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Preface

Most of the papers compiled in this volume have been published in Uspekhi
Matematicheskikh Nauk and translated into English in the Russian Mathe-
matical Surveys. The core consists of the series [IV], [V], [VI], [VII]
presenting a new approach to Markov processes (especially to the Martin
boundary theory and the theory of duality) with the following distinctive
features:

1. The general non-homogeneous theory precedes the homogeneous one.
This is natural because non-homogeneous Markov processes are invariant with
respect to all monotone transformations of time scale — a property which is
destroyed in the homogeneous case by the introduction of an additional
structure: a one-parameter semi-group of shifts. In homogeneous theory, the
probabilistic picture is often obscured by the technique of Laplace transforms.

2. All the theory is invariant with respect to time reversion. We consider
processes with random birth and death times and we use on equal téerms the
forward and backward transition probabilities, i.e., the conditional probability
distributions of the future after # and of the past before ¢ given the state at
time ¢. (This is an alternative to introducing a pair of processes in duality
defined on different sample spaces.)

3. The regularity properties of a process are formulated not in topological
terms but in terms of behaviour of certain real-valued functions along almost
all paths. Specifying a countable family of the base functions, we introduce
a topology in the state space such that almost all paths have certain continuity
properties. However this can be done in many different ways with different
exceptional sets of paths. It is reminiscent of the situation with coordinate
systems: there exist many of them and we have no reason to prefer any special
one.

Two recent papers [VII] and [VIII] are closely related to the main series.

An earlier article [I] (its title is used as the title of the volume) presents the
state of the theory of Markov processes in 1959. At this time the theory was in
the process of extensive development and Markov processes attracted
researchers around the world. The article is a report on the work done by a
group of young mathematicians at Moscow University (almost all of them were
in their twenties). A number of open problems and prospective directions have
been mentioned in the article. Two of them: additive functionals of Markov



Preface

processes and applications of Ito’s stochastic differential equations to partial
differential equations — became a major area of research in subsequent years.
Three years later the progress was reported in monograph [1].

The boundary theory of Markov processes is one of the principal subjects of
the volume. In [II] a boundary value problem with a directional derivative for
the Laplace equation is studied. At that time the general theory had not been
sufficiently developed and the first sections of [II] are devoted to adjustment
of Martin’s method.

A general boundary theory is presented in [IV] and [V]. It is based on a
theorem concerning the decomposition of certain classes of measures into
extreme elements. An improved version of this theorem with applications to a
number of other problems is contained in [VIII]. The key role is played by a
special type of sufficient statistics. Under minimal assumptions on a transition
function, the corresponding entrance and exit spaces are evaluated in [I1X]
using a combination of the boundary theory and the ergodic theory.

The relation of the general boundary theory to Hunt’s boundary theory for
Markov chains can be easily seen in an earlier paper [III]. The main difference
is in the way a Markov chain (X,, P) with given transition probabilities is
associated with an excessive measure u. In Hunt’s theory u(x) is the expected
number of hittings x by X, during the life interval [«, 8]. In our approach
u(x)=Pla<t X, =x, t <P} This modification makes possible the generali-
zation presented in [IV] and [V].

Papers [VI] and [VII] are devoted to the problem of constructing Markov
processes whose paths have certain regularity properties. The class of regular
processes investigated in [VI] is close to the class of right processes introduced
by Meyer and studied by Getoor [4]. The theory of Markov representations of
stochastic systems developed in [VII] presents an alternative to the classical
theory of duality due to Hunt, Kunita, Watanabe, Getoor, Sharp and others.
The relation between both theories is discussed in [2]. Additive functionals of
stochastic systems have been studied in [3]. Interesting results in spirit of
[VII] have been obtained by Kuznecov [5], [6], [7], [8], and [9] and Mitro
[10], [11].

For this edition the author has revised the entire text of the English
translations. A few slips in the originals (some of them noticed by Kuznecov)
have also been corrected.
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1. The intimate connection between Markov processes and problems in
analysis has been apparent ever since the theory of the former began to
develop. It is not without reason that A. N. Kolmogorov’s paper [39] (Russian
translation [38]) of 1931, which is of fundamental importance in this domain,
was entitled “On analytical methods in probability theory”. The investigation
of these connections also forms, to a large extent, the subject matter of
A. Ya. Khinchin’s book of 1933 on “Asymptotic laws of the theory of
probability” [52] (Russian translation [51]).

In the fifties, and more particularly during the last five years, the theory of
Markov processes entered a new period of intense growth. If previously the
connections between probability theory and analysis were somewhat one-sided,
probability theory applying results and methods of analysis, now the opposite
tendency increasingly asserts itself, and probabilistic methods are applied to the
solution of problems of analysis. Methods belonging to the theory of
probability not only suggest a heuristic approach, but also, in many cases, yield
rigourous proofs of analytic results. Applications of the methods of the theory

1 This paper is an expanded version of a survey read by the author at a meeting of the Moscow Mathe-
matical Society held on October 20th, 1959, and devoted to the activities of the seminar directed by
E. B. Dynkin at the University of Moscow.



2 E. B. Dynkin

of semigroups of linear operators have led to far-reaching advances in the
classification of wide classes of Markov processes. New and deep connections
between the theory of Markov processes and potential theory have been
discovered. The foundations of the theory have been critically re-examined; the
new concept of a strongly Markovian process has acquired a crucial importance
in the whole theory of Markov processes. Intensive research on these lines is
being done in the whole world, attracting many distinguished mathematicians:
Feller, Doob, Hunt, Ray, Chung, Kac, and many others in the U.S.A.; Ito,
Yosida, Maruyama, and their disciples in Japan; Kendall, Reuter, and others in
England; Fortet in France. Soviet mathematicians are also taking an active part
in this creative competition. A group of mathematicians cultivating the new
approach in the theory of Markov processes is gathered in the seminar led by
the present author at the University of Moscow. This survey covers the most
important results obtained by members of the seminar from the academic year
1955—56 onwards, particular attention being paid to the latest results obtained
during the last couple of years. Naturally, the work done by foreign mathe-
maticians on the subjects studied by the seminar will also be discussed;
however, in this respect, the survey cannot claim to be complete.

A short account of the indispensable general concepts of the theory of
Markov processes is given in § 1. A survey of the main lines of investigation
followed by the seminar is given in §2—7. The concluding §8 contains
information about the membership of the seminar and its history.

§1. Introduction

2. What is a Markov process? We shall begin with an important class of
Markov processes, called diffusion processes, which describe a physical
phenomenon known as Brownian motion. It is well known that particles of
dye-stuff immersed in a liquid move chaotically, changing the direction of their
motion all the time. This movement is due to collisions of the particles with
molecules of the liquid. The first mathematical theory of Brownian motion was
created by Einstein and Smoluchowski. In a contemporary form, due to
A. N. Kolmogorov, this theory is shaped as follows: the main mathematical
entity is a function P(¢, x, I'), which represents the probability of a particle
being in the set I' after a length of time ¢ from a moment when it was at the
point x. Concerning the properties of this function, some assumptions are made
from which it follows that

P, z.T)= Sp(t. z, y) dy.

where p(#, x, y) is the fundamental solution of the parabolic equation

J 92 o p
ar =D a0 5a+ Dbz (1)



Markov processes and related problems in analysis 3

This result makes it possible to apply the theory of differential equations to the
solution of a variety of important problems on Brownian motion. On the other
hand, many other, not less important, questions do not fit into this theory. For
instance, one may want to know how quickly particles of dyestuff will be
deposited on an absorbing screen; but it is impossible to solve this problem by
means of the function P(¢, x, I') without making additional assumptions.

3. A more complete mathematical model of Brownian motion should give an
account not only of probabilities involving one moment of time, but also of
those which involve the whole course of the process; the whole trajectory x,
should be the object of the theory. The random character of the motion is
expressed mathematically by the assumption that x, = x,(w), where w is an
element of the set §2, which is “‘the space of elementary events” on which a
system of probabilistic measures P, is given. The sets A on which P, (4) is
defined are described as events associated with the process, and the value of
P, (A) is interpreted as the probability of the event A under the condition that
the motion began at the point x. In particular, one of the events associated
with the process is { x, € ' }. The probability P, { x, €T} = P(z, x, ') is called
the transition function of the process; whereas in the first model it was
regarded as the only mathematical characteristic of the model, it now occupies
a subordinate position.

The mathematical entity we have arrived at is precisely a Markov process in
the modern sense. It is a pair (x,, P, ), where x, = x,(w) is a function of r 20
and of w € §2, and P, is a system of probability measures in the space §2. The
phase space to which the values of x, belong is, in the case of Brownian
motion, a domain of the three-dimensional space. In general, however, it is an
arbitrary set F for which a system of ‘‘measurable subsets’’ has been defined.
One essential condition has to be satisfied by the function x, and the measure
P, : it is the Markovian principle that the future should be independent of the
past when the present is known. More precisely, given the value of x,, prospects
of the future motion of the particle should not depend on its movement before
the instant ¢.

4. The general scheme connecting Markov processes with analysis is based on
the concept of a shift of a function defined over the phase space. The value of ¢
being arbitrarily fixed, let f(x) be a measurable function over the phase space.
Then f(x,) is well defined over £2; the integral of this function with respect to
the measure P, is precisely the value of the shifted function at the point x.
Thus

T f(z)=MJ(z)= i P(t, z, dy) [ (9).

where P(t, x, ') is the transition function. The shift of a function is a linear
operator. The Markovian principle implies T, T, = T , ,(s, t 2 0), so that the
operators T, form a semigroup. Consider now the “operator of an infinitely
small shift”.



4 E. B. Dynkin

A/(z):lin(u)ﬂ'—‘f’l"—“”. o3
-

This operator is called the infinitesimal operator of the Markov process. If Af
is defined, T,f is the solution of the equation

ou

which satisfies the initial condition u(0, x) = f(x).
For the diffusion process (which describes Brownian motion), the
infinitesimal operator is given by’

A= 3,0 (0) 5o+ Do) 2L ©

(for every x, the numbers aii(x) form a positive semi-definite matrix). In this
case, (3) is essentially equivalent to (1).

In general, the transition function of a process can be regarded as the funda-
mental solution of equation (3). But having at our disposal a system of
measures P, allows us to create, within the framework of our theory, a much
greater variety of constructions and transformations than that which would be
possible within the pure theory of differential equations. For instance, in the
formula defining the shift operator T, one can replace the constant ¢ by a
random time 7. The operators T, can no longer be expressed in terms of the
transition function. Furthermore, by means of such operators, one can express,
for instance, the solution of Dirichlet’s problem for an arbitrary elliptic
equation in an arbitrary domain.

§2. General problems in the theory of Markov processes

5. These problems concern the foundations of the theory of Markov
processes and have mostly a set-theoretical character. I shall briefly discuss
three problems of this kind.

The first concerns the nature of the trajectories of the process. Consider, for
instance, a diffusion process whose infinitesimal operator is defined by (4). Are
all the trajectories of the process continuous? This question is of crucial impor-
tance not only in the study of Brownian motion, but also in the qualitative
solution of any analytical problem connected with the differential operator (4).
What is the answer to this question? In the first place, the question is not quite
correctly stated. The point is that the set of trajectories is not uniquely defined
by the infinitesimal operator or by the transition function. Therefore, a more

1 Strictly speaking, the operator 4 is given by (4) for all functions with continuous partial derivatives up
the second order. However, its domain contains some less regular functions as well. Thus the
infinitesimal operator is an extension of (4).
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correct statement of the question would be this: is there a Markov process
admitting an infinitesimal operator (4), and such that all its trajectories are
continuous? The answer is “Yes”. In the theory of Markov processes, a dif-
fusion process is always understood to be one admitting an operator (4), and
having the property that all its trajectories are continuous. Such a process with
continuous trajectories is essentially defined by the operator 4.

A general criterion allowing one to decide to which transition functions
there correspond Markov processes with continuous trajectories was given by
E. B. Dynkin in 1952 [35]. A little later it was found independently by Kinney
[82]. The condition is very simple; however, it is only sufficient, and not
necessary. In 1957, L. V. Seregin [43] deduced another, slightly more compli-
cated, but stronger, criterion which, in a wide class of cases, is not only
sufficient, but also necessary for the continuity of the trajectories.

On the basis of the Dynkin—Kinney criterion, a simple sufficient condition
for the continuity of the trajectories can be given in terms of the infinitesimal
operator. The essential part of this condition requires that the operator should
have a local character, i.e. that Af(x,) should not vary when the function is
modified outside a neighbourhood of x,. Clearly, this condition is satisfied by
all differential operators. Hence one can obtain the proposition previously
mentioned about the continuity of the trajectories of diffusion processes. In
papers by Dynkin, Kinney, and Seregin, beside conditions for the continuity of
the trajectories of a process, conditions are also deduced for their continuity to
the right, and for their having no discontinuities of the second kind. With res-
pect to the trajectories of a special class of Markov processes, very subtle
conditions for their continuity to the right were found by A. A. Yushkevich
[571, [58].

6. A second problem arising in the theory of Markov processes concerns the
domain of validity of the Markovian principle of the future being independent
of the past when the present is known.

Decompose a trajectory of the process into two parts: up to the time 7
when a set I is first reached, and after this time. Assume that x, is known. Is
the knowledge of the trajectory before the time 7 relevant to the prediction of
the motion after the time 7?7 Physical intuition requires a negative answer. How-
ever, such an answer does not follow from the definition of a Markov process,
since this definition involves a fixed time ¢, and not a random time 7. We des-
cribe as strongly Markovian those Markov processes for which the principle that
the future should be independent of the past when the present is known applies
not only to a fixed time, but also to a well-defined class of random times 7.

The first paper in which the strongly Markovian property of some processes
was rigourously stated and proved was written by J. L. Doob [64]; it contained
a discussion of a special class of Markov processes with denumerable phase
spaces. More general processes with denumerable sets of states were
investigated from this view point by A. A. Yushkevich [56] in 1953.
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The study of strongly Markovian processes as a class in its own right was
initiated in papers by E. B. Dynkin [22], [23], [26] and E. B. Dynkin and
A. A. Yushkevich [36]! in 1955—56. Dynkin showed that, starting from the
strongly Markovian property, and imposing definite conditions of continuity
on the trajectories of the processes, one can compute their infinitesimal
operators. In their joint paper, Dynkin and Yushkevich were the first to give a
general definition of a strongly Markovian process; they constructed examples
of Markov processes which are not strongly Markovian, and deduced sufficient
conditions for a Markov process to be strongly Markovian.

These conditions require that, in an appropriate topology, all the trajectories
should be continuous to the right and that shift operators should transform
continuous bounded functions into continuous functions. It is easily seen that
diffusion processes satisfy both these conditions, and, therefore, are strongly
Markovian.

The strongly Markovian property was further analyzed in a succession of
papers (A. A. Yushkevich [57], [59], R. Blumenthal [60], E. B. Dynkin [27],
G. Maruyama [84], P. Lévy [83], D. Ray [87]) which appeared during the last
three years. In his very interesting paper, D. Ray showed that under quite gen-
eral assumptions it is possible to extend the phase space of a Markov process in
such a way as to make the process strongly Markovian.

The basic results concerning strongly Markovian processes, as well as the
essential criteria for the continuity of trajectories, are discussed in E. B.
Dynkin’s monograph {33].

7. The third set-theoretical problem which I wish to mention concerns the
introduction of an intrinsic topology in the phase space. Topology plays no
part in the definition of a Markov process. The phase space F is an arbitrary
abstract set in which a system of measurable subsets has been singled out. How-
ever, we have seen that the study of Markov processes requires the introduction
of some kind of topology in the phase space. In 1959, E. B. Dynkin [31] pro-
posed the following definition of an intrinsic topology: The set I' is called open
if, for every x € I' a trajectory starting from x remains in I'" for a positive length
of time with probability 12. Interesting properties of the intrinsic topology have
been proved for standard processes, a wide class of processes which includes all
processes important for applications, in particular, all diffusions. For such pro-
cesses it is shown that a point x belongs to the intrinsic closure of a set I' if, and
only if, a particle starting from x visits I" with probability 1 during an arbitrarily
short time interval. A function f(x) is continuous in the intrinsic topology if,
and only if, with probability 1, f(x,), regarded as a function of ¢, is continuous to
the right; the last result is due to I. V. Girsanov [15].

1 The year 1956 also brought three American papers (Hunt [78], Chung [62], Ray [86]) investigating
independently of Yushkevich and Dynkin, various forms of the strongly Markovian property for some
special classes of Markov processes.

In the case of Brownian motion, which corresponds to Laplace’s operator, this topology coincides with
the topology that was previously investigated by H. Cartan [61] and J. L. Doob [65], [66].
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I. V. Girsanov [15] and M. G. Shur [54] proved that the continuity of a
function f(x) in the intrinsic topology is invariant with respect to shifts. The
condition that shifts should transform every continuous function into a con-
tinuous function plays a very important part in the theory of Markov processes;
we have seen that it is one of a set of two conditions which are sufficient to en-
sure the strongly Markovian character of a Markov process. Roughly speaking,
this condition means that trajectories starting from neighbouring points behave
in a similar way. The part played by this condition was first pointed out by
W. Feller, and this is why processes satisfying it are described as Fellerian. By
proving that, in the intrinsic topology, every standard process is Fellerian, Shur
and Girsanov obtained a result of fundamental interest.

The intrinsic topology is by no means the only interesting topology for the
theory of Markov processes. In particular, I. V. Girsanov [15] proposed an
interesting definition of a uniform structure connected with a process. For
Brownian motion, this structure is induced by the usual Euclidean metric.

§3. The form of an infinitesimal operator.
Generalized diffusion processes

8. Which operators are infinitesimal operators of Markov processes? This
question is of crucial importance in the theory of Markov processes, because,
under very general assumptions, the transition function can be built up from
the infinitesimal operator in a unique way (see [25]), and the knowledge of the
transition function allows one to obtain some insight into the whole class of
processes corresponding to this function. On the other hand, the answer to the
same question affects the analyst too, since it tells him which operators are
susceptible of treatment by probabilistic methods.

An important tool for the investigation of the forms of differential operators
is supplied by a general theorem due to E. B. Dynkin [22], [26]. Its statement
is expressed by the formula

T, /@ =@
Myy

Af(z):tljiill (%)

Here U is a neighbourhood of x, and 7 the time of the first exit from U; the
passage to the limit takes place when U is contracted into x.

One notices the analogy between this formula and formula (2), which
defines the infinitesimal operator. However, despite the outward similarity of
these two formulae, the passage from one of them to the other is far from
trivial. In this passage, essential use is made of the fact that the process in
question is strongly Markovian and continuous to the right. Strictly speaking,
the basic theorem, as stated above, applies only to Fellerian processes, but in a
slightly different form it can be extended to non-Fellerian processes as well.

The main term in the right-hand side of (5) can be expressed as follows:
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Teyf (2) = M, f 1z sl =  F ) 1L, (),
E

where II, denotes the probability function of the point reached by the particle
at the time of its exit from U. If the process is continuous, this probability is
concentrated on the boundary of U. In this case, the recipe, given by (5), for
obtaining the infinitesimal operator A is strongly reminiscent of the well-
known recipe for obtaining the Laplace operator from the operator of averag-
ing over a sphere; the only difference lies in the fact that in the general case the
mean is taken with respect to a non-uniform measure, instead of the uniform
measure used for the Laplace operator. It is natural to describe any operator
obtainable by means of such a recipe as a generalized second-order elliptic dif-
ferential operator. The adoption of this term is further justified by the fact that
such operators have many of the properties of conventional elliptic operators,
and also by the fact that if, in a domain, the limit in the right-hand side of (5)
exists for functions giving coordinates and pairwise products of coordinates,
then, for any twice differentiable function, this limit can be expressed by a
conventional (possibly degenerate) elliptic differential operator.

Thus, if a Fellerian process is continuous, its infinitesimal operator is a gener-
alized second-order elliptic differential operator. In this sense, any continuous
Fellerian process can be regarded as a generalized diffusion process.

9. The contention that any Fellerian process with continuous trajectories is
a generalized diffusion process is further strengthened in the case of processes
on the straight line.

In this case the differential operator is found to be a generalized second
derivative

Af(z)=D,D, (z), (6)

where D, f is the derivative with respect to the function u, i.e. the limit of the
ratio of the increment of f to that of u. In this formula, © and v are arbitrary
increasing functions; ¥ must be continuous (v can be discontinuous). If ¥ and v
are twice differentiable, the operator (6) can be expressed in the form of

2,
Af@=a@ oL+ L, )
so that we are confronted with an ordinary diffusion process. It can be said
that the general continuous one-dimensional process given by (6) is a dif-
fusion process for which the coefficients a(x) and b(x) are (in a certain sense)
generalized functions.

Formula (6) is an easy consequence of (5), but it was first obtained by
W. Feller ([73], see also [77]) by an entirely different, purely analytical

method. Feller’s remarkable contribution provided one of the main stimuli for
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the development of the theory of Markov processes in the last few years.

10. Recently, a series of results was obtained concerning the properties of
continuous processes corresponding to operators given by (6). In particular,
A. D. Venttsel’ [5] proved that the transition function of such a process can be
expressed in the form

P(t,z,T)= Sp (t, z, y)du(y),

where p(t, x, ¥) = p(t, ¥, x) is the fundamental solution of the equation

a
5 =D,D,p.

An important step forward was also made by A. D. Venttsel’ [4] in connect-
ion with another question, which was investigated in an outstanding paper by
I. G. Petrovskii [41] as early as the thirties. The probabilistic meaning of the
problem is this: to find the order of magnitude of the greatest deviation, from
the initial position x, of the moving particle during a time ¢ with ¢ = 0. By
means of a suitable transformation of the x axis, the general case can be
reduced to that of u(x) = x (in which case b(x) = 0). I. G. Petrovskii gave a

complete solution of the problem for the process corresponding to the operator
2

d;dz . It is easy to show that with any coefficient a(x), behaving in a regular
x

way, the overall picture will remain the same. A. D. Venttsel’ investigated the
general case of processes ruled by the operator (6), and showed that, here,
various qualitative departures from Petrovskii’s results were possible. Roughly
speaking, in the case treated by Petrovskii, the greatest deviation of the particle
from its initial position during a length of time ¢ is of the order of #!/2.
Venttsel’ showed that if the coefficient a(x) has a singularity at the initial point
of a motion, this deviation can be of any order ¢, where 0 <a < 1. For
points of discontinuity of v(x), this deviation can be of the order of ¢.

More general differential operators

a(z).:%.q.b(z)%-fc(z)/, where ¢ <0.

can also be fitted into probabilistic schemes. To such operators there corres-
pond Markov processes terminating at random instants. As recently shown by
E. B. Dynkin [90], the general form of such terminating continuous processes
on the straight line is obtained by replacing (6) by

Af=D,D, (@, (7

where g is a function which is convex from above.
11. In the process of deducing (6) from the basic theorem (5), one obtains
simple expressions for the functions u and v in terms of entities characterizing
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the process from a probabilistic view point, and having an intuitive meaning. If
the motion takes place on a segment, these entities are: the probability p(x) of
attaining the right-hand end before the left-hand end when starting from x and
the mean time m(x) elapsing between the start from x and the arrival at the
boundary.

Analogous entities with intuitive meanings can also be introduced for many-
dimensional processes. In a survey read before the II1 All-Union Congress of
Mathematicians, E. B. Dynkin [29] proposed the following problem: for which
classes of many-dimensional processes do these two entities completely deter-
mine the process? In 1958, 1. V. Girsanov [14] showed that one of these classes
is formed by multi-dimensional diffusion processes with non-degenerate matrices
a,,-(x).

12. I have dwelt mostly on processes with continuous trajectories. However,
quite a few substantial results have been obtained concerning processes with
discontinuous trajectories. In particular, E.B. Dynkin [28] gave a full classifi-
cation of jump processes. These are processes in which the whole motion
proceeds in jumps, i.e. in which the particle remains in its initial position for
some positive time, then jumps to a new point, then to another point, and so on.
The main difficulty encountered in the study of such processes was due to the
possibility of transfinite sequences of jumps.

§4. Harmonic, subharmonic, and superharmonic functions associated
with a Markov process

13. I recall the general definition of a superharmonic function. A function
f(x) is superharmonic if

(a) the mean of f over any sphere centred at x is smaller than, or equal to,
fx);

(b) f(x) is continuous from above.

If the first condition is satisfied when the phase “‘smaller than, or equal to”
is replaced by “equal to”, fis described as harmonic; if it is satisfied when the
same phrase is replaced by “bigger than, or equal to”, f is called subharmonic.
To fix ideas I shall confine myself to superharmonic functions.

To every Markov process one can attach a class of functions which are
analogous to ordinary superharmonic functions. Conditions (a) and (b) are
replaced by

(a" T,f(x) < f(x) (7 being the first exit time from an arbitrary open set);

(b Tfnf’(x)—>f(x)ifo i1, >0l =1

In the case of a diffusion process, corresponding to the Laplace operator,
conditions (a") and (b") are equivalent to (a) and (b). The proof is far from
simple, but it is easy to explain why (a’) implies (a). Let 7 be the first exit time
from the solid sphere bounded by S. In view of the invariance of the Laplace
operator with respect to all rotations, a particle starting from the centre of the
sphere will have a uniform probability distribution on the sphere S when it
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arrives there. Hence T, f(x) = M, f(x,) coincides with the mean of S.

