —> X, 0 : J —> F(X) and .# € F(J). Then for any
p € Hje] U(o(j)) and Z € U(ZF), by supposition, we have

AZp(%) < Aw(%) + sup inf Ap(j)(w(j)),
Ue¥ jeU

and hence, from the first part, 1.1.3 and 1.1.5, we obtain

AZo(F) = ) M =p)

pelljesU(c(j) % €U(F)

< sup sup  (Ay(%) + sup inf Ap(j)(y(j)))
pelljcsU(o())) % cU(F) Ue jeU

< Ay(F) + sup sup  sup inf Ap(j)(w(j))
pel e U(G()) % €U(F) Ue jeU

= Iw(ﬁ) + sup sup sup inf Ap(j)(w()))
UeU(F)Ue pelljc U(a())) jeU

=Ay(Z)+ sup sup inf sup AW (y()))
UeU(F)Ue jeU # eU(a()))
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=Ay(F)+ sup sup inf 2o(j)(Y()
UWeU(F)Ue¥U jeU

=Ay(Z)+ sup inf sup A (j)(y(j)).
UWeU(F)Ue¥U jeU

Now, since obviously for any % € U(%)

inf sup Ac(j)(w(j)) < inf sup Ac(j)(w()))
Ue jeU Fe% jeF

this proves that also (L*) is fulfilled. m]

Note that in the foregoing theorem, by 1.1.5, the second term on the right-hand
side can also be written as supp. ¢ inf jer A5 () (W())).

1.1.12 Theorem Given a function A : U(X) —> PX satisfying (L1), the extension
to F(X) defined by

A FX)—PX: 2 sup A%
U eU(F)

is a limit operator if and only if it satisfies the following property.

(LU) For any set J, for any vy : J —> X, for any 6 : J — U(X) and for any
F e UW)

AX0(F) < Ay(F) + Sugld(j)(w(j))-
je

Proof This is perfectly analogous to the previous theorem and we leave this to the
reader. O

Approach Systems

Approach systems can be thought of as a localization of the notion of metric. In
each point of the space X we give a collection of P-valued functions, called local
distances, each of which measures a distance from the given point to any other point
of the space. Here too, in order to give the precise definitions, we require some
preliminary concepts.

A nonempty subset .2/ of P-valued functions on a given set X is called an ideal in
PX if it is closed under the operation of taking finite suprema and under the operation
of taking smaller functions. In other words, if it is an ideal (dual filter) in the lattice
PX in the order-theoretic sense, when P¥ is equipped with the pointwise order (see
e.g. Birkhoff 1967). Note that a priori we are allowing for the improper ideal PX,
however because of condition (A1) below this will not occur in the present context.
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Given a collection of functions «# C PX and a function [ONS PX, we will say that
¢ is dominated by <7 , or that &7 dominates @, if

Ve > 0,Vo < oo : 39 € o/ suchthatp A © < P + €.

We will then also say that the family (¢2)¢~0, < dominates ¢.
Further we will say that a collection of functions &/ C PX s saturated, if any
function which is dominated by 7 already belongs to <7.

1.1.13 Definition (Approach system) A collection of ideals (7 (x)).cx in PX,
indexed by the points of X, is called an approach system if for all x € X the
following properties hold.

(Al) Yo € Z(x) : p(x) =0.
(A2) o/ (x) is saturated.

(A3) Yo € o/ (x),Ve > 0,V < o0, 3(¢,).cx € [| 4/(z) such that
zeX

Vo, y € X : () A0 < ¢x(2) + @ (y) + €.

For any x € X, a function in o/ (x) is called a local distance (in x). Note that (A2)
implies that <7 (x) is closed under the operation of taking smaller functions and that
(A1) then implies that the constant function 0 is in .7 (x). So the only condition of
ideal which, on top of (A1)-(A3), we need to impose explicitly is the one which
stipulates that <7 (x) must be closed under the formation of finite suprema. (A3) will
sometimes be referred to as the mixed triangular inequality. The value ¢(y) of a
local distance ¢ € o7/ (x) at a point y € X is interpreted as “the distance from x to y
according to ¢”. The set of local distances in a point can be compared to the set of
neighbourhoods of a point in a topological space. Each neighbourhood determines
its own set of points which are considered close by (in the neighbourhood of) the
given point. In the same way each local distance makes its own measurement of the
distance other points in the space lie from the given point.

Often one can determine collections #(x), x € X, which would be natural can-
didates to form an approach system, but not all required properties are fulfilled. In
particular property (A2) is not often automatically fulfilled. To handle this we intro-
duce a type of basis for approach systems. We recall that a subset % of PX is called
an ideal basis in PX if, for any o, B € %, there exists y € # such that a v < 7.
In other words, if 4 is an ideal basis (dual filter basis) in the order-theoretic sense
(always considering PX to be equipped with the pointwise order).

1.1.14 Definition A collection of ideal bases (Z(x))cx in PX is called an approach
basis if, for all x € X, the following properties hold.

(B1) Yo € B(x): p(x) =0.
(B2) Vo € A(x),Ve > 0,V < o0, A(P;);ex € [] #(z) such that
zeX

Vo, y € X : () A @0 < ¢x(2) + @, (y) + €.
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Notice that (B1) is actually (A1) and that (B2) is actually (A3). Hence an approach
system is also an approach basis, and any result for approach bases will also hold for
approach systems.

In order to derive the set of all local distances from an approach basis we will also
require the following saturation operation. Given a subset 2 C PX we define

B = {(p € P¥ | % dominates (p} .

We call Z the saturation of 4.

1.1.15 Definition A collection of ideal bases (A(x))cx is called a basis for an
approach system (o (x))xex, if for all x € X, <7 (x) equals the saturation of Z(x),

i.e. & (x) = B (x). In this case we also say that (Z(x))rcx generates (7 (x))yex
or that (&7 (x))yex is generated by (B(x))xex.

1.1.16 Proposition If (#(x))rex is an approach basis, then (%@)xex is an
approach system with (#(x))xex as basis and if (#(x))xex is a basis for an
approach system (< (x))yex, then it is an approach basis.

Proof To prove the first claim, note that (A1) is trivial. To prove (A2) let x € X and

(VS PX be such that, for all @ < oo and € > 0, there exists Ve % such that
¢ Ao < y+ 5. If we choose T € Z(x) such that y A @ < 7+ £, then it follows

that @ A @ < 7+ €. To prove (A3) let ¢ € % and let ® < o and € > 0. Choose

v e B(x)suchthat p A o < y + % and then choose (y;); € [ #(z) such that,
zeX
forallz,y € X,

V0D A® = YD)+ Y0 + .
Then it follows that, for all z, y € X,
PO A0 =Y NG+
Sy +y () +e.
To prove the second claim, clearly, for any x € X, Z(x) is a basis for an ideal

and (B1) is fulfilled. To prove (B2) let v € #(x) and let ® < o and € > 0. Choose
(¢.); € [] #/(z) such that, forall z, y € X,

zeX

WﬁAwfw@HwHw+§
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For each ¢, € .27 (z), choose Y, € %(z) such that @; A ® < y, 4 §. Then it follows
that, forall z, y € X,

W) A0 < (0x(2) + 9o(y) + g) Ao+ g)
< <px(z>Aw+qoz<y>Aw+§
< (D) + v + & o

1.1.17 Definition It follows from the saturation condition that the set .7, (x) of all
bounded functions in <7 (x) is a particularly interesting basis. It satisfies the saturation
condition in a simpler form, which says that for all u € PX bounded:

Ve > 0,30 € Ah(x): U< Q@+¢e= U E Apx).

We refer to this collection as the bounded approach basis or bounded approach sys-
tem. We could have chosen to restrict ourselves to bounded functions in the definition
of approach systems, however there are good reasons not do so, as we will see e.g. in
the definition of a gauge and in the second chapter (see however the definition of
functional ideal convergence).

Gauges

Although we will not be requiring any categorical considerations just yet, for nota-
tional convenience we already make the following conventions. The category of all
quasi-metric spaces (respectively metric spaces) equipped with non-expansive maps
as morphisms is denoted g Met (respectively Met).

The type of structure which we introduce in this section should be compared
with the concept of a uniform space via a family of metrics, called a uniform gauge.
Note however that in the chapter on uniform gauge spaces we will use this term
for a different concept. Whereas a uniform gauge, in the above meaning, satisfies a
uniform or global saturation condition, here we require the gauge to fulfil only a local
condition with a saturation specific for the theory. We will return to uniform aspects
in the chapter on uniform gauge spaces. Given a collection Z < gMet(X) and a
quasi-metric d € gMet(X), we will say that d is locally dominated by Z, or that &
locally dominates d, if forall x € X, € > 0 and w < oo there exists adf’w € 9 such
that

dx, )Ao <d>®(x,-) +&.

We will then also say that the family (df°®)yex.e=0.w<e locally dominates d.
Further we will say that a collection of quasi-metrics & is locally saturated, if
any quasi-metric d which is locally dominated by & already belongs to 2.
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1.1.18 Definition (Gauge) A subset & of gMet(X) is called a gauge if it is an ideal
in gMet(X) which fulfils the following property.

(G1) ¥ is locally saturated.

As was the case for approach systems, here too, it regularly happens that one has
a collection of quasi-metrics which would be a natural candidate to form a gauge
but not all conditions are fulfilled. The following type of collection will often be
encountered.

1.1.19 Definition A subset J# of gMet(X) is called locally directed if for any
Hy C A finite we have that sup,c s d is locally dominated by 77

By definition, a gauge, being an ideal, is locally directed, and similarly to the
situation for approach systems and approach bases, here too, any result shown to
hold for locally directed sets will also hold for gauges.

In order to derive the gauge from a locally directed set we will also require a local
saturation operation which is perfectly similar to the one for approach systems.
Given a subset 2 C gMet(X) we define

9 = {d € gMet(X) | Z locally dominates d}.

We call 7 the local saturation of .

1.1.20 Definition A set 7 in ¢Met(X) is called a basis for a gauge < if H=9.
In this case we also say that 57 generates 4 or that ¢ is generated by 7€ .

Note that this definition of basis for a gauge differs from the one we used in Lowen
(1997).

1.1.21 Proposition If 77 is locally directed, then His a gauge with J€ as basis
and if 7€ is a basis for a gauge 9, then it is locally directed.

Proof This goes along the same lines as 1.1.16. O

1.1.22 Definition Here too it is worthwhile to mention that a particularly interesting
basis for a gauge ¢ is given by the set ¥, consisting of all bounded quasi-metrics in
¢. This set too satisfies the saturation condition in a simpler form, namely for any
bounded quasi-metric d

Vxe X, Ve>0,3d €Y dx,)) <di(x,)+e=dec%.
We refer to this collection as the bounded gauge basis. Note that many quasi-metrics

are unbounded and hence restricting the definition of a gauge to bounded functions
would not have been appropriate.



16 1 Approach Spaces

Towers

A tower is an ordered family of pre-topologies on X, indexed by the real numbers
in R™, and fulfilling certain coherence conditions. The axioms are presented here in
terms of closures, neighbourhood systems and convergence. In the book by Dikranjan
and Tholen (1995) it is shown that this also presents some interesting features as a
closure operator.

1.1.23 Definition (Tower) A family of functions
te 12X — 2X g e RT,

is called a (closure-)tower if it satisfies the following properties.

(T1) VA € 2X, Ve e Rt : A C t(A).

(T2) Ve e RY : t. (W) = 0.

(T3) VA, B €2X Ve e RT : t;(AU B) = t¢(A) U t(B).
(T4) VA € 2% Ve, y € RT : te(ty(A)) C teiy(A).

(T5) VA € 2% Ve e RT : t(A) = () ty(A).

e<y

Note that by (T3) and (T5) we have
VACBC X, Va,B eR":a <= tu(A) C tg(B).
We recall that a pre-topology on a set X is determined by an operator
cl: 2% — 2%

which fulfils the properties. (1) A € cl(A), (2) cl(¥) = ¥, and (3) cl(A U B) =
cl(A)Ucl(B),forall A, B € 2% . This operator is then called a pre-topological closure
operator. A set X equipped with a pre-topology is called a pre-topological space.
Pre-topologies and pre-topological spaces and continuous maps between them were
introduced by Choquet (1947). They form the objects and morphisms of a topological
category, PrTop. It is of course immediately clear that a tower simply means that
for all € € R™, t, is a pre-topological closure operator, such that (T4) and (T5) are
fulfilled (whereby we note that t is a topological closure operator).

Topologies and pre-topologies can of course both also be determined by their
neighbourhood systems and their convergence structures, and this provides another
way to view towers.

1.1.24 Definition A double-indexed family of filters (#¢(x))ycx ccr+ is called a
(neighbourhood-)tower if it satisfies the following properties.

(TIn) Vx € X,Ve,y € RT,VV € ¥ ,(x),3IW € ¥e(x)suchthatVz € W : V €
7(2).
(T2n) Ve € R : 74(x) = Ugy ¥4 ().
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1.1.25 Definition A family of pretopological convergence structures (—£>) ceR+ 18
called a (limit-)tower if it satisfies the following properties.

(Tle) V.7 € F(X),¥x € X,Ve,ye Rt :e < yand F - x = F -5 x.

(T2¢) V.7 € F(X),¥x € X,Ve e Rt : 7 -5 x & Vyele, oof: F —15 x.
(T3c) V¥ € F(X), Vx € X, Vselection of filters (6(x))xex, V€, Y € RT:

+
35—8>x,\7’y€X:0'(y)—y>y=>EG(35)gx.

We leave it as an exercise to show that closure-towers, neighbourhood-towers and
limit-towers are equivalent concepts. Various ways to go from one to the other are

Velex) e x gte(X\V),
xet(A) & VV eV (x): VNA#Y,

F -5 x e %kx) CZF,

x €te(A) & IF e F(A) : F -5 «x.

A thorough study of limit-towers can be found in Brock and Kent (1997a, 1998).
One of their results shows that (T2c) and (T3c) can be captured in one single axiom
which has remarkable links to a notion of regularity (see also Brock and Kent 1997b).
The description of towers with neighbourhood systems was recently explicitly veri-
fied by Jaeger (2012).

In what follows we will simply speak of a tower for any of these descriptions and
use whichever one suits us best.

We will encounter towers mainly in the chapter on categorical considerations.

Lower and Upper Hull Operators

The structures which we consider in this section are notions of hull operators for
real-valued functions, and they are to be compared with well-known operations such
as lower or upper semicontinuous regularization, convex regularization, or nonex-
pansive regularization of functions, as e.g. in Bourbaki (1960) and in Singer (1986).

1.1.26 Definition (Lower hull operator) A function
[:PX — PX

is called a lower hull operator if it satisfies the following properties.

(LH1) Yu e PX : [(u) < pu.

(LH2) Yu,v e PX :l(uAv)=I(u) AlV).
(LH3) Vi € PX - 1(I(u)) = [(u).

(LH4) Yu e PX Yo e P: l(u + o) = I(u) + «.
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1.1.27 Proposition If [ : PX — PX is a lower hull operator, then the following
properties hold.

1. Yo constant: (o) = o

2. Vu,vePX iy <v=Iu <I(v).

3. Vu e PX Yo € [0,inf u] : l(u — o) = [(u) — cv.
4 YuePX VaeP:l(uoa) > (u) o o

Proof The first property follows from (LH4) and (LH1) letting ¢ = 0. The second
property is immediate from (LH2). The third property follows from (LH4) since
[(u) =lu — o+ o) =I(u — o) + c. The fourth property follows from the third
one and the factthaty oo = u v o — a. O

In what follows, especially in our investigations concerning hull operators, we
will sometimes need to restrict our attention to the set of all bounded functions in
PX which we will denote by P;\.

1.1.28 Proposition A lower hull operator | on X is completely determined by its
restriction to ]P’,f . In particular, for any u € PX and any set K C [0, o[ such that
sup K = oo, we have

(1) = sup (1A o).

ack
Proof This follows from (LH2) and 1.1.27. m|

1.1.29 Proposition Let [ : IE”,))( — ]P’,)f fulfil the following properties.
(LH1b) Vu € Py : [(u) < .
(LH2b) Yu,v e PX :l(uAv)=Iu ALv).

(LH3b) Vu € P - 1(I(u)) = [(w).
(LH4b) Vu € PX Vo < oo [(u 4+ o) = (1) + .

Then

F:PX — PYpu— sup (U A @)
oL <o

is the unique lower hull operator on X, whose restriction to IP’ff coincides with |.

Proof (LHI) and (LH2) are immediate. To prove (LH3) let u € PX. Then

((F () = sup [((sup (1 A B)) A 00)

oL <oo P<eo

sup [(sup (l(u A &) A B))

<o f<oo

sup [(u A a) = [*(w).

Ol <o
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(LH4) follows from the observation that, for any u € PX and any o/ < o, we have

Fu+oa)= sup (UAPB—0o)+ a)

a§ﬁ<oo
= sup l(uAQP—a)+a
a<f<oo
='W +a,
and that [*(eo) = eo. Uniqueness finally follows from 1.1.28 O

In the sequel we will also require the following type of maps. For any A C X, we
define

0 xeA,

GA:X—>IP’:xr—>[oox¢A.

We will call this map the indicator of A. The set of all such indicators on X will
be denoted by Ind(X). If moreover @ < o then we put 69 := 64 A @.

Further we will require to approximate functions in ]P’ff uniformly from below by
functions taking only a finite number of values. We will formalize the procedure in
the following way.

Let us denote the set of all functions attaining only a finite number of values in

n
R* by Fin(X). Clearly, any function in Fin(X) can be written as 1n€ (ai +064,), where
1=
(A;)}_, is a partitioning of X.

Given U € PX, we will say that the family (U¢)e=o in Fin(X) is a development
ofuifforalle >0

He = U = Ue +E.

1.1.30 Proposition A lower hull operator | onX is completely determined by
its restriction tolnd(X). In particular, for anyy € IP’,’f and any development

n(e)
(He = inf (mf + Byye))e=0 of 1, we have

i= i

n(e) e
[(u) = sup(inf (m; + 1(6))).
e>0 =1 !
Proof Applying (LH2) and (LH4) it follows that, for any € > 0, we have
[(He) = W(p) < [(Ue) + &,

and hence, once again applying (LH2) and (LH4), it follows that
(€)
f

[() = sup (te) = sup(in

e>0 e>0 i=l

(m + [(By))). o
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1.1.31 Corollary If [ is a lower hull operator on X, u € PX | and, for each @ < oo,
n(e,w)
( 1n€ (mf’w + 0y6.0))e=0 is a development of L A @ , then

i= i

n(;s,w) o
(@) = sup sup( inf (m;"" + [(6ye.0))).
w<ecog>( =1 !

We now define the counterpart of a lower hull operator, namely an upper hull
operator. For technical reasons it is best to restrict the definition of this operator to
bounded functions. The main reason why we do not equally restrict ourselves to
bounded functions for the lower hull operator, in spite of 1.1.28, is because of the
relation with distance functionals, which are generally unbounded. These relations
will be proved in the sequel, in particular in 1.2.18 and 1.2.19.

1.1.32 Definition (Upper hull operator) A function
u:Pf — P

is called an upper hull operator if it satisfies the following properties.
(UHO) u(0) = 0.

(UHD) Yu e PY @ p < u(u).

(UH2) Yu, v e Py u(u v v)=u() Vvuv).

(UH3) Vi € Py u(u(p) = u(w).

(UH4) Yu € PX, Vo < oo u(u + o) = u(u) + o.

1.1.33 Proposition [fu : IP’;‘ — Pl)f is an upper hull operator, then the following
properties hold.

1. Yo constant, o0 < oo u(or) = o.

2.V, vePlipu < v=u) <uw).

3. Vu e PX VYo € [0,inf u] : u(u — o) = u(u) — o
4. Yu e PX Vo <o :u(u o o) =u(u) e o

Proof The first property follows from (UH4) and (UHO) letting tt = 0. The second,
third and fourth properties follow as in 1.1.27. O

It is possible to obtain results similar to those of 1.1.30 and 1.1.31 for an upper
hull operator. However, since we will not require this in the sequel we leave this to
an interested reader.

Lower and Upper Regular Function Frames

The following structures which we consider are those of collections of functions,
fulfilling certain stability properties. These structures then are to be compared with
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collections of lower or upper semicontinuous functions or collections of nonexpan-
sive functions.

1.1.34 Definition (Lower regular function frame) A collection of functions £ C
PX is called a lower regular function frame, if it satisfies the following properties.

(LR1) VR C L£:supR e L.

(LR2) VR C Lfinite : infR € £.

(LR3) Vue & VaeP:u+aef.

(LR4) Yu e £, Yo € [0,infu]: u —o € £.

The members of £ are called lower regular functions.

1.1.35 Proposition If £ € PX is a lower regular function frame, then the following
properties hold.

1. £ contains all constant functions.
2 Vuel VaeP:uoackl

Proof Letting R = # in (LR1) it follows that 0 € £ and then the first property
follows from (LR3) letting i = 0. The second property follows from the first one,
(LR1), and (LR4). O

1.1.36 Definition A basis for a lower regular function frame £ is a subset 8 C £
which is such that any function in £ can be obtained as a supremum of functions
in ‘B.

With this definition we follow the spirit of a basis for a topology. It is then, unlike
the situation in topology, usually required to add an extra step in the construction of
a lower regular function frame starting from an arbitrary collection.

1.1.37 Proposition Given any subset & C PX there exists a smallest lower regular
Sfunction frame £ containing &.

Proof One first adds all finite translations, then all finite infima and finally all
suprema. O

1.1.38 Definition Again a particularly interesting basis for a given lower regular
function frame £ is given by the set £, of bounded functions in £. We refer to this
collection as the bounded basis for a lower regular function frame or the bounded
lower regular function frame. The only difference with the complete lower regular
function frame is that the bounded basis satisfies (LR 1) only for those suprema which
are bounded. The entire lower regular function frame is then obtained by adding all
suprema.

1.1.39 Definition (Upper regular function frame) A collection of functions 4l C
IP’;f is called an upper regular function frame, if it satisfies the following properties.

(UR1) VR C U :inf*R € Ll
(UR2) VR C 4 finite : sup R € il
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(UR3) Yu e, Vo < oo: u+ o € 4l

(UR4) Vu e U, Va € [0,inf u] : p — o € Ll

The members of 4 are called upper regular functions.

1.1.40 Proposition If U < ]P’,)f is an upper regular function frame, then the
following properties hold.

1. i contains all finite constant functions.
2. VueVoeP:uooeil

Proof Letting R = @ in (UR2) it follows that 0 € 4l and then the first property
follows from (UR3) letting 4 = 0. The second property follows from the first one,
(UR2), and (UR4). O

1.1.41 Definition A basis for an upper regular function frame 4l is a subset 8 C i
which is such that any function in 4 can be obtained as an infimum of functions in ‘B.

Here too the same remark holds as for lower regular function frames. Any set of
bounded functions generates a smallest upper regular function frame containing it.

1.1.42 Proposition Given any subset & ]P’I)f there exists a smallest upper regular
Sfunction frame 3 containing &.

Proof One first adds all finite translations, then all finite suprema and finally all
infima. O

Functional Ideal Convergence

We now define our final structure which we refer to as functional ideal convergence.
The idea behind this is to embed the numerical information of the theory into ideals
of functions in PX and to use these rather than filters to describe convergence as we
did with limit operators.

1.1.43 Definition An (order theoretic) ideal J in P¥ is called a functional ideal (on
X) if it fulfils the following properties.

(I1) Each function ¢ € J is bounded.
(I2) 7 is saturated in the sense that for all yu e P¥X:

Ve>0,dped: u<o+e=puel.

Note that condition (I1) implies that we are actually considering ideals in IE”,’,( . Given
a functional ideal J we define its characteristic value as

c(J) := sup inf u(x) = sup{a | o constant, o € J}.
nedJxeX
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It follows immediately from the definition that there is only one functional ideal
which has an infinite characteristic value and this is the functional ideal consisting
of all bounded functions i.e. IF’I}f . We denote this functional ideal 3 x. For functional
ideals it plays more or less the same role which the improper filter consisting of all
subsets plays for filters. If necessary to differentiate, a functional ideal with a finite
characteristic value will be called a proper functional ideal and 3x will be called the
improper functional ideal.

Given a bounded function u, the set of all functions which are smaller than or
equal to u is a functional ideal with characteristic value inf ¢ and we say that this
functional ideal is generated by pt. As with principal filters, we denote this by [1.

We have already encountered functional ideals. Given a set X with approach
system (&7 (x))xex, then for each x € X, the bounded approach system .o7,(x)
is a functional ideal with characteristic value equal to zero. We have also already
remarked upon the fact that o7 (x) satisfies a stronger saturation property which says
that for any function u € P¥

Ve >0, Voo <oo, Ipe A (x): UAO <L Q+E= U E I (X),

but that obviously for a bounded function u this is equivalent to the saturation con-
dition in the definition of a functional ideal, namely condition (I12).
IfB C Pl)f is an ideal then we can saturate it in the usual way:

B:={ueP|Ve>0 FpeB: u<o+e)

This then is a functional ideal and we say that ®B is a basis for B.

1.1.44 Definition Given a proper functional ideal J such that ¢(J) < o < o we
define

fa(@) :={{u<B}lued, a<p}

It is easily verified that this is a filter on X. We will denote f.(3)(J) simply by (J).
The levels o € [c(T), o[ will be called J-admissible. If % is a filter on X then we
define

(F) == {u e P} | Vo €10, >o[: {u < o} € F}.
This is a proper functional ideal with characteristic value equal to zero and it is
generated by {0F | F € .7, 0 < oo}.

If J is a functional ideal and o € P then we define

oo — {vidued:v<u+a} o finite,
3X Ol = oo,

Obviously c(T & ) = c(J) + a.
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The collection of functional ideals is a “conditional” lattice in the following sense.
Arbitrary infima always exist and are proper as long as at least one of the functional
ideals involved is proper. If (J;) jc s is a family of functional ideals then the infimum
is given by

inf J; = Ji={infu; |Vjed :u €T}
11,161] j /Q J {]1,211-11| J € Hj €3}

In general the union of an arbitrary family of proper functional ideals is no longer
a functional ideal. The supremum however always exists. If (J;) jcs is a family of
proper functional ideals the supremum of the family is given by

supJ; = {sup l | K C J finite, Vk € K : L € Cik}A.
jeJ keK

This supremum need not be proper as is easily seen from the following example.

1.1.45 Example For any x € R, let J, be the functional ideal on R generated by
U R — P:y+> |x —yl,ie Ty := [L. Then, in spite of the fact that all
these functional ideals have characteristic value equal to zero, for any x,y € R:
infep fx (2) V 11y(2) = [x — y| and hence sup, p Ty = 3z.

The improper functional ideal 3 x obviously is the unique maximal element in the
lattice of functional ideals. If we remove this from the lattice and only consider proper
functional ideals then there are no maximal elements. Given any proper functional
ideal J and any o < o obviously J @ « is a strictly finer proper functional ideal.

The following elementary concepts and facts will be used freely in the sequel.

Let f : X —> X’ be a function. If u € PX, then we define and denote the

function

f: X' — P:x'+— inf u(x).
xef~1(x")

Further if J is a functional ideal on X then we define and denote its image by f as
JO) :={ulpofel}
It is immediately verified that this is indeed a functional ideal on X’.

1.1.46 Proposition The following properties hold.

Vi ePX: f(wo f < p.

Vv e PX : f(vo f) > .

VI e FX) :e(f(T) = ().

V3 € §(X), Vo € [¢(T), o[: fa(f(T) = f(Fa(I)).
VI € F(X) : f((F)) = i(f(F)).

LR W~

Proof We leave this to the reader. O



1.1 The Structures 25

1.1.47 Definition A functional ideal J is called prime if for all bounded functions
uand v

uArvedJ=ueJorvel.

1.1.48 Proposition For a proper functional ideal J, the following properties hold.

c(J) el

If J is prime and A € (3J) then for any @ < o: (c(J) + 04) A @ € 7.
If J is prime and for all o €]c(T), o[- {U < o} € §(T) then p € J.
If 3 is prime and {1 < c¢(J)} € §(J) then u € 3.

AN~

Proof The first property follows at once from the definition and (I12).

For the second property, if ® < ¢(J) there is nothing to prove, hence let ¢(J) < ®.
If (¢(3)+0a)Aw & Tthenitfollows from the first property that (c(J)+0x\aA)A®w € T
which implies that X \ A € §(J), a contradiction.

For the third property, for any € > 0 put

Ve := (¢(D) + Ou<c(m)+ep) Asupl and @e 1= (¢(J) + Ou=c(3)+¢}) A Sup U
Then ¢ A Ye = ¢(J) € J, and since ¢z vV 1 ¢ T it follows that Y, € J. Finally then,
since U < W + € for any € > 0, it follows again from (I2) that u € J.

The fourth property follows from the third one. O

1.1.49 Theorem For a proper functional ideal J the following properties are
equivalent.

1. T is prime.
2. Forany A, B C X and any ® < oo, if (c(J) + 04uB) A ® € J then either

(c@+0a)AweTor(c(T)+0p)NnweT.
3. Forany A C X and any @ < o either
(@ +0)NnweTor(c(T)+0x\a) AN eT.

4. Forall o € [c(T), oo[: f¢,(T) is ultra.

Proof 1 = 2.If o < c¢(J) there is nothing to prove, hence let ¢(J) < ®. The result
now follows from the fact that

((c(@) + 04) A @) A ((c(T) + 0) A @) = (c(T) + Baup) AN €T.

2 = 3. This is trivial.
3 = 4. Suppose that X \ A ¢ f4(J) then it follows that with oc < ®

(c@+oxna)rnogd
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and hence

A={(c@)+04) N0 <} cfu(d).

4= 1.Suppose yt AV €T . Put M :={v <pu}and N := {u < v}. Now choose
o > sup(u Vv v) and let for instance M € f4(J). Then there exists f > cvand & € J
such that {{ < B} € M. It then follows that B A 6y < & and hence 8 A Oy € TJ.
Consequently also (L A V) V (B A BOy) € Jandsince v < (L A V)V (B A Oyy) also
vel. O

1.1.50 Theorem If J is a proper prime functional ideal then §(J) is an ultrafilter
and moreover, f,,(3) = §(3) for all 3-admissible o. Conversely, if % is an ultrafilter
then (%) ® « is a proper prime functional ideal with characteristic value equal to
o for any o < oo.

Proof The first claim follows from 1.1.49. For the second claim, if %/ is an ultrafilter,
o < and U AV € (%) ® o then it follows that for any B > o we have
{u < B} € % or{v < B} € %. Since these collections of sets are decreasing with
decreasing values of f3 it follows that, for instance, {4 < 8} € % forall B > a and
this, by saturation, shows that u € (%) @ «. O

1.1.51 Theorem A proper functional ideal J is prime if and only if there exists an
ultrafilter % and B < oo such that 3 = (%) ® B.

Proof That (%) & B is prime was seen in 1.1.50. Conversely if J is prime then it
follows from 1.1.48 that if(J) & ¢(J) C T and since the other inclusion always holds
it follows that if(J) @ ¢(J) = J. The result now follows again from 1.1.50. O

1.1.52 Proposition If7J is a prime functional ideal and $) is a finer functional ideal
then $) is prime too and moreover there exists o« > 0 such that $H = T @ a.

Proof This follows from 1.1.49 and 1.1.51. O

1.1.53 Proposition If J is a proper functional ideal then the set of all finer prime
functional ideals has minimal elements.

Proof If (J;) is a chain of prime functional ideals finer than J then it follows from
the chain condition that [ ;j Jj toois a prime functional ideal finer than J. The result
now follows from a standard application of Zorn’s lemma. O

In the sequel we will denote the set of all functional ideals on X as §(X) and the
set of all prime functional ideals as P (X).

We denote the collection of all prime functional ideals finer that J by J3(J) and
the subcollection of minimal prime functional ideals finer than J by ‘B, (J). An
important characterization of this latter set is given by the following result.
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1.1.54 Theorem Given a proper functional ideal J the following properties are
equivalent.

1. 9 e€B,0).
2. There exists an o« > c(J) and an ultrafilter % finer than f4(3) such that
H=TIVUY).

Moveover, if % is an ultrafilter which is finer than some §4(J) then
c@ Vi) =infly| ) S %}.

Proof 2 = 1. Take o > ¢(J) and % an ultrafilter such that 7 O 4 (J). First note
that J Vv i(%) is proper. Indeed, if u € J,U € %, w < o thenitis easily verified that

ing((u VvV (6 A m)(x) < o.

Hence it follows from 1.1.50 and 1.1.52 that J Vv (%) is a prime functional ideal
finer than J.

Now let 9 be a prime functional ideal such that 7 € 9t € J Vv i(%/), and sup-
pose there exists 4 € J, U € % and ¢(JV (%)) Vsupll < @ < oo such that

uv (6y A @) ¢ M. Since

H= (Vv (OyAn®)A W@V (Ox\uAO))

and since 91 is prime, it follows that u v (x\y A @) € M C T Vv (%). Hence it
follows that

O=UVOyA)V UV (Ox\uA®)ETVIX)

which is impossible by the choice of w.
Consequently 9 = T v (%) and thus TV (%) € B, (J).
1 = 2. Take $ € B, (J). Then it follows that c(J) < c(£)). Put

U =5(9) = fe(5) () D fes) (D)

and consider JV (% ). From the first part we know that this is a minimal prime func-
tional ideal finer than J. To prove that ) and J Vv (%) are equal it is thus sufficient
to prove any inclusion between the two. Since 3, () = {$} we necessarily have
H Vi(Z) = H and consequently it follows that TV (%) C HVUZ) = 9.

To show the final claim, note that if f,(J) € % then it follows that for any yt € J
andU € 7% wehaveinf uv 0y < yandconversely ifsup, ey supy ey inf uvOy <y
then §,(J) € % and we are finished. O

1.1.55 Theorem [f 7 is a proper functional ideal then

I={ 919 €Bn).
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Proof 1Tt is well known (see e.g. Bourbaki (1965)) that

I=()519ePO)
from which the result immediately follows. O

The following is a functional ideal and prime functional ideal counterpart to 1.1.4
for filters and ultrafilters.

1.1.56 Proposition If J is a proper functional ideal, and for each minimal prime
Sfunctional ideal R € B, (J) we have a function p(R) € Rthen forany o € [c(T), o[
there exists a finite set Po < P, (I) such that

. .
Anf p(R) €TV ifa()

Proof We put U(J) the set of all ultrafilters finer than f (J) for some o € [c(J), o[.
Then it follows from 1.1.54 that there exists

(p1,p2) :UO) — |J Ix%
% cU(3J)

with pp(%) € %, such that if R = T V {(%g) then

P(R) < p1(a) vV (Bpy ) N Oug)

for some @y, finite. Then it follows from 1.1.4 that there exists a finite set Uy €
U(fa(3)) such that Uy ey, p2(%) € §a(3). Put Po := {TVi(%) | % € Uq}, then
it follows that if we put F' := Ugy ey, p2(%) then

inf RA) < inf UV (B, 9y A
b, P = 2l PO O 1 00
< sup piI(Z)V (B A ( sup ©y)).
U eUqy UeUqy
H inf TV ife(J). o
ence ﬁ1Enq3ap(,¢i) € ifa ()

In a similar way as for filters we require a diagonal operation. For this we need
the following definition:

LB — PP us I inflacPueloall
It follows from the following proposition that / is well-defined. Furthermore, by

(I2) the infimum in the definition is actually a minimum so that for any 1 € Pf and
JeF(X)wehave u € T I(w)(J).
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1.1.57 Proposition The following properties hold.

1. Foranyp,v € Pf and 3 € F(X): 1(u v v)(3) = L(1)(3) VI(V)(D).

2. Forany u,v € ]P’,f andJ € PX): I(u A v)D) =1()(T) AL(v)(D).

3. ForanyJ € §(X), if 0 is constant then [0(J) = 0 © ¢(J) and in particular
16 <86.

4. ForanyJ € §(X) and for any U € Pf, if 0 is constant then

I(u+6)D)ve=Iuw@)+0andl(ne 6)T) =110 oo,

and in particular [(u + 0) < (1) + 6.

5. 1y is an extension of U in the sense that [ (i(x)) = w(x) for any x € X.

6. ForanyJ € §(X) and 4 € ]P’ff: lu@) = 0 ifand only if u € J and in
particular lp(3x) = 0.

Proof All properties follow by straightforward verification and hence we leave this
to the reader. O

Given sets J and X, amap s : / —> §(X) and a functional ideal J € F(J) then
we define the diagonal functional ideal of s with respect to J as

T5(3) = {u e PX | I(u) € s(T)).

It follows from 1.1.57 that X's(J) is a well-defined functional ideal. We refer to
(s(j)) jes as being a selection of functional ideals.
We now give a useful alternative characterization of X's(J).

1.1.58 Theorem If X and J are sets, s : J —> §(X) and T € §(J) then

s = J [ s() @ v()).

ved jel

Proof Suppose that it € (5 (je; 8(/) @ V() then there exists v € J such that
forall j € J

I(w)(s(j)) = v(j)

which proves that /(i) os € J and thus that /(i) € s(J). This shows that 4 € X's(J).

Conversely, let pt be such that [(u) € s(J) and thus I(u) os € J. Since u €
N jes 5(j) @ 1(u)(s(j)) this proves the other inclusion and we are finished. m]

1.1.59 Proposition If X and J are sets, s : J —> P(X) and T € P(J) then
Xs(J) € P(X).

Proof This follows from the second property in 1.1.57. O
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1.1.60 Proposition Ifs:J — F(X)andJ € §(J) then

25 < \/ [)s() @,

Fef(3) jeF

and if moreover 3 = i((F) @ B for some filter F and B < oo then we have an
equality.

Proof Consider a function inf jcy p; @ u(j) in Xs(J), i.e. such that u € J and
uj € s(j)forall j € J, then since for any € > 0 we have

inf u; ® ) < inf D)+ ¢
jejlij H(J)_({u<c(j)+g}llj c(3))

this, by (I2), proves the inclusion.

In order to show equality, provided 7 = i(.%#) & B, consider a function of type
infjcp uj @ B where F € % and u; € s(j) for each j € F. Since this function is
bounded we can choose @ < o which dominates it. We now put

v:i=(0r+B) Ao,

then clearly v € J. Further, consider a new choice of functions in the functional
ideals s(j), j € J

M JEF
V= .
0 jé&F
then it follows that
inf u; =inf v; ® v(j
j;relFu, ®pB ]HEIJ i ®Vv()
which proves the remaining inclusion. O
By 1.1.51 we have the following corollary.

1.1.61 Corollary Ifs:J — §(X) and J € P(J) then

25 = \/ [)s()@c).

Fef(J) jeF
The inclusion in 1.1.60 is, in general, strict.

1.1.62 Example Let X := R (with usual metric and topology), let J be generated by
{d(0, ) A | ® < oo} and take as selection s : R — P(R) where s(z) is generated
by {6y A @ | @ < eo}. Then X's(J) = J whereas \/Fef(:i) N.er5() ® () =
i(7(0)) where 7(0) stands for the usual Euclidean neighbourhood filter of 0.
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1.1.63 Proposition Ifs:J — F(X) and T € P(J) then

c(Xs(J)) = sup inf c¢(s(j)) +c(T) = inf supc(s(j)) + c(I).
Fef(3) jeF Fef(3) jeF

Proof The first equality follows from
c(Xs(J)) = sup sup inf inf @(j)(x) ® c(J)
Fef(3) pelljers(j) xeX jeF

= sup inf sup inf p(x) @ c(J)
Fef(J) jeF ues(j) xeX

sup inf c(s(j)) + c(J).
Fef(3) jeF

The second equality is a consequence of 1.1.5. O

The reason why we have to consider the improper functional ideal in our con-
siderations is because we require the diagonal operation in our axioms for what we
will call functional ideal convergence (see 1.1.65) and even if all functional ideals
involved are proper (and prime) the diagonal may nevertheless be improper.

1.1.64 Example Take X := R, let % be an ultrafilter which converges to e (in
R), put J := (%) and for each z € R let 5(z) := i(2) @ |z|. Then ¢(Xs(J)) =
supy ey inf ey c(s(z)) = oo and hence Xs(J) = 3r.

Given a set X we now define a notion of convergence for functional ideals which
we will refer to as the functional ideal convergence.

1.1.65 Definition (Functional ideal convergence) A relation — C F(X) x X is
called a functional ideal convergence if it satisfies the following properties.

(F1) Forevery x € X :i(x) — x.

(F2) If (J;)jes is a family of functional ideals then |
J;j = x forevery j € J.

(F3) If s : X —> F(X) is a selection of functional ideals such that s(z) ~— z for all
z € X and J is a functional ideal such that J — x then X's(J) — x.

jes Jj — x if and only if

1.1.66 Proposition Given a functional ideal convergence — on X, for any proper
functional ideal J € §(X) and x € X, the following properties are equivalent.

1. 7 — x.
2. V9 ePu@) :H— x.
3. VHePO):H— x.

Proof This follows from 1.1.55 and (F2). O

As was the case for limit operators, here too we are able to prove a useful alternative
characterization which entails a weakening of (F2) and a strengthening of (F3).
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1.1.67 Theorem A relation — < F(X) x X satisfying (F1) is a functional ideal
convergence if and only if it satisfies the properties.

(F2w) Forany R C Jandanyx € X: R — x = J — x.
F) For any set J, for any v : J — X, forany s : J — F(X), for any
J e §(J) and forany x € X

~vVjeJ:s(j)— y(j)and y(J) — x) = Xs(J) — x.

Proof To show that (F2) is fulfilled, let J;, j € J be a family of functional ideals
such that J; »— x for every j € J. Define s, ¥ and J as follows

s:J —3FX):j—T;,
v:J— X:j—x,
J:=0={0}.

Then it follows that X's(J) = ﬂjEJ Jj, w(J) = i(x) = x, which, from (F), shows
that [ jes J; = x. The other implication follows from (F2w).

That (F) implies (F3) is trivial.

Conversely, suppose that J, s, y and J are as in (F) and put

i(x) x € y(J),

X X):
X —JFX) x> [ﬂjey/—l(x)s(j) r W),

Then it follows that forany y € J

Nrwevwme (] () st evwx)

xeX xew(l)jew—l(x)

- ﬂ ﬂ s(j) @ ( inf u(k))
kew—l(x)

xey(J)) jey—l(x)

< N sheuy

xey(J) jey—1(x)
= s() ®uQ)
jeJ
which shows that X't(y(J)) € X's(J). Now it follows by (F1) that t(z) »— z for
z € y(J) and by (F2) that for z € y(J) also

= () s()—z

jev @)

Since moreover y(J) — x it follows from (F3) that Xv(y(J)) »— x and hence again
by (F2) that X's(J) — x. O
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1.2 The Objects

In spite of the fact that all the concepts which were defined in the foregoing section
are both conceptually and technically very different from each other, they are all
equivalent. In this section we will prove that one type of structure unambiguously
determines a unique structure of each of the other types, and we will also give several
precise formulas for going from one structure to another. A structure derived from
another one by such a transition will be referred to as an associated structure.

Since we have many different types of structures there are of course very many
possible transitions. Although we will describe a fair number of these, we will not
attempt to describe them all. Rather, we will restrict ourselves to those which are
needed to prove the equivalence and to those which are interesting and natural. Each
theorem giving such a transition will be marked with an indication of its precise
nature.

First, we will give the transitions as indicated in Fig. 1.1, from which it will result
that all ten structures are equivalent with each other.

Second, we will give explicit non-circuitous formulas for a number of transitions
as indicated in Fig. 1.2. In both these diagrams, the numbers next to the arrows refer
to the theorems where the transition formulas are proved. The number above (right)
is for the arrow left-right (up-down).

At the end of the book (see pages 431-434) in the appendix, for easy reference,
we recall all the formulas which have been proved in both diagrams.

>

1.2.211{1.2.22

1.2.2 : 1.2.4 1.2.11 1.2.32
1.2.1 1.2.6 1.2.12 1.2.31

1.2.19(|1.2.18 1.2.26 | 1.2.25

1.2.23(|1.2.24 1.2.28(|1.2.29

£ U

Fig. 1.1 Fundamental equivalences and transitions between the structures
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1.2.60
— e}
1.2.58
1.2.52
1.2.48
>
4 1.2.55 L 1.2.46 K4 1.2.30 i;l
1.2.57 “1.2.45 1.2.47 1.2.421(]1.2.40
1.2.33 1.2.43 Y
g o 1.2.34 A %{
1.2.50(| 1.2.49 1.2.35(|1.2.38 12.44” 1.2.411|1.2.39
1.2.56 v

1.2.16

Fig. 1.2 Further transitions between the structures

1.2.1 Theorem (D =L)If§ : X x 2X — P is a distance on X, then the function

A:FX) —PY: Z— sup &y

Uesec.F
is a limit operator on X. Moreover, for any x € X and A € 2%, we have

A)= inf A% (x).
d(x, 4) %gllJ(A) *x)

Proof (L1) follows from (D1). To prove (L2), let (.%}) jes be a family of filters on
X. Then it follows that we have

l(ﬂ Fj) = sup oy
jeJ Uesec(N ey )
= sup ou
Uel e, sec T
=sup sup Oy
j€J Uesec.F
= sup A(F)).

jeJ



1.2 The Objects 35
To prove (L3),let . € F(X) and let (6(y))yex be a selection of filters on X . Next let

€:=sup A(a(y)(»).
yeXx

First suppose that all filters involved are ultrafilters. For any D € X o (%), there
exists an F € .7 such that, forall y € F, D € 6(y). Consequently,

8(y, D) =A(c(y(y) <&

This proves that D® e .% and then it follows from (D4) that
Op <Opw +€<AF +¢.

By the arbitrariness of D € X (%) it follows that

AYXo(F)= sup Op <AF +e.
DeXo(F)

Second we consider the case where all filters involved are arbitrary. For each selection

p e [] Ulc()), let
yeX

€ = sup A(p(») ().
yeX

A straightforward verification shows that

€= sup &.
pell Ue(y)

yex

From the result for ultrafilters it follows that, for any p € [] U(c(y)) and
yeX
v € U(F),
AXp(U) < AU + &p.

It then follows from (L.2) and 1.1.3 that

AYXo(F) = sup sup AXp(%)
pe[] U(c(y) % cU(F)
yeX
< sup sup (A% + €p)
pe[] U(c(y) % cU(F)
yeX

=AZ +e&.
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To prove the final claim of the theorem, first note that one inequality is clear. To
prove the other one, let x € X and A € 2X Tt follows from the definition of A, and
upon applying complete distributivity, that

inf A% = su inf 0, .
U eU(A) te 1—}) o UeU(4) ¢
U cU(A)

Now, by 1.1.4,foreach{ € [] %, we can find a finite subset UC C U(A) such
% cU(A)
that A C |J &(%). Consequently it follows from (D3) that
”Z/GUC

inf A% < sup 6( (W)) < 5A,
% <U(4) te 1 % %guf
U €U(A)

which proves the remaining inequality. O

1.2.2 Theorem (L = D) If A : F(X) — PX is a limit operator on X, then the
function

§:Xx2X —P:(x,A)— inf A% (x)
U cU(A)

is a distance on X. Moreover, for any .% € F(X) and x € X, we have

AZF(x)= sup O(x,U).
Uesec.¥

Proof (D1) follows from (L1), (D2) is trivial, and (D3) follows from the fact that,
forany A, B € 2%, we have U(stackA U B) = U(stackA) U U(stack B). We will now
prove the final claim of the theorem since we will require this in the proof of (D4).
Let A’ be defined as

A FX) — PX . Z— sup &p.

Uesec.s
Let % € U(X). Then first we have

MU = sup &y = sup inf AW <A¥%.
Ue¥U Ue WeUW)

Second, by complete distributivity, we have

MU = sup inf AW
UeX W eUU)
= inf sup A(6(U)).

oe [ VW) Ue#%
Uea
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Furthermore, forany 6 € [[ U(U) andany U € %, we have U € 6(U) and thus
Uew
(| 6(U) € % .From (L2) it then follows that
Uew

A% < A([) 8(U)).
Uew

Since this holds forall 8 € [[ U(U), it follows that
vew

AU < ANUu.

Consequently A and A’ coincide on ultrafilters. From the definition of A’ and the fact
that A fulfils (L2), this, however, suffices to conclude that A = A'.
In order now to prove (D4), let A € 2%, e e RT, and # € U(A®)
Claim:Vy € A® 3o (y) € U(A) such that A (c(y))(y) < €.
Indeed, if not then, for some y € A® and for all Z < U(A), we have

€ < AU (y) =AU (y) = sup 8(y,U).
Uew

Consequently, for all ZZ € U(A), we can find Uy, € % suchthate < 8(y, Uy). By
n
1.1.4 we can then find %1, ..., %, € U(A) such that A C J Uy, It then follows
i=1
from (D3) that

n
n
g < inf 8(y, Uy) = 8(y. |J Usy) = 8y A),
1=
i=1

which is in contradiction with the choice of y. This proves our claim. Consequently,
for all y € A®, we can fix some 6(y) € U(A) such that A(c(y))(y) < €. For
y ¢ A® welet 6(y) := y. Next we let

g 1= sup A(c(y)(y).
yeX

Since A € () o(y) it follows that A € Yo (#') and consequently, by 1.1.3,
yeA®)

X o(#) € U(A). From the definition of 6 and making use of (L3) we then obtain,

forall x € X,

0(x, A) < A(Zo(#))(x)
<A¥(x)+¢
<A¥(x)+e.
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Since this holds for all # € U(A®), it follows that
S(x,A) < 8(x,A®) +¢. O

The foregoing two theorems show that distances and limit operators are equivalent
concepts. Together with approach systems and gauges they form the most important
and useful structures.

1.2.3 Corollary Forany A C X and x € X: 6(x, A) = _inf A.F(x).
FeF(A)
1.2.4 Theorem (D = G)If§ : X x 2X — P is a distance on X, then
4 :=1d e gMet(X) [VAC X, Vx € X : ingd(x,a) < o(x, A)]
ae

is a gauge on X.

Proof Let% € 2(%, x € X,and A C X. Then, by complete distributivity, we have
that inf sup d(x,a) = sup inf @(a)(x,a). If we fix @ € @A then it follows that

acA de%, (pe%(;“ ae

ing ¢(a)(x,a) = inf inf d(x,a)
ae

de%y acp=1(d)

< inf 8(x. ¢~ (@)

de¥

= 6(x, A).

Hence it follows that ¢ is closed under the formation of finite suprema. The remaining
properties of an ideal are trivial.

If d € gMet(X) is such that, for all x € X, e > 0, and @ < oo, there exists
d' € 4 suchthatd(x,-) A® < d’(x, -) + € then it follows at once that, for any € > 0
and @ < oo,

inf d(x,a) Ao < inf d'(x,a) + ¢
acA acA

<0(x,A) +e.

By the arbitrariness of € and o this proves thatd € ¢. Hence ¢ is locally saturated. O

In order to be able to work with the gauge associated with a distance, as given
by the foregoing theorem, it will be useful to have a specified set of quasi-metrics in
that gauge. The following proposition provides us with such a collection.

1.2.5 Proposition If§ : X x 2% — P is a distance on X, then, for any { € R*
and Z C X, the function
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d5: X x X —P:(x.y) > 0. 2) AL O (8. Z) A L)
is a quasi-metric in the gauge associated with 8.

Proof That dé is a quasi-metric is easily seen. Let x € X and A C X. Then it
follows from (D4) that

inf d5(x,a) = inf (5(x, Z) A {) © (8(a, Z) A L)
acA acA
<O0x,Z)AN 6 (updla, Z) A )

acA
< ((8(x, A) +supb(a, 2)) A &) © (supb(a, Z) A )
acA acA
< (8(x, A) +supd(a, Z) A C) © (sup &(a, Z) A L)
acA acA

= 06(x, A).
By the characterization given in 1.2.4 this proves that d g is indeed a member of the
gauge associated with 6. O

1.2.6 Theorem (G = D)If 7 C gMet(X) is a gauge basis on X, then the function

§: X x2X — P: (x,A) — sup inf d(x,a)
de acA

is a distance on X.

Proof Verification of (D1) and (D2) is straightforward. To show (D3), note that
one inequality is obvious from the formula. To prove the other one, letd(x, A) A
6(x, B) > «, then there exist d;, d» € 7 such that

inf dy(x,a) > acand inf da(x, b) > «.
acA beB

Now take € > 0 and @ < <o then by local directedness there exists d € ¢ such that

sup inf e(x,c)+ée> inf d(x,c)+ ¢
ecH ceAUB ceAUB

v

(inf dy V da(x, a)) A (inf di V da(x, b)) A ®
acA beB

v

an@

which by the arbitrariness of € and @ show the other inequality. To show (D4) let
x € X,A C X, and € > 0 be fixed. Then, for any b € A® d e #, and 6 > 0,
there exists ay € A such that d(b, a;) < € + 6. Consequently,
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d(x,aq) <d(x,b)+d(b,aq)
<d(x,b)+¢e+0,

which proves that inf d(x,a) < inf d(x,b) 4+ € + 6. Since this holds for all
acA beA®

d € A, it follows that §(x, A) < 8(x, A®) + ¢. O

1.2.7 Theorem [f 0 is a distance on X and ¥ is the associated gauge, then for all
x € Xand A C X we have

O(x, A) = sup inf d(x, a).

de¥ acA

Proof Letx € X and A C X. It follows at once from 1.2.4 that sup inf d(x,a) <

de¥ acA
6(x, A). Making use of 1.2.5, we further obtain
sup inf d(x,a) > sup sup inf dg(x, a)
de¥ acA (eRT ZSX acA
> sup inf dﬁ (x,a)
(eRt acA
= sup inf(6(x, A) A &) O (6(a, A) A Q)
{eRt acA
= sup 0(x, A) AL =0d(x,A),
LeRt
which proves the other inequality. O

1.2.8 Corollary If 0 is a distance on X, then for any x € X and A C X

O(x, A) = sup sup inf dg(x,a).
(eRT ZCX acA

In spite of the fact that it is large enough to generate the distance, the collection of

all quasi-metrics d g as introduced in 1.2.5, is not a basis for the gauge associated with
d since it is not locally directed. In 1.2.55 we will discover an enlarged collection
which is a basis for the gauge. See also the remarks after 1.2.12.

1.2.9 Proposition If § is a distance on X and 9 C gMet(X) is locally directed

such that, for all x € X and A C X, we have 6(x, A) = sup inf d(x, a), then D is
de? acA
a basis for the gauge ¢ associated with 9.

Proof 1t follows from 1.2.4 that ¥ C 4. Suppose that there exists dy € ¢ \ 2. Then
dy is not locally dominated by & and hence there exist x € X, € > 0, and ® < oo
such that, for alld € 2,

do(x, ) Ao £ d(x,-) + 2¢.
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For each 2y C & finite, let A(%y) = {y € X | do(x,y) AN @ > Supyeq,
d(x,y) + e}. By local directedness, given %y C Z finite we can find ¢ € ¥
such that

sup d(x,y) Aw <e(x,y)+ €.
deDy

It then follows that
A(P0) D {y € X | do(x,y) N > e(x,y) + 2¢}

where the latter set, by supposition, is nonempty. Hence the collection {A(Z)) |
Dy € 2(%} is a basis for a filter. Then making use of 1.2.7, we obtain

sup 0(x, A(Dy)) Aw= sup sup inf e(x,y) Ao
Dpe2(D) Dpe2(?D) e D ye A(Dp)

< sup sup inf  (supdvVve)x,y) Ao
Doe2(D) eeD ye A(DoUfe}) dePy

= sup inf  sup d(x,y) A @
Doe2 D) ye A(Do) de Dy

IA

sup inf do(x,y) Aw—¢€
Dye2(2) yeA(Do)

< sup sup inf e(x,y)Aw—¢
Doe2(D) el ye A(Dp)

= sup O(x, A(%)) Aw— ¢,
Dye2(D)

which is a contradiction. O

1.2.10 Theorem [f¥ C gMet(X) is a gauge on X and § is the associated distance,
then

Y = [d € gMet(X) [IVAC X, Vx € X : ingd(x,a) < 5(x,A)].
ac

Proof Since ¢ is locally directed it follows from 1.2.9 that ¢ is a basis for the

gauge [d e gMet(X) |[VAC X, Vx € X : ingd(x, a) < 6(x, A)] associated with
ae

d. However it is obviously also a basis for itself and hence the result follows. O

The combined results of 1.2.4, 1.2.6, 1.2.7, and 1.2.10 prove that distances and
gauges are equivalent systems.

1.2.11 Theorem (G = A) If 77 C gMet(X) is locally directed, then (B (x))xex,
where, for each x € X,

Bx) :={d(x,-) | d e H}
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is an approach basis on X. Moreover, if 4 denotes the gauge generated by 7 and
(o (x))xex denotes the approach system generated by (B(x))xex, then

4 ={d e gMet(X) | Vx € X : d(x,-) € o (x)}.

Proof That, for each x € X, Z(x) is an ideal basis follows from the fact that .77’
is locally directed, and that it satisfies (B1) and (B2) follows from the fact that the
members of ¢ are quasi-metrics. To prove the final claim of the theorem it suffices
to note that d € ¢ is equivalent respectively to

Vx e X,Ve> 0,V <o0,3d € 2 :d(x, ) Ao <d'(x,)+¢
SVx € X, Ve > 0,V < 0,30 € B(x) :d(x, ) NO < @+ €
SVx e X :d(x, ) € o (x). O

1.2.12 Theorem (A = G) If (&7 (x))xex is an approach system on X, then
4 :={d e gMet(X) |Vx € X : d(x, ) € & (x)}

is a gauge on X.

Proof That ¢ is an ideal in gMet(X) follows from the fact that, for each x € X,
&/ (x) is an ideal. That ¢ is locally saturated follows from the fact that, for each
x € X, o/ (x) is saturated. O

In order to conclude our proof that gauges and approach systems are equivalent
concepts we need some supplementary results. In particular, to be able to work with
the gauge associated with an approach system, as given by the foregoing theorem, we
again require a specified set of quasi-metrics in that gauge. The following proposition
provides us with such a collection.

1.2.13 Proposition If (%(x))xecx is an approach basis on X, then, for any { € R
and Z C X, the function

dg X xX —P
where for any x,y € X

d5(x,y) == sup inf @()A{S sup inf y(x) AL
QPEB(x) z€Z veAB(y) zeZ

is a quasi-metric in the gauge associated with <7 .

Proof Thatd g is a quasi-metric is easily seen. Let x € X and € > 0 be fixed. Choose
@y € H(x) such that

sup inf @(z) A{ < inf @o(z) AL + ¢
PEB(x) z€Z z€Z
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and then choose a family (y),ex € [[ A(u) such that, for all u, z € X,
ueX

®0(2) A E < Y (u) + wy(2) + €.
Then it follows that, for all y € X,
d5(r.y) = ( sup inf )AL S ( sup inf y(2) A L)
peAB(x) zeZ weB(y)zeZ
< (inf @o(2) A ¢ + &) © (inf yy(2) A §)
zeZ z€Z

< (Zigg(v/x(y) +y,+e)Al+e) 6 (322 vy (2) A D)
< (Zig(lllx(y) +y,rl+e)+e) e (Znelg vy (2) A D)
< (W) + 26+ inf Yy A D) © (inf (@) A D)

=y (y) + 2¢,

which by (A2) proves that, for all x € X, dg (x,) € A(x). Hence d% is indeed a
member of the gauge associated with Z. O

The similarity between the quasi-metrics of the foregoing proposition and those
of 1.2.5 is not just a coincidence. Actually it will follow from 1.2.34 that they are the
same. Hence, even if it is somewhat prematurely, we are justified in using the same
notation.

1.2.14 Proposition If (<7 (x))ex is an approach system on X and ¢ is the associ-
ated gauge, then for all x € X and A C X we have

sup inf @(a) = sup inf d(x, a).
ped/ (x) acA de9 acA

Proof One inequality is an immediate consequence of the definition of ¢. Making
use of 1.2.13 we further obtain

sup infd(x,a) > sup sup inf dg(x,a)
ded acA eRt ZCX acA

= sup sup inf (( sup inf @(z) AL)S ( sup inf w(z) A {))
(eRt ZCX acA ¢ed (x)zeZ ved (a) ze€Z

> sup inf(( sup inf @(z) AL)© ( sup inf y(z) A L))
(eRtacA @ed/(x)zeA yed (a) zeA

= sup inf sup inf @(z) A
(eRt acA pedd (x) z€A

= sup inf @(2),
ped (x) zEA

which proves the other inequality. O
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1.2.15 Theorem If (<7 (x))yex is an approach system on X and ¥ is the associated
gauge, then, for all x € X, we have that o/ (x) = %B(x), where

Bx)={dx,)|de¥9}.

Proof It is immediately clear that, for all x € X, % C &/ (x). To show that the
converse inclusion also holds we make use of 1.2.14. Suppose that, for some x € X,

there exists ¥ € o7 (x)\ % Hence v is not dominated by Z(x), which implies
that we can find € > 0 and @ < o such that, for all d € ¥,

vAoLdx, ) +e.

Foreachd € ¥, let A(d) :={y € X | w(y) A @ > d(x, y) + €}. Then it is clear
that, forall d, e € 4, A(d) N A(e) = A(d V e) # . Hence we obtain

sup sup inf e(x,y) A <supsup inf (dVe)lx,y) A
de¥ ecd yeA(d) de¥ eed yeA(dve)

=sup inf d(x,y) A®
de9 yeA(d)

IA

sup inf (y(y))Aw—¢€)A®
de¥ yeA(d)

IA

sup inf y(y)Aw—¢

de¥ yeA(d)

<sup sup inf Q(y)A®—Eg,
de¥ pedd (x) yeA(d)

which, by 1.2.14, is a contradiction. 0O

The combined results of 1.2.11, 1.2.12, and 1.2.15 show that gauges and approach
systems are equivalent systems.

Now we come to the relationship between distances and lower hull operators
where we involve the associated gauge.

1.2.16 Theorem (G = LH) If Y C gMet(X) is a gauge on X then the function
[: PX — PX, defined by

[(u)(x) := sup inf (U(y) +d(x, y))
de9 yeX

is a lower hull operator on X.

Proof That [ fulfils (LH1), (LH2), and (LH4) is immediately seen. To prove (LH3),
letu € PX. That [(I(w)) < I(u) follows from (LH1). To show the converse inequality
let x € X, then it follows that
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() (x) = sup inf ((1)(y) +d(x, y))
de¥ yeX

= sup inf (sup inf ((z) +d'(y.2)) +d(x,))
de¥ yeX d'e¥ zeX

> sup inf (inf (u(z) +d(y, z)) +d(x, y))

de¥ yeX zeX

> sup inf (U(z) +d(x, 2)) = l(u)(x). o
de¥ zeX

The foregoing formula also holds with a basis for the gauge rather than the entire
gauge, see 1.2.37.

1.2.17 Proposition [fd : X x 2X 5 Pis adistance on X, and | is the lower hull
operator derived from the gauge associated with 8, then for all x € X and A C X
we have

6(x, A) = 1(64) (x).
Proof This is an immediate consequence of 1.2.7 and 1.2.16. O

1.2.18 Theorem (D = LH) If§ : X x 2X — P is a distance on X, and | is the
lower hull operator derived from the gauge associated with 8, then for any u € PX
we have

n('e,w) o
[(u) = sup sup( inf (m;"" + &ye.0)

wW<ecg>(0 =1

n(e, )
where for each @ < oo, ( 1nfl (mf’w + 0y6.0))e=0 is a development of L A O.
1= i

Proof This follows from 1.1.31 and 1.2.17. O

1.2.19 Theorem (LH = D) If[: PX — PX is a lower hull operator on X, then
the function

§: X x2X — P:(x, A) > [(04)(x)
is a distance on X.

Proof Properties (D1), (D2), and (D3) are immediate. To prove (D4) first remark
that, forany A € X and € € RT, it follows from the definition of A® that

[(64) = 0400 + &,
and consequently, it follows that

04 = [(04) = [(I(64)) < [(By0) + &) = (040 + € = y00 + &. ]
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1.2.20 Theorem If [ : PX — PX is a lower hull operator on X, § is the distance
associated with |, and ¥ is the gauge associated with §, then forall i € PX andx € X

() (x) = sup inf (L(y) +d(x, ).
de¥ yeX

Proof 1f we define the function [ : PX — PX by

() (x) == sup inf (u(y) +d(x, ),
de¥ yeX

then it follows from 1.2.16 that " is a lower hull operator. By 1.1.30 we know that

lower hull operators are completely determined by their restriction to /nd (X). Hence,
to prove the theorem, it suffices to note that by 1.2.7, forany x € X and A C X,

('(84)(x) = sup inf (B4 (y) +d(x, ))

de¥ yeX
= sup inf d(x, y)
de¥ yeA
=08(x, A) = 1(64)(x). O

Taking into account that we already know that distances and gauges are equivalent
systems, the combined results of 1.2.16, 1.2.18, 1.2.19, and 1.2.20 show that distances
and lower hull operators are equivalent systems.

1.2.21 Theorem (D = T)If§ : X x 2X — P is a distance on X, then the family
(te)gepr+, where te : 2X — 2% defined by

te(A) 1= A,
is a tower on X. Moreover, for any x € X and A C X, we have
8(x,A) =inf {e e R" | x € t(A)}.
Proof (T1), (T2), and (T3) follow easily from (D1), (D2), and (D3). To prove (T4)
let A C X, ey e RV, and x € te(ty(A)). This implies that §(x, A”) < & and

thus, by (D4), that (x, A) < € 4 7, i.e. x € te1y(A). (T5) and the last claim of the
theorem follow at once from the definitions. O

1.2.22 Theorem (T = D) If (t¢)ccr+ is a tower on X, then the function
§:X x2X — P,

defined by
5(x,A) :=inf {e e RT | x € te(A)}
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is a distance on X. Moreover, for all € € R* and A C X we have that
te(A) = A®,

Proof (D1), (D2) and (D3) follow easily from (T1), (T2), and (T3). To prove (D4)
we first prove the last claim of the theorem. Let x € X, A € X, and € € R™. Then

xeA® = inflaeRT |x etq(A)} <e¢
= Vo > ¢e:x €ty(A)
= x € ) ta(Ad) = te(A).

o>

Conversely we have
x €te(A) = 5(x, A) =inf {o e RY | x e to(A)} <€ = x € A®.

(D4) now follows from the observation thatif § (x, A®)) < athenx € to(A®) =
to(te(A)) C tyre(A) and thus 6(x, A) < o + €. m|

The foregoing results 1.2.21 and 1.2.22 show that distances and towers are equiv-
alent structures.

1.2.23 Theorem (LR = LH) If £ is a lower regular function frame on X, then the
function | : PX — PX | defined by

I(u) :=sup{vel]|v=<u},
is a lower hull operator on X. Moreover,

e={uer i =p}.
Proof This is perfectly similar to the analogous result in topological spaces concern-
ing the relationship between closed sets and closure operator, with the exception of

(LH4). Let u € PX and let @ € P. Then

(w+o)=suwp{fel|é<u+al
=sup{éella<é=<u+al
=swp{{-aléea=<ié-a=<ul+a

=supf{pellp=<ul+a
=I(u) +o. o

1.2.24 Theorem (LH — LR) If [ : PX — PX is a lower hull operator on X, then

L= {ueIP’XII(u)zu}
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is a lower regular function frame on X. Moreover, for all i € PX we have that
l(u) =sup{vel|v=<u}.

Proof Again, this is perfectly similar to the analogous result in topological spaces
concerning the relationship between closed sets and closure operator, with the excep-
tion of (LR3) and (LR4). Let u € Z.If a € IP, then

(W+o)=lw+a=pu+a,

and hence 1 + a € £.If o € [0, inf u], then it follows from 1.1.27 that [(u — &) =
U — o and hence again 4 — o € £. O

The foregoing results 1.2.23 and 1.2.24 show that lower hulls and lower regular
function frames are equivalent structures.

1.2.25 Theorem (G = UH) If¥ is a gauge on X then the function u : ]P’i( — IP’;;( ,
defined by

u(u)(x) := inf sup(u(y) —d(x,y))
degyex

is an upper hull operator on X and moreover
G ={d e gMet(X) | Vx € X,Vo < = :u(d(x, ) A @)(x) = 0}.

Proof That u fulfils (UHO), (UH1), (UH2) and (UH4) is immediate. To show (UH3)
it suffices to calculate

u(u(p))(x) = L}Ieléfq sup (inf sup(u(z) — e(y, 2)) —d(x,y))

9 yeX €€Y zeX

< inf sup sup(u(z) —d(y,z) —d(x, y))

de¥ yeX zeX
< inf sup sup(u(z) — d(x, z))
de¥ yeX zeX
= inf sup(u(z) —d(x, z)) = u(u)(x).
€Y zeX

For the second claim, first let d € ¢ then it follows that for any @ < o and y € X

u(d(x, ) A ®)(x) = inf sup(d(x,z) A ® — e(x, 2))
ect zeX

<supd(x,z) Ao —d(x,z2)) =0

zeX

which proves one inclusion. To prove the other inclusion, if d € gMet(X) is such
that for all x € X and @ < oo, u(d(x, -) A ®)(x) = 0 then it follows that
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Vx € X,V < oo : inf sup(d(x,2) A0 —e(x,2)) =0
ec¥ zeX

which implies that
Vx € X,V <o, Ve >0,qde €9 :d(x, )N —e(x,) <E

which in turn implies that d € ¢. O

In what follows, given any bounded function v € ]P’if we define the quasi-metric
dY as

dV X xX —R:(x,y)~ v(y) ©Vv(x).
1.2.26 Theorem (UH = G) If u is an upper hull operator on X then
4 :={d € gMet(X) | Vo < 0, Vx € X : u(d(x, ) A @)(x) = 0}
is a gauge and moreover, for any | bounded, d*™ € 4, and for any x € X we have

u(u)(x) = inf sup(u(y) —d(x, y)).
de¥ yeX

Proof The first claim follows immediately from (UHO), (UH2) and (UH4). The
second claim follows from (UH3) since

w(@* ™ (x, ) (x) = u(u(p) © u(u)(x))(x) = u@(w))(x) © u()(x) = 0.

For the last claim finally
inf sup((y) —d(x,y)) = sup(p(y) — u()(y) © u(p)(x))
€9 yeX yeX

< sup(u(y) — u()(y) +u(p)(x))
yeX

= u(u)(x)

and conversely, if infje sup, e x (U (y) —d(x, y)) < o then there exists e € ¢ such
that forall y € X, u(y) — e(x, y) < o and thus 4 © o < e(x, -). Consequently

u()(x) © o = u(t © o) (x) < ule(x,))(x) =0

which implies that u(u)(x) < c. m]

The foregoing results 1.2.25 and 1.2.26 show that gauges and upper hulls are
equivalent structures.

1.2.27 Proposition If u is an upper hull operator on X, ¢ is the associated gauge
and d is a quasi-metric then the following properties are equivalent.



50 1 Approach Spaces

1. de9.
2. Vx € X,V < oo : u(d(x, ) A )(x) =0.
3. Vxe X,V <o :uldx, ) Aw)=d(x, )N ®.

Proof That the first and second property are equivalent was shown in 1.2.26 and that
the third property implies the second one is evident. To show that the first property
implies the third one it suffices to note that for any x, y € X and any @ < o

u(d(x, ) A w)(y) = inf sup(d(x,z) A ® — e(y, 2))

ec¥ zeX
<sup(d(x,z) Aw—d(y,z) A @)
zeX
<d(x,y) No. o

1.2.28 Theorem (UR = UH) If il is an upper regular function frame then
w:PY — P usinf{ved|u<v)

is an upper hull operator and moreover 4 = {1 | u(u) = u}.
Proof This is analogous to 1.2.23 and we leave this to the reader. O

1.2.29 Theorem (UH = UR) If u : Pf — IP’ff is an upper hull operator then
U= {u | w(u) = u} is an upper regular function frame and moreover for any
e PX u(u) =inf{v el |u<v.

Proof This is analogous to 1.2.24 and we leave this to the reader. O

The foregoing results 1.2.28 and 1.2.29 show that upper hulls and upper regular
function frames are equivalent structures.

1.2.30 Corollary (UR = G) If i is an upper regular function frame and & is the
associated gauge then for any quasi-metric d we have that d € 9 if and only if for
allx e Xand o < o, d(x,") A ® € 4L

1.2.31 Theorem (A = F) Given an approach system </ on X the relation
IJ—x e dpx) ST

is a functional ideal convergence on X. Moreover, for any x € X
p(x) =313 — x}.

Proof (F1) and (F2) are evident from the definition. To prove (F3) take a selection
of functional ideals s : X —> F(X) such that s(z) — z forall z € X and a
functional ideal J such that J — x. For each u € %, (x) and € > 0 there is a family
(Uz)zex € [l.ex b (2) such that for all y, z € X we have
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U@ < ux(y) + .uy(Z) + E.
We now define

Ve := inf (U + Uy (2)).
zeX

Since for each z € X we have 27,(z) C s(z) the function yu, + U, (z) is an element
of s(z) @ U, (z) and hence

Ve € ﬂ 5(2) ® Ux(2).

zeX

Further, since u, € <% (x) C 7 it follows that

Ve € U ﬂ 5(2) ® ¢(z) = Zs(TJ).

e zeX

Finally, since u < v¢ + €, and we can find such v, for each € > 0 it follows that
U € ¥s(J) and hence X's(J) ~— x. The final claim is evident. m]

1.2.32 Theorem (F = A) Given a functional ideal convergence — the collection
of functional ideals

dp(x) = (F 13— x}, xeX,

defines a bounded approach system on X. Moreover, for any § € §(X) and x € X,
J — x if and only if <7 (x) C 3.

Proof Because i(x) ~— x it follows that p(x) = O for each p € o7, (x). Now take
U € o (x) and € > 0 and define

5: X — FX):z> H(2).

Then it follows from (F3) that o7, (x) € X's(<%(x)). Hence there is ¢ € <%, (x) and
foreach z € X a ¢, € 9 (z) such that

u = Zlg)f( 0+ ) + &
If we now define
Wy := @V @y and u, := @, foreachz # x
then it follows that for all y,z € X we have u(y) < u,(z) + u;(y) + €. Hence

(e (x))xex is a bounded approach system.
The final claim is evident. |
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The foregoing results 1.2.31 and 1.2.32 show that approach systems and functional
ideal convergence are equivalent structures.

We have now seen the basic transitions in the diagram of Fig. 1.1 at the beginning
of this section, which prove that the ten different types of structures are equivalent
with each other. For the transition from distances to lower hull operators we went
via gauges. Often, however, it will be necessary to have a non-circuitous transition
from one structure to another. In the rest of this section we will derive some such
non-circuitous transitions, some of which we will require in the sequel.

1.2.33 Theorem (D = A) If § : X x 2X — P is a distance on X, then the
associated approach system (<7 (x))xex Is given by

A (x) = [(p ePXVAC X : inf p(a) = 8(x, A)] :
ae

Proof 1t follows from 1.2.4 and 1.2.11 that the approach system (<7 (x)),cx associ-
ated with § is generated by the basis (%(x))ycx Where for each x € X

B(x) = [d(x, )ld € gMet(X),VA C X : inf d(x,a) < S(x, A)} .
ae
For all x € X, let us put
€ (x) = [(p ePX¥|VAC X: ing(p(a) < 8(x, A)] .
ae

Then it is immediately clear that, for all x € X, &/ (x) € € (x). Let ¢ stand for the
gauge associated with & and suppose that there exists y € %' (x)\ </ (x). Then it
follows that v is not dominated by Z(x) and hence there exist € > 0 and @ < o
such that, for alld € ¥,

vAoLdx, ) +e.

Foreachd € ¥, let A(d) := {y € X | w(y) A @ > d(x, y) + €}. Then it is clear
that, forall d, e € 4, A(d) N A(e) = A(d V e) # (. Hence, from 1.2.7, we obtain

sup 0(x, A(d)) A @ = sup sup inf e(x,y) Ao
de¥ de¥ ecd yeA(d)

< supsup inf (dVe)x,y)Aw
de¥ eed yeA(d)

=sup inf d(x,y) A®
de¥ yeA(d)

<sup inf (yOy)Aw—€)A®
de¥ yeA(d)

<sup inf y(y)Aw-—¢
de¥ yeA(d)
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<sup sup inf @(y)Aw-—¢
de¥ ped/ (x) yeA(d)

<supb(x, A(d)) A w— &,

de9
which is a contradiction. 0O

1.2.34 Theorem (A = D) If (<7 (x))xex is an approach system on X, then the
associated distance is given by

O0(x,A) = sup inf @(a).
Qe (x) acA

Proof This follows from 1.2.6 and 1.2.14. O

1.2.35 Theorem (LH = A) If [ : PX — PX js a lower hull operator on X, then
the associated approach system (o7 (x))xex is given by

o (x) = [(p e PXlvu e PX : ;22(“ +o)(y) = [([.L)(x)] :

Proof This follows from 1.2.33 and the fact that, by 1.1.31, if ¢ fulfils the property
ing ¢(a) < 1(64)(x),forall A € X, then it also fulfils the property ing(u +0)(y) <
ae ye

[(u)(x), forall u e PX, as can easily be verified. O

We often prove and use formulas involving the complete gauge and the complete
approach system. The following two propositions show that in most cases we can
safely replace a gauge or approach system by a basis.

1.2.36 Proposition [f (< (x))yex is anapproach systemon X withbasis (8 (x))xex,
then the following formulas hold.

I. Foranyx € XandA C X: sup inf ¢(a) = sup inf ¢@(a).

ped/ (x) acA QeB(x) acA
2. Foranyx € Xandp € PX: sup inf (u+@)(y) = sup inf (U +@)(y).
ped (x) yeX PeB(x) yeX
3. Foranyx € Xandu € PY: inf sup(u—¢@)(y) = inf sup(u—@)(y).
ped (x) yeX peAB(x) yeX
4. Foranyx € Xand % € F(X): sup inf sup @(y) = sup inf sup @(y).
pedd (x) FeF yeF 0eAB(x) FeF yeF
5. Foranyx € X and % € F(X): sup sup inf @(y) = sup sup inf @(y).
ped (x) FEF yeF 0eB(x) FeF yeF

Proof We only give the proof of the first and third formula, the other ones are similar.

For the first formula, one inequality is trivial. To prove the other inequality let
¢ € </ (x) be fixed. Then it follows from the definition of a basis for an approach
system that there exists a family (¢)¢=0 < in Z(x) which dominates ¢@. From
this it follows that, for all @ < oo,
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inf @(a) A ® < inf inf @ (a) + ¢
acA e>0acA

<inf sup inf y(a)+¢
e>0 yeHB(x)acA

= sup inf y(a).
yeA(x)acA

For the third formula, again one inequality is trivial. To prove the other one let
¢ € o/(x) be fixed. Then, again, from the definition of a basis for an approach
system it follows that we can find a family (¢2)¢~0,w<e- in Z(x) which dominates
¢. From this it follows that, for all € > 0 and @ < e

sup(U(y) — @& (y)) — € < sup(U(y) — @(y) A ®)
yeX yeX

from which it follows that

inf  sup(u—y)(y) < inf sup(U(y)—p()A®) < sup(u(y)—@(y)). O
yeAB(x) yeX w<ooyeX yeX

A similar result holds for gauges and gauge bases.

1.2.37 Proposition If¥ is a gauge on X with basis ¢, then the following formulas
hold.

1. Foranyx € X andA C X: sup inf d(x,a) = sup inf d(x, a).

de acA de acA
2. Foranyx € X andp € PX: sup inf (u(y) +d(x,y)) = sup inf (u(y) +
de¥ yeX de A yeX
d(x, y).
3. Forany x € X andlu € ]P’l)f: inf sup(u(y) —d(x,y)) = inf sup(u(y) —
de¥ yeX de yeX
d(x, y)).
4. Foranyx € X and ¥ € F(X):sup inf supd(x,y) = sup inf supd(x,y).
de¥9 Fe.# yeF de# FeF yeF
5. Foranyx € X and % € F(X): sup sup inf d(x,y) = sup sup inf d(x, y).
de¥ Fe.F yeF de FeF yeF
Proof This is precisely the same as the proof of 1.2.36. O

Note that, especially for the third formula in the foregoing two propositions it will
often be advantageous to work with bounded bases for the approach systems and the
gauges.

1.2.38 Theorem (A = LH) If (<7 (x))xex is an approach system on X, then the
associated lower hull operator is given by

[(W)(x) = sup inf (U + @)(¥).
ped (x) yeX
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Proof This follows from 1.2.15 and 1.2.16. O

1.2.39 Theorem (A = UH) If (&7 (x))xex is an approach system on X, then the
associated upper hull operator is given by

u()(x) = inf sup(u — @)(y).
ped (x) yeX

Proof This follows from 1.2.15 and 1.2.25. O

It follows from 1.2.36 that in both foregoing results a basis for the approach system
can be used rather than the entire system.

1.2.40 Theorem (UR = A) If Ul is an upper regular function frame then for any
x € X, {u € 4| u(x) = 0} is a bounded basis for the associated approach system in
X, more precisely for every ¢ € o, (x) there exists L € 2t (x) N such that ¢ < L.

Proof If ¢ € o7,(x) then forany € > 0 there exists d® € 4, suchthat @ < d®(x, ) +
€ from which, by 1.2.27 it follows that u(¢) < d*(x, -) + € and hence u(¢@) € o (x).
Consequently ¢ € @7%,(x) if and only if u(¢) € % (x). Since moreover ¢ < u(@) it
follows that {u(@) | ¢ € o (x)} = o (x) Nilis a basis. On the other hand if u € 4
and p(x) = O then it follows from the fact that u(u) = u that u € %, (x). Hence
(et pulx) =0} =) N mi

1.2.41 Corollary (UH = A) If u is an upper hull operator then for any x € X,
{u(p) | wW(@)(x) = 0} is a bounded basis for the associated approach system in x and

Ap(x) = {@ € P} | u(@)(x) =0}

1.2.42 Theorem (A = UR) If (&7 (x))xex is an approach system on X and 3 is the
associated upper regular function frame then for any | € ]P’l)f we have that |l € L if
and only if 4 © u(x) € o/ (x) forall x € X.

Proof To show sufficiency take x € X then

u(uw)(x) = inf sup(u(y) — @(y)
ped (x) yeX

< su)lz(u(y) —u@(y) o ux)) < ux).
ye

Necessity follows from 1.2.39 since, given x € X, we now have

p(x) = inf sup(u — @)(y)
ped (x) yeX

and hence for every € > 0 there exists ¢ € 7 (x) suchthat u(x) + &€ >y —¢. O
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1.2.43 Theorem (A = L) If (&/(x))xex is an approach system on X, then the
associated limit operator is given by

AZF(x) = sup inf sup @(y).
ped (x) FeF yeF

Proof Let 6 be the distance associated with (27 (x))xecx. Applying complete distrib-
utivity, 1.2.1, 1.2.34, and 1.1.5 we obtain

AF(x)= sup sup O(x,U)
UecU(FYUe¥U

sup sup sup inf @(y)
U e\ W(F)UeW pedd (x) yeU

= sup sup inf sup @(y)
U eU(F) pedd (x) UeU yeU

= sup inf sup  sup @(y)
ped (x) (Ag)weus€ I U UeU(F)yedy
WU eU(F)

= sup inf sup o)
ped (x) (Ap)weusme Il % ye U Ay
U eU(F) U U(F)

= sup inf sup @(y). O
pedd (x) FeF yeF

1.2.44 Theorem (G = L) If ¢ C gMet(X) is a gauge on X, then the associated
limit operator is given by

AZ(x) = sup inf supd(x,y).
de¥d FeF yeF

Proof This follows from 1.2.15 and 1.2.43. O

Again, it follows from 1.2.36 that in both foregoing results a basis for the approach
system can be used rather than the entire system.

1.2.45 Theorem (LR = D) IfB is a basis for the lower regular function frame on
X then the associated distance is given by

0(x, A) = sup{p(x) | p € B, pja = 0}.

Proof Since 84 = [(84) we have 84 € £ and if p € £ such that pj4 = 0 then
p =1lp) < (Ba) = ba. O

1.2.46 Theorem (G = T) If ¥ is a gauge on X then the associated tower is deter-
mined by the neighbourhood filters

Ye(x) = stack{By(x,y) |d € Y, e <y} xe X, eecR".
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Proof This follows from 1.2.6 and 1.2.21. O
1.2.47 Corollary (A = T) If (& (x))xex is an approach system on X then the
associated tower is determined by the neighbourhood filters

Ye)={{o <7y} |oed(x),e <y} xeX,eeR".
1.2.48 Theorem (G = LR) If ¥ is a gauge on X then

B:={0odx,)|aecR",de¥, x e X}

is a basis for the associated lower regular function frame L.

Proof First of all, it is easily verified that [(x © d(x,)) > o & d(x, ) for any
o € Rt and d € ¢, from which it follows that B8 < £. It suffices of course
now to look at a bounded function ¢ in £. Since for any x € X we have that
W(x) = supyeq infyex (U(y) + d(x,y)) it follows that for all € > 0 we can find
de € 4 such that

(mx)©€)Ode(x, ) =

which proves our claim. O

1.2.49 Theorem (UR = LR) If u € U then oo © u € £ for any a and moreover
if B is a bounded basis for the upper regular function frame, then {o. © U | U €
B, sup U < & < oo} is a basis for the lower regular function frame.

Proof First, making use of 1.2.16 and 1.2.25 it is easily verified that if 4 € 4 then
a © u € £ forany . Second for any given 4 € £, supl < & < oo, x € X and
€>0,if B eBissuchthat f < a6 pand a & u(x) < B(x) + € then it follows
that gy <o e P and x © B(x) — e < u(x). O

1.2.50 Theorem (LR = UR) If u € £ then a © u € iU for any o and moreover
if B is a bounded basis for the lower regular function frame, then {a © L | U €
B, sup U < & < oo} is a basis for the upper regular function frame.

Proof This is analogous to 1.2.49 and we leave this to the reader. O

1.2.51 Proposition If [ and u are associated lower and upper hull operators on X,
A C Xand @ < o then

u(69) + [(OQ\A) =
or put differently
u(GX’) =0—0OAN 6X\A'

Proof Note that ® © u(0%) € £ by 1.2.49, and hence ® © u(87) = (0 S u(6y)).
Now it suffices to expand both the upper hull and the lower hull on the righthand-side,
using 1.2.16 and 1.2.25. O
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1.2.52 Theorem (T = L) Iftis atowerwithneighbourhood filters (Ve (x))xex scr+

and convergence (—£>)€ER+ then the associated limit operator A is determined by
AF(x) <& & %) C.F & F .

Proof This follows from 1.2.43. O

1.2.53 Proposition If A is a limit operator and (V¢(x)),cx ecr+ IS the associated
neighbourhood tower then for any x € X and € € R™ we have A7 (x)(x) < € and
forany € € RT and y € [A Ve (x)(x), €] we have Vy(x) = Ve (x).

Proof The first claim follows at once from the definitions. To prove the second
claim it is sufficient to prove that if y := A7:(x)(x) < &, then 7, (x) = 7¢(x).
Take ¢ € o/(x) and ¥ < n < €. Using 1.2.43 it then follows from the hypothesis
that there exists ¥ € o7(x) and 6 > € such that {y < 6} € {¢ < n}. Hence
Yy (x) € V¢ (x), and since ¥ < € we have 7 (x) = 7¢ (x). O

1.2.54 Proposition If 4 is a limit operator and (V¢(X))xex. ecr+ IS the associated
neighbourhood tower then for any x € X and € € RY we have

AYe(x)(x) = min{y | ¥ (x) = Ye(x)}.

Proof 1t follows from 1.2.53 that A 7¢ (x)(x) = inf{y | #3(x) = 7¢(x)} and that the
infimum is a minimum follows at once from (T2n). O

In the following, for u € IP’,f , dy is defined by

dy(x,y) = u(x) © uy)

and d* (see also 1.2.26) is defined by

d'(x,y) == u(y) © pu(x).

1.2.55 Theorem (LR = G) If B is a basis for a lower regular function frame
consisting of bounded functions then 7 = {d, | u € B} is a basis for the
associated gauge.

Proof If u € B, x € X and A C X then
inf dy(x, ) = p(x) © sup p(a)
acA acA
= (1 © sup w(a))(x)
acA
< [(Ba)(x) = 6(x, A)

which proves that d;; is an element of the gauge.
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Let B € 2®) and x € X. For every v € B we put

gv = sup &(x) — v(x).

EeBo

Then for any € > 0 there exists ¢ € 8 such that
p < inf (v+¢y)and inf (v+§)(x) < px) +e¢
veB veBy

and it then follows that for any y € X

sup (v(x) @ v(y)) = sup (v(x) + &) © (v(y) + &)

veB veBg

sup ((sup £(x)) © (v(y) + &v))
veBy 56%0

sup §(x) © (inf (v(y) +&v))

£e®B veB

= (vienmgo(v(x) +&e (vienmgo(v(y) +&v)

= (ux)+e) o uy
Spx)euly +e
which proves that 7 is locally directed.
Further, if x € X and A C X then with L(A) := {u € B | u|a = 0} it follows
from 1.2.45 that

sup inf dy(x,a) > sup inf dy(x,a)

neB acA HeL(A) acA
= sup inf u(x) = o(x, A).
#EL(A) acA
Hence by 1.2.9 it follows that .77 is indeed a basis for the gauge. O

1.2.56 Corollary (LR = A) If B is a basis for a lower regular function frame
consisting of bounded functions then o7 (x) := {u(x) & u | u € B} is a basis for
the associated approach system at x € X.

1.2.57 Theorem (UR = G) If B is a basis for an upper regular function frame
consisting of bounded functions then ¢ = {d" | u € B} is a basis for the
associated gauge.
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Proof If 1 € B and x € X then

u@d” (x,))(x) = inf sup(U(y) © p(x) —e(x,y)) =0

ecY), yeX

since U is upper regular, and hence by 1.2.27,d* € 4.
Analogously to the proof of 1.2.55 one verifies that .77 is locally directed and that
the property required to apply 1.2.9 is satisfied. O

The following results completely elucidate the relationship between the two ways
of viewing convergence in approach spaces, with limit operators of filters on the one
hand and with convergence of functional ideals on the other hand.

1.2.58 Theorem (L = F) Given associated functional ideal convergence and limit
operator, for any proper functional ideal J and x € X the following properties are
equivalent.

1. J— x.
2. Va € [c(T),oo: A (T (x) < o

Proof To show that the first property implies the second, let o € [c(J), o[ then

AfaT(x) = Afa(p(x))(x)
= sup inf inf sup  u(y)
nedy(x) a<p ped(x) ye{p<p}

< sup inf inf sup  u(y)
nedy(x) a<p ¢6ﬁ¢(x) yelo<p}

<.

To see that the second property implies the first, suppose that J ;/~ x. Then, by
definition there exist ¢ € .2%,(x) and € > O such that forall u € J: F, := {¢ >
u + €} # . Itis easily seen that the collection of sets Fy;, 4 € J generates a filter,
say .%. Now consider the functional ideal $ := i(#) Vv J which is generated by all
functions

VZ = (0, AY)V uWwherep €T3, 7>0.

Now note that I C § and thus o := c($) > ¢(J) and §4(J) C fo,(H). It is easily
seen that f, (%)) is generated by the sets F;; N {u < B} for u € Jand B > o. Now
it follows that

AfaI(x) = Afe$H(x)

= sup inf inf sup v(y)
yed)(x) ueT a<f yeFun{u<p)

> inf inf sup o)
ued a<f yeFun{u<p}
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> sup sup inf o)
UedJ o<f ye FynN{u<p)

> sup inf p(y)+¢€
UET yeFy

= sup inf O, vV u(y) +¢
neJyeX

> sup sup inf (B, AY) vV U(y) +&=0 +e. o
ned y>0yeXx

1.2.59 Corollary Given associated functional ideal convergence and limit operator,
for any proper prime functional ideal J and x € X the following properties are
equivalent.

1. J—x.

2. 2D ) < ().
Proof This follows from 1.1.50 and 1.2.58. O

1.2.60 Theorem (F = L) Given associated functional ideal convergence and limit
operator, for any filter # € F(X) and x € X we have

AZF(x) = inf{a | iI(.F) ® o — x}.
Proof This follows from 1.2.58 since

inf{o | 1((F) ® o0 — x} = inf{a | VB € [, oo[: Afp(i(F) ® o) (x) < B}
= inf{o | VB € [a, oo[: L.Z (x) < B}
= A7 (x). O

We have now seen all the transitions indicated in the diagrams of Figs. 1.1 and 1.2 at
the beginning of this section, for going from one basic structure to another and which
we will require in this work. Clearly there are a number of fundamental transitions
which have great conceptual interest and technical elegance, whereas some are no
more than the composition of other transitions. Again this is not unlike the situation
in topology, where defining, for example, the open sets from the neighbourhoods
goes in a direct way, whereas defining them in terms of the closure operator goes
most naturally via the closed sets.

1.2.61 Definition A pair (X, &), where G is a distance, a limit operator, an approach
system, a gauge, a tower, a lower or upper hull operator, a lower or upper regular
function frame or a functional ideal convergence is called an approach space.

As we have just seen, an approach space can hence be determined by giving any
of these equivalent structures and in most of the examples which we will study later
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on, at least one of them will present itself as the basic one from which the others can
be derived. If no confusion is possible, we will always denote a distance by 6 and
the associated limit operator, approach system, gauge, tower, upper and lower hull
operator, upper and lower regular function frame and functional ideal convergence
respectively by A, & := (o (x))xex, Y, t := (te)ger+, U, [, 4, £ and —. It will
generally be understood that these structures are associated with one another. If we
are dealing with different approach spaces at the same time, we will make clear
which structures are associated with each other, by using some appropriate indices
or accents.

In general we will also denote an approach space simply by its underlying set and
only if required for clarity or unambiguity will we write it as a pair consisting of
the underlying set and one of its defining structures. Some spaces may get special
notational treatment like those in the next example. When an approach space is
determined by a gauge basis (or by an approach basis), then we will usually refer to
the other structures of the approach space as being generated by that basis. We use
both notations A‘®) and t¢(A) for {x € X | 8(x, A) < &}. In all that follows we will
freely use the different structures defining approach spaces as well as the transitions
among them. In the appendix, for easy reference, we give some tables containing the
most important transition formulas.

Once we have developed more machinery, we will encounter many individual
examples as well as special classes of natural approach spaces. Some particular
examples which we can easily introduce at this stage and which we will require quite
frequently in the sequel are the following. Note that the examples in 1.2.62 and 1.2.63
are genuine approach spaces in the sense that they are neither metric nor topological
(see following chapter).

1.2.62 Example (Approach structures on IP)
It will be useful to have at our disposal the following quasi-metrics. We denote
by dE the metric defined by

dgp :PxP—P:(x,y) > [x — Y|
and by dp the quasi-metric defined by
dp:PxP—P:(x,y) > x6y.

Note that both are straightforward extensions of the well-known quasi-metric and
metric on [0, oo[. Restrictions will be denoted by the same symbols as it will always
be clear from the context whether we are considering them on PP or on a subspace.
For the topologies generated by di, and by dp on P, the point oo is isolated.

1. Define

S Px2F — P
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by

0 Xx = oo, Aunbounded,
Op(x, A) == 1 X = oo, Abounded,

inf [x —a| x e RT.

acA

Itis easily verified that this function is a distance on IP. This distance actually extends
the Euclidean metric df, to IP. The associated approach system is the following:

ePP| ¢ <dg(x,- eRT,
o) = [P EBT 1@ = dalx 0}
(a1 | @ < o) x = oo,
Note that this approach system is of a purely metric nature in the finite points and of
a purely topological nature at oo.
If P is equipped with this structure then we will denote it P, i.e. we put

Pr := (P, 0g).

The Euclidean topology on [—ee, o] or any of its subspaces will also be denoted
by J&. We note that the extension of the Euclidean metric on PP (i.e. dg) and a
similar extension on [—eo, eo] does not generate the Euclidean topology since for
the underlying topology of this metric (and also for the underlying topology of the
quasi-metric dp) the points —eo and oo are isolated.

2. An analogous example is obtained as follows. Define

S :Px2F — P

XOsupA A £,
JA) =
op(x, A) L" A

Again this function is a distance on P which is an extension of the quasi-metric dp
onRT to P.
The associated approach system is the following:

eP?| ¢ <dp(x,- eRT,
o) = 110 EE 10 < dr(x )} x
{61401 | a € RT} X = oo,
Here too the approach system is of a purely quasi-metric nature in the finite points
and of a purely topological nature at .

The associated limit operator is determined as follows. Given any filter .# on
P, let
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I(ZF):= inf supU.

Uesec.¥
Then forallx € P

AT (x) =x 0 I1(F).

Notice for example that for any filter .%, either Ap.% (e0) = 0 or Ap.% (o0) = co. The
first case will occur if [(F) = oo, i.e. if every member of sec.# is unbounded. A
gauge basis is given by {dy, | & € R"} where

do(x,y) =x A6 yAQ0.
We denote the approach space thus defined simply by
P:= (P, op).

It will always be clear from the context whether we mean the space PP or the set P
and if we consider any other structure on PP besides Op then this will be mentioned
explicitly as in the case of the first example.

We will leave it as an exercise for the reader to determine the other structures
associated with these distances.

