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Preface to the Second Edition

This is a revised and expanded version of the previous edition. Sev-
eral typographical errors, slips, and many missing references have now
been corrected. Specific changes and details of new inclusions will be
explained. Also a sharper treatment of the computational or algorith-
mic point of view is discussed for a better understanding of the subject.

It may be recalled that conditional expectations and the resulting
(conditional) probabilities have been successfully introduced by A. N.
Kolmogorov in the most general form in 1933 as an application of the
then newly established Radon-Nikodym theorem on abstract measure
spaces. Prior to this only special cases, mostly for discrete random
variables (or those that take at most countably many values), were
in use especially for (Markov or other finite) chains, where explicit
calculations are easily performed, using the elementary definition of
conditional probability by ratios. In the continuous case (or if the
conditioning is based on random variables taking possibly an uncount-
able set of values), the ratio definition and related procedures lead
to indefinite forms and typically some approximations are used in the
literature. The problem is analogous to that confronting in elemen-
tary differential calculus in higher dimensions leading to directional
derivatives. The earliest concern for the resulting problem was raised
by E. Borel in a communication to Kolmogorov who did not have a
satisfactory solution. (It was thought that the problem was not well

1X
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x Preface to the Second Edition

posed.) The difficulty is made quite explicit in the present book, by
exposing a set of examples for an ergodic stationary Gaussian process
with smooth paths, based on some nontrivial calculations for different
types of methods, including those of directional derivatives, based on
the work of M. Kac and D. Slepian (1959), ending up with numerous
(uncountably many) distinctly different answers for the same question.
In fact, the evaluation is a problem of differentiation theory of measures
and is nontrivial. So far no direct and usable method of evaluating gen-
eral conditional probabilities/expectations is available. To clarify the
deeply entrenched calculating problem, one may look for Constructive
Analysis, along the lines advocated by the well-known mathematician
L. E. J. Brouwer, starting in 1907, and reconsidered more recently by
Errett Bishop (1967) as follows.

In his “constructive manifesto”, mathematical methods are broadly
classified into two classes — one an “idealistic type,” and the other a
“constructive type.” A recent letter in the AMS Notices (May 2004)
by G. van der Geer, points out the deeply held views on these ap-
proaches between L. E. J. Brouwer and D. Hilbert which resulted in
serious professional conflicts. Trying to soften this view, but supporting
Brouwer in a pragmatic way, E. Bishop (1967) in his book emphasizes
the constructive approach while trying to (re)prove many results of the
idealistic approach. His motto is: “Every theorem proved with
idealistic methods presents a challenge: to find a construc-
tive version, and to give a constructive proof.” As an example,
he devoted a considerable part of the book to classical mathematics
from this cherished viewpoint. This included a version of the Radon-
Nikodym theorem. The result obtained by him (and a slight improve-
ment worked out by D. Bridges (1985) in the revision) in this form is
quite tnadequate for conditional measures studied in this book as well as
in the current developments of Probability Theory. The Kac-Slepian
illustration (or paradox) noted above shows that the Bishop-Bridges
work does not, as yet, help resolve our difficulties. It is essential that
we compare the constructive attempts with the (unique) existence re-
sults obtained by the idealistic approach to appreciate the underlying
practical and philosophical underpinnings, a distinction which has not

been clearly addressed or even recognized in the literature.

Thus the constructive approach is to approximate by a suitable com-
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Preface to the Second Edition xi

putable (preferably algorithmic) procedure to use it in practical prob-
lems. Note that results based on some form of the axiom of choice
(e.g., the existence of maximal ideals in algebra studies or the general
Hahn-Banach theorem) are generally beyond the uniqueness assertions
as well as computational procedures. Further developments in con-
structive analysis may help in future. It should perhaps also be noted
that computational methods will be of real use when they are accompa-
nied by the uniqueness assertions. In applications of conditional mea-
sures therefore, a lack of unique computational methods/algorithms
will typically give answers depending on the procedures used (“direc-
tional” procedures) and lead to subjective and tentative solutions. (See
the dilemma in H. Cramér and M. R. Leadbetter (1967, p.222).) A
similar situation confronts in “Bayesian analysis” (which would use a
constructive approach); and the “Neyman-Pearson methods” used in
likelihood ratios (or the Radon-Nikodym (or RN) derivatives as gen-
eralized by U. Grenander) have to follow the above noted idealistic
approach because of its relation with the RN theorem. It is important
that this distinction be recognized. As already noted, all these appli-
cations clearly need some appropriate algorithms to implement. The
hoped for resolution (if ever it is found) may be regarded as a basic
justification to advocate subjective probabilities, for Bayes and related
practices, in obtaining some solutions for problems of practical import.

However, in the present treatments the idealistic approach predom-
inates (e.g., for work in Markov processes where transition probability
functions are typically assumed as part of the formulation of the prob-
lem), and then satisfactory results, including uniqueness when avail-
able, are obtained in that context. The presentation of material in this
edition is sharpened to make this dichotomy visible and indicates the
matter at almost every turn to focus on what is known to exist and
what is constructible. This point has not been made explicit in the
existing works, as far as I know, and even in such a classic treatise as
Doob’s (1953, p. 612), in calculating a Radon-Nikodym density using
a martingale theorem, it is stated briefly that “the result (the deriva-
tive in question) depends on the (difference) net used, except in trivial
cases.” This important point should have been highlighted at the very
beginning of its occurrence. Thus the “idealistic approach” naturally
dominates in our work. Bishop (1967, p.233) also observes that the
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xii Preface to the Second Edition

“Birkhoff ergodic theorem” is beyond the “constructive approach” as
of the time of writing his book, or even now, and the same is true of mar-
tingale convergence (noted on p. 360 of his book). With this detailed
explanation of these (philosophical) problems, some of the additions
and modifications for the present expanded version can be explained
as follows.

The first six chapters contain essentially the same material as the
first edition modulo the simple corrections and minor additions. Some
elaborations and the basic frame work of conditioning is given in these
chapters. It forms the First part of the book that everybody should
study. The details are explained in the preface of the first edition (ap-
pended). The remaining five chapters, considerably expanded, divide
into two parts, with Chapters 7 and 8 as the Second, and Chapters
9, 10, 11 forming the Third part. These last two parts contain new
material and demand a more serious and advanced treatment of the

subject.

Thus these parts can be conveniently designated as follows. I: Basic
Framework; II: Abstract Foundations; and III: Advanced Applications.
The last two parts will be described in more detail.

Chapter 7 has a new section on integral representations of condi-
tional expectations both as vector integrals and in special cases using
a kernel representation for Gaussian processes when conditional proba-
bilities are evaluated using the “ratio definition” of densities, prevalent
in current applications. It is pointed out that this type of evaluation
does not necessarily give the asserted Radon-Nikodym density. The
reader may compare this work, which involves many specialized prop-
erties, with the Kac-Slepian paradox to appreciate the difficulties. The
remaining chapters continue the idealistic approach, and the work con-
centrates on the existence problem for different types but with little
on constructive methods. In fact Section 8.3 now contains a detailed
treatment of the theory of projective limits of regular conditional mea-
sures (cf., Rao and Sazonov, 1993), including a novel application to
the Weil-Mackey-Bruhat formula. A discussion of the dichotomy of
absolute continuity and singularity of probability measures is found
in Section 9.3. Also some additional arguments and results are pre-
sented to enhance the previous applications in Chapter 10. The final
chapter has undergone a major expansion and elaboration, as it deals
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Preface to the Second Edition xiii

with extensions of analysis in the earlier parts. The central theme
here is conditioning in operator algebras and its connection with (the
new) “free independence,” a concept introduced by Voiculescu (1992).
Since the classical probabilistic ideas and results present interesting
analogs in this area where the abstract (or idealistic) ideas are vigor-
ously pursued, it is clear that an elaboration as well as a comparative
study is appropriate for new research workers. Thus Section 11.4 is de-
voted to conditioning in a W *-algebra context, and then Section 11.5
studies “free independence” leading to a similar form of the classical
Lévy-Khinchine representation of infinitely divisible distributions. This
opens up a study of stable processes via Cauchy transforms (in place
of characteristic functions) of complex analysis. The point of this is to
present the reader with a new application of the calculus of probability.
On the way an analog of the Kolmogorov existence theorem, using the
Gleason measure and ideas of “quantum probability,” are discussed.
Finally Section 11.6 contains some work on martingale convergence
and sufficiency similar to that of Chapter 6, in the same W *-algebra
context, as applications of the preceding considerations. Thus the last
two parts of the book deal with several new items and will be of special
interest to research students having some advanced preparation.

The general format and the numbering system are the same as be-
fore, as explained in the preface of the first edition. The constructive
and idealistic analyses, the comparison showing their differences, may
be of special interest to workers in the subject since the present book is
unique in this treatment. I hope that this revised and expanded version
will be useful to both graduate students and other researchers, giving a
better perspective of this important branch of Probability Theory and
Mathematical Statistics. I have used the original AMS TeX files pre-
pared by Ms. Jan Carter (formerly Ms. Patterson), with some further
help from her in the revision. The preparation is also partly supported
by a UCR Academic Senate grant for which I express my appreciation.

M. M. Rao
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Preface to the First Edition

In presenting a successful solution of Hilbert’s sixth problem deal-
ing with the axiomatic foundations of the theory of probability, A.N.
Kolmogorov took a further step in 1933 and gave a general basis of con-
ditional expectations from which the concept of conditional probability
was obtained. It includes the earlier case of conditioning relative to a
nonnull event and hence also a countable partition of the underlying
space. The generalization led to a significant growth of probability the-
ory, especially Markov processes, martingales, sufficiency, and Bayesian
inference in statistics as well as ergodic theory and quantum mechanics,

among others.

Although the generalized concept of conditional expectation (and
probability) is natural and contains the intuitive content of the ele-
mentary case, its true meaning will not be fully appreciated unless the
abstract character of the new formulation is fully analyzed. In fact
there is a deep distinction between the countable partition case and
the general case. The problem is particularly visible when the condi-
tioning is given by a nondiscrete random variable so that it takes an
uncountable number of values. Then the determination of conditional
expectation (and consequently probability) is often difficult, and ad hoc

methods lead to different answers for the same question.

In spite of this situation, in many applications of interest there is

no book (reference or text) devoted primarily to this subject in any

XV
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xvi Preface to the First Edition

language illuminating its structure, although many books contain a
portion of a chapter on conditioning. It is the purpose of this volume
to help bridge this gap by presenting a detailed account of the subject
from a broad perspective together with some important applications

from different areas.

Several examples and counterexamples are presented to illustrate
the difficulties inherent in the general viewpoint. Also, a number of
applications and some unresolved problems of the subject are discussed
in detail. The following chapter-by-chapter outline will explain the
content and the broad coverage attempted in this book.

The first chapter is essentially a motivation and starts with the el-
ementary case treating conditioning relative to discrete random vari-
ables. Even here nontrivial questions can be posed and solved, as illus-
trated by the “secretary selection” problem. This leads to an abstract
formulation and the Kolmogorov model is then introduced in Chapter
2. It is shown that the elementary case is subsumed and then some
properties of the general concept as well as conditional independence
are discussed.

In contrast to the elementary case, the general formulation presents
nontrivial computational problems for evaluating both the conditional
expectations and probabilities. These difficulties are discussed in detail
in Chapter 3. As yet there are no algorithms to calculate conditional
expectations. Some general solutions to this problem are proposed
here. Attempts to bypass these questions, including a new axiomatic
approach due to A. Rényi, are discussed in Chapter 4 and some conse-
quences and characterizations of the new concept are also given. It is

found that the earlier problems are not resolved in the new approach.

An extended treatment of regular conditional probabilities of the
Kolmogorov model is presented in Chapter 5. It includes different
types of conditions for the existence of regular conditional measures and
some methods of exact evaluation of a class of conditional expectations
(conditioned by general random variables) making it a pivotal chapter
of the book. Thus these five chapters contain the fundamental theory
of conditional measures that everybody interested in the subject should

know.

Using the general definition, the Fisherian concept of sufficiency is
treated in Chapter 6 for both the dominated and the undominated
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Preface to the First Edition xvii

families of probability measures. Relations between these and cer-
tain vector-valued measures (of unbounded variation) that arise in this
study are also included to clarify and better understand the nature of
this subject. Chapter 7 is devoted to an abstraction of Kolmogorov’s
definition wherein several characterizations of conditional expectations
and probabilities are given. It is then noted that this abstraction con-
tains Rényi’s approach when conditional measures are viewed as vector
measures. Further, a general method for exact evaluation of these ex-

pectations, complementing the work of Chapter 5, is presented.

Chapter 8 is concerned with products of conditional probabilities,
extending the fundamental works of Kolmogorov (1933) and Bochner
(1947, 1955). This plays an important role in the existence theory of
such key areas as (quite general) Markov processes and martingales,
among others. The relation of these product conditional measures to
the disintegration problem is also discussed. The rest of the book con-
siders various (novel) applications.

The general conditioning is illustrated in Chapter 9 with an extended
account of martingale theory and Markov processes. In the former case,
the Kolmogorov formulation can be used without restrictions while the
latter needs regularity of conditional measures almost from the start.
Evaluation of these probabilities is important in real-world applica-
tions as well as in translating the properties of measures to the sample
path analysis. Some unsettled problems exist here. Then, in Chap-
ter 10, regular conditional measures as kernel functions and their use
in potential theory are exemplified. The similarity of the latter with
Reynolds operators and applications to bistochastic operators as well
as the role of conditioning in the structural analysis of contractive pro-
jections are considered. In the final chapter, certain other results in
contemporary analysis are discussed. These concern characterizations
of averaging operators, mimicking conditioning on spaces of function
algebras, and (noncommutative) conditional expectations in operator
algebras on a Hilbert space that are useful in areas such as quantum me-
chanics. Also sufficiency and martingale convergence in this setup are
treated. Throughout, several open problems and directions for further
investigations of this subject are provided. More detailed summaries
appear at the beginning of each of the chapters.

As the above outline shows, the work in the book can be divided
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xviii Preface to the First Edition

into three interlocking parts: (i) the first six chapters treat the foun-
dations and the basic material that everybody dealing with probability
and statistical theory should know, (ii) the next two chapters consider
an extended (abstract) account of the subject, and (iii) the final three
chapters are devoted to a few applications of central importance in anal-
ysis. There is also some material appearing for the first time, especially
in the latter parts of Chapters 6, 7 and 8. Further, I have included the
general treatment for reference purposes as well as to entice researchers

into considering the problems raised here.

The presentation is sufficiently detailed so that the book can be used
for a semester (or a two-quarter) graduate course or seminar on the sub-
ject covering the first six chapters and Chapter 9 and sampling the rest
as time and interests permit. For such a course, the prerequisite is a
standard real analysis course—or at least a concurrent study of the lat-
ter subject is recommended for a proper appreciation. An acquaintance
with some elementary probability and statistics will be useful although
not strictly necessary. However, a great deal of detail, with adequate
motivation, is included to facilitate a self-study by mature scientists to
whom this subject may be new. But, even someone without the math-
ematical preparation can appreciate the issues involved by skipping the
proofs and following the general discussion.

Many references to the work are given, but they are limited to those
explicitly cited in the text. A bibliographical section at the end of each
chapter includes discussions of historical developments of the subject. I
have tried to assign due credit to individual contributions and hope that
I have been successful in this task. Since many of the results covered
here are scattered in the journal literature, I have tried to unify them.
This gives a better perspective of the subject.

For cross-references, all items in the book are serially numbered.
For instance, 5.3.7 is the seventh item of Section 3 of Chapter 5. In
a particular section (chapter) the corresponding section (and chapter)
number is omitted. Also, chapter and section titles appear at the top
of the pages, to help locate a result.

The book has been in preparation for over five years. In fact the
dissatisfaction with computational and some other problems of condi-
tioning is already indicated in my book Probability Theory with Ap-
plications (1984). However, very few people seem to have spent much
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Preface to the First Edition xix

effort on them. Tjur (1974) presented a differential geometric approach
to the computational problem, but it is not a solution to the Kol-
mogorov model and the same is true of the Rényi (1955) method. I
indicated the difficulties explicitly under the name “paradoxes” in a
paper (Rao, 1988). A class of solutions motivated by the ideas of Yeh
(1974, 1975) were extended recently (Rao, 1993) and are included in
this book. These are the only exact methods available for the compu-
tational problem, as far as I know.

The final preparation of this work is facilitated by a UCR sabbatical
leave in 1991-92 spent at the Institute for Advanced Study in Prince-
ton, and the spring of 1992 at MSRI in Berkeley. It is also partially
supported by the ONR grant no. N00014-90-J-1705. An earlier draft
of the first five chapters was typed by Mrs. Eva Stewart, and the revi-
sions as well as the final version of the whole work were patiently and
ably prepared by Ms. Jan Patterson. I am deeply appreciative of these
institutions and individuals for this support and help. Finally, I will
feel more than satisfied if this book helps the reader to better appre-
ciate the intricacies of the conditioning concept as applied to both the
theory and practice of our subject.

M. M. Rao
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Chapter 1

THE CONCEPT OF CONDITIONING

In this chapter, a motivation for the concept of conditioning together
with conditional probabilities and expectations in the case of countable
partitions are presented. Elementary properties and the need for a
generalization of the countable partition case are discussed. Most of
the forthcoming work in the subject has its origins in these simple ideas
and they serve as its natural basis.

1.1 Introduction

Let us start with a probability model describing a given experiment.
This consists of a triple (€2, X, P) where the points of € represent all
possible outcomes of the experiment, ¥ contains all events of conceiv-
able interest to the experimenter, and P is a probability measure on
> describing or measuring the uncertainties of the events. For mathe-
matical convenience Y is enlarged to become a o-algebra, usually the
smallest such that contains all the events of interest to the experi-
menter. Also P is taken to be c-additive and P(2) = 1. The o-
additivity is again stipulated for mathematical analysis although it is
also a natural assumption in many cases. This model basically follows
the Kolmogorov axiomatic setup. It has enabled a solid foundation,
giving a phenomenal growth to probability theory ever since its intro-

duction in 1933. Several earlier attempts, including R. von Mises’ basic
1
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2 Chapter 1. The Concept of Conditioning

contributions in this direction, were not satisfactory. Regarding such
an axiomatic basis, we note that D. Hilbert has proposed it as part of
the sixth problem in his famous compendium of mathematical problems

at the International Congress of Mathematics in 1900 in Paris.

For an appreciation of the situation, let us quote a relevant passage

here. Hilbert writes:

Investigations of the foundations of geometry suggest the prob-
lem: To treat in the same manner, by means of axioms, those
physical sciences in which mathematics plays an important part;
first of all, the theory of probability and mechanics (italics origi-
nal). As to the axioms of the theory of probability, it seems to
me desirable that their logical investigation should be accompa-
nied by a rigorous and satisfactory development of the method
of mean values in mathematical physics and in particular in the

kinetic theory of gases.

In including this problem in the compendium, it appears that Hilbert
was influenced by a popular lecture, due to a less-known scientist named
Bohlmann, given for some high school teachers on insurance problems
containing a brief account of the axioms of probability which apparently
was not satisfactory. Indeed several attempts, including those by von
Mises, have been unsuccessful since most of these tried to incorporate
the interpretation of the practical aspect of “randomness” as part of
the system. The breakthrough came with A. Kolmogorov in 1933 when
he was able to separate the latter from the desired axioms for a rigorous
development of the subject. In fact, Kolmogorov has gone a step further
and presented a very general definition of conditional expectation from
which the conditional probability function was immediately obtained.
In the elementary case, one defines the conditional probability first and
then a conditional expectation is obtained from it while in the general
case the order is reversed. This turns out to be an important and

necessary change in the viewpoint for such an extension.

To understand the problems clearly, we shall discuss here the elemen-
tary case in detail and show how this leads to the desired abstraction
in the next chapter. A quick and plausible argument in this transition
often leads to confusion and even to paradoxes. We illustrate some of
the latter in Chapter 3 and pinpoint the sources of trouble. Attempts
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1.2 Conditional probability given a partition 3

at new axiomatic methods of conditioning and their (limited) use will
be discussed in Chapter 4. Then the fundamental Kolmogorov model
and its ramifications as well as important applications will occupy the
rest of this book. The treatment throughout is detailed. It is hoped

that the subject is better understood and appreciated as a result.

Before proceeding further, it must be noted that the physical and
philosophical interpretations of results with Kolmogorov’s model (as
with others) are still in need of resolution to the satisfaction of all
practicing scientists. In particular the question of randomness in nature
and its verification by mathematical modeling are still incompletely
interpreted. However, this type of problem is not unique for probability
theory and it relates to several philosophical questions in mathematical
sciences in general. Consequently, they will largely be set aside in our
treatment. Following the contemporary practices in other branches of
mathematics, we shall concentrate on the results obtained from the
logical investigations as outlined in Hilbert’s formulation.

Thus the next section is devoted to the classical methods of condi-
tioning and then its immediate consequences are included in the balance
of this chapter. This will give a concrete basis for various extensions
envisaged later on.

1.2. Conditional probability given a partition

If (©2,%, P) is a probability triple (or space) modeling an experi-
ment as described at the beginning of the preceding section, then the
probability of an event A (i.e., A € ¥), denoted P(A), is a measure
of (un)certainty associated with A. Thus P(A) = 1 if A is certain to
occur and P(A) = 0 signifies its impossibility (then calling A a “null”
event), while 0 < P(A) < 1 gives a measure of the intermediate situ-
ation. Now let A, B be a pair of events of which B is known to have
occurred. If these events relate to an experiment, then it is reasonable
that the uncertainty of A should be influenced by the occurrence of B
and hence the joint occurrence of A and B would be more uncertain
than that of B alone; i.e., P(AN B) < P(B) and by normalization
therefore one takes the conditional probability of A given that B has
occurred, as P(ANB)/P(B). For this to be meaningful, we must insist

© 2005 by Taylor & Francis Group, LLC



4 Chapter 1. The Concept of Conditioning

that P(B) > 0. These considerations, which are found satisfactory in
applications, lead to the following precise description of the concept.

Definition 1. If (2, X, P) is a probability space, B € ¥ with P(B) > 0,
then the conditional probability given B, denoted P(:|B), is taken as:

Ps(A) = P(A|B)= P(ANB)/P(B), Ac%, Bex. (1)

Since P(A|B) becomes an indeterminate form for P(B) = 0, such
events are excluded in this definition. Although it appears reasonable
not to include impossible events from given conditions, one finds on
some reflection that there exist B # () for which P(B) = 0, and they
are an important part of the problems for investigation. Thus it is
desirable to extend (1) to include these “exceptional” cases. We shall
see that such an inclusion presents a nontrivial difficulty. Let us first
analyze and study the simple case given by Definition 1 and some of
its easy extensions to understand the subject.

The concept of conditioning formalized in (1) is reasonable in the
sense that if A and B are independent events so that the occurrence
of one has no influence over the presence or absence of the other, then
P(A|B) = P(A) should hold. This is true for (1) since the measures
of uncertainty considered above translate to the independent events iff
(= if and only if) P(AN B) = P(A)P(B) so that P(A|B) = P(A)
follows from (1) under the supplementary condition that P(B) > 0.
The concept of independence is fundamental for probability theory and
in fact distinguishes it from the classical measure theory. In a sense we
may also say that conditioning is basic and fundamental to probability
although it is a somewhat more involved concept than independence.

For a finer analysis of the experiment under consideration one in-
troduces random variables. These are mappings f : 2 — R such that
(for technical reasons which, however, are automatic in most applica-
tions) f~1(I) € ¥ for each interval I of R. Thus a random variable is
a real valued function on 2 such that {w : f(w) z a} are events for
each a € R. Then the expectation of a random variable f on (Q, %, P),
denoted E(f), is defined as:

E(f):/Qf dp (2)
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1.2 Conditional probability given a partition 5

where the integral is taken, with a view to future analysis in the subject,
as an absolute (or Lebesgue) integral, so that FE(f) exists iff E(|f|) <
00. We can also introduce the conditional expectation of f given an
event B with P(B) > 0, as follows.

Definition 2. Let f be a random variable on a probability triple
(Q,%, P). If an event B, with P(B) > 0, has taken place, then the
conditional expectation of f given B, denoted E(f|B) or Eg(f), be-
comes (by (2) and (1))

Ep(f) = /Q f(w) dP(w|B) <=% /B f@dPW).  (3)

It is clear that Ep(f) changes with B, in general, and Eq(f) = E(f).
Also the conditional probability space (£2,%, P(:|B)) is the same as
(B,X(B),P(:|B)) where ¥(B) = {ANB : A € ¥} is the trace of ¥
on B and P(B) > 0. Further, the preceding concepts can be extended
if the conditioning is not just for one event, but for a countable col-
lection of events, say {A;,i > 1}, forming a partition of Q. To see
this, first observe that if A, A° =Q — A, satisfy P(A) > 0, P(A°) > 0,
then (1) and (3) give Pa, Pac and E4(f), Eac(f) respectively. Thus
the conditional expectation of f given a pair {A, A°} is generally a
two valued function. Since {A, A°} forms a partition of 2, one ob-
tains an extension to the class P = {4,, n > 1}, A, N A, = 0 for
n#m, P(A,) >0, n>1, U, A, = Q. Then {Py4,, n > 1} is a family
of (conditional) probability functions on ¥, and the conditional expec-
tation of f, with E(|f]) < oo, given a partition P is (possibly) a count-
ably valued function, denoted Ep(f), with values {E4, (f), n > 1}.
Both these statements can be expressed in a compact form as follows.
By definition of Ep(f)

Ep<f>=§ sy ([, 1r) v )

where x, is the indicator function of A (i.e. x ,(w) = 1 or 0 according as
weAorwé¢ A). From (1) and (3) we have Pg(A) = Ep(x,). Hence
the corresponding expression for the conditional probability given a

partition P, denoted Pp(-), is obtained from (4) as

Pp(A) = Ep(x,) = Z PA7L(A>XATL . (5)
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6 Chapter 1. The Concept of Conditioning

Thus a conditional probability given a partition is (possibly) a count-
ably valued function. It is noteworthy that this partition case of condi-
tional probability is obtained from the conditional expectation in con-
trast to the single event case of (3) which is derived from (1). This
change of roles will be the rule in the more general conditioning than a
partition. To motivate that case, we represent (4) in an alternative form
since, as will become clear later, a constructive definition such as (4) is
not always possible for a conditioning that is more general than a par-
tition, and the latter have to be considered in numerous applications.
For instance, calculating a conditional expectation (or a probability
distribution) of an integrable random variable given another random
variable, involves a conditioning that need not be a partition. Thus
the procedure becomes less intuitive. In anticipation of such cases, we
restate (4) and (5) in a different form.

Let B be the smallest o-algebra containing the given partition P.
Then the generators of B are of the form A = Ugcy; Ax for subsets
J C N, Ay € P. Since Ep(f) is clearly a random variable relative to
B, we may integrate it on each generator A of B to obtain (see (4))

JREGLEDS ( / fdP/P(An)) [ xa. ap
A n=1 An A
B P(A,NA) . _
_%(/An fdP) —p(a,) o Sinee AyNA, =0
for n#m,
:Z/ fdP, since A, C A for ne J,
neJ?An

_ /A fdP. (6)

This relation is important and the standard (Lebesgue) integration
implies that (6) is then valid for all A € B. If vy : A— [, fdP, A € B,
then vy : B — R is a o-additive function (= signed measure) vanishing
on P-null sets, so that vy is absolutely continuous relative to Pg, the
restriction of P to B (also written as P|B). It may be noted that f
need not be a random variable relative to B (although it is one for ¥)
but Ep(f) is. The significance of this relation will become clear in the
next chapter when we discuss the general case.
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1.2 Conditional probability given a partition 7

To gain facility and to motivate the desired formulation we consider
here a few applications of the previously introduced elementary con-
cept. In particular one may derive the so-called total probabilities and
Bayes formulas of interest in applications. These and other relations

are given in the following:

Proposition 3. Let {Ax, 1 < k < n+ 1} be events from (Q, %, P).
One has:
(a) (product formula) if P(AsN---N Ayy1) >0, then

P(AL NN Al Apsr) = T P(AlAii 0N Apia)s (7)

(b) (total probability formula) if A; N A; = 0 for i # j, and B C
ur, A;, P(A;)>0,i=1,...,n, then

7

3

B)=" P(A)P(BlA) (5)

=1

.

(c) (Bayes formula) if A;NA; =0 fori# j, P(A;) >0, P(B)>0,
and B C Ul A;, then

P(4)P(B|A)
3 P(4;)P(BLA)

P(4i|B) = (9)

Proof. All three parts are easy consequences of the definitions. Thus
for (a), since B=A;N---N A, is an event

P(B|Ayi1) = P(A1 00 Ag|Apy)
P(Ain---NAu)
P(An-i-l)
— 1 P(Ain---0Ani) , since the denominators
i=1 P(Ajp1 NN Angq)
are positive,

- f{l P(Ai| A1 N0 Api).
For (b), the hypothesis implies

B=Bn 'Ql A= (B NA;), (a disjoint union).

1=1
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8 Chapter 1. The Concept of Conditioning

Hence
n

=" P(BNA;) = zn: P(A;)P(B|A;).

Finally (c) follows from (1) and (b) since P(B) > 0 is also true here.
Thus

Ly PUANB) _ PU)PBIA)
P(A]4) P(B) ip( A;)P(B|A;) |
by (b). O

Discussion. Since P(B|A; N A3) is the conditional probability of B
given A; and As, it can also be thought of as a conditioning with the
(conditional) probability P4, () given As so that

P(B|A, N As) = P, (B|As)

which can be verified directly by (1). Consequently this alternative
symbolism will be used when convenient. With such a form, Bayes
formula can be iterated for conditional probabilities and it then has
an interesting interpretation in applications. We present this for a

convenient reference:

Proposition 4. If Ay,..., A, are disjoint events, P(A;) > 0, and
By, By are a pair of (possibly) different events such that B; C U7_; A;, i =
1,2, and P(By N Bg) > 0, then we have for each 1 < iy < n,

P(Ai|B1 N By) = Pp, (Ai| B2)(= P, (Ai|B1))

_ Py, (4i,)Pp, (Ba|Aiy) (10)

; Pg,(A})Pg, (B2|4;)

where Pp,(-) = P(B; N-)/P(B;), i = 1,2, are the usual conditional
probability functions defined by (1).

The proof follows at once from an expansion of various symbols and
need not be repeated. It is useful to give here a brief meaning of (10).

If A; are events having P(A;) as their prior probability values (i.e.,
these are given from past experience and before the experiment at hand
is performed) and if the outcome, after the experiment contains B so
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1.3 Conditional expectation: elementary case 9

that P(BJ|A;), i = 1,2, are determined for each A; one can obtain the
posterior probabilities of A; after B(= By N By) is observed, so that
P(A;|B) is obtainable, using (9). Instead, suppose two experiments are
performed in succession and the events B; and By are observed. Then
one can calculate the posterior probability of A; given B; and By either
directly by using (9) with B = B1N By or using Pg, (A;) = P(A;|B1) as
the prior probability for the second experiment employing Pg, (-) as the
new function (or using Ppg,(-), if Pp, is ignored for some reason) and
working with (10). The above proposition shows that either procedure
gives the same posterior probability, as one expects. The method can
be iterated. Formulas (7) and (8) are often used in problems involving
“Markov chain” dependence and similar structures. We shall illustrate
the usefulness of the above method in two forms for a selection problem
in Section 5 below to show how these simple alternative procedures lead

to some nontrivial and interesting applications.

Part (a) of Proposition 3 leads to the concept of mutual indepen-
dence of events. Suppose that P(A;|A;41N---NAy1) = P(4;), i =

2,...,n. For such a case (7) becomes
P(AiN---NA,) = ﬁl P(A), 1<m <n. (11)

When (11) holds then A4, ..., A,, will be termed mutually independent
events without regard to any side conditions such as P(A;) > 0. The
number of equations to be satisfied here is 2" — n — 1. Now one may
ask only that (11) be true for each pair of events. Then there are
(;) equations and if n > 2 these will imply fewer restrictions than
demanded by the concept of (11). Thus the weaker concept is termed
pairwise independence. Simple examples can be constructed to show
that, except for n = 2, these two concepts are distinct. It should
be emphasized that, although (9) is derived with the assumption of
positive probability of the joint event A, N---MN A, no such condition
is needed for (11), since this set of equations can and will be taken
as the definition of mutual independence. The concept is a distinctive
feature of probability theory as is the dependence relation of Definition
1. These two notions have no significance in Measure Theory.

We noted earlier that the formulas given by (7) — (10), although
mere consequences of (1), are very useful in applications. That is why
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10 Chapter 1. The Concept of Conditioning

they are distinguished as propositions. In a similar manner we present
some properties of conditional expectations, introduced in Definition 2,
in the next section. They will also serve as a motivation for the desired

generalizations, indicated before.

1.3 Conditional expectation: elementary case

The concept of elementary conditional expectation was introduced
in Definition 2.2. Here we present a few properties that facilitate its

immediate use.

Proposition 1. Let f: ) — R be a random variable on a probability
space (2,5, P) and P C X be a partition of Q (of positive probability
for each member). If P = {A;,i > 1}, then the ezistence of Ep(f)
implies that EA(f) exists for each subpartition A ={A;, , n>1} CP,
and one has

AN = i35 [ Br(NAP = Y Ea (DP(ALLA). ()
n=1
with A = U, A, , and E4(-), Ep(-), are given by (3) and (4) of Section
1.2.

Proof. This is also an easy consequence of the definitions. Indeed by
(2.4),
(Ep(f))(w) =Ea,(f)w), we An, n>1,

since 2 = U, A,, and each w in €2 belongs to exactly one A,,. Therefore
the existence of Ep(f) implies that of E4 (f), n > 1, and hence of
Ea(f) or E4(f). Further by (2.6), we have

/ Ep(f)dP = / fdP = P()EA(S), (cf, (23).  (2)
A A

On the other hand,

/ fdP = Z / fdP, (o-additivity of the integral)
A n=1 Aip

=" P(A;,)Ea,, (f), by (2.3)

n

I
—

)

P(A;,|A)Ea,, (f)P(A), (3)

N
I
—
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1.3 Conditional expectation: elementary case 11

since A4;, C A. It follows from (2) and (3), that (1) holds upon dividing
by the positive factor P(A). O

The point of formula (1) is that it facilitates a calculation of E4(f)
when the individual Ey4, (f)’s are known. Such expressions are useful
in several computations of relatively simple and interesting practical
problems. The popularity of the definition P4(-) of (2.1) stems from
the fact that it behaves like the ordinary probability measure when
P(A) > 0. This point is illuminated by the following simple result.

Proposition 2. Let Aj, As,... be events from (0, %, P) such that
limA, = A (so A is an event) and P(A) > 0. Then for any inte-

grable random variable f : Q2 — R, we have
lim Ea,(f) = Ea()). (1)

pointwise, on . In particular, if lim P(A,) = 1, then limA, = A
exists, P(A) =1, and we get EA(f) = E(f), with probability one.

Proof. Since A, — Aiff x, — x,,asn — oo, pointwise, which follows
from the definitions of respective convergences of these quantities, we
have (by the bounded convergence)

0<P(A):/XAdP:lim/XAndP:limP(An).
Q noJQo n

So there is an ng such that for n > ng we have P(A,,) > 0. Hence
E4, (f) and E4(f) are well-defined, n > nyg, as in the preceding result.
On the other hand

1 1
Ba.0) = 503 /A AP = /Q fx.,dP

ol
— —— [ fdP, as n — 00,
P(A) Ja

by the dominated convergence theorem. This gives (4).

For the last part, lim P(A,,) = 1 implies x,. — 0 with probability
one. Hence x, — 0 and A, — A with probability one and P(4) = 1.
The rest is a simple consequence of this fact. [

The last part of the above result has the following interesting sup-
plement.
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12 Chapter 1. The Concept of Conditioning

Proposition 3. Let f and g be two random variables on (2, %, P)
assuming at most countably many values with positive probability. If
E(f) exists, then E(f|lg = by) exists and defines a random wvariable

taking the above (countable) values, and moreover

E(E(fl9)) = E(f)- ()

Here g takes the values by, bo, ... with positive probability.

Proof. Let {a;,i > 1} and {b;,j > 1} be the values taken by f and g¢
respectively. If By = [g = bg], then P(By) > 0, and similarly for f.
Then

PUIB = 555 [ 1aP = [ F)Ps, ()
=Y aiP(f =ai,g =by)/P(g = by)
=1
= ¢(bk), (say). (6)

Since E(f) exists, this series converges absolutely because

lo(br)| <

f = 0,9 = bk)a

and so,

= Z |a;i| P(f = a;)

Define h : 2 — R by the expression
h=> o) X, - (8)
k=1

Since g is a random variable, By € 3, and thus h is a random variable
taking no more than countably many (not necessarily distinct) values
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1.4 Conditioning with densities 13

{¢(br), k > 1}. Further (8) implies that h = ¢(g). So this and (6) give
h(by) = E(f|lg = br). Thus h = E(f|g) = ¢(g) is a random variable
and from (7) one gets

EMDZAW@WPSEWD<M

and then
szﬁﬂww=2ammwwm
=3 ) aiP(f =ai,g="bi), (cf, (6))
k=1 i=1

8

= Z ZP = a;,g = by), since the series is
i=1

absolutely convergent,

= ZaiP(f =a;) = E(f).

This is precisely (5). O

It should be remarked that, for this argument, we need the condi-
tion that P(g = b;) > 0 in addition to E(|f|) < co. However, in many
applications, especially with continuous distributions of random vari-
ables, P[b < g <b-+0] — 0 as d | 0. In such cases the above method
is no longer valid. We discuss later a few extensions together with the
necessary machinery to take the resulting complications into account.
A simple procedure can be used for some of these problems and it is
illustrated in the next section.

1.4 Conditioning with densities

Let X,Y be a pair of random variables on ({2, %, P) having an abso-
lutely continuous (joint) distribution function Fx y with density fx y
defined [also Fx y is termed the image law of X,Y for P] as:

P(X <z,Y <y)=Fxy(z,y) = /‘” /y fxy(u,v)dvdu. (1)
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14 Chapter 1. The Concept of Conditioning

If Fx, Fy are the marginal distributions of X,Y and fx, fy are their
respective densities then

Fy(z) = Fyx.y (v, +00) = /jﬁXcm_/ (/ hyUUM)
Fy(y) = Fx,y(4+00,y) = / fy(v dv—/ </ Ix,v(u,v)d )v.

The conditioning concept of Definition 2.1, in this case, becomes
P([X e AJn[Y € B])
P(Y € B))
~a S fxy (u,v)dudy
f B fy (v)dv '

To simplify (2), let A =[a1,a2), B=[b,b+ h), h > 0. Then

P([X € AJ]|[Y € B]) =

(ﬁH”kﬂuwM)w -

b+h fY( )

Since both P(b <Y < b+ h) and Pla; < X < ag,b <Y < b+ h)
tend to zero as h | 0, the left side of (3) results in an indeterminate
form. Note that these two probabilities become P(Y =b) and P(a; <
X < ag,Y = b) which are positive only if Y has a discrete part in

P(a1§X<a2|b§Y<b+h):/

al

its distribution at b. Since these are zero in the present case, one can
apply a form of the L’Hopital’s rule and evaluate (the right side of) the
expression (3) and define it as the value of the left side. Thus one has

P(a1§X<a2|Y:b):lhl?8P([a1§X<a2|b§Y<b—|—h])

i [ Sxy(wv)dvy |
- hl0 a b+h fY( ) u

_ “ fX,Y(U/,b u
a /al fr(b) - @)

Here we have taken the limits inside the integral and used a form of

b+h

(Lebesgue’s version of) the fundamental theorem of integral calculus.
Now set

fX\Y(u‘b) =

{ iX,Y(u: v)/fr(b)  if fy(b) >0 (5)

, if fy (b) =
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1.4 Conditioning with densities 15

Here a > 0 is an arbitrary number. Since 0 = fy (b f fx.v(u,b)du,
we must have fx y(u,b) = 0 for almost all u, so that fX‘y(u|b) is in-
determinate at b and we gave o > 0 as an arbitrary value. This does
not affect the definition of distributions. For simplicity, we take o = 0
hereafter. It will be seen later that these indeterminate forms occur
frequently in such situations and create real problems and the results
depend on the method of taking limits. They will be analyzed. In the

present context, using (5) we can express (4) as
as
Plag < X <aqlY =b) = / Ix|y (u|b)du

and thus one defines the (horizontal) conditional density of X given
Y =bas fx|y(:|b). This method of conditioning will be given as:

Definition 1. Let X,Y be real random variables on (£2, 3, P) with an
absolutely continuous distribution function whose joint density is fx y.
If fy is the marginal density of Y, then the conditional probability of
X given Y = b (a null event) is defined as

P(IX € 4]) ‘/hwﬂb (6)

where fx|y(-|b) is a (horizontal) conditional density of X given Y = b
and is the function defined by (5).

Since fx;y > 0and 7 fxy(ulb)du = 1 are immediate from (5),
we are justified in calling fx|y(-|b) a density. However, it must be
observed that the method of calculating the density in (4) is not uni-
versal, and the result depends on the manner in which the limit is
evaluated. (Here it is along the x or horizontal axis.) This becomes in
fact pronounced when conditioning is based on more than one random
variable, the resulting (conditional) event has probability zero, and the
limits are taken in other directions than the “horizontal.” We postpone
the analysis of such cases to Chapter 3 since conditioning with events
of probability zero is a thorny problem.

We now use the above “essentially natural” definition in evaluating
corresponding conditional expectations. Thus if F(X) exists, then one
usually defines E(X|Y =) as

B0 = B =0 = [ ufayvipde. ()

— 00
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16 Chapter 1. The Concept of Conditioning

The existence of the integral follows as in (3.6). In fact, with the
classical Fubini Theorem, the function ¢ : b — E(X|Y)(b) of (7) is a
random variable and depends on the values of Y so that E(X|Y) =
o(Y) is well-defined. Also

B(o(¥)) = [ [¢(V)laP, by defiition
:/|<p(b)\fy(b)db, (by the image law below),
R
= [1 [ v wdu | fr@e
R R

fX\Y(U|b) w
< /R /R ul P fy B, by (5),

RJR
— [ 1ul fx(wdu= [ X1dP = E(X]) <0 (8)
R Q

This shows that (7) is meaningful, and E(¢(Y")) exists. Moreover, the
same computation, without absolute values, shows that

E(p(Y)) = E(E(X]Y)) = E(X). (9)

Thus the analog of Proposition 3.3 is valid for the continuous case. We
shall see in the next chapter that this equation holds for all random
variables X, Y for which E(|X]|) < oo, where it is shown that a more
general definition of conditioning is possible.

First we need to establish the image law used above since it plays a
basic role in the subject.

Proposition 2. (Fundamental Law of Probability) Let X be a ran-
dom wvariable (or n-vector), on (2, 3, P) with distribution function Fx.
Then for any continuous (or even a Borel) function ¢ : R™ — R, p(X)
1s a random variable and

P(e(X)) = [ o(X)aP = [ o(@)irx(o) (10)

in the sense that if either integral exists then both exist and equality
holds.
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1.4 Conditioning with densities 17

Proof. If A C R™ is an interval and ¢ = x,, then ¢(X) = Xx—10a)
where X : 2 — R" is the given random vector. Thus if A is expressible
as _Ql[ai, b;) we then have on writing X = (Xy,...,X,):
E(p(X)) = P((X € 4]
= Pla; < X1 <by,...,a, < Xy < byp)
by bn
= dFx, .. x,(x1,...,2Zpn)

Thus (10) holds in this case. By linearity of E(:) and of the integral

on the last line, (10) also holds if ¢ = }_ a;x, , a simple function.
i=1

Then by the monotone convergence theorem (10) is true for all Borel

functions ¢ > 0, since every such ¢ is the pointwise limit of a monotone

sequence of simple functions. But a general (Borel) ¢ is expressible as

o — ¢~ where T > 0 (Borel), so that the result follows. [

The important point of (10) is that the (left) integral, on an abstract
probability space, is equal to the concrete (Stieltjes) integral on R™.
Also by Definition 2.2 we have

E(p(X)) = / w dF () - (11)

But in this form, the right side of (11) demands that we first calcu-
late the distribution of the random variable Y = ¢(X) which is more
difficult than using Fx in (10). Now the preceding proposition shows
that (11) can be evaluated, with (10), in terms of Fx itself. This is
what we used in computing the bound in (8) for the special case with
a conditional density. The general result implied by the identity (10)
is enormously useful.

Another key observation here is that Proposition 3.3 or its exten-
sion (9) above, showed that E(X|Y') always exists if E(|X|) < co. Is
the converse of this statement true? Because of the ambiguity in our
definition of E(X|Y) for the general case, the question is not well-
posed. However, when the densities exist and the procedure given here
is meaningful can we infer from the existence of E(|X||Y)(b), b € R,
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18 Chapter 1. The Concept of Conditioning

that F(X) exists in the sense that F(|X|) < co? The following simple
illustration shows that the answer even to this special question is in the

negative.

Example 3. Let X,Y be a pair of random variables on (2, ¥, P) with
an absolutely continuous joint distribution whose density fx y is given

by

%exp{—y(l +2%)}, —oo<x<o0,y>0,

. (12)
0, otherwise.

fxy(z,y) = {

Then fy(u) = (7y) Ze ¥,y > 0, and = 0 for y < 0. Hence the
conditional density of X given Y = y is obtained from (5) as:

1 2
m/y)ze Y, —oco<u<oo,y>0,
Peluly) = { 7Y | (13)
0, otherwise.
Hence for each integer n > 1 and y > 0, we have
BOCWY =) = [ w" iy (uly)du
R
— { (ﬂ—/y)l/QQ fooo une—u2y du’ ifn = 2777,,,
0, otherwise. (14)

Thus ¢, (y) = E(X"|Y = y) exists for each n > 1. However, E(X")
does not exist for any n > 1, since fx(u) = [7(1+ u?)]~! and

n 1 u”
E<X):;/Rl+u2 du,

by Proposition 2 above. Thus F(X|Y)(y) directly defined by (14) can-
not be a conditional expectation of X given Y since (9) does not hold.

This example shows that a conditional expectation cannot always
be treated as an ordinary expectation and that (9) is not an identity.
Moreover the case that the conditioning event having zero probability
is a nontrivial (and new) element of the theory which asks for a further
detailed analysis.

1.5 Conditional probability spaces: first steps

If (Q,3, P) is a probability space, let T = {4 € ¥ : P(A) > 0},
so that a conditional measure P4(-) = P(-|A) exists for each A € 3+.
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1.5 Conditional probability spaces: first steps 19

Hence {(Q,%,P,P4) : A € X1} is a family of conditional probability
spaces. The point of such an extended view is to study this family
separately in order to learn more about the “total” measure P. In this
connection the following questions arise naturally. Our work should

(and will) answer them.

(i) Can one obtain more knowledge of P by summing (or by some
sort of integration procedure) the functions P(B]-) over 3% for
each B € X7

(ii) If one considers P(-]) : 3 x ¥t — RT as a function having the
properties of a conditional probability, given a priori, is there a
unique measure function P : ¥ — R from which P(:|-) can be
derived?

(iii) Does the situation change materially if instead of ¥ one also
admits events having probability zero?

These are some of the key questions arising from the above work
on the conditioning concept. An analysis and study to answer these
problems will occupy a large part of the following pages. Let us first
indicate a reason for considering these questions. If B € 3 and if there
exist Ay € X1, disjoint, such that B C U}_; Ay for some n so that
the event B is covered by a partition-like collection from X, then
Proposition 2.3(b) implies that

P(B)= " P(BIA)P(AL) (1)
k=1

Thus any such P(B) can be calculated with a knowledge of P(:|-) on
¥ x X1 if the “data” on ¥ T is known. We illustrate this point with the
following version of a classical (secretary) selection problem. It may
be observed that an initial difficulty in such situations is to translate
the word problem carefully into a mathematical one. Of course this
is inherent in all applications, but it needs particular attention in our
subject than perhaps in other parts of mathematics.

Example 1. Suppose there are n candidates for a (secretary) job, each
having the desired minimal qualifications. Assume that they can be or-
dered or ranked according to their (verbal) ability in their interviews.
At least iy of the candidates must be interviewed before a selection,
based on rank, is made. The desirable procedure is that, as the candi-
dates appear randomly, the best should not be left before the selection
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20 Chapter 1. The Concept of Conditioning

is completed. The problem therefore is to choose 1 < iy < n such
that the probability p;, of selecting the best candidate is a maximum.
(Other optimality criteria are possible, and we illustrate with another
after completing this case.) We solve the problem using a combinatorial

argument.

Let B be the event that the best candidate is selected and that
Bj; is the event that the jt" interviewed person is the best. Thus by
Proposition 2.3,

piy = P(B) = ZP(B\BJ') P(Bj), (2)

and since by hypothesis at least iy candidates must appear before
the experiment is terminated, we have P(B|B;) =0, 1 < j < ig —
1; P(B|B;,) = 1 and because the best can appear at any place among
the n, P(B;) = % On the other hand if ig + 1 < j < n, then the best
candidate has not been selected in the first j — 1 interviews. This is the
same as saying that the best among the first (j — 1) cannot be among
19 to 7 — 1 so that the relatively best candidate will not be among the
first (ip — 1) of them. (Since the interviews passed i, it follows that, in
this case, i is not the best.) Thus the probability of B, given that B;
has occurred (with ig < j — 1) is the same as choosing the best among
the first i9 — 1 places when j —1 of them are available with equal chance
of selection. Hence, for ig +1 < j < n,

P(B|Bj) = (io—1)/(j — 1)

Consequently (2) becomes

ig—1 n
pio = P(Bi,)P(B|Bi,) + > P(B|B;)P(B;)+ Y P(B|B;)P(B;)
Jj=1 j=ig+1
1 1 — ip—1
= .14+04+= N
n O n Z 7 —1
J=to+1
1 , " 1
=—[+Go—-1) Y, —]. (3)
n & 7—1
Jj=to+1

Now choose iy such that (3) is a maximum, which is unique, since
n

pi—piv1 = =(1— > (j—-1)7H >0,if Y (j—1)~' <1fori>ipand
Jj=i+1 Jj=i+1
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1.5 Conditional probability spaces: first steps 21

< 0 for 7 < ig. So we choose iy to satisfy this restriction. For instance,
if n = 15, then iy = 6 and p;, = 0.3894. For the asymptotic result,
n

the condition that > (j—1)7! <1 and (3) together imply that as
Jj=to+1

n — 00,19 — 00 at the same rate, and hence for large n,p;, ~ 2. It is
n

easily seen that > (j —1)7! ~ flz df = log 3=. Hence limy, o0 pi, =

Jj=to

e~!. The preceding argument can be converted into a more standard

version (nontrivially) by describing the precise form of (€2, %, P), and

generalizing it. Instead of doing this we give another formulation with

a more natural optimal rule (or criterion) which admits extensions. It

is somewhat sophisticated.

Example 2. Let the selection procedure be the same as in the above
problem where each candidate is given a number equal to the rank (i.e.,
1 for the best and n for the least). If X denotes the actual ranking of
the selected candidate, so that X takes values 1,2, ..., n, it is desired to
find a method (or strategy) that makes the ezpected value of X [E(X) =

the expected rank] a minimum.

To solve this problem, we first describe the underlying triple (£2, 3, P).
Let © denote all possible permutations of (1,2,...,n) as points corre-
sponding to the possible outcomes of the appearances of the candi-
dates. Suppose the ranking is such that there are no ties. Thus (2
has n! points, and 3 will be the power set of 2. Since each permuta-
tion is equally likely we have P({w}) = &, w = (i1, 42, ...,in) € Q. Let
X;:Q—{1,2,...,n} be defined by X;(w) = i; where w = (i1,...,1%,).
Thus X;(w) is the j* candidate’s rank in the observed appearance by
w. Let Y;(w) be the relative rank of the i'" candidate for the “ex-
periment” w. Thus Y;(w) is the number of ranks X;(w),..., X;-1(w)
that are strictly less than X;(w) plus one. Hence P(Y; = j) = i~}
for 1 < j <. The hypothesis now implies that P(Y;, = ji1,...Y; =
jn) = PY;, =j) = il_l if i1 #14y or ..., or ip, i.e., the Y7,...,Y,, are
independent. This implies therefore

P(Xi = k|Yi = ji,...Yioy = jio1, Yo = 0) = P(X; = K|Y; = 0)
_ G
(%)

Here the last expression is obtained by a reinterpretation of the con-

(4)
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22 Chapter 1. The Concept of Conditioning

ditional probability as choosing i objects from n such that ¢ — 1 are
from the upper or best ranked candidates 1,2,...,k — 1, then the k"
ranked one, and finally the remaining (i — ¢) from the lower (n — k)
ranks. This probability is nonzero only if 1 </ <k <n —1i+ ¢. Using

this expression and Definition 2.2, we get

E(X,[Y; =) = Y kP[X; = k|Y; = {]
k=1

-3 ()

() o

where we used a binomial coefficient identity in the last line. This is

not obvious. But it may be established by induction on ¢ and ¢, subject
to the above conditions, using the following classical identity:

D OYRGHEE

k=0

which itself is verified by induction on n.

The problem now is to find a method or “rule” that depends only on
the observations already taken (i.e., the candidates already interviewed)
but not on future values. Typically the rule is an integer valued random
variable 7 on {1,2,...,n} such that the event [t = j| depends on
Yi,...,Y; but not on Yj44,...,Y,. Thus, for each such 7, we get from
(5) and Proposition 2.3 that

E(X,|Y, =10) = Z E(X;|Y; = O)P(T = i). (7)

Since X, is a bounded random variable (X, being a function of a
function obtained from X; and 7 is clearly a random variable) we have
by Proposition 3.3 and Equation (5) that

B(X,) = B(B(X.|Y,)) = (f_ ' iy) | ®)

The desired minimum of E(X) is thus equivalent to minimizing E(X )
for various “stopping rules” 7. The procedure is not trivial, and one
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1.6 Bibliographical notes 23

uses the so-called backward (or reversed) induction to solve the prob-

lem.

For a given n, we want to find a 7 > i+ 1 (since i candidates will be
interviewed under any circumstances) such that F(X,) is a minimum.
Let a;(n) be this minimum value if 7 candidates are interviewed. First
note that if ¢ = n — 1 then 7 = n with probability one, so that

n+1 = 1 n+l1
an_1(n) :E<n+1Yn> =E(Y,) =) k- = 9
k=1

Then to use the above stated induction for i =n—1,n—2,...,1, we
have

: 1 1
= Zmin <?j__1 J ai(n)) = by Prop. 4.2. (10)

These are a set of difference equations with (9) as the boundary value.
It is clear that ag(n) < aj(n) < -+ < ap_1(n) = 2 by (10) and (9),
and thus the minimum value is ag(n). A closed expression for ag(n) is
not simple. For instance, if n = 4 one can verify that a¢(4) = a1(4) =
2, az(4) = 22, az(4) = 3. It can be shown after a detailed analysis
(given by Chow et al., (1964)) that

o0

lim ag(n) = II(1+ 2~ )Y+ =3.8695 . (11)

n—oo =1

The work involves obtaining good upper and lower bounds to ag(n)
which are shown to converge to the given limit here.

For problems in more general contexts, it is necessary to treat condi-
tioning for not necessarily discrete random variables. This will be the
subject of our study beginning with the next chapter.

1.6 Bibliographical notes

Although the concepts of independence and dependence have been

present in some form since the early times of our civilization when
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24 Chapter 1. The Concept of Conditioning

probability was regarded as a relative frequency, it is the notion of in-
dependent events that was better understood and successfully employed
in the subject. This was intuitive and hence used since even before the
time of G. Cardano in the 17th century and employed effectively by
J. Bernoulli in his establishment of the (weak) law of large numbers.
Since dependence was understood negatively as that relation which is
not independence, there was difficulty in making the concept precise.
It is only natural that classes of dependent events can be considered.
Thus Definition 2.1 is an attempt to make this precise, and the manner
in which the concept contributed to extend the classical probability
theory is illustrated in this chapter. The first systematic treatment of
chain dependence is due to A.A. Markov who introduced it in 1906.
His studies gave a great incentive to extend the independence theory
to more general classes. This and a successful axiomatization of prob-
ability by A.N. Kolmogorov in 1933 has also led to a generalization of
the elementary conditioning and enriched the subject. Such an exten-
sion will primarily be analyzed and applied to several problems in this
book. For a recent exposition of the overview of the classical evolution
of the subject, see the encyclopedia article by the author (1987, 2001).

The example in Section 4 is essentially a reformulation of the one
due to P. Ennis (1973). The secretary problem was treated rigorously
by Y. S. Chow et.al. (1964), and various other applications and related
questions on the subject were given in the book by Chow, Robbins and
Sigmund (1971). The simpler case of the first example was discussed in
DeGroot ((1986), p. 89). Some other problems and applications have
been treated by DeGroot (1970) and Shiryayev (1978). For related
applications and a bibliographical discussion, one may refer to Gilbert
and Mosteller (1966). These works exemplify applications to interesting
practical problems that involve conditioning in the very formulations
and then exhibit adroit combinatorial procedures together with the
analytical difficulties. We treat the subject from a broad perspective to
explain the general structure of conditioning and illustrate its potential

use in some important applications.
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Chapter 2

THE KOLMOGOROV FORMULATION
AND ITS PROPERTIES

This chapter is devoted to the general concept of conditioning, which
includes the earlier one using countable partitions, and its basic prop-
erties. We present a detailed account when one extends the standard
methods of integration for such a generalized conditional probability
function. This treatment further clarifies the relation between the two
definitions given in the preceding chapter for the case with densities
and for the general case.

2.1 Introduction of the general concept

As seen in the last chapter, an extension of conditioning from a sin-
gle event to a countable partition is a relatively easy procedure (cf.,
(1.2.5)). However, such a “constructive” definition is impossible if the
conditioning event has arbitrarily small (or zero) probability, which
happens in many applications. But a clue for a generalization is present
in the (alternative) form given in (1.2.6). The new idea is nontrivial
and in fact the procedure could not have been possible if certain re-
lated developments in real analysis (or measure theory) had not taken
place. The reference here is to the 1930 Nikodym version of differen-
tiation of set functions, now known as the (abstract) Radon-Nikodym

theorem. With this result at hand, Kolmogorov was able to recognize
25
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26 Chapter 2. The Kolmogorov Formulation and Its Properties

immediately its potential and present an appropriate and fundamen-
tal generalization of the concept of conditioning within the next two
years. The suitable procedure is such that, in contrast to the single
event case, the conditional expectation is obtained first and then the
corresponding probability concept is derived from it. As a result, the
simple and intuitive appeal of conditioning, so clear in the elementary
case, is lost. Recognizing this fact is a first step in understanding the
nature of the general concept of conditioning. Indeed we have to make

a serious effort to study its structure.

Equation (1.2.6) motivates the following direct method. Suppose
f:Q — R is an integrable random variable on (2, %, P) and B C ¥ is
any o-algebra. Then the mapping

Vf:A»—>/AfdP,A€B, (1)

is a well-defined o-additive real function on B (a signed measure) which
vanishes on P null sets of B, so that v; is absolutely continuous relative
to Pg(= P|B), the restriction of P to B. This is expressed as vy << Pg.
Hence by the previously noted abstract Radon-Nikodym theorem, there
is a Pg-unique integrable random variable f on (2, B, Pg) such that

yf(A):/AfdPB, AcB . (2)

Note that f itself need not be a random variable on (€2, B, Pg). Also if
BB is the o-algebra generated by P, denoted by o(P) where P is a count-
able partition, then the essential uniqueness in (2) and a comparison
with (1.2.6) together imply that f = Ep(f). Thus the special concept
is included in this generalization and so we are justified in calling f
the conditional expectation of f relative to B and denote it EB(f) or
E(f|B). Let us state it precisely:

Definition 1. Let (2,3, P) be a probability space and f :  — R an
integrable random variable on (2,3, P). If B C ¥ is any o-algebra,
then the conditional expectation of f relative to B, denoted EB(f), is
a random variable on (2, B, Pi) satisfying the system of equations (2)
with f = EB(f) there. Then the conditional probability on % relative
to B, is defined as

PB(A> = EB(XA): Ael, (3)
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2.1 Introduction of the general concept 27

so that PB(-) also satisfies the system of equations

/ PB(A)dPs = / X,dP=P(ANB), Ac%, BeB. (4
B B

Any member of the Pg-equivalence class, again denoted by EZ(f) or
PB(A), is termed a version of the conditional expectation or probability
respectively.

It may be observed that the existence of such a general function
EB(f), f € LY(Q,%, P), essentially depends on the Radon-Nikodym
theorem. For this it actually suffices if v; of (1) is just o-additive. In
view of the counterexample 1.4.3, one needs the condition that either
E(f™) <ooor E(f7) < oo, for the o-additivity of vf. We use this fact
in later computations. Since vy has finite variation iff f is P-integrable,
we deduce that EB(f) is integrable iff f is, i.e. iff |E(f)| < oo.

In order to use the Radon-Nikodym theorem, and hence the gen-
eral concept of conditioning, it is important that B be a o-algebra (or
at least a o-ring when |E(f)| < oo). Thus the partition of the ele-
mentary case is strengthened (or restricted) to this algebraic structure.
This abstract generalization has the following additional advantage. If
(2,3, P) is a nonfinite measure space such that Pg(= P|B) is o-finite,
then the Radon-Nikodym theorem is still true so that the (generalized)
conditional expectation EB(f) of any P-integrable function f exists.
Consequently all properties, discussed below, are valid if P, instead of
being a probability measure, is a measure such that Pg is o-finite (or
if there are many ordered o-algebras then B is the smallest on which
Py has this property). This point will be of interest in connection with
the analysis of Chapter 4 on a new axiomatic treatment of the subject
proposed by A. Rényi.

It should be observed that the abstract generalization of conditioning
as formulated by Kolmogorov in 1933, conforms with the expressed
wishes of Hilbert. However, there is no easy or simple recipe for actually
calculating the conditional expectation or probability, given a o-algebra
if the latter is not generated by a partition. We consider this aspect in
detail and explore the computational difficulties in Chapter 3.

As is evident from (1)—(3), a conditional expectation and probability
(or their versions) are functions and not constants. Indeed, the map-
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28 Chapter 2. The Kolmogorov Formulation and Its Properties

pings BB : f +— EB(f) and P® : A — PB(A) from L'(Q, %, P) and
¥ respectively, take their values in the Lebesgue space L'(Q,B, Pg).
Moreover, f > 0 implies EB(f) > 0, a.e., and 0 < PB(A) < 1, a.e.,
Ael.

Some simple consequences of Definition 1 are as follows:

Proposition 2. The operator E® is linear, positivity preserving, con-
tractive in the sense that ||E2(f)||1 < ||f|l1, and faithful, i.c., EB(f) >
0 a.e. for f >0, and =0 iff f =0 a.e. Moreover EB(f) = f a.e. iff
f is a random variable on (0, B, Pg) itself, and in particular E® is the
identity if B=X. So EB(f) = E(f) a.e., if B={0,Q}.

Proof. By (2) it follows that f > 0 implies EB(f) = f > 0 a.e., and
replacing f there by a1 f1 +asfs, fi € LY(Q, X, P), a; €R, i =1,2 we
get by the linearity of the integral

/ EB(alfl + az fo)dPg = / (a1 f1 + aa f2)dP

B B
:CL1/B fldp + CLQ/B fgdP
:CL1/B EB(f1>dPB + GQ/BEB<f2)dPB
_ /B[alEB(fl)—i—agEB(fQ)dPB, BeB.

The extreme integrands are random variables relative to B, and B is
arbitrary in B. Hence they must agree a.e. This shows that EZ is a
linear operator on L!(Q, ¥, P) with range L'(Q, B, Pg). Also from the
inequality —|f| < f < |f| one gets

~E5(|f]) < EB(f) < EB(If]), ae. (5)

Hence
|EB(f)I < EB(f]), ae., (6)

and integration yields

BB ()] = /Q BB (f)|dPs < /Q EB(f|)dPs

=/ FldP = |||
Q
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The last assertion of the proposition is a direct consequence of the
definition of E® in (2). O

For a better understanding of the abstract concept of conditioning
we now present an alternative definition and show, by specialization,
how Definition 1.2.2 is naturally included in the present version. Thus
let (2,3, P) be a probability space and (S,S) be a measurable space,
i.e., S is a set and S is a o-algebra on it. Let h: Q@ — S be a (X,S5)
random variable in the sense that h~!(A) € ¥ for each A € S. Consider
the image probability function p = P o h™! : § — RT so that u(A) =
P(h~Y(A4)), A € S. Recall that, by definition, h=1(C) = 0 for all
C C S — h(Q); ie., the (complete) inverse image of any set in S is

unambiguous.

Define B = h™1(S) so that B is a o-algebra contained in ¥ (and is
determined by h). Let Pg = P|B. If f : Q2 — R is any P-integrable
random variable, consider as before

Vf:B|—>/B fdP, B € B.

Then v is a signed measure, and if oy = vy o h™' : S — R, then
vy is also o-additive and 7y << p (and vy << Pg). Since p is a
probability there is, by the Radon-Nikodym theorem, a pu-integrable
function g : S — R (p-unique) such that

Df(A):Agfd/L , Ae S,

vty = [ gap ©

In this form the function g is often called the conditional expectation
of f given h and denoted formally (even when h is not one-to-one) as:

g(s) = B5(f) (W' ({s})) = E(flh =), s € 5. (8)

To deduce Definition 1 from this form, let S = Q, S = B C ¥ and
h = identity. Then E®(f), defined by (8), is identical with that given
by (2). Also if S = N, the natural numbers, S = the power set of
N, and P = {4,,n > 1} C X, is a partition of Q, let h : @ — N
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be defined by h(A4,) = n. Then h=1(S) is the o-algebra generated by
P. If u({n}) = P(h=1({n})) = P(4,), then (N, S, 1) is a probability
space; so (7) and (8) become

g7(n) - p({n}) = /

dP = dP. 9
o /A ! (9)

With the notation of (8), we have g¢(n) = E(f|lh = n) and since
[h =n] = A, one can use FE(f|A,) = Ea,(f) which is the notation of
Definition 1.2.2. Thus (9) becomes

EaN = 5y [, FP (10)

which is precisely (1.2.3). This shows that Definition 1 is the desired
extension of the elementary case. The following observation of the
general concept based on (8) and (10) is recorded for a clarification.

Suppose B C X is a o-algebra and A € B is an atom, i.e., A1 C
A, A, € Bimplies Pg(A;) =0, or = Pg(A). Then (8) and (10) give

B = B /A FP = 5 /A EB(f)dPs.  (11)

Thus, E4(f) being a B-measurable function, we have

/ E(f)dPs = / Ea(f)dPs,
A A

and by their essential uniqueness on B(A) = {AN B : B € B}, we
can identify EB(f) and E4(f) so that EB(f) is the average of f on
A relative to the measure P for each B-atom A (P(A) > 0). This
fact is sometimes expressed by saying that f is “smoothed” on A by
replacing it with its average. Thus EB(f) generally takes fewer values
than f. Motivated by the above alternative view of conditioning by
a function g, one often denotes, if B, is the o-algebra generated by
g, EBs(f) as E(f|g) and if g = (f1,...,gn) is a random vector, then
as E(f|g1,---,9n). Note that E(flg = s) is simply E(f|g)(s). This
notation can also be justified further on using the next assertion. It
shows that the random variable E(f|g) is a function of g. This is made
precise by the following result, termed a Doob-Dynkin lemma.
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Proposition 3. Let (;,%;), i = 1,2, be measurable spaces and f :
Q1 — Qs be (B1,32) measurable, ie., A= f~1(33) C ¥1. Then any
function g : Q1 — R is A-measurable (i.e., random variable relative to
A)iff g=h o f for some measurable h : Q5 — R.

Proof. Since any function of the form h o f is A-measurable because
(h o f)~YB) = f~1(h1(B)) C f71(X2) = A, it is only necessary to

consider the converse. Here B is the Borel g-algebra of R.

First suppose ¢ is a simple random variable relative to A. Thus g =
n
'§1 aiX4,» Ai € A. Then there exist B; € Xg such that A; = f~YBy).

Define h = ;1 aiXp, s SO that h : Q9 — R is a random variable for Yo
and in this representation one may assume both the {4;,1 < i < n}
and {B;,1 <i < n} are disjoint. Now one has

n

g(w) = X aix,, (@)
=X aix, g, W)= B axg (f(@)

~ (& @, )Ue) =(hone), wen . a2

This shows that the result is true for simple g. If g is any random
variable for A, then (by the structure theorem) there exist simple A-
measurable functions g, such that g, — ¢ pointwise. Hence by the
special case, there exist simple random variables for Yo, say h,, such
that g, = hpof, n > 1. Let Qy = {w € Qy : lirr}ﬁbinf hn(w) =
lim sup h,,(w)}. Since X is a o-algebra, and the h,, are 3s-measurable,

one deduces that g € 39 and f(€Q1) C Qp, using the fact that g, — g
on €. If we define h : 25 — R by the equation:

h(w) =

{ liminf, h,(w) , we€ (13)

0 , W ¢ QO ’
then h is a Ys-random variable and g = h o f as desired. [

Taking Qo = R, Y5 = B (the o-algebra of Borel sets of R) we get
E(flg) = h o g by the above proposition with 4 : R — R now being a
Borel function. This entitles us to say that the conditional expectation
of an integrable function f relative to a random variable g, is a Borel
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function of g. Moreover, in the notation of (8)
EP(f)(s) = E(flh = s) = ¢(h(s)), s € S, (14)

for some Borel function ¢ : R — R. Note that the middle expression
in (14) is, by definition, the left-most expression. The point of (14)
is that the equation is always well defined, a.e., without regard to the
measure of the event {w : h(w) = s}, and this is meaningful in the
general theory. In contrast, the same statement cannot be made in the
special (or “constructive”) case of Definition 1.2.2. Thus we need to
analyze this aspect in more detail. This is done in the next chapter.

2.2 Basic properties of conditional expectations

We have already seen that a conditional expectation is a positive
contractive linear operation on L'(£2, X, P), the real Lebesgue space of
equivalence classes of P-integrable functions. However, several other
properties, including some less familiar ones, can also be given quickly.
We start with the following;:

Proposition 1. Let (2,3, P) be a probability space, B C ¥ a o-algebra
and {X,Y, XY} C LY(Q,%, P). Then we have

(i) (averaging identity) E¥(XEB(Y)) = EB(X)EB(Y), a.e., and
in particular if Y is a B-measurable function then

EB(XY)=YE®(X), ae.,
(ii) (commutativity) if By C By C X are o-algebras then
EBY(EP:(X)) = EP(EP (X)) = EP (X)), a.e.,
and, in particular,
E(ES(X)) = E(X) (1)
for any integrable random variable and o-algebra B C X.

Proof. (i) It suffices to establish the second part since the first is then
an immediate consequence of this. The argument is somewhat unmo-

tivated. By (1.2) we need to show that the desired result is equivalent
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to verifying the truth of the following system of equations:

/ YEB(X)dPg = / EB(XY)dPg
A A

:/XYdP,AeB. 2)
A
But if Y = x, , B € B, then (2) becomes

/ X EP(X)dPs :/ EB(X)dPg = XdP = / Xp X dP.
A ANB ANB A
(3)

Since AN B € B, the equation (3) is true for any P-integrable X.
By linearity of the integral, (3) holds if x, is replaced by any simple
B-random variable Y. Then by the monotone convergence theorem
the same result holds if X > 0 and Y > 0 since there exist B-simple
0<Y, 1Y. Finally expressing X = XT - X~ and Y =Y - Y~ and
applying the result obtained in the preceding sentence, we can conclude
that (2) holds as stated; and at the same time infer that Y EB(X) is
also P-integrable when XY is.

(ii) Since By C By and EB'(X) is a B;-(and hence Bj-) random
variable, we get by (i)

EB2(EP (X)) = EPY(X)EP2(1) = EP (X)) , ae.,

because by (1.2) and the essential uniqueness of the Radon-Nikodym
derivative we get E5(1) = 1 a.e., for any o-algebra B C ¥. Thus the last
half of (ii) holds. Regarding the first part, we again go to the defining
property and proceed as in the proof of (2). For any A € By C Bs, we
have

[ BB @, = [ (X,
:/A XdP:/AEBl(X)dPBl.

Since the extreme integrands are Bi-measurable and A € By is arbi-
trary, they can be identified (i.e., equal a.e.). This shows that the given
identity is valid.

Finally writing B1 = {0,Q}, Bo = B C X, a o-algebra, one gets (1)
on recalling that E8(X) = E(X), a.e. [
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Remark. If P is replaced by a nonfinite measure p having the property
that up is o-finite, then we can apply the Radon-Nikodym theorem for
all random variables X > 0 even when X is not p-integrable. It again
follows from (1.2) that E®(X) is well-defined and E5(1) = 1 a.e. Thus
although E(1) = +o0, we always have EB(1) = 1 if ugp is o-finite. This
is a significant by-product of the general theory. Thus (1) holds for
all positive random variables but not for all random variables as the

counterexample of Section 1.4 shows.

It may be noted that (15) is true if either X or X~ is integrable
and this is the best possible condition for conditional expectations.
Also we should mention that part (ii) of the above proposition fails if
the inclusion relation B; C Bs is not satisfied. This can be verified by

examples.

The operator E? inherits several properties, familiar in the elemen-
tary case, but fails for some. The next result contains the positive
statements.

Proposition 2. Let {X,,n > 1} be a sequence of random variables
on (Q,%X, P) and B C X be a o-algebra. Then the following assertions
hold:

(i) (monotone convergence) X, > Xy, E(|Xg]) < 0o and X,, <
Xn_|_1 =

EB8(lim X,) = lim E5(X,), ae.,

(ii) (Fatou’s lemma) X,, > Xo, E(|Xo|) < co[X, < Xo, E(|Xo]) <
o] =

EB(liminf X,) < liminf E®(X,), a..,

[EB(limsup X,,) >limsup EP(X,), ae.,]

n n

(iii) (dominated convergence) X,, — X a.e., | X,,| <Y ae., E(Y) <
o~ = lim EB5(X,) = EB(X) a.e., and in L'(P)-mean.

Proof. (i) Replacing X,, by X — Xy > 0, we may assume that the
sequence is nonnegative and increasing. To use the same technique as
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in the last proposition, observe that EB(X,, — X,) exists and is > 0
a.e., since EB(Xy) exists. Hence

EP(X, — Xo) + E®(Xo) = E°(X,), ae.,

exists (cf., also the preceding remark). Similarly if X = lim X,,, which

clearly exists a.e., and X > Xy a.e., then EPB(X) exists a.e. Conse-
quently, for all A € B one has

/EB(X)dPB:/XdP = / lim X,dP
A A A "
= lim / X,dP
n A

= lim / EB(X,)dPg
n A

= / lim F%(X,)dPgs ,
A

n

by the classical monotone convergence theorem and the fact that E5(X),)
is increasing a.e. Since the extreme integrands on either side of the
equality are random variables for B, and A in B is arbitrary, the inte-
grands can be identified. It is precisely the desired assertion.

(ii) This part follows from (i) as in the classical case. Thus letting
Y = liminf X, so that Y > Xj a.e., if ¥;, = inf{X,, : m > n} then
Xo <Y, 1Y, ae. Hence by (i)
EB(Y) = lim EB(Y,), a.e.,
= liminf EP(Y,)
< liminf EB(X,), a.e.

The parenthetical statement is similarly proved, or it is deduced from
the above by considering —X,, in place of X,,.

(iii) The hypothesis implies —Y < X,, < Y and E(Y) < oo, so
that the sequence satisfies the conditions of both parts of (ii). Since
X, — X a.e., we have X =liminf X,, =limsup X,, a.e., and by (ii)

n

EB(X)= EB(liminf X,)
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< liminf EP(X,)
< limsup EP(X,)

< EB(limsup X,,) = E®(X), ae.

This shows that lim EZ(X") exists a.e. and equals F®(X), a.e.

Finally for the mean convergence, note that

E(|EP(X,) - E5(X)]) = E(|E®(Xn — X))
< B(BS(IX, — X1)), by (1.6),

= E(|Xn = X]), by (1),

— 0, as n — oo,

by the classical dominated convergence theorem itself. [

The mutual independence concept for events defined in (1.2.11) ex-
tends to functions as follows. Random variables X,Y are independent
on (2, %, P) if for any real bounded Borel functions ¢, 1), we have

A similar equation should hold for a finite collection Xi,...,X,, to
be mutually independent. An arbitrary collection of random variables
will be termed an independent set if each finite subcollection is inde-
pendent. Similarly a random variable X and an algebra B are termed
independent if X, x, are independent for each B € B.

The following assertion for conditional expectations is of interest.

Proposition 3. If X is an integrable random wvariable on (Q,%, P)
which is independent of a o-algebra B C ¥, then EB(X) = E(X), a.e.

Proof. For any A € B, we have

/ EB(X)dPg = / XdP, by definition,
A A

:/ X, XdP
Q

= E(x,)E(X), by independence of X and x,,
= E(X) Ps(4)
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= /AE(X)dPB.

Since the extreme integrands are random variables relative to B, they
can be identified to get E8(X) = E(X) a.e. as desired. []

We next establish some classical integral inequalities for conditional
expectations since they are important for applications.

Theorem 4. Let, X,Y € LP(Q, X, P), and Z € LI, %, P), where
p~t4q =1 p>1. Then we have for any o-algebra B C ¥

(i) (conditional Hélder’s inequality)
ER(IXZ|) < [BB(IXIP)YER (1 Z|)Y , ae.
(ii) (conditional Minkowski’s inequality) for p > 1,
[EE(X + Y)Y < [EB(IXPTVP + [ER()YP)]V7 e,

(iii) (conditional Jensen’s inequality) if ¢ : R — R is a continuous
convez function such that either ¢ > 0 or p(X) is integrable,
then

p(EP(X)) < EB(p(X)), ae. (4)

Consequently, EB is a positive linear contraction on all LP(Q, %, P), 1 <
p < o0.

Proof. (i) The result is immediate if either E5(|X|)?) or EB(|Z]9) is
zero a.e. (note that both are finite a.e.). Thus let N? = EB(]X|P) and
similarly N? be defined and 0 < N2, N? < oo a.e. Each of these quanti-
ties is a B-measurable function. To establish the desired inequalities one
needs to use a trick as in the classical case. Here we recall the classical
result that a twice differentiable convex (concave) function ¥ : R — R
is one for which the second derivative ¥ (x) > 0(¥”(z) < 0). Taking
U(z) = —log x, = > 0, we note that ¥(-) is convex and hence for
0<a<l, f=1-a,

log (az + By) > a logz + 8 log y = log z%y°, 2 >0, y > 0.

It follows by the strictly increasing property of the logarithm function
that
2y’ < ax+ By . (5)
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Turning to our proof, if p = 1, then ¢ = 400, so that ||Z]| = k < o0,
and since (cf., (1.6)) E5(|Z]) < k a.e., we have

|ER(XZ)| < EP(1X Z))
<k EB(X|) =k N}, ae. (6)

But ||Z]| = k implies that A, = [|Z] > k — €] is an event for each
e >0, and P(A.) > 0. Then choose a B in B3 such that B D A, a.e.
This is clearly possible. (In fact, the class of all sets of B that contain
A, has an infimum in B, and this can be shown to be valid even if Pg
is o-finite.) Then

k> N> E5(1Z)) > E%(|Z]x,)
> B5(Z|x, ) > ke, ac ™)
Since € > 0 is arbitrary we get N>° = k, and so (6) implies (i) in

this case. Next let 1 < p < o0, and put « = 1/p, 5 = 1/q, % =
| X (w)|/Na, y° =|Z(w)|/N, in (5). The result then becomes

1|z
q NY

(W), a.a.(w) . (8)

Applying E®B to both sides of this functional inequality, and using
Proposition 1(i), (8) becomes

1 1
EB(‘XZ‘)/NzNZ < ]_9 + 5 =1 y a.€., (9)

and this gives (i) in all cases.

(ii) With the same argument as in the first part of (i), it follows at
once that the result holds if p = 1 or p = 400, because of the numerical
triangle inequality. The result is also trivial if EZ(|X 4+ Y |?) = 0, a.e.
The inequality

X +Y[P < [2Pmax (|X], [Y)P] < 2P[[X]7 + [Y]7]

implies that we need to consider only the case that 0 < EB(|X +Y|P) <
00, a.e., with 1 < p < oo. With this assumption, let ¢ = p/(p — 1), and
then

EB(|X +Y|P) < EB(IX + Y|P~ L(|X]| +|Y])), ae.
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— B5(X + Y |X]) + EB(X + YY)
< [BB(IX + Y |09 9 [(BB (X [7) 7+
+ (EB(Y]P)) ),

by (i). Cancelling a nonzero factor on both sides, we get (ii) in this

case also. Thus the argument is practically the classical one.

(iii) Let ¢ : R — R be a continuous convex function as given. Then
by the support line property, p(x) > ax + b, = € R; for some real
numbers a, b. Replacing x by X (w) here, w € €2, and then integrating,

aE(X) +b < E(p(X)) < o0

so that F(X ) or E(X ™) is finite. Thus E®(X) exists. Next we use a
classical characterization of such a convex . Namely, ¢ is the upper
envelope of a countable collection of such lines: a,x + b,, n > 1.
Since

EB(o(X)) > an EB(X) + by, ae., n>1, (10)

we get, on taking the pointwise supremum on the countable collection
of the right side of (10), EB(p(X)) > ¢(E®(X)), a.e. This gives (4).

Finally, if p(x) = |z|P,p > 1, we get, on integrating (4),

|ER(X)||h = E(JER(X)[?)
< E(E®(IX[?))
= E(|X]?) = [|X][5, by (1).

Taking the p'” root, this implies the contractivity of E8 on L?(€, ¥, P)
spaces. []

A simple application of Proposition 1 (ii) (and Proposition 4 (iii))
gives the following useful extension of a classical inequality due to C.
R. Rao and D. Blackwell who obtained it in the middle 1940s indepen-
dently for p(z) = z2. Thus let ¢ : R — RT be a continuous convex
function. If Y is a random variable such that E(p(2Y)) < oo, then for

each o-algebra B C ¥, Z = EB(Y) is well defined, and

E(p(Y —a)) > E(p(Z — a)) (11)

© 2005 by Taylor & Francis Group, LLC



40 Chapter 2. The Kolmogorov Formulation and Its Properties

where a = E(Y). In fact, by the convexity of ¢

2Y — 2a

(‘P(T))

[E(¢(2Y)) + ¢(2a)] < o0

and by (2) E(EB(Z —a)) = E(Y —a) = 0. Note that using once again
the support line property of ¢ as in the last part of the preceding proof,
we conclude that EB(Y) = Z is well defined. Next with (4),

EP(p(Y —a)) > 9(ES(Y) —a) = 9(Z — a), a. (12)
Taking expectations on both sides of (12), we get (11). If p(z) = 22,
then E(p(Y —a)) = VarY, and E(p(Z —a)) = Var Z. Thus (12)
implies

Var Y > Var(E5(Y)) . (13)

Now, if EB(Y — EB(Y))? is termed the conditional variance of Y given
B, denoted VarB(Y), then (13) can be expressed as follows:

Var®y = EB(Y — EB(Y))? = EF(Y?) — (EB(Y))%
Hence

Var Y = E(Y —a)?
= B(EP[Y - EB(Y) + EB(Y)—d)?)
= E(Var®Y) + Var EF(Y) > Var E5(Y) , (14)

since EB(Y — EB(Y)) = 0, a.e. Thus we have a direct proof of (13) in
this special case. The inequality (13) or (14) says that the conditioned
variable has possibly a smaller variance than the original one. The
significance of this result in applications is that, if Y is an “unbiased”
estimator of a parameter “a” (i.e., E(Y) = a), then it can be improved
(i.e., will have smaller variance) if we replace it by its conditional mean
relative to any o-algebra B (i.e., take EB(Y) as an unbiased estimator
of a). Here B is arbitrary and we may choose it according to conve-
nience. We see later on (in Chap. 6) how the best B can be chosen in
many problems when a property called “sufficiency” of the estimator
is available.
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The preceding results indicate that the operator EB has nearly the
same behavior as the ordinary expectation or integral. But this is
deceptive, and not a true analogy. The first significant difference is
obtained when it is recognized that the classical Vitali convergence
theorem for E(-) (i.e. for the Lebesgue integrals) is not valid for a

conditional expectation EZ. More precisely we have the following:

Theorem 5. There exists a probability space (2, %, P), a sequence of
uniformly integrable random variables X,, : @ — R, n > 1, such that
X, — X, a.e., and a o-algebra B C X, for which
P[lim E®(X,)=E5X) =0 .
n—o0

The classical Vitali theorem states that under the hypothesis of The-
orem 5 (i.e. for any uniformly integrable X,,, n > 1 and X,, — X a.e.),
we always have lim FE(X,) = E(X). To get a corresponding re-
sult in the CODdi&gIEI case, we need to strengthen the hypothesis on
Xy, n>1 (or restrict the admitted probability spaces (€2, 3, P)) con-
siderably. Here we omit the proof of Theorem 5 since it is not essential
for our further work, but present a restricted conditional version of the
Vitali theorem.

It is convenient to introduce a new concept:

Definition 6. If {X,, n > 1} is an integrable sequence of random
variables on (2,3, P) and B C ¥ is a o-algebra, then the sequence is
conditionally uniformly integrable relative to B, provided

kli»n;lo EB(1X,)| Xix,50) = 0, a.e., (15)
uniformly in n.

If B = (0,Q), then the above concept reduces to the ordinary uniform
integrability. We can now establish the following:

Theorem 7. (Conditional Vitali) Let {X,, > 1} be a sequence of
random variables on (2, X, P) such that X,, — X a.e.

Then, (a) the uniform integrability of X, ’s implies that E®(X,) —
EB(X) in LY(Q, B, Pg)-mean for any o-algebra B C X; and

(b) the conditional uniform integrability of the sequence relative to
a o-algebra B C X implies that EB(X,) — EB(X), a.e. and also in
LY(Q, B, Pg)-mean.
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Proof. (a) This part is an easy consequence of the classical Vitali

theorem. Thus for a g-algebra B C %,

E(|E®(X,) — E®(X)|) < E(E®(|X,, — X|)), by Theorem 4(iii),
=E(X,—-X]|) —0,

as n — oo by the stated classical theorem. Note that by Fatou’s lemma
X is integrable so that E®(X) is well defined and the initial step is
meaningful. The a.e. convergence of {EB(X,,), n > 1} does not neces-
sarily hold as implied by Theorem 5 and the positive statement is the
next part.

(b) By hypothesis the given sequence is conditionally uniformly in-
tegrable relative to B. So the same property holds for {XF, n > 1}.

no

Consequently we have

Up = sup EP(X;x __
n21 [Xn

) —0ae.,as k— 0.
> k]

Consider

ES(Xn) = E°(X}) — EF(X;x ) — EF(X; x )

Hence applying Proposition 2(ii) we get

liminf E¥(X,) > lim inf EB(an[X,<k]) — Uk

n

> BS(liminf X,x __ )~ Uk, (16)

since the X,, are bounded below by k. But now we have U, — 0, a.e.,
as k — oo. So (16) implies

liminf E5(X,) > EB(liminf X,), a.. (17)

Replacing X,, by —X,, and noting that V;, = sup EB(XIx

n>1 [X$>M

)

goes to zero a.e., as k — oo, by (15) we get the inequality (17) for this
sequence also. Hence

limsup FP(X,) = — liminf E®(-X,)

n
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< EB(—liminf(—X,,))
= EP(limsup X,,), a.. (18)

Since X,, — X a.e., we get limsup X,, = liminf X,, a.e. So (17) and
(18) imply

EB(X) <liminf E®(X,) <limsup E®(X,) < EP(X), ae. (19)
Thus E5(X,,) — EB(X) a.e. in addition to the mean convergence. The
latter follows from (a) since By = (), Q) C B and EBl(XnX“Xn]ZH) —0
uniformly in n as k — oo for any g-algebra By C B; C B if it holds for
B as a consequence of (15). This proves (b) in all parts. O

2.3 Conditional probabilities in the general case

As observed at the beginning of this chapter, a conditional prob-
ability function must be obtained from the corresponding expecta-
tion. Thus according to Definition 1.1, the conditional probability on
(2, 2, P) relative to a o-algebra B C X, denoted P5(-), is given by the
set of equations,

PB(A)=EB(x,), Aex .

This is defined even if Pg is only o-finite, and 0 < PB(A) < 1, a.e.,
is always true. We can deduce a number of properties of P5(-) from
those of EB(-). They are listed as follows.

Proposition 1. Let (2, %, P) be a measure space and B C ¥ be a o-
algebra such that Pg is o-finite. Then there is a Pg-unique function
PB .Y — RT satisfying the set of equations:

/ PB(A)dPs=P(ANB), AcX, BeB, P(B)<oo . (1)
B

Further PB has the following properties a.e. (P).

(i) 0 < PB(A), Acx, (ii) PB(Q) =1, and PB(A) =0 if P(A) = 0,
(iii) PP(B) = x,, B € B, (iv) if {A,, n > 1} C ¥ is a monotone
sequence with limit A, then PP(A,,) — PB(A), (v)if {A,,n > 1} C X is
a disjoint sequence, then PB(U, A,) =X, PB(A,), and if P() < o,
then this series also converges in LP-mean for 1 < p < oo (but not for
p = +00).
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Proof. The facts that PB(-) exists, is Pg-unique and satisfies (1) are
consequences of the Radon-Nikodym theorem as shown by equations
(1.2) and (1.3) which hold even if Pg is o-finite. Since E® is order-
preserving, faithful, E5(1) =1 a.e., and E®(x,) = x, a.e. for all B €
B, we get the properties (i)-(iii). Regarding (iv), if A,, C Ap41, n > 1,
then the conditional monotone convergence (cf., Proposition 2.2) yields

lim P5(A,) = lim EB(x, )

n

= E%(x,) = P5(4) , ae. (2)

If A, D Ap+1, n>1, then by (1) for each B € B, P(B) < oo,
lim/ PB(A,)dPs =1lim P(A, N B) = P(ANB) . (3)

Since P(B) < oo and PB(A4,,) < 1 a.e., the limit and integral on the left
side of (3) can be interchanged, by the classical bounded convergence
theorem. Hence

/ lim P5(A,)dPs = P(ANDB) = / PB(A)dPs . (4
B " B

But this system of equations holds for all B € B of finite measure. By
the o-finiteness of Pg and the fact that the integrands in (4) are B-
measurable imply that they can be identified. This proves the validity
of (iv) in general.

Finally consider (v). The argument is similar to the above. In fact,
by the classical monotone convergence theorem, if B € B, of finite
measure,

/ S PB(A)dPs = % / PB(A,)dPs
B B

n=1 n=1

= £ P(4.NB), by (1),

U (A, N B)), since P is o-additive,

:/B pB(U An)dPg, by (1) . (5)

Since Pp is o-finite, B(€ B) is arbitrary of finite measure, and the
extreme integrands are B-measurable, they can be identified. With
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P(Q) < oo, the last statement follows from the classical bounded con-
vergence theorem. Indeed,

1PE 40 - £ PRl = [ PP AP ds by 6),
k=1 B Q k>n
B P
<y o

by Theorem 2.4(iii),

= P(U Ai) — 0, as n — oc.
k>n

For p = oo, this fails since [[x , 4, [lcc =1 for all n. Thus we have all
k>n
the assertions. [

Remarks 1. 1t is important to note that all the statements of the pre-
ceding proposition hold only a.e., and not everywhere. The stronger
statements can be made, in general, only if B is generated by a count-
able partition. In this case a fixed null set can be selected and on its
complement the assertions hold everywhere so that we will be effec-
tively in the elementary part. Thus in the general case one must note
this difficulty dealing with conditional measures. This point and the
difficulties will be illustrated further later on.

2. Another consequence of Proposition 1, useful for some applica-
tions, is as follows. Let (£2, X, P) be a probability space and A; C 3,7 =
1,2 be a pair of arbitrary o-algebras and P; = P|A; be the restrictions
of P to these o-algebras. If A; € A;, then one has since Ay N Ay € X,

P(AlﬁAz)Z/XAmA2 dP:/ XA, dP:/ EA2(xa,) dPy,
Q Az Az

and similarly one has

P(A; N Ay) :/

XA, dP:/ EA2(x4,)dP).
A1 Al

Writing Py, : X(A;) — R* for the contraction of P to 3(A;), which
is a finite measure on the trace o-algebras ¥(A;) = {A4; N B € X}, the
above representations for P4, give the following expressions of their
Radon-Nikodym derivatives for the conditional measures:

dPa, dPa,

:P.Az A .
dP, (Av); dP,

= PM(Ay), ae..
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Using linearity of the integrals and of the conditional expectations as
well as Proposition 2.2, the above expressions can alternatively be given
for the f; € LY(P),i = 1,2, that are A;-measurable, as:

dP; 4 dP;
— N pAr(f)). il

where Py, (B) = [, iP?1(B)dP and B € A,. Similarly the second
expression is defined.

= BEA(fy),a.e.,

We next present an extension of the classical Fubini theorem with
the ideas of conditioning as it proves to be of interest in a number of
applications.

Let (€2, X, 1) be a measure space, and consider a mapping P(-,-) : XX
0 — RT satisfying the following conditions: (i) P(-,w) is a probability
measure for each w € Q@ — N, u(N) = 0, (ii) P(A,-) is a B-random
variable for a g-algebra B C X, A € X, and (iii) [ P(A,w) dup(w) =
w(ANB), Be B, AecX. If up is o-finite and P(A, -) is written for the
function PB(A) in the above proposition, then it has all the properties
that qualify it to be a conditional probability relative to B. However,
not every conditional probability satisfies (i)-(iii), and especially (i) can
be false. To distinguish the general one from that satisfying conditions
(i)-(iii), the latter is called a regular conditional probability. 1t follows
that each elementary conditioning with B generated by a countable
partition (the case considered in Chapter 1) is regular. The general
nonregular case can be illustrated by using Theorem 2.5 as follows.

Fix wg € @ — N and set P5 (A) = P(A,w), A € X. If each PP
is a regular conditional measure, then for each pu-integrable random
variable X one has

) (wo) / X (w)dPE (w) (6)

to be well defined and E2(-) is a conditional expectation of X relative
to B. Indeed this holds if X = x,, A € ¥, and by linearity it holds
for all simple and then for all p-integrable random variables by the
classical Lebesgue limit theorems since we are assuming that Pfo(-)
is a probability measure. Thus setting E5(X) = 0 on N, we get a
standard function:

:/XdPB, a.e. (7)
Q
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However, Theorem 2.5 implies that there are probability spaces (€2, 2, u)
and o-algebras By C ¥ and a sequence of uniformly integrable random
variables X,, — X a.e., such that

lim EP°(X,)= lim [ X,dP"

n—oo n—oo O

Bo _ mBo
y /Q XdPBo — EBo(X) (8)

the inequality holding a.e. But if PB¢ were regular, the classical Vitali
theorem should ensure the equality in (8). This shows that our sup-
position that P8 is always regular for each B is not valid, and hence a
conditional measure cannot always be treated as an ordinary measure.
Therefore we need to make a special study of regular conditional mea-
sures and find suitable hypothesis on P? in order that regularity holds.
This will be done in Chapter 5.

Since the elementary case shows that the class of regular conditional
measures is nonempty (and by Chap. 5 there are several nonelementary
ones), the following result which extends the classical Fubini theorem
is of interest in applications.

Proposition 2. Let (£2,%) be a measurable space and (S,S,u) be a
probability space. Suppose that there is a mapping Q(+,-) : ¥ x S — R+
such that (i) Q(-,s) is a probability for each s € S — Sy, u(Sp) = 0,
and (11) Q(A,-) is a measurable function for S, A € ¥.. Then there is
a probability measure P on the product measurable space (2 x S, X ®S)
such that for each random variable X > 0, we have

foea P = 1], X000 ). )

where both sides are infinite or both are finite and equal.

Proof. Consider the class ¥ x S ={AxT: A X, TS} Itisa
semi-ring containing {2 x S so that it is termed a semi-algebra, using
the standard terminology of real analysis. Define P on it by means of
the equation:

PAXT) = / Q(A,s) pu(ds), AcS, T€S. (10)
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Since p and @ are bounded, P is well defined and takes values in [0, 1]
with P(Q x S) = 1. We assert that P is o-additive on ¥ x S. For, let
{A,, xT,, n> 1} be a disjoint sequence from ¥ x S with union A x T’

also in it. Then one has

Xaxrt (w7 3) = Xa (W)XT(S>

- n§1 XanxTn (w’ S) - ngl Xan (w)XTn (S) )

(11)

Note that for each (w,s) € A x T, exactly one term on the right of (11)
is nonzero. Now fixing an s € S, and considering the series above as a

function in w € 2, we get on integrating it relative to Q(-, s)

QA 5)xr(5) = 5 Q(An,5) X, (5) (12)

by the monotone convergence theorem (applicable to Q(-,s)). Next
treating (12) as a function of s, and integrating it relative to u, one has
by the same (monotone) theorem

P(AXT) = /T Q(A, s)u(ds) = E}l P(A, x T,) .

This shows that P : ¥ xS — [0, 1] is o-additive. Hence by the classical
Hahn extension theorem, P has a unique o-additive extension to the
o-algebra ¥ ® S generated by ¥ x S. We denote this extended function
by the same symbol. Thus P on ¥ ® S is a probability measure.

To complete the demonstration, it is necessary to show only that
(9) holds for this P. In fact, this is true by construction above if
f = X, By linearity of the integrals on both sides of (9) it holds if
f =302 ai X4, .7, so that the assertion is true for all ¥ ® § simple
functions. But ¥ x § is dense in X ® § for the semi-metric p defined
on X ®S8 by p(E,F) = P(EAF) by the standard results in analysis.
Thus we can approximate every ¥ ® S simple function with one of
¥ xS. From this it follows immediately that (9) holds for ¥ ® S-simple
functions. Finally, every random variable f : Q@ x S — R™, for ¥ ® S,
is a pointwise limit of an increasing sequence of such simple f > 0, so
that by the monotone convergence criterion (9) holds for all positive
random variables. []
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Taking S = Q,§ C ¥, and p a probability on 3, Q(-,-) becomes a
regular conditional probability. Thus the above proposition gives an ex-
tension of the classical Fubini theorem. In fact if Q(-, s) is independent
of s, then the result reduces to the Fubini theorem on finite measure
spaces. But then the o-finite case is a simple extension.

It is desirable to have a result of the above type for any conditional
measure () on Y without being regular. Indeed it is possible to have
such an extension, but because of the discussion between (7) and (8)
we cannot expect one if the classical theory of (Lebesgue) integration is
demanded. The desired method of integration for such function space
valued measures and the corresponding result will be given, with a
suitable preparation, in a later chapter. For now the stated version
suffices.

We present an application of the above proposition to certain mea-
sures called miztures in the literature. Thus let (S,S, 1) be a prob-
ability space in which g concentrates on a countable set of points
{$n, m > 1} with the corresponding masses {p,, n > 1}. Then the
mapping Q(+,-) : ¥ xS — R of the above proposition gives, on writing
Q(-, sn) as Qn(+), a measure P as:

PAXT) = ETann(A) ; Xpp=1. (13)

Sn € n>1

Such a P is a discrete mizture of Q,, and {p,,n > 1}. Other special-
izations are possible. For instance, let 2 = R, ¥ = Borel o-algebra
of R, S =R, § C ¥. Suppose that Q(A,,y) = F(x,y) for each
A, = (—o0,z), x € R, where F is a distribution function, i.e., a mono-

tone nondecreasing and left continuous function with lim F(z,y) =1
y—o0

and lim F(z,y) =0, lim F(z,y) = 0. In this case u is any prob-
r——00 Yy——00

ability function on ¥, and we have

P(A, xT):/T/A dy F (u,y)p(dy)
=/TF(x,y)u(dy) : (14)

so that P is a continuous mixture. We now give an example to show
that the above illustrations appear in natural applications.
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Example 3. Suppose that X, X5,... are a sequence of random vari-
ables representing the assets (or liabilities) of individuals chosen for
inspection from a “homogeneous population.” If the recorder stops ob-

servation at the N individual when a (telephone) message arrives,

then the total recorded value will be Sy = E X; (in monetary units).
Assuming the sequence comes from a random selectlon so that the X;
are independent and identically distributed, and also assuming that the
X; have two moments finite, it is desired to find the variance of Sy (to
know the “spread” of the distribution). Here the message arrivals are
random and have a given (Poisson-type) distribution, or F(N?) < oo
is enough.

We translate the problem to one of mixtures, (using (13)) and thus
the probability measure P governing the Sy can be found. Our hypoth-
esis implies that Sy has two moments finite. (The conditions should
be contrasted with the counterexample of Section 1.4.)

Let (N, P, ) be a probability space with N = {1,2,...}, P = power
set, and p is a probability on N. Suppose that N : N — N is a random
variable such that u(N = n) = p,. Let (£2,%) be a measurable space
(describing the desired incomes of individuals in the homogeneous pop-
ulations under consideration) and define Q(-,-) : ¥ x N — R™ as the
conditional measure such that for each n € N, Q(-,n) gives the prob-
ability distribution of X,,. Then the probability P : ¥ x P — R*
governing S, is given by (13) so that

P(AXB)= £ Q(An)p, A€ .
ne

Consequently we have

B5x) = [ Su@ap= Ep. [ 50 Qwn) . (5)
and similarly
E(s3)= % p /52 Q(dw,n) . (16)

Since by assumption the X,, are identically distributed with mean «
and variance o2, and since X,,, X,,, are independent, we have

/Q S, () Q(dw, ) / Xi(w)Q(dw, k)
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| Siwaon = & ([ X @eat) + n(n-1) o’
Q = Q

(by independence of X}’s E(XyXy) = E(Xp)E(Xp) =a? if k # k)

—n/X1 Q(dw,1) 4+ n(n—1) a* .
But 02 = E(X; —a)? = E(X?) — o2 Hence

/ S2(wW)Q(dw,n) =n o® + na® + nin—1)a?
Q

=no® + n’a’ .
Thus (15) and (16) give
E(Sy)= S nap, = a E(N) = E(X1)E(N),
and
B(X%) = :élpn(na2 + n?a?)
= 0?E(N) + o*E(N?).

Hence

Var Sy = E(Sy — E(Sn))? = E(S%) — (E(Sn))?
= 0?E(N) + o*E(N?) — (aE(N))?
= 0%?FE(N) + o* Var N
= E(N)Var X; + (E(X;))* Var N .

Higher moments can be calculated with similar work.

2.4 Remarks on the inclusion of previous concepts

It was already seen in relations (1.7) and (1.8) that the elementary
case of Definition 1.2.2 (cf. also the corresponding relations (1.2.4) and
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(1.2.5)) is included in the general concept due to Kolmogorov. However,
the procedure with densities given by Definition 1.4.1 contained a limit
process and it is not clear that the latter concept is also included in the
general study. After all, the same name (conditioning) should not be
used in different places unless the definitions are compatible; i.e., they
agree with each other. Thus it is necessary to verify this in the density
case. Let us illustrate it with a special example.

Let f:R? — R be a Borel function such that [ fR2 x y)d:c dy =

1. Thus f is a density with marginals f1, fo where f1(z) = fR x,y)dy
and fo(y) = fR x,y)dx. Let P be the probablhty measure induced
by f:

PiaxB) = [ [ fapdoay. 1)

A C R, B C R are Borel sets. Then P has a unique extension to be
a probability on B2, the Borel o-algebra of R?. Writing R? = R; x
Ro(R; = R), let B; be the (component) Borel o-algebras of R; so that
B? = By ® By. We now produce a pair of random variables (X1, X5)
on R? whose (joint) distribution is induced by P. This is actually a
simple consequence of a general existence theorem due to Kolmogorov
but this special case can be obtained directly, although (unfortunately)
with little motivation. Thus let (X7, X3) be coordinate functions on
R? so that if w = (z1,22) € R2, then X;(w) = 21, X2(w) = xo. It is
simple to verify that X;, X» are random variables for B2, and then we
have

Plw: Xi(w) < u)) :/ / Fz,y)dz dy
X () <u}
20 flry)dyde, =1
{ = f y) dydx, =2,
{ f f1 x, 1=1

Thus X;, X5 have the desired structure with (marginal) densities f;
and fy respectively. Next let C; = Xi_l(BZ-) C B%,i =1,2. The C;
are the cylinder o-algebras of B? and the latter is easily seen to be
generated by C; UCs. To use the elementary definition of conditioning
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with densities, we consider

Tatads i falea) #£0
Fxaixa (alag) =4 2027 (3)
e 0, it fo(z2) =0 .
We have already noted that fx,|x,(-|r2) is a density for each x5 € R.
Now define for each A € B? and w € R? the mapping

P(Alw) = /A( ( ))fX1|X2(9U1|1172)d$1, w = (z1,22),

where A(ma(w)) is the ma(w) section of A with m; : R> — R; being the

it" coordinate projection. Thus we may express the above as:

mmmzﬁmMJM&mmwmml. (4)

It is clear that P(-|-) : B2 x R? — RT is well defined, and to see
that P(-|w) is a measure only its o-additivity need be verified. So let
{A,, n>1} C B? be a disjoint sequence with union A. Then for each
fixed w € R? we have

1 (A(mz(w)) = m () An(m2(w))

= U m(An(m2(w))).
n=1

Moreover the right side is a disjoint union. This is clear if the A, are
horizontally laid out, but if they are vertically stacked, only one of them
will be nonempty, as seen by drawing a picture. The other possibilities
are verified similarly. Since the integral used in (4) is o-additive, we
get

mu&m>=/ Fx 0 (1|2 () s
n m1(Un An(m2(w)))

o0

=X / Fxi 1, (21| m2 (w) ) das
= I (An(m2(w)))

- :zz‘:’l P(An|w) . (5)

It remains to show that P(A|w) is a version of P2(-). By the essen-
tial uniqueness of the Radon-Nikodym integrand, we have to verify only
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that P(-|-) of (4) satisfies the functional equation (1.4). Let B € C,.
Being a cylinder, it can be represented as B = R x By for some By € Bs.
Hence for each A € B2, we have

| Plawre) = [ . [ / L Pl

// [ fX1|X2 .’B1|.’E2)d$‘1] f(IEl,SEQ)d.CCld.’BQ 5
By | JA(m2(w))

by definition of P and Proposition 1.4.2,

:/ fX1|X2(931|1‘2 )dzq </ f(u, x2) du) dxs
By J A(ma(w))
:/ / [xix, (@1]22) fo(22)d21das |

By J A(z2)

by the Tonelli theorem,

Pcz (dw)

= f([]?l,flfQ)dxlde; by (3)7
BNA

= P(ANB) . (6)
This is (1.4) and hence P(-|-) defined by (4) is a version of P¢2(-). Thus
the definition of conditional density in (3) is included in the general
(Kolmogorov) concept.

The preceding computations extend without change if R? is replaced
by R™*". Hence the conditional densities, given with the method of
(4), will be candidates for defining regular (versions) of conditional
probabilities. Are there other methods of defining such functions? This
is not easy to answer. In fact, we shall see in the next chapter that an
actual calculation of such conditional densities is not simple, especially
when the conditioning is made by a random vector. Note that in Section
1.4 we used a form of the L’Hopital rule in evaluating certain quantities
in obtaining a conditional density. There are problems in removing the
indeterminacy in such situations, and we shall analyze the matter in
some detail, in the next chapter, since the methods are not entirely

intuitive.

2.5 Conditional independence and related concepts

One can pursue the study of conditional measures by extending some
of the absolute concepts to the general case. Thus one of the natural
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notions is independence. This can be extended to the present (condi-

tional) context, without imposing any regularity restrictions as follows.

Definition 1. Let (2, %, 1) be a measure space, and {B,B, : « € I}
be o-algebras contained in ¥ such that pp is o-finite. If the cardinality
of I is at least two, then {B,,« € I} is called a conditionally indepen-
dent family relative to (or given) B if for each distinct set of indices

ai,...,an of I and each A,, € B,,, one has
B T pB
) = ) .e. > 2.
P (|‘_1| Aaz) 11;11 P7(A,,) a.e., n>2 (1)

If {X,, a € I} is a family of random variables on (2, %, x) in the
above, then it is conditionally independent relative to B, whenever the
o-algebras {B, = X, 1(R), a € I} are conditionally independent given
B; i.e., (1) holds for them. Here R is the Borel o-algebra of R.

Note that if B = {0, Q} and that ug(2) = 1, we have the usual (un-
conditional) concept defined before. It will be useful to present different
sets of statements equivalent to the conditional independence and give
some applications, so that one will have a better understanding of the
extension. Observe that the smaller the o-algebra B is, the more strin-
gent the conditions (1) become. In particular, if B, = B, « € I, then
the system of equations (1) reduce to a tautology since PZ(x,) = x.,,
a.e., for all A € B. Thus there is interest only when B is distinct from
all the B,,a € I. The following result illuminates this observation.

Proposition 1. Let B, By, By be o-subalgebras of (2, X, u) with pg o-
finite (or u itself is a probability). Then the following are equivalent
statements.
(1) B1, By are conditionally independent given B.
(ii) For each B, € By, P**(By) = PB(B)) a.e., with ap = oc(BUBy).
(iii) For each By € By, P®1(By) = PB(By) a.e., with oy = o(BUB).
(iv) For each X : Q — R, By-measurable, E“?(X) = E5(X), a.e.
(v) For each X : Q — R*, By-measurable, E*'(X) = EB(X), a.e.

[In (iv) and (v) the o-algebras oy, ay are as defined in (iii) and (ii)
above.]

Proof. (i) = (ii) Assume that B;, B are conditionally independent
given B. We need to verify that P®2(B;) and PB(B;) satisfy the func-
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tional equation on as for each B; € B;. Since the c-algebra as is
generated by the sets of the form {BN By : B € B, By € By}, it suffices
to verify the desired equation for the generators. Thus

/ PaQ(Bl)dPag :/ EOQ(XB’l )dPaQ
BNB2 BNB2

/ XBlmBQ

/ EB( (X 5,y )dPB

Sy

B

= / PB(B,)PB(By)dPg, by hypothesis,
B
/ B1))dPg, by Prop. 2.1(i),
B

—/ pPB (By)dP,, , since B C ay
BNB;

The extreme integrands are as-measurable and B N By is an arbitrary
generator of as. Hence we can identify them, giving (ii).

(ii) = (i) To prove the conditional independence of By, Bs relative
to B, consider for any B; € B;, i = 1,2, with ag = o(BU By),
PB(Bl N BQ) = EB(XBlr‘nBz)
= EB(EOQ(XBlmBz)) , by Proposition 2.1(ii),

since B C ag ,

Hence (i) is true so that (i) < (ii).
(i) & (iii). By interchanging the subscripts 1 and 2 in the preceding
demonstration, we get this part with an identical argument.

(ii) < (iv) Expressing (ii) in terms of conditional expectations we
get
EO‘Q(XBI) = EB(XBI), a.e., By eB; . (2)

Hence by linearity of the conditional expectation operator, (2) holds
for all B;-simple random variables. Then by Proposition 2.2(i) and the
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fact that any Bi-measurable X > 0 is a pointwise limit of an increasing
sequence X,, of B; measurable simple random variables, we get (iv).
That (iv) = (ii) is trivial.

(iii) < (v). Replacing the subscripts 2 for 1 and 1 for 2 in the
preceding part, we get this equivalence. [

To see the usefulness of this conditional independence concept, and

for some motivation for further work, we present a simple illustration.

