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Preface

Ich schaffe, was ihr wollt, und schaffe mehr;
Zwar ist es leicht, doch ist das Leichte schwer.
Es liegt schon da, doch um es zu erlangen,
Das ist die Kunst! Wer weiss es anzufangen?
GOETHE, Faust IT

The present text centers around a fundamental task of measure and
integration theory, which has not found an adequate solution so far. It is
the task to produce, with unified and universal means, true contents and
above all measures from more primitive data, in order to extend elementary
contents and to represent so-called elementary integrals. The traditional
main tools are the Carathéodory extension theorem and the Daniell-Stone
representation theorem. These theorems are much too restrictive in order
to fulfil the needs.

Around 1970 a new development started in the work of Topsge and
others. It was based on the notion of regularity, which for a set function
means to determine its values from a particular set system by approximation
from above or below. In traditional measure theory this notion is linked to
topology.

The present text wants to be a systematic treatment of the context in
the new spirit. It is based to some extent on personal work of the author.
The main results are equivalence theorems for the existence and uniqueness
of extensions and representations, which are not more complicated than
the traditional ones but much more powerful. With these results the text
clarifies and unifies the entire context. The main instruments are certain
new envelope formations which resemble the traditional Carathéodory outer
measure.

The systematic theory has numerous applications. The most important
application is the full extension of the classical Riesz representation theorem
in terms of Radon measures, from locally compact to arbitrary Hausdorff
topological spaces. As another application we note an extension and at
the same time simplification of the Choquet capacitability theorem, which
shows that the new formations can be useful for so-called non-additive set
functions as well. Some of the applications are treated without pronounced
technical sophistication. We rather want to demonstrate that certain basic
ideas and results are natural outflows from the new theory.
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The central parts of the text are chapters I and V. Their main substance
as well as their history and motivation are outlined in the introduction below.
It is an elaboration of a lecture which the author delivered at several places,
in the present form for the first time at the symposium in honour of Adriaan
C.Zaanen in Leiden in September 1993.

Chapters I and IV are filled with preparations. We need certain standard
material in unconventional versions which have to be developed. We also
need several new notations.

The application to the Riesz representation theorem is in chapter V
section 16. The other applications are in chapters III, VI and VII. We
emphasize that chapter VII develops an abstract product formation which
comprises the Radon product measure of Radon measures. The final chapter
VIII is an appendix which is independent of the central chapters IT and V.
It wants to demonstrate that the unconventional notions of content and
measure introduced in chapter I can be useful in other areas of measure
theory as well.

All this says that the central themes of the present text are the funda-
mentals of measure and integration theory. The author hopes that its readers
will find it less technical than it looks at first sight. He thinks that the text
can be read with appreciation by anyone who has struggled through the
traditional abstract and topological theories. However, it is different from a
textbook in the usual sense. The presentation is ab ovo, though more like
in a book of research. The author hopes that the text will be used in future
courses. An ideal prerequisite would be the recent small book of Stroock
[1994], because on the one hand it provides the concrete material which
should precede this one, and on the other hand it does not take the reader
onto the traditional paths of abstract measure and integration theory which
the present work wants to restructure.

The author wants to express his warmest thanks to Gustave Choquet,
Jean-Paul Pier, Reinhold Remmert, Klaus D.Schmidt, Maurice Sion, and
Flemming Topsge for insightful comments, encouragement, and good advice.
Likewise he thanks Robert Berger and Gerd Wittstock for constant help with
the resistful machine into which he typed the final version of the text. He
extends his thanks to the former and present directors of the Mathematical
Research Institute Oberwolfach, Martin Barner and Matthias Kreck, for
several periods of quiet work in the unique atmosphere of the Institute.

August 1996 Heinz Konig
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Introduction

The textbooks on measure and integration theory can often be sub-
divided into two parts of almost equal size: One part describes what can
be done when one is in possession of measures of one or another type. The
other part describes how to obtain these measures from more primitive data,
which as a rule are elementary contents or elementary integrals. The for-
mer part is based on some famous theories. But the latter part is in less
favourable state, because its main theorems do not fit the actual needs in
certain central points. We shall explain this statement, and then describe
how the situation can be repaired. To do this we sketch the main ideas and
results of our chapters II and V, which form the central parts of the present
text.

Construction of Measures from Elementary Contents

The classical theorem on the existence of measure extensions reads as follows.
Our technical terms are either familiar or obvious.

THEOREM. Let ¢ : & — [0,00] be a content on a ring & of subsets in a
nonvoid set X. Then @ can be extended to a measure o : A — [0,00] on a
o algebra A iff ¢ is upward o continuous.

There are few situations where this theorem can be applied without
complications. The reason is that the natural set systems which carry el-
ementary contents are almost never rings, but at most lattices. This is in
particular true for the basic set systems in topological spaces. Even to con-
struct the Lebesgue measure via rings forces us to work with the unnatural
half-open intervals, which might be adequate in order to produce sophisti-
cated counterexamples, but not for the foundations of one of the most basic
theories in analysis.

Like the theorem itself, also its usual proof due to Carathéodory [1914]
does not fit the actual needs as it stands. Let us recall that it is based on two
formations. On the one hand one defines for a set function ¢ : & — [0, 0]
on a set system & with @ € & and ¢(&) = 0 the so-called outer measure

©° :P(X) — [0, 00] to be

1nf{ng (Sp) : (S); in & with A C USZ}
=1
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On the other hand one defines for a set function ¢ : P(X) — [0, c0] with
¢() = 0 the so-called Carathéodory class

€(¢) :={AC X :0(S)=d(SNA)+¢(SNA)VS C X} C P(X).

Then for the nontrivial direction of the theorem one verifies that ¢°|€(¢°)
is a measure on a ¢ algebra and an extension of .

We shall see that the formation €(-) is so felicitous that it will survive
the upheaval to come, at least within the present step of abstraction. In
contrast, we shall see that the specific form of the outer measure must be
blamed for the deficiencies around the extension theorem which will now be
described in more detail.

1) The outer measure is a beautiful tool in the frame of rings, but it
ceases to work beyond this frame. It does not even allow to extend the
theorem to the particular lattices & which fulfil B\ A € &7 for all A C B
in &, where the assertion will be seen to persist. The class of these lattices
is much more realistic than the class of rings. For example, it includes the
lattices of the closed subsets and of the compact subsets of a metric space.

2) The outer measure is an outer regular formation: The definition shows
that

©°(A) = inf{p°(S): S € &7 with S D A} forall A C X,

that is ¢° is outer regular &7. Now present-day analysis requires inner
regular formations perhaps even more than outer regular ones. However,
the definition of the outer measure is such that no inner regular counterpart
is visible.

The need for inner regular formations comes from the predominant role
of compactness in topological measure theory. It became clear that the most
important class of measures on an arbitrary Hausdorff topological space X
are the Radon measures, defined to be the Borel measures « : Bor(X) —
[0, 00] which are finite on the system Comp(X) of the compact subsets of X
and inner regular Comp(X). It is then an immediate problem to characterize
those set functions ¢ : Comp(X) — [0, 00[ which can be extended to (of
course unique) Radon measures, the so-called Radon premeasures. We
see that the classical extension theorem does not help in this problem for at
least two reasons.

3) The outer measure is a formation of sequential type. But present-day
analysis also requires non-sequential formations, once more for topological
reasons. However, the definition of the outer measure is such that no non-
sequential counterpart is visible.

4) Tt is a sad fact that the methods employed for contents and measures
have not much in common with those for so-called non-additive set functions
like capacities. Now the outer measure has a certain built-in additive charac-
ter. One can be suspicious that this fact is responsible for the imperfections
which we speak about.
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There were of course attempts to improve the situation. The main re-
sults of Pettis [1951] were complicated and hard to use because, as it seems
now, regularity had not yet attained its true position. Srinivasan [1955] was
restricted to the extension from rings, but was able to develop a symmet-
ric outer/inner extension procedure and anticipated the later expressions
in this frame. Around 1970 deliberate efforts started in order to develop
improved extension methods in terms of lattices, outer and inner regular-
ity, and sequential and non-sequential procedures. A decisive prelude was
the characterization of the Radon premeasures due to Kisyniski [1968]. The
main achievements came from Topsge [1970ab], albeit restricted to the inner
situation, from Kelley-Srinivasan [1971] and Kelley-Nayak-Srinivasan [1973],
Ridder [1971][1973], and later from Sapounakis-Sion [1983][1987] and oth-
ers. But the new methods were less simple and coherent than the traditional
ones and therefore did not find access to the textbooks. The reason was that
there were no universal substitutes for the outer measure. It is a surprise
that one did not resume the expressions of Srinivasan [1955] (as a result the
author himself did not look at that paper earlier than while he wrote the
present text). Also there was no adequate symmetric treatment of the outer
and inner cases. The basic symmetric formations were the crude outer and
inner envelopes ¢*, g, : P(X) — [0, 00}, defined for an isotone set function
¢:6 — [0,00] with @ € & and ¢(&) =0 to be

©*(A) = inf{p(S):S €6 with S D A},
0x(A) = sup{e(S):S €6 with S C A},

which are adequate for contents but not for measures (otherwise the outer
measure would not have come into existence).

At this point we postpone further historical comments and turn to the
vita of the present author on which the plan for this text is based. In
an analysis course [1969/70] I wanted to construct the Lebesgue measure
without use of half-open intervals. I observed that the old proof extends
without further efforts from rings to the particular lattices described in 1),
provided that instead of the outer measure one uses the formation 7 :
P(X) — [0, 00], defined for an isotone set function ¢ : & — [0, 00] to be

©?(A) = inf {llirgoga(Sl) : (S)); in & with S; T some subset D A}.

The formations ¢° and ¢ are of course close relatives, and are in fact
identical for contents on rings (as in elementary analysis infinite series are
equivalent to infinite sequences), but need not be identical beyond. We see
that ¢? continues to work where ¢° does not.

At that time I was content with this. But fifteen years later I returned
to the context and observed that besides 1) the new formation also removes
the deficiencies described in 2) and 3). In fact, the formation ¢? has an
obvious inner regular counterpart ¢, : B(X) — [0, 00|, defined via decreas-
ing sequences in &. Furthermore ¢° and ¢, have obvious non-sequential
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counterparts ¢”, o, : P(X) — [0,00], defined via upward/downward di-
rected set systems instead of sequences in &. Then another five years later
I observed that the new formations permit to improve certain concepts and
results related to capacities, and thus contribute to 4) as well.

After this it is no surprise that the envelope formations ¢* = ¢7 = 7
and ¢, < ¢, < @, permit to develop comprehensive extension theories
which fulfil the requirements described above. The theories are of uniform
structure in @ = xo7, and the outer and inner developments are parallel in
all essentials. For historical reasons the outer version looks more familiar,
but the inner version is perhaps more important. The Carathéodory class
¢(+) is a basic notion in all cases.

There remains one more step. I observed that the outer and inner the-
ories are not only parallel, with their typical little peculiarities, but are in
fact identical. However, this presupposes a drastic step of extension and
abstraction: One has to admit lattices which avoid the empty set like the
entire space, and isotone set functions with values in R or R instead of
[0, 0o[ or [0, 0] (not to be confused with the familiar signed measures which
of course need not be isotone). The previous envelope formations retain
their basic structure, but the Carathéodory class €(-) requires an essential
reformulation. I consider this extension to be quite essential for theoretical
reasons, but it is too technical for an introduction. Thus we return to the
previous step. We choose the inner situation for a short description of the
basic concepts and results.

Let ¢ : & — [0, 00[ be an isotone set function on a lattice & with & € &
and ¢(@) = 0. The basic idea is to concentrate on a particular class of ex-
tensions of ¢. For each choice of @ = xo7 we define an inner e extension
of ¢ to be an extension of ¢ which is a content a : > — [0, 00] on a ring 2,
with the properties that 2 also contains &, (:=the system of the respective
intersections), and that

« is inner regular S,,
a|G, is downward e continuous (this is void when e = x).

Thus we impose a characteristic combination of inner regularity and down-
ward continuity. We define ¢ to be an inner e premeasure iff it admits
inner e extensions. Our aim is to characterize those ¢ which are inner e pre-
measures, and then to describe all inner e extensions of ¢. We shall obtain
a natural and beautiful solution.

The solution will be in terms of the inner envelopes ¢o : P(X) — [0, c0].
First note that ¢,|6& = ¢, while for @ = o7 we have ¢o|& = ¢ iff ¢ is
downward e continuous. This is of course a necessary condition in order
that ¢ be an inner e premeasure. Likewise po(@) = 0 iff ¢ is (of course
downward) e continuous at @. This weaker condition is much easier and
sometimes even trivial, for example when ¢ : Comp(X) — [0,00[ on a
Hausdorff topological space X. Also pe(@) = 0 ensures that the traditional
¢(pe) is defined. We turn to the main results.
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PROPOSITION. If ¢ has inner e extensions then all these a : A — [0, 0]
are restrictions of pe|€(Pe)-

THEOREM. Assume that ¢ is supermodular. Then the following are
equivalent.

1) @ has inner e extensions, that is ¢ is an inner e premeasure.

2) e|C(pe) is (defined and) an inner o extension of p. Furthermore

if e =% : o|l€(pe) is a content on the algebra €(p.,),
if e =0T : e|€(pe) is a measure on the o algebra €(p,).

3) ve|€(we) is (defined and) an extension of ¢ in the crude sense, that is
©0e|& = and & C &(p,).
4) ¢(B) = p(A) + po(B\ A) for all AC B in &.
5) ve|& = ; and (B) < ¢(A) 4+ po(B\ A) for all AC B in 6.
5) pe(@) = 0; and o(B) < p(A) + pB(B\ A) for all A C B in &. Here
ol = (p|{S€6:5CB}), for Be 6.

We define ¢ to be inner e tight iff it fulfils the second partial condition
in 5).

It follows that an inner e premeasure ¢ has a unique maximal inner e
extension, which is ¢e|€(pe). The above theorem and its outer counterpart
are our substitutes for the classical extension theorem. It is obvious that

the present characterizations and explicit representations stand and fall with
the new envelopes.

Construction of Measures from Elementary Integrals

This time we start with the traditional Daniell-Stone representation theo-
rem. It is the counterpart and also an extension of the classical measure
extension theorem.

THEOREM. Let I : H — R be a positive (:=isotone) linear functional on
a Stonean lattice subspace H C R of real-valued functions on a nonvoid
set X. Then the following are equivalent.

i) There exists a measure o : A — [0,00] on a o algebra A which represents
I, that is all f € H are integrable o with I(f) = [ fde.

ii) I is o continuous at 0, that is for each sequence (f;); in H with pointwise
f110 one has I(f;) | 0.

More famous than this is perhaps the traditional Riesz representation
theorem from topological measure theory.

THEOREM. Let X be a locally compact Hausdorff topological space, and
CK(X,R) :={f € C(X,R) : f =0 outside of some K € Comp(X)}.

Then there is a one-to-one correspondence between the positive linear func-
tionals I : CK(X,R) — R and the Radon measures o : Bor(X) — [0, 00].
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The correspondence is

I(f):/fda for all f € CK(X,R).

The drawbacks of the traditional Daniell-Stone theorem are like those
of the classical measure extension theorem. Thus it is of no visible use for
the proof of the traditional Riesz theorem. But this latter theorem does not
fulfil the needs either, because in present-day analysis one is often forced to
exceed the frame of local compactness. Then CK(X,R) becomes too small,
so that the theorem breaks down and has to be filled with new substance.
On the measure side one wants to adhere to the Radon measures. As to
the functional side, one observes that on each Hausdorff topological space
X there is a wealth of semicontinuous real-valued functions which vanish
outside of compact subsets, for example the multiples of the characteristic
functions x i of the K € Comp(X). But this leads to function classes which
are lattice cones and as a rule not lattice subspaces. Thus it seems natural to
search for an extended Riesz theorem on appropriate lattice cones of upper
semicontinuous functions on X with values in [0, co].

With this in mind we return to the Daniell-Stone theorem in the abstract
theory. We want to develop the context in the spirit and scope of the
previous part on measure extensions. The above look at the Riesz theorem
confirms our intuitive impression that the former transition from rings to
lattices should reappear as a transition from lattice subspaces to lattice
cones. In fact, we shall see that the final Riesz theorem will become a direct
specialization of the final Daniell-Stone theorem.

We fix a lattice cone E C [0, 00[X of [0, co[-valued functions on a nonvoid
set X. F is called primitive iff v —u € E for all u £ v in F; equivalent is
E=H":={fcH:f=0} for some (unique) lattice subspace H C R¥.
It is of utmost importance that F need not be primitive. We assume E to
be Stonean, defined to mean that f € E = fAt,(f —t)t € E for all real
t>0. In view of f = f At+ (f —t)T this is the familiar notion when F is
primitive. For E we define at once the set system

TE):={[f 21]: f € Eand t >0} = {[f 2 1] : f € E},

which is a lattice with @ € T(E).

Next we fix an elementary integral on E, defined to be an isotone
positive-linear functional I : E — [0,00[. We are interested in integral
representations of 1. We want to define a representation of I to be a
content « : A — [0, 00] on a ring 2 such that

for all f € E': f is measurable 2 and I(f) = /fda.
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This has to be made precise, except in the special case that 2 is a ¢ algebra
and « is a measure. We do this in that we require

—00

forall fe E:[f 2t eAVt>0and I(f) = /oz([f%t])dt.

0«

The first part of the condition means that T(E) C 2. Therefore a produces
the restriction «|T(E). The set function a|T(E) is of obvious importance,
because it suffices to reproduce I by the second part of the condition.

It is a Hahn-Banach consequence that I admits representations iff it has
the truncation properties

(0) I(fAt)lOfort]O0and I(fAt)]I(f) fortt oo forall fekFE.

But the assumption that I is downward o continuous does not enforce that
it admits measure representations, except in case that E is primitive where
this follows from the traditional Daniell-Stone theorem. All this shows that
the present notion is too superficial in order to be the central one in our
enterprise.

We turn to the true central notion. For e = xo7 we define a e rep-
resentation of I to be a representation « : 2 — [0, 00] of I such that «
is an inner e extension of a|¥(E). This time the word inner is redundant,
because there will be no outer counterpart. Our aim is to characterize those
I which admit e representations, and then to describe all e representations
of I.

We start to define the crude outer and inner envelopes I*, I, : [0, 0o]X —
[0, 00] of I to be

I"(f) = if{I(u):u € FE withu = f},
L(f) = sup{I(u):u € FE withu < f}.

These envelopes induce set functions A,V : T(E) — [0, co], defined to be
A(A) =T*(xa) and V(A) = L(xa) for A€ Z(E).

Of course I, < I* and V < A. One proves the criterion which follows.

PROPOSITION. Assume that I fulfils (0). A content o : A — [0,00] on
a ring A which contains T(E) is a representation of I iff V < o|T(E) < A.
If furthermore o|X(E) is downward o continuous then o|T(E) = A.

This makes clear that the cases ¢ = o7 and e = x fall apart. In the
present introduction we shall restrict ourselves to the case ® = o7, which is
the simpler and the more important one. From the former main theorem we
obtain at once what follows.

CONSEQUENCE (for @ = o7). I admits e representations iff it fulfils
(0) and A is an inner e premeasure. Then the e representations of I are
the inner e extensions of A. In particular I has the unique maximal e
representation Ae|€(As).
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This is not yet the desired characterization, because it is not in terms of
I itself. In order to achieve this we form for ¢ = o7 the precise counterparts
I, : [0,00]% — [0, 00] of the previous inner e envelopes, that is

I,(f) =sup {llir(r)lol(ul) : (), in E with u; | some function < f},

and the respective I-(f). We also form for v € E the satellites I? : [0, c0]X —
[0,00[ in the same sense as before. In these terms our main theorem then
reads as follows.

THEOREM (for @ = o7). For an elementary integral I : E — [0,00[ the
following are equivalent.

1) I admits e representations.

2) I(v) = I(u) + Le(v — u) for allu < v in E.

3) I|E=1; and I(v) = I(u) + le(v —u) for allu v in E.
3) 1e(0) = 0; and I(v) £ I(u) + I¢(v —u) for allu < v in E.

The two last results are the precise counterpart of the main theorem
on measure extensions for ¢ = o7. It is our substitute for the traditional
Daniell-Stone theorem. We note that

L<I,<I, and L(f) = I°(f) S I°(f) S I°(f) for0< f<weE.

Also I,|E = I, and for e = o7 the equivalents to I4|E = I and I,(0) = 0 are
as before. We define I to be e tight iff it fulfils the second partial condition
in 3’). The former crude envelope I, allows to define I to be  tight iff

I(w) = I(u)+ L(v—u) forallu=<wvin E.

An earlier result due to Topsge [1976] after Pollard-Topsge [1975] was that
3’) with % tight instead of e tight implies 1). But the converse is not true.

In order to obtain the traditional Daniell-Stone theorem we assume for a
moment that F is primitive. Then each [ is x tight and hence e tight. Thus I
admits e representations iff Io(0) = 0. In this case it has the unique maximal
e representation Ae|€(A,), which in particular is a measure representation
of I. Thus we obtain for e = ¢ much more than the nontrivial direction in
the traditional Daniell-Stone theorem.

We next attempt to incorporate the Riesz representation theorem. We
assume X to be a Hausdorff topological space. Let E C [O,OO[X be a
Stonean lattice cone. We need certain conditions on F in order to relate E
to the compact subsets of X. One assumption is that E' be concentrated
on compacts, defined to mean that T(E) C Comp(X). It implies that FE
is contained in the class USCT(X) of [0, oo[-valued upper semicontinuous
functions on X, and that its members are bounded. On the other hand,
when F is contained in the subclass

USCK™(X) := {f € USCH(X) : f = 0 outside of some K € Comp(X)},

then E is of course concentrated on compacts. The other assumption is that
F be rich, defined to mean that

xk =inf{f e E: f2xg} forall K€ Comp(X).
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To see the relevance of this condition note that CK*(X,R) is rich iff X is
locally compact.

Then the ¢ = 7 version of our Daniell-Stone theorem, combined with the
classical Dini theorem, has as an almost immediate consequence the Riesz
type theorem which follows.

THEOREM. Assume that the Stonean lattice cone E is concentrated on
compacts and rich. For an elementary integral I : E — [0,00[ then the
following are equivalent.

0) I admits a Radon measure representation (note that T(E) C Comp(X) C
Bor(X)).

1) I admits T representations.

2) I(v) = I(u) + I (v —u) for allu S v in E.

3)I(fAt) | 0 fort | O forall f € E (this is redundant when E C
USCK*(X)); and I is T tight.

In this case I has the unique Radon measure representation Ar|Bor(X) with
Bor(X) C €(A,), which therefore is a T representation of I.

Let us look at the particular case E C USCK™(X). Then each Radon
measure « : Bor(X) — [0,00] defines an elementary integral T on E via
I(f) = [ fda for f € E. This I is 7 tight in view of 0)=3"). Thus we
obtain what follows.

THEOREM. Assume that the Stonean lattice cone E C USCK™T(X) is
rich. Then there is a one-to-one correspondence between the elementary

integrals I : E — [0,00[ which are T tight and the Radon measures o :
Bor(X) — [0,00]. The correspondence is I(f) = [ fda for all f € E.

It seems that this is the first Riesz representation theorem which applies
to all Hausdorff topological spaces X and contains the traditional Riesz
theorem as a direct specialization. In fact, if E is primitive then each I is
* tight and hence 7 tight, as we have seen above. Thus for locally compact
X and E = CK'(X,R) we obtain the the traditional Riesz theorem.



CHAPTER 1

Set Systems and Set Functions

The present text requires the usual concepts for set systems and set
functions, but with some nontrivial modifications and extensions. The first
chapter serves to introduce these notions and to develop their properties as
needed in the sequel. We also include certain classical extension theorems
for set functions which are not part of the later systematic development.

1. Set Systems

Basic Notions and Notations

Let X be a nonvoid set, and let as usual (X) denote its power set. For
A C X the complement will be written A’. Besides the usual operations
with subsets we define the new formation

UlA|V :=(UNA)YU(VNA) forUV,ACX.

Thus U|A|V is the unique subset of X which coincides with U on A’ and
with V on A. We list without proof some simple properties.

1.1. PROPERTIES. 1) U|A|V is isotone in U and in V. 2) UNV C
UIAIlV cUUV.3) UIA|IV = V|A'|U. 4) (UJA|V) = U'|AIV! = V'|A'|U'. 5)
ForU,V;AC X form P :=U|A|V and Q := U|A’|V. Then P|A|Q =U and
PIA'IQ =V.

We understand a set system in X to be a collection of subsets of X,
that is a subset of P(X). A nonvoid set system is called a paving in X.
We emphasize that a paving need not have the member @ C X. We shall
meet different kinds of set systems. Basic properties of a set system & are

U: A BeG=AUBE€G;
N: A BeG&G=ANBecG;
\ : ABeGwithACcB=B\A:=BnA €G&;
1:AeG=A €6
We define &* to consist of the unions |J S for the finite pavings 9 C &,

Sem
and &, to consist of the respective intersections. Thus &* = & iff & fulfils

U, and &, = 6 iff & fulfils N. We also form &1 := {4’ : A € G}. We define
a paving & to be
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a lattice iff it has the properties UN;
an oval it U, V,Ae & =U|A|V € &;
a ring iff it fulfils UN'\;

an algebra iff it fulfils UN L.

We have thus added the new class of ovals to some familiar ones. We shall
see that the ovals are similar to rings, but form a more symmetric class. The
remarks and examples below contain some simple assertions which are left
as exercises.

1.2. REMARKS AND EXAMPLES. 1) We have UL < N.L. Thus an algebra
can be defined to fulfil UL, and likewise to fulfil N_L. Furthermore we have
U\ = N\, but not <=. Thus a ring can be defined to fulfil U\, but not to fulfil
N\. 2) If Gisaring then A, B € & = BNA' € &. 3) We have G algebra =
S ring = G oval = & lattice . 4) & algebra < & ring with X € 6.
Likewise G ring < & oval with @ € 6. 5) If G is a lattice then 6L is a
lattice as well. The same holds true for ovals and for algebras, but not for
rings.

6) {@, X} and P(X) are algebras. {&} is a ring, but not an algebra.
Furthermore {A} is an oval for each A C X, but not a ring when A # &. 7)
A set system which is totally ordered under inclusion C is a lattice. But it
is not an oval when it has at least three members.

8) Let X be a topological space. Then the system Op(X) of its open
subsets and the system C1(X) of its closed subsets are lattices which contain
&, but as a rule are not ovals.

9) Each paving & in X is contained in a unique smallest lattice L(&),
called the lattice generated by &. It is as usual the intersection of all lattices
which contain &. We likewise obtain the oval O(&), the ring R(S&), and the
algebra A(G) generated by 6. Thus L(&) C O(&) C R(6) C A(G). 10) If
S has N then L(6) = 6*.

11) The most important examples on R are the systems of the closed
bounded intervals [a,b] with real a < b and of the open bounded intervals
|a, b[ with real a < b, each time combined with &, and their obvious coun-
terparts in R"™. The generated lattices consist of closed/open sets and hence
cannot be rings. 12) Another example on R is the system of the half-open
bounded intervals [a, b[ with real a < b, as above combined with &, and its
obvious counterpart in R™. This time the generated lattice turns out to be
a ring. However, we shall not use this example for systematic purposes.

We turn to the relevant infinite formations. For a set system & we define

G7 C &7 to consist of the unions |J S for the countable/arbitrary pavings
sem
M C 6, and 6, C &, to consist of the respective intersections. In the

sequel we shall use a simple and practical shorthand notation: The symbol
e means that in a fixed context it can be read as one of the symbols xo7, at
times with restrictions as noted in the respective context. Thus we define
S to fulfil Ue /Neiff 5®* = §/6, = S. In this connection we denote the
finite/countable/arbitrary pavings to be of type e = xo7.
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Next let (57); be a sequence of subsets of X. We write

S 1 iff the sequence increases,
S; 18 iff it increases with union S,
S; 1D A iff it increases with some union S O A.

A set system & in X is defined to fulfil 7o iff for each sequence (5;); in &
with S; T S one has S € &. All this also applies to | alike, that is with
decrease to the intersection instead of increase to the union.

The nonsequential counterparts are as follows. A paving 9% in X is
called upward directed iff for each pair U,V € 9N there exists W €
M with U,V C W. Note that 9 is upward directed when it has U. We
write

m T iff M is upward directed,
MTS iff MM is upward directed with union S,
M 1D A iff M is upward directed with some union S O A.

A set system & in X is defined to fulfil T iff for each paving 9 C
S with 2 7 S one has S € &. As before all this applies to | alike, that
is with downward directed to the intersection instead of upward directed to
the union.

1.3. EXERCISE. 1) Let 91 be a finite paving. Then 9t T S means that
SeMand M C S VM € 9, that is that 9 has the maximum S under
inclusion. 2) Let 9t be a countable paving. Then 9 T S means that there
exists a sequence (Sp); in 9 with S; T S such that each M € 9M is contained
in some 5.

1.4. EXERCISE. Assume that ¢ = g7. 0) If & is a lattice then &° and
G, are lattices as well. 1) Let & be a set system with U. If S € &* then
there exists a paving 91 C & of type e such that 9t T S. Thus in case e = o
there exists a sequence (S;); in & such that S; 1 .S. 2) For each set system
G one has Ue < U and Te.

1.5. EXERCISE. 1) Prove that M 1 S < (ML) | S’. 2) For each set
system & one has (6°)L = (6L),.

We define a o lattice/ o oval/o ring/o algebra to be a lattice/oval/
ring/ algebra with To and | o; in view of 1.4.2 this means that 67 = &, =
S.

1.6. REMARKS AND EXAMPLES. 1) For lattices and ovals none of the
properties T o and | o implies the other. For rings we have T o =| o, but
not <. For algebras we have Jo < 0. 2) {&, X} and P(X) are o algebras.
There are other obvious examples.

3) Each paving & in X is contained in a unique smallest o lattice Lo (&),
called the o lattice generated by &. It is the intersection of all o lat-
tices which contain &. We likewise obtain the ¢ oval Oc (&), the o ring
Ro(6), and the o algebra Ao (&) generated by &. Thus Lo(&) C Oo (&) C
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Ro(6) C Ao(G). However, the definitions of these set systems are so indi-
rect that their explicit description even for the simplest & can produce ex-
treme difficulties. Thus in order to handle these formations delicate methods
have been invented. Two of them will be presented later in this section.

4) Let X be a topological space. One defines the Borel o algebra of
X to be

Bor(X) := Ac(Op(X)) = Ao (Cl(X));

its members are called the Borel subsets of X. Furthermore besides Op(X)
and Cl(X) one considers the smaller pavings

COp(X) :={[f #0] : f € C(X,R)}, CCUX):={[f=0]:feCX,R)},
which are lattices as well. The definitions have numerous obvious variants,
of which we shall make free use. In case X is semimetrizable the new pavings
coincide with the former ones, but as a rule they are different. One defines
the Baire o algebra of X to be

Baire(X) := Ao(COp(X)) = Ac(CCL(X));

its members are called the Baire subsets of X.

1.7. EXERCISE. *) If & is a ring then G U (&.1) is an algebra. o) If &
is a o ring then S U (&.1) is a o algebra.

We need one more notation. Let ¥ be a set system in X. A subset
A C X is called

upward enclosable ¥ iff A C T for some T € %,
downward enclosable ¥ iff A D T for some T € .

Let C ¥ and O ¥ consist of all these subsets. Also we form for set systems
G and ¥ the set system
ST =06)N(CI)={ACX:SCACT for some S € S and T € T}.

These set systems can of course be void.

1.8. EXERCISE. Let & be a paving. 1x) If & T then C & is a ring. If
G | then O & is an oval. 2x) We have

0(6) C (6, C &%)

R(6) C (C 6%);

AG)c{ACcX:Aor Ain C &*}.
lo) If 8% = G then C & is a o ring. If 6, = & then 1 & is a o oval. 20)
We have

O0(6) C (6, &7);

Ro(6) C (& 69);

Ac(G)c{AcX:Aor A in C &7}

Inverse Images of Pavings

This is the first of the two methods announced in 1.6.3) in order to handle
the formations for set systems introduced above. Let X and Y be nonvoid
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sets and ¥ : X — Y be a map. It is common to form
for A C X the image set ¥(A) —{19( y:x e A} CY,

for B C Y the inverse image set 19( )i ={r e X:9(x) e B} C X.

The behaviour of the inverse images is much better than that of the direct
images. Thus one has

9 Us-=U 9(B) and O NB = 9 (B

BeB Be®B Be®B Be®B
-1 -1
for each paving B in Y, and ¥ (B’) = (9 (B))’ for each B C Y, but only

d((JA) = |Jv(4) and 9(()A4) c ()94

Aed Ae Ae Ae

for each paving 2 in X, and no relation between 9¥(A’) and (¥(A))" for

A C X. Therefore our prime interest is to form for a paving 98 in Y the
—1 -1
inverse image paving 9 (8) in X, defined to consist of the ¢ (B) for all

B cB.

1.9. REMARK. If the paving B in Y is a lattice/oval/ring/algebra or a

o lattice/o oval/o ring/c algebra then the same holds true for the paving
-1
9 (B) in X.

Proof. i) The above rules for inverse image sets show that the properties

-1
B* =B and B, = B carry over to ¢ (B). Thus we obtain the assertion for
lattices and for o lattices. ii) For U,V, B C Y we have

9 (UB|V) = ﬂ(UﬂB) Ud(VNB)
—1 —1 —1 —1 -1 —1
= (9(U)N (9 ( ) )U (9 (V)N 9 (B)) =9 (U)|9(B)I (V).

Thus we obtain the assertion for ovals and hence for o ovals. iii) It is obvious
—1 ~1

that @ € B=0 € J(B)and Y € B = X € J(B). Thus we obtain the

assertion for rings and algebras and hence for ¢ rings and o algebras.

Now as a substitute for the direct image of a paving 2 in X we form the

-1
set system J[2(] in Y, defined to consist of the B C Y such that 9 (B) € .
Note that ¢[] can be void.

1.10. REMARK. Let 2 be a paving in X such that O[] is nonvoid. If
A is a lattice/oval/ring/algebra or a o lattice/o oval/o ring/o algebra then
the same holds true for the paving O[] in Y.

Proof. i) As above one verifies that the rules for inverse image sets
imply that the properties A* = 2 and 2, = A carry over to ¥[2]. Thus we
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obtain the assertion for lattices and for o lattices. ii) If 2 is an oval then
for U, V, B € 9[2] we have as above

-1 -1 -1 -1
¢ (U|B|V) = 9 (U)|9(B)|v (V) € A and hence U|B|V € 9[2].
Thus we obtain the assertion for ovals and hence for ¢ ovals. iii) It is

obvious that @ € A = @ € Y[A] and X € A=Y € J[A]. Thus we obtain
the assertion for rings and algebras and hence for ¢ rings and o algebras.

The two remarks combine to furnish the desired result.

1.11. THEOREM. Let T denote one of the operations LORA or LoOcRo
-1 -1
Ao. Then T(9(B)) = ¥ (T(B)) for each paving B in Y.

Proof. C) By definition T(8) is a lattice/- - - which contains B. Hence
-1 -1
U (T(B)) contains 9 (B), and is a lattice/--- by 1.9. It follows that
1

—1 -1
T(9(B)) C ¥ (T(B)). D) By definition the paving A := T( ¢ (B)) in X is a
-1

lattice/- - - which contains ¥ (B). By its definition thus ¥[] contains B and
hence is nonvoid, and is a lattice/- -+ by 1.10. It follows that T(B) C J[2].
1 —1

1 _

Since by definition ¥ (9[]) C A we obtain ¥ (T(B)) C ¢ (W] C A =
-1

T(9(B)). The proof is complete.

1.12. EXAMPLE. Let X C Y be nonvoid. Then each paving 8 in Y
produces a paving B N X in X, defined to consist of the B N X for all
B € B, and called the trace of % on X. If ¥ : X — Y denotes the injection

-1
then BN X = ¥ (B) in the above sense. Thus if B is a lattice/--- then by
1.9 the trace B N X is a lattice/--- as well. Furthermore we have by 1.11
with the same abbreviation T(B N X) = (T(B)) N X for each paving B in
Y. Here of course the operation T is understood to be relative to X on the
left side, and relative to Y on the right side.

1.13. EXERCISE. Let Y be a topological space, and let the nonvoid subset
X C Y be equipped with the relative topology. 1) Prove that Bor(X) =
Bor(Y)N X. 2) We have

Bor(X) > {A€Bor(Y): AC X}.

Here we have equality iff X is in Bor(Y'). 3) Can the counterpart of 1) for
Baire(-) be answered in a similar manner? Deduce from a standard theorem
in topology that Baire(X) = Baire(Y') N X at least if ¥ is normal and X is
closed in Y.

The Transporter

We turn to the second of the two methods announced in 1.6.3). The basic
idea seems to be due to Sierpinski; see Hoffmann-Jgrgensen [1994] section
1.6. In the more recent literature it appears under the names monotone class
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theorem and Dynkin systems; see for example Halmos [1950] section 6 and
Bauer [1992] section 2. It will here be based on the notion of transporter as
introduced in Koénig [1991].

For two pavings 9t and 91 in the nonvoid set X we define the trans-
porter MTT to consist of all subsets A C X such that M € M =
AN M €91 Note that this set system can be void. In particular we write
IMTNM =: MT. The members of MT are often called the local Mt sets.

1.14. PROPERTIES. 1) X € MTN < M C N. In particular we have
X eMT. 2) AcMT and BE MTN = AN B € MTN. In other words
MT C (MTMT. In particular the paving MT fulfils N. 3) MT C M <
X € M. Furthermore MT D M < M fulfils N. In particular MTT =IMT.
4) N fulfils \ = MTN fulfils \. 5) Let @« = o7. Then T e carries over from
N to MTN. The same holds true for |e.

Proof. All properties except 4) are obvious. To see 4) note that for
A,B,M C X with AC Bonehas (B\A)NM=BNANM=(BNnM)N
(AUM')=(BNM)\ (ANM).

We prepare the main theorem with a useful lemma.

1.15. LEMMA. Let 9 be a paving. x) If 9 fulfils \ then IMT is an
algebra. o) If M fulfils \ and one of the properties To | o then MT is a o
algebra.

Proof. Assume that 9t has \. %) We have X € 9T by the above
property 1), and 9T has \ by 4). Thus 9MT has L. Furthermore MT has
N by 2). Thus 9T is an algebra. o) If 9 has one of the properties To | o
then 9T has the same by 5). Thus MT is a o algebra.

1.16. THEOREM (The Transporter Theorem). Let M be a paving. ) If
N fulfils \ then

AONT) CMTN for all pavings M C MN.
o) If M fulfils \ and one of the properties 1o | o then
Ac(ONT) CMTN  for all pavings M C N.

Proof. Assume that 9 has \, and fix a paving 9 C 9MN. %) MTN
has \ by the above property 4). Hence by 1.15.x) (MTIN)T is an algebra.
Now IMMT C (MTN)T by 2) and hence A(INT) C (MTN)T. Furthermore
X € MTN by 1) and hence (MTN)T C MTN by 3). This combines to
produce the assertion. o) If 9 has one of the properties 7o | o then MTN
has the same by 5). Hence by 1.15.0) (ITN)T is a o algebra. It follows as
above that Ac(9MT) C (MTINT C MTN.

The transporter theorem will find substantial applications in later parts.
For the moment we continue with some simple but typical consequences. The
reader is warned that the transporter theorem becomes false in both parts
*) and o), and even for 9 = N, if on the left side one writes M instead of

IMT.
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1.17. REMARK. Let G be a paving. Then
*) R(G) = A(6) N (C &%) and A(S) =R(6) U (R(6)L);
o) Ro(6) = Ac(6) N (C &%) and Ac(G) = Ro(6) U (Ro(&)L).
In particular if & is a o ring then A(S) is a o algebra.

Proof of ). First assertion: The inclusion C is contained in 1.8.2x);
thus we have to prove D. Since R(S) has \ we conclude from 1.15.%)
that (R(&))T is an algebra; therefore A(&) C (R(6))T. Now (R(6))T =
R(6)TR(6) C 6*TR(G). Thus we have A(&) C 6*TR(S). It follows that
A e AG)N(C 6*) = A € R(6). Second assertion: To see C combine the
last assertion in 1.8.2x) with the first assertion above. The implication D is
obvious. The proof of o) is left as an exercise.

1.18. PROPOSITION. Let G be a paving. Then
*){A€eA(GT): Aor A in C &} C A(S),
o) {A€Ac(6T): AorA in C &7} CAc(S).
Proof of o). We can assume that A € Ao(6T) is in C &?. Thus
AcC U S;or A= U AN S for a sequence (S;); in &. From 1.16.0) applied

to ‘ﬁ AU(G) and zm S we obtain A € STAc0(G). Therefore ANS; €
Ac(6) VI € N and hence A € Ao (6).

1.19. CONSEQUENCE. Let & and £ be pavings such that R C & C RT.
Then
*)AR)={A € A(S): Aor A in C R Y};
o) Ao(R) ={A€Ac(6): AorA in C R}
Proof of o). The inclusion C follows from 1.8.20). The inclusion D
follows from 1.18.0) since & C &T.

1.20. ExAMPLE. Let X be a topological space, and let Comp(X) consist
of its compact subsets. We assume that X is Hausdorff, so that Comp(X) C
Cl(X). Then 1.19.0) applied to & := Cl(X) and K := Comp(X) furnishes
the important relation

Ao (Comp(X)) ={A € Bor(X): Aor A in C (Comp(X))?}.

Another application of the transporter theorem 1.16.x) is a useful de-
scription of the ring generated by a lattice which contains &.

1.21. EXERCISE. Let & be a lattice with @ € &. Then for each M €
R(S) there exists a finite sequence S C T3 C --- C S, C T} in & such that

M = U(Tl \ S;) (the converse is obvious).
=1

Hint: 1) For subsets A C B and S C T one has
(B\A)N(T\S) = ((Au(BmS))\A) U (B\(Au(BmT))).
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Note that A C AU(BNS) C AU(BNT) C B. 2) Define $ to consist of
all subset H C X which can be written in the above form. Deduce from 1)
that H € § implies HN (T'\ S)' € $ for all S C T in &. Conclude that $
fulfils \. 3) Use 1.16.x) for & C $ and note 1.8.2%).

Complements for Ovals and o Ovals

The final subsection contains further material on these unfamiliar notions,
in particular on their relations to the more familiar ones.

1.22. PROPOSITION. %) Let & be an oval. Then U|A|V € & for all
UV €6 and A € A(G). o) Let & be a o oval. Then U|A|V € & for all
UVeS and Aec Ao(6).

Proof. Let & be an oval. Define 2 to consist of all subsets A C X such
that U|A|lV € 8VU,V € 6. Then & C 2, and A has L. x) We show that
2l has U and hence is an algebra. To see this let A,B € 2. For U,V € &
then W := U|B|V € & since B € 2. It follows that

UAUB|V =(Un(A'nB))u(VNn(AUB))
=UnNnANB)YU(VNAU(VNB)
={UnNBNAYU(VNBNA)YU(VNA)
=WnA)U(VNA) =W|A|V,
which is in & since A € 2. Thus we have indeed AUB € 2. o) We show that
2 fulfils 7o and hence is a o algebra. To see this let (A4;); in A with 4; 7 A.
For U,V € & then B; :=U|4;|V € 6Vi € N. Now BiNU,B;NV € & since
G is a lattice. We have
BNU=UNA)UUNVNA) = (UNV)u(UnA)
I {UnVyu(UnA),

BNV=UnNVNA)UVNA) = (UNnV)U(VNA)
T (UNnV)u(VNnA),
and hence by assumption P := (UNV)U(UNA)e & and Q:=(UNV)U
(VNA)eS. Now
PUQ=UnVUUNA)YU(VNA) =UNA)YU(VNA) =UIAV,
which is in & since © is a lattice. Thus we have indeed A € 2.

1.23. CONSEQUENCE. Let & be a paving. Then
*x) O(6) =A(6)N (6, C &*);
0) 00(6) =Ac(6)N (6, C &7).

Proof. This corresponds to part of 1.17. Let us prove o). The inclusion
C is contained in 1.8.20). Thus we have to prove D. Let A € Ac(6)N(&, C
G7), that is A € Ao(S) and U C AC V with U € &, C Oc(6) and V €
&7 C Oo(6). From 1.22.0) applied to Oo(S) we obtain U|A|V € Oo(6).
But U|A|V = A since U C A C V. Thus A € Oc(6).
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The next assertions deal with the ring R(&) generated by an oval &.

1.24. LEMMA. Let G be an oval. Define a(&) C A(S) to consist of those
A € A(S) which are upward enclosable & and upward enclosable S_L, that
is

a(6) = A(G)N(C &)N(E (61)).

1) a(®) isaring CR(6). 2) If o € & then a(6) = 6. If & ¢ & then a(6)
and & are disjoint. 3) For A € a(8) and S € & we have SUA,SNA" € &
and (SUA)\ (SN A") = A.
4) a(6)={VnU' :U0,Ved}={V\U:UVe6GwithU CV}.
5) a(6) UG is a ring and hence = R(G).

Proof. 1) Follows from 1.8.1%) and 1.17.x). 2) If & € & then X € 6L
and hence a(8) = A(6)N(C &) by 1.17.%). On the other hand, if A € a(&)
is in &, then A C V' for some V € & imples that @ = ANV € &. 3) We
have A C U and A’ DV for some U,V € &. Thus S|A|U =(SNA)UA=
SUAand S|AlV = (SNA)U@ = SN A are in & by 1.22.x). The last
relation is an obvious identity. 4) The first inclusion D is clear by definition,
and the first inclusion C follows from 3). 5) Let P, € a(6) U &. Then
PUQ € a(6) UG in all cases by 1)3). On the other hand, in case Q € a(&)
we have @ N P’ € a(&) by definition. In case Q@ € & we have QNP € &
for P € a(6) by 3) and QN P’ € a(&) for P € & by 4).

1.25. REMARK. If & is a 0 oval then a(&) and R(S) are o rings. Hence
A(G) is a o algebra by 1.17.

Proof. 1) Let (F}); be a sequence in a(&) with P, T P. Then for S € &
we have by 1.24.3) SUP,SN P/ € & and hence SUP € 6% = & and
SNP €6, =6. It follows that P € a(&). 2) Let now (FP,); be a sequence
in R(6) = a(&)U G with P, T P. Then either P € a(&) by 1), or P € & by
assumption. Thus P € R(S).

2. Set Functions

Basic Properties of Set Functions

We consider set functions ¢ : & — R which are defined on lattices & in
nonvoid sets X and take values in R := R U {—o0,00}. We recall that R
carries a natural total order, and a natural topology which is metrizable
and compact and is the order topology. But it is a problem to extend the
addition from R to R. We recall that for u,v € R the sum u 4+ v € R is
well-defined except when u and v have opposite values +0o. Our method to
handle this problem is expressed in the next remark.

2.1. REMARK. There are ezactly two binary operations R x R — R on
R which are associative and commutative and produce the usual addition
in all doubtless cases. These operations are + : co+(—o00) = co and + :
00+(—00) = —o0.
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In the sequel the symbol + means that in a fixed context it can be read
as of one of these additions.

2.2. PROPERTIES. 1) For u,v € R we have u—@—v eER < uvelR. 2
Both + and + are isotone in each argument. 3) —(u+v) = (—u)+(—v) for
all u,v € R.

Proof of 2.1 and 2.2. i) The operations + and + defined in 2.1 are
commutative and fulfil 2.2.1). We prove the associativity for +. To be
shown is (u+v)+w = u+(v+w) for u,v,w € R. If at least one of u,v,w is
= —o0 then both sides are = —oo by definition. Thus we can assume that
u,v,w > —oo. If then at least one of u,v,w is = oo then both sides are
= 00. It remains the case u, v, w € R which is clear. ii) Assume now that o
is a binary operation on R as described in 2.1. To be shown is that either
o=+ or o =+. If not then (—00) 0 00 = 0o 0 (—o0) =: ¢ € R. For each
x € R then

c=(-o0)oo0=(zo(-x))ooo=z0((—0)ox)) =z0c=1z+c,

and hence x = 0. This proves the assertion. iii) We prove that + is isotone
in the first argument. To be shown is u £ v = u+a < v+a for u,v,a € R.
This is clear for @ = —co. Thus we can assume that a > —oco. The assertion
is also clear for u = —oo. Thus we can assume that u > —oo and hence
v > —oo as well. But in this case the assertion is obvious. iv) The proof of
2.2.3) is left as an exercise.

After this we return to the set functions ¢ : & — R. The first notion
to be defined is that ¢ be additive in the appropriate sense; the traditional
name for this is modular. We define ¢ : & — R to be modular —|— iff

©(AUB)+9(ANB) = ¢(A)+¢(B) for all A,B € &;
and furthermore to be submodular/supermodular —|— iff
9(AUB)+p(ANB) </ @(A)+p(B) forall A, B € 6&.

No specification + is needed when ¢ attains at most one of the values +oo.
But otherwise the notions for + and + do not coincide; see exercise 2.8
below. We also recall the older relatives of these notions. A set function
¢ :6 — [0,00] on a lattice & with @ € & is called additive iff

W(AUB) =p(A) +¢(B) forall A,Be & with ANB =g,
and subadditive/superadditive iff
w(AUB) £/2 p(A)+¢(B) forall A,B e & with ANB=g.

2.3. ExaMPLES. 1) For fixed x € X define the Dirac set function 0,
P(X) — [0, 00[ to be

ifaed }:XA(QC) for AC X,

1
5I(A){ 0 ifex¢gA
where as usual y4 denotes the characteristic function of A. Then §, is
modular. 2) Assume that & is totally ordered under inclusion; see 1.2.7).
Then each set function ¢ : & — R is modular —|—
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2.4. EXERCISE. If ¢ : & — R is submodular + and # oo then [p <
oo] :={A € & : p(A) < oo} is a lattice. If ¢ is supermodular + and # —oo
then [p > —o0] :={A € &: p(A) > —oo} is a lattice.

2.5. EXERCISE. 1) Let ¢ : & — R be modular. Prove for A(1),--- A(r)
€ 6 with A := [J A(l) that
=1

pA)= Y (~)FDp(NAW),

@#ATC{1,r} leT

where #(7T") denotes the number of elements of T'. 2) Combine this with

2.3.1) to obtain
xa= >, )FO M xao-
GATC{1, -} leT

Next we define the set function ¢ : & — R to be isotone iff o(A) < p(B)
for all A C B in &. In the present text all set functions in the mainstream
will be isotone until chapter VIII. Also the subsequent definitions will be
phrased for isotone set functions.

The most important notion is that of a regular set function. Assume
that 91 C G and ¥ C &. Then an isotone set function ¢ : & — R is called
outer regular 9t at ¥ iff

o(S) =inf{p(M): M € M with M D S} forall S €%,
and is called inner regular 9t at ¥ iff
o(S) =sup{p(M) : M € M with M C S} forall S €%,
with the usual conventions inf @ := oo and sup@ := —oco. In the most

frequent case T = & we call ¢ outer/inner regular 9t.

Next we define an isotone set function ¢ : & — R to be bounded
above iff ¢ < ¢ for some ¢ € R, to be finite above iff ¢ < oo, and to be
semifinite above iff it is inner regular [p < oo]. We likewise define the
notions bounded/finite/semifinite below.

We turn to the im}iortant notion of a continuous set function. An isotone
set function ¢ : G — R is called upward o continuous iff

©(Sy) T p(A) for all sequences (S;); in & with S; 7 A € &;

and almost upward o continuous iff this holds true whenever ¢(S;) >
—ooVl € N. ¢ is called upward T continuous iff

sup ¢(S) = ¢(A) for all pavings M C & with M 1 4 € &;
Sem
and almost upward 7 continuous iff this holds true whenever ¢(S) >

—ooVS € M. We likewise define the obvious downward counterparts. Here
the exceptional value is of course co.
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2.6. EiXERCISE. Let ¢ = xo7. Let us redefine an isotone set function
¢ : 6 — R to be upward e continuous iff

sup p(S) = p(A) for all pavings 9 C & of type e with M T A € &,
Sem

and almost upward e continuous iff this holds true whenever ¢(S) >
—oo VS € M. Then these definitions coincide with the former ones when
e = o7. In case @ = x the definitions are void since the required properties
are always fulfilled, but are practical for the sake of a uniform treatment of
the three cases. The downward counterparts are obvious as before.

At last we form for a set function ¢ : & — R the upside-down trans-
form ¢l : 61 — R to be p L(T) = —p(T") for T € GL. It is obvious that
pl 1l =

2.7. EXERCISE. Let ¢ : & — R be a set function. Prove the following
equivalences. 1) ¢ modular + < ¢ modular +. Furthermore ¢ submod-
ular/supermodular + < L supermodular/submodular +. 2) ¢ isotone
< L isotone. For the remainder we assume that ¢ be isotone. 3) Let
M C Gand T C &. Then ¢ outer regular M at T < ¢ L inner regular ML at
T 1. 4) ¢ bounded/finite/semifinite above < L bounded/finite/semifinite
below. 5) ¢ (almost) upward e continuous < @1 (almost) downward e
continuous.

2.8. EXERCISE. 1) Define on a set X of two elements an isotone set
function ¢ : P(X) — R which is modular + but not submodular +. In
particular the notions modular + and + do not coincide. 2) Prove that each
isotone set function ¢ : & — R fulfils

¢ submodular + = ¢ submodular +.

Note that the converse implication is false by 1). Thus it seems that the
combination of submodular with + is in a sense superior to the combination
of submodular with +. See also 2.4 and 4.1.5) below.

2.9. EXERCISE. Construct examples of set functions ¢ : & — {0,1} on
algebras & which are isotone and modular and fulfil

1) ¢ is not upward o continuous;

2) ¢ is upward o continuous but not upward 7 continuous.
Hint for 1): Let X be an infinite countable set, and let & consist of those
subsets which are either finite or cofinite (:=of finite complement). Define
v :6 — {0,1} to be p(A) = 0 if A is finite and p(A) = 1 if A is cofinite.
Hint for 2): Similar construction on an uncountable set X. Define the
cocountable subsets of X!

Contents and Measures

We come to the two central notions of measure theory. In the present text
the conventional versions will be specializations of more comprehensive new
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versions. However, it will be seen that in a sense the two versions are
equivalent.

We define a content —+— (or + content) to be a set function ¢ : & — R
on an oval & which is modular + and isotone and attains at least one finite
value. No specification + is needed when ¢ attains at most one of the values
+00. In the special case that

e G, which means that & is a ring, and
©(2) =0,  which implies that ¢ : & — [0, o],

we speak of a conventional content, in short ccontent.

2.10. REMARK. Let & be a ring. A set function ¢ : & — [0,00] is a
ccontent iff it is additive and attains at least one finite value.

Proof. We have to show that the two conditions are sufficient. i) Let
A € 6 with p(4A) € R. For B := & then ¢(A) = ¢(A4) + ¢(=) and
hence p(@) = 0. ii) For A,B € & we have the disjoint decompositions
AUB=AU(BnA") and B= (AN B)U(BNA), the members of which
are in & since 6 is a ring. It follows that

©(AUB) + (AN B) = (p(A) + (BN A")) + p(AN B)
=p(A)+ (p(BNA) + o(AN B)) = p(A) + ¢(B).
iii) For A C B in & we have the disjoint decomposition B = AU (B \ A)
and p(B) = ¢(A) + ¢(B\ A) 2 ¢(A). Thus ¢ is isotone.

We define a measure + (or + measure) to be a set function ¢ : & — R
on a o oval & which is a content + and both almost upward o continuous
and almost downward o continuous. In the special case that

g e G, which means that & is a ¢ ring, and
©(2) =0,  which implies that ¢ : & — [0, 0],
we speak of a conventional measure, in short cmeasure. In this special

case it is well-known that the assumption that ¢ be almost downward o
continuous is redundant. This fact extends to the present context as follows.

2.11. PROPOSITION. Let ¢ : & — R be a content + on an oval. If ¢ is
semifinite below then

@ almost upward o continuous = ¢ almost downward o continuous.
If ¢ is semifinite above then

@ almost upward o continuous <= ¢ almost downward o continuous.

Proof. In view of the upside-down transform method it suffices to prove
the first assertion. Let us fix (S;); in & with S; | S € & and ¢(5;) <
ooVl € N. To be shown is ¢(S;) | ¢(S). i) We first prove this under
the assumption that ¢(S) > —oo. Then ¢(S5;),¢(S) € R. We form D; :=
S11811S = (S1nNS))US € & Then S C D; C S; and hence p(D;) € R.
Furthermore S; U D; = 51 and S; N D; = S and hence

©(S1) +¢(S) = ¢(S)) + ¢(Dy).
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Now D; T (S1 N S’)US = S; and hence by assumption ¢(D;) 1 ¢(S1). It
follows that ¢(S;) | ¢(S). ii) Now we assume that ¢(S) = —oo. We can also
assume that ¢(S;) > —oo and hence ¢(S;) € R VI € N, since otherwise the
assertion were obvious. We fix a set T' € & such that 7D S and ¢(T) € R.
Since ¢ is modular 4+ we then have ¢(S;UT),¢(S;NT) € R and

e(S) +(T) = e(SIUT) + (S NT).
From i) applied to S;UT | T we obtain ¢(S;UT) | ¢(T). It follows that
Jim o(Sy) = lim (S NT) = (7).
Now since ¢ is downward semifinite the values p(T) have the infimum —oo.
Therefore p(S;) | —oo = ¢(5).

2.12. EXERCISE. The two semifiniteness assumptions in 2.11 cannot be
interchanged, even if one fortifies semifinite to bounded. As an example con-
struct a ccontent ¢ : P(N) — [0, oo] which is almost downward o continuous
but not (almost) upward o continuous.

2.13. EXERCISE. 1) Let o : %l — [0, 00] be a ccontent on an algebra 2.
Define 7 : B(X) — [0, 00] to be

n(A) = {

Then 7 is a ccontent. 2) Let a : A — [0, 00] be a cmeasure on a o algebra
2A. Define 1 : P(X) — [0, 00] to be

) ={

Then 7 is a cmeasure.

0 if A is upward enclosable [o < 0]
oo if not '

0 if A is upward enclosable [a < 0]
oo if not '

New versus Conventional Contents and Measures

The present subsection is of more theoretical interest and will not be used
before chapter VIII. We shall establish a correspondence between the new
and the conventional contents and measures which is almost one-to-one.
This correspondence expresses the new entities in terms of the conventional
ones. Also it makes clear how to transfer to them certain notions for which
the transfer is not obvious, for example the notion of null sets.

Let & be an oval in X. The treatment will be based on the last subsection
of section 1. We recall from 1.24 the ring a(&) C R(S) C A(S) and its
properties.

2.14. PROPOSITION. Let ¢ : & — R be a content + on the oval S. Fix
P € & with p(P) € R and define o™ : A(&) — [0, 00] to be
o) [ PPUA T (—e(PNA) ifAca@®) ]
00 if A¢a(G) [’
note that in case A € a(&) we have PU A, PN A" € & by 1.24.3), and
e(PUA) 2 ¢(P) > —oo and —p(PNA") =2 —¢p(P) > —o0, so that the
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above sum is defined and in [0,00]. Then ¢” is a ccontent on the algebra
A(S) and independent of P.

If in particular & is a ring and ¢ : & — [0, 00| is a ccontent, then we can
take P := @ and obtain ¢"(A4) = ¢(A) if A € a(&) = & and ¢"(A) = 00 if
A¢ 6.

Proof. i) It is obvious that ¢"(&) = 0 and that " is isotone. ii) In
order to prove that ¢ is modular it suffices to consider A, B € a(&) since
otherwise both sides of the assertion are = co. Then AU B,AN B € a(&)
as well. We obtain

(A +9"(B) = @(PUA)+(-¢Pn4))
e(PUB)+ (— (P NB))
¢(PU(AUB))+¢(PU(ANB))

+ ( e(PN(AUB)) — (Pm(AmB)’))
= ¢ (AUB)+<10 (AQB)v

+

where we made repeated use of the fact noted above that all terms are
> —o0. iii) For the last assertion fix P,Q € & with ¢(P), p(Q) € R. To be
shown is

P(PUA) + (—p(PNA)) =p(QUA)+ (—p(QNA")) for A€ a(&).
Now we have
P(PUA)+0(QNA) =p(PUQUA)+p(PNQNA),

because (PUA)U(QNA")=PUQUA and (PUA)N(QNA")=PNRNA".
Since the right side is symmetric in P and @ it follows that

e(PUA)+o(QNA") =p(QUA)+o(PNA").

In case + we deduce that p(P U A) = o0 & ¢(Q U A) = oo, and then the
assertion is clear. If otherwise (P U A),p(Q U A) € R then it is clear as
well. In case + we deduce that p(Q N A’") = —c0 & (PN A") = —o0, and
then the assertion is clear. If otherwise p(Q N A’), o(P N A’) € R then it is
clear as well. The proof is complete.

We next define a collection of maps with the opposite direction.

2.15. REMARK. Let ¢ : A(6) — [0,00] be a ccontent. Fix P € & and
define ¢¥' : G — R to be

¢F(A) = (ANP) (= (AN P)) forAe®.

Then ¢ is a content + on & with ¢¥'(P) = 0.



2. SET FUNCTIONS 17

Proof. i) It is obvious that ¢ (P) = 0 and that ¢* is isotone. ii) To
prove that ¢* is modular + let A,B € &. Then

HANP)+¢(BN P

(— oA’ NP))+(—o(B NP))
(p(ANP')+¢(BNP))
—¢p(A'NP)—¢(B NP))
6((AUB)NP) +6((ANB)NP))

(
(
(-o((auBYnP)~o((ANBY N P))
¢
(-
o

¢"'(A)+¢"(B)

A+

el

((AUB) N P’)+¢((Am B)NP)
((AuB) )){r(—as((AmB)’mP))
(AU B)+¢" (AN B).

It turns out that the two processes defined above are inverse to each
other.

2.16. THEOREM. Let & be an oval. 1) Let ¢ : & — R be a content —I—,
thus " : A(&) — [0, 00] is a ccontent with ¢"(A) = co when A ¢ a(&). For
each P € & with o(P) € R then (") = p—@(P). 2) Let ¢ : A(&) — [0, 00]
be a ccontent with (A) = oo when A ¢ a(6); thus for each P € & the set
function ¢T' : & — R is a content + with ¢*'(P) = 0. Then ()" = ¢.
Proof. 1) For A € & we have
(M7 (A) = " (AN P)H( = (AN P)).
By definition AN P, A'N P € a(&) and hence

eNANP) =

|
S

(ANP)) + ( — (PN (4'U p)))

MNANP) = ¢ (A’ﬂP))Jr(—c,o(Pﬁ(AUP’)))
= @(P)—p(PNA).

It follows that

B

(@M (A) = (p(PUA)—¢(P)+(p(PNA)—p(P))
+o(PNA)—2p(P)

A) =2p(P) = p(A) — p(P).

I
AE\
E
(@
/\E
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2) We have to prove that (¢7)N(A) = #(A) for A € a(&). In view of
¥ (P) = 0 we have (¢7)N(A) = ¢P'(PU A) + (—¢P (PN A")). Here

o7 (PUA) = o((PUANP))F(=o((P'nA)NP))
= ¢(ANP),
P(PnA) = ¢(PnA)N P’)+< — ¢((P'UA)N P)>
= —¢(ANP).
It follows that (¢7)N(A) = (AN P') + ¢(AN P) = ¢(A).
2.17. CONSEQUENCE. Let & be an oval and P € &. There is a one-to-
one correspondence between the set functions ¢ : & — R which are contents
+ with p(P) = 0, and the set functions ¢ : A(&) — [0,00] which are

ccontents with ¢(A) = co when A ¢ a(&). The correspondence is ¢ = "
and ¢ = ¢T.

We continue with the discussion of null sets. If ¢ : & — [0,00] is a
ccontent on a ring & then it is common to define the null sets for ¢ to
be the sets A € & with p(4) = 0. If ¢ : 6 — R is a content + on an
oval & then this definition does not make sense. After the above results it
is reasonable to define the null sets for ¢ to be the sets A € A(S) with
©"(A) = 0. Of course then A € a(&). There are some useful reformulations.

2.18. REMARK. For a subset A € a(&) the following are equivalent. 0)
OMA)=0.1) p(SUA) =p(S) for all S € &. 2) p(SNA") = ¢(S) for all
S € 6. Note that 1)2) make sense in view of 1.24.3).

Proof. Fix P € & with ¢(P) € R. Then
" (A) = (p(PUA) — o(P)) + (¢(P) — p(P N A)),

so that ¢"(A) = 0 is equivalent to (P U A) = ¢(P) = (P N A4).
1)=0) For S:= PN A € & we obtain p(PUA) = ¢(P) =¢(PNA).
2)=0) For S := PUA € & we obtain p(PNA") = p(PUA).

0)=1)2) For U,V € & we have
p(UUA) + o(VNnA)
= o(UUA)UVNA))+e(UUuA)N(VNA))
= pUUVUA)+p(UnVNA).
Since the right side is symmetric in U and V' it follows that
e(U U A)—E—go(V NA)=epWVU A)—}-(p(U nA).
Now put V := P and note that o(P N A") = o(P) = (P U A). It follows
that (U U A) = p(UNA’) for all U € &. This implies 1)2).

It remains to establish the connection between the new and the con-
ventional measures. The next two assertions are routine and will be left as
exercises.
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2.19. EXERCISE. Let ¢ : & — R be a content + on the oval & which is
almost upward o continuous and almost downward o continuous. 1) ¢"|a(&)
is upward o continuous. 2) ¢” is upward o continuous whenever a(&) is a
o ring. 3) ¢ need not be upward o continuous.

2.20. EXERCISE. Let ¢ : A(6) — [0, 00] be a ccontent such that ¢la(S)
is upward o continuous. For each P € & then ¢* : & — R is almost upward
o continuous and almost downward o continuous.

2.21. CONSEQUENCE. Let & be a o oval, so that A(S) is a o algebra
by 1.25, and let P € &. Then there is a one-to-one correspondence between
the set functions ¢ : & — R which are measures —l— with o(P) = 0, and the
set functions ¢ : A(&) — [0, 00] which are cmeasures with ¢(A) = oo when
A ¢ a(8). The correspondence is ¢ = @ and ¢ = ¢

Proof. Combine the former correspondence 2.17 with 2.19 and 2.20.
The Main Example: The Volume in R™

Let 8 = R" = Comp(R"™) denote the system of the compact subsets of R™.
We shall define and explore the set function A = A" : 8 — [0, 00[ which
reflects the naive notion of volume in R™. It will later become the basis
for the Lebesgue measure. We emphasize that its domain 8 = K" is a
lattice which is by far not a ring, and which appears to be the most natural
domain for the naive volume, at best besides the lattice of the finite unions
of compact intervals. Thus the present procedure is in accordance with
the systematic theories of the next chapter, which start from set functions
defined on lattices.

We define 2 (s =0,1,2,---) to consist of those compact cubes @ C R™
which arise under s consecutive midpoint subdivisions from the compact
cubes with corners in Z™, that is of the subsets

1 1
Q)= {r=(a1 m) €R": n - Em < Sp =1 )
for p=(p1, -+ ,pn) € Z". Let now K € K. We define
Zs(K) =#({Q e W, : QN K #2}) (s =0,1,2,---).

Thus the naive interpretation of Q%Zs (K) is the sum of the volumes of the
Q € W, which meet K. It follows that

Lz,

1
ZS+1(K) é QnZS(K) and hence WZS+1(K) § ons

In fact, under midpoint subdivision each @@ € 20s produces 2™ cubes in
W1, and QN K # o iff at least one of these subcubes meets K. We define

1

.1 .
It is not hard to explore the basic properties of this set function. It is obvious

that A\(@) = 0.

Zs(K) :520}.
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2.22. REMARK. Let A € 8 and B € f" and hence A x B € gmt",
Then ™ (A x B) = A™(A)A"(B).

Proof. In obvious notation the Q € 20" are the products Q = U x V
of U e WM and V € W7 Wehave QN(AX B) 2 Z < UNA # @ and
V N B # @. It follows that Z""(A x B) = Z"™(A)Z"(B). The assertion is
now obvious.

2.23. REMARK. For a compact interval
K=[ab={zeR":qySx; < (I=1,---,n)},
where a,b € R™ with a; < by (I1=1,--- ,n), we have
MK) = (b1 —a1) - (bn — ap).

Proof. In view of 2.22 we can restrict ourselves to the case n = 1. 1)
We first prove the assertion: For an interval [a,b] C R the number N :=
#(ZNla,b]) fulfils (b—a) —1 < N = (b—a)+ 1. In fact, take the m,n € Z
withm—1<a<mandn <b<n+1. Then N =n—m+1. But the above
inequalities can be written —a < —-m+1< —a+1and b—1<n <b. The
assertion follows by addition. ii) Fix s = 0. For p € Z then Q(p) NJa,b] # @
is equivalent to a < Z%p and 2%(]9 —1) £ b, hence to 2°a < p £ 2°h+ 1. By
i) we have 25(b — a) < Z4(K) £ 2°(b — a) + 2. The assertion follows.

2.24. REMARK. \ is isotone. This is obvious.
2.25. PROPOSITION. A\ is downward T continuous.

Proof. Let 9 C K be a paving with 91 | A, so that A € R as well. We
have inf{\(M) : M € M} =: R = A(A); to be shown is R < A\(A4). 1) Let
V C R™ be open with A C V. Then M C V for some M € 9. In fact,
from {MNV': M eM} | ANV’ = @ it follows that M NV’ = & for some
M € 9. 2) Fix integers 0 < s < t. We pass from Q = Q(p) € s to a
larger compact cube @™, in that we extend each coordinate interval by 2—1f
on either side. Thus

1 1 1.,
1 1 1, .,
= ;pH’?:?(Zt ‘m+1) (=1, ,n).

We have Q C IntQ™~ C Q~; and Q~ consists of
[I(@™p+1) = @i —1)~1)) = (27 +2)" cubes € 2,.
I=1

Now from

AcC U ec U me~
QEW ,QNA£D QEWs,QNA#LD
and from 1) we obtain an M € 9t such that
M c U me~c U o

QEW; ,QNA#D QeVW,s,QNA#LD
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The set on the right is a union of cubes from 20;, the number of which is
< (2875 +2)"Zs(A). Tt follows that

REAM) S S Zu(M) € (27 +2)"Z4(A)

2nt
1 2.
= (5 +3) %)

This holds true for all 0 £ s £ t. We let t — oo and obtain R < 2%ZS(A)
for all s 2 0. It follows that R < A(A).

2.26. PROPOSITION. A\ is modular.

For nonvoid K € & and § > 0 we form K(§) := {x € R" : dist(z, K) <
0}. Thus K(§) € 8 and K C IntK(9). Furthermore K (8) | K for 6 | 0.

Proof. Fix nonvoid A,B € R For s =2 0 we have Zs(AU B) + N; =
Zy(A) + Zy(B) with

Ny :=#({Q €W, : QNA,QNB# z}).

Therefore

%Ns — AMA)+AX(B)—-AMAUB)=:D fors— oo.
Now we have Z;(AN B) =
s — oo and obtain A(AN B
2.25 we have A(A(0) N B) |
the assertion follows.

N
) =

AA

< Zy(A(5) N B) for all § = 5+/n. We let
D < AA(0) N B) for all § > 0. In view of
NB

) for 6 | 0. Hence D = A(AN B), and

2.27. PROPOSITION. A is upward o continuous.

Proof. Let(4;); be a sequence in K with 4; T A € R We have A(4;) T
some R < A(A); to be shown is R 2 A(A). Let us fix € > 0. 1) There exists
a sequence (By); in R with the properties

i) A; C IntB; C By

i) A(Br) < MA) +¢e(1—5);

iii) B 1.
First note that by 2.25 there exists §; > 0 such that A(A4;(0;)) < A(4;)
We put By := A1(61) U---U A;(6;) € R Then i)iii) are clear. We prove ii)
via induction. For [ = 1 the assertion is clear. To see 1 <[ = [ 4+ 1 note
that Bj11 = By U Aj41(d41). From 2.26 and the induction hypothesis we
see that

A(Bi+1) = A(A41)
)

= AMB1) + AMAi1(0141)) = A(Br N A1 (6i41)) — MAa)
< ()\(Bl) A(AD) + MAr1(6141)) — MAig)

5 1
< e(l- ) DIESY 78(1_W)’
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where < follows from B; N Aj41(d41) D 4;. 2) Now from A = |JA; C
=1

UInt(Bl) we obtain an [ € N such that A C IntB; C B;. It follows that

/\(A) S ABj) < M4)) +& £ R+ . This holds true for all e > 0. For e | 0
we obtain the assertion.

3. Some Classical Extension Theorems for Set
Functions

The fundamental extension theorems of the next chapter will be based on
characteristic combinations of regularity and continuity requirements. The
classical extension theorems of the present section are important results as
well, but of different kind because regularity is not involved. The section
consists of three independent subsections. We assume that X is a nonvoid
set.

The Classical Uniqueness Theorem

The classical uniqueness theorem will be the first substantial application of
the transporter theorem 1.16. It will be obtained in x and ¢ versions.

3.1. THEOREM. x) Let @, : A — [0,00] be ccontents on a ring A in X.
Let & C A be a paving such that & C A(ST) (this weakens the requirement
S C 6T which means that & has N ). If ¢(S) = ¥(S) < 0o for all S € &
then ¢ =1 on R(G).

o) Let v, : A — [0,00] be cmeasures on a o ring A in X. Let & C 2
be a paving such that & C Ac(&T) (this weakens the requirement & C &T
which means that & has N ). If o(S) = ¥(S) < oo for all S € & then ¢ =
on Ro(6).

Proof. Define 9 to consist of all subsets A € A with ¢(A) = ¥ (A) < co.
Then 91 has \, and in case o) also | o. By assumption & C 0, so that N is
nonvoid. Thus the transporter theorem 1.16 furnishes

in case x): A(6) C A(GT) C 6T

in case 0): Ao(6) C Ac(6T) C 6T,

We now continue with o); the case x) is similar and simpler. i) For A €
Ao(&) and Sp,--+,S, € 6 we have ANS1N---NS, € Ad(6) C TN
and hence AN Sy ---NS, = (ANS1---NS,) NS, € N. ii) Let now
A € Ro(6). By 1.8.20) A is upward enclosable &7; thus there exists a

o0
sequence (S;); in & such that A C |JS;. Hence the sequence of the subsets
=1
Vi:i=851U---US, € A satisfies ANV, T A. iii) We apply exercise 2.5.1)
to the restrictions of ¢ and ¥ to [p < oco] N[ < oo] and to the subsets
ANSy, -+, ANS,, € M. By i) all their intersections of nonvoid subfamilies are



3. SOME CLASSICAL EXTENSION THEOREMS FOR SET FUNCTIONS 23

in N as well, and their union is ANV,,. It follows that ¢(ANV,,) = Y (ANV,,).
For n — oo we obtain p(A) = ¢(A) from ii).

3.2. EXERCISE. The conclusions of 3.1.x) and 3.1.0) do not persist when
one deletes < oo from the assumptions, even when & is a lattice with @ € G.
Hint: Let X = N and & consist of @ and of the cofinite subsets.

