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Preface

When measures are considered, by means of integration, as functionals on spaces
of functions, certain continuity properties of measures and of sets of measures often
play a prominent role. This is the case in topological measure theory (smoothness
of measures in duality with continuous functions), abstract harmonic analysis
(conditions for well-behaved convolution of measures on topological groups) and
probability theory (uniform tightness and its relationship with weak convergence of
probability distributions on complete metric spaces).

The main thesis of this treatise is that a number of continuity properties
commonly imposed on measures are instances of a general property defined in the
language of uniform spaces and that several fundamental results about measures
remain valid in such a setting. The general property singles out a class of functionals
called uniform measures on the space of bounded uniformly continuous functions
on a uniform space.

Although a uniform measure is a functional on a function space, not a genuine
measure (a countably additive set function on a o-algebra), in some respects
uniform measures behave like measures, and for some purposes they may be used as
a substitute for measures. Moreover, in many problems, the underlying space carries
a natural uniform structure, which leads to questions about functionals on spaces of
uniformly continuous functions; uniform measures often feature in answers to such
questions.

The basic theory of uniform measures was developed by a number of researchers
in the 1960s and 1970s, but an interested reader would need considerable patience
to track down scattered sources, some unpublished, written using a variety of
definitions and differing notations. Recently the need for an accessible exposition
became more apparent in view of new results in abstract harmonic analysis. In this
monograph I offer a unified treatment of the theory of uniform measures, with a
view towards such applications and others that I expect still to come.

This is primarily a reference for the theory of uniform measures and related
functionals on spaces of uniformly continuous functions. It is also suitable for
graduate or advanced undergraduate courses on selected topics in topology and
functional analysis.



vi Preface

Part I is a self-contained development of the necessary results about uniform
spaces. Part Il is a systematic presentation of the basic theory of uniform measures,
concluding with applications in the study of convolution algebras. Part III comple-
ments the basic theory with results in several related areas.

Uniform measures may be, and have been, defined in several equivalent ways.
Although it adds to their usefulness, it also means that anyone attempting to cover
all their major facets in a linear text is faced with a number of choices about starting
points and the order of presentation. In selecting and organizing the material,
my main objective has been to assemble a foundation for applying the theory in
functional analysis, in a way that is likely to appeal to those interested in such
applications. I have omitted or deferred some developments that would distract from
the main objective. Part Il includes several such developments that are intrinsically
interesting and supply a broader context for the theory in Part II.

Despite a distance in time and space, this book owes much to the late Zdenék
Frolik and to the supportive environment for young mathematicians that he created
in Prague in the 1970s. He made major contributions to the theory described here,
and uniform measures were often discussed in his seminars. I obtained my first
results about uniform measures with his advice and encouragement.

I am grateful to Henri Buchwalter, David Fremlin, Ramon van Handel and
Milo§ Zahradnik for allowing me to use their unpublished ideas and materials. I
thank Anthony Hager, Petr Holicky, Matthias Neufang and Juris Steprans for their
comments and valuable suggestions, Carl Riehm for shepherding the text through
the publication process, and my wife Cynthia for her patience and support.

The content incorporates ideas and techniques that I learnt from many mathe-
maticians over the years. I appreciate their implicit contributions, even if I cannot
name them all here.

The monograph was written while I was a visitor at the Fields Institute in Toronto.
Contacts with colleagues at the institute and access to its facilities helped me a great
deal in assembling the material that follows.

Toronto, Canada Jan Pachl
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Part I
Uniform Spaces

This part has a dual purpose. For the reader who knows the theory of metric
but not of uniform spaces, I develop the latter as a natural generalization of
the former, with complete proofs of the results that will be needed later on. For the
reader who already knows uniform spaces, Chaps. 1, 2 and 4 are a review of the
necessary definitions and theorems, presented in the language of pseudometrics
(rather than the more traditional languages of entourages or uniform covers).
Chapter 3 introduces several new notions extending those traditionally studied
for semitopological semigroups, and includes a general result about ambitable
topological groups.

In selecting the topics presented here I am guided by the needs of subsequent
chapters. The scope is necessarily limited. Other treatments of uniform spaces, with
additional concepts and results, may be found in the references listed in Sect. 1.5.



Chapter 1
Uniformities and Topologies

In this chapter I define uniform structures and uniformly continuous mappings in
the language of pseudometrics. I derive their basic properties and their relationship
to topologies.

1.1 Uniform Structures and Mappings

There are several equivalent ways to define uniform spaces. I find the definition
based on pseudometrics most convenient, because it simplifies the construction of
uniformly continuous functions.

When Ap and A; are two pseudometrics on a non-empty set S, consider the
pointwise maximum Ay V Ay of Ag and A;:

(Ao V A1) (x,y) := Ao(x,y) VA (x,y) for x,y€S.

Clearly Ap V A is also a pseudometric.
When & is a set of pseudometrics on a set S and A is a pseudometric on S, write
A 2 ift

Ve>03A. €230 >0Vx,yeS [Ae(x,y) <0 = A(x,y) <e].

Definition 1.1. A uniform structure (or a uniformity, for short) on a non-empty set
S is a set  of pseudometrics on S with these properties:

(Ul) If Ag,A; €%, then Ay V A.
(U2) If A is a pseudometric on S such that A < %, then A€ % .
(U3) Ifx,y€S, x #y, then there is A € % such that A(x,y) > 0.

A uniform space X is a non-empty set S (set of points of X) together with
a uniformity on S. Let UP(X) denote the uniformity of X (the set of pseudometrics),
and let UP,(X) denote the set of bounded pseudometrics in UP(X). n

J. Pachl, Uniform Spaces and Measures, Fields Institute Monographs 30, 19
DOI 10.1007/978-1-4614-5058-0_2,
© Springer Science+Business Media New York 2013



20 1 Uniformities and Topologies

Some authors define uniform spaces using only conditions equivalent to (U1)
and (U2); in their terminology, uniform spaces as defined here would be called
Hausdorff (or separated) uniform space.

From now on, the set of points of any uniform space X is written simply as X in
expressions such as |X|, x€X and ¥ C X, and “the set X means the set of points
of X. Note however that extra care is needed for expressions that include equality.
When X and Y are uniform spaces, X = Y means that X and Y are equal as uniform
spaces, not merely as sets or some other objects with some structure “forgotten”.

Bounded pseudometrics are in some respects better behaved than general
(unbounded) ones. Fortunately it is often possible to replace a general pseudometric
by a bounded one. If A is a pseudometric, then 1 A A is also a pseudometric, and
A €UP(X) if and only if 1 AA € UP(X).

Every uniform space defines a topology on its set of points, as follows: If xe X
and A is a pseudometric on X, write

O, Al :={yeX | A(x,y) < 1}.

Theorem 1.2. If X is a uniform space, then the collection of sets (Dlx,A], where
A€UP(X) and x€X, is a base of a Hausdorf{f topology on the set of points of X.

Proof. To prove that the collection is a base of a topology, take any xp,x; €X,
Ag, Ay € UP(X) and x e @[XO,A()] N O[xl,Al]. Then

@[x,A/r] c O[XOaAO] ﬁ@[xlvAl]

where r:= min(1 — A(x,x0),1 — A(x,x1)) > 0and A := Ay V A;. The pseudometric
A/rbelongs to UP(X) because A /r < {A} and A € UP(X).
In view of property (U3) in Definition 1.1, the resulting topology is Hausdorff.
O

For any uniform space X, the topology defined in Theorem 1.2 is called simply
the topology of X. Thus every uniform space X is also a topological space,
which gives meaning to open and closed subsets of X, continuous mappings and
homeomorphisms to and from X, and expressions such as C(X) and Cp(X). By
Corollary 1.23, the topology of every uniform space is completely regular.

The following description of the closure operation in the topology of X is often
useful:

Theorem 1.3. For every uniform space X, x€X and A C X, the following are
equivalent:

(i) xEA (x is in the closure of A).
(ii) A(x,A) =0 for every A€ UP(X).
(iii) A(x,A) <1 forevery A€ UP(X).
(iv) A(x,A) 0 for every A € UPy(X).
(v) A(x,A) <1 for every A € UP,(X).

)
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Proof. Evidently (ii)=-(iii))=-(v) and (ii)=(v)=-(v), and (i)<(iii) from the
definition of the topology of X.

For every A€UP(X) and r > 0, the pseudometric 1 A rA is in UP,(X).
That proves (v)=>(ii). a

For a mapping ¢ : X — Y and a pseudometric A on Y, the pseudometric ?A on
X is defined by ‘@ A(x,y) := A((x),@(y)) for x,yeX. For a set ® of mappings
from X to Y and a bounded pseudometric A on Y, the pseudometric EA on X is
defined by

DA(r,y):=sup { PA(xy) @D}, x,yEX.

Definition 1.4. When X and Y are uniform spaces, a mapping ¢: X — Y is
uniformly continuous iff ‘9 A € UP(X) for every A€ UP(Y). A mapping ¢: X — Y
is a uniform isomorphism iff it is bijective and both ¢ and its inverse are uniformly
continuous. -

A set @ of mappings from X to Y is uniformly equicontinuous iff ® A € UP(X)
for every A € UPy(Y). "

Clearly ¢: X — Y is uniformly continuous if and only if %A € UP(X) for every
bounded pseudometric A € UP(Y). Thus ¢ is uniformly continuous if and only if
the singleton set { ¢} is uniformly equicontinuous.

Theorem 1.5. Let X and Y be two uniform spaces. Every uniformly continuous
mapping from X to Y is continuous.

Proof. Let ¢: X — Y be a uniformly continuous mapping. To prove that ¢ is
continuous, it is enough to show that the set ¢ ' (®[y,A]) is open in X for every
A€UP(Y)andyeY.

Take any x€ ¢~ ' (O[y,A]). Then ¢(x) €Oy, AL hence there exists r > 0 such
that Q[@(x),A/r] € O[y,A]. The pseudometric ® A is in UP(X) because ¢ is
uniformly continuous, and

9(Olx. 94/r]) C Olp).A/r] C Ol.Al.
hence Qlx, pA/r] € o 1 (O[y,A]). Thus ¢~ (O[y,4]) is an open set. O

When X is a uniform space and T is a topological space, say that X or the
uniformity of X is compatible with T or with the topology of T iff X and T have the
same set of points and the topology of X is the topology of T

Typically many uniformities on a set are compatible with the same topology, and
in that sense the passage from a uniform space to its topological space “forgets”
some structure. However, no structure is forgotten when the space is compact:

Theorem 1.6. Every continuous mapping from a compact uniform space to any
uniform space is uniformly continuous.

Proof. Let X be a compact uniform space, and ¢: X — Y a continuous mapping
from X to a uniform space Y.
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Take any A € UP(Y) and € > 0. I claim there is A; € UP(X) such that
VxyeX [Ac(xy) <1/2 = PA(xy) <el.

Since ¢ is continuous, the set ¢! (O[p(x),24/€]) is open in X for every x€X.
Hence there are pseudometrics Ay € UP(X), x€ X, such that

Ok A C o™ (Olo(x).24/¢)

for every x€X. By compactness, there is a finite set D C X such that the sets
Olz,24,], z€D, cover X.

The pseudometric A, := max.cpA; is in UP(X). If x,y€ X, Ag(x,y) < 1/2, find
z€D such that A;(z,x) < 1/2. Then

AZ(ZJy) < AZ(ZJX) +A€(x7y) <1 )
which means that x,y € Oz,4;] € ¢ (O[¢(z),24/¢]), and

PAxY) = A(P(x),0() < A(9(x),0(2)) +A(9(2), 0(»)) < &.
That proves the claim, and it follows that %A eUP(X). O

Corollary 1.7. Every homeomorphism of compact uniform spaces is a uniform
isomorphism. a

The set of uniform structures on a fixed set of points is partially ordered by
inclusion. When X and Y are two uniform spaces on the same set of points, say
that the uniformity of X is finer than the uniformity of Y and that the uniformity of
Y is coarser than the uniformity of X iff UP(X) D UP(Y); that is, iff the identity
mapping from X to Y is uniformly continuous. Say that X is finer or coarser than Y
iff the same holds for the uniformities of X and Y.

The discrete uniformity on a set S is the set of all pseudometrics on S. It is
the finest of all uniformities on S. A uniform space is uniformly discrete iff its
uniformity is the discrete uniformity.

1.2 Cardinal Reflections, Compactness and Completeness

When A is a pseudometric on a set S and Y C S, say that Y is A-uniformly discrete
iff there exists € > 0 such that A (x,y) > € forall x,y €Y, x #y. When X is a uniform
space and Y C X, say that Y is uniformly discrete in X iff it is A-uniformly discrete
for some A € UP(X). Evidently a uniform space is uniformly discrete if and only if
it is uniformly discrete in itself.

Theorem 1.8. Let x be an infinite cardinal and S a non-empty set. The following
two properties of a pseudometric A on S are equivalent:
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(i) IfY C S is A-uniformly discrete in S, then |Y| < k.
(ii) Forevery € > 0, there exists Y C S such that |Y| < K and A(x,Y) < € for every
x€S.

Proof. To prove (1)=>(ii), suppose that (i) holds, and take any € > 0. Consider the
family of all sets Y C S such that A(x,y) > € whenever x,y€Y, x # y. By Zorn’s
Lemma, this family contains a maximal set Y. We have A (x,Y)) < € forevery x€ S
because ¥ is maximal, and |¥y| < K by (i).

To prove (ii)=-(i), suppose that (ii) holds, and take any A-uniformly discrete set
Y C S. There is some € > 0 such that A(x,y) > € for all x,y €Y, x # y. By (ii), there
exists Y/ C S such that |Y'| < x and A(x,Y’) < €/2 for every x€S. Thus there is a
mapping @: Y — Y’ such that A(x, @(x)) < /2 for every x€Y, and ¢ is injective
because A(x,y) > € forx,y€Y, x # y. It follows that |Y| < V'] < k. |

Corollary 1.9. Let x be an infinite cardinal. The following three properties of
a uniform space X are equivalent:

(i) IfY C X is uniformly discrete in X, then |Y| < K.
(ii) For every A€UP(X) and € > 0, there exists Y C X such that |Y| < k and
A(x,Y) < € for every xeX.
(iii) For every A € UP(X), there exists Y C X such that |Y| < K and A(x,Y) < 1 for
every xcX. O

Lemma 1.10. Ler x be an infinite cardinal, let {Ay,Ay,...,A;} be a non-empty
finite set of pseudometrics on a non-empty set S and let A be a pseudometric on
S such that A < AgV A1V ---V Aj. If the pseudometrics A;, i = 0,1,...,j, have
property (ii) in Theorem 1.8, then so does A.

Proof. Write A’ := AgV A} V ---V A;. To prove that A has property (ii) in
Theorem 1.8, take any € > 0. There is 6 > 0 such that if A’(x,y) < 6, then
A(x,y) < €. There are sets ¥; C S,i=0,1,..., j, such that |V;| < Kk and A’ (x,Y;) < 6
for every x€S. The set Y := ;Y satisfies |Y| < k and A’(x,Y) < 6, and hence also
A(x,Y) < g, forevery xe X. O

Lemma 1.11. Let X be any uniform space and K an infinite cardinal. Then
U :={AcUPX)|if Y CX is A-uniformly discrete in X then |Y| < k }

is a uniform structure that is compatible with the topology of X.

Proof. By Lemma 1.10, % has properties (U1) and (U2) in Definition 1.1.
If A€ UP(X) and xo € X, then the pseudometric A defined by
A’ (x,y) := 1A |A(x,x0) — A(y,x0)]

for x,y€X is in % (in fact, every A’-uniformly discrete set in X is finite), and
Olxo,A /€] = Olxo, A’ /€] whenever 0 < € < 1. It follows that % has property (U3)
because UP(X) does, and the topology of % is the same as that of UP(X). O



24 1 Uniformities and Topologies

Definition 1.12. Let X be any uniform space and o any ordinal. The o-th cardinal
reflection of X, denoted pyX, is the uniform space with the same points as X and
the uniformity % defined in Lemma 1.11 with Kk = X n

By Lemma 1.11, X and pyX have the same topology. Clearly a uniform space X
satisfies the conditions in Corollary 1.9 with k¥ = X, if and only if X = pyX. (As
was noted above, the equality X = poX means that X and pyX are equal as uniform
spaces, not merely as sets or topological spaces.)

Among the cardinal reflections, pg and p; will be of most interest in the sequel.
The reflection py captures the concept of a precompact (sometimes called totally
bounded) space.

Definition 1.13. A uniform space X is precompact iff it satisfies the conditions in
Corollary 1.9 with k¥ = R . The O-th cardinal reflection poX is called the precompact
reflection of X and written simply as pX. [

Compact and precompact spaces are closely related, as the next theorem shows.
First note that every convergent net in a uniform space is Cauchy, in the sense of the
following definition.

Definition 1.14. A net {xy}, in a uniform space X is Cauchy iff for every
A €UP(X) the estimate A(xg,xy) < 1 holds for almost all f3,7. The space X is
complete iff every Cauchy net in X converges in X. [

Theorem 1.15. A uniform space is compact if and only if it is precompact and
complete.

Proof. Let X be a uniform space whose topology is compact. To prove X is
precompact, take any A € UP(X). The collection of open sets (D[x,A], x€X, covers
X. Being compact, X is covered by a finite subcollection. Thus X has property (iii) in
Corollary 1.9 with Kk = K.

Next observe that if a Cauchy net has a cluster point x, then it converges to x.
Since X is compact, every net in X has a cluster point, and therefore every Cauchy
net in X converges.

To prove the converse, let X be precompact and complete. From property (iii) in
Corollary 1.9 with k¥ = X, we get that every universal net in X is Cauchy. Thus
every universal net in X converges, which means that X is compact. a

1.3 Metric Spaces and Real Functions

When X is a metric space and A is its metric,

U (A):={A"| A is a pseudometric on X and A’ < {A}}
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is a uniformity on the set X. In fact, it is the uniformity induced by A, as defined
further on in Sect. 2.1. Say that a uniform space is metrizable by A iff its uniformity
is % (A), and metrizable iff it is metrizable by some metric A.

Many metrics A on a given set may determine the same uniform structure
% (A), so that the passage from a metric space to the uniform space “forgets” some
structure. Nevertheless, the passage preserves uniform concepts. Indeed, let X; with
metrics A;, i = 0,1, be two metric spaces and let ¢ be a mapping from Xy to X.
Then ¢ is uniformly continuous with respect to the uniform structures % (Ag) and
% (Ay) if and only if

Ve >030 >0Vx,yeXy [Ao(x,y) <0 = A(px),0(y)) <e].

Thus uniform continuity with respect to % (Ag) and % (A ) is equivalent to the usual
notion of uniform continuity for metric spaces. Clearly the topology of a metric A
is the same as the topology of the uniformity % (A). Similarly, by the following
lemma, the completeness as usually defined for a metric space is the same as the
completeness of the corresponding uniform space.

Lemma 1.16. A metrizable uniform space X is complete if and only if every Cauchy
sequence in X converges.

Proof. The condition is obviously necessary. To prove its necessity, let X be
metrizable by a metric A, assume that every Cauchy sequence in X converges
and let {xy},cr be a Cauchy net in X. There are y(j)€I" for j€® such that
7(0) < ¥(1) < --- and A(xg,xy) < 1/(j+1) for all B,y > ¥(j). The sequence
{xy(j)} is Cauchy, and its limit is also the limit of the net {x;},. O

These observations show that there is no danger of confusion or ambiguity when
we adopt the view that every metric space is a uniform space. The meaning of
expressions such as UP(X), pX and Y € X (defined further on) for a metric space
X is obtained by treating X as a uniform space.

R is a metric space with the usual metric Ag (x,y) := |[x—y|, x,y € R. In the sequel,
the uniformity induced by Ag is called simply the uniformity of R, and R is always
considered as a uniform space with this uniformity.

For a uniform space X, let U(X) denote the space of uniformly continuous
real-valued functions on X, and let U, (X) denote the space of bounded functions
in U(X).

Lemma 1.17. Let X be a uniform space and let f be a real-valued function on X.
If {fy}y is a net of functions f, € U(X) such that limy|| fy — f||x =0, then f€U(X).

Proof. 1 shall prove that 7AR € UP(X). Take any € > 0. There exists ¥ such that
| fy— fllx < &. Since fy€U(X), there are A’ € UP(X) and 6 > 0 such that

VryeX [A'(xy) <0 = |fy(x) - f)] <e].
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For x,y€ X, we have

T A2(x.3) = 1) = fO)] < 1) = H @]+ 1 (x) = K0 +10) — F)] < 3e,

which shows that ?AR < UP(X) and therefore ?AR eUP(X). O
Theorem 1.18. Let X be any uniform space.

1. U(X) is a Riesz subspace of RX.

2. If feU(X) and inf{|f(x)| | x€X} > 0, then 1/ f € Up(X).

3. Up(X) is a Riesz subspace of RX and a Banach lattice with the norm ||-||x.
4. If fo, /i €Up(X), then fof1 € Up(X).

Proof. 1. Take any fy, f1 €U(X), and let f := foV f1, g := fo+ f1- Then

Y. — —
fAr < foArV f1AR,

— — — —
S AR < fodr+ fidr <2(foAr V fidR),

hence f,g€U(X). A similar but simpler argument shows that rfy € U(X) for
every reR.

2. Take any f€U(X) such that r := inf{|f(x)| | x€X} > 0. Then g := 1/f is in
U(X) because

(_
%Ar < (1/7) f Ap
and clearly ||g||x < 1/r.
3. Since Up(X) = U(X) N4..(X) and £..(X) is a Riesz subspace of RX, Uy (X) is a
Riesz subspace of RX by Part 1. By Lemma 1.17, U (X) is complete in the norm

[ -Ilx-
4. Take any fy, fi €Up(X), and let f := fyf;. Then

Y. — — — —
fAr < | fillx foAr + || follx f1 Ar < (lfollx + [ f1llx) (foAr V fi Ar)
which shows that f € Up(X). O

Definition 1.19. Let X be any uniform space. A set of real-valued functions on
X is said to be UE(X), or simply UE when X is understood, iff it is uniformly
equicontinuous and bounded at every point of X. A set of real-valued functions on
X is said to be UEB(X), or simply UEB when X is understood, iff it is uniformly
equicontinuous and ||-||x bounded. "

Lemma 1.20. Let X be a uniform space.

1. A set # CR¥ is UE(X) if and only if there are a pseudometric A € UP(X) and
a A-1-Lipschitz function h: X — R" such that # C BLip(A,h).

2. A set F CRX is UEB(X) if and only if there are a pseudometric A € UP(X) and
r€RT such that FZ C rBLipp(A).

Proof. 1If % C RX is uniformly equicontinuous and



1.4 Uniformizable Topological Spaces 27

A(x,y) ‘= sup |f(x) _f(y)|7 x,yEX,

reF
h(x) :== sup |f(x)], x€X,
fez
then A € UP(X), h is A-1-Lipschitz and .%# C BLip(4,h). O

1.4 Uniformizable Topological Spaces

The results in this section show that a topological space has a compatible uniformity
if and only if it is completely regular. Moreover, for every completely regular
topology there exists the finest compatible uniformity.

Theorem 1.21. Let X be a uniform space and x € X.

1. For every A € UP(X), the function \yA(x,y) is uniformly continuous on X.
2. IfV C X isanopen set and x€V, then there exists f € Up(X) such that0 < f <1,
f(x)=0and fislonX\V.

Proof. 1. Let ¢ :=\;A(x,y). Then Pare UP(X) because AR <A.

2.V is a union of basic open sets. Thus x€ O[xp,A] C V for some xop€X and
AecUP(X), and Q[x,A/r] CV where r:= 1 — A(x,xp9) > 0. The function f
defined by

1
fy):=1A ;A(y7x)
is as required. O

Corollary 1.22. The topology of any uniform space X is the coarsest topology for
which every function in Uy (X) is continuous. O

Corollary 1.23. The topology of every uniform space is completely regular: a

Conversely, every completely regular topology is the topology of a uniform
space:

Theorem 1.24. Let T be a completely regular topological space and let % be the
set of all pseudometrics A on T such that for each x€T the function \yA(x,y) is
continuous on T. Then % is a uniformity compatible with T.

Proof. Clearly % has properties (U1) and (U2) in Definition 1.1.

By the definition of %, every set (D[x,A], where x€X and A € %, is open in
the topology of 7. On the other hand, if V is an open subset of 7" and xp €V,
there is a function f € Cy(T') such that f(xp) =0 and f is 1 on T\ V. Define the
pseudometric A € % by A(x,y) := |f(x) — f(¥)|, x,y€T. Then Ofxo,A] C V. Hence
7 has property (U3) and is compatible with 7. a
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Definition 1.25. When 7 is completely regular topological space, the fine
uniformity of T is the uniformity % in Theorem 1.24. The fine uniform space of
T, denoted FT, is the set T with the fine uniformity of 7.

Since every uniform space is a completely regular topological space, this also
defines the fine uniform space FX for every uniform space X. A uniform space X is
fine iff X = FX. [

Theorem 1.26. Let X be a uniform space.

1. If Y is a uniform space and ¢ is a continuous mapping from X to Y, then @ is
uniformly continuous from X to Y.

2. Every uniformity on the set X that is compatible with the topology of X is coarser
than FX.

Proof. To prove Part 1, take any continuous mapping ¢: X — Y andany A € UP(Y).
For every x€X the function \,A(¢@(x),y) is continuous on Y; hence the function
\-PA(x,z) = \:A(@(x),0(z)) is continuous on X. Thus ‘pA € UP(FX) by the
definition of FX.

Part 2 is a special case of Part 1 for the identity mapping ¢ on the set X. a

By Theorem 1.26, the fine uniformity of a completely regular space T is the finest
uniformity compatible with the topology of 7. Two uniform spaces X and Y on the
same set of points are compatible with same topology if and only if FX = FY.

Exercise 1.27. Show that U(FX) = C(X) and U, (FX) = C,(X) for every uniform
space X. [

1.5 Notes for Chap. 1

In his memoir published in 1937, Weil [179] defined uniform spaces and proved
their basic properties. Since then, the theory has grown far beyond the brief account
here. The foundations of uniform spaces are presented in most books on general
topology, such as Bourbaki [12], Cech [24], Csaszar [31] and Engelking [47].
Isbell’s monograph [100] is a classic of the field, covering a number of advanced
topics. Bentley et al. [6] trace the history of uniform concepts and include pointers
to major developments in uniform spaces up to the early 1990s.

A uniform structure may be defined in several ways, all equivalent to Weil’s
original definition. The three most popular approaches are those using entourages,
uniform covers and pseudometrics. Definition 1.1 is an instance of the latter, adapted
from Choquet [25] and Gillman and Jerison [81, 15.3].

Cardinal reflections in Sect. 1.2 are taken from Isbell [100], where poX is written
as Xy, and p; X is also written as eX.



Chapter 2
Induced Uniform Structures

In this chapter, I deal with a frequently used method for constructing uniformities:
Given a point-separating set of mappings from a set S to uniform spaces, one
uniformity on S is the coarsest for which the mappings are uniformly continuous.
This is the induced uniformity on S, also known as the projectively induced or
projectively generated uniformity. Special cases of this construction are the uniform
subspace, the uniform and semiuniform product and various “weak” uniform
structures.

2.1 General Properties

Let X be a non-empty set of uniformities on the same set S of points and 7 := N X.
Clearly % has properties (U1) and (U2) in Definition 1.1. Thus there is a uniformity
on S coarser than all uniformities in X if and only if % has property (U3), and in that
case, 7 is the finest among the uniformities that are coarser than every uniformity
in X.

Now let & be a set of pseudometrics on S, and assume that & separates the
points of S. Let X be the set of all uniformities on the set S that contain . The set
X is non-empty because it contains the discrete uniformity. The set %7 := (X has
property (U3) because & does, and % is the coarsest uniformity such that 22 O &.

Next, let @ be a set of mag)ings where each ¢ € @ maps S to a uniform space X.
For ¢ € @, define the set @ UP(X,) := (oA | Ac UP(Xy)} of pseudometrics
on S. If the set @ of mappings separates the points in S, then so does the set
Upca ou P(Xy) of pseudometrics.

Definition 2.1. Let S be a non-empty set, and & a set of pseudometrics on § that
separates the points of S. The uniformity induced by & is the coarsest uniformity
% on S such that DO .

J. Pachl, Uniform Spaces and Measures, Fields Institute Monographs 30, 29
DOI 10.1007/978-1-4614-5058-0_3,
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Let @ be a set of mappings ¢: S — X, to uniform spaces Xy, and assume that
@ separates the points in S. The uniformity induced by @ is the uniformity on S
induced by Upeq @ UP(Xy). .

Thus the uniformity induced by @ is the coarsest uniformity on S for which every
mapping in @ is uniformly continuous.

Theorem 2.2. The uniformity of every uniform space is induced by a set of
uniformly continuous mappings to metric spaces.

Proof. Let X be any uniform space. For every A € UP(X), consider the canonical
mapping y4: X — X /A from X onto the associated metric space X /A with metric
A® (Sect. P.2). Then A = ﬁ(A') and x, is uniformly continuous from X to X /A.
Thus

UP(X) = {¥a(A®) |A€UP(X)} € |J xaUP(X/A) C UP(X)
A€UP(X)

and the uniformity of X is induced by the set {4 | A € UP(X)}. O

Example 2.3. Let X be a o-algebra of subsets of a non-empty set S, and assume
that X separates the points of S. Let N be the discrete uniform space on the set
o :={0,1,2,...}, and let % (X) be the uniformity on S induced by the set of
the mappings ¢@: S — N such that ¢! () € X for every j€N.

For another set S’ with a point-separating g-algebra X', a mapping ¢: S — S’ is
measurable with respect to the o-algebras X and X’ if and only if it is uniformly
continuous with respect to the uniformities % (X) and % (X'). Moreover, a function
f: S — R is measurable with respect to the o-algebras X and Bo(R) if and only if
f is uniformly continuous with respect to % (X).

In this sense, every measurable space (i.e. a set with a o-algebra) is a uniform
space. Note that the uniform space X of this form satisfies X = p1X. [

Definition 2.4. When E is a locally convex space, the additive uniformity of E is
induced by the pseudometrics of the continuous seminorms on E, in other words, by
the pseudometrics of the form A (x,y) = o(x —y), x,y € E, where a is a continuous
seminorm on E. [

Exercise 2.5. Let E be a locally convex space. Show that the additive uniformity
of E is compatible with the topology of E. Show that a net in E is Cauchy in
the sense of the definition in Sect. P.3 if and only if it is Cauchy in the additive
uniformity of E. Show that the space E is complete in the sense of the definition in
Sect. P.3 if and only if E is complete with its additive uniformity. [

On several occasions, I shall need a more explicit form of the uniform structure
induced by a set of pseudometrics. When & is a non-empty set of pseudometrics on
the same set, let cI” &2 denote the set of pseudometrics of the form Ag VAV ---V Ay
where k > 0 and A; € & for 0 < i < k. Thus cl¥ 2 is the smallest set that contains
& and is closed under the operation V.
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Theorem 2.6. Let S be a non-empty set, & a set of pseudometrics on S that
separates the points of S, and let 7 be the uniformity induced by 2.

1. A pseudometric A on S is in % if and only if A < cl¥ 2.
2. If a bounded pseudometric A on S is in the uniformity induced by &2, then for
every € > 0 there exist A' €cl” & and r > 0 such that A < max(g,rA’).

Proof. Since &2 C % , it follows that clV. 2 C V% = % .

1. IfA < clV 2, then A < % and thus A € % . Conversely, let %' be the set of all
pseudometrics A on S such that A < clV . Then %’ has properties (U1), (U2)
and (U3) in Definition 1.1 and & C %'; hence % C %'.

2. Let A€ and € > 0. Without loss of generality, assume A < 1. By Part 1, there
exist A’ €cl¥ 2 and 0 > 0 such that: If x,y€ X, A’(x,y) < 0, then A(x,y) < €.
It follows that A < max(e,A’/0). O

When the set & of pseudometrics on S is determined by a set of mappings from
S to uniform spaces, it is useful to know whether cI” % may be replaced by 2 in
Theorem 2.6. A frequently encountered sufficient condition is the following:

Definition 2.7. Let S be a non-empty set and let @ be a set of mappings ¢: S — X,
to uniform spaces X,. Say that the set @ is UCUD (uniformly continuous upwards
directed) iff for every two mappings ¢; € @, i =0, 1, there are ¢ € @ and uniformly
continuous mappings Y;: Xy — X, i = 0,1, such that ¢; = yjop fori=0,1. =

Corollary 2.8. Let X be a uniform space whose uniformity is induced by an UCUD
set @ of mappings ¢: X — X(p to uniform spaces Xg. IfA € UPy(X), then for every
€ > 0 there exist € @ and A" € UP(X,) such that A < (pA’ +e&

Proof. Let 7 :=Upcop ¢ UP(X(p). If @ is UCUD, then cl¥ & = 2. O

Theorem 2.9. Let o be an ordinal and let X be a uniform space whose uniformity is
induced by a set of mappings ¢ : X — Xy to uniform spaces Xy, ¢ € @. If Xp = paXp
forall o € D, then X = pyX.

Proof If a pseudometric A on X, has property (i) in Theorem 1.8, then so does
) A. Apply Lemma 1.10 and Part 1 of Theorem 2.6. O

Theorem 2.10. For any uniform space X, the uniformity of pX is induced by Uy (X).

Proof. Let & be the set of pseudometrics TAR where f €U (X). Since every
A € & satisfies the conditions in Theorem 1.8 with k¥ = X, the uniformity induced
by & is coarser than pX by Lemma 1.10 and Part 1 of Theorem 2.6.

Conversely, to prove that the uniformity induced by & is finer than pX, take
any € > 0 and A€ UP(pX). Then A € UP(X), and there is a finite set D C X
such that A(x,D) < € for all xeX. It follows that the A-diameter of X is
finite. By Theorem 1.21, for each z€ D the function f; := \,A(x,z) is in Up(X).



32 2 Induced Uniform Structures

The pseudometric A’ (x,y) := max,ep |f.(x) — (V)] x,y€X,isinclV 2. If x,y€ X,
there is z€ D such that A(x,z) < €, and then

A(x,y) < f:(v) +& <|f(x) = £2(0)] +2& < A'(x,y) +2¢,
which shows that A < clV 2. O

Definition 2.11. For any uniform space X, define cX to be the uniform space that
has the same points as X and the uniformity induced by U(X). [

Clearly U(X) = U(cX), Up(X) = Up(pX), p1X is finer than cX, and cX is finer
than pX.

Exercise 2.12. Find a uniform space X such that p; X # cX # pX. m

Two familiar classes of completely regular topological spaces may be defined
by means of the uniformity of cX. A completely regular space T is realcompact
iff the uniform space cFT is complete; T is pseudocompact iff cFT is precompact.
The space T is compact if and only if it is both realcompact and pseudocompact, by
Theorem 1.15.

Exercise 2.13. This exercise is for the readers familiar with categories and functors.
Extend the operations U, Uy, F, py and c so that they apply not only to uniform
spaces but also to uniformly continuous mappings. Show that p, and c are reflective
functors, and F is a coreflective functor, from the category of uniform spaces and
uniformly continuous mappings to itself. [

Definition 2.14. Let S be a set of subsets of a non-empty set S, & 7S, and let a
set .Z C RS be such that every function f €.% is bounded on every A € &. The &-
uniformity on the set .% is the uniformity induced by the pseudometrics of the
seminorms ||-||4, A€S. "

Exercise 2.15. When S, G and .% are as in Definition 2.14, the G-uniformity on
Z is compatible with the G-topology (Sect. P.3). If .# is a vector subspace of
RS equipped with the &-topology, then the G-uniformity on .% is the additive
uniformity of .%. m

Several instances of the G-uniformity have their own names, which agree with
the names of the corresponding G-topologies in Sect. P.3. When & is the set of all
finite subsets of S, the G-uniformity is called the S-pointwise uniformity. If E and F
are two vector spaces in duality, then the F-weak uniformity on E is the F-pointwise
uniformity obtained by identifying E with a subspace of R, and wrE denotes the
uniform space on the set E with the F-weak uniformity. When E is a locally convex
space, wE denotes the uniform space on the set E with the E*-weak uniformity.
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2.2 Uniform Subspaces

Definition 2.16. Let X be a uniform space and @ # Y C X. The subspace uniformity
on Y, denoted UP(X)]Y, is the uniformity on Y induced by the inclusion mapping
Y —X.

Say that a uniform space Y is a uniform subspace of a uniform space X, and write
Y € X, iff the set Y is a subset of the set X and the uniformity of Y is the subspace
uniformity. u

When @ # Y C X and A is a pseudometric on X, let A[Y denote the restriction of
AtoY. Thus AlY := TA where 1 : Y < X is the inclusion mapping. When Y € X,
Theorem 2.6 yields that a pseudometric A’ on the set Y is in UP(Y) if and only if
A< {Al)Y |A€UP(X)}.

Theorem 2.17. Let X be a uniform space andY € X.

1. Y is a topological subspace of X.
2. IfY is complete, then it is closed in X.
3. If X is complete and Y is closed in X, then Y is complete.

Proof. 1. The inclusion mapping ¥ < X is uniformly continuous and therefore
continuous. On the other hand, if (D[x,A’] is a basic open set in ¥, x€Y and
A’ €UP(Y), then there is A € UP(X) such that O[x,A]NY C Olx,A’].

2. Let {yy}y be a net in Y that converges in X. Then {y,}, is Cauchy in X and
therefore also in Y, and its limit is in ¥ because Y is complete.

3. Let {yy}y be a Cauchy net in Y. Then {y,}, is also Cauchy in X because
AY €UP(Y) for every pseudometric A € UP(X). Thus {y,}, converges in X,
and its limit is in ¥ because Y is closed. ad

Exercise 2.18. If X is a metric space with metric A and Y € X, then the uniformity
of Y is induced by A Y. n

A remarkable property of uniform subspaces is that if ¥ € X, then every
pseudometric in UPy(Y) is a restriction of a pseudometric in UPy,(X), and every
function in U, (Y) is a restriction of a function in Uy (X). The proof below relies on
the following combinatorial lemma:

Lemma 2.19. Let X and Y be two sets, 0 Y C X, let A be a pseudometric on'Y
and A" a pseudometric on X. If A < A’|Y, then there is a pseudometric A on X such
that A =AY and A < A’

Proof. Let p: X x X — R be the function defined by p(x,y) := A(x,y) whenx,y€Y
and p(x,y) := A’(x,y) otherwise. When s = (sq,s1,...,5;) is a finite sequence of
elements s; € X, k > 1, write s : 59 ~ 53 and

k

pr(s) ==Y psi—1,5)-

i=1
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For x,y € X, define
A(x,y) :=inf{p*(s) | s : x ~ y}.

Clearly Aisa pseudometric on X and A < A’ Ttremains to be proved that A = A Y.
Let s = (s0,581,...,5¢) be any sequence in X such that so,s; €Y and k > 2.
Consider two cases:

1. s;€Y forall i. Let 5" be the sequence obtained from s by deleting the element s.
Then s’ : 5o ~ s and
P (s) = p*(s') = p(s0,51) + p(s1,52) — p(s0,52)
= A(so,s1) + A(s1,52) — A(so,s2) > 0.
2. There is i such that s; ¢ Y. Let s’ be the sequence obtained from s by deleting s;.
Then s’ : 5o ~ 53 and
p(s) = p*(s') = p(si-1,50) + p(si,siv1) = p(si-1,5i41)
= A'(sio1,8) + A (si,5001) = p(sio1,8i11)
> A'(si-1,8i41) = p(si-1,8i11) > 0.

Thus in either case, there is a shorter s’ such that 5" : 5o ~> s and p*(s) > p*(s )
It follows that if x,y€Y and s: x ~ y, then p*(s) > p*((x,y)) = A(x,y), a
therefore A (x,y) = A(x,y). O

Theorem 2.20. Let X be a uniform space,Y €X and A € UPy(Y). Then there exists
A €UPL(X) such that A = A Y.

Proof. Without loss of generality, assume that A < 1. Let & be the set of all
restrictions to ¥ of pseudometrics in UP(X). The uniformity of ¥ is induced by &,
and A < & by Theorem 2.6. Hence there are A; € UP(X) for j € @ such that

Vx,yeY Aj(x,y) <l = A(x,y) < F
Define the pseudometric A’ on X by
1
Awy)i= Y 57 (i) A1),
JjE®

If x,y€Y and j€ o are such that A’(x,y) < 1/2/, then A;(x,y) < 1, and therefore
Ax,y) <1/ 2/+1 1t follows that A < A’]Y. By Lemma 2 19, there exists a pseu-
dometric A on X such that AY = A and A < A’. Clearly A’€UP,(X), and
A €UPL(X) because A < A, O
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Lemma 2.21. Let A be a pseudometric on a set X and 0 #Y C X. For every
Sunction [ on'Y that is 1-Lipschitz for AlY, there exists a function f on X that
is 1-Lipschitz for A and such that f(y) = f(y) forall yeY.

Proof. Define f(x) :=sup{f(y) —A(x,y) | yeY} forxeX. O

Theorem 2.22. Let X be a uniform space and Y € X. For every f€Up(Y) there
exists f € Up(X) such that f(y) = f(y) forally€Y.

Proof. When feU(Y), the pseudometric defined by A(y,y') := |f(y) — F(/)].
¥,y €Y, is in UPy(Y). By Theorem 2.20, there exists A € UP,(X) such that A =
AY, and by Lemma 2.21, there exists f € BLipp(A) that extends f. O

Exercise 2.23. Consider the uniform subspace N := {0,1,...} of R. Show that
there is a function in U(N) that cannot be extended to a function in U(R). Show

that there is a pseudometric in UP(N) that cannot be extended to a pseudometric in
UP(R). ]

Compare Theorem 2.20 and Exercise 2.23 with Corollary 2.25 below.

Theorem 2.24. Let X, Y and Z be uniform spaces, Y € X and let Y be dense in X.
If Z is complete and @: Y — Z is a uniformly continuous mapping, then there is a
uniformly continuous mapping ¢ : X — Z that extends .

Proof. Let E be the closure of the graph of ¢ in X x Z:
E:={(x,z)€X xZ|3net {yy},inY: lijl/nyy =x and liJI/Tl(P(yy) =z}

To prove that E is the graph of a uniformly continuous mapping @: X — Z that
extends @, it suffices to establish the following.

(a) For every xeX there is z€Z such that (x,z) €E.
(b) Forevery A’e UP(Z) and € > 0, there exists A € UP(X) such that

VX €XVz,7€Z[A(x,X) < land (x,2),(¥,7)€E = A(z,7) < 3e].

To show (a), take any x€X. There is a net {y,}y in Y such that limyy, = x.
The net {y,}, is Cauchy in Y; hence the net {¢(yy)}, is Cauchy in Z and there is
z€Z such that limy ¢(yy) = z.

To show (b), take any A’ € UP(Z) and € > 0. Since pA’€UP(Y) and ¥ € X,
there is A € UP(X) such that

Vyy €Y [A(Y) <3 = A (ny) <el.

Now if (x,2),(x',Z') €E, A(x,x) < 1, then there are nets {yg}g and {y}}y in ¥
such that limgyg = x, limyy), = x', limg ¢(yg) = z and limy ¢(y’,) = Z’. Choose
B. v so that A(yg,x) < 1, A(y},x") < 1, A'(¢(vp),2) < € and A'((yy),2) <e.
Straightforward estimates show that A(yg,y}) < 3 and A’(z,7') < 3¢, concluding
the proof of (b). O
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Corollary 2.25. Let X be a uniform space, Y € X. If Y is dense in X, then for every
pseudometric A € UP(Y) there exists A € UP(X) such that A = AY.

Proof. Fix any yp€Y, and

F = {f: Y >R | flyo) =0and |£(y) — £(')| < A(y,') for all y,y’eY}.

Let ¢@: Y — loo(F) be the mapping defined by ¢(y)(f) := f(y) foryeY, fe Z.
Let A’ be the metric of ||+|| #; that means A'(z,7') := ||z — Z/|| # for 7,7 € Lee(F).
For every y' €Y, the function \, (A(y,y") — A(yo,y")) belongs to .%; hence

AWy) =sup{|f() — FO)| | FE€F} forally,y €Y.

That means that %A’ = A, and the mapping ¢ is uniformly continuous from Y to
leo(F) with A’. By virtue of Theorem 2.24, there is a uniformly continuous mapging

¢': X — lo(F) such that @’(y) = @(y) for all yeY. The pseudometric A = ¢’A’
is in UP(X) because ¢’ is uniformly continuous, and obviously A = A|Y. O

Note the correspondence between pseudometrics and certain uniformly
equicontinuous sets of functions in the last proof. Variants of this important
construction appear more than once further on.

2.3 Uniform Structures on Products

Definition 2.26. The (uniform) product of uniform spaces X,, y€ I, is the uniform
space whose set of points is the product set [[,cr X, and whose uniformity
(the product uniformity) is induced by the set of canonical projections onto the
spaces Xy, yeI'.

Let [Tyer Xy denote the product of uniform spaces Xy. Let X x Y denote the
product of two spaces X and Y. a

Lemma 2.27. Let X be a uniform space and A a pseudometric on the set X. Then
AceUP(X) if and only if A is a uniformly continuous function on the product
uniform space X x X.

Proof. If A€ UP(X), then A € U(X x X) because
|A(X,y) _A(xlayl)| < |A(X,y) _A(xlvy)| + |A(X/,y) _A(xlayl)|
< Axx)+AGY)

for (x,y),(x',y) X x X.If A€ U(X x X), then A € UP(X) because by Theorem 2.6,
for every € > 0 there are A, € UP(X) and 6 > 0 such that

[Ae(x,x') <O and Ag(y,y') < 0] = |A(x,y) —A(X,y)| <e

for (x,y), (x',y) €X x X, and in particular A¢(x,y) < 0 = A(x,y) < €. O
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Exercise 2.28. Let X, Y and Z be three uniform spaces. Prove that a mapping
¢: X XY — Z is uniformly continuous if and only if two conditions hold:

(i) Theset {\x@(x,y)|y€Y} of mappingsfromX to Z is uniformly equicontinuous.
(ii) Theset {\,@(x,y)|x€X} of mappings fromY to Z is uniformly equicontinuous.

]
Exercise 2.29. If Yy @ Xy for every YT, then [[ycr ¥y € [1yer Xy "
Exercise 2.30. The topology of the uniform product [T, Xy is the product of the
topologies of Xy. [
Exercise 2.31. The uniform product of complete spaces is complete. n

For certain applications, the product uniformity on X x Y is not fine enough
(see Exercise 3.11). A finer uniformity, such as the one defined next, is needed.

Theorem 2.32. Let X and Y be two uniform spaces. Let % be the set of all
pseudometrics A on the set X X Y for which:

e The pseudometric on X defined by

(x,x')Hsgg(lAA((x,y),(x’,y))), xx €X,
y

belongs to UP(X).
» For every x€X, the pseudometric onY defined by

1Y) = A((x,2), (x,5)), »,Y' €Y,

belongs to UP(Y).

Then % has properties (Ul ), (U2) and (U3) in Definition 1.1, and the uniformity %
is finer than the product uniformity.

Proof. % has properties (U1) and (U2) because UP(X) and UP(Y) do.

Let my and 7y be the canonical projections from X x Y onto X and Y, respectively.
Then fixA € % for every A € UP(X) and fiy A € % for every A € UP(Y). It follows
that 7 has property (U3) and is finer than the product uniformity. O

Definition 2.33. Let X and Y be two uniform spaces. The semiuniform product X*Y
of X and Y (in this order) is the uniform space whose set of points is the product set
X x Y and whose uniformity is the set %/ in Theorem 2.32. [

Theorem 2.34. For any uniform spaces X, Y and Z, a set @ of mappings from X*Y
to Z is uniformly equicontinuous if and only if these two conditions hold:

(i) The set {\,@(x,y) | o€ ®,yeY} of mappings from X to Z is uniformly
equicontinuous.

(ii) ForeveryxeX, the set {\y@(x,y) | @ € @} of mappings fromY to Z is uniformly
equicontinuous.