1.2.63 Example (Filter approach spaces) Let X be an arbitrary set, % € F(X) a
fixed filter and f € PX a fixed arbitrary function. We now define

l(yyf) . F(X) — IP)X

by

f(x) Z Nstackx C ¥, 9 +# stackx,
M7, Y (x) = {0 F Nstackx € 9,
0 4 = stackx.
Then (X, A(#, f)) is an approach space. Indeed, (L1) follows at once from the def-
inition. The verification of (L2) is straightforward by considering cases. In order to

verify (L3) let (6(y))yex be a selection of filters on X and first let %7 € U(X) be an
ultrafilter on X. Given x € X the only case where

Mz % (x) + sup Az o) ()
yeX

is not necessarily equal to oo is when

Z Nstackx € 7% and .F N stacky € o(y) forevery y € X.
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Under these two assumptions we consider the following two cases. Either % =
stackx and then X 0(%) = o(x) from which (L3) follows at once, or % # stackx
and then we have .% C % and

F C \/ ﬂ (Z Nstacky) € Y o(%)
Ue?% yeU

and in that case we have

l(,ﬁz,f)EG(Q/)(x) < l(:g,f)ﬁ(x)
=Mz, % (x)
< Mz U (x)+sup Az o).
yeX

Second we consider the case of an 7 € F(X) and then using (L.2) we have

l(g/?’f)zﬁ(%)— sup )L(yf)EO'(dz/)
U eU(H)

< sup Mg pn%+ sup Mz, o)
U eU()

= Mz, pot + sup A(ﬂ,f)d(y)(y)
yeX

which proves (L3) in the general case and we are finished.

The final structural concept which we will introduce is that of an adherence
operator. Adherence operators constitute the logical counterpart to limit operators in
the same way as the notion of an adherence point of a filter is the counterpart of the
notion of limit point of a filter. We will see many instances where it is advantageous
to use this concept.

1.2.64 Definition Let X be an approach space. We define what we will call the
adherence operator (associated with 6 and with all of the other defining structures)
as the function

o F(X) — PX,

determined by

o7 (x) := sup O(x, F).
Fe%

The interpretation of this operator is analogous to that of the limit operator. In each
point x € X, the value o.% (x) indicates how far the point x is away from being an
adherence point of the filter .#



66 1 Approach Spaces
1.2.65 Proposition For any pair of filters ¥ and 4 we have
FCY=saF a9 <A9<rAZF.

Proof This follows from 1.2.1 and the definition of the adherence operator. O

1.2.66 Proposition For any ultrafilter % we have
AU = .

Proof If 7/ is an ultrafilter, then sec%Z = % and, hence, the result follows from
1.2.1 and the definition of adherence operator. O

The foregoing result generalizes the well-known fact that for ultrafilters limit
points and adherence points are the same.

1.2.67 Proposition For any filter F and x € X the following properties hold.
1. AZ(x)= sup A%Z(x)= sup o (x).

U cU(F) U cU(F)
2. 0¥ (x) = inf A% (x) = inf o (x) and moreover the infimum is
U cU(F) U cU(F)

actually a minimum.

Proof The first formula follows from 1.2.1 and 1.2.66.
For the second formula, that oe.% (x) < inf A% (x) is evident.
U eU(F)

Suppose now that, for all Z € U(F), o..% (x) < A% (x). Then it follows from
1.2.66 and the definition of adherence operator that, for each % € U(%), there exists
Ug, € % such that a.% (x) < 0(x, Ugy). It now follows from 1.1.4 that there exists

a finite subset Ug € U(F) suchthat |J Ug € . and consequently, by definition
GZ/EUO
of the adherence operator,

aF () = 8. | Un)
”Z/GU()

= min 6(x,Uy)
% €Uy K

> a7 (x),

which is a contradiction. O

The foregoing results of course generalize the facts that in a topological space a
filter converges to a point if and only if all ultrafilters which are finer converge to that
point and that a filter adheres to a point if and only if there exists an ultrafilter which
is finer and which converges to that point. Considering as filter the principal filter
generated by a set A C X it also allows for the following immediate consequence.
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1.2.68 Corollary For any A C X and x € X there exists an ultrafilter % € U(A)
such that 6 (x, A) = A% (x).

The following characterizations of the adherence operator in terms of approach
systems and gauges will also be of use.

1.2.69 Proposition For any filter F and x € X we have
o.Z(x) = sup sup inf @(y)

pedf (x) FEF yeF
= sup sup inf d(x,y).

de¥ FeZF yeF

Proof This follows from 1.2.34, 1.2.6, and the definition of adherence operator. O

1.2.70 Proposition For any filter F and x,y € X we have
AT (x) < 6(x, {y) +A.F(y)

and

aF (x) < 6(x, {y) +aZ(y).
Proof Let x, y € X, then, by 1.2.44, we have

AF(x) = sup inf supd(x,z)
de¥ FeF zeF

< sup inf sup(d(x,y)+d(y,z))
de¥ Fe.7 zeF

< supd(x,y) + sup inf supd(y,z)
de¥ de¥ FeF zeF

=0, {yh + A7 ()

which proves the first inequality. By 1.2.67 the second inequality is an immediate
consequence of the first one. O

1.3 The Morphisms: Contractions

The morphisms which are naturally associated with the structures defined in the
foregoing sections can most elegantly be defined in terms of distances, but we will
immediately show that they can equally well be characterized by means of any of
the other structures.

1.3.1 Definition A function f : X — X' between approach spaces is called a
contraction if forall A C X
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Sy o f = 8
or explicitly, if forall x € X and A € X
&' (f(x), f(A) < 8(x, A).

We will require the following lemma.

132Lemma If f : X — X' is a function and F is a filter on X then for any
W e U(f(F)) there exists U € U(F) suchthat f(U)=W.

Proof Suppose that for all 7 € U(%) we have a set Uy, € % such that f(Uy) &

W, then it follows from 1.1.4 that there exist Uy, € %, ..., Uy, € %, such that
U?_ Uy, € %. However, in that case there would exist k € {1,...,n} such that
fUzg) € f(F) S W which is a contradiction. O

We will use these facts for instance in some of the proofs of the following result.

1.3.3 Theorem For a function f : X —> X' between approach spaces the follow-
ing properties are equivalent.

f is a contraction.

VZ e F(X) : A (f(F))o f < AZ.

VZ e UX) : A (f(F)o f <AZ.

Vx € X,V¢' € &' (f(x)) : @' o f € & (x).

Vd' €9 :d o(f x f)e¥.

VA C X, Ve e RT : f(t:(A)) C t.(f(A)).

Vx € X,Ve e R, VV/ € ¥/(f(x) : f7H(V') € Ye(x).
Vi e PX U (f(w) < f ().

Vveg :vofelkl

10. Vv e :vo f el

11. VIeFX),Vx € X : T x = f(J) — f(x).
12. VIe PX),Vx € X : T x = f(J) — f(x).

In 4 instead of &/’ (f(x)) a basis is sufficient, in 5 instead of 4’ also a basis is
sufficient, in 8 instead of £ a subbasis is sufficient and in 9 instead of 4’ also a
subbasis is sufficient.

Vo NS NN~

Proof 1 = 2. This follows from 1.2.1 together with the fact that secf(%#) C
f(sec.#) as can easily be seen making use of 1.3.2.

2 = 3. This is evident.

3 = 1. This follows from 1.2.2 together with the fact that f(U(A) € U(f(A)).

6 = 1. Forany x € X and A € X, we have x € AGEA) and thus fx) e
F(A)@xA) which precisely means that 8'(f (x), f(A)) < 8(x, A).

1 = 4. Suppose on the contrary that there exist xo € X, ¢ € /' (f(x0)), & > 0,
and @y < oo such that, for all ¢ € o7 (xp),

A(Q) :={x € X | )(f(x)) A ap > @(x) + €}
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is nonempty. Then we obtain

sup  8(xp, A(Q)) Awy = sup sup inf w(x) A wy
ped (xo) ped (x0) ye (x0) xEA(9)

< sup  sup inf (¢ Vyx) A
ped (x0) e (x0) xEA(PVY)

= sup inf @(x)A ap

pedl (x0) x€A(Q)

< sup inf @u(f(x)Awp—&
pedl (x0) x€A(P)

< sup sup inf &) A — &

pedd (xo) S (f (x0)) yEf (A(@))

= sup 8'(f(x0), f(A(®))) A @y — &,
Qe (x0)

which is impossible.

4 = 5.Letd € %' Then it follows that, forall x € X, d'(f(x),-) € &' (f(x))
and hence d'(f(x), ) o f € &7 (x). Consequently d’ o (f x f) € 9.

5= 8.Lety € PXand x’ € X'.If x’ ¢ f(X), then there is nothing to prove.
Suppose therefore that x’ € £(X) and fix x € f~!(x’). Then we obtain

((f()G) = sup inf (inf (@) +d'(,u)))

d'ed weX uef-lu)
< sup inf( inf  (u@) +d', fF()))
d'eqd' veX uef=1(fv))

< sup inf (u(v) +d(x,V))
de¥ veX

= [(u)(x),

which from the arbitrariness of x € f~!(x’) proves our claim.
6 < 7. This is a well-known result in pretopological spaces.
8 = 6.Letx € tg(A). Then [(64)(x) = 84(x) < €. Consequently it follows that

8y (f () = T(Bfa) (f (X))
< FUON)(f(x)

= inf  (B4)(2)
zefHf ()

[(64)(x) < &,

IA

which proves the assertion.
8 = 9.Letv € £. Then

v=lW) =l(f(ve /) = flvo f))
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and it follows that vo f <[(vo f),ie.vo f € £.
9 = 8. Let u € PX. Then

T(fWNof<f(Wof=<u

and since (I'(f(u))) o f € £, it follows that also (I'(f(u))) o f < [(u) and thus
((f () < £W)).

4 = 10. Let u € 4 and x € X then it follows that u © u(f(x)) € &'(f(x))
and hence ft o f © ll o f(x) € o/ (x) which by 1.2.42 shows that pt o f € $l.

10 = 4. Let u € ' such that u(f(x)) = 0 then it follows that it o f € 4l and
hence by 1.2.40 that L o f € &7 (x).

1 = 11.If f is a contraction and J — x then it suffices to apply 1.2.58 to see
that also f(J) — f(x).

11 = 1. It suffices to apply 1.2.60 in order to see that f is a contraction.

1 & 12. This is perfectly analogous to the equivalence of 1 and 11 using 1.2.59
instead of 1.2.58. O

Note that in the foregoing theorem items 6 and 7 are of course nothing else but
two equivalent ways to say that f is continuous if X and X’ are each equipped with
the same level tower structures.

Some interesting examples of contractions are given in the following propositions,
where the space [P plays an important role.

1.3.4 Proposition For any A C X, the distance functional
04:(X,0) — P:xr 8(x,A)
is a contraction.
Proof Letx € X and B C X.If B = (J, then
Op(6a(x), 8a(B)) = 6(x, B) = oo.
Otherwise, since

Op(8a(x), 64(B)) = 6(x, A) © (Zug o(b, A)),
€

the result is an immediate consequence of 1.1.2. O

1.3.5 Proposition Forany function & € PX, the following properties are equivalent.

1. &€ & ie &islower regular.
2. & : X — Pisa contraction.

Proof Both the first and the second property can be expressed as local properties of
&.By 1.2.24 and 1.2.38, £ € £ if and only if
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Vx e {€ <o}, Ve>0,30 € F(x),Vye X: E(x) <ED + () + €
and (%)
Vi e {€ =), Yo <0, 3p € /(x),Vy € X : 0 < E(y) + ().

From 1.3.3 and the description of the approach system of P it follows that & : X —>
P is a contraction if and only if

Vx € {& <o} ,Ve>0,V0 < 00,39 € 7 (x),Vy € {& <&} :
CEX—-EONAw=<ply) +e&
and (k)
Vx € {€ =0}, Ve > 0,V < o0, ¥0 < 00,3 € o (x) :
(0160108 AD < @ +&.

First, let us consider the case x € {& < co}. Then in the first condition of (xk) it
clearly suffices to consider @ = £ (x) and thus this condition is equivalent with the
first condition of (x). Next, let us consider the case where £ (x) = oo. Clearly, in the
second condition of (x:x) it suffices to consider @ = o and then it is easily seen that
this condition is equivalent with

Vx e {& =o},Ve> 0,V <0, 39 € Z(x),Vy e {{ =0} : 0 < 0(y) +&,
which, taking w and 2 for € and o, is further seen to be equivalent with
Vx € {& =o} Voo <o, 39 € F(x),Vy € {§ < 0} : 0 < 9(p).

This condition clearly implies the second condition of (x). Conversely the second
condition of (x) implies that

Vx € {€ =}, Vo < 00,30 € &/ (x),Vy € X : 20 < E(y) + 9(y),

which clearly implies the above equivalent form of the second condition of (xx). O
1.3.6 Corollary Forany A C X, we have that 64 € £, i.e. 84 is lower regular.

This result shows that indeed the collection of quasi-metrics dy; from 1.2.55 is an

extension of the collection dg from 1.2.5.
The following consequence follows at once from the foregoing and from 1.2.1.

1.3.7 Corollary For any .7 € F(X), we have that A.F € Land a.F € £, i.e. A.F
and a.F are lower regular.

1.3.8 Definition Approach spaces form the objects and contractions form the mor-
phisms of a category which we denote App.

In the literature the notion of a topological category was introduced by Herrlich
(1974b). Although the definition underwent some changes through time, in this book,
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we will adhere to the original definition. A topological category (over Set) is a
category ¥ which is concrete over Set, (precisely, such that there is a forgetful
functor U : € —> Set but we will always leave reference to this functor out of the
picture) and which, simply put, satisfies the following conditions:

1. Terminal separator property: There is only one structure on a singleton set.
2. Small-fibered: There is only a set of structures on any given set.
3. Topological: Initial and (as a consequence) final structures exist.

For details we refer to Herrlich (1974b).

1.3.9 Theorem App is a topological category. In particular, given approach spaces
(X j)jey, consider the source

(fj : X — Xj)jes

in App and suppose that, for each j € J, (#;(x))xex; is a basis for the approach
system in X j. Then a basis for the initial approach system on X is given by

B(x) = [;uggj ofjlk €2V vjeK & e ,@j(fj(x))} .
je

Proof Clearly App is concrete, small-fibered, and fulfils the terminal separator prop-
erty. The main property we have to show is the existence of initial structures in App.
Let X be a set and let J be a class. For each j € J, let (X}, §;) be an approach
space, let (%; (x))xex_, be a basis for the approach system (7; (x))xex_, in X;, and
let f; : X — X be a function. For each x € X, let #(x) be defined as above. It
is easily seen that Z(x) is a basis for an ideal and that it fulfils (B1). To prove that
(A(x))xex fulfils (B2), let sup &; o fj € A(x) and let € > 0 and @ < oo. For each
jeK
J € K, there is a family (szj)zexi € [] #;(2) suchthat, forall z,y € X;,
Z€X;

51{.;@)(1) +E ) +e> Ei() A .

Foreacht € X, let ]
v i=sup &L o fi.
ek fi@wy =~

Then v, € #A(t) and, for any ¢, s € X, we have

(sup&jo fi)(s) A =sup&;(fi(s) A @
jeK jeK

IA

sull‘;(ifj(x)(fj )+ & (f1) +€)
JE ’

IA

Vi) + vi(s) + €.



1.3 The Morphisms: Contractions 73

This proves that (&7 (x))xex = (%/’E;)) rex 1s indeed an approach system on
X. By construction, all the functions f;, j € J, are contractions. To prove that
(& (x))xex is an initial structure, let (Z, (¥ (2));cz) be an approach space deter-
mined by its approach system and let

g:Z— X
be such that all compositions
fiog:(Z,(€(2))zez) — (X, (F))xex;)

are contractions. Further, let z € Z and let sup &; o f; € 47 (g(z)). Since
jeK

(sup&jo fi)og=sup&jo(fjog)
jek jek

and since, forall j € K,

Ejo(fjog) et (2),

it follows from 1.3.3 that g is a contraction. O

1.3.10 Example (Finest and coarsest structures) In any topological category, on any
set there are discrete and indiscrete structures, where a structure is called discrete
if any function defined on a set with that structure is a morphism and indiscrete if
any function to a set with that structure is a morphism. Given a set X the discrete
(or finest) approach structure on it is determined by any (and all) of the following
structures:

1. Distance: 8 : X x 2X —> P where, forall x € X and A C X,

0 xeA,

5(X’A)=|oo x ¢ A.

2. Limit: A : F(X) —> PX where, forall x € X and .Z € F(X),

O 7 =i,
o —
l‘/_[m T #i.

3. Approach system: (7 (x)),cx Where, for all x € X,
o (x) = {q> e PX | p(x) = 0} .

Gauge: 4 = gMet(X).

Tower: (t¢)pcp+ Where, foralle € RT™ and A C X, t.(A) = A.
Lower hull operator: [ : PX — PX where, for all u € PX, [(u) = u.
Lower regular function frame: £ = PX.

Nowns
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8. Upper hull operator: u : IP’I),( — }P’ff where, for all u € P¥, u(u) = .
9. Upper regular function frame: il = ]P’If .
10. Functional ideal convergence: If J = i(x) @ o for some x € X and o €]0, oo
then J »— x and otherwise J does not converge to any point. The improper
functional ideal converges to all points.

Analogously the indiscrete (or trivial, or coarsest) approach structure on X is
determined by any (and all) of the following structures:

1. Distance: 8 : X x 2X —> P where, forall x € X and A C X,

O

Limit: A : F(X) —> PX where, for all % € F(X), A.Z = 0.
Approach system: (<7 (x))yecx Where, forall x € X, &7 (x) = {0}.
Gauge: ¢4 = {0}.

Tower: (t¢)pcp+ Where, forall e € RT and A C X,

DA

w1y 424
Lower hull operator: [ : PX — PX where, for all u € P, [(u) = inf u.
Lower regular function frame: £ = {(p € PX|¢ constant }

Upper hull operator: u : IP’;)( — IF’ff where, for all u € P, u(u) = sup u.
Upper regular function frame: 4 = {(p € Pl’f lo constant} .

Functional ideal convergence: For all J € §(X) and x € X: J — x.

S0 XN

1

Easy and useful characterizations of initial and final structures in App for all the
different defining concepts of approach spaces do not exist. However, there are a few
important constructions which we have to explain, namely initial structures by means
of gauges, distances, limit operators and functional ideal convergence. Furthermore,
for completeness and since they are so simple, we will also give the descriptions of
both initial and final structures by means of lower and upper regular function frames.

1.3.11 Theorem Given approach spaces (X ;) jej, consider the source
(fj+ X — Xj)jes

in App. If, for each j € J, 7¢; is a basis for the gauge of X ;, then a basis for the
initial gauge on X is given by

H = {Supdjo(fj x f)IK €2Y) VjeK :d; ejfj].
JjeK

Proof This goes along the same lines as 1.3.9. O
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1.3.12 Theorem Given approach spaces (X ;) jej, consider the source
(fj+ X — Xj)jes

in App. If for each j € J, A; is the limit operator on X ; then the initial limit
operator on X is given by

AF =supAi(fi(F)) o f;.
jelJ

Proof 1t suffices to restrict our attention to ultrafilters since the general case then
immediately follows upon applying 1.2.67. We denote by A the initial limit operator
on X, by &7 the approach system associated with A, and by .7; the approach system
associated with 4 j»foreach j € J.

Now let 7 be an ultrafilter on X and let x € X be arbitrary. We know from 1.2.66
and 1.2.69 that

A% (x) = sup sup inf @(y)
oedd (x) UeW yeU
= sup sup sup inf sup @; o f;(y).

Joe2W) ge [ #j(fj(x)) UeX yeU jedo
Jj€Jy

Now let Jo € 20, ¢ € /i (fi(x)),and U € % be fixed. Then it follows that
Qe R
J€Jo

inf sup @; o f(y) = sup inf @ (y) 0 fi(»)(¥)
yeU jedo reJ¥ yeu
= sup inf inf ¢@;o f;j(y).
redl jedy yer=1(j)

()

Since % is an ultrafilter, it follows that, for each ¢ € Jé] , there exists j; € Jy such
that 1~1(j;) € % and consequently we have

sup inf inf @;o f;(y) < sup inf @j o f;, ()

redy jedoyer=t() resy yer='Go)

< sup sup inf @ o fj,(y) (%)
tEjOU We% yew

= sup sup inf @jo f;(y).
We jedo yeW

Because this inequality holds for all choices of U € % it follows from (x) and ()
that

sup inf sup @; o f;(y) < sup sup inf @; o f;(y).
Ue yeU jely WeZ jelo yeW
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Since, as is immediately clear, the other inequality also holds we can now incorporate
this in our previous calculation for A% (x) in order to obtain

A% (x) = sup sup sup inf sup @; o f;(y)
Joe2) ge ] j(fj(x)) Ue yeU jedy
jely
= sup sup sup sup inf @; o f;(y)
Joe2W) ge [ j(fj(x)) Ue jeo yeU
Jj€dy
= sup sup sup sup inf @;(y)

Jo€2D) Qe[ ;e y (£ () j€do U ye f;(U)

=sup  sup sup inf @;(y)
Je) oed;(fj(x) UeX yef;U)

= sup A; (f;%)(f;(x)),
jeJ
which proves our claim. O

1.3.13 Theorem Given approach spaces (X ;) jej, consider the sink
(fj: Xj —> X)jes

in App. If for each j € J, £; is the lower regular function frame on X j then the final
lower regular function frame on X is given by

Ezz{uePXWjeJ:uofjeEj}.

Proof 1Tt is straightforward to verify that £ as defined above is indeed a regular
function frame and by construction it is of course the finest one turning all the maps
fj,J € J, into contractions. O

In the following theorem, given a set of functions # C PX we denote by %" the
set of all infima of finite sets of members of 2 and by ZV the set of all suprema of
arbitrary families of members of %.

1.3.14 Theorem Given approach spaces (X ) jej consider the source
(fj: X — Xj)jes

in App. If for each j € J, £; is the lower regular function frame on X j then the
initial lower regular function frame on X is given by

S={uofiljelueg}"V.



1.3 The Morphisms: Contractions 71

Proof Since translations commute with infima, suprema, and composition, it is at
once clear by construction that £ as defined above is indeed a regular function frame
and that it is the coarsest one turning all the maps f;, j € J, into contractions. O

1.3.15 Theorem Given approach spaces (X ;) jej, consider the sink
(fj : Xj — X)jes

in App. If for each j € J, U; is the upper regular function frame on X ; then the final
upper regular function frame on X is given by

Ui={uePf|VjelJ: o fj el
Proof This is analogous to 1.3.13 and we leave this to the reader. O

In the following theorem, given a set of functions % C PX, we denote by A" the
set of all suprema of finite sets of members of % and by % A the set of all infima of
arbitrary nonempty families of members of 2.

1.3.16 Theorem Given approach spaces (X ;) jej consider the source
(fj : X — Xj)jes

in App. If for each j € J, U; is the upper regular function frame on X ; then the
initial upper regular function frame on X is given by

U={uofjljel u eilj}v/\.
Proof This is analogous to 1.3.14 and we leave this to the reader. O

Given a subset A € X we denote by P(A) the set of finite covers of A by means
of subsets of A, and similarly by R(A) the set of finite partitions of A.

1.3.17 Theorem Given approach spaces (X ;) jej, consider the source
(fj : X — Xj)jes

in App. If for each j € J, §; is the distance on X j, then the initial distance is
given by

O(x, A):= sup min supd;(f;(x), fj(P))
PeP(A) PeP jel

= sup min sup8;(f;(x), fj(P)).
PeR(A) PeP jel

Proof We only prove the case of finite covers, the case for partitions easily follows
from this. If &;; is the initial distance on X then it immediately follows from (D3)
that 6 < &;,,.
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To prove the remaining inequality suppose that0 < o < &, (x, A) then according
to 1.3.11 this means that

o < sup sup inf sup di (fi(x), fk(a)).
K2 (di)kek €[ Tkex G acAkek

Consequently there exist K C J finite, and dy € %, k € K such that for alla € A
there exists a k € K such that di (fi(x), fi(a)) > ct. This means that

AN () £ Ba (fex). @) = 0.

keK

Put
B i= AN f7 Xk \ By (fi(x), @)

then A = |J; g Bk and it follows that for any k € K

sup 8; (fj(x), fi(Bx) = S (fi(x), fi(By))

jeJ

= sup inf d(fx(x), fx(a))
de%, ac By

> inf di(fi(x), fi(a))
aeBy

> .

Consequently
o < sup min sup§;(f;(x), f;(P))
PeP(A) PeZ jel
and we are finished. O
1.3.18 Theorem Given approach spaces (X ;) jej, consider the source
(fj: X — Xj)jes
in App. Then the initial functional ideal convergence is determined by
Jr—x&Vjeld: fi(J)— fix).

Proof This follows from 1.3.12, 1.2.58 and 1.2.60. O

We end this section by showing that App is simply generated, i.e. it has an initially
dense object.
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1.3.19 Theorem Pis initially dense in App. More precisely, for any approach
space X, both the sources

(64 : X — P)apx and (§: X —> P)ece

are initial.

Proof From 1.3.4 we already know that if §;;, stands for the initial distance, then
Oin < 8. Conversely it follows from 1.3.12 that, for any 7 € U(X),

Ain (x) = sup Ap(8a(%))(84(x))

Ae2X

= sup sup p(8a(x), 064(U))

Ae2X Uew

sup &p(8y (x), oy (U))
Uew

sup Oy (x)

Ue¥

=AU (x),

v

v

which proves our claim. That the second source too is initial follows from the fact
that the first one is and from 1.3.5. O

Alternative interesting initially dense objects as compared to P where found by
Claes (2009). We will come back to this in Sect.2.4 when we have seen metric
approach spaces (see 2.4.13).

1.4 Closed and Open Expansions and Proper Contractions

The morphisms in our category being contractions (i.e. essentially non-expansive
maps) it is normal to consider also their counterpart, namely expansions. However
whereas there is only one reasonable way in which to express that a function is
contractive, there are two natural ways to express that a function is expansive, and
since in the topological case these coincide with respectively open and closed maps
(see Chap.2) we will define these two different concepts and refer to them as open
and closed expansions respectively. Note that as is usual, we give these definitions
for arbitrary functions, not only for contractions. Only in the case that they are also
contractions are we dealing with morphisms in App which will be the case for what
we will call proper contractions.

Finally, in this section we only give the basic definitions and characterizations
since we will come back to these concepts more in depth in the section on morphism
indices in Chap. 3.
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1.4.1 Definition A function f : X —> X’ between approach spaces is called closed
expansive or a closed expansion if forall A C X

f(aA) = 5}(,4)
or explicitly, if forall forall y € X" and A C X

inf  8(x,A) <8 (y, f(A)).
xef~1(y)

1.4.2 Theorem For a function f : X —> X' between approach spaces the follow-
ing properties are equivalent.

f is a closed expansion.

Ve PX: f(I(u) < U(f ().

VZ € F(X) : supregees f(O1) < A (f(F)).
VU € U(X) :supreq, f(87) < A (f(%)).
Yuel: f(uedl.

6. YVAC X,Va e RY : f(A) @ C N, fACTD),

LR W~

In 5 it suffices to have the property for a basis of £.

Proof 1 = 2. Let (Aj)jey be a finite collection of subsets of X, for any j € J let
mj € P,and let 4 = inf(m; + 6, ;). Further fix x € X', then
jeJ X

F @) = infGm; + £ (64)) and () = infm; +((64,))
J€ Jj€E
and therefore

FUu) ) = lnf Efi{llf( /)(mj +1(64,)(x)) = i_nf(mj + f(1(64;)(x"))
= i.';f(mj +U(f O ) =T (f ().
IfuePX, e>0and ue < u < U + € with e € Fin(X), then
fle) < f(U) < f(ue) + eand [(Ue) < (1) < [(Ue) + €,

and consequently

Faw) <U(f(u) +e,

and the result follows from the arbitrariness of €.
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Finally, if u € PX then for any o € [0, e[ we obtain

an fW) = fanw) <U(floenw) =T(fu),

and the result again follows by arbitrariness of .
2 = 1. This follows immediately choosing t = 04.

1 = 3. Indeed
sup f(0r) < sup 5}(T) = sup 5&/ = A (f(F)).
T esec.# Tesec. Wesecf(F)

3 = 4. This is evident.
4 = 1. Applying 1.2.1 we obtain

8pay(x) = inf A f(@)(x')= inf sup f(or)(x) = f(SA)(x).
U e€U(A) UeU(A) Tew

2 = 5. This is immediate since [(u) = p if u € £.
5 = 2. This follows from 1.2.23.
1 & 6. This follows from 1.2.21 and 1.2.22. O

Note that being closed-expansive does not mean being closed as a map for all the
level tower structures as can easily be seen from 6.

1.4.3 Proposition For a function f : X —> X' between approach spaces the
following properties are equivalent.

1. f is an injective closed expansive contraction.
2. f is an embedding (i.e. an initial injection) such that 5}(X) = 07(x)-

Proof 1 = 2. If f is an injective closed expansive contraction then it follows
immediately from the definitions that forallx € X and A C X

§'(f(x), f(A) = 6(x, A),

and hence f is an embedding. Moreover, 5}(X) = f(6x) = f(6x) = Oy (x).

2 = 1. Conversely, if f is an embedding and 5}()() = O(x) then f is obviously
injective and a contraction. Let A € X and x’ € X". If x’ € f(X) and x € X is the
unique point such that f(x) = x’ then

FOD() =8(x, A) =8(f(x), f(A) = 6}(A)(x’),
and if x" ¢ f(X) then
f(SA)(x/) == 6f(X)()C/) = 6}(}()()‘/) = 5}(A)(x/)-

Hence f(64) < 6}.( 4y Which shows that f is closed expansive. O
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1.4.4 Proposition Let f : X —> X' be a closed expansion between approach
spaces and let Z C X' then the restriction g := fle-1zy ¢ Y2 — Zisa
closed expansion.

Proof Let A C f~!(Z)and y € Z, then

gD = FEDG) < 8y () = 81, ). o

1.4.5 Definition A function f : X —> X’ between approach spaces is called open
expansive or an open expansion if for all A € X’ we have

-1y S 8p0 f
or explicitly, if forall x € X and A C X’
§Cx, f71(A) = 8'(f(0), A).
1.4.6 Theorem For a function f : X —> X' between approach spaces the follow-

ing properties are equivalent.

f is an open expansion.

VA C X' Ve e Rt : f71(A®) C (f~1(A)®.

Vx € X,Vo € o (x) : f(@) € &' (f(x)).

Vv ell: f(v)ed.

5. Vx € X,Ye e RT,VV € ¥ (x) : f(V) € Ye(f(x)).

KN~

In 3 it is sufficient to have the property for a basis for <7 (x) and in 4 it is sufficient
to have the property for a basis of 1.
If f is surjective then these are moreover equivalent to

6. Vx € X,YU' € U(X") there exists % € U(X) such that f(%) = %' and
AU (x) < M(U")(f (x)).
7. ¥x € X,V e UX") :inf{A% (x) | f(%)=U"}y <A (%) (f(x)).

Proof 1 < 2 This follows from the relationship between distances and towers.
3= 1.Let A C X' and x € X then

8'(f(x),A)= sup inf @'(b)
¢'ed/!(f (x)) beA

> sup inf £(0)(b)
ped (x) beA

= sup inf  @(z2)
pedl (x) ze f1(A)

=8(x, f1(A)).

1 = 3. Suppose there exist an xg € X, a ¢g € 7 (xp), and € > 0, ® < oo such that
for every @' € o'(f(x0)), f(Po) A @ £ ¢ + €. For every ¢’ € /' (f (x0)), define
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Bg) = {ye X' | flg») A0 > ¢'(v) +e.

Notice that for every @', &’ € &' (f(x0)), B(¢' v &) = B(¢') N B(§’) and
B(¢') # @, consequently we obtain

sup  8'(f(x0), B@)Aw=  sup sup inf &' Ao
o' ed"(f(x0)) @' ed'(f(x0)) &'ed (f(x0)) yeB(9')
<  sup sup inf (¢ VEYY)A®

@led(f(x0)) E'edl (f(x0)) yEB(P'VE))

= sup inf @'(y)A®
¢©'ed(f(x0)) yeB(¢')

< sup inf  (f(o)(») Aw)—¢
¢'ed(f(x0)) yeB(¢')

< sup sup inf EX)Aw)—¢
@' ed(f (x0)) E€sl (xo) xf~1(B(9"))

= sup (8o, £ (B@)) A @) &,
@'ed"(f(x0)

which contradicts 1.

3 = 4.Take v € Uthenitfollows from 1.2.42 thatforallx € X, vOv(x) € & (x)
and consequently that f(v) © f(V)(f(x)) € &'(f(x)). Since for y & f(X) we
have that f(v) © f(v)(y) = 0 € &’(y) this proves that f(v) € i

4 = 3. This follows from 1.2.40.

2 & 5. This follows from the relation between the various descriptions of towers
(see remarks after 1.1.25).

Now let us suppose that f is surjective.

1 = 6.Let %’ € UX’') and x € X. Suppose now that for all %7 € U(X) with
f(w) =" wehave A (%")(f (x)) < A% (x). Then for each such % there exists
Uy € % such that

WU (fx) < 8(x, Uy)

and by 1.1.4 we can find Ug,, ..., Uy, such that U!_ Uy, € f’l(%’). Choose
W € %’ such that f~1(W) C U"_, Uy . We then have

n
r_ni? O0(x,Ugy) = 0(x,U/_ Uy)
i=

<38, f1wy)
<8 (f(x), W)
<AU'(f(x))

which is a contradiction.
6 = 7. This is evident.
7= 1.Let A’ C X’ and x € X. Then we find
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S(x, f~1A)) = inf A% (x)
U eU(f~1(AN)

< inf AU
= o (f ()

=& (f(x), A). O

Note that items 2 and 5 in the foregoing result are equivalent ways of saying that
f is open as a map between each pair of corresponding level tower structures.

1.4.7 Proposition Let (X;);e1 be a family of approach spaces then for every k € I,
the projection pry : [|;c; Xi —> Xx is an open expansion.

Proof Choose k € I, a finite subset J C I and ¢; € «/;(x;) for j € J.If y € X;
then we define 20 = (z0);¢; as
y i=k
z?:z X ieJ\{k}
arbitrary elsewhere

then, if k € J
pri(sup @j o pr;)(y) = inf sup ¢;(z%)
jeJ N=yjes

= @(y) v inf  sup ;(z))
D=y je\tk}

= o(y)V sup @;(x;))
JeJ\{k}

= ()

and if k & J then

prk(sup Q; oprj)(y) <sup@;(x;) =0.
jeJ jeJ

Hence we have pr;, ( SUp ey Qj © prj) < ¢ and by 1.4.6 we are finished. O

1.4.8 Proposition Let f : X —> X' be an open expansion between approach
spaces and let Z C X' then the restriction g := fly-1z) ¢ fY2) — Zisan
open expansion.

Proof This is analogous to 1.4.4 and we leave this to the reader. O

For a category with a given factorization structure (&', .#) (see e.g. Herrlich
and Strecker 1973), satisfying properties (FO-F2) below, (Clementino et al. 2003),
Clementino, Giuli and Tholen formulate three further axioms which a class .% of
morphisms has to fulfil for it to be a viable class of closed morphisms in that category.
‘We recall the axioms (FO-F2):
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(FO) .# is a class of monomorphisms and & is a class of epimorphisms and both
are closed under composition with isomorphisms.

(F1) Every morphism f decomposes as f =m oe withm € .# and e € &.

(F2) Every e € & is orthogonal to every m € ., that is, given any morphisms u
and v such that m o u = v o e there exists a unique morphism w making the
following diagram commutative

The axioms which .% has to fulfil are:

(F3) .# contains all isomorphisms and is closed under composition.
(F4) # N . is stable under pullbacks.
(F5) Whenever go f € % and f € & then g € &

Note that in the abstract categorical setting these axioms necessarily are formu-
lated in terms of morphisms, whereas our notion of closed expansiveness also makes
sense for an arbitrary function, hence the supplementary (and required) condition in
3 of 1.4.9.

There are many different factorization structures (&', .#') on a topological cat-
egory, but we will consider the most usual one where & are the epimorphisms
(i.e. the surjective contractions) and .# are the extremal monomorphisms (i.e. the
embeddings). As in any topological category, this factorization structure satisfies
the aforementioned conditions (FO-F2). For now, in this section, we let . :=
the class of all closed expansive contractions.

That isomorphisms are closed expansive and that closed expansive contractions
are stable under composition is evident from the definition. This implies that .7
satisfies axiom (F3).

We will now point out that . also satisfies the remaining two axioms with regard
to the given factorization structure.

1.4.9 Proposition The following properties hold.

1. F N0\ M is stable under pullbacks.

2. If g o f is closed expansive and f is a surjective contraction then g is closed
expansive.

3. If g isacontraction, go f € F and f € & then g € F.

Proof 1. Consider the pullback diagram

b7
d
A

——> B
I
o

f
—_—
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where f is a closed embedding. We mention that, as in all topological categories,
we can take P = {(a,b) € A x B | f(a) = g(b)} where A x B carries the product
structure and P the subspace structure and where f and g are the restrictions of
the projections. Since .# is stable under pullbacks we already obtain that f is an
embedding. Hence it remains to show that 67< Py = 6?( p)- Since g is a contraction
we have that

OFp) = Og-1(r(a))
=078
=drm o8
= Ogg-1() ©8
< Sg1(5(a) = O (p):
Since the other inequality always holds this proves that f isin . % N ..

2and3.Let f: X — Y, g :Y — Z be as stated and let B C Y. Then we
have

g(0p) =go f(0po f)
<go f(6-1(p)
< 8erp-1(3) = Og(m),

which shows that g is closed expansive. O

By the foregoing result, (F4) and (F5) are fulfilled. From Clementino et al. (2003)
we adopt the following definition of proper morphism.

1.4.10 Definition A contraction f : X — Y is called a proper contraction if it
belongs stably to .7, i.e. whenever

w Lz
|,k
X4f>Y

is a pullback diagram, then f € .Z.

In view of the following property, verifying properness of a contraction can be
done by a simple criterion mentioned in Clementino et al. (2003).

1.4.11 Proposition .7 is stable under restrictions.

Proof This follows from 1.4.4. O
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The following results are immediate consequences of the general results proved
in Clementino et al. (2003).

1.4.12 Proposition A contraction f : X —> X' is proper if and only if for each
approach space Z the map f x 1z : X x Z —> X' x Z is closed expansive.

Put .7* for the class of proper contractions. From the definition, it is immediately
clear that #* C .%.

1.4.13 Proposition The class of proper contractions fulfils the following stability
properties.

1. F* is stable under composition.

2. F* contains all closed embeddings.

3. F* is the largest pullback-stable subclass of % .

4. Ifgo f € F™* and g is an injective contraction, then f € F*.

1.5 Comments

1. Asymptotic radius and center

The idea of a limit operator exists in the literature, although it was never formalized
in a setting as approach spaces like here or used as characterizing concept of a
structure of any kind. In approximation theory we find the notion of asymptotic
radius and asymptotic center (see e.g. Benavides and Lorenzo 2004; Kirk 1990;
Lim 1980; Edelstein 1972, 1974). These concepts were introduced to be able to
work with non-convergent sequences and to be able to gauge to what extent they are
non-convergent. See more details in the comments on the second chapter.

2. An interior-counterpart to distance

The following gives a “partial” counterpart to the concept of a distance derived
from a lower hull operator. Suppose given an upper hull operator u on X asin 1.2.19.
For any @ € R™ we define

12X x 28X — P (x, A) > w(89)(x).

Then the reader can verify that 1 satisfies the following properties.
. Vx e X,VAC X :1°(x,A) =0= x € A.
2. Vx € X,1%(x, X) =0.
3. Vx € X,VA, B €2X :1?(x, AN B) = max{1®(x, A), 1°(x, B)}.
4. Vx e X,YAC X,Ve < w:1%(x, Ag)) <1°(x, A) + € where

Ag)y ={yeX 1%, A) <o —¢}
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3. Local contractivity

The concept of a contraction between approach spaces, just as the topological
notion of continuous map, has a local version of contractivity in a point. It suffices
to fix the point x in definition 1.3.1. Results similar to those which can be obtained
for local continuity can then be proved.

4. Open expansion in the literature

The same concept as our notion of an open expansion appears in the work of
Ioffe on subdifferential calculus (Ioffe 1981, 1990, 2000), although there it is on the
one hand slightly more general since it deals with multivalued maps and allows for
Lipschitz constants in the inequalities but on the other hand is more restricted since
it deals with metric spaces. However, it is the same intuition which lies at the basis
of both concepts.

5. Properness

In this chapter we defined properness linked to contractivity. This is also the
way it is done in topology where a proper map always implies continuity. However,
this is not necessary, just as with open and closed expansions we can isolate the
properness-part without requiring contractivity. The reason we did not do this in the
present chapter is to show the link with the work of Clementino et al. (2003). We will
come back to these concepts in the chapter on index analysis where we will isolate
the concept of properness from contractivity.

6. Approach spaces in other theories

Approach spaces appear as the penultimate example of two other general theories
in categorical topology.

The first concerns metrically generated theories as introduced by Colebunders
and Lowen (2005). The theory of approach spaces is embedded in metrically gen-
erated theories via the description with gauges. Metrically generated theories were
further studied in Claes (2009) concerning initially dense objects, Colebunders et al.
(2006) concerning function spaces and one-point extensions, Colebunders et al.
(2007) where completeness in a symmetric setup is treated, Colebunders and Lowen
(2009) where the embedding of bornological spaces in metrically generated theories
is considered, Colebunders et al. (2012) where local metrically generated theories
are introduced, Claes et al. (2007) concerning co-wellpoweredness, Colebunders and
Gerlo (2007) where firm reflections are treated and Colebunders and Vandersmissen
(2010) where completeness aspects in a non-symmetric setup are handled. More
information can also be found in the PhD theses of Gerlo (2007), Vandersmissen
(2008) and Van Geenhoven (2010).

The second is the theory of lax algebras as studied extensively in the book
Monoidal Topology (Hofmann et al. 2014). We come back to this in the last chapter
on categorical aspects where we will especially be looking at the way approach
spaces can be described as a category of lax algebras (see Clementino and Hofmann
2003; Clementino et al. 2004).

Further, approach spaces also appear in the theory of approach frames. This theory
was first suggested by Banaschewski in some lectures at UCT in Cape Town. This
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finally resulted in a series of papers by Banaschewski et al. (2006, 2007, 2012) and
the PhD thesis of Van Olmen (2005). An approach frame is a frame L with top T and
bottom L equipped with two families of unary operations, addition and subtraction
of a € P, denoted respectively Ay, : L —> L and Sy, : L —> L which satisfy all
identities valid for ordinary addition and subtraction by «, the frame operations in
P and the implications Aq L = L = ¢ =0and S T = T = o # co. Morphisms
between approach frames are frame homomorphisms which commute with additions
and subtractions. Approach spaces then are “embedded” into the theory of approach
frames via their lower regular function frames.

7. Links to x-metrizability

Several notions generalizing metrizability and involving a type of “distance func-
tions” have been introduced in the literature. The one which is most closely related
to our concept of approach structure is the concept of a K-metric as introduced by
Shchepin (1976a). See also Shchepin (1976b, 1980), Isiwata (1985, 1987, 1988),
and Suzuki et al. (1989). A Tychonoff space X is called x-metrizable if there exists a
function p : X x RC(X) — R, where RC (X) stands for the collection of regularly
closed sets in X, fulfilling the following properties.

l. p(x, F)=0ifand only ifx € F.

2. FCF = p(, F')<p(,F).

3. Forall F € RC(X): p(-, F) is continuous.

4. p(-, cl(int( Fj))) = ]11615 p (-, F}) for any collection (F;) ; in RC(X) which

jeJ
is increasinjg and totally ordered.

Such a function is called a x-metric for X. The class of k-metrizable topological
spaces contains all metrizable topological spaces and is closed under the formation
of products.

Analogous ideas also appeared in the work of Borges (1966), Nagata (1992),
and Naimpally and Pareek (2014) where the concept of an annihilator was used.
An annihilator basically is more general than a x-metric, only fulfils the first and
third properties above, and can be defined on X x C(X) where C(X) is an arbitrary
collection of closed sets. Much work in this area was aimed at finding supplementary
conditions on a K-metric or an annihilator to insure metrizability of the given space,
see e.g. the paper of Suzuki, Tamano and Tanaka (1989).

8. Towers in the literature

Towers are auseful concept to define or characterize various extensions of classical
categories. They were used by Brock and Kent (1997a) to define the category of so-
called limit-tower spaces which turns out to be isomorphic to the category CAp
which we study in Sect. 12.2. They were also used by Nauwelaerts (2000) to study
certain categorical hulls in approach theory. Further they were used by Zhang (2001)
to construct tower extensions of general topological categories and by Herrlich and
Zhang in their study of categorical properties of probabilistic convergence spaces
Herrlich and Zhang (1998).
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Chapter 2
Topological and Metric Approach Spaces

Well, I use the metric system. It’s the only way to get really exact

numbers.
(Catherynne M. Valente, in The Girl Who Fell Beneath
Fairyland and Led the Revels There)

As every mathematician knows, nothing is more fruitful than
these obscure analogies, these indistinct reflections of one theory
into another, these furtive caresses, these inexplicable disagree-
ments ...

(André Weil)

Both topological and metric spaces can be viewed as special types of approach spaces.
More precisely, both the categories of topological spaces and continuous maps,
Top, and of (quasi)-metric spaces and non-expansive maps, (¢)Met, can actually
be embedded as full and isomorphism-closed subcategories of App. In this chapter
we will see various characterizations of topological and of (quasi-)metric spaces as
approach spaces and we will see exactly how Top and gMet (respectively Met) are
embedded in App. For Top the embedding will turn out to be both concretely reflec-
tive and concretely coreflective. For both Met and g Met the embedding will turn out
to be concretely coreflective but not reflective. We will demonstrate that it is precisely
the failure of Met and g Met to be embedded reflectively in App which makes the the-
ory of approach spaces particularly interesting in any situation in mathematics where
initial structures of (quasi-)metric or (quasi-)metrizable topological spaces occur.

2.1 Topological Approach Spaces

As far as notation is concerned, from now on, whenever we say that X is a topological
space, .7 will stand for the collection of open sets. Structures derived from .7, such as
the associated closure operator, will be denoted, for example, by cl . If no confusion
can arise we may also drop reference to .7 altogether. We put usc (respectively Isc) for
upper semicontinuous (respectively lower semicontinuous) and (¥’ (x)), or shortly
(7 (x)), for the neighbourhood filters of a topological space. Given a quasi-metric d,

© Springer-Verlag London 2015 91
R. Lowen, Index Analysis, Springer Monographs in Mathematics,
DOI 10.1007/978-1-4471-6485-2_2
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we let .7 stand for the underlying topology. Given a filter .% in a topological space,
the set of adherence points of .% is denoted by adh.# and the set of limit points by
lim .%. That a filter .# converges to a point x is written as % — x and that it adheres
to x is written as .% ~ x.

Given a topological space (X, 7)) we associate with it a natural approach space
in the following way. Let

0 xecly(A),

c X x 2% P: A
s x2% —P:(x,A) — {oo x ¢ el (A).

2.1.1 Proposition If (X, .7) is a topological space, then the function
87 : X x2X — P

is a distance on X and the associated structures are given as follows.

1. Forany filter 7 on X: 0.7.F = Oggh.77 and A7 F = O, 2.
2. Foranyx € X: A7 (x) := {(p ePX | o) =0, @ uscin x} and a basis is
givenby B (x) .={6y | V € V7(x)}.
3. Y9 :={d e gMet(X) | I3 C T}.
4. The tower is given by the family (t"?)geﬂvr where for each € € R™, tey coin-
cides with cl 7.
5. Foranyp e PXandx € X: (7 (u)(x) := sup inf u(y)i.e [ (u)isthe
VeVg (x) yev
largest lower semicontinuous function smaller than L.
L7 = {u e PX| u Isc).
7. Forany u € ]P’i( andx € X:ug(U)(x) ;== inf sup u(y) i.e. ug(U) is
VeV (x) yeV
the smallest upper semicontinuous function larger than (L.
Uz = {u € P wusc}.
9. For any functional ideal 3 on X: J ~— x if and only §o(J) —> x for all
a € [c(T), .

IS\

S0

Proof (D1) and (D2) are immediate. (D3) follows from the fact that, forany A, B C
X, we have cl7(A U B) = cl#(A) Uclg(B). (D4) follows from the fact that, for
all e < oo, A® =clz7(A)and A™ = X.

1. We give the proof for the adherence operator; the one for the limit operator is
precisely the same. It follows from 1.2.64 that,

0z F = sup (87)F = sup O, (r) =0 N cy(F) = Gadh 7
FeZ FeF FeF

2. From 1.2.33 it follows that, for all x € X,
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dg7(x) =10 € PY| VACX:xe clay(A) = ing(p(a) = 0} .
ae

If ¢ € @77 (x), then, since x € cl#({x}), it follows that ¢(x) = 0. Now let a > 0.
Ifx e cla({o > a}), then
inf @) =0,

ac{p>a}

which is absurd. Hence, for all o > 0, x € int#({¢p < o}), which proves that ¢
is upper semicontinuous in x. The converse follows from the fact that if ¢ is upper
semicontinuous in x and @(x) = 0, then, forany o > 0, {¢p < ¢t} is aneighbourhood
of x. That # # (x) is a basis for 77 (x) follows easily from the definitions.

3. From 1.2.4 we obtain that

¢ ={d € gMet(X) | x € clz7(A) = 84(x, A) =0}

from which the result immediately follows.
4.Forany € € RT and A C X, we have

7 (W) ={xeX| d7(x,A) <¢)
= {x €eX| 07(x,A) =0}
= clz (A).

5. The formula follows from 1.2.38. The alternative description is well known
and can be found for instance in Bourbaki (1960).

6. This follows from 1.2.24.

7. This is analogous to 5.

8. This follows from 1.2.29.

9. This follows from 1.2.58. m|

An approach space of type (X, 04) for some topology .7 on X will be called a
topological approach space. Analogously all associated structures will be referred
to as being topological and will be denoted in a similar way with a subscript or
superscript referring to the original topology. Note that in particular 5 and 7 are
the well-known lower semicontinuous and upper semicontinuous regularization of
functions, see e.g. Bourbaki (1960).

The next result gives an internal characterization of these spaces.

2.1.2 Proposition An approach space (X, 8) is topological if and only if any of the
following equivalent properties holds.

1. 8(X x 2%X) C {0, o).

2. For any filter # € F(X) we have that A.% (X) C {0, oo}.

3. For any lower regular function U we have that also 6y, —oy is lower regular.

4. For any lower regular function [ and for any € € RT also By <¢) is lower
regular.
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5. There exists a subbasis M for the lower regular function frame such that for
all w € A also Oy—oy is lower regular.

6. For any upper regular function v and for any o, B €10, o[ also Opy<q) A B is
upper regular.

7. There exists a subbasis M for the upper regular function frame such that for
all v e A and for any a, B €]0, o[ also Opy<qy A B is upper regular.

8. Foranyd € 9 and oo € RT also ad € 4.

Proof The only-if part of 1 follows from the definition of a topological approach
space. To show the if part it suffices to note that if, for all A C X, we put
cl(A) = {x €X|0(x,A) = O}, then cl is a topological closure operator and &
is the associated distance. Characterization 2 is an immediate consequence. To prove
3 it suffices to look at the functions 4 = 84 for A € X and 4 is clearly equivalent
to 3 because of the translation-invariance of £. Claims 5 to 7 follow by analogous
reasoning. That 8 is necessary follows from 2.1.1 and that it is sufficient follows from
1.2.6 and the first claim. O

2.2 Embedding Top in App

In the foregoing section we have seen that a topological space can be viewed as a
special type of approach space. That, moreover, Top is concretely embedded in App
is a consequence of the fact that given topological spaces (X, .7) and (X', 7') a
function f : X — X’ will be continuous as a map between the topological spaces
if and only if it is a contraction as a map between the associated approach spaces, as
follows at once e.g. from the observation that if A C X, then

f(clz A) Ccla(f(A) & Ve e RY 1 f(A®) C (f(A)©@,

which by 1.3.3 proves our claim. Hence the concrete functor from Top to App which
takes (X, .7) to (X, 67) is a full embedding of Top into App.

We will now prove that Top is actually very nicely embedded in App. In con-
trast to most known topological categories which do not have subcategories which
are simultaneously reflectively and coreflectively embedded, such as for instance
Top itself, we will prove that Top is simultaneously concretely reflectively and
concretely coreflectively embedded in App. This is what, in 12.1 we call a stable
subcategory.

The fact that the embeddings, reflections and coreflections are concrete implies
in particular that the reflection and coreflection morphisms are carried by the iden-
tity map of the underlying set. Hence, throughout this work, when referring to a
reflection or coreflection, we will only mention the objects and never the reflection
or coreflection morphisms.

We recall that two important aspects of the fact that Top is reflectively embedded
in App are: (1) for each approach structure, there exists a finest coarser topological
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structure on the same underlying set and (2) initial structures of topological spaces
are the same whether they are taken in Top or in App. We refer to the seminal work
of Herrlich on these matters (Herrlich 1968, 1983).

2.2.1 Proposition For any approach space X, the operation defined by
c(A) :={x e X| 8(x,A) <o}

is a pretopological closure operator.
Proof This follows from (D1), (D2), and (D3). m]

We recall that the category PrTop of pretopological spaces and continuous maps
is a topological category in which Top is reflectively embedded. A pretopological
space is a set equipped with a closure operation which satisfies all the usual axioms
with the possible exception of idempotency. For more information on PrTop we refer
the reader to Choquet (1947) and Colebunders (1989).

2.2.2 Theorem Top is embedded as a concretely reflective subcategory of App. For
any approach space (X, 8), its Top-reflection is determined by the distance 6"
associated with the topological reflection of the pretopological closure operator cl.

Proof The topological reflection of this closure operator is obtained by a standard
transfinite process which produces a topological closure operator, cl;,. To verify that
1x : (X,8) — (X, 8") is a contraction it suffices to note that if 8(x, A) < oo,
for some x € X and A C X, then 6" (x, A) = 0. Now suppose that (¥, .7) is a
topological space and that

f:(X,8) — (¥,09)
is a contraction. Then, for any x € X and A € X, we have

x €cl(A) = 8(x, A) <
= 87 (f(x), f(A)) < oo
= f(x) eclz(f(A)).

Hence f : (X, cl) — (Y, cl#) is continuous as a function between pretopological
spaces. It then follows thatalso f : (X, cl;;) —> (¥, cl &) is continuous as a function
between topological spaces, which in turn means that f : (X, 6") — (Y, 67)isa
contraction. O

2.2.3 Corollary Top is closed under the formation of limits and initial structures
in App. In particular, a product in App of a family of topological approach spaces
is a topological approach space and, likewise, a subspace in App of a topological
approach space is a topological approach space.
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Although, as the previous results show, it is important to know from a structural
point of view that Top is reflectively embedded in App, we will not often have
recourse to considering the Top-reflection of an approach space. It is easily seen that
if the distance is finite, then the Top-reflection is indiscrete. This shows that it will
usually not be a very interesting topology to consider. The situation becomes totally
different for the dual property, coreflectivity, as we will now see. We also recall that
two important aspects of the fact that Top is coreflectively embedded in App are:
(1) for each approach structure there exists a coarsest finer topological structure on
the same underlying set and (2) final structures of topological spaces are the same
whether they are taken in Top or in App.

2.2.4 Theorem Top is embedded as a concretely coreflective subcategory of App.
For any approach space (X, 0), its Top-coreflection is determined by the distance
8¢ associated with the topological closure operator given by

cls(A) == {x € X | 8(x, A) =0}.

Proof 1t is easily verified that clg is indeed a topological closure operator and that
1x : (X, 6'°) — (X, &) is a contraction. Now suppose that (Y, .7) is a topological
space and that

is a contraction. Then, for any x € ¥ and A C Y such that x € cl #(A), we have

6(f(x), f(A)) =b67(x,A) =0,
which proves that

f:(Y,87) — (X,8)
is also a contraction. O

2.2.5 Corollary Top is closed under the formation of colimits and final structures
in App. In particular, a coproduct in App of a family of topological approach spaces
is a topological approach space and, likewise, a quotient in App of a topological
approach space is a topological approach space.

In the sequel, in order not to overload notation and terminology, we will call the
topological spaces associated with the topological reflection and coreflection also
simply the topological reflection and coreflection of a given approach space. In
other words, unless required for technical reasons, we do not differentiate between
a topological space and the associated approach space.

At the end of this chapter we will discuss the importance of the Top-coreflection
of an approach space. Anticipating this, we will now describe this coreflection by
means of the most important other basic structures. Given an approach space (X, ),
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we will denote the topology underlying the topological coreflection by 7, or with
any other index referring to the original structure.

2.2.6 Proposition If X is an approach space with (#(x))xex a basis for the
approach system and F€ a basis for the gauge, then the following properties hold.

1. Convergence in the topological coreflection is characterized by
F —>xAFx)=0and F ~x & aF(x) =0.

2. The neighbourhoods in the topological coreflection are characterized by

”I/(x)z{Vele as>o,a¢e@(x):{¢<e}gv}

={Ve2x| as>0,ade%:3d(x,s)gv}.

Proof 1. This follows from

Fo>xsxe [ cls(Ad)
Aesec(.F)
& sup O(x,A) =0
Aesec(.F)
& AF(x) =0,

and analogously for the adherence.
2. For the approach system this follows from

Ve?Vkx)sexd¢cs(X\V)
< 3Je>0: sup inf @(y) >¢€
QeRB(x) yeX\V
& Ie>0,Jp e Bx)  {p<elCV

and for the gauge it is entirely similar. O

2.2.7 Example We refer to the two examples which we considered in 1.2.62.

The distance of the first example is 8 : Px 2P — P. The topological coreflection
of this space is (P, 9&), where 7% is the topology of the Alexandroff compactifica-
tion of [0, eo[ with the usual (Euclidean) topology.

The distance of the second example is &p : P x 2 — P. The topological
coreflection of this space is (P, .7p), where

Ip = {la, «]la € P} U {P}.
2.2.8 Proposition [f X is an approach space, then any lower regular function & € £

considered as a map & : (X, T5) —> (P, 9p) is continuous, in particular the
distance functionals, and limits and adherences of filters are continuous maps.
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Proof This follows from 1.3.5, 2.2.4, and 2.2.7. O

If, in the foregoing result, we replace the topology Zp by the Euclidean topology
T, then all maps are lower semicontinuous.

In the foregoing chapter we introduced three types of maps, namely, open and
closed expansions and proper contractions. The following result tells us that the
terminology for closed and open was appropriately chosen.

2.2.9 Proposition (Top) If X and X' are topological spaces and f : X — X' isa
map then the following properties hold.

1. fisclosed as a map between the topological spaces if and only if it is a closed
expansion between the associated approach spaces.

2. f is open as a map between the topological spaces if and only if it is an open
expansion between the associated approach spaces.

Proof (1) This follows from 2.1.1 (6), 1.4.2 (5) and the observation that if f is closed
and U is Isc then f(u) is Isc.

(2) Analogously, this follows from 2.1.1 (8), 1.4.6 (5) and the observation that if
f isopen and u is usc then f (i) is usc. O

We will treat the case of proper contractions later when we have a more appropriate
characterization at our disposal (see 4.3.30).

2.3 (Quasi-)Metric Approach Spaces

Given a quasi-metric space (X, d), we associate with it a natural approach space by
defining in the usual way the function

8s: X x2X — P:(x,A) — inf d(x,a).
acA

2.3.1 Proposition If (X, d) is a quasi-metric space, then the function
S;: X x2X — P

is a distance on X and the associated structures are given as follows.
1. Forall # e F(X)andx € X:

a. 0g.F(x) = sup inf d(x,y) =suppcz O04(x, F),
FeZ YEF
b. AF(x) = in; supd(x, y).

€7 yeF

2. Forany x € X: @y(x) = {(p ePX | ¢ <d(x, -)} and a basis is given by
the singleton {d(x, -)}.
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3. 9y = {e € gMet(X) | e < d} and a basis is given by the singleton {d}.
4. The tower is given by the family (tg)geR+ where

tg:2X—>2X:A|—>{xeX| 5d(x,A)S£}.

5. Forany u € PX and x € X: ly(u)(x) = inf{(u(y) +d(x,y)) ie la(u) is
ye

the largest non-expansive map smaller than (L.
6. £4:= {u ePX | u non-expansive}.
7. Forany U € IF’,),( and x € X:ug(u)(x) := sup(U(y) —d(x,y)) i.e. ug(W) is
yeX
the smallest non-expansive map larger than (L.

Hy = {u € IP’;( | u non—expansive} =£L4N Pl}f.
9. Forany functional ideal Jon X:J — x ifand only ifd(x, -) A ®w € J for each
o € RT.

©o

Proof That & is a distance is merely the special case of 1.2.6 where we take for the
gauge basis 7 = {d}.

1. This is an immediate consequence of the definition of the adherence operator
1.2.64 and of 1.2.44.

2. By 1.2.33 we have that, for all x € X,

ay(x) = [(p ePX | VA e2X:inf ¢(a) < infd(x,a)}.
acA acA

Clearly, jlelg oa) < grelgd(x, a) holds, for all A C X, if and only if ¢(a) < d(x, a)

holds, forall a € X.

3. Referring to 1.2.4 instead of to 1.2.33, this is precisely the same as the proof
of the foregoing result.

4. This follows from 1.2.21.

5. This follows from 1.2.16.

6. This follows from 1.2.24.

7. This follows from 1.2.25.

8. This follows from 1.2.29 and 6.

9. This follows from 1.2.31 and 2. m|

The above expression for &, is of course well known and notationally often no
distinction is made between d and §;. We emphasize, however, that for our purposes
itis important to use different notations for a quasi-metric and for the distance derived
from it in the sense of the foregoing definition. In the first place, the two functions
have different domains and in the second place, they determine categorically different
structures. We have seen that Top is simultaneously reflectively and coreflectively
embedded in App, and hence for topological approach spaces, it makes no difference
whether we perform constructions, such as the making of limits, colimits, initial,
and final structures, in Top or in App. However, for quasi-metric approach spaces,
as we will see later in this chapter when we study the precise way in which gMet is
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embedded in App, it does make a difference whether we make initial structures of
quasi-metric approach spaces in gMet or in App. Hence it is important to make the
distinction.

For a sequence (x,), we denote the generated filter by ((x,,),)-

2.3.2 Corollary If (X, d) is a quasi-metric space, (x,), is a sequence in X and
x € X, then the following formulas hold.
1. oy {((xp)n) (x) = liminf d (x, x;,).
Nn—>o0
2. A {(xn)n) (x) = limsupd(x, xp,).

n—»oo

An approach space of type (X, d4), for some quasi-metric d on X, will be called a
(quasi-)metric approach space. Analogously all associated structures will be referred
to as being (quasi-)metric.

2.3.3 Proposition An approach space is quasi-metric if and only if it has one, and
hence all of the following equivalent properties.

1. Forallx € X and o/ C 2%, we have 8§(x, Usl) = Ain; 8(x, A).
c.of
2. Forallx € X and A C X, we have 6(x, A) = in£5(x, {a}).
ae

3. The lower regular function frame is closed under the formation of arbitrary
infima.

4. The upper regular function frame is closed under the formation of arbitrary
bounded suprema.

5. The gauge is a principal gauge generated by a unique function, which neces-
sarily is a quasi-metric.

Proof The equivalence of the first and second property with being quasi-metric
follows at once from the definition. That a quasi-metric space fulfils the third property
follows from the description of the lower regular function frame in 2.3.1. Conversely
it follows from 3 that given x € X and A C X the function

n:X—P:yw inf 6(y, {a})
acA
belongs to £ and vanishes on A. Consequently it follows from 1.2.45 that

O(x, A) =sup{u(x) | u e L, ua =0}
> n(x)
= in£ o(x, {a}).

Since the other inequality always holds this proves 3. The third and fourth properties
are obviously equivalent. Property 5 finally is evident. O

2.3.4 Proposition An approach space is metric if and only if for all A, B € 2X

inf 8(a, B) = inf 8(b, A).
acA beB
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Proof This follows from the foregoing result and the symmetry of metrics. O

The above results clarify our terminology of local distances. In a quasi-metric
approach space the basic local distance at a point x is simply the quasi-metric “local-
ized” at x.

The pretopological closures tg, e € RT, are referred to, in Beer and Luchetti
(1993), as (€)-enlargement operators.

Making use of the results of this section it is possible to formulate some of the
transitions in a more concise way.

2.3.5 Proposition The following formulas for various transitions hold.

1. The transition from distances to gauges: 4 = {d € gMet(X) | 64 < 5}.
2. The transition from gauges to distances: § = sup §.
3. The transition from gauges to lower hull oper;teog;s: [ = sup ly.
4. The transition from gauges to upper hull operators: u =d5§£f Ug.
5. The transition from gauges to limit operators: A = sup Ay.
6. The transition from gauges to adherence operators:dégz suB oy.
de¥

Proof This follows from 2.3.1 and all the respective transition formulas proved in
the first chapter. O

2.3.6 Proposition If (X, d) is a quasi-metric space, .7 is a filter on X and x € X,
then the following properties hold.

1. F~xin(X, ) if and only if 0.7 (x) = 0.
2. F = xin (X, ) ifand only if g% (x) = 0.

Proof This follows from 2.3.1. O

2.4 Embedding g Met in App

In 2.3 we have seen that quasi-metric spaces can be viewed as special types of
approach spaces. That g Met is concretely embedded in App is a consequence of the
fact that given quasi-metric spaces (X, d) and (X', d’) a function f : X — X' will
be nonexpansive between the quasi-metric spaces if and only if it is a contraction
between the associated approach spaces. Hence the concrete functor from gMet to
App which takes (X, d) to (X, &) is a full embedding of gMet into App.

In 2.2 we were able to show both concrete reflectivity and coreflectivity of the
embedding of Top in App. For Met and gMet only concrete coreflectivity of the
embedding holds. However, as we will see later, it is precisely the fact that neither
Met nor g Met is embedded reflectively in App which makes the theory of approach
spaces especially interesting.
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2.4.1 Theorem ¢Met is embedded as a concretely coreflective subcategory of App.
For any approach space (X, 8), its gMet-coreflection is determined by the distance
0™ associated with the quasi-metric

ngXX—>]P)(X7)’)'—>6(x»{y})

Proof To show that 1y : (X, 69™) — (X, ) is a contraction let x € X and let
A C X. Then we have

0(x,A) < ;Ielg O(x, {a}) = 69" (x, A).
Now suppose that (Y, d) is a quasi-metric space and that
Y, 00) — (X, 8)
is a contraction. Then, for any x € Y and A C Y, we have

89" (f (x), f(A)

inf 6(f(x). {f(@})

inf 4 (x, {a})

IA

= 84(x, A),

which proves that

f : (Y’ 6d) — (Xv 5qm)
is also a contraction. m]

2.4.2 Corollary gMet is closed under the formation of colimits and final structures
in App. In particular, a coproduct in App of a family of quasi-metric approach spaces
is a quasi-metric approach space and, likewise, a quotient in App of a quasi-metric
approach space is a quasi-metric approach space.

In the following result we describe the ¢ Met-coreflection of an approach space
by means of approach systems and gauges. This result is the counterpart of 2.2.6.

2.4.3 Proposition If (X, 0) is an approach space with (28 (x))xex a basis for the
approach system and € a basis for the gauge, then for any x,y € X: dg(x,y) =

sup ¢@(y) = sup d(x,y).
QeB(x) de

Proof The first equality follows from 1.2.34 and 2.4.1 while the second one follows
from 1.2.6 and 2.4.1. O
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Given a quasi-metric d on a set X we call d—, defined by
d=(x,y) :=d(y, x)

the adjoint quasi-metric. Further we putd* :=d v d~.

2.4.4 Theorem Met is embedded as a concretely coreflective subcategory of App.
For any approach space (X, 8), its Met-coreflection is determined by the distance
0™ associated with the metric

dy: X x X — P:(x,y) = ds(x,y) Vdg (x,y).

Proof This is analogous to 2.4.1 and we leave this to the reader. O

2.4.5 Corollary Met is closed under the formation of colimits and final structures
in App. In particular, a coproduct in App of a family of metric approach spaces is a
metric approach space and, likewise, a quotient in App of a metric approach space
is a metric approach space.

The description of the Met-coreflection of an approach space by means of a basis
for the approach system or a basis for the gauge is easily deduced from 2.4.3 and
2.4.4. For instance, if .77 is a basis for the gauge associated with &, then d; (x,y) =

sup d(x,y) vd(y,x),forallx,y € X.
deH

2.4.6 Example Again we refer to the examples which we considered in 1.2.62.

The distance of the first example is O : P x 2P — 5 P, and both the gMet-
coreflection and the Met-coreflection of this space are given by (P, dg) where d, is
the “Euclidean” metric on P, i.e. forall x, y € P

de(x,y) = |x —y|.

The distance of the second example is 8p : P x 2¥ — P, and the ¢ Met-coreflec-
tion of this space is (P, dp), where forall x, y € P

dp(x,y) :=(x—-y)VvO0

and the Met-coreflection is (P, dg).

2.4.7 Proposition If (X, &) is an approach space, then for any & € £,
§: (X, ds) — (P, dp)

is a nonexpansive map. In particular distance functionals, limits and adherences are
nonexpansive maps.

Proof This follows from 2.4.1, and 2.4.6. O
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From 2.3.1 it follows at once that, given a quasi-metric space (X, d), & € £4
if and only if the function & : (X, d) —> (P, dp) is nonexpansive, which means
that for quasi-metric approach spaces the condition given in 2.4.7 is both necessary
and sufficient. This also implies that, for any u € PX, the lower hull [;(u), as
given in 2.3.1, can be described as the largest nonexpansive function smaller than .
This alternative characterization is well known in the classical situation (i.e. when
considering only real-valued functions), and can for instance be found in Singer
(1986).

2.4.8 Proposition If (X, d) is a quasi-metric space, then the following properties
hold.

1. The Top-coreflection of (X, 84) is (X, 87,), where Fy is the topology gener-
ated by d.
2. The Met-coreflection of (X, 8y) is (X, 6z+).

Proof 1. This follows from the second property in 2.2.6. This result indeed implies
that the Top-coreflection of (X, d;) has as neighbourhood system

7/(x)={V62X| EI£>O:Bd(x,8)§V}.

2. This follows from 2.4.4. m|

2.4.9 Proposition (gMet) If X and X' are quasi-metric approach spaces and f :
X — X' is a map, then the following properties hold.

1. f is open expansive if and only if forall x € X and y € X':

inf  d(x,z) <d'(f(x),y).
zef~1(y)

2. f is closed expansive if and only if for all x € X and y € X':

inf  d(z,x) <d'(y, f(x)).
zef~1(y)

Proof This follow from 1.4.5 and the definition of d; for a quasi-metric d. O

2.4.10 Corollary (Met) If X and X' are metric approach spaces and f : X —> X’
is a map, then f is closed-expansive if and only if it is open-expansive.

2.4.11 Example 1. The situation with closed- and open-expansiveness is quite
different in the metric case when compared to the topological case. For instance,
whereas a projection R> —> R is open but not closed in the topological sense
when both spaces are equipped with their usual Euclidean topologies, it is both
closed-expansive and open-expansive when both spaces are equipped with their usual
Euclidean metrics.
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2.Let X :={a, by, bo} and X’ := {cy, c2} with quasi-metrics defined by
d(by,a) =d(by,by) =d(b2,b1) =1,d(b2,a) =2,d(a, b)) =d(a,by) =0

and
d(c1,c2) =1,d(c2,¢c1) =0

and let f : X —> X’ be the function defined as f(a) = ca, f(b1) = f(b2)
= c1. Then it is easily verified that f is closed-expansive but not open-expansive.
Replacing both quasi-metrics by their adjoints (see 3.1, d~ (x, y) := d(y, x)) gives
an example of a function which is open-expansive but not closed-expansive.

2.4.12 Example 1. If (X, d7) is a topological approach space then the gMet-
coreflection is given by (X, 84,), where d; is the quasi-metric

[0 xecsiy},
di(x,y) -—[oo x ¢clg {y},

and the Met-coreflection is given by (X, 4,), where dj is the metric

_ |0 xeclg{ylandy € clz {x},
Ao, y) = Ioo x gl iylory gy lx).
Hence we can deduce that (X, Z) is Tj if and only if d; is a separated metric and
that it is Ty if and only if dj is a separated metric.

2. An object in App is at the same time topological and quasi-metric if and only
if it is a finitely generated topological space. (Recall that a topological space is said
to be finitely generated if the closure is entirely determined by the closures of the
singletons in the sense that a point will be in the closure of a set if and only if it is in
the closure of a point of the set.)

3. An object in App is at the same time topological and metric if and only if it is
a coproduct of indiscrete topological spaces.

4. An object in App is at the same time topological and separated metric if and
only if it is discrete.

We now return to the initially dense objects which where found by Claes in
(2009). In that paper the research was performed in the setting of metrically generated
theories, and the results are far more general that what we require. Hence we will
give short proofs restricted to our case (see also Colebunders et al. 2011). We consider
the same underlying set as [P but now equipped with the following distances

Px2p—>Pz(x,A)r—>infaex,
acA

and
PX2P—>PZ()C,A)I—> inf x S a.
acA
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Note that both distances are quasi-metric, precisely, the first distance is nothing else
but 601]1; and the second distance is 8.

2.4.13 Theorem Both (P, 6d]1;) and (P, 84,) are initially dense objects in App.

Proof Since we already know one initially dense object, namely (IP, dp), it suffices
to show that we can obtain that object via initial sources from either of the two objects
above. We recall (see 1.2.62) that a gauge basis for (P, dp) is given by the family
{do | @ € RT} where dg(x,y) = (x A @) © (y A ).

For the first we consider the following source:

(fo : (P, 6p) — (P, 5d[Pj) X > 0O X)gert

then the equality fy(y) © fo(x) = dg(x, y) holds becauseif x < yando <y < x
both sides are zero, if y < x and y < o < x both sides are equal to ov — y and
if y < x < o both sides are equal to x — y. Hence for any oc € R" we have
dp o (fo X fa) = dg which shows that this first source is initial.

For the second we consider the source:

(ga: @, 0p) — (P, 0gp) 1 X > X A Q) ger+

then here too it follows that for any ¢ € R™ we have dp o (g¢ X g¢) = dy, Which
shows that this source too is initial. O

2.4.14 Corollary App is the epireflective hull of gMet in App.

2.4.15 Theorem If (X, 8) is an approach space and we put J := Rt x 2% then
(X, 6) —> (P, 845) : x > O(x, A) A O) (o, A)es

and
(X, 6) — (P, Sd]};) x> a0 6(x, A)) (o, Ared

are initial sources.

Proof This follows from the combination of the initial sourcesin 1.3.19 andin2.4.13.
O

We know that Top consists precisely of subspaces of products (in Top) of quasi-
metrizable topological spaces, Herrlich (1968). This is strengthened in the approach
case.

In the following theorem we use the notation of 1.2.5. This means that, given an
approach space (X, 6),Z C X,and { € R*, we consider the quasi-metric d g which,
for all x, y € X, is given by

d5(x,y) = 8(x, Z) A © (B, Z) A D).
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We will prove the following result by a straightforward calculation of the distances
involved.

2.4.16 Theorem If X is an approach space and we put J := R" x 2%, then

v:(X,8) — (X7, H 5d§) DX > (X, z) =X 2)ed

(€, 2)eJ
is an embedding.
Proof Let us put 6* := [] 5d§, the product distance on X”/. Let x € X and
(€. 2)ed

A C X. Then, making use of 1.3.11, on the one hand we have

§*(y(x). y(A)) = sup sup inf sup d5(x.a)
7e2X) (eRT acA Zey

= sup sup sup inf d(i(a)(x, a)
X)) (eRT peZA acA

= sup sup sup inf inf dg(x, a)
g erX) (eRT peFA ZeZ acp~1(2Z)
= sup sup sup inf (6(x,Z)AE)O( sup d(a,Z)A Q)
X)) LeRY e XA 7eZ acp~1(2)
< sup sup sup inf 8(x, 0 '(Z))
FerX) LeRT pe XA Ze¥
= sup sup sup O(x,A) =0(x, A).
2e20X) LRt pe A

On the other hand it follows from 1.2.8 that we have

6(x, A) = sup sup inf dg(x,a)
72X LeRTt qeA

< sup sup inf sup dg(x,a)
wenX) (eRT acA Ze ¥

= 8" (y(x), y(A)).

This proves that (X, §) is indeed embedded in (X7, §*). O

The foregoing results are important for the sequel. A fundamental relationship
among the different types of structures which we are considering in this work is
that of a topology generated by a metric. As we argued in the introduction, it is the
failure of this relation to be well behaved with respect to products in particular and
initial structures in general which is one of the motivations for considering approach
spaces.

What the foregoing results tell us is that the operation of taking the topology
underlying a (quasi-)metric is recaptured in App as a canonical functor, namely the
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Top-coreflector restricted to gMet. In the case of a quasi-metric space the
Top-coreflector gives us precisely the underlying topological space. It is natural
therefore to extend this interpretation to the whole of App and given an arbitrary
approach space (X, 0), we will speak of (X, 67¢) or (X, Js) (the Top-coreflection
of (X, 8)) as the underlying topological approach space and of the topology s as
the topology underlying & or the topology generated by &. The situation is clarified
in the following commutative diagram.

F
gMet —L 5 Top

E
P,

App

The functor E is the embedding of gMet in App, F) is the forgetful functor
associating with each quasi-metric space its underlying topological space, and F is
the Top-coreflector. The diagram commutes and F> thus is an extension of F7.

Although it is a fundamental aspect of the theory of approach spaces that gMet
and, especially also, Met are not epireflectively embedded in App, for the restricted
case of subspaces we do have the following result.

2.4.17 Theorem gMet and Met are closed under the formation of subspaces in
App.

Proof This follows from the definitions. O

Referring to the foregoing diagram we can now further point out that the problem
of the non-(quasi-)metrizability, in general, of initial topologies of (quasi-)metric
topological spaces gets completely resolved in the setting of approach spaces. Con-
sider the source in Top

(fi : X — (Xi, Ta))ier

where d; is a (quasi-)metric on X; for each i € I. The initial topology of this source
is in general not (quasi-)metrizable. However, it is sufficient to embed the (quasi-)
metric spaces (X;, d;) in App, there to consider the source

(fi : X — (Xi, Oap)ier

and then to take the initial approach structure on X and finally to apply the Top-
coreflection to this initial structure. As coreflections preserve initial structures, that
topological coreflection will be exactly the initial topology, which is generated, not
by a (quasi-)metric but by an approach structure.
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In the following diagram we give an overview of the categorical situation.

\

q Met <:; Met
Both gMet and Met are concretely coreflectively embedded in App. Initial structures
can be taken in App rather than in either g Met or Met (both of which do indeed have
initial structures, neither being compatible with the initial structures of the underlying
topologies) and then the coreflection to Top can be applied. The concept of a metric
simply is too restricted, what is required to resolve the incompatibility is precisely
the category of approach spaces.

Now further note that in the diagram Fin stands for the category of finitely gen-
erated topological spaces. This category is not only a coreflective subcategory of
Top but also of gMet. Given a finitely generated space it suffices to define a quasi-
metric by
0 x ecl{y},

dx,y) =
x.7) {m x ¢ cliy).

Thus, within App it turns out that Fin is precisely the intersection of Top and g Met.
In a certain sense, with regard to Top, Fin therefore plays the role that gMet plays
with regard to App. A metric distance from x to A is completely determined by the
distances between x and the points of A, and analogously for a finitely generated
topology, whether x is in the closure of A or not, is entirely determined by whether x
is in the closure of any of the points of A. Referring to the diagram in the introduction
we see that App fills in the place of the first question mark (Fig. 2.1).

Met—>—>-<—q|\/|et

]

mTop ——> CReg Top gmTop

Fig. 2.1 The categorical position of App with regard to Top and (¢)Met
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2.5 Comments

1. Comparison of structures

In the table below we compare various approach concepts in Top and gMet.
The purpose is not to describe in precise mathematical terms what these different
approach concepts are, but rather to indicate conceptually what are the basic ideas
behind these concepts. In the table, d stands for a (quasi-)metric, .% stands for a
filter, and x is a point in the underlying set.

Concept in App Basic Top-analog Basic g Met-analog

Distance Closure operator Point-set distance

Adherence of .7 Adherence points of .7 liminf d (.7, -)

Limit of .7 Limit points of .# limsupd(.Z#, -)

Approach system Neighbourhoods Localized quasi-metrics

d(x,-)

Gauge Quasi-metrics determining Quasi-metrics smaller
coarser topologies than d

Tower Closure operator Enlargement operators

Lower hull operator Lower semicontinuous Nonexpansive
regularization regularization

Lower regular function Lower semicontinuous Nonexpansive

frame P-valued functions P-valued functions

Upper hull operator Upper semicontinuous Nonexpansive
regularization regularization

Upper regular function Upper semicontinuous Nonexpansive

frame

P-valued functions

P-valued functions

Contraction

Continuous map

Nonexpansive map

2. Supercategories of Top

There are many topological categories wherein Top is embedded as a full subcate-
gory in a more or less nice way. Some of these categories are intended for their better
categorical properties such as the category PrTop of pretopological spaces which is
extensional (see Herrlich 1987, 1988a, b) and the category PsTop of pseudotopolog-
ical spaces which is a quasi-topos or topological universe (see Herrlich et al. 1991).
We also refer to Antoine (1966a, b, ¢), Bentley et al. (1991), Bourdaud (1975, 1976),
Choquet (1947), Colebunders and Verbeeck (2000), Day and Kelley (1970), Lowen-
Colebunders and Sonck (1993, 1996) and Machado (1973). These categories are
basically smallest possible extensions of Top with certain better properties, and they
do not, and were not meant to contain, embeddings of other interesting categories.

Some categories however are specifically intended, as the category of approach
spaces, to merge two familiar and somewhat related categories in one supercategory.

Another typical such example is the category of nearness spaces as introduced by
Herrlich (1974a). Nearness spaces constitute a supercategory of the categories Unif
of uniform spaces and RoTop of Rp-topological spaces. For further information we
refer to Bentley et al. (1998), Csdszar (1963) (for related concepts), Herrlich (1974b),
Herrlich et al. (1991) and Husek (1964a, b).
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A historical overview can be found in “Handbook of the History of General
Topology” Volume 3 (edit: Aull and Lowen 2001) in the articles “Supercategories
of Top and the inevitable emergence of topological constructs” by Colebunders and
Lowen and “The historical development of uniform, proximal and nearness concepts
in topology” by Bentley, Herrlich and Husek.

3. Limit operators and approximation theory

The formula given in 2.3.2 for the limit operator of a sequence in a metric space
is well known in approximation theory. It was introduced in this field in 1972 by
Edelstein in (1972) and was later, in 1980, generalized for nets by Lim (1980) (see
also Amir et al. 1982; Benyamini 1985; Lami Dozo 1981; Liu 2001). The setting
there was mainly restricted to bounded sequences or nets in closed convex subsets of
a Banach space E and the main interest was to find a point where the limit operator
would be minimal. Such a point is called an asymptotic center, i.e. a point x where

Ad ((xp)n) (x) = min{Ag ((xx)n) (v) | ¥y € E}

and the value of the limit operator at such an asymptotic center is called the asymprotic
radius, i.e. infycx Ag ((x,),) (x). Since an asymptotic center, if it exists, need not be
unique, the term asymptotic center is also used for the set of all asymptotic centers
in the sense of the first definition, i.e.

{x | A (Gen)n) (x) = rvrgg Ad {(xn)n) (N}

As an example, consider the real line R with the usual Euclidean metric and
topology, and consider the sequences (x;), and (y,), where

oo &8 meven . n  neven
"7 | —e nodd, yn —n n odd.

Neither of these sequences converges. The first one, however, has two main con-
vergent subsequences, and from the point of view of numerical analysis or approx-
imation theory, for a “sufficiently small” €, the sequence itself might actually be
considered “sufficiently” convergent, e.g. to 0. The second sequence on the other
hand has no convergent subsequences, and could not even remotely be considered
to be “approximately convergent” to any point of R.

A more striking example is obtained as follows. Let ¢ : R — ] —¢,¢[ be a
homeomorphism, and let (r,), be an enumeration of the rationals. The sequence
(rn)n 1s not remotely “approximately convergent” to any point of R. The sequence
(¢(ry)), on the other hand, for a “sufficiently small” &, might again be considered
“sufficiently” convergent.

By means of the topology of R, not only can we not detect the different behaviour
of these sequences, we must conclude that they are “identical”. In order to “see” the
difference we require the metric and the concepts of limit and adherence operator.



Chapter 3
Approach Invariants

Indeed, in mathematics it seems as though the invariants are the
most beautiful and elegant constructs. Invariants are
unchanging by definition, and descriptive by nature, but most
importantly they are the twisting trunks of magnificent trees from
which all of mathematics can blossom forth.

(Matthew Strauss)

In this chapter we will study some natural invariants, or properties, of approach
spaces. In view of the fact that approach spaces generalize at the same time topologi-
cal spaces and metric spaces, there will be properties which are more of a topological
nature while others are more of a metric nature. In the general setting of topological
categories several concepts, inspired by topological properties, have been defined
by Marny (1979), Preuss (1987) and Clementino et al. (2003). We will not sys-
tematically try to generalize all possible concepts in topological and metric spaces
to the setting of approach spaces but rather concentrate ourselves on those con-
cepts which demonstrate some interesting aspects, appear to live naturally in the
realm of approach theory or which are required, in particular, for the applications
later on.

Uniformity and symmetry refer to a concept which is at the same time topological
and metric in nature. From the topological point of view it is the generalization of
complete regularity and from the metric point of view it relates to the difference
between quasi-metrics and metrics.

Weak adjointness is a concept which is formulated in terms of the quasi-metrics in
the gauge of a space and is basically a pure approach concept which does not have an
immediate counterpart in topology but which is known in the theory in quasi-metric
spaces.

Some lower separation properties, namely T, 77 and 7, are shown to be purely
topological in nature. Regularity however will turn out to be a very interesting concept
with various characterizations and allowing also for an extension theorem.

There are various countability properties related respectively to approach systems,
lower or upper regular function frames and gauges. The one referring to approach
systems is the logical counterpart of first countability in topology and the one referring
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to lower or upper regular function frames is the counterpart of second countability
in topology. The one referring to gauges is a pure approach concept.

The last section in this chapter deals with the notion of completeness which clearly
is a metric-like concept.

Some evidently important concepts are missing from this list for reasons which
will become clear in the chapter on index analysis.

3.1 Uniformity and Symmetry

The epireflective hull of Met in App consists of all subspaces of products of metric
spaces. We will show that it is precisely this epireflective hull which fills in the
position of the second question mark in the diagram of the introduction. Actually,
there is a good reason why this is plausible at this point, namely the fact that Creg (the
full subcategory of Top with objects all completely regular spaces) consists precisely
of subspaces of products (in Top) of metrizable topological spaces.

We first recall products of metric spaces in App (see also 2.4.16).

3.1.1 Theorem If (X;,d;)jcy is an arbitrary family of metric spaces, then the
product of the family (X ;, 5dj)jej (in App) is the approach space

1% 118
jeJ jeJ
where || 5d_,- is the distance generated by the gauge basis

jelJ

H = [supdk o(pry xprp) | K € J ﬁnite].
keK

In particular; if we put X := []| Xj and & := [] &y; then this distance is given by
jeJ jed

6(x, A) = sup inf sup d(pry(x), pry(a)).
Ke2() acAkeK

Proof This follows from the description of initial structures in 1.3.11. O

It is a fundamental aspect of the theory of approach spaces that this product,
in general, is not a metric space. More precisely, in general, there does not exist a
metric d on X such that & = J,, except for finite products, as the following result
shows.

3.1.2 Proposition If (X, d;) jey is afinite family of metric spaces, then the product
of the family (X ;, 6dj)jej (in App) is a metric space.
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Proof Using the same notations as in the foregoing result, it suffices to note that, for
any x € X and A C X, we have

6(x, A) = sup inf sup di(pry(x), pry(a))
Ke2() aeAkeK

= inf supd;(pr;(x), pr;(a))
acA jeJ

= 84(x, A),

where the metric d is defined by d := SIEJIJ) djo (prj xpr;). O
J
‘We now turn to subspaces of products of metric spaces in App. The internal char-
acterizations which follow will be important for our further considerations. Before
giving these characterizations, however, we need to introduce some more concepts
and terminology.

3.1.3 Definition A gauge is called a symmetric gauge if it has a basis consisting of
metrics. A gauge basis 7 consisting only of metrics is called a symmetric gauge
basis.

3.1.4 Proposition If X is an approach space with symmetric gauge ¢, then 4 N
Met(X) is the largest basis for & consisting of metrics.

Proof If 7 is abasis for 4 consisting only of metrics, then clearly .72 € ¥NMet(X)
and hence ¢ N Met(X) too is a basis for ¢. That it is the largest basis consisting of
metrics is evident. O

The foregoing result says that, if ¢ is a symmetric gauge, then ¢ N Met(X) is its
largest symmetric basis. Given a symmetric gauge basis, it is sometimes interesting
to be able to work not with all the members of the gauge generated by it, but only
with the metrics in it. Thus for a symmetric gauge basis 5 C Met(X) we may
sometimes consider the set

{d € Met(X) | sZdominates d} = 7N Met(X).

We call this set the symmetric saturation of 7¢ and we denote it by s7*. Note that a
symmetric gauge basis 77’ can thus be saturated in two ways: the saturation A taken
in gMet(X) and the symmetric saturation 77° = 7 N Met(X) taken in Met(X). If
& is a gauge then ¢¥* simply consists of all metrics in ¢. Hence if § is the distance
associated with ¢ then it follows from 1.2.4 that ¥° = {d € Met(X) | &; < 6}.

3.1.5 Proposition [f X is an approach space with gauge ¢, then the following
properties are equivalent.

1. X is a subspace of a product of metric spaces in App.
2. There exists a symmetric gauge basis for 9.
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3. 9% is a basis for 9.
4. 9 is a symmetric gauge.

Proof 1 = 2.Let (X}, d;) ey be an arbitrary family of metric spaces, and suppose

that X is a subspace of the product ([[ X, [] 04;). Then it follows from 3.1.1 that
jeJ jeJ

I = Hsupdk o(pry xpry)xxx | K<€ J ﬁnite]
keK

is a symmetric gauge basis for ¢.
2 & 3. This follows from 3.1.4.
3 = 4. This follows from the definition.
4 = 1. Let JZ be a symmetric gauge basis for ¢ and consider the diagonal
injection
v (X, 8) — (x7, H 0d) 1 X = (Xq = X)ge-

de

Let 0* := ]| 04.Forany x € X and A C X, making use of the fact that 57 is a
de
basis for ¢, on the one hand we then immediately have

sup inf sup d(x,a)
@062(%) acA de

0" (y(x), w(A))

> sup inf d(x,a)
deH acA

= 6(x, A),
and on the other hand, since .77 is locally directed, for any ® < ccand € > 0

O (wy(x), y(A) Aw= sup inf sup d(x,a) A ®
Dope2(F) a€A de D

< sup inf d(x,a)+ €
de acA
=0(x,A) +¢&,

which proves our claim. O

3.1.6 Definition A subspace of a product of metric approach spacesin Appis called a
uniform approach space. The full subcategory consisting of all these spaces, i.e. the
epireflective hull of Met in App, will be denoted by UAp. Structures on uniform
approach spaces will also be called uniform, i.e. we will speak of a uniform distance,
a uniform approach system, and so on. As before (see 1.2.61), if a uniform approach
space is determined by a particular symmetric gauge basis then we will usually refer
to the structures of that approach space as being generated by this basis.
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Referring to the problem explained under the first item in the introduction, the
foregoing results show that UAp is a candidate to fill in the position of the second
question mark in the diagram. It follows from the body of results of this chapter that
it is the right candidate.

We now give an internal characterization of uniform approach spaces, not unlike
the characterization of completely regular topological spaces. We denote by .7 (X)
(respectively £ *(X)) the set of all contractions (respectively bounded contractions)
from (X, 6) to (R, 84g).

3.1.7 Theorem An approach space X is uniform if and only if forallx € X, A C X,
€ > 0and @ < o there exists f € # (X) (respectively f € £ *(X)) such that

1. f(x) =0.

2. flate>d(x,A)Aa.

Proof To show the only-if part, let 7 be a symmetric gauge basis for (X, §) con-
sisting of bounded metrics andletx € X, A C X, € > 0, and ® < oo be fixed. Then
it follows from 3.1.5 that there exists d € . such that

Oy(x,A)+€>06(x,A) No.
Now, if we put f := d(x, -), then it is immediately clear that f € #*(X) and that
it fulfils the stated condition.

To show the if part, for each f € JZ(X), putdy := dg o (f x f) and consider
the collection of metrics

= sup dy | A e 2N
ety

It follows at once that dy is a member of the gauge associated with & for any f €
 (X). Since 7 is a basis for the initial gauge for the source

(f 1 X — R, 64)) per*x)
it follows that for any x € X and A C X

0(x,A)> sup inf sup dy(x,a) > sup inf ds(x,a).
Hpe2 X (X) acA fe iy feX (X) acA

On the other hand if x € X, A C X, € > 0, and @ < o are fixed and f € 7 (X) is
chosen according to the condition stated in the theorem, then it follows that

inf [f(x) — f(a)|+¢&=inf f(a) +€>6(x, A) A ®
acA acA

which proves that SUP fe 7 (x) infyeady(x,a) > O(x, A). Hence, for all x € X and

A C X, we have that 6(x, A) = sup inf d(x, a) which by 1.2.9, together with the
de acA
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fact that J7 is obviously locally directed, implies that .77 is a basis for the gauge
associated with 8. Since, moreover, all members of 77 are metrics, 77 is a symmetric
gauge and it follows from 3.1.5 that (X, 0) is a uniform approach space. O

Notice that in the foregoing result it suffices to impose the stated condition for
closed sets A and for points x not belonging to A, which emphasizes even more the
similarity with complete regularity.

We will say that a set % C # (X) generates the structure, or is generating if

(f (X, 8) — R, b4)) per

is an initial source.
We then obtain the following further characterizations of uniform approach
spaces.

3.1.8 Proposition Foran approach space X the following properties are equivalent.

1. X is a uniform approach space, i.e. it is an object in UAp.
2. ' *(X) is generating.

3. H(X) is generating.

4. There exists a subset % C ¢ (X) which is generating.

5. There exists a subset F C . *(X) which is generating.

Proof 1 = 2. This follows from 3.1.7.
2 = 3 = 4. This is evident.
4 = 5. If # C ' (X) is generating, then it is easily seen that also

F*={(fAO)V(—0)]| feF, o<}

is generating.
5= 1.If # C J*(X) is a set of contractions which is generating, then, as
before, the set of metrics

D=1 sup dy | A e 2L
feA

is easily seen to be a symmetric gauge basis and hence X is uniform. O

We will now see how UAp is embedded in App and how it is related to other sub-
categories of App. Note that by definition we already know that UAp is epireflective
in App.

3.1.9 Theorem UAp is a concretely reflective subcategory of App. If (X, 6) is an
approach space then its UAp-reflection is determined by the distance 6" generated
by the gauge basis G°.
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Proof Since indiscrete objects are metric it follows immediately that UAp is
concretely reflective in App. That 1y : (X, 6) —> (X, 6") is acontraction, by 1.3.3,
follows from the fact that @° C ¢. Now suppose that (X', §’) is a uniform approach
space where &’ is generated by the symmetric gauge ¢’, and let

f:(X,6) — (X,8)

be a contraction. Then, for any d’ € (¢’)*, we have d’ o (f x f) € ¥*. Again,
by 1.3.3, this implies that

fi(X, 8" — (X', 8)

is a contraction. O

3.1.10 Corollary UAp is closed under the formation of limits and initial structures
in App. In particular, a product in App of a family of uniform approach spaces is
a uniform approach space and, likewise, a subspace in App of a uniform approach
space is a uniform approach space.

3.1.11 Proposition [f X is a uniform approach space with symmetric gauge basis
J, then the following properties hold.

1. The topological coreflection of X is determined by the topology Ts which has
as a basis for the neighbourhoods the collections

{By(x,€8)| de H,e>0}, xeX

and as such Ty is a completely regular topology, uniformizable by the unifor-
mity generated by the collection 7.
2. The metric coreflection of X is determined by the metric

ds: X xX — P:(x,y)— sup d(x,y).
det

Proof This follows from 2.2.6 and 2.4.4. O

Note that in the foregoing result the symmetry of .77 is only needed to conclude
that 7 is completely regular and that d is a metric. The expression for the neigh-
bourhood basis of 75 and the formula for dg hold for any gauge basis as we have
seen in 2.2.6 and 2.4.3 respectively.

By definition, UAp contains all metric approach spaces. The following result
shows that it also contains the right topological approach spaces.