3.3. EXERCISE. The conclusion of 3.1.0) does not persist when one
deletes < oo from the assumption, even when & is a ring. Hint: 1) Construct
a ring & in a suitable X such that i) all nonvoid S € & are uncountable,
but ii) there are nonvoid countable S € Ro(&). 2) On A := Ro (&) then
define ¢, 1 : A — [0, 0] to be

0 forA=g 0 for A countable
ey ={ 7 aZo ] mavia-{ b

oo for A uncountable

The Smiley-Horn-Tarski Extension Theorem

3.4. THEOREM. Let ¢ : & — R be a modular set function on a lattice G
in X. Then there exists a unique modular set function ¢ : O(&) — R which
extends . If ¢ is isotone then ¢ is isotone as well.

The classical Smiley-Horn-Tarski theorem is for lattices & with @ € &
and hence O(6) = R(G); see for example Rao-Rao [1983] chapter 3. We
shall comment on the usefulness of these results at the end of the subsection.
The proof requires an elaborate construction. The first lemma below is
obvious.

3.5. LEMMA. Assume that A(1),--- ,A(r) C X. For the nonvoid index
sets T C {1,---,r} we form

D(T) = (A N ((A@)).
leT l¢T
Then the D(T) are pairwise disjoint. Furthermore

r

JAw) = JD(T) and AQ) = JD(T) (1 =1,--- 7).
T

=1 T3l

3.6. PROPOSITION. Let & be a paving with N. 1) R(&) consists of all
A C X such that

,
XA = ZGZXA(Z) with A(1),-+- ,A(r) € 6 and a1, ,a, € Z.
=1

2) O(6) consists of all A C X such that

T T
XA = Zale(l) as above with Zal =1.
=1 =1
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Proof. Define 9 to consist of all A C X such that y 4 can be represented
as above. i) Assume that A € 9. By 3.5 then

XA = ZT:CUZXD(T) = Z(ZW)XD(T)-

=1 T3l T leT

Now D(T') € R(G) since T' # @, and A is the disjoint union of some of the
D(T). Hence A € R(S). Now in case 2) consider R := {1,---,r}. We have

Zal = Zal =1 and hence A D D(R).
leER =1

Furthermore D(R) € & by definition. From 1.17.%) and 1.23.x) we see that
AisinR(6)N(06) =A(6)N(6 C 6*) = O(6). Thus we have M C R(S)
in case 1) and M C O(G) in case 2). ii) For the converse note that & C M.
Thus we have to show that 9 is a ring in case 1) and an oval in case 2).
This follows in case 1) from

XBnA” = XB ~ XBNA = XB — XBXA;

XAUB = XA+ XBna = XA+ XxB —xBXa for A, BCX,

and in case 2) from

XAV = Xunar + Xvna = xv + (xv — xv)xa for U, V,A C X,
both times by the assumption that & has N.

For the next step we need an auxiliary formula.

3.7. LEMMA. Let A(0),A(1),---,A(r) C X with r 2 1,and form U(p)
P

= UJA() for0O<p<=r. Then
1=0

ZXA(Z) = ZXU(lq)mA(l) + XU(r)-
1=0 =1
Proof. The case r = 1: Here we have U(0) = A(0) and U(1) = A(0) U
A(1). Thus the assertion is clear. The induction step 1 < r = r + 1: Let
A(0),A(1),--- ,A(r + 1) C X with the U(p) for 0 < p < r + 1. By the
induction hypothesis

r+1 r r
ZXA(Z) = ZXA(Z) T XA@r+1) = ZXU(zA)mA(z) T XU(r) T XA(r+1)>
1=0 1=0 =1

and furthermore

XU(r) T XA(r+1) = XU@)NAr+1) T XU(r+1)-

The assertion follows.
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3.8. PROPOSITION. Let ¢ : & — R be a modular set function on a lattice
S. 1) For A(1),.--- ,A(r),B(1),--- ,B(r) € & we have

> xa =D X = > _e(Al) =Y (B
=1 =1 =1 =1

2) Assume that ¢ is isotone. For A(1),---,A(r),B(1),---,B(r) € & then

T T T s
ZXA(Z) = ZXB(I) = Z@(A(l)) = Z%’(B !
=1 =1 =1 =1
Proof. Both times the case r = 1 is obvious; thus it remains the induction
step 1 S r=r + 1. 1) Let A(0), A(1),---,A(r),B(0),B(1),--- ,B(r) € 6
with EXA(Z) = ZXB(I), and form the U(p),V(p) € & for 0 < p < r after
3.7. Then first of all U(r) =V(r). By 3.7 we obtain
ZXU(z—UmA(Z) = ZXV(Z—I)OB(Z)»
=1 =1

and hence by the induction hypothesis

Z‘P Ul —1)NA( Zcp V(i-1)nB({)).

Here the left side is

T

3 (#(U0 = 1)+ w(AW) - $UW))

=1

= S (AWD) + o(U(0) — o(U(r) = X e(AD) — p(U ().
The same applies to the right side. The assertlon follows 2) Let A(0), A(1),
-, A(r),B(0),B(1),---,B(r) € & with ZXA(Z < ZXB(Z and form the

1=
U(p),V(p) € & for 0 < p < r as above. Then first of all U(r) C V(r). Now
pass to the subsets b(l) B(l)nU(r) € & for 0 = < r and once more
form the v(p) € & for 0 < p < r as above. Then v(p) = V( )n U(T) hence

in particular v(r) = U(r). The assumption implies that ZXA(!) < ZXb(l
=0
which is obvious both on U(r) and outside of U(r). By 3 7 we obtaln

ZXU(lA)mA(l) < ZX@(Z—l)mb(l)7
=1 =1

and hence by the induction hypothesis

ng U(l—1) ng =1 Nb1D) = e(V(I—-1)NB().
=1
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As in the proof of 1) it follows that
Y (AD) = p(Ur) £ D e(BWD) = (V(r))-
1=0 1=0

We add o(U(r)) £ ¢(V(r)) and obtain the assertion.

A

3.9. REFORMULATION. Let ¢ : G — R be a modular set function on a
lattice &. 1) If A(1),--- ,A(r) € & and a1, - ,ar € Z with

Zal =0 and ZGZXA(l) =0 then Zalgp(A(l)) =0.
=1 =1 =1

2) Assume that ¢ is isotone. If A(1),--- ,A(r) € & and a1, -+ ,a, € Z with

T T T
Zal =0 and Z(IZXAU) <0 then Zalgp(A(l)) <0.
=1 =1 =1

T
Proof. Put a; = py — q; with p;,q € Nfor 1 <1 < r. Then ) p =

=1
r

> q =:n € N. Thus 3.8 can be applied in the obvious manner.
=1

Proof of 3.4. Let ¢ : & — R be a modular set function on a lattice &. i)
Existence of an extension: Let A € O(&). By 3.9.1) then all representations
of x4 after 3.6.2) produce the same value

S ap(A(D) = 6(A).
=1

Thus we obtain a set function ¢ : O(&) — R which is an extension of ¢. In
order to see that ¢ is modular let A, B € O(&) and fix representations

XA =Y arxag and xp = > _bixp()
k=1 =1

after 3.6.2). Then

T S T S
XANB = XAXB = Y _>_axbixagnp) With D > axb =1
k=11=1 k=11=1

is a representation for AN B € O(&) of the same kind, and then x4y =
XA+XB—XAnp With the above representations on the right likewise produces
a representation for AU B € O(&) of the same kind. Now it is obvious that
P(AUB) = ¢(A) + ¢(B) — (AN B). ii) Assume that ¢ is isotone. Then by
3.9.2) the extension ¢ : O(&) — R of ¢ obtained in i) is isotone as well. iii)
Uniqueness of the extension: Let ¢ : O(6) — R be a modular set function
which is an extension of . Fix A € O(&) and a representation of x4 after

3.6.2). Then apply 3.9.1) to ¢ : O(6) — R and

> arxagy + (—=1)xa =0.
=1
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It follows that
> ad(A1) + (—1)$(A) = 0 or ¢(A) = > arp(A(1)).
=1 =1

The proof is complete.

3.10. EXERCISE. Let ¢ : 6 — R be a modular set function on a lattice
S with @ ¢ &. 1) For each ¢ € R there exists a unique modular set function
¢ : R(6) — R with ¢|& = ¢ and ¢(F) = c. 2) Assume that ¢ is isotone.
Then the extension ¢ : R(G) — R of ¢ obtained in 1) is isotone iff ¢ is
bounded below and ¢ < inf .

Thus in the terms of section 2 each modular and isotone set function
¢ : & — R on a lattice & has a unique extension ¢ : O(&) — R which
is a content on O(&). In particular each modular and isotone set function
¢ : 6 — [0,00[ on a lattice & such that @ € & and ¢(@) = 0 has a unique
extension ¢ : R(&) — [0, co] which is a ccontent on R(&). This result looks
as beautiful and powerful as one could hope for. However, it is burdened
with a disastrous defect: The extension procedure can destroy sequential
continuity. Therefore it becomes useless as soon as one wants to pass from
contents to measures. In fact, we shall construct an example of a modular
and isotone set function ¢ : & — {0,1} on a lattice & with @, X € &
and ¢(@) = 0 which is upward and downward o continuous, whereas the
ccontent ¢ : R(6) — {0,1} has values ¢(A;) = 1 for some sequence (A4;); in
R(S) such that 4; | @.

3.11. EXAMPLE. Let X be an infinite set, and let T' C X be such that
both T and 7" are infinite. Then form sequences of subsets

(P);in X with P, 1T but P, ATVl €N, and P, = &;

(Ql)l in X with @Q; | T but @ 7£ TVIieN, and Q1 = X.
The paving & := {F),Q; : | € N} is a lattice in X by 1.2.7), and ¢(F;) =0
and ¢(Q;) = 1 defines a modular and isotone set function ¢ : & — {0,1}
with (@) = 0 by 2.3.2). It is obvious that ¢ is upward and downward o

an even 7 continuous. However, the sequence of the difference sets A; :=
Qi — P, € R(6) fulfils 4; | @ and ¢(4;) = p(Q;) — ¢(P) =1 for all I € N.

Therefore essential new ideas are required for the extension of set func-
tions from lattices to the level of ovals and rings. Such an idea is regularity.
It will dominate the procedures of the next chapter.

Extensions of Set Functions to Lattices

The main extension theorems in this text start from set functions defined
on pavings which are at least lattices. The exception is the present sub-
section, where we complement those theorems with results how to obtain
well-behaved set functions on lattices from more primitive ones.

Let 4 be a paving with N in the nonvoid set X. We know from 1.2.10)
that U := L(4) consists of the unions A; U--- U A, for all finite sequences
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Ay,--- A, € 4. We fix a set function ¢ : 44 — R. The question whether
and when it admits modular extensions ¢ : ¥ — R receives an immediate
hint from 2.5.1).

3.12. REMARK. The set function ¢ : 4 — R admits at most one modular
extension ¢ : U — R. If it exists then

YA U UA) = > (=)D p(Ar)  for Ay, A€yl
@#TC{1,,r}
with the abbreviation Ap = () A; € Y for the nonvoid T C {1,--- ,r}.
leT

We are thus led to extend ¢ : {l — R to all finite sequences Ay, - , A, €

il by the definition
P(Ar- L A) = > (DT Tp(Ar).
GATC{1,,r}

It is obvious that (-, -+ ,-) is a symmetric function of its arguments. Also

©(A1, -+ Ar) = (A1 U---UA,) in case U is a lattice and ¢ is modular.
We proceed to collect further properties which will be needed for the main
theorems.

3.13. PROPERTIES. 1) For Ag, Ay, -+, A, € 4 we have the recursion
formula

©(Ag, A1, L Ar) = (Ao) + (A1, -+ L Ar) — (Ao N Ag, -+ Ao N Ay).

2) If Ag, Ay, -+, A, € U are such that Ag C A for somel € {1,--- ,r} then
(p(Ao,Al,‘” ,Ar) = (p(Al, ,AT). 3) FO’}"Al,"' ,AT,Bl,”' ,Bs e U we
have

SD(Ala"' 7AT7-BI7"'BS)+<)D(A1mBh'" 7ATmBS)

= CP(AI’ e 7A7") + @(Blv o 7Bs)7
where the second argument on the left consists of all intersections A N By
with k€ {1,--- ,r} andl € {1,--- | s}.
Proof. 1) The assertion follows when one splits the sum in
SD(A[)vAlv"' 7"47") - Z (_1)#(T)_1QJO(AT)
@#TC{0,1,--,r}
into the three partial sums which consist of the term 7' = {0} alone, of the
terms with 0 ¢ T, and of the terms with 0 € T except T = {0}. 2) We can
assume that Ag C A;. By 1) then in case r =1
©(Ao, A1) — (A1) = ©(Ao) — ¢(Ao N A1) = ¢(Ao) — p(Ao) = 0,
and in case r = 2
(Ao, A1, L Ar) — (A, L Ar) = o(Ag) — (Ao N Ar, -, Ag N Ay)
= SO(AO) - <)0<A07 AO N A27 e 7A0 N AT)?
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which is = 0 once more by 1). 3) The proof is by induction. The case
r = 1 is clear by 1). We turn to the induction step 1 < r = r + 1. For
AO)Ala'” 7AT7B17"’ 7B5 Gilwe have by 1)
SO(AOQBI,"' ’ATQBS) = QD(A()yAOﬂBl"" )ATHBS)
—p(Ao) +p(AgN Ao N By, - -+, Ag N Ar N By).
In view of 2) we can omit in the first term on the right all places AgN B; with
l€{1,---,s}, and in the last term all places AgNA;NB; with k € {1,--- ,7}
and [ € {1,---,s}. Thus the expression is
:SO(A()aAl mBla'” aATmBS) _SO(AO)—FQO(AOHBD 7AOOBS)
:@(AlmBl,”' ,ATﬁBS)—cp(AoﬂAlﬂBl,-” ,AoﬂArﬂBs)
+(,0(A0ﬂBl,'-~ ,AoﬂBS),
once more by 1). Now we apply the induction hypothesis to the first two
terms on the right, and then 1) two times. The expression becomes
:SO(Ala 7A’r‘) +SO(B17 7BS) _SD(Alv 7A7‘aB17'” 7BS)
*(,O(AoﬂAl,...,AoﬁAr)
+ (Ao N AL, -, AN A, AgN By, -+, Ao N By)
= (@(on A17 T 7"41") - 90("40))
- (@(AO,AM e 7AT7 Blv T 7Bs) - <10(140>) =+ @(Bly T >Bs)
:QO(AOaAla"' aAT)"i_cp(Blv"' 7B$) _QO(A07A13"' aAT')Bla"' aBs)-
This is the assertion.

3.14. EXERCISE. For Ay,---, A, By, -+, Bs € 4 we have
o(A1,--+ ,Ap, By, -+ Bs) = Z (,1)#(T)71¢(AT’317... , Bs).
@#TC{L,T}
3.15. THEOREM. The set function ¢ : 4 — R admits a modular extension
¢ 0 — R (and hence a unique one) iff it satisfies
(mod) Ay, -+ ,Ar, A€ U with Ay U---UA, = A= (A1, ,A;) = ¢(A).
Then ¢p(A) = p(A1,--- , Ay) for Ay, A, € L with AjU---UA, = A€D.
In this case the extension ¢ is isotone iff
(isot) Ay, -+ ,Ap, A€l with AyU---UA, C A= (A1, ,4,) < o(A).
Proof. i) If ¢ : U — R is a modular extension of ¢ then 3.12 says that
?(A) = p(Ay,---,A,) for Ay,--- A, € U with A;U---UA, = A eD.
In particular we have (mod). ii) Assume that (mod) is satisfied. Then for
AO>A17"‘ , A, € U with AO C AyU---UA, we have
QP(A()y Alv T 7AT) - SO(Alv e 7"47")
= p(Ao) — p(Ao N Ay, -+, AN Ar) =0,
thus (Ao, A1, -+, Ar) = p(A1,- -+, Ay). This implies that for Ay,--- , A,
By, ,Bsedwith AjU---UA, =By U---U B, we have

SO(Alv"' 7A7‘) :@(Alv 7ATvBlv'” 7BS) :SO(Bla 7BS)~
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Therefore there is a well-defined function ¢ : U — R such that ¢(A) =
p(Ay, - ,Ay) for Ay,--- A, € U with Ay U---UA, = A € 0. This set
function extends ¢, and by 3.13.3) it is modular. iii) If ¢ is isotone then
(isot) is clear. It on the other hand (isot) is satisfied then for Ay,--- , A, € U
we have

©(Ag, Ay, AY) — p(Ar, -+ Ay

= (p(Ao) —@(AoﬁAl,-“ ,AoﬂAT) z 0.

This implies that ¢ is isotone. The proof is complete.

3.16. THEOREM. The set function ¢ : 4 — R admits a modular extension
¢ U — R such that

o(V)) — &(V) for all sequences (V;); in B with Vi TV €U

(note that ¢ need not be isotone!) iff it satisfies
(modo) (A;); in U with |JA =AcelU= p(A1, -, Ar) — p(A).
=1

Proof. i) If ¢ : ¥ — R is as required then (modo) follows from the
assumption applied to the sequence of the V, := A; U---U A, € Y. ii)
Assume now that (modo) is satisfied. Then first of all (mod) is fulfilled
since (A1, -, Ay) = (A1, - ,Ap, -+ LA for Ay, -+, A € U by 3.13.2).
iii) Consider a sequence (V;), in U with V;, T V € . Then there is a
sequence (A;); in 4 such that (V}.), is a subsequence of (A; U--- U A,),.
Thus we can assume that V, = A; U--- U A, for r € N. On the other
hand V = By U---U By for some By,---,Bs € Y. Thus for each nonvoid

T cC{l,---,s} we have |J(A; N Br) = Br and hence by (modo)
=1

o(Br, A1, Ar) — (A1, Ay)
=@(Br) —¢(BrNAy,---,BrnA;) —0.
Thus exercise 3.14 implies that
o(V) = ¢(Vr) = o(Br, -+, Bs) — p(A1, -+, Ay)
=¢(B1, ,Bs, A1, L A) —p(Ag, - Ay
= ;(—1)#(T)*1(<,0(BT,A1, Ay — (Ay, - ,Ar)) = 0.

The proof is complete.
We conclude with the specialization to an additional condition on the
paving  which is frequent in applications.
3.17. SPECIAL CASE. Let U be a paving with N and such that
A, B e sl with A,B C someU € 4= AUB €\l

Then a set function ¢ : 8 — R admits a modular extension ¢ : U — R (and
hence a unique one) iff it satisfies

(x) (AU B) + (AN B) = ¢(A) + ¢(B) for all A, B € 3 with AU B € L.
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In this case the extension ¢ is isotone iff ¢ is isotone. Furthermore ¢ sat-
isfies

(Vi) — ¢(V) for all sequences (V;); in B with Vi TV €U
iff ¢ does the same on Al.

Proof. For fixed U € Y the subpaving Y(U) := {A € 4 : A C U} of
il is a lattice. Under (%) the restriction |(U) is modular. It follows that
(A1, - A) =@p(A1U---UA,) for Ay, -+, A, € U(U). Therefore (mod)
is satisfied. Furthermore we have (modo) as soon as ¢ is as required. Thus
we obtain all assertions.






CHAPTER 1II

The Extension Theories Based on
Regularity

The theme of the present chapter is the construction of contents
and measures from more primitive set functions. The construction is based
on interrelated regularity and continuity conditions. These conditions are
either both of outer or both of inner type. We want to demonstrate that the
outer and inner theories are identical. To achieve this we have to work with
the unconventional notions introduced in the first chapter, with set systems
which avoid the empty set like the entire set, and with isotone set functions
which take values in R or R. We start with the complete development of the
outer extension theory. Then the upside-down transform method initiated
in the first chapter will transform the outer into the inner extension theory.
The chapter concludes with a detailed bibliographical annex.

4. The Outer Extension Theory: Concepts and
Instruments

The Basic Definition

Let & be a lattice in a nonvoid set X. We start with the basic definition
which describes the final aim of the outer enterprise.

DEFINITION. Let ¢ : & —] — 00,00| be an isotone set function # oco.
For @ = xo7 we define an outer e extension of ¢ to be an extension of ¢
which is a + content o : 2 — R on an oval 2, such that also &®* C 2 and
that

« is outer regular G°, and
«|G*® is upward e continuous; in this connection note that a|&® > —oc.

We define ¢ to be an outer e premeasure iff it admits outer e extensions.
Thus an outer e premeasure is modular and upward e continuous.

The principal aim is to characterize those ¢ which are outer e premea-
sures, and then to describe all outer e extensions of ¢. We shall obtain a
beautiful answer in natural terms. Our approach will be based on two for-
mations due to Carathéodory: On the one hand the so-called outer measure,
and on the other hand the so-called measurable sets. Both of them need
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substantial reformulation. These two tasks will be attacked in the present
section.

The restriction ¢ > —oco imposed in the definition will be justified by
success. Without it the presentation would be burdened, at least in the cases
e = o7, with useless and unpleasant complications. We shall not pursue this
point.

The Outer Envelopes

Let ¢ : & — R be an isotone set function on a lattice & in X. It is natural
to form its crude outer envelope ¢* : P(X) — R, defined to be

¢ (A) =inf{p(S) : S € & with § D A} for AC X.

However, this set function does not allow an adequate treatment of our outer
e extension problem for @ = 7. The decisive idea is to form for ¢ = o the
set function ¢ : P(X) — R, defined to be

07 (A) = inf{ZETO@(SZ) 2 () in & with S; 1D A} for A C X.

It is a variant of the traditional Carathéodory outer measure which itself will
not be used below. One of the benefits of ¢7 is that it has an immediate
nonsequential counterpart. This is the set function ¢ : P(X) — R, defined
to be

@7 (A) = inf{sup (S) : M paving C & with M 1D A} for A C X.
Sem

These are the three outer envelopes ¢°® : P(X) — R of ¢ for @ = o7
which will dominate the outer extension theory. From 1.3 we obtain the
common formula

©*(A) = inf{sup¢(S) : M paving C & of type o with M 1D A}.
Sem

We turn to the basic properties of these formations.

4.1. PROPERTIES. 1) p*|& = ¢. 2) o* 2 ¢7 2 ¢". 3) ¢° is isotone. 4)
©® is outer regular [p®*|&® < oo] C G°®. 5) Assume that ¢ is submodular +.
Then ©* is submodular 4+, and ©® for e = o is submodular + when either
p > —00 or p*® < co.

Proof. 1)2)3) are obvious. 4) Fix A C X with ¢*(A4) < co. For fixed
real ¢ > ¢®(A) there exists a paving 9 C & of type o such that 9t T some

M D Aand sup¢(S) < ¢. Then M € &°, and by definition ¢®*(M) < ¢. The
Sem
assertion follows. 5) Fix A, B C X. We can assume that ¢*(A), ¢*(B) < occ.

For fixed real a > ¢*(A) and b > ¢*(B) there exist pavings M, N C & of
type e such that

M 7 some M D A and supp(S) < a, M Tsome N O B and sup(T) < b.
Seam Sem
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From them we have the pavings
{SuT:SeMandT €N}t T MUN D AUB,
{SNT:SeMandT eN} 1 MNNDOANB.

Now we start with ¢ = x. Here M € 91 and N € 9. Thus we have
©*(AUB) S p(MUN) and ¢*(AN B) < (M N N). It follows that

P*(AUB)H¢* (AN B) £ (M UN)+o(M N N) £ p(M)+o(N) Sa+b,

and hence the assertion. We turn to the cases e = o7. We fix

P,Q € M and then S € M with P,Q C S,
UV eNand then T e M with U,V C T,

and obtain
P(PUU)+0(QNV) S p(SUT)H(SNT) = p(S)+e(T) S a+b.
Therefore p(PUU),p(Q NV) < co. If some p(QNV) is € R then
©*(AUB) £ sup{p(PUU): PeMand U € N} € R,
e*(ANB) = sup{p(@NV):QeMand V € N} € R,

and hence ¢*(AU B)+¢*(AN B) < a+b. If not then p*(A N B) = —oo,
and by assumption ¢*(A U B) < co. Both times the assertion follows.

We shall later need a counterpart of the first assertion in 4.1.5) for
supermodular +.

4.2. REMARK. Let ¢ be supermodular +. Assume that A,B C X are
separated & in the sense that

for each M € 6 with ANB C M
there exist S, T € & with A C S and B C T such that SNT C M.

Then o*(AU B)+¢*(AN B) = p*(A)+¢*(B).

Proof. We can assume that ¢*(A U B) < oo and hence all other values
©*(+) < 0o as well. Fix M, N € & with

M>ANBand o(M) <oo, N DAUB and ¢(N) < 0.
Then choose S, T € & as assumed. It follows that
P(N)+o(M) = o(NN(SUT))+e(NN(SNT))
= o(NNSUNNT))+e(NNS)N(NNT))
Z e(NNS)+e(NNT) z ¢*(A) + ¢*(B).

This implies the assertion.

4.3. EXERCISE. Let @ € & and ¢(@) = 0 and ¢ be superadditive. As-
sume that A, B C X with AN B = & are separated &, that is

there exist S,T € & with A C S and B C T such that SNT = &.
Then ¢*(AU B) 2 ¢*(A) + ¢*(B).
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4.4. EXERCISE. The second assertion in 4.1.5) becomes false without
additional assumptions. Hint for an example: Let X be the disjoint union
of two infinite countable subsets U and V', and let & consist of its finite
subsets. Define ¢ : & — [—00,00] to be ¢(S) = #(S) if S meets both U
and V', and ¢(S) = —oo otherwise.

In contrast to ¢*|6& = ¢ the relation ¢*|& = ¢ need not be true for
e = g7. It can be characterized as follows.

4.5. PROPOSITION. For an isotone set function ¢ : & — R and ® = oT
the following are equivalent.

1) 016 = ¢;

ii) ¢ is upward e continuous.
In this case we have furthermore

iii) ¢°|&* is upward e continuous;
iv) if {S € &°: p*(S) < o0} C & then ¢* = ¢*.

Proof. i) = ii) Let A € & and 9 C & be a paving of type e with 9 T A.
By i) and the definition of ©*® then

w(A4) = ¢*(A) < supp(S) and hence = sup(S5).
Sem Sem
ii) = i) Let A € & and 9 C & be a paving of type e with 9t 1D A. Then
{SNA:SeM}isapaving C S of type ® with T A. By ii) therefore

¢(A) = supp(SNA) = supp(S).
Sem sem

It follows that p(A) < ¢*(A), and hence from ¢*(A) < ¢*(A4) < ¢(A) the
assertion. i) = iv) Assume that this is false. Fix A C X with ¢*(A) <
©*(A). By 4.1.4) there exists S € 6® with § D A and ¢*(S) < ¢*(A). By
assumption then S € & and ¢(S) = ¢*(S) < ¢*(A). This is a contradiction.

The most involved part of the proof is for the implication i) = iii). We
first prove a lemma.

4.6. LEMMA. Let M C &° be a paving of type o with MM T A. Then of
course A € &°. Furthermore there exists a paving M C & of type o with
N 1T A such that N C (C M).

Proof. Nontrivial are the cases @ = o7. The case e = ¢: Choose a
sequence (M), in 9 with M, 7 such that each member of 9 is contained
in some M,,. Then M,, T A. Now for each n € N there exists a sequence (Sfl)l
in & with Sfl T M,. We put Sj := SiU-~US’ZI € 6. Then S; Tsome S C X.
We have on the one hand S; C My U ---U M; = M, and on the other hand
Sy D S for 1 <n < 1. Tt follows that S € A and S D M, for all n € N, so
that S = A. Thus the paving 9 := {S; : | € N} C & is as required. The
case ® = 7: Define M :={S € &: 5 Csome M € M} C &. Then N is
nonvoid and has U and is therefore upward directed. Furthermore
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Us=U U s=Jm=4a

SeNn MeMm Ses,SCM MeMm
Thus I is as required.
Proof of 4.5.i)) = iii). Consider a paving 9 C &° of type e with 9t 7
A € &°, and take 91 C & as obtained in 4.6. By i) then

©0(S) = p*(S) £ sup ¢*(M) for each S € M,
Mem

and therefore by definition
¢*(A) = supp(S) = sup p*(M).
Sen Mem
The assertion follows.
The most remarkable fact about the outer envelopes is the sequential
continuity theorem which follows. Note that there is no continuity assump-
tion on the set function ¢ itself.

4.7. THEOREM. Assume that ¢ : & — R is isotone and submodular +.
Then ©% and ¢ are almost upward o continuous.

4.8. LEMMA. Assume that ¢ : & — R is isotone and submodular 4. For
P, P,,Q €6 with o(Py),--- ,0(Pp), p(Q) < oo then o(PLU---U P, U
Q) < oo and

p(PLU--UPBUQ)+ ) w(RNQ) =Y ¢(P)+¢(Q).
=1 =1

Proof of 4.8. The case n = 1 is obvious. The induction step 1 < n =
n+1: Let Py, Py, -+, Pp,Q € & with p(FPy),o(P1), -, p(Pn), 0(Q) < oc.
We know from 2.4 that [¢ < oo] is a lattice. Thus from the induction
hypothesis we obtain

so(Pouplumupnu@+l§0¢<PmQ>

sa(Plu~~upnu<Pou@>>+lzf:1so<PmQ>+¢<Pomc2>

M=

< S (P) +o(PoUQ) + (PN Q) < éw(m +9(Q).

~

1

Proof of 4.7. We fix a sequence (A;), of subsets of X with A, T A
and ¢*(A4,) > —oco Vn € N. Then ¢*(A,) T R =< ¢*(A). To be shown is
¢*(A) < R. We can assume that R < oo, so that the ¢*(4,) and R are
finite. We fix ¢ > 0, and then for each n € N a paving 9 (n) C & of type o
such that 9(n) 7 some M,, D A, and

sup p(S) < *(Ap) +e27" 1
SeM(n)

1) We claim that
e(S1U---US,)<R+e for S;eml)(l=1,---,n)and n € N.
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To see this fix [ € {1,--- ,n}. Then {PNQ: P e M() and Q € M(n+ 1)}
is a paving C & of type e which T M;NM,+1 D AjNA,+1 = A;. Hence there
exist P, € M(l) and Q; € M(n + 1) such that o(P,NQ;) = ¢*(4;) — 27171
We can assume that P, D S;. Also there exists @ € M(n + 1) with @ D
QLU---UQ,. It follows that

e(PNQ) = ¢*(A) -2 (1 =1,--- ,n).
Now from 4.8 we have (P U---U P, UQ) < oo and

Pp(PLU--UPUQ)+ ) w(RNQ) =Y ¢(P)+¢(Q).

=1 =1

From the above we see that in this formula

n

the left sideis = p(S1U---US,) + 2(90'(141) _ 52—1—1)7
=1

V

n

the right side is = Z(ap'(Al) + 52*5*1) + (¢*(Ans1) + 52*”*2)_
=1

A

It follows that
n+1
P(S1U--USy) <@ (An1) + > 2 < R+e.
=1

2) Let 9 consist of all unions S; U ---U S, with S; € M) (I =1,---,n)

and n € N. Then 901 is a paving C & of type o. It is clear that 91 is upward
o0 o0

directed and M 1 U M,, D U 4, = A. Thus we have ¢*(A) < sup p(S).
n=1 n=1 Sem

Combined with 1) we obtain ¢®*(A) £ R+ ¢ for all € > 0 and hence the

assertion.

Complements for the Nonsequential Situation

The sequential continuity theorem 4.7 has no nonsequential counterpart.
The present subsection is a short discussion of the complications which arise
from this fact.

4.9. REMARK. Let & be a lattice with @ € & and ¢ : & — [0,00] be
an isotone and modular set function with (@) = 0 which attains at least
one finite positive value. Assume that ¢ is upward 7 continuous and that
G™ = &. Then 4.5 implies that ¢™ = % = ¢* 2 0. In this situation it
can happen that ¢ = ¢? = ¢* is not upward 7 continuous. For example
this is obvious when @7 (F) = ¢7(F) = ¢*(F) = 0 for all finite F C X. As
the simplest example we anticipate from 5.14 the Lebesgue measure on R"
restricted to Op(R™).

However, the outer e main theorem requires a certain touch of upward
e continuity which is trivial for ¢ = x and a consequence of 4.7 for e = ¢.
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Let us define an isotone set function ¢ : & — R to be upward e essential
iff

p*(A4) = sup{p*(ANS):
o0 > p*(A) = sup{p®*(ANS):

Then we obtain what follows.

S € [p <o} forall AC X with
S € [p < oo} > —o0.

4.10. PROPOSITION. Let ¢ : & — R be isotone. *) ¢ is upward x essen-
tial. o) If  is submodular + then it is upward o essential. T) Assume that

¢ is submodular + and such that each A C X with ¢"(A) < oo is upward
enclosable [p < 00]?. Then ¢ is upward T essential.

Proof. x) is obvious since ¢*(A) < oo implies the existence of some
S € [p < oo] with S D A and hence AN S = A. o)1) We prove for e = o7
and ¢ submodular + an intermediate assertion which implies both results:
If A C X is upward enclosable [¢p < 00]? and fulfils

sup{p*(ANS): S € [p < oo]} > —oo then
©*(A) =sup{p*(ANS):S e [p <]}

In fact, let (S;); be a sequence in [¢ < oo] with S} 1D A, and let T" € [p < o]
with ©*(ANT) > —oco. Then S;UT € [p < ool since ¢ is submodular +.
Furthermore AN (S;UT) T A and ¢*(AN (S;UT)) > —oo. Thus we obtain
(AN (S;UT)) T ¢*(A) from 4.7.

In view of these results an isotone and submodular + set function ¢ :
S — R will be called upward essential instead of upward 7 essential.

We conclude with an example which will illuminate the outer 7 main
theorems in the next section.

4.11. EXAMPLE. We fix & in X and ¢ : & — [0, 00| as described in 4.9
above. Define Y to consist of two disjoint copies of X, that is Y := X x{0, 1}.
We write the subsets A C Y in the form A = A% U A! with A% A' C X.
Define T to consist of the subsets A = A L1 A C Y with A° € & and A'
finite ¢ A°. Thus ¥ is a lattice in Y with @ € T. Furthermore T" consists
of the subsets A = A U A C Y with A° € & and A' ¢ A% Then define
¥+ T —[0,00] to be (S) = p(S°) for § = S° 1S € T. Thus 7 is isotone
and modular with ¥(@) = 0. Also ¢ is upward 7 continuous. We prove
three assertions.

1) 9 has no outer 7 extension.
2) p7(A) = p" (A" U A) for A= AU AL CY.
3) 1 is not upward T essential.

For 3) we use that ¢”(F) = 0 for all finite F' C X.

Proof of 1). Let a : % — R be an outer 7 extension of ¢. Then
@ € A and a(@) = 0, so that « is a ccontent on a ring 2. Furthermore
a(A) = p(A) = p(A%) for A = AU A! € T, and hence a(A) = (A°) for
A= A" A € T7 since a|T7 is upward 7 continuous. Now fix E € & with
¢ := ¢(F) €]0,00[. Then on the one hand
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EUuoe® witha(FUZ)=¢(E)=c,
EUE €% with a(EUE)=¢(E) =c.
On the other hand @ LI EF € 2 since A is a ring, and
a(@UE) = inf{a(Ad): Aec 3" with AD U E}
= inf{p(A%) : A’ € & and A" C A" with A' > E}
= ¢(B) =g
since « is outer regular €7. These values combine to contradict the fact that
o is modular.

Proof of 2). Both directions £ and 2 are routine verifications. Proof
of 3). Fix as above F € & with ¢ := ¢(F) €]0,00[. For A:=gUFE CY
then ¥ (A) = ¢"(E) = p(E) = ¢. On the other hand we obtain for S =
SYUSt e T that v (ANS) =y (U (ENSY)) =¢"(ENSY) =0 since S*
is finite. The assertion follows.

The Extended Carathéodory Construction

We turn to the second task of the present section. We consider a set function
¢ P(X) — H, defined on the full power set P(X) of a nonvoid set X, and
with values in a nonvoid set H which carries an associative and commutative
addition +. We shall define and explore the so-called Carathéodory class
€(¢) of ¢, a paving in X. The definition is classical in case that H has
the neutral element 0 and ¢(2) = 0. But in the present context there is
no restriction for ¢(&), it can in particular be a non-cancellable element of
H. Recall that a € H is named cancellable iff for each pair u,v € H the
implication u + a = v+ a = u = v holds true. Thus H = R with + or +
has the non-cancellable elements 3-oo.

The new situation requires a drastic modification of the classical defi-
nition. We define the Carathéodory class €(¢) of ¢ to consist of those
subsets A C X which fulfil

d(U) + ¢(V) = ¢(U|A|V) + p(U|A'|V) forall U,V C X.
We proceed to list its basic properties.

4.12. PROPERTIES. 1) @, X € €(¢). Also €(¢) has L. 2) Assume that
E C X has cancellable value ¢(E) € H. Then €(¢) consists of the subsets
A C X which fulfil

&(P) + ¢(E) = ¢(P|A|E) + ¢(P|A'|E)  for all P C X.

3) In particular assume that (@) = 0 is neutral in H. Then €(¢) consists
of the subsets A C X which fulfil

d(P)=¢p(PNA)+¢(PNA) foral PCX.

Thus we come back to the traditional definition of the class €(¢). 4) If
A € €(¢) then

(+) d(P)+ ¢(A) =p(PUA)+p(PNA) forall PCX.
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On the other hand a subset A C X which satisfies (+) need not be in €(p);
by 2) it is in €(¢p) when ¢(A) € H is cancellable. 5) Assume that there exists
an E C X such that ¢(E) € H is cancellable. Then €(¢) is an algebra.

Proof. 1) is obvious. 2) Let A C X be as described above. In order to
see that A € €(¢) we fix P,Q C X and form U := P|A|Q and V := P|A’|Q.

By assumption
(6(U) + 9(E)) + (o(V) + ()
(¢(U|A|E) +¢ UIA’|E ) + ((VIAIE) + o(V|A'|E))
= (6(PIAIE) + 6(QIA'|E)) + ($(QIAIE) + ¢(P|A'|E))
(¢(P|A|E) +o(PIA'|E)) + (6(QIAIE) + 6(Q|A'|E))
= (6(P) + () + (¢(Q) + 6(E)),
)+

and hence ¢(U) +¢(V) = ¢(P)+ ¢(Q) since ¢(FE) is cancellable. This is the
assertion. 3) is an obvious special case of 2). 4) For A € €(¢) the equation
(4) is the definition with V' := A. For the converse a counterexample will
be in exercise 4.13 below. The last assertion is obvious. 5) We have to prove
that €(¢) has U. Fix A, B € €(¢). For P C X we form U := P|[AU B|E
and V := P|(AUB)'|E. With the notations M := P|A|E and N := P|A'|E
one computes that

M|BI[E = (MNB)U(ENB)

= (PNnA'NnBYU(ENANB)U(ENB)

= (PN(AUB))U(EN(AUB))=P|AUB|E =T,
M|B|E =

PNANB)U(ENANB)U(ENDB)
PNANB)U(ENANB)U(ENA)
VNANB)U(VNANB)U(ENA)
= (VNA)U(EnA)=V|AE,
N = PAE=V|A|E.
Since A, B € €(¢) it follows that
$(U) + (8(V) + o(E)) = ¢(U) + (¢(VIAIE) + ¢(V|A'|E))

= (¢ (MlBIE)+¢(M|B’|E)) ( )= ( ( )+¢( )) + &(N)

= (6(PIAIE) + ¢(P|A'|E)) + = (o(P E)) + ¢(E),
and hence that ¢(U) + ¢(V) = ¢(P ) + (b( ). By 2) thls is the assertion.

4.13. EXERCISE. Construct an example ¢ : P(X) — H such that there

exists a subset A C X which fulfils (+) but is not in €(¢), and that fur-
thermore there exists a subset £ C X with cancellable value ¢(E) € H.
Hint: Let H := [0,00]| with the usual addition, and let X =Y U Z with
nonvoid disjoint Y and Z. Define ¢ : P(X) — H to be ¢p(Y) = ¢(Z) =0
and ¢(A) = oo for all other A C X. Then proceed as follows. 0) For

E C X :¢(E) € H is cancellable iff E =Y or Z. 1) For A C X : A fulfils
(H)if A#Y,Z. 2) For ACX:Ae€(¢)if A= or X.

(
(
(
(MNB)U(ENB)
(
(
(
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In the sequel we concentrate on the particular case that H = R with
one of the additions + and +. For a set function ¢ : P(X) — R we then
write (¢, +) No specification + is needed when ¢ attains at most one of
the values £o0.

4.14. REMARK. €(¢,+) is an algebra.

Proof. By the above 4.12.5) it remains to consider the cases that the
value set of ¢ is one of the singletons {+o00} or {—00, c0}. Then it suffices to
note that on {—o0, 0o} the element —oo is cancellable for 4+ and the element
oo is cancellable for +.

4.15. EXERCISE. €(¢,+) = €(¢L,+).
4.16. REMARK (Symmetrization). Assume that A C X satisfies
$(P)+6(Q) 2 ¢(PIAIQ)+(P|A'|Q) for all P,Q C X.
Then A € €(¢,+).

Proof. We know from 1.1.5) that U := PJA|Q and V := P|A'|Q have
U|A|V = P and UJA'|V = Q. It follows that
¢(P|A|Q)+o(P|A'|Q) $(U)+6(V)
S(UAIV)+o(UIA'|V) = ¢(P)+6(Q),

I\

and hence the assertion.
The Carathéodory Class in the Spirit of the Outer Theory

We proceed to consider the Carathéodory class €(¢,+) of an isotone set
function ¢ : P(X) — R under assumptions in the spirit of the outer the-
ory. We shall see that the definition of €(¢,+) then admits substantial
simplifications. We start with a simple remark.

4.17. REMARK. Let T be a paving in X and ¢ : P(X) — R be isotone
and outer reqular T. If A C X satisfies

¢(P)+6(Q) 2 ¢(P|A|Q)+6(PIA|Q)  for all P,Q € T,

then A € €(¢,+).
Proof. By symmetrization it suffices to prove that

d(U)+o(V) = p(U|A|V)+o(UJA'|V) for al U,V C X.
We fix U,V C X and can assume that ¢(U), (V) < oo. For fixed real
¢ > ¢(U)+ ¢(V) there are a,b € R with ¢ = a + b and with ¢(U) < a
and ¢(V) < b. By assumption there exist P,Q € ¥ such that P D U and
?(P) <a, @ DV and ¢(Q) < b. Hence
H(UIAIV)FOUIAV) < G(PIAIQ)HO(PIA|Q) < 6(P)F6(Q) < a+b =c.

The assertion follows.

4.18. EXERCISE. Let o : A — R be a content + on an oval A. Then
A C €(a*, +).
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The main point is that the verification of A € €(¢, +) can be reduced to
certain pairs of subsets P C @ of X. The basis is the fundamental lemma
which follows. We use the abbreviation P — Q :={P} C {Q} ={A C X :
PCcAcCQ}.

4.19. LEMMA. Let P C Q C X. Assume that ¢ : P C Q — R is
submodular. If A C X satisfies
P(P) +¢(Q) Z ¢(PlAQ) + ¢(P|A'|Q),
then
e(U) + (V) = o(UJA|V) + o(U|A|V)  for allU,V € PC Q.

Proof. By symmetrization it suffices to prove the assertion with 2. Fix
U,V € PC Q. i) From the assumption we have

P(P) +¢(Q) +20(U) 2 (p(PlAIQ) + (1)) + (¢(PIAQ) + ¢(U)).
Since ¢ is submodular and P C U C @ this is
2 (¢(UIAIQ) + ¢(PIAIU)) + (2(UA|Q) + o(P|A|U));

and when we use submodularity for the two first terms in the brackets and
repeat the two second terms this is

2 9(Q) + ¢(U) + ¢(P|AU) + (P|A'|U).
Thus we have
P(P) +¢(U) 2 o(P|A|U) + ¢(P|A|U).
Of course we have likewise
P(P) + (V) 2 ¢(P|A|V) + (P|A'|[V).

ii) We add the last two inequalities and use submodularity twice on the right
for the two pairs of terms which were in crosswise position. Then we obtain

20(P) + ¢(U) +¢(V) 2 (o(VIAIU) + ¢(P)) + (p(UIAIV) + ¢(P)),
and hence the assertion.

From the lemma we deduce the next result which looks somewhat tech-
nical but will be a powerful tool.

4.20. PROPOSITION. Assume that ¢ : P(X) — R is an isotone set func-
tion. Let P | and Q T be pavings in X with nonvoid P C Q such that

B and ¢|Q are finite, and ¢|P T Q is submodular.
Furthermore let $ T be a paving in X with Q C $ such that
¢ is outer reqular P C 9,

d(T)=sup p(TNQ) foralTePLCH.
Qe
If A C X satisfies

o(P)+6(Q) = ¢(PlA|Q) + ¢(P|A|Q)
for all P € B and Q € Q with P C Q,
then A € €(¢,+).



44 II. THE EXTENSION THEORIES BASED ON REGULARITY

Proof. i) We know from 1.8.1x) that P C Q and P C § are ovals. ii)
For each pair P € 3 and Q € Q there exists a pair A € P and B € Q with
A C P and Q C B such that A € B. In fact, by assumption there exist
UePand V € Q with U C V. Then by directedness there are A € 3 with
A C P,U and B € Q with B D Q,V. It is obvious that A and B are as
required. iii) For each pair P € 8 and @ € Q with P C @) we see from 4.19
that

d(U) + ¢(V) = d(UJA|V) + p(U|A'|V) forall U,V € PC Q.
By directedness it follows that
d(U) + d(V) = d(UJA|V) + o(U|A'|V) forall U,V € P C Q.
Note that UJA|V and U|A'|V are in P C Q as well. iv) In view of 4.17
applied to ¥ := P C § it suffices to prove that
d(U) + ¢(V) =2 ¢(UIA|V) + p(U|A'|V) forall U,V € %.

Note that U|A|V and U|A’|V are in T as well, and that ¢|T > —c0. v) Fix
UV e%. Also fix M, N € Q and then Q € Q with M, N C Q. By ii) we
can assume that @ is downward enclosable . Thus UNQ,VNQ € P C Q.
By iii) therefore

P(U) + (V)

PUNQ)+o(VNQ)
P(UNQIAIVNQ)+o(UNQIATVNQ)
((UIAV) N Q) +o(U1AV) N Q)
=z H(UIAIV)NM)+¢((UIA|V)NN).
Now the supremum over M, N € Q of the right side is = ¢(U|A|V) +

¢(UJA’|V) since the two partial suprema are both > —oco. By iv) the proof
is complete.

4.21. ADDENDUM. Assume in addition that ¢|B C Q is upward o con-
tinuous. Then €(¢,+) is a o algebra.

Proof. Let (4;); be a sequence in €(¢,+) with 4; T A. To be shown is
A€ (g, +). Fix P € P and Q € Q with P C Q. By assumption we have
o(P)+6(Q) = ¢(PlA|Q) + o(P|A]Q)
= ¢(PU@QNA)) +o(PU@QNA)
= $(PUQNA)) +o(PU@QNA)),

since A; C A and hence A] D A’. Here all arguments are in P T @ and
hence all values are finite. By assumption it follows that

$(P)+¢(Q) = o(PU(QNA))+o(PU@QNA))
¢(PA|Q) + ¢(P|A'Q).
Thus from 4.20 we obtain A € €(¢, +).
We include another addendum to 4.20 for the sake of chapter VI.
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4.22. ADDENDUM. Assume in addition that 6 : B(X) — R is an isotone
set function with 0 = ¢ such that

0B = ¢|B and 0|Q = ¢[Q,
OT)=sup 0(TNQ) foralTecPLCH.
Qe

Then @|€(p,+) is an extension of 0|€(,+).

Proof. Fix A € €(6,+). i) In order to prove that A € €(¢, +) let P € B
and Q € Q with P C Q. Then
¢(P) +6(Q) =0(P)+0(Q) = 0(PIAIQ)+0(P|A|Q)
Z ¢(PlAIQ) + ¢(P|A'|Q).
From 4.20 the assertion follows. ii) We claim that 8(P|A|Q) = ¢(P|A|Q) €
R for all P € B and @ € Q. This follows at once from

O(P) +6(Q) =0(P)+0(Q) = 0(P|A|Q)+0(P|A'|Q)
= ¢(PlA|Q)+o(P|AQ) = ¢(P) + ¢(Q).
iii) It remains to prove that 8(A) < ¢(A) and hence 0(A) = ¢p(A). We fix

VePC Hwith V O A and have to show that §(A) < ¢(V). Let P € P
with P C V and @ € Q. Then on the one hand

0(PIA|Q) 2 (P NQIAIV N Q) =0((PIAIV) N Q),

so that from the assumption and PJ|A|V € P C $H and from P|A|V D
VN A= A we obtain

sup 0(P|A|Q) = 0(P|A|V) 2 6(A).
QeR

On the other hand we have P|A|Q C PU A C V and hence
sup ¢(P|A[Q) = ¢(V).
Qe

From ii) the assertion follows.

5. The Outer Extension Theory: The Main
Theorem

The Outer Main Theorem

In the last section we have developed the concepts and instruments which
we need in order to reach our principal aim as formulated after the basic
definition. The first theorem below is a clear hint that these devices are
adequate.

The present subsection is under the assumption that ¢ : & —] — 00, 0]
is an isotone set function Z oo on a lattice & in X.

5.1. THEOREM. Assume that o : A — R is an outer o extension of .
Then « is a restriction of ¢®|€(¢®, +).
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Proof. i) ¢ = a|& is upward e continuous, and hence p = ¢*|& by 4.5.
Then a = ¢ = ¢* on G implies @ = ¢* on &° by 4.3.iii), and hence a = *®
on 2 by 4.1.4). ii) It remains to prove that % C €(¢*, +). Fix A € . For
P, Q € &° then

a(P)+a(Q) = a(P|A|Q)+HPIA'|Q),

where all arguments are in 2 since 2 is an oval. In fact, since a is modular
+ both sides are = a(P U Q)+a(P N Q). Since now a = ¢* on A by i) we
obtain A € €(p*, +) from 4.17 applied to ¢ := ¢*® and T := &°.

We prepare the outer main theorem with the important next result.

5.2. PROPOSITION. Let ¢ be submodular with ¢©*|& > —o0, and upward
essential in case @ = 7. Fix pavings

P C [p < 00| downward cofinal, that is such that [p < co] C (T B),

Q C [p < 0] upward cofinal, that is such that [p < oo] C (C Q).
If A C X satisfies

P (P)+¢°(Q) 2 ¢ (PIAIQ) + ¢ (PIA1Q)
for all P € B and Q € Q with P C Q,
then A € €(p®, +).
5.3. ADDENDUM. For e = o7 the class €(¢®, +) is a o algebra.

Proof of 5.2 and 5.3. We deduce the assertions from 4.20 and 4.21. 1)
[ < oo] is a lattice by 2.4 and nonvoid by assumption. Therefore 3 |
and 9 T, and P C Q D [p < o0] is nonvoid. ii) ¢ := ¢* is isotone and
submodular + by 4.1.3)5). By assumption and 4.1.1)2) ¢ is finite on [ < od]
and hence on P T Q. iii) We define § := [¢*|6* < o0] and note that
©*|6°® > —o0. Then [p < oo] C $H and hence Q C . By ii) and 2.4 § is
a lattice and hence $) 1. iv) O P contains [¢ < oo] and hence &, therefore
G°® and in particular ). Thus $ C P C H. By 4.1.4) therefore ¢ is outer
regular P C H. v) For T € P C H we have by definition ¢*(T) < oo and
sup{*(T'NS) : S € [p < o0]} > —oo. Since ¢ is upward e essential by
4.10.%)0) and by assumption we have

d(T) =sup{dp(T'NS): S €lp <oo]}=sup{d(T'NS):S e}
vi) After this the assertions follow from 4.20 and 4.21.

5.4. CONSEQUENCE. Let ¢ be submodular with ©*|& > —oo, and upward
essential in case @ = 7. Assume that Q C [p < 00| is upward cofinal. Then

QTE(p*, +) C C(p®, +).

Proof. We put P := [p < oo]. Fix A € QT¢€(¢®,+). For P € P and
Q € Q we have ANQ € €(p*, +) and hence

P*(P)+¢*(Q) = 9" (PIANQIQ) + *(P|(AN Q)|Q).
In case P C @ the right side is = ¢*(P|A|Q) + ¢*(P|A'|Q). Thus from 5.2
we obtain A € €(¢®, +).
We come to the central result of the present chapter.
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5.5. THEOREM (Outer Main Theorem). Let ¢ : & —] — 00, 00] be an
isotone and submodular set function # co on a lattice &. Fiz pavings

P C [p < 00| downward cofinal, and
Q C [p < 00| upward cofinal.

Then the following are equivalent.
1) There exist outer o extensions of @, that is ¢ is an outer e premeasure.

2) ©°*|€(¢®, +) is an outer o extension of ¢. Furthermore

ife=x% : ©*|€(¢°* +) is a content + on the algebra €(p°,+),
ife=01 : ¢*|€(¢® +) is a measure + on the o algebra €(¢*,+).

3) ©°*|€(p®, +) is an extension of p in the crude sense, that is & C €(p®, +)
and p = ¢°*|6G.

4) o(U) + p(V) = p(M)+*(U|M'|V) for allU C M CV in &; note that
M =U|M|V. In case ® = T furthermore ¢ is upward essential.

5) v = ¢*|6; and o(P) + ¢(Q) Z p(M) + ¢*(P|M'|Q) for all P C M C Q
with P € P,Q € Q, and M € & and hence € [p < o0]. In case ¢ = T
furthermore ¢ is upward essential.

Note that 5.4 then implies QTS® C €(¢®, +).

A posteriori it turns out that condition 5) is independent of the pavings
P and Q. But the present formulation is important for later specializations.

Proof. We prove 2)=1)=3)=4)=5)=2). The implication 2)=1) is
obvious, and 1)=-3) follows from 5.1. 3)=-4) The first assertion follows from
the definition of €(¢®, +). It remains to show in case @ = 7 that ¢ is upward
7 essential. If not, then there exists A C X such that

00> ¢ (A) >sup{p " (ANS):S € [p <]} > —oc.

Let ¢ := ¢7(A) —sup{p"(ANS) : 5 € [p <oo]} > 0. For § € [p < o0 then
e(S)=¢"(S) € Rand S € €(¢", +). Therefore

@7 (S)+e"(A) = ¢7(S|S|A)+¢7(S]S']A) = " (AN S)+¢" (AU S),
with all terms finite, and hence

P(S) +¢T(A) = ¢"(A) —e+ ¢ (AUS), or p(S) +e = ¢ (AUS).
Fix a paving MM C [p < oo] with M T M D A and sup ¢(S) < oo. By 4.5.iii)
then M € &" and 51619%(8) =¢"(M) e R Tt ff)fl?ws that ¢ (M) + ¢ <

@7 (M) and thus a contradiction. 4)=5) For V€ G and U = M € [p < ]
contained in V' we obtain from 4) that (V) = ¢*(V).

It remains to prove the implication 5)=2). For the remainder of the
proof we assume 5). Then the assumptions of 5.2 and 5.3 are fulfilled. i)
€(p®, +) is an algebra by 4.14, and « := ¢©®|€(*®, +) is isotone and modular
+ by 4.12.4). For e = o7 the class €(¢®, +) is a o algebra by 5.3.
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ii) We conclude from 5.2 that &* C €(¢°®, +). Fix A € &°*. Then let
M C G be a paving of type e with 9 T A. Furthermore fix P € 8 and
Q € Q with P C Q. For S € 9 we form

M:=P|S|IQ=PU(@QnNS)eGwith PC M CQ,
so that from 5) we obtain p(P) + ¢(Q) = ¢(M) + ¢*(P|M'|Q). Here
PIM'|Q = PU@QNM)=PU(QNP' Nn(QUS))
= PU@QNPNS)y=PUu@nS)>Pu(nd)="rA|Q,
so that
e(P) +¢(Q) 2 o(PU(QNS)) +¢*(PA]Q).

Now {PU(QNS):SeMm} 1T PU(QNA)= P|A|Q. From 4.5.iii) it follows
that

e(P) +¢(Q) 2 ¢*(P|A|Q) + ¢*(P|A]Q).
Thus 5.2 implies that A € €(¢®, +) as claimed.

iii) In particular & C €(*®, +), so that « is an extension of ¢. Thus «
attains at least one finite value and hence is a content +. Furthermore «
is outer regular &° by 4.1.4), and «|&*® is upward e continuous by 4.5.iii).
Therefore a is an outer e extension of ¢. iv) It remains to prove that o
is a measure + when @ = or. By 4.7 « is almost upward o continuous.
Thus by 2.11 « is almost downward o continuous as well, provided that it
is semifinite below, that is outer regular [« > —o0]. But we know from ii)
that &° is in €(¢®,+) and hence in [@ > —oc]. Thus « is outer regular
[@ > —oo]. The proof is complete.

The above outer main theorem fulfils the promise made after the basic
definition: Conditions 4) and 5) characterize the outer e premeasures. Com-
bined with 5.1 we see that for an outer e premeasure ¢ all outer e extensions
are restrictions of a unique maximal one, which is ©*|€(¢®, +). Thus we ar-
rive at a natural and simple situation, and our concepts and instruments
prove to be adequate. We want to put particular emphasis on the role of
the Carathéodory class, because its initial creation was not at all connected
with regularity.

5.6. REMARK. The outer main theorem would be false in case ® = 7 if
in 4)5) the condition that ¢ be upward essential would be omitted. To see
this we return to example 4.11 and adopt the former notations. The set
function ¢ : T — [0, 00| then violates 1) as shown in 4.11.1). On the other
hand we anticipate from 5.14 that we could have started from a set function
v : 6 — [0,00] as described in 4.9 with ¢ (F) = 0 for all finite FF C X
which has an outer 7 extension and thus is an outer 7 premeasure. Then
the set function ¢ : ¥ — [0, 00] fulfils the first part of 4). In fact, we see
from 4.11.2) and since ¢” is submodular that this condition reads

o(U) + (V) = o(M) + @ (UM'|V) foralUCc M CV in &,

and therefore is satisfied.
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5.7. SPECIAL CASE (Traditional Type). Assume that & is an owval.
Then condition 5) simplifies to

50) ¢ = ¢*|6; and ¢ is supermodular. In case ® = T furthermore @ is
upward essential.

Proof of 50)=5). If P C M C Q are as in 5) then P|M'|Q = Q|M|P =:
N € & and hence € [p < o0]. We have M NN = P and M UN = @, and
hence p(M)+¢*(N) = p(M)+¢(N) < ¢(P)+¢(Q). Proof of 5)=-50). One
notes that 5)=-1) = ¢ is supermodular, or that 5) for P =9 = [p < 0] =
 is supermodular.

We shall soon turn to the most important special cases. But first we
want to terminate the present context with a short comparison of the three
cases ® = x0T.

Comparison of the three Outer Theories

In the present subsection we assume that ¢ : & —] — 00, 00] is an isotone
and submodular set function # oo on a lattice &.

5.8. PROPOSITION. o) In case ¢ = ¢?|G& we have €(p*,+) C €(¢7,+).
7) In case ¢ = ¢"|& and p upward essential we have €(p?,+) C E(¢7,+).

Proof. Combine ¢* 2 ¢? 2 ¢” with 5.2 for P =0 = [p < 0.

5.9. PROPOSITION. Assume that ¢ is modular. o) In case ¢ = ¢7|6
we have p*(A) = @7 (A) for all A € €(p*,+) with p*(A) < co. T) In case
© = 7|6 we have ¢ (A) = ¢T(A) for all A € €(p°,+) with ¢ (A) < co.

Proof. o) Fix A € €(p*,+) with ¢p*(A) < co. For P,Q € [p < oo] we
have by 4.1.5)

o(P) + ¢(Q) ¢*(P) +¢*(Q) = ¢*(PIA|Q) + ¢*(P|A|Q)
¢7(PlAIQ) + ¢”(PIA|Q) 2 ¢ (PUQ) + ¢ (PN Q)
P(PUQ)+¢o(PNQ)=¢(P)+¢(Q),

where all arguments are between PN Q) and P U @ and hence all values are
finite. It follows that

¢"(PA|Q) = ¢”(P|A|Q) for all P,Q € [p < od.

1AV

Since p*(A) < oo there exists Q € [p < oo] with @ D A. Then ¢*(PUA) =
@?(PUA) for all P € [¢ < oo]. Now we have to prove that p*(A4) < ¢7(A)
and can thus assume that ¢7(A) < co. Consider U € &7 with U D A, and
recall that ¢ is outer regular G7. There are subsets P € [¢ < oo] such that
P cU. It follows that

¢ (A) = ¢ (PUA) =¢7(PUA) = ¢”(U),
and hence p*(A4) < p7(A).
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7) Fix A € €(¢7,+) with ¢?(A) < oo. For P,Q € [p < oo] we have as
above

¢(P) +¢(Q)

¢7(P) +¢7(Q) = ¢”(P|A|Q) + ¢” (P|A'|Q)
2 o (PIAIQ) + ¢ (PIAQ) 2 ¢"(PUR) +¢" (PN Q)
P(PUQ)+o(PNQ) = p(P)+¢(Q),
where all values are finite. It follows that
@7 (PlA|Q) = ¢ (P|A|Q) for all P,Q € [p < oc].
Since ¢ and ¢ are upward o continuous by 4.7 this implies that
¢ (PIAIQ) = ¢" (P|A|Q) for all P,Q € [p < x]”.

Since p7(A) < oo there exists @ € [¢ < 00]? with @ D A. Then ¢p?(PUA) =
©"(PUA) for all P € [¢p < c0]?. Now we have to prove that ¢7(A) < ¢"(A)
and can thus assume that ¢7(A) < co. Consider U € &7 with U D A, and
recall that ¢7 is outer regular &”. There are subsets P € [¢ < oc] such that
P cU. It follows that

¢7(A) = p?(PUA) =" (PUA) = ¢ (D),
and hence 7 (A) < ¢"(A).

5.10. EXERCISE. o) Construct an example which shows that 5.9.0) be-
comes false without the condition ¢*(A) < oo. Hint: Let & consist of the
finite subsets of an infinite countable X, and let ¢ = 0. Determine &(*, +)
with the aid of 5.2. 7) Do the same for 5.9.7).

However, we shall see that the three properties of ¢ to be an outer
e premeasure for ® = xo7 are independent, except that as a consequence
of 5.5.5) the combination + — + of these properties cannot occur. The
independence is plausible after 5.5.5): This condition can be subdivided
into two partial ones, such that the one increases and the other decreases
with e = xo7. We shall come back to this point in 5.15 in the frame of the
conventional outer situation.

The Conventional Outer Situation

The above central theorem of the chapter will be most important in two
particular cases. These are the specializations

@ € 6 and (@) =0, and
X € Gand p(X) =0.

The first one is called the conventional outer situation. It will be the theme of
the present subsection. This specialization contains, and unifies and clarifies
those earlier extension procedures which were in visible or invisible manner
based on outer regularity. The other one is what later will become the con-
ventional inner situation. It will achieve the same for the earlier extension
procedures based on inner regularity. It is obvious that this specialization
should be treated via the upside-down transform method. However, it seems
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more natural to perform the upside-down procedure for the entire develop-
ment, and then to specialize to the case @ € & and p(&) = 0 as before.
This will be done in the next section.

For the present we consider a lattice G with @ € & and an isotone
set function ¢ : & — [0, 00] with (@) = 0. There are certain immediate
simplifications: An outer e extension of ¢ is an extension of ¢ which is a
ccontent «v : A — [0, 00] on a ring 2, with the further properties as above.
Furthermore we have ¢* : P(X) — [0, 00] with ¢*(@) = 0. Thus we can
write €(¢®) instead of €(¢® +). Also the definition of upward essential
simplifies in an obvious manner. It is natural to specialize 5.2 and 5.5 to
B = {2}, and for simplicity we take Q = [ < co|. Let us then rewrite the
outer main theorem with these simplifications.

5.11. THEOREM (Conventional Outer Main Theorem). Let & be a lattice
with @ € 6, and ¢ : & — [0,00] be an isotone and submodular set function
with (&) = 0. Then the following are equivalent.

1) There exist outer ® extensions of ¢, that is ¢ is an outer e premeasure.
2) ©*|€(¢®) is an outer e extension of v. Furthermore
ife=x : ©*€(p®) is a ccontent on the algebra €(¢*),
ife=o01 : ©*|€(®) is a cmeasure on the o algebra E(*).

3) ¢°|€(¢®) is an extension of ¢ in the crude sense, that is & C €(®) and
P =¢°6.
4) p(B) = ¢(A)+¢*(B\ A) for all AC B in &. In case @ = T furthermore
@ is upward essential.
5) ¢ = ¢*|6; and p(B) = p(A) + ¢*(B\ A) for all AC B in [p < c0]. In
case @ = T furthermore ¢ is upward essential.
Note that 5.4 then implies [¢ < 00] TG&® C €(¢°).

Assume that G is a lattice with @ € &. We define an isotone set function
v : 6 — [0, 00] with ¢(&) = 0 to be outer e tight iff it fulfils

o(B) 2 p(A)+¢*(B\A) forall AC Bin &,
as it appears in condition 5) above. It is obvious that
outer x tight = outer o tight = outer 7 tight .

We show on the spot that both converses <= are false. The counterexamples
will be isotone and modular set functions ¢ : & — [0, 00[ with ¢(@) = 0
which are upward 7 continuous.

5.12. EXERCISE. We recall from 2.3.1) for a € X the Dirac set functions
dq : P(X) — {0,1}. J, is a cmeasure and upward and downward 7 continu-
ous. Now assume that X is a Hausdorff topological space. We consider the
set functions ¢ := §,|Op(X) and ¢ := 0,|C1(X). 1) We have ¢* = §, for all
e = xo7. Therefore ¢ is outer e tight and an outer e premeasure. 2) We
have the equivalences

¢ outer o tight <= ¢°*({a}’) =0 <= {a} € (Op(X))s.
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The condition on the right side can be different for ¢ = xo7: For ¢ = *
it means that a is an isolated point of X. For e = ¢ it means that in
classical notation {a} is a G5 set. For e = 7 it is always fulfilled. Thus we
obtain obvious counterexamples as announced above. Furthermore ™ = §,;
therefore v is upward essential and hence an outer 7 premeasure.

5.13. SPECIAL CASE (Traditional Type). Assume that & is a ring.
Then condition 5) simplifies to
50) ¢ = ¢°*|6; and ¢ is supermodular. In case ® = T furthermore @ is
upward essential.

The conventional outer main theorem will henceforth be one of our sys-
tematic tools. A fundamental achievement will be the extension 7.12.1) of
the last special case. For the present it will be applied to the former main ex-
ample A : & = Comp(R") — [0, oo[ in order to obtain the Lebesgue measure
on R™ and its basic properties in the spirit of the outer theory.

The decisive fact follows from a simple observation which will be system-
atized below: For each pair A C B in 8 we have B\ A € 87, that is there
exists a sequence (K;); in K such that K; T B\ A. Then AN K; = @ and
AUK; 1 B. We conclude from 2.26 that A\(A) + A(K;) = M(AU K;) < A(B)
and hence

X7(B\ 4) £ lm A(Ki) € A(B) — A(A);
— 00

note that 2.27 even implies that A(AUK;) T A(B) and hence A\(K;) T A(B) —
A(A). Thus A is outer o tight. From 2.27 it follows that A is an outer o
premeasure. The achievement of the conventional outer main theorem is
then the cmeasure

A= NJEN) =M€ on £:=¢(\),

defined to be the Lebesgue measure on R”. The last assertion in 5.11
furnishes

CI(R") CRATRC RTR? C €(A\?) =£ and hence Bor(R") C £.

The restriction A|Bor(R") is called the Borel-Lebesgue measure on R™.
All this is the first statement in the comprehensive theorem which follows.

5.14. THEOREM. 1) A : 8 = Comp(R") — [0, 00[ is an outer o premea-
sure. The Lebesgue measure A := \7|€(\?) has the domain £ := €(\7) D
Bor(R™). 2) A is not upward T continuous and hence not an outer T pre-
measure. 3) A is not outer x tight and hence not an outer x premeasure.

4) X7 and hence A are outer regular Op(R™). 5) A is inner reqular
R = Comp(R"™). 6) A|Op(R"™) is upward T continuous. 7) A|Op(R") =: w
is an outer e premeasure for all @ = xor. It satisfies w® = \° and hence
w*|C(w®) = A.

Proof. 1) has been proved above. 2) is obvious since A\(F') = 0 for all
finite F' C R™. The next proofs require the preparations which follow. i)
For K € R and € > 0 there exists an open U D K with A(U) £ MK) +e¢.
In fact, for K # @ and K(J) := {z € R" : dist(z, K) < §} we see from
2.24 that A(IntK(9)) | A(K) for 6 | 0. ii) For A € R with A(4) < c©
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and € > 0 there exists an open U D A with A(U) = A(A) + e. To see this
choose a sequence (Kj); in & with K; T A and open subsets U; D K; with
AU) £ MN(K;) +€27% For the V; := Uy U - -- U U one obtains via induction
A(V) £ MI) +e(1 —27%. Thus V; 7 V furnishes an open V O A with
A(V) S A(A) +e.

3)Let B:={z €R":0=Z 1, -+ ,2, < 1} be the unit cube of R™ and
D C IntB be a countable dense subset. From A(D) = 0 and ii) we obtain
an open subset U D D of Int B with A(U) < 1. Note that A*(U) = 1. Thus
for the compact A:= B\ U C B we have U = B\ A and

A(B) = MA) + A(U) < A(A) +1 = A(A) + X*(B\ A).

It follows that A is not outer x tight. 4) follows from 4.1.4) and the above
ii). 5) Since R™ is in K7 we can restrict ourselves to A € £ such that
A C some K € R Fix ¢ > 0. By 4) there exists an open U D K N A" with
A(U) S A(KNA')+e. Then KNU' is compact C A, and we have

AA) +AKNU) £ AA)+AU) SAA)+AKNA)+¢
= MK)+e=ANKNU)+AKNU) +e,

and hence A(A) S M(KNU') +e. 6) Let A € Op(R™), and M C Op(R")
be a paving with 9 T A. For real ¢ < A(A) we obtain from 5) a compact
K C Awith ¢ < A\(K). Now K C some M € M, and hence ¢ < sup{A(M) :
M € 9M}. The assertion follows. 7) We see from 4)6) that A is an outer o
extension of w, so that w is an outer ® premeasure. Now w® and A7 coincide
on Op(R™) and are both outer regular Op(R™). Therefore w® = A?. The
proof is complete.

5.15. EXERCISE. We can now prove that for the isotone and modular
set functions ¢ : & — [0, 00[ with ¢(@) = 0 the three properties to be an
outer e premeasure for ¢ = xo7 are independent, as announced at the end
of the last subsection. There are 23 = 8 combinations of these properties.
We know that the combination + — 4 cannot occur. 1) Deduce examples
for — —+ and —++ from 5.12.2). 2) Deduce examples for — — — and +——
from 3.11. 3) Deduce examples for — + — and + + + and also for + + —
from 5.14.

6. The Inner Extension Theory

The basic part of the present section obtains the inner extension theory
as a mere transcription of the outer extension theory via the upside-down
transform method. Thus the two extension theories are in fact identical.
We shall add a subsection on further results in the 7 case, which in practice
is much more important in the inner than in the outer situation. Then we
specialize to the conventional inner situation as announced.
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The Basic Definition

Let as before & be a lattice in a nonvoid set X.

DEFINITION. Let ¢ : & — [—00,00[ be an isotone set function # —oo.
For e = xo7 we define an inner e extension of ¢ to be an extension of ¢
which is a + content « : 2l — R on an oval 2, such that also &, C 2l and
that

« is inner regular G,, and
|6, is downward e continuous; in this context note that a|G. < oo.

We define ¢ to be an inner e premeasure iff it admits inner e extensions.
Thus an inner e premeasure is modular and downward e continuous.

As before the principal aim is to characterize those ¢ which are inner o
premeasures, and then to describe all inner e extensions of ¢.

6.1. EXERCISE. Let ¢ : & — [—00, 00[ be an isotone set function # —oo,
and hence pl : 6L —] — 0o, 00] an isotone set function # oco. Then a
set function o : A — R is an inner o extension of ¢ iff the set function
al A1 — R is an outer e extension of L.

We also refer to the instructive exercise 9.21 below. It is ab-ovo and
could have been placed here, but will be postponed until it will be needed.

The Inner Envelopes

Let ¢ : @ — R be an isotone set function on a lattice &. As before we define
its crude inner envelope ¢, : P(X) — R to be

0x(A) =sup{p(S) : S € & with S Cc A} for A C X.

Likewise we define the inner envelopes ¢,, ¢, : B(X) — R as the coun-
terparts of the respective outer formations to be

ws(A) = sup{llim ©(Sy) : (S)); in & with §; [C A} for A C X,
wr(4) = sup{gngngo(S) : M paving C & with M |C A} for A C X.
€

As before we have for @ = xo7 the common formula

ve(A) = sup{élngﬁgo(S) : 9 paving C & of type o with 9 |[C A}.
€

6.2. EXERCISE. (@)L = (¢L1)® for @ = xoT.

The upside-down transform method thus furnishes the inner counter-
parts of the respective properties proved in the outer situation. For conve-
nience we list the basic ones.

6.3. PROPERTIES. 1) ¢4|G = . 2) ¢ £ @5 < @r. 3) we is isotone. 4)
e 18 inner reqular [pe|Ge > —0] C G,o. 5) Assume that p is supermodular
+. Then ¢y is supermodular +, and e for @ = o7 is supermodular + when
either p < 00 0r (g > —00.
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6.4. EXERCISE. Let ¢ be submodular +. Assume that A,B C X are
coseparated & in the sense that
for each M € & with M C AUB
there exist S, T € & with S C A and T C B such that M C SUT.

Then ¢,(AU B)+ou(AN B) £ 0. (A)+¢.(B).

6.5. PROPOSITION. For an isotone set function ¢ : & — R and @ = oT
the following are equivalent.

1) (p°|6 =¥

ii) ¢ is downward e continuous.
In this case we have furthermore

iil) pe|Ge is downward e continuous;

iv) if {S € Go : pa(S) > —0} C 6 then pe = @y.

6.6. LEMMA. Let M C &, be a paving of type o with MM | A. Then of

course A € &,. Furthermore there exists a paving M C & of type o with
M| AandNC (M.

6.7. THEOREM. Assume that o : & — R is isotone and supermodular +.
Then @, and @, are almost downward o continuous.

6.8. LEMMA. Assume that ¢ : & — R is isotone and supermodular +.
FOTPL’" aPnaQ € & with w(P1>7 ,(p(Pn),tp(Q) > =00 th@’l’lg@(Plﬁm
P,NQ) > —c0 and

(PN NPNQ) +Z¢quc2 zz (P) +¢(Q
=1 =1

Next we define an isotone set function ¢ : & —>_IR to be downward e
essential iff its upside-down transform ¢ L : G 1L — R is upward e essential.
One verifies that this means that

ve(A) = inf{pe(AUS):S€[p>—ox]} forall AC X with
—00 < pe(A) £ inf{pe(AUS):S € [p>—00]} < 0.
We obtain the counterpart of the former result.