Example 2. Let Q@ = N, ¥ = P(N) (the power set of the natu-
ral numbers), S = {B C N, 0 < |B| < oo} where |B| denotes the
cardinality of the set B. Thus (£2,%) is a measurable space, but
(S,P(S),| -|) is a new measure space where P(S) is the power set
of S. Let Q(+,-) : ¥ x S — RT be a conditional measure of the type
described in Proposition 3.2, i.e., Q(A, B) = |ANB|/|B|, |B| > 0. It is
easily verified that Q(-,-) has the desired properties of the proposition.
Let p > 1 be an integer and A, = {kp : k € N}, B,, = {1,2,...,n}.
Then for each n that is divisible by p, we get

_nlp_ 1
Ay, B) = 22 =~

Thus if py, ..., px are relatively prime and n is divisible by the product
pip2 - .. Dk, then Q(A,,, By) = 1/p;, i =1,..., k. Further

Apl M---N Apk = Aplpz---pm

1
QA, N---NA, , B, =———
(4, b ) pip2 - - - Pk
k
= T QA B.) - 3)
Thus such sets of numbers A, ,..., A,, are conditionally independent
given B,, (in the elementary sense) where n is divisible by p1ps ..., pk.

Although this is a very simple example, such a concept has interest in
analytic number theory. Here it serves as a motivation for our further
work.

The monotone class argument, which we omit, gives immediately

the following extension of Definition 1 above.
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Corollary 3. Let Xi,...,X, be random variables on a probability
space (2,3, P) and B C 3 be a o-algebra. Then X1, ..., X,, are condi-
tionally independent given B iff for each event A,, = {w : X;(w) < x;},
we have

=1

pB (ﬂ AIZ.> - Zﬁ PB(A,), ae., zi€R . (4)
i=1

Expanding this theme further, we can give a generalization of the

Kolmogorov zero-or-one law as follows.

Proposition 4. Let {X,, n > 1} be a sequence of random variables
on a probability space (2, %, P) which are conditionally independent
given a o-algebra B C X. If 0(Xg, k > n) denotes the smallest o-
algebra containing the events {X,'(I), k > n, I C R interval }, and
T =N ,0(Xk, K >n), called the tail o-algebra of the X,, sequence,
then T is essentially contained in B in the sense that for each T € T,
there is a B € B such that P(BAT) = 0. In particular if B = (0,9),
so that the X,,’s are mutually independent, then each tail event (i.e.,
each member of T ) has probability zero-or-one. (This last part is the
classical Kolmogorov zero-or-one law.)

Proof. It follows from definition (cf., (1)) that o(Xy,...,X,) and
(X, k > n+1) are conditionally independent given B for each n > 1,
by the preceding corollary. Hence o(U,, 0(X1,...,X,)) = o(X,, n >
1) and 7 are conditionally independent given 7. But 7 C o(X,,, n >
1). So 7 is conditionally independent of itself given B and so for
A e T, PP5(ANA) = (PB(A))? a.e. Thus PB(A) = yx, ae. for
some B € B. But by the essential uniqueness of the Radon-Nikodym
derivative, for each C' € B, one has

P(AmC):/

PB(A)dPz = / X dPp
C C

—P(BNC) . (5)

Taking first C = Q — B and then C' = Q — A, (5) yields P(A — B) =
0= P(B—A),sothat P(AAB) =0. Hence A = B, a.e.

The last statement is immediate since B = (), 2) implies P8 is a
probability and every element of 7 is equivalent to either () or Q so
that it has probability either zero-or-one. []
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We shall illustrate several important applications of the preceding

concepts from time to time in the following chapters.

Before concluding this chapter we present another related concept of
dependence, and the Hewitt-Savage zero-or-one law which complements

the Kolmogorov version given above.

Definition 5. (a) A sequence {X,, n > 1} of random variables on
a probability space (2,3, P) is called symmetrically dependent (or ex-
changeable) if {X1,..., X} { Xy, ..., X;, } are identically distributed
for each n > 1, where (i1, ...,4,) is a permutation of (1,...,n).

(b) Let II be the set of all finite permutations of the natural num-
bers N = {1,2,...} so that # € II iff 7(N) permutes only a finite
subset of N leaving the rest unchanged. If X = {X1, X»,...}, let 7(X)
denote the permuted sequence {X;,,..., Xi,, Xn+1, Xnt2,...} when-
ever T = (i1,...,in,n+ 1,n+2,...) changing the first n-indices (and
similarly other elements of IT). The class ¥g = {X " 1(A) : X1(A) =
(7(X))"1(A), a.e.,, m € I, A € B>} is a o-algebra, called the class of
permutable or symmetric events of X. Here B® = @2, B;, B; = B is
the Borel o-algebra of R.

A sequence {X,, n > 1} is said to have a common conditional dis-
tribution on (£, ¥, P) relative to a o-algebra B C ¥, if PB(X1(A)) is
independent of n for any Borel set A C R. Since E(P5(X1(A))) =
P(X1(A)), this implies that the X,, are identically distributed, but
the former concept is more restrictive than the latter. Also note that
a collection of conditionally independent random variables with a com-
mon distribution, both relative to a o-algebra B C ¥, is symmetrically

dependent. To see this, let A; C R be a Borel set. Then
PP (ﬂ X;;%Ak)) = ,ﬁl PP(X, 1 (Ap)), ae., by (4),
k=1 -

= kﬁl PB(X[1(A)), a.e., by the hypothesis of

common distribution.

Hence
pe (ﬁ X;1<A@-k>> = I PE(X (Ap)
k=1

k=1
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= pPB (ﬁ Xk_l(Ak)> , a.e.
k=1

This implies the assertion. What is interesting here is that B. de Finetti
has proved the (nontrivial) converse of this statement by determining
the precise o-algebra B relative to which the result is true. We state it
as follows.

Theorem 6. (de Finetti) Let {X,,, n > 1} be a symmetrically de-
pendent sequence of random variables on a probability space (2, %, P).
Then they are conditionally independent with a common distribution,
relative to the o-algebra Xo of permutable events of {X,, n > 1}. The
finite dimensional distributions are therefore representable as

- E(i{l P {w: Xi(w) < xk}) . (6)

P ﬂ {w: Xp(w) < xx}
k=1

We shall not present a proof of this result, since it is not essential for
our work. However we illustrate the representation (6) by the following
interesting consequence. The last part is called the Hewitt-Savage zero-
or-one law for which we include an independent proof below.

Proposition 7. Let {X,, n > 1} be a symmetrically dependent se-
quence of random variables on (Q, %X, P). If T =N 10(Xg, k> n) is
the tail o-algebra, then T is essentially contained in Xg; i.e., for any
A in T there is a B € ¥g such that P(AAB) = 0. In particular, if
{X,, n > 1} is also an independent sequence, then T is degenerate;
i.e., A € T implies P(A) =0 or 1. (In the last part T may be replaced
by Xo as the second proof below shows.)

Proof. By Theorem 6, {X,, n > 1} is a conditionally independent
sequence relative to ¥, and then by Proposition 4 7 is contained
essentially in Xg.

For the last part, X,,’s are also independent. Hence they are con-
ditionally independent relative to the trivial algebra {0, Q2}. But by
Proposition 4, 7 is contained in (hence essentially equal to) this {0, 2},
as asserted. [J

We now present an alternative demonstration of the last part, by
showing that ¥ itself is degenerate (so that 7 is also), following an
independent elementary argument essentially due to Feller.
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Alternative proof (of the last part). Recall that p : ¥ x ¥ — RT
defined by p(A, B) = P(AAB) is a semimetric on ¥ and (X, p) is a
complete (semimetric) space in which the operations N,U and A are
(uniformly) continuous. These properties are standard facts in measure
theory. Also o(X1,...,X,) C g so that U ,0(Xq,...,X,) C 2o
and is dense in the latter for the p-topology. Then there exist A, €
o(X1,...,X,) such that p(A, A,) — 0 as n — oco. By definition of
o(Xy,...,X,), A, may be taken as A, = {w: (X1,...,X,)(w) € By}
for some Borel set B, C R". Consider a permutation such that
A, = {w: (Xon, Xon—1,..., Xnt1)(w) € B,}. Then A, and A, are
independent events because of the hypothesis of independence of the
X,’s. Let 7: Q2 — ) be a mapping induced by the above permutation
which reverses just (n+1,...,2n) leaving the other indices unchanged.
Then 7A,, = A,, and 7 is one-to-one, measurable, and measure pre-
serving. Also

X =(X1,Xy,...)and X =(X1,..., X0, Xon, -, Xng1, Xops1,...)
are identically distributed so that 7A = A a.e. Hence
P(A,A,) = p(tA, TA,) = p(A,A,) — 0, as n— oo . (7)

Thus A, N A, - AN A= A in p-semimetric, and the (uniform) conti-
nuity of the operation N. However P(4, N A,) = P(A,)P(A,), by the
independence of X,,’s. Since A,, — A (in p) implies P(A4,) — P(A),
we get

P(A) = P(ANA) = lim P(A,N A,)

n—oo

= lim P(4,)P(4,) = (P(4))*. (8)

n—oo

It follows that P(A) =0or 1. O

Applications to specific problems of these results involve explicit
calculations which are nontrivial, and we devote the next chapter to
discussing several of these and raise some open problems.

2.6 Bibliographical notes

The general conditioning concept, involving a new and basic idea
(more complex than the elementary case but extending the latter),

© 2005 by Taylor & Francis Group, LLC



62 Chapter 2. The Kolmogorov Formulation and Its Properties

was introduced by Kolmogorov (1933) in his Foundations. It was fur-
ther elaborated, and regular conditional probabilities were discussed
by Doob (1953). A somewhat more detailed account of the subject
was thereafter included in the book by Loeve (1955). All these stud-
ies show that conditioning in the general case is not simple, and the
occasional counterexamples served only to deepen the mystery of the
subject. Among the published works thus far, the uneasiness resulting
from the nonuniqueness inherent in conditioning in the general case
and some paradoxes were explained in some detail only in the present
author’s book (1984). The situation still needs a further clarification,
and this will be discussed in the next chapter and then some important
developments follow in the ensuing work.

The Doob-Dynkin lemma is a result first given in Doob (1953) for the
finite dimensional case, and the abstract reformulation of it is included
in Dynkin (1961). The nonexistence of regular conditional probability
functions were known from the late 1940s, and those results depended
on the choice axiom (or at least on the ultrafilter axiom). But Theorem
2.5 follows from a result of Blackwell and Dubins (1963), as discussed
in the author’s book (1984), and this does not explicitly use the above

axiom.

The concept of conditional independence as well as its effective use
was apparently first given by Markov (1906) in his seminal study of
chain dependence. The symmetric dependence (and exchangeability)
is due to de Finetti (1939) and a proof of Theorem 5.7 is to be found in
this paper. A detailed argument has also been included in Chow and
Teicher (1978). The zero-or-one law for symmetrically dependent ran-
dom variables is due to Hewitt and Savage (1955) and our alternative
argument follows Feller (1966).

Several applications, characterizations of conditional measures as
well as expectations, and integration relative to conditional probability
functions will occupy a major portion of this book. Indeed, the last
third of the work is devoted precisely to such results and extensions of
the subject. These include martingales, Markov processes as well as
noncommutative conditioning. The latter plays an important role in
quantum mechanics and large parts of abstract analysis. Although no
underlying probability space is available in some of the applications, it
will be seen that the methods have a nontrivial extension there. The
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work in Chapter 11 (especially Sections 11.4 — 11.6) will attest to this
aspect, and the readers will find an interesting growth of the subject
in unanticipated ways. They motivate and lead to discovering new

methods and results in these subjects.
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Chapter 3

COMPUTATIONAL PROBLEMS
ASSOCIATED WITH CONDITIONING

Although the general concept of conditioning of the preceding chap-
ter is abstractly shown to be well defined and has all the desirable
properties, actual computation of conditional probabilities satisfying
the Kolmogorov definition is a nontrivial task. In this chapter it is
shown that, in cases when the conditioning event has probability zero,
there are real problems of well posedness to use the L’Hoépital rule of
evaluation, and the latter method leads to surprising paradoxes. These
come from natural applications and are exemplified with works of Borel,
and Kac and Slepian. Methods of resolution of these difficulties and the
reasons for such ambiguities in the first place as well as the appropriate
procedures for correct solutions through the differentiation theory are
presented here in considerable detail. For a class of regular conditional
probabilities, unambiguous computational methods can be given and
these will be presented in Chapter 5 where a thorough discussion of
regularity is undertaken.

3.1 Introduction

We have seen in the preceding chapters that the conditional prob-
ability P(:|B) of (2,%, P) is well defined by the elementary formula

(1.2.1) if P(B) > 0, and the same is true of P?(-)(w), w € B, in the
64
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general case by (2.1.2). The latter is a solution of the set of functional
equations (2.1.3), but no recipe is given for a calculation of PB(.). Its
existence and uniqueness are derived from the Radon-Nikodym theo-
rem. The standard properties of conditioning, noted in the elementary
case, have been verified in the general case also. As seen in Section 2.4,
a rigorous proof of conditioning directly given for densities, is not a
trivial matter. Since the elementary case is not immediately applicable
when the conditioned event has probability zero, it is natural to try
an argument based on L’Hopital’s rule of (multivariable) calculus to
evaluate such a conditional probability. If this is not satisfactory, one
should try other, often more sophisticated, methods to evaluate this
quantity which in reality is a Radon-Nikodym density of the (abstract)
differentiation theory. Since the latter is more involved, one may like
to consider the first method. As shown below, this leads to nonunique

solutions.

Thus we start with the simple case. It will be seen that there is
a fundamental difference between conditioning with a single event (of
positive probability) and conditioning with a random variable or equiv-
alently conditioning by a class of events generating a o-algebra. If the
single event has probability zero, it will become clear that there is an
inadequacy of formulation to use the first method but that the general
case is always valid. However, an explicit evaluation involves less ele-
mentary computations. The latter leads to a separate treatment of the
subject whose detailed study is not included in most books. This will
be considered here.

To understand and treat the problem better we begin with some
interesting examples amplifying the difficulties and then analyze the
underlying reasons.

3.2 Some examples with multiple solutions: paradoxes

Although we discussed an aspect of conditional probability in Section
1.4, including a difficulty with the associated expectation, only a simple
method was indicated to evaluate probabilities when the conditioned
event has probability zero. This prescription is not sufficient to throw
light on some deeper troubles. First we illustrate these matters with
two classes of examples having multiple solutions.
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Let (X,Y) be a pair of random variables on a probability space
(Q,%, P) with an absolutely continuous distribution Fx y whose den-
sity is denoted by fx y. Suppose that it is desired to find the condi-
tional probability of the event A = [X < z], given that B = [V = y]
has occurred. Since P(B) = 0, the elementary definition (1.1.1) takes
an indeterminate form. If fxy(-|y) is the corresponding conditional
density of X given Y = y, then, as noted before, one may use an ab-
stract form of the L’Hopital rule and calculate P(A|B) from (1.4.4).
In fact, such a calculation was employed to solve a problem raised by
E. Borel. An explanation was indicated by A. Kolmogorov. It will
now be elaborated. The problem is shown to have nonunique solutions,
resulting in “paradoxes.”

(a) The Borel-Kolmogorov type example. Let X,Y be independent
random variables with a common distribution given by

PX <z]=P[Y <z| =

{1—6—90, x>0 o

0, r<0,

Let a > 0 and Z = (X —a)/Y. Thus Z is a random variable, and if
a€R, B=[Z=a], then P(B) =0. If A=[Y <y, it is desired to
find P(A|B). To use (1.4.4) we need to find the joint density of fy z and
its marginal fz so that fy|z(-|a) can be obtained and then the desired
probability calculated. With a familiar change of variables technique
one can easily get fx z from fx y by setting y =y and x = a + 2y so
that the Jacobian is y, and hence

yexp[—(yz+a)—vy|, y>0andyz>—a

oz = { @)

0, otherwise.

Hence f7(2) = [, fv,2(y,2)dy, fvz(yl2) = fv,z(y,2)/fz(2), so that
for any a > 0, after a simple computation one has for all a > 0,y > 0
and ay > —a [and the latter is automatic since y > 0, > 0]:

y(1+ )™ exp[-y(l+a)], y>0,

. (3)
0, otherwise.

fy1z(yla) = {

And this gives for x > 0,

P(A|B) = / " iz (la)dy

= (14 a) 1 —e ™ 421+ a)}]. (4)
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But the desired conditional probability may also be obtained as fol-
lows. Since the event B = [Z = o] = [X — Ya = al, we can calculate
P(A|B), by letting U = X — Y «, and considering the conditional den-
sity of X given U = a. Thus a similar procedure as in the preceding

case yields

exp[-y(l+a)—u|, y>0, ay+u>0,
0, otherwise.

ot = 5)

Hence fy|y(yla) is obtained for a > 0, a > 0, with a simple com-
putation [for a > 0, a > 0, in (5), ay > —a which is automatic for
y > 0]

(I+a) expl[-y(1+ )], y>0,
0, otherwise.

rotyla) = §

Then the desired conditional probability is again calculated as

<mAw»=Alnw@mm%x>o,

= (1—e20F)) >0, (6)

However, the probabilities given by (4) and (6) are clearly not equal.
It follows that P(A|B) has multiple values, resulting in a paradox!
While discussing a similar situation, Kolmogorov (1933, page 51) briefly
states: “the concept of a conditional probability with regard to an
isolated given hypothesis [namely B here] whose probability equals zero
is inadmissible.” Similar examples with an analogous remark can be
found in many places in the literature. See for instance DeGroot (1986,
p. 173). Since such problems appear frequently enough in probability
and statistical practice, they cannot be dismissed.

Some readers may feel that the above examples (and similar ones)
are somewhat artificial. So we now consider a different but a natu-
ral class having uncountably many solutions when we again use the
L’Hopital approximation method that is so prevalent in the literature.
The following examples were first noted in a somewhat different context
by Kac and Slepian (1959), but they serve the present purpose well.

(b) The Kac-Slepian examples. As in the preceding case, the prob-
lem is to calculate P(A|B) when P(B) = 0, by some approximation

© 2005 by Taylor & Francis Group, LLC



68 Chapter 3. Computational Problems Associated with Conditioning

using a sequence of events B; | B with P(B;) > 0 for each i. This
means

P(AN B;)

PAIB) = lim P(A|B;) = lim —5 25 (7)

provided the limit exists. It should however be verified that the so
defined quantity on the left side is a conditional probability in the sense
of Definition 2.1.1. Since this is not obvious, we include the details.
First note that P(:|B;) is a probability on the o-algebra ¥ for each
i. By assumption lim; P(A|B;) exists for each A € ¥ and the fixed
sequence {B;,i > 1}. Hence as a consequence of a classical result
(the Vitali-Hahn-Saks theorem, the special version we are using was
originally due to Nikodym), one deduces that P(:|B) : ¥ — (0,1] is
a probability measure. So for each bounded random variable X, the
mapping X — [, X(w)P(dw|B) is well defined. If this is denoted
Ep(X), we need to show that it satisfies Kolmogorov’s definition in
the sense that it is a version of some conditional expectation, “for B”.
Let B be the smallest o-algebra containing the class {B;,i > 1, B}.
Then Ep, (X) is defined and is a constant on each B; so that it and
Ep(X) are B-measurable. Further, on each B;, (a generator) we get

/ XdP =lim / Ep,(X)dP = lim / ( / XdPg,)dP
B, v JBy, ' JBy, JQ
— / ( / XdPg)dP, by the Vitali-Hahn-Saks theorem’s
By, JQ

consequence and also the first part of this paragraph,

= / Ep(X) dP . (8)
By,

Since B, is a generator of B, (8) implies Ep(X) is a version of EB(X),
and hence our assertion is established. Thus we may denote E B(X) as
E(X|B), in the notation of the work in Chapter 1.

Let us now show with a detailed computation, using the approxima-
tions of the first method, that P(:|B) with P(B) = 0 does not have
a unique value, which thus leads to paradoxes. Later we isolate the
underlying reasons for this phenomenon.

Suppose that {X;, ¢t € R} is a real stationary Gaussian process with

mean zero and having a derivative almost everywhere (or only in mean)
at each ¢t. This implies E(X;) = 0,7(s,t) = E(XsX:) = p(s—t) and as
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h — 0 (X; being a real random variable)

Xign — Xy

. — Y}, a.e. (or in mean of order 2).

Thus {Y;,t € R} is the derived process. Here the nonuniqueness of Y; on
null sets causes no difficulty for our illustration below. Assume further
that p(t) — 0 as |t| — oo, and p is twice continuously differentiable.
Such a process can be shown to exist using a form of the Kolmogorov
fundamental existence theorem. [See e.g., Section 8.3 later, or any book

2 . .
” satisfies the above conditions,

on probability theory. In fact p(t) = e~
and it will be adequate for the present discussion.] A consequence of
these assumptions is that the above X;-process is “ergodic.” This means
that there is a one-to-one measure preserving 7 : ) — €2 such that X; =
Xgort, and each member of the class {A € ¥ : P(1(A)) = P(r71(4))}
has probability either zero or one.

From our assumptions it follows immediately that {Y;, Xy; t € R}
is a vector normal (or Gaussian) process and E(X:;Y;) = 0 so that
the X; and Y; are also independent, ¢ € R. [The latter fact can be
established for any continuous Gaussian ergodic process X; with an a.e.
(or in mean) derived process Y;, but for simplicity we keep the above
assumptions in force.] Our problem now is this: find the conditional
probability density of the “slope” Y; given that Xg = a. In other
words, if the process is known to pass through the point “a” at time 0,
then find the conditional density of its slope Yy at that instant. Since
P[Xy = a] = 0 we are in a situation similar to that of subsection (a).
It will now be shown that there are infinitely many solutions to this
problem by using the method of approximations.

Since Yj is also a nondegenerate normal random variable with mean
zero, let its variance be o® > 0. We now find a class of approximations
for the event B = [X( = a]. Since X is normal with mean zero and
variance o2 > 0, it is clear that P(B) = 0. Let 6 > 0 and m be real

numbers. Consider

5" = {w: Xi(w) passes through the line y = a + mt of length
d for some t }

={w : Xy(w) = a+ mt for some 0 <t < (1 +m2)_%} .

Clearly AY* | B as § | 0 for each m. We now calculate, with (7), the
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right side of the following;:

P[Y < y|B] = lim P[Y < |47, fm| < 0. (9)

The ensuing work shows that the limit exists.

Let p, (-) and fx,(-) be the probability density functions of Yj
and Xo so that p, (y) = (2ra?)~z exp(—y%/2a?), and fx,(z) =
(2m02)2 exp(—z2/202). By independence of Xg and Yy, fx, v, (u,v) =
fx,(w) - fy,(v). However, AY* and Yj are not necessarily independent

for § > 0 and |m| < co. Now to evaluate the right side of (9), consider
with B,, = [YO > m], Bfn = [YO < m],

%F(}P[Yo < y|AF']
— lim PlYy <y, Ay, Yo > m] + P[Yy <y, AT, Yy < m]j
© 510 P[AP Yy > m] + P[AT, Yy < m)]
i fgoo(ngnan P[Xt € dU,YO S dv])
= gﬁ)l ngnan P[X; € du, Yy € dv] + ngLch P(X; € du, Yy € dv)
' oo Jamape, PIX: € du, Yy € du)
1. m
i Jamap,, PIX: € du, Yo € dv] + [, p. PIXi € du, Yo € dv]
=11 + I (say).

(10)
We simplify the two limits in (10) separately. Since |M —
Yo| — 0, a.e., as 6 | 0, we have, writing J, = [a — (v — m)d, a] and

J* = la,a — (v —m)d] temporarily to conserve space,

I 1 fgoo % f;—(v—m)é fXO’YO (u’ U)dUdv
1 = 11m

510 5 [ [ Fxoxe(wsv)dudv + 5 [T [0 fxo v, (4, v)dudv(' |
11

Here we used the fact that, when Yy > m, the relevant approximation
holds only if X satisfies the inequality a — (v — m)d < Xy < a. Next
we see that the limits exist for the numerator and denominator of (11)
separately, and then they can be evaluated individually. Thus using
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the independence of Xy and Yj, the numerator of (11) becomes

lim /_ yoo fyo(v)(% / ’ Fxo (w)du)dv

610 —(v—m)é

60

Y ) 1 a
= [ - mm s [ i

y
= / fyo(0)(v —m)(—fx,(a))dv, by the classical Lebesgue theorem

on differentiation of integrals,

= —fxfa) [ = m) o) (12)

— o0
Similarly, with two such evaluations, the denominator of (11) gives

%iﬁ)l (denominator of (11))

= [ 0= m) ey (0) (— fo (@) + / " (0= m) fro (0) F(@)d

— 00
m

=~ " (0= m) fry (v)do — | w=m s

m —m

/ (v 4+ m) fy, (v)dv] , since fy,(-) is symmetric about 0,

m

= —f(a)]2 /OO v fy, (v)dv + m/_z fyo(v)dv]

2 2 2 m
= —f(a)[\/Q%e_m /2 +m/ Fry(v)dv] . (13)
Hence using (12) and (13) in (11), we get

2 (v— m)e=v"/2¢" dy

L= 2a2e—m?/2a% | mfinm e—v?/20%qy (14)
With a similar calculation one finds
;o [ (m— v)e=v /207 gy (15)
27 9q2e-m?/2a% | m [T emut/20%dy
Substitution of (14) and (15) in (10) yields the desired limit as
—v2/2a2
E%P[YO < ylA§'] = /_yoo 2a2€_m|21)/2—a2m—'|_6m f/;m e(_izz/QQQdu . (16)
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From (10) and (16) we finally get the evaluation of (9) as
Fy,1x,(y|B) = P[Yo < y|B]

/ £ o (Wla)dy , (say) ()

where fy?(+|-) is the integrand of the right side of the main integral
n (16), which thus depends on m. Since there are uncountably many
values of m in |m| < oo, we get that many distinct solutions to the left
side conditional probability. Consequently there is no single answer to
our problem, and it results in a paradox in a very striking manner!

Some special values of m may be recognized as commonly used so-
lutions without a justification. They are as follows:

(i) Letting m — oo in (9’) so that we take the limits on the vertical

2

line, called a “vertical window” or “v.w.,” we get

P[Yoy|Blyw. = Tl (g a2) -
0Y|Bly.w. = e (2ma”) " 2dv . (17)

This corresponds to the fact that Yy and Xy are independent. But
this explanation ignores part of the information that Yy is obtained as
a limit (a.e. or in mean) of the quotients [1(X; — Xo)] as t | 0. This
is traditionally used as though it is the only solution of the problem
when in fact it is not, as seen here!

(ii) Letting m — 0 in (9’) so that the limit is taken horizontally,

7

called a “horizontal window” or “h.w.,” we get

Yy
P[Yy < y|Blhw. :/ lvle™v" /29" (2a2) 1 qy . (18)

This solution, which is clearly different from the preceding one, seems
to have some special relation with the “mean recurrent time” problem
studied in statistical mechanics.

It may be noted that these uncountably many distinct values for
P[Y < y|B], obtained above by the “L’Hépital type approximations,”
do not exhaust the possible solutions of our problems. For instance, the
following is another result which is different from all the others above.

Suppose that By is the set of sample paths of the process that reach
the point (0, a) in the plane through a circle of radius § > 0. Thus

Bs = {w: (X4(w) —a)? +1* < 62, for some 0 <t <6} . (19)
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Again one has B C By and 151%135 = B. Since @ — Yy a.e. as

t — 0, one has for this “circular window” or “c.w.” method

. P[YO<3J,B(5]
PlY. Blew =1

o 1
ﬁ fa+5(1+v )f P(X; € du, Y, € dv)
— lim © Jg— 5(1—|—v2)2

R P e Yo < )

UL e e (u)du

a—6(14+v 2)2
B 161?8 (1 2)2
JE AL @) ()

7 @0+ )2 (@)
f fYo 2on( )dv
fy —v?/2a? dv
f_oo(l-l—v )26 v2/202qy

This is different from all the values given by (16). It is thus clear
that using other geometrical figures one can obtain still distinct values
for the probability sought for, and yet there is no particular technical
claim here for one to be more representative than others. (See Section
4 below, and, regarding the correct approach to such problems, see
Sections 5.6, 5.7 and 7.5 later.)

To understand the distinction further we now include an outline of
the corresponding solutions to some useful questions on the same type
of Gaussian processes that are considered above. These relate to “large
deviations” and we again follow Kac and Slepian. The problems under
discussion have practical importance and yet one can obtain different
(or nonunique) answers only by using different methods of calculations.

As before let {X¢,t € R} be an ergodic, pathwise differentiable real
stationary Gaussian process with mean zero and covariance function p.
It will be assumed, for convenience, that p(0) = 1, so that p becomes a
correlation function of the process. Further suppose that p admits the
following Taylor expansion:

o(t) = / T R = / " costA dF())

— 00 — 00

—1— =" +40(t), ap>0. (20)
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Here F(-) is called the spectral distribution of the process and «ay is
its second moment. Also {X;,t € R} is said to have a level crossing
of height “a” at ty if in each neighborhood of ¢y there are points t1, to
such that (Xy, —a)(X:, —a) < 0 a.e., and an upcrossing if X; < a
in (tog — e,t9) and Xy > a in (to,to + €) a.e. for some € > 0. By
reversing the inequalities in the latter statement, one gets the down-
crossing definition. If ¢,,u, (and d,) are the numbers of level and up
(down)-crossings, respectively, then ¢, = u, + d, if ¢, < o0 a.e., and
when gy < oo in (20),

E(u,) = E(d,) = %E(ca) :

and under the hypothesis (20),

1 o
E(u,) = 5. Ve /2, (21)

A proof of this result is not simple, and a somewhat simplified argument
together with references to earlier contributors may be found in Cramér
and Leadbetter (1967, Section 10.3). But one also has

P[Xt>a]—1— Xt<a

1—\/7/ e 2y (22)

Then the expected number of times, per unit interval, X; crosses the
level X; = a, is the ratio of (22) to (21), by definition. If this ratio is
0(=0(a)), then

a’/2 2 a
g="° [1 - \/j/ e_”2/2du]
,/ 2/2/ —u2/2du~,/2—7r 1 : (23)

for large enough a. Using this result, which is given for an over all pic-

ture of the problem, we present distinct solutions for the probabilities
of large positive excursions. This will show the difficulties propagated
by the conditioning calculations of (16).
Thus the problem is to obtain the behavior of the probabilities of
the process:
A(t,0) = (Xgr —a)/0, as a — o©
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given that A’(0,0) = %(O) > 0 and A(0,60) = 0 a.e. Since the
conditioning event has probability zero, and since we need to find the
conditional distribution of the above quantity, the difficulties discussed
above reappear here. We give two solutions of the problem, again
following Kac and Slepian, using two of the many “windows” (namely
the v.w. and h.w.) included in (16).

Suppose we use the h.w. method. Then for each finite set ¢1,...,t,

of time points, we have
lim P[A(t1,0) < yi,i=1,...,n|A’(0,0) > 0,A(0,0) = 0]p.w.

= P(\/C‘éotiy—“a;—ﬂ-t?<yi;i:17~"7n)7 (24)

where Y > 0 is a random variable with the distribution

2 (Y 2
P[Y<y]:\/;/ e 2du, y > 0. (25)
0

Thus the limit in (24) is a singular n-dimensional half-normal distribu-
tion.

If we use the v.w. method instead, the general limit in (24) exists,
has a similar form, but now Y > 0 is a random variable with the
so-called Rayleigh distribution:

y
P[Y<y]:/ we /2 du, y>0. (26)
0

Since the numerical conditional probabilities in these two methods
(with (25) and (26)) are different, the answers to our problem are dif-
ferent being distinct even asymptotically. It is clear that several other
answers will result if we use other values of m in (16), or the c.w.
method.

For the same process, if we calculate the asymptotic distribution of
the first return time, given that A(0,0) = 0 and A’(0,0) > 0 a.e. we
get the following values. We again use the h.w. and v.w. methods for
this illustration. Thus, assuming that the correlation function is four
times continuously differentiable, let

P,(T) = P[A(t,0) > 0 for 0<t¢<T|A(0,0) >0, A0,0)=0] .
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Then (i), with the h.w. method, one finds

—nT?/4 T >0
lim P,(T) = { ° = (27)
a—00 0, T<0,
and (ii), with the v.w. method, one gets
T 2
1 — —(mz<)/4 T >

lim Pa(T) — fo € d.’E, >0 (28)
a—00 0, T<0 .

The details of these calculations are not essential for our purposes.
They can be found in Kac and Slepian (1959) and will not be detailed
here. The point of these results is that, in general, both the finite as well
as the asymptotic values of the conditional probabilities are critically
dependent on the method of calculations, as directional limits, and thus
their significance and utility are diminished. Several related problems
are discussed in Cramér and Leadbetter (1967, Section 11.1) where
certain “natural reasons” for using the h.w. method in preference to
others are advanced. But the essential and key point to remember
here is the nonuniqueness of the solutions in these cases and
no one answer is inherently superior to the others. Thus the method of
calculation, which usually is not reported in such results, should also
be explicitly given for completeness and accuracy of the conclusions
drawn from them.

In the next section we discuss the reasons for these paradoxes and
show how they may be resolved in the general Kolmogorov model for
conditioning. In a later chapter we present some characterizations of
conditional expectations and of probabilities which will illuminate their
structure and exhibit their functional analytic character.

3.3 Dissection of paradoxes

The preceding discussion does not show how one of the many so-
lutions may be selected over the others, since there are no technical
reasons for such a procedure. To see the problem more clearly we need
to turn to the abstract theory of Chapter 2 which asserts the essential
uniqueness of the conditional expectation and of probability in each
situation, without additional hypotheses.

In order to analyze the difficulty, consider the paradoxes of the sub-
section (b) of the preceding section. For each m, the approximating
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3.3 Dissection of paradoxes 7

sets {AJ,0 > 0} are events with the property that Ns>o0Ay = B.
Let B™ denote the o-algebra generated by such collections of events.
Then B € Ny,>0B™ where § > 0 and m > 0, may be restricted to go
through a dense set of reals in these computations. As shown in the
next section, B™ = o(Aj*,d > 0) has a “differentiation basis” (to be
defined precisely there) relative to which the probability measure (here
a Gaussian one) can be differentiated so that (Yo = X'(0)) ,a € R,

P8 (Yy < y)(a) = Fy,(y|B)

[ R lelads 0

Since for each m, the generated o-algebra B™ is different, the corre-
sponding conditional probability measure PB"(-) which is automati-
cally regular (see Chap. 5 later), is naturally different as assured by
the general theory. Thus the only requirement that [Xg = a] = B €
Nm>oB" cannot determine a unique conditional distribution. Indeed
using the c.w. method with {Bs,d > 0} there and other geometrical
figures, one can obtain many other different (from the preceding ones)
conditional probability measures since the generated o-algebra of these
new families are different from B™, although each contains B. Thus
we must conclude that the calculation of the conditional distribution
of Yy, through L’Hoépital’s type approximation, for B = [Xy = al, is
only a directional limit but not a derivative. This also shows that the
calculation of conditional probabilities in subsection (a) of the last sec-
tion are not acceptable. A unique solution is obtainable only with a
proper specification of the limit procedure. For instance, the “hori-
zontal window” condition has apparently a natural place in statistical
physics, according to Smoluchowski (as reported by Kac and Slepian).
Later some conditioning procedures will be discussed axiomatically in
the next chapter, but some further light will be shed in the following
section.

Let us now consider how well-posedness of the problem and the
resulting unicity will result in a given situation. This implies that
first the conditional probability be defined uniquely and then its value
corresponding to an event such as B = [ Xy = a] be determined. In the
general theory, P[X( < y|B] is by definition:

P[X; < y|Xo = a] = P[X| < y|Xo](a)
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= PR (X < y)(a)
= SO(XO = CL) ) (2)

for a Borel function ¢ : R — R, by the Doob-Dynkin lemma. It
follows that the correct value of the left side conditional probability
is that given by the last line of (2). The general Kolmogorov theory
assures that this value is unique outside a P-null set. The paradoxes of
the last section arise when the left side is given an extended meaning
based on the elementary case and a subsequent use of the L’Hopital
approximation. Such an evaluation introduces ad hoc limit procedures
and the end result has little, if any, relation with the (correct) right side
value of (2). Note that the o-algebras B™ (and others like that) are
all different from (and generally subalgebras of) B(Xy), the o-algebra
generated by Xj.

The different methods and examples of the preceding section show
that if the conditioning random variable is two or higher dimensional
and the given probability distribution is not discrete, then the condi-
tional probabilities obtained through the above (L’Hépital type) ap-
proximations always lead to nonunique (hence ill-posed) situations.
Note, however, that Proposition 2.2.1 (ii) implies that for any o-algebra
B and integrable random variable X, we must have F(E?(X)) = E(X).
Thus while the unconditional values, using any of the ad hoc methods
described above, are unaltered, one can recognize that the conditional
values may become nonunique and therefore unreliable when computed
with methods that are simple extensions of the elementary case.

The underlying problem discussed here is generally ignored or slipped
over in most books on the subject. It was only explicitly noted (as far
as I can determine) by Neuts (1973, p. 220) as “technically a very deep
one,” who then sketched a heuristic approach to the problem at hand,
based again on a use of L’Hopital’s method described above, to evalu-
ate the left side of (2). Thus a rigorous analysis included here with the
“anatomy of the paradoxes” and their resolution appears to be neces-
sary for a proper understanding of the subject and of the structure of
conditioning itself.
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3.4 Some methods of computation

The preceding section shows that a correct function giving the con-
ditional expectation or probability is the one provided by the general
Definition 2.1.1. Consequently, for any conditioning o-algebra, it is
necessary to find methods of computing P5(A) or E®(X) that are
equivalent to evaluating the Radon-Nikodym derivative. Thus in most
cases this is technical and additional work is needed. We present some
“good” conditions to accomplish this as it takes the center stage now.
But this is known to be a key problem in the theory of differentiation
of set functions. There does not seem to be any escape from it, if mul-
tiple solutions or paradoxes or ill-posedness be avoided. We present
this in a graded manner with enough commentary to ease some dreary
technical detail. Special methods will be given in Chapters 5 and 7
for some useful computational problems. At the end of this section an

illustration will be given.

The approximations used for the examples of Section 2 clearly show
that one is considering converging sequences or nets of events in eval-
uating conditional probabilities. For a general procedure, these cannot
be ad hoc but should form part of a differentiation basis in the following

precise sense.

Definition 1. (a) Let (2,3, 1) be a measure space and A C 2 be
a set. For each w € A, let {BY,i € I} C ¥ be a (not necessarily
countable) family with a directed index set I, such that BY — w in the
Moore-Smith sense (i.e., it is a converging net, or p*(BY — {w}) — 0))
and that for each cofinal sequence J of I, BY — w also. (Here cofinal
means for each ¢ € I, there is a j € J such that j > i.) Let D be the
collection of all {BY : 0 < pu(BY) < 00,i € I,w € A}. Then D is called

a differentiation or a derivation basis on A.

(b) A converging net {B{,7 € I} is called contracting to w, if there
is an 79 € I such that w € By for all ¢ > g, where “>" is the direction
of I.

The pointwise differentiation of a set function, such as A — E(fxa),
relative to a measure (such as the Lebesgue measure in R™) is defined
in the usual manner. Thus if v : ¥ — R is a signed measure and
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BY,i € I} an w-converging sequence for w € A C €, then consider
i gmg seq

B¢
(D*v)(w) = sup{lim sup :EBZ“% : all nets By — w} (1)
and similarly
B
(D,v)(w) = inf{lim inf ”E = ; . all nets BY — w} . 2)
1 1% i

The values (D*v)(w) and (D,v)(w) are often called the upper and lower
derivates of v, relative to u, at w € A. If (D*v)(w) = (D.v)(w),
denoting the common value by (Dv)(w), we say that v is differentiable
relative to p at w of A. In case all the B{’-sequences are part of a
universal sequence (e.g., if there is a monotone sequence) then the “sup”
and “inf” in (1) and (2) are redundant and can be omitted. In any case,
each such sequence BY of (1) and (2) is also termed a deriving sequence.

The preceding concepts will be elaborated so that they may be easier
to use in applications.

Definition 2. (a) If D is a differentiation basis of a set A C €2, then a
family F C D is a fine covering of A, if for each w in A, there is some
{B¢,i € J} C F converging to w.

(b) If D is a differentiation basis in (Q,%,u) for A C Q of finite
outer measure, then D is said to have the Vitali property relative to u,
provided for any fine covering 7 C D of A and € > 0 and a measurable
cover A of A, there is at most a countable collection C C F such that
the following two conditions hold:

(i) w(AAV) = 0 where V = U{B : B € C}, A=symmetric difference,

(ii) the p-measure of the overlap of members of C is < ¢. More
explicitly, if pc(w) is the number of sets of C to which w belongs, then
for V of (i),

V(wc(w) — 1) dp(w) <e . (3)

If the members of C are disjoint (or their pairwise intersection is
p-null so that (3) is true for any € > 0) the corresponding D is said to
have the strong Vitali property (modulo p-null sets).

To have an alternative view of the above property we state the fol-
lowing result due to R. de Possel.
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Theorem 3. Let (2, %, ) be a measure space and D C X be a deriva-
tion basis. Then D has a Vitali property iff for any A in ¥ and w € A,
there is an w-converging net {BY,i € I} C D such that
lim{p(BF 0 A)/u(BY)] = x4 (W), aa. (w) . (4)
Thus an indefinite integral of each measurable set A can be differ-
entiated and the derivative thus obtained is x, in the presence of a
Vitali property. The result may seem intuitively clear but its proof is
not very simple. We can find the significance of the above assertion

from the following fact.

Theorem 4. Let (2, X)) be a measurable space, so that ¥ is a o-algebra
of Q. Let p,v be two finite measures on ¥. Let v be p-continuous,
(denoted v << p). If D C ¥ is a derivation basis on ), having the
Vitali property relative to both v and i, then we have

(Dr)(w) = ——(w) , ae. (u) - ()

The importance of this result is that we may apply for such derivation
bases D of v and p, to the ratio = ( A) and recover the Radon-Nikodym

dv

density f = a where v(A) = [ 4 Jdp, without any ambiguity, in
the limit. The importance of this assertion becomes clear when it
is realized that an arbitrary differentiation procedure applied to an
indefinite integral such as v : A — [, fdpu, one can get (D*v)(w) = 400
a.e. and not f(w). If & = R, and ¥ = Borel o-algebra, then some
of the problems of the above construction (of the Vitali system) are
more familiar, as shown below, although the result even in this case
(the classical Lebesgue differentiation of integrals) is nontrivial. The
difficulties quickly multiply in higher dimensions.

To illuminate our discussion, we present a few results in this di-
rection, referring the reader to the survey of Hayes and Pauc (1970)
for details. Further work on the latter subject will digress us too far,
and also is not crucial for our later theory except to understand its
nontrivial structure.

Suppose that v is a signed measure on (Q,Y) and p: X — R is a
finite measure (a o-finite extension is not difficult). If v << pu, then

from the classical Radon-Nikodym theory we have
dv

v(A) = /fd,u, or f__ﬂ a.e. (u)
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Let frn = fxsicm T 7 X(f>n] =7 X[f<—n)> and vy, : A [, fodp. Then
lvn(A)| < |v|(A) for all n, and ddL: = fn a.e. (u), where |v|(-) is the

variation measure of v. We then have:

Theorem 5. Let (2, X, 1) be a finite measure space, v a signed mea-
sure on Y, and D C X% a derivation basis for p. If D has the Vitali
property relative to |v|(-) on Q in addition to p, then Duv,, ezists for
each n for D and Dv, = f, a.e. In fact, Dv = f a.e. if D has the
Vitali property relative to |v| on Q in addition to the same property for
woon €.

Many other results and refinements with additional structure for
(©, %) or a topology for € are known. We now present an extension of
Lebesgue’s theorem in R™ for a comparison in which Vitali property is
not explicitly invoked. This result is due to B. Jessen, J. Marcinkiewicz
and A. Zygmund (1935).

Let Z(J) be the collection of all closed (open) nondegenerate inter-
vals in R" so that I € Z(J € J) iff [ = El[ai, bi](J = Zgl(“i’ b;)) with
a; < bj,i=1,...,n. If §(A) = sup{||z — y_|| cx,yin A} is the diameter
of A C R™, ||z|| being the Euclidean length of the vector z € R™, and if
there is a sequence BY € Z(J) such that z € BY and limé(B}) = 0 for
each x € R", then (Z,6) as well as (J,9) form differeritiation bases in
R™, called D-bases (or Denjoy bases). We then have the desired result
due to the above authors as follows. (For an extension, see Sec. 7.5.)

Theorem 6. Let B be the Borel o-algebra of R, i : B — RT be the
Lebesgue measure and (Z,9) a D-basis. Let f : R™ — R be a measurable
function such that f and |f|(log™ |f])"~' are Lebesgue integrable. If
vi:A— [, fdu, A€ B, then Dvy = f a.e. where the differentiation
is carried out relative to the basis (Z,0).

The importance of the integrability condition in R™,n > 2, stems
from the fact that there are p-integrable functions for which the cor-
responding vy are not derivable relative to either of the D-bases (Z, )
or (J,9). Moreover, as shown by an example due to S. Saks, the in-
tegrability condition in the above result is the best possible. In fact,
Saks actually showed that on L(I2,B, 1), where I? is the closed unit
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square in R?, the following set
{f e LY(I* B, p) : (D*vy)(x) = +oo at each z € I?, vs(A)

:/A fdu, A€ B}

is full, i.e., is of the second category in the Banach space L (12, B, ).

Since in most of the above results the Vitali property of a derivation
procedure appears, it is natural to ask for a characterization of measure
spaces admitting such Vitali systems. To present the best condition we
recall that a measure space (€2, X, u) is called Carathéodory regular if it
is complete and has no further extensions by the Carathéodory process;
i.e., if we define for each A C ()

p(A) =inf{32,u(B;) : UX,B; DA, B;,€X} (6)

then the class of all ;*-measurable sets is X itself. For instance Lebesgue
measure is Carathéodory regular, and any measure space can be ex-
tended by using (6) for a Carathéodory regular space with at most
one such extension. The measure p of such a space (i.e. (Q,%, u)
is Carathéodory regular) is decomposable (also called strictly localiz-
able) iff there exists a collection {A;,i € I} C X such that (a) 0 <
w(A;) < oo, i € I, with N = Q — U1 A; satisfying u(N) = 0, and
(b) B€ X,0 < u(B) < oo implies {i € I : u{A; N B) > 0} is at most
countable. Thus every o-finite space is decomposable but there are
non o-finite decomposable spaces. (A Haar measure space on a locally
compact group is an example of the latter. On these matters one may
consult, e.g., the author’s text (1987, or 2004) for details.) With this
preparation, we have:

Theorem 7. Let (2, %, u) be a Carathéodory regular measure space.
Then there exists a differentiation basis with the Vitali property on Q) iff
1 1s decomposable. Consequently every complete o-finite measure space,
which can be taken to be Carathéodory regular, has always a differentia-
tion basis with the stated property. [Hence on such measure spaces there
is a differentiation basis which may be used to obtain (Dvy)(w) = f(w),
a.e. for each p-integrable f where vy(A) = [, fdp, A€ X.]

The strength of this result is the existence of a basis with the Vitali
property, and the weakness is that there is no recipe to construct such
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a system routinely. For instance, in Theorem 6 the D-basis (Z, ), also
called an interval basis, does not necessarily have the Vitali property
and so the integrability condition has to be strengthened. The point
of this discussion is that a Vitali system (i.e., a basis with the Vitali
property) is the best if one can directly employ, and if other bases are
used then we must first verify the corresponding additional conditions
in order for the differentiation procedure to give the Radon-Nikodym
density. It is thus clear that a calculation of the latter is a nontrivial
problem which additionally enters as a crucial ingredient of the theory
of conditional probabilities and their densities when the latter exist.

Let us illustrate the last point for a general conditioning, thereby
presenting the means through which the paradoxes of Section 2 above
can be clearly understood and eliminated. Thus if (€2, %, P) is a prob-
ability space, B C ¥, a o-subalgebra, and Pg = P|B is the restriction
then for any integrable random variable X : 2 — R, we have from
Chapter 2

X _ _ B
Q (B)_/BXdP_/BE (X)dPs, BEB. (7)

So QX (-) is an indefinite integral on (Q, B, Pg) of EB(X), a random
variable relative to B. Taking X = x,, A € X, we get

Q*(B)=Q"(B) = | PP(4) aPs
B
and if {B;,7 € I} is a Vitali cover of € from B, forming a differentiation
basis, relative to both Q4 and Pg, then Theorem 5 above implies that
for each w € Q, for a cofinal subnet {BY, j € J} we get
Q*(BY)

DQY)(w) = lim ——2= = PB(A)(w), ae. 8

(DQ*)(w) = lim Fpds = PR(A)w) 0
Thus in this procedure if the basis is a Vitali system, then the procedure
gives a version of the conditional probability PB(A)(w) for a.a.(w), and
all A € 3. So there can be no ambiguity or multiple answers. It should
be noted that the o-algebra B has no restrictions in this procedure, but
the approximating net is not an arbitrary one that descends to {w}.
Indeed it must obey the conditions of the differentiation procedure.
Moreover, when these hypotheses are met the relation (8) produces
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the conditional distributions which will agree with PZ(A). It may be
observed that for (8) the BY satisfies 0 < Pg(BY) < oo, but that Pg
need only be o-finite in general. It can even be decomposable. This
is why Theorems 3 and 7 are stated for general measure spaces. The
discussion is intentionally specialized to avoid unnecessary abstraction.

Further we note that the differentiation bases and Vitali systems
must hold not at just one point or for a set of measure zero, but they
have to be given on all measurable sets E such that 0 < u(E) < oo.
Thus the conclusion will be that (Dv)(w) exists a.e. (1) and equals the
Radon-Nikodym density g—; (w) on E. This shows that, in the examples
of Section 2, the different classes of (monotone) nets cannot form a
differentiation basis satisfying Vitali conditions. If any such converging
sequence is taken and completed to form a Vitali system, and if By
is its generated o-algebra which typically will be a proper subalgebra
of B that we started with [in the examples, B = o(Xy)], then the
resulting conditional distribution will be P50 (A) and not PB(A). Thus
if A=[Y < a] and B = 0(X) where X is a random (vector) variable,
then in general

PE(A) = P(A|X)(b)
= P(A|X =b), by definition,
# PP (A)(b)

for any fixed but arbitrary b. Under the integrability hypotheses of The-
orem 6, applied to the image measures of Section 2, we may employ the
interval bases to calculate the desired densities. It is thus essential that
in all problems involving conditioning with a o-algebra B, the differen-
tiation bases employed must generate B itself, not a proper subalgebra
of it.

The following procedure and example, from Doob (1953), show how
one may proceed to obtain a jointly measurable function (w,w’) +—
%(w, w’), a fact needing special attention. Using the preceding ideas
and notation, if PB(A)(w) = Q(A,w) and the conditional measure is
regular, then (-, w) is a probability measure for allw € Q—N, P(N) =
0 and Q(A,-) is B-measurable for each A € 3. Since the variation
|PB||(A) = P(A), A € %3, it is clear that Q(-, w) is absolutely continuous
relative to P, and hence by the Radon-Nikodym theorem g¢(-,w) =

% exists and is measurable for a.a. w € (2, and measurable with

© 2005 by Taylor & Francis Group, LLC



86 Chapter 3. Computational Problems Associated with Conditioning

respect to X while g(w’, -) is measurable for B. But these two properties
do not necessarily imply joint measurability of g relative to X ® B which
is needed for most applications. Thus one may consider a countability
condition on B or on ¥ itself to obtain joint measurability of g. We

establish the following special result:
Proposition 8.Let (2, %, P) be a probability space and A; C ¥,i=1,2
be o-algebras with one of them, say A1, assumed to be generated by a

countable collection { B,,,n > 1}. If the conditional measure P42 : 3 —
LY(P) is regqular, then we have

PAY(A)(w) = / ()P, ae.(Pi(= PlA), Ac A, (9)
A

) = dPA2

where g(-,w TP (-,w) for a.a. w € Q[P], and g is a jointly mea-

surable and integrable function, i.e., g(-,w) € L(As, Py).

Proof. Since A; is countably generated, consider the net 7,, = {Bi(n), i =
1,...,my,} be an A;- partition, so BZ-(n) € A, disjoint, and Q =
U;’;”len), ordered by refinement. Here the Bi(n) are obtained by con-
sidering unions, intersections and complements of the above generating
countable sequence. Since by regularity of the conditional measure,
the Radon-Nikodym derivative of P*1(-,w) relative to P exists, let
fn,n > 1 be defined as:

m, B,
Z s e ), (10)

with the definition of % = 0. Then f, is A; ® As-measurable for
each n, and by hypothesis f,(-,w) — f(:,w),a.e.(Py), for each w €
Q — N,P(N) = 0. Since the B/ defining m,,n > 1 generate A,
f(-,w) is a.e. equal to the R-N derivative of P41 relative to P. Also f
is a.e. equal to an A; ® As-measurable function. It then follows that
f = ga.e. satisfies the conditions of the proposition. []

Remark. For the above proposition, it suffices to have u; as dominat-
ing (finite) measures instead of P;, for PA¢ since if p = puy + po, it
can be taken to be a measure on o(A;,.As) in place of P, and the
representation holds without demanding that u has an extension to
¥(D o(Ay,Az)). It is necessary to have only p dominating both the
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conditional measures P*¢,i = 1,2. However this weakening of the hy-
pothesis does not add anything to the problem and hence is not dis-
cussed further. As remarked by Doob (1953, p.615), since the net used
for finding the derivative f above need not satisfy a Vitali property,
as in Definition 2, the derivative obtained depends on the net, as seen

from the set of examples of Section 2 above.

The following example indicates the usefulness of the above propo-
sition. It is also due to Doob.
Example 9. Let 2 = R, Y its Borel g-algebra, and P be a probability
measure on it dominating Q(-,w) = P* for a o-subalgebra. Suppose
the generating (countable) sets B; be open intervals with rational end
points. Let B§n), 1 < ¢ < 2™ be finite intersections of the B;s or their
complements forming a partition of R to obtain a net as above so that
they generate A4;. Define the f,, as:

2" (n)
/ Q(Bz 7"‘)) /
fal'w) = g “pmy XEn () (11)

with % = 0 as before. Then the hypotheses of the proposition are
satisfied and so f,(-,w’) — f(-,w’), a.e. and f is a jointly measurable
version of the density %. If Q(+,w’) is not supposed to be P-continuous
for a.a.(w’), then the limit gives a density of the absolutely continuous
part of Q(-,w’) relative to P. The dependence of the density on the
net comes from the fact that this need not satisfy the (strong) Vitali
properties which are necessary for an a.e. unique R-N derivative.

The real problem here is to find conditions on P*¢ which admit
(vector) Radon-Nikodym derivatives relative to P so that the densities
are (strongly) measurable and (hence) Bochner integrable. We shall
see later in Chapter 5 that this problem has a natural solution if 2
is a Polish (i.e., separable complete metric) space and ¥ is its Borel
o-algebra. Further results on differentiation and an application will be
considered in Section 7.5 later.

3.5 Remarks on traditional calculations of conditional
measures

The abstract definition of conditioning given in Section 2.1 has been
analyzed in different ways (cf. Equation (2.1.11)). In particular if
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B C ¥ is a o-algebra, Ag € B is an atom so that EB(f) is a constant
a.e. on Ag, for any integrable f on (2,3, P), then Definition (2.1.1)
becomes

/ fdP:/ EB(f)dPs = EB(f)Ps(A) ,a.e. (1)
Ao Ao
Since Pg(Ap) = P(Ap) > 0, we get the traditional formula
1
B —
E~(f) = PlAy) /AO fdP, (a.e. on Agp) . (2)

The general treatment of the last two sections is to calculate EZ(f)
using (2) for all A € B, even if A is not an atom. In most of the
traditional work, people often resorted to taking limits on the right
side of (2) with P(A) | 0 using A D Ag Pg(A) > 0 while Pg(Ap) = 0.
The subtle impropriety here (and this is an important difficulty) is that
the thus evaluated result may define some conditional expectation of f
given the event Ag, but it can be (and often is) different from EZ(f) on
Ap according to Definition 2.1.1. For instance, if B =0(X), X : Q —
R™, and Y : Q — R is an integrable random variable then E(Y|X) is
EB(Y), by definition, so that

E(Y|X =a) = EB(Y)(a), a.e. (3)

If Ag = [X = a], P(Ap) = 0, then the evaluation of the left side of (3)
using an approximation for the right side of (2) does not necessarily
give EB(Y)(a). The examples of Section 2 vividly exhibit this phe-
nomenon. On the other hand, the work of Section 4 implies that there
exist precise (may be termed “admissible”) approximation procedures
that can be applied to the right side of (2) to obtain the right side of
(3). By Proposition 2.1.3 when B = o(X), there is a well-defined value
EB(Y)(a) as gx(a) for a certain Borel function g : R® — R, no matter
what a € R" is considered. For special classes of processes we present
some useful computational procedures for gx in Sections 5.6 and 5.7.
The problems associated with the examples of Section 2 are that
most of the approximation sequences considered there when embedded
in a differentiation basis do not satisfy the hypotheses of Theorems 4-6.
Some of the traditional calculations of conditioning with densities use
interval bases and when the integrability conditions of Theorem 4.6 are

© 2005 by Taylor & Francis Group, LLC



3.5 Remarks on traditional calculations of conditional measures 89

valid [in many, but not all, statistical applications these are satisfied
although they are seldom verified or even the need recognized], one gets
the correct value for E®(Y). The method used for the so-called “circu-
lar window” of the Kac-Slepian example may fit in here (Proposition
1, below). But the approximations used determine (by completion of
the sequences to a basis) different o-algebras BB,,, which do not coincide
with B = 0(X(). Consequently the results obtained using the latter
(including the h.w. or v.w. procedures) do not give P5(X) < y)(a) in
Kolmogorov’s sense. Such approximations and the corresponding re-
sults form values of a different class of conditional distributions some-
what in the sense proposed by A. Rényi (1955). We study the latter
in the next chapter and compare it with the Kolmogorov model that
has been the basis for most of the work in the literature. A further
consequence of traditional computations in applications will now be
examined.

Since the computational problem is an essential ingredient in such
areas as Bayesian inference (both estimation and decision procedures)
it is useful to discuss the (adverse) impact of the preceding analysis
on this subject. To introduce the problem briefly, let Xy,..., X,, be a
set of random variables (for observation) which has a joint distribution

F,(x1,...,2,|0) depending on a parameter 6. For simplicity, let it
be absolutely continuous, or discrete, with density f,(z1,...,z,|0), so
that

Fn(«%"l,---,l'n|9):/A"'/fn(tl,---,tn|9)dﬂn(t1,---,tn), (4)

where A = Q (—o0, x;) and p, is either the Lebesgue measure on R™ or
the countin:g_;neasure. In the Bayesian analysis one assumes that 6 is a
value of a random variable ©, having a (prior) probability distribution
assumed absolutely continuous with density ((6) where O takes values

in T ¢ RF. Thus

ho(ty, ... tn,0) = fn(ty, ..., t,]0)C(0) (5)
denotes the joint density of the random vector (Xy,..., X,,©) in R™ X

T. Let P be the induced measure by h,, of (5). Then the conditional
density of © given X = z4,...,X,, = x,, called the posterior density,
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is defined as:

hn(xb - .,.I'n,e)
w021, ... ) = '
Co (0] Tn) Jon o+ [ b1,y 20, 0)dpin

Hence we have
/ Cn(0lz1, ..., 2n)d0 = P(O© € A|X 1 =21,...,Xpn=2,), (5)
A

which is regarded as the posterior probability of © with values in A,
given that X; = z1,...,X,, = x,, are the observed values of the X;’s.
Now let B = o(Xy,...,X,,), and consider the set A =TR" x A. Then
we would compare the right side of (5) with the conditional probabil-
ity PB(A)(z1,...,2,) where PB(.) is the function defined in the Kol-
mogorov model (Definition 2.1.1). If the X;’s have a continuous distri-
bution, then the preceding work implies, when n > 2, the identification
of PB(A)(xy,...,x,) with the right side of (5) need not hold. On the
other hand, the work of Section 2.4 shows that (,(-|x1,...,z,) defines
a conditional probability measure on some space with Xq,..., X, and
© as certain coordinate variables of R"**. In general, however, from
the joint probability P of (X1,..., Xy, ©O) to calculate the conditional
probability function PB(© € A)(z1,...,x,) one has to use the appro-
priate differentiation basis (with Vitali conditions), and the L’Hopital’s
type approximations [common in practice] lead to (different) values de-
pendent on the methods employed. Since for a correct evaluation of the
Kolmogorov model one needs to have an “admissible” basis, we now
present a simple case which qualifies to be the Vitali system. It is a
specialization of a general condition called a “halo” in differentiation
theory.

Consider the event Ay = [X; = z1,..., X, = x,] with P(A4g) = 0.
Let {Ax,k > 1} be a sequence of Borel sets in R™, such that Ay C
B(z,ay), where oy > 0 and B(x, ay) is an open ball of radius ay with
center at © = (x1,...,x,). Here z need not be in Ay. This sequence is
said to satisfy a special halo property if there exists a 8 > 0, independent
of the Ay, such that

1(Ax) = Bu(B(z, ar)), k=1, (6)

where 1 is a Borel measure on R™. [We take p as the Lebesgue measure
of R™ in the above examples.] The classical differentiation theory then
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guarantees that the special halo property implies the validity of the
density theorem for a family of such bounded open sets {Ay, k > 1}.
We state this for reference as follows:

Proposition 1. Let i be a Borel measure in R™ (so it is o-finite), and
let O be the class of open sets of finite positive p-measure. Suppose also
that for each G € O, the class of all homothetical sets to G are in O.
Then the special halo property is sufficient (and is also necessary) for
the validity of the density theorem for O so that

lim pA 0 A4) =x, ae (u) , (7)

k—oo  pu(Af)
for each Borel set A, and {A}, k > 1} C O is a sequence such that
A} — x, as k — oo.

An example of such a sequence {Ag, k > 1} is a nested family of
open cubes of R™ shrinking to x, or of its open rectangles the ratio of
whose minimum and maximum sides is bounded away from zero and
infinity as k — oo. Under these conditions we understand (5) as:

PE(A)(z)=PO©cAX,=21,...,Xn=21,), ae., (8)

where B = 0(X1,...,X,,) and z = (x1,...,2,). Thus one cannot use
arbitrary decreasing sequences to evaluate the above type of probabil-
ities. This aspect is especially significant when one is discussing such
topics as the “Bayesian confidence intervals” in inference questions. In
these cases one has to use appropriate Vitali systems to get unique
solutions to the problems under consideration.

We next turn to alternative procedures that do not immediately
confront the differentiation questions. Such a method was proposed
by Rényi (1955) axiomatically and we shall analyze its strengths and
shortcomings in the following chapter.

3.6 Bibliographical notes

In the literature ad hoc methods were proposed for the calculation of
conditional probabilities and this resulted in paradoxes. The examples
given for the Borel-Kolmogorov analysis appear briefly in Kolmogorov’s

(1933) book, and the ones in the text are motivated by an elementary
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modification of them given in DeGroot (1986). The second set of ex-
amples which exposed the difficulties vividly are from Kac and Slepian
(1959), and we included their detailed analysis from a different per-
spective in the text. The difficulties inherent in such calculations were
presented by the author in a lecture in 1983 and were given in (1988),
and more details are included here for completeness. The statements
related to Carathéodory regularity and other measurability results can
be found in any standard book (Royden, 1968, 1988, and for an account
emphasizing these points, see the text by the author, 1987, 2004). The
problem of precise and correct (unambiguous) formulations of condi-
tioning were not thoroughly treated in the literature for too long a
period. There is no real escape from using differentiation theory if one
wants to obtain correct conditional probabilities using the Kolmogorov
model. T. Tjur (1974) has used differential geometric methods but
with L'Hépital’s (or directional derivative) approximations. The only
other place where an attempt was made through differentiation method
is Pfanzagl (1979), but he has given only a weaker version. Even the
stated result again proceeds by reference to the L’Hopital type approxi-
mation of Kac and Slepian. It is mentioned that the end result depends
on a “differentiation system.”

Because of these difficulties and the fact that Kolmogorov’s model
plays a central role in the current theory of probability and its appli-
cations, we have given a detailed discussion in Sections 4 and 5. In
order not to digress further, several results from differentiation theory
are given without proofs. However, most of the latter can be found
in a comprehensive survey by Hayes and Pauc (1970). Although the
notation and terminology are somewhat hard to follow in this book,
one has to study them for a real understanding. A more readable, but
shorter, treatment is available in Bruckner’s memoir (1971).

It may be noted that for a qualitative study with conditioning, where
explicit computations are not essential from the beginning, one can
avoid differentiation theory. This can be seen in such areas as mar-
tingales and some aspects of Markov processes. However, the compu-
tational problems cannot be neglected in applications like statistical
inference where the conclusions depend on explicit calculations of con-
ditional probabilities.
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Chapter 4

AN AXIOMATIC APPROACH
TO CONDITIONAL PROBABILITY

An alternative to Kolmogorov’s definition of conditioning is an ax-
iomatic method with a view to simplifying the problems seen in the
preceding chapters. This approach, due to A. Rényi, is analyzed in this
chapter. Also the structure of such a conditional probability, its rep-
resentation as the ratio of two functions determined by a sigma-finite
measure, and some of its consequences are considered. Finally the dif-
ficulties noted in the last chapter surrounding the paradoxes and the
position of this new approach in the general theory are discussed.

4.1 Introduction

After seeing the problems in implementing the general concept of
conditioning introduced by Kolmogorov, it is natural to investigate the
possibilities of a direct and perhaps simpler method which is analogous
to the original (absolute) probability model. Such a plan was advanced
by A. Rényi in 1955. This continues the ideas indicated in Section 1.5.
Recall that the elementary concept of conditioning as well as the “Borel
paradox” and associated difficulties were already in the literature before
1930. Although this is a good enough reason to search for a simple
model, there are some interesting practical considerations for taking

a conditional probability as a basic building block of the probability
93
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structure. Let us indicate a motivation for it.

The ordinary (or absolute) probability model consists of the triple
(Q, %, P) describing an experiment. Thus the points of € represent all
possible outcomes of an experiment and ¥ is the smallest o-algebra
containing the class of events that are of conceivable interest to the ex-
perimenter. Also P is originally given (or decided by the experiment)
as a probability on the basic class of events. Then P is extended to X
uniquely, by various technical devices, completing the description of a
model. However, an experimenter in reality can describe the values of
P on the basic class generally from previous experience. This means, if
A is an event (of the basic class) then the probability of A is describable
only on the basis of an earlier (known) event B (or a class of events
B). Thus the number P(A|B), depending both on A and B, becomes
the probability that can be determined. It is this P(-|B) which is an
additive function and which often changes as B varies (due to different
types of experiences or experimenters), that is realistically prescribable.
Consequently, if B is the collection of known events prior to the exper-
iment (but related to it), and A is the class of interesting events to the
experimenter, then P(-]-) : A x B — R™ will be the basic (probability)
function so that it becomes the starting “measure instrument.” Thus
one takes ¥ as the smallest o-algebra containing both A and B, and the
basic model becomes a family of spaces {(2, X, P(:|B)), B € B} which
satisfies a natural “consistency” or connecting condition that relates its
various members. This feeling is occasionally expressed by the vague
statement that every probability is, in reality, conditional.

Such a modification in point of view motivates an analog of Kol-
mogorov’s successful axiomatization of the abstract probability model.
Naturally, if B is a singleton it should agree with the abstract case
noted earlier, and hopefully should be simpler than the conditioning
concept of the preceding chapters, i.e., of Kolmogorov’s. An analog
of the abstract method to fulfill these desirable goals has been consid-
ered by A. Rényi towards the middle 1950s and we shall present his
approach and then analyze it in the next three sections. Although it
was not possible to incorporate all the desired features, the method
has some interesting properties which we now describe. In Section 5,
we show how a further extension is needed to include those examples

considered in the preceding chapter. A “natural” generalization will
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bring in the possibilities of multiple solutions again!

4.2 Axiomatization of conditioning based on partitions

Recalling the notion of conditional probability as a ratio (Defini-
tion 1.2.1), and remembering a number of properties that followed
(Proposition 1.2.3), one should consider a “new” function in which
some of the key features are reflected. We observe that in P(A|B) =
P(AN B)/P(B), it was assumed that P(B) > 0. This is reasonable
since we do not generally base the occurrence of an event A on an “im-
possible” event B. Thus the possible class of conditions B should not
contain (), the impossible event. With this background, we introduce a
function P(-|-) axiomatically as follows.

Let © be a nonempty point set, ¥ a o-algebra of subsets of 2 and
B C ¥ a class of sets. Suppose P(:|-) : ¥ x B — R* is a mapping which
obeys the following three axioms:

Axiom . Ae X, Be B=0< P(A|B) <1, and P(B|B) = 1.

Axiom II. P(:|B) : ¥ — R™ is o-additive for each B € B.

Axiom III. Given A € ¥, B € B and C € B, one has

(i) P(A|B)= P(ANB|B), and
(ii) ACBcCC= P(AB)P(B|C)= P(A|C).

Such a function P(:|-), obeying the three axioms, is called a condi-
tional probability, in the sense of Rényi. In this chapter we omit the
last qualifying phrase unless the Kolmogorov definition, denoted P5(-)
when B is a o-algebra, is also involved in a comparison. It is clear that
the elementary case P(A|B) = P(AN B)/P(B) derived from a given
probability space satisfies Axioms I-1II. Here Axiom III is the distin-
guishing feature of this new concept. It is not implied by the other
axioms, and we shall give two equivalent forms for later applications.
Also Axioms I and IT imply that P(B|B) =1 so that () ¢ B since oth-
erwise P((|0) = 1 and P(0]|0) = 0 must hold simultaneously. Thus the
possibility of adjoining () to B is prevented by these two axioms.

The desired equivalent forms of Axiom III are given by:

Proposition 1. When Axioms I, II hold, then the following are equiv-
alent:

(i) Aziom I1I is true.
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(ii) Aziom I1I;: A € ¥, {B,C} C B with BNC € B=
P(A|IBNC)P(B|C) = P(AN B|C). (1)
(iii) Aziom I1ly: A € ¥, {B,C} C B with BC C =

P(A|B)P(B|C) = P(AN B|C). 2)

Proof. Assume Axiom III. If A € ¥, {B,C} C B with BN C € B, then
by III, one has

P(AIBNC)P(B|C)=P(ANnBNC|BNC) P(BNC|C)
P(ANBNC|C), using III (ii)
P(ANB|C) .

So Axiom III; holds.

Suppose Axiom III; holds. Letting B = C in (1), one gets III (i)
since P(B|B) =1. f AC B C C and {B,C} C B, then (1) gives III
(ii). So Axiom III holds. Thus (III) < (III;).

That Axiom (III;) = (IIl) is clear.

Conversely under III,, for any A € ¥ and {B,C} C B with BNC €
B,

P(ANB|C)=P(ANnBNC|C), since Axiom I applied to (2)
with B = C there, gives Axiom III(i),
= P(A|BNC)P(BNC|C), by (2),
= P(A|BNC)P(B|C), by Axiom I .

This is (III;) so that Axioms III; and III, are also equivalent. [

A simplification implied in these axioms is that conditioning is con-
sidered in terms of a single event at a time, and the elementary case
is in view. Since P(-|-) is a set function of two variables, one of which
varies on a class that is not a ring, we include certain other properties
to gain some feeling for its structure. The next result deals with the
monotonicity property of this function.
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Proposition 2. (i) If {A,,n > 1} C ¥ is a monotone sequence and
B € B, then P(A,|B) is monotone in the same sense andlim P(A,,|B) =

P(lim A,|B).

(;Lz) If{B,,n > 1} C B is monotone, A € ¥ and B, D A, then B,, C
B,11 implies P(A|B,,) < P(A|By+1). Moreover, if limB,, = B € B,
and either (a) P(B|Bg) > 0 for some By € B, where an D Bpy1 and
B,, C By for an ng, or (b) B,, C Bp41, then

lim P(A|B,) = P(A|B), AcS.

Proof. (i) Since P(-|B) is an ordinary probability measure on 3, by
Axiom II, the conclusion is a standard result for finite measures.
(ii) Let B =1im B,, =N, B,, and A C B C B,,. Then

P(A|Bp+41) = P(AN Bp4+1|Bnt1), by Axiom III(i),

= P(ANB,|Bu+t1), since B,4+1 DB, DA,
(AlBn 0 Bpy1) P(Bn|Bnta), by (1),
(
(

A|B,)P(Bp+1|Bn+1), by Axiom Il and B,, C Bj,41,
A|B,,), Axiom I.

Thus P(A|B,,) is increasing, if B,, D B,+1 D A.
(a) Suppose the additional hypothesis holds, so that B,,+1 C B, C
By € B, n > ng. Then for n > ny,

P(A|B,) = P(A|B, N By), since B, C By |,
P(A|B,, N By)P(Bn|Bo)/P(Bn|Bo), since P(Bn|Bo) > 0,

P(AN B,|By)
= , by (1),
PGB
P(AnN B|By) .
—————  Axiom II, and P(B|By) > 0,

P(A[BN By), by (1),
P(A|B), since B C By .

(b) If B, C Bpt1, then lim P(B,|B) = P(B|B) = 1, so that
P(B,|B) > 0 from some ng onwards. Also for any A € ¥

P(A|Bn)P(Bn|B) :P(AmBn|B)7 by (2> .
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Hence using (i) and Axiom III(i), we get

P(AN B,|B)
P(By|B)
P(AN B|B)
P(B|B)

P(A|B,) =
— P(A|B) .

This establishes (ii) also. O

The next property is an analog of the total probabilities formula,
given in Proposition 1.2.3(b) in the case that P(:|-) is representable as

a ratio.

Proposition 3. Let {B,,n > 1} C B, be a disjoint sequence and
B C OL?an for some Be B. If BNB, € B, n>1, then
n—=

P(A|B) = :2:1 P(A|BN B,)P(B,|B),Ac Y . (3)

Proof. Consider a general term on the right side:

P(A|BN B,)P(B,|B) = P(A|B, N B)P(B,, N B|B), by Axiom III(i),
= P(AN B, NB|B), by (2) .

Consequently

Ozjl P(A|BN B,)P(B,|B) = Ci:jl P(AN B, N B|B)

=P(ANBN n§1 B, |B), since B),’s
are disjoint and Axiom II applies,

= P(ANB|B), since B C %Bn ,

= P(A|B), by Axiom III(i) .

This gives (3). O

The formula presented here, although simple, will have an interesting
analog in the abstract study to be discussed later in Section 7.4. The
following consequence is recorded for reference. It will also be invoked
in Section 5 below.
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Corollary 4. Suppose B is closed under countable unions and let { B,,,n >
1} C B be a disjoint sequence. If P(A|By) < AP(A'|Bx) k > 1, and
A >0, where A, A’ are a pair of events, then

P(A|UBy) < AP(A'|U By) .

This relation is immediate from (3) by a substitution of the given
inequality with B = L]-CJBk € B there.

We intend to consider some consequences of the above properties of
these conditional probability functions and then discuss the difficulties
with multiple solutions of problems of the preceding chapter. However,
these are better appreciated if we analyze the structure of P(:|-) in
terms of functions of a single variable. So we devote the next section
to this aspect.

4.3 Structure of the new conditional probability functions

If (2, X)) is a measurable space, so that ) is a point set and X is a o-
algebra of subsets of 2, let B C ¥ be aclass and P(+]) : ¥xB — R* bea
conditional probability space as defined in the preceding section. Here-
after, (2,3, B, P(-|)) will be termed a conditional probability space, so
that () ¢ B. If there is given a probability measure @ : ¥ — R* such
that P(A|B) = Q(ANDB)/Q(B), B € B, A €%, then it is an example,
and B will also be called a set of conditions. In the opposite direction,
it is desired to find necessary restrictions, if any, under which P(-|-) is
representable as such a ratio. We follow Rényi (1970, Chapter 2).

The next result presents a general solution of this problem:

Theorem 1. Let (2, %, B, P(:|-)) be a conditional probability space.
Suppose B is closed under finite unions and contains sufficiently many
elements to cover each member of ¥ in the sense that each A € ¥ is
included in a finite or countable union of B;’s from B. Suppose also
that P(B|C) > 0 for B C C and {B,C} C B. Then there exists a
o-finite measure p : ¥ — R such that u(B) C RT — {0}, and

n(AN B)

1(B)

Moreover, u is unique except for a positive multiplicative factor, and

P(A|B) = ,AcY, BeB. (1)

then B can be replaced by a (possibly) larger set of conditions B= {A €
Y:0< pu(A) < oo}, in (1).
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Proof. Define p : B — R by the (unfortunately unmotivated) equation
P(B|BU By)

u(B) =
P(By|B U By)

for an arbitrarily fixed By € B. This is meaningful since B is closed

, BeB, (2)

under finite unions, and the argument stops here if the latter hypothesis
is not included. We next extend this definition to the trace or restriction
o-algebra X(B) = {AN B: A € ¥}, by setting

u(A) = P(AB)u(B), A€ X(B) . (3)

Definitions (2) and (3) are the key parts of the proof and the rest
is a technical detail of verification that p is the desired function for
(1). Now p(-) is clearly a measure on X(B) since P(-|B) is. We assert
that p(-), which depends on By, is uniquely defined on X(B;1) N X(B3)
for any B; € B,7 = 1,2, so that it can be extended to ¥ by a kind of
piecing together which is standard in such problems. Since by (2) it is
clear that p(B) C Rt — {0}, the extended p will be o-finite on ¥ and
then we will deduce from (3) that p is the desired function. Uniqueness
will then follow without much difficulty. Let us fill in the details.

Let B; € B,i=1,2, and A € ¥(B;) N X(B3), so that A C By N By
in particular. We first verify that p(A) defined by (3) is unambiguous;
i.e., for any By and By and A as above, we assert that

P(A|B1)u(B1) = P(A|B2)u(Bz) - (4)
To use Axiom IIl,, and (2), let By = By U By U By(€ B), so that
u(Bi) = P(Bi|Bs)/P(Bo|Bs) , i =1,2, (5)

since B; C Bs. Hence

P(AB)u(By) = ZAIBUP(BLBs)

P(By|Bs)
P(AﬂBllBg) . .
= , by Axiom III, again,
P(A|B3) .
= e/ ACBiNB
P(B0|B3) , since A C b1 N Dby,
_ P(AN By|B3)
P(By|Bs)
P(Bs|Bs) :
= P(A|By) —-~——% A IT1
(A| 2)P(B0|B3) , by Axiom III,

= P(A|B2)u(Bz), by (5) .
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This shows that (4) holds.

To see that p is defined on ¥, we now use a familiar argument from
real analysis. Thus let ¥ = {A € ¥ : A C B for some B € B}. The
additional hypothesis on B implies that ¥ is closed under finite unions,
differences, and 0 € X. It follows that ¥ is a ring and contains B. If
A, € %, disjoint, and L#An € %, then (%J A,) € X(B) for some B € B,
by definition of ¥. Since by (3) u is a measure on X(B) (because of
Axiom II for P(-|B)), this implies that x : ¥ — R* is a measure. But
each element of 3 is covered by a (perhaps) countable collection of B,,’s
from B, so that ¥ is generated by ¥, and Q = UA,, , 4, € 3, disjoint.
It follows that p has a unique extension to X Té)n which it is o-finite.
Denote the extension by the same symbol. Then (3) becomes

since AN B € ¥(B) and hence is finite. This gives (1).
Regarding the essential uniqueness of pu, let v be another (o-finite)
measure so that v(B) C RT — {0}, and

,AeX¥, BebB, (6)

v(ANB) w(ANB)
P(A|B) = = BeB, AeX. 7
B == @) u(B) "
It is clear that v = au, «a > 0 satisfies (7). On the other hand, (7)

implies

v(A) = a(B) u(A), AeX(B), (8)

with a(B) = v(B)/u(B). Since B is closed under finite unions and
each member of ¥ has a countable cover from B by hypothesis, there
exist B, € B, B, T Q and (8) holds for each B,. Let o, = a(B,).
Since ¥(B;,) C ¥(Bp+1), we have

v(A) = anpu(A), v(A) = anpap(A), (9)
for all A € X(Bpy1), A € X(B,,). It then follows from (9) that
v(A) = appu(A) = anpip(A), A€ E(Bn) . (10)

In particular, taking A = B,,, and noting that 0 < u(B,) < o0, n > 1,
we deduce from (10) that a,, = a,11(= a(say)). Hence v = au, on
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> and by the unique extension of a o-finite measure to o(X) = X, the
same relation holds on ¥. Thus p of (1) is essentially unique.

Finally let B be as in the statement. Then B is the same collection
for any p for which (1) holds by the uniqueness established above. It
follows that B C B, and since y is a measure on ¥, P(-|-) can be
extended to ¥ x B by the definition
n(ANB)

PAIB) == 5

,BeB-B, AcY. (11)
Since P|X x B = P, and B satisfies the same hypothesis as B does, the
procedure of the last paragraph yields that P(-|-) is a conditional prob-
ability function satisfying Axioms I-III. It extends P(:|-) and admits

an essentially unique ratio representation as (1). [

Remarks. 1. The above argument uses the hypothesis that B is closed
under finite unions and has sufficiently many elements to cover each
member of ¥. However, if the hypothesis on finite unions is dropped,
then the essential uniqueness of p in (1) fails and if “P(B|C) > 0
for B C C” in B is omitted, then the representation (1) with a single
o-finite u need not hold. In this case, either one has to admit an (possi-
bly uncountable) infinity of such measures or else admit such measures
that take values in a non-Archimedean field. These points emerge from
the works of Rényi (1956) and Krauss (1968). The former result will
be given in Proposition 4 below. Representations of conditional mea-
sures under various weakened hypotheses were investigated by Csészar
(1955). It will be clear from our later work that these infinite collections
correspond to the theme of “disintegration of measures.” The results
of Propositions 3 and 4 below will motivate that subject.

2. The last part of the above theorem shows that the conditional
probability space (2,3, B, P(+|-)) under the given hypothesis can be as-
sumed to have been derived from a complete o-finite space (€2, X%, ), X*
being the p-completion of . Then replacing B by B there, one has
(Q,%*, B, P(-]-), ) as an extended or “full” conditional measure space.
Thus one may assume, under the hypothesis of this theorem, that the
space to be full. Note that B does not have pu-equivalence class of p-null
sets.

The preceding result can be recast in a somewhat different termi-
nology that has some independent interest.
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Proposition 2. Let {(Q2, X, Ps),A € B} be a family of probability
spaces indexed by the collection B C 3 where B is closed under finite
unions and contains countable covers of elements of ¥.. If Pg(B) =
1,B € B, and P4(B) > 0 for B C A, B € B, suppose that Po(AN
B)/Pc(B), A€ X, B € B, is independent of C € B. Then

Ps(A) = w(ANB)/u(B) , A€ X, (12)

for an essentially unique o-finite measure p : ¥ — RY and u(B) C
R*T — {0}.

Proof. Tt is sufficient to observe that P(:|-) : ¥ x B — R* defined by

Pc(A N B)

P(A|B) = Po(B)

(13)
satisfies the hypothesis of Theorem 1, and (12) follows from (13) on
setting B = C' in the latter. [7J

We now consider a weakening of the hypothesis of Theorem 1 and
show that the representation of P(:|-) can be given by an infinite col-
lection of “ratios” using a family of measures. As a motivation for this
case, let us first establish the easy direct part, namely such a family un-
der suitable conditions determines a conditional probability function.
After this, the converse part will be given.

Proposition 3. Let (2,%) be a measurable space and {A,,7 € T} be
a filtering (upwards) family of o-subalgebras where T is a directed index
set, so that 1 < 1o implies A;, C A.,. Let B, C A;,7 €T, be a family
such that By, N\B,, =0 if 71 # 7. Let u, : X — R, 7 €T, be a set
of o-finite measures with the property that u.(B;) C RT — {0}, 7 € T,
and for 1 < 7o, firy(Br,) C {0,00}. Then the mapping P(-|-) defined
on the algebra A = TgT A, and the family B = TLGJT B, by the equation

P(A|B):%, Ac A, BeB, (14)

(for some 7) denoted P(-|-) : A x B — R™, is a conditional probability
function, in the sense of Section 2, generated by the family {p, T € T}.

Proof. The result follows on verifying that the P(:|-) of (14) satisfies
Axioms I, IT and III5, since III < 1115 by Proposition 2.1. But Axioms
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I and II are immediate. As for III5, one uses the fact that {B,C} C
B = B € B, C € B, and B C C is possible iff 7, = 7 by the
definition of B;. The result thus holds in this case also. Since P(:|B)
is a probability on A, it has a unique extension to o(A). If the latter
is a proper subset of 3, we may set T = T U {1} with 7 € T, 7 # 70
then 7 < 79, so that taking B,, = ¥ — o(A), we may adjoin B, to the
class {B,, T € T}, B =BUB,,, and assume (A) = ¥ for convenience.
Then the result again holds on ¥ x B. .

The opposite direction needs more work. Here is the desired repre-

sentation.

Proposition 4. Let (2,3, B, P(:|-)) be a conditional probability space
such that B is closed under finite unions. Then there is a linearly
ordered index set T and a family {u.,7 € T} of o-finite measures on
Y representing P(-|-) in the following sense:
(i) p-(B) CRT —{0}, 7 €T,
(ii) for each B € B, there is a 7 € T such that 0 < p.(B) < oo
and if 7" € T, then p,(B) =0 or 400 accordingly as 7" > 7 or
T <7,
(iii) for each B € B there is a unique 7 € T' such that

P(A|B) = % ,Aex. (15)

Remark. T reduces to a point iff for each {B,C} C B, B C C implies
P(B|C) is strictly positive.

Proof. The idea of proof is to express B as a union of a nonempty
collection {B,,7 € T'} with members which are pair-wise disjoint and
each B, satisfies conditions similar to those of Theorem 1 so that the
same method may be employed to deduce (15). Thus to construct the
B, we introduce a suitable equivalence relation on B so as to divide it
into the desired mutually exclusive classes. This is the key item in the
proof.

In order to introduce a relation, if By, By are in B, (so B; U By € B)
let us define the indicatriz i(By, B2) by the equation

(B1|B1 U Bs) ( 1 ) .

(Ba|B1 UBy) \ i(Ba, By)

i(B1, By) = (16)
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Evidently 0 < (B, B2) < co. Note that i(-,-) is never indeterminate,
since by Axioms I and II,

1 = P(By U By|By U By) < P(By|By U Bs) + P(By|By UBy) ,

and since P(:|B) is subadditive, being a measure. Next define By ~
By (i.e., of the same parity) iff 0 < i(By, Bs) < oco. We assert that
“ ~7 is the desired equivalence relation. Indeed, B; ~ By and By ~
By = By ~ Bj following at once from (16) (so “~” is reflexive and
symmetric), we need only verify its transitivity. Thus let B; € B, i =
1,2,3 such that By ~ By and By ~ Bs. For any {By, Bs,C,D} C B
with C D D, Axioms I and III imply

P(B.|D) _ P(Bi|C)
P(By|D) — P(B|C)

(17)

Next let C = By UBy U B3 and D = By U Bs or By U By in (17). We
then have the following string of equalities:

P(B,|B; U Bs)
By, B
i(B1, Bs) = P(Bs|B; U Bs)
_ P(B]C)
P( AI0) , since C D Din B,
_ P(B:1|C) P(B;|C)
~ P(B|C) P(Bs|C)
_ P(B1|B1UB;) P(B:|By U Bz3) )
B; U B;
= P(By|B,U By) P(Ba|ByUBy) @ SnceBiUBicC
for1 <4, <3,
= i(B1, B2)I(Bs, Bs) . (18)

Hence 0 < i(B1, Bs) < oo also holds so that By ~ Bs and transitivity
obtains. Thus “~” is an equivalence relation in B under i(-,-).
Now divide B into {B,, 7 € T}, the equivalence classes under “~”.
If B € By, j=1,2, we say7'1<7'2 iff i(By, B2) =0, (and 71 > 7o iff
i(B1, B2) = [i(B2, B1)]™! = +0). Note that “<” depends only on the
equivalence class but not on individual members B;. This follows from
(18). To see that “<” is a linear ordering on B, observe that for any
B1,Bs in B with By € B,,, By € B,,, 71 # T2, we get i(By,Bs) =0
or +o0o according as 71 > 7o or 71 < To. Thus to use the argument
of Theorem 1, it should be verified that each B, is closed under finite
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unions. Indeed, if {B;, Bo} C B, so that B; ~ Bs, we have, since
B U By € B, by using (16),

P(BiUB.|B) 1
P(B,|B;1 U By) P(B1|B1UBy) ’

i(ByUBy,By) = (19)
because P(A|B) = P(AN B|B). But 0 < i(By, B2) < oo so that (19)
and (16) imply that P(B;|BiUB3) > 0, = 1,2 and BiUB3 ~ By ~ B.
Hence B;UBsy € B,. Then by Theorem 1, P(:|-) : ¥ x B, — R™ admits
a representation of the type given in (1). So there exists y, : ¥ — R,
o-finite, such that u.(B,) C RT — {0}, and

~(ANB

paB) = MA0B) 45 pes, . (20)

pir (B)
The measures {i,, 7 € T'} are essentially unique, as noted for (1). The
last parenthetical statement follows from Theorem 1 in one direction,
and the reverse direction is obtained by reviewing once again the above
argument. []

Remark. 1If B is not closed under finite unions, then P(:|]-) can be
determined in many ways as seen from the following:

Example 5. Let (R, X, m) be the Lebesgue real line, B, , B_ be given
by

B, ={AcX:ACR" 0<m(A4) < oo}
B_.={AecX:AC(-00,0),0<m(A) < o0},

let my(A) =m(A) if A€ X(RT);m_(B) =m(B) if my(B) =0, and
m_(B) = 4oo if my(B) >0, BeX. Set P(A|B) =m(ANB)/m(B),
forall Be B={B € X:0<m(B)<oo}. Then P(:|-) is a conditional
probability function. But we also have

m. (ANB) if Be B
- e (B) , 1 +>

P(AIB)—{ m_(ANB) it BeR
m_(B) o

So P(-|-) is generated by (m4,m_) as well as by m, and the properties
of the preceding representation of Theorem 1 or Proposition 4 do not
hold.
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4.4 Some applications

Since the very concept of conditional probability incorporates the
“regularity” as Axiom II, one can develop analogs of the classical prob-
ability theorems for the family {(£2, X, P(:|B)), B € B}, by introducing
directly the conditional distributions, densities, characteristic functions
and the like. We indicate a few of these here and compare them with
the Kolmogorov model studied in Chapter 2.

Let X : Q — R be a random variable on (€2, 3, B, P(-|-)). Recall that
by definition, {w: X(w) € I} = X~1(I) € ¥ for each interval I, so that
the concept involves only (£2,3). Thus for each B € B, the conditional
distribution of X given B, denoted Fx (-|B), is defined as:

Fx(z|B)=P[X <z|B], z€R . (1)

Then the image conditional law can be obtained as follows. If R is the
Borel o-algebra of R, let B ={D € R : X~Y(D) € B}. In case B # 0,

we set
Px(C|D)=P(X Y (C)| X YD), CeR, DeB. (2)

Then (R, R, B, Px(-|-) is the induced (or image) conditional probability
space of X. For instance, if (2, %, ) is a o-finite space B ={B € X :
0 < u(B) < oo}, and X : Q2 — R is a random variable let Fx([a,b)) =
Fx(b) — Fx(a) = p(w : a < X(w) < b). If Fx is assumed finite on
bounded intervals (i.e., is locally bounded), then

Fx(d) — Fx(c) (3)
Fx(b) — Fx(a) ’

for all —oo < a < ¢ < d < b < oo. Other examples, if X is a vector

pX(@§X<b‘c§X<d):

random variable, can be similarly constructed.

To complete the discussion on these conditional measures, we now
show that their products are also of the same kind so that they can be
used in applications as though one is dealing essentially with ordinary
probability measures. Thus if (;,%;, B;, Pi(+])), i = 1,2 are a pair
of conditional measure spaces, then their product is defined as follows.
Set 2 = Qq X Qy, B = By x By (cartesian products), and ¥ = X1 ® ¥
(the smallest o-algebra containing the class ¥ x X3). We define P(-|)
as:

P(A|B) = Pl(A1|Bl)P2(A2|B2), A= Al X A2 - 21 X 22,
B=BixB,eB. (4)
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For fixed B, the right side of (4) is an ordinary product measure and
P(Q|B) =1 by Axioms I and II. Hence the standard product measure
theory implies P(:|B) is a bounded o-additive function on 3; x X5 so
that it has a unique o-additive extension to ¥ which satisfies (4), for
each B € B. Since P(B|B) = 1, we need only verify Axiom III to
conclude that this P(-|-) is a conditional measure. Instead we show
that the equivalent Axiom III5 holds.

Let A= A1 x Ay € X1 xX¥9, B=B1xByeBand C=C{xCy € B,
such that B C C. The latter condition is true iff By C C;7 and By C Cy
as seen easily by drawing a picture. (Here the fact that neither B nor
C' is empty is also used.) Hence

P(A|B)P(B|C) = P1(A1]B1)Pi(B1|C1) Pa(Az| B2) P2 (B2|C2)
= P1(A1 N B1|C1)Py(A2 N By|Cy), by Axiom III,
applied to P;(+]-),1 = 1,2,
= P((A1 N By) x (AN By)|Cy x Cq), by (4),
(

= P((Al X AQ) B1 X B2>|Cl X CQ), since
A;NB; €X;i=1,2,
:P(AHB|C),AGlezg,BCCiHB. (5)

Thus Axiom III; holds in this case. Since for fixed B, C, both sides
of (5) are bounded measures on ¥; X Y5 the same relation must be
true on X, by the classical theory. Thus P(:|-) is a conditional product
probability function.

The above result extends to a finite number of factors by induction.
But an extension for an infinite number of factors is also not difficult.
We state this and add the detail for completeness.

Let {(924, %, B, Pi(-]- )) i>1}bea family of conditional probability
functions and set B = >< Bz, (Q,%) = ( QZ, ® ¥;), the latter being

the classical product measurable space. - Thus ® >; is the o-algebra
generated by the cylinder sets A of Q = x (), where A=A x - X
K3
A, x x ; for some n > 1 and A; € ¥;. Then B C ¥ and since
i>n

P;(92;|B;) = 1, we may define

P(A|B) = HR-(AAB» : (6)
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for an n-cylinder A = A; x --- x A, x x Q;, B; € B. The classi-
i>n

cal measure theory implies that P(-|B) has a unique extension to be a

probability measure on ¥ for each B € B, satisfying (6) for all cylinders

in X. It is seen immediately that Axioms I and II hold for P(:|-), and

we again verify that III holds which needs some computation. Equiva-

lently, consider Axiom III;:
P(A|IBNC)P(B|C) = P(AN B|O), (7)

for A € ¥,{B,C} C B with BNC € B. Again we may restrict A to
range over cylinder sets which generate 3 because P(-|BNC) as well
as P(- N B|C) are bounded measures.

Thus let A be an n-cylinder and consider the right side of (7). Since
P;(€|(BNC);) =1, one has

PAIBNC) = [] PAAIE N O)) ®

i=1
where (B N C); is the ith component of BN C = (o>2j B;) N ( X C;).
i=1 i=1

With the argument as in the case of products, it is _easy to see that
BNC=x (B; N C;) so that (BN C); = B; N C;. Hence (8) becomes
i=1

PAIBNC) = [[ P(AB N, )

i=1
for each n-cylinder A in X. If we set p, = [[ P;(B;|C;), then p, | p
i=1
where by definition p = P(B|C). If p = 0 then the left side of (7)
vanishes since AN B C B so that
0<P(ANB|C) < P(B|C) =0,

P(:|C) being a measure. Thus (7) holds in this case. Let p > 0. Then
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the right sides of (7) and (9) give
P(ANB|C) = ([[ Pi(Ai n Bi|Cy)) [ | Pi(BilCs)

i=1 i>n

HP (AilBi 0 Ci)Pi(Bi|C)] T Pi(BilCy),
=1 >n
by Axiom III, applied to each P;(:|),

HP (A;|B; N C; ]HP (B;|C;) |
i=1
= P(AlCNnC)P (B|C’).

This shows that (7) is true in general, and P(-|-) extends uniquely to
be an infinite product conditional probability function.
We summarize the above result in the following:

Proposition 1. Let {(£;,%;, B;, Pi(-]-),i > 1} be a sequence of con-
ditional probability spaces. If (2,%) = X (€4, %;) is the product mea-
i=1
surable space, B = X B; is the cartesian product, then there exists a
i=1
unique conditional probability function P(:]-) : ¥ x B — R such that
for each n-cylinder A in %, B € B, we have

P(A|B) = HP (Ai] By), (10)

and

P(B|C) = HP (Bi|C;) . (11)

Although it is possible to extend thls for uncountable products, just
as in the classical theory with easy modifications, we shall not pur-
sue the subject further as we have no need for such a result. The
corresponding product theory for the Kolmogorov definition will be
discussed in detail later in Chapter 8.

We now proceed to some other results on functions of random vari-
ables involving (conditional) expectations among others. So let us state
the concept precisely for (2, %, B, P(+|-)). Thus if X : Q@ — R is a ran-
dom variable, then its conditional expectation, given B € B, is defined
as:

E(X|B) = /XP(dw|B) , (12)
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provided { [, |X|P(dw|B) : B € B} C R*. Since we did not assume
enough to warrant that P is representable as a ratio, there is no absolute
expectation here. Comparing this with Example 1.4.3, one can say that
this concept is slightly weaker than the earlier one even in the ratio case.
There is no need to spell out the details here.

It is clear that E(:|B) is a positive linear operation on the vector
space of real bounded measurable functions on (£2,3). The standard
limit theorems can be extended, using conditional characteristic func-
tions. The latter is defined by:

p5(t) = ¢(t|B) = E(e"*|B), B €B, (13)

for each random variable X on (€, %, B, P(-|-)). As a sample result
we give a (conditional) strong law of large numbers. This, however, is
obtained from a classical strong limit theorem which we now state.

Proposition 2. (Kolmogorov) Let X1, Xs,... be a sequence of mu-

tually independent random variables with means zero, and variances

oo
02,03, all defined on a probability space. Then the series, k§1 X

converges a.e. if %301 02 < 00.

A proof of thiszl%sult is available in most books on probability theory
(see, for instance, Rao, 1984, p. 51). We need the following consequence
of the above result.

Corollary 3. If X1, X, -+ is a sequence of mutually independent ran-
dom wvariables on (2, %, P) with nonnegative means oy, s, ..., and
variances 03,03, ..., such that
(7) Zl ay = +o00, and (i) kEl(ai/ai) < 00, (14)
1= =
then we have
1 n
lim— ¥ X, =1, a.e., (15)
n Q=1

n
where a, = X .

=1
Proof. Let Y,, = (X,, — a,)/a,. Then E(Y;) = 0 and variance of Y,, is

o0
o2 /a?. By (14) and Proposition 2, 21 Y,, converges a.e.; i.e.,
n—=

lim k21(Xk — ay)/ax converges a.e.
n =
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By a form of the Kronecker’s lemma (verified below) this implies

1 n
lim— ¥ (Xx—ax) =0, ae., (16)

n G k=1

so that (16) gives (15). O
The form of Kronecker’s lemma used above is this: If ¢, € R,0 <

By T oo and gl(cn/ﬁn) converges, then lim 5% k§1 cr = 0.

Proof of lemma. Let s,, = i E+1(ck/ﬁk), and R, = 121 ci. Then

Sn—1 — Sn = Cn/ﬁn

Hence

n n—1
R, = 121 Br(sk—1 — k) = 501 — Snfn + 121 Sk(Brt+1 — Br),

on rearranging the order of summation.

Consequently,
Rn 1 n-—-1
7 :SO%_S”+ N 121 sk(Br+1 — Be) - (17)

Since s,, — 0 and 0 < 3, T oo, so that 65% — 0, as n — 00, the first
two terms are negligible, and it suffices to show that the last term of
(17) satisfies

lim o 3 s(Bers — ) =0, (18)

n B k=m
for any fixed but arbitrary m. But s,, — 0, so for given € > 0, choose
m = ng such that |s,| < € for n > ng. Then the expression (18)
becomes:

B’I’LO ]-

p )< B k:_%no Sk(Brt1 — Bn) < (1l —

Bro
P

—e(1— ) .
Letting n — oo, this gives (18) since ¢ > 0 is arbitrary. [

As a consequence of the Corollary we can give the conditional strong
law of large numbers. First let us recall the independence concept in
the present context which is similar to that of Definition 2.5.1.

A sequence {X,,n > 1} of random variables on (2, %, B, P(-]-)) is
mutually (conditionally) independent relative to P(-|B) for each B € B,
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if for any intervals I; C R, =1,2,---,n, and X

s Xj,,n > 1 we

have

P(Xj, €L;,i=1,...,n|B) = [[ P(X;, € Ii|B), B € B,

=1

where (j1,...,jn) is any finite subset of the numbers {1,2,...}.

The following is a form of the strong law of large numbers:

Proposition 4. Let X1, X5, ... be a sequence of mutually (condition-
ally) independent random wvariables on (2,3, B, P(+|-)). If I = (a,b)
is a nondegenerate interval such that B, = X, 1(I) € B,n > 1, and
B,, C C for some C € B, suppose the following conditions hold:

(i) E(X,|B) = a, > 0,0 < Var(X,|B,) = 02 <oo,n > 1,
(ii) if pn = P(B,|C), then glpn = 400, and glpnan = 400,

(i) lim(,gl picy;/ ;1 Di) = a, exists,
(iv) 3 [pu(o? + (1 - p)ad)/ 3 pjoy] < oo.
= ji=

Then
> X/
P[lim ’“:]iﬂ = a,|C] =1, (19)

n

where NI is the number of the X;’s among the first n that visit the
interval I and X,;’: is the truncation of Xy to I, so that X,g = Xk XB,-

Proof. This result will be deduced from the preceding one. The action
is all relative to C' or P(:|C). We now use Axiom III; and make the
following calculation for X}

E(X{|C) = Xk( )P (dw]|C)

/ X (w)P(dw|By)P(B|C), since
P(AN B|C) = P(A|B)P(BI|C) for B C C,
= prE(Xk|By) = prou -
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Similarly
E((Xi)?|0) = [ Xi(w)P(dw|C)
By
:pk/ XiP(dw|By)
Q
= pr(oj + i) -
Hence

Var(X[|C) = pr(o} + o) — proi
= pr(op + (1 — pr)ag).

Thus by Corollary 3, on using (i) and (iv) of the hypothesis for the
mutually (conditionally) independent sequence {X/,k > 1} one has

> X/
lim =L —1 qe. (20)
by
k:lpkak

But {xp,,k > 1} is likewise an independent sequence with E(x g, |C) =
Pn, and Var(xp, |C) = pr(1 — px). Thus (ii) and Corollary 3 imply

n
2_31 X By,

lim =1, ae. (21)

Since N! = k§1 XB,, (20), (21) and (iii) of the hypothesis give (on

dividing (20) by (21) and taking limits) (19) immediately. O
Remark. The result is a partial extension of the classical Glivenko-
Cantelli theorem on empirical distributions. Indeed, if the X} are (in
addition) identically distributed so that P(Xj € I|C) = p,k > 1, then
(19) says that the conditional relative frequency of the given sequence
of random variables tends to the true value p with the conditional
probability 1 given C.

Regarding the events of B as parameters one may similarly obtain
several classical limit theorems. Here we present an extension of the
Lévy continuity theorem from this point of view. In fact we shall give
a uniform limit theorem, relative to B following Parzen (1954) who
obtained several other extensions in the same manner. To make the
discussion intelligible let us first state the classical version.
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Theorem 5. (Lévy) Let Iy, Fs, ..., be a sequence of distribution func-
tions and p1, @3, ... be the corresponding characteristic functions (i.e.,
take B = Q in (1) and (13)). Then there is a distribution func-
tion F such that F,(z) — F(z) at every continuity point x of F iff
on(t) = ©(t),t € R, provided the limit ¢(-) is also continuous at t = 0.
When the latter holds, then ¢ is the characteristic function of F.

To present the corresponding result in the conditional case, with a

stronger uniformity condition, we introduce a relevant concept here.

Definition 6. Let F,,(-|B) and F'(-|B) be conditional distribution func-
tions, given B € B. Then F,,(-|B) — F(:|B) uniformly if (i) for each
pair of points z1, x2(x1 < x2) and € > 0, there is an ng(= ng(z1, x2,€))
such that for each B € B we can find z; < z < 5 satisfying

|, (z|B) — F(x|B)| < &,n > ny,

and (ii) lirin lim | lirf F,(y|B) — F,(z|B)] = 0, uniformly in B.
T—ITO0O N—00 Yy— 100
Recall that a family f, : R — R, a € I of functions is equicontinuous

at x € R, if for each £ > 0, a neighborhood U, of x exists such that

sup{{sup |fo(z) — fa(y)|:y €U} : €I} <€ .

In other words, for each generalized sequence x, — z, fo(z;) — fo(T),
uniformly in o € I. If this condition holds for all z € R, the family
{fa,a € I} is equicontinuous on R.

With these concepts the desired extension is given by:

Theorem 7. (Parzen) Let {F,(:|B), F(:|B)}pen be conditional dis-
tribution functions with respective characteristic functions {p,(:|B),
o(-|B)}Ben. Then F,(-|B) — F(:|B) uniformly in B € B, in the sense
of Definition 6, iff (1) ¢n(t|B) — @(t|B),t € R, as n — oo, uniformly
in B € B, and (ii) {¢(-|B), B € B} is equicontinuous at t = 0. If these
conditions hold, then @, (t|B) — ¢(t|B) uniformly both in t € I and
B € B, where I C R is any bounded open interval.

It is interesting to note that Parzen has obtained this and related ex-
tensions in 1952 before Rényi formulated his new axiomatic treatment
of the subject. Except for the works (and talks) by Rényi, Csaszér and
a related account by Krauss referred to in this chapter, there appears to
be very little advance in the utilization of this new method. The known
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applications are based on the classical results, with suitable uniformity
conditions added.

We shall omit the proof of the above theorem, which is somewhat
lengthy, since several classical formulas and ideas have to be recalled.
The reader is referred to the original accessible paper in which all the
details are spelled out.

Now we proceed to the problems and paradoxes arising in the appli-
cation of conditional probabilities examined in the last chapter in light
of the new axiomatic set up. There one sees that those difficulties are
not eliminated even with the new method. In fact, further restrictions
on this model are necessary and there is a close analogy between the

latter and the Vitali conditions discussed previously.

4.5 Difficulties with earlier examples persist

Several of the difficulties associated with calculating conditional prob-
abilities using the Kolmogorov model were illustrated in Section 3.2 for
some important, realistic, and practical problems. The earliest of these
is the so-called “Borel paradox.” Can we find a better or easier ex-
planation of the difficulty with Rényi’s new model? The problem in
the classical case arose from the fact that the conditioning event has
probability zero and hence an approximation argument was tried in
evaluating the numerical value. But the “conditions,” B, in Rényi’s
model explicitly exclude such an event and so a direct application is
not possible. To illustrate some of these questions, especially for the
Borel problem, Rényi (1955) suggested a refinement of his model which
we now discuss.

The following set of conditions under the name “Cavalieri space”
has been introduced by Rényi. However, because of its close resem-
blance with the classical strong Vitali system in differentiation theory
(see Hayes and Pauc, 1970, p. 27) we propose to call it simply the
Vitali type condition to emphasize the analogy between these concepts
and also for a comparison with the work of Section 3.4. Thus a condi-
tional probability space (2, X, B, P(-|-)) is said to satisfy a Vitali type
condition if one has:

(V.1) there is a family {B;,a <t <b} C B

(V2) a<a<B<b= U B,=B%cB
a<lt<(
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(V.3) s#tin [a,b) = Bs N By =),
(V.4) for A, Ain 2\ > 0, P(A|By) < AP(A|By),a < a<t<f<
b= P(A|B?) < P(A|B?).
If (V.4) is replaced by the following stronger condition then the space
will be said to satisfy a strict Vitali type condition:

(V.5) for each A € ¥, the function ¢ — P(A|B;) is Borel measurable
on [a,b) and there is a real valued increasing and continuous

function F' on [a,b) such that for a < o < < b,

8
P(A|By) =/ P(A|By) dF(t)/[F(5) = F()] - (1)

@

In particular if the derivative F exists everywhere on [a,b) and (1)
holds, then we say that the model satisfies a stricter Vitali type condi-
tion.

It can be shown that there are conditional probability spaces that do
not satisfy a strict Vitali type condition (as can be seen from Proposi-
tion 3.4) and also there are spaces that satisfy a strict but not stricter
Vitali type condition. Note that (V.4) follows easily from (V.5), justi-
fying the sharpening used for the latter. We now record a few simple
consequences of the above conditions which incidentally were intro-

duced to “resolve” the Borel paradox in the first place.

Consequences. 1. If in {B;,t € I} C B, I is countable (e.g. I = N)
and (V.1) — (V.3) hold then (V.4) is automatic.
Indeed, from the identity (2.3), if B = U B,, € B, then for 4, A in %,

P(A|B) =X P(A|B,,)P(B,|B), since B,, C B
< AX P(A|B,)P(B,|B), by hypothesis,
= A\P(A|B), by (2.3) .

Thus (V.4) comes into force only for an uncountable index I.

2. If P(A|B,) = AP(A|By), or P(A|B,) = ), all t, then the same
holds when B; is replaced by B?, for any given A € X.

For, by (V.4) we have P(A|B?) < AP(A|B?) and if A\ = 0 there is
equality. If A > 0, then the hypothesis becomes P(A|B;) < +P(A|By)
for all . So one has P(A|B?) < +P(A|Bf). From these two inequalities
we deduce that

AP(A|B]) < P(A|B]) < AP(A|BY) . (2)
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Thus there is equality. If P(A|B;) = A for all ¢, then from (2) with A =
B?, and Axiom I, we get P(A|B?) = 1 so that the second statement
follows.

3. If (V.5) also holds, then for almost all ¢ (F-measure) in [«, 3) C

la,b), we have (since B} = By)

lim P(AIB{") = P(A|B), A€ (3)

In fact, this follows from (1) when we write it as

t+h
. ehy v Sy P(A|Br)dF(7)
i POAIB) = e —

= P(A|By), a.e.[F],

where we used the Lebesgue differentiation theorem in the last step.

4. Under (V.5) we always have P(B;|B?) = 0, for almost all a <
t < @, in F-measure.

For, by Axiom 111, P(By,|By) = P(Bi,NBt|B;) = 0 or 1 accordingly
ast # tg or t = tg. Since F is continuous, P(By|B2) = 0.

5. Let X : © — R be a random variable, on (€,X), and B; =
X~'({t}),t € R. Suppose that {B;,t € R} C B. (This assumption
clearly restricts the random variables admitted.) Then for any a <
a < b < [ and for the conditional probability space (2,3, B, P(+|-)) we
have with I = [a, ) D J = [a,b), A= X"1(J), B=X"1(I),

P(X € J|X € I) = P(A|B) = P(AN B|B)
- / P(A|B,) dF(t)/ / dF (t)
J I

— /ba P(ANBy|By)dF(t)/(F(B) — F(a))

_ F@) ~ F(a)
F

= F(3) — F( @)

a)
Here F is only locally bounded on R and, for instance, F(z) = x is
possible. (This may be compared with Section 5.3 in Kolmogorov,
1933.) It may be used in applications in which unbounded F’s are
allowed.