38 2 Induced Uniform Structures

Proof. With ¥ := {\s¢(x.y) | 9€®@,y€Y} and ¥ := {\,9(x,y) | p€ @} for
x€X, conditions (i) and (i) mean that ¥ A’ € UP(X) and %A’EUP(Y} for all
A’ €UP,(Z) and x€X. We have

A (x,x) = sup {9 A ((v,y), (X)) | pE D, yeY}

%
= sup QA ((x,y), (¥,y)) for x,x'€X;
ye

WA (v,y) = sup {B A ((x,y), (1)) | 9 € B}

— DA ((x,y),(x,)) for y,y €Y,

hence (i) and (ii) hold if and only if DA€ UP(X*Y) for every A’ € UP,(Z). O

Corollary 2.35. For any uniform spaces X, Y and Z, a mapping ¢ : X*Y — Z is
uniformly continuous if and only if these two conditions hold:

(i) The set {\+@(x,y) | yE€Y} of mappings from X to Z is uniformly equicontinuous.
(ii) The mapping \,y@(x,y) fromY to Z is uniformly continuous for every xeX. 0O

Lemma 2.36. For any three uniform spaces Xo, X1 and X;, the natural mapping
v (Xo*X1)* X, — Xo* (X1 *X,) defined by w(((xo,x1),%2)) := (x0, (x1,%2)) is a uni-
Sform isomorphism from (Xo*X;)*X, onto Xo*(X1*X3).

Proof. 1 shall prove that a mapping ¢@: Xo*(X;*X,) — Y to a uniform space Y is
uniformly continuous if and only if the mapping ¢ o y is uniformly continuous on
(Xo*X1)*X,.

By Theorem 2.34, @ o y is uniformly continuous on (Xo*X;)*X, if and only if:

(a) The set {\x, @ o Y((x0,x1),x2) | X1 €X1,x2€X,} of mappings from X to ¥ is
uniformly equicontinuous on Xj.

(b) For every xo € X, the set {\r, @ o y((x0,x1),x2) | x2 €X>} of mappings from X
to Y is uniformly equicontinuous on Xj.

(c) For every xp €Xp and x; € X, the mapping \, ® o w((xg,x1),x2) from X, to Y
is uniformly continuous on Xj.

Also by Theorem 2.34, ¢ is uniformly continuous on Xp*(X;*X5) if and only if:

(@) The set {\y, @(x0,(x1,x2)) | x1 €X1,x2€X,} of mappings from Xj to ¥ is
uniformly equicontinuous on Xj.

(b) For every xp € Xo, the set {\y, @ (xo, (x1,x2)) | x2€X>} of mappings from X; to
Y is uniformly equicontinuous on Xj.

(c') For every xo € Xp and x; € X, the mapping \, @(xo, (x1,x2)) from X to Y is
uniformly continuous on Xj.

Clearly (a), (b) and (c) are equivalent to (a’), (b’) and (¢’). |

Exercise 2.37. For any uniform spaces X and Y, the topology of X*Y is the product
of the topologies of X and Y. [
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2.4 Notes for Chap. 2

The references in Sect. 1.5 deal with basic properties of induced uniformities,
using entourages or uniform covers. Realcompact and pseudocompact spaces are
discussed by Csaszar [31] and Gillman and Jerison [81].

The uniformity in Example 2.3 and similar more general constructions were
studied by Frolik [65] and Hager [89]. The survey by Rice [157] includes a
discussion of these constructions and their connections to descriptive set theory.

Extension results for pseudometrics and functions in Theorems 2.20 and 2.22
were proved by Isbell [99] and Katétov [106], respectively. The construction in the
proof of Theorem 2.24 is adapted from Kelley [109, 6.26], and the semiuniform
product in Definition 2.33 from Isbell [100, Ch.III].



Chapter 3
Uniform Structures on Semigroups

This chapter begins with basic properties of the right uniformity in semitopological
semigroups and in topological groups. Then I abstract the key property of the right
uniformity in the definition of a semiuniform semigroup, which will provide
a framework for the study of convolution in Chap. 9. I also define ambitable
semigroups and prove that many topological groups are ambitable.

3.1 Semitopological Semigroups

Let A be a pseudometric on a semigroup S. Say that A is right non-expansive iff
A(x,y) > A(xz,yz) for all x,y,z€S. Note that if S is a group, then a pseudometric
on S is right non-expansive if and only if it is right-invariant.

Definition 3.1. A semitopological semigroup is a semigroup S with a topology such
that for every x € § the mappings y — xy and y — yx are continuous from S to itself.

Let S be a semitopological semigroup. Let RP(S) denote the set of the right non-
expansive pseudometrics A on S such that for every x € S the function \ ,A(x,y) from
S to R is continuous. Let LUC(S) denote the set of functions f € Cy,(S) such that the
mapping x — \,f(xy) is continuous from S to Cp(S) with the ||||s norm.

Let S be a semitopological semigroup such that RP(S) separates the points of S.
The right uniformity of S is the uniformity induced by RP(S). The uniform space rS
is the set S with the right uniformity. [

Exercise 3.2. Let E be a locally convex space. Show that the additive uniformity
of E (Definition 2.4) is the right uniformity of E when E is considered as a
semitopological semigroup with its addition operation +. [

Lemma 3.3. Let S be a semitopological semigroup whose points are separated by
RP(S). For every A € UPy(rS) there exists A €RP(S) such that A < A'.
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Proof. The construction is similar to that in the proof of Theorem 2.20. Take any
A €UPy(rS). It is enough to consider the case A < 1. As RP(S) is closed under the
operation V, we have A < RP(S) by Theorem 2.6, and there are A; € RP(S) for
j € o such that

Vx,yeS | Aj(x,y) <1 :>A(x,y)<ﬁ .

Define the pseudometric A’ € RP(S) by

Nwy)i= 3 55 (A AL,

If x,y€X and j€ o are such that A’(x,y) < 1/2/, then A;(x,y) < 1 and therefore
A(x,y) < 1/271 Tt follows that A < A’. O

Exercise 3.4. For the additive group of integers with the discrete topology, show
that Lemma 3.3 does not hold when A is not required to be bounded. [

Lemma 3.5. Let S be a semitopological semigroup.

1. RP(S) separates the points of S if and only if LUC(S) does.
2. If RP(S) separates the points of S, then LUC(S) = Up(rS).

Proof. If f € LUC(S), then the pseudometric A defined by

A(x,y) = [fx) = f)I Vv Slelglf(XZ)—f(yZ)l for x,yes

is in RP(S), and f €Lipp(A). Hence if LUC(S) separates the points of S, then so
does RP(S) and LUC(S) C Uy (rS).

Now assume that RP(S) separates the points of S, and take any f¢& Up(rS),
IIflls < 1. By Lemma 3.3, there exists A € RP(S) such that f€BLip,(A). Then
|f(x) = f)] < Ax,y) for x,y€S and |f(xz) — f(vz)| < A(xz,yz) < A(x,y) for
x,y,z€S, which shows that f€LUC(S). Thus Uy (rS) C LUC(S) and LUC(S)
separates the points of S. a

In a general semitopological semigroup S, even one whose topology is Hausdorff,
the set RP(S) need not separate the points of S. But then little is lost by passing to
the quotient space S’ whose points are separated by RP(S'):

Exercise 3.6. Let S be a semitopological semigroup. For x,x’' €S, let x ~ x' iff
A(x,x") = 0 for every A€RP(S). Let §’ be the set of equivalence classes of ~.
If x,x',y,y' €S, x ~x" and y ~ y/, then xy ~ x'y’. Thus there is a unique semigroup
operation on ' for which the quotient mapping x : S — S’ is a homomorphism. With

the quotient topology, S’ is a semitopological semigroup whose points are separated
by RP(S’), and LUC(S) = {fox | f€LUC(S)}. ]
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Theorem 3.7. Let S and S’ be two semitopological semigroups whose points are
separated by RP(S) and RP(S"). If ¢: S — S’ is a continuous homomorphism, then
@ is uniformly continuous from rS to rS’.

Proof. In view of Lemma 3.3, it is enough to show that <6A €UP(rS) for every
A€RP(S). If A€RP(S), then the pseudometric P A is right non-expansive, and
the function \f@A (x,y) is continuous for every x € S. Therefore PAc RP(S). O

Theorem 3.8. For any semitopological semigroup S whose points are separated
by RP(S), the semigroup operation (x,y) — xy is uniformly continuous from the
semiuniform product rS*rS to rS.

Proof. Set ¢(x,y) := xy for x,y€S. If A €RP(S), then

A(Q(x,2),0(y,2)) = A(xz,yz) < A(x,y)

for x,y,z€ S, which proves condition (i) in Corollary 2.35.
To prove condition (ii) in 2.35, take any A € RP(S). For every z€ S the pseudo-
metric A; defined by

A(x,y) = A(0(z,%),0(z,y)) = A(zx,2y)

for x,y €S is right non-expansive and the function \,A,(x,y) is continuous for every
x€ S8, hence A; € RP(G). Condition (ii) follows. O

3.2 Topological Groups

Evidently a pseudometric A on a topological group G is in RP(G) if and only if A
is right-invariant and the function y — A(eg,y) is continuous on G.

Theorem 3.9. Let G be a topological group.

1. The set RP(G) separates the points of G.
2. The right uniformity of G is compatible with the topology of G.

Proof. Part 1 follows from Theorem P.3.

In view of Lemma 3.3, the sets (O[x, A] where x€ G and A € RP(G) form a base
of the topology of rG. Every such set (D[x,A] is open in the topology of G by the
continuity of the function \,A (x,y).

Conversely, if V is an open set in the topology of G and xp €V, then Vx, s
a neighbourhood of e¢, and by Theorem P.3, there is a pseudometric A € RP(G)
such that O[xg,A] C V. O

Theorem 3.10. Let G’ be a topological group and G its topological subgroup. Then
rG €rG'.

Proof. Let % be the restriction of the uniformity of rG’ to G. By Theorem 3.7, the
uniformity of rG is finer than % .
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To prove that 7% is finer than the uniformity of rG, take any A € RP(G), € > 0.
Then Oleg,A /€] is a neighbourhood of e in G. By Lemma 3.3 and Theorem 3.9,
there is A’ €RP(G’) such that Oleg,A'1NG C Oleg,A/¢€]. Since both A and A’
are right-invariant, if x,y € G, A’(x,y) < 1, then A(x,y) < €. Thatproves A€ % . O

Exercise 3.11. Prove that, for a topological group G, the mapping (x,y) — xy is
uniformly continuous from rG x rG to rG if and only if the mapping x — x~! is
uniformly continuous from rG to rG. Find a topological group G for which these
two mappings are not uniformly continuous. [

Definition 3.12. Let G be a topological group and x an infinite cardinal. A subset
A of G is K-bounded iff for every neighbourhood V of e there exists a set H C G
such that |[H| < k and A C VH.

The group G is K-bounded iff it is xk-bounded as a subset of itself; it is locally
K-bounded iff there is a k-bounded neighbourhood of eg. n

Every locally compact group is locally X(-bounded and therefore also locally
K-bounded for any ¥ > X.

Exercise 3.13. Let G be any topological group and o any ordinal. Show that G is
X o-bounded if and only if rG = py11rG. [

3.3 Semiuniform Semigroups

Definition 3.14. A semiuniform semigroup is a semigroup X with a uniform
structure such that the semigroup operation (x,y) — xy, x,y€X, is uniformly
continuous from the semiuniform product X *X to X. n

A more precise term would be a right semiuniform semigroup, since we may
define a left semiuniform semigroup by requiring that the mapping (x,y) — yx
be uniformly continuous from X*X to X. However, here I only consider right
semiuniform semigroups and omit the qualifier right.

If S is a semitopological semigroup whose points are separated by LUC(S),
then rS is a semiuniform semigroup and LUC(S) = Up(rS) by Lemma 3.5 and
Theorem 3.8.

Exercise 3.15. Every semiuniform semigroup X is a semitopological semigroup
when considered with the topology of its uniformity, so that LUC(X) is defined.
Find a semiuniform semigroup X such that LUC(X) # U (X). "

Exercise 3.16. Let A be a normed algebra and 0 < r < 1. Show that both the open
and the closed ball of radius r in A with the algebra multiplication and the uniformity
defined by the norm of A are semiuniform semigroups. [
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Exercise 3.17. Let X be a semiuniform semigroup and A € UPy(X). Prove that
there exists a right non-expansive pseudometric A’ € UP,,(X) such that A < A’ and
A(xz,yz) < A'(x,y) forall x,y,z€X. "

Definition 3.18. Let f be a function on a semigroup S and y€S. The right
translation of f by y is the function \,f(xy). The right S-orbit of f, or simply the
orbit of f, is the set of all right translations of f:

orb(f) == {\of (xy) | y€S}-

The right S-orbit closure of f, or simply the orbit closure of f, denoted by orb(f),
is the S-pointwise closure of orb(f) in the space R5. n

Lemma 3.19. Let X be a semiuniform semigroup. For every function f € U(X), the
set orb(f) is uniformly equicontinuous on X.

Proof. For feU(X), the function (x,y) — f(xy) is uniformly continuous on X*X.
By Corollary 2.35, there is A € UP(X) such that 1 A |g(x) — g(x')| < A(x,x’) for all

x,x' €X and g €orb(f). Then the same holds for all g € orb(f). O

Thus orb(f) is a UEB(X) set for every f€Up(X). The next definition singles
out the semiuniform semigroups in which, conversely, every UEB set is included
in orb(f) for some f €Uy (X). This property has an important role in the study of
topological centres in Chap. 9.

Definition 3.20. A semiuniform semigroup X is ambitable iff for every UEB(X)
set .F C Up(X) there exists f € Up(X) such that .7 C orb(f).

A semitopological semigroup, and in particular a topological group, is ambitable
iff it is ambitable as a semiuniform semigroup with its right uniformity. [

For every pseudometric A we have BLipp(A) C 2BLip,(4)" — 1. By Lemma
1.20, a semiuniform semigroup X is ambitable if and only if for every A € UP(X),
there is f€Up(X) such that BLip,(A)* C orb(f). And for semitopological
semigroups it is enough to consider right non-expansive pseudometrics:

Lemma 3.21. A semitopological semigroup S is ambitable if and only if for every
pseudometric A € RP(S) there exists f € Uy (S) such that BLip,(A)™ C orb(f).

Proof. By Lemma 3.3, for every pseudometric A € UP(rS) there is A’ € RP(S) such
that A A1 < A’, and then BLipp(A)™ C BLip,(A')*. 0

Definition 3.22. Let X be a semiuniform semigroup and Y a uniform space.
A semiuniform action of X on Y is a uniformly continuous mapping (x,y) — x.y
from X*Y to Y such that (xx’).y = x.(x'.y) for x,x’ €X, yeY. We say that X acts
semiuniformly on Y by such a mapping. [

Every semiuniform semigroup acts on itself by the action x.y = xy.
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3.4 Ambitable Groups

The main result of this section (Theorem 3.35) states that many topological groups
are ambitable. But first I show that precompact groups are not.

A topological group G is said to be precompact iff the uniform space rG is
precompact.

Exercise 3.23. Prove that these three properties of a topological group G are
equivalent:

(i) G is precompact.
(ii) For every neighbourhood V of eg there exists a finite set D C G such that

GCVD.
(iii) For every neighbourhood V of eg there exists a finite set D C G such that
GCDv. m

Theorem 3.24. No precompact topological group is ambitable.

Proof. Let G be a precompact group, and fix any f € U, (rG). Since the orbit orb( f)
is uniformly equicontinuous (Lemma 3.19), there are A € UP(rG) and 6 > 0 such
thatif x,x’,y€ G and A (x,x') < 0, then | f(xy) — f(x'y)| < 1/3. As G is precompact,
there is a finite set D C G such that for every x € G there is z€ D with A(x,z) < 0,
and thus |f(xy) — f(zy)| < 1/3 for every y€G.

Consider the constant functions 0 and 1. If 0 € orb(f), then there is y € G such that
f(zy) < 1/3 for every z€D; hence f(xy) < 2/3 for every x€G. Thus f(x) < 2/3
for every x€ G, and 1 ¢ orb(f). This proves that there is no f € Uy (rG) for which
0,1€orb(f). O

Definition 3.25. For every right-invariant pseudometric A on a group G, define
three cardinal numbers:

* d(A), the A-density of G, is the least cardinality of a A-dense subset of G.

. nﬂ(A) is the least cardinality of a set A C G such that G = Oleg,A] A.
* n(A) is the least cardinality of a set A C G for which there exists a finite set
D C G such that G = D Qleg,A] A. "

Lemma 3.26. Let A be a right-invariant pseudometric on a group G such that
N(A) > Ro. Let I be a set of cardinality n(A), and for each YT let Dy be a
non-empty finite subset of G. Then there are elements xy€G for yeI' such that
A(Dgxg,Dyxy) > 1 whenever B,y€T’, B # 7.

Proof. Without loss of generality, assume that I" is the set of ordinals smaller than
N(A). The construction of xy proceeds by transfinite recursion.

Start with any xo €G. When eI, oo > 0, assume that x, € G for ¥ < o have
already been constructed for which A(Dgxg, Dyxy) > 1 whenever B,y < o, B # 7.
Since n(A) > R and o < 11(A), the definition of 17(A) gives

G#D&l Oleg,A] U Dyxy.

y<a
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Thus there exists xo €G such that A(y,zxy) > 1 for all z€ Dy, and all y € Dyxy,
y < o.. That means A (Dyxy, Dgxg) > 1 forall y < o 0

Lemma 3.27. Let G be a topological group, A €RP(G) and n(A) > Ro. If # isa
collection of non-empty G-pointwise open subsets of BLipp(A)T and |#| < n(4),
then there exists f € BLipp(A)™ such that orb(f) intersects every setin #'.

Proof. Without loss of generality, assume that every set in % is a basic neighbour-
hood of the form

U = {ge€BLipp(A)*" | lg(x) —hy(x)| < ey forallxe Dy }

where Dy C G is a non-empty finite set, iy € BLip,(A)™ and gy > 0.
By Lemma 3.26 with % in place of I', there are elements xyy € X for U € # such
that A(Dyxy,Dyxy) > 1 whenever U,V € #,U # V. Define f: G — R by

f(x) := sup max (hy(z) —A(x,zxy) )" for x€G.
vew €Dy

For every V€% and every z€ Dy, the function x — (hy(z) — A(x,zxy))" is in
BLipp(A)*, hence so is f.

Take any U € # and x € Dy. From the definition of f we get f(xxy) > hy(x). To
prove the opposite inequality, take any V € # and z € Dy .

If V. =U then from

hy(2) = hy (x) < |hy () = hy (x)] < A(x,2) = Aoy, zx)

and hy = hy, xy = xy, we get (hy (z) — A(xxy,zov))" < hy(x). If V # U, then we
get the same inequality from A (xxy,zxy) > 1.

Thus (hy (y) — A (xxy,zxy )T < hy(x) in both cases, and f (xxy ) < hy (x) follows
from the definition of f.

In conclusion, f(xxy) = hy(x) for every U € # and x € Dy, which means that
the right translation of f by xyy isin U. a

Lemma 3.28. Let G be a topological group, A €RP(G) and d(A) =n(A) > Ro.
Then there exists f € BLip,(A)™" such that BLip,(A)" = orb(f).

Proof. Let A be a A-dense subset of G of cardinality d(A). The restriction to
BLipp(A)™T of the canonical projection R® — R4 is a homeomorphism with respect
to the pointwise topologies. Hence the G-pointwise topology on BLipp(A)™ has a
base of cardinality at most 17(A), and by Lemma 3.27 there is f € BLip,(A)™ whose

orbit intersects every non-empty open set in BLipp(A)™. a

Exercise 3.29. Let E be a normed space, E # {0}. Show that E, considered as a
topological group with its addition operation + and the norm topology, is ambitable.
| ]

Lemma 3.28 becomes more useful when the cardinal 11(A) is replaced by n f (A).
The following estimate makes that possible.
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Theorem 3.30. Let G be a topological group, let K be an infinite cardinal, and
AERP(G). If n(2A) < K, then n(A) < x.

The proof comes after a combinatorial lemma.
Lemma 3.31. Let G be a group, je®, AC G, B; C G for 0 <i< j, and |A| < K,

where K is an infinite cardinal. If G = U,j':() BjA, then there are a set A' C G and i,
0<i<}j, suchthat G = BleiA/ and |A'] < k.

Proof. Proceed by induction. When j = 0, the statement holds withi =0 and A’ = A.
For the induction step, assume that the statement in the lemma is true for j, and
letAC G, k> Rgand By, By, ...,Bj1 C G be such that G = J/* BiA and |A| < k.
If G = B!\ Bj 1A, thenseti = j+ 1 and A’ = A.
On the other hand, if G # Bj;llBjHA, then there is xEG\BJZ:lBjHA. Thus
Bj.1xNBj1A=0,and B, C UL BiAx"". It follows that

j
G=JBi(AUAx'A)
i=0

and clearly |A U Ax~'A| < k. By the induction hypothesis, there are A’ C G and i,
0<i< j,suchthat G = B; 'B;A" and |A'| < k.
Thus in either case the statement holds with j+ 1 in place of ;. O

Proof of Theorem 3.30. Let B := (Dleg,2A]. For x,y € B we have
Aleg,x 'y) =AG " x ) <AL eq) + AT eg) = Aleg,y) + Aleg,x) < 1

and thus B~'B C Qleg, A].

By the definition of 17(24), there are sets A,D C G such that |A| = n(24) < k,
|D| < ®p and G = DBA.

By Lemma 3.31, there are x€ D and A’ C G such that |A’| < x and

G = (xB)"'xBA' =B 'BA' C Oleg,A] A’ ,

which shows that nf(4) < |A'| < «. 0

Corollary 3.32. A topological group G is precompact if and only if N(A) is finite
for every A €eRP(G).

Proof. By definition, G is precompact if and only if nﬂ(A) is finite for every
A €RP(G). Apply Theorem 3.30. O

Corollary 3.33. Let G be a topological group and A € RP(G). If d(A) > R then

d(4) = limn(ja).

Proof. Clearly d(A) =limjecq nﬂ( jA). Apply Theorem 3.30. O
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Corollary 3.34. Let x be an infinite cardinal. The following properties of a
topological group G are equivalent:

(i) G is K-bounded.

(ii) d(A) < k for every A € RP(G).
(iii) N*(A) < K for every A€RP(G).
(iv) N(A) < x for every A €RP(G).

Proof. The sets Oleg,A], A € RP(G), form a base of the topology of G. Therefore
(i)<(iii) by the definition of nﬂ(A). Implications (ii)=-(iii)=-(iv) follow from
n4a) < nﬂ(A) <d(A), and (iv) = (ii) follows from Corollary 3.33. O

Theorem 3.35. Let G be a topological group and K an infinite cardinal.

1. If G is locally x-bounded and if there exists Ao € RP(G) such that nﬂ(Ao) > K

then G is ambitable.

If G is locally k" -bounded and not k-bounded, then it is ambitable.

3. If x is the least infinite cardinal for which G is k-bounded and K is a successor
cardinal, then G is ambitable.

4. If G is locally Ry-bounded for some k€ ® and not precompact, then it is
ambitable.

5. If for every A € RP(G) there is A’ € RP(G) with A < A’and cf(d(A")) > Ry, then
G is ambitable.

N

By Part 4 of the theorem, every X(-bounded group is either precompact or
ambitable, and every locally compact group is either compact or ambitable.

Proof. To prove Part 1, let Ag,A; € RP(G) be such that nﬂ(Ao) > K and the set
Olec,A1] is k-bounded. Take any A €RP(G), and A" := AV ApV Ay.

There is B C G such that G = Qleq, A')B and |B| = n%(A") > n(49) > K. As the
set Oleg,A’] is k-bounded, there are sets A; C G, j€ m, such that |A;] < K and
Olec,A'] € Oleg, jA'JA; for all j. The set U, A;B is A’-dense in G, hence

d(24") =d(4) < k- Ro-n(A) = nf(a’) < n(2a’),

where the last inequality holds by Theorem 3.30. By Lemma 3.28, there exists
f €BLipy(2A")* such that BLip,(A)* C BLip,(2A’)* = orb(f).

Part 2 follows from Part 1 and Corollary 3.34. Part 3 follows from Part 2.

To prove Part 4, let k be the smallest integer for which G is locally X;-bounded.
If £ > 1, then the statement follows from Part 3. If k = 0 and G is not precompact,
then there is A € RP(G) such that nﬁ (A) > Ry, and G is ambitable by Part 1.

To prove Part 5, take any A € RP(G) and A’ €RP(G) such that A < A’ and
cf(d(A’)) > Ry. Since d(A”) > cf(d(A")) > Ko, we get d(A”) = limje, N (jA’) by
Corollary 3.33. Since cf(d(A’)) > Ry, it follows that d(jA") =d(A") = n(jA") for
some j € w, and BLip,(A)* C BLipy,(jA’)* = orb(f) for some f € BLipy,(jA’)* by
Lemma 3.28. a
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Exercise 3.36. Let X be an infinite semigroup, and assume that X is cancellative;
that is, the mappings x — xy and x — yx from X to itself are injective for every y € X.
Show that X with the discrete uniformity is ambitable. [

3.5 Notes for Chap. 3

Function spaces on semitopological semigroups, including the space LUC(S), are
covered in detail by Berglund et al. [8] (where LUC(S) is written as LC(S)).
The right uniformity in Definition 3.1 generalizes the right uniformity as commonly
defined for topological groups; it coincides with a particular case of the left
strong uniformity of Pym [150, 1.5]. Megrelishvili [129, 4.14] established several
characterizations of the topological semigroups in which the right uniformity is
compatible with the topology.

Section 3.1 is the one place in this treatise where it would be advantageous
to allow non-Hausdorff uniform structures in Definition 1.1. We would then have
LUC(S) = Up(rS) for every semitopological semigroup S, without having to require
RP(S) to separate the points of S.

For topological groups, the definition and key properties of the right and the left
uniformity are due to Weil [179]. These and other uniform structures are among
the basic tools in analysis on topological groups, as developed, for example, by
Hewitt and Ross [97]. Right and left uniformities and related constructions have
an important role in dynamics of infinite-dimensional groups, as presented by
Pestov [143]. The monograph by Roelcke and Dierolf [159] is a comprehensive
study of uniform structures on topological groups.

The two conditions in Exercise 3.11 characterize the groups for which the right
and the left uniformities coincide [159, 2.23].

The notion of a k-bounded topological group (Definition 3.12) was introduced
by Guran [87]. See also Arkhangel’skif [4].

The conditions that define semiuniform semigroups (Definition 3.14) were used
by Hindman and Strauss [98, 21.43] in extending the operation in a semigroup to
its uniform compactification. Every uniform semigroup as defined by Marxen [126]
is a semiuniform semigroup. The theory of semiuniform semigroups remains to be
developed.

Ambitable semigroups are those having a certain factorization property that was
employed by Neufang [131] and Ferri and Neufang [55] in their study of topological
centres. Orbits and orbit closures are key notions in topological dynamics. Defini-
tion 3.18 is adapted from de Vries [176, E.5]. The adjective ambitable comes from
the term ambit [176, IV.4.1]; the sets %( f) are ambits of a special kind. Roelcke
and Dierolf [159, Ch.4] described group actions on uniform spaces.

The content of Sect. 3.4 appears in my paper [140]. Corollary 3.32 is essentially
aresult of Uspenskij [171, p. 338][172, p. 1581]. Bouziad and Troallic [14] derived
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it from the case k¥ = X of Lemma 3.31 which they proved by modifying an idea
of Neumann [133]. Ferri and Neufang [55] proved Corollary 3.32 using a result of
Protasov [146].

Research Problem 1. This is related to Problem 3 in Sect. 9.5. Characterize,
or at least find large interesting classes of, ambitable semiuniform semigroups.
In particular, is there a succinct characterization of the discrete semigroups that are
ambitable? Is every topological group either precompact or ambitable?

Theorem 3.35 is a partial answer to the last question. The result in Exercise 3.36
holds even with somewhat weaker assumptions [139]. Investigations by Dales
et al. [33] regarding topological centres indicate what further generalizations may
be possible for discrete semigroups. [



Chapter 4
Some Notable Classes of Uniform Spaces

In this chapter I describe several classes of uniform spaces that will find their use in
the study of uniform measures in Parts II and III:

» Inversion-closed spaces, and related properties.
* Supercomplete spaces.
 Spaces with the (¢;) property.

4.1 Inversion-Closed and Alexandroff Spaces

Definition 4.1. A uniform space X is inversion-closed iff 1/feU(X) for every
function f € U(X) such that f(x) >0 forall xe X.

A uniform space X is sub-inversion-closed iff there is an inversion-closed space Y
such that X €Y. L]

If U(X) = C(X), then X is inversion-closed. In particular, for every completely
regular space T, the fine uniform space F7 is inversion-closed.

Exercise 4.2. Prove that if X is an inversion-closed space and f,g€U(X), then

feeU(X). m

Exercise 4.3. Find an inversion-closed space X such that U(X) # C(X). "
When f is a real-valued function on a set S, write coz(f) := {x€S | f(x) # 0}.

Definition 4.4. Let X be uniform space. A cozero set in X is a subset of X of the
form coz(g) where g€ Uy (X). A zero set in X is a complement of a cozero set.
A function f: X — R is cozero-continuous iff f~' (V') is a cozero set in X for every
open set V C R (iff f~!(Z) is a zero set for every closed set Z C R).

A uniform space X is an Alexandroff space iff every bounded cozero-continuous
function on X is in Uy (X). n

J. Pachl, Uniform Spaces and Measures, Fields Institute Monographs 30, 53
DOI 10.1007/978-1-4614-5058-0_5,
© Springer Science+Business Media New York 2013
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Lemma 4.5. Let X be a uniform space.

1. If Zy,Z; are zero sets in X, then so is ZyU Z;.
2. IfZj, j€ w, are zero sets in X, then so is ﬂjeij.

Proof. Let g;j€Up(X) be such that 0 < g; < 1 and Z; = g;'(0) for jeo.
The functions f := gy A g and g :=¥;g;/2/ are in Uy(X) by Theorem 1.18,
ZyUZ = f1(0)and N;Z; = g '(0). O

Theorem 4.6. These three properties of a uniform space X are equivalent:

(i) X is an Alexandroff space.
(ii) If {f;}; and {g;}; are two sequences of functions in Up(X) and h: X — R is
a function such that f; /* h and gj \, h, then h€ Up(X).
(iii) IfZ,Z' are zero sets in X, ZNZ' = 0, then there exists h€ Uy (X) thatis 0 on Z
and1onZ.

Proof. Assume that X is an Alexandroff space and take any two sequences {f;};
and {g;}; of functions in Uy(X) such that f; / h and g; \, h. For every reR,
we have

{xeX | h(x)>r}= U {xeX | fi(x) > r}
JjE®

{xeX |h(x)<r}= U {xeX |gj(x) <r}
jew

and by Lemma 4.5, the function # is cozero-continuous. That proves (i)=>(ii).
To prove (ii)=-(iii), take any two disjoint zero sets Z = f~'(0) and Z’' = ¢g~1(0)
where f,g€ U, (X), and assume f > 0, g > 0. Define recursively

fo:=0
go:=1
Ji=JfNngj—

gj:=(1—jg)Vf
for jew, j > 1. Then
0=fo<fi<---<gi<go=1

and lim; f;(x) = lim; g;(x) for all x€ X. The pointwise limit / := lim; f; is 0 on Z
and 1 on Z', and if X has property (ii), then h € U, (X).

To prove (iii)=-(i), take any cozero-continuous function f: X — [0,1]. If (iii)
holds, then there are gjkeUb(X) for j,k€w, 0 < j <k, such that 0 < gy <1
and such that each gj; is 0 on the zero set {xeX | f(x) < j/k} and 1 on the zero
set {xeX | f(x) > (j+ 1)/k}. The functions f} := le;égjk/k are in Up(X) and
limg || f — fllx = 0. Hence f € Up(X) by Lemma 1.17. O
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Theorem 4.7. These four properties of a uniform space X are equivalent:

(i) X is inversion-closed.
(ii) Every cozero-continuous function f: X — Ris in U(X).
(iii) If {fj}; is a sequence of functions fj € Uy(X) such that f; 0, then the set
{fj | j € o} is uniformly equicontinuous.
(iv) If f: X — R" is a function such that f A\ jeU(X) for all j€ o, then f €U(X).

Proof. Assume that X is inversion-closed. First note that X has property (iii)
in Theorem 4.6. Indeed, if Z = f~'(0) and Z' = g~'(0) are disjoint zero sets,
f,8€Up(X)T, then the function f/(f+g) is 0 on Z and 1 on Z'. To see that
f/(f+g)eUp(X), observe that (f +g)/(f+1)€U(X) by Theorem 1.18, and
apply the inversion-closed property twice to obtain (f+1)/(f +g)€U(X) and
1/(f+g)€U(X).

Now take any cozero-continuous function f: X — R. The functions 1/(f* +1)
and 1/(f~ 4 1) are cozero-continuous and bounded, therefore uniformly continuous
by Theorem 4.6. Hence the functions /™ + 1 and f~ + 1 are uniformly continuous,
and sois f = f* — f~. That proves (i)=(ii).

Next assume (ii), and take any sequence of functions f;€Up(X) such that
£ (0. Without loss of generality, assume that fo = 1. Let g; := f; +1/(j+ 1)
for jew, so that gj(x) > gj;1(x) for all jew and x€X, go =2 and g; \, 0.
Extend the sequence {g;}; to a net {g,}, of functions indexed by r€R™ using
linear interpolation on each interval [, j + 1]:

gj+i(x) :=1gjp1(x)+(1—=1)gj(x) for jew, 0<r <1, xeX.

The functions g, are in Uy(X), g \( 0, and we have g,(x) > gs(x) when x€X,
r,s€RT, r < 5. Moreover, for every x€X, the function r — gr(x) satisfies the
Lipschitz condition |g,(x) — gs(x)| < 2|r—s| forall ,seR*.

For 0 <t <2 and x€X define A (x) := inf{r | g(x) <t}. Since the functions
r — g,(x) are continuous and strictly decreasing, we have

hy(x) > r if and only if g,(x) > ¢
hy(x) < r if and only if g,(x) <t

for 0 <t <2,reR and x€ X, which along with Lemma 4.5 shows that the functions
h; are cozero-continuous, hence uniformly continuous by (ii).

Now take any € > 0 of the form € = 1/k, k€ @. There is A € UP(X) such that if
x,y€X, A(x,y) < 1, then |h /i (x) — hij(y)] < e fori=1,2,...,2k.

Next, take any r€ R™ and x,y € X such that A(x,y) < 1 and g,(y) > g,(x). Since
0 < gr(x) <2, there is i€{1,2,...,2k} such that (i — 1)/k < g,(x) <i/k. Then
his(x) < r, and therefore h; /i (y) < s := r+ €. But that means g(y) < i/k, and from
the previously mentioned Lipschitz condition we get

() — 8(1) < 8:0) +12:) — 8:03)] — &) < -
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In particular, for every j € @, we get |fj(y) — fj(x)| = |g;(y) — g;(x)| < 3& whenever
x,y€X, A(x,y) < 1. That proves the set { f; | j € @} to be uniformly equicontinuous,
thus concluding the proof of the implication (ii)=-(iii).

To prove (iii)=>(iv), take any function f: X — R™ such that f A jeU(X) for
all jew. The functions f; := fA(j+ 1) — f A j, where j€ o, are in U, (X) and
1 > f; "\, 0. If (iii) holds, then there is A € UP(X) such that f; € BLipy(A) for all j.
Then 1 A|f(x) — f(y)] <2A(x,y) for x,y€X, and it follows that f € U(X).

To prove (iv)=-(i), take any f€U(X) such that f(x) > 0 for all x€X. Then
(1/f)Nj=1/(fV(1/j))€U(X) for every j€m by Theorem 1.18, and if X has
property (iv), then 1/f € U(X). O

The property in the next definition is used in Sect. 10.3.
Definition 4.8. The CDE property of a uniform space X is defined as follows:

¢ For every A € UP(X) and for every sequence of functions g; € Up(X)™, je @, if
coz(g;j) # 0 for all j and A(coz(g;),coz(g;)) > 1 for all i, j, i # j, then the set

(g ] je w} is UE(X). .
Theorem 4.9. Every sub-inversion-closed uniform space has the CDE property.

Proof. Take any inversion-closed space X, Y € X, AcUP(Y) and g;€Uy(Y)",
J € o, such that coz(g;) # 0 and A(coz(g;),coz(g;)) > 1 for i # j. Assume without
loss of generality that A is bounded and g; € Lip,(A) for all j (if not, then replace
Aby INA+Y;A;/2/, where A;eUP(Y), A; < 1 and g; € Lipp(4))).

By Theorem 2.20, there is Ac UPp(X) such that A = A [Y. For every j < w there
is rj > 3||g||x such that g; is 1-Lipschitz for r;A. Define

fi(x) = sup{(g;(y) —rjA(x.y))" |y€Y} for jew, xeX.
Each fj is in Uy (X)" and extends g, and Z(coz(ﬁ),coz(fj)) < 1/3fori## j. Let
A= {xeX |A(x, | coz(f))) > 1/4},
Jjew

Aj:={xeX| AN(x,coz(fj)) <1/3} forjew.

Then A and A; are cozero sets and X =AU(J;A;. Define the real-valued function f
on X by f(x) :=max; fj(x), x€ X. Thus f agrees with f; on A; for each j€ m, and
fisOonA. If V C R is an open set, then

vy =@anstivpulJ@ng v

Jjew

hence f~!(V) is a cozero set by Lemma 4.5. Thus f is cozero-continuous, and
f€U(X) by Theorem 4.7.



4.2 Supercomplete Spaces 57

Now let g(y) :=max;g;(y) foryeY. As g is a restriction of f to Y, itisin U(Y).
It follows that the set {g; | j€ 0} is UE(X) because

sup lg;j(v) —&; (") = 1g(y) — &)

whenever y,y' €Y, A(y,y') < 1. O
I conclude this section with an easy but useful lemma.

Lemma 4.10. Let X be a uniform space and Y a dense uniform subspace of X.
Then Y has the CDE property if and only if X does.

Proof. By Theorem 2.24, every g€ U(Y) is the restriction of a function g€ U(X)
to Y. By density, the extension g is unique. By Corollary 2.25, every A € UP(Y) is
the restriction of a pseudometric Ac UP(X) to Y, and again Ais unique. It follows
that a set .# C U(Y) is UE(Y) if and only if the set {g | g€} is UE(X).
For every g€ U(Y) we have coz(g) C coz(g) (the closure taken in X); therefore

A(coz(f),coz(g)) = A(coz(f),coz(g)). O

4.2 Supercomplete Spaces

Complete metric spaces have some remarkable properties that do not hold for
general complete uniform spaces. For certain results, such as those in Sect. 7.3, the
right generalization of a complete metric space is a supercomplete uniform space.

Definition 4.11. When A is a bounded pseudometric on a set X, the pseudometric
A on the set of non-empty subsets of X is defined by

AT(A, B) := max < sup A(a,B), sup A(A,D) ) for 0 #£A,BCX.
acA beB
For any uniform space X, the hyperspace HX of X is a uniform space whose
points are the closed non-empty subsets of X. The uniformity of HX is induced by
the pseudometrics A™, where A € UP,,(X).
The space X is supercomplete iff the space HX is complete. [

The mapping x — {x} is a uniform isomorphism from X onto a uniform subspace
of HX. By the next exercise, every supercomplete space is complete.

Exercise 4.12. Let X be a uniform space. Prove that the image of X in HX under
the mapping x — {x} is closed in HX. "

Theorem 4.13. Let X be a uniform space. If a net {A,}y of non-empty closed
subsets of X converges in the topology of HX, then

B r>B
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Proof. Set L:=limyAy, and Bg :=,~pAy.

To prove L 2 (g Bg, take any x& (g Bg and any A € UP(X). By the definition
of HX, there exists B such that A(y,L) < 1 for every y€ Bg. Since A(x,Bg) = 0, it
follows that A (x,L) < 1. Since the set L is closed, x€ L by Theorem 1.3.

To prove L C (g Bg, take any x ¢ (g Bg. There is B for which x ¢ Bg, and
there is A € UP(X) for which A(x,Bg) > 1, so that A(x,Ay) > 1 for all y > B. Thus
A(x,L) >1/2, and hence x & L. O

For decreasing nets in HX, convergence has a particularly simple form:

Corollary 4.14. Let X be a uniform space, and let {Ay}, be a net of non-empty
closed subsets of X such that Ay A. If the net {A,}, converges in the topology of

Definition 4.15. A uniform space X is uniformly locally compact iff there exists
A € UP(X) such that for every x€ X the set (O[x,A] is compact. "

A prototypical example of a uniformly locally compact space is a locally compact
group with its right (or left) uniformity (see Sect. 3.2).

Theorem 4.16. Every uniformly locally compact uniform space is supercomplete.

Proof. Let X be uniformly locally compact and let Ag€ UP(X) be such that for
every x€X the set (D[x,Ag] is compact. Take any Cauchy net {A,}, in HX, and let
Bg :=U,>pAy for every B, and B := 3 Bpg.

To prove that limy A, = B, take any A € UP(X) such that A > A. There is }p such
that A"(Ag,A,) < 1 forall B,y > 1, and therefore AH(By;,A,) < 1 forall y > 1.
Now fix ¥ > %.

If x€B C By, then A(x,Ay) < AH(By,Ay) < 1.

If yeAy, then A(Ag,y) < AH(Ag,Ay) < 1and AgNQly,A] # 0 for all B > .
The set Oy, A] is compact; hence BN [y, A] # 0, and A(B,y) < 1.

Thus A"(B,A,) <1 forall y > y. O

Corollary 4.17. For every locally compact group G, the uniform space rG is
supercomplete. a

Exercise 4.18. The hyperspace of any metrizable uniform space is metrizable.
A metrizable uniform space is complete if and only if it is supercomplete. [

Exercise 4.19. The hyperspace of a compact uniform space is compact. n

The following theorem is used in only one place further on (in Sect. 8.4), and
no other results in this treatise depend on it. I omit the proof, which may be found
in [100, VIL.41] along with a characterization of supercomplete spaces.

Theorem 4.20. Let T be a completely regular space. The uniform space ¥T is
supercomplete if and only if T is paracompact. a
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4.3 Partitions of Unity

The key concept in this section is the (¢;) property, to be used in Chap. 12.

Definition 4.21. A partition of unity on a uniform space X is a mapping ¢ from X
to 4o (S) where S is a non-empty set, 0 < @(x)(s) < 1 for all x€X and s€S, and
Yocs @(x)(s) = 1 for every x€ X. Write @s(x) := @(x)(s); thus ¢, is a function on X
with values in the interval [0, 1]. "

Note that a partition of unity ¢: X — £w(S) is uniformly continuous from X to
leo(S) with the ||-||s norm if and only if {¢; | s€ S} is a UEB subset of Up(X).

Exercise 4.22. Show that for every uniform space X and every A € UP(X), there
exists a partition of unity ¢ on X that is uniformly continuous from X to £.(S) with
the ||-||s norm and such that A-diam(coz(¢@s)) < 1 for every s€S. "

When @ : X — £..(S) is a partition of unity on X, its range is included in the space
£1(S) C lw(S). For certain applications, it is important to know whether ¢ may be
chosen to be uniformly continuous from X to ¢;(S) with the ||-||; norm.

Definition 4.23. A uniform space X has the (¢;) property iff for every pseudometric
A € UP(X) there exists a partition of unity ¢ on X that is uniformly continuous from
X to £;(S) with the ||-||; norm and such that A-diam(coz(¢;)) < 1 forevery s€S. m

In view of Theorem 2.20, if a uniform space X has the (¢;) property, then so does
every uniform subspace of X. That along with the next theorem shows that uniform
subspaces of finite-dimensional normed spaces have the (¢;) property.

Theorem 4.24. Let G be a locally compact group. Then the uniform space rG has
the (¢1) property.

Proof. Take any A € UP,(rG). By Lemma 3.3, no generality is lost by assuming
that A € RP(G) and the set (D[eg, A] is compact.

Let S be a maximal subset of G with the property that A(s,s’) > 1/4 for all
5,5’ €S, s # 5. Since A is right-invariant, by compactness there is k € @ such that
|SxNOleg,24]| < k for every x€ G. For every s€ S, define

fil) = <§ A(s,x>)+ for x€G.

Let S, := {s€S | fy(x) > 0} for x€G; then S,x ! C Sx~ ' NOleg,24], and thus
|Sy| < k. On the other hand, for every x€ G there is s€ S such that A(x,s) < 1/4;
hence f;(x) > 1 /4. Therefore f(x) := Y s fs(x) defines a function f on G for which
1/4 < f <k/2,and @, := f;/f defines a partition of unity @: rG — f.(S). Clearly
A-diam(coz(¢y)) = A-diam(coz(f;)) < 1 for s€S.
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For x,y € G, we have |f(x) — f(y)| < Xyes |fs(x) = £s()| < 2kA(x,y); hence
L) (O], | 60) ﬂ@’
f

s (x) — s (v)] <

CORNACOR I WACO RN A0))
) = O
4 s —Js N :

<S4A@ = HO+AD) s

<4A(x,y) + 16kA(x,y)
2 10s(x) = @s(v)] < 8k(4k + 1)A(x,y)
seS

which demonstrates that ¢ is uniformly continuous from rG to ¢;(S). O

4.4 Notes for Chap. 4

Function space properties in Sect. 4.1 have a long history. Theorems 4.6 and 4.7
include only few of the many relationships between spaces of real-valued functions
and uniform structures. For more and references to original sources, see Gillman
and Jerison [81], Hager [92] and Rice [156], [157].

Deaibes [36], Frolik [66], [71] and Hager [88], [90], [91] include many equiva-
lent properties of Alexandroff and inversion-closed spaces. The implication (ii) =
(iii) in Theorem 4.7 is due to Preiss (unpublished) and Zahradnik [182]. Rice [156,
2.8] characterizes sub-inversion-closed spaces.

The spaces in Definition 4.8 have some noteworthy characterizations. They are
known as spaces of type (o7°) in the work of Deaibes and Pupier [40] and as
H(w)-t¢ (or hedgehog—topologically-fine spaces) in the work of Frolik et al. [77],
[78].

The definition and basic properties of supercomplete spaces are in Isbell [100],
with a correction in [101]. Other characterizations of supercompleteness of X, in
terms of ideals and sublattices in the lattice U (X), are due to Fedorova [51], [52].
Theorem 4.20 is a special case of Isbell’s theorem [100, VII.41]: A uniform space is
supercomplete if and only if it is paracompact and its locally fine coreflection is fine.

The result about partitions of unity in Exercise 4.22 is due to Isbell [100,
IV.11]. The (¢;) property was introduced by Frolik [63], [68], [75]. Since every
paracompact, and therefore every metrizable, topological space has enough contin-
uous locally finite partitions of unity [31, 8.3] [47, 5.1], it follows that for every
completely regular space 7', the fine space FT has the (¢;) property. On the other
hand, Zahradnik [183] proved that no infinite-dimensional normed space with its
metric uniformity has the (¢;) property.

Theorem 4.24 is implicit in Frolik’s seminar notes [68]. The proof here is from
our joint work with Christensen [28, L.4.1]. Van Handel [94, B.1] described a
concrete Lipschitz partition of unity on R¥,



Part 11
Uniform Measures

In this part I develop the theory of uniform measures and their core properties.
Chapter 5 deals with tight (also known as Radon) measures on complete metric
spaces in duality with bounded uniformly continuous functions. Uniform measures
are then introduced in Chap. 6 as a natural generalization to arbitrary uniform
spaces.

Chapter 7 includes conditions for uniform measures to be represented as integrals
with respect to various types of measures. In Chap. 8 several familiar spaces of
measures are obtained as spaces of uniform measures, by an appropriate choice of a
uniform structure in the underlying space. Chapter 9 connects uniform measures to
continuity properties of convolution.



Chapter 5
Measures on Complete Metric Spaces

After several definitions and preliminary results that apply to arbitrary uniform
spaces, this chapter deals with tight measures on complete metric spaces. Four
results provide a basis for much that follows in subsequent chapters:

(1) (Theorem 5.28) The functionals on Uy (X) represented by tight Borel measures
on X are exactly those that are sup-norm continuous and X -pointwise continuous
on BLipp(A).