6.9. PROPOSITION. Let ¢ : & — R be isotone. %) ¢ is downward x
essential. o) If ¢ is supermodular + then it is downward o essential. T)
Assume that ¢ is supermodular + and such that each A C X with ¢, (A) >
—00 is downward enclosable [p > —o0],. Then ¢ is downward T essential.

Therefore an isotone and supermodular + set function ¢ : & — R will
be called downward essential instead of downward 7 essential.

After these transcriptions we conclude the subsection with some simple
but important relations which involve envelopes of both kinds.

6.10. PROPOSITION. 1) We have ¢* < ¢, on &°. Therefore ¢* =
(p«|B®)*. 2) The following are equivalent. i) ¢ = @*|&. ii) ¢* = ¢,
on G* and hence ¢* = @, on G°. iii) ¢* 2 i V) ©* 2 (¢x|6°*)* and
hence ©® = (p.|G*)*.
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Proof. 1) Let A € &® and 9 C & be a paving of type e with 9 T A.
By definition then ¢(S) =< ¢,(A) VS € 9 and hence

©*(A) = supp(S) = pu(A).
Sem

The second relation is then clear. 2) The implications iii)=-iv)=-ii)=1) are
obvious. i)=+ii) Let A C X. For § € & with S C A then ¢(S) = ¢*(5) <
©*(A). Thus p.(A4) < ¢*(A).

6.11. EXERCISE. 1) We have pe = ¢* on G,. Therefore po = (¢* |G ).
2) The following are equivalent. 1) ¢ = pe|S. i) pe < ©* on G, and hence

*

Vo = @ 0N B,. iil) e S ©*. 1V) e < (*|Ge)x and hence po = (©*|Ge)x-

In some earlier versions of the outer and inner extension theories the
above formations

P = (pu|6%) and @) = ("[G)s
have been used in more or less explicit manner, in places where in the present
text the envelopes p® and @, are the natural means. For some details we
refer to the bibliographical annex to the chapter. Of course ) = ©*
and ¢(,) = px. For @ = o7 the formations ©(®) and ¢(e) are much more

complicated than ¢* and ¢,. For example, it is unclear whether beyond
6.10.2) and 6.11.2) they preserve semimodularity in the appropriate sense.

The Carathéodory Class in the Spirit of the Inner Theory

The second tool in the outer extension theory was the Carathéodory class
¢(:). TIts definition and basic properties were not related to outer/inner
aspects. Thus there is no reason for transcription. However, there was a
subsequent subsection on the Carathéodory class in the spirit of the outer
theory. For the present context this subsection consisted of intermediate re-
sults which need not be transcribed, so that the transcription could proceed
to the next section on the main theorem. But the transcribed versions of
some former results will be needed later, and therefore will be inserted at
this point. For the transcription we refer to the earlier 4.15.

6.12. REMARK. Let T be a paving in X and ¢ : P(X) — R be isotone
and inner regular €. If A C X satisfies

P(P)+6(Q) = (P|AIQ)+o(PIA'|Q)  for all P,Q € %,
then A € (¢, +).

6.13. EXERCISE. Let o : A — R be a content + on an oval ™A. Then
A C &y, +).

6.14. LEMMA. Let P C Q C X. Assume that ¢ : P C Q — R is
supermodular. If A C X satisfies

¢(P) +¢(Q) = v(PIA|Q) + ¢(PAQ),
then
o(U) + o(V) = p(U|A|IV) 4+ p(U|A'|V)  for allU,V € PC Q.
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6.15. PROPOSITION. Assume that ¢ : P(X) — R is an isotone set func-
tion. Let P | and Q T be pavings in X with nonvoid P T Q such that

|B and ¢|Q are finite, and PP = Q is supermodular.
Furthermore let $ | be a paving in X with P C H such that

¢ 1s inner reqular $ C Q,
o(T) = Iinfmgb(T UP) forallT € HLC Q.
€

If A C X satisfies

o(P)+6(Q) = ¢(PlA|Q) + ¢(P|A|Q)
for all P € P and Q € Q with P C Q,

then A € €(¢,+).
As before we have two addenda.

6.16. ADDENDUM. Assume in addition that ¢|B T Q is downward o
continuous. Then &(p,+) is a o algebra.

6.17. ADDENDUM. Assume in addition that 6 : B(X) — R is an isotone
set function with 0 < ¢ such that

0P = ¢|B and 0|Q = ¢|Q,
0(T)= inf (T UP) foralTecH Q.
Pep
Then ¢|€(¢, +) is an extension of 0|C(6,+).

The Inner Main Theorem

We assume that ¢ : & — [—00,00[ is an isotone set function £ —oo on a
lattice G in X. The assertions which follow are immediate consequences of
their outer counterparts via the upside-down transform method. We recall
6.1 and 6.2, and once more the earlier 4.15.

6.18. THEOREM. Assume that o : 2 — R is an inner e extension of .
Then a is a restriction of Qe|€(pe,+).

6.19. PROPOSITION. Let ¢ be supermodular with 4|6 < 0o, and down-
ward essential in case @ = 7. Fiz pavings

B C [p > —o0] downward cofinal, and
Q C [p > —o0] upward cofinal.
If A C X satisfies

Pe(P) +9e(Q) = ¢e(PIA|Q) + e (P|A'|Q)
for all P € P and Q € Q with P C Q,

then A € €(pq,+).
6.20. ADDENDUM. For e = o7 the class €(pe,+) is a o algebra.

The next assertion does not result from the upside-down technique but
is an immediate consequence of 6.19 as before.
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6.21. EXERCISE. Let ¢ be supermodular with pe|& < oo, and downward
essential in case @ = 7. Assume that Q C [¢ > —oo] is upward cofinal.
Then

QTE(pe, +) C E(ps, ).

After all the upside-down transform method furnishes the inner main
theorem.

6.22. THEOREM (Inner Main Theorem). Let ¢ : & — [—00,00] be an
isotone and supermodular set function £ —oco on a lattice &. Fix pavings

P C [p > —o0] downward cofinal, and
9 C [ > —o0] upward cofinal.
Then the following are equivalent.
1) There exist inner o extensions of o, that is @ is an inner e premeasure.
2) Qo|€(pa,+) is an inner o extension of p. Furthermore
if @ =% 1 Q4|€(pa,+) is a content + on the algebra €(pe,+),
ife =0T : @u|€(pe,+) is a measure + on the o algebra €(pa,+).

3) ve|C(pe, +) is an extension of ¢ in the crude sense, that is & C €(pa, +)
and ¢ = pe|6.

4) o(U) + (V) = o(M)+pe(UIM'|V) for allU € M C V in &; note that
M =U|M|V. In case ® = T furthermore ¢ is downward essential.

5) # = ¢e|S; and p(P) + ¢(Q) = ¢(M) + ¢u(P|M'|Q) for all P C M C Q
with P € B, Q € Q, and M € & and hence € [¢p > —o0]. In case @ = T
furthermore ¢ is downward essential.

Note that 6.21 then implies QT S, C (s, +).

6.23. SPECIAL CASE (Traditional Type). Assume that & is an owval.
Then condition 5) simplifies to

50) ¢ = we|8; and ¢ is submodular. In case ® = T furthermore ¢ is
downward essential.

Comparison of the three Inner Theories

We obtain the inner counterparts of the respective outer results. In the
present subsection let ¢ : & — [—00,00[ be an isotone and supermodular
set function # —oo on a lattice &.

6.24. PROPOSITION. o) In case ¢ = ¢,|6 we have &(p.,+) C €(po,
+). 7) In case ¢ = ¢;|& we have €@y, +) C (7, +).

6.25. PROPOSITION. Assume that ¢ is modular. o) In case ¢ = ps|&
we have 0, (A) = oo (A) for all A € C(py, +) with . (A) > —oco. 7) In case
© = ¢7|6 we have p,(A) = @, (A) for all A € €(py,+) with p,(A) > —o0.

However, as before the three properties of ¢ to be an inner e premeasure
for @ = xo7 are independent, except that as a consequence of 6.22.5) the
combination + — + of these properties cannot occur.
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Further Results on Nonsequential Continuity

In contrast to the ubiquitous ¢ continuity of measures the occurrence of 7
continuity is restricted to particular and foremost situations and bound to
severe limitations. The simplest illustration is as follows.

6.26. EXAMPLE. Let & be a lattice in X which contains the finite subsets
of X, and let ¢ : & — R be isotone with ¢(S) = 0 for all finite S C X. If
is upward 7 continuous then ¢ = 0.

In our extension theories the 7 extensions are defined to possess a certain
T continuity, but it is restricted to the direct descendants of the initial
domain &. In the sequel we deduce two further results on 7 continuity. We
restrict this topic to the inner situation where it is much more important.
In the present subsection we assume  : & — [—00, 00[ to be an isotone and
supermodular set function # —oo on a lattice S.

The main feature is the occurrence of the transporter GT &, which of
course is = 6, TG, = (6,;)T as well. As a rule the members of TS, can
be much larger subsets of X than those of G.. We note that for an inner 7
premeasure ¢ we have

GTGT C [QO > _OO}TGT C 6(907'7 +)a
and hence (6T&;)L C €(pr, +) as well.

6.27. PROPOSITION. Assume that ¢ = ¢.|&. Then the restriction
©r|6TS, is almost downward T continuous.

6.28. PROPOSITION. Assume that @ is an inner T premeasure. Then the
restriction o |(6T &)L is almost upward T continuous.

Proof of 6.27. Let 9 C GTS,; be a paving with ¢, (M) < oo VM € M
such that MM | H; thus H € 6GT&,. To be shown is

= inf o, (M) < @ (H).
c A}gmw( ) = r(H)

We can assume that ¢ > —oo and hence ¢ € R. Then ¢,(M) € RVYM € N,
but a priori ¢, (H) = —oo is possible. Let us fix real € > 0 and A > ¢, (H).
i) Fix P € M. By 6.3.4) there exists S € &, with S C P such that
©r(S) > ¢ (P) —e. Note that ¢, (S) < ¢-(P) < co and hence ¢,(S) € R.
ii) By assumption {M NS : M € M} is a paving C &, with | HNS € &,.
By 6.5.iii) therefore

inf o (M = o, (H < o (H) < A
unf or(M N0 5) = or(HNS) = or(H) <A

Thus there exists @ € M such that ¢ (Q NS) < A. Since M | we can
assume that @ C P, so that QU .S C P. iii) By 6.3.5) we then have

C+§OT(S) = SOT(Q) +§OT(S) < SOT(QUS) +<10T(QOS)
©r(P) +¢r(QNS) <r(S) +e+ A,

and hence ¢ < € + \. The assertion follows.

A I
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Proof of 6.28. Let M C (6T S,)L be a paving with ¢, (M) > —oo VM €
M such that M T H; thus H € (6TS,)L. To be shown is

¢:= sup or (M) 2 ¢ (H).
Mem

We can assume that ¢ < oo and hence ¢ € R. Then ¢.(M) € R VM € M,
but a priori ¢, (H) = oo is possible. Let us fix real ¢ > 0 and A < ¢ (H). i)
Fix P € M. By 6.3.4) there exists S € &, with S C P such that ¢-(5) >
—oo and hence ¢, (S) € R. ii) Once more by 6.3.4) there exists T' € &, with
T C H such that ¢ (T") > X and hence ¢,(T) € R. In view of S C P C H
we can assume that S C 7. iii) By assumption {M'NT : M € M} is a
paving C &, with | H'NT = @. Hence {(M'NT)US : M € M} is a paving
C 6, with | S € &;. By 6.5.iii) therefore

]\/i[relgmg@T((M/ N T) UsS) = e (9).

Thus there exists @ € M such that o, ((Q' NT)US) < ¢, (S) +e. Since
9 T we can assume that Q D P. iv) We have @ € €(¢,,+) and hence

(PT(S) +A < SOT(S) + SOT(T) = ‘PT(S|Q|T) + (PT(S|Q/|T)
= ¢(Q@NT) + (@' NT)US)
0r(Q) + ¢r(S) +e = c+ 9 (5) +e,

and therefore A < ¢+ ¢. The assertion follows.

A

The Conventional Inner Situation

The conventional inner situation is defined to be the specialization that
@ € 6 and p(@) = 0. Thus we consider a lattice & with @ € & and an
isotone set function ¢ : & — [0, co[ with (&) = 0. Although the full inner
situation is known to be identical with the full outer situation, there are
characteristic discrepancies between the two conventional situations, as it
must be expected from traditional measure theory. Thus we have to assume
this time that ¢ < co. As in the outer situation there are certain immediate
simplifications: An inner e extension of ¢ is a ccontent a : A — [0, 9]
on a ring A, with the further properties as above. Furthermore we have
Ve : P(X) — [0,00] with 0 = (D) = pu(F) = ¢o(D) £ (). Thus as
before we can write €(y,) instead of €(p,, +).

But there are two essential deviations from the conventional outer sit-
uation. One deviation is that this time all supermodular ¢ are downward
essential. This is obvious from the definition. Therefore the respective con-
dition can be deleted from the conventional inner results.

The other deviation from the conventional outer situation is that ¢e(2)
= 0 is a nontrivial condition when e = o7. This condition will be explored
in the course of the present subsection. We shall see that it is much weaker
than the full condition pe|& = ¢, and that its verification can be much easier
and sometimes even trivial. Therefore it is desirable to have the conventional
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inner main theorem with a variant of condition 5) in which ¢e(2) = 0 occurs
instead of pe|& = . Of course then the subsequent partial condition in 5)
has to be fortified. For this purpose we need the so-called satellites of the
envelopes ¢, which will be defined next.

For fixed @ = xo7 and B € G we define the satellite inner e envelopes
©B P(X) — [0, 00 to be
0B (A) = sup{singﬂap(S) : 9 paving C 6 of type e with
© S C BYS €M and M |C A} for AC X.

We list the basic properties of these satellites.

6.29. PROPERTIES. 1) 8 < o(B) < co. 2) ¢F is isotone. 3) If o is
supermodular then o is supermodular. 4) We have

@e(A) =sup{pl(A): Be &} for AcC X.
5) Assume that ¢ = @e|&. Then peo(A) = pP(A) for AC B€ .

Proof. 1) and 2) are obvious, and 3) follows from 6.3.5) when one notes
that of = (p|{S € &: S C B}).. 4) We have to prove <. Fix A C X, and
let M be a paving C & of type o such that 9t |C A. For fixed B € 9t then
MN:={Se€M:S C B}is apaving C S of type e with M |C A as well, and
we have

. . B

dof o(5) = inf o(S5) = ) (4).
The assertion follows. 5) Fix A C B € &. We have to prove <. Let 9
be a paving C & of type e such that 9t | M C A. For fixed H € 91 then
{SU(HNB): S €M} is a paving C & of type e with | MU (HNB) =
HN B e 6&. Hence by assumption and 6.5

3 < 1 =
Slggfngo(S) < Slélgfﬁgp(SU (HNB)) = ¢(HNB).

Now M :={HNB: H € M} is a paving C & of type e with N | MNB =M
as well. It follows that

inf < inf < oBa
Slgw;P(S) = ggmw(S) < v, (A),

and hence the assertion.

The decisive fact on the satellite inner o envelopes is the next lemma.

6.30. LEMMA. Let ¢ be supermodular. Assume that pe(2) =0 and that

©(B) < o(A)+oB(B\A) forallAe & and B € Q with A C B,
where Q C 6 is upward cofinal. Then ¢ = pa|6.

Proof. Fix A € &. For B € Q with B D A we combine the assumptions
with 6.29.3)1) to obtain

0o (A)+9(B) = 9J(A)+(A) +9J(B\ A)
S @A) + ¢l (B) +¢7(2) £ p(A) + @(B),
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and hence pZ(A4) £ p(A). Since 2 (-) is isotone in B € & it follows from
6.29.4) that pe(A) = @(A).

As before it is natural to specialize 6.19 and 6.22 to P = {@} and Q = &.
We then obtain the conventional inner main theorem which follows.

6.31. THEOREM (Conventional Inner Main Theorem). Let & be a lattice
with @ € &, and ¢ : & — [0, 0] be an isotone and supermodular set function
with (@) = 0. Then the following are equivalent.

1) There exist inner o extensions of @, that is ¢ is an inner e premeasure.

2) 0e|C(pe) is an inner o extension of p. Furthermore

if =% : @o|l€(ps) is a ccontent on the algebra €(p),
if e =0T : @e|€(pe) is a cmeasure on the o algebra €(p,).

3) e|C(pe) is an extension of ¢ in the crude sense, that is & C €(ps) and
@ = p6.
4) p(B) = p(A) + pe(B\ A) for all AC B in &.
5) ¢ = e|6S; and p(B) = p(A) + peo(B\ A) for all AC B in &.
5) ¢e(2) = 0; and ¢(B) < ¢(A) + pZ(B\ A) for all AC B in &.
Note that 6.21 then implies ST Gy C ().

Assume that G is a lattice with @ € &. We define an isotone set function
v : 6 — [0,00[ with ¢(&) = 0 to be inner o tight iff it fulfils

©(B) £ p(A) +oB(B\A) forall AC Bin @,
as it appears in condition 5’) above. In case e = % this means that
©(B) £ (A) + o (B\A) forall AC Bin G.

It is obvious that
inner x tight = inner o tight = inner 7 tight.

As before we show on the spot that both converses < are false. The coun-
terexamples will be isotone and modular set functions ¢ : & — [0, oo with
©(@) = 0 which are downward 7 continuous.

6.32. EXERCISE. Consider the situation of exercise 5.12. We have the
equivalences

@ inner o tight <= @e({a}) =1 <= {a} € (Op(X))..
Thus we obtain obvious counterexamples as announced above.

6.33. SPECIAL CASE (Traditional Type). Assume that & is a ring.
Then conditions 5)5°) simplify to
50) ¢ = we|S; and ¢ is submodular.
570) we(&) = 0; and ¢ is submodular.
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We next consider the weakened condition ¢e(2) = 0 which occurs in
6.30 and in the conventional inner main theorem. For this discussion we
assume an isotone set function ¢ : & — [0, o] with (@) = 0 on a lattice &
with @ € &. We define ¢ to be e continuous at @ iff

Singﬁap(S) =0 for each paving 9 C & of type e with M | &,
€

and to be almost e continuous at @ iff this holds true whenever ¢(S) <
oo VS € M. It is clear that ¢ is e continuous at @ iff pe(@) = 0. In order
to obtain an obvious but famous criterion we define & to be e compact iff
each paving I C & of type o with 9 | & satisfies @ € 9. The reason
for this notion is obvious: In each Hausdorff topological space X the lattice
Comp(X) of its compact subsets is 7 compact. The next remark is then
clear.

6.34. REMARK. If & is e compact then each isotone set function ¢ :
S — [0, 00] with (@) = 0 is e continuous at &.

It turns out that for ¢ = o7 the condition ¢e(2&) = 0 is much weaker
than ¢ = @e|&. We shall present a dramatic example at the end of the
subsection. The example will show in particular that the conventional inner
main theorem becomes false when instead of 5)5’) one forms the weaker
condition which combines the first part of 5’) with the second part of 5).

The most important and simplest nontrivial example for the conven-
tional inner situation is the familiar set function A : & = Comp(R") —
[0,00[. It has been an example for the conventional outer situation in 5.14.

6.35. EXAMPLE. 1) A is inner x tight and hence inner e tight for ¢ = xo7.
In fact, we know that for A C B in R there exists a sequence (Kj); in
R with K; T B\ A and hence A\(K;) T A(B) — A(A4). This implies that
M(B\ A) = AM(B) — A(A). 2) X is e continuous at & in view of 6.34; we
even know from 2.25 that A\ is downward e continuous. 3) Therefore the
conventional inner main theorem shows that A is an inner e premeasure for
e = xo7. 4) From 6.5.iv) we have A\, = A, = A;. We shall see in 7.5
below that the common maximal inner e extension \e|€(As) coincides with
A= \7|€(N9).

We conclude with the example announced above. It is quite complicated.

6.36. EXERCISE. Construct an example of an isotone and modular set
function ¢ : & — [0,00[ on a lattice © with @ € G and X = |J S # o
Se6
such that
i) & is o compact and hence ¢, (&) = 0, but
ii) ¢y (A) = oo for all nonvoid A C X.

One can proceed as follows. 1) Let E be an infinite set and X := E x N. A
subset A C X is described via its sections A(s) :={m € N: (s,m) € A} CN
for s € E. Define & to consist of the subsets A C X such that

1.i) A(s) C N is finite or cofinite for all s € E;
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1.ii) A(s) = @ for all s € E except a finite subset.
Then ¢ is a lattice with @ € €. Define ¢ : € — [0, 00[ to be

¢(A) =#({s € F: A(s) C N is cofinite}) for A € €.

Then ¢ is isotone and modular with ¢(&) = 0. 2) If E is countable then
there exists a function 6 : X — JB(E) such that

2.i) 6(x) C E is infinite for all x € X;
2.i) for u # v in X we have 6(u) N 0(v) = @;
2iii) E= | 6(z);
rxeX
2.iv) for z = (s,m) € X we have s € 0(z).
Hint: We can assume that £ = NU(—N). Let I : Nx N — N be a bijection.
Define 6 : X — PB(F) to be

0(z) = {-cl(n,I(p,q)):neN}CE
for # = (ep,q) € X with p,q € Nand ¢ € {—1,1}.

Then 6 is as required. For the sequel we fix E and 6. 3) Define & to consist
of the subsets S € € such that

x € X\ S = 5(s) C Nis finite for all s € 0(x).

Then & is a lattice with @ € &. Define ¢ := ¢|6. 4) & is o compact. Hint:
Let (S)); be a sequence in & with S; | @. Fix a nonvoid finite subset F C F
such that Si(s) = @ for all s € E'\ F. Then let x1,--- ,z, € X such that

Fc U0O(xg). If 21, , 2, € S;, which is true for almost all [ = 1, then S;
k=1

is finite. This implies that S; = @ for almost alll 2 1. 5) Fixa = (p,q) € X
and a nonvoid finite F' C #(a) C E, and note that p ¢ 6(a) and hence p € F.
For T' C N cofinite we define S C X to be

5.4) S(p) :={a};

5.i) S(s) :=1T for all s € F;

5.iii)S(s) := @ for all other s € E.
Then S € & with a € S, and ¢(S) = #(F'). Deduce that ¢, ({a}) = #(F).
6) It follows from 5) that ¢,({a}) = oo for all a € X and hence ¢,(A4) =
for all nonvoid A C X.

7. Complements to the Extension Theories

The present section has two independent themes. The first one is to com-
pare the outer and inner extension theories. The other theme is to exhibit
certain classes of lattices with @ on which the relevant tightness conditions
will be automatic facts like on rings, but which are much more natural initial
domains than rings. The idea has been used for the Lebesgue measure in
both the outer and the inner situation. Its systematization will lead to an
essential increase of the frame of applications. The section concludes with a
bibliographical annex.



7. COMPLEMENTS TO THE EXTENSION THEORIES 65
Comparison of the Outer and Inner Extension Theories

The main result of the present subsection is for a set function ¢ : & — R on
a lattice © which is both an outer and an inner e premeasure. We restrict
ourselves to @ = xo since the case ¢ = 7 is unrealistic. The result will be
that the two maximal extensions ¢*|€(¢®, +) and ¢e|€(¢e, +) coincide to
the extent which can be expected in view of the classical uniqueness theorem
3.1.

7.1. LEMMA. Assume that ¢ : & — R and a : A — R are isotone set
functions on lattices S and A, and that o extends .

O e Sa e on, and ¢, < ¢* on P(X).

o) If A is a o lattice and o is almost upward and downward o continuous
then

0o(A) =< a(A)  for Ae A when (+) ¢ < 00 or ps(A) < o0;
a(A) £ ¢7(A) for A€ when (—) — oo < p or — oo < @7 (A);
wo(A) = ¢7(A) for AC X when (+) and (—).

Proof. *) is clear from the definitions. In o) we can for the first assertion
assume that ¢,(A4) > —oo. Let (5;); be a sequence in & with S; | some
U C A. Then by definition ll_i)rgO(p(Sl) < ¢,(A), so that both times we
can assume that ¢(S5;) < oo VI € N. It follows that U € &, C 2 and
o(S)) = a(S) | a(U) £ a(A). Therefore ¢,(A) < a(A). The second
assertion is proved in the same manner. In order to prove the third assertion
assume that ¢p?(A) < p,(A) and fix a real ¢ with ¢7(A) < ¢ < p,(A). By
4.1.4) and 6.3.4) there are

Vescu with V' O A and ¢? (V) < ¢,
UeG,Cc with U C A and ¢, (U) > c.

We can apply the first assertion to U to obtain ¢,(U) < «(U), and the
second assertion to V' to obtain a(V) £ ¢?(V). It follows that a(V) =
¢ (V) < c< ¢s(U) = a(U) and hence a contradiction.

7.2. LEMMA. Assume that ¢ : & — R is an isotone set function on a
lattice S, and that o : A — R is an extension of ¢ which is

fore=x : a content —|— on an oval 2,
fore =0 : ameasure + on a o oval 2.
Then for S, T € & and A € A we have
a(S|AIT) = *(S|A|T) when A € €(p*, +),
a(S|A|T) = pe(S|A|T) when A € €(pa, +).

Proof. Fix S,7 € & and A € 2. Then S|A|T € A and S|A'|T =
T|A|S € A. From 7.1 we obtain

pe(SIAIT) = a(S|AIT) = ©*(SIAIT),
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and the same for A’. Furthermore note that S|A|T is between S NT and
S UT, and that in case ¢ = ¢ the function ¢ is upward and downward o
continuous. Thus

@*(S|AIT) P*(SUT) =p(SUT) < oo,
ve(S|A|T) Pe(SNT) =p(SNT) > —00,

so that the above values are all finite. The same is true for A’. Now we have
on the one hand

a(SIAIT) + a(S|AT) = a(S) + a(T) = ¢(S) + (1),
since by the modularity + of o both sides are = a(SUT) 4+ a(SNT). On
the other hand we have
for A € €(p®,+) : ¢*(S|AIT) +¢*(S|A'|T) = p*(S) +¢*(T) = ¢(5) + (1),
for A € €(pe; +) : Qa(S|AIT) +@o(S|A|T) = @o(S) +e(T) = ©(S) +¢(T).

The combination furnishes the assertions.

IAVARIVAN

~— —

The next result says that in a certain sense regularity can be turned
around at the Carathéodory class.

7.3. PROPOSITION. Assume that ¢ : B(X) — R is isotone and sub-
modular —|— Let ¥ be a paving in X such that ¢ is outer regular ¥.
If A € €(¢,+) is such that there exists T € T with T C A and —o0 <
d(T) < ¢(A) < oo then

¢(A) =sup{¢p(P) : P € O(%) with P C A}.

Proof. Fix ¢ > 0. i) By assumption there exists S € T with S O A such
that ¢(S) = ¢(A) + . Thus ¢(S) € R. Also fix T' € T as described above.
From A € &(¢,+) we conclude that

A(T)+6(S) = S(T|A|S)+6(T|A'|S) = ¢(A)+o(SIA|T).

Therefore ¢(S|A|T) is finite and < ¢(T') +¢. ii) By assumption there exists
H € ¥ with H D S|A|T such that

¢(H) = ¢(S|AT) + & = &(T) + 2e.

Thus ¢(H) € R. Note that

HD>SATO>DTNA=Tsince T C A,

SNH cSN(S'NAIT)=SNT'NnAC A.
iii) Now define P := S|H|T € O(%). The last inclusions show that 7' C P C
A. Furthermore

PNH=TNH=Tand PUH=(SNH)UH=SUH D> S D> A.
Since ¢ is submodular + this implies that
¢(A)+o(T) < ¢(PUH)+¢(P N H) < ¢(P)+o(H),

and we know that all terms are finite. From this and from ii) it follows that

d(A)+ &(T) = ¢(P)+ ¢(T) + 2¢ or ¢(P) = ¢p(A) — 2e. Thus we have the

assertion.

We shall also need the upside-down counterpart.
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7.4. EXERCISE. Assume that ¢ : (X) — R is isotone and supermodular
+ Let X be a paving in X such that ¢ is inner reqular T. If A € €(¢, —l—) is
such that there exists T € T with A CT and —oco < ¢(A) < ¢(T') < oo then

¢(A) = inf{p(P) : P € O(T) with P D A}.
We can now obtain the desired comparison theorem.

7.5. THEOREM. Let & be a lattice and ® = *o. Assume that the set
function ¢ : & — R is both an outer and an inner o premeasure. Then
(¢, +) = €(pe, +) =: €. Furthermore ©*(A) = po(A) for all A € €N
(6o C &°®), except that in case @ = o one has also to admit that ¢ (A) = oo
and py(A) = —o0.

Note that in the conventional situation @ € & and (@) = 0 the latter
exceptional case cannot occur.

Proof. 1) ¢ is isotone and modular and fulfils ¢ = ¢*|6& = @.|6.
Thus 7.1 and 7.2 can be applied to both a = ¢°|€(¢® +) and o =
©e|€(e, +). Each time it follows that v = ¢* on B(X), and that

©*(S|AIT) = @u(S|A|T) for S,T € & and A € €(¢*,+) N &(p, +).
In view of SNT C S|A|T C SUT the common value is finite. 2) We claim
that

©*(S|AIT) = pe(S|A|T) for S,T € G and A € €(¢°, +).

To see this one applies 7.3 to ¢ := ¢* and T := &°, and to the subset
S|A|T € €(p°®, +); note that SNT € & C G* is as required in 7.3. It follows
that

©*(S|AIT) = sup{p®*(P): P € O(6°*) with P C S|A|T}

= sup{¢®(P): P € O(6°®) with SNT C P C S|A|T}.
Now for the P € O(&*) of the last kind P = SNT|P|SUT. Furthermore we
have &°* C €(¢°*,+)N&(gl, +) and hence P € O(S*) C €(¢*, +)N & (s, +).
Thus 1) implies that
©*(P)=¢*(SNTIP|SUT) = @e(SNT|P|SUT) = pe(P).

It follows that ¢*(S|A|T) < pe(S|A|T) and hence = po(S|A|T). Note that
the common value is finite as before. 2’) Likewise we have

©*(S|A|IT) = pe(S|A|T) for S,T € & and A € &(p., +).

The proof is as in 2), but with 7.4 instead of 7.3.
3) We next prove that €(¢®, +) C €(ps,+). In fact, let A € €(p°, +).
For S,T € & we obtain from 2)
P(9) +o(T) =*(9) +¢*(T) = ¢*(SIAIT) +¢*(S|A|T)
= @o(SIAIT) + pu(S|A|T).
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Thus 6.19 implies that A € €(pa, +). 3’) We obtain €(pe,+) C €(¢*, +) as

in 3), but based on 2’) and 5.2 instead of 2) and 6.19. 4) So far we have
proved that €(p®,+) = €(g., +) =: €, and furthermore that

©*(S|A|T) = @e(S|A|IT) e R for S,T € & and A € €.

5) We finish the casc @ = x. f A € €N (6, C &%) = €N (6 C 6) then
S Cc AC T for some S,T € &. It follows that S|A|T = A and hence

P (A) = u(A).
6) We turn to the case @ = 0. Fix A € €N (&, C 67). Thus P C
A C @ where P, | P and Q; T @ for some sequences (P;); and (Q;); in &.
Furthermore fix S € &. From 4) we obtain
P|A|S | PIA]S =SNA and hence ¢°(SNA)=¢,(SNA) <0,
S|A|Q; 1 S|A|Q =SUA and hence 7 (SUA)=p,(SUA) > —o0.

Now 4.12.4) implies that
(8)+¢7(A) = 7 (SUA)+¢7 (SN A),
(S)+¢o(A) = @s(SUA)+p,(SNA).

Thus if 7 (A) # v, (A) then we must have 7 (SUA) = p,(SUA) = co and
(SN A)=¢,(SNA) = —00, and hence ¢?(A) = 0o and ¢, (A4) = —o0.
We shall see in exercise 7.7 below that this indeed can happen.

©(95)
©(95)

7.6. EXAMPLE. For A : & = Comp(R"™) — [0, oo the maximal inner o ex-
tension A\;|€(A,), which is the common maximal inner e extension \e|€(Ae),
coincides with A := A?|€(\7). This fact has been announced in 6.35.

We conclude with the example announced in connection with 7.5.

7.7. EXERCISE. Construct an example which shows that in 7.5 it can
happen that ¢7(A4) = oo and ¢,(A) = —oco. Hint: On X = R define the
paving & to consist of all S € Bor(X) such that S is bounded above and
S" is bounded below. Note that & is an oval. We write R := [0, 00[ and
L :=] — 00,0], and define ¢ : & — R to be

©(S)=A(SNR)—A(S'NL) for S € G.
Then show that ¢?(R) = oo and ¢, (R) = —o0.

Lattices of Ringlike Types

We restrict ourselves to the conventional outer and inner situations. The
most unfamiliar notion considered so far is that of tightness. Therefore
it is desirable to have transparent assumptions which ensure the relevant
tightness conditions. The simplest assumption of this type is that the initial
domain be a ring. However, the previous theories allow to work with certain
weaker assumptions which are much more realistic.
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Let G be a lattice in a nonvoid set X and e = xo7. We define & to be

upward e full iff B\ A € &° for each pair A C B in &,
downward e full iff B\ A € &, for each pair A C B in &.

Thus we have

G ring <& 6 upward * full
= G upward o full = & upward 7 full;
G ring < 6 downward % full

= G downward o full = & downward 7 full .

If & is upward e full then @ € &, but trivial examples show that this need
not be true if G is downward e full.

7.8. EXAMPLES (for ¢ = ). 1) Let X be a topological space. For the
sublattices CClL(X) and COp(X) of Baire(X) defined in 1.6.4) we refer to
8.1 below. 2) Let X be a semimetrizable topological space. One verifies
that C1(X) C (Op(X)), and hence that Op(X) C (CL(X))?. It follows
that C1(X) is upward o full and Op(X) is downward o full. 3) Let X be a
metrizable topological space. Then 2) implies that Comp(X) is upward o
full. This has been used for X = R" in 5.14.1) and 6.35.

7.9. EXERCISE. Let X be a Hausdorff topological space. Prove that

Cl(X) is always upward 7 full, and downward 7 full iff X is discrete;
Op(X) is always downward 7 full, and upward 7 full iff X is discrete.

This makes clear that the case e = 7 is much less important than the cases
e — %0,

We come to the decisive point. We start with the upward fullness con-
ditions.

7.10. PROPOSITION. Assume that & is upward e full. Let ¢ : & — [0, 00]
be isotone and modular with p(&) = 0. 1) ¢ is outer o tight. 2) If p < 0o
and p = p°*|G then ¢ is inner x tight.

Proof. Fix A C Bin 6. By 1.4.1) there exists a paving 9 C & of type o
with 9t T B\ A. 1) To be shown is ¢(A)+¢*(B\A) < ¢(B). We can assume
that ¢(B) < co. For S € M we have p(A4) + ¢(S) = p(AUS) < p(B). It
follows that

P(A) +*(B\ A) = p(A) + ;gg;ﬂ(b”) < o(B).

2) To be shown is p(B) < ¢(A) + ox(B\ A). Now {AUS:SeM} CSis
a paving of type e with T B, so that by assumption sup (AU S) = ¢(B).
Sem

From (AU S) = ¢(A) + p(S) for S € M we obtain

p(B) = ¢(A) + sup p(5) = p(4) + (B \ A).
Sem
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7.11. REMARK. We emphasize that

o) if & is upward o full then ¢ need not be outer * tight;
7) if & is upward 7 full then ¢ need not be outer o tight.

Thus assertion 1) cannot be improved in this respect. For counterexamples
we refer to 5.12: In a Hausdorff topological space X let a € X and ¢ :=
34|Cl(X). o) If X is metrizable then C1(X) is upward o full by 7.8.2). But
if a is not an isolated point of X, that is if {a} ¢ Op(X), then ¢ is not
outer * tight by 5.12.2). 7) Cl(X) is always upward 7 full by 7.9. But if
{a} ¢ (Op(X)), then v is not outer o tight by 5.12.2).

The main consequence which follows will be restricted to the case ¢ = o.
The case ® = x would be contained in the earlier 5.13 and 6.33, and the
case ¢ = 7 would be more involved and seems to be without substantial
applications.

7.12. THEOREM. Assume that & is upward o full. Let ¢ : & — [0, 0]
be isotone and modular with ©(@) = 0 and ¢ = ¢7|S. 1) ¢ is an outer o
premeasure. 2) If ¢ < oo then ¢ is an inner o premeasure.

Let us add at once that for ¢ < oo it follows from 7.5 that €(¢?) =
C(ps) =: € and ¢7(A) = p,(A) for all A € €N (C &7).

Proof. 1) is clear from 7.10.1) and the conventional outer main theorem
5.11. 2) By 7.10.2) and the conventional inner main theorem 6.31 we have
to prove that ¢,(@) = 0. By 1) ¢ is an outer o premeasure. Now consider
a countable paving MM C & with 9 | @. To be shown is Slggfﬁap(S) =0. We

fix E € M. Then likewise M(E) := {S € M: S C E} C & is a countable
paving with | @. To be shown is of course 5 igjltf(’E)ap(S) = 0. By assumption
€

we have {E\ S : S € M(E)} C &7, and this is a countable paving with
TE e & C &2 Thus we have

sup @7 (E\S) = ¢?(E) = ¢(E).
SeM(E)

In view of 07 (E '\ S) = ¢(E) — ¢(S) for S € M(FE) this is the assertion.

7.13. EXERCISE. The above theorem becomes false in both parts when
instead of ¢ = ¢7|& one assumes that ¢, (@) = 0. In fact, we shall construct
set functions ¢ : & — [0, 0o[ on upward o full lattices which are isotone and
modular with ¢(2&) = ¢,(&) = 0 but do not fulfil p = p7|&.

Let X be a Hausdorff topological space and a € X such that {a} is not
open but € (Op(X)),. 1) Construct a set function ¢ : C1(X) — [0, co[ which
is isotone and modular with ¢(&) = 0 but not upward o continuous. Hint:
Consider on the real vector space B(X,R) of the bounded functions X — R
the sublinear functional ¥ : B(X,R) — R, defined to be

Y(f) = limsupf(x) := inf{sup(f|U \ {a}) : @ € U open C X}.
r—a
Let after Hahn-Banach ¢ : B(X,R) — R be a linear functional < ¢. Note
that ¢ < 9 < sup. Then define ¢ : CI(X) — [0, 00[ to be ¢(A) = ¢(xa) for
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A € ClI(X). Consider for a sequence of open U; | {a} the sequence of the
closed subsets U/ U {a}. 2) If in particular X is compact then ¢ must be o
and even 7 continuous at .

Let us reformulate the last theorem in order that it looks like the classical
Carathéodory extension theorem. The latter theorem is the upper closed
path under the assumption that G be a ring, and likewise the earlier 5.13
for e = 0.

7.14. REFORMULATION. Assume that & is upward o full. Let ¢ : & —
[0, 0] be isotone and modular with (@) = 0. Then we have the implications
as shown below (the simple arrows are obvious implications).

@ can be extended to cmeasure on o algebra which is outer regular &%

fr !
@ is upward o continuous <« ¢ can be extended to cmeasure on o algebra
I p<oo T

@ can be extended to cmeasure on o algebra which is inner reqular G,.

We turn to the counterparts for the downward fullness conditions.

7.15. PROPOSITION. Assume that & is downward e full with @ € &. Let
v : 6 — [0,00] be isotone and modular with (&) =0. 1) If ¢ < co then ¢
is inner o tight. 2) If ¢ is almost e continuous at & then ¢ is outer x tight.

Proof. Fix A C B in &. By 1.4.1) there exists a paving 9 C & of type
e with M | B\ A. We can assume that S C B VS € M. 1) To be shown
is o(B) £ @(A) + p2(B\ A). For S € M we have AU S = B and hence
©(B) S o(B)+p(ANS) =9p(AUS)+o(ANS) = p(A)+ ¢(S). It follows
that
P(B) < plA) + inf o(8) < p(4) + $L(B\ 4),

2) To be shown is ¢(A)+¢*(B\ A) < ¢(B). We can assume that p(B) < oco.
Then {ANS : S € M} C & is a paving of type o with | @, and all its
members have ¢(-) < oco. Hence by assumption inf ¢(ANS) = 0. For
S € 9 now sem
P(B) +9(ANS) = p(AUS)+p(ANS)
= G(A) +9(S) Z ¢(A) + 9" (B\ A).
The assertion follows.

7.16. THEOREM. Assume that & is downward o full with @ € &. Let
v & — [0,00] be isotone and modular with (&) = 0, and almost o
continuous at @. 1) If p < oo then ¢ is an inner o premeasure. 2) If ¢ is
semifinite above then ¢ is an outer o premeasure.

Let us add as before that for ¢ < co we obtain from 7.5 that €(¢?) =
C(po) =: Cand 97 (A) = p,(A) for all A e €N (C &7).

Proof. 1) In view of ¢ < co we have (@) = 0. Hence the assertion
is clear from 7.15.1) and the conventional inner main theorem 6.31. 2) By
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7.15.2) and the conventional outer main theorem 5.11 we have to prove that
© = ¢7|6. Since ¢7|G < ¢ by 4.1.1)2) we have to show that ¢ < ¢7|&; and
since ¢ is assumed to be semifinite above it suffices to show that p(A) <
¢7(A) for all A € & with p(A) < co. To achieve this we pass from & to
T := [p < o0] C & which is a lattice and downward o full with @ € ¥ as
well. Also ¢ := ¢|T < oo is isotone and modular with ¢ (&) = 0, and o
continuous at &@. By 1) therefore 9 is an inner o premeasure. Now fix A € &
with p(A) < oo, that is A € . We have to show that sup ¢(S) = sup(S)
Sem Sem

is 2 p(A) = ¥(A) for each countable paving MM C & with 9 1 A, which

implies that 9 C ¥. By assumption we have {A\ S : S € M} C %, and

this is a countable paving with | @. Hence gngnz/;g(A \ S) = 0. In view of
€

P (A\S) = P(A) —(S) for S € M this means that sup)(S) = ¢ (A). The
proof is complete. Sem

7.17. EXERCISE. Assertion 2) becomes false without the assumption that
¢ be semifinite above, even if G is a ring. Hint for a counterexample: Let
X be an infinite countable set, and let & consist of its finite and cofinite
subsets. Define ¢ : & — [0, 00] to be p(A) = 0 if A is finite and p(A) = oo
if A is cofinite.

As before we conclude with an obvious but useful reformulation.

7.18. REFORMULATION. Assume that & is downward o full with @ € &.
Let ¢ : 6 — [0, 00] be isotone and modular with (&) = 0. Then we have the
implications as shown below (the simple arrows are obvious implications).

@ can be extended to cmeasure on o algebra which is outer reqular G°
1 o semifinite above l
@ s almost o cont at @ «—  can be extended to cmeasure on o algebra

¢ <oo T
@ can be extended to cmeasure on o algebra which is inner reqular S,.

Bibliographical Annex

The present subsection attempts to describe the development of the exten-
sion theories for contents and measures on the basis of lattices and of outer
and inner regularity. We shall restrict ourselves to the conventional outer
and inner situations in the above sense, because we know of no prior work
in the full situations of isotone set functions with values in R or R. To be
sure, there has been extensive work devoted to set functions with values
in complete abelian Hausdorff topological groups, after the model of Sion
[1969]. But in these papers the words isotone and regular do not occur,
or at least attain different characters. Therefore we consider this work to
be a domain on its own, and specialize its results to isotone set functions
with values in [0, 00[C R. In compensation, the results will be considered to
include regularity in the relevant sense whenever this can be read from the
context.
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Most of the papers to be discussed fall into the frame of the outer and
inner e extensions for ¢ = x0T, as defined at the outset in sections 4 and
6 above. The exceptions are the paper of Pettis [1951] cited in the intro-
duction, and the extension procedures which follow the traditional two-step
model of topological measure theory, in short from compact subsets via open
subsets to arbitrary subsets. These contributions culminate in the work of
Sapounakis-Sion [1983][1987] which will be discussed hereafter.

At present we start to formulate a scheme in order to describe the results
of the former papers. The scheme is shaped after the conventional outer and
inner main theorems 5.11 and 6.31, except that their properties 5) and 5)5’)
will be dropped and incorporated into 4). Let & be a lattice with @ € &.
Assume that

in the outer situation (=:out): ¢ : & — [0, o0 is isotone and submodular

with (@) =0,
in the inner situation (=:inn): ¢ : & — [0, oo is isotone and supermodular
with ¢(@) = 0.

For fixed out/inn and ¢ = xo7 we consider the properties of ¢ which follow.

(1) ¢ is an outer/inner ® premeasure, that is ¢ has outer/inner o extensions.

It is equivalent to require that ¢ has an outer/inner e extension which is
for e =% : a ccontent on an algebra,

fore =01 : a cmeasure on a o algebra.

The other properties of ¢ are with respect to a further isotone set function
¢ P(X) — [0, 00]. The formation €(¢) is as defined above.

(2 for ¢) ¢|€(¢p) is an outer/inner o extension of ¢ which is

for e =% : a ccontent on an algebra,

fore =07 : a cmeasure on a o algebra.

(3 for ¢) ¢|€(p) is an extension of ¢ in the crude sense.

(4 for ¢) (B) = ¢(A) + ¢(B\ A) for all AC B in &.

We consider one more condition for ¢ with respect to ¢.

(U for ¢) Each outer/inner e extension of ¢ is a restriction of ¢|&(¢p).

We note the obvious implications
(2 for ¢) = (1)

| 4 (U for ¢)
(2 for ¢) = (3 for ¢) = (4 for ¢).

The most important of the above properties for ¢ is of course (1). For a
subordinate set function ¢ the most valuable properties are (2 for ¢) and
(U for ¢), because their combination means that ¢ dominates the set func-
tion ¢ in the formation of extensions of the respective kind. On the other
hand the most direct and simplest of the properties of ¢ relative to ¢ is of
course (4 for ¢). Therefore the most needed implications are (4 for ¢) = - -,
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in order to obtain sufficient conditions for (1), and (1) = ---, in particular
(U for ¢), in order to have necessary conditions for (1).

Before we describe the historical development we recall that the present
conventional outer main theorem 5.11 asserts that in the outer cases @ = xo7
the properties (1) and (2 for ¢*®), (3 for ¢°*), (4 for ¢®) are equivalent,
provided that in case @ = 7 one adds to (4 for ¢") the requirement that ¢
be upward essential. Furthermore 5.1 says that (U for ¢*) holds true. The
present conventional inner main theorem 6.31 combined with 6.18 asserts
the same in the inner cases ® = xo7 with respect to ,, this time without
addendum in case ¢ = 7. A provisional announcement of these facts was
in Ko6nig [1992c]. We do not have to come back to the outer case ¢ = 7,
because it has not been treated before.

In the outer and inner cases ® = % the results have been in the literature
for quite some time in more or less comprehensive versions. See for example
Topsge [1970b] theorem 4.1 and Adamski [1984b] section 2. But the author
has not seen the complete formulations before Konig [1992b] theorem A13.

We turn to the outer and inner cases ¢ = o. We have to restrict our-
selves to the basic achievements of the individual papers, perhaps with small
simplifications. As the earlierst paper we mention Choksi [1958], because it
comprised several previous results. Its theorem 1 asserts that

inn: (4 for ¢,) and & o compact = (1).

The leap forward around 1970 started in Topsge [1970a] theorem 1 and
[1970b] section 2 (and notes to section 5) with the results

inn: (4 for ¢,) and ¢ o continuous at & = (2 for ¢,) and (U for ¢,),

when & fulfils No,

inn: (4 for ¢,) and ¢ o continuous at & = (2 for ¢(,)),
with ¢(,) and its relatives as defined after 6.10 and 6.11. Kelley-Srinivasan
[1971] proved in corollary 2 that

out: (4 for ¢°) = (2 for ¢°) and hence < (2 for ¢°),
for the Carathéodory outer measure ¢° as defined in the introduction. Thus
of course (4 for ¢°) = (1). The authors claimed without proof that even
(4 for ¢°) < (1), but the present author cannot see this. In propositions 8
and 9 they proved via ¢° that

out: (4 for ¢*) and ¢ upward o continuous < (1), when & fulfils Uo,

inn: (4 for ¢,) and ¢ o continuous at & < (1), when & fulfils No.
Ridder [1971][1973] proved the last implications = under the assumption
that & fulfils both Uos and No. Then Kelley-Nayak-Srinivasan [1973] ob-
tained an independent proof of the result of Topsge [1970b] that

inn: (4 for ,) and ¢ o continuous at @ = (2 for ¢(4)).

The conditions Uo and No for & are of course severe restrictions which often
are not fulfilled.

From the present text we know that beyond these restrictions the con-
verses --- = (4 for ¢*) and --- = (4 for ¢,) of the above assertions are all
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false. From 5.14 we see that in the outer situation even A : & = Comp(R") —
[0, 00[ is a counterexample. This expresses the basic inadequacy of the for-
mations ¢* and @, for the treatment of @ = o7.

To this line of papers we add the work of Lipecki [1974], who in the
frame of abstract-valued set functions as described above proved an extended
version of the last-mentioned result.

At last we quote from Adamski [1982] the two results

out: (4 for ¢*) and ¢ upward o continuous = (2 for ¢°),
inn: (4 for ¢) and ¢ o continuous at & = (2 for ¢(,)),

declared as direct counterparts. These results are contained in the former
ones, the first one since its hypothesis implies at once (4 for ¢°). We quote
the results in their combination as an example for the odd kind of monopoly
which the Carathéodory outer measure held in the outer situation, in spite
of what we have said in the introduction. Another example is a note in the
recent book of Kelley-Srinivasan [1988] page 20 which says that, in a certain
sense, the properties (4 for ¢°) and (4 for ¢,) are dual to each other.

We remain in the outer and inner cases ¢ = o. The next papers were
essential improvements, because of results in which ¢* and ¢, as well as °
did no more occur. The main results in Fox-Morales [1983] theorems 3.16
and 3.10 were

out: (4 for ¢(?)) and ¢ upward o continuous = (1),
inn: (4 for ¢(,)) and ¢ downward o continuous = (1).

Then Gaina [1986] proved

out: (4 for ¢(?)) and ¢ upward o continuous < (2 for (@),
inn: (4 for ¢(,)) and ¢ downward o continuous < (2 for ¢(,)).

Both papers were in the frame of abstract-valued set functions, the first one
still based on Sion [1969]. The independent work of Konig [1985] theorems
3.3 with 3.1 and 3.4 with 3.2 obtained

out: (4 for ¢?) & (2 for ¢7), and furthermore (U for ¢7),
inn: (4 for ¢,) < (2 for ¢, ), and furthermore (U for ¢,),

and hence the full results as in the present text. We emphasize that the
important fortified counterparts 7.14 and 7.18 of the classical extension the-
orem can be deduced from the last three papers, but not from the earlier
ones. Their essence is in Konig [1985] theorems 3.8 and 3.9.

In the outer and inner cases ® = ¢ it remains to review the work of
Glazkov [1988] which stands somewhat apart. It assumed an arbitrary
paving & with @ € & and an arbitrary set function ¢ : & — [0, 00| with
©(@) = 0, and defined besides ¢° the somewhat brutal inner counterpart
o : P(X) — [0, 00] to be

wo(A) = sup{Zgo(Sl) :S1,-++, S, € 6 pairwise disjoint C A}.
=1
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As far as the present author knows, this formation had been considered in
earlier decades, but was later abandoned because of severe unsymmetries
with ¢°. Nevertheless the paper obtained some notable results, based on
appropriate definitions of outer and inner tightness. The outer result says
that ¢°|€(¢°), which is known to be a cmeasure on a o algebra, is an exten-
sion of ¢ iff ¢ is outer tight. However, the inner counterpart on ¢,|€(¢,)
is not an equivalence assertion but restricted to certain sufficient conditions
which, except the requirement that ¢ be inner tight, do not look adequate
for an equivalence assertion. Thus there is not much hope for symmetry
based on the formations ¢° and .

The review of the inner case e = 7 is short. Prior to the present text
we quote the work of Topsge [1970ab], also reproduced in Pollard-Topsge
[1975]. It was our model in that it aimed at a uniform treatment of the
three cases @ = xo7. Thus Pollard-Topsge [1975] theorem B asserts that

inn: (4 for ,) and ¢ e continuous at & = (2 for ¢,)).

The converse < is false for @ = 7 as it has been for ¢ = ¢. There are also
parts of the present comparison theorems 6.24 and 6.25 in Topsge [1970b)]
theorem 5.1, and of the present 7 continuity theorem 6.27 inTopsge [1970b)]
lemma 2.3. At last Topsge [1970a] lemma 1 seems to be the ancestor of the
results like the present lemma 6.30.

At the end of the subsection we want to discuss the work of Sapounakis-
Sion [1983][1987] as announced above. The concern here is Sapounakis-Sion
[1987] part I with the fundamental theorem 1.1 and its corollaries. We shall
later comment on certain applications. The reproduction will be a free one
in certain minor points.

The situation is that of a two-step extension procedure. Assume that &
and ¥ are lattices in X which contain @ and fulfil & C €T 1, and let ¢ :
S — [0,00[ be an isotone set function with (@) = 0. We form ) := ¢,|%,
so that ¢ : T — [0, 00] is an isotone set function with (&) = 0. The aim is
to obtain a cmeasure « : A — [0, 00] on a o algebra 2 with the properties

I) A D &, and A D ¥ and hence A D T7;

IT) a|6 = ¢, and « is inner regular & at T and outer regular 7.
Although this task seems to be quite different from those in the present text,
we shall see that it can be incorporated into our extension theories. We do
this with the next theorem which is based on the main results of the present
chapter.

7.19. THEOREM. Assume that & is upward enclosable [t < co] = [px|T
< o0]. Then there ezists a cmeasure o : A — [0,00] on a o algebra A with
the above properties DII) iff

i) @ is supermodular and inner x tight, and

ii) ¢ = p|T is submodular and upward o continuous.

In this case ¢ is an outer o and x premeasure, and °|E(Y7) is as re-
quired. Furthermore each cmeasure o which is as required is a restriction of

P7|E(7).
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This theorem can serve as a substitute for Sapounakis-Sion [1987] theo-
rem 1.1 and some of the subsequent results. The main differences are that
these authors on the one hand postulate o := ¢°|€(¢)°) from the start, and
on the other hand do not present equivalence theorems in concrete terms
like the above one, but are content with sufficient conditions.

Proof of the theorem. We first assume that a : 2 — [0, 00] is a cmeasure
on a o algebra 2 with the properties I)II). Then «|¥ is an outer ¢ premeasure
with a|T = (a|6)«|T = ¢«|T = 1. Thus 9 is an outer o premeasure, and
hence in particular fulfils ii). We see from 5.1 that « is a restriction of
Y7|€(¢7). Thus ¢7|€(y7) fulfils I)IT) as well. Now we have to prove i).
Since ¢ = «|& is modular it remains to show that it is inner * tight. To
see this fix A C B in &, and then 7' € ¥ with a(T") = ¢(T) < oo such that
BCT. Inviewof & C TTL we have T\ A € %, of course with a(T\ 4) < oo.
We fix ¢ > 0 and then K € & with K C T'\ A and (T \ 4) < o(K) + &.
Now
a(B\A)+a(T\B)=a(T\A) L a(K)+e=a(KNB)+a(KNB') +e,
with all terms finite. On the other hand

KNBe& with KNBC ANB=B\A,
KnB' cTnNnB =T\B.
It follows that a(B \ A) < «(K N B) + ¢. Therefore
p(B) —¢(4) = aB)-a(d)=a(B\A)=a(KNB)+e
= @(KNB)+e=e(B\A) e,
and hence the assertion.

We next assume that ¢ and ¢ fulfil i)ii). We first prove
(0) ex(BNA)+9y*(BNA") S 9(B)=¢u(B) for AC X and B € .

We can assume that ¢(B) = ¢.(B) < oo and hence ¢, (BN A) < co. We
fix € > 0 and then S € & with S C BN A such that o, (BN A) < ¢(S) + €.
Now

©x(B) = 0u(B) + 0u(@) Z (BN S) + (BN S,

since @, is supermodular by 6.3.5). Here we have on the one hand
BN S =S and hence p,(BNS) =¢(S) = p(BNA) —e.
On the other hand BN S’ € ¥ in view of & C T L; furthermore
BnS > BN A and hence o, (BN S') =¢(BNS') Zy*(BnA).
It follows that ¢, (B) = p«(BNA) — e+ ¢*(BNA’). Thus (0) is proved.

Now (0) will be applied three times. 1) From (0) for A C B in T we
see that 1 is inner x tight and hence inner ¢ tight. Therefore v is an inner
* and o premeasure. From 5.8.0) we know that €(¢*) C €(¢7), and from
5.9.0) that Y*(M) = (M) for all M € &€(¢*) with ¢*(M) < oo. Thus
a = Y?|€(yY7) is a cmeasure on a o algebra O T which is outer regular 3°.
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Furthermore we know from 5.11 that &1 C T =TT C €(y*) C ()
and hence & C €(¢*) C €(¢7).

It remains to prove o|& = . In fact, then we have also (|6),|T =
©«|T =1 = |F, that is « is inner regular G at . To see the assertion fix
A € &. By assumption there exists B € [¢) < oo] C ¥ with A C B. 2) From
(0) and ii) with 4.1.5) we have

pu(BNA)+y*(BNA) Y(B) = ¢*(B) +¢*(9)
P(BNA)+y* (BN A,
so that BN A = A furnishes p(A4) < 1*(A4). 3) From (0) applied to A" and
B and from A € & C €(p,) in view of i) we obtain

ox(BNA) +9*(BNA) S pu(B) = ou(BNA) + (BN A),
with all terms finite. Thus BN A = A furnishes ¢*(A4) < p(A). Therefore
we have ¢(A) = *(A) < oo and hence ¢(A) = 97 (A) = «(A). The proof
is complete.

S
S

We mention at last that in Sapounakis-Sion [1983][1987] one requires but
U for & and N for ¥, instead of & and ¥ to be lattices as above. Maurice
Sion has pointed out to the author that it is a benefit of the Carathéodory
outer measure that it permits to start with pavings which fulfil N but need
not be lattices. This aspect can of course become relevant, but it is expected
that the last subsection of the present section 3 will be able to take care of
it as well.



CHAPTER III

Applications of the Extension Theories

The most important consequences of the extension theories of chap-
ter II appear to be the representation theorems of Daniell-Stone and Riesz
type which will be obtained in chapter V. The present chapter is devoted
to a few direct applications of the extension theories to different areas in
the domain of set functions. All these are central areas of rich tradition and
extensive literature. We do not intend to compete with them in technical
depth and sophistication. We rather want to show that certain basic ideas
and results come as natural outflows from the above theories. We shall ar-
rive at certain forms which are more comprehensive and simpler, and also
more explicit than those found in the literature so far. An example is the
extension of the capacitability theorem due to Choquet in section 10. In
most but not all cases we shall be concerned with the conventional outer
and inner situations.

8. Baire Measures

Let X be a topological space. We recall from 1.2.8) and 1.6.4) the lattices
COp(X) € Op(X) and CCI(X) C CI(X) and the o algebras Baire(X) C
Bor(X) in X. One defines the

Borel measures on X to be the cmeasures « : Bor(X) — [0, oo],
Baire measures on X to be the cmeasures « : Baire(X) — [0, o0].

The two kinds of measures have much in common, but also distinctive pecu-
liarities. The present section concentrates on certain fundamentals for Baire
measures.

Basic Properties of Baire Measures

We collect some essential properties of the lattices COp(X) and CCI(X).

8.1. PROPERTIES. 1) COp(X) and CCU(X) are lattices which contain
@ and X, and CCl(X) = (COp(X))L. 2) COp(X) has Uo, and CCl(X)
has No. 3) CCI(X) C (COp(X)), and COp(X) C (CCI(X))?. 4) CCI(X)
is upward o full, and COp(X) is downward o full. 5) Assume that X is
completely regular. Then C1(X) = (CCl(X)),; and Op(X) = (COp(X))".
6) Assume that X is normal. Then for each pair B € C1(X) andV € Op(X)
with B C V there exist A € CCl(X) and U € COp(X) with BCU C AC
V. T) Consider for A C X the properties
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i) A € COp(X);

ii) there exists a sequence of continuous f; : X — [0,00[ with f; T xa;

ili) A € Op(X) and A € (CI(X))°.
Then 1)=-ii)=iii); and iii)=1) when X is normal. 8) Assume that X is
semimetrizable. Then COp(X) = Op(X) and CCI(X) = CI(X), and hence
Baire(X) = Bor(X).

Proof. 1) is known from 1.6.4). 2) We prove the first assertion. Let
(A;); be a sequence in COp(X). We can assume that 4; = [f; > 0] for some
f1€ C(X,R) with 0 < f; £ 1. Then

fi= Z%f; € C(X,R) with | J4 =[f> 0] € COp(X).
=1 =1

3) Once more we prove the first assertion. The set A € CCI(X) of the form
A = [f £ 0] for some f € C(X,R) is the intersection of the sets A; :=
[f < 1/l] € COp(X)Vl € N. 4) follows from 1)3). 5) The assumption
means that for each pair A € CI(X) and u € A’ there exists a function
f € C(X,R) with f|A <0 and f(u) > 0. Thus A C [f £ 0] € CCI(X) and
u ¢ [f £ 0]. This implies the assertion. 6) By the Urysohn lemma there
exists f € C(X,R) with BC [f <0/ C[f <1 CV. ThenU :=[f <1/2]
and A := [f < 1/2] are as required. 7) For i)=-ii) let A = [f # 0] for some
f € C(X,R). Then the f; := min(l|f|,1) VI € N are as required. ii)=-iii) We
have

o o0
A=Jlfi>01€Op(X), and A= J[fi 2 1] € (CUX))" for 0 < t < 1.
=1 =1
iii)=1) follows from 6). 8) is known from 1.6.4).
The result below shows in particular that the well-known regularity prop-
erties of Baire measures are immediate consequences of the extension theo-
ries of chapter II.

8.2. PROPOSITION. Let « : Baire(X) — [0, 00| be a cmeasure. 1) Define
S :={A e CClX):a(A) < oo} and ¢ := a|&. Then
i) & is a lattice with No which is upward o full.
ii)  is an outer and an inner o premeasure.
iil) €(p?) = €(ps) =: € D Baire(X), and o7 = ¢, on €N (C &7).
iv) o = Qo
V) 0x = 9o = a = ¢ on Baire(X).
Vi) ©r = 9o = a = ¢? on Baire(X) N (C &7).
In particular if X € &7 then « is inner reqular S.
2) Define T := {A € COp(X) : a(A) < o0} and ¢ := «|T. Then
i) T is a lattice which is downward o full.
ii) ¢ is an outer and an inner o premeasure.
iii) €(¢7) = €(¢,) =: € D Baire(X), and 7 = ¢, on €N (C T7).
iv) 7 =¥
V) Yo = a S 97 =9* on Baire(X).
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vi) ¥ = a =97 = p* on Baire(X) N (C 7).

In particular if X € %% then « is outer reqular . Note that « is outer
regular T iff it is outer regular COp(X).

Proof of 1). i) follows from 8.1.1)2)4), and hence ii) from 7.12. iii)
follows from 7.5 and from CCl(X) C 6T6 C €(¢?) = €(p,) in 5.11 and
6.31. iv) follows from 6.5.iv). Then v) results from 7.1.0), and vi) from 7.5.

Proof of 2). i) follows from 8.1.1)2)4), and hence ii) from 7.16. iii)
follows from 7.5 and from COp(X) C TTT C €(¢7?) = €(¢,) in 5.11 and
6.31. iv) follows from 4.5.iv). Then v) results from 7.1.0), and vi) from 7.5.

8.3. EXERCISE. We have T° C &7, but the converse need not be true. It
fact, it can happen that X € 67 and « is not outer regular ¥, which implies
that X ¢ . One can even achieve that X is compact Hausdorff. Hint for an
example: Let X := NU{oo}. Define Op(X) to consist of all subsets of N and
of all cofinite subsets of X which contain co. Note that CCl(X) = CI(X)
and that Baire(X) = P(X). Let o : Baire(X) = P(X) — [0,00] be the
counting measure, that is a(A) = #(A) for all A C X.

8.4. EXERCISE. Give an alternative proof of the two assertions

©x(A) = a(A) for all A € Baire(X) upward enclosable &7,
Y*(A) = a(A) for all A € Baire(X) upward enclosable T,

which instead of 7.5 uses the classical uniqueness theorem 3.1.0) (plus certain
facts around the transporter theorem).

8.5. ADDENDUM. 1) ¢, = ¢, = @ on [a < 00]?.
ii) px = o = a on Baire(X) iff « is semifinite above.

Therefore « is inner reqular & iff it is semifinite above.

Proof. i) It suffices to prove that a(A) < pu(A) for A € [ < o0]. To
see this one applies 8.2.1) to the finite Baire measure S — a(S N A) and to
A. Then

a(A) = sup{a(SNA):SeCClX)with S C A}
= sup{a(S):S5 €6 with S C A} = ¢, (A).

ii) It « is semifinite above then i) implies that a(A) < ¢,(A) for all A €
Baire(X). On the other hand if ¢, = ¢, = « on Baire(X) then « is
semifinite above by the definition.

The most important point in the present subsection is the extension
of set functions defined on CCl(X) and COp(X) to Baire measures. The
positive results below are immediate consequences of the former theorems
7.12=7.14 and 7.16=7.18. Note that each version contains some construction
of the Lebesgue measure.

8.6. THEOREM. Let ¢ : CCI(X) — [0, 00] be isotone and modular with
©(2) =0, and upward o continuous.
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1) There exists a unique cmeasure « : Baire(X) — [0, 00] which extends ¢
and is outer reqular (CC1(X))?. This is « = ¢?|Baire(X). It need not be
outer regular COp(X).

2) Assume that ¢ < o0o. Then there exists a unique cmeasure « : Baire(X) —
[0, 00] which extends ¢. This is

a = p,|Baire(X) = ¢,|Baire(X) = ¢7|Baire(X).
It is o < 0o and hence outer reqular COp(X) and inner reqular CCL(X).

Proof. 1) The lattice CCI(X) is upward ¢ full by 8.1.4). Thus ¢ is an
outer o premeasure by 7.12.1). The assertion follows from the conventional
outer main theorem 5.11. The example constructed in 8.3 shows that «
need not be outer regular COp(X), even when X is compact Hausdorff.
2) The existence assertion follows from 1). Let now [ be any Baire measure
extension of ¢. Then 3 < oco. By 8.2.1) g is inner regular CCl(X) and hence
unique, and we have 3 = o, |Baire(X) = . |Baire(X). Furthermore 8 must
be the extension a = ¢7|Baire(X) obtained in 1). At last it is outer regular

COp(X) by 8.2.2).

8.7. THEOREM. Let ¢ : COp(X) — [0, 00| be isotone and modular with
©(@) = 0, and o continuous at &. Then there exists a unique cmeasure
« : Baire(X) — [0, 00| which extends ¢. This is

a = ¢*|Baire(X) = ¢7|Baire(X) = ¢, |Baire(X).
It is o < 0o and hence inner reqular CCL(X) and outer reqular COp(X).

Proof. The lattice COp(X) is downward o full by 8.1.4). Thus ¢ is an
inner o premeasure by 7.16.1). From the conventional inner main theorem
6.31 it follows that a := ¢,|Baire(X) is a cmeasure which extends ¢. Let
now [ be any Baire measure extension of . Then § < co. By 8.2.2) g is
outer regular COp(X) and hence unique, and we have § = ¢*|Baire(X) =
©7|Baire(X). Furthermore 3 must be the extension a = p,|Baire(X) ob-
tained above. At last it is inner regular CCl(X) by 8.2.1).

8.8. REMARK. Theorem 8.6 becomes false when one replaces the as-
sumption that ¢ be upward ¢ continuous by the assumption of 8.7 that ¢
be < 0o and ¢ continuous at &. In fact, the example constructed in 7.13
shows that ¢ then need not be upward ¢ continuous.

8.9. BIBLIOGRAPHICAL NOTE. The author found no traces of 8.6 and
8.7 in the literature prior to his [1985]. A posteriori one sees that part
of 8.6 and 8.7 could have been obtained from Topsge [1970a] and Kelley-
Srinivasan [1971], though on different paths. We restrict ourselves to 8.6,
and have to assume that ¢ < co. From the assumptions one deduces on the
one hand that ¢ is inner * tight, as noted in 7.10.2), and on the other hand
that ¢ is o continuous at &, which requires some nontrivial manipulation.
Then the results of the above papers imply that ¢ has a Baire measure
extension o which is inner regular CCl(X). Thus one obtains 8.6.2) except
that o = p7|Baire(X). Also 8.6.1) does not seem to be accessible.
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Inner Regularity in Separable Metric Spaces

The subsequent result is restricted to metric spaces, where the Borel and
Baire formations are known to be identical. It serves to prepare the famous
theorem 9.9 in the next section.

Let X be a metric space with metric d. As usual we form for a € X and
>0

the open ball V(a,¢) := {zr € X : d(a,z) <}, and

the closed ball V(a,d) :={z € X : d(a,z) < 0}.
We recall the relevant notions and results. A subset M C X is called
dispersed (or verstreut) iff there exists § > 0 such that d(u,v) = ¢ for all
pairs u,v € M with u # v. It is a fundamental fact that for a subset A C X
the three properties below are equivalent.

1) For each § > 0 there exists a finite ' C A such that A C |J V(u,9).
2) Each dispersed subset of A is finite. uel
3) Each sequence in A has a subsequence which is a Cauchy sequence.

In this case A is called precompact (or totally bounded). It follows
that A is compact iff it is precompact and complete. But note that neither
precompactness nor completeness is a topological notion. The theorem in
question then reads as follows.

8.10. THEOREM. Assume that X is a separable metric space. Let « :
Baire(X) = Bor(X) — [0, 00] be a cmeasure which is semifinite above, that
is inner regular

S :={A e CCIX)=ClX): a(A) < cx}.
Then « is inner regular
{A € CCl(X) = CI(X) : A precompact with a(A) < oo}.
Proof. 1) We first assume o < co and prove that
a(X) = sup{a(A) : A € CI(X) precompact }.

Let {u; : | € N} be a countable dense subset of X and § > 0. For fixed
n € N we have X = lfj V(u;,1/n). Hence there exists k(n) € N such that

=1

k(n)

B, := U V(u,1/n) fulfils a(B,) = a(X) —§/2" or a(B)) < §/2". Let
=1

Ap:=BiN---NBy,. Then A, = B{ U---U BJ, and hence

a(A,) £ a(B) £5 or a(An) 2 a(X) 4.
p=1
Now A, | A € CI(X) and hence o(A4) = a(X) — 0. But A is precompact
since A C A,, C B, for all n € N. 2) We turn to the assertion of the theorem.
Fix B € Baire(X) = Bor(X) and a real ¢ < a(B). By assumption there
exists P € Cl(X) with P C B and ¢ < a(P) < co. We can apply 1) to the
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restriction «|Baire(P) = Bor(P), where Bor(P) = {M € Bor(X): M C P}
by 1.13.2). Thus there exists A C P closed and precompact in P, and hence
in X, such that ¢ < «(A). The assertion follows.

Extension of Baire Measures to Borel Measures

It is natural to ask whether and when a Baire measure « : Baire(X) — [0, oo
can be extended to Borel measures. This is known to be a hard problem.
The present subsection obtains an extension theorem which is an immediate
consequence of the extension theories of chapter II. It assumes a certain 7
behaviour and X to be completely regular, and connects the Borel and Baire
structures via 8.1.5). We note that there are extension theorems of different
type which are not based upon 7 theories. We shall postpone them until
section 19.

8.11. THEOREM. Assume that X is completely reqular. Let the cmeasure
« : Baire(X) — [0,00] be inner regular & := {A € CClI(X) : a(A) < oo},
that is semifinite above, and assume that ¢ := | is T continuous at <.
Then

1) ¢ is an inner T premeasure with €(p;) D Bor(X). The cmeasure 3 :=
or|Bor(X) extends a and is inner reqular &, = CI(X)N(C &). Furthermore
BICI(X) is almost downward T continuous.

2) Each cmeasure 9 : Bor(X) — [0, 00] which extends ¢ = a|& and is inner
reqular &, is = .

Proof of 8.11.1). By the assumptions ¢ is an inner x premeasure and
T continuous at &, and hence an inner e premeasure for ¢ = xo7 by the
conventional inner main theorem 6.31. Besides Baire(X) C €(p,) we see
from 6.31 that C1(X) = (CCl(X)), C 6TS,; C €(¢,) and hence Bor(X) C
C(¢r). By 6.24.7) and 6.25.7) ¢,|€(p,) is an extension of ¢,|€(ps) and
hence of a@ = ¢,|Baire(X) = ¢,|Baire(X). Therefore 5 := ¢, |Bor(X) is
a cmeasure which extends « and is inner regular &,. By 8.1.5) we have
S, =Cl(X)N(C &). The last assertion follows from 6.27.

The proof of the second part requires a simple lemma.

8.12. LEMMA. Let & be a lattice with @ € &, and ¢ : G4 — [0,00] be
isotone with ¢(@) = 0. If ¢|G is e continuous at & then ¢ is ® continuous
at @ as well.

Proof of 8.12. Let 9 C &, be a paving of type e with 9 | @. By 6.6
there exists a paving 9 C & of type e with 91 | @ and Mt C (O M). Fix
N € M. There exists M € M with M C N and hence 0 < ¢p(M) < ¢(N).
Therefore

0= inf §(M) < ¢(N) andhence 0= inf 6(M)< inf 6(N).
The assertion follows.

Proof of 8.11.2). Let ¢ : Bor(X) — [0, 00| be a cmeasure which extends

© = |6 and is inner regular &,. Then ¢S, is an inner x premeasure, and
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7 continuous at @ by 8.12. Thus ¥|&, is an inner T premeasure and hence
downward 7 continuous. Therefore ¥ = ¢ = a =  on & implies that ¥ =
on G, and hence that ¥ = § since both sides are inner regular &... The
proof is complete.

We emphasize that we have not only proved the existence and unique-
ness of the desired Borel extension, but have also obtained a certain explicit
description. We turn to the special case a < oo which has a simpler formu-
lation, and then to the special case of a compact Hausdorff space X. The
latter case leads to Radon measures in the sense of the next section.

8.13. SPECIAL CASE. Assume that X is completely reqular. Let o :
Baire(X) — [0, 00] be a cmeasure such that ¢ := «|CCl(X) is T continuous
at . Then

1) ¢ is an inner T premeasure with €(p;) D Bor(X). The finite cmeasure
B = ¢, |Bor(X) extends o and is inner reqular C1(X). Furthermore 3|C1(X)
s downward T continuous.
2) Each cmeasure ¥ : Bor(X) — [0, oo[ which extends ¢ = o|CCI(X) and is
inner regular C1(X) is = .