We now consider the Borel paradox in this setup and present a so-
lution. The Borel problem in its original form is as follows. Let 2
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be the surface of the umit sphere in R3, and ¥ be the o-algebra of
the Borel sets on this surface. Choose a fixed meridian circle passing
through the north and south poles, and take the equator as the initial
line so that the longitude is traced by #(0 < 6 < 7) and the latitude by
©(0 < ¢ < 2m). The probability measure on X is the uniform measure.
Then the problem is to find the conditional probability function of ¢
for a given 6. It is “reasonable” to expect that this is again a uniform
distribution. Kolmogorov has shown that this conditional probability

(using his definition, cf. Chapter 2) is given by

&)
Pla<e<flo)=7 [ leos ldo, @

(e

so that it is not uniform. Since P(6 = a) = 0 for each “a,” the ratio
definition cannot be used directly to obtain (5). It is in this connec-
tion that Kolmogorov states: “a conditional probability relative to an
isolated hypothesis whose probability equals zero is inadmissible” (for
such a calculation). Since these sets are excluded from the collection B
of Rényi’s method, we now present his alternative argument using the
Vitali type condition, and it will be seen that the result so obtained is
different from that of (5). However, this will illuminate the difficulties
discussed in the work of Section 3.4 as well as justify the reasons for
the introduction of a Vitali type condition in the present study.

Since the position of a point on the sphere is given by (z,y, 2),
we convert the problem by considering its spherical polar coordinates.
Thus let x = sinfcos g,y = sinfsinp, and z = cosf where 0 < p <
27,0 < 0 < m, so that (0, ) uniquely determine the position. Here (2
is the rectangle [0,7) x [0,27), and ¥ is its Borel o-algebra. Let B =
{BL?: Bb? =[a,b) x [¢,d) C Q}. If P denotes the uniform probability
of the problem on Q, we take P(-|-) as P(A|B) = P(ANB)/P(B) where
P(B) = 2eacf (B mpyg

272

f fAﬁBg’i sin eded@
[ [gp.asin@dfde

P(A|By?) = (6)

We now construct a family {B;,0 < ¢ < 27} C B, relative to which a
strict Vitali type condition holds for P(:|-), with a suitable monotone
function F'.
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Indeed, let B; = Bf:g and choose a measure p; on Y such that
ut(By) = 1, and (the existence of p; will be clear from the following
work):

An B
P(A|B}f;g):u, 0<c<d<m. (7)

Mt(Bf,’g )
Set P(ng{)’ﬂBt) = G(z,t), and assume that G(-,-) is jointly continuous
in (x,t) and G(-, t) is strictly increasing. We assert that (2, 3, B, P(+|-))
is a conditional probability space satisfying a strict Vitali type condition
iff

1

,ut(A):—/ sinfdf, Ae X, 0<t<2m. (8)

2 Jans,
Observe that for each t, B; represents a meridian on the sphere. By
construction P(:|-) satisfies conditions (V.1) — (V.3). We now show
that (V.5) holds iff (8) is true. Thus let 0 < A < 1 be fixed. Define the
number ;' such that A} = [0,2}] C [0,7) and P(A}|B;) = . By the
continuity of G, the function ¢ +— z7 is continuous for each ), and if we

set
AN =U{A}:0<t<2m}.

then A* € B C 3. As noted in (2), P(AMB;) = X for all t. Conse-
quently, we get P(A*|B?) = X by the same result, where B? = BZ:S for
0 <a < b<2m. Hence (7) becomes with (6) and A = A there,

A= P(A%|By)

b A
t 0do)dt
= Ja g,fow oin0d0) , since A* N BY = BY. (9)
fa fo sin 8dOdt

But the denominator is = 2(b — a), and (9) gives

b :ri‘
// sin@ dfdt =2\(b—a), 0 <a<b<2m.
a 0

By the arbitrariness of b, this implies (with the Lebesgue differentiation
theorem again)

@y
/ sin 0 .df =2X, 0<t<2r. (10)
0
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With (7) and the fact that A\ = P(A*|B;), we get

.’L'>\
A= papy = MAB) L [ G i,
pit(Bt) 2 Jo
Since pu(By) = 1, we get pui(A) = 5 [,sind df, A € X(B;). But if
pt is defined by (8), then (9) and (10) are true, and this shows that
there is a choice of i (only one under the conditions) in order that the
conditional probability space satisfying a strict Vitali type condition,
solves the Borel problem. The latter hypothesis (and the solution)
obtains iff the distribution on each meridian is given by (8). Note that

by (8) and (9) one has
/ / sin OdOdt
—a AMN By

f P(A* By)dt
J; dt

and this same expression holds if A* is replaced by A € 3. This also
implies that the stricter Vitali condition holds with F'(z) = z in (1).
Thus it again depends on an auxiliary measure.

A= P(AMNBY) =

(11)

Finally we present some comments on this solution.

1. To have a (unique) solution, the Rényi model should also satisfy
the Vitali type condition on B. It is tailored to the problem at hand
and does not suggest easily other modifications in applying it to dif-
ferent situations. For instance how should this be modified to yield a
(unique) solution in the case of the Kac-Slepian paradox? Although
the strict Vitali type condition is on B which is not a ring, its employ-
ment (with possibly small changes) will give the ratio representation
(Proposition 3.4 or Theorem 3.1). We may also restate and complete
the class into a Vitali system as discussed at length in Section 3.4. Then
the desired evaluation of such a conditional probability becomes a part
of differentiation theory, with B C ¥ being a o-ring and the measure
space (€2, %, 1) playing a basic role in the construction. Here u can be
o-finite (or more generally “decomposable”).

2. One of the points stressed by Rényi about his representation the-
orem is that u is non-finite, but only o-finite in contrast to the classical
Kolmogorov (ordinary) probability model. However, this is not a sig-
nificant difference. Indeed, in Kolmogorov’s definition of conditioning,
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only that pug = p|B be o-finite (or decomposable) is required, since it
depends on an employment of the Radon-Nikodym theorem which in
fact is the basic ingredient. Thus

W(BNA) = / PB(A)(w)us(dw), BEB, A€,
B

and one always has 0 < PB(A) <1 a.e. [ and PB(.) is o-additive as

well as monotone.

Further comparison and abstraction of the Kolmogorov (conditional)
model will be discussed in Chapter 7. It can be inferred from the work
there that an abstract version of the classical formulation has the most
desirable properties. It appears that the computational problems noted
in Chapter 3 are the basic ones awaiting for a satisfactory solution.

4.6 Bibliographical notes

As noted at the beginning of the chapter, the work described here is
primarily based on Rényi’s seminal paper (1955), on his later extension
(1956), and on streamlining in his book (1970). For some modifications
of the axioms and consequences one should consult Csaszar (1955) and
also Krauss (1968). The motivation for this new axiomatic approach
appears to be a desire to include some problems involving o-finite spaces
in applications, giving rise to standard “regular” conditional probabil-
ity measures. The Rényi extension, as stated by the author himself, is
to include the basic absolute (unconditional) model (2, %, P) of Kol-
mogorov. Since the conditional probability derived from such a mea-
sure space is really obtained from an application of the Radon-Nikodym
theorem, which is valid for o-finite (and more general) spaces, this gen-
eralization by itself is not the key part. However, the new axiomatic
setup includes regularity of conditional measures in its formulation, and
this is not assumed in the Kolmogorov model. For many problems of
the latter model, this property is not available, although for a consider-
able number of results of practical interest one can find it. This aspect
of Kolmogorov’s definition will be treated fully in the next chapter.

An interesting point to be noted in the Rényi formulation is that it is
necessary to place restrictions by stipulating the Vitali type conditions
to include a discussion for the kinds of paradoxes discussed in Chapter

3. But the latter are not resolved in the new axiomatic method either,
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since here the null sets are simply disallowed in B. But this excludes
many important applications. So an extension of Rényi’s formulation
is needed. In discussing the Bayes formula for densities, he was forced
to allow such “null” events into B, and the author presents an ad hoc
procedure (1955, p. 319) and talks of using “generalized” densities and
distributions. This, however, is not that illuminating, and it needs a
further development.

The Rényi theory is more of an extension of the elementary condi-
tional model of Chapter 1, and the available treatment in the literature
indicates that the new model is not adequate for some important appli-
cations. Indeed, many of the functional relations and other structural
properties (e.g., iterated conditional expectations, conditioning with a
partition etc.) are not easily included in this new method. On the other
hand, the classical limit theorems are extendible, using the condition-
ing class B as a parameter set and related developments are possible.
This however seems to use the basic (unconditional) theory as the main
step and the new addition appears to be not so fundamental, although
interesting. It is somewhat surprising that in his later major work on
the subject (1970), Rényi, after describing this in Chapter 2, did not
employ it again in the theory or applications in the rest of that book.

The new limit theory with some conditioned classes as parameters
has been investigated by Parzen (1954) in a more general context, and
also prior to Rényi’s formulation. We have included just one of his re-
sults here, but it clearly shows the importance of conditional limit the-
orems in asymptotic analysis. It seems unnoticed that the restrictions
of the Vitali type used by Rényi under the name “Cavalieri spaces” are
close to abstract differentiation theory and its Vitali conditions. We
shall see in Chapter 7, that an abstract formulation of Kolmogorov’s
definition (identifying it as an intrinsic part of vector measure theory)
will unify both the new and classical notions. In the special treat-
ments, we see that Kolmogorov’s conditioning and Rényi’s formulation
may yield different numerical answers for problems in which the condi-
tioning event has measure zero (where Rényi’s ratio representation also
holds). Thus any further development of this new axiomatic method
should take these problems into account, and show how it relates to
the Kolmogorov conditioning method. We therefore consider the latter
from now on and compare both of them later in Chapter 7.
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Finally we note that there has been some recent effort on an exten-
sion of Rényi’s conditional probability spaces enlarging both ¥ and the
set of conditions B, using transfinite methods. For these one may refer
to the papers by Kaminski (1985) and Aniszezyk, Burzyk and Kaminski
(1987). As yet these results could not resolve the paradoxes of the type
raised by the Kac-Slepian examples discussed in the preceding chapter.
In fact one should compare the hypothesis and the resulting procedures
of the “Cavalieri spaces” imposed by Rényi and the L’Hopital type (or
directional differentiation) methods employed in many practical prob-
lems including those illustrated in the previous chapter. Neither of
these ideas belongs to the basic setup of the models and both are ad
hoc in that the solutions depend on the methods used. In the following
chapter we present for a class of problems, for which the regularity of
conditional probabilities is available from the original formulation, a
computational procedure that is part of the Kolmogorov conditioning
method itself and the solutions are unique. These later procedures and
applications will be given in Sections 5.6, 5.7 and 7.5 which essentially
contain all the currently available results on this problem.
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Chapter 5

REGULARITY OF CONDITIONAL MEASURES

In this chapter various restrictions on the underlying probability
space are given for the (Kolmogorov) conditional probability functions
to behave like scalar or ordinary measures. Existence results for such
measures, some easily recognizable sufficient conditions for the pur-
pose, and then the related problem of disintegrating a measure as a
“convex combination” of regular conditional measures are treated in
detail. The latter results have a close relationship with the topology
of the underlying space and this is discussed. These existence results
are fundamental for theoretical developments. However, no algorithm
is available for their constructions in general. But, for a broad class
of regular conditional probabilities (and expectations) we include, in
the last two sections, constructive computational methods with illus-

trations to (Brownian motion) processes and functionals on them.

5.1 Introduction

Different problems involving Borel type paradoxes presented in Sec-
tions 3.2 and 4.5 indicate that the Rényi axiomatic formulation of con-
ditioning did not indicate any easier methods for answering the asso-
ciated questions when the conditioning event has probability zero. On
the other hand the Kolmogorov setup admits a unique solution, in prin-

ciple, for these problems through the Doob-Dynkin lemma, although
125
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an algorithm (or a method) of explicit calculation is not available. The
solution is given as PB(A)(w) = P(A4]|X)(w) = g(A)(w) for each event
A and B = o(X), the o-algebra generated by the conditioning random
variable X. But it was noted that P?(-)(w) is not always a measure,
although P8 : ¥ — LP(B),p > 1, is o-additive making it a vector
measure. This last property will be examined closely in Chapter 7.
Since we have seen instances where P5(-)(w) is a genuine probability
(e.g., when B is generated by a partition) and since the latter is the
most desirable property for the usual applications so that the classi-
cal (Lebesgue) integration methods and results can be freely utilized,
we first examine this aspect of conditioning in detail in this chapter.
Indeed we present several results for P5(-)(w) to behave as a measure
for each w in Q — N, P(N) = 0. This is the regularity property of the
conditional probability, and it has been studied by several authors.

The subject will be treated in three stages. After finding some gen-
eral conditions for the existence of such regular measures, we consider
the basic probability triple (2, %, P) with € abstract as well as with
topology. In both cases the aim is to obtain P5(-)(w) to be a measure.
The first case includes the triple to be perfect, compact, pure and such
classes. The second stage is to consider topological aspects which show
that a probability can be “disintegrated” into (proper) regular con-
ditional measures. Various classes of these results are included here.
Both these studies take up the next four sections. The last two sections
are then devoted to computations of a class of conditional expectations
for certain stochastic processes. Specific statistical applications will be
given in the next chapter. Unless the contrary is explicitly stated the
Kolmogorov model is the basic setup in all that follows.

5.2 Existence of regular conditional probabilities:
generalities

If (92, %, P) is a probability space, B C ¥ is a g-algebra and P5(-) is
the conditional probability function on X relative to B, then it satisfies
the following system of equations:

/ PB(A)(w)dPs(w)=P(ANB), AcX, BeB, (1)
B

where Pg = P|B, by Definition 2.1.1. Recalling the preliminary work
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of Section 2.2, PB(.) is o-additive a.e. [P], but generally P?(-)(w) :
¥ — RT need not be a measure. If this is a measure for all w €
QO —N, P(N) =0, then PB(-) is termed a reqular conditional probability,
so that PB(A)(-) is B-measurable and satisfies (1). Since such a measure
need not always exist, it is desirable to find conditions on B or (and) on
the basic triple (2, %, P) in order that a regular conditional measure
exists. The partition case treated in Chapter 1 is seen to admit a
solution. Thus we need to find more general cases for which the desired
solution still exists. In particular we intend to show that the image
of a conditional probability function by a random variable, called the
conditional probability distribution, often admits such a regular version.

The first question to be treated is a kind of converse to the ele-
mentary case of Section 1.3 on conditioning. More precisely, if B is a
countably generated o-algebra from ¥ of (Q2, ¥, P), can we decompose
the measure space so that the partition-based conditional expectation
and probability are obtained? In this case the regularity of P? is au-
tomatic. Under a mild restriction, a positive solution of our special
(converse) problem, due to Blackwell (1942), will be presented.

Recall that a set A € B is an atom if for each B € B, either
ANB = Aor = (). Since PB(E) is B-measurable for each E € X,
it is clear that the o-algebra B’ generated by ({w : PP(E) < a}, E €
Y, a € RY) satisfies B’ C B, and each B-atom is also a B’-atom. Such
atoms are termed PB-indecomposable. With these concepts, we have
the following result on the structure of some regular conditional prob-
ability functions.

Theorem 1. (Blackwell) Let (2, %, P) be a probability space with
B C ¥ as a countably generated o-algebra so that B € B = B is a
union of atoms which are supposed to be PB indecomposable. If PB is
reqular then Q and the conditional probability function PB admit the

following representations:

Q=NU LEJIAQ, P(N)=0, P(A.) >0, (2)
PB(E) = XEDIPAQ(E)XAQ, a.e,VE €%, Py (Ay) =1, (3)

where Py (+) is the elementary conditional probability function and the
Ao are disjoint. Thus, if X,B or B' is countably generated, then €
and a regular PB admit representations (2) and (3).
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Remark. Although in (2) and (3) there can be continuum many terms,
it follows that for each E € ¥, the set {a € I : P(ENA,) > 0} is
at most countable. When PP? is regular with (2) and (3) holding, we
have for each P-integrable X :  — R, EB(X) can be obtained from
the elementary formula for E4_(X), as (cf. Equations (3) and (4) in
Section 2.1)

E5(X)= % Ba,(X)xa.. ac.

in which, at most, countably many terms on the right are nonzero.

Proof. Let lg’(C B) be the o-algebra generated by a countable class
{F,,n > 1} whose atoms are PB-indecomposable, as in the hypothesis.
By adding finite unions and complements, if necessary, this collection of
F,,’s may and will be assumed to form an algebra. In order to derive the
decomposition (2), we can obtain all the atoms of B from the generating
set {F,,n > 1} as follows. Denote by I the set {+1, —1}" so that I
consists of sequences of +1,—1. If a € I, let £,() denote the n'"
coordinate of a. Thus €, (o) = +1 or -1 and we denote FE o be F,
if e, (o) = +1, and = F¢ if ¢,(a) = —1. Then B, = NF™ € B and
is an atom by construction. But each F}, is a finite or E;L countable union
of By’s. So the o-algebra generated by the collection {Bg, o € I} is B
itself. Also 2 = aLéI B, and card(I) = 2%. We now obtain (2) and

, using the hypothesis that eac o 18 -indecomposable.
3 i he h hesis th h B, is PB-ind bl

By definition of PB, for each A € ¥, P®(A) is a.e. a constant on
B, since B, is PB-indecomposable. Hence

P(AmBa):/ PB(A)dPs
Ba

= PB(A) /B dPg = P5(A)Pg(B,), a.e. (4)

[e3

Consequently P5(A) = Pp, (A), a.e. Also PP(F,) = x, ae. Let
N, = {w: PB(F,) # X, (W)}, and N = UN,,. Then N,, and hence N
are Pg-null sets, and let A, = B, — N. Ité follows that Q2 = N U gAa,
and Py, (Ay) = PP(A,) = 1 a.e. by (4). Since P(Q) = 1, we deduce
that at most countably many A, satisfy P(A,) > 0. Hence PB(A,) =
XA, = Pa_(Ay) =1 by (4). Thus (2) and (3) hold as stated.

Finally if ¥ is countably generated then so in B and the last state-
ment follows from the fact that B(C B) is determined by the collection
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{PB(A), A € ¥} and is countably generated. Since PZ is regular, the
atoms of B are PP- indecomposable and generate it. Also PP is a
constant on each of them. O

The earlier discussion in Section 2.3 implies that regular conditional
probability functions need not exist if the basic triple (2,3, P) is such
that the conditioning algebra B C X is not countably generated. But
the last part of the above result shows that if 3 is countably generated
then such functions exist. However this can be extended to various
subalgebras of ¥, generated by classes (countable families) of random
variables. The following is such a result and it is due to Doob (1953).
This itself will be used in a number of applications. We analyze its
hypothesis and generalize it, in the ensuing sections, to include many

more applications.

Theorem 2. (Doob) Let (2,%, P) be a probability space and X : Q —
R™ be a random wvariable such that X () is a Borel subset of R™. If
B(C %) is a o-algebra and PP is the conditional probability function
relative to B, then PB restricted to S C ¥ has a version which is
a regular conditional probability function, where S = o(X) is the o-
algebra generated by X .

Note that S is countably generated although B and ¥ need not be,
and thus P? on ¥ itself may not be regular.

Proof. The idea is to consider the image measure P8 o X~! on the
Borel g-algebra R of R™ and, using the topology and separability of R™,
establish the existence of a regular version on R. Then one translates
the result to S = X "1(R) on using the hypothesis that X (Q) € R.

By definition of the inverse image, if By = X (), then for all
D CR™ - By, X YD) =0 so that X ~1(By) = X }(R") = Q. Define

Qx(B,w)=P3(X }B))(w), BeER .

Since X ~1(-) preserves all set operations, it is clear that Qx (-,w) is o-
additive, and Q x (R™,w) =1 a.e. Suppose now that there is a version
Qx(-,-): R xQ— R, of Qx which is a regular conditional measure.
(This is verified below.) Then we can deduce the existence of a regular
version of P? on S.
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Indeed consider the trace R(By) = {AN By : A € R} where By =
X(Q) € R. Then X! : R(Byg) — S is one-to-one and onto since
X : Q) — Bpisonto. If A € S, then there is a unique B; such that A =
XY By), and with Q x define v : SxQ — RT by v(A,w) = Qx(B1,w),
for all w € @ — N, P(N) = 0, the null set coming with the version @ x.
Then v is well-defined on S x (2 — N), such that v(-,w) : S — Rt is a
probability for all w € Q — N, and v(A,-) is B-measurable for A € S.

Moreover,
v(A,w) = Qx(B1,w) = PP(X7(B)))(w) = PP(A)(w), a.a. (w) .

Since Qx (B§,w) = 0, a.e., one has P?(X~1(D))(w) =0, a.a. (w), for
all D € R(B§). It follows that

v(A,w) = PP(A)(w), a.a. (w), A€S. (5)

Thus v is a version of P? and is a regular conditional measure on S.
It remains to show that there is a version () x as required above.

Let r1,79,... be a countable dense set of reals (e.g., rationals). De-
fine the image measure, the distribution, of X = (X3,...,X,,) as:

Fo(riy,...,r, ,w)= PB({w’ : Xl-j(w’) <71, 1<j<n})(w),

w € Q. Thus by Proposition 2.3.1, there is anull set N,, = N(r1,...,7r,),
such that if N = UN,, P(N) =0, and if w ¢ N, F,(...;w) is a left
continuous, nondecreasing, nonnegative function. Its definition can be
extended to all (z1,...,2,) € R™ by setting
lim F,(ri,...,r,;w), fwéN
Tip Tk
Fo(r1,.. ., 2n5w) = § 1<k<n (6)
P([X1<z1,...,Xn <x,]), fweN.

Then F,(.,...,.;w) is a distribution function on R" for each w € €,
and Fy,(x1,...,x,;.) is B-measurable. Let
Qx(B,w) = /.B./an(ajl,...,xn;w), BeR. (7)

Then Qx(-,w) : R — RT is a probability and Q x (B, -) is B-measurable.
From definition of Fj,, it follows immediately that

Qx(B,w) = P5(X71(B))(w), B€R, aa. (). (8)
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Thus @ x is a regular version. In fact, if
C={BecR:Qx(B,w)=PX}B))(w), aa weQ}

then C contains the semiring of half-open intervals of R™ and is easily
shown to be closed under monotone limits. Hence C = R, by the
monotone class theorem. Thus Qx is a regular version of P8 o X1,
establishing the earlier supposition. [

Remark. Using the Kolmogorov existence theorem on determining a
probability measure based on consistent families of finite dimensional
distributions (see Chapter 8, Section 3, for a generalization of this
result even for conditional measures), the above work may be extended
without difficulty to countable families of random variables and then
to “separable stochastic processes.”

The last part of the above proof indicates that on topological mea-
surable spaces having some distinguished classes of o-algebras (such as
S), one may obtain regular versions of P5. We consider this aspect of
the problem in the next section and then reexamine a combination of
(1) and (3) to obtain the “disintegration” of probability measures in
the following sections.

A particular case of Theorem 1, restated below, is of interest in some
applications:

Proposition 3. Let (2,3, P) be a probability space and B C X, a
o-algebra. Then P admits a unique (except for labeling) decomposition
as: -
P=PR+)» P, (9)
n=1
where the P, are mutually singular and indecomposable, and Py is

nonatomic, all relative to B. Fach P, = Pp, (= Plgfgg')) if the PP

indecomposable atoms are denoted by {Bp,n > 1}.
For an elementary proof and applications of this case, one may refer
to Kallenberg (1983, p.165).

5.3 Special spaces admitting regular conditional probabilities

Since a large part of classical stochastic analysis and its interpreta-
tion depends on using the conditional probability function as one of an
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ordinary set of measures, and since there exist objects which do not
have this property, it is natural to devote considerable effort in finding
such (regular) measures. It will become clear, by the work of Chapter
7, that much of the conditional measure theory extends to an abstract
setting. However, in that context, the familiar (frequency) interpre-
tation of the results or the use of Lebesgue’s integral is not as simple
or possible as the regular case. This is why one often insists on the
regularity aspects, and hence we proceed with this specialized study

here in considerable detail.

For a motivation we reexamine the last two results. The point in
both cases is to consider regularity on o-algebras that are relatively
small in the sense of their cardinality. This is clarified by the following
well-known representation:

1. Let X be a countably generated o-algebra of a nonempty set
). Then there exists a separable metric space S such that its Borel
o-algebra B is o-isomorphic to X; i.e., there is a set mapping ¢ : B — X
such that ¢ preserves countable operations, is one-to-one, and is onto.
On the other hand, the result of Theorem 2.2 goes in the opposite
direction. More precisely:

2. If (92,%, P) is any probability space, A C ¥ is a o-algebra and
X : Q — R" is a random vector such that X(2) = By € R, then
S = X Y (R(By)) C ¥, and there is a version of P which is regular
on S, R being the Borel o-algebra (and R(By) its trace on By) of R™.

Here the additional condition on the range of X is used in finding a
(generally) smaller S for the purpose. However, for 1, such a random
variable can easily be constructed. For instance, if A1, As, ..., generate
Y, then the (Marczewski) function

XW)= I 2x,, @)/3"w e Q 1)

satisfies X 71 (R) = X, although X (£2) need not be, in general, a Borel
subset of R. But the requirement on X (£2) is “nearly” satisfied if (£2, %)
is one of the familiar topological measurable spaces. For instance, it
is a classical result of Luzin, stating that if (€2, ) is a Borelian space,
with 2 as a separable metric space, then for each random variable X,
X () C Ris an analytic set (i.e., the latter is the range of a continuous
function on NV, where N is the natural numbers with discrete topology.
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It can be verified that each Borel set is analytic but not conversely—this

is why “nearly” is used).

In order to get a result similar to that of Theorem 2.2, or an extension
of the latter, on abstract probability, we introduce a (global) restric-
tion, following Gnedenko and Kolmogorov (1954) under the name of
perfectness, which controls the ranges of random variables. This con-
cept was analyzed in detail by Sazonov (1962). We give several other
conditions analogous to this one and obtain existence results for them,

and for a class of topological measure spaces employed in applications.

Definition 1. A probability space (€2, %, P) is perfect if for each ran-
dom variable X :  — R, there is a Borel set B C X (Q2) of full measure,
i.e., P(X71(B)) = P(Q) = 1. [Here B usually depends on X.]

To see the usefulness of this concept in applications, first we give
some immediate properties of perfectness, and later present several
equivalent conditions. Thus let (2,3, P) be perfect. The following
properties are easy consequences of the definition.

(i) For each A € X, the restriction space (A, %(A), P(AN-)) is also
perfect.

In fact, let Y : A — R be measurable for ¥(A). If X = Yy, then
X : Q — R and by the perfectness of (€2, X, P), there is a Borel set
B C X(Q) of full measure for Po X~'. Let B= B if 0 € X(A),= B —
{0} if 0 ¢ X(A). Then B C X(A), Borel, and P(A) = P(X~'(B)N A)
so that P(AN-) is perfect. [It is however possible for (A, % (A), P|%(A))
to be perfect even if A ¢ 3.

(ii) For each o-algebra S C X, (92, S, Ps) is also perfect.

This is clear since each random variable relative to S is also one for
DI

(iii) The image triple for any f : @ — Q, with E = {A c Q :
f1(A) € X} and Py = Po f1, denoted (Q, %, P;), is again perfect.

Indeed, if S = f~(X) € &, and h : @ — R is a (¥)-measurable
function, then g = ho f is a random variable for S, and by (ii) (€2, S, Ps)
is perfect. So there is a Borel set B C g(Q) = h(f(Q)) of full Pj-
measure. Thus

1=P(g~'(B)) = P;(h"'(B)), BCg(%).
Since Pf(fl) = 1, this shows that ({2, 3, P~f) is perfect.
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(iv) If (€, 2, P) is perfect, then its completion (£, 3, P) is also per-
fect (and the converse holds by (ii)).

To see this, if X : Q — R is a random variable for 3, then, by the
standard measure theory, there is a random variable f :  — R such
that X = f a.e. So if Qy = {w : X(w) # f(w)}, then P(Qp) = 0,
and Q — Qo = €, has full measure. Hence by (i) (2, 2(Q), P(Q2N-)) is
perfect, and there is a Borel set B C f(Q) C X(Q) of full measure. So

the completion is perfect.

The implication of this concept for regular conditioning is illumi-

nated by the following result:

Theorem 2. Let (2, %, P) be a perfect probability space, and let S, B
be two o-subalgebras of ¥ such that S is countably generated. Then
there is a regular perfect version Q(-,-) of the conditional probability
function PB(-)(-) on S in the sense that Q(-,-) : S x Q — R¥ satisfies
the conditions:

(a) Q(A,"): Q — R is S-measurable
(b) (Q,8,Q(-,w)) is a perfect probability space for each w € Q, and
(c) Q satisfies the functional equation,

/ Q(A,w)Ps(dw) = P(ANB), AcS, BEB. 2)

Proof. The result will be established using the proof of Theorem 2.2
together with some of the properties of perfectness noted above. Here
are the details.

Let {A,,n > 1} be a sequence of generators of S, and let X : Q —
R* be the S-measurable (Marczewski) function given in (1) for this
sequence. If PB is the conditional probability measure, define

Qx(B,w)=P8(X}B))(w), BER, we . (3)
Then with the separability of R, an identical argument between (5)—(8)

of the preceding section shows that Q x : SxQ — R is well-defined and
satisfies conclusions (a) and (c) of the theorem. Using the perfectness
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of P we now deduce the same property of Qx(-,w); i.e., (b) will be
established.

Since X (©2) C RT need not be a Borel set, we can find, by perfectness
of P, a Borel set By C X(Q2) of full measure. Thus Qx(Bo,w) = 1,
a.a. (w). On the exceptional P-null set here, let Qx(-,w) = Q1(-), an
arbitrary perfect, or Lebesgue-Stieltjes, probability on R. If we now set
Q(A,w) = Qx(B,w),A= X"1B),B € R, and w € Q, then Q(-,-) is
asserted to be the required perfect version.

Indeed, let g : & — R be S-measurable. It is to be shown that
there is a Borel set By C ¢(f2) of Qx(-,w)-full measure. Since S =
X"YR) C %, and (Q,S, Ps) is perfect by property (ii), let R = X ()
and B={B c R: X '(B) € S§}. (This contains R(R).) Then by the
Doob-Dynkin lemma, there is a ¢; : R — R, measurable for B, such
that g = g1 o X. Since By C R, let go = g1|Bo, the restriction. Then
go is B—measurable, and since Qx (+,w) is a Lebesgue-Stieltjes measure
on (R, R) it is perfect (in fact it is a “compact” measure and hence is
automatically perfect as the definition and discussion of compactness
below show this clearly). Hence there is a Borel set By C go(By) C

91(R) = g(X(Q)) of full measure or @ x(Bz,w) = 1. Thus
9 (B2) = (g10X) " (B2) = X (g7 '(B2)) D X (90(B2))

and then

1> Qg7 (B2),w) > Qg5 (B2),w) > Qx(Bo,w) =1.

This implies that Q(-,w), w € €, is perfect. But by construction of
Q(-,-), it is a version of P® on S, exactly as in Theorem 2.2, and so
(b) also holds. [

In view of this result, which supplements Theorem 2.2 in some re-
spects, we present several equivalent and (certain other) closely related
conditions of perfectness. These will illuminate the intricate structure
of regular conditional probability functions. (See also the two remarks
following Proposition 2.3.1 and Proposition 3.4.8.)

A natural question here is to find whether the hypothesis that S
be countably generated is necessary. There are examples showing that
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for general o-algebras, a regular conditional probability function, of
the type asserted in the theorem, need not exist. Even if Q(-,w) is
desired to be a probability (not necessarily perfect), a negative answer

prevails for general S, which is not countably generated and ScX. For

a discussion of such examples and references, one may refer to an article
by D. Ramachandran (1981).
The following concepts are relevant in isolating classes of measure
spaces with “nice” properties and which admit regular conditioning:
1. A probability measure P on (£2,Y) is called compact on 3, if
there is a class C C ¥ with the property that C,, € C,nofi C, =10

implies 601 C; = () for some 1 < ng < oo (C is a compact class), then
P(A) =sup{P(C):CC A CeC}, AeX. (4)

This concept was introduced by E. Marczewski in 1953.

2. A probability space (€2, X, P) (or simply P on X) is quasi-compact
if for each € > 0, and each {A4,,,n > 1} C X, there is an A, € ¥ such
that P(A.) > 1 —¢ and {A. N A,,n > 1} becomes a compact class.
This concept, also introduced in 1953, is due to C. Ryll-Nardzewski.
Since when {4,,n > 1} C C, A. = Q is possible, this is more general
than compactness.

3. If (2,%) is a pair with Xy as an algebra of Q, P : ¥ — R*
is additive, then a subring So(P) is called P-pure if (a) A, € So(P),
disjoint, %An € So(P), then P(nyn0 A,) = 0 for some 1 < ng < oo,
and (b) the Carathéodory outer measures generated by (P,¥o) and
(P,Sp(P)) are identical. An additive function P : g — RT is termed
pure if there is a P-pure subring So(P) C Y.

The above definition can be given a simpler form on noting the fact
that every pure additive function is in fact o-additive and hence a mea-
sure. We present the short proof for completeness. This will enable us
to relate the concepts of purity and compactness of probability mea-

sures.
Lemma 3. If an additive P : ¥g — R is pure then it is o-additive.

Proof. Let P : ¥y — R* be additive and Sy(P) C g be a P-pure
ring. If A, € Sy(P), disjoint, such that A = UA, € Sy(P), then
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P( U A,) = 0 by hypothesis, 1 < ng < co. Since Ay C U A,,

n>ng n>no

k > ng, and P(-) is monotone, P(Ax) = 0. Then

P(A) = P(El AR+ P( U Ar) = ké’l P(Ax) = X P(Ay) .
If P* is the outer measure generated by (P, So(P)), then by hypothesis
this is also the same as that generated by (P,Y;). By the standard
theory (see Rao, 1987, p. 41) if M p- is the collection of P*-measurable
sets, then So(P) C X9 C Mp«, and P*|Mp- is o-additive. It is
Carathéodory regular (i.e., has no more o-additive extensions by this
process), and P*|3y = P. Hence P has a unique extension to o(Xg)
whose completion is M p«. This shows that P is a measure on X if it
is pure. [

With this fact, an alternative definition of purity of a probability
can be given and it simplifies the discussion.

3. If (2,%, P) is a probability space, then a subring ¥ of ¥ (de-
pending on P) is P-pure provided

P(A) =inf{ £ P(A,): ACUAy Ay €S}, AES,  (5)

and for any A, | 0, P(A,) | 0 implies that P(A,) = 0, n > ng for
some 1 < ng < co. And P is pure if there exists a P-pure ring in ..

In view of the above lemma and the classical Carathéodory theory,
we can present a proof of the following:

Proposition 4. Let (2,3, P) be a probability space. Then P is a pure
measure iff it is a compact measure in the sense of item 1, above.

Proof. Let P be a compact probability. Then, by definition, there
is a compact class C C X. It was shown by Marczewski (1953) that
C can be enlarged to the class which is closed under finite unions and
countable intersections. With this let 7 = {A°: A € C}U{0,Q}. Then
J is a topology (called the “o-topology”) and then the compactness
condition implies that P is a Radon probability in this topology on the
algebra A(C) generated by C, i.e.,

P(A) =sup{P(C): C C A,C € A(C),C compact for J}.

Then by the known Henry extension theorem, P has an extension to be
a Radon measure on the Borel o-algebra B, generated by the J-open
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sets of 2. Moreover, this extension is unique since 7 is generated by C.
(For these standard results, see, Rao, 1987, p. 76 and Exercise 11 on
p. 80.) Since B = o(A(C)), and the classical Carathéodory extension
procedure applied to the couple (P, A(C)) shows that P is pure relative
to A(C), a P-pure algebra.

For the converse, let P be a probability relative to a P-pure ring
A(P). We may assume that (2,%, P) is complete also, and then P
is pure relative to A(P). Now one introduces a topology J; through
a lifting map in € (see Rao, 1987, p. 433). With this one concludes
that A(P) is a compact class so that P is compact relative to this
class. Indeed, if J; is this topology, then by the above stated result the
condition on A(P) [namely, A = {\(A) : A € A(P)} is a compact class
where A : ¥ — 3 is the set mapping A(A) = p(x,) with p as a lifting on
L>(P), so that A(4) = 0 iff A is P-null] is precisely the compactness
condition of item 1, above. This is the assertion of the proposition. []

Remark. The converse part was proved by J. Pachl (1975). The direct
part (without proof) and the introduction of the pure measure concept
were given by the author in 1970. Some properties of pure measure
were stated there somewhat in outline. That was intended only for
(Carathéodory) regular measures. In view of the lifting topology used
above (but its relevance was not noticed then), all those assertions are
now consequences of the earlier work on compact measures.

The preceding concepts are related as follows:

Theorem 5. Let (2, %, P) be a probability space. Then the following
implications hold:

(i) P is pure iff P is compact,

(ii) P is compact implies P is quasi-compact, and

(iii) P is quasi-compact iff P is perfect.

The first equivalence is Proposition 4, the second implication is sim-
ple as noted before, and the last equivalence is given by Ryll-Nardzewski
(1953). (See also Sazonov, 1962, and Theorem 6 below.) Instead of in-
cluding the details, since perfectness is a more general class for which
regular conditional probabilities exist, by Theorem 2, we shall give some
equivalent conditions and properties of perfectness to be used in appli-
cations. By the preceding result, regular conditional measures exist for

all these classes. We include some complements to Theorem 2.
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Theorem 6. (Sazonov) For a probability space (£, 3, P) the following
are equivalent statements:

(i) P is perfect,

(i1) for each measurable f : @ — R, each E in Sy = {A C R :
f1(A) € ¥} and ¢ > 0, there is an open G D A such that
P(f1(A) > P(FG) - 2,

(iii) for each E, € ¥,n > 1, and € > 0, there is an F € ¥ such that
P(F)>1—¢and {FNE,,n>1} is a compact class, and

(iv) for each countably generated o-algebra A C X, (Q, A, Py) is
compact.

If (2, %) is moreover a Borelian space with §) as a separable

metric space, then the following is equivalent to (i)—(iv) above:
(v) P is a Radon probability on X.

It is clear from these results that separability of various classes, suitably
formulated, is essential for a nice behavior of P. One says that an
additive P : ¥ — RT is a 7-smooth function if for each decreasing net
A, € ¥, A, | 0 we have P(A,) | 0. Thus a 7-smooth function is
o-additive, and so is a measure. Clearly not every probability can be
T-smooth. There exist 7-smooth probabilities that are not perfect and
there are perfect probabilities that are not 7-smooth, so that these are
distinct conditions on P. In general, it can happen that a 7-smooth
perfect probability on a topological space is not Radon, although a
Radon measure is always perfect. However, on a metric space €2, (€2, %)
Borelian, a probability P is Radon iff it is 7-smooth and perfect. On
these matters and for a proof of Theorem 6, we refer the reader to
Sazonov (1962). Part of this study was motivated by the work due to
Blackwell (1955).

In view of the above discussion, it is reasonable to restrict oneself
to separable metric spaces (2, and Borelian (€2,%). For such spaces
the following result complements Theorem 2, and we present different

proofs.

Theorem 7. Let (2, X, P) be a probability space with Q as a complete
separable metric space, also called a Polish space, and ¥ as its Borel
o-algebra. Then for each o-algebra B C X, PB(-) has a version Q(-,-) :
¥ x Q — R, that is a reqular conditional probability.

Remark. We present three proofs with and without using the preceding
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work. It will illuminate the subject and give a better understanding of

the restrictiveness of regularity in general cases.

First proof. This demonstration is short, but it uses several “big” the-
orems. Since {2 is a Polish space and (2, ) is Borelian, by a classical
theorem, P is both inner and outer regular; i.e., it is Radon. (For a
proof of this familiar result, see Parthasarathy (1967, p. 29, Theo-
rem. 3.2).) Hence P is perfect by Theorem 5 above. (This is given in
Gnedenko and Kolmogorov, 1956, p. 18, Theorem 1, and is proved
also in the above reference, p. 31, Theorem 4.1.) The separability of
) implies that X is countably generated. This follows by taking the
generators as all open spheres with rational radii and centers at a dense
set of points of Q. Alternatively € is Borel isomorphic to [0,1], by a
classical result of C. Kuratowski, and this shows that ¥ and and the
Borel o-algebra By(]0, 1]) are o-isomorphic. But By([0, 1]) is countably
generated. So for any B C ¥, taking S = ¥ in Theorem 2, (and X =
identity) we deduce the existence of Q(-,-) : ¥ x  — R™ such that
Q(-,w) is a perfect probability, Q(A,-) is B-measurable,

/Q w)dPs = P(ANB), Acs, BEB, (6)

and that Q(A,w) = PB(A)(w) for a.a. (w). This gives more than what
is asserted in the theorem. [

Second proof. This time we do not need to go for the named theorems
as in the preceding one but will use only Theorem 2.2 and some simpler
results, so that the argument is self-contained.

We recall the classical fact that every separable metric space has a
totally bounded metric and conversely. Thus a Polish space €2 has again
a totally bounded metric which is not complete (unless 2 is compact).
(For a proof, see Dugundji, 1966, p. 298.) So let C(€24) be the space of
bounded uniformly continuous real functions on €24, the space 2 with a
totally bounded metric d. Then Cy(£24) is separable (and its functions
separate the points of Q). Let {f,,n > 1} be a countable dense set of
Cp(24). It may be assumed that these are linearly independent func-
tions. Although f,,(€4) C R is analytic, by the earlier result of Luzin’s,
it is not necessarily Borel and hence Theorem 2.2 can not be applied
directly. So a detour with an additional argument is needed. Thus let
Qg be the completion of 2; under the metric d. Then Q, is compact
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and each f,, extends uniquely to a continuous function f,, onto Qg (be-
cause of its uniform continuity). But then f,(€4) is compact (hence
Borel) subset of R. Let ¥ be the Borel o-algebra of Qq. Considering
= (f1,..., fn), we see that X, (Qd) C R™ is compact, and if R,, is
the Borel a-algebra of R”, and if S,, = X, YR, C Y, then S, C Sn+1,
and by the linear independence of f,’s, it follows that ¥ = o(US,).
For each n, we have satisfied the hypothesis of Theorem n2.2 and
hence there is a regular (conditional) probability function @, (-,w) on
S,, for each w € Q  — N,,P(N,) = 0,Q,(A,-) is B-measurable and
Qn (-, ) satisfies the functional equation:

/Qn W) Pa(dw) = P(ANB), AcS,, BeB,  (7)

where B is regarded as a o-subring of 3, and the above equation holds
again, since the Radon-Nikodyn theorem (on which it is based) is valid
for finite measures on o-rings (see Berberian, 1965, p. 160. Theorem.
1 or Rao (1987) p. 271, Ex. 14). If II,,,, : R — R™(m < n) is the
coordinate projection, then it follows from the definition of X,, that
I1,,,(X,) = X,,, and hence that

Qn+1('7w)|‘§n = Qn('aw):w € Qd - N 5

where N = UN,,, P(N) = 0. But this is just the compatibility con-
dition for thg regular measures {Q,(-,w),n > 1} so that by the Kol-
mogorov existence theorem (actually an easy special case of it for se-
quences, cf., Rao, 1987, p. 366, or Theorem 8.3.2 below), there is a
unique regular probability Q(-,w) such that Q(-,w)|S, = Qn(-,w),w €
Qq — N. From this we deduce that Q(-,w) satisfies (7) on %Sn and
hence on ¥ itself by the standard Hahn extension theorem. It is now
evident that (7) may be written as

/ ] F(WQ(dw',w)P(dw) /f N, feC(Q), (8)
B JQyq

for all B € B.
To see that Q4 can be replaced by Qg here, let K C © be a compact

set. Then (K is also compact in €4 so that) there exists a decreasing
sequence h, € C(Qd)[: C’b(fld)], where h,, € Cy(€y), such that B |
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X, - Hence, with the bounded convergence theorem, (8) becomes (with

f replaced by hy,)

_ Q(K,w)P(dw) = P(K) . (9)
Qq
But P is a regular measure on (£2,%), P(2) = 1,(Q = Qg4). Conse-
quently, for all n, there are compact sets K,, C Q, such that P(K,,) >
— % It may be assumed that K,, C K, 1 (replacing this by their
partial finite unions). So if ¢ = U K,,, then P(Qy) = 1, and by (9),
Q(Q,w) = 1 for each w € Q — (N U N) with N = Q — Qq, P(N) = 0.
Let Q(-,w) = P for w € NUN. Then Q(-,-) is a regular conditional
probability function on ¥ for each w € 2, and it satisfies (6), so that it
is a version of PB. [

Third proof. This time we avoid use of Theorem 2.2 as well as the Kol-
mogorov existence theorem in exchange for the Riesz(-Markov) theo-
rem.

We again start with C(£24) as in the above proof and select a linearly
independent collection {f,,n > 1} dense in Cy(€24), in which f; = 1.
However, the basic ideas of proof of Theorem 2.2 enter in a different
form. Let g, = EB(f,), the conditional expectation, so that g; = 1
a.e. Using the separability of R™, define

D, ={(r1,...,m) € R": ;1 r;fi(w) >0, r; rational, w € Q4} .

n

Then D, is countable and since EB is order preserving,  Tigi >0,
K3

a.e. Thus there is a Pg-null set N(rq,...,7,) such that ;1 rigi(w) >0

for all w € N¢(rq,...,r,). Let N = E_‘il U{N(r1,...,mn) 75 € Dy, 1 <
i <n}. Then P(N) =0. If w € Q — N, and £ is the linear span of
{fn,n > 1}, so that f = ;1 sifi € L,s; € R, we define

bo(f) = Z sigi(w) -
By the linear independence of f,,’s and the positivity of EZ, we deduce

that ¢,(-) is well-defined on £, ¢,(f) > 0 for f > 0 and ¢,(1) = 1.
(The positivity of £, is clear if in the above definition s; are rational,
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and in the general case the same conclusion follows by approximation
since rationals are dense in R and E® is a contraction.) Next using the
density of £ in C(€4), we extend £, (-) preserving the same positivity
and boundedness properties first for 0 < f < 1, and then by linearity
for all of Cy(Qq).

To use the representation theorem, we embed Cj(£2y) into Cy(Qq)
densely in the latter, where Qd is the completion of Q2,4 (hence Qd is com-
pact), as in the last proof, so Cy(Qq) = C(Qy). If £,, is the (uniquely)
extended functional from Cy(Qq) onto C(€4) which is positive, linear,
and ll,(l) = 1, we can now invoke the classical Riesz-Markov theorem
(see Rao, 1987, p. 471) to obtain a unique Radon probability Q(-,w)
such that

L(f) = | JHQEw), f € OQa)wea. (10)
Hence in particular, for each n > 1,
gn(w) = lo(fn) = . Fa(@NQdw',w), w e Qq . (11)

This implies that the right side, as a function of w, is B-measurable for
all f € £, and then for all f € C(Qq). It satisfies also

/ | FW)Qd w)Ps(dw) = / FW)P(dw), BEB.  (12)
B JQg4 B

Now using the regularity of P, we can apply the same argument as in
the last part of the preceding proof to deduce that Q(o,w) = 1, a.a.
(w) with Qp C 2 as a o-compact set. Then (12) again implies that
Q(-,-) is a version of P? as desired. []

Remark. The third proof is adapted from Stroock and Varadhan (1979).
The Kolmogorov existence theorem used in the second proof is available
in a more general form, even for arbitrary Hausdorff spaces, as given
by Prokhorov and extended by Bourbaki (see Rao, 1987, 2004).

A problem intimately related to regularity of conditional measures,
which we have not emphasized thus far, should be noted. From the
general definition of conditioning, presented in Chapter 2, it follows
that, for each B € B,

EB(x,)=PB5(B) =x,,a.e.
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When does this imply that for all w € B € B, for a regular conditional
version Q(-,-) of PB, we have Q(B,w) = 1? If this holds, then Q(,")
is called a proper regular conditional probability function. In general
a proper regular version of PZ need not exist even if a regular version
is available. The sharper result answering this question rather than
merely obtaining regularity of Q(-,-), is given by the following theorem
due to Blackwell and Ryll-Nardzewski (1963):

Theorem 8. Let ) be a Polish space, X be its Borel o-algebra and P be
a probability on . If X : Q — R is a random variable, B= X "1(R) C
Y where R is the Borel o-algebra of R, let Q(-,-) be a reqular version
of the conditional probability function, PB, guaranteed by Theorem 7.
Then Q(-,-) is proper on B (i.e., for each w € B € B, Q(B,w) = 1) iff
there exists a function g : Q — Q such that (i) g~ 1(X) C B, and (ii)
X(g9(w)) = X(w) for allw € Q. The existence of such a g signifies that
the range X (Q2) of X is necessarily a Borel subset of R.

This result shows that the condition on the range assumed in Theo-
rem 2.2 is necessary for the good behavior of a version of P2. Although
we have not yet found methods of construction of these well-behaved
versions to use in concrete applications, it is important to know, for
theoretical developments of the subject, that such functions do exist
for a large class of measure spaces. We include a proof of this result in
the next section which is better suited to go with a class of propositions
of similar nature for topological measure spaces. We thus turn to the
work related to regular versions in the general theory of conditioning.

5.4 Disintegration of probability measures and regular
conditioning

The preceding section already indicates that the existence of regular
versions of a conditional probability function is a deeper problem than
one might have anticipated from the results of the earlier chapters. In
fact this is only a slightly disguised form of another problem in the
general measure theory of considerable depth and interest. To appreci-
ate the finer points of the subject, we need to consider the question of
disintegration of a measure and then identify both the problems. This
will give a better perspective.

To motivate the concept, observe that a key requirement in finding
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a regular version, when it exists, is one of choosing a member from
the equivalence class of functions {PB(A)(:), A € ¥} in such a way
that the additivity and particularly the order preserving (or positivity)
properties are preserved. But this is nontrivial if B is not generated
by a simple partition. In fact, this problem is not special for the sub-
ject of conditioning. It is inherent in Lebesgue’s integration theory
which ignores the sets of measure zero. For instance, when we con-
sider the real LP-spaces, 1 < p < oo, their elements are equivalence
classes of functions. If one has to deal with (not necessarily count-
able) subsets, then it is essential for many applications that we select
functions from these classes in such a way as to retain the linear and
order preserving relations. To appreciate the difficulty here, recall that
if £P,1 < p < o0, is the class of p'" power integrable real functions on
(Q,%,P) and N, = {f € LP, [, |f[Pdu = O}, then LP = LP/N,. So
we need a mapping p : LP — LP such that p is linear and positive. It
is not easy to prove the existence of such a p. This mapping is called
a (linear) lifting and it always exists if p = 400, but does not exist
if 0 < p < oo and P is diffuse. The existence problem becomes even
more difficult if we demand further properties for p such as p( f) =f
for all continuous f when € is (say) a locally compact space. Such a
p is then termed a strong lifting. A comprehensive account of the exis-
tence problem together with several theoretical applications are given
in the monograph by Tulcea and Tulcea (1969). We include a relevant
part in order to establish that the existence of a strong lifting on such
spaces as those considered in Theorem 4 below is essentially equivalent
to the existence of a proper regular conditional probability function.
This will illuminate the subject and enable a better appreciation of the

difficulties. More on these points will be found in Section 8.5.

Since LP = LP/N,, we recognize that m : LP — LP is just the
quotient map from the function space L£P onto the factor space LP.
Then 7(x=*(f)) = f, f = f+ N, € LP. Since 7~ !(-) is usually
set valued, if there exists a (point) mapping h : LP — LP such that
7(h(f)) = n(f) = f, then h is called a cross-section (of f). Thus
h(-) “lifts” f from its equivalence class f. The existence of h with the
linearity and order-preserving properties is sought. This is equivalent
to finding a p : L% — L° such that the following relations hold, (if

f = g ae., we write f = g for simplicity): (i) p(f) = f, (i) if f =g
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then p(f) = p(g), (ili) p(af +bg) = a p(f) +0b p(g),a,b € R, (iv) if
f = 0a.e., then p(f) >0, (v) p(1) = 1, and (vi) p(fg) = p(f)p(g)-

A mapping satisfying conditions (i)—(v) is called a linear lifting and
that obeying (i)—(vi) is a lifting. If the existence of such a p is proved,
then h(f) = p(f) = f for f = f+N,, gives h unambiguously satisfying
the earlier conditions, and, conversely, if h exists then this equation
gives p for which (i)—(vi) hold.

It is not immediate, but true, that for 0 < p < oo, such a lifting does
not exist if the underlying P is diffuse on a set of positive measure. On
the other hand, if p = +o0, it is an important result, first proved by J.
von Neumann in an important special case, and later by D. Maharam
followed by the Ionescu Tulceas in complete generality, that a lifting
p always exists on £ (even when the measure space is o-finite or
more generally “strictly localizable”). This is a difficult theorem, and
a relatively simple (still technical) proof in all its detail, based on T.
Traynor’s 1974 method, is included in the author’s book (Rao, 1987,
Chap. 8). We shall not repeat it here but employ the result.

Since we want to specialize the underlying space for conditional mea-
sures, it is assumed that (€2, Y) is a Borelian space. Let us introduce
the concept of a strong lifting:

Definition 1. Let €2 be a topological space, Y its Borel o-algebra,
and P : ¥ — R*, a Radon probability such that each nonempty open
set of € has positive measure. Then a (linear) lifting p : £ — L,
which exists by the preceding discussion, is (i) strong if p(f) = f for all
continuous f in £°°. The couple (€2, P) is also said to have the strong
lifting property, (ii) [strong| Borel lifting if p(f) is Borel for all Borel
f € £ (and thus p(f) is continuous for f = g with g € C,(Q)).

Although we introduced a lifting and a special case of it called linear
lifting, it can be shown that every (strong) linear lifting extends to a
(strong) lifting. Thus the existence problem is the same for both. Some
equivalences for the existence of a strong lifting, when () is a locally
compact space, are: (i) p(f) = f for each continuous f with compact
support, (ii) p(x, ) > X, for each open U C Q, and (iii) p(x,) < X»
for each closed F' C (). To give another equivalence, in cases of interest
for us, we need the concept of “disintegration of a measure,” which will
enable one to put this on par with regular conditioning.

© 2005 by Taylor & Francis Group, LLC



5.4 Disintegration of probability and regular conditioning 147

Definition 2. Let (£2;,B8;),7 = 1,2, be Borelian topological spaces
and p : By — R be a Radon probability with support Q; so that each
nonempty open set has positive measure. If f: (27 — {25 is continuous
(u-measurable), v = po f~1 : By — RT is the image probability, then
1 is said to admit a (general) disintegration relative to f, or v, if there
is a mapping Q : By x Q5 — R™ such that

(i) Q(-,w) : By — R* is a probability for each w € 0,

(ii) ( ) 2 — R+ is Bg measurable (or v-measurable),
(iii) pu(A) = [o, Q( v(dw), A € By, and
(iv) supp( (-, )) ({w}), w € Qq, (supp = support).

Let us compare this concept with conditioning relative to a general
random variable (instead of a o-algebra). The latter definition was
also discussed for Equations (2.1.7)—(2.1.10), leading to Proposition
2.1.3. Thus let (€2,%, 1) be a Radon probability space and (5,S) be a
Borelian space with S as a topological space. If h : {2 — S is measurable
(h=1(S) € ¥), then v = poh™! : S — RT is a probability. Hence for
any f=x,,A€ X, FeS, we have

/ Q(A, s)u(ds) = / adi = p(ANKTYE) . (1)
E h—1(E)

for a unique S-measurable Q(A,-) : S — R™,Q(-, s) being o-additive
for a.a. (s). The exceptional null sets depend on the countable se-
quences used. This function Q(-,-) is the conditional probability given
h, also denoted pu(:|h). Observe that we may regard u(:|h)(s) as an
(positive) element of the Banach space M (S,S), the space of regular
o-additive real functions on S, with total variation as norm. But from
discussion of the last paragraph, there is a lifting p on £*°(S, S, v) and
this determines uniquely a linear lifting p’ on £L3(S5,S,v) of I-valued
essentially bounded functions, where 7 is a Banach space, by the fol-
lowing correspondence:

L' (f)) = ple(f)), forall LeI*, feLly(S,Sv).  (2)

Hereafter we write fZg if £(f) = {(g), a.e., for all £ € T*. Then p'
satisfies the obvious equations:

(1) p'(f)Zf, (ii) fLg implies p'(f) = p'(g). The existence of such p’
follows from the work on the lifting theorem (Tulcea and Tulcea, 1969,
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or Rao, 1987, p. 421). Now takingZ = M (S, S), the lifting p’ enables us
to choose a regular version of conditioning in many cases. Using these
concepts we establish the following two results on the disintegration of
i, of (1), in terms of regular (proper) conditional probability functions
on topological measure spaces of special interest in our applications.
These will also be useful in Chapter 8.

Both the following results are due to Tulcea and Tulcea (1964):

Theorem 3. Let (2;,B;),i = 1,2 be Borelian spaces where the Q; are
compact Hausdorff spaces. If pn : By — RT is a Radon probability of
full support on €y, then the following are equivalent statements:

(i) (21, 1) has the strong lifting property.

(ii) For any continuous f : Q1 — Qg with f() = Qa, vy = pof~Hu
admits a disintegration relative to f and vy in the sense of Definition
2.

One half of this theorem will be deduced from the following more
general and very useful result. (Here Z = M (Q2, B2) as before.)

Theorem 4. Let ; be locally compact, B; the Borel o-algebra of
Q;,i=1,2, and p : By — R be a Radon probability. If f : Q1 — Qy is
continuous, vy = o f~1: By — RY, let o : By — RT be a Radon mea-
sure dominating vy (i.e., vy << ). If p’ is a lifting on LF (s, Ba, o),
which exists, then pu admits a disintegration in the following sense: there
is a function Q' : By x Qy — RT such that (i) p'(Q'(-,-)) = Q7 (-,-) in
L (02, Bs,0a), (i) QF (Q,5) = Wi(s) a.e. [a], and (iii) we have the
functional equation:

/Ql a1(E)uldt) = /Q </Q 7 (HQ (dt, 8)> a(ds), g1 € Co(Q) . (3)

If further p' is strong, then (iv) supp(Q’(-s)) C f~1({s}), s € Q. In
this case the Q(-,-) satisfying the conditions (i)-(iii) is unique outside
of an a-null set. (Here and below C.(§2) denotes the space of real
continuous compactly based functions on §.)

Proof. Since the Q7 (-, -) will be analogs of conditional probability func-
tions, their existence is proved through a suitable Radon-Nikodym the-
orem for certain measures. Then a (bounded) function Q7 is selected
from the equivalence class through a lifting operator. These are the
two central ideas in the proof. These points are detailed in steps.
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(a) If vf = po f1, then for each g € C.(Q2), define a new measure
by the formula

: A H/ w)vs(dw) /f_l(A)(gof)(t),u(dt), AebBy. (4)

Then the mapping 7" : g — v relates C¢(Q2) — Ce(Q2)" = M(Q2, Ba),
(i.e. isometrically isomorphic) the space of regular bounded (real) Borel
measures on By, which was Z in the statement of the theorem. Clearly
T is a bounded linear operator on the space shown. (C.(£2) is given the
uniform norm as usual.) Also it is clear that C.(Q2) C £1(Q2, Ba, vy) as
a dense subspace since v is a Radon measure. Hence 1" has a unique
norm preserving extension, denoted by 7', onto LY (Qg, Ba, vy), with
range in M(Qq,B;). If we let m (A) = T(x,), A € By, then m () is
o-additive on By with values in the (adjoint) space M (24, B;). It is of
finite variation. Indeed, for each A € By, by definition of |m| (-), one
has

|m|(A) = sup { g)l |lm(A;)| : ‘Ql A; = A, A; € By, disjoint, n > 1}

:sup{é p(fH(AY)) : Q A; = A, A; € By, disjoint, n > 1}
= pu(fHA) Sp(f () =1, (5)

Al = [ xan(a) = p A0 by @@

It follows that |m|(-) = v¢(-) and hence m(-) is a regular M (£, By)-
valued measure and is a-continuous (since vy << «). At this point,
we invoke the Dunford-Pettis (generalization of the Radon-Nikodym)
theorem to obtain

(g,m(A)) = /A (.Q]) a(ds) , A€Bs, g Cul) . (T)

It should be observed that the original Dunford-Pettis theorem is given
only if the range of T is separable (cf. e.g., Dunford-Schwartz, 1958,
p. 504, VI. 8.7). But the existence of a lifting p’ on L£* allows us
to drop the separability assumption, so that one takes Q{ ) to satisfy
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the condition p'(Q{)) = Q{) where Q] € M(Q1,B1) = T (as shown in
Tulcea and Tulcea,1969, p. 89). With this representation we establish
parts (i)—(iii) of the theorem.

Here we may mention that if €2; were second countable, then the
original Dunford-Pettis version suffices to prove (i)—(iii). However, the
second part that @/ is proper and that it is essentially unique depends
on the existence of a strong lifting for the couple (€22, ). Thus the
existence of proper regular conditional probability functions is a deeper
problem, and that is what one needs in applications.

(b) We now evaluate both sides of the quantities in the representation
(7). Consider

o de . ) ols
| nwstas) = [ 1@ 5L date) = [ n@lQL0)dats), @)

for all h € L*(Q2, B,vy), where ||QL(-)|| is the total variation norm in
M (€4, By). Since h is arbitrary, from (8) we deduce that (i) and (ii) of
the theorem hold. But the left side of (7) can be expressed as:

(g, m(A)) = / g()dpo (xa o f)!

951

= [ ol ), where (u|B)() = (B 1)

951

:/ g(t)du(t), A€ By g€ LY, By, p) .
f=1(4)
Hence (7) becomes,

/ g(t)du(t) = / (9,Qf)da(s)
f=1(A) A

-[(] | s ) alds) . (©

It follows from (9), on taking g > 0, that [, g®)QL(dt) > 0, a.a.(s).
Now we use the fact that p/'(Q]) = Q] for all s € Q — N, a(N) = 0. If
we set Qf = p for s € N, then Qf > 0 for all s € Q5. Hence (9) gives
(3). So (i)—(iii) are established. Under the additional hypothesis, the
last part will be proved.

(c) Let p be a strong lifting of £°°(«). Then we assert that the
support of Qf is contained in f~1({s}) for each s € Q. Since QI(-) is
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a Radon measure, its behavior is completely determined by its values on
compact sets. But f~1({s}) C Q; is closed since f is continuous. So it
suffices to prove that Q7 (K) = 0 for each compact set K C (f~1({s}))".
If K is such a set, then C = f(K) C Qg is compact and s ¢ C.
So by a classical result there exist disjoint open sets Vi, Vo such that
s € V1,C C Va. Hence f~1({s}) Cc f~1(V1), K C f~1(C) C f~1(Va)
and f~1(Vy), f~1(V) are disjoint open sets. Let g € C.(£21) be chosen
such that g|/K = 1,0 < g <1 and g|f~1(V1) = 0, which is possible by
Urysohn’s lemma. But then

[ <9.Ql> dats)= [ g B0t 0.4 € Ba
A f=1(A)

(10)
since g|f~1(V1) = 0. Hence (g,QI) =0, a.a. (s) in V;. We also have

p(le <g7 Q£>) = :0<le> ’ <g7 Q£> =0, s€Q2,

where p is the strong lifting on £°°(2s, By, @) which induces p’. But
p(x,) > x, so that s € Vi implies from the above equation that
p(Xy, ) # 0 and hence < g, QI >= 0. Consequently

Qf (1) = /Q X (DQ () < /Q o(H)Q! (dt)

=(g,Q!) =0.

This proves that supp(Qf) C f~1({s}), as asserted.

(d) It remains to establish uniqueness if p is simply a lifting, but
relations (i)—(iv) hold (even if p is not strong). (However under the
hypothesis of Theorem 4, we shall see that p will be strong in that
case also.) Thus let Qi( ), = 1,2 be two families of regular proper
measures for which (i)—(iv) hold. Then we have

/Ql /Qz /Q g()Qi(dt)a(ds), i=1,2, g1 € Ce() .
(11)

Since both Ql,Q? are supported inside f~'({s}), s € Qo, for any
h € C.(€s) we get go h € C.(£21) so that replacing g; by ho gy in (11)
the right side (equal) terms give

0= /Q 2 /Q an(B)0o QLA ~ Q2aa(ds)
- / h(s) / 01 (B)[Q(db) — Q2(dt)]o(ds) .
Qo Q1
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Since h is arbitrary from C.(€22), this shows that the inner integral
vanishes for a.a.(s), and all g; € C.(€;). Hence Q1 = Q2 a.a. (s),
and since p'(Ql) = Q!, p'(Q?) = Q?, we conclude that the left sides

must agree and hence that Q1 = Q% ae. (o). O

We now use this result to proceed with the proof.

Proof of Theorem 3. Since 1,y are compact, the first part that (i)
= (ii) follows from Theorem 4, which in fact holds even for locally
compact spaces. We thus need to prove the reverse implication.

(i) = (i). Let the given decomposition hold. Let (21, B, u) be
a compact probability space as in the hypothesis, and consider its
Stone space representation (S,S,v) where S is the (compact) Stone
space of (2q,B1, ) and S its Borel o-ring determined by the clopen
(= closed-open) sets and v its image measure under 7 : 3 — S, an
isomorphism (see Rao, 1987, p. 509), so that v = po7x~1. More-
over, let U : L(Qy, By, 1) — L>(S,S,v) be the mapping defined by
UX. = Xr(4), and extended linearly. Then it is a multiplicative linear
mapping. If p is the lifting on £>(S,S,v), then p(U(f)) is in fact

continuous, since U(f) belongs to the equivalence class of continuous
functions and p(U(f)) denotes that unique continuous function of this
class, where f(€ £°(Q4, By, i) is the equivalence class of f.

Now by hypothesis, u admits a disintegration satisfying (i)—(iv). If

{Q7T, s € S} is the corresponding disintegration, let

AN = (pUN), Q) €L, B, p) . (12)

We claim that A is a strong linear lifting of £°°(€Qy, By, i) to finish the
proof.

By the definition of U, properties of p, and of the integral, it follows
that A(+) is a positive linear mapping such that A(1) = 1, and f = g a.e.
implies A(f) = A(g). To see that A\(f) = f a.e., for f € L>(Qy, By, p)

note that p(U(f)) = g is a continuous function on S. Then, for each
h € C(€1), from the disintegration hypothesis of v, we have

/ (hom)gdy = / h(t) (g, QFuldt)
S

Q=n—1(9)

_ /Q RO () dpu(t), by (12). (13)
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However, Uh = ho, § = U(f) so that

[S (hom)gdy = / (UR) (U F)dv

S

:/SU(ﬁf)dV:/th s (14)

Then (13) and (14) imply A(f) = f a.e., since h is arbitrary in C(€).
Thus A is a linear lifting on £°°(4, By, 1). It is also strong since for
each f € C(), U(f) = fom so that p(Uf) = p(fonw) = foun,
and M(f)(t) = (p(Uf),QF) = f(t),t € Qy, since QT concentrates on
7~1({t}). Consequently ) is strong and extends to a strong lifting. [

These two results do not yet show that a disintegration (= strong
lifting) exists on each couple (€2, ) where € is (locally) compact. In
fact the general case is complicated (see Sec. 8.5). However, there are
many useful spaces for which a useful solution obtains. We now show
that this is the case if ) is a Polish space. This will imply that Theorem
3.7 is extended by the preceding two results.

Theorem 5. Let (2, B, 1) be a Radon probability space where  is a
Polish space. Then the couple (2, 1) has the strong lifting property.

Proof. Let Q4 be the given space endowed with a totally bounded
metric d, as in the second and third proofs of Theorem 3.7, and let Qg
be its completion. Then €y is a compact metric space, with Qg as a
dense subspace. If ji is the unique extension of 1 to the Borel o-algebra
of g, then /i is again a Radon probability and if we show that (Qg, /i)
has the strong lifting property, then its restriction to ({24, ) can be
shown to have the same property. So we first establish that E“(Qd, i)
admits a strong lifting. This follows from:

Proposition 6. Let ) be a locally compact second countable space,
and p be a Radon probability on it with support ). Then the couple
(2, 1) has the strong lifting property.

Proof. Since  is second countable, C.(£2) is separable under the uni-
form norm, and let {f,,,n > 1} be a dense sequence in C.(Q). If A is the
linear span of {f,,n > 1} with rational coefficients, then A C C.(Q2)
and is a dense denumerable set. But we know that £°°(v) admits a
lifting p so that p(f) = f a.e., f € L>(v). Thus there is a v-null set
Ny such that p(f) = f on N§. If N =U{Ny : f € A}, then v(N) =0,
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and p(f) = f on N€ for each f € A. To see that A can be replaced by
C.() here, let g € C.(2), gn, € A be chosen such that ||g — gnl|c — 0,
as n — oo. Since p(gn) = gn on N and

12(gn) = P(9) oo = llP(gn — 9 loo < lgn —9glloc — 0, as n — oo, (15)

we have

1p(9) = 9l(s) < [p(9) = p(gn)[(s) + |p(gn) — gnl(s) + |gn — gl(s) — 0

uniformly for s € N¢. Hence p(g) = g on N¢. For the points on N,
note that for each s € €, there is a multiplicative linear functional ¢
on the Banach algebra £>(v). In fact {4 is an extremal point of the
closed unit ball of the adjoint space (L (v))* (see Dunford-Schwartz,
1958, p. 443). Hence (s(f) = £s(g) for f = g a.e., and (5(f) = f(s) if
f is continuous. So if we let p(f)(s) = p(f)(s),s € N and = l4(f) if
s € N, then p is a lifting on £°°(v) which satisfies the condition that
p(f) = f for each continuous f. Hence p is strong, by definition. [

We can now complete:
Proof of Theorem 5. By the above proposition there is a strong lifting
p on £°°(Qd, 7). On the other hand Q4 C Qg and v = 7|4, and each
continuous f on 4 has a unique continuous extension f to Qq. Since v
and 7 are Radon probabilities, f € £2(9), let p(f) = p(f), f € U(Qq),
the space of bounded uniformly continuous functions on ;. Then
p(1) = p(1) =1, and p(+) is a positive linear (multiplicative) mapping
on L>®(v). If g € L>(v), then there is a § € L°°(P) such that g|Q =g
and so p(§)(s) = §(s) = g(s), a.a. s € Qg. But for f € U(Qy), f €
C(Qq), so that p(f) = p(f
O

Recall that a mapping @Q : ¥ xQ — R™T is a regular conditional prob-

(f) = f, and since f|Qq = f, p is also strong.

ability relative to a o-algebra B C X, if Q(+, s) is a regular probability
for each s € 2, and Q(A,-) is B-measurable, A € ¥, and the following
functional equation holds:

/ Q(A,s)up(ds) =u(ANB), AeX, BeB. (16)

Also @ is proper at sqg if Q(A, sg) =1 for sg € A € B. With this, as a
consequence of Theorems 5 and 4 (cf. also Theorem 3.7), we have the
following;:
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Corollary 7. Let (2, %, u) be a Radon probability space where Q is a
locally compact second countable, or a Polish space. Then there exists a
proper reqular conditional probability function Q : ¥ xQ — R™T, relative
to any o-algebra B C X at all points of 2 — N, where N is a p-null set.

Proof. Let Q; = Q,B; = X, and (5, S) be the Stone space of (€2, ),
and m : 2 — S be the corresponding canonical mapping. Letting
v = pp om ! where 7 is continuous, with o = v, the hypothesis of
Theorem 5 is satisfied. If p is a strong lifting on £°°(u), then there is Q
satisfying (3) with supp(Q(-,s)) C 7= ({s}),s € S, |Q(-,s)|| = & =1
a.e. (). Thus Q(A,sg) =1 for sg € B(€ S), with 77}(B) € B. The
existence of such a @ is equivalent to that of the disintegration of pu
relative to v and m, which is the assertion. []

Remark. For the spaces (€2, 3, 1) with Q as a o-compact second count-
able metric space a somewhat stronger statement holds. Indeed, for
such spaces Lloyd (1974) has shown, under the continuum hypothesis,
that (€2, u) has the strong Borel lifting property. Thus for these spaces
the disintegration property may perhaps be streamlined.

To see the technical intricacies involved in these existence results, we
now present a proof of the Blackwell-Ryll-Nardzewski theorem stated

in the last section, as it reveals another aspect of the structure.

Proof of Theorem 3.8. Let Q : ¥ xQ — R™ be the regular conditional
probability function of u relative to B or X. Thus in particular (16)
holds. We first give the sufficiency proof which is straightforward. Thus
suppose there is a g : Q@ — € such that X(g(w)) = X(w),w € Q. f R
is the Borel o-algebra of R, then we have

B=X"'R)=¢ '(X'(R)) =g '(B)Ccyg ' (B)cB. (17

It follows that g=1(B) = B. Moreover, the last relation implies that
each B in B can be expressed as B = g~1(A) for some A € ¥.. Then

(16) becomes

/ QB. w)us(dw) = /C Qo (A),w)us(dw), C B,
=u(g~ ' (A)NC), by (16),
I/Xg—l(A)(w)MB(dw)-

C
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Hence
1007 1)) = g1 @)lus(ae) =0, C € 5.
Since the integrand is B-measurable, we deduce that

Q(g_l(A),w) = Xg*l(A)(w% a.e.
Thus if Q : ¥ xQ — R is defined as

{ X971(A)(w), AEB, w €

QAL =1 0(Aw). Acs B wen

then by (17) and (18) we see that Q satisfies (16) and is a proper regular
conditional probability function.

Let us also show that X (Q2) € R, when X o g = X. Since g~ '(2) C
B = X~ I(R), it follows from the Doob-Dynkin lemma, that there is
a Borel function h : R — Q, (i.e., h1(X) C R) such that g = ho X.
Hence Xoho X = X orif y = X(w) € X(Q2), then X (h(y)) = y. Since
X oh:R — R, is a Borel function, we have

X(@Q)={y:(Xoh)(y)=y}eR.

Thus the range of X is necessarily a Borel set, under the hypothesis.

For the converse, we need to find the (desired) function g : 2 — Q.
So we suppose that Q : ¥ xQ — RT is a proper regular conditional
probability function for g and B. Let S = {(w,w’) : X(w) = X (@)} C
QxQ, and Aw) = {v' : X(W') = X(w)} = S(w), the w-section of
S. Since w € A(w) and A(w) € B, we have Q(A(w),w) = 1 by the
fact that Q(-,-) is a proper regular conditional probability. Hence if
we can show that there is a function g : Q — Q, with ¢71(2) C B,
such that (w,g(w)) € S, then by definition of S, one gets X(w) =
X(9(w)), w € Q, and the result will follow. Now the existence of such
a g is a consequence of the next somewhat more general statement.

Proposition 8. Let Q1,Qs be Borel subsets of a Polish space. (In the
above U = Qy =Q.) If B= X"YR), with X : Q; — R as a random
variable and (Q;,%;),i = 1,2, Borelian spaces, let pn : Yo xQp — R
be such that (a) u(-,w) : o — RT is a probability, w € 1, (b) u(A,-)
is B-measurable, A € Yo, and (c) for any S € B ® Xg, such that
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p(S(w),w) > 0 where S(w) = {w' : (w,w') € S}, w € Qy, then there is a
(B, X)-measurable g : Q1 — Qo such that (w,g(w)) € S for each w € Q,
so that the graph of g lies in S.

This measure theoretical result is proved on using the next lemma

which is somewhat technical.

Lemma 9. Let {(Q;,%;),i= 1,2}, B, u be as in the proposition. Then
for each S € BR o, and 0 < 0 < 1, there is an S € B® Xy such that
S c S, S(w) closed and pu(S(w),w) > Ou(S(w),w), for all w € Q.

Proof of Lemma. Let S be the class of sets S € B x By for which the
conclusions of the lemma hold. If S = Ax B, A € Band B € By closed,
then S = S satisfies the conditions so that if By C B is the algebra
generated by its closed sets, then Bx By C S. Since Bx By is an algebra,
it suffices to show that § is a monotone class which would then imply,
from standard measure theoretical results, that o(S) = o(B x By) =
B ® By and the lemma will follow. So let S, € S, {S,,n > 1} a
monotone sequence with limit S. We show that S € S.

Let S, 1 S. Since S,, € S, we may choose S, C Sy, Sy, (w) closed and
(S, (w),w) > 02 u(S(w),w), all w € Q. Replacing S, by kgl Sk C Sy
if necessary, we may also assume that S,, 7. If T}, is defined as

T, ={w € Q: pu(Sp(w),w) > 0u(S(w),w)}, (19)

then T), 1 since S, 1. From the fact that p(+,w) is a measure, it is
easily deduced that limT;,, = 21, so that ScSand SeS.

Now let S,, | S. Define a new function \ : By x Q; — RT as

WS@NBw) |
)\(B,u}) = { n(S(w),w) alf M(S(w),w) >0

0, otherwise.

Let 0, =1 — (1 —6)27", and choose S, C S,,, with S, (w) closed, such
that A(Sp(w),w) > 0,A(Sp(w),w), all w € Q1,n > 1. This is possible
by the given conditions on u. In fact, by hypothesis we can choose

S, C S, with the stated properties for u(-,-) to satisfy
(S (W), w) > Onpa(Sn(w),w),w € Oy . (20)

Since S,,(w), Sp(w) are in By for all w, the inequality (20) holds on the
trace By (S(w)) for each w € 4. Thus for each S,, € S§(5), S,(w) €
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By (S(w)), and (20) holds if S,, C S, with S, (w) € Bx(S(w)), w €
Q. This means we can replace S, and S, by (S, N S)(w) and (S, N
S)(w) in (20). Dividing the resulting inequality by the positive quantity
1(S(w),w), we get the inequality with the A\-measure. Let S = N,S,,.
Then

M&mwgz1—mﬂ5m@w

w)

>1—EM (W),
=1-3(1- (5"()))
On) =

n

>1-3(1-

Since S(w) C S, (w), this inequality gives
(S, (w),w) = 0u(S,w),w) .

In case p(S(w),w) = 0, this is always valid, so that in all cases S € S
and S is thus shown to be a monotone class. [
With this result we can now present:

Proof of Proposition 8. Let Qs be the completion of the separable € so
that €, is Polish. If S € B® Ba, choose S1 C S such that S(w) is closed
and p(S1(w),w) > 0, for all w € 4, which is possible by hypothesis.
For ¢ > 0, let F}, F5,... be a countable cover of closed sets of Q, of
diameter less than e. Let

n(w,e) =inf{k > 0: u(S1(w) N Fg,w) >0} .
Then n(-,¢) is B-measurable. Let Sy C S7 be defined by
So(w) = {w € S1(w) N FL :n(w, 1) =k},

and if S,,_o C 5,1 is chosen, inductively, let

m— 1
Sm(w) ={w € Sp—1(w) ﬂFkl/( v n(w, m) =k} .

Thus S; D S D ... with diameter of S,,, < (m—1)"1, p(Sp(w),w) > 0,

and each Sy, (w) is closed. If S” =N, Sy, then S'(w) = {w2}(C N2), a

singleton. Thus, for each w € Q4,5 (w) reduces to a single point and
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so S’ is the graph of a function g : Q1 — Qs. But S’ € B® B, and by
standard results in measure theory g is (B, By)-measurable. (See Rao,
1987, p. 324. There 25 = R, but the same result holds in the present
case.) This is the conclusion of the proposition and this establishes
Theorem 3.8 also. [

The proof of this result can be simplified considerably if the condi-
tioning o-algebra B is partition generated. For the general case which
is needed in applications, the detailed and involved arguments of the
preceding theory seem unavoidable. For comparison, we also present

the special case:

Corollary 10. Let (Q,%, 1) be a Radon probability space as in the
theorem above. If B C X is a o-algebra generated by a (countable) par-

tition, then there exists a proper reqular conditional measure @), given

B.

Proof. By definition of @, it satisfies (16). So if B € B we get

Q(B,w) = xp(w), a.a.(w) . (21)

If P is the countable partition generating B, then (21) holds for each
B € P or B € By, the algebra generated by P, which is still countable.
Thus if Np is the exceptional null set, and N = U{Np : B € By}, then
u(N) = 0. So (21) holds for all B € By and w € N€. Since Q(-,w) and
X(_)(w) are o-additive and bounded, by the standard Hahn extension
theorem the same result holds for all B € o(By) = B, and w € N°.
Thus if A(w) =N{A:w € A € B}, then A(w) € B, and by the above
result (note that Q(-,-) is regular in this case by our theory in Section
3 already) we get

Q(A(w)aw) = XA(w)(w) =1, all we N°.
It follows that @ is proper if we set Q(A(w),w) =1 for w € N, so that

it holds for all w € 2. [

5.5 Further results on disintegration

In view of the work of the last section, it is natural to consider
some related results on general probability spaces to admit regular
conditioning. The theory of Section 3 shows that the desirable spaces
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for this purpose are the perfect spaces. So we include here some useful
complements to that work. Let us first recall a concept for the ensuing

discussion.

Definition 1. Let S C R, and (S,S) be the Borelian space, and F
be the set of all Radon (= Lebesgue-Stieltjes) probability measures
on 8. If Sg is the completion of S for F € F, then the o-algebra
S =n{Sp : F € F} is termed universally (or absolutely) measurable,
and each A € S, a universally measurable subset of S.

This concept is also meaningful if S is a separable metric space. In
cither case, S contains all Borel as well as analytic (also called Souslin)
sets of S. However, these properties need not hold for all topological
(even locally compact) spaces S.

The next result, due to V.V. Sazonov (1962), slightly sharpens The-
orem 3.2.

Theorem 2. Let (Q, %) be a measurable space and (S,S) be a univer-
sally measurable space with S = R. If every random variable X : Q) — R
satisfies the condition that X (Q) € S, then (Q, %, 1) is a perfect prob-
ability space for every probability p : ¥ — R*. Conversely, if for each
countably generated o-algebra A C X the triple (0, A, pa) is perfect,
then for each random variable X on Q, X(Q) € S. When either of
these conditions is satisfied and B C ¥ is any o-algebra, then y admits
a disintegration relative to B and pug, so that there is a Q : ¥ X — R
such that it is a perfect reqular conditional probability function in the
sense of Theorem 3.2.

Remark. Here the basic measure space is more restricted than the
earlier result, but B is not. On the other hand we are not able to assert
that Q(-,w) is also proper. Thus the result complements the previous
work only in some respects. (In the assertion ) may be chosen to
satisfy p'(Q(.y) = Q) where p’ is a lifting on M (Q2, ¥)-valued bounded
functions, as in the last section.)

The proof of the above theorem depends on the following result.

Proposition 3. A probability space (2,3, u) is perfect iff for each
random variable X : Q — R, X () is universally measurable, or equiv-
alently, there is a set Qy € ¥ such that u(Qp) =1 and X () is a Borel
set.
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Proof. When p is perfect then, by definition, for each random variable
X, there is a Borel set B C X () such that u(X~1(B)) = u(Q) = 1.
Let v = po X~ 1. If v* is the outer measure generated by (v,R), R
being the Borel algebra of R, then v* is a Carathéodory regular outer
measure. Hence by the classical measure theory there is a By € R
such that By D X(2) and v*(B;1) = v*(X(Q2)). (B; is a measurable
cover of X (1), see Rao, 1987, p. 41.) But By D X(2) D B and B, B;
are v*-measurable, so that v*(B; — B) = 0, whence X (Q2) € M,«, the
v*-measurable sets. Since u and hence v(= p o X 1) are arbitrary,
X(Q) e M Muox-1) = S so that X (Q) is universally measurable.
"

Conversely, let X(Q) € S, where X is a random variable X : Q — R,
and p be a probability on . Then Sc M, ox -1, the class of p o X1
measurable sets in the sense of Carathéodory. But then for each A €
M, ox-1 there is a Borel set B C A, such that p o X~YA-B) =0,
(cf., again e.g., Rao (1987), p. 95). Taking A = X(Q) € S C M,,ox-1,
we get a B C A as above and

1> p(X(B)) = po X1 (X(Q)) > (@) = 1.

Hence p is perfect. [

Proof of Theorem 2. Let u be a probability measure on ¥, and let X :
Q — R be a random variable, v = o X ~!. Then M, D S, and since v
is a Lebesgue-Stieltjes measure on R and X (Q2) € S, by Proposition 3
above, there is a Borel set B C X (Q2) such that v(B) = v(X(Q2)) = 1.
So p is perfect.

For the converse, let A C X be countably generated and (€2, .4, u)
be perfect for any p : A — R, a probability. Since A is countably
generated, there is a random variable f :  — R such that f~}(R) = A
(see Equation (1) of Section 3). Let v : R — R™ be a Radon probability
measure. If v* is the outer measure generated by (v, R), then by the
classical theory (used in Proposition 3) there exists a B € R such that
it is a measurable cover of f(Q2). If v*(f(Q2)) = 0, then f(Q) is already
v-measurable. So let v*(f(€2)) > 0. We assert that there is a Borel
set By C f(Q2) such that v(B) = v(B;) and then deduce that f() is
universally measurable.

Since v(B) > 0, define a probability measure £ on R(B) as follows.
Although A = f~1(R), a set A € A, may be covered by several Borel
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sets, e.g., A= f~1C) = f~1Cs),C; € R, since f need not be onto.
If
{(A) =v(C1 N B)/v(B) (1)

we assert that the formula (1) gives £ unambiguously. This is because
CiNCeNB D f(2), and the Borel set C7 NCyN B is also a measurable
cover of f(€2). This implies (by definition of such a cover)

y(B) > v(C; N B) > v(C1NCoNB) > v*(f(Q) =v(B). (2

Hence there is equality, in (2), which shows that (1) is unaltered if Cy
is replaced by Cs. So &(-) is well-defined and &(€2) = 1. By hypothesis
(Q, A, &) is a perfect probability space so that there is a Borel set By C
f(2) of full &-measure. Since By C f(2) C B, (1) gives

1=¢&(f~"(Bo)) = v(B N Bo)/v(B) = v(By)/v(B) . (3)

Thus v(B — By) = 0, and f(f2) is v-measurable. Since v is arbitrary
we deduce that f(Q2) € S. But A C ¥ is any countably generated
o-algebra. If X : 2 — R is any random variable, then using the sep-
arability of R, we conclude that X ~1(R)(C X) is countably generated
(using, for instance, open intervals with rational end points) we get by
the preceding result that X (£2) is universally measurable.

Finally, the disintegration assertion now follows immediately from
the first part of the proof of Theorem 4.4 in which 2 = Q, By, = B,
and no topology is needed for (i)—(iii) there. O

It should be noted that there is a certain asymmetry in the theorem,
since from the second half we cannot conclude that (€2, %, u) is itself
perfect for all probability measures p. If the latter is perfect, then
(Q, A, na) is perfect for every o-subalgebra A of ¥ since any random
variable on (€2, .A) is also one on (2, ¥). The converse of the latter holds
under a strengthening, however. Thus if for each countably generated
A C X, the restriction p 4 is compact (or pure) then the given p :
> — R will be perfect and conversely. But if ¥ itself is countably
generated, then this difficulty disappears. We state the latter case for

reference as follows.

Corollary 4. Let (£2, %) be a measurable space, &2 countably generated.
Then for any probability p : ¥ — RT (Q, X, u) is perfect iff for each
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random variable X : Q — R, X (Q) is universally measurable. When
this holds, for each o-algebra B(C X), the measure p admits a disin-
tegration into reqular conditional probabilities @QQ : X xQ — R relative
to B.

Next we briefly consider the transitivity of regular conditional mea-
sures on different spaces through disintegration formulas. This will
be useful in applications such as Markov processes, discussed later in
Chapter 9. The problem is motivated by our previous Propositions
2.2.1 and 2.3.2. The first one states that for o-algebras By C By C X,
we have

EBL(PB2(A)) = PP (A), ae. (ug), A€ . (4)

The second result says, in the current terminology, that if Q(-,s) :
¥ — RT,s €S, is a family of probability measures, indexed by S, and
Q(A,-) is S-measurable, where (5,8, 1) is a probability space, then
there is a probability P on the product measurable space (2 xS, ¥ ®S),
such that we have

xap = [ [ X(w.5)Q(w. sulds) )
Qxs sJa
for all random variables X : Q x S — R™. Since (4) also implies that
E(EP (PP2(A))) = E(PP'(A)) = B(x4) , (6)

both (4) and (5) can be combined into a common generalization of
successive (or product) disintegration formulas. Such an extension has
already been considered by L. Schwartz (1973). Here we discuss a
simple case that suffices for our later applications.

The inclusion relations in (6) for By C By C By C ¥ extend the
following types. Let © = R™ x R™2 x R™3 7,,,, : @ — R™!, and
Tmytm, & S8 — R™ x R™2 = R™ ™2 he coordinate projections. If
Ry s Riny+m, denote the Borel o-algebras of R™! and R™ ™2 then
B = 7 (Ryy) and Be = m,b 0 (Rimy4ms,) are the cylindrical o-
algebras contained in 3, the Borel o-algebra of €2, and these satisfy the
inclusion relations for (4) and (6). With this motivation, the general
case can be given as follows.

Let (£;,%;),7 = 1,2,3, be measurable spaces, p12 : Q1 — Qg,po3 :
Qs — Qs be measurable functions and let p1 : ¥ — R™ be a probability.
Let po = pq o p531, W3 = [ O pggl be the respective image measures.
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We can find conditions for the disintegration of (u1, u2), (p2, 13) and
(11, p3). In general, how will they relate to each other? Although ug =
10 (pagopia)t, if p13 : Q1 — Q3 is another measurable mapping and
3 = pi1 0 p1_31, then ps and fi3 are not necessarily the same probability
measures, and g, may have two disintegrations relative to pus and fis.

Recalling that the existence of a disintegration is equivalent to the
existence of a regular conditioning, the above situation can be stated

precisely as follows:

Proposition 5. Let (2, %, ) be a probability space, (S,S) and (T,7)
be measurable spaces. If p : Q@ — S and q : S — T are measurable

L are the image measures on S

mappings and v = pop 1, & =voq~
and T, suppose that Q : ¥ xR — RY is a disintegration of u relative
to & and poq. Then Q: (A,s) — Q(A,q(s)), A€ X, s 8, defines a
disintegration of u relative to v and p.

This result follows immediately from the formulas,
WA (B) = [ QAis), AeTBeS. (M)
and
WA (pog)~}(C)) = /C QA BE(), AEx, CeT,  (8)

together with the facts that Q(-,t) is regular, p~ (¢~ (7)) C p~1(S) C
3.

We now present some methods of evaluation of conditional expec-
tations for certain classes of processes having considerable practical
interest.

5.6 Evaluation of conditional expectations by Fourier analysis

In the preceding sections we have presented results on regularity
of conditional probability functions so that conditional expectations
can be represented as ordinary (Stieltjes) integrals. However, we still
do not have a recipe to evaluate these integrals. A formula will now
be presented on calculating some conditional expectations in terms of
ordinary expectations, using certain classical Fourier analytic methods.
We essentially utilize some ideas of Yeh'’s papers (1974 and 1975).
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The procedure is basically to employ the disintegration formula (see
Equation (5.5)) which connects the absolute and the regular conditional
measures. Then the Lévy inversion theorem is employed. But these

special methods do not lead to any general evaluation procedures!

Theorem 1. Let (,%, P) be a probability space, X : Q — RF and
Y : Q — R be random variables such that E(|Y]) < oo, and Y () C R
is a Borel set. If ¢, (t) = E(Y X)), and Fx is the distribution
function of X, then oy (+) is a Fourier-Stieltjes transform of a signed

measure and the conditional expectation E(Y|X) is obtainable from the
relation (Px(A) = P[X € A]):

!
!

— eftih; .
(E(Y|X))(a) Px(A) = hm k/ /{ 1 S et
X @y (t1,. .., tp)dty .. .dty, (1)

for eacha = (ay,...,a;) € R¥, with A =
set of Fx.

laj,a;+h;) as a continuity

Q.
[l X &
—_

Proof. The argument is based on a careful use of Equation (5.5) and
the Lévy inversion formula, as already noted. Here are the details.
Let D=Y(Q),S=0(X)(C¥)and B=0o(Y)(=Y (R(D)),R(D)
being the Borel o-algebra of D). Then P° : B x R¥ — Rt is a regular
conditional probability which we denote by Q(-,-) to use the notation
of Theorem 2.2. Hence for each measurable mapping Z : Q2 x R¥ — RT,

we have

| zwnap= [ [ zwne@enuan. @)

where i = Po X ~!(= Px) and P is the probability measure on BQR¥
determined by Q(-,-) and p. Note that in (2) Z may be replaced by
any P integrable function. Also as a consequence of the regularity of
the conditional measure P°(-) we have

ES(Y)(r) = E(Y|X)(r) = /Q Y (0)Q(dw, r), 3)

which holds first for simple functions Y, and then the general case
follows by the Lebesgue dominated convergence criterion since Q(-, )

k
is now a measure. Set (u, X) = '21 u; X
1=
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Let Z = (XY in (2). Since Z is P-integrable, we get
polw) = BEY) = [ ] 00V (@)@, )t
= [ DB dutr). by (),
= / e W) duy (1), (4)
RE

where v : A — [, E(Y|X)(r)du(r) is a signed measure on R”, the
Borel o-algebra of R*. Thus (4) shows that y (-) is a Fourier-Stieltjes
transform of v.

Since v can be expressed (by the Jordan decomposition) as the dif-
ference of a pair of finite positive measures on R*, we can apply the
classical multidimensional Lévy inversion formula (see Rao, 1984, p.
257) which gives (1) immediately. [

It may be of interest to note that when ¢y (-) is Lebesgue integrable,
then we can divide (1) by (hihe,...h;) and take limits as h; — 0 so
that Px or F'x has a bounded continuous density. If this is denoted by
fx, we get (1) simplified as:

EY|X)(r)fx(r) = (2;);3 /Rk e o (u)duy . .. duy . (5)

We state this result for a convenient reference as:

Corollary 2. Let X,Y be as in the theorem and suppose that ¢y :
t — E(Ye'tX)) is Lebesque integrable. Then the image measure Px of
X has a bounded continuous density fx(-) and the conditional expec-
tation E(Y|X) is given by (5). (If X,Y are independent, the ¢y (u) =
E(Y)px(u), and (5) reduces to the familiar identity.)

In the above assertions, the requirement that Y (£2) be a Borel set is
unpleasant. But without some additional condition, the regularity of
conditional measures cannot be demanded, as we know by counterex-
amples. However, this condition can be exchanged for several others if
the basic probability space is restricted. For instance, with Theorem
3.2 the above becomes:

Corollary 3. If (2, %, P) is a perfect probability space, Y is any P-
integrable random variable and X is a k-random vector, then again
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the conditional expectation is given by (1), and, if py(-) is integrable,
formula (5) holds.
Using Theorem 3.7 in place of 3.2 we can assert the following which

is more useful in applications:

Corollary 4. Let Q2 be a Polish space, ¥ be its Borel o-algebra and
P : Y — RT be a probability measure. Then for X,Y as in Corollary
3, we get E(Y|X) given by (1) or (5) accordingly as the corresponding
hypothesis holds.

As an example of such an €2 we can consider the space of bounded
continuous R¥-valued functions C(RT,R¥) with the uniform metric.
Such spaces appear in the function space representations of stochas-
tic processes with random vectors as evaluation functionals. We shall
also illustrate this point by some explicit calculations of conditional
expectations.

In (5) we demanded the integrability of ¢y (-). However, this may
be weakened with the classical (¢, 1)-summability methods of Fourier
analysis if we assume that the image measure u(= Px) of X is diffuse.
The precise statement is as follows.

Corollary 5. Let X,Y be as in Theorem 1 and p be diffuse. Then we
have

. 17
E(Y|X)(T)fx(r):ali>ngow/.../
(1= 2) oy (t, .. ty)dty . diy,
J:

for a.a. r € R¥, and t € R¥, where fx(-) is the density of Px for p.
This is a consequence of the fact that if f : R¥ — R is Lebesgue
integrable with f as its Fourier transform, then we have for a.a.(u) € R¥

T T
1 k 1
f(u):T@gOW/.../jlgl[(l—';i)e—zujtj]x
v

A~

Fltr, ... te)dty, ... dty .

In the next section we use this Corollary to get an extension of the
conditional Feynman-Kac formula. To consider such an application,
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however, we need to recall some facts and the function space represen-
tation of the (abstract) Wiener space.

Observe that if {X;,t € I} is a process on (2,%, P),I C R, and
t <ty <---<t, are points from I, then the distributions

Fooow (@, zy) = PlXy, <z1,...,X4, <], 2 €R,

satisfy the compatibility relations:

(1> Ftil,...,tin (milu sy :E’Ln) - Ftl,...,tn (xlu sy :En)
(ﬁ) mhgloo Ftl,...,tn(xl, SRR xn) = Ftl,...,tn,l(xla ) xn—l)a
n
where (i1,...,4,) is a permutation of (1,...,n). Conversely if an in-

dexed family {F}, . +., t; € R, n > 1} of distributions satisfying the
above pair of compatibility conditions is given, then Theorem 8.4.2
(proved later) of Kolmogorov says that we can construct a probability
space (€2, %, P) and a stochastic process {X;,t € I} on it, having the
given family as its finite dimensional distributions. Here 2 = R’, the
space of real functions on I, with > as the o-algebra generated by all
the cylinder sets {w € Q : w(ty) < z1,...,w(ty) < Tn,t; € I,n >
1}, X : Q2 — R is the coordinate projection, X;(w) = w(t),t € I, and

x1 Tn

Plw: Xt (w) <xii=1,...,u] = / / dFy,, ¢, (U1, ... up) .
—o0 —00

With this setup, if we choose [ = RT,0=1tq <t <--- < t,, and

x1 Tn
—0o0 — 00

1 (uy—uj)?
expl—= % (uj —uj—1)
25=1 t;—1t;_1

=

Byt (@1, an) = [(2m) I, (8 — t5-1)]

lduy, . ..duy, (6)

then the resulting process { Xy, ¢ > 0} with Xy = 0, is called the Wiener
or Brownian motion process starting at 0. Moreover, it has almost all
of its sample paths ¢ — X;(w) continuous and the process has indepen-
dent Gaussian increments, i.e., Xy, — Xy, | is N(0,t; —t;_1). The set
Co(RT)Cc Q= RE" of continuous functions vanishing at 0, is the space
on which P is supported. Consequently, one may replace (2, ¥, P) with
(Co(RT), B, P1) where B is the completed o-algebra of the cylinder sets
of Co(RT),and P, = P |l§’ (For direct proof of these assertions one may
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also consult, Rao, 1979, §II1.2 and especially p. 189.) An important
consequence of this representation is that each X, satisfies X;(2) =R
which is thus a Borel set. Hence, the conditional probability function
of X gwen a random variable on such  is automatically regular by
Theorem 2.2. A similar statement holds for many function space rep-
resentations. If I C RT is a compact interval, then Cy(I) is a Polish
space, under the uniform norm, and Theorem 3.7 is applicable to obtain
regular conditional probabilities.

We now illustrate, with the above facts, the exact evaluation of

conditional expectations of some functionals of Brownian motion.

Example 6. Let {X;,¢t > 0} be a Brownian motion, a > 0, and Z be
a functional defined as Z, = [ X2ds, the path-wise stochastic integral.

0
It is desired to find the conditional expectation E(Z,|X,). We apply
Corollary 4. Note that by (2) and (3) we can express (5) as:

E@X)Y) = [ g@EYIX)@)dPx (o), M
RFE
for any integrable random variable Y and a bounded Borel function g.
%X[%h’u%] for h > 0, and noting that Px is a diffuse
measure, we get for (7), on setting k = 1,

Taking g(u) =

u+h
lim B(g(X)Y) = Jim / E(Y|X)()dPx(v)
— BYIX)(w)fx(w), aa. (u), (®)

by the Lebesgue differentiation theorem (see Rao, 1987, p. 237). Since
Fx.(u) = (2ma) "2 exp(—u2/2a), it suffices to evaluate the left side of
(8) when Y = Z, and X = X,. This is obtained as follows. Consider:

Bg(Xa)Z) = Q/ o%.)( [ x2as)ar

0
[ [ [ stwatien?sta— st x
0 —oc0 —0
1 2 _ 2
exp ——[U—l + M]}dvldvgds,
2" s a— S8
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by (6) and the image probability law (see Rao, 1984, p. 19)

a u+h

1

%/47r2 a—s[/dw/ ’01——1)2
0

2s
+ Zvg(v1 — —va) + (Zv2)?] x
1 a s o 1v3
eXp{_Qs(a s)( 1 — —V2)” — 5—}d vl} ds
1 wth oy 5?2 %02
= — — — 4+ —=)d
V27a - 2h /u—h [0/<S a - a? ) S] -
2

(%
exp(— 22 )y,

using the fact that the odd moments of X; vanish, the even moments
are given by simple formulas, and the Fubini-Tonelli theorem applies

u+h

1 a?  avy, 1 2
_ a= | avy —02/2
oh /(6 T3 ) amg Pl 2a)d:
u—nh
a®>  a 2 1 2
(6 + U ) — exp(—u”/2a), as h — 0. (9)

It follows from (8) and (9) that for a.a. (u)

CL2 a
E(Z4| Xa)(u) = G + §U2,

(= E(Z4| X4 = u) in the old notation). (10)

Note that from (10) one gets the known result that

E(E(Z4]Xa))

/(ﬁ—i—qu) ! exp(—u?/2a)du
N 6 3 V2ra P

%+a-a:——E(/X2ds>
/E /sds. (1)

W
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Remark. This computation does not use the L’Hopital rule because
the event [X, = u] has probability zero. The latter method can yield
other values than the correct result given by (10), depending on the
approximation used, besides being quite difficult to calculate.

Next let us consider the Feynman-Kac formula, evaluating again a
conditional expectation of a suitable functional on a Wiener space as
in the above example. We first set up the problem.

Let V : R — R* be a bounded continuous function and {X;,¢ > 0}
be the Brownian motion. Then the function u(-,-) : R x Rt — R
defined by the equation

u(x,t) = Elexp(— / V(Xs)ds) - 6(X¢ — x)] (12)

(6(+) being the Dirac delta function) is shown, by Feynman and Kac,
to satisfy the integral equation for ¢ > 0:

1 1
U(x,t):fxt($)—¢—27! dS _4 \/ﬁ
esp {3 ) Vit dy (13)

subject to the boundary condition

€

lim [ w(z,t)de=1, e>0. (14)

The solution u(-,-) of (13) which satisfies (12) is called the Feynman-
Kac formula.

Taking advantage of the existence of regular conditional probability
measures in this case, with the function space representation, there is a
related but distinct solution of (13). One notes that wu(-,-) of (13) also
satisfies the partial differential equation with (14) holding:

ou 1 0%u

a(a:,t) = iw(m,t) — V(z)u(z,t), (v,t) e R x RT . (15)
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Example 7. Let 0 < a < oo be fixed and for the Brownian motion
t

process {X;,t > 0}, consider Y; = exp(— [V(X,) ds), where V > 0
0

also satisfies E(V (X)) < oo, t > 0. Let u(x,t) = E(Y| Xy)(2) fx, ().
We assert that u(-,-) satisfies (13) subject to (14) and (15).

The idea of proof is again to use Corollary 5 to calculate u(-,-) by
converting the conditional expectation into an absolute integral with

an appropriate Fourier transform. Thus u is expressible as:

T
1 ‘ .
u(x,t) = 7}520 py /(1 - %)eme(e“’XtY}) du . (16)
-7

Observe that a differentiation and path-wise integration of exp( [ (f g(s)ds)
for an appropriate g(-) gives:

t s

Y, =1- /V(XS) exp(—/V(XT)dr)ds : (17)

0

o

From (16) and (17) we have

T
: 1 v T wXy
) = Jim o= 1= Eheremen ) - s
7

(18)

where
Ji(v) = E{e“’xt /t V(X,)exp(— / V(Xr)dr)ds] : (19)

Remembering the expression for the characteristic function of the Gauss-
ian random variable X, N(0,t), and with a standard justification for a
change of the order of integration, one gets

L(z,t) = (2mt) "2 exp(—22/2t) .
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To simplify J;(v), recall that for 0 < s < ¢, X and X; — X are
independent Gaussian random variables so that

t

Ji(v) = / exp(—v?/2(t — 5))

0
t

_ / exp(—v? /2(t — ) / ei”yV(y)u(y,s)dy} ds . (20)

0

ewyv<y>E<Ys|Xs)<y>sz(dy>]ds

%'\'

With this in I5(x,t) and a change of the order of integration (standard
justification again) we get from Corollary 5 the following:

t

Io(a.t) = / [ / V(y)uly, s)2(t—s)]~F exp(—(z—y)2/2(t—s)) dy} ds.
0 R
(21)

Substituting (20) and (21) in (18), one obtains the desired integral
equation (13).

5.7 Further evaluations of conditional expectations

Although the Fourier analytic methods give sharp results when they
are applicable, they are not easily employed for nonlinear and infinite
dimensional functionals. We now present a useful extension to abstract
Wiener spaces and functionals on them. This again is ultimately based
on the existence of regular conditional probabilities guaranteed by The-
orem 3.7. In this application we use some computations given in D.M.
Chang and S.J. Kang (1989).

As in the last section, we need to recall some facts on abstract Wiener
spaces and discuss conditioning on them. Thus if H is a Hilbert space
with (-, -) as its inner product and ||-|| the norm, let P(-) be the measure
defined on the cylinder sets A = II71(F) based in finite dimensional
spaces R™, where II : ' H — R" is a projection, given by

P(A) = (2m) "% / exp (—ylal?) da (1)

Here we may and do identify each n-dimensional subspace of H with R™.
Then the class C of all cylinders of ‘H forms a semi-algebra on which
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P is finitely additive. Suppose now there is a positive homogeneous
subadditive functional ¢(-)—a seminorm-given on H such that for each
e > 0 there is a projection Ily(= IIy(¢)) with finite dimensional range
satisfying

Plz : q(Il(x)) > ¢] < e (2)

for each finite dimensional projection ITLIIy. Such a ¢(-) is called a
measurable seminorm, the existence of which implies that H is also
separable and ¢(-) is weaker than || - ||. Let B = 5p(H) for ¢(-). Then,
P has a countably additive extension to the Borel o-algebra B of B,
and that the support of this extended measure, again denoted by P,
is all of B. This is an important result due to L. Gross. For details
of these statements, one may refer to Kuo (1975) and Rao (1979, pp
30-35). Thus if B* is the dual of the Banach space B, then B* C H* =
‘H C B and these inclusions are continuous. The triple (B, B, P) or
if i : H — B, the (i,’H, B) is termed an abstract Wiener space. The
following are some concrete examples of these spaces:

(i) Let B = {f € Cl0,a] : f(0) = O}, H = {f € B: [ |f/(t)|dt =

0
(f', f") < oo} the classical Wiener space with q(f) = || f]] co-

(ii) Let H be as in (i) and for 0 < o < 3, let go(f) = sup{|f(s) —
f@OI/[t—s]* 0<s#t<a}and Bo =35p{H, qa}-
(iii) Let {H, (-, )} be a separable Hilbert space, A : H — H be a pos-
itive definite nuclear (= trace class) operator so that (Ax,z) =
(xr,Axz) > 0 for 0 # = € H, and n%jl |Aen|| < oo for some
(hence all) complete orthonormal seqaence {en,n > 1}. Here
q(x) = v/(Az,z) and B =35p{H, q(-)}.
Of course, not every Hilbert space need admit a measurable seminorm.
The following properties are of interest here. For each complete or-
thonormal sequence {e;,j > 1} of H, let f € H be defined as a func-
tional on B = 5p{H, q(-)} by the equation:

fla)=tm B (fe)(e;2). acB. 3)

n—oo j:
if this limit exists and set f(x) = 0 otherwise. Here (-, -) is the duality
pairing of B and B*. Since e; € H C B, and B* C H, the expression

(3) is meaningful. It may be verified that f is a random variable on
(B, B, P) andis N(0, ]| f||?). Moreover, if fi1,..., f, are orthogonal in H,
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then {f;(:),1 <14 < n} forms a mutually independent set on (B, B, P).
These statements have obvious counterparts for complex spaces.

We now give a form of Theorem 6.1 in the infinite dimensional case:

Theorem 1. Let (B, B, P) be an abstract Wiener space so that B is
already a Polish space. Let g € H and define the random variables X,
and Yy, as Xy4(z) = (9, ), and

Yi(z) = exp {i(Ah,z) — a(x, Az)}, z€ B, heH, a> —% (4)
1

where A1 is the maximum eigenvalue of the positive definite nuclear
operator A on H such that (I + 2aA)~! exists. Then the conditional
expectation E(Yy|X,) is given by the equation

E(Y3X,) () fx, (y) = [2m det(I + 204) 7|72 (g, (I + 2a4)"'g)? x

[(Ah, (I +20A) " g) +iy]*
2(g, (I +2aA)~1g)

(Ah, (I +2aA)"1AR)}, (5)

exp {

N —

for a.a.(y) in R (Leb.) and fx,(-) is the Gaussian density of X,.

Proof. Using the properties of A and of the abstract Wiener space, we
reduce this result to that of Theorem 6.1 (or its Corollary 6.2). Thus let
A; be the eigenvalues and e; the corresponding normalized eigenvectors
(forming a complete orthonormal set) of the positive definite nuclear
(hence compact) A so that A, — 0, as n — oo. By relabeling if
necessary, we may assume that A\, > A\,41. Let g; =< g,e; > and

oo o0
hj =< h,e; > so that g = 121 gjej, h = 121 hje; the series converging
j= Jj=
in norm. If we define X; by X,(x) = e;(x), then the X; are mutually
independent. Also

X, = % g;X;, Ah= 3 hy(Ae;) = S Ajhyey,
71=1 =1 =1

and

(Ah,x> = '02?1 )\jhj(ej,x) = '02031 )\jthj(l’).
j= j=
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With these representations, we use Corollary 6.2 for which one needs
to simplify ¢y, (-) there. So consider

Py, (u) = E(e"0Y},)

— [exp (iu £, 0:X,). expli(Ah, ) — al-, )} dPx,

B
= / ‘1:[1 exp[i ungj + i)\jthj - Oé)\JXf] dP)(g,
% J
since
Ar = X 6j(1‘)A6j = X Xj(a:))\jej,
j=1 j=1
and

(Az,x) = jngf(as))\j, x€H,

= ﬁ / exp{i(ugj +)\jhj)Xj —(J,/)\jXJZ} dPx,
B

j=1

by the independence of X,

o) . 1 dv
= jl;[l /exp {i(ug; + Ajhj)v — (a); + i)vz}m,
R

by the image law theorem,

o) 1 1 o (ug-+)\-h-)2
— {11 (1+ 2a)\)"2 _Zoy I T AR
{j=1< +2aA) 72} exp 2j=1 1+42a); a (6)

using the results for the moment generating and characteristic functions

o.@]
of normal random variables and the fact that ,21 Aj < 00.
J:

Since E(|Yx|) < oo, we can now use Corollary 6.2 to get

1 —iu
EMulXg) W) fx,(y) = 5 [ ey, (w)du
R

—i[det(HzaA)]—%/e (—iuy - x

= 27T XP Zuy 2
R

%) . . h.)2

S (ugj + Aj — hy) Y du,

j=1 1+ 20&)\9‘
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since the first factor of (6) is the Fredholm determinant given above,

1 1, X 9; -1
— det(T+2a4) (S — Ty
At 2 )
< (gihs +ig(1+200)%/(1+ 200

exp {j§1 o~
2 '21 gjz(l +2a);) 1
J:

1 oo
5% hiAF(1+2aM))}

This is just (5) in a different form. O

As an application, we can give a simplified proof of an extension of
the Feynman-Kac formula, established by Donsker and Lions (1962).

Let B = Col0,t],H = {f € B: [ |f' ()’ du = |f'|} < oo } be
as in example (i) and P be the Wiener probability measure on B. If
h € H, define

t

u(x,t,h) = E[exp(i/h(s)Xs ds — %/0 X2ds) . 0(Xy + )], (7)
0

where X;(x) = z(t), v € B and §(-) is the Dirac delta function. Then

ou 192 1 1
6_1;_58_;;:—§x2u+§xh(t)u,0<t<00, (8)

with the boundary condition

ltll%l u(x,t,h) =6(x) .