The concept of a superharmonic function associated with a Markov process
was introduced in a paper by E. B. Dynkin [31]!. In the same paper it was
proved that the class of nonnegative superharmonic functions associated with a
Markov process was identical with that of excessive functions, introduced by
G. A. Hunt [79] in 1957. Hunt defines an excessive function as one which is
nonnegative and is not increased by shifts. More precisely, it should satisfy the
conditions:

@") T,f(x) < f(x) for any ¢;

(") T,f(x) > fx)as t > 0.

Hunt proved a series of theorems about excessive functions. Taking into
account the connection between excessive and superharmonic functions, one
can draw the following conclusions from Hunt’s results:

1° Call a function fsmooth if Af is defined. A smooth function is super-
harmonic if, and only if, af < 0.

2° Any nonnegative superharmonic function is the limit of a non-decreasing
sequence of smooth superharmonic functions.

3° All superharmonic functions are continuous in the intrinsic topology.

14. A concept intimately connected with that of an excessive function is the
concept of an excessive random variable, which emerged quite recently (see
E. B. Dynkin [34], [90]). Its definition requires a minor digression.

A mapping ¢ = ¢ + 1 of the time transforms the random variable x, into x,, .
This transformation can be naturally extended to all the random variables
associated with a Markov process. The accepted notation for this operator is 6, .

A nonnegative random variable £ will be called excessive if:

(a) 0, ¢ <& for any h;

(B) 6, E~>Eash > 0.

As an example of an excessive random variable, we can take

E= S f(z,)dt, where f=>0.
]
Indeed,
m=§NLﬁw=§nmw'
h

which shows that the conditions (a) and (B) are satisfied.
It is easy to verify that if § is an excessive random variable, then

flo)=ME ®
1 Harmonic, subharmonic, and superharmonic functions associated with discrete-time Markov processes

were considered by W. Feller [74] and J. L. Doob [69]. For some special diffusion processes, these
functions were discussed in papers by J. L. Doob [64]—[66].
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is an excessive function. It follows from a remarkable theorem proved by
V. A. Volkonskii {121, [13] that any bounded excessive function admits a
representation of the type of (8). L. V. Seregin constructed examples of
unbounded excessive functions which cannot be represented by (8). It would
be very interesting to know how wide a class of unbounded excessive functions
can be represented by this formula.

15. As a special case of (8), superharmonic functions can be represented in
the form of potentials. The Newtonian potential in three dimensions can be
defined by

_ U jydy
VE=Y Ty ©)

the integral being taken with respect to the Lebesgue measure, || x || denoting
the length of the vector x, and f(y) being a nonnegative function which can be
regarded as the density of a distribution.

One finds that (9) can be re-written in the form

Vi) =M pz)ar (10)
0

where x, is a diffusion process in three dimensions, which corresponds to the
Laplace operator. Formula (10) is meaningful for any Markov process and
makes it possible to construct potentials for any such process. Note that (10)
is a special case of the representation of a superharmonic function by means of

an excessive random variable, £ being chosen to be S fixp)dte.
0

One more result obtained at our seminar and concerning superharmonic
functions must be mentioned: It is a theorem by M. G. Shur [55], which shows
that Riesz’s classical theorem about the decomposition of any superharmonic
function into a sum of a harmonic function and of a potential can be extended
to the class of superharmonic functions associated with any non-degenerate
diffusion process (i.e. with any elliptic second-order differential operator).

§5. Additive functionals and associated transformations of Markov process

16. A system of random variables ¢, is called an additive functional of a
Markov process if

(D) 0y, = Qran — ¢4,

(2) ¢, is defined by the course of the process up to the time ¢.

As an example of an additive functional of a Markov process, we can take
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!

¢ = & f(x,)dt.

]
For Brownian motion, another important example of an additive functional
is known; it is what we call a stochastic integral,

]
0= b,
0

(on this subject see [91]).
If ¢, is an additive functional, the function

Q= et

is called a multiplicative functional. It still satisfies (2), while the first con-
dition is replaced by a similar one in which subtraction is replaced by division.

17'. The importance of multiplicative functionals for the theory of Markov
processes can be seen from what follows: Put

P, 1,T)= 8 a,P, (do).
xlgr
One finds that if @, is a multiplicative functional for which M, a, <1, there
exists a Markov process with F(t, x, [') as its transition function. In general,
this process may be a terminating one.
The following natural question arises: when can the process corresponding to
the transition function F(t, x, I') be so chosen that it admits the same trajec-

tories as the initial process? One finds that it suffices that there be a random
variable £ with the following properties:

(N a,0,& <k for every ¢,
) M.£=1 forevery x,
3) 0,§=>¢ ash—0.

If this condition is satisfied, a process admitting F(t, x, [') as a transition
function can be constructed with the same set of trajectories, but, in general,
the trajectories will have to terminate at random.

We shall consider three important classes of such transformations.

18. If, in the condition (1), equality takes place, one will not have to
terminate the trajectories. In this case, the passage to the new process is
reduced to a transformation of the measures according to the formula

P, (4)= &P, (do). (1)
A
This case occurs, in particular, if the initial process is a terminating diffusion

1 The results discussed in Nos. 17-20 are contained in the papers [34] and {92] by E. B. Dynkin (see
also [90]).
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process, and the functional &, is given by

t t
a=exp| - \ bedz, =1 Bz, |

£ can be taken to be lim a,, , where { is the time of the termination of the
-3

process. The transformation (11) leads to the addition of the term b(x) (%

to the infinitesimal operator of the process. In the many-dimensional case, by
means of a similar construction, one can add an arbitrary first-order differential
operator to the infinitesimal operator of any non-degenerate diffusion process
(see [16], and also [42], where further references can be found).

19. A second important example of a transformation of a process arises if the
functional a, satisfiesa, <1 for every ¢. Then the conditions (1)—(3) are satisfied
with & = 1. This operation on processes was discussed at an earlier stage by
E. B. Dynkin [33] (see also [32]). Processes thus obtained are described as
sub-processes of the initial process.

To get a sub-process, it suffices to terminate the trajectory of the initial pro-
cess with a certain probability distribution, a, being the probability that this
termination will take place after the time z.

20. The third important example of a transformation of a process is connected
with excessive random variables. Let ¢ be any excessive random variable, and
flx) =M,E the corresponding excessive function. Then

==
%= Tz
is a multiplicative functional, and the couple a,, 7(%——) satisfies the conditions
0

(1)—(3). We obtain an interesting transformation of the process, which trans-
forms the infinitesimal operator according to the formula

dg=TAlfg).

This transformation had not been discussed previously.

21. An important transformation based on additive functionals does not fit
the scheme discussed above. This is the random time change.

Let 7(¢) be a monotonically increasing random function. We transform the
function x, into y, = X,(s)- The transformed process is Markovian if 7(7) is the
inverse function to an additive functional. (The proof of this result requires some
restrictions on the initial process (x,, P, )).

The random time change in Markov processes was first discussed in a paper
by V. A. Volkonskii [9], in which it was proved, in particular, that all the one-

dimensional continuous processes can be obtained from the simplest diffusion
2

process associated with the operatorzid—2 by means of a monotonic

x
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transformation of the x axis and of a random time change. It should be noted
that the random time change which corresponds to the additive functional
t

o = g f(x,)du, leads to the multiplication of the infinitesimal operator of the

°
process by f(x)7!.

22. It seems to me that what has been said shows clearly the importance of
additive and multiplicative functionals for the theory of Markov processes.
Hence the great interest of the problem of finding all the additive functionals
of any given process. V. A. Volkonskii [13] succeeded in finding all the non-
negative additive functionals of Brownian motion in one dimension. However,
if we either do away with the condition that the functional should be non-
negative, or pass to several dimensions, we are confronted with a problem
which is still unsolved. We feel that this is one of the most topical problems in
the theory of Markov processes.

The complex of problems connected with transformations of Markov
processes is of great interest, since, here, we face a new calculus which enriches
our store of analytic tools.

§6. Stochastic integral equations

2 ~
23. Let x, be a process corresponding to the operator ‘% , and x, a process
X

corresponding to the operator

1 d d
L=702(x)E+m(x)—d;.

As shown by K. Ito [80], [81], the processes x, and 55', can be so chosen as to
be connected by the relation
t [3
Ql:;o-}—gm(;,)dt-{—go(;,)d.t,. (13)
0 0
The right-hand side contains a stochastic integral which already appeared in
section 16. Equation (13) admits a simple physical interpretation. When trans-
cribed in the form of

dx, =m(X,)dt + o(X,) dx,, (14)

it means that when the position 55} = x of the particle is known, the motion
during a short time interval will be composed essentially of a determinate
motion with velocity m(x), and of a diffusion (corresponding to the operator

2
dii—z) with a coefficient equal to o(x).
X

Formula (13) can be regarded as an integral equation allowing us to express
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37, in terms of x,. This equation can be solved by applying the method of suc-
cessive approximations. There is an analogous integral equation for multi-
dimensional processes. Thus we have a most convenient analytic tool for the
reduction of problems concerning the general elliptic second-order differential
operator to problems on the Laplace operator. Heuristically speaking, one can
say, for instance, that Ito’s method allows us to replace the study of the partial
differential equations for the transition probabilities of a process by that of the
ordinary differential equations for its trajectories. It is true that these differ-
ential equations are stochastic, but they can be approached in the same way as
conventional differential equations, viz. by reducing them to integral equations,
which can be solved by successive approximations.

24. The method of Ito’s stochastic differential equations has been success-
fully applied to the solution of a number of concrete analytic and probabilistic
problems.

Using this method, I. V. Girsanov [18] showed that, under mild assumptions
of non-degeneracy for the operator (4), the corresponding diffusion process has
the property that shifts T, (¢ > 0) transform all bounded Borel-measurable
functions into continuous functions. This is a strengthening of Feller’s con-
dition, discussed at the end of §2, and we describe processes having this pro-
perty as strongly Fellerian. The concept of a strongly Fellerian process was
introduced and discussed by I. V. Girsanov in [17].

A. V. Skorokhod [88], [89] has studied boundary problems for one-
dimensional diffusion processes by means of the method of stochastic differ-
ential equations.

M. L. Freidlin [44] applied this method to the investigation of boundary
problems for elliptic equations which degenerate in the interior of the domain.
It should be pointed out that, in contrast with the various methods of the pure
theory of differential equations, Ito’s method is completely insensitive to the
degeneration of the differential operator. This circumstance allowed M. I.
Freidlin to make substantial progress in a problem which, until then, had been
fairly intensively studied by methods of classical analysis.

Another remarkable advantage of Ito’s stochastic equations resides in the
fact that their application is not made appreciably more complicated by an
increase in the number of dimensions. The passage from one to n dimensions is
almost automatic, and K. Dambis [19] recently showed that the passage to in-
finitely many dimensions is almost equally simple. The stochastic differential
equations which he constructed for diffusion processes in the Hilbert space
make it possible to study elliptic and parabolic differential equations in
functions of infinitely many arguments. This theory may reveal itself as very
comprehensive, but so far only the first steps have been made.
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§7. Boundary problems in the theory of differential equations and the
asymptotic behaviour of trajectories

25. In general, the specification of an analytic formula of the type of (4)
does not fully define the infinitesimal operator of the process. The domain of
functions for which an infinitesimal operator is defined is an essential part of
the concept of such an operator. Apart from some well-defined requirements of
regularity, the domain in question is determined by boundary conditions. Gen-
erally speaking, boundary conditions can be imposed in various ways, and the
investigation of all the possible types of boundary conditions is an important
problem. One finds that every type of boundary condition is associated with a
well-defined type of asymptotic behaviour of the trajectories of the process as
they approach the boundary.

W. Feller [70], [71], [76]! described all the possible types of boundary
conditions for one-dimensional diffusion and generalized diffusion processes,
covering all the cases in which the differential operator degenerates in the
neighbourhood of the boundary. The many-dimensional problem is substan-
tially more difficult. Much work on it had been done by specialists in
differential equations; now substantial progress has been made in this domain
by means of probabilistic methods. A. D. Venttsel’ [3], [6] studied the most
general forms of boundary conditions for non-degenerating elliptic equations
when the boundary is regular, and he found new types of such conditions,
which had never been discussed previously in the theory of differential
equations.

Of foreign work done on boundary problems during the last few years, one
must mention a series of papers by J. L. Doob [67], [68] dealing with the first
boundary problem in its most general setting.

R. Z. Khas’minskii [46] studied the first boundary problem for elliptic
equations degenerating on the boundary of the domain, and was able to obtain
results which were much more general and complete than those previously
published by M. V. Keldysh, M. 1. Vishik, and others.

As previously mentioned in §6, M. 1. Freidlin [44] investigated the first
boundary problem for equations which degenerate in the interior of the
domain.

Beside boundary problems, other asymptotic problems are also of interest in
the theory of differential equations; the question how a solution u(?, x) of a
parabolic differential equation behaves when ¢ = o0 is an example of such a
problem. In probability theory, propositions on this kind of behaviour are
called ergodic theorems; they can be studied by investigating the asymptotic
behaviour of the trajectories of the process for ¢ = oo. The case of one-
dimensional generalized Brownian motion was investigated by Maruyama and

1 The first of Feller’s papers contains a substantial gap, first filled by A. D. Venttsel’ in {2].
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Tanaka [85]. For the many-dimensional case, interesting results were obtained
by R. Z. Khas’'minskii [49].

§8. Concluding remarks

26. In this brief survey, I have been unable to discuss even briefly quite a
number of papers written by members of the seminar. I shall enumerate some
of these contributions: a paper by F. I. Karpelevich,V. H. Tutubalin, and
M. G.Shur [37] on the connection between Brownian motion in the
Lobachevskii plane and the physical theory of waveguides; a paper by
M. G. Shur on ergodic properties of Markov chains [53] ; a paper by
R. Z. Khas’minskii on limiting distributions of additive functionals of a Markov
process [50], and another one [47] by him about the positive solutions of the
equation Af(x) + ¢(x) f{x) = 0 (in this paper it is shown, in particular, that the
smallest eigenvalue of an elliptic operator has properties of stability with res-
pect to some considerable changes in the domain); papers by C. S. Leung [40]
and A. D. Venttsel’ [7] on conditional Markov processes; etc.

27. Finally, I should like to say a few words about the history of our seminar
and its composition. During the academic year 1957—58, the seminar on Markov
processes was detached from the general seminar or probability theory which
began its work under the direction of the present speaker at the Moscow State
University during the academic year 1954—55. However, it should be noted that
subjects connected with new parts of the theory of Markov processes deter-
mined the basic tendencies of the general seminar as early as 1955. A. D.
Venttsel’, V. A. Volkonskii, I. V. Girsanov, E. B. Dynkin, L. V. Seregin,

V. Tutubalin, M. I. Freidlin, R. Z. Khas’minskii, M. G. Shur, and A. A.
Yushkevich were permanent and active members of the serhinar. Some mathe-
maticians, without being permanent members, obtained a series of interesting
results in connection with problems which arose at the seminar, and delivered
there lectures which were followed by lively discussions. These mathematicians
were: A. V. Skorokhod, who completed his graduate study at the University of
Moscow in 1957, and who now works at the University of Kiev; and Yu. V.
Blagoveshchenskii, who works in the United Institute for Nuclear Research in
Dubno. From 1958 onwards, our Chinese colleague C. S. Leung has been taking
an active part in the Seminar.

During the academic year 19581959, ten students wrote their dissertations
within the framework of the Seminar. Many of these dissertations contain
independent results which are being prepared for publication.

The following list of references shows all the work done at the Seminar on
Markov processes at the University of Moscow, independently of its being, or
not being, mentioned in the present survey. Other papers are included in the
list only if they are quoted in this article.

Received by the editors on October 29, 1959.
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Introduction

1.1n 1941 R. S. Martin in the paper [24] proposed a method of characteriz-
ing all positive harmonic functions defined in an arbitrary region of Euclidean
I-space. The author, a young mathematician at the Illinois University, died
shortly after his paper appeared. The importance of his results was not immed-
iately appreciated. Apparently M. Brelot ([16], [17]) was the first to turn his
attention to Martin’s ideas, Martin’s results were further elucidated by papers
of Choquet concerning convex cones in linear topological spaces, ([19], [20];
see also [21] where there is an extensive bibliography). After the appearance of
Doob’s paper [22], Martin’s ideas attracted the attention of specialists in
probability theory. In recent years the number of works dealing with various
aspects and applications of Martin’s theory has increased rapidly.

2. With a view to presenting Martin’s basic ideas we shall first of all consider
the unit disc D. It is well known that every non-negative harmonic function on
D can be represented in the form

25
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h(z) = 3 ke (2) p (dw),
ap

where

1—|z |2
kw (Z) = l z—wﬂlé ’

aD is the boundary of D, and u is a finite measure on dD. The representation
given by (1) holds in a more general case where D is any bounded /-dimensional
region whose boundary is sufficiently smooth. (In this case, the function &, (z)
can be obtained by differentiating the Green’s function in the direction of the
inward normal to 8D.) Thus, each non-negative harmonic function on D is
expanded in a family of functions, each member of the family being in one-to-
one correspondence with the points of the boundary of D. Martin’s main result
consists of the following observation: that a similar expansion is possible for an
arbitrary region D, no matter how unpleasant, provided that one considers in
place of the ordinary boundary 8D in Euclidean space a certain ““intrinsic”
boundary B (which we henceforth refer to as the Martin Boundary). Roughly
speaking, in order to obtain the Martin boundary from the ordinary boundary
one has to identify certain points and “‘split up’’ certain other points, i.e.
replace each of such points by a whole collection of new points. Furthermore,
Martin showed that in the general situation it is necessary to carry the
integration, not over the whole boundary B, but rather over a certain subset B,
of it (the so-called set of minimal points): it is only by means of such a
reduction that the integral representation becomes unique.

Martin’s construction was later extended from harmonic functions to
solutions of elliptic differential equations ({15]), as well as to certain other
kinds of equation (integral and difference equations among others); such
extensions are connected with Markov chains and Markov processes ([22],
[23], {25]).

In this paper we shall require another extension of Martin’s results enabling
one to describe non-negative solutions of boundary value problems. An exact
formulation of the problem and the required extension of Martin’s theory will
be given in §1.}

Questions in the theory of convex cones, which arise naturally at this point,
are considered in §2.

The rest of this paper is devoted to a study of a special boundary value
problem, the so-called boundary value problem with a directional derivative.

3. The homogeneous boundary value problem with directional derivatives, or
in short “Problem #*°, can be formulated as follows. Let D be a region in

1 However that may be, we do not presuppose any familiarity with other accounts of Martin’s theory.
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Euclidean n-space with a sufficiently smooth boundary aD. Let v(z) be a given
vector field defined on 8D and varying smoothly over dD. It is required to
study all the harmonic functions / that satisfy the boundary condition

WD _0  (zeoD), ()

where :_v denotes the derivative in the direction of the vector v.

If the field v is nowhere tangent to the boundary, then the only solutions to
Problem # are the constants. But if the field is tangent at certain points, the
problem may admit many non-trivial solutions.

The problem with directional derivatives has been studied by several authors,
starting with Poincaré. Almost all these papers deal with the two-dimensional
case.! Liénard has suggested a simple method for characterizing all solutions to
Problem # that are smooth right up to the boundary. The method consists in
reducing the problem to a boundary value problem for analytic functions (see
e.g. V. I. Smirmov [12], 118).

In the present paper we shall study all non-negative solutions to Problem $,
where arbitrary singularities are allowed at points of the boundary where the
field is tangent. We shall only consider the two-dimensional case. Nevertheless,
the suggested approach can be useful for the analysis of the multi-dimensional
problem as well. In our formulation the problem becomes essentially a local
one. (The whole thing reduces to a study of the behaviour of the Green’s
function near the exceptional points of the boundary.) In the classical
approach on the other hand, the problem is a “global’’ one, and some non-
trivial topology is involved in its solution. (In the case of a two-dimensional
region bounded by a simple closed contour C, the number of linearly
independent, classical solutions is determined by the index of the vector field
v. In the multi-dimensional case it is necessary, of course, to deal with more
complicated topological invariants.)

4. An exact formulation of the problem for non-negative harmonic
functions which satisfy condition (2) is given in § 3. The main results are stated
in §8. We now give a brief description of these results.

Let D be a two-dimensional region? bounded by a smooth closed contour C.
Since the length of the vector v(z) has no real significance, we may suppose it
to be equal to one. Thus, the vector v(z) is uniquely determined by the angle 8
which it forms with the forward tangent to C. The field is tangent to C at those
points where 6 is 0 or 7. We assume that there is only a finite number of such

1 Certain results for the 3-dimensional case have recently been obtained by A. V. Bitsadze. In the two-
dimensional case, the boundary value problem with directional derivatives has been studied for the more
general elliptic differential equation Au + au,, + bu y = fin a monograph by 1. N, Vekua entitled
“‘Generalized analytic functions’ Moscow, 1959.

In view of the local character of our problem, the topology of D has no essential significance, and the
results can be extended to multiply-connected regions.
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points. The points at which 8 or m — 8 changes sign are called exceptional. We
denote the set of these points by I'. (If at some point 8 or 7 — 8 vanishes
without changing sign, then by an arbitrarily small deformation of the field it
is possible to get rid of the tangency in a neighbourhood of this point. There-
fore we shall not regard such points as exceptional and make no special
provision for them in the solutions.)!

Multiplication of the field v(z) by —1 does not change the boundary
condition (2). Hence if we single out an arbitrary exceptional point, we can
suppose that 6 takes the value O (and not 7) at that point. We shall say then
that the point « is positive (resp. negative) if the sign of 8 changes from plus to
minus (resp. from minus to plus) as the point advances in the positive direction.
The set of all positive points is denoted by I', and the set of negative ones by
|
We shall show that the Martin boundary B decomposes into connected com-
ponents B, corresponding to the exceptional points o If « €T'_, the compon-
ent B, consists of a single point;if « €Ty, B_ is a closed interval.

To each point w of the Martin boundary there corresponds a non-negative
solution &, (z) to Problem #, and every non-negative solution of Problem #
has an expansion by &k, (z). However, as we have already mentioned, not all of
the functions k,, (z) are used in the expansion, only some of them (correspond-
ing to the subset B, of B). In our case B, turns out to be finite, and consists
of three kinds of point:

(a) the component B, if a €T_;

(b) an end-point of the interval B, if « €T, ;

(¢) an interior point of the interval B, corresponding to those « €T, at
which both the function 0 and its derivative with respect to arc length vanish.
(We denote the set of these points a by I'?).

We shall denote solutions corresponding to points of type (a) by u,,, of type
(b) by p;, p;, and of type (c) by . Then every non-negative solution to
Problem ¥ can be written uniquely in the form

h(2)= 2 agla(2)+ 2 {caPa (2)+copk @)} + 2 Gala, (3
agl_ ael, aE I‘g_

where a,, c,, c,, a, are non-negative numbers.

The function h is bounded if and only if a, = a,, = 0. (This follows from the
fact that p; and p;, are bounded, while u,, #,, are unbounded near & but
bounded outside some neighbourhood of «.)

The classical solutions, smooth up to the boundary, have the form:

h(z)= D) co{pa(2)+ Pk (2). )

ael,

It is possible, of course, to regard such points also as exceptional. The corresponding modifications in
the results and proofs do not present any great difficulty.
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Furthermore, the constants ¢, are interrelated — one relationship for each
point of the set I'_. These relationships are independent, so that the minimum
number of linearly independent classical solutions is equal to the difference
between the number of positive and the number of negative exceptional points.
(This is the well-kknown Argument Principle.)

Note that the function 1 (which is a bounded non-negative solution of
Problem #) can be written in the form (4) as follows:

1=2{ps(2)+ pa(z)). ©)
o€l

M. B. Malyutov [9] was the first to give a description, in general form, of the
bounded solutions of Problem &, and to isolate from among them the
classical solutions. For this purpose he relies substantially on arguments of a
probabilistic character.

In the present paper probabilistic methods are not used; even so, it is worth
giving at least a brief indication of the intuitive probabilistic interpretation of
some of the basic results.

The Laplace operator is an infinitesimal operator of an elementary Markov
stochastic process with continuous trajectories, a so-called Wiener process (see
e.g. [4]). Condition (2) can be interpreted as the condition that a wandering
particle be reflected from the boundary in the direction of the vector v(z) (or
—u(2) if v(z) is directed outwards of D). Such an interpretation is impossible
for the exceptional points, and we assume that the process terminates as soon
as the particle strikes such a point. It turns out that the motion starting at the
point z terminates at the point @ € I', with probability p,, (z) + p;(z). The
probability of reaching a negative point is zero. The trajectory can only enter
tangentially to the contour C at «, either from the positive side (with
probability p, (z)) or from the negative side (with probability P.(2)). From this
point of view equation (5) assumes on a natural meaning.