(2) (Corollaries 5.17 and 5.37) Three topologies on the space of functionals in (1),
namely two “weak” topologies and the topology of uniform convergence on
BLipp(A), coincide on the positive cone and on spheres of the ||-|| norm.

(3) (Theorem 5.41) Two of the three topologies in (2) have the same compact sets.

(4) (Theorem 5.45) In duality with Uy, (X), the space of functionals in (1) is weakly
sequentially complete.

5.1 Tight Measures on Uniform Spaces

Let X be a uniform space, and consider U, (X), the space of bounded uniformly
continuous functions on X. With the vector operations and partial order defined
pointwise at every x € X, Up(X) is a Riesz subspace of {..(X ). Moreover, U, (X) is
a Banach sublattice of £..(X) with the sup norm ||-||x (Theorem 1.18).

By Theorem P21, the order-bounded dual Up(X)~ of Up(X) is also its
normed-space dual Uy, (X)*, and the space Up(X)~ = U, (X)* is a Banach lattice.

Definition 5.1. Let X be a uniform space.

1. Mp(X) is the dual Up(X)~ = Up(X)* of Up(X), with the dual partial order <
and the dual norm ||-||.

2. M (X) is the space of the linear functionals on U, (X) whose restriction to the

|||l x-unit ball in U,(X) is continuous in the compact-open topology on Uy, (X).

| ]
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Bounded Lipschitz functions (Definition P.16) have an important role in the study
of M}, (X) and its subspaces. For any pseudometric A, Lip,(A) is a Riesz subspace
of £.(S). With the X-pointwise topology and partial order, BLip,(A) is a compact
lattice. If X is a uniform space and A € UP(X), then Lip,(4) C Up(X).

Lemma 5.2. Let X be any uniform space and let A € UP(X). If me M (X), then
meM,(X) and m is continuous on BLipp(A) with the X -pointwise topology.

Proof. The ||-||x norm topology on Uy, (X) is finer than the compact—open topology.
Thus every m € 9 (X) is in My (X).

The compact—open topology and the X-pointwise topology coincide on
BLipp(A). Thus every m € M (X) is X -pointwise continuous on BLip,(A). O

Clearly 9 (X) is a vector subspace of 9, (X), closed in the ||| norm.
By Corollary 5.4 below, 01 (X) is even a band in the Banach lattice 01, (X).

When X is a uniform space, every pseudometric A € UP(X) defines the seminorm
[|llBLipy(a) On M (X ), which will be written simply as [|-[[. Since BLipy(A) is
contained in the ||-||x unit ball in Uy (X), it follows that [|-||4 < ||-|| on Dy (X).

The next theorem and its corollary show that, up to a Banach-lattice isomorphism,
the space 91 (X) with the norm ||-|| depends only on the topology of X. The theorem
refers to tight Borel measures on X, which are defined in Sect. P.5 for every
topological space, and hence also for every uniform space.

Theorem 5.3. Let X be a uniform space. The following properties of a linear
Sunctional m: Up(X) — R are equivalent:

(i) meM(X).
(ii) There exists a tight Borel measure | on X such that m(f) = [ fdu for
feUp(X).
If (ii) holds, then there is a unique such tight Borel measure |, and moreover,
1|1|1+|(|f) T ﬂfdlﬁ, m-(f) = [ fdu~ and |w|(f) = [ fd|u| for every f€F, and
mjl = 1TV

Proof. By Corollary 1.22, the topology of X is the coarsest topology for which every
function in U, (X) is continuous. Apply Theorem P.30. O

Corollary 5.4. For any uniform space X, the space 9 (X) is a band in the Banach
lattice My (X).

Proof. Apply Theorem 5.3 with Theorem P.21. O

Corollary 5.5. Let X be a uniform space. For every meOM(X) there exists a
unique m € M (FX ) such that m(f) = m(f) for all f €Uy (X). Moreover, m™ (f) =
m(f), m=(f) =m"(f), and [m|(f) = [m|(f) for f € Up(X), and [|m|| = |[m].

Proof. Since the topology of X is the same as that of FX, Borel sets and tight Borel
measures are the same for the two uniformities. O

If X and Y are two uniform spaces with the same set of points and the
same topology, then FX = FY, and by Corollary 5.5, there is a norm-preserving
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Banach-lattice isomorphism between 9 (X) and 9:(Y). The isomorphism is
produced by extending each m € 91 (X ) to a unique m € M (FX ) and then restricting
mtoU b (Y)

Exercise 5.6. Prove Corollary 5.4 without using representation by Borel measures
(Theorem P.30). [

Example 5.7. Let X be the metric space on the set @ := {0, 1,2,...} with the metric
A defined by A(x,y) := 2 for x # y. Then Up(X) = 4. and BLip,(A) is the norm
unit ball in £... Every m € 9% (X) is represented by a tight Borel measure ¢t on X,
and the function j — p({j}), j€ o, is in ¢;. It follows that if ¢; is identified with its
image under the natural embedding into £;* = £%, = M, (X) then £} = M(X). =

Theorem 5.3 justifies the following definition.

Definition 5.8. A linear functional on Uy (X)) is tight iff it belongs to M (X). A set
A C M (X) is uniformly tight iff the set of measures that represent the elements of
2l as in Theorem 5.3 is uniformly tight. [

Lemma 5.9. For any uniform space, a set A C MM (X) is uniformly tight if and
only if the set of restrictions of the functionals in 2 to the ||-||x-unit ball in Uy(X) is
equicontinuous in the compact—open topology.

Proof. Apply Theorem P.29. a

5.2 Point Masses and Molecular Measures

Point masses and molecular measures are defined as functionals on the space RS
of all functions on a set S, although in this treatise they are usually considered as
functionals on spaces of uniformly continuous functions.

Definition 5.10. Let S be a non-empty set.

1. For every x€ S, the point mass at x is the linear functional ds(x) on RS defined by
ds(x)(f) := f(x) for f €RS. Thus ds is a mapping from S to the space of linear
functionals on RS, written simply as @ when S is understood from context.

2. A linear functional on RS is a molecular measure on S iff it is a finite linear
combination of point masses. The space of molecular measures on S is denoted
by Mol(S). n

Although the elements of Mol(S) are linear functionals, not measures, the term
molecular measure is commonly used, and I use it here as well. Evidently, every
functional in Mol(S) is represented by a measure. Scalar multiples of point masses
are sometimes called atomic measures. That explains the term molecular measure
for a finite combination of point masses.

If X is a uniform space, then U, (X) separates the points of X. It follows that
every molecular measure is uniquely determined by its values on Uy, (X), so that the
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natural mapping from Mol(X) to 91, (X) is injective, and we may identify Mol(X)
with its image in 91, (X). Similarly, we may identify Mol(X) with its image in the
space of linear functionals on U(X). Accordingly, say that a linear functional on
the space Up(X) or U(X) is a molecular measure on X iff it is the restriction of a
molecular measure on the point set of X (a functional on RX) to the space Uy, (X)
or U(X).

Lemma 5.11. Let X be a uniform space. A linear functional on Up(X) is a
molecular measure if and only if it is continuous on Up(X) in the X-pointwise

topology.

Proof. The condition is obviously necessary. To prove it is sufficient, take any linear
functional m on Uy (X) that is continuous in the X-pointwise topology. There is a
finite set D C X such that if f€Up(X) and || f||p = 0, then |m(f)| < 1. Therefore
alsom(f) =0 whenever || f||p =0; in other words, m(f) = 0 whenever dx (x)(f) =0
for each x€ D. By Lemma P4, m is a linear combination of the functionals dx (x),
xeD. O

The mapping dx: X — Mol(X) C 9M,(X) is a valuable tool in several
constructions in this and later chapters. It is often convenient to identify X with
its image dx (X) C My, (X) by means of dx.

Lemma 5.12. Let X be a uniform space and A € UP(X). If x,y € X, then

[[dx (x) — Ix (¥)[la =2 A A(x,y).

Proof. For every x€X, the function f;: y— (I A(A(x,y) — 1)) isin BLipp(A), and
[fx(x) = f:(y)] =2 A A(x,y). Thus

19x (x) — Ax (v)[|a = sup{|f(x) — F()| | FEBLipy(A)} =2AA(x.y).

The opposite inequality follows from the definition of BLipy,(A). a

The constant 2 in Lemma 5.12 comes from the condition || f||x < 1 imposed on
functions f € BLip,(A). The lemma is a simple special case of a general formula in
Theorem 11.3.

5.3 Two Weak Topologies

Let X be a uniform space. Every m € 9t (FX) is a functional on the space Cp(X),
and Up(X) C Cp(X) = Up(FX). If m(f) = 0 for all f€Up(X), then m(f) =0 also
for all f € Cp(X), by Corollary 5.5. Thus there are two “weak” Hausdorff topologies
on M (FX ), namely, the Uy (X)-weak and the Cp(X)-weak topology.

Alternatively and equivalently, the same two topologies may be considered on the
space M (X ). By Corollary 5.5, every m € M1 (X) uniquely extends to m € My (FX),
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and the extension defines a Banach-lattice isomorphism. Thus 9% (X) is in a natural
duality with Cp(X), namely, (m, f) := m(f) for meM(X), f€Cp(X), and that
defines the Cp,(X)-weak topology on Dt (X).

Clearly the U, (X)-weak and the Cp,(X)-weak topologies coincide on the whole
space M (X) if and only if U, (X) = Cp(X). Next I now show that the two topologies
always coincide on the positive cone 91:(X)" and on ||-|| spheres in 9 (X).
The proof relies on two lemmas.

Lemma 5.13. Let X be a uniform space, f € Cp(X) and x€X. Then
J(x) =sup{ g(x) | g€Up(X) and g < f }
=inf{ g(x) | g€ Up(X) and g > f }.

Proof. Let € > 0. There is a neighbourhood V of x such that f(y) > f(x) — ¢
for all yeV, and there is A € UP(X) such that if A(x,y) < 1, then y€V. Define

g€Lipp(A) by

(f(x) —e=2[Ifllx Alx,y)) V (= f]lx)-

Then g < f and g(x) > f(x) — €. This proves the first equality in the lemma. The
second equality follows by symmetry. O

g(»)

Lemma 5.14. Let K be a compact subset of a uniform space X; let f € Cp(X), and
0 > 0. Then there are functions g,g’' € Up(X) suchthat g < f < g’ and ||g’ — g||x < 6.

Proof. By Lemma 5.13, there are nets {gy}, and {g/,}y of functions in Up(X) such

thgt gy < f < g, foreveryy,gy, 7 fand g, f. Thenets {gy}yand {g} }y converge
uniformly on every compact set; hence ||g’, — gy[|x < 6 for some 7. O

Exercise 5.15. Prove Corollary 5.5 from Lemma 5.14, without using representation
by Borel measures (Theorem P.30). [

Theorem 5.16. Let X be a uniform space, me M, (FX)™, and let {my}, be a net in
My, (FX) ™. If limymy(g) = m(g) for every g€ Up(X), then limym,(f) = m(f) for
every f€Cp(X).

Proof. Take any € > 0. There are a compact set K C X and 6 > 0 such that if
heCp(X), ||hllx <2and ||h|x < 6, then |m(h)| < €.

Let fe€Cp(X) and assume, without loss of generality, that || f||x < 1. In view
of Lemma 5.14, there are g,g’ €U, (X) such that g < f < ¢’ and ||g’ — g|lx < 6.
Replace gby gV —1and g’ by g’ Al,sothat —1 < g< f<g' <land|f—glx <2,
¢~ fllx <2. Thus m(f — g) < &, m(g— f) < & and

m(f) —& <m(g) = limmy(g) < liminfm,(f)

<limsupm,(f) < lial/nmy(g’) =m(g) <m(f)+e,
Y

which proves limym,(f) = m(f). O
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Corollary 5.17. For any uniform space X, the Uy (X )-weak topology coincides with
the Cy(X)-weak topology on M (X)™. |

Corollary 5.18. Let X be a uniform space, me M (FX), and let {my}, be a net
in My (FX). If limym,(g) = m(g) for every g €Uy (X) and limy||my|| < ||m||, then
limymy(f) =m(f) for every f € Cp(X).

Proof. Apply Lemma P.22 with S = X and F = Up(X). Then apply Theorem 5.16
twice: Once with m™ and m? in place of m and my, and once with m™ and m, in
place of m and m,. O

Corollary 5.19. For any uniform space X and any r € R, the Up(X)-weak topol-
ogy coincides with the Cy,(X)-weak topology on the set

{meM(X) | [m] =r}. 0

5.4 Tight Measures on Complete Metric Spaces

The proof of Lemma 5.13 shows that on a metric space continuous functions
are pointwise approximated by Lipschitz functions. The next lemma describes
a stronger approximation of uniformly continuous functions.

Lemma 5.20. Let X be a metric space with metric A.

1. If 7 CUp(X) is a UEB(X) set, then
Ve>03reR"Vfe# 3gerBLipy(A) [|If —gllx <e].

2. The space Lipp(A) is ||-||x-dense in the space Up(X).

Proof. The construction of g for Part 1 is similar to the proof of Lemma 5.13. Fix
€ > 0. By Theorem 2.6, there is r € R™ such that

sup |f(x) = f(y)| <rA(x,y) +€

feF

for all x,y€X. For any f €.%, define g € rBLip,(A) by

8(y) :=sup (f(x) —€ —rA(x,y)), yEX.

xeX

Then f—e<g<f.
Part 2 follows from Part 1. O

Corollary 5.21. Let X be a metric space with metric A. Then the seminorm |-|| s
on the space My,(X) is a norm. O
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Corollary 5.22. Let X be a metric space with metric A. Then the Lip,(A)-weak
topology coincides with the Up(X)-weak topology on every ||-||-bounded subset
of My (X). 0

Next I show that the |-[|4 dual of 9 (X) naturally identifies with Lipy,(A).

Lemma 5.23. Let X be a metric space with metric A. Every linear functional on
M (X) continuous in the ||-|| o norm is of the form m— m(f), m e M (X), for some
FeLipy(a).

Proof. By Lemma 5.2, the X-pointwise topology and the 91;(X)-weak topology
coincide on rBLipp(A) for every r€R*. Apply the Mackey—Arens Theorem P.8
with E = 9% (X) and F = Lip,(A). O

Corollary 5.24. Let X be a metric space with metric A and m € My (X). Then for
every € > 0 there is n€ Mol(X) such that ||n|| < ||m|| and |[m —n|[s < e.

Proof. Take any r€R" such that m is not in the ||-|[4 norm closure of the set
B(r) :={neMol(X) | ||n|| < r}. By virtue of Theorem P.5 and Lemma 5.23, there
is f€Lipp(A) such that m(f) > r' := sup{|n(f)| | n€B(r)}. Since rdx(x) €B(r)
for every xe X, we get r|| fllx < v <m(f) < ||m| - ||f|lx and ||m]|| > r.

It follows that m is in the ||-||4 closure of B(||m||). O

Now we come to one of the central notions in this treatise, X -pointwise continuity
of linear functionals on sets of the form BLip,(A). I start with a simple lemma
that simplifies several proofs further on. In agreement with the general notation in
Sect. P4, BLip,(A) ™ is the set { f € BLipp(A) | f > 0}.

Lemma 5.25. Let X be a uniform space and A € UP(X). The following properties
of a set 2 of linear functionals on the space Uy (X) are equivalent:

(i) The set of restrictions of the functionals in 2 to Blip,(A) is X-pointwise
equicontinuous on BLipp(A).

(ii) The set of restrictions of the functionals in 2 to BLip,(A)T is X-pointwise
equicontinuous at 0.

Proof. Assume that (ii) holds. By linearity, the restrictions of the functionals in
2l to 2BLipy(A)* are also X-pointwise equicontinuous at 0. If {fy}, is a net in
BLipp(A) that converges X -pointwise to f € BLip,(A), then the nets {(f, — )"}y
and {(fy — f)~ }yin 2BLipp(A)™ converge X-pointwise to 0, and

lim sup [m(fy) —m(f)| < lim sup [m(fy— f)[+1im sup [m(fy — )| =0
Y me Y meA Y me

by (ii). Thus (ii) implies (i). a

The next theorem characterizes uniformly tight sets of positive measures, and in
particular positive tight Borel measures, on complete metric spaces.
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Theorem 5.26. Let X be a complete metric space with metric A. The following
properties of a set A C M, (X)™ are equivalent:

(i) A is uniformly tight.
(ii) The set of restrictions of the functionals in 2 to Blipp(A) is X-pointwise
equicontinuous.

The proof of the implication (ii)=-(i) uses the following technical lemma:

Lemma 5.27. Let X be a complete metric space with metric A, 0 # B; C X for
j=1,2,... and K C X. Let each B; be a finite union of closed sets of A-diameter
atmost 1/ j, and Bj \, K. Then K # 0, K is compact and

A(x,K) =1lim A(x,B))
j

for every xeX.

Proof. Take any x€X and € > 0. There are y;€B; for j = 1,2,... such that
A(x,yj) < A(x,Bj)+ €. By the assumption about Bj, the sequence {y;}; has
a Cauchy subsequence {yj(,»)}i, and lim;y;; =y for some yeX because X is
complete. Each set B is closed, hence ye B for j =1,2,.... Thus ye K, K # 0 and

A(x,K) < A(x,y) =limA(x,y;;)) <limA(x,Bj;)) + € = limA(x,B;) + €
i i ’ J

so that A(x,K) < lim;A(x,B;). The opposite inequality follows from K C B;.

The set K with the metric A is precompact because for every € > 0 it is covered
by finitely many sets of diameter at most €, and K is complete because it is a closed
subset of the complete space X. Hence K is compact by Theorem 1.15. O

Proof of Theorem 5.26. Since BLipp(A) is a subset of the ||-||x unit ball in U, (X),
the implication (i)=-(ii) follows from Lemma 5.9.

To prove (ii)=>(i), take any set 2 C 91, (X )™ that satisfies (ii). The equicontinuity
of 2 implies that the values ||m|| = m(1), m €2, are bounded. Take any € > 0 such
that there exists mg € 2 for which € < ||mg]|/2.

There are non-empty finite sets D; C X, j = 1,2,..., such that |m(h)| < &/,;2/
when me®, heBLipy(A), [|2]|p; = 0. In particular, this means that m(k;) < £/2/
for all m €2l and the functions /; defined by

hj(x) :==1AjA(x,D;) for xeX.

Write

Dz

Aji={x | hj(x) <3}, ﬂ =

1

i

If x€ X and j are such that x ¢ B}, then there is i < j with x ¢ A;, and thus 2/;(x) > 1.
It follows that B; # ( for all j; indeed, if B; = 0, then 1 < max;<;< j 2h; and therefore
mp(1) < 2{:1 mg(2h;) < 2¢, contradicting the choice of €. Hence K is non-empty
and compact by Lemma 5.27.
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Now let f be any function in U, (X) such that || f||x < 1 and ||f||x < €. I shall
derive an estimate for |m(f)|, m €2, that will conclude the proof.

By Lemma 5.20, ||f — f'||x < € for some f’€Lipp(A). Take r > 1 for which
f' €rBLipp(A), and define functions g,g; € rBLipy(A), j=1,2,..., by

g(x):=1ArA(x,K), gj(x) :=1ArA(x,Bj).

By Lemma 5.27, we have g; " g. As 2 is X-pointwise equicontinuous on
rBLipy(A), there is j such that m(g) —m(g;) < € for all me (. If g;(x) > 0, then
x & Bj; hence g; < maxi<;<;2h; < 2{:1 2h; and for all m €2 we have

J
m(g) =m(g) —m(g;) +m(g;) <&+2 m(h) < 3e.
i-1
The function (| f’| — 2€)™ belongs to rBLipp(A), is 0 on K and (| /| —2¢)" < 1.
Therefore (|f'| —2¢€)* < g and

[m(f)] < [m(f) —m(f)|+ [m(f)] < [mle+m(]f])
< |lmlle+m((lf'| —2¢)") +2[m]le
<3||m|le+m(g) < 3||m|le+ 3¢

for all me 2. Since the set A is ||-||-bounded, this estimate shows that the set of
restrictions of the functionals in 2 to the ||-||x unit ball in Up(X) is equicontinuous
in the compact—open topology. a

Theorem 5.28. Let X be a complete metric space with metric A. The following
properties of a functional m € My, (X) are equivalent:

(i) meM(X).

(ii) For every € > 0, there is n€ Mol(X) such that ||n|| < ||m| and |m —nlj4 < €.
(iii) The restriction of m to BLipp(A) is X-pointwise continuous.
(iv) The restrictions of m™ and m~ to BLipy(A) are X-pointwise continuous.

Proof. (1)=-(ii) by Corollary 5.24, clearly (ii)=-(iii), and the implication (iv)=-(i) is
a special case of Theorem 5.26.

To prove (iii)=-(iv), assume (iii), take any &€ > 0, and let {fy}, be a net of
functions fy € BLip,(A) such that limy f,(x) = 0 for every x€ X. By Lemma P.20
with F = Up(X) and it = 1, there is g € Up (X) " such thatm™ (f;) <m(gAf,)) +&
and m*(f, ) <m(gAf,)+eforally.

By Lemma 5.20, there is g’ € Lipp(A)™ for which ||g — ¢'||x < €. It follows that
lgAfy =& A ffllx < €and

<m(gAfy)+e
<m(@ AL ) +lgn Sy =g Af lxlmll +e
m

<m(g'Afy)+e|m|+e



72 5 Measures on Complete Metric Spaces

for every 7. Now g €rBLip,(A)" for some r > 1, and m is continuous on
rBLipy(A). Since g’ A £ €rBLipy(A) and limy g A f, (x) = 0 for every x€X, it
follows that

limsup m* (f;) < ellm|| +¢
Y

and similarly

limsup m™(f,") < el|lm|| +e&.
Y

Thus
limsup m" (f;) < 2¢||m|| +2¢
Y

for every € > 0. This proves that the restriction of m* to BLipp(A) is continuous
at 0, and by Lemma 5.25 also at every point in BLip,(A). Hence m™ = m* —m is
also continuous on BLipp(A). O

Exercise 5.29. Show that the implication (iv)=-(i) in Theorem 5.28 does not hold
if the metric space X is not complete. [

Theorem 5.30. Let X be a metric space with metric A, and let B be the closed ||-||
unit ball in My (X).

1. B is complete in the ||-|| o norm.
2. If X is complete, then My (X) is ||-]|a closed in My (X).
3. If X is complete, then B NI, (X) is complete in the ||-|| 4 norm.

Proof. Let {m;}; be a ||||o Cauchy sequence in B. For every f € Lipp(A), the
sequence {m;(f)}; in R is Cauchy and therefore has a limit m’(f). That defines
a linear functional m” on Lip,(4) and |m’(f)| < 1 when f€Lipp(A), ||fllx < 1.
Use Lemma 5.20 to extend m’ to m € 90, (X) such that ||m|| < 1. Since the sequence
{m;};is||-]|a Cauchy, it converges to m in the ||-||, norm.

Part 2 follows from Theorem 5.28. Part 3 follows from Parts 1 and 2. O

Exercise 5.31. Show that the statement in Part 3 of Theorem 5.30 does not hold
when the metric space X is not complete. [

Exercise 5.32. Let X be the unit interval [0, 1] and A the usual metric on X. Show
that the space 9, (X) = 9 (X) is not complete in the ||-||4 norm. "

Exercise 5.33. Let X be a metric space with metric A, and let 2 be the space of
those linear functionals on Lipp(A) that are X-pointwise continuous on BLipy,(A).
Abbreviate again the norm [|-[|gip, () on 2 as ||-|| 4. Identify each m € 901, (X) with
its restriction to Lip,(A) so that Mol(X) C 9t (X) C 2. Prove the following:

1. The ||-]|4 norm dual of 2 is Lipp(A).
2. Inthe ||| norm, the space 2 is complete and Mol(X) is dense in 2.
3. If X is complete, then 9 (X) = AN My (X). n
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The reader likely knows that every metric space is isometrically embedded into
a complete metric space. It is instructive to see how this result follows directly
from Part 1 of Theorem 5.30, using the mapping d: X — 9, (X) from Sect. 5.2.
The following construction appears again in a more general form in Sect. 6.5, where
I use it to construct a completion of an arbitrary uniform space.

When X is a metric space with metric A, let X be the uniform space whose set of
points is the ||-]|4 closure of d(X) in My (X ), and whose uniformity is induced by
the metric of ||-||4.

Corollary 5.34. Let X be a metric space with metric A, and identify the set X with
2(X) CMp(X ) by means of the mapping d. Then X € € X, X is dense in X, and the

uniform space X is metrizable by a complete metric A such that A [X =A.

Proof. The metric A’ of the norm |[|-[|4 satisfies A'[X = A A2 by Lemma 5.12,
hence X € X. By Part 1 of Theorem 5.30, the unit ball B is A comAplete hence its
closed subspace X is also A/ complete. By Corollary 2.25, there is A \ € UP(X ) such
that A = A [X, and by continuity (Part 1 of Theorem 1.21), we get AN2=A'N2.
Thus A is a complete metric inducing the uniformity of X. a

Exercise 5.35. Let X be a metric space and let m € 9, (X) satisfy condition (iii)
in Theorem 5.28. Show that the restriction of m to the ||-||x unit ball in Uy (X) is
continuous in the topology of uniform convergence on precompact sets in X. [

5.5 Topologies on the Positive Cone and on Spheres

By Corollaries 5.17 and 5.19, two weak topologies coincide on the positive cone and
on spheres in (X ). Next I add a third topology to the list when X is a metric space.
Asin Sect. 5.3, once the result is established for the positive cone, the corresponding
result for spheres follows by Lemma P.22.

Theorem 5.36. Let X be a metric space with metric A and m €M (X)T. The fol-
lowing three conditions are equivalent for a net {my}, in My(X)*:

(i) limymy(g) = m(g) for every g € Up(X)

(ii) limymy(g) = m(g) for every g € Lip,(A)
(iii) limy||m, —m|, =0
Proof. Obviously (i)=-(ii) and (iii)=(ii). The implication (ii)=-(i) follows from
Corollary 5.22, because every Lip,(X)-weakly convergent net in 9 (X)* is [|-]|
bounded.

To prove (ii)=>(iii), assume that limym,(g) = m(g) for every g€ Lip,(A), and
take any € > 0. Since m is continuous on BLipy(A) with the X-pointwise topology,
there are a non-empty finite set D C X and 6 > 0 such that if g€ BLip,(A) and
llgllp < 6, then |m(g)| < €. As the set BLip,(A) is compact in the X-pointwise
topology, there is a finite set # C BLipy(A) such that for every g € BLipp(A) there
exists f €. with || f—gl|lp < 6.
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Define h € BLip,(A) by h(x) := (A(x,D)+ 6) A 1. Since limymy(g) = m(g) for
every g €Lipy(A), there is yp such that if y > ¥, then |m,(f) —m(f)| < € for every
fe.Z and |my(h) —m(h)| < €.

Let g be any function in BLip,(4), and let f€.# be such that ||f — g|[p < 6.
Since (f — g) €2BLipp(A), it follows that |[m(f) —m(g)| < 2€ and |f — g| < 2h.
From the last inequality, we get

my(|f = gl) < 2my(h) < 2|my(h) —m(h)| +2m(h) < 4¢
for y > 9. Putting all the estimates together, we have

Imy(g) —m(g)| < [my(g) —my(f)| + [my(f) —m(f)] + [m(f) —m(g)|
<my(|f—g|)+3e<Te

for y > yo, which proves that {my}, converges to m uniformly on BLipy(A). O

Corollary 5.37. For any metric space X with metric A, the ||-|| 4 norm topology and
the Uy (X)-weak topology coincide on My (X) ™. O

Theorem 5.38. Let X be a metric space with metric A and m € M (X). For any
net {my}y in My, (X) such that limy || my| < ||m||, the following three conditions are
equivalent:

(i) limym,(f) =m(f) for every f € Up(X).
(ii) limymy(f) =m(f) for every f €Lipy(A).
(iii) limy||m, —m|4, = 0.
Proof. Obviously (i)=-(ii) and (iii)=-(ii).
To prove (ii)=-(i), note that ||my| < 2|/m|| for almost all y and apply Corol-
lary 5.22.
To prove (ii)=(iii), apply Lemma P.22 with § = X and F = Lipy,(X). Then apply
the implication (ii)=-(iii) in Theorem 5.36 twice: Once with m* and m;,L in place of
m and my, and once with m™ and m,, in place of m and m,. a

Corollary 5.39. For any metric space X with metric A and any r€R™, the |||
norm topology and the Uy, (X)-weak topology coincide on the set

{meM(X) | m| =r}. 0

In the next section I prove that the two topologies in Corollaries 5.37 and 5.39
coincide also on Uy, (X )-weakly countably compact sets.
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5.6 Compact Sets and Sequences of Measures

Example 5.7 shows that the Uy, (X )-weak topology and the ||-|| o norm topology need
not coincide on the whole space 9:(X), or even on the unit ball in 2% (X). In the

example, ||-|| = ||-]]a = |||l on M:(X) = ¢}, and by Part 4 of Theorem P.15, the
Up (X )-weak topology and the ||-||4 norm topology do not coincide on the unit ball
in 9ﬁt (X)

Nevertheless, for the particular choice of X in that example, the two topologies
do coincide on U, (X)-weakly countably compact sets, by Part 3 of Theorem P.15.
That result is generalized to an arbitrary metric space X in the forthcoming
Corollary 5.43. Similarly, Part 1 in Theorem P.15, concerning weak sequential
completeness, is generalized in Theorem 5.45.

Lemma 5.40. Let X be a metric space with metric A and let a set A C M (X)
be ||-|| bounded and not X -pointwise equicontinuous on BLip,(A). Then there exist
€>0,r>1andm;e, gjerBLipy(A)* for j€ o, such that

(i) |mj(g;)| > 2€ forall j;
(ii) |mi(g;)| < eforalli,j, i< j;
(iii) giNg;=0foralli,j, i<j.

Proof. Tt is clearly enough to consider the case where ||m| < 1 for all me®l.
By Lemma 5.25, 2 is not X-pointwise equicontinuous at 0 on BLip,(A)*. Thus

Je > 0V finite DC X 3f €BLipy(A)" ImeA [|fllp <& and |m(f)| > 5¢].

Let r:= (1/€) V 1, and construct f; € BLip,(A)™, m; €2 and non-empty finite sets
D; C X for j€ o such that

(@ |Ifjllp; < € foralli< j;
(b) m;(f;)| > Se;
(c) ifge(r+1)BLipy(A), |lgllp; = 0 then [m;(g)| < e.

Define functions g; € rBLipp(A)™, j€ ®, by

gj(x) = max (f;(y) =2 —rA(x,y))", x€X.
YyeD;

Then 0 < g; < (fj —2¢)" because f;(y) — rA(x,y) < fj(x) forx,yeX.
The function (f; —2¢)" —g;is in (r+ 1)BLipy(A) and vanishes on Dj; therefore
m;(g;) —m;((f; —2€)")| <& by (c). Since [|m;|| < 1, we get

mj(g;) —m;(f)] < Imj(g;) —m;((f; —2&) ")+ [m;((f; —2&) ") —m;(f))]
<ée+2e =3¢,

and (i) follows from (b).
The function ( fi— 28)+ vanishes on D; for i < j, therefore so does g;, and
(ii) follows from (c).
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Finally, to prove (iii), let i < j, x€X and g;(x) > 0. Then (fj(x) —2¢&)" >0, so
that f;(x) > 2e. If ye D; then A(x,y) > fj(x) — f;(y) > € by (a), rA(x,y) > re > 1,
and f;(y) — rA(x,y) <0. Thus g;(x) = 0 by the definition of g;. O

Theorem 5.41. Let X be a complete metric space with metric A. The following
properties of a ||-||-bounded set A C M (X)) are equivalent:

(i) A is X-pointwise equicontinuous on BLipp(A).
(ii) s ||-||a precompact.
(iii) A is relatively ||-|| 4 compact in M (X).
(iv) A is relatively Uy (X)-weakly compact in M (X).
(v) U is relatively Uy (X)-weakly sequentially compact in M (X).
(vi) A is relatively Uy (X)-weakly countably compact in M (X).
(vii) 2 is relatively Lipy(A)-weakly compact in M (X).
(viii) 2 is relatively Lipy(A)-weakly sequentially compact in M (X).
(ix) A is relatively Lipp(A)-weakly countably compact in 9 (X).
(x) If {m;}; is a sequence in A and { fi}; is a sequence in BLipy(A) and the two
double limits lim; lim;m(f;) and lim; lim;m ;(f;) exist, then they are equal.

The completeness of X is used only in the proof of (ii)=-(iii). By Corollary 5.43,
properties (iii) to (vi) are equivalent in any (not necessarily complete) metric space.

Proof. (1)=>(ii) follows from the Ascoli Theorem P.14, and (ii)=-(iii) from Part 3
in Theorem 5.30. Clearly (iii)=-(iv)=-(vi)=>(ix) and (iv)=-(vii)=(ix), as well as
(i) = (v) = (viii)=(ix).

To prove the equivalence of (vii) and (x), let E be the space 9t (X) with the ||-|| 4
norm and apply Theorem P.13. The closed convex hull of 2( is complete by Part 3
of Theorem 5.30. The dual E* identifies with Lipp(A) by Lemma 5.23, and a set
Z C Lipp(A) is equicontinuous in ||-||4 if and only if .# C rBLip,(A) for some
reR”.

To prove (ix)=-(i), take any ||-||-bounded set 2l C 2t (X) that is not X -pointwise
equicontinuous on BLip,(A). Let € > 0, r > 1 and m; €2, g;j€rBLipp(A)T for
jE® be as in Lemma 5.40. The expression @(m)(j) := m(g;)/2r, meM(X),
Jj €, defines a linear mapplng ¢ from M (X) to R?. If d €L, ||d|lw < 1, then
the sequence of functions 2, 0d(j)gj/2r indexed by k€ is in BLipy(A) and
converges X-pointwise to ¥ ;c, d(j)g;/2r, hence

m(Z d(j g,/2r>_hmm(z d(j gj/2r> —hmZd m(g;)/2r=(d,p(m)).
JjE®

Thus @ maps M (X) into £;, ||[e(m)]]; < ||m|s for all meM(X), and @ is
continuous from M (X) with the Lipy(X)-weak topology to ¢; with the {..-weak
topology. The set @(2l) is bounded and not precompact in the norm ||-||; on ¢;
because for i < j we have

@(m;) —@(m;)|l1 > |m;(g;)/2r —mi(g;)/2r| > €/2r



5.6 Compact Sets and Sequences of Measures 77

by (i) and (ii) in Lemma 5.40. Apply Theorem P.15 to conclude that ¢(2l) is not
relatively {.-weakly countably compact in ¢, and therefore 2( is not relatively
Lipp (X )-weakly countably compact in 9% (X). O

Corollary 5.42 (Prokhorov). Let X be a complete metric space. A subset of
M (X) 7T is relatively Cp(X)-weakly compact if and only if it is uniformly tight.

Proof. Combine Corollary 5.17 with Theorems 5.26 and 5.41. O

Corollary 5.43. For any metric space X with metric A, the Uy (X)-weak topology
and the ||-||a topology coincide on every relatively Uy(X)-weakly countably com-
pact subset of M (X). In particular, the Uy (X)-weak topology and the ||-||  topology
on M (X) have the same convergent sequences.

Proof. First note that if 2 is relatively Uy (X)-weakly countably compact in 91 (X)
then it is also relatively Up(X)-weakly countably compact in 9, (X), hence |||
bounded by the Banach—Steinhaus Theorem P.11.

By Corollary 5.34 there is a complete metric space X with metric A such that
X €X, X is dense in X and A|X = A. Define 1: 90, (X) — My, (X) by

Um)(f) :=m(f1X) for feUp(X),

where f[X is the restriction of f to X (this is a special case of a general construction
in Definition 6.7).

By Theorem 2.22 (or 2.24), t is an isomorphism of the Banach lattices 91, (X)
and 91,(X), and also a homeomorphism from 90, (X) with the Up(X)-weak
topology onto 901, (X) with the Uy, (X)-weak topology. Evidently, 1 is an isometry
for the norms ||-||4 and [|-[| 5, and 1(M(X)) 19 (X)).

Take any relatively Uy, (X )-weakly countably compact subset 2 of 91 (X ). Then
1(2) is relatively Uy (X)-weakly countably compact in M (X), therefore relatively
|-l ; compact by Theorem 5.41. Hence the Uy (X X)-weak and the ||-|| 1 topologies
coin01de on t(2), and the Uy (X)-weak and the ||-|| s topologies coincideon . O

Exercise 5.44. Show that if a metric space X is not complete, then (i) does not
imply (iii) in Theorem 5.41. [

Theorem 5.45. The space M (X) is Uy (X )-weakly sequentially complete for every
complete metric space X.

Proof. Take any U, (X)-weakly Cauchy sequence {m;}; in 9i:(X). By the
Banach—Steinhaus Theorem P.11, the set 2 := {m; | j€ w} is bounded in the ||-||
norm. To prove that {m;}; converges Uy (X )-weakly, by Corollary 5.22 and Part 3
of Theorem 5.30, it is enough to prove that {m;} ; is Cauchy in the norm |||/ 4.
Suppose that {m;}; is not ||-||4 Cauchy. Thus there is € > 0 such that for every
Jj € o, there exist k(j),k'(j) € @, k(j),k'(j) > j, for which [[my ;) —mp;y[la > €.
Let nj := my(jy — my ;). As {m;}; is Uy (X)-weakly Cauchy, the sequence {n;};
Up (X )-weakly converges to 0. On the other hand, {n;}; does not converge to 0 in
|-l 4, which contradicts Corollary 5.43. O



78 5 Measures on Complete Metric Spaces
5.7 Notes for Chap. 5

Following the notation commonly used in topological measure theory, in these notes
I write simply 9y, (T) and M (T) instead of My (FT) and M (FT) when T is a
completely regular topological space.

The investigations of the space 9% (T') in duality with Cy,(7') have their origin in
the 1909 paper by Riesz [158] in which he proved his representation theorem for
T =[0,1]. In the 100 years since, M (T') and other subspaces of 9, (T') in duality
with C,,(T') have been explored in great detail and from many angles, of which T am
able to mention only few in this brief summary.

Alexandroff [2] created the general theory of representation of functionals
on Cp(7T) for an arbitrary completely regular space T (and on more general
spaces of functions) by finitely additive measures on 7. He also defined several
important classes of functionals in 9, (7), gave their characterizations in terms of
representing measures and proved basic properties of the Cy,(7')-weak topology on
My, (T) and its subspaces.

The Cy,(T')-weak topology on 01, (T') provides a natural setting for limit theorems
in probability theory. A number of results about the Cy(T)-weak topology were
obtained in a probabilistic setting, starting with Lévy [125], and later in the work of
Gnedenko and Kolmogorov [83], Prokhorov [145], LeCam [121] and many others.

LeCam [121] and Varadarajan [173] consolidated early results about spaces
of measures in duality with function spaces and established a framework for
subsequent research. The theory then grew in depth and breath, with additional
classes of functionals on C,(7T) and of the representing measures, and with new
concepts and methods. The comprehensive survey by Wheeler [180] describes
properties of spaces of measures in duality with C,(7') and of associated strict
topologies. The book by Bogachev [11, Ch. 8] includes an in-depth treatment of
the C,(T')-weak topology on spaces of measures, complemented by a discussion of
history and many references.

In a different but related direction, the weak topology on spaces of measures
may be defined on arbitrary (not necessary completely regular) topological spaces.
The resulting theory is described in Schwartz [165] and Topsge [169].

For a completely regular topological space T, certain properties of 0, (7) may
be usefully studied as properties of finitely additive measures on subsets of 7', using
the Alexandroff representation. However, the Alexandroff representation does not
easily extend to 91, (X) for an arbitrary uniform space X (cf. the notes in Sect. 7.6).
That is why in this treatise I do not deal with the representation of functionals on
Up(X) by finitely additive measures on X.

The duality (9, Cp) is now a basic tool in functional analysis and in probability
theory. The duality (9%,Up) has not received as much attention, although it
sometimes appears in a supporting role (see e.g. Billingsley [10]). When one is
only interested in positive measures, the U,-weak topology may be used in place of
the Cp-weak topology, by Corollary 5.17. However, once we move beyond positive
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measures, the dualities (9%, Cp) and (M, Up) are quite different. I describe a non-
traditional use of the duality (9, Up) in probability theory further on in Sect. 11.2.

Molecular measures play a minor role in this chapter; they feature more
prominently further on. Several references to early uses of molecular measures are
given in Sect. 6.8.

The norm denoted here by ||-||4 is called the Kantorovich—-Rubinshtein norm
(with reference to [105]) by Bogachev [11, 8.3], who also cites a number of studies
of its extensions and applications. Equivalent or similar norms were used by Arens
and Eells [3] (on a subspace of Mol(X)), Dudley [41], and Fortet and Mourier [56].
LeCam [121] considered 1; and spaces of o-additive and t-additive measures in
duality with the spaces of functions more general than Cp,, with Uy, as an important
instance. Theorem 5.16 and Corollary 5.17 are a special case of [121, L.5]. Another
version of Corollary 5.17 was proved by Billingsley [10, Th.2.1].

Later papers of LeCam [122], [124] include versions of Theorems 5.28, 5.30
and 5.36, and Corollary 5.37.

Dudley [41] proved a number of results about the metrizability of the Cy(7T)-
weak topology and uniformity on various subspaces and subsets of 9t,(7T'). Part 2
of Lemma 5.20 and Corollary 5.37 appear in [41].

Variants of Theorem 5.28 were proved by Berezanskii [7, 4.7] and Fedorova [50];
in the notation that I define in Chaps. 6 and 7, they proved 2t,(X) = M (X) and
My (X) = M (X), respectively, for every complete metric space X.

Corollaries 5.19 and 5.39 are inspired by McKennon [127, 3.9] and Granirer and
Leinert [85], and by a question that A.T.-M. Lau asked me in 1978.

The duality (2, Lipp(A)) in Exercise 5.33 is a useful tool in the study of the
Lipschitz space Lipp(A). Weaver [178] describes general Lipschitz spaces and their
preduals.

My original proof of Theorems 5.41 and 5.45 appeared in [136]. The proof here
incorporates a simplification due to Cooper and Schachermayer [30]. Theorem 5.41
was also proved by Khurana [110, Th.1]. The second statement in Corollary 5.43
was proved by Davydov and Rotar [35, Th. 4]; it also follows from Kalton’s
theorem [104, 4.6] about the Schur property of certain preduals of Lipschitz spaces.
A simple proof for measures on R is due to van Handel [94, B.1], who also found
another proof for measures on a general metric space (private communication).
Property (x) in Theorem 5.41 (and in Theorems 6.16 and 10.18 further on) is a
variant of Grothedieck’s double-limit condition [86].

For complete metric spaces, Theorem 5.45 strengthens the classical result of
Alexandroff about C,,-weak sequential completeness.

Corollary 5.42 is due to Prokhorov [145, Th. 1.12] for complete separable
metric spaces; it has led to many generalizations, discussed by Bogachev [11] and
Wheeler [180].



Chapter 6
Uniform Measures

When X is a complete metric space, two properties of a functional m € 9, (X) are
equivalent, by Lemma 5.2 and Theorem 5.28:

(A) mis represented by a tight Borel measure on X.
(B) For every A € UP(X), the restriction of m to BLipp(A) is continuous in the
X-pointwise topology.

As will be seen further on, (A) and (B) are also equivalent when X is a uniformly
locally compact space. The equivalence of (A) and (B) is among the reasons for the
ubiquity of the space 91 (X) in functional analysis on complete metric spaces and
on locally compact groups.

For a general uniform space, (A) implies (B), but (B) does not necessarily
imply (A); the two theories diverge. Property (A) defines the familiar space 9% (X),
which has been studied in great detail using powerful tools of topological measure
theory. Property (B) leads to the main subject of this treatise—the theory of so called
uniform measures. Although uniform measures are not necessarily represented by
countably additive measures on X, they have many pleasing properties that make
them useful in functional analysis on general uniform spaces.

In this chapter, I define uniform measures by property (B) and then present
equivalent properties, each of which could be used as an alternative definition:

(1) (Theorem 6.6) Approximation by molecular measures.

(2) (Theorem 6.10) Tight image measures for every uniformly continuous mapping
to a complete metric space.

(3) (Corollary 6.22) Tight image measures for a UCUD set of mappings inducing
the uniformity of the underlying space.

(4) (Theorem 6.40) Regularity of integrals for vector-valued mappings.

In subsequent chapters, I add to this list of equivalent properties in Theorems 7.14
and 9.11.

J. Pachl, Uniform Spaces and Measures, Fields Institute Monographs 30, 81
DOI 10.1007/978-1-4614-5058-0_7,
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In view of the characterization in (2), the results proved in Chap. 5 for 9% (X) on
a complete metric space X hold more generally for 9, (X) on an arbitrary uniform
space X; this is explained in Sect. 6.3. In Sect. 6.5, those results are used to construct
the completion and the compactification of X embedded in D1y, (X).

6.1 Space of Uniform Measures

Definition 6.1. Let X be a uniform space. A linear functional m on Up(X) is a
uniform measure on X iff for every A € UP(X) the restriction of m to BLipp(A) is
continuous in the X-pointwise topology. Let 91, (X) denote the space of uniform
measures on X. [

The term uniform measure is established in the literature. However, the reader
should keep in mind that a uniform measure is not a measure. The elements of
My (X) are functionals on U, (X), not measures in the sense of the definition in
Sect. P.5. Moreover, the functionals in 91,(X) are not necessarily represented by
measures on X. Relationships between uniform measures and measures are clarified
in Chap. 7.

This inconsistency of terminology is not without precedent in mathematical
literature (for example, an implicit function is not a function, and a conditional
probability is not a probability). For those readers who are bothered by it, there
is a simple remedy: Mentally substitute the term u-smooth functional for uniform
measure everywhere in the text.

By Lemma 5.25, in order to prove that a linear functional m on Uy (X) is
in My (X), it is enough to prove that for every A € UP(X) the restriction m to
BLipp(A)* is X-pointwise continuous at 0. I use this simplification in several proofs
that follow in this and later chapters.

Lemma 6.2. Let X be a uniform space, and let A be a set of linear functionals on
Uy (X) such that for every A € UP(X), the set U is equicontinuous on BLipy(A) in
the X -pointwise topology. Then A C My, (X ) and A is bounded in the ||-|| norm.

Proof. Tt suffices to prove that lim;sup, co|m(f;)| = O for any sequence {f;};
in Up(X) such that || fj|[x <1 for all j and limj]|fj|x = 0. Let {f;}; be such a
sequence, and

A(x,y) := sup |£;(x) = f; (V)]

for x,yeX. Then A € UP(X) and f; €BLipp(A) for all j. Since 2 is X-pointwise
equicontinuous on BLipy(A), it follows that lim j sup,, co|m(fj)| = 0. O

Corollary 6.3. Let X be a uniform space.

1. 9y (X) C My (X).
2. If X is precompact then M, (X) = My (X).
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Proof. Part 1 follows from Lemma 6.2. For every A € UP(X), on BLip,(A) the
X-pointwise topology coincides with the topology of uniform convergence on
precompact subsets of X. That proves Part 2. O

Clearly, 9,(X) is a ||-|| closed vector subspace of My, (X). Along with the
obvious inclusion Mol(X) C 9;(X ), Lemma 5.2 and Corollary 6.3 yield

Mol(X) C M (X) € My (X) C My (X).

In Chap. 5 we considered three topologies on the space I, (X), when X is
a metric space with metric A: the Uy (X)-weak topology and those given by the
norms ||-|| and ||-||4. In the more general setting of an arbitrary uniform space X,
the norm ||-|| and the Uy, (X)-weak topology on 91, (X) are still available. The ||-|| 4
norm topology is replaced by the UEB topology, defined as follows.

Definition 6.4. Let X be any uniform space. The UEB(X) uniformity, or simply
the UEB uniformity, on subsets of 9, (X) is the uniformity induced by the
pseudometrics of the seminorms ||-||4 where A € UP(X). The UEB(X) topology,
or simply the UEB fopology, is the topology of the UEB uniformity. [

By Definition 1.19 and Lemma 1.20, the UEB uniformity and the UEB topology
are the G-uniformity and the G-topology, where & is the set of UEB subsets
of U b (X )

Lemma 6.5. Let X be a uniform space. Every UEB continuous linear functional on
My (X) is of the form m— m(f), meMy(X), for some f € Up(X).