8.14. SPECIAL CASE. Assume that X is a compact Hausdorff space. Let
o : Baire(X) — [0, 00[ be a cmeasure. Then
1) ¢ := a|CCIX) is an inner T premeasure with €(¢;) D Bor(X). The
finite cmeasure 3 := p,|Bor(X) extends o and is inner reqular C1(X). Fur-
thermore B|CU(X) is downward T continuous.
2) Fach cmeasure ¥ : Bor(X) — [0, oo[ which extends ¢ = o|CCl(X) and is
inner regular C1(X) is = .

8.15. BIBLIOGRAPHICAL NOTE. The essence of the extension theorem
8.11 is in Topsge [1970b] theorem 5.1. A similar result is in Sapounakis-
Sion [1987] theorem 7.2, in the spirit of the two-step extension method of
this work as described in the bibliographical annex to chapter II. It extends
the initial result of Knowles [1967] which was for finite Baire measures. An
ab-ovo proof of the compact special case 8.14 is in Dudley [1989] section 7.3.

For the extensive literature on Borel and Baire measures we refer to the
survey articles of Gardner-Pfeffer [1984] and Wheeler [1983].

The Hewitt-Yosida Theorem

In the last subsection we return to the abstract situation of a nonvoid set X.
We want to add another application of the notion of upward o full lattices.
We start with the classical decomposition theorem of Hewitt-Yosida [1952].

8.16. THEOREM (Hewitt-Yosida). Let ¢ : & — [0,00[ be a ccontent on
a ring 6. Then there exists a unique decomposition ¢ = & +n of ¢ into
ccontents £,m: & — [0, 00] such that

i) € is upward o continuous.

ii) n is o discontinuous in the sense that there is no nonzero upward o
continuous ccontent 9 : & — [0, co| with ¥ < n.
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We shall deduce from the outer o extension procedure of chapter II that
there is an identical result when & is an upward o full lattice. This extended
result will be a special case of a more comprehensive theorem. We need an
assertion which extends part of the conventional outer main theorem 5.11
for e = 0.

8.17. PROPOSITION. Let & be a lattice with @ € &, and ¢ : & — [0, 0]
be isotone and submodular with (@) = 0 as well as outer o tight. Then
S C €(p?).

Proof. Fix S € &. By 5.2 applied to P := {@} and Q := [p < oo we
have to show that

¢7(Q) 2 ¢7(QNS) +¢7(QNS) forall Q€ [p < ool;

here we used that @7 (&) = 0. So fix Q € [p < o0|. Let (5;); be a sequence
in & with S; T some V' D Q. Since ¢ is outer o tight we have ¢(S;) =
e(SiNS)+ ¢?(S;NS"). Now on the one hand (S; N S); is a sequence in
S with NS T VNS D>ENS, so that by definition llim e(SiNS) 2

©7(Q N S). On the other hand S;NS" T VNS, so that 4.7 implies that
llim @7 (S;NS") =p?(VNS") =2 7 (QNS"). Together we obtain llim o(S)) =
—00 —00

7 (QNS)+ ¢ (QNS"). The assertion follows.

8.18. THEOREM. Let G be a lattice with @ € 6, and ¢ : & — [0, 00] be
isotone and submodular with o(&) = 0 as well as outer o tight. Then

i) Y == 9?16 : & — [0,00] is an outer o premeasure with v < ¢ and
Y7 =g
i) If ¥ : & — [0,00] is isotone and upward o continuous with 9 < ¢ then

9 <.

Proof of 1). 1) % is isotone by 4.1.3) and submodular by 4.1.5), and
V(D) = ¢? (@) =0and ¢ < p by 4.1.1)2). By 4.7 ) is upward o continuous.
It follows that % =¥ = ¥ on &, hence ¢ = 7 on &7 and therefore on
P(X) by 4.1.4). ii) ¢ is upward o continuous, and by the above 8.17 we
have & C €(¢7) = €(¢»?). Thus v is an outer o premeasure. Proof of 2).
From the assumptions we obtain ¢ = 97|6 < ¢7|6& = 1.

The final assertion below is the announced extension of the Hewitt-
Yosida theorem.

8.19. THEOREM. Let & be an upward o full lattice, and ¢ : & — [0, 00|
be isotone and modular with p(&) = 0. Then there exists a unique decom-
position ¢ = £ +n of ¢ with §&,n: & — [0, 00[ isotone and modular (and of
course (&) = n(2) = 0) such that
i) € is upward o continuous.

i) n is o discontinuous in the sense that there is no nonzero upward o con-
tinuous isotone and modular ¥ : & — [0, oo with ¥ < 7.

Here we have £ = ¢7|6.
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Proof. 1) We have p = £ +n with £ := p? |G S pand =9 —& 2 0.
This decomposition is as required: i) ¢ is outer o tight by 7.10.1), and hence
¢ an outer ¢ premeasure by 8.18.i). In particular £ and 7 are modular. Of
course £ is isotone, but it is nontrivial that # is isotone. To see this note
that for A C B in & we have

§(B) —&(A) =¢7(B\A) =¢"(B\ A) = o(B) — p(A),

so that n(A) < n(B). ii) It remains to show that 7 is o discontinuous. Let
¥ : 6 — [0,00[ be as assumed. Then ¥ +§ < n+ & = ¢ is isotone and
upward o continuous. From 8.18.ii) we obtain ¢ + £ < £ and hence ¢ = 0.

2) It remains to prove the uniqueness assertion. Assume that ¢ =&+ 17
is any decomposition of ¢ with the required properties. Also put ¢ := 7|6
as in 8.18. i) From 8.18.ii) applied to ¥ := £ we obtain & < 1. ii) Therefore
¥ =1 — £ 2 0 is modular with $(&) = 0. We claim that 9 is isotone. Let
A C B in &, and consider a sequence (57); in & with S; T B\ A. Then
AUS; T B and hence

V(A) +¥(5) Y(AUS) T 9(B),

§(A) +¢(5) §(AUS) 1&(B).
From £(S;) < ¢(S)) we obtain {(B) —{(A) < ¥(B) —¢(A) or ¥(4) = I(B).
iii) Now ¢ := 4 — £ is upward o continuous and satisfies ¥ < 7 as well. By
assumption it follows that 9 = 0 or £ = ¢. The proof is complete.

8.20. BIBLIOGRAPHICAL NOTE. A result similar to 8.18 is in Sapouna-
kis-Sion [1987] theorem 12.1. It is restricted to the case that & has No
and that ¢ is bounded above, but on the other hand obtains a more refined
decomposition of ¢. It is an extension of the initial result due to Knowles
[1967] theorem 4.3 which was in the context of a completely regular topo-
logical space X.

9. Radon Measures

Let X be a Hausdorff topological space. The present section centers
around a particular class of cmeasures on X which has turned out to be the
most fundamental one. It descends from the lattice £ := Comp(X) C CI(X)
of the compact subsets of X.

Radon Contents and Radon Measures

We define a Radon content on X to be a ccontent a : 2 — [0, 00| on some
A C P(X) with & C A such that a|R < co and « is inner regular K. Thus
the restriction ¢ := «|R reproduces o = ¢,|A. When « is a cmeasure it is
called a Radon measure on X. It will be seen that Radon contents can be
extended to Radon measures and thus could be dismissed in principle. In
the literature the name Radon measure is often reserved for the Borel-Radon
measures « : Bor(X) — [0, co].
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The most natural problem is to characterize those set functions ¢ : R —
[0, 00[ which can be extended to Radon contents/measures, and then to
describe all these Radon contents/measures. It is plain that this problem
fits in the frame of our chapter II, and in fact it has been the historical
source of the entire development.

We recall at the start those properties of & which are decisive for the
present purpose. These properties are

I) R is a lattice with @ € R and R = R, = R, = &;.

IT) If 9 C R is a paving such that 9 | @ then @ € M, that is R is 7
compact as defined before 6.34.

Then section 6 implies the characterization theorem which follows. Part
of the enumeration has been borrowed from the conventional inner main
theorem 6.31.

9.1. THEOREM. Let ¢ : 8 — [0,00[ be isotone and supermodular with
©(@) = 0. Then the nine conditions below are equivalent.

i) ¢ can be extended to a Radon content.
ii) ¢ can be extended to a Radon measure
iii) ¢ can be extended to a (unique) Borel-Radon measure.
1e) @ is an inner e premeasure (& = xoT).
5’e) ¢ is inner o tight (e = %oT).
Under these conditions s = @, = @r. Furthermore ¢ := @e¢|€(we) is

a Radon measure extension of ¢ with €(pe) D Bor(X), and each Radon
content extension of @ is a restriction of ¢.

Proof. 1) The conditions 6.31.1) and 6.31.5") for ¢ = xo7 will be called
le) and 5’e). By the above I) then le) attains the form

le) ¢ can be extended to a Radon content and is downward e continuous.
By the above IT) and 6.34 we have po(2) = 0, so that 5’e) attains the form

5’e) ¢ is inner e tight.
It is obvious that 1x) <= 10) <= 17) and 5'x) = 5'0) = 5'7). Now 6.31 says
that 1e) < 5’e) for each @ = xo7. It follows that all these six conditions
are equivalent, and also equivalent to i)=1x). Furthermore it is obvious that
iil)=ii)=1).

2) Let us assume i) and hence the seven equivalent conditions as above.
From 6.5.iv) we obtain ¢, = ¢, = ¢,. Then the common maximal inner e
extension ¢ := @e|€(p,) is a Radon measure, and we have Cl(X) C RTR C

€(pe) and hence Bor(X) C €(p,). Thus we have iii). The last assertion
follows from 6.18. The proof is complete.

An isotone and supermodular set function ¢ : 8 — [0, oo[ with (&) =0
which fulfils the equivalent conditions of the last theorem will be called a
Radon premeasure. Thus if « : 2 — [0,00] is a Radon content then
@ := a|R is a Radon premeasure, and a = @e|2 with & C A C ().
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9.2. EXAMPLE. We have seen in 6.35 that A : Comp(R") — [0, 00] is
a Radon premeasure. Then 7.6 says that its maximal Radon measure ex-
tension Ae|€(Ae) is the Lebesgue measure A = \7|€(\7) = A?|L. Thus
A|Bor(R™) is its unique Borel-Radon measure extension.

9.3. THEOREM. Let ¢ : & — [0,00[ be a Radon premeasure and ¢ :=
©0e|€(pe). Then ¢|RTR is almost downward T continuous, and ¢|(RTRK)L
is upward T continuous.

Proof. This follows from 6.27 and 6.28.

9.4. CONSEQUENCE. Let o : Bor(X) — [0, 00] be a Borel-Radon measure.
Then o|Cl(X) is almost downward T continuous, and «|Op(X) is upward T
continuous.

It is remarkable that there is an assertion in the opposite direction.

9.5. LEMMA. Assume that ¢ : R — [0, 00[ is isotone with (&) =0 and
fulfils (AU B) < o(A)+ p(B) VYA, B € R, and is downward T continuous.
Then ¢ is inner  tight.

Proof. Fix A C B in &. To be shown is ¢(B) < ¢(A) + ¢« (B \ 4). i)
Define 971 C R to consist of all § € K such that UNB C S C B for some open
U D A. 9 is nonvoid since B € 9, and it has N. We claim that 9t | A.
To see this fix v € B\ A. Since A is compact there exist disjoint open U
and V with AC U andv € V. Thus S := BNV’ € AsatisiessUNB C S
and hence S € M. Since v ¢ S the assertion follows. ii) Now fix ¢ > 0. By
i) there exists S € 9 and hence an open U D A with U N B C S C B such
that ¢(S) < ¢(A)+¢e. Then S,BNU’ € &K with SU(BNU’) = B, and thus
by assumption

p(B) £ ¢(S)+@(BNU') < p(A) +e+9BNU").

But BNU' ¢ BNA" = B\ A and hence o(BNU') < ¢ (B \ A). The
assertion follows.

9.6. THEOREM. Assume that ¢ : R — [0, 00] is isotone and additive and
fulfils p(AUB) = p(A)+¢(B) YA,B € K. Then ¢ is a Radon premeasure
iff it is downward T continuous.

9.7. EXERCISE. 1) Let X be compact Hausdorff. If « : Bor(X) —
[0,00[ is a finite cmeasure such that a|Cl(X) is downward 7 continuous,
then « is a Radon measure. Hint: Compare o with the Borel-Radon
measure (a|Cl(X))e|Bor(X). 2) Let X be locally compact Hausdorff. If
a : Bor(X) — [0,00[ is a finite cmeasure such that a|Op(X) is upward 7
continuous, then « is a Radon measure. Hint: Look at the paving of those
open subsets of X which are contained in compact subsets of X.

It is a nontrivial question whether all reasonable Borel measures « :
Bor(X) — [0, 00] with a|R < oo are Radon measures. The next subsection
will reproduce the classical counterexample where X is a compact Hausdorff
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space. There are partial positive results in 9.7 above. The most famous
partial positive result is 9.9.ii) below where X is a Polish space.

We come to the notion of local finiteness. A Borel measure a : Bor(X) —
[0, 0] on a topological space X is called locally finite iff each point v € X
has an open neighbourhood U C X such that a(U) < oo. When X is
Hausdorff this implies that a|R < co. In several texts the definition of Borel-
Radon measures includes the requirement of local finiteness. The reason is
that for certain deeper results this restriction cannot be dispensed with.
The present text does not follow this habit. One basic reason is that the
Riesz representation theorem which will be obtained in chapter V involves
all Borel-Radon measures and not only the locally finite ones. Let us present
an example of a Borel-Radon measure which is not locally finite.

9.8. EXAMPLE. Let X be an infinite countable set with a Hausdorff
topology which is not discrete but in which all compact subsets are finite.
There are several simple constructions of this kind; see for example Konig
[1993]. Then of course Bor(X) = P(X), and the counting measure « :
Bor(X) = B(X) — [0,00] is a Radon measure. Let now a € X be a point
such that {a} is not open. Then all open neighbourhoods U C X of a must
be infinite and hence have «(U) = oo. Thus « is not locally finite.

Related to local finiteness is the famous partial positive result announced
above. One defines a Polish space to be a separable topological space
which is metrizable under a complete metric. This is a fundamental notion
in topology.

9.9. THEOREM. Let o : Bor(X) — [0,00] be a cmeasure on a Polish
space. 1) If a is semifinite above then it is inner reqular {A € K : a(A) < oo}.
ii) If a is locally finite then it is a Radon measure.

Proof. i) is an immediate consequence of 8.10. ii) We recall from topol-
ogy that a separable metrizable space X has a countable base and hence is
Lindelof, that is each open cover of X has a countable subcover. Thus if «
is locally finite then there exists a sequence (U;); in Op(X) such that U; T X
and a(U;) < oo VI. Therefore « is semifinite above. The assertion follows
from 1i).

The last theme of the present subsection is outer regularity. A Borel-
Radon measure « : Bor(X) — [0,00] need not be outer regular Op(X),
because outer regularity Op(X) enforces local finiteness. The next exercise
formulates a simple idea which has a natural proof.

9.10. EXERCISE. Let o : Bor(X) — [0,00] be a Borel-Radon measure.
1) If A € Bor(X) has open supersets U D A with a(U) < oo then a(A) =
inf{a(U) : U open D A}. 2) « is outer reqular Op(X) iff for each A €
Bor(X) with a(A) < oo there exist open supersets U D A with a(U) < 0.

9.11. BIBLIOGRAPHICAL NOTE. In the fifties and sixties, under the in-
fluence of Bourbaki [1952][1956][1965][1967], the notion of a Radon measure
was restricted to locally compact Hausdorff topological spaces X. In this
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frame they were defined as certain positive linear functionals, in fact as those
which occur in the traditional Riesz representation theorem formulated in
the introduction. For such a functional Bourbaki defined two set functions
P(X) — [0, 00], one of which produces a Borel-Radon measure in the present
sense. For a short description we refer to Berg-Christensen-Ressel [1984]
notes and remarks to chapter 2.

Radon measures on arbitrary Hausdorff spaces X appeared in Bour-
baki [1969] and in Schwartz [1973], with basic ideas due to Choquet. These
definitions required local finiteness. For a discussion of the different defini-
tions we refer to Schwartz [1973] and once more to Berg-Christensen-Ressel
[1984] notes and remarks to chapter 2. At about the same time, but with-
out connection to the above work, the fundamental paper of Kisyniski [1968]
characterized those set functions ¢ : Comp(X) — [0, co[ which can be ex-
tended to Borel-Radon measures, this time without local finiteness. Kisynski
proved the decisive equivalence iii)<>5’x) in the present theorem 9.1. Within
a short time this work became the source of the extension theories based on
regularity as described in the bibliographical annex to chapter II. For the
role of local finiteness we refer to Fremlin [1975].

At last we mention the work of Anger-Portenier [1992a][1992b] which
has the aim to revive the functional-analytic aspects of the theory of Radon
measures. We shall come back to it in chapter V.

The Classical Example of a Non-Radon Borel Measure

The example in question is based on the order topology on a certain un-
countable well-ordered set. Its usual presentation involves ordinal numbers;
see for example Kelley-Srinivasan [1988] page 52. We want to offer an ab-ovo
presentation, based on the definitions of total order and well-order and on
the existence of an uncountable set which carries a well-order.

Let X be a nonvoid set equipped with a total order <. We form as usual

for u,v € X with u < v the interval [u,v] :={x € X :u < x < v},

for u,v € X with u < v the interval Ju,v[={z € X : u < z < v},
and for a € X

the upper ends [a,- :={z € X :a <z} and |Ja,- :={r € X 1 a <z},

the lower ends -,a] :={zx € X : x S a} and -,a[:={x € X : 2 < a}.
Define B(<) to consist of all these intervals Ju,v[ and all these ends ]a, -
and -, a[, and of @ and X. Then B(=Z) has N and is therefore the base of a

unique topology (<) on X, called the order topology on X. One verifies
that () is Hausdorff.

9.12. REMARK. Fach sequence in X has a monotone subsequence.

The proof is mathematical folklore. Let (z;); be a sequence in X. We
define n € N to be a top index iff z; £ z,, for all [ =2 n. Then there are
two cases. 1) There are at most finitely many top indices. Thus there exists
an N € N such that no n 2 N is a top index. Hence for each n = N
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there exists an [ > n such that z; > x,. Therefore we obtain a sequence of
indices N = n(1) < --- < n(p) < --- such that the subsequence () is
strictly increasing. 2) There are infinitely many top indices. Assume that
the sequence of indices 1 £ n(1) < --- < n(p) < --- consists of top indices.
Then the subsequence (,,(,))p is decreasing.

For the remainder of the subsection we fix a set E equipped with a
well-order < such that F is uncountable but for each a € E the lower end
-,a] is countable. This situation can be produced as follows. Let X be an
uncountable set equipped with a well-order <. If for each ¢ € X the lower
end -, a] is countable then we take E := X. Otherwise the nonvoid subset of
those a € X for which -, a] is uncountable has a first element e € X. Then
E := - e] is as required.

9.13. PROPERTIES. 1) For each a € E the lower end -, a] is compact. 2)
For each a € E the lower end -,a] is open. 3) For each nonvoid countable
A C FE there is an a € E such that A C -,a[. 4) FEach nonvoid compact
subset A C E is countable.

Proof. 1) Let A := -, al, and fix a family (U(x))zea of open neighbour-
hoods U(x) of the points © € A. Define F' C E to consist of those u € A
for which [u,a] can be covered by finitely many of these U(z)Vxz € A. Then
F # & since a € F. Thus there is a first element ¢ € F. If ¢ is the first
element of F then we have [c,a] = -,a] = A and hence the assertion. Other-
wise there exists an element v € F with u < ¢, and hence an element u € E
with u < ¢ such that Ju, ¢[C U(c). Then [u, c] is covered by U(c) and U (u),
so that u € F, which contradicts the role of ¢. Therefore the second case
cannot happen. 2) The nonvoid subset ]a,- has a first element b € F, and

for this we have -,a] = -,b[. 3) Assume not. Then for each a € E there is
an ¢ € A with a < z or a € -, z]. It follows that £ = |J -, 2|, which is
€A

impossible since E is uncountable. 4) The lower ends -, z[ Va € E form an
open cover of A. Therefore A C -, z[ for some x € E. Hence A is countable.

9.14. REMARK. 1) Let (z;); be a decreasing sequence in E. Then there
exists ¢ € E such that x; = ¢ for almost alll € N. Thus x; — c. 2) Let (),
be an increasing sequence in E. If ¢ € E is the first element of the subset
{r € X : 2y £ 2Vl € N} (which is nonvoid by 9.13.3) then ; — ¢. 3) E
s sequentially compact, that is each sequence in E has a subsequence which
converges to some element of E.

Proof. 1) Let ¢ € E be the first element of {z; : | € N}. Then ¢ = x;
for some | € N and hence for almost all [ € N. 2) We can assume that ¢
is not the first element of E. Let U be an open neighbourhood of ¢. Then
there exists v € E with u < ¢ such that Ju, c[C U. By the definition of ¢ we
have u < x;,, for some p € N. Once more by the definition of ¢ it follows that
x; € U for all [ 2 p. 3) Combine 1)2) with 9.12.
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9.15. PROPOSITION. Assume that the subsets A; C E are closed and

o0
uncountable V1 € N. Then A := (| A; is closed and uncountable as well.
=1
Proof. 1) To be shown is the second assertion. We first prove that A is
nonvoid. We perform an inductive construction which is based on the fact
that for each uncountable M C E and each u € F there exists x € M with
u < z. Thus we construct in step n € N elements 2" € A; for [ =1,--- ,n
such that #{ < -+ < af <--- <a"--.. For each fixed k € N then

{reFE:axp<cforalln2k}={xec E:a} SxV¥n,l € Nwithl < n}.

Let ¢ € E be the first element of this common subset. For each fixed kK € N
then 2} — c for n — oo by 9.14.2). Thus ¢ € A, since Ay, is closed. It
follows that ¢ € A. 2) For each fixed u € E the subsets A; N [u,- C F are
closed and uncountable ¥l € N. Thus 1) shows that AN [u, - is nonvoid. By
9.13.3) this implies that A is uncountable.

9.16. PROPOSITION. Let A € Bor(E). Then ezactly one of the subsets
A and A" contains an uncountable member of C1(E).

Proof. By 9.15 we have to show that at least one of the subsets A and
A’ contains an uncountable member of C1(E). Define 91 to consist of those

subsets N C E such that either N or N’ contains an uncountable member
of CI(E). To be shown is then that 9N is a o algebra and that CI(E) C M.

i) 91 is nonvoid since &, E € M. It is obvious that 9 fulfils L. ii) To
see that 9, C M fix a sequence (N;); in DN with intersection N. If each
N; contains an uncountable member of CI(E) then by 9.15 the same holds
true for N. Otherwise N] C N'Vl € N shows that it holds true for N'.
Thus N € 9. Therefore N is a o algebra. iii) Now let N € CI(E). If N is
uncountable then of course N € 9. If N is countable then by 9.13.3) there
exists an a € E such that N C -, a[ and hence [a,- C N’. But [a, - is closed
and uncountable, so that N € 9N as well. It follows that CI(E) C .

So far we remainded within E. From 9.13.1)2) we know that E with
%Z(S) is a locally compact Hausdorff space. Let now X := E'U {w} be the
usual one-point compactification of E. That means that w ¢ E, and that
the topology & of X consists of the subsets

A C E such that A € Op(E), and of the
A C X with w € A such that A’ € Comp(FE).

It is standard that & is a compact Hausdorff topology on X with G|E =
T(L). By 1.13.2) we have Bor(F) = {A € Bor(X): A C E}.

9.17. THEOREM. Define o : Bor(X) — {0,1} to be

(4) = 1 if A contains an uncountable member of Cl(E)
=10 if A’ contains an uncountable member of CI(E) [’

so that « is well-defined by 9.16. Then « is a Borel measure on X which is
not a Radon measure.
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Proof. i) We prove that « is a ccontent. By 2.10 it is to be shown that
a(AU B) = a(A) + a(B) for all disjoint pairs A, B € Bor(X). By 9.16
the values a(A) and a(B) cannot both be = 1. The assertion is clear when
one of them is = 1. So assume that «(A) = «(B) = 0. Then there are
uncountable members P,Q € CI(F) with P C A’ and @ C B’ and hence
PN c AnB =(AUB). By 9.15 it follows that a(A U B) = 0. ii) By
2.11 o is a cmeasure as soon as it is downward o continuous. Let (4;); be a
sequence in Bor(X) with A; | A. We can assume that a(A4;) = 1Vl € N. But
then it is immediate from 9.15 that a(A) = 1 as well. iii) We have o(F) = 1.
But for the K € Comp(X) with K C E, that is for the K € Comp(E), we
have a(K) = 0 since K is countable by 9.13.4). Therefore « is not inner
regular Comp(X). Thus the desired example has been obtained.

The Notion of Support and the Decomposition Theorem

Let o : Bor(X) — [0,00] be a Borel-Radon measure on a Hausdorff topo-
logical space X. Then there exists a unique maximal open subset U C X
such that a(U) = 0. In fact, the paving {4 € Op(X) : a(A) = 0} is upward
directed to its union U € Op(X). From 9.4 it follows that a(U) = 0. One
defines the closed subset U’ =: Supp(«) to be the closed support of a.
One notes with dissatisfaction that this concept does not reflect the basic
character of a Radon measure, because the lattice & := Comp(X) does not
occur at all.

In fact, the notion of support does not seem to be a simple one. At first
an example will show that it cannot be defined in the previous manner even
for a finite cmeasure « : Bor(X) — [0, 00[ on a locally compact Hausdorff
space X, unless o|Op(X) is upward 7 continuous, that is by 9.4 and 9.7.2)
unless « is a Radon measure. In the introduction of Schwartz [1973] this
is one of the reasons which the author invoked in order to plead for the
concentration on Borel-Radon measures.

9.18. EXAMPLE. We return to the notations of the last subsection. The
restriction 1 := «|Bor(E) of the cmeasure « : Bor(X) — {0,1} defined in
9.17 is a cmeasure 1 : Bor(E) — {0,1} on the locally compact Hausdorff
space E such that n(E) = 1. But each point a € E has an open neighbour-
hood U(a) := -,a] C E such that n(U(a)) = 0.

The example makes clear that the notion of support requires a certain
7 behaviour. At this point we return to the abstract measure theory. It will
be seen that the extension theories of chapter II in their conventional inner
T version lead to an adequate notion of support, provided that one accepts
a certain shift which a closer look at the Borel-Radon measure situation
reveals to be natural: The support will a priori be defined not for cmeasures
with certain properties, but for conventional inner 7 premeasures. For Borel-
Radon measures the result then can be different from the former one, but
perhaps reflects their basic character better than before.
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The definition reads as follows. Let & be a lattice in a nonvoid set
X with @ € &, and ¢ : & — [0,00[ be an inner 7 premeasure with
¢(@) = 0 and with maximal inner 7 extension ¢ = ¢|€(¢,). We know
that 6TS, C €(p;) and hence (6TG,)L C €(¢,), and from 6.28 that
¢|(6TS;)L is upward 7 continuous. As before this implies the existence of
a unique maximal subset V' € (6T&;)L such that ¢(V) = 0. We define its
complement V' =: supp(¢) € 6TS,; to be the support of ¢.

9.19. COMPARISON. Assume that o : Bor(X) — [0,00] is a Borel-Radon
measure on a Hausdor(f topological space X. Let ¢ := a|R < oo be its Radon
premeasure and ¢ := pe|€(pe), so that o = ¢|Bor(X). Then the formations

Supp(a) = U’ € Cl(X),
where U € Op(X) is mazimal with a(U) = 0,
supp(a|f) = V'€ ATAK,

where V € (RTR)L is mazimal with ¢(V) =0
are linked through Supp(a) = supp(«|R).

We note that supp(a|f) need not be in CI(X) (and that we even do
not know whether it must be in Bor(X)). However, the two notions are
identical in the so-called k spaces, defined to mean that RTR = Cl(X).
See for example Engelking [1989] pages 152-155.

Proof. We have CI(X) C &T8 or Op(X) C (RTRK)L. i) Therefore
U c V orsupp(p) = V! € U = Supp(a). ii) If A C V is open then
a(A) = ¢(A) =0 and hence A C U. Thus Int(V) C U or Supp(a) = U’ C
(IntV)' = V' = supp(yp). It follows that Supp(a) = supp(¢p).

We continue on the spot with an example that the two supports Supp(«)
and supp(«|R) are different. It will be obvious that in the example supp(«|R)
is the better choice.

9.20. EXAMPLE. Let X and a € X be as in example 9.8. Define « :
Bor(X) = PB(X) — [0,00] to be the counting measure for X \ {a}, that is
a(A) = #(AN{a}) for all A C X. Then « is a Radon measure, and of
course @ = ¢. The subsets A C X with a(A) = 0 are precisely A = @ and
A = {a}. Now on the one hand 8T R = P(X) since K consists of the finite
subsets of X, and hence V' = {a} or supp(a|R) = X \ {a}. On the other
hand U = @ or Supp(a) = X.

We shall see in exercise 11.23 below that the new support defined above
fulfils certain natural requirements connected with the notion of support.

We want to pursue the present context for a moment, because this will
lead us to the fundamental decomposition theorem. We start with the ab-
ovo exercise which has been announced after the basic definition in section
6. It consists of simple verifications.

9.21. EXERCISE. Let ¢ : & — [—00,00[ be an inner e premeasure and
a: A — R be an inner o extension of . Fix an H € A with a(H) > —o0,
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and define ay : A — R to be ay(A) = a(ANH) for A € A. Then py :
= ay|S is an inner o premeasure and ap is an inner o extension of Y.

We return to the assumption that ¢ : & — [0, 00[ is an inner 7 premea-
sure on the lattice & with @ € & and p(@) = 0, and put ¢ := ¢, |C(¢;)
as before. Fix A € €(p;). We see from 9.21 that ¢4 = ¢(- N A4)|6 is
an inner 7 premeasure and ¢(- N A) : €(p,;) — [0,00] is an inner 7 exten-
sion of ¢4 (perhaps not the maximal one). Thus we can form the subset
C(A) :=supp(pa) € 6TG,. Its definition can be rephrased to mean that

for Ve (8TG,)L:9(VNA) =0V CC(A).
We list some simple properties.

9.22. PROPERTIES. 1) If A € TS, then C(A) C A. 2) For AC B in
€(p;) we have C(A) C C(B). 3) For A € €(p,) we have C(ANC(A)) =
C(A).

Proof. 1) follows from the definition applied to V := A’. 2) For V :=
C(B) € (6T6,)L wehave ¢(VNB) = 0 and hence ¢(VNA) = 0. Therefore
V C C(A)'. 3) To be shown is C(ANC(A)) D C(A). For V := C(AN
C(A))/ € (6T6,)L we have ¢(V N AN C(A)) = 0. Furthermore ¢(A N
C(A)) = 0 and hence ¢(V N ANC(A)) = 0. Therefore ¢(V N A) =0. It
follows that V' C C'(A)" as claimed.

We define a subset A € €(¢;) to be fulliff A C C'(A4) and 0 < ¢(A4) < 0.
The basic fact on these subsets is as follows.

9.23. REMARK. Fach A C X with ¢:(A) > 0 contains a full subset
K ¢ 6..

Proof. Since ¢, is inner regular &, there exists S € &, with S C
A and ¢(S) > 0. Let K := SNC(S) € 6,. From 9.22.3) we have
C(K)=C(S) > SNC(S) = K, and hence from 9.22.1) even C(K) = K.
Furthermore ¢(S N C(S)’) = 0 implies that 0 < ¢(K) = ¢(S) < oo. Thus
K is as required.

We come to the basic definition. Let a : 2 — [0,00] be a nonzero
cmeasure on a o algebra. One defines a decomposition for a to be a
paving M C A of pairwise disjoint subsets M € 2 with 0 < a(M) < oo,
which is such that

each A € 2 with 0 < a(A) < oo fulfils a(A N M) > 0 for some M € M.

It is obvious that there exist decompositions for av whenever X € [a < 00]?.

Our aim is to prove that for the present ¢ : €(p,) — [0, 00] there exist
decompositions, and even decompositions with important further properties,
provided that ¢ is outer regular (6T&,) L at &,. It is equivalent to require
that each K € &, be contained in some U € (6T6,)L with ¢(U) < oo,
which for short could be named local finiteness; compare exercise 9.10.
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9.24. THEOREM. Let ¢ : & — [0,00] be a nonzero inner T premeasure
with (@) = 0, and let ¢ := p,|€(p;) be outer regular (GTS,)L at &,. As-
sume that M C ;) is a mazimal paving of pairwise disjoint full members
of €(p;) (this holds true in particular from 9.23 when 9t C & is a maximal
paving of pairwise disjoint full members of &.). Then M is a decomposition
for ¢. If A € €(p;) is contained in some U € (6T6S,)L with ¢(U) < oo,
then ANM # @& for at most countably many M € IN.

9.25. ADDENDUM. 1) For each family (P(M))eom in €(pr) with P(M)

C M VYM € M we have |J P(M) € €(p;). In particular |J M € €(¢.).
Mem Mem

2) The complement D := (| M)/ € €(p;) has (D) = 0.
Mem

Proof of 9.24 and 9.25. i) For A € €(¢,) with ¢(A) < oo it is clear that
¢(AN M) > 0 for at most countably many M € M. ii) f U € (6TS,) L
then ¢(U N M) = 0 implies that U C (C(M)) ¢ M' ot UNM = @.
Thus for U € (6T6;)L with ¢(U) < oo we have U N M # @ for at most
countably many M € 9. iii) By assumption each K € &, is contained in
some U € (6TS,)L with ¢(U) < co. By ii) hence K N M # & for at most
countably many M € 9.

We first prove 9.25. 1) Let P := |J P(M). By 6.21 we have to prove

Mem
that SNP € €(p;) for each § € &. From iii) we have SN M = & and hence

SNP(M) = & except for at most countably many M € 9t. Thus the union

inSNP= |J SNP(M) is at most countable. This implies SNP € €(¢,).
Mem
2) We see from 1) that D € €(p,). By 9.23 the maximality of 9% enforces

that ¢(D) = 0.

We turn to the proof of 9.24. Let A € €(p;) with 0 < ¢(A) < oo.
Then there exists K € &, with K C A and ¢(K) > 0. By iii) the union in

K=(KnD)u | (KnM)is at most countable. From 9.25.2) we obtain
Mem
an M € 9 such that ¢(K N M) > 0 and hence ¢(AN M) > 0. The second

assertion is obvious from ii).

We shall present in 13.39 an example where ¢ is not outer regular
(6T6,)L at 6., but X € [¢p < 0|7, so that there exist decompositions
for ¢. It will be a continuous counterpart to the example in 9.8 and 9.20.

9.26. BIBLIOGRAPHICAL NOTE. For rich cmeasures like the present
ones the existence of a decomposition is equivalent to several fundamen-
tal properties. This context has been developed in Koélzow [1968]. The
present decomposition theorem 9.24 unifies the known versions of the former
topological decomposition theorem named after Godement-Bourbaki and
the abstract decomposition theorem due to Kélzow [1966]. The Godement-
Bourbaki theorem has been raised in Schwartz [1973] section 1.6 to the lo-
cally finite Borel-Radon measures on arbitrary Hausdorff topological spaces.
The Kélzow theorem, for which we also refer to Floret [1981] appendix and
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Leinert [1995] chapter 14, had no equivalent development so far. It is a non-
trivial task to describe the precise class of cmeasures to which this theorem
applies. The presentations known to the author are based on the so-called
abstract Bourbaki integral, which is the nonsequential counterpart of the
traditional Daniell-Stone elementary integral, and is likewise in the histori-
cal headwaters of the present development in chapter V below. One proved
the existence of decompositions for the maximal cmeasures constructed in
the outer sense from these abstract Bourbaki integrals. This class of cmea-
sures has been characterized in Kolzow [1965][1967], in complicated terms
which could not replace their former descent.

For the sake of comparison we add a little anticipation of our chapter V.
This chapter is in the inner sense, with the result that we come at once to the
so-called essential measures. The class of elementary integrals will be much
more comprehensive than in the traditional situation. The class of relevant
cmeasures will have a simple characterization for both e = o7: We shall see
in 14.25.1) that it consists of the maximal inner e extensions ¢ := @e|€(ps) of
the inner e premeasures ¢ : & — [0, co] with (@) = 0. Moreover 14.25.3)
will show that these ¢ are outer regular (6T S,) L at &, whenever they
come from the traditional situation of a Stonean lattice subspace. Thus the
present decomposition theorem 9.24 contains both the Godement-Bourbaki
theorem of Schwartz [1973] and the theorem of Kélzow [1966], and to see
the latter fact does not require the characterization theorem due to Kolzow
[1965][1967].

10. The Choquet Capacitability Theorem

The theme of this section is a central topic in the domain of the so-
called non-additive set functions. The main result is an extension and also
simplification of the famous capacitability theorem due to Choquet [1959].
The theorem itself does not need the main results of the extension theories
of chapter II. It is more an application of the idea to form the new envelopes
¢ and ¢, for isotone set functions ¢ : & — R on lattices &. Then we
combine the theorem with results of chapter II in order to obtain classical
applications to measures in the spirit of the present text. Thus the section
wants to contribute to the unification of the theories of additive and non-
additive set functions.

Suslin and Co-Suslin Sets

We start with the usual notations. For n € N as usual N" consists of
the sequences A = (A1,--+,A,) of natural numbers A1, -+, \,. Then N
denotes the disjoint union of the N® ¥n € N. Thus N* is countable. At
last NN is defined to consist of the infinite sequences a = (ay); of natural
numbers o; VI € N. Thus NV is uncountable. For a € NY we write a|n :=
(a1, ,an) € N"Vn e N.
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Next let X be a nonvoid set. For each family (A(M))rene of subsets
A(X) C X VA € N*® we form

the kernel A A(\) = U () A(ajn) C X, and

AEN® aeNN n=1
the cokernel \/ A(\):= ) U 4A(aln) C X.
AeNoe aeNN n=1

If G is a set system in X then

&7 consists of the kernels A\ A()) of all families (A(\))yene in &,
AEN>®

G4 consists of the cokernels \/ A(\) of all families (A(\))xene~ in &.
AENee

The subsets A € 6% are called the Suslin sets for &, and the A € G4 the
co-Suslin sets for &. As in 1.5.2) one verifies that (67#) L = (&L1)4.

10.1. PROPERTIES. 1) & C &%. 2) &° C &%. 3) G, C G¥. 4)
&% C (&, C 67). Of course the same properties hold true for &..

Proof. 1) If A € & then take the family (A(X))rene with A(N) := A
for all A € N°°. 2) If (4;); in & then take the family (A(X))ren~ with
A(N) := Ay, for all A € N*°. Then

A AN = | 40, = A
=1

AEN>® aeNN
3) If (A4;); in & then take the family (A(N))rene with A(X) = A, for all

A € N, Then
A AN = [J N4 =[)A4n
n=1

AEN® aeNN n=1
4) is clear since N*° is countable.

The next assertion is much harder. For the sake of completeness we
include a proof, although we do not need its full power.

10.2. PROPOSITION. &## = &#. Hence of course Guy = Gy
10.3. CONSEQUENCE. &% and G4 are o lattices.

Proof of 10.2. Fix A € &##. To be shown is A € &#. By definition
there is a family (A(0))yene in &7 such that

o0
A= J NAlp).
aeNN p=1
Thus for each o € N*° there is a family (A) ene in & such that

a0)= U (145,

BeNN g=1
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It follows that
a-UNU N
aeNN p=1 BeNN ¢=1

We have to transfer this expression into the required form. 1) We start with
an auxiliary formula. Let (Mg)peN’BeNN be a family of subsets of X. Then

ANUM- U N,

p=1 ﬁENN TENNXN p=1

In fact, an element x € X is a member of the left side iff for each p € N

there exists a sequence 7(p,-) € NN with z € Mf(p ) that is iff there exists

o0
a function 7 € NY*N such that z € Mf(p 3 From this formula we obtain
p=1 ’

A= U U ﬂ ﬂA?lz()pvl)v-wT(p,q))'

aeNN 7eNNxN p=1 g=1
2) Let 6 : N x N — N be a fixed bijection with the properties that

Vp € N:0(p,-) is a strictly increasing function N — N,
Vg € N: 6(-,q) is a strictly increasing function N — N.

For example, we can enumerate the members of N x N in consecutive diag-
onals; for (p,q),(p',¢) € N x N we then have p+q < p' +¢ = 0(p,q) <
0(p',q'), which implies the required properties. It follows that p,q < 6(p, q)
for (p,q) € Nx N. We also need the inverse bijection 9 := 71 : Nx N « N,
which we write in the form J(n) = (§(n),n(n)) ¥n € N. 3) We next form
the maps

I: NN x NMN _, NN defined to be
I:(a,7)— I(a,7) =X : Ay = O0(an, 7(¥(n)) Vn € N; and
J NN — NN NNXN “defined to be
J:Ar— JA) = (a,7) : ap =&(\y) Vn €N,
7(p,9) = (M) V(p,q) € Nx N.

We claim that I and J are bijections which are inverse to each other. In
fact, for (o, 7) € NN x NN*N and A € NN the relation I(a, 7) = A means that
0 (o, 7(9(n))) = A Vn € N, and hence is equivalent to
an = &(A\) Yn € Nand
T(0(n)) = n(A)Vn € Nor 7(p,q) = 1(Agpq)) V(p.a) € N XN,
that is to (o, 7) = J(A).
4) We now define E(\,n) € & for A € N¥ and n € N as follows. If
A = I(a,7) with (a,7) € N x NV,
n = 6(p,q) with (p,q) e Nx N,
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then E(\,n) := A?T‘I(Jp,l),»--,r(p,q))
that

A= U ﬂE()\,n).

AeNN n=1

We next claim that for n € N and A\, € NY with \; = ) Vi=1,-- ,n we
have E(\,n) = E(X,n). In fact, let (p,q) € N x N correspond to n, and
(a,7), (o/,7") € NN x NN correspond to A, X'. Then

for i <p:1<p=0(p,q) =n and hence oy = ;

for 1 < q:0(p,1) < 0(p,q) = n and hence 7(p,1) = 7'(p,1);

therefore E(\,n) = E(XN,n) as claimed. 5) The last assertion allows us to

€ 6. By the final formula of 1) it follows

define the family (B(0))sene in &, in that forn € Nand o = (01,--- ,05) €
N" we put
B(o) := E((ol, e Oyttt )y n) with an arbitrary continuation of o.

Thus E(A\,n) = B(\|n) for all n € N and A € NN, It follows that

A= J B = A B(o) e &%,

AENN n=1 oENee

The proof is complete.
The Extended Choquet Theorem

Let as above X be a nonvoid set. The present subsection considers an isotone
set function ¢ : P(X) — R. There is also a lattice & in X. We prepare the
main theorem with some formal relations between ¢ and &.

On & we have ¢ = (¢|S),, but ¢ < (¢|6),, with = iff ¢|S is downward o
continuous. On the full power set PB(X) we have (¢|6), < ¢, but (¢|6), = ¢
is likewise restricted to a special situation. It will be described below.

10.4. REMARK. Let & be a lattice in X. Then the following are equiv-
alent. 1) (¢|6)s < ¢. 2) (¢|6)s = (¢|S4)x. In this connection note the
obvious relation (¢S4 ), < ¢. 3) For each sequence (Sy); in & with S; | D
(which need not be in &) we have ¢(S;) | ¢(D).

Proof. 1)=3) Let (S;); be a sequence in & with S; | D. From the
definition of (¢|&),(D) and from 1) we obtain

4(D) < lim 6(5)) < (818),(D) < 6(D).

3)=2) Fix A C X with (¢|6),(A) > —o0. For each sequence (S;); in &
with S; | some D C A it follows from 3) and from D € &, that

lim 6(S)) = (D) < (618,).(4).

2)=1) is obvious.

We proceed to the main theorem.
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10.5. THEOREM. Assume that ¢ : B(X) — R is isotone and upward o
continuous. Let & be a lattice in X. Then

6(4) < (4I6)o(A) for all A€ &F.

This is an extension of the classical Choquet theorem [1959]. In fact,
let & be a lattice. A Choquet capacity for & is defined to be an isotone
set function ¢ : P(X) — R which is upward o continuous and satisfies the
equivalent conditions of 10.4 for the lattice &. The above theorem then
implies that

(4) = (¢6)s(A) = (¢]6,).(4) for all A€ &
The classical Choquet theorem is ¢(A) = (¢|S,)«(A) for all A € &, under
the additional restriction that @ € &. Thus the introduction of the function
(¢|6), produces a more comprehensive and simpler result, above all because

no connection between ¢ and & has been assumed. The proof which follows
is an adaptation of an old proof due to Choquet [1959].

10.6. CONSTRUCTION. Let (A(A))aen= be a family of subsets of X. De-
fine the family (B(\))xen~ to be

p
B()\) = U ﬂA(ﬁ, <o ,m) for A€ NP with p € N.
T7eNP 7S\ =1
Then
0 A BA)= A AQ).
AEN®>® AEN>®

Furthermore (B(X))aenee has the monotonicity properties
1) B(\,s) C B(XA) for A€ N*® and s € N;
2) B(o) D B(r) for o,7 € NP with o =2 7 Vp € N.

If (A(N))aenee itself has these properties 1)2) then B(\) = A(X\) VA € N*°.

Proof. 1)2) and the final assertion are obvious. Furthermore
P o

for a € NN and p € N: B(alp) D ﬂA(aU) D) ﬂA(a|l),
=1 =1

which implies the inclusion D in 0). It remains to prove C in 0). For this
purpose fix r € A B()). Thus by definition there exists o € NY such that
AEN>

oo
z € () B(alp). Hence for each p € N there exists (¢}, ,th) € N with
p=1

' <qVi<i<pandze A, - ) VIS 1< p.

i) We construct via induction for I € N an index 7; £ «; and an infinite
subset N(I) C {l,l +1,---} such that N D N(1) D --- D N(I) D --- and
that t = 7, for all p € N(I). The step [ = 1: We have t] < a1 Vp € N.
Hence there exists an index 71 < @7 and an infinite N(1) C N such that
t) =7 Vpe N(1). Thestep 1 =1 =1+1: We have t}, | < aj4q Vp 2 141,
hence Vp € N()N{l+1, - - }. Therefore there exists an index 7,11 < ay41 and
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an infinite N(I+1) C N(I)N{l+1,---} such that t} ; =741 Vp € N(I+1).
This completes the inductive construction.

ii) Now let 7 = (7); € NY. Fix n € N. For p € N(n) then on the one
hand p 2 n. On the other hand

for 1 <1 <n:pe N(l) and hence t] = 7;
therefore (t],--- ,th) = (11, -+ , 7). We combine these facts to obtain z €
o
A(ry, -+, 1) = A(7|n) for each n € N. Thus € () A(7|n) and hence

n=1
x € A A(N). This is the assertion.
AEN>®

10.7. THEOREM. Assume that ¢ : P(X) — R is isotone and upward
o continuous. Let (A(X))aen< be a family of subsets of X. Consider the
family (B(A\))xenee after 10.6, so that

A= N AN)= A B(\), andB(o|l) |C A for each a € N¥,
AEN®® AeN>®

Then
#(4) < sup Jim 6(B(alD)) : a € V'Y,

It is obvious that 10.7 implies 10.5, and in fact furnishes a sharpened
version of 10.5: Let A € &%. Fix any family (A(\))aen= in & with

A= A AN, and let (B(A))yen be as above. Then for each a € NV
AeN*>®
the sequence (B(all)); is in & and fulfils B(a|l) |C A. Therefore the sec-

ond member in the assertion of 10.7 is < (¢|&),(A4). It is shaped like the
definition of (¢|&),(A), except that its supremum is not extended over all
sequences (57); in & with S; |C A, but is restricted to the particular se-
quences (B(«|l));. This is an essential fortification of 10.5.

Proof of 10.7. i) We form
D(a) = ﬂB(aU) for o € NN,
=1

From 10.6.2) then D(a) D D(3) for a, 8 € NN with o > 3. Next we form
UN):= |J Dla) for e N withpeN.
aeNN a|p=X

It follows that U(o) D U(7) for 0,7 € NP with o = 7. Furthermore U(\) C
B()) for all A € N*°, because for A € N? and o € N with a|p = A we have
D(«a) C B(a|p) = B(\). ii) By definition we have

U\ =Jun) for X e N>,
=1
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and hence from i) U(A,1) T U(A). Likewise we have

A= |J D =vm,
=1

aeNN

and hence from i) U(l) T A. iii) To prove the assertion we can assume
that ¢(A) > —oo. We fix a real ¢ < ¢(A). In view of ii) we can find via
induction numbers 7; € N VI € N such that gf)(U(ﬁ, e ,Tp)) >cVp e N.
Thus 7 = (7); € NY satisfies ¢(U(7|p)) > ¢ Vp € N. From i) it follows
that ¢(B(7'|p)) > ¢ Vp € N and hence ll_i)m ¢(B(T|l)) = c¢. This proves the
assertion. =

We leave as an exercise the result which follows from 10.5 via the upside-
down transform method.

10.8. EXERCISE. Assume that ¢ : P(X) — R is isotone and downward
o continuous. Let & be a lattice in X. Then

¢(4) 2 (¢16)7(A)  for all A € Sy.

Combination with Basic Properties of the o Envelopes

We start with a simple but important remark, and then turn to the fun-
damental combinations of the main theorem with the sequential continuity
theorems 4.7 and 6.7.

10.9. REMARK. Let ¢ : B(X) — R be a Choquet capacity for the lattice
S. Assume that ¢|S is < oo and supermodular. Then 6|6% is super-
modular +.

Proof. By 6.3.5) the set function (¢|&), is supermodular +. Thus we
obtain for A, B € 6# from 10.5 and 10.4
¢(A)+o(B) (¢16)0(A)+(¢16)0(B)

<
S (916)s(AUB)+(¢|6)s(AN B) = (AU B)+¢(AN B).

10.10. THEOREM. Let & be a lattice and ¢ : & — R be isotone.

1) If ¢ is bounded below and submodular then o < p, on &7,
2) If ¢ is bounded above and supermodular then 7 < @, on Gu.

Proof of 1). The set function ¢ := ¢ is > —oo and even bounded below,
and hence upward o continuous by 4.7. Thus we obtain for A € &% from
10.5 and 4.1.1)2)

97(A) = ¢(A) = (¢|6)s(A) = (¢7[6)(A) = ¢ (A).
In this connection we want to mention a simple fact.

10.11. EXERCISE. Let & be a lattice and ¢ : & — R be isotone. Then
@7 > —o¢ iff ¢ is bounded below.
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The Measurability of Suslin and Co-Suslin Sets

We continue with a classical theme of measure theory, adapted to the frame
of the present text. We start with an ad-hoc extension of a classical defini-
tion. An isotone set function a : 2 — R on a lattice 2 is called complete
it Uc AcV with U,V € A and a(U) = (V) € R implies that A € 2.

10.12. THEOREM. Assume that 2 is a o lattice and that o : A — R is
isotone, almost upward and almost downward o continuous, and complete.
Let & C A be a lattice such that a|S is bounded below and submodular. If
A € &% with (a|&),(A) < 00 or a|& < oo then

AcA and a(A) = (a|6),(A) = (a|6)7(A).

Proof. By assumption the set function ¢ := a|& is bounded below and
submodular. Let us fix A € &%, i) We first assume that ¢,(A) < co. By
10.10.1) then —oo < ¢?(A) = ¢,(A) < oo; in particular both values are
finite. By the regularity properties 6.3.4) and 4.1.4) there exist

Ue(6,)° cA with UcC Aand p,(U) = p,(A);
Ve(@),cd with VDO Aand ¢?(V)=¢7(A).

Then from 7.1.0) we obtain ¢,(U) < «(U) and a(V) £ ¢7(V). Tt follows
that

a(U) = a(V) = ¢7(V) = ¢7(A) = ¢o(4) = o (U) = a(U);

hence we have = at all places, and the common value is finite. The assertion
follows. ii) We now assume that ¢ < co. By 10.1.4) A is upward enclosable
&7; thus there exists a sequence (5;); in & with S; 7D A and hence S;NA 7
A. Now S;N A € &% since &7 is a lattice by 10.3, and ¢, (S; N A) <
vs(S1) = ¢(S;) < 0o by 6.5 since ¢ is downward ¢ continuous. It follows
from i) that SN A €A and a(S;NA) =, (S1NA) =¢?(S;NA) € R. By
assumption and 4.7 we conclude that A € 2 and

a(A) = @U(A) = QOU(A) € ] - O0,00}.

Now 7.1.0) with ¢ < oo implies that ¢,(A4) < «(A). Thus we obtain the
assertion.

10.13. EXERCISE. Assume that A is a o lattice and that o : A — R is
isotone, almost upward and almost downward o continuous, and complete.
Let & C A be a lattice such that o|S is bounded above and supermodular. If
A € 64 with («|&)7(A) > —o0 or |6 > —oo then

Aed and «fA) = (a|6)s(A) = (a|6)7(A).
The natural candidates for completeness are of course the maximal ex-

tensions obtained in the outer and inner main theorems 5.5 and 6.22. We
conclude the subsection with the proof of these facts.

10.14. THEOREM. Let ¢ : & —] — 00,00] be an outer e premeasure on
the lattice &. Then @®|€(¢®, +) is complete.
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10.15. LEMMA. Assume that & is a lattice and that ¢ : & — R is isotone
and modular +. Let U C V be in & with o(U) = ¢(V) € R. For all S € &
then o(SUU) = p(SUV) and p(SNTU) =¢(SNV).

Proof of 10.15. i) Since ¢ is submodular + we obtain
p(SUU)Fe(V) 2 e(SUV)te((SUU)NV)
Z p(SUV)+p(U) = p(SUV)+p(V).
Thus (V') € R implies that o(SUU) = ¢(SUV) and hence that p(SUU) =
@(SUV). ii) Since ¢ is supermodular + we obtain
p(SNV)+e(U) £ o((SNV)UU)+e(SNU)
S p(V)Fe(SNU) = p(U)+e(SN D).
Thus ¢(U) € R implies that o(SNV) < p(SNU) and hence p(SNV) =
e(SNU).
Proof of 10.14. i) We form

T:={S e ", +) : () e R} C E(g", ).
Then T is a lattice since ¢®|€(p°®, +) is modular +, and [p < oo] = [p €
R] C T. Now fix U C A C V with U,V € €(p*,+) and ¢*(U) = ¢*(V) € R.
To be shown is A € €(p®, +). First note that U,V € T. Now let PQe%
and apply 10.15 twice to ©®|€(¢®, +). Then

' (QNU) = ¢*(QNYV), and this is in R;

P (PU@QNU)) = ¢*(PU(@QNYV)), and this is in R.

ii) We fix P,Q € [p < o] = [¢p € R] C T with P C Q. We note that all

arguments which occur below will be in P C @, and hence all values ©°(+)
will be finite. We obtain

@*(P|AIQ) + ¢*(P|A'|Q) P (PU(QNA)+¢*(PU@QNAY))
P (PU@NV))+e*(PU(@NT))
e*(PU PU )
©*(

Al

@QNU)) +e*(PU(@nU’
*(PIUIQ) + ¢*(PIU'|Q) = ¢*(P) + ¢*(Q).
From 5.2 it follows that A € €(¢®, +).

10.16. EXERCISE. Let ¢ : & — [—00,00[ be an inner e premeasure on
the lattice &. Then pe|E€(pe,+) is complete.

We specialize 10.12 and 10.13 on the basis of 10.14 and 10.16. For
the sake of a simple formulation we restrict ourselves to finite-valued set
functions ¢ : & — R.

10.17. THEOREM. Assume that the set function o : & — R on the lattice
S is
either an outer o premeasure with A := (7, +),
or an inner o premeasure with A := €(py, +).
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Then

if o is bounded below: A € &% implies A € A and p”(A) = v, (A),
if ¢ is bounded above: A € &y implies A € A and 7 (A) = p(A).

10.18. BIBLIOGRAPHICAL NOTE. The first version of the theory of capac-
ities in Choquet [1953-54] was in the frame of Hausdorff topological spaces.
The abstract version quoted in the present text is in Choquet [1959]. It
is the proof of the capacitability theorem in this paper which could have
been adapted to furnish the present extended theorem 10.5. Our proce-
dure via 10.7 likewise furnishes the so-called precise capacitability theorem
of Dellacherie-Meyer [1988] chapter XI. The need for a more comprehensive
capacitability theorem like the present 10.5, where the set function ¢ and
the lattice G be not tied to each other, has been expressed much earlier in
Sion [1963] page 87.

For the subsequent parts of the present section we refer to Meyer [1966]
chapter IIT and Dellacherie-Meyer [1978] chapter III, and to Jacobs [1978]
chapter XIII. Let & be a lattice in a nonvoid set X with @ € &, and ¢ :
S — [0, 00] be an isotone and submodular set function. The above authors
assumed ¢ to be upward o continuous and considered the formation (%) :
PB(X) — [0, 00] defined above behind 6.10 and 6.11. They proved that ()
is submodular and upward o continuous. These are of course special cases of
the present 4.1.5) and 4.7, in that the formation ¢ is always submodular and
upward o continuous, and ¢(?) = 7 iff ¢ is upward o continuous by 6.10.2).
The authors then used the capacitability theorem and their above-mentioned
results to reprove a number of basic results in traditional measure theory, like
the Carathéodory extension theorem and the Daniell-Stone representation
theorem, theorem 9.9.ii) on Borel-Radon measures, and in particular the
traditional version of the present measurability theorem 10.12. But they
never went beyond the traditional frame of measure theory.






CHAPTER 1V

The Integral

In the present chapter the integral will be understood as a formation
which is based upon a certain set function. The opposite concept will be
the topic of the next chapter.

The continuation of the present work requires the adequate concepts
and facts in the domain of integration. In spite of the vast literature on
integration we have not seen the presentation which we need. Therefore the
present chapter will offer a short but complete account, without claim for
essential innovation. The main point is that the next chapter will require
the integral for functions with values in [0, 00[ or [0,00] instead of R or
R, but in return for more comprehensive classes of functions than usual.
Therefore we first concentrate on functions with values in [0, cc]. For these
functions the next two sections will define two different notions of an integral,
called the horizontal and the vertical integral. These notions are based
on the two respective natural ideas for the formation of an integral. The
horizontal integral will be in the spirit of the so-called non-additive theory
of integration. We shall see that the two integrals are equal whenever both
make sense.

Then for the sake of fairness and completeness it will be natural to
demonstrate how the two integrals combine and specialize in order to furnish
the conventional integral for functions with values in R or R. This will be
done in the final section of the chapter.

11. The Horizontal Integral

Upper and Lower Measurable Functions
Let G be a lattice with @ € G in a nonvoid set X. We define a function
f:X —0,00] to be
upper measurable & iff [f = ¢] € & for all ¢t > 0,
lower measurable & iff [f > t] € & for all ¢t > 0.
We define UM(&) and LM(S) to consist of all these functions.

In the sequel we write as usual Vv := max(u,v) and u Av := min(u, v)
for u,v € R, and likewise for the pointwise combinations of functions with
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values in R. In connection with 11.1.2) below we note that u = uAt+(u—t)*
foru € R and t € R.

11.1. PROPERTIES. 1) If f,g € UM(&) then fV g, f A g € UM(S); the
same for LM(S).

2) If f € UM(G) then tf,f At,(f —t)T € UM(S) for all real t > 0; the
same for LM(6S).

3) If 6 = &, then f,g € UM(S) implies f + g € UM(S). If & = & then

fyg € LM(G) implies f + g € LM(S).

4) In case & = 6, we have LM(G) C UM(S&). In case & = &7 we have

UM(G) Cc LM(S). Thus UM(6) = LM(S8) =: M(&) when & is a o lattice.
Proof. 1) is obvious. 2) For s > 0 we have

ez ={ Fo et St b ad (-0t zel =1 2o,

and likewise in case >. 3) will be deduced from the next lemma. 4) For
t>0wehave [f>t—1/n] | [f 2t and [f 2t+1/n]T[f >t

11.2. LEMMA. Assume that f,g: X —] —o00,00] andt > 0. If D C R is
dense then

f+gzt = (IfZs]UlgZt—s] and
seD

f+g>t] = JlF>snlg>t—s.
seD

Proof of the first relation. C) Assume that x € X is not in the set on
the right. Thus there exists s € D with f(z) < s and g(z) < t — s, so that
f(z) + g(z) < t. Hence z is not in the set on the left. D) Assume that
x € X is not in the set on the left. Thus f(z) + g(z) < t. Tt follows that
f(z) and g(z) are both finite, and f(x) < t — g(x). Choose s € D with
flx) < s <t—g(x). Thenz ¢ [f = s]U[g =t — s], so that = is not in
the set on the right. Proof of the second relation. C) Assume that z € X
is in the set on the left, that is f(x) 4+ g(z) > ¢. If f(z) = 00 or g(x) = 0
then it is obvious that z is in the set on the right. So assume that f(x)
and g(x) are both finite, and thus f(z) > ¢t — g(z). Choose s € D with
f(z) >s>t—g(z). Thenx € [f > s]N[g >t — s], so that x is in the set
on the right. D) Assume that z € X is in the set on the right. Thus there
exists s € D with f(z) > s and g(z) >t — s, so that f(z)+ g(z) > t. Hence
x is in the set on the left.

Proof of 11.1.3). i) Assume that & = &, and f,g € UM(S), and let
t > 0. Wehave [f =2 s]U[g=2t—s] € Sforall s e Rwith0<s <t
furthermore [f = s]U[g = t—s] = X for s < 0 and for s = ¢. The first relation
in 11.2 with countable D implies that [f +¢g = t] € &. ii) Assume that
6 =67 and f,g € LM(G), and let t > 0. We have [f > s|N[g>t—s] €6
for all s € R with s # 0,¢; to see this distinguish the cases s < 0 and s > ¢
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and 0 < s < t. The second relation in 11.2 with countable D and 0,¢ ¢ D
implies that [f +g¢ > t] € 6.

11.3. EXERCISE. 1) Show by examples that UM (&) and LM(&) need not
be stable under addition, even when & is an algebra. 2) Show by examples
that neither UM(&) nor LM(&) need contain the other function class, even
when & is an algebra. Hint: Let X = NU (—N), and let & consist of the
finite and cofinite subsets of X.

11.4. PROPOSITION. Assume that [ : X — [0,00[ has a finite value set.
Then the following are equivalent. i) f € UM(S). ii) f € LM(&). iii) There
exist A(1),--- ,A(r) € & and t1,--- ,t, > 0 such that

f= ZthA(l)'
=1

iv) The same as iii), but with the additional requirement that A(1) D --- D
A(r).

We define S(S) to consist of the functions f : X — [0, co[ which fulfil
the equivalent properties in 11.4.

11.5. LEMMA. Assume that f : X — [0, 00[ has a finite value set f(X) C
{t(0),¢(1),--- ,t(r)} with 0 =t(0) < t(1) <--- < t(r) < co. Then

f= Z ) =t = 1) Xz

Furthermore note that [f = t(I)] = [f > t] fort(l—1) =t < t(l) (I =
1,0 ,7).

Proof of 11.5. For z € X with f(z ) = t(0) the second member is
P
=0, and in case f(z) =t(p)(p=1,...,7 Z(t ) —t(l = 1)) =t(p).

Proof of 11.4. The implications i)=iv) and ii)=iv) follow from 11.5.
iv)=iii) is obvious. In order to prove iii)=-1) and iii)=-ii) note that for t > 0

[f 2 t] is the union of the () A(l) for the nonvoid T'C {1,--- ,r}

leT
with St > t,
leT
[f > t] is the union of the [ A(l) for the nonvoid T'C {1,--- ,r}
leT
with Ztl > t.
leT

We conclude the subsection with an estimation of related type which
will be a useful tool.
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11.6. LEMMA. For f: X — R and real numbers a = t(0) < t(1) < --- <
t(r) = b we have

D (@) =t = 1) xprze)

=1

174\

(f—a)" A(b—a)

D (#0) =t = V) xye-1)-
=1
The same holds true for [f > -] instead of [f = -].

Proof. Fix x € X. 1) The first relation has to be proved for [f = -]. We
distinguish the cases
f(z) < t(1): left =0 < right;
t(p) < f(z) <t(p+1) with 1 < p <r: left = t(p) —t(0) £ f(x) — a = right;
f(x) 2 t(r): left =t(r) — t(0) = b — a = right.
2) The second relation has to be proved for [f > -]. We distinguish the cases
f(z) = t(0): right = 0 = left;
t(p—1) < f(z) = t(p) with 1 < p < r: right = t(p) —t(0) = f(z) —a = left;
f(x) > t(r —1): right = t(r) —t(0) = b — a = left.
The proof is complete.

A

The Horizontal Integral

The notion to be defined is based on the elementary Riemann integral. We
recall this notion as follows. We assume for real a < b the proper Riemann
integral f; F(t)dt of a function F' : [a,b] — R which is Riemann integrable
and hence bounded. All monotone functions F : [a,b] — R are Riemann
integrable. We need for —oo < a < b £ oo the improper Riemann integral
of a monotone function F :]a,b[— [0, 00]. It is defined to be

—b v
/ F(t)dt := sup {/ F(t)dt:a <u<v<b} if F is finite-valued,
a<— u
and = oo if I’ attains the value co at some point and hence on some non-
degenerate subinterval of |a,b[. We shall make free use of the elementary
properties of these integrals.

We come to the definition. Let & be a lattice with @ € G in a nonvoid
set X. Assume that ¢ : & — [0, 00] is isotone with ¢(@) = 0. We define the
horizontal integral with respect to ¢

for f € UM(&) to be ][fdcp - /;OO o(lf = 1])dt € [0,00],
for f € LM(S) to be ][fdgo = /OHOO o([f > t])dt € [0, o0].

Thus the two formations are well-defined.

11.7. REMARK. For f € UM(&) N LM(G&) the two horizontal integrals
ffd(p defined above are equal.
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Proof. We form P : P(t) = ¢([f 2 t]) and Q : Q(t) = ¢([f > t]) for
t > 0. Thus P,Q :]0, co[— [0, c0] are monotone decreasing. We claim that
Q(t+) = P(t+) = Q(t) = P(t) = Q(t—) = P(t-) for t >0,

which of course implies the assertion. In fact, we have i) Q(¢t) £ P(t) for
t > 0 and hence Q(t—) £ P(t—) and Q(t+) = P(t+) for t > 0. The
monotonicity implies ii) P(t+) < P(¢) < P(t—) and Q(t+) < Q(t) < Q(t—)
for ¢ > 0. At last iii) P(v) < Q(u) for 0 < u < v and hence P(t—) < Q(t—)
and P(t+) < Q(t+) for t > 0. The assertion follows.

11.8. PROPERTIES. 1) If f € S(&) is represented in the form 11.4.iv)

then .
][fdso = 3 i (AQD).
=1

In particular fxade = p(A) for A € 6.
2) The horizontal integral is isotone on UM(S)/LM(S).

3) The horizontal integral is positive-homogeneous on UM(S)/LM(S), that
is §(cf)dp = cffde for real ¢ > 0. But of course one cannot expect any
additivity property.

4) If f — Ffdp is subadditive/superadditive on S(&) then the set function
¢ is submodular/supermodular.

5) For t > 0 we have

tollF2d) < ffdo incase € UM®)

to[[f >t]) = ][fdap in case f € LM(S).

In both cases therefore f fdp < oo implies that [f > 0] € [p < x]?.

P
Proof. 1) We put 79 := 0 and 7, :== > ¢; forp=1,--- ,r. Then f can at
=1

most attain the values 79,71, -+ , 7, and for z € X and 1 £ p < r we have
f(z) 21 <z e A(p). It follows for ¢t > 0 that

[f =1 = A(p) whent, 1 <t<7,withl<p<r
=7 | o when ¢ > 7, :

Therefore we have by definition

][fdso -y / Tz =Y te(A(p)).
p=1"Tp=17 p=1

2) and 3) are obvious. 4) We prove the sub assertion. For A, B € & we have
by 1) and by assumption

P(AUB)+¢(ANB) = ][(XAUB + Xanp)dp = ][(XA + xB)dy

174N

][XAdso + ][XBd90 = p(A4) + »(B).
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The super assertion has the same proof. 5) is obvious.
The fundamental fact is that 11.8.4) admits a fortified converse.
11.9. LEMMA. For f € UM(G)/LM(&) and A € & we have f + x4 €
M(&)/LM(G). If ¢ is submodular then

][(f +xa)dp £ ][fdap + @(A), and 2 if ¢ is supermodular.
Proof. We restrict ourselves to the case UM(S&). We have
for0<t=<1 : [f+xa2t]=AU[f 2],
fort>1 ¢ [f+xa2=[f24U(AN[F2t-1)),

so that f 4+ x4 € UM(&). Now we treat the submodular/supermodular
cases at the same time. We can assume that § fdp < co and ¢(A) < oo;
thus ¢([f = t]) < ooVt > 0. Then

JRSE

1 —00
= [ wavirzdas [ Te(rzquants ze-m)a

— —

_ hrn(/l P(AU[f = 1])dt

n—oo

; §;ﬁlk 2uAnlF 2 - 1))ar)

hm(/ (0(A) + o(lf = 1) — p(AN ] = 1))t

n—oo

i Elﬂlk tD+MAﬂUzt—u»—ﬂAmwzﬂ»ﬁ)

= lim ((p(A) +/
In view of  fdp < oo the third integral on the right tends to 0 for n — oo.
Thus the right side tends to ¢(A) + f fdp. The assertion follows.

11.10. CONSEQUENCE. For f € UM(G)/LM(&) and g € S(6) we have
f+g9€UM(S)/LM(S). If ¢ is submodular then

][(f +g)dp < ][fdgo + ][gdgo, and 2 if ¢ is supermodular.
Proof. Combine 11.9 with 11.8.1).

11.11. THEOREM. Assume that f,g € UM(S)/LM(&) are such that f +
g € UM(8)/LM(8). If ¢ is submodular then

][(f +9)dp = ][fd<p + ][gdw,

and the same with 2 if ¢ is supermodular.

A
~
1\

n n

ﬂvzmﬁ—/

AN [f 2 t])dt).
(n—1)«

—
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Proof. As before we restrict ourselves to the case UM(S&). We can
assume that ffdy < oo and fgdp < oo, in the supermodular case also
f(f + g)dp < co. But in the submodular case we have £(f + g)dp < co as
a consequence of the two previous assumptions, because for ¢ > 0

[f+g2t] C [fzt/2]ulg=t/2],
e([f+g92t) = o(f 2t/2]) + (g 2 t/2]),
and hence f(f + g)dp < 24 fdp + 2 fgdp < co. Therefore we can assume
that  fdp, fg9dp < co and (f + g)dp < .
1) Let us fix t : 0 = ¢(0) < #(1) < --- < t(r) = b < oo and put
O(t) :=max{t(l) —t(l—1):1=1,---,r}. We form the function

r

ge:= Y () = t(l = 1))x[g2i) € S(6).

=1

From 11.6 we know that g¢ < ¢g. Furthermore we note for x € X the
implications which follow.

i) g(x) 2 b= gu(z) =0

i) 0 = g(z) < b= g(x) < gu(x)+0(t). In fact, 1ft(p 1) <
1< p <, then gi(z) = t(p — 1) and hence g(x =
+t(p—1) = 6(1) + gel).

iii) For 0 < t < b we have

g( ) ( ) with
(t(p) - 1))

g(x) t+0(t) = gi(x) 2 ¢,
f() +g(x) t+6(t) = f(z) +gdz) 2 1.
In fact, assume in one of these implications that the right relation is false.

Then g¢(z) < t, hence g(x) < b by i), and hence g(z) < gi(z) + d(t) by ii).
Therefore

in the first case: g(x) < g¢(z) +6(t) <t 4+ 4(t),
in the second case: f(z)+ g(z) < f(x) + ge(z) +0(t) < t+0(¢),

so that each time the left relation must be false.

Z
Z

2) The first implication in iii) furnishes

][gdsp ][gtdsp

A
T
§\
I\/
il
=
~
|
S—_
5
)
Y
)
=
~

A

A
8
5
Q
1\
X
\
S—
5
Q"
1\
X
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Likewise the second implication in iii) furnishes

Fr+ 9o~ 17+ q0de

5(t)

< /;oocp([ergzthH/o o([f +9 = )dt.

«—

3) Now let € > 0. Then we can choose the above t such that in the two
inequalities in 2) the last members are both < e. It follows that

][gdw = ][gtdw +¢ and ][(f +9)dp = ][(f + g0dp + ¢

So if ¢ is submodular then 11.10 implies that

furode = f+opdores fraos fodore

][fdgo + ][gdgo +e€.

Likewise if ¢ is supermodular then 11.10 implies that

][(f + g9)dp ][(f + godp Z ][fdap + ][gtdcp

][fdap + ][gdga — €.

Thus we obtain both assertions.

A

v

1\

We continue with two examples in order to illustrate the wide extent of
the present notion.

11.12. EXERCISE. 1) We let X = R and & = B(R), so that UM(&) =
LM(&) consists of all functions f : R — [0,00]. Define ¢ : P(X) — {0, 1}
to be

o(A) = { 1 if A is unbounded above }
0 if A is bounded above '

Prove that
][fdap = limsupf(z) for all f:R — [0, 00].

Tr—00

2) The above example can be extended as follows. Let $) be a paving of
nonvoid subsets of a set X. Define ¢ : P(X) — {0,1} to be

(A) = 1 fANH #2 forall He$H
® 10 fANH=gforsome HeH [

Prove that

][fdap = inf supf(x)=:limsupf(xz) forall f: X — [0,00].
HeSH el zT$H
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11.13. EXERCISE. Let B(X,R) denote the real vector space of all
bounded functions X — R on a nonvoid set X. Let ¢ : B(X,R) — R
be a positive linear functional, that is ¢(f) = 0 for f = 0; it follows of
course that ¢ is isotone. Define ¢ : P(X) — [0,00[ to be p(A) = $(xa)
for A C X. Thus ¢ is isotone and modular with ¢(&) = 0. Prove that
ffdo=¢(f) for all 0 < f € B(X,R). Hint: Use 11.6.

The next exercise is a remarkable theoretical application of the basic
theorem 11.11. It is of the type of a sandwich theorem.

11.14. EXERCISE. 1) Let X be a nonvoid set, and S be a nonvoid set of
functions X — [0, 00] which is stable under addition. Assume that
Q: S — [0,00] is subadditive, and
P:S —[0,00[ is superadditive with P < Q.
Then there exists an additive functional ¢ : S — [0, 00 such that P < ¢ < Q.
If Q is isotone then ¢ can be chosen to be isotone. This is a Hahn-Banach
type result. It can either be proved ab-ovo with the usual method or deduced
from the Hahn-Banach theorem due to Rodé. See Rodé [1978] or Konig
[1987].
2) Let & be a lattice in X with @ € &, and consider set functions
8 :6 — [0,00[ isotone and submodular with (&) =0,
a: 6 — [0,00] isotone and supermodular with a(&) = 0,
such that o £ . Then there exists ¢ : & — [0, 00[ isotone and modular
such that « < ¢ < 3. Hint: Define the functionals P, Q : S(&) — [0, 00[ to
be

P(f) = { fdocand Q) = {£45 for 1 € 5(8).
amd combine 11.11 with 1).