3.1.12 Proposition (Top) An approach space is at the same time uniform and topo-
logical if and only if it is of type (X, 8 5), for some completely regular topology 7
on X. In particular, Creg is embedded as a full simultaneously concretely reflective
and concretely coreflective subcategory of UAp.
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Proof The only-if part follows from 3.1.11. To show the if part, let 7 be a completely
regular topology on X. It is well known that (X, .7") can then be embedded in a
product of metrizable topological spaces, say

v:(X,7)— (H X;, H T).
jeJ jeJ
It then follows from 2.2.2 that
v:(X.87) — ([]x;.[]8)
jeJ jeJ

is also an embedding. For each j € J, let d; be a metric which metrizes Z Now,
for each j € J also, consider the function

0;: (X;.87) — (X}, H Sud,) 1 X > (X 1= X)pen
neN

and put 8/ := [] Smgj. Forany x € X; and A C X, we have
neN

8/(0;(x), 0;(A)) = sup inf supnd;(x,a)
Ke2™) geAnek

= sup inf nd;(x, a)
neN aeA

= supndy, (x, A)

neN
|0 84 =0,
| e 84,x.A) £0.

Consequently, for all j € J, 6; is an embedding. Since a product of embeddings is
an embedding, this proves that

0: (X.87) — ([ XJ. TTT] 8w : x = (8 0prjow(x))jes
jelJ jeJ neN

is an embedding.

That Creg is concretely reflective in UAp follows at once from the facts that both
Top (see 2.2.2) and UAp (see 3.1.9) are reflectively embedded in App. That Creg
is concretely coreflectively embedded in UAp follows from the observation that the
Top-coreflection of a UAp-object is completely regular (see 3.1.11). O

3.1.13 Proposition (gMet) A quasi-metric approach space is uniform if and only if
it is a metric.
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Proof This follows from 3.1.5. O

It is well known that Unif is a simultaneously concretely reflective and coreflective
subcategory of g Unif and in the same way Met is a simultaneously concretely reflec-
tive and coreflective subcategory of g Met. However we know that CReg is not a core-
flective subcategory of Top and in spite of the characterization of approach spaces
with gauges which has great resemblance to both uniform and metric spaces, neither
is UAp a coreflective subcategory of App.

3.1.14 Example Given the fact that a uniform approach space has a symmetric gauge
basis, one might be inclined to think that if d € ¢ then also d* € ¢. However this
is absolutely not the case, and it suffices to look at a completely regular topology.
Given a topological space (X, .7), for any G € .7 the quasi-metric

_J0 (y) €6 x(X\0),
dg(x,y) =
o (x,y) € G x(X\G),
belongs to the gauge of the associated approach space. The only balls for this quasi-
metric are G and X. However if one considers d; then this metric produces as balls
G and X \ G. This means that the topology generated by the metrics of type dg; will
contain all closed sets for the topology of d. In particular then this topology will be
finer than the original topology and moreover have all original closed sets as open sets.

It is nevertheless interesting to see in general precisely what the structure is that
one obtains by considering the set ¥* := {d* | d € ¢} as a basis for a gauge. We
describe it via the limit operator.

3.1.15 Proposition If X is an approach space with gauge 4 and limit operator A,
then the approach space determined by ¢* has as limit operator

Af=AvVv ?Ld;
where dj, is the quasi-metric coreflection of the original structure.
Proof Let .% be afilter on X and let x € X. Then

A*F(x) = sup inf supd*(x,y)
deY HeF yeH

IA

(sup inf supd(x,y))V (sup inf supd(y,x))
de¥9 HeF# yeH de¥9 He.# yeH
<AF(x)Vv Adlﬂ?(x).

Now for any z € X and @ < oo put

dP(x, y) == Az(x) A ©) © (AZ(y) A @)
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then it follows from 1.2.5 that these quasi-metrics belong to ¢. Hence we have

Ay~ F(x) = inf supdy(y,x)
A He.% yeH

= sup inf supdy(y,x) A @
W< HeF yeH

= sup inf supd@(y,x)
W< HeF yeH

< sup inf supd(y,x)
de¥Y HeZ yeH

< A*Z (x).

Since obviously A < A* this concludes the argument. O

An interesting relationship between distance and limit operator in uniform
approach spaces is the following.

3.1.16 Proposition If X is a uniform approach space, .7 is a filteron X and x, y €
X, then

o(x, {y) < AF(x) +AZ(y).
Proof Letx,y € X, then

AF(x)+ AZF(y) = sup inf supd(x,z)+ sup inf supd(y,z)
de¥9s FeZF zeF de¥s FeZF zeF

> sup inf supd(x,y)
de¥s Fe%F zeF
= 6(x, {y}. o

Uniform spaces were originally introduced by Weil (1937), making use of
entourages of the diagonal. We will reserve the term diagonal uniformity for such
a collection of entourages. For our purposes, in view of the link with distances, the
most convenient way to introduce uniformities is via collections of metrics. We recall
the definitions (see e.g. Gillman and Jerison 1976).

A set of metrics is called a uniform structure if it fulfils the following properties.

1. ¢ is closed under the formation of finite suprema,
2. if e is a metric and if, for any € > 0, there exists d € ¢ and § > 0 such that
forallx,y € X:d(x,y) <8 = e(x,y) <¢,thene € 9.

The set ¢ is sometimes also called a uniform gauge (see e.g. Dugundji 1967).
However, note that we will use this terminology for another concept in the chapter
on uniform gauge spaces. In general terms when we speak of the uniformity of a
space we mean both the uniform structure and the diagonal uniformity since one
completely determines the other.

Given such a uniform structure, the diagonal uniformity %/ (¢) derived from ¢
is given by
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%) ={Ue2™¥ | 3de 3 >0:{d<e) U}

Any collection of metrics determines a uniform structure, even if it fulfils no con-
ditions at all. It suffices to note that any intersection of uniform structures is again
a uniform structure and therefore, given a set & of metrics, there always is a small-
est uniform structure ¥, (2) containing Z. Thus any collection of metrics Z also
determines a diagonal uniformity % (¢, (2)), which we denote by % (2) for short.

Conversely, given a diagonal uniformity %/, the uniform structure derived from
7 is given by

G (U) = {d ePX*X | da uniformly continuous metric} ,

where uniform continuity is understood with respect to the product uniformity % x %
on X x X and the usual uniformity on P.

The topology underlying a diagonal uniformity % is denoted by .7 (% ). This
assignment generates a natural forgetful functor from Unif to Creg. This functor,
moreover, has an adjoint, called the fine functor, which associates with each com-
pletely regular topological space the uniform space equipped with the finest unifor-
mity compatible with the given topology. If .7 is a completely regular topology on
X, then we denote the fine diagonal uniformity by Zine (7).

Given a uniform approach space (X, §), we have seen in 3.1.4 that there exists
a largest collection of metrics generating 0, namely ¢°. This collection in turn
determines a diagonal uniformity % (¢*), which we will denote by % (&) for short.

‘We now introduce a number of functors which will help us clarify the relationship
between the main categories involved.

The first functor associates with a given uniform space the topological approach
space determined by the uniform topology. In fact, via the embedding of Top in
App, this is nothing else than the concrete forgetful functor which associates the
underlying topological space to a given uniform space,

D : Unif — UAp: (X, %) — (X, 07@w))-
The second concrete functor associates with a given uniform approach space the uni-
form space equipped with the fine uniformity generated by the underlying completely
regular topology. Restricted to Creg, this is the fine functor,
Uy : UAp —> Unif : (X, 6) — (X, Yine(Ts)).

The third concrete functor finally associates with a given uniform approach space
the uniform space equipped with the uniformity generated by the largest symmetric
gauge basis for the given approach space,

U, : UAp — Unif : (X, 6) — (X, Z (0)).

Furthermore, we will denote the coreflector from App to Top by C.
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3.1.17 Proposition All assignments Unif —2> UAp, UAp —2> Unif and UAp -2
Unif are faithful functors and moreover the diagrams

U U
UAp —> Unif UAp — Unif
A
D D
UAp UAp

are commutative.

Proof For the first claim, since D is actually the forgetful functor which associates
the underlying topological space to a given uniform space, D is faithful. If U; and
U, are functors, then they are obviously faithful. Let (X, ), (X', 6") be uniform
approach spaces and let f : (X, §) —> (X', ') be a contraction. To show that U is
a functor, it suffices to note that, by 2.2.4, f : (X, I5) —> (X', /) is continuous
and consequently

[ (X, Uine(T5)) — (X', WUiine(Ts1))

is uniformly continuous. To show that U, is a functor, let d’ € ¢ (6"). Then, for all
x € Xand A C X, we have

8a (f(x), f(A) = &'(f(x), f(A) = 8(x, A),

which proves thatd’ o (f x f) € 4(5). By the arbitrariness of d’ € ¢4(8’) this shows
that f : (X, Z (6)) —> (X', % (8")) is uniformly continuous.
The second claim follows from the definitions of the functors involved. m|

3.1.18 Proposition (Top, Met) If (X, &z) is a metric approach space, then % (64)
coincides with the uniformity generated by the metric d and if (X, 8 7) is atopological
uniform approach space, then % (6.7) coincides with the fine uniformity determined

by .
Proof Both properties follow from the foregoing considerations. O

3.1.19 Proposition Given the uniform distances 6 and &' on X, the following impli-
cations hold.

6=0=U%B6)=%)= T =7T().

Proof This follows from the definitions. O

3.1.20 Example 3.1.19 cannot be improved upon. Different uniform distances can
give rise to both the same underlying topologies and the same underlying uniformi-
ties. Also it is possible for two different collections of metrics to generate the same
distance but different uniformities.
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1. Consider the real line R equipped with two different (not uniformly equivalent)
metrics,

dg ' RXxR—P:(x,y)—~ |x —y|

and

do :RxR — P: (x,y) — |arctan x — arctan y]| .

Then ¢ (04;) # % (04,) and thus Oy, # Oy, and % (8uz) # % (84,). However, it
follows from 3.1.11 that %dE = %do'

2. If (X, 8) is any non-topological uniform approach space then it follows that
(X, 298) too is a uniform approach space and in spite of the fact that 6 # 20, we
have % (6) = % (26).

3. Consider the real line R and the following two collections of metrics. First, for
each real number a > 0 define the function

—a ifx < —a,
fao R— R:ix—> {x if —a<x<a,
a ifa<zx.

Second, consider the metrics d,, (x, y) := | fu(x) — fu(y)],andlet Z := {d, | a > 0}
and 2’ := {dg}, where dg stands for the Euclidean metric.
Then we have that both & and %’ are bases for the same symmetric gauge, but

U(D) + U (D).

The results of the foregoing sections now allow us to complete the first part of our
diagram of categories, namely the local part. In all four of the columns the transition
from the first row to the second row consists in forgetting the numerical information
and only retaining topological information on a set-theoretical level. In both of the
rows the transition from the first column to the second column consists in going from
a single metric to “arbitrary” families of metrics and the transition from the second
column to the third column consists in going from metrics to quasi-metrics.

Referring to the diagram in the introduction we see that UAp fills in the place of
the second question mark (Fig.3.1).

Met—>—><—qut

]

mTop ——> CReg Top gmTop

Fig. 3.1 The categorical position of App and UAp with regard to Top and Met
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3.2 Weak Adjointness

In general, the topological coreflection together with the metric coreflection of an
approach space do not determine the structure of the space. However, under the right
conditions in specific subspaces the structure is completely determined by these two
coreflections. A condition wherein this happens is weak adjointness which we first
study for quasi-metric spaces.

3.2.1 Definition Let (X, d) be a quasi-metric space. We call this space and its quasi-
metric weakly adjoint if the topology generated by the adjoint quasi-metric is coarser
than the topology generated by the original quasi-metric, i.e. ;- € 7.

3.2.2 Proposition If (X, d) is a weakly adjoint quasi-metric space, then the under-
lying topology is metrizable.

Proof 1t suffices to note that
%* = % V %_ = %

and hence d* is a metric for the underlying topology. O

3.2.3 Lemma If (X, d) is a quasi-metric space, x € X and B C X then

supd(x,z) = sup d(x,2).
Z€B zeclg»d_B

Proof Let € > 0 and for any z € cl7_B let y. € B be such that d™(z, y;) < €.
Then it follows that

sup d(x,z) < sup (d(x,vy,) +d(y:,2))
zeclgf B zeclgﬁ B

< sup d(x,y)+E€
zeclgd_B

<supd(x,z)+ €.
Z€B O

3.2.4 Proposition [f (X, d) is a weakly adjoint quasi-metric space, 7 is a filter on
X and x € X, then & — x in (X, ) if and only if A\q.7 = d(-, x).

Proof Suppose that % — x in (X, 7). From 1.2.70, taking into account the fact
that, for any y € X, we have 8;(y, {x}) = d(y, x), it follows that we have

M F(y) <d(y, x) + AT (x)
=d(y, x),

which proves one inequality.
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On the other hand, using 3.2.3 we find

AaZ (y) = inf supd(y, z)

Fe% zeF

=inf sup d(y,2z)
FeF zeclg, F

> inf d(y,x) = &:(y. {x})
Fe7

where the inequality follows from the fact that by weak adjointness .% — x implies
thatforall F € %, x € Clyf F.
The other implication follows from 2.3.6. O

The foregoing result of course holds in Met but does not necessarily hold in ¢ Met
in general, as the following example shows.

3.2.5 Example Consider the real line R equipped with the quasi-metric dp defined
in 1.2.62 which is clearly not weakly adjoint. Fix points x, y € R such thatx < y.
The filter y converges to x in .7;. However, from 2.3.1 we have

Ai(¥)(z) = inf sup d(z, x)

Fey xeF

=d(z,y)
and d(z, y) # d(z, x) whenever x < z.

We recall that a filter is called fotal if all finer ultrafilters are convergent (not
necessarily to the same point). This notion was introduced by Pettis (1969) and
extensively used and studied by Vaughan (1976a, b). In regular spaces, if a filter .7
is total then it is adherent—convergent (Pettis 1969). This means that every open set
containing the set of adherence points of .% is a member of .% . Since weakly adjoint
spaces are metrizable this characterization also holds in them.

3.2.6 Theorem If (X, d) is a weakly adjoint quasi-metric space, % is total and
x € X, then the following properties hold.

l.og#(x)= inf _d(x,y) = 64(x,adh g, 7).
yeadh 7, F

22 MF(x)= sup d(x,y).
yeadhgdﬁ

Proof 1. Suppose that 6;(x,adh 7,.%) < &. Then there exists y € [ clg, F for
FeF
which d(x, y) < € and it follows that
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0qF (x) = sup &y(x, F)
Fe%

= sup O4(x,clg, F)
FeZF

<d(x,y) <g,

which proves that a7 (x) < 84(x, cl g, .%). To prove the other inequality let &€ > 0.
Since

{5adhgd9? < 8} = U B;-(y, €)

yeadh g, F
it follows by weak adjointness that this set is open and hence, since
(adh% y)(e) D {5adh9d z < 8}
it follows from the fact that .% is adherent—convergent that
4
(adh g, 7)) € 7.
Consequently

Sd(x, adh% y) < 6d(x, (adh% y)(e)) + e
<oy (x)+e.

2. Since an ultrafilter finer than .7 converges to a point in adh g, .%, it follows
from the first property, 1.2.66, and 1.2.67 that

AMF(x) = sup MU (x)
U eU(F)

= sup & (x,adhg, %)
U eU(F)

sup  d(x,y).
yeadh g, F

IA

For the converse inequality, from 3.2.3 it follows that

AdF (x) = inf supd(x,z) = inf sup d(x,2).
FeZ zeF FeZ zecly, F

Now if y € adhg,.% then from weak adjointness it follows that also for all F € .7
we have y € clyd _ F and hence for any such y
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inf  sup d(x,z)> inf d(x,y) =d(x,y)
Fe-?zeclydiF FeF

and thus

AT (x) > sup d(x,y). O
yeadhg, &

Again it should be pointed out that the foregoing results hold in metric spaces but
do not necessarily hold in a non-weakly adjoint quasi-metric space.

3.2.7 Example Consider the set of real numbers [O, oo[ equipped with the quasi-
metric dp. Fix a point xg € ]0, oo[. For the filter .# := %o we have adhg, 7 =

[0, xo]. Consequently it follows that, for all x € [0, oo[,

sup  dp(x, y) = dp(x,0),
yeadh Ty, F

whereas

AipF (x) = dp(x, X0).

Totality too is a necessary condition in 3.2.6.

3.2.8 Example Consider R \ {0} equipped with the usual metric dg and the usual
topology &, and consider the sequence (z,),>1, where

n neven,
Zp =1 1

— nodd.

n

Denote by .Z the filter generated by (z,,),>1. Then, for all x € R\ {0} the adherence
and limit of .% are given respectively by

O F (x) = |x|

and

Ady F (x) = oo.

Now clearly, .% is not total and, actually, adh & .% = #. Consequently, for any

x € R\ {0}, the formulas of 3.2.6 giveus  inf  d(x, y) = e, which differs from
yeadh 5 F

Ogz-# (x)and  sup  d(x,y) =0, which differs from Ag4; % (x).
yeadh g, F

We now generalize the foregoing concepts so as to be meaningful for approach
spaces in general.
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3.2.9 Definition We call an approach space and its structures weakly adjoint if there
exists a basis for the gauge consisting of weakly adjoint quasi-metrics. We denote the
full subcategory of App with objects all weakly adjoint approach spaces by Appy,,.

3.2.10 Theorem A uniform approach space is weakly adjoint.
Proof This follows from the definitions. O
The converse does not necessarily hold as the following example shows.

3.2.11 Example The real line equipped with the quasi-metric

lx—yl x=y,

dx,y) =
e [Mx—ﬂ y=x,

is weakly adjoint but not uniform.

Together with uniform approach spaces, weakly adjoint spaces share the following
property.

3.2.12 Proposition If X is a weakly adjoint approach space then the topological
coreflection is completely regular.

Proof This follows from 3.2.2 and the definition. O

3.2.13 Proposition [f (X, 8) is weakly adjoint, F is afilterandy € X, then % — y
if and only if A% = 8(-, {y}).

Proof One implication is evident. To show the other one, note that A.% (x) <
O (x, {y}) follows at once from 1.2.70.

On the other hand, let 57 be a basis for the gauge consisting of weakly adjoint
quasi-metrics. Using 3.2.3, as in 3.2.4, we find

AZF(x) = sup inf supd(x,z)
de# FeZF zeF
= sup inf sup d(x,2z)
det FEF zecly F

> sup inf d(x,y) =6(x, {y}
de# FeF

where, again, the inequality follows from the fact that by weak adjointness .% — y
implies that forall F € .Z,y € clyd_ F. O

We are now in a position to generalize 3.2.6 to the setting of weakly adjoint
approach spaces.
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3.2.14 Theorem [If (X, ) is weakly adjoint and .F is total, then the following prop-
erties hold.

1. 057 (x) = 645(x, adh g5 7).

2. AsF (x) = SUPy cadh 7, # ds(x,y).

Proof 1. Let . be a gauge basis consisting of weakly adjoint quasi-metrics. If .%#
is total with respect to Z, then obviously it is also total with respect to 7 for all
d € 7. Consequently it follows from 3.2.6 that

o.F(x) = sup 0y.F(x)
de

= sup &4(x,adh g, F)
de

< sup &;(x,adh g F)
deA

< Oy;(x, adh g F).

To prove the other inequality, first of all note that from 1.2.67 it follows that there
exists 7 € U(ZF) such that o.% (x) = A% (x). Now since .% is total, there exists
y € adh 7 % such that A% (y) = 0, i.e. such that %/ converges to y in 5. Then it
follows from 3.2.13 that A% (x) = 6(x, {y}) = 0us(x, {y}), from which it further
follows that

a.F (x) = &45(x, {y}) = 845(x, adh g5 F).

2. Making use of the fact that each ultrafilter finer than .% converges to some point
of adh 7; 7, it follows from the first property, 1.2.66, and 1.2.67 that

AF(x)= sup A% (x)
U eU(F)

= sup &y, (x,adh gy %)
U eU(F)

< sup ds(x,y).
yeadh F
Conversely, it follows from 3.2.6 that
AF(x) = sup AgF (x)
dest

= sup sup  d(x,y)
de yeadh z, F

> sup sup  d(x,y)
de yeadh T F

= sup ds(x,y). o
yeadhgsﬁf
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3.2.15 Corollary If (X, 8) is weakly adjoint, A C X is relatively compact and
x € X, then 6(x, A) = 645(x, clgz A).

Proof If A is relatively compact then the filter generated by { A} is total and the result
follows immediately from 3.2.14. O

The foregoing corollary has an important interpretation. In a weakly adjoint space,
since subsets of relatively compact sets are relatively compact, we obtain that the
restriction of the approach structure to relatively compact subspaces is completely
determined by the topological and metric coreflections.

3.2.16 Theorem Appy,, is concretely reflective in App.

Proof If X is an approach space with gauge ¢ then it suffices to take the subset
% < ¢ consisting of all weakly adjoint quasi-metrics. This then is a basis for a
weakly adjoint gauge, giving us the weakly adjoint approach space, which clearly
defines a concrete reflection. O

3.3 Separation

In this section we will see that the lower separation axioms Ty, 77 and 7, are of a
purely topological nature, in the sense that the most meaningful concept in App that
can be given is that the topological coreflection be Ty, T} or T>. Regularity, as we
will see, is a different matter.

This is most clearly seen for the Tjy axiom. In Marny (1979) a categorical definition
of Tp-objects in the setting of topological categories was given and it was shown
there that the resulting subcategory of all Tp-objects is the largest epireflective, not
reflective subcategory of the considered topological category. We will now identify
the Tp-objects in App. I, stands for the two-point indiscrete space.

3.3.1 Definition Anapproach space X is called T if every contraction f : I — X
is constant. We write App for the full subcategory of App consisting of all 7p-objects.

A collection of functions on a set X is said to be point-separating if for any
two different points x, y € X there exists a function f in the collection such that

f&x) # f).

3.3.2 Theorem For an approach space X the following properties are equivalent.

X is a To-space.

X is in the epireflective hull of P.

x#Fy= (g e dx):@(y)>0)orFp € Z(y): @(x) > 0)).
x #Fy=ix) /A yori(y) /- x

£ is point-separating.

L is point-separating.

SRS
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7. x#y=>3de¥ :dx,y) >00rd(y,x) > 0.
8 x#y= A x) £ A,
9. (X, Js) is a Ty-space.

Proof This is an easy exercise making use of the various structures defining an
approach space and the transitions between them, and hence we leave this to the
reader. O

This shows that the Ty-property is in fact a purely topological property.
3.3.3 Corollary App is an epireflective subcategory of App.

We recall that a topological category is called universal if it is the reflective hull
of its Tp-objects (Marny 1979).

3.3.4 Theorem App is universal, moreover, every epireflector from App onto one
of its subcategories is either a reflector or the composition of a reflector, followed by
the Appg-epireflector.

Proof The universality follows immediately from 1.3.19, because P is in Appy.
The second part is proved in Marny (1979). O

3.3.5 Theorem For an approach space X, the following properties are equivalent.

x#Fy=03pecl:ok) <oX).
x#y=Epedx):@(y) >0).
x#£y=dx)LA).

x #Fy=ix) /oy

(X, Ts) is a Ty-space.

SR W~

Proof This is proved in the same way as 3.3.2 and we leave this to the reader. O

Comparing this with the way T7-objects are defined in Top and the characteriza-
tions of Tp-objects in App, justifies the following definition.

3.3.6 Definition An approach space is called 77 if it satisfies any and hence all the
equivalent statements from 3.3.5 and we denote App; the full subcategory of App
with objects all T approach spaces.

3.3.7 Corollary App; is an epireflective subcategory of App.

3.3.8 Theorem For an approach space X, the following properties are equivalent.

L x #y= c(@(x)V () >0.

2. x#y= Q@ e ),y e () :infsex(@ V y)(s) > 0.
3. 7efX),c(d)=0,T—x,T—>y=>x=y.

4. (X, s) is Hausdorff.

Proof This is analogous to 3.3.2 and 3.3.5 and we leave this to the reader. O
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Again, a comparison with the classical topological situation and taking into
account that the role of neighbourhood filters in topology is here played by approach
systems, makes it plausible to define Hausdorff objects in App in the following, again
topological, way.

3.3.9 Definition An approach space is called 7> if it satisfies the equivalent state-
ments from 3.3.8. We define App, to be the full subcategory of App with objects all
T, approach spaces.

3.3.10 Corollary App, is an epireflective subcategory of App.

We now study the notion of regularity in approach spaces. For % € F(X) and
y € P we define .# (7 as the filter generated by {F? | F € .Z}.

3.3.11 Lemma Letr . be a filter on X, let y € P and let % € U(F D) then there
exists an ultrafilter W € U(F) such that W'V C % .

Proof Indeed, if not, then in each # € U(.%#) we can choose Wy € # such that

W,,;}/) ¢ % . Then it follows from 1.1.4 that there exists a finite subset Uy € U(%)
such that (J, <y, Wy € 7. Now since

Uwl=c wn?ex
# el W el

this is a contradiction. O

3.3.12 Theorem For an approach space X the following properties are equivalent.

1. Forany % € F(X) and y € P we have
AFD < AF 4.
2. Forany W ,% € U(X) and v € P we have
WD CUYU =AU <AV +7.

Proof 1 = 2. This is evident.
2 = 1. Let .Z be a filter on X and let y € P. For every % € U(Z ) let
Wy € U(F) be as guaranteed by 3.3.11, then it follows that

AZY = sup A%
U cU(F )

sup AWy +vy
UeU(FW)

sup AW +vy
W eU(F)

=AF +7. mi

IA

IA
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3.3.13 Definition An approach space is called regular if it satisfies the equivalent
statements of 3.3.12 and we write Appp, for the full subcategory of App with objects
all regular spaces.

3.3.14 Proposition (Top) A ropological approach space is regular if and only if the
underlying topology is regular.

Proof This follows from the definition since a topological space is regular if and

only if for any filter .% the filter .# generated by the closures of the sets in .% has
the same limit points as 7. O

3.3.15 Proposition (gMet) A quasi-metric approach space is regular if and only if
it is metric.

Proof The if-part follows from 3.3.17 since metric spaces are uniform approach
spaces. To show the only-if-part let d be a quasi-metric on X, let x, y € X and let
€ € P. Then

Ak (y) = d(y, x) and A(X) @ (y) = sup d(y,2).

ze{x}®

Hence it follows from the definition of regularity thatsup, .,y d(y, 2) < d(y, x)+¢€
and thus that

d(z,x) <e=d(y,z) <d(y,x) +¢

and letting y = x this shows that d(z,x) < € = d(x,z) < &€ which by the
arbitrariness of x, z and € shows that d(z, x) = d(x, 2). ]

Note that, where the lower separation axioms in App which we discussed all turn
out to be topological in the sense that an approach space is 7; if and only if its
topological coreflection is 7; in the classical sense (with i € {0, 1, 2}), the regularity
condition stated above is of a purely “approach” nature.

3.3.16 Example Consider the real line equipped with the quasi-metric

|X—Y| )ny,

dx,y) =
e [2|x—y| v

Then by 3.3.15, (R, dy) is not regular but .7, is the usual Euclidean topology.
3.3.17 Theorem A uniform approach space is regular.

Proof Let X be a uniform approach space with .7 a symmetric gauge basis, let . %
be a filter on X and let € > 0. Then forany F € .#,z € F® d e # and €' > ¢
there exists y; € F such that d(z, y;) < €'. Hence for any x € X we have

AF®(x) = sup inf sup d(x,z)
det# FEF ;cFp@©
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< sup inf sup (d(x,yy) +d(yg, 2))
dest FEF ;cF©

< sup inf sup d(x,y) +¢€
de# FeF 7eF®

< sup inf supd(x,y)+ ¢
des# FeF yeF

=AF(x)+¢

which by the arbitrariness of x and £ > € shows that 1.7© < 1.7 + ¢. ]
3.3.18 Theorem Appy, is a concretely reflective subcategory of App.

Proof Consider an initial source (fj (Y A) - (X, Aj))je]’ where each space

(Xj,Aj), j € Jisregular and let .# € F(Y) and y € P. Then by 1.3.12 we have
AFD =sup A;(f;(F D))o f;
jeJ

<supA;(f;(F) 7)o f
jeJ

< Surj)lj(fj(f)) ofi+vy
je

=AF +7. i
We now come to the characterizations of regularity as given by Brock and Kent

(1997a, b) to which we alluded earlier.

3.3.19 Proposition For an approach space X, the following properties are
equivalent.

1. X is regular.
2. For any nonempty set J, w1 J — X, 0 :J — UX), and % € U(J):

AU <AXo(%)+ inf sup Ao(j)(w(}))).
Ue jeU

3. For any nonempty set J, y : J — X, 0 :J — F(X), and F € F(J):

AT < AXo(F)+ inf sup Lo (w()).
FeZ jeF

Proof 1= 2.Let J, y, 0, and % be as stated and put

inf sup Aa(j)(y(j)) <7.
Ue jeU

where 7 < . Then there exists Uy € % such that A6 (j)(y(j)) < yforall j € Up.
Now take A € Y 0(% ) and U € % . Then there exists U; € % such that U; C U
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and such that A € ﬂjeUl o(j). Now if we take j € U NUj then y(j) € y(U) and

A6 (j)(w(j)) < yand since 6(j) € A this implies that w(j) € AY). Consequently
AY N y(U) # @ which proves that

(o) < w).

The result now follows from 3.3.12 and the arbitrariness of 7.
2= 1.LetZ € U(X) and let y € P. Put

J={¢. ) A9 () <7}

and put o := pr; and y := pr,. Further consider the filter . on J generated by
the sets

Sy ={¥,y)eJ|Uec¥9)}.

Then it is immediately verified that  C Y o(.Y).

Now let # € U ). We claim that there exists Zy € U(.%) such that
W(Zy) < # . Suppose not, then for each #Z € U(Y) there exists Ryp € X such
that w(Ry) € # . By 1.1.4 there exists a finite subset Uy € U(.¥) such that
Ueu, Rz € 7. Then it follows that |J ey, W(Rz) € W() = %D < W
which by finiteness of Ug is a contradiction.

Hence, let %+ be as stated then it follows that %7 C Y o(.¥) C Y 06(%y) and
thus

AUV = sup AW
W elw W)

sup Ay (Zy)
W el W)

sup  (AXo(Xy)+ inf supAo(j)(w())))
W eU(w M) ReZw jeR
< sup A% +Yy
W el W)

=AU +v.

IA

IA

3 = 2. This is evident.
1 = 3. This is perfectly similar to the proof that 1 implies 2, again making use
of the appropriate characterization in 3.3.12. O

The following characterizations making use of the gauge of an approach space
were first given by Robeys (1992).

3.3.20 Proposition For an approach space X the following properties are
equivalent.

1. X is regular.
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2. Vx e X,Ve&r > >0,V0 > 0,VYd € 4,3e € 4 such that
fe(x,) < e}® C{d(x,") <&+ 6).
3. VxeX,VAe2¥ Ve, 0>0:
(dx,)<elPNA£LPVde¥ = 6(x,A) <e+6.

Proof 1 = 2.1f x € X and € > 0, consider the filter .% generated by the family
{d(x,-) <€} |de¥}. Then L.F (x) < €. If & > €] and 6 > 0 then we have by
hypothesis

AFOX) <AZ(x)+0<e +0 <e+0.

Soifd € ¢, then {d(x, -) < & + 6} contains a set {e(x, -) < &}®, with e € ¥.

2 = 3. This follows from the fact that 6 (x, A) = sup,cy infaea d(x, a).

3= 1.Let.# € F(X), e > 0 and x € X be such that A.% (x) < € then for each
0 > 0andd € 4 we have {d(x, ) < £}® € .Z® Hence if A € sec(F®) then
8(x,A) <&+ 0by3andhence L.F® =sup, c(z0,8(x,A) <e+6. O

‘We end this section with an extension theorem which was first proved in a different
way by Jaeger (2014).

We consider the following situation. Let X and Y be approach spaces and consider
amap f : A — Y, where A C X.If f is a contraction, we want to find conditions
under which we can extend it to a contraction g from A or a suitable subset of A to Y.

For x € X and € € [P we introduce the following notations:

Hi{(x):={F e F(X) | A € Z, Ax(F)(x) < ¢},

FE(x) = {(yeY |VF e Hi(x) : oy (f(F1a)(y) < &} if H{(x) # 0,
AV y if HS(x) = 0,

where .7 |4 stands for the restriction of the filter .# to the set A.
Note that for £ < &, we have H(x) < sz (x) and that x € A® if and only if

Hf(x) # 0.
For a subset A C X, we now define A* as follows

A = {x cAl () F{w 7&@},

oel0,00]

It is immediately verified that A C A* C A.

3.3.21 Theorem Let X and Y be approach spaces where Y is regular. If A C X and
f : A — Y is a contraction, then there exists a contraction g : A* — Y such that

gla=r.
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Proof For x € A*\ A we choose a value yx € (¢, Fis (x) and we define

o [0 irxea
ST ifrear\ A

We show that g is a contraction. Let 4 € F(A*), let xg € A* and let o := Ax ¥ (xq).
Consider the selection o : A* — F(A*), where o(x) is such that A € o(x) and
Ax 0 (x)(x) = 0. The diagonal condition (L3) gives us

Ax X0 (9)(x0) < Ax9(x0) + sup Axo(x)(x)
xXeA*
= Ax¥ (xo)
= a.

Since ¥Y0(¥9) = Ugew (Nyeg 0(x) and A € o(x), for every x € A*, we get
A € Yo(9¥). Hence Y¥0(¥) € H (xo) and since ¥ 0(%) has a trace on A, we find

Ay f((Zo(@))1a)(8(x0)) < a.
We now consider the functions y := g and
p:A" > FX):x > f(o(x)a).
Since Y is regular, by 3.3.19, we find

Ayg(9)(g(x0)) = Ay Zp(4)(g(x0)) + inf sup Ay f(0(x)ja)(g(x))

Ge¥ xeG

= Ay Xp(@)(g(x0)).

Hence from the fact that

p@) = () flot)a

Ge¥ xeG

= f( U N G(X)\A)

Ge¥ xeG
= f((Za(@))a).
it now follows that

Ayg(@)(g(x0)) < Ay f((X5(9))14)(g(x0)) < @,

which completes the proof. O
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If Y is moreover a T>-space then we see that for each x € X, Fg (x) has at most
one point. In this case [ 0€[0,00] F{(x) has at most one point and the extension g
will be unique.

3.3.22 Theorem Let X and Y be approach spaces where Y is regular and T,. If
A C X isdenseand f : A — Y is a contraction, then the following properties are
equivalent.

1. There is a unique contraction g : X — Y such that gja = f.

2. For each x € X: () ycq0.00] F{(x) #9.

Proof 1 = 2. If f has such an extension g, then for x € X we have g(x) €
Neaeo.e] F{(x). Indeed, from the density of A it follows that H{ (x) # @ for any
o € [0,]. For # € H{(x) we have that A € .% and Ax(%)(x) < o. Hence
Ayg(F)(g(x)) < o and it follows that

Ay F(F1a)(g(x) = Ay g(Fa)(g(x)) = Ayg(F)(g(x)) < e,

ie g(x) e F{(x).

2 = 1.If, conversely, [ ael0.e0] F{(x) # ¢ for all x € X, then the existence of
an extension g : X — Y follows from 3.3.21 and uniqueness follows from the fact
that Y is 7T>. O

3.3.23 Corollary (Top) If X is a topological space, A C X is dense and Y is a
Hausdorff regular topological space, then a continuous function f : A —> Y will
have a unique continuous extension to X if and only if for any x € X the filter
f (7 (x)|a) converges.

3.4 Countability

In contrast to the situation in topological spaces, in approach spaces there are at
least three defining structures which may be generated by countable collections. The
approach system, a regular function frame and the gauge. The first two correspond to
first and second countability in the case of topological spaces. The latter on the other
hand is a purely approach notion which, as we will see, refers to quasi-metrizability.

3.4.1 Definition An approach space is called locally countable if in each point the
approach system has a countable basis.

3.4.2 Theorem An approach space is locally countable if and only if all pretopolo-
gies from its tower are first countable.

Proof The only if-part follows immediately from 1.2.47. To show the if-part, let
Py(x) be a countable basis for 7} (x) foreachx € X andy € R™. We may of course
suppose that all members of %y (x) are of type {¢ < B} for some ¢ € &7 (x) and
B > v. For each v put Fy(x) the (countable) set of functions from .27 (x) which
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appear in %, (x). Let y € o7/ (x) be bounded and let &€ > % > 0. Let n be such that
n=l supy < 2 Foreachk = 1,...,ntake ¥, By and ¢y € F (x) be such that

m m’

% <% < % and % < Br < % and such that for all k
{or < %) Sy < Bl

Put ¢ := sup}_, ¢ then it follows that y < ¢ + 2¢. Hence

B(x) == {sup ¢ | & C Uyc-Z4(x) finite}
Q&

is a countable basis for <7 (x). O

3.4.3 Proposition (Top, gMet) A topological approach space is locally countable
if and only if the underlying topology is first countable and a quasi-metric approach
space is always locally countable.

Proof This follows at once from the foregoing result and the definition and we leave
this to the reader. O

3.4.4 Corollary Ifan approach space is locally countable then the topological core-
flection is first countable.

The converse of the foregoing corollary does not hold. In order to see this it suffices
to take a set X and consider a tower consisting of the discrete topology for0 < € < 1
and a non-first countable topology for 1 < &. Then the topological coreflection is
discrete but the space is obviously not locally countable.

In the following result we put S(A) for the set of all sequences in A.

3.4.5 Proposition If an approach space X is locally countable then for any A C X
andx € X

6(x,A)=inf  A((xn)n)(x)
S(4)

(xn)n€

Proof One inequality is trivial, to show the other one let 6(x, A) be finite and let
{@, | n € N} be a countable increasing basis for <7 (x). Then, making use of 1.2.34,
it can easily be seen that for any € > 0 there exists a sequence (x,), in A such that for
any m < n: @y, (x,) — € < 6(x, A). From this, making use of 1.2.43, it immediately
follows that A {(x,),)(x) — & < 8(x, A). O

3.4.6 Proposition For approach spaces X and X', if X is locally countable and
f : X —> X' then the following properties are equivalent.

1. f is a contraction.

2. Forany (x,)n and x in X: X' ((f (xp)n) (f (x)) < A{(xp)n) (x).

Proof This follows from the foregoing result, 1.2.2 and the definition of
contraction. O
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3.4.7 Proposition A countable product of locally countable approach spaces is
locally countable, in particular a countable product of quasi-metric spaces is locally
countable.

Proof This follows from 1.3.9 and the definition. O

The concept of local countability will be especially useful in the sections dealing
with applications in probability theory.

3.4.8 Definition An approach space is called gauge-countable if its gauge has a
countable basis.

3.4.9 Theorem An approach space is gauge-countable if and only if it is a subspace
of a countable product of quasi-metric spaces.

Proof The if-part follows from 1.3.11. Conversely, if Z is a countable basis for the
gauge ¢ of X then the following is an embedding

X.9) — [[X.d):x > (0 :=x)4e
de%B

This immediately implies the only if-part. O

3.4.10 Proposition If an approach space is gauge-countable then its topological
coreflection is quasi-metrizable.

Proof With the usual proof it is easily seen that if {d, | n € N} is a countable basis
for the gauge of X then

d = sup dy N1
neN 1t
is a quasi-metric for the topological coreflection. O

3.4.11 Proposition (Top, gMet) A topological approach space is gauge-countable
ifand only ifthe underlying topology is quasi-metrizable and a quasi-metric approach
space is always gauge-countable.

Proof The only if-part follows from 3.4.10. Conversely, if d is any quasi-metric
which metrizes the underlying topology then the family {nd | n € N} is a basis
for the gauge. To see this, let e be such that 7, € J;. Fix x € X, € > 0 and
o < oo. Divide [0, w] into a finite number of intervals with length less than ¢,
0<g <& < -+ <€, <o Thenforeachk = 1,...,m there exists § > 0
such that B;(x, &) € B.(x, &).Foreachk = 1, ..., m take ny such that g, < n; o
and putn := maxZLl ni. Then one can verify that B, 4(x, &) € B.(x, &) for each
k =1, ..., m from which it follows that e(x, -) A ® < nd(x, -) + €. The result now
follows from 2.1.1.

The second claim is evident. m]
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3.4.12 Proposition A countable product of gauge-countable approach spaces is
gauge-countable.

Proof This follows from 3.4.9. O

3.4.13 Definition An approach space is called regular-countable if there exists a
countable basis 5 for the lower regular function frame.

Note also that from 1.2.49 and 1.2.50 it follows that the lower regular function frame
has a countable basis if and only if the upper regular function frame has a countable
basis.

3.4.14 Proposition [f an approach space is uniform, gauge-countable and has a
separable topological coreflection then it is regular-countable.

Proof 1f 4 is a countable gauge basis and Y C X is a countable dense subset then
it is easily verified that

B.={aodx,)|aoePNQ,dec AB,xeY}

is a countable basis for the lower regular function frame. O

3.4.15 Proposition (Top) A topological approach space is regular-countable if and
only if the underlying topology is second countable.

Proof 1f {B,, | n € N} is a countable basis for the topology then
{rn0x\p, +s|rseQy,neN}

is a countable basis for the lower regular function frame. Conversely if a countable
basis {i,, | n € N} for the lower regular function frame is given then

{ttn > r} 1 reQy,neN}
is a countable basis for the topology. O

3.4.16 Proposition (Met) A metric approach space is regular-countable if and only
if the underlying topology is second countable.

Proof The if-part follows from 3.4.14. The only-if-part is analogous to 3.4.15. O

3.4.17 Proposition If an approach space is regular-countable then it is gauge-
countable and if it is gauge-countable then it is locally countable.

Proof The first claim follows from 1.2.55 and the second from 1.2.11. O

That in the foregoing result neither arrow can be reversed can already be seen
from the characterizations for topological approach spaces.
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3.5 Completeness

We will show that there exists a natural notion of completeness which, moreover, in
the setting of uniform approach spaces, allows for a categorically sound completion
theory as we will see in Chap. 6.

Intuitively, a Cauchy filter is a filter which has all the properties of a convergent
filter, except that its limit points may be missing. This idea can be nicely captured
using the concept of limit operator.

3.5.1 Definition A filter .% in an approach space X is called a 6-Cauchy filter or a
Cauchy filter for short if

;Ig(),f(x) =0.

We say that .% is convergent (to x) if A.% (x) = 0, i.e. if . converges to x in the
topological coreflection.

Hence in any approach space, a convergent filter is a Cauchy filter.

3.5.2 Proposition If X is a uniform approach space with symmetric gauge basis 9,
then for a filter F on X the following properties are equivalent.

1. % is a Cauchy filter.
2.Ve>0,3xe X, VdeD:Bylx,e) e F.

Proof From 1.2.44 it follows that .%# is a Cauchy filter if and only if

inf sup inf supd(x,y) =0,
xeX de9 FeZ yeF

from which the result follows immediately. O

If (X, &) is an arbitrary approach space, then we can consider its Met-coreflection
(X, ds) and we have a metric notion of Cauchy filter at our disposal. If (X, ) is a
uniform approach space and & is generated by the symmetric gauge basis &, then
we can consider the underlying uniform space (X, % (Z)) and we have a uniform
notion of Cauchy filter at our disposal. The following result gives the relationship
between these concepts.

3.5.3 Proposition [f X is an approach space, then a dg-Cauchy filter is a 6-Cauchy
filter, and if X is uniform with 9 a symmetric gauge basis, then moreover a §-Cauchy
filter is a % (2)-Cauchy filter.

Proof That .% is a dg-Cauchy filter means that

Ve>0,qxe X: ﬂ By(x,€) € F.
de9
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That .7 is a 7 (2)-Cauchy filter means that it is a d-Cauchy filter, foralld € 2, i.e.
Ve>0,YVd e ¥,3x € X : By(x,€) € F.

Hence, the result follows from 3.5.2. O

3.5.4 Example The implications in the foregoing proposition are strict in general.

1. Let X := R\ {0} and let d stand for the Euclidean metric on X. If we
let 7 := {adg | o > 0}, then the distance § generated by Z is topological. The
restriction of the Euclidean neighbourhood filter of 0 to X, say .%, does not converge
in (X, 8) and hence, by 3.5.6, it is not a 84-Cauchy filter. However, % (2) is the
usual uniformity on X and hence .% is a % (Z2)-Cauchy filter.

2. Let R be equipped with the Euclidean metric and consider the function space
RE to be equipped with the product distance. For each o > 0, consider the function

fo:R— R:x — ax,

and let ¥ be the filter on R¥ generated by the basis

{{fp1 B=a}| a>0}.

Since W is convergent for the pointwise topology it follows that ¥ is a 6-Cauchy
filter. However, since dg is the uniform metric, ‘¥ is not a dg-Cauchy filter.

3.5.5 Proposition In a uniform approach space the following properties hold.

1. If Z is a Cauchy filter, then A.¥ = o.%.
2. If & and 9 are Cauchy filters and F < 94, then AF = AY.

Proof 1.Let Z be a symmetric gauge basis which generates § and let .# be a Cauchy
filter. Let € > 0 and by 3.5.2 choose z € X such that for all d € 2: B;(z,€) € Z.
Then we obtain

AZF(x) = sup inf supd(x,y)
de9 FeF yeF

<sup sup d(x,y)
deP yeB,(z,€)

<sup inf d(x,y)+2¢
de2 yeBi(z,€)

< o (x)+2e

and the result follows from the arbitrariness of € and 1.2.65.
2. This follows from 1 since, again applying 1.2.65, we now have

AF =aF =09 = LY. |
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3.5.6 Proposition (Top, Met) For a filter F € F(X) the following properties hold.

1. If (X, 87) is a topological approach space, then .7 is a Cauchy filter if and
only if it is convergent in (X, 7).

2. If (X, &) is a metric approach space, then % is a Cauchy filter if and only if
it is a Cauchy filter in (X, d).

Proof 1. This follows from the fact that in topological approach spaces the limit
operator attains only the values 0 and oo.
2. This follows from 3.5.2. O

3.5.7 Definition An approach space is called complete if every Cauchy filter
converges.

3.5.8 Proposition (Top, Met) A topological approach space is always complete and
a metric approach space is complete if and only if it is complete as a metric space.

Proof This follows from 3.5.6 and 2.3.6. O

3.5.9 Proposition [f X is a uniform approach space with symmetric gauge basis 9
and (X, % (D)) is complete, then X is complete.

Proof Let .# be a Cauchy filter. It follows from 3.5.3 that .% is a % (2)-Cauchy
filter. Since (X, % (2)) is complete it follows that .% converges. O

The converse of the foregoing result does not hold as shown by the following
example.

3.5.10 Example Consider the first example from 3.5.4. Since X is topological it is
complete. However, since 7 (2) is the usual uniformity (X, % (2)) is not complete.

3.5.11 Theorem A uniform approach space (X, 8) is complete if and only if (X, dg)
is complete.

Proof Suppose that (X, 0) is complete and that § is generated by the symmetric
gauge basis Z. Let (x,,), be a Cauchy sequence in (X, dgs). Then we have that

Ve > 0,3ng,Vp,q = no,Vd € Z : d(xp,x4) < €.
This implies that

A ((xp)n) (xno) = sup inf sup d(xnov xr) < €,
de9 m k>m

and hence it follows that ((x,),) is a 6-Cauchy filter. Since (X, 6) is complete this
implies that there exists x € X such that A ((x,),) (x) =0, i.e.

Vd € & : lim d(x,,x) =0.
n—oo
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Now let € > 0. Then from the fact that (x,), is a dg-Cauchy sequence it follows that
we can find ng such that

VYd € 9,V¥p,q >ng:d(xp, x4) <E.
Taking the limit for ¢ — o it follows that
Vd e Z,¥p >=ng:d(x,,x) <€,

which implies that (x,), — x in (X, dg).
Conversely, suppose that (X, dg) is complete and let .% be a 6-Cauchy filter. Then

inf A% (x) = inf sup inf supd(x,y) =0,
xeX xe€X dep FeF yeF

which implies that
1
Vn>0,3x, € X,Vd € 9 : By(x,, —) € Z.
n

Since the intersection of any two of these balls is nonempty this implies that for any
p.q>0

1 1
ds(xp,xq) = supd(xp,x5) < —+ —,
de9 p 4q
from which it follows that (x,), is a ds-Cauchy sequence. By the completeness of
d
(X, dg) it follows that there exists x € X such that (x,), % x.Tt then follows that
AF(x) = sup inf supd(x,y)
deP FeF yeF
< sup inf sup d(x,y)
de? ">0 yeB(x,, 1)

1
< sup inf (d(x, x,) + —) =0,
degn>0 n

and hence .% converges in (X, 8). |

3.6 Comments

1. Uniformity in topology

Besides the original definition by Weil (1937), making use of entourages of
the diagonal, there are several other ways in which uniformity in the setting of
topology can be characterized. See, for example, the work by Herrlich on nearness
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structures (Herrlich 1974a) and by Isbell on covering uniformities (Isbell 1964). The
characterization which however is most closely related to our setup is the one via col-
lections of metrics (see e.g. Gillman and Jerison 1976). Both the definitions of gauges
and of (quasi-)uniform gauges, which we will define in Chap.5, bear similarity to
the definition of uniformities by means of ideals of (quasi-)metrics.

2. Weak-adjointness in the literature

Weak-adjointness is a concept which is known in the theory of quasi-uniform
spaces. An alternative characterization states that a quasi-metric space is weakly
adjoint if and only if for all x € X the map d(-, x) is upper semicontinuous. See e.g.
Fletcher and Lindgren (1982), where 3.2.2 is also mentioned.

3. Reflectivity of App,, App; and App,

For any approach space X the quotient defined by the equivalence relation
X ~y <& o (x) = o/ (y) determines the App,-reflection.

In order to arrive at the App; -reflection we first define an approach space to be Ry
if & (x) = ﬂwaoxd(y) forall x where y ~g, x < 6(x, {y}) = 0. The subcategory
consisting of all Ry-spaces is concretely reflective and using transfinite iteration, we
can construct an Rp-reflection. The App;-reflection then is obtained by taking this
reflection followed by the Tp-reflection.

In a similar fashion, in order to obtain the App,-reflection, we call an approach
space an R-space if o/ (x) = ﬂy~Rx o/ (y) for all x where y ~g x if there exist
X1 :=X,...,X, ;= ysuchthatforalli € {1,...,n—1}: c(& (xj) Vo (xi+1)) = 0.
Again the subcategory consisting of all R-spaces is concretely reflective and by a
similar procedure as in the 7j-case we construct an R-reflection. This reflection
followed by the Ty-reflection is the App,-reflection.

For details we refer the interested reader to Lowen and Sioen (2003).

4. Completeness in metrically generated theories

The notion of completeness in UAp as explained in this chapter is a special
case of a more general approach in the setting of metrically generated theories (see
Colebunders and Lowen 2005; Colebunders and Vandersmissen 2010). See also the
comments on Chap. 6.

5. Sequential approach spaces

In an unpublished partial manuscript Gutierres, Hofmann and Van Olmen studied
what they called “sequential approach spaces” and “Fréchet” approach spaces. For
instance, an approach X space is said to be Fréchet if forany x € X and A C X

6(x,A)=inf supd(x,{xg, | n € N})
(xXn)n€S(A) k1

where S(A) stands for the set of all sequences in A. Sequentiality is defined in a
analogous manner, and they show several results similar to what is obtained in the
topological case.
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Chapter 4
Index Analysis

When you can measure what you are talking about and express
it in numbers, you know something about it.

(Lord William Thomson Kelvin)
Finally - and frankly it’s a relief to see it - Karl Weierstrass
sorted out the muddle in 1850 or thereabouts by taking the
phrase “as near as we please” seriously. How near do we
please?

(Ian Stewart)

Before we start with the formal definitions and results we would like to reflect on the
precise nature of approach spaces and the possibilities for defining natural invariants.

Rather than being restricted to asserting that a space, or a subset of a space, or a
function, or any other item defined in terms of the structures at hand, does or does
not have a certain property we now have at our disposal a machinery by means of
which we can define numerical indices of properties. The smaller the index the better
the property is approximated.

This idea is not new. In Kuratowski (1930) the author introduced what he called a
measure of noncompactness in the setting of complete metric spaces. Various other
measures were also introduced in the literature, especially the so-called Hausdorff
measure of noncompactness, and used in a variety of fields, especially in the theory
of Banach spaces, functional analysis, fixed point theory and hyperspaces (see the
comments at the end of this chapter for detailed references). The purely topological
concept of compactness was adapted in a numerical way to be used in the setting
of metric spaces in order to measure the deviation an object may have from being
compact. However, it is quite clear from the original definition of this measure that
it is actually a measure of not being totally bounded, which only in the case that one
works with complete sets can be referred to compactness. We will see how these
facts, which reveal at the same time similarity and dualism between the topological
and metric aspects, completely resolve themselves in the setting of approach spaces.

© Springer-Verlag London 2015 149
R. Lowen, Index Analysis, Springer Monographs in Mathematics,
DOI 10.1007/978-1-4471-6485-2_4
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In this chapter it will become abundantly clear that the systematic use of indices
lies at the heart of approach theory as they are built into the basics of the theory.
Besides the indices which we will introduce in the present chapter, now that we
know how the categories of approach spaces, topological spaces and (quasi-)metric
spaces relate to one another, it is also entirely natural to consider:

1. & distance = index of closure, 6 (x, A) indicates how far x is away from being
in the closure of A,

2. A limit operator = index of convergence, 1.7 (x) indicates how far x is away
from being a limit point of .7,

3. o adherence operator = index of adherence, o.% (x) indicates how far x is
away from being an adherence point of .%.

Since distance and limit operator are defining structures of the theory of approach
spaces, the concept of indices is endemic to approach theory.

4.1 Morphism- and Object-Indices

We will formally describe two types of indices which are of paramount importance
to the theory: indices for objects and indices for morphisms. Of course other types of
indices will appear where needed (or have already been encountered as for example
distance, limit and adherence operator mentioned above) but these two are structurally
sufficiently important to merit a short formal treatment. Since we will use these
considerations not only in the local setting of approach spaces but also in the uniform
setting of uniform gauge spaces which we introduce in the following chapter, we
present the concepts for an arbitrary topological category.

We suppose that € is a topological category, concrete over Set and we define €5et
to be the category with objects the same as those in 4" and morphisms, functions
between the underlying sets.

4.1.1 Definition An object-index is an assignment
X : Obj6ser = Obj6 — P

which satisfies the following property.
(OD If X and Y are isomorphic objects in & then y(X) = x(Y).

Functions f : X — Y and g : U —> V (i.e. morphisms in 65t ) are said to be
isomorphic if there exist isomorphisms (in €set, i.e. bijections) 2 : X — U and
k : Y —> V such that the diagram
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Y
|
Vv

f
—_—

S <

—_—
8

is commutative.

This means exactly that f and g are isomorphic objects in the arrow category of
6set- If we impose the supplementary condition that  and k have to be isomorphisms
in ¥, and not merely in %set, i.e. merely bijective functions, we obtain a stronger
concept which we will refer to as f and g being € -isomorphic.

4.1.2 Definition A morphism-index is an assignment
X : Moréser = MorSet — P

which satisfies the following properties.

(MI1) yx vanishes on identity mappings.
(MI2) Forany f: X —> X'andg: X' —> X" wehave y(go f) < x(f)+x(g).
(MI3) If f and g are € -isomorphic then x (f) = x(g).

We make no difference in notation between object- and morphism-indices since
it will always be clear from the context which type of index is meant.

Object-indices will gauge to what extent certain properties of objects are satisfied
and similarly morphism-indices gauge to what extent certain properties of functions
are satisfied.

It should be pointed out that we are of course in the first place thinking of a
morphism-index which gauges to what extent functions deviate from being mor-
phisms in %. In the case of App this then means to what extent functions deviate
from being contractions. However, in topological categories, and especially in App
we also have natural other concepts for functions as we have seen in Sect. 1.4. Hence
we will also introduce morphism-indices gauging to what extent functions deviate
from being closed-expansive, open-expansive and proper. The above definition is of
the right generality to allow for these various indices.

4.1.3 Proposition Let y be a morphism-index. If f : X — Y andg : U — V
are isomorphic functions then

| 2(f) = x(e)] < max{x(h) + x k™1, x(h™") + x (k)
for any bijections h and k such thatk o f = g o h.

Proof This follows from (MI2) since if we consider the diagram
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152 4 Index Analysis

o<
l\
<$“<

|

we have

2@ < x(H+x(f)+xtk) and x(f) < x()+x@+x&™H. o

4.1.4 Definition Let y be a morphism-index which vanishes on morphisms in the
category ¢ . If an object-index ), satisfies the property that there exists a constant ¢
such that for all spaces X and X’ with equipotent underlying sets

| 20(X) = xo(X)| < cinf{x(f)+x(f ™) | f: X — X' bijective},
we say that y, is (c, x)-layered.

The idea behind this is to sharpen condition (OI) by not only asking that an
object-index be constant on the equivalence classes of isomorphic objects but that
it would also vary less as objects become “more isomorphic”, provided of course
that the associated morphism-index vanishes on morphisms of the category %, in
particular that it is an index that gauges to what extent a function deviates from being
a morphism. Hence, in our setting, we will only be interested in the morphism-index
of contractivity which we introduce in the following section. In keeping with the
philosophy of the theory the relation imposed is a Lipschitz-type inequality.

In order to verify that an object-index is (c, ))-layered it is sufficient to test it on
identity functions in éset. In the following we denote the identity function between
the underlying sets of objects U := (X, s) and V := (X, s) in € by 1yy.

4.1.5 Proposition Let y be a morphism-index which vanishes on morphisms in
the category €. An object-index ¥ is (c, x)-layered if and only if for any objects
U:=(X,s)and V := (X, s) in €, with the same underlying set we have that

[ 20(U) = xo(W)I = c(x(1uv) + x(Lyy)).

Proof The only-if part is evident. To show the if-partlet f : X — Y be a bijective
function between % -objects. Consider the diagram

(X.sx) —2—> (V.sy)

lxll] |

—V
lyv
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where U := (X, sx). Further V := (X, s’) is obtained by considering the sink
g : (Y,sy) — X where g, as a function, is equal to f~! and s’ stands for the
final structure on X. Then both 1x and g are isomorphisms in ¢ and it follows
that ¥ (f) = x(1yv). Upon interchanging the roles of X and Y we obtain that also
2(f~H = x(1yy) and we are finished. ]

Throughout the sequel, if an index is equal to O we will often refer to this as
a O-property. For instance, once we have introduced the index of compactness ¥ .,
when a space satisfies x.(X) = 0 then we will say the space is 0-compact. This
convention will not be used in case the vanishing of a certain index is equivalent to
an earlier defined property. For instance, when we define the index of contractivity
in the next section, it will turn out that being O-contractive means being contractive.
In that case we obviously drop the 0.

4.1.6 Definition If two categories ¢ and Z are equipped with morphism-indices y
and Y ¢ and F : Gset —> Pset is a functor then we say that F is a (Yo, x ¢)-true
Sunctor it ¥ 5 (Ff) < x¢ f for any function f.

4.2 Appsei-Morphism-Indices

In this section we will define four morphism-indices related to the concepts of con-
traction (1.3.1), closed expansion (1.4.1), open expansion (1.4.5) and proper map
(1.4.10).

4.2.1 Theorem If X and X' are approach spaces, [ : X —> X' is a function and
¢ € P, then the following properties are equivalent.

VAgX:S}(A)of§5A+c.

VFZ e FX) : A (f(F)o f <AF +c.

VZ e UX): A (f(F))o f<AF +c.

Vx € X,V¢' € &' (f(x)) : @' o f ©¢c € A (x).
Vd' €9 :d' o(f x f)©ce¥.

VA C X,Ve e RT : f(te(A)) C ;1 (f(A)).
Vx € X,Ve e RT,VV' € ¥/, .(f(x): f71(V') € Ye(x).
Vi e PXU(f(w)o f < 1w +ec.

Yu' e & o f <l of)+ec.

10. Yo' e cu(' o f)y < o f +ec.

1. VIeFX):T—x= ) ®c— fx).

12 VIePX):T—x= fO)dc— fx).

In (4) a basis for &' (f (x)) is sufficient, in (5) a basis for 4' is sufficient and in (8)
and (9) subbases for respectively £ and 3\ are sufficient.

00 NS RN~

Proof This is analogous to 1.3.3 and we leave this to the reader. O
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4.2.2 Definition (Index of contractivity) A function f is called c-contractive if it
has one, and therefore all the properties mentioned in 4.2.1.
We define the index of contractivity as

X. : MorAppgey — P : f = min{c | f is c-contractive}

Note that the minimum actually exists and that this definition implies that for any
function f : X — X’ between approach spaces and for any subset A C X

5}(A) o f < da+x.(f)

Of course analogous formulas hold derived from the other equivalent statements in
4.2.1, replacing ¢ by y.(f). Note in particular that, by the saturation property we
also have

X.(f) =min{c |Vd' € 9',Ve > 0,VO <0 :3d € G : d'o(f x f)A® < d+&+c}

and hence () is also characterized by the claim that for any d’ € ¢’, € > 0 and
W < oo there exists d € ¢ such that

do(fxfrnw<d+e+y.(f).

An analogous reasoning of course holds for the characterization with approach sys-
tems.

That this definition indeed provides us with a morphism-index follows from the
following two results.

4.2.3 Proposition If X, Y, U and V are approach spaces and f : X —> Y and
g : U — V are approach isomorphic then X .(f) = x.(8).

Proof This is straightforward and we leave this to the reader. O

4.2.4 Proposition If X, X' and X" are approach spaces and f : X —> X' and
g : X' — X" are functions, then the following properties hold.

1. f is a contraction if and only if x .(f) = 0.
2. 280 f) = x.()+ 2.8

Proof This is straightforward and we leave this to the reader. O

4.2.5 Example If f : R — R is the characteristic function of Q, then fo f =1
and this proves that the inequality in 4.2.4 is strict in general, since for R considered
as the usual topological space, y.(f) = and x.(1) = 0.
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4.2.6 Proposition If f; : X; —> X;-, Jj € J, is a family of functions between
approach spaces and

@ fi []1X — []x;: @i (fix);
J J

then

Xc(® fj) = sup x.(fj)-
J

Proof This follows from the facts that for any .7 € F(H X ;) we have

A (®; fi(F)) = sup A;(fj(pr;(F))) opr; and 1.7 = sup A;(pr;(F)) o pr;
J J

and that for any k
fk = pl‘;C o ®jfj o ing

where iny is any canonical embedding of X into [ i X O

4.2.7 Proposition If f; : X —> X}, j € J, is a family of functions between
approach spaces and

[15:x—=]]x,:x (fix));
j j

then

X (T /) =swpxc(f)-
j J

Proof This follows from the fact that for any .# € F(X) we have

A (H [i(F)) = sup?t (fi(F)). u
4.2.8 Proposition If f : X L5 Xisa functlon between approach spaces, Z < X
and we consider the restriction g := f|z : Z —> X', then x.(g) < x.(f).

Proof This follows from the definitions. O

4.2.9 Theorem [f X and X' are approach spaces, f : X —> X' is a function and
¢ € P, then the following properties are equivalent.

VA C X : f(8a) < &)y +o.

Ve PX: f(I(u) < V(f(W) +c.
VF € F(X) : supresec 7 F(O1) < A (f(F)) +c.
YU € UX) : suppeq f(Or) < A (f(%)) +c.

N~
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5. Yue L f(uw) <U(f(w)+e
6. Vuel, u el  f(w)=p+c=<fu+ec
7. VAC X, Yo e RT : (AP C N, f(ACTTE),

In (5) and (6) a subbasis for £ is sufficient.
Proof This is analogous to 1.4.2 and we leave this to the reader. O

4.2.10 Definition (Index of closed expansiveness) A function f is called c-closed-
expansive if it has one, and therefore all the properties mentioned in 4.2.9.
We define the index of closed expansiveness as

Xce : MorAppgey —> P f = min{c | f is c-closed expansive}

Note that here too the minimum is well-defined and that for a function f : X — X’
between approach spaces and for any subset A C X

f(SA) = 6}(14) +%ce(f)'

Note also that analogous formulas hold derived from the other equivalent statements
in 4.2.9 replacing ¢ by x ., (f).

That ., is a morphism-index follows from the following results where we also
show some relations with the index of contractivity.

4.2.11 Proposition If X, Y, U and V are approach spaces and f : X —> Y and
g : U — V are approach isomorphic then X .,(f) = X..(8)-

Proof This is straightforward and we leave this to the reader. O

4.2.12 Proposition If X, X' and X" are approach spaces and f : X — X' and
g : X' — X" are functions, then the following properties hold.

1. f is closed expansive if and only if ., (f) = 0.
* X(;e(g © f) S xcg(f) +Xce(g)

. If f is surjective, then

w N

Xee(8®) = Xe(f) + Xee(go f)and x.(8) < Xee(f) + Xc(80 f).

R

If g is injective, then

Xee(S) S X&)+ Xeelgo fand x .(f) < Xeoe(8) + Xc(g0 f).

Proof We only prove the first inequality of 3 to the reader. Let B C X’ then it follows
from the surjectivity of f and the definitions of the indices of contractivity and closed
expansiveness that
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8(8p) =go f(8z0 f)
=8° f(5}(f71(3)) o f)
<go f(6p1(p) + X))
=go f(0p-1p) + X:(f)

= 5;’/0.1‘(.1‘*‘(3)) + X80 f)+x.(f)

= Sé/(B) + xce(g of)+ %c(f)

which proves that )., (g) < x.(f) + X..(g° f). O

4.2.13 Corollary (Top) If X, X' and X" are topological spaces and f : X —> X'
and g : X' — X" are functions, then the following properties hold.

1. If f is surjective and continuous (respectively closed) and g o f is closed
(respectively continuous) then g is closed (respectively continuous).

2. Ifgisinjective and continuous (respectively closed) and go f is closed (respec-
tively continuous) then f is closed (respectively continuous).

4.2.14 Proposition If f : X —> X' isafunction between approach spaces, Z C X'
and we consider the restriction g := f|;-1z : fY2) — Z, then Xee(8) =<

Xee(f)-
Proof Let A C f~'(Z)and y € Z, then

g(0a)(y) = f(0a)(y) < 5}(,4)()’) + Xee(f) = 5§(A)(Y) + Xee ()
which proves the claim. O

4.2.15 Theorem If X and X' are approach spaces, f : X — X' is a function and
¢ € P, then the following properties are equivalent.

VA §X . 6f’1(A) < 51/40f+c

Vx e X,YVo € 7 (x): f(@)Sced(f(x)).

VA C X',Ve e Rt : f71(A®) C (f~1(A))EFO,
Vvel,av el v < f(V)+c <V +c

5. Vx € X,Ye e RT VYV € Yeio(x) : F(V) € Ye(f(X)).

In (2) a basis for o' ( f (x)) is sufficient and in (4) a subbasis for i\ is sufficient. In the
case that f is surjective these are moreover equivalent to the following properties.

6. Vx € X, V%' € U(X') there exists % € U(X) such that (%) = %' and
AU (x) < A (U')(f(x)) +c.
7. Vx € X,VU' € UX') - inf{lA% (x) | (%) =Xy < M (XY f(x)) +c.

N~

Proof This is analogous to 1.4.6 and we leave this to the reader. O


http://dx.doi.org/10.1007/978-1-4471-6485-2_1

158 4 Index Analysis

4.2.16 Definition (Index of open expansiveness) A function f is called c-open
expansive if it has one, and therefore all the properties mentioned in 4.2.15.
We define the index of open expansiveness as

Xoe : MorAppgey —> P 1 f = min{c | f is c-open expansive}

Again note that the minimum is well-defined and that for any function f : X —> X’
between approach spaces and for any subset A C X

Sf,l(A) = 6,/4 o f 4+ Xoe(f)-

Again note that analogous expressions hold, derived from the other equivalent state-
ments in 4.2.15 replacing ¢ with x,,(f). Note in particular that, by the saturation
property x,.(f) is also characterized by the claim that for any x € X, ¢ € &/ (x),
€ > 0and @ < oo there exists ¢’ € &' (f(x)) such that

(f(@) O Xpe(fN A=< +e.

That y,, is a morphism-index follows from the following results where, again,
we show some relations with the index of contractivity.

4.2.17 Proposition If X, Y, U and V are approach spaces and f : X — Y and
g : U —> V are approach isomorphic then ) ,,(f) = X ,.(8)-

Proof This is straightforward and we leave this to the reader. O

4.2.18 Proposition If X, X' and X" are approach spaces and f : X —> X' and
g : X' — X" are functions, then the following properties hold.

1. f is open expansive if and only if ¥ ,,(f) = 0.
2' %()e(g o f) S X()e(f) +X()g(g)
3. If f is surjective, then
X0e(8) = Xc(f) + Xoe(80 f)and x.(8) < X0 (f) + X.(8 0 f).
4. If g is injective, then

Xoe(f) = Xc(8) + Xoe(g o f)and X .(f) = Xpe(8) + X (80 f)-

Proof This is analogous to 4.2.12 and we will only prove the second inequality in 3
leaving the remaining claims to the reader. Let x’ € X’ and A’ € X’ and take x € X
such that f(x) = x’ then

6//(A’) o g(x/) Y

g /of(ffl (A") o g(f(-x))

8
< 5f—1(A/)(X) +x.(80f)

< 6,/()5/) +Xoe(f) +Zc(g o f)
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which proves that () < x,.(f) + x.(g o f). o

4.2.19 Corollary (Top) If X, X' and X" are topological spaces and f : X —> X'
and g : X' —> X" are functions, then the following properties hold.

1. If f is surjective and continuous (respectively open) and g o f is open (respec-
tively continuous) then g is open (respectively continuous).

2. If g is injective and continuous (respectively open) and g o f is open (respec-
tively continuous) then f is open (respectively continuous).

4.2.20 Proposition If f : X —> X'isafunction between approach spaces, Z < X'
and we consider the restriction g := fly-1zy - f~Y(2) — Z then Xoe(8) =<

Xoe(S)-

Proof This is analogous to 4.2.14 and we leave this to the reader. O

4.2.21 Proposition (Met) If X and X' are metric spaces and f : X —> X' then
XCe(f) = xt)e(f)

Proof This is analogous to 2.4.9 and 2.4.10 and we leave this to the reader. O
4.2.22 Theorem If f : X —> X' is afunction between approach spaces and ¢ € P,
then the following properties are equivalent.

1.V e FX): f(0F) < f(F) +c.
2.V eUX): fFAU) <A f(U) +c.
3VIePX): fO)—y=Ve>0,3xe fly»):TD(c+¢e) — x

Proof This is straightforward and we leave this to the reader. O

4.2.23 Definition (Index of properness) A function f is called c-proper if it has
any and hence all of the properties in 4.2.22. We define the index of properness as

Xp: MorAppget —> P : f = min{c | f is c-proper}

Again, the minimum is well-defined and for any function f : X —> X’ and any
Z € F(X)

faF) <o f(F)+x,()

An analogous formula holds for the other characterizations in 4.2.22.

Note also that, contrary to our treatment of proper contractions in the first chapter,
here we do not presuppose that f is a contraction.
That y , is a morphism-index follows from the following results.

4.2.24 Proposition If X, Y, U and V are approach spaces and f : X —> Y and
g : U —> V are approach isomorphic, then x ,(f) = x ,(8).

Proof This is straightforward and we leave this to the reader. O
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4.2.25 Proposition If X, X' and X" are approach spaces and f : X —> X' and
g X' —> X" are functions, then the following properties hold.

f is a proper contraction if and only if x ,(f) = x.(f) = 0.
Xp(&of) =x,(f)+x,(8)

If f is surjective, then % ,(8) < x ,(g © f) + x.(f)-

If g is injective, then X ,(f) < x ,(g o f) + X(8).

XCE S Xp'

Proof We leave the verification of 1, 2 and 3 to the reader. To prove 4, let Z € U(X)
then

LR W~

JTAU) =g(f(AU)) o g
<A"(f( X)) og+x,g0f)
<A FWU) + 1:8) + 1,(80 ).

To prove 5, let A € X then

f(8a) = %ierllJf(A)f(/l%)

Y
S”?/éll].J(A)}/ F) + x,()

=8y + 2, O

4.2.26 Corollary (Top) If X, X' and X" are topological spaces and f : X —> X'
and g : X' — X" are functions, then the following properties hold.

1. If f is surjective and continuous and g o f is proper then g is proper.
2. If g is injective and continuous and g o f is proper then f is proper.

4.2.27 Proposition If f : X —> X' isafunction between approach spaces, Z C X'
and we consider the restriction g 1= f|;-1z : Y2 — Z, then 2p8) =

2p(f).
Proof This is analogous to 4.2.14 and we leave this to the reader. O

4.2.28 Example Let R be equipped with the usual Euclidean metric. If f : R — R
is a contraction (respectively closed expansive, open expansive or proper) then for

g = f+clgwehave y.(g) = c (respectively .. (8) = ¢, X,.(8) = ¢, X ,(8) = ¢).

4.3 Compactness Indices

A particularly interesting variant of Kuratowski’s original measure of noncompact-
ness is the so-called Hausdorff or ball measure of noncompactness, Kuratowski
(1930), Banas and Goebel (1980). It is defined as follows.
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Suppose that (X, d) is a metric space and that A C X. Then

n
my(A) :=inf{e e R{ [Axy.....x, € X: A S| B(xi. )

i=1

is called the Hausdorff measure of noncompactness. It differs from the original
measure introduced by Kuratowski only slightly.
The value

n
mg (A) == inf{e e Ry |3X1,..., X, C X : m%f(diam(Xi) <e.Ac|Jxi}
1=

i=1

is called the Kuratowski measure of noncompactness. It is easily seen that for any
AC Xwehavempyg(A) <mg(A) <2mpyg(A).

A remarkable fact is that both measures are metric dependent, whereas compact-
ness is only dependent on the topology underlying the metric. This rather confusing
state of affairs is cleared up if we reconsider the ideas behind these measures in the
setting of approach spaces. In this section we show that the Hausdorff measure of
noncompactness arises as a very canonical index in the setting of approach spaces.
As far as terminology is concerned, and in spite of the fact that this may cause some
confusion, we prefer to call this an index of compactness, rather than a measure of
noncompactness. If a space has an index of compactness equal to 0 then we will
sometimes say it is 0-compact. In this chapter we will encounter indices of various
types of compactness and each time that such an index is 0 we will use the same
convention and speak of e.g. 0-sequentially compact, 0-countably compact, and so
on.

4.3.1 Definition (Index of compactness) Given an approach space X, we define
the index of compactness of X as

X.(X) = sup inf o.%(x)
FeF(X) xeX

The idea behind this definition is the following: compactness means every filter
should have an adherence point and therefore the information given by y,. is based
on the verification for all filters of what their “best” adherence points are. Before con-
tinuing we give a number of equivalent expressions of this index, which emphasize
its canonicity.

4.3.2 Theorem For any approach space X, we have

Xc(X) = sup inf o (x)
U ecU(X) xeX

= sup inf A% (x)
U eU(X) xeX
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= sup inf sup inf @(x)(z)
¢ [1 () ye2® zex xey

xeX
= sup inf sup inf @(x)(x, )
pe X Ye2X) zeX xeY
=inf{a | VI € PX),c(D) > a,Ix € X : T — x}

where (B(x))xex is a basis for the approach system and F¢ is a basis for the gauge.

Proof Let us denote the five expressions of the theorem (in order) by c1, ..., cs.
Obviously ¢3 = c4. Further it follows from 1.2.66 that ¢; = ¢ and it is obvious that
we have Y .(X) > cy. To prove that ¢3 > x.(X), suppose that y .(X) > r. Then by
1.2.43 and 1.2.66 we can find an ultrafilter %/ such that

sup inf inf sup w(x)(y) = inf sup inf sup y(y)
ve [| Bx)xeX UeU yeU xeX yeB(x) UeU yeU

xeX

inf % (x) > r.
xeX

Consequently, there exists y € [] Z(x) such that, for all x € X,
xeX

inf sup w(x)(y) > r.
UeZ yeU

Now suppose that for some ¥ € 2% we have sup inf y(x)(z) < r. Then the
zeX X€E
collection {{yw(x) <r}| x € Y} is a finite cover of X and thus there exists some

xo € Y such that {y/(xg) < r} € . Then, however, we find that

inf sup y(xo)(y) < sup  w(xo)(y) <r,
Ue¥ yeU ye{w(xo)<r}

which is a contradiction. Consequently, for all ¥ € 2(X) we have

sup inf y(x)(z) > r,

zeX xeY

which proves that c3 > r. From the arbitrariness of r this shows that c3 > y.(X).

To show that ¢; > c¢3 suppose that ¢c3 > r. Then there exists ¢y € [[ Z(x) such
xeX
that, for all Y € 2(%),

sup inf @p(x)(z) > r.

zeX x€Y
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Consequently, if, forall Y € 2X) we let

Fy .= [inf Qp(x) > r] ,

xeY

then it follows that the collection { Fy | ¥ € 2%)} is a basis for a filter .# on X. Let
# be an arbitrary ultrafilter finer than .%. Then it follows that

c1 = sup inf a% (x)
UeU(X) xeX

v

inf sup sup inf @(y)

xeX QeB(x) WeW yeW

= sup inf sup inf @(x)(y)
pe [] B(x) xeX WeW yeWw

xeX

inf sup inf @p(x)(y)
xeX We¥ yew

o .,
inf inf @) =

v

v

which by the arbitrariness of  shows that ¢; > ¢3. That ¢; = c5 finally follows from
a straightforward application of 1.2.59 and 1.2.60. O

4.3.3 Example 1. Inametric space )}, = mpy and in a non-Archimedean metric
space Y. =mg = mgy.
2. Take for X the closed unit ball in R? equipped with the radial metric

dr(x, y) x, v, 0 collinear

d(x,y) = [ .
dg(x,0) + dr(y,0) otherwise,
then ¥ .(X) = 1land mg(X) = 2.

3. Let B be the closed unit ball of an infinite-dimensional normed space E, then
X.(Bg) = 1. (See also the chapter on applications in functional analysis and
4.3.28).

4. Let X be a metric space and let .#” be the set of all nonempty compact subsets
of X, then for any bounded set B € X we have x.(B) = dy (B, /") where
dp is the Hausdorff distance (see Malkowsky and Rakocevi¢ Preprint).

In the chapter on applications to the theory of hyperspaces, in particular the
Vietoris hyperspace, it will be advantageous to have a characterization of the index
of compactness in terms of lower regular function frames. This requires some pre-
liminary work.

If £ is a lower regular function frame on X and B C £ we write J(*B) for the
smallest ideal in £ containing B. We say that J(*B) is generated by ‘B. Clearly

I®B)={uel|3Pr.Po....pneB:u <PV V- VP
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If for all o, B € B there exists ¥ € 9B such that @ v B < 7, we call B
an ideal basis. In that case J(B) = {u € £ 3P € B : u < B}.

Note that by definition, we are actually allowing for the improper ideal. However
we will only be interested in ideals which are very far from being improper. An ideal
J C Liscalled small if inf y =0 forall u € J.

We will say that B C £ has the finite-sup property if inf sup, g 4 = 0 for each
finite subset € C ‘B.

It is clear that an ideal J € £ is small if and only if it has a basis B such that
inf 4 = 0 foreach pt € B and if and only if it is generated by a set with the finite-sup

property.

4.3.4 Lemma Every set with the finite-sup property is contained in a maximal set
with the finite-sup property and this set is actually a small ideal.

Proof If 6 C £ has the finite-sup property then it is easily verified that

{B B P C £,V has the finite-sup property}

is inductively ordered by inclusion and the result then follows by a standard appli-
cation of Zorn’s lemma. O

4.3.5 Lemma [If C £ is a maximal small ideal then it is prime in the sense that
if p1 A p2 € M, then p1 € Mor pp € M.

Proof 1If px € £\ M for k € {1, 2}, then it follows that I({px} U 9) is no longer
small, hence there exist i € 9t and a; such that pg vV ux > ax > 0. Since

(PL APV ULV L2 = (P1V ) A (P2 V U2)
>ayANay >0

it follows that p; A pp ¢ 9. O

We will write I;(£) for the set of all small ideals, B;(£) for the set of all sets
with the finite-sup property and I, (£) C I;(£) for those elements in I;(£)which
are maximal.

If a set with the finite-sup property is contained in a subbasis B for £ then we
will say it has the finite-sup property in 8 and the set of all such sets is denoted by
B;(®8). The following lemma and the third equality in 4.3.9 are of the same flavour
as Alexander’s subbasis lemma (see e.g. Kelley 1955).

Notto overload the notations, in the following results we write sup 2{ for sup et M-
4.3.6 Lemma [fB is a subbasis for £, and if & € Pis suchthatinf,cx supJ(x) < o
foreachJ € Bs($8), then also infcx supJ(x) < a foreachJ € Bs(L).

Proof Take J € Bs(£) and let M € £ be a maximal set with the finite-sup property
containing J. Then supJ < sup 91, which proves that

inf supJ(x) < inf sup M(x).
xeX xeX
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We now prove that sup 9T = sup(9t N B). Note that sup(IT N B) < supM is
trivial.

Take x € X and let supMi(x) = B. Then for € > 0, there exists u € M
such that u(x) > B — &/2, and since B is a subbasis for £, we can write u =
SUp ey infkeKj Wik with K finite and all u; , € 9. Hence there is a jo € J such
that infkeKjO Wjo.k(x) > B—eg, and since MM is an ideal, we have infkeKj0 Wik € M.
From the foregoing lemma it follows that (i, x, € 91, and hence L, x, € M N ‘B,
for some ko € K j,. Since

Hjo.ko (X) = kiel}(fjo Mjok(x) > B —¢€,

we obtain sup(9t N B)(x) > B — &, hence sup(MN N B)(x) > B.
Since 91 € B; (L), it follows that 9T N B € B;(2B) and therefore

inf sup J(x) < inf supM(x) = inf sup(M N B)(x) < a. |
xeX xeX xeX

IfJ e I(L),itis clear that {{u < €} | u € J, € > 0} is a filterbasis on X, and
we will write *(J) for the filter generated by it. Furthermore, if % € F(X), then
i"(F) ={pe L|IF € #,¢ < Op}is asmall ideal as is readily seen.

4.3.7 Lemma Forany ¥ € F(X) and J € I;(£) the following properties hold.

1. oF = supi*(F).
2. supJ < af*(J).

Proof 1. This is evident from the definition of adherence-operator.
2.Take p € J,x € X, 0 < € < pu(x). Itis clear that

of " (N(x)= sup O, {u <p).
ned,p>0

If A = {u < €}, then it follows from the contractivity of u (see 1.3.5) that
0<pukx)—e<ulx)—supu(A) <6(x,A) < af' (J)(x).
The result then follows from the arbitrariness of €, x and u. O

4.3.8 Example The inequality in the foregoing result is strict in general as is imme-
diately seen by taking X := R with the Euclidean topology and J the ideal generated
by p(x) == |x|.

4.3.9 Theorem For an approach space X and a subbasis B for the lower regular
function frame £ we have
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Xc(X) = sup inf supT(x)
Jel (L) xeX
= sup inf supJ(x)
Jelm (L) xeX
= sup inf supJ(x).
Jel,(B) xeX

Proof The first equality follows from the definition of the index of compactness and
a straightforward application of 4.3.7. The second equality follows from 4.3.4 and
the third equality then follows from 4.3.6. O

Note that the formulas in the foregoing theorem can be reformulated in terms of
sets with the finite-sup property and we will freely do so whenever useful.

4.3.10 Proposition The index of compactness y. is (1, x.)-layered.
Proof This follows from 4.2.1, 4.1.5 and 4.3.2. O

4.3.11 Proposition (Top) A topological approach space is O-compact if and only if
the underlying topology is compact.

Proof In view of the fact that the adherence operator in topological approach spaces
attains only the values 0 and oo, by definition of . and upon invoking 2.1.1, the fact
that y.(X) = 0 precisely means that every filter has an adherence point. O

4.3.12 Proposition (Met) A metric approach space is 0-compact if and only if the
metric is totally bounded and it has a finite index of compactness if and only if the
metric is bounded.

Proof Let (X, d) be a metric space. For the first claim, it follows from 2.3.1 that the
collection of all sets A, (x) := {d(x, )}, x € X, is a basis for the approach system
of (X, 64). Applying 4.3.2 it therefore follows that

X.(X) = inf supinf d(x,z).
Ye2®M zeX xeY

Consequently the fact that y .(X) = 0 means that for each € > 0 there exists a finite

set ¥ € 2 guch that X = J B(y, €), i.e. that X is totally bounded.
yeY
The second claim is perfectly analogous. O

Note that in a metric space where boundedness and total boundedness coincide,
e.g. in a finite-dimensional Euclidean space, just as in the case of a topological space,
the index of compactness can only attain the two extreme values 0 and oo.

4.3.13 Proposition [f X is a uniform approach space with symmetric gauge basis
2 and X is 0-compact, then (X, % (2)) is totally bounded.
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Proof By 4.3.2, the fact that ) .(X) = 0 means that

0= sup inf sup inf @(x)(x,z)
09X Ye2X) zeX xey
> sup inf sup inf d(x, 2),
deP Ye2X) zeX xeY

which in turn implies that, for any d € 2, there exists a finite subset ¥ € X such
that

U By(x,€) = X.

xeY

Hence, all spaces (X, d) are totally bounded which means that (X, % (2)) is totally
bounded. O

The converse of the foregoing result does not hold.

4.3.14 Example Consider X := [0, 11N Q equipped with {adr | o0 > 0} as basis for
a gauge. Then the generated approach space is actually given by the usual topology
and hence is not 0-compact. However all ad are totally bounded metrics and hence
% (2) is totally bounded.

4.3.15 Proposition An approach space with a compact topological coreflection is
0-compact.

Proof This follows immediately from the fact that if the topological coreflection
is compact, every ultrafilter % converges and hence its limit operator attains its
minimum 0. O

Here too, the converse of the foregoing result does not hold.

4.3.16 Example X := [0, 1] N Q equipped with the Euclidean metric does not have
an underlying compact topology but does have x.(X) = 0.

4.3.17 Theorem If f : X —> X' is a function between approach spaces and
A C X, then

X (f(A) = x(A) + x.(f)
and in particular if f is a contraction and A is 0-compact, then f(A) is 0-compact.

Proof Since every ultrafilter on f(A) is the image by f of an ultrafilter on A it
follows from 4.2.1 that
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sup inf A% (y)
U €U(f(A)) yef(A)

sup inf A’ f(Z)(f(x))
% €U(A) xeA

< sup inf A% (x)+ x.(f)
U <cU(A) xeA

= Xc(A) + x.()- o

X (f(A))

IA

4.3.18 Corollary (Top, Met) The continuous image of a compact topological space
is compact, the nonexpansive image of a totally bounded metric space is totally
bounded and the nonexpansive image of a bounded metric space is bounded.

4.3.19 Theorem (Tychonoff) If (X ;) ey is a family of approach spaces, then
x(J X)) =supx.(X))
jeJ jel

and in particular a product of approach spaces is 0-compact if and only if all factors
are 0-compact.

Proof 1t follows from 1.3.12 that if %/ is an ultrafilter on [[ X;, then % =
jeJ

sup @ (pr; (%)) o pr ;- Using this fact, the proof of the theorem now follows from

jeJ

the following calculation:

){C(H Xj) = sup inf  sup o (pr; (%)) (x)
jeJ %<0l x;) xe I Xj jes
JjE JE€

= sup sup inf o (pr;(%))(2)
%eU(Hij)jeJ z€X;
je

=sup sup inf o;%(2)
Jj€J U eU(X)) zeX;

= supr(X]) O
jeJ

4.3.20 Corollary (Tychonoff in Top) The product of a family of topological spaces
is compact if and only if each factor space is compact.

4.3.21 Corollary (Met) The product (in Met) of a finite family of metric spaces is
totally bounded if and only if each factor space is totally bounded and the product of
an arbitrary family of metric spaces (in App) is 0-compact if and only if all spaces
are totally bounded.
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n
4.3.22 Proposition If X is an approach space and if X = |J Xy, then
k=1

Xc(X) = max x.(X).

1<k<n

Proof Put Uy :={% € U(X) | Xy € %}, then U(X) = U;_,Uy. Further, for any
W e Uplet k) ={U €% |UC Xy}thenforanyk =1,...,n

sup inf A% (x) < sup inf sup O(x,A)= sup inf sup 8(x,A) = x.(Xi)

U eV xeX U €Uy xeX, AcU (k) U €Uy xeX, AcU
and hence
X(X) = sup sup inf A% (x) < supxC(Xk) O
k=1%eUy xeX k=

Note that the inequality in the foregoing result is strict in general, as is easily seen
already from the topological case.

We now consider the following ultrafilter spaces (see 1.2.63) where we have
simplified the notation somewhat because here we are dealing with a special case.
Fix a set X and an ultrafilter %7 on X. Take o ¢ X, let X9, := X U {®} and put
U the ultrafilter on X, generated by % . The following defines a topology on X ¢, :
the only convergent ultrafilters are the point filters, which converge to their defining
points and the filter %, which converges to @. The approach space generated by this
topology has as limit operator (on ultrafilters)

A%”I/(x) |0 V' =xor(V =Uand x = w)
" | all other cases,

and as distance

5%(x A) = 0 xeAor(A e %,andx = ®)
’ o all other cases.

This gives a special (even topological) case of the filter spaces considered in 1.2.63
where the underlying set is X4, the filter % is %, and the function f is identically
zero. In 1.2.36 the limit operator was denoted A%, 0)-

In the following few results we put A := {(x,x) € X x X9 | x € X}.

4.3.23 Theorem If f : X —> X' is a function between approach spaces, then
Xp(f) =sup{x..(f x12) | Z € App} = sup{x..(f x 12) | Z € Top}.

Proof Obviously we only need to show two inequalities. Let Z be an arbitrary
approach space and consider the map f x 1z : X x Z —> X’ x Z. We denote the
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structures on the domain of f x 1z by a superscript d and those on the range by a
superscript r. First, for any ultrafilter %7 € U(X x Z) and (x', z) € X' x Z we have

fxlzQ%)(x',2)= inf A% (x,z)
xef~1(x)

= inf  Axpri%Z (x) V Azpr, % (z)
xef~lx)

= fQxpr () V 12(Azpry ) (2)

< Qe (for, 2 + 2, (M) V Az zpey2)(2) + 1, (12))
< A (pry(f X 1z220) () v Az(pry(f X 122 + %, (f)
=V f X 12 2) + 2, ().

Consequently, if A € X x Z and (x’, z) € X’ x Z it follows that

inf  8%(x, 2), A)
xef1(x")

inf inf A% (x,2)
xef~1(x") % eU(A)

inf  fx1;Q0%%) (X', 2)
U cU(A)

SN XD )

fx 126D, 2)

IA

< inf A (x,
- WeU(}nxlz(A)) @2+ 2, ()

= 5‘;“><12(A)(x/, 7))+ Xp(f)

which proves that ., (f X 1z) < x,(f) and hence by arbitrariness of Z € App that

sup{) . (f x 1z) | Z € App} < x,(f).
Now consider an ultrafilter 7 € U(X), the associated ultrafilter space X4, and
the function

leX%:XXX@/—>X/XX%.

Forany set U C X weput Uy := (U x U) N A. Let %4 be the ultrafilter on X x X,
generated by the sets U for U € % . By 4.2.9 we have

sup f X 1xg, (8 ) S AT(f X Ly (Un)) + Xeo(f X 1xy,).
Ue%

Claim 1: ¥x' € X', A"(f X lx,, (Za)(x',0) = Ax f(%)(x). From the
characterization of product limit in 1.3.12 we obtain
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AT X Axo W) (X, ) = Ay f( )XY v AY U ()
= Ay f(U)(X).

Claim 2:¥x' € X', f(xW)(x') = supyeq f X 1x4, (85 )(x', ®). Indeed

sup f x lx,, (53A)(x/, ®) = sup inf Sfl,A(x, ).

Ue¥ Uew xef~1(x")
Now by 1.3.17
SgA (x, ) = sup min max{dx(x, pryP), 502/((0, pry,, P)}

PeR(Up) PeP

where we recall that R(U,) is the set of all finite partitions of U,. Now from any
such partition exactly one element belongs to the ultrafilter %/, and for all other
elements 6% (o, pry,, P) = e. Moreover, if V € % then 5% (w, pry,, Va) = 0.
Hence the expression reduces to

80 (x,0)= sup  Sx(x, W)
We% ,WCU

= )Lx%(x).
Consequently, substituting gives
sup f x 1x,, (8§ V(. @) = sup  inf Ax%(x)

Ue¥ Ue? xef~1(x)
sup f(Ax%)(x")

Uew

FOxU) ().

Finally, substituting the result of both claims in the inequality preceding the first
claim gives

FOXU) ) < Axr FU)X) + Koo (f X 1xg,)

which by 4.2.23 proves that x ,(f) < sup{x..(f x 1z) | Z € Top}. O

4.3.24 Corollary (Top) A function f : X —> X' between topological spaces is
proper if and only if for any topological space Z themap f x 17 : XxZ — X'x Z
is closed.

The inequality in the following lemma is actually an equality as we will show in
4.3.34.


http://dx.doi.org/10.1007/978-1-4471-6485-2_1

172 4 Index Analysis

4.3.25 Lemma Consider a one-point space P and the unique morphismm : X —>
P. Then

2(X) < 2,(m)

and in particular, if 7 is proper then X is 0-compact.

Proof Let 7/ be an ultrafilter on X and consider the diagram below, where i is the
canonical isomorphism.

pra
X xXgyy — Xo

”Xlx%i /
1

PXX?/

Then by the foregoing theorem

%ce(pr2) = %ce(n X IX%) = Xp(n)-

This implies that

g

Py (82)(@) < 87 4)(®) + X (Pr2) < 87 ) (@) + 1, ().
For the righthand side, since X € %, we clearly have

6%

) (©) = 5% (w, X) = 0.

We now calculate the lefthand side.
pry(0a) (@) = inf da(x,y)

(x,y)€(pry) ()

= inf 04 (x, ®)
xeX

=inf inf A7 (x, )
xeX ¥eU(A)

=inf inf Axpr, ¥ )V AZpr, ¥V (o).
ot xpr; 7 (x) pr, V()

Note that the only way l%prf//(w) can be different from oo (and then necessarily
equal to 0) is if pr, ¥ = %4. This happens precisely when ¥ = %, where % is
the filter generated by {(U x U) N A | U € % }. Hence we find that

pry(04) (@) = inf Axpr;Za(x) = inf Ax% (x).
xeX xeX
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Thus infyex Ax% (x) < x » (), and the result now follows from the arbitrariness of
. O

4.3.26 Lemma If % is a filter on X and A C X, then

inf sup 8(x,U) < sup inf 8(x, U) + x.(A).
XeA Ue? UGOZ/XEA

Proof Suppose that supy;c, infrea 8(x, U) < y where ¥ < oo. Then this implies
that {UY N A | U e %)} generates a filter .# on A and since by 4.3.1,
infyes . # (x) < x.(A) it follows that, for any € > 0, there exists x € A such
that

sup 8(x,U) < sup 8(x, U +y
Uew Ue?%

<
=x(A)+e+y

which by the arbitrariness of € and y proves the lemma. O

4.3.27 Theorem If f : X —> X' is a function between approach spaces, then

Xee (F)V sup 2. (f 7)) < 2, () < Koo (F) + sup g (f 7' (xX)).

x'eX’ x'eX’
Proof Let % € U(X) and x" € X', then by the foregoing lemma
fA%)x)= inf sup &(x,U)

xef~layew

< sup inf 5(x,U)+xC(f_1(X/))
Ue xef~1 (")

= sup f(Sp)(x) + x.(f 1))
Ue¥

< sup 8y () + Lee () + 2071
Ue

< VPO + 2eeD) + sup 2 (F71067)

which by 4.2.23 proves the inequality on the right.
That y ., (f) < xp(f) was shown in 4.2.25 and by 4.2.27 and 4.3.25 we have

sup 2. (f ') < sup x,(fip-10n) < 2,()
x'eX’

x'eX’

which proves the inequality on the left. O
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In order to see that the two expressions on the extreme sides of the inequalities
in the foregoing result can indeed be different it suffices to give an example where
the two quantities appearing in the expressions are neither zero nor infinite. The
following provides such an example.

4.3.28 Example Let B3 and B; be the closed balls in /% with radii respectively 3
and 1. We consider /> to be equipped with its natural metric approach structure and
consider the following function:

7B B 0 X € By,
B3 — B x>
3(r— ) x € B3\ Bi.

Then sup,p, xc(f_l(y)) = X.(B1) = 1 and a tedious calculation considering all
possible cases shows that y ., (f) = 4.

4.3.29 Corollary For a function f : X —> X' between approach spaces the fol-
lowing are equivalent.
1. f is a proper contraction.
2. f is a closed expansion and a contraction and for each x' € X', f~1(x') is
0-compact.

3. foreach % € UX): f(AU) = A f(%).
The following result answers the question which was left open in 2.2.9.

4.3.30 Corollary (Top) If X and X' are topological spaces and f : X —> X' is
a function, then f is proper if and only if it is a proper contraction between the
associated approach spaces.

4.3.31 Corollary (Top) A function f : X —> X' between topological spaces is
proper if and only if it is closed and has compact fibres.

4.3.32 Theorem If f : X —> Y is a surjective function between approach spaces,
then

2eX) < 20 + 1, ().
Proof This follows from

Xc(X)= sup inf A% (x)
U eU(X) xeX
= sup inf inf AZ(x)
U eU(X) yeY xef~1(y)

= sup inf fFAZ)(y)
U eU(X) yeY
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= sup inf A f(%)(y)+ 2p(f)
U eU(X) ye¥

sup inf A" (y) + x,(f) = x.(¥) + x,(f). O
#eUY) yeY

IA

4.3.33 Corollary (Top) If f : X —> Y is a surjective and proper function between
topological spaces and Y is compact, then X is compact.