Thus the UEB dual of 91, (X) naturally identifies with Uy (X).

Proof. On every UEB set the X-pointwise topology and the 91, (X )-weak topology
coincide. Apply the Mackey—Arens Theorem P.8 with E = 91, (X), F = Up(X) and
& = the set of the sets rBLipp(A) where A € UP(X) and reR™. O

Now we come to the first characterization, or alternative definition, of uniform
measures: Uniform measures are exactly those functionals on U, (X) that are
approximated by molecular measures uniformly on UEB(X) subsets of Uy, (X).

Theorem 6.6. Let X be any uniform space, A := {meMy(X)" | ||m| = 1}, and
Bi={meMX) | ||m]| <1}

1. The space M, (X) is UEB complete.
2. The set Mol(X) N2 is UEB dense in L.
3. The set Mol(X)N*B is UEB dense in B.

Proof. 1. Take any UEB Cauchy net {m,}, in 91, (X). The net {m,(f)}, converges
for every feUp(X); m(f) := limym,(f) defines a linear functional m on
Up(X), and limy||m, —m||4 = O for every A € UP(X). Hence m is X-pointwise
continuous on BLipp(A), and m € M, (X).
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2. If feUp(X) and there is r€R such that n(f) < r for all n€ Mol(X) N2, then
f(x) <rforevery xeX; and if also me %A, then m(f) < r. The set Mol(X) N2
is convex, so is its UEB closure, and Part 2 follows from Theorem P.5 and
Lemma 6.5.

3. Similarly, if f€Up(X) and n(f) < r for all n€Mol(X)NB and if me B, then
[m(f)] < |Ifllx < r. The set Mol(X)N*B is convex, so is its UEB closure, and
again part 3 follows from Theorem P.5 and Lemma 6.5. O

By Theorem 6.6, M, (X) is the UEB closure of Mol(X) in the space 9,(X). On
the other hand, in the Uy (X)-weak topology the space Mol(X) is dense in 9, (X),
by Corollary P.6.

6.2 Image Under a Uniformly Continuous Mapping

The assignment of 91,(X) to X is functorial in the sense that every uniformly
continuous mapping ¢@: X — ¥ naturally extends to D, (@) : My (X) — Mp(Y).

Definition 6.7. LetX andY be two uniform spaces. For every uniformly continuous
mapping @: X — Y, the mapping My, (@) : Mp(X) — My (Y) is defined by

My (@) (m)(g) :=m(go ) for geUp(Y).

The functional My, (@) (m) €My, (Y) is called the image of m under @. It will often
be written simply as ¢(m) instead of M, (@) (m). "

Note that M, (@) (dx (x)) = dy (@(x)) forx€X. When X and Y are identified with
Ix(X) CMp(X) and dy (Y) C My, (Y), the restriction of My, (@) to X is @.

Lemma 6.8. Let X and Y be two uniform spaces and ¢ a uniformly continuous
mapping from X to'Y.

1. My (@) is a positive linear mapping of norm < 1 from the Banach lattice My, (X)
to the Banach lattice My (Y).

2. Mp(@): Mp(X) — My(Y) is continuous when both spaces My(X) and My, (Y)
are equipped with the UEB topology.

3. Mp(@): My(X) — ML (Y) is continuous from My (X) with the Up(X)-weak
topology to My, (Y) with the Uy (Y )-weak topology.

4. If meMol(X), then M, (@) (m) € Mol (Y).

S, IfmeM(X), then My (@) (m) €M (Y).

6. If meMy(X), then My (@)(m) €My (Y).

Proof. Parts 1 and 3 hold because the mapping g — go ¢ from Up(Y) to Uy (X) is
linear and positive, and ||g o ¢||x < ||g|ly for g€ Uy (Y).

Parts 2 and 6: For every UEB(Y) set .#, the set {go ¢ | g€.%} is UEB(X).

Part 4: If m =Y, cpr(x)dx (x), then o(m) =3, pr(x)dy (@(x)).
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Part 5: If ge Up(Y) and K C X, then ||go @||x < ||g|ly and |[go @||x = ||g||(p(K) If
meM,(X), then for every € > 0 there are a compact set K C X and 6 > 0 such that

VfeUs(X) [[Ifllx <Tand [fllx <6 = |m(f)| <e]
veeUp(Y) [lglly < Tand [[gllok) < 0 = [m(go@)| <e]
which means that ¢(m) € M (Y). O

Lemma 6.9. Let Y be a uniform space, X €Y, and let 1: X — Y be the inclusion
mapping.

1 smb( ) is an isometric embedding of My(X) into My(Y) when both spaces
) and M, (Y) are equipped with their ||-|| norms.

My (X
2. Mp(1) is a homeomorphism of My(X) onto the subspace My(1)(My (X)) of
My (Y) when both My, (X) and My, (Y) are equipped with their UEB ropologies.
3. Mp(1) is a homeomorphism of My(X) onto the subspace My,(1)(My (X)) of
My (Y) when My (X) and My, (Y) are equipped with their Up-weak topologies.
4. My (1) (M (X)) = M (¥) VM (1) (M (X))

5. IfX isdenseinY, then M, (1)(Mp (X)) = Mp(Y).

Proof. 1. By Theorem 2.22, every g € U, (X) extends to a function g€ U, (Y), and
clearly g may be chosen so that ||g|ly = ||g||x- Hence My (1) is a ||-|| isometry
onto My, (1) (Mp (X)) € My (Y).

2. By Theorem 2.20, the bounded pseudometrics in UP(X) are exactly the re-
strictions to X of bounded pseudometrics in UP(Y). Hence the sets BLipp(A)
where A € UP(X) are exactly the restrictions to X of the sets BLipp(A’) where
A" e UP(Y). Hence 9, (1) is a UEB homeomorphism onto M, (1) (M, (X)) C
Mp(Y).

3. Asnoted in the proof of Part 1, the functions in U, (X) are exactly the restrictions
to X of functions in U, (Y). Hence My (1) is a U,-weak homeomorphism onto
DMy (1) (M (X)) € M ().

4. Take any m €9, (X) and its image m’ := My, (1) (m) €My, (Y ). By Lemma 6.8,
if meM,(X), then m’ €M, (Y). For the converse, assume m’ €M, (Y) and
take any A € UP(X). As noted in the proof of Part 2, there is a pseudometric
A"eUP(Y) with BLipp(A) = {got | geBLipp(A’)}. The set BLipy(A') is
Y-pointwise compact, the mapping g — got is Y-pointwise to X-pointwise
continuous, and m’ is Y-pointwise continuous on BLipb(A’ ); hence m is X-
pointwise continuous on BLip,(A).

5. If X is dense in Y, then g — g o1 is a bijection from U, (Y) onto U, (X). Hence
My (1)(My (X)) = My (Y). 0

Theorem 6.10. Let X be a uniform space and m € M, (X).

1. A net {my}y in My (X) converges to m in the UEB topology if and only if
limy||@(my) — @(m)||4» = O for every uniformly continuous mapping ¢ from X

to a complete metric space Y with metric A'. It is also sufficient to restrict the
condition to the mappings @ for which ¢(X) is dense inY.
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2. meM,(X) if and only if @(m) €M (Y) for every uniformly continuous mapping
¢ from X to a complete metric spaceY . It is also sufficient to restrict the condition
to the mappings @ for which @(X) is dense in Y.

Proof. For any pseudometric A € UP(X), consider the associated metric space X /A
with metric A® and the canonical surjection y5: X — X /A, as defined in Sect. P.2.
By Corollary 5.34, X/A is dense in the complete metric space X//\A with metric
A® such that E[(X/A) =A" Leti: X/A — )?/\A be the inclusion mapping. Then
{074 A® = A and BLipy(A) = {go 10 xa | g€ BLipp(A*)} by Lemma P.17.

For Part 1, first note that if limym, = m in the UEB topology on 91, (X), then
limy @(m,) = @(m) in the UEB topology on 9, (Y), by Part 2 of Lemma 6.8.

To prove the converse, assume that lim,||@(my) — @(m)| 4 = 0 for every

uniformly continuous mapping ¢ from X to a complete metric space ¥ with metric
A’ such that @(X) is dense in Y. If A e UP(X), then

lim([toya(my) —toxa(m)]z =0,

and therefore lim, m, = m uniformly on BLip,(A).

For Part 2, first note that if m€ 91, (X), ¢: X — Y and Y is complete metric, then
o(m)eM,(Y) =M (Y) by Lemma 6.8 and Theorem 5.28.

To prove the converse, assume that ¢(m) €M, (Y) for every uniformly contin-
uous mapping ¢ from X to a complete metric space Y such that @(X) is dense
in Y, and take any A€ UP(X). Then 1()4(m)) Eimt(X/]\A) = mu()?/\A), and
Xa(m) €M, (X/A) by Part 4 in Lemma 6.9. Therefore the restriction of y,(m)
to BLipp(A®) is continuous in the X /A-pointwise topology, and the restriction of m
to BLipp(A) is continuous in the X-pointwise topology. O

Corollary 6.11. For any uniform space X, the space M, (X) is a band in the
Banach lattice M, (X).

Proof. Apply Theorem 6.10 with Corollary 5.4. O

6.3 Topologies on the Space of Uniform Measures

With Theorem 6.10, it is now straightforward to obtain results about uniform
measures from the corresponding results about tight measures in Chap. 5.

Theorem 6.12. Let X be a uniform space and me M, (X)*. If {my}, is a net in
My, (X) " and limymy(f) = m(f) for every f € Up(X), then limym, = m in the UEB
topology.

Proof. Apply Theorem 5.36 and both parts of Theorem 6.10. a

Corollary 6.13. For any uniform space X, the Uy (X)-weak topology and the UEB
topology coincide on M, (X)". a
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Theorem 6.14. Let X be a uniform space and m €M, (X). If {my}y is a net in
My, (X) such that limy||my| < ||m| and limymy(f) = m(f) for every feUp(X),
then limymy = m in the UEB topology.

Proof. Apply Lemma P.22 and Theorem 6.12. O

Corollary 6.15. For any uniform space X and r €R™, the Uy (X)-weak topology
and the UEB topology coincide on the set {me M, (X) | [|jm| = r}. O

Theorem 6.16. Let X be a uniform space. These properties of a set 2 C 9, (X)
are equivalent:

(i) A is X-pointwise equicontinuous on BLipp(A) for every A € UP(X).
(ii) A is precompact in the UEB uniformity.
(iii) A is relatively UEB compact in M, (X).
(iv) A is relatively UEB countably compact in 9, (X).
(v) Ais relatively Uy (X )-weakly compact in M, (X).
(vi) A is relatively Up(X)-weakly countably compact in M, (X).
(vii) A is ||-|| bounded and if {m;}; is a sequence in 2, {fi}i is a UEB sequence
in Up(X) and the two double limits lim;lim; m;(f;) and lim;lim; m;(f;) exist,
then they are equal.

Proof. To prove (i)=-(ii), assume 2l is X-pointwise equicontinuous on BLipp(A)
for every A€ UP(X). By Lemma 6.2, the set 2 is ||-|| bounded. By the Ascoli
Theorem P.14, for every A € UP(X), the set of restrictions of the functionals in 2 to
BLipp(A) is ||-||a precompact. By Theorem 2.9 with e = 0, 2 is UEB precompact.

(ii)=-(iii) because M, (X) is complete (Theorem 6.6). Clearly (iii)=-(iv)=-(vi)
and (iii)=(v)=-(vi). The equivalence of (v) and (vii) follows from Theorem P.13
along with Lemma 6.5 and Part 1 of Theorem 6.6.

The proof of (vi)=-(i) mimics the construction in the proof of Theorem 6.10:
Assume that 20 C 9, (X) is relatively U, (X )-weakly countably compact in 9, (X),
and take any A € UP(X). By Corollary 5.34, X /A is dense in the complete metric

space X /A with metric A* such that A®] [(X/A) = A®. Let 1: X/A — X/A be
the inclusion mapping. By Part 3 of Lemma 6.8, the subset 1(y(2)) of the
space M, (X//\A) =M (X//\A) is relatively Ub(X//\A)-weakly countably compact in
My (X / A). By Theorem 5.41, the set l(}(A( ))is )?/\A-pointwise equicontinuous on
BLlpb(A') Since X /A is dense in X/A the set x4 () is X /A-pointwise equicon-

tinuous on BLip,(A®). By Lemma P.17, the set 2 is X -pointwise equicontinuous on
BLipp(A). O

Exercise 6.17. Find a uniform space X and a set 2 C 91,(X) that is relatively
Up (X)-weakly compact but not relatively Uy, (X)-weakly sequentially compact. m

Corollary 6.18. For any uniform space X, the Uy(X)-weak topology and the UEB
topology coincide on every relatively Uy (X)-weakly countably compact subset
of My(X). In particular, the Uy (X)-weak topology and the UEB topology on M, (X)
have the same convergent sequences. O
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Theorem 6.19. For any uniform space X, the space My(X) is Up(X)-weakly
sequentially complete.

Proof. The argument is similar to that in the proof of Theorem 5.45. Take any
Up (X )-weakly Cauchy sequence {m;}; in 9, (X). To prove that {m,}; converges,
by Theorem 6.6, it is enough to prove that {m;}; is UEB Cauchy.

Suppose that {m;}; is not UEB Cauchy. Thus there is A € UP(X) such that for
every j € @ there are k(j),k'(j) € @, k(j),k'(j) > j, for which [[my ;) —mpj)[la > 1.
Let nj := my(j) — my(;). As {m;}; is Up(X)-weakly Cauchy, the sequence {n;};
Up (X )-weakly converges to 0. On the other hand, {n;}; does not converge to 0 in
the UEB topology, which contradicts Corollary 6.18. O

6.4 Uniform Measures on Induced Spaces

By Theorem 6.10, a functional m € My, (X) is in M, (X) whenever its image under
every uniformly continuous mapping to a complete metric space is in 91,,. However,
frequently we are given merely the images of m under some, not all, uniformly
continuous mappings. It is then important to know whether m is necessarily in
2, (X) whenever the image measures @(m) are in 9, for some representative set
of mappings ¢; in particular, for a set of mappings that induces the uniformity of X.
And, as in Theorem 6.10, it is important to know whether a net in 91, (X)) converges
in the UEB topology whenever the image measures converge.

Theorem 6.20. Let X be a uniform space whose uniformity is induced by a UCUD
set @ of mappings @ : X — X to uniform spaces Xy. Let U be a ||-||-bounded subset
of Mp(X); let {my}y be a net in A, and m €.

1. If the net { @(my)}y converges to @(m) in the UEB(X,) topology for every ¢ € @,
then the net {my}, converges to m in the UEB(X) topology.

2. If () CMy(Xp) and @(A) is UEB(Xy) relatively compact in My (Xy) for
every @ € D, then A C M (X) and A is UEB(X) relatively compact in MM, (X).

3. If (m) €My (Xyp) for every ¢ € @, then me M, (X).

The proof comes after a useful approximation lemma.

Lemma 6.21. Let X be a uniform space whose uniformity is induced by a UCUD
set @ of mappings @: X — X, to uniform spaces X,. For every A€ UP(X) and
€ >0, there exist ¢ € @ and A’ € UP(X,) such that

Vf€BLips(4)" 3f €BLipp(A") [f—e<fop<f].

Proof. Take any A€ UP(X) and € > 0. By Corollary 2.8 there exist ¢ € @ and
A’ €UP(X,) such that 1 AA < A +¢.
For any f € BLipp(A)™, define the function f’ by

f'():=sup (f(y)—,S—A'()c’,(p(y))Jr for x'€X,.
yeX
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For every y € X, the function '+ (f(y) —& — A’(¥',@(y)) " is in BLipp(A’)*, hence
f'€BLipp(A’)*. For x€ X, we have on one hand

@) —e < (f(x) —e=A'(p(x),0(x)" < f'((x))

and on the other hand

FO) = f(x) STAA(xY) < A (xy) +e= A (9(x).0(y) +&

for every ye X, which yields (f(y) —e —A'(@(x),(y)))" < f(x), and therefore
flo(x) < f(x). =
Proof of Theorem 6.20. Replace each X, by ¢(X) with its subspace uniformity, so
that ¢(X) = X,; this causes no loss of generality, in view of Part 4 in Lemma 6.9.
Let r€R™ be such that ||m|| < r for all me .

Take any A € UP(X) and € > 0. By Lemma 6.21, there are ¢ € @ and A’ € UP (X))
such that

WfeBLipy(A)" 31 €BLipp(A')" [f—e< fog<f].

Proof of Part 1: Since the net {¢(m,)}, converges to ¢(m) in the UEB(X,)
topology, there is } such that |@(m,)(f") — @(m)(f")| < & for all f" €BLipp(A")"
and y > . For any f€BLipp(A)™T, let f/ be such that f —& < f o @ < f, so that

[my(f) —m(f)] < [my(f = f o)+ [my(f 0 @) —m(f 0 @)+ [m(f 09— )|
< gl|my| + &+ e|m| < (1+2r)e

for y > 1.

Proof of Part 2: Assume ¢ (1) is UEB(X,,) relatively compact in 9, (X, ). Then
¢ () is Xy-pointwise equicontinuous on BLipp(A”) by Theorem 6.16, so that there
are a finite set D’ C Xy and 6 > 0 such that

Ymed Vf eBLipy(A”) [If]lpr < 0= [o(m)(f) <e].

Since @(X) = Xy, there is a finite set D C X such that ¢(D) = D'. Take any m 2l
and any f€BLipp(A)T such that ||f||p < 6. There is f’ €BLip,(A’)" for which
f—e<flop<f Then|f|lpy=If"e@lp<I[fl|p <6, and

[m()] < [m(f o@)|+m(f—fop)<e+|m|e<(1+r)e.
This proves that 2l is X-pointwise equicontinuous on BLipp(A)™ at 0, hence

UEB(X) relatively compact in 9, (X ) by Lemma 5.25 and Theorem 6.16.
Part 3 is a special case of Part 2. g
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Corollary 6.22. Let X be a uniform space and m € My, (X). Then me M (X) if and
only if there exists a UCUD set @ of mappings ¢ : X — X, inducing the uniformity
of X such that @(m) €M (Xy) for every ¢ € D. O

Exercise 6.23. Find uniform spaces X;, i = 0, 1, and a net {my}, in 9% (Xo x X;) "
such that |[my|| <1 for all ¥, the nets {m;(my)},, i = 0,1, converge in the UEB
topology, but the net {my}, does not. "

Exercise 6.24. Find two uniform spaces X;, i =0, 1, and m € 9, (Xp % X ) such that
the image of m under the canonical projection onto X; is in 91,(X;) fori = 0,1 but
ngDJtu(XO ><X1). u

The preceding two exercises show that Theorem 6.20 does not hold with the
UCUD property of @ omitted. Nevertheless, Parts 2 and 3 of the theorem do hold
for positive uniform measures:

Theorem 6.25. Let X be a uniform space whose uniformity is induced by a set @
of mappings @ : X — X to uniform spaces Xe.

1. Let A C My (X)™ be such that o(A) C My (Xy) and @(A) is UEB(X,) relatively
compact in My(Xy) for every ¢ € @. Then A C M,(X)" and 2A is UEB(X)
relatively compact in M, (X).

2. fmeMy(X)t and (m) €My (Xp) for every @ € @, then me M, (X) ™.

First I prove a special case of the theorem, in the following lemma.

Lemma 6.26. Let the uniform space X be the product of finitely many uniform
spaces X;, i =0,1,...,k, where k > 1, with the canonical projections m;: X — X;.
Let A C My(X)" and assume the set () is X;-pointwise equicontinuous on
BLipy(4Ai) for all i = 0,1,...,k and all A;€UP(X;). Then 2 is X-pointwise
equicontinuous on BLipy(A) for all A€UP(X). In particular, if meMy(X)" is
such that m;(m) €M, (X;) fori =0,1,... .k thenme M, (X)*.

Proof. Tt suffices to prove the case of k = 1. The general case then follows by
induction.

Let X = X x X;. Take any A€ UP(X) and € > 0. By Part 2 of Theorem 2.6,
there are A; € UP(X;), i = 0,1, with 1 AA < fpAgV 7 Ay + €. Fori =0,1, as m;(2A)
is X;-pointwise equicontinuous on BLipy,(4;), there is a finite set D; C X; such that

vme V fieBlipp(Ai) [[Ifillp; = 0= |m(m)(fi)| <e].

In particular, m(h; o m;) = m(m)(h;) < € for every me®l and the functions ;
defined by

]’l,’(x) = 1/\A,’(X,Di) for xeX;.

By Lemma 6.2, there is r€ R™ such that m(1) < r for all m€2l. Set D := Dy x D;.
I shall prove that

VmeA VfeBLipp(4)" [[Ifllp <e=m(f) <2(r+1)e],
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which along with Lemma 5.25 will demonstrate that 2l is X-pointwise
equicontinuous on BLip,(A)*.
Take any f € BLipp(A)™ such that || f||p < €. For x€ X, we have

fx)<e+1AA(x,D)
<2e+ (1A TAo(x,D)) V (1 AT A (x,D))
=2e+ (1 AAo(mo(x),Do)) V (1 AA(m1(x),D1))
< 2€+ho(mo(x)) + (i (x)),

hence m(f) < 2em(1)+m(hgomy) +m(hjom) <2re+2¢foreverymeA. 0O

Proof of Theorem 6.25. To prove Part 1, replace @ by a set @' of mappings that
correspond to non-empty finite subsets of @. The ¢’ € @’ corresponding to a finite
set ¥ C @ is the unique mapping ¢@': X — [Tpew Xy such that ¢ = my, 0 ¢’ for
every @ € ¥, where 7y, is the canonical projection. The set @’ is UCUD. Since the
uniformity of X is induced by @, it is also induced by @',

Applying Theorem 6.16 along with Lemma 6.26, we get that if ¢ (1) is UEB(X,)
relatively compact in 9, (X,) for every @€ ®, then () is also UEB(X,)
relatively compact in 9, (X)) for every ¢ in the UCUD set @’. Thus the conclusion
follows from Theorem 6.20.

Part 2 is a special case of Part 1. O

The following variation of Lemma 6.26 will be needed in Chap. 11.

Lemma 6.27. Let Xy and X| be two uniform spaces and X = Xy x X1 with the
canonical projections m;: X — X;. If me My, (X)™ is such that m(m) € M (X;) for
i=0,1, then meM(X).

Proof. The proof is similar to the proof of Lemma 6.26. Take any m € 9, (X)* such
that m;(m) €M (X;) for i = 0,1, and any € > 0. There are compact sets K; C X;,
i =0,1, such that

VfieUp(Xi) [0<f;<land|fillx, =0=m(m)(f;) <e]

for i = 0,1. Set K := Ky x K; and take any f€Up(X) such that 0 < f < 1 and
Ik <e.

By Part 1 of Theorem 2.6, there are A; € UP(X;), i = 0, 1, such that if x;,y; €X;
and A;(x;,y;) < 1 for i = 0,1, then |f((x0,x1)) — f((vo,¥1))| < €. It follows that
f < hgomy+ hyom + 2¢ where the functions i; € Uy (X;), i = 0,1, are defined by
hi(x) := 1 ANAi(x,K;) for xe X;. As 0 < h; <1 and || hj||k, =0, we have m(hjom;) < €
fori=0,1, and

m(f) <m(hgom)+m(hyom)+2||m|le <2e+2||m|e,

which proves that m € 01, (X). O
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Theorems 6.20 and 6.25 tell us when m €9, (X) is a uniform measure, given
its images under @ € @. They do not tell us whether there exists m € 9, (X) with
the specified images in 9, (X, ). A sufficient condition for the existence of such
meM,(X) is in Theorem 6.29 below, phrased in terms of projective systems.

Definition 6.28. Let I" be an upwards-directed set. An Iy-projective system
indexed by T is a collection (I",Xy, ¢g,,my) consisting of uniform spaces X, for
y€I', uniformly continuous mappings ¢g,: Xy — Xg for B < y and m, € My, (X;)
for yeI such that @g,(my) = mg forall B,yel’, B <7.

Let S be a non-empty set. A family {¢,}ycr of mappings ¢@,: § — X, is
consistent with the My-projective system (I", Xy, Pg,, my) iff @5 = @p, 0 @y for all
B,yel',B<y. "

Projective systems are usually assumed to satisfy also ¢g, 0 ¢,5 = @gs whenever
B <y < 6. As this assumption is not needed in the following result, I do not include
it in the definition.

The prototypical example of a projective system is formed by finite products of
an infinite family of spaces. For an infinite set A and uniform spaces Y, L €A, let
I'" be the family of non-empty finite subsets of A ordered by inclusion; for yeI”
let Xy := [Ty cy Y2, and let @g,: Xy — X be the natural projection for < y. When
my €My, (Xy), yET, are such that (I", Xy, @g,,my) is an My,-projective system, the
functionals m, are the “finite-dimensional marginals” of a putative functional on the
product [Ty ca Y-

Theorem 6.29. Let X be a uniform space, and let {9y} yer be a family of mappings
©y: X — Xy consistent with a MMy,-projective system (I", X, OBy my). Assume that

(i) the uniformity of X is induced by the set {¢y, | yeI'};
(ii) for every yeT, the image set @y(X) is dense in Xy, and
(iti) there is r€R™ such that |[m,|| <r forall yeT.

Then there exists a unique m € My, (X) such that ¢y(m) = my for every yeT.

Proof. Let # C RX be the set of functions hyo ¢, where h, €Uy (Xy), YET. By
assumption (i), every @, : X — Xy is uniformly continuous, and .# C U (X).

If f = hyo gy = H,o@y, hyh,€Up(Xy), then hy = K, by (). If B < 7,
hg €Uy (Xp) and f = hg o @p, then the function hy := hg o @g, is in Up(X,),
f = hyo @y, and mg(hg) = my(hy). Since the index set I' is directed, it follows
that .% is a vector subspace of Uy, (X) and that there is a unique linear functional m’
on .# such that m’(hy, o @,) = my(hy) whenever hy € Up(X;).

By assumption (iii), the norm of m’ on % is < r. By the Hahn-Banach
theorem P.9, there is m € M, (X) that extends m'. Clearly ¢y(m) = m, for yeT.

By Lemma 6.21, the set .% is ||-||x dense in Uy (X); therefore the m € M (X)
extending m’ is unique. O

Exercise 6.30. Show that Theorem 6.29 does not hold when assumption (iii)
is omitted. u
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6.5 Completion and Compactification

The completion and the uniform compactification of a uniform space X are closely
related to the spaces 9t,(X) and 9 (X). On one hand, I show in this section that
the completion and the compactification of X are naturally embedded in 91, (X).
On the other hand, as will be seen in Sect. 7.2, the compactification is a valuable
tool in the study of functionals in 9%, (X) and 2, (X).

Definition 6.31. When X and Y are uniform spaces, Y is said to be a completion of
Xiff X €Y, X isdensein Y and Y is complete. n

Theorem 6.32. IfYy and Y, are two completions of a uniform space X, then there
is a uniform isomorphism @ : Yo — Y| such that ¢(x) = x for all x€ X.

Proof. Apply Theorem 2.24 to the inclusion mappings X — Yy and X — Y. O

Definition 6.33. Let X be a uniform space. A compact uniform space Y is a uniform
compactification of X (also known as a Samuel compactification of X) iff the set X is
a dense subset of Y, the inclusion mapping from X to Y is uniformly continuous, and
Y has the following universal property: For every uniformly continuous mapping ¢
from X to a compact uniform space K, there is a continuous mapping ¢': ¥ — K
that extends ¢. [

A uniform space is not necessarily a uniform subspace of its compactification,
but we will see further on that it is a topological subspace. The continuous extension
¢’ of @ in the definition is obviously unique.

Theorem 6.32 has the following parallel, stating that a uniform compactification
is unique up to a homeomorphism. Recall (Corollary 1.7) that every homeomor-
phism of compact uniform spaces is a uniform isomorphism.

Theorem 6.34. IfYy and Y| are two uniform compactifications of a uniform space
X, then there is a homeomorphism @ : Yy — Y1 such that ¢(x) = x for all x€ X.

Proof. Apply the universal property in Definition 6.33 to the uniformly continuous
inclusion mappings X — ¥y and X < 7. a

The next theorem is the main result of this section—the construction of a com-
pletion and a uniform compactification of X embedded in 91, (X). In the theorem,
X", X and pX are three uniform spaces whose point sets are subsets of 91, (X):

* X" is the set dy (X) with the UEB(X) uniformity;

e X is the UEB(X) closure of dx (X) in 9, (X) with the UEB(X) uniformity;

e pX is the Up(X)-weak closure of dx(X) in 9, (X) with the Up(X)-weak
uniformity.
Clearly X" € Xand X C pX.

Exercise 6.35. Show that pX = E)\( for every uniform space X. [
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Lemma 6.36. For any uniform space X, the mapping dx is a uniform isomorphism
from X onto X".

Proof. Follows from Lemma 5.12. a
Theorem 6.37. Let X be an arbitrary uniform space.

1. Xisa completion of X".
2. pX is a uniform compactification of X".
3. X =pX NMy(X), where = means equality of topological spaces.

Note that pX NN, (X) (as a subspace of pX) and X are not equal as uniform
spaces, unless X is precompact.

Proof. 1. By definition, X" is UEB(X) dense in X. By Theorems 2.17 and 6.6, the
space X is complete.

2. By definition, X" is Uy (X )-weakly dense in pX. Since the UEB(X) uniformity on
M (X) is finer than the Up (X )-weak uniformity, the inclusion mapping X" < pX
is uniformly continuous. The space pX is Up(X)-weakly compact because it is a
Up (X )-weakly closed subset of the ||-|| unit ball in 9, (X).

To prove the universal property in Definition 6.33, take any uniformly
continuous mapping ¢ from X" to a compact space K. When 91,(K) has the
Up (K)-weak topology, the mapping dx : K — 9 (K) is continuous; hence it is
a homeomorphism from K onto dg (K).

Since @ ody: X — K is uniformly continuous, the corresponding mapping
Mp(@odx): Mp(X) — My (K) is continuous in the Up(X)-weak and Uy (K)-
weak topologies by Lemma 6.8. Let ¢’ be the restriction of 91, (¢ o dy) to pX.

The set K' := ¢'(pX) C My (K) is Up(K)-weakly compact, and ¢'(X") is
dense in K. Therefore dx(K) D K', and the mapping dg' 0 ¢’: pX — K is a
continuous extension of @.

3. By Corollary 6.13, the U, (X)-weak topology and the UEB topology coincide
on M, (X)". Thus the UEB(X) closure of dx(X) in 9,(X) is the same as the
Up (X )-weak closure, and the two topologies coincide on the set X. a

By Lemma 6.36, X may be identified with X" by means of dy, thus making Xa
completion of X, and pX a uniform compactification of X.

Definition 6.38. Identify X with X" by means of dy, so that X € X CPX. The space
X will be called the completion of X, and the space pX the uniform compactification
of X. [

As a rule, when we work with a completion or a compactification, the specific
nature of the points added to X is not important. However, in Chap. 9 it will be
convenient to use the spaces X and PX constructed here, so that XcC PX CMp(X).

For the sake of brevity, from now on I no longer make the distinction between X
and X". It will be clear from context when X is identified with X" by means of dy.
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By Theorem 2.24, every function f € U(X) extends to a unique function in U(X),
which will be denoted f When f € U, (X), the range of f is included in a compact
interval [r,”] C R, hence f extends to a unique function in U, (pX), which will be
denoted f.

6.6 Vector-Valued Integrals

A functional m €M, (X) assigns the value m(f) to every scalar-valued mapping
f€Up(X). In this section, I describe the role played by uniform measures when we
attempt to assign values in a similar way also to vector-valued mappings, that is,
mappings from X to locally convex spaces.

If ¢: X — E is a uniformly continuous mapping from a uniform space X to
alocally convex space E with its additive uniformity and if the set ¢ (X) is bounded
in E, then the function wo ¢ is in U, (X) for every we E*, and m(wo @) is defined
for every linear functional m on the space U (X).

Definition 6.39. Let X be a uniform space, m a linear functional on the space Up (X))
and E alocally convex space. When ¢ is a uniformly continuous mapping from X to
E with its additive uniformity and the range ¢(X) is bounded in E, define the linear
functional mZ (@) on E* by m£(¢)(w) := m(wo ¢) for we E*. "

When m is represented by a measure y, the value m”(¢) is a “weak integral”
of ¢ with respect to u. It is then important to know whether m” (¢) identifies with
an element of E. More generally, the same question makes sense for any functional
m on Uy (X), regardless of any representing measure (which may or may not exist).
The following answer is another characterization of uniform measures:

Theorem 6.40. Let X be any uniform space. These two properties of a linear
Sunctional m on Uy (X) are equivalent:

(i) meM,(X).

(ii) For every complete locally convex space E and for every uniformly continuous
mapping @ : X — E whose range ¢(X) is bounded in E, the functional mF (@)
is E-weakly continuous on E* (and therefore identifies with an element of E ).

Proof. Assume m €N, (X), and take any complete locally convex space E and any
uniformly continuous mapping ¢: X — E with bounded range. If a set B C E*
is equicontinuous on E, then .% := {wo @ | we B} C Up(X) is a UEB(X) set, the
restriction of m to .% is X-pointwise continuous, and thus the restriction of m (¢) to
B is E-weakly continuous. Hence m” (@) is E-weakly continuous by Theorem P.12.
That proves (i)=>(ii).

To prove the converse, let E be the space 91,(X) with the UEB topology, and
@ := dx. The space E is complete by Theorem 6.6, ¢ is uniformly continuous by
Lemma 6.36 and clearly ¢(X) is bounded in E.
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Every feUy(X) defines wyp € E* by wye(n) := n(f) for n€E. Now if m is a
linear functional on Uy, (X)) with property (ii), then there is n € E = 90, (X) such that
mE (@) (w) = w(n) for every we E*, and in particular

m(f) = m(wyo @) =m"(p)(ws) =we(n) =n(f),

for every f € Up(X), so that m = ne M, (X). O

Exercise 6.41. Give a direct proof of the implication (i)=>(ii) in Theorem 6.40,
without appealing to Theorem P.12. [

Exercise 6.42. Prove that the two conditions in Theorem 6.40 are also equivalent
to condition (ii) in which E is restricted to be a Banach space. n

6.7 Vector-Valued Uniform Measures

Another manifestation of Theorem 6.16, briefly described here, is a regularity
property of vector-valued uniform measures.

Definition 6.43. Let X be a uniform space and E a locally convex space. A linear
mapping T : Up(X) — E is an E-valued uniform measure on X iff, for every
AcUP(X), the restriction of ™ to BLipy(A) is continuous in the X-pointwise
topology. Let 9, (X, E) denote the space of E-valued uniform measureson X. =

Evidently 91, (X, E) with the U, (X)-pointwise operations is a vector space.

Theorem 6.44. Let X be a uniform space and E a locally convex space. Two
properties of a linear mapping Wi : Up(X) — E are equivalent:

(i) ™ eMy(X,E).
(ii) WOF{GWU(X)for everyweE™.

Thus E-valued uniform measures are the same for all locally convex topologies
on E having the same dual E*.

Proof. The implication (i)=-(ii) is obvious. To prove the converse, take any linear
mapping T : Up(X) — E with property (ii), any A € UP(X) and any continuous
seminorm o on E. The set B:= {weE* | [w(y)| < a(y) forallye E} is E-weakly
compact, and the mapping w — wo ni is continuous from E* with the E-weak
topology to M, (X) with the Uy (X)-weak topology. Hence 2 := {wo ™ | we B}
is Up(X)-weakly compact. Thus 2 is X-pointwise equicontinuous on BLipy(A) by
Theorem 6.16, and i is X -pointwise continuous on BLipp(A) as a mapping to E
with o by Corollary P.10. O
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6.8 Notes for Chap. 6

The theory of uniform measures is an outcome of several lines of research which,
although initiated independently and motivated by different questions, converged
to the same core concepts. In these notes, I replace the wide variety of terms and
notations in the cited sources by their equivalents used throughout this treatise.

Molecular measures were utilized by Arens and Eells [3], Katétov [107],
[108], Ptak [147], [148] and Raikov [153], [154], who studied the embedding of
a topological, uniform or metric space X into the space of finite linear combinations
of the elements of X.

Raikov’s approach was further developed by Berezanskii [7] and Fedorova [50],
who investigated integral representation of functionals on spaces U(X) and U, (X)
for a uniform space X, and in particular of the functionals approximated by
molecular measures. Along with other spaces of functionals, they defined the space
9, (X) and derived its basic properties.

In a separate effort, Tomasek [168] applied Katétov’s approach in the study of
spaces of molecular measures (A-structures in Katétov’s terminology) on uniform
spaces.

Csiszdr [32] and LeCam [122] identified a defining property of uniform measures
in the course of their work on convolution of measures on topological vector spaces,
and more generally on topological groups. LeCam proved results about projective
limits, thus showing that uniform measures arise naturally when one is concerned
with projective limits of Radon (tight) measures. Although LeCam’s paper [122]
remained unpublished, his approach was further developed by Caby [20], [21].

Extending the work of LeCam, Frolik [63], [64] derived additional properties of
uniform measures using tools of the theory of uniform spaces and placed 9, (X) in
the context of topological measure theory. He also guided and inspired research on
relationships between measures and uniform spaces in the group formed around his
Prague seminar on uniform spaces [67], [70], [73].

From a different direction, in the work of Deaibes [36], the space 91,(X) and
the duality (9,(X),Up(X)) are an important instance in the general theory of
compactological spaces and their duals created by Buchwalter [15] and Waelbroeck
[177]. Deaibes [38], [39] also used the compactology framework to define other
classes of functionals on Up(X) and U(X). In a related setting, the duality
(My(X),Up(X)) is an illustrative example in the theory of Saks spaces described
by Cooper [29, I1.7] and in the approach to spaces of measures via strict topologies
surveyed by Wheeler [180, Sect. 15].

An important source of inspiration for the general theory of uniform measures
was the special case M, (FT) where T is a completely regular topological space. As
T explain in Sect. 8.4, M, (FT) is the space of (functionals represented by) separable
measures on 7. Kirk [113] described 99t,(FT) as a completion of the space of
molecular measures. More references to related work in topological measure theory
are in Sect. 8.7.



98 6 Uniform Measures

The principal concepts and results in Sect. 6.1 are due to Berezanskii [7],
Fedorova [50] and LeCam [122], [124]. Fedorova (loc. cit.) derived Theorem 6.6

from Grothendieck’s completion theorem [164, 1V.6.2]. Theorem 6.10 and Theo-
rem 6.12 with its Corollary 6.13 are due to LeCam [122], [124].

The derivation of Theorems 6.16 and 6.19 from the corresponding results for
tight measures on complete metric spaces (Theorems 5.41 and 5.45) appears in [30]
and [136]. LeCam [122], [124] pointed out the equivalence of properties (v) and
(vii) in Theorem 6.16.

The main results about projective limits in Sect. 6.4 are due to LeCam [122]
and Zahradnik [181]. Uniform measures on products were also considered by
Berezanskii [7] and Fedorova [50]. In a somewhat imprecise abbreviated form,
Part 3 in Theorem 6.20 states that the projective limit of uniform measures is a
uniform measure. In contrast, the projective limit of tight Borel measures need not
be tight; in fact, by Corollary 6.22 every uniform measure is a projective limit of
tight Borel measures. Conditions for the tightness of projectively defined measures
are covered in detail by Schwartz [165, 1.10], with references to related work.
Caby [22] investigated the tightness of projective limits of uniform measures.

By Part 1 of Theorem 6.37, every uniform space has a completion. This is
a key classical result about uniform spaces, appearing in the original memoir of
Weil [179, Th. II]. Various proofs are for instance in [12, 11.3.7], [31, 6.3.c], [81,
15.9], [100, II.16] and [109, 6.28]. Buchwalteaand Pupier [18], Fedorova [49] and
Tomasek [168, s.6] describe the completion X as a subset of 9, (X) or M, (X).
Parallels between the completion and the uniform compactification are discussed in
Isbell [100].

The characterization of uniform measures by the regularity of weak integrals of
vector-valued mappings in Theorem 6.40 and Exercise 6.42 is due to Frolik [63].
Property (ii) in Theorem 6.40 may be interpreted as a certain universal property of
the functor 21, from the category of uniform spaces to a category of vector spaces
with additional structure (see Exercise 10.24); details and references to related work
are in [29], [30]. I describe a similar universal property for the related space Mg (X)
in Sect. 10.2.

Theorem 6.44 is a uniform-measure version of the Orlicz—Pettis theorem; for
more traditional versions, see Kalton [103]. Vector-valued uniform measures were
investigated by Aguayo—Garrido [1] and Khurana [110], [111].



Chapter 7
Uniform Measures as Measures

In this chapter I discuss the representation of functionals in 91, (X) by measures
on X and on the uniform compactification pX. For a general uniform space X,
uniform measures on X are represented by certain tight Borel measures on pX
(Theorem 7.14), but not necessarily by measures on X itself (Examples 7.18
and 7.19). It is thus natural to ask what properties of X ensure that every uniform
measure on X is represented by a measure on X. By the theory covered so far, this
is the case when X is a complete metric space, because then 9, (X) = 9 (X). The
results in this chapter give answers for other classes of uniform spaces:

1. If X is uniformly locally compact, then 2%, (X) = 9 (X) (Theorem 7.20).

2. If X is inversion-closed, then every m € 9t,,(X) is represented by a measure on X
(Theorem 7.21).

3. If X is supercomplete, then every m € 91, (X) is represented by a T-additive Borel
measure on X (Theorem 7.22).

Theorem 7.25 answers the converse question: Every functional represented by a
measure on X is in 9, (X) if and only if the cardinality of every uniformly discrete
subset of X is measure-free.

The last section of this chapter is another application of the representation of
uniform measures by measures on the compactification: For every uniform space
there is a finer and in some respects more tractable uniform space with the same
uniform measures.

7.1 Functionals Represented by Measures

So far we have dealt with three subspaces of 9, (X) for a uniform space X,
namely, Mol(X), 9:(X) and 91,(X). Generalizing slightly the smoothness (or
regularity) properties traditionally studied in topological measure theory, I now add
two more spaces.

J. Pachl, Uniform Spaces and Measures, Fields Institute Monographs 30, 99
DOI 10.1007/978-1-4614-5058-0_8,
© Springer Science+Business Media New York 2013
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Definition 7.1. Let X be a uniform space.

1. Alinear functional m on Uy, (X) is T-smooth iff limym( f;) = O for every net { f; },
of functions in Uy, (X) such that f, \, 0. Let 9t:(X) denote the space of T-smooth
functionals on Uy, (X).

2. A linear functional m on Uy(X) is o-smooth iff limym(f;) = 0 for every
sequence { fj}; of functions in U (X) such that f; \, 0. Let M (X) denote the
space of o-smooth functionals on Up(X). ]

Clearly M(X) and M5 (X) are ||-|| closed subspaces of 9M,(X) for every
uniform space X, and

If X is compact, then M1 (X ) = My, (X), and therefore
M (X) = DM (X) = Mo (X) =MD, (X) =M (X).

Farther on in this chapter, I discuss other conditions for various inclusions among
M (X), M (X), Mo (X) and M, (X).

Exercise 7.2. Let X be any uniform space. Show that 0, (X) = 9, (X) if and only
if X is precompact. [

With the notation in Sect. P.2, o(U(X)) is the smallest o-algebra for which all
uniformly continuous functions on the uniform space X are measurable. Obviously

o(U(X)) = o(Up(X))-

Definition 7.3. For a uniform space X, a Baire measure on X is a measure on the
o-algebra o(U(X)) of subsets of X. "

Evidently o(U(X)) is the smallest o-algebra containing all zero sets in X, and it
is also the smallest o-algebra containing all cozero sets in X. Sometimes ¢ (U(X)) is
called the Baire c-algebra on X (not to be confused with the o-algebra of sets
having the Baire property).

By Theorem P.25 and Lemma 4.5, every Baire measure t on X is inner regular
with respect to zero sets, in the sense that

|1|(A) =sup{ |u|(Z) | Z C Aand Z is a zero setin X }
forevery A€ o(U(X)).

General theorems in Sect. P.5 now immediately produce representation of
functionals in M (X) and N (X).
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Theorem 7.4. Let X be any uniform space. The following two properties of
a functional m € My, (X) are equivalent:

(i) mis o-smooth.

(ii) There is a Baire measure [: 6(U(X)) — R such that m(f) = [ fdu for every
FEUb(X).

If (ii) holds, then there is a unique such measure [, and moreover, m* (f) = [ fdu™,

m-(f) = [fdu™ and [m|(f) = [ fd|u|for f € Up(X), and ||| = [|u|Tv.

Proof. Apply Theorem P.24. a

Corollary 7.5. For every uniform space X, the space Ms(X) is a band in the Ba-
nach lattice My (X).

Proof. Apply Theorem 7.4 with Theorem P.21. a

Theorem 7.6. Let X be any uniform space. The following two properties of
a functional m € My, (X) are equivalent:

(i) mis T-smooth.
(ii) There is a t-additive Borel measure [L: Bo(X) — R such that m(f) = [ fdu
forevery feUp(X).

If (ii) holds, then there is a unique such T-additive Borel measure |1, and moreover,
m(f) = [fdut, m™(f) = [fdu~ and |m|(f) = [ fd|u| for f€Uu(X), and
[mfl = l[llrv-

Proof. By Corollary 1.22, the topology of X is the coarsest topology for which every
function in Uy, (X) is continuous. Apply Theorem P.28. O

Corollary 7.7. For every uniform space X, the space M(X) is a band in the Ba-
nach lattice My (X).

Proof. Apply Theorem 7.6 with Theorem P.21. O
The next result generalizes Corollary 5.5.

Corollary 7.8. Let X be a uniform space. For every meM(X) there exists a
unique m € M (FX) such that m(f) = m(f) for all f €Uy(X). Moreover, m™ (f) =
m*(f), m™(f) =m"(f) and [m|(f) = |[m|(f) for f € Up(X), and |[m|| = [|m]|.

Proof. Since the topology of X is the same as that of FX, Borel sets and t-additive
Borel measures for X are the same as those for FX. a

The comment after Corollary 5.5 in Sect. 5.1 now applies with the space
M, in place of M;: If X and Y are two uniform spaces with the same set of
points and compatible with the same topology, then FX = FY, and by Corollary
7.8 there is a norm-preserving Banach-lattice isomorphism between 2%;(X) and
M (Y). The isomorphism is produced by extending each m € M (X) to a unique
m e M (FX) and then restricting m to U, (Y).
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Thus the space M:(X) depends only on the topology of X. However, the same is
not true for M (X ). There are a uniform space X and m € M (X) for which there
is no me M4 (FX) with m(f) = m(f) for all f €Uy (X) (see Exercise 8.12).

7.2 Measures on the Compactification

Let X be a uniform space. Recall from Sect. 6.5 that every f€Up(X) extends
uniquely to a function feUp(pX) = C,(pX). If u is a tight Borel measure on
PX, then the mapping f + [ fdu, f€Up(X), is a functional in 90, (X). By the
Riesz representation theorem P.31, every m € 9, (X) is of this form for a unique
tight Borel measure & on pX, which will be denoted by p. Thus m(f) = [ fdpm
for fe Uy (X).

The results in this section characterize the spaces M (X), M<(X), M (X) and
M, (X) by the different ways in which the representing measures py, on pX are
concentrated on the set X C pX.

Theorem 7.9. Let X be a uniform space. A functional meM,(X) belongs to
M (X) if and only if there is B<€ Bo(pX) such that B C X and |pw|(pX \ B) = 0.

Proof. Since meM(X) if and only if |m|eM;(X), assume without loss of
generality that m > 0. By Theorem 5.3, m €M1 (X) if and only if there is a tight
Borel measure 1 on X such that m(f) = [ fdu for f € Up(X).

To prove that the condition in the theorem is necessary, let 1 be such tight Borel
measure on X. Define a tight Borel measure g’ on pX by u’(A) := u(AnX) for
A€Bo(pX). Then m(f) = [ fdu' for f€Up(X), and ' = py by the uniqueness
of pw. Since u is tight on X, there are compact sets K; C X, j=1,2,..., such that
p(X\K;) <1/ foreach j. For B:={J;K; we have

Ppm(PX \ B) = ' (pX \ B) = u(X \ B) =0.