Note that if h = 0 and V(z) = 2/v/2, (8) is analogous to the earlier
case, although w is defined somewhat differently there. Extending the
Feynman-Kac result, Donsker and Lions have shown that a solution
of (8) satisfies the following integral equation (however, this is slightly
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different in form, hence does not reduce to the previous case):

2

t,h) = (27 sinh £)" % exp {—————
u(x,t,h) = (2mwsinh ¢)”2 exp { 5 tonh 2
t

1T
— t,v;—1)h(v) d
[ e —n) ) x
0

exp{%/t/t r(v, 5: —1)h(v)h(s)dvds } x

Ztanh t// r (t,v;—l)r(t,S;—l)h(v)h(s)dvds},(g)

where the kernel r(-,-; —1) is given by

r(a g —1) = — cosh(z — y) sinh(min(z, y))

cosh o , 0<z,y. (10)
We now show that, by a suitable specialization of the preceding theo-
rem, the Donsker-Lions solution can be obtained by an evaluation of
(5). The analogy with the last section will then be clear.

Note that the kernel (10) may be obtained as the reciprocal kernel
of p(s,t) = min(s,t), 0 < s,t < a, 0 < a < oo. This means, if p; = p
and for k > 1, if we set pg(s,t) fo 8, v)pk—1(v, t)dv, then

T(Sa t; )‘) == kozjl )‘k_lpk(sv t):

which converges absolutely if |A\| max |p(s,t)| < 1. Then r satisfies the

equation
a

r(s,t; \) = —p(s,t) ~|—)\/ p(s, t)r(v,t; N)dv. (11)

0

It can be verified that r(-,-; -) given by (10) satisfies (11) with the above
value of pand A = —1,(0 < a < 1).
Define the operator A : H — H by the equation, for fixed t > 0,

= /p(T, s)x(s)ds, zeH. (12)
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Then converting this into a differential equation, it is seen that A is

a nuclear operator with eigenvalues A, (t) = t*(n — ) 7?72 and the
_1
corresponding eigenfunctions e, (1) = v2t[(n — 3)7]~* sin(MT).

Then the integral equation

can be solved to obtain z(7) = (I 4+ T)y(7) where

<vaw3/Mna—DM@d& (14)

Now simplifying the right side of (5) for the A given by (12), with a = %

and g(7) = 7, we get

o 2
det(I +A)= II (1+ ,tl ) = cosh t,
j=1 (j—3gm
2t
g; = (9, €j) = — :
’ SRR 3T
and hence
I+A) gy =» -
.1+ a7 = §
o 2t 1
=% 1 -1
T R
= tan t. (15)

Since (I + A)~'g = (I +T)g, we have

(Ah, (I + A)~lg) = /h(T)(I+T)g(T) dr

0
t

:/ h(T)[T—}—/Ot r(r,s;—1)s ds] dr

0
t

= / h(r)p(rit) dr + /t /t p(s,0)r(7, ; —1)h(7)ds dr

0

_ _/h(T)r(t,T;—ndT, by (11). (16)
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Also

(Ah, (I + A)"tAR) = /h(T)[(Ah)(T) -l—/T(T,s;—l)(Ah)(s) ds] dr

0

0
t t
_ / / h()h(s)r(r, s —1)dsdr, by (11) and
0 O
a simplification. (17)

Substituting the expressions between (14)—(17), in the right side of (5),
we get (9).

Remark. In addition to the regularity of conditional probabilities, we
need to use additional, often nontrivial and new, techniques to evaluate
conditional expectations as defined by Kolmogorov. Methods in non-

Wiener measure spaces are still desirable for similar computations.

5.8 Bibliographical notes

One of the key problems raised in the preceding chapters is to find
hypotheses for conditional probability functions to be used as ordinary
measures in applications. This is a nontrivial matter which demands
that we find classes of measure spaces admitting such conditioning. For
abstract spaces this can be done if the measures are perfect, pure or
compact. The first one was introduced by Gnedenko and Kolmogorov
in 1949 and the third one by Marczewski in 1953 and a related concept,
called quasi-compactness of measures by Ryll-Nardzewski the same year
which was later found to be equivalent to perfectness. The concept of
pure measures for a similar purpose was introduced by the author in
1970 and some years later was found to be equivalent to compactness.
A thorough analysis of some of these concepts (especially perfectness) is
to be found in Sazonov (1962). We have included a somewhat detailed
treatment of these concepts in order to explain and later use the regular
conditioning more thoroughly than that available in previous publica-
tions. Actually the early investigations on this subject seem to have
been pursued by Blackwell since 1942. The sufficient condition that the
range of a conditioning random variable be a Borel set was given by
Doob (1953) refining the previous attempts, but which is closely related
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to perfectness. Its significance and the necessity of the condition for
proper regular conditional probability functions were obtained later by
Blackwell and Ryll-Nardzewski (1963). One of the alternative charac-
terizations of perfectness, and hence its employment for perfect regular
conditioning, was established by Sazonov (1962), given here as Theo-
rem 5.2 (cf. also Kallianpur (1959) for a special case). Most of these
results are for abstract probability spaces, although from time to time
topology has played a (supplementary) role.

The second part of our work, also intimately related to regular con-
ditioning, is to disintegrate the given probability by its image measure.
Refined results here are possible for topological measure spaces, espe-
cially if they are locally compact second countable or Polish spaces in
general. One can obtain the existence of regular conditional probabili-
ties on these spaces, but for the more useful proper regular conditional
measures further restrictions are needed. The results here are closely
related to (and in fact equivalent with) the existence of strong lifting
operators on these measure spaces. Major contributions to this prob-
lem are due to Tulcea and Tulcea (1964). A detailed discussion of the
latter topic is found in their monograph (1969). See also Dinculeanu
(1966). Another important memoir on this set of problems is that of
Schwartz’s (1973). Although nonfinite Radon measures are considered
in these references, the theory has a smooth flow especially for proba-
bility measures. We have included several results here since the explicit
connection of regular conditioning with disintegration illuminates the
subject, as introduced originally by Kolmogorov, better than viewing
it in isolation. Moreover, in all but simple cases, the very connection
with lifting shows that we can only prove the existence results, but the
actual construction of these reqular conditional probabilities is really a
difficult problem. Since a constructive method must necessarily avoid
Zorn’s lemma (a key step in the existence proof of lifting), it follows
that we have to impose some separability hypotheses at almost every
turn. This point has been largely unrecognized in the literature.

The several examples of Chapter 3 show that there are no “easy”
methods of construction that can be employed in applications. Any
reasonable procedure appears to need a differentiation basis, and much
remains to be done on this problem. This is why we consider here
primarily the existence problem, but the last two sections show how for
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certain classes, especially for Wiener spaces, conditional expectations
can be gainfully calculated and used. The results here are abstracted
from Yeh (1974) and (1975) as well as additional applications from
Chang and Kang (1989). The treatment here follows the recent paper
by the author (Rao, 1992). The special case contained in Corollary 6.2
has been generalized in Zabell (1979) to the LCA groups. His method
does not include Theorem 6.1 or Corollary 6.5 easily. It is useful to note
that E(X|Y) given in Corollaries 6.2-6.5 is the only correct expression
that satisfies the Kolmogorov definition.

Since regular conditioning is part of the definition of Rényi’s (1955)
axiomatic approach to conditional probability, the above difficulties are
disallowed there. However, his theory also excludes problems with con-
ditioning events having probability zero. But the above elaborate setup
was needed to solve precisely these problems which have great practical
significance. The extension indicated by Rényi to solve the Borel para-
dox, for instance, was not satisfactory as the solution depends on the
method used. We shall see in Chapter 7, that an abstract version of
Kolmogorov’s theory works also for o-finite measures and hence include
Rényi’s conditional measures. In this sense we shall eventually have a
unified account of both conditional measures. The work in the present
chapter will thus form an important foundation of this abstract formu-
lation and will be a key component for several applications including
such areas as Markov processes and martingales, to be considered in
Chapter 9.

We next turn to another application, the “sufficiency” concept, in-
troduced by R.A. Fisher, of great interest in statistical inference theory.
Its very definition depends crucially on the conditioning concept as for-
mulated by Kolmogorov (and is distinct from Rényi’s model).
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Chapter 6

SUFFICIENCY

The theory of conditioning so far developed is elaborated, extended,
and given an important application in this chapter, to a study of suf-
ficient statistics. The concept of sufficiency plays an important role
in a branch of statistical inference. Here the study consists of two
parts: the dominated and the undominated cases. Both aspects are
considered below in detail. The applications include statistical experi-
ments and estimation. These results establish the principal role played
by Kolmogorov’s general concept of conditioning in statistical theory,
especially in the area of sufficiency, and also elsewhere. An abstract
formulation of the latter concept is discussed in the last section.

6.1. Introduction

To motivate the concept, consider a Gaussian probability measure
P, on a measurable space ({2, 3) which has mean « and unit variance
so that for the corresponding random variable X : 2 — R one has:

f 1
P,(X(w) <x)= \/% / exp(—i(u —a)Hdu, —0o < a<oo, z€R.

(1)
A Borel function ¢(X) of X is called an estimator of « and is said to
183
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be optimal or best provided

Ba(b(p(X) ~ ) = [ (o(X) - )P, )
Q

is a minimum, as « varies, relative to a given nonnegative function ¢ (-),
termed a loss function. If moreover the conditional loss or distribution
of X, given ¢(X), does not involve a then ¢(X) is said to be sufficient
for X, since such a conditional distribution does not play any part
in describing the properties of «. This concept was first introduced by
R.A. Fisher in the early 1920s into statistical inference theory. However,
the full potential of this idea was realized only in the 1940s when the
axiomatic formulation and the general theory of conditioning, due to
Kolmogorov, were disseminated and appreciated. This chapter is thus
devoted to this topic and its ramifications while other applications of

conditioning will occupy the later parts of this book.
The following is the traditional (i.e., essentially Fisherian) concept

using the contemporary terminology.

Definition 1. Let {(Q,%,P,) : a« € I} be a family of probability
spaces describing an experiment. Then a o-subalgebra B C ¥ is said to
be sufficient for the collection P = {P,, a € I} of probability measures
(cf. (1)), if for each bounded real function measurable relative to 3, or
f € B(£,X), there is a B-measurable function f such that the following
equations hold:

/ fgdP, - / fgdP., acl, ge B(Q,B). 3)
@ Q

Note that if I = {ag} is a singleton, then f = E5 (f), the conditional
expectation of f relative to B, which always exists and is (Py,|B)-
unique. But (3) imposes a stronger restriction that the same f , or its
“equivalence class,” should hold for all members of P and this becomes
more stringent if I is uncountable, as in the example of (1) above. If
B =3 then f = f, so that ¥ is trivially sufficient for P. Hence the
existence of f arises when B # ¥. Now (3) can be restated, in the
notation of conditional expectations, as follows. A o-subalgebra B C ¥
is sufficient for P iff for each bounded measurable f (relative to X),
there is a B-measurable F'y such that

EB(f)=Fy, a.e|P,)], a € 1. (4)
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Here F; equals each element E5(f) on (Q,%, P,), but does not itself
depend on a. In (4) we may take f in N{LY(, X, P,); o € I} and then
Fy is required to be in N{L(Q, B, P,): « € I}. The class of “P-null”
sets has a key role to play in the technical analysis and complicates the
ensuing work.

An analogous concept for random functions can be given as:

Definition 2. Let {(2,%, P,),a € I} and B C ¥ be as in Definition
1. If (Q, fl) is a measurable space, T : Q — € is a measurable mapping
then T is called a sufficient statistic for the family P = {P,, o € I}
if the generated o-algebra By = T—(X) is sufficient in the sense of
Definition 1; i.e., (3) or (4) should hold with By in place of B there.

These abstract definitions are less simple to consider for specific
problems. Under further restrictions on P, they can be simplified. But
first we present some discussion which clarifies the concepts. The main
contributions to the general (not necessarily dominated) sufficiency the-
ory are due to Bahadur (1954), Pitcher (1957, 1965) and Burkholder
(1961, 1962). Most of the (negative) results here show the difficul-
ties in the general case contrasting it with the (positive) results in the
dominated case, originally detailed by Halmos and Savage (1949).

Just as in the case B = X, the other extreme B = {0, 2} is also
trivial as seen from the following;:

Lemma 3. The o-algebra B = {0,Q} satisfies (3) iff I = {a}, a

singleton.

Proof. If oy, as are two elements of I, f = x, for A € 3, then taking
g =1, (3) becomes

Po,(A) = Q/ fdP,, = Q/ EB(f)dP.,
:Q/EB(f)dPaz :Q/fdpa2 = P,,(A). ”

Hence P,, = P,, so that a; = as. The converse is obvious. [

The preceding result motivates the following weaker concept:

Definition 4. Let {(2,%,P,), € P} be a family of probability
spaces. Then a o-subalgebra B C ¥ is termed pairwise sufficient for
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P = {P,,a € I}, if for each couple (P,,,P,,) of P and each f in
B(Q, ), there is a B-measurable fa, o, such that

/fgdPai:/fahazgdPai, i=1,2, g€ B(Q,B). (5)
Q Q

It is evident that, if B is sufficient for P, then it is also pairwise suffi-
cient. But the converse does not hold, as the following example shows.
Later, in Section 3 below, it will be shown that both concepts coincide
for the dominated families and hence this is also a useful weakening.

Example 5. (Pairwise sufficiency = Sufficiency) Let Q = [0, 1] x
{0,1} ¢ R? and ¥ = B([0,1]) ® 2%, For each a € [0,1], let
P, : ¥ —[0,1] be given by

Pa(B) = (A1) +da(A2)} (6

where E = (4; x {0}) U (A2 x {1}) € ¥ with A; € B([0,1]). Here
B([0,1]) is the Borel o-algebra of [0, 1], 2101} is the power set of the two
point set {0, 1}, u the Lebesgue measure, and d,,(+) the point measure so
that 04(A) =1if o € Aand =0if o ¢ A. Then P,(-) is a probability
measure on ¥ for each a. Let B = B([0, 1]) ® Ao where Ay = {0, {0,1}}
the trivial algebra of {0,1}. Then B G %, and it is claimed that B is
pairwise sufficient but not sufficient for P = {P,,0 < a < 1}.
To see that B is pairwise sufficient, let A be a generator of ¥ so that
it is of the form E in (6). Let g € B(Q, B) and consider (4) for f = x,.
Then
/XAgdPaz. = /fal,azgdPai , i=1,2.
Q Q

Since we may take g = g1x,,.,, 91 € B([0,1], B([0,1])), the above pair

of equations~will hold if fay a0 = (X4, (o, .00) T Xagniay.ag) )Xo+ RIS
shows that B is pairwise sufficient for P.

For the sufficiency case, suppose for any f € B(€),¥) there exists an
f satisfying (4). So f = flx{o’l}, and (4) becomes with g = x,, B in B

of the form B = {a} x {0,1}, and f = X0,11 X103}

[Foar.= [Far.= [ gar.= [ xy xpdPe 0<a <t @
Q B Q B
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Then the right side of (7), with (6), gives $5,([0,1]) = 3. But the left
side is

LHS of (7 :%Ufldm/fldé ] S0+ fi(a)),

since a finite set has Lebesgue measure zero. Hence fi(a) = 0 for
0 < a < 1,sothat fi = 0 a.e., and then f = 0 a.e. [P,] whereas the
right side = % This contradiction shows that f satisfying (4) does not
exist.

This implies that, in the nontrivial cases, sufficient o-algebras do
not always exist. Consequently, we need to answer the following three
questions at a minimum: (i) When is a given o-algebra B & ¥ sufficient
for a family P = {P,,a € I}, if I has at least two elements? (ii) Is
there a minimal sufficient o-algebra when there is a positive answer to
(i)? (iii) When do sufficiency and pairwise sufficiency coincide? We
devote this chapter to solving these and related problems.

6.2 Conditioning relative to families of measures

In Definition 1.1, one may evidently restrict f = x,, A € ¥. Thus
B C ¥ is a sufficient o-algebra for P = {P,,a € I} if there is an
fae B(Q, B) satisfying

[xgap.= [fagap act g B@.B) (1)
Q

Letting g = x,, B € B, this becomes

/fAdPa:Pa(AﬂB), AeX, BeB, acl. (2)

Thus from the work in Chapter 2, we have f4 = PB(A) a.e. [P,|B],ac
I, where P5(.) is the conditional probability function on (2,3, P,)
relative to B and 0 < f4 < 1, a.e. [P,|B], as an element of B(Q, B).
Since P5(-) is o-additive for each « in I, it is natural to ask whether f(.)
is o-additive in the vector space B(2, B). It is evident that f(. is finitely
additive, and for the o-additivity the role of the family P = {P,,a € I}
should be clarified.
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Consider the space B(I) of real bounded functions on I. It becomes
a Banach lattice under uniform norm and pointwise ordering. The
given family P can be regarded as a mapping P : ¥ — B(I) which
is additive. If ¢, : B(I) — R is an evaluation functional, defined as
lo(f) = f(a) for f € B(I), then ¢, is a continuous linear functional and
looP, defined as £,(P(E)) = P(E), = P.(F), E € X, is a (probability)
measure. Although (¢, o P)(-) is thus a measure for each o € I, one
needs to show that (z* oP)(+) is a signed measure for all z* in (B(I))*
to conclude that P(-) is a weakly and hence, by a classical result due
to B. J. Pettis, also strongly o-additive. In fact we have the following
general statement.

Proposition 1. If I is infinite, P : ¥ — B(I) need not be o-additive
in the weak or (equivalently) strong topology of the Banach space B(I),
and it does not have finite variation.

Proof. To verify the first statement, suppose that P is in fact always o-
additive. We now construct an example to contradict this supposition.

Let Q = [0,1],X = Borel g-algebra of 2 and P, be the Bernoulli
measure assigning probability % to « and % to a + % where o € [ =
[0, 3]. Then

IPE = Sup |Pa(E)| =

L 0£EEexX. (3)

DN | =

Let ji(A) = sup{||P(E)||: EC A, E€X}, A€ X. Then ji(A) > 1
for ) # A € X. Since P(-) is a vector measure by assumption, it follows
by a result of Gould (1965, Cor. 3.6) that ji(-) is subadditive and, what

is more important, for any A, \, 0, A, € X, one has with (3),

< lim i(An) = alim A,) = (0) = 0 (4)

n

N
3

This contradiction shows that the above P(-) cannot be o-additive.
Regarding the variation of P on any open set E C €2, by definition,

PI(E) =sup{ 3 [P(A)]: A; disjoint, U Ai, A € S(E)},  (5)

and for the above P, each term |P(A4;)|| > 3. Hence |P|(E) = +oo0.
Any nonempty measurable set will have a similar property. [
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A natural question now is to utilize the lattice properties of the
range space B(I) of P(-), and to find the behavior of P(-) although
it is not o-additive in the norm topology. Indeed P : ¥ — B(I) has
the following properties: (i) P(0) = 0, (ii) P(A) > 0 for each A € X,
where one uses the pointwise ordering in B([I), and (iii) if A4, € X,

disjoint, A = U A,, = lim .61 A, € ¥, one has P(A) =V, g)lp(Ai) =

V., P(,Ql A;), (by definition of supremum). The last equality is clear

from

sup P(A,) = sup{P.(4,), a € I}, A, = Ql A,
={P,(A), a € I}, since each P,(-) is a measure,
= P(A), by definition. (6)

It follows from (5) and (6) that P(-) does not, in general, have finite
variation, and it is o-additive in the order topology but not necessar-
ily so in norm. Also from standard results in Abstract Analysis (the
Stone-Gel’'fand theorem), it follows that B(I) is isometrically lattice
isomorphic to the space of real continuous functions C'(S) on a com-
pact Hausdorff space. (Here S is the “Stone space,” the space whose
topology is extremally disconnected, so that the closure of each open
set is open. See, e.g., Dunford-Schwartz (1958), Chapter IV, Section 5.)
If J : B(I) — C(S) is this isomorphism and P = .J o P, then (Q, X, P)

has values in £ = C(S). In this case, integrals [ fdP can be defined for
Q
each f € B(Q2,Y), and they have many (although not all) properties of

the Lebesgue-Stieltjes type, including the monotone convergence the-
orem. These integrals have been developed by J.D.M. Wright (1969)
who also established a Radon-Nikodym theorem and then the existence
of an operator analogous to a conditional expectation. To understand
these results in our context, it is necessary to study sufficiency in the
dominated case, and some pathological properties of P in the undom-
inated case. After these problems are analyzed, we treat the abstract
case in Section 5 below where, using Wright’s integrals, it will be pos-
sible to answer the first question stated at the end of the preceding
section, essentially completely.
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6.3 Sufficiency: the dominated case

Let us recall a result from the vector measure theory. If P : ¥ —
B(I) is o-additive, then by a classical result of Bartle-Dunford- Schwartz
there is a positive finite measure A on 3 such that hrn HPH( )=

where [|P||(+) is the semivariation, defined as:

|P||(A) = sup{|| E a;P(A;)| :]ail <1, A; C A, disjoint, 4; € X}.
1)

It can be shown that ||P||(A) is always finite, A € X, and ||P]|(A) <
|P|(A), where |P|(-) is the variation of P (cf., (5) of Sec. 2). The above
inequality implies that A(E) < ||P(E)]|| and hm ||77( )|| = 0, with

| - || denoting the (uniform) norm of B([). We now suppose merely the
conclusion of the above result and use it as a definition of domination:

Definition 1. Let M = {yuq, € I} be a set of scalar measures on
a measurable space (£2,3). Then it is said to be dominated if there
is a o-finite measure A on X such that p, << A, a € I. This will be
denoted simply as M << A. (Thus A\(4) =0 = pa(A) = 0, uniformly
inael)

It is clear that P = {P,,a € I} : ¥ — B(I) being additive, if
it is dominated, then hm ||73( )|| = 0 since A is equivalent to a

finite measure (see Lemma 3 below). Hence P will be o-additive in
B(I). The notion of domination in statistical literature predates the
BDS theorem recalled above. In many applications p, = P, will be a
probability and A will be o-finite. However, the most general A that
can be admitted here is what is called a “localizable measure.” We state
this concept now, since it is then possible to discuss many of the results
in a more general form and this is also important for some applications
of sufficiency, especially if €2 is a locally compact group and A can be a
Haar measure which is not o-finite but is localizable.

Definition 2. Let (£2,%, \) be a measure space satisfying the (nonre-
strictive) condition that ¥ = (%) where 3o = {4 € ¥ : A\(A) < oo}.
Then A(+) is said to be localizable if every (possibly uncountable) col-
lection C C ¥ has a supremum, say B, in . This means (i) for each
C €C, \(C—B) =0 and (ii) if B € ¥ satisfies (i), then A\(B — B) = 0.
One says that A is strictly localizable (or decomposable or has the direct
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sum property) if there is a disjoint (perhaps uncountable) collection
{A;,i € I} C ¥ such that (a) 0 < A(A;) < o0, (b) Q — iLeJIAi C N with
A(N) =0, and (c) A € 3, u(A) < oo implies {i € I : A(AN A4;) >0} is
at most countable.

It is clear that o-finiteness implies decomposability which in turn
implies localizability. Also the latter is stronger than the finite subset
property; i.e., A € ¥, A\(A) > 0 implies the existence of a B € ¥y, B C
A with A(B) > 0. These relations are all strict. The concept of localiz-
ability was introduced by I.E. Segal in 1954 who also showed that any
measure v : ¥ — RT with v << p for some measure y : ¥ — R*, there
exists a measurable y-unique fo : Q — R* such that

[ v = [ thin, 1€ o), (1)
Q Q
iff 11 is localizable. Thus the Radon Nikodym theorem holds for (v, u) iff
v << u and p is localizable. (See for a proof, Rao, 1987, p. 276.) The
fo is the density of v relative to u, and if v is o-finite, then fj is finite a.e.
[1]. This generality is needed in some applications if v is a probability
measure, but y is not necessarily o-finite. (A Haar measure is known to
be localizable but not necessarily o-finite on a locally compact group.)
It will also be seen later that a weaker condition than domination uses
localizability. Thus this concept is relevant for our study.

Let us start with a useful technical result which is further explained
later (see the discussion following Definition 4.8 below):

Lemma 3. Let M = {u;,i € I} be a set of scalar measures on (2, %)
dominated by some measure \ : ¥ — R which is localizable. Then
there is a (not necessarily localizable) measure A: Y — R such that
A << A, and each p; = X, for all i € I. (This is written as M =
A << A.) If, further, X is o-finite then X can be chosen to be a linear
combination of at most a countable number of members of the set {|u| :
pe M} and A(Q) < oo. (s = A means p1; << A and A << p;.)

Proof. By hypothesis p; << A, and by the (earlier) result (1), f; = %
exists, i € I. Let C; = {w : |fi|(w) > 0}. Then C; € ¥ and it is
the support of p; and A(C;) > 0. Let C = {C; : i € I} C ¥. By the
localizability of A\,C has a supremum, say B in Y. Define A Y - RT
as:

MA) =ANBNA), Acx. (2)
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Then X : X(B) — Rt is a measure, and M << X. Moreover, if
AeX, |uil(A) =0, for all i in I, then A(ANC;) =0, @€ I, since

0= (AN Cy) — / fildA 3)
ANC;

and | f;| > 0 on C;. Thus A(A) = 0 and M = X (<< A by construction).
Now suppose A is o-finite. Then 2 = UQ,,, Q, € X, disjoint and

0 < A(f2,,) < 0. Define \g : ¥ — RT as:

M) = T 27 A0 1)/A) - 3)

Clearly A\g(2) = 1 and A = \g. Hence M << Ag. Let fi = gﬁé and
C; = {w : |fi|(w) > 0}. Since a finite measure is always localizable, it
has a supremum By and A\o(By) < oo, and {i € I : X\o(C;) = Ao(Bo N
C;) > 0} is at most countable, say = {i,,n > 1} C I. By definition of
By the set By = :le C;, satisfies A\g(BABy) = 0 so that By is also a

supremum of C. Define g as in (3), but with the modification:

iM%

Mo() = B 27", ()] |14, 1(Ci,)

= 5 27, )/, ) (9) = 3 anlfis|(): (4)

It follows that M = )y << Ao, and Xo is a linear combination of a
countable set of |15](-), A(Q) = 1, an = 27" and |fii|(-) = || () /| ] ().
This is the desired result. [

We can now present a technical characterization of sufficient o-
algebras, essentially following Halmos and Savage (1949) as follows:

Theorem 4. Let M ={P,,«a € I} be a family of probability measures
on (Q,X) dominated by a measure X : ¥ — RY. If BC X is a o-algebra
such that \|B is o-finite (or localizable) and each d(g\‘" is B-measurable
for all o € I, then B is sufficient for M.

Conversely, if B C X is a sufficient o-algebra for M which is dom-

inated by a o-finite measure X\, and Ao is the associated finite mea-

sure (given by Lemma 3 above) so that M = Ao, then each fli‘g is

B-measurable, o € 1.
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Remark. In the converse part, the o-finiteness of A assures that A\g is
a linear combination of a countable number of P,, from M, and this
essential property will be lost if X is localizable but not o-finite.
Proof. For the direct part, let B be such that A\|B is o-finite (or lo-
calizable) and consider f, = %, a € I, which exists since A has the
same property on Y. By hypothesis f, is B-measurable. Now for each
A €3, B e B, consider the following:

/Ef(XA)dPa = /Ef(XA)fa d\, because of the hypothesis on \|B,
B B

= /Ef(faxA)d)\, since f, is B-measurable,
B

= /faXA d\, by definition of E?(.),
B

~ [xdpa. 9
B
By the linearity of E%(-) this holds if y, is replaced by a simple (-
measurable) function f. Hence (5) becomes

[xod o= [xaBS () d P (6)

Q Q

The same reasoning implies that x, can be replaced by a simple (B-
measurable) function ¢ in (6). Since simple functions are dense in
B(Q,%) and in B(, B), it follows that

/fgdPa = /fgdPa, acl, feB,%),geBQ,B). (7)
Q Q

Hence by Definition 1.1, B is sufficient for the dominated M.
For the oppose direction, let A and \g be as in the statement. Then
Ao of Lemma 3 is obtained by taking |pq, |(-) = Pa,, (+) there, so that

Ao() = 02_031 anPa, (+), an >0 (8)
Hence for any A € ¥, B € B, and sufficiency of B for M(= \g) one
has

/XAdPOé:/XAdPOM acl, (9)

B B
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where x , is some B-measurable function, not depending on «. But

/XA d)\y = 21 an/XA dP,, , by (8) and monotone convergence,

B B

= 020 an/)EAdpa , by (7),
B
:/)gAdAO,BeB,Aez. (10)
B

This implies (since Ag(§2) < oo) that x, = Efo (x,), a.e. (Ao|B). Now

consider f, = fl};‘g, a€l, and A € X

/fad)\():/ dPa:/XAdPa
A

Q

Xa AP, , by (9),

EfO(XA)dPa, by a consequence of (10),

{O\ {OL {O\ =~

E,I\SO(XA) : E)Z?O(foz)d)\(), since P,|B << Ag|B, and

(Pa|B)(B) = / EE (£.)d(holB),

B

= /Ef0 (x4 EB(fa))dNo, by the averaging property of
Q

conditional expectations,

= /E/l\go(fa) d)\o, by definition.
A
Since A in ¥ is arbitrary and the extreme integrands are both mea-
surable for ¥, they can be identified, i.e., Efo(fa) = fo a.e. [Ao]. But
since the left side is B-measurable, so must f, be, as desired. []

The above result takes a more attractive form for applications, if B
is generated by a statistic 7. This one, in an important special case,
was first considered by R. A. Fisher and J. Neyman in different ways.
It says that each density f, above, may be factored into a density of T
and a positive function. A precise generalized result is given by:
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Corollary 5. (Factorization criterion) Let M = {P,,,« € I} be a dom-
inated family of probability measures on (2, %) by a o-finite measure
A and let T be a statistic (i.e., T : Q@ — R™ is a measurable function,
or if (%) is a measurable space T : Q — Q satisfies T~1(X) C ¥).
Then T s sufficient for M, in the sense of Definition 2, iff we have
the factorization:

dP,
fa - K

=(gaoT)-h , ae [N (11)
where go : Q — RT is (Borel, if @ = R™) measurable and h : Q — R+
is a measurable function (for ¥), independent of a.

Proof. Let By be the o-algebra generated by T'. Then we can replace
A by an equivalent finite measure A on X. (E.g., let Q, T Q,Q, €
2,A(Q,) < oo, Take \(-) = 227" A2, N)/a(@,)-) Thus there is a

probability measure Ay such that M = \g by Lemma 3 and Ay << A

If T is sufficient, or equivalently if By is sufficient (cf., Definition 2)

dPy
dXo

by the Doob-Dynkin lemma there is a (Borel) measurable function g, :
Q) — R* such that f, : Q@ — RT is composed of Q 5 Q 23 R+ ie.,
fa = go © T. Since A|Brp is o-finite, h = % exists as a measurable

then the functions fa = are Bp-measurable for all o € I. Hence

function for X, and by the Radon-Nikodym form of the chain rule

dP, dP, dX

Jo =" Ao dA

=(gaoT)-h, ae. [N,

so that (11) holds.

Conversely, if (11) holds, then, still under the domination hypothesis
(using Lemma 3), there is a \g of the above type such that M =
Do << X and for each « in I, fa = ga - h ae. [5\], where g, is Brp-
measurable and h is X-measurable, both being nonnegative. However
Ao is determined by a countable collection {P, ,n > 1} so that A =
noél an Py, (+) with 0 < a,, n%?:l a, = 1. This gives on using the fact that
dP, = §o - h dX,

dho = ( >y angan) hd\=p-hd\, (12)
where p(-), defined by the sum, is a nonnegative Br-measurable func-
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tion, and A\g(2) = 1. Hence P, << Mo, and one has:

dP, dP, d\ N
= = . a.c.
d\  d)g  dX’

. dP,
Jo - h = K 'p~h7 by (12) : (13)
0

fa:

Consequently % = §o/p ae. [No], « € I. This is well-defined (set

it = 0 where p = 0) and Bp-measurable. By the direct part of the
theorem then Br, hence T, is sufficient. []

Remark. If X : ¥ — R is o-finite (and nonfinite), and By S ¥ then
A|Br need not be o-finite. So, for the above argument, we need to
replace \ by the equivalent measure A on X. If A(2) < oo, then the
additional replacement is, of course, unnecessary. Thus the generality
afforded by the o-finiteness condition here is illusory, since only their
null sets play any role.

If a statistic T is sufficient for a family M, so that By is a sufficient
o-algebra, then both By and ¥ are sufficient and By C ¥. But is there
a smallest sufficient o-algebra? This question has a negative answer
in general but has a positive solution in the dominated case. First we
state the concept precisely and then present the positive assertion.

Definition 6. For a given family M = {P,, a € I} of probability
measures on (2,%) a o-algebra B C X is minimal sufficient if B is
sufficient and for any other sufficient o-algebra B C ¥ one has: for
each A € ¥ there is A € B such that P,(AAA) =0 for all o € I. This
is written symbolically as B C B a.e. [M].

The desired solution of the above problem is as follows:

Corollary 7. If a family M of probability measures on (2, %) is dom-
inated by a o-finite measure \ on X, then there exists a minimal suffi-
cient o-algebra By C X.

Proof. By Lemma 3, there is a probability measure \g such that M =
Ao << M. Let f, = %,{Pa,a € I} = M, and let By be the o-
algebra generated by {f.,a € I'} and completed for A\g (or equivalently
for M). Then by the preceding theorem By is sufficient and every
other sufficient o-algebra contains By except for null sets. This last
qualification cannot be omitted since Ag(= M) is not unique. [
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The main force of domination is the following result, due also to

Halmos and Savage (1949), illuminating the structure of sufficiency.

Theorem 8. If M is a set of probability measures on (2, X) dominated
by a o-finite measure, then a o-algebra B C X is sufficient for M iff it
is pairwise sufficient (cf. Definition 1.4).

Proof. Since sufficiency obviously implies the weaker pairwise suffi-
ciency whether or not the family is dominated, only the converse has
to be established.

Thus let B be a pairwise sufficient o-algebra and \o(= M) be given
by Lemma 3 or by (8), so Ag(2) = 1, Ay << A, a dominating o-
finite measure for M. Consider the collection {P, ,n > 1} of (8)
defining Ay, and let P, be an arbitrary element of M. By hypothesis
B is sufficient for the pair {P,, P,, }, Pa, being a fixed element of the
above collection. Then by Definition 1.4, for f = x,, A € X, there is
a B-measurable fa,an such that

EE(XA) = fa7an a.c. [Pa]’ Egn (XA) = fa,an a.c. [Pa7L]' (14)
Note that, if A\g = Xo|B and P, = P,|B, then P, = Ao implies the
existence of a B-measurable h,, (= dcg‘j‘” ). Define

0
foz,A = 2_31 anfoz,oznhan- (15)

Then fa, A is B-measurable, and we assert that this is independent of
a, and satisfies Definition 1.1 because of the two equations of (14).
Indeed consider a substitution of f, o, form (14) in (15) to obtain:

/ fa,adP, = z an / EB(x,)ha,dP,, BeB,

= ;1 an/ES(XABan)dlsa, since hy,, is B-measurable,
B

= / (OEjlanfzan>dPa,

ANB

by definition of conditional expectation and the monotone convergence

theorem,
= / dP, e

ANB
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the integrand being unity because Ao(B) = \o(B) = [(Z anha, )dXo,

B
— [xar. = [ EE)ir. (16)
B B
Hence (16) gives
foa = EB(x,), aelP,], acl. (17)

Similarly consider, with the second equation of (14) in(15),

/fa,Ad;\O = Ozjl Gnp Egn(XA)BOéndS‘O )

= 21 an ESH(XA)dPan, by definition of hq,

o0
= Y a
nzln

= / Ogol andP,

ANB

— [ ana= [ B (c)dh. (15)
ANB B
Since B € B is arbitrary, (18) gives

for = E5 (x4), ae [Xo], a€l. (19)
Comparison of (17) and (19) shows that the following holds:

/E)\OXA /XAdPa, BeB, ael, AcX . (20)

XA dPan

UU\ m\ U:J\

By linearity of the 1ntegral, this implies for all f € B(Q,%),g €
B(, B),

/fgdPa:/fgdPa, ael,
Q Q

where f = Efo(f) a.e., a € I. Hence B is sufficient for M. [O

After seeing the pleasant nature of the above result in the presence of
a dominating o-finite measure A, it is natural to ask about the restric-
tions imposed by this assumption on the family M. A subtle nature
of the condition is exemplified by the following example where a suffi-
cient o-algebra B ; > exists for an undominated family, but there is
no minimal sufficient one. It is due to Pitcher (1957).
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Example 9. Let (1,3, P) be the Lebesgue unit interval and A; C
[0, 3] be a Borel set, A> C [3,1] be a set to be specified shortly. Let ¢ :
A1 — Aj be a one-to-one, onto, mapping that is not (Borel) measurable
relative to the (Borel) o-algebras of the two intervals. (If it is Borel
measurable then A; must also be a Borel set by a classical theorem of
Kuratowski, (see Parthasarathy, 1967, p. 21).) Thus A is not a Borel
set, (may be analytic) and hence A; must be infinite. For each z € Ay,
let m, be a probability measure assigning measure % to x and % to
o(z). This is well-defined since points are Borel measurable. Let M
be the collection of all m, for x in A; U A> and the Dirac measures
0z, © ¢ A1 U As. Then M is not dominated. If B, is the o-algebra
generated by theset {B € B: B D {x,¢o(z)}or B¢ D {z,p(x)}},x € I,
(B is the Borel o-algebra of I) then for each x, B, has the set {z, p(x)}
as an atom and mg|B, is a point measure. Consequently B, will be
sufficient for M for each x. However, there is no minimal sufficient o-
algebra By C x@j B, for M. For otherwise, we may compute E5°(f)(y)

and find it to be = 1 if y € {x,p(2)}, € A; and = 0 otherwise.
Taking f = x,, , this gives EFo(x, ) = 5(x,, + X.,) so that the right
side is By measurable. But by choice, it is not B, measurable for any
x € Ay. Thus such a minimal By cannot exist.

Motivated by this and other examples of a similar nature, we analyze
the undominated case in some detail, without which the mysterious
nature of this useful concept will not be properly understood.

6.4 Sufficiency: the undominated case

Let us start with a simple isomorphism result to indicate that such
transformations are not sharp enough for the present study.

Proposition 1. Let M = {P,,«a € I} be a family of probability mea-
sures on (Q,%). Then there is a topological measurable space (£2,%)
and a family M* = {PX, «a € I}, indexed by the same set I, and a (set)
isomorphism T : ¥ — % such that M* o1 = M (i.e., Po(-) = PXo7("))
and there is a minimal sufficient o-algebra B C X for M*.

Proof. Let M : ¥ — B(I) be the given mapping considered as a vector
valued additive set function where B(I) is the Banach space, under
the uniform norm, of real bounded functions on I. For the Borelian
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space (Q,Y), let (2, %) be the Stone representation space. Here  is
an extremally disconnected compact space representing the Boolean
algebra ¥, and if ¥ is the algebra of all clopen (= closed-open) sets
of Q, then ¥ is the o-algebra generated by 3. Let 7: ¥ — ¥ be the
(set) isomorphism given by this representation (see Dunford-Schwartz,
1958, 1V.9.10, or Rao, 1987, Chap. 10). Let M* = {PX a € I}
with PY o7 = P,. Then M* is additive and regular. It is strongly
o-bounded on ¥ with its values in the positive cone of B(I) (i.e., if
A, € 3, disjoint, UA,, € %, then ||M*(A,)|| — 0 as n — oo, which is
true since the uni(;Ln contains only a finite number of nonempty terms,
being a clopen subset of the compact Q) Hence M™* has a unique
o-additive extension to ¥ = ¢(X), as observed by Kupka (1978), and
it will be denoted by the same symbol. Thus M™* is a vector measure
and therefore there is a finite positive measure A\ dominating M™* by
the classical result of Bartle-Dunford-Schwartz. Hence by Corollary 3.7
there is a minimal sufficient o-algebra B C ¥ for M*, as asserted. [

The point of this result is that every family of probability measures
describing an “experiment” (2, Y) is isomorphic to some “nicer” exper-
iment having a minimal sufficient o-algebra for its family of probability
measures indexed by the same set. The weakness is that the latter can-
not be constructed (it uses the axiom of choice) and is not available
to the experimenter. Also, in the above result T_l(B) can be ¥ itself.
Thus the utility of such a result is limited. So we need to analyze the
structure of the original (£2, 3, M) itself in more detail.

Let us start with a simple question. If B ; > is a sufficient o-
algebra for M, is every intermediate o-algebra By (i.e., B C By C ¥)
also sufficient? A negative answer is provided by the following example.
This as well as the next two results are adapted from Burkholder (1961).

Example 2. Let (R, B) be the Borelian line and By = {4 € B, A =
— A}, the symmetric o-subalgebra of B where —A ={z € A: —z € A}.
If M ={P,,«a € I} is a family of symmetric probability measures on
B (i.e., P,(A) = P,(—A), A € B), then we claim that By is sufficient
for M, but there is a nonsufficient o-algebra B, satisfying By C By C B,
for M.

Indeed, the o-subalgebra By of B satisfies, for each bounded B-
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measurable f, and f: z — +(f(z) + f(—=)) which is By-measurable,
/XdeP :/fdP :/fdp :/fXBdPa, BeBy, acl. (1)
R B B R

The general case where yp is replaced by a Bp-simple and then gen-
eral bounded By-measurable function follows by linearity and bounded
convergence. Hence by Definition 1.1, By is sufficient for M. Next let

By = {AUAO : Ag € By, A€ B(S)} (2)

where S is a nonempty symmetric subset of R, and B(S) = {ANS :
A € B} the trace of Bon S. Taking A = (), we have By C By and By C B
is clear. To see that By is a o-algebra, since it is evidently closed under
countable unions, it suffices to show that, for each B € By, B¢ € B;.
Now by definition B = AU Ay, A € B(S), Ay € By. So A C S
and hence —A C =S =S, and if Cy = (—A)U A, C = Cy— A, then
Co € B(S) and C € B(S). Also A= Cy — C. Thus

Bc=ANAG=(CUCH) NAG=(CNAGU(CSNAZ . (3)

Since {C — Ay, A5 N C§} C B(S) the latter being a o-algebra, (3)
implies B¢ € B; so that By is a o-algebra.

However, B; is not sufficient for M. For otherwise, for each bounded
B-measurable f, there must exist a By-measurable f such that

/fdPa: /fdPa,ozeI, BeB . (4)
B
B

If B={z},z € S, then (4) gives f(z) = f(z) when P,({z}) > 0. In
particular, let S = Sy C R be a non-Borel set containing 0, Sy = —Sp,
(e.g. Sp is a symmetric analytic set). If Py(-) = 2(60+6_a)(-), @ € So,
(04 is the Dirac measure), f(z) =0 for > 0 and = 0 for z < 0, then

f(z) = f(x) for z € Sy, and for z € S§, {z1,—x1} € B. So (4) gives
for these P, € Sp, f(z) = % Since f must be B;-measurable, we get

{z:f(x)=1}U{z: f(x) =0} =SoeB, CB. (5)

But this contradicts the choice of Sg which is not a Borel set. Thus B;
is not sufficient for M, as asserted.
In the positive direction we have the following result:
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Theorem 3. Let M = {P,,a € I} be a family of probabilities on
(Q,%) and {B,,,n > 1} be a monotone sequence of sufficient o-algebras
in Y for M. Then lim B,, = B is also sufficient for M. Moreover if A
s a countably generc?ted o-subalgebra of 3, then C,, = o(B,,, A) C X is
also sufficient for M,n > 1. (Thus each sufficient o-subalgebra of %,

can be countably augmented.)

Proof. The first assertion is a direct consequence of a standard mar-
tingale convergence theorem, to be discussed in Section 9.3. It states
that, in the present context, if f is a bounded measurable function
for 3, then g, = EB~(f) — g = EB(f) a.e. and in L'(P,) where
B = limB, (= NB, in the decreasing case and = o(UB,,) in the in-
creasilrg case). %ut by hypothesis of sufficiency g, isan—measurable
for all & € I, and hence the limit g is B-measurable for all o € I. Thus
B is sufficient for M by Definition 1.1.

For the second part, let Aq, As,... be a sequence of generators
of A. Tt is enough to consider one B,, denoted B, and let C,, =
o(B,Ay,...,Ay,) so that C = limC,,. Because of the first part, we

m

only need to show that C,, is sufficient for each m. By induction this
will follow if we show D = o (B, A;) is sufficient for M, and this will
now be verified.

It is well known that D can be alternately described as (let A = Aq):
D={(ANB)U(A°NDBy): B;eB, i=1,2}. (6)

To verify the sufficiency of D for M, let 0 < f < 1 be a measurable
function for ¥, and consider D-measurable functions g7, go where

g1 :ES<XAf/E§(XA))7 g2 :ES(XACf/ES(XAC))7 (7)

0
0

g1, g2 do not vary with a. We now assert that g = x,91 + X, .92 is
identifiable with EZ(f), a € I, so that D will be sufficient for M.

where 5 is taken to be zero. Since B is sufficient for M, it follows that

© 2005 by Taylor & Francis Group, LLC



6.4 Sufficiency: the undominated case 203

Consider a typical element of D, given by (6). One has

[ fira= [ocnar. = [ ERpar.

B1NA B1 By

_ / G EB(x,)dPa, by (7),

B,
= /ES(QIXA)dPOé = /QIXAdPa = / gldPa .
Bl B1 BlﬁA (8)

In the last but one equality the B-measurability of g; is used. Similarly

/ fdp, = / g AP, ()

BanAec BonA¢

Adding (8) and (9) one gets

/fdPa:/gdPa, DeD, acl.
D D

Hence g = f, and D is sufficient for M. [

In general one cannot expect for arbitrary sufficient o-algebras By, B
the same property for By N By or o(B; UBs), and counterexamples can

be constructed. However, the following restricted statement can be
established.

Proposition 4. If M ={P,,a € I} is a probability family on (£, %)
where X is countably generated, then the sufficiency of any sequence of
o-subalgebras B, of ¥, n > 1, implies the same for o(UB,,) (but that
property need not hold for B; N Bj, i # j). !

Proof. The first assertion follows from the preceding result, using in-
duction, if it is established for B; and By. Although 3 is countably
generated B; need not be. (For instance, if B is the Borel o-algebra of
R and By C B is the o-algebra of countable and co-countable sets, then
B; is not countably generated, even though B is.) Here the trick is to
replace B; by a countably generated sufficient o-algebra for M.

Thus let B; be sufficient for M and let A,,,n > 1, be a countable
set of generators of ¥ which exist by hypothesis. Let A = {A,,n > 1}
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so that ¥ = o(A). Consider for A € A,

/ . dP = / EB(x,)dPs , a€l, (10)
B B

where g4 = EB(x,) does not vary with a by the sufficiency hypothesis.
Let By be the o-algebra generated by {ga, A € A}. Hence By is
countably generated. Also by linearity (10) holds for all A-simple and
then for all (0(A) =) ¥-measurable bounded functions f in place of
X.- Thus By is sufficient for M. But it is immediately seen that
B C o(By,N') where N is the o-ideal of all M-null sets of 3. Since in
the sufficiency definition all the o-algebras may be taken to be complete,
the above result shows that o(By, ) is sufficient for M.

To complete the proof, note that since the given By, By are sufficient
for M, by the preceding argument there exist countably generated suf-
ficient o-algebras B, CB; C a(lg’i,/\f ), i = 1,2. Then by the preceding
proposition (B, By) is sufficient for M. Since

0'(81,[;’2) C 0(61,82) C 0(81,82,/\/)

and the extremes are sufficient for M, and they differ only by M-null
sets, it follows that o(B1, Bz) is sufficient for M. This, by the initial
reduction, proves the proposition. []

Remark. These results imply that, in the absence of monotonicity con-
ditions between sufficient o-algebras, their order structure is little re-
lated to the lattice structure of the algebras they determine. These dif-
ficulties disappear when the family M is dominated. Also the positive
statements indicate that there must be some other useful conditions in
between domination and complete generality, and we now explore this
idea.

A condition more general than domination, but not too general
was introduced by Pitcher (1965) and further extended by Rosenberg
(1968). The earlier results mostly depended on the o-finiteness of the
dominating measure, although a few statements are seen to be true (in
Section 3 above) for localizable dominating measures. The new condi-
tion introduced by Pitcher is called “compactness,” and we shall explore
this and later connect it with the localizability property of a dominat-
ing measure. These considerations are appropriately given with some

elementary facts from function space aspects of functional analysis.
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Let p > 1 and consider the linear span &,(M) of some continuous
linear functionals on LP(P,),a € I, to define a topology on LP(M),
the space of scalar functions f on Q which belong to all LP(P,), « € I,
ie., LP(M)=N{LP(P,) : o € I}. More precisely &,(M) is as follows.

Consider the vector space of (continuous) linear functionals

&(M) = 5p{th s alf) = [ fhdPa f € L(P), ael,
Q
h is bounded and measurable for X}. (11)

Then &,(M) is total for the space LP(M) = n LP(P,), in the sense
ac

that 0y o(f) = 0 for all £5 4, € E,(M) implies f = 0, a.e [P,] for

all @« € I. Now we can define the &,(M)-topology of L?(M) by the

neighborhood system:

N(f, Fie) ={g € LP(M): [((f) —llg)l <&, L€ F}, feLPM),
(12)
where F' is a finite subset of £,(M) and ¢ > 0. This system defines a
locally convex Hausdorff topology on LP(M) as the classical results in
linear analysis (see Dunford-Schwartz, 1958, V. 3.9) show. We denote
the “unit ball” in this space by U,(M), i.e.,

UpM) = {f € LE(M) : sup [fllp =<1} (13)

With these concepts, we now can present the desired condition as:

Definition 5. The family M = {P,,«a € I} on ({,X) is compact if
Up(M) is compact in the &£,(M)-topology for some real p > 1.

This definition can and will be extended by replacing the LP-spaces
with more flexible Orlicz spaces, L?, later. Let us first present an exam-
ple to show that this concept is indeed more general than domination
of M, by a finite (or o-finite) measure \ (i.e., P, << A for all a € I).
Several of the following results (ideas) are adapted from Pitcher (1965).

Example 6. Let {(Q4,%n,P.),a € I} be a family of probability
spaces and consider the set sum Q = U{{a} x Q, : « € I} for an un-
countable index set I. Let X ={A C Q: An({a} xQ,) € X4, a €I}
where we identify the spaces Qq and {a} x Q4. Let Py (A) = Py (ANQ,)
for A € ¥. Then the set M = {P,,a € I} is not dominated, but it is
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Ep(M)-compact for each p > 1. On the other hand if M = {d,, = €
I =0, 1]} are point measures, ¥ is the Borel o-algebra of I, and A C I
is a non-Borel set, then M* = {0,, € A} is not £,(M*)-compact
for any p > 1, so that the compactness condition of Definition 5 is not
totally unrestrictive.

These assertions are not obvious and need an elaboration. However,
they follow from a characterization of compactness to be given below.
We then also present a generalization of the result given in Corollary
3.7 on the existence of a minimal sufficient o-algebra for compact M.

The statements of the preceding example can be verified from the

next result which admits a far reaching generalization.

Theorem 7. Let M be a family of measures on (2,%) as before, and
Up(M) be the unit ball introduced in (13). Let M' = {P,,a € I'}
where I' C I. Then the compactness of M in the sense of Definition 5
implies the same property of M’ as well as of M" where M" consists
of all probability measures v on X each of which is dominated by some
countable collection of elements of M. In particular, M is compact if
it is of a countable collection. Moreover, U,(M) is E,(M)-compact for
some 1 < p < o0 iff Uss(M) is E1(M)-compact. In fact on Us(M),
the £&,(M) and E,(M),p > 1, topologies coincide.

This result as well as the compactness concept will be better under-
stood if the role of “sup” in (13) is clarified with its relation to p > 1.
In the Lebesgue space context ¢,(z) = |z|P,p > 1, a convex function,
plays a key role, but “sup” is also a convex function and this property
has to be illuminated in relation to ¢, and the family M. This and the
consequent generalization of the above theorem will now be discussed
after recalling certain function spaces, called Orlicz spaces.

Let ® and © be Young’s functions, i.e., nonnegative symmetric con-
vex functions on R vanishing at the origin and not identically zero.
Then an Orlicz space L® (i) on (Q, X, i) is the set of equivalence classes
of scalar measurable functions f such that || f||s,, < oo where

[ fllay = inf{k > 0 Q/ oM< (14)

It can be verified that {L®(u), ||||o.,.} is a Banach space (i.e. a complete
normed linear space). If M = {P,,a € I} is a family of probability
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measures on (£2,), indexed by a set I, and G : I — (0,00) is a
(weight) function, consider the associated measure Ag(-) on the power
set 21 = Q of I defined as

Ae(4) = = GG, Ae 2'=90. (15)

Then A : 21 — RT is o-additive, and (I, Q, \g) becomes a measure
space. Now a generalization of the space &,(M) is definable as:

E(O.M)={f€ 0,LP): Fref0e)  (6)

where Fy(a) = || f|la,p,, so that Fy: I — RT is defined, and

t®(\¢) = {h: I —R| Ne c(h) < oo} (17)
with h
N@’G(h) = inf{k: >0: a%f@(%))\(;(a) < 1} . (18)

It follows that {¢®(\g), Ne.g(-)} is a Banach space and F, € £°(\g)
implies Fy(a) < oo for all a € I. Further, it can be verified that
if we set Ng@, : f +— No,g(Ff), then {€6(©, M), Ng@(-)} becomes
a Banach space. If © : R — RT is the special (two-valued) Young
function given by

0, lz| <1

19
400, lx| > 1, (19)

o) - {
then £°(\g) contains bounded functions and f € £4(0©, M) iff one has
sup{||flle.p, : « € I} < oo which does not depend on G. In this case,
we denote this set by £¢(M) and note that when ®(z) = |z|P, 1 <p <
00, this space reduces to £,(M). The fact that £¢(0, M) is a Banach
space need some, not entirely simple but standard, computation which
may be found in Rosenberg (1970). The theory of Orlicz spaces based
on abstract measure spaces that is used in the present context may be
referred to Rao and Ren (1991), and for the classical treatment based
on a bounded Lebesgue domain in R™ to the book, Krasnoselskii and
Rutickii (1958). A few standard results from these sources will be uti-
lized here without special elaboration. We now present a generalization
of the compactness condition of Definition 5 for M.
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For each Young function ®, there is a complementary function ¥,

(in the sense of Young) having similar properties, defined by:

U(x) = sup{|z|y — ®(y) : y > 0}. (20)

The couple (®, ¥) is termed a complementary Young pair. Then L®(P,)
and LY (P,) on (2, Y) define a duality pair. More particularly, for each
a € I, each h € LY(P,) the functional Th ot €2(0,G) — R defined by

Thalf) = [ fhdPy,
/

is linear and continuous. In fact, using a Holder inequality one finds
Zh,o ()] < 2 flle,p.l|b]lw,p,

<20 (i )

Taking supremum over f with Ng’q,(f) < 1, one sees that zj () is
bounded. Hence &y = sp{z} ,: a €I, h e LY(u)NL>(u)} is a total
subspace of (£4(0,G))*, so that the Ey-topology, with the neighbor-
hood system as in (12), is Hausdorff. With this observation, Definition
5 extends to:

w,P. )N o (f)- (21)

Definition 8. If M = {P,,a € I} is a family of probability measures
on (,%) and ©,G are the Young and weight functions, then M is
(©, G)-compact if for some Young function ¢ the unit ball Ug,@ of
E3(0,G) is Eg-compact (or compact in the [weak] Eg-topology).

It will be verified that, under some natural conditions, every domi-
nated family M is (©, G)-compact as it subsumes Definition 5. More
explicitly, this holds if the complementary function ¥ of ® is contin-
uous, ¥(xr) = 0 only for x = 0, and {©71(1/G(a)) : a € I} is a
bounded subset of R. We shall not give details of this result here. If
© is a two-valued convex function as in (19), so that the above set
is contained in the unit interval of R, when G(«) = 1, the classical
case considered by Pitcher is then covered with ®(x) = |z|P, for some
real p > 1. On the other hand, it was noted in the literature that
the compactness of M (of Definition 5) is equivalent to the existence
of a localizable measure p on (€2,Y) such that P, is equivalent to p
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for all a € I, (cf. Ghosh, Morimoto and Yamada (1981), Ramamoor-
thi and Yamada (1983)). (Regarding localizability, see Definition 3.2,
and compare the above statement with Lemma 3.3 which is slightly
weaker than the present one.) This indicates that (0, G)-compactness
is weaker than compactness of Definition 5, since in the current case
one may not conclude that there is such a p. Several results on (0, G)-
compactness concept were given by Rosenberg (1970), where the reader
will also find details of some of the statements following Definition 8.
In fact a complete generalization of Theorem 7 for (0, G)-compactness
holds true. These are not crucial for what follows and the details may
be found in Rosenberg (1970). Here we intend to discuss only their
application to sufficiency.

If M is a set of probability measures, as before, let M. be its convex
hull, so that if M has two distinct elements then M., is infinite. For
any o-algebra B C ¥ of (2, %, M), let B be M, complete, i.e.,

B={ACQ: thereis A, € Bsuch that p*(AAA,) =0}, (22)

where p* is the outer measure generated by (u,B) in the sense of
Carathéodory. The following properties of B are easily established.
(1) BcB, (2)B=8
(3) B is a o-algebra, (4) f : @ — R is B measurable iff for each
p € M., there is a B-measurable f, such that f = f, a.e. [u],
(5) if B is sufficient for M., then B = B.

(The fourth property may be verified first for simple functions and then
the general case follows by the structure theorem for measurable func-
tions. The last relation is then proved easily.) In terms of this “enlarge-
ment” of B into 1’5’, we can present some relations between compactness
and sufficiency concepts, as well as the existence of (minimal) sufficient
o-subalgebras, together with a comparison of pairwise sufficiency and
intermediate algebras between sufficient ones. The results are based
on Pitcher’s (1965) original work, as extended by Rosenberg (1968).
The details are too technical and so we only present here a general
discussion of them.

In this extended formulation the unit ball Uy, (0, G) having a strictly
positive element plays a significant role in addition to the compactness
hypothesis of Definition 8. Here is the main statement:
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Theorem 9. Let (2,3, M) be (0,G) compact and Us(©,G) have a
strictly positive element. Then the following conclusions hold: (i) 3=
Y, (i) B C X is a o-algebra, implies (€2, B,M) is also (©, G)-compact,
(iii) there exists a unique minimal sufficient (for M) o-algebra B C %,
(iv) By C X is a pairwise sufficient o-algebra, implies By is actually
sufficient, and finally (v) B C By C ¥ and B is sufficient for M,
implies By is sufficient.

The last two parts should be compared with Theorem 3.8 and with
Counterexample 2 above. Under compactness and existence of a posi-
tive element, sufficiency and pairwise sufficiency are essentially equiv-
alent (i.e., after an enlargement). The last part extends Theorem 3
in a certain sense. The existence problem is a form of a new Radon-

Nikodym theorem which we state for reference as follows:

Theorem 10. Let (2,3) be a measurable space and M = {P,, € I} be
an uncountable and undominated set of probability measures (so M :
Y — B(I) is an additive vector function which does not have finite
variation). If M is (O, G)-compact and U (O, G) has an fo > 0, then
there exists a proper o-subalgebra B of ¥ such that

/f dM:/gfdM , AcB, feB(Q,Y), (23)
A A

for a unique B-measurable g5 (depending only on f), where M = M|B.
The integral here is defined using the order topology of the Banach
lattice B(§2, X). (See the next section on this where it is shown that M
is o-additive in the order topology.)

The existence of a minimal sufficient B in (iii) above is proved by

dui ,
d(ullfl-uz) 2
and let By be the smallest o-algebra relative to which all the above

considering the set of = 1,2 for each pair (uq, p2) of M,
functions are measurable. Then as the argument of Corollary 3.7 shows
that By is contained in each sufficient o-algebra if the latter exists.
Using Theorem 7 above one shows that B; = By is indeed the minimal
sufficient o-algebra. We shall not include the details.

As a consequence of the last part of Theorem 9, and Theorem 3, one
has:

Corollary 11. Let B, C B,y1 C X be o-subalgebras of (2,5, M)
which are (©,G) compact, with Usx(©,G) having a strictly positive
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element. Then the sufficiency of By implies that By = By C By C
. C Y=Y each Bn is sufficient and B, = o(U Bn) C X is sufficient.
Moreover, Bsy = BOO(D Boo =1lim B, = o(UB,)), but By, need not be
sufficient.

We now consider an alternative treatment of results based on, and

motivated by, the above Theorem 10 in what follows.

6.5 Sufficiency: another approach to the undominated case

If M ={P,,a € I} is an uncountable set of (undominated) proba-
bility measures on 3, then it may be regarded as an additive function
on ¥ into B(I), the Banach space of bounded real functions on I with
the uniform (or supremum) norm. Since B([) is also a (vector) lattice
under pointwise ordering (i.e., f < g iff f(z) < g(z), € I), and since
each bounded increasing sequence has a supremum in B([) it is bound-
edly o-complete. Using this ordering we observe that M : ¥ — B(I)
has the following properties: (i) M(A) > 0, A € ¥, and M(0) = 0,
and (ii) if A,, € 3, disjoint, then it possesses the (weaker) o-additivity,
property so that

M( T An) = sup( 5 M(A), 1
n=1 n>1 k=1
since the right side is an increasing bounded sequence of B([). This
“order o-additivity” of M can be used to define an integral of a scalar
function relative to M for which the dominated convergence theorem
holds, and for which “good” conditions can be found in order that a
Radon-Nikodym theorem is valid. One can use it to define sufficiency
(reversing the role of Theorem 4.10 into 4.9). The necessary background
analysis is available from Wright (1969), and a slight improvement of it
is given by Haydon (1977). We outline these results (see Sec. 2 above)
in a suitable form here. These integrals will also be used in Section 7.5
later where the results find an application in representing conditional
measures and expectations.

As usual, if f = g)l aix,, € B(I) is a simple function, A; € %,
disjoint, then define "

7

[ £arm= £ aimia, (e B) &)
)
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which is seen to be unambiguously defined. If 0 < f is any measurable
function (for X), then there exist 0 < f,, T f pointwise, f, simple, so
that one defines

/f dM :S%p/fnd/\/l, or = 00, (3)
Q

Q

accordingly as the right side is in B(I) or not. Next for f : Q — R,
measurable (X), we let f = f — f~ and put

/f sz/f*dM—/f‘dM (4)
Q Q Q

if at least one of the right side terms is not infinity. Now one verifies that
the mapping f — [ f dM is well-defined, linear, and the monotone and
Q

dominated convergence statements hold. Since M does not have finite
variation (see Prop. 2.1), this integral cannot, in general, be reduced to
the Lebesgue-Daniell type integral and the necessary reworking of the
proofs has been presented by Wright (1969). Indeed further restrictions
are necessary on the (vector) measure M for a Radon-Nikodym type
result which we now present. The desired form is based on a slightly
improved version of Wright’s result, due to Haydon (1977), as noted
already.

A motivation for the above condition will be given before the actual
result is presented, since this can indicate a “rationale” for the search.
Definition 1.1 and Lemma 1.3 together show for a (nonscalar) vector
measure M of the type considered with N' = M|B where B C X is a

o-subalgebra, no B-measurable function f : {2 — R exists to satisfy

/dM:M(A):/de, AcB, (5)
A

A

if B is just {#,Q}. On the other hand if B & ¥ is “too rich” then
also such an f need not exist, but if M satisfies a certain compactness
restriction, then Theorem 4.10 shows that there are certain o-algebras
B S ¥ and a B-measurable f such that (5) holds. As noted by Wright
(1969), difficulties can arise even in simple measurable spaces. For
instance, let Q = {w;,ws}, ¥ = power set of Q, B(I) = R?, M, N be
defined as, M({w1}) = N({w2}) = (1,0), M({wz}) = N({w1}) =
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(0,1). Then evidently N (A) = 0 implies M(A) =0 for A € X, and if
there exists an f : Q@ — R, one must have for A = ({w1}),

(1,0) = M({w1}) = / f AN = Fw)(0,1),

which is impossible for any scalar f(w;). Thus the condition for a
positive solution must involve both the -algebra B and M (or its range
space). For us the range is B(I) and B G ¥ and the restriction to be
found should automatically include the domination property. These
competing properties indicate some subtle problems to be met. The
condition we consider is again functional analytic in nature, in line
with the compactness of the last section but is distinct from it. In
order to state, we introduce the LP(M) spaces of scalar functions on
(©,%) or (2, B) suitably involving both the algebra ¥, or B and the
range space of M and specialize to suit the present needs.

Since M(A) > 0, if B C A is measurable, M(A) = 0, then M(B) =
0 also. If P is the collection of all subsets of sets on which M vanishes,
then it is a ring (in fact an ideal), and one can extend M onto X UP
by defining M*(A) =0if A= AUN, Ac X and N € P. If % is
the ring generated by X UP, then the classical arguments imply that
M* . ¥ — B(I) is o-additive (in the order topology) and we can say
M* is complete. Thus f and g are termed equivalent, written f ~ g,
if {w: f(w) # g(w)} is M*-null. Hereafter we assume M is complete
so M* = M, as we can complete it. Defining [ f dM as before, for

Q

simple f, and extending it for all M*-measurable f > 0, let £1(M)
be the space of all M-integrable functions. Further f ~ ¢ implies
[ f dM and [ g dM are M-equivalent, and each is in B(I). We say
Q Q

f e Lr(M) iff |f|P € LY(M). These are linear spaces and identifying
the equivalence classes one obtains the vector spaces LP (2, 3", M), or
LP(M), for which a norm || - || is definable on the equivalence classes

[f] of f as:
1Al = ||/|f|”d ML, i 1<p <o
Q

= ess. sup|f|, if p=oo, f€LP(M). (6)

Then one can verify in the usual way that {L?(M), |- |l,}, p>1,is a
Banach lattice. In (6), the outer symbol is the uniform norm in B(I).
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The spaces LP(M) have the property that for each increasing sequence
{fn,m > 1} in the unit ball, the supremum is also in the same ball,
but this need not hold for generalized sequences. (The latter property
is usually termed Dedekind completeness.) For our M = {P,,«a € I},
the elements of B([) act as constants in integration. In fact if each
b € B(I) is identified as b in LP(M), then one has

/deM:b/fdM. (7)
Q

Q

and the mapping 7 : b — b is an algebra homomorphism in the sense
that m(byby) = m(by)mw(ba), (1) = 1 a.e., and it is positivity preserving.
If M ={P(:|z),z € I} is a family of regular conditional measures (cf.
Chapter 5), then also (7) will hold. This is called modularity property
of M, but for general measures M’ : ¥ — B([) it need not be true.
We now introduce the following;:

Definition 1. If M : ¥ — B([) is a vector measure which is (order) o-
additive, as above, then it has property D (for Dedekind) provided the
Banach lattice L' (3, M) has that property; i.e., each upward directed
set in its unit ball has a supremum in that ball.

This condition is a restriction on I (hence on B([I)), if ¥ is general
and a restriction on X if I (hence B([I)) is general. It is shown by Hay-
don (1977, page 38) that this is equivalent to Dedekind completeness of
L (3, M) for positive finite M, as in our case. The above L*-space
has the last property in case M = {P,,« € I} is dominated by a lo-
calizable measure. Thus condition (D) can be somewhat more general
than this type of domination.

We now present analogs of Theorem 4.10 in this context and then
relate them to sufficiency without assuming domination.

Theorem 2. Let (2,X) be a measurable space, M = {P,,a € I} be a
collection of (possibly) undominated probability measures on 3, so that
M ¥ — B(I) is an (order) o-additive vector measure. If B C X is
a o-algebra such that M : B — B(I) has property (D), then for each
f € B(Q,Y), there exists an M-unique (B-measurable) g : Q — R
such that

/f dM:/gfdM, AcB, (8)
A A
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where M = M|B. The integral in (8) is defined as in (4).

Proof. The main point of the argument is to show that the M here
satisfies an improved version (due to Haydon, 1977, Theorem 6.G) of
Wright’s (1969) Radon-Nikodym Theorem. This verification will now
be sketched.

Since B(I) is a function algebra, by a classical result, it is isometri-
cally lattice isomorphic to C(S), the space of real continuous functions
on a compact Stone space (the space of maximal ideals of B(I)). If
7 : B(I) — C(9) is this isomorphism and 7; = wor~1 : C(S) — LY(M)
is a modular map (7 being defined after (7)), then 7o M : ¥ — C(S5)
is a finite “r;-modular” C(S)-valued measure. Also 70 M : B — C(S5)
has the same properties and in addition verifies the critical condition
(D) by hypothesis, so that M is “ample” in Wright’s terminology.
Let v : A~ 7([ f dM), A € B. Then the above properties imply

A

that v is a m;-modular C(S)-valued measure which vanishes on 7o M-
null sets. Hence by the improved Radon-Nikodym theorem, there is a
g € LY(B, M) such that (8) holds, when 7~ is applied suitably. [J

This following complements the above result in some cases:

Proposition 3. Let (2,3, M) be a vector measure space where M =
{P,,a € I} is as before. Suppose that (in lieu of condition (D)) the
representation space C(S) of B(I) satisfies the countable chain con-
dition in the sense that each bounded subset of C(S) has a countable
subset having the same least upper bound as the former. If B ; DI
a o-subalgebra and m(C(S)) C L>(B, M) where M = M|B (and m
is the modular map), then for each f € LY(X, M) there is a unique
g € LY(B, M) such that

/fdMZ/gfdM, AeB. (9)
A A

Remark. In contrast to Theorem 2, here the restriction is (indirectly)
on the index set I, or equivalently on its representation space S; but B
should not be too small, since 71(C(S)) should lie in L> (B, M).

Proof. As shown by Wright (1969) (Prop. 3.3), for a finite M as here,
L (X, M) is also a Stone algebra satisfying the countable chain con-
dition, and L>(B, M) is its Stone subalgebra which clearly obeys the
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same condition. But then by Haydon’s version noted in the preceding
proof, M has property (D). Hence the result follows from the preceding
one. []

The foregoing two statements can be given the following form in the
context of sufficiency that is of immediate concern here.

Theorem 4. Let M = {P,,a € I} be a family of probability mea-
sures on (2, %), ¥ completed for M. If B C ¥ is a o-algebra such that
either (i) M has property (D) when restricted to B, or (ii) the rep-
resentation space C(S) of B(I) satisfies the countable chain condition
and m1(C(S)) € LY(B, M), then B is sufficient for M.

The result is immediate from the preceding ones since then

/fd/\/l:/gfd/\/l, AeB, feB(),
A A

and if T : B(I) — B(I) is a positive linear mapping which preserves
monotone limits and intertwines with 7, then 7' commutes with the
integral as seen from definition contained in (4). In particular taking
T as an evaluation functional on B(I), one gets from the above

/fdPa:/gfdPa,AeB, (10)

A A

and gy does not depend on . Hence B is sufficient as asserted.

It should be observed that these conditions are “good” sufficient
conditions but are not the best in that they are not necessary since
B = ¥ is always a sufficient g-algebra without any restrictions. On
the other hand, we have no simple condition asserting the existence
of a minimal sufficient o-algebra of {P,, a € I}. In the case of the
alternative hypothesis (of Proposition 3 above), it is easy to see that the
monotone sequence of g-algebras B,, all of which satisfy the condition
that 71 (C(S)) € L*°(B,, M), when C(S) obeys the countable chain
condition, have their limits which are again sufficient. However, this
type of extension will not be pursued now since these hypotheses are
also harder to verify in applications demanding more prerequisites.

The above considerations show that the vector integration with mea-
sures which are not of bounded variation need further analysis, since

© 2005 by Taylor & Francis Group, LLC



6.6 Bibliographical notes 217

one should be able to answer questions arising from sufficiency with-
out a domination assumption. We thus leave the topic here, and turn
to an examination of Kolmogorov’s formulation of conditioning from a
general point of view in the following chapter, and show how Rényi’s

new axiomatic approach can be considered as part of that framework.

6.6 Bibliographical notes

The concept of sufficiency, introduced by R.A. Fisher in early 1920s
into the statistical inference theory, plays a vital role. The classical
theory of this is detailed in Lehmann (1959, 1983). The general un-
dominated case is usually not covered in most books, perhaps because of
the abstract mathematical level it demands and also because the results
are still being refined and updated. After the basic theory by Halmos-
Savage (1949) and Bahadur (1954) which we included in Section 3, the
general case has been primarily considered by Burkholder (1961) and
in several papers by Pitcher (1958-65). Some of these results are given
in Section 4 where a general formulation of Pitcher’s compactness con-
dition, as further extended by Rosenberg (1968, 1970), are discussed.
It is clear how functional analysis (especially Orlicz spaces) naturally
appears in this case. We included the discussion without too many
details, since that will be a great digression here. Some of this has
also been considered by Heyer (1982), but we included several recent
developments from a broader perspective.

There is an alternative view of considering the set of probability mea-
sures as an infinite vector which is o-additive in the order topology.
This, based on Wright’s (1969) theory of integration adapted to our
case, is discussed in Section 5. It clearly shows how the existing vector
measure theory is not adequate for the statistical sufficiency require-
ments. We therefore used further refinements with Haydon’s (1977)
discussion on extension using vector lattice methods. It is noted in
the work of Luschgy and Mussmann (1985) (see also their references
to earlier contributions) that in some ways the compactness condition
in a general case is related to domination of M, by a localizable mea-
sure. A similar relation with conditions (D) exists between our vector
measure M and a “simultaneous localizability” of {P,,« € I}, as for-
mulated by McShane (1962). It is not yet clear how all these concepts

© 2005 by Taylor & Francis Group, LLC



218 Chapter 6. Sufficiency

are interlaced together, because of their different contexts.

It is possible to concentrate on weakening the concept of domina-
tion of the family {P,,a € I} and consider the structure of the un-
derlying measurable space (£2,3) that supports these measures. Then
one can study the solid subspace of the abstract L-space generated by
{P,,a € I} in the space of all signed measures on (2, %) which be-
comes a Banach space under variation norm and define an invariant
as the dimension of this subspace. These concepts lead to set theo-
retical studies of the problems and to the existence (or otherwise) of
nonmeasurable cardinals and their equivalences with the problems at
hand. In our study we have concentrated on the functional analytic as-
pects since then the general structure of the problem becomes simpler
to understand. But the latter study did not fit into our framework, and
we therefore concluded the discussion at this point. It is however clear
that a considerable amount of research is needed to fully understand
the sufficiency theory in the undominated case.
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Chapter 7

ABSTRACTION OF KOLMOGOROV’S FORMULATION

The formulation of Kolmogorov’s conditional probability model is
abstractly discussed in this chapter, viewing it as a subclass of vector
measures on function spaces and the conditional expectation as a pro-
jection operator on the same spaces. Characterizations of both these
classes are presented for a family of function spaces, and their struc-
ture is thereby illuminated. In this context the Rényi (new) model is
compared with, and shown to be a particular case of, Kolmogorov’s
extended formulation. Vector integral representations of conditional
expectations and of measures as well as an application to a Gaussian
class is detailed. Finally a discussion of the relations between condi-
tioning and differentiation, complementing the work of Section 3.4, is

given and a general result on exact evaluations is included.

7.1 Introduction

In the last two chapters we considered the regularity properties of
conditional measures and applications of conditioning to sufficiency.
Here the general case, without regard to regularity, will be analyzed
as originally formulated where the concept is based on the abstract
Radon-Nikodym theorem. This will clarify the underlying structure
of the functional operation involved and then we characterize it after

recalling the (stronger) Dunford-Schwartz integral as applied to con-
219
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ditional measures. This work enables us to study Rényi’s axiomatic
formulation as a specialization of Kolmogorov’s concept. (It was origi-
nally indicated earlier, Rao, 1981, p. 93.) The point will be elaborated
in Section 4 below. The fifth section contains a (further) analysis of the
basic relation between conditioning and differentiation theory which is
particularly useful in exact evaluations of conditional expectations in
the Kolmogorov model for a wide class of problems.

With a view to several applications, we consider a nonfinite mea-
sure space (2,3, 1) in this chapter and reformulate some results from
Chapter 2 in a general form which often need new proofs. If B C ¥ is
a o-algebra, we suppose that the restriction of u to B, denoted ug, is
o-finite or more generally localizable. If f : ) — R is measurable and
p-integrable on €, consider vy : A — [, fdu, A€ B. Then vy : B— R
is a signed measure and is pg-continuous (i.e., vy << pp). Then by
the Radon-Nikodym theorem (see Rao, 1987, Sec. 5.4 for the general
localizable case) there is a unique B-measurable f such that

[ rin=vy )= [ Fus, a€5. 1)

A A
The mapping E8 : f — f is well-defined, is a positive contractive
linear operator on L*(u) into L'(u). Note that the same argument is
applicable if f : Q — R*, which is measurable but not necessarily -
integrable. Then for a general f :  — R, u-measurable, one can define
EB(f*) where f = f* — f~ and if f* or f~ is p-integrable, then one
can again define EB(f) = EB(f*) — EB(f~), and the thus obtained
EP® is a positive linear operator which is a contraction on L'(u) into
L'(u). Moreover, EB(1) = 1, a.e., always holds.

Let Y9 = {A € ¥ : u(A) < oo}, which is a é-ring. If we set P5(A) =
EB(x4), A € Xy where up is localizable, then by the last paragraph
PB(Q) =1ae., 0< PB(A) <1ae, AcY, and it is a.e. o-additive
on Y. It is also g-additive on ¥ in the LP-norm as the following
simple computation shows: Let {A,,n > 1} C ¥( be disjoint such that
A= U A, €%. Then

1P~ & PRI = [PP(U A Pdus
Q
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S/EB(X o oa)dps,

k>n
Q
by the conditional Jensen inequality
(see Section 2.2, and also Proposition 2. 2, below),

= u(kgn Ag) — 0, as n — oo, (2)

by the dominated convergence theorem since u(A) < oo. This will be
false for p = oo, but the result holds in the order topology, as noted in
Section 6.5. Moreover PB : ¥y — LP(u) has finite variation if p = 1
and finite semivariation (on Yp) if 1 < p < 0o as seen from

var (PP)(4) = |PP|(A) = Sup{g1 1BZ(xa,)ll, : As € (A), disjoint}

= sup{gll/XAidu 1 A; € ¥(A), disjoint}
Q
= p(A) < oo, A€, (3)

where ¥(A) = {AN B : B € X} is the trace o-algebra of ¥ on A, and
semivar PP(A) = || PP|,(A)
= sup{|| ¥ aiPP(4))ll, : A; € $(4), disjoint || < 1}
= sup{[|PP(0 A, : A € £(A), disjoint}
< BB (xa)llp < [(A)]P < o0, A€ . (4)

Thus p acts as a “control measure” for P5(-), so that the Dunford-
Schwartz integration of scalar functions relative to a vector measure
can be developed, and that fQ fdP?B is definable for all bounded -
measurable functions f : & — R. This can be given a simpler proof
than the original general case, and it will again be used below.

7.2 Integration relative to conditional measures and function

spaces

The vector integral, to be presented here, is in many respects similar
to that discussed in Section 6.5 using order properties. The modularity
property considered there reappears in disguise.
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If B C X is a o-algebra in (9,%, ) with up localizable and P5
is the conditional measure having p as its control measure, so that
PB % — L>(B) N L?(B), and is o-additive in LP-mean, consider, for
each simple function f = i‘;l aixa,;, i € ¥o = {A € ¥, u(4) < oo},
the integral defined as:

/fdPB = ,gl a;PP(ANA;), Acx . (1)
A

The mapping f — [, fdPB is well-defined (i.e., if f = g a.e. (i) then
the integrals agree a.e. (u)), linear, and order preserving. Moreover,

I [ £aP5l =1 £ aiEB (ana) s by (1),
A

= 1E5(H)llp < I £llp, (2)

since E® is a contraction on LP (), 1 < p < oco. (This is clear for p = 1
and p = +o0, and the general case follows from Proposition 2 below.)
Since the set of simple functions is norm dense in LP(u),1 < p < oo, and
the range space LP(B3) is complete, the mapping has a unique extension
to all of LP (), denoted by the same symbol. For the L°°-case one needs
to use the order continuity, and the result holds in that case also, at
least when p(2) < oo, as seen in Section 6.5. This discussion can be

summarized in the following:

Proposition 1. Let (Q, %, u) be a measure space B C X, a o-algebra
such that g is localizable. Then PB : ¥ — LP(B, ug) is a vector mea-
sure, and the mapping f — [, fdPB, f € LP(u),1 < p < oo (and for
p = oo with () < 00), is well-defined relative to the control measure
ug, linear, and the dominated and monotone convergence statements
hold for it. Moreover, one has the representation

E5(f) = / fdPP, f e LP(n), (3)
Q

as a function space integral, 1 < p < oo, in norm, or in order topology
for p = oo. This is also order preserving and faithful in that f > 0,
and [, f dPP =0 implies f =0 a.e. (n).
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Remark. The integral for the case 1 < p < oo is the same as that of
Dunford and Schwartz and for p = +oo that of Wright’s. The definition
becomes simpler than the original sources for the conditional measures.

Let us now present a general form of the conditional Jensen inequal-
ity (used in (2) above), for nonfinite measure spaces. This extends the
result of Section 2.2, and it is due to Chow (1960).

Proposition 2. Let (0, %, 1) be a measure space, B C ¥ a o-algebra
and pp be o-finite. Let X : @ — R be a random variable such that X+
or X~ s p-integrable. If ¢ : R — R is a (measurable) convexr func-
tion such that ¢+ (X) is p-integrable, then the conditional expectation
EB(X), which exists, satisfies

p(EP(X)) < EP(p(X)), ae. (4)

Moreover, if o(-) is strictly convex then there is equality in (4) iff X is
B-measurable.

Proof. Since ¢(+) is convex (measurability implies continuity on open
sets) its right and left derivatives exist everywhere and are distinct at
most for a countable set of points (see Rao, 1987, p. 242). Let ¢’ be
the right derivative which is a nondecreasing (hence Borel) function so
that ¢/ (EB(X)) is B-measurable. By convexity one has

(@) — oY) > ¢ (y)(z —y), (5)

for any z,y in R. Since X and ¢*(X) are integrable and ugp is o-
finite, there exist Q, € B, Q, 1 ©, such that on each Q,, X, o(X)
and X = EB(X) have well-defined integrals relative to g. Thus for
each B € B(Q,), the trace of B on Q,, if B, = BN [|¢'(X)| < k] then
¢ (X)(X — X) has a well-defined integral on By, and one has

/ o (X)(X — X)dp = / EB((X)(X - X))dp

- [o@ex - a0 @
By

It follows from (5) and (6) that

/ p(X) — o(X))du > 0. (7)

By,
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Let B = [p(X) > 0]NQ,(€ B(2,)) in the above. Then (7) gives

| e R o)
QnN[p(X)>0, | (X)|<K]

v

2
)  (e(X) = o(X))dp
QnN[e(X>0,|¢"(X)|<k]

v

0

This inequality, under the hypothesis, yields

o> otz [ e
ol 2l (X)|<K]
Now let k 1 oo in this to infer that [, ot (X)dp < oo. Then (7)
implies

/ P(X)dps > / o(X)du, By € B(). (8)
By,

By,
Letting k£ T oo in (7) one gets the same result with B in place of By.
Since n is arbitrary, we conclude that E8(o(X)) > ¢(X) = ¢(EB(X)),
a.e. proving (4). Referring back to the inequalities (5)—(8) above we
can deduce that there is strict inequality if ¢(-) is strictly convex (i.e.,
¢'(+) is strictly increasing) and X is not B-measurable. It is trivial that,
conversely, if X is B-measurable there is always equality in (4) whether
or not ¢(+) is strictly convex. [J

An interesting consequence of this result is:

Corollary 3. If the convex function ¢ is also nondecreasing (in the
proposition) and Y < EB(X) a.e. where B C X is such that ug is
o-finite, then o(Y) < EB(p(X)) a.e. holds.

This is because by the nondecreasing property of ¢(-) and the propo-

sition one has

p(Y) < o(E5(X)) < E%(p(X)), a..

Remarks. 1. In Proposition 1, we have taken ¢(x) = |z|P,p > 1, and
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X € LP(u) with pg localizable so that EB(X) exists and

|EB (X)) = / o(EB(X))dp

Q
< /EB(gp(X))du, by Proposition 2 and the fact that X
Q

vanishes outside a o-finite set,

— / o(X)du = | X[,

Q

Thus E5(-) is a contraction on LP ().

2. A similar statement holds also on Orlicz spaces which were con-
sidered in Chapter 6. In fact, if X € L¥(u) and ko = || X ||, so that
ko = inf{k > 0 : f(p(%)d,u < 1} where ¢(+) is a Young function and

Q

up is localizable, one can verify that

/ w(%""))du < [ B

Q Q
= / o(
Q
Hence ||EB(X)||, < ko, as desired.
Special properties of the vector integral, considered in Proposition

Ydp < 1.

Z| >

1, include its modularity condition, of importance, in this work. This
follows from the definition of EB-itself. More precisely,

Proposition 4. If (0, %, B, 1) is as in Proposition 2, and P? is the
conditional measure on ¥ — LP(B), p > 1, then it is a modular mea-
sure, so that for all f € LP(u) and g € L (B, ),

/ flgldP® = g / f dPP, a.c.lu), (9)
Q Q

where [g] is the equivalence class of all elements of g. Thus the elements

of L>°(B, 1) act as constants in this integral and fgdPB =g, a.e.
Q

Proof. By Proposition 1, one has

BB(f) = / fdPP, f e LP(n),
Q
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and it is an element of LP(B, ). But by the properties of E5(-) (or by
considering simple functions and approximating the integral as usual)
(9) follows and since E®(1) = 1 a.e., the last statement holds. Thus
if LP(PB) is the space of scalar f for which |f|P is PB-integrable, then
LP(PB) is a module over L>(B, ). O

Remark. Note that in the above discussion, no regularity of P? is
involved and that property is neither available nor needed for this work.

We also recall that if By C By C X are o-algebras such that ug, is
localizable, and X is p-integrable then

EBY(EP2(X)) = EP(EP (X)) = BB (X), a.e.

This property may be iterated to get the following product conditional
integral formula as a consequence of Propositions 1 and 4:

Corollary 5. If {Q,%,B; C Biy1,u,i > 0} is a measure space with
uB, localizable, and X 1is pi-integrable, then

/XdPBO = ///X dPBr+1dpBr  dPP ae.  (10)
Q Q Q Q

In particular, if u(Q) =1 and By = {0, Q}, then PP = i in (10).

This result motivates a general analysis of product conditional mea-
sures, to be studied in the following chapter. Such product integrals,
extending (10), are of interest in the existence theory of Markov pro-
cesses which will be considered in Chapter 9. However, we now establish
some general properties of conditional expectations and probabilities
which illuminate the structure of these objects.

To include diverse applications of these operators and measures we
introduce a class of function spaces that include both the Lebesgue and
Orlicz spaces and show that the conditioning concept extends optimally
to this class only. Thus if (£2,3, 1) is a measure space and M is the
class of real p-measurable functions, let p : M — RY be a function
norm in the sense that: (i) p(f) = p(|f]), (ii) 0 < f1 < fy ae. =
p(f1) < p(f2), and (iii) p(-) is a positively homogeneous subadditive
functional vanishing only on p-null elements so that it is a norm on M.
Identifying the a.e. equal functions as usual, we let LP (3, u) = {f €
M : p(f) < oo}. Suppose also that p(-) has the Fatou property; i.e.,
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0< fulf=p(fn) 1 p(f) <oo. Then one can verify that L (3, u)
is a Banach space, and if p(f) = || f||,, the gauge norm for a Young
function ¢ : R — R™*, one gets the Orlicz spaces L?(X, 1) and then the
Lebesgue spaces LP(X, ) are included when p(z) = |z|P or p(-) = || - |-
To avoid some uninteresting pathology, we always assume that p(-) has
the finite subset property; i.e., for each set A € ¥ with p(x,) > 0,
thereisa B € 3, B C A, u(B) > 0 and p(x,) < oo. This is sometimes
called the saturation property of p which is present in the L¥(u) spaces
when p has the finite subset property. We describe further conditions
that are assumed throughout.

An element f in L?(u) has absolutely continuous norm (a.c.n.) iff for
each A, | 0, A, € ¥,p(fx,,) | 0,and pis an a.c.n. if every element of
L?(p) has a.c.n. In what follows we associate a signed measure vy with
each f € LP(pu) by setting vy : A [ fdu, A€ Sg={BeX:pu(B)<

A

oo}. Since Xy is a §-ring, this definition is useful only if v¢ is o-additive.
For this purpose, we assume from now on that L°(u) C L, (u), the
space of scalar p-measurable g : 2 — R such that gy, is p-integrable
for each A € ¥, and that the inclusion map is locally bounded. So for
each A € ¥o, L?(na) C L'(pa) the inclusion being continuous where
wa(-) = p(AnN-). The function norm p(-) has the (strict) localizable
property if (i) X1 = {A € g, p(xa) < o} = ¥ = o(X;1) and (ii)
f € LP(u) = the support of f is (strictly) localizable relative to p on
Y. Note that if p(-) = N,(-), the gauge norm of an Orlicz space (or
= - |lp,p > 1 for the Lebesgue case), then these are automatic if y is
localizable and ¢(-) is a continuous Young function vanishing only at

0. Let p/(-) be defined by

§(f) = supd] / fodul - plg) < 1}. (11)
Q

Then p’(-) is a function norm. Under the Fatou property of p(-) we see
easily that on iterating p”(= (p')’) = p itself. It should be remarked
that the definition of p(-) can be taken so abstractly that it may not
relate well with the underlying measure space, unlike the Orlicz and
Lebesgue cases. This is the reason why we hasten to impose several
of the above conditions to remedy this possible problem. Here p/(+) is
called the (first) associate norm of p. (For an account of these spaces,
one may consult Zaanen, 1967, Chap. 15. Here we merely state the
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desired properties which are simple for the Orlicz and Lebesgue spaces. )
From (11) one has for A € ¥,

p'(xa) = sup{] /XAg dul = p(g) < 1}
Q

= sup{[[Tagl : p(9xa) < 1}, 7: LP(pa) — L*(pa),

< ||Tal| < oo, since the embedding is locally bounded.

Replacing p’ by p” shows that p’(xa) < 0o = p”(xa) = p(xa) < o0 so
that ¥o = {A € X: p’(xa) < oo} also holds.
With these preliminaries, we can establish the following:

Theorem 6. Let LP(X) be the space defined above on (2, %, u) where
p has the localizable property in addition. If B C 3 is a pu-completed o-
algebra such that pg is localizable, and LP(B) is the subspace of LP(%)
consisting of B-measurable functions, then there is a contractive idem-
potent operator EB on LP(X) into LP(B), (i.e., EB € B(LP(X), L(B))
and EBEB = EB where B(X,)) is the space of bounded linear opera-
tors between the normed vector spaces X and )) such that

/ fdp= / EE(f)dus, f € (%), A€ B, u(A) <co,  (12)
A A

and for any B C By C X, o-algebras as above, one has

(i) EB(fE®(9)) = BP(f)ER(g),a.e., f.ge LP(Z)NLX(D),

(ii) EE(EB:(f)) = BB (EB(f)) = E5(f),a.e., f € L7(%).

In other words, EB is a “generalized” conditional expectation on
Lr(X) into LP(B).

Proof. Let By = {A € B: p(x,) < oo} and B be the o-ring generated

by By and completed for p. Then LP(B) = LP(B). Indeed since both

are vector lattices, p(f) = p(|f]), and LP(B) D LP(B), it suffices to
consider, for the opposite inclusion, 0 < f € L?(B) and show that f €

L?(B). But by the structure theorem there exist 0 < f,, T f pointwise
where f,, = kEl apx,» and hence f, € LP(B), so that A} € By or
= k

fn € LP(B). By the Fatou property of p, p(f) T p(f) < oco. Hence f €
LP(B) so that L?(B) = L*(B). Also L*(X) is continuously embedded in
L},.(), s0 0 < f € LP(X) is locally integrable. If vy : A [, f dp, it

loc
is o-additive on ¥ and pp-continuous. Let 7y = v¢|B. We now define
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EB through vy and show that it has the desired properties. Since B
need not be a g-algebra, we shall reduce the problem for a o-subalgebra
of B.

For this, note that if Sy is the support of 7y, then Sy € B. (Recall
that Sg is the smallest set such that on every measurable subset of
S§ (the complement), 7y vanishes.) Since p is a localizable norm and
up is localizable, Sy € B. Moreover, the associate norms p’, p” exist
and (Fatou’s property) p” = p, by the properties recalled earlier from
Zaanen’s book. Hence

w0 > plf) = p"(5) =sw| [ g dusl: flg) < 1)
Q
= sup{| /9 fdul: p'(g) <1} (13)
Q

Since L*' (B) c L”' (%), and p(v¢) = p(f), consider
p"(vy) = p" (D) = sup{] /9 dig|: p'(9) <1, g € L (B)}
Q

= lim [ gndiy,p'(gn) < 1,0 < g, € L7 (B).

If S, = supp (gn), then S, € Band S = ole S, € B, since the latter is

a o-ring. Also Sy D S, so that S C So. If there is strict inclusion here,
since Sy — S € B, there exists some A € By, vf(A) > 0and A C Sp—S.
Hence by the saturated property of p and p’, there is a 0 < go € L (B)
such that o = [, godvy > 0, and AN S=0. So

p'(0y) = Sup{/gg g :p/(g) <1,0< g€ L7 (B)}
zsup{/ gdﬁf+[dﬁf:OSQGL”([;’),p’(g) <1}
A S

>a+ lim [ godiy =a+p"(0g), by (14).
S

n—P

This contradiction shows that A is py-null and Sy = S ae., s0 Sy € B.
Next consider B(Sp), the trace of B on Sy and it is a o-algebra.
By the hypothesis on p (excluding the trivial case that L”(B) = {0}),
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1 = plB(Sp) is localizable and 7y << jp; on B(Sp). Hence by the
Radon-Nikodym theorem, there is a py-unique f € LL _(B(Sp)), such
that 7¢(A) = [, fduy = A € B(Sp). Since by (14) p(75) < o0, (p = p”
here) it follows that p(f) < oo and then f € L?(B). By the p;-(hence
f;5-) uniqueness of f , the operator EB : f — f is well-defined, linear,
and positivity preserving. (In case L”(B) = {0} set E® = 0.) So
EB . LP(X) — LP(B), and using p = p" again,

oo > p(f)=p"(f) = p"(vy)

= sup{| /gduf| cpl(g) <1, geL” (D)}
Q

> sup{] / gdvs| - pg) < 1.9 L7 (B))
Q

= sup{| /Q g EB(f)dps| : p'(9) < 1, g € I (B)}.

Hence EB € B(L*(X), L”(B)), with operator bound 1, establishing the
first (main) part.

Finally, (i) and (ii) should be verified for only locally integrable
bounded f, g. But they follow immediately from Proposition 2.2.1, and
the same argument extends to the case here. []

Since p(-) = Ny(+), the gauge norm, the result includes Orlicz spaces.
It was seen there that N,(EB(f)) < N,(f), as a consequence of the
Jensen inequality. This however need not be true for the p(-) norm
without this additional property, as the following trivial example shows.
(However, p(-) is not Ny(-), but it is another equivalent (called the
Orlicz) norm in these spaces; see Rao and Ren, 1991.)

Example 7. Let Q = {1,2},3 = power set of Q,B = {0,Q} and
2 X — R be defined as p({1}) = 3, u({2}) = 2. Let F = {1}, and
G = {2}, and for any f:Q — R, let p(-) be given by

o(f) = /F Fldp+ | /G FPdul

One finds that EB(f) = %{f(l) + f(2)}. Taking f = 3xr + 2xa, f €
LP(p), it is verified that

Nl

p(f) =1+2( )%)-

[GVRN )

< p(BB() = 21+

[GVR )
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Thus EB(-) is not a contraction on L”(X) into L (X).
To avoid such pathological behavior of p, we impose the Jensen con-
dition in the following precise form to be used in applications.

Definition 8. A function norm p(-) has the Jensen or (J-) property if
for each finite disjoint collection A = {A,..., A,} of sets from X, 0 <
pu(A;) <oo,i=1,...,n,and f € LP(X), the averaged function f given

by
1

p(A;)

F= 23 /A fdp)xa;, (15)

satisfies p(f) < p(f).
This condition makes p(-) well-behaved and several of the properties

assumed on p for the above theorem are automatic as shown below.
More importantly, the difficulty appearing in Example 7 is eliminated
by the (J)-property and E® : L°(X) — LP(X) is a contraction. This
condition and the resulting analysis on the L?(X)-spaces has been stud-
ied by Gretsky (1968). The following result is adapted from his work

with minor alterations.

Proposition 9. Let p(:) be a function norm with property (J). Then
the following statements hold:

(i) For any A, B from ¥ of finite positive p-measure, one has

ploca) = Lol

(i) 0 < p(A) <00 =0<p(xa) < oo,

(iii) pu(A) < oo = p(A) = p(xa)p’ (xa), where p'(-) is the associate
norm of p(-),

(iv) {A € £ : p(Ad) < oo,p(xa) < oo} = {4 € ¥ : pul4) <
00, p'(xa) < 50},

(v) p'(*) has property (J).

Proof. (i) Let Ay = AUB and f = xa. If A= {A;} is the trivial one
element “partition,” then by definition

P 1 _ A
T= e[, £t =
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Hence by condition (J) one gets
p(xa) = p(f) > p(f) = M((jl))p(XAI), since p(-) is a norm,

o M1(A)
~ u(AUB)

p(xB) since B C A; and p is monotone.

Thus (i) holds for any sets of finite positive measure.

(ii) Since p(xa) = 0 iff pu(A) = 0, let 0 < p(Ap) < oo so that
p(xa,) > 0. By hypothesis of saturatedness, there is a By € X, such
that p(xB,) < oo and 0 < u(By) < co. Hence by (i), taking A for By
and B for Ag there, one has

00 > p(XB,) = %p(mo),

so that p(x4,) < oo, which is (ii).
(iii) Again we only need to consider A € 3,0 < pu(A4) < oco. If f =
le aixa, € LP(X), (so ,u(@l A;) < 00, see (ii)) consider B = AN @1 A;

and A = {B}, a one element “partition.” Letting f be the averaged
element of f € L?(X) based on A, one has

: e fo L
Aﬂm=éﬂw$mwlﬂwﬁéMMM, (16)

and

[gin=[ = [ au
A Aﬂ(.fl A;) B

=/de, by (16). (17)
B

Hence by definition of p’ and the fact that p(f) < p(f), one has the
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following simplification.

p'(xa) = Sup{l/Qfodul : p(f) <1, f simple}
= Sup{|/ fdu|: p(f) <1, f simple and supported in A}
A

= sup{/ kxpdu: p(kxp) <1, BC A,B € X},
A

since f is constant on A and by (17)

one can restrict it to step functions kx g,

=sup{ku(A): p(kxa) <1}, since kxp = k¥p and use (17),

}

= p(A)sup{k: k <

= u(A)p(xa)~".

1
p(xa)

This means p(x,)p (x, = 1(A) which also holds for p(A) = 0. Thus

(iii) follows.
(iv) This is a direct consequence of (iii).

(v) First note that for any 0 < f € LP(X),0 < g € L” (%) and
A= {A1,...,A,},0 < p(A;) < oo, disjoint, one has the following
relation between the averaged functions f and § derived from f and g

respectively:

foon= [ (5 ([, o) oty e
- £ (/A g d“) (/Q d X"‘id“) mer
= (& L) (B ] ) o

= [ fadu
Q

= / gfdu, by symmetry. (18)
Q

I M3
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Hence

(@) =sup{ [ ghdus0<he L(2),ph) < 1)
Q
—sup{ [ ghdp: 0<he L2(S),plh) < 1}, by (19)
Q
< sup{/ ghdp: 0 < he LP(%), p(h) < 1}, (J)-property of p,
Q

<supf [ ahdp: 0 < he L), o) < 1)
since h € LP(X) and is in its unit ball,
='(9)-
Hence (v) holds, and thus all properties are established. [J

Remarks. 1. In the case of Orlicz spaces with p(-) = N,(-), the adjoint
norm p'(-) = || - ||y is not the gauge norm Ny(-) in general. For the
case of Lebesgue spaces, one has p(-) = || - ||, and p'(:) = || - ||q, with
%-l—% = 1, p > 1. In this context, if one uses p(-) = Ny(-), and
p'(-) = Ny(+) then in lieu of (iii) the following will be true:

Cip(xe)p' (xe) < m(E) < Cop(xr)r' (XE)

for some absolute constants C; with 0 < (4, Cy < oc.

2. If p(-) does not satisfy the condition (J), then (iii) is not true.
For example, let (€2, %, ) be the Lebesgue unit interval and po(f) =
Jo |f(33)\d“T(m) If p(-) = pi(+), which has the Fatou property we have
P = py = po. However p’(xq) = 400, and

p(xa) = 9" (xe) = sup [ 1F(@)lduta) : polf) < 1} = 1.
since |f(x)/x| > |f(x)| on Q. Hence

1= pu(Q) # p'(xa)p(xa), (=+o0).

Here p(-)[= pj(-)] does not have the (J)-property, and L (X), L*' (2) are
0

1
loc

not continuously embeddable in L, _(x). Thus the preceding conditions

are essentially optimal for our work.

3. It is not hard to verify that if p(EB(f)) < p(f) for all f €
LP(X) (C Li . (p) continuously) and B C X is any o-algebra then p(-)

loc
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satisfies condition (J), as observed by Gretsky in 1973. Thus this is a
desirable property to demand of function spaces that appear in analysis
with conditional measures and operators. From now on in this book a
function norm p(-) of the LP(u)-spaces will be assumed to possess the

(J)-property.

Now that the basic framework for conditional measures is set up,
we turn to some characterizations of E®(-) and P?(-) on such function
spaces and consider their dependence on the conditioning o-subalgebras

B in the next section.

7.3 Functional characterizations of conditioning

Since EB(-) and P5(.) are functional operators and measures unless
B = {0,Q}, it is important to learn as clearly and completely as possible
about their structure. Let us first discuss these objects as the o-algebras
B expand or contract, or move generally, as {B,,« € I} has a limit in
a suitable sense. This has a reasonably simple answer in the context of
Orlicz spaces on probability measure spaces. Its extension for L?(u)-
classes will be omitted. We thus present:

Theorem 1. Let (2, %, u) be a probability space, {By,B,a € I} be
a net of o-subalgebras of ¥ where I is a directed (upward) set, and
B = o0(UB,), so it is completed for . Let ¢ be a continuous Young
functimz o(x) =0iffx =0, and L¥(X) be the Orlicz space on (2, X, ).
For f € L?(X), let go = EB~(f) and g = EB(g). Then go — g
in p-mean in the sense that [, @(@)du — 0 for some 8 > 1 as
a T, iff go — g in p-measure. If either f is bounded or ¢ is Aq
(i.e. p(2z) < Cop(x),z > x9,C > 0) then p-mean convergence can be
replaced by strong or norm convergence here.

Proof. First let I = N, the natural numbers. Let N,(-) be the gauge
norm in L¥?(Y) so that

: f
No(f) =itk 0+ [ o<1y 1)
and N, (EBo(f)) < N,(f) for any o-algebra By C %, since N,(-) has
the (J)-property. Also if h, = p(EB=(f)), (taking N, (f) = 1 for con-
venience, excluding the trivial case that f = 0 a.e.) one gets {ho,a € I}
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to be a uniformly integrable class, since

0< hy = cp(EB“(f)) < EBa(cp(f)), a.e., by Proposition 2.2,  (2)

and then
[ hadns [ S (), by @)
[ha>A] [ha>A]
= / o(f)du, since [hy > a] € By,
[ha>)]
— 0, as af, (3)

because p([ha > A]) < § [ hadp < 3 [ o(f)dp — 0 as X — oo, uni-
formly in o, by (2), and the fact that ¢(f) € L*(x). Thus {¢(ga), a €
I} is a uniformly integrable set in L!(u) where g, = EB=(f).

Suppose g, — ¢ is p-measure. Since f € L¥(u), N,(f) =1,0(f) €
LY(p), and (2) implies that {¢©(g,),n > 1} is a bounded set in L ().
But by a classical theorem, there exists a subsequence g,, — g¢, a.e.,
and hence (by the continuity of ¢), ¢(gn,) — ©(9), a.e. It follows that
(by Fatou’s lemma) ¢(f) € L'(u) so that g € L¥(u1). Replacing f by %
for a larger 3 > 1, we may assume that N, (f) = % so that Ny(g,) < 3
and Ny(g) < % Now given 1, > 0 one can choose ng such that
n > ng = the set F,, = {w : |g, — g|(w) > €} satisfies u(F,) < ¢ (by
the convergence in measure condition). Hence

/(Zw(gn—g)duzénw(W)du+/§2_Fn @(gn — g)dp
1

<= (29, )dp + (29)dp) + () ().

2(/Fnsog u /Fnsog 1) + (e "

By the uniform integrability of {©(2g,),n > 1} shown above, since
u(F,) < e, each of the first two terms on the right of (4) can be made
< 2 if n is large, so that the right side < ¢(e)u(2) +n. This implies
that g, — ¢ in ¢(:)-mean, since 7 > 0 and € > 0 are arbitrary.

Conversely, if g, — g in @-mean, then for an € > 0, by Markov’s
inequality one has

wllgn — 91 > €) < plollgn — ) = 0(e)) < %) / ogn — g)du.
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The right side — 0 as n — oo by hypothesis so that g, — ¢ in measure.
Now suppose that I is merely a directed set, which need not be
countable. Suppose the assertion is false in this case. To derive a

contradiction, let d(-,-) be the metric of convergence in measure, so

that d(f,g) = [, 1J‘rf|f9| |du, and f, — f in measure iff d(f,, f) — 0, as

n — oo. By supposition [, ¢(
and for each o € I there is a v, 2 o in T such that [, @(w)du >
g, (x). The new sequence {g-,,7a € I} still converges in measure to g.
For each n > 1, if we consider the sphere B,, = {h : d(g,h) < 1} of
radius %, then there is some g,, of our subnet in B,,. So g,, — ¢ in

|9” lgn—gl )di - 0. Hence there is an € > 0,

measure. But then by the special case considered above, applied to the
sequence {g-, ,n > 1}, we conclude that g,, — g in p-mean. This is the
desired contradiction of (x), and hence the result must hold as stated.
The converse is obtained at once by use of the Markov inequality as
before.

Finally if ¢ is As then it is well known that the ¢-mean and norm
convergence are equivalent (see for instance, Rao and Ren, 1991, p.
83). Also if f is bounded, then the g, and g are also bounded so that
they all belong to the subspace M ¥ of L¥(u) determined by bounded
functions in which the above equivalence is known to hold. This proves
all the assertions. [

The result of de la Vallée Poussin’s on uniform integrability in L*(u)
has the following interesting consequence for statistical applications.

Proposition 2. Let ¢ be a strictly convex Young function and L¥(X)
be the Orlicz space on a measure space (2,3, ). If f,g € LP(X) then
E(flg) and E(g|f) exist. Now if E(f|g) = g and E(g|f) = f a.e., then
f=g, ae If n(Q) < oo, and f,g € L'(p) satisfying the same pair of
conditional equations, then also the conclusion that f = g, a.e., holds,
although p(x) = |z| is not strictly conver.

Proof. Since ¢ is a Young function ¢(0) = 0 and being strictly convex
vanishes only at that point. Further, by Markov’s inequality,

plw F@) > ) = o oL w) > o))
1 f
Ss@(ﬁ)/g P i < oo

Hence {w : |f(w)| > 0} is o-finite and the same is true of g. Thus the
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set {w : |f(w)| > 0,|g(w)| > 0} is o-finite. So for this proof u can be
assumed o-finite. Since L¥(u) C Li

loc

(1), with p o-finite the desired
conditional expectations exist. Now for the first part, using Proposition
2.2, we get

©(9) = e(E(flg)) < E(e(f)lg) ae., (5)

and

o(f) = @(E(9|f)) < E(p(g)lf) ae., (6)

with strict inequality on a set of positive measure unless f is o(g) and

g is o(f) measurable. Hence integrating (5) and (6) there results

/Q o(g)d < /Q E(p(f)]g)dp = /Q o(f)dp < / E(p(g)|f)du

Q

= / o(g)dp. (7)
Q

This is impossible, unless there is equality a.e. in (5) and (6) which
implies f = g a.e.

For the last part, u(€2) < oo so that the finite set {f, g} is uniformly
integrable. Hence by the de la Vallée Poussin theorem, there exists
a o which may be assumed to be a strictly convex Young function
(“DOT(m) T 0o as x T oo also) such that f,g € L¥°(u). But then the work
of the preceding paragraph is immediately applicable, and so f = g,
a.e., holds again. [

We now turn to the characterization question which is the main
purpose of this section. First let us restate the existence theorem for
the conditional operators in an abstract form for reference as follows:

Theorem 3. Let (2, %, 1) be a measure space B C 3, a o-algebra such
that up is localizable, and LP(X) be the function space introduced in the
last section with the function norm having the (J)-property. Then the
conditional expectation operator Q = EB : LP(X) — LP(X) exists as a
positive linear contraction such that Q* = Q,Q(L* (X)) = L*(B), Q1 =
1, a.e., and Q(LP N L>®(X)) C LPNL>®(X). If By C By C X are
o-algebras such that pg, is localizable, Q; = EPi,i = 1,2, then one
has:
(i) (commutativity)

Q1Q2 = Q2Q1 = Q1 (8)
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(ii) (averaging) f,g € LP(2) with f or g bounded =
Q(fQg) = (Q[)(Qg), ae. (9)
(iii) (Siddk’s identity) f,g € LP(¥) = (V = max)
QUQS) v (Qg)) = (Qf)V (Qg), ae. (10)

Since for every B C ¥ with ug localizable, there is a projection op-
erator (namely conditional expectation) satisfying (8)—(10) in L*(X), it
is desirable to characterize those operators that have the above proper-
ties but which are (related to) conditional expectations. This will give
us a better understanding of the structure of these operators on L?(X).
The first problem here is to describe precisely the range of such an
operator and show it is the subspace L?(B) for some o-algebra B C X,
called a measurable subspace, and then show that every such projection
is essentially a conditional expectation. Thus the converse direction
is nontrivial, reflecting the intricate aspect of conditioning and of its
functional operational character.

The following concept of a weak unit plays a key role:

Definition 4. Let M C LP(X) be a subspace. Then a set (€ X)
is termed the support of M if f € M = supp (f) C Q¢ and Q; € X
having the same property implies (g C €21, except for a p-null set. A
family F' = {fo,a € I} C MNL>®(Y) is called a generalized weak unit
(g.w.u.) for M if supp (fa) Nsupp (for) is a p-null set for o # o/, 0 <
p(supp (f)) < oo, and gsupp (fo) differs from Q by a p-null set.

If i is o-finite, then I = N and f, = xa,,n € N can be chosen
with additional properties p(xa,) < 00,0 (xa,) < oco. If p is only
localizable, I may be uncountable. The existence of a g.w.u. implies
that p is (strictly) localizable on B = 0(A,, « € I), a o-subalgebra of 3.
Following the case of the Orlicz (or Lebesgue) spaces L¥(X)(LP(X)), we
say that the function norm p(-) is strictly monotoneif f,g € L°(3), 0 <
1 < g and p(f) = p(g) implies, f = g, a.c.