4.3.34 Theorem For an approach space X, any one-point space P and the unique
morphism T : X —> P we have

Xe(X) = x,(m).
Proof Since m : X —> P is a closed expansion this follows from 4.3.27. O

4.3.35 Proposition If f : X —> X' is a function between approach spaces and
B C X/, then
X (7B < 1. (B)+ 1,(f)-

Proof Consider the diagram

St
f—l(B) !ﬁ) B L> P.

\_/

p=nof] -1
Then it follows from 4.3.34 that

X (7N B) =2,
=X,(fly-18) + X (@
< %,(F) + x.(B). O

4.3.36 Corollary If f : X — Y is a proper contraction between approach spaces,
and B C Y is 0-compact, then also f~'(B) is 0-compact.

4.3.37 Corollary An approach space X is 0-compact if and only if for any one-point
space P the unique morphism w : X — P is a proper contraction.

This result proves that the concept of 0-compactness coincides with .% -compact-
ness in the sense of Clementino et al. (2003).

4.3.38 Theorem (Kuratowski-Mréwka) For any approach space X

Xe(X) =sup{) . (prz) | Z € App.pry : X X Z — Z}
=sup{X..(prz) | Z € Top,pry : X x Z — Z}.
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In particular, an approach space X is 0-compact if and only if for any approach
space (respectively any topological space) Z the projectionpry : X x Z — Z is
closed expansive.

Proof Let P be a one-point space and for any space Z consider the commutative
diagram

pr
XxZ —2=7

|

PxZ

where i is the evident isomorphism. Then the result now follows immediately from
4.3.23 and 4.3.34. O

4.3.39 Corollary (Kuratowski-Mréwka in Top) A fopological space X is compact
if and only if for any topological space Z the projectionpry : X X Z — Z is closed.

In 3.5.9 and 4.3.13 we have seen that as far as completeness and total boundedness
are concerned, when these properties are considered independently only one-sided
implications are possible for the properties with respect to the various structures
involved. When combined, however, we obtain the following result.

4.3.40 Proposition If X is a uniform approach space, then the following properties
are equivalent.

1. (X, Js) is compact.
2. X is complete and 0-compact.

Proof 1 = 2.Let & be a symmetric gauge basis for X. If (X, J5) is compact, then
(X, % (2)) is complete and it follows from 3.5.9 that (X, J) is complete. Further-
more it then follows from 4.3.15 that x.(X) = 0.

2 = 1. Conversely, if % is an ultrafilter on X it follows from the fact that
X.(X) = 0 that % is a Cauchy filter. From the completeness of (X, d) it then
follows that % converges. Hence, (X, J5) is compact. O

In the sequel we will also require indices of other forms of compactness. We will
not make an equally extensive study of these various alternatives as we did for the
index of compactness, but since we will require some of them later on we introduce
them here and give some basic properties.

4.3.41 Definition (Index of relative compactness) Given an approach space X and
a subset A C X, we define the index of relative compactness of A (with respect to
X) as

Xrc(A) = sup inf o.F (x)
FeF(A) xeX
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In precisely the same way as for the index of compactness we can then prove the
following theorem .

4.3.42 Theorem For any approach space X and subset A C X, we have

Xre(A) = sup inf a?% (x)
% eU(A) xeX
= sup inf A% (x)
U cU(A) xeX
= sup inf sup inf @(x)(2)
oe [ B(x) ye2®) zeA xey

xeX

= sup inf supinf @(x)(x,z)
e X Ye2(X) z€A xey

where (#B(x))xex is a basis for the approach system and F¢ is a basis for the gauge.
Proof This is analogous to 4.3.2 and we leave this to the reader. O
4.3.43 Proposition The index of relative compactness ¥, is (1, x.)-layered.

Proof This follows from 4.2.1, 4.1.5 and the definition of y,... O

4.3.44 Proposition (Top) If (X, 8.7) is a topological approach space and A C X,
then the following properties hold.

1. If A is relatively compact in (X, T) we have x,.(A) = 0.
2. If (X, ) is moreover regular and ¥, .(A) = 0 then A is relatively compact.

Proof If A is relatively compact then since an ultrafilter on A is also an ultrafilter on
A it follows at once from the definitions that y,.(A) = 0.

Conversely, if 7/ is an ultrafilter on A it follows that there exists an ultrafilter %
on A such that the filter % generated by the closures of elements of # is coarser than
7 . Indeed, suppose not, then it follows that for any ultrafilter " on A there exists
Wy € # such that Wy, ¢ % . From 1.1.4 it then follows that we can find a finite
number of ultrafilters #;, k = 1,...,n on A such that A C UZ:] Wy and hence
A C U}_ Wy, Since A € % this would imply that there is a k such that Wy, € %
which is a contradiction. Hence take an ultrafilter % on A such that % C % . Then
it follows from y,.(A) = O that % converges. By regularity also W converges and
hence % converges. O

The regularity in the condition cannot be omitted as shown by the following
example.

4.3.45 Example Consider an infinite set X and a fixed point ¢ € X equipped with
the topology for which a set is open if it either contains the point a or is empty. Take
any other point b € X, then the set A := {a, b} is not relatively compact but since it
is finite we do have that y,..(A) = 0.
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4.3.46 Corollary (Met) If X is a metric approach space, then a subset A C X is
totally bounded if and only if . .(A) = O and itis bounded ifand only if y, .(A) < oo.

Proof This follows from 4.3.42. O

4.3.47 Theorem If f : X —> X' is a function between approach spaces and
A C X, then
Xre(f(A)) = X (A) + x(f)

and in particular if f is a contraction and A is O-relatively compact, then f(A) is
0-relatively compact.

Proof This is analogous to 4.3.17 and we leave this to the reader. O

4.3.48 Corollary (Top) The continuous image of a relatively compact set is rela-
tively compact.

The index of relative compactness has an interesting advantage over the index of
compactness.

4.3.49 Proposition If X is an approach space and A € B C X, then ,.(A) <
ch (B) .

Proof This follows from the definition. O

Furthermore, analogously to 4.3.22 we have the following stronger result.
n
4.3.50 Proposition If X is an approach space and X = |J Xy, then
k=1
Xre(X) = max ¥, (Xi).
Proof This is analogous to 4.3.22 and we leave this to the reader. O

We put S(X) for the set of all sequences in X.

4.3.51 Definition (Index of sequential compactness) Given an approach space X
we define the index of sequential compactness as

Xse(X):= sup inf inf A((xg,)n)(x)
(xn)n€S(X) kT xeX

4.3.52 Proposition The index of sequential compactness . is (1, x.)-layered.
Proof This follows from 4.2.1, 4.1.5 and the definition of ... O

4.3.53 Proposition (Top, Met) A topological approach space is 0-sequentially
compact if and only if the underlying topology is sequentially compact and a metric
approach space is 0-sequentially compact if and only if the underlying metric is
totally bounded.
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Proof The first claim follows at once from the definition. For the second claim, let
(X, d) be ametric space. To show the only-if part, let (x, ), be an arbitrary sequence,
then it follows from y,.(X) = O that there exists a subsequence (x,),, an index
m and a point x € X such that for all [ > m, d(x,,x) < % From this it follows
immediately that there is a further subsequence (x, (n)), such thatd (x, (n), Xk, (m)) <
1 for alln, m € N. Now consider this sequence and reason exactly in the same way to
obtain a further subsequence (Xi, ok, (n))n Such that d (xg, oks (1) s Xkjoky (m)) = % for all
n, m € N. Continuing this procedure we obtain an infinite sequence of subsequences
of which the diagonal subsequence clearly is a Cauchy sequence. Hence X is totally
bounded.

Conversely, to show the if part, if X is totally bounded then every sequence has a
Cauchy subsequence. Now we only need to note that by 3.5.6, if (y,), is a Cauchy
sequence in (X, d) then inf,cx A {(yu)n)(x) = 0. Hence y,.(X) = 0. |

4.3.54 Theorem If f : X —> X' is a function between approach spaces and
A C X, then

Xse(F(A) = 25c(A) + %)

and in particular if f is a contraction and A is 0-sequentially compact, then f(A)
is 0-sequentially compact.

Proof This is analogous to 4.3.17 and we leave this to the reader. O

4.3.55 Corollary (Top) The continuous image of a sequentially compact set is
sequentially compact.

Since we will require this in the chapter on applications in probability theory, we
also introduce a relative index of sequential compactness.

4.3.56 Definition (Index of relative sequential compactness) Given an approach
space X and a subset A € X we define the index of relative sequential compactness
of A (with respect to X) as

Xrsc(A) := sup inf inf A ({(xg,)n)(x)
(xn)n€S(A) kT xeX

4.3.57 Proposition The index of relative sequential compactness ... is (1, x,.)-
layered.

Proof This follows from 4.2.1, 4.1.5 and the definition of ... O

4.3.58 Proposition (Top, Met) If X is a topological approach space then A C X is
0-relatively sequentially compact if and only if A is relatively sequentially compact
in the underlying topology and if X is a metric approach space then A C X is
0-relatively sequentially compact if and only if A is totally bounded in the underlying
metric.
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Proof The first claim follows immediately from the definition (note that the alleged
convergent subsequence necessarily converges in A).
The proof of the second claim is completely analogous to the proof of 4.3.53. O

4.3.59 Example The same example as4.3.16 does not have an underlying (relatively)
sequentially compact topology but does have y,.(X) = x,,.(X) =0.

4.3.60 Theorem If f : X —> X' is a function between approach spaces and
A C X, then

Xrse(S(A)) = Xpse(A) + x.(F)

and in particular if f is a contraction and A is O-relatively sequentially compact,
then f(A) is O-relatively sequentially compact.

Proof This is analogous to 4.3.17 and we leave this to the reader. O

4.3.61 Corollary (Top) The continuous image of a relatively sequentially compact
set is relatively sequentially compact.

We put F.(X) for the set of all filters on X which have a countable basis.

4.3.62 Definition (Index of countable compactness) Given an approach space X
we define the index of countable compactness of X as

Xee(X) := sup inf a.Z(x)
FeF.(X) xeX

4.3.63 Theorem For any approach space X, we have

Xee(X) = sup inf a((xn)n)(x)
(Xn)n ES(X) xeX

= sup sup inf liminf @ (x)(x,)
€liex Bx) (xn)n€S(X) xeX n—eo

= sup sup inf liminf y(x)(x, x,).
I[/E‘yfx (xn)n€S(X) xeX n—>oo

Proof In order to prove the first equality it is sufficient to note that for any filter .#
with a countable basis we can find a sequence (x,), such that the elementary filter
generated by it is finer than .%. The second equality follows from

sup inf a{(x,),)(x) = sup inf sup liminf @(x,)
(Xn),lES(X) xeX (xn)nes(x) xeX (DE&’?()C) n—>oco
= sup sup inf liminf ¢ (x)(x,)
(Xn)HES(X) (pGHxEX %()C) xeX n—oo

and the third one is an immediate consequence. O
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4.3.64 Proposition The index of countable compactness .. is (1, x.)-layered.
Proof This follows from 4.2.1, 4.1.5 and the definition of .. O

4.3.65 Proposition (Top, Met) A ropological approach space is 0-countably com-
pact if and only if the underlying topology is countably compact and a metric
approach space is 0-countably compact if and only if the underlying metric is totally

bounded.
Proof This follows from the definitions. O

4.3.66 Theorem If f : X — X' is a function between approach spaces and
A C X, then
Xee(F(A)) = Xee(A) + X (f)

and in particular if f is a contraction and A is 0-countably compact, then f(A) is
0-countably compact.

Proof This is analogous to 4.3.17 and we leave this to the reader. O

4.3.67 Corollary (Top) The continuous image of a countably compact set is count-
ably compact.

4.3.68 Definition (Lindelof index) Given an approach space X we define the Lin-
deldfindex of X as

X (X) = sup inf sup inf @(x)(2)
(peﬂxex A (x) Ye2lX] zeX xeY

where 21X stands for the set of countable subsets of X.

We denote the set of all filters on X which have the countable intersection property
by Fe(X).

4.3.69 Theorem For an approach space X we have

x;(X)= sup inf o.F(x).
FeFp(X) xeX

Proof To prove that sup zcf_ (x)infrex 07 (x) > x;(X) suppose that y,(X) # 0
and fix ¢ < x;(X) and ¢ such that infy _;ix) sup,c x infrey @(x)(z) > c. For any
Y € 21X put

By = {z € X|inf ¢(x)(z) > c}
xeY

then By # @ and (), . By, = Bu,v,. Hence #; = {By|Y € 21X} is a basis for a
filter with the countable intersection property. The rest of the proof now goes along
the same lines as the proof of 4.3.2 and we leave this to the reader. O
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4.3.70 Proposition The Lindelof index x; is (1, x.)-layered.
Proof This follows from 4.2.1, 4.1.5 and the definition of ;. O

4.3.71 Corollary (Top, Met) A topological approach space is 0-Lindeldf if and
only if the underlying topology is Lindeldf and a metric approach space (X, 04) is
0-Lindelof if and only if for any € > 0 there exists a countable subset Y C X such
that Uyey By(y, €) = X.

Proof This follows from the definitions. O

Now that we have seen all indices of types of compactnesses we can prove some
relations between them.

4.3.72 Theorem If X is an approach space, then the following properties hold.

1 Yoo (X)) = Y5e (X).

2. Xee(X) = X (X).

3 (X)) = x.(X).

4. If X is locally countable, then the indices of countable compactness and of
sequential compactness coincide.

Proof We leave 1, 2 and 3 to the reader. As for 4 suppose that for each x € X,
AB(x) = {@, | n € N} is a countable basis for the approach system and let (x,), be
an arbitrary sequence. It follows from 1.2.69 that

0 ((xn)n)(x) = sup sup infl Om (Xn).
m | nz

From this it follows that, given € > 0, we can then find £ 1 such that for all / € N,
@ (xg,) < 0{(xp)n)(x) + €. Now it is easily deduced that

)v((xk,, M) (x) < o{(xp)n) (x) + 2€.
Since this holds for any sequence, any x € X and any € > 0 it follows

Xse(X) = sup inf inf A ((xg,)n)(x)
(xn)n€S(X) kt xeX
< a{(xp)n)(x)

< sup inf a((xn)n)(x) = XCC(X) o
(Xn)nes(x) xeX

4.3.73 Corollary (Top) In a topological space a sequentially compact or compact
set is countably compact, a compact set is Lindelof and if the space is first countable
then countable compactness and sequential compactness coincide.
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4.3.74 Theorem For an approach space X we have

XCC(X) Vv XI(X) = XC(X) = XCC(X) + XI(X)

Proof The first inequality follows at once from the foregoing result. As to the second
one, suppose that 0 < € < y,.(X). Then it follows from the definition of ). that
there exists a filter .# such that

VyeX,3dy € 9,3Fy € F,Vx € Fy :dy(y,x) > x.(X) — ¢

and consequently it follows from the definition of ), that there exists a countable set
Y C X such that

Vxe X,y el dy(y,x) <y, (X)+e.

Now consider the filter J# C % generated by the set {F, | y € Y} then it follows
from the definition of ) .. that there exists an xo € X such that

sup sup inf d(xp,1) < x..(X) + €
deq yeytEFy

and thus there exists yg € Y such that dy,(yo, x0) < x;(X) + €. Then it follow that
there exist zg € Fy, such that dy;(x0, 20) < X..(X) + 2¢. All together this implies
that

Xe(X) — € < dy,(yo, z0)
= dy()(y(), -xO) + dyo(-x01 ZO)
<xX)+e+ . (X)+ 2

which by the arbitrariness of € proves the result. O

4.3.75 Corollary (Top) A topological space is compact if and only if it is countably
compact and Lindelof.

4.3.76 Theorem If f : X — X' is a function between approach spaces and
A C X, then

21(f(A) = x2,(A) + x.(f)
and in particular, if f is a contraction and A is 0-Lindeldf, then f(A) is O-Lindeldf.
Proof This is analogous to 4.3.17 and we leave this to the reader. O

4.3.77 Corollary (Top) The continuous image of a Lindeldf space is Lindelof.
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4.4 Local Compactness Index

4.4.1 Definition (Index of local compactness) In topological spaces, local com-
pactness can be characterized by stating that any convergent filter contains a com-
pact set. Hence, if X is an approach space and .# is a filter on X, then we put
X (F) = Fln; X.(F) and we define the index of local compactness of X as

T

X1c(X) := sup (. (%) 6 inf 1.7 (x))
FeF(X) xeX

If y,.(X) = 0, then we will say that X is 0-locally compact. Note that this index can
also be written as

Xie(X) =min{c | V.F € F(X) : x (F) < inglﬁ(x) + c}.
X€E

4.4.2 Theorem For any approach space X, let (V9(x))g be the neighbourhood
tower, then we have

Xic(X)= sup (x. (%) S inf A% (x))
% eU(X) xeX

= sup (%, (Po(x)) © A¥p(x)(x))

x€X,0>0
= sup (x.(Vp(x)) ©0).
xeX,0>0

Proof To prove the first equality we only need to prove one inequality as the other
one is of course trivial. Let .%# € F(X) and suppose that SUPy cU(x) X (%) e
infyex A% (x)) < o.. Then we have

YU € U(F),Io(U) e U : x (0 (%)) < ingk%(x) + a.
X€E

By 1.1.4 there exists a finite subset Uy € U(#) such that |J o(%) € .%, and
% eUg
then we obtain

x(|J o@) < max 2.(0(%)

% eUg
< max inf A%Z (x) + o
% eUg xeX
< inf max A% (x) + o
xeX % elg

< inf AZ(x) + o
xeX

which proves the remaining inequality.
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For the second equality, from the definition of y,,. it follows that we again only
need to prove one inequality. Consider a filter .# on X and € > 0 such that

0:=inf A%(z) <0+ &€ < oo,
zeX

then it follows that there exists x € X such that ¥y ¢(x) C .%. For this neighbour-
hood filter it is evident that ) .(.%#) < x.(¥p+¢(x)) and further it follows from 1.2.54
that

AVgre(X)(x) <0 + €= in}f(lﬂ(z) + €.
ze

The missing inequality follows.
The third equality follows from the fact that if

& :=min{0 | Y5(x) = V¢, (x)},
then, making use of 1.2.54
Xe(Mo(x) © AP (x)(x) < X (To(x)) © & = X (P&, (x)) © &.

O

4.4.3 Example For Q with the Euclidean topology x,;.(Q) = o and for Q with the
Euclidean metric ;,.(Q) = 0 (see also 4.4.8).

4.4.4 Proposition The index of local compactness y;. is (2, x.)-layered.

Proof Consider spaces U := (X, 0) and V := (X, §’) and fix a filter .# € F(X). It
follows from 4.2.1, 4.3.2 and 4.3.17 that

el P) = 1) + 2e(lyv) and inf ' F (x) < inf AF () + 1. (Lyv).
Interchanging the roles of U and V we similarly have that

Xe(F) < Xe(F) + x.(lvy) and}gglg“(X) =< ;g{l’f(ﬂ +x.(vu),
from which we obtain

| X (F) = (P < x.Quv) V x.(1yy)

and

| inf lf(x) — inf l/ﬁz(x)| < XC(]U\/) VXC(IVU)-
xeX xeX
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From these inequalities it now follows that
| Xc(F) 652?{19()0 = Xe(F) 6;1612 M FZWl=2(x.Auv) v x.(Ave))

which upon taking the suprema over all % € F(X) and invoking 4.1.5, gives us the
required conclusion. O

4.4.5 Theorem If X is an approach space then ;.(X) < x.(X).
Proof This follows from the definitions. O
4.4.6 Corollary (Top) A compact topological space is locally compact.

4.4.7 Proposition (Top) A topological approach space is 0-locally compact if and
only if the underlying topology is locally compact.

Proof This follows from the definitions. O

4.4.8 Proposition (gMet) A quasi-metric approach space is always 0-locally com-
pact.

Proof This follows from the fact that in a quasi-metric space (X, d) for all x € X
and 6 < oo we have y_.(By(x, 0)) < 6. O

4.4.9 Theorem If f : X —> X' is a surjective function between approach spaces,
then

Xie(X) = X1 + % () + Xoe (-
Proof For any % € U(X) by 4.2.1 and 4.2.15 we have

X (f(%))= inf  sup inf A'9'(y)
Uew 9'eU(fU)) yef(U)
= inf sup inf A f(9)(f(x))
Uew 9€UU) xeU

< inf sup inf A9 (x)+ x.(f)

Ue¥ 9€UU) xeU
=XU)+ x.(f).

We now use the variant given after 4.4.2, so let %/’ be an ultrafilter on X’, then it
follows from the inequality we just proved and from 4.2.15 that

wU') = inf w
XU) %eU(%;lfl(%/))x“(f( )

< inf CARP
_%U(f_l(%/))xc( )+ x()

< xc.(X)+ inf inf A% (x) + x.
X1e(X) U A ) +x.(f)



4.4 Local Compactness Index 187

=2.(X)+inf  inf AU (x)+x,
X1c(X) s S Y, ) +2x:()

< 21e(X) + inf NU'(f )+ Xoe () + 2()
= 21X+ inf AU A Yoo () + £ (),

from which the desired inequality follows. O

4.4.10 Corollary (Top) The open continuous image of a locally compact topological
space is locally compact.

4.4.11 Theorem If (X;);c; is a family of approach spaces, then

%lc(HXi) =sup ;. (Xi) v inf sup x.(X;).
icl iel JeaW jer\J

Proof We put X := [],.; Xi. We first prove that

iel

Xie(X) = sup ;. (X;) v inf - sup x.(X;)
iel JeaW jel\J

and hereto suppose that all terms on the right are finite. Fix an arbitrary finite subset
J of I such that SUP;j e\ g X.(X;) is finite. Take % € U(X), x = (x;)ier € X and
€ > 0. Then, forany j € J

Uinfz/ Xeprj U) — Aj(pr; %) (xj) = xo(prj %) — Aj(pr; %) (x;) < sup x;.(Xi),
e ’

iel
so there exists U/ € % such that

X (prj(Uj)) — Aj(pr; %) (xj) < suII)x,C(Xi) + €.

If we now define

U::Hprj(Uj) X H X;

jelJ iel\J

then U € % and, making use of 4.3.19, it follows that

jeJ iel\J

x.U) — A% (x) = (supxc (prj(Uj)) vV sup )(C(Xi)) — A% (x)

= (supxc(prj(Uj)) — l%(x)) \/( sup (lc(Xi) - lﬁi/(x)))

jeJ iel\J

< jlelr; (xc (prj(U/)) — Aj(pr; %)(xj)) v izlgjxc(Xi)
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< (supxlC(Xi) +£) Vv osup x.(X;)
iel iel\J

< (Supm(Xi) V' sup Xc(Xi))+£

iel iel\J

and the result follows from the arbitrariness of %/, x and €.

Second, that sup;¢; x;.(Xi) < x;.(X) is an immediate consequence of 4.4.9 and
of the fact that projections are contractive open expansions.

Finally we prove that

inf sup x.(X;) < x;.(X).
JeaW jen\J

For x € X and € > 0, consider the neighbourhood filters 7% (x) of the tower and
Y (x) = Ve=0¥e(x) of the topological coreflection. Then, by 4.4.2 we have

XIC(X) = Sup sup inf (XC(V) S 8)
xeX e>0 Ve’le(x)

>sup inf y.(V).
xeX Ve¥ (x)

Now take x € X arbitrary and fix € > 0. Then there exists a finite subset J C 1,
dj € ¢, for j € J and y > 0 such that with

Vi={y|VjelJ:dij,y) <v=[]pr; Baxv) x [] Xi
jeJ iel\J

wehave y (V) < x,.(X) + € andhence by 4.3.19 alsosup; ¢ 1\ y X (Xi) =< x;.(X) +
€ which by the arbitrariness of € proves the result. O

Note that one cannot deduce that if a product is 0-locally compact then all but a
finite number of the spaces involved are 0-compact. The best one has is the following
corollary.

4.4.12 Corollary Let (X;);c; be a family of approach spaces. If all the X; are
0-locally compact and all but a finite number of the X; ’s are 0-compact, then [ |, Xi
is 0-locally compact. Conversely, if [ |;c; X; is O-locally compact then all the X;’s are
0-locally compact and all but an at most countable number of X;’s are 0-compact.

For topological spaces however we can deduce the usual result.

4.4.13 Corollary (Top) The product of a family of topological spaces is locally
compact if and only if all the spaces are locally compact and all but a finite number
are compact.
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4.5 Connectedness Index

Our approach to connectedness follows the general theory of connectedness and
disconnectedness in topological categories, as developed by Preuss (1970). For more
information on connectedness concepts we also refer to the work of Arhangel’skii
and Wiegandt in (1975) and of Mréwka and Pervin in (1964).

In order to formulate our definition of an index of connectedness we need some
preliminary concepts.

For each € > 0, we define the space D¢ to be the two-point set {0, e} equipped
with the metric de, where d¢ (0, =) := €. The space D, serves as a prototype for a
disconnected space and the disconnectedness is quantified by the distance between
the points 0 and oo.

4.5.1 Definition (Index of connectedness) An approach space X is called &-
connected if the only contractions from X to D, are constant functions. Given an
approach space X, we then define the index of connectedness of X as

Xen(X) :=inf {€ > 0| X is e-connected}

If X is an approach space which is e-connected and €' > €, then clearly X is
€’-connected. The space D, for example is £’ -connected, for all € > &, but it is not
e-connected. Consequently ., (D¢) = €.

4.5.2 Proposition (Top) A topological approach space is 0-connected if and only
if the underlying topology is connected.

Proof Let (X, ) be a topological space. Suppose that X is not e-connected for
some € > 0. Then there exists a contraction f : X —> D, which is not constant.
Let Xo := f~'({0}) and X.. := f~'({eo}). Then, for any x € X, it follows that
€ < 07 (x, X.) which implies that x ¢ cl#(X). Thus Xg Ncly(X.) = @.
Analogously X Nclg(Xo) = ¥, which proves that both X and X.. are open and
thus (X, .77) is not connected.

Conversely, let X be partitioned into two open sets X and X... Then it is easily
verified that, for any € > 0, the map f : X —> D, defined by f(Xp) := {0} and
f(Xe) 1= {oo} is a contraction. Thus ), (X) = . O

In order to prove our next result we recall that a metric space (X, d) is called
Cantor-connected, Cantor (1883), if, for any € > 0, any two points x,y € X
can be “connected” by a so-called e-chain , i.e. a finite number of points xg =
X,X1,...,Xxp, = ysuchthatforalli € {1,...,n}: d(x;—1, x;) < &.Itis well known
that a space is Cantor-connected if and only if it cannot be partitioned into sets A
and B such that d(A, B) > 0 (see e.g. Herrlich 1986).

4.5.3 Proposition (Met) A metric approach space is 0-connected if and only if the
underlying metric is Cantor-connected.
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Proof Let (X, d) be a metric space. Suppose that X is not €-connected for some
€ > 0. Then there exists a contraction f : X —> D, which is not constant. Let
Xo = f~'({0}) and X.. := f~!({eo}). Then it follows that

d(Xo, Xo) = inf inf d(x,y)
xeXp yeXew

> inf inf de(f(x), f(y) =e&.
VE€Xoo

xeXo

Conversely, let X be partitioned into two sets X and X such thatd (Xg, X«) > €.
Then the map f : X —> Dy, defined by f(Xp) := {0} and f(X.) := {0}, is a
contraction and thus ., (X) > € > 0. |

4.5.4 Example 1f we consider the set of rational numbers Q to be equipped with
the Euclidean topology, then this space is not connected; hence y.,,(Q) = oe. If on
the other hand we consider it to be equipped with the Euclidean metric, then it is
Cantor-connected and ¥, (Q) = 0.

4.5.5 Example 1f we consider the natural numbers N to be equipped with the Euclid-
ean topology, then this space is not connected; hence y ., (N) = oo. If we consider
it to be equipped with the Euclidean metric, then it is also not Cantor-connected but
the index of connectedness is y ., (N) = 1.

An alternative characterization for the index of connectedness is given by the
following result.

4.5.6 Theorem For an approach space X we have

Xen(X) = sup  minj inf 6(x, X \ A), inf O(x, A)}.
Ae2X\{4,X} XeA XeX\A

Proof That X is not e-connected is equivalent with the existence of a non-constant
contraction f : X — Dg. This in turn, however, is equivalent with the existence
of a set A such that A # @, A # X, and such that, forall x € A, 6(x, X \ A) > ¢
and, forallx € X \ A, 6(x, A) > €. O

4.5.7 Proposition The index of connectedness X, is (1, x.)-layered.
Proof This follows from 4.2.1, 4.1.5 and 4.5.6. 0O

We recall that a uniform space, with uniformity generated by a collection & of met-
rics, is said to be uniformly connected (see Mrowka and Pervin 1964, Arhangel’skii
and Wiegandt 1975) if forall A € X,d € 2, and € > 0 such that A # ¢J and
A # X, we have

{reX |80, X\ A) <} [\ {xeX|dux,A) <&} #0.
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4.5.8 Proposition If X is a uniform approach space with symmetric gauge basis 9
which is 0-connected, then (X, % (%)) is uniformly connected.

Proof Suppose that (X, % (¢)) is not uniformly connected and let A C X, d € ¥,
and € > O be such that A # @, A # X, and

{reX|8ux. X\ A) <} [ {reX|bux, A) <e}=0.

Then it follows from 4.5.6 that

Xen(X) = min [ inf sup &,(x, X \ A), inf sup ,(x, A)]

XEA ec¥ xeX\A ec¥
> min § inf §;(x, X \ A), inf &y(x, A)p > €. O
xeA xeX\A

The following example shows that the converse of 4.5.8 does not hold.

4.5.9 Example Let X := Q and let dg stand for the Euclidean metric on X. If we let
¢ .= {odg | o > 0}, then 4 is the topological distance generated by the Euclidean
topology and hence y_,(X) = oo. However, % (¥) is the usual uniformity and,
hence, (X, % (%)) is uniformly connected.

4.5.10 Theorem If f : X — X' is a function between approach spaces and
A C X, then

Xen(F(A)) = Xen(A) + X ()

and inparticular if f is a contraction and A is O-connected, then f (A) is 0-connected.
Proof This follows from 4.2.1 and 4.5.6. O

4.5.11 Corollary (Top, Met) The continuous image of a connected topological
space is connected and the nonexpansive image of a Cantor-connected metric space
is Cantor-connected.

In order to give a product theorem for the index of connectedness we need some
more preliminary results, which are interesting in their own right.

4.5.12 Proposition If X is an approach space and Y € Z C Y© C X then
%cn(z) = %cn(Y) +c.
Proof Let f : Z — D¢, be a contraction. Then consider the composition

fly

Y —— Deyc s D¢

\/

pi=iofly
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where i is the identity. Then since p is a contraction it is constant and thus there
exists p € {0, o} such that f(¥Y) = p(Y) = {p}. Now if there exists z € Z such that
f(z) # pie. 04, . (f(2), {p}) = €+ c then, on the other hand

Ode,. (f(2), {p}) <0(z,Y) <c
which is a contradiction. Hence f is constant. O

If o7 is a collection of subsets of a set X, then o7 is called chained if, for any
pair of sets A, B € o7, there exists a finite collection {Aq, ..., A,} C < such that
Al =A,A,=B,andforalli e {1,...,n—1}: A; NA;j+1 #0.

4.5.13 Proposition If X is an approach space and </ is a chained collection of
subsets of X, then

Xen(|J ) < ASIGJE/M(A)

Proof Suppose that A € 47 is €4-connected and that Y := J <7 is not (sup €4)-
Aed/
connected. Then there exists a subset B C Y such that # #= B # Y and such that if

we let € := sup &4 then
Acd

inf 6(x,Y\ B) > € and inf O(x, B) > €.
X€EB xeY\B

Now suppose that there exists a set A € &7 suchthat A € Band A £ Y \ B. Then
it follows that

inf 8(x,A\B)> inf 8(x,Y\ B) > ¢ > €4,
xeANB XEB
and

inf 6(x,ANB)> inf 6(x,B) > € > €4,
xeA\B xeY\B

which is impossible. Consequently if we let ¥ = {Ae€ /| AC B} and
2 ={Ae | ACY\B} then & = € U Z. Since & is chained, this implies
that either 4 = ¢ or 2 = (. Suppose, for example, that 2 = ). Then &/ = ¢ and
it follows that Y = B which is a contradiction. O

4.5.14 Theorem If (X ;) ey is a family of approach spaces then
X ([ 1 X0 = sup 20, (X ).
jed jeJ

Proof That x.,([] X;) > sup x,,(X;) follows from 4.5.10.

jeJ jeJ
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Conversely, let (zj)jes be a fixed point in the product space [[ X;. For any
jeJ
subset K C J, let

Xk ={(x))jes Vi€ I\ K :x; = z;}.

By induction on the cardinality of K, making use of 4.5.13, one sees that, for any
finite set K, Xk is (sup &)-connected. Now the collection
keK
P .= {Xkg | K C J, Kfinite}

is chained and, hence, it once again follows from 4.5.13 that | J % is (sup £j)-

jeJ
connected. Since |J % is dense in [] X; it follows from 4.5.12 that [] X is
jeJ jeJ
(sup €;)-connected. O

jeJ

4.5.15 Corollary (Top) The product of a family of topological spaces is connected
if and only if each factor space is connected.

4.5.16 Corollary (Met) The product of a finite family of metric spaces is Cantor-
connected if and only if each space is Cantor-connected and an arbitrary product of
metric spaces (in App) is 0-connected if and only if each space is Cantor-connected.

4.5.17 Example 1f we consider the Cantor set C to be equipped with the Euclidean
topology, then it is not connected and hence x.(C) = oo. If we consider it to be
equipped with the Euclidean metric, then it is also not Cantor-connected and it is
easily seen that ., (C) = % If, however, we identify the Cantor set with the product
{0, 1} and equip {0, 1} with the Euclidean metric, then we can also equip C with

the product distance. In that case, by 4.5.14, we have ., (C) = sup x., ({0, 1}) = 1.
neN
There is no contradiction in this result. The Cantor set can topologically be described

in two homeomorphic ways. Both are also naturally derived from approach structures,
however these approach structures, although having homeomorphic underlying
topologies are not isomorphic and hence there is no reason why the indices of con-
nectedness should coincide.

4.6 Comments

1. Limit and adherence operator in the literature

There are many traces of numerical indices to be found in the literature. Let us give
two examples concerning the basic concepts of limit operator (index of convergence)
and adherence operator (index of adherence).
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Opial’s condition plays an important role in the study of convergence of iterates
of nonexpansive mappings and of the asymptotic behaviour of nonlinear semigroups
(see e.g. Lami Dozo 1973; Karlovitz 1976; Kuczumow 1985; Opial 1967; Gornicki
1991). This condition says that if a sequence (x,), in a normed space converges
weakly to x then liminf,, ||x —x, | < liminf, ||y —x,|| forevery y # x orequivalently
limsup,, [|x — x,|| < limsup, ||y — x,|| for every y # x but the first condition is
nothing else than saying that x is the unique point where o || ((x,),)(-) attains its
minimal value and the second one is nothing else than saying that x is the unique
point where A | ((x,)n)(-) attains its minimal value, i.e. a unique asymptotic center.
All Hilbert spaces satisfy Opial’s condition as do all spaces [” for | < p < e and
any infinite dimensional Banach space admits a renorming such that the new norm
satisfies Opial’s condition (see e.g. Kirk and Sims 2001).

In Brezis and Lieb (1983) it is proved that if ( f;,), is a sequence of L”-uniformly
bounded functions on a measure space, and if f, — f almost everywhere, then
liminf, || fu|l, = liminf, || f, — fll, + I £l , which says that

op ((fi)n)(0) = 0 ((f)n) () + I1f 1l p

and this is a strengthening in a special case of the general result on limit and adherence
operators in 1.2.70.

2. Near-isometries and the index of contractivity in the literature

The idea of measuring the deviation which maps have from being either contractive
or expansive, or both, in metric spaces is not new and goes back to work of Hyers
and Ulam (1945, 1947), Bourgin (1946). A survey is given in the paper by Viisild
(2002). There are many links with concepts introduced in the literature in various
areas. In Edwards (1975) amap f : X — Y between metric spaces is called
an g-isometry if for all x, y € X we have |d(f(x), f(y)) —d(x, y)| < &. If the
map f is a bijection then it is easily seen that this is equivalent to y.(f) < € and
Xoe(f) = Xee(f) < €. The same concept was later re-defined in Alestalo et al.
(2001) and in Mémoli (2008). There the above concept is referred to as being an
€-nearisometry and the quantity dist(f) := sup, ,cx ld(f(x), f(y) —d(x, y)| is
referred to as the distortion of f. For an arbitrary function dist(f) < & implies
X.(f) < € and for a bijection dist(f) = ¥ .(f) V Xpe(f) = X () V X ().

Near- or e-isometries encompass as special cases also the so-called guasi-
isometries which are used in geometric group theory, see e.g. de la Harpe (2000).
In particular we mention the Gromov program to study quasi-isometric invariants of
groups via their actions on metric spaces.

In a paper by Colebunders et al. (2014) the notion of index of contractivity, there
called default, was also used.

3. Measures of noncompactness in the literature

There is a vast literature on “measures of noncompactness” and their use in various
areas of mathematics such as operator theory, functional equations, approximation
theory and fixpoint theory. We refer to Akhmerov et al. (1992), Banas$ (1997), Bana$
and Goebel (1980), Benavides (1986), de Malafosse and Rakocevi¢ (2006), de Pagter


http://dx.doi.org/10.1007/978-1-4471-6485-2_1

4.6 Comments 195

and Schep (1988), Horvath (1985), In-Sook and Martin (2007), Malkowsky and
Rakocevi¢ (1997, 1998, 2001, Preprint), Wisnicki and Wosko (1996).

4. Small ideals and functional ideal convergence

The attentive reader will have noticed that our treatment of small ideals in order
to arrive at a characterization of the index of compactness via lower regular function
frames shows some resemblance with functional ideals. The treatment could indeed
have been done via the concept of functional ideals but since we only required this
characterization in one section of the applications to hyperspaces we made it entirely
self-contained.

5. Index of relative countable compactness

Although we have not done so, it is perfectly feasible to define a relative version
also of the index of countable compactness. Given an approach space X and a subset
A C X, the index of relative countable compactness of A (with respect to X) would
be X ,c(A) := Sup zcf,(a) infrex @7 (x) and we then have the following alternative
formulas

Xree(X) = sup inf a(x,)(x)
(xn)n€S(A) xeX
= sup sup  inf liminf @(x)(x,)
(pEH);eX %(X) (xn)nES(A) xeX n—oo
= sup  sup inf liminf @(x)(x, x,).
(pe}iﬂx (Xn)nes(A) xeX n—oo

If (X, 8 7) is a topological approach space and A C X then x,..(A) = 0 if and only
if A is relatively countably compact and if (X, §;) is a metric approach space and
A C Xtheny, ..(A) = 0if and only if A is totally bounded. Most alternative indices
of types of compactness were originally introduced in the PhD thesis of Baekeland
(1992), and we refer to that for more information. See also Baekeland and Lowen
(1995).

6. Index of basis-local compactness

Again, although we have not done so, it is possible to define a “basis”-version of
the index of local compactness. A plausible definition, based on the formula in 4.4.2,
would be

Xpie(X) = sup (liminf x.(V)© 6)
xeX,0>0 Ve¥y(x)

where
liminf y.(V):= sup inf X (W)
Vel (x) Vet (x) We¥p(x),WSV

and which can also be written as

Xpie(X) =min{k | Vx € X,V0 > 0: liminf y.(V) <0 +k}.
Velp(x)
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7. Measures of connectedness in the literature

Various other types of measures of connectedness and disconnectedness were
introduced in the paper by Holgate and Sioen (2007) as fixed points of a Galois
connection. In that paper measures of connectedness found in the literature are put in
a general categorical framework. The index of connectedness ¥, fits their general
framework.

Another concept related to Cantor connectedness is that of Lipschitz- and uniform
Lipschitz-connectedness, see Baboolal and Pillay (2009).

8. Topological versus metric properties

In this chapter we have seen that topological properties have remarkable metric
counterparts. Compactness for instance is a topological property which in the case
of a metrizable topological space is closely linked to the metric concept of total
boundedness. But more strikingly, both properties have similar characterizations.
For compactness one starts with arbitrary open covers and for total boundedness one
starts with collections of all balls with an arbitrary fixed radius, and in both cases,
for a space to be respectively compact or totally bounded, one asserts the existence
of a finite sub-collection which still covers the whole space.

A similar situation presents itself for connectedness. Topological connectedness
of aspace X can be characterized by the fact that X cannot be split into two nontrivial
closed parts. Similarly, Cantor-connectedness in metric spaces (introduced by Cantor
in 1883 and extended to the realm of uniform spaces by Mrowka and Pervin in 1964)
is characterized by the fact that the space cannot be split into two nontrivial parts
which lie at a strictly positive distance from each other.

All these similarities become canonical in the setting of index analysis.



Chapter 5
Uniform Gauge Spaces

Science is the attempt to make the chaotic diversity of our sense
experience correspond to a logically uniform system of thought.
(Albert Einstein)

As is clear from the foregoing chapters, approach spaces form a local theory. A local
theory which, quite contrary to topology or other local theories in the literature,
nevertheless allows for a concept of completeness, which one usually encounters
only in the realm of uniform theories such as uniform or metric spaces, uniform
convergence spaces in the sense of Preuss (2002) and nearness spaces in the sense
of Herrlich (1974b). As we will see in Chap. 6 this “local” version of completeness
also allows for the construction of a completion, which moreover is categorically
well-behaved.

Nevertheless there is also a natural uniform notion of completeness and comple-
tion and in this chapter we will define the appropriate setting hereto. Not surprisingly
this setting is linked to uniform spaces. The category UG which we will construct
is the approach counterpart of Unif in the same way that approach spaces are the
counterpart to topological spaces. Just as was the case for approach spaces here
UG will be a supercategory of both the categories Unif of uniform spaces and uni-
formly continuous maps and of Met (as before with non-expansive maps). Since,
as before, Met will only be concretely coreflectively embedded and not reflectively,
this enlargement will again make it possible to consider arbitrary initial structures of
metric spaces or of metrizable uniform spaces preserving numerical information.

We will also study the relationship between UG and UAp and we will introduce
various natural indices in the setting of UG.

Finally we also consider the non-symmetric variant gUG of UG.
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5.1 The Structures, Objects and Morphisms

Given a set X, a collection 4 € Met(X) and a metric d € Met(X), we will say that
d is dominated by ¢, or that 4 dominates d, if for all € > 0 and @ < oo there exists
ad®?® € & such that

dAw<d¥® +¢.

We will then also say that the family (d%®)g~0, <. dominates d.

Further we will say that a collection of metrics ¢ is saturated, if any metric d
which is dominated by ¢ already belongs to ¥.

In spite of the fact that these concepts are very similar to the analogous concepts
for approach spaces there is a fundamental difference, namely the fact that here we
have inequalities with metrics as functions of two variables, whereas in the case of
approach spaces the analogous inequalities were formulated for localized versions
where the first variable was held constant.

5.1.1 Definition (Uniform gauge) A subset ¢ of Met(X) is called a uniform gauge
if it is an ideal in Met(X) which fulfils the following property.

(UG1) ¥ is saturated.

As was the case for approach spaces, here too, it regularly happens that one has a
collection of metrics which would be a natural candidate to form a uniform gauge
but not all conditions are fulfilled. The following type of collection will often be
encountered. We recall that a subset .77 of Met(X) is an ideal basis in Met(X) if for
any d, e € J there exists ¢ € 77 such thatd Ve < c.

5.1.2 Definition A subset 7 of Met(X) is called a uniform gauge basis if it is an
ideal basis in Met(X).

By definition, a uniform gauge is also a uniform gauge basis, and similarly to the
situation for approach spaces, here, too, any result shown to hold for uniform gauge
bases will also hold for uniform gauges.

In order to derive the uniform gauge from a uniform gauge basis we will require
a saturation operation which is similar to the local one for approach systems and
gauges. Given a subset 2 C Met(X) we define

2 :=1{d € Met(X) | 2 dominates d}.

We call Z the (uniform) saturation of 9.

5.1.3 Definition An ideal basis 77" in Met(X) is called a basis for a uniform gauge
G if 7 = 4. In this case we also say that .7 generates ¢4 or that ¥ is generated by
H.
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5.1.4 Proposition If 77 is a uniform gauge basis, then Hisa uniform gauge with
J as basis and if I is a basis for a uniform gauge ¢, then it is a uniform gauge
basis.

Proof This is analogous to 1.1.16 and we leave this to the reader. O

5.1.5 Definition A pair (X, ¢) where ¢ is a uniform gauge on X is called a uniform
gauge space or shortly a UG-space.

Note that this terminology differs from the one used in Lowen and Windels (1998).
The associated morphisms are defined in the same way as the characterization of
morphisms with gauges in the approach case.

5.1.6 Definition Let (X, ¥)and (X', ¢4’) be uniform gauge spacesandlet f : X —>
X’ be a function. Then f is called a uniform contraction if

Vde¥ :do(fxf)ed.

From the saturation condition it is easily seen that this is equivalent to the statement
that
Vd e 9' Ve > 0,Vo <o0,FecbG:do(f x fYAw <e-+E&.

There is no contradiction in the fact that contractions and uniform contractions
are defined in precisely the same way. The difference lies in the different saturation
conditions for gauges and uniform gauges.

Uniform gauge spaces and uniform contractions form a category which we denote
UG.

5.1.7 Theorem UG is a topological category.
Proof This goes along the same lines as 1.3.9. In particular given uniform gauge
spaces (X ) jes, consider the source

(fj: X — Xj)jey

in UG. If, for each j € J, JZ] is a basis for the uniform gauge of X ;, then a basis for
the initial uniform gauge on X is given by

ﬁip::{supdjo(fjij)|K€2(J),VjeK:dj€ﬁfj]. o
JjeK

Just as uniformities defined by entourages are equivalent to uniformities defined
by gauges (called uniform structures in Gillman and Jerison 1976), so are uniform
gauges equivalent to towers of semi-uniformities in a way similar to the equivalence

between towers and gauges in the first chapter.

5.1.8 Definition (Uniform tower) Let X be a set. A family of filters (%;)g¢cr+ On
X x X is called a uniform tower (on X) if it fulfils the following properties.
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(UT1) Ve e RT, YU € % : Ax C U.
(UT2) Ve e RT, YU € % : U~ € %,
(UT3) Ve, & € RY 1 U o Uer D Upyer.
(UT4) Ve e RT : % = U yop Yo

Thus, a uniform tower is a family of semi-uniformities satisfying (UT3) and (UT4).
We recall that a semi-uniformity on X is a filter on X x X such that all members
of the filter contain the diagonal and such that with every U in the filter also U ™!
belongs to the filter. Also note that by (UT3), % is actually a uniformity.

5.1.9 Theorem (UT = UG) If (%)ccr+ is a uniform tower on X, then
G :={d € Met(X) |Ve e RT,Vae > £ : {d < o} € U}

is a uniform gauge and for any €, U is generated by {{d < a} |d € 4, o > €}.

Proof We only verify that ¢ is saturated, i.e. that it fulfils (UG1), leaving the remain-
ing points to the reader. Let e be a metric such that for all ® < oo and € > 0 there
exists d € 4 such thate A @ < d + €. Take 0 and o > 0 fixed and choose @ > o
and € := o — 6. Now considering d € ¢ as above we find that

w<9+;gk<a}

and hence {¢e < a} € %p which, by the arbitrariness of o and 6 proves that
ecY. O

5.1.10 Theorem (UG = UT) If ¥ is a uniform gauge on X, then the family
(Ue)ecr+, where for every € € RT, %, is the semi-uniformity generated by

{d<oal|de¥, o> ¢}
is a uniform tower and 9 = {d € Met(X) | Ve e RT Yo > € : {d < a} € U).
Proof We only prove that (UT3) holds, again leaving the remaining points to the

reader. Fixd € ¢4, €1, &, ¢ Rt andtake a > €1 + &. Now if oy > & and o > &
are such that a; + oo = o, we have

{d<o}old <m}C{d< a}. O

5.1.11 Theorem If f : X —> X' is a function between uniform gauge spaces then,
in terms of the associated uniform towers, it is a uniform contraction if and only if
f (X, %) — (X', %) is uniformly continuous for each € € R,

Proof This is analogous to 1.3.3 and we leave this to the reader. O
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5.2 Embedding Unif and Met in UG

Given a uniform space (X, % ), we associate with it a natural uniform gauge space by
simply taking as uniform gauge the collection of all uniformly continuous metrics.

5.2.1 Proposition (Unif) If (X, %) is a uniform space, then the collection 9y of all
uniformly continuous metrics is a uniform gauge and the associated uniform tower
is (U = U )eer+-

Proof The collection ¢, of all uniformly continuous metrics for %/ is an ideal which
satisfies the condition that if e is a metric and

Ve > 0,36 >0,3d € 9y : {d <6} C {e < €}

then e € ¥ (Gillman and Jerison 1976). Clearly this implies that ¢, satisfies
(UG1) i.e. that it is saturated according to Definition 5.1.1. The second claim follows
immediately from the fact that if d is a uniformly continuous metric then so is ad
forany 0 < ¢ < oo. O

5.2.2 Definition A uniform gauge space of type (X, ¥4, ), for some uniformity %
on X, is called a uniform gauge space or somewhat less unfortunate, a uniform
UG-space.

It is evident that if (X, %) and (X', %) are uniform spaces and f : X — X’
is uniformly continuous then for any uniformly continuous metric d on X’ we have
thatd o (f x f) is a uniformly continuous metric on X. Hence we immediately have
that there is a concrete functor from Unif to UG which takes (X, %) to (X, ¥, ) and
which is a full embedding of Unif into UG.

As was the case for Top in App, here too we can show that the above embedding
is both concretely reflective and concretely coreflective.

5.2.3 Theorem Unif is embedded as a concretely reflective subcategory of UG.

Proof Tt follows at once from the characterization of initial structures in UG in 5.1.7
that uniform UG-spaces are closed under the formation of initial structures. Hence
Unif is concretely reflectively embedded in UG. O

5.2.4 Corollary Unif is closed under the formation of limits and initial structures
in UG. In particular, a product in UG of a family of uniform spaces is uniform and,
likewise, a subspace in UG of a uniform space is a uniform space.

As was the case for App, the Unif-reflection of a UG-space is not particularly
interesting, hence we do not describe it here.

5.2.5 Proposition If (X, ¥) is a uniform gauge space, then the collection

UG ={UCXxX|3&>0,3de¥:{d <e} CU}
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is a uniformity on X. This uniformity also is simply the uniformity generated by the
collection of metrics 4 and it is also % in the associated tower.

Proof See e.g. Gillman and Jerison (1976). O

5.2.6 Theorem Unif is embedded as a concretely coreflective subcategory of UG.
For any uniform gauge space (X, ), its Unif-coreflection is determined by Gy ).

Proof That 1x : (X, 9 ) —> (X, %) is a uniform contraction follows at once
from the observation that &4 C 9y, . Suppose that (Y, J#) is a uniform UG-space
and that

f: Y, ) — (X,9)

is a uniform contraction, then it immediately follows that
[ U) — (X, %(9))
is uniformly continuous and hence that
[, ) — (X, 99))
is a uniform contraction. O

5.2.7 Corollary Unif is closed under the formation of colimits and final structures
in UG. In particular, a coproduct in UG of a family of uniform spaces is a uniform
space and, likewise, a quotient in UG of a uniform space is a uniform space.

5.2.8 Proposition (Unif) A uniform gauge space (X, ) is a uniform UG-space if

and only if 9 satisfies the stronger uniform saturation condition which says that if e
is a metric and

Ve>0,36 >0,3d €9 : {d < 6} C{e < ¢}

thene € 4.
Proof This follows from the definitions (see also Gillman and Jerison 1976). O

Given a metric space (X, d), we associate with it a natural uniform gauge space
in exactly the same way as for App.

5.2.9 Proposition If (X, d) is a metric space, then the collection
9y .= {e € Met(X) | e < d}

is a uniform gauge.

Proof This follows from the definitions. O
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Metric spaces thus have three different forms, as a metric space, as a uniform
approach space or as a uniform gauge space, and in the last two cases the gauge and
uniform gauge are exactly the same.

5.2.10 Definition A uniform gauge space of type (X, ¥;), for some metric d on X,
is called a metric uniform gauge space or shortly a metric UG-space.

If (X, d) and (X', d’) are metric spaces and f : X —> X’ is non-expansive then for
any metric ¢’ < d’ on X’ we obviously have that ¢’ o (f x f) < d. Hence there is a
concrete functor from Met to UG which takes (X, d) to (X, ¢;) and which is a full
embedding of Met in UG.

Given a uniform gauge space (X, ¥) we define the metric

dg :=sup¥.

5.2.11 Theorem Met is embedded as a concretely coreflective subcategory of UG.
For any uniform gauge space (X, %9), its Met-coreflection is determined by 9.,.

Proof That 1x : (X,%;,) — (X,%¥) is a uniform contraction follows from the
fact that for any d € ¢ we have d < dy. Now suppose that (Y, d) is a metric space
and that

f: X, %) — (X,9

is a uniform contraction. Then for all ¢ € & we have e o (f X f) < d and hence
also dy o (f x f) < d which proves that

f : (Y7 gd) — (X7 gdg)
is also a uniform contraction. O

5.2.12 Proposition (Met) A uniform gauge space (X, ) is a metric uniform gauge
space if and only if 4 satisfies any of the following equivalent properties.

1. sup¥ € 9.
2. 9 is closed under the formation of arbitrary suprema.

Proof In one direction this follows immediately from the definition of a metric UG-
space and in the other direction it suffices to remark that given a uniform gauge ¢,
sup ¢ is a metric. O

Just as in the case of App, Met is not embedded reflectively in UG. In particular
it is not stable under the formation of infinite products. Taking an infinite product
of metric uniform gauge spaces in UG, provides the underlying product set with a
uniform gauge structure which, in general, is neither metric nor uniform but which
has as uniform coreflection precisely the product uniformity of the uniformities
underlying the metrics. More precisely we have the following theorem.
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5.2.13 Theorem Any uniform gauge space (X, %) is a subspace of a product of
metric spaces in UG, i.e. UG is the epireflective hull of the subcategory of metric
uniform gauge spaces.

Proof Let (X, /) be a uniform gauge space then the injective map

(X, 9) — (Xg, H b)) x = (xg :=x)g
de¥

is an embedding as can easily be seen making use of 5.1.7. O

5.3 The Relation Between UAp and UG

5.3.1 Definition If (X, ¥) is a uniform gauge space then the local saturation Zisa
gauge on X and (X, ¥) is called the underlying approach space of (X, ¥).

By definition, obviously the underlying approach space of a uniform gauge space
is a uniform approach space.

If 77 CMet(X) is an ideal, then it is at the same time a basis for a uniform
gauge and for a gauge. Since the various other associated structures can be derived
from a basis for the gauge we immediately obtain the same formulas for the various
associated approach structures underlying a uniform gauge space. Thus, if (X, ¢) is
a uniform gauge space with basis 7 for ¢ then e.g.

07(x, A) = supinf d(x,y)
deyeA

and

Az (x) = supinfsup d(x,y)
de A FeFyeF

and analogously for the other structures.

Just as in topology, if an approach property is attributed to a uniform gauge space
then it will always be meant for the underlying approach space, and analogously for
indices.

5.3.2 Proposition If X and X' are uniform gauge spaces and f : X — X' isa
uniform contraction, then it is a contraction.

Proof This follows from the definitions, 1.3.3 and the fact that any uniform gauge
is a basis for the gauge of the associated approach space. O

5.3.3 Theorem UAp is a full subcategory of UG.

Proof This follows from the fact that any gauge is also a uniform gauge and that
the definition of uniform contraction is precisely the same as the definition of a
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contraction (see 1.3.3). Hence if (X, ¥) and (X', ¢’) are uniform approach spaces and
f:(X,9) — (X', ¥9) is a contraction it is obviously also a uniform contraction
when the spaces are considered to be uniform gauge spaces. O

Of course this situation also holds for CReg and Unif, but there this is much less
apparent because a completely regular space is seldom considered via its collections
of pointwise continuous metrics, whereas in our case the description with gauges,
both for approach spaces and for uniform gauge spaces, is one of the most important
ones. In the case of topology it requires considering what is called the fine uniformity
associated with a completely regular space.

5.3.4 Theorem The concrete functor from UG to UAp which takes (X, 94) to (X, ?\)
is a forgetful functor and is left adjoint to the embedding of UAp in UG. In other
words, UAp is coreflectively embedded in UG.

Proof If (X, ¥) is a uniform gauge space, (X', ¢’) is a uniform approach space and
if f: (X',9') —> (X, %) is auniform contraction then obviously f : (X', ¥4") —>
(X, ¢) is also a uniform contraction. m]

The relation among the categories which we have seen is depicted in the following
diagram.

UG ——————Unif
Met c c

.

UAp ———CReg

The well-known functorial relation between CReg and Unif, to a large extent, carries
over to UAp and UG.

5.4 Indices in Uniform Gauge Spaces

Analogously as for approach spaces, in order to treat uniform indices in the correct
way, we need to consider the following setting. We define UGg,; to be the category
with objects uniform gauge spaces and morphisms functions between the underlying
sets.

5.4.1 Definition (Index of uniform contractivity) Given a function f : X — X’
between uniform gauge spaces we define the index of uniform contractivity of f by
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Xue - MorUGset —> P f > min{c |Vd' € 9',3d € G :d o (f x f) <d +c}

Note that the minimum is well-defined and that for any function f : X — X’
between uniform gauge spaces

Vd' €9',3d €9 :d o (f x f) <d+ x,.(f)
Note further that, by the saturation property we also have
Xuc(f) :==minfc |Vd' € ¥’ Ve > 0,Vo <w:3d e ¥ : d o(f x flAw<d+e+c}

and hence yx,,.(f) is also characterized by the claim that for any d’ € 4’, € > 0 and
@ < oo there exists d € ¢ such that

d'o(fx f)ro<d+et 2, .

That this definition indeed provides us with a morphism-index follows from the
following two results.

5.4.2 Proposition If X, Y, U and V are uniform gauge spaces and f : X — Y
and g : U — V are uniform gauge isomorphic then x,.(f) = X,.(8)-

Proof This is straightforward and we leave this to the reader. O

5.4.3 Proposition If X, X' and X" are uniform gauge spaces and f : X — X'
and g : X' — X" are functions, then the following properties hold.

1. f is a uniform contraction if and only if x,.(f) = 0.
2 Xuc(8 0 F) = Xue(F) + Xuc(8)-

Proof This is straightforward and we leave this to the reader. O

5.4.4 Theorem If f : X —> X' is a function between uniform gauge spaces, then

Xe() = Xue(f) = 2() +2x.(X)

and in particular, if f is uniformly contractive, then it is also contractive and if f is
a contraction and X is 0-compact, then f is a uniform contraction.

Proof The first inequality follows at once from the definitions and for the second
one, take d’ € ¢’ and fix € > 0 and @ < . By definition of index of contractivity
there exists e € ¢ such thatd’ o (f x f) < e+ x.(f). Forany x € X we can then
find e, € ¢ such that

e(x, )N <ex(x,.)+E€.

If we define @ € 4% by @(x) := e, then it follows from 4.3.2 that there exists
Y € 2 such that for all z € X there exists y, € Y such that
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ey, (¥, 2) £ €4+ x(X).

Since Y is finite we have d := sup, .y ey € &. We then have, for any x, z € X

do(fxfHx,2) Ao =< (e(x,2)+x.(f) A
<ex,z2) Ao+ x.(f)
<e(y,X)AN0+e(y;, D) Ao+ x.(f)
<ey(y,,x)+etey(y;,2) +E +x.(f)
<e. (i, x)t+te+te+x (X)+e+x.(f)
< ey, (yz,2) + ey (2, x) + 3 + x (X)) + x.(f)
<e+x.(X)+ey (2, x)+3e+ x.(X) + x.()
<d(x,2) +2x.(X) + x.(f) + 4e.

This, by 5.4.1 and the arbitrariness of € and ® proves our claim. O

Note that the first inequality in the foregoing theorem implies that the forgetful
functor from UG to UAp is index-true.

5.4.5 Corollary (Unif) A uniformly continuous map is continuous and if X and X'
are uniform spaces and X is compact then a continuous map f : X — X' is
uniformly continuous.

One of the forms of the index of compactness x.(X) making use of a basis .77
for the gauge, is

X.(X) = sup inf sup inf @(x)(x, 2).
(PE%XYEZ(X) zeXxeY

In the underlying approach space (X, @ of a uniform gauge space (X, %) with
basis ./ the foregoing formula for y.(X) need not be changed since 7 is then a
basis both for & and for . Thus for instance ¢ itself (which is a basis for g) can
be taken.

5.4.6 Definition (Index of precompactness) For a uniform gauge space (X, ¢) its
index of precompactness is defined as

ch(X) = sup inf sup inf d(x,z)
de9 Ye2X) zeX xeY

If x ,.(X) = 0 then we will say that X is 0-precompact.

It is interesting to compare the formulas for x. (for the underlying approach
space) and x . (for the uniform gauge space itself). What we see is that they are
entirely the same except for the first supremum, which in the case of compactness
ranges over the set % and in the case of precompactness ranges over the set 4.
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In the approach case, which is a local theory, the metrics must be allowed to vary
from point to point, and in the uniform gauge case, which is a global or uniform
theory, the same metric has to be chosen in every point.

5.4.7 Proposition The index of precompactness X .. is (1, x,.)-layered.
Proof This follows from 5.4.1, 4.1.5 and 5.4.6. O

5.4.8 Lemma If ¥ is a uniform gauge on X, and if ¢ and ' are bases for 4,
then for a filter &

sup inf{r | 3x : Bg(x,r) € F} = sup inf{r | 3x : By(x,r) € F}.
dest’ dest”’

Proof 1t is sufficient to prove one inequality. Suppose that

sup inf{r |3x : By(x,r) € F} <P
des

and letd € 5. Take @ > B andlet ® — B > € > 0. Choose d’ € "' such that
d N ® < d' + €. Then there exist r < § and x € X such that By (x, r) € .%. Now
if y € By (x, r) then

dx,Yyro<dx,y)+e<r+e

and thus d(x, y) < r + € and hence By (x, r + €) € .%. By the arbitrariness of € this
proves that also sup, s inf{r | 3x : By(x,r) € F} < B. O

5.4.9 Definition (Cauchy index) If X is a uniform gauge space and if 77 is a gauge
basis, then for .# € F(X) we define the Cauchy index of % as

Xey(F) == sup inf{r | Ix € X : By(x,r) € F}
i deH#

If x.,(F) = 0 we will say that 7 is Cauchy (for the UG-structure). By the foregoing
lemma this number is well-defined as it is independent of the chosen basis. Note that
another way of writing the Cauchy index is

)(cy(ﬁ) := sup inf A4.% (x).
deH xeX

5.4.10 Proposition In a uniform gauge space a filter is Cauchy if and only if it is
Cauchy for the uniform coreflection.

Proof This follows from the definition. O

In the foregoing we have already mentioned the asymptotic radius of a sequence.
We recall that for a sequence (x,,),, in ametric space (X, d) thisisinfyex Ag ((x)n) ()
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and as we have seen in the section on completeness in App, it turns out that this value,
in the general setting of uniform approach spaces, is actually also a kind of Cauchy
index of the sequence, which, in hindsight and keeping in mind the actual meaning
of an asymptotic radius, makes perfect sense.

5.4.11 Definition (Local Cauchy index) Let X be a uniform approach space and
Z# € F(X). Then we define the local Cauchy index of .F as

Kiey(P) = inf A7 (x)

Note that in a metric space the Cauchy index and the local Cauchy index coincide
and that in a uniform gauge space

Xey(F) = sup x2.(F) = sup x., (7).
de¥ de¥

Given a specific symmetric gauge basis 77, we define the J#-width of % as

W (F) ;= sup inf diamg(F).
de st FeF

5.4.12 Example In contrast with the result of 5.4.8, the value w_.% is dependent
on the particular choice of gauge basis. It is shown in 3.1.20 that the families 7 :=
{d,| a >0} and &' := {dg} where dp stands for the Euclidean metric on R and
where, for each a > 0, d, is defined by

da(x,y) = |((=a) vV (x Aa)) = ((—=a) V (y Aa))l

generate the same gauge. However, if we consider the filter .# generated by the col-
lection {[n, = [| n € N}, then it is immediately verified that w5 (.%) = 0, whereas
Wy (F) = oo

5.4.13 Proposition If X is a uniform approach space with symmetric gauge basis
H and F € F (X), then
AF < 0T + @up(F).

Proof We prove this for a metric space, the general result then is an immediate

consequence since in the general case all three terms are obtained taking suprema

over the metrics in the gauge. If w;(#) = oo there is nothing to show. Suppose

therefore that w; (%) < o, let x € X, and let € > 0. Choose F¢ € .Z such that
diamy (F¢) < 04(F) + €.

For all y, z € F¢ we then have that

d(x,y) <d(x,z) +0s(F)+¢
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and thus

sup d (x,y) < 04 (x, Fe) + 04(F) + &,
yEFe

which implies that

AaZ (x) = inf sup d (x,y)
Fe% yeF

sup d (x, y)
YEFe

0a (x, Fe) + 0q(F) + €
07 + 0y(F) + €,

IA

=
=

which, by the arbitrariness of €, proves the result. O

5.4.14 Corollary If X is a uniform approach space with symmetric gauge basis 7
and F € F(X) is % ()-Cauchy, then L.¥ = a.%.

5.4.15 Theorem If X is a uniform approach space and F € F(X), then
AF <aF +2xlcy(ﬁ).

Proof By 5.4.13 we only need to remark that &y (F) < 2);.,(:%). O

The foregoing result generalizes what was already shown in 3.5.5. Note also that
the index of local compactness of X can now be written as

ch(X) = Sup (Xc(y) S xlcy(y))
FeF(X)

5.4.16 Proposition If X is a uniform gauge space and ¥ € F(X), then
X(;y(g) S %l(,‘y(g)'

Proof 1f ¥ is the uniform gauge of the space then the result follows from the obvious
fact that sup e infyexAg-F (x) < infyecx SUp ey Ad-F (). O

5.4.17 Example Let X := R\{0} be the uniform UG-space with the usual uniformity.
The uniform gauge is then generated by the basis {ndg | n > 1}. Consider the filter
F :={V\{0} |V € £(0)}. Then xcyc? = 0 and chy«gz = oo,

5.4.18 Corollary In a uniform gauge space a filter which is Cauchy for the under-
lying approach structure is Cauchy in the uniform gauge space.

5.4.19 Theorem If X is a uniform gauge space and F € F(X), then

AF <oF + 2)(0),,9’.
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Proof Again, it is sufficient to prove this for a metric space since all terms in the
above inequality are obtained as a supremum over the metrics in the gauge. For A
and o this is by definition and for Y ., we use the remark following Definition 5.4.11.
The result then follows from 5.4.15. O

5.4.20 Example The inequality in the foregoing result can, in general, be strict.
Consider the real line R equipped with the usual Euclidean metric and consider the
sequence (x;), where

1 n even,
Xy =
—1 nodd.

Then A {(x,),)(0) = 0t{(x,),)(0) = 1 and xcy((xn)n) = 2. On the other hand the
inequality is also best possible since A {(x),)(1) = 2 and ot {(x,,),)(1) = 0.

5.4.21 Corollary (Unif) In a uniform space a Cauchy filter adheres to a point if and
only if it converges to that point and a convergent filter is Cauchy.

In particular cases we can improve the general bounds given above. In the follow-
ing few results we are always considering the approach structure and uniform gauge
structure generated by the metric and the set of adherence points of a filter is always
considered in the topology determined by the metric.

5.4.22 Proposition If (X, d) is a metric space and F € F(X), then

T <AF <oF + 7.

N =

Proof Let x € X and € > 0. To prove the first inequality let F € % and take
z,y € F such that d(z, y) 4+ 2¢€ > diamy(F). Then it follows that

diamgy (F) < 2(supd(x,t) + €)
tel

and the result follows from 2.3.1.
To prove the second inequality let F € .% be such that diamy(F) < w;.% + €.
Then we have that

supd(x,y) < 8a(x,F) + wgF + ¢
yeF

and again the result follows from 2.3.1. O
5.4.23 Proposition If (X, d) is a metric space and F € F(X) is total, then

1
Ediamd(adhﬁ) < AZ < o.F + diamy(adh.%).

Proof Tt follows from Vaughan (1976a) that for any € > 0 we have (adh.%)® ¢ .7,
hence for a total filter it follows that wj4,.# = diamg(adh.%#) and the result follows
from 5.4.22. O
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In the following results conv(A) stands for the convex hull of A.

5.4.24 Theorem [f X is a real Hilbert space and ¥ € F(X) is total, then for any
x € X there exists x* € conv(adh.%) such that A.F (x*) < A.% (x).

Proof Since .Z is total it follows from Vaughan (1976b) that adh.# and hence also
conv(adh.%) is compact. Now it suffices to take x* the projection of x on conv (adh.%)
and the result then follows from 3.2.6. |

The previous result shows that in a Hilbert space best convergence is achieved on
the convex hull of the set of adherence points. An old result of Jung (1901) allows
us to improve this further.

5.4.25 Theorem [f X is a real Hilbert space of dimension n and F € F(X) is total,
then there exists x € conv(adh.%) such that

1

AF(x) < ( )2 diamg (adh.%)

"
2(n+1)

and if X is infinite dimensional, then there exists x € conv(adh.%) such that
AF(x) < Ldiamd (adh.%).
V2

Proof If X has dimension n then Jung’s theorem, (Jung 1901), says we can find a
ball B with radius less than

1

n 2 -
(m) dlamd(adhj)

such that adh.#% C B. Since we can take the center x of this ball in conv(adh.%) the
result follows from 3.2.6.

If X is infinite dimensional then, since adh.% is compact, for each n € Ny we can
find a finite subset A,, € adh.% such that

1
adh.Z C U B(a, —).
n

acA,

Let X, be the finite dimensional subspace of X spanned by A,, with dimension m (n).
Then again by Jung’s theorem, we can find x,, € conv(A,) C X, such that

A, € B\ x,, (ﬂ)é diamy(A,) | € B (xn, Ldiamd(An)) .
- 2(m(n) + 1) N V2

Then it follows that
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1 1
adh.Z C B (x,,, -+ —diamd(adhﬂ)) .
n

V2
Since conv(A,) C conv(adh.%) and since the latter set is compact there exists

a subsequence (xg,), which converges to some x € conv(adh.%#). Then for any
y € adh.# and n € N it follows that

=yl < I+~ 4+ L diamy (adh.7)
x =yl < llx = xg, | + — + —=diamy(a
Y kn \/5

and the result follows letting n —> oo and applying 3.2.6. O

5.4.26 Example All foregoing results are in general best possible. For 5.4.22 and
5.4.23 this is seen taking X = R equipped with the usual Euclidean metric and taking
the filter generated by a sequence for which x,, = a, x2,41 = b and a # b (see also
5.4.20). For 5.4.25 this follows from the fact that the bounds in Jung’s theorem are
best possible.

5.4.27 Theorem If X is a uniform gauge space, then

ApeX) = sup x. (%).
U eU(X)

Proof Suppose that  ,.(X) > o then there exists d € ¢ such that
{X\ Ba(x,a) | x € X}

has the finite intersection property and hence there exists an ultrafilter %7 containing
this collection. Now since B;(x, o) € % would yield a contradiction, it follows that
Xey (%) > oa. Conversely, if y pe(X) < o then foreach d € ¢ there exists a finite
subset ¥ C X such that Uyey By(y, o) = X. If 9/ is an ultrafilter then it follows
that for some y € Y, By(y, &) € % and hence it follows that ch(%) <a. O

5.4.28 Corollary (Unif) A uniform space is precompact if and only if each ultrafilter
is Cauchy.

5.4.29 Proposition (Unif, Met) A uniform UG-space (X, 9y ) is O-precompact if
and only if (X, %) is precompact and analogously a metric uniform gauge space
(X, 9,) is O-precompact if and only if (X, d) is precompact and X pe(X) < eoifand
only if X is bounded.

Proof This follows from the definitions and is analogous to 4.3.11 and 4.3.12. O

5.4.30 Theorem If X is a uniform gauge space, then

Lpe(X) < 1.(X).
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Proof This follows from 5.4.16 and 5.4.27 since

%pc(X) = Ssup ch(%)
% eU(X)

= sup %lcy(%)
U eU(X)

= supinf A% (x)
U eU(X) xeX

inf sup A% (x) = x.(X).
xeX % eU(X) O

IA

5.4.31 Corollary (Unif) If a uniform space has a compact underlying topology, then
it is precompact.

5.4.32 Proposition If X is a uniform gauge space and Ay, ..., A, are subsets of
X, then

X pe (U1 AD) < sﬁgxpc<Ai>.
=
Proof This is analogous to 4.3.22 and is left to the reader. O

5.4.33 Proposition If f : X — X' is a function between uniform gauge spaces
and F € F(X), then
Loy F (TN = Xy (P) + Lo ()

Proof Letd' € 4 and € > 0 then we can find d € ¢ such that

d/O(fo)Sd‘FX”C(f)

andx € Xandr <y, (%) + € such that B;(x, r) € .Z. It now suffices to note that

J(Ba(x, 1)) S Ba(f(xX),r + %y (). m

5.4.34 Corollary (Unif) The uniformly continuous image of a Cauchy filter is
Cauchy.

5.4.35 Theorem If f : X —> X' is a function between uniform gauge spaces and
A C X, then

Xpe(f(A)) = X pe(A) + Xy (F)

and in particular if f is a uniform contraction and A is O-precompact then f(A) is
0-precompact.

Proof Since every ultrafilter containing f (A) is the image of an ultrafilter containing
A this follows at once from 5.4.27 and 5.4.33. O
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All inequalities in 5.4.30-5.4.35 are in general strict as can already be seen from
the classical case.

5.4.36 Corollary (Unif) The uniformly continuous image of a precompact set is
precompact.

5.5 Quasi-UG Spaces, the Non-symmetric Variant

Just as for uniform spaces there is a non-symmetric variant to UG. The basic concepts
concerning saturation remain unaltered with the proviso that we are now not dealing
with metrics but with quasi-metrics.

Given a set X, a collection ¢ C gMet(X) and a metric d € gMet(X), we will
say that d is dominated by ¢, or that ¢ dominates d, if for all € > 0 and ® < <
there exists a d&® € ¢ such that

dAw<d¥® +¢.

We will then also say that the family (d%®)g~0, < dominates d.
Further we will say that a collection of quasi-metrics ¥ is saturated, if any quasi-
metric d which is dominated by ¢ already belongs to ¢.

5.5.1 Definition (Quasi-uniform gauge) An ideal in gMet(X) is called a quasi-
uniform gauge if it fulfils the following property.

(qUGI1) ¥ is saturated.

A subset 77 of gMet(X) is called a quasi-uniform gauge basis if it is an ideal
basis in gMet(X).

In order to derive the quasi-uniform gauge from a quasi-uniform gauge basis, as
before, we require the same saturation operation as for uniform gauge spaces.

Given a subset Z C gMet(X) we define

9 = {d € Met(X) | % dominates d}.

We call 7 the (quasi-uniform) saturation of 2.
__Anideal basis 7 in Met(X) is said to be a basis for a quasi-uniform gauge ¢4 if
JC = 4. In this case we also say that J7 generates ¢ or that ¢ is generated by F .

5.5.2 Proposition [f 7 is a quasi-uniform gauge basis, then Hisa quasi-uniform
gauge with 7 as basis and if 7€ is a basis for a quasi-uniform gauge 9, then it is
a quasi-uniform gauge basis.

Proof This is analogous to 1.1.16 and we leave this to the reader. O

5.5.3 Definition A pair (X, ¢) where ¢ is a quasi-uniform gauge on X is called a
quasi-uniform gauge space or shortly a gUG-space.
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5.5.4 Definition Let (X, %) and (X', ¥’) be quasi-uniform gauge spaces and let
f : X —> X’ be a function. Then f is a called a quasi-uniform contraction if

Vde¥9 :do(fx f)e¥.

From the saturation condition it is easily seen that this is equivalent to the statement
that
Vde¥' , Ve>0,Vo <o, Jecb:do(f x fHAw <e+E&.

Quasi-uniform gauge spaces and quasi-uniform contractions form a category
which we denote gUG.

5.5.5 Theorem ¢qUG is a topological category.

Proof Given quasi-uniform gauge spaces (X ;) jes, consider the source
(fj: X — Xj)jes

in gUG. If, for each j € J, J¢; is a basis for the quasi-uniform gauge of X ;, then a
basis for the initial quasi-uniform gauge on X is given by

A = {supdjo(f; x fIKe2Y) VjeK: djeHt.
jek o

5.5.6 Definition (Quasi-uniform tower)Let X be a set. A family of filters (%) ¢cr+

on X x X is called a quasi-uniform tower (on X ) if it fulfils the following properties.

(QUT1) Ve e RY, YU € % : Ax C U.
(qQUT2) Ve, & € RY : U o Uer D Upye'.
(qUT3) Ve e RY : % : Uyer Yo

Thus, a quasi-uniform tower is a family of quasi-semi-uniformities satisfying (qUT?2)
and (qUT3). We recall that a quasi-semi-uniformity on X is a filter on X x X such
that all members of the filter contain the diagonal. Also note that by (qQUT2), % is
actually a quasi-uniformity.

5.5.7 Theorem (qUT = qUG) If (%)ccr+ IS a quasi-uniform tower on X, then
G :={d e gMet(X) | Ve e RT Voo > € : {d < o} € %)

is a quasi-uniform gauge and for any &€, the quasi-uniformity % is generated by
{{d<o}|de¥, o> ¢}

Proof This is analogous to 5.1.9 and we leave this to the reader. O
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5.5.8 Theorem (qUG = qUT) If¥ is a quasi-uniform gauge on X, then the family
(%) ecr+, Where for every € € R, U, is the quasi-semi-uniformity generated by

{d<oa}|de¥, o> ¢}

is a quasi-uniform tower and 9 = {d € gMet(X) | Ve e R*,Va > e :{d < o} €
Ue}.

Proof This is analogous to 5.1.10 and we leave this to the reader. O

5.5.9 Theorem If f : X — X' is a function between quasi-uniform gauge spaces,
then, in terms of the associated towers, it is a quasi-uniform contraction if and only
if [ (X, %) — (X', %]) is quasi-uniformly continuous for each € € RT.

Proof This is analogous to 5.1.11 and we leave this to the reader. O

Given a quasi-uniform space (X, %), we associate with it a natural quasi-uniform
gauge space by simply taking as quasi-uniform gauge the collection of all quasi-
uniformly continuous metrics.

Suppose (X, %) is a quasi-uniform space. Then the collection ¥, of all quasi-
uniformly continuous metrics is a quasi-uniform gauge and the associated quasi-
uniform tower is (% := % )¢.

A quasi-uniform gauge space of type (X, ¥y ), for some quasi-uniformity %/
on X, will be called a quasi-uniform quasi-uniform gauge space or somewhat less
unfortunate, a quasi-uniform g UG-space.

Itis evident that if (X, %) and (X', %) are quasi-uniform spaces and f : X —>
X' is quasi-uniformly continuous then for any quasi-uniformly continuous metric
d on X’ we have that d o (f x f) is a quasi-uniformly continuous metric on X.
Hence we immediately have that the concrete functor from gUnif to gUG which
takes (X, %) to (X, ¥y ) is a full embedding of g Unif into gUG.

As was the case for Unif in UG, here too we will be able to show that the above
embedding is both concretely reflective and concretely coreflective.

5.5.10 Theorem ¢ Unif is embedded as a concretely reflective subcategory of gUG.
Proof This is analogous to 5.2.3 and we leave this to the reader. O

As was the case for UG, again the gUnif-reflection of a ¢UG-space is not partic-
ularly interesting, hence we also do not describe it here.
Given a quasi-uniform gauge space (X, ¢) the collection

UG) ={UCXxX|3e>0,3de¥:{d<e} CU)

is a quasi-uniformity on X. This quasi-uniformity also is simply the quasi-uniformity
generated by the collection of metrics ¢ and it is also % in the associated tower.
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5.5.11 Theorem qUnif is embedded as a concretely coreflective subcategory of
qUG. For any quasi-uniform gauge space (X, ¥9), its gUnif-coreflection is given by

Ix : (X, Y% @) — (X,9).

Proof This is analogous to 5.2.6 and we leave this to the reader. O

Given a quasi-metric space (X, d), we associate with it a natural quasi-uniform
gauge space in exactly the same way as for UG.
Suppose (X, d) is a quasi-metric space. Then the collection

Yy = {e € gMet(X) | e < d}

is a quasi-uniform gauge.

A quasi-uniform gauge space of type (X, %), for some quasi-metric d on X,
will be called a quasi-metric quasi-uniform gauge space or shortly a quasi-metric
qUG-space. If (X, d) and (X', d") are quasi-metric spaces and f : X — X' is
non-expansive then for any quasi-metric ¢/ < d’ on X’ we obviously have that
¢ o (f x f) < d.Hence the concrete functor from g Met to ¢UG which takes (X, d)
to (X, 9) is a full embedding of gMet in gUG.

Given a quasi-uniform gauge space (X, ¥) we define the metric dy := sup¥.

5.5.12 Theorem gMet is embedded as a concretely coreflective subcategory of
qUG. For any quasi-uniform gauge space (X, %), its gMet-coreflection is deter-
mined by dg.

Proof This is analogous to 5.2.11 and we leave this to the reader. O

As before, a quasi-uniform gauge space (X, %) is a quasi-metric quasi-uniform
gauge space if and only if ¢ satisfies any of the following equivalent conditions

1. sup¥ € 9.
2. ¢ is closed under the formation of arbitrary suprema.

Just as in the case of UG, g Met is not embedded reflectively in ¢UG. In particular
it is not stable under the formation of infinite products. Taking an infinite product
of metric uniform gauge spaces in gUG, provides the underlying product set with a
quasi-uniform gauge structure which, in general, is neither quasi-metric nor quasi-
uniform but which has as quasi-uniform coreflection precisely the product quasi-
uniformity of the quasi-uniformities underlying the quasi-metrics. In particular we
again have the following theorem.

5.5.13 Theorem Any quasi-uniform gauge space (X, 9) is a subspace of a product
of quasi-metric spaces in qUG, i.e. UG is the epireflective hull of the subcategory
of quasi-metric quasi-uniform gauge spaces.

Proof This is analogous to 5.2.13 and we leave this to the reader. O
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5.5.14 Definition If (X, 4)isa quasi-uniform gauge space then the local saturation
¢ is a gauge on X. We call (X, ¢) the underlying approach space of (X, 9).

In contrast with the UG-case, now this underlying approach space obviously need
not be uniform.

If 7 C gMet(X) is anideal, then it is at the same time a basis for a quasi-uniform
gauge and for a gauge. Again, since the various other associated structures can be
derived from a basis for the gauge we immediately obtain the same formulas for
the various associated approach structures underlying a quasi-uniform gauge space.
Thus, if (X, ¢) is a quasi-uniform gauge space with basis .77 for ¢ then e.g.

07(x, A) = sup inf d(x,y)
deH yeA

and
AgF (x) = sup inf sup d(x,y)
deH’ FeF yeF

and analogously for the other structures.
Suppose that X and X’ are quasi-uniform gauge spaces and that f : X —> X' is
a function. If f is a quasi-uniform contraction, then it is a contraction.

5.5.15 Theorem App is a full subcategory of gUG.
Proof This is analogous to 5.3.3 and we leave this to the reader. O

5.5.16 Theorem The concrete functor from qUG to App which takes (X,9) to
(X, 9) is a forgetful functor and is left adjoint to the embedding of App in qUG. In
other words, App is coreflectively embedded in qUG.

Proof This is analogous to 5.3.4 and we leave this to the reader. O

The relation among the categories which we have seen is depicted in the following
diagram.

quG #qUnif
/
gMet c c

.

App % Top

Finally we see that UG and ¢UG fill in the place of respectively the third and
fourth question marks in the diagram of the introduction. At the end of this section
we can now moreover see the complete picture of the situation of both the local and
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Met <— gMet

R

mUnif Un|f quf gmUnif
;\ Met {\U p /App <_[qu'£
mTop CReg Top gmTop

Fig. 5.1 The categorical position of UG and gUG with regard to UAp and App

the uniform approach theories and how they relate to topological, uniform and metric
theories.

The curved arrows are forgetful functors. All other arrows are embeddings, which
depending case by case (see text) can be either concretely reflective, concretely
coreflective or both (Fig.5.1).

5.6 Comments

1. Approach uniformity

It is possible to give a description of the structure of uniform gauge spaces in a
similar way as approach system do for approach spaces. This leads to the definition of
what is called (in Lowen and Windels 1998; Windels 1997) an approach uniformity.
An approach uniformity is an ideal I" in PX*X satisfying the following axioms:

(AUL) Vye I''Vx € X : y(x,x) = 0.

(AU2) VE e PXXX . (Ve > 0,V0 <0, TP e T EN0 <Y +e) = EeT.

(AU3) Vy € Vo < «,3y?® € I''Vx,y,z € X : y(x,2) A ©® < Y°(x,y)
+ 70, 2).

(AU4) Vye I' : ¥ € I" where ¥’ (x, y) := v(y, x).

Note that (AU2) is nothing else but a typical saturation condition, comparable to
(A2) and that (AU3) is an interlinking condition comparable to (A3). The way to
go from an approach uniformity I” to its associated uniform gauge ¢ is by simply
taking ¢ to be the set of all metrics in I" and conversely to go from the uniform
gauge to the approach uniformity by taking I” to be the saturation of & in PX*X,
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2. Approach quasi-uniformity

Note that the same comment as 1 holds for the “quasi”-case. There too the structure
can be defined by what we could call an approach quasi-uniformity. Obviously this
then is a system satisfying all the conditions above except (AU4)

(AqUI) Vye I''Vx € X : y(x,x) =0.

(AqU2) VE e PXX . (Ve > 0,V <0, P e T EANO <Y +e)=>EeT.

(AqQU3) Vy € T'Vo < o, 3y? € I''Vx,y,z € X : y(x,2) A ® < Y°(x,y)
+7°0, 2.

See also the PhD thesis of Windels (1997).

3. Approach covering structures

In his PhD thesis Bart Windels also considered another characterization of uniform
gauge space by what he called “approach covering structures”, a description similar
to the way uniform structures can be characterized by certain covering structures
(Windels 1997). Given a set X an approach covering on X is a collection of functions
o/ C P satisfying the following properties.

(ClyVxeX,3f e o : f(x)=0
(C)Vfed,IxeX: f(x)=0

If o7 and £ are approach coverings on X then o/ < A if for all f € < there
exists a g € #A suchthat g < f.Fore > 0 and ® < o, & is called an (g, w)-
refinement of %, denoted by o/ <4 Z if for all f € .o/ there exists g € % such
that g A @ < f + €. Further, &/ is called an w-star-refinement of 2, denoted by
o <i P if for all f € o there exists g € 4 such that for all 1 € &/ we have
g Ao <inf(f + h) + h. An approach covering structure on X is a collection @ of
approach coverings satisfying the following conditions.

(CSl) Y ePand & < B = B e P.

(CS2) &, Be® =9 NABecd.

(CS3) Vo edand w <, 3B € @ : B <) .

(CS4) (Ve > 0,Vo < 0,3/ € @ : & <& B) = B D.



Chapter 6
Extensions of Spaces and Morphisms

Creativity is a natural extension of our enthusiasm.
(Earl Nightingale)

Every extension of knowledge arises from making the conscious
the unconscious.
(Friedrich Nietzsche)

As we have seen, the fact that App contains both Top and Met as full and isomor-
phism-closed subcategories has as a consequence that approach spaces have both
a topological and a metric side to them. Thus, it for instance turns out that we can
consider both a notion of completion and a notion of compactification, at least for
uniform approach spaces. In the first section of the present chapter we construct a
completion in App which coincides with the usual completion in the case of metric
spaces and which is a firm epireflection from the subcategory of Hausdorff uniform
approach spaces to the subcategory of complete Hausdorff uniform approach spaces.

In the second section we consider the case of UG. Here the situation is far more
simple. Completeness, almost by definition, is equivalent to the completeness of
the underlying uniform space and hence the construction of a completion follows
the same lines as the construction of completion for uniform spaces. In particular
the underlying set of the completion is just the same as the underlying set of the
completion of the uniform coreflection. Here too we obtain a firm epireflection from
the subcategory of Hausdorff uniform gauge spaces to the subcategory of complete
Hausdorff uniform gauge spaces.

In the third section, the compactification which we will construct in App is a
Cech-Stone-type compactification. By this we mean that it is an epireflection from
the subcategory of Hausdorff uniform approach spaces to the subcategory of compact
Hausdorff uniform approach spaces, in particular it is the unique compactification of
auniform approach space X to which contractions from X to Hausdorff compact uni-
form approach spaces have unique extensions. It is well known that compactifications
do not often preserve metrizability. For instance a nontrivial Cech-Stone compacti-
fication is never metrizable and even if a compactification is metrizable, then it need
not be metrizable by an extension of the given metric. This is the case for instance
with the Alexandroff compactification of R. In UAp, as we will see the situation is
better. We also give an alternative characterization of this compactification. It turns
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out that the underlying set of the compactification coincides with the underlying set
of the Smirnov compactification of an associated proximity space (see Naimpally
and Warrack 1970). This then provides us with a tangible description of the points
of the compactification comparable to the description of the points of the classical
Cech-Stone compactification as being maximal zero-filters (see Gillman and Jerison
1976). Finally we also see that our Cech-Stone compactification can be described
as the underlying approach space of the completion of a particular uniform gauge
space.

6.1 Completion in UAp

In this section, Cauchy filters are always meant in the sense of 3.5.1.

In order to construct a completion for uniform approach spaces we proceed as in
the case of the metric or the uniform completion, by first enlarging the space and
then extending the structure (see Chap. 3 for the definition of completeness).

Let X be a uniform approach space. For any Cauchy filter .#, put

C(F) :={¥9 € F(X)|¥ Cauchy, ¥ C F},

and let
Myp= () 9.
GeC(F)

Given Cauchy filters .% and ¢ we will say that they are equivalent if ¥ N'Y
is a Cauchy filter, and we denote this by .% ~ . This is indeed an equivalence
relation. Symmetry and reflexivity are evident. If % ~ & and 4 ~ J7, then it
follows from 3.5.5 that A.¥ = A(F NY) = AY = A(¥Y N ) = A . Hence,
MTF NH)=AF v AH = AF which implies that . ~ 7.

6.1.1 Proposition Let X be a uniform approach space and let % and & be Cauchy
filters. Then the following properties hold.

1. Mz is the smallest Cauchy filter coarser than F and AM 7 = L.F.

2. F and 9 are equivalent if and only if A.F = AY.

3. M g is the minimal element of the set of all Cauchy filters which are equivalent
with F.

Proof 1. It follows from (L.2) and 3.5.5 that

AMg = sup A9 = sup AF =AZ.
GeC(F) GeC(F)

By definition this then also implies that .# # is a Cauchy filter, which by construction
is of course the smallest one coarser than .% .
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2.If F ~ ¢, then it follows from 3.5.5 that L.¥ = A(F N¥Y) = A¥. Conversely
ifA7 =AY, then A(F NY) = AF v AY = A.% which implies that # N ¥ is a
Cauchy filter and hence that % ~ ¢.

3. That .# # is equivalent with .% follows from 1 and 2. If ¢ is equivalent with
F thenby 1, #7 C .F NY C ¥ and, hence, .# # is minimal. O

A filter of type .# # will be called a minimal Cauchy filter.

6.1.2 Proposition If X is a uniform approach space, then, for any x € X, the
neighbourhood filter V' (x) in the Top-coreflection is a minimal Cauchy filter.

Proof Since A ¥ (x)(x) = 0 it follows that ¥ (x) is a Cauchy filter. If 4 C ¥ (x) is
a Cauchy filter, then it follows from 3.5.5 that A% (x) = A% (x)(x) = 0 and hence
¢ converges to x in the Top-coreflection of (X, §). Consequently, 4 O ¥ (x) which
proves that 7 (x) is minimal. O

Now let 2 be a symmetric gauge basis for X and let .# be a Cauchy filter, then
it follows from 3.5.3 that it is also a % (%)-Cauchy filter. Consequently, there is a
minimal % (2)-Cauchy filter contained in .%. This filter, which we denote by .77,
is generated by the basis

{Ff) |de@,Fey,e>o},
where, foranyd € 9, F € #,and € > 0,
F® = {xe X |84(x,F) <e}.

6.1.3 Proposition [f X is a uniform approach space, 9 is a symmetric gauge basis,
and .F is a Cauchy filter, then F7 = M 7.

Proof Let .7 be a Cauchy filter. Then, for any x € X, we have

lﬁzgj(x) = sup inf inf inf sup d(x,z)
dePd'e? e>0 FeF zeFd(,e)

< sup inf inf sup d(x,z)
de? e>0 FeF zeFf)

< sup inf inf(supd(x,z)+€)
deP FeF €>0 zeF

= A7 (x).

Consequently, it follows that . ZZ too is a Cauchy filter. Since .# 7 C Z, the mini-
mality of .#z implies that .#7z C F7. Conversely, .#z is also a
% (2)-Cauchy filter, and thus it follows from the minimality of .Z7 that
F7 C My o
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Given a uniform approach space X we denote by X the set of all minimal Cauchy
filters. Note that it follows from 6.1.3 that a minimal Cauchy filter has an open basis
in the Top-coreflection.

If 2 is a symmetric gauge basis for X then for any d € & we define d by

Ei\(f, &) = sup sup inf inf d(x, y).
FeZ Ge9 xeF yeG

It follows from 6.1.3 that minimal Cauchy filters are also minimal U (2)-Cauchy
filters and hence the function d is well defined.

6.1.4 Proposition If X is a uniform approach space and 9 is a symmetric gauge
basis then the set

@::{/d\lde@}

is a symmetric gauge basis on X.

o~

Proof It suffices to prove that & is upwards directed. This follows from the fact
that, for any d, e € 9, we have d Ve < d V e, as is easily verified. 0O

The distance generated by 2 will be denoted by 5 and analogously for the asso-
ciated structures.

6.1.5 Theorem If X is a Hausdorff uniform approach space, then the map
ex X — X x> V(x)

is an embedding and thus X can be identified with the subspace ex(X) of X. In
particular, if X is moreover complete then it is isomorphic to X.

Proof Clearly ey is an injective map via which we can identify X with ex(X). It
now suffices to note that if & is a symmetric gauge basis which generates &, then,
for any d € 2, we have

2(“/(x), Y (y)) = sup sup inf inf d(u,v) =d(x,y). O
FeV (x) GeV (y) 4eF veG R
6.1.6 Proposition [f (X, 0) is a uniform approach space, € € X, and x € X, then

A (x) = 8(C. (¥ (0)}).

Proof Let & be a symmetric gauge basis which generates §. Applying 3.5.5 we
have
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3(%, {¥(x)}) = sup sup supsup inf infd(z,y)
deP d'e? €>0 AcE zeBy (x,€) yeA

= sup sup sup inf inf d(Za }’)
deP >0 Ac¥ zeBy(x,€) yeA

= sup sup inf d(x,y)
deP AeE yeA

= 0% (x)

=A% (x). O
6.1.7 Proposition The subset ex(X) is dense in (5(\ , %3), i.e. with respect to the
topology generated by the Met-coreflection of s.

Proof By 6.1.6 we have, forany x € X and € € )?,

d5(€, Y (x) = 8(€. (¥ (1)}
=A% (x),

and thus, since % is 6-Cauchy,

d5(€, ex (X)) = in§ d5(¢, 7 (x))

= inf =0.
;relxl%(x) 0 O

Fgr any filter . on X, we will denote the filter g\enereﬁed on X by the basis ex (%)
by .%. Note that if .% is a §-Cauchy filter, then . is a §-Cauchy filter.

6.1.8 Proposition [f (X, 6) is a uniform approach space and ¢ € X, then

o~

AE () = 0.

Proof Let 2 be a symmetric gauge basis which generates 6. Fix € > 0. Then, since
¢ is Cauchy, it follows from 3.5.2 that we can find x € X such that, for all d’ € 2,
we have By (x, €) € . Consequently, we obtain

X A(%) = sup inf sup 3(“7(61), %)
deP Act acA

= sup inf sup sup inf d(a,b)
deD AcE acA A€ beA'NA

< sup inf sup sup inf d(a, b)
deP d'eP acBy(x,€) A'€€ beA'NBy (x,€)

<sup sup sup inf  d(a,b)
deP acBy(x,€) A’€€ beA'NBy(x,€)

<2e

which by the arbitrariness of € proves our claim. O
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In what follows we will denote the full subcategory of UAp consisting of all Haus-
dorff spaces by UAp, and the full subcategory of UAp, consisting of all complete
spaces by cUAp,. In order to prove our main theorem of this section we first have to
characterize the epimorphisms in UAp,.

6.1.9 Theorem A function is an epimorphism in UAp, if and only if it is a contrac-
tion which has a dense image (with regard to the Top-coreflection).