To prove that the condition is sufficient, let B € Bo(pX) be such that B C X and
Pm(pX \ B) = 0. Then B€Bo(X), and t(A) := pn(ANB), AcBo(X), defines a
measure [: Bo(X) — R. Since py, is tight Borel on pX, it follows that u is tight
Borel on X, and

m(f)= [Fdpw= [ fdpn= [ fa.

Hence m e M (X). O

Theorem 7.10. Let X be a uniform space. A functional m €My, (X) belongs to
M (X) if and only if |pm|(K) = O for every compact set K C pX such that KNX =0.

Proof. Since meM(X) if and only if |m|eM(X), assume without loss of
generality that m > 0.
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To prove the condition is necessary, take any m € 9(X)" and any compact set
K CpX \ X. Since every point in X is separated from K by a function in Cp,(pX),
there is a net of functions g, € Cp(pX)™ such that g, \, g, g(x) = 0 for every xe X
and g(x) = 1 for every x€ K. Let f, be the restriction of gy to X, so that fy €Uy (X)
and gy = fy. Then £, \, 0, therefore limym(fy) = 0, and

pua(K) <1lim [ ¢/dpry = limm(f;) =0.

To prove the condition is sufficient, assume that pp, (K) = 0 for every compact
set K C pX \ X. Take any net { fy}y in U, (X) such that 1 > f, \, 0, and any € > 0.
Let Ky := {x€pX | fy > &} and K := ", K. The measure py, is T-additive, Ky \, K,
and K C pX \ X. Thus limy p (Ky) = pm(K) =0,

timm(fy) =lim [ Fdpm < epm(PX) +limpm(Ky) = Ipm 7v.

and lim,m(f,) =0. 0

Corollary 7.11. Let X be a uniform space. If the set X is measurable for every tight
Borel measure on pX (in particular, if X € Bo(pX)), then M(X) = M (X).

Proof. If meM(X) and X is | pw|-measurable, then |pm |(PX \ X) = 0 by Theorem
7.10. Hence there is a set B€ Bo(X ) such that | oy | (X \ B) = 0. Therefore m € 9 (X)
by Theorem 7.9. O

Theorem 7.12. Let X be a uniform space. A functional meM,(X) belongs to
Mo (X) if and only if |pm|(Z) = 0 for every zero set Z in pX such that ZNX = 0.

Proof. This is similar to the proof of Theorem 7.10. Since m € M (X) if and only
if jm|€M5(X), assume without loss of generality that m > 0.

To prove the condition is necessary, take any m €M (X)" and any zero set
Z =g 1(0) CpX\ X where g€ Cp(pX), 0 < g < 1. Let g;(x) := (1 — jg(x))* for
x€p(X), j € o, and let f; be the restriction of g to X, so that f; € Up(X) and g; = f;.
Then f; N\, 0; therefore lim;m(f;) = 0, and

Pm(Z) < lir_n/gj dpm =limm(f;) = 0.
J J

To prove the condition is sufficient, assume that py (Z) = 0 for every zero set Z
in pX such that ZNX = 0. Take any sequence { f;}; in Up(X) such that 1 > f; \, 0,
and any € > 0. Let Z; := {x€pX | f; > e} and Z := (1, Z;. Every Z; is a zero set in
PX,sois Z by Lemma 4.5, and ZNX = 0. Thus lim;pw (Z;) = pm(Z) =0,

limm(f) = lim [ 7jdpm < &pm (BX) +limpin(2)) = € P 1v:

and lim;m(f;) =0. O
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Definition 7.13. For a uniform space X and a pseudometric A on the set X, define
subsets CE(A,X) and CE™(A,X) of pX by

E(A,X) = Jint Ox,A]

xeX

E~(A.X):= ) E(jA,X)

jew

where O[x,A] := {y€X | A(x,y) < 1} and the interior and closure are taken in pX.
The sets CE(A,X) and CE™(A,X) are, respectively, the open envelope and the
reduced envelope of X in pX relative to A.

Usually the underlying uniform space X is understood from the context, and then
CE(A,X) and CE™(A,X) are written simply as CE(A) and CE™(A). n

If A€ UP(X), then Olx, (1 +¢€)A] CintOlx,A] forall x€ X and € > 0. In fact,
for the function f, € U, (X)* defined by fi(y) := 1 AA(x,y), yEX, we have

Olx, (1+€)A] € {yepX | (1+€)/:(y) < 1} CintOlx, A].

Therefore X C (e Uxex O, jA] = BT (A) for every A € UP(X).

Theorem 7.14. For any uniform space X, these three properties of a functional
me My, (X) are equivalent:

(i) meMy(X).
(ii) |pm|(PX \ CE(A)) =0 for every A € UP(X).
(iii) |pm|(PX \CE”(A)) =0 for every A € UP(X).

Proof. Since me M, (X) if and only if |m|eM,(X), it is enough to prove the
theorem assuming m > 0.

Properties (ii) and (iii) are equivalent because jA € UP(X) for every A € UP(X).

To prove the implication (i)=-(ii), take any m € M, (X)" and A € UP(X). Define
anet {fp}p of functions fp € BLipp(A)™ indexed by non-empty finite subsets D of
X (ordered by inclusion): fp(x) := 1 A A(x,D) for x€X. Then limp fp = 0 in the
X-pointwise topology; hence limpm(fp) = 0.

By continuity, the extensions fp € Cy(pX) of fp satisfy fp = mingep fi,}, and
fp \\ g for a function g on pX. By Theorem P.26,

/gde = 1i,gn/f_ndpm = lim m(fp) = 0.

To verify pm (pX \ CE(A4)) = 0, I now show that g(y) > 1 for every y € pX \ (E(A).
Take any y € pX such that g(y) < 1. Then fp(y) < 1 for some D; hence fi,)(y) < 1

for some x€ X. It follows that y € int O[x,A], and ye CE(A).
To prove (ii)=-(i), assume that pm(pX \ CE(A4)) = 0 for every A c€UP(X).
Take any A’€UP(X) and any net {f,}, of functions in BLipy(A")" such that
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limy f; = 0 in the X-pointwise topology. Set /1y/(x) := sup{fg (x) | B > 7} for x€ X.
The functions A, are in BLipp(A’)" and &, \, 0. By continuity, the extensions
Iy € Co(pX) of hy satisfy % > hy for B < y. Let g be the pointwise limit of the
net {/,}, on pX. By Theorem P.26,

0 <lim m(f;) < lim m(hy) = liJI/n/h_ydpm - /gdpm.

Next, I show that [ gdpm, = 0, thus concluding the proof of (ii)=(1).
Fix € > 0 and take any yc CE(A’/¢), so that ye O[xg,A’ /€| for some xp€X.
There is y such that /1,(xo) < €; for every x€ O[xo,A’ /€], we have

hy(x) < hy(xo) + A’ (x0,x) < 2,
and g(y) < h_y(y) < 2¢ because E is continuous. Therefore
{yepX | g(y) >2¢e} CpX \ (A /¢)

and pm ({y€pX | g(y) > 2€}) = 0 by the assumption. Hence [ gdpm = 0.

O
Corollary 7.15. I. For any uniform space X, the point set of the completion X C
PX is equal to N{CE(A) | Ac UP(X)}. R
2. For any metric space X with metric A, the point set of the completion X C pX is
E=(A).

Proof. For Part 1, combine Theorem 7.14 and Part 3 of Theorem 6.37.
If X is a metric space with metric A and A’ € UP(X), then there is j € @ such that
CE(jA) C CE(A'). Thus Part 2 follows from Part 1. |

Exercise 7.16. Using the results in this section, prove that 9%,(X) = 9 (X) for
every complete metric space X (Theorem 5.28). [

Exercise 7.17. Let X be a uniform space and meM,(X)". Prove that there
are mp €M, (X)" and m; €Mp(X)' such that m = mp+my and m; is “purely
nonuniform”; that is, if n €M, (X) and 0 < n < my, then n =0. [

7.3 Conditions for Uniform Measures to be Measures

It is easy to find a uniform space X for which M, (X) € My (X):

Example 7.18. Let T be the closed interval [0, 1] with the usual compact uniformity,
let u be the Lebesgue measure on 7', and let X be the set of rational numbers in
T with the subspace uniformity. By Parts 4 and 5 of Lemma 6.9, the inclusion
mapping t: X < T defines a natural bijection 9, (1) : 9, (X) — 9y (T); thus there
ismeM,(X) such that m(go1) = [gdu for every g€ Uy (T).
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However, the set X is countable, and every subset of X is in 6(U(X)). If m were
represented by a Baire measure v on X, we would have v({x}) > 0 for some x€X.
Then p({x}) > 0, which would contradict u being the Lebesgue measure on [0, 1]. m

The space X in the example is far from being complete. Since 21, (X) = M, (X)
for every complete metric space X, it is tempting to imagine that 9%,(X) C M (X)
for every complete uniform space X. That, however, is false by virtue of the modified
example.

Example 7.19. Let T be the closed interval [0, 1] with its usual compact topology,
and Q the set of irrational numbers in 7. As in Sect. 1.3, R is the space of real
numbers with the usual metric Ag.

For every g € Q, define the mapping y,: T\ {g} — R by yy(x) :=1/(g —x),
xe€T \ {g}. Let X, be the metric space on the set 7'\ {¢} with the metric W,Ag.
The space X, is complete because V, is a uniform isomorphism between X, and the
closed set (—oo,1/(g—1)]U[1/g,0) in R.

T\ Q is the set of rational numbers in [0, 1], and the domain of every Wy, q€0,
includes T\ Q. Define X to be the uniform space on the set 7'\ Q whose uniformity
is induced by the set {y; | g€ Q} of mappmgs from T\ Q to R; equivalently, the
uniformity of X is induced by the set {l//qA]R (T \ Q) lge Q} of metrics on T\ Q.
I now show that the space X is complete and M, (X) € M4 (X

To prove that X is complete, consider the uniform product P =TIl cp Xy with the
canonical projections 7, : P — X,. The space P is complete (see Exercise 2.31). The
natural mapping t: X — P, for which 7, ot is the inclusion mapping X — X, for all
g € Q, defines a uniform isomorphism between X and its image 1(X) € P. The set

1(X)={zeP | ny(z) =7 (z) forall q,reQ}

is closed in P, therefore complete in the subspace uniformity (Theorem 2.17). Hence
X is complete.

To find m € M, (X) \ M (X), I construct an M,-projective system and use results
in Sect. 6.4. Let I" be the directed set of non-empty finite subsets of Q, partially
ordered by inclusion. For every D€ I, define XD to be the uniform space on the
set T'\ D whose uniformity is induced by the set { i, Y, Ar[(T \ D) | g €D} of metrics
on T\ D. Note that X, — T is a topological embedding, that is, as a topological
space Xp is a subspace of T'. The inclusion mappings @ppy : Xy — Xp for D,D' €T,
D C DY, are uniformly continuous.

Let again u be the Lebesgue measure on Bo(T). If DeT" and f € U, (Xp), then
[ is continuous on 7'\ D. The expression mp(f) := [\ pfdl, f€Up(Xp), defines
mp €M (Xp). For every DT, let ¢p: X — Xp be the inclusion mapping. Then
("', Xp, oppr,mp) is an My, -projective system, and the family { @p } per is consistent
with it.

By Theorem 6.29, there exists a unique m € M1, (X) such that gp(m) = mp for
allDeT’, and me M, (X) by Theorem 6.20.
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As in the previous example, it is easy to see that m cannot be represented by a
measure on X because the countable set 7'\ Q has Lebesgue measure 0. L]

Now we come to sufficient conditions for every m € 91, (X) to be in M5 (X), or
even in M (X) or M (X).

Theorem 7.20. Let X be a uniform space. If X is uniformly locally compact, then

Proof. This follows from Theorem 7.22 below, but there is also a simple direct
proof: Let A € UP(X) be a pseudometric such that for every x€X the closure K (x)
of ®Olx,A] in X is compact. Then CE(A) = X because every K(x) is closed in
pX. If meM,(X), then |pm|(pX \ X) = 0 by Theorem 7.14, and me M (X) by
Theorem 7.9. O

Theorem 7.21. [f X is an inversion-closed uniform space, then MM, (X) C M4 (X).

Proof. If X is inversion-closed, {f;}; is a sequence of functions in U, (X) and
fi ¢ 0, then the set {f; | j€ w} is uniformly equicontinuous by Theorem 4.7. The
inclusion M, (X) C M5 (X) follows from the definition of M, (X) and Ms(X). O

The sufficient condition in Theorem 7.21 is far from being necessary. For
example, M, (R) = Ms(R), but R is not inversion-closed. Nevertheless, the
theorem does have a partial converse, Theorem 7.37 in Sect. 7.5.

Theorem 7.22. If X is a supercomplete uniform space, then M, (X) = M (X).

Proof. Take any supercomplete space X, m € 9, (X)™, and any compact set K C pX
such that p, (K) > 0. In light of Theorem 7.10, the conclusion will follow once I
prove KNX # 0.

For A € UP(X), write

A(A) :={xeX | pm(KNintO[x,A]) > 0}

where again the interior and closure are taken in pX. Let B(A) be the closure of
A(A)inX.

Iclaim that A(A) # 0 for all A € UP(X), and that the net { B(A) } scup(x) indexed
by the upwards-directed set UP(X) ordered by <, is Cauchy in the hyperspace
HX. To prove the claim, take any Ay < A; € UP(X) such that A(Ag) # 0, and any
X0 €EA(Ap). As meM,(X) ™, Theorem 7.14 implies

P (CE(Al) nkN intm) = P (Im intm) >0.

Since the measure py, is T-additive on pX, there is x; € X such that

P (int@[xl,Al] nKN intO[xo,Ao]) > 0.
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Thus x; €A(A;) and Ag(xo,x1) < 2, so that sup{Ap(x,A(A1)) | x€A(A0)} < 2. As
A(Ao) 2 A(Ay), it follows that AH (B(Ag),B(A1)) < 2. For the pseudometric Ag
that is identically 0, we have A(Ag) = X # 0; hence A(A) # 0 for all A € UP(X),
concluding the proof of the claim.

As the space HX is complete, the net {B(A)}cyp(x) converges in HX, and by
Corollary 4.14 there is x€ (4 B(A). Then x€ (4 A(A) because B(2A) C A(A) for
every A € UP(X); hence x€ K and KN X # 0. O

Exercise 7.23. Let X be any uniform space. Prove that if 9%, (X) = 9 (X), then X
is complete. [

Exercise 7.24. Let X be any uniform space. Prove that 9t (X) = My, (X) if and
only if X is compact. [

7.4 Condition for Measures to be Uniform Measures

In this section I characterize the uniform spaces for which 94 (X) C 9, (X).

Theorem 7.25. Two properties of a uniform space X are equivalent:

(i) Ms(X) C M, (X).
(ii) The cardinality of every uniformly discrete subset of X is measure-free.

Proof. To prove that (i) implies (ii), assume that X has a uniformly discrete subset Y
whose cardinality is not measure-free. There is A € UP(X) such that A (x,y) > 1 for
x,y€Y,x#y, and there is a measure v > 0 on the o-algebra of all subsets of ¥ such
that v({x}) = 0 for every x€Y and v(Y) = 1. Then m(f) := [, fdv, feUp(X),
defines a functional m € M4 (X).

Let I be the directed set of non-empty finite subsets of Y, partially ordered by
inclusion. For DeT, let fp(x) := 1 AA(x,D), x€X. Then fp € BLip,(A) for every
Der, and fp \, f where f€BLipyp(A). Since fp(x) =1 for x€Y \ D, we have
m(fp) =1 for every DeI". On the other hand, f(x) = 0 for xeY, and m(f) = 0.
Thus m & M, (X).

To prove (ii)=>(i), assume (ii) and take any m € Ms(X)* and A € UP(X). The
weight of the associated metric space X /A (Sect. P.2) is measure-free because, by
Corollary 1.9, for every j €  there is a set Y; C X whose cardinality |Y;| is measure-
free and X = U{Olx,jA] | x€Y;}; then {O[x*,iA®] | x€ J;Y},i€ o} is a base of
the topology of X /A.

By Theorem 7.4, there is a Baire measure g on X such that m(f) = [ fdu for
f€Up(X). Apply Theorem P.34 with the canonical surjection ), : X — X /A to get
a closed separable set S C X /A such that u(X \ x, ' (S)) =0.

Now take any net of functions f, € BLip,(A)™ such that limy fy(x) = 0 for every
x€X. Let gy(x) := sup{fg(x) | B > y} for x€X. Then g, € BLip,(A) and gy \, 0.
The set C := x;l (S) is the closure of a countable set Cy C X in the topology of the
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pseudometric A. There is an increasing sequence of indices ¥(i), i € ®, such that
lim; g,;) (x) = 0 for every x € Cy, hence also for every x€C, and

im (fy) < im (87) < limm(gy) ll¥n< | &y du .X\ng() U

which along with Lemma 5.25 proves that m € 01, (X). O

The theorem shows that, in a certain sense, uniform measures generalize Baire
measures on uniform spaces: It is consistent with the ZFC set theory to assume
that, for every uniform space X, every functional on U, (X) represented by a Baire
measure is a uniform measure. In the next chapter I show that uniform measures
generalize (o-additive) measures also in another sense; namely, several familiar
spaces of measures may be identified with 9t,(X) for a suitably chosen uniform
space X.

Exercise 7.26. Let X be an inversion-closed uniform space in which the cardinality
of every uniformly discrete subset is measure-free. Prove that if X is complete, then
sois cX. L]

7.5 Measure-Fine Uniform Spaces

For every uniform space, Theorem 7.14 yields a finer space with the same uniform
measures, in the sense made precise in this section.

Recall from Sect. 1.4 that a pseudometric A is in UP(FX) if and only if the
function \yA (x,y) is continuous on X for every xe X.

Lemma 7.27. Let X be a uniform space and Ay, Ay € UP(FX). Then
CE(3A0,X) ﬂCE(?)Al,X) C E(Ap \/Al,X).

Proof. Take any z€ CE(340) NCE(3A4,). There are points xo,x; € X such that the set
V :=intOlxo,340] NintO[x1,341] is an open neighbourhood of z in pX. As X is
dense in pX, it follows that z€intX NV. Fix a pointxe X NV.

From the continuity of A;, i =0, 1, we get

X Nint O, 34;] CXNO[xi,34i] € Olxi,24;] € Olx, Aj]
XNV C Q[X,Ao] ﬁ@[x,Al] = Q[x,Ao\/Al]

and thus ZEintO[x,A()\/Al] QCE(A()\/Al). O

Theorem 7.28. Let X be a uniform space, and let % be the set of all pseudometrics
A €UP(FX) such that pw(pX \ CE”(A,X)) = 0 for all meMy(X)". Then % is
a uniform structure on X and % 2 UP(X).
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Proof. Take any Ay,A; €%, meM,(X)t and j€w, and let A := Ay V Ay. Then
CE(3jA9) N CE(3jA;) C CE(jA) by Lemma 7.27. Thus pm(pX \ CE(jA)) =0
for every jew, and py(pX \ (E”(A)) = 0. Therefore % has property (Ul) in
Definition 1.1.

To prove property (U2), take any pseudometric A such that A < % and any
meM,(X)" and j€ . There is A’ € % such that O[x,A’] C Olx, jA] forallxeX.
Hence CE(A") C CE(jA), and pm (pX \ CE(jA)) = 0. It follows that A € .

Property (U3) follows from the inclusion %7 2 UP(X), which holds by virtue of
Theorem 7.14. O

Definition 7.29. When X is a uniform space, the measure-fine uniformity of X is
the uniformity %/ in Theorem 7.28. The measure-fine uniform space of X, denoted
by MX, is the set X with the measure-fine uniformity of X.

A uniform space X is measure-fine iff X = mX. [

Evidently MX is finer than X and coarser than FX.

Exercise 7.30. Prove that if X is a uniform space such that 21, (X) = 91 (X), then
MX =FX. L]

(_
As in Sect. 1.3, Ag is the usual metric on R so that f Ag(x,y) = |f(x) — fF(»)]
for any real-valued function f on X and x,y€ X.

Lemma 7.31. Let X be a uniform space, f € Cp(X), z€pX and je®, j > 1. Let A
be the pseudometric f Ag on X.

1. If z€CE(jA,X), then there exist g,g' € C,(pX) such that g(x) < f(x) < g'(x) for
everyxeX and g'(z) — g(z) =2/ .

2. If there exist g,g' € Cp(pX) such that g(x) < f(x) < g'(x) for every x€X and
g'(z) — g(z) < 1/3j, then z€ CE(jA,X).

Proof. To prove Part 1, take any z€ CE(jA). Then there is xo €X such that the set

V :=intOlxo, jA] is a neighbourhood of z in pX. With r := || f||x + 1/, there are
functions g, g’ € Cp(pX) such that

flxo)—=1/j,  gis —ronpX\V,
fxo)+1/j, gis ronpX\V.

—r<g< flxo)—1/j, 8(2)
r>g > fx)+1/j, &)

Since f is continuous,

fx0) =1/j < f(x) < flxo)+1/J
for every x€e X N(Olxo, jA]. Thus g < f < g’ on X.
To prove Part 2, take g,¢’ € Cp(pX) such that g(x) < f(x) < g'(x) for all xeX
and g'(z) — g(z) < 1/3;. The set

Vi={yepX|lg(y) —g(x)| <1/3jand |¢g'(y) - &'(z)| < 1/3,}
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is open in pX. Fix xo X NV. For all xe X NV, we have

g(z)—1/3j <g(x) < flx) <g'(x) <g'(2) +1/3j < g(z) +2/3:

hence | f(x) — f(x0)| < 1/, and it follows that X NV C |[xo, jA]. Therefore z is in
V CintQlxo, jA] € CE(jA). 0

Exercise 7.32. Let X be a uniform space and ¢: X — Z a continuous mapping to a
complete metric space Z with metric A. Prove that CE°°(<$A) is the largest subset A
of pX for which there is a continuous mapping ¢: A — Z extending ¢. [

The next theorem states that a bounded function is in U, (MX) if and only if it is
“Riemann-integrable” with respect to every uniform measure on X.

Theorem 7.33. Let X be a uniform space. Two properties of a real-valued function
f on X are equivalent:

(i) f€Up(MX).
(ii) For every meM,(X)" and for every € > 0, there are h,h' € Up(X) such that
W< f < andm(K —h) < e.

Proof. Set A := 7AR. Thus f € Up(MX) if and only if pm (pX \ CE(jA)) = O for all
meM,(X)" and j € w, by the definition of MX.

To prove (i)=-(ii), assume f € U,(MX) and take any me 9, (X)" and € > 0.
Choose j € o such that 2||m||/j < €. By part 1 of Lemma 7.31, there are nets {gy}y
and {g’}y in Cp(pX) such that g,(x) < f(x) < g(x) forall yand all x€ X, gy "g,
gy g where g and g’ are functions on pX, and g'(z) — g(z) < 2/j forall z€ CE(jA).
By Theorem P.26,

im (&y—8y)dpm = [ (&' —g)dpm .OEUA)(g g)dpm <2|m|/j<e

Thus [ (g}, — 8y) dpm < & for some ¥, and (ii) holds when /1 and /" are the restrictions
of such gy and g}, to X.

To prove the converse, assume property (ii). Take any m e, (X)", j€w and
€>0.Leth,/ €Up(X) be such that h < f < h' and m(h' — h) < £/3j. By Part 2 of
Lemma 7.31, if z€pX \ CE(jA), then #/(z) — h(z) > 1/3. Thus

pun(BX \ CE(jA)) <37 [ (W) dpw = 3jm(K —h) < e,

which proves pm (X \ CE(jA)) =0 and f € Up(MX). O

Exercise 7.34. Let X be any uniform space. Prove that the UEB(X) topology, the
UEB(MX) topology and the Uy (X)-weak and U, (MX )-weak topologies coincide on
the positive cone M, (MX ) ™. Prove that the four topologies coincide on ||-|| spheres
in M, (MX). "
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The identity mapping t: MX — X is uniformly continuous and extends to
Mp(1): Mp(MX) — Mp(X) as in Definition 6.7. The image 1(m) = My, (1) (m)
of me My, (MX) is simply the restriction of m to the space Up(X) C Up(MX), and
1(m) €M, (X) for all meM,(MX) by Lemma 6.8. By the next theorem, every
me M, (MX) is uniquely determined by 1(m), and every uniform measure on X
is of the form 1(m) for some m €9, (MX). In that sense, uniform measures on MX
and on X are the same.

Theorem 7.35. Let X be a uniform space and 1: MX — X the identity mapping.

1. IfmeMy,(MX) and 1(m) €M (X), then m e M, (MX).
2. The mapping m — 1(m) is a bijection from M, (MX ) onto M, (X).
3. MMX = MX.

The main step in the proof is the following lemma.

Lemma 7.36. Let X be a uniform space, A € UP(FX), let 1: MX — X be the identity
mapping and m € My, (MX)*. Then

P (PMX \ GE7(4,MX)) < py(m) (X \ CE™(A, X)).

Proof. Let ¢: pMX — pX denote the restriction of the mapping 91, (1) to the set
PMX C M (MX). Then p, () is equal to @(pm), the image of py under ¢ as defined
in Sect. P.5. Thus it is enough to prove CE”(A,MX) D ¢~ (CE™(A,X)).

In this proof, I write inty; and M for the interior and closure operations in pMX,
and intand  for the operations in pX.

Take any z€ @' ((E”(A, X)) and any j € ®. Then ¢(z) € (E(2jA,X); therefore
there is x€ X for which @(z) €int O[x,2jA]. As the mapping ¢ is continuous,

V=gl (intm)

is an open subset of pMX, and z€intyy X N VM because X is dense in pMX. From the
continuity of A we get

XNV CXNQOKx,2jA] C O, jA];

hence z€inty Q[x,jA]M C CE(jA,mX). That proves z€ CE™ (A, MX). O
Proof of Theorem 7.35. To prove Part 1, take any m € 0, (MX) with 1(m) € M, (X),
and any A € UP(MX). From Theorem 7.14 and Lemma 7.36 we get

[P | (PMX \ CE™(4,MX)) < |py(m)|(PX \ CE™(4, X)) = 0,

and another application of Theorem 7.14 gives m € M, (MX).
The mapping m — t(m) is injective on 9, (MX) by Theorem 7.33. To prove that
it is surjective, in view of Part 1 it is enough to show that every uniform measure in
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M, (X) is of the form t1(m) for some m €My, (MX). But such m is easily obtained
from the Hahn—Banach theorem P.9; alternatively, an explicit extension of a uniform
measure on X to a ||-|| bounded functional on U, (MX) is just as easily obtained from
Theorem 7.33.

To prove Part 3, take any A € UP(MMX), meM,(X)", j€ew and € > 0. By
Part 2, there is m’ € 91, (MMX ) whose restriction to Up(X) is m.

Define a net {fp}p of functions fp € BLip,(jA)™ indexed by non-empty finite
subsets D of X (ordered by inclusion): fp(x) := 1A jA(x,D) for x€X. Then
limp fp = 0 in the X-pointwise topology; hence limpm'(fp) = 0, and there is D
for which m’(fp) < €. By Theorem 7.33, there are functions A,k € Uy (X) for
x€D such that i, < fry < hy and Y, cpm(hy — hy) < €. Let h := minyep by and
I :=minyep hl,. Then h < fp <K and m(h' —h) < €, and thus m(h') < 2e.

I claim that if z€pX \ CE(jA,X), then //(z) > 1. In fact, if z€pX and 7/ (z) < 1,
then there is x € D such that //.(z) < 1. Thus /. is < 1 on an open neighbourhood V
of zin pX. But VNX C Olx, jA] because fi,) </, and therefore

zeV CintVNX CintQlx, jA] C CE(jA,X)

(where the interior and closure are taken in pX), as claimed. From the claim, we get
pr(PX \ GE(jA.X)) < [ W dpm =m(H) < 2¢,

which proves that A € UP(MX). |
The following theorem is a partial converse to Theorem 7.21.

Theorem 7.37. Let X be a measure-fine uniform space and M, (X) C Ms(X).
Then X is inversion-closed.

Proof. Take any sequence of functions f; €Uy (X), j€ o, such that f; \, 0. Write
A(x,x') == sup;|f;(x) — f;j(x)| for x,x’ €X. Then A €UP(FX) because for every
x€X and every € > 0 there is a neighbourhood W of x in X such that || f;|lw < € for
almost all j.

Since f; \,0 on X, there is a function g on pX for which ]Tj N\, & I claim that
coz(g)UCE™(A) =pX.

To prove the claim, take any z€pX such that g(z) =0 and any k€ @, k > 1. Then

fi(z) < 1/3k for some j € ®. The set
V= {yepX | [fi(y) - fi(z)| < 1/3kforalli < j}
is open in pX; hence z€intXNV. If yeV and i > j then fi(y) < fi(y) < 2/3k.

Therefore A(x,x’) < 2/3k for all x,x’ €X NV; hence X NV C Olxg,kA] for any
xo€X NV, and

ze€intX NV CintO[xg,kA] CET(A),

which proves the claim.
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Now take any m € 9, (X)*. Then m € M (X)™; hence pw (Z) = O for every zero
set Z C pX \ X by Theorem 7.12. The set coz(g) is a countable union of zero sets
Ni{zepX | fi(z) > 1/i},i=1,2,...; therefore

P (PX \CE™(4)) < pm(coz(g)) = 0.

Thus A € UP(MX). Then A € UP(X) because X is measure-fine, the set {f; | j€e 0}
is uniformly equicontinuous, and X is inversion-closed by Theorem 4.7. a

Corollary 7.38. These properties of a uniform space X are equivalent:

(i) Mu(X) S Mo (X).
(ii) My(MX) C Mg (MX).

(iii) MX is inversion-closed.

Proof. The implication (ii)=-(iii) follows from Theorem 7.37, (iii)=-(ii) from
Theorem 7.21 and (ii)=-(i) from Part 2 of Theorem 7.35.

Assume (i), and take any m € 9, (MX) ™, functions f; € Up(MX), j € o, such that
fi\«0, and € > 0. By Theorems 7.33 and 7.35, there are hj,h’j eUp(X) for jew
such that hj < f; < h/; and m(h; — h;) < £/2/"". Define functions g; := min;<;h;
and g; := min;<; i for j€ . Then g; < f; < g’ and m(g; — g;) < €. Hence

limm(f;) <limm(g}) <limm(g;) +e=¢
J J J

because g; \, 0 and lim; m(g;) = 0 by (i). That proves (i)=-(ii). O

7.6 Notes for Chap. 7

Alexandroff [2] proved that, on certain spaces of bounded functions with the usual
sup norm, every norm-bounded linear functional is represented as integral with
respect to a finitely additive measure. A representing finitely additive measure exists
under fairly general assumptions, and it is unique when the function space satisfies
a certain normality condition.

The function space properties required in Alexandroff’s construction may be
described in the language of uniform structures: Let X be a uniform space and %4
the algebra of subsets of X generated by the cozero sets in X. If X is an Alexandroff
space (Sect. 4.1), then every functional in 9%, (X) is represented by a unique finitely
additive measure ¢ on % that is inner regular with respect to zero sets, in the
sense that

|1 (A) =sup{|u|(Z) | Z C A and Z is a zero set}

forall Ac A.



7.6 Notes for Chap. 7 115

Now if X is a general uniform space, it can be shown that there is an Alexandroff
space X' on the same set of points such that X and X’ have the same bounded cozero-
continuous functions. The algebra £ for X is the same as for X', Up(X) C Up(X'),
and by the Hahn-Banach theorem P.9, every functional in 9,(X) extends to a
functional in 90, (X"). Thus every functional in 90, (X) is represented by a finitely
additive measure [ on Z; however, in general, 1 need not be unique, which makes
such a representation less useful.

Alexandroff (loc. cit.) also described o-smooth and t-smooth functionals (not
under those names), and their integral representation, and representation by mea-
sures on a certain compactification of the underlying space. When Alexandroft’s
definitions are expressed in the language of uniform structures, the results in
Sect. 7.1, when restricted to the class of Alexandroff spaces, follow from those
in [2].

Theorems 7.9, 7.10 and 7.12 were proved by LeCam [121], who considered
o-smooth, T-smooth and tight functionals on function spaces that include Uy, (X)
for an arbitrary uniform space X and described representation by measures on the
uniform compactification. Theorem 7.14 is due to Frolik [64], [69].

The decomposition in Exercise 7.17 is a special case of a general result about
projections in Dedekind-complete Riesz spaces [59, 3531]. The general result yields
also analogous decompositions for M (X ), M.(X), Ms(X) and other bands in the
Riesz space My, (X).

Example 7.19 was constructed by Zahradnik [181]. Theorem 7.20 was proved by
Berezanskii [7], and a weaker version by Fedorova [50]. Theorem 7.22 is essentially
due to Fedorova [52], who, however, stated it in terms of ¢-smooth (not T-smooth)
functionals.

Theorem 7.25 is a generalization of a theorem in topological measure theory
to which I return in Sect. 8.4. Another result in topological measure theory
demonstrates that the converse of Theorem 7.22 is false (see Sect. 8.7).

I formulate Exercise 7.26 using measure-free cardinals so that Theorem 7.25 can
be applied. However, in this application the theorem is used only for multiplicative
functionals in 9 (X ), and those are represented by {0, 1 }-valued measures. Hence
the same approach with a modified version of Theorem 7.25 yields the following
result of Rice [155, 2.8]: If X is a complete inversion-closed uniform space in
which the cardinality of every uniformly discrete subset is non-measurable (i.e. not
measurable by a {0, 1}-valued measure), then cX is complete. The case X = FT,
where T is a completely regular topological space, is the Shirota theorem [81,
15.20]; its generalization for locally fine uniform spaces was proved by Isbell [100,
VII.18].

The concept of a measure-fine space and the results in Sect. 7.5 are due to
Frolik [69], [74], who proved also additional properties of MX and related M to
other functors on the category of uniform spaces.

Research Problem 2. Find an intrinsic characterization of those uniform spaces X
for which 91, (X) = M (X), or at least narrow the gap between the sufficient
condition in Theorem 7.22 (supercompleteness) and the necessary condition in
Exercise 7.23 (completeness).
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Frolik’s theory of measure-fine spaces (Sect. 7.5) offers a framework and tools
for attacking this problem. Another promising approach using strict topologies was
developed by Fedorova [54] (but beware: parts of Theorem 1 in [54] are disproved
by Example 7.19).

For completely regular topological spaces T, the property 9, (FT) = M (FT)
along with closely related measure-compactness (Sects. 8.3 and 8.4) have been
extensively studied in topological measure theory [11, 7.14] [60, Ch.43] [180]. =



Chapter 8
Instances of Uniform Measures

In this chapter I show how to obtain several familiar spaces of measures and
measure-like functionals as 9, (X) for suitably chosen uniform spaces X, and how
to derive properties of spaces of measures from the results in Chap. 6. Although
many of the theorems derived here are well known, it is noteworthy that they are
all obtained as special cases of general theorems about uniform measures. This
brings out parallels between various spaces of measures and indicates to what extent
uniform measures are their common generalization.

For each instance of 91, (X) in this chapter, I follow the same basic steps: First,
find a uniform space X such that 91, (X) is naturally isomorphic to the given space
of measures, and identify an interesting class of UEB(X) subsets of U, (X). The rest
is then a straightforward application of the results in Chap. 6.

8.1 Sequentially Uniform Measures

For any uniform space X, define M1, (X) to be the space of those linear functionals
on Uy (X) that are sequentially X -pointwise continuous on the UEB(X) sets. In other
words, Mys (X) is the space of the functionals m € 9, (X) such that if A € UP(X)
and if {f;}; is a sequence in BLip,(A) and lim; fj(x) = O for all xeX, then
limjm(fj) =0.

Obviously Ms(X) C Mys(X) and N, (X) C My (X).

Lemma 8.1. Let X be a uniform space, A € UP(X), and let {f;}; be a sequence in
BLipp(A) converging X -pointwise to 0. Then the set {f; | je w} is UEB(p1X).

Proof. Define the pseudometric A’ on X by

A'(x,y) = sup|f;(x) — fi(y)| for x,y€X.
i

Then A’ € UP(p;X) and fj € BLipp(A’) for j € o. 0

J. Pachl, Uniform Spaces and Measures, Fields Institute Monographs 30, 117
DOI 10.1007/978-1-4614-5058-0_9,
© Springer Science+Business Media New York 2013
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Theorem 8.2. 9Miys(X) = My (p1X) for every uniform space X.

Proof. Take any A €UP(p;X). Then X has a countable A-dense subset; hence
the X-pointwise topology on BLip,(A) is metrizable. If m € Mys(X), then m is
sequentially continuous on BLipy(A), hence continuous on BLip,(A). That proves
9:RUO'(X) c 9ﬁu(PlX)~

The opposite inclusion follows from Lemma 8.1. O

Corollary 8.3. M (X) C M, (p1X) for every uniform space X. O

By Theorem 8.2, spaces My (X) have all the properties of general 2, (X)
spaces. In particular, the space Mys(X) is a band in My(X), and the results in
Chap. 6 yield the following properties of the Uy, (X )-weak topology on Mys(X):

Theorem 8.4. Let X be any uniform space.

1. Let {my}y be a net in Mys (X), m €My (X) and limymy(f) = m(f) for every
feUp(X). If my > 0 or |[my|| = ||m|| for all y or if {m} is a sequence, then

1i]1/n sup [my(f;) —m(f;)| =0
J

for every A€ UP(X) and every sequence of functions f;€BLipy(A) that con-
verges X -pointwise to 0.

2. A set U is relatively compact in the space Myg (X)) with the Uy, (X )-weak topology
if and only if A is ||-|| bounded and

lim sup |m(f;)|=0

J meA

for every A€ UP(X) and every sequence of functions f;j € BLipy(A) that con-
verges X -pointwise to 0.
3. The space Mys (X) is Up(X)-weakly sequentially complete.

Proof. Clearly U, (X) = Up(p1X). If AcUP(X), fj€BLipp(A) for all j€® and
lim; fj(x) =0forallxeX, then.Z :={f;| je o} isa UEB(p; X) set by Lemma 8.1.
If a net in the space M, (X) = My (p1X) converges in the UEB(p;X) topology, then
it converges uniformly on .%.

The Up(X)-weak topology and the UEB(p;X) topology agree on the positive
cone M, (p1X) ™ (Corollary 6.13), on ||-|| spheres in 9, (p1X) (Corollary 6.15) and
on Uy (X)-weakly convergent sequences in 9, (p;X) (Corollary 6.18). Part 1 now
follows from Theorem 8.2.

To prove Part 2, take any set 2A C Mys(X). If A is Uy (X)-weakly relatively
compact in Mye (X) = M, (p1X), then it is ||-|| bounded and X -pointwise equicon-
tinuous on .# (Theorem 6.16); hence lim; sup, .o [m(fj)| =O0.

Conversely, assume that 2 is ||-|| bounded and lim; sup, g |[m(fj)| = 0 when-
ever A€ UP(X), f; €BLipp(A) for j€ w and lim; fj(x) = 0 for all x€ X. Then 2 is
Up (X )-weakly relatively compact in 9, (X ), and any element n of the Uy, (X)-weak
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closure of 21 in My (X) satisfies lim; [n(f;)| < lim; sup,cqo [m(f;)| =0, which
means that n€Mye(X). Thus A is relatively compact in Mye(X) with the
Up (X)-weak topology.

Part 3 is a special case of Theorem 6.19. O

By Theorem 8.2, 9,(X) = Mys(X) whenever X = p;X. If X is a discrete
space such that |X | is not measure-free, then M1, (X) # Myo (X) because M (X ) #
9, (X) by Theorem 7.25. There are uniform spaces X for which 91, (X) # My (X)
even if all cardinals are measure-free, although the construction is then more
difficult; see the notes in Sect. 8.7.

8.2 Measures on Abstract -Algebras

For any point-separating o-algebra X of subsets of a non-empty set S, let X
be the uniform space constructed in Example 2.3: The point set of X is §, and
the uniformity UP(X) = % (X) is induced by the mappings ¢: S — N such
that ¢~ !(j)€X for every jEN, where N is the discrete uniform space on the
set @. A real-valued function on X is uniformly continuous if and only if it is
Z-measurable, and in particular, Up(X) = £ (S, X).

Clearly X is inversion-closed and X = p; X, so that M, (X) = Mg (X) = Mus (X)
by Theorems P.33, 7.21, 7.25 and 8.2. The space of finite linear combinations
of characteristic functions Ig, E€ X, is ||-||s dense in £.(S,X). Define the map-
ping ®: My(X) — R* by d(m)(E) := m(Ig) for me M, (X), E€X. The space
My (X) = Ms(X) naturally identifies, via the mapping ¥, with the space of all
measures on X.

Lemma 8.5. Let X be a point-separating o-algebra of subsets of a non-empty set
S, and fj €lo(S,X) for j€ . Iflim; fj(x) = O for all x€ S, then the set {fj | je }
is uniformly equicontinuous with respect to the uniformity % (X).

Proof. Take any € > 0. The sets Ay := {xeS |Vj >k [|fj(x)| < €]}, k€ w, are in
X, and their union is S. Since the functions f; are X-measurable, each A; may be
written as a countable union Ay = J;c,, B of sets By ; € X such thatif x,y € By ; and
J <k, then |f;(x) — fj(y)| < &. Then also |f;(x) — fj(y)| < 2& for x,y € Bx; and any
J € . By renumbering the sets By ;, we get E; € X, i € @, such that § = | J; E;, and if
x,y€E;, i€ o, then |f;(x) — f;(y)| < 2¢. Hence there is a mapping ¢: S — N such
that ¢~ !(z) € X for every z€ N and | f;(x) — f;(y)| < 2€ whenever j€ @, x,y€S and
¢(x) = (y). O
Theorem 8.6. Let X be a o-algebra of subsets of a non-empty set S.

1. Let {l1y}y be a net of measures on X, and let |1 be a measure on X such that

limy [ fduy = [ fdu forevery f €Leo(S,X). If Ly > 0 or |1y|(S) = || (S) for all
yorif {lly}y is a sequence, then
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lim sup ’/fjduy—/fjdu‘ 0
J

for every ||-||s bounded sequence {f;}; in {-(S,X) that converges X-pointwise
to 0.
2. These properties of a ||| tv bounded set M of measures on X are equivalent:

(i) M is relatively compact in the space of measures on X in the l-(S,X)-weak
topology.

(ii) If {fj}; is a ||-||s bounded sequence in {..(S,X) and lim; fj(x) = 0 for all
x€X, then

lim sup ’/fjdu‘ 0.
J ueM

(iii) If{f;}; is a sequence in {(S,X) and fj \, 0, then

lim sup ’/fjdu‘ 0.
J HEM |-

3. If{u;}; is a sequence of measures on X and the limit lim; [ f du; exists for every
f€Llu(S,2), then W(E) :=lim; u;(E) defines a measure | on X.

Proof. Assume, without loss of generality, that X separates the points of S. Let
again X be the uniform space constructed from X as in Example 2.3. If {f;}; is a
||-||s bounded sequence in £..(S, X) such that lim; f;(x) = O for all x € X, then the set
F :={fj| jew} is UEB(X) by Lemma 8.5. Thus Part 1 and implication (i)=-(ii)
in Part 2 follow from the corresponding parts in Theorem 8.4.

Implication (ii)=-(iii) in Part 2 is obvious. Now assume that (iii) holds, and let
2A C 9, (X) be the set of functionals represented by the measures in M. Then 2l is
Up (X )-weakly relatively compact in 9t,(X), and any element n of the Uy, (X )-weak
closure of 2 in M, (X) satisfies lim; [n(f;)| < lim; supycq [m(fj)| = 0, which
means that n €M (X) = M, (X). Thus A is relatively compact in M1, (X) with the
Up (X)-weak topology, so that (i) holds.

Part 3 is a special case of Theorem 6.19. O

Exercise 8.7. Strengthen Theorem 8.6 as follows:

1. Part 1 still holds if the condition lim, [ fdu, = [ fdu for f €l (S, X) is replaced
by limy uy(E) = u(E) for E€ X.

2. In Part 2, a set of measures is relatively compact in the {..(S,X)-weak topology
if and only if it is relatively compact in the X-pointwise topology. Condition (iii)
in Part 2 is equivalent to lim; sup,cy, }u(E j)| = 0 for every sequence of sets
E;€ X such that E; ™\, 0.

3. Part 3 still holds if the conditionlim; [ fdu; = [ fdu for f € £.(S,X) is replaced
by lim; u;(E) = pu(E) for E€X. "
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Exercise 8.8. Let ©: M, (X) — R be the mapping defined before Lemma 8.5.
Show that ¥ is a bijection from 9, (X) onto the space of finitely additive measures
onX. [

8.3 Baire Measures on Completely Regular Spaces

Let T be a completely regular topological space and consider the uniform space
X := cfFT; in other words, X is the set T with the uniformity induced by C(T').

The cardinality of every uniformly discrete subset of X is measure-free by
Theorems P.33 and 2.9, and X is inversion-closed because U(X) = C(T). In fact,
the following comments apply more generally with any uniform space X such that
U(X) = C(T) and the cardinality of every uniformly discrete subset of X is measure-
free. For example, we may take X := pyFT as long as every cardinal < X is
measure-free.

As X is inversion-closed, Mys (X ) € My (X) by Theorem 4.7. As the cardinality
of every uniformly discrete subset of X is measure-free, Mq(X) C M, (X) by
Theorem 7.25. Thus

My (X) = Mo (X) = Mo (X) = Mg (FT),

and the space 91, (X) naturally identifies with the space of Baire measures on FT
(known as Baire measures on T in topological measure theory)—that is, measures
on the o-algebra o(C(T)). In the identification, the Uy (X)-weak topology on
My (X) becomes the Cy,(T)-weak topology on the space of Baire measures on FT
that arises from the duality (u, f) = [ fdu for a measure u and f € Cy(T).

The uniform compactification of X is the Cech-Stone compactification BT.
Recall from Sect. 7.2 that every ||-||7 continuous linear functional m on the space
Up(X) = Cp(T) is represented by a unique tight Borel measure py, on B7.

Theorem 8.9. Let T be a completely regular space. A ||-||r continuous linear
Sfunctional m on the space Cy(T) is 6-smooth if and only if |pm|(Z) = O for every
zero set Z C BT suchthat ZNT = 0.

Proof. This is a special case of Theorem 7.12. g

A completely regular space T is called measure-compact ift Mg (FT) = M (FT).
This is an important concept in topological measure theory. By the result in
Exercise 7.23, every measure-compact space is realcompact.

Exercise 8.10. The Sorgenfrey line is a topological space on the set R. A base of its

topology is the set of half-open intervals [a,b) = {x€R | a < x < b}, a,b€R. The

Sorgenfrey plane is the topological product of two copies of the Sorgenfrey line.
Prove that the Sorgenfrey plane is realcompact but not measure-compact. [
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Theorem 8.11. Let T be any completely regular topological space.

1. Let {liy}y be a net of measures on the c-algebra o(C(T)), and | another
measure on 6(C(T)) such that limy [ fdu, = [ fdu for every feCy(T). If
Uy >0 or |uy|(T) = |u|(T) for all y or if {ly}y is a sequence, then

lim sup ’/fjduy—/fjdu‘ 0
J

for every sequence of functions f; € Cp(T') such that f; \, 0.
2. A set M is relatively compact in the space of measures on o(C(T)) with the
Cy(T)-weak topology if and only if M is ||-||tv bounded and

lim sup ‘/fjdu‘—o
J ueM

for every sequence of functions f; € Cp(T') such that f; \, 0.

3. If {u;}; is a sequence of measures on 6(C(T)) and m(f) :=lim; [ fdu; exists
for every f€Cy(T), then there is a measure | on the 6-algebra 6(C(T)) such
that m(f) = [ fdu for every f € Cy(T).

Proof. This is similar to the proof of Theorem 8.6. If f;€Cy(T) for j€® and
fi \( 0, then the set .7 :={f; | je w} is UEB(cFT) by Theorem 4.7. Thus Part 1
and the necessity of the condition in Part 2 follow from the corresponding parts in
Theorem 8.4.