11.15. REMARK. The horizontal integral has the pleasant property that
it retains its value under extension of the underlying set function: Assume
that ¢ : ¥ — [0,00] is an extension of ¢ : & — [0, 00] of the same kind.
Then UM(6) € UM(%) and LM(&) C LM(%), and it is obvious from the
definition that

][fdcp = ][f(hb for all f € UM(6)/LM(6).

This applies in particular to the extensions ¢*, ¢, : P(X) — [0, 00] of ¢, the
relevant properties of which are collected in 4.1 and 6.3.

Regularity and Continuity of the Horizontal Integral

The last subsection presents some of the most important properties of the
horizontal integral. We assume as before that & is a lattice with @ € & and
that ¢ : & — [0, 00] is isotone with ¢(@) = 0.

11.16. THEOREM. f fdp, = sup{fudp : u € S(&) with u < f} for all
f:X —[0,00].
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Proof. Let M € [0, 00] denote the supremum on the right. To be shown
is ffdo. < M. 1) We can assume that ¢, ([f = t]) < co V¢t > 0. In
fact, if @« ([f 2 t]) = oo for some ¢ > 0 then for each R > 0 there exists
a subset A € & with A C [f 2 t] and tp(4) = R, which implies that
u = txa € S(6) fulfils u < f and fudp = to(A) = R, and hence that
M = R. Therefore M = co. 2) We fix 0 < a < b < oo and have to prove
that ff o([f 2 t])dt = M. Let € > 0. By definition of the Riemann integral
there exists a subdivision a = ¢(0) < t(1) < --- < t(r) = b with

b r
[ 2 0t £ 37 (60) 0 - )1 Z KOt
@ =1
Then there exist subsets A(l) € & with A(l) C [f = t(I)] and

ou([f Z D) S Q(AD) + 5= VI= 1,

In view of [f = ¢(r)] C --- C [f = t(1)] we can achieve that A(r) C --- C
A(1). It follows that

b T
/ pullf 2 )t < 3 (1) =t — 1) p(AQ)) + 2¢.
a =1

Now we form
T

U = (t(l) —t(l — 1))XA(Z) € 5(6).
=1
By 11.6 then u < (f —a)* A (b—a) £ f, and hence from 11.8.1) we obtain
f; o ([f Z t])dt < fudp + 2¢. The assertion follows.

We turn to the theorems on downward and upward e continuity for
e = g7. In case ¢ = ¢ these are archetypes of the Beppo Levi theorem. It
is fundamental that they are also true for ¢ = 7. We present the proof in
the downward situation which is somewhat more involved, and then add the
upward one as an exercise.

11.17. THEOREM. Assume that ¢ is almost downward e continuous.
Then the horizontal integral f — F fdp is almost downward e continuous
on UM(G) in the natural sense: If M C UM(S) is nonvoid of type o and
downward directed in the pointwise order with M | F € UM(S), and if
ffde < oo forall f € M, then inf{f fdp: f € M} = fFdep.

Proof. 1) For f € M we define f :)0, 0o[— [0, 00| to be f(t) = o([f = t])
< 00Vt > 0. Thus f is monotone decreasing with ffde = O_;OO f (t)dt <
co. Furthermore f < g implies that f < §. 2) For fixed t > 0 we have
{[f 2t : feM}|[F2=t. Thus by assumption inf{p([f = t]) = f(¢t) :
feM}=o(F =t]) = F(t), with F :]0, 00[— [0, c0[ as above. It follows
that {f : f € M} | F pointwise. 3) We fix P € M and € > 0, and then
0 <a <b< oo with
/ P(t)dt < e and / P(t)dt < e.

0 b

—
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For f € M with f < P then

][fchp = /O:OO f)dt < /ab f(t)dt + 2.

4) By definition of the Riemann integral there exists a subdivision a =ty <
th < -+ <t, =bwith

T

A b A
> (i —tis)F(ti-) g/ E(t)dt + «.

=1

Then by 2) there exist functions f; € M ¥Vl =1,--- ,r such that fl(tl_l) <
F(t;—1) +¢/b— a. Thus for the functions f € M with f < f1,---, f, P we
obtain from 3)

][fd@ < /f dt+25<2tl—tll (ti—1) + 2¢

174N

Z(tl —1_ 1>fl(tl 1) + 2¢e < Z tp—t— 1)F(tl_1) + 3¢

=1 =1

b
/ F(t)dt +4e = ][Fdap + 4e.

The assertion follows.

A

11.18. EXERCISE. Assume that ¢ is upward e continuous. Then the
horizontal integral f — Ffdy is upward e continuous on LM(S) in the
natural sense: If M C LM(&) is nonvoid of type ® and upward directed in the
pointwise order with M T F € LM(S), then sup{{ fdy : f € M} = fFdp.

We continue with the important specialization to Borel-Radon measures.

11.19. REMARK. Let X be a topological space. Then UM(CI(X)) is the
class USC(X, [0, 00]) of the upper semicontinuous functions f : X — [0, oo],
and LM(Op(X)) is the class LSC(X, [0, 00]) of the lower semicontinuous
functions f: X — [0, o0].

11.20. CONSEQUENCE. Let o : Bor(X) — [0, 00] be a Borel-Radon mea-
sure on the Hausdorff topological space X. Then the horizontal integral
[ ffda is almost downward T continuous on USC(X, [0, 00]) and upward
T continuous on LSC(X, [0, 00]).

Proof. We know from 9.4 that «|Cl(X) is almost downward 7 continuous
and «|Op(X) is upward 7 continuous. Therefore the assertions follow from
11.17 and 11.18.

11.21. EXERCISE. 1) Let X be a completely regular topological space.
Assume that f € USC(X,[—o0,00[) is such that there exists some u €
C(X,R) with u = f. Then f is the pointwise infimum of {u € C(X,R) :
u = f}. 2) Let a: Bor(X) — [0,00] be a finite Borel-Radon measure on a
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completely regular Hausdorff space X. Assume that f € USC(X, [0, o0]) is
bounded above. Then

][fda = inf{ fuda : u € C(X,[0,0[) bounded with u = f}.

11.22. EXERCISE. This is another variant of 11.17 whose proof is similar
and simpler. Assume that ¢ is almost e continuous at &. If M C UM(8) is
nonvoid of type o such that M | 0 in the pointwise order, and if f fdp < oo
for all f € M, then inf{ffdy: f e M} =0.

The last exercise continues the discussion of the two notions of support
defined in section 9.

11.23. EXERCISE. Let & be a lattice with @ € & and ¢ : & — [0, 00] be
isotone with ¢(@) = 0. By definition

for f € UM(6) ffdgp—O@cp([fit])—OVt>O,
for f € LM(&) ][fd<p:0<:)<p([f>0])=0w>0.

It follows that f fdy = 0 does not enforce that f = 0. For example, for
A € 6 with ¢(A) = 0 we have fxadp = p(A) = 0 by 11.8.1), but of course
A need not be void. Moreover  fde = 0 does not even enforce that f = 0 on
that part of X on which ¢ is concentrated in some reasonable sense, except
under additional assumptions on f. In this context the previous notions of

support become relevant.
0) The Borel-Lebesgue measure o =: A|Bor(R") fulfils

Supp(a) = supp(a|R) = R"™.

Hint: 8T8 = CI(R").
1) Let o : Bor(X) — [0, 00] be a Borel-Radon measure on a Hausdorff
topological space X. Then

for f € LSC(X, [0, 00]) = LM(Op(X)) : ][fda =0= f =0 on Supp(a).

The example above shows that the same assertion need not be true for
f € USC(X,[0,00]) = UM(CI(X)). These are well-known facts. The posi-
tive assertion is considered as an indication that the notion of support is a
reasonable one. It is remarkable that it has a counterpart for the new notion
of support.

2) Let & be a lattice with @ € & in the nonvoid set X, and let ¢ : & —
[0,00[ be an inner 7 premeasure with (&) =0 and ¢ := ¢,|€(p;). Then

for f e LM((6T6&,)1): ][fdgb =0= f =0 on supp(p).

3) Deduce 1) from 2).
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11.24. BIBLIOGRAPHICAL NOTE. The concept of the horizontal integral
was the basic idea of Lebesgue for the formation of an integral, while the
vertical integral of the next section was the basic idea of Riemann. See for
example Stroock [1994] introduction to chapter II. In recent textbooks the
horizontal integral occurs in case that ¢ : & — [0,00] is a o finite cmeasure
on a o algebra, but without much systematization. See for example Bauer
[1992] Satz 23.8. The full notion of the horizontal integral appeared in
Choquet [1953-54], so that this work formed the start of the so-called non-
additive theory of integration. The fundamental result 11.11 is from Choquet
[1953-54], Topsge [1978] section 8, and Kindler [1986]. For more details we
refer to Denneberg [1994] chapter 6. For the sandwich type results in 11.14
and their development see for example Kindler [1986]. The results in the
last subsection are basic facts for Borel-Radon measures; see for example
Dellacherie-Meyer [1978] chapter IIT section 3. The more comprehensive
versions of the present text will be needed for the main results of chapters
V and VII below. There have been hints in this direction in the literature
before, for example in Topsge [1978] section 8.

12. The Vertical Integral

Definition and Main Properties

This time we assume that 2l is a ring in a nonvoid set X and that o : 2 —
[0,00] is a ccontent. We define the vertical integral for f : X — [0, o0
with respect to a to be

T
/fda : = sup {Ztla(A(l)) t A(1),- -+, A(r) € 2 pairwise disjoint
=1

*

and ¢1,--- ,t, > 0 with flJA() 2, Vi=1,--- ,r}
= sup {Ztla(A(l)) s A1), -+, A(r) € A pairwise disjoint
=1
and ¢, -+ ,t, 2 0 with fJ[A()) 2, Vi=1,--- ,7'},
where the second expression is under the usual convention Oco := 0. The
first expression is the supremum of a nonvoid subset of [0, c0] since & € A

and a(@) = 0. It is clear that the two expressions are equal and with value
in [0, o).
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12.1. REMARK. For f: X — [0, 00] we have

/fda : = sup {Ztla(A(l)) AL, JA(r) e
=1

*

and ty, -+ ,t, >0 with f 2 ZthA(l)}
=1

= sup {Ztla(A(l)) AL, L A(r) e
=1

r
and tl, ety z 0 with f z ZthA(l)}.
=1

Proof. As above it is clear that the two expressions on the right are
equal. Let I € [0, 00] denote their common value. To be shown is I < ffda,

since the reverse is obvious. We can assume that [ fda < oo, so that ;1 e
with flJA=¢>0 implies that a(A) < co. Now ﬁ; A1), -+, A(r) € A and
ti,---,t, >0 with f = ZthA(l) Thus a(A(l)) <ocoVl=1,---,r. Asin
the earlier obvious lemma 3 5 we form the subsets

T):= (AN [ (A1) €2 for the nonvoid T C {1,--- ,r}.

leT leT”

These subsets are pairwise disjoint with A(l) = |J D(T) or
T3l
A = ZXD(T) and hence a(A(l)) = Za(D(T)) Vi=1,---,r

T3l T3l

We also put 7p := > ¢; > 0. Then on the one hand
leT
ZthA o= Z ZthD Z thXD(T) = ZTTXD(T)7
I=1 T3l T 1eT T

and on the other hand

> ta(AD) =YD ta(D(T) =Y > ta(D(T)) =Y 7ra(D(T
=1 T

=1 T3l T leT

The first relation shows that f|D(T") 2 7 for all T'. Therefore the common

value in the second relation is < [ fda. This is the assertion.
*

12.2. PROPERTIES. 1) [xada = a(A) for A € A. 2) The vertical integral

*
is isotone. 3) Assume that o is semifinite above. Then

/fda = Sup{/xpfda : P € A with a(P) < oo} for all f: X — [0, 00].
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4) The vertical integral is positive-homogeneous. Furthermore

/(f+g)da§/fda+/gda for f,g: X — [0, 00].

* *

Proof. 1) On the one hand y 4|4 = 1 implies by definition that [yada =

a(A). On the other hand let A(1),---,A(r) € 2 be pairwise disjoint and
t1, - ,tp > 0 with xa|A(l) 2 ¢ VI = 1,--- ,r. This implies that A(l) C A,
and that A(l) = @ when t; > 1. It follows that

A

S ta(AD) £ 3 alA0) £ a(A).
=1 =1

Therefore [xada < a(A). 2)3) and the first part of 4) are obvious. It

remains to prove the second part of 4). Let
A(1),---, A(r) € A be pairwise disjoint
and s1,--+, 8 = 0 with fl|A(k) =2 s Vk=1,---,r,
B(1),---,B(s) € A be pairwise disjoint
and t1,--- ,ts 2 0 with g|B(l) 2 t; VI =1,--- ,s.
T S
We can assume that |J A(k) = U B(1). Then (f + g)|A(k)NB(l) = s+t
k=1 1=1

implies that

./U+9Ma

*

1\

> sk +t)a(A(k) N B(D))

k=1 =1

= Y skea(Ak)NBW) + > > ta(A(k) N B(D))
k=1 =1 k=1 =1

= D sra(A(R) + > tia(B(1),
=1

k=1

and hence the assertion.

12.3. PROPOSITION. For f,g: X — [0, 00] we have

/(f+g)da = /fda+/gda,

* *

provided that at least one of the two functions is in UM(2() U LM ().

Proof. We assume that f € UM(2A)ULM(2(). By 12.2.4) we have to prove
the direction <. Fix pairwise disjoint A(1),---, A(r) € A and t1,--- ,t >0
with (f +¢)|A(l) 2 t; VYl =1,--- ,r. Furthermore fix n € N. For 1 <[ < r
then form

A () = { A(l) (k/n)t;] when f e UM()
' A(l) (k/n)t;] when f € LM()

VIV

nis _
NT }ekaL..-,n.



124 IV. THE INTEGRAL

Thus we have A™(I) C --- C AY(l) € A%(I) := A(l), and hence the decom-
position

n
= U (A’f L)\ AR )) U A"(1).
k=1
In both cases we have

for1<k<non Ak_l(l)\Ak(l):fg k_ltl and g = 1.
n

Therefore by definition

/fda > Z(Zkgltla(Ak_l(l)\Ak(l))+tla(A”(l))>,

g I=1 “k=1

/ gda 2 Z(Z” - ® 0 (A1) \A’“<l>)>,

’ I=1 “k=1

\Y

\Y

and hence
n—1w
> — A
/fda+/gda_ - lit;a( l

Now let n — oco. Then the assertion follows.
12.4. CONSEQUENCE. For fi,---, f, : X — [0, 00] we have

/(lzi;fl)da = g/flda,

*

provided that all these functions except at most one are in UM(2() ULM().
12.5. SPECIAL CASE. If f € S() is represented in the form 11.4.iii)

then
T
/fda = tia(A(l
; =1

We conclude with some useful remarks.
12.6. REMARK. For each f: X — [0,00] we have 1) [(f At)da T [ fda
fort 1 oo and 2) f(f—t)*danfda fort] 0.

*

Proof. We can assume that f fda > 0. Let f fda > ¢ > 0. By definition
there exist pairwise disjoint A(1 ) LA(r) et and t1,--- ,t. > 0 such that
FIAQD) = (¥ =1,--- 7 and f;tla( A1) = c. 1) For £ = 1y, -+ , 4, we have
(FABIAW) 2 6Vl =1, 7 and hence [(fAt)da = c. 2) For 0 < ¢ < = i

min(ty, - ,t,) we have (f —)|[A() 2t —t 2 (1 —t/e)t; Vi=1,--- ,r and
hencef f—t)tda = (1—t/e)c.
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12.7. REMARK. Assume that f : X — [0,00] and A € 2 with [f > 0]
C A. Then [fda < (sup f)a(A).

Proof. By 12.6.1) we can assume that sup f < oco. But then the assertion
follows from 12.2.1).

Regularity and Continuity of the Vertical Integral

The next assertion is an immediate consequence of the definition combined
with 12.5.

12.8. PROPOSITION. [ fdo = sup { fuda : u € S(A) with u < f} for all
f:X —[0,00].

The continuity theorem will be this time on upward o continuity and a
consequence of 4.7. It is a version of the famous Fatou theorem.

12.9. THEOREM. Assume that « is upward o continuous. Let (fy)n be
a sequence in UM(2L) or in LM(2(), and f : X — [0,00] with f < liminff,.

Then [ fda < liminf [ f,do.

Proof. We can assume that [fda > 0. Let [ fda > ¢ > 0. By definition
there exist pairwise disjoint A(1),---,A(r) € 2 and t1,--- ,¢ > 0 such

that flA(l) 2 t; VI =1,---,r and > t;a(A(l)) > ¢. Then choose 0 < § <
=1

t1, -+ ,t with > (8 — 6)a(A(l)) > ¢; this can be done in all cases. 1) For

=1
1 <1< r we form

DL = ﬁ (A(l) Nlfy >t 75]) V¥n € N.

p=n
Thus D), T in n € N. For z € A(l) we have t; £ f(z) £ liminff,(x) and

hence t;—§& < f,(z) for almost all p € N; thus z € D!, for almost all n € N. Tt
follows that D!, T A(l) for n — co. From 4.7 we obtain a?(DL) T a®(A(l)).
Thus DL, c A()N[f, =/ >t — 6] C A(l) with 4.5 implies that

a(A(l) Alfa>/>t— 5]) — a(A(l)) for n — oo.
2) For n € N we have by definition

[doz Yot -0pa(A0 a2 /> - 3])
; =1

We know from 1) that the right side is > ¢ for almost all n € N. It follows
that liminf [ f,da = c. This is the assertion.

As a consequence we obtain a special case of the Beppo Levi theorem.



126 IV. THE INTEGRAL

12.10. CONSEQUENCE. Assume that o is upward o continuous. Let (fp)n
be a sequence in UM(2L) or in LM(2(), and f, T f : X — [0,00]. Then

[ fnda 1 [ fda for n — oco.
Proof. From 12.9 we obtain ffda < hm ffnda On the other hand
ffnda < ffda for n € N and hence hm ffnda < ffda

Comparison of the two Integrals

The next theorem says that the horizontal and the vertical integral are equal
whenever they are both defined.

12.11. THEOREM. Assume that o : 20 — [0, 00] is a ccontent on a ring A
in X. Then

][fda = /fda for all f € UM(2A) U LM(2).

Proof. We define the function F' :]0, co[— [0, c0] to be

[ allf24]) when f € UM()

Ft) = { o([f > #]) when feLM@) | >0
Thus F is monotone decreasing, and by definition  fda = [, F(t)dt. If
F(t) = oo for some t > 0, then [ "*° F(t)dt = oo by definition, and [ fdo =

oo by definition as well. Thus we can assume that F(t) < oo for all £ > 0.
1) We first claim that

/(fu)Jr/\(vu)da:/vF(t)dt for 0 <u < v < o0.

*

In fact, for each subdivision u = t(0) < ¢(1) < --- < t(r) = v we have by
11.6

T

D () =t = 1) xpr2e)

=1

174\

(f—w)" A (v—mu)

T

> (¢ =t = D) X201

=1

A

and the same for [f > -] instead of [f = -]. Upon application of [ it follows
from 12.5 that in both cases ’

S0~ - D)FeW) £ [(F -0 A= wda
=1 *
D (t) =t — 1) F(t(1 - 1)).

=1

A



12. THE VERTICAL INTEGRAL 127

By the definition of the Riemann integral the assertion follows. 2) For
0<u<wv<oowehave (f—u)tA(v—u) = ((f/\v)—u)+, so that 1) says

that )
/((f Av) =) do = /u F(t)dt.

*

We conclude from 12.6.2) for u | 0 that

/(fm)da:/ov F(t)dt for v >0,

—
*

and then from 12.6.1) for v 1 oo that [fda = [; °° F(t)dt. This is the

0«—

assertion.

12.12. CONSEQUENCE. Assume that o : X — [0,00] is a ccontent on a
ring A on X. Then

][fda* = /fda forall f: X — [0, 00].

Proof. From 11.16 and 12.8 we obtain
][fdoe* = sup{ fuda:u e S(A) with u < f},

/fda - sup{/uda:uGS(Ql)Withugf}.

Thus the assertion follows from 12.11.

In spite of the above results it is wise to retain the different notations for
the two types of integrals, because this will allow to see where the arguments
come from. We shall reserve the common notation [ fda := f fda = [ fda

for the particular case that «: 2 — [0, 0] is a cmeasure on a o ring 2 and
that f € M(2() := UM(2) = LM(2).

12.13. BIBLIOGRAPHICAL NOTE. The definition of the vertical integral
is in essence the usual definition of the integral for functions with values in
[0,00] in most recent textbooks, except that the latter definition assumes
a2 — [0,00] to be a cmeasure on a o ring A and f : X — [0, 00] to be
measurable 2. Also it is effected in two steps, where the first step is for the
function class S(2) of the so-called elementary functions. For a few variants
we refer to Bauer [1992], Cohn [1980], and Stroock [1994].

We next comment on the connection with the so-called finitely-additive
theory of Riemann integration with respect to a ccontent a : A — [0, 00|
or [0,00] on an algebra 2, and its extension due to Dunford [1935]. We
refer to Rao-Rao [1983] and in particular to the recent survey of Luxemburg
[1991]. These theories are for function classes which arise as the closures of
S(A), and likewise of UM(2A) and/or of LM(2(), under some seminorm or
semimetric of the type of an outer integral. We do not follow this procedure,
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not alone because it need not lead to complete function spaces. The deci-
sive reason is that the present set-up is in perfect accord with the precise
requirements of the next chapter. The present comparison theorem 12.11 is
contained in Luxemburg [1991] theorem 4.13.

13. The Conventional Integral

The present section develops the conventional integral for functions with
values in R or R on the basis of the two former sections. Apart from this it
follows the usual lines from the start. It is for the sake of completeness that
we want a short but complete treatment. We note that there will be almost
no use of the present section in chapter V.

Measurable Functions

Let X and Y be nonvoid sets and f : X — Y be a map. Assume that /B
are pavings in X/Y. Then it is natural to consider for f the properties

AcUA= f(A)eB and fYB)eA«<BcB.

It turns out that, opposite to naive opinion, the second relation is the much
more profound one. For example, if A/ are topologies on X/Y then the
second relation means that f is continuous, while the first relation means
that f is open, which for example is violated as a rule when f is constant.
Thus we define f to be measurable A — B iff it satisfies the second
relation above, that is once more iff B € B = f~!(B) € . In order that
this notion be non-pathological the pavings A and B must have a certain
richness. For the purpose of measure and integration a minimal requirement
appears to be that 2 and B be algebras. For example, in case B # {@} the
constant functions f : X — Y are not all measurable 2l — B unless X € 2.
But this minimal requirement does not suffice, as a look at the notions of
section 11 and the subsequent related exercise will show.

13.1. EXAMPLE. On [0, 00] define & to consist of the subsets [¢, oo] and
% of the subsets |t, o] for all real ¢ > 0. Let 2 be a lattice with @ € A on X.
Then a function f : X — [0, 00] is measurable A — & iff f € UM(), and
measurable A — T iff f € LM(2). We know from 11.1 and 11.3 that these
function classes need not be stable under addition and need not be equal
even when 2 is an algebra, but that all this is true when 2 is a o lattice.

13.2. EXERCISE. On R define & to consist of the subsets [t,o0] and T
of the subsets Jt,00] for all t € R. 1) Ac(&) = Ao(%) = Bor(R). 2) A(S)
and A(%) do not coincide. In fact, for A € A(&) the function y4|R is right
continuous, so that for example the members of ¥ are not in A(&). Likewise,
for A € A(%) the function x4|R is left continuous, so that for example the

members of & are not in A(%). Hint: Use 3.6.1) combined with 1.17.x).
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It is thus clear that certain important points will need o algebras instead
of algebras. We start with some formal properties.

13.3. REMARK. Assume that 2 and B are o algebras, and that B =
Ao (%) for a set system T C B. Then f is measurable A — B & f is
measurable A — .

Proof of <). By 1.11 we have f~'(B) = f~(Ac(T)) = Ac(f}(T)) C
Ao(A) = 2.

13.4. PROPERTIES. 1) If f : X — Y is measurableA — B andg:Y — Z
is measurable B — € then go f : X — Z is measurable 2 — €. 2) Assume
that f : X — T C Y. Then f is measurable A — B < f is measurable
A — BNT. 3) Assume that f : X — Y is measurable A — B. For
nonvoid S C X then f|S : S — Y is measurable A NS — B. 4) Assume

o

that X = |JS; with nonvoid S; € A VI € N, and that A is a o lattice.
=1

If fIS; : S; — Y is measurable A NS, — B VI € N then f is measurable

A — B.

Proof. 1)2)3) are obvious. 4) For B € B we have f~1(B)N S, =
(f1S)~Y(B) e AN S; C A since S; € AVI € N, and hence f~1(B) € A since
A7 = 2.

The next point is the connection with topology and continuity. Let X be
equipped with a paving 2l and Y be a topological space. Then for f : X — Y
one has to distinguish between measurable 2 — Bor(Y) and measurable
20 — Baire(Y). But in case that Bor(Y') = Baire(Y'), in particular when Y
is semimetrizable, we can in short call this measurable 2. Let us note a
useful consequence of 13.2.1) and 13.3.

13.5. REMARK. Let 2 be a o algebra in X. Then f: X — R is measur-
able A iff [f 2 t] € AVt € R, and likewise iff [f > t] € AVt € R.

Another shorthand notation is as follows. Let X and Y be topologi-
cal spaces. Then f : X — Y will be called Borel measurable iff it is
measurable Bor(X) — Bor(Y'), and Baire measurable iff it is measurable
Baire(X) — Baire(Y).

13.6. EXERCISE. If f : X — Y is continuous then it is Borel measurable
as well as Baire measurable.

We combine these remarks for a useful reduction principle.

13.7. PROPOSITION. Let X be equipped with a o algebra A and Y be a
topological space. Then f: X —Y is measurable 2 — Baire(Y)

< for each ¢ € C(Y,R) the function po f : X — R is measurable 2.

Proof. =) is obvious from 13.6. <) Let B € CCI(Y), that is B = [¢ = 0]
for some ¢ € C(Y,R). Then f~Y(B) = [po f = 0] which is in 2 by
assumption. The assertion follows from 13.3.
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We turn to the combination of functions, in particular to sequences of
functions. For the remainder of the subsection we assume that 2 is a o
algebra in X. We start with the easiest facts.

13.8. REMARK. Let f,g: X — R be measurable A. Then the sets [f <
g, 1[f £ gl,[f = g], and [f # g] are in A.

Proof. It suffices to prove the assertion for [f < g]. But [f < g] is the
union of the subsets [f < t]N[t < ¢] for all t € D, where D C R is any
countable dense subset.

13.9. PROPOSITION. Let f; : X — R be measurable %4 VI € N. 1) The
functions sup f; and lin1£1 fi are measurable A. Of course this implies the
leN €

same fact for finite sequences of functions. 2) The functions limsupf; and
l—o00
lilm inf f; are measurable .
— 00

Proof. 1) For t € R we have

[sup £ > =l:U1[fz >t] and [inf fy 2 4] = lg[ﬁ > 1],

so that the assertion follows from 13.5. 2) We have limsupf; = mf sup fi

l—o00 N> Zn
and hm 1nf fi =sup 1nf fi
neN 12n

13.10. PROPOSITION. Let Y be a topological space. Assume that the
fi: X =Y are measurable A — Baire(Y) VI € N, and that fy — f: X =Y
pointwise. Then f is measurable A — Baire(Y).

Proof. In view of 13.7 we can assume that Y = R; but the proof below
works for all metrizable Y. Let B € CCI(Y') = CI(Y). Then

A(l,n) = ffl([dist(- B)<1/n]) €2 Vi,n €N, and hence
- A0

For £ € X now = € A means that for each n € N there exists p € N with
xz € A(l,n) ¥l 2 p, that is with dist(f;(z),B) £ 1/n V¥l 2 p. Thusz € A
means that dist(f;(x), B) — 0 for | — oo, that is dist(f(z), B) = 0, and that
is f(z) € B since B is closed. Thus A = f~1(B). The assertion follows.

The next assertion is an important addendum.

uDg

13.11. PROPOSITION. LetY be a Polish space. Assume that the f;: X —
Y are measurable A ¥Vl € N. Then the subset

T :={x € X : there exists llim filx)=f(z)eY}CX

is in A. Note that by 13.10 the function f: T — Y is measurable ANT.
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Proof. Let d be a complete metric on Y which furnishes its topology,
and let D C Y be a countable dense subset. We form

M, (p,q) = U fzfl(V(u,l/n)) ﬂf;l(V(u, 1/n)) €A for p,q,n € N;
ueD
4= AUN NG

n=1 r=1 p=r q=r

It is a routine verification that

{z € X d(fp(), fo(2)) < 1/n} C Mu(p,q)
C {ze X :d(fp(x), fy(x)) = 2/n} for p,g,n €N,

Thus A consists of those € X in which the sequence (f;(x)); is Cauchy in
d, that is convergent in d. Therefore T'= A € 2 as claimed.

In view of 11.1.3) and 11.2 it is perhaps no surprise that the most com-
plicated task is to handle sums, products,--- of scalar-valued measurable

functions. For this purpose we introduce a notion which will be central in
chapter VII.

Assume that &1, --- , &, are pavings in X1, ---, X,. Then we form their
product paving

Gix - xG={S1x xS :Se&V=1,,r}

which is a paving in X7 X --- x X,.. Furthermore we form 61 ® --- ® &, :=
Ao(G1 x -+ x &,.), which is called their product o algebra in case that
S1,---,6, are o algebras themselves. The next assertion is then obvious
but will be useful.

13.12. REMARK. Let A be a o algebra in X and %1,---,%, be pavings
n Y1, - Y. Assume that f;: X — Y] is measurable A — T, VIl =1,--- 7.
Then f=(f1,-+,fr): X = Y1 x--- XY, is measurable d - T1 Q@ -@F,.

In fact, for B=B; X --- X B, € 1 X --- X T, we have
FABY =B e,
=1
so that the assertion follows from 13.3. In the sequel we restrict ourselves

to products of two factors.

13.13. EXERCISE. Consider pavings & in X and T in Y. 1) We have
Y €37 = 6xAc(%) C 6GRF; and of course X € 67 = Ao(6)xT C 6%
as well. Hint: Show that
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B:={BCY:SxBecGIVSeS} isao algebrainY.
2)If X € 6% and Y € T° then Ac(S) @ Ac(T) =6 %.
13.14. CONSEQUENCE. For topological spaces X and Y we have
Bor(X)®Bor(Y) = Op(X)® Op(Y)
C Ac(Op(X xY)) =Bor(X xY),
of course for the product topology on X x Y.

We shall see in 13.19 below that Bor(X) ®Bor(Y) and Bor(X x Y) need
not be equal. But one has an important partial result.

13.15. REMARK. For topological spaces X and Y with countable bases
we have Bor(X) ® Bor(Y) = Bor(X x Y).

Proof. Let {4;:1 € N} and {B; : | € N} be respective countable bases.
By the definition of the product topology then Op(X x Y) = {4, x By :
p,q € N}? C Op(X) ® Op(Y) and hence the assertion.

We come to the main consequence in the present context.

13.16. PROPOSITION. Assume that the function H : R xR — R is Borel
measurable (which in particular is true when R x R is an at most countable
union of Borel subsets on which H is continuous). Then

f,9: X — R measurable A = H(f,g) : X — R is measurable 2.

Proof. The assertion in brackets follows from 13.6 and 13.4.4). Now
(f,g9) : X — R x R is measurable Bor(R) ® Bor(R) by 13.12. Thus from
13.15 and 13.4.1) the assertion follows.

13.17. ExAMPLES. The functions H : H(u,v) = u4v and = uv Vu,v € R
are as required in 13.16, the product with the usual convention 0(+00) := 0.
Therefore if f,g : X — R are measurable 2 then the functions f—}-g and
fg: X — R are measurable 2 as well.

13.18. SPECIAL CASE. 1) A function f : X — [0,00] is measurable 2
iff f € M®). 2) A function f: X — R is measurable A iff the functions
frfm: X —[0,00] are measurable A, that is iff f+, f~ € M(21).

Proof. 1) We have [f = t] = X € 2 for t < 0, so that the assertion
follows from 13.5. 2) = follows from 13.9.1), and < follows from 13.17
since f = f+—]—(— f7). Note that the last implication also has an obvious
direct proof.

13.19. EXERCISE. This exercise serves to demonstrate the possible
smallness of Bor(X) ® Bor(Y). We follow Dudley [1989] exercise 4.1.11
and start with a set-theoretical result. 1) Let X be a set which has no in-
jective map into R. Then the diagonal D := {(z,z) :x € X} C X x X is
not a member of P(X) ® P(X). Hints: i) Let & be a paving in a nonvoid
set X. Then

Ao(6) = U Ao (B) over the countable pavings P C &.
B
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ii) Let & and ¥ be pavings in nonvoid sets X and Y. Then

Ac(6xT) = [JAo(PxQ)
PB.Q
over the countable pavings P C & and Q C ¥.

iii) Let B = {P, : n € N} be a countable paving in a nonvoid set X. Then
the subsets

P(S):= (P.n ()P, for the subsets S C N
nes né¢sS

form a disjoint cover of X. iv) Let B := {P, : n € N} and Q := {Q,, : n € N}
be countable pavings in nonvoid sets X and Y. Assume the notation of iii).
Then each subset E € Ac(P x 9Q) is a union of subsets P(S) x Q(T') with
S,T € N. v) Consider iv) in the special case that X =Y and E := D €
Ao (P x Q). Then each of the P(S) and Q(T) is either void or a singleton.
vi) Deduce the assertion from ii) and v).

2) Let E be a nonvoid set. Prove with bare hands that there is no
injective map f : P(E) — E. Hint: Consider

A={ue X :u= f(U) for some U C X with u ¢ U},

and a := f(A). Show that both a € A and a ¢ A are impossible.

3) Assume that X carries a Hausdorff topology and has no injective map
into R. Then the diagonal D C X x X is not in Bor(X) ® Bor(X). On the
other hand D is closed and hence in Bor(X x X).

Integrable Functions and the Integral

In the present subsection we assume that 2 is a ¢ algebra in X and that
a: A — [0,00] is a cmeasure. We are thus much more restrictive than
in sections 11 and 12. The basic link to these former sections is 13.18. We
recall from 12.11 that for f : X — [0, oo] measurable 2, we have the common

integral
/fda = ][fdoz = /fda € [0, o0,

and its properties obtained in sections 11 and 12. In particular, both 11.11
with 11.1.3) and 12.3 show that the common integral is additive.

We define a function f : X — R to be integrable « iff it is measurable
2 and has [ ftda < oo and [ f~da < co. Thus a function f: X — [0, o0]
is integrable « iff it is measurable 2 and has [ fda < co. For f: X — R
integrable a we define the integral to be [ fda:= [ ffda—[ f~da € R. In
case f: X — [0,00] it coincides with the previous one, so that the notation
is correct. We also write as usual [ fdo = [ f(z)do(z) = -, in particular

when other dependences are involved.

13.20. PrROPERTIES. 1) If f : X — R is integrable o then so is cf with
c € R, and we have [(cf)da =c [ fda. 2) If f,g: X — R are integrable «
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then so are f—}-g, and we have f(f—}-g)da = [ fda+ [ gda.

3) If f :— R is integrable o then so is | f|, and we have | [ fda| < [|f|do.
Furthermore

/Iflda < (sup |f)a((f #0)).

We isolate the relation on which the proof of 13.20.2) is based.

13.21. EXERCISE. For u,v,w € R we have u+v =w = ut + v +w™ =
u~ + v~ +w'. We also have <, except when u and v have opposite values
+o0.

Proof of 13.20. 1) The case ¢ = 0 results from the convention 0(f£o0) :=
0, and the case ¢ > 0 from the respective previous assertions. The case
¢ = —1 is obvious. 2) The function f—}—g =: h is measurable 2 by 13.17. By
13.21 we have f*+g¢"+h™ = f~ 4+ g~ +h". It follows that AT < f* 4+ gT
and h~ £ f~ + ¢, so that h is integrable . Then we obtain the final
relation, since the integral is known to be additive on M(2A). 3) The first
assertion results from |f| = f* + f~, and the second one from 12.7.

The next properties of the integral are based on the notion of a null set
for o, which in a much wider context had been considered in section 2. The
null sets for « are the sets N € 2 with a(N) = 0. We note two obvious
facts. 1) Each subset of a null set which is in 2 is a null set as well. 2) Each
countable union of null sets is a null set as well.

13.22. EXERCISE. 1) If N C X is a null set for o then a subset A C N
need not be in 2. 2) All subsets of null sets for « are in 2 (and hence are
null sets as well) iff the measure « is complete in the sense of section 10.

One says that a property of the points of X holds almost everywhere
with respect to «, in short ae «, iff the subset of those points in which it
is violated is contained in a null set for . We see from the above that some
caution is required with this expression.

13.23. PROPERTIES. 1) Assume that f : X — R is integrable o. Then

[|lf] = oo| is a null set for «, that is f is finite ae o. 2) Assume that
[ X —[0,00] is measurable A. Then [ fda=0< [f > 0] is a null set for
a, that is f is =0 ae a.

Proof. 1) From 11.8.5) we obtain
to([[f] = oc]) < ta((lf] = 1) < / |fldor < 00 for real t > 0,

and hence the assertion for t — co. 2=) By 11.8.5) the [f = t] Vt > 0 are
null sets for «, and hence [f > 0] is a null set for a.. 2<) follows from 12.7.

For the next proofs we introduce a useful new formation. If X is a
nonvoid set and A C X then we define, besides the characteristic function
x4 of A, the function wg : X — [0,00] to be wa(z) = oo for x € A and
wa(x) =0 for x ¢ A. It will be applied as follows.
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13.24. EXERCISE. 1) Let 2 be a lattice in X with @ € . For A C X
then both wq € UM(2) and wy € LM(2) are equivalent to A € 2. For
a: A — [0, 00] isotone with a(@) = 0 then

foada={ o oD =0 L

2) Let 2 be a ring in X and o : 2 — [0, 00] be a ccontent. For A C X then

[wAdCK:{ 80 Ezigfxgig }

3) We return to the context of the present subsection. For A C X then wy
is measurable  iff A € 2, and w4 is integrable « iff A is a null set for a.
In the latter case [wada = 0.

13.25. PROPERTIES. 1) Let f,g: X — [0, 00] be measurable 2. Then
fegaca= [fia< [gdo
f:gaeai/fda:/gda.

2) Let f,g: X — R be integrable o. Then

f§gaea$/fda§/gda,

f:gaeaé/fda:/gda.

3) Let f,g : X — R be integrable o with f < g ae a and [ fda = [ gda.
Then f = g ae Q.

4) Let f : X — R be measurable A and P,Q : X — R be integrable o with
P < f<Qaea. Then f is integrable o. In particular P and @ can be
constants when « is finite.

Proof. 1) We have to prove the first assertion. The subset N := [f > ¢]
is in 2 by 13.8 and hence a null set for «. By definition f < g + wy. Since
the integral is isotone and additive on M(2l) we obtain

/fdaf/(g+wN)da:/gda+/w1\/da:/gda.

2)If f < gae athen f* < g% and g~ < f~ ae . Therefore [ fda < [ gda
by the definition of the integral and 1). 3) We know that N := [f > g] is
a null set for «, and by 13.8 the subset M := [f < ¢] is in . Likewise for
t >0 we have M(t) := [f+t = g] € 2. Then f+txps) = g on N’ and thus
ae . This implies that tx ;) = f~ +g" ae a, and hence by 1) that x )
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is integrable .. Then from 13.20.2) and 2) we obtain

/ fdo+ta(M(t) = / fdo+ / txpr(ey d

~ [+ tanda s [gda= [ faa

and hence a(M (t)) = 0. Now M (t) T M for ¢t | 0. It follows that a(M) = 0,
which is the assertion. 4) We have f* < QT and f~ < P~ ae . Thus the
assertion follows from 1).

We turn to the classical theorems due to Fatou, Beppo Levi, and Lebes-
gue on the o continuity properties of the integral.

13.26. THEOREM (Fatou). Let f,,f: X — [0,00] Vn € N be measurable
A with f < liminff, ae . Then [ fda < liminf [ f,da.

Proof. Let N C X be a null set for o such that f < liminf f,, outside of
n—oo

N. Then the assertion follows from the previous version 12.9 applied to the
fn+wy and to f+ wy.

13.27. THEOREM (Beppo Levi). Let f, : X — R Vn € N be integrable
a and f : X — R be measurable A with f, T f ae a. Thus [ fpda 1
some ¢ €] — oo,00] by 13.25.2). Then f is integrable o iff ¢ € R. In this
case [ fda = c.

Proof. Let N C X be a null set for a such that f, T f outside
of N; by 13.23.1) we can also achieve that f; is finite-valued outside of
N. Then f,+(—f1)+wy T f+(=f1)+wy, and all these functions are in
M(2). Thus [ (fot(=f1)+wn)da T [ (f+(=f1)+wn)da by the previous
version 12.10. By 13.20.2) the functions f,,+(—f1)+wy are integrable a and
[ (fat(=f)4+wn)da = [ fade — [ frdo — ¢ — [ fide. Tt follows that

c= [ fdat [ () Fow)da

Therefore ¢ € R iff f4(—f1)+wn is integrable «; in view of f4(—f1)+wn
+f1 = f ae a it is equivalent that f is integrable o. In this case then

¢ = [ frda+ ([ fda~ [ frda) = [ fda,

13.28. THEOREM (Lebesgue). Let f,, f : X — R Vn € N be measurable
A with f, — f ae a. Assume that there exists an F : X — [0, 00] integrable
a such that |fn| £ F ae a ¥Yn € N. Then all functions f, and f are integrable
a, and we have [ fp,da — [ fda.

Let us first remark that the two properties
(Ifn] S Faea)VneN and (|fn| S FVneN)aea
are equivalent (why?). This is an example of a situation where the expression
ae « ought to be handled with caution.
Proof. From —F £ f,,, f £ F ae a we see by 13.25.4) that all functions
fn and f are integrable a. We form the functions P, := ll£l£ fi and @, =



13. THE CONVENTIONAL INTEGRAL 137

supf; Vn € N, which by 13.9.1) are measurable 2, and hence integrable «
Zn

since —F < P, £Q, < Faea NowP, T hm 1nffl and Q, | hm supfl, and

hence P, T f and Q,, | f ae a. Thus [ P, da T [ fda and anda | [ fda
by the Beppo Levi theorem. At last we have P, < f, < Q, Vn € N. It
follows that [ f,da — [ fdo.

The last topic in the present subsection will be the extension to complex-
valued functions.

13.29. REMARK. Assume that f : X — C, and write f = P + iQ) with
P,Q:X — R. Then f is measurable A < P and Q) are measurable 2. In
this case the function |f|: X — [0, 00[ is measurable A as well.

Proof. The implication = and the last assertion follow from 13.4.1) and
13.6, since the functions Re, Im, |-| : C — R are continuous. The implication
< follows from 13.12 and 13.15.

We define f = P+ i@ : X — C to be integrable « iff P and @ are
integrable «, and then its integral to be [ fda := [ Pda+i [ Qda € C.
The notions and results on the integral have often obvious counterparts for
complex-valued functions. We shall not enter into the details, except when
there is a particular reason. Here is one such case.

13.30. REMARK. Assume that f : X — C is measurable A. Then f is
integrable o & |f| is integrable o. In this case | [ fda| < [|f|de.

Proof. Let f = P+ iQ. The first assertion follows from |P|,|Q| = |f| £
|P| + |Q|. Assume now that f is integrable a. Fix a complex ¢ with |¢| =1
such that | [ fda| = ¢ [ fda = [(cf)da. Then

| [ sda| = [Reepyda s [ lesida= [ flda.

Integration over Subsets

as claimed.

As before we fix a o algebra 2 in X and a cmeasure a : A — [0, co].

Let T' C X be a nonvoid subset. In 1.12 we defined the trace ANT :=
{ANT : A e} of A on T, which is a o algebra as well. In case T' € 2
we have ANT = {A € A: A CT}. It is then obvious that the restriction
aNT :ANT — [0,00] is a cmeasure on AN T; it will be called the
restriction a|T of o to T. We recall one more fact from 13.4.3): If
f: X — R is measurable 2 then its restriction f|T : T — R is measurable
2ANT. We have the basic theorem which follows.

13.31. THEOREM. Consider a nonvoid subset T € A, and note that x :
X — [0, 00[ is measurable A. 1) For f: X — [0, 00] measurable A we have

[timyitaln) = [ frda= [ faa.
T
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2) For f : X — R measurable A we have f|T integrable o|T < fxr is
integrable o. Then

Jumiair) = [ frada=: [ fa.
T

Under the equivalent conditions in 2) the function f is defined to be

integrable o over T'. In both cases [ fda is called the integral over T.
T

Furthermore we define [fda := [ fxada = 0 for all f : X — R measur-
2]

able .
Proof. 1) We have

—00

/fXTda - ][fXTda: /a([fXTZt])dt

00—

/ (o|T)(IfIT = 1) dt = ][(fIT)d(aIT) - / (fIT)d(a|T).

00—

2) f|T integrable a|T" means by definition that [(f|7)*d(a|T) are both
finite. By 1) now

JurEaaln) = [ =) = [ roda= [ (e da.

Thus we obtain all assertions.
The next result describes the integral as a function of its domain.
13.32. THEOREM. Let f : X — [0, 00] be measurable A. Define ¥ : A —
[0, 0] to be
HA) = /fda = /fXAda for A e
A
Then ¥ is a cmeasure. Furthermore a(A) = 0= 9(A) = 0.

Proof. This follows from the fact that the integral is additive on M(2)
and from 13.23.2), and from the Beppo Levi theorem in the version 12.10.

We conclude with a special case. Let ' C X be a nonvoid subset. For a
function f : T — R we define its null extension f?: X — R to be f4T = f
and f3T" = 0. The next assertion is then an immediate consequence of
13.31.

13.33. REMARK. Consider a nonvoid T € . For f : T — R measurable
ANT then f&: X — R is measurable A. 1) If f =0 and hence f* =0 then

[ titair) = [ fida = [ fida.
T
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2) f is integrable o|T < f9 is integrable o.. Then

[ titair) = [ fida = [ fida.
T

In clear situations it is common to abbreviate the restriction o|T as «
itself. Then 13.31 can be interpreted to say that this is a harmless step.
For example, in the next subsection we shall consider the restriction of the
Lebesgue measure A on R to a nondegenerate compact interval T = [a, b] C
R. We shall then write A instead of A|T".

Comparison with the Riemann Integral

As announced we fix a compact interval T = [a,b] C R with real a < b.
Assume that f : T'— R is a bounded function, and let denote « := inf f and
B = sup f. We start to recall the elementary Riemann integral. For each
subdivision t: a = tg < t; < --- < t, = b of T we form 0(t) := max{t;—t;_1 :
l=1,---,r} and the subintervals T; := [t;—1,%] (I = 1,--- ,r). We associate
with t

r

the lower sum S(f,t) := Zinf(ﬂTl)(tl —t-1), and
=1

the upper sum (£, = > sup(FIT)(t — o).
=1

One proves that S(f,s) < S(f,t) for all s and t. Therefore
5(f) = sup S(,4) < inf S(£,6) = 5().

The function f is defined to be Riemann integrable iff S(f) = S(f). Then
the common value S(f) := S(f) = S(f) is called the Riemann integral
of f.

We next form the envelopes P,Q : T'— R of f, defined to be

P(z) =liminf f(2) :=sup {t € R: f > ¢ on some neighbourhood of z},

Q(z) = limsupf(z) :=inf {t € R: f <t on some neighbourhood of z}.

Z—T

Thus a £ P < f £Q £ 3. It follows from the definition that
P is lower semicontinuous : [P > t| C T is relative open Vt € R,

@ is upper semicontinuous : [@ < t] C T is relative open V¢ € R.
Furthermore we associate with each subdivision t of T the functions
Py : P(x) min{inf(f|Tl):l:1,--~,TWitthTl},
Q1 : Qi) max {sup(f|T}) :l =1, - ,r withz € T}} forzeT.

Thus o £ Py £ Q¢ £ 3, and the functions P; and Q¢ are constant on the
open intervals int(7}).
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13.34. LEMMA. 1) P, £ P and Q < Q¢ Therefore « £ P < P <
F£Q < Q< B. 2) For each sequence (t(n)), of subdivisions t(n) with
6(t(n)) — 0 we have the pointwise convergence Pyyy — P and Q) — Q.

Proof. We restrict ourselves to the assertions on P and the Pi. 1) Let
x € T. Then there exists 6 > 0 such that V(z,d)NT is contained in the union
of all T} with z € Tj. It follows that Py(z) < inf (f|V(z,8) NT) < P(z). 2)
Fix € T and t € R with P(x) > ¢, and then § > 0 with f|V(x,d)NT > t.
Now §(t(n)) < ¢ for almost all n € N; then the subdivision t(n) has all
its subintervals T; with z € T} contained in V(z,d) N T. It follows that
Pyny(x) 2 inf (f|V(2,6) NT) = t for these n € N. Combined with 1) this
implies the assertion.

We turn to the connection with the restriction A|T" := A of the Lebesgue
measure A := A\?|£ = A\,|£ on R. We see from the above that P and @ and
all P and Q¢ are measurable Bor(7T") = Bor(R) N T, and hence integrable A
because they are bounded. By definition we have

/PtdA = Z/PtXint(Tl)dA =Y inf(f[T)(t — ti1) = S(f, V).
=1 =1

Thus from 13.34 and the Lebesgue theorem 13.28 we obtain [ PdA = S(f).

13.35. PROPOSITION. For each bounded function f : T — R the en-
velopes P,Q : T — R are measurable Bor(T') and integrable A, and we have

/PdAzﬁ(f) and /QdA:?(f).

We are now close to a famous characterization of the Riemann integrable
functions.

13.36. REMARK. For x € T we have P(x) = Q(z) < f is continuous in

Proof. «<). For each ¢ > 0 we have f(z) —e < f < f(z) + € on some
neighbourhood of = and hence f(z) —e < P(x) and Q(x) < f(x) +¢e. Thus
Q(z) £ f(x) £ P(z) and hence the assertion. =) For each £ > 0 we have
f(z) —e=P(x) —e < f <Q(z) + e = f(x) + ¢ on some neighbourhood of
. Thus f is continuous in x.

13.37. THEOREM. A bounded function f : T — R is Riemann integrable
iff it is continuous ae A. In this case f is measurable £ N'T and integrable

AT =: A with S(f) = [ fdA.
Proof. 1) We have the equivalences
f is Riemann integrable < /PdA = /QdA by 13.35

& P=QaecA byl13.25.2)3)
< f continuous ae A by 13.36.
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We then have S(f) = [ PdA = [ QdA. 2) In this case we have P# < £ < QF
and P? = f% = Q% ae A on R. For t € R therefore [P* > ¢] C [f* > ] C
[Q% = t], where [P! > t] and [QF = t] are in £ with A([P% > t]) = A([Q% =
t]) < co. Since A is complete by 10.14 it follows that [f? > ¢] € £ and hence
[f 2t] € £NT. Thus f is measurable £NT. The proof is complete.

13.38. EXAMPLE. It is a classical result that a Riemann integrable
bounded function f : 7' — R need not be measurable Bor(7") = Bor(R)N7T.
In order to present an example we assume without proof another classical
result: There exists a compact subset K C T with A(K) = A\(K) = 0 which
contains subsets A ¢ Bor(T') (K can be taken as the so-called Cantor set).
In fact, the function x4 is then Riemann integrable, since it is continuous
in the points of T'\ K, but it is not measurable Bor (7).

We conclude the section with the example announced in connection with
9.24. We construct for ¢ = o7 an inner e premeasure ¢ : & — [0,00[ on a
lattice & with @ € & and (&) = 0 such that ¢ := @e|€(we) is not outer
regular (6TG,)L at G, and that X € [¢p < c0].

13.39. EXERCISE. Let X = [0,1]. We form the function R : R(z) = 1/z
for 0 < z <1 and R(0) = 0. Define & to consist of all closed subsets
S C X with [RdA < oo, and ¢ : & — [0,00[ to be ¢(S) = [RdA for

S S

S € 6. 1) 6 is a lattice with @ € &, and ¢ is isotone and modular

with ¢(&) = 0. 2) ¢ is upward o continuous and hence inner % tight.

Hint: 7.10.2). 3) ¢ is 7 continuous at @. Hint: 6.34. Therefore ¢ is

an inner e premeasure. Define ¢ 1= @o|€(ps). 4) & = &, and hence

©x = po. H) BTG = CI(X) = Comp(X) and hence (6TS)L = Op(X).

Therefore Bor(X) C €(ps). 6) ¢(A) = [RdA for all A € Bor(X). 7) All
A

U € Op(X) with 0 € U have ¢(U) = co. Therefore ¢ is not outer regular
(6TG)L = Op(X) at {0}. 8) X € [¢ < o0]|?. It follows that ¢ is as
required.






CHAPTER V

The Daniell-Stone and Riesz
Representation Theorems

The present chapter contains the most important consequences of the
extension theories of chapter II. We shall obtain the representation theorems
of Daniell-Stone and Frédéric Riesz in the spirit and scope of the extension
theories. The Daniell-Stone theorem will be established in versions e = xo1
as above, and based on inner regularity this time. The Riesz theorem will
be a direct specialization of the case e = 7. It will involve all Borel-Radon
measures on all Hausdorff topological spaces. We have sketched all this in
the introduction. A substantial tool will be the combination of the horizontal
and vertical integrals developed in sections 11 and 12.

14. Elementary Integrals on Lattice Cones

After an introduction the present section defines the elementary integrals
on lattice cones. These are the functionals which are to be represented. Then
several kinds of representations will be introduced.

Introduction

For nonvoid sets X and Y we let as usual YX consist of all functions X —
Y. On defines a subset H C R to be a lattice iff f,bge H= fVvy,
fAge H. If HC RX is a linear subspace then either condition suffices,
and one speaks of a lattice subspace (or a vector lattice). Justified by

success, we define H C RY to be Stonean iff
feH=fnAt,(f-t)t € H forallrealt> 0.

If H ¢ RY is a linear subspace then in view of f = f At + (f —t)* this

means that fe H= fAte HVt >0,orthat fe H= fAlec H.

We start to recall the traditional Daniell-Stone and Riesz representation
theorems; see for example Dudley [1989] and Bauer [1992]. We note that a
linear functional I : H — R on a linear subspace H C R¥ is isotone iff it is
positive, thatis f 2 0= I(f) 20 for f € H.

14.1. THEOREM (Traditional Daniell-Stone Theorem). Let I : H — R
be a positive linear functional on a Stonean lattice subspace H C RX. Then
the following are equivalent.
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i) There exists a cmeasure o @ A — [0,00] on a o algebra A in X which
represents I, that is all f € H are integrable o with I(f) = [ fda.

ii) I is o continuous at 0, that is for each sequence (f;); in H with pointwise

f110 one has I(f;) ] 0.
Note that i)=-ii) follows from the Beppo Levi theorem 13.27.

The above theorem has a certain usefulness, because it ensures for exam-
ple that the classical ¢ continuity properties 13.26 and 13.28 of the integral
hold true for I. But in principle its deficiencies are like those of the main
extension theorem in traditional abstract measure theory as discussed in the
introduction: There is no room for a nonsequential version, and above all
there is no room for the aspect of regularity. These are basic points in the
traditional Riesz theorem to which we turn next.

For a Hausdorff topological space X we define CK(X,R) to consist of
all continuous functions f € C(X,R) such that f vanishes outside of some
compact subset of X (which of course can depend on f). Note that CK(X,R)
is a Stonean lattice subspace. Also note that by 13.25.4) the functions
f € CK(X,R) are integrable with respect to each Borel-Radon measure
a : Bor(X) — [0, 00].

14.2. THEOREM (Traditional Riesz Theorem). Let X be a locally compact
Hausdorff topological space. There is a one-to-one correspondence between
the positive linear functionals I : CK(X,R) — R and the Borel-Radon mea-
sures « : Bor(X) — [0,00]. The correspondence is

I(f):/fda for all f € CK(X,R).

This fundamental result will be a direct specialization of our Riesz rep-
resentation theorem in section 16. We add that it is not hard to obtain a
direct proof for it from what we have developed so far. This will be done
in form of an exercise at the end of the present subsection, also because it
offers an occasion to recall some topological facts.

It is obvious that the traditional Daniell-Stone theorem is of no visible
use for the proof of the traditional Riesz theorem. This would require a
version of the Daniell-Stone theorem which is based on regularity. The
extension theories of chapter II evoke the intuitive impression that such
versions must not be based on lattice subspaces H C RX of functions X —
R, but rather on lattice cones, and hence on lattice cones E C [0, 00[X of
functions X — [0, 00[, and on the appropriate kind of functionals I : £ —
[0,00[. The present chapter will confirm this impression.

There is another reason to pass from lattice subspaces to lattice cones,
which comes from the Riesz theorem itself. In present-day analysis one is
often forced to exceed the frame of locally compact Hausdorff topological
spaces. Since the Borel-Radon measures have been realized as the funda-
mental class of cmeasures on the class of all Hausdorff topological spaces, it
is desirable to have the Riesz representation theorem in this comprehensive
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frame. But then its traditional version breaks down as soon as one leaves
the class of locally compact Hausdorff spaces. The reason is that the lattice
subspace CK(X,R) becomes too small. For example, it is the null subspace
in case that no nonvoid open subset of X is contained in a compact sub-
set; in this context note exercise 14.3 below. Now on each Hausdorff space
X there is a wealth of semicontinuous real-valued functions which vanish
outside of compact subsets, for example the characteristic functions yg of
the compact subsets K C X and their scalar multiples. Therefore it seems
natural to base the extension of the Riesz theorem on the upper semicontin-
uous or the lower semicontinuous functions on X, of course in such a manner
that the traditional Riesz theorem is contained in the new result. But these
function classes are lattice cones and as a rule not lattice subspaces. Thus
we arrive at lattice cones once more. As above it is natural to work with
lattice cones E C [0,00[¥ of functions X — [0, o[ which vanish outside of
compact subsets of X. This forces us to choose the upper semicontinuous
functions; see exercise 14.4 below.

Thus we have obtained the frame for the present chapter. We shall see
that the aspects of regularity and of e = o7 continuity will turn up in a
natural manner, to an extent that we shall obtain a complete counterpart
to the extension theories of chapter II, but this time restricted to the inner
situation as remarked above. We shall first consider the cases @ = o7. There
is also a Daniell-Stone theorem for e = x, but in this case the complete
answer will be different. It will be postponed until section 17.

14.3. EXERCISE. Let X be an infinite-dimensional Hausdorff topological
vector space. Then no nonvoid open subset of X is contained in a compact
subset.

14.4. EXERCISE. Let X be a Hausdorff topological space such that no
nonvoid open subset of X is contained in a compact subset. If f €
USC(X,R)/LSC(X,R) vanishes outside of some compact subset of X then

fzo/f<o.

14.5. EXERCISE. The aim of this exercise is a direct proof of the tra-
ditional Riesz representation theorem 14.2. We assume that X is a lo-
cally compact Hausdorfl topological space. 1) X is completely regular.
Hint: The one-point compactification of X is normal. 2) Let K C X be
compact nonvoid. Then there exists a function f € CK(X,R) such that
xk £ f £ 1. 3) Define USCK(X,[—00,00[) to consist of all functions
f € USC(X, [~00, 00[) such that f vanishes outside of some compact subset
of X. For each f € USCK(X,[—o0,00[) then {u € CK(X,R) : u = f} is
nonvoid and has the pointwise infimum f. Hint: Combine 11.21.1) with
2). 4) Let « : Bor(X) — [0,00] be a Borel-Radon measure on X. Define
I:CK(X,R) = RtobeI(f)=[fdaVfe CK(X,R). Then I is an isotone

linear functional. Furthermore

/fda =inf{I(u) : v € CK(X,R) with u =2 f} Vf e USCK(X, 0, o0[).
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Hint: 11.20. In particular

a(K) =inf{I(u) : v € CK(X,R) with u 2 xxg} V compact K C X.
Therefore the map « +— [ is injective.

5) The Dini Theorem: Let K be a compact topological space. Assume
that M C USC(K, [—o0,o0]) is nonvoid and downward directed | F : K —

[—00, 00[, so that F' € USC(K, [—00,o0[) as well. Then inf{max f: f e M}
= max F'.

For the remainder of the exercise we assume that I : CK(X,R) — R is a
positive linear functional. We define its extension I : USCK(X, [—o0, 00[) —
[—00, 00[ to be

I(f) =inf{I(u) : v € CK(X,R) with w =2 f} Vf & USCK(X,[—o0,0]).

6) USCK(X,[—o0,00[) is a lattice cone. The extended I is isotone and
sublinear. 7) Assume that M C USCK(X, [0, o0]) is nonvoid and down-
ward directed | F' € USCK(X,[—o00,00[). Then inf{I(f) : f € M} =
I(F). Hint: Fix v € CK(X,R) with v 2 F and P € M, and apply 5)
to {(f —w)t : f € Mwith f £ P}. Then use 2). 8) The extension
I : USCK(X,[—00,0[) — [—o0,00[ is additive. Hint: Use 7). 9) Define
the set function ¢ : £ = Comp(X) — [0, 00[ to be p(K) = I(xk) for K € R.
Then ¢ is a Radon premeasure. Hint: Use 9.6. Let « := @q|Bor(X) denote
its Borel-Radon measure. 10) We have I(f) = [ fda for all f € CK(X,R).
Hint: Use 11.6 to prove I(f) = § fdp for 0 < f € CK(X,R).

Lattice Cones

The present subsection starts with a few remarks and examples on lattice
cones, and then turns to a fundamental definition. Let X be a nonvoid set.

For a subset M C R we write M+ = {f €M : f=0}. In this connection
recall the notations f™:= fVvO0and f~ :=(—f) VO for f € R”.

14.6. EXERCISE. If E C [0,00[¥ is a lattice cone then £ — E C R is a
lattice subspace. If in addition E is Stonean then E — FE is Stonean as well.

14.7. REMARK. For a lattice cone E C [0,00[ the following are equiv-
alent.

0) Ifu,v € E withu < v thenv—u € E.

1) There exists a linear subspace H C RX with B = HT.

2) There exists a lattice subspace H C RX with E = H*.

In this case there exists a unique lattice subspace H C RX with E = H™;
and this is H =F — E.

Proof. If H ¢ RX is a lattice subspace with E = H+ then H = H+ —
H* = F — E. i) The implication 2=-1) is obvious. ii) To see 1)=-0) let
u,v € E withu <v. Thenv—uis € H and = 0, and hencev—u € H™ = E.
iii) To see 0)=-2) we have to show that £ = (E — E)". But E C (K — E)"
is obvious, and (F — E)™ C F is a mere transcription of 0).
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The lattice cones E C [0,00[X which fulfil the equivalent conditions of
14.7 are called the primitive ones. It is of utmost importance that the
present chapter is not restricted to primitive lattice cones, which in essence
means to lattice subspaces.

14.8. EXAMPLES. Let X be a topological space. We introduce some
new notations. 1) C(X) := C(X,R) is a lattice subspace, and CT(X) :=
C(X,[0,00[) is a primitive lattice cone. USC(X) := USC(X, [—o00, 00[) and
USC™T(X) := USC(X, [0, c[) are lattice cones which as a rule are not primi-
tive. It is a nontrivial little proof that USC(X) is stable under addition. All
these function classes are Stonean. We recall from 11.19 that USC(X, [0, oo])
= UM(CI(X)) and hence USCH(X) = UM(CI(X)) N [0,00[X. 2) Let X
be Hausdorff. CK(X) := CK(X,R) is a lattice subspace, and CK™(X) :=
CK(X,[0,00[) is a primitive lattice cone. The obvious USCK(X) :=
USCK(X, [~00,00[) and USCK™(X) := USCK(X, [0, 0[) are lattice cones
which as a rule are not primitive. All these function classes are Stonean.
There is one more class which will be of particular importance. From

UM(Comp(X)) = {f €[0,00]% : [f = t] compact Y0 <t < oo},
as defined in section 11, we derive the function class
UMK(X): = UM(Comp(X)) N [0,c0[*
= {f €[0,00[%: [f = t] compact V0 <t < co}.
It follows that USCK™(X) C UMK(X) C USC*(X). UMK(X) is a lattice

cone which is Stonean and as a rule not primitive as well. We think of the
functions f € UMK(X) as to be concentrated on the compact subsets of X.

14.9. EXERCISE. 1) Give an example of a lattice cone E C [0, oo[X which
is not Stonean. 2) Give an example of a cone E C [0, 0o[* which is Stonean
but not a lattice. Hint: Let X = N. Define E to consist of the sequences
u = (u); € [0,00[N with u; — 0 for | — oo, such that either u; = 0 for

almost all [ € N or ) u = oo.
=1

14.10. REMARK. Let E C [0,00[X be a Stonean lattice cone. Then f A
t—fAseFE forall fe E and0 < s <t.
Proof. We have fAt— fAs=fAt—(fAt)As=(fAt—s)T € E.
We come to the most important notion of the subsection. For a lattice
cone E C [0,00[* we define the two natural pavings
t(F) = {ACX:xa€FE},
TE) = {[fz2t]:feFandt>0}={[f=1]: feE}.
We list some properties which are all obvious. The third one will soon

become relevant when we need the horizontal integral of section 11 for the
members of F.
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14.11. PROPERTIES. 1) t(E) and T(E) are lattices in X with & € t(E) C
T(E). 2) If E is Stonean then T(E) ={[f =1]: f € E with f < 1}. 3) Let
S be a lattice in X with @ € &. Then E C UM(6) < T(E) C 6.

14.12. EXERCISE. 1) Consider E = CKT(R) on X = R. Then t(E) =
{2} and T(F) = Comp(R). Thus t(F) and T(E) can be far apart. 2) Let
X be a topological space. For E = USCT(X) then t(E) = T(E) = CI(X).
3) Let X be a Hausdorff topological space. For E = USCK"(X) and E =
UMK(X) then t(E) = T(E) = Comp(X).

Elementary Integrals

Let E C [0,00[X be a lattice cone of functions X — [0,00[. We define an
elementary integral on FE to be a functional I : E — [0,00[ which is
positive-linear, that is additive and fulfils I(tf) = ¢I(f) for all f € E and
t 2 0, and isotone. These are the natural functionals to be considered on a
lattice cone.

14.13. EXERCISE. Let E C [0,00[X be a primitive lattice cone and H :=
E — E. Then there is a one-to-one correspondence between the elementary
integrals I : E — [0, 00[ and the isotone linear functionals L : H — R. The
correspondence is I = L|E.

Let I : E — [0,00[ be an elementary integral. We start to consider the
most naive type of integral representations of I. Let ¢ : T(E) — [0, 0]
be an isotone set function with (&) = 0. We have seen in 14.11.3) that
E C UM(Z(E)). Therefore the horizontal integral § fdip is defined for all
[ € E. We define ¢ to be a source of I iff I(f) = ffdy for all f € E.
Then I < oo enforces that ¢ : T(E) — [0, o0].

These sources of I are of course far from those representations which we
want to obtain. But on the other hand we shall see that the sources of I
have a natural and simple characterization.

To this end we define the crude outer envelope I* : [0, 0] — [0, 00
and the crude inner envelope I, : [0, 0] — [0,00] of I to be

I"(f) = if{I(u):u€ FE withu = f} and
L(f) = sup{I(u):ue E withu < f} for f e [0,00]*.
We list some simple properties.

14.14. PROPERTIES. 1) I* and I, are isotone. 2) I, < I* and I |E =
I*|E = I. 3) I* is sublinear, and I, is superlinear. 4) For f,g € [0, 00]% we
have

Vg +I(frg) = () +17(g) and
L(fVg)+L(fAg) 2 L(f)+L(g)
5) For A € T(E) we have I,(xa) < I*(xa) < 0.

IAg
IAg
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Proof. All properties except the last one are obvious. To see 5) note
that A € T(F) means that A = [f = 1] for some f € E. Then y4 < f and
hence I*(xa) < I(f) < oo.

The two envelopes I* and I, induce the two set functions A : T(E) —
[0,00[ and V : T(E) — [0, oo, defined to be
A(A) =T*(xa) and V(A)=L(xa) for AecZ(E).

Their finiteness follows from 14.14.5). Once more we list some simple prop-
erties.

14.15. PROPERTIES. 1) A and V are isotone. 2) V < A and V(A) =
A(A) = I(xa) for A€ t(E). 3) A is submodular, and V is supermodular.

We come to the representation theorem announced above. It is in essence
due to Greco [1982]; see also Denneberg [1994] chapter 13.

14.16. THEOREM. Let I : E — [0,00[ be an elementary integral on the
Stonean lattice cone E C [0,00[X. 0) I admits sources iff it has the trunca-
tion properties

(0)  I(fAt)lOfort]0andI(fAt)TI(f) fortT oo forall feE.

1) Assume that I fulfils (0). Then an isotone set function ¢ : T(E) — [0, 00|
is a source of I iff V<9 < A. 2) If p: T(E) — [0,00[ is a source of I and
downward o continuous then ¢ = A.

Proof. i) Assume that ¢ : T(E) — [0, 00[ is a source of I, that is

I(f) :][fckp: /(p([fzs})ds for all f € E.
0

Since for t > 0 we have [f At = s]=[f = s] when s S tand [fAt=s] =0
when s > t, we conclude that

1(f At = [(lf 2 s))ds.
/

It follows that I has the truncation properties (0). ii) Assume now that I
fulfils (0). We claim that A and V are sources of I. Thus all isotone set
functions ¢ : T(E) — [0,00[ with V = ¢ < A will be sources of I as well.
In fact, for f € £ and 0 < s < t one verifies that

1
Xipzn S T (FAE= T As) S Xqp2y
Also the middle term is in £ by 14.10, and hence we have

I(i(fmﬁ—f/\s)) :i([(f/\t)—l(f/\s)).
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It follows that
1
A 28) =T (xyz) £ —(IUAD=I(A9))

S L(xyzs) = VIS 2 5]
Thus for 0 < a =1t(0) <t(1l) <--- < t(r) = b < co we obtain

17\

r

STt — t — 1) A(If = 1)

=1

A

I(f NO) = I(f Na)

T

> (k1) — £ — 1) V([f Z (1 - 1))).

=1

A

The definition of the Riemann integral implies that
b

b
/A([f > f)dt < I(f Ab) — I(f Aa) < /V([f > f])dt

a

and hence = both times. For a | 0 and b T co we obtain

= /A([f;t})dt_ /V([th dt
0— 0

as claimed. iii) Next assume that ¢ : T(E) — [0,00] is a source of I. Fix
A e Z(E). ForfEEWithf§XAwehave[f§ t] C A whent >0
and [f = t] = @ when t > 1, and hence I(f) < ¢(A). Therefore V(A) =
L(xa) < ¢(A). Likewise for f € E with f = x4 we have [f = t] D A when
0 <t =1, and hence I(f) = ¢(A). Therefore A(A) = I*(xa) = ¢(A).
Thus we have proved V £ ¢ < A. iv) It remains to prove 2). Assume that
¢ : T(E) — [0,00] is a source of I which is downward o continuous. We fix

f € E and form
PiPt)=o(f 21]) and Q:Q(t)=A(f24]) fort>0.
Then P and @ are monotone decreasing with P < Q. We know from i) that

/ ds_/Q I(fAt) fort>0.

This implies that P(t—) = Q(t—) = Q(¢t) for t > 0. Now by assumption the
function P is left continuous. Thus P(t) 2 Q(t) and hence P(t) = Q(¢) for
t > 0. It follows that o = A. The proof is complete.

14.17. CONSEQUENCE. Let I : E — [0,00[ be an elementary integral on
the Stonean lattice cone E C [0, 00X which fulfils (0). Then

= ][fdv* for all f € [0, 00]*
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Proof of <. From 14.16.1) we see for v € E with v < f that I(u) =
fudV = fudV, £ §fdV,. It follows that L (f) < ffdV.. Proof of Z. Fix
f €10,00]%. By 11.16 we have

][fdv* = sup{ fudV : u € S(¥(F)) with u < f}.

Now for u € S(T(F)), represented after 11.4.iv) in the form

u= ZthA(l) with A(1) D -+ D A(r) in T(F) and t1,--- ,t > 0,
=1

we have from 11.8.1) and 14.14.3)

][udv Ztlv thf (xaw) = L (ZthA 1))—1 (w).

It follows that f fdV, < L(f). The proof is complete.

The last two results will be the basis for the future representation the-
orems. But the main work is still to be done in the subsequent sections. It
will be prepared in the next subsection with the definition of the relevant
type of representations.

14.18. EXERCISE. Let & be a lattice in X with @ € &, and take E =
S(6) as defined after 11.4. 1) E is a Stonean lattice cone. 2) t(E) =
T(E) = 6. 3) Each elementary integral I : E — [0, 00[ fulfils (0). 4) Let
I: E — [0,00[ be an elementary integral, and define ¢ : ¢(A) = I(xa) for
A € &. Then ¢ : & — [0,00][ is isotone and modular with ¢(&) = 0, and
is the unique source of I. 5) Let ¢ : & — [0, 00] be isotone and modular
with ¢(&@) = 0, and define I : I(f) = ffdp for f € E = S(&). Then
I:FE — [0,00[ is an elementary integral, and of course p(A) = I(x4) for
A € G&. Hint: 11.11. 6) The two maps defined in 4)5) constitute a one-to-
one correspondence between the elementary integrals I : E = S(&) — [0, o0]
and the isotone and modular set functions ¢ : & — [0, co[ with ¢(@) = 0.

Representations of Elementary Integrals

We fix a lattice cone £ C [0, 00[X of functions X — [0,00[ on a nonvoid
set X. Let [ : E — [0,00[ be an elementary integral. We start with the
crude notion of a representation. We define a representation of I to be a
ccontent o : A — [0, 00] on some A C P(X) such that

E Cc UM(R) and I(f):][fdoz:/fdozforallfeE;

the two integrals are equal by 12.11. By 14.11.3) and 11.15 the definition
means that

T(E)ycA and «FT(F) is a source of T,
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in short that « is an extension of some source of I. When « : 2 — [0, o] is
a cmeasure on a o algebra 2 then the definition means that all f € E are
measurable A with I(f) = [ fda.

We obtain an existence result which looks perfect, but as we shall see is
not.

14.19. PROPOSITION. If E is Stonean and I fulfils (0) then I has at least
one representation.

Proof. From 11.14.2), which combines the basic fact 11.11 with the
Hahn-Banach type result 11.14.1), and from 14.15 we see that there exists
an isotone and modular set function ¢ : T(E) — [0,00[ with V = ¢ = A,
By 14.16.1) ¢ is a source of I. Then the Smiley-Horn-Tarski theorem 3.4
asserts that ¢ can be extended to a ccontent.

Thus the result is a counterpart of the Smiley-Horn-Tarski theorem 3.4.
With this theorem it shares a disastrous defect: When [ is downward o
continuous in the natural sense then it need not have representations which
are almost downward o continuous, that means representations which are
cmeasures. It suffices to return to the old counterexample.