Proof The if part follows from the analogous topological result. Let X, Y and Z be
UAp,-spaces and consider the diagram X I y—< —= Z where f has a dense

image and ro f = so f. Applying the concrete coreﬂector to CReg, we can conclude
thatr = s.

To show the only-if part suppose that (X, 0x) and (Y, y) are uniform approach
spaces, where 0 x is generated by Zx and 8y is generated by the collection of bounded
metrics Py . Further let

f:1(X,8x) — (¥, 0y)

be a non-dense contraction. Then there exists yp € Y such that

6y (yo, f(X)) >0

and hence there further exists dy € Py such that
inf do(yo. f(x)) > 0.
xeX
Now consider [0, o[ equipped with the Euclidean metric dg and define the map

0 : (Y, 6y) —> ([0, [, 6gz) : y —> ;g{do(y, J ).

Since, forall z € Y, Z € 2¥, we have

04z (0(2), 0(2)) = inf | inf do(z, f(x)) — inf do(Z', f(x))|
7/eZ xeX xeX

IA

inf sup ‘do(z, fx) —do(Z, f(x))’

Z/EZXEX

inf do(z, 7))
7’eZ

IA

< dy(z, 2),

it follows that 0 is a contraction. Clearly 0 o f = 0 whereas 8(yg) # 0. The constant
map 1N = 0 is also a contraction and, since 8 # 1 whereas 8 o f = 1 o f, it follows
that f is not an epimorphism. O

6.1.10 Theorem A function is an extremal monomorphism in UAp, if and only if it
is an injective contraction which has a closed image.



6.1 Completion in UAp 229

Proof This goes in exactly the same way as the proof for Top, (the full subcate-
gory of Top with objects all Hausdorff spaces) and we therefore leave this to the
reader. O

We define &), to be the class of all embeddings in UAp, which are dense for the
metric coreflection. Note that in 6.1.7 we showed that ex belongs to this class.

6.1.11 Theorem cUAp, is an &, -reflective subcategory of UAp,. For any Haus-
dorff uniform approach space (X, 9),

ex:(X,é)—>(5(\,/6\):x—>”//(x)

is an epireflection of (X, ) in cUAp,.

Proof 1. (5(\ , 3) is Hausdorff. This is clear since, by construction, its Top-coreflec-
tion is a subspace of the topological space underlying the uniform completion of
(X, % (2)).

2.(X, 6) is complete. To prove this, first of all note that we can restrict our attention
to showing that minimal 5- -Cauchy filters are convergent. Let @ be such a minimal
5- -Cauchy filter. Then, since it has an open basis, it has a trace on X, say Z. Let
€ > 0. Then it follows from 6.1.8 that we can find ¢ € X such that l@(%) < 8 and
next we can find x € X such that A% (x) < €. Then from the fact that @ C %, that
AF(x) = 1Z (7 (x)), and upon applying 1.2.70 and 6.1.6 it follows that

AT (x) < AP (¥ (x))
<AD(E) + 6(C, (¥ (X))
<2e,

which by the arbitrariness of € implies that .% is a - Cauchy ﬁlter

Now, since @ and Fare & -Cauchy filters and since ,//l 7 CF 7 and @ C 7, it
follows from 3.5.5 and 6.1.8 that

This proves that (X 5) is complete.

3.ex : (X,6) — (X 0) : x —> V' (x) determines an &,,-reflection. That ex
belongs to &, follows from 6.1.7.

Now suppose that (¥, §y) is a complete Hausdorff uniform approach space and
that

f:(X,0) — (Y, d0y)
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is a contraction. If ¥ € X , then f (%) is a 8y-Cauchy filter and thus there exists a
unique point y. € Y such that Ay f(%)(y.) = 0. We define

f: X—>Y:¢— Ye.
Since, forany x € X, we have that Ay (¥ (x))(f(x)) = 0it follows that the diagram

(X.8) —L= (v.8y)

commutes. Moreover, since ey is an epimorphism, fis the only function which makes
the diagram commute. So all that remains to be shown is that it is a contraction. Let
€ > 0 and let us denote by

X —X

an arbitrary fixed map which for each x € X and ¢ € X fulfils
(¥ (x)) =x and AC(e(¥)) < e.
Now, if € € XandT e 2)?, then

Sy (fE®)), fEN))) < &), &T))
=8V E(F)), ex(E(T)))
< SV EE)NACY + 0(6.T) + sup 8(¢", exE(T))).
el

From the definition of € it follows that

S(VE(6)), (€) <¢
R and
sup 8(¢", ex (E(N)) <&,

¢l
and consequently
Sy (FE(©). fEM)) < 8(€.T)+2e.

On the other hand we have that

Sy (F(©), F(D) < 8y(F(&), [fE@N)) + Sy (fE®)), fED)))

+ sup Sy (F (@), F(N).
¢el
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It follows from 3.5.5 and 6.1.6 that, for any 4" € )A(,

Sy(F&) {fEE N = My F(&E)(fE(E)))
< A€ (€(€")

< E.
Combining the foregoing inequalities we thus obtain that

Sy (f(€), (D) < 8y (fE®)), f(EN))) + 2¢
< 8(%.T) +4e,

which by the arbitrariness of € shows that fis indeed a contraction. O

6.1.12 Corollary The subcategory cUAp, is epireflective in UAp, and therefore is
closed under the formation of products and closed subspaces.

Proof This is a consequence of 6.1.10 and 6.1.11. O

6.1.13 Corollary If (Y, 8y) is a complete Hausdorff uniform approach space,
(X, 6x) is a Hausdorff uniform approach space, Z < X is dense with respect
to the underlying Met-coreflection of (X, 0x), and f : (Z,8x),) — (¥, 8y) isa
contraction, then there exists a unique extension

f:(X,0x) — (¥, 0y)

which is also a contraction.

Proof The proof goes along exactly the same lines as the proof of the epireflectivity
in 6.1.11 and we leave this verification to the reader. O

6.1.14 Theorem [If (X, 8) is a Hausdorff uniform approach space, (X;, 8;) is a
complete Hausdorff uniform approach space for i € {1, 2}, and the maps

e 1 (X,0) — (X;,0)

belong to &, then (X1, 61) and (X2, 82) are isomorphic.

Proof It follows from 6.1.13 that there exist unique contractions
¢, 1 (X2,02) — (X1, 61) and @, : (X1, 61) — (X2, 62),

such thate; = @, oez and e2 = @, oe; . Since e and e, are dense embeddings also
with respect to the Top-coreflection of (X, §) they are epimorphisms in UAp, and
it thus follows that ¢ o ¢, = 1x, and ¢, 0 ¢ = 1x,. O

6.1.15 Definition Given a Hausdorff uniform approach space (X, 6) the space
(X, 0) is called the completion of (X, 0).
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Let us now verify that in case (X, d) is a metric space, this completion indeed
coincides with the usual metric completion which we denote by (X, d).

6.1.16 Proposition (Met) If (X, d) is a metric space, then (X, 5d) = (X, 07).

Proof Tt follows from 3.5.6 that Cauchy filters coincide, and from 6.1.3 that also
minimal Cauchy filters coincide since 7 := {d} is a basis for the gauge. Hence
X = X. Then it is immediate from the definition of d that this function coincides
with d and hence it follows from 6.1.4 that Sd =07 O

6.2 Completeness and Completion in UG

In this section Cauchy filters are always meant in the sense of 5.4.9 and 5.4.10.

6.2.1 Definition A uniform gauge space is called complete if its uniform coreflec-
tion is complete.

In contrast with the completion in UAp, for underlying set of the completion in
UG we simply take the underlying set of the uniform completion of the uniform
coreflection. We will therefore freely use all that is known about this underlying set
and its structure from the known results in uniform spaces. The main step consists
in extending the structure and the morphisms.

Two Cauchy filters . and 7 in a uniform gauge space are called equivalent iff
F N is Cauchy. Note that by 5.4.10, this is the usual equivalence of Cauchy filters
in uniform spaces.

6.2.2 Proposition Let (X, <) be a uniform gauge space, and let % be a Cauchy
filter on X, then

linfday) <a)lded. a>0FeF
xe

is a filterbasis for a Cauchy filter Mg, coarser than F. Moreover, M is the
coarsest Cauchy filter with that property and it is the coarsest filter in the eqmvalence
class of F.

Proof This follows from the fact that Z = {U(F) | U € %, F € F}. O

From Theorem 6.2.2, it follows that we can define X to be the set of all minimal
Cauchy filters on X. Again, note that we are simply using the notion of minimal
Cauchy filter in uniform spaces and consequently, for any x € X, the neighbourhood
filter #'(x) is a minimal Cauchy filter.

6.2.3 Proposition Let X be a uniform gauge space. If d € &, we define

d:XxX—P
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by

A, N) = sup sup inf inf d(x,y) = inf inf sup supd(x,y).
Mell NeV xeM yeN Me# NeNV xeM yeN

Then 9 = {Ef| d € 9} is a uniform gauge basis on X.
Proof This is straightforward and we leave this to the reader. O

Note that if /% is a basis for ¥ then ./ = {d | d € A} is a basis for 4. Also
note that the definition of d is precisely the same as in the case of UAp in the
foregoing section.

6.2.4 Proposmon If (Ue)e and (%5)5 are the towers of (X, ¥) and (X 2 ) respec-
tively, then (X 02/()) coincides with the uniform completion of (X, %).

Proof This is straightforward and we leave this to the reader. O

6.2.5 Theorem Let (X, <) be a uniform gauge space. Then
ix: (X, 9) — X,9): x> ¥ (x)

is initial, and ix (X) is dense in X. Moreover; if (X,%9) is Hausdorff, then ix is an
embedding.

Proof In order to show initiality, first note that if d € ¢, then for all x, y € X:

do(ix xix)(x,y) =d(¥(x), ¥ (y)) = inf inf sup d(a,b).
ec¥ £>0a,beB,(x,€)UB.(y,€)

Then on the one hand

dol(ix xix)(x,y) =d(¥(x), ¥ ()

= inf inf sup d(a,b)
ec¥ £>0a,beB,(x,€)UB,.(y,€)

< inf sup d(a,b)
e>0a,beBy(x,€)UBy(y,€)
=d(x,y)

and on the other hand

do (ix xix)(x,y) > inf inf sup d(a,b) =d(x,y).
ee¥ e>0a,be{x}U{y}

In what follows we will denote the full subcategory of UG consisting of all Haus-
dorff spaces by UG, and the full subcategory of UG, consisting of all complete
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spaces by cUGy. In order to prove our main theorem of this section we first have to
characterize the epimorphisms in UG,.

6.2.6 Theorem A function is an epimorphism in UGy if and only if it is a uniform
contraction which has a dense image (with regard to the Top-coreflection).

Proof The if part is the same as in 6.1.9. To show the only-if part suppose that
(X, ¥9x) and (Y, 9y) are uniform gauge spaces. Further let

[ (X, 9x) — (Y, %)
be a non-dense uniform contraction. Then there exists yp € Y such that

8y (yo, f(X)) >0

and hence there further exists dy € %y such that
inf do(yo, f(x)) > 0.
xeX

Now consider [0, o[ equipped with the Euclidean metric dr and define the map

6: (Y, %) —> ([0,[,dp) : y — ;g{ do(y, f(x)).

Since, for all z, y € Y, we have

dg(8(z), 0(y)) = | inf do(z. f(x)) — inf do(y. f(x))]
< sup |do(z, f(x)) —do(y, f(x))]

xeX

=do(z, )

it follows that 6 is a uniform contraction. Clearly 6 o f = 0 whereas 0(yg) # O.
The constant map 17 = 0 is also a uniform contraction and, since 8 # 7 whereas
0o f =mno f,itfollows that f is not an epimorphism. O

6.2.7 Theorem A function is an extremal monomorphism in UGy if and only if it is
an injective uniform contraction which has a closed image.

Proof This goes in exactly the same way as the proof for Top, and we therefore

leave this to the reader. O

6.2.8 Theorem Let (X,¥Y) be a uniform gauge space. Then ()? , f?) is a complete
Hausdorff uniform gauge space.
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Proof This follows from 6.2.4.

We define &; to be the class of all embeddings in UG, which are dense for the
topological coreflection. Note that in 6.2.5 we showed that iy belongs to this class.

6.2.9 Theorem cUG; is an &;-reflective subcategory of UG,. For any Hausdorff
uniform gauge space (X, 9),

ix: (X,9) — (Y,Q) x — V(%)

is an epireflection of (X, ¥) in cUG,.

Proof Let (Y, 7) be a Hausdorff complete uniform gauge space. If f : (X, ¥) —
(Y, S) is a uniform contraction, then there is a unique uniform contraction

(X, 9) — (v, )

such that fo ix=7f.

From the classical theory of completions of uniform spaces it follows that given a
uniform contraction (X, ¥) —> (Y, J¢) there exists a unique uniformly continuous
extension fmaking the diagram

f P
X, %7y —— (v, %)

| 7

X, %)

commute. Here (%gg)g (respectively (02/5%/) )e and (%g’(?)g) stand for the uniform
towers associated with ¢ (respectively 7 and ¥).

Now let A4, N € X and put

m = f(#)=1lim f(A)andn := f(A) =lim f(AN)

then it follows that for any € > 0 and d € JZ there exist My € .# and Ng € N
such that
S(Mg) € Ba(m, €) and f(Ne) € Ba(n, €).

Consequently

do(fx ), N)=d(m,n)
=supd(By(m, €), Bg(n, €))

>0

<supd(f(Mg), f(Ng))

>0
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< sup sup d(f(M), f(N))
Me# Ne NV

—do(fx ), N)

which proves that f: (5(\ , éé\) — (Y, %) is a uniform contraction. O

6.2.10 Corollary The subcategory cUG; is closed under the formation of products
and closed subspaces.

6.2.11 Corollary If (Y, %y) is a complete Hausdorff uniform gauge space, (X, 9x)
is a Hausdorff uniform gauge space, Z C X is dense with respect to the underlying
Top-coreflection, and [ : (Z,9x|,) — (Y, %y) is a uniform contraction, then there
exists a unique extension

f: (X, 9) — (Y, %)

which is also a uniform contraction.
Proof This is analogous to 6.1.13 and we leave this to the reader. O

6.2.12 Theorem [f (X, ¥) is a Hausdorff uniform gauge space, (X;,%;) is a com-
plete Hausdorff uniform gauge space fori € {1, 2}, and the maps

e (X,9) — (Xi,%)
belong to &, then (X1,) and (X2, %) are isomorphic.

Proof This is analogous to 6.1.14 and we leave this to the reader. O

6.2.13 Definition The uniform gauge space (X, 5?) is called the uniform completion
of (X,%9).

Let us now verify that the completion constructed in this section coincides with
the usual uniform completion in the case of a uniform UG-space. Given a uniform
space (X, %) we denote by (X, %) its usual completion.

6.2.14 Proposition (Unif) If (X, %) is a uniform space then ()?,?q?) = (X, G-

Proof That X = X follows at once from the definitions. Further, that % =Yy
follows from the fact that a metric on X is uniformly continuous for % ifand only if it
is the extension (as defined in 6.2.3) of a metric on X which is uniformly continuous
for 7 and from the fact that any constant multiple of a uniformly continuous metric
is uniformly continuous. O
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6.3 Compactification

We recall that, given an approach space (X, 6), we denote by . *(X) the set of all
bounded contractions from (X, 0) to (R, d4;). Further, given any set of contractions
F C X *(X), D4 stands for the set of all metrics

dgy: X x X — P:(x,y) —> sup |[f(x)— fD)I,
feZo

where .%( ranges over the finite subsets of .7.
Similarly to 3.1.5 we then obtain the following characterizations of the objects in
UAp2

6.3.1 Proposition For a uniform approach space X the following properties are
equivalent.

1. X is Hausdorff.

9 is point-separating.

Every generating set F < J*(X) is point-separating.

J*(X) is point-separating.

X is isomorphic to a subspace of a power of R (equipped with 84).

SO SN

Proof 1 = 2. Since (X, .J5) is Hausdorff, for any x, y € X, x # y, we can find
d,d €%9,e>0,and & > 0 such that

By(x,€) N By(y, e) =40.

Hence, if we putd” :=d v d', thend” (x, y) > 0.

2 = 3.If F C J*(X) generates 8, then it follows from 1.2.9 that & # is a basis
for&. Hence, givenx, y € X, x # y, there exists % € 2(%) suchthatd z (x,y) > 0
from which it follows that there exists f € .%y such that f(x) # f(y).

3 = 4. This is trivial.

4 = 5. Consider the product space R4 (X) where each copy of R is endowed
with 84, . Then it follows from the fact that J#* (X) is point-separating that the map

e: X —RT N x — (f(0) fer=x)s
is injective and hence an embedding.

5 = 1. This follows from the fact that R, endowed with 5dE, is a Hausdorff
uniform approach space and from 3.1.10. O

6.3.2 Proposition A Hausdorff uniform approach space is compact if and only if
it is isomorphic to a closed subspace of a product of compact subsets of R (each
endowed with the restriction of Ogy).
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Proof That the second property implies the first one is a consequence of the fact that
an isomorphism between approach spaces induces a homeomorphism between their
topological coreflections. To see that the first property implies the second one, let X
be a Hausdorff compact uniform approach space. Then, from 6.3.1 and the fact that,
foreach f € Z*(X), f(X) C R is compact, it follows that

e: X — H FX)CSRY X x (f (X)) per=x)
fed*(X)

is an embedding into a product of compact subsets of R. Since X itself is compact,
it follows that the embedding is also closed. O

In what follows we denote by kUAp, the full and isomorphism-closed subcategory
of UAp, consisting of all Hausdorff compact uniform approach spaces.

6.3.3 Definition If X is a Hausdorff uniform approach space then a pair (X', ),
where X’ is an object in kUAp,, i.e. a Hausdorff compact uniform approach space,
and where ¢ : X —> X’ is a dense embedding is called a (UAp,-)compactification.
Usually we will refer to X’ simply as being a compactification of X.

Each Hausdorff uniform approach space has a compactification. Consider a subset
F of *(X) which generates 6. For each f € .7, let I be a compact subset of R
containing the image of f. Let

(X" 87) =[] 17 T] 8aw)-

feF feF
Then
ez (X,0) — (X', 0z) :x — (f(X) fez

is an embedding and, obviously, if we let 2 be the same map as e & but with range
Cl%y (e (X)), then ((cl%f} (e#(X)), 8 %), B#) is a compactification of (X, §).
We will denote this compactification by (8.# X, 6.#) or by B#X for short. The
appropriateness of this notation will become clear in the sequel.

Notice that 0 & is generated by the symmetric gauge basis

Dz =1 sup dy | A e 2L
feA

where for each f € %
dy :BzX x BzX — P: (p.q) — |prs(p) —pry(g)|.

Notice also that if (X, J) is compact, then 4 is an isomorphism.
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In order not to overload the notation, when we construct a compactification as
above, starting from the entire set of contractions .#*(X), we will drop all subscripts

and simply put B*X := B+ x)X, B*0 := 8 ¢+x), and B* 1= B y=(x).

6.3.4 Theorem For any Hausdorff uniform approach space (X, 8) the compactifi-
cation B*X has the following equivalent properties.

1. Every f € #*(X) has a unique extension f* € JH*(B*X), i.e. there exists a
unique bounded contraction [* such that the diagram

(X.8) —L—~ (R, 6p)

A
(B*X, B*5)

commutes.

2. Forany Hausdorffcompact uniform approach space (X', 8") and any contraction
f:(X,6) — (X, &), there exists a unique extension to B*X, i.e. there exists
a unique contraction f* : (B*X, B*8) —> (X', 8') such that the diagram

(X’ 5) —f> (X/, 5/)
ﬁ*l /
(B*X,B*6)

commutes.
This compactification is essentially unique in the sense that any other compact-
ification which is also a reflection is isomorphic to B*X.

Proof The proof goes in the same way as the analogous proof for the Cech-Stone
compactification in Top. For example, if f € #*(X), then f* € #*(B*(X)) is
defined as the restriction of the projection pr ; to B*X.If h is another such extension,
then it suffices to note that

{xre B X1 h(0) = [ ()
is a closed subset of B*X containing e_y«x)(X). O

The following result is an immediate consequence of 6.3.4.

6.3.5 Corollary For any Hausdorff uniform approach space (X, 8), the map

is an epireflection of (X, 8) in kUAp,.
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Notice that, in the same way as the Cech-Stone compactification, B*X is the
largest compactification of (X, §). For any other compactification (X', §'), e) there
exists a contraction

c:(B*X,B*8) — (X', 8
such that e = ¢ o B*.

6.3.6 Proposition (Top) If (X, 8) is a Tychonoff topological approach space, then
B*X is the Cech-Stone compactification.

Proof By our previous results, it is sufficient to show that B*X is topological. Let
x € f*X and A C B*X. Then

B*6(x, A) = sup inf sup |prf(x) - prf(a)| .
AKX FX) aeA feH

Since X is topological we know that 7 (X) = ¢*(X), where €*(X) is the set of all
bounded continuous real-valued functions on X. Consequently, if f € #*(X) and
o € R, then o f € J*(X). Moreover, since both pr,, f and o pr , are contractions
which extend o f to * X, we also have that o pry = prg ;. Now, if B*6(x, A) > 0,
then there exists 77 € 2% (X) quch that

inf sup |prf(x) — prf(a)| > 0,
acA feH

and then it follows that

B*8(x,A)= sup inf sup [pr (x) —pr (a)
HeUA*(X) acA feH

v

sup inf sup |praf(x) —praf(a)|
oa>laeA fest

= sup inf sup « |prf(x) —prf(a)|
a>lacA fes

= oo,

Thus $*§ attains only the values 0 and e which proves that $*X is topological. O

It is clear that the topological coreflection of B*X is a compactification (in the
topological sense) of the topological coreflection of X. In general it is smaller than
the Cech-Stone compactification. We will now proceed to give a more concrete
characterization of $*X which will clarify the situation. In this description we will
make use of proximity spaces and related concepts. We refer the reader to Naimpally
and Warrack (1970) for an account of the basic concepts of proximity spaces which
we require.

The following result gives a basic relationship which we will need.
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6.3.7 Proposition [f(X, 0) is auniform approach space, generated by the symmetric
gauge basis 9, then the relation Ag on 2% x 2%, defined by

AAgB < sup inf inf d(a, b) =0,
de? acA beB

is a proximity relation which is compatible with the topological coreflection of (X, 0),
i.e. forany x € X and A C X, we have

{x}AgA & 8(x, A) =0.

Proof This is straightforward and we leave this to the reader. O

6.3.8 Example The same example as the third one in 3.1.20 proves that different
symmetric gauge bases can generate the same distance but different proximities.
Again consider the real line R and the two collections of metrics 2 := {d, | a > 0}
and 2’ .= {dg}, where for each real number a > 0, f; := (Ig A a) V (—a), and

da(x,y) = |fa(x) = fa (V)]

and where dy, stands for the Euclidean metric. Then 2 and &’ are bases for the same
symmetric gauge, but Ay # Ag . For instance for the sets 2N + 1 and 2N of odd
and even integers we have

sup inf inf dy(a,b) =0
>0 ae2N+1 be2N

whereas obviously A is not A g/-proximal to B.

We recall that, given a proximity space (X, A), a set p of subsets of X is called a
cluster if the following properties are fulfilled:

1. VA,Be p:AAB.
2. if AAB forevery B € p then A € p.
3.ifAUBepthenA € por B € p.

Given a Hausdorff uniform approach space (X, §) and a subset .# C 7 *(X)
which generates (X, §), we will denote the set of all clusters in the proximity space
(X, Ag,) by Kz X. Further we let

cz: X — KkzX:x—>{ACX|6x, A) =0}

be the canonical injection (see e.g. Naimpally and Warrack 1970; Naimpally 2009).
We identify the points of X with their images under the map cg. The Smirnov
compactification of (X, Ag ) is the set Kz X equipped with the proximity relation
for which two subsets .7 and % of kK X are proximal if any subsets A and B of X
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which absorb 7 and 4 respectively are proximal in X. We recall that A is said to

absorb o if, for all ¢ € o/, we have that A € ¢,i.e.if A € () ¢. Again we refer
qedd
to Naimpally and Warrack (1970) for more details.
For any nonempty subset A € X, we now define

3,4:ngX—>P:pr—>inf{320|Vde@y:Aff)ep},
where, forany d € Y4 and € > 0,
A =[x e X | 8a(x,A) <e}.
Then we define
8% kg X x 25X . P
as follows. Forany p € k#zX and & C Kz X,

oo o = ﬂ,
07 (p. o) = Lup {EA(p) | A absorbs "Q/} o 70

Further, if A C X and € > 0, and if we consider A as a subset of K& X then we
will put

A©®T . {p exkzX| 5}(p, A) < 8}.

6.3.9 Lemma Let X be a uniform approach space, generated by the symmetric
gauge basis 9. Then, for any A C X and any cluster p € Kz X, the following
properties are equivalent.

1. Aep.
2. Vde?,Ve>0:A4P € p.

Proof We only need to prove that the second condition implies the first one. Suppose
that A ¢ p. Then there exists C € p such that A is not Ap-proximal to C. Hence,

there also exists d € 2 and € > 0 such that A;E) N C;E) = (), which implies that
A;g) ¢ p. O

6.3.10 Theorem [f (X, 0) is a Hausdorff uniform approach space, and % C
A *(X) generates 0, then the following properties hold.

1. (kzX, 5}) is an approach space.

2. cg:(X,0) — (kg X, 5_}) is a dense embedding.

3. The topological coreflection of (Kz X, 87%) is (homeomorphic to) the topo-
logical space underlying the Smirnov compactification of (X, Ag ).
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Proof 1. First of_all note that, for all A, B C X, we have that A € () {q | ¢ € B} if
and only if B C A. From this we conclude that

%(p.B)=sup{da(p)lAe g
geB

=35(p).

It is clear that 5*3; satisfies (D1) and (D2). Moreover, if p € KX and &/ C
" € Kz X, then it is clear from the definition that 6% (p, &) < &% (p, ).
Consequently, in order to prove (D3), only one inequality has to be shown. Now, if
A, B C X, then (omitting the explicit notation of ¢ &)

7(p, AUB) = 8% (p, A) A 87 (p, B),

and the general case follows from this since, if A absorbs 7 and B absorbs %, then
AU B absorbs o7 U 2. To prove that (D4) is satisfied, we first make some preliminary
observations.

Claim 1: Forany o, B € RT,d € 94, and A C X, we have

Indeed, this is nothing more than (T4) for §4.
Claim 2: For any A C X and € > 0, we have

A® =) {q|Vde.@y:Aff/) eq}.

g>¢

Indeed, this follows from the definitions of 5} and 3,4.

Claim 3: If A absorbs <7, then for any € > 0 we have o7 ©® C A",

Indeed, if p € &7 (©) then it follows from the second claim that, for all & > €, for
alld € Y, and for any B which absorbs 2, we have Bg(f/) € p. Since A absorbs
o/ it follows again from the second claim that p € A®)",

Now, consider first the case where p € Kz X and where A C X. From the first
and second claims we can then deduce that, for any € > 0,

84(p) = 8% (p, A9 +e.
For the general case, let & € k2 X. Then it follows from the foregoing inequality
that
0% (p, o) < sup [5}(p, A®) | A absorbs ,Q{} +e

and the result follows from the third claim.
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This proves that (K X, 67) is indeed an approach space.
2. That ¢ # is an embedding follows from the fact that, if x € X and A C X, then

5% (x. A) :inf{e >0|Vde Ps:xc Aif)}
— 8(x, A).

That the embedding is dense follows from the fact that X belongs to any cluster
pekzX.

3.Given p € Kz X and & C Kz X, p is in the closure of <7 for the topology of
the Smirnov compactificationif A € p, forany A which absorbs .«7. By the definition
of 8%, p is in the closure of &7 for the topological coreflection of (kz X, 67%) if

A;g) € p,forany € > 0,any d € 94, and any A which absorbs 7. It follows from
6.3.9 that these two conditions are equivalent. O

Before proceeding with the alternative description of our compactification we
need another lemma.

6.3.11 Lemma [f (X, 0) is a uniform approach space and Y is a dense subspace of
X, then, forany x € X and A C X

8(x, A) ={sup8(x, B)|BC Y, AC B}.

Proof Let 2 be a symmetric gauge for (X, 8). If 6(x, A) > € > 0, then there exists
dp € Z and 0 > 0 such that 64,(x, A) > € + 0. If we let

B :={yeX|84(, A <6},

and B ::_B/ N Y, then it follows from the fact that B’ is open and that Y is dense
that A C B. Since further

8(x,B)+ 6 > 64y(x, B) + 0
> 84y(x, B) + sup 04, (b, A)

beB
> 5d() ()C P A)
>e+0,
this proves one inequality. As the other inequality is trivial, we are finished. O

We now define the map
¥Y:xzX — BzX,

which assigns to each cluster p € Kz X the unique adherence point of the unique
cluster in B4 X which contains p.
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6.3.12 Theorem If (X, 8) is a Hausdorff uniform approach space which is gen-
erated by the set of contractions F C J# *(X), then

¥Y:(kzX,6%) — (BzX.6%)

is an isomorphism.

Proof Clearly the map ¥ is well defined and bijective and the diagram

(X, )

(k7 X.8%) —> (BzX.0.7)

is commutative. Now first suppose that p € KX and that A € X. Then it follows
that

S7(¥(p),A)= sup inf sup |pr (¥(p)) —prs(a)
He2AF) acA feH

= sup inf d*(W(p),a)

d*e@f@ acA
= sup O4+(¥(p)., A)

d*eDy
=inf[e=0|vd* e 75 1 ¥(p) € AY)|
:inf{820|Vde@g:Aff) Gp}
=8%(p, A).

Notice that the second-last equality follows from the fact that ¥ (p) € Afﬁ) implies

that, for all ¢ > &, we have A((f/) € p and similarly that AZE) € p implies that, for

all ¢ > €, we have W(p) € A;i/). It follows, in particular, that p € A if and only if
¥(p) € A. By definition of the Smirnov compactification it further follows that if
A C Xand & C Kz X, then A absorbs 7 if and only if ¥(A) C A.Soif p € Kz X

and & C Kz X then, by definition of 5} and 6.3.11, we have

F(p. ) =sup{85(p, A 1A () q
qedd

=sup {8 7(¥(p), A) | ¥(A) C A}
=87(¥(p), ¥(A)).

This proves that ¥ is an isomorphism, and we are finished. O
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The Cech-Stone compactification of a topological space can be described in at
least two different ways: as a closed subspace of a power of the unit interval [0, 1]
and as the underlying topological space of the completion of the initial uniform
space for all continuous functions into [0, 1] (see e.g. Gillman and Jerison 1976).
The alternative description mentioned above can be generalized in the context of UG.
Suppose [0, 1] is equipped with the usual, i.e. Euclidean, uniform gauge.

6.3.13 Theorem Let (X, 0) be a Hausdorff uniform approach space. If ¢*(X) is
the initial uniform gauge structure for the source

f
(X = [0, 1D resr+x)

and 8 is the underlying distance of%/-*(\X), then (X, 3) = (B*X, B*9).

Proof By definition, the source

(X G*(X)) 5 10, 1]) pe i)

is initial. Hence we obtain that (5(\ , g/*(\X)) = (e(X), 77) where S is the restriction
of the product approach uniformity on [0, 1177 and the result follows. O

6.3.14 Corollary Let (X, 8) be a uniform approach space. Then (X, 8) is compact
if and only if (X, 9*(X)) is complete.

6.4 Comments

1. Completion in metrically generated theories

The constructions of completion in UAp and in UG as explained in this chapter
are special cases of a more general approach in the setting of symmetric metrically
generated theories (see Colebunders and Lowen 2005; Colebunders et al. 2007).

2. Completion in non-symmetric metrically generated theories

UAp and UG are symmetric theories in the sense that the gauges involved have
bases consisting of metrics. For non-symmetric theories a completion theory, which
generalizes the one applicable to UAp and UG, was developed in Colebunders and
Vandersmissen (2010).

3. Completion for larger subcategories of App

In Lowen et al. (1999, 2003) the theory of completions as developed here for
Hausdorff uniform approach spaces is extended to the realm of 7y approach spaces.
This shows some surprising relationship to completion in the setting of nearness
spaces (see Herrlich 1974b) and also shows that the completion of a quasi-metric
space need no longer be quasi-metric.
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In a different, and more canonical way a theory of bicompletions was developed
by Briimmer and Sioen (2006). This completion is proved to be firm with respect to
a certain class of dense embeddings.

4. General theory of completion of objects

In the terminology introduced in Briimmer and Giuli (1992) and Briimmer et al.
(1992) the completion in UAp; is firm with respect to the class &, and the completion
in UG, is firm with respect to the class &;.

5. Wallman-Shanin compactification

We have restricted ourselves to the categorically well-behaved Cech-Stone com-
pactification for uniform approach spaces but there is also a Wallman-Shanin-type
compactification developed by Lowen and Sioen (2000b), the categorical behaviour
of which was studied by Sioen (2000), for so-called weakly symmetric Ti-approach
spaces (an approach space is called weakly symmetric if 6 (x, {y}) = 6(y, {x}) for
allx,y € X).



Chapter 7
Approach Theory Meets Topology

Always topologize.
(Marshal Stone)

Topology is the property of something that doesn’t change when
you bend it or stretch it as long as you don’t break anything.
(Edward Witten)

This chapter and the following ones up to and including Chap. 11 will be devoted
to showing in which other areas of mathematics approach spaces arise naturally and
how in these areas the use of index analysis leads to general numerical results of
which many classical ones are simple consequences.

In this chapter we highlight two areas in topology, namely function spaces and
the Cech-Stone compactification, especially BN.

Clearly any non-trivial application of approach theory has to involve numerical
data. Hence in the first section where we treat function spaces, we do not start merely
with topological and uniform spaces, but rather with approach spaces and uniform
gauge spaces. The results therefore are applicable to any situation where for instance a
choice has been made of a particular metric for a topology or a uniformity. Numerous
indexed theorems are proved, e.g. 7.1.18, 7.1.11, 7.1.20, 7.1.22, in particular an
indexed version of an Ascoli and a Dini theorem 7.1.25 and 7.1.27. We end this
section with a result concerning completion of a function space where we start with
ametric space Y and consider the approach structure of pointwise convergence on YX .

In the second section we study the Cech-Stone compactification of an Atsuji space,
and in particular N, in more detail. We precisely describe the distance dgy and show
some basic properties (see 7.2.3 and following).

7.1 Function Spaces

In this section ¥x and ¢y will always stand for either a gauge or a uniform gauge on
XandonY.

© Springer-Verlag London 2015 249
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7.1.1 Definition (1) If X is an approach space and Y a uniform gauge space, then
T C Y¥ is called equicontractive at a € X if for all d € %y the function

X — P:x+— supd(f(a), f(x))
feH

is an element of % where we recall that %y (a) = {d(x,-) | d € 9x}. Itis clear
that this condition is equivalent with

Vd € 9y, 39 € Gy(a),Vf € H :do(f x f)a,.) < @,

and it is also clear that it is sufficient that the condition is satisfied for all d in a basis
for ¥y. A is called equicontractive if it is equicontractive at all a € X. In line with
the definition of the index of contractivity this immediately allows us to associate a
natural index of equicontractivity of ¢ as

Koo ) 1= min{c| Yae X,V e Gy, IpeFy(a).Vf e : do(fx f)(a,.) < ¢ +c}

For a given collection .77 this index is hence the smallest value such that
Va e X,Vd €9y, 30 € (@), Vf € A :do(f x [)a,) < 0+ Lol H).

(2) If X and Y are uniform gauge spaces, then /# C YX is called uniformly
equicontractive if for all d € 9y the function

XXX —P:(x,y) = sup d(f(x), f()
feH

is in %y. It is clear that this condition is equivalent with
Vd € 9y,Je € %, Vf e :do(f X f) <e,

and that it is sufficient that the condition is satisfied for all d in a basis for %y.
This definition too allows for a natural index of uniform equicontractivity of
defined by

XuecePC) :=min{c |Vd € Yy, e € %, Vf e :do(f x f) <e+c}

Again, note that for any collection 77 C YX this index is the smallest value such
that

Vd e Gy,decGx,Vf e :do(f x [)<e+ Xyee(FO).
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7.1.2 Proposition (Top, Unif) In topological spaces the notion of equicontractivity
coincides with equicontinuity and in uniform spaces the notion of uniform equicon-
tractivity coincides with uniform equicontinuity.

Proof This follows from the definitions. O

7.1.3 Proposition (Met) In metric spaces any collection of contractions (= uniform
contractions) is equicontractive (= uniformly equicontractive).

Proof This follows from the definitions. O

7.1.4 Proposition If X is an approach space (respectively a uniform gauge space),
Y is a uniform gauge space and ¢ C YX, then

sup X (f) = Xee(H) (respectively sup %,,.(f) = Xyec(FE).
fent feA

Proof This follows from the definitions. O

It already follows from the classical case that the inequalities in the foregoing
result, in general, can be strict.

In this section we study some basic approach structures and uniform gauge struc-
tures on function spaces. The setting will always be that of a set or approach space
X and a uniform gauge space Y and we consider the function space ¥* or subspaces
thereof. In particular we denote the set of all contractions between approach spaces
X and Y by # (X, Y) and if X and Y are moreover uniform gauge spaces then we
denote the set of all uniform contractions by #*(X, Y).

First let X be a set. For any A € X and d € %y we define the metric

Yaa Y5 x Y — P (f,g) > supd(f(x), g(x)).

xeA

Further we suppose given a collection X' of subsets of X which satisfies two con-
ditions: (1) X is closed under the formation of finite unions and (2) X' is a cover of X.
We will refer to such a collection X' as a tiling (of X). If 7 is a basis for ¥y then

{Vaalde H Aec X}

in turn is a basis for a uniform gauge %5 on YX. It is easily seen that this uniform
gauge is independent of the choice of basis for ¥y.

The subscript X will be replaced by u if X is generated by {X} i.e. ¥ = 2X, by
pif X is generated by {{x} | x € X} ie. ¥ = 2% and by c if ¥ consists of all
0-compact subsets of X (in which case X is supposed to be an approach space). The
same subscripts will of course be used to denote any of the associated structures.
The u of course refers to the structure of uniform convergence, the p to the structure
of pointwise convergence and the c to uniform convergence on compact subsets.

Sometimes a collection X' also fulfils the condition that foranyA € ¥ and B C A
also B € X. This happens for instance with two of the examples above. However,
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this need not be the case, for instance, if X' consists of all sets which are 0-compact,
then this collection does fulfil (1) and (2), but not the subset condition. If necessary
it is no problem to add smaller sets to X' since B € A implies ¥; p < Ya4,4 and so
these metrics will appear in the uniform gauge 75 anyway.

Being closed or taking a closure will always refer to the topology underlying the
uniform coreflection of a uniform gauge structure or the topological coreflection of
an approach structure.

7.1.5 Proposition If X is a set, Y a uniform gauge space and X a tiling of X, then
the uniform coreflection of (YX, Zx) is YX equipped with the uniformity of uniform
convergence on X -sets and the metric coreflection is YX equipped with the uniform
metric

dgy (f, 8) :=sup sup d(f(x),g(x))
xeX de%y

i.e. with the metric of uniform convergence with respect to the metric coreflection of Y .

Top 2 Met
c c

uniform convergence on X-sets metric of uniform convergence

Proof This follows from the definitions. O

7.1.6 Proposition If X is a set, Y a uniform gauge space and X a tiling of X, then
the following properties hold.

1. Themapc:Y — YX 1y (¢y : X —> Y : x > y) is a uniform embedding
of Y into (YX, 25).

2. For any x € X the evaluation map evy : (YX, Z5) —> Y is a uniform contra-
ction.

Proof 1. This follows from the fact that y; 4 (cy, c;) = d(y, z) for any d and where
¢, stands for the constant map with value z.

2. This follows from the fact that the maps ev, are nothing else but the projections
and these are uniform contractions for the coarsest structure, namely 7, and hence
also for all the other structures. m|

In the following theorem the Cauchy index is taken with respect to the uniform
gauge structure Iy .

7.1.7 Theorem If X is a set, Y is a uniform gauge space, X is a tiling of X,
F e F(YX) and f € YX, then the following properties hold.

1. sup,ex Ag, evx(§)(Va(f)) V 2y (B) = Az T ().
2. AgsB(f) = supeex Mgy ev(®) (evx(f)) + 2%y (§)-
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Proof 1. That sup, .y Ay, eve(§)(evy(f)) < Ay, T(f) follows from 7.1.6 and that
)(cy(S) < /'L@ES(f) follows from 5.4.16.

2. We consider the basis 5 = {ys4 | d € #,A € £} for Z5 and note that
W7 (F) < ZXCy(S) as can be easily verified (see also the proof of 5.4.15). Now
suppose that sup, .y Ag,ev,(F)(evi(f)) < o and that w4, (§) < B, both finite. For
any d € Yy this implies that

Vze€X,3G, € F,Vg e G, :d(f(2),g2() < a,
and
VA e X,3F € §,Vu,v € F,Vy € A : d(u(y), v(y)) < B.
Now take A € X and choose F' € § as in the second claim above. If g € F and
x € A then choose G, € § as in the first claim above and let 4 € F N Gy be arbitrary.

It then follows that d(h(x), g(x)) < B and d(f(x), h(x)) < o and consequently
d(f(x), g(x)) < o + . Consequently

A25§(f) = sup sup inf supsupd(f(x),g(x)) < o+ fB
de%y Ac X Fe§ geF xeA

from which the required result follows. O

7.1.8 Corollary (Top, Unif) If X is a set, Y is a uniform space and X is a tiling on
X, then a filter § on YX will converge uniformly on X-sets to f if and only if it is a
Cauchy filter in the uniformity of uniform convergence on X -sets and it is pointwise
convergent to f.

7.1.9 Theorem [fX is an approach space, Y is a uniform gauge space, f : X — Y
is a function and § is a filter on YX, then

Xe(f) < 22,5(f) + sup inf x.(g).

He§ geH

Proof We suppose that all terms on the righthand side are finite. Fix d € %y and
€ > 0. By definition of A, there exists H; € § such that forallh € Hyand z € X

d(f(2), (@) < LJ(f) +e.

Suppose that SUPpex infrer x.(h) < B, then by definition of y ., for any H € §
there exists & € H such that for all ' € %y

do(hxh)ope%

Consequently we can choose hy € Hy such that d o (hg x hg) © B € %x and then
for any x, y € X we have

d(f(x0), f)) = d(f(x), ho(x)) + d(ho(x), ho(y)) +d(ho(y), f(¥))
< 2(AS(f) + &) +do(ho x ho) ©Bx,y)+ B
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which proves that

do(fx lOQRMLI(f)+e+P)e%

and the result now follows from the arbitrariness of € and 3. O

7.1.10 Corollary (Top, Unif) The uniform limit of a filter of continuous functions
is continuous.

7.1.11 Theorem [f X and Y are uniform gauge spaces, f : X —> Y is a function
and § is a filter on YX, then

%uc(f) S 23’14'3:(](‘) + Sup lnf %uc(g)'
Hed geH

Proof This is analogous to 7.1.9. O

7.1.12 Corollary (Top, Unif) The uniform limit of a filter of uniformly continuous
functions is uniformly continuous.

In the following proposition, if X and Y are approach spaces, we denote by
JHy(X,Y) the set of functions f € YX for which X.(f) < yandif X and Y are
uniform gauge spaces we denote by Ji/yu (X, Y) the set of functions f € YX for

which y,.(f) < 7.

7.1.13 Proposition If X is an approach space (respectively a uniform gauge space)
and is auniform gauge space then foranyy € P, #,(X, Y) (respectively Jify" X, 7))
is closed for the topology of uniform convergence.

Proof This follows from 7.1.9 (respectively 7.1.11). O

7.1.14 Corollary (Top, Unif) If X is a topological space (respectively a uniform
space) and Y is a uniform space then € (X, Y) (respectively €*(X, Y)) is closed for
the topology of uniform convergence.

IfX,Y and Zaresetsand f : X x ¥ —> Z then we put f X — ZY the function
defined as f (x)(y) = f(x,y). In particular for the evaluationev : X x 5 — Y
where 77 C YX we have &V : X —> Y77 : x > ev, (see 7.1.6).

7.1.15 Proposition [fX is an approach space (respectively a uniform gauge space),
Y is a uniform gauge space, 7 C YX and Y X s equipped with the uniform gauge
structure of uniform convergence then

Koo (FC) = x.(&V) (respectively X,,,.(F€) = X,c(€V)).

Proof This follows from the definitions, since it suffices to note that for any x, y € X
and d € Yywe have

Yao (v x ev)(x,y) = sup d(f ), f). m
feH
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7.1.16 Theorem If X and Y are uniform gauge spaces and 7 < YX then
xueC(%) S X@C(%) + ZXC(X)
Proof Making use of 7.1.15 the claim reduces to

Luc(€V) < X (€V) + 2% .(X)
which we know to be true from 5.4.4. O

7.1.17 Corollary (Top, Unif) If X and Y are uniform spaces and X is compact then
any equicontinuous set of functions is uniformly equicontinuous.

7.1.18 Proposition If X is an approach space (respectively a uniform gauge space),
Y is a uniform gauge space and ¢ C YX, then for any € € R

xec(%(f)p) < X oo (FC) + 2 (respectively xuec(ji”(s)l’) < Xuee(FE) + 26).
Proof We only prove the first claim. Let @ € X and put
¢ = min{c | Vd € Gy, 3¢ € Gx(@),Vf € # do(f x f)a,.)<¢+c)

Letd € 9y and take ¢ € g/x@ suchthatforall f € JZ:do(f x f)(a,) < @+cq.
Since for any g € #®» and 6 > 0 we can find &, € 7 such that

d(gx), hy(x)) <€+ 0 andd(g(a), hk(a)) <€+ 6

it follows that

d(g(a), g(x)) < d(g(a), hx(a)) + d(hy(a), hy(x)) + d(hx(x), g(x))
<2(e+0) + (&) + cq

and the result now follows from the definition of . and the arbitrariness of a € X,
d €% and 6 > 0. O

7.1.19 Corollary (Top, Unif) If X is a topological space (respectively a
uniform space), Y a uniform space and 0 C YX is equicontinuous (respectively
uniformly equicontinuous) then also A is equicontinuous (respectively uniformly
equicontinuous).

Conditions under which, in the uniform case, the topologies of uniform con-
vergence on X-sets and pointwise convergence coincide are well known. This can
of course be expressed by stating that an identity map is an isomorphism. In the
following two theorems we see that in the case of uniform gauge spaces, making
use of indices, we can quantify this. Obviously, given a subset .# C Y¥, the map
Ly : (J, Ds| ) —> (€, Dpl ) is a contraction. In order to quantify to what
extent the two structures deviate from being isomorphic it therefore suffices to gauge
to what extent the inverse map deviates from being a contraction.
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7.1.20 Theorem If X is an approach space, Y is a uniform gauge space, # < Y%,
XY is a tiling of X and we consider the identity function

Ly : (I, Dplw) — (I, Ds| ),
then

XLtc(lif) <2sup Xc(A) + ZXec(%)
AeX

Proof Fix A € X and d € ¥y. Then, by definition of the index of equicontractivity
we have

Va € A, 39, € x(a).Vf € A ¥x € A1 d(f(@), () < Qalx) + Lo (H).

By definition of the index of compactness, given any 6 > 0 there exists a finite
set B C A such that

YaeA,3b, € B: @y, (a) < x.(A)+ 0.
Then for any f, g € 5 we have

Ya.a(f, &) < supd(f(a), f(ba)) +supd(f(ba), g(ba)) + supd(g(ba), g(a))

acA acA acA

IA

'Yd,B(fs g) +2sup Db, (@) + ZXEC(%)

acA

< ’Vd,B(fv g) + Z(XL(A) + 6) + 2’%8((%)

which by arbitrariness of 6 concludes the proof. O

7.1.21 Corollary (Top, Unif) If X is a topological space, Y is a uniform space,
A C YX and ¥ is a tiling of X, then, if all sets in X are compact and H is
equicontinuous, the uniformities of uniform convergence on X -sets and of pointwise
convergence coincide on .

The same reasoning as that given before 7.1.20 holds in case the space X is a
uniform gauge space rather than an approach space, with the difference that here we
are dealing with uniform contractions rather than with contractions.

7.1.22 Theorem If X and Y are uniform gauge spaces, 7 C YX, X is a tiling of
X and we we consider the identity function

ljf : (%’@]7'%) — (%1-@2|j?0)7
then

Xue(L#) =2 5up X0 (A) + 20 (FF).
AeX
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Proof This is analogous to 7.1.20 and we leave this to the reader. O

7.1.23 Corollary (Top, Unif) If X and Y are uniform spaces, 7 C YX and X is a
tiling of X, then, if all sets in X are precompact and F¢ is uniformly equicontinuous,
the uniformities of uniform convergence on X-sets and of pointwise convergence
coincide on .

The following theorem is the uniform gauge generalization of the converse of
Ascoli’s theorem.

7.1.24 Theorem If X and Y are uniform gauge spaces, # C YX, X a tiling of X
and YX is equipped with 9, then the following properties hold.

1. Supyex Xpe(€Vx () < 2, (F).
2. Xuec(t%ﬂA) = 2%pc(%) + SUPfe 7 XLtc(f|A)-

Proof 1. For any x € X choose A € X such that x € A. Then it follows that
d o (evy x evy) < Ys1.4. Hence, for any x € X, the map

evy : I — Y

is a uniform contraction. Consequently the result follows from 5.4.35.
2. We suppose that all values on the right-hand side are finite and we choose o
such that

Xpe() = sup inf sup inf supd(f(a),g(@) < .
e de%y Aex H €20 fep 8€ X qeA

Next we also choose 3 such that for all 4 € 57
Xuc(hla) =inf{8 | Vd € Yy, 3e € Gx : d o (h|a X hla) < e+ 6} < B.

Now fix d € ¥y and A € X. Then it follows that there exists a finite subset
JH C A such that

sup inf supd(f(a), g(a)) < 0.
fet 8€X aecA

Further, for any g € J# there exists e, € ¥x such that d o (g|a x gla) < eg + B. Put
€ 1= SUPyc y €g € %x. Then, if f € ¢ we can find g € # such that for all a € A,
d(f(a), g(a)) < o. Hence it follows that for all x,y € A:

d(fx), f() <d(f(x), g(x)) +d(gx),g(») +dg®), f)
= a+eg(x’)))+ﬂ+05
<ex,y) + Qo+ p). o
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7.1.25 Theorem (Ascoli) If X and Y are uniform gauge spaces, 7 C YX, X isa
tiling of X and YX is equipped with P, then

1
Expc(%) < sup X e (eVe(H)) + sup X0 (A) + SUp Xyee (H14).
xeX AeX AeX

Proof We suppose again that all values on the right-hand side are finite, and we let
o and 3 be such that, forall x € X and A € X:

ev(J£)) = su inf  sup inf d(f(x), g(x)) < c,
Xpe eV (H)) deé)r%%”) feffge? (f(x), g(x))

(A) = sup inf supinf e(a, b) < .
ch eeg% Be2@® aeg beB ﬁ

Next we also choose ysuch thatforallA € ¥, x,,..(2|4) < ¥, which implies that
Vd € 9y,3e € Gy, Vk € ) :do(k xk) <e+7.

Now fixd € %y and A € X'. Then it follows that there exists e € %x such that for
all f e A

do(flax fla) Ze+7.
For this e, it then follows that there exists a finite subset B € A and a function

A —> B :a+> b, suchthat e(a, b,) < B.
Let Z := Jcpevp(S€) S Y. Then it follows that

Xpe (@) = (| Vb () < sup 2,0 (v () < a1,
beB beB

Hence, there exists a finite subset C C Z and a function Z — C : z > ¢, such that
d(z,c;) < aforall z € Z. For any h € CB let

B(h) ={f € A |VbeB:d(f(b),hb)) < oj.
Now, fix f € 47, and consider the function
hf:B— C:br crpy.
It then follows that f € Z(hy). Let
KX ={he CB| Bh) + 7).

Then the foregoing shows that the collection {#(h) | h € £} is a finite cover of
€. Now for each h € JZ we choose an arbitrary function g5, € Z(h) and we let
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F = {gn | h € }. Then .Z is a finite subset of . and, by the foregoing, we
obtain that for any a € A

d(f(a), gn,(a))
=d(f(a), f(ba)) +d(f(ba), hy(ba)) + d(hy(ba), gh; (ba)) + d(gh; (ba), &hf (@)
= d(f(@), f(ba) +d(f (ba), C1(5y) + dlh (ba), gy (b)) + d(gn, (ba), gn, (@)
< (e(a,by) +7)+ o+ a+ (e(a, by) +7)
=2(a+B+),

which by the arbitrariness of respectively a € A, d € %y and A € X shows that
Xpe(H1a) < 2(a+ B+ ). o
The foregoing two theorems generalize the well-known Ascoli theorem.

7.1.26 Corollary (Ascoliin Unif) If X and Y are uniform spaces, X is a cover of X
and € (X, Y) is endowed with the uniformity of uniform convergence on X-sets then
for 7€ C € (X, Y) the following properties hold.

1. If 7 is precompact then ev,(F€) is precompact for every x € X.

2. Ifevy(J2) is precompact for every x € X, all sets in X are precompact and for
any set A € X, |4 is precompact then F is precompact.

3. Forany set A € X, if 7 is precompact and the restriction of every function in
J to A is uniformly continuous then 5|4 is uniformly equicontinuous.

7.1.27 Theorem (Dini) If X is an approach space, X' is a metric space, fn : X —>
X', neNand f : X —> X' are functions such that for all x € X, d'(fn(x), f(x))
is decreasing, then

Al (dn) () = 2p{(fdn) () + X (F) + sup x(fn) + 2x(X).

Proof We suppose that all terms on the righthand side are finite. Let € > 0. From the
definition of A,, it follows that for any x € X there exists 7, such that for all k > n,

d'(f @), fr() < 4(f)(f) + €.
Also, by 4.2.2, for all x € X we have that
do(fx e x.f)ebxandd o (fu, X fn) O xc(fn,) € %.

Put
ex = (d o (fx Oy VI o(fu X fu)O xfu)

then by 4.3.2 there exists a finite set A C X such that

X = U Be,(a, x.(X) + €).

acA
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Putng := max{n, | a € A} and fixx € X andn > ng then there exists a € A such that

@ (f (), f(@) © X (N V (A (fu,0), fa(@) © xc(fu) = xX) + €

and then it follows that

d'(f(x), fu(x) = d'(f (), fu, (X))
< d'(f(a), fo,(@) +d'(f(x), f(@) +d'(fn, (), fu,(@))
< () () + x.(f) +sup x . (fn) +2x.(X) + 3¢

which by the arbitrariness of x, n > ng and € and the definition of A, proves the
result. O

7.1.28 Corollary (Dini in Top) Let X be a compact topological space and X' be a
metric space. If f, : X —> X', n € N, and f : X —> X' are continuous functions
such thatforallx € X, d' (f,(x), f(x)) converges decreasingly to 0 then the sequence
(fn)n converges uniformly to f.

7.1.29 Theorem If X is a set, (Y, Oy) is a complete metric approach space, and
¥ < YX is endowed with the approach structure Op of pointwise convergence on
YX, then the Met-coreflection of the completion of (%, 8) is isomorphic to the usual
metric completion of (£, d,).

Proof Let 2 be asymmetric gauge basis which generates §,. Further let (¢'(2), Egp)
stand for the usual metric completion of (2, d(;p), where ¢ (%) stands for the set of

minimal Cauchy filters in 2. Clearly, if H € € (%), then H? € %.Thus we obtain
a map

v:6(%) — Z:H— H?.

This map is onto. Indeed, if F € Z, , then F is a % (2)-Cauchy filter, i.e. for all
x € X, we have that

Fx) ={Zx)| & €F},

where .7 (x) := {f(x) | f € F} is Cauchy in (Y, d). Since Y is complete, there
exists f €Y X such that, for all x € X, F(x) —> f (x). This implies that

1
Vn € Ng,Vx € X,3.%) € F: Fy(x) C Ba(f(x), 2—).
n

Also, since F is Sp—Cauchy, we have that

1
VneNg,dg, € Z,VxeX: [h € Z | d(gn(x), h(x)) < 2_] eF.
n
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Consequently, for all n € Ny and for all x € X, we have

[h € | d(ga(), h(x) < %] N Fo £,

1
and thus, forall x € X, d(g,(x), f(x)) < —,i.e. (g,)n —> f uniformly. Let H" stand
n

for the filter generated by the sequence (g,), and let H be the minimal ds,-Cauchy
filter contained in H'. Since both

A5, F(f) = 0.and A, H(f) =0,

F and H are % (2)-equivalent. Since F is % (Z)-minimal this implies that
y(H) =H? =F.
Now let F, H € &. Then

35 (F,H) = sup sup inf inf supd(f(x),h(x))
! FeF #eH [eF he A xex

supg{x}(F@, H@)
xeX

= dg (F7.H7).

v

Conversely, if
ds (F7,H7) <,

then, given 6 > 0, we can find f, h € Z such that

0 0
kdépF(f) <5 and ldépH(h) <5

which implies that, for any x € X,
By, (f. 0) € FZ and By, (h, 0) € H7.

It then follows that, for any x € X, dij(f, h) < €420 and thus d(;p (f,h) <e+286.
Consequently,

Mg, H(F) < Ay HOD + ds, (h, f)
<e+30,

which by the arbitrariness of 0 finally implies that

da, (F. H) = inf (Aas, F(F) + Mgy, H(S)

<E&.
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This proves at the same time that y is injective and an isomorphism and we are
finished. O

7.2 The Cech-Stone Compactification

Our description via clusters (see 6.3.12), allows us to answer the question as to
when the topological coreflection of our compactification B*X coincides with the
Cech-Stone compactification of the topological coreflection of X.

If X is a Tychonoff space, then the finest compatible proximity relation Ay, is
given by

AAfyeB < A and B cannot be completely separated.

This proximity relation is called the fine proximity. We recall that two sets A and B are
said to be completely separated if there exists a continuous function f : X — [0, 1]
such that f(A) = 0 and f(B) = 1. This proximity is also completely determined by
the property that a pair of zero-sets is proximal if and only if they intersect. If X is
normal then A Ay B is equivalent with ANB # 0.

Let Z(X) stand for the set of all zero sets in X.

We recall that a metric space X is called a UC space or an Atsuji space (see e.g.
Atsuji 1958; Chavez 1985) if any continuous real-valued function on X is uniformly
continuous. Many equivalent characterizations of Atsuji spaces have been given in
the literature.

7.2.1 Theorem If X is a Hausdorff uniform approach space, then the topological
coreflection of B*X is isomorphic to the Cech-Stone compactification of the topo-
logical coreflection of X if and only ifA@%,*(X) is the fine proximity.

Proof The Cech-Stone compactification of a space is characterized as the compact-
ification with the property that disjoint zero sets have disjoint closures. We have the
following equivalences for any pair of zero sets A, B € Z(X):

ANB =y < A and B have disjoint closures in f*X
< noAg, .., cluster contains both A and B

< Ais not A9 e, proximal to B. O

We can now immediately derive a result which determines which metric approach
spaces have a compactification such that the Cech—Stone compactification of the
underlying topological space is quantified by a distance which extends the metric.
In other words, for which the diagram below commutes.
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X d) cor;li—izr:tion X, 7
lﬁ
g (BX. BT
e
(BX. ) — P = (B°X. Ty)

7.2.2 Corollary For a metric space (X, d) the following properties are equivalent.

1. The topological coreflection of B*X coincides with the Cech—Stone compacti-
fication of (X, ).
2. (X, d) is an Atsuji space.

Proof This follows from 7.2.1 since a metric space (X, d) is an Atsuji space if and
only if for any pair of closed subsets A, B C X, we have that

ANB =@ <« inf inf d(a, b) > 0. O
acA beB

The foregoing result is applicable to N since, equipped with the usual Euclidean
metric, N is clearly an Atsuji space. This implies that, although BN is not metrizable,
it is in a natural way quantifiable with a canonical approach structure. We note that
the fine proximity relation in this case is

AAfneB & ANB # 0

and that clusters hence are indeed just the ultrafilters on N as we already know from
7.2.2. We will therefore maintain the notation BN. The distance on N, generated
by the Euclidean metric, is also simply denoted by &4;,. The distance 3* 0y, will be
denoted by gy for short. In keeping with the usual practice in the case of SN and
with our way of denoting clusters, we will denote the points of BN by lower case
letters p, q, 1, .. ..

We give some main properties of this distance in the following result.

7.2.3 Theorem The following properties hold.

1. The distance gy on BN is given by

Sn(p. A) = sup inf{a|A§,‘;‘>ep}
{Aeng|qeA}

= sup  sup inf inf |a — y|
{Aenqg| geA} FepacAyeF

forallp € BN and A C BN.
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2. The restriction of dgy to N coincides with the Euclidean distance .
3. The topological coreflection of (BN, dgn) is BN (equipped with the topology
of the Cech—Stone compactification).

Proof 1.1t follows from the discussion preceding 6.3.9 that for any p € BN and any
nonempty subset A € SN

opn(p, A) = sup{gA(p) | A absorbs A}

sup inf{a | Vd € Dy : AYY € p).
{Aeng|qeA}

Now put
H :={64(-,A) |d € 4, A C N}
then clearly
D S Dy+my S Y-
Since forany d € ¢, and A € N
d* :NxN— R:(x,y) > [8:(x,A) — 8y, A)|
is in 2 and since for any € € R™ we have Aff) = A;i) it follows that in the above

formula we can replace Z ¢+ (x) by ¥. Furthermore, we can obviously replace ¢,
by the canonical basis {dg A ® | @ € P}. But since for any w € Pand A C N we

have A;ﬁ;) = A;C;)A( o+1) it finally follows that we can replace %y +x) by the unique
metric dr and hence
3pn(p.A) = sup inf{or | A} € p)
{AenglqeA}

which proves the first formula.

Now, for the second formula, if there exists B € p such that B C A((g) then since
any B' € p meets B it follows that infycs infyep [x — y| < a. Conversely if for any
B € p we have thatinf e infyep [x —y| < o then for each such B we can find yp € B

such that inf,eq |[x — yp| < @ and then By := {yp | B € p} € pand By C A;?E‘).
Hence we finally obtain that

Opn(p,A):=  sup  supinf infla —yl.
{Aeng| qeA} FepacAyeF

2. This is immediate.
3. This follows from 7.2.2. O

In the sequel, for simplicity, we denote Afig) simply by A(®),
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That dpy is not trivial on the remainder N* := BN\ N of BN is shown by the
following result. Given an ultrafilter p on N, we define

p®n:={U®n| Uep}andpoSn:={Ucn| U e p}
where, foranyn € Nand A C N,
A®n:={a+n| acAl andASn:={(a—n)vO0| aeA}.
7.2.4 Proposition If p and q are ultrafilters on N, then for any n € N
g, iph) =nep=q®norp=qon.

Proof Fix g and n. That 6gn(q, {g © n}) < nfollows from the fact that F&n C Fm,
for all F € g and the first formula in 7.2.3. To show the other inequality, for any
ief0,1,...,2n—1}, let

Zi:={2kn+i| ke N}.

Then (Z,-)izza1 is a finite partition of N and thus there exists a unique
j€{0,1,...,2n— 1} suchthat Z; € g.If welet’ := j+n(mod2n) thenZ; € g®n
and

Spn(g, {g @ n}) = inf inf [x—y| =n.

j Y€ J

This shows that dgn(q, {g © n}) = n. The result for dgn (g, {g © n}) is of course an
immediate consequence.

To prove the necessity, assume that for some p, ¢ € BN we have dgn(g, {p}) <
n < oo, Choose i,j € {0, ..., 2n} such that

D;:=2n+1)N@icgqg
and
Dj:=Q2n+1)N@j€p.

Then
By ={FND;| F eq)
and
P, :={GNDj| Gep}

are bases for respectively ¢ and p. For any A € %, we can find B € 2, such that
B C A™ _ Then there exists a unique ! € {—n, ..., n}suchthati4+! = j(mod 2n+1).
It then follows that B € A & [. Consequently ¢ &/ C p and thus ¢ & [ = p. O

It follows from the foregoing proposition that unless g and p are translates of
each other, dgn (g, {p}) = oo, i.e. ultrafilters which are not translates of each other
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contain sets which lie arbitrarily far apart. Consequently we immediately obtain the
following corollary.

7.2.5 Corollary The metric coreflection of (BN, Ogn) is a metric which generates
the discrete topology on BN.

The foregoing allows us to deduce some interesting results. Since for eachn € N
the set A, := {k € N | k > n} belongs to every non-principal ultrafilter it follows
that for any m € N

Opn (m, N*) > sup inf |m — k| = oo.
neNkeA,

In Van Douwen (1991) an addition was defined on BN in the following way. For
any p € N* and n € N we already know what p & n and p & n mean. It then is easily
seen that always

pdnon=pand (pOSn) &n=p.
Now for any fixed p € N*, making use of the second formula in 7.2.3, the map
7, N— BN:n—p&n

is easily seen to preserve distances, and since it is clearly an injection it is an em-
bedding. Hence it follows from 6.3.4 that it has a unique extension

* .
7, :fN— BN:g—>p&gqg
which is a contraction. That way we obtain a binary operation on SN
®: BN x BN — BN: (p,q) = 7,(9).
This is an associative extension of ordinary addition of natural numbers (see
e.g. Hindman 1979).

Van Douwen proved that N* @ N* is nowhere dense in N*. However the following
actually holds.

7.2.6 Proposition | J, (N* & N*Y" is nowhere dense in N*.
Proof A basis for the topology of N* is given by

{clgn(A) NN* | A C N infinite}.

If A € Nis an infinite subset we take an increasing sequence (s,), in A such that
Sn+1 > 28, + 3n for each n € N and we let

S:={s, |neN}and S, := {s,, | m > n}.
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Suppose that for some p,g € N* and n € N we have S® € p @ ¢ then, since
N \ S,(ln) is finite, it follows that also S,(,") € p ® q. Then we can find B € ¢ and for

all b € Baset F, € p such that Fj, + b € S{”.
Now, fix k and [ € B such that k + 2n < [ and let C, D € p be such that

CH+kCSWandD+1< 8™,

As CND € pisaninfinite set thereisani € CNDsuchthati > [. Theni+k € S,(,")
and thus, for some m > n we have

Sm—n<i+k<s,+n.
From the fact that k + 2n < [ it now follows that
Smt+n<i—+L
On the other hand we have
I<i<i+k<sp+n andthus i+ <2i<2s,+2n < syp41 —n.
Consequently we obtain
SmAn<i+l<spyer—n
and hence i 4 ¢ S,(,") which contradicts the fact thati 4/ € D + /.
This contradiction shows that N \ S belongs to each element of N* @ N*.
Consequently, if p € U,en(N* @ N*)®™ then S ¢ p. In other words, S is an infinite
subset of A such that

clgn(S) N (Upen(N* @ N9)™) = ¢

which proves the result. O

7.3 Comments

1. The non-numerical aspect of topological spaces

Of course, a topological space as such has no numerical information and it would
not be possible to produce any meaningful quantitative results just from the qualitative
non-numerical data of a topological space. In the first section we hence developed
the theory of function spaces for general approach spaces and uniform gauge spaces
which as special case of course has the situation for topological and uniform spaces
included. In that special case only qualitative classical results ensue. However, if



268 7 Approach Theory Meets Topology

a topological space or a uniform space is endowed with a canonical metric, such
as e.g. the real line, then the results are also applicable to that situation and then
quantitative results will follow which are related to the underlying topologies and
uniformities.

More generally if a topological space, or a uniform space, is defined from an initial
construction involving canonical metrics then, as we have seen in the second and fifth
chapters, a canonical approach structure or uniform gauge structure overlying the
topological or uniform space ensues and the results of this chapter give meaningful
quantitative results for those structures.

Analogously in the second section concerning the Cech-Stone compactification
of Atsuji spaces, in particular N, here too we take the stance that N is endowed with
a canonical metric, namely the restriction of the Euclidean metric on R. Again this
then allows for quantitative results.

2. Function spaces in metrically generated theories

Function spaces have been studied also in the more general setting of metrically
generated theories in Vandersmissen and Van Geenhoven (2009). Both approach
spaces and uniform gauge spaces are special cases of metrically generated spaces,
and in particular if the codomain is a uniform gauge space then they obtain the
function space structure introduced in this chapter and prove a version of Ascoli’s
theorem which concords with the results of 7.1.25 and which generalizes the non-
indexed version given in Lowen (2004) to the realm of certain metrically generated
theories.



Chapter 8
Approach Theory Meets Functional Analysis

In most sciences one generation tears down what another has
built ... In mathematics alone each generation builds a new
story to the old structure.

(Hermann Hankel)

In this chapter in the first section we start in the classical setting of normed spaces and
see how the well-known weak and weak* topologies can be quantified by canonical
approach structures and how using index analysis, this allows to obtain quantified
results of which several classical results are simple corollaries (see e.g. 8.1.4, 8.1.6,
8.1.8). We also show that the weak and norm distances coincide on weakly complete
subsets (8.1.16) and we prove a zero-one law for the index of compactness of the
unit ball for the weak approach structure (8.1.34).

In the second section we will see that the construction of the weak and weak*
approach structures on normed spaces fits into the wider picture of what we call
approach vector spaces and locally convex approach spaces. We define the categories
ApVec and IcApVec and investigate their basic properties and see how they relate to
topological vector spaces, locally convex vector spaces and seminormed spaces.

8.1 Normed Spaces and Their Duals

We will work with a normed vector space E over the field of real numbers and we
write || || and d for norm and metric on E, with sub- or superscripts if necessary.

To simplify notations, we will write Bg and Sg for the closed unit ball and unit
sphere with center 0. The topological dual of E, which is denoted by E’, is defined
as the space consisting of all continuous real-valued linear maps on E and the dual
norm on E’ is given by

ILfIl == sup | f(x)].

xeBE
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This norm makes E’ into a Banach space. The topological dual of E’ is called the
bidual of E, and will be denoted by E”. For every x € E we have a functional

X E —R:f— fx)
in E” and it is a consequence of the Hahn-Banach theorem that
J:E— E":x— X

defines a linear isometrical embedding, meaning that J is linear and that for every
xek

€1l = sup |f(x)] = llx].

feBgr
For every finite subset F C E’ the function

pr:E — R:x+> sup|f(x)]
fer

is a seminorm on E. In the sequel we write .#(g, g for the set of all such seminorms
and %, g for the set of all metrics derived from these seminorms. Then the weak
topology o (E, E’) on E is defined as the Hausdorff locally convex topology on E
generated by either of these collections, and it owes its name to the fact that it is the
initial topology for the source

(f . E I (R7 L7]]*:))}CEB’E/~

In this section we will introduce a uniform approach structure on £ which quantifies
the weak topology and we will generalize some well-known basic properties of the
weak topology, which can be found in e.g. in Bourbaki (1961) and Brezis (2011), to
the quantitative level, yielding the classical results as corollaries. Z g ) is saturated
for the formation of finite suprema and it generates a distance on E, which we will
denote by (g, gy and which we will call the weak distance. It is given by the following
formula:

Sepy  Ex2F —P:(x,A) > sup inf pp(x —a).
FeaBp) 4€A

That the name weak distance for O(g gy is justified follows from the fact that it
quantifies the weak topology.

8.1.1 Proposition The topological coreflection of (E, &g, g)) is (E, 6(E, E")) and
the metric coreflection of (E, &g gy) is (E, dj ).
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o(E,E) dj|

Proof The first claim follows at once from the definitions and 2.2.6 and the second
claim follows from the Hahn-Banach theorem since for any x, y € E we have

ds (X ¥) = 8, (x. {Y}) V 8z, 1) (¥, {x})
= sup sup|f(x—y)l

FeaBr) feF
= sup |f(x =yl
feBgr
=[x =yl o

8.1.2 Theorem The source (f : (E, O, £)) —> (R, 6g)) reB,, is initial.

Proof If we denote the initial approach distance for the source above by § then, for
every x € E and every A C E, we have

6(x,A)= sup inf sup (de(f(x),-)o f)(a)
FeaBp) A€A feF

= sup inf sup |f(x —a)|
FeaBen) €A feF

= 5(E7E/)(X,A). O

Since coreflectors preserve initiality an immediate consequence is the well-known
fact that the source (f : (E, o(g g)) —> (R, JE))sep is initial (in Top). That
o, gy € J] | is also an immediate consequence of the fact that 6z gy < 9.

We now show that equality of the strong and weak distances is equivalent to
equality of the strong and weak topologies.

8.1.3 Theorem The following properties are equivalent.

1. E is finite-dimensional.
2. The weak distance coincides with the norm distance.
3. The weak topology coincides with the norm topology.

Proof 1 = 2. Assume that E is finite-dimensional and let { ey, ..., e, } be a basis
for E. Then a basis for E’ is given by { e/, ..., e, } where foreveryi € {1,...,n}

n

/. .

e E—R: E ogey — 0.
k=1
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Take x € E and A C E arbitrary. We only need to prove one inequality. It follows
from the Hahn-Banach theorem that for every y € A, there exists an f) € Bp/
such that

Ix =yl =19 x = yl.

Now define

n
¢ E — R": Za,-el’. = (0, ..., ).
i=1
Then ¢ is one-to-one and linear and both ¢ and ¢!
(oq, ..., 04) € R" we have

are Lipschitz. For every

—1 n
llp™ (e, ... )| < n - max lle; 1l - Il (e, -« 0m) llmax.
1=

and
n n
n
lo( > oie)llmax < max|le;]l - | > ogel.
i i—1 i
i=1 - i=1
Analogously of course
n
v:E— R": inei = (X1, ..., Xn)
i=1

is linear and one-to-one and both y and y~! are Lipschitz. Suppose that M > 0 is
a Lipschitz constant for y. Fix 0 < € < 1. Since @(Bg/) is compact there exists a
finite subset B of ¢(Bg) such that

(P(BE’) - U Bd”A”maX (O{, 8/)

aeB
where ¢’ := €/(n-M).Then F := (p_l(B) is a finite subset of By and forall y € A
prix—y)= (0 —¢€)-[lx—yl.

To prove this claim, pick y € A. If we write x = >/ xie;, y = >, yiei
and fO =3, ai(y)el’., then o) := (afy), oWy e @©(Bg), so there exists
o:=(o,...,0,) € B with

lor — a(y)”max <é.
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Ifg:= (p_l(a) we obtain that

Ix =yl = 1P (x — y)|
<lgx =M+ I(fP - ) (x — y)|

n
< pr(x —Y)+Z|06i(y> — ol - |xi — il

i=1

sprx—=y)+e&-flx =yl
This now implies that

O, e (x, A) > ){relg prx —y) =1 —¢€) -5, A)

and thus by arbitrariness of € we are finished.
2 = 3. This follows from 8.1.1.
3 = 1. This can be found e.g. in Brezis (2011). O

The fact that a weakly convergent sequence is bounded is a consequence of a
more powerful quantified result.

8.1.4 Theorem Let (x,), be a sequence in E. Then the following properties are
equivalent.

1. Forallx € E : Mg, g ((xp)n)(x) < oo.
2. There exists x € E : Mg, gy {(xn)n)(x) < oo.
3. The sequence (xp,), is norm bounded.

Proof 1 = 2. This is evident.
2 = 3. Suppose that

M = A(E,E’)((xn)n>(x) = sup limsup|f(x —x,)| < oo

f€Bgr n
for some x € E. Then we have that
VfeBp,3dng,Vn>np:|f(x)— flx)| < M+1,

yielding that for every f € E’ and every n € N

Lf (en)| < ((Ilfll +1- ( (x)

+ M+ 1)) v o,

‘ f
I/l +1 i=l
which shows that (f(x,)), is a bounded sequence for every f € E’. Applying a
well-known consequence of the Banach-Steinhaus theorem (see e.g. Brezis 2011)
now yields that (x,), is norm bounded.
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3 = 1. Note that foreach x € E

A, En ((en)n) () < Ay {(xn)n) (x) = limsup ||lx — xp || < [lx]| + sup [|xn . O
n n
8.1.5 Corollary (Top) Every weakly convergent sequence is norm bounded.

8.1.6 Proposition If (xx)i is anetin E and x € E, then
flx]l < liH,l(inf Xl + A, £ ( (i) k) (X).

Proof Take x € E andlet (x), be anetin E on the directed set (D, >). Assume that
all terms on the right-hand side are finite, and let M be such that A g g7y (X)) (X) <
M < oo. Then it follows that

VfeBp,Ane D,Vke D,k =N |f()| —[f(x)| < [f(x —x)| < M,
from which it follows that

Vf € Bp :|f ()] = liminf [l + M

and taking the supremum over all f € Bp, the result follows once again from the
Hahn-Banach theorem. O

8.1.7 Corollary (Top) If (x)k is a net in E which converges weakly to x € E, then
1l < liminf [|xi[|.

8.1.8 Proposition If (xi)x and (fx)« are nets in E and E’, both based on the same
directed set, x € E and f € E’, then

AR((fie (i) i) (f (1) = (Sl’lcp il - A (i) ) + LA A, ) (i) i) ().

Proof We will denote the directed set upon which both nets are based by (D, >). If
f = 0and sup, ||xk|| = O there is nothing to show. If sup,. [[x«| = 0 and f # 0 we
have that

AE((fx () i) (f () = [ f ()]

I —x)

A1l
< WFIF Ace, (i) ) ().

< I fIl - lim sup

K
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If sup,. ||xk|l # 0 and f = 0, we have that
AE((fie(xie))ic) (f (x)) = limsup | fie(x)]
K
= (sup [|lxk ) - limsup || fic — £l
K K
= (sup [lxcl) - A 1 ((fi) i) (f)-
K

Now suppose that f # 0 and that sup,. [|xx| > 0. If either A |{(fi)x)(f) = oo or
MeE.E) (X)) (x) = oo there is nothing to show hence we can suppose that these
terms are finite. Fix € > 0 and take ky € D such that

sup [Lf = fiell < A1 {((fid) () +

K> Ko 2 supy [|lxkll
and
S . i
sup | —(x —x)| < limsup |—(xx — X)| + ——.
ko | LA c LT 21111

It then follows that

sup | fi(xx) — f(X)] < sup | fu(xyx) — f (x| + sup | f(xx) — f(x)]
Ko K> Ko

K>Ko K>
< (sup [[xkll) - sup [ fx — fII+ 1 fIl- sup L(x,c —x)‘
K K>Ko K> Ko ||f||
< (sgl(p i) - Ay { () ed () + 1A limKsup ”—j:”(xx —Xx)|+¢€

=< (S?{P il = Ay (i) ) + LA A, ) (i) i) () + €,

which concludes the proof by arbitrariness of €. O

8.1.9 Corollary (Top) If (xx)« and (fi)« are nets in E and E', both based on the
same directed set, x € E and f € E', (fi)x converges to f in the norm topology
and (xi) converges weakly to x, then (fi(xi))x converges to x in R.

8.1.10 Theorem (Mazur) If C C E is convex then
81, C) = 8.k, C).

Proof 1If C = @, the equality is trivially fulfilled, so we may assume C # (. Fix
x € E. Only one inequality needs to be shown. Suppose that §j j(x, C) > € > 0 and
put Bg(x, €) the open ball in x with radius €. Since C and Bg(x, €) are nonempty
and disjoint the Hahn-Banach theorem yields the existence of @ € R and f € F/,
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with f # 0 such that

Vye C.Vze Br(x,8): f(y) =a = f(2).
Since f is linear this implies that

f)= sup (f@+ f(x—2)

z€BE(x,€)

o+ sup  fx—2)

z€BE(x,€)

=oa+e|fl,

and it now follows that

. f f )
O gn(x,C) > inf | — - > g,
(.£) (% )>§2c(||f||(x) ) =e

which concludes the proof. O

8.1.11 Corollary (Mazur in Top) The weak closure and the strong closure of convex
sets coincide.

A remarkable fact about the weak distance is that its completeness is equivalent
to the completeness of the initial norm.

8.1.12 Theorem A normed space E is a Banach space if and only if (E, 8, gr)) is
complete.

Proof Since a uniform approach space is complete if and only if its metric coreflec-
tion is complete, this is an immediate consequence of 8.1.1. O

If (Ey, 61) and (E3, 6,) are approach spaces, f : E; —> E is a function and
k € R™, we call f k-Lipschitz if for every x € E and each subset A C E, we have
that

0 (f(x), f(A) <k-0i(x, A).
8.1.13 Proposition [f E| and E, are normed spaces, and T : Ey —> Ej is a linear

function, then the following properties are equivalent.

1. T :(E1, Jy,) = (E2, Jj,) is continuous.

2. Forsomek € R, T : (Ey, 8)y,) = (Ea, 8 ,) is k-Lipschitz.

3. Forsomek e R, T : (E;, 5(El*Ei)) — (E,, 5(527%)) is k-Lipschitz.
4. T : (E1,0(E1, E))) — (E2, 6(Ea, E})) is continuous.

In the equivalence of 2 and 3 the Lipschitz constant is preserved in both directions.
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Proof 1 < 2 < 4. This can be found in e.g. Brezis (1983).

2 = 3. Suppose that T : (Ey, §,) —> (E2, §,) is k-Lipschitz with k € R*.
Since for any finite subset F C B E)

FoT:={foT| feF}

is a finite subset of kB E| We obtain that for every x € Ej and every A C E;

Ok, (T(x), T(A) = sup  inf pror(x —a)

(B,,) 4€
£

Fe2
< sup inf py(x —a)
(kBE,) acA
He2

= k(S(El’Ei)(x, A)

3 = 2. This is analogous to the foregoing and we leave this to the reader. O

Our next result gives an alternative description of the weak distance in a Banach
space which in turn will allow us to prove a theorem in the same vain as 3.2.15 and
> liilg.write 7 for the set of all closed subspaces F of E with a finite codimension,
i.e. such that dim(E/F) is finite. We denote the canonical quotient map by

np:E— E/F :x+— x+F.
We recall that the quotient norm is given by [|7r (x)|| := infycF [l x — y||. The map
nr:(E/JF) — E' @ @onp
is well known to be an isometry with image
FLi=Imr} =(f € E'| fir =0}.

8.1.14 Proposition If E is a Banach space, then for any x € E and A C E we have

O, e (x, A) = sup inf inf [[x —a —z| = sup o) (x, A+ F).

Feyae zeF

Proof Letx € E and A C E and for any finite subset G C B put
FG: =Gt ={yeE|VfeG: f(y)=0}.

Then, since the codimension of Fg cannot be larger than the cardinality of G and
Fg is closed it follows that Fg € .. Hence, since clearly G C Fetn Bpg and
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applying the Hahn-Banach theorem we find that

ke gy(x,A)= sup inf sup |f(x — a)

GenBp) acA feG

< sup inf sup |f(x —a)l
GeZ(BE’) acA fEFGLﬂBE/

= sup inf sup |Qomp,(x —a)l
Ge2Br) a€A @B rg)

= sup inf |7, (x — )l
GeaBp) 94

= sup inf inf ||x —a — z|
GerBE) acAzefFg

sup inf inf ||x —a — z][.
Fe. acAzeF

IA

Conversely, let F' € . be arbitrary. Then F is a finite-dimensional subspace of E’
and for any € €]0, 1[, by compactness of B with respect to the topology generated
by the dual norm there exists (see Valentine 1965) a finite subset G¢ := {f1, ..., fa}
of B such that

(1 —&)Bp1 C conv(Ge),
where we recall that conv stands for convex hull. Hence we obtain

inf 1nf Ix —a—z|| =inf sup |f(x)— f(a)]
acAz acA feB.1

(1—g linf  sup  |f(x) — f(a)]

acA feconv(Gg)

=(1—¢&) linf sup |f(x) — f(a)l

acA feGg

IA

from which, by the arbitrariness of F' € . and € €]0, 1[, the remaining inequality
follows. =

The inclusion relation on . is a partial order which obviously makes .7 a directed
set. We use the notation L < M < M C L.

8.1.15 Definition A subset A C E is called weakly complete if, whenever (ay,) .o
isasubnetof anet (az);c.o in A suchthat (f(ay));c.o converges forevery f € E’,
then there exists a € A such that (ay); ¢ o converges to a in the weak topology.

8.1.16 Theorem If E is a Banach space, then for any A C E which is weakly
complete

Oe.kn (-, A) = ), A).
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Proof 1f E is finite dimensional there is nothing to show since thisis 8.1.3, so we may
suppose that E is infinite dimensional. Fix x € E and put o := g gy (x, A) < oo.
It follows from 8.1.14 that, for any L € . we can find x; € L and a; € A such that

— o+ —.
lx — (ap +xp)|| < o0 + codim(Z)

For any L € .¥ we have a; + x; € (||x|| + o + 1) Bg, and thus ar +xL € (x|l +
o + 1) Bgr. By the theorem of Alaoglu-Bourbaki (see e.g. Brezis 2011), there then
exists a subnet (ap + xa1) pe.v and @ € E” such that (ap + Xa1) pe. converges
to ¢ with respect to 6(E”, E’).

Now if f € E’\ {0}, since Ker(f) is a subspace of codimension 1, there exists
My e 7 with Ker(f) < My. Clearly, for all M € ./ such that My < M we have
f(apy) = f(aym + xp), which proves that for any f € E’ the net (f(ay))pyec.o
converges to @(f) and hence (ap) prc.9 converges to @ in o(E”, E'). Since A is
weakly complete, this implies that there exists a € A with ¢ =a.

Forany f € Bgr and M € ¥’ with My < M we have

If(x —am)| = 1f(x = (ap + xm))|
< llx = (am +xa)l
1

a —
<Ot odim(M)
and consequently, taking limits, and noting that then codim(M) — oo, we obtain
that | f (x — a)| < «. This shows that

S ix, A <lx—al <a

which concludes the proof. O

In a similar way as for the weak topology on E, the dual pair E and E’ generates
the so-called weak* topology o (E’, E) on E’. For each finite subset F C E we write

pr i E — R: f — sup|£(f)| = sup | f(x)|

xeF xeF

and this defines a seminorm on E’. To simplify notations, we put A (E’, E) :=
{pF | F C E finite} and (E', E) := {dpp | F C E finite}. The weak™ topology
o (E’, E) is then defined to be the Hausdorff locally convex topology on E’ generated
by Z(E’, E). We now introduce a distance on E’ which is a quantification of the
weak* topology, and we state a series of results, parallel to those proved in the
previous section for the weak topology. We omit all proofs which are similar to
the proofs of the analogous statements for the weak distance. Z(E’, E) is a collection
of metrics on E’ which is saturated for the formation of finite suprema. It therefore
generates a distance, which we will denote by 8 g/ gy and which we will call the
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weak* distance, given by the following formula:

Ok k) E X 2 P (f,G)+— sup inf pf'(f—g).
Fe2BE) 8¢

8.1.17 Proposition The topological coreflection of (E', 8g'. ) is (E', 6(E', E))
and the metric coreflection of (E', 8g' y) is (E', d)j ).

5(E’,E)

Top Met
c c

o(E',E) dj|

Proof This is analogous to 8.1.1 and we leave this to the reader. O

In this setup, we now have three canonical distances on E’: the strong distance
0| ||, the weak* distance Oz’ gy and the weak distance 8 g, gry.

8.1.18 Proposition The following holds
&£y < Oz ey < 9.

Proof The first inequality follows from the fact that J(Bg) € Bg» and that pf' =
pJr) for any finite subset F C Bg. O

As an immediate consequence o(E’, E) C 6(E', E") € 9.
8.1.19 Theorem The source (X : (E', &g’ gy) —> (R, OR) )xepy IS initial.
Proof This is analogous to 8.1.2 and we leave this to the reader. O

Note that in the following two results we need E to be complete, since their proofs
rely on the Banach-Steinhaus theorem.

8.1.20 Theorem If E is a Banach space and (f,), a sequence in E', then the
following properties are equivalent.

1. Forall f € E": A gy{(fu)n)(f) < oo.
2. There exists f € E" such that A gy((fu)n)(f) < .

3. sup,en 1 full < oo

Proof This is analogous to 8.1.4 and we leave this to the reader. O

8.1.21 Corollary (Top) In the dual of a Banach space every weak* convergent
sequence is norm bounded.
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8.1.22 Proposition If (fi)c isanetin E' and f € E’, then

A1 =< Timinf || fiell + Az, £)((fi)e) ()

Proof This is analogous to 8.1.6 and we leave this to the reader. O

8.1.23 Corollary (Top)If(fi)« isanetin E' which convergesto f € E’ with respect
to 6(E’', E), then || f| < liminf || fi|l.

8.1.24 Proposition If (xi)x and (fi)x) are nets in E and E’', both based on the
same directed set, such that ( fi)x is norm bounded, x € E and f € E’, then

Adse ((fie(xi)) i) (f () = (Sl}lcp I Ficl) = A {Cedie) ) + Nlx - A, 5y (i) i) ().

Proof This is analogous to 8.1.8 and we leave this to the reader. O

8.1.25 Corollary (Top) If (x«)« and (fi)x are nets in E and E’, both based on the
same directed set, x € E and f € E', (xx), converges to x and ( fx), converges to
f with respect to 6(E’', E), then (fi(xx))x converges to f(x) in R.

8.1.26 Theorem The following properties are equivalent.

1. E is finite-dimensional.
2. The weak distance on E' coincides with the norm distance.
3. The weak topology on E' coincides with the norm topology.

Proof Since E’ is finite dimensional if and only if E is, this follows from 8.1.3. O

8.1.27 Theorem The following properties are equivalent.

1. E is reflexive.
2. The weak and weak* distances on E’ coincide.
3. The weak and weak* topologies on E’ coincide.

Proof 1 = 2. This is obvious since for a reflexive normed space we have J(Bg) =
Bpr and since for any finite subset F € Bg we have pf = DJ(F)-

2 = 3. This follows from 8.1.1.

3 = 1. This is well known, see e.g. Brezis (1983). O

8.1.28 Theorem The following properties are equivalent.

1. E is finite-dimensional.
2. The weak* distance and the norm distance coincide.
3. The weak* topology and the norm topology coincide.

Proof 1 = 2. Since finite dimensional spaces are reflexive, this is a direct conse-
quence of 8.1.26 and 8.1.27.

2 = 3. This is evident.

3 = 1. This follows from 8.1.26. O
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8.1.29 Theorem (E’', §(g' ) is complete.
Proof This follows directly from 3.5.9 since (E’, || ||) is a Banach space. O
8.1.30 Theorem J : (E, 8¢ g1y) — (E”, &g gr)) is an embedding.

Proof 1tis well known that J is injective. That J is initial, is obvious since for every
x € Eandevery A C E

o, gny(J(x), J(A)) = 8 gy (x, A). O

8.1.31 Corollary (Top) J : (E,6(E, E")) — (E”, 6(E"”, E")) is an embedding.
Proof This follows from 8.1.30 since concrete coreflectors preserve initiality. O

It is well known that a normed space E is reflexive if and only if (Bg, o (E, E)|p,)
is compact, see e.g. Brezis (1983). The next proposition extends the mentioned result
to the level of approach spaces.

8.1.32 Proposition The following equality holds.

Xe(BE, 8k £ lp,) = inf{e € Ry | (J(BE))W 2 B}

Proof To prove the “<”-part, take € € Rf{ with (J(BE))ﬁsﬁ D Bpr. Let % €
U(Bg) be arbitrary. Then J (%) is an ultrafilter basis on Bg» and the theorem

of Alaoglu-Bourbaki yields that there exists ¢ € Bg» such that J(%) — ¢ in
(Bgr, 6(E", E")|B,,). Fixn € No and take x € Bg with [|X — || < €+ 1/n. Since

J 1 (Bg, 8. en|Bp) — (BE", OE",E)|Byr)

is an embedding, it follows that

ME.EN B (%) (X) = AEr £ By (J(U))(X)

= sup inf sup sup [(£ — $)(f)]
FeaBe) Ue yeU feF

< sup |(X—@)(f)I+ sup inf sup sup |(¢ — NI
feBy FeaBe) UEX yeU feF

= 1% — @l + A&.£)| B (J (%)) (@)

<e+1/n.

Because % € U(BE) and n € Ny were taken arbitrarily, it follows that

Xe(BE, 8 enylBy) = sup inf A plp, (%) (x) <€,
U eU(Bg) X€BE

which completes this part of the proof.
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In order to show the “>"-part of the equality, note that if the right-hand side of
the equality equals 0, there is nothing to prove. Hence let € € ]Ra' be such that

(J(B))(| 2 Ber
and fix ¢ € Bgr \ (J(BE))ﬁsﬁ- Since for each x € Bg

sup [@(f) = fO)l =l — Xl > ¢,

feBg

we can choose, for every x € Bg, an fy € Bp with |¢(fy) — fr(x)| > €. Now
consider the product space

T :={(Fy)x | Vx € E : F, C By finite}.
It then follows that

Xe(Be, O EylBe) = sup  inf  sup inf sup [f(x — )|
(Fo)yeT Ye2BE) xeBp yeY feF,
> inf  sup inf |[f,(x — y)|.
Ye2BE) xeBg yeY

Now fix n € No. Since J(BE) is dense in (Bg», 6(E”, E')|p,,,) we can fix for every
finite subset Y € B an xy € Bg such that

VyeY lo(fy) = fyGy)l < 1/n.

Combining the foregoing, we get that

Xe(BE, 8k E)lBy) = inf inf | fy(xy) — f, ()]
ye2Be) yeY¥

inf inf (| fy(y) — @(f)| = lo(fy) = fyxy)) = € = 1/n,

ye2Bp) yeY

%

which by arbitrariness of n € No shows that y.(Bg, 8 g |p;) > €, completing
the proof. O

We recall the following well-known result.

8.1.33 Lemma [f F is a proper closed subspace of E, then for every € €10, 1] there
exists an xg € B with

O |(xe, F) > 1 — €.

This enables us to show a “zero-one” law for the index of compactness of B in the
weak approach structure.
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8.1.34 Theorem The index of compactness of Bg with respect to the weak approach
structure is either zero or one.

Proof Suppose that  .(Bg, 5(E,E’)|BE) > (. Then it follows from 8.1.32, since J is
an isometrical embedding, that J(E) is a proper closed subspace of E” and since

0 < x.(BEg, Sk .£lpe) < 1,
combining 8.1.32 and 8.1.33 yields that in this case x.(Bg, 8z g/)|B;) = 1. O

For Banach spaces, this implies the following corollary:

8.1.35 Corollary If E is a Banach space, then

| 0 if E is reflexive,
Xe(Be, Ok )| 3e) = 1 if E is not reflexive.

Proof In3.5.9itis shown that for an arbitrary uniform approach space Y, we have that
the topological coreflection is compact if and only if ¥ is complete and x.(Y) = 0.
The statement now follows at once from this, 8.1.34 and the fact that a Banach space
is reflexive if and only if its closed unit ball is weakly compact. O

If E is a normed space we will write E := J(E). Then
T2 (E, 8 ) — (E, §ylp)

is a dense embedding of (E, §)) with respect to the topology underlying the
metric coreflection. Consequently this embedding, up to isomorphism, is the App-
completion of (E, § ). This implies that the completion of (E, § ) is a cUAp,-
object corresponding to a Banach space with a linear embedding.

Since we have proved in 8.1.12 that (E, §g, g)) is not complete when E is not
a Banach space, and since (E, (g 7)) € |UAp,|, it is interesting to study the App-
completion of (E, 8, g)) in this case.

8.1.36 Theorem The completion of (E, g g')) is given by
J:(E, 8¢k ) — (E, O, Enl g)-

Proof This follows from the fact that the metric coreflection of (E, O, Enl ) is
(E,dy|z), from3.5.9, and from the fact that J : (E, 8¢ g) —> (E, 8(g» 1)l ) is
dense with respect to the topology underlying the metric coreflection of
O BN - O

8.1.37 Example Let E be a non-reflexive Banach space. Then we know from 8.1.12
that (E, &g, gy) is complete in App. However, if E is equipped with the initial
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UG-structure I" for the same source
f
(E - R)fEBE/

but this time with R being equipped with the usual uniform gauge, then E cannot be
UG-complete. Indeed, the uniform coreflection % of I' is initial for the same source
with R being equipped with the usual uniformity and hence B is totally bounded.
However, since E is non-reflexive, Bg is not UG-complete and hence neither is
(E, T).

8.2 Locally Convex Spaces

In the foregoing section we have seen that natural approach structures exist on
normed spaces and their duals, which quantify the weak and weak* topologies.
These approach structures allowed us to deduce approximations to fundamental the-
orems of functional analysis but moreover they are easily seen to be natural also
from the point of view of the relation with the underlying vector space structure.
In this section we prove that this is no coincidence. We isolate the precise condi-
tions required to have approach structures concord with the algebraic operations of
a vector space. Not surprisingly we are able to show that topological vector spaces
and locally convex spaces fit nicely into our framework, but the conditions for the
approach case are more subtle. We also characterize approach vector structures by
means of metrics and prenorms, showing relations to notions existing in the literature
on topological vector spaces. Finally we prove that categorically all is as it should
be, by showing that the categories which are introduced have the right topological
and algebraic properties and that the right embeddings, reflections and coreflections,
are present.
If X is a group (additive) and ¢ € PX then for any x € X we write

px: X —P:y— ¢o(y —x) and (p(z):XxX—>IP:(x,y)»—>(p(y—x).
For I' € PX we put
rex:={poex|¢el} and r® ={(p(2) | el
Furthermore in the sequel we will say that ¢ is sub-additive if
Vx,y e X1 o(x +y) = 0(x) + @(y).