To prove that the condition in Part 2 is also sufficient, let 20 C 90, (cFT) be
the set of functionals represented by the measures in M, and assume that 2( is |||
bounded and

lim sup [m(f;)[ =0
J meA
for every sequence of functions f; € C,(T) such that f; \, 0. Then 2 is Uy (cFT)-
weakly relatively compact in 9%, (cFT), and any element n of the U, (cFT)-weak
closure of  in My, (cFT') satisfies lim; [n(f;)] < lim; supy,co |m(fj)| = 0, which
means that n €M (cFT) = M, (cFT). Thus A is relatively compact in 9, (cFT)
with the Uy, (cFT)-weak topology.
Part 3 is a special case of Theorem 6.19. O

To what extent may Theorem 8.11 be generalized to 94 (X) for an arbitrary
uniform space X? First, observe that to define 94 (X), it is not enough to know
the topology of X. Although the spaces M (X) and M (X) are determined, up to
a natural isomorphism, by the topology of X (see Corollaries 5.5 and 7.8 and the
comments after them), the same does not hold for the space M (X):

Exercise 8.12. Find a uniform space X and meMs(X) for which there is no
m e Mg (FX) such that m(f) = m(f) for all f€Up(X). "
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Now let X be an arbitrary uniform space. By combining Theorem 7.4 and the
construction in Sect. 8.2, we get a uniform space Y on the set X such that Y is
finer than X and the identity mapping ¥ — X yields a natural isomorphism of the
Banach lattices 1, (Y) and M (X ). However, there need not exist such Y for which
Up(X) = Up(Y) and M (X) =M, (Y):

Exercise 8.13. As in Example 7.18, consider the compact space [0, 1], and let X be
the uniform subspace of rational numbers in [0, 1]. Show that the space M (X) is
not Up, (X )-weakly sequentially complete. Thus there is no space ¥ on the set X such
that Up(X) = Up(Y) and M (X) = M, (Y). "

8.4 Separable Measures

Let T be a completely regular topological space. A measure (U on the o-algebra
o(C(T)) is called separable iff for every continuous mapping ¢: T — Z to a
metrizable topological space Z there is a closed separable set Zy C Z such that

lul(T\ ¢~ (Z)) = 0.
Theorem 8.14. [f T is a paracompact topological space, then 9, (FT) = M (FT).
Proof. Apply Theorems 4.20 and 7.22. O

By the next theorem, the space of separable measures on ¢(C(7)) naturally
identifies with 9, (FT).

Theorem 8.15. Let T be a completely regular topological space, m € M (FT), and
let U be the unique measure on 6(C(T)) such that m(f) = [ fdu forall f € Cy(T).
Then the measure [ is separable if and only if m €M, (FT).

Proof. Assume that u is separable. Take any metric space Z and any uniformly
continuous mapping ¢: FT — Z. There is a closed separable Zy € Z such that
|u|(T\ =1 (Zy)) = 0. Define a measure (i on 6(U(Zy)) and mo € My (Zo) by

Ho(E) == u(e ' (E)) for E€a(U(Z),

mo(f) = [ fduo for fEUp(Z0).

Let 1: Zy < Z be the inclusion mapping. Since Z; is separable, my €M, (Zy) by
Theorem 7.25, and ¢(m) = 1(mg) € M, (Z). This proves that the image of m under
every uniformly continuous mapping from FT to a metric space Z is in 91, (Z), and
meM,(FT) by Part 3 of Theorem 6.20.

To prove the converse, assume that meN,(FT), and take any continuous
mapping ¢: T — Z to a metric space Z. Then ¢ is uniformly continuous from F7 to
FZ (Theorem 1.26), and ¢(m) € M. (FZ) by Theorem 8.14. Let uz be the t-additive
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measure on Bo(Z) that represents ¢(m) (Theorem 7.6). The support Zy of py is
separable by Theorem P.27, and |u|(T \ ¢~ '(Zy)) = 0. O

Theorem 8.16. Tiwwo properties of a completely regular topological space T are
equivalent:

(i) Every measure on the 6-algebra o(C(T)) is separable.
(ii) If A is a continuous pseudometric on T and S is a A-discrete subset of T, then
the cardinality of S is measure-free.

Thus the statement that every measure on o (C(7')) is separable is consistent with
the ZFC set theory.

Proof. A pseudometric A on T is continuous if and only if A €UP(FT). Apply
Theorems 7.25 and 8.15. a

In view of Theorem 8.15, the results in Chap. 6 when specialized to the uniform
space FT become statements about separable measures on 7':

Theorem 8.17. Let T be any completely regular topological space.

1. Let {11y}y be a net of separable measures on T, and |1 a separable measure on T

such that limy [ fdpy = [ fdu for all feCy(T). If iy > 0 or |uy|(T) = [u|(T)
for all y or if {11y} is a sequence, then

lim sup ’/fd,uy /fd,u‘
Y

for every ||-||T bounded equicontinuous set % C Cy(T).
2. A set M is relatively compact in the space of separable measures on T with the
Cy(T)-weak topology if and only if M is ||-||tv bounded and

hrn sup ‘/fyd,u‘

ueM

for every ||-||7 bounded equicontinuous net of functions fy€ Cy(T) that con-
verges T-pointwise to 0.

3. If {uj}; is a sequence of separable measures on T and m(f) := lim; [ fdu;
exists for every f€Cy(T), then there is a separable measure [ on T such that

m(f) = [ fdu for every f € Cy(T).
Proof. A subset of Cy(T) is ||-||7 bounded and equicontinuous on 7 if and only

if it is UEB(FT). Part 1 follows from Corollaries 6.13, 6.15 and 6.18, Part 2 from
Theorem 6.16 and Part 3 from Theorem 6.19. O
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8.5 Tight Measures on Locally Compact Groups

Results in prior chapters yield theorems about tight Borel measures on a locally
compact group G in duality with the space U, (rG) = LUC(G).

Theorem 8.18. Let G be a locally compact group. The following properties of
me My (rG) are equivalent:

(i) mEM(rG).
(i) mEM,(rG). -
(iii) m is G-pointwise continuous on orb(f) for every f € Uy (rG).

Proof. (i) < (ii) by Theorem 7.20. By Lemma 3.19 the set orb(f) is UEB(rG) for
every f € Up(rG); hence (ii)=-(iii).

To prove (iii)=-(ii), it is enough to consider the case where G is not compact.
Then G is ambitable by Part 4 of Theorem 3.35, so that every UEB(rG) set is
contained in orb(f) for some f € Uy (rG). O

Theorem 8.19. Let G be a locally compact group.

1. Let {1y}, be a net of tight Borel measures on G, and |1 another tight Borel
measure on G such that limy [ fduy, = [ fdu for every f € Uy (rG). If iy > 0 or
|Uy|(G) = |u|(G) for all y or if {1y }y is a sequence, then

lim sup {|Sfduy— [ fdu| | feorb(g)} =0

Jor every geUp(rG).
2. A set M is relatively compact in the space of tight Borel measures on G with the
Uy (rG)-weak topology if and only if M is ||-||Tv-bounded, and

hrn sup '/fyd,u'

ueM

Sor every g€ Uy (rG) and for every net of functions f,,e%(g) that converges
G-pointwise to 0.

3. If {u;}; is a sequence of tight Borel measures on G and m(f) := lim; [ fdu;
exists for every f € Uy (rG), then there is a tight Borel measure |1 on G such that

m(f) = [ fdu for every f €Up(rG).

Proof. By Lemma 3.19, the orbit closure orb(g) is UEB(rG) for every g € Uy (rG),
and by Part 4 of Theorem 3.35, either G is compact or every UEB(rG) set is
contained in an orbit closure. Part 1 follows from Corollaries 6.13, 6.15 and 6.18,
Part 2 from Theorem 6.16 and Part 3 from Theorem 6.19. O
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8.6 Cylindrical Measures

A cylindrical measure is a particular projective system of tight Borel measures on
finite-dimensional vector spaces.

Definition 8.20. Let E be a locally convex space. Let I'r denote the directed set
of all closed vector subspaces of E of finite codimension ordered by D. For yeIE,
E /v is the finite-dimensional quotient space with its usual uniform structure and
@y: E — E/y is the quotient mapping. In addition, ¢g,: E/y — E/B is the
canonical surjective mapping such that ¢g = @g, 0 @y for B, y€lE, B 2 y.

A cylindrical measure on E is an My,-projective system (I, E/Y, gy, my) for
which there is € R such that my, € M (E/y) and ||my|| < rforall yelg. "

The name cylindrical measure comes from the representation by finitely additive
measures on the algebra of “cylinders” ¢, '(A) C E, where yeIx, A€Bo(E/y).
This finitely additive measure need not be a (o-additive) measure.

Theorem 8.21. Let E be a locally convex space, and let I, E |y, ¢y and @g, be as
in Definition 8.20.

1. IfmeMy(WE), then (I, E Y, @y, ¢y(m)) is a cylindrical measure.
2. If (I, E/Y, 9y, my) is a cylindrical measure on E, then there is a unique
meM,(WE) such that my = @y(m) for all yeTk.

Proof. The mappings ¢y: wE — E/y are uniformly continuous. If m e Mty (WE),
then @y(m) €M, (E/y) = M (E/y) for every y. Since g = @py 0 @y for B 2 7, it
follows that (I, E /¥, pg,, y(m)) is an Mp-projective system. That proves part 1.
To prove part 2, note that the uniformity of wE is induced by the mappings
¢y: WE — E /7y, yeIE, and apply Theorems 6.20 and 6.29. a

By Theorem 8.21, cylindrical measures on E may be identified with uniform
measures on wWE, so that again all the general results about spaces 91, (X) apply to
the space of cylindrical measures. Moreover, the identification shows that, although
cylindrical measures are defined using the linear structure of E, they only depend
on the uniform structure of wE. That suggests a natural definition of the image
of a cylindrical measure under certain non-linear mappings and a definition of
cylindrical measures on infinite-dimensional manifolds modelled on locally convex
spaces.

8.7 Notes for Chap. 8

The space My (X) in Sect. 8.1 was defined by Ferri and Neufang [55] (using a
different notation) for X = rG, where G is a topological group. They also proved a
version of Theorem 8.2: If G is an X(-bounded topological group, then My (rG) =
M, (rG). Corollary 8.3 is due to Fedorova [53, Th.2.1].
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As I note at the end of Sect. 8.1, one can find a uniform space X such that
My (X) # My (X) even if all cardinals are measure-free. Pelant [142] constructed a
complete uniform space X for which p; X is not complete. For any pointx € p/l?( \ X,
we have d(x) €M, (p1X) \ My (X) and therefore M, (X) # Mys (X).

The description of measures on a o-algebra as uniform measures (Sect. 8.2) is
pointed out by Deaibes [36, 4.5] and Frolik [72]. The statements in Theorem 8.6 and
Exercise 8.7 are among basic results of abstract measure theory. They are discussed
in more detail in Bogachev [11, 4.6] and Dunford and Schwartz [45, IV.9]. Sets of
measures satisfying condition (iii) in Part 2 of the theorem or its equivalent form
in Exercise 8.7 are called uniformly countably additive [11, 4.6]. See Fremlin [58,
Ch.24] [59, Ch.35] for a closely related concept of uniformly integrable sets.

Baire measures and separable measures on completely regular spaces and
cylindrical measures (Sects. 8.3, 8.4 and 8.6) were described as uniform measures
by Frolik et al. [76]. Deaibes [36, 4.1.10] showed how to describe M (X) for an
arbitrary uniform space X as 91, (Y).

The results in Sects. 8.3 and 8.4 are part of topological measure theory.
Theorems 8.11 and 8.17 show that Baire measures and separable measures are well
behaved, unlike many other classes of measures on topological spaces. A proper
context for these results and links to original sources are in Buchwalter [16],
Bogachev [11, Ch.7], Fremlin [60], Kirk [113] and Wheeler [180].

The definition of separable measures in Sect. 8.4 is a minor variation of the
original definition due to Dudley [41], who also proved several portions of Theo-
rem 8.17. Granirer [84] investigated an equivalent property defined by continuity on
bounded equicontinuous subsets of Cp,(7) and proved Theorem 8.16 and some of
Theorem 8.17.

Wheeler [180, sec.8] includes Theorem 8.14 and other results showing that the
converse is false: There exists a space T such that every separable measure on 7 is
t-additive although T is not paracompact. Therefore the converse to Theorem 7.22
is also false: The uniform space X := FT is not supercomplete (Theorem 4.20) but
mu(X) = mtr(X)

Badrikian [5], Gel’fand and Vilenkin [79] and Schwartz [165] are the classical
sources for the theory of cylindrical measures and their role in harmonic analysis and
probability theory on topological vector spaces. Choquet [26] includes comparison
of cylindrical measures to several other classes of functionals. Images of cylindrical
measures under non-linear mappings were considered by Krée [114], [115].



Chapter 9
Direct Product and Convolution

As I noted in Sect. 6.8, historically one source of the uniform measure concept
had been the study of convolution of measures on topological vector spaces and
on topological groups. In this chapter I explore the connection between uniform
measures and convolution in a fairly general setting that includes convolution on
topological groups as a special case.

The natural way to define the convolution of two measures on a semigroup is to
take the image of the direct product measure under the semigroup operation. That is
the definition I adopt here for functionals on the space Uy, (X), after first establishing
properties of direct products.

Theorem 9.11 characterizes uniform measures as exactly those functionals that
satisfy a version of Fubini’s theorem for direct products. Theorem 9.20 and its
corollaries in Sects. 9.3 and 9.4 witness the key role of uniform measures in
continuity properties of the convolution operation. In Theorems 9.29 and 9.41,
topological centres in convolution semigroups are described in terms of uniform
measures.

9.1 Direct Product

Let X and Y be uniform spaces, f €U, (X*Y) and ne9,(Y). For every x€X, the
function \,f(x,y) is in Up(Y) by Corollary 2.35, so that we can form n(\,f(x,y)).
To simplify formulas, in this section I denote by nx f the function on X defined by

w2 () = n(\f(x.y)). xEX.

Lemma 9.1. Let X and Y be uniform spaces, F C Up(X*Y) and A C M, (Y). If
the set F is uniformly equicontinuous on X*Y and r := sup{||n|| | n €2} < oo, then
lnxfllx < rl|fllxy for every f€F, nefd, and the set {nxf | f€F, neA} is
uniformly equicontinuous on X.

J. Pachl, Uniform Spaces and Measures, Fields Institute Monographs 30, 129
DOI 10.1007/978-1-4614-5058-0_10,
© Springer Science+Business Media New York 2013
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Proof. Since ||\, f(x,y)|ly < | fl|lx+ forxeX, we have

[ f)] < [l [N\ )y < rllflxey

forne?, and ||[nxfllx < || fllx*y-
If % C Up(X*Y) is uniformly equicontinuous, then there is A € UP(X) such that
[, y) = f(X,9)] < A(x, X)) for feF, x,X’ €X and y€Y,
o f(x) = f()] = [n(\yf (x,3)) —n(\pf ()]
= [n(\pf (e,y) = \pf (@ 3))] < InflA(x,x") < rA(x,o)

for n€2; hence the set {nxf | f€.%, neA} is uniformly equicontinuous. O
Corollary 9.2. Let X and Y be uniform spaces, n€ My, (Y) and f € Up(X*Y). Then
3 f €Up(X) and [[wxfllx < [[nfl-[Ifllxey- O

By the corollary, m(nx f) is defined for m € M, (X), n€ My, (Y) and f € Uy (X*Y).

Definition 9.3. Let X and Y be uniform spaces, me€My(X) and ne M, (Y). The
direct product of m and n is the function m ® n on U, (X*Y) defined by

m@n(f) :=m(xf) =m\n(\,f(x,y)))

for feUp(X*Y). "

Lemma 9.4. Let X and Y be uniform spaces. If me M, (X) and n€My,(Y), then
mneM,(X*Y) and |[m@u|| < ||[m|.||n.

Proof. The linearity of m @ n follows from the linearity of m and n, and
[men(f)| = [mxf)] < [[ml[[n>fllx < [[ml[ [l [1f]xe

for f € Uy (X*Y) by Corollary 9.2. O

Note that if g€ Up(X), heUp(Y) and f(x,y) = g(x)h(y) for xeX, y€Y, then
FeUp(X*Y) and m@n(f) =m(g).n(h).

Lemma 9.5. Let X and Y be uniform spaces, mg, m; € My (X), ng,ny €My (Y) and
reR. Then
(rmo) dng=my (l’no) = r(mo ® I‘lo)
(mo+my) @np = (mo@np) + (M @1o)
my @ (no+mny) = (Mo@ng) + (Mo @ny)

Proof. This follows from the definition of ® and the linearity of m; and n;. a
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Recall from Lemma 2.36 that, for any uniform spaces Xy, X; and X5, the spaces
(Xo*X1)*X, and Xo*(X;*X;) are naturally isomorphic.

Lemma 9.6. Let X; be uniform spaces and m; € My, (X;) fori =0,1,2, and let y be
the uniform isomorphism from (Xo*X)*X, onto Xo*(X,*X,) that maps ((x,x1),x2)
to (xo,(x1,x2)). Then y/((mo Rm))Rmy) =my® (m1 ®m2).

Proof. Forany f € Up(Xo*(X;1*X2)), we have

mo @ (M @ma)(f) = mo(\xy (M1 @m2)(\(y, 1) f (X0, (x1,%2))))
= mo(\xym1 (\y m2(\ao f (0, (x1,%2)))))
= mo(\xym1 (\ry m2(\, £ © W((x0,x1),%2))))
= mo @M (\ (y9.0)M2(\ip f 0 W((x0,x1),%2)))
= (mo®@my) @my(foy),

which proves y((mp®@m;) ®my) = m® (m; @my). 0

Lemma 9.7. For i = 0,1, let X; and Y; be uniform spaces, ¢;: X; — Y; uniformly
continuous mappings, and m; € My (X;). Define @(xo,x1) := (@o(x0), @1(x1)) for
x0 €Xo, x1 €X1. Then @ is a uniformly continuous mapping from Xo*X; 1o Yo*Y;
and @(mp@my) = @o(my) @ @1 (my).

Proof. Uniform continuity of ¢ follows from Definition 2.33. If f € U (Y5*Y}), then

p(mo@my)(f) =mo@m(fo@)=mo(\ymi(\x, f(Po(x0),91(x1))))
= @o(mo) (\yo @1 (m1)(\y, f(vo,¥1)))
= @o(mo) ® @1 (my)(f),

which proves ¢ (mg@m;) = @o(mg) @ @1 (my). 0
Lemma 9.8. Let X and Y be uniform spaces.

IfmeMy(X)T and neMy(Y)", then m@neMy(X*Y)™.
IfmeMol(X) and neMol(Y), then m® n€ Mol(X*Y).
IfmeM,(X) and ne My (Y), then m@ne M, (X*Y).
IfmepX andnepy, thenm®n€p(X*Y)

IfmeX andney, then m @neX*Y.

SR

Proof. Part 1 follows directly from the definition of ®.
To prove Part 2, write m and n as

Zr ) for geUp(X)
xeD
=> 7 ) for heUy(Y)

yeD!
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with finite sets D, D’ and coefficients (x), ' (y) €R. Then

man(f) =3, ¥ r()r(y)f(xy) for feUp(X*Y).

x€D yeD’

For Part 3, take any UEB(X*Y) set .# C Up(X*Y) and € > 0. By Lemma 9.1, the
set {nxf | fe€.%}is UEB(X); thus there are 6 > 0 and a finite set Dy C X such that

VieZ [nxflpy <0 = [mnxf)| <e].

By Theorem 2.34 the set {\,f(x,y) | f€.%,xeDx} is UEB(Y), hence there are
0’ > 0 and a finite set Dy C Y such that

VxeDx VfeF [[\uf(xy)lp, <8 = [n(\,f(x.y))] <6].

Set D := Dy X Dy, and take any f€.7 such that || f||p < 6’. If x€ Dy, then
I\y.f(x,9)||py < 0'; therefore [nx f(x)| = [n(\yf(x,y))| < 6. It follows that

[men(f)]=[m(nxf)| <e,

which proves that m ® n is pointwise continuous on .% at 0. Apply Lemma 5.25.

To prove Part 4, take any m € pX and n € pY . There are nets {xg} g in X and {y,},
in Y such that limg d(xg) = m in the Up (X )-weak topology and limy d(y,) = n in
the Uy (Y)-weak topology.

It is clear from the definition of ® that in the Up(X*Y)-weak topology we
have limy d(xg) ® d(yy) = d(xg) @ n for every B (see also Theorem 9.11), and
limg d(xg) @n = m®n. Since d(xg) ® d(yy) = d((xp,yy)) and the set p(X*Y) is
Up (X*Y)-weakly closed in MM, (X*Y), it follows that m @ n € p(X*Y).

Part 5 follows from Parts 3 and 4 and from Part 3 of Theorem 6.37. O

Exercise 9.9. Let X and Y be uniform spaces, m €M (X) and n€ M (Y). Prove
that m ® n € M (X*Y). "

In Definition 9.3, m ® n is obtained by applying first n and then m. In the classical
setting of countably additive measures, Fubini’s theorem states that the order may

be reversed:
[ [renauwave) = [ [ renaviordue

For functionals on uniformly continuous functions, the analogous formula

m\n(\yf (x,7))) = n(\ym(\of (x,7)))

does not necessarily hold for arbitrary m and n, but it does hold when m € M1, (X).
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Theorem 9.10 (Fubini’s theorem). Let X and Y be uniform spaces, m € M, (X),
neMy(Y), and f € Up(X*Y). Then \ym(\(f(x,y)) €Up(Y) and

men(f) =n(\,m\f(x,))).

Proof. As the set {\.f(x,y) | yeY} is UEB(X), by Theorem 6.6 there is a net
{my},, my € Mol(X), such that

1171/11 sup [m(\cf (x,y)) —my(\xf(x,y))| =0
yeY

lm [m(1>0f) — my(3 )| = 0

The theorem holds with each my in place of m, by the linearity of n. Therefore the
function \y,m(\.f(x,y)), being a ||-||y limit of functions in U, (Y), is in Up(Y), and
for all ¥ we have

my(n3f) =my@n(f) =n(\ymy(\of (x,)))-

Hence

‘ maen(f) —n(\ymO\f(x,y))) |
< 11)1}1 ’m(nx]f) —my(nxf) ‘ + 1i]1/n ‘n(\ymy(\xf(x,y))) —n(\ym(\cf(x,))) ’

=0

and m@n(f) =n(\ym(\«f(x,y))). =

Next I show that Fubini’s formula holds only for uniform measures and is
equivalent to a certain continuity property of the ® operation.

Theorem 9.11. For any uniform space X, the following properties of a functional
me My (X) are equivalent:

(i) meM,(X).
(ii) For every uniform space Y, if n€My(Y) and f € Up(X*Y), then the function
\ym(\xf(xay)) isin Up(Y) and m@n (f) = n(\ym(\xf(xvy)))'
(iii) For every uniform space Y, the mapping w— m®n is continuous from 9y (Y')
with the Uy (Y)-weak topology to My, (X*Y ) with the Uy, (X*Y )-weak topology.
(iv) For every uniform space Y, the mapping y — m® dy(y) is continuous from Y
o My (X*Y) with the Uy (X*Y )-weak topology.
(v) For every compact uniform space Y, the mapping y — m® dy (y) is continuous
SfromY to My,(X*Y) with the Uy, (X*Y)-weak topology.

Note that, in contrast, the mapping m — m ® n from M, (X) to M, (X*Y) is
continuous in the Up-weak topologies, and also in the UEB topologies, for every
neMy (Y) .
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Proof. (i)=-(ii) by Theorem 9.10.
Assume (ii), and take any f € Up(X*Y). Then the mapping

n—men (f) = n(\ym(\xf(xv)’)))

from My (Y) to R is U, (Y)-weakly continuous. As this holds for all €U, (X*Y),
(iii) follows.

(iii)=-(iv) because the mapping dy: ¥ — M, (Y) is Up(Y)-weakly continuous,
and obviously (iv)=(v).

Next assume (v), and take any A € UP(X). Define Y to be BLip,(A) with the
X-pointwise uniformity, and f(x, ) := h(x) forx€X and heY. Then f € Uy (X*Y)
and by (v) the function 1 +— m ® dy (h)(f) = m(h) is continuous on BLipp(A). That
proves (v)=-(i). O

The remaining results in this section further clarify the connection between
uniform measures and the continuity of the ® operation.

Theorem 9.12. Let X and Y be uniform spaces. Let {my}yer be a net in My, (X),

meMy(X), {ny}yer a netin My(Y), and n €My, (Y). Assume that limym, = m in

the UEB(X) topology on My, (X), and sup,,[[ny[| < eo.

1. Iflimyn, = n in the UEB(Y) topology on My, (Y ), then limym, @ ny =m@n in
the UEB(X*Y) topology on My, (X*Y).

2. If limyny = n in the Uy(Y)-weak topology, then limym, @ ny = m @ n in the
Up (X*Y)-weak topology.

Proof. Both parts of the theorem follow from the same estimates, which I first derive

for some fixed UEB(X*Y) set .# C U, (X*Y). The set {nyxf | feZ, yel'} is

UEB(X) by Lemma 9.1, hence

lim sup [my(nyxf) —m(nyxf) =0.
Y fez

Define gy(x) := sup{|nyx f(x) —nxf(x)| ‘ feZF} for yel and xeX. Then the
set {gy | yeI'} is UEB(X).
Now suppose that the following holds for the given .%:

limg,(x) = 0 for every xe X. @)
Y
In that case,

lim sup [y & 1y(f) — m @ (/)| = lim sup fm (/) — m(nsf)
Y fez Y feF

<lim sup [my(nyxf) —m(nyxf)|+1lim sup [m(nyxf) —m(nxf)|
Y feF Y feF

<l m|(g,) =0

where the last equality holds because |m| €91, (X).
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To prove Part 1, take any UEB(X*Y) set .# C U, (X*Y). For every x€ X, the set
{\yf(x,y) | feZ} is UEB(Y) (Theorem 2.34). Since limyny = n in the UEB(Y)
topology, () follows.

To prove Part 2, take any f €U, (X*Y). Then & := {f} is a UEB(X*Y) set so
that again it is enough to prove (f). For every x€X, the function \,f(x,y) is in
Up(Y), and (}) follows because limyn, = n in the U (Y)-weak topology. O

Corollary 9.13. Let X andY be uniform spaces. Let {my}yer be a net in My(X)*,
meMy(X)*F, {ny}yer anetinMy(Y)" andne My (Y)*. Iflimym,(g) = m(g) and
limyny(h) =n(h) for all g€ Uy (X), he Up(Y), then limymy@n,(f) =man(f) for
all f€Uy(X*Y).

Proof. Apply Theorem 9.12 with Theorem 6.12. O

Corollary 9.14. Let X and Y be uniform spaces, {m;}; a sequence in M (X),
meM,(X), {n;}; a sequence in My,(Y) and ne M, (Y). If lim;m;(g) = m(g) and
lim;n;(h) =n(h) for all g€ Up(X), he Up(Y), then lim;m; @n;(f) =m&n(f) for
all £ € Uy(X*Y).

Proof. As meM, (X) by Theorem 6.19 and the set {n; | j€ w} is ||-|| bounded by
Theorem P.11, the corollary follows from Theorem 9.12 and Corollary 6.18. a

9.2 Convolution for Semiuniform Semigroups

When G is a topological group, the binary group operation is uniformly continuous
as a mapping ¢@: rG*rG — rG by Theorem 3.8. That yields a natural definition of
convolution on the space M}, (rG): For m,n €My, (rG), the convolution mx n is the
image @(m ®@n) of m@n €My, (rG*rG) under @ (Definition 6.7).

The same approach applies in the more general setting of a semiuniform
semigroup acting semiuniformly on a uniform space, as follows.

Definition 9.15. Let X be a semiuniform semigroup, and let @: X*Y — Y be a
semiuniform action of X on a uniform space Y. For m € M1, (X) and n€ My, (Y), the
convolution of m and n is

m*n:=@men)eM,(Y).

More precisely, m % is the convolution determined by the action ¢. [

When the action ¢ is written as @(x,y) = x.y, the definition expands to

mxn(f) = m(\n(\yf o @(x,y))) =m(\n(\,f(x.y)))

forme My, (X), ne My (Y) and f € Uy (Y). For the semiuniform semigroup X acting
on itself by x.y = xy, this reduces to
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mxn(f) =m\n(\u/())) = m(nef)

for m,neM,(X) and feUy(X). Here, (n,f) — nef := \n(\,f(xy)) is the
canonical action of My (X) on Up (X).

The properties of the direct product established in the previous section now
immediately produce corresponding properties of convolution.

Theorem 9.16. Let X be a semiuniform semigroup acting semiuniformly on a uni-
Sform space Y, mg,m; €My (X), ng,n; €My (Y) and reR. Then

(rmg) xng = mo* (rng) = r(mp*np)
(Mo +my)*ng = (mg*np) + (M *xnp)

mo* (ng+ny) = (mp*np) + (mo*ny)

Proof. This follows from Lemma 9.5. a

Theorem 9.17. Let X be a semiuniform semigroup acting semiuniformly on a uni-
Sform space Y, mg,m; €My, (X) and ne My, (Y). Then

(mo*my)*xn=mox(m;*n).

Proof. Apply Lemmas 9.6 and 9.7. O

Theorem 9.18. Let X be a semiuniform semigroup acting semiuniformly on a uni-
form space Y.

IfmeMy(X) and neMy(Y), then ||[mxnf| < ||m]].||n|.
IFmeMy(X)" andneMy,(Y) ", then mxneM,(Y)™.
IfmeMol(X) and neMol(Y), then mxneMol(Y).
IfmeM,(X) andneM,(Y), then mxne My (Y).
[fmepX and nEpY, then mxn€pY.

IfmeX andneY, then mxngy.

kB~

Proof. Apply Lemmas 9.4 and 9.8. a

Exercise 9.19. Let X be a semiuniform semigroup acting semiuniformly on a uni-
form space Y. Show that if m € M (X) and n € M (Y), then mrne M (Y). "

Theorem 9.20. Let X be a semiuniform semigroup acting semiuniformly on a uni-
form spaceY. Let {my}, be a net in My, (X), me My (X), {ny}yanet in My,(Y) and
neM,(Y).

1. If supy[[ny[| < oo, limymy = m in the UEB(X) topology and limyny = n in the
UEB(Y) topology, then limymy,xn, = mx*n in the UEB(Y) topology.

2. If limy|[my|| < [[m], sup,[lny|| < oo, limym, = m in the Up(X)-weak topology
and limyn, = n in the Uy(Y)-weak topology, then limymy,+n, = mxn in the
Up (Y)-weak topology.
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3. If my,ny, >0 for all y, m,n > 0, limym, = m in the Uy (X)-weak topology and
limyny = n in the Uy (Y )-weak topology, then limymy,xny = mxn in the Uy (Y )-
weak topology.

4. If the nets {my}, and {ny}, are sequences {m;}; and {n;}; m; €M, (X) for
JjE, lim;m; = m in the Uy (X)-weak topology and limjn; = n in the Uy(Y)-
weak topology, then limjm;xn; = mxn in the U, (Y)-weak topology.

5. Iflimyn, = nin the Uy (Y)-weak topology, then limymxny, = mxn in the Up (Y )-
weak topology.

Proof. Part 1 follows from Theorem 9.12, Part 2 from Theorems 6.14 and 9.12,
Part 3 from Corollary 9.13, Part 4 from Corollary 9.14 and Part 5 from Theo-
rem 9.11. a

If S is a semitopological semigroup whose points are separated by LUC(S), then
Up(rS) = LUC(S) by Lemma 3.5, hence DM, (rS) = LUC(S)*. Thus the following
corollary is a special case of Theorem 9.20.

Corollary 9.21. Let S be a semitopological semigroup whose points are separated
by LUC(S).

1. Let B C LUC(S)* be a ||-|| bounded set, moe M (rS) and ng€B. With the
UEB(rS) ropology on B and LUC(S)*, the mapping (m,n) — mx*n from the
product LUC(S)* x B to LUC(S)* is jointly continuous at (mop,ng).

2. Let A be the unit sphere {mecLUC(S)* | ||[m| = 1} and let B C LUC(S)* be a
I]| bounded set, mg € ANIM,(rS) and ng €B. With the LUC(S)-weak topology
on 2, B and LUC(S)*, the mapping (m,n) — mxn from 2A x B to LUC(S)* is
Jjointly continuous at (mg,ng).

3. Let moeIM,(rS)™ and let ng e LUC(S)**. With the LUC(S)-weak topology on
LUC(S)*, the mapping (m,n) — mxn from LUC(S)*T x LUC(S)*" t0 LUC(S)**
is jointly continuous at (mop,ng).

4. With the LUC(S)-weak topology on I, (rS), convolution is jointly sequentially
continuous as a mapping from M, (rS) x M, (rS) to M (rS).

5. IfmeMy(rS), then the mapping n — m*n from LUC(S)* 1o itself is continuous
in the LUC(S)-weak topology. O

As in Sect. 3.1, the requirement that LUC(S) should separate the points of S is
merely a technical assumption. It could be omitted if we allowed the uniform space
rS to be non-Hausdorff. In any case, the requirement is not too restrictive in view of
Exercise 3.6.

Examples 9.38 and 9.39 in Sect. 9.4 demonstrate that various assumptions
cannot be omitted in Theorem 9.20 and Corollary 9.21 (and therefore also in
Theorem 9.12).

For molecular measures

m(f) = >, r(x) f(x), f€Up(X)

xeD

n(g)= > r()gly), geUp(Y)
yeD/
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where D C X, D' CY are finite sets and r(x), 7 (y) €R, the definition of convolution
yields an explicit formula:

mxn(g) =Y, > r(x)r(y)gx.y), geUp(Y).

xEDyeD’

Now let X =Y and x.y = xy for x,y€X. By Theorem 6.6, every me M1, (X) is
approximated in the UEB topology by a ||-|| bounded net of molecular measures,
and Part 1 of Corollary 9.21 implies that finite algebraic identities satisfied by the
convolution operation on Mol(X) are inherited by 2t,(X). In particular, if X is
commutative, then so is x on 91, (X). In contrast, * is typically not commutative
on My, (X) (Exercise 9.34).

Exercise 9.22. Let X and Y be semiuniform semigroups and let ¢: X — Y be
a uniformly continuous homomorphism. Prove that ¢(m*n) = ¢(m) * ¢(n) for
m,neN,(X). "

9.3 Topological Centres in Convolution Semigroups

For a topological group G, the space M, (rG) = LUC(G)* provides a natural setting
for studying convolution. When endowed with the x operation and the Uy, (rG)-weak
topology, My, (rG) is typically a large and complicated space. However, considerable
amount of information about its algebraic and topological structure may be derived
from a tractable description of its topological centre.

The topological centre may be defined for any semigroup that is also a topologi-
cal space:
Definition 9.23. Let S be a semigroup with a topology. The (left) topological centre
of S'is A(S) := {s€S | the mapping ¢ + st is continuous on S}. "

Theorem 9.24. Let X be a semiuniform semigroup. Consider My,(X) as a semi-
group with the convolution operation x and the Uy (X)-weak topology. A functional
meMy, (X) belongs to A(My (X)) if and only if \ym(\f(xy)) € Up(X) and

mxn(f) =n(\ym(\f(xy)))

Sorall feUp(X) and neMy,(X).

Proof. Assume m % n(f) = n(\,m(\f(xy))) for all feUy(X) and neM,(X).
If limyn, = nin the Uy (X )-weak topology in 91, (X ), then

limmxny =limay(\ym(\of (2))) = n(\ym(\ef (1)) = mxn(f),

which proves me A(D, (X)).
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To prove that the condition is necessary, assume meA(My (X)) and take
any f €Uy (X). The mapping n — mxn from M, (X) to itself is linear and Uy, (X)-
weakly continuous, hence the functional n — mxn(f) from 9,(X) to R is
Uy (X)-weakly continuous, and there is g €Uy (X) such that mxn(f) = n(g) for
all ne My, (X). In particular, for n = J(y), we get

m(\uof (xy)) = mxd(y)(f) = I(v)(g) = &)
so that \,m(\f(xy)) = g€ Up(X). Hence

man(f) =n(g) =n(\ym(\f(xy)))
for all n€ M, (X). =

The similarity between Theorems 9.11 and 9.24 suggests that the spaces 9, (X)
and AP, (X)) are related. The next lemma describes the obvious part of the
relationship for 9, (X) and its subsemigroups.

Lemma 9.25. Let X be a semiuniform semigroup. Let S C My, (X) be closed under
the  operation. Consider S as a semigroup with * and the Uy, (X )-weak topology.

1. A(S) 2 SNy (X).
2. If X is precompact, then A(S) =S = SNM, (X).

Proof. Part 1 follows from Part 5 of Theorem 9.20.
If X is precompact, then § = SN M, (X) by Corollary 6.3, and

A(S) C S = SNMy(X) C A(S)

by Part 1. That proves Part 2. O

In particular, for S = M, (X ), we get M, (X) C A(DMy(X)) for every semiuniform
semigroup X and 9, (X) = AP, (X)) when X is precompact. It is easy to find
instances where the equality does not hold.

Exercise 9.26. Construct a semigroup X with the discrete uniformity such that
A (X)) = Mp (X) # Mu(X). .

The space M, (X) contains interesting convolution semigroups other than the
whole 9, (X). The uniform compactification pX of X is a subsemigroup of My, (X)
by Theorem 9.18. By Lemma 9.25, X C A(pX) for every semiuniform semigroup
X, and X = A(pX) when X is precompact. By the forthcoming Corollary 9.30, the
equalities M, (X) = A(M (X)) and X = A(pX) hold also for ambitable semigroups.

Lemma 9.27. Let X be a semiuniform semigroup and f € Up(X). Let ¢ : pX — RX
be the mapping defined by @(n) := \n(\,f(xy)) = nef for nepX.

1. @ is continuous from PX 10 RX with the X -pointwise topology.
2. 9(pX) = orb(f).
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Proof. 1. For every x€X, the mapping n — d(x) % n is continuous from pX to
itself. As d(x)*n(f) =n(\,f(xy)), the mapping n — n(\,f(xy)) from pX to
R is continuous for each x€X, and therefore the mapping n +— \n(\,f(xy)) is
continuous from pX to RX.

2. Clearly @(d(y)) = \xf(xy) for every yeX, hence ¢@(d(X)) = orb(f). The
mapping @ is continuous by Part 1, pX is compact, and d(X) is dense in pX.
It follows that @(pX) = orb(f). 0

Lemma 9.28. Let X be a semiuniform semigroup, m € My, (X) and f € Up(X). Let
the mapping n — mxn from pX to My (X) be Uy (X)-weakly continuous. Then m is
X-pointwise continuous on orb(f).

Proof. As in Lemma 9.27, let ¢(n) := \n(\,f(xy)) for n€pX. By the definition
of convolution, m*n(f) =m(\n(\,f(xy))) = m(@(n)). Thus mo ¢ is continuous
from pX to R.

By Lemma 9.27, ¢ is continuous from pX to orb(f), and ¢(pX) = orb(f). Since

PX is compact, it follows that m is continuous on orb(f). O

Theorem 9.29. Let X be a semiuniform semigroup, and let S C Mp(X) be a

semigroup with the x operation and the Uy (X)-weak topology. If X is ambitable
and S D pX, then A(S) =M, (X)NS.

Proof. The inclusion 9, (X) NS C A(S) holds by Lemma 9.25.

To prove the opposite inclusion, take any m € A(S) and any A € UP(X). Since
PX C S, the mapping n — mx*n from pX to My (X) is Up(X)-weakly continuous
by the definition of A(S). Since X is ambitable, BLip,(A) C orb(f) for some
f€Up(X). By Lemma 9.28, m is continuous on orb(f) and therefore also on
BLipp(A). Thus me My, (X). O

~

Corollary 9.30. Let X be an ambitable semiuniform semigroup. Then A(pX) = X
and A(Mp (X)) = My (X). O

To conclude this section, I now establish a connection between topological
centres and unique amenability. In the next section, this will yield results about
uniquely amenable topological groups.

Definition 9.31. Let X be a uniform space. A functional m € 9, (X) is a mean on
Xiff m>0and m(1) = 1.

Let X be a semiuniform semigroup. A functional m € M, (X) is left-invariant iff
d(x)xm =m for every x € X. Say that X is uniquely (left-)amenable iff there exists
exactly one left-invariant mean in 9t (X).

A semitopological semigroup, and in particular a topological group, is uniquely
amenable iff it is uniquely amenable as a semiuniform semigroup with its right
uniformity. [

Lemma 9.32. Let X be a semiuniform semigroup. If m €My, (X) is left-invariant,
then so is m™.
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Proof. Take any left-invariant m € 01, (X) and x€ X. Sincem™ >mand m™* > 0, we
have d(x)*m™ > d(x)xm =m and d(x) *m™ > 0; therefore d(x)*m*™ —m™ > 0.
At the same time,

@) *mT—mT) (1) =(x)*xmT (1) —mT(1)=m™ (1) —m™ (1) =0,
which shows that d (x) *m™ =m™. 0

Theorem 9.33. Let X be a uniquely amenable semiuniform semigroup with the
unique left-invariant mean m.

1. IfneMy(X) is left-invariant, then n =n(1)m.
2. meAD(X)).

Proof. 1. If n€9My,(X) is left-invariant, then so is n™ by Lemma 9.32. If also
nt (1) # 0, then n*/n*(1) is a left-invariant mean; hence nt = n™(1)m.
Similarly n= =n~ (1) m.

2. Take any n and ny in 9 (X) such that limyny(f) = n(f) for every feUp(X).
Since mny and mx n are left-invariant, from Part 1 we obtain mny =ny(1)m
and m*n = n(1)m. Since limyny(1) = n(1), it follows that limym*ny(f) =
mxn(f) for every f€Up(X). O

9.4 Case of Topological Groups

For the reader’s convenience, I now summarize the main results of this chapter in
the particular case of a topological group acting on itself by left translation.

When G is a topological group, U,(rG) = LUC(G) by Lemma 3.5 and Theo-
rem 3.9, and thus M, (rG) = LUC(G)*. In this section I write G-Y< instead of prG,
to conform to the notation often used in abstract harmonic analysis.

By Theorem 7.20, if G is a locally compact group, then 9, (rG) = M (rG); the
latter space is also known as M(G) in the literature.

By Definition 9.15, the convolution mxn of m,n€ LUC(G)* satisfies

mxn(f) =m\n(\,/())) = m(nef)

for f € LUC(G), where nef is the canonical action of LUC(G)* on LUC(G).
By Theorems 9.16, 9.17 and 9.18 and Exercise 9.19, LUC(G)* with its norm |||
and the * multiplication is a Banach algebra, and each of

LUC(G)**, Mol(G), M (rG), My (rG), rG, G-YC

with the x operation is a subsemigroup of LUC(G)*.

As I explain in Sect. 9.2, finite algebraic identities satisfied by the convolution
operation on Mol(G) are inherited by 9, (rG). If G is commutative, then so is x on
My (rG).
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Exercise 9.34. Find a commutative topological group G for which LUC(G)* with
the % operation is not commutative. [

Exercise 9.35. Let ¢: G — G’ be a continuous homomorphism of topological
groups. Prove that @(mxn) = @(m)x @(n) form,ne LUC(G)*. "

The following corollary is simply a restatement of Corollary 9.21 for the special
case of a topological group.

Corollary 9.36 (of Theorem 9.20). Let G be a topological group.

1. Let 8 C LUC(G)* be a ||-|| bounded set, moe M, (rG), and no€B. With the
UEB(rG) topology on B and LUC(G)*, the mapping (m,n) — mx*n from
LUC(G)* x B to LUC(G)* is jointly continuous at (mg,ng).

2. Let AU be the unit sphere {m e LUC(G)* | ||m| =1}, let B C LUC(G)* be a |||
bounded set, my € ANM, (rG) and ng € B. With the LUC(G)-weak topology on
A, B and LUC(G)*, the mapping (m,n) — mxn from A X B o LUC(G)* is
Jjointly continuous at (mg,ng).

3. Let moeM,(rG)" and no€LUC(G)*". With the LUC(G)-weak topology on
LUC(G)*, the mapping (m,n) — mxn from LUC(G)** x LUC(G)** to LUC(G)*"
is jointly continuous at (mop,ng).

4. With the LUC(G)-weak topology on M, (rG), convolution is jointly sequentially
continuous as a mapping from M, (rG) x M, (rG) to M, (rG).

5. IfmeM,(rG), then the mapping n— mx*n from LUC(G)* 1o itself is continuous
in the LUC(G)-weak topology. O

Exercise 9.37. Let G be a topological group such that the mapping (x,y) — xy is
uniformly continuous from the uniform product rG x rG to rG (cf. Exercise 3.11).
Prove that Part 1 of Corollary 9.36 holds with any mo € LUC(G)*. ]

The next two examples demonstrate that various restricting assumptions cannot
be omitted in Corollary 9.36 and Exercise 9.37.

Example 9.38. This example shows that convolution need not be jointly LUC(G)-
weakly continuous on ||-|| bounded sets of molecular measures.

Let G be the additive group of integers with the discrete uniformity. Identify the
set G with 9(G) € G-VU€ (Sect. 6.5), and fix x€ G-Y<\ G. There is a net {xy},cr
in G that converges to x in the LUC(G)-weak topology. For every y€T there is
B(7y) > v such that x, # xp(,), and clearly the net {xg(y) }yer also converges to x in
the LUC(G)-weak topology. The mapping ¢: y — —y is a uniform automorphism
of rG, hence it extends to a homeomorphism @: G-V — G-UC, The nets {=xy}y
and {—xp ;) }y converge to @(x).

Let my := d(xy) — d(xg(y)) and ny := d(—xy) — d(—xp(y)) for y€I'. Define
f€LUC(G) by f(0) :=1and f(y) := 0 fory # 0. Then

my*ny = 2(9(0) — 8(xﬁ(y) —Xy) — 8(xy—xﬁ(y))
my*ny(f) =2£(0) — f(xg(y) — xy) — flxy —xp()) =2
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and therefore the net {m,*n,}, does not converge to 0 in the LUC(G)-weak
topology, while lim, m, = limy n, = 0. "

Example 9.39. This example shows that, for a general functional m€LUC(G)**,
the mapping n — mx*n need not be UEB(rG) sequentially continuous on LUC(G)**;
in fact, not even on rG. Note that, in contrast, for every topological group G and
every me LUC(G)*, the mapping n — n+m is UEB(rG) continuous on LUC(G)*.
This further illustrates the asymmetry between right and left for convolution on
LUC(G)*.

The example exhibits a topological group G, me GtY¢

and a sequence {x;}; in

G such that lim;x; = nerG in the UEB topology and yet the sequence of mxx;
does not converge to m*n even in the LUC(G)-weak topology.

Let G be the group of those homeomorphisms of the interval [0,4] onto itself
that fix the endpoint O (and therefore also the endpoint 4). The group operation is
mapping composition, and the topology of G is that of the right-invariant metric

A(x,y) := sup |x(t) —y(t)| for x,y€G.
1€[0,4]

Define x; €G for j=1,2,... by

. St when 0 <7 <2
xi(t) _{(2+(2j—1)(t—2))/j when 2 <t <4

The sequence {x;}; is Cauchy in rG. Identify again the set G with d(G) C LUC(G)*
as in Sect. 6.5. Then {x;}; is Cauchy in the UEB uniformity; let n be its UEB limit
inrG C LUC(G)*.

Define the function 2 € LUC(G) by h(z) :=z(1) for z€ G. Let m be a cluster point
of the sequence {x, '} in G-V<. For k > 2 we have

(1/4) = (2/k)
2—-(1/k) -

hence mxx;(h) = limg h(x, ' ox;) =2+ 1/2;. On the other hand,

h(x o)) = x  (xy(1) =x (1)) =2+

n(\:A(yoz)) =limh(yox;) =limy(x;(1)) =0 forall yeG,
j j

mxn(h) =m(\,n(\;h(yoz))) =0#2= li;nm*xj(h)

so that the sequence {m«x;}; does not converge to m*n in the LUC(G)-weak
topology. [

Some properties of M (rG) = M, (rG) for G locally compact carry over to
M, (rG) for a general topological group G. On the other hand, the following exercise
is an example of an algebraic property that does not generalize this way.
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Exercise 9.40. 1. Let G be a topological group, me€ My (rG)™, ne LUC(G)** and
mxn €M (rG). Prove that n€ My (rG).