The probabilistic interpretation for unbounded solutions is somewhat more
complicated. In this connection we refer the reader to papers by Doob [22]
and Hunt [23].

§ 1. Boundary value problems for Laplace’s equation
and the Martin boundary

1.1. Let D be an arbitrary region in Euclidean /-space. We shall be investigat-
ing the harmonic functions on D that satisfy some boundary condition &.

The notion of a boundary condition is defined as follows. Let us agree to
use the term neighbourhoods of the boundary of D for sets of the form D\ K,
where K is any compact set contained in D. We consider all possible functions
whose domain of definition is a neighbourhood of the boundary of D. We are
given a set % of such functions which satisfies the conditions:

1.1.A. If f, and f, coincide on a neighbourhood of the boundary and f, € R,
then f, € A.
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1.1.B. If f1, f» E R, then c1f, + cafs € R forany real ¢y, c,.

1.1.C. If in some neighbourhood of the boundary a sequence of harmonic
functions f,, converges to the function f,and if f, € # (n=1,2,...), then
fe R.

Thus, & determines a boundary condition. In what follows, the statement
“f satisfies the boundary condition & > will mean the same thing as the
statement “f € & 7. We shall call harmonic functions that satisfy the boundary
condition R solutions of the boundary value problem R.

R. S. Martin in his paper [{24] studies harmonic functions defined on a region
D that are free from any boundary conditions whatever. In order to include
Martin’s case into our general scheme it suffices to choose for & the set of all
functions defined near the boundary of D.

1.2. We shall study a restricted class of boundary value problems by supposing
that it is possible to select from & a subset &, satisfying the following
requirements:

1.2.A. If f, and f, coincide on some neighbourhood of the boundary and
fl E.%L.,then f2 e ﬂ+.

1.2.B.If fy, f» ER+,then ¢ f; + cafs € R+ for any non-negative numbers
€1, Ca-

1.2.C. If f,, = f uniformly on some neighbourhood of the boundary and if
ER(n=1,2,..),fER thenfE€ R;.

1.2.D. If f € & and f = 0 on some neighbourhood of the boundary, then
fE€ R

1.2.E. (MINIMUM PRINCIPLE). Let K be a compact set contained in D and
let Do =D\ K. Let f € %, be continuous on* Dy U 3K and harmonic through-
out Dy. Then either f 2 0 on the whole of Dy, or there exists a point z, € 0K
such that f(zy) <f(z) forall z €D,.

It follows from conditions 1.2.D. and 1.2.E. that among the solutions of the
boundary value problem A, those that belong to .#. are precisely the solutions
which are non-negative throughout D.

For Martin’s case %+ may be defined by the condition: f € &, if f is
bounded below and if

lim f(z)=0 (L.

z-z,

for every regular point z, of the boundary of D;? in the event that the region D
is unbounded and ! = 3, there is the additional requirement that

lim f(z)=0. (1.2)
(2} o0
The validity of conditions 1.1.A.—1.1.C. and 1.2.A.—1.2.D. for this
situation is obvious. The validity of condition 1.2.E. follows from Evans’s well-

1 By 3D we mean the boundary of K.
2 For the definition of regular point, see for instance [10], §31 or [5].
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known theorem which states that if a function f is harmonic on a region Dy, is
bounded below in D, satisfies condition (1.1) for any regular point z, in 9D,
(and satisfies condition (1.2) in the event that D, is unbounded and ! = 3),
then f 2 0 throughout D,. A proof of Evans’s theorem can be found, for
example, in the article by M. V. Keldysh [5]. (See Chap. II, in particular Lemma
II; Keldysh’s formulation differs slightly from the one we have given, but by
modifying his argument a little it is not difficult to arrive at our required
result.)!

We denote by Ao the set of all functions f such that f,, € %+ and — f € A
It is clear that %, satisfies conditions 1.1.A. and 1.1.B. We shall show that it
satisfies the following condition:

1.2.C". If a sequence of harmonic functions f,, € A, converges locally
uniformly to fin some neighbourhood of the boundary, then f € Ho.?

For suppose that the sequence f,, converges locally uniformly to fin a
neighbourhood V of the boundary 8D, and that U is a region subjected to the
following conditions: a) U C D; b) aU C V;¢) UV aU is compact. The sequence
f,, converges uniformly on compact sets, and from the Minimum Principle
1.2.E. it follows that it converges uniformly on V. According to 1.1.C. the limit
function belongs to 42 ; by virtue of 1.2.C. it belongs to H,.

1.3. We wish to construct an integral representation for all non-negative
solutions of the boundary value problem 4. As a starting point we make use
of the Green’s function, postulating its existence.

Thus, we suppose that the following condition is fulfilled:

1.3.A. For each w € D® ihere exists a harmonic function h,,(z) on D such
that the function g, (z) = h,, (z) + W(w — z) belongs to Ho. Here D? is a neigh-
bourhood of the boundary of D, and

—lz| for 1=1,
v (z)= —ln|z| for 1=2,
[z|' for 1>2.

It follows from the Minimum Principle 1.2.E. that the function g, (2) is
uniquely defined by condition 1.3.A. We shall call it the Green’s function.

We shall suppose, in addition, that the following postulate is fulfilled:

1.3.B. The partial derivatives of g,, (z) with respect to the coordinates of the
point w exist and are continuous in w and z for all w, z € D®, such that w # .

1 Evans’s Theorem is a sharpening of the well-known minimum principle for harmonic functions: if a
function f is harmonic on the region D ,satisfies condition (1.1) for all points z, € 3D,, (and satisfies
condition (1.2) in the case where D is unbounded and ! > 3), then f = 0 throughout D, (see, for instance,
1. G. Petrovskii [10], §28).

A sequence f,(z) is said to converge to f(z) locally uniformly in the region 4 if for each z, €A there

is a neighbourhood U of the point z, such that for some N f,(2) is defined throughout U (# > N) and

sup | fn(z) —f(z) |~ 0 as n — . If a sequence of non-negative harmonic functions converges at each
zelU
point of some region, then the convergence is always locally uniform,
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The partial derivatives of g, (z) with respect to the coordinates of w are
locally uniform limits of harmonic functions belonging to %,. Consequently
(see 1.2.C") they too belong to H,.

In Martin’s case the set H, consists of the bounded functions tending to zero
as z approaches a regular point of the boundary (and also as z = oo, if D is un-
bounded and ! = 3). In order to construct the Green’s function it suffices to
find a harmonic function 4, (z) that coincides with ~ y(w —z) at all regular
points of the boundary, and converges at infinity to zero if D is unbounded.
The existence of such a function is proved, for instance, in [10] (§§31-32).
It is known (see, for example, Keldysh [5], Ch. V) that the function #,, (z) can
be written in the form

ho (@)= — § (2, dy)ylw—yl,
oD

where /1(z, A) is a harmonic function with respect to z € D and a finite measure
with respect to A C 9D (the so-called harmonic measure). From this the validity
of condition 1.3.B. follows easily.

1.4. Let U be any region with a smooth boundary aU such that UU aU is
compact and is contained in D and that 3U C D® . Our immediate object is to
construct a continuous function 4 on D \ U that is harmonic on
Dy =D\ (UVU dU), belongs to &, , and coincides on 3U with a previously
defined continuous function ¢.

We denote by q,, (z) (w € oU, z € D,) the derivative of g,, (z) with respect to
w taken in the direction of the outward normal to 0U. For any w € 3U, q,, (2)
is a harmonic function on D, belonging to %#,. By 1.3.B, q,, (z) is continuous
with respect to w.

We shall look for the function 4 in the form

r@)={ @@ F (w)dv, (1.3)

U

where dw is an element of volume on the smooth manifold aU, and F a
continuous function. We divide the manifold aU into a finite number of cells
%, ..., A% with diameter less than 1/n. Choosing arbitrary points w} € A%
n

and denoting the volume of A} by C} we put
mn
hn (@)= X gy (@ F (i) CF-

It is obvious that the #,, are harmonic functions and that the sequence 4,
converges to & locally uniformly on D,. Hence by 1.2.C', & € #,.

If in (1.3) we replace the function g, (z) by the corresponding normal
derivative of the function (w — z), we obtain the usual formula for the potential
for a double layer. By 1.3.A, & differs from this potential by a function that is
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continuous on oU. Hence, by a well-known property of the potential for a
double layer (see, for example, I. G. Petrovskii [10], §34) it follows that the
limiting value of %(z), when z approaches z, € 0U from the outside of U, is
equal to '

oF @)+ qulz0) F () do,

ouU

where ¢ is a positive constant depending only on the dimension of the space
(e.g. c =m, when /= 2). In order, therefore, to obtain a function F with the
required properties it is sufficient to solve the integral equation

f@) =cF (z)+S 4w (2) F (w)dw  (z€8U) (1.4)
oU

and substitute the solution F in (1.3).

The Fredholm Theory (see, for example, E. Goursat [3], 609) is applicable
to the kernel q(z, w) = q,, (z) and to prove that (1.4) has continuous solutions we
merely have to satisfy ourselves that for f = 0 the equation has only the zero
solution (the Fredholm Alternative).

Consider the potential for a single layer

Q@) ={ 2@ F ) dw.
U
It is well known (I. G. Petrovskii [10], §34) that the derivatives Q*
(respectively Q 7) of this potential along the outward (respectively inward)
normal to U are given by the formulae

Q'=-h—cF, Q =—h+cF. (1.5)

The equation (1.4) can be written in the form f = cF + k, so that for f= 0 we
have 0" =0.

It is also well known (I. G. Petrovskii [10] §28) that if a harmonic function
@ is continuous on the closed ball S and if the derivative of this function in the
direction of the inward normal to oS vanishes at some point z, € 35, then the
function Q cannot satisfy the inequality Q(z4) < Q(z) for all interior points of
S. If the boundary oU is sufficiently smooth, then for any point z, € 90U we
can construct a ball containing z, such that all of its interior points belong to
Dy. Hence it is impossible that Q(zy) <Q(z) for all z €D,,. But
Q€ Ay A4, and according to the Minimum Principle 1.2.E, Q = 0 through-
out Dg. Similarly — @ > 0O throughout D, and therefore Q = 0 throughout Dy,.
Now @ is continuous on D. Thus, @ = 0 on 0U, and consequently Q =0 on U
(see footnote 1, page 31). It follows that Q = 0 on 0U, and from (1.5) it is clear
that F=0.

1.5. Let us now consider any non-negative solution f to the boundary value
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problem %. Making use of the construction of 1.4. we “touch up” the function
f near the boundary 8D and obtain an integral representation of the touched-up
function f. The integral representation of f itself will then be obtained by a
passage to the limit.

Thus, let U be a region with a smooth boundary such that U U 90U is a com-
pact subset of D and 89U C D® . By 1.4. we can construct a function h € &,
that is harmonic on Dy =D \ (U U 80), continuous on D \ U and coincides with
fondU.By 1.2.D,f€ R, and by 1.2B,f—h€R,.Butf—h=00ndU, and
by the Minimum Principle 1.2.E, f—4 =0 in D \ U. For similar reasons # = 0
inD\U.

We put
~ f(z) for zeU,

f@) = h(z) for ze D\ U.

On the strength of the inequality f>f 0 it is not difficult to establish that
f is superharmonic on D (see 1. G. Petrovskii [10] 335 Theorem 5). Consider
any region D for which: a) UV U C D b) DuUaDis compact and contained
in D. By Riesz’ Theorem (see for example 1. I. Privalov [11] (p.159) or
E. B. Dynkin [4] (14.14.A)) a finite measure u on D can be chosen such that
the difference

8@ =7 @ —{ ve—w)p @)
ol
is a harmonic function on 5 Since fis harmonic on U and on 5 N Dy, the mea-

sure u is zero on these sets.! Consequently the measure u is concentrated on dU.
It follows from 1.3.A that the function

H@=F@— | go@n @) =8 —{ hu@p@w

U au

is also harmonic on D. On the other hand, H is harmonic on D,,. Hence H is a
harmonic function throughout D. Since /# and g,, belong to .%,, so does H and
by the Minimum Principle 1.2.E, H = 0. Thus,

fo)={ qw@p@w) eD).
oU
1.6. We now construct a sequence of regions U,, with smooth boundaries so
that a) U, U dU,, are compact subsets of D, b) 8U, CD?, ¢) U, tD.BylSto
each of these regions there corresponds a superharmonic function f,,(z) and a
finite measure u,, concentrated on oU,, where

1 This follows easily from the fact that the measure u is uniquely determined by the superharmonic
function f.
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fn@= { qw@paidw) (zeD). (1.6)

éUn

Clearly f;, (z) = f(2), and therefore

/@) =lim g gw (2) in(dw)  (z€ D). (1.7)

" otn

Proceeding from this formula we shall give an integral representation of the
function f. Here the following result will play an important part.

HELLY'S THEOREM.! If v, is a sequence of measures on a compact space
E such that the values v, (E) are bounded, then it is possible to construct a mea-
sure v on E and to select from v, a subsequence Vu, such that for any continuous

function F(w) (w € E),

lim S F () Va, (dw) = g F () (dw).

L] £ E

Note that Lf, the measures v,,, starting at a certain n, are all cchentrated ona
compact set £ C E, then the measure v is also concentrated on E. In effect it is
clear from Helly’s theorem that in this case

S F(w)v (dw)=0
E

for every continuous function F that vanishes on E

In order to apply Helly’s Theorem to the measures.y, , one has first of all to
construct a compact set on which all these measures are concentrated. We choose
ng so that U, D D \D?®. (This is possible because the sets U; C U, C. .. form
a covering of the compact set D \ D®.) Put D® = D\ U, . Obviously aU c D?

for n 2 ny, and hence all the measures u, (n 2 n,) are concentrated on Db
Since D® C D? | the functions g, (2) are defined for all w € D% and we can
write equation (1.7) in the form

f@=lim { g @patdw) (€D). (1.8)

pb

1 Helly proved this theorem for the case where £ is a closed interval. The proof can be found in any

university text-book on probability theory. The more general proof is not difficult to obtain if one
combines the following two facts: 1) On the Banach space C of all continuous functions on the compact
set £, any non-negative linear functional/ can be expressed as an integral with respect to a finite
measure u; furthermore || ! || = u(E) (see for example P. Halmos [14], §56); 2) from each sequence

of linear functionals whose norms are bounded one can select a weakly convergent subsequence (see for
example L. A. Lyusternik and V. I. Sobolev {8], Ch. III, §24).
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However, the set D? is not compact. In order to overcome this difficulty we
construct a compact set E that satisfies the following property:

1.6.A. The set D? is homeomorphic to a subset of the compact set E.

We shall identify this subset with D?, still denoting it by D? .1t can be
assumed without loss of generality that the following postulate is fulfilled:

1.6.B. The closure of D? in E coincides with E.

Indeed, to satisfy 1.6.B. it suffices to remove from E all points that are not in
the closure of D?.

We extend the measures y, onto E by putting u,, (E \D?)=0. A second
obstacle to the application of Helly’s Theorem is the fact that the sequence
M, (E) = p, (D?) is not necessarily bounded. We can cope with this compli-
cation by introducing the new measures

Vn (dw) = gw (ZO) l“"n (dLU),
where z is a point of U, . It follows from (1.6) that
v (E) = ¥, (8U,) =, (20) = £(2o),

and as a result the sequence v, (E) is bounded. We can now write (1.8) in the
form

f (z) =lim S ku(2)vo(dw) (z€D), (1.9)
where
ko (2) =480 (weE, 2 D). (1.10)

The function F(w) = k,, (z) is continuous on D? . We shall suppose that the
compactification E of D? can be chosen so that the following condition holds:

1.6.C. For any z €D, the function F(w) = k,, (z) can be continuously
extended onto E.

We shall denote the extended function again by k,, ().

It follows from Helly’s Theorem and (1.9) that

t@)={ ka@v(dw) (eD) (.11
E
where v is a measure on E. We put D = D% N U,, (m >n,). Since n > m the
measures v, are concentrated on the compact set £ \ D2, the measure v is also
concentrated on E \ D, Consequently it is concentrated on
B=E\D?= N (E\D})and we have the required expansion, namely

ma2n,

@)= ku(@)v@dw)  (z€D). (1.12)

B
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We shall call this the Martin expansion.

1.7. We now have to construct the compact set F satisfying the properties
1.6.A.—1.6.C. Observe that with each point w of this compact set a non-
negative function k&, (z) is associated. If w € D?, this function can be expressed
asin (1.10) and we see that it is a harmonic function on the region D,
obtained from D by removing the single point w. Note thatif w, >w € Db,
then k“’n (z) converges to k,, (z) locally uniformly in D, . On the other hand, if

w, = w € B, then k“’n (z) converges to k,, (z) locally uniformly in D. Hence for

w € B, k,, (z) is a harmonic function on D that is equal to | when z =z,.
These arguments lead naturally to the following construction. We denote by
&€, the set of all functions £, (z) (w € D?%)and by &%, the set of all non-negative
harmonic functions on D that are equal to | when z = z,. We introduce a
topology on the set <% = &%0o|J#¥1 by putting f,, = f, if £, (z) = f(z) locally
uniformly in D (f € ¥, ) orin D, (f =k, (z)). It is easy to see that with this
topology the set % is compact,! $¢, is a closed subset, and the mapping
w — k,, is a homeomorphism of D® onto ¢#’o. Denoting by E the closure of
H'vind¥ we obtain a compact set satisfying all the conditions 1.6.A.—1.6.C.
1.8. It is clear from the reasoning at the beginning of 1.7. that the compact
set E is determined uniquely to within homeomorphism by the conditions
1.6.A.—1.6.C. Moreover, the set B =E \ D? does not depend on the choice of
D? C D. Some of functions k,, (z) can be outside &.Put w € B if we B and
k, € A. Under certain COIldlthIlS formula (1.12) holds with B replaced by
E Namely, it is sufficient that a set of functions £, can be associated with
every w such that:
1.8.a. If f,, € &, converge tofonD N V where V is a neighbourhood of w
and if f,, are harmonic thenf€ .7,
1.88. N 4, =

weB
Indeed let w, belong to the support of a measure v. By 1.8.a, &k, € A, for
alw € B\ {wgy}. Hence if f € # then

fy@)= j k,(2)v({dw)=f(z)- j k,(2)v(dw)e '%wo

U B\U
and by 1.8.«

(z) = Iljnxnw,, (_U) k,(@)v(dw)e /2

1 1t follows from Harnack’s inequality (see for example M. Brelot [18], p.166—168), that the functions
of & are uniformly bounded on any compact subset of D. Hence the compactness of &4 follows, for
example, from Theorem 7, §30 of 1. G. Petrovskii’s book [10]. The compactness of & is an obvious
consequence of the compactness of .
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We conclude from 1.8.« that kwo € 4.

We call B the Martin boundary for the problem .#.

The representation (1.12) is not, as a rule, unique. In § §3—7 we shall deal
with the case where one can distinguish in B a subset B, subject to the follow-
ing conditions:

1.8.A. The functions £, (z) (u € BL) are linearly independent.

1.8.B. Each function k,, (z) (w € B) can be represented in the form

kw (2) = 3 ay (w) ky(2). (1.13)

uEBg

It is obvious that the functions a, (w) (u € B,) are uniquely determined and
are continuous on B. The expansion (1.12) can be rewritten in the form

f@)= 2 vk (2), (1.14)
uEBg
where
s ={ a,w)v @w). (1.15)
F

One can interpret the sum on the right hand side of (1.14) as an integral of
k,, (z) with respect to a measure v concentrated on B, . Thus, in the Martin
expansion one need only look at those measures that are concentrated on B, .
It is easy to see that in this way the expansion becomes unique.

In the general case the set B in (1.12) can still be reduced to a subset B, (not
in general a finite one). Under certain specific conditions, after this reduction
the expansion becomes unique. This result comes out of the general theory of
cones in linear topological spaces. A brief outline of the theory of cones will be
given in the next section.

§2. Cones in linear topological spaces!

2.1. Let £ be a linear space over the field of real numbers, together with a
topology in which the functionx +y (x, ¥y € %) is continuous in x and y com-
bined, and the function c¢x (x € £, ¢ a scalar) is continuous in ¢ and x
combined. Then we say that a linear topological space is given. We shall sup-
pose unless it is expressly stated otherwise, that the following two conditions
are fulfilled:

2.1.A. (SEPARATION AXIOM.) For each element x # 0 there is a neigh-
bourhood of zero that does not contain x.

1 The contents of this section are not used in the sequel.
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2.1.B. (LOCAL CONVEXITY.) For each neighbourhood U of O there is a
convex' open set V such that 0EV C U.

A subset &% of a linear space Z is called a cone if it contains with any two
elements also their sum, and with any element also its product with an
arbitrary positive number. Every cone is a convex set.

We call a base of the cone &% the intersection of ¢¢ with a linear variety
{x:I(x)=1}, where [ is any linear functional taking positive values on #.?

2.2. The most important problem in the theory of cones is that of expressing
an arbitrary element of the cone in terms of extremal elements.

An element f of the cone &% is called extremal if the equation
=11t (fi, f» € &)implies that f; =c,f, f, =c,f (where c,, c, are
scalars). In 1940 M. G. Krein and D. P. Milman proved that if a cone in a linear
topological space possesses a compact base, then it coincides with the closed
convex hull of its extremal points. An essential further step was taken in 1956
by Choquet who proved the following theorem:

CHOQUET'S THEOREM.? If the cone o in a linear topological space £
possesses a compact metrizable base &, then every element f of K can be
represented in the form

= kuan), .1
Ko

where &, is the set of all extremal elements of & that belong to %, and pisa
finite measure® on & ..

For the representation (2.1) to be unique it is necessary and sufficient that
the following conditions are satisfied (where f < g means that g — f € ¢¢'):

2.2.A. Forany f., f, € & there exists g € & such that f, < g, f, < g and if
f1 <h, f, < h,then eitherg <horg=nh.

2.2.B. Forany f,, f, € & there existsg € such thatg <f,,g < f, and if
h<f, h<f,, then eitherh <gorh=g.

Equation (2.1) implies that for any linear functional / on the space Z,

= Lk (dn). (2.2)

He

Conditions 2.2.A.—2.2.B. imply that &% is a lattice with respect to the partial
ordering f < g (see for example A. G. Kurosh [7]1).

1 A set A is said to be convex if it contains with any two elements x and y also all elements of the form
px+qy (p=>0,920,p+qg=1).
2 A real-valued continuous function I(x) (x & £) is called a linear functional on £ if
Ix +y)=1x)+1() (x, y € £) and l(cx) = cl(x) (x € £, c ascalar). Sets of the form {x: I(x) = ¢}
(! being a linear functional, ¢ being a fixed scalar) are called linear varieties. Every linear variety that does
not contain the origin can be written uniquely in the form{x: I(x) = 1}.
3 See {191, [20], [21].
It can be proved that J¥, is a Borel set (in fact, a countable intersection of open sets).
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2.3. As an example of a linear topological space (satisfying conditions
2.1.A.—2.1.B.) we can take the class £ (D) of all functions on an /-dimensional
region D that are expressible as the difference of two non-negative harmonic
functions. The topology is given by means of locally uniform convergence. The
set & (D) of all non-negative harmonics on D is a cone in this space. The set
& (£) of all non-negative solutions of the boundary value problem £ (which is
clearly the same as &% (D) N &) is also a cone.

The functions in ¢% (D) that take the value 1 at a fixed pointz, €D form a
base £ (D) of & (D). This base is compact (see footnote 1 on p.37). In order
to put a metric on % (D) it suffices to write

p(f, )= max |[f(z)—g(2) |, (2.3)
zeD,

where D, is any closed ball contained in D. For a harmonic function vanishing
on D, vanishes on the whole region D. Hence (2.3) defines a metric on % (D).
Further, it is clear that if f,, converges locally uniformly to f, then

p(fn, ) = 0. On the other hand, if p(f,,, /) = 0 (f,, € £ (D)), then the sequence
f, cannot have a cluster point different from f, and in view of the compactness
of #(D), f, converges locally uniformly to f.

The set & (R)=F (D)[\R isa base of & (A£). This set is compact
because of 1.1.C. It is also clear that it is metrizable. By Choquet’s Theorem every
element of &% (%) admits the representation (2.1). If z € D, then the formula
1,(f) = f(z) defines a linear functional on &£ (D). Applying (2.2) to this
functional we arrive at the expression

f@= k@p@r)  (@eD). (2.4)
He

2.4. We shall show that any extremal element f of & (£) belonging to the
base # (£) coincides with one of the functions &k, (w € #).

Forby 1.6 f canbe represented in the form (1.12). Putting z =z, in (1.12)
and taking into account the fact that f(zo) =k, (zo) = | we observe that V(E) =1.
Hence there is a point wy € B any neighbourhood of which has positive mea-
sure v. For each neighbourhood U of the point w, (relative to E) we put

fo(2)= { ko (@) v (dw).