If X is moreover a vector space (we only consider real vector spaces) we will call
¢ balanced if

Vx e X,VYA e [—1,1]: o(Ax) < @(x)
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and we call ¢ absorbing if
Vx € X,Ve > 0,38 > 0,VA € [0, 8] : p(Ax) <E&.

This last condition actually implies that, for all x € X, the mapR — P : A
¢@(Ax) is continuous in 0. A prenorm is a function that is sub-additive, balanced
and absorbing. It will follow from several characterizations in the sequel that this
terminology is justified. However, note already that if ¢ is balanced, respectively
absorbing, then for any € > 0 the set {¢p < &} is balanced, respectively absorbing,
in the usual sense.

Approach groups were introduced in Lowen and Windels (2000) and we will
first of all make a more detailed investigation of them, in order to pinpoint the right
constraints that are needed on an approach system for it to fit nicely with a vector
space structure.

8.2.1 Definition If G is at the same time a group and an approach space then it is
called an approach group if the following properties are fulfilled.

(AG1) Vx € G: &/(0) © x = ().
(AG2) Vo € o/(0),¥e > 0,V < o, Iy € /(0),¥x, y € G

Ppx+y) Ao =yx) +yy +e

(AG3) Yo € «7(0): ¢(0) =0.
(AG4) Yo € o7(0): 9@ (-,0) € 7(0).

It can be shown that in (AG2) the €-part can be dropped and that, by induction, for
all o € 7(0), for all ® < « and n € N, there exists ¥ € &7 (0), such that for all
X1, ..., X €G

PO x) Aw < Dyl
i=1 i=1

This “interlinking” between different functions of the approach system some-
times is cumbersome, and it is therefore easier to be able to work with a basis for the
approach system consisting of functions where the interlinking condition is trivially
fulfilled, because the functions individually have good properties. This is the same
as the situation with approach systems and gauges where in the former we have the
triangular linking condition (A3) and in the latter we simply have metrics. The fol-
lowing result establishes the analogue in the present context. The proof uses exactly
the same technique as in Windels (1997). This technique, in turn, is based on the
well-known proof of the Urysohn theorem on the metrizability of a uniformity with
a countable basis.

As before, here too, we denote an approach group simply by its underlying set.

8.2.2 Proposition If G is an approach group, then there exists a basis for <7 (0)
consisting of sub-additive and symmetric functions.
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Proof For ¢y € o7(0) and @ < o= we shall construct a sub-additive function ¢ €
27 (0) such that gy A @ < ¢. So let (@) men, be an increasing sequence in .27 (0)
such that forall x, y, z€ Gandm € N :

(0]
Pn(x +y+2) A o0 o = Pm+1(X) + Oug1 (¥) + Ou41(2).
Define

w
Y= sup (@n A Z5):

mEN()

then it follows that y < ¢, + 5 for all m € Ny, and so y € .7 (0).
Let

@(x) :=inf{>_w(x) | neNo, D xi=x}.
i=1 i=1

Then ¢ < v, so ¢ € 27(0) and ¢ is sub-additive by definition. We use induction to
prove that for all n € Ny, the following property P (n) holds:

Vi{xi,..., %) S G, Vm e N: (pm(le)/\zm _Zw(x,
i=1

We already have poA® < @1 A® < yandforallm € Ng : @ A5 2m < OuA 2,,5”,1 <
Vv, so P (1) is valid. Fix n and suppose P (k) is valid fork < n.Let {x1,...,x,} € G
and m € N. We distinguish different cases.

1. Suppose D7, y(x;) > ﬁ Then of course @, (3| xi) A 35 i < <> w(x).
2. Suppose D1 y(x;) < o @ and suppose there exists k € {1, ..., n—2} such that

S v < srand 27 o (X)) < 5. Fromthe inductionhypothesis
we know that (pm+1(2f=1 Xi) A zm% < Z?:] y(x;) and therefore we have

k k
(Pm—H(Z X)) < Z y(x;).
i=1 i=1

In the same way we obtain
n n
Pui1( D xi) < D ylx).
i=k+2 i=k+2

Since, by definition, @, +1 A 57 < W and since necessarily y(xx41) < 27 we
also have

Q1 (Xk1) < Ylxe41).
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Therefore

(Pm(zxz) Aom = (Pm+1(zx1) + On1 Ck41) + Pt ( Z Xi)

i=1 i=k+2

k n
<D W) F Yyl + Yy

i=1 i=k+2
=D w).
i=l

3. Suppose that D7, y(x;) < zm and that zl L V(X)) < W Then, by induc-

tion, it follows that <pm+1(2,~:1 x;) < Zizl W (x;). Weknow that w(x,) < 5o,
SO Qpy1(xp) < Y(xy,), thus

n—1

(Pm(le) N = Omtd (sz) + Om+1 (xn)
i=1

i=1

< z y(x;).
i=1

4.1 27 w(xi) < 4w and 23, w(x;) < 5557 then applying the same argu-
ments we obtain

P (D xi) A 23,, <>y,

i=1 i=1

This proves that P (n) is valid for all n € Ny, from which ¢y A @ < ¢ follows. The
symmetric map x — @(x) V @(—x) is then also sub-additive and in .27 (0). m]

In the following result we use the above to give a simple description of approach
groups by means of their gauges.

8.2.3 Proposition If G is at the same time a group and an approach space, then the
Jfollowing properties are equivalent.

1. G is an approach group.

2. Forall x € G, o/ (x) = &/ (0) & x and </ (0) has a basis of symmetric and
sub-additive functions.

3. 9 has a basis of translation-invariant metrics.

Proof 1 = 2. This is precisely 8.2.2.
2 = 3. Let & be a basis for o/ (0) consisting of sub-additive functions. Note
that for all ¢ € # : P (x,-) € &/ (x) which yields % C 4. Letd € ¥, fix
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€ >0, <o and x € G. Because (# © x) = &/ (x), we choose y € A such that
d(x,y) Ao < y(y —x) + eforall y € G. This yields that ) is a basis for &.
3 = 1. Let 77 be a basis of ¢4 consisting of translation-invariant metrics. Then it
is clear that
B(x):={d(x,-)|d e A}

is a basis for .o (x) and hence it is easily verified that the approach system satisfies
all the required conditions. O

8.2.4 Definition If E is both a vector space and an approach space, then it is called
an approach vector space if the following properties are fulfilled.

(AV1) E is an approach group.
(AV2) Vo € 97(0),Ve > 0, Vo < oo,y € 27 (0):

Vx € ELNA A =1 = o(Ax) Ao < y(x) + €.

(AV3) Every ¢ € <7 (0) is absorbing.

A morphism between approach vector spaces is defined as a linear contraction and
the resulting category is denoted ApVec.

In the sequel of this section, unless otherwise stated, £ with or without sub- or
superscripts, will be a vector space. If necessary to mention the underlying set of E
explicitly, we will denote it by E.

8.2.5 Proposition If E is at the same time a vector space and an approach space,
then the following properties are equivalent.

1. E is an approach vector space.
2. Forallx € E: o/ (x) = &/ (0) © x and <7 (0) has a basis of prenorms.

Proof 1 = 2. From 8.2.2 we already know that <7 (0) has a basis of sub-additive
functions, say . Let ¢ € % and define

¢"(x) == sup Q(Ax).
A=l

It is easy to see that ¢ is balanced and still sub-additive. In fact ¢” is the smallest
balanced function that is larger than ¢. We fix € > 0, ® < o and y € </ (0) such
that for all x € E and for all A € [—1, 1], (Ax) A ® < y(x) + €. Then for any
x we have (pb (x) AN ® < y(x) + € and therefore (pb € &/(0). In particular (ph is
absorbing and thus a prenorm. Since ¢ < ¢” and since 2 is a basis for .27 (0) so is
{0" | ¢ € A).

2 = 1. This is evident. O
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Wecall Z C I C PE saturated in I' if and only if the following condition holds:
Voel :(Ve>0,Vo <o,y eB : pAO<VY+E€) = @A

If I = PE this is the notion of (local) saturatedness as in 1.1.13.

8.2.6 Definition Anideal .4 of prenorms that is saturated in the set of all prenorms
(on E) is called a local prenorm system (on E).

For example, if (E, <) is an approach vector space and we define .4, to be
the set of all prenorms in .7 (0), then .47, is a local prenorm system. Every local
prenorm system can be obtained in this way. Indeed, let .4~ be a local prenorm
system, then we set, for all x € E, o/ y(x) = j@\ x. It is not hard to verify
that (E, & 4) is an approach vector space and .4, ,, = .#". Conversely, if (E, &)
is an approach vector space then 8.2.5 yields <7 4., = /. The extension of this
correspondence to the functorial level yields an alternative description of ApVec. A
linear map f : E —> F between approach vector spaces (E, </g) and (F, </F)
then is a contraction if and only if forall @ € A, : Qo f € Ny,.

8.2.7 Proposition A prenorm is finite.

Proof Let v be a prenorm and suppose there exists an x such that v(x) = eo. Since
forallz € E: v(z) < ZV(%z) we can deduce for alln € N : v(zL,,x) = oo, This
however contradicts the fact that v is absorbing. O

8.2.8 Definition A functiond : E x E —> P is called a vector metric (on E) if
there exists a prenorm v such that d = v®.

8.2.9 Proposition A functiond : E x E —> P is a vector metric if and only if d is
translation-invariant and the map d(0, -) is a prenorm.

Proof This follows from the definitions. O

8.2.10 Proposition If E is at the same time a vector space and an approach space,
then the following properties are equivalent.

1. E is an approach vector space.
2. The gauge 9 has a basis of vector metrics.

Proof 1 = 2. Let .4 be the local prenorm system of <. From the proof of 8.2.3
we know that the set of vector metrics .4 %) is a gauge basis for .

2 = 1.If ¢ has a gauge basis of vector metrics, say .7, then we know from 8.2.3
that (E, /) is an approach group and that the set of prenorms {d(0, -) | d € 5} is
a basis for <7 (0). O
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8.2.11 Theorem If I is a class, for all i € I, E; is an approach vector space and
fi - E — E; alinear map, then the initial approach structure makes E an approach
vector space, in other words the forgetful functor ApVec — Vec is topological.

Proof For each i, let .4; be the local prenorm system of .7 (0) and let

N = {Sﬁpvij Ofij | Vi, € J%j, neN, ij € 1}.
Jj=1

Put %, the initial approach system. Then we know that .4 is a basis for <%, (0)

and for alli € I and x; € E; the set .4 © x; is a basis for .7 (x;). Considering the

functions

sﬁpvij ofij ©x:E—P:ym— sﬁpvij(fij(y) — fi;(x)
j=1 j=1

it is easily verified that for all x € E, we have &%, (x) = %,(0) © x. Furthermore,
using the linearity of f;;, itis easily verified that the elements of . /" are all prenorms.
Hence E equipped with &7, is an approach vector space. O

8.2.12 Definition If d is a vector metric, then E equipped with the associated
approach system o7 is called a metric vector space. A morphism between met-
ric vector spaces is a linear contraction and the category thus obtained is denoted
MetVec.

Let d be a vector metric and let ¢ be the gauge of .o7;. Since {d} is a basis for ¢,
8.2.10 yields that E equipped with <7, is an approach vector space.

8.2.13 Theorem MetVec is a full subcategory of ApVec. Moreover; this embedding
is an extension of the embedding Met — UAp, in the sense that if an approach
vector space is also a metric approach space, then it is a metric vector space.

Proof In order to prove the second part of the theorem, let (E, /) be an approach
vector space where .27 is a metric approach structure with gauge ¢. This means that
there exists a metric d such that {d} is a basis for ¢. We know from 8.2.10 that
this gauge has a basis of vector metrics, say 7. Hence, d = sup .7, which yields
d=d®,-) and d(0, -) is balanced. In order to show that d(0, -) is absorbing, fix
x € Eande > 0.Letd’ € 2 besuchthatforally € E : d(0, y)Aw < d'(0, y)—i—%,
where @ > € is fixed. Let § > 0 be such that VA € [0, 6] : d'(0, Ax) < % Then
it follows that

VA €[—6,6]: d(0,Ax) <Ee&. O

8.2.14 Theorem MetVec is initially dense in ApVec.

Proof An object in ApVec is in the initial hull of MetVec if and only if its gauge has
a basis of vector metrics. By 8.2.10, this is the case for any object in ApVec. O
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8.2.15 Proposition Let E be a vector space and let 7 be a metrizable topology on
E.Then (E, ) is a topological vector space if and only if there there exists a vector
metric d such that T3 = 7.

Proof The construction of a vector metric for a metrizable topology of a topological
vector space is due to Urysohn and can be found e.g. in Schaefer (1966).

We only prove the if part. Let d be a vector metric on E and let (xo, yo) € E x E.
For a neighbourhood V of xg + yp in .7; we fix € > 0 such that

{z]d(xo+y0,2) <€} C V.

Then it follows that

[r1d@o.x = S} + {y1doon =S e v,

In order to prove continuity of the multiplication, fix 4o € R and xo € E. Let V be
a neighbourhood of Agxg in .7 and let € > 0 be such that

{z|d(Adpxp,2) <€} C V.

Then, using the fact that d(0, -) is absorbing, we can find § > 0 such that
€
A=Al <6 = d(Aoxo, Axg) < >
Now if n € Ny is such that |19| + & < n then it follows that

[20—6,20+6]{z|d(xo,z>s3}gv. o
2n

8.2.16 Proposition The embedding CReg < UAp generates a full embedding of
TopVec into ApVec.

Proof Let (E, 7) be a topological vector space, let 27 be the approach system
generated by .7 and let ¥ be the neighbourhood system of .7

From the facts that 7 is translation invariant and that for all V € 7/(0) there
exists U € #(0) suchthat U + U C V it follows that (E, <77 ) is an approach group
and from the facts that every V € 7/(0) is absorbing and that #'(0) has a basis of
balanced sets it follows that .o/’ satisfies (AV2) and (AV3). O

8.2.17 Theorem TopVec is concretely reflective in ApVec.

Proof We know that CReg is initially closed in UAp, hence the result follows from
8.2.11. O
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8.2.18 Theorem TopVec is concretely coreflective in ApVec. If E is an approach
vector space then its TopVec-coreflection is determined by the topological coreflec-
tion which makes E a topological vector space.

Proof Let E be an approach vector space with approach system 7. By 8.2.14
there is an initial source ((E, &) — (E;, %;)); in MetVec and 8.2.11 implies
that ((E, @) — (E;, %;)); is initial too. Since initial sources are preserved by
coreflections, o

(E, To) — (Ei, Ta))i

is initial in CReg and, because CReg is initially closed in UAp, this source is initial
in UAp. We know from 8.2.15 that (E;, 7;) are topological vector spaces and we
conclude, by 8.2.17 in connection with 8.2.11 that (E, .7,) is a topological vector
space. O

8.2.19 Corollary TopVec is finally closed in ApVec.

In the setting of functional analysis the notion of a topological vector space plays
a fundamental role. However, interesting results often only work well or are valid in
the setting of locally convex spaces. A topological vector space E is locally convex
if and only if it can be generated by a collection & of seminorms, in the sense that

{(IxeE|px)y<el|pe P, e>0}

is a basis for the neighbourhood system of 0.
We now sketch a theory of locally convex approach spaces, leaving a good many
details to the reader. Recall that a functional ¢ € PE is called convex if

Vx,y € E,VA €[0,1]: o(Ax + (1 —A)y) < Ao(x) + (1 — L)o(y),

which is equivalent to stating that, whenever we take x1, ..., x, € E and real num-
bers A, ..., A, € [0, 1] with > | A; = 1, we have

0O hixi) < D" hip(x).
i=1 i=1

8.2.20 Proposition If E is an approach vector space, then the following properties
are equivalent.

1. <7/ (0) has a basis of seminorms.
2. @ (0) has a basis of balanced, absorbing and convex functionals.

Proof This goes along the same lines as foregoing proofs and we leave this to the
reader. O
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8.2.21 Definition An approach vector space satisfying the properties of 8.2.20 is
called a locally convex approach space. If we take locally convex approach spaces as
objects and linear contractions as morphisms we obtain a full subcategory of ApVec,
which we denote IcApVec.

A set . of seminorms on E is called a Minkowski system (on E) if it is a saturated
ideal in the lattice of all seminorms on E.
If (E, &) is a locally convex approach space, then

Moy = {n € <7 (0) | N is a seminorm}

is a Minkowski system. Every Minkowski system is obtained in this way. Indeed, let
A be a Minkowski system on E. Then, letting .2 , be the approach system which
in each point x is generated by

VO, )| ve.#)

it follows that (E, <7 ) is a locally convex approach space such that # = .#; ,.
Moreover, by 8.2.20, the approach system o7 of a locally convex approach space
is derived from a Minkowski system as above because we have &/ = <7 4 . This
shows that, given a vector space E, there is a one-to-one correspondence between
locally convex approach structures on E and Minkowski systems on E. Note that if
. is a Minkowski system, then the collection {n®® | € .#} is a gauge basis for
the gauge of the approach structure derived from .Z .

It is easily verified that if (E, .#)) and (E,, .#>) are locally convex approach
spaces given by their Minkowski systems then a linear map f : Ey — Es isa
morphism in IcApVec if and only if foralln € .4, : o f € 4.

8.2.22 Theorem |cApVec is initially closed in ApVec. Therefore IcApVec is topo-
logical over Vec.

Proof Consider a source
(fi 1 E —> (Ei, F))iel

in IcApVec and let .o/ be the initial ApVec-structure on E for this source, viewed as a
source in ApVec. Foreachi € I, let .#; be the Minkowski system of (E;, <7 ). It was
shown in 8.2.11 that initial structures in ApVec are just initial approach structures,
and therefore it follows that

{supmi; o fi, In€No, Vj e{l,....n}:ij € I, m;, € M)
j=1

is a basis for /(0) which consists of seminorms, yielding that (E, o) is a
locally convex approach space. Hence (f; : (E, /) —> (E;, %;))ies is initial
in IcApVec. O
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8.2.23 Corollary IcApVec is concretely reflective in ApVec.

Remark that if (E, .o7) is an approach vector space then the set of seminorms in
27 (0) can be taken as the Minkowski system of an IcApVec structure on E. Clearly
this structure determines the reflection of (E, <) in IcApVec.

Now let (E, 1) be a seminormed space. Then n(z) is a metric and (E, ,;afn @)isa
locally convex approach space. We will let sNorm stand for the category with objects
seminormed spaces and morphisms linear nonexpansive maps.

8.2.24 Theorem sNorm is embedded as a full subcategory of |cApVec. Moreover,
a locally convex approach space which is at the same time a vector metric space, or
for which the approach structure is metric, is a seminormed space.

Proof 1f d is a vector metric such that <7;(0) has a basis of seminorms then the
prenorm d (0, -) is a supremum of seminorms and hence is a seminorm. Furthermore,
it is easy to see that associating to every seminormed space (E, 1) the locally convex
approach space (E, /) defines a concrete full embedding of sNorm into IcApVec.

If (E, o) is a locally convex approach space which is at the same time a metric
objectin App then the approach gauge corresponding to <7 contains a largest metric d
which can be written as the pointwise supremum of a set of vector metrics. Repeating
the proof of 8.2.13 now yields that d itself is a vector metric, hence d (0, -) is a prenorm
on E which generates .27 (0). O

8.2.25 Theorem sNorm is initially dense in IcApVec.

Proof This follows from 8.2.20. If (E, <¢) is a locally convex approach space, then
the source

(dg : (E, ) > (E,M)nest.,

is initial in lcApVec. O

8.2.26 Theorem The following properties hold.

1. IcTopVec is embedded as a full subcategory of IcApVec.
2. IcTopVec is concretely coreflective in IcApVec. Moreover, the diagram

lcTopVec —<— IcApVec

L

CReg ——— UAp

where the horizontal arrows are embeddings and the vertical arrows the for-
getful functors, is commutative.

3. A locally convex approach space such that the underlying approach system is
topological is a locally convex topological space.
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Proof 1. A locally convex topological space is also an approach vector space and
since the characteristic function of a convex set is a convex function we know the
approach system of 0 has a basis of convex functions.

2.Let (E, o) bealocally convex approach space and let (E, .77) be the topological
coreflection of (E, &) in App. From 8.2.18 we know that (E, .7) is a topological
vector space. Since .#  is a basis for <7 (0), we know that

{lv<e}|le>0, veH}

is a basis of convex sets for the neighbourhood system of 0.

3. Let (E, o) be a topological locally convex approach space. Then by 2 above,
(E, o) equals its IcTopVec coreflection and is thus a locally convex topological
space. O

8.2.27 Proposition If .# is an ideal of seminorms, then it is the Minkowski system
of a locally convex topological space if and only if

VAeRY, Vne# : Ane /.

Proof The Minkowski system of a locally convex topological space is just the set of
Minkowski functionals of the balanced, convex and absorbing open sets and hence
it satisfies the above condition. Conversely, if the condition is satisfied then .# is
saturated, and in this case the associated approach system is topological. O

8.2.28 Corollary IcTopVec is initially and finally closed in IcApVec.

8.2.29 Corollary If E is a locally convex approach space with Minkowski system
M, then the set

AnIAeRY, ne)

is the Minkowski system of the topological coreflection of E.

8.3 Comments

1. Weak and weak™ spaces as objects in IcApVec

In 8.1.2 we have seen that the source (f : (E, 8 g)) — (R, 6r))sen,, is
initial and analogously in 8.1.19 that the source (X : (E', 8z gy)) —> (R, k) )xeBy
isinitial. Since (R, g) clearly is an object in sNorm it follows from our considerations
above, in particular 8.2.24 and 8.2.25, that (E, 8¢, gy) and (E', g/, )) are objects
in IcApVec. They are moreover clearly objects neither in sNorm nor in IcTopVec,
i.e. they are genuine locally convex approach spaces.
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2. Contractivity versus continuity in the definition of ApVec

Conditions (AV2-3) may seem surprising at first since one might expect some
condition on the contractivity of scalar multiplication. However, clearly this would
make no sense as multiplication of real numbers is a continuous but not a contractive
function in terms of the usual Euclidean metric of R. However, it is the character-
ization of topological vector spaces by means of neighbourhoods of the origin that
suggests the correct way of working, and which shows that conditions (AV2-3) are
indeed the correct generalization.

3. Further results

For a more extensive study of the concepts introduced in this chapter we refer
to Lowen and Verwulgen (2004) where approach vector spaces were introduced,
Sioen and Verwulgen (2006) where seminormed spaces are studied, Sioen and
Verwulgen (2004) where the particular role of the unit ball is highlighted, Sioen
and Verwulgen (2003) where locally convex approach spaces are studied, Van Olmen
and Verwulgen (2006) where the concept of reflexivity is treated, Verwulgen (2007a)
where the dual of € (X, R) is studied and Verwulgen (2007b) where links are stud-
ied with the notion of absolutely convex modules. Convex modules were extensively
studied in Pumpliin (2001) and Pumpliin and Rohrl (1984, 1985). Further information
can be found in the PhD thesis of Verwulgen (2003).



Chapter 9
Approach Theory Meets Probability

The scientific imagination always restrains itself within the limits
of probability.
(Thomas Huxley)

It is not certain that everything is uncertain.
(Blaise Pascal)

In this chapter we see that the construction of the weak* approach structure per-
formed in the previous chapter, as in the classical topological setup, when restricted
to probability measures allows for a quantification of the weak topology on probabil-
ity measures. Here it will be important however also to consider other quantifications,
depending on the problem at hand. This is not unlike the situation whereby, depend-
ing on the situation it is advantageous to be able to have different choices of metrics
for a metrizable topological space.

In the first section we consider the general case of probability measures on a Polish
space and give a canonical quantification of the weak topology which allows for an
indexed version of a Portmanteau theorem both for distances and for limit operators
(see 9.1.2 and 9.1.5).

In the second section we consider a quantification of convergence in probability
for random variables and again we can give indexed versions of classical theorems
relating the weak approach structure and the approach structure of convergence in
probability (see 9.2.13).

In the third section we introduce a weak and a strong index of tightness and prove
an indexed version of Prokhorov’s theorem linking these indices to the index of
relative sequential compactness (see 9.3.7).

In the last section we then prove an indexed version of the Lindeberg-Feller central
limit theorem (9.4.15) making use of a natural Lindeberg index indicating to what
extent the Lindeberg condition is fulfilled.

© Springer-Verlag London 2015 299
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9.1 Spaces of Probability Measures

Let S be a Polish space with a fixed complete metric d, with topology .7, and with
set of Borel sets . (S) will denote the set of all probability measures on 2.
One of the most important and most widely used structures on Z(S) is the so-
called weak topology, which we denote by .7,,, (see Billingsley 1968; Parthasaraty
1967). Although this topology is called the weak topology, from the point of view
of functional analysis, and the foregoing chapter, it would better have been called
the weak* topology, but we will adhere to the usual terminology. We consider the
Banach space of all continuous bounded real-valued functions %} (S) equipped with
the supremum norm and consider its continuous dual %3 (S)’. Z(S) is embedded in
6»(S) by the assignment

PS) — (S) : P (f —~ /fdP)

and as such is identified with the dual unit sphere. Thus it inherits the weak* topology
induced on %63 (S)’ by %5(S) via restriction. This weak* topology is a locally convex
topology generated by the collection of seminorms {ps | f € 6,(S),0 < f < 1}
where

py(P) = I/fdPI

and the restriction to &2 (S) is called the weak topology on probability measures. The
above collection of seminorms generates a collection of metrics

d; (P, 0) = I/fdP—/fdQl

and it is immediately clear that this collection of metrics is a subbasis for a gauge,
precisely

{ sup df|%§‘€b(5)ﬁnite,‘v’fe%:0§f§ 1}
feAt

is an ideal basis which generates a unique and canonical approach structure on
Z(S) which we refer to as the weak approach structure on probability measures.
All associated structures will be denoted by the index w. Thus the gauge generated
by the above basis will be denoted %, .

We have introduced the above entirely internally to the setting, but note that it
completely concords with what we did in the previous chapter concerning the weak™
distance. If we put E := %5(S) then the structure above is nothing else than the
restriction of (g g to the image of Z(S), i.e. to the unit sphere of E’.

We recall that the weak topology has various different but equivalent bases %’

w2

i =1,...,4 for the neighbourhoods. Let P € Z(S). Then t%’vlv consists of the sets
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VI(P, 4, €) where ¢ is a finite collection of open sets, € > 0 and
VI(P,9,e):={Q e PSIVGe¥:0(G)> P(G)—¢}.

93& consists of the sets V2(P, F, €) where % is a finite collection of closed sets,
€ > 0and

V2P, F,e):={Qec POS)| VFeF:Q(F)<P(F)+e)}.
933 consists of the sets V3(P, S, €) where 77 is a finite collection of continuous

(respectively uniformly continuous or Lipschitz) functions taking values in [0, 1],
€>0and
< 8] .

%’fv consists of the sets VZ(P, &, €) where & is a finite collection of P-continuity
sets, € > 0 and

V3(P, A, €)= Qe@(S)wfe%:‘/fdP—/fdQ

VE(P, & e):={Qe PS)|VEc&:|P(E)—Q(E)| <&}.

We also recall that the total variation metric (Parthasaraty and Steerneman 1985)
is defined as

dry(P, Q) := sup |[P(B) — Q(B)|
Be%#

and is equally well given by various formulas analogous to the various bases for the
weak topology given above, and notably by

dry(P.Q)=  sup I/fdP—/fdQI-
fE6H(S),0<f<I

For more information on these metrics we refer to Rachev (1991). The weak
approach structure, notably its gauge %, also has various different bases. For any
finite collection ¢ of open sets, we let

di  2(S) x 2(S) — P: (P, Q) > sup P (G) S Q(G)
Ge¥

and we put 7 := {d? | ¢ finite collection of open sets}. For any finite collection
Z of closed sets, we let

a7 P(S) x P(S) — P (P.Q) > sup O (F)& P (F)
FeF
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and we put 2, = {d'{i | % finite collection of closed sets}. For any finite collec-
tion 77 of continuous maps, with range [0, 1], we let
fir—{ s

and we put 73 = {dé%ﬂ | A C Cp(S) finite, Vf € # : 0 < f < 1}. As before,
continuous maps may be replaced by uniformly continuous maps or Lipschitz maps.
For any finite collection & of P-continuity sets we put

a7’ P(S) x P(S) — P: (P, Q) > sup
feAH

d§ : P(S) x P(S) —> P: (P, Q) — sup |P(E) — Q(E)|

Ee&

and we put 4 1= {df | & finite set of P-continuity sets}. For any o > 0 we let

d¥: P(S) x P(S) — P: (P, Q) > sup P(A) © Q(A'¥)
AeB

and we put 75 := {d$'|a > 0.

The collections Z;,i € {1, 2} consist of quasi-metrics, whereas the collections Z;,
i € {3, 4} consist of metrics. The mappings d¢ do not individually satisfy the triangle
inequality, however, as is easily verified, they do satisfy the combined inequality

d¢(P, Q) < dS*(P, R) +d&* (R, Q)

for any oo > 0 and any P, Q, R € Z(S). This last collection is inspired by the
so-called Prokhorov metric (Billingsley 1968) which is defined as

p(P, Q) := inf {a > 0|VAeZ:P(A) < Q(A®) + a} .

The collections @fv fori = 1,...,4 are bases for one and the same gauge. The
collection 93 allows us to define a basis for an approach system by considering the
functions d& (P, -). Actually all these collections generate the same structure. In order
to prove this we collect the main technical arguments in the following preliminary
lemma which will be used several times.

9.1.1 Lemma The following properties hold.
1. Foreach P € Z(S), € > 0and o > 0 there exists a finite collection G of open
sets in S such that for every Q € Z(S)

sup (P(A) — Q(A™)) < sup (P(G) — Q(G)) +&.
AeRBs Ge¥
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2. Foreach P € 2(S), € > 0and F C S closed there exists an o« > 0 such that
for every Q € Z(S)

Q(F) — P(F) < sup (P(A) — Q(A“)) +&.
AeABs

3. Foreach P € Z(S), € > 0and F C S closed there exists [ € ©€(S) with
0 < f < 1 such that for all Q € Z(S)

/fdP—/fdQ‘+e.

4. Foreach f € 6p(S) suchthat 0 < f <1 and € > 0 there exists a finite set of
closed sets % such that for all P, Q € P(S)

frurf e

Proof 1. By separability we can choose a finite collection of open balls (B,'){:1 with
radii ¢¢/4 such that P (S \ Uljzl Bi) < €. Then the collection

Q(F) — P(F) =

< sup (Q(F) — P(F)) +&.
FeZF

g::{(B,-lU...UB,-k)(a/Z)|1§i1 <...<ik§j}

satisfies the requirement. Indeed, take a probability measure Q in &?(S) and a Borel
set Ain S. Let I be the set of those natural numbers 1 < i < j for which B;NA #
and put B := U;¢; B;. Then we have

P(A) < P(B) + P(S\U/_,B))
P(BY?) t ¢

< sup (P(G) — Q(G)) + Q(B*?) + e.
Ge9

A

In view of the fact that B(®/2 C A(® we conclude that

P(A) < sup (P(G) — Q(G)) + Q(A®) + €.

Ge¥

2. We can choose o¢ > 0 such that P(F(®) < P(F) + €. For any probability
measure Q in Z(S) it then follows that

(Q(F) — P(F®)) + ¢

sup (Q(A) — P(A™)) +&.
AeRBys

Q(F) — P(F)

=
=
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3. Again we can choose & > 0 such that P(F(®)) < P(F)+ €. Then the function
f defined by

fx)y:=16 éd(x, F)

satisfies the requirement. 4. Choose k € Ny such that% < eand,foralli € {1,...,k},
let F; := {é < f} and consider the collection .# := {F; | i € {1,..., k}}. Then for
any P € &,

1 1 1
. > P(F)s/fdPs%Jr%Feng(F)

FeZ
from which it follows that the collection .# satisfies the requirement. O
9.1.2 Theorem (Distance portmanteau theorem)Allcollections Z;,i € {1, ..., 5}

are bases for 4,, and (2;(P)) p is a collection of bases for the associated approach
systems. Writing out the associated distance explicitly then gives the following expres-
sions where P € 22(S) and I’ C Z2(S)

S, (P, ') = sup inf sup (P(G) © Q(G))

G Qel’ Ge¥

= sup inf sup (Q(F)© P(F))
F Qel Fe.F

= sup inf sup |P(E) — Q(E)|
& Qel' Ee&

= sup inf sup /fdP—/fdQ‘
¢ Qer fet

— sup inf sup (P(A) © Q(A®))
a>0 Qel’ Ach

where the first suprema in the first four expressions are respectively taken over all
finite collections 4 (respectively .F) of open (respectively closed) sets, & of P-
continuity sets, € of continuous (respectively uniformly continuous or Lipschitz)
functions with range [0, 1].

Proof In order to see that all collections are equivalent bases for the same gauge it
suffices to use lemma 9.1.1 and the saturation condition for gauges and approach
systems. The formulas then follow immediately from the characterization of a dis-
tance generated by a gauge (see 1.2.6) or by an approach system (see 1.2.34) and
again from lemma 9.1.1. O

9.1.3 Proposition The Top-coreflection of (Z2(S), Oy) is determined by the weak
topology and the Met-coreflection is determined by the total variation metric.
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o
Top Met
c &
T dry
Proof This follows from 8.1.17. O

In Topsge (1970) the author showed that the weak topology on Z2(S) also is initial
for the source

(g : 2(S) — (P, Ip) : P> P(G))Ges-
The next result shows that Topsge’s theorem also holds in our setting.
9.1.4 Theorem The weak distance 8,, on ?(S) is initial for the source
(g : P(S) — P: P P(G)ges -

Proof Since the maps w¢ only attain finite values and since a subbasis for the initial
gauge is given by

B :={do (g X wg) | G open, d € Yp}

where ¥p stands for the gauge of P, this is an immediate consequence of the fact that
a basis for the gauge of P is given by the quasi-metrics

PxP—P:(x,y)~> (xAaSyAna)

where a < oo (see 1.2.62). Since the values which come into play are bounded by
1 it suffices to consider the quasi-metric d(x, y) = x © y. The subbasis % hence
generates the basis 2. O

9.1.5 Theorem (Convergence portmanteau theorem) Given a sequence (Py,),
and P in Z(S) we have

Mo {(Pp)n)(P) = Sgp lim sup(P(G) © Py(G))
= sup lim sup(P,(F) © P(F))
F n

= suplimsup | P(A) — P,(A)|
A n

/fdP—/fdPn

= sup limsup sup (P(A) & P,(A®¥))
a>0 n Ach

= sup lim sup
f n
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where the first suprema in the first four expressions respectively run over all open
sets, closed sets, P-continuity sets in S, and all continuous (or uniformly continuous,
or Lipschitz) functions f from S to [0, 1].

Proof We only prove the first equality, the other formulas then follow from this upon
applying once again lemma 9.1.1. From 1.3.12 and 9.1.4 it follows that

A {(Pp)n)(P) = sup Ap(Py(G))(P(G)).
GeT

Now it suffices to remark that all values are finite (less than 1) and hence, as in 9.1.4
the structure of P which comes into play is only the structure in finite points (the
interval [0,1]) and there the structure is simply a quasi-metric (d(x, y) = (x —y)V0).
Hence it follows that

Ap((Py(G))n)(P(G)) = inf sup(P(G) © P(G))

n k>n

and the formula follows. O

When the expressions in the foregoing result become zero, one obtains all char-
acterizations of weak convergence in the classic portmanteau theorem.

9.1.6 Corollary (Classic portmanteau theorem Billingsley 1968; Parthasarathy
1967) A sequence (P,), in & (S) converges weakly to P € Z(S) if and only if any
of the following equivalent properties holds.

1. YG open : P(G) < liminf P, (G).

2. VF closed : limsup,, P,(F) < P(F).

3. VP-continuity-set A : lim,, P,(A) = P(A).

4.

Vfe . Z(S,[0, 1]):limn/fdP =/fdP.

where 7 (S, [0, 1]) stands for all continuous (or uniformly continuous, or Lipschitz)
functions from S to [0, 1].

Another fundamental fact about the weak topology is of a categorical nature. If
f : X —> Y is a continuous function then its canonical extension f: P (X)) —
& (Y) defined by f(P) (B) =P (f_1 (B)), forall B € % (Y), is continuous with
respect to the weak topologies. The result here is stronger.

9.1.7 Proposition If f : X —> Y is a continuous function and we equip Z(X)
and & (Y) with the weak approach structures, then f : (X)) — P Y) isa
contraction.

Proof Let ¢ be a finite collection of open sets in Y, and let P, Q € & (X), then

d/ (FP). F(@)=sw P (@)oo (r©)

Ge¥
=d{’ (P, Q),
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where # := {f~!1(G) | G € ¢}. This proves that

d? o fx f: dljf €Yy,
which proves our claim. O

The following corollary was shown in Topsge (1970).

9.1.8 Corollary If f : X —> Y is continuous then f: PX) — P2X)is
continuous with respect to the weak topologies.

9.1.9 Corollary If f : X — Y is continuous then f: P X)) — PY) is
nonexpansive with respect to the total variation metrics.

In the following result p < dry is a known inequality (see Zolotarev 1983).
Moreover, easy examples show that in general all inequalities are strict.

9.1.10 Proposition The following inequalities hold. 0p < &, < Ouyy -

Proof Fix a probability measure P and a collection of probability measures I on S.
If 6,,(P, I") < ythen we can find a measure Q, € I" such that

sup (P(A) — Qy(A)) <y
AeHBs

and hence

p(P.I) = inf inf {a > 0|VA € Bs: P(A) < Q(A@) + a} <7
€

This, by the arbitrariness of y, implies that p (P, I") < J,,(P, I'). The second inequal-
ity is an immediate consequence of the fact that dry is the metric coreflection of the
weak approach structure. O

It is known that the weak topology is completely metrizable. However whereas
this requires the choice of a new “external” structure (a complete compatible metric)
the weak approach structure does not require this, it is complete itself.

9.1.11 Theorem The weak approach structure is complete.

Proof From 3.5.11 it is sufficient to verify that the metric coreflection is complete.
This however is a well-known fact (see Jacka and Roberts 1997). m|

9.1.12 Theorem The weak approach structure is locally countable, in particular
foreach P € (S) the localized gauge

Gw(P) :={d(P,") | d € 94}

has a countable basis.
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Proof Although by definition the weak approach structure was constructed making
use of the (non-separable) Banach space %3 (S), when considering the various bases
for the weak gauge ¢, in particular 23 we mentioned that we could also restrict
ourselves to uniformly continuous maps S — [0, 1]. Now since S is a separable
metrizable space it can be embedded in a countable product of unit intervals and con-
sequently there exists an equivalent totally bounded metrization of S. The completion
S of S under this metric hence is compact and the Banach spaces ¢ (S) and % (S)
of uniformly continuous maps are isomorphic. S being compact, %(S) and hence
also % (S) are separable. Then it follows that also the space of uniformly continuous
maps § —> [0, 1] is separable. If & is a countable dense subset then it follows from
the definition of 23 (with uniformly continuous maps) that an alternative equivalent
basis for &, is given by

@5::{@% %ggﬁnite,er%:Ong}.

As this basis is countable, so are the localized bases Z5(P) = {d(P,-) | d € 73}
and hence (Z(S), d,) is locally countable. m]

Theorem 9.3.7 will provide us with an “index-version” of Prokhorov’s theorem.
For its proof some preparation is required.
For a collection I" of probability measures on S and € > 0 we will consider the set

re)={(1—-€eYP+eQ|Pecl',0ec PX),0<¢ <¢)
see e.g. Morgenthaler (2007) and Lo (2000) for the use of these types of “contam-
inated” sets in robust statistics and game theory. The following result furnishes an

estimate for the index of relative sequential compactness of such sets. We denote this
index with a superscript w to make clear that it concerns the weak approach structure.

9.1.13 Proposition Fora set I’ € Z(S) and € > 0 we have
Xise((€) = 275c(IN) + €.
Proof Take I' € Z(S) and € > 0. Then for a sequence (R,), where
Ry:=(0—¢&)P,+€0n

inI"(¢) and § > 0 we can find a subsequence ( Py, ) of (P,) and a probability measure
P such that

sup limsup sup (P(A) — Py, (A®)) <y (') + 8.

rsc
o>0 n AeRBs
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Now the result follows from

sup limsup sup (P(A) — Ry, (A?))
>0 n AeABs

= sup limsup sup (P(A) — P, (A + &, (P, — Qi) (A™))
o>0 n AeABs

< sup limsup sup (P(A) — P, (A9)) + ¢
o>0 n AeRBy

< (xh () +6)+e. O

9.2 Spaces of Random Variables

Let (£2, @7, P) be a fixed probability space and let Z (S) be the set of all S-valued
random variables on £2. An important topology is given by the topology .7, of
convergence in probability and a natural metric is the so-called indicator metric (see
Zolotarev 1983) d; where

di&.m:=P{d(&.n)>0})=PUE #n}

and where, as usual, {d (<§ n) > 0} stands for the set of points @ € £2 such that
d(&(w), n(w)) > 0. Note that d; (§, ) = 0if and only if & and 1 are equal almost
everywhere.

We can endow Z(S) in a natural way with an approach structure as follows.
Consider the functions ¢“, a > 0, defined by

o (C.m)=pP({d(En)=a}) &EneZ(S).

Each function, for a fixed a, gives the probability that the random variables & and
n lie at a distance larger than or equal to a from each other. Again, as in the case
of the basis %5 for the weak topology on probability measures, these functions do
not satisfy the triangle inequality. However, again, they too satisfy an “interlinked”
triangle inequality.

9.2.1 Lemma Foranya,b > 0and &, 1, € Z(S) we have
e(E ) =0 (&) + 9" (n.0).

Proof This follows from the additivity of probability measures. O

It follows that the collections

Pp(&) =1{9"(&,) la>0} &eZ(S)
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form a basis for an approach structure. We will denote the generated distance by §,
and refer to the approach structure as the c.i.p. approach structure where c.i.p. stands
for convergence in probability. All associated structures too will be denoted by the
index p.

As was the case for the weak approach structure in the foregoing section, here
too we can find alternative bases, one of which is particularly interesting. For any
a > 0 put

Kq(E,m) :=inf{6 | 9%“ (&, 1) < ).

Then it follows from 9.2.1, again using the additivity of probability measures, that
the maps K, are metrics. Actually K is nothing else than the so-called Ky-Fan
metric

Ki(§.m) :=inf{6 | P({d(E.n) = 6})}

(see e.g. Billingsley (1968)). Let us denote A := {¢“ | a > 0} and %, := {K, |
a > 0}.

9.2.2 Theorem Both %1 and 9B, generate the c.i.p. approach structure on random
variables.

Proof By definition % generates 0,. Let § stand for the distance generated by
;. Since for any a and  we have that 9% (&, 1) < 6 implies K, (§, 1) < 6 we
immediately have 6 < §,. Conversely,if0 < 6 < 0, (5, ) ),then there existsa > 0
such that 6 < 1712f2 @® (&, 1m). Letting b := a6~ it follows that 6 < T;l;g Ky (&.1)

which proves that 6, < 0. O

9.2.3 Proposition The Top coreflection of (%#(S), p) is determined by the topology
of convergence in probability and the Met coreflection is determined by the indicator

metric.
1)
14
Top Met
c C
9,, dy

Proof For the Top-coreflection this follows at once from the definitions of both
structures involved. As for the metric coreflection it suffices to note that, for any
E.neZ(S), wehave

wpP ({d(E.n)za) = P({d(Em) >0) =di (E.m). O

a>0
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9.2.4 Proposition Given a sequence (&,), and & in Z(S) we have

p(EDn) (E) = suphmsupP({d (§.&)) = a}).

a>0 n—eo

Proof Since the basis for the gauge given by the functions ¢“ is increasing with
decreasing a this follows at once from the formula for a limit derived from a gauge
as given in 1.2.44. O

This formula also gives the usual expression for convergence in probability since
the limit operator will produce a zero value exactly if (&), converges to & in prob-
ability, i.e. if

Va > 0: lirllnP ({d (&.&) =a})=0.

In analogy with the results for spaces of probability measures here too our con-
struction is functorial (see also the comments), however of a more metric nature,
which is to be expected from the prominent role played by the metric in the defini-
tion of the maps ¢“.

9.2.5 Proposition Suppose S and T are Polish spaces with fixed metrics ds and
dr. If f + S —> T is a contraction and we equip Z#(S) and %(T) with the c.i.p.
approach structures then f Z(S) —> A (T) is a contraction where f is defined

by f(§) = fo&.

Proof We denote by ¢g and @7 the maps (made by means of the metrics dg and dr)
which constitute bases for the c.i.p. approach gauges on Z(S) and Z (T ) respectively.
It suffices now to note that for any a > 0 and any &, 1 € Z(S)

O7(fo&, fom <&, 1. O

In analogy to 9.1.10 we have the following result where again, the inequality
K1 < dj is known (see Zolotarev 1983) and easy examples show that all inequalities
are in general strict.

9.2.6 Proposition The following inequalities hold. 6k, < 6, < &q,.

Proof This is an easy consequence of the definitions and the fact that the gauge of
the c.i.p. approach structure is generated by the collection %, = {Ky | ¥ > 0}
(see 9.2.2). |

As was the case for the weak approach structure, the c.i.p. approach structure
turns out to be complete, and this irrespective of whether the original metric on S
was complete or not.

9.2.7 Theorem The c.i.p. approach structure is complete.
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Proof Again we use 3.5.11. Let (£,), be a d;-Cauchy sequence and choose a sub-
sequence (&, ), with the property that for each n, P ({&, # &,.,}) < 2l,, By the
Borel-Cantelli lemma (see e.g. Prokhorov 2001) we now have that if we set

A= ﬂ U {ékn # ékn+1}

m n>m

then P (A) = 0. Observe that for each @ € £2 \ A the sequence &, (@) is eventually
constant. We denote this constant value by & (). Now & is an almost everywhere
defined random variable and it is obvious that (&), converges almost everywhere,
and hence also in probability, to &. We claim that even d; (&, , &) converges to 0 as
n tends to oo,

In order to prove this, fix € > 0 and let ng be such that for all m > n > ng we
have dj (&, &,,) < €. Now since for all k € Ng and all m > n > ny we have

A

1 1 1
P({d(&,. &) > = P{d (&, Sk,) > 7Dt P({d(S,» §) > AL

IA

1
e+ P({d(G,. &) > 5D,

letting first m — o and then k — oo, we get that P({d(&,, &) > 0}) < € for all
n > ng, and we are finished. O

9.2.8 Theorem The c.i.p approach structure is locally countable.

Proof This is an immediate consequence of the definition of either the basis %) or
the basis %, as in both cases the indices of the functions in the basis may be restricted
to range over any sequence which decreases to 0. O

There are several interesting relations between the structures which we have intro-
duced on Z(S) and Z(S) respectively. We recall that for a random variable &, its
law is the probability measure Pg € P (S) defined by P (B) =P (é_l (B)), for
all B € A. This is the so-called image measure. It is well known that convergence
in probability of a sequence of random variables implies weak convergence of their
laws. Since &, has the topology of convergence in probability as topological core-
flection and §,, has the weak topology as topological coreflection it is natural to see
what the above property becomes in our setting.

9.2.9 Theorem The function
L: (%’ (S, 5,,) — (W(S), 5W) € Pe

is a contraction, and consequently for any sequence of random variables (én)n and

any random variable &, we have A,W((L (cﬁn))n) (L (é)) < kp((én)n) (5) .
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Proof Let & € Z (S) and & C Z (S). We use the following expressions

8 (L (&) L (o)) = sup inf 45 (L (2). L ()

and

8, (&, /) =sup inf @ (&, n)
a>0nes/

where ¢ ranges over finite sets of uniformly continuous maps with range [0, 1]. Let

¢ be such a set and let € > 0 be fixed. Forall f € 42, choose 6 > 0 such that, for

all x,y € §,d (x,y) < 0y implies that | f (x) — f (y)| < € and put 0 := mijnf 0.
fe

Now it suffices to note that, for all 1 € <7, we have
d{" (L(&). L)) = sup '/foédP—/fondP‘
feAH

stgjp?ﬂ(/ 1fof— fonldP + / [fo& — fonldP)

 {d(E.m)<6} {d(&.n)=6)
< sup (¢ + P({o | d(& (@), n(w)) = 6}))
feA
=e+¢%¢&. . O

9.2.10 Corollary (Billingsley 1968) If a sequence of random variables (én)n con-
verges in probability to a random variable &£, then it also converges in law to &.

9.2.11 Corollary If a sequence of random variables (ﬁn)n converges to a random
variable & for the indicator metric, then their laws converge to the law of & in the
total variation metric.

A converse to 9.2.10 also holds, but only in case the limit random variable is con-
stant (Billingsley 1968). Not only does this result have an appropriate generalization
to the context of approach theory, it can also be strengthened because in our context
we need not restrict ourselves to constant random variables.

In order to prove this result we require a lemma, the result of which is interesting in
its own right. We will calculate the distance between an arbitrary probability measure
and the set of all Dirac probability measures, which are of course the laws of constant
random variables. It is well known that for the weak topology, S is embedded as a
closed subspace of Z(S) by

Dir: S — Z2(S):x — Py

where Py is the Dirac measure in x (i.e. P,(B) = 1 if x € B and P,(B) = 0 if
x ¢ B forall B € £).
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9.2.12 Lemma For any P € Z(S), we have

O, (P,Dir(S) =1-— mag( P({x}).

Proof We restrict ourselves to the case where P has a countably infinite set of atoms.
Let o be the P-measure of an atom a € S of largest measure. Then we have

IA

6W(P5 {P(l})
sup sup P(G) & P,(G)
G2 T) Ge¥
= sup P(G) e P,(G)
GeT
P(S\{a}) — Pa(S\ {a})

=1—-o.

(P, Dir(S))

Conversely,

0,(P,Dir(S)) = sup inf sup P(G)
Ge2(T) xgnG Ge¥ ,x¢G
= sup inf inf sup  P(G)
Ge2(7) He¥ xeS\H Ge9¥,x¢G
sup inf inf P(H)
G2 T NG=p He¥ xeS\H
> sup inf P(G).
Ge2(7) NG=p Ge¥

v

Now let us suppose that the set of P-atoms {a, | n € N} is ordered in the sense that
P{an+1}) < P({an}), for all n € N. Then o« = P({ap}). Let

B :=max {{P({x}) | x € S}\{a}},

i.e. B is the P-measure of a second largest P-atom. Let € € 10, o — B[ and take
no € N such that

> Planh) < 5.

n>no

Next choose > 0 such that, for alln € {0, ..., ng},
P(B*(ana r)) < P({a,}) +¢.

LetY := S\ {a, | n € N} and partition Y into disjoint Borel sets Dy, ..., D,, such
that, foralli € {0, ..., n1},

P(D;i) <B.
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Next choose 6 > 0 such that n;0 < % Since P is regular we can find closed sets
K; C D;,foralli € {0, ..., ny}, such that

P(K;) = P(Dj) = P(K;) + 6.

Since the sets Ko, . .., K,,,{a, | n < ng}, are pairwise disjoint and closed it follows
from the normality of S and the regularity of P that we can find open sets O; 2 K;
such that the following properties are fulfilled.

1. Oo, ..., Oy, are pairwise disjoint,
2.Viel0,...,n1}: P(K;) < P(O;) < P(K;)+ 0,
3.Vie{0,...,n1}: 0;N{a, | n <ng} #0.

Now consider the following finite collections of open sets in S:

ni no
r .
Gii= U _oquB(ak,z) i €{0,...,n},
Jj=0,j#i k=0
H;:= S\ B*(a;, 1) 1 €{0,...,no}.

By construction we have

ni no
(YGon(H) =2
(=0 =0

Foreachi € {0, ..., n}, we further have

ni
PG =P |J 0pUlan| n<noh
J=0,j#i

ni
=P( |J 0p+1-P)= > P(as)
J=0,j#i no<n
PC U Dj)—§+1—P(Y)—§
J=0.j#i
=1—¢— P(D;)
>1-o0,

v

and, foreachl € {0, ..., ng}, we have
PH)=1—-PB*(a,r)>1—o—¢.
Consequently, if we let

Ge ={G; | ie€{0,....,n}JU{H; | 1l €{0,...,n0}},
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then

inf P(G)>1—a—z¢g,

GeY,

and from the arbitrariness of € it then follows that

6, (P, Dir(S)) > sup inf P(G)
Ge2(T) NG= G4

Zl_aa

and we are finished. O

9.2.13 Theorem If (&) and & are random variables on S, then we have
Ap((8n),) (€) = Anl(L (&1)),) (L(D)) + 8u(L(E). Dir(5)).

Proof By the 9.2.12, if P¢ has no atoms, then obviously the result is trivially true. If
Pg has atoms, then again by the foregoing lemma, we can choose an x € § such that
Pg ({x}) is maximal and such that S(Pg, Dir(S)) = 1 — P¢({x}). Suppose now that
0 <a<Ay((&),) (§). then it follows from 9.2.4 that we can find b > 0 such that

VYn,3dm >n: P({d (ém,é) zb}) >a.

Define

f:S—>[O,1]:yr—>d(xb’y)

A 1.

Then f is a continuous map on S with range [0, 1] and
‘/ fdpPs, — / fdPg‘ + (I = P:({x}))

> /fdPgm—/fdPg +‘ / fdpé‘
s\tx)

ﬂ/m&—/m&

A%
—
~
QU
s

£
I
—
\H
U
.

A%
—
~
Y
o

3
I
—
\H
U
o

v

fo émdP '
{d(&n.x)=b}

’

>a
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and consequently a < A, ((L(&:))n) (L(§)) 4 8, (Pg, Dir(5)), which proves our
claim. O

9.2.14 Corollary (Billingsley 1968) If x € S and (&,), is a sequence of random
variables which converges in law to Py, then it also converges in probability to the
random variable with constant value x.

9.2.15 Corollary If x € S and (én)n is a sequence of random variables which
converges for the total variation metric to Py, then it also converges for the indicator
metric to the random variable with constant value x.

9.3 Prokhorov’s Theorem

We recall that a collection I" of probability measures on § is said to be tight if for
every € > 0 there exists a compact set K C S such that for all P € I" we have
P(S\ K) < €. We generalize this notion in two ways.

9.3.1 Definition (Weak index of tightness) For a collection I" C Z(S) we define
its weak index of tightness as the number

Xy (I') == supinf sup P(X \ U%)
4 % Per

where ¢ ranges over all open covers of S and % over all finite subcollections of ¢.

9.3.2 Proposition For a metric d metrizing S and I' € 2 (S) we have

X (') = supinf sup P(S\ Urex Ba(x, 6y)),
8. K Perl’

= supinf sup P(S\ Uyey By(x, 6y)),
5. Y Pell

the first supremum on each line ranging over all choices 0, > 0, x € S, the infimum
on the first line over all compact sets K in S and on the second line over all finite
sets Y in S.

Proof Let us denote the right hand side of the first line by j(I") and of the second
line by b(I"). To prove that x,,,(I") < j(I") fix € > 0 and an open cover ¢ of S and
assume that ¢ consists of countably many G, increasing to S. For each x € § we
let n, be the smallest number for which x € G,,_. Next we choose d, > 0 such that
By(x, 0r) € G, . Now pick a compact set K in S such that P(S\ Uxek B(x, 6y)) <
j(I) + e for all P € I'. Observe that since K is compact, it must be contained
in a set G,,. Furthermore, for each x € K we have B(x, 6y) € G,, < Gp,, by
construction of ny. It follows that P(S\ G,) < P(S\ Uyex B(x,0c)) < j(I') +¢€
forall P € I'. That j(I") < b(I") is trivial. Finally, to prove that b(I") < x,.,(I")
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again, fix € > 0, §; > 0 for all x € S and let ¢ be the open cover consisting of all
balls By (x, 6). Since we can pick finitely many x; such that P(S\U; B4 (x;, &y,)) <
X (I') + €, it easily follows that b(I") < x,,,(I"). O

Notice that if (S, d) is a so-called Atsuji or Lebesgue space (Atsuji 1958) then
it is possible to replace the choice of radii (,), in the definition of y,,, by a fixed
choice forall y € S.

9.3.3 Definition (Strong index of tightness) We define the strong index of tightness
of I as the number

X5 (I') = inf sup P(S\ K)
K Pel’

the infimum being taken over all compact sets K C S.

Observe that the inequality y,,,(I") < x,,(I") always holds true.
The following proposition shows that both indices indeed generalize the classical
notion of tightness.

9.3.4 Proposition For a collection I of probability measures the following are

equivalent.
1. T istight.
2. %I =0.
3 xaI)=0.

Proof The only non trivial assertion is 2 = 1. Fix € > 0 and choose a countable
dense subset {x; | i € N}. Then for any m > 1 the family of balls (B(x;, 1/m)); is
an open cover and thus there exists a finite subset (B(x;, 1/m));—o,....n,, such that

m

i
VP el :P(X\U?" B(xj,1/m)) < —

— 2" .
Put
oo Ny
K = ﬂ B(x;, 1/m)
m=1i=0
then K is compact and forall P € I', P(X \ K) < &. O

That the indices of compactness and tightness also produce meaningful non-zero
values is shown by the following simple example.

9.3.5 Example Consider the real line with the usual Borel o-algebra, fix o0 > 0 and
let I' be the set of all probability measures

(1—o)Py+ aP,
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where P, stands for the Dirac measure at x and where n is any natural number > 1.
Then the weak and strong indices of tightness and the index of relative sequential
compactness are all equal to o.

The following lemma is a direct consequence of the classical Prokhorov theorem.

9.3.6 Lemma A set I' C Z(S) is weakly relatively sequentially compact if there

exists a compact set K C S containing the support of every probability measure
Perl.

Proof This follows from Prokhorov’s theorem. O

The reason for introducing both a weak and strong index of tightness will
become clear in our general form of a Prokhorov theorem for distances, as they
turn out to provide respectively a lower and an upper bound for the index of rel-
ative sequential weak compactness. The indices of relative sequential compact-
ness have been provided with superscripts to make clear which structure they
concern.

9.3.7 Theorem (Prokhorov for distances) For every collection I' of probability
measures on a complete separable metric space S the following inequalities hold.

APse(I) < Y0 (D) < 205 (I) < g (1) < x810(I).

Proof To prove that X’r)sc(l") < X let € > 0 and let & be the open cover
consisting of all e-balls. Next let % be an arbitrary finite subcollection of ¢ and
let {A,---, A,} be the canonical pairwise disjoint collection generated by ¢ such
that U4y = U!_, A;. Take arbitrary points x; € A; and, if necessary, x, 11 € S\ U4
and a natural number m for which n/m < €. Consider the finite collection @ of
probability measures of the form Q = Z?:ll (ki /m)Py;, where k; € {0, ..., m} and
St ki = m.Fix P € I' and consider a probability measure Q = >"* (k; /m) P,
in @ such that for alli < n we have P(A;) < k;j/m + 1/m.

For any Borel set A € S we denote the set of all numbers i < n for which A
meets A; by 1. From

P(A) < P(UiesAi) + P(S\ U%)
< D (ki/m+1/m) + P(S\ U%)

iel
<D ki/m+n/m+ P(S\ U%)
iel
< Q(UierA) + P(S\U%) + ¢
< QAPPSO 4 P(S\ U + €

it now follows that p(P, Q) < P(S \ U%) + € and we are finished.
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To show that y,,,(I") < x)..(I") suppose that ) .(I") < v and choose € > 0

such that )", .(I") < y — €. Take a countable open cover & := {G, | n € N} and
suppose that for all n € N there exists O, € I" such that

On(UoGi) <1-7.

Since x)',.(I") < y — € there exists a subsequence (Qy,), and a P € Z(X) such
that

lw((Qk,,)n)(P) <Yy-—E&.
This implies that for all n
PG = Sup inf Qi (Ui_oGi) +7—¢€

< sup inf Qu (UG +y—¢

m.ky,>nt=m

<l-y+y—e=1-¢.

However, since U:.;OG,' 1 X this is impossible. Hence there exists a finite subset
% < ¢ such that for all P € I" we have P(X \ U%) < 7, and thus x,,,(I") < 7.

To show that x) .(I") < x,,(I') fix € > 0 and take a compact set K € §
such that the inequality P(S \ K) =< x,,(I") + € is valid for every probability
measure P € I'.If weput I'(- | K) := {P(- | K) | P € I'}, then the relation
P=PK)P(-|K)+PS\K)P(-| S\ K)showsthat I' C I'(- | K)(#;(I") + €).
Applying 9.1.13, 9.3.6 and 4.3.58, we conclude that

Xise() = x5 (DL K) (2 (1) + €))
< e (TCLK) + x5 (D) + €
= x_yt(F) + 3

and the result follows.

Finally, to show that y,, (I") < )(fSTCV (I') take € > 0 and consider a finite set
@ C Z(S) such that for each P € I' there exists a probability measure Q € @ for
which d7v (P, Q) < x(risTc‘./ (I") + €/2. The completeness of S implies the tightness
of @, and thus we can choose a compact set K € S such that Q(S \ K) < €/2 for
all Q € @. Since for P € I we have

P(S\K) < Q(S\K)+ iV (I +e/2 < 1V (I + &

again the result follows. O

9.3.8 Corollary (Prokhorov’s theorem) Let I" be a collection of probability mea-
sures on a complete separable metric space S. Then I' is weakly relatively sequen-
tially compact if and only if it is tight.
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Proof Let I" be weakly relatively sequentially compact, then by 4.3.58, x ', .(I") =0,
and by 9.3.7 x,,,(I") = 0. Now from 9.3.4 it follows that I" is tight.

Conversely, if I" is tight then by 9.3.4, ,,(I") = 0, and by 9.3.7, stc(l“) =0.
Now 4.3.58 and the completeness of p imply that I is weakly relatively sequentially
compact. O

9.3.9 Theorem I[f there exists a sequence (Uy,), of relatively compact open sets
which increases to S then for I' € 22 (S) we have

Xt (1) = Xy5e (D) = x4 ().

Proof It suffices to show that in this case y,,(I") < x,,(I"). Let € > 0. Now it
is possible to find a U, such that supp. P(S\ U,) < x,,,(I") + €. Let K be the
compact set U_,, and observe that, since U, € K, we have supp . P(S \ K) <
supper P(S\ Uyn) < x,,,(I') 4+ €. We conclude that y,(I") < x,,,(I"). O

Theorem 9.3.9 has the following obvious corollary for Euclidean spaces.

9.3.10 Corollary For I' € P (R%) we have y,,,(I') = x".. (') = x,,(I).

9.4 An Indexed Central Limit Theorem in One Dimension

In the foregoing section we have seen approach structures which have as underlying
topologies various well-known classical structures, such as e.g. the weak topology.
However, just as in classical analysis where often different choices of metrics gen-
erating a given topology are chosen depending on the problem at hand, it is often
advantageous here too, to be able to choose various approach structures overlying a
given topology.

We recall that, as usual, [E stands for the expected value function.

By a standard triangular array we mean a triangular array of real square integrable
random variables

L1
&1 &2
818285
satisfying the following properties.
(@ Vn:&1,..., &, are independent.

(b) ¥n, k :E[&, k] = 0.

n
(c) Vn : chz’k = 1, where G,%’k = E[ nzk] .
k=1
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We recall that Feller’s negligibility condition states that
rlﬁii{ G,%’k — 0.

9.4.1 Theorem (Lindeberg-Feller CLT) If {‘gn,k} is a standard triangular array
which satisfies Feller’s negligibility condition, and & is a standard normally distrib-
uted random variable, then the following properties are equivalent.

@ > &uk—¢.

k=1

(b) Ve > 0 : ZE[&jk EE e] -0

k=1

Here (b) is usually referred to as Lindeberg’s condition. Throughout the remainder
of this chapter, & will be a standard normally distributed random variable and {&, ¢}
will be a standard triangular array satisfying Feller’s negligibility condition.

We will be defining and using various structures on the set of probability measures
of the real line (or equivalently on the set of distribution functions on the real line,
which in the context of R is often advantageous to work with). These structures will
then be transported to random variables in the usual way by considering the map,
which was already introduced in the foregoing section

L:ZR) — PR): & P
or, in the present context
L:ZR) — F[R): & Fg

where Fg stands for the distribution function of Pg (or of &), and where .#(R)
stands for the set of all such probability distribution functions. We will use the same
notations for the structures whether they are functioning on random variables or on
distributions. Furthermore, the random variables are supposed to be defined on a fixed
probability space (§2, .2, P) as in Sect.9.2. Since in this section we will always be
working with real random variables we omit reference to R and simply write .# for
Z (R) and further we put .%, for the continuous distributions in .%. Similarly the set
of all real random variables will simply be denoted & and the set of continuously
distributed real random variables will be denoted Z..

We also recall that the Kolmogorov metric between distribution functions on the
real line is defined as

K (F,G) := sup |F(x) — G(x)|.
xeR
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This then is transported to real random variables 1 and & by
K (n.&) = K(Fy, Fg).

As usual in this context we also transport the weak topology on .% to #Z and we
say for instance that a sequence of random variables (1,,), converges weakly to a
random variable 1, (denoted as 1, = n), if the sequence (F7y, ), converges weakly
to Fy.

In general, K is too strong to metrize weak convergence, but it is well known that
if ) is continuously distributed, then the following are equivalent for any sequence
of random variables (1,,),,:

(@) M, = 1.
(b) limsup K(n, n,) = 0.

n—»oo

Now we define the approach structure wherein we will be working. We denote
convolution by ®. From Bergstrom (1949) and Rade (1997) we know that weak
convergence in .% of a sequence (F), to F is equivalent with uniform convergence
of the sequence (F,, ® G), to F & G for every continuous G € %,. In other words, if
we let .7, stand for the topology of weak convergence on .% and Jx for the topology
of uniform convergence (i.e. generated by the Kolmogorov metric) on .%, then .7,
is the weakest topology on .% making all mappings

(F — (Fe. Tk) : F = F ® G)gez,

continuous.
If we replace the uniform topology Jk by its generating metric K, then we end
up with the mappings

(F —> (Ze,K): F> F®G)gez, -

As in previous examples, again we are not able to construct a weakest metric on .7,
metrizing the weak topology and making all mappings contractive, since it simply
does not exist. But we are able to construct a weakest such approach structure. We
call it the continuity approach structure, which hence is a quantification of (.7, .7,).

It follows from the general theory that a basis for the initial approach system in
F € % is given by

PBe(F):={K(F®G,-®G) |G e .F}
and that, for any F' € .% and 2 C % the initial distance (see 1.2.34) is given by

o (F, %)= sup inf sup K(F®G, H®G)
e T He? Gen
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and that the limit operator of a sequence (F},), in .% evaluated at F € .% (see 1.2.43)
is given by

AA(E)n)(F) = sup limsupK (F® G, F, ® G).
GeF, n—o

As before, in what follows we freely transport this structure from .% to %. This
means that for any real random variable &, any sequence of random variables (&),
and any collection of random variables 2 we have

5 (8. 2) = 6:(Fe AF | L € D)),
Ae{EDn) (&) = Ac{(Fg,)n) (Fe).

9.4.2 Proposition The Top coreflection of (%, 8;) is determined by the weak topol-
ogy and the Met coreflection is determined by the Kolmogorov metric.

0,
Top ‘ Met
c c
Ty K

Proof Both for the Top coreflection and the Met coreflection this follows at once
from the definition. O

For each probability distribution F and each o¢ > 0 we now consider the map

Orq:F — [0,1]: H—> sup(F(x —o) — H(x)) V(H(x) — F(x + o))
xeR

and we define j (F) to be the largest discontinuity-jump of F.
9.4.3 Lemma Forany F € % and € > 0 there exists oo > 0 such that

K(F,) < @r.a+ j(F) +¢
Proof Fix F and € > 0. Choose points xg < x| < --- < x,_1 < X, such that
F(xp) <€/2and F(x;) > 1—¢/2
and such that foralli € {0, ...,n}and all x, y € [ x;, x;4+1 [ the inequality
|[F(x) — F(y)l <¢g/2

holds. Now if 0 < @ < minl’.’;o1 |xi+1 — x;| then, for any x € R, distinguishing cases
as to whether x € [ x;, xj+1 [ for somei € {0,...,n — 1}, x < xp or x > x,, one
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easily verifies that for any H € .7
|F(x) — HX)| < @F,a(H) + j(F) + €. o

9.4.4 Proposition A basis for the continuity approach structurein F € % is given by

Ce(F) :={Qr,qo | a0 > 0}.

Proof First, it suffices to note that for any F, H, G € .% and o > 0 we have
¢r.a(H) = @p 2(G) + ¢ o (H)

to see that (4. (F)) pe.# is indeed a basis for an approach system.
Second, fix F € .% and G € .%,, then on the one hand, from 9.4.3, it follows that
for any € > 0 there exists o such that for any H € .#

K(F®G,H®G) < ¢rec.o(H®G) +¢

and on the other hand we have

Or@G,o(H®G)=supmax{F ® G(x —o) —H®G(x), H®G(x) — F® G(x + o)}
xeR

< / sup max(F(x — o — y) — H(x — y). H(x — y) — F(x + & — )}dG()
—oo xR

= / supmax{F(z —a) — H(z), H(z) — F(z+ a)}dG(y)
—o zeR

= QF o (H).

This proves that . (F) < %
To prove that 6.(F) C B.(F) fix F € %, a > 0 and € > 0. Now choose

G € .Z. such that G(—=%) < § and G(§) = 1 — §. Then it follows that for any
He Zandx e R

oo =

F(x —o) - H(x) =/ e vy (VA F () —/ 1l ) () H (y)

5/ G~ 5~ VAF() —/ G~ 5~ dH() +
=(F®G)(x—%)—(H®G)(x—%)+s

from which it follows that F(x —a) — H(x) < K(F® G, H® G) + €. Analogously
one finds that H(x) — F(x + o) < K(F ® G, H ® G) + € which finally gives that

Pra=KF®G,-®G)+¢

showing that 6, (F) < %7(?). O
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9.4.5 Theorem For F € % and 9 C F
0c(F, 7) < 6k (F, 7) < 6c(F, 7) + j(F).

Proof The first inequality is immediate from the fact that the Kolmogorov metric
determines the Met coreflection of &, and the second inequality is an immediate
consequence of 9.4.3 and 9.4.4 and the formula for a distance in terms of the approach
system as in 1.2.34. O

9.4.6 Corollary For F € F.and 9 C F
O (F, D) =0k (F, D).
9.4.7 Corollary For F € %, and any sequence (Fy), in F

Ac{(Fp)n)(F) = limsup K (F, Fy) .

n—oo
9.4.8 Theorem (.7, 0,) is complete and locally countable.

Proof Completeness is an immediate consequence of the completeness of K and
3.5.11 and the local countability follows at once from the fact that the functions
¢ 1 forn > 1 constitute a basis for the approach system in F' (see 9.4.4). O

Before we can prove the promised result concerning the central limit theorem we
need to prove some technical facts.

Let 77 stand for the collection of all strictly decreasing functions 4 : R — R,
with a bounded first and second derivative and a bounded and piecewise continuous
third derivative, and for which lim A(x) = 1 and Xlg}x’ h(x) = 0. The conditions

X—>—o00
on the set ¢ are required, among other things, for the application of Stein’s method
(see 9.4.11).

9.4.9 Lemma [fn € %Z. and (n,), is a sequence in % then

Ae{(Mw)n) (M) = sup limsup [E[h(n) — h(n,)]] .
he

n—co

Proof We make use of 9.4.7. Let € > 0 be arbitrary. The continuity of Fy allows us
to construct points x; < - - - < X, such that for each n

K (1. M) < max [ Fy (xi) = Fy, ()] + €.

Indeed, suppose that € < 1/2 and choose points 0 = yp < y| < -++ < y <
Ym+1 = 1suchthatmaxj’ , |yk+1 — Ykl < €/2. Then the continuity of /;, combined
with the fact that lim,_, _. Fyy(x) = 0 and limy_, .. ;5 (x) = 1, allows us to choose


http://dx.doi.org/10.1007/978-1-4471-6485-2_1
http://dx.doi.org/10.1007/978-1-4471-6485-2_3

9.4 An Indexed Central Limit Theorem in One Dimension 327

points —oo = X9 < X] < --- < Xp < Xpy1 = oo such that Fy(xx) = yi for all
k € {0,...,m+ 1}. Hence we have

max | Fy (1) = Fn ()| < /2.

Also, foreachn and k € {0, ..., m}, it follows from the monotonicity of Fy and Fy,
that

sup |Fn (x) — Fy, (x)| = sup max {Fn (x) = Fp,(x), F,(x) — Fy (x)}
X SX=Xg4-1 X SX=Xp41

< max{Fn (k1) — Fn, (x0), Fn, (1) — Fr(xo)}-
< max{Fy(xx) — Fn, (x), Fn, (Xk+1) — Fp (1)} + €,

and thus we can conclude that for each n
K (1. 1) < max | Fy () = Fy, ()] + e

Again from the continuity of Fj, it follows that for each x € R there exists 6 > 0
such that for each n

|Fp(x) — Fp,(®)| <max{Fy(x —8) — Fy,(x), F,(x) — Fy(x + 0)} + &/2.
Now, we can find & € J# such that A([—oo, x — 5]) € [1 — £, 1] and h([x, o) <

[0, £1, and then it follows that

Fy(x — 8) — Fy, (x) = / 1} —eex—5d Py —/1],w,x]dp,,n

< (/ hd Py + €/4) — (/thnn —g/4)
=E[h(n) — h(na)] + €/2.

Since an analogous reasoning holds for the second term in the maximum above, we
can conclude that we can find functions &, b’ € # such that

| Fp(x) = Fy, ()| < max {E [h(n) — k()] , E[A' (M) — K" ()]} + €.

Hence there exist functions hy, ..., hy, € 7 such that

fim sup K (1, 0,) < lim sup max [EL(1) — b ()] + 2¢

n—>co n—oo

= rix i sup Bl () — e ()] + 2¢

n—>co

< sup limsup |[E[r(N) — h(Nw)]| + 2¢,
hest n—ee

which by the arbitrariness of € proves one inequality.
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For the converse inequality, let 4 € 7. The layer cake representation (see Lieb
and Loss 2001) states that, for any positive random variable &,

E[é]:/OMP[é > t]dr.

Taking into account that 4 is a strictly decreasing map taking values between 0 and
1 we find that

= 1
E[h(m)] =/ P [h(n) zt]dt=/ P[n sh*‘t]dz,
0 0
which allows us to conclude that
1
E[h(N) — h(M)]] s/o [Fy ' = By, '0|dr < Kumy. o

9.4.10 Definition (Lindeberg index) Given a standard triangular array {&, ;} we
define

Xrin(Gnn) = suplimsup > E[E2, | [&1i] = €]

e>0 n—oo i—1

which we call the Lindeberg index. It is clear that {ﬁn,k} satisfies Lindeberg’s con-
dition if and only if ;,,(&xx) = 0.

In what follows we will use Stein’s method Stein (1972, 1986), to prove a gen-
eralization of the Lindeberg-Feller central limit theorem providing an upper bound
for

A((D Enk), )(E) = limsup K (&, > & 1)
k=1 e k=1

where & is a normally distributed random variable and {&, 1} is a standard triangular
array which is asymptotically negligible in the sense of Feller.

The basics of Stein’s method which we will be using are contained in the following
lemma. The proofs can be found in e.g. Barbour and Chen (2005).

9.4.11 Lemma (Stein’smethod) Leth : R —> R be measurable and bounded. Put

Fa(x) = ¥ 72 / " (h() — ELR(E)]) e dr.

—oo
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Then for any x € R
E[r(&)] = h(x) = xfn(x) = f5(x).
Moreover, if h is absolutely continuous, then
(P78 = 1

and if h; = 1)—w ;) for z € R, then forall x,y € R

L= fi o] =1

Stein’s method was used by Barbour and Hall to derive Berry-Esseen type bounds
in Barbour and Hall (1984). The following lemma is inspired by their paper.

9.4.12 Lemma Let h € J and put

6n,k = fh(Zén,i + én,k) - fh(z@:,i) - énkf]i(Zénz)
i#k i#k i#k

and

Enk = f}i(Zénz + gn,k) - f};(zgn,l) - &n,kf{(Zén,i)
i#k i#k i#k

Then the following equality holds:

[(Zgn,k)fh(zgn,k) - fé(Zén,k)] = ZE [&n.k6n.kc] Z B [enk]
k=1 k=1 k=1 k=1

Proof Taking into account that &, » and Zi#k &,.; are independent, E[&, ;] = 0 and
> -1 0, = 1 we obtain

ZE[én k6n k] Z kE &n, k]
= ZE &, kfh(z &0 - ZE[én fn (D Eni)]

z;ék

- ZE[& O Z kE[f;ﬁ(Z &)

ik k=1

+ZE[€,$, IVASS 5n,)]+z  ELEn i £ O &ni)]
k=1

ik ik
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=EIQ_ &) /O &l — D BIEKIE /D )]
k=1 k=1 k=1 i#k

=D EIE O & —ELA O En )]
k=1 i#k k=1

+ D EIEL O &+ D o BIEKIELS O &ni)]
k=1 k=1

ik i#k
=EIQ &0 Q&) — [ &0l O
k=1 k=1 k=1

94.13 Lemma Let f : R —> R have a bounded derivative and a bounded and
piecewise continuous second derivative. Then for any a, x € R

I . l / 1 " 2
|f(a+x) = f(a) = f(@x| <min{( sup [f'(x1) = f'(x2)])Ix], Ellf flowx}.

Xl,XQE]R

Proof Put @(t) = f(a + tx). Then we get
fla+x) — f@—xf'@ = o) - p0) — ¢ (0)
= /01 @' (ndt — ¢'(0)
- /O f(Fa+ 1) — £,
and thus

|fa+x)— f@) —xf'(@| < Ix| sup |f'(x1)— f(x2)].

xl,xzeR

Analogously, performing an integration by parts on the right hand side of ¢(1) —
00) = fol @' (t)dt, rearranging terms, and writing ¢’'(1) — ¢'(0) = fol Q" (t)dt
gives

1
o(1) — 9(0) — ¢'(0) = /O (1— )¢ (1),

which finally gives

1
fla+x) - fla) —xf'@ = / (1= x> f"(a + tx)d,
0
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and

/ 2 " ! 1 7 2
|fla+x) = f@) —xf @] < x| f"ll- A —ndi=ZlIf"lex®. o
94.14 Lemma Leth € . Thenforall x,y € R

| fn) = frn] < 1.

Proof From 9.4.11 we derive that

£l(x) = xe*/? / ) (h(t) — B[R (E)]) e /2dt + h(x) — BIA(E)].

Furthermore, for all & € 7, applying the layer cake representation to the constant
random variable § with value /(x) on the probability space ([0, 1], Bo.17, A), with
HBo,1] the Borel o-field and A Lebesgue measure, we get

1 1
h(x) =/ A ({t e[0,11: 8@ > s}) ds =/ D(x,s)ds
0 0
with

0 ifha(x) <s

Plx.5) = [1 i h(x) > s,

and hence

1
h(x) =/ hh_l(s)(x)ds.
0
Combining the foregoing and applying Fubini yields

Fr)—f1()
== / " (b — BIRE) et + hx)
— ye''? / ’ (h(t) = E[R(E)]) e 72dt — h(y)
X 1 1
= xex2/2/ A (hh_l(s)([) - ]E[hh—l(s)(é)])g—tz/zdsdt +/; hh_1(s)(x)ds

y 1 1
v / /0 (i1 0y (D) = Ellyr oy (E)De ™ Pdsdi - /0 19 (0)ds
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1 X
- /0 [”m / Utye1 () (1) = Bl 5y (D™ /2t + By ) (1)
y
—yer'? / (1 5y (1) = Elly1 0y (e~ 2dt + Iy <y>]ds

1
- / i, 00— Fh, ()M
0 h=1(s)

which again by 9.4.11 proves the lemma. O

Now we obtain the following indexed version of the sufficiency of Lindeberg’s
condition in the Lindeberg-Feller CLT.

9.4.15 Theorem (Indexed CLT) If {&,«} is a standard triangular array which
satisfies Feller’s negligibility condition, then the following inequality holds.

;Lc(( Z &nk)n)(g) = %Lin((gn,k)n,k)-

k=1

Proof Combining the foregoing gives that for any 2 € % and 6 > 0
B[R (& Zén K
- \E[(Z;;n,k)fh(zsn,k) - f,;élgn,k)]
< ZE |En kB k] +Z o7 B [|enl]
<5 ||f,:||wZE[|¢n,k|3 [ |&us] < 6]

+( sup |frx) = fr(x2)]) ZEU‘SM! ||<§nk|>9]

X1, sz k=1

+( sup £ G — £ G)]) Z o B [[&n k]

X1,X2€ k=1
1 ! 5
= 5 ||fl’i/||oo9 +ZE|:|‘§nk| | |‘§nk| = O:I
k=1

+( sup |fh(x1)—fh(xz)|)maxc7nk

X1, sz]R
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This implies, making use of Feller’s negligibility condition, that for all 4 and 0

lim sup [E[A (&) = h(D_&i)]| < % I 0 + X pinCni)
k=1

n—>oo

and the result now follows from 9.4.9 and the arbitrariness of 4 and 6. m]

9.5 Comments

1. Further results

Most results in this chapter come from Berckmoes et al. (2011a, b, 2013) and we
refer to those papers for more information. Many more interesting results and details
can be found in the PhD thesis of Berckmoes (2014).

2. Categorical aspect of the weak approach structure
If we put Pol for the category of completely metrizable separable topological
spaces (Polish spaces) and continuous maps then it follows from 9.1.7 that

§ — (2(9), 1)

Pol App :
ol —> App [f—)f

is functorial.

3. Categorical aspect of the approach structure of convergence in probability
If we put Pol,, for the category of complete separable metric spaces and contrac-
tions then it follows from 9.2.5 that

S — (#(S), 5,)

Pol,, — App : [
f—rf

is functorial.

4. Categorical relation between the structures

The combined results of 9.1.7, 9.2.5 and 9.2.9 show that if f : § — T is
a contraction then the following is a commutative diagram of contractions for the
weak and c.i.p. approach structures. As an immediate consequence, applying the
topological and metric coreflections, the diagram is also a commutative diagram of
continuous maps for respectively the weak topologies and the topologies of conver-
gence in probability and a commutative diagram of contractions for respectively the
total variation metrics and the indicator metrics.
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Z(S) i> Z(T)

Li iL
2(S) —fA> 2 (T)
5. Concerning the Lindeberg index

The Lindeberg index which we introduced is not trivial, by which we mean that

it can attain any possible value besides the obvious ones 0 and 1. In order to see this

an example suffices. Therefore, fix 0 < & < 1, let B = % and put

s3=(1+ﬁ)n—ﬁ2k—l=n+ﬁ2(1—k—1).
k=1 k=1

Notice that s,% — oo, Now consider the standard triangular array {na, n, k} such that

1
P [N = =1/50] = P[Nane = /5] = 5 (1= &™)

and
P [na,n,k = _“/E/Sn:l =P [na,n,k = «/%/s,,] = %ﬁk_l-
It can then be verified that {na,n,k} satisfies Feller’s negligibility condition and that
Lin ({no.nk}) = c.
We refer to Berckmoes et al. (2013) for details.
6. Underbound in the indexed CLT
In Berckmoes et al. (submitted for publication) the theory introduced in this

chapter is taken further. In Berckmoes et al. (2013) also an underbound is given for
the limit in 9.4.15. Hereto a relaxed Lindeberg index is introduced, namely

Xiin {&nk}) = lim sup > E [éﬁ,kw(lén,kb]

k=1

where

() =1 —e 2%
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It can then be verified that

Xiin {&nk}) < Xrin ({Enk))

and that this relaxed version too will be zero if and only if the Lindeberg condition is
fulfilled. Then it is possible to prove that there exists a constant C > 0, not depending
on {én,k}7 such that

Ko (i) = CAL( S 600, 6O

k=1

Moreover, this formula can be shown to hold with C < 30.3. Together with 9.4.15
this then provides us with a full indexed version of the usual CLT.

7. Further research in higher dimensions

In Berckmoes et al. (submitted for publication) the theory is taken one step further
to the realm of finite-dimensional random vectors by making use of a multivariate
version of Stein’s method to obtain a finite-dimensional quantitative Lindeberg cen-
tral limit theorem in the same vain as 9.4.15.



Chapter 10
Approach Theory Meets Hyperspaces

Traveling through hyperspace ain’t like dusting crops, boy!
Without precise calculations we could fly right through a star or
bounce too close to a supernova, and that’d end your trip real
quick, wouldn’t it?

(Han Solo, to Luke Skywalker)

In this chapter we are mainly interested in approach structures (or uniform gauge
structures) on hyperspaces of closed sets of metric spaces. In the first section we study
a natural quantification of the Wijsman topology. This has several advantages over
the Wijsman topology. For instance, the Wijsman topology is metrizable only if the
original metric space is separable. For quantification with an approach structure no
condition is required, the Wijsman topology is always quantifiable (see 10.1.1). We
also compare the Wijsman approach structure with the Hausdorff metric. For instance
it will turn out that the indices of compactness of all three spaces, the original metric
space, the Wijsman approach hyperspace and the hyperspace with the Hausdorff
metric, coincide, from which several classical results can be deduced (see 10.1.6).

In the second section we study the proximal topologies where we see the same
behaviour as for the Wijsman topology, they are always quantifiable by canonical
approach structures (see 10.2.5). We extend some results which can be found in (Beer
et al. 1992; Beer and Lucchetti 1993), characterizing some well-known hyperspace
topologies as suprema of collections of other hyperspace topologies. Further, here
too we see that the index of compactness of the hyperspace equipped with a proximal
structure coincides with the index of compactness of the original metric space. For
the proximal structures we also give a description of the completion showing that
the completion of the hyperspace is isomorphic to the hyperspace of the completion
(see 10.2.12).

In the last example, we study a quantified version of the Vietoris structure in the
more general setup of closed sets in an arbitrary 77 approach space. This line of attack
has several advantages over the topological one, not in the least because the Vietoris
construction can now also be considered intrinsically for metric spaces. Further we
mainly pay attention to properties involving compactness. In the first place we prove
that, again, the indices of compactness of the original approach space and of the
Vietoris hyperspace coincide (see 10.3.7, 10.3.12 and 10.3.13). In the second place
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the well-known result (see e.g. Naimpally 2003) which says that if the original space
is compact metric then the Vietoris topology is metrizable by the Hausdorff metric
gets strengthened in the sense that in the approach setting under the same conditions
the Vietoris approach structure actually coincides with the Hausdorff metric. Classic
results follow as easy corollaries. Besides these main results we also draw attention
to the good functorial relationship between the Vietoris approach structures and the
associated topologies.

10.1 The Wijsman Structure

In the literature a large variety of topologies, uniformities, and metrics have been
considered on hyperspaces of topological, uniform, or metric spaces. See e.g. Beer
and Luchetti (1993), Beer (1989, 1991). In particular in the case of metric spaces, the
so-called Wijsman topology on the hyperspace of all closed sets has been extensively
studied.

Let (X, d) be a metric space. We denote by C L (X) the set of all nonempty closed
subsets of X.

We begin by recalling the definitions of the Hausdorff metric and of the Wijsman
topology.

The Hausdorff metric on C L(X) can be defined in several equivalent ways, one of
which is important for us. We denote this metric by Hy. It is given by the following
formula (see e.g. Beer 1991). Forany A, B € CL(X):

Hy(A, B) = sup |84(x, A) — 8;(x, B)|.
xeX

The Wijsman topology too can be introduced in several equivalent ways. Two of
these are important for our considerations.
First, it is the initial topology on C L(X) for the source

(CL(X) — RT: A 8;(x, A))xex,

where R is equipped with the usual Euclidean topology.
Second, it can also be characterized as being the initial topology for the source

CL(X) — RNHX: A 8,0, A),

where RT is again equipped with the usual Euclidean topology and (R*)X is
equipped with the product topology. In both cases the usual topology on the real
line plays a crucial role and the Wijsman topology owes its existence to the fact
that we are able to construct initial topologies. In the first method we are simply
constructing the Wijsman topology as an initial topology of the usual topology on
R™ for a collection of maps, and in the second method we are actually identifying
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CL(X) with the set of all distance functionals {64(-, A) | A € CL(X)} and we
construct the Wijsman topology as a subspace topology of a product (or pointwise)
topology.

If, however, we start not with the usual topology on R but with the usual metric,
then classically we are unable to perform either of these constructions. Again, using
approach spaces we can overcome these obstacles.

For each finite subset F of X we define

drp :CL(X) x CL(X) — P

by
dr(A, B) = sup |8y (x, A) — 84(x, B)|.

xeF

Now consider the collection
Dy, = {dF |F ¢ 2”0].

The set Zw, of metrics is closed under the formation of finite suprema and hence is
a symmetric basis for a symmetric gauge. The distance generated by this gauge is
given by

Sw, : CL(X) x 2°LX) 5 P (A, &/) — sup inf dr(A, B).
Fe2X) Beg/

We will refer to this approach structure as the Wijsman (approach) structure, and our
first task of course is to justify this terminology. We will denote the space CL(X)
equipped with this approach structure by C L, (X) and analogously we will denote
CL(X) equipped with the Hausdorff metric by CL 7, (X).

10.1.1 Proposition The topological coreflection of CLw,(X) is CL(X) equipped
with the Wijsman topology Jw, and the metric coreflection is CL y,(X).

Proof For the first claim, it follows from 3.1.11 that a basis for the neighbourhoods
of A € CL(X) in the underlying topology of C L, (X) is given by the collection

(B e CL(X)| dr(A,B) <e} F 2% eg>0.

This, however, is precisely a basis for the neighbourhoods of A in the Wijsman
topology Jw,.
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For the second claim, it follows from 3.1.11 that, forall A, B € CL(X), we have

dgwd(A,B)z sup dr(A, B)

Fe2X)
= sup d(x)(A, B)
xeX
— Hy(A, B). O

In Lechicki and Levi (1987) it was shown that the Wijsman topology on C L(X)
is metrizable if and only if (X, .7;) is separable. Such a condition is not required in
our case. (CL(X), Jy,) is always canonically quantifiable by dw,. The canonicity
is enhanced by the following results which are to be compared with the analogous
results for the Wijsman topology in the setting of topology.

10.1.2 Theorem The Wijsman approach structure is the initial structure on C L(X)
for the source

(CL(X) — RT: A 8;(x, A))xex,

where R is equipped with the usual Euclidean metric.
Proof According to 1.3.11 the initial approach structure is given by the basis for the
gauge

supdg o (d(x,-) xd(x,")) | F € 2<X)].

xeF

The result then follows from the fact that, forall F € 2(X) and all A, B € CL(X),
we have

sup dg (04 (x, A), 84(x, B)) = dr(A, B). O

xeF

10.1.3 Theorem The Wijsman approach structure is the initial structure on C L(X)
for the source

CL(X) — RNHX: A 8,0, A),

where R is again equipped with the usual Euclidean metric and (R1)X is equipped
with the product distance.

Proof The product distance on (R*)X is given by

6(f,F) = sup inf sup|f(x)—g(x)|.
Fe2X) geF xeF
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Consequently, the initial distance is given by

8 (A, @)= sup inf sup |8;(x, A) — 84(x, B)|
Fe2X) Beo/ x€F

= sup inf dr(A, B)
Fe2X) Beo/

= 8w, (A, o). O

A topological structure on a hyperspace is called admissible (Michael 1951), if
the map X — CL(X) : x — {x} is well defined and an embedding and we
use exactly the same terminology in our case where of course the embedding is
considered in App.

10.1.4 Proposition Let (X, d) be a metric space. The Wijsman distance on C L(X)
is admissible.

Proof Since (X, Z) is Hausdorff the function
y:X — CLy,(X):x+— {x}
is well defined. Now if x € X and A C X, then on the one hand we have

Ow, (Y (), (A)) = inf |d(x, x) —d(x,a)|
= 8a(x, A),

whereas on the other hand we have

Ow, (y(x), y(A)) < sup inf supd(x,a)
Fe2(X) acA yeF

= 84(x, A).

Consequently, ¥ is an embedding. O

Identifying a set with the set of its singletons and a metric space with its “copy”
in App, the foregoing result says that (X, &7) is a metric subspace of C Ly, (X).
Hence, the link between metric and Wijsman distance is much stronger than between
metric and Wijsman topology, since under certain conditions, described in Costantini
et al. (1993), different metrics on X may generate the same Wijsman topology. The
foregoing result actually shows that Met(X) — App(X) : d — O, is aninjection.

10.1.5 Propeosition If (X, d) is separable then CLw,(X) is gauge-countable. In
particular, if Y is a countable dense subset of X, then the countable set of metrics

Do = {dp| F e 2<Y>}

is a gauge basis.
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Proof Evidently, forany A € CL(X) and & C CL(X), we have

Ow, (A, /) > sup inf dr(A, B).
Fe2(Y) BeE#A

Conversely, lete > Oand let F € 2 Then, for each x € F, there exists Ve €Y
such that d(x, yy) < % It follows that if we let Fe := {yx | x € F}, then

ow, (A, o/) = sup inf dr(A, B)
Fe2(X) BeA

IA

sup inf dp, (A, B) +¢
Fe2(X) BeA

sup inf dr(A, B) + ¢,
Fe2(Y) BEA

IA

which by the arbitrariness of € proves our claim. O

Itis well known that if the metric space (X, d) is totally bounded then the Wijsman
topology is metrized by the Hausdorff metric. A last interesting result concerning the
relationship between the Hausdorff metric and the Wijsman distance considerably
strengthens this property.

10.1.6 Proposition In any metric space (X, d) the following inequalities hold.
Ow, < 6m, < Ow, +2x.(X).

Proof By 10.1.1 it suffices to prove the second inequality. Let A € CL(X) and let
&/ C CL(X). Further let y.(X) < o, then there exist Y C X finite such that

U BGx. o) = x.
xeY

Then, for any x € X, there exists y € Y such that, forall B € <,
184 (x, A) — 84(x, B)| < |84(y, A) — 8a(y, B)| + 201,
and consequently

8, (A, o) = inf sup|8y(x, A) — 8;(x, B)|
Bed xeX

< sup inf sup |5d(y, A) — 8;(y, B)| + 20
Ye2X) BEAQ{yGY

= 6Wd(A?ﬂ) +2a7

which proves our claim. O

10.1.7 Corollary If (X, d) is totally bounded then dw, = Sp,.
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10.1.8 Theorem Forany metric space (X, d) the following properties are equivalent.

1. CLw,(X) is complete.
2. CLy,(X) is complete.
3. X is complete.

Proof 1 < 2 This follows from 3.5.11.
2 < 3 This can be found, for example, in Kuratowski (1996). 0O

10.1.9 Theorem For any metric space (X, d) we have
X (CLw, (X)) = 2. (CLp, (X)) = x.(X).

Proof Forany A € CL(X) choose a point x4 € A and put G4 := {xa}. Then, if
B e 2(CLX) and we put Y3 := {x4 | A € %} we obtain

sup inf d(x,z) = sup inf 8y(x4, {z})
zeX x€¥gp zeX AeA

=sup inf [84(xa, A) — 84(xa, {z])]
7eX AcH

= sup inf dg, (A, {z})
zeX AeA

< sup inf dg,(A,C)
CeCL(X) Ac A
from which it follows that
Xe(X) = 2. (CLw, (X)).
That y .(CLw,(X)) < x.(CLy,(X)) follows from 10.1.1.
To show the remaining required inequality suppose that X = Uf.‘zl B(x;, €) and

let & stand for the set of all nonempty subsets of {x{,...,xx}. Take A € CL(X)
arbitrary then obviously

Ipo={i e{l,....,k} | ANB(x;,e) #0} 0
and

AC U B(x;, €).

iely
If we now put B4 :={x; | i € I4}then B4 € % and

H;(A, Ba) = sup 04(a, B4) V sup &;(x;, A) < €.

acA iely
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Consequently, for any n € Ny we have

1
cLX)= | Bu,(B.e+-)
Be% "

from which it follows that y .(CLp, (X)) < € + % which by the arbitrariness of &
shows that y .(CLy, (X)) < x.(X). |

Some immediate corollaries of the foregoing result are

10.1.10 Corollary (Kuratowski) A metric space X is totally bounded if and only
if CLy,(X) is totally bounded.

10.1.11 Corollary A metric space X is bounded if and only if C L y,(X) is bounded.

10.1.12 Corollary (Kuratowski, Lechicki, Levi) A metric space is compact if and
only if (CL(X), Jw,) is compact.

10.2 The Proximal Structures

Besides the set of all nonempty closed subsets we will in this section also consider
the set CLB(X) of all nonempty closed and bounded subsets of X. For a subset A
of X and for e € R(J)“, Se¢(A) will stand for the set {x € X | d(x, A) < €}. When
studying C L(X), the gap functional D, and the Hausdorff excess functional e; play
an important role. They are defined as follows:

Dy(A, B) :=inf{d(x,y) | x € A, y € B},
eq(A, B) := sup 8;(x, B).

x€eA

If A C X, we also use the following standard notations:

A" :={B € CL(X)| BN A # 0},
AT :={B € CL(X)| B C A},
Att =B € CL(X) 3¢ € R} : Se(B) C A},
= {B € CL(X) | Dy(B, A°) > 0}.

In fact, A=, AT and A" consist of all closed subsets of X that hit A, respectively
miss A€, respectively miss A in a metric-detectable way.