14.20. ExaMPLE. Consider the set function ¢ : & — [0, 00| of example
3.11. By 14.18 there is an elementary integral I : E — [0, 00[ with (0) on
the Stonean lattice cone E = S(&) such that ¢ is the unique source of I.
Since ¢ is downward e continuous for ¢ = o7 it follows from 11.17 that [ is
downward e continuous in the sense of that theorem. But we know that ¢
cannot be extended to a cmeasure.

To be sure, the desired existence of a cmeasure representation holds true
in case that the Stonean lattice cone F is primitive. This is the traditional
Daniell-Stone theorem 14.1, combined with 14.6 and 14.13. It is the precise
counterpart to the traditional main theorem at the outset of the present
text, which said that the then desired existence of a cmeasure extension
holds true in case that the initial lattice G is a ring. Herewith we were back
to the frame which we want to surpass. We have to conclude that our basic
notion of a representation must be another one, and must be of the same
kind as before. At this point the natural definition is as follows.

DEFINITION. Let I : E — [0,00] be an elementary integral. Fore = xo7
we define a e representation of I to be a representation « : 2 — [0, 0]
of I such that « is an inner e extension of «|T(E). We define I to be a o
preintegral iff it admits e representations.

This time it is redundant to use the word inner, because there will
be no outer counterpart. Our aim is to characterize those I which are
e preintegrals, and then to describe all e representations of I. The first
formulation below is not more than a combination of the definitions which
are involved.

14.21. PROPOSITION. Let I : E — [0,00[ be an elementary integral and
o = xo7. Then I is a e preintegral iff it has sources which are inner e
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premeasures. In this case the o representations of I coincide with the inner
e extensions of those sources of I which are inner e premeasures.

14.22. EXAMPLE. An elementary integral I : E — [0, co[ with (0) on a
Stonean lattice cone E can be without e representations for all ¢ = xoT,
even when I has a unique source and this source can be extended to a
cmeasure which is almost downward 7 continuous. As an example consider
the elementary integral I : E — [0,00[ from 14.20 and its unique source
¢ : 6 — [0,00]. We know from 3.11 that ¢ is downward 7 continuous, and
one verifies that it is not inner 7 tight. Hence ¢ is not an inner e premeasure
for all ¢ = xoT.

Now we have to realize that the cases ¢ = o7 and e = x fall far apart.
In fact, we see from 14.16.2) that each source of an elementary integral
I:E — [0,00[ on a Stonean lattice cone E which is an inner e premeasure
for ¢ = o7 must be = A, while this cannot be concluded for e = x. Thus
we obtain what follows.

14.23. THEOREM (for ¢ = o7). Let I : E — [0,00[ be an elementary
integral on a Stonean lattice cone E C [0,00[X. Then I is a e preintegral iff
I fulfils (0) and A : T(E) — [0,00] is an inner o premeasure. In this case
the o representations of I are the inner e extensions of A. In particular I
has the unique mazimal ® representation o := A4|C(A,).

The next section will be devoted to the cases @ = o7. We see that its
prime task will be to characterize those elementary integrals I : E — [0, oo
which fulfil (0) and for which A : ¥(E) — [0,00[ is an inner e premeasure.
Then section 17 will be devoted to the case ¢ = x which will be quite
different. In fact, we present on the spot an example of an elementary
integral I : E — [0,00[ on a Stonean E with two different sources # A
which are both inner x premeasures.

14.24. EXERCISE. Let X = NU (—N). We define E C [0,00[* to con-
sist of all functions f : X — [0,00[ such that the two sequences n +—
f(n), f(—n) ¥n € N are monotone increasing and have equal finite limits
for n — oco. 1) E is a Stonean lattice cone. Next define the paving ¥ on N
to consist of the subsets {n,n+1,---} ¥n € N. 2) t(F) consists of & and
of the subsets PU (—Q) C X with P,Q € . T(FE) consists of & and of the
subsets P, —Q, P U (—Q) C X with P,Q € . Now we define

I:E —[0,00[ to be I(f) :ngrinoof(n) for f € E.

3) I is an elementary integral which fulfils (0). 4) We have

I*(f) = sup f and L,(f) = liminf f(n) for f € [0, oo]X.
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In particular we see for A € T(F) that

(1 ifA4o
Al4) = {0 ifA_Q}and

_ 1 if A=PU(—Q) with P,Q €%
v(4) = { 0 otherwise )

At last we define @, 1) : T(F) — [0, 00[ to be

o= {3 EATNE Yo = {} HATGe )

5) ¢ and 1 are isotone with V < ¢, 1 < A and hence sources of I. Further-
more ¢, and V, A are all different. 6) ¢ and v are inner x premeasures.

We conclude the section with an exercise which centers around a natural
problem: To characterize those inner e premeasures ¢ : & — [0, 00[ with
©(@) = 0 which occur in 14.23. We shall see that all of them can occur.

14.25. EXERCISE (for ¢ = o7). 1) Let ¢ : & — [0,00[ be an inner o
premeasure on a lattice & in X with @ € & and (@) = 0. Then there
exists an elementary integral I : E — [0,00[ on a Stonean lattice cone
E C [0,00[* which is a e preintegral and satisfies T(F) = & and A = ¢
(and has in fact the unique source ¢). Hint: 14.18.

In the remainder of the exercise we assume that F C [0, c0[* is a prim-
itive Stonean lattice cone. We shall see that the situation will then be
different. 2) For f € E and s > 0 we have

[f>s] C (2(BE)TI(E))L.

Thus for each A € T(E) there exist U € (T(E)TI(E))L and B € T(E)
with AC U C B. 3) Let I : E — [0, 0] be an elementary integral which is a
e preintegral, and let as above A : T(E) — [0, 00[ and « := A4|€(A,). Then
o is outer regular (T(E)T(T(E))s)L at (T(E))s. We recall from 13.39 that
there exist inner e premeasures ¢ : & — [0, 00[ with (&) = 0 such that
¢ := ve|€(ps) is not outer regular (ETS,)L at G,.

X

15. The Continuous Daniell-Stone Theorem

Preparations on Lattice Cones

Let E C [0,00[X be a lattice cone of functions X — [0, oo on the nonvoid

set X. We define for ¢ = xo7 the function classes
E, = {finj&f : M C E nonvoid of type o } C [0, oo X.
€

Since

inf f = inff for N:={fiA-Afo:fi,-,fn €M andn e N},
flng ;Iele or {f1 fn: fi f and n € N}
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we can restrict ourselves to the nonvoid subsets M C F of type e which are
downward directed. Thus F, = E and

E, = {llirgofl : (fi); in E antitone },

E. = {Fel0,00f: F= inf .
(Feloel™F= il )

We list the relevant properties.

15.1. EXERCISE. (F,)e = E,. Furthermore if M C E, is nonvoid of type
e with M | F then there exists N C E nonvoid of type e with V | F', and
such that each u € N is 2 some f € M. This is an obvious counterpart of
6.6 and proved in the same manner.

15.2. PROPERTIES. 1) E, is a lattice cone, and E = E, C E, C E;. 2) If
E is Stonean then Eq is Stonean. 3) T(Fq) = (Z(E))e and t(Fe) D (H(E))s-
4) If e = o1 and E is Stonean then T(E,) = t(E,). Therefore

(T(E))e = T(EW) = H(E,) D (HE))w.
Proof. 1)2) are obvious. 3) On the one hand we have

i >1] = > i
[flél]{jf = 1] f(jM[f = 1] for nonvoid M C E.

This proves T(E,) = (T(E))s. On the other hand we have
for A C X and nonvoid M C P(X) : A = ﬂ M= xa= in‘anM.
me
MeMm

This proves t(Ee) D (t(E))s. 4) requires the lemma which follows. Its proof
consists of immediate verifications.

15.3. LEMMA. Forreal 0 S 2 <1 and 0 £t < 1 define

1
T<t> = 1_ t(x — t)+

Then 1) 0 £ x> < o < 1. 2) The function (z,t) — T<ys 1S continuous.
3) For fized 0 <t < 1 the function x — x4~ is monotone increasing with

Tops =0for0S 2 <t and v =1 forz=1.

4) For fized 0 < x < 1 the function t — x4~ is monotone decreasing, and
fort 1 1 we have

Teps L 0O when 0 S 2 <1, and x> | 1 when z = 1.

Proof of 15.2.4). i) We first prove T(E) C t(E,). Let A € T(F), that
is A= [f =1] for some f € FE with f £1. For 0S¢ <1 now fs € E,
and for t T 1 we have foys | xa by 15.3.4). Therefore x4 € E,, that is
A € t(Ey). ii) By 15.2.1)2) E, is a Stonean lattice cone. Thus from i) and
15.1 we obtain T(E,) C t((Fs)s) = t(Fe) and hence the assertion.
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Preparations on Elementary Integrals

We start to formulate the natural notions of continuity, after the model of
11.17. Assume that E C [0,00]X is a lattice and that I : E — [0,00] is
isotone, and let ¢ = o7. We define I to be downward e continuous iff
inf{I(f): f e M} =I(F) for all M C E nonvoid of type ® and downward
directed in the pointwise order with M | F' € E; and almost downward
e continuous iff this holds true whenever I(f) < oo Vf € M. Furthermore
if 0 € E and I(0) = 0 then we define I to be e continuous at 0 iff
inf{I(f) : f € M} = 0 for all M C E nonvoid of type e and downward
directed | 0; and almost e continuous at O iff this holds true whenever
I(f) <ooVfeM.

Now assume that £ C [0, co
is an elementary integral.

[X is a lattice cone and that I : E — [0, 00|
15.4. REMARK. Let ¢ = o1. 1) I is e continuous at 0 = I*|E, is e

continuous at 0 as well. 2) I is downward e continuous = I*|E, is an
elementary integral and downward e continuous as well.

Proof. 1) is obvious from 15.1 applied to F = 0. 2) We first prove that
I*|E, is downward e continuous. Fix F' € E, and M C E, nonvoid of type
e with M | F, and let N C E be as in 15.1. For fixed v € E with v 2 F
the subset {u Vv :u € N} C E is nonvoid of type e and | F'Vv =v. By
assumption it follows that

inf I*(f) < i < i =I(v).
el E I = v = 1)

Thus the infimum on the left is < I*(F) and hence = I*(F). This proves
that I*|E. is downward e continuous. Then an immediate consequence is
that I*|F, is additive and hence an elementary integral.

15.5. PROPOSITION. Assume that E is Stonean and that I fulfils (0).
Let @« = o7. 1) I is ® continuous at 0 = A is e continuous at &. 2) The
following are equivalent.

i) I is downward e continuous.

i) A is modular and downward e continuous.

iii) A is downward e continuous.

Proof. 1) By 15.4.1) and by definition the set function A — I*(x4)
on t(E,) is e continuous at @. But we know from 15.2.4) that t(E,) =
(T(E))e D X(FE). 2) The implication i)=-ii) follows from 15.4.2) and 15.2.4)
as before. ii)=-iii) is obvious. iii)=-1) By 14.16.1) A is a source of I. There-
fore the assertion is contained in 11.17.

At this point we recall from 14.20 that the equivalent properties in
15.5.2) do not enforce that I has at least one cmeasure representation.

The New Envelopes for Elementary Integrals

After this we proceed as in the inner extension theory of chapter II. Let

I: E — [0,00[ be an elementary integral on the lattice cone E C [0, co[X.



15. THE CONTINUOUS DANIELL-STONE THEOREM 157

We define besides I, the inner o envelopes I, : [0, 00]% — [0, o] for @ = o7
to be

I(f) = sup{ inj&[(u) : M C E nonvoid of type e
ue

with M | some function < f} for f € [0,00]".
Furthermore we define for fixed v € F the satellite inner e envelopes
I? : [0, 00]%X — [0, 00][ to be

R(f) = sup{ in{/f[(u) : M C E nonvoid of type e with
ue

u<vVue& Mand M | some function < f} for f € [0, 00]%.
Both formulas include the case ® = x. The properties of these functionals
correspond to those of the former envelopes.
15.6. PROPERTIES. 1) I, and I! are isotone. 2) I, is superlinear. 3)
LI, SI and I S TY S IY. 4) For e = o7 we have
I,|JE=1 < I isdownward e continuous,
I,(0) =0 < I is e continuous at 0.
5) I} < I(v) < 00. 6) We have

L(f) = swp{Li(f) sv € B} for f €[0,00] .
7) Assume that I = I|E. Then I(f) = IY(f) for f Sv e E. 8) We have
I=I1|FE iff I* =1, on Fe. 9) If = I,|E and Ee = E then I, = I,.

Proof. 1)2)3)5) are obvious, and both parts of 4) are routine verifications
from the definitions. 6) follows the model of 6.29.4), and 7) follows the model
of 6.29.5). 8) One proves as in 6.10 and 6.11 that i) I* < I, on F,, and
that ii) [ = I,|E = I* = I,. Then the assertion follows. 9) is an obvious
consequence of 8).

The next step are the important two propositions which follow.

15.7. PROPOSITION. Assume that E is Stonean and that I fulfils (0). Let
e = o7, and assume that A is downward e continuous. Then

() = L(f) = ][fdA. for f € B,
Furthermore I*|Eq = I4|Eq is downward e continuous.

15.8. PROPOSITION. Assume that E is Stonean and that I fulfils (0). Let
o = o7, and assume that A is an inner ® premeasure with o := Aq|C(A,).
Then

L(f) = ][fdA. = /fda for all f € [0,00]%.

Proof of 15.7. 0) We know from 14.16.1) that I(u) = fudA for allu € E.
i) We have A %(E) = A by 6.5. In particular A.(@) = 0, so that the
horizontal integral ffdA, is defined for all f € [0,00]%. Next Aq|(T(E))s
is downward e continuous by 6.5.iii). Hence by 11.17 the horizontal integral
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[ ffdA, is almost downward e continuous on UM((T(E)).). ii) We
have T(E,) = (T(E))s by 15.2.3) and hence E, C UM((T(E)),) by 14.11.3).
Since each function f € F, is < some member of E it follows from (0) that
ffdAs < co. Thus i) implies that f — § fdA, is downward e continuous
on E,. iii) On the other hand we know from 15.5 that I is downward e
continuous, and hence from 15.4.2) then I*|E, is downward e continuous.
Now I = I,|F by 15.6.4) and hence I* = I, on E, by 15.6.8). iv) We have
seen that the two functionals I*|E, = I,|Ee and f — ffdA, on E, are
equal on E and are both downward e continuous, and therefore must be
equal on E,. This completes the proof of 15.7. v) In order to prepare the
proof of 15.8 we add the remark that I,(f) < f fdA, for all f € [0, 00]¥
In fact, fix f € [0,00]% and let M C E be nonvoid of type e such that
M | F £ f. Then F € E,, and from the above we obtain
ulél]&[(u) = Jél]\t;jj'(u) =I,(F) = ][FdA. < ][fdA..

The assertion follows.

Proof of 15.8. i) We first note that As = ay. In fact, the two set
functions are equal on €(A,), and because of (Z(F))e C €(A,) are both
inner regular €(A,). ii) From i) and 12.12 we conclude that

][fdA. = /fda for all f € [0, 00]X

*

iii) In view of part v) of the last proof it remains to show that f fdAs < I,(f)
for f € [0,00]%. Because of i) and 15.7 this is a consequence of

/fda = sup{/uda u € By with u < f} for f € [0, 00]%
iv) In order to prove the last assertion we recall from 12.1 that

/fda = sup {Ztla(A(l)) AL, A(r) € €(A,)
. =1

-
and ty,--- ,t, >0 with f = ZthA(Z)}.
=1
For each choice of the entities in the brackets we have a function
U= ZthA(l € S(€(A,)), and /uda = Ztla )) by 12.5 .

=1

But since « is inner regular (¥(FE))es we can restrict ourselves to choices
A(1),--- ,A(r) € (2(E))e, which by 15.2.4) is = T(E,) = t(E,). It follows
that x4() € Ee (I =1, ,7) and hence u € E,. This completes the proof
of 15.8.
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The Main Theorem

We come to the main theorem of the present context. It furnishes the
characterization of the e preintegrals for ¢ = o7 as announced after 14.23.
The theorem is structured like the main extension theorems of chapter II.

15.9. THEOREM (Continuous Daniell-Stone Theorem e = o7). Let I :
E — [0,00] be an elementary integral on a Stonean lattice cone E C [0, 00[~.
Then the following are equivalent.
1) There exist ® representations of I, that is I is a e preintegral.
1’) T fulfils (0); and A : T(E) — [0,00[ is an inner e premeasure.
2) I(v) = I(u) + Le(v —u) for allu < v in E.
3) [{|E=1; and I(v) = I(u) + Le(v —u) for allu < v in E.
3") Is(0) = 0; and I(v) £ I(u) + I (v —u) for allu = v in E.
In this case I has the unique mazimal e representation o = A¢|€(A,).
Furthermore we have

I"(f) =L(f) = /fda for all f € E,,
L(f) = /fda for all f € [0, 00]*

The equivalence 1)<1’) has been obtained in 14.23. Also 1) implies the
first final assertion by 14.23, and 1’) implies the second final assertion by
15.7 and 15.8.

The implications 1’)=2)=-3)=-3") can be settled in a few words. 1’)=-2)
Let o := A4|€(A,) be the maximal inner o extension of A. Foru<vin E
we combine 12.3 with E C UM(%Z(E)) C UM(€ ) to obtain

/vda—/u+ (v—u) da—/uda+/v—u

By 15.7 and 15.8 this means that I(v) = I(u)+ Is(v —u). 2)=3) is obvious.
3)=3’) follows with the aid of 15.6.7).

It remains to prove the implication 3’)=-1"). Thus we shall assume 3’)
all the time. By 15.6.4) the first condition I4(0) = 0 means that [ is e
continuous at 0. The proof will be divided into five steps.
i) I fulfils (0).
ii) A is e continuous at @.
ili) Assume that B € T(F) and B = [v = 1] for some v € E with v < 1. In
the notation of 15.3 we have vy~ € E for 0 £ ¢t < 1, and 15.3.4) implies
that ve¢s | xp for t T 1. We claim that I(v<s) | I*(xB) =: A(B) for ¢ T 1.
iv) A is modular.
v) A is inner e tight.
It is clear that this will complete the proof of the implication 3’)=1’) and
hence of the theorem.

Proof of i). For f € E and ¢ > 0 we have f A t,(f — )T € E with
f=fAt+(f—t)" and hence I(f) = I(f At)+I((f —t)"). We use that I
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is e continuous at 0. For ¢ | 0 we have f A¢ | 0 and hence I(f At) | 0, and
for ¢ 1 oo we have (f —)* | 0 and hence I(f At) T I(f).

Proof of ii). This follows from 15.5.1).
Proof of iii). iii.1) We fix u € E with v = xp. To be shown is

lim7 < I(u).
tlgl (vet>) = I(u)

In view of v 2 xp we can assume that v < v £ 1. Furthermore fix ¢ > 0.
iii.2) By the second condition in 3’) there exists an M C F nonvoid of type
e with M | some F' < v — u such that

h<vand I(h) 2 I(v) —I(u) —e for all h € M.

iii.3) The subset {h Av<y> : h € M and 0 £ ¢t < 1} C E is nonvoid of
type @ and downward directed | F'A xp. Here we have F' A xp = 0 because
0SFAxBE(v—u)Axpand v=u=1on B. Since I is e continuous at
0 it follows that

inf {I(hAveys):he€Mand 0t <1} =0.
iii.4) For h € M and 0 £ ¢ < 1 we have
I(v) = I(u) — e + I(v<t>) I(h) + I(vers)
=I(hVves) +I(hAvers) I(v) +I(hAveps),
where we have used h V vy < v because of 15.3.1). It follows that

I('U<t>) é I(U) +E+I(h/\?}<t>).

s
=

From iii.3) we obtain the assertion.

Proof of iv). Let A,B € %(FE), and fix u,v € F with u,v
that A = [u = 1) and B = [v = 1]. Then AUB = [u Vv
ANB=uAv=1]. Nowfor 0=t <1

(V) cp> = Ucts V Ups and (U A V) cps = Ucts A Vaps;

1 such
1] and

I IA

this is clear since the function 2 — x4~ is monotone increasing by 15.3.3).
Thus we have

I((uVo)aes) +I((uAv)<es) = Iuces) + I (v<es ).

For ¢ 7 1 we conclude from iii) that A(AUB) + A(ANB) = A(A) + A(B).

Proof of v). We fix A C B in T(F) and € > 0. v.1) Let u,v € E with
u,v < 1 such that A = [u = 1] and B = [v = 1]. We can achieve that

I(u) = I"(xa) + € = A(A) + e and I(v) = I"(xB) + € = A(B) +¢,

and then that v < v. v.2) By the second condition in 3’) there exists an
M C E nonvoid of type ® with M | some F' < v — u such that

h<vand I(h) 2 I(v) —I(u)—e = A(B) — A(A) — 2¢ for all h € M.
v.3) For h € M and 0 < ¢ < 1 we have

h €
h""U<t>§ (g/\v)<t>+gv+’l).
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In fact, this holds true
forv <t since v = 0 and h < v,

forv=tand h<e since vy Svand h < e < -,

| M

forv=tand h = ¢ sinceﬁ/\v:vandhgv.
€
It follows that
h €
I(h) + I(veps) < I((g Av) <t>) +2I(0) +1(v).

For t T 1 we conclude from iii) that

I(h) + A(B) < A([g Ao = 1]) +el(v) + I(v)
= A([hZelNB) +el(v) +I(v).
We combine this with v.1) and v.2) to obtain
A(B) -~ A(A) S A(h = ] NB) +£(A(B) +c+3) forall h € M.

v.4) The paving {[h 2 e]NB:h € M} C T(E) is of type ® and downward
directed | [F 2 e]NB C [v—u 2¢]NB C B\ A, where we have used that
v=wu=1on A. Thus by definition

inf {A([h=2¢e]NB):he M} <AP(B\ A).
v.5) From v.3) and v.4) we obtain
A(B) — A(A) S AZ(B\ A) +e(A(B) +£+3) foralle >0,
and hence the assertion. This completes the proof of the theorem.

We define for ¢ = o7 an elementary integral I : E — [0, oo[ on a Stonean
lattice cone E to be e tight iff it fulfils

I(w) S I(u)+1)(v—wu) forallu=wvinE,

as it appears in condition 3’) above. Besides these notions one also defines
I to be x tight iff it fulfils

I(v) £ I(u) + I(v—wu) forallu=wvin E;

here of course I, and Iy amount to the same. We shall see that this notion
is sometimes convenient but has no basic importance. As in chapter II it is
obvious that

Iis * tight = I is o tight = I is 7 tight .

We show on the spot that both converses < are false. The counterexample
for the left converse will be an I which is a o preintegral and a x preintegral.
Therefore the above theorem becomes false at least for ¢ = ¢ when one
formulates condition 3’) with x tight instead of e tight. The modified 3’)
remains a sufficient condition for 1)1’) but ceases to be an equivalent one.
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15.10. EXAMPLE. Let & be a lattice with @ € &, and ¢ : & — [0, 00 be
an isotone and modular set function with ¢(&) = 0 which is downward 7
continuous. From 14.18 we obtain an elementary integral I : E = S(6) —
[0, 00[ such that ¢ is the unique source of I. Then 14.16 implies ¢ = A.
Furthermore I,|E = I by 15.5.2) and 15.6.4). Therefore 15.9 says for ¢ = o7
that the following are equivalent. 1) I is a e preintegral. 1’) ¢ is an inner o
premeasure. 3’) I is e tight. Thus 6.32 furnishes an example where I is 7
tight but not o tight.

15.11. EXERCISE. We turn to the counterexample for the left converse.
Define E C [0,00[* on X =]0,1] to consist of the bounded lower semicon-
tinuous functions X — [0,00[. 1) F is a Stonean lattice cone which is not
primitive. 2) ¢(E) = Op(X) and T(E) = (Op(X)),. Hint for the second

o0
inclusion D: For A = () A(l) with a sequence (A(l)); in Op(X) consider
=1

the function f := 21/2 XA(i)- For the sequel note that T(£) O Comp(X).
Now define [ : F — 0 oo[ to be

/ FdA = ][ FdA

for f € E C UM(%(E)) C UM(Bor(X)) C UM(£nN X),

with A|X =: A as usual. 3) I is an elementary integral. 4) A is a o
representation and a x representation of I. Thus [ is a o preintegral and
a x preintegral. 5) I is not x tight. Hint: Take u = x4 for an open dense
subset A C X with A(A) < 1 as in the proof of 5.14.3), and v = 1.

Next we want to incorporate the traditional Daniell-Stone theorem 14.1.
It is contained in the special case of 15.9 that the Stonean lattice cone F is
primitive. In this case all elementary integrals I : E — [0, oo are x tight and
hence e tight for ¢ = xo7. Thus the same happens as in the conventional e
extension theories when one specializes from lattices & with @ € & to rings.
The result is as follows.

15.12. SPECIAL CASE (for @ = o7). Let I : E — |0, oo[ be an elementary
integral on a primitive Stonean lattice cone E C [0, 00[X. Then the following
are equivalent.

1) There exist o representations of I, that is I is a e preintegral.
1) T fulfils (0); and A : T(E) — [0, 00] is an inner e premeasure.
3) I,(0) = 0.

We specialize once more to the case e = o.

15.13. SPECIAL CASE. Let I : E — [0,00] be an elementary integral
on a primitive Stonean lattice cone E C [O,OO[X. Then the following are
equivalent.

0) There exists a cmeasure representation of I.
1) There exist o representations of 1, that is I is a o preintegral.
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17) I fulfils (0); and A : T(E) — [0,00[ is an inner o premeasure.
3) I,(0) = 0.

In fact, 1)17)3’) are equivalent by 15.10. It remains to incorporate condi-
tion 0). On the one hand 1) implies that I has the cmeasure representation
a = As|€(A,), so that 0) is fulfilled. On the other hand 0)=3’) follows
from the Beppo Levi case ¢ = ¢ of 11.17.

The last equivalence 0)<3’) is the traditional Daniell-Stone theorem
14.1. We see that the specialization 15.13 contains much more: It furnishes
the cmeasure representation o := A, |€(A,) of I which is explicit in a sense,
and is inner regular (T(E)), = T(Ey) = t(Ey).

15.14. BIBLIOGRAPHICAL NOTE. The roots of the traditional Daniell-
Stone theorem 14.1 are Daniell [1917-1918] and Stone [1948-1949]. However,
it required additional work to obtain the theorem in its present form. For
example, Glicksberg [1952] considered a certain topological special case of
14.1 to be a new result which needed an ab-ovo proof. The above theorem
14.1 is in the textbooks since the sixties. See for example Royden [1963],
Zaanen [1967], Meyer [1966] theorem II.24, and Bauer [1968] Satz 39.4.
The last-mentioned version included an assertion of regularity, which at
once led to important consequences like Korollar 39.5. The nonsequential
counterpart of the traditional Daniell-Stone theorem 14.1 has been treated
in terms of the so-called abstract Bourbaki integral. For recent versions we
refer to Leinert [1995] chapter 14 and Konig [1992a] appendix. It is of course
in @ = 7 of the present 15.12.

The work in the present context started, as far as the author is aware,
in Pollard-Topsge [1975] and Topsge [1976]. The first paper was still re-
stricted to primitive Stonean lattice cones E and obtained the equivalence
15.12.1)<3’). The second paper then obtained the implication 15.9.3")=1),
but with 3’) fortified to * tightness instead of e tightness which was still
unknown. We know that the converse of this modified implication is false,
so that it is not an equivalence result. Thus the situation was the same as
described in the bibliographical annex to chapter II on the extension the-
ories. Both papers also contained variants where the role of ¥(F) passed
over to other lattices. The essentials are contained in 15.15 below. The
work of Anger-Portenier [1992a] presents related refinements and is more
comprehensive in certain aspects, but it is complicated and also based on
* tightness from the start. The present version 15.9 is due to the author
[1995]. Its proof owes much to Topsge [1976].

An Extended Situation

We conclude the section with a final proposition, in order to cover an ex-
tended situation which has been considered in the literature as mentioned
above. Let I : E — [0,00[ be a e preintegral on a Stonean lattice cone
E C [0,00[X. The aim is that the role of T(E) passes over to some other



164 V. THE DANIELL-STONE AND RIESZ REPRESENTATION THEOREMS

lattice 8 with @ € &, which of course must be related to T(E). But we shall
not require that & C T(F).

15.15. PROPOSITION (for @ = o7). Let I : E — [0,00[ be a o preintegral
on a Stonean lattice cone E C [0,00[%, and o := A4|€(A,). Assume that
R is a paving in X such that & C (T(E))e C RTR. Then the following are
equivalent.

0) For each pair f € E and € > 0 there exists K € & such that
I(v) £ I(u) + ¢ for all u,v € E withu < v = f and u|K = v|K.

1) A, is inner reqular K.

1) A, is inner reqular K at T(E).

2) All e representations of I are inner regular K.

2’) There exists a e representation of I which is inner regular K.

In this case, and if R is a lattice with @ € K, then « is an inner e extension
of a|R = A|R. Furthermore (a|R)e = Ao and KT Re C €(A,).

Condition 0) says that in a sense the elementary integral I is concen-
trated on R.

In view of 14.23 the implications 1)=2)=-2’)=-1") are clear. Thus for
the first part we have to prove that 0)=1) and 1’)=-0).

Proof of 0)=1). By 6.3.4) we have to show that A, is inner regular
R at (T(F))s. We recall from 15.2.4) that (T(E))e = T(Fe) = t(F.). Fix
A € (Z(E))e and € > 0. Thus x4 € E,, so that there exists f € E with
X4 £ f = 1. From the assumption 0) we obtain K € K such that all u € E
with u £ f and u|K = f|K fulfil I(f) < I(u)+e. If now v € E with v 2 xg
then f Av € F fulfils f Av = f on K, and hence I(f) < I(f Av) +¢ or
I(f Vo) £ I(v)+e. By assumption K € (T(E))e and hence xx € F,o. Thus
on the one hand I(fVv) = [(fVv)da =2 a(AUK). On the other hand 15.7
with 11.8.1) implies that

inf{I(v) :v € E withv 2 xg} = I"(xx) = fXKdA- = A (K) = a(K).

It follows that a(AUK) < a(K)+e or a(A) £ a(ANK)+e. Since ANK € R
in view of (T(E))s C RT R the assertion follows.

Proof of 1’)=0). Fix f € E and € > 0, and then 0 < a < b < oo such
that

Jallrzthaeses ma [ (s z i<z

0— b
From the assumption 1) applied to [f = a] € T(F) we obtain K € & with
K C [f 2 a] such that «([f 2 a]) £ a(K) +¢/2(b— a). Now let u,v € F
with w < v < f and u|K = v|K. Then [v 2 t] C [f 2 ¢] for ¢ > 0 and hence

b

I(v) = ][vda < /a([v > f))di + ¢ /2.

a



16. THE RIESZ THEOREM 165

For ¢t 2 a furthermore [v 2 t] C [u 2 t]U ([f 2 a] \ K) and hence
a(fvz1]) = afuz1]) +/2(b—a).
It follows that I(v) < I(u) + €.

The remainder of the proof is routine. We see from Re C (T(F))e and
2) that « is an inner e extension of «|R. Thus «|R is an inner e premeasure.
From 6.18 it follows that o = («|R)e|€(As). Therefore (a|R)e = Ao on
(2(F))e and hence on P(X). Then KTRe C €((a|R)s) = €(A,) follows
from 6.31. The proof is complete.

16. The Riesz Theorem

In the present section we obtain the extended Riesz representation the-
orem as a specialization of the continuous Daniell-Stone theorem 15.9 in the
T version.

Preliminaries

We assume X to be a Hausdorff topological space and write as before R :=
Comp(X). We recall from 14.8 the Stonean lattice cones
CK*(X) c USCKT(X) c UMK(X) C USCH(X),
with the definition
UMK (X) := UM(R) N [0, 00[X= {f € [0,00[*: [f = 1] € & for all t > 0}.
The members of UMK(X) are viewed as concentrated on the compact sub-
sets of X.

In the present context we have to consider Stonean lattice cones E C
[0, co[X which are related to compactness. Thus on the one hand we assume
that T(F) C R, which means that £ C UMK(X). On the other hand we
have to impose a certain richness condition on E. We define E to be rich
iff it satisfies the equivalent conditions which follow.

16.1. REMARK. For a Stonean lattice cone E C UMK(X) the follow-
ing are equivalent. 1) (T(E)); = R. 2) xx € E; for all K € K. 3)
USCK*(X) C E;.

16.2. LEMMA. S(8&) C USCK™(X). Furthermore

= inf Il f € USCK™(X).
= e Joral f (X)

Proof of 16.2. Assume that f € USCK'(X) vanishes outside of the
nonvoid K € R. Fix a € X and € > 0. Then
w:= (max f — f(a))X(y2f(a)+e + (fla) +)xx
is in S(R), and it satisfies v 2 f and u(a) < f(a) +e.

Proof of 16.1. 1)<2) We have (T(FE)), = T(E;) = t(E;) by 15.2.4).
2)=3) follows from 16.2, and 3)=-2) is obvious.
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16.3. REMARK. CK™(X) is rich < X is locally compact.

Proof. =) Let K € & Then xx < f for some f € CK™(X). Thus K
is contained in the open subset [f > 0], which in turn is contained in some
compact subset of X. In particular X is locally compact. <) is known from
14.5.3).

We need one more fact. The main assertion is a consequence of the
classical Dini theorem in 14.5.5).

16.4. REMARK. For an elementary integral I : E — [0,00] on a
Stonean lattice cone E C UMK(X) the following are equivalent.

1) I is 7 continuous at 0.

2) T fulfils (0).

3) I(fAt)—0 fort |0 forall f €E.
These conditions are satisfied when E is rich and C USCK™(X), but need
not be satisfied when E is rich C UMK(X).

Proof. i) We have seen 1)=-2) as the first part in the proof of 15.9.
2)=-3) is obvious. Thus we have to prove 3)=-1). Let M C E be nonvoid
with M | 0. To be shown is inf{I(u) :uw € M} =0. Fix f € M and ¢ > 0.
We claim that

inf{I(u) :ue M withu < f} S I(f Ae),

which implies the assertion. Consider the compact subset K = [f = €.
The claim is obvious when K = @&, since then f Ae = f. In case K # @ the
Dini theorem asserts that

inf{sup(u|K) :u e M with u < f} =0.
Now for v € M with v < f we have

< 1/esup(ulK)f + f Ae,
I(w) < 1/esup(ulK)I(f) +I(f Ae),

and hence the claim. ii) Assume that E is rich and ¢ USCK™(X). Let
f € E. Then f vanishes outside of some K € K. Since E is rich we have
XK S F for some F € E. For t > 0 therefore f At < txx < tF and hence
I(f At) = tI(F). Thus 3) is fulfilled. iii) The last assertion follows from the
counterexample below.

16.5. EXAMPLE. On X = [0,00[ define E C [0,00[* to consist of the
continuous functions f : X — [0,00[ such that the finite limit I(f) :=
lim (x f (1:)) exists. One verifies that E is a rich Stonean lattice cone C
r—00

UMK(X) and that I : E — [0,00[ is an elementary integral. However, we
have I(f) = I(f At) for all f € E and ¢t > 0, so that condition 16.4.3) is
violated.
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The Main Theorem

16.6. THEOREM (Riesz Representation Theorem). Let I : E — [0, 00| be
an elementary integral on a rich Stonean lattice cone E C UMK(X). Then
the following are equivalent.

0) There exists a Borel-Radon measure « : Bor(X) — [0,00] which is a
representation of I.

1) There exist T representations of I, that is I is a T preintegral.

2) I(v)=I(u)+ I;(v—u) for alu < v in E.

3)I(fANt) — 0 fort | O for all f € E (this is automatic when E C
USCK™(X)); and I is T tight.

In this case I has the unique Borel-Radon measure representation o :=
A;|Bor(X) with Bor(X) C €(A;), which therefore is a T representation of
1. Furthermore we have

P =10 = [fda  foralf ey,

L(f) = /fda for all f € [0, 00]%.
Proof. We recall that *
T(E) C (2(E))r = R C CI(X) C Bor(X).

i) Let v : Bor(X) — [0, 00] be a Borel-Radon measure which is a represen-
tation of /. Thus on the one hand «|%(E) is a source of I, and 14.16.2)
implies that «|T(F) = A. On the other hand

a is inner regular & = (T(F)),,
alf = a|(2(F))r < oo is downward 7 continuous by 9.4.
Thus « is an inner 7 extension of the source A of I and hence a 7 representa-

tion of I. Also « is a restriction of A;|€(A;). Thus we have the implication
0)=1) and the first of the two final assertions.

ii) The conditions 1)2)3’) are equivalent by 15.9 and 16.4.

iii) Assume 1). Then 14.23 says that A : T(E) — [0,00[ is an inner 7
premeasure, and that I has the unique maximal 7 representation A-|€(A;).
From

Cl(X) C RATRC I(E)TR=Z(E)T(Z(E)), C ¢(A;)
we see that Bor(X) C €(A;). Furthermore A;|R = A|(Z(F)), < oo, and
A, is inner regular & = (T(F)),. Thus o := A;|Bor(X) is a Borel-Radon
measure. Of course « is a representation of I since it is a restriction of
A|C(A;). Tt follows that 1)=-0).

iv) Assume the equivalent conditions 0)1)2)3’). For ¢ := A;|€(A;) then
¢« = A, since this holds true on €(A;), and both sides are inner regular
€(A;). For a := A;|Bor(X) likewise oo, = A;. Therefore o, = ¢,. Thus
12.12 implies that

/fda = ][fda* = ][fd@ = /fdgb for all f € [0, 00].
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From 15.7 and 15.8 we obtain the second final assertion. The proof is com-
plete.

The theorem attains a more familiar form when we look at the particular
case that £ C USCK™(X). First note that for each Borel-Radon measure o :
Bor(X) — [0,00] and all f € USCK™(X) we have [ fda < co. Now consider
a rich Stonean lattice cone E C USCK™'(X); examples are E = USCK™ (X))
and E = S(R). Then each Borel-Radon measure « : Bor(X) — [0, 0]
defines an elementary integral I : E — [0,00[ via I(f) = [ fda for f € E.
Of course « is a representation of I. Now we invoke 16.6. The implication
0)=3’) shows that I is 7 tight. The final uniqueness assertion shows that
the map « — T is injective. But above all it follows from 3’)=-0) that each
elementary integral I : E — [0, oo[ which is 7 tight can be obtained in this
manner. Thus we have the result which follows.

16.7. THEOREM (Riesz Representation Theorem). Assume that E C
USCK™(X) is a rich Stonean lattice cone. There is a one-to-one corre-
spondence between the elementary integrals I : E — [0, co[ which are T tight
and the Borel-Radon measures o : Bor(X) — [0,00]. The correspondence is

I(f) = [ fdo for all f € E.

We emphasize that this result involves all Borel-Radon measures on X,
and in particular is not restricted to the locally finite ones.

16.8. REMARK. 1) The question whether 16.6.3") and 16.7 hold true with
* tight instead of 7 tight must remain open (in one direction). We know
that the answer is no in the continuous Daniell-Stone theorem 15.9.3’), at
least for @ = . But the former example 15.11 does not settle the present
question. 2) However, in the particular case that E, = E we can write
16.6.3’) and 16.7 with % tight instead of 7 tight. This follows from 15.6.9)
combined with the implication 16.6.3’)=2).

We turn to the special case that E is primitive. Of course this means
that one is not far from continuous functions.

16.9. SPECIAL CASE. Let I : E — [0,00] be an elementary integral on a
primitive rich Stonean lattice cone E C UMK(X). Then the following are
equivalent.

0) There exists a Borel-Radon measure o : Bor(X) — [0,00] which is a
representation of I.

1) There exist T representations of I, that is I is a T preintegral.

3) I(fANt) — 0 fort | O for all f € E (this is automatic when E C
USCK™(X)).

In this case I has the unique Borel-Radon measure representation o :=
A;|Bor(X) with Bor(X) C €(A;), and this is a T representation of I.

16.10. SPECIAL CASE. Assume that E C USCK'(X) is a primitive
rich Stonean lattice cone. There is a one-to-one correspondence between
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the elementary integrals I : E — [0,00[ and the Borel-Radon measures « :
Bor(X) — [0,00]. The correspondence is I(f) = [ fda for all f € E.

If X is locally compact then E := CK™(X) is as required in view of 16.3.
This furnishes the traditional Riesz representation theorem 14.2. Thus 14.2
is indeed a direct special case of the new Riesz representation theorem 16.7.

An Extended Situation

After these main results we conclude the section with a final theorem, in
order to cover an extended situation which has been considered in the lit-
erature. In the sequel we consider a Stonean lattice cone E C USCT(X),
which means that T(E) C Cl(X). We do not require that £ ¢ UMK(X),
that is T(F) C K. Nevertheless we ask the question when an elementary in-
tegral T : E — [0, 0o[ has a representation which is a Borel-Radon measure.
It is clear that then I itself must be concentrated on the compact subsets of
X in some sense or other. We shall see that an appropriate condition is the
specialization of 15.15.0) above, that is

(comp) For each pair f € E and ¢ > 0 there exists K € £ such that
I(v) £ I(u) 4+ ¢ for all u,v € E with w = v £ f and u|K = v|K.

Furthermore we extend the former richness condition on E to mean that
R C (2(FE));. This amounts to a condition of separation. Then we obtain
the result which follows.

16.11. THEOREM. Let I : E — [0,00[ be an elementary integral on a
rich Stonean lattice cone E C USC™T(X). Then the following are equivalent.

0) There exists a Borel-Radon measure « : Bor(X) — [0,00] which is a
representation of I.

1) I is a T preintegral and fulfils (comp).
3") I is 7 tight and fulfils (comp).

In this case I has the unique Borel-Radon measure representation o :=
Ar|Bor(X) with Bor(X) C €(A;), and this is a T representation of I.

Proof. 0)=1) We start as in the proof of 16.6. Let « : Bor(X) — [0, o0]
be a Borel-Radon measure which is a representation of I. Then on the one
hand «|%(E) is a source of I and hence = A. On the other hand

a is inner regular & and hence inner regular (¥(E))-,
a|(2(E)); < oo is downward 7 continuous by 9.4.

Thus « is an inner 7 extension of «|F(E) = A and hence a T representation
of I, so that I is a 7 preintegral. Since « is inner regular K it follows from
15.15.2")=-0) that I fulfils (comp). Also « is a restriction of A;|€(A;). Thus
we have 0)=-1) and the final assertion. 1)=-0) We obtain from 15.15.0)=2)
that A;|€(A;) is inner regular . Furthermore Cl(X) C TR C €(A;) and
hence Bor(X) C €(A;). Thus a := A;|Bor(X) is a Borel-Radon measure
representation of 1.
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1)=3) is in 15.9. 3’)=1) In view of 15.9.3’)=1) it remains to prove
that I:(0) = 0. To see this let M C E be nonvoid | 0. To be shown is
inf{I(f): fe M} =0. Fix f € M and £ > 0, and choose K € R as in
(comp). Since K € & C (2(E)), = T(E;) = t(E;) or xx € E; by 15.2.4)
there exists h € E with yx < h. Now for each § > 0 the Dini theorem
14.5.5) furnishes a function v € M with v|K < ¢, and we can achieve that
v =< f. From (comp) applied to v A (6h) < v we obtain

I(v) < I(v A (5R)) + & < I(5h) + & = 61(h) + ¢.

From this the assertion follows. The proof is complete.

Once more we specialize to the case that E is primitive. Note that in
this case condition (comp) admits an obvious simplification.

16.12. SPECIAL CASE. Let I : E — [0, 00[ be an elementary integral on a
primitive rich Stonean lattice cone E C USCT(X). Then the following are
equivalent.

0) There exists a Borel-Radon measure « : Bor(X) — [0,00] which is a
representation of I.

1) I is a T preintegral and fulfils (comp).
3) I fulfils (comp).

In this case I has the unique Borel-Radon measure representation o :=
A;|Bor(X) with Bor(X) C €(A;), and this is a T representation of I.

If X is completely regular then E = C*(X) and E = CB"(X), defined
to consist of the bounded functions in C*(X), are examples of primitive rich
Stonean lattice cones C USCT(X).

16.13. BIBLIOGRAPHICAL NOTE. The traditional Riesz representation
theorem 14.2 for locally compact Hausdorff topological spaces X is in the
recent textbooks. See for example Cohn [1980] theorem 7.2.8 and Bauer
[1992] Satz 29.1 with 29.3. For the historical development which led to this
theorem we refer to the survey article of Batt [1973]. A more comprehen-
sive version is due to Bauer [1956]; see for example Anger-Portenier [1992a]
theorem 14.14.5. This version is contained in the present 16.9.

The next step culminated in the work of Pollard-Topsge [1975]. These
authors applied their Daniell-Stone type theorem to obtain a Riesz type the-
orem on arbitrary Hausdorff topological spaces X, but restricted to C*(X)
since the paper assumed primitive Stonean lattice cones from the start.
Their result is in essence equal to 16.12. An excellent ab-ovo presentation is
in Berg-Christensen-Ressel [1984] theorem 2.2.2; see also Topsge [1983]. For
the particular cases of 16.12 noted after its formulation we refer to Bourbaki
[1969] proposition 5.5 and also to Behrends [1987] chapter V, based on ideas
of Erik Thomas.

The subsequent article of Topsge [1976] started to abandon the primitive
Stonean lattice cones. Its basic intention was to pave the road to incorporate
USCT(X), but there was no explicit treatment of the Riesz theorem itself.
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In Anger-Portenier [1992a] there are results of the type 3')=-0) in the
present theorems 16.6 and 16.11. We also refer to the companion article
Anger-Portenier [1992b] which is less complicated, in particular to theorem
4.2 combined with 5.5. The entire work presupposes conditions like x tight-
ness from the start (the authors adhere to the Bourbaki viewpoint to place
positive-linear functionals above measures).

The present version 16.6 is due to the author [1995], while 16.11 appears
here for the first time. As far as the author can see there were no such
equivalence theorems in the literature before.

17. The Non-continuous Daniell-Stone Theorem

We return to the abstract situation. The present section obtains the
counterpart e = % of the so-called continuous Daniell-Stone theorem 15.9
which was for ¢ = o7. We recall that 15.9 was structured like the basic
extension theorems of chapter II, nearest for certain to the conventional
inner main theorem 6.31. Since these former theorems were uniform in
e = xo7 one could expect that the same holds true in the present context.
That this is not so can be no surprise after the end of section 14. But the
complete answer will be a surprise, and that it has no resemblance to the
continuous cases ® = o7. Then in the next chapter it will come as another
surprise that the basic existence theorems on the so-called transplantation of
premeasures will be of the same structure like the main result of the present
section.

Introduction

The present section assumes an elementary integral I : E — [0,00[ on
a Stonean lattice cone E C [0,00[X in a nonvoid set X. We recall the
final subsection of section 14. Our aim is to characterize those I which
are x preintegrals, and then to describe all x representations of I. The *
representations are those representations a : 2 — [0, oo] of I which are inner
regular T(F). The connection with the sources of I has been formulated in
14.21.

We recall the essential differences between the cases ¢ = o7 and e = %
which previous examples have disclosed.

1) In the cases @ = o7 no source other than A : ¥(FE) — [0, 0o[ can be an
inner e premeasure. However, example 14.25 shows that I can have several
sources different from A and V which are inner x premeasures. In example
14.25 the extremal sources A and V themselves are not modular and hence
not inner x premeasures.

2) In the cases @ = o7 the continuous Daniell-Stone theorem 15.9 char-
acterizes those I which are e preintegrals. The natural counterpart would
be that

I is * preintegral <= I is *x tight .
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However, example 15.11 shows that the implication = is false. We shall see
in 17.11 that the implication < is true whenever [ fulfils (0). This result is
due to Topsge [1976]. Its value is that % tightness can be easily verified in
important situations. But x tightness fails to be a fundamental condition in
case @ = x, as it failed to be in the cases e = o7.

The Maximality Lemma

Let us turn to positive results. The first step toward the main theorem is
the lemma which follows.

17.1. LEMMA. Assume that ¢, : T(E) — [0,00] are sources of I with
© < 9 such that ¢ is an inner x premeasure and v is superadditive. Then

p=1.
We isolate part of the assertion for later reference.

17.2. LEMMA. Let & be a lattice with @ € &, and ¢,¥ : & — [0, 00]
with p(@) = Y(@) =0 and p < 1. Assume that ¢ is an inner x premeasure
and that 1 is isotone and superadditive. If A € G is such that there exists
B D A with ¢.(B) = ¢, (B) < oo then p(A) = (A).

Proof of 17.2. Fix A € 6. 1) We claim that
©(S) —p(A) £ Y(S) —p(A) forall S e & with S D A.
In fact, we have
@(S) = p(A) = ¢u(S\ A) = sup{p(K) : K € & with K C 5\ A},
and here p(K) £ Y(K) S p(KUA) —p(A) < ¢(S) —¢(A). 2) From 1) it
follows that
6o(B) — 9(A) £ 4u(B) — $(A) for all B> A.

If we choose B D A as assumed then ¢(A) = 9(A) and hence p(A) = ¥ (A).
Proof of 17.1. 1) Fix f € E. From 14.16 we have

1= [ Vs z = [ Az o
(= 0«

Therefore V([f = t]) = A([f = t]) for all ¢ > 0 except on some countable
subset. 2) Now let A € T(FE), that is A = [f = 1] for some f € E. From 1)
we obtain 0 < t < 1 such that B := [f = t] € T(F) satisfies V(B) = A(B).
Then B D A and ¢(B) = ¢(B). From 17.2 we obtain the assertion.

We add a first application of the maximality lemma. We define I to be
separative iff for each choice of A, B € T(F) with ANB =@ and € > 0
there exist u,v € E with u 2 x4 and v 2 xp such that I(u Av) < €.

17.3. REMARK. [ is separative iff A is superadditive, that is iff A is
additive.
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Proof. i) Assume that I is separative, and let A,B € T(FE) with
ANB = @. Fix € > 0 and first choose w € E with w 2 yaup and
I(w) < A(AU B) +¢. Then choose u,v € E as in the definition above. We
can assume that u,v < w. It follows that

A(A)+ A(B) I(u)+I(v) =1(uVv)+I(uAv)

<
< I(w)+I(unv) £ A(AUB) + 2,

and hence the assertion. ii) To see the converse fix A,B € T(E) with
ANB =@ and € > 0. Then let u,v € F with u = x4 and v 2 yp such that
I(u) £ A(A) + € and I(v) = A(B) +¢e. It follows that
A(AUB)+I(uhv) £ I(uVv)+I(uAv)=I(u)+ I(v)
S A(A)+A(B)+2 S A(AUB) + 2,
and hence I(u Av) = 2e.
The combination of 17.1 and 17.3 produces a certain substitute for the

uniqueness result 14.16.2) which was intended for e = o7.

17.4. PROPOSITION. Assume that I is separative. If ¢ : T(F) — [0, 00[
s a source of I which is an inner x premeasure then @ = A.

Subtight Sources

We come to the central notion of the section. We prepare the definition with
the next remark.

17.5. REMARK. Let ¢ : T(E) — [0,00] be a source of I which is super-
modular. Then

I(v) —I(u) 2 ][(v —u)dpx  for allu S v in E.

Proof. By 6.3.5) the set function ¢, : P(X) — [0, 0] is supermodular
as well. Consider v £ v in E. From 11.11 we obtain

][(U —u)dp. + ][udcp* < ][vdap*.

Now fudp, = fudp = I(u), and the same for v. The assertion follows.

After this we define a source ¢ : T(E) — [0,00[ of I to be subtight iff
it satisfies the opposite relation to the above, that is

I(v) —I(u) ][(v —u)dp, forallu < wvin E.
We define X(I) to consist of all sources ¢ : T(E) — [0,00[ of I which are
supermodular and subtight. We shall see that ¥(I) can be void.

17.6. REMARK. If ¥(I) is nonvoid then it is upward inductive in the
argumentwise order.
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Proof. Let T' C X(I) be nonvoid and totally ordered. Then ¥ := supy
peT

is a well-defined isotone set function with V < ¢ < A. Thus ¢ is a source of

I. i) To see that 9 is supermodular fix A, B € T(E). If o, € T then one

of them ¢ € T fulfils a, 8 £ . Therefore

a(A) +(B) = ¢(A) + ¢(B) (AU B) + (AN B)

Y(AUB)+9(ANB).
It follows that ¥(A) + 9(B) < ¥(AU B) + ¥(A N B). ii) To see that ¥ is

subtight consider u < v in E. Then I(v) — I(u) is £ f(v — u)dy, for all
¢ € T and hence £ (v — u)dd,. It follows that ¥ € X(I).

The importance of the subtight sources results from the theorem which
follows.

s
s

17.7. THEOREM. For a source ¢ : T(F) — [0,00[ of I the following are
equivalent. 1) ¢ is an inner x premeasure. 2) ¢ is a maximal member of

S(1).

Proof of 1)=2). i) We first prove that ¢ is subtight and hence in 3(I).
Let o := 4| €(px) be its maximal inner * extension. Then «, = ¢,, because
this is true on €(p,) and both sides are inner regular €(p,). By 12.12 we
have

/fda - ][fdo‘* = ][fdsﬁ* for all f € [0, 00]%,

in particular [fda = I(f) for f € E. Consider now u < v in E. By 12.3
then ’

/vda = /(v —u)do + /uda and hence I(v) — I(u) = ][(v — u)dpx.

ii) ¢ is a maximal member of ¥(I). In fact, we see from 17.1 that ¢ is
even equal to each source 1 : T(F) — [0,00[ of T with ¢ < 4 which is
supermodular.

The proof of the implication 2)=-1) is more involved. We isolate the
basic step in a lemma. We recall the class C T(FE) of the subsets of X which
are upward enclosable T(E). Thus if ¢ : T(E) — [0,00] is isotone then
©x < 00 (and even p* < 00) on C T(F).

17.8. LEMMA. Assume ¢ € X(I). Fiz a subset T in C T(E), and define
P T(E) — [0,00] to be

V(A) = u(AUT) + o (ANT) — u(T)  for A€ T(F).
Then ¢ € X(I) and ¢ < 1.

Proof of 17.8. i) % is isotone with (&) = 0. ii) ¥ 2 ¢ 2 V since @,
is supermodular by 6.3.5). iii) ¢ is supermodular, once more since @, is
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supermodular. This is a routine verification. iv) I(v) — I(u) £ (v — u)di,
for all w £ v in E. This follows from ¢, < 1. v) We have

:][fdz/) forall fe Ewith f<1land [f=1]DT.

In fact, by the definition of ¢ we have

frav /w Dt = /w

— /(w*([f 2t]UT) +ou([f 2]NT) - so*(T))dt;

0—
inviewof [f2¢t]|D[f21]=[f=1DT for 0 <t <1 this is
1

(0:1F 2D + 00D — u(D))at = [ 015 2 O

—00

o(If = f)dt = /

0«

1
/ /
1

/ o(f = t))dt = ][fdso — 1().
0—

vi) We can now prove that I(f) = § fdi for all f € E. This will complete
the present proof. Fix f € E. For 0 < t < oo then u := 1/t(f ANt) € E
with v < 1. Now by assumption there exists B € T(E) with B D T. Let
B = [g = 1] for some g € E with g < 1. Weputv:—g\/uEE Then
wSv<land[v=1D[g=1] =B DT, and hence I(v) = fvdy by v).
From iv) and 11.11 we obtain

][udw + () = I(w) < ][udw* + ][(U w)de, < ][vdz/}* — I(v),

and hence I(u) 2 fudi. By the definition of u it follows that

10 = 1) 2 fewde = f(f noa

= [utsnezshis= [us = shas
0— 0—

For t T oo we obtain I(f) = F fdi. On the other hand I(f) = f fdp < f fdy
by ii). The proof is complete.

Proof of 17.7.2)=1). Assume that ¢ : T(E) — [0,00[ is a maximal
member of ¥(I). Then first of all ¢ is an isotone and supermodular set
function with (&) = 0. From 17.8 we obtain

Pu(AUT) +ou(ANT) = (A) +¢u(T)
for all A € T(E) and T eC T(E).
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If we take A C B in ¥(F) and T := B\ A then it follows that p(B) =
@(A)+px(B\ A). Thus @ is inner x tight and hence an inner * cpremeasure.
The proof is complete.

The Main Theorem

We combine the last result with the former 14.21 which relates the x rep-
resentations of I to those sources of I which are inner x premeasures. The
main theorem which follows has indeed no resemblance to the continuous
Daniell-Stone theorem 15.9.

17.9. THEOREM (Non-continuous Daniell-Stone Theorem). Let I : E
— [0, 00[ be an elementary integral on a Stonean lattice cone E C [0, 00[~.
Then the following are equivalent.

1) There exist x representations of I, that is I is a x preintegral.

2) The set 3(I) of the supermodular and subtight sources of I is nonvoid.
In this case X(I) is upward inductive in the argumentwise order. The sources
of I which are inner x premeasures are the mazimal members of X(I).

We add two important assertions which express the particular roles of
the two extremal sources A and V.

17.10. PROPOSITION. Assume that I fulfils (0). Then the following are
equivalent.

1) I is a x preintegral and separative.
2) A is the unique source of I which is an inner x premeasure.
3) A is an inner x premeasure.

Proof. 1)=-2) follows from 17.4. 2)=-3) is obvious. 3)=-1) The assump-
tion implies that A is modular. Hence [ is separative by 17.3.
The second assertion considers the condition that I be % tight.
17.11. PROPOSITION. Assume that I fulfils (0). Then
I is % tight <=V is a member of X(I).
Thus if I is * tight then I is a x preintegral. We know that the converse is

false.

Proof. V is a source of I, and it is supermodular by 14.15.3). Further-
more 14.17 shows that I is % tight iff

I(v) = I(u) < ][(v —u)dV, forallu=<vinE,

that is iff V is a subtight source of I.

We insert another example which contributes to both these assertions.
It constructs an I such that a unique one ¢ : (FE) — [0, 00| of its sources
is an inner x premeasure. On the one hand this ¢ will be different from the
two extremal sources A and V. On the other hand I will not be x tight
(whereas the example I in 14.24 is x tight). The present example is quite
complicated.
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17.12. EXERCISE. Let X = NU {oo}, and let E C [0, 00[X consist of all
functions f : X — [0, 0o[ such that f|N is monotone increasing and bounded
with f(oo) £ lim f(n). 1) E is a Stonean lattice cone. Next define the

paving ¥ on N to consist of the subsets {n,n + 1,---} ¥n € N. 2) t{(E)
consists of @ and of the subsets T, T U {oo} with T € T. T(E) consists of
t(E) and {oo}. Now define

I:E —[0,00[ to be I(f) = f(oo) + lim f(n) for f e E.
n—oo
3) I is an elementary integral which fulfils (0). 4) For f € [0, 00]* we have

I*(f) = f(co) +sup f and L(f) = f(c0) A (nmmf f(n)) + liminf f(n).
5) I is not » tight. Hint: Take u,v € E with u(oo) < v(o0) and u(n) = v(n)
for n € N. 6) Compute the set functions A,V : T(E) — [0,00[. 7) I has
a unique source ¢ : T(FE) — [0,00[ which is an inner x premeasure. ¢ is

£ A,V.

17.13. EXERCISE. Let I : E — [0,00[ be an elementary integral on a
Stonean lattice cone E C [0,00[X. Assume that a : 2 — [0,00] is a
representation of I. Then

L(f) = /fda for all f € [0,00]* < a|T(E) = V.

Hint: Use 12.12 and 14.17.

As before we specialize to the case that E is primitive. Then each
elementary integral I : E — [0, 00[ is % tight.

17.14. SPECIAL CASE. Let E C [0,00[* be a primitive Stonean lattice
cone. Then each elementary integral I : E — [0, 0o[ with (0) is a * preinte-
gral.

We add a consequence which looks quite narrow but is of considerable
interest.

17.15. CONSEQUENCE. Let E C [0,00[% be a primitive Stonean lattice
cone such that

i) F consists of bounded functions and contains the positive constants.
ii) All elementary integrals I : E — [0, 00[ are separative.

Then all elementary integrals I : E — [0,00[ fulfil (0). There is a one-to-
one correspondence between the elementary integrals I : E — [0, 00[ and the
inner x premeasures ¢ : T(E) — [0, co[ with (@) = 0. The correspondence
18
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I — @ := the unique source A of I which is an inner x premeasure;

o 1:I(f)=Ffdo for f € E.

Proof. 1) It is an obvious consequence of i) that each elementary integral
I: E — [0,00[ fulfils (0), and hence is a x preintegral by 17.14. Thus by
ii) and 17.10 each I has its A as the unique source which is an inner

premeasure. 2) On the other hand i) implies that X € T(E). Furthermore
for each isotone set function ¢ : T(E) — [0, oo with ¢(&) = 0 we have

][fdap < (sup flo(X) < oo forall feE.

If ¢ is modular then the functional I : I(f) = f fdy Vf € E thus defined
is an elementary integral by 11.11. 3) It follows that the two maps I — ¢
and ¢ +— I as above are well-defined, and that their two compositions are
the respective identities. This is the assertion.

As an example let X be a topological space, and define as above E =
CB™(X) to consist of the bounded functions in C*(X). Thus E C [0, co[*
is a primitive Stonean lattice cone with 17.15.1). One verifies that
1) T(E) = CCI(X).

2) For each pair A, B € CCl(X) with AN B = & and each € > 0 there exist
functions u,v € E with u 2 x4 and v 2 xp such that u Av < . In fact, if
u,v € E with u,v £ 1 such that A = [u = 1] and B = [v = 1] then

1—v n 1-u "
u”::<(1—u)+(l—v)> andv"::<(1—u)+(1—v)) ’

with sufficiently large n € N, are as required.

It follows that E fulfils 17.15.ii). We thus obtain the famous representation
theorem due to Alexandroff [1940-43].

17.16. THEOREM (Alexandroff Representation Theorem). Let X be a
topological space. There is a one-to-one correspondence between the el-
ementary integrals I : CBY(X) — [0,00] and the inner x premeasures
¢ : CCI(X) — [0, 00] with p(&) = 0. The correspondence is I(f) = f fdp
for all f € CBT(X).

17.17. BIBLIOGRAPHICAL NOTE. The main result of Topsge [1976] is
equivalent to the final positive assertion of 17.11, combined with the unique-
ness assertion 17.10 in case [ is separative. The special case that E is prim-
itive was in Pollard-Topsge [1975], and also the notion of a separative I.
Both papers contained variants as described in 15.14 and afterwards. For
the Alexandroff representation theorem we refer to Varadarajan [1965] and
Knowles [1967]. In Anger-Portenier [1992a] there are fortified results in the
frame of * tightness. However, the present main theorem 17.9 is new, as far
as the author is aware, and appears here for the first time.



CHAPTER VI

Transplantation of Contents and Measures

The present chapter is another application of the extension theories
of chapter II. It develops a certain method for the formation of contents and
measures from initial ones on the basis of regularity. The point is that one
has to switch from the initial lattice of regularity to another prescribed one.
Thus the procedure is more than an extension, it seems that transplantation
is a better name.

We start in section 18 with the non-continuous case ¢ = x. We consider
the full inner situation in the sense of chapter II, this time for inner * pre-
measures with finite values. In view of the upside-down transform method it
would be equivalent to consider the full outer situation. The main theorem
18.9 contains some well-known previous results which could be named the
Henry-Lembcke-Bachman-Sultan-Lipecki-Adamski theorem. As announced
in section 17 it is in close formal resemblance to the former main theorem

17.9.

Then section 19 considers the case e = ¢, via reduction to the former
e = x (in case ® = 7 certain basic facts are not true). Here we restrict
ourselves to the conventional inner situation, in order not to overload the
chapter. We conclude with the application to existence and uniqueness
theorems on the extension of Baire measures to Borel measures in topological
spaces, as announced before 8.11.

18. Transplantation of Contents

Introduction and Preparations

We start with a short description of what will be done. Let X be a nonvoid
set.

Assume that ¢ : & — R is an inner x premeasure on a lattice & in X,
and ¢ := ¢, |€(p4, +) its maximal inner x extension. We fix another lattice
T in X and ask for the inner x premeasures ¥ : ¥ — R on ¥ such that

(%) i |€(1hx, +) is an extension of ¢ = v, |C(px, +).

These 1 can be viewed as the transplants of ¢ onto €. Of course without
further assumptions there will be neither existence nor uniqueness. We
do not assume from the start that & C ¥, when the transplants ¢ were
extensions of ¢ to T. But an essential overall assumption will be that the
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members of T be upward and downward enclosable &, that is ¥ C (6 C &).
Then we shall prove what follows.

1) An isotone and supermodular set function ¢ : ¥ — R satisfies (%)
iff ¢,|& = ¢. This follows from the important earlier result 6.15 with
addendum 6.17, which is the inner transcription of 4.20 with 4.22. It will
be obtained at the end of the present subsection.

2) After this we form the collection x(¢, ¥) of all isotone and supermod-
ular set functions ¢ : ¥ — R with (x), that is with ¢¥4|& = ¢. It turns
out that x(¢, %) is upward inductive in the argumentwise order. The main
fact is that a member v : T — R of x(p,¥) is maximal in this order iff it is
an inner x premeasure. Thus we obtain a fundamental existence theorem:
There are inner x premeasures ¢ : T — R with (x) iff *(p, %) is nonvoid.
This result has several important specializations. The most obvious one is
the case & C T, where *(p, ) is nonvoid because it contains ¢ := ¢, |%T.

3) At last we obtain a uniqueness result, which however requires the
assumption that & C ¥. First note that all ¢ € x(p, T) fulfil ¢y < ¢*|T. Then
the result says that there is a unique inner x premeasure ¢ : ¥ — R with (%)
iff the set function ¢*|¥ (which is finite and isotone) is supermodular, and
in this case we have 1) = ¢*|%. One direction is an immediate consequence
of the previous facts, while the other direction requires extensive further
preparations.

We conclude the introduction with the remark that the earlier presenta-
tions were all restricted to the conventional situation and to the particular
case that ¢ : & — [0,00[ is a ccontent on a ring (but sometimes the value
oo was admitted).

After this we turn to some preparations. The exercise below will be a
useful tool.

18.1. EXERCISE. Let ¢ : & — R and ¢ : T — R be isotone set functions
on lattices & and €. Then the following are equivalent. 0) For each pair
SeGand T € T with T C S one has ¥(T) £ ¢(S). 1) ¥ £ ¢*|T. 2)
V|G = .

We pass to the above result 1).

18.2. PROPOSITION. Let ¢ : & — R and ¢ : T — R be isotone and
supermodular on lattices & and . Assume that T C (6 T &). Then
V|6 = @ implies that .|€(Y, +) is an extension of v.|C(px,+) (note
that the converse is true when ¢ is an inner x premeasure).

Proof. 1) ¢, and 1), are isotone and supermodular + by 6.3.5). On &
we have by assumption ¥, = ¢ = ,, and this is finite. This implies that
e 2= Py Since @, is inner regular & by 6.3.4). 2) Now the assertion follows
from 6.17 applied to P =0 = $H := & and to ¢ := 1, and 6§ := p,. In fact,
the assumptions of 6.15 are fulfilled since ¢ = 1, is inner regular ¥ by 6.3.4)
and hence inner regular 6 C & by assumption.
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The Existence Theorem

We assume that ¢ : & — R is an isotone and supermodular set function on
a lattice &. We fix another lattice ¥ such that T C (6 = &). As above
we define x(p,¥) to consist of all isotone and supermodular set functions
1 : T — R such that ¢4|& = ¢.

18.3. PROPERTIES. Let ¢ € (0, T). 1) ¥, |€(¢y, +) is an estension of
el €(ss4). 2) We have 1 < 6*IT with 6 i= 0, |€(pe +). 3) s 2 .

Proof. 1) is 18.2. 2) follows from 1) and 18.1 applied to ¢ and . 3)
follows from 1,|& = @ since @, is inner regular &.

18.4. PROPOSITION. If x(p, %) is nonvoid then it is upward inductive in
the argumentwise order.

Proof. Assume that £ C *(¢,%) is nonvoid and totally ordered. We

form ¢ := sup . Thus ¢ : ¥ —] — 00, 00| is isotone. 1) For ¢ € E we
YeE

have ¢,|& = ¢ and hence ¢ < ¢*|¥ by 18.1. Tt follows that ¢ < ¢*|¥ and
hence €,|& < ¢ by 18.1. On the other hand ¢ < ¢ for ¢ € E and hence
© = P|6 £ £,|6. Therefore £,|6 = ¢. 2) We have ¢*|T < oo since ¥ is
upward enclosable &. Thus from 1) we obtain € : ¥ — R. 3) To see that ¢
is supermodular fix A,B € ¥. If o, € E then one of them ¢ € E fulfils
a, 8 < 9. Therefore

a(A) + B(B) = ¥(A) + ¢(B) Y(AUB) +4(ANB)
e(AUB)+¢e(ANB).

It follows that (A) +&(B) < e(AU B) + (AN B). The proof is complete.

=
=

18.5. PROPOSITION. Assume that ) € x(p, %) is an inner x premeasure.
Then 1 is a mazimal member of *(p,%).

The proof is based on the lemma below, which is a close relative to 17.2.
The difference is that 17.2 has a weaker assumption but is limited to the
conventional situation.

18.6. LEMMA. Let T be a lattice. Assume that 1) : T — [—o00,00[ is an

inner x premeasure, and that ¥ : T — R is isotone and supermodular + with
Y <. If T € T is such that there exist A,B C X with ACT C B and

a =1 (A) =9, (A) €R and b := 1, (B) = 9,(B) € R,
then ¥(T) = H(T).
Proof of 18.6. Fix € > 0 and then
PeXwithPCAanda—e S ¢(P) £ 9(P) £ a,
QeFwithQ cBandb—e = 9(Q) < HQ) b

We can assume that T C Q € B. Thus P C A C T C Q C B, with
P CT C Bin %. Since 9 is an inner * premeasure and 9, is supermodular
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+ by 6.3.5) we have
= (a—e)+(b—2) =%(P)+¥(Q) =y(T) + Y (PIT'|Q)
< I(T) + 0,(PIT'|Q) S 9(P) +9(Q) Sa +1,

o
where all values are finite. It follows that 0 < ¥(T') —¢(T) < 2c for alle > 0
and hence ¢(T') = J(T).
Proof of 18.5. Let ¥ € x(¢, %) with ¢ < 9. Fix T € . By assumption
there exist A, B € & with A C T C B. Therefore
Pe(A) = 0.(A) = p(A4) € R and ¢ (B) = 9.(B) = ¢(B) € R.
Thus we obtain ¢(T") = ¥(T) from 18.6.

a+b—2¢

18.7. PROPOSITION. Assume that ¢ is an inner * premeasure. Then
each mazimal ¥ € *(¢, %) is an inner x premeasure.

Once more we isolate the basic step in a lemma.

18.8. LEMMA. Assume that ¢ is an inner x premeasure. Fiz ) € x(p, %)
and E € 6 C & and define

V:0(T) = (TUE)+ ¢ (TNE) = (E) forTeZ.

Note that all arguments are in G C & and hence all values are finite, so that
¥:%T — R. We claim that 9 € *(p, %) and ¥ 2 9.

Proof of 18.8. i) 14 is supermodular + by 6.3.5). ii) From i) we obtain
¥ 2 1 and hence ¥, = ¥,. iii) From i) we ‘conclude that ¥ is supermodular.
Of course ¢ is isotone. iv) For U C E we have 9,(U) < ¢, (U) and hence
9 (U) = ¢« (U). To see this we can assume that 9,(U) > —oco. Let T € T
with T C U. Then T' C E and hence ¥(T') = ¥, (T) < 9. (U). It follows
that 9,(U) < 9. (U). v) For V'O E we have ¥,(V) < ¢(V) and hence
(V) = s (V). To see this we can assume that 9,(V) > —oo. Let T € ¥
with 7 C V. Then TUE € V and hence 9(T) < ¢,(T U E) < ¢, (V). It
follows that ¥, (V) < 1, (V). vi) We can now prove that 0,|& = ¢. This will
complete the present proof. By assumption ¢ is an inner x premeasure, so
that o, |€(¢«, +) is a content on the algebra €(p,, +) D 6. By 18.3.1) then
. |€(1hy, +) is an extension of ¢, |€(py, +), that is P, = @, on (g, +) C
€(h,+). Now fix A € & and then UV e&withU c AECV. We
obtain

+ ¥ (UAV)

+0.(U|A'|V)  termwise by ii)
)+0.(V) by 6.3.5)

(U)+¢*( ) by iv)v).

Thus all terms are finite. It follows that 9,(A) = ¥ (A) = p(A).

Proofof 18.7. FixU Cc T C VinT and put E :=U|T'|V = UU(VNT") €
S C 6. Then TUE =V and TNE = U. Now for the set function ¢ € x(¢, ¥)

u(U) + (V) )
A)

IATIA
— i\
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formed in 18.8 we have ¥ = 1. Therefore

U(TUE) +9(TNE) = ¢u(E) +9(T),
Y(U)+o(V) = (@) + e U[T|V).
From 6.22.4)=-1) we obtain the assertion.

The three propositions proved so far furnish result 2) of the introduction.

18.9. THEOREM. Assume that ¢ : & — R is an inner x premeasure on
a lattice &. Let T be a lattice with T C (6 T &). If (¢, %) is nonvoid
then it is upward inductive. The mazimal members of x(p, %) are the inner
* premeasures ¥ : T — R with ¥, |6 = .

Thus we obtain a fundamental existence theorem, which will be formu-
lated once more in explicit terms.

18.10. THEOREM. Assume that ¢ : & — R is an inner * premeasure on
a lattice 6. Let ¥ be a lattice with T C (6 C &). Then

for each ¥ : T — R isotone and supermodular with 94|& = ¢

there exists ¥ : T — R inner x premeasure with 1|6 = ¢

such that 1 = 9.

18.11. EXERCISE. The above theorem becomes false when one weakens
the assumption T C (6 C &) toT C (C S)ortoT C (I16), evenif & C T.
Hint for ¥ € (O &): Fix a nonvoid proper subset A C X. Let & consist of
@ and A, and define ¢ : & — R to be (&) = 0 and ¢(A) = 1. Then let T
consist of & and X, and define 9 : ¥ — R to extend ¢ with J(X) > 1.

Specializations of the Existence Theorem

A remarkable specialization is & = {@, X}. Then each real ¢ = 0 defines
the inner x premeasure ¢ : & — [0, co[ with (&) = 0 and ¢(X) = ¢. Thus
18.10 reads as follows.

18.12. THEOREM. Let ¥ be a lattice with @ € ¥. Then for each bounded
isotone and supermodular ¥ : T — [0,00] with 3(&) = 0 there exists an
inner x premeasure ¥ : T — [0,00[ with ¥(&) = 0 such that ¢ = ¥ and
sup ¥ = sup 9.

This result is a close relative to the so-called core theorem in cooperative
game theory.

18.13. EXERCISE. The above theorem becomes false when one removes
the assumption that ¢ : T — [0, 0o be bounded. Hint for a counterexample:
Let ¥ consist of the finite subsets of an uncountable set X. Define ¢ : ¥ —
[0, 00[ to be 9(T') = (#(T))? for T € Z.