The following characterization of measurable subspaces of L”(X)
plays a key role in the present analysis. We usually take F' = {x, ,«a €
I} for a g.w.u. for simplicity.
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Theorem 5. Let M be a closed subspace of LP(X) introduced above.
Then M is a measurable subspace (i.e., M = LP(B) for a unique o-
algebra B C X with up strictly localizable) iff the following (alternative)
sets of conditions hold:

(a) f € M = the complex conjugate f € M,

(b) the real functions of M form a lattice and there is a g.w.u. Fy C
M,

(c)0O< fo1f, ae, fneM,fell(X)=fecM.

or, (a) holds and (b), (c) are replaced by (b"), (') where

() bounded functions of M form a (norm) dense algebra in M,
containing a g.w.u. Fy,

() fneM, fn—f, ae,|fn]l <geLP(X)= fe M.

Before proving this result, we apply it in characterizing conditional
expectations so that its significance and utility can be better appreci-
ated. One also should note that if p is an a.c.n., then both (c) and
(') are automatic and hence may be omitted. Our first substantial
application is given by the following result.

Theorem 6. Let T : LP(X) — LP(X) be a positive contractive projec-
tion. Suppose p(-) is a strictly monotone a.c.n. with the (J)-property,
and there is a g.w.u. Fo = {x, ,a €I} in LP(X). If TFy = Fy (i.e.,
TXy, =Xa, ,@€I)thenT = EB for a unique o-algebra B C ¥.

Proof. Let M be the range of T in L?(X). Then M is a vector space
containing the g.w.u. Fjy and is closed. Only the last statement may
not be obvious. For this let the sequence {f,,n > 1} C M be Cauchy.
Then it has the same property in L?(X) and by the completeness of the
latter, there exists an f € L(X) such that p(f, — f) — 0. However T’
being a projection,

p(f_Tf) S p(f_fn) +p(Tfn _Tf): since Tfn — fn7

< 2p(f — fn), since T is a contraction.

But the right side tends to zero as n — 0o, and the left side is indepen-
dent of m. So it must vanish, and hence f = T f € M. Now we note
that the real elements of M form a lattice. In fact, if f € M is real,
f=ft— f~ sothat f*f <|f| and the positivity of 7" implies

fI=TA ST +Tf =T(f])
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Since p(f) = p(|f]) < p(T(If])) < p([f]), by the contractivity of T,
with the strict monotonicity of p this implies that |f| = T'(|f]) a-e.

Hence |f| € M, and the lattice property follows immediately. Thus
(a) and (b) of the preceding theorem are satisfied. Regarding (c), let
0< fullf, fn €M, and f € LP(X). But then f — f,, | 0 and since
0< f—fn <[, p(f) < oo, the a.c.n. property of p implies p(f—f,) | 0.
By completeness of M, f € M. Hence (c) also holds, and by Theorem
5, M = LP(B) for a unique o-algebra B C X, relative to which Fj is
measurable and pp is localizable. It remains to show that T = E5.

The preceding statement, however, is an easy consequence of the
following result which we present separately because of its use in other
cases and also of its independent interest.

Theorem 7. Let LP(X) be a function space, p with the (J)-property,
Fy being a g.w.u. in it, and T : LP(X) — LP(X) a bounded projection
with range LP(B) for a o-algebra B C X, and pg localizable and Fy in
the range of T. Then Tf = EB(fg), a.e., E®(g) = 1, a.e., for a locally
integrable g. In case p is also a.c.n., then g =1, a.e.

Proof. Various properties of L?(X) discussed in the preceding section,
including those in Proposition 2.9, will be used without comment. Thus
let A € B,u(A) < oo and p(xa) < oo (hence p'(A) < oo as well).
Consider z% defined on L”(X) by the equation

£(f) = / YA(Tdua, | e LP(Z). (11)

Then z% is a bounded linear functional since (linearity being clear)
[l = sup{lz4(f)] : p(f) < 1} < p'(xa) < oo. Hence z7j €
(LP(3(A))* where X(A) is the trace o-algebra of ¥ on A and pa(-) =
u(AN-)is a finite measure on (A). Then z% admits an integral rep-
resentation (see Zaanen, 1967, p. 467; Gretsky, 1968, p. 52; and Rao,
1970, I.1.14) uniquely as follows:

v (f) = /A F gada + /A fdGa, f e L7(3), (12)

where g4 € LP (£(A)), Ga(-) is a purely finitely additive set function
on X(A), vanishing on y4-null sets, and f is a certain canonical image
of f, and the representation is unique. Equating (11) and (12) one finds
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that the last integral of (12), which is purely finitely additive, is equal
to o-additive integrals and hence it must vanish. Thus (12) becomes:

[ 18 dus= [ 7f dpa= [ E¥(fonydus, A€ B, fe (D),

A A A (13)
where By = {B € B: u(B) < co}. But the class {ga, A € By} satisfies
(by uniqueness) on AN B, g4 = g = gans, and the localizability of
i then implies the existence of a locally integrable g such that g4 =
gxa, A€ By. From this it follows that (E®(fg) being B-measurable)

Tf=FEP(fg), ae., fecLP(X). (14)
Now replacing f by f, of the g.w.u. in (14) one gets
fo =Tfo = EP(fag) = foEP(g), ae., acl (15)

But U, supp (fo) = 2 and hence (15) implies E®(g) = 1 a.e. estab-
lishing the first part of the theorem.

Suppose now p is an a.c.n. We then assert that g = 1 a.e. Under the
present hypothesis, (L?(X))* = L” (X) and since T : LP(X) — L°(X)
is a continuous projection, its adjoint T* : L? (X) — L* (%) also has
similar properties, which is a well-known fact from abstract analysis,
so that

[T @sdn = [ WT £ = [ 1 EE(fg)d, 1€ 17(D), he 1 (5),
Q Q Q
= / EB(hEB(fg))du, by definition of EZ,
Q
= [ BE0E(fo)du, by ),

= / EB(R)(Tf)du, by the first part,
Q

= / T*(E®(h))f du, by definition of T*. (16)
Q

Hence T* = T*E®. On the other hand EB(L? (X)) = L*' (B), and for
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any f € LP(B) = M =T(L*(X)), we have

/ EB(T*h)f dugs = / EB((T*h) - f)dpus, b € ¥ (),
Q Q
Z/(T*h)~f-du
Q
:/hde,u:/hfd,u, since f € M,
Q Q
- / EB(h) fdus. (17)

Since f is arbitrary in L°(B), (17) implies EBT* = EB. Using the
commutativity of EB and T* following from (16) and (17) we now de-
termine 7. The (possible) nonreflexivity of L”(¥) demands additional
work.

The averaging property of E® implies that the operator is “self ad-
joint” in the following sense. Let f € LP(X), g € L (X) and be
bounded. Then

| $E5(@)du= | E5(7ES(9)dus, by definition,
Q Q
:/ EB(f)EB(g)dug, by the averaging property,
Q
— | ESaES (1) dus
= / 9 E®(f)dp.
Q

Thus (EB)* = EB on bounded elements of these spaces, and then the
result holds, by a standard argument, on all of L?(X) and L* (X). Also
EB(LP(X)) = LP(B) and EB(LX (X)) = L (B). We now use some
elementary relations between a pair of continuous projections (of the
type EB and T*) from a general Banach space and use them in the
present context to show that the ranges of T* and EB in L* (X) agree.
This will imply the desired conclusion.

Let M = range (T'), N = null space (T"), and similarly let (M7, Ny)
and (M, N) be the corresponding range, null space pairs of 7% and
EB in LP(¥). By hypothesis M = L°(B), and by the elementary
properties of Ef in L* (¥), we have M = L* (B). Also EBT* = EB
implies the relation Ny C N, and T*EB = T* similarly implies N C N,
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(see Dunford-Schwartz, 1958, p. 514; Ex. 23 (i)), so that N; = N.
Also, since LP(X) = M @& N we get LP(X))* = LF (%) = Nt @ M+
using the a.c.n. property of p and the localizability of p (and also
Ex. 22 of the preceding reference on p. 514). Here N+ = range
(T*) = My and M+ = null space T* = Ni(= N), where N+ = {z* €
(LP(X))* : x*(N) = 0}. However, the g.w.u. Fy is in L?(B) so that up
is localizable, and T|L?(B) = identity = I1. So I} on (L?(B))* = L* (B)
is also the identity (this being its range), and T™|(L*(B))* = I7. Hence
range T* = M; D L* (B). (Alternatively, M* = (LP(X))*/M*+ = M,
and there is equality with LPI(B), using properties of quotient spaces.)
Since T*|L* (B) = identity, and since the g.w.u. also belongs to L” (B),
by definition, one gets

T*xa, = xa, or T'Fy=F,. (18)

We can now complete the argument quickly. Let f € LP(X), h €
LP(¥). Then

* . _ B
[ nsdu= [ 0T pin= [ nEoau. by (19)

= / EB(R)EB(fg)dug, by the averaging identity,
Q

~ [ EEUgES W) = [ 1+ GE W (1)
Q Q

Since this identity holds for all f € LP(X), we conclude that T*h =
gEB(h) a.e. Taking h = x4, € Fy, we get xa. = gxa., by (18), and
A, € B, ael. But LiAa = () so that g = 1, a.e., as asserted. In this
case T'f = EB(f) and hence Theorem 6 as well as the present theorem
are established. [

Remarks. 1. If p is not a.c.n. but the rest of the hypothesis holds, then
(LP(2))* 2 L*(¥) and the range of T* may go beyond the subspace
Lp/(E). Hence the above calculations will not hold, and considering
p() = Ny(-), for a ¢, an exponentially growing Young function, one
sees that the result itself is not true. The role of g.w.u. will be discussed
in Section 10.5.

2. The contractivity of T' in Theorem 6 was used in establishing its
range to be LP(B) for some o-algebra B C X. If the range is given to

© 2005 by Taylor & Francis Group, LLC



7.3 Functional characterizations of conditioning 245

be of this form, then we used only the continuity of T' for most of the
rest of that analysis.

The importance of Theorem 7 lies in the fact that several other
properties of operators satisfying different types of equations can be
identified with this class. Let us verify this statement for Siddk and
averaging identities.

Theorem 8. Let T : LP(X) — LP(X) be a contractive linear operator
and p be a localizable and a.c.n. functional having the (J)-property.
If there is a g.w.u. Fy in LP(X) such that TFy = Fy and either (i)
T satisfies the averaging identity, or (ii) p is strictly monotone, T
positive, and the Siddk identity holds for T, then T = EB for a unique
o-algebra B C 3. (For (ii) if p is not an a.c.n. but T is positive, then
Tf=EB(fg) as in Theorem 7.)

Proof. First let us show that T is a projection in both cases. For
(i) let f € LP(¥) and h = Tf. Since T'xa, = xa,,« € I, where
Xa, € Fo ={xa,,«a € I}, the g.w.u., we have

XA T(f) = (Txa,)(Tf) =T(xa,h), by the averaging identity,
=T(hTxa,) =T(MT(xa,) = xa,T*(f),a € I. (20)

Since U A, = Q, (20) implies T?f = T'f, so that T is a projection.
Next let T be a Siddk operator. Then by the identity (10)

T(TH)T)=T(Tf)V0)=(Tf)vo=(Tf)" (21)
T(TH)=T((=TF")=T(T(-f)")
= (T(=f)"=(Tf)", by (21). (22)
Here we used f~ = (—f)T and so (T'f)” = (=Tf)" = (T(—f))*. Thus
for any f € L”(X) one has

T*(f) =T((TH" = (Tf)7)
=T((Tf)")-TTf)")
=(TH" = (Tf)” =(T])

Hence T is a projection operator in either case. It is to be shown that T’
is also positive which is the nontrivial part. We use different methods
in both cases to establish this fact.
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Let us consider the case of Sidék operator for which the representa-
tion can be obtained directly. If M = T(LP(X)), then we assert that
for f € M, real, |f| € M, whence its real elements form a (vector)
lattice. In fact, by (21) and (22), |f| = |Tf| = (Tf)" + (Tf)~ and

T(fl)=T*)+T(f7)
= (Tf)Y* +(Tf)~, since T(f*)=T((Tf)Vv0)=(Tf)VO,
and similarly for T'(f7), by (21),
=[(THl=1fl (23)

Thus | f| € M, and the real elements of M form a lattice.

Suppose now that p is strictly monotone and 7' is also positive. (Note
that (23) implies easily the positivity of 7" on M, but we need it on all
of LP(X), and this stronger property is the assumption.) To verify (c)
of the hypothesis of Theorem 5,1let 0 < f,, T f, fn €M, f € LP(X).
Then f, =Tf, <Tf sothat f <Tf and one has

p(f) < p(Tf) < p(f)

since T is a contraction. The strict monotonicity of p implies f =T'f
a.e. so that f € M. Thus by Theorem 5, M = LP(BB) for some o-
algebra B C ¥, and Theorem 7 implies that T f = EB(fg) for some g
as in the statement and that ¢ = 1 a.e. when p is an a.c.n.

For the remaining part, let 7" be an averaging operator. We assert
that T' is a contraction, not only on L”(X) as given but on L*°(X) as
well, and then it is positive.

Let h € LP(X), |h] <1 a.e. and g = Th. We claim that |g| < 1, a.e.
Indeed, since T' is a projection,

T(9%) = T(gTh) = (Tg)(Th) = (T*h)g = (Th)g = ¢*.

By induction, we get T'(hg"~t) = T'(h)T (g™ ') = g". Then
p(g™) = p"(g") = sup{] /Qg”fdm copl(h) <13}
= sup{] [ Thg™")paul /(1) < 1)

<supf] [ (hg™) il /(1) < 1}
since 1" is a contraction,

= p(hg" ™) < p(g"™"), since |h[ <1, ae.
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This shows that p(g") < --- < p(g9) < p(h). If A ={w: |g(w)| > 1},
then (24) gives (since (|g|xa)™ < |g|™) p(¢"xa) < p(h) for all n. Now
let n — oo and use the Fatou property of p(-) to conclude that p(A) =
0. Hence |g| <1 a.e. and T : L*°(¥) — L*°(X) and is a contraction.
Thus T(L7(2) N L® (X)) € LA(Z) N L®(X).

Using the a.c.n. property of p(-) at this point, we can conclude that
(') and (¢’) of Theorem 5 hold. If f € M C LP(X), and € > 0, since
f = Th for some h € LP(X), there is a bounded h. € L?(X) (by density
of bounded functions) satisfying p(h — h.) < e. If f. = Th., then
fe is bounded and p(f — f.) = p(T(h — he)) < p(h — h:) < e. Thus
bounded functions are dense in M. Clearly f; € M = f; = Tg; and
fife = (Tg1)(Tg2) = T(g1Tg2) € M, so bounded elements form an
algebra. If f,, € M, f,, — f ae. and |f,| < h € LP(X), then by the
a.c.n. again, p(f — fn) — 0 as n — oo, so that f € M. By Theorem 5,
there is a o-algebra B C ¥ such that M = LP(B). The conclusion now
follows from Theorem 7 in both cases. [

Remark. The positivity of T on L°°(X) is proved quickly as follows. If
it were false, then there exist an f such that 0 < f < xa, xa € Fo,
the g.w.u. and Tf < —a < 0 on a set B C A of positive measure for
some o > 0. Since T'’x 4 = x4, this implies T'(xa — f) > x4 + « on B.
Hence we have

12 Ixa = flloo Z IT(xa = Hllc 21+ a > 1.

This contradiction shows that T is positive on bounded (and then on
all) elements of M?” since bounded elements are dense in it.

The preceding result can be simplified and refined for the LP-spaces,
ie., if p(:) =1 - |p, p> 1, which we present for comparison.

Proposition 9. Let T : LP(X) — LP(X) be a contractive averaging
operator with TFy = Fy relative to a g.w.u. Fy in LP(X). Then T is a
conditional expectation relative to a o-algebra B C X for 1 < p < oo,
and for p = oo it is representable as Tf = EB(fg) whenever T, which
18 positive, is order continuous. Here g is a locally integrable function
with EB(g) = 1, a.e., and when u(Q) < oo,g =1, a.e., iff T*p = p, T*
being the adjoint operator of T acting on (L™ (u))*.

Proof. The part for 1 < p < o0, is a specialization of the preceding
theorem since p(-) = || - ||, is an a.c.n. So consider the case p = +o0. If
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M =T(L>*(X)), then it is a closed subspace (since T is a continuous
projection) and the averaging identity implies that it is also an algebra.
The above remark shows that 7" is positive on L>°(X). Thus conditions
(a), (b) and (b') of Theorem 5 hold for M. Let 0 < f,, € M such
that f, T f,f € L°°(X). Then the order continuity of 7" implies f =
lim f,, = limT'f,, = T'f so that f € M. Hence condition (c) (as well
ag () alsg holds so that by Theorem 5, M = L*°(B) for a o-algebra
B C ¥. Since Fy C M, pup is localizable, and by the first part of
Theorem 7, Tf = EB(fg) for a g of the statement.

Finally, let () < oo, and T™* be the adjoint of T on (L*°(X%))*. This
space is identifiable with ba (€2, X, 1), the space of bounded additive set
functions vanishing on g-null sets. When u(€2) < oo, we can identify it
also with an element of the latter space. Suppose T*u = p. Then

/fgduszB(fg)duz / T fdp, since Tf = E®(fg),
Q Q Q
= [ s = [ fin se i), (25)
Q Q

Hence g = 1, a.e., holds. Conversely, if g = 1 a.e., then taking f =
x4, A € ¥ in (25) one gets, on using T'f = EB(f),

/w /E;mwtjimwzfmmrm
Q Q

Hence T* i is o-additive and (T u)(A) = u(A), A € X, so that T*u = p.
Note that T™*u will be undefined if p(€2) < oo is not assumed. Thus all
the assertions are established. [

Remark. The existence of a g.w.u. plays a key role in all the above
work, especially that it should belong to the range of the operator
T. Without such an assumption, there will be some “distortion” of
the range being a measurable subspace. We shall discuss this case in
Chapter 10 since that situation occurs in applications to analysis but
it is infrequent in probability contexts.

Now that we have seen the usefulness of Theorem 5 in these char-
acterization problems, we shall turn to its proof. An auxiliary result,
of Stone-Weierstrass type, is needed. Several kinds of such approxima-
tions are available, but we present the following (taken from Rao, 1969;
see also Rota, 1960, p. 55) for immediate application.
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Theorem 10. Let S be a subset of LP(3) N L>(X) which is either an
algebra or a vector space whose real elements form a lattice. Suppose
in both cases the following three conditions hold:

(i) S is self adjoint, ie., f€S = f €S,

(ii) there is a g.w.u. Fy = {fa,aa € I} C S, soUsupp (fa) =,

(iii) for any disjoint E1, Ey in ¥ of positive :—measure there is a
g € S such that g > 0, on Eq, and g <0, on E3, a.e. so S separates
“points” of 2.

Then the o-algebra ¥ generated by S and completed for u has the
property that LP(X) = LP(X). Moreover, the norm closure of S is
LP(X) if p is an a.c.n. and in general is the subspace determined by all
of its bounded elements.

Proof. Let §; = LP(X) N L*>®(X) and X, be the o-algebra generated by
S1 and completed for p. If LP(X1) = {f € L?(X) : f is ¥1-measurable}
then we observe that LP(X;) = LP(X). Indeed, since LP(3;) C LP(X),
let f € LP(X) and f, = fx[f/<n)- Then f, € Si so that it is ¥;-
adapted, and since f,, — f, a.e., as n — o0, f is X;-adapted and hence
f € LP(X1) so that LP(X;) = LP(X). Similarly, since S C S it is clear
that LP(X) C LP(X1). To see there is equality here, it suffices to show
that & = ¥, or, equivalently, the L>-closures of S and Si, denoted S
and S, are the same.

Consider the case that the spaces are real. Then by (ii) and (iii)
((i) is vacuous now), S and S; are abstract (M)-spaces in the sense
of Kakutani. By a classical representation theorem, both these spaces
are isometrically (lattice) isomorphic to subspaces C; and Cs of C(.5),
the Banach space (under uniform norm) of real continuous functions
on a compact Hausdorff space S. Conditions (ii) and (iii) now imply
that C1(C C3) possesses the properties: a) there is an fo>0o0n S
such that fo € C; C Cy and b) C (hence Cs) separates points of S
(i.e., for any distinct s1, s of S, there is f € (4 such that f(sl) >0
and f(s3) < 0). Hence by the fundamental Stone-Weierstrass theorem
C1 = Cy = C(S). By the isometry, therefore, S =38 sothat ¥ =3,
as desired.

In the complex case LE(X) = LE(X) 4+ iLL(X), in obvious notation,
and applying the above case, using (i), one gets the stated result. [

Another proof using the Gel’fand theory of commutative B-algebras,
together with applications, can be found in the above reference. We
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now turn finally to the proof that was postponed.

Proof of Theorem 5. As in the above result, it suffices to treat the real
case. So let LP(X) be a real function space. If M = LP(B) with ug
localizable, then (a), (b), (¢) and (a), ('), (¢/) hold for this space. Thus
only the converse is nontrivial and let us prove it.

Let M =T(L"(X)) and Fy be a g.w.u. in it, where Fy = {x,_,a €
I}. If A is the collection of sets from ¥ such that for each disjoint
pair of its members, of positive y-measure, there is a bounded function
of M that distinguishes them, then A, € A, a € I. Let B be the
o-algebra generated by A and completed for p. Then Fy C LP(B), the
subspace of LP(X), of B-measurable elements. If S C M is the set of
bounded functions, then Fy C S. The hypotheses (a), (b), (¢) imply
the conditions of Theorem 10 and so the o-algebra generated by S and
completed for u is B since S separates the “points” of B. We now assert
that L?(B) C M. Indeed, if 0 < f € LP(B), and f, = f An, and if M?
is the p-closure of LP(B) N L*>(B), then Fy C M? and, by Theorem 10,
M? = p-closure of S. Since S C M N L*(B), we deduce that M? C M
and hence f, € M? C M. So by (c¢) f € M. Both spaces being lattices
this shows that L?(B) C M. (Here A = min.)

To establish the opposite inclusion we again can consider 0 < fy €
M where fy is an elementary function in M determined by a subset
of {Ay,a € I} of the g.w.u., so that f, = ;Eol aiXa,, a; > 0. (If
I is a singleton {x,}, then fo = x,.) Let O_S f € M such that
supp (f) C ;_le Aq,. Then for any 8 > 0, and n > 1, consider f, =
n(f — Bfo)T] A fo < fo. Now the lattice property of M implies that
fn€ M. Also f, T h < fy a.e. so that by (c), h € M. But if A ={w:
f(w) = Bfo(w) > 0}, then h = fyx, a.e. Moreover, fy is B-measurable
and bounded so that h € S C M. Hence h is B-measurable (B is the
w completion of 0{g,g € S§}), implying that x, = ;L—O is also, and then
A(= [f—’; > (]) € B. Since > 0 is arbitrary, supp (f) C supp (fo), and
fo is B-measurable, this shows that f is also. If 0 < f € M is arbitrary,
the above argument implies that fx, is B-measurable for each a € I.
Since U A, = 2, and ug is localizable, this implies that f itself is B-
measu?able. But p(f) < oo, so that f € LP(B), and M C LP(B), as
desired.

It remains to consider the second part (algebra conditions). If S C
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M =T(Lr(Y)) is the algebra of bounded functions, then Fy C S. Let
B be the o-algebra generated by S and completed for . We again have
SCMNLP(B). If f e LP(B), and f, = fx[s|<n]> then f, € LP(B) N
L> C M. Since f, — f,a.e,and |f,| < |f], p(f) < oo, it follows from
the completeness of M and (¢’) that f € M so LP(B) C M. For the
opposite inclusion, by (V'), if f € M and € > 0 is given then there is f.
in S such that p(f — f.) <e. Since S C L?(B), f. € L?(B) and by the
completeness of the latter space, f € L”(B) so that M C LP(BB). Then
M = LP(B). The uniqueness of B is immediate so that all assertions
are established. [

The preceding work did not fully utilize the linearity of M. It admits
extensions when it is, for instance, the positive cone in the spaces. We
shall discuss later in Chapter 11, some of these relaxations.

Employing the above results, it is now possible to characterize con-
ditional probabilities from a class of vector measures into L”-spaces.
This will give a better understanding of their structures. Recall that
ifv:¥ — X = LP(X) is a vector measure, p with the (J)-property
and (€2, %, 1) a localizable measure space, then the p’-variation of v (v
vanishes on p-null sets) is defined on A € ¥¢g = {B € ¥, u(B) < oo}
as:

p(va) = suplsupl| < a*, [ fdv > p(f) <1, f simple and
A

supported by A, z* € X" :||z*|| <1}, (26)

where v4(-) =v(AN-) and < z*,x > is the duality pairing of X* and
X. In (26) x*’s can be restricted to any norm determining subset of X',
e.g., to simple functions of L¥ (X). If sup{p’(va) : A € To} = p'(v) <
oo, then v has p’-semivariation finite. Here p’ is, as usual, the (first)
associate norm of p, and if p = || - || then p’-semivariation reduces
to the classical semivariation given in Dunford and Schwartz (1958,

p-320), as can be easily verified. If in (26) f = ;1 aiX,,, Ai € Yo, and
the right side is replaced by

o/lv) = suplsup{ X |auf [[v(4i)]lx : p(f) < 1, A € A} s A€ T,

then one has the p’-variation. However, this will not be of much use
here since it is infinite in most interesting cases, and so will not be

discussed further. The case that v = PZ, a conditional measure, is
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of interest below. It inherits the contraction property of EP in the

following form, to be employed.

Lemma 11. With the localizable hypothesis of up and the (J)-property
of p(-) one has p'(P®) < 1.

Proof. Let f = '21 aixa,, Ai € Yo, disjoint, p(f) < 1, and similarly

I ‘21 bixm,;, Bj € BNy, disjoint, and p’(z*) < 1. One can take
]:
the same n by letting some a;’s or b;’s be zero. With v = PB. consider

n —

<x*,/ fdPP>=3% % albj/ x5, E® (xa,)dus,

since < h, k >= / hkdy,
Q

(2

=1 A =1

where G : A — [, 2*dP, is a scalar measure on X, and p'(G) =
p'(z*) < 1. Thus

sup{]| él a;G(A)|: f= él aixa,, p(f) < 1} = p'(Q)

and since p = p” and z*’s of the above form determine the norm p” (= p)
(the (J)-property of p implies the same for p’, cf. Proposition 2.9) we
get

p'(PP) = sup{sup]| < w*,/ﬁfdPB >[:p(f) <1,
f simple] : p'(2*) < 1}
= sup{p'(G) : p'(z") < 1}
= sup{p'(z") : p'(z") <1} <1, since p'(z") = p'(G).

This is the assertion. []
Since PB(A) = EB(x4), A € ¥o, the conditional measure P? satis-
fies the functional equation:

/ EB(xa)dus = / PB3(A)dus = (ANB), Ac X, BeB. (27)

Hence the earlier properties of E® discussed in Theorem 3 translate
into the following result on PB, and this motivates characterizations of
conditional measures analogous to the case of EZ:
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Proposition 12. Let (2,%, u) be a measure space B C % a o-algebra
and pg(= p|B) be localizable. Then the conditional measure P® :
Y — LP(B) has the properties: (i) 0 < PB(A) <1, a.e., A€ X, (i)
w(A) = 0 implies PB(A) = 0 a.e., and u(A) > 0 = PB(A) > 0, a.e.,
PB(Q) =1, a.e., and (iii) A, € %, disjoint, A = %An = PB(A) =
lim PE( O Ay) = :zjzl PB(A,), a.e.

We now characterize vector measures on ¥ into LP () satisfying

some functional integral equations analogous to averaging and Sidak

type relations, and some of those of the above proposition.

Theorem 13. Let LP(X) on (2, X, i) be the function space, as before,
having a g.wu. Fy = {xa,,a € I} C LP(X) N LP (X) and p with
the strict monotonicity, the (J)-, and the a.c.n. properties. Let v :
Yo — LP(X) be a vector measure on g = {A € X : u(A) < oo}.
Then v is a conditional measure relative to a unique o-algebra B C
Y, A, € Bya € I, iff (i) 0 < v(A), A € Xy, (ir) p'(v) < 1, (iii)
v(Ay) = xa, € Fo,a € I, and either of the following integral equations
holds:
(iv) for any A, B,C in X,

/QXMV(B)VV(C))CW:/V(A)(V(B)VV(C))dM, (28)

Q

(iv') for any A € 3q (the following is a Dunford-Schwartz integral),

v(A) :/QV(A)(w)V(dw). (29)

When the above conditions are met, B is generated by {A € ¥ : v(A) =
XA,a.e.} and completed for p.

Proof. If v = PB for a o-algebra B C %, with A4, € B, a € I,
then by Lemma 11 and Proposition 12, (i)—(iii) are true. Note that
{An,a € I} C B = pg is localizable so that P® and E® exist. Since
PB(A) = EB(x4) and EP = identity on L*(B), one has

| xatB) v uCdu= | B ) ¢(B) v o(©))dus.
so that (28) holds. Regarding (29), observe that

EB(f) = EB(E5(f)) = / EB(f)dPP, f € I7(5).

Q
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as a Dunford-Schwartz integral, by Proposition 2.1. Then v(B) =
X5, B € B. Thus only the converse needs a detailed analysis.

If v is a vector measure as in the statement, consider the linear
operator T' : LP(X) — LP(X) defined by T'f = [, fdv, f € L°(%),
where the integral is in the Dunford-Schwartz sense. Now (i) implies
that T is positive, and (ii), with a standard property of this vector
integral, gives

p(Tf) < p(£)P'(v) < p(f). (30)
Hence T is a contraction. By (iii), T'xa, = xa.,a € I, and we use
(iv). Since v(A) = T'xa, (and x4 € LP(X) = p(xa) < 0o0) we have by
the identity (28),

/ xa(Txp VTxc)dp = / xaT*(Txs V Txc)du, (31)
Q Q

where T* is the adjoint of T acting on L* (X) by the a.c.n. property.
Also (i) and (iii) imply, 0 < v(A) < 1, a.e., and T : LP(X) N L>®(X) —
Lr(X) N L (%) which follows for simple functions and the general case
is then a consequence. But A € ¥ is arbitrary and simple functions
are dense in LP(X). So (31) implies the key relation:

TxpVTxc=T"(TxsVTxc), a.e. (32)

Taking C' = () and using the linearity of the integral, it follows that
(28) holds if x4, x5 are replaced by f,g in LP N L’ N L>(X) and one
obtains

| #Tadn= [ @pTin. (33)
Q Q
If welet f=xa, A€ X(Ay) ={BNA,:BecX}in (33), we have
/ Tgdp = /(TXA)(Tg)du = / g T'xadp, by (33),
A Q Q
= /(T*g)XAdu = / T"g dp. (34)
Q A

Since UA, = Q, and A € ¥(A,) is arbitrary in (34) it follows that
the same relation holds for all A € ¥y, and hence Tg = T*g, a.e.
Substituting this in (32), one gets for all simple f, g in L* (%),

(Tf)v(Tg)=TUTf)V(Tg)),a-e. (35)
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By the linearity and continuity of 7' this implies that T is a Siddk
operator satisfying the hypothesis of Theorem 8 so that T = E? for
a unique o-algebra B C ¥ with the stated properties. Since v(A) =
T(xa) = EB(xa) = PB(A), A € X, the result holds in this case.

Next suppose (iv') holds. Since p'(v) < 1, T'f = [, fdv exists again
as a Dunford-Schwartz integral, and p(T'f) < p(f), by (i) and (ii).
Moreover T': LP(X) — LP(X) is a positive contractive linear operator.
The result will then follow from Theorem 8 if we show 72 = T. To
see that this is indeed true, let f = E)l aixa,, Ai € Xy, disjoint. By
relation (29) we get -

T*f = T(Tf) = / (T F)(w)dv(w)

Q

_ / (3 aw(A))(w)v(dw)
Q

=1

- $a, /Q V(A (@) (dw)

1=

= 3 aw(A;) = TF, by (29) (36)

By linearity and density of simple functions in L?(X) (because of the
a.c.n.), we can conclude that (36) implies T? = T, as asserted. [

This result raises the possibility of characterizing P53 through an-
other equation which might lead to the averaging identity. Indeed it is
possible, and the following is such a statement.

Theorem 14. Let LP(X) be as in the above theorem having a g.w.u.
Fo ={xa,,a €I} andv: ¥y — LP(X) be a vector measure. Then v
1 a conditional measure relative to a o-algebra B C X, iff

(i) 0 <v(A) <1ae, A€y (i) v(As) = xa, € Fo, p'(v) <
1, and (iii) for any A, B,C in ¥y and fo = ;Zollaix,qa e LP(X) N

LP (%), x4, € Fo,

[ far B Cau= [ far (€= | (B, (37
A B C

and when this holds B is the o-algebra generated by {A : v(A) = xa}
and completed for p.

We shall not present a proof of this result. It can be established
by showing that T : f — fQ fdv is a contractive averaging because of
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(37) and then apply Proposition 9. The details are as in the last result,
although not entirely simple, but can also be found in Rao (1975). The
special case that L?(X) = L*(X) on a probability space was established
by Olson (1965) using a different argument. We now turn to integral
representations of conditional expectation operators and an applica-
tion, utilizing the fact that conditional measures can be identified as
vector measures with special properties, as seen in the above work.

7.4 Integral representations of conditional expectations

An abstract analysis of conditioning in the preceding section may be
continued for other properties, particularly for (vector) integral repre-
sentations. Early in Section 3.4, we have discussed some results for a
class of conditional measures under regularity and separability condi-
tions. These points will be analyzed here to understand another aspect
of conditioning, and then present a special (stochastic) integral kernel
representation of conditional expectations for a continuous Gaussian

process.

We start with an extension of Proposition 3.4.8 when regularity and
countability restrictions are dropped in exchange for a certain compact-
ness and some of its equivalent versions. These are the best possible
conditions, and the abstraction illuminates the structure of the Radon-
Nikodym theorem for conditional measures and shows why it cannot
be reduced to a simple form.

Let (Q,%, P) be a probability space, B C ¥, a o-algebra and P?
its conditional measure. Since the variation of P® is P, it is trivial
that PB < P. We look for conditions on the conditional measure such
that 42 P ® exists and is a (strongly) measurable and Bochner integrable
function. It is known that a vector measure v : 3 — X', a Banach space,
is always dominated by a (finite) measure A : ¥ — R™T (such a measure,
sometimes called a control, always exists, as seen from Dunford and
Schwartz (1958), IV.10.5). Then v will be of finite variation relative
to A and g—; exists as a strongly measurable and (Bochner) integrable

function under any of the following equivalent conditions (cf. Maynard
(1973), Theorem 8):

(i) The set Ag(v) = : F C E,E,F € %7} is relatively weakly
compact where ¥} = { : AM(A) > 0}. (This condition was
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introduced by R. S. Phillips (1943); the collection Ag(v) is variously
called the essential range of v in F/, the locally mean direction set in
E, or others.)

(ii) For each & > 0, there is an E(= E.) € ¥ such that the diameter
diam(Ag(v)) < g, i.e., v has locally small mean diameter sets. (This
condition was introduced by J. L. Kelley and T. P. Srinivasan (1973).)

(iii) For each E € X} there is an F € X} (E) such that Ag(v)
is dentable in the sense that for each ¢ > 0,3z € Ap(v) satisfying
x ¢ co(Ap(v) — Be(x)), Be(x) being the e-ball centered at x, (“co” for
convex hull). (This is due to M. A. Rieffel (1968).)

There are other equivalent conditions, discussed in Maynard (1973),
but they are not needed here. In our application X = L!(P), and so
these conditions take a simpler form. Since a weakly compact set in
a Banach space is norm bounded, each of the sets Ag(r) may be con-
sidered in a ball which however is not compact in infinite dimensional
spaces. Also in (i) above the word “weak” can be suppressed, and the
result holds equally as shown in Maynard’s paper. Now in a Banach
space compactness of a set implies (by a classical theorem due to F.
Riesz) that the linear span of such a set is a finite dimensional subspace.
Thus for a conditional measure P8 the separability of B and existence
of a regular version should imply each of the above conditions. The
above discussion can be summarized in our context in the following:

Theorem 1. Let (£2, %, P) be a probability space, B C ¥, a o-algebra,
and PB : ¥ — LY(Pg) be a conditional measure. If PB(= v) satisfies
any one of the (equivalent) conditions (i)—(iii) above, then there is a Pp-
unique strongly measurable and (Bochner) integrable g : ¥ — L'(Pg)
such that

PB(A):/AgdPB, AeX, (1)

the integral being in Bochner’s sense. Conversely this representation
defines PP as a conditional measure and hence has all the characteriz-

ing properties (as a subclass of vector measures) of the last section.

It is of interest to remark that if 0 < f, = %,A € EJIS, is
pointwise bounded (i.e., is in a ball of L>°(P)), then the representation
(1) holds, since this implies (i). In fact, (i) is equivalent in L*(P) to
uniform integrability of {fa, A € 5} by classical results in abstract

analysis (cf. Dunford and Schwartz (1958), IV.8.11). The latter condi-
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tion means that

lim fadP =0 2)
N—oo [fa>N]

uniformly in A € X}5. Now
[ wape= s | E(x4) dP,
[fa>N] P(A) Jips(ay>NP(a)
by definition and since [f4 > N] € B,
_ P(AN[PS(4) > NP(A))
P(A)
_ P[PB(4) > NP(4)|4],

P(-]A) is an elementary conditional probability,

1 B
T ., PR P4,

by the conditional Markov inequality,

<

<

NP(A) — 0,as N — oo.

This holds for each A € Xf. If this convergence is not uniform in
A, then there exists a sequence A, € EJIS such that the left side is
bounded away from 0, so that liminf, nP(A,) > 0. But f4 is in
a ball in L*>°(P) for all A and P[f4, > n] — 0, so that the above
supposition cannot hold. Hence (2) must obtain. In my book (Rao
(2000), p.525, Proposition 6), the last boundedness condition is implicit
but not explicitly stated, by an oversight, and should be added.

Here the L>°(P)-boundedness condition can be replaced by a weaker
LP?(P)-boundedness for some p > 1. In fact the best condition is ob-
tained by recalling a classical characterization of uniform integrability
of a set in L!(P), due to de la Vallée Poussin (cf. Meyer (1966), p.17,
or Rao and Ren (1991), p.3, or Rao (1981), pp. 17-21) as follows:

(x) A set {fa,a € I} C L'(P) is uniformly integrable iff there is
a symmetric convex function ¢ : R — R p(0) = O,@ T oo as
x T 0o, such that the above set is contained in a ball of the Orlicz space
L#(P) = {f : |fll, < oo} where [[f]l, = inf{k > 0: [, p(£)dP < 1}
is the gauge norm of f relative to which L?(P)(C L!(P)) is a Banach
space in its own norm.

An example of such a ¢ is p(z) = |z|log™ |z|,z € R or the log can be
replaced by a finite number of its iterates. Thus in our case, Theorem
1 can be stated in the following form:
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Theorem 2. The conditional measure P8 : ¥ — L'(Pg) on a probabil-
ity space (2, %, P) admits the integral representation (1) iff E(p(fa)) <
K<oo,Ae ZJIS for some K, where ¢ is a symmetric convex function,
vanishing at the origin and %m) T oo asx | oo.

Since LP(P) C L¥(P) C L'(P) for such a ¢, the condition is weaker
than LP(P),p > 1 and is the best possible in this context. To appreciate
the subtlety of the problem, we present an example to show that the
representation (1) is not valid for p(x) = |z|.

Example 3. Let (2,3, P) be the Lebesgue unit interval and B = ¥ so
that P5(A) = xa, A € ¥. By the preceding analysis || P?||(A) = P(A).
If one of the above conditions is true for this conditional measure, then
there will be a Bochner integrable g : Q — L(P), such that

B _ pB _ _
EB(x4) = P (A)—/AgdP—/QxAgdP, Aes, @)
and by linearity
1,0 =E%() = [ fap®= [ jgar. fer=p). @
Q Q

Since g is integrable and strongly measurable, it can be approximated
by a sequence of simple functions in norm, so that fQ lg — gn| dP —
0,n — oo, the operator T}, being of finite rank, is compact for each n.
Moreover

I(Ty = Ty, ) (Nl < IIfHoo/Q lg = gnll dP — 0 ()

so that the operator norm |7y, — T, | — 0 as n — oco. Hence T, is
compact. Now if f = xa we get {Ty(xa),A € X} to be a compact
subset of L'(P). So far we have not used the fact that the measure
space is the Lebesgue unit interval. With this one can find a sequence
{T,(x4,),n > 1} that has no convergent subsequence contradicting the
fact that T, is compact, which therefore must imply that there cannot
exist a Bochner integrable function such that % = g of (3) holds.

To construct such a sequence, let {A,,n > 1} be a collection of
intervals such that P(A,) =  and for m # n, P(4,,AA,,) = 1. Then
XA, —Xa, |1 = § so that {T'(xa,),n > 1} C L*(P) has no convergent
subsequence, as desired.

© 2005 by Taylor & Francis Group, LLC



260 Chapter 7. Abstraction of Kolmogorov’s Formulation

This construction is a specialization of one due to J.J. Uhl, Jr. It
holds if (2, X, P) is a diffuse probability space.

We now continue with the calculus of conditional measures and den-
sities. For a convenient reference we state a Radon-Nikodym theorem

for conditional measures, based on the preceding work.

Theorem 4. Let (2, %, P) be a probability space, and B C %, a o-
algebra. Then the following statements hold:

(i) If the conditional measure PP : ¥ — L'(Pg) is reqular and B is
countably generated by a collection {B,,n > 1}, then there is a func-
tion g(-,-) : Q x Q@ — R, measurable relative to X ® B, not necessarily
unique, such that g is a “density” of the conditional measure. Unique-
ness for a.a. (w',w) obtains and % = g if the {B,,n > 1} possesses
a strong Vitali property, and then g(-,w) can be constructed with a dif-
ferentiation procedure.

(ii) In the general case, % exists and is Bochner integrable (hence
automatically jointly measurable for the product o-algebra noted in (i)),
iff the set S = {fa : I;B(%) : A € X1(B)} is relatively weakly compact
in L'(Pg), for each B € ¥T = {C € X : P(C) > 0} where ¥ (B) is
the trace of ¥ on B.

(iii) In the notation of (ii), g = ﬂ exists and is Bochner inte-

grable iff there is a Young function ¢ : R — RY (symmetric convex
function vanishing at the origin) such that @ Tooasx T oo, and S
is contained in a ball of the Orlicz space L¥(P).

In either case one has the representation:

PB(A):/AgdP, AeY, (6)

where the (vector) integral is in Bochner’s sense.

The following immediate extensions of this basic representation will
be of interest for applications below.

Proposition 5. Let (2,2, P) and B C X be as above and pu < P be
a finite measure p: ¥ — RY. If f € L>®(u) and p® be the conditional
measure for u, then the relation between p® and PB is expressible as
the Dunford-Schwartz integral:
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where h = . Moreover, if PP satisfies any one of the conditions of

dP -
/Q fdyP = /Q fap (8)

Theorem 4, then
the right side being the Bochner integral, the left side in the Dunford-
apB

Schwartz sense, and f = —— .
! [, () du

Proof. Writing ug = p|B, one has
pp(A) = / hdP = / EB(h)dPg, Ae€B. (9)
A A

It EE () denotes the conditional expectation operator for p then from
(9), one has dus = EB(h)dPs so that

[ fan= [ EEGdus. Bes
B B
_ /B E5(f)EE(h) dPs. (10)
Thus (9) and (10) imply
[ BEnEsmars = [ gnap
B B
:/EB(fh)dPB, BeB. (1)
B

Since the extreme integrands are B-measurable and Pg-integrable, they
can be identified a.e. [Pg]. But pr < P implies that the class of P-null
sets is contained in that of p-null sets on 3, and hence (11) can be
expressed as

which is (7).

If PB satisfies the hypothesis of Theorem 4, and recalling EE (f) =
Jo f dp® by Proposition 2.1, we deduce (8) from (7) and the chain rule
for conditional measures. If y = P, then (8) reduces to the result of
the former proposition. [

After seeing the failure of Vitali’s convergence theorem for the con-
ditional expectations in Theorem 2.2.5, it is natural to ask whether a
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pair of conditional measures P5:,i = 1,2, can be compared to obtain an
analog (or converse) of the result given in the Remark following Propo-
sition 2.3.1, for general conditional measures, i.e., a Radon-Nikodym
type result. Let us recall the continuity of such measures relative to

each other. We first state the precise concept.

Definition 6. If (Q2,Y) is a measurable space, v; : ¥ — Xj,i = 1,2,
are vector measures into the Banach spaces &, then v, is said to be
absolutely continuous relative to vo, written vy < v, if for any A €
Y, |v2|(A) = 0, with |vs] as the variation of vo whence a measure,
implies 11 (A) = 0 € Xy, and v1 L vy (or vy is singular relative to vs),
if 3By € 3, |12|(Bo) = 0= 11 (B) =11 (BN By),B € %.

To apply this concept for conditional measures, and establish the
corresponding Radon-Nikodm type theorem, it is desirable to define the
related vector integral. Such a situation already occurs in the theory of
Geometric Integration (cf. Whitney (1957), pp. 314ff). The resulting
generalization loses the uniqueness part of the RN-theorem, even if
X, is one-dimensional but X5 is two- or more dimensional. However,
under some restrictions uniqueness can be restored. The integral of
a vector valued function relative to a vector measure is defined as a
bilinear functional. This was done by Whitney when both the range
spaces are finite (possibly different) dimensional, and by Bartle (1955)
for infinite dimensions. The latter will be briefly recalled, since our X;
are generally infinite dimensional. It was already touched in Section
6.5, but a detailed statement will be given here.

Proposition 5 gives a clue for this. Indeed if (Q,%, P;),i = 1,2 are
probability spaces, B C ¥ is a o-algebra, and P; < P, with h = %,
then (7) becomes if PE = p®, and P¥ is the same as given there, then
with f = x4, one has,

PE(A) = PR, (caf) = [ FaP®. A€ (12)
where f = % > 0 a.e.[P], the integral being in the Dunford-
2

Schwartz sense. But if B, C ¥,i = 1,2 are o-algebras, and PZ-Bi, the
corresponding conditional measures, then the above representation is
no longer valid, and first a Lebesgue type decomposition using Defini-
tion 6 is needed. Since there is an obvious interest in the solution, we
present a general statement on this problem and specialize.
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Theorem 7. Let (2,X,\) be a finite measure space and pu : X —
X,v: X — Y be vector measures (i.e. o-additive) into (possibly differ-
ent) Banach spaces. Suppose that p and v satisfy one of the equivalent
conditions preceding Theorem 1 relative to \, say the Phillips weak com-
pactness condition for definiteness. Then there exist a (not necessarily
uniquely) strongly measurable operator function T : ¥ — B(X,)), the
space of bounded linear operators from X to ), (soT(w): X — ), a.a.
w e ), and a set By € X, |u|(Eo) = 0 such that

W(E) = [E T(w) pldw) + V(ENEy), E€Y, (13)

the integral being in the sense of Bartle’s bilinear vector integral. The
(Lebesgue type) decomposition (13) into absolutely continuous and sin-
gular parts of v is, however, unique. (In (13) if v = vy + v is writlten
then the v; are vector measures into Y, with vy < p and vy 1 p so that
lva| L |ul, the latter symbols denoting the usual variations of the vector
measures.)

This result has two proofs. One of them (Rao (1967), Theorem 3.8)
is somewhat long but applies to a slightly more general situation and is
“constructive.” It uses a result due to Sard ((1948) and later (1964)).
An alternative argument is based on a finite dimensional method due
to Whitney (1957) and is somewhat shorter. The latter will be de-
tailed here. However, an application to conditional measures (our chief
interest here) will be given since it also shows how one may impose
conditions in order to get T'(-) to be scalar in case B; = By explaining
the various avatars (or forms) of (13).

The particular problem, which is really a corollary of the above re-
sult, may be stated as follows:

Proposition 8. Let (,%,\;),B; C E,PZ-BZ' 0 Y — LY(B;, \;) be the
conditional measures as before. Suppose each PiB  satisfies the Phillips

weak compactness condition relative to ;. Then there is a strongly
measurable T : Q — B(LY(B1,\1), L*(Ba, \2)) and a set Ag € ¥ such
that

PBi(A) = / T(w) PP (dw) + PP (AN Ay), A€,  (14)
A

where |PP2|(Ao) = Xa(Ag) = 0 and the integral is in Bartle’s bilinear
sense. If moreover \y < Ao, then the second term on the right of (14)

© 2005 by Taylor & Francis Group, LLC



264 Chapter 7. Abstraction of Kolmogorov’s Formulation

vanishes, and if moreover By = Bsy, then T'(-) becomes a simpler looking

operator function.

Proof. The result is deduced quickly from the above theorem. We have
already seen that dPZ-B i =g;d)\;,1 = 1,2, where the g; are Bochner in-
tegrable relative to \;. By (13), there is a strongly measurable operator
T such that (14) holds since all the rest of the conditions are seen to be
satisfied. The nonuniqueness of T is illustrated by an example below.
If Ay < Ag, then PlB R4 PQB 2 gince their variations are \;, and hence
the second term of (14) vanishes.
d\

For the last part when A\ < Ay with h = Dy one has

(1) dPP* = g1 d\; = g1hd)g; and (i1)dPP? = gy d)s, a.e.[ho].  (15)

If also By = Ba(= B), then for any bounded B-measurable f : Q — R
and A € B, we have that

[ rarE= [ forannax
A A
1
- / EE (fouh)~ dPP, by (15),
A go

:/Eg(EIBDQ(fglh))de
A g2
- /A (Tf)dPE, (16)

since the support of ¢g; is contained in that of go, and T : f —

ES h
Elsz (%) is well-defined and is a strongly measurable linear oper-
B
ator. It follows that 7" is also positive and (16) implies that Z?B exists

2
a.e. [A2] and is a scalar function. The a.e. uniqueness relative to Az is

immediate from (15) and (16). O

The significance of this special case is that one can obtain scalar
functions as the RN-derivatives of (a class of) vector measures and
this prompts an investigation. Such a result was obtained by Wright
(1969) by introducing an appropriate integration process taking the
order structure of the range spaces of the vector measures into account.
This was already noted in Section 6.5 and will be discussed further,
after establishing the main result.

Proof of Theorem 7. The Lebesgue type decomposition in (13) holds
even when the range is a normed linear space (not necessarily com-
plete) and is a slightly specialized version of a result of Rickart’s (1943)
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Theorem 4.5. Its details are not difficult (also not used below) and are
omitted. Thus (13) will be established for the key part that v < pu.
Since u, v are dominated by a finite measure A, and both satisfy weak

compactness conditions relative to it, one has:
dp =gy d\; dv = god), (17)

for Bochner integrable g;,g> each of which takes values in separable
subspaces of X', ). Hence for the following work the range spaces can
be assumed separable Banach spaces (by replacing them with the above
subspaces). Also since the g; are Bochner integrable, this implies that
the variations of u, v are finite and are A-continuous. Using the scalar
(classical) Lebesgue decomposition of A relative to the variation |u|(+)
if necessary, it can and will be assumed that A = |u| for the rest of
the argument below. (This is actually the case for the measures of
Proposition 8 above.) The reduction (17) can be expressed as:

A= [ fodul vA) = [ godil, Aexn. (7a)

Thus || fol| =1, go = ggm, and similarly for g;. The proof with these
reductions will be presented in three steps for convenience.

I. There exist an equivalent norm || - ||; and a mapping ¢ : X — X'*,
the adjoint space of X such that ||¢(z)||7 = 1, and ¢(z)(z) = ||z|1, Vx €
X, where [|-||* is the adjoint norm of ||-||;, and ¢ is lower semicontinuous
for the weak-star (or (X, X*))-topology of X'*.

For: Since X is a separable Banach space, by a result of Day (1955,
p.519), X is linearly homeomorphic to a Banach space that is both
rotund (= strictly convex) and smooth (= norm Gateau differentiable
at each element of the unit sphere). This means that X may be given
an equivalent norm || - ||; relative to which the space has both the
above properties. Let S and S* be unit spheres of X and X* un-
der the new norm and its adjoint. Next, for each x € S, consider
the spherical image map, ¥, : S — S* defined by ¢, = {z* € S* :
(x*)71(a) is a support hyperplane of S at x for some a > 0}. This is
generally a set-valued mapping. But under the “smooth” norm || - ||1,
it is single valued (cf. Cudia (1964), Corollary 4.5), and moreover 1,
is also lower semi-continuous in the topologies stated above. Thus for
x € X — {0} define ¢ : X — X* as:

o(@) sy = el = (v).y € X. (18)
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Thus ||e(2)||5 =1, p(x)(x) = ||z|/1, and ¢ is the desired map on S. We
set ©(0) = 0 for completeness.
II. There exists a strongly measurable fj : {2 — X* such that

nﬁMwamammm:Aﬁm, (19)

where the integral is first defined for simple (or countably valued) func-
tions and by the standard extension for any Bochner integrable function
f5, valued in the adjoint space.

For: Using (17a), and fy = %, the derivative given there, one has

uM%iAbﬂMthm=LA€E- (20)

By the preceding step there is a ¢ : X — X* such that the function
fo =¢o fo:Q — X" satisfies

(w0 fo)(w)(fo(w)) = fo (fo(w)) = [[fo(w)lls = 1,

a.e. [|p|], and moreover

1fo (@)IlT = lle(folw))llt = [[folw)lr = 1. (21)

To conclude that the f; satisfies (19), it remains to show that it is
strongly measurable.

First observe that for a countable (or finite) valued mapping k :
Q— X,pok:Q — X*is also countable (respectively finite) valued.
Since fy is strongly measurable by Step I, there exist countably valued
fn(w) — fo(w) strongly in X as n — oo, uniformly in w € . The
lower semicontinuity of ¢ implies f¥ = po f,, = ¢o fo = fj on Qin
the weak-star topology of X'* so that f is weak-star measurable.

To see that actually f§ is strongly measurable, observe that f,(2)
is countable and so 5p{Up>1f:(Q)} = A (C X*) is separable in the
norm || - ||7 which is strictly convex, as noted in the early reduction.
From this and the lower semicontinuity of ¢ we see that fj(Q2) C AJ.
Also [lo fr(W)lIT = /7 (W) = /5 (W)l = lleo fo(w)lli- By aknown
result (Dunford-Schwartz (1958), VI.8.8) there is a closed subspace
Vi C A such that Vi and A} are equivalent. Consequently we may
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assume for the present purposes that X} is a separable rotund adjoint
Banach space, so that f}(w) — fj(w) in the );-topology of X} and
N5 = 1 f5 (@), w € Q. It then follows from a theorem of Kade¢
and Klee (cf. Klee (1960), p. 27) that ||f}(w) — fi(w)]|7 — 0,w € Q
(the so-called (Hp,)-property in the terminology of Day (1962), p. 112).
We thus conclude that f; is strongly measurable as asserted. It now
follows from Bartle’s bilinear vector integral (cf. also Kakutani (1948),
remark on p.317 which now holds here) that

[ fidu= [ sotmdm =i, aes,
A A

which is (19).

LT = go®f; : Q@ — B(X,Y) where go(w)® f§(w) is the usual tensor
product (defined as (y @ *)(z) =y - (z*(x)) € Y, forallx € X,y € Y
and z* € X*), then T'(-) satisfies (13), with the second term taken as
0 by the earlier reduction.

For: Evidently Tz = go(fjx) is strongly measurable a.e. [|u|]. Also

/ T(w) dyu = / (6o ® 1)) folw) dl](@)
A
_ / Go(@) £ (Folw)) dlul ()
A
_ /Ago(w) 1 dlpl(w) = v(A), A€ .

Since a change of equivalent norms of a Banach space places no restric-
tion on (vector) measures and measurability, (13) is established in view
of the earlier reduction. []

Remark. The computation of Step II above implies that the variation
of a vector measure pu, of interest, can also be obtained as:

1(4) = sup{ /A P F @) <1772 — X7, f s Sesimple}

= sup{ ) _ [|u(A;)|| : A; € ¥, disjoint}, A € X.
=1

Example 9. The RN-derivative T': Q — B(X,)) is generally neither
unique nor scalar, as the following simple illustration shows. It was
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given in Section 6.5 for a related purpose but will explain a point better
here. Let Q = {w;,ws}, ¥ = power set, X = Y = R? and p({w;}) =
a; = v({ws_;}),i = 1,2 where aj, as are a pair of linearly independent
vectors in R2. It is trivial that ¥ < u < v. Then by Theorem 7, there
is a matrix derivative 71" such that

v({wi}) = /{ T

and this implies a1 # T'(w1)ay for a scalar T since the a; are linearly
independent. Also 7'(+) is a 2 x 2 matrix that maps a; onto as and there
are many matrices that satisfy this condition, and uniqueness does not
hold. (A more elaborate example is in (Rao (1967), p.119), explaining
the situation in infinite dimensions.)

We now discuss a situation where a unique RN-derivative can be
obtained if the spaces are a certain class of ordered vector lattices and
the measures do not “twist” the vectors as in the above example, and
yet the result can be applied for conditional measures. This was found
by Wright (1969), and we elaborate it with some discussion of Section
6.5 as well as a brief version to complete the picture here. However,
Wright’s format is more general and a considerable structure theory
of these spaces is necessary before the main RN consideration is taken
up, as was done by him. The following discussion is sufficient for our
purposes of conditional measures.

Let us show that conditions to be imposed for order integrals are
natural in some sense and are automatic for conditional measures. If
(€2, %, \;) are probability spaces, B C ¥, a o-algebra, and PP are con-
ditional measures, i = 1,2, suppose that P® < PP which holds if
Ay < A; (recall that the variation of PP is X\;). If f : @ — Rt is

7
o-measurable, consider the integral (cf. Section 6.5):

()= [ FaPE =sup | i dPE 10 < £, 1 ., Sesimple}. (23)

This is well-defined, linear, and if f is real Y-measurable, let f =
St — [~ and set from (23) that [, fdPF = [, f*dPP — [, f~ dP?,
when the right side is meaningful, so that the left side is unambiguously
defined. The monotone and dominated convergence theorems hold for
¢(-). Moreover, for g € M(£2, B), the space of bounded B-measurable
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real functions on €2, one has

/ fgdPE =g / fdPE, (24)
Q Q

for PB-integrable f : © — R. The above property shows that the
integral £(-) is a module over M(Q,B) in lieu of scalars. There is
an important property of L°(£2, 3, \) of interest here, namely every
bounded set of this space satisfies the countable chain condition; i.e.,
the supremum of each set has the same property for a suitable count-
able subcollection of this set. This is because the measure A is finite
and hence localizable for which it is a valid assertion (cf. e.g., Rao
(1979a), Theorem I11.2.13). The latter is a nontrivial and key prop-
erty. For PP this is used in the following way. The above space is
isometrically lattice isomorphic to the real continuous function space
C(€) on the Stone (or Stone-Gel’fand) space of all maximal ideals of
M(£2, %), which is an extremally disconnected compact Hausdorff space
(cf. e.g., Dunford-Schwartz (1958), pp. 311-315 for definition and ap-
plications). Now let PP : ¥ — M (£, B) be considered as an abstractly
given “generalized conditional measure” without reference to \; satis-
fying: (a) PP(0)) =0,0 < PP(A) <1,=1if A=Q (b) PP(Up>14,) =
sup,, PP(Uj_,) = sup,, Y7, PP(A;),YA; € %, disjoint, (c) PP is mod-
ular in that (24) holds for all g € M(Q, B), and (d) the range spaces
satisfy the countable chain condition, i=1,2. For such a modular (vec-
tor) measure the following result, due to Wright (1969), holds:

Theorem 10. Let (2, X)) be a measurable space, B C ¥ a o-algebra,
and PB,i = 1,2 be generalized conditional measures as defined above,
with PP < PB. Then there exists a PE-unique measurable (for )
function f : Q — RT such that

PE(A) = / g(w) PP(dw), A€, (25)
A

where the integral is defined with the order continuity (23). (The exis-

tence and measurability follow from the countable chain condition which

will be automatic for conditional measures as in the last part of Propo-
9P _ g a.e.[PB]

dPIB — 97 .C. 1]

The assertion is essentially the same as Theorem 6.5.4, and the argu-

sition 8.) Then (25) may be expressed as

ment need not be repeated here. The present discussion generalizes the
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previous presentation to a broader context and gives a better perspec-
tive. An application of this result for infinite products will be included
in Section 9.3 later.

In the remainder of this section, we detail a concrete example il-
lustrating the computation of a conditional expectation discussed here
and in Section 3.2. Special methods of such calculations usually found
in the literature will be better appreciated.

First the following elementary property of Gaussian random vectors
will be generalized for conditioning with infinite sets of such random
variables that gives a special representation of a general conditional
expectation operator using this result.

Proposition 11. Let X = (Xy,...,Xy) and Y = (Y1,...,Y,) be
jointly normally distributed Gaussian random vectors of sizes m and
n, of which'Y has linearly independent components. If m,, m, are the
mean vectors of X,Y and covariance (and variance) matrices denoted
bY TwysTyy, then the conditional expectation E(X|Y)(= E°Y)(X)) is
given by the linear equation:

EX|Y)=m, + AY —m,), A=ryr}! (26)

yy o

and the conditional variance matriz of X — E°Y)(X) does not depend
on'Y and is thus a deterministic matriz. More explicitly

EU(Y) [(X _ EO‘(Y))(X _ EU(Y))*] = Tox — TxyTy_yl’l“;y~ (27)

where * denotes transpose of a matrixz or a vector.

Proof. Consider the centered random vectors X —m,, Y —m,,. Following
the method of the classical Gram-Schmidt orthogonalization procedure,
let A be a constant rectangular matrix such that ¥ —m, and the linear
combination Z = (X —m,) — A(Y —m,) are orthogonal. Then A must
verify the equation

0=(Z,(Y —my)) = E[Z(Y —my)"]
= BI(X = my) (Y —my)*] — AB[(Y —m,)(Y —m,)"]
=Ty — Aryy. (28)

-1
vy

of the components of Y implies that r,, is nonsingular. (Without

So A = ryyr,, satisfies the conditions, since the linear independence
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this assumption the same relation holds, and A exists, if one uses the
generalized inverse of a matrix instead.)

With the constant matrix found, one deduces that the random vec-
tors Y —m, and Z are uncorrelated, and being Gaussian, this implies
that they are independent, so that E°(Y)(Z) = E(Z) = 0, by Proposi-
tion 2.2.3. Hence

0=E"Y(2)=E"Y(X —m, — A(Y —m,)),
which is (26). Similarly using the just established (26) one has

E°(X - E°(X))(X - B2 (X))* = B°Y)(Z227)
= E(22%),

since o(Y) and Z are independent. This gives (27). O
It is interesting to note that the conditional expectation of X given Y

’ and the conditional

is linear in Y, a property called “linear regression,’
(co)variance does not depend on the conditioning vector Y, or equiva-
lently on the conditioning o-algebra generated by Y. We now show in
the following proposition that there is a nontrivial generalization of the

“linear regression” case to certain infinite sets of random variables.

Proposition 12. Let Y = {Y;, F;,t > 0} be a real continuous Gaussian
martingale, so that for any 0 < s < t we have E7+(X;) = X,,a.e. and
the paths t — Xi(w) are continuous for a.a.(w), on a Probability space
(Q, F; C X, P). (The Gaussian martingale process need not be Brown-
ian motion or a diffusion.) If X is a real functional of the Y -process
in the sense that for any 0 < tq,...,t, the vector (X,Ys,,... ,Y:, ) is
(jointly) Gaussian distributed for each m > 1. Then the conditional
expectation E°Y)(X), or the general regression functional of X given
the process, is linear and in fact admits the kernel representation:

t
E°Y)(X) = E(X|Y,,0<s<t)=FE"Y)(X)+ K(t,s)dY,, (29)
0+

where the kernel K(-,-) is a nonstochastic jointly measurable, locally
integrable function, and the (vector or) stochastic integral in (29) is
well-defined. (It satisfies a renowned Bochner L??-boundedness princi-
ple; c.f., e.qg., Rao (1995), Section 6.2.) Also the conditional covariance
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of X — E°(Ye0Ss<t) (X)) s a deterministic function, as in Proposition

11 above.

Proof. The argument uses a property of martingales, and we include
the relevant detail. A more thorough analysis of martingales will be
given in Sections 9.1-9.3 later. The inquisitive reader may glance at
the basic properties from those sections, but the following discussion
should be intelligible even without it.

Thus for any fixed ¢ > 0 consider the dyadic partitions of the interval
0,t] as 0 =t <t} < ... <18, =t, where t} = £ k=0,1,... 2"
Let F}' = a(Y}Z, 0 < k < 2™). By the path continuity of the Y;-process,
one has FJ' 1 F; = 0(Ys,0 < s < t). If X]* = E(X|F}") then the family
{X7, F',n > 1} has the following (martingale) property:

B(X] A = B(B(X|F A = B(X|F]) = X7, ae., (30)

since F;* C .7-",5"Jrl and Proposition 2.2.1 applies. Moreover, by Propo-
sition 2.2 of this chapter (Jensen’s inequality) one has

E[(XM)?] = E([E(X|FM]?) < B(X?*) <0, n>1.

It follows that {X[*,n > 1} is in a ball of L?(P) and hence is uniformly
integrable. So one can invoke the martingale convergence theorem (cf.
Theorem 9.3.1) to conclude that E(X|F") = X — E(X|F), a.e. and
in L?(P)-mean.

By definition of generation, F' can also be expressed as F;' =
J(Y}Z — Y Jk=1,...,2" 1), and Proposition 11 can be applied
to the set {X, (Yo, Yip —Yin ,...,Yin —Yin )} so that A of (26) is
now a vector (since X is a scalar) and we get

2" —1
E(X|F]") = E(X[Yo) + ZL A7) (Yer = Yin).  (31)

where, L, (-, ) being a product moment, L, (-, s) is continuous since the
Y-process has a.a. continuous paths and L, (t,-) is a Borel function.
It was already seen that the left side converges pointwise and in mean
to E(X|F;) by the martingale convergence, and we need to show that
the right side tends to the right side of (29). For this consider the
nonstochastic simple function K, (-,-) defined by

2" —1

ZL t”t" 1)()
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Now K,,, being a finite sum of jointly measurable products, is jointly
measurable and is integrable on each compact rectangle of R2. Then

(31) can be expressed as
t

E(X|F]') = E(X|Yy) + K, (t,s)dYs, a.e. (32)
0+

Since {Ys, Fs, s > 0} is a square integrable martingale, for a simple
function f(s,w) = 2?21 Qi X[t )% A (8,w), Aj € Fyy, 0<t < ... <
tp4+1 < t, one has

B [ 1) aviP) ZCREXA 55 (Yi,,, — V)4

0<j<j’<n

.7-',5,
BT (Y, — Vi)l

= Z a?E[XAj <Y;5j+1 - Y;j)2] + O,
§=0
since martingale differences have vanishing means,

= a?u((tj,tj1] x Ay)

j=0
[P dutsw), (33)
(0,t]x2

where p is the Doléan-Dade’s measure determined by the submartingale
{YZ F,, s> 0} (cf.e.g., Rao (1979a), Theorem 5.4.3, on p.383). (This
would have been a simple product measure if the Y-process were a
Brownian Motion.) The isometry in (33) is utilized to extend the result
to all locally bounded measurable f. Thus (32) and (33) yield for any
m,n >0

t

E[(X7 — X)?) = B[( / (Kot 8) — Kon(t, 5)) dY2)?]

0+

_ / (Kot 5) — Kom(t, 8)]% du(s, o),
(0.2 (34)

the measure being that given in (33). If (0, s] = u((0,s] x Q) then i

is the marginal measure of p and (34) becomes for ¢ > 0,

B(X] - X[")* = O+[Kn(t, s) = Km(t, s)]* dji. (35)
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since the left side tends to zero as m,n — oo, {X{*,n > 1} being Cauchy
in L?(P) so that the K,,(t,-) — K(t,-) in L?(f) for each t > 0. It is to
be verified that K(-,-) is jointly measurable.

First note that K, (-, s) is continuous for each s > 0, by the con-
tinuity of the Ys-process for a.a. paths, on each compact interval
[0,a],a > 0, and hence the convergence is uniform so that K(-,s) is
also continuous, and K(t,-) is (Lebesgue) measurable for each t > 0.
This implies the joint measurability by the following useful observation
due to Krylov ((1995),p.25), which we sketch for completeness.

Let w,(t) = 27™[2"t] + 2~™ where [z] is the integer part of z > 0.
Then u,(t) | t as n — oo, and thus K (u,(t),s) — K(t,s) as n — oo.
But one also has

Km(un(t)a'S) = ZX[un(t):r]Km(rv 8)7 (36)

where the sum extends over all rationals r. Since u,(-) is a Borel func-
tion, and the sum is countable, it follows that K,,(u,(t),s) is jointly
measurable in (¢, s), and hence the limit K(¢,s) is also jointly mea-
surable. (A slightly different (and longer) argument is found in Liptser
and Shiryaev (2001), Lemma 4.9, p.119, which can also be adapted here
to prove joint measurability of K (¢, s). Note that the above argument
survives if the Y-process is merely right continuous so that K (-, s) has
the same property.)

Finally by Proposition 11, E(X|Yp) = aYy + [ for some constants
a, B3, it follows that E(X|o(Y)) is a linear function of Y; in (29) and
so X — E(X|o(Y)) =X — (oY + ) — f0+ (t,s)dYs has a variance
which involves just the variances and covariances of X, Y, s > 0, and
thus it is deterministic as in the finite dimensional case. [

Remark. It is important to note that the conditional expectation (29)
of X relative to o(Y') is obtained, in this special case, with a method
analogous to the v.w. (vertical window) of Section 3.2 in using the
dyadic partitions. It will be useful to consider other windows (h.w.,
c.w., etc.) but the computations are not simple. Which of these satisfies
a Vitali condition (of Section 3.4) is not settled. These problems still
remain with the subject.

We next explore the possibility of Rényi’s special axiomatic formu-
lation of conditioning to find its place in Kolmogorov’s program of the
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subject. It was noted in Section 4.5 that his procedures did not solve
the problems (or avoid paradoxes) known in the subject. Thus a com-
parison of both methods is desirable and it is next taken up.

7.5 Rényi’s formulation as a specialization of the abstract

version

In this section we expose the fact that the regular conditional mea-
sures, formulated by Rényi, can be regarded as a particular aspect
of the disintegration problem treated in Section 5.4. We also discuss
briefly its relation with another abstract integration process.

Let us recall from Section 4.2 that the distinguishing feature of the
Rényi method is his third axiom, namely P(:|-) : ¥ xB — RT satisfies
(i) P(A|B) = P(ANB|B) and (ii) A C B C C = P(A|B)P(B|C) =
P(A|C), where B C X is a class not containing ). It is also assumed that
{P(-|C),C € B} is a family of probability measures such that P(C|C) =
1. Note that (i) above implies that P(:|B) has its support contained in
B, and (ii) implies a certain “transition” property; namely, the family of
measures { P(-|B), B € B} indicates the probability of a particle moving
from A to C'is the same as the probability of independently going from
A to B and then from B to C (or given C') where A C B C C. This
can also be regarded as a simple case of the disintegration of a measure
into regular conditionals P(:|-) discussed in Section 5.4. Let us present
a little more detail.

In fact, if {B,,n > 1} C B and C € B such that the B,s are disjoint,
C CcUB,,and CN B, € B, n > 1, then Proposition 4.2.3 implies the
follov:fling useful formula to be recast below for a comparison and a

vector integral representation:
P(A|C) = ozjl P(A|B, N C)P(B,|C), A€ X, (1)

When C' = UB,,, this is sometimes called the “total probabilities”
formula in thg elementary theory since P(A|C) = P(A) when P(-]-) is
given the (original) ratio definition with C' = €. Suppose for simplicity
that {B,,n > 1} is a collection whose union contains C'. Consider a
mapping h : C — N, the natural numbers, by setting h(B, N C) =
n. With P(N), the power set, as the o-algebra of N, let B,(C) =
h=1(P(N)) and writing Po(:) = P(:|C), let Q(-) = Pc o h™! so that
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Q({n}) = Pc(B,NC)=P(B,NC|C)=P(B,|C). If X :C — Ris
any integrable random variable, then we can apply the Radon-Nikodym
theorem (since Q(-) is at most o-finite) in the following form:

/ XdPo = / X dPq
=1 ({n}) B.NC

- /{ axc(haQ()
= gx,c(n)Pc(Bn). (2)
Hence 1
gX’C(n) = W/B mC)( dpc. (3)

Letting X = x4, A € ¥, and then writing gx,c as ga,c we get

gacln) = PC(%;?B?)Q - Pc}gﬁ}:)A)- (4)

But gx.c(n) = E(X|h™*({n}) in Kolmogorov’s formulation, and taking
X = x4, this becomes Po(A|h™1({n})) since

Pc(Bn N A)
PC(Bn> ’

Now, by definition of Px(-), the left side of (5) is Po(A|B,,), and (5) is
the same as Rényi’s Axiom III, namely

Po(A|B,NC) = substituting in (4). (5)

P(B, N A|C) = P(A|B,, N C)P(Bx|C). (6)

It is thus a direct consequence of Kolmogorov’s conditioning.

We shall also derive (1) from the disintegration formula of the gen-
eral theory, given in Theorem 5.4.4. Let (€2,%) be a locally compact
Borelian space, and Q5 = N, 35 = P(N) be as in the last case. (Non-
topological case will be discussed later.) If C' € ¥ as before, h : C' — Q4
such that if {B,,,n > 1} is a partition covering C, then h(B, NC) = n.
We now identify various elements here with those of Theorem 5.4.4. Let
Pc(+)(= P(+|0)) be given and v, = Pz o h™!. Taking a(-) = v4(+) in
that theorem, we conclude the existence of a measure Q" : ¥ xQy — Rt
such that (i) p(Q"(-,-)) = Q"(-,-), where p is a lifting operator, (ii)
Q"(%n) = %1 =1, and (iii)

/Q o) Poldt) = / 2( / 9" ) ), (7)
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for each continuous g supported on compact sets, and supp (Q"(-,n))
is contained in h=1({n}) = B, N C. (We do not explain about lifting
other than what is in Chapter 5; see, Rao, 1987, Chap. 8.) Now (7) can
be extended for all bounded Borel functions vanishing outside sets of

finite Po(-) measure. Taking g = x4, A € X, the relation (7) becomes
Po(4)= ¥ Q"(Am)Po(h™ ({n}).
This is simply
P(AIC) = 3 Q"(An)P(B,[C). (®)

But Q"(A,n) = gac(n) = P(A|B, NC) by (5). Putting this in (8)
one sees that it again reduces to (1).

If there is no topology, then we introduce one in (€2, X) by the Fréchet
metric d(-, ) : ¥ x X — RT given by d(A, B) = Po(AAB). Then (3, d)
becomes a complete semimetric space in which Px(+) is continuous, and
one may extend (8) to this formulation. (All these, of course, depend
on the fixed C'.) On the other hand the property expressed by (7) (and
(8)) is taken as a definition (or Axiom III) by Rényi who considered the
resulting facts without invoking any topological hypotheses. This shows
the generality of Kolmogorov’s formulation when looked at abstractly.

We finally note an interesting relation of P(:|-) when considered as
a mapping P(-) : B — M(X) where P(C) = P(-|C) is a probability
measure, and M(X) is the Banach space of countably additive scalar
measures on X, with total variation norm. Here P(-) is not o-additive
but has certain monotonicity properties. We now show that (1) (and
(8)) can be interpreted as a (vector) form of the abstract Burkill-
Kolmogorov integral of cell functions as generalized by Romanovski
(1941) from intervals to metric spaces. Both of these authors treated
only scalar functions, and the last author’s work was extended to vec-
tor valued functions by Solomon (1969). Still a further extension is
needed in our context. We shall indicate the desirable ideas for the
present work which, hopefully, will induce some future research in this
direction.

As noted above we consider P(:) : B — M(X), and for any finite

system Z of nonoverlapping (i.e., interiors are disjoint in a topological
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context when the given measure gives zero mass for the boundaries)
sets from B define, if Z = {By,...,B,} C B,

P(T) = ¥ P(By), 9)

which need not be additive. Given a set Ry € B, and Z as above let
xz* € (M(X))*, and consider

#*(P(T) = X a"(P(By)). (10)

We set, with p: ¥ — R a given localizable measure, the following:

z*(P(Ro)) = %1{101 sup{z* o P(Z): all possible Z C B with By C Ry,

and max y(By) < o}

This may be termed the (weak) upper Burkill-Kolmogorov integral,
denoted B(z* o P, Ry, ;). Similarly, using “inf” in lieu of “sup” one
gets a corresponding (weak) lower integral, denoted B(z* o P, Ry, w). If
—00 < B(z*oP, Ry, i) = B(z* o P, Ry, j1) < oo for each z* € (M(X))*,
and if there is a P(Rg) € M(X) such that (z* o P)(Ry) = B(z* o
P, Ry, 11), the common value above, then P will be called the (weak)
Burkill- Kolmogorov (vector) integral of P on Ry of B. The existence of
the limit and the properties of the integral, assuming it exists, will shed
considerable light on P(-). These conditions are not known at present.
The work has to be obtained by considering various modifications of
the available (very few) vector treatments such as Solomon’s (1969).
The defined integral here is motivated by the formula (1) (or (8)) of
Rényi’s method. Traditionally u was taken to be a nonatomic regular
measure on B when () is a locally compact second countable space. The
general case that is motivated by Rényi’s specialized approach has to
use p as a localizable measure and the set B should be “rich enough”
to admit some Vitali conditions of differentiation theory (see Hayes
and Pauc, 1970). In this connection, the author’s recent generalized
treatment of nonabsolute vector integration in Chapter VII of Measure
Theory and Integration (2004) may be useful. We thus merely raise the
problem here, based on the abstract conditioning ideas, as a possible
future research topic.
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7.6 Conditional measures and differentiation

The preceding analysis and the work of Chapters 3 and 5 already
showed that abstract differentiation is unavoidable for the conditioning
theory. In this section we therefore present a few special methods and
results for calculation of conditional expectations of the type E(X|Y)
when Y takes values in a group, complementing the last two sections of
Chapter 5. Especially we shall present here an extension of Corollary
5.6.5 to the case of certain locally compact groups including the general

linear group GL(n,R).

Definition 1. Let G be a locally compact group with a (left) Haar
measure A on it. A decreasing sequence {Ug, k > 1} of A-measurable
subsets of G is called a D-sequence (“D” stands for “differentiation”)
if there is an absolute constant 0 < C' < co such that

0< AUk -UY) < OXNUy), k> 1, (1)

1 are the group operations. If each

where (a,b) — a.b and a — a~
Uy is Borel (open, closed, compact or relatively compact) then the set
{Uk,k > 1} is termed a Borel (respectively open, etc.) D-sequence.
If, moreover, each neighborhood of the identity of G contains some
Uy, then the {Uy, k > 1} is called a D’-sequence. If further there is a

A-measurable Vj, for each k, such that
Vi U(VEV,h) C U, and A(Uy) < C'A\(Vi) (2)

for an absolute constant C’ € (0, 00), then the {Ug, k > 1} is called a
D"-sequence. (Thus D" = D’ = D for a sequence.)

The point of these D-sequences is that they enable us to obtain an
analog of the classical Vitali covering lemma which is fundamental to
the (Lebesgue) differentiation theory. We now present this, adapting
the Edwards and Hewitt (1965) procedure, and then apply these results
to calculate exactly conditional expectations of the type E(X|Y) when
Y is a G-valued random variable (or vector), G with a D-sequence.
The following result gives an idea of the class of groups admitting D
or rather the stronger D"-sequences.
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Theorem 2. Every Lie group G admits a D"- (hence D’-and D-)
sequence.

Proof. We recall, for the present purpose, that a topological group G is
a Lie group if the mapping (x,y) — 2y~ of G x G onto G is infinitely
differentiable (or a C'*°-map). Such a group has a sequence of compact
neighborhoods (can be taken descending) {Wy, k > 1} of the identity e
such that QWk = {e} and can assume to satisfy \(W, W, "W, W, ) <
CA(Wy) for some fixed C' > 0. This is a consequence of the basic
structure theory of Lie groups, but a brief construction is sketched
below. (A good source on this subject is Montgomery and Zippin,
1955.) If we take Uy = Wka_I, Vi = Wy in Definition 1, then
{Ug, k > 1} satisfies the conditions of a D"-sequence. We now show
how the Wy may be found in G.

A Lie group has all its basic neighborhoods homeomorphic to those of
a Euclidean space R™ for some m(< o), called its dimension. Thus let
m be the dimension of G, and let (¢1,...,t,,) be a local coordinate sys-
tem of a neighborhood N (N compact) of “e” such that ¢;(e) = 0 so that
identity goes to identity. Then the mapping T : g — (t1(g),...,tm(g))
of N onto a neighborhood of R™, can be extended to be a homeomor-
phism of G onto R™. If f : G — R is a continuous compactly based
function whose support is contained in N, then the change of variables
formula of real analysis shows

/G fdx= /N fdr= / (fo T () F(x)dx (3)

where F(x) is the (strictly) positive Jacobian of the transformation
which is continuous on R™, dx being the Lebesgue measure on R™.
If now we consider an e-cube, Q. = {x € R™ : |z;| < ¢,1 < i < m}
then, using the differentiability of the coordinate functions, we have
Wy = T71(Q.,) where g | 0 is any sequence, as desired. []

This result implies that GL(n, R™), R™ T", and several other groups
have D"-sequences. It can be shown that every finite dimensional
compact group G admits a D”- sequence, and also locally compact
0-dimensional groups satisfying the first countability axiom for the
neighborhood system have D"-sequences (Edwards and Hewitt, 1965).
(Here 0-dimensional means the neighborhood system consists of clopen
(= closed-open) sets. The above procedure is again nonconstrutible!)
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We have the following result, adapted from Edwards and Hewitt:

Theorem 3. Let f € L?(G,)), and {Ug, k > 1} be a D'-sequence in
G. Then

1
A(Uk)

lim / fdx= f(x),a.e]N, z €G. (4)
k— 00 2U,

Proof. First we assume, as we may, that the U, are relatively compact.
Since f is compactly based and A\(Uy) < 0o, we can consider a sequence
{A,,n > 1} of nonempty open sets with A(A,,) < oo and restrict to
L(A,\) = {f € LY(G,)) : supp (f) C L#An = A, a o-finite set }.
Consider the semi-norm, ||| : f+ [, [fldA\,k > 1. Then L(A,\) will
be a Fréchet space relative to this countable collection of norms, and
C’C(fl), the set of compactly based continuous functions on A, is dense
in L(A,\). Since A\(Uy) — 0, it follows that for f € C,(A), (4) holds
for each = € G. In order to extend it to L(A, \), we need to appeal to
(an analog of) a theorem of Banach (see Dunford and Schwartz, 1958,
Theorem IV 11.3, and its current formulation by Edwards and Hewitt
(1965), Theorem 1.6) is as follows. Let

(Tof) () = }@ / XD - f(a)]. (5)

The key point here is to show that sup |(Txf)(z)| < oo, a.e., for
k

each f € L(A, \); i.e., the sequence {Ty, k > 1} of sublinear operators
is pointwise bounded, uniformly in £ > 1. This depends upon an
extension of the Vitali covering lemma to the D’-sequences, and is not
entirely simple. (The necessary computations are given by Edwards and
Hewitt in the paper cited above.) Since for each x € G, kli)rr;o (Tkf)(z) =

0, the Banach Theorem noted above implies that (7} f)(z) — 0, a.e.
for all f € L(A,\) as k — oo. This is the assertion of (4). [

We have omitted the computations leading to the Vitali covering
lemma. With that result, Theorem 3 is seen to be an an extension of
Lebesgue’s classical differentiation theorem with G = R (or R¥), (see
Rao, 1987, p. 237). Using similar ideas, Edwards and Hewitt (1965)
also proved the following statement.

Proposition 4. Let G be a locally compact group admitting a D’'-
sequence, {Ug,k > 1}. If u is a signed measure on G such that p L\
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(i.e., p is singular relative to \), then one has

o AU

=0, a.e. [A], on G. (6)

With these differentiation results, we can establish the following gen-
eral assertion on the evaluation of a conditional expectation (hence

measure) of interest in this book and in many applications.

Theorem 5. Let (2, %, P) be a probability space, G be a locally com-
pact group admitting a D’-sequence {Up, k > 1}, X : Q@ — R be an
integrable random variable and 'Y : Q0 — G be any measurable mapping
(i.e., a G-valued random variable). If Py (= PoY ~1) is the image mea-
sure of P on G, let fy = %, the density of the absolutely continuous
part of Py relative to \, which exists. Then the conditional expectation
E(X|Y) can be evaluated as:

EXY)(r) fy(r) = Im s B(X,p, (V) - X), aelA,  (7)

so that E(X|Y) is uniquely calculable on the set {r : fy(r) > 0}.

Proof. The main idea here is to use the identity E(Z) = E(E®(Z)),
for any integrable random variable Z and any o-algebra B C Y. We
now choose Z and B suitably (see Proposition 2.2.1, regarding this
property), which was also the basis for Theorem 5.6.1. Let h be a
bounded Borel function, h : G — R, and consider Z = Xh(Y) in the
above with B = By = Y ~1(G), where G is the Borel o-algebra of G.
Then

E(Z) = E(E(Xh(Y)|By))
= E(h(Y)E(X|By)), since h(Y) is By-adapted and
apply Proposition 2.2.1,

= / Y )E(X|Y)dPg, , by definition,
Q

_ / h(r)E(X|Y)(r)dPy (r), by the fundamental law
G
of Probability (Rao, 1987, p.155). (8)

Now Py is a (finite) measure on G and A is localizable being a (left)
Haar measure. Hence we can apply the Lebesgue decomposition of Py
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to get Py = Py + Py where Py << X and Py LA. (See Dunford-
Schwartz, 1958, Theorem I11.4.14.) Then by the general form of the
Radon-Nikodym theorem (Rao, (1987), p.275), % = fy > 0 exists

a.e. [\], and (8) can be expressed as:

E(Xh(Y)) = /

Gh(T)E(X!Y)(T)fy(T)dAJr/ h(r)E(X|Y)(r)d Py (r).

G
(9)
Let h(r) = ﬁXxUn (r), r € G in the above for an arbitrarily fixed
n. Then (9) becomes (using the left translation invariance of \)

1 1
1

S0 |, EWIIaR ).

/ BE(X[Y)(r)dA(r)
xU,

+
(10)

If the last integral in its indefinite form is denoted by pu(-), then pu
is a signed measures, ul A and by Theorem 3 and Proposition 4, the
limits on the right side of (10) exist as n — oo since {U,,n > 1} is a
D’-sequence. So the left side limit must also exist, and we get

) 1
E(XY)(@)fy (@) = lim 57 B0, (V). a.0.()
This gives (7), as desired. [
In particular, if Py << A in the above, one has the following:

Corollary 6. Under the conditions of the theorem, if Py << \, then
one gets

E(X|Y)(z) = nllnéo mE(Xwan(Y))7 a.a.(z), (11)
for all © for which fy(x) > 0. In the special case that Py ~ X\ (Py is
equivalent to \), then (11) holds for a.a. (z) on G.

A simple illustration of formula (11) is Example 5.6.6 wherein G = R
and U,, = (—ay,a,) where a,, | 0 as n — oo, and a,, < ¢ an41,c > 0.
The examples of Section 3.3 have sequences that are not of D’-or of
D-type.

Although these results cover a large class of groups G in applications,
they do not exhaust all groups. For instance, the infinite cartesian
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product of the torus group does not admit a D-sequence. But in the
case of locally compact abelian groups we can apply the method of
Fourier transforms as shown in Section 5.6. Thus one has to employ
various (often nontrivial) ideas to evaluate the conditional expectations.
However, as yet there is no algorithm to find a D’ (or a D) sequence
for a given Lie group to implement Theorem 2 in applications. We
therefore conclude this general study at this point.

7.7 Bibliographical notes

The work presented in this chapter is an abstraction of the Kol-
mogorov model and forms an elucidation of its functional analytic
character. The conditional Jensen inequality for general (nonfinite)
measures and convex functions, as given in Proposition 2.2, is adapted
from Y.S. Chow (1960), and the first complete characterization of con-
ditional expectations is due to S.C. Moy (1954), followed by G.C. Rota
(1960) in the context of LP-spaces on a probability space. Because of
their applicational potential we treated the material mostly on general
measure spaces and on function spaces L?(X). The presentation in the
text in both Sections 2 and 3 follows the author’s papers (Rao 1975,
1976), with some simplifications and elaborations.

The treatment of integral representations of conditional measures
and probabilities is an elaboration of the author’s papers (1973 and
2001). Other technical references for the work that was utilized there

is already given in the text at appropriate places.

The comparison of Rényi’s work in Section 4 is briefly noted ear-
lier (Rao, 1981). It leads to a study of abstract Burkill-Kolmogorov-
Denjoy-Perron vector integration, the ramifications of which are largely
unknown at this time. A good account of the latter for scalar measures
is found in the monograph by V. Celidze and A. Dzvaricisvile (1989).

The evaluation of conditional expectations of the type when con-
ditioning can be given for a group valued random variable is adapted
from the recent work by the author (Rao, 1992). The basic role played
by the results of Edwards and Hewitt (1965) was apparently not rec-
ognized in the probabilistic literature. It is clear that one has to devise
other methods or simplifications of the general results of differentia-
tion theory in probabilistic settings. The possibility of adapting the
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constructive analysis of Bishop (1967) in calculating conditional expec-
tations raises hopes, since he also considered aspects of the RN-theorem
and differentiation of measures. Unfortunately, they are very special
and those methods do not seem to apply here. There an RN-density
was obtained (in a special case) using a modification of the classical
method depending on the Hahn type decomposition (cf., e.g., Rao,
1987, p. 262), and the martingale can be defined without the RN-
theorem (cf. again (Rao, 1987, Proposition 5.3.2). But these methods
do not lead to algorithmic procedures. The work on differentiation of
set functions (or measures) has to employ a Vitali type condition (cf.
Bishop, 1967, p. 226). The limitations of the procedure, already briefly
noted by Bishop (1967, p. 233) in the statement: “Unfortunately even
Birkhoft’s ergodic theorem is not constructively valid.” In the new edi-
tion (Bishop and Bridges, 1985, p. 333), there is a slightly more general
version of the RN-theorem which is still based on, in our context, cer-
tain measures that are not easily adaptable for conditional expectations
such as EB(f), f € L*(%, P) for an arbitrary o-algebra B C ¥. Indeed
the conditional measures and operators of significance in Probability
Theory must be based on such general o-subalgebras. (The discussion
on martingales and ergodic theory of the earlier edition was omitted in
the recent one by these authors.)

For this setup the “idealistic approach” discussed by Bishop before
is necessary and useful (indeed, the idealistic approach is responsible
to solve the Fermat’s last theorem recently), and the “constructive ap-
proach,” generally favored, appears to have a long wait to approximate
the desired goal. Thus the algorithm we are seeking may not be easily
obtainable (if at all), but a serious study on the problem is needed.

It is hoped that the last part of this chapter highlights some of the
nontrivial questions in evaluation of conditional measures or expec-
tations that have been neglected in the literature but are seen to be
important. We show later in Chapter 9 how these problems interfere
with some parts of probability theory for which these considerations are
relevant. To complete the picture, we discuss the product conditional
measures in the next chapter, as they play a key role in the existence
theory of Markov processes and in other applications.
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Chapter 8

PRODUCTS OF CONDITIONAL MEASURES

The basic aim of this chapter is to formulate and prove some exis-
tence results of probability spaces determined by infinite products of
conditional probability measures, relating it to projective systems of
measures admitting limits. This plays a fundamental role in establish-
ing the existence results for various classes of Markov processes (cf. the
following chapter) and other stochastic functions. Some consequences
and essential equivalences with disintegration of measures and related
technical material are discussed in detail. Some readers may glance the

work at first, and then return later for a serious study.

8.1 Introduction

It is already seen in the preceding chapter how an abstract formu-
lation of conditioning can be viewed as a functional operation. On
the other hand, iterated conditioning is an essential part of the the-
ory and it is important for many applications. Indeed there is a fi-
nite product conditional measure result generalizing the classical Fubini
theorem on products of marginal measures. Then there exist infinite
product versions jointly extending the corresponding Fubini-Jessen and
Kolmogorov-Bochner theorems. After proving the finite case, we es-
tablish a useful mechanism to formulate the infinite product case with

detailed analysis in the next section. These depend on the order of
286
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forming the products. In the third section some general infinite product
results, based on the regularity of conditional (component) measures,
when they exist, are established. Several consequences of this result are
given in Section 4 and various interrelations between the regularity of
conditioning on topological measurable spaces, and the disintegration
of measures on these spaces along with the properties of a strong lifting
that intervenes, are treated there and in the fifth section.

To motivate the problem, recall that if X is an integrable random
variable on a probability space, (2, X, P) and By C B, C --- C B, C X
are o-subalgebras, then we have

E(X)=B(EP (- (B (X))--). (1)

Taking X = x,, A € X, (1) gives the equivalent formulation as:

P(A):/Q(/Q-~-/QPB”(A)CZPB”1~-~dPBl)dP, (2)

where PBi are the corresponding conditional probability functions and
the integrals in (2), inside parentheses, are in Dunford-Schwartz sense.
Here the measure p : ¥ — RT can replace P if up, is o-finite (or even
localizable) for each ¢ (cf. also Corollary 7.2.5). This will be extended.

The desired generalization of Fubini’s theorem can be presented as
follows (the proof is somewhat analogous to that of Proposition 2.3.2,
but is given for completeness):

Theorem 1. Let (£2;,%;), i = 1,2, be measurable spaces, py : X1 —
R* be o-additive, and v : Xo — LP(u1) be such that (i) 0 < v(A) <1
and v(Q) =1 a.e. [pu1], and (ii) v is o-additive in the norm (1 < p <
o0) or order (p = +00) topologies. Then there exists a o-additive p on
the product measurable space (21 X Qo,31 ® Xo) satisfying

(A x B) = / V(B)(@)din(w), A0 = {Ac¥: m(A)< oo,

A
(3)
for each B € ¥, and that pu(- x Q) = pi(-) on XY.  Moreover, if
f Q1 x Qo — R is measurable and p-integrable then

/le%f d'“:/Q1 { o, flwr,wo)v(dws)(wr) | dpa(wi). (4)
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The inner integral on the right of (4) is in the sense of Dunford-
Schwartz (or Wright’s for order topology) and all the others are Lebesque
integrals.

Remark. If v : Y5 xQ; — R* has the stronger property that v(-,w;)
is o-additive for each wy € €27 in addition to being v(B, -) measurable
for 31, so that it behaves as a regular conditional measure, then all
the integrals in (4) can be regarded as Lebesgue integrals. When v is
only a vector measure, as here, one has to invoke the vector integration
concepts.

Proof. The result of (3) is an easy generalization of the classical case,
(see Rao, 1987, p. 315). We include the detail for completeness. Con-
sider the measurable rectangle A x B of £Y x ¥; and define p as in (3).
Note that X{ x ¥ is a semi-ring on which y is additive. To see that it
is in fact o-additive, consider a disjoint sequence {A; x B;, i > 1} from
E(l) X Yo with union, say A X B, in 2(1) X Yo again. Using the fact that

XAxB = XaXp, ON€ has

Xaxp = z‘§1 Xa; XB; = lim X Xa; Xs,; - (5)

n—oo i=1

This is a convergent series since for each point (w1, ws) € A x B, all but
one term on the right side vanish, and the last sums are nondecreasing.
In the LP(pq)-context, norm convergence implies order convergence for
the vector measure v, and the monotone convergence theorem holds for
all these integrals (cf. Wright, 1969). So integrating (5) relative to v,
and simplifying one gets

xar(B) = lim %y, v(B)). (6)

n—oo =1

Integrating this series of nonnegative terms relative to pq gives
oo

Now applying the standard Carathéodory procedure for the pair
(E(l) X Y9, ) one concludes that p has a o-additive extension to 31 ® ¥4
and this extension, denoted by the same symbol, is the desired measure.
(Regarding this standard extension procedure, see, for instance, Rao,
1987, p. 41.)
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If f= E AiX 4, p, 18 asimple function, A; X B; € »Y x 3, then (4)
holds. Usmg the monotone convergence property, it can be extended
for all integrable f > 0, measurable for 3; ® >5. Finally if f is any u-
integrable function, and € > 0 is given, then there exists a u-integrable
simple function f. such that

|1 fldu<e
Q1 xXQo

Since (4) holds for f., this approximation implies (as in the classical
case, see, e.g., Rao, 1987, p. 325), that (4) holds in general. O

The following specialization for a conditional measure, of the above
result, will be useful in applications.

Corollary 2. Let (Q;%;), i = 1,2, be measurable spaces h : 1 — Qs
be a measurable mapping and p : X1 — RT be a probability measure.
If py = py o h=t is the image probability, then there is a conditional
measure Pio : X1 XQs — RY such that

/Jq(Aﬂ h_l(B)) = /BP12(A,w2)d,UJ2(w2), Ac 21, B e 22. (7)

Since 1 (ANAh~1(+)) and pa(-) are (positive) measures on g for each
A € 31, and the former vanishes on psy null sets, Pyo(A4, ) is simply the
Radon-Nikodym derivative of it relative to pus. Also the o-additivity
of ui(-Nh~1(B)) immediately gives the same property of Pya(-, ws) for
almost all wy € B. This implies all assertions.

The above result extends to finitely many factors and the following
form of it will be useful for later considerations. Note that if there are
n-probability spaces, n > 2, then there are (72‘) mappings h;; in contrast
to a single h when n = 2, and hence we need to connect the measures
to take all these relations into account. This is a new problem here.

Proposition 3. Let (Q;,%;, ), i =1,2,---,n, be a family of prob-
ability spaces and hi; : Q; — §; be (X}, X;)-measurable mappings such
that for 1 <i<j<k<n (1) hjjohj = hi, (2) hy = identity,
and (3) P, = Pjo hz-_jl. If for each i < j, qij : 3 xS — R is the
function given by (cf. (7)):

P](B N hZ_Jl(A)) = / qij(B,w) dPZ(w), AeX,;,, Be Ej, (8)
A
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then for any 1 < iy <i9 < --- <1 < n, we have

iy, (Av w) =

Giyis (dw2, w)
/ /

Qinis (dws, w2)- - / Xalip_yip (dw, wi—1),
Q

in ig Qi

(9)

for almost all w[P;,] where all are Dunford-Schwartz integrals and they
are evaluated from right to left. Moreover, each vector measure q;; :
¥, — L2(P;) has total variation measure P; and the integrals in (9)
can be taken in the Lebesgque sense when each q;; is reqular in the sense
that q;;(-,w) is o-additive on ¥; for each w € Q; and ¢;;(A,-) is X;-
measurable for each A € ¥;.

Proof. Observe that each ¢;;(A, -) is a bounded measurable function so
that all the Dunford-Schwartz integrals in (9) are well-defined. Using
the relations (1)—(3) on h;; and the consistency conditions on P;, we
have the inclusions:

Bi=hi; (5i)) = (hiyiy 0 higi,) N (Z4,) C hii (54,) = Ba

110k 120k

and similarly h;,;, = hi,is 0 higi,, implies (Bs = h;ik (X3))

81CBQC83C"'CB]§_1CEZ',€. (10)

Hence (9) can be verified to be another form of (2). However, we shall
establish it by induction, without using (2), for variety, as in Choksi
(1958).

In fact for k =1, (9) is just a trivial identity for g;,;,. Suppose it is
true for £ > 1. Now by (8) with A € ¥;,, and B € %;,, one has:

P, (BOh7L (4)) = /A Givia (B,w1)dP (w1)

:/dPil(wl)/ Qiyio (dwa, wi) - -+ X
A Q

i

/ Xquk72ik71(dwk317wk—2) ’
Q

lp—1

by the inductive hypothesis on ¢;,;, (11)
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Taking A = Q;, here and extending it for simple functions and then
for all bounded measurable f : ;, — R, which is valid for our vector
integrals, one gets the following identity from (11):

/Qi f(w)dPik(W:/Q dPil(M)/Q_ Qi iy (o, 1) - - X

1 2

/ F (@)1, (e, i), (12)
Q

lp—1

Apply (8) for P,

Tk+1

with f(w) = Giip,, (B,w), B € %,

Th41)

to get:

w)dP;; (w) (13)

(B,
dPZk (wl) / %’11’2 (dWQ, wl) e X
i Q

i

Pik+1 (B> = / Qifipir
Qik
_ /Q

/Q Qiriria (B’wk)ql'k—ﬂ'k (dwk?wk—1)7 (14)
'k
where we used the change of variables formula for the Lebesgue integral
in going from (13) to (14), since (13) involves only a Lebesgue integral.
But B € ¥;, ., is arbitrary and hence the integrands of (13) and (14)
can be identified a.e. [P;, ]. Thus (9) holds for k£ + 1, and hence the
result is true as stated. [
The interest in (9) is seen from the following type of application. Let
{(£2;,%;, P;),0 <i < T} be a family of measure spaces, F the directed
(by inclusion) set of all finite subsets of [0,7] and if & € F, Q, =

X Q;, Yo = ® %; and P, : ¥, — RT be given such that P, =
1€ i€

Ps o 7T6_1 where 7,3 : Q3 — €, are coordinate projections (o < [
so that o« C ). Let a1 < as < -+ < . In this application (9)
can be expressed with 0 < tg < t1 < -++ < tp,a; = (to,t1,...,t;),

A=Apx - x A, (A €Xy,) and w = (wiy, - .., wy, ), as:
qgoan<Aawto) = Qto,tl,...,tn(Atl X At2 X X Atnawto)

= / Qto .ty (dwtuwto) / Qto .ty ,to (dwtwwtmwtl) e X
A

t1 At2

/ Gt (ot ). (15)

n

This form of (9) has the following natural interpretation, when the

conditional measures ¢q,q,,, are all regular. The left side of (15) is the

i1
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292 Chapter 8. Products of Conditional Measures

conditional probability of the set A at time t,, given that the system
started at wy, at time ty. This is obtained as the conditional prob-
ability that the system starting in state w;, and time ¢y, visited the

intermediate states dw;, of A;,...,dw;, , of A; | at intermediate

1
times ¢1,t9,...,t,—1 before landing at time ¢,, in dw;, of A;, . Thus
daya, 1s the “transition probability” of the system starting at ¢¢ in state

wy, and arriving in A at time ¢,,. We shall exploit these ideas in the

0
next chapter where this language is made precise.

8.2 A general formulation of products

The preceding discussion shows that when we consider several (pos-
sibly different) measure spaces, it is desirable to have connecting map-

pings between spaces to formulate a useful theory. If Q) = ¥ 0,2 =
i=1

n n
® 2; and P = ® P;, one can consider coordinate projections m; :
i=1 i=1

Q — Q; with Pom, L= P;, the marginal measure. This situation is
generalized to (not necessarily cartesian) products with a connecting
set of mappings satisfying some consistency relations as indicated in
Proposition 1.3. We abstract these ideas and set down a precise de-
scription of the concept as originally formulated by Bochner (1947 and
1955).

Definition 1. Let {(£;,%;, P;),i € I} be a family of probability spaces
where I is a (perhaps uncountably infinite) directed index set (i.e., there
is a partial ordering “<” in I and that for each pair ,j in I there is
a k € I such that i < k,j < k). Suppose for the pair 7,5 in I, i < 7,
there is a mapping h;; : ; — Q; satisfying: (1) h;; = identity, (2)
i < j<k= hijohj, = hiy, and (3) h;l(El) C X, so that each h;; is
(X, %;)-measurable. Then the collection {(;,%;, P;, hij)i<j,t,j in I}
is called a projective system of (probability) measure spaces whenever
Py = Pjo hi_jl for i < j. (Here P; can even be o-finite or localizable
measures, although for us they are mostly probability measures.) In
case each (); is a (Hausdorff) topological space with ¥; containing all
Baire sets, the h;; are moreover required to be continuous and the P;
to be Radon measures.

Let us explain the above concept by specializations which will also
show what natural restrictions need be imposed for a successful theory
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8.2 A general formulation of products 293

useful in applications. We first observe that the h;; are an abstraction
of coordinate projections. This was briefly noted for equation (15) of
the last section, but we now discuss it in more detail.

Let A and B be a pair of arbitrarily given point sets and F be the
family of all finite subsets of B. If a, 8 € F define a <  whenever
a C B. Then “<” is a partial order on F and for any aq,as in F
ag = a1 Uag € F and oy < as, a0 < ag so that (F, <) is a directed
set. Now consider A%, the space of all A-valued mappings from a finite
set a of B. If the cardinality of « is d > 0, then A% is isomorphic to
Al and if 3 € F, card(B) = d', let a < 3, (so d < d'). Then the
coordinate mappings hag : A? — A% defined by hag(ai,...,as) =
(a,...,aq) satisfy hag(AP) = A%, hae = identity, and for a < 8 < v
in F, hap © hgy = hay. Thus the h,gs are the familiar coordinate
projections. On the other hand, they can be inclusion mappings for
a system of subsets of a large set so that they are not in this case
coordinate projections any more.

We need to analyze the generality of the concept. So let {(2q, hag),
a < [in I} be a system of spaces with hqg : 23 — €2, as the connecting
consistent family of mappings with I as a directed index set. If ; =

x €1, is the cartesian product space, then the set 2 = {w = {w,, o €
aecl

It € Qr : wy = hap(wp), for all & < B in I} is called the projective
limit of the system and is denoted 2 = liin(Qa, hag). If Q # 0, for each
we Q, w={ws,a € I}, called threads, let us set hy : w — w,. Then
ha : 0 — Q, is a well-defined mapping and for a < 3 one has

ho(w) = wa = hapg(wp) = (hap o hg)(w), w € Q, (1)

so that ho = hag © hg holds on 2. We now show that the limit set
defined in this way can be identified as the cartesian product set Qp,
when [ is replaced by the directed set F of all finite subsets of an index
T under inclusion ordering for {€;,t € T}, discussed in the preceding
paragraph. This identification is not entirely obvious and we give the
details.

Let Qp = téTQt,Q]: = X QuwithQ, = x O, Q= IEn(Qa, hag)-

acF tea
Note that hog = 7Tap : 03 — €1, are coordinate projections. Although

card(F) > card(T), we show that Qp and Q are isomorphic. Indeed,
if o, : Qp — €, is the usual coordinate projection, we have m, =
Tap 03 = hapomg. We claim that there is a bijective (= one-one and
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294 Chapter 8. Products of Conditional Measures

onto) mapping u : Q7 — Q such that 7w, = hy 0 u where hy @ Q — Q,
is the usual canonical mapping. To see this, let w’ = {w;,t € T} € Qp
and @ = {w,, @ € F} be a thread obtained from w’. Define u : v’ — @.
Then u is a mapping of Q7 into Q. To see that u is one-to-one, if w’ and
W' are two elements of Qr such that u(w') = @ = u(w”) then for each
a € F, ho(u(w)) = wa = ho(u(w”)) so that the threads are identical
for both w’ and w”. In particular, considering the one point sets in F,
we conclude that w’ and w” have the same coordinates so that w’ = w”.
To see next that w is onto, consider @ = {w,,a € F} € . For each
t €T, let a € F satisfy {t} < a. Set w; = h{ya(wa). If B € F and
{t} < B, then there is a v € F such that a < 7, 3 < -y, whence

h{t}oz(woz) =wr = h{t}oz © hoz’y (W'y)
= hinpy(Wy) = hinng © hpy(wy) = by (wy). (2)

Thus w; is independent of o and if W’ = {wy,t € T}, then W’ € Qr and
u(w’) = @. Hence u : Q7 — Q is a bijective mapping as asserted.

The generalization involved in the projective systems is such that
the limit set €2 can be empty even when all h,g are onto mappings, as
seen from the following example. We follow Bourbaki (1968, p. 251)
here.

Let F again be the collection of all finite subsets of 7' = [0, 1]. To
define a projective system of the “pathological kind” sought for, first
note that F has no countable cofinal subset Indeed, if there is such a
set let it be {a,,n > 1}, and J = U a, C T,a, € F, so that J is
countable, and if « C T — J,a € F, there can be no 3 € J satisfying
a < (B since aN B = (. Thus J cannot be cofinal. Now define sets X
and €, as:

X={z=(a1,...,00p) : ; € F,a9;—1 < ag;, 1 <i<nand
Q91 7{ Qj—1 for 1< j<1< 77,} (3)
Let r(z) = agp_1, s(x) = aa,. We then say x in X has length n. For

o € F if we set
Qo ={xeX:r(x)=0a} (4)

then Q, # 0, since z = (o, ) € Q. g = (1,...,02,) € N, < G,
let 7 be the first index ¢ such that @ C a9;_1, and = n if there is no
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such i. With each such zg we define z, = (ai,..., -2, a,asz;).
Since r(zo,) = a one has z, € Q,; now set gop(xg) = xo. Then
gap : 23 — Qg is well-defined. To see that it is onto, let = € .
So r(z) = a and x = (a1,...,Q9,_2,a,as,). If the lengths of a,
are equal then o < 8 = x € (g, and if the lengths are unequal then
they differ by a pair of elements so x3 = (a1, ..., a2, 5, ®2,42) for an
Qont2 € F, B < agnyo. Hence again x5 € Qg. Since o < 3 (j =
2n), gap(xp) = x and gop(23) = Q. A similar reasoning shows that
for « < 8 < v in F,ga8° 98y = Gay, a0d gaq = identity. Thus
{(Qas9ap), @ < B in F} is a projective system. If 2 = l'gn(Qa,gag),
then we verify that Q = (), as follows.

Suppose ©Q # 0, and let z = {xq, a0 € F} € Q, x4 € Qq,28 €
Qg. Then thereis a v € F,a < 7,8 < v, x4y € ), so that z, =
Gary (), 23 = gg(x). If both z,, 25 have the same length, then by
definition (cf. (3)), s(z4) = s(xg) which means that they have the
same last elements. If 8 = s(z,) where x4 = go~(24) consider the set
of #’s so obtained. It can be verified (after some computation) that
this is a countable cofinal set of F. Since there is no such cofinal set,
there cannot be an z in Q. Thus € = () for this projective system, even
though each Q, # 0 and the g,p are onto mappings.

In order to avoid the pathology of the above example, we introduce
a useful sufficient condition, following Bochner (1955), for the general

case.

Definition 2. A projective system {(Qq,903) : @ < [ in I} of
nonempty spaces is said to be sequentially mazximal (or satisfies the
s.m. condition) if for every sequence a; < as < ... and any points
Wa
element w = {ws, € I} in Q, the projective limit set, satisfying
9o; (W) = Wa; (Ja = Gaco : 2 = Qa).

It is clear that g, is the restriction of 7, : Q; = x Q, — Q, and
acl

that for @ < 5, go = gap 0 9. Also if I is regarded as a (point)

€ Qq; such that wa; = ga,a, (Way ), @; < ag, then there is an

set of indexes, and €2,s are cartesian product spaces, then the s.m.
condition always holds. Further under the s.m. condition, all g, and
Jap are easily seen to be onto mappings. To note the significance of
the s.m. hypothesis, let us consider the case of topological spaces. The
following result is an abstraction, due to Bourbaki, of a theorem of
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Mittag-Leffler’s in complex function theory and is stated for reference
and later use. (See Bourbaki, 1966, p. 187, for a proof.)

Theorem 3. (Mittag-Leffler and Bourbaki) Let {(Qaq, gag), o < 3 in
I} be a projective system of spaces such that each Q, is a complete
metric space and gos(23) = Qq, for each o < . If the directed index
set I has a countable cofinal subset and if for each o in I, there is a
Ba > « such that for each v > Bq, gay(§)y) is dense in go5(Q2s), then
the projective limit set ) = lEIl(Qa,gag) is nonempty and for each «
and B > « satisfying the latter condition, go(S2) is dense in go3(€2g).

In light of this theorem, the following result on the subject in relation
to the s.m. condition illuminates it in some respects and has special
interest in our study.