U

Since f; and f — f; belong to & (&) and fis an extremal element of & (#),
we have f;(z) = ¢ f(z), where ¢y, is a constant. Putting z = z, we observe that
¢y =v(U)> 0. As a consequence

@)=y §] ko (2) v (dw).
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If the diameter of the neighbourhood U tends to 0, then the integral on the
right hand side tends to kwo (z). Hence f= kwo .

We shall write w € B, whenever w is an extremal element of & (A).
Formula (2.4) can be rewritten in the form

f@=§ k,@n@w) EeD). (2.5)
B,

(For the cone & (D), this formula was first obtained by Martin.)

According to Choquet’s theorem, in all cases where the set % (#) satisfies
the conditions 2.2.A—2.2.B the representation (2.5) is unique. We shall show
that such is the situation in Martin’s case, i.e. when & (&)= (D).

We choose a sequence of regions D, with smooth boundarjes dD,, so that the
sets D, =D, U 9D, are compact and satisfy the conditions D,, €D, ,,

UD, =D. Letf,, f, € & (D). Then the function m = min(f}, f,) is superhar-
monic, while the function M = max (fy, f>) is subharmonic. Denote by 4,
(respectively H, ) the harmonic functions on D,, continuous on D,, and
coinciding with m (respectively M) on 0D, . It is easy to see that

mz2h,2h,=2...2h,2...20,
M<H <H,<...<H,<...<f,+f,,
and that the functions
g)=limh, (), G)=1limH, ()

are, respectively, the greatest non-negative harmonic function not exceeding f,
and f,, and the smallest harmonic function less than or equal to f, and f,.

For the cone & (&) it is generally more difficult to verify conditions
2.2.A—2.2.B than to prove directly the uniqueness of the expansion (2.5). We
do not know of any examples of boundary value problems for which the
expansion (2.5) is non-unique.

§3. The boundary value problem with a directional
derivative (Problem J#)

3.1. Let D be a plane region bounded by a smooth closed contour C, and
v(z) a continuous vector field on C. Our aim is to study the harmonic functions
on D that are bounded below and whose directional derivatives along v vanish
onC.

We now give a more precise statement of the problem. A closed contour Cin
the plane R? is given by a function ¢(#) (— o0 < ¢ < + o) taking values in R? and
subject to the condition that for some d > 0, ¢(¢ + d) = ¢(¢) for all ¢, and
c(ty) Fcty) for |ty —t, | <d. The contour C is called smooth if c(¢) is dif-
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ferentiable and if its derivative ¢’(¢) is nowhere zero and is Holder continuous.!

A continuous vector field on C we mean a function v(z) (z € C) taking values
in R?, Holder continuous, non-vanishing, and satisfying the following
condition: the vector v(z) is tangent to C at only a finite number of points z.

If C is smooth and if in some neighbourhood of the point ¢, the function
vlc(#)] has a Holder continuous derivative with respect to ¢, then we shall say
that the field v is smooth in a neighbourhood of ¢(z,).

We shall call the point z, € C exceptional if the projection of v(z) along the
outward normal to C changes sign? at z,. We denote by I the set of all
exceptional points and we write C* = C\T.

A harmonic function 2(z) in D will be called a solution of Problem & for
the contour C and the field v if it satisfies the following boundary condition:
at every non-exceptional point of C the directional derivative of h along v
vanishes.

More precisely this means the following:

3.1.A. The partial derivatives of h can be continuously extended to the set
D*¥=D UC*,

3.1.B. If zq € C* and the vector v(zy) has coordinates v, and v,, then?

Ulhxl (Zo) + l)2]’l:,c2 (Zo) =0.

3.2. Problem # may be considered as a special case of the boundary value
problems described in §1. For let # denote the class of all functions 2 defined
in a neighbourhood of the boundary of D and satisfying the conditions:

3.2.A. h is continuously differentiable on a set U= D \ K (where K is a com-
pact subset of D) and its partial derivatives can be continuously extended to
UV C*,

3.2.B. The postulate 3.1.B is satisfied.

It is clear that the set of solutions of Problem # can be characterized as the
set of all functions that are harmonic on D and belong to #.

The set # evidently satisfies conditions 1.1.A—1.1.B. In §4 it will be shown
that it also satisfies condition 1.1.C. Later on we shall define a set #., satisfy-
ing the conditions 1.2.A—1.2.E, we shall compute the Green’s function for
Problem #, and using the results of §1 we shall describe all the non-negative
solutions to this problem.

3.3. Let «; and &, be two points on the closed contour C. we can choose in
a unique way numbers ¢, and ¢, such that ¢(¢,) = «a,, ¢(t,) = a, and

! That is to say, there exist positive constants k and A such that for all7,, ¢,,1c'(¢,) —c'(t,) 1 <k
|t —t, [™. (The elements of R® can be interpreted as vectors with | z | denoting the length of z.)
2 If this projection vanishes without change of sign, then by an arbitrary small deformation of v we can
arrange matters so that the deformed field is not tangent to C near z,,. For this reason such points will not
be considered exceptional.

It follows from condition 3.1.A that the function 4 itself can be continuously extended to D*. We
shall talk about the values of the function / and its partial derivatives at the point z, € C*; these will be
the appropriate limits of the valuesatz €D asz — z,,.
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0<1ty <oo t; <t, <t, +d. We denote the set of all points c(¢), where

ty St<t,, by [a;,a,] and we call it the closed arc with &, as the initial
point and o, as the terminal point. The open arc («; , &, ) and the semi-open
arcs [a, &, ) and (a;, o, ] are defined similarly.

The arc [&;, &, ] is said to be smooth if ¢'(¢) does not vanish and is Holder
continuous for ¢, <t <t,.

Let C be a smooth closed contour or a smooth arc and let v(z) be a (Holder)
continuous vector field on C. We denote by ¥(z) the tangent of the angle
between the vectors! ¢'(¢) and v(z) (z = ¢(¢)). The set T of exceptional points
as defined in 3.1 coincides with the set of points at which ¥(z) changes sign as
it passes through zero. We call an exceptional point positive (respectively,
negative) if ¥(z) > 0 (respectively, ¥(z) < 0) in front of it. The set of all
positive exceptional points will be denoted by I', and the set of all negative
exceptional points by I"_.

3.4. We shall interpret 2-dimensional vectors as complex numbers. Let
v(z) be a vector field on a smooth closed contour C. We write

vle(?)] _ j0(t)
w0 p(t) &), 3.1

assuming p(t) 2 0 and the function 8(¢) to be continuous. Under these
conditions p(t) is uniquely determined, and 6(¢) is uniquely determined to

within a constant 2kw (where k is an integer). Clearly n = 21—ﬂ[6(t +d)—0(1)]

is an integer, which is independent of ¢. The number [ =—rn — 1 (equal to the
number of turns completed by the vector v[c(?)] as ¢ goes from 0 to —d) is
called the index of the field v.

Note that ¥[c(¢)] = tan 8(¢). Making use of this it is not difficult to evaluate
lin terms of the number /, of elements of I, and the number /_ of elements
of I'_. The formula is

I+1 = % a, - 1.). (3.2)

§4. Reduction of Problem # — some particular solutions

4.1. Let Cand C be two smooth closed contours and let D and D be the
regions enclosed by them. It is well known that:

4.1.A. Forany z, €D, Z, € D and forany a € [0, 27] there exists a unique
conformal mapping F from D onto D such that F(zo)=Zgarg F'(zo) =a.

4.1.B. The mapping F can be extended to a one-to-one continuous mapping
from the closed region D U C onto a closed region DUC.

! The direction of the vector ¢'(¢f) will be called the positive direction of the tangent to C at the point
z=c(t).
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4.1.C. The derivative F'(z) is Holder continuous on D U C (i.e.
|F'(z,)=F'(zy) | <k |z =z,|* for some positive constants k, \ for all
z,,z2, €EDUCQO).

Assertions 4.1.A—4.1.C follow from the well-known theorems of Riemann,
Caratheodory and Kellog (see e.g. G. M. Goluzin [2], pp- 30, 50, and 468).

Let a continuous vector field v(z) be given on the contour C. Then the
formula

V[F(2)] = F'(2) v(z)

defines a continuous vector field 3 on the contour C. It is easy to see that the
function ﬁ(z) is a solution of Problem # for the contour C and the vector field
v if and only if the function #(z) = " [F(2)] is a solution of Problem # for the
contour C and the field v. Thus, it is sufficient to investigate Problem # for any
single smooth closed contour. It is most convenient to take the unit circle for
this contour.!

4.2. Let h be a harmonic function on the domain D, and let us write

oh . oh
Gh=r i 2 (4.1)

We consider the harmonic function % conjugate to 4. The function
H=h +ih is an analytic function on D and

Ch(z)=H’' (2).

It follows from this that & 4 is an analytic function on D and, if ©h =f,
then

h(z)=Re S f(2) dz - const (4.2)

(]

(where z,, is any point in D).

We shall denote by % f the right hand side of (4.2). It is not difficult to see
thatifh= R f, then Sh=7f.

Thus, the operators & and 9 are mutually inverse and establish a one-to-one
cotrespondence? between the harmonic functions on D considered to within a
constant term and the analytic functions on D.

1 Let c() be an admissible parameterization of the contour C. Then &(#) = Flc(#)] is an admissible para-
meterization of C. It is easy to see that

TIEWT _ vfew))

' PG
In particular, the angle 6 (¢) for the contour Eand the field ¥ is the same as that for the contour C and the
field v.
2 This correspondence holds good even for a multiply connected region D. In this case, however, we have

to consider not all the analytic functions on D, but only those for which (4.2) determines a single-valued
function on D.
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Note that the analytic function &# is continuous in a neighbourhood of
z € C if and only if the function A4 is continuously differentiable in a neighbour-
hood of this point. Furthermore, if v(z) is a vector field on C and f= &#, then

3 - Reof. (4.3)
ov

Hence the function 4 is a solution of Problem # for the contour C and the
vector field v if and only if the function f= &k satisfies the following
conditions:

4.2.A. fis an analytic function on D which is continuous on D*.

4.2.B. Re v(2) f(z)=0 forz € C\T.

We shall call a function f satisfying conditions 4.2.A—4.2.B a solution of
Problem: #. Thus, the operators & and R set up a one-to-one correspondence
between the solutions of Problem & (considered to within a constant term) and
the solution of Problem %#.

4.3. We fix an arbitrary point z, of D and denote by D, the region obtained
from D by removing z,. We call a complex function S(z) z€D U () a
characteristic function of the vector field v if it satisfies the following conditions:

4.3.A. The functions S(z) and T(z) = S(z)~! are analytic on D, with possibly
apoleat z,.

4.3.B. S(z) and T(z) are Holder continuous on the closed region obtained
from D U C by deleting a neighbourhood of z,.

4.3.C. Sle(t)] differs from €8 by a positive factor (where 0(t) is the angle
between the vector v[c(t)] and the forward-pointing tangent to C at c(t)).

By virtue of 4.3.C, arg S[c(#)] = 0(¢) + 27k, and hence the increase in this
argument on going once around the contour C in the positive sense is equal to
—27(l + 1) (see 3.4). Consequently (see, for example, V. I. Smirnov [12], 94)
the function S(z) has a pole of order I + 1 at z, (if I + 1 > 0), or a zero of order
—1-1(f1+1<0).(If I+ 1=0,then S(z) is regular and non-zero at z,). If two
functions satisfy conditions 4.3.A—4.3.C, then their ratio is an analytic function
on D continuous on D U C and positive on C. Such a function is necessarily a
constant. Consequently the characteristic function S(z) is determined uniquely
to within a positive constant multiplier. The construction of S(z) will be
carried out in 4.4,

We put

5(z)

r(z)=|S ()|, 7t(z)=Re G

It follows from condition 4.3.C that
Tle()] = cos 6(r), v[c(?)] = sin 0(¢).
Note that
S@)=r2) [r@)+iv(2)], Hz2)>0 (z€Dy V(O). (4.4)
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In particular, when z = ¢(#),

S(z) =r(z) e'07. (4.5)
Next we observe that fory €T’
SM=1(Nry), vy=0, r(y)==1. (4.6)

Without altering the solutions to problems # and # we can replace the field v
by —v. Moreover, S(z) is only defined to within a positive constant factor.
Therefore, if we are only interested in a single point y € I', we may assume
without loss of generality that

SM=rM=r(m=1 4.7)

It is clear from (4.4)—(4.5) that the function ¥(z) introduced in 3.3 admits the
following representation:

v (2)

T(z)

¥ (z)=

Hence, if z moves around the contour C in a positive direction, then v(z) changes
sign at each point y €T Here, if ¥y €T, , then the sign changes from plus to
minus, while if ¥y € I"_, then the sign changes from minus to plus (on the
assumption that 7(y) = 1).

From this point on we shall assume that | v(z) | = 1, that C is the unit circle
(c(r) = e’y and zo = 0. Because of (3.1), when z = e?

u(z) = izeld?. (4.8)
From (4.5) and (4.8) we have
izS)=r(z) v (2). 4.9)

4.4. We shall now carry out the construction of the function S(z).

Let / be the index of the vector field v. Then the function x(¢) =0(t)+ (( + 1) ¢
has period 27 and can be regarded as a continuous function on C. This function
is obviously Holder continuous. Hence (see, for example, V. I. Smirnov [12],
117) Schwarz’s formula

n

o @)= § x(0)

-

etttz
e, dt

€

defines on C U D a Holder continuous cpmplex function 0(z) which is regular
on D and satisfies the condition Re o(e'?) = X(t)' Note that the.function
o(z) +i(l + 1) in z has real part 8(¢) for z = e'*. Hence for z = '’ the function

S(Z) - ei[o(z)+i(l+ DInz] - 7z 1-1 eio(z)

differs from e/ by a positive factor. Consequently this function satisfies con-
dition 4.3.C. It is easy to see that conditions 4.3.A—4.3.B are also satisfied.
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If the vector field v(z) is smooth in some neighbourhood of the point
a=e¢l’ | then the function 0(¢) possesses a Holder continuous derivative 8'(¢)
in a neighbourhood of ¢4. In this case, the sufficiently small € > O the function
o'(#) is also Holder continuous! ontheset A, ={z: |z |<1,|z— et | <el.
Obviously, the functions S’(z) and T'(z) are also Holder continuous as A,

4.5. By using the characteristic function S(z) we can reduce Problem # to a
simpler Problem €, which depends only on the set I' and the index C, and on
no other detail of construction of the vector field v.

We call a complex function F(z) (z € D*) a solution of Problem € if:

4.5.A. ' F(2) is regular on D and continuous on D*,

4.5.B.Re F(z2)=0 forz €C\T.

Suppose that the functions f and F are connected by the relation

f2) = _T-Z(Z_Q F(z) (zE€D*). (4.10)

Then
ZlF(2) =iz 18() f (2).

According to 4.3 the function z/*15(z) is regular, non-vanishing on D, and
continuous on D*. Hence the function F satisfies condition 4.5.A if and only
if f satisfies condition 4.2.A. Moreover, it is clear from (4.9) that F satisfies
condition 4.5.B if and only if f satisfies condition 4.2.B.

Thus, as F ranges through all the solutions of Problem €, (4.10) gives all
the solutions of Problem #£. Consequently (see 4.2), the formula

h(2)=Rf(z)=Re { T2 F(2)as (4.11)
0

gives all the solutions of Problem $% to within an additive constant.
4.6. We put z* = z~1. (The points z, z* are obtained from each other by
taking inverses with respect to the unit circle.) We shall write

F*(z)=F(z%*).

Consider the regions

Dy={z:0<|z| <1}, Dy={z:1<|z/< o), D=D,|JC*|D,.

1 To prove this assertion it is sufficient to express ¢(2) in the form

G(z)_—.a—l-—;T g x“;"’) dw
C

w—2z

(where ¢ is a constant), and to make use of the well-’known properties of Cauchy-type integrals (see, e.g.
F.D. Gakhov [1], 4.4).
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We shall call a complex function F(z) (f € D) a solution to Problem & if:

4.6.A. F(z) is an analytic fuyction onD.

4.6.B. F(z*)=—F(z) (z €D).

4.6.C. 2! F(2) converges to a finite limit as z —~ 0.

It is clear that if the function F is a solution to Problem €, then its restriction
to the set D* is a solution to Problem . We shall prove that the converse state-
ment is also true. Fgr let F(z) (z € D*) be a solution of Problem €. We extend
this function onto D by putting

F(z)=—F(z*) for z€D,. “4.12)

I:E is easy to see that the extended function is analytic on D, and continuous on
D. By the well-known principle of continuity (see, for example, R. Courant [6],
Chap. 5, §2) the extended function is analytic on D. It is clearly a solution of
Problem €. "

We observe that if F(z) is an analytic function in D for which the following
finite limits exist

lim z!F(z), lim z7F(2), 4.13)
z-0 Z-> 0
then the formula
F(z) = F*(z) - F(2) (4.14)

defines a solution to Problem 9, and in this way all the solutions of this
problem are obtained.

4.7. We now show that the set # satisfies condition 1.1.C. Let &, be a
sequence of harmonic functions that are defined on a neighbourhood of the
boundary of the disc D and satisfy conditions 3.2.A.—3.2.B. We suppose that
h,, = h on U. Beginning with the functions 4, and # we define by (4.1) analytic
functions f,, and f on U, and we then define, using (4.10), analytic functions
F, and F. Let U, be the region obtained from U by taking inverses with respect
tp the circle C. Using (4.12) we extend the functions F,, onto the region
U=UUC* U U,. Clearly the functions f,, satisfy conditions 4.2.A—4.2.B, the
functions F,, satisfy conditions 4.5.A—4.5.B, while the extended functions F,,
satisfy the Postulates 4.6.A—4.6.B (replacing D by U, D* by U*,D, by U,
and D by U). It follows from the convergence of ,, to 4 in U that f,, = fand
F,, = Fin U. The analytic functions F,, converge, therefore, in U to some
function coinciding with F on U. It is clear that this limit function satisfies
conditions 4.6.A—4.6.B. Thus, the function F satisfies conditions 4.5.A—4.5.B,
while the function 4 satisfies conditions 3.2.A-3.2.B.

4.8. We shall now consider some particular solutions of the problems
described above. To begin with, let / = 0.

It is easy to see that the functions
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Op(z)=i(z*+2%  (k=0,1,2,..., ), I
O (z)=z*—z" (k=1,2,...,1), 4.15)
O, @) =55 (ven)

are solutions of Problem .
Using formula (4.11) we find the corresponding solutions to Problem #

=3

@ hptyds (k=0 1, 2, ..., 1),

z

hh (Z) =Re

ha(@)=Re \ L@ _bydz k=1, 2, ..., 1), (4.16)

hy(z)=Re { @ tYq,  (yeD).

DL N SN O N
~3
-
I

The functions 4, and &_;, are continuous on the closed disc D U C; the function
h7 is also continuous on D U C, except at the point v where it has a singularity.
We shall now investigate the nature of this singularity.

We note that
h,(2)=¢,(2) + A,(2),

where

9@ =Re [ +7 () izdjv] ,
0

¢ -1 —2T7
Av(z) — Re {:—2—;— g (z+v)z z’z_:'(é) (W3] dz] .
0

According to 4.3, the function T(z) has a zero at the point 0 of order{+1 =1,
and it follows from 4.3.B that the function (z + v) z ™! T(z) is Holder con-
tinuous on D U C. Consequently, the absolute value of the integrand in the
expression for A, (z) is majorized by the functionk |z —y | ~! where Aand k
are positive constants. Therefore the integral converges absolutely and uniformly
in the closed disc D U C, and A, isa continuous harmonic function on this disc.
Furthermore, taking (4.6) into account we have



50 E. B. Dynkin

t z—

() =T Re T o (yy i (e R, (417)
0

where the quantity arg (7——2) above takes values in the interval ( - %, % )
Y

The function ¢, (z) is continuous everywhere on D U C except at the point v.
Its limit on approaching v along the contour C and in the direction of the vector

v(y) is equal to — % r (y); from the opposite direction the limit is 127- r(y) (we

recall that 7(y) = %1). If we are only interested in the one point y € I, then
according to 4.3 we can assume without loss of generality that

7(y)=r(y)=1,and

sp7(z)=arg 7;2 . “4.17)

We shall now look at the case I =—m << 0. This time the functions ¢I>7 (z) no
longer satisfy condition 4.5.A and are therefore not solutions of Problem ¢
(although they satisfy condition 4.5.B). On the other hand, the functions

2;myl—m

e :j_p- 1422y 4 .. 42z (4.18)

satisfy condition 4.5.A, but not condition 4.5.B.
Let a(7y) be a real-valued function on the set I" such that

Y ay* =0 (k=0,1,2,..,m—1). 4.19)

y&ET
Then the function

zmvl—m

=Y

F(z)= 2 a, @, (z) = Z ay

Yer yer

(4.20)

satisfies conditions 4.5.A—4.5.B and so is a solution to Problem €. The corres-
ponding solution of Problem & is given by the formula

CECOEESE ORI
Y

We observe that
h(z)= 2 aypy(2)+B(2), (4.22)
v

er

where ¢, is given by (4.17), and
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Bm=mg WTW@'“ T (y) vy dz
0

is a continuous harmonic function on the closed disc D U C.

4.9. We now consider the case / =—m < 0 more closely.

In §5 it will be proved that if the set I', is empty, then the only solutions to
Problem # that are bounded below are the constants. We can therefore pre-
suppose that I, > and consequently (see 3.2))I_=2m — 2+, = 2m — 1. Select
any subset I'; of I'_ consisting of 2m — 1 points, and put

P, (w)=vy" ™™ II = ﬁ_ , 4.23)

BET
b*v‘

m—1

Z P, > WA (2). (4.24)

‘V ET1 n=-—m+1

n

THEOREM 4.1. Suppose that the function F is regular in a neighbourhood of
the origin and that

1
%=mFme

Put

m—1
CF=F+ 2 (cahn+calhon), (4.25)
n=0

where the functions A, (z) are defined by (4.24). Then either the functions F
and G§ F both satisfy or fail to satisfy condition 4.5.B. The function 'CFis
regular in a neighbourhood of the origin. If F is regular on D and continuous
on D*, then the function G F satisfies® condition 4.5.A.

PROOF 1°. Note that P;" = Py. It follows from this that

Aw*, 2)=—Aw, z%), A_,=—A;}. (4.26)

Therefore the functiong = € F — F satisfies the relation g* = —g. This means
that Re g = 0 on C, and that the functions F and G F = F + g either both
satisfy or both fail to satisfy condition 4.5.B.

2°. We shall write f =g if the function (f—g) z! is regular on a neighbourhood
of the origin. We shall show that

1 If7> 0 thenitis natural to assume that the set T, is empty, A(w, z) =0 and € F =F. Theorem 4.1 is
trivial under these circumstances.
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/\0 (Z) = —% y
MA@ =—2", A(x)=0 (n=1,2, ..., m—1). (4.27)
According to (4.18)
m—1
;i$+1+2 E "yt =0
n=1
Hence
m—1
4.28
A(w, z)z—%Ao(w)—- 2 An (w) 2", ( )
n=1
where

A (w) = }J Py (w)y ™

Note that the function P (w)= wm” lP (w) is a polynomial of degree not
greater than 2m — 2, and P (= 1, P. (B) 0 when 8 # v (BET,). It follows
that the function w™'4,, (w) w™ 1" is a polynomial of degree not greater
than 2m — 2 vanishing at all 2m — 1 points of the set I'; . Such a polynomial is
identically zero. Hence 4, (w) = w ™" . Substituting these values in (4.28) we
obtain

Aw, 5)=—5— Z (4.29)

A comparison of (4.24) with (4.29) now gives (4.27).
It is clear from (4.27) that

m—1
CF=F— 2 cnz" = 0.
n=0

Consequently the function z/ € F is regular on a neighbourhood of the origin.
3°. The functions A, (z) can be expressed as linear combinations of the

. + .
functions z — : (v €T,). Hence they are regular on D and continuous on D*

Clearly the function €F —— F also has these properties. Hence if F' is regular on
D and continuous on D*, then these same properties will hold for the function
& and by 2° also for the function z! € F,

REMARK 1. It follows from Theorem 4.1 and from 4.5 that if F is regular
on D, continuous on D*, and satisfies condition 4.5.B, then the function

h(x)=Re | TO6F ) az (4.30)
0

is a solution of Problem #. A particularly important role is played by the
solutions hﬁ that are obtained by means of this formula from the functions
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—

L) 5(2) = 3 ; i 8 . (For I = 0 formula (4.30) agrees with (4.16).)