2. Find a topological group G, m € M, (rG)" and n€ LUC(G)** \ M, (rG) such that
m*neM,(rG). "

In accordance with Definition 9.23, when G is a topological group and S is a
subsemigroup of LUC(G)* with x and the LUC(G)-weak topology, the topological
centre of S is

A(S) := {meS | the mapping n — m#*n is LUC(G)-weakly continuous on S}.

By Theorem 9.24, a functional m € LUC(G)* is in A(LUC(G)*) if and only if for all
f€LUC(G) and ne LUC(G)* we have \ym(\,f(xy)) € LUC(G) and

mxn(f) =n(\ym(\f(xy))).

Theorem 9.41. Let G be a topological group, and let S C LUC(G)* be a semigroup
with the * operation and the LUC(G)-weak topology.

1. A(S) 2 SNM(rG).
2. If G is precompact, then A(S) =S = SNM, (rG).
3. If G is ambitable and S O G*VC, then A(S) = SNM,(rG).

Proof. Parts 1 and 2 are a special case of Lemma 9.25. Part 3 is a special case of
Theorem 9.29. O

Corollary 9.42. Let G be an ambitable topological group. Then A(G-VC) = rG and
A(LUC(G)*) = My (rG). O

Thus we have A(GV¢) = rG and A(LUC(G)*) = My, (rG) whenever G satisfies
one of the conditions in Theorem 3.35. In particular, the two equalities hold for
every Xp-bounded group. For a locally compact group G, we get A(GLUC) =G
because rG is complete, and A(LUC(G)*) = M, (rG) = M(rG).

Corollary 9.42 may be used to characterize certain uniquely amenable groups.
This is illustrated in Theorem 9.44 at the end of this section. The proof relies on the
next theorem, which is of independent interest.

On every precompact topological group, there exists a non-zero left-invariant
uniform measure (see the notes in Sect. 9.5). The following result is a converse.

Theorem 9.43. Let G be a topological group for which there exists a left-invariant
meM,(rG)™, m # 0. Then G is precompact.

Proof. Take any uniformly discrete set Y in rG. There is A € RP(G) such that

A(y,Y) =2foryy €y, y#y.
For every non-empty finite set D C G, define gp € BLip,(A) by

gp(x):=(1—-A(x,D)", xeG.
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Finite subsets of G are upwards directed by C, and gp ' 1. If me M, (rG)+, m #£0,
then m(gp) > 0 for some D, hence m(gy.,) > O for at least one z€ D. Fix such z and
for yeY define f, € Up(rG) by fy(x) := gz} (yx) for x€ G.

If y,y' €Y and x€ G are such that f,(x) >0 and fy (x) > 0, then I — A(yx,z) >0
and 1 —A(y'x,z) >0,

A(y,y') = A(yx,y'x) < A(yx,z) +A(Yx,2) <2,

hence y =y'. Thus fy A fyy =0fory,y €Y,y #y'.
If m is left-invariant, then

m(fy) = m(\eg gz (%)) = I (y) xm(gyzy) = m(gyey) for yev

so that [Y|m(g;;) <m(1). It follows that Y is finite. O
Theorem 9.44. No ambitable topological group is uniquely amenable.
Proof. Apply Theorems 3.24, 9.33 and 9.43 and Corollary 9.42. O

Corollary 9.45. Every uniquely amenable locally compact group is compact. Every
uniquely amenable Ro-bounded group is precompact. a

9.5 Notes for Chap. 9

The definition and properties of the direct product in Sect. 9.1 are taken from my
paper [138]. Other variants of the direct product of uniform measures were defined
by Khurana [111] and Zahradnik [181].

Bourbaki [13, Ch.8] defined the convolution of measures on locally compact
spaces as the image of the direct product measure. Hewitt and Ross [97, 19.1]
and Pym [149] defined convolution for general functionals on spaces of functions
on a semigroup. For a semigroup acting on itself, Definition 9.15 agrees with the
definition of convolution in [97] and with that of evolution in [149]. When restricted
to the uniform compactification, Definition 9.15 agrees with the operation defined
by Hindman and Strauss [98, 21.43]. When cylindrical measures on a locally convex
space E are identified with uniform measures on wE as in Sect. 8.6, the convolution
of cylindrical measures [5, Exp.2] [165, IL.IL.2] is a special case of convolution of
uniform measures on topological groups.

LeCam [122] noted that the space of uniform measures “arises naturally in
various arguments about convolutions or Fourier transforms on linear spaces”. Con-
tinuing LeCam’s approach, Caby [23] proved several results about the continuity of
convolution of uniform measures on commutative groups.

For general (not necessarily commutative) topological groups, Csiszar [32]
defined a property equivalent to being a positive uniform measure, which he called
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p-continuity, and used it to prove results about the continuity of convolution. He also
suggested extending the definition of convolution to mxn where me My (X),
neM,(Y)and X actson Y.

Various forms of the continuity properties in Theorem 9.20, Corollaries 9.21
and 9.36 and Exercise 9.37 are due to Caby [23], Csiszar [32, Th.1], Ferri and
Neufang [55, 4.2], Neufang et al. [132], Salmi [162] and Tortrat [170]. Pym [149],
[150] proved continuity results for several natural topologies on general convolu-
tion algebras.

LeCam [123] proved that convolution on 91, (rG) is commutative when G is the
additive group of a locally convex space; his proof works more generally for any
commutative group G. It is well known [32] [97, 19.24] [149] that convolution on
M}, (rG) need not be commutative for commutative G (Exercise 9.34).

Theorem 9.24 is a straightforward modification of [118, L.2]. Theorem 9.29 with
its proof is adapted from [140], where I proved it for topological groups.

Definition 9.31 is a simple adaptation of the concepts commonly defined for
topological and semitopological semigroups; see e.g. Lau [119]. Lemma 9.32 is a
special case of a general result of Namioka [130, 3.2]. Theorem 9.33 was used by
Lau [118, Cor.5] in his proof that every uniquely amenable locally compact group
is compact.

Example 9.38 is a special case of a general construction of Salmi [162, Th.1].
Another example of Salmi [162, p.161] may be used to show that Part 2 of
Theorem 9.12 does not hold without the assumption sup,[[ny|| < co, even when
X =Y is the compact group R/Z. Example 9.39 is taken from [132].

Csiszar [32] proved Part 1 in Exercise 9.40 and asked a question [32, p.36] that
is answered in Part 2 of the exercise (adapted from my paper [138]).

The uniform compactification prG = G-Y¢ of a topological group G with its right
uniformity is known as the canonical £LC-compactification 8], universal enveloping
semigroup [176), LU € -compactification [120], or greatest ambit [143] of G; it
features prominently in the general theory of semigroup compactifications, surveyed
by Berglund et al. [8, Ch.3] and Ruppert [161, Ch.III].

Corollary 9.42 generalizes the results of Ferri and Neufang [55], Lau [118] and
Lau and Pym [120], which in turn generalize a number of previous results about
topological centres. For locally compact groups, the statement in the corollary was
further refined by Budak et al. [19].

If G is a precompact group, then rGisa compact group [31, 11.3.23][159, 10.16],
and by Lemma 6.9, the Haar measure on rG defines a left-invariant m € 91, (rG)™.
The converse is Theorem 9.43, which I proved in [137].

Corollary 9.45 was proved by Lau [118] for locally compact groups, and by
Megrelishvili et al. [128] for X(-bounded groups.

Research Problem 3. This is related to Problem 1 in Sect. 3.5. Characterize, or at
least find large interesting classes of, semiuniform semigroups for which X = A(pX)
and M, (X) = A(Mp(X)). In particular, do the two equalities hold for all topological
groups?
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Theorem 3.35 with Corollary 9.30 provide a partial answer to the last question.
The memoir by Dales et al. [33] includes an in-depth treatment of these and related
problems for the case where X is a semigroup with the discrete uniformity (so that
Mp(X) = leo(X)* and pX = BX). "

If M, (rG) = A(MM,(rG)) were to hold for every topological group, then, by
Theorems 9.33 and 9.43, every uniquely amenable topological group would be
precompact. That would answer the question asked by Megrelishvili et al. [128].



Part I11
Topics from Farther Afield

This part covers several topics that complement the basic theory in Part II.
The chapters that follow do not depend on each other, and may be read in any order.
Chapter 10 covers the basics of the theory of free uniform measures, in which
bounded functions and bounded sets of functions used in Part II are replaced
by unbounded functions and sets. In the categorical language, this yields a free
functor from the category of uniform spaces to the category of complete locally
convex spaces. Chapter 11 includes an application motivated by the notion of
weak convergence in probability theory. Chapter 12 deals with certain automatic
continuity results by which measurable functionals are necessarily continuous.



Chapter 10
Free Uniform Measures

Uniform measures are functionals on the space of bounded uniformly continuous
functions. In this chapter I describe a parallel theory of functionals on the space
of all (not necessarily bounded) uniformly continuous functions. The “unbounded
version” of M, (X) is the space Mg (X) of free uniform measures. The adjective free
refers to a universal property of 9tr (X) that characterizes free functors.

The natural mapping g (X) — M, (X) is injective, so that every free uniform
measure identifies with a unique uniform measure. Theorem 10.5 characterizes
those uniform measures that are free in this sense. The rest of Sect. 10.1 is
devoted to analogues for Mg (X) of the properties previously established for 9, (X).
Section 10.2 describes the universal (free) property of g (X).

In Sect. 10.3, I characterize free uniform measures on spaces with the CDE
property. The remaining sections deal with several known spaces of measures that
turn out to be particular instances of 9tr(X) for suitably chosen uniform spaces.

10.1 Basic Properties

For any uniform space X, the space U(X) of all uniformly continuous real-valued
functions on X with the X-pointwise order is a Riesz space (Theorem 1.18). Linear
functionals on U(X) are partially ordered by the dual order < (Definition P.18).
That defines a positive cone in any space of linear functionals on U(X). However, in
general, such a space with the dual order need not be a vector lattice (Riesz space).

Definition 10.1. Let X be a uniform space. A linear functional m on U(X) is a free
uniform measure on X iff the restriction of m to every UE(X) subset of U(X)
is continuous in the X-pointwise topology. Let Mg (X) denote the space of free
uniform measures on X.

The UE(X) uniformity, or simply the UE uniformity, on subsets of 9 (X) is the
GS-uniformity where & is the set of UE(X) subsets of U(X). The UE(X) topology,
or simply the UE topology, is the topology of the UE uniformity. [

J. Pachl, Uniform Spaces and Measures, Fields Institute Monographs 30, 151
DOI 10.1007/978-1-4614-5058-0_11,
© Springer Science+Business Media New York 2013
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By Lemma 1.20, a linear functional on U(X) is a free uniform measure if and only
if its restriction to every set BLip(A, &) is X -pointwise continuous, where A € UP (X)
and A& is 1-Lipschitz for A, A > 0. And the UE(X) uniformity is the G-uniformity
where G is the set of all such sets BLip(A, h).

Since every UEB(X) set is UE(X), the restriction to Up(X) of a free uniform
measure on X is a uniform measure. The restriction mapping Mg (X) — M, (X) is
obviously linear, and it is injective: If m € Mp (X) and m(f) = 0 forevery f € Up(X),
then m(f) = limjcom((—j) V f A j) =0 forevery f € U(X).

Thus every free uniform measure naturally identifies with a unique uniform
measure on the same space; or, stated informally, every free uniform measure is
a uniform measure. Evidently every molecular measure on X, considered as a linear
functional on the space U(X), is a free uniform measure, so that

Mol(X) C Me(X) C 90, (X).

As Example 10.6 shows, the space Mg (X) need not be included in the order-
bounded dual U(X)™ of the Riesz space U(X). However, by the next lemma,
if Me(X) C U(X)™, then the natural identification of 9p(X) with a subspace
of M, (X) preserves lattice operations.

Lemma 10.2. Let X be a uniform space, mo,m; € U(X)™, and for j = 0,1 let
n; €Uy (X)™ be the restriction of m; to Up(X).

1. The restriction of mg to Up(X) is .
2. The restriction of mgVmy to Up(X) is ng V ny.

Proof. Apply Lemma P.19. a

Exercise 10.3. Prove that these properties of a uniform space X are equivalent:

(i) U(X) = Up(X).
(i) Mp(X) = My (X).
(i) M (X)" = Mu(X)".
(iv) The UE(X) and UEB(X) topologies coincide on 9t (X).
(v) The UE(X) and UEB(X) topologies coincide on 9 (X) . n

The forthcoming Theorem 10.5 characterizes free uniform measures by their
values on Uy, (X). The key step in its proof is the following lemma.

Lemma 10.4. Let X be a uniform space, A€UP(X), h: X — R, and let
neM,(X) be such that the finite limjcon(f A j) exists for every feLip(A,h)*.
Then n is uniformly continuous on BLip(A,h) NUy(X) in the X -pointwise uniformity.

Proof. With the aim of deriving a contradiction, suppose that n is not X-pointwise
uniformly continuous on the set BLip(A,/) MU, (X), and therefore not X -pointwise
continuous at 0 on 2BLip(A, k) N Up(X).

There are € > 0 and a net {hy}yer in 2BLip(A, ) N Up(X) such that limyh, = 0
pointwise and n(hy) > 2¢ for all y. Since hy = hy — h;/, no generality is lost by
assuming iy > 0 for all .
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First, I construct g € 2BLip(A,h) NUp(X) for k€ @ such that 0 < go < g; < ---
and n(gx) > ke for all k. Choose any y(0) €I" and let go = ,(p). When k > 1 and
80,81, --,8k—1 have been constructed, we have limy gx_; Ahy = 0 pointwise, and the
set {gx—1 Ahy| yE€T}is UEB(X). Hence there is y(k) such that n(g 1 Ahy)) <&,
and gx 1= gr—1V hy() 1s as claimed because

n(gr) = n(gk—1) +n(hyp) —n(gk—1 Ahygy)) > (k—1)e+2e— e =ke.

Now gi " g where ge2BLip(A,h) and ry := limjcyn(g A j)ER by the
assumption. Moreover, lim je (g A j) — ((¢ — gx) A J) = gk pointwise for every k € @,
and 0 < (gAj)— ((g—gx) NJ) < gi for j,k€ . Since ne M, (X), it follows that
lim; n((g —gx) A j) = rq —n(gx) < rg — ke for every k€ m.

For any fixed j we have limgn((g — gx) A j) = 0 because (g — gx) \, 0 and the
set {(g—gk) N\ Jj|k€w} is UEB(X). Thus there are j(i) € @ and k(i) € @ for i€ @
such that 0 = j(0) < j(1) <--- and k(0) < k(1) <--- and

1 (g = gu(p) NI+ 1)) —n((g— g NJ() < —1 ()
for all i. Write
S :=max {(g — gxi)) NJ(i+1)[0<i<m} for mew,
and f :=limy, f;,, so that f;,, f €4BLip(A,h)". Then

St A (& = 8imy) N J(m+1)) = (& = 8imy) A J(m)

because (g — gx) N\ 0. That together with (1) yields

0(fim) =0(fin-1) +1((8 = gim) A J(m+1)) =1 ((g — gi(m)) A J(m))
< n(fmfl) - 17

so that lim,, n(f;,) = —eo. Since f A j(m) = fy, this is a contradiction. O

Theorem 10.5. Let X be any uniform space. These two properties of a linear
Sunctional n on Uy (X) are equivalent:

(i) nis a restriction of a free uniform measure to Up(X).
(ii) neM,(X) and finite hemn((—J) V f A ) exists for every f€U(X).
Jew

Proof. Let n be the restriction to Uy (X ) of m € 9tg(X). Then obviously n e M, (X).
For any function feU(X), the set {(—j)VfAj|jew} is UE(X) and therefore
m(f) =limjepn((—j) VvV fAj). Thus (i) implies (ii).

For the converse, let n have property (ii) and m(f) := limjeon((—Jj) V f A j)
for feU(X). Take any A €UP(X) and any A-1-Lipschitz function h: X — R*.
By Lemma 10.4, n is X-pointwise uniformly continuous on BLip(A, k) N Uy (X).
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By Theorem 2.24, n agrees on BLip(A,/#) N U, (X) with an X-pointwise uniformly

continuous mapping m’: BLip(A, k) — R. Butthen m(f) =m’'(f) for f € BLip(A,h)

by the continuity of m’; hence m is X-pointwise continuous on BLip(A,h).
Moreover, if f,g€ ABLip(A,h), then f + g€ BLip(A, /) and

) +8x) = lim (=DVIE) A+ (=) VEx) AJ)

forallxeX,and m(f +g) =m'(f+g) = m(f) + m(g) by the continuity of m’. Thus
m is a linear functional on U(X) because for any f,g€ U(X) there are A € UP(X)
and a A-1-Lipschitz function #: X — R such that f,g € %BLip(A ). O

Example 10.6. This example demonstrates that free uniform measures need not be
order-bounded as functionals on the Riesz space U(X).
Define m e Mg (R) by

w(r)i= 3,5 (1)1 (5+5))

2
j=2J

for feU(R). Let g(x) := |x| for x€R. For every k€ m, k > 2, there is f; € Up(X)
suchthat 0 < f;, < g, fi(j) =jand f;(j+1/j)=0for j=2,3,...,k, and fi(x) =0
for all x > k+ 1. Then m(f;) = 2’;:2 1/, and thus m is not bounded on the set
{FEU(X) |0 f<g).

Note that there is no m’ € Mg (R)" such that m’ > m. Therefore Mg (R) is not a

Riesz space. [
Exercise 10.7. As shown in the previous example, tg(R) \ U(R)™~ # 0. Find a
uniform space X for which U(X)™~\ Mg (X) # 0. n

Example 10.6 shows that the space 9ig(X) need not be spanned by its positive
cone Mp(X)*t. Nevertheless, a number of results proved in Chap.6 for uniform
measures hold also for free uniform measures, with U, (X) replaced by U(X) and
UEB(X) sets replaced by UE(X) sets, and with similar proofs. In the rest of this
section I prove several of these analogues and state others as exercises.

Exercise 10.8. For any uniform space X, prove that a linear functional on U(X)
is a molecular measure if and only if it is continuous on U(X) in the X-pointwise
topology. [

When xp €X, all the A-1-Lipschitz functions f on X such that f(xo) = 0 are
between & and —h, where  is the A-1-Lipschitz function \ ;A (xo,x). Accordingly,
the UE sets BLip(A,\ A(xp,x)) play a significant role, as illustrated by the
following lemma.

Lemma 10.9. Ler X be a uniform space, A € UP(X) and xo € X. Then

l[ox (x) = x(y)||7 = Alx,y)
Sorall x,ye X, where .Z := BLip(A,\ A (x9,x)).
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Proof. The argument parallels the proof of Lemma 5.12. Write A(x) := A(xg,x)
for xeX, and f,(x) := A(x,y) — h(y) for x,yeX. As —h(x) < f,(x) < h(x) for all
x,y€X, the functions f, are in .# = BLip(A,h). Moreover, f,(x) — f,(y) = A(x,y)
for x,y€eX, and

19x (x) — ax )7 = sup{|f(x) = FO)| | FEF} = A(x,).

The opposite inequality follows from the definition of BLip(A, ). g

Lemma 10.10. Let X be any uniform space. Every UE continuous linear functional
on Me(X) is of the form m — m(g), meMe(X), for some g€ U(X).

Thus the UE dual of 9p(X) naturally identifies with U(X).

Proof. This parallels the proof of Lemma 6.5. On every UE set, the X-pointwise
topology and the Mg (X )-weak topology coincide. By Lemma 1.20, every UE set is
contained in the set BLip(A, &) for some A € UP(X) and A-1-Lipschitz h. Apply the
Mackey—Arens Theorem P.8 with E = Mg (X) and F = U(X). O

Theorem 10.11. Let X be any uniform space.

1. The space Mg (X) is UE(X) complete.

2. The space Mol(X) is UE(X) dense in Mg(X).

3. The mapping dx: X — Me(X) is a uniform isomorphism from X onto dx(X)
with the UE(X) uniformiry.

Thus M (X) is a UE(X) completion of Mol(X), and if X is identified with dx (X),
then the closure of dy (X) in Mg (X) is a completion of X.

Proof. The argument parallels the proof of Theorem 6.6.

1. Take any UE Cauchy net {my},in 9 (X). The net {my(g) }y converges for every
g€U(X), and m(g) := lim,my(g) defines a linear functional m on U(X). Then
limy||my — m|| # = O for every UE set .. Thus m is X-pointwise continuous on
F, and me M (X).

2. Let 2 be the UE closure of Mol(X) in 9 (X). If there were mp € DM (X) \ A,
then, by Theorem P.5 and Lemma 10.10, there would be g€ U(X) such that
m(g) = 0 for all m& Mol(X) and mg(g) # 0, a contradiction.

Part 3 follows from Lemma 10.9. O

Exercise 10.12. For any uniform space X, prove that the set Mol(X)™ is UE dense
in EDIF (X) +. u

Exercise 10.13. This is a version of Exercise 5.33. Let X be a metric space with
metric A and & a A-1-Lipschitz function on X, 7 > 0. Let 2( be the space of those
linear functionals on Lip(A, &) that are X-pointwise continuous on BLip(A, &). Iden-
tify each m € Mol(coz(h)) with its restriction to Lip(A,hk) so that Mol(coz(h)) C .
Prove the following.
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1. The ||-||gLip(a,») norm dual of 2 is Lip(A, h).
2. In the ||-[|gLip(a,») norm, the space 2l is complete, and Mol(coz(h)) is dense in 2.
]

Definition 10.14. (Cf. Definition 6.7.) Let X and Y be two uniform spaces and
¢@: X — Y a uniformly continuous mapping. For any m € Mg (X) define ¢(m), the
image of m under @, by @(m)(g) :=m(go @) for ge U(Y). n

Exercise 10.15. For any uniform spaces X and Y and any uniformly continuous
mapping ¢: X — Y, prove the following.

1. o(m) €M (X) for every me Me(X).

2. m — @(m) is a positive linear mapping between the partially ordered vector
spaces Mg (X) and Me(Y).

3. The mapping m — ¢@(m) is continuous when both 9Mg(X) and Mg (Y) are
equipped with the UE topology.

4. The mapping m — ¢@(m) is continuous from Mg (X) with the U(X)-weak
topology to Mg (Y) with the U(Y)-weak topology.

5. If me Mol (X), then @(m) € Mol(Y). n

Theorem 10.16. Let X be any uniform space.

1. Let meMe(X) T, and let {my}y be a net of positive linear functionals on U(X)
such that limymy(f) = m(f) for every f€U(X). Then limym, = m in the UE
topology.

2. The U(X)-weak topology and the UE topology coincide on the positive cone
Me (X)+.

Proof. Take any UE set # C U(X)*, and € > 0. For the function 7€ U(X)™ defined
by h(x) :=sup{f(x) | feF}, x€X, the set {hAj| jcw} is UE. Hence there is
Jo€ o such that m(h A jo) > m(h) + €.

If feF, then f— fAjo<h—hAjysothatm(f— fAjo) <m(h—hA jy)and
my(f — f A jo) <my(h—hA jo) for all , and

[m(f) —my(F)] Sm(f—fAjo)) + [m(fAjo) —my(fAjo)| +my(f — fAJjo))
<m(h—hA jo))+[m(f Ajo) —my(f AJjo)| +my(h—hA jo)).

Let n and ny be the restrictions of m and my to Up(X). Then ne M, (X)* and
ny €My (X)". The set {f A jo | f€.Z} is UEB(X). Since limyn, = n in the UEB
topology by Theorem 6.12, for almost all Yy we have

sup [m(f A jo) —my(fAjo)| < €.
feF

Now for almost all y also

my(h—hA jo) < [m(h—hA jo) —my(h—hA jo)|+m(h—hA jo) <2,
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and therefore

sup [m(f) —my(f)]

feF

< m(h—h/\jo))—i-?up [m(f A jo) —my(f A jo)| +my(h—hA jo)) < 4e.
feF

That proves that limymy = m uniformly on every UE subset of U(X )" and therefore
also on every UE subset of U(X).
Part 2 follows from Part 1. O

Lemma 10.17. Let X be a uniform space, € >0, A C Me(X), A € UP(X), let h be
a A-1-Lipschitz function, h > 0, and % = BLip(A, h). Assume that for every re R™
there are me and f € F for which |m((f —r)™)| > €. Then there exists a linear
mapping @ : Mg(X) — £y such that:

() o)1 < [[m||7 for all m € Mg (X).
(ii) @ is continuous from Mg (X) with the U(X)-weak topology to £y with the Le.-
weak topology.
(iii) The set () C ¢ is not precompact in the £} norm.

Proof. The construction is similar to the one in the proofs of Lemma 5.40 and
Theorem 5.41.

First, repeatedly apply the assumption about 2 and .Z to construct rj €R™,
m; €, f;€.Z " and finite sets D; C X for j € ® such that:

(a) rj >max {2h(y) |y€D;}and r; > r;foralli < j.
() |m;((fj—rj) ") > e
(c) If f€2.7 and || f|p; = 0, then |m;(f)[ < &/3.

I claim that the functions g; €.# ", j € o, defined by
+
gj(x) = max ((fj( )—rj)T —A(x,y))" for xeX

have the following properties:

(d) Im.,-(gj)| > 28/3.
(e) |mi(gj)| <e/3foralli< j.
(f) gingj=0foralli< .

Indeed, (d) follows from (b) and (c) because ||g;— (f;—r;)* ||Dj =0, and (e) follows
from (c) because ||g;||p, = 0 for i < j by (a). To verify (f), note that if i < j, x€X
and g;(x) > 0, then there is y € D; such that

A(x,y) < (fiy) = ri)" < (h(y) —ri)" < h(y)
h(x) < h(y) +A(x,y) < 2h(y)

and thus r; > h(x) by (a), and gj(x) < (fj(x) —rj)" < (h(x)—rj)T =0.
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The expression @(m)(j) :=m(g;)/2, meMp(X), j€ w, defines a linear map-
ping ¢ from Me(X) to R?. If d €les, ||d|lw < 1, then the sequence of functions
Z];:o d(j)g;j/2 indexed by k € @ is in .% and converges X -pointwise to the function
Yicod(j)g;/2. f meMe(X), then

k
m(Z d(j)gj/2> = lim m(Z g,/2> = lim Z d(j)m(g;)/2 = (d,p(m)).
JE® —
Thus ¢ maps 9 (X) into ¢;, and conditions (i) and (ii) hold.

The set @ (1) is not precompact in the ¢; norm ||-||; because

lo(m)) —@(mi)[|1 > |m;(g,)/2 —mi(g;)/2| > /6

fori < j, by (d) and (e). a

Theorem 10.18. Ler X be a uniform space. These properties of a set A C Mg (X)
are equivalent:

(i) is X-pointwise equicontinuous on every UE set 7 C U(X).
(ii) A is precompact in the UE uniformity.
(iii) A is relatively UE compact in Mg (X).
(iv) U is relatively UE countably compact in Mg (X).
(v) is relatively U(X)-weakly compact in Mg (X).
(vi) A is relatively U(X)-weakly countably compact in Mg (X).
(vii) A is UE bounded, and if {m}; is a sequence in A and { f;}; is a UE sequence
in Uy (X) and the two double limits lim;lim; m;(f;) and lim;lim;m;(f;) exist,
then they are equal.

Proof. The proof of (i)=-(ii) parallels the first part of the proof of Theorem 6.16:
Take any 2l that satisfies (i) and any UE set % C U(X), and let 21’ be the set of
restrictions of the functionals in 2 to .%. By Lemma 1.20, no generality is lost by
assuming that .% is of the form BLip(A,&) and hence X-pointwise compact. The
set A' C Cp(F) is ||| # bounded because if {f;}; is any sequence in .Z, then
the set {f;/j | jew} is UE and lim;sup,cq¢|m(f;/j)| = 0 by (i). By the Ascoli
Theorem P.14, the set 2’ is ||-|| # precompact. By Theorem 2.9 with @ = 0, 2 is UE
precompact.

(il)=-(iii) because Mg (X) is complete in the UE uniformity (Theorem 10.11).
Clearly, (iii))=-(iv)=-(vi) and (iii)=-(v)=-(vi). The equivalence of (iv) and (vii)
follows from Theorem P.13 along with Lemma 10.10 and Part 1 of Theorem 10.11.

To prove the implication (vi)=-(i), take any relatively U(X)-weakly countably
compact set A C Mg (X) and any UE set # C U(X)

First, note that for every € > 0 there is re €R™ such that |m(f — fAre )| < & forall
me and f€.Z . Indeed, if this were not so, then the image ¢ (2() of 2l under the
mapping @ : MMp(X) — ¢; in Lemma 10.17 would be relatively {..-weakly countably
compact but not relatively norm compact in ¢, in contradiction to Theorem P.15.
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Take any € >0, f€.Z ", and any net { f }yin .Z " that converges to f pointwise.
As 2 is relatively U, (X)-weakly countably compact as a subset of 91,(X), it
is X-pointwise equicontinuous on the UEB set {f Are | f€FT} C Up(X) by
Theorem 6.16, and

1i)1/n sup{|m(fy — f)| | meA} < liar/n sup{|m(fyAre — fAre)| | meA} +2e = 2e.

Thus 2l is pointwise equicontinuous on .%  for every UE(X) set .# and therefore
also on 7. O

Exercise 10.19. Show that, for every uniform space X, the space 9r(X) is U(X)-
weakly sequentially complete. [

Exercise 10.20. Let X be a uniform space and E a locally convex space. Say that
a linear mapping  : U(X) — E is an E-valued free uniform measure on X iff the
restriction of m to every UE(X) subset of U(X) is continuous in the X-pointwise
topology. Let Mg (X, E) denote the space of E-valued free uniform measures on X.
Prove the following for any uniform space X and any locally convex space E:

1. A linear mapping ™ : U(X) — E is in M¢ (X, E) if and only if wo T € M¢(X)
for every we E*.

2. A linear mapping ™ : Up(X) — E is a restriction to Uy (X) of an E-valued free
uniform measure if and only if finite limcq ﬁ)( (=J) V. f A Jj) exists for every
feU(X) and W €M, (X, E). .

10.2 Universal Property

In this section I show that, in categorical language, 9 is a free functor from the
category of uniform spaces to the category of complete locally convex spaces. I start
with a straightforward extension of the “weak integral” notion in Definition 6.39.

Definition 10.21. Let X be a uniform space, m a linear functional on the space
U(X), and E a locally convex space. When ¢ is a uniformly continuous mapping
from X to E with its additive uniformity, define the linear functional mZ(¢) on E*
by m£ (@) (w) :=m(wo @) forweE*. .

Note that if m is a linear functional on U(X) and n is its restriction to Uy (X),
and if the range of ¢ is bounded, then mf () = nf(¢@), where nf () is defined
in Definition 6.39. Thus the two definitions agree when we identify each free
uniform measure with the corresponding uniform measure, its restriction to Uy, (X).
In particular, the two definitions agree for every molecular measure, whether
considered as a functional on Uy (X) or on U(X).
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Theorem 10.22. Let X be any uniform space. These two properties of a linear
Sunctional m on U(X) are equivalent:

(i) meMe(X).

(ii) For every complete locally convex space E and for every uniformly continuous
mapping @: X — E, the functional mF (@) is E-weakly continuous (and
therefore identifies with an element of E).

Proof. The proof mimics that of Theorem 6.40.

Assume meME(X), and take any complete locally convex space E and any
uniformly continuous mapping ¢: X — E. If a set B C E™ is equicontinuous on E,
then # :={wo@|weB} CU(X) is a UE(X) set; hence the restriction of m to .% is
X-pointwise continuous, and the restriction of m (@) to B is E-weakly continuous.
Hence mZ (¢) is E-weakly continuous by Theorem P.12. That proves (i)=(ii).

To prove the converse, let E be the space 9g(X) with the UE topology and
¢ := dx. By Theorem 10.11, the space E is complete and ¢ is uniformly continuous.

Every feU(X) defines wy €E* by wy(n) := n(f) for n€E. If m is a linear
functional on U(X) with property (ii), then there is n€E = 9g(X) such that
mE (@) (w) = w(n) for every we E*, and in particular

m(f) =m(wso @) =m"(@)(ws) = wr(n) =n(f),

for every f € U(X), so that m = n€ Mp(X). O
Theorem 10.22 may be rephrased as a universal property of the space Mg (X):

Theorem 10.23. Let X be any uniform space and E a complete locally convex
space with its additive uniformity. For every uniformly continuous mapping ¢ : X —
E there exists a linear mapping ¢ : Mg (X) — E continuous in the UE topology on
ME(X) and such that ¢ = @ o dx.

Proof. Let ¢(m) := mf () for meMg(X). Then ¢ maps Me(X) into E by
Theorem 10.22 and obviously ¢ = ¢ o dx.

To prove that ¢ is UE continuous, take any continuous seminorm ¢ on E and
let B:={weE* | |w(y)| < a(y) forall yeE}. The set .# := {wo¢@ | weB} is
UE(X) and

[m[|.7 = sup{|m(wo @) | we B} = sup{|@(m)(w)| | we B} = ot(@(m))

for m € Mg (X), by Corollary P.10. O

Exercise 10.24. Prove the following analogue of Theorem 10.23 for the space
M, (X): Let X be a uniform space and E a complete locally convex space with
its additive uniformity. For every uniformly continuous mapping ¢ : X — E whose
range @(X) is bounded in E, there exists a linear mapping ¢: My(X) — E
continuous in the UEB topology on 91, (X) and such that ¢ = @ o d. ]
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10.3 Measures with Compact Support

In this section I characterize free uniform measures on uniform spaces with the CDE
property.

Definition 10.25. For any uniform space X, let D¢ (X) denote the space of the
linear functionals on U(X) that are continuous in the compact—open topology on
U(Xx). "

If meMc(X), then the restriction of m to Up(X) is in M (X), and by
Theorem 5.3 there is a tight Borel measure it on X such that m(f) = [ fdu for

feUp(X).

Theorem 10.26. Let X be a uniform space. These properties of a measure |1 on the
o-algebra Bo(X) are equivalent:

(i) W has a compact support K C X.
(ii) The finite integral [ fdu exists for every feU(X), and the functional that
maps each feU(X) to [ fdu is in M (X).
(iii) The functional that maps each f€Uy(X) to [ fdu is continuous on Up(X)
with the compact—open topology.

Proof. Obviously, (i)=-(ii)=-(iii). To prove (iii)=-(i), take any measure { on Bo(X)
such that the mapping m: f +— [ fdu, f€Uy(X), is continuous in the compact—
open topology. Then by Theorem P.30 u is tight, therefore t-additive, therefore it
has a support.

There is a compact set K C X for which |m(f)| < 1 forevery f € Uy (X) such that
I fllx = 0, and therefore also m(f) = 0 for every f € Up(X) such that || f||x = 0. Thus
|m|(f) = 0 for every f €U (X) such that || f||x = 0, and |u|(X \ K) = 0. It follows
that the support of u is included in K; hence it is compact. a

Corollary 10.27. Let X be a uniform space.

1. Mc(X) CUX)™.
2. Me(X) € Me(X). 0

Theorem 10.28. Let X be a complete uniform space with the CDE property. Then
M (X) = Mc(X).

Proof. Take any me Mg (X), and let n be the restriction of m to Up(X). As in
Sect. 7.2, let p, be the unique tight Borel measure on pX such that n(f) = [ fdpn
for feUp(X). Let K C pX be the support of p,, (Theorem P.27). It is enough to
prove that K C X because then m € M (X ) by Theorem 10.26.

For A€UP(X), let A(A) := {xeX | KNint O[x,A] # 0}. Here, as in Defini-
tion 7.13, interior and closure are operations in pX.

I claim that for every A€UP(X) there exists a finite set D C A(A) such
that A(A) € U,ep Oly,A/5]. Suppose otherwise. Then there exist A € UP(X) and
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a sequence of points x; EA(A), j€ m, such that A(x;,x;) > 5 forall i, jew, i # j.
For the functions fj € Uy (X)" defined by fj(x) := (2—A(x,x;))", x€X, we have

w0 = [Tdlpal 2 lpal (intOF;,47) > 0

because int (D[xj,A] N K # 0. Therefore there are functions g;j € Uy (X )" such that
gj < fjandn(g;) #0forall je . Letr; :=1/|n(g;)| for j € w, and replace {g;};
by a subsequence in which all n(g;) have the same sign. The set {r;g; | j€ @}
is UE(X) by the CDE property. The function defined by g(x) := sup; r;g;(x) for
x€X isin U(X), and lim; m(maxo<;<;rigi) = m(g) because lim; maxo<;<;rigi = &
pointwise. However, [m(maxo<i<;rigi)| = 2{:0|n(rigi)| = j+ 1. The contradiction
proves the claim.

To prove K C X, suppose there exists z€ K \ X. Then there is A € UP(X) for
which z ¢ CE(A/7) by Corollary 7.15, and by the preceding claim there is a finite
set D C A(A) such that

A@)C JOla/sic |JODA/ C | intOha/7] < E(@4/7).

yeD yeD yeD
The set V := pX \ Uyep O[y,A/6] is open and z€ V; hence [pq|(KNV) > 0.

If x€A(A), then O[x,A] € O[y,A/6] for some ye D, and if xe X \ A(A), then
KNint®[x,A] = 0. Thus in both cases we have KNV NintO[x,A] = 0. Therefore
KNV CpX\CE(A) and |p,|(pX \ CE(A)) > 0, in contradiction to Theorem 7.14.
That concludes the proof of the inclusion K C X. O

Exercise 10.29. Let X be a complete uniform space with the CDE property. Prove
that every U(X)-weakly compact subset 21 of 9g(X) is equicontinuous on U(X)
with the compact—open topology (and thus all the functionals in 2 are represented
by tight Borel measures on a common compact subset of X). [

Recall from Sect. 6.5 that if X is a uniform space, 1: X < X is the embedding
of X into its completion and f € U(X), then f = fo1 for a unique f€U(X). The
mapping f — f is a Riesz space isomorphism of U(X) onto U(X), and UE(X)
subsets of U(X) are precisely the images of UE(X) subsets of U(X). Hence the
mapping m — t(m) (Definition 10.14) is an isomorphism of Mg (X) with the
UE(X) topology onto 9 (X) with the UE(X) topology. In the rest of this chapter,
I write 90 (X)=9Me(X) as a shorthand for this isomorphism (equality modulo
completion).

Corollary 10.30. Let X be a uniform space. If X has the CDE property, then
Me (X) =M (X).

Proof. The space X has the CDE property by Lemma 4.10. O
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Example 10.31. This modification of Example 7.19 exhibits a complete uniform
space X and a positive free uniform measure on X whose restriction to Uy, (X) is not
in M5 (X). Hence Me(X) ™ #£ Mc(X) ™.

Let T be the closed interval [0, 1] with its usual compact topology and Q the set
of irrational numbers in 7. The construction proceeds as in Example 7.19, with one
change: Now the mappings y;: T\ {¢} = R, g€ Q, are

(x) := 1/v/g—x if0<x<gqg
Valx) = —1/vx—q ifg<x<l1

which makes them integrable with respect to the Lebesgue measure 1 on Bo(T').
Define X to be the uniform space on the set 7'\ Q whose uniformity is induced
by the set {y, | g€ Q} of mappings from 7 \ Q to R. The same argument as in
Example 7.19 demonstrates that X is complete.
Fix a function f€U(X). I claim that there are a finite set D C Q and r,/’ € R™
such that |f(x)| < r+ r'maxgep|y,(x)| for all xeX. By Theorem 2.6, there are a
finite set D C Q and 6 > 0 such that if x, y € X and max{|y,(x) —y,(y)| |g€D} <0,

then | f(x) — f(y)| < 1. Write A(x,y) := max{|y,(x) — y,(y)| | g€ D} for x and y in
T\ D. Theset T\ D is a finite union of intervals I of two types:

1. There is g; € D such that A(x,y) = y, (y) — Wy, (x) forall x,y 1, x < y.
2. There is t € R™ such that A (x,y) <t(y—x) forall x,yel, x < y.

Since each such / is an interval disjoint from D, every y,, g €D, is increasing on /.
It is enough to prove the claim for f restricted to / N X for each interval I of one of
the two types. Take any x,y€INX, x < y. There are k > | and xp,x1,...,x,€INX
such thatx = xp < x; < --- < xy =y and

A(XO,X1)<9, 9/2< A(xi,l,xi)<9 for 2<i<k.
Then |f(xi) — f(xi—1)| < 1fori=1,... k; hence |f(x) — f(y)| <k.

If I is an interval of type (1), then (k—1)0/2 < y, (y) — yy, (x) because yy, is
increasing on I and

[F) = fOI <k <142 (v (¥) = ¥ (x)) /-
That proves the claim with r:= | f(yo)| + 14 2|y, (vo)|/ 0, where yq is an arbitrarily
chosen pointin /N X and r' :=2/0.
If [ is of type (2), then (k—1)0/2 <t(y —x), and
[f(x)—fO)|<k<1+2t(y—x)/0<1+2t/6.

That proves the claim with r := | f(yo)| + 1+ 2¢/6, where yy is an arbitrarily chosen
pointin INX, and ¥ := 0.
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The projective system construction in Example 7.19 yields me M, (X)* \
Mo (X) such that m(|yy [X| A j) = [(|wy| A Jj)du forall g€ Q, j € w. By the claim
above and Theorem 10.5, m is the restriction of a free uniform measure on X. n

10.4 Instances of Free Uniform Measures

The rest of this chapter parallels Chap. 8, where various spaces of measures are
obtained as instances of 90, (X ). Here I follow the same approach to obtain several
noteworthy instances of Mg (X).

All the results proved on preceding pages for general spaces Mg (X) apply to
each specific instance. Although I do not explicitly list such consequences in what
follows, the reader is encouraged to do so. A general result is often better understood
when seen through special cases.

I start with a brief example. The next three sections then deal with other spaces
of measures in more detail.

Example 10.32. Let X be a Banach space, and consider X as a metric space with
the metric of its norm ||-||. Say that a measure > 0 on the o-algebra Bo(X) is of
order 1 iff the function x — ||x||, x€X, is u-integrable.

For every f € U(X) there are r,”’ € R™ such that |f(x)| < r+//||x| for all xe X.
By Theorems 5.28 and 10.5, the cone of positive tight Borel measures (i.e. Radon
measures) on X of order 1 identifies with 9 (X)*. ]

10.5 Measures on Abstract c-Algebras

Let S be a non-empty set and X a o-algebra on S. This section answers the following
question: For which measures on X are all X-measurable real-valued functions
integrable?

As in Example 2.3 and Sect. 8.2, assume that X separates the points of S and
let % (X) denote the uniformity on S induced by the mappings ¢: S — N such that
¢~ '(j)€X forevery jEN.

Lemma 10.33. Let X be a point-separating ¢-algebra of subsets of a non-empty
set S. Let X be the uniform space on the point set S with the uniformity U (X). Then
every compact subset of X is finite.

Proof. In view of Theorem P.35, it is enough to prove that Xisa P-space. Take any
ze}? , and let V;, j € w, be open neighbourhoods of z. By Theorem 1.21, there are
fi€Up(X), j€ o, such that fj(z) = 0 and fj(x) = 1 for x€ X \ V;. Without loss of
generality, assume that 0 < f; <1 and fy < fi < fo < --- (if necessary replace f;
by 1 Amax{f;" | 0 <i< j}). Write f(x) :=lim; fj(x) for x€ X, and let g and g; be
the restrictions of f; and f to S, so that f; = g;.
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Clearly g is X-measurable, and therefore g€ Up(X). The set {g; | je o} is
UEB(X) because X is inversion-closed (Theorem 4.7); hence m(g) = lim;m(g;)
for every m € M, (X). In particular, g(x) = lim; gj(x) = lim; fj(x) = f(x) for every
x€X, which means that f = g€ U, (X). The open set {xeX | f(x) < 1} is included
inallV;, je o. O

Exercise 10.34. For a non-empty set S and a point-separating o-algebra X on S, let
again X be the uniform space on the point set S with the uniformity % (X).

1. For S =R and £ = Bo(R), show that X is complete.
2. Find § and X such that X is not complete. [

Theorem 10.35. Let X be a point-separating c-algebra of subsets of a non-empty
set S. Let X be the uniform space on the point set S with the uniformity % (X). The
following properties of a measure L on X are equivalent:

(i) Every X-measurable real-valued function on S is [-integrable.
(ii) There is meMol(X) such that [ fdu = m(f) for every f €L(S,X).

Proof. As in Sect. 8.2, the integral n(f) := [ fdu for f€Up(X) = £e(S,X) defines
neM,(X). By Theorem 10.5, if it has property (i), then n is a restriction to Uy, (X)
of some meMp(X). It follows that [ fdu = m(f) for every f € U(X). The space
X has the CDE property by Theorem 4.9, and 9t (X ) = Mol(X) by Corollary 10.30
and Lemma 10.33. That proves (i)=-(ii).

To prove the converse, take any X-measurable function f: S — R. If u has
property (ii), then the finite limits

tim [ £ A jdla| = tim [ ((F)* 1)
JE® jew
tim [ £ dlu] =lim ] ((F)” 1)
JE® JE®

exist; hence f is p-integrable. a

10.6 Riesz Measures on Completely Regular Spaces

Definition 10.36. Let 7 be a completely regular topological space. A Riesz mea-
sure on T is a measure U on the o-algebra o(C(T)) such that every function in
C(T) is p-integrable. "

Note that a measure y on the c-algebra o(C(T)) is a Riesz measure if and
only if limjeq [(—J) V f A jd|u| exists and is finite for every feC(T). Indeed,
the condition is obviously necessary. Conversely, if f€ C(T) and the finite limits
limjee [ fT Ajd|p| and limjeq [ f~ A jd|u| exist, then f is p-integrable.
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Recall from Sect. 8.3 that C(T') = U(cFT') and that measures on the c-algebra
o (C(T)) naturally identify with uniform measures on the space cFT. By the next
theorem, Riesz measures on 7' naturally identify with free uniform measures on
the same space cfFT. In the identification, the U(cFT')-weak topology on 9ig(cFT)
becomes the C(T')-weak topology on the space of Riesz measures on T that arises
from the duality (u, f) = [ fdu =limjcq [(—j) V f A jdu for a Riesz measure u
and feC(T).

Theorem 10.37. Let T be a completely regular topological space. The following
properties of a linear functional m on the space C(T) are equivalent:

(i) There is a Riesz measure (L on T such that m(f) = [ fdu for all f € C(T).
(ii) meMe(cFT).
(iii) The functional on U(cFT) defined by f s m(f), f€C(T), is in Mc(cFT).
(iv) meC(T)™~.

(v) If{fj}; is a sequence in C(T) such that fj “\, 0, then lim;m(f;) = 0.

The implication (iv)=-(v) is a special case of the following lemma.

Lemma 10.38. Let X be an inversion-closed uniform space, meU(X)™, and let
{fj};j be a sequence in U(X) such that f; \, 0. Then lim;m(f;) = 0.

Proof. Assume m > 0, and take any £ > 0. The sum f(x) := ¥ e, (fj(x) —€)* is
finite for every x € X. For any r € R, we have

{xeX | fx)>r}= U {xEX | i‘)(ﬁ(}c)—e)Jr >r}

JE®

{xeX | flx)<r}= U {xGX | fi(x) <€ and Zj‘(‘)(fi()c)—e)Jr <r}

jew

which means that f is cozero-continuous, and f € U(X) by Theorem 4.7. Therefore
limjm((f; — €)") = 0. Since m(f;) < em(1) +m((f; —¢e)™), it follows that
lim;m(f;) = 0. Since every element of U(X)™ is a difference of two positive
functionals, the assumption m > 0 causes no loss of generality. a

Proof of Theorem 10.37. (i)=-(ii) follows from the equality M5 (cFT) = M, (cFT)
established in Sect. 8.3 and from Theorem 10.5. We have (ii)=-(iii) by Corol-
lary 10.30, (iii)=-(iv) by Corollary 10.27 and (iv)=-(v) by Lemma 10.38.

Now assume that (v) holds. The restriction of m to Cp(7') is in s (cFT), hence
in M, (cFT). Forevery f € C(T)* we have (f — f A j) \, 0; hence m € Mg (cFT) by
Theorem 10.5. That proves (v)=-(ii).