Proposition 4. Let {(Qq,903) : @ < B in I} be a projective system
of spaces with I as a directed index set. Then Q = lUm(Q,, gap) s
nonempty in each of the following cases, and moreover gze system has
the stated properties.

(i) If I has a countable cofinal set, gop are onto and Q2 # 0 for each
«, then the canonical mappings g, : 2 — Q4 are onto for each o € I.

(ii) If the system satisfies the s.m. condition, but I need not have a
countable cofinal subset, and Qq, # 0, then go(Q) = Qq, a € 1.

(iii) If each Q, is a nonempty compact Hausdorff space, then )
is also a nonempty compact set, and if moreover gos(2z) = Qo for
each a < [ in I, then go(2) = Q4 so that the s.m. condition holds
automatically.

Proof. (i) This can be reduced to Theorem 3 by considering a discrete
uniformity on each €1, i.e., if one considered the class of all subsets of
Q. x 0, that contain the diagonal, then it defines a structure in terms
of which Q, becomes a discrete uniform space (a metric like topology)
and then we can apply Theorem 3 to deduce the conclusion.

(ii) This follows from definition of the s.m. condition at once.

(iii) Let each Q, be a nonempty compact Hausdorff space, o € I.
The result will be established following an argument of N.E. Steenrod’s
(cf. S. Lefschetz, 1942, p. 32). Thus if Gog = {(Wa,wp) @ we =
gap(wp)}, the graph of gog, and Cop = Gag X Qr_(4,s}, the cylinder
with base G, then each C,3 is a closed set in the product topology
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of € since g, is continuous. But Q = IEH(Q()mga,B) = MN{Csp :
a < [ in I} so that Q is also closed. If each €, is compact and
nonempty then so is Q; (by Tychonov’s theorem), and  C Q; is
compact. To see that 2 is nonempty, we show the stronger property
that the {Cnp,a < B in I} has the finite intersection property which
implies, since each C,p # 0, that  is nonempty as well as compact at
the same time.

Let {(a;, i), < Bi,i = 1,...,n} be an arbitrary set of n-pairs
of indices from I. By directedness, there exists a v € [ such that

v > B > a4t =1,...,n. For any w, € Q,, let wy, = ga,y(wy)
and wg, = gp,(wy), and let w € Q; be an element with 2n of its
components as (wq,,wg;),t = 1,...,n. Since ga,y = Ja.8; © Yiny W€

have wa;, = Ga,;8;(ws;),% = 1,...,n, so that (by definition of Cyp)
w € Cy,, and hence w € N, C,,3,. Thus the intersection is nonempty
and then Q = NC,p3 # 0 because each C, 3 is also compact. Finally, if
Qo = gap(Qp) for each a < 3, we assert that the s.m. condition holds.

Consider the mapping g, : w = {wa,a € I} — wq,w € Q. Then
9o () C Q4. To see that there is equality here, let w, € €, and
A = g ' {wa}) € Q7. Then A is a closed nonempty set since g, is
continuous and points are closed in Q, (being Hausdorff). We show
that ANQ # (. In fact we assert that ANC\,g has the finite intersection
property for all B > «a. For, let @« < «; , ¢ = 1,---,n be any set
of indices. There is a § € I , f > «a;. Since go3(Q3) = Qqa, by
hypothesis, let wg € g;é({wa}) C Qp. Let w € Q be a point with w,
as a component, so w € A, and wy, = gq,3(ws). Since a < a; < =

Wa; = fa:p(wpg) we get (wa,,wpg) € Ga,p => w € Cy,palli=1--- n.
Hence w € ANCuo;, = w € AN [ Cop =ANQ. Thus ga(w) = wa
B>«

and so g, (2) = Q. Finally, let @1 < as < --- be any sequence from
Iand Q = g1 (Q0,) # 0. If wa;, = Jasais (Wasyy ) let w € Q be taken
with w,, as its coordinates for ¢ > 1 which is possible by the preceding
sentence. Thus the s.m. condition is always satisfied in this case. [J

Remark. In the general case without reference to topology, the s.m.
condition is a useful sufficient requirement for nonemptiness of 2 and
the onto property of the g,. However, Millington and Sion (1973) have
pointed out that the s.m. condition can be weakened and can still have
the limit space € # (). We shall however impose the s.m. condition in
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our study because of its simplicity and also due to the fact that it is
automatically satisfied in the case of product projective systems (and
this is the case of the classical Kolmogorov formulation).

8.3 General projective limit theorems

Using the concept and analysis of projective systems of probabil-
ity spaces we now establish some general theorems on (nontrivial)
projective limits of such families. This will then be specialized for
some existence problems of stochastic processes arising in applications.
If {(:20,908 Pa)acp @ @,Binl} is a projective system of mea-
sure spaces and ) = lgn(Qa,gag) + 0, ¥ = U(ggcjl(Ea)) and if
P : ¥ — RT defined by Pog,! = P,,a € I, exists as a o-additive
function, then (€2, 3, P) is termed the projective limit of the given pro-
jective system. Such a limit need not exist in general, and the main
problem is to find “good” conditions on the system for the existence of
the limit.

The following result, due essentially to Choksi (1958), enables us
to present a solution to the above question, and is adequate for many

problems that are encountered in applications.

Theorem 1. Let {(Qq,2Xq, fla; gap) : @ < Binl} be a projective sys-
tem of probability (or o-finite) spaces satisfying the s.m. condition.
For each pair o, B in I, a0 < 3, suppose the following two properties are
true.

(i) If qap : g X Qo — RT is a mapping satisfying (for o < 3),

B OGHA) = [ 40s(B) dsalw). A€ TaBeE s (1

then gag(B,-) is ¥,-measurable and qos(-,w) is a probability measure
for each w € Q4 ; i.e., qup 15 a reqular conditional measure.
(ii) For each 3 > «, there is an Nog € Xq, pta(Nag) = 0, and if
w € N5z and B € X5 such that qag(B,w) > 0 then B ﬂg;é({w}) £ 0.
Then the system admits a unique projective limit (2, %, u), denoted
as 1'511(Qa, Yo tas Ja3)-

Proof. By the s.m. condition 2 = lim(£2,, gog) is nonempty, the map-
pings go : 8 — Q, are onto and g, = gap © gg. Let A = Ug, (Za),
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the cylinder algebra, and ¥ = o(A). We need to show, under the given
conditions that p = lim(uq, gag), the projective limit, exists as a mea-
sure. Let us first esta<_blish that there is a finitely additive set function
on A, with marginals p, and then show that it must be o-additive.

Since for a < 8, g, (Za) = (9ap © 95) " (Za) = 95 ' (925(Ea)) C
951(25), and each g }(X,) is a o-algebra, it follows that A is an alge-
bra. Let us define y: A — R*. If A€ A, then A € g;}(2,) for some
a € I. Suppose A € 95_1(25) also, so that there exists B, € X, and
Cp € g satisfying A = g, 1 (B,) = gﬁ_l(Cg). Since [ is directed, there
is a v € I such that o <7, 3 < and hence g4 = gay©9~,93 = 939~
implying

95 (9ar (Ba)) = 92" (Ba) = A= g5 (Cs) = 95" (95, (Cp)).  (2)

Since the g, is onto so that g;l is one-to-one, (3) implies gc:vl (B,) =
9571 (Cp). Consequently we have

pa(Ba) = ty(9ay (Ba)) = 114(95, (Cs)) = 15(Cp). (3)

If p(A) = pa(Ba) = pp(Cp) is the common value, then p is uniquely
defined with values in R™. To see that y is additive, let A; € A,i=1,2
disjoint. Then (by directedness of I again) there is a v € I such that
A; = g;l(C’i), C; € 3, and disjoint, implying

(A1 U Ag) = 11,(C1 U Ca) = iy (C1) + 11y (C2) = p( A1) + p(A2), (4)

since fi, is a measure on X,. Hence p : A — R is additive.

The main problem (and difficulty) is to show that u is o-additive and
hence has a unique extension to 3, under the conditions (i) and (ii).
Suppose, for an indirect argument, that u is not o-additive on A. Then
there exist A, € A, A, | 0 and a 6 > 0 such that u(A,) > p(A,11 >
0. We present the argument in steps for convenience. First observe
that, by directedness of I, we can find successively «,, € I, ay, < i1
such that A, = g;} (Cn), Cy, € X,,. Hereafter the regularity of the
conditional measure plays an important role.

Step 1. By hypothesis g of (1) is a regular conditional measure out-
side of a pq-null set Nog. So for the sequence {c,,n > 1} for each
n, and m > n, consider N, ., € 3., and set ¢, q, (,w) = 0 for
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we U Ng,a, € Xa,- We denote the thus modified conditional mea-

m>n
sure by the same symbol and observe that it again satisfies (1). By Part
(ii) of the hypothesis, for any w € Q. , Aa,, € Za,., o, o, (Aa,,,w) >
0= Aa,, Ngala, {w}) # 0. But for n < m < r we also have the

following relation:

Ao, o (A7 w) :/ Aoy 041 (dwan+1 ) w)/ Aoy y1otnio (dwan+2 ) wan+1) e

Xn+1 Qo‘n+2

: .\/ XAqar—lar (dwar7war—1)7 A E ZO‘T‘? (5)

™

for almost all w € €, _, by Proposition 1.3. Hence if A = A, of our
exceptional sequence, where A, = g;nl(Cn), then there is a i, -null
set Ng, (Cpn) € X, so that the null set N,, depends on C,, out-
side of which (5) holds for all w. Thus if w € kL>Jn N,, (Ck), we set

do,a,(sw) = 0,k > n, and the modified g, q,, of this sequence again
satisfies (5). This version is also denoted by the same symbol so that
the new one satisfies (5) on Qj,_ for m > n without exceptions and
Aa,, Ng:t, ({w}) # 0 for m > n whenever g4, q,, (Aa,,,w) > 0.

A Om

Step 2. Consider this (new) sequence {¢qn.a, (Ck, "),k > 1}. We assert
that this is an a.e. [uq,] decreasing sequence of nonnegative functions.
Indeed let B, = {w € Qq; : ¢ara, (Cn,w) < Gayan: (Cng1,w)}. Then

0> / [Garan, (Cnyw) — Qalan+1(cn+1aw)]d#a1(w)
B

n

= /’l’an+1 (Cn N g;ja,ﬂ_l (Bn)) - ILLOln-l—l (Cn+1 N g;11Qn+1 (Bn))7 by (1)7
= w(An N gar,, (Bn) = #(Ant1 N 9ot (Bn))
>0, (6)

since A, D Apy1 and go, = Jaranis © Jan,,- Hence (6) implies that
tao, (Bn) = 0. Replacing a; by ay in the above, the result is that
Gapani (Cny1) | a.e. [po,]. Thus for each k, if N, , is the set on

which the sequence does not decrease, then Uk N! i fto,-null. On

n> QR Qn
this set define ¢q, 0, (Cn, ) = 0 and the new sequence is then monotone
decreasing and it again satisfies (5) as well as (ii) of the hypothesis.
Let fr(w) = limga,a, (Cp,w), which exists for each £ > 1 and each
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w € Qq, . Also by choice
0 <0 <limp,, (A,) = lim i, (Cn)

= hm/ Qalan(cnu )d/“LOﬂ( )

/ F1(0) it (). (7)

Step 3. Let G = {w : fr(w) > 0}. Then pq, (G1) > 0 by (7). Choose
w1 € G1 such that fi(wy) > §; > 0, for some d;. Since the modified ¢
functions satisfy the identity of Proposition 1.3, we have

Gy (Crnywi) = /Q Joy oz (AWay , W1) ey, (Cny Way )- (8)

@2

From (7) and (8) and the monotonicity of ¢(-,w)s established in Step

2, we get ¢aya, (Cp,wi) > 01 > 0. Hence wy € ga,a, (Cn),n > 1. Since

Jaya,, (+,w1) is now (after modification) a measure and lim ¢y, o, (Cp, w1)
n

> §; > 0, equation (8) implies that
0 <61 <limgap,a, (Ch,wi)

N /Q f2(woz2)Qa10é2 (dwa2,w1). (9)

Hence the set G5 has positive ¢q,q, (-, w1)-measure so that there is an
W2 € Jasa, (B2) such that fa(we) > 0 and

Qagan(cn:w2) :/ qagag(dwa37WZ)Qagan(Cnaw2)a (10)
Qag

and wy € gasa, (Cpn) for n > 2. Here we can (and do) demand that
CL)Q e g(;faz({wl})'

Step 4. We now iterate the procedure of the above step and find w,, €
Q,,, such that g, a,,,(Wnt1) = w, and w, € C,,n > 1. Hence by
the s.m. condition, there exists an w € Q = lim(Q,, gop) such that
9o, (W) = wy,. But this means w € A,, for all n so that w € N A4,,. This

is the desired contradiction since A,, \, () by the initial choice.
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Thus g must be o-additive on A and being a finite measure has a
unique extension to o(A) = X, by the classical measure theory, as as-
serted in the statement. The uniqueness of the projective limit measure
is clear since po gyl = o, € I. O

The above proof is a (nontrivial) modification of the classical argu-
ment used by Kolmogorov (1933). (See also Doob, 1953, pp. 613-615.)
It is possible to consider a sort of converse to the above assertions but
we shall not pursue this line here, as it is not needed below.

Some specializations of the above theorem, when N,g = ) for all
o, and Q = Qf (ga,p are then coordinate projections) so that some
arguments get simplified, will be given. The precise result stated next
was proved directly by C. Ionescu Tulcea (1949):

Theorem 2. Let {(Sy,,Sn),n > 1} be a family of measurable spaces,
Q, = ; S, 2, = (% S, and qny1 : Zpa1 X Qp — R be given. Sup-
pose tlZLZ;E (i) qn+1(;1:,1-) is measurable and (i) qn41(-,w) is a probability
measure for each w € Q,, so that q,+1 s a reqular conditional measure.
Then there exists a probability measure p such that

(A = [ dmen) [ aaldmn) -+ [ an(dononoa)
Aq As An

(11)
where A = A} x - x A, €%, and 7, : Q= Qo) — Q, is the co-
ordinate projection. Thus (2,3, u) = im(Q,, 0, 1), Tnn ) men exists
where (™ (AM) = le G (A w1)dpy (w1), 1 is the initial probability
on ¥ = 81, and Ty 2 2 — Q, is the coordinate projection mapping
(m < n).

Proof. The hypothesis and the integration of the identity in Proposition
1.3 give in the present case (™) as a probability, and ¢ : Zm X O —
R™ as a regular conditional measure for each m < n. We now deduce
this result by verifying Part (ii) of the hypothesis of Theorem 1 directly
since Part (i) is assumed here. Thus if w,, € Q,, and A" € %, is a
rectangle, m < n, then letting g, ,(A™) for gm (A" w,,) we get

Qm,n(A(n)) = XA(m) / de+1(dwm+17 wm) te / dn (dwn7 wnfl)-
Am+1 A

" (12)
Suppose now that g, (A™, w,,) > 0 for wy, € O, and A™ € %, a
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rectangle. We define G, as:

G (A, W) = G (2 x ALY) (13)
where A7, is the w,,-section of A Thus

Al { A1 X oo X Ap, if wyy € A
“r 1, if Wy, ¢ AM.

(wm)A%) . Hence for

wm & A we have ¢un(Q,, X Afff}b,wm) = 0. Consequently

If A% = Apgr % - x Ay, then AS) = x )

/ an(A(m) X Agg)awm)d/im = / an(Qm X A%),wm)dﬂm
Qm A(m)

= pin (U X AR) N, (AT))

= fn (i X A’%L)) N (A(m) X Qgg))),
where Q™) = Q1 X -+ x Q,,

= pn(A® x A

= / Grn (AT 5 AT 6 Vi,
Qm

Thus ¢p,n and g, agree on all measurable rectangles and hence on ¥,
itself. Thus §,,, is a version of the regular conditional measure ¢,,,, for
each m < n. If Gmn(A,wy) > 0, then the section A, of A cannot be
empty. If A =Q,, x B, then B # () and

ANT({wm}) = (Qm x B) N ({wm} x Q)
={wm} x B # 0. (14)

Thus hypothesis (ii) of Theorem 1 is satisfied, and the result then
follows from that theorem. [J

Remark. One can give a proof by specializing the argument used in
the demonstration of Theorem 1. In fact Tulcea’s original proof is
so formulated and the corresponding one given for Theorem 1 is an
extension. It is possible to drop Part (ii) of the hypothesis of Theorem
1 if Part (i) is suitably strengthened. Such a result has been obtained
by Rao and Sazonov (1993) and will now be discussed.

Let us first observe that condition (ii) of Theorem 1 implies that
the (regular) conditional measures g,s(-,w) should be supported by
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the sets ggﬂl({w}),w € Qp. This is Choksi’s general hypothesis for
the theorem. On the other hand the general result that is available
on the projective system (to admit the limit) is due to Mallory and
Sion (1971), and they assume a powerful compactness condition on the
collection {g;'(A) : A € X,,, for some n} where {a,,n > 1} C I
is any sequence, but allow the measures to be Carathéodory regular
outer measures. This entails that for each set there is a measurable
cover that allows one to obtain an outer measure on the cylinder (semi-
) algebra. Eventually the latter authors can produce a measure p on
the cartesian product measurable space (XaecrQa, @acria) = (Q,i)
(say), and Q = lgn(Qa,ga,g) C Q can be large enough, but without

some such condition, typically Q ¢ > and to study the problem on its
restriction to the trace o-algebra 3(Q), since the class of y-measurable
sets contains the preceding algebra. (See, e.g., Rao, 1987, Theorems
2.2.9, 2.2.10, and a detailed discussion on properties of Carathéodory

generation of maximal extensions of measures in Section 2.2.)

Here we restrict to projective systems made up of (regular) condi-
tional measures, as in Choksi(1958) but without his condition on the
supports of these measures, and follow the general format of Mallory
and Sion (1971) but without a compactness condition on certain fam-
ilies of sets, in exchange to some separability of measures (and not
outer measures as in these authors). These are closer to applications
in our context. However we still find that the projective limit €2 is
still nonmeasurable for the projective limit measure P on (£, ), but
fortunately it is a thick set for P. We can then extend P to the new
measurable space as our desired triple (2, %, P), although it will no
longer be regular, but this suffices for our work. In several of our ap-
plications it can be replaced by a regular one. Thus our procedure is
a refinement of Mallory-Sion to our context and generalizes Choksi’s
result to a large extent (since his limit measure is a regular one under

his conditions).

We already have used the regularity and the sequential maximality
(s.m.) conditions for a projective system. A third condition needed
here, due to Mallory and Sion, is called almost separability. A projec-
tive system F = {(Q,%;, P, gi;) : ¢ < j,i,7 € I} is almost separable
if for each ¢ € I, a directed index set of the system, these is a set
N; € ¥;, P;(N;) = 0, and a sequence & = {E;,,n > 1} C %; such
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that for any pair of distinct points w’,w”, W' € Q; — N;,w"” € Q; we
have w' € E;, but w” ¢ FE;, for some n > 1. Thus the sequence &
essentially separates points of €2; for each i € I.

With this preamble, the desired, rather general supplement to The-

orem 1 is given by the following:

Theorem 3. Let F = {(,%;, Pi, gij) 11 < j,i,j € I} be a projective
system of probability spaces which is almost separable, regular in the
sense that for each i < j,1,j € I,

/ Qij(A,wi) dP;(w;) = Pj(ANg;'(B)), BeX; Aeyy,
B

where the Q;; are reqular conditional measures, Q;j : X; X §; — RT,
and the system satisfies the s.m. condition. Then P = liin(Pi,gij)
exists, P is unique so that P o gi_1 = P,i €1, and (2,5, P) is the
projective limit with Q = IEn(Qi,gij) and ¥ = 3(Q), the P : ¥ — R

being a probability measure.

Proof. We again present the argument in steps as in Theorem 1 for
clarity. Although the details were included in my book (Rao, 1995,
Theorem II1.6.1), it is prudent to present the main ideas of the result
here, with comments to help appreciate the technicalities.

Step I. It was shown at the beginning of the proof of Theorem 1, that
if Q= x;e7Q;, 3o = the cylinder algebra formed by Uie]gl-_l(zi), then
the P; determine an additive P : io :— RT such that Pyo 9; 1 P ie
I. Since a measurable rectangle in ¢ has only a finite number of sides
different from the spaces Q;, each element A € 3 can be represented

as

where A; = §); for all but a finite number, say r(A) C I. The function
P, is then defined by the relation

Py(A) = Po(Nicpiaygi (A0) = Pi(Nigpiaygiy (A0), 7 >4, (16)
and Py does not depend on j.

Step 1I. Let P* be the Carathéodory generated outer measure by the
pair (Py, ¥g). This means:

P*(B) =inf{y Py(An): B CUp>14y, A, €S0}, BC Q. (18)
n=1
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Then P* is an outer measure and if ¥ is the class of P*-measurable
sets, it is a o-algebra containing all P*-null sets and P*|i is a proba-
bility measure containing 3. (This is a particular case of the general
Carathéodory process, (cf., e.g., Rao, 1987, p.41, and P**(= (P*)*)
relative to the pair (P*,¥) is P*, and it has no further extensions.)

Step III. The almost separability of F implies that P*(Q — Q) = 0

where
0 = {w = (wi,z’ c I) c Q : gij(wj) =w;, 1< 4,47 € Il},

the collection of all threads tied for ordered pairs in countable subsets
I, of I.

Indeed, for any B € %, let B;; = g; ' (B) N (gj_1 o gz_Jl)(QZ — B)
and P(By;) = Pj(gigl(B N (Q; — B)) = 0, where g; : Q — Q; is the
coordinate projection. We use the same symbol g; for its restriction to
Q c Q and note that Q is nonempty by the s.m. condition and also
this mapping g; is onto €2;. Let X = E(Q) ={OQNA:Aec fl}, the trace
of ¥ on €, and observe that if

E={Bij:i<j,Be&} ijel, (19)

where &; is given above in the almost separable definition, then

Q= QC ((UpeeB)U (Uierg; '(Ni)),  P(N;) =0.

Hence

PQ-Q) <Y P(B)+) Plg '(N:)=0;

Beg i€l
since &, I; are countable and each term in the sums is 0.
Step IV. Under the conditions of almost separability and s.m. of F, P
on the algebra determined by cylinder sets 3o can be evaluated as

Py(A) = Pi(A) = P{(ANQ), (20)

where P} is the outer measure generated by (Py, Y1), and ¥ C % is
the semi-algebra of cylinders whose sides are restricted to I; so that
each A € {f)o, r(A) C I}, a countable subset of I as in Step III.
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In fact, since P;° is an outer measure, determined by (P, il), for
each ¢ > 0 and A € 3, there exists a sequence {B’j, j > 1} of cylinder
sets such that A C szlg’j, and

ipo(f}j) <PHONA) +e. (21)

Now X is the algebra generated by cylinder sets so that A is a finite
union of such sets, say A = Ugnzlflk, and let I} D I, D (U r(Ag)) U
(Uj>17(Bj)) where I, is also a directed and countable index set. If
Q) ={0€Q:gi(®) =@i,i < j,i,j € L} and Py = P*|%, then Py
can be evaluated as follows:

Pi(A) = Py(A) < Py (Uj>1B5) + Py (2 — Q1)
ZP; VH+0< PHONA) +e, (22)

by (21). Since € > 0 is arbitrary, (20) follows from (22). Note that since
o = () is not a subalgebra of 3 on which P* is o-additive, the latter
property for Py on ¥ cannot be inferred because () is not necessarily
P*-measurable. It is shown in the next step that €2 is a thick set for
P*, and hence a considerable additional analysis is needed to establish
the desired o-additive extension of Py onto X.

Step V. If Py is o-additive on %1, so that it has a unique o-additive
extension to o(X), then Q is a P;-thick set; i.e., for any ;-measurable
E C Q—Q we have Pi(E) = 0 or equivalently that Q has Pj-inner
measure 0 and outer measure 1, and P, (F) = Pf(QN F), F € ¥;.

For, let E be measurable as above. If P;(E) > 0 then we derive a
contradiction. Then we choose an ¢ > 0 such that 2¢ < Py(E), and
since Q — F € o(X) there exists an A(= A.) € X, such that

P (EAA) < ¢, (23)

(cf., e.g., Rao, 1987, Proposition 2.2.16). But then there exist a finite
disjoint collection of cylinders Aj, such that A = Upe 1Ak,m > 1 (cf.
again Rao, 1987, Proposition 1.2.3). Now £ € Q — Q, or (E)¢ D Q,
and hence

Pi(A,NE®) = Pl(ANE®) < e, by (23). (24)

NE

ZPf(QﬂAk)S

k=1

B
I

1
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But by Step III we also have

ipf(ﬂmik) :ipl(fik) =P (A) > P (E)—¢ >e. (25)
k=1 k=1

Thus (24) and (25) give the desired contradiction, so that P;(E) = 0
must hold and so 2 is a P;*-thick set.

Now from the standard Carathéodory theory (cf. Rao, 1987, Theo-
rem 2.2.10 (iii)) one has

P (G) =inf{P,(F):GC F e},

and hence it follows that Py(F) = Pf(QNEF), VE € 34, as asserted.
So far we did not use the regularity hypothesis. This will be utilized
in showing that P; hence P is o-additive on X.

Step VI. The regularity hypothesis on F implies that for any finite
collection i1 < iy < ... < 14,, from [ and Ay € X
tation of A € ¥y as A = ﬂ}f:lgi_kl(Ak), and

ir» We have a represen-

PO(A> :/ Pi1(dwi1)/ Piliz(wiladwiz)”'x
Aq A

12

/ Pim_1im (wim_l,dwim). (26)
Adp,

This representation with the regularity of the conditional measures P;;
is already established above in Step I of Theorem 1, namely it is true
for m = 1,2 and the general case (m > 3) follows (nontrivially) by
induction. This formula allows one to employ the original procedure
due to C. Ionescu Tulcea (1949, p. 209) which is our Theorem 2 above.
We include the necessary detail here. Thus if Iy = {iy € I : iy <
ik+1,k = 1,2,...}, then the restriction of Py to cylinder sets AcQ
with base size 7(A) C I has a o-additive and unique extension to
the o-algebra generated by all such sets. It is to be shown that P
given by (26) has an extension P (to () = ¥), which will be the
desired probability measure. For this we use the fact that P; = Py|¥,
is o-additive by (26) where X; C X generated by the cylinders A with
r(A) C I,. Let Ay be a disjoint sequence of cylinders from X; such
that 121() = Ug>14y is also a cylinder, and choose I} = {iy € I : i < i}, <
Igt1, Vi € T(Ak), k > 1} and let &1 be the semi-algebra of cylinders A
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with r(A) C I. If P, = Py|Sy, then by the above work (see (26)), P; is
o-additive and we extend it to 3(Q) to be a measure there.

Let Aj, be a cylinder given by Aj = mier(Ak)gi—l(Aki)’ for some
Api € %4,1 € r(Ag). If also By, = g;I(ﬂier(Ak)g;:(Ak)) which is (by
the composition rules) ﬂieT(Ak)gi_kl ogi_ikl(Aki) = mier(Ak)gi_l(Aki) then
QN AL = QN By, so that

> PR(A) =) PrQNAL) =D PN By), (27)
k>1 k>1 k>1
where Pj is the outer measure generated by the pair (P;,S;). Thus
the outer measure is actually o-additive and has a unique extension to
0(81), and this measure is denoted by the same symbol. Let us look
at Py. Consider a disjunctification of the {By,k > 1} as {Cy, k > 1}
so that QN Cj, = QN By, Cj, € 0(Sy), k > 1. By steps IV-V we get
ZPHQQBIJ = ZPF(Qﬂék) = ZH(ék)
k>1 k>1 k>1
= P (Ur>1C%) = P (Q N Ug>1Ck)
= Py (22N Ag) = Py(Ay).
Thus P, is o-additive on .

Step VII. We finally observe that Py (extended to X, say P) is the
unique desired measure and is also the projective limit of the system
F.

Indeed, by Step V, with I; in place of I, we note that 2 is a thick
set. For each A € X there is an A € ¥ such that A = QN 4, and
if we set P(A) = Py(A), then (by the thickness property) P is well
defined and is a probability measure (cf. e.g., Rao, 1987, p. 75).
Moreover P(g; ' (A;)) = Po(g; '(Ay)) = Pi(A;),i € I, implying that
P = liin(Qi,gij). To see that this P is the unique limit, let P’ be

another such measure on ¥ with the marginals P;. Then for each

n,3A, € ¥;,,k=1,...,n,and for j > i € r(A), A a cylinder set, we
have

A=Ni1g; (A) = g5 (MF=19, 5 (Ar))
and then

P(A) = P(g; ' (Mp=19i,5(Ar))
= Pj(Ni_19;,;(Ax))
= P'(g; " (Ni=19,,5(Ax)) = P'(A).
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So P and P’ agree on all cylinders and so on the o-algebra generated
by them, and thus on X itself. []

The following is a specialized version which illuminates the issues

involved in these results and also has independent interest.

Proposition 4. Let {(€;,%;),i € I} be a collection of measurable

spaces, 1 = X Q;, ¥ = ® %; = U(Uﬂ' Y(Bm))) where S,y = (}% i,
el ZGI

and mpy @ — Q) = >< Q;, the coordinate projection. Let F be

the class of all finite subsets of I ordered by inclusion, making it a
directed set. Suppose that for each a € F, there is given a probability
measure P, on X, = ® X; such that P, and Pg agree on o N 3 for

1€

any o, B in F. (This is the compatibility condition with map : Qg — Q4
as coordinate projections for a C 3, P, = Pgo ’/T;é) Then the finitely
additive P on 3 defined by the system {(Qq, X0, Tag, Pa) :  C B in F}
is o-additive if for each t € I — a, a € F, the conditional measure
0o (17 1(),we) @ Xa — RT is regular for each wy € Q4 (cf. (1) for
qal:"))-

This result follows from the preceding Theorems 1-3 by expressing
the P, as (a = (to,t1, -+ ,t,) € F for each A = Ag x -+ x A4, € ¥,),

Pa(A) - /Pto(dw) /qtotl (dwlaw) T / Qto---tn (dwn,w07 T ,wn—l),
Ao Ay An
(28)
in which all ¢(-, -)s are regular conditional measures. Without regularity
such a representation is not always possible and P determined by the
P,, need not be o-additive.

8.4 Some consequences

Since regularity of conditional measures plays such a key role in the
work of the preceding section, we give here some easily recognizable
spaces for which the results apply. These include the Kolmogorov exis-
tence theorem when the 2; are topological spaces. We begin with the
following case.

Proposition 1. Let {(S¢, S¢),t € I} be a family of Borelian spaces

where Sy is a Polish space, t € I. If F is the directed (by inclusion) set

of all finite subsets of I, S, = X Sy and S, = ® S, suppose there
tel t€a
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are given probability measures Py : So — RT such that P, = Pzom,, B
for each a < 3 in F, map : Sg — So being the coordinate projections.

Then there exists a unique probability P : S = ® & — R™ such that
tel

Por! =P, a€F, where my : S = x Sy — S, is the coordinate
tel

projection.

Proof. By Theorem 5.3.7 the conditional measure ¢up : Sg X So — RT

defined by the equation

PABNTHA) = [ aupl(Bo)dPa). A€ S0 BESs (1)

has a regular version, since S, and Sj are Polish spaces, o < 3 in F,
and S,,Ss are Borel o-algebras. Consequently Theorem 3.2 implies
that P = lim(P,, mag) exists and is unique as desired. [

Remark. If I is uncountable, then S is not necessarily Polish and
although each P, is a Radon probability, the same need not be true of
the limit measure P, except under additional conditions.

If each S; = R so that S = R! and P, for a = (i1, ,4,) defined

by
/ / 1, y0n xla"' axn)a A ESOé ) (2)

where S, is the Borel o-algebra of R, and P, = Ps o ﬂ';ﬁl (so the P,
are “compatible”) this result was originally established by Kolmogorov
(1933). Here {F}, ...
functions satisfying the compatibility conditions. It has become a basis

i, = Fo,a € F} is a given family of distribution
for all the results on the projective limit theory. We state it for reference
in a different but equivalent form.

Theorem 2. (Kolmogorov) Let T' C R be an index set and suppose
that a family {Fy, ... +,,ti € T,n > 1} of distribution functions is given
satisfying the following compatibility conditions for any t; <ty < --- <
tn;

(i) (a) lim Ft1 et (@1, ) = Fy g, (21, 1),
(b) hII_l Ft1 it (5(31,' t wxn—laajn) = 07
(Z’I,) Fti17"'7tin (ZL'“, cet ,.Z'Z‘n) = Fth...,tn(ilfl, s ,ZEn),

for each permutation (i1, - ,in) for (1,---,n). Let Q =RT and ¥ =
the o-algebra generated by all sets of the form {w € Q:w(t;) < x;, i =
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1,---,n}, t; € T)z; € R and n > 1. Then there exists a unique
probability function P : ¥ — RT such that, if Xy(w) = w(t),t € T,
denotes the coordinate function, we have

Plw: Xy, (w) <z1,-+, Xy, (W) <zp) =Fpy g, (21, 20), 2 € R.
(3)
Thus {X,t € T} is a stochastic process on (2, %, P) having the given
family as its finite dimensional distribution functions.

When can we conclude that the limit space (€2, 3, P) has some reg-
ularity properties, since 2 = R” need not be locally compact, or a
Polish space? First we introduce a key concept and a related result
from abstract analysis, and then connect it with our problem. At the
beginning this seems to have little relevance but will turn out later to
be intimately related to the present study.

Definition 3. Let 2 be alocally compact space and u( 0) be a Radon
measure on it, and p a lifting on L>°(Q, ). (p always exists since such
a u is strictly localizable, cf. Rao, 1987, p. 443 and p. 429.) Then p is
called an almost strong lifting if there is a p-null set N C €2 such that
p(f)|N¢ = f|N€ for each bounded continuous function f: Q — R.
The weakening in this definition is when supp () & Q. This is be-
cause when supp (i) = €2, then an almost strong lifting can be extended
to a strong lifting. In fact, consider the Banach algebra L>°(€2, 1) and
for each w € N, consider a character &, satisfying &, ( f) = f(w) for
each bounded continuous f : Q — R, f being the equivalence class

containing f. If we define p by the equation

PH(w) = p(F)X e (W) + Eu(F)xy (W),

then p(f) = p(f) on N¢ and p is a strong lifting.
A result of direct interest for us is the following:

Theorem 4. Let ) be a locally compact metrizable space and p be a
Radon measure on Q2 such that O # supp (u) C Q. Then each lifting on
L (Q, p) is almost strong and if supp () = §, then there is actually
a strong lifting on it.

This abstract result will not be proved here. (For details see Tulcea
and Tulcea, 1969, pp. 128-131.) Using this we establish
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Theorem 5. Let {(Q,%4),t € I} be a family of locally compact met-
ric Borelian spaces, and F the directed (by inclusion) set of all finite
subsets of I. If {(Qa, X0, Pa,Tap) : @ < (B in F} is a Radon probabil-
ity projective system, as in Proposition 1, formed of the given (metric)
family with ma5 @ Qg — Qo (= téoz Q) as coordinate projections, then
(Q,%,P)= lgn(Qa, Yo, Pa,Tap) exists [P = lgn(Pa,ﬂ'a/g)]. If each £y
is also compact (# (), then p is a Baire measure on X (since then X is
a Baire o-algebra).

Proof. By hypothesis each ji, : X, — RT is a Radon measure and for
a<BinF, po = pgo w;ﬁl We also have, from this,

pa(BN ﬂ';ﬁl(A)) = /Aqag(B,w)dua(w),A €eXa,BeXs (4

Here qop : X5 X Qo — RT has the following properties:

(1) gap(B, ") is ¥,-measurable for each B € X3,

(ii) gap(,w) is a probability measure for each w € NS5, Nag € Yo
and p(Nag) = 0.

This important conclusion is a consequence of the fact that (Q4, o)
admits an almost strong lifting (cf. Theorem 4), and when this happens
dap has the stated property by the corresponding disintegration theo-
rem (cf., Tulcea and Tulcea, 1969, Theorem 5" on p. 154). Also from
Theorem 3.2 above, for each w € NS5, gag(B,w) > 0 = Bﬂﬂ';é({w}) #
(). Therefore the hypothesis of Theorem 3.1 is satisfied and we deduce
from it that lEn(Qa,Ea,,ua,Wag) = (2,3, u) exists, giving the first
part.

Suppose now each 2, is also compact so that 2, and Q(= x ;) are
tel

compact (by Tychonov’s theorem). However, ) is not a metric space
in general. In any case, each i, is a Baire probability and p : ¥ — RT
is o-additive. These are the only two properties that are essential for
the remainder of this proof. If we show that Y is a Baire o-algebra,
then the result that u is a Baire measure follows from classical measure
theory. (This was proved by N. Dinculeanu and I. Kluvanek, 1967, even
for vector measures, and it seems independently somewhat earlier in an
unpublished paper by R.P. Langlands (for scalar measures), as noted
in Dunford-Schwartz, 1963, Part II, p. 5 in Errata.) Then the classical
results in measure theory show that p has a unique extension to be a
Radon measure on the Borel o-algebra of 2.
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To establish the Baire property of ¥, note that the topology of €2 is

determined by the neighborhood base {U;, x- - - xUj;, x , {H }Qk}
tel—{i1, - ,ix
where U;s are open Baire sets of €2;s. These are cylinder sets with open

Baire bases and U; € ¥;, the latter containing all Baire sets. Such
cylinder sets form a subbase of the topology of Q2. If C' C Q2 is a compact
Gs-set, then there exist open sets O,, C €2 such that C' = ﬂ O, and
O, D Op,41 may be assumed. By the “sandwich theorerg 7 for each
w € C and n, there exists an open Baire set B,, ., C O,, and such that
0O, D wgc By, D C. So extracting a finite subcover By, o, , Bpw,

from this collection so that B, ., is an element of the subbase, we have

Vn:UaneEandCCV C O,,. HenceC’CﬂV CﬂO =C.
This shows that C' € ¥. Since each compact Gs of Q is thus in X, it
follows that ¥ contains (and hence is equal to) the Baire o-algebra of
Q. By the earlier observation this shows that p : ¥ — R* is a Baire
measure. []
Remarks. 1. If the ; are only locally compact (but Q = ‘><I 2; need not
be) then the above argument merely shows that each comzpfact G5 subset
of € is in the o-ring generated by the cylinders with Baire bases, and
one will not be able to extend it to the o-algebra Y without additional
conditions.

2. There is a version of the projective limit theorem in which p =
lEn(ua,ﬁag) exists even if each §2; is (compact but) not metrizable.

This result cannot be obtained from Theorem 3.1. (See the next section
on this point.)

3. The regularity hypothesis on conditional measures in the above
results allows us to treat all our integrals in Lebesgue’s sense. Other
reasons will be discussed at the end of the chapter.

The following application of Theorem 3.3 shows the generality as
well as a limitation when we find it from an important concrete prob-
lem. This implies that the almost separability hypothesis is a good
sufficient condition but is not necessary for its validity. The main ap-
plication here is to a problem in (abstract) harmonic analysis where the
projective limit theory plays an important role. It may be regarded as
a supplement to standard works found in other books on the subject.
We state the application quickly and then show how it includes some
classical results.
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Let G be a locally compact group and H C G a closed (not neces-
sarily normal) subgroup. Consider the factor space I' = G/H which is
just a homogeneous space (will be a group if H is normal), with the
quotient topology. (All are Hausdorff spaces.) Let (fi, 1) be a pair of
Radon measures on the Borel g-algebras of I' and G, satisfying the set

of equations:

//fa:ydydu /f Ydu(z), f€CUG),  (5)

where C.(G) is the space of real continuous functions vanishing outside
compact sets, and “dy” is a left Haar measure on H. For a Radon
measure p on (the Borel sets of) G, a Radon measure fi on I' exists
satisfying (5) iff the following equations hold for p:

/ fay™) du(z) = An(y) / f(@)du(z), f€C(G),  (6)
G G

where Ay : H — R™ is the modular function (relative to dy) on H
and when this holds, i is unique (cf., Reiter, 1968, p. 157, about
this and other facts noted below). For instance, if p is absolutely
continuous relative to a Haar measure, then (6) always holds and thus
(5) is valid if p itself is a Haar measure. The pair (ji, ) is called the
Weil-Mackey-Bruhat (or WMB-)couple. These authors established the
existence and many of their properties in increasing generality. In fact,
if H is compact, normal (so A = 1) and p is a (left) Haar measure, then
f will be a (left) Haar measure on I'. Formula (5) was first discovered
and applied by A.Weil. The extensions for the separable and the general
cases were later obtained by G.W. Mackey and F. Bruhat respectively.
Thus if 7y : G — T' is the usual quotient mapping with quotient
topology for I', define Ty : C.(G) — C.(T") by the relation:

Tuf)@) = [ Sn)dy. s =aH €T, feCG), (D)
H
where x H is the left coset of H (€ T"). (In familiar cases Ty f represents
a “Fourier partial sum”.) Replacing f by fxwfl( A A C T Borel, in
H

(6) and using (7) one gets:

[@nn@da) = [ | f@dute), fecicr  ©
A 7y (A)
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for any WMB-couple (f, ). Moreover one has for such A C T
[ ooy = [ | (emm@dut)gCum). 9)
A 7 (A)

if H is a compact subgroup, and dy is the normalized Haar measure on
H. Thus (8)-(9) imply

(Tu (g o mm)f)(&) = g(&)(Ta f)(2)- (10)

From the relations (8)—(10), we deduce

/gd(uom_f:/ (QOWH)duszH(gOWH)dﬂzfgdﬂ,
A TH—1(A) A A

implying the key identification:

fr=pomy. (11)

This is a specialization of the work in (Rao, 1977). Only a specific
application will be considered below utilizing this relation.

Consider a net of compact subgroups {H,,« € I} of a locally com-
pact group G such that for o < B in I, one has H, D Hpg so that
H = NuerH, is also a compact subgroup. Set I', = g/H, and let
To : G = To;map : I'g — I'y be the canonical mappings for o < 3 in
so that m, = ma3 0 mg. Then the following relation will be assumed:

G/H =1im(Ta, Tap). (12)

Although the relation (12) is not universal, it holds for a large class of
cases, some of which are listed for a convenient reference:

(i) If each of the spaces T',, is separable metric and H = {e} (identity)
then (12) holds.

(ii) If G is a connected locally compact group, there exists a directed
family of compact normal subgroups H,, such that N, H, = {e},T', is a
Lie group, and (12) holds for it. (This is a consequence of a well-known
theorem due to H. Yamabe.)

(iii) If H,41 C H, C G are compact normal subgroups satisfying
NnHy, = {e}, then again (12) holds. (This is a special version of (ii).)

(iv) If G is a compact group, there exist closed subgroups with
H, |C G,NyH, = {e} and (12) holds with each I, being a Lie group.
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These examples are included to show that (12) obtains for a large
class of locally compact groups, although there is no algorithm for
constructing any of these subgroups. The point is that the WMB-
couples on each I', exist and (11) is valid, and for each o < /3 one has
flo. = fig 0 W;[‘} If G, is the Borel o-algebra of I',, we deduce from
Theorem 3.3 the following result.

Proposition 6. Let G be a locally compact group, H, |C G be a net of
compact groups such that, with H = NoHy, (12) holds. If (fi, 1) is a
WMB-pair on I'y,a € I, then the family {(T's,Gas fla, Ta beta), ¢ <
B,a,B € I} is a projective system of Radon measure spaces, with
w(G) = 1, admits the limit (I',G, ) where I' = G/H,G its Borel o-
algebra, and i = liin(,&a, Tap) = [LOTy -

Remarks. 1. Tt should be observed that the assumption of (12) is
strong enough to ensure that the s.m. and almost separable conditions
are not needed here. On the other hand by some results of Tulcea and
Tulcea (1967) if each H,, is compact normal, then (I'y, G,, /1) admits a
strong lifting (see Definition 5.4.1), so that the projective system of the
proposition in this case is automatically regular as needed for Theorem
3.3. It is not known whether the system in the above proposition is
regular without the additional restriction.

2. Several other properties of WMB-couples and their relation to
martingale theory are discussed in (Rao, 1981, Section 5.5), and further
considerations will be omitted here. A concrete example that motivated
the above proposition is a (compact) dyadic group and its subgroups
H,, related to Walsh functions, and this was also detailed in the above
reference.

8.5 Remarks on conditioning, disintegration, and lifting

We analyze interrelations here between the items mentioned in the

section title. Thus consider the abstract measure spaces as in Theorem
n

3.2, so that {(S,,Sn),n > 1} are measurable spaces Q,, = x 5;,%,, =
i=1

n
® Siy Tmn : Qn — Qp(m < n) are coordinate projections. Suppose we
i=1

are given an “initial” measure pq : X1 — RT and a regular conditional
(also termed a transition) measure ¢ppi1 : Ypi1 X n — RT where
Gnn+1 (s, wy) is a probability measure (w,, € ,) and ¢npt1(A4,-) is Xp-
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measurable whatever A € ¥,,; is. For each measurable rectangle
Ap x -+ x A, €X,, define as before a function pu,, : 3, — R by the
equation:

,un(A1 XX An) :/ dm(wl)/ Q12(dw2,w1) cee X
Aq Ao

/ Qn—ln(dwnﬂﬂl"'wn_l). (1)
An

Then p,, is a measure and for m < n, i, = , o 7,1, If on the other
hand each ¢y, : Xp X Q,, — RT is independent of the second variable
so that it is a constant on €,,(m < n), say ¢,(-), then (1) gives for
n > 2.

fin(Ar X o x Ap) = p1(A1)G2(A2) - -+ Gn(An). (2)

Taking A; = Qy(= S1), A; = S;,1 > 2, one gets from (2) that p,(S; X
Ag x S3 x -+-x S,) = g2(Az). So by iteration we have

pin (A1 X+ X Ag) = (A1) 1 Ga(4). 3)

Since these ¢; trivially satisfy the hypothesis of Theorem 3.2, their pro-
jective limit exists. This is the classical Jessen’s extension of Fubini’s
theorem which can be stated for comparison as:

Theorem 1. (Fubini-Jessen) Suppose {(Qn, X, i, Tmn)l <m <n <
oo} is a system of probability spaces satisfying (2) or (3). Then there
is a unique measure i : X — RT, (¥ = cylinder o-algebra) such that
pomyt =y, n>1 (which is (3) for every measurable rectangle).

Thus when the g,, are simply product (probability) measures, then
no topological conditions are needed on the measure spaces for the ex-
istence of a projective limit. The same is true if the existence of reqular
conditional measures satisfying (1) is assured, as seen in Tulcea’s the-
orem (cf. Theorem 3.2 or Proposition 3.4). This latter assurance is
available if the €2;’s are locally compact metric spaces and the u; are
Radon measures. The work of Chapter 5 shows that, in the abstract
case, we need to demand that the y; should be perfect, compact or pure
for the regularity of conditional measures. Since (1) can also be con-
sidered as a (generalized) disintegration of p,_1,---,pu1 successively,
some relation between these two theories can be suspected.
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One may ask as to why should this measure problem be connected
with the (strong) lifting question which (on the surface at least) is a
certain multiplicative linear operator on the Banach algebra L°°(u)?
We analyze this relation here to gain further insight into the structure
of conditional measures.

To put the question in perspective, we need to restate the disintegra-
tion problem. Let (€2;,%;),7 = 1,2, be a pair of measurable spaces and
f: Q1 — Qs be a measurable mapping. If u : ¥; — R™T is a measure
and vy = po f~!: ¥y — RT is the image measure of u, then for each
B in X9, vs(-N f7Y(B)) is o-additive on ¥1, and ve(AN f71())) is a
measure on Yo for each A € ¥;. Also v¢(- N f~1(B)) is p-continuous
so that

vi(ANf1(B)) = /Aq(B,wl)d,u(wl),A €¥,Bel,. (4)

This equation may be written symbolically as:

(A0 = [ atwn)duten), A s, (5)

as an “identity” on the o-algebra ¥y = f~1(X;) C X5. But what does
this signify? Since w — ¢(-,w) is a vector function, the symbol in (5)
is not a Lebesgue integral, and one needs to give a meaning in some
“generalized” way. Thus if g : Q2 — R is a (33-) measurable bounded
function, we consider

/Q gl (A, d) = /Q o) /A g(dws, wn)dp(w)]
_ / 9(w2)g(dws,w1) duwr),  (6)
A JQo

if the change of order can be justified. When this is true, then the
vector integral in (5) has a meaning in a “weak” sense which can be
made precise. It therefore becomes necessary to relate the properties
of ¢q(-,w1) with those of the vector integral. If Qs is a topological
space and ¢ is a bounded continuous function on {25 one can hope to
describe the properties of ¢(-,w2) and of (2,32, vf). For this it will
be useful to be able to interpret all integrals in (6) in Lebesgue’s sense,
and select (continuous) functions from equivalence classes of bounded
measurable functions in L*°(23,v¢). This brings us to look at the
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selection problem which is just the lifting operator on the latter space.
It is not enough, however, to have a simple lifting that does not relate
to the topologies of €2; and €)5. This question leads to a deep study
taking one into the existence and analysis of (almost) strong lifting
maps. It is a happy conclusion that, in this topological case, one finds
the actual equivalence of the existence of regular conditional measures,
supported by slices such as f~!({ws}), with the disintegration of u
(relative to v¢) and that in turn with the existence of an almost strong
lifting operator, making the material in the monograph of Tulcea and
Tulcea (1969) indispensable in this work.

Thus although on the surface, there appears to be no connection
between these concepts in reality the technical apparatus needed to
prove the existence of one of them leads to the existence of the other
and conversely. In this way one sees that the regularity property of
conditioning is a deep part of the subject and must be studied as such.

We now point out that the existence of regular conditional measures,
used in Theorems 3.1-3.3, is a good sufficient condition for the exis-
tence of projective limits of probability spaces, but it is not a necessary
condition. From the equivalence of this with strong lifting problem
noted above, it follows that the nonexistence of regular conditioning
is the same as the nonexistence of a strong lifting. It has been shown
recently by Losert (1979) that there exist Radon measure spaces (2, ),
with Q a compact Hausdorff space, that do not admit any strong lifting.
In view of this, the following result is of interest and it is essentially
taken from Bochner (1955):

Theorem 2. Let {(Qn, X0, Pa,gap) : o < [ in I} be a projective
system of Radon probability spaces, the €, being compact Hausdorff
spaces and the gog are also onto. Then the projective limit of the system
erists as a Baire probability space.

Proof. Since P, (£2,) = 1, each Q, is a nonempty compact Hausdorff
space and g,3(€23) = Qq, @ < 8. By Proposition 2.4, Q = lim(Qq, gas)
exists as a nonempty compact Hausdorff space and g, : Q<_—> Q. are
also onto (and continuous). By the first part of the proof of Theorem
3.1 there exists an additive P : A = Lég;l(Ea) — RT such that P, =

Pog,', a € I. We thus need to show that P is o-additive on A so that
it has a unique extension to be a probability measure on o(A4) = X.
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When this is shown the fact that (€2, 3, P) is a Baire probability space
follows from the proof of the last part of Theorem 4.5, since we are
dealing with compact spaces.

For the o-additivity of the finitely additive P, it suffices to show for
each A, € A, A, \\ 0, that lim P(A,,) = 0. Suppose this is false. Then
there exists a 6 > 0 and a seq?lence Ap, "\, 0 in A such that P(A,,) > 4.
By the directedness of I, we can choose indices a1 < ag < --- such
that A, € g;'(Za,),n > 1. Hence there are B, € X,, such that
An, = g31(Byn) and P(A,) = P,,(By,). Since each P, is a Radon
measure, it is inner regular. So there exists a compact set C,, C B,
such that C,, € ¥, (being a Borel set) and

P, (Cyn) > P,, (B) > 1. (7)

- 2n—|—1 ) 1

Let C,, = 93 (Cp)(C 93 1(By) = Ay). Since Cy,, being compact, is
closed and g,, is continuous, it follows that C’n is a closed subset of
Q) which is compact. Hence the C,, are compact, but not necessarily
monotone. Define C/, = ]ﬁl Cr. Then C’(C A,) is compact and

decreasing. So NCJ, C N A,, = 0. However, we also have
n n

Chy = Cp =0 (4 = Cy) C Ay, (8)

so that by the finite additivity property of P (and C/, € A),

P(C,) 2 P(Ca) = 5, P(A = C3)
= P, (Co) =, [P (B) = Pay (C)
> Po(B) = gy = 2, i
= P(4,) - % 2;11 > 05— g - g > 0. (9)

Hence C! cannot be empty for any n > 1 and being compact and
decreasing will have a nonempty intersection, contradicting the earlier
fact. Thus P must be og-additive. [

In the above result, €2, need not be metrizable, and, as noted al-
ready, regular conditional measures need not exist in this case. It shows
that the abstract projective limit theory can be more general than that
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covered by Theorems 3.1-3.3. On the problem of constructing (reg-
ular) conditional measures (discussed in earlier chapters), it can be
better appreciated when its equivalence with (strong) lifting is noticed.
It is known that the existence of a lifting operator depends on a use of
the axiom of choice (at least one needs to use the existence of ultrafil-
ters), and hence a simple constructive definition cannot be expected in
general (cf. Bibliographical notes in Section 7.7). Only under various
separability conditions can this be done. The construction problem is
thus a nontrivial aspect of the theory of conditioning and this fact has
not (yet) been well appreciated in its manifold applications. We shall
see the distinction vividly in the work of the next chapter.

8.6 Bibliographical notes

The study of product conditional measures is a natural extension of
the iterated conditional expectations, as noted in the text, and plays
a fundamental role in several parts of Probability Theory and its ap-
plications. The connection with projective systems of measures is also
intimate. We illustrated these aspects in this chapter. The abstract
formulation of the problem is due to Bochner (1955) who introduced
the useful sequential maximality condition, and proved a more general
form of Theorem 5.2. (He did not require the compactness hypothe-
sis.) However, his fundamental formulation of projective systems, as
an abstraction of Kolmogorov’s basic existence theorem, is at the root
of all the extensions of this chapter and hence of stochastic analysis
generally.

The basic result, Theorem 3.1 here, is due to Choksi (1958), which is
an extension of an important prior result by C. Ionescu Tulcea (1949),
given here as Theorem 3.2, and Theorem 3.3 is taken from Rao and
Sazonov (1993). Also in the case of topological projective systems of
measures, our treatment follows the influential monograph of Tulcea
and Tulcea (1969). Here we emphasized the relations between regular
conditioning and (almost) strong lifting to focus the difficult parts of
this theory, to illuminate and contrast it with Theorems 3.1-3.3. The
nonexistence result, due to Losert (1979), on strong lifting clarifies the
role of regular conditioning in applications as well as in theory and helps
to distinguish the projective limit study with that of disintegration and

© 2005 by Taylor & Francis Group, LLC



8.6 Bibliographical notes 323

hence of regular conditioning. The last application, Proposition 4.6, is
also from Rao and Sazonov (1993), and the prior work is as noted there.

It is useful as well as important to note the reasons for our preoccu-
pation with regularity in the conditioning study. We have already seen
that conditional measures in general are vector valued (o-additive) set
functions and one has to use the Dunford-Schwartz (or Wright-) in-
tegration in their analysis. Except for simple functions, there are no
direct methods of evaluation of these integrals for applications such
as Markov processes. With regularity of conditional measures, one is
able to utilize the Lebesgue integration and its familiar techniques.
Although the Dunford-Schwartz type integration helps to simplify the
exposition of the general theory and streamlines its treatment, it is nec-
essary for most applications requiring explicit evaluations to demand
regularity of conditional measures. That is why we spent considerable
space in these pages for this property. However, the actual computation
of conditional expectations (or measures) is still a problem of nontrivial
content and this is emphasized in the last section of Chapter 7 as well
as the present one.
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Chapter 9

APPLICATIONS TO MARTINGALES
AND MARKOV PROCESSES

This chapter is devoted to applications of conditioning to two of
the most important areas of Probability Theory, namely martingales
and Markov processes. The former uses the general properties of condi-
tional expectations while the latter depends essentially on the reqularity
of conditional measures. Here basic results on the mean and pointwise
convergence of (directed indexed) martingale limit theorems, as well
as structural properties of Markov processes are presented. These in-
clude the existence and continuity properties of Markov processes under
different conditions. However, the problems on the evaluation of con-
ditional expectations of functionals on these processes is used with an
“idealistic approach” (Bishop’s terminology) although the basic con-

structive problem still awaits a satisfactory solution.

9.1 Introduction

The notion of conditioning is fundamental to both martingales and
Markov processes even to introduce the concepts. The first one uses
conditional expectations and their properties without demanding spe-
cial restrictions for the most part, whereas the second one (Markov
processes) needs the regularity of conditional probabilities from the

very beginning. Therefore, to understand the structural analysis of
324
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both these classes, we have to utilize the results on the subject devel-
oped in the preceding chapters. Only the general principles of these
processes can be discussed here as each class has grown to warrant a
monograph length treatment.

To motivate the idea of a martingale, let X1, Xo,--- be a sequence
of integrable random variables on (€2, 3, P). The X,, may be thought
of as the fortune of a gambler at time n. It is considered to be a fair
(favorable) game if the expected fortune on the (n + 1)%* play, having
known the previous n outcomes is exactly (at least) the amount on the
nth. Here one interprets the “previous knowledge” of the outcomes
as the o-algebra generated by (X1,---,X,), and the expected fortune
then as the conditional expectation, calling the fair (favorable) game a
(sub) martingale. A mathematical description is stated as:

Definition 1. Let X, X5, -- be a sequence of integrable random vari-
ables on (€2, 3, P) and B,, be the o-algebra generated by (X1, -, X,,).
Then the sequence is a (sub) martingale if

EB(Xpi1) = (>)X,, aelP], n>1. (1)

This is also written as E(X,,+1|X1, -+, Xy) = ()X, a.e. or

/ Xpi1dP = (z)/ X,dPgs,, A€ Bp,n>1. 2)
A A

Here the equivalence of (1) and (2) follows from the definition of con-
ditional expectation. But (2) shows that the concept also makes sense
if P is an infinite measure such that Pg_  is o-finite (or localizable),
since the existence of such a sequence depends directly on the Radon-
Nikodym theorem. If one considers a continuous parameter case, i.e.
{Xy,t € T C R} from LY(P), (T is usually infinite) then (1) may be ex-
pressed as follows: if {B;,t € T'} is an increasing family of o-subalgebras
of ¥ such that X; is B;-measurable (also termed Bi-adapted), then it is
a (sub) martingale provided for s < t and A € By C B,

EB:(X,) :(z)Xs,a.e.[/AXth:(2)/AXSdPBS]. (3)

Here {B:,t € T} is called a stochastic base of the (sub) martingale
and o(Xs, s < t) C B;. If the inequality in (1) or (3) is reversed,
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then one has the concept of a supermartingale. Thus a martingale
is simultaneously a sub and a supermartingale. We also write these
sequences as { Xy, By, t € T'}.

Let us present some basic inequalities for these processes to use them
later in the convergence theorems. Since a sequence {X;,t € T} is a
submartingale iff {—X;,¢ € T} is a supermartingale, for the following
work, only one of them can be considered.

Lemma 2. Let {X;,B;,t € T C R} be a (sub) martingale and ¢ be
a convez (increasing) function on R such that p(X;) € L*(P),t € T.
Then {o(Xt), B, t € T} is a submartingale.

Proof. Let s < t in T. Since ¢(X;) is clearly B;-adapted, by the
conditional Jensen inequality we have

EP (p(X0)) 2 o(BP (X)), ae.,
= (2)e(Xs),

under the given conditions. Hence {¢(X}), B, t € T'} is a submartin-
gale. [

Interesting cases are if p(x) = |z|P,p > 1 or p(x) = max(z,0), giving
the following:

Corollary 3. If {Xy, B, t € T} is a martingale, Xy € LP(P), then (i)
{XE, B, t € T}, and (i) {| X[, By, t € T} are submartingales.
Another specialization of interest is:

Corollary 4. If {Xt(i),Bt, t €T}, i = 1,2, are submartingales, then
(i) {Xt(l) v Xt(z), By, t € T} and (ii) {@(Xt(i)),Bt, t € T} are sub-
martingales, where “v” = max, and ¢(u) = u log™’ (u)(log™ v = 0 for
allu<1).

Remark. So far we have only used the partial ordering in 7. In the
case of partially ordered index sets, in the definitions of (sub or super)
real martingales (1) and (2) will be replaced by (3).

The following concept of “stopping time” will be useful in stream-
lining some of the work below. It is also a key tool in the subject.

Definition 5. If {F;,t € I} is an increasing net of o-subalgebras of
(Q,%, P) where I is partially ordered (and F; may be completed for
P), then a mapping 7 : Q — [ is a stopping time (or an optional) of
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the net if for each ¢ in I, both {w : 7(w) < t} and {w : 7(w) > t} are
in F; for each ¢t. (If I is linearly ordered, the second condition may
be omitted and if moreover I is countable, it is enough to assume that
{w:7(w) =t} € F;.) An increasing sequence or net {7;,j € J}, with
J another partially ordered set, is called a stopping time process (or
net) of {F,t € I}.

The qualification “of the net” is usually omitted if it is clear from
context. The next result when J = N, the natural numbers, is often
called the optional sampling theorem and is due to Doob in that case.
The present generalization is due to Chow (1960) and our proof is
adapted from Hunt (1966).

Theorem 6. Let { Xy, F;,t € I} be a submartingale and {1;,5 > 1} be
a stopping time process where each 7; is finitely valued and I is linearly
ordered. Then {Y; = X o7;,G;,j > 1} is a submartingale where

gj:U{Aﬂ[TjZi]lAE?j,iGI},jZl. (4)

(Here G; is called the o-algebra of events “prior to 7;” and is also
denoted by F(7;).)

Proof. Observe that G; C Gj41. Indeed for any A € F;, AN [1; > i
being a generator of G; and AN[r; > i| = AN[1; > i|N[Tj41 > i], since
7; < Tj41, this last set is in F;. But AN [rj41 > ] is a generator of
Gj+1, so that each generator of G; is in G4, and the stated inclusion
holds. Next note that Y; is G;-adapted. To see this, for each z € R,
and 7,

Y, <z]n[m=i=[X,<z|N[ry=i€F, iel,
and then
Y, <zlnim >i =[X; <z|N[r=dN[r >i eg;, iel.
Hence one has (since the following union is at most countable)

v; <a] = JIV; <alnlr > i €4, by (4).
i€l
Let us now prove the main assertion that the Yj-process is a (sub)
martingale. Since I is linearly ordered and 7; is finitely valued, let
i1 < iy < --- <ip,; be the range of 7;(< 7;41), and consider

Y= X Xix,, (€ L'(P)).

K]’
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If Ae g, let Ay = AN[r; =ig]. Then Ay € Qj,l:t_lek = A so that if

we show

/ Y, dP > / Y,dP, 1<k <n,, (5)
Ak Ak

and adding over k£ the resulting inequality implies the desired conclu-
sion. Thus let B; = Ax N [rj41 =] and B* = Ap N [rj41 > ], i € 1.
Then B; N B* = () and B;, U B%* = B%-1 k> 1. We have

/ Y;dP = XdP, since 7; = k on By,
Apg By

= / Y;1dP + X, dP, by definition of Y},
Bik Bk

< / Y 11dP + Xi, AP, X} being a submartingale
By, Bk

and B € F;,

:/ Yj+1+/
B B

ik

[ Y= [ viap (6)
@] Bie Ay

>k

i [ ar

) i1
ig41 Bkt

IN

with equality throughout in the martingale case. This establishes (5),
and thus the result. [

Remark. If I = Nand 7, : Q@ — Nis a stopping time process of {F,,,n >
1} then the above result is immediately extended by truncation; i.e.,
letting Ty, = Tn X, o1, +MXp,, o1, Where Iy, = {1,--- ,m} /" N. We
leave the details to the reader, but utilize this (easy) extension later.

Using the above theorem, we obtain maximal inequalities for sub-
martingales, extending the classical Kolmogorov inequality, for inde-
pendent random variables with finite variances. This will be useful for
the pointwise convergence study of these processes.

Theorem 7. Let { Xy, By, k > 1} be a submartingale and consider the
sets

Ay ={w :sup Xi(w) > A} and By = {w :inf Xi(w) < A}, A € R.
k>1
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Then

(a)AP(A) < lim inf/ XtdP < lim X tdP, (7a)
" Ax noJAy

(B)AP(B,) > lim E(X; — X;[) +lim sup/ X FdP. (7b)
n By

n

Proof. For each n > 1, { Xy, Br,1 < k < n} is a submartingale and let
o =inf{k>1: X, > A} and =nif { } =0. Then 7y is a stopping
time of {By,1 < k < n} since

[ler]:kél[XjS/\,lgjgr—l,Xk>/\]:kL21A’§:Bf\
(

say), (€ B,.),

where for r = 1 one takes A} = [X; > A]. Let 72 = n, the constant
time on Q so that 74 < 7. If ¥; = X o7, and G = B(m1) as in (4) and
Go = B, then by Theorem 6, {Y;,G;}7_, is a submartingale. Hence
E9(Y3) > Y, a.e. This gives

X,dP = / Y>dP
BY By
> / Y1dP, by the submartingale property,
By
- %/ VidP= % [ X;dP
j=1 Al Jj=1 Al

> AP( 0, 4]) = AP(B) ©
Letting n — oo in (8) and noting that BY T Ax, one gets

AP(Ay) < liminf/ X+dP < liminf/ Xtap
n Ay

n n
BA

< 111?1 E(X), (9)

since {X,7,B,,n > 1} is a submartingale and hence its expectations
are nondecreasing. This gives (a). We can again use a similar argument
for (b).

Let 71 = inf{k: X <A}, and =nif { } =0. Set 7o =1 on Q
so that 7o < 71 and both are stopping times of {B,,n > 1} as in (a).
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Then {Y;,Gi}1_, is a submartingale where Yy = X;,Y; = X o7 and
QO = Bo,gl = 8(7_'1) ThUS E(Yo) S E(Yl) Let B]; = {X] Z )\,1 S
Jj<k—1,X; <A} so that kLnglj € B, and

E(X)) = E(Yy) < E(Y;) = Y1dP + Y1dP
U Bk (U Bk)e
k=1 k=1

< /.)\dPnL/n X,dP

T s

J=1

= AP(U B§)+E(Xn)—/n X,dP.
(2,53 (10)

Letting n — oo in (10) one gets
AP(B)y) > E(X1) + limsup X —limE(X]).
n By n

This gives (b). Inequalities (8) and (10) themselves are also useful. [

If {X,,,n > 1} are independent random variables on (€, ¥, P) with
zero means and finite variances {o2,n > 1}, then {X2 B,,n > 1}
is a submartingale with B, = o(X1,---,X,). Applying (8) to this
sequence one obtains the classical Kolmogorov inequality as follows:

Corollary 8. Let X,,,n > 1} be real independent random variables on
(2, %, P) with zero means and variances {o2,n > 1}. Then for each
e >0, one has

Plmax [Sy] = ¢] = P[max §f > e’ < -
where S, = Iél X5.

Further properties of martingales will be needed for their conver-
gence theory. Although we considered only point martingales so far, it
is also of interest to treat set martingales in the development. This will
be done now and we use the projective limit theory of the preceding
chapter for the purpose.

9.2 Set martingales

The notion of a set martingale helps to relate the ordinary (point)
martingale theory with that of projective systems and product integra-
tion. We thus introduce the concept as follows:
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Definition 1. If (2, X, ) is a measure space, and {B,,« € I} is a net
of (increasing) o-subalgebras of ¥, let P, : B, — R be a o-additive
function for each o € I. Then {P,,B,,a € I} is termed a set (sub)
martingale if for each a < f in I one has Pg|B, = (>)F,. Here the
net {B,,« € I} is referred to as the base of the set (sub) martingale.
Note that if {X,, B, € I} is a (sub) martingale on (2, %, 1) and
Py : A~ [,Xodu, A € By, then {P,,B,,«0 € I} is a set (sub)
martingale. There is a simple relation between a set martingale and a

projective system as seen from

Proposition 2. Let {(Q4, 20, Pa, gap) : @ < B in I} be a projective
system of scalar measure spaces admitting the projective limit, where the
earlier concepts of these systems for positive measures apply verbatim.
Let Q) = lgn(Qa,gaﬁ),ga : Q — Q. be the canonical mapping such
that for & < B,9a = Jap © 98, 9a(Q) = Qa, and Xy = J(L&Jggl(EQ)).
IfP, : 3, = 951 (Xa) — R is defined by the equation Pyo gy =
Py,o € I, then {Py, Y, a € I} is the associated set martingale on
(Q,%0). Conversely, if {(Qa,Xa, Pa),a € I} is a set martingale, then
it determines a projective system {(Qq,Xq, Pa,gag 1 & < S in I} by
putting 2, = Q, X, = ia,galg = identity for all o, 3 in I.

Proof. If a < B then go = gap © g implies

Ya=9:2" (%) = 951 (9,5(Za)) C g5 (Sp) =5 C Zo, (1)

and P, o g5' = P, uniquely defines P,. Indeed, there is always an
additive P on U ia such that P, = Pog;1 So we set ]-:’a = P\i}a. Also
Pﬁ ogg1 = Pogg1 = Pj3 gives Pogg1 og;é = P3 og;é = P,, and
hence

P|S5 = Ps, Ps|¥a = (P|25)[Ea = P|Ea = Pg, by (1).  (2)
So {P,, %4, € I} is a set martingale. The converse is simple. [

Remark. Although every martingale defines a set martingale, the con-
verse is not necessarily true. In fact for a set martingale {pq, Ba, o € I}
there need not exist a dominating (localizable) measure p even if all
are finite measures, if I is uncountable. Analogous results can be given
for submartingales and subprojective systems. We omit its discussion
here.
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The above observation furnishes interest to the following result which
is an extension of the classical Jordan decomposition of a single scalar
measure into positive components, efficiently, to the case of set mar-
tingales. This result is a slight modification of that of the classical
Vitali-Hahn-Saks theorem. (The proof is suggested by an argument
in Dunford-Schwartz, 1958, p. 294.) We use this in showing that a
projective system of scalar measures can be decomposed (efficiently)
into similar systems of positive measures, and the martingale case is

deduced as an immediate consequence.
Proposition 3. (A Jordan Decomposition) Let {(2, X, fta), 0 €
I} be a bounded set martingale so that co = sup |ua|(2) < co. Then

there is a unique decomposition of the set martingale such that
po =& — €2, €@+ ( Q) =co, a €l (3)
where {(€2, za,géf)), a € 1},i=1,2 are positive set martingales.

Proof. Fix an « € I, arbitrarily, and define 5&1) : Yo — RT as:

§(A) = sup{pf (A) = 8> a} =Tim i3 (A), (4)

where ,ug,' is the positive variation measure of the real pg and “sup”

can be replaced by “lim” from the set martingale property. Indeed,

put(A) =sup{ua(B): BC A, BeX,}
<sup{pg(B): BC A,Be¥X3D%,}, fora<p,
since o (B) = ng(B), B € X4,
= pj(A), (5)

so that u?f)(A) is monotone on I. Also pf(-) is o-additive, because
lo is. Hence (4) implies fc(,}) > 0, and additive on X,. If I = N,
the o-additivity of 5&1) is a simple consequence of the Vitali-Hahn-Saks
theorem. In the present (general) case I is only directed. So we need
another argument as follows.

Suppose 5&1) is not o-additive. Then there is an € > 0 and a sequence
A, € 34, A, \, 0, such that lim 5&1)(14”) > . Since I is directed, we
can select indices a0 < 31 < (2 n< --- such that

ph(An) > e > 1, (6)
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(see (4)). By the boundedness of u,s we get

¢M(A) = [lgn pf (A) < sup pal(€2) = ¢o < oo (7)

Define a finite measure ¢ : ¥, — RT by the equation

ph (A)
14 p5 ()

HMS

()= % Aes, . (8)

Then ,ug,'n is (-continuous and by the Radon-Nikodym theorem (and
the monotonicity of ,uz;n) there is a measurable (for 3,) f, : Q@ — R*

d +
such that f, = l;f.” < fany1. If f = lim f,, then by the monotone

convergence theorem,
/ fd¢ = lim/ fn dCzlimuEn(Q) < ¢y < 00.
Q noJQ n

Hence { f,,,n > 1} which is dominated by the integrable function f, is
uniformly integrable on (2, %,, () so that

n—oo Bn n—oo

fim 5, (40) = lim [ f, dC < lim /A FAc=0,  (9)

since 0 < f,, < f. But this contradicts (6), and hence 5&1) must be
o-additive. Also we have

§P(A) = lim i (A4) = p (4) = p1a(A), (10)

and since “Z?_ is increasing,

lim D (Q) = lim lim x}(Q) = lim 1 f () . 11
im o7 (§2) = lim lim pu5 (£2) = lim 115 () (11)

Let 5(2) o tto- Then by (10) 5&2) > 0 and is o-additive so that
Lo, = 58) — 5&2). We claim that this is the desired decomposition.
Since {fta, Xa, @ € T} is a set martingale, so is its negative. Also
co = lim o |(€2) = Him(ug (2) + g (2)), and —pa = pg — pig so that
11m§(2)( Q) = hm( 0 —pud + ) () = 0+ limpu, (), using (11).
But & (1)( ) and ¢ (Q) are independent of «, using the set martingale
property. Hence ¢y = sup |pa|(Q) = sup(pl + p;)(Q) = él)(Q) +
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((12)(9) . This yields (3) and only the uniqueness of decomposition
remains to be verified.
Let po = ~((11) —5&2) be another such decomposition. Then 5&1) > ,ujx‘,

and 5(1)( Q) > limut(Q) = g})(Q), by (11). The preceding paragraph
implies 5((12)(9) > 552)(9) and hence by addition,

co =€ (Q) +E2(Q) = () +EP () . (12)

These relations give that 5(2)( Q) = é&l)(Q), i = 1,2. Now the mar-
tingale property implies 5(2)( A) = §g)(A), all 6 > o, A € ¥, and
similarly for €. But ¢7(4) < £ (A) by (4). Thus (12) and additiv-
ity of these functions give f&i) = Nc(f), «a € I, as asserted. [

The above decomposition can be used to obtain the corresponding re-
sult for projective systems of scalar measures. Thus if {(Q4, gag), a <
B in D} is a projective system of spaces satisfying the s.m. condition
so that = lgn(Qa,gag) is nonempty, and g, : Q — Q, is onto, con-
sider the scalar projective measure system {(Qq, 2q, fas Gap) : @ <
in I}. Moreover on ¥ = a(g 951 (24)), there is an additive function
p: Y — Rsuch that pog,! = pe, a € I. Let XY = g;1(Z,) C
Y, (o = gap © 9p), and vy = plg;'(Xa). Then {v,, X5, a € I}
is a set martingale on (£2,%) and it is bounded if p is. Assuming

&1) — 6&2) by the preceding propo-

this boundedness, we have v, =
sition with (5&1),2 ),i = 1,2, being positive set martingales. Since

1 _ 2 _ 1 2
po = pogyt =& ogit = e o gt = pl - ul (

{(Qa,Ea,ug), gag) a < fin I}, i = 1,2, to be positive projective

say), we get

systems whose difference is the given scalar system. This result may
be stated as:

Proposition 4. Let {(Qa, Xa, fas Gap) : o < [ in I} be a projective
system of signed measures such that sup |pa|(Qa) < ko < oo, and the

s.m. hold. Then there exist u’, : o — RT such that po = pl, — p?
and {(Qa,Ea,ugj),gag) : a,Bin I}, i = 1,2, are projective systems
of positive bounded measures.

This result shows that it suffices to study positive projective systems
and then the signed measure case can be deduced from it at once. We
thus state the corresponding result to Theorem 8.4.5 for reference:
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Theorem 5. Let {(2,%), t € T} be a family of locally compact
metrizable Borelian spaces, F the class of all finite subsets of T di-

rected by inclusion and for a € F set QU = X 4, Yy = @ Xy
tea tea

Suppose that s : Yo — R are signed (necessarily reqular Baire) mea-
sures such that (i) sup|pa|(Ra) < ko < o0, and (ii) o < [ in

F, pa = pgo W;ﬁl where Top + Qg — €, are coordinate projections.

If 7o, : Q2 = x Q4 — Qg is the coordinate projection, then the system
teT

{(Qa, Xas oy Tap), @ < B in F} admits the projective limit (Q, X, p)
where ¥ = @ ¥ and p = lim(pq, pap). If each Q is compact (but
teT —

not necessarily metrizable), then the same conclusion holds with p (at
least) as a Baire measure.

By the preceding proposition we can express each p, = ,u&l) — ug),

with u(of) as positive measures on the Borel o-algebras Y,, and then
they are automatically Baire regular, as a consequence of the classical
measure theory [this is a very special case of Dinculeanu and Kluvanek
(1967)]. The conclusion now follows from Theorem 8.4.5 itself.

To proceed now with further applications, suppose we have a pair
of probability measures P, on a measurable space (£2,%) and it is
desired to compare them for their mutual singularity or equivalence.
This problem is of importance in the statistical inference and also in
the convergence theory of (set) martingales. The following concept of
“Hellinger distance” is useful in solving it. Set u = P + () so that P, Q
are p-continuous, and let f = Cé—llj, and g = %, the Radon-Nikodym
derivatives. Then the above “distance” between P and @ is defined as

1(P.Q) = [ Vigau(= [ ViPaQ). (13)

The functional H(-,-) does not depend on u. In fact if fi is another
dominating measure for P and @, then it also dominates p. Now if

F_dP ~ _ dQ
f=%79= 35, we have

o fap A dp [ i,
npQ = [\ G5 = [ Vi ()

Thus H(P, Q) remains unaltered by a change of u to ji. By the CBS-
inequality, one has 0 < H(P,Q) = H(Q,P) < 1, and H(P,Q) = 0 iff
P1l@Q and H(P,Q) = 1 iff P = @ (by the equality conditions in the
CBS-inequality).
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For computational facility, we give an approximation formula for

H(P,Q) of (13):

Lemma 6. For H(-,-) of (13) one has

H(P,Q) = inf{% V(P(A)Q(Ay) : {A)}°, C X is a partition of Q}.
(15)

Proof. Let {Ap, —o00 < k < 0o} C X, be a partition of Q. Then

H(P,Q):/LJAk@du
e

by the disjointness of Ay and the CBS-inequality,
:% P(A)Q(Ag) .

Hence

H(P,Q) < inf{% vV P(A)Q(Ax) : {Ar},, C X, a partition of Q} .
(16)
For the opposite inequality, let us fix 1 <t < oo and integers m, n,
to define:

Apn = {w : 27D < flw) < 2™ 207D < g(w) < 127} .

Then
/A VEgdu >t (A (17)

So P(Ann) < 2™ u(Anmy) and Q(Anmy,) < t2"u(Any). f B = U A,
a disjoint union, we have ’
1P.Q) =2 [ Vst o)
]' m-+n
= t_2 ngnt M(Amn)

tiQm;n VP(Amn)Q(Amn), by (17). (18)

>

Then taking infimum on all such {A,,,} and letting ¢ | 1 in (18) we
get the opposite inequality to (16). These together imply (15). O
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Let (9;,%;, gf ), i = 1,2 be a pair of probability spaces and T": 2; —
5 a measurable mapping such that P, = P o T~ !, Qs = Q; 0T 1.
If ¥ = T-1(X3) C ¥4, a o-subalgebra, then P, = P| X}, Q1 = Q1| X}

are measures for which (15) becomes

H(P1,Q1) < H(Py, Q1) = H(P2, Q) (19)

since there are fewer partitions in X7 than in X; of . In particular,
if Q9 = Q9,3 C ¥ and Q2 = Q1| X9, P, = Py| X5, then (19) is
satisfied. We remark that (19) can also be obtained directly using
Jensen’s inequality for concave functions ¢ (here p(x) = \/x) and the
fact that p(fg) = ¢(f)p(g). This alternative proof is left to the reader.

With (15), we can present a comparison result for singularity or
equivalence of a pair of set martingales having the same base. In view
of Proposition 2, we present the assertions for projective systems so as

to use it in some other applications also.

Theorem 7. Let {(Qq, X4, Sz,gag) ca < fin I} be a pair of pro-
jective systems of probability measures, on the same base, admitting
limits (,%, ;). Then H(P,Q) = lim H(Pa, Qa), so that PLQ iff
H(P,Q) =0, and the latter holds automatically if P, 1Q, for some «
m 1.

Proof. For a < B in I, we have P, = Pgo g;ﬁl, Qo =Qpo g;ﬁl and
since the projective limits exist, P, = Pog,!, Qn = Qo g, ! so that
P,, Q) are image measures of (Pg, Q) as well as of (P, Q). Then (19)
implies

H(P,Q) < H(P3,Qp) < H(Pa, Qa). (20)

From this it follows immediately that when P, 1@, for some « in I,
then H(P,,Q,) = 0 and hence there is equality in (20) so that P_LQ.
We now exclude this case and assume that H(P,,Q,) > 0 for all a.
Then by the monotonicity of H(-,-) (20) gives

H(P, Q) < lim H(Py, Qa). (21)

We assert that there is equality in (21) to complete the argument.
Let € > 0 be given, and find a partition {A;}>°_, by Lemma 6, such

that
S V/PAQA) < H(P.Q) + . (22)

> ™
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Since P(L}g Ap)=1= Q(ng Ay), there is an ng(= no(e)) such that

S PA)<Z, ¥ Q) <

23
|k|>no 4 [k|>no ( )

>~ m

But by the continuity of the square root function on R*, we can find
0<mp, < §-27UF+2) "such that for all k| < ng

(IP(AR) + 1] [Q(AR) + 1)) < (P(ARQ(AR))F + 5 -2 HF2) - (24)
Also since P, (Q are finite measures on ¥ = o(Ug,'(X,)) and Ay € X,
we approximate Ay by a cylinder with base in fa .- In fact by the initial
assumption H(P,,Q,) > 0 for all o, we may assume that P(Ay) > 0
and Q(Ax) > 0, for all k, by relabeling if necessary. Then letting
pw=P+Q weget P<p,Q< pu. Since X =0(A),A=Ug;(Z,), and
1 is a finite measure on Y, we can find for any Ay € E,aa By € A such
that pu(AxABy) < 1. Hence we have

P(AyABg) <nr , Q(ARABy) < (25)

But B, € A implies By € g;kl(Eak), for some ap € I. Since [ is
directed and |k| < ng is finite, there is a v € I such that o) < ~ for
all |k| < ng. Now g1 (2a,) C g5'(2,), |k < no. So there exist sets
Cr(e %) as bases of By, B = g;'(C). Let {Ex,|k| < no} be a
disjunctification of the C. (This is used only to produce a partition of
Q,.) Since Po g ' = P, we have

P,( U Ey)=P,( U Cy

k| <no |kl <no
=P( U g} C))=P( U By),
(|k|<nog7 ( k)) (|k|<n0 k)
|k|<no
= |k|E P(Byx N Ag), since Ay’s are disjoint,
<7’L0
(P(Ax) — P(AxABy))
|k|<7’L0
|/€|<no
1 € €
>(1—>eg)—yp-. 27+ =7 = 2
= (=29 -%3 2 (26)

© 2005 by Taylor & Francis Group, LLC



9.3 Martingale convergence 339

A similar computation for the Q-measures with (25) gives
€

Q”(|k|L<Jno Ey) > 1— 3 (27)

Letting E,,, = ., — |k|U Ey, one gets from (26) and (27)
<ng

€
3
Since {Ey, —no < k < ng} is a partition of ., we can estimate
H(Py, Q) as

H(P Q) <, B \[P(B)Q. (B

Py(Eny) < 55 Qy(Eny) < (28)

< ZVPHCQC) + 5, by (29),

9
= \kEno P(Br)Q(Br) + 5
< B VPO + ) @A) +m) + 5, by (25)
< B (VPUARUAY + 5 -27F9) 4 2 by (24)
< SVPANQMAL) + 7 + 5
< H(P,Q)+ 44t =H(P,Q)+e¢, by (22).

4 4 2
Since € > 0 is arbitrary this shows that there is equality in (21), as
asserted. [

The above result which is a specialization from Brody (1971), gives
conditions for singularity of a pair of probability measures determined
by a couple of projective systems of such measures. However the non-
singularity does not generally imply mutual absolute continuity. We
analyze this and several related martingale convergence results, as ap-
plications, in the next section.

9.3 Martingale convergence

One of the basic aspects of (sub) martingale analysis is the pointwise
and norm convergence assertions. The latter holds under general con-
ditions even when the index set is partially ordered but the pointwise
results hold only under further additional restrictions. Here we present
some of the key theorems using the preceding work.
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Theorem 1. (Doob) Let {X,,F,,n > 1} be a martingale such that
sup E(|X,|) < co. Then X,, — X ace., and E(|X|) < lim E(| X,,]).

Proof. If pn, : A — [, X,dP,A € F,, then {u,, F,n > 1} is a

bounded set martingale. Hence ., = MS)—A&?), with {ug),fn ,n>1}
as positive set martingales, ¢ = 1,2, and pgf) is P-continuous, as a
consequence of Proposition 2.3. By the Radon-Nikodym theorem, if

. (7() .
x{ = d(’;]g , then {X{, F,,n > 1} is a positive martingale, i =

1,2. Thus the result follows if we establish that a positive martingale

converges a.e. So let X,, > 0 hereafter for notational convenience.
Suppose the convergence statement is false. Then there exist —oo <
a < b < oo such that P(A) > 0, where

A={w:liminf X, (w) <a<b<limsup X, (w)} . (1)

n

We now show that this leads to a contradiction of the already proved
optional sampling theorem (cf. Theorem 1.6 and the remark after its
proof).

Thus let 79 = 1 and 7 = inf{n > 1, X,, > b}. For k > 1 define

Tok = 1nf{n > Top_1: Xy < CL}, Tok4+1 = 1nf{n > Top @ Xy > b} . (2)

As usual, we take inf{()} = 400 here. Since a 7} is determined by the
random variables X7, -+, X, it is Fy-measurable so that {rx, k > 1}
is a stopping time process of {Fx,k > 1}. But by hypothesis the X,,-
process is in a ball of L!(P) so that hn% inf X,, and limsup X, are finite

a.e. and since the sequence does not converge by supposition, we can
assume that 7, < 0o a.e. for n > 1. Now 795, < oo implies X (1or) < a,
and Top41 < oo implies X (79541) > b. Consequently

E(X(T%)X[Tzk@o)) < a P 19, < 0]
< a Plrp—1 < o0
< b Plrog—1 < 9]
< B(X(T2k-1) X[rap 1 <00)) - (3)

But by Theorem 1.6, with I = N (and the remark after its proof),
we get {X(7,),F(1n),n > 1} to be a (positive) martingale. Hence
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E(X (7)) = « a positive constant, independent of n. Thus we have

0=E(X(m2r-1)) — E(X(m21))

:/ X(Tgk_l)dp—/ X(Tzk)dp
[T2r—1<00) [T2r <00)

>b Plrog_1 < 00] — a Progp_1 < 00|, by (3).
=(b—a)P[rop_1 < o] > (b—a)P(A) >0. (4)

This contradiction shows that P(A) = 0 must hold. Hence X,, — X,
a.e. The final statement now follows from Fatou’s lemma. O

The above result can be extended to submartingales by a simple
device given by:

Proposition 2. (Doob’s decomposition) Let {X,,Fn,, n > 1} be a
submartingale. Then it can be uniquely decomposed as:
Xpn=X +A4,, A1=0,n>1 (5)

where { X/, Fn, n > 1} is a martingale and 0 < A,, < A, 11 with the
Ant1 as Fn-adapted.

Proof. With A; = 0, define A,, for n > 2, inductively by setting
A, =E7 (X, — X,_1) +A,_1(€ L'(P)). (6)

Set X! = X, — 4,, and claim that this satisfies (5). In fact, the
submartingale hypothesis implies that 0 < A,, < A,+1, and A, is
Fn_1-adapted. Moreover,

E]:nil(X:’L) = E}—nfl(Xn - [E}—nfl(Xn — Xpn-1) + An-1]), by (6),
= E}—nil(Xn—l - An) =Xp1— An—l =X,

o1, a.€.
Thus { X/, F,,n > 1} is a martingale. For uniqueness let X,, =Y, +B,,
be another such decomposition. Then X/ —Y, = B,, — A,, and the

left side is a martingale while the right side is F,,_j-adapted. Hence
E]:n—l(X,:l - Yn> = X/ Yn—l = X7/L — Yn a.e.

n—1
This implies B, — A, = B,_1 — A,_1 = -+ = By — A = 0, a.e.
Consequently, X! = Y, a.e. and then A, = B, a.e. That every
representation given by (5) is a submartingale relative to {F,,,n > 1}
is immediate. [J
With this decomposition we can deduce the submartingale conver-
gence statement easily as in:
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Theorem 3. If{X,,,F,,n > 1} is a submartingale, sup E(|X,|) < oo,
then X,, — Xoo a.e., and E(| X|) < liminf E(|X,|).

Proof. By the preceding proposition X,, = X/ + A,,n > 1 and

0.< B(A,) = B(X,) - B(X))
<sup B(|X,|) — F(X]) = K1 < .

Hence
0<limF(A,) =FE(lim A,) < K; < oo,

by the monotone convergence theorem. So lim A,, = A, exists a.e.
n

and is integrable. Also
E(1X,]) < E(|1Xa]) + E(Ax) < Ko+ K1 < o0

So by Theorem 1, X! — X/ a.e., and then X,, = X! + A,, — X, =
X!+ Ao, a.e. and by Fatou’s lemma, F(|X|) < liminf E(|X,|), as
desired. [ "

The corresponding statements, when the indexing is a partially or-
dered set, are more involved and true only under further restrictions.
We present the following two results with suitable supplementary con-
ditions. The first one using Theorem 2.7 is on mean convergence.

Theorem 4. Let {X;,F;,i € I} be a directed index martingale such
that

(i) E(|X;|) < K <oo, i €1, and

(11) for any € > 0, there is an ig(=ig(€)) and an a(= ac) such that

/ | X;|dP < e, wuniformly in i > ig. (7)
[1Xi|>a]

Then there is an X € LY(P) for which E(|X; — X|) — 0 as i — oo and
X;=FE7(X) ae., alli€I.

Proof. If p; : A [, X;dP, A € Fy, then {u;, i, i € I} is a bounded
set martingale by (i). By Proposition 2.3, we may and do assume for

this proof that pu;, or equivalently X;, is nonnegative.
Since F; C Fl, for i < i in I, Fy = ,UI F; is an algebra. Moreover,
1€

w: Fo — R given by p(A) = p;(A) for A € F; is uniquely defined as
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shown in the proof of Theorem 8.3.1, and is finitely additive. By (ii) of
the hypothesis, if A, \, 0, A,, € Fy so that A,, € F; for some i, (and
in < ip+1 can be assumed by the directedness of I), we get

lim p(A,) = lim X;,dP = 0.
P(A,)—0 P(An)—0J4,

Hence p is o-additive on Fy, has a unique o-additive extension (denoted
by the same symbol) to o(Fp), and is clearly P-continuous. By the

Radon-Nikodym Theorem, X = j—l‘i exists and X € L'(P). We assert

that this X satisfies the requirements of the theorem.

Indeed let iy € I be fixed and consider 0 <Y € LY(Q,F;,, P). If
viAw [,Y dP, A€ S, and v; = v|F;, then %t =Y for i > io. Since
p; = w|F;, one has the “Hellinger distance” as:

H(u,u):/Q\/XY dP, and H(ui,yi):/Q\/XinP, i>1 . (8)

But by Theorem 2.7, H(u;,v;) — H(u,v) as i / co. This means, by
writing the inner product notation for (8), H(u,v) = (vVX,VY) etc.,

(VX VY) = (VX VY), as i /oo (9)

Since ig € I is arbitrary, (9) holds for all 0 < Y € ULYQ,F;, P),

and then by density of the latter in LY(Q,o(Fp), P), (8) is true for
all 0 <Y € LY(Q,0(F), P). This holds, by considering the positive
and negative parts, for all Y in the space, i.e., vX; — VX weakly
in L2(Q,0(Fp), P). In particular, (take Y = X) vX; + VX — 2V X
weakly. But,

IVl = [ XaP = @) =) = [ X aP=|VXI3. (10
On the other hand for Z € L?(2, 0(F), P) we have

(2VX, Z)| =lim (v X; + VX, Z)|
<limsup || Z]2[v/X; + VX2 , use CBS inequality,
< 1212 lim({l v/ Xi][2 + IVX|2)
= 2(Z[]2v/ 1(2), by (10) . (11)
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Taking the suprema of (11) for || Z||o < 1, the left becomes [|2v/X||o =
21V X2 = 2@. Hence there is equality in (11) implying that
VX + \/)_(HQ — 2@. Now using the parallelogram identity in
Hilbert space, we get

VX VX 3+ VXA VX5 = 2(VXl3+IVX]3) = 4p(Q) . (12)

Letting i /" oo as in (12), one gets ||v/X; — V' X||2 — 0. This implies

/h&—XMP:/WV&—VXHw&+VXuP
Q Q
< [[VXi = vX]2 [WVX; + VX2, (CBS inequality),

— 0, as 7 /0.

Hence X; — X in LY(Q,0(Fy), P). Since pu; = pu|F;, this gives X; =
E%i(X), a.e., and all the assertions are established. [

If I is linearly ordered and countable, then the mean convergence of
a martingale implies, by Theorem 1, the pointwise convergence. But
for the general directed index martingales this is not true, and new
conditions must be imposed. The desired concepts are presented in:

Definition 5. Let (£2,%, P) be a probability space and F; C X,i €
I, be an increasing (or right filtering) net of o-subalgebras. Then a
family {K;,i € I}, K; € F; is an essential fine covering of A(€ X)
if for each ip € I, A C iyio K; outside of a P-null set. (If the null
set is empty, then “essential” is dropped here.) The net {F;, i € I}
satisfies the Vitali condition Vy if for each A € 3, and each essential
fine covering {K;,i € I} of A and € > 0, there is a finite subcollection
{K;;,1<j<n.}and ae. disjoint L; € F;,, L; C Kj; a.e., such that
P(A- U L)<«

The 15eader should compare this with Definition 3.4.2. In fact this
is a restatement of the earlier one, in a form useful for martingale con-
vergence. Also it can be shown that the Vj-condition is automatically
satisfied if [ is linearly ordered and countable for probability spaces.
We have the following result on pointwise convergence, due to Chow

(1960):

Theorem 6. Let (2, %, P) be a complete probability space and {F;, i €
I} be a completed right filtering net of o-subalgebras of ¥ satisfying the
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Vitali condition Vi, as in Definition 5. If {X;, F;, i € I} is an L'-
bounded martingale (so sup E(|X;|) < o), then there is an X € LY(P)

such that X; — X a.e. asi / 0.

We omit a proof of this result. The method is to consider an indirect
argument, as in Theorem 1 above. For most applications Theorem 4
suffices. (For details and extensions, see Rao, 1979a, Section I11.5.)

In Theorem 2.7 we showed that H (P, Q) = 0 iff P1Q and remarked
that H(P,Q) > 0 does not generally imply that P, @ are equivalent.
However, if I = N and P,, Q. are product measures then there is a
positive solution, due to Kakutani (1948). This is of interest in sta-
tistical hypothesis testing problems and related work. We present the
result, after a preliminary observation to eliminate a trivial aspect of
the desired statement.

For a satisfactory solution it is necessary to assume that each P,
is equivalent to Q,,a € I. In fact, if for some ag € I, P, (A) =0
but Qa,(A) > 0, A € g, then P(n;(A)) = P,y (A) = 0 whereas
Q(my (A)) = Qay(A) > 0 so that P and @ are not equivalent. If we
take I to be the directed set of all finite subsets of T', 2, = téa O, Yo =

® 3 where {(Q,%:), t € T} is a family of measurable spaces, and
tea

P, = ® P, Qo = ® @, with gt : ¥, — Rt as probabilities,

tEa tCa t
then P, = Q. (equivalence) a € [ iff Q; = P;,t € T. The following
simple example explains the situation clearly. Let (£, Y, P;) be the
Lebesgue unit intervals for ¢ = 2,3--- but for ¢t = 1, let P1(A) =
I4 %X[O’%]d,u, Qi1(A) =/, %X[%,l]dﬂ’? where p1 is the Lebesgue measure
on Q; = [0,1]. Let P = ® P, Q@ = ® @, the infinite product
t=1 t=1

measures (by the Fubini-Jessen theorem). Then P # Q but H(P,Q) =
%, and neither P1.Q nor P = (). Thus to exclude this pathology we
assume hereafter that P, = @Q¢,t € T = N. This does not imply that
P = @. The necessary strengthening is provided by:

Theorem 7. (Kakutani) Let {(€4, %, S‘i),t € N} be a sequence of
probability spaces with P, = Q,Vt € N. If o, = (1,2,---,1n),Q4,,,
Ya,, and P, are the products defined above, and (2,3, S) are the
corresponding infinite product spaces (given by the Fubini-Jessen theo-
rem), then P = Q or PLQ, accordingly as H(P,Q) >0 or H(P,Q) =0
respectively.
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Proof. Letting mpy @ 2o, — Q4,,, m < n, and m, : @ — Q,,  be
the canonical (or coordinate) projections with «,, = (1,2, -+ ,n), we
have ¥ = a(nole 1 (3a,)) and P = IEH(Pan,Wmn), so that (2, %, g)
is the projecti:fe limit of the spaces concerned. Then H(P,, ,Qa,) —
H(P,Q) by Theorem 2.7 and PLQ iff H(P,Q) = 0. So consider the
case H(P, Q) > 0. We may now assume that P, = Q,, since P, = Q¢
for each t € N, and P,, Q, are just (finite) product measures.

Now by the Radon-Nikodym theorem applied to these products, one
gets

- dQo,, , - ndQy N
2 — %%n - =t - .
us (w0n) Py, (@n) tl;Il aP, (w)y W = (W1, ,wp) € Qq,,. (13)

Hence we have by Fubini’s theorem,

H(P,  Qu ) = / i (@) AP

Q

an

n 40, 1/2
=1 /Q <d—Pt(wt)> 4P

- tl;ll H(Pt,Qt>. (14)
Since H(P,,,Qa,) \ H(P,Q) > 0 and 0 < H(P,,,Qq,) < 1 for

all n, the (infinite) product in (14) converges as n — o0, so that
il H(P;,Q:) — 1 as m,n — oo. Under these conditions it is asserted
that P = Q.
Since 7, : Q@ — Q, , let vt : Q — R be defined as u} = u, o
n €
L?(P). Moreover, u}(w) = klill ug(mx(w)), and since H(P,, ,Qq,) =
(V/Un> /Un)r2(P,, ), one has for m <n,

luy, = winll p = 2 = 2(uy;, urn)2,p

Tn. Then (14) implies (i) w) is measurable for ¥, and (ii) w}

— 2<1 - (Un7 um)Q,Pan)

0o g 1/2
:2(1—/ u,%,bdp%/ < 1T &)
Q erL«I»lX"'XQan t=m-+1 dPt

xm

X Py - dPy)

=2(1 — t:nli[ﬂ H(P;,Qy)),

since / u? dP, =1 and then use (14).
Qan, (15)
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Thus H(P,Q) = ILm H(P,,,Qa,) =112, H(P;,Q:) > 0 so that the
right side of (15) ten(?los to zero and {u},n > 1} is a Cauchy sequence in
L?(P). Let u*(-) be the limit of this sequence, which belongs to L?(P).
If 7, =7, (3a,) C Fpi1, we have for A =n 1 (Ap) € F,

/ (U:})de = / UidPan , (image law and 7, = T, 0 T,),
A Tonn (Am)

= / u?,dP,, , by (13) and Fubini’s theorem,
A’VVL

= / (uf)?>dP, by the image law. (16)
Tm (Am)

Since u’, is F,-adapted, (16) implies (u*,)? = EZ™((u})?) which forms
a uniformly integrable sequence by (15). Now we may apply Theorem
4 to conclude that (u*)? = E¥»((u*)?), and hence

/A(u*)2dP:/AEf"((u*)Q)dP:/A(u;)QdP, Ae Fy,

:/A W2dPy = Qu(A,), A=m\(Ay),
= Q(m, ' (An)) = Q(A) . (17)

Since @ is o-additive (17) holds for all A € U2 F,, and then for all
A in X. This shows that gg = (u*)? and Q is P-continuous. But
Ra, = P,, and hence by symmetry we can use the above computation

to conclude that P is @-continuous also so that P = @ holds. J

Remark. Tt should be noted that by (15) and (16), {(u*)?, Fn, n > 1}
is a martingale, but {u2,%,, ,n > 1} is not, since the latter set is
defined on different spaces as n increases and the X,, are not nested.
We present a specialization and an application of the above re-
sult to illustrate its potential uses. Let X7, Xo,--- be a sequence
of independent identically distributed (i.i.d.) random variables (or k-
vectors) so that (xq,---,x,) can be regarded as a random sample for
a given n. Suppose that their common distribution is either P or
Q@ on a space (0,%p). Let pu be a (o-finite) measure on ¥y that
dominates both P and @, (e.g., p = P + @ can be taken). Let
p = fli—];,q = %, be their densities. Then H(P, Q) = fQ v/Pqdp and
if P(") Q™ are the (product) probability measures of (X1,---,X,),
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one has H(P™, QM) = iﬁl H(P,Q) = H"(P,Q) since the X; are
i.i.d. From the fact that 0 < H(P,Q) < 1 when P and @ are not
mutually singular, it follows that lim H (P, Q™) =0 if P # Q (even
when P = @) we can have H(P, QSL < 1,and = 1iff P = Q). Thus if
P = IEH(P(TL),W”), Q= IED(Q(H),TD,L) on (Q =05 = %ZO), one al-

ways has P1Q. Let us illustrate this further by the following concrete
example. (Here N stands for natural numbers.)

Let P, in the above be k-variate normal distributions with means
a, B(a # ) and the same nonsingular covariance matrix A. Thus with
p as the Lebesgue measure in R¥ (= ), we have p(-) and ¢(-) to be
N(a,A) and N(f3,A) respectively, the multivariate normal densities:

Ve

1
p(x) = (2m) " (det A)"Fexp{—5(x —a)AT (x— )}, (18)
and a similar expression for ¢(-) with 8 in place of a and (x — a)’
denoting transpose of the k-vector (x — a). Then using a standard
formula for the integral of this function (cf., e.g. (11.12.1a) in Cramér,
1946, p. 118) we can simplify H (P, Q) to get

H(P,Q) = exp{~ (0~ YA (o~ B)). (19)

Hence H(P™,Q™) = H*(P,Q) — 0 as n — oo if a # f3, since A
is positive definite. Thus P1Q. (Note that P = Q here.) Accord-
ingly in a statistical application one takes a sufficiently large sample
of observations (x1,- -, x,), computes their “likelihood ratio” Z—z, and
finds a constant 7 such that if the observed sample point falls into the
set A = {(z1, -+ ,xy,) : Z:((iiii:)) < 7}, then P is declared as the
correct probability measure governing the experiment or model and in
the opposite case @) is decided on. Several applications of this type are
in Kraft (1955). See Rao (2000) for such a theory applied to processes.

It should be pointed out that the dichotomy given by Theorem 7 is
also valid in general for all Gaussian probability measures which are
not necessarily of product type. But this situation demands additional
nontrivial analysis. (Details and references are given by the author, cf.
Rao (1981), pp. 212-217.) We shall not consider it further here.

We now sketch an extension of the above result when the probabil-
ity measures P, (); are replaced by conditional measures. To set up
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the extended problem, let {(Q, X, g: ),7 € N} be a sequence of prob-
ability spaces and (€,,3,, P,),n € N, be the corresponding (Fubini
type) product spaces, as in Theorem 8, m;; : ; — Q; = x};lek,m :
Q = x;>10Q" — Q; are coordinate projections and ¥ = @' is the
product o-algebra, and P = ®;>1P® and similarly Q. If B C ¥ let
PB .Y — L>®(Q,%, Pg) be the conditional measure which is order o-
additive as in Section 6.5. Since LP(P) D L>(P) for all0 < p < oo, we
restrict the range of PP-integrals into the real space L™(P). As seen
before PB has the “modular” property in the sense that fQ gf dPB =
g fQ f dPB which is just the commuting property of the operator EZ,
we consider the vector spaces LP(PP) = {f : |f|ll, < oo} where
I£1, = IEB(fIP)]7 oo Tt is known that {LP(PE),|| - |} are Ba-
nach spaces for p > 1 under the identification of equivalence classes,
as usual. (A proof of this can be directly given, but it is also a special
case of the work by Wright (1969).) If Q7 is similarly a conditional
measure for (2, X, Q) then it is also a modular measure, and both sat-
isfy a condition called “ample” in Wright’s terminology. Roughly, this
means that there is a partition of €, say {A;,j € J} C B such that for
each norm bounded set of functions {f;,j € J} C L?(P5) there exists
an f € L?(PB) such that fxa; = fixa,; and in our case J will at most
be countable and the condition is always satisfied because of the analog
of the Bessel inequality. As noted in Theorem 7.4.10, one gets

B o B
Q (A)-/Agdp , (20)

where g : © — RT is a PP-unique scalar (X-measurable) function,
and the integral is in terms of order as in Wright (1969). (We used it
before.)

Now let B,, C ¥,, on the (finite) product space §2,, and suppose that
PBn @B . 2"t M(B,,), the last being the bounded B,,-measurable
functions on 2,,, are the corresponding conditional measures. Suppose
they are regular and PB» <« QB» <« PB». For any A € " we have
a gnt+1(-) > 0, such that (20) takes the form:

Q) = [ g P
A
Define the “Hellinger functional distance” between PP» Q5" as:

Q% PP) = [ g PP (d™ ). (21)

Qn-‘,—l
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This is B,,-measurable and lies in the unit interval for a.a. [P,]. Since
T,  — Q™" is a coordinate projection and p, : 2 — ,, the corre-
sponding one so that p,, = H? m; we have for any A = A;, X---xA; XB,
a Y,-cylinder by the components from %, the following:

Q) = [ Qo) [ QR
Al Ain
Similarly P50 is defined on ¥ — M (€, By), the space of bounded By-
measurable functions where By C B,, C X, in obvious notation. Since
the conditional measures are assumed to satisfy the hypothesis of The-
orem 3.2, all these functions are well defined and since a Schwarz type
inequality is valid for the space (L2(P5),| - ||5) one can define the
product “distance” as an extension of (14) and proceed to obtain an
analog of Theorem 7 under suitable modifications, which are nontriv-
ial. The above formulation is just an example of what can be studied
nontrivially, and we leave it as an interesting problem for research with
extensions in which various types of (conditional) measure theory and

vector integration become pivotal.

9.4 Markov processes: some basic results

In contrast to the preceding application of abstract conditioning to
the formulation and convergence of martingales, the very concept of
Markov processes depends on the regularity of conditional measures.
Although we discussed conditional independence in Section 2.5 and
some of its applications there, the Markov dependence needs a finer
structure of conditioning as seen below. Also an immediate concern will
be the ability to exactly evaluate these measures in a given situation.

We shall illuminate these points of the subject here.

Definition 1. A stochastic process {X;,t € I C R} on (2,3, P) is
Markovian if for any set of points t; < 1o < --- < t,, < tpy1, t; € 1,
one has

P(Xt < ZC‘th,' .- ,th> = P(Xt < JJ‘th), a.e., T & R. (1)

n+1 n+1

Recall that P(A|X) is a shortened notation for P7(X)(A) where
o(X) is the o-algebra generated by the random variable X, and A € ¥..
In the case that the conditional probabilities in (1) are regular, then the
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concept can be given a verbal description. Thus a process { X, t € I}

is Markovian if the probability of the event [X; ., < x| given the past

n41
Xty -+, X, (for any n) depends only on the most recent past X .
Clearly in any application, one should be able to evaluate exactly these
conditional probabilities and our work in Chapters 5, 7, and 8 will
illuminate this situation, and the very definition demands a resolution
of the computational problem. In the literature one finds that such
regular conditional measures are assumed from the beginning as part
of the data, and then the subject is moved forward.

The Markovian concept has the following alternative formulation:

Proposition 2. For a process {Xi,t € I C R} on (Q, X%, P) the fol-
lowing are equivalent.

(i) The process is Markovian in the sense of Definition 1.

(ii) For each u < v in I one has

P[X, <z|X,,s <u] = P[X, <x|X,], ae, z€R.

(1ii) For any s1 < 89 < +++ < 8y <t < t1 <t < -+ <t, from I,
one has

P[Xs, < x;, th <y]71§7'§m7 1§j§n|Xt]:
P[X,, <z, 1 <i <m|Xy|P[Xy, <y;,1 <j<n|Xy), ae., (2)

where z; € R, y; € R, so that Xs,,1 <1 <m, and Y;,1 < j < n are

conditionally independent given X;.

Proof. We show that (ii) < (i) < (iii). Since (ii) = (i) is clear,
suppose (i) holds so that (1) is valid for all finite subsets of I. Note
that o(X¢,t < u) = o(U[o( Xy, X )t < - <ty < uyn > 1))
where o(+) is the o-algebra generated by the set of random variables
shown. Then

/ PIX, < 2|X,JdP :/ PIX, < 2|X,,, -+, X0, XJdP, by (1),
A A

=PAN[X, <a]), A€o(Xy, -, X, Xu),
(3)

by definition of conditional probability. But (3) also holds for all A in
the union of g-algebras shown, and then, since both sides are g-additive
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measures on this union, the same holds on the o-algebra generated by
this class. Thus it holds for all A € o(Xy,t < u), which is (ii).

To see that (i) = (iii), let A = {X,, <z, 1 <i <m}, B={X;, <
yi,1 <j<n}, By =0(Xy, -, Xs,), B, = o(Xs,, -+, X5, ), and
B = 0(X¢). Then with the properties of conditional expectations (cf.
Proposition 2.2.1), we have

P(A|B)P(B|B) = E®(xa)E® (x5)

= E®(xaE®(xB)) = E®(xaP(B|B))
EP(xaP(B|B,By)), by (1),
EB(xaE" BB ()
= E5(
P

XA - XB), since B C (B, B,,) and A € o(B, B,),
(AN B|B) .

Thus (iii) is valid. For the converse implication, let (2) hold and con-
sider A € B,, C € Bso that ANC € (B, B,,) and is a generator of
the latter. We get with (2) and B as above,

/ EU(B’Bm)(XB)dP:/ XBdP:/ XanBdP
CnA CnA

B(xanp)dP = / P(AN B|B)dP
C

o\q\q\q\

P(A|B)P(B|B)dP , by (2),
EB(x4)EB(xB)dP

EB(x4E®(xB))dP

- / EB(x5)dP .
CNA

Since the extreme integrands are o (B, B, )-measurable and C'N A is a
generator, the integrands can be identified to get

E8(xg) = P(B|B) = E7B:5n) (y3) = P(B|B, B,,), a.c

This is (i) and hence (i) < (iii) as desired. O
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Discussion 3. The Markovian concept expressed in terms of (iii) of
the above proposition has an interesting interpretation and a useful
consequence. If the conditional measures are regular, then the state-
ment is equivalent to saying that the process {X;,t € I} is Markovian
iff for each ¢ € I the collections { X, s < t} and {X,,r > t} are condi-
tionally independent given X;. In other words the “past” and “future”
are independent given the present. Since “past” and “future” depend
only on the ordering of I, it shows that if {X;,¢t € I} is a Markov
process, so is {X;,t € I} where I = I but have opposite orderings. In
particular, the fact that {X;, —a < t < a} is Markovian implies the
same of {X_;, —a <t < a}. Note that the regularity of all the condi-
tional measures requires restrictions on the underlying measure space
(cf. Chapter 5), or on the ranges of all X;. If all the X; take values in
a fixed countable set (so the process is called a chain), then the condi-
tion of regularity is automatic. In general one needs restrictions such
as X¢(2) C R is a Borel set for each t, or (2,%, P) is a Polish space
and the like.