18.14. EXERCISE. Compare 18.12 with the Hahn-Banach type result
11.14.2).
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We turn to the specialization & C ¥ which has been mentioned in the
introduction.

18.15. THEOREM. Assume that ¢ : & — R is an inner x premeasure on
a lattice &. Let T be a lattice with S C T C (6 T &). Then there exists an
inner x premeasure ¥ : T — R such that |G = .

In fact, the set function ¥ := ,|¥ is as required in 18.10.

18.16. CONSEQUENCE. Assume that ¢ : & — R is an inner x premeasure
on a lattice &. Then ¢ can be extended to a + content 3 : P(X) — R with

B(X) = sup .

Proof. From 18.15 applied to ¥ := & C & we obtain an inner x premea-
sure 1 : T — R such that ¢|& = ¢. By 18.3.1) ,|€(1)«, +) is an extension of
©4|€(x, +). Now from 6.12 applied to ¢ := 1), we obtain €(1,, +) = P(X).
In fact, for A C X and P,Q € T we have P|A|Q, P|A'|Q € ¥ as well, and
#|T = ¥, |T = ¢ is modular. Therefore 3 := 1)4|€(¢y, +) is as required.

We come to an important extension of the specialization & C . It is
based on the so-called Marczewski condition.

18.17. REMARK. Let ¢ : & — R be an isotone set function on a lattice
S, and T be a lattice. 1) (0x|%)«|6 = (¢*|T)+|S < @, with equalities in case
S C ¥. The relation (¢,|%)«|6 = ¢ is called the Marczewski condition.
It means that ¢, is inner regular € at & . 2) If the Marczewski condition is
fulfilled then (©+|T)x = @x. This means that ¢, is inner regular T .

Proof. 1) is obvious. 2) We obtain (4|%)« = ¢y since ¢, is inner regular
S. The converse < is obvious.

18.18. THEOREM. Assume that ¢ : & — R is an inner x premeasure
on a lattice S. Let T be a lattice with T C (6 T &). Assume that the
Marczewski condition is fulfilled. Then there exists an inner x premeasure
¥ : T — R such that 4|6 = .

This follows from 18.10 applied to 9 := ¢,|¥.

18.19. REMARK. Assume that ¢ : & — R is an inner * premeasure on
a lattice &. Let T be a lattice with T C (& C &). Consider the condition
(ex) there exists an inner x premeasure 1) : T — R with 1,|6 = .

Then we have the implications
Marczewski condition = (ex) = (p*|T)«|6 = .
The converse implications < are both false, even when & is an algebra.

Proof. The left implication = is 18.18. To prove the right implication =
note that ¢ < ¢*|T by 18.1 and hence ¢ = ¥,|6 < (¢*|%).|&. The converse
2 is in 18.17.1). Counterexamples for the two converse implications < will
be in 18.20 and 18.21 below.



18. TRANSPLANTATION OF CONTENTS 185

18.20. EXAMPLE. Let G consist of @ and X, and define ¢ : & — R to be
¢(2) =0 and (X) = 1. Then fix a nonvoid proper subset A C X. Let ¥
consist of @ and A, and define ¢ : ¥ — R to be ¢(&) = 0 and (A) = 1. Of
course ¢ and 1) are inner = premeasures, and € C (6 T &). One verifies that
14|& = ¢. On the other hand ¢,|T = 0, so that the Marczewski condition
is violated.

18.21. EXAMPLE. Let X :=]0,1]. 1) We define & to consist of @ and of
the finite unions of the subsets

IL :=]1—1/2",1/2"] for integer n > 0and [ =1,---,2".
Thus & is an algebra, and each nonvoid S € & has the form
S = U I' for some n > 0 and nonvoid M C {1,---,2"}.

leM
Let ¢ := A|&, which is a ccontent and hence an inner x premeasure. 2) Fix
dense subsets E! C I’ such that the E!, for allm =2 0and | = 1,---,2"

are pairwise disjoint. For example one can take E!, := (¢, + Q) N I} with
¢, € RVn 2 0 which are linearly independent over Q. Define ¥ to consist of
@ and of the finite unions of the sets Ef1 forn=z0andl=1,---,2" Thus
¥ is a lattice (and even a ring). 3) The condition (¢*|%),|& = ¢ is fulfilled.

In fact, write the nonvoid S € & in the form S = |J Il as above, and let
leM
T:= |JE, €% Then T C S, and each A € & with T C A fulfils S C A.
leM
Thus ¢*(T') = ¢(S) and hence the assertion. 4) We do not have (ex). To

see this let ¢ : ¥ — R be an inner x premeasure with 1,|& = ¢. Fix a
nonvoid T € ¥. Let p > 0 be such that the sets EL C T have all n < p, and
let ¢ > p. Then T'N Ig Yk =1,---,2% contains no nonvoid member of ¥, so
that ¢ (T NI}) = 0. Now T NI} € €1, +) since €, +) C (s, +) by
18.3.1). Thus

24 24
T=JTnI} implies that ¥(T) =1 (T) =Y (T NI})=0.
k=1 k=1

Therefore ¥ = 0 and hence ¢ = 0. This is the desired contradiction.
We conclude with a concrete particular case of 18.18.

18.22. CONSEQUENCE. Let X be a Hausdorff topological space. Assume
that ¢ : & — [0,00[ is an inner x premeasure on a lattice & with & € &
and (@) = 0. Also assume that Comp(X) is upward enclosable &. If o,
is inner regular Comp(X) at & then o 1= p«|€(py) can be extended to a
Radon measure (in the sense of section 9).

18.23. BIBLIOGRAPHICAL NOTE. The main theorem 18.9 has been ob-
tained in Konig [1992b] in a more special situation, but with the same ideas.
This work owes much to Adamski [1987].

We turn to the subsequent specializations. For 18.12 and its context
we refer to Adamski [1987] section 2, also for the counterexample 18.13,
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and to Kindler [1987]. In the mainstream the basic specialization 18.15 was
the independent result of Lembcke [1970] and Bachman-Sultan [1980]. Its
extension 18.18 has been obtained in Lipecki [1987] and Adamski [1987].
The topological result 18.22 is due to Henry [1969]. At last the nontrivial
example 18.21 is from Konig [1992b] example 2.11.

The Theorem of Los-Marczewski

The present subsection has the aim to prove a basic extension theorem
due to Los-Marczewski [1949], transferred to the frame of ovals. The Lo$-
Marczewski result furnishes explicit formulas for certain extensions of a
simple-step type. It corresponds to the simple-step extension procedure
used in the traditional proof of the Hahn-Banach theorem. We shall need
the extended Lo$-Marczewski theorem for the uniqueness theorem of the
next subsection.

We start with three lemmata. The first two ones require the rules 4.2
and 6.4 for semimodular set functions which are based on separation.

18.24. LEMMA. Let o : 2 — R be an isotone set function on an oval 2A.
Fiz subsets E, F C X with ENF = &. Then

o content + = S+ o*((SNE)UF) is a content + on U;
o content + = S — a,((SNE)UF) is a content + on 2.

Proof. Fix P,QQ € 2 and put A:=(PNE)UF and B:=(QNE)UF.
Then AUB = ((PUQ)NE)UF and ANB = ((PNQ)NE)UF. i) For the first
assertion we have to prove that o*(AUB)+a*(ANB) = o*(A)+a*(B). From
4.1.5) we know that <. In order to deduce = from 4.2 we have to show that
A, B are separated 2. Thus let M € A with ANB =(PNQNE)UF C M.
We form

S MUPNQ)=PUM|Q|M €%,
T = MU(@nP)=QUM|PIM € .
It is obvious that SNT = M. Furthermore
A=(PNE)UFC(PNQNE)UPNQYUFCMU(PNQ)=S,

and likewise B C T. The assertion follows. ii) For the second assertion we
use 6.4 and have to show that A, B are coseparated 2. Thus let M € 2A
with M C AUB = ((PUQ)NE) UF. We form

S = MNPUQR)=M|QIMNPe,
T = MN(QUP)=MPMNQ €A

It is obvious that M = S UT. Furthermore
S=MnPuUQ)c (Au(@nP))NPUQ’)CA,

and likewise T' C B. The assertion follows.
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18.25. LEMMA. Let o : 2 — R be a content + on an oval A. Fix E C X.
For P,Q,U,V € A with1) PCQ and U CV and2) QNV C PUU then

o (U|E|Q)+a*(VIE|P) = o*(V|E|Q)+a* (U|E[P).
Proof. From 1) we see that
(UIEIQ)U(VIEIP) = VIE|IQ and (U|E|Q) N (V|E|P) = U|E|P.
Thus from 4.1.5) we know that =. In order to deduce < from 4.2 we have
to show that U|E|Q and V|E|P are separated 2. Thus let M € 2 with
U|E|P C M. We form
S == MU@QNP)=QUMI|PIM €,
T = MU{WVnU)=VUM|UM e
Then on the one hand
UIE|IQ C (UIEIP)U(QNP)YcMU(QNP)=S5,
and likewise V|E|P C T. On the other hand we obtain from 2)
SNT=MU@QnNP NVNU)=MU(@QnVN(PUU))=M.
The assertion follows.
The third lemma below is a basic step.

18.26. LEMMA. Let o : 2 — R be a finite content on an oval A. 0) The
set functions a* and oy are finite on A C A. 1) For E C X and A,B € 2

we have
a*(A|E|B) + ax(A|E'|B) = a(A) + a(B).

Proof. 0) For M € 2 T 2 there are by definition A, B € 2 with
A C M C B. Therefore

—00 < a(A) £ a (M) £ a*(M) £ a(B) < co.

1) Fix E C X and A,B € A, and put S := A|E|B and T := A|E/|B =
B|E|A. Then SUT = AUB =V and SNT = ANB =: U are in .
It remains to prove that a*(S) + a,.(T) = a(U) + a(V), since the right
side is = a(A) + a(B). i) Fix M € A with U ¢ S € M C V and form
N:=UuU({VnM)=VIMU € 2. It is obvious that M UN =V and
MNN=U. AlsoU C N C T. Therefore a(U) + a(V) = a(M) + a(N)
is £ a(M) + a.(T) and hence = o*(S) + a,(T). ii) Fix N € 2 with
UCNCTcCVandformM:=UU(VNN)=VINIU € A Tt is
obvious that M UN =V and M NN =U. Also S C M C V. Therefore
a(U)+a(V) =a(M)+a(N)is 2 a*(S)+a(N) and hence = o*(S) + o (T).
The proof is complete.

We head for the main results. For a lattice 20 in X and a subset £ C X
we define

A(F) := {M|E|N : M,N € 2},
AE| = {(M|E|N:MC Nin2} = {MU(NNE): M,N € 2}.

We list the relevant properties.
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18.27. PROPERTIES. 1) A C A[E] C A(E) C (AC A). 2) F € A[E] &
EcUE)e EcAC A 3) A(E) and A[E] are lattices. 4) A oval = A(E)
is an oval. A ring = A(E) is a ring. 5) A(E) = A(E").

Proof. 1)2)3)5) are clear. 4) The ring case is clear as well. So assume
that 2 is an oval. Fix P,Q, A € A(E). Thus P = P,|E|P,, Q = Q1|F|Qq,
and A = A1|E‘A2 with Py, Py, Q1,Q2, A1, Ao € A. Then on E’ we have P =
P1,Q = Q1,A = A; and hence A" = A/, and therefore P|A|Q = P1|A1|Q;.
Likewise P|A|Q = P|A2|Q2 on E. It follows that

PIA|Q = (P1]A1]Q1)|E[(P2]A2|Q2) € A(E).

18.28. REMARK. Let o : A — R be an isotone set function on an oval
A. Fix subsets E,F C X with ENF = &. Then

o content + = S — a*((SNE)UF) is a content + on A(E);

o content + = S+ o ((SNE)UF) is a content + on A(E).

This is an immediate consequence of 18.24.

18.29. PROPOSITION. Let o : % — R be a finite content on an oval 2.
Fiz EC X and U € A. Define ¢, : A(E) — R to be

p(S) = a*(UIE[S) + au(U|E'|S) — a(U),
U(S) = o (UIE'|S) + an(U|E|S) — a(U);
note that all terms are finite by 18.27.1) and 18.26.0).

1) ¢ and 1 are contents on A(E).
2) G2 = f2A = o
3) ¢(S) = a*(S) and ¥(S) = au(S) for all S € A[E] with U C S.

Proof. 1) follows from 18.28, and 2) follows from 18.26.1). It remains to
prove 3). Fix § € A[E] with U C S. Thus S = P|E|Q = PU(Q N E) with
P C @ in 2A. We can assume that U C P C Q. i) From 18.26.1) we obtain

p(S) = o (UIEIQ) + au(U|E'|P) — a(U)
= o (U|E|Q) + a(P) — " (U|E|P)
o*(U|E|Q) + o*(P|E|P) — «*(U|E|P).
Thus from 18.25 applied to P,Q,U and V := P it follows that ¢(S) =
a*(P|E|Q) = a*(S). ii) Define T' := P|E’'|Q = PU(QNE"). Thus T € A[E']
with U € T. Now the first assertion in 3) which has been proved in i) can
be applied to E/,U and T. We obtain

a*(UIE'|T) + ax(U|E|T) — a(U) — o*(T) =0,
a*(U|E'|Q) + au(U|E|P) — a(U) — o*(P|E'|Q) = 0.
On the other hand
P(S) — ax(S) = *(UIE'|P) + ax(U|E|Q) — a(U) — au(P|E|Q).

Addition of the last two equations and three applications of 18.26.1) furnish
¥(S) — au(S) = 0. The proof is complete.
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18.30. THEOREM. Let v : A — R be a finite content on an oval A. Fix
E C X. Then o* and oy are finite and modular on A[E].

Proof. The finiteness is known from 18.26.0). Fix S,T € A[FE] and then
U € U such that U C S,T. Then from 18.29 applied to F and U we obtain
a*(SUT)+a*(SNT) = a*(S) + o*(T) and the same for a,. This is the
assertion.

18.31. CONSEQUENCE. Let a: A — R be a content + on an oval A, and
let & C A be a lattice on which « is finite. Fix E C X. Then o* and ay are
finite and modular on G[E].

Proof. €:={A e A:a(A) € R} C Ais an oval, and € := «|€ is a finite
content on €. One verifies that e* 2 o* and ¢, < oy, and that € = o* and
€x = ay on € C €. By 18.30 therefore o* and a4 are finite and modular on
¢[E]. The assertion follows.

The Uniqueness Theorem

One direction of the uniqueness theorem is a simple consequence of the first
two subsections.

18.32. PROPOSITION. Assume that ¢ : & — R is an inner x premeasure
on a lattice & with ¢ := . |€(px,+). Let T be a lattice with T C (& C 6)
such that x(p, ) is nonvoid. If ¢*|T is supermodular then it is the unique
inner x premeasure 1 : T — R with 1,|6 = .

18.33. ADDENDUM. In the conventional situation @ € & with (&) =0
and @ € T it suffices to assume that ¢*|% is superadditive.

Proof of 18.32 and 18.33. For ¢ := ¢*|% we see from 18.1 that
i |€(px, +) = ¢ and hence 4|& = ¢. By 18.9 there are inner x pre-
measures ¥ : ¥ — R with 9,|& = ¢. By 18.3.2) each of them fulfils ¥ < .
Therefore ¢ = %4|6 < 1,|6 < ¢ and hence 4|6 = 1,|6 = ¢. It follows
that ¥ = 1, in the full situation from 18.6 and in the conventional situation
from 17.2.

The other direction requires the restriction & C €. We do not know
whether it can be avoided.

18.34. PROPOSITION. Assume that ¢ : & — R is an inner x premeasure
on a lattice & with ¢ := ¢, |€(px, +). Let T be a lattice with & C T C (S C
&). If there is a unique inner x premeasure v : T — R with ¥|& = ¢ then
Y = ¢*|T.

Proof. Fix EF € €. We use the last subsection in that we conclude from
18.31 that ¢*|G[E] is supermodular. By 18.32 thus n := ¢*|G[E] is an inner
* premeasure 7 : S[E] — R with |6 = ¢ (and in fact the unique one). By
18.27.2) we have E € S[E] and then n(E) = ¢*(E). Now G[E] C €. By
18.15 there exists an inner x premeasure ¢ : € — R such that ¥|S[E] = 7.
Thus Y6 = 5|6 = ¢ and ¢(F) = n(F) = ¢*(F). Now the uniqueness
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assumption enforces that ¢ = 4. Therefore ¢(E) = ¢*(E). This is the
assertion.

18.35. THEOREM. Assume that ¢ : & — R is an inner x premeasure on
a lattice & with ¢ := @4|€(@x, +). Let T be a lattice with & C T C (6 C 6).
Then there is a unique inner x premeasure ¥ : T — R with |6 = ¢ iff ¢*|T
is supermodular. In this case ) = ¢*|%.

18.36. ADDENDUM. In the conventional situation @ € & with ¢(&) =0
and hence @ € ¥ it is equivalent that ¢*|% is superadditive.

18.37. BIBLIOGRAPHICAL NOTE. The last result 18.36 is due to Tarash-
chanskii [1989]. For other uniqueness assertions we refer to Lipecki [1983]
[1988][1990].

In the present section we have stressed the formal resemblance to section
17 in the existence results. There is no such connection with respect to
uniqueness. In fact, one can see from 17.12 that 18.35 has no counterpart
in section 17.

We conclude with a simple example for non-uniqueness.

18.38. EXAMPLE. Let & consist of @ and X, and define ¢ : 6 — R
to be (&) = 0 and ¢(X) = 1. Then fix nonvoid subsets P, C X with
PUQ =X and PNQ = @. Let ¥ consist of & and P, (. Then the inner
premeasures ¥ : ¥ — R with ¢|& = ¢ are the extensions of ¢ with

Y(P)=tand Y(Q)=1—1t forsome0 =t 1.
On the other hand ¢ := ¢,|€(px) = ¢ has ¢*(P) = ¢*(Q) =1

19. Transplantation of Measures

The present section considers the case ¢ = o. We restrict ourselves to
the conventional inner situation since the full inner situation would be much
less simple. But there are some preparations which can be done for the full
inner situation with the same effort.

Preparations

We start with the application of 6.15 with 6.17 as in the last section.

19.1. PROPOSITION. Let ¢ : & — R and ¢ : T — R be isotone and
supermodular on lattices & and T with ¢,|6 = ¢. Assume that T C (6 C
S). Then vs|S = @ implies that 14|€(¢Ys, +) is an extension of ps|€(¢s, +)
(note that the converse is true when ¢ is an inner o premeasure).

Proof. 1) ¢, and v, are isotone and supermodular + by 6.3.5). On &
we have by assumption 1, = ¢ = ¢,, and this is finite. Hence ¢, = ¢,
on &, by 6.7, and ¥, = ¢, since @, is inner regular &, by 6.3.4). 2) Now
the assertion follows from 6.17 applied to P = := & and §H := &, and to
¢ =1, and 0 := ¢,, combined with T, C (&, C &) and 6.7.

We need one more lemma, which is devoted to an obvious comparison.
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19.2. LEMMA. Let & be a lattice. 1) Assume that ¢ : & — [—00, 00 is
an inner o premeasure. Then & := 5|6, is an inner x premeasure, and
downward o continuous and hence an inner o premeasure as well. Further-
more & = & = @g. 2) Assume that £ : &, — [—00,00[ is an inner o
premeasure. Then ¢ := £|6 is an inner o premeasure as well. Furthermore
& =& = @g, and hence in particular £ = ps|G,.

Proof of 1). £ : &, — [—00,00[ is isotone and supermodular, and an
extension of ¢ and hence  —oo. We have &, = ¢, since ¢, is inner regular
S,. Furthermore &|€(&,, +) = vo|€(ps, +) is an extension of £ in the crude
sense. Thus 6.22 implies that £ is an inner x premeasure. Next £ is downward
o continuous by 6.5.iii), and hence an inner o premeasure as a consequence
of 6.22. At last &, = & follows from 6.5.iv).

Proof of 2). It is clear that ¢ # —oo. i) By 6.5.iv) we have &, = &,.
i) o 1= &]€(&, +) is a content + on an algebra which is an extension of
¢ and hence of ¢. In particular &, C €({,,+). Furthermore o|&, = § is
downward o continuous, and « is inner regular &,. Therefore « is an inner
o extension of ¢. Thus @ is an inner ¢ premeasure. iii) Now 6.18 implies
that a is a restriction of g |€(¢s,+). Thus & = ¢, on €(&,,+) and in
particular on &,. Therefore £, = ¢, since both sides are inner regular &,.
The proof is complete.

The Existence Theorem

Let & be a lattice with @ € &, and ¢ : & — [0,00[ be an isotone and
supermodular set function with ¢(@) = 0 and ¢,|& = ¢. We fix another
lattice ¥ such that @ € ¥ C (C &). As before we define o(¢, %) to consist
of all isotone and supermodular set functions ¢ : T — [0, 00[ such that
wa|6 = .

19.3. PROPERTIES. Let ) € o(p,T). 0) (D) = ¢s(2) = 0. 1) ¢y |€(¢y)
is an extension of p|€(ws). 2) We have ¥y|Ty £ ¢*|Zs with ¢ := ©r|€(py).
3) w0'|60 = 900'|6a'- Therefore 1, 2 Po-

Proof. 0) follows from 0 < ¢(@) < 1,(&) = p(&) = 0. 1) is contained
in 19.1. 2) We have (¢5|%5)x = 1o since 1), is inner regular ¥,. Thus 1)
implies that (¢,|%s)«|€(vs) = Vo|€(ps) = ¢. Then the assertion follows
from 18.1. 3) ¥y|6s = 5|6, follows from 1|6 = ¢ = |G and 6.7. Then
Ve 2 o since @, is inner regular &,.

We now obtain the counterparts to 18.9 and 18.10, except that we are
restricted to the conventional situation.

19.4. THEOREM. Assume that ¢ : & — [0,00[ is an inner o premeasure
on a lattice & with @ € & and p(P) =0, and ¢ := v, |€(ps). Let T be a
lattice with & € T C (C 6), and assume that ¢*|X is o continuous at &.
If o(p, %) is nonvoid then it is upward inductive in the argumentwise order.
The maximal members of o(p, %) are the inner o premeasures ) : T — [0, 00|
with 4|6 = .
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19.5. THEOREM. Assume that ¢ : & — [0,00] is an inner o premeasure
on a lattice S with @ € & and (&) = 0, and ¢ = ps|€(py). Let X be a
lattice with @ € T C (C &), and assume that ¢*|T is o continuous at &.
Then

for each V9 : T — [0, 00[ isotone and supermodular with V5|6 = ¢

there exists 1 : T — [0,00] inner o premeasure with ¥,|& = ¢
such that ¢ 2 9.

For the proof of 19.4 and 19.5 we first isolate the three main points.
Then the assertions will be reduced to the former 18.9 and 18.10.

0) € := 5|6, is an extension of ¢, and an inner * premeasure by 19.2.1).
Furthermore &, = ¢, and hence ¢ = & |€(&,).

1) Assume that ¢ € o(p, %) and form 6 := ¥,|%,. Then 6, = 9, since
¥, is inner regular T,. We have 8(&) = 0 by 19.3.0), and 0,6, = 9,|6, =
vs|6s = £ and hence 0 € x(£,%,) by 19.3.3).

2) Let n € %(£,%,) be an inner * premeasure. Then @ := n|% is an
inner o premeasure with ¢, = 7, and hence ¥ € o(p,T). In fact, we have
n < ¢*|%, by 18.3.2). Thus 7 is o continuous at & as a consequence of 8.12,
and hence an inner o premeasure by 6.31. Then the assertion follows from
19.2.2).

Proof of 19.5. Let ¥ € o(p, %) and then 0 € x(§,%,) as in 1) above. By
18.10 and 0) there exists an inner * premeasure € *(£,%,) with n = 6.
Then 2) says that ¢ := 7|T is an inner ¢ premeasure in o(p,¥). On T we
have ¢ =n = 0 =9, = 9. This is the assertion.

Proof of 19.4. i) Fix ¥ € o(p,%). If ¥ is a maximal member of o(¢, T)
then 19.5 shows that 9 is an inner o premeasure. Now assume that ¢ is
an inner o premeasure, and that ¢ < v for some ¢ € o(p,%). We have to
prove that 4 = . By 1) above 0 := ¥,|%, and 7 := ¢,|%, are in x(§,%y)
with 8 < 7, and 6 is an inner x premeasure by 19.2.1). From 18.9 it follows
that # = 7. On ¥ therefore ¥ = 9, = 6 = n = 1)y = 1 and hence 9 = 1. ii)
It remains to prove that o(y,¥) is upward inductive in the argumentwise
order. Assume that E C o(p,%) is nonvoid and totally ordered. By 1)
above then {9,|%, : ¥ € E} is C x(£,%,), and of course nonvoid and totally
ordered as well. From 18.9 we obtain an inner x premeasure n € *(§,%,)
such that ¥,|T, < n for all ¥ € E. By 2) above ¢ := n|% is an inner o
premeasure in o(¢, %). On T now ¥ < ¥, < n =1 for all ¥ € E. The proof
is complete.

Specializations of the Existence Theorem

The specializations in the last section started with & = {@, X}. It is simple
to see that in this case, due to its inherent discreteness, the new result 19.5
is contained in the old one 18.10.

The counterparts of the subsequent former specializations require a non-
trivial lemma.
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19.6. LEMMA. Let ¢ : & — [—00,00] be an isotone and supermodular set
function on a lattice S. Then (o] C &)y = @5

Proof. We have 2 since p,| = & is an extension of ¢. Thus to be shown
is <. We fix A C X and can assume that (o] C 6),(A4) > —oco. We fix a
sequence (Dy); in C & with D; | some D C A and llim wi(Dy) =: ¢ > —o0,

which implies that all ¢,(D;) are finite. To be shown is ¢ < p,(A). Let
e > 0 and choose S; € & with S; C D; such that ¢(S)) = ¢, (D;) — /2.
Then form T} := S1N---NS; € &, so that T; C S; C D; and hence T} | some
T C D cC A. i) We claim that

o(T}) =2 o (D) —e(1—1/21) forl>1.

This is clear for [ = 1. For the induction step 1 £ 1 = [ + 1 note that
T:N Sy =141 and T US4y C DU Dyyy = D;. By assumption and by
the induction hypothesis therefore

o(T)) +¢(Si+1) = o(Ti U Si1) + o(Ti N Si41)
S ouDr) + ¢(Ti4a)
< (D) +e(l—1/2) + o(Tn),
p(Si1) = e(1—1/2) + o(Tit),
which implies the assertion. ii) From i) we obtain ¢ := llirgo w«(Dy) <

llim o(T}) + € < v, (A) + € for all e > 0. The assertion follows.

The next result is the counterpart to the above 18.18 which was based
on the Marczewski condition.

19.7. THEOREM. Assume that ¢ : & — [0,00[ is an inner o premeasure
on a lattice & with @ € & and p(&) =0, and ¢ := v,|€(¢s). Let T be a
lattice with @ € T C (T 6), and let ¢*|T be o continuous at &. Assume
that (p4|%)s|6 2 ¢, which implies that (¢x|%)s|S = . Then there exists
an inner o premeasure ¥ : T — [0, 00[ such that |G = .

Proof. For the set function 9 := ¢,|T we see from 19.6 that
Yo = (04]T)o = (x| £ 6)y = ¢, and hence 9,|6 < .
Thus 9,|6 2 ¢ implies in fact that 9J,|& = . Therefore ¥ is as required in
19.5.
An obvious special case is the subsequent counterpart to the above 18.15.
19.8. THEOREM. Assume that ¢ : & — [0,00[ is an inner o premeasure
on a lattice S with @ € & and (&) = 0, and ¢ := p;|€(ps). Let T be a

lattice with & C T C (C 6), and let ¢*|% be o continuous at &. Then there
exists an inner o premeasure 1 : T — [0, 00[ such that Y|& = .

19.9. BIBLIOGRAPHICAL NOTE. The above 19.7 is in Adamski [1987]
theorem 3.4(b), but with the sharper old Marczewski condition instead of
the new one. A close relative of 19.8 is in Adamski [1984a] theorem 3.3(a).
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The Uniqueness Theorem

This time we have to assume that & C ¥ from the start. We also need
another nontrivial lemma. It is true for e = xo7.

19.10. LEMMA. Assume that ¢ : & — [0,00[ is an inner e premeasure
on a lattice & with @ € & and (D) = 0, and ¢ := po|€(ps). Let T be a
lattice with & C T C (C &). If ¢*|% is supermodular then it is inner o tight.

Proof. Let ¢ := ¢*|%. By assumption ¢ : ¥ — [0, 00] is isotone and
supermodular and an extension of ¢. 1) We have
P(P) £ ¢"(A) + pe(P\A) for Pe G and AC P.
To see this let H € €(¢p,) with A C H C P. Then
p(P) = ¢(P) = ¢(H) + ¢(P\ H) O(H) + (P \ H)
P(H) + po(P\ A).
This implies the assertion. 2) Let A C Bin ¥. We fixe >0 and P € &
with A C B C P. From 1) we obtain
P(B) = ¥(A) = (B) — ¢"(A) = P(B) — ¢(P) + @e(P \ A).
Note that ¢e(P\ A) = ¢’ (P\ A) by 6.29.5). Thus there is a paving M C &
of type o with 9 |C P\ A and S C P VS € M such that Singngo(S) =
€
we(P\ A) —e. For S € 9 therefore

Y(B) = (A) = 9(B) — ¢(P) + ¢(5) + & = ¢(B) = (P) + 4(5) + &

Since v is supermodular and B U S C P it follows that ¢(B) — ¢(A) <
PY(BNS)+e Now {BNS:S e M C Tis a paving of type o with
lc BN (P\A) = B\ A and all members C BN P = B. It follows that
Y(B) — ¢(A) £ pB(B\ A) + ¢ and hence the assertion.

We come to the uniqueness theorem. The simultaneous appearance of
properties 2)3)4) is a little imperfection which we could not avoid.

A I

19.11. THEOREM. Assume that ¢ : & — [0, 00[ is an inner o premeasure
on a lattice & with @ € & and (&) =0, and ¢ := ©;|€(ps). Let ¥ be a
lattice with & C T C (T &), and assume that ¢*|T is o continuous at &.
Then the following are equivalent.
1) There is a unique inner o premeasure 1 : T — [0, oo with 1|6 = ¢ (note
that the existence is clear from 19.8).
2) ¢*|% is supermodular.
3) ¢*|%s is supermodular.
4) ¢*|%, is superadditive.
In this case the unique inner o premeasure 1) : T — [0, 00[ with |G = ¢ is
Y =¢*[T.

Proof. We start with the implication 1) = ¥ = ¢*|%. Note that it
contains the implication 1) = 0) ¢*|¥ is an inner ¢ premeasure .
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i) Fix E € . We see from the definition and from 18.27.1)2)3) that
G[E] is a lattice with & C G[E] C ¥ and E € S[E]. ii) We conclude
from 18.31 that ¢*|S[E] is finite and supermodular. Then 19.10 implies
that ¢*|S[E] is inner o tight. Furthermore ¢*|G[E] is o continuous at & by
assumption. It follows that 7 := ¢*|G[E] is an inner o premeasure. Let us
put v := 1 |€(ny). iil) We have n|& = ¢*|6 = ¢|& = ¢. Thus 7,|& = ¢ so
that n € o(¢, S[E]). From 19.3.1) we see that v is an extension of ¢. This
implies that 0 < v* < ¢*. Therefore v*|% is o continuous at &. iv) Now
19.8 can be applied to n : S[E] — [0, 00] with v and to T. It follows that
there exists an inner ¢ premeasure ¥ : ¥ — [0, 00 such that J|S[E] = n.
In particular 9|& = n|& = ¢. Thus assumption 1) implies that ¥ = 1.
Therefore (E) = ¥(E) = n(E) = ¢*(F). This is the assertion.

The remainder of the proof consists of the two chains of implications
0)=3)=4)=1) and 0)=3)=2)=-0). Here 3)=4) and 3)=-2) are obvious,
while 2)=-0) is an immediate consequence of 19.10. Thus it remains to
prove 0)=3) and 4)=1).

Proof of 0)=-3). Since ¢ := ¢*|T is an inner o premeasure it is clear
that 14|%, is modular. Thus it suffices to prove that 9,|%, = ¢*|T,. Now
on the one hand ¥ € o(p, %), and hence ¢¥;|T, < ¢*|T, by 19.3.2). On the
other hand let P € T, and (F)); in T with P, | P. Then ¢*(P) < ¢*(P) =
W(Py) = 1, (Py) implies that ¢*(P) < 4, (P).

Proof of 4)=1). Let ¢ : ¥ — [0,00[ be an inner o premeasure with
¥|& = . By 19.2.1) then n := 1),|%, is an inner * premeasure, and 7 <
¢*|% by 19.3.2). Now 17.2 can be applied to these two set functions because
of the hypothesis 4). For each A € T, there exists B € & with A C B, and
we have

N(B) =n(B) =v¢o(B) =¢(B) = ¢(B),
(¢"|%0)x(B) = ¢"(B) = ¢(B) = ¢(B).
It follows that n = ¢*|%,, and hence in particular ) = ¢*|T. The proof is
complete.

Extension of Baire Measures to Borel Measures

Let X be a topological space. The present subsection returns to the prob-
lem to extend a Baire measure « : Baire(X) — [0, 00] to Borel measures
B : Bor(X) — [0,00]. The previous treatment in section 8 was based on
the inner 7 theory. This time the problem will be treated as an applica-
tion of the transplantation procedure of the present section. Thus as before
we shall obtain, in the spirit of the present text and in consequence of its
main theorems, not the sheer existence or uniqueness of Borel extensions,
but rather the existence or uniqueness of Borel extensions with certain nat-
ural regularity properties. In the present context we have of course inner
regularity, as in the earlier treatment.

Let a : Baire(X) — [0,00] be a cmeasure. We define as before & :=
{A € CCI(X) : a(A) < oo} and ¢ := «|S. The basic properties of these



196 VI. TRANSPLANTATION OF CONTENTS AND MEASURES

formations are collected in 8.2.1) and 8.5. Thus & is a lattice with @ € &
and S, = 6, and ¢ : & — [0,00[ is an inner o premeasure. Furthermore
« is inner regular G at [a < 00]?, and is inner regular & iff it is semifinite
above. We form the cmeasure ¢ := ¢, |€(0s) = wu|€(py). It follows that
¢ =aon o< x|’ and ¢ = a on Baire(X) iff « is semifinite above.

19.12. REMARK. For ¢ := ¢,|€(¢,) we have ¢* < o, and ¢* = a* on
C &°.

Proof. We use some of the properties listed in 8.2.1). With the notation
¢ = C(p,) = €(¢?) D Baire(X) as in iii) we have

¢* = (ps]€)" = (ps|Baire(X))* since we pass to a restriction
< o < (¢°[Baire(X))* by )
= ¢ =(¢7l€N(C &%) since 7 is outer regular &7
= (psl€N(C &%) by iii)
= (po|€)" = ¢* on C &°.

This implies both assertions.

Next we look at the Borel side. The remark below is a recollection of
essentials from 6.31 with 6.18.

19.13. REMARK. Let T be a lattice in X with € € Cl(X) Cc (T C F)
(which implies @ € ¥). Then there is a one-to-one correspondence between
the inner o premeasures ¢ : € — [0, oo[ with (@) = 0 and the cmeasures
B : Bor(X) — [0,00] with 3|¥ < oo which are inner regular T,. The
correspondence is

Y= B :=1,|Bor(X) and (— ¢ :=p|%;
also recall that Bor(X) C €(1),).

We turn to the transition from the Baire side to the Borel side. Let as
above « : Baire(X) — [0, co] be a cmeasure with & and ¢ := «|&. We define
T = Cl(X)N(C &). Thus T is a lattice in X with ¥ € Cl(X) C (TTF)
and T, = T (and even with ¥, = T). For these data then 19.13 furnishes a
one-to-one correspondence between the inner o premeasures ¢ : ¥ — [0, 00|
with |6 = ¢ and the cmeasures 3 : Bor(X) — [0,00] with f = o on &
which are inner regular ¥. We use this correspondence in order to obtain
the desired extension theorem.

On the one hand we translate known properties of ¢ into properties
of f. From 19.3.1) we know that 1,|€(¢),) is an extension of ¢, |€(ps).
On Baire(X) this means that 8 = ¢, = ¢, by v) in 8.2.1). Therefore
[B|Baire(X) is inner regular &. It follows that 3|Baire(X) = « iff « is inner
regular G, that is iff « is semifinite above. In all cases we have § = « on
[ < 0]? C Baire(X) by 8.5.1).

On the other hand the existence theorem 19.8 and the uniqueness theo-
rem 19.11 translate into existence and uniqueness results for the cmeasures
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B : Bor(X) — [0, 00]. For an adequate formulation we note from 19.12 that
¢*|% = o*|%. Thus we have proved what follows.

19.14. THEOREM. Let o : Baire(X) — [0,00] be a cmeasure with & =
{A € CCI(X) : a(A) < oo} and ¢ := «|S. Define ¥ :=Cl(X)N (C 6).
0) If 5 : Bor(X) — [0, 00] is a cmeasure with
0i) b=a on &,
0.ii) G is inner reqular %,
then it also fulfils
0.iii) f = a on [a < o0]? C Baire(X),
0.iv) B|Baire(X) = « iff v is semifinite above,
0.v) B|Baire(X) is inner regular &.
1) Assume that o*|T is o continuous at &. Then
1.i) there exist cmeasures 3 : Bor(X) — [0,00] as in 0).
1.ii) There exists a unique cmeasure 3 : Bor(X) — [0, 00] as in 0) iff a*|T
is superadditive. In this case 3 = a* on .

Before we proceed we want to compare the present result with the former
extension theorem 8.11. We fix a cmeasure « : Baire(X) — [0, 00] with &
and ¢ := «|& as in both theorems, and also assume « to be inner regular
G from the start as in 8.11. Then 8.11 imposes the two essential further
assumptions

1) X is completely regular, and
2) ¢ is T continuous at &.

From assumption 1) and 8.1.5) we see that T = &,, which means that
the central sublattices of Bor(X) in the two theorems are equal. Then
assumption 2) combined with 8.12 implies that a*|T is 7 continuous at @.
Thus with simple means we obtain much more than the initial assumption in
the new 19.14.1), which implies its existence assertion. In adequate relation
the existence result in 8.11.1) is much sharper. It is the explicit assertion
that ¢ : & — [0,00][ is an inner 7 premeasure with €(¢;) D Bor(X), and
that § := ¢,|Bor(X) is an extension as required. Now let us turn to the
uniqueness assertions. The explicit existence result in 8.11.1) implies that
B1% = ¢-|6, is downward 7 continuous. It follows that 3 = a* on ¥ = &,
and hence that o*|T is modular. Therefore we are in the case of uniqueness
in 19.14.1). Thus in the situation of 8.11 the new assertion of uniqueness is
equal to the old one.

19.15. EXERCISE. The last theorem has a remarkable consequence
which does not involve regularity: Let o : Baire(X) — [0,00] be a cmea-
sure with & and ¥ as above. Assume that o*|T is o continuous at &. Then
there exist cmeasures (3 : Bor(X) — [0, 00] which extend . Hint: Combine
the existence assertion in 19.14.1) with 2.13.2).

In the remainder of the subsection we consider properties of the topolog-
ical space X which ensure that all Baire measures on X fulfil the conditions
which occur in 19.14.1). This will lead to earlier forms of extension theorems.
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The two definitions which follow are for lattices & and ¥ with @ € 6,%
in a nonvoid set X. For e = o7 one defines on the one hand ¥ to be e
dominated & iff for each paving 9 C T of type e with M | @ there exists
a paving MM C & of type o with M | & such that M C (T N). On the other
hand one defines ¥ to be separated & iff each pair of subsets A,B € ¥
with AN B = & is separated G in the sense of 4.2, that is there are S, T € &
with A C S and B C T such that SNT = &.

19.16. REMARK. 1) G, is e dominated & whenever & is a lattice with
@ € G. This is a special case of 18.5. 2) ¥ is o dominated & < for each
sequence (1), in T with T} | & there is a sequence (S});>; in & for some
k 21 such that S; | @ and Ty C S; forl 2 k.

Proof of 19.16.2). =) By assumption there exists a countable paving
M C S with M | & such that each M € 9M contains some T;. Let (My)g
be a sequence in M with My | @. We can assume that My D Ty, with 1 <
I(1) <---<l(k) <---. Now define S; := M, for l(k) <1 <I(k+1) Vk = 1.
Then the sequence (5));>(1) is as required. <) Let 9 C T be a countable
paving with 91 | @. Fix a sequence (T7); in M with 7; | @, and let (S7);>
in & be as in the assumption. Then the paving MM :={S;: 1 = k} C & is as
required.

19.17. REMARK. Let X be a topological space. 1) Assume that C1(X) is
o dominated Baire(X). For each cmeasure o : Baire(X) — [0, 00| then o*|T
is o continuous at &. 2) Assume that Cl(X) is separated Baire(X). For
each cmeasure o : Baire(X) — [0,00] then o*|% is subadditive. Of course

¥ C CI(X) is as defined in 19.14.

Proof. 1) Let (73); be a sequence in ¥ with 7} | &. Fix a sequence
(S1);>, in Baire(X) such that S; | @ and T; € S; for | =2 k. By the
definition of ¥ we can assume that a(S)) < oo for I = k. Thus a(S;) | 0.
From 0 < o*(T;) < «(S)) it follows that o*(7;) | 0. 2) is an immediate
consequence of 4.3 applied to « : Baire(X) — [0, co].

19.18. THEOREM. If Cl(X) is o dominated Baire(X) then for each cmea-
sure « : Baire(X) — [0, 00] there exists a cmeasure 3 : Bor(X) — [0, 00] such
that
19.14.0.1) B=aon6:={AecCClX): a(Ad) <o},
19.14.0.ii) B is inner regular T := Cl(X) N (C 6).

If in addition Cl(X) is separated Baire(X) then (8 is unique, and 8 = o on
<.

There are well-known sufficient properties of the topological space X
which are in direct terms of Op(X) and Cl(X). Let us define X to be o
paracompact iff C1(X) is ¢ dominated Op(X). For a normal Hausdorff
space this is equivalent to countable paracompactness in the usual sense;
see Engelking [1989] corollary 5.2.2. Recall that X is defined to be normal
iff CI(X) is separated Op(X). From these definitions and from 8.1.6) it
follows that
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i) if X is o paracompact and normal then Cl(X) is o dominated COp(X)
and CCI(X), and hence in particular o dominated Baire(X);

ii) if X is normal then Cl(X) is separated COp(X) and CCI(X), and hence
in particular separated Baire(X).

Therefore 19.18 implies the final result which follows.

19.19. CONSEQUENCE. Assume that X is o paracompact and normal.
Then for each cmeasure « : Baire(X) — [0, 00] there exists a unique cmea-
sure (3 : Bor(X) — [0, 00] such that
19.14.0.1) B=aon6:={AcCClX):aA) < oo},
19.14.0.ii) B is inner reqular T := Cl(X) N (C 6).

We have B = o™ on ¥.

19.20. BIBLIOGRAPHICAL NOTE. 19.18 is in Adamski [1984a] theorem
3.14, and likewise the respective special case of 19.15. The author has not
seen the complete 19.14 in the literature.

The ancestor of all extension theorems of the present kind is the famous
result due to Marik [1957]. It is under the same assumptions as 19.19, but
supposes the cmeasure « : Baire(X) — [0, 00] to be outer regular COp(X).
It obtains a unique Borel measure extension 3 : Bor(X) — [0, co] of o which
is characterized in the spirit of the two-step extension method as described
in the bibliographical annex to chapter II. The same applies to the related
result in Sapounakis-Sion [1987] theorem 7.1.






CHAPTER VII

Products of Contents and Measures

The present chapter develops the product formation for contents and
measures in the spirit of chapter II. We also use the extended integration
procedures of chapter IV. These means will be adequate for a comprehensive
treatment. The central part is the second section which in particular con-
tains the Radon product measure of Radon measures. We restrict ourselves
to the case of two factors.

20. The Traditional Product Formations

The first subsection uses the horizontal integral of section 11 to define
a product formation on which all subsequent ones will be based. The re-
mainder of the section will be devoted to the traditional product theory, in
the sense that the factors are ccontents and cmeasures. In the latter case
it is well-known that there need not be a unique product measure except
under countable finiteness of the factors. However, we shall obtain natural
uniqueness assertions in terms of regularity.

The Basic Product Formation

Let X and Y be nonvoid sets. For a subset £ C X x Y we define the
vertical sections

Ex):={yeY :(x,y) € E} forzxe X,
and the vertical projection
Pr(E):={yeY :(z,y) € E for some z € X} = U E(z)CY.
reX

Of course one likewise forms the horizontal sections E[y] C X for y € Y
and the horizonal projection Pr[E] C X. We list some properties which
are all obvious.

20.1. PROPERTIES. 1) For AC X and B CY we have

B whenz e A
@ whenxe A [’

B whenA#@}

(Ax B)z) =

Pr(Ax B) = {@ when A = &
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2) For EC X XY and x € X we have E'(x) = (E(x))". 3) Let (Et)ter be a
family of subsets of X x Y. For all x € X then

(UEt>(x):UEt(:c) and (ﬂEt>(:c):ﬂEt(:c).
tel tel tel tel

In section 13 we defined for pavings & in X and ¥ in Y the product
paving
GxT={SxT:5e¢GandT €%} inXxY.

We list some properties.

20.2. PROPERTIES. 1) If & and ¥ are

lattices then L(G x %) = (6 x T)*,
rings then  R(G x %) = (6 x %)*,
algebras then A(G x %) = (6 x T)*.

2) If & is a ring and T is a lattice then each E € (6 X %)* can be represented
in the form

-
E = UAl X By with Ay, .-+, A, € & pairwise disjoint and By,--- , B, € .
=1

Proof. 1) The lattice case follows from 1.2.10). To see the ring case one
verifies for A, S C X and B,T C Y that
(AxB)N(SxT) =(Ax(BNT))U((ANnSY') x B).
The algebra case is then clear. 2) has an obvious proof via 3.5.

20.3. REMARK. Let & and ¥ be lattices with &. For E € (& x %)* then
1) E(z) € X forallz € X.

2) Assume that ¢ : T — [0, 00] is isotone with (@) = 0. Then the function
Y(E(:)) : X — [0,00] has a finite value set and is in UM(S) N LM(S).

,
Proof. Let £ = |JA; x B; with A;,--- A, € & and By, -+ ,B, € %.
=1
For x € X one verifies that

E@x)={yeY:(x,y)eE=JAxB}= ] B
=1 lixe Ay

It follows that E(z) € ¥, and the first assertion in 2). The proof of the
second assertion in 2) can be restricted to UM(S&). Fix ¢t > 0. For x € X
then

$(E@) =¢( | B) 2t
lizeA;

< FJmnonvoid D C {1,---,r} such that x € ﬂAl and ZZ}(UBZ) >t
leD leD
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Therefore

w(EQ) 21 = UNA
DleD
over the nonvoid D C {1,--- ,r} with z/J(UBl) > t.

leD
It follows that [1)(E()) = t] € & and hence the assertion.

We come to the basic product formation. The definition makes sense in
virtue of 20.3.

20.4. PROPOSITION. Let & and ¥ be lattices with &, and

@ : 6 —[0,00] be isotone with (&) =0,
YT — [0,00] be isotone with (L) =

We define the set function ¢ X ¢ : (6 x T)* — [0, 00] to be

(o xY)(E ][lb ))de  for E € (6 x T)*.

Then ¢ x ¥ =: 9 has the properties
1) 9 is isotone.

2) 9(A x B) = ¢(A)Y(B) for A€ & and B € T, with the usual convention
000 := 0. In particular 3(@) = 0. Furthermore ¥ < oo when ¢, < 0o.
3) If ¢ and v are modular then ¥ is modular as well.

Proof. 1) is obvious. 2) Let E := A x B. From 20.1.1) we have
B) whenxz e A
w(e@) = { 4 b

0 when x € A’
Therefore
0E) = [ e(lw(ee) 2 a)a
0—

i v(ee) 210 ={ 5 D0 LR 2 )

It follows that 9(E) = ¢(A)y¥(B) in all cases.

3) Let E, F € (& x T)*. i) We first deduce from 20.3.2) that ¢ (E(-)) +
¢(F(-)) is in UM(&). In fact, let W C [0, 00] be a finite set which contains

the value sets of ¢(E(:)) and ¢ (F(-)). For ¢ > 0 then
W(EC) +9(F() 2 t]={z € X :y(E(x)) + v (F(z)) 2 t}
= U {re X :¢(E@) Zun{ze X :¢(F(z) =v}

u,vEW with ut+v>t

U [W(EC) 2 uln[¥(F()) 2 ).

w,wEW with utv>t
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This union is in & since each time at least one of the numbers v and v is
> 0. ii) Since ¢ is modular we see from 20.1.3) that

Y(EUF)()) +v((ENF)() = $(ECQUF)+$(EC)NF())
= P(EQ) +¥(F())
Since ¢ is modular the assertion follows from 11.11 and 1i).

20.5. PROPOSITION. Let & and ¥ be lattices with &, and

©: 6 — [0,00] be isotone and modular with o(&) = 0,
Y T — [0,00] be isotone and modular with (&) = 0.

Then there exists a unique set function ¥ : (& x T)* — [0,00] which is
isotone and modular and fulfils

YA x B) = p(A)Y(B) forall A€ & and B € %.
This is ¥ = @ X 1.

Proof. Assume that ¢ : (& x T)* — [0,00] is as formulated above. To
be shown is that 9 equals ¢ x ¥. Fix

E=|JA x B withAy,---,A, €& and By, -+ ,B, € T.
=1

i) Assume that @(A;)¥(B;) = oo for some [ = 1,--- ,r. Then 9(4; x B;) =

= (p x 9)(A; x B) and hence 9(E) = 0o = (¢ x ¢)(E). ii) Assume now
that ¢(A;)¥(B;) < oo and hence ¥(A4; x By) = (A (By) = (¢ x ¥)(A; X
B)) <ooforalll =1,---,r. Then J(F), (¢ X ¥)(E) < co. From 2.5.1)
applied to the restrictions of ¥ and ¢ X ¥ to the lattice {M € (& x T)*
M C E} we obtain 9(E) = (¢ x ¢)(E).

20.6. CONSEQUENCE. The set function ¢ X ¢ : (& x T)* — [0,00] has
the symmetrized representation

(o x $)(E) = ][so(EH)dw for E € (6 x T)*.

We deduce from 11.15 that the basic product formation is compatible
with restrictions.
20.7. REMARK. Let & C 2 and T C B be lattices with &, and
a: A —[0,00] be isotone with () =0,
BB — [0,00] be isotone with 3(&) =
Then the restrictions ¢ := «|& and ¢ := B|T fulfil

o x1h=(axp)(E x )"

Proof. Let F € (6 x ¥)* C (A x B)*. For x € X then E(x) € T C B,
and the function 8(E(")) = ¢(E(-)) is in UM(6) C UM(2). From 11.15 we
obtain

(@ x B)(E) = {B(EC)da = f(EO)da= fo(EO)de = (0 x 6)(E)
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We conclude with a first look at the particular case which will be met
in the remainder of the present section.
20.8. PROPOSITION. Assume that

w: 6 — [0,00] is a ccontent on a ring & in X,
% — [0,00] is a ccontent on a ring T inY,

so that @ X 1 is a ccontent on the ring (& x )*. Then

(o x Y)(E /w ))dp for E € (& x T)*.

If ¢ and v are upward o continuous then @ X 1 is upward o continuous as
well.

Proof. The first assertion follows from 12.11, and the second one from
12.10. In fact, let (E;); be a sequence in (& x T)* with E; | E € (6 x %)*.

By 20.1.3) then E)(z ) E(z) for x € X. Since v is upward o continuous we
have w(El ) ( ) pointwise on X. Since ¢ is upward ¢ continuous
we obtain (¢ X ¥)(E;) T (¢ x ¥)(E) from 12.10.

The Traditional Product Situation

For the remainder of the section we assume that

a: A — [0,00] is a ccontent on an algebra 2 in X
B : 98B — [0,00] is a ccontent on an algebra B in Y.

From the above subsection we obtain the product content
A:=ax [ on the algebra P := (A x V)" in X x Y.

We also consider the finite restrictions of o and 3 to the rings a := [a < o]
and b := [ < o0]. They produce the finite narrow product content

§ := (ala) x (8]b) on the ring p:= (ax b)*in X x Y.
We have 6 = Alp by 20.7. If @ and 3 are upward o continuous then A and
§ are upward o continuous as well by 20.8.
Since P and p are rings it is clear that

A is outer x tight and hence outer o tight,
0 is outer x tight and hence outer o tight,
0 is inner * tight and hence inner o tight,

while the cases e = 7 are not realistic. Our main concerns are the outer
o extensions of A and hence the envelope A%, and the inner o extensions
of 4 and hence the envelope é,. We prepare the next subsection with some
relevant facts.

20.9. LEMMA. Let E € B with A(E) < oo. Then there exist K € p and
null sets M € [a = 0] and N € [§ = 0] such that

KCECKUXXxN)U(MXY).
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Therefore we have
KCECKUF forsomeF € P with A(F)=0.
Note that this implies A(F) = A(K) = §(K).
Proof. Let E € B be represented as in 20.2.2). Thus

A(E) = a(A)B(B) < .
=1

It is obvious that the subsets

K = U AyxB, M:= |J) A and N:= [J B
l:a(Ay),B(B;)<oc0 1:3(B))=00 l:a(Ay)=00

are as required.

20.10. LEMMA. %) &B < A. If a and 3 are semifinite above then
0P = A. o) Assume that o and B are upward o continuous. Then 0,|P <
A. If a and (B are semifinite above then 6,|B = A.

Proof of x). i) We have J, = (Alp)x < A, and hence §,|P < A. ii) Let
E € P with A(E) < co. Then 20.9 shows that A(F) = A(K) = 6(K) =
0,(F). iii) Assume that o and 3 are semifinite above. It remains to prove
for E € B with A(F) = oo that §,(F) = co. There exist A € 2 and B € B
with A x B C E and «(A)B(B) = oo. In all cases there are increasing
sequences

(A;); in A with A; C A such that 0 < a(A4;) < oo and a(4;) T a(A4),

(By); in B with B; C B such that 0 < 5(B;) < co and B(B;) T 5(B).
Therefore (A; x By); is an increasing sequence in p with A;x B; C AXxB C FE
such that 0(A; x B;) = a(A4;)3(B;) 1 oo. The assertion follows.

Proof of o). i) We fix P € B. Let (Ej); be a sequence in p with
E; | ECP. Then (E; U (Ey N P)); is a sequence in p with E; U (E1 N P) |
EU(E1NP)=E NP € p. Since § is downward o continuous it follows
that

(S(El) < (5(El U (El N P)) 1 5(E1 N P) < A(P)

Therefore §,(P) < A(P). ii) Assume that o and § are semifinite above.
Then ) and i) combine to A = 0,|P < 0,|P < A. Therefore 6, P = A.

Product Measures

In the present subsection we assume that the ccontents o : 2 — [0, oo] and
B : B — [0,00] are upward o continuous. From section 13 we recall the
notation A ® B := Ao (A x B). We define a cmeasure v : A @ B — [0, 0]
to be a product measure of o and 3 iff

V(A x B) =a(A)B(B) forall Ae A and B € B, thatisiff v|P=A,
and a narrow product measure of « and g iff

v(Ax B)=a(A)B(B) forall A€ aand B €b, that is iff v|p =4,
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where the two equivalences follow from 20.2.2) or 20.5. We shall obtain
such cmeasures from the simplest specializations of the extension theories
of chapter II.

We know that the product content A : P — [0,00] is an outer o pre-
measure. Of course A ®@ B C €(A%). It follows that A?|2A ® B is a product
measure of a and 3, and the unique one which is an outer o extension of
A. Now a product measure v : A ® B — [0,00] of & and [ is an outer o
extension of A iff it is outer regular B, by the basic definition of section
4. The cases § : p — [0,00[ are alike, except that one has to note that
B C pTp. Combined with 20.10.0) we obtain the theorem which follows.

20.11. THEOREM. Assume that o and (8 are upward o continuous.

1) A%|ARB is the unique product measure of o and 3 which is outer reqular
P

2) 07|ARB is the unique narrow product measure of o and 3 which is outer
regular p°.

3) 05|ARB is the unique narrow product measure of o and § which is inner
reqular p,. If a and B are semifinite above then it is a product measure of
a and (3.

We continue with the classical uniqueness theorem.

20.12. THEOREM. The narrow product measures of o and 3 are all equal
on those subsets B € A QB which are upward enclosable p°, that is upward
enclosable a® x b%. In particular if

Xea’ andY € b7,
then there is a unique narrow product measure of o and 3.

We present two proofs. The first proof is within the present extension
theories. The second proof is close to the usual one via the classical unique-
ness theorem 3.1.0).

First proof. Let v : A ® B — [0, 00| be a narrow product measure of «
and 3. From 7.1.0) applied to § and v we obtain d, < v < 6 on A ® B.
Then 7.5 applied to d furnishes §,(F) = v(E) = 0°(E) for all F € A ® B
upward enclosable p°.

Second proof. In view of 3.1.0) all narrow product measures of a and 3
coincide on Ro(p) C A ® B. From 1.19.0) and p C P C pTp we see that
Aco(p) ={FE € A®%B : For E' in C p°}, and hence from 1.17.0) that
Ro(p) ={F €A®B: Ein C p°}. The assertion follows.

The first example below will show that a and § can have more than
one product measure, even when one of them is finite and the other one
is semifinite above. The second example will show that under the same
circumstances a narrow product measure need not be a product measure of

o and f.
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20.13. EXAMPLE. Let X =Y be the unit interval I = [0,1] and A =B =
Bor(I). We know from 13.15 that A® B = Bor(I x I). Let a : Bor(I) —
[0, oo[ be the Borel-Lebesgue measure and 3 : Bor(I) — [0, oo] defined to be

B(B) =Y G(x) for B € Bor(I),
reB
where G : I — [0,00[ is some prescribed function. By 20.11.1)3) both
A?|Bor(I x I) and 6,|Bor(I x I) are product measures of o and 3. For
the present purpose we assume that G 2 some ¢ > 0. We claim that then
A?(D) = oo and 6,(D) = 0 for the diagonal

D :={(z,z):x €1} e€Cl(IxI)CBor(IxI).
Therefore the two product measures are different.

Proof. i) The subsets E € p are of the form

E=|JA x{b} with Ay,---, A, € Bor(I) and by,--- b, € I.
=1

Therefore p, = p, and hence §, = J, by 6.5.iv). In case E C D we have in
the above representation A; C {b;} (!l =1,---,r), and hence §(F) = 0. It
follows that §,(D) = 0,(D) = 0. ii) Let E € B with A(F) < oo. We use
20.9 to obtain E C KU (I x N)U (M x I) with

K € p and hence from i) K C I x F with finite F' C I,

M € [a=0],and N € [§ = 0] and hence N = @.
Thus £ C (I x F)U (M x I). iii) Assume now that A?(D) < oco. Then
there exists a sequence (Fp); in P with all A(E;) < oo such that E; 1D D.
Thus ii) implies that D C (I x N)U (M x I) with countable N C I and
M € [a = 0], and hence I C M U N. This is a contradiction which proves
that A?(D) = co.

20.14. EXAMPLE. We know that v := §7|2 ® B is a narrow product
measure of a and 3. We claim that in the above example it is not a product
measure. In fact, if A € 2 is nonvoid and B € 9B is not upward enclosable b’
then Ax B is not upward enclosable p? and hence v(Ax B) = §7(AXx B) = co.
Therefore in case a(A) = 0 we do not have v(A x B) = a(A)B(B).

The last point in the subsection will be to extend the sectional represen-
tation from the product contents to the product measures. We shall need
the next result, whose second part will be deduced from the transporter
theorem 1.16.0).

20.15. PROPOSITION. Assume that A and B are o algebras. 0) If E €
AR B then E(x) € B for all x € X. i) Assume that E € A ® B has
Pr(E) C Y upward enclosable b°. Then the function 3(E(")) : X — [0, 00]
is measurable .

Proof of 0). Fix € X and consider the map h: Y — X x Y defined to
-1
be y — (z,y). For E C X XY then h (E) = E(z). Thus to be shown is that
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-1
h is measurable B — A ® B. Now h (A x B) = B by 20.1.1). Therefore
1.11 implies that

-1 -1 -1
h(A®B) = h(Ac(AxB)) =Ac(h(AxB)) =Ac(B) =B.
The assertion follows.
Proof of i). Define 91 to consist of all subsets £ € A ® B such that
the function S(E(:)) : X — [0,00] is < oo and measurable 2. 1) We have
A x b C N by 20.1.1). Furthermore N fulfils \ by 20.1.2) and 13.16, and | o

by 20.1.3) and 13.10. Thus 1.16.0) applied to 9t := 2A x b and combined
with 2 x B C IMMT furnishes A ® B C (A x b) TN, that is

EN(AxB)eM for E€cA®B and Ax BeAxb.

2) Assume now that F € A® B has Pr(EF) C Y upward enclosable b°. Let
(By); be a sequence in b with B; 1D Pr(E). Then E;:= EN(X x B) T E,
and hence 3(E;(-)) T B(E(-)) from 0). We know from 1) that the E; are in
M. It follows that the function B(E(-)) is measurable 2A.

20.16. EXAMPLE. The size restriction in 20.15.i) cannot be dispensed
with. In fact, in example 20.13 with E := D € Bor(I x I) = A ® B one
has D(z) = {«} and hence 8(D(z)) = G(z) for « € I. Thus 3(D(-)) = G,
which of course need not be measurable 2 = Bor([).

The above proposition is the basis for the result which follows. Its proof
is a series of obvious verifications.

20.17. THEOREM. Assume that o and 8 are cmeasures on o algebras 2
and B. Define § : A @B — [0, 00] to be

S(E) = fﬂ(E(~))da if Pr(E) C Y is upward enclosable b”
(E) = 00 if not :

Then § is a cmeasure which fulfils
0(Ax B)=a(A)B(B) foral Ac and B € b7,
and hence is a narrow product measure of a and (3.
We combine the last theorem with the uniqueness result 20.12.
20.18. CONSEQUENCE. FEach narrow product measure v : A8 — [0, 00|
fulfils
v(E) = /6(E(~))da for all E € A® B upward enclosable p?,

that is for all E € A ® B upward enclosable a” x b7.

20.19. BIBLIOGRAPHICAL NOTE. The material of the first subsection
should be known, but we cannot name a complete reference. The traditional
product theory is in most textbooks restricted to the so-called o finite case
that

X €a’ and Y € b°.
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Exceptions are Weir [1974] and Behrends [1987]. The author has not seen
characterizations as in 20.11 in the literature. The most important aspect
is the use of inner regularity in terms of the envelope J,. This is the route
which will be pursued in the next section.

21. The Product Formations Based on Inner
Regularity

The present section obtains the main theorems of the chapter. We de-
velop the product formation on the basis of the conventional inner extension
theory of chapter II. This includes the case @ = 7 and hence can be special-
ized to Radon measures.

Further Properties of the Basic Product Formation

Let X and Y be nonvoid sets. We fix lattices G in X and ¥ in Y with
@, and the notation R := (6 x T)*. Like S, and T, we shall often meet
Re = ((6 x T)*)s, an expression which does not look simple. Therefore we
start with a few remarks on this expression, with formal relations and with
natural and important examples.

21.1. EXERCISE. We have Go X To C Re and
(6TG,.) x (TTT,) C RTR..

21.2. REMARK. Assume that

i is a lattice in X with @, X € U,
0 s a lattice in'Y with @,Y € 0.

Then (U xV)*)L = ((UL) X (BL))*)e-
Proof. We put 9 := 41 and 9 :=Y L. From
(AxB) =(AxY)U(XxB') for ACX and BCY

we see that (U x L)L C (WM x M)* or Y x Y C (M x N)*)L, and hence
(U x B)* C (M x N)*)L since the second member is a lattice. Thus (84 x
) = (M x MN)*)L since the situation is symmetric. From 1.5.2) we obtain

(U x ) = (M x M*)L)* = (M x M)*)a) L.
This is the assertion.
21.3. REMARK. Let X andY be topological spaces. 1) Then

Op(X xY) = (Op(X) x Op(Y))",
CIX xY) = ((CUX) x CUY))*"),.

2) Assume that X andY are Hausdorff. Then
Comp(X xY) = ((Comp(X) x Comp(Y))*).
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Proof. 1) The first relation is the definition of the product topology. The
second relation then follows from 21.2. 2) A subset £ C X X Y is compact
iff it is closed and contained in the product A x B of some compact subsets
ACcXand BCY.

We turn to the main results of the subsection. We assume that
v : 6 — [0,00] is isotone with ¢(&) =0,
¥ : T — [0, 00][ is isotone with ¢ (&) = 0,

and let ¥ = ¢ x ¢ : R — [0, 00[ be the basic product formation defined in
20.4.

21.4. PROPOSITION. Assume that @ and v are downward e continuous.
Then ¥ is downward e continuous as well.

Proof. Let 91 C R be a paving of type e with 9 | £ € R. For x € X
we see from 20.3.1) and 20.1.3) that {M(z) : M € M} C T is a paving of
type e with | F(z) € . Since 1 is downward e continuous we have

inf{)(M(z)) : M € M} = (E(x)).

By 20.3.2) therefore {¢)(M(-)) : M € M} C UM(S) is nonvoid of type e
and downward directed in the pointwise order with | ¢ (E(-)) € UM(S).
Furthermore 9(M f@b( )dap < oo for M € 9. Since ¢ is downward
e continuous it follows from 11.17 that

mf{][z/J ))dg : M € M} = ][1/) ))de,

which is the assertion.

21.5. EXERCISE. Assume that ¢ and i are o continuous at &. Then ¥
is e continuous at & as well. Hint: Use 11.22 instead of 11.17.

21.6. LEMMA. Assume that @ and i are downward e continuous. For
each & € R, then

i) E(z) € To and e (E(z)) < 0o for all z € X;

ii) the functz’on Ve(E()) : X — [0,00[ is in UM(8,);

iii) Yo JCZZJ.( )dtpo < 0.

We can assume that e = o7. We recall from 6.5 that g0.|6. and 1| T
are finite extensions of ¢ and ¢ and are downward e continuous. By 21.4
likewise ¥¢|Re is a finite extension of 9 and is downward e continuous. We
also recall the restriction formula 20.7. We note that

Po X Yo : (P(X) x P(Y))" — [0, 0],
while the expression f¢ (E(:))dps € [0, 00] is defined for all E C X x Y.

Proof. Define £ to consist of all E € SR, which fulfil i)ii)iii). Thus R C K
from 20.3. It remains to prove that R satisfies | . Let 91 C K be a paving
of type e with 9t | E. Then E € R,. i) For z € X we see from 20.1.3)
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that {M(z) : M € M} C T, is a paving of type e with | E(x). Therefore
E(z) € To. It is obvious that 1 (E(z)) < co. ii) We have

inf{1e (M (z)) M € M} = 1o (E(x)).
For t > 0 therefore

() [We(M() 2 1] = [Ua(E()) 2 1,

Mem

which is € &,. It follows that 1e(E(-)) : X — [0,00[ is in UM(S,). iii)
{¢e(M())) : M € M} C UM(S,) is nonvoid of type e and downward
directed in the pointwise order with | e (E(-)) € UM(S,). Thus 11.17
combined with 11.15 implies that

inf{ ][w. ))dgpe : M € M} = ][w. ))dg.

On the other hand we know that inf{de(M) : M € M} = Yo(FE). The
assertion follows.

21.7. EXERCISE. Assume that ¢ and ¢ are downward e continuous. De-
duce from 21.6 that J¢(A X B) = @e(A)tbe(B) for all AC X and BCY.

We conclude with one more lemma.
21.8. LEMMA. Assume that

a: A — [0,00] is a ccontent on a ring A D & and inner reqular &,

B:B — [0,00] is a ccontent on a ring B D T and inner reqular X.
Then the ccontent o x 3 : (A X B)* — [0, 00] is inner regular (& x T)* = R.
Proof. Fix E € (2 x B)*. By 20.2.2) then

E = UA; x By with Ay,---, A, € AU pairwise disjoint and By, -+, B, € B,
=1

so that (a x B)(F) = ZT: (A;)B(By). To be shown is

(a x B)(F) =sup{(a x 8)(M) : M € R with M C E}.

i) Assume that (o x )(E) = oo. Then a(A;)5(B;) = oo for some | =
1,--+,r, and thus a(4;),8(B;) > 0 by the usual convention. In this case
the assertion is obvious. ii) Assume that (« x 3)(E) < oo and hence
a(A))B(B)) < oo foralll=1,---,r. Fix e > 0. Then take

S =@ and T; := & in case a(4;)3(B;) = 0;
and in case a(4;)B(B;) > 0 and hence 0 < a(4;), B(B;) < oo take

S; € 6 with S; C A and «(S)) 2 (1 —e)a(4)),
T; € T with T; C By and 5(T;) = (1 —¢€)B(By).
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Then we have

M =S x Tj € ® with M C E and (a x 8)(M) = > _a(S)B(T)),
=1 =1

since S, -+ , .S, are pairwise disjoint, and hence

(ax B)(M) = (1 —e)*(a x B)(E).

The assertion follows.
The Main Theorem

The theorem below fulfils what can be expected.

21.9. THEOREM. Assume that
¢ : 6 — [0,00] is an inner e premeasure with () =0,
P : T — [0,00][ is an inner o premeasure with (&) = 0.

Then 9 = ¢ X 1 : R — [0,00[ is an inner e premeasure. Moreover if

&= palClgn) and = pule(pa),
then 0 := J4|€(Vs) is an extension of & x V.

21.10. REMARK. Assume that ¢ and v are both inner ¢ and inner 7
premeasures. Hence 9 = ¢ X 1) is both an inner ¢ and an inner 7 premeasure
as well. By 6.24 and 6.25 then 9, |€(¥,) is a restriction of ¥,|€(J,). However,
we shall see that the increase

in the domains from €(J,) to €(¥;), and
in the lattices of inner regularity from R, to R,

can have fundamental implications.

Proof of 21.9. 1) We consider the product formation n := (pe|G,) X
(10e|Te) < 00 on the lattice ) := (G4 x%,)*. From 21.1 we have R C H C R,
and hence $¢ = R,. From 21.4 we know that n is downward e continuous.
Furthermore ¥ = n|R by 20.7 and J¢|9 = 1 by 21.6. We claim that e = 7.
The relation < is obvious since ¥ is a restriction of 7. In order to prove =
we fix F C X xY. Let 9t C $ be a paving of type e with 91 | some D C E.
Then D € e = Re. It follows that

inf{n(M) : M € M} = inf{Ve(M) : M € M} = Js(D) = Vo(E),
since Y¢|MRe is known to be downward e continuous. Therefore 7e(E) <
Jo(F) as claimed.

2) From S, C €(p.) and T, C &(1hs) we have H C (€(ps) X €(0a))*.
From 20.7 also n = (® x ¥)|$. Now 21.8 implies that ® x W is inner regular
. Therefore ® x ¥ is an inner * extension of 7.

3) We next prove that ¢ is an inner e premeasure. By the conventional
inner main theorem 6.31 we have to show that

HQ) SV (P)+Je(Q\ P) forall PCQ infR.
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Now we see from 2) and 1) that

HQ)=d(P) = (2xV)(Q)—(®xW)(P)=(xV)(Q\P)
= sup{n(H): H € $Hwith HC Q\ P}
= sup{Ve(H): H € Hwith HC Q\ P} <9.(Q\ P).

This is the assertion.

4) We know from 2) that ® x ¥ is an inner x extension of 7. Thus 7
is an inner x premeasure, and ® x ¥ is a restriction of 7,|€(n,). Since n
is downward e continuous it follows from 6.24 and 6.25 that 7,|€(ny) is a
restriction of 7e|€(ne). At last we know from 1) that 7 = . Therefore
® x ¥ is a restriction of ¥4|€(¥e) = 6. This finishes the proof of the theorem.

We add a few words of comparison with the traditional product forma-
tions in section 20. The proofs alone make clear that the former procedures
are much more superficial than the present one. Nevertheless the traditional
product formations are not superfluous, because the new procedure contains
part iii) of the former main result 20.11 as a primitive specialization, but
not parts i) and ii). In the other direction the previous inner results can be
of some use in case @ = ¢, but are of no use at all in case e = 7. However,
this case can be spectacular, as we shall see next.

We turn to the specialization to Radon measures. Let X and Y be
Hausdorff topological spaces. We assume that

a : Bor(X) — [0, 0] is a Borel-Radon measure on X,
B :Bor(Y) — [0,00] is a Borel-Radon measure on Y,

and form the restrictions

p:=0a|6 to & :=Comp(X),

P :=p|T  to T:= Comp(Y).
Thus ¢ and 1 are Radon premeasures in the sense of 9.1, that is inner o
premeasures for all ¢ = xo7. We write as usual

D = pe|€(ps), so that o = ®|Bor(X),

U :=1)e|€(10s), so that B = ¥|Bor(Y).
Then 21.9 says that ¥ = ¢ x ¢ : R — [0,00[ is an inner e premeasure for
e = o7 as well. Moreover it says that

(Bor(X) x Bor(Y))* C (€(pe) X €(the))* C €(Va),
and that 6 := J,|€(s) satisfies
0|(Bor(X) x Bor(Y))* = a x (.

In both cases @ = o7 therefore 8|Bor(X) ® Bor(Y) is a product measure of
a and . But §|Bor(X) ®Bor(Y') need not be a Radon measure on X x Y in
the sense of section 9, for the simple reason that its domain Bor(X)®Bor(Y')
need not contain the compact subsets of X x Y, as we have seen in 13.19.
It would be unnatural to expect much more from €(¢J,), but we do not plan
to deepen this point.
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However, in case @ = 7 the picture is different. From 21.3.2) we obtain

R, = Comp(X xY),
Cl(X xY)CRTR, C €,) andhence Bor(X xY) C €(¥,).
Since ¥, is inner regular R, = Comp(X x Y) it follows that 6 := ¥.|€(¥;)
is a Radon measure. Hence v := 0|Bor(X xY) = ¢,|Bor(X xY) is a Borel-

Radon measure on X x Y. Of course its restriction v|Bor(X) @ Bor(Y) is a
product measure of o and 3, that is

v(Ax B) =a(A)B(B) forall A€ Bor(X) and B € Bor(Y).
Our final result looks as follows.

21.11. THEOREM. Assume that o : Bor(X) — [0,00] and 5 : Bor(Y) —
[0,00] are Borel-Radon measures on Hausdorff topological spaces X and Y.
Then there exists a unique Borel-Radon measure v : Bor(X X Y) — [0, o]
on X XY such that

v(Ax B)=a(A)B(B) forall A€ Comp(X) and B € Comp(Y).
We have
v o= (px¥)|C((p x9)r)
with ¢ := a|Comp(X) and ¢ := 3|Comp(Y).
The restriction v|Bor(X) ® Bor(Y) is a product measure of a and 3.
Proof. It remains to prove the uniqueness assertion. Assume that v :

Bor(X xY) — [0, 00] is a Borel-Radon measure on X x Y as in the theorem.
Thus in the former notations

vV(AxB)=9(AxB) forall Ac &and B €%.