REMARK 2. Note that for the function

D, (o) =4 X2 @.31)
the following equation holds:
CD,, (2) = Du (2) — A (w, 2) +_i: (@™ —w*) Aon (2). (4.32)
In particular, when ¢ € C,’ )
€D, (2) =Dy (2) — A (@, 2) (4.33)

and €&, (z) = 0 when o €T} (and consequently 2, = 0).
It is evident from (4.32) that the function [®, (z) — A(w, 2)] z! is regular in
a neighbourhood of the origin. A closer analysis shows that

wl m yl-mp, (w)

-2 = (4.34)

YET1

z2H Dy, (2)— Afw, z)]_

§5. The Minimum Principle and its consequences

5.1. Let A € #. (We recall that this means that 4 is subject to conditions
3.2.A—3.2.B.) We write 2 € #. if the function % is bounded below near C and

limh(z) >0 for all vyel.. s.n
7oy

It is clear that the set #. fulfills conditions 1.2.A—1.2.D. The basic problem of
this section is to show that the Minimum Principle 1.2.E is also satisfied. More
precisely we shall prove the following:

THEOREM 5.1. Let D be a region bounded by a smooth contour C, K a com-
pact subset of D, and Do = D \ K. It will be assumed that the function h € #.,
is continuous on Dy U 9K and is harmonic on Dg. If the set T, is non-empty,
then at least one of the following two statements is true:

a) there is a point z4 € 0K such that h(zy) < h(z)forall z € D,;

b)h(z) =0 forallz €D,.

If the set T, is empty, then either statement a) is true or h is constant
throughout D,,.

By applying this theorem to the case where U is empty we obtain:

COROLLARY. If the set T, is non-empty, then each solution to Problem #
that is bounded below and belongs to $, is non-negative, and each bounded
solution to Problem # that belongs to #, vanishes. If the set T, is empty,
then every solution of Problem # that is bounded below is a constant.

The proof of Theorem 5.1 will be given in 5.5 after we have proved a number
of lemmas. In order to explain the role of these lemmas, let # € #, be non-



54 E. B. Dynkin

constant and continuous on the compact set C U Dy U 9K. Then the minimum
of h on CU D, U 9K is attained at some point z,. Lemma 5.1 shows that z,
cannot belong to Dy, and if z, € C, then the vector v(z,) is tangent to C, or in
other words, ¥(z,)=0. If z, € 3K, then condition a) is valid. If z4 € C, then
by Lemma 5.4 the function ¥(z) must change sign at z,, and hence z, €T It
then follows from Lemma 5.2 that z, € I'_. This means that z, €T, By virtue
of (5.1) h(zy) = 0, and consequently condition b) holds.

Lemma 5.3 is a subsidiary result, which is needed for the proof of Lemma 5.4.

Further consequences of Theorem 5.1 will be deduced in 5.6.

5.2. LEMMA 5.1. Let D, C, K, D, have the same meanings as in Theorem 5.1.
Let Dy CQ C CUD, UK. Suppose that the function h(z) (z € Q) is non-
constant, continuous on Q, harmonic on D, and attains its minimum on Q at
some point zo €Q. Then z, €C U 9K,

If z, belongs to a smooth arc (a, B) of the contour C, and if h at zy has a
directional derivative along a vector v and v makes an acute angle with the
inward normal, then

oh
v L) > 0. (5.2)

PROOF. The first assertion is well-known (see. for example, I. G. Petrovskii
[10], §28). Let us prove the second assertion. By a conformal transformation
the general case can be reduced to the case where Cis a circle. We construct a
closed disc contained in C + D, and having a single point z,, in common with
C. Clearly a strict minimum of % on this disc is attained at z,. According to a
well-known lemma (see I. G. Petrovskii [10], §28, Lemma 1) the derivative of
h along any direction that makes an acute angle with the inward normal to C is
positive.

5.3. LEMMA 5.2. Let [«, 8] be a smooth arc of the closed contour C, and let
Y € (o, B). Let a vector field v be given on («, ) so that

¥(z)<0 for z€(a,vy)
W@ >0 for 2B 63

We denote by D the region bounded by C, and by Q the set obtained from
D U C by removing the point .

Suppose that the function h(z) (z € Q) is continuous and bounded below on
Q, harmonic on D, and that it satisfies the condition

oh
=0 5.4)
at all points of (e, B) (except 7).
Then
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infA= inf A. (5.5)
Q C\a, B)

PROOF. Let [017., 6}.] be a smooth arc of the contour Cj, where C} bounds the
region D;, and let v € (o, 614) (G =1, 2). Consider a conformal mapping F] oij
onto the unit disc and construct a bilinear transformation G taking F, (o),
Fy(72), F5(By), respectively, into Fy (a;), Fy(v), F1(B,). The mapping
F=F[1GF, takes C,, D,, [, B5], 72, respectively, into C,, Dy, [y, 8,1, 7,
It is conformal on D,, continuous on D, U C,, and has a non-zero continuous
derivative F'(z) at all points of the arc («,, 8, ). Using this mapping we can see
without too much difficulty that Lemma 2 is valid for any contour C, smooth
arc [a, B1, and point v, provided that it is valid for some special choice of
contour, arc¢ [a, 8], and point .

Let us choose for C the contour that forms the boundary of the semi-disc

D={z=z+iy: y>0, 224y2< 1),

for the arc [¢, B] its diameter [—1, 1], and for v the point 0. Consider the
function

b(z)=In|z|?

and put
Ke={z: y2>0, bz)=0b(e)}
Qe={z y=0, b()<b(@) <b ).

The boundary of Q, consists of the two semicircles X; and K, and the portion
L, of the diameter determined by the condition (1) <b(x) < b(e). Note that
onlL,

3

b .
9r

Yy T (5.6)

-1

Let v,(2), v, (2) be the coordinates of v(z). We write
D(z) = v (2)sign vy (2).
Foreachz€ L, 0(z) forms an acute angle with the inward normal and, because

of (5.6) and (5.3),

=< 0. 5.7

Denote the greatest lower bounds of the function 4 over the sets Q and
K, =C\ (g, B) by g and k, respectively. The function
b(1)

b(z)—
500 () = h(2)— -+ (k — ) =20
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is continuous on @, and, by virtue of (5.4) and (5.7)

o

OFKe _ oh k—gq ‘cﬁ.__k—q 3_<0
2 a5 B(e)—b(1) 5 b(e)—=b() 55 T

forany z €L,. By Lemma 5.1, the minimum of é¥¢ over the set Q, is attained
on K; UK,. Since &% is non-negative on K; U K_, it is non-negative on Q..
Making € | O we arrive at the inequality 4(z) = k throughout Q. Consequently
(5.5) holds.

LEMMA 5.3. Let [«, B] be a smooth arc of the closed contour C, and let a
vector field v be given on (e, B) such that ¥(z) > 0. Denote by D the region
bounded by the contour C and by Q the set obtained from D U C by removing
the point oo Suppose that the function h(z) (z € Q) is continuous and bounded
below on Q, harmonic on D, and that it satisfies the condition

oh
=0
at all points of the arc (&, B). Then
infh= inf A.
@ C\{a.p)

PROOF. Just as in Lemma 5.2 it suffices to prove our lemma for some
particular contour C and particular arc [e, 8].

In order to carry out the proof, it suffices to repeat the arguments used in
the proof of Lemma 5.2, putting

D:{z: y >0,

s—p|<3} a=0p=1 6@ ~x|z|™

The only difference is that the function H, is not defined at the point 0
belonging to Q.. Hence the fact that H, is non-negative does not follow directly
from Lemma 5.1 and requires a separate proof.

Let 6 >0, and put

H=H,+8In|z| L

Note that 852 /30 <0 for all z # 0 in L. For any 0 <r < 1 the function H?
is continuous on the set

Qe =0QeN{z: |z]>r}.

By Lemma 5.1 the minimum of this function over Q/ is attained at some point
of the boundary that does not belong to L. If r is sufficiently small, then at all
such points the function Hf is non-negative. This means that it is non-negative
throughout Q7. Hence we can conclude that Hf (z)=0forallz#0in Q..
Letting 6 | O we arrive at the conclusion that H, >0 forallz #0in Q,.
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5.4. LEMMA 5.4, Let [o, B] be a smooth arc of the closed contour C and
v € (o, B). Let v be a given Holder continuous vector field on the arc [, B) such
that

¥ (y)=0, ¥(z) >0 for z€(y, B) (5.8)

Let D be the region bounded by C. Suppose that h(z) z €D VU C)
is continuous on a neighbourhood of v, harmonic on D, and continuously
differentiable at all points of (v, B), with
3h
aw=0
Then for sufficiently small € > O the greatest lower bounds of h over the sets
UDUC)N (= |z—v|<e} and K, = {DUC)YN{z: z—yi=¢} are equal
REMARK. It is clear that Lemma 5.4 remains valid if the arc [y, §) is
replaced by (&, ], and (5.8) by the condition

Y(y)=0, ¥(z) <0 for z€(a, V).

To verify this we need only use the transformation F(z) = z.

PROOF OF LEMMA 5.4. Without loss of generality D can be considered to
be the unit disc. We extend the field v onto the whole circle C in such a way that
it is Holder continuous, so that ¥(z) is non-negative on some arc [&', ) and that
the index [ is zero. In relation to this field the point vy belongs to I'_, and by
(4.16) to this point there corresponds a function h7 continuous throughout
D U C except at vy; the restriction of this function to C has a discontinuity of
the first kind at y. Choose constants ¢ and b so that the function g = ah7 +b
has the limits —2 and +2 as the point z approaches v along the arcs (¢, y) and
(v, B), respectively.

The boundary of U, consists of the arc K, and an arc (¢, , 8, ) of the unit
circle C. Choose € > 0 so small that 4 is continuous on U, and that

g(z) < —1 for z€(ay,vy),
g(z) >1 for ze(v, Bo).

Denote by.u and & the greatest lower bounds of & over the sets U_, K,
respectively, and let ¢ = sup | g |. The function

3

H(z):h(z)—u—g;’ﬁ‘(k—u)

satisfies the conditions of Lemma 5.3 with respect to the region U, and the arc

(7, B1)- Since H(z) is non-negative on X_ U (&, 7v), it is non-negative through-
out U,, and we have

(5.9)

h(z)}u—}-i((]i_)*—_i;—i(k—u) (zeU,).

By (5.9),h(z)=u + z}_i—l (k —u) for z € (v B,), and hence
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uzh(MZut g k—u)  GEN. ).

Hence k = u, and the lemma is proved.

5.5.PROOF OF THEOREM 5.1. The theorem is obvious if the function % is
constant; suppose then that it is not constant. Put z €T’y if z € I and the
vector v(z) is tangent to C. Denote by D, the set of all points z € D§ = D* \K
that are at a distance not less than € from all points of I' U’ . Let
c=inf h(z) for z € D§.

We suppose at first that I, is non-empty. Consider the set A, consisting of
all points z € D§ that are at a distance not less than e from I'.. If ¢ <0, then

because of (5.1) inf h(z) = ¢ for sufficiently small € > 0. It follows from
Z€A,

Lemmas 5.2, 5.4 that if € > 0 is sufficiently small, then iglf h = c. But the
€
function % is continuous on the set D, , and therefore there exists zo € D, such
that 4(zy) =c. However, by Lemma 5.1 the point z, can belong neither to D,
nor to C N D, . Consequently z, € 8K, and assertion a) is true.
If the set I, is empty, then the same argument leads to the desired conclusion
if A, is replaced by D§.
5.6. Using Theorem 5.1 we shall now give a description of all the bounded
solutions 4 of Problem # for which the limit
lim & (z) = b,
i—a
exists for any « € I', ‘We put i(a) = b,, so that the function & becomes defined
and continuous on the set D¥ U T, .
THEOREM 5.2. For any function b(a) (x € ') there exists a unique bounded
solution h to Problem $ satisfying the conditions

k() = b (). (5.10)

If the index 1 2 0, then each bounded solution that is continuous on D*¥U I,
is uniquely expressible in the form

l
h (z)=a+h=2_l anha (Z)‘f‘yg_avhv (2), (5.11)

where hy, and h., are the functions defined by (4.16) and a, a, a, are constants.
If 1 <0andl, >0, then every bounded solution continuous on D* UT', can
be uniquely written in the form

h(z)=a+ 2, ayhy(2), (5.12)
YET-
where a, a,, are constants connected by the relations

yg_aw“:O (1k) <)) (5.13)



Martin boundaries and non-negative solutions 59

PROOF. 1°. Let I = 0. To begin with we show that the functions 1, i. h,
are linearly independent and consequently the representation (5.11) is unique.
For let

h=a+ X aphy+ Dayhy, F= 2 ad+ D a0,
It is evident that h =R (F l£> . Hence if h = 0, then by 4.2, F%:@h: 0

and consequently Za; &, + an CI’7 = 0. It is easy to deduce from this that all
the coefficients @i, @, are zero. This implies that a is also zero.

2°. We now show that the coefficients in (5.11) can be selected so as to
satisfy (5.10).

For the conditions (5.10) give rise to a system of [, linear equations in
214+ 2 +1_unknowns. Now according to (3.2) 2/ + 2 +[_=1,, so that the number
of equations is the same as the number of unknowns. By the corollary to Theorem
5.1 and 1° the corresponding homogeneous system only has the zero solution.
Consequently the determinant of the system is non-zero and the system 5.10
has a solution.

3°. Now let I <0, [, > 0. We suppose that the function / is defined by (5.12)

and that the coefficients satisfy (5.13). Observe that A= R (TT— @F) ,

where F= X a,®,. By 4.9 it follows from (5.13) that €+ =F. Hence
YET_

h=% (TT; F> . Repeating the arguments of 1° we conclude that if # = 0, then

a, = 0 forally €T'_, and thata = 0.

Next we show that the coefficients in (5.12) can be chosen so that the
function & satisfies (5.10). For the conditions (5.10) together with the equations
(5.13) lead to a system of —2/ — | + [, linear equations in / + 1 unknowns.

Again the number of equations is the same as the number of unknowns, and

the corresponding homogeneous system has only the zero solution. This implies

that the system (5.10), (5.12) has a solution. Since this system has along with

each complex solution also the complex conjugate solution, it has a real solution.
4°. It remains to note that by the corollary to Theorem 5.1, conditions

(5.10) uniquely determine the solution to Problem # .

5.7. By Theorem 5.2 there exists for each point « €', a unique solution to
Problem  that is equal to one at « and to zero at the remaining points of T',..
Let us denote this solution by p,(z). By Theorem 5.1, all its values lie between
zero and one.

Clearly a solution 2 that satisfies conditions (5.10) is given by the formula

h(z)= GEEF b (@) pa (2). (5.14)

For b(a) = 1 condition (5.10) is satisfied by the function A(z) = 1. Hence
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1= 2 pal2). (5.15)

afl,

§6. The Green’s Function

6.1. If the set I', is empty, then the set of all non-negative solutions of the
boundary value Problem # consists of the non-negative constants (see Corollary
1 to Theorem 5.1). The only case that has to be further studied is when the set
I', is non-empty. In this section the Green’s function for Problem # (see 1.3)
will be constructed. That is, for each w € Do =D \ {0} a function g, () (z ¢D)
will be constructed satisfying the conditions:

6.1.A.8,2)=h,()—In|z—w| where h, (z) is a harmonic function on
the region D.

6.1.B. The partial derivatives of g,, (z) can be continuously extended to D*,
and at each point z € C* the directional derivative along v(z) is zero.

6.1.C.lim g, ,(z)=0forall €T,.

zZ—>a
6.1.D. The function g, (z) is bounded in a neighbourhood of any point
BET..
From Theorem 5.1 it follows easily that the Green’s function is non-negative.!
6.2. In 4.2 the operators & and R were described; they establish a corres-
pondence between the harmonic and the analytic functions on D. We now
extend these operators to a somewhat wider class of functions, Namely if

Rz)y=h(z)+alnjz—w],
where /4 is a harmonic function on D, w € D, and a is a real constant, then we
put
7Y a
6}1 (Z) = Gh (Z) +m ,

and if

a

T@=1@+

z—w’

where f is regular analytic function on D, w € D, and a is a real constant, then
we put

Rf(z)=Rf(z)+aln|z—w]|.

LI the set T'4 is empty, then the Green’s function does not exist. For in this case the function f—c¢

belongs to the set %, if f does, where ¢ is any constant. Consequently the inequality g,,(z) —c > 0 must
hold for any ¢, which is clearly impossible.
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It is easy to see that for z # w formula (4.1) holds, as before. Formula (4.2)
also remains valid, provided one integrates along any curve joining z, to z and
not passing through w. If the path of integration is smooth, then it can pass
through w; however, in this case the integral has to be understood to be in the
sense of the Cauchy principal value.

It is easy to see (see 4.2) that the function g,, satisfies conditions 6.1.A—
6.1.B if and only if the function G, = &g, satisfies the conditions:

62A.G,(2)+ z; is analytic on D and continuous on D*.
-~ w

6.2.B.Rev(z) G, (z)=0forz € C\T.
Let G, (2) satisfy conditions 6.2.A—6.2.B. Consider the function

gw (2) =RG, (z) =Re S Gy, (2)dz (6.1)
b

and put

8w (2)=gu(2)— 2 guw(@)pa(2),
Q€ET, (62)

where the p,(z) are defined in 5.7. Clearly g,, satisfies not only conditions
6.1.A—6.1.B but also conditions 6.1.C—6.1.D. Consequently it is the Green's
function.

6.3. THEOREM 6.1. Let v be a Holder continuous vector field on the unit
circle C with index 1 and characteristic function T(z). Suppose that the set T',
is non-empty. Put

Ly (2)=®y,(2) - A(w, 2), (6.3)

where A(w, z) is defined by (4.24) when 1 <0 and is zero when | 2 0, and where

v (6.4)

Z——Ww

Dy (2) =7
Furthermore let

T (z)

Gy (2)= S (w) (w) Ly» (2) — S (w) Ly (2)].

(6.5)

Then the function g, (z) (w € D, w # 0; z € D*) defined by (6.1)—(6.2) is the
Green’s function for Problem #.
PROOF. We shall prove that the function

F 4 (2) = i8S (W) Ly (2) — iS (w) Ly, (2) (6.6)
satisfies the conditions:

a) the function A(z) =z [F (z) + 'S(Z)Z ] is regular on D and continuous

onD*;
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b)Re F, (z)=0forz € C*.

Clearly the functions F, and G,, are related by equation (4.10). By 4.5,
6.2.A follows from a) and 6.2.B from b). Hence (see 6.2) the function
8, (z) given by (6.1)—(6.2) is the Green’s function.

The function A(z) is clearly regular on D and continuous throughout D*,
except possibly at the points 0 and w. Its regularity at the point O follows
from remark 2 in 4.9. If w € D, then w* #* w and

lim A (z) = {ime. (@) +iS () A (w, v) +iS’ W) w45 S (w)} ot

=W

It follows that for w # 0 the function A(z) is regular at w. Thus, condition a)
is proved.

Furthermore, it is easy to see that ®,+ =— ®*. By 1° in the proof of
Theorem 4.1, A(w*, z) =— A(w, z*). Hence L, =— L}, and
Fy, (z) =[iS (w) L* (2)]"— iS (w) Ly, (2). (6.7)
The validity of b) follows immediately from this.
REMARK. It follows easily from Theorem 6.1 that the Green’s function
g, (z) satisfies condition 1.3.B on the region D? obtained from D by removing
the point 0.
§7. Asymptotic behaviour of the Green’s function
7.1. By (4.4)
S (w) =r(w) [t (w) +iv(w))
forallw € D U C except w = 0. If we write for short
T@)="T2, LYW, 2)=Los()+Lu(@, L@ 3)=Lu(@—Lu(2), (7.1)

we can write (6.5) in the form
Go(2)=T () r () {t (w) L* (w, 2) —iv (w) L" (w, 2)}. (7.2)

We shall study the behaviour of this function as w'~ « € I'. By (4.6), y(a) = 0.
According to (4.7) we can suppose without loss of generality that
S(a) = () =r(a) = 1. It follows from (7.1), therefore, that

Go(2)=T (z2) (L*—ivLY) +o(L*) 4+ o (VLY), (7.2")

where the asymptotic estimate is uniform for all z in D*.

7.2. Denote by D¥ the set obtained from D* by deleting an e-neighbourhood
of the point «. We shall derive further estimates for G, (z) and g, (z) acting
uniformly on each region D} (e > 0).

Let us write B = 0(4) whenever the ratio % tends to zero uniformly in each
regionD¥ (e>0)asw —~ «.



Martin boundaries and non-negative solutions 63
We put!

Uq ()= 2@ = ) Py () Dy (2) ). (7.3)

ho=a (Z—“(l)2
YE

Note that

P (w) —P (w)
L‘_—_(w‘—w){(z__w‘)——i(-z_—w Zq) () v }

=Uq (2) (w* —w) + o (w* —w), (7.4)
L,(z)=Lo(2)+ Uy (2) (w—a)+o(uw—a), (7.5)
L®=2L,(2)4 Uqs () (w+w* —20) +o (w—a)+o(w*—a).  (7.6)
Every point w sufficiently near to o can be written uniquely in the form
w=ae*(1—1t) (s]<n). (7.7

Hence the scalars (s, ¢) can be considered as local coordinates in a neighbour-
hood of the point «. Clearly t =0 whenw € C, and t > 0 when w € D. The
point « has the coordinates (0, 0). As w = o we have

w* —w = ae'* (1—12—1+t>=2ta+o(t),
w—a=a((l—t)e* =) =a(is—t)+o(s)+o(l), (7.8)
w’—a:a(ﬁe“—i)=a(is+t)+o(s)+o(t).

From (7.4), (7.6), (7.8) we obtain

LY =2talUg (z) 4o (t), ] (7.9)
LY =2Lg (2) + 2isal o (2) + 0 (s) -+ 0 (¢).
Combining (7.2") and (7.9) we arrive at the formula

Gy (2)=2T (2) {—iLy(2)v+a(sv+t)Uqg(2)}+o(vs)+o(t). (7.10)
Put

ua(z)=2ReS (z)a[ eI ML (@]dz. (71D

YeET

By (4.33), L, (z) = @®, (z). From (6.1), (7.10), (7.11) and Remark 1 in 4.9 it
follows that

R 0, then I'; is empty and the second term vanishes.
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Gu (2) = 2kg (2) V4 (sv+ 1) ug (2) H0 (vs) F-0 (1). (7.12)
7.3. Now let « €I'_. Then we can choose the set I'; so that @ €T";. Accord-
ing to Remark 2 in 4.9, k,(z) = 0, and formula (7.12) takes on the form
Guw (2) = (sv + ) uy (2) + 0 (sv) + 0 (7). (7.12")

We shall suppose that in a neighbourhood of the point o the function S(w)
satisfies a Lipschitz condition: | S(w,)—S(w,) <k |w, ~w,|.(By44a
sufficient condition for this to hold is, for instance, that the vector field v(z) is
smooth in a neighbourhood of «.)

We denote by 8(s) the angle between the vector field at the point oS and
the positively directed tangent to C at this point; and we put (s, ¢) = 0(s). By
4.3

sin 8 (s) = v (ae'®) = v (s, 0).

The function v(w) as well as S(w) satisfies the Lipschitz condition near & and
consequently

v(s, t)=v (s, 0)+ 0 (t)=0+0(8)+0(2),
where 0 = 0(s, ¢). It follows that (7.12") can be rewritten in the form
G (2) = (504 1) ug (2) 4 0(s8) + 0 (2).

Put p =58 + ¢. According to 3.3, 58 = 0 in a neighbourhood of a. Therefore the
numbers s8p ! and tp~! lie between zero and one, and

Guw (2) = Quq (2) +0(0).
By (6.2) this implies

lim ¢77g., () —u (), o
where o
u (2) :uam—yeznua (V) Py (2)- (7.14)

7.4. We can even avoid the additional assumption made at the beginning of
7.3. For if we can show that

vs

lim —==20, (7.15)
then from (7.12") we can derive the formula
lim (vs4t)~1gy (z) = ud (2), (7.13")
w—a
which is completely analogous to (7.13).
We now prove the inequality (7.15). Since v — 0 as w — &, (7.15) holds with

. oS : t
equality, prov1ded? remains bounded. Hence we may suppose that? = 0. Let
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(B, v) be any arc containing a, and put

1 a—w f—vy 1 y—wae—p
By (w)=—_-arg e o=y’ By(w)=—_-arg, —_ Y=p"
1 ao—w yYy—a
B(w)_E arg y—w p—a’

where the values of the arguments are taken in the interval (—x, 7] . The functions
B,, B, and B3 are harmonic on D and coincide on the contour C with the
functions determining the arcs (8, ), (o, ¥) and (v, B), respectively. A simple

computation shows that, asw = « and1 -0,
s

B‘ (w)=b‘?t+0 (%) if S>0.
(7.16)
Bz(w)=b2%+o<%> 1t s<0

B(w)y=bt+o(t)

(where b,, b, and b are constants). Let ¢ > 0. Choose the arc (8, v) so that the
function
fw)=1m § (w)=r(w) v (w)

satisfies the inequalities 0 < f(w) <e€ on («, y) and —e < Alw) <0 on (B, ). (We
recall that by 4.3, r(w) > 0 and the function v(w) changes sign from — to + at «.)