The study of proximal hit-and-miss-topologies on hyperspaces of metric spaces
began with the study of the so-called proximal topology (see Beer et al. 1992),
defined as the topology on CL(X) having {V~ | V € Z5JU{V*tt |V e F}
as a subbasis. In the sequel we will write .7,,,x(q) to denote the proximal topology
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determined by d. That the proximal topology indeed depends on the metric of X
follows from a remark given in Beer et al. (1992), stating that two metrics d and d’
on X determine the same proximal topology if and only if d and d’ determine the
same metric proximity. For information on the proximal topology we refer to Beer
et al. (1992), Beer and Lucchetti (1993) and Beer (1993). In Beer (1993), Beer and
Lucchetti (1993) and Di Maio and Hola (1997), a broader class of proximal hit-and-
miss topologies was considered: for an arbitrary nonempty subset A of CL(X), the
A-proximal topology on CL(X), which we will denote by .7,,0x(4,4), is defined
to be the topology on CL(X) having (V™ | V € Z;}U{(D)*T | D € A}as
a subbasis. Note that .7},,ox(cL(x),4) coincides with the proximal topology. In the
special case when A = CL B(X) the associated proximal hypertopology is called
the bounded proximal topology and will be denoted by 7, ox (d)-

10.2.1 Definition Let (X, d) be a metric space. A nonempty subset A of CL(X) is
called stable under enlargements if

VD € A, Ve € RT : D® ¢ A,

and it is called a p-cover of X if it satisfies the following properties.

PD {{x}lx e X} c A.
(P2) A is stable under enlargements.

Note that (X)*™* = ¢, which yields that Tprox(a,d) = Fprox(au(x },4) for every
nonempty subset A of CL(X). Also in the setting of 10.2.4, we see that adding X to
A has no effect since D4 (-, X) is the constant zero-functional on C L(X), which is
continuous with respect to any topology on CL(X).

We denote the set of all finite non-empty subset of A by 2(<)A), and then for each
I' € 2(()A), we define

dar . CL(X)x CL(X) — R : (A, B) — sup | D4(A, D) — D4(B, D) |,
Del’

and
244 .= (d" | e 2{M).

We now have the following proposition:

10.2.2 Proposition Let (X, d) be a metric space and let A be a p-cover of X. Then
244 is a collection of metrics on C L(X), closed for the formation of finite suprema.
Therefore, 22+ generates a uniform approach structure on C L(X) with distance

Sproviady : CL(X) x 21X 5 P (A, o) > sup inf d (A, B).

(A) Be.
rez,

Proof This is straightforward and we leave this to the reader. O
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The distance 8p,ox(a,4) Will be called the A-proximal distance and the next two
results will prove this terminology to be plausible. C L(X) equipped with this struc-
ture will be denoted CL ,ox(a,a)(X).

10.2.3 Theorem Let (X, d) be a metric space and let A be a p-cover of X. Then
Oprox(a,d) is the initial distance on C L(X) for the source

(D4(-. D) : CL(X) — (RT, 845) : A> Dy(A, D)), -

Proof If we denote the initial distance for the source above by J, it follows that for
every A € CL(X) and every o7 € 261X

8(A, /)= sup inf sup dg(Dy(A, D), Dy(B, D))
FEZ(()A) Bed/ Del’

= prox(A,d)(Aa d)

10.2.4 Corollary (G. Beer, R. Lucchetti) Let (X, d) be a metric space and let A
be a p-cover, then Fprox(4.a) is the initial topology on CL(X) for the source

(Da(-, D) : CL(X) — (R", T&) : Ar> Dy(A, D)) p_, -

10.2.5 Proposition Let (X, d) be a metric space and let A be a p-cover of X.
Then the topological coreflection of CL prox(a,a)(X) is (CL(X), Tprox(a,a)) and
the metric coreflection is CL g, (X).

prox (Ad)

N

prox (4.d)

Proof The first claim follows directly from 10.2.4 and 10.2.3 and for the second
claim take A, B € CL(X) arbitrary. According to 8.2.18 we have that

d p,w(A 4) (A B) = 5pr0x(A,d)(A» {B}) v 5pr0x(A,d)(Bv {A})
= sup sup | Dy(A, D) — Da(B, D)|
rex@® Del’
0

sup | Dg(A, D) — Dq(B, D) |.
DeA

On the one hand, it now follows from (P1) that

ds (A, B) = sup | Da(A, {x}) — Da(B, {x})|

prox(A d)
xeX

— Hy(A, B).
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On the other hand, we have forevery D € Athat Dy(A, D) < e4(B, A)+D4(B, D)
and Dy (B, D) < eq(A, B)+D;(A, D).Fromthe lasttwo inequalities, we obtain that
| Dg(A, D) — Dy(B,D)| <eq(A, B) Veg(B,A) = Hy(A, B), which implies that

ds

prox(A,d)

(A, B) < Hy(A, B). o

10.2.6 Proposition Let (X, d) be a metric space and let A be a p-cover of X. The
A-proximal distance is admissible on C L(X).

Proof This is analogous to 10.1.4 and we leave this to the reader.

In the following proposition we extend a result from Di Maio and Hola (1997), which
provides a necessary and sufficient condition for the comparability of two proximal
hypertopologies determined by the same metric and different p-covers.

10.2.7 Proposition Let (X, d) be a metric space, and let A, A’ both be p-covers of
X. Then the following properties are equivalent.

1. 5prox(A,d) =< 5pr0x(A’,d)-
2. yprox(A,d) C %rux(A/,d)'
n

3. VD € A\{X},Ve e R{ :3D},..., D) € A/:ngUID,QgD<£>.
Proof 1 = 2 This follows from 10.2.5.

2 = 3. This can be found in Di Maio and Hola (1997).

3= 1.Take A € CL(X) and &7 € 2°L(0 arbitrary. Further let I € 2(()A)
and fix € € R(J)r . First note that since Dy(-, X) equals the constant zero-functional
on CL(X), we may assume without loss of generality that X £ I'. To simplify

notations, we write I' = { D1, ..., D, }. By condition 3, forevery j € {1,--- ,n}
/ / /
we can find, Dj,l’ R Dj’m(/.) € A’ such that
m(j)

) ’ (€)
p;c |J D}, < DY,
k=1
Let I = { D;',k | j e {l,....,n}, k € {1,...,m(j)}}. Then obviously I’ €
2(()A/) and it can easily be verified that
d" <d"” +e.
By the arbitrariness of I € 2(()A) and € € ]R(J)r, this shows that

sup inf d'(A,B)< sup inf d'(A, B)
rex® Be e Bed

and we are finished. O
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For a given metric space (X, d), we will use &(d), respectively &, (d) and éauh (d)
to denote the set of all metrics on X which are equivalent to d, respectively uniformly
equivalent to d, respectively uniformly equivalent to and determine the same bounded
subsets as d.

For any metric space (X, d), CL(X) and CLB(X) obviously are p-covers of X.
As justified by the foregoing results, we will call the corresponding distances on
CL(X) the proximal distance, respectively the bounded proximal distance and we
will denote them by 6,,ox(a), respectively Opprox(d)-

10.2.8 Theorem Let (X, d) be a metric space. Then we have

Tproxd) — \/ Sw, -

e€é,(d)

Proof To simplify notations, we will put 8 := \/ . (4) Ow,. Now take A € CL(X)
and o7 € 2€LX) arbitrary. It then follows that

0(A, /)= sup sup inf sup sup | 8, (x, A) — 6. (x, B) |.
PAED b e (26)())9 pedl ez ek

Suppose that (A, /) > 0. Then there exist 2 € 2( w@)

such that

and (F0),c, € (2("))

o = inf sup sup |, (x, A) — &.(x, B)| > 0.
Bed ec Py xeF?

Moreover, since n - e € &,(d) forevery e € % and every n € Ny, we see that

0(A, o) > sup inf sup sup |n-d,(x,A) —n- 6. (x,B)|
neNg B ee % xeF?
= sup (n- ) = oo.
I’LGNQ

Hence §(CL(X) x 261Xy = {0, e}, which implies that § = 075 On the other
hand, it follows from the fact that concrete coreflectors preserve initiality that

Vo .

eeé,(d)

and applying a result proved in Beer et al. (1992), we obtain that T5 = F},rox(a),
which completes the proof. O
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10.2.9 Theorem Let (X, d) be a metric space. Then we have

7bprw« (d) \/ 6W6
ee&l(d)

Proof This proof is completely analogous to the one of 10.2.8 and now uses the
fact that

%prox(d) = \/ yWes
ec8(d)

which can be found in Beer and Lucchetti (1993). m]

We will now show that the index of compactness, as well as completeness are
preserved when going from the original metric space to its hyperspace and vice versa.

10.2.10 Theorem Let (X, d) be a metric space and let A be a p-cover of X. Then
we have

Xc(CLprox(a.a) (X)) = x(X).
Proof First note that, since A satisfies (P1):

XC(CLWd (X)) = XC(CLprox(A d) (X))
< inf sup inf Hy(A,C)
PBe2CLX) ceCL(X) Ac P

= x.(CLp,(X)).
The result now follows from 10.1.9. O

10.2.11 Theorem Let (X, d) be a metric space and let A be a p-cover of X. Then
the following properties are equivalent.

1. CLprox(a,a)(X) is complete.
2. CLy,(X) is complete.
3. X is complete.

Proof Tt is well known that 2 and 3 are equivalent, and we refer the reader to
Kuratowski (1966) for a proof of this equivalence. The equivalence of 1 and 2 follows
directly from 3.5.9. O

We now give a full description of the completion of the hyperspace endowed with
the A-proximal distance. We will start by proving the following theorem, which
indicates that the completion of the hyperspace CL(X) of a given metric space
(X, d) is in fact nothing but the hyperspace CL(X) of the usual metric completion
(X,d) of (X, d), endowed with a suitable approach structure. First of all, note that
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(CL(X), 8prox(a,a)) € UAp Dby definition. On the other hand the fact that A satisfies
(P1) implies that 0,rox(a,4) = 0w, and hence (CL(X), Oprox(a,a)) is also Hausdorff,
so we may apply the completion theory of 6.1.

10.2.12 Theorem Let (X, d) be a metric space, let A be a p-cover of X and let
ex 1 (X, d) — (X, d) : x = Vz,(x)
stand for the usual metric completion of (X, d). If we define
A" :=A{clg,(ex(D)) | D € A},
and
7% :=(d® | @ e 2V},
then 9% is a collection of metrics on C L(X) which is closed for the formation

of finite suprema, so it determines a uniform approach structure on C L(X), the
distance of which we will denote by 6. Then the completion of (CL(X), Sprox(A,d))

is isomorphic to (CL(X), 8%).

hyperspace

X CLprax(A ) (X)
\L completion
completion CLP@) (X)
-

Y hyperspace
—_—

CL(X)

Proof That * is a collection of metrics on CL ()A( ) which is closeid for the formation
of finite suprema, is proved in the same way as in 10.2.2, so (CL(X), 6*) is auniform
approach space by definition. We now define

0 : (CL(X), Oprox(a,a)) — (CL(X),8%) : A > clyj(ex(A)).

It suffices to show that (C L()A( ), 0%)is HauAsdorff and complete, that 6 is an embed-
ding and that 6(CL(X)) is dense in (CL(X), Ty ).

Fix 2 € CL(X)and X € 2CLX)_ Then since A satisfies (P1), we obtain that

8*(A, X) > sup inf d*¥P) (A, B)
Fear® BeX
0

= sup inf sup|d;(ex(x),2A) — §5(ex(x),B)|
Feal® BeX xeF
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= sup inf sup|G;(F,2) — §;(F,B)|
o™ Be X Feg
0

= 8y, (. X),

where only the “>"-part of the last but one equality needs some explanation. There-
fore, fix § € 2(()X) and € € Ra'. Again by denseness of ex (X) in ()A(, %) we have

that for every F € § there exist§ xp € X such that d (ex(xp),F) < €/2. It now
follows that for every 28 € CL(X)

sup | 6;(F, ) — 6;(F,B) | < sup (|6;(F,2) — 8;5(ex (xp), ) |
Feg 4 d FGS( d d

+ 16;(ex (xp), 2A) — 8;5(ex (xp), B) |
+ 1 8;(ex (xg), B) — 8;(F. B) |)

< sup (d(F, ex (vm) + 1 8;(ex (xg). ) = &3(ex (vr), B)|
Fed

+d(ex (vp). P))
< sup | 8;(ex (xp), A) — G5(ex (xp), B) | + &.
Fed

Since 9% is Hausdorff and since 75, = 9%, this shows that 6* is Hausdorff.
d

Our next step is to show that the metric coreflection of (CL()A(), 0*)is (CL()A(), Hj).
Therefore, fix B, B’ € CL(X). That ds«(%B,B) < H;(B, V') is easily seen. On
the other hand, since A satisfies (P1), we have that

ds+(B,B') = sup | §;(ex (x), B) — §;(ex (x), B) |
xeX

= sup | 6;(F, B) — 5;(F, B) |
FeX
= H;(B,B),

where the last but one equality follows from the denseness of ex (X) in ()A( , %) by an

argument completely similar to above. It now follows from 10.2.11 that (CL (X), 8%)
is complete. The initiality of

0 : (CL(X), Sprox(a.a) —> (CL(X),5%) : A clz,(ex(A))
follows from the fact that for every A € CL(X) and every o/ € 2¢L(X)

sup inf d®(6(A), 6 (B))
pe2it) Bed

= sup inf sup |Dj(ex(A), ex(D)) — Dj(ex(B), ex(D)) |
rez(()m Bew/ Del’
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= sup inf sup |Dy(A, D) — Dy(B, D)|
FGZ(()A> Beg/ Del’

= prox(A,d)(Av JZ{)

From this it also immediately follows that 6 is injective.
Finally to prove the denseness of 6(CL(X)) in (CL(X), Tz = <7Hd~), fix 2 €

CL()?) and € € Ra'. By denseness of ex(X) in ()A(, 9‘2), for every F € 2 there
exists an xp € X with c?(F, ex(xp)) < €/3. Now we define

A= clg,((xk | F € ),

andtake ¥ € 6O(A) arbitrary. Then there existsx € A such that d (“,ex(x)) < g/3,
and hence there also exists F € 2A such that d(xp, x) < €/3. We then have that

d(@,2) <d(¥,F)
< d(¥F, ex(x)) +d(ex(x), ex(xp)) +d(ex (xp), F) < €,

which by arbitrariness of 4 € 60(A) yields that e a(B(A), A) < €. On the other
hand, we have that

ey, 0(A)) = sup d(F, 6(A)) < sup d(F, ex (xp)) < &/3,
Fe Fel

so it follows that H;(2l, 0(A)) < €, and by the arbitrariness of € we are finished. O

10.3 The Vietoris Structure

In this section we start not from a metric or normed space but from an arbitrary
approach space and see how we can, in a natural way, extend the Vietoris hyperspace
construction from topology to approach theory.

Starting from an approach space (X, £), we consider the hyperspaces C L(X) of
all closed and nonempty subsets and K (X) of all compact and nonempty subsets (in
the underlying topology).

If Xisasetand A C X, then At and A~ have the same meaning as in the
foregoing section. If € [0, «]X, we let

"t CL(X) — [0.00] : A > inf p(x) = inf p1(4)
xXe

and

u : CL(X) —> [0,00] : A sup fi(x) = sup i(A).

xX€A
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We will make use of the obvious formulas 6y = sup,¢y 04, Ouy = infacy Oa
for o7 € CL(X), and 0} = 64,0, = 04+ for A € CL(X).

The hyperspace topologies which we are about to use were introduced in Vietoris
(1922, 1923). We recall that if (X, .7) is a topological space, the upper Vietoris
topology 7, on CL(X) is the topology with basis for the closed sets {F~ | F €
CL(X)}, while the lower Vietoris topology 7, on CL(X) is the topology with
subbasis for the closed sets {F* | F € CL(X)}. The Vietoris topology .7, then is
simply 7~ v 7,7 Note that these topological structures are usually introduced via
their open sets but in our case it is more convenient to do it via their closed sets.

Given the approach space (X, £), we define, what we will call the Vietoris
approach structures on C L(X) in the following way:

1. The Vietoris A-structure: the collection £ := {u” | u € £} is translation-
invariant and stable for finite infima, hence it is a basis for a lower regular function

frame
L) = [L"] = {supu} | ¥j € J:p; € £},
jeJ -’
2. The Vietoris \-structure: the collection £¥ := {u¥ | u € £} is translation-

invariant and hence is a subbasis for a lower regular function frame

L) =LY = {sup inf p, |Vj k:K;jfinite, ujr € £}.
jelkek;

3. The Vietoris structure: the translation-invariant collection £ U £V is a subbasis
for a lower regular function frame

Ly = {sup(u} A inf p/p) | Vj, k: Kj finite, uj, wjx € L.
jeJ kek;

In the sequel we will need a more appropriate basis for £,. For that purpose we
introduce a notation. If {u, Up, ..., Wy} € £ we will write (Uy, Ua, ..., Up) 1= ,uOA A
infi <t <, ;" where Lo := supy -, Ug.

10.3.1 Lemma {(uy, o, ..., Up) | {1, U2, ..., Uy} S £,n € No} is a basis
for £,.

Proof Considering cases one verifies that u™ A (A A n)¥ = u™ A AY for any
A, u € £. To complete the proof it is then sufficient to observe that

AAaoinf w = udt A (Y A inf A )Y, ]
Mo 15111331“" Uy A (Mo 1511139(’“0 i) ™)

The following result shows that our definitions are appropriate when compared
to the existing Vietoris topologies. Since we will be dealing with various topologies
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7, in the present section it will be useful to use the notation .7°¢ for the collection
{X\G |G € T} of closed sets.

10.3.2 Proposition If (X, £) is topological, with underlying topology .7, then the
following properties hold.

1. (CL(X), £)) is topological and T¢p = T,*.
2. (CL(X), £)) is topological and Tgy = T,
3. (CL(X), £)) is topological and Tg, = .

Proof We only prove 1 leaving the remaining cases for the reader. If 4 € £ and
€ > 0, we put Fg := {1 < €} and first observe that Oy, € £.Thenitisimmediately
verified that 4" (A) = 0if and only if 6 (A) = O for all € > 0 and therefore
Ozur = supg O, € £

Ifp=sup;c, ,ujA with yi; € £then Zp = (., Z;, and thus

6zp =supOzy; € L.
jeJ

For the second claim, let 4 € £and ov € RT. Since {u" < o} = (Noog Fore
and Foye € 7€, wehave (U < o} € (F;7)°. Consequently T¢p € F,F.

As for the reverse inclusion, it suffices to note that for any F € .7¢ we have
6p € £%and F~ = Z6p. O

Starting from a given approach space (X, £), there are now two ways to arrive at
associated hyperspace topologies as depicted in the diagram below. In this diagram
A stands for respectively (A, Vv, void) and O stands for respectively (+, —, void).

Vietoris
Iy v
approachstructure
J{ Top—coreflection
Top—coreflection T A

-
Vietoris
Tg —— > U
£ topology ( yﬂ ) v

We can first perform the topological coreflection obtaining 7¢ and then consider
the associated Vietoris topologies (Z¢)F, respectively (Z¢), and (Jg),. We can
also first consider the associated Vietoris approach structures £, respectively £/
and £, and then consider their topological coreflections obtaining Jgn, respec-
tively Jgv, and Jg,. It will be seen that on CL(X), (Z¢), = Jgy, but there is
in general no relation between (Z¢); and Tgn, or between (J¢), and g, on the
whole of CL(X). The following theorem shows that if we add compactness to the
picture the situation changes.
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10.3.3 Theorem Given an approach space (X, £), then the following properties
hold.

1. (g), and Tgy coincide.
2. The restrictions of (Tg)} and Tan to K(X) coincide.
3. The restrictions of (J¢g), and Tg, to K (X) coincide.

Proof 1. This follows from the fact that (Zu)™ = Zu" (forany u € £).
2. Tt is clear that always (Zu)~ € Zu” and for 4 € £ the converse inclusion
follows from the lower semicontinuity of 1 and the compactness of the sets in ¢ (X).
3. This follows from (Z¢), = (Jg); V (e); and the coreflectivity of Top in
App. O

The foregoing results shed some light on the functorial relationship between the
various constructions. It is well known that in the topological case, and for K (X),
the association of any of the Vietoris hyperspaces to a given topological space is
functorial, and it can easily be verified that this remains true in the approach case.
More precisely in the diagram below, V,, and V; stand for any of the functors giving
respectively the Vietoris approach structures and the corresponding Vietoris topolo-
gies. Note that the action on morphisms in all cases is determined by

fX— Y~ [KX)— KX): A f(A)]

Va
App App
Top—coreflection Top—coreflection
To To
p v, p

What the foregoing results show is that the restriction of V, to Top always coin-
cides with V;, and that in all cases the diagram commutes.

10.3.4 Proposition If (X, £) is a Ty approach space, then all structures £, £ and
£, are admissible.

Proof This is analogous to 10.1.4 and we leave this to the reader. O

10.3.5 Lemma If{x;, x2, ..., x,} is a set of n different points in a T> approach space
(X, £), there exist elements |1, W, ..., U, in £ with the following properties.

1. Up(xg) >0forl <k <n.
2. uiA=0forl <j<n,1<k=<n,j#k
Proof Since (X, £) is (T2), thereexist jx € L£forl < j<n,1<k=<n,j#k

such that pjx(x;) > 0, wjx A pgj = 0. Then . = /\#k Uij, 1 < k < n has the
announced properties. O
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In the following result we put _#,(X) (respectively _# (X)) for the subsets of X
which have no more than n points (respectively which are finite).

10.3.6 Proposition Given an approach space (X, £), then for all n € Ny the fol-
lowing properties hold.

1. #,(X)and 7 (X) are dense in (CL(X), £)).

2. _Z(X) isdensein (CL(X), L)) and in (CL(X), £).

3. If (X, L) is T, then #,(X) is closed in (CL(X), L)) andin (CL(X), £)).

4. pp: (X, 0" — (Fn(X), ) : (X1, ..., Xp) = {x1, ..., x4} is a contraction
if. e (&), L), L)

Proof 1. This follow from the fact thatif y € £and u” |;x)= 0, then u” = 0.
2. It is clearly sufficient to prove this for £,. So let

A= uAAkinIgukv
€

in the basis of £, be such that A |/(X)= Oand take A € CL(X)\ Z(X). If
W/ (A) = 0 for some k € K, then A(A) = 0. If on the contrary p1,'(A) # 0
for all k € K, there is for each k € K an x; € A with ux(xx) # 0. Then
B = {xt | k € K} € _#(X) and therefore clearly infkeK/.le/(B) # 0 which
implies 4" (B) = 0. Since B C A, it follows that also yt”*(A) = 0, hence A(A) = 0,
and so we are finished.

3. It is clearly sufficient to prove this for EVV .Let A € CL(X)\ _Z,(X) and let
{x1, ..., Xn41} € A consist of n + 1 different elements. If then {uy, ..., ,+1} € £is
taken as in 10.3.5 (with n + 1 instead of n and ;4 instead of ;), it follows that

w4 (A) = 'y (i) = tia(xi) >0

and so infi”:ﬁlulYA(A) > 0.

On the other hand, if {y1, ..., y,} € _Z,(X), then it follows from (2) in 10.3.5
that t; o(y;) > O for at mostone i € {1...,n + 1}. It follows that p1; 4(y;) = O for
somei € {l,..,n+1}andall j € {l..., p}, so ,uiYA({yl, ..., ¥p}) = 0. This means

that inf/" ' 1, (B) = O forall B € _#,(X), and if

n+1
o= sup inf ;"
AECL(X)\ 7y (X) =1

we obtain _#,(X) = Zu and so we are finished.
4. This follows from the definitions. O

We put CL“(X) the hyperspace equipped with the structure E\,A for
A € {A, Vv, void}. We use the notations and results from 4.3.4 to 4.3.9.
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10.3.7 Theorem For any approach space X we have
% (CL™(X)) = 0.

Proof Consider the subbasis £" for £).If # € By(£")theninfaecrxyU”(A) =0
forany u” € .# andhence u”(X) = 0, therefore sup .# (X) = 0, and then it follows
that infaccr (x) sup # (A) = 0. The result now follows from 4.3.9. |

In order to study the relation between y.(CL" (X)) and y.(X), we need some
lemmas concerning the relations between ideals in £ and ideals in Evv If 7 e 1(9),
then .7V := {u¥ | u € £} is an ideal basis in £ and we denote the generated
ideal by .7

10.3.8 Lemma [f X is T\, 4 € £ and .9 € (L) then the following properties
hold.

L (ux)" < u.

2. sup S =sup,c s u”.

3. infyex(sup F)(x) = infaccr(x)(sup £,7)(A).
4. infyex ) x (x) = infaccLoo U (A).

Proof 1. This follows from the fact that liminf < lim sup.
2. This follows from the definition of .%,".
3.Forevery A € CL(X)anda € A we have

inf (sup .#)(x) < sup p(a) < sup u"”(A)
xeX ue s uesg

and therefore

inf (sup #)(x) < inf YY(A) = inf JY) (A
xlgx(sup )(x)_AechIuX)(;EBz” )(A) Aelan(X)(Sup v )(A)

< inf (sup I ({x)) = Inf (sup 7 (x).
4. This is analogous to 3. O
10.3.9 Lemma [f X is T\ then % € I(£) if and only if &, € I;(£)).
Proof This follows from the definition of ., and 10.3.8. o

10.3.10 Lemma [f X is T) and .9 € 1(L)) then the following properties hold.

1. Jix € 1(D).
2. infrex (sup Hx)({x}) = inf accp(x)(sup F)(A).

Proof 1. This follows from the definition.
2. This is analogous to 3 and 4 of 10.3.8. O
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10.3.11 Lemma If X is T| then .¥ € IS(EVV) ifand only if #x € I;(£).
Proof This follows from 10.3.8 and 10.3.10. O

Note that again, mutatis mutandis, all conclusions in the foregoing lemmas can
be reformulated in terms of sets with the finite-sup property and we will freely use
this fact.

10.3.12 Theorem For any T\ approach space X we have
2e(CLY (X)) = ge(X).

Proof If . € Ii(£), then .Y € I,(£)) by 10.3.9, and therefore by 4.3.9 and
10.3.8

inf (sup #)(x) = inf (sup.7,")(A)
xex AeCL(X)
< %(CLY(X))

which implies that y.(X) < x.(CLY(X)).
If ¥ € I;(L)), then Jx € I;(£) by 10.3.10, and therefore also by 4.3.9

inf (sup #)(A) = inf (sup £ x)(x)
AeCL(X) xeX
= Xe(X)
which implies that y.(CLY (X)) < x.(X). |
10.3.13 Theorem For any T\ approach space X we have
Xe(CL(X)) = xc(X).

Proof That y.(X) < x.(CL(X) follows at once from the foregoing theorem.
In order to prove the other inequality we use 4.3.9. Let € > 0 and take

Bo={ |k e K}U{u |l € L} € BV UL
and suppose that for all CL € By (£) : infyex supCL(x) < b.
For[ € L, define % := {u) | k € K}U {u/}. Since for any Ko C K finite,
infxex((supke,(0 W) (x) Vv i (x)) = 0, it follows that

{te |k € K}U{w |1 € L} € Bs(£)

and therefore infycx ((Sup;cx Ux) V 1) (x) < b. Consequently there exists x; € X
such that
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(sup W) vV W (xy) <b+e.
keK

If wenowput M :={x; |l € L}, thenforalll € L

(sup pe) ¥ (M) v u™ (M) < (sup )" (M) V wi(x;)) < b+ €
keK keK

and therefore

inf supZ(A) < (sup )Y (M) vsupu*(M) <b+¢
AeCL(X) P kellglu leIIj‘Hl

and by arbitrariness of € and b we are finished. O

We now consider the particular case of a compact metric space (X, d). It is a
well-known result (see e.g. Beer 1993; Charalambos 2007; Naimpally 2003) that
in this case the Vietoris topology is metrizable by the Hausdorff metric. Again, as
in the previous section concerning the index of compactness, we will considerably
strengthen this result by proving that, always under the same conditions, actually the
Vietoris approach structure coincides with the Hausdorff metric. We recall that for a
metric space (X, d), quasi-metrics are defined on CL(X) by

dy (A, B) = sup inf d(a, b) and d}; (A, B) = sup inf d(a, b).
acA beB beB acA

The Hausdorff-metric dg on C L(X) then is given by dg = d; v d;.

10.3.14 Theorem If (X, d) is compact, then §) = 5d;.

Proof Since {u”™ | u € £} is a basis for £/, it follows that for any A € CL(X)
and Z C CL(X)

5/ (A, B) = sup{u’(A) | VB € B :u(B)=0,u € £)
=sup{u™(A) |VB € #,3b € B:u(bh) =0,u € £}
= sup{(8a)p 5 (A) @ € [] B}
Be#A

— sup inf inf d(a, ¢(B))

¢€[lpcgs B acA BeX
= inf sup inf d(a, b)

Be#AbeBacA
= 8,1 (A, %)

where the second equality follows from the compactness of the sets in % and the
lower semicontinuity of u. O
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10.3.15 Theorem If (X, d) is compact then §] = 5[][;.

Proof Since in this case {infregx 1" | K finite, Vk : yx € £} is a basis for £, we
now have

8) (A, #) = sup{inf W (A) | K finite, Vk : € £, inf (,ukv)‘gg = 0}
keK keK
= Sup{lig(&i)ﬁ%j (A) | (B))jes € R(AB)}

where R(Z) stands for the set of finite partitions of Z. If in particular & = {B}, B €
CL(X), this clearly gives

8) (A, {B}) = sup inf d(a, b) = 8, (A, A),
acA beB

and from this it follows that

8/ (A, #) < inf sup inf d(a,b) = §,- (A, B).
BeA acAbeB H

To show the converse inequality, let € > 0 and consider a finite covering S of X by
open balls with diameter €. For each nonempty subset .# of & put

By={Be B|VSe #:BNS#WVS € &\A4:BNS=0)
and let 201 be the set of nonempty subsets .# of & for which % , # (. Clearly then
(B.y).weom € R(ZA). Consider an arbitrary function ¢ : 91 — 2 such that for
each # € M: o(A) € A_y. Then we have
8/ (A, %) = Sup{ji,lelg(&z)ﬁgj (A) | (Bj)jes € R(B)}

> inf sup inf d(a,b)
MEMacA beUB y

v

inf sup inf d(a,b)—¢
MEM acA bep( M)

v

inf sup inf d(a, b) — €
BeAB acA beB

which by arbitrariness of € proves the remaining inequality. O

In our last theorem it will be convenient to work with gauges. The foregoing
theorems have shown that the gauges associated with the A- and V-Vietoris approach
structures are respectively the principal gauges (i.e. generated by a unique element)
YN ={d|d <d}}and 9" =1{d | d < dy}.
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10.3.16 Theorem If (X, d) is compact then (84)y = gy

Proof Since the source

(CL(X),5")

is initial, using 1.3.11, it follows from 10.3.14 and 10.3.15 that the initial gauge is
given by

G, :=1{d|d <dj; vdy}

and since dy = d; V dy; we are finished. O

10.4 Comments

1. Further results

The material covered in Sects. 10.1 and 10.2 of this chapter, mainly comes from
a series of papers by Lowen and Sioen dealing with various aspects of hyperspaces
in a metric setting (Lowen and Sioen 1996, 1998, 2000a). More information can be
found in those papers.

2. Metric spaces versus approach spaces as starting point

There is a major difference in the hyperspaces considered in Sects. 10.1 and 10.2
compared to the Vietoris structures considered in 10.3. Whereas in 10.1 and 10.2
we always started from a metric space, in 10.3 we start from an arbitrary approach
space. In the first two sections this was motivated by the desire to lay the link with the
extensive body of results on the associated classical hyperspaces on metric spaces (see
e.g. Beer 1993 for a comprehensive bibliography). In 10.3, noting that the Vietoris
topologies are defined in a topological rather than in a metric setting, it was natural to
take general approach spaces as starting point making use of lower regular function
frames. However, an interested reader will be able to see that many things done in
Sects. 10.1 and 10.2 with metric spaces as starting point can actually be generalized to
arbitrary (or at least uniform) approach spaces. For more information on the Vietoris
approach structure see the paper by Lowen and Wuyts (2013).
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Chapter 11
Approach Theory Meets DCPO’s and Domains

The real danger is not that computers will begin to think like
men, but that men will begin to think like computers.
(H. Eves in Return to Mathematical Circles)

Motivated by central problems in theoretical computer science, mathematical
structures have been created to model semantics of programming languages. These
are the so called semantic domains and they are mainly intended to define the mean-
ing of a computer program. The models that are useful in this respect are directed
complete partial orders, called dcpo’s, or continuous dcpo’s, called domains (Gierz
et al. 2003). This theory originated with the work of Scott (1972) who endowed a
given dcpo (X, <) with the Scott topology ¢ (X) which is then used as a tool to
study convergence phenomena in X and to describe the Scott continuous functions.
In Scott’s model the latter represent the computable functions.

For a Scott continuous map on a dcpo with a bottom element this setting provides
the “Scott least fixed point theorem” where the least fixed point is obtained by
iterating the function on the bottom element (Gierz et al. 2003). In Scott’s model
fixed point theorems are extremely important since they represent the “meaning” of
the algorithm. As is known from the work of Edalat (1998), the Scott least fixed point
theorem implies the classical “Banach fixed point theorem” for Lipschitz functions
with Lipschitz factor strictly smaller than 1, on a complete metric space.

However domains alone are insufficient in a more refined quantitative reasoning.
The mathematical structures that have been used to capture quantitative data are
dcpo’s endowed with a weightable quasi-metric structure or equivalently a partial
quasi-metric structure inducing the Scott topology (Matthews 1994). This has led
to the study of quantifiability of domains, see Schellekens (2003) and Waszkiewicz
(2003), who independently showed that all domains with a countable basis are quan-
tifiable. In this context weightable quasi-metrics are constructed by taking some
infinite sum X~ 21_n over some suitable subset of N. The role of (%)n could be replaced
by any other suitable sequence, which means that, although the existence of such
a quasi-metric is important, numerical values computed with it are not canonically
determined. Moreover the procedure heavily depends on countability properties.

© Springer-Verlag London 2015 363
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Quantified domain theory is applied for instance in complexity analysis
(Schellekens 1995) where fixed point theorems are again extremely important since
they are the clue for estimating the complexity of an algorithm. As a generalization
of the classical Banach theorem, existence of fixed points was proved for Lipschitz
functions with Lipschitz factor strictly smaller than 1 on a bicomplete quasi-metric
space by Oltra and Valero (2004). Martin considers a measurement on a domain,
which can be seen as an alternative for a weightable quasi-metric in quantitative
domain theory, and he developed fixed point theorems for non-monotone maps in
that setting (Martin 2000a, b).

In Sect. 11.1 we propose an intrinsic solution for the problem of quantifiability. We
propose to use an approach structure rather than a quasi-metric. The approach struc-
ture on a domain (X, <) is supposed to quantify 6 (X). As was shown in Colebunders
et al. (2011), such an approach structure can be intrinsically defined, regardless of
cardinality conditions on bases. We show that every domain X is quantifiable in this
sense. We get weightability for free and in the case of an algebraic domain satisfying
the Lawson condition (Lawson 1997), a quantifying approach space can be obtained
with a weight satisfying the so-called kernel condition. This allows to extract the set
of maximal elements of the domain. We also prove that there are important structural
advantages of working in the category of approach spaces. With respect to contrac-
tions, in 11.4 we study fixed point theorems. Given a function f : X —> X, with
domain and codomain structured as approach spaces, and given an arbitrary point
a € X the use of the limit operator will allow us to estimate “how far” a is from
being a fixed point. An upper bound for the distance between f(a) and a in the
quasi-metric coreflection of the approach space will be given. For monotone as well
as for non-monotone maps we establish new fixed point theorems and we recover
some existing ones, as the ones of Scott (Gierz et al. 2003) and Martin (2000a, b)
mentioned above.

11.1 Basic Structures

In this section we will consider approach structures on a given dcpo. We refer the
reader to Gierz et al. (2003) for terminology and basic results. To fix notations recall
that for a partially ordered set (poset) (X, <) and elements x and y we write x#y if x
and y have no common upper bound. A subset D C X is directed if it is nonempty
and any pair of elements of D has an upper bound in D. A poset in which every
directed subset D has a supremum (supD) is called a directed complete poset (dcpo).
We use the notations tx :={y | x <y}and |x :={y |y < x}.

We say that x is way below vy if for all directed subsets D € X, y < supD implies
x < a for some a € D. We denote this by x < y. We say that x is a compact element
if x < x. We also use the notations fx := {y | x < y } and = ly<gaxl
A subset B C X is said to be a basis for X if for every element x € X the set BN | x is
directed with supremum x. A poset is called a domain if it is a dcpo having a basis.
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If the class K(X) of all compact elements is a domain basis then we call the domain
algebraic. If a domain has a countable domain basis it is called an w-domain.

On adcpo (X, <) there are some intrinsic topologies. The Scott topology denoted
by o(X), is the topology for which the open sets are upper-sets inaccessible for
directed suprema. If X is a domain then o (X) has a basis { x| x € X }. The
specialisation order of 6(X) coincides with the original order. We denote by /X the
lower-topology generated by {|x | x € X} and by wX the topology generated by
{X\1x|x € X}. Otherintrinsic topologies on (X, <) are the Lawson topology defined
as L(X) := o(X) vw(X) and the Martin topology defined as M (X) := o(X) vV I[(X).

11.1.1 Definition A quasi-metric space (X, q) is called weightable if there exists a
function w : X — P (called a weight), not identically oo, such that

q(x,y) +wx) = q(@y, x) +w()

whenever x,y € X. A weight w is called forcing for g if x € X and w(x) = oo
imply that the function ¢g(x, .) is identically zero on X. We let wqMet be the cate-
gory consisting of weightable quasi-metric spaces with non-expansive maps. For a
weightable quasi-metric ¢ we denote by % the collection of all its weights.

The following example is well known and will appear to be crucial.

11.1.2 Example Consider I’ endowed with dj, (see 1.2.62, 2.4.13). The function
wp : P —> P defined as wp(x) = x is a weight for d}, . Note that it is forcing since
the only point in which the weight is infinite is e and dy, (e, y) = 0 for all y. The
underlying topology %H; on [0, o] is

{[0, b[ | b < o} U{[0, o]} U {#}.

When we endow PP with the opposite order x < y < y < x the Scott topology o (P??)
associated to the dcpo P? = (PP, <) is exactly the topology yd];,'

We establish some categorical properties of the category wgMet.

11.1.3 Proposition Let f : X —> Y be an initial morphism in qMet with Y a
weightable quasi-metric space, then the initial structure on X is weightable.

Proof Let Y = (Y,q) with ¢ some weightable quasi-metric, and let w be a
weight for g. Then clearly the initial structure ¢ o f x f has the weight function
wof. |

A similar result does not hold for arbitrary sources. Even a pointwise supremum
of two weightable quasi-metrics need not be weightable.
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11.1.4 Example We consider X = {x, y, z} and the following quasi-metrics on X.

qx,y) =px,y) =1; gy, x) = p(y,x) =2
qx,2) =px,2) =1; q(z,x) =3; p(z,x) =2
qz,y) =pz,y) =1, 9, 2) =0; p(y,2) =1

Both quasi-metrics g and p are weightable whereas their pointwise supremum is not.

11.1.5 Theorem wqMet is finally dense in qMet.

Proof Let (X, d) be a quasi-metric space with more than one point. For a fixed x € X
define X, = (X, dy) as follows:

dy(x,y) =d(x,y) forevery y € X,
dy(z,y) = whenever z #x and y € X,z € X.

Clearly X, is weightable by the weight w : X — [P defined by w(x) = o and

w(y) = 0 for every y # x.
Next form the coproduct X, cxX,, which is clearly weightable, and consider the

identification
0 YiexXy — X (3, X) > 2
Clearly for the final quasi-metric structure dg, on X we have

dfin(z, y) = infyexdx(z, y) = d;(z,y) = d(z,y)
and hence @ : XicxX, —> (X, d) is final in gMet. ]

Since wgMet is finally dense in qMet and by 11.1.4 not concretely reflective in
it, the category wqMet is not topological.

11.1.6 Proposition For a weightable quasi-metric g on X with weight w the follow-
ing properties hold.

1. dp ow xw < gand hencew : (X, q) —> (P, dy) is non expansive.
2. w: (X, <) — P is monotone.

3. Ifwis forcing for q then g < ¢~ + dp ow X w.

4. Ifwis forcing for q then for x € X we have

qx,.) <dp ow xw(x,.) V Opyy<,x}-
Proof 1. Let x,y € X. The only nontrivial case to be considered is with w(x) <

oo, W(x) < w(y) and g(x, y) < oo. It follows that g(y, x) < e and w(y) < oo. Hence
W) —wx) VO <qlx,y).
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2. Let x <, y then by assumption g(x,y) = 0 and applying 1 we have
dp (w(x), w(y)) = 0. Hence w(x) <X w(y).

3. Since w is assumed to be forcing for ¢, in case w(x) = oo the inequality is
trivially fulfilled. In case w(x) < oo we have

qx,y) = q(y, x) + wy) —wx) < g, x) + (W) —wkx)) vO0
=q '(x,y) + dp ow X w(x, y).

4. When evaluating both sides in y € X, the only nontrivial case is with g(x, y) # 0
and Q{ysqx} # 0. So we may assume w(x) < oo, y <, x and ¢(y, x) = 0. Then

q@x,y) =wy) —wx) = w@y) —wx) VO=dp ow x wx,y) V Oy<, ().
O
We now investigate how wqMet is embedded in App.

11.1.7 Proposition Letf : X —> Y be an initial morphism in App with Y a weigh-
table quasi-metric space, then the approach space X too is a weightable quasi-metric
space.

Proof Suppose the gauge ¢y has a gauge basis {g}, with ¢ some weightable quasi-
metric. Then clearly the initial gauge %x has a gauge basis {g o f x f}. Moreover it
follows from 11.1.3 that the quasi-metric g o f X f is weightable. O

11.1.8 Theorem The following properties hold and are equivalent.

1. App is the epireflective hull of wqMet.

2. App is the concretely reflective hull of wqMet (or equivalently of {dy, }) in App.

3. An approach space has a gauge subbasis consisting of weightable quasi-
metrics.

4. An approach space is the supremum in App of all weightable quasi-metric
spaces that are coarser.

Proof Since by 2.4.13 clearly 2 holds, if suffices to prove the equivalence of all the
assertions.

1 = 2. Since indiscrete quasi-metric spaces are weightable, the epireflective hull
coincides with the concrete reflective hull.

2 = 3. Let the source (f; : X —> Y;)cs be initial in App with each Y; a weigh-
table quasi-metric space. Suppose each ¥; has a gauge basis {g;} with ¢; weightable.
As pointed out in 11.1.7 the quasi-metric g; o f; x f; is weightable. Moreover

{giofi x fili e 1}

is a subbasis for the gauge “x.
3 = 4. Suppose X has a gauge ¢x with a gauge subbasis 7% consisting of
weightable quasi-metrics. For each g € J%x let X, be the quasi-metric space on X
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with gauge basis {g}. Then the source (1x : X —> X;) e s is initial. It follows that
X is the supremum of all quasi-metric spaces coarser than X.

4 = 1. Since a supremum can be seen as being initial for a point separating source
this source can be decomposed as a subspace of a product. O

11.1.9 Definition If (X, 0) is an approach space and 7 is a gauge subbasis con-
sisting of weightable quasi-metrics, then an element in [ [, ,» 7 is called a weight
associated with 77 and ge A wgl(O) is called its kernel. The weight (wg)ge 7 is
called forcing for 2 if every w, with g € J2 is forcing for g.

11.1.10 Definition Given an approach space (X, §) with gauge ¢, one defines the
specialization preorder as follows

x <y < (q(x,y) = 0 whenever g € 9).

Remark that as the quasi-metric coreflection (X, gg) of an approach space (X, 0)
is given by gs(x,y) = 8(x, {y}) = supewq(x, y) the following expressions are
equivalent

(q(x,y) = 0 whenever g € 4) < g5(x,y) = 0.

Moreover, since the topology J5 of the topological coreflection of (X, §) is the
supremum of the topologies {.7; | g € ¢} we also have

(q(x,y) = 0 whenever g € 9) & x € clg;{y}.

So the specialization preorder of (X, §) defined in 11.1.10 coincides with the spe-
cialization preorders determined by the quasi-metric or topological coreflections.

11.1.11 Proposition The following properties hold.

1. An approach space X is Ty if and only if the specialization preorder <x is a
partial order.

2. Let X be an approach space. The open sets in the topological coreflection
(X, Ix) are upsets in the preorder <yx.

3. Every contraction between approach spaces f : X —> Y is monotone as map
X, <x) — (¥, <yp).

Proof 1. This follows from the definitions.

2. Let U be Jx-open, x € U and x <x y. Since x € clg{y} we clearly have
yeU.

3.Supposef(x) £ f(y).Since |f(y) = cl {f(y)} this setis Fy-closed. It follows
that the set f~1 (X \ £ (y)) is Zx-open. Since this set is an upset for <x and contains
x but not y, it follows that x £ y. O

We now investigate the special situation where X carries a dcpo structure and its
associated Scott topology, in particular we study the impact of having an approach
structure quantifying the Scott topology.
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11.1.12 Definition Let (X, <) be a dcpo, 6(X) the associated Scott topology and
0 an approach structure on X. The approach structure is called compatible with the
dcpo if the specialization preorder coincides with the given dcpo partial order.

We say that (X, 0) quantifies the dcpo if its topological coreflection coincides
with the Scott topology, i.e. if 75 = o(X). Clearly if (X, J) quantifies the dcpo then
it is compatible with the dcpo.

If moreover (X, §) has a gauge subbasis ¢ of weightable quasi-metrics and
a weight (wg)ge such that its kernel N qe wq_l(O) = Max(X) (the maximal
elements of the dcpo) then we say that (X, §) quantifies the dcpo and satisfies the
kernel condition.

Let (X, <) be a preordered space and # C PX,

11.1.13 Definition 7 is called monotone for < if all functions
w: (X, <) — P?
are monotone. # is called strictly monotone for < if # is monotone and
(y<xandVwe# :wx)=wl)) =x=y.

The source (w : X —> (PP, dp )y ey has an initial lift X’%”/ in App and we denote

,;a/;; its approach system. Further we denote by 9% the initial topology determined
by the source (w : X —> (P, %E;))WEW in Top.

11.1.14 Theorem Let (X, <) be a dcpo and suppose 7 < PX*X is a collection
of weightable quasi-metrics, with weight (Wg) e € qu%; W,, and consider the
approach space X for which 2 = 7" is a gauge basis. With W = {wylq € A’}
the following properties hold.

1. w:X — (P, dy) is a contraction, w : (X, Ix) —> (P?, 6(IP?)) is contin-
uous and w : (X, <x) —> P°P is monotone, for everyw € #'.

2. If X is a compatible approach space for the dcpo then () qeH w;l(O) -
Max(X).

3. If the weight is forcing then:

a. If the approach space is Ty (in particular when <x=<) we have that W is
strictly monotone for <.
b. If the specialization preorder satisfies < C <x then
. X < X; Vv Xjx) with the supremum taken in App.
i. X vV Xjx) = X;/’j V' Xjx) with the supremum taken in App.
iii. Ix C 9,’; V I(X) with the supremum taken in Top.
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c. If X is quantifying then
i. 0(X) € T,V I(X) with the supremum taken in Top.
ii. MX)=ocX)VIX)= 9,;’ V (X)) with the supremum taken in Top.

Proof 1. From 11.1.6 we know that d, ow x w < ¢ for every ¢ € . Since ¢
belongs to the gauge the map w is a contraction. The rest follows by application of
11.1.2 and 11.1.11.

2. Letx € ﬂqejf wq_l(O) and x < y. Applying 1 we have that w,(y) = 0
whenever g € J# and thus g(x, y) = g(y, x) for all ¢ € S and hence ¢g(y, x) = 0
for all ¢ € S and we can conclude that x = y.

3.a. First observe that by 1, % is monotone for <y. By 11.1.6 (3) under the
assumptions y <y x and w(x) = w(y) whenever w € # we have

q(x,y) <dp ow x w(x,y) =0

for every ¢ € 7. Hence x <y y and in view of the T property we have x = y.
3.b.i. Under the extra assumption we have < C <, for every ¢ € . By applica-
tion of 11.1.6 for x € X we have

qx, ) < dp (W), w()) V Byly<,ny < dp (W(x), w()) V 6.

Clearly dj (w(x), w(.)) belongs to m@’;(x) and 0, to %(x)(x). Hence g(x,.) is
dominated by a finite sup of functions belonging to (sz;'; U x))(x) for every
q € €. From this we can conclude that X < X’y; Vv Xix)-

3.b.ii. In view of 1 the weights w are contractions w : X —> (P, d,) so X’/; <X.
From 3.b.i we now have

X}; \ Xl(X) <X Vv Xl(X) < X;Z \% X](X)

from which the equality follows.

3.b.iii. Apply the coreflector from App to Top to the inequality in 3.b.i. Since the
coreflector preserves initial sources we immediately get the result, where this time
the suprema are taken in Top.

3.c.i This follows from 3.b.iii.

3.c.ii. This follows by applying of the coreflector from App to Top to the equality
in 3.b.ii. O

11.2 Quantification of Algebraic Domains

In this section we prove that on any algebraic domain there are intrinsic quantifying
approach spaces. We start by an example of one particular algebraic domain which
will later be shown to be universal for all algebraic ones. The example generalizes
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the well-known construction of Plotkin (1978) which he developed in the setting of
w-domains.

11.2.1 Example The domain T? is determined as follows. For any cardinal ¥y,
TV :={u = (up,u1) luo €7y, ug €y and ug Nu; = @}
with the order defined by
u<v < uy Cvgandu; C vy.

There is a least element (¢, ). The maximal elements are of the form u = (ug, u)
with
upJup =v.

The way-below relation is defined by
u <Kv <= ugand u; finite, and u < v.

The compact elements are the finite elements, i.e. the elements u = (ug, u;) € T
such that up and u; are finite sets. The compact elements form a domain basis for
T?. Hence it is an algebraic domain.

11.2.2 Theorem The domain T" has a quantifying approach structure Oty satisfying
the kernel condition.

Proof The approach space we are looking for will be defined by means of a suitable
gauge basis. For any finite subset K C 7, let gx : T? x TY — P be defined as
follows

gk (x,y) = KN [(xo \ yo) U (x1 \ yD] |,

where |.| stands for the cardinality of the set. Clearly for points x, y, z € T? we have
xi\yi Cxi\ziUz \yifori =0andi =1, so gk is a quasi-metric. Furthermore it
is easily seen to be weightable by the function

wg : TV — P with wg(x) = |K \ (xo Uxy)].

Consider .77 = {qx|K C 7, finite}. Observe that .77 is an ideal basis since gx Vgg' <
gkuk’- The gauge 9rr generated by .77 via saturation, defines an approach space.

In order to compare the topological coreflection sup{.7,, |[K € T7, finite} of the
approach space with the Scott topology, we prove the following equality with respect
to open balls with € < 1:

By, (x, &) = ﬂ{ Mlt<x, U CKY.
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One inclusion follows from the fact that y € B, (x, €) implies that points of K that
belong to x; also are in y;. So whenever t < x, to) U t; € K clearly t < y. For the
other inclusion assume that t << y, whenevert < x and fo Ut} C K. Leta € K Nxg
and put 7o = {a} and r; = x; N (K \ {a}). Then we have t < x and fHp Ut C K,
and hence ¢ < y. It follows that a € yo. Similarly we deduce that points in K that
belong to x; also are in y;.

Applying 11.1.14 we already know that ﬂ{w(;K1 (0)|K C v, finite} € Max(T7).
Conversely if x is maximal and K is an arbitrary finite subset of y then the fact that
X0 U x; = yimplies that wg, (x) = 0. O

As we will see next the approach space constructed in the previous theorem
is neither topological nor quasi-metric. We start by calculating its quasi-metric
coreflection.

11.2.3 Proposition With the notations of the previous theorem, the quasi-metric
coreflection of the approach space (T7, 81v) is given by

[(xo \ yo) U (x1 \ y1)| if the set involved is finite,
qlx,y) =74

otherwise.
Proof Let x and y be fixed elements in the domain. We have

q(x,y) = 6rr(x, {y}) = sup{gk (x,y)|K C 7, finite}
= sup{| K N [(xo \ yo) U (x1 \ ¥y |K < 7, finite }

which proves the assertion. O

Hence we have the following situation for the topological and quasi-metric core-
flections of Stv.

Top orr gMet
c c
o(X) q

11.2.4 Example We note that (T?, &yv) is neither a quasi-metric nor a topological
approach space, even in case ¥ = ®. Indeed, assume Y = @. Remark that (T?, dye)
being a quasi-metric approach space, would imply that for all x € T® and for all
A C T? we would have

Oro(x, A) = sup inf gg(x,y)
Kfinite yeA
= inf 6(x, {y})
yeA

= inf sup gg(x,y).
yeA Kfinite
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Putx = (2N, 2N + 1) and put A = {y | yo and y; finite}. We first compute the first
expression. Let K €  be a finite set and let y € T® be a finite element, then

gk (x,y) = KN [(xo\yo) U \yDl|

and thus

ylfel;f\ gk (x,y) < [ KN [(xo\yo) U \yDll=0.

inf
{yeA | yo<2N & y1 C2N+1}

However, computing the third expression, for any y finite we get sSupgnie 9k (X, ¥) =
oo which yields a contradiction, showing that the space is not quasi-metric.

To show that the space also is not topological, consider x = ({0, ..., n}, {n + 1})
andy = ({n + 2}, {n + 1}), then

qx,y) =[(xo \yo)) U1 \yD|l=n
and thus all values n € N are obtained.

The coreflection described in the previous proposition actually gives a bicomplete
quasi-metric. The symmetrization of the quasi-metric ¢ defined in 11.2.3 is

* max(|(xo \ yo) U (x1 \ yDI, [(vo \ x0) U (y1 \ x1)| if both sets are finite,

g y)=9 .
qr(x,y) = oo otherwise.

It is clear that a Cauchy sequence in T? eventually becomes constant.

We proceed in proving that every algebraic domain has a quantifying approach
structure and that under the Lawson condition the quantifying approach structure
also satisfies the kernel condition. So in the sequel (X, <) is an algebraic domain
with Scott topology o(X). We use a technique inspired by the one developed by
Waszkiewicz (2003) for w-algebraic domains based on a theorem of Plotkin (1978).
The proof of the next result is quite similar to the @ case given in Waszkiewicz
(2003).

11.2.5 Theorem For every algebraic domain (X, <) the space (X, 6(X)) can be
topologically embedded in some space (T, o(T7)), for a suitable cardinal Y.

Proof Suppose the cardinality of the set of compact elements in the given domain is
|K(X)| = v, so this set can be labeled as K(X) = {by|0 < y}. Consider the map

N:X— T :x— ({a|bg <x},{a|Ipey: bp Kx and bp#by})
We make the following observations:

1. n is properly defined: for all o, p € y with by, < x and by, < x we have that
bg and by are compatible.



374 11 Approach Theory Meets DCPO’s and Domains

2. m is injective: Let n(x) = 1n(y), then {x N K(X) = |y N K(X) and thus by
continuity of (X, <) we have that x = y.
3. 1 is order preserving: Let x, y € (X, <) such that x < y, then clearly n(x) <

n(y) in T7.
4. m is Scott continuous: It suffices to observe that for x € X we have

n(x) = Sup{n(bp)lbp <K x}.

5.1Mm: (X,0X)) — (T%, o(T")) is initial in Top and therefore also an order
embedding.
It is sufficient to prove that n : (X, c(X)) — (n(X), G(']I‘V)|,7(X)) is open. Let
U= pr = 1bp, with p € 7y be basic open in the Scott topology. Define

T ={u=(up,uy) € T"|Jor € y: by < by and o € up}.

This is clearly an upper set which is inaccessible for directed suprema and hence
Scott open in T?. We prove that 1(U) = n(X) N T. Since for any x € X we have
that by < x implies p € (1(x))o, the inclusion N(U) C T is clear.
For the converse let x € X such that n(x) € T. Then there is some o0 € y with
by < bg and o € (1(x))o. This implies b, < x and so x € U.

That 1 is also an order embedding follows from the following standard argument.
If x £ ythen X \ |y is Scott open for the initial structure, so there exists a Scott
open subset U in T? such that x € n~1(U) € X \ |y. Since U is an upper-set we
can conclude that n(x) £ n(y). O

11.2.6 Theorem Every algebraic domain has a quantifying approach structure.

Proof The proof is based on the embedding described in 11.2.5. So with the same
notations as before consider

n:X,0X) — (T, 6(T") : x = ({0t | bo K x}, {a|Tp € ¥: by K x & bp#by})

which is initial in Top. We endow T7, with the quantifying approach structure Orv
described in 11.2.2 with gauge basis

A = {qk|K C v, finite}.
Let dx be the approach structure on X which makes the source
n: (X, o) — (T7, 6m)
initial in App. By initiality the approach structure dx has a gauge basis

Hom xn={qkon xn|K < v, finite}
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and a weight

W on = (Wk o N)Kcy.finite-
Applying the coreflector to Top, we obtain that the source

n: X, J5) — (17, T3,

is initial in Top. As was shown in 11.2.2 47%, = o(T7) and so in view of 11.2.5 we
can conclude that 75, = o(X). O

Next we investigate whether the quantifying approach structure on X satisfies the
kernel condition. In this respect we need the Lawson (1997) condition which makes
use of the Lawson topology.

11.2.7 Definition A domain satisfies the Lawson condition (L) if the Lawson and
Scott topologies agree on the set of maximal elements, i.e.

LX) IMaxx) = 0(X) [Max(x)-

We will use the following characterization of maximal elements given in
Waszkiewicz (2003).

11.2.8 Proposition In an algebraic domain that satisfies (L), the following proper-
ties are equivalent.

1. x € MaxX.
2. Vb e K(X): b xor3dc € K(X) such that c < x and c#b.

11.2.9 Theorem An algebraic domain satisfying (L) has a quantifying approach
structure satisfying the kernel condition.

Proof With the same notations as before consider again
N:X— T x> ({a|bg <x},{a|3p ey: by Kx&bp#by}).
The condition (L) ensures that
x € Max(X) & n(x) € Max(T?).
So we have
x € Max(X) & VK C v, finite, wg o n(x) = 0.

As we already know from 11.2.6 the collection # o = {wg o N|K C 7, finite} is
a weight for (X, §), we are finished. O
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Asin 11.2.3 we can calculate the quasi-metric coreflection (X, gx) of the approach
space (X, Ox) defined in 11.2.6. Using the gauge basis 5# o 1] x 11 we get that

gx (x,y) = sup{gg (N (x), n(»)|K < v, finite}

MG\ MO))o) U (MG \ (n(») )] if the set involved is finite,
Cax (e y) = otherwise.

It is clear that for a Cauchy sequence (x,), for the symmetrization gy the sequence
(n(x,)), eventually becomes constant. Since 7 is injective the sequence (x;), too
becomes constant. Hence gy is bicomplete.

11.3 Quantification of Arbitrary Domains
We now turn to arbitrary domains and we develop another technique for the con-
struction of a quantifying approach structure.

11.3.1 Proposition Let (X, <) be a domain, B C X a domain basis and o (X) the
Scott topology. Then the collection

A8 = (¢8| K C B, finite)
with, forall x,y € X

B,y =|{beK|xelb, y¢ b}

is a gauge basis for a quantifying approach space (X, 8%) with weight (wﬁ) KCB, finite
where wB(x) = | {be K |x ¢ Tb}|.

Proof 1Tt is clear that each of the functions qg : X x X —> P defined above satisfies
the triangular inequality and has weight wg. Moreover for K and K’ finite subsets of
B we have qg \Y qg, < qII?UK,, so A8 = {qg | K € B, finite } is a gauge basis. Let
(X, 8B) be the approach space generated by 5.

For x € X we have

B (x. D= (\tb|bek. xetb),

so these sets are Scott open. Conversely, given a Scott basic open set b we
let K = {b}. Then clearly Bq?b} (x,1) = 1b and consequently sup{gqlg |[K € B,

finite } = o(X). O

In general the approach space constructed in 11.3.1 is neither quasi-metric nor
topological.
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11.3.2 Example On the domain X = N U {eo} with the usual order, the domain basis
X generates an approach space 8% with gauge basis 7% = { gx | K C X, finite }
with gg(m,n) = | {b € K |b < m,n < b} |. The quasi-metric coreflection is
given by g(m, n) = (m — n) v 0 for m and n in N U {eo}. And since it is clearly not
{0, eo}-valued, neither is 8%, and so the approach space is not topological. In order
to show that it is also not quasi-metric, as in 11.2.3, we show that for some x € X
and A C X we have

sup inf gk (x,y) < inf sup gx(x,y).
Kfinite ye A yeA Kfinite

For x = o and A = N the left hand side equals O whereas on the right hand side we
obtain inf,c (0 — n) V0 = oo,

Remark that in general, even assuming the Lawson condition, the gauge basis con-
structed in 11.3.1 does not satisfy the kernel condition.

11.3.3 Example We consider the domain of partial functions on the naturals. A par-
tial function f : X — Y between sets X and Y is a functionf : A — Y
defined on a subset A € X. We write dom(f) = A for the domain of a partial
map f : X —> Y. The set X of partial mappings from N to N is ordered by the exten-
sion order f < g <= dom(f) C dom(g) and gldom() =f. X is a domain with
the way below relation characterized by f < ¢ <= f < g and dom(f) finite.
The set of compact elements K(X) = {f € X |dom(f) finite} forms a countable
domain basis. Applying our construction 11.3.1 to this example yields an approach
space (X, 85X with gauge basis # KX = { gx | K € K(X) } where g is defined
bygx(f.g) = [{b € Kb <f,b £ g} |and has weightwg () = | {b € K | b £} .
For this domain Max(X) consists of those functions f € X with dom(f) = N. It can
be seen that X satisfies the Lawson condition but the gauge basis /#X®) does not
satisfy the kernel condition.

Next we investigate whether the approach spaces constructed in 11.3.1 via dif-
ferent domain bases coincide. In order to obtain refined results this study has to be
pursued locally. So we use approach systems rather than gauges. Using the notations
of 11.3.1, for a given domain basis B let (% (x)) ex be the basis for the approach
system associated with the gauge basis .7#2. More explicitly we have

BBx)=1{qx, ) |qe A"} ={qk(x, )| K C B, finite}

and let (278 (x))cx be the generated approach system.
For x € X and K C X finite, we denote K, = K N &x. Using these notations we
have the following results.

11.3.4 Proposition If K, contains only compact elements then we have qﬁ (x,.) €
B (x).

Proof If K, contains only compact elements then also K, € B. With L = K, we
then have g5 (x, ) = ¢P(x, ) o
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It follows from 11.3.4 that in domains like the powerset of N, T7 (11.2.1) or
the domain of partial functions on the naturals (11.3.3), where the relation z < y
implies that z is compact, the constructed approach space will not depend on the
domain basis.

11.3.5 Proposition Let x € X, K C X finite, and for every k € K, put By = {b €
Blk<<b<kx}. If|oKy)| = |K| for some choice ¢ € HkEKx By, then we have

q%(x, ) € dB().

Proof Lety € X be arbitrary. For ¢ chosen with | ¢(K) | = | K, | we have that
¢ : K, — ¢(K,) is bijective, so we also have a bijection between

{k|lkeKk, ke¢x,k¢¢y}and{q)(k)|kel{, ke¢x,k¢¢y}.
Moreover since k < @ (k) < x whenever k € K, for L = ¢(K,) we have
{o) | keK, ke x kg |y S{llleL, l€{x ¢y}

So the conclusion qﬁ(x, y) < qf(x, y) follows. O

11.3.6 Theorem I[f x € X is not compact then for two domain bases B and D the
approach systems (<78 (x))rex and (/P (x))xex coincide.

Proof Let x € X and suppose there is a domain basis B such that &78(x) # &% (x).
Since we clearly have .78 (x) € 7% (x), this means that there exists K € X with
gk (x,.) ¢ o/B(x). So for every L C B there exists y € X with

ar e, y) < qrx,y).

From 11.3.5 and using the same notations as before, we have | ¢(K,) | < | K, | for
every ¢ € erkx By. Let

m =max{|p(Ko)| | @€ [] B}
keK,

and take @p such that | @o(Ky) | = m. Since B N ¢x is directed there exists
by € B, by < x, such that @y (k) < by whenever k € K,.

Either bg = x, and then the conclusion x < x follows, or by # x, and then in view
of the particular choice for @ there exists kg € K such that by = @y (ko). In this
case, for b € B with b < x arbitrary, again using the fact that B N |x is directed we
choose b’ € B satisfying @y (kg) < b’ < x and b < b’ < x. Either one of the chosen
b’ equals x, and then the conclusion x < x follows. Or, in view of the special choice
of ¢y, for all chosen b’ we have b’ = @y(ko). This in particular implies b < @ (ko).
Taking into account that \/ X N'B = x we have that ¢y (ko) = x, and then again the
conclusion x < x follows. m|
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As a corollary we obtain that in all domains where the set of compact elements
is empty, as is the case in the interval domain on R or in the formal ball model
constructed from a complete metric space (Edalat 1998), the approach spaces con-
structed from different domain bases coincide. Also in example 11.1.2 on P with the
reverse order, where oo is the only compact element, the previous results imply that
the approach spaces constructed from different domain bases coincide.

However in compact elements the approach systems associated with different
bases can differ, as shown by the following example.

11.3.7 Example Let X = P U {c, d} where ¢ # d are new points added to P. We
take the usual order on P and we define = < ¢ < d. This is a complete chain and
therefore a domain. The only compact elements are 0, ¢ and d. Clearly B = X'\ {eo} is
a domain basis for X. We investigate the approach structures in the point d associated
with the domain basis X and B respectively. For K = { o, ¢, d } we have

q%(d,oo)=|{kel(|ke¢d, k¢ eo}|=3.
For every finite subset L € B we have e ¢ L and so
qi(d.=)=|{leL|leld I¢|=}|=2.

So it is clear that q% (d, .) does not belong to .75 (d).

11.4 Fixed Points for Contractive Functions

In the first part of this section we consider a functionf : X — X and for an arbitrary
point a € X we will estimate “how far” a is from being a fixed point. This will be
done by comparing f(a) to a. An estimation for the “distance” between f(a) and a
will be obtained by structuring X as an approach space and using its limit operator.

Asin 11.1.13, given an arbitrary % C PX we consider the initial lift X;/”/ in App

of the source (w : X — ([0, ], d} ) ey Withd .

11.4.1 Theorem Let X be an approach space and let % C PX be arbitrary. For a
contraction

f:X—)X;}
fixx € X and let

ap = f"(x)
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be the values obtained by iterating f on x. Forw € W let

I, = lim supw(ay).
n—oo

For a € X arbitrary we have the following estimation

sup dp (w(f(a)), w(a)) = Ax((an)n)(a) + sup dp (I, w(a)).

weW weW

Proof Forw € # we have

dp (w(f(a)), wa)) < dp (W(f (@), ly) + dp (I, w(a))
= (limsupw(a,) —w(f(a))) v 0+ dp (I, w(a))

n—>oo

= lim sup(dp (W(f(a)), w(an))) + dp (by, w(a))

n—»oo

= Ay {W(@n)n) W(f (@) + dp (Ly, w(a)).
By taking the supremum on both sides it follows that

Su;;dﬁ(w(f(a)), w(@)) < sup Ay ((w(an))n) wW(f (@) + sup dp (ly, w(a))

weW weW

= Axin ((@n)n)(f (@) + sup dp (b, w(a))

weW

< Ax{(an)n)(a) + su; dp (by, w(a))

where, in the last equality we use the fact that f is a contraction. O

Given a dcpo (X, <) with compatible approach space X we can use the previous
theorem to evaluate the distance between a and f (a) in the metric coreflection of X.

11.4.2 Theorem Let (X, <) be a dcpo with compatible approach space X having a
forcing weight W . For a contraction

f:X— Xy

and for an element a € X with a < f(a), with the same notations as the previous
theorem we get

dx(f(a), a) < Ax((@n)n)(a) + sup dp (bhy, w(a)).

weW

Proof Let 72 be the gauge subbasis of weightable quasi-metrics where g € J¢ has
associated weight w, and % = {w, | ¢ € J}. Since X is compatible with (X, <)
we have that a < f(a) implies g(a, f(a)) = O for all g € JZ. Since wy, is forcing for
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q it follows from 11.1.6 that
q(f(a),a) < qla,f(a)) +dp owg x wy(f(a), a)
=dp (wg(f(a)), wg(a)).

Taking suprema of both sides we get

dx(f(a),a) = sup g(f(a),a) < sup dp (wy(f(a)), wy(a)).
qe N qeN’

The property now follows from 11.4.1. O

Next we concentrate on both terms on the right-hand side of the previous
inequality.
With the same notations as in 11.4.1 suppose moreover that X carries a dcpo struc-
ture <.

11.4.3 Theorem If % is monotone for (X, <) and if there is a subsequence (ax,)n
such that ai, < a for all n € N, then we have

sup dp (L, w(a)) = 0.
weW

Proof Letw € # be arbitrary. Applying monotonicity we have
ag, < a = wlag,) = w(a)
for the given subsequence. Hence we get

lim sup w(a,) > w(a)
n—>oo

and thus d}, (I, w(a)) = 0. m]

11.4.4 Theorem Let (X, <) be a dcpo endowed with an approach structure X and
let W C PX be strictly monotone for <. For a contraction

f:X— Xy
fixx € X and let
dn :fn(x)

be the values obtained by iterating f on x. We make the following assumptions on
some a € X.
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1. There is a subsequence (ay,), such that ay, < a ¥n € N.
2. (ap), converges to a in the topological coreflection Jx.
3. a <f(a).

Then the point a is a fixed point of f.

Proof Forw € W let

Iy, = lim supw(ay,).
n— oo

By 11.4.3 condition 1 implies that dj, (I,y, w(a)) = 0 and by condition 2 also
Ax{(an)n)(a) = 0. Applying 11.4.1 we can conclude that

sup dp (W(f(a)), w(a)) = 0.
weW/

It follows that w(a) = w(f (a)) for every w € # and by strict monotonicity we have

a=f(a). |
Next we list some situations implying the conditions in 11.4.4.

11.4.5 Theorem Let (X, <) be a dcpo endowed with an approach structure X with
Fx € M(X) and let W < PX be strictly monotone for <. For a contraction

f:X—>Xy
fixx € X and let
an = f"(x)
be the values obtained by iterating f on x. If (a,), is monotone and
lzeX|z=f@)}

is closed under directed suprema then a = \/,, a, is a fixed point.

Proof Since (ap), is monotone the supremum a = \/,, a, is well defined and (a,),
converges to a in the Scott topology. Since a, < a for every n, the sequence (a,),
also converges to a in the Martin topology M (X) (Martin 2000a, b). In view of the
assumption Jx € M (X) the convergence also holds in .Jx. Clearly for all n the term
a, satisfies

ap < apy1 = f(ay).

Therefore the directed supremum a satisfies a < f(a). By 11.4.4 the conclusion
follows. =



11.4 Fixed Points for Contractive Functions 383

11.4.6 Theorem Let (X, <) be a dcpo endowed with an approach structure X with
Ix CMX) and let W C PX be strictly monotone for <. For a contraction

f:X—)X;;

the following properties hold.

1. If I € X is nonempty and closed under directed suprema and f : I — 1 is
splitting in the terminology of Martin (2000a) (inflationary (Gierz et al. 2003))
in the sense that z < f(z) whenever z € I, then f has a fixed point.

2. Iffis splitting on X then f has a fixed point.

Proof Clearly we only have to prove the first assertion. Choose x € I then the
sequence (a,), obtained by iterating f on x is a monotone sequence in /. So the
supremum a = \/, a, belongs to I. Since a, < a for every n, the sequence (a),
also converges to a in M (X) and hence also in Jx. Again 11.4.4 can be applied. O

Next we turn to situations where apparently no specific class # is given.

11.4.7 Theorem Let (X, <) be a dcpo endowed with approach spaces (X, 4) and
(X, 9’ defined by their gauges, with Ty C M(X) and <=<g. For a contraction

X, 9 — X,9)

fixx € X and let
an = f"(x)

be the values obtained by iterating f on x. If (ay), is monotone and
{zeX|z=f@)}

is closed under directed suprema then a = \/,, a, is a fixed point.

Proof We consider the collection of quasi-metrics
H ={dy ogxglg:(X,9") — (P,dp) contraction}

and 2 = J#Y as in 11.1.14. Clearly 2 is a gauge basis for the approach space
X, 9.

Using the notations of 11.1.2 every quasi-metric d, o g x g is weighted by the
function Wg- 08 = 8. If g(x) = oo then clearly dj, (g(x), g(y)) = 0 hence g is forcing
ford, og x g.

The collection # of all the weights coincides with the collection of all contractions
g:(X,9") — (P, dp), hence we have Xl/Z = (X,¥’). Moreover by 11.1.14, the
collection # is strictly monotone for <. The rest follows at once from 11.4.5. O
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The following example should be compared to Theorem 3.2.1 in Martin (2000a).

11.4.8 Example Taking for ¢ the gauge of the Martin topology M (X) (embedded
as an approach space) and ¢’ the gauge of the Scott topology, on a dcpo (X, <),
then both conditions J < M (X) and <=<¢ are fulfilled. This means that for a
continuous map

[ X MX) — X, 0X)),

assuming that (a,), is monotone and {z € X | z < f(z)} is closed under directed
suprema, we have that a = \/,, a, is a fixed point.

Finally we include some applications to monotone functions.

11.4.9 Theorem Let (X, <) be a dcpo endowed with an approach structure on X
such that 7x < M(X) and <=<yx. For a contractive map

X=X

and a fixed x € X satisfying x < f(x), the sequence (a,), obtained by iterating f on
x has a supremum a = \/,, a, which is a fixed point for f. If moreover (X, <) has a
bottom element and x is taken as x = L then a is the least fixed point of f.

Proof Asin 11.4.7, we consider the collection of quasi-metrics
H ={dp ogxgl|g:X —> (P,dp) contraction}.

Using the notations of 11.1.2 every quasi-metric d, o g X g is weighted by the forcing
weight w 4z °8 = & The collection % of all the weights coincides with the collection

of all contractions g : X —> (P, d}, ), hence we have X;/’} =Xand by 11.1.14 # is
strictly monotone for <.

Next we consider the given contraction f. By 11.1.11 it is monotone as a map
f: (X, <) —> (X, <). Since the fixed element x satisfies x < f(x) it follows that the
sequence (ay), is monotone and therefore the supremum a = \/, a, is well defined.
Moreover condition 1. in 11.4.4 is trivially fulfilled. Since the sequence converges
in M (X) it also converges in Jx, so condition 2 too is satisfied. Finally in order to
prove condition 3 observe that a,—1 < a and hence a, < f(a) for every n € N.
Finally also a < f(a) is fulfilled. So we can apply 11.4.4 in order to conclude that a
is a fixed point for f.

Assuming that x = _L and applying the monotonicity of f we get that a, < b for
every fixed point b. So clearly « is the least fixed point. O

As an application of 11.4.3 we recover Scott’s least fixed point theorem (Gierz
et al. 2003) which, as was shown by Edalat and Heckmann (1998), implies the
classical Banach fixed point theorem for Lipschitz functions with Lipschitz factor
strictly smaller than 1, on a complete metric space.
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11.4.10 Example On a dcpo (X, <), by taking for the approach structure the Scott
topology on X (embedded in App), both conditions Zx < M(X) and <=<yx are
fulfilled and we obtain the following.

For a continuous map

[ X, 0X) — (X, 0(X)),

and a fixed x € X satisfying x < f(x) the sequence (a,), with a, = f"(x), obtained
by iterating f on x, has a supremum a = \/, a,, which is a fixed point for f. In case
(X, <) has a bottom element L, and choosing x = L, the supremum a is the least
fixed point of f.

11.5 Comments

1. Weightability in the literature

In 11.1.1 we adapted the definition of a weightable quasi-metric given by
Matthews (1994) and Kiinzi (2001) to our setting of extended quasi-metrics. Our
notion forcing weight takes care of the situation with weight values infinity. Matthews
(1994) showed that weightable quasi-metric spaces are in one to one correspondence
with partial metric spaces. Kiinzi and Vajner (1994) studied topological spaces that
can be induced by a weightable quasi-metric and formulated necessary as well as suf-
ficient conditions on the topology to ensure quasi-metrizability by some weightable
quasi-metric. There is a vast literature on the applications of weightable quasi-metrics
to domain theory. See for instance Waszkiewicz (2003) and Schellekens (2003).
Whenever g is a weightable quasi-metric on a domain X, with weight w, and induc-
ing the Scott topology then (X, §,) with weight {w,} quantifies the domain in our
sense.

2. Complexity

The complexity quasi-metric is an example of a weightable quasi-metric space
that was introduced by Schellekens (2003). Consider ¢ < ]0, oo]NO, such that for all
f € € the series X, 2i,, ]% converges. The complexity quasi-metric, dz on € is
defined as follows: Let f, g € €

1 1 1
de(f,g) = ,EZN:O E(@ —%) v 0.

This quasi-metric is weightable by the following weight function:

1 1
wg 1€ — [0,00] : f > 2_"]%

neNy
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The space (%, d¢) is called the complexity quasi-metric space. Schellekens et al.
use this quasi-metric space to model the complexity of recursive algorithms, such as
for example Divide & Conquer algorithms as illustrated in the example below. The
basic idea is that the complexity of a recursive algorithm typically is the solution to a
recurrence equation based on its recursive structure. The complexity C of a Divide &
Conquer algorithm is modelled as the solution to a recurrence equation of the form

Cl)y=c

C(n) = a.C(3) + h(n) whenever n # 1
with given numbers a, b, ¢ and a function & : Ny — ]0, o[ such that (1) = c. There
is an associated self-map @ on the complexity quasi-metric space (%', d¢) such that
the problem of solving the recurrence equation is reduced to finding a fixed point for
@. The associated self-map @ on the complexity quasi-metric space is defined by

c ifn=1
P(g) = " .

ag(3) + h(n) otherwise
where g € €. The existence of a fixed point for @ is proved using a generalization
of the Banach fixed point theorem to quasi-metric spaces and by showing that @ is
a d¢-Lipschitz function with Lipschitz factor strictly smaller than 1. This holds on
condition thata > 1.

3. A fixed-point example

Next we consider the same example and we fit the fixed point problem into 11.4.9.
Let X =]O0, Oo]NO and @ : X — X defined as in 2. On ]0, o] we consider the quasi-
metric p :]0, o] x]0, o] — [0, o] defined by

1 1
pix,y) =(=—-)Vv0, p0,00=0 (IL.1)
y X

where we assume % = oo, This quasi-metric is weightable by w), :]0, =] — [0, o]

defined as wy, (x) = }C which is clearly forcing for p.
Consider the product approach space on X which is generated by the following
gauge subbasis:

{p o prn x pra | n € No}

with pry, :]0, 00 —1]0, o] the projections. A weight for the resulting approach
space is

W = {wpopr, =pry, | n € Np}.
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The approach space X is compatible with (]0, e]0, <) for the pointwise order and
its topological coreflection is coarser than the Martin topology. It can be shown that
@ is a contraction X —> X on condition that @ > 1. Thus we can apply 11.4.9 to
conclude that @ has a fixed point on X. Remark that this result is better than the one
obtained under 2. This result can still be improved by using a more suitable approach
setting as was done in Colebunders et al. (2014) where it was shown that evena > 0
is sufficient.

4. Another fixed-point example

Next we consider an application of 11.4.6. By making the right choices for the
approach space X and for the collection #  we can recover a fixed point theorem
proved by Martin (2000a).

Let (X, <) be a domain with a measurement | : X —> P such that 6(X) C
Zl"” VIZ I f: (X, <) — (X, <) is splitting and

pof: (X, MX)) — (B, o(P?))

is continuous, then for every x € X the sequence (a,), obtained by iterating f on x
has a supremum which is a fixed point for f.

Indeed, let #° = {u} and observe that as was proved by Martin, % is strictly
monotone. Consider M (X) embedded as an approach space X, then Jx = M(X).
The condition that u of is continuous from M (X) to P is equivalent to saying that
f:MX) — X, ﬁ}) is continuous. Since Top is concretely coreflective in App
this in turn is equivalent to f : X —> X’; being contractive.

5. And yet another fixed-point example

By making other choices for the approach spaces on X we recover another fixed
point theorem of Martin (2000b).

Let (X, <) be a domain with a measurement | : X —> PP such that 6(X) C
9&" Vv I . If I C X is nonempty and closed under directed suprema, f : [ —> I
is splitting and

wof:I — P?

is Scott continuous, then choosing x € I the sequence (ay), obtained by iterating f
on x has a supremum which is a fixed point for f.

Indeed, again let # = {u}, but this time the approach space X is the embedding
in App of the Scott topology on (X, <). The condition that it o f is continuous from
o(X) to P? is equivalentto f : X —> X;} being contractive.



Chapter 12
Categorical Considerations

Although extensions of constructs follow the rule “bigger is
better”, i.e. stronger convenience stipulations require bigger
extensions, they also follow the rule “smaller is better”,
i.e. smaller extensions generally preserve more structure of the
original construct.

(Horst Herrlich)

It is better to have a good category with bad objects than a bad
category with good objects.
(Alexander Grothendieck)

In this chapter we treat several different categorical aspects of the theory of approach
spaces.

First, we have seen that Top is a simultaneously concretely reflective and core-
flective subcategory of App. We call subcategories having this behaviour stable. This
situation is not common, it is indeed well known that in many familiar topological
categories, such as e.g. Top, PrTop, Unif, Bor, there do not exist non-trivial stable
subcategories (see e.g. Giuli 1983; HuSek 1973; Kannan 1972). The situation is quite
different in App, gMet and in Met where in all cases an infinite collection of stable
subcategories exists as we will see in the first section of this chapter.

Second, App is a topological category which is neither cartesian closed nor exten-
sional and hence also not a quasi-topos. It is well known that categories, under mild
conditions which are fulfilled in the case of App, can have “smallest” cartesian closed,
extensional and quasi-topos hulls wherein they are fully embedded. For the case of
Top we refer to Antoine (1966¢), Bourdaud (1976), Herrlich (1988a, b), Machado
(1973) and Wyler (1976, 1991). In the second section we begin by constructing a
large quasi-topos supercategory of App which will serve as a starting-point for the
construction of all the hulls. In the third section we first construct the extensional
topological hull, PrAp. In Sects. 12.4 and 12.5 we then construct the quasi-topos hull
of App making use of the fact that this can be done in a two-step process, first making
the extensional topological hull PrAp and then taking the cartesian closed topolog-
ical hull of PrAp (see Schwarz 1989). In Sect. 12.6 we then construct the cartesian
closed topological hull of App. We also show the close relationship between the hulls
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of App and those of Top which actually can all be described as stable subcategories
of the corresponding hulls of App.

Third, App can also be described as the category of lax algebras for a partic-
ular extension of the ultrafilter monad. See Clementino and Hofmann (2003) and
Clementino et al. (2004). We give a new proof of this result in the last section.

12.1 Stable Subcategories of App, gMet and Met

A central role in our investigations will be played by certain subsemigroups and
certain subadditive functions. We shall therefore at first collect the properties of
these concepts which are needed in the sequel. In what follows §2 will stand for a
complete lattice ordered commutative semigroup with a bottom element which is at
the same time the neutral element for the semigroup.

For functions y € £2% we consider the following properties.

(S1) vis increasing.
(S2) 7= lo.

(S3) vis sup-preserving.
(S4) v is subadditive.
(S5) yoy=v.

A function in 2% satisfying (S1)-(S5) will be called a suitable subadditive func-
tion (or shortly suitable), and we denote by @, the set of all suitable subadditive
functions in £2.

Likewise a subset of £2 which is at the same time a closed sublattice and a sub-
semigroup and which contains both the top and bottom elements of 2 is called a
suitable subsemigroup (or shortly suitable), and we denote the set of all such suitable
subsemigroups of £2 by Sp,.

For y € @ we define

I'y :=Fixy = {x € 2 | y(x) = x}
and for I € S we define the function yr as
Yr:2 — 2:x—inflyel |x <y}

@ and Sg are partially ordered by respectively the pointwise order and the
inclusion order.

12.1.1 Lemma The following properties hold for I' € S and y € ®g,.

2. xel’ & yrix)=nx.
3. Imyr=1T.
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Proof This follows from the definitions. O

12.1.2 Proposition The maps
Sp—>Po:I'—>yrand®g — So 1y Iy

are mutually inverse and order-preserving.
Proof This follows by applying 12.1.1. O

In this section we will encounter two types of lattice ordered semigroups §2, a
one-dimensional one which will provide the basis for the cases of approach spaces
and of metric spaces, and a two-dimensional one which will be the basis for the case
of quasi-metric spaces.

For the time being, £2 will be P with its usual additive semigroup, order and
Euclidean topology which we have been using throughout. Therefore, in this case,
I’ C P is closed in the lattice-theoretical sense, if and only if it is closed in the
topological sense.

12.1.3 Lemma If I" C P is a suitable subsemigroup, then either I’ = P and then
Yr = 1p, orm =inf(I" \ {0}) > 0 and then for x € I" we have

Yrx) <m& yrx)=0&x=0.

Proof This is straightforward and we leave this to the reader. O

12.1.4 Lemma If I’ C P is a suitable subsemigroup and if § is a distance on X,
then Or := yr o 0 too is a distance on X.

Proof (D1) and (D2) are trivial, and (D3) follows immediately from (S1). As to (D4),
this follows from (S3) and (S4) making use of 1.1.2. O

12.1.5 Proposition If I’ C P is a suitable subsemigroup then for any approach
space X the following properties are equivalent.

1. Im§ CT.
2. VuelL:yrouekl

Proof 1 = 2. We know from 1.3.5that y € £ifandonlyif u : X — Pisa
contraction, and so we have to verify that

(yr o (x) —supyr o u(A)) v0 < §(x,A)

forallx € X, A C X. Since p(x) < sup (A) + 8(x,A), it follows from the fact
that 6(x,A) € I that

Yr o u(x) < yr(sup u(A)) + 6(x,A) < supyr o u(A) + d(x,A).
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2 = 1. We know from 1.2.45 that §(x, A) = sup{p(x)|p € £,pla = 0}.
It follows from 12.1.3 that p|4 =0 < yr o p|a = 0. Hence, since p < yr o p we
have O(x, A) = sup{yr o p(x)|p € £, yr o pla = 0}, and therefore §(x, A) € I
by closedness of I". O

If I is a suitable subsemigroup, we write App for the full subcategory of App
with objects those (X, 6) for whichIm 6 C I.

12.1.6 Theorem If I’ C P is a suitable subsemigroup then Appr is a stable sub-
category of App.

Proof 1t is sufficient to prove that App is closed under the formation of initial and
final structures.

In order to prove that Appf is closed under the formation of initial structures we
recall from 1.3.17 thatif (f; : X — (X, 8;)) jes is asource in App then the initial
distance is given by the formula

Sin(x.A) 1= sup min sup &;(f;(x). f;(P))
PeP(A)PeP jel

where P(A) is the set of finite covers of A by means of subsets of A.

If the source is taken in App, which means that all distances have their images
contained in I, it follows from the formula for §;, and by closedness of I, that the
image of the initial distance too is contained in I.

In order to prove that App[ is closed under the formation of final structures,
we use the characterization of approach spaces by means of lower regular function
frames. So let

(fji : (Xj, Z)) — X)jey

be a sink in App . From 1.3.13 it follows that the final lower regular function frame
Ffin on X is given by

Rpn = U ePX |Vjeld: pofj e,

and hence the result follows immediately from 12.1.5. O
‘We now proceed to the converse of the foregoing result.

12.1.7 Theorem If G is a stable subcategory of App then it is of type Appr for
some suitable subsemigroup I C P.

Proof First, note that since a concretely coreflective subcategory necessarily contains
the subcategory Dis of discrete spaces and since Top has no stable subcategories, it
follows that Top is a subcategory of G.

Second, we define

I's = U Imo.
(X,8)€|6|
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Third, in what follows we will denote by (x,y, o, B) the quasi-metric space with
underlying set {x,y} and distance from x to y equal to & and from y to x equal to 3.

Fourth we can apply 12.1.4 to P and we write P> for the approach space (P, dp, 1)
where we recall that 8p i := Y o Jp.

The proof of the theorem now requires a number of lemmas.

12.1.8 Lemma Ifa € I's, there exists an object ({x,y}, 0) in & for which

o(x,{y}) =a.

Proof Indeed, since a € I's, there exist (X, 0’) € |&], A € X,z € X such that
0'(z,A) = a.PutY := AU {z}, then taking first the subspace (Y, 6'|y), and then the
quotient f : (Y, 8'|ly) — ({x,y}, ) with f(z) = x, f(A) = {y} gives the desired
object. O

12.1.9 Lemma Ifa € I's, then both (x,y,a,0) and (x,y, a, =) are in &.

Proof Since (x,y, 0, o) and (x,y, o, 0) are in Top, the result follows by taking the
supremum respectively infimum of each of these structures with the one obtained in
12.1.8. =

12.1.10 Lemma ['g is a suitable subsemigroup.

Proof That {0, o} C I's follows from the fact that Top is a subcategory of G.
Ifay € I's,a» € I's, and both (x,y, ar, by) and (x,y, az, by) are in G, it is
readily verified that the sink

(fk : (x7y7 akabk) - ({M,V, W}v 6))](6{1,2}
with f1(x) = u, fi(y) = f2(x) =V, f2(y) =wandé(u, {v}) = a1, 6(v, {w}) = az,
O(u, {w}) =ay +a», 6(v, {u}) = by, 6(w, {v}) = by, (w, {u}) = by + by, is final.

Hence a; + a» € I's which proves that I's is a subsemigroup.
Ifd # A C I's, then from 12.1.8 it follows that we can consider the initial source

(l{x,y} : ({x7y}9 5/) — ({x7y}s 5a))a€A

and the final sink

(Lpeyy = (2,0}, 82) —> ({x,3}, 6"))aea,

with 8, (x, {y}) = aforalla € A.Itisclearthat 6'(x, {y}) = supA and 8" (x, {y}) =
infA, and so I'g is a closed sublattice. m|

12.1.11 Lemma [f (X, 0) is in Appr, then 6o, : X —> Pr : x — Op r(x,A) is
a contraction for all A C X.
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Proof Take x € X, B C X.If B = (, there is nothing to show. If B # @, then, from
the supposition and making use of 12.1.4

Op, 1 (84,1 (x), 84,1 (B)) = yr((yr o 6(x,A) — :ug Yr o 8(b,A)) v 0)
€
= Yr((8(x,A) —sup 8(b,A)) v 0)
beB
<Y (6(x,B)Vv0)=7yr(6(x,B)) = 8(x,B). |
12.1.12 Lemma P is initially dense in Appr.

Proof The proof is analogous to the one of 1.3.19 and therefore we omit it. Note
however that it actually also follows from that same result upon observing that the
App --coreflection of an approach space (X, 0) is given by

1X:(X,}/p05)—>(x,6). O
12.1.13 Lemma If G is a stable subcategory of App then Pry is in G.

Proof We will use the function .. : P x 2 — P, defined by

0 if x <supAand A # 0,

5°°(-x9A) = .
oo if x > supA or A = ¢,

which is a topological distance. We denote the space (P, 8..) by Pw.
From 12.1.9 it follows that we can consider the sink consisting of all maps

(fa.p : (@b, 0, yrg (b — a)) —> P)o<a<b<eo
where f, »(a) = a, f4.,(b) = b, together with
1p : P, — P.

Let &, be the final distance. We will show that this distance coincides with Op, .
Hereto take z € P, # # A C P. Four cases have to be considered.

(1) z < o,z < supA. Take r € A,z < t. Since f;, is a contraction, we have
Ofin(z, {t}) = 0, and thus &;,(z,A) < infyea&fin(z, {a}) = 0, hence J5,(z,A) =0 =
Op, 1 (2,A).

(ii) supA < z < oo. If A;,g) = {t | 8 (2, A) = 0} then &,(z,A) = &n(z, AL). If
t < supA (i.e. 0 (t,A) = 0), we have 5ﬁn (t,A) = Osince the identity is a contraction,
and therefore B := [0, supA] C A}i(,?. Since supB = supA, we now obtain that
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8in(2,A) = 8n(2,AY)) < 84n(z,B)
< ,‘££ Oin(z, {t}) < 322 Yrs(z —1)

= 6P,F@ (Z’B) ="rs (Z - SUPB) = }/Fg(z - SupA)
= 5[?’,1—'6 (Z7A)

(iii) z = o = supA. Then 0w.(z,A) = 0 and 5o &, (z,A) = 0 = yrs (z,A).

(iv) supA < oo = z. Then &fy(z,A) < o0 = 8p g (2, A).

Hence &, < p,r and since p, g is a distance on I for which all the functions
in the sink are contractions, it necessarily is the final distance. O

To conclude the proof of the theorem, on the one hand note that from the definition
of I's, obviously & is a subcategory of Appr, . On the other hand by 12.1.12 and
12.1.13 the object Prg is initially dense in Appr and belongs to &. Hence, by
stability, it follows that App -, is a subcategory of &. O

12.1.14 Theorem The collection of all stable subcategories of App is the set {App |
I C P suitable subsemigroup}.

Proof This follows from 12.1.6 and 12.1.7. O

12.1.15 Proposition If I and I’ are suitable subsemigroups, the subcategories
Appr and Appr are concretely isomorphic if and only if there exists an m €]0, oo
such that I'' = mI", or equivalently such that Y (x) = myr(x/m) for all x.

Proof That the condition is sufficient is evident.

LetF : Appr —> App be a concrete isomorphism. Given a two-point set {x, y}
it then defines a bijection between the approach structures on {x,y} respectively in
Appr and App-. Thus it induces a bijection

A:T?— T (a,b)— Aa,b) = M(a,b), a(a,b))
such that
F((x,y,a,b)) = (x,y,A1(a,b), X2(a,b)).

Since the isomorphism (x,y,a,b) — (x,y,b,a) : x — y,y > x is mapped
by F onto an isomorphism, it follows immediately that A;(a,b) = Ay(b,a), and
therefore A1 (a,a) = Ax(a,a). This means that F also induces a map

u:I' — I'":aw pu(a) such that A(a,a) = (U(a), u(a)).
If now a < b, then the map 1y y} : (x,y,a,a) —> (x,y,b,b) is not a morphism,

and so neither is its image, and therefore u(a) < u(b), which implies that u is a
bijection.
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Since I = {0, oo} is the only suitable subsemigroup with a finite number of
elements, it follows that in that case also I'' = {0, =}, in which case the condition is
trivially satisfied and hence we can, from now on, suppose I" # {0, o} (and therefore
also I # {0, «}).

The final sink in part (2) of the proof of 12.1.10 is mapped by F onto a final sink,
and therefore A(a; + az, b1 + by) = A(ay, by) + A(az, bo).

From this it follows that t(a; + a2) = u(a) + w(az), and therefore 1 (0) = 0,
U (o) = eo. Moreover we have u(a) # O foralla € I" \ {0, e} and p(pa) = pu(a)
foralla e I', p € N.

Finally now, let a € I" \ {0, 0}, b € I' \ {0, oo} with u(a) = ma, u(b) = nb

such that m # n, e.g. m < n. Then 77 < 7, and so there exist p € N,q € N

such that 24 < £ < ¢ From this it follows that gma < pnb and pb < ga so that

u(ga) = gma < pnb = u(pb) and pb < ga. However, then

Lix,y) : (x,y,9a,qa) —> (x,y,pb,pb)

is a morphism whilst

l{x,y} : ()C,y, .U(qa)» .u(qa)) — ()C,y, .U(Pb)’ .U(Pb))

is not, and this contradiction shows that m = n. 0O

12.1.16 Proposition The set of stable subcategories of App has cardinality 2 R 0, and
there is a set of the same cardinality of non-concretely isomorphic such subcategories.

Proof The set of suitable subsemigroups is easily seen to have cardinality 2 Xy, Since
each I, :={p+qa| peN,geN,g>1}witha €]0, I[N(R \ Q) is a suitable
subsemigroup and since no two different such subsemigroups satisfy the condition
in the foregoing proposition, the result follows. O

Note that the only subcategory in the family (App ), which is a supercategory
of both Top and gMet, is App. It is not even necessary to make the requirement of
being a supercategory of the whole of g Met, just Met, or the unique object (R, 84;),
already suffice to force the conclusion. In this sense, App is the smallest reasonable
extension of Top and gMet.

We now turn our attention to g Met. Now £2 will be P? with the product semigroup
structure and the product lattice structure. We will denote the partial order on §2 by
< so that (a,b) < (c,d) ifand only if a < c and b < d. A suitable subsemigroup I”
of 2 will be called symmetric if (a,b) € I’ < (b,a) € I'.

If I" € £2 is symmetric, then pr{(I") = pr,(/") and we will simply write pr(I”)
for both.