Then v(E) = J(E) for all E € R from the uniqueness assertion in 20.5.
Therefore v(E) = 9,(E) = 0(E) for all E € |, = Comp(X x Y) and hence
for all E € Bor(X x Y). This completes the proof.

The Sectional Representation

The present subsection is under the assumption that

@ : 6 — [0,00[ is an inner e premeasure with ¢(2) =0,

1 : T — [0,00] is an inner e premeasure with (@) = 0,
where @ = o7. We know from 21.9 that ¥ = ¢ x ¢ : R — [0, 00[ is an inner
e premeasure as well. If as before

D= p|Cpy) and U= g |C(0),

then 0 := ¥4|€(Ys) is an extension of ® x ¥. Our aim is to extend the
sectional representation of the traditional product measure 0|€(pq) ® €(1s),
as obtained in 20.18, to the whole of 0, as far as this is possible. We shall
see that the situation is more involved than before. The final results for the
future will be 21.12, 21.16 with 21.13, and 21.19.
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For the sequel we have the choice between a downward and an upward
procedure. Both times the central result 21.15 and its consequences would
be the same. We prefer the upward procedure, because in it the important
21.12 will not be burdened with finiteness conditions. The upward procedure
will be based on the formations il := (6GTG,)L and Y := (TTT,) L. We
see from 21.2 and 21.1 that

(UxD)*)L = ((6T6,) x (TTZe))")e,
Re C (U XxV)*)L C RTR,.

This has to be combined with the old fact RTRe C €(Js) from 6.31. It
follows that (4 x B)® C €(F).

21.12. THEOREM. Let P C U and Q C U be lattices with Ue. For each
E € (P x Q)* then

0) E(z) € Q forallz € X;

i) the function V(E(:)) : X — [0,00] is in LM(P);

ii) O(E) = U (E())d®.

Proof. Define R to consist of all E € (RTR,)L which fulfil 0)i)ii).
Then (P x Q)* C K. In fact, 0)i) result from 20.3, and ii) results from
21.9 since (P x Q)* C (€(ps) X €(1he))* where § = & x W. Therefore it
remains to prove that K satisfies T o. Let 91 C K be a paving of type e
with 9 7 E. Then F € (RTR.)L. 0) For x € X we see from 20.1.3) that
{M(z): M € M} C Q is a paving of type o with T E(z). Hence E(z) € Q.
i) The restriction ¥U|(TT%,)L is upward e continuous, in case ¢ = 7 by 6.28.
Thus we have

sup{¥ (M (z)) : M € M} = ¥(E(z)) forz € X.
For t > 0 therefore
U w1() > 8 = [w(B()) > ¢,
meIM

which is in 9. It follows that W(E(-)) : X — [0,00] is in LM(P). ii)
{¥(M(-)) : M € M} C LM(P) is nonvoid of type o and upward directed in
the pointwise order with T W(E(-)) € LM(®). Furthermore ®|(&TS,)L is
upward e continuous. Thus 11.18 combined with 11.15 implies that

sup{][‘IJ(M(-))dCD LM e My = ][\IJ(E(-))d@.

On the other hand 6|(RTR,)L is upward e continuous as well. Hence
sup{O(M) : M € M} = O(E). The assertion follows.
Next we combine this with 1.11 and 1.16.0).

21.13. REMARK. Let B in X and Q in Y be lattices. For each FE €
Ao ((B x Q)*) then E(z) € Ac(Q®) for allz € X.
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Proof. Fix x € X and consider the map h : Y — X X Y defined to be

~1
y+— (x,y). For E C X XY then h(E) = E(z). Thus to be shown is that h
is measurable Ao (Q°) — Ao ((B x Q)*). From 1.11 and 20.1.1) we obtain

-1 . -1 . -1 .
h (Aa((‘B % 9) )) - Ao(h (P x Q) )) - Aa((h (P x 9)) )
C Ac((Qu{g})®) =Ac(Q°).
This is the assertion.
21.14. PROPOSITION. Assume that ®(X) < oo and U(Y) < oco. Let
P C U and Q C U be lattices with Us. For each E € Ao ((P x Q)*) then
i) the function V(E()) : X — [0, 00[ is measurable Ac(P);
ii) 0(F) = [U(E())d® < oco.
Proof. We can assume that X € P and Y € Q. 1) Define 91 to consist
of all E € Ac((B x Q)*) such that
i) the function W(E(-)) : X — [0, 0o is measurable Ao ();
ii) 9(E) = [ W (E(-))d®.
Then N satisfies \ and | o. This is clear from standard facts in section 13
combined with 20.1.2)3). 2) Let 9t := (f x Q)°*. Then M C N from 21.12.

Furthermore MT = 9N since M is a lattice and X x Y € 9. Thus the
transporter theorem 1.16.0) furnishes

Ac((F x Q)*) = Ao(IMT) C MTN C N.

This is the assertion.
The above result 21.14 admits an essential extension. We need a little
interlude which is based on the former lemma 9.21.

We fix subsets P € €(p,) with ®(P) < oo and Q € €(1)e) with ¥(Q) <
oo, and define
Dp:C(pe) — [0,00[ tobe Pp(A)=P(ANP)for Ae &€(p.),
Tg 1 €(ths) — [0,00] tobe Wo(B)=U(BNQ) for B € €(ih).
From 9.21 we see that

pp = ®p|G is an inner ® premeasure,
and ®p is an inner e extension of pp,
g := ¥g|% is an inner e premeasure,
and Vg is an inner e extension of 1.
We conclude from 21.9 that ¥pg = ¢p x g : R — [0,00] is an inner o
premeasure as well. On the other side we consider the subset P x @ €
(o) X €(1he) C €(¥s). Once more from 9.21 we see that (- N (P x Q))|R
is an inner e premeasure, and 6(- N (P x @Q)) is an inner e extension of
(- N (P x Q))|R. We first claim that

9pg(E) =0(EN (P xQ)) forall E €N
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In fact, in virtue of 2.5.1) it suffices to show this for E = S x T with S € &
and T' € . But for these subsets we have

VpQ(E) = Upqg(SxT)=(opx1g)(SxT)=ep(S)o(T)
= Bp(S)Uo(T) = B(S N PYH(T N Q)
= 9((SNP)x (TNQ))=0(EN(PxQ)).

Now let 0pg = (Upg)e|€((Upg)e) be the maximal inner e extension of
Ipg = 0(-N(P x Q))|R. Then it follows that €(Js) C €((Ipg)s) and

HpQ(E) = H(E N (P x Q)) for all E € €(J,).
This is the intermediate result which we need.

21.15. THEOREM. Let B C U and Q C U be lattices with Ue. For each
E € Ac((P xQ)*), and for Q € €(hs) with ¥(Q) < oo, then

i) the function W(E(-)NQ) : X — [0,00[ is measurable Ac(P);
i) 0(EN (X x Q) = [ U(E(-) NQ)dd.

Proof. Besides @ € €(1,) with ¥U(Q) < oo we fix P € €(p,) with
®(P) < oo until the last step of the proof, and retain the former notations.
The assertions will be obtained upon application of 21.14 to ¢ p and g with
the respective pg and 6pg. Note that the inner  extensions ®p and V¢ of
¢p and g are not claimed to be their maximal ones. Let E € Ao ((PxQ)*).
We obtain assertion i) since Vg (E(z)) = ¥(E(z) N Q) for z € X. Next
21.14.ii) reads

QPQ(E) = /\I/Q(E(‘))d‘l)p < o0.

The first member is = 9(E N (P x Q)) in virtue of our intermediate result.
Let us rewrite the second member. For the cmeasures ® and ®p on €(p,)
and for an f : X — [0, co] measurable €(p,) we have

—00 —00

/fdcpp ~ i[idép()[ép([f>t])dt()[@([f>t]ﬂP)dt
— [ a(xes 2 t)it= fxrfie= [ xesao.
o

We use this relation for f:= ¥g(E(-)) = V(E(-) N Q). Then we obtain

0(EN (P x Q) = /qu/(E(.) nQ)ds.

At last we form the supremum over all P € €(p,) with ®(P) < co. For the
first member we note that 6 is inner regular R,, and for the second member
we invoke 12.2.3). Then assertion ii) follows.
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21.16. CONSEQUENCE. Let B C U and Q C U be lattices with Us. As-
sume that E € Ao ((P x Q)*) has Pr(E) C Y upward enclosable [¥ < o0l
Then

i) the function V(E(")) : X — [0,00] is measurable Ac(P);
ii) 0(F) = [U(E())dD.
Proof. This is an obvious consequence of 21.15 combined with standard

facts in section 13.

The most important of the above results will be specialized to Radon
measures at the end of the subsection. Before this we keep the present main
road and pass to the final step.

21.17. THEOREM. Assume that E € €(J,). For fized Q € €(1bs) with
U (Q) < oo then

0) E(x) N Q € €(1he) for all x € X except on some N(Q) € €(pe) with
(N(Q)) = 0;
i) the function ¥e(E(-) N Q) : X — [0,00[ is measurable €(¢,);

i) 0(EN (X x Q) = [ve(E() NQ)dD.

The null sets N(-) € €(p,) in 0) cannot be dispensed with, as the next
example will show. It is for @ :=Y with U(Y) < cc.

21.18. EXAMPLE. We assume on the one hand a nonvoid subset N €
() with ®(N) = 0, and on the other hand a subset T' C Y which is not
in €(¢)e). From 21.9 we have

N XY € €(ps) X €(ths) C €(¥s) with O(N x Y) = &(N)¥(Y) = 0.

Thus 10.16 implies that E := N x T is in €(¢,). But for x € N we have
E(x) =T ¢ C(tu).

Proof of 21.17. For the first steps we fix Q € €(¢,) with ¥(Q) < oo and
P € €(pe) with ®(P) < co. 1) We have EN (P X Q), E' N (P x Q) € €(J)
with values 6(-) < co. Since 6 is inner regular e there exist sequences

(A7), in Re with 4,1 A C EN (P x Q) and 8(A) = 0(E N (P x Q)),

(B in R with B, 1 B € E'0 (P x Q) and 0(B) = 0(E'n (P x Q).
Of course A, B € €(¥,). Note that A, B C P x  implies that A(z), B(z) C
Q for x € X and A(z) = B(z) = @ for x € P'. 2) We recall 4 and U,

and note that A, B € Ao ((4f x 2)*). Thus from 21.13 and 21.15 applied to
PB:=4Uand Q :=Y and to A and B we obtain

0) A(z), B(z) € Ao () C €(¢s) for all z € X;

i) the functions W(A(-)), ¥(B(:)) : X — [0, 00] are measurable Ao (4) C
(e );

ii) 6(A) = [V(A()))d® and 0(B) = [V (B(-))d®.
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3) We pass from B to D := (P x Q) \ B € €(¥s). We have on the one hand
ACEN(PxQ)CDCPxQ with

9(A)=0(EN(PxQ)) = 6(PxQ)—0(E'N(PxQ))
(P xQ)—6(B)=06(D).
On the other hand D(z) = @ for € P/, while for z € P we have D(z) =

Q \ B(z) € €(¢) and hence ¥(D(z)) = ¥(Q) — ¥(B(z)). Therefore the
function W (D()) : X — [0, 00] is measurable €(ip,). We have

0(D) = (P x Q) — 6(B) /(@(Q) CW(B())d = /\P(D(-))d@.
P

4) We come to the decisive point. We have A(z) C E(x) N Q C D(x) for
z € P,and [V(A())d® = 0(A) = 6(D) = [V(D(-))d®. Thus if we define
P P

N(P,Q):={z e P:¥(A(z)) < ¥(D(x))} € €(¢a),

then 13.25.3) furnishes ®(N(P,Q)) = 0. For € P\ N(P, Q) then ¥(A(x))
=¥ (D(x)), and 10.16 applied to ¢ furnishes E(z) N Q € €(¢,).

For the next steps we keep @ € €(¢),) with U(Q) < co. 5) In order to
prove assertion 0) we form

N@Q)={reX:Ex)NQ ¢ C(¢Ya)} C X.
For each P € €(ps) with ®(P) < oo then 4) implies that P N N(Q) C
N(P,Q). Thus from 10.16 applied to ¢ we obtain P N N(Q) € €(pe) with
®(PNN(Q)) = 0. This holds true in particular for all P € &. Thus 6.21

implies N(Q) € €(y,), and we have CID(N(Q)) = 0 since ® is inner regular
G.. This proves 0). 6) In order to prove assertion i) we form

L(Q,t) :=[e(E()NQ) 2t] C X for ¢ >0.
For fixed P € €(pe) with ®(P) < oo we have on the one hand L(Q,t) N
N(P,Q) € €(ps) from 4) and 10.16 applied to ¢. On the other hand we see
for z € P\ N(P,Q) that ¢ (E(z)NQ) = ¥(A(z)) and hence L(Q,t) N (P
N(P,Q)) =[¥(A(-) 2N (P\N(P,Q)) € €(ps). Therefore L(Q,t)NP €
€(ws). As before we conclude from 6.21 that L(Q,t) € €(p,). This proves
i). 7) In order to prove assertion ii) we once more fix P € €(p,) with

®(P) < co. From the representation formula for 6(A) in 2) and from 4) we
obtain

0(EN (P x Q) = 0(A) = /m(A(.))dq> - /sz/;. (E() N Q)da.

At last we form the supremum over all P € €(p,) with ®(P) < co. As at
the end of the proof of 21.15 then assertion ii) follows.

21.19. CONSEQUENCE. Assume that E € €(¥) has Pr(E) C Y upward
enclosable [¥ < oo]?. Then

0) E(z) € €(¢s) for allz € X except on some N € €(pa) with ®(N) = 0;
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i) the function ¥e(E(-)) : X — [0,00] is measurable €(pa);
i) 0(E) = [ va(E())do.

Proof. This is an immediate consequence of 21.17 combined once more
with 10.16 applied to ¢ and with standard facts in section 13.

As announced above we conclude with the specialization to Radon mea-
sures. We assume that « : Bor(X) — [0,00] and § : Bor(Y) — [0, 0] are
Borel-Radon measures on Hausdorff topological spaces X and Y, and that
v : Bor(X xY) — [0,00] is the unique Borel-Radon product measure of «
and [ obtained in 21.11. As before we form the restrictions ¢ := a|& to
G := Comp(X) and ¥ := B|F to T := Comp(Y), so that « = ®|Bor(X)
and = ¥|Bor(Y). The present context allows to take P := Op(X) C U
and Q := Op(Y) C U. From 21.3.1) then (P x Q)7 = Op(X x Y) and
hence Ao ((P x Q)7) = Bor(X x Y). Therefore the above results 21.12 and
21.16 with 21.13 specialize as follows. We do not specialize the final 21.19,
because there is no particular reason to do so.

21.20. THEOREM. For each E € Op(X xY') we have
0) E(x) € Op(Y) for allz € X;
i) the function B(E(-)) : X — [0,00] is in LSC(X, [0, 00]);
i) v(E) = [ B(E())da.
21.21. THEOREM. For each FE € Bor(X X Y') we have
0) E(x) € Bor(Y) for allz € X.
If Pr(E) C Y is upward enclosable [3 < oo]? then
i) the function B(E(:)) : X — [0,00[ is Borel measurable;
ii) v(E) = fﬁ(E())da
We add a drastic example which shows that the size restriction in 21.21,
and hence in 21.16 and 21.19, cannot be dispensed with.

21.22. EXAMPLE. Let X = [0,1] with the usual topology, and let oo =
A|Bor(X) be the Borel-Lebesgue measure. Let Y = [0, 1] with the discrete
topology, and let 3 : Bor(Y) = B(Y) — [0,00] be the counting measure.
Both a and 8 are Borel-Radon measures. The diagonal D C X x Y is closed
in the product topology and hence in Bor(X x Y). We have on the one
hand D(z) = {z} € Comp(Y) and hence 3(D(z)) =1 for x € X .Therefore
[B(D(:))de = 1. On the other hand, if @ € Bor(Y) has 3(Q) < oo
and hence is finite, then 3(D(-) N Q) = xg and hence v(D N (X x Q)) =
[ B(D(-)NQ)de = 0 from 21.21. Since v is inner regular Comp(X xY) and
since each compact subset of X x Y is contained in X x ) for some finite
Q C Y, it follows that v(D) = 0. Thus v(D) = [ 8(D(-))da is not true.

21.23. BIBLIOGRAPHICAL NOTE. It is one of the serious failures of tra-
ditional measure theory that the abstract theory had no natural method
of product formation which in case of two Borel-Radon measures, even on
locally compact Hausdorff topological spaces, furnishes an outcome of the
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same sort. The site where the need for this was most vital, and where an
appropiate answer then arose, was the context of the Haar measure on lo-
cally compact topological groups; see for example Hewitt-Ross [1963] with
its historical notes. The answer was the construction of the Borel-Radon
product measure on locally compact Hausdorff topological spaces via the
traditional Riesz representation theorem 14.2. It became a show-piece in
the development a la Bourbaki, and perhaps an essential motivation for it.
For presentations in recent textbooks we refer to Cohn [1980] chapter 7.6
and Floret [1981] section 13.

For the construction of the Borel-Radon product measure on locally
compact Hausdorf spaces also direct methods were developed, for example
in Johnson [1966] and Kelley-Srinivasan [1988]. We also quote the work
of Bledsoe-Morse [1955] to which we shall come back below. There is a
comprehensive comparison theorem in Godfrey-Sion [1969).

After the Borel-Radon measures had been defined on arbitrary Hausdorff
topological spaces, the theorem on the existence and uniqueness of the Borel-
Radon product measure was extended to this context; see Bourbaki [1969]
section 2.5. In Henry [1969] it has been obtained as an application of the
basic transplantation theorem which is the essence of the present 18.22. For
the present notion of a Borel-Radon measure we refer to the presentation in
Berg-Christensen-Ressel [1984] chapter 2.1. It is even for so-called Radon
bimeasures. Results similar to 21.11 are in Sapounakis-Sion [1987] section
8, as before in the spirit of the two-step extension method of this paper.

After the result of Henry [1969] quoted above one can expect that the
abstract transplantation theorems as treated in chapter VI lead to abstract
versions of the Borel-Radon product measure. This has in fact been achieved
in Adamski [1984a] theorem 3.12, based on the close relative of the present
19.8 quoted at that place. However, it appears that the transplantation
techniques are not an adequate direct method for the present purpose.

As far as the author is aware, there is but one other place in the lit-
erature where the Borel-Radon product measure could have been deduced
from abstract measure theory. This is the paper of Bledsoe-Morse [1955]
quoted above. However, this work has different and less simple basic ideas
and is quite technical. For easier descriptions we refer to the final part of
its introduction, to Godfrey-Sion [1969] and Bledsoe-Wilks [1972] section 2,
and to the illustrative exercise 4.4.14 in Dudley [1989].

After all the present main theorem 21.9 unmasks the formation of the
Borel-Radon product measure as a special case of an extensive and simple
principle in abstract measure theory. It appears here for the first time.

22. The Fubini-Tonelli and Fubini Theorems

The present section obtains the Fubini-Tonelli and Fubini theorems
which pertain to the product formations treated above. It is natural that
they come in several versions. The substance of the Fubini-Tonelli theorems
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is contained in the above results on sectional representations. What remains
is to pass from measurable subsets of the product set to measurable func-
tions with values in [0, 00|, both times in the respective sense. This is the
work of a standard theorem on monotone approximation which will be sup-
plied in the first subsection. In view of its importance the first subsection
will be more extensive than needed in the sequel.

Monotone Approximation of Functions

Let X be a nonvoid set. We start with the result which will be needed in
the next subsection.

22.1. PROPOSITION. Let & be a lattice in X with @ € &. For each
f € UM(6G) ULM(B) there exists a sequence (fn)n in S(&) such that

i) fu 1 f pointwise;
) fo < FA2YE fut1/2m
Note that ii) implies for 0 < ¢ < oo on [f £ ] the uniform estimation

0= f— fn<1/2™ when 2™ 2 c.

22.2. ADDENDUM. The functions f, can be chosen to be
22n
fn = (1/2")Zx[f;l/2n] in case f € UM(S),
=1

2277,

fn (1/2")> X(fsij2n) in case f € LM(8).
=1

Proof of 22.1 and 22.2. We see from 11.4 that the functions f,, defined
in 22.2 are in S(&). In the sequel we restrict ourselves to the case =. It
will be obvious that the case > has the same proof. 1) From 11.6 applied to
[a,b] := [0,2"] and to the subdivision points (1) := /2" for [ = 0,1,--- ,22"
we obtain

22n
fo S FA2VS (/2 Xipza-10m
=1
22n
= 1/ 2”>Z(X[fzz/2"} + X[z/2"f>fz<1—1>/2ﬂ)
=1
2271
= fat (129D Xpjons 212 S o+ 1/2"
=1

2) We have

[F 2 1/2") = [f 2 20/2"7 ] € [ 2 (21— 1)/2"*] for 1= 0,1, 27",
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and therefore

22n
fa = (1/2"+1)Z(X[f321/2n+1] +X[fg(21—1)/2n+1])
=1
22(n+1)
= (/2" > Xppzyentt) = fata-
=1

3) From 1)2) it is clear that f,(z) T f(x) at all points € X where f(z) <
oo. But in case f(z) = oo we have f,(xz) = 2" from the definition. This
completes the proof.

We know from 11.1 and 11.3 that certain simple manipulations with the
function classes UM(&) and LM (&) require severe limitations. This explains
the restrictive assumption in the consequence which follows.

_ 22.3. PROPOSITION. Let & be a o algebra in X. For each f : X —
R measurable A there exists a sequence (fn)n of functions f, : X — R
measurable A with finite value sets such that

i) 0 = fn 1 f pointwise on [f 2 0], and 0 2 f, | f pointwise on [f < 0].
Therefore f, — [ pointwise and |fn] < |f].

ii) For0 < ¢ < oo we have on [| f| < ¢] the uniform estimation |f—f,| < 1/2"
when 2™ 2 c.

Proof. Let (uy)n and (vy,), be sequences in S(2A) as asserted in 22.1 for
the functions f*:= fVv0and f~ := (—f) V0. Define

fn = unX(p20) — VnX(y<0)s

so that the f,, : X — R are measurable 2 with finite value sets. One verifies
all assertions.

The final theorem below looks similar but it of different type. We use
the notations of chapter V.

22.4. THEOREM. Let E C [0, OO[X be a primitive lattice cone with 1 € F,
and let A := Ao (T(E)), that is the smallest o algebra in X such that all
f € E are measurable A. Assume that H C [0,00[X contains E and is
stable under monotone pointwise convergent sequences. Then H contains
all functions f : X — [0, oo[ measurable .

We define E to consist of all functions sets H C [0, 00[* as assumed in
the theorem. This collection is nonvoid, since it contains the function set

M(2) N [0, 00[¥= {f € [0,00[*: f measurable A}.

Let E be the intersection of all H € E. It is obvious that E itself is a
member of E. We shall prove that E contains all functions f:X —1[0,00]
measurable 2, and hence coincides with the set M(2) N [0, 00[¥ of these
functions. However, we do not claim that each f € E is the pointwise limit
of some sequence or even monotone sequence in F.
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Proof. 1) E is a lattice cone. This is a familiar two-step conclusion. In
the first step one fixes f € E and forms

H:={uel0,00X:u+fuV fuA f cue E forall ¢ > 0}.

One verifies that H € E and concludes that H contains E. In the second
step one does the same with f € E. Then the assertion follows. 2) We claim
that

X[u<v]> X[u<o] € E  for all u,v € E.

In fact, first note that (n(v—uAv))Al € E and T X[y<y], 80 that X[ju<y € E.
Then Xju<vti/n) I Xu<y) for n — oo, so that xp,<, € E. 3) We form
M:={AC X :xaeE}and M := MN (ML). From 2) we see that
[u < v] € Mfor all u,v € E. In particular [f = ¢] € N for all f € FE
and ¢ > 0, that is T(E) C M. 4) From 1) and from the definition of £ we
conclude that 2 fulfils Us and No. The same then follows for M. Combined
with 3) this implies that 9 is a o algebra and % = Ag(T(E)) C M C M. 5)
Thus we have x4 € E for all A € 2. From 1) and 22.1 the assertion follows.

22.5. BIBLIOGRAPHICAL NOTE. The assertions 22.1 to 22.3 are mathe-
matical folklore. Results of the type 22.4 are called monotone class theorems
for functions. For related versions we refer to Revuz-Yor [1991] theorem 0.2.2
and to Hackenbroch-Thalmaier [1994] Satz 1.4.

The Fubini-Tonelli Theorems

In the last two sections on product formations we obtained four final results
on sectional representations. These were

in section 20: 20.18 with 20.15;

in section 21: 21.12, and its specialization 21.20 to Radon measures;
21.16 with 21.13, and its specialization 21.21 to Radon measures;
21.19.

Between these results there are substantial differences. They are all impor-
tant in their specific contexts, so that none of them should be put aside.
Therefore we shall extend all four of them to theorems of the Fubini-Tonelli
type. The proofs will follows the same pattern based on 22.1. We start with
the traditional product situation of section 20.

22.6. THEOREM. Assume that

a:2A — [0,00] is a cmeasure on a o algebra A in X,
B :B — [0,00] is a cmeasure on a o algebra B inY,

and that v : A @ B — [0,00] is a narrow product measure of « and [3. Let
f: X xY —[0,00] be measurable A @ B. Then

0) f(z,:) : Y — [0, 00] is measurable B for all z € X.
If Pr([f > 0]) C Y is upward enclosable [ < o0] then
i) the function f: fO(x) = [ f(z,-)dB for v € X is measurable .
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If [f > 0] € X XY is upward enclosable [a < 0]? X [B < o0]? then
i) [ fdv= [ fOda.

The proof below and the subsequent ones will need two obvious formal
remarks. 0) If f: X xY — [0,00] and ¢ > 0 then [f(z,-) = t] = [f = t](z)
for all z € X. The same holds true for > instead of 2. 1) If f = yp with
E C X xY then f(z,) = xp(y) for all z € X.

Proof of 22.6. 0) follows from 20.15.0) combined with formal remark
0). i) Define H to consist of all functions f : X x Y — [0, 0co] measurable
2 ® B which fulfil i). From standard facts in section 13 it is clear that H
is a cone and stable under isotone sequences. From 20.15.1) combined with
formal remark 1) we see that H contains f = xg when E € 2A ® B has
Pr(E) C Y upward enclosable [ < o0]?. Therefore 22.1 implies that H
contains all f : X xY — [0,00] with Pr([f > 0]) C Y upward enclosable
[ < o0]?. ii) Define H to consist of all functions f : X x Y — [0, 00]
measurable 2 ® B which fulfil 1)ii). From 20.18 we conclude as before that
H contains all f: X XY — [0, oo] measurable 2 ® 9B with [f > 0] C X xY
upward enclosable [ < 00]7 x [ < 00]°.
The next theorems resume the situation of section 21. We assume as
above that
¢ : 6 — [0,00] is an inner e premeasure with p(@) =0,
¥ : T — [0,00[ is an inner e premeasure with (&) = 0,
and let @ := @q|C(pe) and W := 1)4|€(1)e ), where @ = o7. Furthermore let
H:=(6TG,)L and Y := (TT%,)L. We know from 21.9 that ¥ = ¢ x ¢ :
R — [0,00[ is an inner e premeasure as well, and that 6 := ¥,|€(Ys) is an
extension of ® x V.

22.7. THEOREM. Assume that P C U and Q C U are lattices with Ue.
Let f € LM((‘B X Q)'). Then

0) f(z,:) e LM(Q) for allz € X;

i) the function fO: fO(z) = ff(x,)d¥ for x € X is in LM(B);

ii) £fdf = ff0d®.

Proof. 0) follows from 21.12.0) combined with formal remark 0). i)
Define H to consist of all functions f € LM(( x Q)*) which fulfil i)ii).
We note that the classes LM(+) which occur are cones by 11.1.3) and stable
under isotone sequences by the definition. Then we conclude from 11.11
and 11.18, or from standard facts in section 13, that H is a cone and stable
under isotone sequences. From 21.12.i)ii) combined with formal remark 1)
we see that H contains f = xp when E € (p x Q)°. Therefore 22.1 implies
that H contains all f € LM((B x Q)°).

22.8. THEOREM. Assume that P C U and Q C U are lattices with Ue.
Let f: X xY — [0,00] be measurable Ao ((P x Q)*). Then

0) f(z,) : Y — [0,00] is measurable Ao (Q) for all z € X.
If Pr([f > 0]) C Y is upward enclosable [¥ < 0] then
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i) the function fO: f%(z) = [ f(x,-)dV for z € X is measurable Ao (*B);
i) [ fdo = [ 1.

This time the proof is so close to the former ones that we can save the
details.

22.9. THEOREM. Let f : X xY — [0,00] be measurable €(Js), and let
Pr([f > 0]) C Y be upward enclosable [¥ < co]?. Then there exists a subset
N € €(ps) with ®(N) =0 such that

0) f(z,:) : Y — [0, 00] is measurable @(w.) for allz € X \ N;

i) each function f°: X — [0,00] with f'(x) = [ f(z,-)d¥ forz € X\ N
is measurable €(pa);

i) [ fdo = [ fOd®.

Proof. Define H to consist of all functions f : X XY — [0, co] measurable
€(¥e) for which there exists a subset N € €(po) with ®(N) = 0 and with
0)i)ii). We conclude from 10.16 that instead of N one can take any other
null set which contains N. By standard facts in section 13 thus H is a cone
and stable under isotone sequences. From 21.19.i)ii) combined with 10.16
and formal remark 1) we see that H contains f = yg when F € €(¢J,) has
Pr(E) C Y upward enclosable [¥ < o0]?. Therefore 22.1 implies that H
contains all f: X xY — [0, co] measurable €(«J,) such that Pr([f > 0]) C YV
is upward enclosable [¥ < c0].

The above theorems have the usual consequences which assert that un-
der the obvious assumptions the order of the two componential integration
processes can be reversed. We shall not enter the details, and do the same
in the next subsection on the Fubini theorems.

As in section 21 we conclude with the specialization of 22.7 and 22.8 to
Radon measures. We assume that « : Bor(X) — [0,00] and 3 : Bor(Y) —
[0,00] are Borel-Radon measures on Hausdorff topological spaces X and
Y, and that v : Bor(X x Y) — [0,00] is the unique Borel-Radon product
measure of a and § obtained in 21.11.

22.10. THEOREM. Let f € LSC(X x Y, [0,00]). Then

0) f(z,-) € LSC(Y, [0, ]) forallx e X;
) the function fO: fO(z) = [ f(x,-)dB for x € X is in LSC(X, [0, 00]);
i) [ fdv= [ fda.

22.11. THEOREM. Assume that f: X xY — [0, 00| is Borel measurable.
Then

0) f(z,-) : Y — [0,00] is Borel measurable for all x € X.
IfPr([f >0]) C Y is upward enclosable [ < 00| then
i) the function fO: fO(x) = [ f(x,-)dB for x € X is Borel measurable;

i) [ fdv = [ fOda.



228 VII. PRODUCTS OF CONTENTS AND MEASURES

The Fubini Theorems

The Fubini theorem for each of the present contexts arises from the respec-
tive Fubini-Tonelli theorem when one passes from measurable functions with
values in [0, c0] to integrable functions with values in R. One knows that it
is often less simple. In the present subsection we obtain the Fubini theorems

for the context of section 20 from 22.6, and
for the context of section 21 from 22.8 and 22.9,

while 22.7 has no Fubini counterpart. We even attempt a simultaneous
proof.

22.12. THEOREM (Addendum to 22.6). Let f : X x Y — R be integrable
v, and let [f # 0] C X x Y be upward enclosable [ < o0]” x [ < o0]°.
Then there exists a subset N € 2 with a(N) = 0 such that

0) f(z,) : Y — R is integrable 8 for all x € X \ N;

i) the function f': X — R, defined to be

() {ff )dpB  forxze X\ N

forz e N } , 18 integrable «;

i) [ fdv= [ fda.

In short words: There exists a null set N € 2 such that the iterated integral

[ ([ f(z,9)dB(y))da(z) exists in the sense of integrable functions and is
X\N

= [ fdv.

22.13. THEOREM (Addendum to 22.8 and 22.9). We adopt the natural
abbreviations

in case 22.8 . a := P|Ac(P) on2A = Ac(P),
B =VTAc(Q) onB =Ac(Q),
v =0lAc((BxQ)°) on€ :=Ac((BxQ)*);
in case 22.9: a = on A = &(p.),
B =V onB = (1),
v =460 on € :=C(b,).
O]) C be upward

Let f : X xY — R be integrable v, and let Pr([f #
enclosable [V < 00]?. Then there exists a subset N € A w
that

0) f(z,-) : Y — R is integrable B for all x € X \ N;
i) the function f': X — R, defined to be

ff )dpB  forxze X\ N
forx e N

a(N) =0 such

fO(x) } , is integrable a

i) [ fdv = [ fOda.
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In short words: There exists a null set N € 2 such that the iterated integral

[ (f(z,y)dB(y))da(z) exists in the sense of integrable functions and is
X\N

= [ fdv.

Proof of 22.12 and 22.13. 1) From the respective former theorems applied
to f¥: X xY — [0, 00] we obtain a subset M € A with a(M) = 0 such that

0) f£(x,-) : Y — [0, 00] are measurable B for all z € X \ M;

i) the functions (f*)°: X — [0, 0], defined to be

N0/ N fH(z,)dB forze X\ M

(f)(x)—{({ for x € M

ii) [ frdv = [(f*)da < cc.
One can take M = & in cases 22.6 and 22.8. We note that f = f*+(—f7).
2) In view of ii) the functions (f*)° are integrable a. Thus by 13.23.1)
there exists a subset N € 2 with a(N) = 0 such that (f*)%(z) < oo
for all x € X \ N. We can assume that M C N. It follows that for
x € X\ N the functions f*(x,-) and hence the function f(z,-) are integrable
B. 3) Define f : X — R as in i) of the theorems. By 13.20.2) then
fo>z) = (%) — (f7)°(z) for x € X \ N. Hence f is integrable o, and
once more from 13.20.2) we have

/fodaz/(fﬂoda/(f)oda:/ﬁdu/fdy:/fdu.

The proof is complete.

} , are measurable 2;

This time we shall not write out the specialization to Radon measures.
We have said above that 22.7 has no Fubini counterpart. The part of 22.13
which comes from 22.8 has been formulated in such a manner that it co-
incides with its specialization when one fortifies the assumption upward
enclosable [¥ < 00]? to upward enclosable [5 < o0]?.

22.14. BIBLIOGRAPHICAL NOTE. The traditional Fubini-Tonelli and
Fubini theorems 22.6 and 22.12 are in all textbooks.

For the specialization of the further Fubini-Tonelli and Fubini theorems
to Borel-Radon measures on locally compact Hausdorff topological spaces we
refer to Hewitt-Ross [1963] section 13, Bourbaki [1967] section 8, and Cohn
[1980] section 7.6.

For Borel-Radon measures on arbitrary Hausdorff topological spaces
there are versions of the present 22.10 and 22.9 in Bourbaki [1969] section
2.6. The full result 22.10 and the essence of 22.11 are in Berg-Christensen-
Ressel [1984] theorem 2.1.12.






CHAPTER VIII

Applications of the New Contents and
Measures

The present final chapter is independent of the extension theories
of chapter II and of the subsequent chapters III and V to VII. It returns
to chapter I and in particular to the new notions of contents and measures
defined in section 2. The main purpose of these notions was to form the
soil on which the outer and inner extension theories of chapter II became
identical. The present chapter wants to demonstrate that the new notions
can be useful in other contexts as well, in order to obtain more reasonable
forms of the results, or to contribute to their proofs and to their mutual
relations. We consider the domain of some famous decomposition theorems.

23. The Jordan and Hahn Decomposition
Theorems

We start with the Jordan theorem which is for contents, like the Lebesgue
decomposition theorem of the next section. The subsequent Hahn theorem
will be for measures.

Introduction

Let A be an algebra in a nonvoid set X. We start with the conventional
versions of the Jordan decomposition problem.

The finite version assumes a modular set function ¢ : A — R with
©(@) = 0. Wanted are representations ¢ = [ — «, where o, 5 : 2 — [0, 0]
are finite ccontents. An obvious necessary condition for the existence of such
a representation is that ¢ be bounded, because it implies that —a(X) =
¢ < B(X). The converse result will be that if ¢ is bounded then there exist
representations, and a unique one which is optimal in an appropriate sense.
We add a useful remark.

23.1. REMARK. 1) A modular set function ¢ : 2 — R is bounded above
iff it is bounded below. 2) There exist modular set functions ¢ : 2 — R
which are not bounded. For an example let 2 consist of the finite and
cofinite subsets of an infinite X, and define ¢ : A — R to be

#(A) for A finite
p(A) = { —#(A") for A cofinite }

It is a simple verification that ¢ is modular.
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The infinite version assumes, in order to avoid the difficulties with the
addition in R for which we have invented the operations + and +, for in-
stance a modular set function ¢ : A —] — 00, 00] with (&) = 0. Wanted
are representations ¢ = 3 — «, where this time of course « : A — [0, oo is
a finite ccontent and 3 : A — [0,00] is a ccontent. An obvious necessary
condition for the existence of such a representation is that ¢ be bounded
below, because it implies that ¢ =2 —a(X). The converse result will be that
if ¢ is bounded below then there exist representations, and a unique one
which is optimal in an appropriate sense.

We want to remove the asymmetry in the latter representations. We
shall see that it is not due to the restriction from R to ] — 0o, 0o], but that
the condition ¢(@) = 0 must be blamed for it. Thus we assume a modular
set function ¢ : A —] — 0o, 00] which is # oo, so that in particular we do
not require that ¢(@) < co. Wanted are representations

0(A) = a(A) + B(A) forall Ae,

where «, 5 : A —] — 00, 00] are isotone modular set functions # oo, that
means contents in the new sense. Then « and (§ are bounded below with
a(2), (@) € R, and hence ¢ 2 a(2) + 3(2) is likewise bounded below. As
before the converse result will be that if ¢ is bounded below then there exist
representations, and (up to an additive real constant) a unique one which is
optimal in an appropriate sense. The new representations fulfil

2(@) = a(X) + 5(2) and (X) = a(@) + H(X).

Thus ¢(2) < oo is equivalent to @ < o0, and ¢(X) < oo is equivalent
to B < oco. We assert that in case ¢(@) = 0 the new representations are
equivalent to the former ones. In fact, a new representation furnishes the
old one

p(A) = a(4) + B(4) = (B(4) - B(9)) — (a(4) — a(2)) for A€,
and an old representation furnishes the new one
w(A) =B(A) —a(A) = (a(A’) — a(X)) + B(A) for A e
In the sequel we shall concentrate on the new concepts.
We conclude the introduction with a short discussion of what can happen

when one passes from | — oo, 00| to R.

23.2. REMARK. Assume that ¢ : 2 —] — 00,00] is modular and not
bounded below. Then it cannot be represented in the above sense. But ¢
can have representations

0(A) = a(A) + B(A) forall Ae,
where o, 3 : A — R are contents + in the new sense. For an example
let A consist of the finite and cofinite subsets of an infinite X, and define
¢ A —] —00,00] to be
—#(A) for A finite
p(A) = { #A) }

00 for A cofinite
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One verifies that « : A — [—00,0] and 3 : A — [0, 0], defined to be
—00 for A finite
o(4) = { —#(A") for A cofinite } and
{ 0 for A finite }

oo for A cofinite

are as required. However, in the present case all such representations are
pathological in a sense. This is the interpretation which will later be attrib-
uted to the final remark below.

We recall from 2.14 that each + content a : 2 — R defines a certain
ccontent o’ : A — [0, oc]. In particular if «(&) € R then o = a — a(9).

23.3. REMARK. Assume that ¢ : A —] — 00, 00] is modular and not
bounded below. If o, 3 : A — R are contents + with

0(A) = a(A) + B(A) forall Ae,
then aM(A") 4+ B"(A) = oo for all A € 2.

Proof. Assume not, and fix Q@ € 2 with o(Q") + Q) < oo and
hence with a(Q"), Q) < oo. Also fix P € 2 with ¢(P) € R and hence
with «(P"),3(P) € R. We claim that a(@), (&) € R, which implies a
contradiction. 1) By definition we have

aNQ) = (a(P'UQ)—a(P))+ (a(P) —a(P NQ)),
pNQ) = (BPUQ)—B(P))+ (B(P)-B(PNQ)).
This implies that
Li) a(P'UQ") € Rand B(PUQ) € R,
Lil) a(P'NQ) eRand B(PNQ’) € R.
From 1.i) we see that a(Q') < oo and 3(Q) < oo. On the other hand
0(Q) = a(Q")+B(Q) > —oo. Therefore a(Q'), 3(Q) € R. 2) From
a(P'UQ) +a(P'NQ) = aP)+a(Q),
BPUQ)+BPNQ) = B(P)+B(Q),
and from the finiteness of the right sides we conclude that o(P' N Q') € R
and S(PNQ) € R. 3) Now
aP'NQ)+a(P'NQ) = afF)+a(2),
BPNQ)+B(PNQY) = B(P)+ 5(2).

On the left the first terms are finite by 2), and the second terms are finite
by 1.ii). It follows that o(@), (&) € R as claimed.
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The Infimum Formation

Let as before 2 be an algebra in a nonvoid set X.

23.4. THEOREM. Assume that o, : A —] — 00,00] are modular and
bounded below. Define

AN AA) =inf{a(ANP)+B(ANP): PeA} for Ac

Then A : A —] — 00, 0] is modular and bounded below.

23.5. ADDENDUM. Let M € A with A(M) < oo, and let (P); be a se-
quence in A with

a(MNP))+BMNP)— XNM) forl— occ.

Then a(ANP)) + (AN P) — XA) for all A e A with A C M.

The proof requires a simple remark.

23.6. REMARK. Let o : A — R be modular + If PC ACQ in A with
a(P),a(Q) € R then a(A) € R.

Proof of 23.6. For B := Q|A|P = (Q\ A)UP € A we have AUB = Q
and AN B = P. Therefore
a(A) + a(B) = a(P) + a(Q) € R.
The assertion follows.

Proof of 23.4 and 23.5. We can assume that « and 3 are # oo, since
otherwise A = oco. It is obvious that A is bounded below. The proof that A
is modular will be combined with that of the addendum.

1) If A,B € A with A(A), A\(B) < oo then A\(AU B) < co. In fact, by
definition there exist

P e with PC Aand a(A\ P),B(P) €
Q €A with Q C Band o(B\ @),8(Q) €
Since a and 3 are modular we have 3(P U Q) € R, and
a((A\P)N(B\Q)) eR and a((A\P)U(B\Q))€R
One verifies that
(A\P)N(B\Q) C(AUB)\ (PUQ) C (A\P)U(B\Q).
Thus 23.6 implies that a((AU B) \ (PUQ)) € R. The results combine to
furnish A(AU B) < co. 2) We have to prove that

A(A) + AB) = A(AUB) + A(ANB) for A,B €.

In case A(AU B) = oo this follows from 1), and in case A(AU B) < oo it is
a consequence of 23.5. Thus it remains to prove the addendum.

3) We need an intermediate computation. Let P,@Q and A C M be
subsets of X, and put Z := Q|A|P. One verifies that

ANPIAIMNQ =ANQ and ANPIAIMNQ =MnZ,
ANPIAIMNQ=ANQ and ANPAIMNQ=MnZ.
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Thus if P,Q, A, M € 2 and hence Z € 2 then
((ANQ) +B(ANQ)) + (a(M N Z') + B(M N Z))
a((ANPHUMNQ)) +a((ANP)IN(MNQ))
BANPYUMNQ)) +B(ANP)N(MNQ))

= (a(ANP)+BANP))+ (a(MNQ)+B(MNQ)).
4) Assume that A C M in 2. From 3) we have

(a(ANQ) +BANQ)) + A(M)
S ((ANP)+BANP))+ (a(MNQ)+BMNQ)) for P,Q €
The definition of A(A) furnishes
((ANQ) +BANQ)) +A(M)
S MA)+ (MNnQ)+B(MNQ)) for Qe

Now assume that A(M) < oo, and let (P}); be as in 23.5. Then for Q := P,
and | — oo we obtain the assertion.

+

23.7. SPECIAL CASE. Assume that o, 3 : A — [0, 00| are ccontents. Then
23.4 furnishes a ccontent A : % — [0,00]. It has the properties

)Asa,pB;
ii) each ccontent 9 on A with 9 < o, B fulfils 9 < .

Hence it is the unique ccontent on 2 with these properties.

The assertions are all obvious. The above special case is the reason for
the infimum type notation A =: a A § in all cases. Note that this formation
is symmetric.

We are led to a basic definition. The ccontents a, 3 : 2 — [0, 00] are
defined to be singular (to each other) iff & A § = 0, that is iff

inf{a(P") + B(P): P €A} =: (a A B)(X) =0.

In this case we write oL 3. Moreover the + contents a, §: A — R are called
singular iff o\, 8" are singular. In this case we likewise write oL 3.

23.8. REMARK. Let o, 3 : 2 — [0,00] be ccontents. Then
a, 3 are singular <= there exists P € A with a(P') = 3(P) = 0.
Moreover we have => when 2 is a o algebra and «, 8 are cmeasures.
Proof. <) is obvious. =) In case (aAB)(X) = 0 there exists a sequence
(A;); in A with a(4)), B(A;) £ 1/2!+L, For B, := G A; € 2 then on the one
hand B(P,) = 1/2™. On the other hand o
for | > n: Ay C P, or P! C A] and hence a(P)) < 1/211,

so that «(P)) = 0. Now P, | some P € 2. It follows that S(P) = 0 and
a(P') =0.
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23.9. BIBLIOGRAPHICAL NOTE. The above theorem 23.4 looks too nar-
row when compared with Rao-Rao [1983] proposition 2.5.2. There it is
claimed that for each pair of modular set functions a, 3 : A —] — 00, 9]
with (@) = [(@) = 0, bounded below or not, the identical formation
A : A — R is a so-called charge, which in particular means that it cannot
attain both of the values +co. But this assertion is false, as the counterex-
ample below will show. Thus one-sided boundedness seems to play a key
role, in accordance with the present exposition. The author did not attempt
to overlook the possible impact of the false 2.5.2 on Rao-Rao [1983].

23.10. EXERCISE. Let X be the union of two disjoint infinite subsets .S
and T. Define G to consist of the finite and cofinite subsets of S, and ¥ to
consist of the finite and cofinite subsets of T', and let

A:={ACX:ANnSeGand ANT € T}.

As in earlier examples define ¢ : & — R and ¢ : T — [0, 00] to be
_ #(A) for A C S finite
p(4) = { —#(A") for A C S cofinite and
. 0 for A CT finite
N oo for A CT cofinite
Then define o, 8 : A —] — 00, 0] to be

alA) = 20(ANS)+yY(ANT),
B(A) = @ANS)+y(ANT) for Ae
It is obvious that o and 8 are modular with a(@) = B(@) = 0. To be

verified is that the formation A : % — R as in 23.4 satisfies A\(S) = —oo and
MNT) = oc.

The Jordan Decomposition Theorem

We return to the context of the introduction. Assume that ¢ : A —]—o00, x|
is modular and bounded below # co. Then [ := infy € R. As above we
understand a representation of ¢ to be a couple of contents a, 5 : A —
| — 00, 00] such that

0(A) = a(A) + B(A) for AeA
This equation can be written
o(A) = N(A) + BNA) + (@) + B(@) for A €.

Formation of the infimum over the A € 2 shows that (o) A (8") is a finite
ccontent with

I=((a")A(B")(X)+a(2) + B(2).
Thus I 2 (@) + (@), and I = (@) + 4(2) iff aLF. We turn to the basic
assertions on existence and uniqueness.



23. THE JORDAN AND HAHN DECOMPOSITION THEOREMS 237

23.11. THEOREM. Assume that ¢ : 20 —]—00, 00| is modular and bounded
below # oo. Define

o:0(A) = inf{p(ANP):PeAy—1 and
7:7(A) = inf{p(AUP):PeA} -1 forAec
Then o,7 : A — [0, 00] are ccontents and fulfil
o(A) =c(A)+7(A)+1 forall A
Thus o Lr. Therefore (o + a), (T + b) with real constants a +b =1 form a
representation of ¢ with (o + a)L(7 +b).
23.12. ADDENDUM. Let (P); be a sequence in A with ¢(P;) — I. Then
o(ANP) — o(A)+1 and
0(AUP) — T(A)+1 forall AcL
Proof of 23.11 and 23.12. 0) For a set function ¢ : % — R we define
' 1A — R to be ¥'(A) = J(A") for A € . It should not be confused
with the upside-down transform 91 : A1 =2 — R of 9 defined before 2.7.

There are obvious equivalences like those in 2.7, of which we shall make free
use.

For the remainder of the proof we adapt the notations to those of 23.4
and 23.5. 1) We note that

ifa=0and B=¢ : a(A'NP)+BANP)=¢pA'NP) for A,P e,
(aNB)(A)=0c(A)+1 for Ae,

fa=¢ and =0 : a(A'NP)+BA'NP)=p(AUP) for A,P €,
(aNB)(A)=71(A)+1 for Aeq.

Thus we see that 0 = (0A @) — I and 7 = (¢' A0)' — I. It follows from 23.4

that o, 7 : 2 —] — 00, 00] are modular. The definitions themselves show that

0,7 2 0 and o(&) = 7(@) = 0. Thus 2.10 says that o and 7 are ccontents.
2) In both cases considered in 1) we obtain for A = &

a(P)+B(P) = ¢(P) for Peq,
(anpB)(X) = T€eR

Thus 23.5 applied to M := X asserts that for each sequence (P); in 2 with
©(P;) — I we have

a(ANP)+BA'NP)— (anB)(A) forall Aeq.
This means that
ifa=0and B=¢ : @A NP)—oc(Ad)+1,
ifa=¢ and =0 : @(AUP) — 7(A) + 1,
as claimed in 23.12. 3) For A € 2 we obtain from 2)
¢(A) +o(P) = p(ANB) + p(AU B) — o(A") +7(A) + 21,

since all terms are > —oo. It follows that ¢(A) = o(A’) + 7(A) + I. This
completes the proof.
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23.13. THEOREM. Assume that ¢ : 20 —]—00, 00| is modular and bounded
below # co. Then the representations «, 3 : A —] — 00, 00| of ¢ are in one-
to-one correspondence with

the finite ccontents X : 20 — [0, 00[ and the couples a,b € R
such that A(X)+a+b=1.

The correspondence is
a:=c+a+A and B:=14+b+ A,

and its inverse is X := (a) A (") and a := a(@),b := B(D). In particular
alBiff X =0, that is iff a, B is one of the particular representations obtained
mn 23.11.

Proof. 1) We start with a finite ccontent A : 2 — [0,00[ and a,b € R
with M(X)+a+b=1, and form o :=0+a+ A and §:=7+b+ A. Then
a, 3 : A —] — 00, 00| are contents. For A € 2 we have

a(A) +B8(A) = (o(A)+7(4)) + (a+b) + (MA) + A(A))
= (p(4) =I) + (a+b) + A(X) = ¢(4),
so that «, 3 form a representation of ¢. We claim that (a”) A (8") and

a(2), (D) lead back to A and a,b. It is clear that a(@) = a and 3(2) = b.
Then for A, P € 2 we have

a(ANP)+pBNANP)

((ANP')—a)+ (B(ANP) —b)
= o(ANP)+7(ANP)+ AA).
Thus the infimum over P € 2 furnishes
((ozA) A (ﬂA))(A) = (e AT)(A)+ A(A) =A(A) for Ae,
which is the assertion.

2) We start with a representation a, 3 : 2 —] — 00, 00] of ¢, and form
A= (") A (B") and a = a(D),b := B3(&). We have seen above that
A A — [0,00[ is a finite ccontent with A\(X) +a + b = I. We claim that
oc+a+ Xand 7+ b+ X lead back to o and . This will complete the proof.
i) We fix a sequence (P); in & with ¢(P;) — I. This means that

o N(P)+BNR) = a(P)+B(BR) -~ (a+b)=p(F) -~ (a+Db)

— IT—(a+b)=XX)=((")A(BY))(X)eR.
Thus 23.5 applied to M := X asserts that for all A € &
MANP)+BNANE) — ((a")A(BM)(A) = X(A),
a(ANP)+B(ANP) — XA)+(a+b).
We combine this with 23.12 to obtain
p(A'NP)+a(ANP)+BANE) — o(A)+I1+AA)+(a+b),
W(AUP)+a(ANP)+B8ANP) — 7(A)+IT+AA)+ (a+D).
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ii) We reformulate the left sides of the last two relations. For the first relation
we obtain

a(AUP)+ BANP)+a(ANP) + B(ANP)
= a(A)+ o)+ B(R) + B(2) = a(A) +¢(P) +b— a(A) + I +b.
It follows that «(A) = o(A) + A(A) + a. For the second relation we obtain
a(ANP)+BAUR)+a(ANP)+B(ANER)
= () +a(2)+B(A) + B(P) = B(A) +¢(P) +a — BA) + T +a.
It follows that 8(A) = 7(A) + A(A) + b. The proof is complete.

We see that 23.11 furnishes the (up to an additive real constant) unique
representation «, 3 of ¢ which fulfils @l 3. In the conventional special case
©(2) = 0 we have

0=¢(@) = o(X)+I andhence o < oo,
e(A) = (0(X)—0a(A)+7(A)+1=1(A)—0(A) for Ae,

that is ¢ = 7 — 0. Therefore we write 7 =: ¢ and o =: ¢~ in all cases.

The Existence of Minimal Sets

Let ©» : & — R be a set function on a lattice & in X. We recall that
the different notions of continuous set functions, like most of the notions
defined in section 2, assumed ¢ to be isotone. The present context requires
an appropriate extension of the definition. Justified by success, we define
¢ : 6 — R to be upward o continuous iff

o(S) = lilminfcp(Sl) for all sequences (5;); in & such that S; Tor | S € &.

This is the previous notion when ¢ is isotone. However, we must admit that
a more natural definition seems to be

) ©(S)) — ¢(5) for all sequences (S;); in & with S; 75 € &.

Therefore we insert a short comparison of the two definitions. It is clear
that the comparison requires that & be at least an oval.

23.14. EXERCISE. Assume that ¢ : & —| — 00, 00| is a modular set
function on an oval &. 1) The implication upward o continuous < (1) is
true. 2) The implication upward o continuous = (1) need not be true, even
when & is a o algebra and ¢ = 0. Hint: Let a : & — [0, 00| be a cmeasure,
and define ¢ : & — [0, 00] to be ¢(S) = a(S’) for S € &. Let (4;); be a
sequence in & such that A; | & and a(4;) = oo for all [ € N, and consider
the sequence (S;); of the complements S; := Aj. 2’) The implication upward
o continuous = (1) is true when for each T' € & there exists S € & such
that S C T and ¢(S) < co. In particular it suffices that & is a ring and
(D) < 0.

The fundamental step which follows will lead from the Jordan theorem
to the Hahn theorem.
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23.15. THEOREM. Assume that & is a o lattice and that ¢ : & —] —
00, 00| is submodular and upward o continuous. Then there exists P € &
such that ¢(P) = inf ¢. In particular ¢ is bounded below.

Proof. We can assume that ¢ # co. Thus I := infp < co. For A € &
with p(A) < oo we define

0(A) :=sup{p(A) —¢(S): S € & with S C A} €0, .

1) We claim that

for each pair A € & with p(A) < oo and € >0
there exists B € & with B C A and ¢(B) = ¢(A) and §(B) < ¢

Assume that this is false. Then there exists a pair A € & with ¢(A4) < oo
and € > 0 such that

each B € 6 with B C A and ¢(B) < ¢(A) has §(B) > ¢
that is it has S € & with S C B and ¢(S5) < ¢(B) —

We iterate this procedure B — S, and start with B := A. Then we
obtain a sequence of subsets A = Ag D Ay D -+ D A,.1 D A, D

- in & with p(A4,) < p(An—1)—e¢ for n = 1. Tt follows that A,, | some S €
S and p(A,,) | —oo. But this cannot happen since ¢ is upward o continuous.
Thus the intermediate claim is proved.

2) Next we fix two sequences of real numbers
(cp)n with ¢, > T forn 21 and ¢, | I,

(en)n with e, >0 forn =1 and }_ &, < oco.

n=1
From the definition of I we obtain subsets A, € & with p(4,) < ¢, and
then from 1) subsets B,, € & with ¢(B,,) < ¢, and §(B,,) < e forn = 1. We
form

q
Bl:=|JB €6 for1<p<yq
l=p
Then BE' = B U B, and hence
P(Bf) + ¢(Bgr1) 2 o(BF) + @(BE N Byy).

This implies first of all that ¢(B]) < oo for 1 £ p £ ¢q. From the definition
of §(+) we obtain

@(Bg1) —p(By N Byt1) = 6(Bgr1) = g1,
P(BITY) = (B +egr1.

It follows that

(Bq Z€l<cp+ Z&l <p<

l=p+1 l=p+1
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o0

3) For fixed p =2 1 and ¢ — oo we have Bj 1 P, := |JB; € 6. From 2) and
l=p

since ¢ is upward o continuous it follows that

o0
o(Pp) S ¢p + Z g forp=1.
l=p+1

Now P, | some P € &. Once more from the assumption that ¢ is upward
o continuous it follows that ¢(P) < I. Therefore o(P) = I. The proof is
complete.

The Hahn Decomposition Theorem

The present subsection assumes that 2 is a o algebra in X. Let ¢ : A —
] — 00, 00] be modular and upward o continuous # oco. Then first of all
23.15 asserts that ¢ is bounded below and thus fulfils the assumptions of
the Jordan type theorems 23.11 to 23.13. We retain the former notations
I :=infp € R and o,7. Above all 23.15 asserts that there exist subsets
P € A such that ¢(P) = I. The theorem below collects the principal
consequences.

23.16. THEOREM. Assume that ¢ : A —]—00, 0] is modular and upward
o continuous Z oo. Define P to consist of the subsets P € A with o(P) = I.
0) The subset P € A is in P iff o(P') =7(P)=0. 1) If P € B then
o(A) = pANP)—1 and
T(A) = @(AUP)—1 forall Aec.

2) o and T are cmeasures.

Proof. 0) is obvious from 23.11, and 1) from 23.12. 2) It is evident from
1) that o and 7 are upward o continuous in the new sense.
We add one more fact in the conventional special case (@) = 0. Then
o < oo and ¢ = 7 — 0. Therefore 23.16.0) implies for each P € B that
if AeAwith ACP : 7(A)=0and hence p(A) = —c(A) £ 0,
if Ae A with AC P : o(A) =0 and hence p(A) =7(4) = 0.

This is the essential point in the usual treatments of the Jordan and Hahn
theorems.

23.17. EXERCISE. Under the present assumptions the paving B C 2 is
a o oval.

We conclude with an equivalence result which justifies the present defi-
nition of upward ¢ continuous.

23.18. PROPOSITION. Assume that ¢ : A —] — 0o, 00] is modular and
% 0o. Then the following are equivalent.
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1) There exist couples of measures c, 3 : A —] — 00, 00] such that p(A) =
a(A’) + B(A) for all A € .

2) ¢ is upward o continuous.

We see from 23.14.2) that the equivalence becomes false when one formu-
lates 2) with (7). However, in virtue of 23.14.1)2’) the equivalence remains
true under the restriction p(@) < oco.

Proof of 23.18. The implication 2)=-1) follows from 23.16.2). In order to
prove 1)=2) consider a sequence (5;); in % such that S; 7 or | some S € 2.
The assumption reads

©(S)) = a(S]) + B(S;) for all I and ¢(S) = a(S") + 3(9).
The assertion is ¢(S) = lilm infp(S;). The case S; 1 S: On the one hand
—00

B(S1) 1 B(S). On the other hand we have S; | S". If a(S]) = oo VI then
©(5;) = oo VI, which implies the assertion. Otherwise «(S]) | a(S’). Since
all values a(-) and 3(-) are > —oo it follows that ©(S;) — ¢(S). The case
S; | S and hence S] 7 S’ has the same proof.

23.19. BIBLIOGRAPHICAL NOTE. The usual proofs of the conventional
Jordan and Hahn theorems are for cmeasures and in the reverse order, and
therefore do not make clear that the Jordan theorem is of much wider scope
than the (crude) Hahn theorem. In the frame of ccontents a comprehensive
older reference is Dunford-Schwartz [1958] chapter III, where the conven-
tional Jordan theorem is in the finite version. The author cannot resist to
remark that there is a counterpart for linear functionals which is a simple
consequence of the Hahn-Banach theorem; see Konig [1972]. General con-
ventional Jordan theorems are due to Schmidt [1982a][1982b] and to Rao-
Rao [1983] theorem 2.5.3. The existence theorem 23.15 is an elaboration
of the short paper of Doss [1980], which is based on an older idea of proof.
At last we mention that there are more sophisticated versions of the Hahn
theorem in the frame of ccontents. See for example Rao-Rao [1983] theorem
2.6.2 and Luxemburg [1991] theorem 8.1.

24. The Lebesgue Decomposition and
Radon-Nikodym Theorems

The present final section serves to round off the last chapter and does
not claim material innovation. We want to demonstrate that the main tool
theorems of the last section, the infimum formation 23.4 and the minimum
theorem 23.15, are also adequate means for the theorems of the present title.
On the one side we want to be faithful, for example in that we establish the
Lebesgue decomposition theorem for ccontents instead of cmeasures as most
textbooks do. On the other side we want to avoid technical complications,
as we did in other parts of this text, and therefore shall confine ourselves
to basic versions. Also we shall not enter into the theories of bands and of
Riesz spaces.
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The Lebesgue Decomposition Theorem

We assume that 2 is an algebra in X. Let «, ¢ : 2 — [0, 00] be ccontents.
One defines a to be absolutely continuous with respect to ¢ iff

sup{a(A4) : A € A with ¢(A) £ 6} — 0 ford | 0.
In this case we write a < ¢.
24.1. REMARK. Let o, : A — [0, 00] be ccontents. Then
a<< o= if Ac A has p(A) =0 then a(A) = 0.

Moreover we have <= when A is a o algebra and o, @ are cmeasures with
a < 0.

Proof. =) is obvious. <) Assume not. Then there exists a sequence
(A7) in A with ¢(4;) £ 1/2* and a(4;) = some e > 0 for [ = 1. For
o

P, := |JA; € Athen p(P,) £1/2" and «(P,) = ¢. Now P, | some P € 2.
I=n

Then ¢(P) = 0, and o < oo implies that a(P) = . Thus we arrive at a
contradiction.

24.2. THEOREM (Lebesgue Decomposition Theorem). Let ¢ : A —
[0,00] be a ccontent. Then each finite ccontent X : A — [0, 00[ has a unique
decomposition

A = a+ [ into ccontents a, 3 : A — [0, 00] with o < ¢ and SLep.
We have oo = 2%m)\ A (tp).

24.3. EXERCISE. In the above decomposition A = a + 3 we have a1 3.

Proof of 24.2. We start with the existence assertion. 0) Define oy :=
AN (tp) for t > 0. We see from 23.7 that a; : 2 — [0, 00[ is a finite ccontent
with oy < X. Furthermore oy £ oy for 0 < s < t. Thus the finite limit
a(4) = }iTgozt(A) exists for all A € 2 and defines a ccontent « : 2A — [0, 0]

with @ £ A. Likewise § := A\ — « is a finite ccontent < A. 1) We claim that
a < A In fact, for t > 0 and A € A we have a(A) — a(A) = a(X) — o (X)
and hence

alA) (a(X) - at(X)) +ap(A) < (a(X) - at(X)) + tp(A).
For ¢t > 0 and § > 0 therefore
sup{a(A4) : A € A with p(A) £ 0} < (a(X) — (X)) + td.

We perform § | 0 for fixed ¢ > 0, and then ¢ T co. The assertion follows. 2)
We claim that BLy. We fix t > 0 and obtain from a; := A A (tp) a sequence
(P); in A such that A(P/) 4+ t¢(P) — a¢(X). Thus

0= (A(F) = au(P)) + (t(P) = eu(P) — 0,
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where both brackets are = 0. It follows that

BF)) + o(P)

(AMP) = () + (1/6)(to(P) — aw(P)) + (1/t)ou ()
S (AF) = al(P)) + (/1) (te(P) — ew(Br)) + (1/t)ew(P)
S (T+1/0)6+ (1/HAX).

For | — oo we obtain (B A ¢)(X) = (1/t)A\(X). Thus ¢ T oo furnishes the
assertion. This completes the existence proof.

We turn to the uniqueness assertion. Assume that A\ = ag + [y with
ceontents oy, Fp : A — [0, 00[ such that ag < ¢ and Gy Le. There exists a
sequence (F;); in A such that ¢(P;) — 0 and both 3(P/) — 0 and (o (P/) —
0. Then both a(F) — 0 and ag(F;) — 0. It follows for A € A that
a(ANPF) — 0and ap(AN P) — 0, and hence

MANF) = a(ANP)+AANF) — a(A),
MANF) = a(ANF)+BANP) - ay(4).

Therefore o = . The proof is complete.

24.4. EXERCISE. The assertion of 24.2 becomes false when one removes
the assumption that A\ < oo, even in case that 2 is a ¢ algebra and ¢ and
A are cmeasures with ¢ < co. Hint: Let 2 consist of the countable and
cocountable subsets of an uncountable set X. Define ¢ : 2 — [0, 0o to be

1 for A cocountable

P(A) = { 0 for A countable } ’

and let A : 2 — [0, 00] be the counting measure.

24.5. BIBLIOGRAPHICAL NOTE. The unique basic textbook known to
the author in which the Lebesgue decomposition theorem is for ccontents
instead of cmeasures is Jacobs [1978] theorems VIII.4.2 and I1X.3.8. For more
details we refer to Rao-Rao [1983] chapter 6 with its notes and comments.

A fundamental extension of the Lebesgue decomposition theorem is its
version for bands. For the notion of a band we refer to Jacobs [1978] chap-
ter IX and to the textbooks on Riesz spaces, for example Meyer-Nieberg
[1991]. The band version of the Lebesgue decomposition theorem appears
in connection with its application to the abstract F.and M.Riesz theorem
for complex function algebras. See Gamelin [1969] section I1.7 and Barbey-
Konig [1977] chapters IT and III; more recent presentations are Rudin [1980]
chapter 9 and Conway [1991] chapter V.

The Radon-Nikodym Theorem

The present subsection assumes that ¢ : 2 — [0, 00] is a cmeasure on a o
algebra in a nonvoid set X. We recall 13.32: If f : X — [0, oo] is measurable
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2 then the set function
a: A — [0,00], defined to be a(A) = /fd(p for A e,

is a cmeasure. Furthermore ¢(A) = 0 = «(A4) = 0. Thus o < ¢ when
« < 00, that is when f is integrable ¢. We write a =: fo.

24.6. REMARK. We have [ hda = [(hf)dy for all functions h : X —
[0, 00] measurable A. This is an immediate consequence of the approximation
theorem 22.1.

We first note that the map f — fy is often, but not always injective in
the appropriate sense.

24.7. REMARK. Assume that f,g : X — [0,00] are measurable 2A. i) If
f =g ae ¢ then fo = gp. i) fo = gp does not enforce that f = g ae .
iii) However, if M € 2 satisfies

/fdap:/gd@<oo for all A € A with A C M,

then f =g ae ¢ on M.

Proof. i) is in 13.25.1). ii) will be seen in the next example. iii) Let
A:=MnN[f 2 g+ with 6 > 0. Thus fxa = gxa + 0xa. The assumption
implies that ¢(A) = 0. Therefore p(M N [f > g]) = 0; and likewise (M N

[f <g])=0.
24.8. EXAMPLE. Let 2 consist of the countable and cocountable subsets
of an uncountable set X. Define ¢ : 2 — [0, 00] to be

o(A) = { 0 for A countable }

oo for A cocountable
For f: X — [0, 00] measurable 2 then
if [f > 0] is countable
/fdga ][fdga { oo if [f > 0] is cocountable }

Therefore all functions f : X —]0, co] measurable 2 fulfil fo = ¢.

We come to the main point. The example below will show that a cmea-
sure « : A — [0,00] such that @ < ¢, even when it is finite, need not be
of the form « = fo for some f : X — [0,00] measurable 2. After this
comes the famous affirmative Radon-Nikodym theorem in form of several
equivalence assertions.

24.9. EXAMPLE. We continue with example 24.8 and define @ : 2 —
[0, 00[ as in 24.4 to be

a(4) = {

It is obvious that a <« ¢. But 24.8 shows that « is not of the form f¢ for
some f: X — [0, 00] measurable 2.

0 for A countable
1 for A cocountable
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24.10. THEOREM (Radon-Nikodym Theorem). For a finite cmeasure
a: A — [0,00[ the following are equivalent.

1) a < @, that is (A) =0= a(4) =0 for A e .
2) There ezists a function f: X — [0,00] measurable A such that

alA) = /fdgo for all A € A with ¢(A) < 0.
A

3) There ezists a function f: X — [0, 00[ measurable 2 such that

alA) 2 /fd(p forall A€, and a(A) = /fdga whenever p(A) < 0.
A A

The implications 3)=2) and 2)=-1) are obvious. The proof of 1)=-3)
will be based on the lemma which follows.

24.11. LEMMA. Let ¢ : A — [0,00] be a finite cmeasure such that
i) ¥ < ¢ and
ii) for P € A and e > 0: If ep(A) £ ¥(A) for all A € A with A C P then
o(P) = 0.
Then all A € A with p(A) < 0o have 9(A) = 0.

Proof of 24.11. Assume not. Then there exists E € 2 with ¢(E) < 0o
and Y(E) > 0. We fix ¢ > 0 with ep(E) < ¥(F) and put 0 := ep — 9. Thus
0 : A —] — 00, 00] is modular with §(@) = 0, and upward o continuous by
23.14.1). Thus 23.15 asserts that there exists P € 2 such that 0(P) < 0(A)
for all A € 2. In particular §(P) < 0(E) < 0. For A C P we have

0(A)+0(P) < 0(A)+0(P\ A) = 60(P) and hence 6(A) < 0.
Thus ¢(P) = 0 from ii), and then J(P) = 0 from i). It follows that §(P) =0

and hence a contradiction.

Proof of 24.10.1)=3). Define H to consist of the functions h : X —
[0, co[ measurable 2 such that [hdp < a(A) for all A € 2. H is nonvoid
A

since 0 € H. Moreover all members of H are integrable . i) We claim that
u,v € H=uVuv e H. In fact, for A € 2 we have

/(u\/v)dcp = / udy + / vdp

A ANfu>v] ANfu<o]
S a(Anfu>]) +a(Anu <)) =a(A).
1

ii) Define I := sup{[hdy : h € H}, so that 0 £ I < a(X) < oo. We
claim that I = [ fdy for some f € H. To see this let (u;); be a sequence
in H with [wde — I. By i) we can pass to the sequence of the functions
up V---Vu € H and hence assume that u; 7 some v : X — [0,00]. We

conclude from standard facts in section 13 that w is measurable 2l and fulfils
Judp < a(A) for A € 2 and [udp = I. Thus the function f := uxj,<cc) is
A

as required.
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iii) We fix f € H with I = [ fdy as obtained in ii). Then f¢ is a finite
cmeasure < «, and hence ¥ := a — fp a finite cmeasure as well. We claim
that ¢ fulfils assumption ii) in 24.11. Then 24.11 will furnish the assertion
3). To see this fix P € 2 and £ > 0 such that ep(4) < ¥(A) for all A € A
with A C P. For all A € 2 then

[exe+nie = eoanpy+ [ gaor [ s

A AnpP ANP!
< 9(ANP)+ /fd<p+a(AﬂP')
AnpP

= a(ANP)+a(ANP)=alA).
Thus by definition exp + f € H. Therefore [(exp+ f)dp < I = [ fdp and
hence ¢(P) = 0. This is the present claim. The proof is complete.

24.12. CONSEQUENCE. For a finite cmeasure o : 2 — [0, 00| the follow-
ing are equivalent.

1) a < . Moreover each A € A with a(T) =0 for all T € A with T C A

and o(T') < oo has a(A) = 0.

2) There exists a function f : X — [0, 00] measurable A such that o = fp.

3) There exists a function f : X — [0, 00[ integrable ¢ such that o = fe.
Proof. 1)=3) Fix f: X — [0,00] as in 24.10.3), and form P := [f > 0]

and N := [f =0] in ™. Let A € 2. i) For ¢ > 0 we have ¢([f = t]) < o
from 11.8.5) and hence

a(AN[f 2 1) = / fde.
An[f=t]
For t | 0 therefore «(ANP) = [ fdy. ii) For T € A with T C AN N and
ANP
¢(T) < oo we have a(T) = [ fdp = 0. Therefore c(ANN)=0= [ fdp.
T ANN

From 1)ii) the assertion follows. 3)=-2) is obvious. 2)=-1) The function
f X — [0,00] as assumed in 2) is integrable ¢. Thus ¢([f = t]) < oo for
t > 0 as above. Now

o) 2 a(nlrzd)= [ i

An[f2t]
= [etantrzaniszddsz [eanisz s
0— t

Therefore

a(A) =sup{a(AN[f 2 1)) : t > 0}.
In particular if a(AN[f > ¢]) =0 for all t > 0 then a(A) = 0. The proof is
complete.
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We conclude with another equivalence version which is of particular
interest.

24.13. THEOREM. Assume that ¢ < co. Then for a cmeasure o : A —
[0, 00] the following are equivalent.

1) If A € A has p(A) =0 then a(A) = 0.
2) There exists a function f: X — [0,00] measurable A such that o = fo.

Proof. We have to prove 1)=-2). We form
I :=sup{p(A): A e A with a(A) < oo} £ p(X) < o0,

and fix a sequence (B;); in 2 with a(B;) < oo such that ¢(B;) — I. We can
assume that B; T some B € 2. i) For an A € 2 with A C B’ this enforces
that a(A) < oo = p(A) = 0. Thus we have

either ¢(A) = 0 and hence a(A) =0 from 1),

or ¢(A) > 0 and hence a(A) = co.
ii) We put By := @. From 24.10 applied to the restrictions of ¢ and « to
B\ B;—1 we obtain for [ = 1 functions f; : B; \ Bi—1 — [0, 00[ integrable
©|B; \ Bi—1 such that

alA) = /fldgp forall Ae AN (B;\ Bi—1).
A

Then define f : X — [0, 00] to be
fIB/\ Bi_1:= fifor | =21 and f|B’ := o0.
Thus f is measurable 2, and in virtue of i) it is as required.
24.14. BIBLIOGRAPHICAL NOTE. The scheme of the present proof of
24.10 is from Cohn [1980] and Bauer [1992]. We note that the use of 23.15
helps to make it transparent. The well-known different proof of the Radon-

Nikodym theorem due to von Neumann uses the elementary theory of Hilbert
spaces; see for example Dudley [1989] section 5.5.
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