Assuming regularity as part of the definition of a Markov process,
one can proceed to a detailed analysis of this class. In fact, the sub-
ject has grown and enormous constructs have been erected on that
foundation. However, the existence of such processes generally need a
(nontrivial) proof. We first give an example, and then establish the
desired existence result.

Example 4. Let X, Xs,--- be a sequence of independent random
variables on (2, %, P). Then the partial sums {5, = ;1 Xi, n > 1}

form a Markov process.

Proof. Let B,, = o(S1,-+-,S,). This is the same as o(X7, -+, X,,).
We now use the fact that all bounded measurable (for ¥) functions are
integrable relative to the conditional measure PP(-), even if regular-
ity is not assumed provided we use the Dunford-Schwartz integral as
discussed in Section 7.2. Thus the following holds a.e. (P):

EBn (eitSn+1) — EBn (eitSn eitXn+1 )

= ¢!t FBn (i Xnt1) gince S, is Bn-adapted,
(4)

— 6itSn E(eitxn+1 )’
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since X, 11 is independent of B,,,
— Ea(Sn) (eitSn )Ea(Sn) (eitqu )’
since X,,+1 is independent of S,,,
_ Eo(Sn) (6itSn EU(S") (6itXn+1 ))
= E75n) (¢ (Sn+Xnt1)) 1y Proposition 2.2.1,
— EU(Sn)(eitSn+1). (5)

Since (5) holds for all ¢, by dominated convergence for PP-measures,
we can deduce from (5) that it holds for all bounded Borel functions g
on R (instead of only the trigonometric functions), so that we have for
(),

EP(9(Sn41)) = E7) (g(Sp41)), ace. (6)

In particular, if g = x4, A = (—00, ), then (6) implies
P(Sn-i-l < x|Bn> = P(Sn+1 < .Cl)lSn), a.e., (7)

whence {S,,, n > 1} is a Markov process as asserted. [
We note that (4) can be written as:

EBr (") (w) = 5B (") aa.(w)

= F(etXnr1+5a (W) g . (w). (8)

When all the conditional measures are regular, and if F}, is the distri-
bution function of X, then by the image probability law (8) can be
expressed (as in (6) with g = x4) as:

P(Snt1 <x|S1,-++, ) (w) = Fp1(z — Sp(w)), a.a.(w). (9)

Remark. If the given process {X,,n > 1} on (£, %, P) is replaced by
its function space representation triple (Q, 3, ]5) provided by the Kol-
mogorov existence theorem (cf. Theorem 8.4.2) then the new process
{X,,,n > 1} has the same finite dimensional distributions as the given
one and hence has the same probabilistic structure. But in the new
representation Xn(fl) = R, a Borel set for each n > 1, and hence the
resulting conditional probabilities, for (8) and (9), are automatically
regular. So formula (9) holds for the new variables rather than the
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original ones. A different proof of (9), using the latter representation
was given in Doob (1953, p. 85).

Note that if F(X,,) exists and = 0, then {S,,B,, n > 1} is also a
martingale in Example 4. Thus there are families which are both mar-
tingales and Markov processes at the same time, and in fact Brownian
motion is a prime example of this phenomenon. But the Markov con-
cept does not demand the existence of any moments as in the latter
case, and the martingale notion does not need the complete distribu-
tional structure as in the former case. Thus neither concept implies the
other in general.

Before turning to the existence problem, some basic properties of
these processes are recorded to get a better feeling. The fundamental
relation, known as the Chapman-Kolmogorov equation is given by:

Lemma 5. Let {X;, t € T C R} be a Markov process on (2,3, P)
and u <t < v be points from T. Then for any x € R, one has

P(X, < 2|X,) = E(P(X, < 2| X,)| X )a.e. (10)

Also, if p(§,u; A,v) = P(X, € A[Xy = §)(= P(X, € Alo(Xu))(§)), is
reqular, then for all Borel sets A, and £ € R, one has

P&, us A, ) = / (G A o)p(€ s dC, ), aa(E).  (11)

R

Proof. Taking n =2 in (1), t; = u,to =t and t3 = v, A = (—o00,x) we
get
P[X, < z|X,, Xt = P[X, < z|Xy], a.e. (12)

Applying the operator E?(X«)(.) to both sides of (12) and remembering
Eo(Xu) po(Xu,Xe) — EU(X“), one has

ETXD(PIX, < 2[X/]) = P(X, < 2[X.), ac[PoX,"]

Since all such intervals generate the Borel o-algebra of R, this is simply
(10). Writing the integral representation of EB(-) in (10), it reduces to
(11) with Lebesgue integrals when P? is regular. [

Let us introduce some additional terminology used in the subject:
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Definition 6. A function p(-,+;-,+): BxT xBxT — R, (B, B) being
a measurable space, is called a transition probability function if:

(i) p(&,s;+,t) : B— RT is a probability measure for s,t € T,¢ € B,

(ii) p(-,s; A,t) : B — RT is B-measurable for s,t € T, A € B, with
p(x,s;A,s)=1if x € A, and

(iii) for each s < t, this p satisfies the Chapman-Kolmogorov equa-
tion (11) for all £ € B, there.

Moreover, if p(&,s; A, t) = p(,t —s;A), s <tlt—seT) A€ B,
then p is termed a stationary transition probability function, (T C RT).

Remark. In case there is a (0—) finite measure p on B relative to
which (i) and (iii) hold for a.a. (§), then p(-,-;-,-) may be called a
generalized transition function. Thus for a Markov process of Definition
1, there is only a generalized transition function with the range space
(B, B), termed a state space. Note that (i) and (iii) imply the relation
p(z,s; A—{z},s)=0.

The following pair of simple examples indicate how one can manu-

facture various transition functions, without mentioning (2, 3, P).

Example 7. Let B =N, B = P(N)-the power set and T'= R™. Define
pfor s <tinT as:

pli,s;4,0) = ¥ ax(i,j) , AePN), ieN,
J

where ag; > 0, ,21 ast(i,7) = 1 and ass(4,j) = 0;5, the Kronecker
J:

data. These are probabilities of a “chain.” Suppose we also have for
0<s<u<tinT,

jgl asu(i’j) aUt(j? k) = asu(i,k) .

Then it is easily verified that p is a (nonstationary) transition proba-
bility function.

Example 8. Let B = R", B = Borel o-algebra of B, T'= R™ and
define p for 0 < s <t in T by the following expression:

1/2 r—£|2 .
(27’!‘(;—8)) fA eXP{—g(ti)}dm , if s <t,

p(€, 8 A1) = { .
XA(&) y if s = t,
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where | - | denotes the Euclidean distance and A € B. One can verify
that p(&, s; A, t) = p(&,t — s; A) and is a stationary transition function.
It corresponds to the standard Brownian motion. In both examples
these functions satisfy Chapman-Kolmogorov equation identically (i.e.,
without exceptional sets).

Having thus seen that transition probability functions can be inde-
pendently prescribed, we now address the converse problem, namely the
existence of a Markov process on some (€2, 3, P) with the given func-
tions as its transition probabilities. We show how a positive solution is
obtained from Kolmogorov’s theorem itself (cf. Theorem. 8.4.2).

Observe that a Markov process {X;,t € T'} on (2, X, P) determines
not only its (generalized) transition functions by Lemma 5, but it also
gives the (finite dimensional) marginal measures fu, ... ¢, @ A1 X -+ X
A, — P[X;, € A;,1 < i < n]. We can express these measures as
follows:

Mty by (Al X o+ X An) = / <. / Mty (dl’l, s ,dl’n)
Aq A,
:/ /“’Ltl(dxl)/ qtl,tg(xlade)"'X
Aq Asg

/ qtl,---,tn(mhxl,"' 7xn—17dmn),

n

:/ /J,l(d.’lfl)/ qtth(x17d£C2)X
A1 A2

/ Qtots (T2, d3)

As

- X / Qt,_1tn (:Ijn—l; dajn)a (13)
An

by the Markovian property and the change of measures in the Radon-
Nikodym theory. This gives

,utz(Az) = Htl,---,ti,---,tn(Ql X oo X Az X oo X Qn)

and similarly other marginals are obtained. On the other hand if the
transition probabilities (i.e. g, ,) are given, one needs only the one-
dimensional marginals as (13) shows. The higher-dimensional ones also
follow from formula (13). Because of this, the one-dimensional mea-
sures are termed the initial distributions (or measures).
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We first present a special, but useful, existence theorem and later
extend it for the general case. Thus let Ty C R having an initial point
to. Let F(to) be the collection of all finite subsets of Ty each having ¢
as its first element. If o, 8 € F(tg), we say that a < fiff « C # and «
is an initial segment of 3. This makes F(ty) a directed set. Moreover,
with o = (to,t1, -+ ,tm), 5 = (to,t1, s tm, tms1, - tn) (M < n) SO
that a < (3, we have

ol x o x A) = [

i, (deo) / Pro (@ordir) -~ X
Aq Ao

/ ptmtm_H (Wma dwm—l—l) o /ptn_ltn (Wn—h dwn)
A'm+1

n

- / iy (deo) - - / P s (@t dom) X
Aq A

m

Mty it (Wm,Aerl, X X An),

by Proposition 8.1.3 [cf. (15) in Section 8.1)].
(14)

Letting Ay = Qr,k = m + 1,--- ,n, the right side of (14) becomes
ta(Ar X -+ x Ay,). Thus the compatibility conditions are satisfied.
Since all the conditional measures are regular, being transition prob-
ability measures, we can invoke Theorem 8.3.2 to conclude that the
system {(Qq, Xa, fha, Tap) : @ < [ in F(tp)} admits a unique projec-

tive limit (2,X, P) where Q = x Q;, ¥ = ® %;, Pon,! = g, :
1€Tp 1€Tp
Q, = x Q; — RT is given by (13). Thus we have the following result.

ica
Theorem 9. Let {(;,%;),i € To C R} be a family of measurable
spaces with p(-, s;+,t) = pse(-,+) : T; xQ — RYi < j and s < t, as
transition probability functions and p., as an initial probability at to.
Let F(to) be the collection of all finite ordered tuples of Ty, ordered by
inclusion starting with to, as defined above. For a = (tg, - ,t,) €
F(to) we set

Po(Ag X -+ X Ay) = /,uto (wo) /ptot(wOadwl) X '/ptn_ltn (Wn—1, dwy,)

Ao A, A
(15)

Then {(fta,Tap) : o < B in F(to)} is a compatible family of proba-
bility measures on {(Qa, Lo, o Tap) @ a < [ in F(to)} admitting
a limit (2,3, P) where the cartesian product measurable space (€2, Y)
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is defined, as above, and P : ¥ — RT is a probability such that
Por ! = po,a € F(tg). Moreover, if Xy : Q — Q. t € Ty, is de-
fined as Xi(w) = w(t) € Q, then { X4, t € To} is a Markov process on
(Q, %, P) with values in {Q4,t € Ty} and the given {ps(-,-) : s < t
in To} as its family of transition probabilities, having p, as the initial
distribution.

Proof. From what precedes the statement, only the Markovian property
remains to be verified. Since X; is the coordinate variable, X; !(2;) C
¥ so that X; isan r.v. Let A € ¥, and B = [X; € A]. By Proposition
2, it suffices to show that (1) is true for to < t; < -+ <ty <tpy1 =1
in Ty. Let C € o(Xyy, -, Xy) = a(iQO X Y(2h)) = S, (say), and

take C' as a generator, i.e., C' = 60 X, '(A;), A; € %4, Then the left
side of (1) is PS»(B) with B = [X; € A], A € ¥;. Hence

/ PS+(B)dP — / ES*(xp)dP, (= P(C( B)),
C C

:/ . XX;l(A)dP
nX; (A

—P(XteA Xi, €A, 0<i<n)
/ iy (dy) / Drots (wo, deon) -
Ao Aq

DPt,_1tn (wn—b dwn)ptnt(wna A)a

n

T

—1

since Pom, " = fia,a = (to, -+ ,tn),

N / fro(dwo, dwy, -+ dwy )y, ¢ (Wn, A)
A()X
/P B|th ) (16)

by the image law on using P o 7! = p,. Identifying the extreme
integrands which are S,,-measurable, we get (1) of Definition 1. [

A natural and related question here is to ask whether there is a
Markov process {X¢,t € T} on a probability space (2,3, P) where
T C R does not necessarily have an “initial” or minimal point. This
is relevant since in the general existence theory of processes (e.g., Kol-
mogorov’s or Choksi’s and other extensions considered in Chapter 8),
no such minimal point of the index set T" was demanded. A positive
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solution for this problem can be given, based directly on our study of
Chapter 8 related to such existence questions, a point which is often
ignored in the literature on Markov processes.

A precise statement is given by the following;:

Theorem 10. Let {(2, 3, pue), t € T C R} be a family of probability
spaces and for s,t € T,s < t, let pg : Xt XQs — RT be a set of reqular
conditional measures such that the following properties obtain:
(a) if Q= X QX = ® 3, m:Q — Q and wg : Qg X Qp — Qg
teT teT

for s <t are canonical or coordinate projections, then
w(AnaH(B)) = / pst(w, A)ps(dw), A€ Xy, BeX,, (17)
B
(b) for r < s <t, one has the Chapman-Kolmogorov equation:

prt(w, A) :/ prs(w, dw)pg (W', A), a.efur], A€ ;. (18)
Qs

Then, for each t1 <ty < -+ <tp of T, b, o gy + 2y X oo 0 X g, —
R defined by

Moy oo (A X - % Ap) = / ey (1) / Pty (w1, dusn) -~ x
Aq As

/ptk_ltk(wk—bdwk)a (19)

Ay

we have fuy, ... gy P Bgy X0 X Mgy — RY, t <tpy1, satisfying

Mtl7"'7tk+1 (Al X e X Ak+1) =

/ Ptitiia (wkv Ak+1)ﬂt1,--- Stk (dwlv Tty dwk)v (20)
A1><"‘><Ak

and there is a unique probability p : ¥ — R* such that p o 7Tt_1 =
P, o Tt = g for o= (ty,--- ,ty) witht; < - <ty from T, 7y :
Q — Q. Moreover there is a Markov process {X,t € T} defined
by Xi(w) = w(t) € U, t € T, satisfying p[Xe, € A1,---, Xy, € An] =
oty ot (A1 XX Ay) of (19) for which the transition probability func-
tions are precisely the given family.

Here we only need the Chapman-Kolmogorov equation to be satis-
fied a.e.[us] which is (10) and is a weakening of the transition proba-
bility condition. Since we are considering €2, {2 as cartesian products,
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condition (ii) of Theorem 8.3.1 is automatically satisfied and (i) is a
consequence of (20) which follows from (19), the definition of p, and
the classical Radon-Nikodym theorem. Hence this result is a conse-
quence of Theorem 8.3.1 whose general form is needed here since no
single initial measure can be given. Of course, it also follows from

Theorem 8.3.3. The result is useful for applications.

9.5 Further properties of Markov processes

Having presented general existence results of Markov processes in
the preceding section, we turn to a few deeper structural properties
of them which involve additional (nontrivial) analysis. We illustrate
this by providing conditions for the existence of Markov processes with
continuous sample paths.

Let us start with the following:

Definition 1. If {X;,¢ € T} is a stochastic process on ({2, X, P) with
values in a topological space (5, S), then almost all of its sample paths
are continuous at ty € T', where T is also a topological space, if the sets
{w: li{g%glf Xi(w) € A} and {w : limsup X;(w) € A} are measurable

t—to

for (X), for each A € S, and their symmetric difference is a P-null set.
If this property holds for all t5 in 7', then the process has almost all
continuous sample paths on 7T

Without further restrictions on (S,S) and T the above sets may
not be measurable, and so a solution is not possible. Here we give
reasonable sufficient conditions, useful for various applications. Let us
establish the following general result in this regard: from now on the
order of appearance of variables in p(-,-;-,-) is slightly changed from
Definite 4.6 for convenience.

Theorem 2. Let Qq be a Polish space and (o, %) be its Borelian

space with I C R as a set. If 2 = QL. ¥ = @ ¥, %, = g, let
tel

p:IxQyxIxXy— RT be a transition probability function (cf.
Definition 4.6) such that for some a > 0,8 > 0, K > 0, and for each
pair of points t1,ts in I we have

/ 1 — yPpltr, @i ta, dy) < Kt1 — to] +, (1)

Qo

uniformly in x. Then, for any family u; : o — R, t € I, of marginal
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probability measures (i.e., (17) of Section 4 holds) there exists a unique
P: Y — Rt such that py = Pom; * (m : Q — Qu(= Qq) is the canonical
projection) and a Markov process Xy : Q — R, with continuous sample
paths (Xi(w) = w(t) € Qo), having the given p and py,t € I, as its
transition and marginal probability functions respectively.

Proof. First it should be noted that if the transition function p and the
marginal family {y, t € I} are given to satisfy (17) of Section 4 above,
then by Theorem 4.10 there is a Markov process { X;,t € I} on (2, %, P)
with the p(-) and p; as its associated functions, as required in the
statement. If in addition the transition functions satisfy (1), then using
the two dimensional measures i, ¢, determined with p;, and p defined
by (19) of Section 4, we get (by the image law theorem) that the left
side of (1) to be precisely EB(|X;, — Xy,|?) where B = m;; (5¢, ® $¢,)
and 7, 1 2 — €y X g is the usual projection. Then on integrating
the resulting expression in (1) one has:

E(‘Xh - thlﬁ) = E<EB(|Xt1 - Xt2|6))
< KE(|t] —to|'7®) = K|t; — to|* T . (2)

This inequality implies the desired continuity of sample paths by the
following general result due to Kolmogorov.

Theorem 3. Let {X;,t € I C R} be a stochastic process on (2,3, P)
with values in (S, S) where S is a Polish space with d(-,-) as its distance
function. If there exist constants o > 0,3 > 0, and K > 0 such that
for any pair of points t1,ty in I and € > 0 we have

Plw: d(Xy, (w), Xe,(w)) > €] < Kty — tof 777, (3)

then the process has almost all continuous sample paths.

A proof of this result will not be included here. It is available in
many places (cf., e.g., Rao, 1979, pp. 189-191). Thus in our case
d(z,y) = |z — yl|, and since by Markov’s inequality

Plw: Xy, = Xo|’(w) > ”] <ePE(1Xy, — X1,|")
< Ke Pty — to|'T, by (2),

it follows that (3) holds and the result of Theorem 2 follows. [
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Remarks. 1. Instead of using Theorem 4.10, one could invoke Theorem
4.9 if only one initial measure pg is given. In this case the transition
probability functions can be modified to have X;, = x¢:

5m0(')7 if 1 <ty < t,
p(ti, mste,-) = ¢ plt1, o ta, ), ift1 <t <ty (4)
p(tlax;t%')a lftgtl <t2,

and then define P by expression (15) of the last section. In this case P
is replaced by P,, : ¥ — R as our measure on ({, ).

2. The condition given for (1) is satisfied for the transition function
of Example 8 of Section 4, with « = 1,8 = 4 and K = 3 ( = 3n,
if the range is R™). Thus the Brownian motion process is a Markov
process with almost all continuous sample paths. The transition func-
tion depends only on t5 — t; (the time homogeneity), and the initial
distribution can be taken as dy to say that the process starts just at
the origin.

3. If the transition probability p(s, x;t,dy) = p(z,t—s,dy) for s < t,
then p was termed a stationary transition function (cf. Definition 4.6).
However, this does not imply that the Markov process itself is station-
ary in the sense that its finite dimensional distributions are unchanged
if the time is shifted by a fixed unit. However, as seen from (19) of Sec-
tion 4, this will be true if all marginal distributions are identical. Thus
a Brownian motion has only stationary transition probability functions,
but itself is not a stationary process.

Because of the analytical tractability of the transition functions of
a Brownian motion process, it is possible to consider a very detailed
analysis of this process which is both a Markov process and a martin-
gale. There is a large literature on it. For a recent account one may
refer to the monograph by D. Revuz and M. Yor (1991).

It should now be noted that the transition probability function also
plays a crucial role in relating the Markov process theory with abstract
analytical study of evolution operators. Thus an important aspect of
probability theory, with regular conditional measures, is transferable
into an important part of modern analysis (the so-called abstract evo-
lution operators and eventually into partial differential equations)—all
of this is made possible because of the Chapman-Kolmogorov equation
in the following form:
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Proposition 4. Let p: R x I x Bx I — RT be a transition probability
function and B(R) be the Banach space, under uniform norm, of all
real bounded Borel functions on R. Then for each s <t of I(C R), the
operator U (s,t) defined by

(U(s,t) () = / f) pls.xst.dy) . fEB®),  (5)

is a positive linear contraction on B(R) into itself preserving constants,
and satisfying the evolution identity for s < r < t:

U(s,r) U(r,t) =U(s,t) . (6)

Conversely, every such U(-,-) of (6) determines uniquely a transition
probability function and hence a Markov process which is unique if an
initial distribution is also given. In particular, if p is stationary, then
U(s,t) =V (t —s) and {V(t),t > 0} forms a strongly continuous con-
tractive semigroup of positive linear operators on B(R).

Proof. 1If U(s,t) is given by (5) then it clearly satisfies all the stated
conditions. Only (6) must be verified, with the Chapman-Kolmogorov
equation. Indeed for s < r < t we have

Us.00)() = [ FO)L [ plosair.dy) ot o)
= /R[/R f)p(r,y;t, dv] p(s,z;r,dy], (Fubini’s Theorem),

- / (U, 0)1)(y) pls, ;7. dy)
— U(s, )U(r)f)(@) . feBR). (7)

From this (6) follows.

Conversely, if {U(s,t),s <t in I} is such a family of operators on
B(R), then (U(s,t)f)(z) is a positive linear functional in f(€ B(R))
and by the Riesz representation theorem there is a unique additive
p(s,z;t,-) on the Borel o-algebra of R such that p(s,-;t, A) is Borel,
p(s,z;t,R) = 1, and (5) holds provided p(s,z;t,-) is shown to be o-
additive. But this is a consequence of the fact that for each continuous
fn 1 0, f, having compact supports, ||U(s,t) fn|l < || frl] — 0asn — oo,
the latter following from Dini’s theorem. This implies that p(s,x;t,-)
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is o-additive, and the Chapman-Kolmogorov equation is a consequence
of equation (6).

Finally if V(t—s) = U(s, t), then (6) gives V(h1+hso) = V(h1)V (ha)
for all hy,hy > 0. Since U(:,-) is strongly continuous to start with,
{V(t),t > 0} is the desired semigroup keeping constants invariant. []

To emphasize the functional analytic character of the transition
probability further, we now show how one can associate uniquely, on a
different space, a stationary transition function with a given general
transition function. Consider p : IxQxIx¥ — RT, I C R, a transition
function. Let Q = I xQ, ¥ = B®Y. where B is the Borel o-algebra of .
For each B € ¥ consider By, = {y: (t1,y) € Q}, t; € I, a measurable
section. If t1 < t; + h = to, (h > 0) then we let p : R x O x¥Y - Rt
be defined by

p(h,x, B) = p(((t1,y);t1 4+ b, By, wn) , == (t1,y) . (8)

If it is assumed that p(-,-,; A, ) is B® ¥ ®B-measurable, then one can
easily verify that p is a stationary transition function. Thus with a gen-
eral (jointly measurable) transition function it is possible to associate
uniquely such a stationary function on a new space (S~2, i) However,
the latter space is more complicated than the original one to use it ef-
fectively in many problems of interest. It is nevertheless useful to have
the possibility of associating such a (conceptually simpler) representa-

th order linear

tion. This is somewhat analogous to representing an n
(scalar) differential equation as a first order vector equation.

This type of representation can also be generalized for processes
that are not Markovian to begin with. Indeed, Johnson (1970, 1979)
has given algebraic representations of an arbitrary separable stochastic
process {X;,t € T} on (Q, %, P), where Q = Q with Qg as a compact
metric space, and ¥ is the Borel o-algebra of €). Here P is the govern-
ing probability measure, and the represented process is an image of a
Markov process with stationary transition functions. Thus some quali-
tative information about the structural properties of the given process
can be obtained from a knowledge of the “accompanying” Markov pro-
cess with stationary transition probabilities. For the detailed individual
analysis of the given processes, however, one usually has to study the
original family with its special features, but the various representations
can provide an overview of the subject.
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Finally, we note that if in a problem it is desired to evaluate the con-
ditional probability, or expectation, of some functional given another
functional (as seen in the examples at the end of Chapter 5 where the
basic process is even Brownian motion so that it is Markovian), there
is no algorithm for such an evaluation even with all the voluminous
known work. In fact, exact evaluations are needed in translating the
properties of transition probability functions to those of sample paths
of the related Markov processes. This can be seen, for instance, in
Loeve (1963), pp. 595-603, where formal manipulations are used, but
their rigorous derivations are not simple and not attempted. The only
exact evaluation methods that are known seem to be those that we have
outlined in the last parts of Chapters 5 and 7. Thus as noted before,
this evaluation problem has not received adequate attention even in
such very active areas as Markov processes. However, the difficulties in
the constructive approach to these problems (described in Bishop and
Bridges, 1985) should be recalled in this context, as discussed in the
last two chapters.

9.6 Bibliographical notes

The (set) martingale theory can now be considered classical. Theo-
rem 2.7 is an extension of a well-known result due to Kakutani (1948)
and is adapted from Brody (1971). The proof of Theorem 3.4, for the
mean convergence of directed index martingales, as a consequence of
Theorem 2.7, is due to the author. The existence theory of Markov
processes is also classical. The general result (Theorem 4.10) on the
existence of Markov processes without a fixed initial distribution, but
with a family of “marginals,” should be (but has not been) clearly pre-
sented in the literature. The other results and their sources are already
indicated in the text. The fact that a general Markov process can be
represented on a different (state) space by a process with stationary
transition probability functions was remarked by Dynkin (1961). This
point of view, apparently without the knowledge of Dynkin’s earlier
observation, has been further generalized and analyzed in detail in a
series of papers by Johnson (1970, 1979). It would be interesting to
explore the full potential of this type of representation.

Markov processes as solutions of diffusion equations have a large lit-
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erature. A general and detailed development is given in the book by
Stroock and Varadhan (1979), where references to related work can be
found. We shall indicate other types of applications in the final two
chapters. In particular, we include some results on (probabilistic) po-
tential theory and also illustrate the key role played by the conditional
expectation operators in function spaces and their analogs in operator
algebras of also of mathematical analysis.
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Chapter 10

APPLICATIONS TO MODERN ANALYSIS

Conditioning as a functional analysis concept has applications not
only in probability but also in many other contexts in modern analysis.
In this chapter some of these ideas are discussed showing in particu-
lar that they are well-suited as (subMarkov) kernels in extending the
classical potential theory, analyzing bistochastic operators as well as
Reynolds operators arising in turbulence theory, and elsewhere. Also
it is shown how conditional expectation operators can be used as mod-
els for describing general (contractive) projections in many function
spaces. Almost all these applications are based on regular conditional
measures, and the theory is then executed from the “idealistic” view.

10.1 Introduction and motivation

Let (2;,%;, P;),i = 1,2, be a pair of probability spaces and h : 23 —
Qs be a measurable mapping, so h=1(23) C ¥;. Consider the function
qi2 : ¥1 xQ — R given by

PUANKY(B)) = / Ga(A,W)dPo(w), A€S,BeSs . (1)
B

Then q12 : 31 — L'(X3) is a conditional measure. Suppose it is regular,

so that it has a version satisfying, (i) 0 < ¢12(4,w) < 1, (ii) qi2(-,w)

is a measure on X, for each w € 5. Such a positive ¢q5 is called a

kernel when 1 = Qs = Q and ¥y C X1, h = identity. Motivated by
368
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this property, one can consider g12(£21,w) < 1, called the subMarkovian
kernel, in place of equality when it is termed Markovian. This will lead
to studying nonfinite kernels satisfying: if A, € E,ntJ_ol A, = Q, and
q12 : X(A,) x A, — R* is a subMarkov kernel for each n. Such a qi2
is termed a “proper” kernel. (X(A) is the trace of ¥ on A, as before.)

Following the work in the preceding chapter, one can define
v(A) = /Qq(A,w)d,u(w) : (2)

a new measure for any p: ¥ — RT, as an “initial” measure. If ¢, ¢
are a pair of (proper) kernels on ¥ x{2 — R*, then their composition

do(A,w) = (g1 % g2)(A,w) = /Q A W)  (3)

is another kernel of the same kind. If ¢ = g2 = ¢, then gg of (3) may
be written as ¢%(= ¢ * q), and by iteration one has ¢" = ¢ * ¢"~! with
q° = identity. In this way we can introduce:

Definition 1. If (Q, X) is a measurable space, f : Q — R* is a positive
measurable function (R* is endowed with its Borel o-algebra) then f
is termed excessive (invariant) relative to a kernel q : ¥ xQ — R* if
for each w € Q (with equality for invariance),

00 = f(w) 2 q(f)(w) = /Qf(a/)q{da/,w), [f(w) =a(f) )] (4)

Thus q(+,) is a (sub)Markovian kernel iff the constant function 1 is
excessive (invariant) for g. This function is a generalization of the clas-
sical Newtonian kernel of potential theory. The connection is discussed
in more detail in the next section. By iteration, therefore, one has for
each excessive f relative to q,

)<< < f (5)

so that nlLII;O q"f = ¢>(f) always exists although ¢ need not be a
kernel itself. Letting

p= noZ:OIO 7", (6)

p is called a potential kernel associated with ¢q. For a positive measur-

able function f on Q, (pf)(-)(= (I +pq)f = (I + ¢p)f) is termed the

potential of f. These concepts already lead to some nontrivial conclu-
sions on the behavior of functions. Here is an illustration.
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Proposition 2. Let q be a kernel on (Q,%) with p as its associated
potential kernel. Then for any positive measurable f, g = pf is an
excessive function for q and one has

(¢*°g)(w) =0 or + o0, forall we. (7)

In the opposite direction, every excessive function g : Q — RT, satis-
fying (7) is the potential of some positive measurable f. Further, if g
is an excessive function (relative to q) such that ¢*°g < oo, it admits a

unique representation

g:f1+f27 (8)

called the Riesz decomposition, where f1 is invariant and fy is a
potential.

Proof. Since p = I 4+ gp we have for any measurable f : Q — Rt

g=pf=f+af >qlpf) =alg)

so that g is excessive. If (¢*°g)(w) < oo for some w € 2, then

= (@) (9)

Since (¢*°¢g)(w) = hm (qk )(w) < oo, there is a k > 1 such that

(¢%9)(w) < o Wthh by (9) being the tail part of the series, must tend
to zero. Consequently (¢*°¢)(w) = 0 for all w € € for which it is finite.
This gives (7).

On the other hand if g is excessive and (¢*°¢g)(w) takes only 0 and
00, let f: ) — RT be given by

f=1(9 = q9)X[g<o0] T X [g=+00]- (10)

We assert that ¢ = pf. Indeed, since ¢ > pg, f > 0 and pf =
f+plef) > f, we have (pf)(w) = f(w) for w € [g = +o0], while

for w € [g < o], (q9)(w) < g(w) < 00 so that (¢*g)(w) < (¢*1g)(w) <
g(w) < oo for all £ > 1. Hence

(af)(w) = (g9)(w) — (¢*9)(w) < g(w) — (¢*9)(w) < g(w) < oo .
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By iteration one has (¢* f)(w) < oo for all k¥ > 1, and then by (10),

3@ ) = 2 (d°9)@) - (09)w) = g@) - (@ g)w) . (1)

Letting n — oo, the left side of (11) becomes (pf)(w) > 0 so that the
right side gives (¢*°g)(w) < oo. The first part now implies (¢*°g)(w) =
0. It follows that (pf)(w) = g(w) for w € [g < o0], and so in both cases
pf = g holds.

Regarding the decomposition (8), let w € Q be fixed for which
(¢*°g)(w) < oo for an excessive g Then (¢*g)(w) < oo for some k.
However, letting G(A,w) = [, ¢(A4,w")dp, (w'), we have

(" g)(w) = / (¢"19)(w)i(d, ), (12)
Q

where p,(-) is a point measure at w. Since §(-,w) = (quy)(:) is a
measure, (12) implies that (¢*~1g)(-) is integrable relative to G(-,w).
Then by the dominated convergence theorem, since (¢"g) is decreasing,
we deduce that (¢*°¢g)(w) < oo and is invariant for §. Let f; = ¢™g
and fy = g— f1. Since ¢f; = f1 (the invariant function) (¢ f2) = 0 by
the first part, so fo is a potential of g. It remains to prove uniqueness.

Let g = f1 + fo = f{ + f5 be two decompositions where f1, f] are
invariant and g is excessive. Thus ¢>°g = f] + ¢ f5 > fi. If f} is also
a potential of g, then there is equality here, and it holds iff ¢ fo = 0.
But then, f; — f{ = f5 — f2 so that

h=-fi=a(h-f)=a(fa-f)=0

Hence f; = f{ and it follows that fo = f5, proving uniqueness of the
decomposition. []

This result shows and motivates many other developments, for gen-
eral kernels, in potential theory. The excessive and invariant func-
tions are also known as super harmonic and harmonic functions in the
classical theory. They correspond to super martingale and martingale
concepts in probability, discussed in the preceding chapter. Thus if
Fn C Fny1 is a filtering sequence of a probability space (2, %, P), let
Q = N x Q, % the o-algebra generated by the collection {{n} x A,
A, € Fp,n € N}, and K :3 x Q — R" be defined as

K(A,0) = K(A,,w)®d6(n',n),
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where A = {n} x A, € %, 6(-,n) : P(N) — R, the delta function
(6(n/,n) = 1 if n’ = n, and = 0 otherwise). Let X : @ — R be given
by X(&) = X, 41(w) for @ = (n,w) € Q. Then by definition,

5) = | X@)R@,3)

/ / X1 (W) K (do, w)(dn m)

- / X1 (W) K (A, )
Q
= E¥"(X,41)(w), by Proposition 7.2.1,
< Xn(w) = X (@), (12)

iff {X,,F,,n > 1} is a supermartingale, or X is an excessive func-
tion for the “kernel” K. Note that K will be a true kernel only if
K(-,-) is a regular conditional measure. In any case, taking K(A,w) =
P7(A)(w),A € X,we Qand §: P(N) x N — {0,1}, we see that the
(super) martingale theory is closely related to the potential kernels.
However, martingales impose less restrictions although a result in one
area suggests one in the other. We now analyze these ideas in detail.

10.2 Conditional measures and potential kernels

As seen above, a kernel defined by a regular conditional measure
leads to an interesting class, called potential kernels. If there are sev-
eral such kernels, forming a semigroup, then the interrelations between
this class, and their role in (classical) potential theory should be ana-
lyzed for a better knowledge of this function class. The probabilistic
connection with potential theory was first established by S. Kakutani
(1944) and a far reaching generalization of the latter subject based on
subMarkov kernels was made by G.A. Hunt in middle 1950s. For a clear
understanding and appreciation of these relations, let us start with the
equivalence of Brownian motion with classical (i.e., Newtonian) poten-
tial theory.

This subject begins with the so-called Coulomb’s law, according to
which two charges at a distance r units apart having magnitudes mq

and mo attract each other with a force F' given by

mims

F=c
r2
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where c is some constant. The potential P at a point x in R3, due to
a charge ¢, is the work necessary to bring the unit charge from infinity
to x and is given by the quantity 5-¢(|x — xo|™!) where xq is the

position of the charge, |- | being the norm in R3. If there are n charges
(g1, ,qn) at (x1,- -+ ,%,) in R? then the potential is additive and so
1
— ¥ q(lx—x|7") . 2
=3 glx—xil ) )

If the charge distribution (a signed measure) is u(-) on the Borel o-
algebra B(R?) of R3 and n is large, the potential g,, is approximated

1 duly)
509 = 57 L By )

The total charge u(R3?) is always finite. We observe that |g,(x)| < oo

by the integral:

for almost all x in R3, relative to the Lebesgue measure A. To see this
since R3 is o-compact, it suffices to verify the assertion for a closed ball
B, of R". Thus |g,(x)| < oo for a.a.(x) in B,,,n > 1. But this follows
from the computation:

/ n|gu(x)\d>\(xo)=27r / | Y ix

) [ AR

B, x -yl

= o

< cnlul(R3) < o0,

where c,, is the value of the integral over B,, and |u|(R?) is the variation
norm of p. The operator II : p — g, mapping a charge p into its
potential g, is called a potential operator. Thus (IIp)(x) = g,(x) is
given by (3). We let B(R?) be the set of real Baire functions on R3.
Consider now the transition kernel of the standard Brownian motion,
described in Example 9.4.8.
Then the transition operator family {P;,t > 0} is defined by

5\2

) = [ ([ n exp(-1
-/ <2wt>-%exp{—%|x—£|2}u<d5>dx<x>. (4)
A JR3

FAA(x)) p(de),

The key relation between Brownian motion and the classical potential
theory is now seen from the following:
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Proposition 1. If g,(-) is the potential of the charge (signed) measure
p given by (3), then

gu(x) = Jim | S @, (5)

where (Pp)(+) is the measure defined by (4).

Proof. Replacing p by its variation |u|, we can and do assume that
w > 0 for this proof. Then substituting for (P;u)(-) from (4) we get

/O d(f;;ﬂ) («T>dt: /0 (27Tt>_% /R3 eXp(_zit|x_€|2)dlu(§)dt

=[] aem ke F du duce)
Re Jjx—g VT
2

by changing the order and setting |x — &|* = t u?,

= 5 [ (x =€) du(e). as T ox,

2w

=gu(x), a.a.(x).

This is the desired result. [

It is thus interesting that the classical potential operators are obtain-
able from a study of Brownian motion and probabilistic analysis. But,
surprisingly, the converse implication is also true. Namely the Brown-
ian transition functions and hence the operators P; can be obtained
from the classical potential theory. This implication demands several
detailed computations and a somewhat intricate analysis. We sketch
the main ideas and refer the reader to Knapp (1965) whose presentation
is adapted in demonstrating this equivalence.

Let S be the (L. Schwartz) space of real infinitely differentiable func-
tions on R3 which together with all their (partial) derivatives remain
bounded when multiplied by any polynomial. Thus f € S iff f and
all derivatives tend to zero faster than any power of |x|, which means
| li }|x|kf(m)(x)} =0 for each k¥ = 1,2,---, and all m > 1. It is

X|—00

then known that the Fourier transform F : S — S is a bijective map.
Let M(R3) be the Banach space of signed measures on B(R?) with
variation norm. Our converse implication is then given by

Theorem 2. Let IT : M(R®) — B(R3) be a potential operator, as
defined by (3). Then the transition operator family {P;,t > 0} of the

© 2005 by Taylor & Francis Group, LLC



10.2 Conditional measures and potential kernels 375

Brownian motion, defined by (4), is determined by 11 as follows: Let
s = II|S, where S(C M(R?)) consists of absolutely continuous signed
measures [ such that Z—’; € S, X being the Lebesgue measure. Then (a)
IIs : S — S is one-to-one and if i € range (Ils), g, (cf. (3)) is the
potential of p; and (b) for the mapping —L : g, — Z—’;\, there exists a
family {Q¢,t > 0} of strongly continuous semigroup of positive linear
operators on Co(R3) — Co(R3), the Banach space under uniform norm
of continuous real functions vanishing at infinity, having the following
properties:
@ Qe =1, (i) Im[|Qef — fl| =0, f€ Co(R?),
(iii) L is the infinitesimal generator of this operator family, and
(iv) the adjoints P, = QF : M(R3) — M(R3) form the desired
semigroup {P;,t > 0} of transition operators.

The proof involves a construction of {Q¢,t > 0} from the desired
{P;,t > 0} having the asserted properties. Since the adjoint space
of Cy(R3) is M(R3) and P} acts on (M(R?))* one considers Q; =
P} |Co(R3) where Cp(IR3) is identified as a subspace of its second adjoint
(M(RR3))*. Then one can verify the following:

Proposition 3. Q; is a mapping of Co(R3) into itself, and
@O = [ Foomlax€).¢ <R (6)
RS

where pi(-,-) : B(R?) x R® — RY is the Brownian transition function
which satisfies (b) (i) and (b) (ii) of the above theorem.

We present the main ideas of proof without details as propositions,
referring the omitted work to Knapp’s exposition noted above. Thus
if L is the infinitesimal generator of the (positive) semigroup so that

ltiln([)l 13(Qcf — f) = Lf|| =0, f € Co(R?), then the classical Hille-Yosida

theory of such a family shows that the domain of L is a dense subset of
Co(R?) and on it Q;L = LQ¢. Moreover (Q(. f) : Rt — Cy(R?) and L
is a closed (unbounded) operator. The semigroup {Q:,t¢ > 0} and the
generator L uniquely determine each other in the following sense.

Proposition 4. For eacht > 0, f € Co(R?) and a > 0, one has

lim [Jexp(taLe— L)) f - Qufll =0

S} n
where exp B = 720 ]i—!, the series converging in the norm topology.
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The details of this operator theory can be found in Dunford and
Schwartz (1958, Chapter VIII, Section 1, cf. especially VIII 3.15).

The connection with potential theory is obtained through the oper-
ator G defined on Cy(R3?) by

T
lim [Gf - /0 (Quf)dt] = 0, f € Co(®?) ,

and by showing that G is the inverse of —L, i.e., f € dom(L) =
Lf € dom(G) and G(—Lf) = f; f € dom(G) = Gf € dom(L) or
(—L)(Gf) = f. Next these operators are extended to L!(R3) by veri-
fying:

(I) the Schwartz space S C Co(R3) N L1(R3) and Q;(Co(R3) N
L'(R3)) C dom(L). Hence f € Co(R3) N LY (R3) = (LQ,)f(&) =
o 2 ((2) 4 exp(— & |x — €9) F()AX).

(IT) f € Co(R3) N LY(R3) C dom(G) and

@n© =5 [ &) iax).

27 Rs X — ¢

(IlT) f € S (the Schwartz space) = Lf = 2 ? f where 2 =
aa—;j + aa—;g + g—;g, the Laplacian. Thus L is proportional to 172, and that
(I —<7%)y = f, f € S has a solution in S.

With this work, one can show that the L defined above satisfies (a)
of Theorem 2, and in fact IIs is the composition of (—L) and G. The
other parts of the theorem then follow from this analysis easily.

It should be noted that the theorem is valid for R”,n > 3, if g, of
(3) is replaced by

gu(x) L /Rn auly)

T 2T (52) Jon X~y

For n = 1,2 one has to consider different kernels. We omit further
discussion of this classical case and turn to an outline of the mod-
ern aspects with general (sub) Markov kernels motivated by the above
work, of which the Brownian family forms an important particular case.

Definition 5. Let {p;,¢ > 0} be a set of subMarkov kernels on a
measurable space (£2,3). Then it is called a (subMarkov) semigroup if
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(i) the mapping (s,x) — ps(z, A) is B ® L-measurable for each A € ¥,
B being the Borel o-algebra of R*, and (ii) for each s,t > 0 and x € Q,

(pa(p)) (@) = /Q pi(z. dy) /Q F@pe(y,d2) = Pese (@), (7)

for all bounded measurable f : 2 — R.
Taking f = x, in (7), it reduces to

Pose(ar, A) = /Q pe(y, A)ps(z, dy), (8)

which is just the Chapman-Kolmogorov equation for stationary Markov
transition functions. Note that psy¢(z, A) = prys(z, A), by Fubini’s
theorem (compare with Proposition 9.5.4 and the discussion after its
proof). The relation (7) or (8) can be put in perspective when we
specialize Theorem 9.4.9 (or 9.4.10) and adapt the latter to the present
situation on the existence of a Markov process as follows:

Theorem 6. Let 2 be a Polish space, Y its Borel o-algebra and T C

Rt be a set. Let py : Q2 x ¥ — RT be a Markov kernel. If Qg = QT

and Yo(= ®X) is the cylinder o-algebra of Qq, then for each x € Q,
T

there is a unique probability p(z,-) : X9 — RT such that for each A =

At X oo X Atn X QT—{t1,~~~,tn}7

1

p(x,A)Z/A ptl(w,dyl)/A ptz(yl,dyz)---/A Pt (Yn—1,dyn), (9)

t1 to tn

holds for each finite subset ty,--- ,t, of T. If there is an initial proba-
bility u on X, then there is a Markov process { X, t € T} on (Qo, X0, V),
with stationary transition probabilities {p:(-,-),t € T}, where Xi(w) =
w(t) € Qo, and

V(A) = /Q pla, Adu(z), AeS, . (10)

It may be noted that the operators ); defined by

(Quf) () = /Q F@pee.dy), teT, (11)

for f € B(Qp), the Banach space (under uniform norm) of bounded
Baire functions, forms a semigroup of positive contractions, because of
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(8), (cf., Proposition 9.5.4). In (9) if 7o < 7 < --- < 7, from T are
considered, then t1 =17 — 79, ,t,, = T, — Tn—1 Will be taken in order
to compare this with the work of Chapter 9.

The analysis of these families is largely accomplished by studying
their Laplace transforms, called the resolvents in this context. These
are defined for each a > 0 and T' = R™ as:

(Rof)(a) = / T et Qu)@du(t), feB@).  (12)

The corresponding concept for kernels is in:

Definition 7. Let {p:(:,-),t > 0)} be a semigroup of subMarkov ker-
nels (cf. Definition 5) satisfying ltil%lpt(x,A) = xa(x), A€ 3. Then

the resolvent kernel of this semigroup is given for a > 0 by:
Ro(wA)= [ e 'plo, Adu(t). AcS acn,  (13)
0

where p is a o-finite Borel measure on R™. If u is the Lebesgue measure,
then R,(-,-) is termed the a-potential kernel and Ry(-,-) is simply the
potential kernel.

When p is the Lebesgue measure, R, (x,Q) = 1 iff ps(z,Q) = 1 for
all t. If e~ **du(t) is replaced by a bounded Borel measure dju; then
the resulting function R, of (13) may be written as:

Ry, )z / /f Yoe(e, dy)dpn (1), f e B(Q). (1)

If p1, po are two such measures, then we have by Fubini’s theorem

(B (R ) // Ry ) )i, dy)dpn (1)

- / / / / F(2)ps (9, d2)pi(, dy)dpaa(s)dpa ()
/ / / F(2)pose(w, d2)dpuz(s)dpa (1),

), (9) and (14),

= / / F)pr(z, dy)d(py * p2) (1),
0 Q

(1 * po  being the convolution,

= (Rpyupn ) (1) = (Rppspuy ) (). (15)

© 2005 by Taylor & Francis Group, LLC



10.2 Conditional measures and potential kernels 379

Thus R, R, = R, «u, = Ry« is a valid operator identity on B((2).
We observe that if ;1 = 0, the point mass at ¢, and f = x4, then
(14) reduces to Rs,(x, A) = pi(x, A) and (13) becomes

R (2, A) = e 'py(, A), (16)

so that {Réa),t > 0} also forms a semigroup of kernels for each a > 0.
This family is richer than the original subMarkovian class. One defines
a-supermedian functions f : Q — R*, measurable, for {p;, t > 0} (and
its resolvent) if f satisfies

RWF<ft>0 (tRapef < f, t>0) (17)

and f is a-excessive if there is equality in (17) as t | 0.

Since p(z, -) is a subMarkovian kernel, the a-potential kernel of (13)
satisfies |aRy (2, A)| < 1 for all x € 2, A € ¥ and a > 0. Moreover,
one has the resolvent identity: for all o, 3 > 0,

R,(x,A) — Rg(xz, A) = (o — B)(RaRp)(z,A), z€Q,AeX . (18)

This is verified by the following computation. Let u1, uo be the mea-
sures defined by duq(t) = e~ ®tdt, dus(t) = e P*dt. Then

(a_ﬁ)(ROéRﬁ)(x7A> = (a_ﬂ)Rul*uz(l'aA)7 by (15)=

~ (0 p) / " el A / i (t — 7)dps(r)

= a=9) [ e

by a simple evaluation,

= Ro(z, A) — Ry(z, A).

Abstracting this relation one can define subMarkovian resolvent ker-
nels directly (to gain some generality) as a class {Ry(z, A) : > 0,2 €
2, A € ¥} of nonnegative functions such that (i) (a,x) — Ra(z, A)
is B ® Y-measurable for each A € X, (ii), Ru(z,) is o-additive for
a >0,z € Q, and (iii) the identity (18) holds; and aR,(x,2) < 1 for
all a > 0,z € Q. It is Markovian if there is equality in (iii) here.

Since each a-potential kernel satisfies the identity (18), it is natural
to find conditions on a resolvent kernel to be an a-potential. This is
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a nontrivial question. The “best” conditions under which a solution of
this problem is available for a wide-class is called Ray resolvent kernels
which were isolated by D.B. Ray (1959). His work is extended and
perfected by others. We state a general result here to give a clear

picture of the subject and then relate it to Markov processes.

Definition 8. Let C'(D) be the space of real continuous functions on a
compact metrizable space D, and R,(-,) be a subMarkovian resolvent
kernel on the Borelian space (D, D). Then R,, is called a Ray resolvent if
the associated integral operator Ry : f — Ip fW)R(, dy), f € C(D)
satisfies the conditions:

(i) R (C(D)) c C(D), and

(ii) Rop1f < fforalla > 0 and 0 < f € Cy(D)(C C(D)), a
countable collection separating points of D.

Here C1(D) is the subset of C(D), determined by the 1-super median
functions of R,. We now present a characterization of this class.

Theorem 9. Let {R,,a > 0} be a Ray resolvent family of kernels on
(D, D). Then there is a subMarkovian semigroup of kernels {ps,t > 0}
such that

(i) for each f € C(D), the mapping (x,t) — [, f(y)p:(x, dy) is D-
measurable in x for each t > 0 and is right continuous on [0, c0) with
left limits on (0,00) in t for each x € D, and

(ii) Ry is representable as

Ry(xz,A) = / e “py(z, A)dt, a >0, € D, AeD . (19)
0

A proof of this result is based on several auxiliary facts and the
reader is referred to Dellacherie and Meyer (1988, p. 293 ff).

The importance of this representation and its consequences are ap-
preciated if its probabilistic content is exhibited. The latter is related
to the existence of strong Markov processes. We recall this concept.

If {X;, Fi,t > 0} is an adapted process on (€2, X, P), then it is termed
a Markov process (cf. Definition 9.4.1) if for any u >t

P[X, < z|F] = P[X; < z|o(X;)] ae. [P]. (20)

Now suppose T is a stopping time of the filtration {F;,¢ > 0} and let
F(T) be the o-algebra of events prior to 1" so that F(T) = o(AN[T <
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10.2 Conditional measures and potential kernels 381

tje Fr :t >0, Ae ). If X(t,w)(= X¢(w)) is jointly measurable for
B([0,t]) ® F; and B(R), then X7 = X oT on [T < o] is well-defined
and measurable for F(7") (and B(R)) as a composition of measurable
functions. The same is true of X7 for each t > 0 on the set [T < 0.
Then one can ask if the new process {X;yp,t > 0} is again a Markov
process in the sense that the following analog of (20) holds for all u > ¢,

P Xyir < 2| Xpyr,m <t] = P[Xyrr < 2| Xpyr]  ace, (21)

on [T < oo|. This reduces to (20) if T" is a constant and will also hold
if T takes only a finite number of values. But it is not true in general.
The process is said to have the strong Markov property if (21) holds
for all finite stopping times of {F;,t > 0}, i.e. P[T < oo] = 1. This
says that the process stopped at a random instant T, starts afresh as
a Markov process having the same transition probability functions. It
can be shown that Brownian motion has the strong Markov property.
A natural question is to find a condition, applicable to a wide class of
Markov processes, to have this property. The following result furnishes
a solution.

Theorem 10. Let {X;, Fi,t > 0} be a Markov process with stationary
transition probability functions {p:(-,-),t > 0} and the resolvent kernels

{Ru(+,+), ¢ > 0}. Suppose the latter satisfy the Ray resolvent condition
(Definition 8), and that the function

r e (Pf)(x) = / f)pe(, dy), | € Co(R)

is right continuous. Then the given process has a modification (with
values in R) having the strong Markov property.

This useful theorem is an extension of Ray’s (1959) original result.
We omit its long proof and refer to H. Kunita and T. Watanabe (1967)
where it is established and extended if the range (or state) space of the
process is even a locally compact separable Hausdorff space.

The above two theorems show how a study of resolvent kernels as-
sociated with Markov processes with stationary transitions plays an
important role. It is an interplay of abstract analysis, potential the-
ory and (regular) conditional measures. We indicate, in the following

section, another substantial application in which a resolvent equation
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arises in a different context but has analogous properties involving con-

ditional measures.

10.3 Reynolds operators and conditional expectations

In working with dynamical systems of incompressible fluids,
O. Reynolds in 1895 discovered an algebraic operator identity which
plays an important role. Later J. Kampé de Feriet has studied the
properties of this operator and G.-C. Rota (1964) obtained its struc-
ture in L2, giving several earlier references on the subject. The operator
in question can be described in the modern or present-day terminology
as follows.

Definition 1. A linear operator R : LP(P) — LP(P),p > 1, which
preserves the set of bounded elements, is called a Reynolds operator if
it satisfies the identity:

R(fg) = (Rf)(Rg) + R[(f — Rf)(g — Rg)], f,geL=nL’(P). (1)

Since (1) may be simplified to the form

R(fRg) + R(gRf) = (Rf)(Rg) + R[(R[)(Rg)], (2)

it follows that this class of Reynolds operators contains the averaging
operators that we considered in Chapter 7 as a subset, because the
latter are projections and R need not be. More important is a relation
of R (or rather a family R,,« > 0) with resolvent operators discussed
in the preceding section. To make this comparison clear, let us present
their integral representation to contrast it with Theorem 2.9 above,
which in turn suggests further analysis of this class.

Theorem 2. Let R, : LP(P) — LP(P),1 <p < co,a > 0, be a set of
contractive Reynolds operators such that R,1 =1 and R1 =1, a.e.,
where R}, is the adjoint of R, and 1 s the constant function one in the
LP(P) space on (2, %, P). Then there exist (a) a o-algebra B, C %,
(b) a strongly continuous semigroup {V(t),t > 0} of linear operators
on LP(B,) induced by a measure preserving mapping T : @ — Q (so
V(t): f— fort, fe LP(B,) and Por~! = P) in terms of which the

following (strong or Bochner) vector integral representation holds:

Rof = /O Teoty) BB (f)dt . feLP(S.P), (3)
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where the range of R, is dense in LP(B,) and moreover
Raf = (RaEP*)(f) = E%(Raf), a >0, fELP(X),  (4)

whence R, and EB~ commute.

This result was established on L?(P) by Rota (1964) and was ex-
tended in Rao (1970b and 1975) to the LP-spaces which were recalled
in Section 7.3. The long proof, which also uses the now-classical Hille-
Yosida theory of semigroups and other results, will not be given here.
It is already available in a book (cf. Rao, 1981, pp. 98-103 and p. 262)
and the reader can consult it.

It may be noted that R, is a positive operator, although this is not
assumed in Definition 1, but is seen after (3) is derived. Letting f = x ,
and writing P(w, A) for EB=(y,)(w) in (3), we let

Ra(w, A) :/OOO eV (#)(P(w, A))dt, A€ . (5)

Since P(w, A) need not be regular in general, let (€2, X, P) be, for in-
stance, a Polish measure space. Then by Theorem 5.3.7, P(-,-) will be
a regular conditional measure and qualifies to be a kernel. If we let
pe(w, A) = (V(t)P(-, A))(w), then {p;,t > 0} becomes a family of tran-
sition kernels since V'(+) is a nice semigroup. Also |aR,(w, A)| <1 (cf.
Rao, 1981, p. 102, equation (16)) so that it becomes a (subMarkov)
resolvent kernel. It is not clear, however, whether it has a relation with
Ray resolvents, and this will be of interest to establish and study its
possible use in potential theory.

Another property of Reynolds operators is important in this context,
which is discussed after introducing the following concept.

Definition 3. Let {R,,« > 0} be a commuting family of Reynolds
operators on LP(X),1 < p < oco. Then {R.,f,a > 0} is termed a
generalized martingale if the following identity holds for all 0 < a < 3:

(BRa — aRg)Rgf = (B — a)RoREf, f€LPNL®(P).  (6)

Since R, = EP~ B, D Bs (for a < ) satisfies (6) and {EB=(f), o >
0} is a (decreasing) martingale in the sense of Section 9.3, the general
case {R,f,a > 0} can be (justifiably) called by the name given in
Definition 3. In this connection the following result has some interest.
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Theorem 4. Let {R.f,a > 0} be a generalized martingale for f €
LP(¥),1 < p < oo, where each R, satisfies the hypothesis of Theorem
2. Then oltlino R f exists a.e. and in norm. The same holds for p =1,
if moreover, each R, is weakly compact and f is in L log L space on
(Q,%,P).

A proof of this result is again found in the last referenced book and
will not be included here. The Reynolds operators are also useful in
ergodic theory as well as in unifying the latter with martingale theory.
In this context some developments, complementing Rota’s work, have
been discussed by the author in a commentary in Rota’s Selecta (cf.
Rao, 2003). This may be of some use for readers but it will not be
discussed here.

10.4 Bistochastic operators and conditioning

The properties of (regular) conditional measures and kernels find
an interesting application to bistochastic operators, leading to certain
structural (and later limit) analysis. Let us introduce the relevant
terminology.

Definition 1. Let 7' : LP(P) — LP(P),p > 1, be a linear operator
which is a contraction on both L' and L°-norms, so that (by the Riesz-
Thorin theorem) 7" is defined and is contractive on all LP(P),1 < p <
0o. The set of all such T is called the Dunford-Schwartz operator class,
denoted D. If moreover T is positive and T1 = 1 a.e., then it is called
a bistochastic (or doubly stochastic) operator.

Here we present an interesting connection between potential kernels
and bistochastic operators, after establishing the structure of the latter.
If P is supported by a finite number of points of {2 so that LP(P) is
isomorphic to R™, then a bistochastic operator is simply an nth order
matrix of nonnegative numbers with row and column sums each adding
to unity. Also if T2 = T then T € D and T1 = 1 already imply that
T = EB for some o-algebra B C ¥, by Proposition 7.3.9. However, T
need not be a projection in Definition 1.

We have the following characterization and representation:

Theorem 2. Let (2, %, P) be a complete separable probability space.
Then the following are mutually equivalent statements:
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(i) T is a bistochastic operator on LP(P),p > 1.
(ii) T admits an integral representation with kernel K : Q x ¥ — R
such that
(a) K(w,-) is o-additive, vanishes on P-null sets, K(w,Q) = 1
for almost all w € Q, [P],
(b) the mapping vy : A — [, K(w,A)f(w)dP(w),A € ¥, is o-
additive, P-continuous, v¢(A) > 0 for f > 0, and dyf =
a.e. for f =1 a.e.,
(6) (T) = 25 (fo K(o', ) f@)APW), [ € LNP), T <1, (1)

= [ K@) g € L¥(Phaato). @)

(iii) T is an L'(P)-contraction T1 =1 and T*1 =1 a.e.

Finally in (1) the integral and derivative can be interchanged iff T is
weakly compact (i.e., T maps bounded sets into relatively weakly com-
pact sets in its range).

Proof. (i) = (ii). By definition, a bistochastic operator T" is positive
and T1 =1 a.e. Also |Tf||x < || fllh and || Tf]|co < ||f]lco- This implies,
as already noted, || Tf]l, < || fllp,1 < p < co. For each A € ¥ define

ITally = sup{>_ ITxa,ll1 : A;i € £(A), disjoint},
=1

and
I1Tallr = sup{|| Y aiTxa, |l : A; € £(A), disjoint, |a;] < 1,a; € R} .
=1

Clearly ||Tall1 < |||Tall|1. The opposite inequality is also true, since

because the L'-norm is additive on positive elements

= |Talllfh with f= aixa, -
=1
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Taking supremum on both sides as ||f||1 < 1 varies one gets |||Tal|[1 <
|T4ll1. Hence |||Tallli = ||Talls < 1. Then by a well-known rep-
resentation theorem (cf. Dunford-Schwartz, 1958, VI.8.6, and espe-
cially Dinculeanu, 1967, p. 279, Theorem 8), there exists a function
G:Q — (L>®(P))" = ba(f2, X, P), the space of bounded additive set
functions vanishing on P-null sets, such that

HV&%=LK%@£@M%M,feL%HﬂeLmG% 3)

where (-, -) is the duality pairing with ||G(w)|xa = |||Ta]||1- The norm
symbol on G is the total variation of G(w) € ba(2, %, P). However, (3)
can be rewritten explicitly as:

L@wmw:ﬁﬂmém%mwwwww (4)

In particular, taking g = x4, A € X, and the inside integral on the right
of (4) is defined relative to G(w,-) in the sense of Dunford-Schwartz
(1958, 111.2), we get on using 71 = 1 with f =1,

P(A) = / Gl(w, A)dP(w) (5)
Q

From this equation, we deduce that G : Q x ¥ — RT satisfies: (i)
Gw,2) =1, a.a.(w) and (ii) G(w,-) is o-additive for a.a.(w). But
now using the fact that (2,3, P) is a complete separable space, we can
find a regular version G(w,-) to be a measure for all w € Q — N with
P(N)=0. So we can assume G(w,-) € ca(), %, P) C ba(Q2, %, P) and
(a) and (b) of (ii) hold. Since %(f(,)Tf dP) = Tf a.e., (1) is true

with K = G. Thus (ii) is established.
We next observe, with the above work, that (3) may be written as,

[ s@gar= [ s [ oG ar @)
Q Q Q
where T™* is the adjoint of 7. Since f is arbitrary in L!(P), (6) implies

@%WO=AMMWWAd%wMW, (7)

so that T is represented by a Markov kernel. Thus (2) is true.
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(ii) = (i) is immediate from the properties of the kernel G(-,-).
(i) = (iii). This is clear by Definition 1.
(iii) = (i). Let T'€ D and T1 = 1. Then T is positive. Indeed,

1_/TXAdP=/T(1—XA)dP
Q Q
<7 11 = xall gl—/XAdp.
Q
Hence

P(A) :/XAdpg /(TXA)dpg ||TH/XAdP§ P(A), A€y .
Q Q Q

Thus Tx4 > 0, and so by linearity T'f > 0 for all simple f and then
for all 0 < f € L*(P). Hence T* is also positive since by definition

/ (Tf)g dP = / F(T*)dP, | e L}(P),ge L=(P).
Q Q

To see that T%1 =1, let Ag = {w: (T™*1)(w) < 1}. If P(A4p) > 0, then

1:/T1dP:/(T*1)XAO dP+/TXA8dP
Q Q Q
< P(Ao) + [[Txaglls < P(Ao) + P(Ap) = 1.

This contradiction shows that P(Ag) = 0. Hence T*1 =1 a.e. so that
T is a bistochastic operator.

Finally the last statement is a consequence of the standard results
in abstract analysis (cf., e.g. Dunford-Schwartz, 1958, VI.8.10), since
LY(P) is separable and L (P) is its adjoint space. []

Remark. This result is taken from Rao (1979, Theorem 2) where an-
other characterization of bistochastic operators, with references to re-
lated work may be found. A different argument using a Stone space
representation of general (£2, 3, P) is found in Doob (1963).

We can now present the following result due originally to Rota
(1961), and our demonstration is based on the paper by Starr (1966).

Theorem 3. Let (2,3, P) be as in the above theorem and {Ty,,n > 1}
be a sequence of bistochastic operators on LP(P),1 < p < co. Then

lim T} Tv,f exists a.e. and in L*(P), fe€ LP(P), (8)
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where Ty, =T, Ty—1---T1 and T}, =T715 --- T .

Proof. Since by (2) there is a kernel ¢ : Q@ x ¥ — R such that

(T7 1) (w /f Jge(w, dw'), | LP(P)

where g can be regarded as a regular conditional measure, we have for
the product 77, f, and any bounded measurable f,

(Tj 1) (wo) = /Q 41 (w0, duwn) -+ /Q (@t don) f(wa) - (9)

The right side products define a compatible class since g (w, ) = 1,
and hence by Theorem 8.3.2 there is a unique probability measure
Q on (€,%) where Q = 'o_xol Q;, = QN (since Q; = Q) and X is the
cylinder o-algebra genera’zgd by (2;,%;)(= (2,%)). Here P is also
the initial measure. Hence for each cylinder m '(A™) where A =

Ay X - X A, T Q— Q ); is the coordinate projection,
i=1

QU (A) = [ dP) [ anlnden) - [ gulionor,don)
Aq As An
(10)
If h: Q — R is a bounded measurable (for ¥) function, and X, is
the nth coordinate function so X,(@) = w, € Q,,& € Q, then (10)

implies

/ hoX,dQ = / P(dwo)/ dq1 (wo, dwy) - - / h(wn)qn(wn—1, dwy).
Q Q o3 Qn

(11)
Let By = X, *(X) € ¥. For any bounded Borel function g : R — R
and A € E, so that X '(A) € By, consider with (10) and (11),

JRESTNUER AR / .y I

= [ EMopie. (2
Xy (4)
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The left side integral can also be written using (9) and (11) as:

/ 9(X,)dQ = (X,)dQ, QM = x q,
X5 H(A) AxQM@)

i>n

= [aPten) [mondon)--- [ gn)anonr.don

A 1 Qn

- [ @9 wnyip(en)
A

[ T (Xew)dQ(), (13)
X, (4

by the image law of probability. Since the right sides of (12) and (13)
have Bp-measurable integrands and X 1(A) € By is arbitrary, they can
be identified a.e. (Q|By). Hence we have the crucial equation:

(T1,9)(Xo) = EP*(9(Xn)) = E(9(Xn)|Xo), a.c. (14)
We now simplify Ty, f in a similar way to relate it to another con-

ditional expectation. We observe now that Q o X ! = P. To see this
consider for A € ¥(=X,):

Qo X (A) = [ @
_ /QEBO(Xan(A))dQ
= / EBO(XA o X,,)dQ
Q
— [ (Thx) (Xo)dQ. by (19) with g = xa,
Q
:/ (17, xa)(wo)dP(wp), by the image law,
Qo
:/XA(Tlnl)dP, since Q, =Q, n>0,
Q
= / XadP = P(A), since Tyl =1 a.e. (15)
Q
Next we establish the all important property of T}, namely
(T1n f)(Xn) = E(f(X0)|X5) = E(f(X0)| Xk, k2n) ae , (16)

for each bounded Borel f: R — R.
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Let us temporarily assume (16). Then the proof can be completed as
follows. If F,, = 0(Xg,k > n), then (16) shows that for each bounded
f, since F,, D Fpy1 = B+ (BT (f(Xy))) = E7»+1(f(Xy)) for all
n > 1, we get {E7»(f(Xo)),n > 1} to be a decreasing martingale
sequence and f(Xj) is bounded. Hence by the corresponding (decreas-
ing) martingale convergence theorem this sequence converges a.e. and
in LP-norm, (cf., e.g., Rao, 1981, p. 194). The martingale is also uni-
formly integrable. From (14) and (16) together with this (uniform)
property we get:

lim (T4, T3, f)(Xo) = lim E((Ty,f)(X,)| Xo)
— lim E%(BE7(f(X0)))

n—oo

= EP(lim E7"(f(Xy))), exists a.e.,

(17)

provided E¥»(f(Xy)) is dominated by an integrable function. (This
interchange will not hold in general, cf., e.g., Rao, 1984, p. 100.) Note
that we can let f be any Borel function such that f(X,) € L®(P) with
®(r) = |x|log™ |z| and in particular if ®(z) = |z|P,p > 1. It remains
to establish (16), and its proof is as follows.

Since (T1,f)(X,) is B, (= X, 1(2))-measurable, we have

/_1 (Tlnf)(Xn)dQ:/(Tlnf)d(Qngl), Aey,
Xn (A) A

/Q (Tinf) - xadP, by (15).

(Tl*nXA) ' f dP, (Qn = Q)v

I
S— S—

n

T7, (x4 © Xy) f(Xo) dQ,

by the image law,

(f(Xo)xa(Xn)|Bo) dQ, by (14),

S

A
/Q F(Xo)xa(Xn) dOQ
- / F(X0)dQ
X
| ER e (18)
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10.4 Bistochastic operators and conditioning 391

Since the extreme integrands are B,,-measurable and A € ¥ is arbitrary
they can be identified. This is the first half of (16).

For the second half, we observe that (9) defines a stationary tran-
sition function by Theorem 9.4.9. Hence {X,,n > 0} is a Markov
process with stationary transition functions and the initial distribution
P. (Since the initial distribution is independent of n, as seen in (15),
the X,-process is also (strictly) stationary.) But the Markov property
is symmetric relative to the past and future (cf. Proposition 9.4.2 and
Definition 9.4.3), so the right side of (16) follows. [

Using known maximal inequalities for conditional operators and also
for (sub) martingales (cf. Theorem 9.2.7), the following result can be
derived for 1 < p < oo. We use the notation of the above proof.

[ supity T firap = [ suplES (B (X)) PdQ

Q

n>0 Qn>0

< / supE (| EF (£(X0))|P)dQ,

Qn>0

by conditional Jensen’s inequality,
< [ EFsupl (7 (Xa)) ) dQ,

Q n>0

sincef (Xo) € L¥(Q),
— [ suplE” (7(X0)"dQ

Qn>0

p
< (%) [ o
(cf., e.g., Rao (1984), p. 173),

P
_ (Ll) / |f(w)|PdP, by the image law.
p— Q (19)

Remark. The above proof of the theorem shows that (£, %, P) can be
replaced by (,,%,, P,) and Ty : LP(Px_1) — LP(Pg). Only simple
notational modifications are needed for this change. This case was
treated both in Doob (1963) and Starr (1966).

If in the above work we merely assume T*1 < 1, instead of equal-
ity, the resulting analysis leads to subMarkovian kernels. Next one can
analyze the positive and then the general operators of the Dunford-
Schwartz class D. This was indeed considered by Starr, and the follow-
ing statements are obtained.
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Theorem 4. Let T, € D, and be positive. Then for f € LP(P), 1 <
p < oo (or only [, |f|log™ |f] dP < oc), we have

lim 77, T f exists a.e.,
n—oo

where Th,, and TY, are as in Theorem 3.

The idea of proof here is to associate a bistochastic operator T}, with
each T}, by changing the underlying measure P slightly, on (€2, %) and
then use the result of Theorem 3. But the computations need care. The
methods show that (£2, X, P) can be o-finite in all these statements, and
the reader can find details in the paper by Starr (1966). If the positivity
of T}, is also dropped, one can use the modulus of these operators which
are positive and in D, but only the following inequality holds:

Theorem 5. Let T,, € D, and f € LP(P). Then

p
L PP, p>1
/Suple‘nTmfldeS (p_l) Jall P
Q

n>0 e

<5 [o(L+ | flog® [f)dP, p=1.

The question of pointwise convergence of {15, T1,f,n > 1} in this
case is still not settled. There are continuous parameter versions of
these results, but they cannot be discussed here.

The following (slightly weaker) form of Theorem 3 for D has been
established by Starr.

Proposition 6. Let T,, € D. Then there is an operator S € D such
that, S = S* on L?(P) and, for each f € LP(P), 1< p < oo, we have
(17, T — S)fllp — 0 as n — oco. (Forp =1 there is a version with
change of norms.)

We omit the proof of both these results and consider another aspect
of conditioning and its relation to projections which need not be in D,
nor do they preserve constants.

10.5 Contractive projections and conditional expectations

We show in this section that conditional expectation operators can
serve as models for contractive projections in LP(P)-spaces. To make
this precise, we need to establish the structure of contractive projections
in these spaces. The following result for p = 1 is due to R.G. Douglas
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(1965) and for 1 < p < oo to T. Ando6 (1966). Later we comment on

its further extensions to more general function spaces.

Theorem 1. Let T be a contractive projection on LP(P),1 < p < oo,
into itself, with range M. Then M contains a mazximal element fg
with support Sy of M (cf., Definition 7.3.4), and

(i) if p # 2,

_ foEBo(hfE
Th =8 (1)

+Vh, heLP(P), (1)

where V=0 for p > 1 and is a contractive nilpotent operator of order 2
for p =1, satisfying V(L*(P)) C M and V(M) = {0}. Here By is the
o-subalgebra of the trace ¥(Sy) generated by the elements of M, fP~! =
|[fIP~tsgn(f), and

(ii) if p = 2, T is equivalent to the conditional expectation E®°.

In particular if T1 = 1, then V. = 0 in (1), fo = 1,50 = Q and
T =FEB,1<p+#2<oo. The same conclusion holds for p =2 if T is
positive in addition, and in any case we have

(iii) for 1 < p < 00, a contractive projection is isometrically equiv-
alent to a conditional expectation operator under a change of norm on
LP(P). (The “equivalence” of (ii) and (iii) is explained in the proof.)

A detailed proof of this result is given after establishing two auxil-
iary propositions of some independent interest. The argument below
extends to certain Orlicz spaces, but it is not discussed here.

Proposition 2. If (0, %, p) is a o-finite measure space and M is a
closed subspace of LP(u),1 < p < oo, then M has a support S and
contains an element fo with support S. If M is moreover a lattice we

can choose fo >0 a.e. on S.

Proof. Let S = {S¢,f € M} where Sy is the support of f. Since
(Q,%, u) is o-finite, and every o-finite measure is “localizable” such
a collection S has a supremum, by a classical result (cf., e.g., Rao,
1987, p. 70), which has the asserted property. We restate this for a
construction of fy. Thus let F = {Xsf, f € M}. Then the former
statement is equivalent to saying that y, is an a.e. supremum of F.
By o-finiteness of p, there exists a sequence {f,,n > 1} in M, such
that lim x, = x4 sothat S = U Sg, a.e., u(Sy,) >0,n>1. Now
n—oo  “fn n=1

S
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define fy as
fo= % (Fa/2"IFull) )

Clearly fo € M since the latter is closed, and S = Sy, a.e.

Finally if M is also a lattice, then with each element g in M, both
g and g~ (hence |g|) is in it. So in (2) we may replace f,, by |f,| and
fo>0,a.e onS. O

Remark. Since the range of a positive contractive projection T is a
complete vector lattice, for each f in M one has

11l = 1Ll = T A < ITASDI < 11l

whence T'(|f|) = | f| a.e., and |f| € M. So there is fy € M, fo > 0 a.e.
with support S which is that of M itself.

Taking p(f) = ||fllp,1 < p < oo in Theorem 7.3.6, we get the
following result after a reduction, since now p(-) is also an absolutely

continuous norm.

Theorem 3. Let T be a contractive projection on LP(P),1 < p <
0o,p # 2, and T be also positive in case p = 2. Then T1 = 1 a.e.
implies that T = E®, for a o-subalgebra B from (2, %, P).

Proof. As seen in the proof of Theorem 4.2 (iii) above, if T1 = 1 and
p = 1, then the contractive T is also positive. Thus the result follows
in cases p = 1 and p = 2 from Theorem 7.3.6. Solet 1 < p < 2. We
assert that the contractive T' on LP(P) has an extension to L'(P) to

be a contractive projection there so that the result holds again.
Indeed let o(z) = Llzf?,p(x) = Lleft,g = p/(p — 1). Then /()

T p
is increasing and concave, but 1’(z) is convex and increasing. Let
fe M=T(>P)), |fllp =1, so that ¢'(f) = |f|P~" sgn(f), and

hence ¢'(f) € L1(P). We now have
1= [ £/(NdP = [ @N¢(1)aP, since 1M,
Q Q

= [ e
<|[fll, 1€ ()l =1, by Holder’s inequality. (3)

Here we used the contractivity of 7™ also. Since there is equality in
Holder’s inequality, using the equality conditions in the Young (hence
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Holder) inequality, we must have either f = v’(g) or g = ¢'(f) where
g=T*(¥'(f))- (See, e.g., Rao and Ren, 1991, p. 80.) So T*(¢'(f)) =
¢'(f) a.e. holds. The key idea now is to show that ¢’(f) € M also.
For this, given 0 < € < 1, consider (a new construction)

he = /(1 + 29 () — 1] @

Since ¢’'(1) = 1 and 9”(1) > 0 we obtain from (4) that for each
w,ii_r}r%) he(w) = " (1)¢'(f)(w). But from the properties of ', noted
above it follows that h.(w) is increasing as € | 0, (cf., e.g., Dunford-
Schwartz, 1958, V.9.1). Thus hig € L(P) for any g € LI(P), and this
dominates h.g. Hence by the Lebesgue dominated convergence theorem
we can interchange the limit to get lsl?(} he € LP(P) since h. € LP(P)
for each € > 0. It follows that ¢'(f) € LP(P) as well as in T*(L%(P)).

We now iterate the procedure by writing ¢”(f) = ¢'(¢’'(f)) and
P (f) = @' (" D(f)) to conclude that ™) (f) € LP(P)NT*(L(P)),
for n > 1. But for each w for which f(w) > 1, we get o™ (f) | 1 a.e.,
and if 0 < f(w) < 1, then @™ (f) 1 1, a.e. Considering negative
values of f(w), we finally obtain that (™ (f) — sgn (f) a.e. (since
0 < p—1 < 1), and dominatedly. Henceif f € LP(P),andh =T f € M,
then

/Q|h|dP:/thgn(h) dP
= lim [ (Tf)¢"™(h)dP

n—oo e}

= lim [ fT*"(¢"™(h))dP

n—oo O

= lim [ fe™(h)dP, by the above simplification,

< [ [fldP. ()

This implies that T is also a contraction in L!(P)-norm. Since T1 = 1
and 1 € L'(P) we conclude that T is a positive contraction, and so
T = EP.

Thus we have now shown that T is a positive contraction on LP(P)
for p=1and 1 < p < 2. It follows by a result of Ackoglu and Chacén
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(1965) that it is in D of Definition 4.1, so that 7 = E® holds for
1 < p < oco. However, we now give a simple independent proof that
T is contractive on LP(P),2 < p < oo using a duality argument, since
T* now acts on LY(P),1 < ¢ < 2 and the analysis of the last section
applies. But by (3), taking f = 1 (so ¢/(1) = 1) we conclude that
T*1 =1 a.e. Hence by (5), T™ is a positive contractive projection on
LY(P) also. This implies T has the same property, since

/ T f|dP = / (T f)sgn(T)dP
9] Q
_ /Q f T*(sgn(Tf))dP

< [ war= [ |7ap

Thus T = EP again. Since the additional hypothesis of positivity
for p = 2 implies the same result, the statement holds for 7" in all
LP(P),1<p<oo. O

We can now turn to the proof of the original result:

Proof of Theorem 1. (i) Let 1 < p # 2 < o0, and M =T (LP(P)). Let
S be the support of M and fy in M be a function supported by S,
as assured by Proposition 2. Consider the (finite) measure p(= py,)
defined by dup = |fo|PdP and let ¥(S) be the trace of ¥ on S. Then
LP(u) is the subspace of LP(P) whose elements vanish outside S and
are ¥(S)-measurable. Let T : L?() — LP(11) be defined by

~ 1

T(h) = %T(fo ), h e LP(u). (6)

Then T is a contractive projection, as it is the restriction of T to LP(u).
Indeed,

T%(h) = = T(foT'(h))

T(T(foh)) =

fo
1

T( foh) =T(h), (T*=T is used)
~f

fo

and

/|Th|pd,u /‘ T(foh)|"|fol?dP
- / T(foh)PdP
S

< [ mypar = [ ppan.
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Also T1 = 1 a.e. since Tfo = fo € M. Hence there is By C 3(S5), a
o-algebra such that T = E,,(-|Boy), by Theorem 3. Thus for any A € By,

/A(Th)|fo|de=/AThdu:/Ahdu
= /Ah|f0|p dP, h e LP(p). (7)

Then by Theorem 7.2.6, applied to (S, X(5), P), we have from (7),
/ BB (Th - | folP) dP = / EBo (| fol?) dP, A€ By .
A A

Since the integrands (as well as Th) are By-measurable, this implies
Th- E®(|fol?) = EP(h-fol?), a.e. (8)
But fy vanishes on S€¢, so (6) and (8) give for all h € LP(P)

Bo p—1
EPo(] fol?)
Let V= T o xge. Then V is a contraction and V(M) C {0}. Also
V(LY(P)) = T(xscL*(P)) C M. So VZh =V (T'xs<h) € V(M) = {0},
whence it is nilpotent of order 2. Thus (9) gives the representation of
(1).

If p # 1, then setting g = x4.h, for any € > 0, one has

(1+6)p/Q|Tg|de:/Q‘(l—i-e)(Tg)|de
:/Q‘T(Tg—l—eg)‘de

< [ [1g+gfar= [ rr aprer [ jgiar
Q Q Q

since T'g and g have disjoint supports.

1 (14+e)P -1
egp—1 €

[ 1wgpap < [ jgrap= [ wpar. (o)
Q Q e
Letting ¢ N\, 0, the left side is unbounded since p > 1, and (10) can

hold only if Tg = (T'xs.h) = Vh =0 a.e. for any h. Thus (1) holds as
stated.
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In the converse direction let 7" be given by (1). Then the stated
property and the fact that E° is a conditional expectation imply that
T?h = Th, h € LP(P). We only need to verify its contractivity. To see
this consider for p =1

/|Th\dP /yEB o) +Vhydp

o (1Lt
< o= (Mg ) 2+ [ e

g/EBo(|h|)dP+ Vh|dP
S Se

§/|h|dP+/ |h|dP:/ \h|dP .
S Se Q

If 1 < p # 2 < oo, then by the conditional Holder inequality (cf.
Theorem 2.2.4),

[BBo(h f71)] < (BP0 (|R[P))5 (BP0 (| fol @~ V)
(EBo(|n|P)) (BB (|fol?))7 , q=—2— .

D=

Since V =0, we get from (1) and (11)

P|EBo(hfY
/ s |de</ ‘f0|E|Bo Ul Lar

[ BB (fo?) BB (BB (b))
-/ (BB foP)) w
B (BB (|h[7)) (E% (| fol7))7~")
</ D) A

:/EB°(|h|p)dP:/ |h|PdP .
Q Q

Hence T is a contractive projection.

If p = 2, L?*(P) being a Hilbert space each subspace is again a
Hilbert space, and it is well known that such a space is isomorphic to
an LQ(Q,E,P), (cf., e.g., Rao, 1979, p. 414). Hence (ii) follows and
this particular case is included in Theorem 3.

Finally for (iii) let 1 < p # 2 < oo, since p = 2 is already noted
above. Let P(-) = u(SN-) 4+ P(S°N-) where du = |fo|PdP. Then P is
a finite measure and if U : h — h(fo + Xs. ), the operator U : LP(P) —
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LP(P) is a linear isometry and T = UEPoU~! is the desired isometric
equivalence. Thus all the assertions hold. [

Remark. If T is a positive contractive projection in LP(P), then fy in
(1) can be taken positive (and V' is a positive contraction for p = 1).
Several extensions and ramifications of the above theorem are possible.
Note that if fo > 0 a.e. on 2 is given then evidently S = 2, and
only then. In this case V = 0. In the earlier work of Chapter 8, we
have specified fo = 1 and T'1 = 1. The effect of dropping the latter
assumption is thus illuminated by Theorem 1 above.

The following equivalence, of the preceding results, is just a geomet-
ric description and its details are omitted.

Theorem 4. A closed subspace of an LP(P)-space, 1 < p < 00, is the
range of a contractive projection iff it is isometrically equivalent to an
LP-space on some measure space.

This characterization is natural for linear prediction problems in the
LP-spaces. Indeed, if M C LP(u) is a closed subspace f € LP(u),
then an element gy € M is called a best predictor of f relative to the

LP-norm, if

If = 9slly = mf{[[f = All, - h € M}.

A set M is termed a Cebysev subspace if there exists a unique g ¢ for
each f. The mapping T': f — gy is then well-defined, but is generally
not linear when p # 2. The subspaces for which 7' is linear are clearly of
interest for (linear) prediction theory. It can be seen, as a consequence
of the above theorem for 1 < p < oo, that T is linear iff LP(P) = M&N,
the direct sum, where A is the range of a contractive projection. This
was generalized if the LP-spaces are replaced by certain (subclass of)
Orlicz spaces in Rao (1974). Extending the methods of R.G. Douglas
(1965), a characterization analogous to Theorem 1 for L*-type spaces
is in V.G. Kulakova (1983). See also Sard (1963).

10.6 Bibliographical notes

The assumption of regularity of conditional measures allows one to
use Lebesgue’s theory of integration directly and hence to use it in sev-
eral areas of standard analysis. As seen in the preceding chapter, these
specialized (conditional) measures are related to transition probability
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functions of Markov processes. A slight extension of this concept leads
to subMarkov kernels, and the work of the present chapter may be
regarded as an introduction for several areas of modern analysis. An
important application is to potential theory and we illustrated an as-
pect of it is Sections 1 and 2. The basic Kolmogorov probability model
is always in the background.

The equivalence of the classical (Newtonian) potential theory in
R™, n > 3, with that obtainable from the Brownian motion transition
functions was first established by S. Kakutani (1944) and our expo-
sition follows Knapp (1950). But the final generalization reaching its
rapid growth with Markov processes (culminating in the middle 1950s)
is achieved in the work of G.A. Hunt (1966, and references). We have
discussed a few of these ideas in Section 2, and a thorough treatment
of the subject with related references is too large a task as it branched
out to a separate area, and can be found in the treatise by Dellacherie
and Meyer (1988). It is interesting that Ray resolvents play a key role
in this study. But the analogous Reynolds operators appearing in tur-
bulence theory much earlier and worked on by J. Kampé de Fériet, and
analyzed by G.-C. Rota (1964), later by the author (1975), have not
yet been studied from the potential theoretic point of view although
both have very similar structure. It will be interesting to investigate
this aspect and we have indicated a possibility in Section 3.

If the regular conditional measure p(w,-) is absolutely continuous
relative to a o-finite measure and if f(w,w’) = %ﬁ")(u)’) then f >0
and is a potential kernel, as in the Newtonian case. If f is replaced by
a positive definite kernel (but not necessarily positive), then this leads
to another aspect analyzed in depth by N. Aronszajn (1950), associ-
ating a reproducing kernel Hilbert space with it. This plays again an
important role in the covariance analysis of second order stochastic pro-
cesses, differential equations and elsewhere. If the positive definiteness
requirement is dropped but instead the square integrability of f(-,-)
on (2 xQYRY, u® p) is demanded, then it leads to integral equa-
tions and the Hilbert-Schmidt theory. These latter directions have also
been extensively developed but are somewhat distant from conditional

measures considered here.

However, retaining positivity of the kernels has other aspects, appli-
cable to the Dunford-Schwartz and bistochastic operators. This part
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is briefly discussed in Section 4, and the structural analysis follows the
paper by Rao (1979b) where other characterizations and references to
the literature by other authors may be found. The limit theory of Rota
and Doob, has been extended in the paper of Starr (1966). It has deep
connections with martingale and ergodic theories.

The pointwise convergence results of Theorems 4.3 and 4.4 are not
valid if LP is replaced by L' there, even if T, = EB~, and T}, =
(ThT5)™. See Ornstein (1968) on this point with counterexamples. One
can also consider the corresponding results when the operators are in-
dexed by directed sets, and to asymptotic martingales (or “amarts”)
and a detailed exposition of the latter is available in the recent book
by G.A. Edgar and L. Sucheston (1992). Finally, in the last section, we
have the structure of contractive projection operators in LP(P)-spaces
and showed that they are isomorphic to conditional expectations under
changes of measures.

Thus conditional operators serve as “models” for projections on such
function spaces. In addition to functional characterizations given in
Chapter 7, numerous extensions of these ideas are available, beginning
with the works of R.G. Douglas (1965), T. And6 (1966), and appli-
cations to (linear) prediction theory (cf. Andé-Amemiya, 1965, Rao,
1965, 1974, 1975; V.G. Kulakova, 1983; Sard, 1963; and others).

A few different types of applications of conditioning will be given
in the final chapter to show how the Kolmogorov definition of this
concept, contrasted with other axiomatic attempts, proves to be so
important. The ideas permeate and help solve some problems in (de-
terministic) operator algebras as well. The computational questions
of all these conditional expectations, raised several times in the earlier
chapters, remain for future investigations. We consider a somewhat
detailed analysis of the operator case in our next (and final) chapter to
explain how the underlying ideas of probability theory and conditioning
permeate beyond a simple anticipation.
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Chapter 11

CONDITIONING IN GENERAL STRUCTURES

In this chapter we indicate applications and analogs of conditioning
in certain algebras of functions and operators as well as in cones of
(real) function spaces. Some characterizations of averaging projections
on such spaces, noncommutative conditioning, (“free”) independence,
and martingale convergence together with an application to sufficiency
(also in the noncommutative case) are discussed. These are actually
noncommutative analogs of probability theory, but termed noncommu-
tative probability for short. Here conditional operators rather than
measures often play a central role, with “states” of operator algebras
replacing probability measure. The treatment is intended to show the
far reaching impact of Kolmogorov’s idea of conditioning and inde-
pendence in different contexts. Most of the latter is on deterministic
structures and there will be few assertions with positive probability
(not to talk of certainty), but the technical analogs have deep con-
sequences, particularly for operator algebras and quantum mechanics.
Some detailed analysis is included.

11.1 Introduction

Although the concept of conditioning, as defined by Kolmogorov,
is based on an underlying measure space leading to positive (linear)

operators, especially projections, on function spaces, one can also start
402
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with the latter aspect (of conditional expectations) and study the con-
sequences in structures where a probability measure does not appear
a priori. Sometimes the full vector space property is not necessary.
If there is a positive cone in the space (using only the available par-
tial order), one can introduce conditional expectations and still extend
(or utilize) the work of the preceding chapters. We discuss both these
aspects here and show their use in applications based on such struc-
tures. This will illuminate the fundamental role played by the concept
of conditioning in different branches of mathematical analysis.

We first consider conditioning in cones of function lattices and present
a characterization essentially based on the work of Moy (1954) (cf. also
Rao, 1975). After that, in the next section, we study the relations be-
tween averaging and projection operators on continuous function spaces
in which measures do not appear in a formulation of the results. This
leads to conditioning on algebras of operators. We study that prob-
lem in Section 4, where the ideas started by H. Umegaki (1954) are
detailed and extended. Then consequences of independence, based on
some properties of a free group and the analogs of probabilistic inde-
pendence (without probability) will be treated in Section 5. We include
two types of martingale convergence theorems in Section 6. The oper-
ator conditioning also leads to a study of sufficiency, and a formulation
of some of the results of Chapter 6 is given there.

In considering the relations between conditional expectations and av-
eraging operators on function spaces based on a measure space (€2, 2, P)
in Chapter 7, the following properties have emerged and played a key
role. Suppose we replace the L”(X)-space as well as the subspace M
in Theorem 7.3.5 by classes N and C defined as: N is the set of all
nonnegative extended real valued measurable functions on (€, %, P),
and C C N is a set satisfying the conditions:

1. f1,fo € C= a1f1 +azsfz € C for all a;,as > 0, and if f; < fo
then fo — f1 € C,

2. 1 €C (or there is a g.w.u. Fy C C)

3. fi,fa€C= fifaeC, (3. f1V fa €C), and

4. fn €C, fn <ga.e., gbounded, f, — fae = fecC, 4. f1
f ae. = fel).

If S C C is a class of all bounded functions satisfying 1-4 (or 1, 2,
3" and 4) above, then the argument of the proof of Theorem 7.3.5 can
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be adapted directly to show that the o-algebra B generated by & is the
same as that generated by all the bounded elements of C. Moreover
B coincides with the o-algebra determined by C itself iff each element
of C is a pointwise limit of some sequence from S (such as that in 4./

above). Thus one has the following result.

Proposition 1. Let C and N be sets of nonnegative functions on
(Q,X%, P) as defined above. Then B = o(S), the o-algebra generated

by all the bounded elements S of C. If M is the class of all nonnegative
B-measurable functions on Q, then M C C, and equality holds iff each
f in M s a pointwise limit of some sequence from S.

This measure theoretical description of subsets of NV will be useful
in characterizing averaging operators that are additive on the cone N.
Note that A is partially ordered (pointwise) but has no topology, and

so one can only ask that the operators on it be order continuous.

11.2 Averagings in cones of positive functions

The following characterization is valid even if the measure space is
nonfinite as in Section 7.3. For simplicity we take it as a probability
space since it also emphasizes the phenomenological under current of
the problem.

Theorem 1. Let N be the set of nonnegative extended real valued
measurable functions on (2,2, P) and T : N — N be a mapping such
that
(i) T(arfi+azf2) = ar(T f1)+as(Tfa), a; >0, fie N, i=
1,2,
(1) TINNL>(Q,%, P)) C NNL>®(Q, %, P),
(iii) T(fTg) = (Tf)(Tg), f,geN,
(iv) T 1=1, and
(W) ful fy fne€N=THI1TS.
Then T? = T, and there is a P-unique h : Q — RT, measurable for
3, and a o-algebra B C X such that

Tf=EB(fh), feN, with ESMh)=1. (1)

(All the above relations need only hold a.e. (P).)
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Proof. First we produce a subset C of N, to satisfy Conditions 1-4 of
the preceding section, based on the properties of T'. Consider

C={feN : T(fg)=/fT(g), forall geN}.
Clearly 1 € C, and by (iii) T(N) C C. If f; € C then

T(fifog) = /iT(f29) = f1foT(9) , ge N,

since fifog € N. So fifs € C and similarly a1 f; + asfs € C for any
a; > 0,7 =1,2. Thus Conditions 2 and 3 hold for C. For Condition 1,
let f; €C, i=1,2, fi < fo, and fo < oo a.e. Then fo — f; € N so
that for g € N, bounded,

f2T(g) =T(g(f2 — f1) +9f1) =T(g9(f2 — f1)) + f1T(g) .

Since T'(g) is bounded by hypothesis, and f; < oo, one has

(fa = f)T(9) = T(9(f2— f)), (2)

so that fo — f1 € C. If g is not bounded, let g, T g, g, simple, and by
(2) and (v) of the hypothesis, the relation holds so that 1-3 are verified.
Finally let f, € C, f, — f a.e. and f,, < g, bounded. Then f,g — fg
a.e., and let h,, = inf{f;,i > n}. We get h,, T f a.e., hy, < f, < g so
that

T(fn) = T(fn - hn) + T(hn) > T(hn)

and by (v) this yields
T(f) = liin T(hy) < lin}linfT(fn) < limsupT(f,)- (3)
Since g — f > 0, this and Property 1 already verified imply
0= T(g) = T(f) < lminf (g~ f,) (@)
But ¢ is bounded f, f, < g so that
T(g)=T(g-NH+T) =Tl -T() =T(g- ),
and (4) simplifies to

T(g) = T(f) < liminf[7(g) = T(£,)] = = limsup[T (£, = T(9)]
< T(g) ~ limsupT(f,) .
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Hence
limsup T'(f,) < T(f) < limsupT(f,), by (3). (5)

Thus there is equality, and for h € N, f,h — fh < fg a.e. so that
T(fh) =UmT(f,h) = lim f, T(h) = fT(h), by (5).

From this we conclude that C satisfies 1-4 of the last section.

Now let B be the o-algebra generated by the bounded elements of
C. Thus by Proposition 1.1, the set of all RT valued B-measurable
functions belong to C. Hence for any bounded, and then for all, h in
N, T(h)(e C) is B-measurable. Now define v: A — [, T(xa)dP, A€
Y. Then v(-) is additive and P-continuous. If A,, € 3, disjoint, we get
T(x ¥ Ai) T T(X‘OLj

i=1 =1

A‘) by hypothesis and so

V<uAn):/Qan(X \dP

n
n n U A;
i=1

= lim ,%1 v(A;) .

Hence v is o-additive, and by the Radon-Nikodym theorem there is a
P-unique h > 0, such that for each A € ¥

/T(XA)dP =v(A) :/ h dP = / hxadP .
Q A Q
By linearity, this can be extended first for simple and then for all f in
N:
/T(f)dP:/fth, FeN. (6)
Q Q

If Be B, then x, € Cand T'(x,f) = xzT(f), f € N so that (6) gives
/(Tf)dP:/ fh dP:/ EB(fh)dPs, feN . (7)
B B B

Since Tf(€ C) is B-measurable, this implies T'(f) = EB(fh), a.e. and
1=T1=E50). O

Remark. The last part is also obtainable from Theorem 7.3.7 by ex-
tending T to L>(X), and setting T(f) = T(f+) — T(f~) where f =
ft—f7,f € L>(X2). The above independent computation is simpler.
The hypothesis on T is not strong enough to allow us to conclude that
h = 1 a.e. The following is a sufficient condition (as in Proposition
7.3.9) for this to happen.
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Corollary 2. Let T : N — N be as in the above theorem and T be its
linear extension to L>(Q, X, P) as noted in the remark. Then T is a
bounded linear operator, and h = 1 iff T*P = P where T* is the adjoint
of T acting on (L*(Q, X, P))* invariant on the subspace L' (Q, %, P).

The corresponding characterization related to Siddk’s identity is as

follows and its proof, being similar to that of Theorem 7.3.7, is omitted.

Proposition 3. Let T : N' — N satisfy conditions (i), (ii), (iv), (v)
of Theorem 1 and (iii’ ), i.e., T((Tf)V (Tq)) = (Tf)V(Tg), for all f,g
in N'. Then there is a measurable h (for ¥) such that

Tf=EFEP(fh), feN, EBMh)=1, ae., (8)

where B is the o-algebra generated by the bounded elements of T(N).
The preceding results concern the averaging operators and each is
also a projection, acting on function spaces such as L>°(P). The lat-
ter space is isometrically isomorphic to C(Q), the space of continuous
functions on a compact (Stone) space (). Thus it will be instructive to
analyze the structure of these operators specifically on these spaces in
relation to conditioning, and we now briefly consider this aspect.

11.3 Averaging operators on function algebras

In this section we present an extension of characterizations of con-
tractive projections of Section 7.3 to the particular spaces C(Q). The
next result is due to Lloyd (1966), and a further extension is discussed
later. It is also independently obtained by Seever (1966). The point
of these results is to exhibit how the underlying (probability) measure
space moves to the background and functional analysis forges up front.

Theorem 1. LetT : C(Q) — C(Q) be a positive contractive projection
where C(Q) is the space of real continuous functions on a compact
Hausdorff space Q, C(Q) with uniform norm. Then T is representable
as

T(f-Tg)=T(TSf)-(Tg)), fgeC@). (1)
Moreover T is an averaging iff its range is an algebra.

Proof. We present Seever’s argument which is illuminating. It uses a

classical representation of abstract M-spaces, due to Kakutani (1941).
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We already recalled and used this idea at the end of Section 6.2. The
result is proved in two steps.

Step 1. Let @) be a Stone space and suppose that, for each increasing net
{fi,i € I} of C(Q) with f = sup fi(€ C(Q)), we have T'f =supT f;.

7

Thus if {f;,i € I} C M =T(C(Q)), with f =sup f; in C(Q), then
by the above assumption T'f = sup T’ fi= sup fi= ff Let u =T1. The

order interval U = {f € M : olg f < u}Z has the property that its
extreme points (cf. e.g., Day, 1962) span a dense subset of M. By the
continuity of multiplication and linearity of T, we only need to show
that T'(fg) = T'(fTg) for any extreme point f of U, and g of C(Q)
satisfying 0 < g < 1. For this purpose, consider h = T'(fg) — T(fTg),
and observe that 1 + g — Tg > 0 since T is a positive contraction,
0< f<1,and hence 0 <T(f(1+9g—Tg)) <T(1+g—Tg)=wu. This
implies, since Tf = f, f+ h € U, and similarly f —h € U. Since f is
an extreme point, this can be true only if h = 0.
Step 2. We now consider the general case and reduce it to Step 1.
Since C(Q) can be identified as an M-space (i.e. a Banach lattice
with norm satisfying || f V gl = || f|| V |lg|| for f,g > 0, and ||f £ ¢g]| is
unchanged if fAg = 0, cf., Kakutani, 1941 or Day, 1962, p. 100), its sec-
ond adjoint space C**(Q) is also an M-space and hence is isometrically
isomorphic to C(S) where S is a compact Stone space. Let {f;,i € I}
be an increasing net in C**(Q), with f = sup f € C**(Q). If £ is a posi-

tive linear functional on C(Q), so £ € C*(Q), f(¢) = lim f;(¢). Then the

same holds for any £ in C*(Q) by decomposing it as £ = £* — {~. But
we also note that 7' is weak*-continuous; i.e. it is o(C**(Q), C*(Q))-
continuous. Hence T™*, the second adjoint operator, has the same
property, is a projection, and [|[T**|| = ||T*|| = ||T|| < 1. It has the
further property that 7** f = lim 77" f; by the weak*-continuity, and
the monotonicity of {T7* f;, i EZI}. So T** and {f;,i € I} satisfy the
hypothesis of Step 1. Note that the natural embedding 7 : C(Q) —
C**(Q) is linear and multiplicative. Hence we have for any f, g in C(Q),

T(T(fTg)) =T (r(fTg)) =T ((f) 7(Tg))
=T ((f)- (T 7(9)))
=TT (r(f)) - T™(7(9))), by Step 1,
=T1"(r(Tf)-7(Tg))

© 2005 by Taylor & Francis Group, LLC



11.3 Averaging operators on function algebras 409

=T (r(Tf-Tg)) =(T(Tf)-T(9))) - (2)
But this is equivalent to (1).

Finally T(T'f-Tg) = T f - Tg implies the range is an algebra and the
converse is obviously true. [

The positivity of T" played a key role in the above proof. Let us
extend this result to a class of general contractive projections including
the positive ones. (It does not hold for arbitrary contractions as easy
examples show.) Analyzing the above proof, the following condition on
the range of T" was formulated by Wulbert (1969). A set A C C(Q) is
said to have a weakly separating quotient if for each pair p,q € Q,p,q
being the evaluation functionals on C'(Q) (i.e., p(f) = f(p), f € C(Q))
pa = tda for some t # 1 implies p4 is not an extreme point of the unit
ball of A* C C*(Q), when p # q and p4 = p|a, the restriction to A. If
A is nonempty then it is known (cf., Day, 1962, p. 80, Krein-Mil'man
result) that the unit ball of A* is nonempty. If A is the range of a
positive projection on C(Q)), then A has a weakly separating quotient.
With this concept Wulbert’s result is the following:

Proposition 2. Let T be a contractive projection on C(Q) whose range
has a weakly separating quotient. Then T admits the representation (1).

We omit the proof. Another formulation of the result can be given.
It is in the same spirit as the work of Section 10.5 and is a simple
extension of the earlier theorem. Indeed if u : C(Q) — C(Q) is an
algebraic isometric isomorphism such that II = uTu~! is a positive
projection then we have the representation (1) again. For, II is clearly
a contractive projection and then

T(fTg) = u™ Tu(fu™Tlug)
= o Mu(u  fu Tuu™1g), where f=uf, § = ug,
= o MI(fII) , since wu"'=1T and u(fg) =uf - ug,
= u 'I(ILf - I§) by (1) since II is a positive
contractive projection,

The weakness of the above two conditions is that there is no verifiable
method to see whether the weakly separating quotient of the range of T’
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or the existence of an algebraic isomorphism on C(Q) is present. Since
T* acts on C*(Q) which is an abstract (L—) space, hence is isomorphic
to an L1(S, B, 1), one can give conditions on T* to satisfy some of these
relations using some ideas of Section 10.5. However, we shall not pursue
this study further. Instead we consider an analysis of conditioning in

certain operator algebras in more detail as it is a new extension.

11.4 Conditioning in operator algebras

In the preceding sections conditional operators are considered on
function algebras such as L>(P) or C'(€2). It was noted in the last part
of Theorem 1.1 that an averaging projection has its range (essentially)
isometrically isomorphic to an algebra of the same kind (see Proposition
2.3 also). But L*°(P) can clearly be regarded as an algebra of operators
acting on L2(P), defined by T : f — kf, f € L?>(P) and k € L>(P).
Then {1}, k € L*>°(P)} = A is a subalgebra of B(H), the class of all
continuous linear mappings on the Hilbert space H = L?(P). Thus
an averaging operator S : A — A can be thought of as a contractive
projection with range B = S(.A) which is again of the same type. This
is a canonical example of a (commutative) operator algebra and admits
a (not necessarily commutative) correspondent where one may define
a “conditional expectation” on it. We include an aspect of this set of
ideas in this and the following sections. The object in question, moti-
vated by some interesting and real applications to quantum mechanics
and related areas, is a W*- (or von Neumann-) algebra of operators on
a Hilbert space H and it has further extensions to C*-algebras. We
wish to show how the concept of conditioning (motivated by, and anal-
ogous to, the Kolmogorov model) enables an analysis, paralleling that
of the preceding chapters, even though the underlying measure space is
replaced by an algebra of operators with a tracial state in lieu of mea-
sure which is different. Now one has to use some properties of a Hilbert
space, including a spectral theorem. The reader should review these
and we recall some of them below. Often we identify H and its adjoint
H*.

Let us recall the concept and some properties of W *-algebras, keep-
ing L°°(P) as a reference with its *-condition (to be called involution)
as complex conjugation. If B(H) is the class of all bounded linear op-
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erators on a Hilbert space H, with any T in B(H) its adjoint 7™ is
also in B(H), and ||T|| = ||T*|| where || - || is the operator (or uniform)
norm of B(H). The mapping T' — T*, called involution or *-operation,
satisfies: (i) (T%)* = T** =T, (i) (AT} +1T2)* = AT} +T5 (A-complex)
(iii) (T1T%)* = T5Ty. These are immediate from definition. Further,
(iv) |T*T|| = ||T||*> where H is identified with H*. To see the truth
of (iv) since the norm evidently satisfies ||T175| < ||T1||||T%|| we get
|T*T|| < ||T||>. On the other hand ||T||?> = sup{(Tx, Tx)/|z||* : = #
0} = sup{(T*Tx,x)/||z||* : = # 0} < ||T*T|| by the CBS-inequality
where (-, -) is the inner product of H. Thus (iv) is proved. Any Banach
algebra with a *-operation satisfying (i)—(iv) is called a C*-algebra,
and B(H) is an example. A C*-algebra is called a W*-algebra or a von
Neumann algebra, if it is the dual of a Banach space. Thus L (u) is a
W*-algebra only when it is a dual space (of L!(u) here which holds iff
o is localizable, by a classical theorem of Segal’s (cf. e.g. Rao, 1987,
Section 5.4 especially p. 276). Although in general the predual of a
Banach space need not be unique, for W*-algebras it is. An alternative
characterization of W *-algebras which is basic in their analysis is due
to J. von Neumann and can be stated as follows: If A is a set of linear
operators on H then A'(C B(H)) is the class each of whose members
commutes with each member of A, called the commutator. The desired
result is that a *-algebra A4 on H is a W*-algebra iff A = A" (= (A')),
i.e., it is equal to its bicommutant. Hereafter A is assumed to have
identity I, since it can otherwise be adjoined. An element A € A is
termed positive (A > 0) iff (z, Az) = (Ax,z) > 0 for all x € H, and
consequently, the spectrum of such an A is contained in RT. A linear
functional £ on A is a state if (1) = 1, is positive if £(A*A) > 0 for all
A, is faithful if £(A*A) = 0 implies A = 0, normal if A, T A implies
0(A,) — ((A) for any increasing net, and £(-) is semifinite if

((A) =sup{{(B):0<B< A, {B)<o} (1)

where B < A means B — A is positive. (This is the “finite subset
property” for measures.) A faithful normal state ¢(-) on a W *-algebra

A is called a trace functional if for each A in A and unitary element u
in A one has ¢(A) = {(uAu*).

The preceding concepts also apply for a C*-algebra defined ab-
stractly as a Banach *-algebra with identity. However, a classical the-
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orem of Gel’fand and Naimark states that every C*-algebra can be
realized as a subalgebra of B(H) on some Hilbert space H. Hence we
restrict ourselves to the case of B(H) and then to von Neumann sub-
algebras contained in them. (For an introduction to these subjects,
see Arveson, 1976, and Sakai, 1971, as well as Pedersen, 1979 for C*-
algebras.)

Let A be a W*-algebra on H, always assumed separable hereafter.
It is known that A has at least one semi-finite trace functional and
contains sufficiently many orthogonal projections. We now introduce
the necessary integration on A and its LP-spaces relative to a semi-
finite trace 7(-) which will allow us to define the analog of a conditional
expectation on A.

Since unbounded operators appear in this integration theory as well
as in our applications, we need to recall a few more concepts and some
related facts from Segal (1953). Let (H,.A,7) be a triple in which H
is a Hilbert space, A a W*-algebra over H, and 7 a faithful normal
semifinite trace on A. A (possibly unbounded) linear operator T on
H is affiliated to A if T commutes with every unitary operator in A’,
written TnA. (If T is bounded, then this implies T' € A.) A linear set
D C H is associated with A (DnA) if each unitary u € A is invariant
on D, i.e., u(D) C D. If D is also closed, then by the spectral theorem,
DnA means that each (orthogonal) projection on H onto D belongs
to A. A linear set D is strongly dense in H relative to A if DnA and
there are linear spaces 7,, C D such that 7,nA, 7.5 (= H © T,,) is finite
dimensional, and 7,;- | {0} as n — oo. A linear operator T' on H is
measurable relative to A, if TnA and T has a strongly dense domain.
Moreover, if TnA then T = u(|T|) where |T| = (T*T)2 and u is a
partial isometry. The latter means u*u and uu* are projections onto
the domain and range of u respectively. Thus by the spectral theorem

T :/ AE(dN), E([Ai,he) €A, 0< A <X <oo,  (2)
0

where {E(X), 0 < XA < oo} is a resolution of the identity. Then T is
T-measurable if T(E((\, 00))) < oo for some A > 0. The following result
illuminates the new concept of measurability of 7"

Proposition 1. Let (Q, 3, 1) be a localizable measure space and L? (1)
be the Hilbert space on it, A be a ring of operators on L*(p), and T
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be a semifinite trace on it. Then an operator T : L*(u) — L*(u) is
T-measurable iff it is expressible as (Tf)(w) = k(w)f(w), w € Q, for
some p-measurable k : Q — R with domain of T as {f € L*(u) : kf €

L2(n)}.

We shall omit a proof of this result, from Segal (1953), as it is given
only for illustration.

Let L9(A,7) be the set of all T-measurable operators on (H,A,7)
and p > 1. Define the norm || - ||, for T' € L°(A, 1) as:

i = { (T2, p <o ®
|T||, (operator norm) if p = +o0.

where |T'|P = fooo APE(dN), by the spectral theorem. Let LP(A, 1) =

{T : ||T||, < oo} for 1 < p < oo and take L>=(A,7) as A. It can be

shown (nontrivially) that all {LP(A, 7), | -||,} are Banach spaces. (See

Kunze, 1959, Section 2, and this extends to Orlicz spaces L?(A, 7), cf.

the announcements in Rao, 1971, and also in Muratov, 1978.)

We are ready to introduce the new concept of “conditioning” in a
W*-algebra A (containing I') with a faithful normal trace 7 on it.

Definition 2. Let B(C A) be a W*-subalgebra with a unit. Then a
mapping EB : A — B is called a conditional expectation relative to 7 if
(i) EB is a contractive positive linear projection (EB on B is identity),
and (ii) 7(EB(z)) = 7(z), = € A (abstracting various properties of
EPB from Section 7.3). (Note that the last property is analogous to the
classical identity on L!(P), namely E(EB(f)) = E(f),Vf € L'(P).)

The mapping EB exists and has the following structural properties,
first established by H. Umegaki (1954), basing it on a Radon-NiKodym
theorem of Dye and Segal. We give another proof of this.

Proposition 3. There exists a unique conditional expectation EB on
A onto B in the sense of Definition 2, and it satisfies:
(i) (EB(2))*(BP(x)) < EP(z*z) , z €A,
(ii) EB(yxz) = yEB(x)z, for ally,z € B and x € A,
(i11) To T2 = EP(z4) T EB(x), (normality) for nets,
(iv) x > 0= EB(x) >0, with equality iff = 0, (faithfulness)
(v) EB: A — B is both strongly and weakly continuous on their
unit balls, and
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(vi) ||z — EB(2)|| = inf{||lz —y| : y € B}, =€ A.