If G is a stable subcategory of gMet, we define a function g € 2% as follows.
Let {x,y} be an arbitrary two-point set, then obviously for any a,b € P the space
(x,y,a,b) is in gMet. Consider its G-coreflection

l{x,y} : (-xvyv (Pl (aab)a (PZ(a,b)) — (-xayaayb)
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and then define

0s : 2 — 2 :(a,b) = (¢1(a,b), p2(a,b)).
12.1.17 Lemma [f (X,d) is in gMet, x,y € X and

Ly ({x,y} ds) — ({x,y}), d)

is the G-coreflection then

ds(x,y) = 1(d(x,y),d(y,x)) and ds(y,x) = @2(d(x,y), d(¥,x)).

Proof Put a := d(x,y) and b := d(y,x). By coreflection the initial source j :
(x,y,a,b) — (X,d) gives the initial source
J .y, oi1(a,b), ¢2(a,b)) - (X, ds). O

12.1.18 Lemma For all (a,b) € $2, we have ¢1(b,a) = ¢2(a,b).

Proof Consider the isomorphism (x,y,a,b) — (x,y,b,a) : x — y, y > x and its
image by the G-coreflection. O

12.1.19 Lemma For any stable subcategory S of gMet, @@ is a suitable subadditive
function and hence

F(pe = FIX(PG = {(Cl,b) | (x’y’ayb) € 6}

is a symmetric suitable subsemigroup.

Proof (S1), given (a,b) < (c,d), follows by considering the morphism
L,y (x,y,¢,d) — (x,y,a,b)

and its image by the G-coreflection and (S2) follows immediately from the definition.

To prove (S3) note first that if A = ¢ we have supA = (0,0) = ¢ (0, 0) since
G contains all indiscrete spaces. Second, if A # @, it suffices to consider the initial
source

(Ixyy : (. sup d', sup b)) — (x,5,a.b))(a.bea
(a’,b)eA (a,b")eA

and its image by coreflection.
To prove (S4), if (a1, b1) € I', (a2, by) € I', consider the final sink

(fk : (x’y7ak7bk) B ({M,V,W}, 6))/{6{1,2}

with f1(x) = u, fi(y) = fo(x) = v,f2(y) = w. It is readily verified (see also
12.1.10), that 8 (u, {v}) = a1, 6(v, {(w})) = az, 6 (u, {(w}) = a1 +az, (v, {u}) = by,
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O(w, {v})) = by, 6(w, {u}) = by + by. The result then follows from the fact that the
coreflection of a final sink is final too.

To prove (S5) note that by definition the fact that (x,y, ¢1(a,b), ¢2(a,b)) and
(x,y,a,b) are in G is equivalent to ¢g (a,b) = (a,b).

The final claim is an immediate consequence of 12.1.2. O

12.1.20 Lemma [f (a,b) € I', then also (a,a) € I.
Proof By symmetry and closedness of I". O
Note that if we define Ap := {(a € P | (a,a) € I'}, it follows that

Ar= |J Imd
(X,d)eS

but that it is not true thata € Ap, b € Ar = (a,b) € I'.

12.1.21 Definition If I" C £2 is a suitable subsemigroup, we define gMet to be
the full subcategory of ¢Met containing all (X,d) such that for all (x,y) € X x X :
(d(x,y),d(y,x)) eI

If, for any space (X,d) we define

d: XxX —>PxP: (x,y) = (d(x,y),d(y,x))

then (X,d) will be in gMet if and only if Imd cr.

12.1.22 Theorem For any symmetric suitable subsemigroup I", gMet is a stable
subcategory of gMet.

Proof For any object (X,d) in gMet we definedr : X x X — I by

(dr(x.y).dr(y.x)) = yr(d(x.y),d(y.x)).

From the subadditivity of yr it follows that dr in turn is a quasi-metric, and it is then
easily verified that 1y : (X,dr) — (X,d) is the gMet-coreflection.

Since the initial quasi-metric for the source (f; : X —> (X;,d})) ey is given
by d(x,y) = sup jeJ dj(fj(x), fj(y)), reflectivity follows from the definition of
gMetr. O

12.1.23 Theorem If' S is a stable subcategory of gMet then it is of type gMet - for
some symmetric suitable subsemigroup I.

Proof 1If G is a stable subcategory of g Met, we know that Iy is a symmetric suitable
subsemigroup, and so it defines the stable subcategory g Met Tog - Since Vrps = 96>
it follows that the objects which are invariant by coreflection are the same in either
case,and so & = ¢ Metp(p6 . O
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12.1.24 Theorem The collection of all stable subcategories of gMet is the set
{gMetr | I' C P? suitable symmetric subsemigroup).

Proof This follows from 12.1.22 and 12.1.23. O

In the proof of the next result we will make use of the following additional prop-
erties of the function y = yr:

1. Foralla € P: yi(e0,a) = p(a, o) = .
2. If a < b, then y1(a,b) < y(a,b).

To see (2) it is sufficient to consider the diagram

(x’y’ 71 (avb)v w(a5b)) CH (xvyva’b)

Ty
(x,y}i T}

(x,y, (a,b), y1(a,b))

where c¢ stands for the coreflection.

12.1.25 Proposition If I" and I"’ are symmetric suitable subsemigroups, the sub-
categories gMetr and gMetr are concretely isomorphic if and only if there exists
anm €0, o[ such that I'' = mT.

Proof That the condition is sufficient is evident. In order to prove the necessity, we
proceed step by step.

1. Let F : gMetyr — gMet~ be a concrete isomorphism. As in the proof of
12.1.15 it defines a bijection between the quasi-metrics in gMet and gMet; on a
two-point set {x,y}. Hence it induces a bijection

A=A :T — I'":(a,b) — Aa,b) = (Ai(a,b), 22(a,b))
such that
F((x,y,a,b)) = (x,y, Ai(a,b), 22(a,b)).

As in 12.1.15 it follows that A;(a,b) = A»(b,a), and therefore A (a,a) = Ay (a,a),
and so F also induces a map

W= pr(M) — pr(I") a > p(a)
such that A (a,a) = (u(a), u(a)), and which once more is a bijection.
2.1f (X,d) is in gMetr, {x,y} C X,d(x,y) = a,d(y,x) = b, the initial source

Jj i (x,y,a,b) - (X,d) is mapped by F onto the initial source

J iy, Aia,b), Ax(a.b)) — F(X.d) = (X, F(d)),
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and so F(d)(x,y) = A1(a,b), F(d)(y,x) = x(a,b).

3. Since I = {(0,0), (0, 20)} and Iy = {(0, 0), (e, o0), (0, o), (o, 0)} are
the only finite symmetric suitable subsemigroups of £2, it follows from (1) that
I'=D =TI"=10,1T =1TI4y= I"= Ty, and in both cases the result is obtained
with m = 1. From now on we can suppose that I" & {I», I';} and therefore that
pr(I") # {0, o}

4. Once more, the same proof as in 12.1.15 shows that

(a) A and pu are additive.

(b) w(a) €0, co[Npr(I") for a €]0, co[Npr(I’).

(c) u(pa) = pu(a)foralla € pr(I"), p € N.

(d) There exists an m €]0, oo[ such that yt(a) = ma for all a € pr(I").

5. For all (a,b) € I': A(a,b) € {(1i(a), u(b)), (u(b), u(a))}. Indeed, the initial
source
(x,y,a,b)
ey

(x,y,a Vv b,aVvb)

Lix.y)
(x,y,b,a)

is mapped by F onto an initial source. The initial structure on {x,y} is given on one
side by
(x,y, Ai(a,b) v 22(a,b), Adi(a,b) vV Az (a,b)),

on the other side by
(x,y, u(a Vv b), p(a v b)),

and therefore A (a,b) V Ax(a,b) = (u(a Vv b), u(a Vv b)).

Considering in the same way a final sink, we also obtain A;(a,b) A Ax(a,b) =
(u(a ADb), u(a A b)). The result now immediately follows by considering the cases
a<banda > b.

6. Finally we prove that either for all (a,b) € I' : A(a,b) = (u(a), (b)) or for
all (a,b) € I' : A(a,b) = (u(b), (a)). To do this we only have to consider the case
a # b. So suppose there exist (a,b) and (c,d) such that A(a,b) = (ma,mb) and
A(c,d) = (md,mc). Since A1 (r,s) = A»(s,r) we may suppose a < b,c < d and so
b # 0,d # 0. Four cases then are to be considered.

@) (a,b) < (c,d).Thena<b<d,a<c<d.Ifc£0,wehavea/c<b/c,b/d<b/c,so
(a/c)v(b/d)<b/c and thereexist p € N, g € Nsuchthat (a/c)Vv (b/d)<q/p<b/c
and therefore pa<gqc, pb<qd, gc<pb.

It follows that 1y yy : (x,y,g9c,qd) —> (x,y,pa,pb) is a morphism and that its
image liyy : (x,y,mgd,mqc) — (x,y,mpa,mpb) by F is not. If ¢ = 0, then
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a =0,s0b < d. Taking p € N, g € N such that b/d < q/p we obtain the same
result.

(i) (¢,d) X (a,b). Exchange the roles of (a,b) and (c,d) in (i).

(iiil)a < ¢,d < b. Now we have a < ¢ < d < b. The sink

(x,y,a,b)
(x,y,a,d)
Lxyy
(x,y,¢,d)

is final since a A ¢ = a,b Ad = d, so its image by F is final too. Since in this
image the final structure is given by either (x,y,ma,md) or (x,y,md,ma), the first
alternative is not acceptable because of mc < md, and the second not because of
ma < md.

(iv) ¢ < a, b < d. Again exchange the roles of (a,b) and (c,d) in (iii). O

12.1.26 Example Some interesting particular cases of the foregoing result arise.

1. If ' = I3 = {(0,0), (oo, o0)}, then gMetr is concretely isomorphic to the
subcategory of Top consisting of all coproducts of indiscrete spaces.

2. fI' = I’y = {(0, 0), (o0, o), (0, =), (o0, 0)}, then g Met is concretely isomor-
phic to the subcategory Fin of Top consisting of all finitely generated spaces.

3. If I' ={(a,a) | a € P}, then gMetp = Met.

4. If I is a suitable subsemigroup of P, then gMetrxr = gMet N App.

The third observation, together with the foregoing result immediately give the
following result for the case of Met. Let Met be defined as the full subcategory of
Met with objects all (X,d) for which Imd C I".

12.1.27 Theorem The collection of all stable subcategories of Met is the set
{Met, | I C P suitable subsemigroup}.

Proof This follows from the foregoing remarks. O

12.2 A Quasi-topos Supercategory of App

A topological category ¥ is a quasi-topos (see Herrlich 1987; Wyler 1976, 1991
and the references therein) if it is at the same time cartesian closed (see Bentley
et al. 1987; Brandenburg and Husek 1982; Booth and Tillotson 1980; Lee 1976 and
the references therein) and extensional (see Herrlich 1988a, b and the references
therein). As a general reference see the books of Preuss (1987, 2002).
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A topological category ¥ is cartesian closed if for each ©-object A the functor
A x — has a right adjoint. However, it is often more informative to describe a
topological category as being cartesian closed if it has nice function spaces in the
sense of the following definition.

A topological category % is cartesian closed if for every pair A, B of %’-objects
the set ¥’ (A, B) can de equipped with the structure of a %’-object, denoted [A, B]
which fulfils the following properties.

(CC1) The evaluation map ev : A X [A,B] — B : (x,f) — f(x)is a -
morphism.

(CC2) For each ¢-object C and %¢-morphism f : A x C —> B, the map f* :
C —> [A,B] defined by f*(¢)(a) := f(a,c) is a €-morphism.

Ax[A,B] > B

lef*T /

AxC

A topological category ¥ is extensional if partial morphisms are representable,
precisely, if it fulfils the following property.

(ET) Every object (B, &) can be embedded in a so-called one-point extension
(B#, 5#), where Bf = B U {eop}, op & B, such that for every object A,
for every subobject C of A, and for every morphism f : C — B, the exten-
sion, f*: A — B¥ defined by f#(A\C) := {oop} is a morphism.

Ct—— A

1l

BCH B#

We begin by constructing a quasi-topos which contains App as a fully embedded
subcategory. We will not be interested in this category in itself but it does serve our
purpose for constructing hulls since it will be a supercategory of App having all the
properties of the various hulls. Let X be a set and consider a map

A FX) — PX

which fulfils the following properties.

(L1) Vxe X:Ai(x)=0.
(CAL) VF,9 c F(X) : M(F NYG) = L.F V AY.
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We call this a convergence-approach limit operator or shortly CA-limit operator
and the space (X, A1) a convergence-approach space or shortly a CA-space. Given
CA-spaces (X, A) and (X', A") amap f : X — X’ is said to be a contraction if
forall # € F(X) : A'(f (%)) o f < A.%. The category consisting of all CA-spaces
with contractions is denoted CAp.

In order to prove our next theorem we need some preparation.

1. First we need the definition of hom-sets in CAp. Suppose that X and Y are
CA-spaces and consider the set CAp(X,Y) of all contractions between X and Y. For
a filter ¥ € F(CAp(X,Y)) and a filter .# € F(X) we write

Y(F) = {y(F) |y ¥, F € F)
where
y(F)={gy)|gew,yeF}
Clearly W (.%) € F(Y). Further, if f € CAp(X,Y) then we define
LW, f) ={aeP|VF ecFX): &y(W(F)) o f <Ax.F V a}.
Since L(¥, f) is a nonempty subinterval of [P the following function is well-defined
A F(CAp(X,Y)) —s PCAPXY) s infr (P, ).

We leave the verification that (CAp(X,Y), A) is a CA-space to the reader but we
note that (CAL) follows from the fact that for any f € CAp(X,Y) and ¥, ® €
F(CAp(X,Y)) wehave LW NP, f) =LV, /)N L(D, f).

2. Second we need the definition of *-extensions in CAp. Given a CA-space Y
we put

Y# =Y U {ooy}
where ooy ¢ Y and define
AP F — pY*

as follows

AF € Yand .% # stack ooy,
A F(y) = v y . #* Y
0 otherwise.
Again we leave the rather lengthy but straightforward verification that (Y*, %) is a

CA-space to the reader. Moreover it is also straightforward to see that Y is a subspace
of Y*.
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12.2.1 Theorem CAp is a quasi-topos.
Proof 1. CAp is a topological category. Consider the source
(fj : X — (Xj, Aj))jey
then the initial CA-limit is given by

AF =supA;(fjF)o fj.
jeJ

We leave the verification of the details to the reader.
2. CAp is cartesian closed. First, take two CA-spaces X and Y and consider the
evaluation

ev: X x CAp(X,Y) — Y : (x,f) = f(x).
Let & € F(X x CAp(X,Y)) and put
F =pry Band ¥ := Prcapcx,y) ©-

Now fix (x, f) € X x CAp(X,Y), then it follows from the definition of A and the
description of initial structures in CAp that

Ax x M) (@) (x,f) = Ax.F (x) vV AY(f)
=inf{Ax.Z(x)V a | a € L(¥, f)}.

From this and the definition of L(¥, f) we then obtain

Ay (stack ev(®) (f (x)) < Ay (stack ev(Z x ¥))(f (x))
= Ay (stack ¥'(F))(f (x))
SAF(x) vV AY(S)
= (Ax x L)(B)(x, f)

which proves that the evaluation map is a contraction.
Second, take three CA-spaces X, Y and Z, a contraction

f:XXZ—Y
and consider the transpose

f*:Z — CAp(X,Y):z+ [x = f(x,2)].
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IfY e F(Z), # e F(X),z € Z and x € X then

Ay (stack f*(4)(F))(f*(2)(x)) = Ay (stack f(F x 9))(f(x,2))
< le(x) \ lzg(z)

which implies that Az¥(z) € Lf*(¥%), f*(z)) and thus

MDD (f*(2) < 129 (2).

This proves that f* is a contraction.

3. CAp is extensional. Let X and Y be CA-spaces and let Z € X. The subobject
Z has as CA-limit operator Az.# = Ax stack . for any .% € F(Z). Now let f :
Z —> Y be a contraction, i.e. a so-called partial morphism from X to Y and define

fx) xeZ,

f#:X—>Y#:x|—>
’ oy xeX\Z.

Let .7 € F(X) and x € X.If .% has a trace on Z and x € Z then it follows that

A¥stackys fH(F)(f*(x)) = Astacky f(F2)(f (1))
< AzFz(x)
= Ay stack .Z|z(x)
< lxﬁ(x)

If x € X\ Z orif % does not have a trace on Z then again the same inequality holds
by definition of A*. Hence f* is a contraction, which proves that partial morphisms
are representable and hence that CAp is extensional.

Since a quasi-topos is by definition a cartesian closed extensional topological
category we are finished. O

12.2.2 Theorem App is finally dense in CAp.

Proof Tt suffices to prove that any CA-space (X, A) can be obtained via a final sink
from a particular set of filter spaces (see 1.2.63). For each .% € F(X) consider the
filter space (X, A(# 1.7)) then it is easily verified that

(Ix : (X, Az 2.9) — (X, M) zerx)
is a final sink in CAp. O
12.2.3 Corollary App is a concretely reflective subcategory of CAp.

We recall that Conv is the category of convergence spaces and continuous maps
as defined e.g.in Colebunders and Lowen (2001). In the literature this category is
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sometimes also referred to as the category of limit spaces (sometimes with a slight
change in the definition).

12.2.4 Theorem Conv is stable in CAp.

Proof Given a CA-space (X, A) it is easily seen that on the one hand

0 AMF oo,
M%m:ngﬁim

is a CA-limit which determines the concrete reflection and on the other hand

e o A =0,
A AE) '_[oo AP > 0,

too is a CA-limit which determines the concrete coreflection. O

12.3 The Extensional Topological Hull of App

The extensional topological hull of a category % '(shortly denoted by ETH(%)), if
it exists, is defined as the smallest extensional topological category % in which ¢
is finally dense. Given an extensional topological category <7 in which % is finally
dense, the extensional topological hull of ¥’ is the full subcategory of .7 with those
objects C for which there exists an initial source (f; : C —> Af’, )ier, such that
Vi € I : A; € %. In short, the extensional topological hull of € is the initial
(or bireflective) hull in o7 of the one-point extensions of %-objects. See Herrlich
(1987,1988a, b).

12.3.1 Definition Given a set X amap A : F(X) —> PX which fulfils (L1) and
(L2) is called a pre-limit and the pair (X, A) is called a pre-approach space. We
denote PrAp the full subcategory of CAp with objects all pre-approach spaces.

A quick inspection of the theorems in the first chapter showing the equivalence of
limit operators and distances in App shows that a pre-approach limit is equivalent to
what we call a pre-distance, i.e. a function § : X x 2X — P satisfying properties
(D1), (D2) and (D3) and that the transition from one structure to another goes via pre-
cisely the same formulas. Therefore objects in PrAp carry two equivalent structures
and we will of course at each instance choose whichever is most convenient.

12.3.2 Theorem (pL = pD)IfA : F(X) — PX is a pre-limit operator on X, then
the function

§: X x2X > P:(x,A)—> inf A%(x)
% eU(A)
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is a pre-distance on X. Moreover, for any % € F(X) and x € X, we have

AF(x)= sup 8(x,U).
Uesec.

Proof This is contained in the proof of 1.2.2. O

12.3.3 Theorem (pD = pL)If§ : X x 2X — P is a pre-distance on X, then the
function

A FX) —PY: Z— sup &y

Uesec.F
is a pre-limit operator on X. Moreover, for any x € X and A € 2%, we have

O(x,A) = inf A% (x).
U U(A)

Proof This is contained in the proof of 1.2.1. O

12.3.4 Theorem PrAp is an extensional concretely reflective subcategory of CAp
containing App as a concretely reflective subcategory.

Proof That PrAp is a concretely reflective subcategory of CAp is easily seen. The
reflection of a CA-space (X, 4) is determined by the pre-distance

O(x,A) = inf A% (x).
U cU(A)

That PrAp contains App as a concretely reflective subcategory follows at once from
12.2.3. That PrAp is extensional finally goes as in 12.2.1. O

In the following result we require P* and in particular its pre-distance
5t Pt x 2F P

which, as the reader can easily verify is the unique distance which extends ép and
further satisfies

8F(x, A) = 0ifoop € {x} U A and A # 0.
The reader will indeed easily verify that 5]}*;!t and Z,Jff are equivalent in the sense of
12.3.1.
12.3.5 Theorem P* is initially dense in PrAp.

Proof Let X and Y be objects in PrAp and suppose that f : X — Y isnota
contraction. This implies that there exist x € X and A € X such that 6x (x, A) <
Oy (f(x), f(A)). We now define the following function
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Sy (f(x), f(A) y= f(x),
g:Y — Py loop y & f(A),y # f(x),
0 y € f(A).

To see that g is a contraction note that for y € ¥ and B a nonempty subset of Y the
value 5[g(g(y), g(B)) is non zero only if

y = f(x),op & g(B) and &y (f(x), f(A)) & g(B).

In that case however

SE(g(y), g(B)) = 8p(Sy (f(x), f(A)), {0}
= 8y (f(x), f(A)
< 8y (y, B).

Finally, that g o f is not a contraction follows from

Sx(x, A) < 8y (f(x), f(A))
= 8p(8y (f(x), F(A)), (O}
= 8t (g(f(x)), g(f(A)))

and this completes the proof. O
12.3.6 Theorem PrAp is the extensional topological hull of App.

Proof By 12.3.4 PrAp is extensional, and by 12.2.2 App is finally dense in PrAp.
Finally by 12.3.5 the class of objects

{(X*,2%) | (X, 1) € App}
is initially dense in PrAp and hence the result follows from Herrlich (1987). m|
12.3.7 Corollary App is finally dense in PrAp.

12.3.8 Theorem PrTop is stable in PrAp.

Proof Given a pre-approach space (X, A) it is easily seen that A, and A* as defined
in 12.2.4 are pre-approach limits and determine respectively the concrete reflection
and coreflection. O
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12.4 The Cartesian Closed Topological Hull of PrAp

The CCT hull of a category % (shortly denoted by CCTH(%)) (if it exists) is defined
as the smallest CCT category & in which % is closed under finite products (see
Herrlich and Nel 1977; Nel 1977; Weck-Schwarz 1991 and the references therein).
Also from Herrlich and Nel (1977), we recall that given a CCT category Z in which
% is finally dense, the CCT hull of ¢ is the full subcategory of & determined by

CCTH(%) := {C a Z-object |there exists an initial source (f; : C —> [A;,BiDier
where Vi € I : A; and B; are in ©}.

In short, the CCT hull of %’ is the initial hull in 2 of the power-objects of % -objects.
A more recent survey of such properties and hull concepts can be found in Herrlich
(1987) and Schwarz and Weck-Schwarz (1991).
We use the notations and general construction from Bourdaud (1975, 1976). Let
C (P*) stand for the full subcategory of CAp with objects those spaces X which carry
the initial structure for the source

j:X — CAp(CAp(X, P, P*) : x > [f > f(¥)]

12.4.1 Theorem C (P*) is the cartesian closed topological hull of PrAp.

Proof By Bourdaud (1976), C (P*) is cartesian closed topological with hom-objects
formed as in CAp, C(P¥) is concretely reflective in CAp and P* is in C(P¥). By
12.3.4 PrAp is concretely reflective in CAp. Hence it follows from 12.3.5 that PrAp
is a subcategory of C(P*) which is closed under the formation of finite products in
C(P*). That PrAp is finally dense in C (P*) follows at once from 12.2.2. Moreover,
since the functor

CAp(-, P*) : CAp — CAp

transforms final epi-sinks into initial sources, 12.2.2 also implies that powers of
objects in PrAp are initially dense in C (P¥).

Consequently, following Herrlich and Nel (1977), C (P¥) is indeed the cartesian
closed topological hull of PrAp. O

Of course we need to give an internal characterization of the objects in C (P¥)
and therefore we need an explicit formulation of the initial limit determined by the
source

j:X — CAp(CAp(X, P, P*) : x > [f > f(¥)]

where X is a CA-space.
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We will use the following notations:

1. The limit on CAp(X, P*) is denoted by A},.
2. The limit on CAp(CAp(X, P¥), P¥) is denoted by AEH.
3. For A C X and 8 € P we put

A<P> = (k e CAP(X, P*) | k1[0, B1N A # 0}

In the following result we use the function / as defined in 1.2.62.

12.4.2 Proposition If u stands for the initial limit operator on X, determined by
the source j : X —> CAp(CAp(X, IP’#),IP’#), H € F(X),a € X and o« € P then
the following properties are equivalent.

1. u(a) < a.
2. V¥ e F(CAp(X, P*),Vf e CAp(X, P¥) suchthat f(a) # cop, stack W () #
stack cop and Aj,'P(f) < coandVp < f(a)—AL¥Y(f)Vathereexists H € A

such that H<P> ¢ .

Proof For simplicity in notation we put D for the set of all those pairs (¥, f) €
F(CAp(X, P*)) x CAp(X, P*) such that

f(a) # oop, stack W(57’) # stack cop and lg'f’(f) < oo,
Then we have

U (@) = hpgp stack j(A)(j (@) < o
& V¥ € F(CAp(X, P*)), Vf € CAp(X, P¥) : Al stack W () (f (@) < AP (f) V &
S VP, f) € D : Apstack V() p(f(a)) < AP (f) V o
S VP, f) e D: fa) ©l(stack V() p) < AP (f) Vo
S YW, f) e D,VB €0, f(a) — AL¥P(f) v al: 1B, =] € stack ¥ () p

&S VB el0, fla)—ApW(f)ValdH e # : HP> cw. q

12.4.3 Definition We define and denote by PsAp the full subcategory of CAp with
objects those CA-spaces which moreover fulfil the following property.

(PSAL) Y. € F(X) : AF = supycy7) A%

An object in PsAp is called a pseudo-approach space and its limit operator is
called a pseudo-limit operator.

12.4.4 Lemma Suppose X and Y are CA-spaces, ¥ € F(CAp(X,Y)), # € F(X)
and W € U(stack W (F)) then the following properties hold.

1. There exists % € U(F) : stack W (%) C V.
2. There exists ® € U(W) : stack ®(F) C ¥
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Proof The proof of 2 is perfectly analogous to that of 1 so we only prove 1. Suppose
that forevery % € U(F) thereexists y € ¥ and U € % suchthat w(U) € # . Then
we apply 1.1.4 to select a finite collection %4, ..., %, € U(%) and corresponding
sets Wi, ..., W, € Yand U; € % fori € {1, ..., n} such that

n
|JUi € 7 and yi(U;) ¢ # foralli € (1,....n).
i=1

Then however

wdJuyer
i=1 i=1

which is a contradiction. O

12.4.5 Proposition Suppose that X is a CA-space and Y a pseudo-approach space.
For ¥ € F(CAp(X,Y)), f € CAp(X,Y) and o € P the following properties are
equivalent.

1. V7 e F(X) : Ay stackW(F) o f < AxZF V Q.
2. YU € UX) : Ay stack W (%) o f < Ax¥ V .
3. VF € F(X),Y® € U(W) : Ay stack @(F) o f < Ax.Z% V 0.
4. YU e UX),VO e UW) : Ay stack @ (%) o f < Ax« V .

Proof The implications 1 = 2 = 4 and 1 = 3 = 4 are evident.
4 = 1. This follows from the foregoing lemma and

Ay stack W (%) o f = sup AyH of
W eUW(F))

< sup sup Ay stack ®(%)o f
U cU(F)) ®cUWP)

< sup AxZ Vo
U eU(F))

<Ax.Z Vo O

12.4.6 Corollary Suppose that X is a CA-space and Y a pseudo-approach space.
Foramap f : X — Y the following properties are equivalent.

1. f is a contraction.
2. YU € U(X) : Ay stack (%) o f < Ax%.

12.4.7 Theorem PsAp is a concretely reflective subcategory of CAp.

Proof Making use of the foregoing corollary it is immediately verified that for a
given CA-space (X, A) its PsAp-reflection is determined by A where
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AT = sup A%.

U cU(F) O

12.4.8 Proposition If X is a CA-space and Y is a pseudo-approach space then
CAp(X,Y) is a pseudo-approach space.

Proof Let A stand for the limit operator on CAp(X,Y), let ¥ € F(CAp(X,Y)) and
let f € CAp(X.,Y). Put

oa:= sup AD(f)
ocU(¥)

then for all ® € U(¥) and .% € F(X) we have
Ay @(F)o f < Ax T Va
which by 12.4.5 implies that for all .# € F(X)
MWV (F)o f<AxT Va
and thus that AW (%) < o. O

We are now in a position to prove the main result of this section, namely the
internal characterization of the objects in the cartesian closed topological hull of
PrAp.

12.4.9 Theorem PsAp is the cartesian closed topological hull of PrAp.

Proof If X is an object in C (P*) then it follows from 12.4.8 that
CAp(CAp(X, P*), P¥)

is a pseudo-approach space. By 12.4.7 it then follows that also X is a pseudo-approach
space.

Conversely, let X be a pseudo-approach space and let u stand for the initial limit
operator on X determined by the source

j: X — CAp(CAp(X, P*), P
then 1 < Ax. Now, since they both are pseudo-approach limits, in order to coincide
we just have to verify the other inequality on ultrafilters. Suppose therefore on the
contrary that there exists a € X and an ultrafilter 57 € U(X) such that u(a) <
Ax 7 (a). For all W € ¢ put

W := {k € CAp(X, P¥) | k(X\W) = oop}.
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In particular then, for any y € PP, the two-valued function

oop X € X\W,

k;:V:X—HP’#:xl—)[
Yy xeW,

is a contraction which belongs to W. It follows that {VT/ | W € 5} is a filterbasis
on CAp(X, P*). Let us denote by ¥ the filter generated by this base. Further, also
consider the two-valued contraction

oop X #a,
AxF(a) x =a.

f:X—P.x— [

Now let € U(X). If % # 5 then stack ¥ (%) = stack oop and therefore

Af stack (%) (f (a)) = 0.
If % = ¢ then stack W(%') # stack cop and then

A stack W(%)(f (@) = Ap stack ¥(Z)p(f (@) < [ (a).
Thus it follows that for all ZZ € U(X)
A stack W(% ) (f (@) < Ax (a).

Moreover, since f(x) = cop for x # a we finally have

Aﬂf stack W (%) o f < Ax% .
Now from the arbitrariness of %/ and upon applying 12.4.5 we can conclude that

AR (f) = 0.

If we now put o := us% (a) then it is clear that ¥ and f satisfy all the conditions in
12.4.2. Since o < f(a) we can thus choose 8 € [0, f(a) — af and then it follows

from 12.4.2 that there exists H € . such that H<P> € W. Then let W € # be

such that W - H<B>_ Since klvsv € W it follows that

WmH:{x|kgV(x)e[o,[3]}mH=@

which is a contradiction, and hence we are finished. O
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12.5 The Quasi-topos Hull of App

The quasi-topos hull of a category %’(shortly denoted by QT (%)), if it exists, is the
smallest quasi-topos & in which % is finally dense. Given a quasi-topos .7 in which
% is finally dense, the quasi-topos hull of ¢ is the full subcategory of .7 with those
objects C for which there exists an initial source (f; : C —> [Ai,Bf]),-e 1, such that
Vi € I : A; and B; are in ¢ In short, the quasi-topos hull of % is the initial (or
bireflective) hull in .27 of the power-objects of type [A,B*] for A and B in €. See
Herrlich (1987) and Schwarz (1989).

The quasi-topos hull of a category can be obtained by a two-step process. First
one makes the extensional topological hull and then one makes the cartesian closed
topological hull, precisely:

QT(¥) = CCTH(ETH(%))

It was observed by Schwarz in 1989 that the order of taking hulls on the right-hand
side can not be interchanged (Schwarz 1989).

12.5.1 Proposition PsAp is extensional.

Proof This is analogous to the proof of the fact that CAp is extensional and we leave
this to the reader. O

12.5.2 Theorem PsAp is the quasi-topos hull of PrAp.

Proof By 12.5.1 and 12.4.9 PsAp is a quasi-topos. Consequently it follows from
12.4.9 that it is the quasi-topos hull of PrAp. O

12.5.3 Theorem PsAp is the quasi-topos hull of App.

Proof By 12.2.2 App is finally dense in PsAp and by 12.3.6 PrAp is the extensional
hull of App. Consequently it follows from 12.5.2 that PsAp is the quasi-topos hull
of App. O

12.5.4 Corollary App is finally dense in PsAp and hence also concretely reflective
in PsAp.

12.5.5 Theorem PsTop is stable in PsAp.

Proof Given a pseudo-approach space (X, A) it is easily seen that A, and A* as
defined in 12.2.4 are pseudo-approach limits and determine respectively the concrete
reflection and coreflection. O
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12.6 The Cartesian Closed Topological Hull of App

In this section we will construct the cartesian closed topological hull of App. We do
this by identifying it with a subcategory of PsAp, the category of pseudo-approach
spaces, which was shown to be the quasi-topos hull, QTH(App), of App.

Whereas the objects of PsAp can be described by axioms quite similar to those
characterizing the objects of QTH(Top), the situation for CCTH(App) is somewhat
different. In this case it are also the metric aspects of the theory which will play a
prominent role.

12.6.1 Definition Given (X, A) in PsAp, we define
FPi={yeX|3xeF:&x {yh<p}

The family ((;)S)EGRJr is (clearly) not a tower in general. However, we could
define

F* :={yeX|Vp' >p,Ix e F: 8;(x,{y}) <p'}

such that ((—)*¢)cr+ does constitute a tower. Furthermore, one could observe in the
sequel that consistently replacing FP by F*° would not make an essential change
(other than the fact that the first form is nicer to work with, whereas the latter form
has conceptual advantages). Further we define

dx : F(X) x F(X) — P : (Z,9) — dx(Z,9) ;= inf{p = 0 | 4P C 7},

where 9P := stack{GP | G € ¥}.

Note that if dy(%,¥) < o and dx(¥¢, ) < B then G* C F and I =
P C ¢, and consequently, H#otB C F% C g% C F. Hence dy is a quasi-
metric. Obviously dx can attain the value oo, by definition it is clearly not symmetric
and for instance dx (%9, .Z) = 0.

We already know that in an approach space, for any .# € F(X), the function 1.%
is a contraction. However we can also consider the function A with two variables,
filters on X and points of X. The foregoing definition of a quasi-metric on the set of
all filters now makes it possible to consider contraction and continuity properties of
this function of two variables.

From 12.2.3 we know that App is concretely reflective in PsAp, and given a
pseudo-approach space (X, A) we denote the limit operator associated with its con-
crete reflection in App by A. We also recall that we denote 7p = {]a, ] |a € P}U{PP}
(see 2.2.7).
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12.6.2 Definition We define EpiAp to be the full subcategory of PsAp whose objects
(X, M) satisfy the following property.

©) A:(UX), Tgy) x (X, F5) —> (P, Tp) is a continuous map.

The following illustrates why, as usual, we could restrict ourselves to ultrafilters
in the foregoing definition.

12.6.3 Proposition (C) is equivalent to

(©) A : (F(X), Tay) x (X, T3) —> (P, p) is a continuous map.

Proof One implication is obvious.
Conversely, assume that 4 : (U(X), Z4,) x (X, 75) — (P, Jp) is continuous.
Now let .% € F(X) and x € X be such that

K <A(F)x)= sup A(%)(x).
U eU(F)

Then we can we find some ultrafilter %7 O .% such that A(%)(x) > K, and hence
also V € 77(x) and 6 > 0 such that dx(%,#’) < 6 (where # € U(X)) and
y € V implies that A (#)(y) > K. We now have to consider some ¢4 € F(X) and
y € V such that dx (%#,¥%) < 6 and y € V. Since 4% < F < U, we find some
W € U(¥4) such that W C 7 . Indeed, assume otherwise that

V¥ eU@),IWeW W g,

Thenby 1.1.4 we can find Wy, ..., W, such that W,-8 eU (1 <i< n)and Wiu. ..U
W, € 9. Howeversinceéz/agfaéé‘*a(wl LUWS =W uw,®,

we find that W € % forsome 1 <i < n. Consequently, this is a contradiction
and therefore there exists some # € U(¥) such that we < 9, meaning that
dx (%, %) < 6. By previous choices, we then find that A (#')(x) > K, hence also
AMG)(x) = A(H)(x) > K. O

We are now in a position to state the main result of this section, which we will
prove in several steps.

12.6.4 Theorem EpiAp is the cartesian closed topological hull of App.
STEP 1: We first show that App C EpiAp.

12.6.5 Lemma Let (X, A) be an approach space and let F,4 € F(X) and p > 0,
then the following properties hold.

1. AFP <AF +p.

2. AF < A9 +dx(F#,9).
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Proof 1. LetU € sec.ZP, we then claim that U P ¢ sec.#. Indeed, let F € Z,
then we find z € U such that also z € FP, meaning 8(y, {z}) < p for some y € F.
Hence, also 8(y,U) < p,ie. y € FNU® If we now recall from 1.2.1 that

AFP(x)= sup O, U) and AZ(x)= sup &(x.U),

Uesec.ZP Uesec.

then the foregoing clearly demonstrates what was required.
2. Letdx(.%,9) < o, hence ¥* C .%. Then, by the first claim, it follows that

AF < A9* < A9 + o

By the arbitrariness of o, we conclude that A.7 < A9 + dx (%, 9). O

The foregoing lemma shows that in an approach space, for any x € X, also the
function A (-)(x) is a contraction. However we can show more.

12.6.6 Proposition Let X be an approach space and let (<f (x))xex be the approach
system. If we put

Be(F x) ={dx(F, )+ ¢ |9 e )}

then (Bg(F X)) (F x)eF(x)xx IS an approach basis on F(X) x X and

A (F(X) x X,/ﬂg) —— Pis a contraction.

Proof Let Zp(x) :={@ € P’ | ¢ < dp(x, )} if x < co and let Bp(eo) := {614,00] |
0 < a < oo}. We then know that this approach basis generates the approach system
associated with Jp (see 1.2.62).
Now let (% ,x) € F(X) x X and first assume that 1.7 (x) < . Alsolet0 < o <
oo and 0 < € be fixed. Since A.% : X —> PP is a contraction we can find ¢ € &7 (x)
such that
AFx)—AFP)AN0O <@ +Ee.

We then find that, for any y € X:

AFx) = AGONAO < AFx) —AF N A0+ AF () —A9 () A @
<o)+ e+ AY(y) +dx(F,9) - A9 () A @
<o) +e+dx(Z,9).
Hence, by the arbitrariness of @ and € we are finished for this case.
Now we assume that 1.% (x) = . Then we then need to show that for arbitrary

€>0and0 < K, ® < oo, there exists ¢ € 27 (x) such that

V9 € F(X) : Ok ](AD) A < dx(F,9) + ¢ +&.
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Since A.Z : X —> P is a contraction, we can find ¢ € <7 (x) such that
Ok +o.=] AF) N0 < ¢ +&.
We now claim that for any y € X:
Ok 1 AZ () A ® < dx(F,9) + 9(») + €.

Ifdx(#,9) > o or A9(y) > K, this is clearly satisfied, so let us assume that
dx(Z,¥) < wand A9 (y) < K.Bythe previouslemma, we then find that A.% (y) <
A9 (y) +dx(ZF,9) < K + o, hence

0 =Okt0.x1AF (M AO = Q) +€ =dx(F.9) + o(y) +¢,
which proves our claim. O
This now allows us to draw the conclusion which we require.
12.6.7 Proposition App C EpiAp.

Proof Using notations as before, it is easily seen that the Top-coreflection of (F(X) x
X, #g) is (F(X) x X, T4y, x J7) from which the conclusion follows. O

STEP 2: Our next goal is to show that EpiAp is a cartesian closed topological
category.

12.6.8 Proposition Let [ : X —> Y be a contraction between PsAp-objects, then
f:(F(X),dx) — (F(Y),dy) : F +— f(%) is also a contraction.

Proof Since f : X — Y is a contraction, we find that

fFP)=f(ly e X |3x € F: &, (x, {yD) < p)
ClyeY|3xe f(F):8, & {yh) =p)=fF)?P
and, hence, f ()P C f(ﬁp)‘(for all # € F(X) and p > 0). Consequently, @GP

-
Z implies that f(4)P C f(¥P) C f(F), which means that dy (f (%), f(¥4)) <
dx(y, 9). O

12.6.9 Theorem EpiAp is concretely reflective in PsAp, in particular, EpiAp is a
topological category.

Proof Let (f; : (X, A) —> (X}, A;))ies be initial in PsAp, where all (X;, ;) are in
EpiAp. To show that (X, A) satisfies (C), assume that A € Jp, then it follows that

A7) = (Ao (B x ) (A).

iel



12.6 The Cartesian Closed Topological Hull of App 419

From the contractivity of all f;, i € I, the foregoing result and the fact that all A;,
i € I, satisfy (C) it follows that 2 ~'(A) is open. Hence A is continuous and (X, 1)
is in EpiAp. O

12.6.10 Proposition Let X and Y be PsAp-objects, and let 4 be a filter on X, then
the map 4 : F(PsAp(X,Y)) — F(Y) : ¥ — Y(¥) is a contraction, i.e. for any
pair @ and ¥ of filters on PsAp(X,Y): dy (@(9), ¥(9)) =< dpsapx,v) (@, ).

Proof Sinceev, : [X,Y] — Y is a contraction for any x € X, it follows that

ev(G x ¢pP) = U eve(9P)
xeG

< | evalon®

xeG
(| evaon®
xeG
= (ev(G x 9))”,

N

and, hence, @(J)P C PP (F) (forall @ € F(PsAp(X.,Y)) and F € F(X)).
Consequently, yP C @ implies that ¥(4)P C PP (4) C (%), which means
that dy (®(9), ¥(¥)) < dpsapx.v)(®, ). O

12.6.11 Theorem EpiAp is closed under the formation of power-objects in PsAp.
Moreover, if X is in PsAp and Y is in EpiAp, then [X,Y] is in EpiAp. In particular,
EpiAp is a cartesian closed category.

Proof Let A be the limit-operator of [ X, Y]. To show that [ X, Y] satisfies (C), assume
that A € 9p, then it follows from the formula of A (as a function of two variables)
that

= (e xevo) (AN T (), =),

(F.x)eFX)xX

Hence it follows from the fact that all evy, x € X, are contractions, the foregoing
proposition and the fact that Ay satisfies (C) that A7 1(A) is open. Hence [X,Y]is in
EpiAp. O

STEP 3: We now turn to showing that proper “density” conditions are satisfied.
12.6.12 Theorem App is finally dense in EpiAp.
Proof This follows from 12.2.2. O
12.6.13 Corollary App is a concretely reflective subcategory of EpiAp.

To show the other required density, we first indicate the following lemma.
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12.6.14 Lemma Let # € F(P) and € > 0 and 0 < y < co. Then
A(F)y) <e&VB>e:]ly—B,=]leF.

Proof This follows from the description of Ap in 1.2.62. O

In the following we assume without restriction that X # ¢.

12.6.15 Proposition Let X be in EpiAp, then the map
Jji X — [[X,P],P]

defined by j(x)(f) = f(x) is an initial contraction.

*

Proof We first give the following diagram for clarity and mention that j := ev (XA).P

is the map which makes the following diagram commute:

ev

[[X,P],P] x [X,P] ————= P

jxhx.wlT /

X x [X,P]

Hence, by properties of power-objects, j is a contraction.
In the following we also let

A be the limit-operator on [X, IP],
A g be the limit-operator on [[ X, P], P],

and A% := {f € EpiAp(X,P) | f(A) €18, ]} (ACX,0<8 < o).

To prove that j is initial, we will show for every ultrafilter %7 on X, a € X and
0 < K < o that A% (a) > K implies that Ay g (j (%))(j(a)) > K. By 1.3.12, we
then find that j is initial.

By 12.6.3 and the fact that X is in EpiAp, we find V € 73 (a) and 6’ > 0 such
that for all .% € F(X) withdx (%, .#) < 6 and x € V, we have A.% (x) > K.

Consider the map

80 :X —P:o- &(a,X\V),

which is a contraction by 1.3.4. As V € ”fﬁ(a), we find that 6; := go(a) > 0.

First assume that go(a) < K, then define g; := go + (K — 0;) and finally
g = g1 A K and §” := 0;. We then find that g € EpiAp(X,P), ¢ < K, g(a) = K
and{g > K —6"} C V.

If however go(a) > K, then define g := go A K and choose 0 < 8" < K, then
g and 6" also fulfil the foregoing properties.


http://dx.doi.org/10.1007/978-1-4471-6485-2_1
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Now choose 0 < & < & A 6" and define W to be the filter on EpiAp(X, P)
generated by the filterbasis

(FO|F #0,F% ¢ u).

(It is clear that this is a filterbasis, as %/ is an ultrafilter and the constant co-function
belongs to every set in this collection. Furthermore, if no such F were to exist, it
would suffice to define ¥ := O).

We now prove that Ay¥(g) < K — 0. Let .% be a filter on X and x € X such
that Ap(W(F))(g(x)) > K — 6. Hence K — 6 < Ap(W(F))(g(x)) < g(x) and
consequently g(x) > K — & and therefore x € V. We also find that % < %
(meaning that dx (%, %) < 6 < &’). If this were not the case, then we could find
F € .Z suchthat F® ¢ %, implying F® € ¥, hence |8, o] € ¥(.F). As g(x) < K,
this implies in particular that

VB> K —20:]g(x) — B,] € ¥(F).

By the previous lemma, this means that Ap(¥' (%)) (g(x)) < K — 0, hence we have
a contradiction.
By previous choices, we then find that 1.7 (x) > K. Also

Ap(P(F))(g(x)) < gx) <K,

and consequently Ap(¥'(.%))(g(x)) < A.Z(x). By definition of Ay, we can thus
conclude that Ay ¥(g) < K — é.
Now we show that Ay g (j(%))(j(a)) > K, by demonstrating that

Ap(J(Z) ()N (j(@) (@) = Ap(¥(%))(g(a) =K > K — & = Ag¥(g).

Let us assume the contrary, i.e. Ap(‘\¥'(%))(g(a)) < K — &, where 0 < € < K. This
implies that V3 > K — € : (g(a) — B, =] € ¥(%), hence

VB>K—e:qWew UK Pecw.

In particulgr, forsome y >0, U € % : UYew. Consequently, ad - U for some
F # 0, F ¢ 9. However, this implies that if z ¢ F®, then & (—, {z}) € F?®,
thus 51(—, {z}) € U7, and hence z ¢ U which shows that U C F9. This is a
contradiction. O

STEP 4: Now we are in a position to combine all previous results and to prove
the final step.

12.6.16 Theorem EpiAp is the cartesian closed topological hull of App.

Proof By the previous result, for any X in EpiAp we have an initial map j : X —
[[X, P], P] and since the functor [—, P]:EpiAp — EpiAp transforms final epi-sinks
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into initial sources (see Herrlich and Nel 1977) (and by 12.6.12, we can obtain
[X,P] as a final lift of an epi-sink involving App-objects), we find that the class
{App(X,Y) | X, Y € App} is initially dense in EpiAp and we are finished. O

We now show that EpiTop = CCTH(Top) has a nice relation to EpiAp. To this
end, we first recall some facts regarding EpiTop introduced in Bourdaud (1975).

12.6.17 Definition Let (X,q) be a pseudotopological space. We denote its Top-
reflection by (X, ¢) and define the point-operator (with respect to (X,q)) as

02X 22X A AT ={x e X |cz(IxhNA #£0).

Note that the point-operator determines a topological space, i.e. it is a topological
closure operator.

12.6.18 Definition A pseudotopological space X is called an Antoine space or epi-
topological space if and only if it satisfies the following properties (where .7 ® is the
filter generated by {F*® | F € .F}).

1. V% € F(X) : lim .% is closed in (X, q) (closed-domainedness).
2. V¥ € F(X) : lim .% = lim .%* (point-regularity).

The full subcategory of PsTop consisting of Antoine spaces is denoted by EpiTop
and it was shown by work of Machado (1973) and Bourdaud (1975) that EpiTop =
CCTH(Top).

12.6.19 Proposition Let (X,q) € PsTop, then (X, Ag) = (X, Ay).

Proof We will prove this by showing that (X, A3) is also the App-reflection of
(X, Ag). To this end, let f : (X, A;) —> (X, 8) be a contraction, where (X, &)
is in App. But then also f : (X, A;) — (X,gs) is a contraction, where we recall
that the latter space is the PsTop-coreflection of (X, §). Since we observed earlier
that the Top-coreflection in App is just the restriction of the PsTop-coreflection,
it follows that (X,gs) is a topological space, hence f : (X,A3) — (X,g5) is a
contraction. Consequently, f : (X, A;) — (X, §) is a contraction. O

12.6.20 Theorem EpiAp N PsTop = EpiTop.

Proof If (X, 1) is in PsTop, one easily finds that condition (C) is equivalent to
(T) VF #— a,3V € ¥(x,7(a) : GOC Zandx eV =4 /> x.

Also observe that in this case ¥° = ¢*. Now assume that (T) holds (i.e. (X, A) is at
the same time in EpiAp and in PsTop).

Since .Z° € .Z (for all F € F(X)), we find that for all .# /> a there exists
Ve %x,%)(a) such that V C (X \ lim .%), meaning lim .7 is closed in (X, .77).
Also, by letting .7 = %ZO, we find that 79 #— a implies J# +— a, hence
lim 2 = lim 70 (for all # € F(X)). Consequently, (X, 4) is a closed-domained,
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point-regular pseudotopological space (i.e. an Antoine space, see Antoine 1966a,
b, ¢; Bourdaud 1974, 1975, 1976).

Conversely, assume (X, 1) € EpiTop and .% #— a.LetV := X \lim.% €
”I/(X,y/1 y(a) (as (X, A) is closed-domained) and suppose G0 C Zandx € V. We
then find that 4 /— x, for if this were not the case, then also G0 5 x (as (X, L)
is point-regular), implying . — x, which is a contradiction. O

12.6.21 Theorem EpiTop is stable in EpiAp.

Proof Reflectivity is clear. As for coreflectivity, let (X, A) be in EpiAp, then we
show that (X, "), the PsTop-coreflection of (X, A1), is in EpiTop.

To this end, assume that .# 7Z£> x,ie. AZ(x) > 0. Since (X, A) € EpiAp, we
findV € %vai) and 0 > O such that for y € V and dx 1)(#,¥) < §, we have
that A4 (y) > 0.

Asly : (X,A) — (X, A) is a contraction, we find that V € 7/()(*‘7/17) and that
dx.an(F,%9) < 6 implies that d(x 1) (#,¥4) < § (by 12.6.8).

Putting things together, we therefore obtain:

vz 2 x,.3v € Vx.7,: (v €V and¥9* € F) = AH)() S0=9 1y

Consequently, (X, A') satisfies (T) and is in PsTop, hence it is in EpiTop. m]

The situation of the various hulls of the foregoing results are depicted in the
following diagram.

PsTop Z PsAp

A

EpiTop

PrTop Z L /PrAp
Top : App

Fig. 12.1 The extensional, cartesian closed and quasi-topos hulls of App

EpiAp
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12.7 A Lax-Algebraic Characterization of App

There is an interesting way to see that App can be viewed as the category of lax
algebras associated with the ultrafilter monad (see Clementino and Hofmann 2003;
Clementino et al. 2004).

In Clementino and Hofmann (2003) the proof that the category of lax algebras
is isomorphic to App is somewhat circuitous, since a detour is made via distances.
However, this is not necessary, and here we will present a new and more straight-
forward proof which makes direct links, between the lax algebraic structures for the
ultrafilter monad and limit operators.

We recall the general principles for a lax setting with Rel as the “extension cat-
egory”. We suppose given a monad (7', e, m) (where T : Set —> Set and where e
and m are respectively the unit and the multiplication) which can be extended to Rel,
meaning that there is a lax-functor (denoted by the same symbol) 7 : Rel — Rel
which extends the original Set-Set functor such that the usual lax-diagrams hold
(see e.g. Hofmann et al. 2014). A lax algebra for the monad is a pair (X,a) where
X € Setand a : TX— X is arelation such that

X —2-rx 72X —>TX
Iy = %a Ta% < ia
X TX —— X

ie.ly <aoexandaoTa <aomy.
These conditions are respectively called the reflexivity and the transitivity condi-
tion. Morphisms from (X,a) to (Y,b) are functions f : X —> Y satisfying:

f

HY

X
b

TXT> Y

ie. foa < bo Tf. This category is denoted as Alg(T,e,m) and it is called the
category of lax algebras for the Rel-extension of the monad (T ,e,m).

We will be considering a different “extension category” but the general idea and
principles remain the same, because, as for Rel, where we have an order relation on
the set of relations at hand, there will be an order relation on the so-called numerical
relations (which are P-valued functions).

Precisely, we consider the ultrafilter monad, given by the following data. First we
have the functor



12.7 A Lax-Algebraic Characterization of App 425

X UX)
/= Ul

U : Set — Set :

where U(f)(%) = {A | f7(A) € %} (also generated by {f(U) | U € %})).
Since we have always denoted this extension of the map f simply by f we will
continue to do so in the sequel.

Further we have the unit and multiplication

ex: X — UX) :x > x and my : UUX)) — UX): X U ﬂ U.
AeX Uecdd

This monad has a lax extension U : Rel —> Rel where for any sets X and Y, any
relation r : X — Y and any ultrafilters 7 € U(X) and # € U(Y) we have

wIrW oNW e {(xeX|IyeW:xryle¥%.

(Note that a relation is a subset » € X x Y but that in the present context this is
usually denoted r : X —— Y, a practice to which we will adhere).

However, instead of considering Rel a new, numerical version is introduced,
namely PRel, the objects of which are sets and the morphisms of which are so-
called numerical relations. These are functions d : X x ¥ —> P which, in a similar
vain as in the Rel-case, we will denote as d : X—> Y. The identity of X is 04 (x)
where A (X) stands for the diagonal of X x X. For any set X, PRel(X) is equipped
with the pointwise order and the composition of two numerical relationsd : X —> Y
and e : Y—> Z is defined as

eod(x,z) :=infyey(e(x,y) +d(y, 2)).

The lax-extension of the ultrafilter monad to [PRel is defined as follows. For each
d : X—> Y and for each o0 € P, we have the relation dy, : X—— Y given by

xdgy & d(x,y) < o.
For any subset A € X and any subset &/ C 2% we set
do(A) :={yeY |3Ix € A:xdyy} and dy(&) :={da(A) | A € &}
Then the assignment
Ud):UX)xUY) —P: (%, #)+— infla € P | do(%) C W'}

determines a lax extension of the ultrafilter monad to IPRel. For details we refer to
Clementino and Hofmann (2003).
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A lax algebra for this monad is a pair (X, a) where X isasetanda : U(X)—> X.
Reflexivity of @ means that

VxeX:a(x,x)=0,
and transitivity means that

VX € U(X), V% € U(X),Vx € X : a(mx(X),x) <U@) (X, %) +a, x).

That the category of lax algebras for the PRel-extension of the ultrafilter monad
is isomorphic to App was proved in Clementino and Hofmann (2003) going via
distances. We will give a completely new and straightforward proof identifying the
lax-algebraic structures as limit operators via our simplified two-axiom characteri-
zation of limit operators.

We recall from our previous investigations, in particular 1.1.11, that we can indeed
already characterize the structure of an approach space X by alimit operator A defined
for ultrafilters, satisfying two axioms, namely (L1) which says that

Vx e X :Ax(x) =0,
and (LU*) which says that for any set J

Vy:J — X,Vo:J — UX), V¥ e U(J) : AZ0(F) < Ay(F)
+ inf sup AG(HY()).
Fe% jeF

In order to be able to handle the transitivity formula we first prove the following
lemma.

12.7.1 Lemma For all ¥ € U*(X) and % € U(X) we have

U(a)(X, %) = sup sup inf inf a(¥#,x).
deXUeU Wedd xeU

Proof Let U(a)(X, %) < €. Then there exists & < € such that for all & € X,
ag (/) € % .Now take o € X and U € % then it follows that U N ay (<) # @
and hence we can choose y € U N aq (7). Consequently there exists # € .o/ such
that a(#, y) < o. Hence

inf infa(Z,z) <o < €.
Yed zeU

Conversely, suppose that

sup sup inf infa(Z,z) < €.
AeXUeU ¥ el zeU


http://dx.doi.org/10.1007/978-1-4471-6485-2_1
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Take ./ € X and consider ac (&) = {y | I¥# € & : a(¥#',y) < €}. Suppose that
ag() € % then there exist Z € o and 7z ¢ a(<) such that a(Z, z7) < €. How-
ever if z € ac (/) then a(%, z) > € which is a contradiction. Hence a. (%) € %
and we are finished. O

12.7.2 Theorem The category of lax algebras Alg(U, e, m) for the PRel-extension
of the ultrafilter monad is isomorphic to App.

Proof Reflexivity clearly is equivalent to (L1). So all that remains to be shown is
that transitivity is equivalent to (LU¥).
Let A be a limit operator on X and let ¥ € U?>(X) and % € U(X). Put

e:=U(@)(X,%) = sup sup inf infa(¥,x).
AeXUeWU Wedd xeU

Let p > 0 and put
J={¢.y) e UX) x X | A9 (y) =€+ p},
and consider the projections

g =

o:=pr; l

Ux)

Note that, by definition of € and p, X x %/ has a trace on J and consequently we
can choose an ultrafilter Z € U(J) finer than X x % . It then follows that

X =pr{(Z) = o(Z) and U = pry(%Z) = Y(Z),
and because of (LU*) we obtain, for any x € X

AXo(Z)(x) < Ay(Z)(x) + sup inf Lo (2)(y(2))
ReZ zeR

and thus

Amx(X)(x) < A% (x) + sup inf A¥9(y)
ReZ,RCJ (¥,y)eR

< A% (x)+€e+p.

Consequently, by arbitrariness of p and the definition of € it follows that A satisfies
the transitivity axiom.

Conversely let @ : U(X)—> X satisfy the transitivity axiom and let J be a set,
v:J— X,0:J — UX)and ¥ € U(J). Put
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X:=0(F)and % = y(F).
Then it follows that, for any x € X

aimx(0(F)),x) <a(y(F),x)+ sup sup inf infa(¥,y)
deo(F)Uey(F)Vedd yeU

<a(y(F),x)+ sup inf inf a(¥,y)
FeZ Veo(F)yey(F)

< a(y(F),x)+ sup inf a(6(z), ¥(2))
FeZ zeF

= a(y(F),x) + inf supa(o(2), y(2))
FeZ zeF

which shows that a satisfies (LU*).

That via the identification of lax algebraic structures on the one hand with limit
operators on the other hand, the morphisms in both categories coincide is an imme-
diate consequence of the characterization of contractions via ultrafilters and the
definition of morphisms in Alg(U, e, m). O

12.8 Comments

1. Stable subcategories of App

The material in the first section of this chapter contains a correction to a result in
Lowen (1997). In there it was namely stated that each stable subcategory equals App -
for some semigroup I = {0} U [m, o], m € IP. Although these semigroups, as seen
from 12.1.7, do indeed generate stable subcategories, not all stable subcategories are
generated by semigroups of this type, and the combined results of 12.1.6 and 12.1.7
contain the correct statement.

The interested reader will be able to verify that analogous results can be shown
to characterize the stable subcategories of several of the other categories considered
in this chapter.

2. Stable subcategories of PrAp

In a similar way as what we did for App it is possible to determine all stable
subcategories of PrAp. With basically the same definitions, notations and concepts
but now considering closed subsets of P which contain {0, e} and without any semi-
group requirements one can prove that the collection of stable subcategories of PrAp
is given by the set {PrApp | {0,} € I' C P, I" closed} where PrAp is the
subcategory of PrAp with objects those (X, 0) for which Imd C I'.

Furthermore one can show that if I" and I'" are closed subsets of P containing
{0, oo}, then the subcategories PrAp and PrAp are concretely isomorphic if and
only if there exists an increasing bijection I" — I'’. Finally one can also show that
the set of stable subcategories of PrAp has cardinality ¢, and that there is a set of the
same cardinality of non-isomorphic such subcategories.
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3. Further cartesian closed subcategories of CAp

Bourdaud (1976) indicated the existence of a “family” of cartesian closed topo-
logical categories in Conv, the category of convergence spaces and continuous maps,
where this “family” depended on certain choices of functors and of which the carte-
sian closed topological hull of Top is a particular instance. Also the CCT hull of
Creg, is a specific instance of this family (see Bourdaud 1976). Such a family of
CCT subcategories in CAp also exists with the CCT hull of App and the CCT hull
of UAp as specific instances of this family. This, and more, can be found in the PhD
thesis of Mark Nauwelaerts (2000).

4. Premetric spaces in PrAp

In Colebunders and Lowen (1988), it is shown that also the category of premetric
spaces and non-expansive maps is embedded as a full and concretely coreflective
category in PrAp. A premetric is a map measuring the distance between pairs of
points with only condition that it has to be zero on the diagonal. The formula to
embed such a space in PrAp is precisely the same as the one for metric spaces in
App, i.e. given the premetric space (X, d) this is embedded in PrAp as the space
(X, Ag) where

Aa(F)(x) ;= inf supd(x,y).
FeZ yeF

5. Alternative lax-algebraic descriptions of App

What we have denoted as Alg(U, e, m) in the foregoing section, in Hofmann et al.
(2014) is denoted as (B, P4)-Cat where B stands for the ultrafilter monad. However,
since we were not dealing with other quantales than [P and other extensions than PRel
we preserved the original notation.

The first isomorphic description of approach spaces as lax algebras using a monad
extension to Rel was given in Lowen and Vroegrijk (2008), based on the notion of
functional ideals.

In Colebunders et al. (2011) an alternative way to obtain App as a category of lax
algebras was described making use, for any set X, of certain functions from IE”,f to IP.

Meanwhile, several other isomorphic descriptions of App were obtained
(Hofmann et al. 2014): first as (IF, P )-Cat where F is the filter monad (this is based
on Kleisli monoids and the fact that I is power-enriched (Hofmann et al. 2014)),
second as (J, 2)-Cat where J is a monad similar to what was used in Colebunders et
al. (2011).

In a forthcoming paper by Colebunders, Lowen and Van Opdenbosch (2014) a
power-enriched monad I is described and used to characterize App as (I, 2)-Cat
making extensive use of functional ideal convergence as given in the first chapter.

For a thorough study of lax algebraic theories and many more interesting results,
also concerning the theory of approach spaces, we refer to Hofmann et al. (2014).



Appendix A
Formulas

For easy reference, we recall the transition formulas as well as the various formulas
for initial and final structures which we proved throughout the text. Some formulas
here are given in a concise form, a more general form can be found in the text
(especially involving bases).

1. Transition formulas from a distance 6

AF(x)= sup O(x,A).
Aesec(.F)
0.7 (x) = sup O(x, F).
FeZ
d(x)={pePX|VAC X : im; o(y) < d(x, A)}.
ye

¢ =(d € qMet(X) |[YA € X : inf d(-.a) < 8y).
ae

4 = {d € gMet(X) | 6; < 8}.
te(A) = A® = {x € X |8(x, A) < ¢€}.
n(w,€)
[(u)(x) = sup sup inf (mlfo’s + O(x, Miw’e)) where, for each finite o,

w<oo €0 i=1

n(w,e) .
Cinf (m® + 6yy0.))e=0
1= 1

is a development for 4 A ®.
2. Transition formulas from a limit operator A
0(x,A) = inf A% (x).
% €U(A)
oaF(x)= inf A% (x).
U eU(F)
' (x) ={p e PX|V% e UX) : sup inf @(y) < A% (x))}.

Uew yeU
4 =1{d € gMet(X) |V% € U(X) : sup inf d(-,y) < A%}.
Ue« yeU
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4 =1{d € gMet(X) | Ag < A}.

te(A) ={x € X|3.% e F(A) : L.¥ (x) < &}.

J — x if and only if for all o € [¢(T), oo[: AfoT(x) < 0.
$1 — x if and only if Afil(x) < c(4h) in case 4 is prime.

3. Transition formulas from an approach system .o

O0(x,A) = sup inf @(y).
ped/ (x) yEA

G ={d € pgM®(X)|Vx € X : d(x,-) € o (x)).

AZF(x) = sup inf sup @(y).
pedd (x) FeF yeF

o7 (x) = sup sup inf @(y).
ped (x) FeF yeF

[(u)(x) = sup inf (U + @)(y).
ped (x) yeX

W (o) = inf sup(i — P)().
ped (x) yeX

J — x if and only if &%, (x) C 7.

4. Transition formulas from a gauge ¥

0(x, A) = sup inf d(x, y) or 6 = sup 9.

de¥ yeA de¥
o (x) ={@ € PX |{d(x, ) |d € 4} dominates ¢}.
AZ(x) = sup inf supd(x,y)orA = sup Ay.

de¥g FeF yeF de¥

o.% (x) = sup sup inf d(x, y) or ¢ = sup oy.
de¥ FeF yeF de¥

() (x) = sup inf (1(y) +d(x, y)) or [ = sup Iy.
de¥ yeX de¥

u(u)(x) = inf sup(u(y) —d(x, y)) oru = inf uy.
de¥ yeXx de¥

5. Transition formulas from a lower regular function frame £

0(x, A) =sup{p(x)|p € £, pa =0}
[(u) =sup{v e £]|v < u}.
U=<{aopu|lueklsupu <a <o} >.

6. Transition formulas from an upper regular function frame £(

G ={d|Vx e X,Vo <o:d(x,)Nwei}.
A (x)=<{ued|ux)=0}=>.

u(u) =inf{v e U|u < v}.
L=<{oopu|ueidsuplu < o < oo} >.

7. Transition formulas from a tower t
6(x, A) =inf{le e RT | x € tg(A)}.

AZ(x) = sup inf{e e RT|x € t.(A))}.
Aesec(.F)
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o.Z (x) = sup inf{e e RY | x € t.(F)}.
FeF
d(x) ={p e PX|VAC X,Ve > 0:x € te(A) = in£ ¢(y) < €} (closure-
ye

tower).
d(x) = {p € PX | Ve e RY,Vy > e : {¢ < 7} € % (x)} (neighbourhood-
tower).
¥ ={d € gMet(X) |[VA C X : te(A) C {ingd(-, y) < €l}.
yeE
¢ ={d € gMet(X) |t < t¢}.

8. Transition formulas from a lower hull operator [

O(x, A) =1(04)(x).
o (x)={p e PX|Vu e P¥: ;gg((u + @) (y) < (W) (x)}.

¢ ={d € gMet(X) |Vu € PX : inf () +d( y) = 1),

G =1{d e gMet(X)| Iy < 1.
L={ueP¥|(u) = pu}.

9. Transition formulas from an upper hull operator u

G :={d € gMet(X) | Vo < o V¥x € X : u(d(x, ) A @)(x) = 0}.
U= {uePy|uu) = pu}.
o (x) ={p € PX | Vo < o : u(p A ®)(x) = 0}.

10. Transition formulas from a functional ideal convergence —

AF(x) = infla | 0(F) ® o — x}.
p(x) = (I €FX | J — x}

11. Gauge bases

{d" | 1 € W) where d¥ (x, ) := 1(y) © H(x).
{dy | 1€ £} where dyy (x, y) == u(x) © u(y).
{d5 | Z € X, ¢ < oo} where

dg(x, V=0, 2Nk, Z2)A0)

is not a gauge basis but does generate the associated distance.

12. Initial structures (fj : X — X;)jes
In App.

G = [supdjo(fj x fHIK €2V VjeK:d; e%f;]
JjeK

o (x) = Hsu£§, ofilKe2W VjeK: & e ,%j(f,(x))].
J€E
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O0(x,A) = sup min supd;(f;(x), f;(P))
PePA) PED jes

(B (A) = the set of finite covers of A with subsets of A)
/lﬁ:sup),j(fj(ﬁ))ofj.

jeJ
L= {‘LLij|j€J,‘u€£j}/\v.
U:={uofjljel u eilj}v/\.
J—xeVjel: fi(D)— fikx).
In UG.

H = Isupdjo(fj x f)IK €2V VjeK:d; e%,-}.
jeK

13. Final structures (f; : X; — X)jey

L={uePX|VjeJ:puofjekl}
Ui={uePf|Vjiel o fj e}

Appendix A: Formulas
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General

P [0, o] either as set or as space

Pr P equipped with the Euclidean structure

PX Set of all bounded functions in PX

F(X) Set of filters on X

UXx) Set of ultrafilters on X

F(%) Set of filters finer that .7

U(%) Set of ultrafilters finer than .%

stack.o/ All supersets of sets in .o/

sec.F Union of all ultrafilters finer than .#

Yo(#)  Diagonal filter of ¢ with respect to .7

o (local) saturation of .o/

04 Indicator of A

Ind(X) Set of all indicator functions on X

Fin(X) Set of functions in PX taking a finite number of values
a©b (a—b)VvO

c(y) Characteristic value of the functional ideal J

fa (J) a-level filter associated with the functional ideal J
() Filter associated with the functional ideal J

() Functional ideal associated with the filter .7

Je o o-translation of the functional ideal J

3 Improper functional ideal

F(X) Set of functional ideals on X

PB(X) Set of prime functional ideals on X

B Set of prime functional ideals finer than J

B () Set of minimal prime functional ideals finer than J
Ys(J) Diagonal functional ideal of o with respect to J
dg Quasi-metric (x, y) > (6(x, Z) AL © (6(y, Z) A )
dy Quasi-metric (x, y) — u(x) © u(y)

d* Quasi-metric (x, y) — u(y) © p(x)
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%S
H(X)
H*(X)
()
9

07 (F)
diamy(A)
lim(.%)
adh(.%)
Mz

% (X,Y)
[X,Y]
B*X

Ag
o(E,E")
o(E' E)

Metric (x, y) — |x — y|

Quasi-metric (x,y) > xSy

Usual notation for various closure operators
Quasi-metric (x, y) — d(y, x)
Quasi-metricd Vv d~

Symmetric saturation of .77

R-valued contractions

Bounded R-valued contractions

Uniform structure generated by the gauge ¢
Uniform saturation of &

AC-width of &

d-diameter of A

Set of limit points of .#

Set of adherence points of .7

Smallest Cauchy filter coarser than .#

Appendix B: Symbols

Set of all ¥’-morphisms between %’-objects X and Y
% -object on €’ (X, Y) in a cartesian closed topological category

Approach Cech-Stone compactification of X

Proximity generated by &
Weak topology on a normed space E
Weak* topology on dual space E’

Approach structures

S

A®©)

A

(A (x))xex
(%(x))xeX
9

9y
(te)e

g)le”‘Ch

op, Ap, o
M7, )
(E,E')
O£, E)
ME,E')
ME'E)

Distance
The e-enlargement of A
Limit operator
Approach system
Bounded approach system
Gauge or uniform gauge
Bounded gauge or bounded uniform gauge
Tower
Lower regular function frame
Upper regular function frame
Lower hull operator
Upper hull operator
Functional ideal convergence
Adherence operator
The “Euclidean” distance on P
The intrinsic approach structures on P
Limit operator of filter approach space
Weak distance on a normed space E
Weak* distance on the dual space E’
Weak limit operator on a normed space E
Weak* limit operator on the dual space E’
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Ay Approach system derived from a local pre-norm system
O Weak distance on probability measures

y» Weak limit operator on probability measures

op Distance of convergence in probability

Ap Limit operator of convergence in probability

O Distance of the continuity approach structure

Ac Limit operator of the continuity approach structure

Ow, Wijsman distance on hyperspaces

51,,,, x(Ad) Proximity distance on hyperspaces

Oprox(d) Proximal distance on hyperspaces

Obprox(d) Bounded proximal distance on hyperspaces

£an Tinf-Vietoris lower regular function frame on hyperspaces
£y Sup-Vietoris lower regular function frame on hyperspaces
£y Vietoris lower regular function frame on hyperspaces
Indices

1) Distance = index of closure

A Limit operator = index of convergence

a Adherence operator = index of adherence

Xe Index of contractivity in case of functions

X Index of compactness in case of spaces

X.. Index of closed expansiveness

Xo.. Index of open expansiveness

Xp Index of properness

X Index of relative compactness

Xsc  Index of sequential compactness
Xrsc Index of relative sequential compactness
Xc.c  Index of countable compactness
X Lindeldf index

Xic Index of local compactness

Xcn  Index of connectedness

X.. Index of uniform contractivity
Xpe  Index of precompactness

Xcy  Cauchy index

Xiey  Local Cauchy index

Xec Index of equicontractivity

Xuee Index of uniform equicontractivity
Xw:  Weak index of tightness

Xs:t Strong index of tightness

Xrin Lindeberg index



438

Categories

Alg(U, e, m)
App
Appo
Appi
App,
Appg,
ApPPwq
Appr
ApVec
Bor
CAp
Conv
CReg
cUAp,
EpiAp
Fin
kUAp,
IcApVec
IcTopVec
Met
MetVec
PRel
PrAp
PrTop
PsAp
PsTop
gMet
gmTop
gsMet
qUG
qUnif
Rel

Set
sNorm
Top
TopVec
UAp
UG
Unif
Vec

Appendix B: Symbols

Lax algebras for the PRel-extension of ultrafilter monad
Approach spaces and contractions

Ty approach spaces

T, approach spaces

T, approach spaces

Regular approach spaces

Weakly adjoint approach spaces

I'-valued approach spaces

Approach vector spaces and linear contractions
Bornological spaces and bounded maps
Convergence-approach spaces and contractions
Convergence spaces and continuous maps

Completely regular topological spaces

Complete 7> uniform approach spaces

Epi-approach spaces and contractions

Finitely generated topological spaces

Compact 7> uniform approach spaces

Locally convex approach spaces and linear contractions
Locally convex topological spaces and linear continuous maps
Metric spaces and non-expansive maps

Metric vector spaces and linear non-expansive maps
Sets and numerical relations

Pre-approach spaces and contractions

Pretopological spaces and continuous maps
Pseudo-approach spaces and contractions
Pseudotopological spaces and continuous maps
Quasi-metric spaces and non-expansive maps
Quasi-metrizable topological spaces

Quasi-semi-metric spaces and non-expansive maps
Quasi-uniform gauge spaces and uniform contractions
Quasi-uniform spaces and uniformly continuous functions
Sets and relations

Sets and functions

Seminormed spaces and linear non-expansive maps
Topological spaces and continuous maps

Topological vector spaces and linear continuous maps
Uniform approach spaces

Uniform gauge spaces and uniform contractions
Uniform spaces and uniformly continuous functions
Vector spaces and linear maps
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from an upper hull operator, 55
from an upper regular function frame, 55
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in Lindelof index, 181
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in the approach structure of convergence
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Ascoli (theorem of), 259
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bounded for a gauge, 15
bounded for a lower regular function
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bounded for an approach system, 14
for a dcpo, 365
for a functional ideal, 23
for a gauge, 15
for a lower regular function frame, 21
for a quasi-uniform gauge, 215
for a uniform gauge, 198
for an approach system, 13
for an upper regular function frame, 22
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Bounded approach system, 14
Bounded gauge basis, 15
Bounded proximal distance, 348

C
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c.i.p. approach structure (convergence in
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quasi-topos supercategory of App, 403
Cartesian closed, 401, 403, 409
EpiAp, 416
PsAp, 410
CAp, 403
Cartesian closed topological hull, 409
Cauchy filter
Cauchy index, 208
local, 144, 146, 209
local Cauchy index, 209
uniform, 208
Cech-Stone compactification, 239
of N, 262
of a Hausdorff uniform approach space,
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Chained (collection of sets), 192
Characteristic value, 23
Closed expansion, 80
characterization with various structures,
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in metric approach spaces, 104
in quasi-metric approach spaces, 104
in topological approach spaces, 98
index of closed expansiveness, 156
Closed map, 98
Closure-tower, 16
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Compactification, 237
Cech—Stone, 239
Smirnov, 241
‘Wallman-Shanin, 247
Compactification (of X), 238
Compactness
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index of compactness, 161, 167-169,
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in UG, 232
Completion
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in metrically generated theories, 246
Complexity, 363
Concretely coreflective
Appr in App, 392
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EpiTop in EpiAp, 423
Met in App, 103
Met in UG, 203
PrTop in PrAp, 408
PsTop in PsAp, 414
gMet in App, 102
gMet in qUG, 218
gqUnif in qUG, 218
subcategory of App, 390
Top in App, 96
Unif in UG, 202
Concretely isomorphic
stable subcategories of App, 395
stable subcategories of Met, 401
stable subcategories of gMet, 399
Concretely reflective
App in CAp, 405
App in EpiAp, 419
App in PrAp, 407
App in PsAp, 414
Appr in App, 392
Appg, in App, 136
Appw, in App, 132
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EpiAp in PsAp, 418
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PsTop in PsAp, 414
qUnif in qUG, 217
subcategory of App, 390
Top in App, 95
UAp in App, 118
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Connected, 196
Connectedness
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measure of disconnectedness, 196
uniformly connected, 190
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characterization with various structures,
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index of contractivity, 154
on locally countable approach spaces,
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Convergence
in a weakly adjoint approach space, 130
in probability, 309
in the Top-coreflection, 97
with functional ideals, 31
with limit operators, 6
Convergence in law, 317
Convergence-approach limit operator, 403
Convergence-approach space, 403
Convergence-tower, 17
Convergent (filter in an approach space), 144
Convex functional, 293
Coproduct of
metric approach spaces in App, 103
quasi-metric approach spaces in App,
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topological approach spaces in App, 96
uniform spaces in UG, 202
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Met (in App), 103
Met (in UG), 203
gMet (in App), 102
gMet (in gUG), 218
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Top (in App), 96
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Coreflective
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Countable compactness
index of countable compactness, 180
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CReg, 114
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D
Development, 19
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for filters, 4
for functional ideals, 29
Diagonal uniformity, 122
Diagram
categorical position of App, 109
categorical position of App and UAp, 125
categorical position of UG and gUG, 220
hulls of App, 423
transformation formulas, 33
Dini (theorem of), 260
Dirac measure, 313
Directed complete poset (dcpo), 363, 364
Discrete
approach system, 74
distance, 74
functional ideal convergence, 74
gauge, 74
limit operator, 74
lower hull operator, 74
lower regular function frame, 74
tower, 74
upper hull operator, 74
upper regular function frame, 74
Distance, 3
comparison of distances on random vari-
ables, 311
discrete, 74
Euclidean on P, 63
from a gauge, 39
from a limit operator, 36
from a lower hull operator, 45
from a lower regular function frame, 56
from a tower, 47
from an approach system, 53
in locally countable approach spaces,
141
in product of metric spaces, 114
in quasi-metric approach spaces, 98
in the Cech-Stone compactification of N,
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in the Cech-Stone compactification of a
uniform approach space, 242
in the bounded proximal hyperspace ap-
proach structure, 348
in the continuity approach structure, 324
in the proximal hyperspace approach
structure, 346
in the Vietoris hyperspace approach
structure, 359, 360
in the Wijsman approach structure, 339
in topological approach spaces, 92
in weak approach structure on probabil-
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of P, 63
of convergence in probability, 310
weak in normed spaces, 270
weak* in normed spaces, 280
Distance functional, 3, 70
Distorsion, 194
Domain, 363
Dominated
locally, 12
uniformly, 198, 215
Dominated (a function by a family of func-
tions), 12
Dominates, 12, 14

E
#_extension, 403
Embedding
Top in App, 94
App in CAp, 405
App in EpiAp, 416
App in PrAp, 406
App in PsAp, 414
Met in App, 103
Met in UG, 201, 203
PrAp in PsAp, 412
gMet in App, 101, 102, 108
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gMet in gUG, 218
qUnif in qUG, 217
Entourage, 122
EpiAp, 415
cartesian closed topological hull of App,
416
Epimorphism in UAp,, 228
Epimorphism in UG, 234
Epireflection
onto cUAp,, 229
onto cUG», 236
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Epireflective
Appg in App, 133
App; in App, 133
App, in App, 134
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of Met in App, 114, 117
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of gMet in App, 106

of gMet in gUG, 218
e-connected, 189
e-chain, 189
e-enlargement, 3
e-enlargement operator, 101
Equicontractive

index of equicontractivity, 250
Equivalent Cauchy filters, 224
Evaluation, 252
Expansion

closed, 80

open, 82
Extension of a monad, 424
Extension theorem in App, 138
Extensional, 401, 403, 406

CAp, 403

PrAp, 406

PsAp, 414
Extensional topological hull, 406
Extremal monomorphism in UAp,, 228
Extremal monomorphism in UG, 234

F
Factorization structure, 84
Feller’s negligibility condition, 322
Filter
associated with a functional ideal, 23
associated with a functional ideal and an
admissible level, 23
Filter space, 64, 169
Final
lower regular function frame, 76
upper regular function frame, 77
Final structures in App, 434
Finally dense, 405
App in CAp, 405
App in EpiAp, 419
App in PrAp, 408
App in PsAp, 414
Fine functor, 123
Fine proximity, 262
Fine uniformity, 123, 124
Fine uniformity derived from the underlying
completely regular topology, 123
Finite quasi-metric, 2
Finitely generated topological space, 105,
109
Firm, 247
Forcing (weight), 365, 368
Function space, 249
Functional ideal, 23
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associated with a filter, 23

diagonal operation, 29
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prime, 25

proper, 23

translation over a value, 24
Functional ideal convergence, 22, 31

discrete, 74

in quasi-metric approach spaces, 98

in topological approach spaces, 92

indiscrete, 74

G
Gap functional, 344
Gauge, 15

derived from a uniform gauge, 204

discrete, 74

from a distance, 38

from an approach system, 42

from an upper regular function frame, 50

generated by a locally directed set, 15

in an approach group, 288

in an approach vector space, 290

in characterization of regularity, 137

in gauge-countability, 142

in index of compactness, 161

in index of countable compactness, 180

in index of relative compactness, 177

in product of metric spaces, 114

in quasi-metric approach spaces, 98

in subspace of product of metric spaces,
115

in topological approach spaces, 92

in uniform approach spaces, 115

in weakly adjoint approach spaces, 129

indiscrete, 74

initial, 74

of T?, 371

of P, 64

of a quantifying approach structure on a
domain, 376

of a subspace of a product of weightable
quasi-metric spaces, 367

of the completion in UAp, 226

of the proximal structure, 345

of the Vietoris approach structure, 360

of the weak approach structure on prob-
ability measures, 300, 307

of the Wijsman approach structure, 339,
341

proximity derived from, 240

symmetric, 115

Index

uniform, 198
uniformity derived from, 201

Gauge-countable, 142
Generated

H

approach system by a gauge basis, 62

approach system by an approach basis,
13,62

gauge by a gauge basis, 15

quasi-uniform gauge by a quasi-uniform
gauge basis), 215

topology by a distance, 108

uniform approach system by a symmetric
gauge basis, 116

uniform gauge by a uniform gauge basis,
198

-width, 209

Hausdorff excess functional, 344
Hausdorff measure of noncompactness, 161
Hausdorff metric, 338, 339

Hausdorff uniform approach space, 237
Hom-set, 403

Hyperspace, 338

I

bounded proximal, 348
proximal, 346
Vietoris, 353

Vietoris Vv, 353
Vietoris A, 353
Wijsman, 339

Ideal

inPX, 11
in gMet(X), 15

Ideal basis, 12

Image measure, 312
Improper functional ideal, 23
Index

basis local compactness, 195

closed expansiveness, 156

compactness, 161, 167-169, 172, 173,
175

connectedness, 189

contractivity, 154

countable compactness, 180

equicontractivity, 250

Lindeberg, 328

Lindelof, 181

local Cauchyness, 209

local compactness, 184

open expansiveness, 158
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precompactness, 207
properness, 159
relative compactness, 176
relative countable compactness, 195
relative sequential compactness, 179,
180
sequential compactness, 178
tightness (strong), 318
tightness (weak), 317
uniform Cauchyness, 208
uniform contractivity, 206
uniform equicontractivity, 250
Index analysis, 149
Index-true, 153
Indicator, 19
Indicator metric, 309
Indiscrete
approach system, 74
distance, 74
functional ideal convergence, 74
gauge, 74
limit operator, 74
lower hull operator, 74
lower regular function frame, 74
tower, 74
upper hull operator, 74
upper regular function frame, 74
A-Vietoris approach structure, 353
Initial
approach structure, 72
distance, 77
functional ideal convergence, 78
lower regular function fame, 76
upper regular function frame, 77
Initial structures in App, 434
Initial structures in UG, 434
Initially dense
Met in UAp, 116
MetVec in ApVec, 291
gMet in App, 106
sNorm in IcApVec, 295
Initially dense object, 78, 106
(P, 8‘15) in App, 106
(P, O45) in App, 106
P in App, 78
Pr in Appr, 394
Isomorphic functions, 151

K

K-metric, 3, 89
K-metrizable, 89

Kernel (of a weight), 368
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Kernel condition, 369

Kowalsky diagonal operation, 4

Kuratowski measure of noncompactness,
161

Kuratowski-Mrowka (theorem of), 176

Ky-Fan metric, 310

L
Lattice ordered semigroup, 391
Law of a random variable, 312
Lawson topology, 365
Lax algebra, 88, 424, 429
for the PRel-extension of the ultrafilter
monad, 426, 427
Lax monad, 424
Lax-functor, 424
Layered, 152
IcApVec, 294
Limit operator, 6-11
and completion in UAp, 224, 226, 227
and fixed points for contractive func-
tions, 379
as function of two variables, 416
characterization with ultrafilters, 9
compared to adherence operator, 66, 210
comparison between convergence in
probability and weak convergence, 316
discrete, 74
from a distance, 34
from a gauge, 56
from a tower, 58
from an approach system, 56
in convergence-approach spaces, 403
in filter approach spaces, 64
in function spaces, 252, 254, 259
in Hilbert spaces, 212
in index of compactness, 161
in index of local compactness, 184
in index of relative compactness, 177
in index of relative sequential compact-
ness, 179
in index of sequential compactness, 178
in lax algebraic characterization of App,
427
in quasi-metric approach spaces, 98
in regular approach spaces, 134, 136
in the approach structure of convergence
in probability, 310
in the continuity approach structure, 324
in the indexed CLT, 332
in the weak approach structure on
normed spaces, 273, 274
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in the weak approach structure on prob-
ability measures, 305
in the weak* approach structure on
normed spaces, 280
in topological approach spaces, 92
indiscrete, 74
initial, 74
of P, 64
of a sequence in quasi-metric approach
spaces, 100
of a total filter in a weakly adjoint space,
130
property in uniform approach spaces,
122
Lindeberg index, 328
Lindelof
Lindelof index, 181
Lipschitz, 276
Local compactness
index of basis local compactness, 195
index of local compactness, 184
Local distance, 11, 12
Local prenorm system, 290
Local saturation, 15
Local saturation operation, 15
Locally convex approach space, 285, 294
Locally countable, 140
Locally dominated (a quasi-metric by a fam-
ily of quasi-metrics), 14
Locally saturated, 14
Lower hull operator, 17
determined by restriction to bounded
functions, 18
determined by restriction to functions
with a finite range, 19
discrete, 74
from a distance, 45
from a gauge, 44
from a lower regular function frame, 47
from an approach system, 54
in quasi-metric approach spaces, 98
in topological approach spaces, 92
indiscrete, 74
Lower regular, 21
Lower regular function, 21
Lower regular function frame, 21
discrete, 74
from a gauge, 57
from a lower hull operator, 48
from an upper regular function frame, 57
in quasi-metric approach spaces, 98
in topological approach spaces, 92
indiscrete, 74

Index

Lower semicontinuous regularization, 17
Lower topology, 365
Lower Vietoris topology, 353

M
Martin topology, 365
Mazur (theorem of), 276
Measure of connectedness, 196
Measure of disconnectedness, 196
Measure of noncompactness, 195
Hausdorff, 161
Kuratowski, 161
Met
concretely coreflective in App, 103
initially dense in UAp, 116
Metric, 2
Metric approach space, 98, 100
internal characterization, 100
Metric uniform gauge space, 203
internal characterization, 203
Metric vector space, 291
Metrically generated theory, 88, 246
MetVec, 291
initially dense in ApVec, 291
Minimal Cauchy filter, 225
Minimal prime functional ideal, 26
Minkowski system, 294
Mixed triangular inequality, 12
Monad, 424
ultrafilter, 424
Morphism-index, 151
Multiplication of monad, 424

N

Near-isometry, 194

Nearness space, 110

Nearness structure, 148
Neighbourhood-tower, 16

Neighbourhoods in the Top-coreflection, 97
Nonexpansive regularization, 17
Numerical relation, 425

(0]
Object-index, 150
w-domain, 365
Open expansion, 82
characterization with various structures,
82
in metric approach spaces, 104
in quasi-metric approach spaces, 104
in topological approach spaces, 98



Index

index of open expansiveness, 158
Open map, 98
Opial’s condition, 194

P
P
initially dense object in App, 78
the approach space, 62
the set, 2
O-property, 153
p-cover, 345
Partial quasi-metric, 363
Pg, 63
Point-separating, 132
Portmanteau theorem
for weak distance, 304
for weak limit operator, 306
Poset, 364
PrAp, 406
the cartesian closed topological hull of
PrAp, 409, 410
the extensional topological hull of App,
408
Pre-approach space, 406, 429
Pre-distance, 406
from a pre-limit operator, 406
Pre-limit operator, 406
from a pre-distance, 407
Pre-topological closure operator, 16
Pre-topological space, 16
Pre-topology, 16
Precompactness
index of precompactness, 207
PRel-extension of ultrafilter monad, 424
Premetric space, 429
Prenorm, 286
Preorder, 368
Pretopological closure, 95
Pretopological space, 95
Prime functional ideal, 25
Product
of metric approach spaces in App, 114,
115
of metric spaces in UG, 203
of quasi-metric approach spaces in App,
107
of quasi-metric spaces in gUG, 218
of topological approach spaces in App,
95
of uniform approach spaces in App, 119
of uniform spaces in UG, 201
Prokhorov metric, 302
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Prokhorov theorem, 319
Proper
index of properness, 159
Proper contraction, 86
Proper functional ideal, 23
Proximal distance, 346
Proximal hit and miss topology, 345
Proximal topology, 345
Proximity generated by a symmetric gauge
basis, 241
PsAp, 410
the cartesian closed topological hull of
PrAp, 412
the quasi-topos hull of App, 414
Pseudo-approach space, 410
Pseudo-limit operator, 410
Pseudotopological space, 110

Q
gMet

concretely coreflective in App, 102
gMet-coreflection, 101

gMetr, 398
concretely coreflective subcategory of
gMet, 398
concretely reflective subcategory of
gMet, 398

stable subcategory of g Met, 398
Quantifiable, 252, 263, 270, 280, 304, 310,
324, 337, 339, 340, 346, 363, 369,
371,376
Quantification, 279, 337
Quantification of
algebraic domain, 371
arbitrary domain, 376
BN, 263
Cech-Stone compactification of an At-
suji space, 263
dcpo’s, 369
proximal topology, 346
topology of convergence in probability
on random variables, 310
topology of uniform convergence on X'-
sets, 252
weak topology in normed spaces, 270
weak topology on probability measures,
304, 324
weak* topology in normed spaces, 280
Wijsman topology, 339
Quantifying (approach space generating the
Scott topology), 368
Quantitative domain theory, 363
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Quasi-metric, 2
finite, 2
separated, 2
Quasi-metric approach space, 98, 100
internal characterization, 100
Quasi-metric quasi-uniform gauge space,
218
internal characterization, 218
Quasi-topos, 401, 403, 414
PsAp, 414
Quasi-topos hull
of App, 414
of PrAp, 414
Quasi-uniform ¢ UG-space, 217
Quasi-uniform gauge, 215
Quasi-uniform gauge basis, 215
Quasi-uniform gauge space, 215
qUG, 216
Quotient of
metric approach space in App, 103
quasi-metric approach space in App, 102
topological approach space in App, 96
uniform space in UG, 202

R
RoTop, 110
Random variable, 309
Reflection onto
qUnif (in qUG), 217
Top (in App), 95
Unif (in UG), 201
Reflexivity (lax monad condition), 424
Regular, 135
Regular-countable, 143
Regularity
characterization with gauge, 137
characterization with limit operator, 136
Regularly closed set, 89
Relative compactness
index of relative compactness, 176
Relative countable compactness
index of relative countable compactness,
195
Relative sequential compactness
index of relative sequential compactness,
179, 180
Restriction of
closed expansion, 82, 157
contraction, 155
open expansion, 84, 159
proper function, 160

Index

S
Saturated, 12, 23
in a subset of PZ, 290
uniformly, 198, 215
Saturation, 13
local, 12, 14
uniform, 198, 215
Saturation operation, 13
for functional ideals, 22
for gauges, 14
for local prenorm systems, 290
for quasi-uniform gauges, 215
for uniform gauges, 198
Scott topology, 363
sec, 4
Selection
of filters, 5
of functional ideals, 29
Selection of filters, 35
Semantic domain, 363
Semantics of programming languages, 363
Semigroup
commutative, 390
lattice-ordered, 390
suitable, 390
Separated quasi-metric, 2
Sequential compactness
index of sequential compactness, 178
Smirnov compactification, 241, 242
Space of random variables, 309
Stable, 389
Appr in App, 392
EpiTop in EpiAp, 423
Conv in CAp, 406
PrTop in PrAp, 408
PsTop in PsAp, 414
subcategory of App, 390
Stable subcategories of App
cardinality, 396
concretely isomorphic, 395
Stable subcategories of PrAp, 428
Stable subcategory, 94, 390
Stable under enlargements, 345
Stack, 4
Standard triangular array, 322
Strong index of tightness, 318
Sub-additive, 285, 390
Subdifferential calculus, 88
Subspace
of a metric approach space in App, 106
of a product of metric approach spaces in
App, 116
of a product of metric spaces in UG, 204
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of a product of quasi-metric spaces in
qUG, 218
of a uniform approach space in App, 119
of topological approach space in App, 95
of uniform space in UG, 201
Suitable
(sub)semigroup, 390
subadditive function, 390
Suitable semigroup, 390
Suitable subadditive function, 390
V-Vietoris approach structure, 353
Symmetric gauge, 115
Symmetric gauge basis, 115
Symmetric saturation, 115

T
To, 132
Ty, 133
1>, 134
Tight (set of probability measures), 317
Tightness
strong index of, 318
weak index of, 317
Tiling, 251
Top
concretely coreflective in App, 96
concretely reflective in App, 95
Top-coreflection, 108
Topological approach space, 91, 93
coproduct of in App, 96
internal characterization, 93
product of in App, 95
quotient of in App, 96
subspace of in App, 95
Topology
underlying an approach space, 108
TopVec
concretely coreflective in ApVec, 292
concretely reflective in ApVec, 292
Total filter, 127
Total variation metric, 301
Totally bounded, 196
Tower, 16
defined by closures, 16
defined by convergence, 17
defined by neighbourhoods, 16
discrete, 74
from a distance, 46
from a gauge, 57
from an approach system, 57
in quasi-metric approach spaces, 98
in the construction of the CCT hull of
App, 415
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in topological approach spaces, 92

indiscrete, 74

of the completion in UG, 233
Transition formulas

from a distance, 431

from a functional ideal convergence, 433

from a gauge, 432

from a limit operator, 432

from a lower hull operator, 433

from a lower regular function frame, 432

from a tower, 433

from an approach system, 432

from an upper hull operator, 433
Transitivity (lax monad condition), 424
Translation of a functional ideal, 24
Truncated subtraction, 2
Tychonoff, 168

U
UAp
concretely reflective in App, 118
is the epireflective hull of Met, 116
UAp-reflection, 118
UAp,, 228
UC space, 262
UG, 199
UGy, 234
Unif
concretely coreflective in UG, 202
concretely reflective in UG, 201
Uniform UG-space, 201
Uniform approach space, 117
Uniform approach system, 116
Uniform contraction, 199, 216
index of uniform contractivity, 206
Uniform distance, 116
Uniform gauge, 122, 198
in function spaces, 251
of the UG-structure associated with the
Cech-Stone compactification, 246
of the completion in UG, 232
Uniform gauge basis, 198
Uniform gauge isomorphic, 206
Uniform gauge space, 197
Uniform gauge structure
of pointwise convergence, 251
of uniform convergence, 251
of uniform convergence on compact sets,
251
Uniform space
coproduct of in UG, 202
product of in UG, 201
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quotient of in UG, 202
subspace of in UG, 201
Uniform structure, 122
Uniformity derived from the largest symmet-
ric gauge basis, 123
Uniformly connected, 190
Uniformly equicontractive
index of uniform equicontractivity, 250
Unit of monad, 424
Universal, 133
Upper hull operator, 20
discrete, 74
from a gauge, 49
from an upper regular function frame, 50
in quasi-metric approach spaces, 98
in topological approach spaces, 92
indiscrete, 74
Upper regular, 22
Upper regular function, 22
Upper regular function frame, 21
discrete, 74
from an lower regular function frame, 57
from an upper hull operator, 50
in quasi-metric approach spaces, 98
in topological approach spaces, 92
indiscrete, 74
Upper regular function frame:from an ap-
proach system, 55
Upper Vietoris topology, 353

Index

v

Vector metric, 290

Vietoris approach structure, 353
Vietoris topology, 353

A\
Wallman-Shanin compactification, 247
Weak adjointness, 126
Weak approach structure (on probability
measures), 300
Weak distance
in normed spaces, 270
Weak index of tightness, 317
Weak topology (on a dcpo), 365
Weak topology (on probability measures),
300
Weakly adjoint
approach space, 130
metric space, 126
Weakly complete, 278
Weakly symmetric approach space, 247
Weight, 365
Weightable quasi-metric, 363
Wijsman (approach) structure, 339
Wijsman distance, 339
Wijsman topology, 338, 339
wqMet, 365
finally dense in g Met, 366
stability under initial morphisms, 365
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