Next, assume that (ii) holds, and let n be the restriction of m to C, (7). Then
neMy(cFT) = M (cFT); hence there is a measure u such that n(f) = [ fdu for
all f€Cy(T). By the already established implication (ii)=-(iii) the finite limits
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tim n((—) V. A J) = lim [ (=) vf A du
JE®O.

Jjew
tim [n]((—)) V£ AJ) = lim [(=))vf A jdlu

exist for every f € C(T). That together with Theorem 10.5 proves (ii)=-(1). a

Let again T be a completely regular space, and this time consider the uniform
space FT. Recall from Sect. 8.4 that separable measures on ¢(C(7)) naturally
identify with uniform measures on the space FT. By the next theorem, separable
Riesz measures on T naturally identify with free uniform measures on F7'.

Theorem 10.39. Let T be a completely regular topological space. The following
properties of a linear functional m on the space C(T) are equivalent:

(i) There is a separable Riesz measure W on T such that m(f) = [ fdu for all
Jec(T).
(ii) meMe(FT).
(iii) The functional on U(FT) defined by f — w(f), f € C(T), is in Mc (FT).

Proof. Tf (i) holds, then the restriction of m to Cp,(7') is in 9%, (FT') by Theorem 8.15
and m € Mg (FT) by Theorem 10.5. That proves (1)=-(ii).

To prove (ii)=-(i), assume m €M (FT). Then also m Mg (cFT) because the
space FT is finer than cFT'. By Theorem 10.37, there is a Riesz measure p on 7 such
that m(f) = [ f du for all f€C(T) and p is separable by Theorem 8.15.

Finally, (i1)<(iii) by Corollary 10.30. O

If T is a completely regular space such that every measure on the o-algebra
o (C(T)) is separable, then of course every Riesz measure on T is separable. The
next two exercises show that the converse depends on set theory assumptions.

Exercise 10.40. Assuming the cardinal 2¥0 is measure-free, prove that if T is a
completely regular space such that every Riesz measure on 7 is separable, then
every measure on the o-algebra 6(C(T)) is separable. "

Exercise 10.41. Assuming the cardinal 2¥0 is not measure-free, find a completely
regular space T such that every Riesz measure on 7 is separable, but there is a
measure on the o-algebra o(C(7')) that is not separable. "

10.7 Cylindrical Measures of Type 1

Recall from Sect. 8.6 that cylindrical measures on a locally convex space E naturally
identify with uniform measures on the uniform space wk.

Definition 10.42. Let E be a locally convex space and m €91, (wE)™. Say that m
is of type 1 iff the finite lim jc, m(|h| A j) exists for every he E*. "
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For meM,(WE)™", let (I,E/Y, gy, my) be the cylindrical measure on E
defined by m; that is, my = @y (m) for all ye Iz, where @, : E — E /y are the quotient
mappings. Say that this cylindrical measure is of type 1 iff m is.

For every ye I the functional my € M (E/y)" is represented by a tight Borel
measure [y > 0 on the finite-dimensional space E /y (Theorem 5.3). Clearly m is of
type 1 if and only if for every y&€ I and for every linear functional / on E /7 the
function |h| is u,-integrable.

To get another equivalent formulation, for every Y€ Ir of codimension 1 fix an
arbitrary linear isomorphism between the one-dimensional space E/y and R. This
isomorphism maps the measure L, to a tight Borel measure ,u{, > 0 on R. Clearly
m is of type 1 if and only if the function x — |x| is ,u{,—integrable for every y of
codimension 1.

Theorem 10.43. Let E be a locally convex space and m €M, (WE)". Then m is
of type 1 if and only if m is (the restriction to U,(WE) of) a free uniform measure
on wE.

Proof. If m is the restriction of a free uniform measure and 2 € E*, then the finite
lim; m(|h| A j) exists because |h| € U(WE).

To prove the converse, take any f € U(wE). By Theorem 2.6, there are 6 > 0 and
a finite set D C E* such that for all x,y € E with max,cp|h(x) — h(y)| < 6 we have

|f(x) = f()| < 1. Thus

|f @) < £(0) + 1+ max|h(x)|/6

for all xe E. If m is of type 1, then lim; m(|k| A j) is finite for every i € D; therefore
lim;m(|f| A j) is finite, and m is the restriction of a free uniform measure by
Theorem 10.5. O

For a locally convex space E and m € Mg (wE), Theorem 10.22 applied to the
embedding @: wE < WE yields xy, € WE such that 2(xg, ) = m(h) for every h € E*.
Here, in accordance with the notation in Sect. 6.5, 7 is the unique continuous
extension of A€ E* to the completion wE. Clearly xy, is unique for each m; it is
called the resultant of m. Thus every cylindrical measure of type 1 on E has a
resultant in wE.

10.8 Notes for Chap. 10

Raikov [153] introduced the free locally convex space of a uniform space X and
constructed it as Mol(X) with the UE(X) topology. He also pointed out the similar
construction of Arens and Eells [3].

The space Mp(X) is a completion of Mol(X) with the UE(X) topology; hence
it is a free complete locally convex space of X. In the language of categories, the
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universal property in Theorem 10.23 states that g is a free functor from the
category of uniform spaces to the category of complete locally convex spaces. The
Arens—Eells construction yields an analogous universal property for preduals of
Lipschitz spaces [178, 2.2.4].

Motivated by Raikov’s work, Berezanskii [7] and Fedorova [50] established
the basic properties of 9g(X) (and also of the related space 9,(X), as noted
in Sect. 6.8). The particular case g (FT), for a completely regular space T, has
been extensively studied; Buchwalter [16, s.3] includes a detailed discussion and
references (with M(T') denoting Mg (FT)).

Theorem 10.5 is in my paper [134]; it generalizes special cases proved earlier
by Berezanskii [7, s.8] and Berruyer and Ivol [9]. The proof here incorporates a
simplification suggested by Buchwalter (personal communication). Example 10.6 is
also in [134]. The proof of Theorem 10.18 here is a simplified version of my original
proof [136]. Vector-valued free uniform measures were investigated by Khurana and
Cosalante [112].

The duality (2, Lip(A,h4)) in Exercise 10.13 is a more general version of that in
Exercise 5.33. The case h := \ A (x¢,x), where xo is a distinguished point in X, has
a prominent role in the theory of Lipschitz spaces [178].

The property Mg (X) =M (X) was treated in detail by Deaibes [36, 4.5], who
also proved Theorem 10.28 and its corollary in [38, 2.6] along with several results
about other spaces of functionals on Up(X) and U(X) for uniform spaces with
the CDE property (called spaces of type (07°) in [38]). Theorem 10.35 is due to
Deaibes [37]. The results in Exercise 10.34 follow from Hewitt’s characterization of
realcompact spaces [96]. Related results about Borel-complete spaces were proved
by Hager et al. [93]. -

For a completely regular space 7', the completion cF7 is (one of the homeomor-
phic versions of) the Hewitt realcompactification of T. The equivalence of (i), (iii),
(iv) and (v) in Theorem 10.37 is due to Hewitt [96]. The equivalence of (ii) and (iii)
in Theorem 10.39 is due to Haydon [95]. Parts of Theorems 10.37 and 10.39 were
also proved by Berruyer and Ivol [9] and Kirk [113]. In [135], I described Riesz and
separable Riesz measures as instances of free uniform measures.

Radon measures of order 1 (Example 10.32) and cylindrical measures of type 1
(Sect. 10.7) are covered by Badrikian [5, Exp.12] along with other orders and types.
Choquet [26] used the resultant of a cylindrical measure.



Chapter 11
Approximation of Probability Distributions

In this chapter I apply the theory developed in Part II to questions motivated by
probability theory. Section 11.1 contains a dual characterization of seminorms ||-||
on a large subspace of M, (X). In Sect. 11.2, T discuss properties of asymptotic
approximation for nets of probability distributions and apply Corollary 5.43 to
show that certain notions of approximation are all equivalent on sequences of
distributions.

11.1 The Kantorovich—Rubinshtein Theorem

If X is a uniform space and A € UP,,(X), then A is a uniformly continuous function
on the uniform product X x X by Lemma 2.27; thus n(A) is defined for every
neMy, (X X X).

Lemma 11.1. Let X be a uniform space, A € UP(X), n€ My (X x X)T, and let my
and w; be the two canonical projections from X x X to X. Then

[70(n) — mi(n)[la <n(2AA).
Proof. If f € BLipp(A) and x,y € X, then

[fom((x,y) = fom((exy) =) =) <2AA(x,y)
n(fom) —n(fom)| <n(|fom—rfom|) <n(2AA),

and thus ||my(n) — m (n)]j4 <n(2AA). O

The lemma has a probabilistic interpretation, aided by the following definition.
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Definition 11.2. For a uniform space X, let
MI(X) = {(meM(X) |[m>0and m(1) =1}.
By Theorem 5.3, the functionals in 90 ! (X) are those represented by tight

probability measures on Bo(X ). When the measure representing m is the distribution
of an X-valued random variable ¢, the functional m € Mt (X) itself is also said to

be the (probability) distribution of §. ]
Clearly m € 0t (X) is the distribution of ¢ if and only if E(f({)) = m(f) for every
J€Up(X).

A special case of Lemma 11.1 states that if {y and {; are X-valued random
variables whose distributions are mg,m; €M 1(X) and if 2 A A(&, &) is also
a random variable (i.e. a measurable function on the underlying probability space),
then

[mo—mylla <EQ2AA(Lo,C1))

The main result of this section is the following theorem. It supplies a partial
converse to the estimate in Lemma 11.1.

Theorem 11.3. Let X be a uniform space, A € UP(X), mg,m; €M (X)" and let
mo(1) = my(1). Let my and m be the two canonical projections from X x X to X.
Then there exists n €M (X x X)T such that mg = mp(n), my = w1y (n) and
[mo—mi[la =n(2AA).
As in Lemma 5.12, the constant 2 in the formula for ||my — m;||4, comes from

the condition || f||x < 1 imposed on functions f € BLipp(A).
The proof uses the following alternative expression for |[mg — m||4.

Lemma 11.4. Let X be a uniform space, A € UP(X), and
F={(fo. /i) | fo. fi€Up(X) and fo(x) + fi(y) S2ANA(x,y) for all x,y €X}.
Let mg,my €M, (X) T and mp(1) = m (1). Then
[mo —mi[[a = sup {mo(fo) +mi(f1) | (fo. /1) €F}.

Proof. Take any fe€BLipp(A). Then mo(f) — my(f) = mo(fo) + my(f1) where
fo:=1f, fi:=—f,and (fo, f1) €%. Hence

[mo —my[[a <sup {mo(fo) +mi(f1) | (fo,f1)eF}.

To prove the opposite inequality, take any (fy, f1) €% and define

f(x) == inf (2AA(x,y)) = /iy))-

yeX
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The function f, being the infimum of A-1-Lipschitz functions, is A-1-Lipschitz.
Moreover, sup f —inf f < 2, which means that there is a constant r€R for which
f+reBLipy(A). Next, observe that fy < f < —fj, and therefore

mo(f+r)—my(f+r) =mo(f) —mi(f) > mo(fo) +mi(f1).

It follows that [[mg —my |4 > mo(fo) +mi(f). O

Proof of Theorem 11.3. Let 7 C Up(X x X) be the set of the functions on
X x X of the form fyo my+ fi o my, where fy, fi € Up(X). Such a representation
of he s is not unique; however, if h = fyomy+ fiom = f(’) o my —I—f{ o with
fos J1, £} f1 € Up(X), then the function fyo my — f{jo o = f o m — f1 oy is constant
on X x X, and thus the definition

' (h) :=mo(fo) +mi(f1)

does not depend on the choice of fy and f;. Evidently 7 is a vector subspace of
Up(X X X), and 1’ is a linear functional on 7.
For f € Up(X x X), define

a(f) =inf{rmo(1) +7||lmg—myl|s | ' €R" and |[f| <r+7(2AA)}.

Then o is a seminorm on U, (X x X). Note that a(f) < mo(1)||f|lxxx for every
feUp(X xX)and a(2NA) < |lmg—my]|a-

I claim that [n'(%)| < a(h) for every h€ 7. Take any h€ 7 and r,”’ €R™ such
that |h| < r+r(2AA). Then h—r < (2AA), and n'(h—r) < ¥|jmg—my||4 by
Lemma 11.4. Thus n'(h) < rmg(1) +7'||mg — my]||4. The same argument with —/ in
place of & establishes n'(—h) < rmg(1) + /||mg — my |4, which proves the claim.

By the Hahn—Banach Theorem P.9, there is a linear functional n on Up (X x X)
that agrees with n’ on . and such that [n(f)| < o(f) for every fe€Up(X x X).
Then n > 0 because

mo(1) =n(1) < [n|(1) = sup{n(f) | f€Up(X x X), [|f]lxxx < 1}
<sup{a(f) [ feUp(X x X)), [|fllxxx <1} <mo(1),
and evidently my = mp(n) and m; = m;(n). Finally, [[mg —my[ja < n(2AA) by
Lemma I1.1,and n(2AA) < a(2AA) < |mp—my|a. O
Corollary 11.5. Let X be a uniform space, A €UP(X), mo,m; €M, (X)" and
mo(1) = my(1). Let my and m; be the two canonical projections from X x X to X.
Then there exists n €M, (X x X)T such that my = mp(n), my = w1 (n) and

[[mo —mylja =n(2AA).

If mo,m; €M (X)™, then there exists such nin M(X x X)T.
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Proof. Apply Theorem 11.3 and Lemmas 6.26 and 6.27. O

Again Corollary 11.5 yields a probabilistic interpretation: If mg,m; € 90 ! (X),
then there exist X-valued random variables §y and {; with distributions mg and m;
such that 2 A A(&p, &) is also a random variable and

[mo—myl[a =E(2AA(Lo,C1))

In fact, let v be the tight Borel probability measure representing the functional
neM (X x X)7 in the corollary, and let {y and | be the two canonical projections
mp and 7 on the probability space (X x X,Bo(X x X), ).

Corollary 11.6. Let X be a uniform space, A € UP(X), and let m € My, (X) be such
thatm(1) = 0. Let my and ) be the two canonical projections from X x X to X. Then
there exists n €M, (X x X)T such that m = my(n) — w1 (n) and ||[m|jx =n(2AA).

If meM,(X)*, then there exists such n in My(X x X)". If meM(X) ™, then
there exists suchn in My (X x X)T.

Proof. The first statement follows from Theorem 11.3 with m™* and m™ in place of
mp and m;. The other statements follow the same way from Corollary 11.5. a

Corollary 11.6 is an alternative description of seminorms ||-||4 on the subspace
{meMy(X) | m(1) =0} of codimension 1 in M (X).

11.2 Asymptotic Approximation of Probability Distributions

The Cp(X)-weak topology on 9,1 (X) features in many limit theorems in prob-
ability theory, where it is called the weak topology. When a net of probability
distributions converges in the weak topology, its limit serves as a weak approxi-
mation of the distributions in the net.

A topology on the set 90, 1(X ) is not enough if we wish to reason about the
more general notion of asymptotic approximation for divergent nets of probability
distributions. Thus we are led to consider uniform structures on 9i;*(X) rather than
mere topologies.

Definition 11.7. Let % be a uniform structure on a set S. A net {m,}, in S is an
asymptotic % -approximation for another net {n,}, in S iff lim, A (m,,ny) = 0 for
every pseudometric A €%/ . [

In the rest of this section, I deal with the case of a metric space X. I shall describe
a class of uniform structures on 90, l(X ) that appear to be reasonable candidates
for extending to divergent nets the traditional notion of weak approximation for
convergent nets. Although there is more than one uniform structure in this class, I
show that they all yield the same notion of asymptotic approximation for sequences.
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Of course, it is highly subjective and context-dependent what uniformities should
be “reasonable” for this purpose. In the sequel, I replace that subjective notion by
the two properties in Definition 11.9.

Lemma 11.8. Ler I denote the closed interval [—k,k| C R and ||-||a the usual
metric on I (the restriction of Ar to I.).

1. The Cyp(Iy)-weak and the Uy (I)-weak uniformities and the ||-||a uniformity
coincide on ML (L).

2. The uniformity from Part 1 is the only one compatible with the Cy(Iy)-weak
topology on M ().

Proof. Since I, is compact, so is M, (I;) with the Cp(I;)-weak topology. Both
statements follow from Corollary 1.7 and Corollaries 5.17 (or 5.19) and 5.37
(or 5.39). O

Definition 11.9. Let X be a metric space with metric A. Consider the following
properties of a uniform structure % on M, (X):

(A1) If {{;}; and {C}}; are two sequences of X-valued random variables such
that lim; A ({;, §7) = 0 almost surely, then the sequence of distributions of
{; is an asymptotic % -approximation for the sequence of distributions of
&

(A2) F'é)r every interval [, ;== [—k,k] CR, k=1,2,..., if a mapping @: X — I;
is uniformly continuous, then so is the mapping M, () from M (X) with
U to ML(I;) with the unique uniformity in Lemma 11.8. "

Property (A1) states that asymptotic approximation (understood almost surely)
for sequences of X-valued random variables implies asymptotic approximation for
the corresponding distributions.

(A2) is a functorial property of the assignment X — (9t(X), %) for uniformly
continuous mappings @: X — I, assuming that on convergent nets in 9%, 1(Ik) the
asymptotic approximation agrees with the weak approximation.

As a special case of (Al), if {x;}; and {x}; are two sequences of points in
i( such t/hat lim; A (x;,x;) = 0, then {d(x;)}; is an asymptotic % -approximation

or {d(x})};.
Exercise 11.10. Let X be R with the metric Ag. Show that the C,(X)-weak
uniformity on 9t (X) does not satisfy (A1). "

In contrast to Exercise 11.10, two other uniformities from Sects. 5.3 and 5.4 do
satisfy (A1) and (A2):

Theorem 11.11. For every metric space X with metric A, the Uy (X )-weak unifor-
mity and the ||-|| o uniformity on M (X) have properties (A1) and (A2).

Proof. Let mj,m eML(X), jew, be the distributions of X-valued random
variables (;, {7 such that lim; A({;, £7) = 0 almost surely. Then

i m; = 4 < lim E2AA(Z),5) =0
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by part 2 of Theorem P.36 and by Lemma 11.1. Hence the ||-||4 uniformity has
property (A1) and therefore so does the Uy, (X)-weak uniformity.
(A2) follows from Lemma 11.8 and the definition of 91, (). O

Next, I prove that every uniformity on 90, 1(X ) satisfying (A1) and (A2) is
between the two uniformities in Theorem 11.11.

Theorem 11.12. Let X be a metric space with metric A, and % a uniform structure
on M L(X).

1. If % has property (Al), then it is coarser than the |-|| o uniformity on 91 (X).
2. If % has property (A2), then it is finer than the Up(X)-weak uniformity
on M(X).

Proof. To prove Part 1, assume that %/ is not coarser than the ||-||4 uniformity
on 9 1(X). That means that there are A’€ %, £ > 0 and mj,mj-ei)ﬁjl(X) for
j=1,2,... such that [m; —m/|[[4 < 1/j and A’(m;,m’) > ¢ for all j. By Corol-
lary 11.5, there are X -valued random variables C i ¢ j’ whose distributions are m, m’j,
respectively, and such that lim; E(2 A A(;, 7)) = 0. By Part 1 of Theorem P.36,
there are subsequences {j(;) }; and {CJ’.(I.)},- such that lim; A (j;), CJ’.(I.)) = 0 almost
surely. Thus % does not have property (Al).

2. Assume that %/ has property (A2) and take any f €Uy (X). Fix k€{1,2,...}
for which || f||x < &, so that f maps X into I := [—k,k].

Let g € Up(I;) be the function g : x — x. By (A2) and Lemma 11.8, the mapping
My, (f) is uniformly continuous from 901 (X) with the uniformity % to M, (1)
with the Uy, (I )-weak uniformity. Thus the mapping

m = My (f)(m)(g) =m(go f) =m(f)

from DT, 1(X ) with % to R is uniformly continuous. That proves that %/ is finer
than the U, (X )-weak uniformity. O

Corollary 11.13. Let X be a metric space with metric A, and let % be a uniform
structure on sm:l(x) If % has properties (Al) and (A2), then it is compatible with
the Cy(X)-weak topology on M (X).

Proof. Apply Theorem 11.12 and Lemma 11.8. O

Corollary 11.14. Let X be a metric space with metric A, and % a uniform structure
on M 1 (X). If % has properties (Al) and (A2), then the following statements are
equivalent for any two sequences {m;}; and {n;}; in M1 (X):
(i) lim; m;(f) —n;(f) =0 for every f € Up(X).
(ii) The sequence {m} ; is an asymptotic 7 -approximation of the sequence {n;} ;.
(iii) limj Hmj—t‘leA =0.
Thus all uniformities on 9, ! (X) that satisfy (Al) and (A2) yield the same

notion of asymptotic approximation for sequences (but not necessarily for nets) of
probability distributions.
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Proof. By Corollary 5.43, (i) implies (iii). By Theorem 11.12, (iii) implies (ii) and
(i) implies (i). a

11.3 Notes for Chap. 11

Theorem 11.3 is similar to Dudley’s generalization [43, 20.1][44, 11.8] of the
Kantorovich—Rubinshtein theorem [105]. Rachev and Riischendorf [152] and Villani
[174], [175] describe many related results in the theory of optimal transport.

Uniform structures on probability distributions were investigated by Dudley [42]
[44, 11.7] and D’ Aristotile, Diaconis and Freedman [34]. Davydov and Rotar [35]
showed that the previously neglected Up(X)-weak uniformity is a reasonable
extension of the traditional notion of weak topology on probability distributions
and proved the equivalence of (i) and (iii) in Corollary 11.14. Property (Al) in
Definition 11.9 and its use in Theorem 11.12 are due to van Handel (private
communication).

By aresult of Dudley [44, 11.7.1], condition (iii) in Corollary 11.14 is equivalent
to the following: For j € @, there are X-valued random variables {; and £} whose
distributions are m; and n;, respectively, and such that lim; A({;, CJ/) = 0 almost
surely.

Further development of the theory of uniformities on probability distributions
should benefit from research on probability metrics, surveyed by Dudley [43], Gibbs
and Su [80], Rachev [151], Villani [174], [175] and Zolotarev [184]; however, so
far the focus in that area has been on quantitative results for the rate of convergence
of convergent sequences, not on general uniform structures or even the uniform
structures defined by probability metrics.



Chapter 12
Measurable Functionals

In this chapter I describe an approach to automatic continuity of functionals on
Up(X): To prove that a linear functional m on Uy (X) is a uniform measure, it
is sometimes enough to prove that m is measurable with respect to a suitable
o-algebra on U, (X); and measurability is often easier to establish than continuity.
Section 12.3 includes an application to generalized (i.e. measurable) centres in
convolution semigroups.

12.1 Saturated Spaces

On certain spaces, measurable linear functionals are continuous. This useful
property is captured in the following definition.

Definition 12.1. Let E and F be two vector spaces in duality, and ¥ a o-algebra
on F. The space E is saturated with respect to X, or X-saturated for short, iff every
Y-measurable linear functional on F is E-weakly continuous (and thus identifies
with an element of E). [

Of particular interest are the o-algebra o(E) on F obtained when the elements
of E are identified with linear functionals on F, and the o-algebra Bo(wgF) of the
Borel sets in the E-weak topology on F. If E is Bo(wgF)-saturated, then it is also
o (E)-saturated, and that in turn implies that it is F-weakly sequentially complete.
In this sense, saturation is a strengthening of weak sequential completeness.

Exercise 12.2. Show that if X is an Alexandroff uniform space, then the space
M (X) is saturated with respect to the o-algebra of M (X)-weakly CBP sets on
the space Up (X). Therefore M (X) is also saturated with respect to 6(Ms (X)) and
the o-algebra of M4 (X )-weakly Borel sets on Up(X). n

By Theorem 6.19, the space 9,(X) is Up(X)-weakly sequentially complete
for every uniform space X. That raises the question whether, or under what
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180 12 Measurable Functionals

conditions, 9, (X) is saturated with respect to o(91,(X)), or even with respect
to the o-algebras of 9, (X)-weakly Borel or 01, (X)-weakly CBP sets on U, (X).
Partial answers are provided by Corollary 12.5 and Theorem 12.8.

In the next lemma and theorem, X-pointwise CBP measurability of a function
from a set .# C RX to R means the CBP measurability on .# equipped with the
X-pointwise topology.

Lemma 12.3. Let X be a uniform space, S a non-empty set and m a linear
Sunctional on Uy (X). Let a mapping @ : X — £,(S) be uniformly continuous from X
to £1(S) with the ||| norm and such that || @(x)||1 < 1 for every x€X. Assume that
the restriction of m to every UEB(X) set is X -pointwise CBP measurable. Then

Y [m(@s)| <o and Zm((ps):m(2¢s> for ACS

seS SEA SEA
where @s(x) := @(x)(s) for s€ S, xeX.

Proof. Since ¢ is uniformly continuous in the ||-||; norm, for every A C S the
function Y s @5 is in Up(X) and the set {X;ca@s | A C S} is UEB(X). The
expression Y (I4) :=m (Tscq @5), A C S, defines a finitely additive CBP measurable
mapping y: {0,1}5 — R, and the conclusion follows from Theorem P.41. a

Theorem 12.4. Let X be a uniform space with the ({,) property, and let m be a
linear functional on Uy(X) such that the restriction of m to every UEB(X) set is
X-pointwise CBP measurable. Then m € M, (X).

Proof. First I prove that me 9, (X). Indeed, if m were not bounded on the ||-||x
unit ball in U, (X), then there would exist functions g;€U(X), j€ o, such that
lgillx <1/2/"! and |m(g;)| > 1 for all j. By Lemma 12.3 with ¢ : X — /; defined
by @(x)(j) := gj(x) forxeX, j€ @, we would get 3. ; |m(g;)| < oo, in contradiction
0 fm(g))| > 1.

Take any A€UP(X) and any net {f,}, of functions f,€BLip,(A) such that
limy fy(x) = O for all x€ X. Fix an arbitrary € > 0. There is a partition of unity ¢
on X that is uniformly continuous from X to ¢, (S) with the ||-||; norm and such that
A-diam(coz(¢s)) < € for every s€S.

For each s€ S, choose a point x; € X such that A(x,x;) < € whenever x€ X and
@s(x) #0. Then

Fr(x) =2 fr(x) - @s()

ses

< 2 05(0) £ () = fr(xs)| < X ps(x) - Alx,xs) <&

ses seS

forall yand all xe X.
For a fixed v, define ¢': X — £,(S) by ¢'(x)(s) := fy(xs) - @5(x) forxeX, s€S,
and apply Lemma 12.3 with ¢’ in place of ¢ to get

2 fr(x)m(es) =m <ny(xs)(ps> :

seS seS
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By Lemma 12.3, there is a finite set D C S such that ¥ p [m(¢s)| < €. For
almost all y we have | f,(x,)| < € when s€ D, and

+| 2 frlas)m(es)

seS

m(fy)] <

m <fY - ny(%)%)

seS

< Jmlle+ X f o)l [m@)[+ X |fy(x)] - [m(gy)]

seD seS\D

< mlle+[[mlle +& = (2[[m| + 1e.

As this holds for every € > 0, we conclude that m € 9, (X). |

Corollary 12.5. If X is a uniform space with the ({1) property, then the space
My (X) is saturated with respect to the 6-algebra of M, (X )-weakly CBP subsets of

Up(X).
Thus, for those uniform spaces, 91, (X) is saturated also with respect to the
M, (X)-weakly Borel o-algebra, as well as (91, (X)), on Up(X).

Proof. On every UEB(X) set #, the X-pointwise topology and the 91, (X)-weak
topology coincide. Therefore the restriction of any 91, (X )-weakly CBP measurable
function on Uy (X) to .7 is X-pointwise CBP measurable. Apply Theorem 12.4. O

12.2 Functionals of Baire Class 1

Let E and F be two vector spaces in duality. In some sense, the simplest measurable
functionals on F, after E-weakly continuous ones, are those of Baire class 1. The
main result of this section states that for every uniform space X, the functionals of
Baire class 1 on U (X) with the 91, (X )-weak topology are in 9, (X).

The following lemma is the key step in the proof.

Lemma 12.6. Let X be a complete metric space with metric A, and m €My, (X)
such that m & 9y (X). Then there is k€ for which the restriction of m to
BLipp(kA) is not X-pointwise continuous at any hy € BLipy (kA ).

Proof. As in Sect. 7.2, m is represented by the tight Borel measure py, on pX.
By Part 2 of Corollary 7.15, the set X is Borel in pX; hence py, = i + Vv for unique
tight Borel measures y and v on pX such that |u|(pX \ X) =0 and |v|(X) = 0. Let
n €My (X) be the functional represented by v. Then

[l = lIvi = [VI(pX) = [VI(pX \ X) > 0

by Theorem 7.9 because m ¢ DM (X). I shall prove that there is k € @ for which the
restriction of n to BLip,(kA) is nowhere X -pointwise continuous.
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By Part 2 of Corollary 7.15, there is ko € @ such that |v|(CE(koA)) < ||n||/4.
By Lemma 5.20, there are k € » and a function g € BLipy, (kA) such that k > 3k and
n(g) > 3|Inf| /4.

Now take any ho€BLip,(kA) and any X-pointwise neighbourhood of Ag in
BLipp(kA) of the form

V= {hEBLipb(kA) | ”h_hOHD < 8}

for € > 0 and a finite set D C X. Without loss of generality, assume that n(sg) <0
(if not then proceed with —hg in place of hy).

LetA:={x€X | A(x,D) > 2/k} and define the function #’: DUA — [—1,1] by
I (x) := ho(x) for x€D and K’ (x) := g(x) for x€A. Since |I'(x) — I (y)| < kA(x,y)
for x,ye DUA, by Lemma 2.21 there is a function & € BLip},(kA) that extends 7'
Moreover, h €V because h(x) = ho(x) forxeD.

I claim that the closure A of A in pX contains pX \ CE(koA). To prove that,
define fp € BLipy(koA) by fp(y) := 1 AkoA(y,D), yeX. If zepX \ CE(koA) then
2 & Uyepint O[x,koA]; hence fp(z) = 1. There is a net {z,}, in X that converges to
zin pX; then limy 1 AkoA(zy,D) = limy fp(zy) = 1. Since k > 3k, for almost all y
we have kA(zy, D) > 2. Thus z€ A, which proves the claim.

Clearly (z) = g(z) for all zE A so that h(z) = g(z) for all z€ pX \ CE(koA) by the
claim in the previous paragraph. Hence

=g < [ gl = [ -glalv] < nl/2
n(h) = n(g) = (= )| > 3] /4 = [l /2= ] /4

This demonstrates that every neighbourhood of /¢ in BLipy, (kA ) contains a function
h such that n(h) —n(ho) > ||n||/4. Thus the restriction of n to BLipy(kA) is not
continuous at /.

Now, m —n e M, (X); hence the restriction of m — n to BLip, (kA ) is continuous,
and it follows that the restriction of m to BLipy(A) is nowhere continuous. O

Theorem 12.7. Let X be any uniform space and m € My, (X). Assume that for every
A€UP(X) there is heBLipp(A) for which the restriction of m to BLipp(A) is
continuous at h. Then m € M, (X).

Proof. Let ¢: X — Z be a uniformly continuous mapping to a complete metric
space Z with metric A’. For k€ @ we have

BLip,(‘p (kA")) = {ho ¢ | heBLipy(kA)}.
If the restriction of m to BLipb(<6(kA’ )) is continuous at & o @, then the restriction

of ¢(m) to BLipp(kA’) is continuous at 4. Thus ¢(m) €9 (Z) by Lemma 12.6 and
me M, (X) by Part 2 in Theorem 6.10. O
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Theorem 12.8. Let X be any uniform space, and let m be a linear functional on
Up(X) such that the restriction of m to every UEB(X) set is of Baire class I in the
X-pointwise topology. Then m €M, (X).

This yields another proof of Theorem 6.19: The space 9, (X) is Uy (X)-weakly
sequentially complete.

Proof. First, note that m € 9, (X) for the same reason as in the proof of Theorem
12.4: If m were not bounded on the ||-||x unit ball in Uy (X), then there would exist
functions g; € Up(X), j€ o, such that ||g;|lx < 1/2/T! and |m(g;)| > 1 for all j.
By Lemma 12.3 with ¢: X — ¢; defined by ¢(x)(j) := g;(x) forxeX, jew, we
would get ¥ ;|m(g;)| < oo, in contradiction to [m(g;)| > 1.
By Theorem P.37, for every A €UP(X) the restriction of m to BLipp(4) is
continuous at each element of a dense subset of BLipy,(A). Apply Theorem 12.7.
O

12.3 Generalized Centres in Convolution Semigroups

When we expand our attention from continuous to measurable mappings, it is rea-
sonable to introduce a modification of Definition 9.23 for the case of subsemigroups
of M, (X) with the convolution operation and the Uy (X)-weak topology:

Definition 12.9. When X is a semiuniform semigroup and S C 9, (X) is a
semigroup for the x operation, let

ACBP(S) := {meS|VfeUp(X) the function n — mxn(f)
is Up(X)-weakly CBP-measurable on S}. "

Obviously A(S) € A“BP(S). From Lemma 9.25 we get SN0, (X) C A“BP(S) for
every X and A“BP(§) = § = SN, (X) for every precompact X. In particular,
ACBP(901,(X)) = 9, (X) and A°BP (pX) = X for every precompact X.

Next I show, using the results in Sect. 12.1, that A“BP (M, (X)) = 91, (X) and
ACBP(BX) = X also for a class of semiuniform semigroups X that includes all
locally compact groups.

Lemma 12.10. Let X be a semiuniform semigroup, m €My (X) and f€Up(X).
If the restriction of the function n— m 1 n(f) to the compact space pX is CBP
measurable, then the restriction of m to orb(f) is X-pointwise CBP measurable.

Proof. This parallels the proof of Lemma 9.28. Let ¢(n) := \n(\,f(xy)) for
nepX. By Lemma 9.27, ¢ is continuous from pX to orb(f) and ¢@(pX) =
orb(f). Since mxn(f) = m(\n(\,f(xy))) = m(¢(n)), the function mo ¢ is CBP

measurable on pX, and m is CBP measurable on orb(f) by Corollary P.39. O



184 12 Measurable Functionals

Theorem 12.11. Let X be an ambitable semiuniform semigroup with the ({y)
property and S C My, (X) a semigroup for the * operation such that S O pX. Then
ACBP(S) =, (X)NS.

Proof. This parallels the proof of Theorem 9.29. Clearly 90,(X) NS C A“BP(S)
by Lemma 9.25. To prove the opposite inclusion, take any mec A“BP(S) and
A€UP(X). As X is ambitable, there is f €Uy (X) such that BLipp(A) C orb(f).
Since pX C S, the restriction of the function n — mxn(f) to pX is CBP measurable.
By Lemma 12.10, m is X-pointwise CBP measurable when restricted to %( s
hence also when restricted to BLip,(A). Therefore me 9, (X) by Theorem 12.4.

O
Corollary 12.12. Let X be an ambitable semiuniform semigroup with the (4y)
property. Then A“BP (X)) = X and A“BP (9, (X)) = M, (X). O
Corollary 12.13. Let G be a locally compact group. Then A°BP(prG) = G and
ACBP (M, (rG)) = M (rG). 0

By the following exercise, the “Baire class 1 centre” of My (X) is My (X)
whenever X is an ambitable semiuniform semigroup.

Exercise 12.14. Let X be an ambitable semiuniform semigroup. Let m € M, (X)
be such that for every f€Up(X) the function n — mxn(f) on M, (X) with the
Up (X )-weak topology is of Baire class 1. Prove that m € 01, (X). "

12.4 Notes for Chap. 12

Building on the prior work of Christensen [27], in a joint work [28] we used satu-
rated spaces as a tool for proving continuity of invariant functionals. Corollary 12.5
is a version of [28, Th.2]. Its proof here is similar to applications of partitions of
unity in topological measure theory [17], [167].

Continuity results about functionals of Baire class 1 in Sect. 12.2 are due to
Schachermayer [163]. In [141], I proved the results of Sect. 12.3 for locally compact
groups.

By a result of Glasner [82], if G is any countable discrete group and m is an
element of BG = prG for which the mapping n — m*n is Borel measurable on
BG, then m € G. Thus the “Borel-measurable centre” of BG is G. This follows from
Corollary 12.13. However, Glasner’s proof also yields a stronger statement (for
countable discrete groups G):

G ={meBG| Vf €lu(G) the function n — mx*u(f) from BG to R

is universally Radon measurable}.

Here, a function is said to be universally Radon measurable iff the preimage of
every open set is measurable with respect to every tight Borel (i.e. Radon) measure.
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Thus the “universally Radon measurable centre” of BG is G. In contrast, a parallel
statement about the generalized centre of the space lo.(G)* = My, (rG),

0(G) = {m€lu(G)" | Vf € Lw(G) the function n — mxn(f) from le(G)" to R

is universally Radon measurable}

for all countable discrete groups G (or even for the additive group of integers), is
neither provable nor disprovable in the ZFC set theory; this is an application of a
circle of ideas recently completed by Larson [117]. The underlying theory of medial
limits is covered by Fremlin [61, 538Q)].

Research Problem 4. Do Corollaries 12.5 and 12.12 hold more generally, with the
(£,) property omitted or replaced by a weaker property?

As I already mentioned in Sect. 4.4, infinite-dimensional normed spaces do not
have the (¢;) property by a theorem of Zahradnik [183].

The problem might be easier with a smaller o-algebra on Uy (X) (therefore a
stronger notion of measurability) and in particular with o(91,(X)) instead of the
o-algebra of 9, (X)-weakly CBP sets. By a general theorem of Edgar [46, 2.3],
o (M, (X)) is the same as the o-algebra generated by 91, (X)-weakly continuous
functions on Uy (X). In [28], we conjectured 91 (X) to be saturated with respect
to the o-algebra o(M(X)) on Uy (X) for every complete separable metric space
X. In view of Theorem 6.10, if the conjecture were true, then 9%,(X) would be
saturated with respect to the o-algebra o(9,(X)) for every uniform space X; then
Corollaries 12.5 and 12.12 would hold with the (¢;) property omitted and with
o (M, (X)) measurability in place of CBP measurability.

Schachermayer’s example [163] marks a direction in which Corollary 12.5
cannot be strengthened: For the space ¢y with the metric A defined by the sup
norm, there is a linear functional n € 9, (o) whose restriction to BLipy, (A ) is Baire-
property measurable and yet n is not in M (co) = My, (co). n



Hints to Exercises

Chapter 1

Exercise 1.27. Apply Theorem 1.26.

Chapter 2

Exercise 2.5. The topology of a locally convex space is generated by continuous
seminorms.

Exercise 2.12. If X is a separable metric space, U(X) = Up(X), and X is not
precompact, then p1 X # cX.

Exercise 2.13. —

Exercise 2.15. —

Exercise 2.18. —

Exercise 2.23. f(x) := x? and A(x,y) := |f(x) — f(y)| for x,y€N.

Exercise 2.28. Use Theorem 2.6.

Exercise 2.29. Use Theorem 2.6.

Exercise 2.30. Use Theorem 2.6.

Exercise 2.31. Every uniformly continuous image of a Cauchy net is Cauchy. Use
Exercise 2.30.

Exercise 2.37. —

Chapter 3

Exercise 3.2. —
Exercise 3.4. A(x,y) := |x> —y?| for integers x, y.
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188 Hints to Exercises

Exercise 3.6. To prove that xy ~ xy’ when y ~ y/, show that if A €RP(S), then the
pseudometric defined by A,(y,z) := A(xy,xz) for y,z€ S belongs to RP(S).
Exercise 3.11. Let G be the group G of bijective mappings from @ to itself with the
o-pointwise topology. The mapping x — x~ ! is not uniformly continuous from rG
to rG.

Exercise 3.13. —

Exercise 3.15. Take any uniform space X such that Cy,(X) # Up(X) with the
semigroup operation (x,y) — x.

Exercise 3.16. —

Exercise 3.17. A'(x,y) := A(x,y) Vsup{A(xz,yz) | z€X }.

Exercise 3.23. To prove (ii)<(iii), use the homeomorphism x — x L

Exercise 3.29. Apply Lemma 3.28, using the commutativity of addition and the
homogeneity of the norm.

Exercise 3.36. Modify the construction in Sect. 3.4 to prove an analogue of
Lemma 3.28. More details are in [139].

Chapter 4

Exercise 4.2. For f,g€ U(X)*, wehave 1/(1+ f)(1+g) € Up(X) by Theorem 1.18;
hence (1+ f)(1+g) € U(X) if X is inversion-closed.

Exercise 4.3. Use the uniformity in Example 2.3.

Exercise 4.12. If a closed set L C X is a limit of a net of singleton sets in HX, then
A-diam(L) = 0 for every A € UP(X).

Exercise 4.18. If a bounded metric A metrizes X, then A" metrizes HX. For the
second statement, use Theorem 4.13.

Exercise 4.19.1f € > 0, D C X and X = {J,p ©Olx,A/¢], then for every non-empty
A C X there is D4 C D such that A"(A,D,) < e. Thus the hyperspace of every
precompact space is precompact. Apply Theorem 4.16.

Exercise 4.22. Index all the points of X as x, where o¢ < |X|. Then define fy (x) :=

sup{(1 —2A(x,xg))" | B < ot} forxe X and @o := for11 = fo-

Chapter 5

Exercise 5.6. Use Part 3 of Theorem P.21.

Exercise 5.15. —

Exercise 5.29. For a Cauchy sequence {x;}; in X that does not converge, define
m(f) =Tlim; f(x;), f € Up(X).

Exercise 5.31. Take the point masses for a Cauchy sequence that does not converge.
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Exercise 5.32. Take m; := ¥/ ,(9(0) — 2(1/i%)), j=1,2,....

Exercise 5.33. Mimic the proofs of Lemma 5.23 and Corollary 5.24 for parts 1
and 2. For Part 3, use Theorem 5.28.

Exercise 5.35. Apply Theorem 5.28 with X in place of X.

Exercise 5.44. Take the point masses for a Cauchy sequence that does not converge.

Chapter 6

Exercise 6.17. Take any compact space X that is not sequentially compact, and
A :=dx(X) CMy(X).

Exercise 6.23. For Xy = X; = {0, 1}, there are m,n€ Mol(Xy x X;)*, m # n, such
that my(m) = mp(n) and 7y (m) = 7y (n). For example, m := 9((0,0)) +d((1,1)) and
n:=9((0,1))+9((1,0)).

Exercise 6.24. Find m € 9, (Xo x X1) \ My (Xo x X1) so that 7;(m) =0 fori =0, 1.
Exercise 6.30. Construct an 9),-projective system (@, X;, ¢;j, m;) with finite sets X;
and ||m;|| > iforic w.

Exercise 6.35. U, (pX) = U, (X) by Theorem 2.10; hence My, (pX ) = My, (X).
Exercise 6.41. Prove property (ii) for molecular measures, and use approximation
by molecular measures in Theorem 6.6.

Exercise 6.42. For any A € UP(X), let E be the Banach space C(T') with the norm
||-||7, where T is BLipy(A) with the X -pointwise topology.

Chapter 7

Exercise 7.2. Use Lemma 6.9 and Theorem 6.37.

Exercise 7.16. X €Bo(pX) by Part 2 of Corollary 7.15. Apply Theorems 7.9
and 7.14.

Exercise 7.17. Define i(A) := inf{pm (ANCE(A)) | A € UP(X)} for A€ Bo(pX).
Exercise 7.23. X N9(X) = X.

Exercise 7.24. Combine Exercises 7.2 and 7.23.

Exercise 7.26. U(cX) = U(X); hence M, (cX) = My, (X), M5 (cX) = My (X) and
pcX =pX. From Theorems 7.21 and 7.25, we get M, (cX) = M, (X), and therefore
X =9, (X)NpX = My (cX)NpeX (set equality).

Exercise 7.30. Use Theorem 7.9.

Exercise 7.32. € (E*(‘p A) if and only if the limit 1133 ©(x) exists in Z.

Exercise 7.34. For the positive cone, use Theorem 7.33 and Corollary 6.13. For
spheres, use Lemma P.22 and Corollary 6.15.



190 Hints to Exercises
Chapter 8

Exercise 8.7. The space of finite linear combinations of characteristic functions I,
E€ZX, is ||||x dense in £ (S,X). For the case of a sequence of measures in Part 1
and for Part 3, use Theorem P.23.

Exercise 8.8. —

Exercise 8.10. Consider the image of the Lebesgue measure on [0, 1] under the
mapping x — (x, —x) into the Sorgenfrey plane.

Exercise 8.12. Use the construction in Sect. 8.2 with the o-algebra of countable and
co-countable subsets in a set of cardinality .

Exercise 8.13. For a sequence in X converging to an irrational number, consider the
corresponding sequence of point masses.

Chapter 9

Exercise 9.9. If compact sets K C X and K’ C Y approximate m and n, respectively,
then the set K x K’ C X*Y approximates m @ n.
Exercise 9.19. Use Exercise 9.9.
Exercise 9.22. Apply Definitions 6.7 and 9.15 and Lemma 9.7.
Exercise 9.26. On an infinite set, define xy = y.
Exercise 9.34. For the additive group G of integers with the discrete uniformity,
consider two elements in prG: A cluster point of the sequence {d(j)}jce and
a cluster point of the sequence {d(—j)}jco-
Exercise 9.35. Use Exercise 9.22 with Theorems 3.7 and 3.9.
Exercise 9.37. Modify the proof of Part 1 of Theorem 9.12, using the uniform
product rG X rG instead of the semiuniform product rG*rG. Show that the modified
functions gy converge to 0 uniformly.
Exercise 9.40. 1. If compact sets Ky and K| approximate m and m « n, respectively,
then the compact set K, 'K approximates n.

2. Let G be a topological group for which there is a Cauchy sequence {x;}; such
that the set {x;l | j€ } is uniformly discrete in rG. Let m be the limit of d(x;) in

rG, and let n be a cluster point of 8(xjfl) in prG. For more details, see [138, 4.5].

Chapter 10

Exercise 10.3. For (iii)=(i) and (v)=-(i), assume there are f€U(X) and x;€X,
j=1,2,..., such that f(x;) > j* Define m:= ¥ ;9 (x;)/j* and m; := 9(x;) /.
Exercise 10.7. On the unit ball in an infinite-dimensional normed space, every
uniformly continuous function is bounded.

Exercise 10.8. Mimic the proof of Lemma 5.11.
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Exercise 10.12. Adapt the proof of part 2 of Theorem 10.11.

Exercise 10.13. Mimic the proofs of Lemma 10.10 and Theorem 10.11.

Exercise 10.15. Mimic the proof of Lemma 6.8.

Exercise 10.19. Mimic the proof of Theorem 6.19.

Exercise 10.20. For part 1, repeat the proof of Theorem 6.44 with the help of
Theorem 10.18. For part 2, use Part 1 and Theorem 10.5.

Exercise 10.24. Mimic the proof of Theorem 10.23.

Exercise 10.29. Let Y C X be the union of the supports of the measures on Bo(X)
representing the functionals in 2l. Using Theorem 10.18, prove that Y is compact.
Exercise 10.34. For Part 1, note that 0, (R) = Ms(R) and M, (X) = Ms(X); cf.
Exercise 7.26. For part 2, use the ¢-algebra of countable and co-countable subsets
in a set of cardinality X;.

Exercise 10.40. Apply Theorems 8.16 and 10.37 and the following observation: If
2%0 js measure-free and a cardinal K is not, then K is measurable by a {0, 1 }-valued
measure.

Exercise 10.41. A discrete space of cardinality 2¥0,

Chapter 11

Exercise 11.10. For the points x; := j and x/j =j+(1/j),j=1,2,..., there is a
function f € Cp(R) such that f(x;) — f(x;) =1 for all j.

Chapter 12

Exercise 12.2. Let m be a CBP measurable linear functional on Uy, (X) and {f;}; a
sequence in Up(X), f; "\, 0. As X is Alexandroff, the function ¥ ;c4 (fj — fj+1) is in
Up(X) for every A C @. Apply Theorem P.41 with y(I4) :=m(Xjea(fj — fj+1))-
Exercise 12.14. Proceed as in the proof of Lemma 12.10 and Theorem 12.11, using
Lemma P.40 and Theorem 12.8 instead of Corollary P.39 and Theorem 12.4.
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