Just as in the classical work, the existence result depends on a
Radon-Nikodym theorem for operator algebras, in lieu of o-algebras
used for the Kolmogorov extension. We therefore present a version of
this result for a class of *-algebras that include both the C*-and W*-
algebras in our context, as it is similar to the probabilistic method than
that given by the Dye-Segal theorem. This argument is due to Gudder
and Hudson (1978) which we now discuss. Also it should be observed
that for (7ii) above, usage of nets causes no problems since there is
no measure, in contrast to the classical situation where this type of
assertion is usually not true.

Let us start with a *-algebra (.4, *) which is an associative, distribu-
tive complex algebra with unit 7, and an involution *, satisfying

o =2, (zy) =y 2, Az +y) = " +y*, Ae€C, z,yc A (4)

A linear functional ¢ : A — C is a faithful state if it is positive (i.e.,
plx*z) >0, z € A), o) =1and p(z*z) = 0 iff x = 0. Consider
(A,*, @) as given and call it a “probability algebra,” and define an
inner product (-,-) on A by (x,y) = ¢(y*x). We then have for z,y, z
in A, (y,x*2) = o((z*2)*y) = p(z*xy) = (xy, ). Let H be the Hilbert
space spanned by (A, (-,:)). For each x € A, let 7, : A — H be
the (multiplication) operator defined by m,y = zy € A C H, so that
m: A — B(H) is a representation of A with a domain D, = A dense
in H. Hence D, = QDM = A. The adjoint transformation of 7,

denoted (7,)*, is defined and we set
Drv = {D(yr,) :x € A}, and 7, = (Tp+)" D=, € A.  (5)

Since D )» D A, so that D = A C Dy«, we see that 7" is an
extension of the representation w. Note that 7 satisfies, w(I) = I
(writing m, as m(z) from now on) and the following:
(i) m(Mx + A2y)z = M(m(x)z + Ao (y)z, z,y € A, z € D, and
A1, A9 € C,
(ii) m(z)Dy C Dy, z € A; m(x)m(y)z = m(xy)z, z,y € A, 2z €
Dr,
(iii) (z1,7m(x)22) = (w(2*)z1,22), 21,22 € D and =z € A, [i.e.,
() C (m(2))].
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Let L(A) be the set of all linear mappings on A into H and B(H)
be the usual class of bounded operators on H. An element A € L(A) is
symmetric (nonnegative) if (Az,y) = (z, Ay) ((Az,z) = (z, Az) > 0).

The unbounded commutant of w is defined as:
m(A)={A€ L(A): (Ar(2)y,z) = (Ay,m(z")z), x,y,z¢€ A}. (6)

Thus A in 7(A)° commutes with all elements of A(= D, here). The
usual commutant 7(.A)" is then defined as (A|A is the restriction of A
to A):

m(A) ={A e B(H): (AlA) € n(A)°}. (7)

From these concepts we see that for A € 7(A)¢ and z,y, z in A,

(am(z)y, z) = (azy, z) = (xay, z), a€ A,
= (ay,x*z) = (ay, m(z¥)z), by definition of 7(x),
= (m(z*)*ay, z).

Hence am(z) = (7(2*))*a and az = ral = 7(x)(al) € Dy, = € A.
So we conclude that a(A) C NDy) = A C Dy- and an(z) = 7(z)%a

since (m(z))* = (w(x*))*|Dy~. Similar computations will be used later.

If/: A— C is a continuous linear functional and ¢ is a state of A,
as above, then ¢ is analogously termed absolutely continuous relative
to ¢ (denoted ¢ < ¢), if p(zfz;) — 0 implies £(yx;) — 0 for all y € A,
and ¢ is dominated by ¢, written £ < ¢, if [{(z*z)| < kop(x*z) for some
number ky > 0,z € A. Expressing ¢ into its nonnegative components,
=101 —Vly+1i(l3—{4) and using the CBS inequality, we see that ¢ < ¢
implies ¢ < ¢. (Compare with Daniell integration where A is the set
of all simple functions and ¢(xa) = u(A) gives (,%, 1) a measure
space.) We then have the Radon-Nikodym type result as:

Theorem 4. Let ¢ : A — C be a continuous linear functional. Then

¢ < @ iff there is a unique A € w(A)° such that {(z) = p(Az*),x € A,
(A is denoted symbolically as %) and A is positive if £ is also positive.

Proof. Let ¢ < ¢ and y in A be arbitrarily fixed. Then the mapping

¢:x— l(y*z) is a continuous linear functional on A and has a unique
continuous extension to H. Then by the Riesz representation, ¢(y*x) =
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{(x) = (x,y;) for a unique y; € H. Let A : y — y;. Then A is a well-
defined linear operator. To see that A € w(.A)¢, consider for z,y, z in
A, using the fact that ¢(y*z) = (x, Ay), the following:

(Am(z)y, z) = (2, A (2)y) = (2, Azy)
= (((zy)z) = l(y*a*2)
= (272, Ay) = (Ay,2"z)
= (Ay, w(z¥)z).
Hence A € w(A)° by (6). Further for x € A (1* = 1 will be used),
U(z) = U(z) = 0(z1) = (x, A1) = (x1, A1)
= (1,2"Al) = (1, Az*1) = (1, Az™)
= (Az*, 1) = (p(Az*)),

giving the desired representation.
Conversely, if ¢(z) = ¢(Azx*) for A € w(A)°, then
[(yz)| = |p(Az"y")| = [(Az"y", 1)
= [(@"Ay", 1)| = [(Ay", z)| < [|[Ay*|| =],
by the CBS inequality. Hence ¢ < .

For uniqueness, if A; € 7(A)¢ is another element satisfying the same
equation, then for z,y in A one has

(Ar1y,z) = (" A1y, 1) = (A127y, 1)
= p(diz’y) = Ly z) = p(Az"y)
= (Ay, z).
Since x,y are arbitrary, this implies A = A;. Finally if ¢ is positive,
(x,Az) =l(z*z) >0 = A is positive.
Thus all assertions are proved. [
If A is as above and B C A is a *-subalgebra with identity and ¢ is
a faithful state, let Ps be the orthogonal projection of H(= A), defined
after (4), onto B. Let 7 be the *-representation of A as before and
75 = 7| B which is a *-representation with domain = D(7g) = B C B.
We define the conditional expectation on A relative to B as that element
E(z|B) in D(7}) C B satisfying for given z € A,
p(yx) = p(rpyE(x|B))  forally e B. (8)
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Theorem 5. If (A,*, ) is as given above and B C A is a *-subalgebra
with identity, then E(xz|B) exists uniquely for x € A, and E(-|B) is the
orthogonal projection Pg defined above. Further,

p(E(x[B)) = ¢(x) and E(ry|B) =np(y)E(x|B), r€ A yeB.
(9)

Proof. Consider the orthogonal projection Py defined above. Then
Pg = Pj§. For z € A and y, z in B we have on using Pg(B) = B,

[(m(2)y, Psr)| = [(zy, Ppx)| = [(Ppzy, z)| = [{zy, )]
=, 2" o) < lyll =" -

Hence Pgx € Dy« (,) for all z € B and so it is in their intersection. Thus
Ppx € Dy C B. To see that (8) holds, let y € B be arbitrary. Then

p(ns(y)Ppr) = (Pgz, (15y)")
= <PB.’L‘, y*>
= (z,97) = ¢(yz) .
Hence Pg is a desired map.

For uniqueness, suppose E(-|B)(= Pg) and E1(-|B) be two such map-
pings. Then for any z € A, y € B we have

(E(x|B),y) = (E(z|B), m5(y).1)
= ((m8(y))" E(z]B),1)
= (m5(y") E(x[B), 1)
(m5(y")E(x|B)) = ¢(y*z), by (8),
(m5y" E1(z]B)) = (E1(2]B),y).
Hence E;(z|B) = E(z|B) € B, for all € A so that they are the same.

Taking y = 1 in (8), we get the first part of (9). For the second part,
let y,z € B and x € A. Consider the identity

(E(yz|B),z)

p(m5(2)E(yz|B)) = ¢(2yx)
(m5(2y) E(z|B
(m5(

m5(2)Ts(y)E(x|B)), since 7y is a representation,

)
)

[
€ €

—~

m5(y) E(x|B), 2) .
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Hence E(yxz|B) = mi(y)E(x|B) so that (9) holds. [

We observe now if A D B are von Neumann algebras each having
the identity, and ¢(+) is a faithful normal trace, the hypothesis of The-
orem 5 is satisfied. Consequently the existence part of Proposition 3 is

established. We can complete the rest of its proof now.

Proofs of (i)-(vi) of Proposition 3. Writing E5(-) as E(-|B), the condi-
tional expectation on A onto B, we have for x € A, since E(z|B) € B,

0< E((z — E(x]B))"(x — E(x(B))

E(z*z|B) — E(z*E(x|B))
— E(E(z|B)"z) + E(z|B)*E(x|B)
E(z*z|B) — E(z|B)*E(z|B),

since by (9) E(zy|B) = E(z|B)y for y € B and E(yz|B) = yE(x|B).
This is (¢), and (4) is a part of (9).
For (iii), by the monotonicity of E(:|B), if sup z, = x then

sup E(zq|B) < E(x[B) .

Also by (9) and the normality of the trace functional, ¢(-) here, one
has

so(sgp E(r4|B)) = sup o(E(za|B))

= sup gD(.CCa) = @(Sup xa)
o

«

= ¢(E(supza|B)) = p(E(z|B))

Hence p(E(z|B) — sup E(x4|B)) = 0. Since ¢(-) is faithful (74) follows

from this equation. Also (i) is immediate again from (9) and the
properties of ¢. Next (v) follows from (¢) since E(-|B) is an orthogonal
projection. In fact

p(E(x|B)"E(z|B)) = o(|E(=|B)[?)

< p(E(z"z|B)) = p(z*z) = ¢(|2]?) .
So [|[E(z|B)|| < ||z|| and x,, — x in ‘H implies ||E(z,|B) — E(z|B)| <

||y, — x| — 0 and this is sufficient to conclude weak continuity also.
Finally for (vi), since E(z|B) € B, it is clear that

[E(x|B) — 2| < inf{[lz —y : y € B} .

© 2005 by Taylor & Francis Group, LLC



11.4 Conditioning in operator algebras 419

For the opposite inequality, let z € B. Then, using ¢ = ¢ o E(:|B) of

(9),

(" (z — E(z[B)) = ¢(E(z"(z — E(z(B))))
= @(z*(E(z|B) — E(x|B))) = ¢(0) = 0

Hence for any z € B,

lz — 2)1* = [l — E(z|B) + E(x|B) — 2||*
= ||z — E(@[B)|I* + |1 E(=|B) — 2|*+
2 Re p((z — E(x[B))"(E(z[B) - 2))
= llo = E(@|B)|I* + || E(z[B) — 2]|* + 0
> ||z — E(=(B)||* .

Hence
inf{||z — z|| : z€ B} > ||z — E(x|B)| .

This together with the earlier inequality establishes (vi) and hence all
assertions of the proposition hold. ]

Remark. The interrelations between 7(A)¢, Dy+ and m(A)’ (and useful
subsets of D,«) are discussed in Gudder and Hudson (1978) in detail,
along with their use in quantum mechanical applications. We do not
include these relations here for space reasons and also they are not
needed for our present work. Further extension for semi-finite normal
states ¢ is possible to give the corresponding existence theorem for
conditional expectations due to Takesaki (1972).

A characterization of conditional expectations, in the present con-
text, among contractive projections on a von Neumann algebra can
be considered. The following result, due to J. Tomiyama (1957), is a
noncommutative analog of Theorem 7.3.7 with p(-) = || - ||2 there.

Theorem 6. Let B C A be W*-algebras containing an identity. If T :
A — B is a contractive projection (so T1 =1), then T is a conditional
expectation, i.e., Tx = E(x|B), = € A.

It should be observed that, in case A = L*°(Q, X, u) and B =
L?(Q, X0, ) with ps, localizable, the operator T : A — B,T? = T
maps L?(¥) onto L?(Xg), ||T]] < 1. So the above characterization is
the analog of T : L?(X) — L?(3) but not of L>(X) — L*(%g). In
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the latter case T'f = E(fh| %) for some h € L>°(X) with E(h|¥) =1
a.e. (This point was noted somewhat inelegantly in Rao, 1975, p. 375.)
However, the result of Theorem 6 does not follow from the commuta-
tive theory and needs different techniques. Taking A = L°°(u) where
i is nonfinite, and B C A as a W*-subalgebra containing 1, then we
know from the fact that (the failure of the RN-theorem for arbitrary
o-subalgebras from an infinite measure space) conditional expectations
do not always exist, the hypothesis of the existence of a contractive pro-
jection is crucial. Otherwise stated, one can find W* or von Neumann
algebras B C A containing the unit for which a conditional expectation
as given in Definition 2 does not exist. It will therefore be interest-
ing to obtain analogs of all the other characterizations of conditional
expectations from the commutative theory seen in Section 7.3. They il-
luminate the subject. A useful survey of the subject given in Cuculescu
and Opera (1994, Chapter 6) should be of special interest here, both
for a reference and an extensive set of bibliographical items.

Here we present an analog of Kolmogorov’s existence theorem to
assert that the “measures or states” on various product algebras are
available so that there is a basic structure on which the work can pro-
ceed. The problem may be translated from the measure formulation
(cf. Theorem 8.4.2) into one of (A, 7), where A is a W*-algebra on
a (separable) Hilbert space H and 7 : A — R™ is a trace functional
which is o-additive on each sequence of mutually orthogonal projec-
tions {P,,n > 1} C A. The desired result is the existence of a o-
additive trace functional on tensor products of such pairs when the
trace functionals satisfy a suitable consistency condition. Note that
since a W*-algebra is a norm closed linear span of its projection oper-
ators, a functional such as 7 is completely determined by its action on
such operators and so one can imitate the measure considerations on

2

these “tracial measures.” The general properties of such a functional
were established by Gleason (1957), and we recall the relevant facts
first and then obtain a Kolmogorov type theorem for such measures.

Let us therefore set down the desired concepts.

Definition 7. Let P C B(H) be the lattice of orthogonal projections,
containing the identity, where B(H) is the Banach space of bounded
linear operators on a separable Hilbert space H. Then a mapping
p: P — R is termed a Gleason measure if (i) u(I) = 1, p(0O) = 0,
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and (ii) for any sequence {P,,n > 1} C P of mutually orthogonal
projections one has u( ", <, Pn) =, 51 #(FPrn).

It was shown by Gleason that for each such W there is a unique
positive operator S, with trace unity such that p(P) = tr(S,P), and
moreover f is also normal, in the sense that it commutes with increasing
nets (not necessarily countable) on P, under the condition that the
Hilbert space is at least of dimension 3. Here S, is called a density
operator. A simplified proof of Gleason’s theorem was given by others
later, and a complete version of it may be found in Parthasarathy
(1992, Section 8). It is clear that for any finite number of (tensor)
products, a Gleason measure can be constructed just as in the classical
case. For arbitrary products a necessary consistency condition may be

formulated as follows:

Definition 8. Let {H;,i € I} be a family of (separable) Hilbert spaces
and let F be the directed set (by inclusion) of all finite subsets of the
index I. If {up, F € F} is a family of Gleason measures on B(®;crH;),
the Banach space of linear operators on the tensor product of separable
Hilbert spaces H;, then the up are termed consistent if for any F; €
F,i=1,2, disjoint, one has

Ky (P) = NF1UF2(P® ® I1)7 PeP. (10)
i€ Fy

It is necessary to state some facts before an existence theorem can be
formulated, because (among others) we have to take into account that
any two Hilbert spaces of the same dimension are isomorphic and thus
the tensor products modulo this equivalence only need be considered.
We follow Bartoszewicz (1978) in this presentation.

Instead of general tensor products of Hilbert spaces, the following
“stabilized tensor product” space will be used here. Namely consider
a subset I' C @), ~; Hn, the latter being the cartesian product of a
countable collection of Hilbert spaces, is defined as:

I'={2= (2 €Hn): Y [1— [lanll] < oo}

n>1

Introduce an equivalence relation in I' by saying that

w,yef,:>x~y<:>2|1—(xn,yn)| < 0.
n>1
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Here and above the inner product and the derived norm in H; are
denoted without a subscript since there will be no possible confusion.
For convenience let us note the equivalence classes of I' by I'y and write
x €Ty as = ®,>12, and let Sy be the linear span of I'y wherein we
identify (or embed) each H,, whose elements are identified as x with
th

its n* component as x,, and the rest zeros. In this way we introduce

an inner product in I'g as

O-R=E> Qi) => > [[@h v, (11)

k=1n>1 j=1n>1 k=1j=1n2>1

and complete the linear space I'y relative to the norm derived from this
inner product. The resulting space is the standardized tensor product of
Hilbert spaces H;,1 > 1 and denoted by §. Under this norm it is known
that S is separable iff each H,, is separable and (more importantly) that
there is an a = (a;,7 > 1) € S such that ||a,| = 1,a, € Hp,n > 1,
and the set of elements ®f:1a:i ®n2k+1 ap is dense in S as k > 1
varies. (This is a classical result due to von Neumann, 1938.) Further if
{eg ,j > 1} C H; is an orthonormal basis, then replacing e‘g =aj,j>1
one gets a standard orthonormal basis in S, for each fixed i = 1.
Because of the equivalence relation noted above if a = (a,,n =1,2,...)
is replaced by another such sequence one gets the same result and
the space S is independent of the sequence. But to remember that
a particular a is used in calculations one also sometimes denotes it
as S, or more explicitly as ®Z>1 ‘H,.. Operations from H; or Hp to
the standardized tensor product_space S (or S, to be definite) will be
defined as “cylinder sets” of the earlier case, using a = (a;,i > 1) as
follows. If A, € B(H,),z = (zp,n > 1) € S, suppose that (A,z,,n >
1) € Sgand ), -~ |1 — ||An]|| < co. Then it is seen that there is an
A€ B(S,) which is denoted by A = ®),,~1 An and is defined as:

Ax = ®An(®m21xm) = ®Anxn.

n>1 n>1

If P,, is the one-dimensional projection on H,, then the operators
Qi1 Ai Qrsppr I and @11 Ai Q> py1 Pa, are well defined and be-
long to B(S,). Similarly if v = @;_; ¢ ®jp>py1ar € Sa then the
projection P, : S, — Hp,F = (1,...,n),I = N, is representable as

© 2005 by Taylor & Francis Group, LLC



11.4 Conditioning in operator algebras 423

P,=Qi 1 P.. s>, 11 Pu, where e; = e! is an element of an orthonor-
mal basis of H;. With this notation, our problem can be restated more
conveniently: taking I = N, if there is a consistent family of Gleason
measures {up, F' € F} when does a Gleason measure p exist uniquely
on S, with p; as its “marginals,” so that (10) is valid for this family,
for any such a? The result “lies” between the Fubini-Jessen and Kol-
mogorov’s theorems and in some respects resembles C. Ionescu Tulcea’s
(Theorem 8.4.2), because topological properties intervene here. Since
the measures pr need not be product measures, mere consistency con-
dition cannot be expected to yield a positive solution. In fact, even in
the product case the problem need not have the desired solution, as is
known from counter-examples. We have the following precise statement

covering both cases:

Theorem 9 (A) Let {H,,n > 1} be an infinite collection of Hilbert
spaces, Sq be their standardized tensor product, and H = @),,~1 Hn
be the ordinary tensor product. Suppose {ug,,n > 1} is a consistent
family of Gleason measures on the spaces {Hg, = ®i€Gn H;, G =
(1,...,n) C I = N} with the corresponding sequence of density opera-
tors {Sq, ,n > 1}. Then there exists a Gleason measure p on S, such
that pe(P) = p(P @ Qpen_c Ik) iff

Jm > Y (Soeto-ede @ oo 9a) =1 (12)
k=141, ,ixEGn j=k+1

(B) Let pg, = QI 11 be a sequence of direct product Gleason mea-

sures with the corresponding sequence of density operators Sq, , identi-

n’

fied with @], S;, then there exists a Gleason measure on H such that

Z |1 — (Span,an)| < oo. (13)

n>1

Since Sg, , Sy, are of trace class, it is possible to present conditions in
terms of eigenvalues and eigenvectors in both (12) and (13). It is also
noted that if the conditions (12) and (13) hold for another vector b € S
giving a standardized tensor space, then one can show that necessarily
a ~ b must hold so that the result does not depend on such a vector
although (unfortunately) the conditions depend on these vectors.
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Here we indicate an idea of how to proceed to the proof, referring
to the original paper for full details. One starts with an auxiliary set
of operators @0, on S defined as:

Qn - SGn ® ® Pak7 (14)

k>n+1

for an arbitrarily fixed a € S. Then @, is a positive self-adjoint trace
class operator with unit trace. Next the consistency condition is used to
show that Q,, — S (weak operator convergence), where S is necessarily
a nonnegative trace class operator and self adjoint.Then one verifies
that tr(S) = 1 iff ug, — p where u is a Gleason measure with S as its
density operator. If moreover the same result holds for another vector
b € §, then one shows that a ~ b using an indirect argument that in
the contrary case p is not o-additive. Since the density operators are
essential for this work, they have to be computed. But unfortunately
there is no algorithm for this also, which is somewhat on the lines of
calculating the RN-derivative in our earlier study, and it is a noteworthy
analogy.

The above result is for a countable collection of spaces. For an ar-
bitrary compatible system, directed as in the projective limit theory,
an extension of this work does not seem to be readily available. Moti-
vated by Theorems 8.3.1-8.3.3, it appears possible to consider a similar
result after formulating a suitable (Bochner) sequentially maximal con-
dition. It will then be interesting to associate the corresponding family
of set martingales. The latter will be discussed in this algebra context
in Section 6 below. These are some of the problems raised for future
investigations.

In the next section we turn to a “free” concept motivated by (but
not the same as) the fundamental and distinctive feature of the classical
probability theory, namely the statistical independence.

11.5 Free independence and a bijection in operator algebras

We now introduce the concept of (free) independence, based on the
free group properties, that is designed to play a similar role as the classi-
cal notion and its significance here will be studied. Given a real random
variable X on a probability space (€2, %, P), one can consider the im-
age measure, or the distribution function F', on the Borelian line (R, B)
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by setting F(z) = Po X 1((—oc0, 7)),z € R, and make calculations
involving expectations of functions of X. In the case of W*-algebras
(A, 7) where 7 is the tracial state playing the role of expectation for P,
as a positive linear functional, on elements of A as “random variables,”
one may wonder whether a measure can be associated on R with each
a € A. However, there is no such result respecting the structure of
A. But if a is a closed self-adjoint element (perhaps a ¢ A), then by
the general spectral theorem (cf. Dunford-Schwartz, 1963, Theorem
XII.2.6) one has a spectral type integral as

a= / AdE(N), o(a) CR, (1)
o(a)

where o(a) C R is the spectrum of a which is compact iff a is bounded.
Since the tracial functional 7 is continuous, by a classical theorem of
E. Hille (valid for even closed transforms) one has

/f ro(E(dN) /f ) 1ald). (2)

for any bounded Borel function f : R — R, and p4(-) = 7, (E(")) is
a probability measure since 7(I) = 1. If a is also bounded one can
alternatively obtain the above representation as follows.

Consider the commutative W*- algebra generated by a, I, and ob-
serve that by the classical Gel’fand-Naimark theory this algebra is iso-
metrically isomorphic to a complex function space on the spectrum
of a which is now compact. Then 7 goes over as a positive bounded
functional on the latter space and by the Riesz representation theorem
there is a unique probability measure p as above giving a representa-
tion, which can then be extended to all self-adjoint operators which
are affiliated to A as discussed prior to Proposition 4.1 of this chapter.
However, if one has a pair of such operators which are not commut-
ing, the procedure does not extend. Although, u, may be termed a
distribution function of the “random variable” a, the lack of a joint
distribution of a, b does not lead us to define an analog of (statistical)
independence to imitate the classical statement that two events are in-
dependent if the appearance of one has no influence on the occurrence
or non-occurrence of the other. We now present a different idea how
this fundamental concept may be motivated mainly by algebraic prop-
erties devoid of phenomenological origins, and thus no frequency (or
similar) interpretations may be anticipated.
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The intuitively appealing concept of statistical (= probabilistic) in-
dependence was given an interesting algebraic formulation by the famed
Russian mathematician Ju. V. Linnik (1965) which provides a good
motivation for us now to present “free independence” algebraically.
Recall from Section 2.2 that a pair of (real) random variables X,Y on
a probability space (€, X, P) are independent if for any real bounded
Borel functions f, g one has

E(f(X)g(Y)) = E(f(X))E(g(Y)), (3)

and a finite collection X1,..., X, is mutually independent if for ev-
ery distinct subcollection and associated bounded Borel functions the
above type product equation holds. To convert this into an algebraic
formalism, Fourier transforms provide the necessary link. Thus let
ox(t) = E(e™X) be the transform of X so that X,Y are independent
iff for any t1,%2 € R one has the identity

ox.y(t, ) = E(e WX 2Y2)y = on (1) py (to), (4)

holding.

To generalize this, consider two sets of continuous complex functions
G, H;,i > 1, and independent random functions Q1(X,a), @Q2(Y,b)
each depending on a set of parameters a = (ay,...,as),b = (b1,...,bs)
such that

E(Gi(Q1(X)H;(Q2(Y))) = E(Gi(Q1(X)))E(H;(Q2(Y))) (5,

and assume that the expectations satisfy the following holomorphic

connectedness property, namely, for the above complex vectors a, b
in Q1(X),Q2(Y) one has in explicit form

E(Gi(Q1(X,a)H;(Q2(Y, 1)) — E(Gi(Q1(X, a)))E(H;(Q2(Y,))))
= Vij (a7 b)? (6)

which define holomorphic functions v;;(+, -) on some compact connected
polycylinder in C?*-space of several complex variables which contains
in its interior the segment between a and b. Under these conditions
Linnik was able to use a classical theorem due to H. Cartan (known
as Theorem (A)) in what are called “analytic sheaves” that the (alge-
braic) ideal generated by «;; of (6) in the ring of analytic functions has
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a finite number, say K < oo, generators so that if (5) is satisfied for
all 7, 7 < K, then this uncorrelatedness implies (hence is equivalent to)
independence. Thus the vanishing of ~;; for,i,7 < K implies that ;;
vanish for all 7,7 > 0. Hence the vanishing of a finite number of cor-
relations (or covariances) of G;(Q1), H;(Q2) imply their independence!
The result also holds (not only for pairwise but) for any finite number
of random functions and such complex Gy, Hj, Ly, ..., since the Car-
tan’s theorem is known to hold with a finite number of generators in
that case also. Thus the theory of several complex variables and sta-
tistical independence have a mutual contribution to make connecting
both the areas — one has no probabilistic and the other has no analytic
component except through Fourier transform theory.

In introducing the corresponding concept in topological algebras,
called free independence, we now show how such a notion may be for-
mulated and studied based on a condition such as (3) where expectation
on a probability space is replaced by a suitable trace functional. With
this motivation it is natural to introduce the “free” (or free indepen-

dence) concept as follows:

Definition 1. Let aq,...,ax be self-adjoint elements affiliated with a
W*-algebra A with a faithful normal trace 7. Then they are free, or
(mutually) freely independent if for any real bounded Borel functions
firs--- fi, and subset (i1,...,i,) of {1,...,n} such that i; # iy #
... # i, one has

T([fi (as,) = 7(fir (@) 1] - - [fi (i) — 7(fi, (a5, )I]) = 0. (7)
A pair of subalgebras of A are free if any finite set of elements affiliated
with the first and a similar finite set from the second collection are free.
In particular if aq,...,ax and bq,...,b,, affiliated with A are free if
the W*-algebras they generate each with unit are free.

Although this is an extension of the earlier concept, it should be
noted that the noncommutativity implies something different from the
commutative case above. For instance if a,b € A are free then a?b?
and abab need not be similarly independent, and one may have

7(a®b?) — T(abab) # 0

so that one has to exercise special care in working with freeness. How-
ever the following analog of Proposition 2.2.3 holds for conditioning
and freeness in W *-algebras.
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Proposition 2. Let (A, 7) be a noncommutative probability space, and
B be a W*-subalgebra with unit. If a € A is freely independent of B,
then EB(a) = 7(a)I, where E® is the conditional expectation given by
Definition 4.2 above.

Proof Sketch. By hypothesis b, E®(a) are freely independent so that
with I as a unit element of B one has

7([b — 7(b)I][a — T(a)I]) =0, VbeB.

Since by Definition 4.2, 7(E®(a)) = 7(a), and E®(a) —7(a)l € B, using
Proposition 4.3, it follows that

0=7([E5®b—7b))][a—T1(a)]) =7b—7(b))E®(a—7(a)l), Vb € B.

But EB(a)—7(a)I € B, so by taking b = EB(a)* in the above, it follows
that
0= 7([E®(a) — 7(a)I]*[E®(a) - T(a)]).

Since 7 is faithful, this implies that E5(a) = 7(a)l, as desired. [

Just as in the case of measures, here also one has to enlarge by
adjunction using tensor products of W*-algebras with units, and ex-
tending the trace functional to the enlarged algebra. This is less simple
than the measure case. To exemplify this, if aq,...,a, are free rela-
tive to 7, then for n = 2,7(a1a2) = 7(a1)7(az) follows from 7([a; —
7(a1)I][as — T(a2)I]) = 0. But for n > 2 all combinations with non-
commutativity must be considered. Thus setting a? = a; — 7(a;) one
finds the following;:

T(aran) = ZT(@n(l)) o 'T(aw(m))T(agu) o 'ag(n—m))7 (8)

where (7(1),... ,m(m)) and (o(1),...,0(n—m)), are ordered partitions
of (1,...,n);0 <m < n. The above sum can also be expressed as:

T(araz - an) =Y > (=) r(ak) - T(a,)

=1 1§k1<'”<kj <n
X T(a’l...a/kl .-.ak:j .-.an),
(9)
where ay, , ay; are omitted. Thus a verification of freeness for the non-
commutative case is nontrivial, and there is no recipe to use. For

instance, in case ajas = asaq the condition for freeness entails

7(lay = 7(a)I]*)7(laz — 7(a2)1]*) = 0
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so that a1 = 7(a1)I or ay = 7(az) implying either a; or as is trivial (a
multiple of the identity). Thus the freeness is specifically a concept for
noncommutative algebras! A more detailed analysis is found in Hiai
and Petz (2000, p. 42ff). We include another property to gain some

feeling:

Lemma 3. Let (A, T) be a noncommutative probability space and A; C
A,i € I CR, be freely independent W*-subalgebras. If a; € A;jy,j =
1,...,n,i(j) € 1,i(j) #i(j + 1), and there is a k € I satisfying i(k) #
i(j), for j # k, then we have the general relation:

T(ay---an) = 7(ag)T(aras - - ag_1ak - - - ay). (10)

and hence, for instance,

7(a1a2a2a2a3a3a1a302) = 7(a1)7(a3)7(a3)7(aa).

Proof. We use induction to establish (10). Suppose 7(ax) = 0 for all
k. If n = 1, then there is nothing to prove. If n > 1, let 1 < m < n,
and either k € {m(1),... ,7(m)} orelse k € {o(1),...,0(n—m)}, then
either 7(ax) = 0 or the second factor on the right of (10) is zero by
induction. So (10) holds now because of (8).

In the general case that 7(ay) # 0, one has by (8):

T(ay - -an) =7(ak)T(a1 - Ag—1ak41 - - Qp)

+7(ay - ak—1(ax — 7(ag))agsr - an),

and this gives (10) since the second term vanishes by the special case
considered above.

The last relation is a consequence of (10), by iteration. O

Let us now present a case where the free independence appears as a
limit property of a classical problem first discovered by the (Nobel lau-
reate) theoretical physicist Wigner (1958). Let X;(n), Xa(n),... be a
sequence of independent n x n-matrix random variables on a probabil-
ity space (Q, X, P) each of whose (i, )" entry is a centered Gaussian
variable with variance % and all are mutually independent. If 7, is
the standard trace of the n x n matrix, 7(I) = 1, then 7,(Xx(n)) =

0,7.((Xkx(n))?) = 1 for all n > 1. It was shown by Wigner that
2m) — 1 (2m

m—+1\m

lim,, 00 7 (X (1) ), for integers m > 1. This is the
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(2m)!
(m+1)Im!

ling’s approximation for the factorial n! ~ n"e™"+/27wn for large n one

2m order moment and expressing it as asg, = and using Stir-

finds that the moments satisfy the well-known Carleman’s condition

> 1

T 2m __
E : a2mm = 00,
m=1

so that there is a unique distribution with the above moments. Wigner
found that distribution on R to be the one given by the following density
(relative to the Lebesgue measure) f defined as

1
f(x) Vvid—22, —2<z<2 =0 elsewhere. (11)

T o

This is now called the Wigner distribution, or the semicircle law. An
important extension of this result is to study the above case by replacing
the m! moment by their mixed moments of order m, and this was
studied by Voiculescu (1991) who showed that

T B(r[X, () X, ()]) = 7o, ), (12)
the limit expression is identified as the normalized trace of freely inde-
pendent self-adjoint elements x; € A, a W*-algebra each of whose spec-
tral distributions determined by 7 is precisely the Wigner distribution.
The result shows that in this case (of Gaussian matrix elements) the sta-
tistical independence asymptotically determines the free independence
in a W*-algebra with a normalized trace functional, and it motivated a
further substantial development in the “free probability theory” as part
of operator algebras. Since the class of large n X n-random matrices
generate a W *-algebra for which the above work applies, one may also
regard the asymptotic analysis of independent random matrices as a
“free analysis” in von Neumann algebra theory.

This discussion shows that the conditioning concept of the preceding
section and the free independence of Definition 1, are related again as in
the classical case, and this motivates us to find analogs of some others
based on freeness and conditioning in W*-algebras. It is appropriate
to discuss sums of classical independent random variables and their
analogs in the free case now. Recall that we associated through the
spectral theorem with each self-adjoint operator affiliated with a W*-
algebra having a finite normal trace functional taking value unity at the
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identity, a probability measure on the real line R. Suppose that a,b
are a pair of freely independent operators as above with the associated
probability measures pq, 4 on R, and since it is clear that a+b also has
the same property, there is a probability measure p,4p on R. Using the

freeness we can get the following relation between the three measures.

Proposition 4. Let a1, as be freely independent elements of the space
(A, 7) where A is a W*-algebra and T is a positive normalized trace
functional satisfying T(I) = 1, the a; being self-adjoint, so that aq + as
also has the same property. If pa,, ltas, fai+a, are the corresponding
(spectral) probability measures on R determined by the elements above,
then all the moments of piq,+a, depend only on those of pq, and fiq,.
In fact there are universal polynomials Py (x1,... ,Tn,Y1,--. ,Yn) Such
that substituting the first n moments of p,, and the first n moments of
[, for the x; and y; one gets the n'" moment of i, +a, for allmn > 1.

The actual computation is nontrivial. The procedure involves evalu-
ation of terms such as 7(a¥'a}! - - - a¥ al") where ky 471 +. . . +kp 47, =
n,k; > 0,7; > 0, and employs formulas (9), (10) and their extensions.
For instance if m,, (u,) is the nt" moment of the measure lhq then with
a = ay + as, a1,az and n = 4 the following expression results:

m4(l‘a1+az) = m4(ﬂa1) +my (N2) + 4(m3(ﬂa1)m1 (/Laz)
+my (“al)mi’)(uaz)) + Q(mQ(Mal)ml (/La2)2+
mi (/J'a1)2m2(/uba2> —mi (/J'a1)2m1 (Na2)2)'

This corresponds to the universal (homogeneous) polynomial

Po(x1,. .., Ta,Y1, .., Ys) = Ta +ya + 4(z3y1 + T1Y3 + T2y2)
+ 2(x2yi + xTy2 — 27Y).

We now refer to the works of Voiculescu (1985) or Hiai and Petz (2000),
for further details.

In view of this we can uniquely define a new operation by setting
tai+as = ta; Blta, Which is commutative and associative, and call it free
convolution of the measures, just as in the classical case of mutually
independent random variables X;, Xy with image measures px,, px,
which in the familiar notation satisfies pux,+x, = px, * px,. Note
that this avoids a definition and use of joint distribution of a pair
(or a finite number) of elements which is not easily available. In the
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classical probability, a further analysis is facilitated by finer techniques
coming from Fourier analysis. In the free analog one has to find a
substitute for the latter. Fortunately there is a corresponding method,
called the Cauchy transform, based on the Pick-Nevanlinna theory in
complex analysis. We briefly recall this to connect both classical and
free parts by means of an important bijection found recently. The
relation lies somewhat deeper and one has to consider several concepts
(of particular interest) to anticipate corresponding results in the “free”
theory mimicking the classical works. As the above discussion indicates,
a considerable investment in the background analysis is necessary to
obtain analogous results in the “free theory.”

One may wonder whether it is worthwhile to invest so much of the
effort to get merely analogs of the classical theory in the new setting, or
can we get new insights in W*-algebras proper by this attempt and/or
in classical probability by the (new) algebraic methods. It appears
from Voiculescu’s contributions that new results and understanding (of
type III factors) are visible in von Neumann algebras. In the converse
direction, the dividends are only at the initial stages but there are some
indications of obtaining new results of interest (cf. Barndorff-Nielsen
et al., 2001). We therefore include some special analysis to justify this
view, and present an indication.

As noted in the last section, if A denotes the class of all affiliated
(closed) operators relative to a W*-algebra A on a Hilbert space H,
then as shown by Nelson (1974), it is an algebra closed under addition
and is a *-algebra; i.e., a,b € A = a+b, ab are densely defined in H, and
their closed extensions [a+b], [ab] as well as the adjoints a*, b* are all in
A. This implies [(a+b)c] = [[ac]+][bc]], [ab]* = [a*b*], [a+b]* = [a* +b*]
as well. Moreover A becomes a complete *-algebra under a (weaker)
Hausdorff topology, termed the “measure topology,” defined by the
neighborhood system {N(-,¢,d),e > 0, > 0}:

N(a,e,0)={a€ A:3p e P,p(H) C D(a),|pal]| <&, 7(p) >1— 5}

Here D(a) is the domain of the closed operator a, P is the set of orthog-
onal projections of A, and 7 is the faithful normal trace functional on
A and extending to A. This satisfies the first axiom of countability so
that, for convergence, sequences suffice. (A different form of this will
be restated in Definition 6.5 below for convenience.) Thus elements
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ai,...,a, € A are freely independent if for each bounded Borel func-
tion f; : R — R, f;(a;) € A are freely independent as defined before on
A. This means free convolution is defined for all elements of A. We
can now present the analog of the classical notion of infinitely divisible
(image) probability measures on R, which are distributions of random

variables, using the well-known convolution relation as follows:

Definition 5. A probability measure j, on R determined by a € A,
is freely infinitely divisible if for each n € N, there exist a; € A, freely
independent such that a = a; + ... + ay,, each p,, being the same for
1=1,...,n, or equivalently using the free additive convolution symbol
H one has:

Ma = fta; BB pia, . (13)

It may be observed that one can state the concept slightly more
generally based on the classical situation. Recall that one says that a
random variable X with distribution px is infinitely divisible in the
“generalized sense” if for each € > 0, dn. € N and probability measures
ti,j =1,...,nc such that px = pq *---* pu,_ where each p; satisfies
the condition p;([—¢,¢]) > 1—¢€,i=1,... ,n.. However, this apparent
generality is not real and in fact px is shown to be infinitely divisible in
the “generalized sense” iff it is infinitely divisible in the ordinary sense
(cf. Doob, 1953, p. 132). The following work (and the bijection to be
introduced) will show that the same is true in the free context.

The classical infinite divisibility is significantly advanced by the
following fundamental representation of a probability p through its
Fourier transform ¢, : t — [, e’ du(z), due to Lévy and Khintchine,
stated as:

Theorem 6. (Lévy-Khintchine) A random variable X on a proba-
bility space (Q, X, P) with distribution ux = Po X~ on R is infinitely
divisible iff its transform ¢, defined above can be expressed as:

itr 14z

)

wu(t) = exp{ivt + /(e“x - dG(z), t e R, (14)

R B 1+ 1'2 1'2
where G is a bounded nondecreasing (left continuous) function and ~y €
R. The representation is unique if G(—oo) = 0. The pair (v, G) is also
uniquely determined by p or equivalently by ¢,,.

The principal branch Log ¢, = C,, is called the cumulant function

and is of interest here since Log ¢, «u, = Cp, + Cpu,. A proof of this
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theorem is available in every graduate probability book, starting with
the classical Gnedenko and Kolmogorov (1954). Several extensions and
applications of this theorem are also in many such texts. Below we shall
use the work from the author’s text (Rao, 1984, Chap. 5).

In the context of free independence, we defined the corresponding
infinite divisibility above. For a finer analysis, we thus need a substitute
to Fourier transform. Such a result is found in Cauchy transform of
complex analysis via Pick-Nevanlinna theory, as follows.

In the complex plane C let C* = {z € C : Im(z) > 0}, the upper
half-plane, and similarly C~ = {z € C : Im(z) < 0}, the lower half. An
analytic mapping f : Ct — C+ = {2z € C: I'm(z) > 0} is called a Pick
function. For each a < b € R, let P(a,b) be the set of Pick functions
f which can be continued to (C — R) U (a,b) such that f(z) = f(2).
An integral representation of such functions from complex analysis is
given by the following:

Theorem 7. Let D C C* be a domain (=a connected open set) and
f : D — C be a mapping. Then f is a Pick function iff the n X n

matriz (fij), fi; = JC(ZQ%Q(ZJ),ZZ € D is positive (semi-)definite, or

equivalently, it admits a representation as:

£(2) :a-l-ﬁz-l-/ LT 2% (2), = €D, (15)

R L—Z

for some a € R, > 0 and a Borel measure v : B(R) — R*. This
representation is unique for the triple (a, B,v) and f has an extension
to be in P(a,b) iff the support of v is contained in R — (a,b).

In particular, taking D = C*, we find that f € P(—¢,e) for some
e >0 iff (15) becomes

z
= d 1
f(2) OH—/Rl—zcz v(z), (16)
and then v is supported on [—%, % .

The representations (15) and (16) are a prototype of (14) and will
connect them to the Cauchy transform which will be employed to ob-
tain an analog of the cumulant transform in the classical case. A proof
and related discussion is in Hiai and Petz (2000, p. 99) and will be
omitted here. The method of the desired representation proceeds in
two stages. The first step is to consider operators with (spectral) rep-
resenting measures to have compact supports for which the Voiculescu
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transform (obtained from an inverse of the Cauchy transform through
infinite power series so that convergence problems are controlled sim-
ply), and derive the desired representations. This includes just the
bounded operators, and hence the W *-algebras, but not those that are
affiliated to the enlarged algebras (through measure topology). The
second step then is to generalize this work for the latter inclusive alge-
bras to have complete analogs of the Lévy-Khintchine representations
and applications.

Most of the calculations are made pointwise, by setting operator val-
ues in an infinite sequence by suitably labeling the terms and making
a careful association which involves a combinatorial matching and sim-
plifying. This is done more systematically by extending Hilbert space
analysis to exponential Hilbert spaces, called Fock spaces after the Rus-
sian physicist V. A. Fock who introduced the extension and made good
use of it in application. This will be needed for obtaining an analog of
the above theorem in the free case!

Let M(R) be the set of probability measures on R and M(R) be its
subset whose members have compact supports. Consider the Cauchy
transform G, : C* — C~, u € M(R) defined by:

z—1

GH(Z)Z/R L (d), zect (17)

This is well defined for z € Ct UC™ and satisfies G,, C C~. Moreover,
GL(2)] < #(Z), and is analytic in the vicinity of {z = oo} so that it
has the series expansion in that neighborhood as a moment function,

+Z zk+1 , (18)

k>1

where my(p) = [ tF p(dt). On the set T(n,K) = {z =z +iy € C*t:

2+ y? > K2, x| < ny}, with n > 0, K > 0 being some constants,

the function F,, = 4 : C* — C* has a right inverse. Then the
"

Voiculescu transform is defined as R, (z) = F, '(z) — 2z,Yz € I'(n, K)

and is obtained as an infinite series

2) =Y gt (19)

k>0

where the a’s are constants determined by the expansion of the mo-
ments 7(a¥) (cf., Lemma 3). E.g., ay = my(p),as = variance p,
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az = mz(p) —3ma(p)my(p) +2mq ()3 ete. and is useful to express the
cumulant transformation of p as Cj,(z) = 2R, (1), 2 € T(n, K).

We have the following nice characterization of free infinite divisibility
for elements of a W*-algebra A (and about A later), since its self-
adjoint members correspond to elements of My(R)(C M(R)):

Theorem 8. Let u € My(R). Then any one of the following assertions
implies all the others:

(i) p is freely infinitely divisible;

(ii) the Voiculescu transform R, extends to a Pick function in the
class P(—e,e) for some e > 0;

(111) the transform R, admits (the Cauchy type) representation:

z
Ru(z) = a+ [ {5 vido) (20)
for z in a neighborhood of (C—R)U{0} and a unique pair (o, v) where
a € R and the finite measure v is supported in [—%, %] In this case

is the mean and v(R) is the variance of p.

These assertions may be compared with the original Lévy-Khintchine
representation when the probability measure p has two moments (i.e.,
the original Kolmogorov form). This is included here for comparison,
and the details can be found in Hiai and Petz (2000, p. 103). The
formula (20) and the complete proof of the theorem depend on prop-
erties of a Fock space. For the case of u € M(R), the above result,
in which the support of u need not be bounded, the convolution study
was extended when p has a finite variance by Maassen (1992), and
this was generalized for all probability measures on R by Bercovici and
Voiculescu (1993). A more direct proof evolved later. The representa-
tion (20) takes the following form:

For each p € M(R) we have the statement that p is freely infinitely
divisible iff its Voiculescu transform R, defined in (19) is representable
as

1
+ Ztt n(db), » € CT, (21)

Ru(z) 27’+/

R #Z—
where 7/ € R and v, is a finite Borel measure on R, and the repre-
sentation is unique; i.e., g and the pair (7/,11) uniquely define each
other.

We use this representation in continuing the analysis below.
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The work is simplified by the following interesting key bijection re-
cently found by Bercovici and Pata (1999). It enables one to obtain
the results in the free theory from the corresponding classical works
with relative ease. We adapt the recent analysis of Barndorff-Nielsen
and Thorbjgrnsen (2002) which starts with the (difficult) properties of
the transform R, already established that are described elsewhere (cf.,
e.g. Hiai and Petz, 2000).

Let ID(x) and ID(H) be the classes of infinitely divisible classical
and free probability measures on R respectively. Following Bercovici
and Pata (1999), we introduce a mapping A : ID(x) — ID(H) with
the property that for each p € I D(x) having the Lévy-Khintchine pair
(v, G) given by (14) and ' € I D(B) with the corresponding pair («, v)
of (21) (or its equivalent for p' € M(R) which will be described below)
by the mapping A : p — p’ and discuss its properties. This A will
be called the Bercovici-Pata mapping, and its essential relation in this
analysis detailed.

Some useful consequences of the above A to be used here can be
described as follows:

Theorem 9. The mapping A : I1D(x) — ID(8) has the following
properties:

(i) A is one-to-one and onto, i.e., is a bijection;

(1) A(pa * p2) = A(pn) B A(p2), pi € M(R,i=1,2;

(iii) for each ¢ € R — {0}, and p € ID(x), if (Dep)(B) = p(c™'B)
for each Borel set B C R, then A(D.u) = D.(A(pn));

(i) if . is the Dirac point measure at ¢, then A(6.) = d., Ve € R;

(v) A is continuous for the weak (or distributional) convergence, i.e.,
fin € ID(%), pn, — p weakly so that [ f(t)du(t) — [ f(t)du(t), as
n — oo for all bounded continuous f, whence p € ID(x), then A(p,) —
A(p) weakly and A(p) € ID(8B). Thus it is a homeomorphism for this
convergence describing a (Lévy-Prokhorov type) metric topology.

Proof. Since (free) independence is only an adjunct to the main theme
of conditioning here, we indicate the ideas of demonstration of the
above for a few selective parts to give some basic ideas involved, with
the remark that almost all well-known results on sums of (classically)
independent random variables are subjects for extension in the present
free setup.
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The argument proceeds with the representations (14) and (21), which
contain the result that both the Fourier and Voiculescu transforms of
p are uniquely determined by the pairs (7, G) and (7', v1) respectively.
Since each of these pairs determines the corresponding measure through
(14) and (21), the relation is one-to-one as well as onto, so that the
mapping A : 4 — p’ is a bijection. This is part (i) of the theorem.
The same argument gives (ii) also, because the cumulant transforms of
Ouiwps as well as of R, m,, are determined by (1 + 72, G1 + G2) and
(71 + 75, v1 + vo) respectively. Hence puq * po and A(pq) B A(ug) are
given by these pairs uniquely.

Regarding (iii), if u € ID(x), then from definition

epu®) = [ " Depdn) = [ en(da) = pu(ct),
R R
so that D.u € ID(x). Then (14) becomes on replacing ¢ by ct and
the measure G by the equivalent measure dv(z) = (1 + 22)dG(x), for
convenience, one gets the following:

. icta it dv(x)
ngCM(t)—Z’yct-l-/R(e —-1- 1+x2)7' (22)
Hence setting Log ¢p,, = ¢u, one has
. 9 it ictx | D.v(dx)
ult) —e /R(e "l T
, : ictx - ictx v(dx)
— t zctz_l_ - zct:r_l_
et + | [(e G R
, x x  v(dr)
=it —
th—kc/R(l—i—(ca:)Q 1—1—:(:2) x? ]

= it7., (say),

where the 7. above is a constant depending only on ¢ (and of course
on 7, v or (7v,G)) only. In fact a similar and simpler calculation shows

that
x

1T (@) dG(x).

%zvc+0(1—02)/
R

It is now asserted that the pair (., r) above also determines A(u)
as an element of ID(H), using (21) for the purpose. Let ¢ > 0, and
from definition of R, as noted by Bercovici and Voiculescu (1993), it
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is seen that Rp_,(z) = ¢R,(c712), Vz € I'(n, K), defined after (18), so
(21) gives

1 t

Rp.u(z) = C’y—I—c/R(C_lz_t + 1 +t2)(1+t2)y(dt)

_c+/(02 +— ), (say)
- Rz—ct 142/ 0 Y

But we also have

&/(1+ t)@ﬂ@:/(c ).
R

z—t  1+1¢2 g z2—ct 14 (ct)

Hence

1 t
2
Rp, u(z)—c /R(z—t+1+t2)Dcyl(dt)

ct 3t
— _ dt
CWF/R(1+t2 1+(ct)2)yl< )

=, (say).
¢ c(1—c?)t

TR el? = (TR (en?)
the above expression shows that it is = 7. defined earlier.

in

A simplification using the identity Hc_ttQ —

If ¢ < 0, then the work of Bercovici and Voiculescu (1993) implies
that
Rp.u(2) = (¢Ru(c712)), 2 € |c[L(n, K),

and observing that D.y = D D_1pu, it suffices to consider the case
c = —1. But now

RD_lu(Z) = _Ru(_z)

1 t
=— D_ dt),
7+/R(z—t+ 1) Pmldt)
after an elementary computation. So the result holds if ¢ = —1. Using

the earlier part together with the composition for D.u, one finds:

R, () = e + & / (—— + — Do (dt),

R Z—t+1+t2

where 7. is given earlier. Thus (iii) holds in all cases (¢ = 0 being the
zero measure so D.u =0 and v, = 0).
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Next A(d.) = 6. follows from the fact that the Lévy-Khintchine pair
is (¢, 0) and the same holds for the free case, by the above computation.
Thus (iv) holds.

Finally for (v), about the continuity of A for the topology of weak
convergence, one has to use the classical result due to Gnedenko, namely
that p, — w, un, € ID(x) weakly implies p € ID(%) and the analog for
the free case was also established in Bercovici and Voiculescu (1993),
so that the continuity statement extends. The latter is also verified in
Barndorff-Neilsen and Thorbjgrnsen (2002) and will be omitted. (We
recall that the weak convergence topology makes M(R) a complete
separable metric space, since the weak convergence here is identifiable
to the Lévy-Prokhorov metric.) The consequence is that A is a home-
omorphism between the spaces I D(x) and I D(H) equipped with this
topology. [

Since independence and conditioning are two fundamental properties
that distinguish the classical (=phenomenological) probability theory
from other aspects of analysis, it is interesting that a nontrivial and
deep echo was found in W*— (and C*—) algebras. Many results de-
pending on sums of independent random variables, not only the weak
limit theorems considered above, but also the invariance principles of
Donsker, Prokhorov, Rényi and others as well as stability with its gen-
eralization by Bochner in the classical case (cf. Chapter 5 in Rao, 1984)
are candidates for an expanded study. Even strong laws such as the
iterated logarithm, Glivenko-Cantelli and others may be considered in
this context. It is found that the present extension helps to understand
the analysis with “factors” of von Neumann algebras related to free
groups better.

Motivated by Theorem 9(iii), one proceeds to obtain analogs of sto-
chastic integration of It&’s type. Martingale integrals is perhaps the
next item of research. Moreover, Bochner’s boundedness principle (cf.,
e.g., Rao, 1995, Section 6.2), which is general and useful in studying
stochastic integration in the classical case (both on manifolds and of
vector valued), may be studied in future. For instance, processes with
freely independent and self-adjoint increments in W *-algebras are al-
ready begun using the above part of the theorem, for self-decomposable
(Lévy type) processes (cf. Barndorff-Nielsen and Thorbjgrnsen, 2002).

It is clear that the new analysis strongly depends on the spectral
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11.6 Some applications of noncommutative conditioning 441

theory of (self-adjoint) operators and properties of moments that deter-
mine a distribution uniquely (such as the Hamburger’s moment prob-
lem). In higher dimensions moments generally do not determine a
distribution, and one has to restrict to the cases where such a de-
termination is possible. On the other hand since 7(ab) = 7(ba) for
tracial states, one may consider elements a,b € A with a > 0 (posi-
tive operators), and self-adjoint b so that 7(ab) = T(a2ba?), and via
the spectral theorem, again a probability measure p can be associated
with ab on R. Then one has m,(x) = 7((ab)™) and shows that all
moments of ab are determined by those of a and b as in the additive
case if a,b are freely independent (cf. Lemma 3). It is shown that the
corresponding probability measures p1, ps of a,b determine those of u
uniquely. Thus Voiculescu defines the multiplicative free convolution,
denoted = p1 X s, and a parallel analysis to the above is being
considered. A few properties of the latter are given in an appendix
by P. Biane in the basic paper of Bercovici and Pata (1999), showing
that there is also some close relationship between the two free convolu-
tion concepts. Hence the new opportunities to go over for the analogs
in this area are considerable. We omit further specialized discussion
of the subject at this point and consider the other class, namely the

dependence families.

In the next section, we turn to a few results on martingales in W *-
algebras, and statistical applications in the same vein. An important
point of the above work (and the following) is to exemplify the “ide-
alistic approach” as distinct from the “constructive approach” that E.
Bishop (following L.E.J. Brouwer) advocates so effectively.

11.6 Some applications of noncommutative conditioning

In what follows we include a few results on martingale convergence
and “sufficiency” in this setting as applications of the work presented

in several earlier sections.

Definition 1. Let {B,,a € I} be an increasing net of W*-algebras in
A, each B, containing the identity and suppose that E(-|B,) exists for
each a.. (This is automatic if there is a finite normal faithful state ¢ on
A, but otherwise ¢|B, should be semifinite.) Then {E(z|B,),a € I}
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442 Chapter 11. Conditioning in General Structures

is an increasing martingale (supermartingale) if for each a < § in [
E(E(z|Bp)|Ba) = (2)E(x[Ba),Vz € A . (1)

Decreasing (super) martingales are defined similarly.
We begin with an example of a martingale before proving a general

convergence theorem for nets.

Example 2. Let {P,,n > 1} be a sequence of mutually orthogonal
[o.@]
projections in a W*-algebra A and suppose that I = >  P,. Let

n=1

Tz =) PP, , z€A, (2)
k=1

the series converging in the norm topology of A. If {P,,n > 1} is
the commutant of {P,,n > 1}, then B = AN{P,,n > 1} is a W*-
algebra contained in A, and we note that 7' = E(-|B) is the conditional
expectation of A onto B. To see this, since T is clearly linear, TI =
I, and (Tx,x) > 0 (this is so because (P,xP,,z) = (P?zP2 z) =
(PpxP,, P,z P,) > 0 for each n), we verify the other parts of Definition
4.2. Now T(A) C B since P,Tx = P?zP, = P,zP? = TxP, and
Tx € B. If y € B then y commutes with each P,, and hence

P,yxP, = yP,xP,, (n>1)=T(yx)=y Tz .

Similarly T(zy) = (Tx)y, and T?z = T(Tz) = Tx since T|B = 1. If
7(+) is a state on A, then

Z T(PyzP,) = Z T(xzP,)

n=1 n=1

=71(xY P,)=r1(x).

T(Tx)

If T(z*z) =0, then P, T(z*x)P, =0 for all n, and hence

0=Pu()_ Pa*zPy)Py = Pya*aP, = (xP,)"(xP,), n > 1.
k=1
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This implies P, =0 and 0 =z Y P, = ol = x so T is faithful. If

n=1

y € H(= A), let &, = P,y so that ||y||? = Z €17 and then

(Tx)y,y) = ZPxPnyy fon,fn =7()

where 7(+) is the trace functional defined uniquely by the sum. This
shows that x,, T = = 7(x,) / 7(x) and hence T is also normal. Thus
T = E(:|B), as asserted. (Compare this with Theorem 4.6 above.)

We use this “concrete” conditional expectation to generate a mar-
tingale. Thus if P is any commutative family of orthogonal projections
on H and F C P is a finite subfamily containing O and I, consider

TFE = Zywy , (3)

yef

where F is the Boolean algebra generated by F. If B = AN F’, then
E(:|Bx) : x — xx defines a conditional expectation by the preceding
computation, since (3) is a special form of (2). If we partially order P
by inclusion so that F; C Fo = Bz, D Br,, we get {E(z|Br),F C
P}, z € A, to be a decreasing martingale, and NBx = P’ N.A. We shall
now find conditions for convergence of such martingales. This is the
content of the following result.

Theorem 3. Let {E(z|B,), o € J},x € A, be a directed indexed
martingale where {B,,a € J} is a monotone net of W*-subalgebras of
A for which E(-|B,) exists for each o € J. (We always assume that
each B, has the identity.) Then
(i) for increasing By, one has lim E(z|B,) = E(x|B) in norm,
where B is the smallest W*—al?}ebm containing LdJBa, and
(ii) for decreasing By, if B = NB, and if E(:|B) exists, then
liénE(m|Ba) = E(z|B) is norrfrll.

Proof. (i) If y = E(z|B) for z € A, then E(y|B) = y so we may assume
for simplicity that B = A, and show that ||z — E(z|B,)|| — 0 where if
¢ is the faithful normal state, relative to which the E(-|B,) exist, we
have |ly||* = o(y*y). If do = inf{|lx — y|| : y € Ba}, then B, C By for
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444 Chapter 11. Conditioning in General Structures

a<a =dy>dy >0. Let d =1limd,. Since UB, is dense in A, by
property (vi) of Proposition 4.3, Weamust have da: 0 as desired.

(ii) By hypothesis E(-|B) exists where B = NB,. To show that
|E(z|B) — E(x|Ba)|| — 0 we may assume that P?as|l3) = 0. In fact, if
x1 € Aand x = 1 — E(x1|B), then E(z|B) = 0. Since E(E(-|B)|Ba) =
E(:|B) we have

E(2|Ba) = E(x1|Ba) — E(E(21|B)|Ba) = E(21|Ba) — E(z1|B) — 0 .

So the original statement is equivalent to showing E(z|B,) — 0. Thus
let E(x|B) =0 and consider S, = {E(z|Bg) : 8 > a} for z € A. Then
Sa is nonempty and [|E(z|B,)|| < ||z|, by Theorem 4.5. So S, is in a
ball of radius ||z||, and for a, ag,--- < 3, ﬁll Sa; D Sp. But Aisa WH-
algebra. Now its balls are weak *—compaa: (i.e. if A, is the predual
of A, then it is o(A,, A)-compact), and so is Sg, its closure. But
So C{E(z|B.), v € A}, and it has a cluster point y which belongs to
the set { } for all o, i.e. y € Q{E(w|l§’a) cx € Ay C{E(z|B) : z € A}.

Hence E(y|B) = y. However, we also have by the initial simplification,
0= E(E(z|Ba)|B) = E(x|B) .

so that y = E(y|B) = 0, the weak cluster point of {E(z|B,),a € I}.
Since ¢(x) = p o E(z|B),Vz € A, consider for 5 > a,

e(E(z|Bg) E(x|Bg)) = ¢(E(E(z|Ba)|Bs)" (E(E(x]Ba)|Bgs)))
E(z|B,)"E(x|By)), by Proposition 4.3. (i),

(E(
(E(
(E(E(x|Ba)" E(x|Ba)|B))
(E(
(E(

IN

E(E(x|Ba)*z|By), by Proposition 4.3 (ii),
E(x|By)*x). (4)

I
€ € € €

By the weak *-continuity of 7 on bounded sets and since the family
{E(x|Ba),a > ap} clusters around 0, we conclude that the right side
of (4) tends to 0, so the left side and hence E(x|B,) — 0 in the same
sense. But in a W*-algebra this and strong convergence on bounded
sets agree (cf. Dixmier, 1962, Proposition 58, p. 58), which completes
the proof. O

Remark. The above argument is adapted from Arveson (1967). It was
also proved in a slightly different form by Tsukada (1983).
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The convergence statement for the problem raised at the end of

Example 2 is contained in the following;:

Corollary 4. Let A be a W*-algebra, P(C A) be an abelian family
of (orthogonal) projections and B = P’ N.A which admits a conditional
expectation E(-|B) relative to a given state. Then for each x € A,xx —
E(z|B) in the strong topology, where x x is defined by (3).

Analogous results for certain “generalized conditional expectation”
operators have been proved by Hiai and Tsukada (1984, 1987).

It is possible to consider almost everywhere convergence of these

martingales. For this we introduce some concepts:

Definition 5. Let {T},,n > 1} be a sequence in a W*-algebra A with
a faithful normal state 7. Then the sequence
(a) converges in measure (almost everywhere) to T in A if for each
e > 0 there is a sequence {P,,n > 1} C A of contractive
projections such that |[(T7,, — T)P,|| < ¢ as 7(P,) — 1 for
n — oo (as P, 1 I for n — o0);
(b) converges almost uniformly if for each 6 > 0 one can find a
projection P in A such that 7(P) > 1-6, and ||(T,,—T)P|| — 0
as n — 00.

With these concepts we can establish the following analogs of the
classical measure theory assertions for finite W *-algebras. These are
shown in Padmanabhan (1967). Note that there is no reference to
randomness or an underlying measure space, even though the same
terms from measure theory are attached, and these do not reduce to
the classical concepts in a specialization.

Theorem 6. Let A be a finite W*-algebra (i.e. there is a state T with
7(I) = 1), and {x,,n > 1} C A. Then z, — x almost everywhere
iff it converges almost uniformly. If the sequence (only) converges in
measure to x, and if there is a 0 < y € A integrable (i.e. ||y|1 < o0)
such that

—y < Re (z,,), Im(zn) <y (5)

where Re x,, = %(zn 4+ %) and Im(z,) = % (z, — 23), and B C A is
a W*-algebra for which E(-|B) exists (which is automatically true in
finite algebras as here), then E(x,|B) — E(z|B) in norm.

This result is analogous to the Egorov and the dominated conver-
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gence statements of the classical theory. The roles of points (or sets)
and measures of the latter subject are played by the projection opera-
tors and states in the present case. We shall not include a proof here.
The corresponding statement for martingale convergence can be given

as follows.

Proposition 7. Let B, C B,11 C A be a sequence of W*-subalgebras
with ¢ : A — R as a state such that E(:|B,) exists for each n. Let
Tn € A be such that E(x,1|B,) = xn,n > 1, so that {x,, By,n > 1}

is a martingale sequence on (A, ). If sup ||z,|l2 < oo where ||z,]|3 =
n

o(zkxy,), then the martingale converges almost everywhere and in norm
to x in A where E(x|B,) = x,, n > 1.

This and certain other results on martingale convergence are given
by Cuculescu (1971). Supermartingales in this context are defined with
E(xp41|Br) < zp,n > 1, and similarly one can obtain several results
analogous to the classical ones. However the techniques of proof are
naturally different, and the reader is referred to the paper for details.
Actually it is a special case of Theorem 3 above for strong convergence
which may be extended thereafter. We leave these specializations to
the reader.

It may be instructive here to consider a martingale of scalar functions
on a vector measure space, where the measures have values in a special
algebra. The new problems will be clarified by that example which
is close to the classical theory, and yet it depends on a new Radon-
Nikodym theorem. The following discussion also complements the work
of Section 6.5. Recall that the space of all real continuous functions
on a compact Stone space S, denoted C(S), is a Stone algebra (with
uniform norm), and suppose that it has the countable chain property;
i.e., each bounded subset of C'(S) has a countable subset with the same
supremum. This is always satisfied if C'(5) is isometrically isomorphic
to L°°(P). Suppose (£2,%) is a measurable space (as in our earlier
work for P to be defined), and v : ¥ — C(S) be a vector measure
which is positive and o-additive in the order topology. We consider the

space L>° (€2, ¥, v) and suppose that there is an algebra homomorphism
m:C(S) — L*®(Q,%,v) such that

/Qw(f)gdy:f/ﬁgdy, Fec(s), ge L°Q,5,v) .  (6)
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Such a v is called a modular measure relative to . If v = PB for a
o-subalgebra B C 3, then (6) is satisfied and we have a modular mea-
sure. By Proposition 6.5.3, for each g € L'(Q, %, v), the conditional
expectation of g, namely E(g|B), exists, is in L'(Q,B,v), and satis-
fies [, fdv = [, E(f|B)dv, A € B. We now establish the following

martingale convergence result.

Theorem 8. Let (2,X) be a measurable space, v : ¥ — C(S) be a
modular measure relative to m where C'(S) is a Stone algebra satisfying
the countable chain condition and w(C(S)) C L>(Q, By,v), with By C
By C --- C X being o-subalgebras. Then for each f € LY(Q,%,v),
letting f, = E(f|B.) (€ LY(Q,B,,v)), we have lim f,, = E(f|B), a.e
relative to v, where B = O'(L’rg B,). !

Proof. The argument is similar to the classical one due to E.S. An-
derson and B. Jessen, and the latter is given in detail in (Rao, 1979,
p. 122). We present the essentials with simple modifications here for
completeness.

If f,, — f is false on a set of “positive v-measure;” i.e., if F = {w:
liminf, f,(w) < f(w)}, f = E(f|B), then v(F) > 0 in that ||[v(F)|| > 0.
But if F,y = {w : liminf, f,(w) < a < b < f(w)} then F = U{F, :
a < b, rational}, and so v(Fyp) # 0 for some a < b.

Let H, = {w : liminf, f,(w) <a} and H, = {w : igfl frar(w) <

a+ %}, so that H, = Ofi H,. Then H,, H,, € B. We express H, as a

disjoint union in the following way. Let H,; = {w : fry1(w) < a+ %}
and for r > 1,

1 1
Hyr ={w: fosr(w) <a+—, but fryj(w)>a+— for 1 <j<r—1}.
n n

Note that H,, € B,y,, H, = Ole H,, (disjoint union), and H,, C

{w: Fopr(w)<a+i} IfAc ole B,,, then A € B,,, for some ng and
for all n > ng and r > 1, we have H,,,,NA € B,4,. Since the dominated

and monotone convergence theorems hold for v-integrals (see Section
6.5), and since f = E(f|B) is v-integrable, we have

/ FXa, dv = sup / > X, dv. (7)
A moJA

© 2005 by Taylor & Francis Group, LLC



448 Chapter 11. Conditioning in General Structures
Also

/ JEXHM dv = / fdy = / frnardv, by the martingale property,
A ANH ANH.

<t 1) [ v ®)

8

Substituting (8) in (7) we get, on using H,, = U H,.,

r=

" 1
[ Fiv <@t ) [ v v nzng. 9)
A noJa

Taking limits as n — oo, and using the fact that H,, | H, we obtain
/ (a— f)xy dv>0, Ac ‘6’1 B, . (10)
A n=

Just as in the standard measure theory we can conclude that (10) holds
for all A € B itself. This may also be verified directly as follows.

Let g be the integrand in (10), and consider C={A e B: [, g dv >
0}. Then by (10), UB, C C C B. Consider all algebras contained
in C that include thg left algebra. Partially order them by inclusion.
Then by Zorn’s lemma, there is a maximal such algebra D satisfying
UB, € D C C. We claim that D = B so that C = B proving our
gssertion. Indeed let D* = {A : A = limA,, A, € D}, where this
means x, = lim X4, By the dominatednconvergence for this vector

integral we get since A € B obviously)

/gdu—/gXAdy—hm/ng du—hm/ gdv >0,

so that A € C. It is evident that D* is closed under intersections and
differences so that it is an algebra. But by the above computation
D* C C and is a o-algebra. By the maximality of D, we have D* = C
and C = o(C) = B, so that D* = B = C as desired.

Thus (10) holds for A € B. Since Fy;, C H,, this implies

av(Fap) > /F fdv>bu(Fy).

a

Now a < b, and so this can hold only if v(F,;) = 0. Hence lim inf f,, = f
a.e. Similarly limsup f,, = f can be established (or apply the above

result to —f and deduce from it). Hence lim f,, = f = E(f|B), a.e. [
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Remark. We thus see that the Radon-Nikodym and the Dominated
Convergence theorems are needed for the new structures. The above
result is due to Wright (1969b) who developed the necessary theory of
these order integrals.

Recall that the vector integrals of Wright (i.e., with those of Stone
algebra valued measures) were considered in Chapters 6-7 to study
sufficiency in the undominated case, and integral representations of
conditional means. Thus conditioning in *-algebras of this and the
preceding sections may be used in such a study. To show it we now
define “sufficiency” in *-algebras, following Hiai-Ohya-Tsukada (1983),
to round out our discussion of noncommutative conditioning, with an
application to (abstract) statistical theory.

Definition 9. Let A be a *-algebra with identity and S be the set of
all faithful normal states on A. A *-subalgebra B, of A, with identity,
is said to be sufficient (in the weak sense) for a fixed collection §; C S
of states, each normalized with value 1 at the identity, if the following
condition holds: for each z € A, and a positive ¢ € S; there is a fixed
sequence {yn,,n > 1} of elements in B such that (the symbols are again
recalled below)

Ey(z|B) = s — lim 7y, (yn)e, . (11)

B is sufficient in the strong sense if there is a single expectation E(-|B)
such that p o E(:|B) = ¢ for all ¢ € S;.

In (11) 7, is a *-representation of A on a Hilbert space H, with a
dense domain Dy, and a cyclic vector x7, such that Dy = 7, (A)z3, H,
= mp(A)xY, and p(r) = (z, Ty, (z)xY) for all z € A. This construction
of the triple (Hy, 7y, 2,) is usually called the Gel *fand-Naimark-Segal
(or GNS) construction of the underlying A. According to Theorem 4.5,
the operator E,(-|B) exists and satisfies po E,(-|B) = ¢ if ¢, restricted
to B, is semifinite. If there is a ¢y € &1 which dominates all other
states of &1 then one can establish the following result as in Section

6.3.

Proposition 10. Let S;(C S) be a dominated family of states and B
be a *-subalgebra with identity in A. Then the following are true:
(a) if B is sufficient for S1, then the same is true for the convex
hull of S1, and if C is a sufficient *- subalgebra of B for S1|B(=
vB @ € S1) then C is sufficient for Sy itself, and
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(b) if B is a sufficient W*-subalgebra of a W*-algebra A and B C
CC A, CisaW*-algebra, then C is also sufficient for S;.
The next result is analogous to Theorem 6.3.4 and is adapted from
Hiai, Ohya and Tsukada (1983); the above notation is again used.

Theorem 11. Let B be a *-subalgebra, with identity, of A and S be
the set of all finite states of A, and &1 C S be given. Suppose there is
apo €S (po can be in S —S1) dominating each element of S;. Then
B is sufficient (weakly) relative to Sy iff %T(@O(B)x?po C m,
for all ¢ € S;.

Proof. Let B be weakly sufficient for S;. Then for each x € A, there
exists a y, € B, n > 1, such that (11) holds. Consequently ¢ =

s—lim 7, (Y )22

o, exists and belongs to 7, (B)z), = B,, (say). But for

any ¢ € 81,2z = % exists by Theorem 4.4. If vg, pop are restrictions

of the states ¢, o to B, let 2 = jfo’i which again exists since @gp is

finite on B. Consider for any y € B the following:

(2T (y)x?oo7 Wwo(x)x?po) = p(y*x), by definition,
= (mp(y)zy, Ey(x|B))
= lim o (y*yn)
= (2mp (Y)25, B, (z[B)) -, by (11),

= <27T<po(y>xgoa W@o(@x&)) . (12)

Since x in A is arbitrary (12) implies

zwwo(y)ajgo = £Typ, (y)xgo €B,,, yebB. (13)

This shows that 2B, C By,.

In the other direction, suppose this inclusion holds so that %B% C
B,,, v € S1. Let € A, and consider y,, € B such that E,, (z|B) =
s —lim (yn)xg ,- Since ¢ is dominated by o, the right side sequence

determines a vector 9 in B@. Consider for any y € B,

(mo(4)2%, E(2]B)) = oly*a)
— (R ()20, B (0]B)

=lime(y'yn) = (mp()al,v).  (14)
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Since x in A is arbitrary, we have from (8) that E,(z|B) = ¢ = s —
lim 7, (yn)2. Hence B is weakly sufficient for S;. [
For a strongly sufficient case the above result takes a simpler form:

Corollary 12. If & is a dominated set of states, then a *-subalgebra B
of A, having an identity, is strongly sufficient iff B is weakly sufficient
and ¢ = @(Ey,, (-|B)) for all ¢ € S1, o being the dominating state.

Proof. Only the last identity remains to be verified. For this consider
with the y,, of (11),

QO(E¢O($|B>) = <—Ox900’ 7T<P0(E<P0(x|8))m?oo>

= W (g, ()0, oo (Bg, (2]B))2,)
= lim o (y;, By, (2]B))

, . dy
= 117ILI1 gOO(ynZL') = <d—%$20, Tpo (1')1'?00>

=p(x), z€A.

The converse simply reverses the steps. [

The following example connects the above corollary with Theorem
6.4.3.

Example. Let (€, Y) be a measurable space and II a set of probability
measures on Y. We then recall that a o-subalgebra G of ¥ is sufficient
for IT if for each A € ¥ there is a measurable function g : 2 — R™ such
that E%(x,) = g a.e. [P], for all P € TI, where EY, is the conditional
expectation on (€, X, P) relative to G. Let A(B) be the set of all
complex simple functions on {2 which are measurable relative to 3(G).
Then A and B become *-algebras under pointwise multiplication and
conjugation. Let pp(f) = [, f dP, f € A, so that ¢p is a state on A
and let Sy = {pp : P eI} If Hp = L*(0, X, P), mup(f)g = fg, g €
A, and xgp = 1 then {Hp,7m,,,1} becomes a GNS-representation of
A, Ep(:|B) becomes E%(-) and the sufficiency of G for II becomes the
sufficiency of B for Sy respectively in Theorem 6.4.3 and in Theorem
11 above.

Other applications to entropy and information theory can be made
extending the commutative theory, and some of this was already done
by the above authors and others. We conclude this study by noting
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the fact that noncommutative conditioning and its applications can be

carried forward following the material in earlier chapters.

11.7 Bibliographical notes

In this chapter we presented some applications of conditioning if the
spaces have additional algebraic structure. The work of Section 2 is pri-
marily related to Moy’s (1954) paper. It is the averaging identity that
is prominent in this analysis. The relation between positive contractive
projections on function algebras and averaging operators is clarified by
Theorem 3.1 which is due independently to Seever (1966) and Lloyd
(1966), and an extension to a nonpositive case to Wulbert (1969). They
were also discussed in Rao (1975).

The algebraic structure of the particular function spaces indicated
that one may imitate the corresponding study of (noncommutative)
conditioning as in function algebras. Indeed this type of analysis is
considered in quantum physics as well as in structural studies of op-
erator algebras. The work is conceptually analogous to Kolmogorov’s
model via the Radon-Nikodym theory, appropriate to the situation,
and hence the noncommutative integration. The latter was pioneered
by Segal (1953) and extended by Kunze (1959), Stinespring (1959) and
(to finite W*-algebras) by Padmanabhan (1967). We sketched a (min-
imum) necessary part in Section 4 following a shortcut formulated and
developed by Gudder and Hudson (1978). Theorems 4.4 and 4.5 are
adapted from the latter paper.

Free independence and its applications in von Neumann algebras
were studied by Voiculescu from the early 1980s and he has devel-
oped the corresponding theory and applying it to numerous results,
as well as extensions of the classical theory of sums of independent
random variables. Several people have now taken up his lead and are
working to obtain analogs of infinitely divisible distributions. We have
stated most of the references in the text. It seems to open up a new
area of research in operator algebras using their algebraic and topo-
logical structures, just as in the classical theory although we do not
have always a phenomenological basis. But quantum mechanics seems
to provide the necessary motivation for further study in addition to

obtaining results motivated by the classical theory. We have included
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a substantial amount of new material, and refer to the readable books
of Parthasarathy (1992), and Hiai and Petz (2000) for related analyses
from different points of view. See also Meyer (1995).

The noncommutative analog of conditional expectation was first in-
troduced by Umegaki (1954) who thereafter applied the results in sev-
eral different directions and inspired some of his students and asso-
ciates. The presentation in the text is adapted from Arveson (1967)
whose study attests to the basic role played by this type of conditioning
in an analysis of certain classes of operator algebras. As applications of
this noncommutative conditioning we included some martingale con-
vergence theorems. The strong convergence is studied by Hiai and
Tsukada (1984, 1987) in a more general case and the pointwise con-
vergence by Cuculescu (1971). The corresponding work with vector
measures on commutative function spaces with order topology is due
to Wright (1969b).

The brief account in the last part of Section 6 on sufficiency is to
show how the ideas of Chapter 6 can also be extended to this type of
noncommutative reasoning. The work here followed Hiai, Ohya and
Tsukada (1983) who studied the subject on (relative) entropy as well
as information theory, following the lead of H. Umegaki. All these
areas are active and D. Voiculescu and his associates are studying.
The work demands new methods to apply the subject treated in the
preceding chapters and raises interesting problems for research. The
area of noncommutative analogs of probability is still in its formative
stages. It depends upon and uses the theory of C*-algebras and W*-
algebras. For a readable account of the latter subject one can start with
Arveson (1976) and proceed to Sakai (1971) and then to Dixmier’s
classic (1969). See also Pedersen (1979) on general C*—algebras in
order to extend the preceding work further to this general class. For
some of the current trends in applications one may refer to Hiai and
Petz (2000). Probabilists need to study this area from their vantage
point in order to participate in these developments and hopefully our
discussion here motivates and invites them to future research in this

new and expanding area.

© 2005 by Taylor & Francis Group, LLC



References

Akcoglu, M.A. and R.V. Chacén (1965). “A convexity theorem for
positive operators,” Z. Wahrs. 3, 328-332.

Ando, T. and I. Amemiya (1965). “Almost everywhere convergence of
prediction sequence in LP, 1 < p < 00,” Z. Wahrs. 4, 113-120.

Ando, T. (1966). “Contractive projections on LP-spaces,” Pacific J.
Math. 17, 391-405.

Aniszezyk, B., J. Burzyk and A. Kaminski (1987). “Borel and mono-
tone hierarchies and existence of Rényi’s probability spaces,”
Collog. Math. 51, 9-25.

Aronszajn, N. (1950). “Theory of reproducing kernels,” Trans. Amer.
Math. Soc. 68, 337-404.

Arveson, W.B. (1967). “Analyticity in operator algebras,” Amer. J.
Math. 89, 578-642.
(1976), An Invitation to C*-Algebras, Springer-Verlag, New
York.

Bahadur, R.R. (1954). “Sufficiency and statistical decision functions,”
Ann. Math. Statist. 25, 423-462.
(1955). “Statistics and subfields,” Ann. Math. Statist. 26,
490-497.

Barndorff-Nielsen, O.E. and S. Thorbjgrnsen (2002). “Lévy laws in free
probability,” Proc. Natl. Acad. Sci. USA 99, 16568-16575.

(2002). “Lévy processes in free probability,” Proc. Natl.
Acad. Sci. USA 99, 16576-16580.

Barndorff-Nielsen, O.E., T. Mikosch and S. Resnick, (eds.) (2001).
Lévy Processes — Theory and Applications, Birkhauser, Boston.

Bartle, R.G. (1955). “ A general bilinear vector integral,” Studia Math.
15, 337-352.

Bartoszewicz, A. (1978). “Kolmogorov consistency theorem for Gleason

measures,” Collog. Math. 39, 141-151.
455

© 2005 by Taylor & Francis Group, LLC



456 References

Berberian, S.K. (1965). Measure and Integration, Macmillan Co., New
York.

Berkovici, H. and V. Pata (1999). “Stable laws and domains of attrac-
tion in free probability theory,” Ann. Math. 149, 1023-1060.

Berkovici, H. and D.V. Voiculescu (1993). “Free convolution of mea-
sures with unbounded support,” Indiana Univ. Math. J. 42,
733-773.

Bishop, E. (1967). Foundations of Constructive Analysis, McGraw-Hill
Co., New York.

Bishop, E. and D. Bridges (1985). Constructive Analysis, Springer-
Verlag, New York.

Blackwell, D. (1942). “Idempotent Markov chains,” Ann. Math. 43,
560-567.
(1955). “On a class of probability spaces,” Proc. 3rd Berkeley
Symp. Math. Statist. and Prob. 3, 1-6.

Blackwell, D. and L.E. Dubins (1963). “A converse to the dominated
convergence theorem,” Ill. J. Math. 7, 508-514.

Blackwell, D. and C. Ryll-Nardzewski (1963). “Nonexistence of every-
where proper conditional distributions,” Ann. Math. Statist.
34, 223-225.

Bochner, S. (1947). “Stochastic processes,” Ann. Math. 48, 1014—
1061.
(1955).  Harmonic Analysis and the Theory of Probability,
Univ. of Calif. Press, Berkeley and Los Angeles, CA.

Bourbaki, N. (1966). Elements of Mathematics: General Topology,
Part I, Herman (Paris) and Addison-Wesley Publishing Co.,
Reading, MA.

(1968). Elements of Mathematics: Theory of Sets, Herman
(Paris), and Addison-Wesley Publishing Co., Reading, MA.

Brody, E.J. (1971). “An elementary proof of the Gaussian dichotomy
theorem,” Z. Wahrs. 20, 217-226.

Bruckner, A.M. (1971). “Differentiation of integrals.” Amer. Math.

© 2005 by Taylor & Francis Group, LLC



References 457

Monthly 78, (November, Part II), 51 pp.

Burkholder, D.L. (1961). “Sufficiency in the undominated case,” Ann.
Math. Statist. 32, 1191-1200.
(1962). “On the order structure of the set of sufficient sub-
fields,” Ann. Math. Statist. 33, 596-599.

Burkill, J.C. (1924). “Functions of intervals,” Proc. London Math.
Soc. 22, 275-310.
(1924). “The expressions of area as an integral,” Proc. Lon-
don Math. Soc. 22, 311-336.

Celidze, V.G. and A.G. Dzvarseisvili (1989). The Theory of the Denjoy
Integral and Some Applications, World Scientific Publishing
Co., Singapore.

Chang, D.M. and S.J. Kang (1989). “Evaluation formulas for condi-
tional abstract Wiener integrals,” Stochastic Anal. Appl. 7,
125-144.

Choksi, J.R. (1958). “Inverse limits of measure spaces,” Proc. London
Math. Soc. 8(3), 321-342.

Chow, Y.S. (1960). “Martingales in a o-finite measure space indexed
by directed sets,” Trans. Amer. Math. Soc. 97, 254-285.

Chow, Y.S., S. Moriguti, H. Robbins and S.M. Sammuels (1964). “Op-
timal selection based on relative rank (the ‘secretary’ prob-
lem),” Israel J. Math. 2, 81-90.

Chow, Y.S., H. Robbins and D. Siegmund (1971). Great Ezpecta-
tions: The Theory of Optimal Stopping, Houghton-Mifflin Co.,
Boston.

Chow, Y.S. and H. Teicher (1978). Probability Theory, Springer-Verlag,
New York.

Cramér, H. (1946). Mathematical Methods of Statistics, Princeton Uni-

versity Press, Princeton, NJ.

Cramér, H. and M.R. Leadbetter (1967). Stationary and Related Sto-
chastic Processes, Sample Function Properties and Their Ap-
plications, J. Wiley and Sons, New York.

© 2005 by Taylor & Francis Group, LLC



458 References

Csdszar, A. (1955). “Sur la structure des espaces de probabilité con-

ditionellé,” Acta Math. Acad. Sci. Hung. 6, 337-361.

Cuculescu, I. (1971). “Martingales on von Neumann algebras,” J. Mul-
tivar. Anal. 1, 17-27.

Cuculescu, I. and A.G. Oprea (1994). Noncommutative Probability,
Kluwer Academic Publishers, Dordrecht, Netherlands.

Cudia, D.F. (1964). “The geometry of Banach spaces: Smoothness,”
Trans. Amer. Math. Soc. 110, 284-314

Day, M.M. (1955). “Strict convexity and smoothness of normed spaces,”
Trans. Amer. Math. Soc. 78, 516-528.

(1962). Normed Linear Spaces, Springer-Verlag, New York.

DeFinetti, B. (1932). “La prévision: ses lois logique, ses sources sub-
jectives,” Ann. de I’H. Poincaré 7, 1-68.

DeGroot, M.H. (1970). Optimal Statistical Decisions, McGraw-Hill,
New York.

(1986). Probability and Statistics (2nd ed.), Addison-Wesley,
Reading, MA.

DeGroot, M.H. and M.M. Rao (1966). “Multidimensional informa-
tion inequalities and prediction,” Proc. Multivariate Analysis,
Academic Press, New York, 287-313.

Dellacherie, C. and P.-A. Meyer (1988). Probability and Potential, C':
Potential Theory for Discrete and Continuous Semigroups,
North-Holland, Amsterdam, The Netherlands.

Dinculeanu, N. (1967). Vector Measures, Pergamon Press, London,
UK.

Dinculeanu, N. and I. Kluvanek (1967). “On vector measures,” Proc.
London Math. Soc. 17, 505-512.

Dixmier, J. (1969). Les algébres d’opérateurs dan [’espace Hilbertian
(Algebres de von Neumann). (2nd ed.), Gautier-Villar, Paris.

Doob, J.L. (1953). Stochastic Processes, Wiley and Sons, New York.

© 2005 by Taylor & Francis Group, LLC



References 459

(1963). “A ratio operator limit theorem,” Z. Wahrs. 1, 288
294.

Douglas, R.G. (1965). “Contractive projections in an L!-space,” Pa-
cific J. Math. 15, 443-462.

Dunford, N. and J.T. Schwartz (1958, 1963). Linear Operators, Parts
I and II, Wiley-Interscience, New York.

Dynkin, E.B. (1951). “Necessary and sufficient statistics for a family
of probability distributions,” Uspehi Math. Nauk (N.S.) 6,
(41), 68-90. (English Translation, AMS Translation (1961),
17-40).
(1961). Theory of Markov Processes, Prentice-Hall, Engle-
wood Cliffs, NJ (English Translation).

Edgar, G.A. and L. Sucheston (1992). Stopping Times and Directed
Processes, Cambridge University Press, New York.

Ennis, P. (1973). “On the equation E(E(X|Y)) = E(X),” Biometrika
60, 432 433.

Feller, W. (1960). An Introduction to Probability Theory and Its Ap-
plications, Vols. 1, II, Wiley and Sons, New York.

Fisher, R.A. (1922). “On the mathematical foundations of theoretical
statistics,” Roy. Soc. Phil. Trans., Ser A. 222, 309-368.

Frolik, Z. and J. Pachl (1973). “Pure measures,” Comment. Math.
Universitdat Carolinae 14, 279-293.

Ghosh, J.K., H. Morimoto and S. Yamada (1981). “Neyman factor-
ization and minimality of pairwise sufficient subfields,” Ann.
Statist. 9, 514-530.

Gilbert, J.P. and F. Mosteller (1966). “Recognizing the maximum of a
sequence,” J. Amer. Statist. Assoc. 61, 35-73.

Gleason, A.M. (1957). “Measures on closed subspaces of a Hilbert
space,” J. Math. Mech. 6, 885—-894.

Gnedenko, B.V. and A.N. Kolmogorov (1954). Limit Distributions
for Sums of Independent Random Variables, Addison-Wesley,

© 2005 by Taylor & Francis Group, LLC



460 References

Redding, MA (English Translation).

Gould, G.G. (1965). “Integration over vector valued measures,” Proc.
London Math. Soc. 15, 193-225.

Gretsky, N.E. (1968). “Representation theorems on Banach function
spaces,” Mem. Amer. Math. Soc. 84, 56 pp.

Gudder, S.P. and R.L. Hudson (1978). “A noncommutative probability
theory,” Trans. Amer. Math. Soc. 245, 1-41.

Guichardet, A. (1972). Symmetric Hilbert Spaces and Related Topics,
Springer Lect. Notes in Math.261, New York.

Halmos, P.R. and L.J. Savage (1949). “Application of Radon-Nikodym
theorem to the theory of sufficient statistics,” Ann. Math.
Statist. 20, 225-241.

Hausdorft, F. (1962). Set Theory (2nd ed.), Chelsea Publishing Co.,
New York.

Haydon, R. (1977). “Injective Banach lattices,” Math. Z. 156, 19-47.

Hayes, C.A. and C.Y. Pauc (1970). Derivation and Martingales, Springer-
Verlag, Berlin.

Hewitt, E. and L.J. Savage (1955). “Symmetric measures on cartesian
products,” Trans. Amer. Math. Soc. 80, 470-501.

Heyer, H. (1982). Theory of Statistical Experiments, Springer-Verlag,
New York.

Hiai, F., M. Ohya and M. Tsukada (1981). “Sufficiency, KMS condition
and relative entropy in von Neumann algebras,” Pacific J.
Math. 96, 99-109.
(1983). “Sufficiency and relative entropy in

*

-algebras with
applications in quantum systems,” Pacific J. Math. 107, 117—
140.

Hiai, F. and D. Petz (2000). The Semicircle Law, Free Random Vari-
ables and Entropy, Amer. Math. Soc., Providence, RI.

Hiai, F. and M. Tsukada (1984). “Strong martingale convergence of

generalized conditional expectations in von Neumann alge-

© 2005 by Taylor & Francis Group, LLC



References 461

bras,” Trans. Amer. Math. Soc. 282, 791-798.

(1987). “Generalized conditional expectations and martin-
gales in noncommutative LP-spaces,” J. Operator Theory 18,
265-288.

Hilbert, D. (1900). “Mathematical problems,” Bull. Amer. Math. Soc.
8 (1902), 437-479, (Translation).

Hunt, G.A. (1966). Martingales et Processus de Markov, Dunod, Paris.

Ionescu Tulcea, C.T. (1949). “Mesures dans les espaces produits,” Atti
Acad. Naz. Lincei Rend. el. Sci. Fis. Math. Nat (8) 7,
208-211.

Ionescu Tulcea, A. and C. Ionescu Tulcea (1964). “On the lifting
property IV: Disintegration of measures,” Ann. Inst. Fourier
Grenoble 14, 445-472.

(1969) Topics in the Theory of Lifting, Springer-Verlag, Berlin.

Jessen, B., J. Marcinkiewicz and A. Zygmund (1935). “Notes on the
differentiability of multiple integrals,” Fund. Math. 25, 217—
234.

Johnson, D.P. (1970). “Markov process representation of general sto-
chastic processes,” Proc. Amer. Math. Soc. 24, 735-738.
(1979). “Representation of general stochastic processes,” J.
Multivar. Anal. 9, 16-58.

Kac, M. and D. Slepian (1959). “Large excursions of Gaussian pro-
cesses,” Ann. Math. Soc. 30, 1215-1228.

Kakutani, S. (1941). “Concrete representations of abstract M-spaces,
(A characterization of the space of continuous functions),”
Ann. Math. 42, 994-1024.
(1944). “Two dimensional Brownian motion and harmonic
functions,” Proc. Imp. Acad., Tokyo 20, 706-714.
(1948). “On the equivalence of infinite product measures,”
Ann. Math. 49, 214-224.

Kallenberg, O. (1983). Random Measures, Academic Press, New York.

Kallianpur, G. (1959). “A note on perfect probability,” Ann. Math.

© 2005 by Taylor & Francis Group, LLC



462 References

Statist. 30, 169-172.

Kaminski, A. (1985). “On extensions of Rényi’s conditional probability
spaces,” Colloq. Math. 49, 267-294.

Kelley, J.L. and T.P. Srinivasan (1973). “On the Bochner integral,”
Proc. of Vector and Operator Valued Measures, Academic
Press, New York, 165-174.

Klee, V. (1960). “Mappings into normed linear spaces,” Fund. Math.,
49, 25-34.

Knapp, A.W. (1965). “Connection between Brownian motion and po-
tential theory,” J. Math. Anal. Appl. 12, 328-349.

Kolmogorov, A.N. (1930). “Untersuchungen uber den Integralbegriff,”
Math. Ann. 103, 654-696.
(1933). Foundations of Probability (2nd ed. 1955 translation)
Chelsea Publishing Co., New York.

Kraft, C. (1955). “Some conditions for consistency and uniform consis-
tency of statistical procedures,” Unwv. of Calif. Publ. Statist.
2, 125-142.

Kransnoselskii, M.A. and Ya.B. Rutickii (1958). Conver Functions
and Orlicz Spaces (English 1961), Noordhoff, Groningen, The
Netherlands.

Krauss, P.H. (1968). “Representation of conditional probability mea-
sures on Boolian algebras,” Acta Math. Acad. Sci. Hung. 9,
224-241.

Krylov, N.V. (1995). Introduction to the Theory of Diffusion Process,
Amer. Math. Soc., Providence, RI.

Kulakova, V.G. (1981). “Positive projections on symmetric K B-spaces,”
Proc. Steklov Inst. of Math. 155 (English translation 1983),
93-100.

Kunita, H. and T. Watanabe (1967). “Some theorems concerning resol-
vents over locally compact spaces,” Proc. 5th Berkeley Symp.
on Math. Statist. and Prob. 2, Part 11, 131-164.

© 2005 by Taylor & Francis Group, LLC



References 463

Kunze, R.A. (1959). “Lp-Fourier transforms on locally compact uni-
modular groups,” Trans. Amer. Math. Soc. 89, 519-540.

Kuo, H.H. (1975). Gaussian Measures on Banach Spaces, Springer
Lect. Notes in Math., No. 463.

Kupka, J. (1978). “The Caratheddory extension theorem for vector-
valued measures,” Proc. Amer. Math. Soc. 72, 57-62.

LeCam, L. (1986). Asymptotic Methods in Statistical Decision Theory,
Springer-Verlag, New York.

Lefschetz, S. (1942). Algebraic Topology, AMS Colloquium Publica-

tions, New York.

Lehmann, E.L. (1959). Testing Statistical Hypotheses, Wiley and Sons,
New York.

(1983). Theory of Estimation, Wiley and Sons, New York.

Linnik, Ju.V. (1965). “An application of a theorem of H. Cartan to
mathematical statistics,” Soviet Math. Dokl. 6, 291-293.

Liptser, R.S. and A.N. Shiryayev (2001). Statistics of Random Pro-
cesses, Vols. 1 and 2, Springer Verlag, New York.

Lloyd, S.P. (1966). “A mixing condition for extreme left invariant
means,” Trans. Amer. Math. Soc. 125, 461-48]1.
(1974). “Two lifting theorems,” Proc. Amer. Math. Soc. 42,
128-134.

Loeve, M. (1955). Probability Theory, (3rd ed. 1963) D. Van Nostrand
Co., Princeton, NJ.

Losert, V. (1979). “A measure space without the strong lifting prop-
erty,” Math. Ann. 239, 119-128.

Luschgy, H. and D. Mussmann (1985). “Equivalent properties and
completion of statistical experiments,” Sankhya, Ser A. 47,
176-195.

Maassen, H. (1992). ¢“Addition of freely independent random vari-
ables,” J. Funct. Anal. 106, 409-438.

© 2005 by Taylor & Francis Group, LLC



464 References

Mallory, D.J. and M. Sion (1971). “Limits of inverse systems of mea-
sures,” Ann. Inst. Fourier, Grenoble, 21, 25-57.

Maynard, H.B. (1972). “A Radon-Nikodym theorem for operator val-
ued measures,” Trans. Amer. Math. Soc. 173, 449-463.
(1973). “A general Radon-Nikodym theorem,” Proc. of Vec-

tor and Operator Valued Measures, Academic Press, New York,
233-246.

Marczewski, E. (1953). “On perfect measures,” Fund. Math. 40, 113—
124.

Markov, A.A. (1906). Calculus of Probability (in Russian) (4th ed.
1924), Moscow.

McShane, E.J. (1962). “Families of measures and representations of
algebras of operators,” Trans. Amer. Math. Soc. 102, 328-
345.

Meyer, P.-A. (1966). Probability and Potentials, Blaisdell Publishing
Co., Waltham, MA.
(1995). Quantum Probability for Probabilists, Lecture Notes
in Math.(2nd ed.), Springer, New York.

Millington, H. and M. Sion (1973). “Inverse systems of group-valued
measures,” Pacific J. Math. 44, 637-650.

Montgomery, D. and L. Zippin (1955). Topological Transformation
Groups, Interscience Publishers, New York.

Moy, S.-C. (1954). “Characterizations of conditional expectation as a
transformation on function spaces,” Pacific J. Math. 4, 47—
64.

Muratov, M.A. (1978). “Noncommutative Orlicz spaces,” Doklady
Acad. Nauk. Uz SSR 6, 11-13.

Nelson, E. (1974). “Notes on non-commutative integration,” J. Funct.
Anal. 15, 103-116.

Neuts, M.P. (1973). Probability, Allyn and Bacon, Boston, MA.

Olson, M.P. (1965). “A characterization of conditional probability,”

© 2005 by Taylor & Francis Group, LLC



References 465

Pacific J. Math. 15, 971-983.

Ornstein, D.S. (1968). “On the pointwise behavior of iterates of a
self-adjoint operator,” J. Math. Mech. 18, 473-478.

Pachl, J. (1975). “Every weakly compact probability in compact,” Bull.
Acad. Pol. Sci. Mat. 23, 401-405.

Padmanabhan, A.R. (1967). “Convergence in measure and related re-
sults in finite rings of operators,” Trans. Amer. Math. Soc.
128, 359-378.

Parthasarathy, K.R. (1967). Probability Measures on Metric Spaces,
Academic Press, New York.
(1992). An Introduction to Quantum Stochastic Calculus, Birk-
hauser, Boston, MA.

Parzen, E. (1954). “On uniform convergence of families of sequences of
random variables,” Univ. Calif. Publ. in Statist. 2, 23-54.

Pedersen, G.K. (1979). C*-Algebras and their Automorphism Groups,
Academic Press, New York.

Pfanzagl, J. (1978). “Conditional distributions as derivatives,” Ann.
Prob. 7, 1046-1050.

Phillips, R.S. (1943). “On weakly compact subsets of a Banach space,”
Amer. J. Math. 65, 108-136.

Pitcher, T.S. (1957). “Sets of measures not admitting necessary and
sufficient statistics or subfields,” Ann. Math. Statist. 28,
267-268.

(1965). “A more general property than domination for sets of
probability measures,” Pacific J. Math. 15, 597-611.

Ramachandran, D. (1981). “A note on regular conditional probabilities
in Doob’s sense,” Ann. Prob. 9, 907-908.

Ramamoorthi, R.V. and S. Yamada (1983). “On union of compact
statistical structures,” Osaka J. Math. 20, 257-264.

Rao, M.M. (1965). “Conditional expectations and closed projections,”
Indag. Math. 27, 100-112.

© 2005 by Taylor & Francis Group, LLC



466 References

(1967). “Abstract Lebesgue-Radon-Nikodym theorems,” Ann.
Mat. Pura ed Appli. (4), 76, 107-132.

(1969). “Stone-Weierstrass theorems for function spaces,” J.
Math. Anal. Appl. 25, 362-371.

(1970a). “Projective limits of probability spaces,” J. Multivar.
Anal. 1, 28-57.

(1970b). “Generalized martingales,” in Contributions to Er-
godic theory and Probability, Springer Lect. Notes in Math.
160, 241-261.

(1970c). “Linear operations, tensor products, and contractive
projections in function spaces,” Studia Math. 38, 133-186,
Addendum, ibid, 48, 307-308.

(1971). “Approximately tame algebras of operators,” Bull. de
I’Acad. Polon. Sci. Math., astr. et Phys. 19, 43-47.

(1973). “Remarks on a Radon-Nikodym theorem for vector
measures,” Proc. of Vector and Operator Valued Measures
and Applications, Academic Press, New York, 303-317.
(1974). “Inference in stochastic process -IV: Predictions and
projections,” Sankhya, Ser A. 36, 63—120.

(1975). “Conditional measures and operators,” J. Multivar.
Anal. 5, 330-413.

(1976). “Two characterizations of conditional probability,”
Proc. Amer. Math. Soc. 59, 75-80.

(1977). “Conjugate series, convergence, and martingales,”
Rev. Roum. Math. Pures et Appl. 22, 219-254.

(1979a). Stochastic Processes and Integration, Sijthoff and
Noordhoff, Alphen aan den Rijn, The Netherlands.

(1979b). “Bistochastic operators,” Comment. Math. 21, 301—
313.

(1981). Foundations of Stochastic Analysis, Academic Press,
New York.

(1984, 2003). “Probability,” Encylopedia of Physical Science
and Tech., 11, Academic Press, 289-309 (expanded for 3rd
edition), 87-109.

(1984). Probability Theory with Applications, Academic Press,
New York.

(1987). Measure Theory and Integration, Wiley-Interscience,

© 2005 by Taylor & Francis Group, LLC



References 467

New York, Second edition, Revised and enlarged, (2004), Mar-
cel Dekker Inc., New York.

(1988). “Paradoxes in conditional probability,” J. Multivar.
Anal. 27, 434-446.

(1993). “Exact evaluation of conditional expectations in the
Kolmogorov model,” Indian J. Math. 35, 57-70.

(1995). Stochastic Processes: General Theory, Kluwer Aca-
demic, Dordrecht, Netherlands.

(2000) Stochastic Processes: Inference Theory, Kluwer Aca-
demic, Dordrecht, Netherlands.

(2001). “Representations of conditional means,” Georgian
Math. J. 8, 363-376.

(2003). “Commentary on “A unified theory for ergodic and
martingale theorems,” Selecta of G.-C. Rota on Analysis and
Probability, (Eds. J. Dhombres, J.P.S. Kung and N. Starr),
Birkhauser, Boston, 205-211.

Rao, M.M. and Z.D. Ren (1991). Theory of Orlicz Spaces, Marcel
Dekker, Inc., New York.

Rao, M.M. and V.V. Sazonov (1993). “A projective limit theorem for
probability spaces and applications,” Theor. Prob. Appl. 38,
307-315.

Ray, D.B. (1959). “Resolvents, transition functions, and strongly Mar-
kovian processes,” Ann. Math. 70, 43—78.

Reiter, H. (1968). Classical Harmonic Analysis and Locally Compact
Groups, Oxford Math. Monographs, Oxford, UK.

Rényi, A. (1955). “On a new axiomatic theory of probability,” Acta
Math. Acad. Sci. Hung. 6, 285-335.
(1956). “On conditional probability spaces generated by a
dimensionally ordered set of measures,” Theor. Prob. Appl.
1, 55-64.
(1970). Foundations of Probability, Holden-Day, San Fran-
cisco, CA.

Revuz, D. and M. Yor (1991). Continuous Martingales and Brownian
Motion, Springer-Verlag, New York.

© 2005 by Taylor & Francis Group, LLC



468 References

Rice, S.0. (1958). “Distribution of the duration of fades in radio trans-
mission: Gaussian noise model,” Bell System Tech. J. 37,
581-635.

Rieffel, M.A. (1968). “The Radon-Nikodym theorem for the Bochner
integral,” Trans. Amer. Math. Soc. 131, 466—487.

Romanovski, P. (1941). “Integrale de Denjoy dans les espaces ab-
straits,” Recueil Mat. (Mat. Sbornik) NS. 9 (51), 67-120.

Rosenberg, R.L. (1968). “Compactness in Orlicz spaces based on sets
of probability measures,” Unpublished Ph.D. thesis, Carnegie-
Mellon University.
(1970). “Orlicz spaces based on families of measures,” Studia
Math. 35, 15-49.

Rota, G.-C. (1960). “On the representation of averaging operators,”
Rend. Seminario Mat. Univ. Padova, 30, 52—64.
(1962). “An ‘alternierende verfahren’ for positive operators,”
Bull. Amer. Math. Soc. 68, 95-102.
(1964). “Reynolds operators,” Proc. Symp. Appl. Math.
(Amer. Math. Soc.) 16, 70-83.

Ryll-Nardzewski, C. (1953). “On compact measures,” Fund. Math.
40, 125-130.

Sakai, S. (1971). C*-Algebras and W*-Algebras, Springer-Verlag, New
York.

Saks, S. (1935). “On the strong derivations of functions of an interval,”
Fund. Math. 25, 235-252.

Sard, A. (1948). “Integral representations of reminders,” Duke Math.
J. 15, 333-345.

(1963). Linear Approxzimation, Amer. Math. Soc. Surveys,
9, Providence, RI.

Sazonov, V.V. (1962). “On perfect measures,” Izv. Akad. Nauk SSSR,
Ser. Mat. 26, 391-414 (Translation AMS (2) 48, 229-254.)

Schwartz, L. (1973). “Surmartingales régulieres a values mesures et
désintégrations régulieres d’une mesure,” J. d’ Analyse Math.

© 2005 by Taylor & Francis Group, LLC



References 469

26, 1-168.

Seever, G.L. (1966). “Nonnegative projections on Cy(X),” Pacific J.
Math. 17, 159-166.

Segal, I.E. (1953). “A noncommutative extension of abstract integra-
tion,” Ann. Math. 57, 401-457, Correction, ibid 58, 595-596.

Sidék, Z. (1957). “On relations between strict sense and wide sense
conditional expectations,” it Theor. Prob. Appl. 2, 283-288.

Shiryayev, A.N. (1978). Optimal Stopping Rules, Springer-Verlag, New
York (English Translation).

Soloman, D.W. (1969). “Denjoy integration in abstract spaces,” Mem.
Amer. Math. Soc. 85, 69 pp.

Starr, N. (1966). “Operator limit theorems,” Trans. Amer. Math. Soc.
121, 90-115.

Stinespring, W.F. (1959). “Integration theorems for gages and duality
for unimodular groups,” Trans. Amer. Math. Soc. 90, 15-56.

Stroock, D.W. and S.R.S. Varadhan (1979). Multidimensional Diffu-

sion Processes, Springer-Verlag, New York.

Takesaki, M. (1972). “Conditional expectations in von Neumann alge-
bras,” J. Functional Anal. 9, 306-321.
(1983). Structure of Factors and Automorphism Groups, CBMS
and AMS, No. 51, Providence, RI.

Tjur, T. (1974). Conditional Probability Distributions, Lect. Notes 2,
Institute of Statistics, Univ. of Copenhagen, Denmark.
(1980). Probability Based on Radon Measures, J. Wiley and
Sons, New York.

Tsukada, M. (1983). “Strong convergence of martingales in von Neu-
mann algebras,” Proc. Amer. Math. Soc. 88, 537-540.
(1985). “The strong limit of von Neumann subalgebras with
conditional expectations,” Proc. Amer. Math. Soc. 94, 259—
264.

Tamiyama, J. (1957-59). “On projection of norm one in W*-algebras,”

© 2005 by Taylor & Francis Group, LLC



470 References

I, Proc. Japan Acad. 33, 608-612; II Tohoku Math. J. 10,
204-209; I1I ibid, 11, 125-129.

Umegaki, H. (1954-62). “Conditional expectation in an operator alge-
bra,” I, Tohoku math. J. 2, 177-181; 11, wbid 8, 86—-100; III,
Kodai Math. Sem. Rep. 11, 51-74; IV, ibid 14, 59-85.

Voiculescu, D.V. (1986). “Addition of certain non-commuting random
variables,” J. Funct. Anal. 66, 323-346.
(1991). “Limit laws for random matricas and free products,”
Invent. Math. 104. 201-220.

von Neumann, J. (1938). “On infinite direct products,” Comositio
Math. 6, 1-77.

Whitney, H. (1957). Geometric Integration Theory, Princeton Univ.

Press, Princeton, N. J.

Wright, J.D.M. (1968). “Applications to averaging operators of the
theory of Stone algebra valued modular measures,” Quarterly
J. Math. (Ozford) (2) 19, 321-332.
(1969a). “Stone algebra valued measures and integration,”
Proc. London Math. Soc. 29, 107-122.
(1969b). “Martingale convergence theorems for sequences of
Stone algebras,” Proc. Glasgow Math. Soc. 10, 77-83.
(1969c). “A Radon-Nikodym theorem for Stone algebra val-
ued measures,” Trans. Amer. Math. Soc. 139, 75-94.

Wulbert, D.E. (1969). “Averaging projections,” Ill. J. Math. 13, 689
693.

Yeh, J. (1974). “Inversion of conditional expectations,” Pacific J.
Math. 52, 631-640.
(1975). “Inversion of conditional Wiener integrals,” Pacifif.
J. Math. 59, 623-638.

Zaanen, A.C. (1967). Integration (2nd ed.), North-Holland Publishing
Co., Amsterdam, The Netherlands.

Zabell, S. (1979). “Continuous versions of regular conditional distribu-
tions,” Ann. Prob. 7, 157-165.

© 2005 by Taylor & Francis Group, LLC



Notations

R(C) = real (complex) number field.

CBS = (Cauchy-Bunyakovskii-Schwarz) inequality
Ac=Q—- A5

(A, *, ), 414

A’ C B(H), 411
A=Q, - An, 422
Ag(v), 256

B(H), 410

B(I), 188
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C.(), 149

£,(M), 205
Es(0, M), 207
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471

© 2005 by Taylor & Francis Group, LLC



Xas O
®Z>1 Hy, 422
ID(x), ID(8), 437
Lh(n), 227
lim (€2, hij), 293
LP(M), 213
LP(A, 1), 413
L1(S,S,v), 147
M(),N (), 212
M, 237
MPr, 250
M), 277
M(S,S), 147
fay B fiq,, 431
pi1 X pup, 441
pu(P) =tr(S,P), 421
N(0,02), 168 172
v << u, 81
v1 Lo, 262
N§ (), 207
Qu, 143
(2,3, ), 337
P(- \B), 4
Pg(-) = (P|B)(: )
PB(-) = P(|B), 2
P(A|BP), 117
P(A|X) = P°X)(A), 350
II =uTu"t, 409

dp®
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jj}B — g, 269
de
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Notations

m(A)¢, 415
gxq=q*q" =qxq"*, 369
Ry sy, 378

R, 163

R,(2), 435, 436
X(B), 5

supp, 147

TnA, 412

Tu(-), 315

T, 412
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T(E((A, 00))), 412
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