The function f(w) is harmonic in the annulus Q ={ w: % <|w |<1;. Hence
for any constants a and ¢ the functions
H{(w)=f(w)+eBy (w)+aB(w)+4clnjw|1,
Hy(w)=—/f(w)+eBy (w)4aB (w)+clnjw(!

are harmonic in Q. If a and ¢ are sufficiently large, then the functions A, and
H, are non-negative on the boundary of @, and this implies that they are non-
negative on Q. Hence in some neighbourhood of «,

—eBy (w)-:;—aB(w)-ti-{—cTslnlw[ for s>0,

s
r(w)v(w)—;} 5 s
eB, (w) T+a8(w)_67 Injw| for s<C0.

Butr(w)—=>land ¢! In|w |~ 1 as w — &, and by (7.16) we have

lim viw)s
wa

> —emin (by, —by).

Hence (7.15) follows, because € > 0 was chosen arbitrarily.
7.5.Nowleta €T, . By (7.12)

qu (2) = 2ha (2) v+ ug ()t +o(v)+o (). (7.17)
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Substituting this expression in (6.2) we arrive at the formula

8w (2) = 2hg (2) V + Ua (2) t — qu (@) Po (2) + 0 (v) +0 (1), (7.18)
where
Ra(z)=ho(2)— 2 Ra(y) py(2),
5 YEI+, v#a (719)
Ua (D) =ua(d)— 2 ua(y)py(2).
YET+, v¥a

For z =« (7.17) is inapplicable, and the behaviour of g, (@) as w > a must be
investigated separately. This will be carried out in 7.6—7.8.

In the course of our calculations we shall come across a number of constants
the exact values of which are unimportant for our purposes. We shall denote
these constants by a,, a,, . .. if they are real, and by 4,, 4,, . . . if they are
complex.

We shall suppose that w does not lie on the radius [0, a] . With this
assumption all integrals that occur converge absolutely.

Denote by II the interval (¢, o] , where « is any fixed internal point of the
radius [0, a] . By (6.1) and (7.2),

9w (@) = guw (@) + 7 (w) T (w) Re S T(z) L (w, 2)dz—
i1

—r(w)v(w)Re S T (@i L (w, 2 dz. (7.20)
n

It follows from (6.3), (6.4) and (7.1) that

L*(w, 2) =1+ ;5 —2A (@ 2) +o (1),

i—w* | —w (7.21)
L*(w, 3) = 25— 22— —1Aw (@, D)+ o)) (w* —w),
where A, = % and the estimate o(1) is uniform for z € I1.
Put
2 (w) =§ 2 da. (7.22)

The equation wT(z) = T(z) — T(z) (z — w) yields

S 2T (2)dz= D (w)+ 4y
n

and by (7.21)
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T(z) LY (w, 2)dz =D (w*)+ D (w)+ 4.+ 0 (1),
T

(2) L* (w, 2)dz = D (w*) — D (w)+ As (w* — w) + 0 (w* —w).

Hewrs Heors

Substituting these values in (7.20) and using (7.17) and (7.8) we obtain
Gu (@)= —r (W) v(w) I (w)+r ()T (w)J (W) +ayv (W) + ast + o (V) +o(t), (7.23)
where

I(w)=Rei[Dw*)+ D W), J(w)=Re[DWw*)—D W) (7.24)

7.6. We shall have to deal with many-valued functions. Let us agree on each
occasion to choose branches of such functions that are regular on the region E
obtained by removing from the complex plane the ray emanating from the
point « in the direction of & . In particular, we shall write

InZ2=In | ]+zarg—°-‘ (weE), (7.25)

where the value of the argument is taken in the interval (—, 7).
Let

M,(w)=1ln2=%4 0222, (1.26)
M_(w)=In wt _a—l w;—a .
It is not difficult to see from the relations
wt*—ew—a __ jw—a 2 wh—a _ -‘:ﬂ—_a__l:
a a aw w—a w—a gy
that when |w | < 1,5 # 0.
(7.27)

M,(w)y=2Inlw— aH—in signs+o (1),
M. (w)—t+targ +o(t)

In order to study the behaviour of the functlons D(w),[(w), J(w) asw ~> «
we shall make use of the following well-known proposition in the theory of
functions of a complex variable (see, e.g., [1]1, 8.1):

7.6.A. Let I1 be a smooth arc beginning at o and ending at o Let F(z) be a
Holder continuous complex function on I1. Then the formula

F
fa)={ FO 4,

n

defines outside Il g regular analytic function f. As w —> a,
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fw)=F (@)n*

where by In ¥ ~ % \ve mean a branch that is regular outside 11, and where A is

a complex constant.
From this proposition it follows, in particular, that

D w)=1n 224 A+ o(1)

(because T(a) = 1). Hence from (7.24)—(7.27) we have
I (w)= Re[iM, (w)+24,il+o0(1)= —nsignstaz+o(1). (7.28)

7.7. In order to give an estimate of J it is necessary to add the supplementary
hypothesis that the vector field v is smooth in a neighbourhood of the point a
(see 3.1). According to 4.4 and by virtue of this assumption, the derivative of
the function 7T(z) is Hélder continuous in a neighbourhood of «a; therefore
Proposition 7.6.A is applicable to the integral

5(w)=gf—_l_(fwldz
i

Integrating by parts we easily derive the formula

P (w)= 3 () + o2 — T, (7.29)
Clearly
T W) — D (w) = S D (0)dz  (wEE), (7.30)
Kw

where K, is the line segment joining w and w*. According to 7.6.A the
function @ (z) is regular outside II, and asx > «

D (@)=T"(a)In ZS 2+ As+0(1). (7.31)
Combining (7.29), (7.30) and (7.31) we have
Dw")—Dw)=T (a)(w*—a)ln -~-—~—T (@) (w—a)In Z=F 4

w*—aq

w—
+1n T In

¢ (W* —w) + o (w* —w),

and by virtue of (7.26), (7.27) and (7.8),
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D *) — D ()= 5 T’ (a) My () (* —w) +
AT (@) Mo @) (0w —20) + M- () -+ A (w0 —w) 0 (7 —w) =
=2tT’ (@)aln|w~—a|+ital’ (a)asigns+

+i{T" (@) a (e —1)+1}arg

w*—a

+thA;+o(). (7.32)

w—a

Taking the real part we arrive at the expression

J (W)= = 2%t In|w—a|—wntsigns+j(w)+ait+ol(t), (7.33)

where
®, = —Real (v), xg9=Imal (a), (7.34)
J(w) = {x;sin s+ xy (1 —cos s)}arg ":__: . (7.35)

Let w — o. We shall say that w tends to « tangentially to C if % - oo and we
shall say that a strictly non-tangential approach takes place if the ratio?

remains bounded.
Note that if w tends to « tangentially to C, then by (7.8)

e t-ut ()

and consequently
J(w) = — 2%t —wy st+ o (st). (7.36)
We shall now show that
w =vs(a), w,=v;(a) (7.37)
(where v; and v, denote the partial derivatives of the function with respect to s
and ). It follows from (4.4) and the relation v + 72 = 1 that
T(z) = R(2) [7(z) —in(z)] (R(z)=r(z)~! > 0). Differentiating this equation with
respect tos and ¢, and using the relations »2(w) + 72 (w) = 1, v(a) = 0,
7(0) =R(a) = 1, we arrive at the formulae
Ti(a)=R;(a)—ivs(a), Ti(a)=2R,(a)—iv,(a).
But T (o) =T'(a) i, T, () =—T'(e)ax. Hence
—al’ (@) =iR,(a)+vs;(a) = R (a) —iv,(a),
and (7.37) follows from (7.34). N N
By the Mean Value Theorem v(s, t) = v(s, 0) = v;(s, t ) t, where 0 <t <t.
Since v, (s, ) = Kk, as w = «, we have

v(s, t)=v (s, 0)+nt +o(t)=sinO4nyt +0(t)=0-Fxst +0(08)4o0(t), (7.38)
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where 8 = 6(s) = (s, t). Hence, in particular, it is clear that k, =»,(0, 0) = 8'(0),
and by 4.3, k; <0.
7.8. Combining formulae (7.23), (7.28), (7.33) and (7.38) we have!

qw(a)= —n+Onsigns+as0+ag +0(0)+o(2)Y), (7.39)
where

n=2xtIn|w—a|—j(w). (7.40)
Hence by (7.18)

8 (2) = nPa (2) + 270 [ o (2) = sign P (2) | + e (2) + 0 (0) + 0 (1), (7.41)
where

ha (2) = g (2) —a1pa (2),  Ua(2) = U (2) + 2x5hg (2) — agpa (2).  (7.42)

Consequently

8w (2) = NPa (2) — 208pE (2) - (U (2)+ 0 () +0 (1)  for s> 0, ] (7.43)
Zw (2) = NPe (2) + 2005 (2) -+ L (2) + 0 (8) + 0 (1) for s <0, .
where
Pi(2) = 5 Pa(2) — ha (2),
X . (7.44)
pa(2) = 7 Pa (2) + ha (2).

To begin with, let x, # 0, and put

1

f=tln—
|w—aj

We shall prove that j(w) = o(¢) and consequently n=— 2K1?—]’(w) ~—2K, .
Suppose that this is not so. Then there exists a sequence w,, = « and a number

¢ >0 for which | jw,) > e |7, |(2=1,2,...). By virtue of (7.35) | L)

~
ty |
-
nol

tn

is bounded. Thus, the sequence €

is also bounded, the sequence

n

tends to zero, and because of (7.36) l’—(;f"—)

n

- 0. The contradiction so

obtained proves our assertion.

Suppose that w — « so that I
K

- \. It is clear from (7.43) that

~

1 Since the function r(w) m(w) is Holder continuous in a neighbourhood of «,
[rw)rw)—1] njw—-a|->0asw—a.
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m £ | P for 2=+ (1.45)
1278 Pa(z) for A= — o
and
lim € () =[ Pa(2)+-Apa(z) for OLA < 4 oo, (7.46)
|2%17 | Pa(2) —Apa(z) for —oo < A< O,

Taking into account the fact that p, = p, + p,; and putting
A = max(}, 0), A~ = max(—A, 0) we can rewrite this last formula in the form

lim | 2x0¢ [ g (2) = (1 +A") & (2) + (1 + A7) pa (2). (7.47)

When the approach of w to a is strictly non-tangential, A = 0 and

lim| 2%, ! g (2) = pa (2). (7.48)
Note that 8 ~ ks, so that
A=1lim ™
t

We have assumed so far that w does not lie on the radius [0, ] and hence
s # 0. We shall now free ourselves from this restriction. Let w, -« w, € [0, a].
In view of the continuity (with respect to w) and the positiveness of the
functions g, (z) and f(w) we can construct a sequence w,, such that
t (wy) 5, (2)
= —1,
t (wy) Eun (2)
The validity of (7.48) has been proved for the sequence iEn. Hence this formula
is clearly valid for the sequence w,, as well.

7.9. We suppose now that k, = 0 and we shall prove that

J (W) =o(). (7.49)

— 1.

lwn_wnl_’oy

If this were not so, then there would exist an € > 0 and a sequence w,—~> «
such that {j(w,) |=e¢,. By (7.35)

eli j (wp)

2
Sn

th

A,
5 2

o] =~

< lim

<

3t

Consequently ¢, = o(s,,), and according to (7.36) j(w, ) =—Kk,s,t, +0(s, t,).
The contradiction so obtained proves (7.46).
It follows from (7.40), (7.43) and (7.49) that
8w (2) = —270pf (2) + tug(z) + 0 (O)+ 0 (f) for s> 0, (7.50)
8w (2) = 200p; (2) + LU (2) + 0 (6) + o (1) for s < 0.
Let w = aso that — 2#8¢~! - . Then
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lim gw(z)=[ Palz)  for A= + oo, (7.51)
1201 pa(2) for A= —oo

and

" +
lim £0) ={ o (2)+Api(z)  for 0<A <+ oo, (7.52)

Ug (#)—Apa(z) for —oo<AgO.
In particular, in the case of a strict non-tangential approach by w to a, A =0 and
lim £71g,, (2) = ltq (2). (7.53)

The restriction that w € [0, a] can be removed exactly as in 7.8.

§8. The Martin boundary for the boundary value probiem ¢ .
A description of the non-negative solutions and the solutions
bounded below

8.1. We shall now give a solution to the problems formulated in §3.

A description of the Martin boundary will be given in Theorems 8.1 and 8.2.
In the case where the contour C is the unit circle, the statements of these
theorems follow immediately from formulae (7.13), (7.45)—(7.46), (7.51)—
(7.52). The general case reduces to the case of the unit circle by using a
conformal mapping (see 4.1).

THEOREM 8.1. Let D be a region bounded by a smooth closed contour C,
let v(z) be a Holder continuous vector field on C with T as its set of exceptional
points. The Martin boundary B for the boundary value problem & decomposes
into connected components B* (o € ') that are in one-to-one correspondence
with the points of I". For « € I'_, the component B* consists of one point b*.
If a €T, and the field v is smooth in a neighbourhood of «, then the component
B* is a closed interval.®

The points of this interval will be denoted by by (— o0 <A < 0).

Let s be the canonical parameter (arc length) for the contour C, starting from
the point « € T in the direction of the vector v(a). The point of the contour C
corresponding to the value of the parameter s will be denoted by c(s). Let n(s)
be the unit vector directed along the inward normal to C at ¢(s), and let
w(s, t) = c(s) + ¢, (s). If we restrict the values of s and ¢ to a sufficiently small
interval (— €, +¢€), we obtain a local system of coordinates in a neighbourhood
of the point a.

We denote by 8(s) the angle between the vector field and the positive tangent
to C at the point ¢(s) and write

! Inourcase B=C\r+ I B, lfweC\T,then / isdefined as the set of all functions which are
acT

continuously differentiable near w and satisfy the condition 3f/v = 0 in a neighbourhood of w. For
w € By, « €T, we denote by /,,the set of all functions. Arguments of 4.7 imply that the sets -/, satisfy
1.8.a. Obviously they satisfy also 1.8.3.
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O(s, t)=10¢(s),
x=8'(0), | &
2ns
T AT when % =+ 0,
¢= ______—Zn(:(s, d when % =0. (8.2)

Observe that (0) = 0, and that 8(s) changes sign from plus to minusif« € T,
and from minus to plusif e €T"_.

THEOREM 8.2. If o €T_, then for w to converge to b* (in the Martin
topology) it is necessary and sufficient that w — o in the ordinary topology of
the plane. Hence the point b® can be identified with o

If « €T, and the vector field is smooth in a neighbourhood of &, then for w
to converge to by (in the Martin topology) it is necessary and sufficient that
w—>oand §{ >\

8.2. We shall now study the harmonic functions corresponding to each point
of the Martin boundary. Denote them by £,(z) (x €T'_) and
(€T, —oo <A<+ ), It will be assumed that the region D is represented by
the unit disc. Consider on this disc the harmonic functions

o=t (1= ) o (1 — ) et 5.

Yy
wa(z)=Re1n(1—§)=m\1_5

= hld—22+y p (83
z \-1 {—=zx
ma(z)=Re<i—-H> — e

<I+ iy= %) . These functions are positive on D and continuous at all points of

D U C, except at the point o where they have a singularity.
We denote by £ the set of all functions of the form

2 a9y (2)+h (2),
YET-

where o, are real constants and 2(z) is a harmonic function continuous on
DV C. (By 4.8 and Theorem 5.2 all bounded solutions to Problem $# that are
continuous on D* U T, can be represented in the above form.) Let us write
f=g whenever f~g € §.

THEOREM 8.3. Let the vector field v(z) be smooth in a neighbourhood of
the point o €T, Then

a)ifac€l_

ka (2) = ¢’ [0x (2) — %40, (2)], (8.4)
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b)ifa €T,, k 0

k% (2) = —c9q (2), ka® (2) = c@a(2); (8.5)
+X 00 1 A —00
Kale) = g kS + iy ke (8.6)

c)ifa €T, k=0, (8.5) holds for k. (z) and k;7(z), while for finite values
of \ the following formulae hold:

k3 (2) = "0q (2), 8.7)

4

Ty
1

1414

K@+ k@ for 0KA< +oo,

)
+iA

K () = (8:8)

ke (z)+ 4 kx®(z) for —oo< A0,

Here ¢, ¢', ¢" are positive constants (dependent of course on the field v(z)
and the point o).

PROOF. Foreach«a €T, p, =0 (see 5.7) and i, = ¢, (4.8). From (7.19),
(7.42) and (7.44) we have

R — by

ha

hy = Pay p&

1 - 1
i Pas Pa iy Pay

and (8.5) follows from (7.45) for the case k # 0. The validity of the same
formula for k = 0 follows from (7.51).

Furthermore, according to (7.14), (7.19) and (7.42),

ug=u, (a€rl-),
ﬁas Ug + 2%5P0 = Ug + 2%ha= Uy + 2%,9q (@ €). (8.9)

Let us now investigate the function u,(z). From (4.23) it is not difficult to
conclude that the numbers Fay = iaP; (&) (o, vy €T, ) are real. Hence (7.11) can
be put in the form

Ug=2uk(2)—2 D reyul(z)+ci, (8.10)
YEI

where
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z
ul (z)=Re S aT'(:)), dz, u}(z)=Re S T (’)tb (z) dz
o
(z is any point of the disc D other than the centre; ¢, is a constant).
Let us denote by H,, H,, H,, . . . functions that are harmonic on the unit
disc punctured at the centre, and continuous on the circle C enclosing the disc.

It is not difficult to deduce that
uy=9,4H, (8.11)
(see 4.8). Furthermore, if we put A(z) = T(z) — T(a) — T' () (z — ), we obtain
ul = ul 4-ul}, (8.12)

where

z

uy (3)= Re S [ oT (a) 4 — aT' (a) ] dz, ul? (Z)=Re S aA(z) ds.
29

—a)? —a)?

Bearing in mind that T(a) = 1 and aT'(a) =— k| + Kk, i (see (7.34)), we have
ull (2) = 0 (2) — %o@y (2) - ¢, where O = 0g — %1 Vo = 0g — kP, (8.13)

and ¢, is a constant. On the other hand, by the Mean Value Theorem
A@) = [T'(@) - T'(@)) (z — a), where Z'is a point of the interval [z, ] . Hence
AN |S<c3 |Z-af |z—a|<|z—a|'*€ (c; >0,e>0),and

u't(z)= H,. (8.14)
Combining (8.10)—(8.14) we have u, =20, = 2k;9, =2 Z_ ro, ¢, +H;.
Clearly H, € £, and therefore =
ua520}a for ael'_, } (8.15)
Ug = 206 —2%,9, for a€l,.

It follows from (8.9) and (8.15) that #® = 2@, (« €T'_) and
i)a = 25a (e €T, ). Taking into account (7.13) and (7.52) we arrive at (8.4)
and (8.7).

We now recall that by definition (see 1.7) the functions &, ko’: all take the
value 1 at some point z,. Therefore (8.6) and (8.8) follow from (7.46) and
(7.52).

8.3. We can now give a description of the class of all non-negative solutions
to Problem #.

THEOREM 8.4. Suppose that the vector field v(z) is smooth in a neighbour-
hood of each point o €T and that the set T, is non-empty. Put « €T if
a €T, and k = 6'(0) = 0. Then every non-negative solution h of Problem
¥ can be uniquely written in the form
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h(z)= 3 aska(D+ 2 {caka™®(2)+cakd™ (@)} + 2 aukd(2), (8.16)
aETl- e €+ @€ Tr9
where a,, ¢, C., 4, are non-negative constants.

PROOF. Denote by B, the subset of the Martin boundary B consisting of the
points b, (xE€T), b;", b." (@ €T, ) and b3 (x €T?). It follows easily from
(8.4), (8.5) and (8.7) that B, fulfills condition 1.8.A. Also, by (8.6) and (8.8)
B, also satisfies condition 1.8.B. According to 1.8 every solution of Problem #
is uniquely representable in the form (1.14). But equation (1.14) is equivalent
to (8.16).

Received by the editors 28th February 1964.
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BOUNDARY THEORY OF MARKOV
PROCESSES
(THE DISCRETE CASE)

The paper contains a detailed account of the theory of Martin boundaries for
Markov processes with a countable number of states and discrete time. The pro-
babilistic method of Hunt is used as a basis. This method is modified so as not
to go outside the limits of the usual notion of a Markov process. The generali-
zation of this notion due to Hunt is discussed in the concluding section.
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Introduction

The boundary theory of Markov processes permits the investigation of the
“final” behaviour of the paths of such processes, that is, the behaviour as the

79
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time ¢ tends to infinity (or to the death time). Knowledge of the final
behaviour is in its turn a prerequisite for the investigation of general boundary
conditions (from the probabilistic point of view this is reduced to the study of
possible continuations of the process after the death time). Another important
application of boundary theory is the description of all positive harmonic and
superharmonic (excessive) functions connected with the process. This problem
motivated the creation of the theory of the Martin boundary in 1941 [4].
Martin investigated the set of positive solutions of Laplace’s equation in an
arbitrary domain of Euclidean space.

The probability interpretation of Martin’s results was proposed by Doob
[1]: these results are directly related to the Wiener process, but Doob proved
that they can also be extended to discrete Markov chains.

A new approach to the theory of the Martin boundary was proposed by
Hunt [6]. In the Martin—Doob theory first an integral representation of exces-
sive functions is deduced by probability methods, and then from it a theorem
on the final behaviour of the paths is obtained. Hunt proved a theorem on the
final behaviour directly by means of probability arguments, and then, applying
this theorem to Ah-processes, he obtained a simple derivation of the integral
representation of excessive functions.

The reading of Hunt’s important paper is made more difficult because it is
written in terms of a generalization, due to the author, of the idea of a Markov
process (approximate Markov chains).! This may give the impression that the
success of the methods applied depends significantly on this generalization.
Actually this is not so, and in this paper Hunt’s method is modified so that we
need not go outside the classes of usual Markov chains.

Problems of boundary theory admit a natural dual formulation.

Instead of harmonic (excessive) functions we can investigate harmonic
(excessive) measures. In view of the self-adjointness of Laplace’s operator in the
case considered by Martin, this dual problem does not contain in itself anything
really new. The situation changes in the general case, and now, instead of one
Martin boundary, two are constructed in Doob’s theory: the exit boundary and
the entrance boundary. The role played by the exit boundary in the study of
the final behaviour of the paths must now be played by its dual, the entrance
boundary, in investigating the “initial”> behaviour. However, to give this latter
term a meaning, we have to widen the usual interpretation of a Markov chain.
One of the possible extensions consists in considering stationary processes
defined for values of the time from — oo to + oo, For such processes the “initial”’
behaviour means the behaviour as ¢ = — oo. Another possibility is to consider
the generalization of Markov processes proposed by Hunt: Hunt processes
begin at a random instant £ 2 — oo, and the “initial”’ behaviour for these is the
behaviour as ¢ — £. It is not necessary to construct the dual boundary again,

1 Chapter 10 of the recent book of Kemeny, Snell and Knapp [3] is written in these terms. This chapter

contains a well-considered and polished account of Hunt’s paper.
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since it can be obtained from the previously constructed one by time reversal.

These questions are dealt with in the concluding sections of this paper.

Thus, the reader can gain a first acquaintance with the idea of time reversal
and its application to boundary theory from the simpler and more usual
material of stationary processes. At the same time it must be emphasized that
stationary processes are not exhausted by Hunt’s theory, since they do not
satisfy the Hunt requirement of finiteness of the mean number of hits on each
state. The construction of a theory including both stationary processes and
Hunt processes remains an open problem.

The present paper treats (as also the paper of Doob and Hunt) only discrete
Markov chains. It can serve as an introduction to boundary theory for general
Markov processes, to which the author intends to devote a subsequent paper.

For an understanding of this paper only a knowledge of elementary
probability and measure theory is needed.

§1. Harmonic and excessive functions and measures

We take as starting point a transition function in a countable space E. This is
a non-negative function p(x, y), (x, y € F), satisfying the condition

2p(z y<1  (z€E). )
Let f and p be any functions on E. We denote by Pf and pP functions given by
the formulae?

Pf(z)= ; p(z, Y)f@) (z€E),

; @
BP) () =2 k(@) p(z, ») WEE)

Since the right-hand sides contain infinite series, these formulae do not have a

meaning for all f and u. However, they have a meaning if f and u are non-

negative. (By a non-negative function we always mean one with values in the

extended number half-line [0, + o] .)

The transition function p(x, y) can be interpreted as a matrix of countable
order. Here Pf is the product of this matrix by a countable vector column f,
and pP is the product of a vector row by P. From another point of view, the
first formula in (2) describes the effect of the kernel p(x, y) on functions, and
the second describes its effect on measures in E.? The integral of f with respect
to the measure u is denoted by the inner product

1 If the domain of summation is not indicated, this means that it is £.

2 We have to deal almost exclusively with non-negative f and u. Note that in the general case the first

formula in (2) has a meaning if f is boundéd, and the second if Z | u(x) | < o, that is, if the signed measure
x

has bounded variation.
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(fo W)= g @ e ).

If (f, u) < oo, then we say that f is g-integrable, and also that u is f-finite.

A non-negative function f is called excessive if Pf <f.,! and harmonic if
f(x) <o for all x and Pf = f. Similarly, a measure is called excessive if
uP <y, and harmonic if p(x) < oo for all x and pP = .

One of the central problems before us is the description of all harmonic and
excessive functions and measures connected with the transition function
p(x, ¥). It is expedient here to consider only v-integrable functions # and
I-finite measures v, where v and [ are, respectively, a previously selected
reference measure and function on E. Of fundamental interest is the case when
p(x, y) is transient (see the definition in §3). In this case we are able to attach
to each point y € E a y-integrable excessive function ky and a /-finite excessive
measure k,, . By means of the kernels k (x) and K, (x) we construct two com-
pactifications E* and E of E, such that k (x)is extended for each x € F con-
tinuously to E* and Ky (x) is extended contmuously to E. From the sets
E*\Eand E \E we smgle out Borel sets B and B where k is a harmonic
function and ( ,v)=1,fory €B, and K, is a harmonic measure and
, Ky)= 1 fory Eﬁ.

It can be proved that every y-integrable excessive function % is representable
uniquely in the form

r@ = § k@ pady),

EUB

and any /-finite excessive measure v is expressible uniquely in the form

v@) = § x@w .
EUB

Here g, and p” are finite measures which are determined uniquely by 4 and »,
respectively. We call them spectral measures.

The set B is called the exit space, and the set B the entrance space. The
origin of these terms becomes clear in the following section.

§ 2. Markov processes

Suppose that a particle moves in a space E, going through a sequence of
states aq, a4, a1, . . . The path aga,a, . .. may be terminate or may continue
unboundedly. The set of all (terminating or non-terminating) paths is denoted
by . The set of all non-terminating paths is denoted by .,

t By f < g we mean that f(x) < g(x) forallx € E.
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Among the subsets of £ the so-called simple sets play a special role. A simple
set [agaqa, . ..a,] is composed of all paths beginning with the states
ag, ay, - - -, @, and continuing in any manner after the moment n. We denote by
F the o-algebra in £ generated by all simple sets.

We depend on the following theorem on measures in £2.

THEOREM A. Suppose that for any nand any ay, a,, .. .,a, € Eanon-
negative number p(ag, a,, . . ., a, ) is given, where
N p(as, a1 -. ., @8a) < P(Ag @y, -y Busy)- 3)

an

Then there exists a measure P, which is moreover unique, on the o-algebra ¥
such that

Plaga, . . . a,]l = p (ao, a4, . . ., a,).

This theorem will be proved in the Appendix.!
From Theorem A it follows that for any measure » on E with v(x) < oo for
all x, there exists a measure P, on £2, such that

P, [aga, . . . a,] = v (a0) p (a0,4)) - . . P (an-1s @n)- 4)

An important role is played by the particular case when » is the unit measure
concentrated at the point x (when »(y) = 8(x, y), where 8(x, y) =1 if

x =y, 8(x, ¥) =0 if x #y). The corresponding measure in £ is denoted by P, ,
so that

P: [aoal ... anI = 6 (Iv ao)P (a04 al) LR p (au-h an)v (4,)

P, is the probability measure concentrated on the paths starting from x. We note
that for any ».
P,= X v(z) P

X

and that P,(£2) = v(E).

Each measure in the space of paths £ determines a random process.? The
process determined by the measure P, is called the Markov process with initial
distribution v and transition function p(x, y). The process corresponding to
the measure P, is called the Markov process with initial state x and transition
function p(x, y).

One of the basic results of boundary theory states that almost every non-

1 The necessity of the condition (3) is obvious, since [a,, ¢, ,...,4,} C {9y, 4,,.. ., a,.1] foranyay,
and since distinct [4,, 4, , . . .,a,] do not intersect.

2 If p(2) = 1, then P(4) can be interpreted as the probability that the trajectories of motion belong to
A. In the general case P(4) may prove to be greater than 1 and even equal to .
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terminating path tends to some point of the exit space B. The measure of the
set of paths for which this limit belongs to the Borelset I' C B is

§ k0 v (),
T

where &, is the harmonic function corresponding to the point y € B, and p, is
the spectral measure of the excessive function 1.

To explain the role of the exit space, we have to introduce into the discussion
paths without beginning or end. These are functions a, with range in E Elefined
for all integers ¢ from — oo to + o0, The set of such paths is denoted by . We
use the term simple sets in § for the sets (@, @may,- - - 8yl consisting of
all paths passing at the moments m, m + 1, . . ., n through the points
Ay, Ay 4q» - - - 4y - (Before the moment m and after the moment n they can
behave arbitrarily.) We denote by F the o-algebra in 9) generated by all simple
sets. "

For the construction of measures in the space £ we can use the following
modification of Theorem A.

THEOREM B. Suppose that for any integers m <n and any

Q> Q415 - - 8y € E, non-negative numbers py, @y, a4 15 - - - G, ) are given,
where
02 P(@m; Gmiss -+ oy @)= P(am; Gmiss - - -, Qney), 39
n
) n”
?_l P(@m, Gmyq, - .., ay) =P (@msgs - - -» Qn). 3
m

Then there exists a unique measure P on the o-algebra F such that
Plenan,, ... an]'v:l ="le (@ms Qmigy + -5 Qn)-
The necessity of the conditions (3'), (3”) is evident. For the proof of Theorem
B see the Appendix.

We suppose that the transition function p(x, y) satisfies (1) with the equality
sign and that » is a harmonic measure. Then the function

Pp@m, Gmygs - ..y @n) =V (@m) p(Gms Gmys) - -« P(@n-1s Cn)

satisfies the conditions (3')—(3"), and by Theorem B there exists a measure P,
on ¥ such that

P'v [amam+i LR an]:‘n =V (am) p (amv am+l) DR 4 (an-l’ a,.) (4")

A random process determined by P, in s called a stationary Markoy process
with stationary distribution v and transition function p(x, y).
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In boundary theory it is proved that for such a process almost all paths
converge as ¢ = — oo to some point of the entrance space B. The measure of the
set of paths for which this limit belongs to a Borelset I' C B is

iax»wwn

where Ky is the harmonic measure corresponding to the point y € B and u’is
the spectral measure for v.

This result can be further generalized in several directions,

Random variables connected with Markov processes are # -measurable
functlons defined on Q or on a subset of this space (or & -measurable functions

on & or a subset of Q.) The integral of such a function § over its domain
with respect to the measure P, is denoted by M, £, and with respect
toP, by M, £.
Here are some examples.
¢ is the terminal moment of a path: if the last moment at which the path w
is defined is n, then {(w) = n; if the path does not terminate, then {(w) = + oo.
x,, is the position of a particle at the moment ». This function is defined on
the set | w: {(w) =r}. In the case of a stationary process

Pylz, =yl =v(y)
for any n. For a process with the initial distribution v
Py [2n =yl = X Py [2ny =21 p (2, V). )
To prove this equation it suffices to note that
{w: X, =y}= LZJ {w: Xp.1 =Z, X, =Y}, to decompose the sets occurring here

into simple sets, and to use (4).
We put
p(n, z, 9 = P Az, =y}
From (5) it follows that

pn, z, y)=2pr—1, z, z) p(z, ¥),
and in view of the obvious relation

D8 y)=1

we have

M f(za) = M, 6(:,,. ) f(r,.)_ N M8 (20, y) f(y) == )

= % pn. z, y) f(y) = P*f (2),
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where P is an operator given by the first formula in (2). (6) is valid also for
n =0, if P? is taken as the unit operator.

§3. The Green’s function

We return to the problem raised in §1 of describing all excessive functions
corresponding to a transition function p(x, ). From (1) it follows that the
non-negative constants always belong to the set of excessive functions. It may
happen that no other excessive functions exist.

For example, let E be the set of all integers and p(x, y) = % ifix—-y|=1,

and p(x, y) = 0 for remaining pairs x, ¥. (The corresponding Markov processes
are called simple random walks.) It is evident that

Pf ()= 31+ 1) +5f (1),

and the condition that f is an excessive function can be written

P+ <o),
where ¢(x) = f(x + 1) — f(x). For any natural number k&

fe+b)=f@+to@D+o@+)+...+o@E+k—-1)K
< f(2) + ko (),
f@=f@—k+oEz—K+...+e@x—=0>f(x—k + ko @).

Since f is non-negative, it follows from the first inequality that f(x) = —ky(x)
and from the second that f(x) =2 k¢(x). Since k is arbitrary, it follows that
@(x) =0, and therefore f is a constant.

Replying on the notion of a Green’s function we derive a class of processes
for which sufficiently many excessive functions exist. The Green’s function is
defined by the series

g(@ =2 plr, z, y). Y

The process is called transient if g(x, y) < oo for arbitrary x and y.
We note that by (5) p(n, x, ¥) =P, | x,, =y} =M, 8(x,, y). Hence

14
g (z, y)'—'Mx“goﬁ(z,,, Y- (8)

Under the sign of mathematical expectation there stands the number of times
the path hits the point y. The condition of being transient implies that this
number is almost certainly finite. Thus, for a transient process almost all paths
go only a finite number of times through one and the same state. Hence, if the
states are enumerated in any order, for almost all non-terminating paths the
number of the state tends to infinity.
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The simple random walk considered above has the property: almost all paths
go infinitely often through any point.! Processes with this property are called
recurrent. It can be proved that every connected Markov process is either
transient or recurrent. (We say that a Markov process is connected if for any two
states x and y there exists n such that p(n, x, y) > 0; in other words, if
g(x, ¥) >0 for any x and y.) For any recurrent process, as for the simple random
walk, there do not exist non-constant excessive functions. Henceforth, without
saying so each time, we only discuss transient processes.

The Green’s function corresponds to the operators

Gl (@)= 2g (= »IW),
G (y) =2 (e (= y)-

From (6) and (7) it is clear that
G= 2,‘ P (9)

Hence, for non-negative f and p
f+ PGf =Gf, pn+ uGP = pG. (10)

Therefore it is evident that Gf is an excessive function and uG an excessive
measure.
We put Sy (x) = 6(x, y). It is obvious that

g (z, y) = (GS,) (z) = (8:6) ()-

Hence g(x, ) is an excessive function of x for fixed y and an excessive measure
with respect to y for fixed x. Thus, the Green’s function permits us to connect
an excessive measure and an excessive function with each point of E. It is this
initial store of excessive functions and measures from which subsequently all
excessive functions and measures are obtained.

We derive one important property of the Green’s function.

LEMMA 1. For any states x and y

g(z, y)=n(z, y)g(y, ) (11
where n(x, y) =P, i x,, =y for some n ! is the probability of hitting y starting
from x.

PROOF. We put
Am = {Io*y. Il*yr ey It FE Yy Ty =y}’

1 See, for example, [5]. Ch. XIII, §3.
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We note that

P, {Amv Im+h = y} = Px (Am)p (kv Y, y) (12)
To see this we have to decompose the set i 4,,, x,,, .z =¥ | into simple sets and
use (4).
The sum on the right in (8) is evidently equal to!
% 19
2 Aam S" 6(1"' y)
0 n

—

Hence
g Y= 2 X Mxad(@n v)= 2 X Pefdn Znin=y)
m=0 n=m m =0 h=0

Bearing (12) and (7) in mind we obtain (11).
REMARK. We put Bt ={x, =z for some n € [m, m + k]} . Decomposing
the set 4, N BY into simple sets, we can prove that

P.{A., B}=P,(A,)P,(B}). Letting k - o, we obtain Pr(4,. By)=
= Px (Am) Py (Bgo) Hence

n(z, 2)>P:{ G [AnN B2} = ZO P.(A.) Py (Be) =a(z, y)n(y, 2)- (13)
m=10 m=
This remark will be used in §9.

§4. Supermartingales

The investigation of excessive functions and paths of Markov processes is
conducted most conveniently by means of the apparatus of supermartingales. In
this section we introduce the notion and present some properties of supermartin-
gales. The presentation will be in a most elementary form, fully sufficient,
however, for our purpose.

DEFINITION. Let P be a measure on the g-algebra F in the space £2. Suppose

that in § there are given F-measurable functions y,, ¥, . . ., ¥ with values
belonging to a countable set £ and real-valued functions z,, z,, . . ., z). We say
that z,, z,, . . ., zy isa supermartingale with respect to yq, ¥, . . ., yy if for
anyn=0,1,...,N,

1)z, isafunctionofyy, ¥y, .. Va1 2, =F, 0o V1o - s Vn);

2)! forany ag, a;, . . .,8,.; of E

x4 denotes the indicator of 4, that is, the function equal to 1 on A4 and to 0 outside 4.
2 In terms of conditional expectation condition 2) can be restated in the form
M@y yy, ¥ys- - 2Yno) SZp., almost surely (as.).
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2 P{yo =@y vy Yro1 = bn-1s Yn =@} fu (o, @y, ..., @) <
an (14)
< P{yo ==dgy ooy Ynog = an—l} Jna (a0, ay, ..., Gny)-

From this definition the following two properties follow at once:

4.A. If d is a constant, then, together with { z,,} the sequence! {z. N\ d}
is also a supermartingale with respect to{y,} .

4.B. For any non-negative function ¢

J‘[q’ (y(h RS ] yn—l) Z, < ]”‘P (yO’ ety yn—l) Zp-1-
To deduce 4.B from 2) it is sufficient to note that
( )= X 8
P Yos - - Yn-y R P (a0, ...y @ny) B (aq, yo) ... 8(anety Yn-y)-
ag, ..., 2n-1

The most important property of supermartingales is stated in terms of
Markov moments. A random variable? 7, taking the values 0, 1, 2, . . ., is called
a Markov moment (with respect to the sequence yq, ¥4, ¥,,...) if forany n

6 (T' n) = @, (.’/Ov e e s Yn) (15)

(p, is some function). Intuitively this definition means that observing the
values yo, ¥1,. -+ ¥y, - . ., We can answer until the moment » the question
whether the equation 7 = n is true. It is easy to verify that along with 7 the
function 7 V m is also a Markov moment, where m is a non-negative integer.

LEMMA 2. Let 2y, z,, . . ., Zy be a supermartingale with respect to
Yo: V1> - - - Yy and let two Markov moments 6 <1 < N be given. Then
Mzs < Mz, (16)

PROOF. First we prove that if the Markov moment satisfiesn < 7 <N, then
for any non-negative function ¢

Mq’ (yOv LIRS yn) z¥<Mq> (yOv LR Un) Zp- (17)

This is obvious for n = N. Hence it is sufficient to verify that if it holds for
n=m, then it holds forn =m — 1. Thus, let m — 1 <7< N. We have

"(P (y(Jv ..oy ym—l) Zy = M(P (y01 e e ey ym-l) 6 (T, m — 1) Zp-1 + (18)
+ Mo (yo, -« < Ym—y) [1 — 8 (r, m — )] zeym.
By (15) we have 8(1, m — 1) = @(v,, . . ., Vm 1), and applying the inductive
hypothesis to the Markov moment 7 \V m = m, we find that the second term
in (18) does not exceed

1 We denote by ¢ /\ b the smaller of the two numbers  and b,and by a \V b the larger.
In certain cases it is useful also to allow the value + « for 7. Here, as before, it isrequired that (15) be
satisfied for all finite n.
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M(]) Wor -+ s Ym-1) h1—-9 (t, m — 1)' Zm.

By 4.B the last expression is not diminished if z,, is replaced by z,,_, . Making
this change and substituting the estimate so obtained in (18) we see that (17)
holds forn=m — 1.

To complete the proof of the lemma we note that by (17) and (18)

M$ (0, n) 2¢ = M8 (0, n) 2eya << M8 (0, 1) 2, = M8 (0, 1) 2.
Summing this inequality forn =0, 1, ..., N, we obtain (16).

Relying on Lemma 2 we now prove a fundamental lemma about the number
of crossings of a fixed interval [c, d] for a positive supermartingale.

The number of down-crossings of [c, d] by the sequence zy, zy, . . ., zy is the
largest number & for which numbers 0 <¢; <t¢, <...<t,;_; <ty <Ncan
be chosenso thatz, =>d,z, <c¢ z, =d,z; <c,....z,, =2dz,, <c.

1 2 3 4 2K -1 2

LEMMA 3. Suppose that the non-negative random variables zy, z,, . . ., zZy
form a supermartingale with respect t0 yq, ¥y, . . ., ¥n. Then the number of
down-crossings of [c, d] by the sequence zy, z,, . . ., zy satisfies the inequality

My <Mz, (19)

PROOF. We put 7y = 0 and define 7,,(n = 1, 2, . . .) inductively as follows:
7, for odd n is the smallest value & = 7, for which z; >d, or, if there are no
such values of k, then 7, = N; 7, for even n is the smallest value £ = 7,,_, for
which z; < ¢, or, if there are no such values of k, then 7,, = N. It is easily verified
that 79, 7,,...,7,,...are Markov moments and 7, = N forn =2 2v + 2.
According to 4.A. ?n =z, A\ dis a supermartingale. We choose m so that
2m 2 N, and put

8= (Zey— Zog) + (Fra—Ze) + -+« + (Brpy_,— Zp)) +
+ (;t2v+‘— ;t2v+2) "' «ee + (Zfzm-l - zfgm)-

We note that

Zqy = dv 2y <e¢, 2y = dv 2y X6y -, zt2v_‘ = dv ztz" <g,
LN Tgesr = 133 100 = Zum-
Therefore
S>v(d -c). (20)

On the other hand,

S= 2y + (;1:3— )+ ...+ (Ztam—1 — Zr2m-2) — Zram-
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By Lemma 2,
Mzy=MZe,> Mz, > M2, > . . > Mitgm -
Noting thatZ, >0, we find
MS < Mz, < M2y < Mz, 21
Now (19) follows from (20) and (21).

§5. Excessive functions and supermartingales

Let f be a non-negative function in the space £ and let xq, x,, x,,...bea
path of a Markov process with initial state x and transition function p(x, y). We
add to E one further point, which we denote by *, and we take x,, = * ifn > §.
We put f(*) = 0. With these conventions, the functions x, (w) and f(x, (w)) are
defined for all n and w. We show that if fis excessive, then the sequence
f(xg), f(xy), .. ., flxp) is a supermartingale with respect to xg, x;, ..., Xy
For if at least one of the pointsay, a,, . . ., g, is *, then all subsequent ones
also are *. In this case f(a, ) = 0. Hence the left-hand side of (14) is zero, while
the right is non-negative. If all the pointsay, a,, . . ., a, € E, then by (4) we can
write (14) in the form

2 6(‘7:’ ao) p(ao, ai) .- P (an-h an) f (au) <
" <8(z, a0) P (a0 @) -« P(Gnozs @noy) f (@ns)-

For n = 1 these inequalities coincide with the condition that f is excessive, and
from their validity for n = 1 the validity for all n follows.
Let vy be the number of down-crossings of [¢, d] by the sequence
flxg), f(xy), ..., flxy). By Lemma 3 of §4
1
Mevy < g Mxf () = 5(—_:1 . (22)

Now let » be the number of down-crossings of [¢, d] by the infinite sequence
flxg), f(x,), ... Evidently, vy 1 », and hence it follows from (22) that

My 5 _(fl .

We assume that f(x) < eo. Then M, v <o and consequently v <o (P, .a.e.).
However, it is easy to see that the following elementary proposition is true.
If a numerical sequence makes only a finite number of down-crossings of

any interval [c, d] with rational ends, then this sequence tends to a finite or

infinite limit.

By what has been proved this theorem is applicable to f(x,), f(x,), . . ., along
almost all paths x, x, . . . Thus, almost surely there exists the limit
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§ = lim f (z,).

By Fatou’s lemma, from the inequality

Myf (z,) = P°f (2) < f (2)
it follows that

M.ELf(a).

Hence £ is almost surely finite.
Evidently ¢ = 0 if { <oo. Hence there is interest only in the value of £ on the
set 2., of all non-terminating paths.
So we have proved the following theorem.
THEOREM 1. If fis an excessive function and if f(x) < oo, then the finite
limit
limf (z,)

n—+oo

exists Py-a.e. on 2, .

We leave it to the reader to show that if f(x) = o, then P, -a.e. on 2., one of
two possibilities holds: either f(x,,) = +oo for all n, or f(x,) tends to a finite
limit.

In the following sections analogous properties will be established for the
densities of excessive measures.

§6. Position of a particle at the last exit time from a set D
Let D C E. We define the last exit time from the set D as
T =sap {¢t:z €D}

The random variable 7 takes the values O, I, 2, . . . and the value +o0, It is taken
to be undefined if x, ¢ D for all 7.
We put

Lp(z) = P {t=0) =P, {2,€D, €D for t> 0}
We note that
Pe{z:=y)= ZOP,{t=m, Im=y}=

= 3 pln 2 Lo =8@ Lo Q3)

It is clear that
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%g(z' y)Lo(y)=§Px{rx=y}\<i- (24)

Let n be a non-negative integer. We investigate the distribution of the point
X,_,- This point is not defined if 7 <rn or 7 = + o0 or if 7 is not defined. In all

three cases we put x = *. Leta,, 4,, . . .,a,, €E. We have
P, {.2'-; =gy Ty_y:=Qy, ..., Typ=:Qp}=
o
)
== Z Px{T =Mm, Iy, = Qay, Tm—1 = Qgy o .y -z'm—n="an}:=
m=n
a0
- ¥
—-mé_np(m—n, z. a,) p(@n, @ny) ... p(ay. ap) Ly (ag) =

=g(z, ay)pla.. a..,) ... p(ay, a)Lp(oc)-

Multiplying this equation by ¥(x) and summing over x we obtain

P {zt = Qgy Tg-g = Byy - - o Ty—p = an} =
! =1 (an) 14 (ans an—l) Y 4 (ah aO) LD (ao)v (25)

where
1 = yG.
(26)

In particular,

P, {z: =y} =0 () Lp ). 'ex))

§7. Densities of excessive measures and supermartingales

Let 7 be the last exit time from D and let f be a non-negative function in E.
We put f(*) = 0. We ask the question: when is f(x ), fix,_,), .. , f(x,_y)a
supermartingale with respect tox_, x,_,, ..., x, . » (for measure Pv)?

By (25) we can write (14) as follows:

02"\ (an) P(am an-l) .o p(alv ao) L (ao) f(a") <
<N (an-1) P(n-y. @n-2) ... P(ay, ao) L (ag)f(an-y).
Obviously it is sufficient that
‘§ 71 (an) f (an) P (any an-l) < 7] (an—l) f (au-l)s

that is, that the measure fn is excessive.

Let vy be the number of down-crossings of [¢, d] by the sequence
fOe ), flx,_y), .. ., fx, ) or, what is equivalent, the number of up-crossings
of [c, d] by the sequence f(x,_x), . . ., f(x,). By Lemma 3 of §4
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1
."Ivv.\' L a: va (1'1;).

We denote by v, the number of up-crossings by the sequence
fxo), f(x1), ..., f(x,). If D is finite, then almost certainly 7 <o and

1 .
vy T vp as N = co. Hence M, vy < b M.,f(x,D ). Now we consider an
expanding sequence of finite sets D,, whose sum is the whole of E. Then
Vp, 1 v, where v is the number of up-crossings of [¢, d] by the infinite
sequence f(xq), f(x1), . . . [t is evident that

1
Mv”<3:5gp M.f (z,,). (28)
We say that f belongs to the class K if
Q= Sll)lp M yf (x) < oo. (29

From (28) it is clear that if f€ K, , then v <eo (P_-a.e.). Hence, as in §5, there
follows the existence P, -a.e. of the finite or infinite limit
E =lim f (z,)-
Let »(c) be the number of up-crossings of [¢, 2¢] by the infinite sequence
flxo), fxy),...and let im »(c)=v. Evidently {§=o}C{p>1}. Hence
>+ oo

Py{(=00} <P, {v>1)<M.¥.

By Fatou’s lemma and (28)

P, {t=co)<lim M,v () <lim L —o.
C—oo c—oo

So we have proved the following theorem:

THEOREM 2. If the density f of the excessive measure . with respect to the
measure =y G belongs to the class K.,, then P.,-a. e. on ), there exists the
finite limit

lim f (z,).

n-~+o0

§8. Excessive measures with densities of class K,.
The Martin kernel

Let v be a finite measure, that is, (1, y) <eo. Then, by Lemma 1, for any
yEE

n(y)=§v(x)g(x. y)<§v(x)g(y, =01, Ve y)<oo.
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WeputE, =iy:n()>0 t. It is easily seen that E contains the set
{¥:y(y) >0} and consists of all points that a particle starting from a point of
this set hits with positive probability. The probability of going out of Ey is zero.
Hence the Markov process may be considered only on the set E, . The most
interesting case is when £, = E. In this case we say that v is a reference
measure.

Henceforth we assume that +y is a reference measure.

According to §3 the measure uG is excessive if 4 2 0. The density of this
measure with respect to n = v G is given by!

fW)=Zp @k, (2)=(ky, ), (30)

where

b= £ a1

The kernel k(x, y) = ky (x) is called the Martin kernel.
When does the density (30) belong to X,,? By (27)

Mf (2) = 2”} f (@ Py{zc=y}= ; F @) L(y)= @G, L)= x2"}1(41) 8z y) L),

and by (24)
Mof (2:) < Z} B ().

Thus, if u is a finite measure, then the measure uG has with respect ton a
density of class K., . The following proposition follows from Theorem 3.

THEOREM 3. Forany finite measure u there exists Py-a.e. on 2., the finite
limit

lim (kxy,, p).
n—-+0
In particular, for any y there exists P, -a.e. on Q. the finite limit

lim &y, (y).

oy « is not a reference measure, then uG has a density with respect to 4G if and only if EM CEy.
Formula (30) remains valid if ky(x) is defined by (31) fory € £ and ky(x) is given arbitrarily for
y¢E,.
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§9. Martin compactification

As already stated in § 3, the Green’s function g(x, y) determines for each

point y € E an excessive function g(x, ¥). The function ky (x) differs from it

only by a factor not depending on x and satisfies the normalizing relation

(kg ) = 1. (32)
By Lemma 1

k (.‘t)= 7 (z, y) g (v, y) - n(z, y)
y S Y@ AG Ve V) RrEE )

(because g(y, y) =2 p(0,y, ) =1). According to (13) n(z, y) = n(z, x) 7(x, ¥).
Hence for all y

. 1
ky (:‘:)< a(z)’ (33)

where

a(zr)= z2\((z)u(z, z)

(since v is a reference measure, a(x) > 0 for all x).
We enumerate the points of E in arbitrary order by the integers and let N(x)
be the number of the point x. We put

P, =127V =27V L S|k, (@) — k. (2) e () 27V

This defines a metric in E, and the distance between any two points does not
exceed 3. Forming the completion of E with respect to this metric we obtain
the compactum E*. The set E is open in E *, so that the boundary 0E of E in
E*is E* \ E. The compactification so constructed is called the Martin
compactification and the boundary oF the Martin boundary.

It should be noted that the metric p(y, z) can be chosen with a certain degree
of arbitrariness. It is essential only that y,, is a Cauchy sequence if and only if:

a) the functions kyn (x) converge at any point x and

b) N(y, ) > e or y, remains constant from some number 1, on.
Foreachx €E, ky (x) as a function of y can be extended continuously to E*.
Suppose that the sequence y,, € E converges toy € 9E. Then kyn x)—~ ky x)

for any x. Hence it follows that for y € dE, ky is excessive and satisfies the
condition

(ky, ¥v) <1 (34)

(equality in (32) need not hold).
The topology in E* induced by the metric p(x, y) is called the M, -topology.
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The fundamental role of Martin boundaries in the theory of Markov pro-
cesses is determined by the following theorem.

THEOREM 4. With any initial state x, for almost all non-terminating paths
there exists in the topology M, the limit

limz, = z« € E.
n—s»oo

PROOF. For a process with initial distribution <y this statement follows at
once from Theorem 3 and the Remark in § 3, according to which for a transient
chain N(x,, ) = o= almost surely.

We denote by A the set of all non-terminating paths for which the theorem
does not hold and put /1(x) = P, (4). It will be proved later (see Corollary to
Theorem 8), that 4 is harmonic. By what has been proved, (4, v) = P7 A4)=0.
Hence Theorem 4 follows from the following lemma.

LEMMA 4. If v is a reference measure and h an excessive function, then from
(h, v)=0if follows that h = 0 everywhere.

PROOF OF LEMMA 4. For any n we have P*# </ and therefore

0L (yP*, By = (v, PRy (¥, ) = 0.

Thus, (vP"*, #) = 0. Summing over n we have (n, #) = 0, where n=vG. By
definition of a reference measure 7 is everywhere positive, hence 4 is zero
everywhere.

§10. Distribution of Xe

If § <eo, then x, is a point of E at which a path terminates. If { = oo, then
X¢ =X, is defined in Theorem 4 and belongs to 3F.
Let 7 be the last exit time from D. Comparing (23), (27) and (31) we have
Pe{zc=y}=ky (z) Py {z.=y).

Hence for any function
Mef(@)=M:28(ze y) () = S WP fze=y} =2 f (y) by (2) Py {e = g} =

=M, § f (W) by () 8 (x, y) = M,yf (x:) b (2, ) (35)

(we recall that k(x, y) = ky (x)). We consider now a sequence of finite sets
D, 1 E and denote by 7, the last exit time from D, . On the set £, we have
7, = °, and hence Xp - x,, and k(x, Xp ) 7 k(x, X, )= k(x, x;) almost
surely. On the set { { <oo!, we have 7, = { beginning with some ny(w);
hence k(x, X, ) 7 k(x, x¢). Suppose that! € C(E*). Then f(x,,n )—> f(xs,).

1 C(E*) is the space of all continuous functions on the compactum E*,
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Bearing (33) in mind, we can take the limit in (35). Thus,

Mf (xiy= Myf (z) k (2, 22)- (36)

On the Borel sets of the compactum E* we consider the measure u, defined
by

Wy (T) =Py {z;€T}. 37
By (36)

Mf (z) = § ky (2)f (9) s (d0). (38)
E*

The formula (38), which has been proved for continuous functions f, extends
in an obvious way to all Borel non-negative functions. Putting f = x, we get

P, (z€T) = { &y () e (dy). (39)
T

Thus, ky (x) (x €E, y € E*) can be interpreted as the density of the distribution
for the point x, (with respect to u,) for the initial state x.
We note that by (4")

P:{In=y7 C—__n} =p(n7 z, y) [1_P1](y)'
Hence

Pr{zc=y)= 3 p(n 7 1) A—PH W) =g (& Y —PUIQE).  (40)
From (37) and (40)
p@=n@U-P1IE  WEE). (41)
Next, if f € C(E*), then
Mf (Too) = lim Mf (zn) =’{ir3° P*f (z)
and by (37) and (41) o

S f W) ra(dy) = Myf () = (1—P1, fﬂ)+’1.i:2 Nv@pE Ly fE). 42)
E* x, v
We note that by (38) and (41)

Mf (23) <o = Maf (22) Y (20) = S ky (z) f () e (dy) =G [ (1 — P (2) (43)
E

and by (38)
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Mef (2 = Maf (22) Ho (20) = § B (2) 1 (0) s (dy)- (44)
OE

§11. h-processes. Martin representation of excessive functions

Let 7 be a reference measure and % a ~y-integrable excessive function. We
prove that 4 is everywhere finite. For each y € F we can find » and x such that
¥(x)p(n, x, y) > 0. Since P*h <h, we have

y (@) p(n, z, Yk (y) < (PR, y) < (R, 7) < oo.

Hence h(y) < oo. We put E# ={x: 0 <h(x)} and define on E" the transition
function

P* @ V) =Gy P @ DR )- (45)

A Markov process corresponding to the transition function ph (x, ¥) is called an
h-process. All characteristics of this process are denoted by the same letters as
for the initial process but with the upper suffix 4 : Pf, g" (x, »), etc. For the
Green’s function the following relation holds:

& (= ) = 5z 8 (= VR ).

4h is a reference measure for the h-process. We have (y1)G” =k and the
Martin kernel corresponding to # is given by

gh(z, y) _ Ky (3)
(mh)(y) — h(z) °

From this it is evident that the Martin topology for an A-process coincides with
the Martin topology of the initial process, and the Martin compactification E**
for the h-process leads to the closure of E# in the space E*. The Martin
boundary dE” is simply the boundary of E# in E*.

We put

Ky (2) = (46)

pa(T) =Py {z¢€T). (47)
Evidently for any Borel function f = 0
§ 710 1 () =Mt 0. (48)
E®

Hence

M (@) = My (fxoz) (20) = § £ (9 pa (d)- (49)
o0E
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Applying to the h-process the formulae (38), (44), (43), (41) and (42) we
have

M (@) =7 § k(@ F @) pad), (50)
E*

M (ze) = 557 § o (@ 1@, 1)

M3 (22) Hp<w = ,,(,, Gl(h— Ph)f], (52)

Ba (¥) =n(¥) [2 (y) —Ph ()], (53)

i@ @y =
F {]

=(h—Ph, fo) + lim i y@) plr, z YhOW)  (FECED. G

¥

(In (50)—(51) we enlarge the domain of integration by taking p,, (E'* \ E"y = 0).
Putting =1 in (50) and noting (46), we observe that for any x € Eh

k(@)= & (@ pa(dy). (55)
E#*

Outside the set E” both sides of this equation are zero. (If x & ER ye E" , then
p(n, x, y) = 0 for all n; hence, g(x, ¥) =0 and k (x)=0. Thus, k£ y(x)= 0 also
for y in the set E”* on which the measure My 1S concentrated) Thus the
representation (55) holds for all x € E. 1t is called the Martin representation of
the excessive function h. The measure y, is called the spectral measure of the
function h.

By (53)

§ kv @pa(dn) =6 —Ph).
E
Hence the Martin decomposition can be put in the form

h (2) =G (b — Ph) (2) + S ky () B (dy)- (56)

§12. The spectral measure of &,. The exit space

First let z € E. Then

’ ) _6 ) .7
Ph.(9) = 3 p, w El =80 D0l ) 2D (57
“

and according to (54)

ma, @) = @) [k () — Pk, ()] =6, (v), (8)
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where 8, (¥) = 8(», z) is the unit measure concentrated at z. Thus,
. =8, forallz €E.

“The set of all z € 3 for which M, = 8, is called the exit space and is
denoted by B.

THEOREM 5. The space of exits B is a Borel subset of 9E. For any
~y-integrable excessive function h we have n, (E\B)=0.Ifz €B, thenk, isa
harmonic function and (k,,v)= 1.

PROOF. If z € B, then evidently

p.hz {Z) = 1.. (59)
On the other hand, for any z € 0F by (47) and (34)
Ba: (E*) = (K2, ) < 1. (60)

Hence, if (59) is satisfied, then M, = 8, and z € B. Thus, B is given by (59). By
(54), forz € OF,

pr: () = lim § e-moopy, (d2) = lim Lim R} 7(2) p(n, 7, y) ks () 0=
m—>o0 E* M-—»00 Ti—»00 v

which implies that B is a Borel set.
We write k = k,, omitting the subscript z when no confusion can arise.
Letz€o0F and ¢, Y € C(E*). Foranyn =20, m =0

Mg (22) ¥ (Znem) = D ¥ (@R (D) P (0, 7, Y) 9 (1) P" (m, ¥, 2) $(2) =

X, Y,z
=Zv@P(r 7 ) @E) My (7n)-
Taking the limit as m — o0 and using (51) we have

MR (@) ¥ (@) = Dy @ P 2 NE@ o) § K ) v @ pa(d1) =
[ 4

X, ¥

={ Sr@h@ P 2 Dk 9@ P () = § Mg (29 () i (d2),
AE

OF x,y

Now letting n = <0 and noting (48) we have

Se@v@pn@r=§[§ewp@m]v@pnida).
oE

OE OE
Since Y is an arbitrary continuous function, it follows that y, —a.e.

9= ¢(2) pa. (du).
oE

It is clear that for u, -almost all z this equation holds simultaneously for the
sequence of functions
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On () = ™00 (m=1,2, ..

and hence in the limit as n = o the resulting equation (59) is satisfied. Hence

pa (OF \ B) = 0.

For z € B it follows from (58) that k, is harmonic, and from (60) that
(kz > 7) =1.

REMARK. From (50) it is clear thatif z € E U B, then P ks ix, =z i =1,s0
that for any initial state x almost all paths of a k,-process termmate at z.

§13. The Uniqueness Theorem

THEOREM 6. Every +-integrable excessive function h has a unique
representation of the form

k@) =k @ p @), (61)
EUB

where u is a measure on the Borel subsets of E U B. The measure p is finite.

For any finite measure p (61) defines a y-integrable excessive function. This
function is harmonic if and only if u(E)=0

From Theorem 6 it follows, in particular, that if 2 has a representation of the
form (61), then u coincides with the spectral measure g, , and (61) coincides
with the Martin representation.

PROOF. From Theorem 5, the Martin representation (55) of the 4-integrable
excessive function & can be rewritten in the form (61), where u = g, . Since
Pk, <k, forz € E and Pk, = k, for z € B, every function # obtained by (61) is
excessive, and if u(E) = 0, it is harmonic. Since (k,,y) =1 forallz € E U B, we
see that (i, ¥) = u(E U B) <oo,

We show now that if / is given by (61), then u coincides with the spectral
measure yy, . Let f € C(E). Applying (54) to k and to k, we note that

Sf(y)uh @)= § [§1@wm@n]na@a.

EUB E*
BMu@=@fmz€EUETMmmm
(@@= § 1@n@.
E* EGB

Since uy, is concentrated on E U B, it follows that y, = p.
We observe finally that if Ph = k, then by (53) u;, (y) =0 forally €E.
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§14. Minimal excessive functions

A non-zero excessive function % is called minimal if from h =h, + h,, where
h, and i, are excessive functions, it follows that &, =c h, h, =c,h (¢; and ¢,
are constants). It is easily proved that a harmonic function % is minimal if and
only if every harmonic function k, satisfying 0 </, < &, is proportional to 4.

THEOREM 7. The general form of yintegrable minimal excessive functions
is ck,, where z € E'U B and c is a positive constant.

PROOF. From (54) it is clear that p, 5 =y + iy, - Letz€EEU B and

k, =h; +h,, where h| and h, are excessive. Then T R §,. Hence
0=58(E*\z)= My, (E*\z2) + by, (E*\z)and u, (E* \z)= 0. From (55)
]

hi(2) = § Ky (dg) = o, (2).
E*

Thus, k, is minimal.

Next, let 4 be any y-integrable minimal excessive function and g, its spectral
measure. Then uy, (F U B) = (h, 7). By Lemma 5 this quantity is positive if # # 0.
Hence there exists a point z € F U B, any neighbourhood of which has positive
measure g, . We put U, =1 y: p(y, 2) <1/n},

h, = S Feyitn (dY).
Un

It is obvious that s, and & —h,, are excessive. Since £, is minimal, we have
h, =c,h. Since (h,,,7) = p, (U, ) and (4, v) =, (E Y B) = (h, v), we have
¢y = uy (U,) [ w, (E'V B) and consequently

h,
h= p‘,.a?f.) § R ().
U

n

Taking the limit as n = oo we have h = (h, ) k,.

§15. The operator 8. Final random variables

We consider in the space of paths £ the mapping 6 that is defined on the set
£, =lw: {(w)= 11} and carries the path aga,a, . . . into a,a,a; . . . For any
function £(w) we put

E(o) if w€Q;
0 it 0¢Q,.

The random variable £ is called final if 6£ = £. We note that final random
variables are different from zero only on £, and do not change their value if
an arbitrary initial interval of the path is changed.

We denote by A the set of non-terminating paths for which the limit

x, = lim x, does not exist or does not belong to dE. An example of a final

n—> oo

0 () = { (62)
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random variable is the function that is equal to some constant b on A4, to
f(x_)on Q. \A (fis an arbitrary Borel function on 9E), and to 0 outside £2.. .
In particular, the random variable x4 is final.

LEMMA 5. For any non-negative random variable &

M. {5 (0. )6 (21, @) - - - 8 (25, @) 0" E} =
Ol a8 o e a0 p (@, @) - - P @y 00) Mo (63)

PROOF. We denote by u, (4) and u, (A4) the values of the right- and left-hand
sides of (63) for £ = x 4 . Obviously it is sufficient to prove that u, (4) = p,(4)
for any A € #. The functions u, and u, are measures. By (63) for the simple
set A ={apa, ...a,]

B (A) = p, (4) = 0 (z, a)) p(ap, a)) - -
ce. p (an—h an) 6 (am bo) 14 (bm bl) ~-..p (bm—fv bm)'
In accordance with Theorem A, from the fact that two measures coincide on
simple sets it follows that they coincide on the oc-algebra % .
THEOREM 8. If £ = 0 is a final random variable and h(x) = M, £ is finite for
each x, then h(x) is a harmonic function, and measures corresponding to an
h-process are given by the formula

§ EdP,
Pi(4)= i‘—hW (z€ EM). (64)

PROOF. By (62) and (63)
h(z)=Mt=M.28(z, y) 0k = }}p(lv yyME= };_‘,p(a:, -
v

Hence % is harmonic.

To prove the second statement it is sufficient to note that (64) defines a
measure on the g-algebra %, such that the measure of a simple set
laga,a, . ..a,]is

1 1
e M8 (29, a) ... 0(zn, an) §=h—(?)JVI,6 (zo, @) ... 8 (zp, @)O"E =
1
= }1(_:)6 (z, ap) p(ao, @y) ... P(@n-ys Ba) P (an),

that is, coincides with P.

COROLLARY.IfM,&E=M,n forany two final random variables £ and 7,
then £ =7 (P,-a.e.).
PROOF. From (64), forany A € &

SgdP =Sndp,.
A

A

THEOREM 9. Let h be a bounded harmonic function. Then
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@ =k @ @)@y, (65)
B
where ¢ is a bounded Borel function. Also P,-a.e. on §2,,,
limh (z,) = ¢ (zw) (66)
M. (z=) = h (2). (67)

PROOF. Let 0 <h < a, where a is a constant. The functions # and f=a —h
are excessive. By Lemma 4 and Theorem 7

a={k @ ra(dy) = b @ (ua+ ) (@),
B B

We assume that @ > 0. Dividing the equation by a we find by Theorem 7 that
#y =/a) (u, + nf). Hence y;, has a bounded density with respect to

uy: i, (dy) = o(y) py(dy). Therefore (61) can be written in the form (65). By
(44) and (65) M, p(x.. ) = h(x). On the other hand, by Theorem 1 there exists
P,-a.e. the limit

t=1lim & (z,).

By (6)
M.t = lim M.h (z,) = lim Pk (z) = h ().

Nn—oo

Thus, M, p(x..) = M, £. But p(x_, ) and £ are final random variables, and by the
Corollary to Theorem 8 p(x,, ) = £ P, -a.e. (we must take ¢(x., ) = 0 outside £2,).
COROLLARY. Every final random variable & coincides almost surely with
o(x,, ), where @ is some Borel function on B.

PROOF. Let £ be bounded. Then h(x) = M, £ is a bounded harmonic function,
and by Theorem 9 P, -a.e. on 2., we have lim i(x,) = p(x.,) and
M, p(x..) =h(x)=M,E By the Corollary to Theorem 8, P,-a.e. £ = p(x..). If ¢
is arbitrary, then §¢ A a is bounded, a being a constant. By what has been
proved, ¢ N\ a= @, (x..) Py-a.e. Obviously it follows from this that
£=p(x.) Py-a.e., where p(x) = lim @,(x).

a— o

THEOREM 10. Let ¢ be a non-negative Borel p,-integrable function on 9F.
Then

k(2= § k(@) o @) (dy). (68)

B

defines a harmonic function h such that P,-a.e. on .,
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limh (z,) = ¢ (z).

PROOF. The function 2(x) is finite everywhere by (33). We select a positive
constant ¢ and put

_fe@® 1if e(<e B if @<,
‘Pn(“)—{ 0 if g(@)>c, q)2(:':)'_{(;;(:«:) it @(z) >,

k@)= k@ 9o @@y
B

From (44)
M. (z=) = h (2), M. (z=) =k (2), (69)

and by Theorem 8 /, h,, h are harmonic functions. %z, is bounded, and by
Theorem 9 P,.-a.e.

1im Ay (2) = @y (20).
n—»oo

By Theorem | P, -a.e. there exist also the limits

E=limh (z2), E=limh, (2). (70)

n—>oo

By Fatou’s lemma
M. L < lim M hy (x,) = Lim P™h, (2) = ky (2).

M- 00

Hence by (69) and (70) we find
Mt —@(za) | = M| 8 — 92 (z=) | < M E2 + Mo9; (z2) < 202 (2).

The left-hand side does not depend on ¢ and the right-hand side tends to zero
as ¢ > . Hence £ = ¢(x,, ), P,a.e

REMARK 1. According to Theorem 10, (68) gives a generalized solution of
Dirichlet’s problem with boundary function ¢(x); the boundary values are taken
along almost all non-terminating paths.

REMARK 2. Theorems 9 and 10 can be “‘relativized” in an obvious way;
selecting any harmonic function H we can replace the measure u; by py, the
condition of boundedness of & by # < H and the measure P, by P,



Boundary Theory of Markov Processes (The Discrete Case) 107

§ 16. The entrance space. Decomposition of excessive measures

We say that /(x) = 0 is a reference function /(x) if s = G/ is everywhere
positive and finite. We put

x,(:c):%, an

We note that Ky is an excessive measure and (/, Ky) = 1. According to Lemma 1
gy, x)=n(y, x) g(x, x). By (13) we have g(y, z) =7n(y, 2) g(z, z) =
=y, x) n(x, 2) g(z, z) =7(y, x) g(x, z). Hence s(y) = n(y, x) s(x) and
Ky (x) < 1/c(x), where ¢(x) = s(x)/g(x, x) > 0.
We consider in E the metric

Py, 5) =27 "W _2~N@ | 5 2 | %y (2) %2 (2) | () 27,

where N(x) has the same meaning as in §9. Formmg the completlon of E with
respect to this metric we obtain a compactum E The topology of E determmed
by the metric g is called M_. The boundary of E in the topology M_ is E\E.

Repeating the arguments of §9 we extend Ky (x) continuously toy € E\E.
We now prove the following theorem.
THEOREM 11. With each I-finite excessive measure o we can associate a

finite measure u® on the Borel subsets ofbcsuch that for f € C*(E)
Crwee @)=t a—aP)+lim B 1 @a@ pe 2 i@, (72)
ﬁ =00 x,

The entrance space E’ is the set of all z € 1;" \ E for which the spectral measure of

the excessive measure K, is 6,. For z € B the measure k, is harmonic and
(0 k,)=1.
Every I-finite excessive measure o has a unique representation in the form

a@= § u@n@. (73)
ENE
Here p coincides with the spectral measure p®. For o to be harmonic it is
necessary and sufficient that p*(E)=0
Let v be an I-finite excessive measure® and 0 <p(x) <o for all x. The formula

1 If the reference measure v and the reference function/ are chosen so that

Ye(x » vy <o,

Xy

then the measure v = yG satisfies the required conditions.
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pe(z, ) ="WLEW- D) (74)
defines in E a transition function. The measure ")\/= v is a reference measure,
and the corresponding Martin kernel is Ky (x)h/v(x). The Martin compactification
corresponding to this kernel coincides with E, and the exit space coincides with
B. h is excessive (harmonic) with respect to p,(x, ) if and only if the measure
o =hvis excessive (harmonic) with respect to p(x, y). Here (I, @) = (h, '?/), SO
that o is I-finite if and only if h is 'f-integrable. The spectral measure of the
excessive function h = afv with respect to p (x, y) coincides with p*.

PROOF. The statements about the Martin kernel for the transition function
p,(x, ¥) and the corresponding compactification are verified directly. It is also
evident that if a = hv, then (I, @) = (4, '§) and Ph < h(Ph = h) if and only if
aP, <a(aP, =a). We define the spectral measure of the excessive measure « as
that of the excessive function # = « / v (with respect to the transition function

p,(x, ¥)). (72) follows from (42). From the definition of B it is clear that Bis
the exit space for p,(x, ¥), and from (72) that u* and B do not depend on the
choice of v. The representation (73) follows from the Martin representation for
the p,-excessive function & =« [ v. The remaining parts of the theorem are
verified with difficulty.

REMARK. If »(x) becomes zero or infinite at some points, then (74) defines
a transition function on E” =i x: 0 <p(x) <+ oo i. In this case the Martin

compactification for p,(x, y) coincides with the closure of E” in E.

§17. The behaviour of a stationary process as t = — o

We consider a stationary Markov process with transition function p(x, y) and
stationary distribution v. The formula a, =&__,(t =0, 1,...)defines a mapping r

of & into Q... The inverse image of A under 7 is denoted by A”. We define in
£2.. the measure

P(4) = P, (4) (A eF)
IfA=[aga, ...a,],then 4" = [a,a,_, ...a01%, and by (4")

P(4) = P, (4") = v (8,) P (@5, Bn-y) - - - P (21, G0)-

On the other hand, let p,(x, ) be a transition function defined by (74). We

denote by P, the measure in £ corresponding to the Markov process with

transition function p,,(x, ¥) and initial distribution «. (Since £ p,(x, y) =1, the
y

measure “P,, is concentrated on £2_, .) We note that

Py [aoa: cee8yl=v(a,)p (@n, Gpy) ... P (a3, ao)-
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Therefore P(4) = *P,(A) for all simple sets A. By Theorem A this equation is
satisfied on all A € F . Thus,

P, (A7) = P, (4) (4 €7). (75)
We denote by A the set of all paths ia, | in £, for which lim a, does not

n-—» o

exist, or exists but is not in 1}, and by A the set of all paths 5, in SAI for which
lim 5, does not exist, or exists but is not in B. It is easy to see that 4" = A,

t—>—oc0

and by (75)

P, (A) ="P, (4).

By Theorems 4 and 5 and (39) we have P, (4) = 0 for any x € E. Hence
P,(A)="P,(4)=0.
Next, from (44) and Theorem 5

%y (2)

"M (ze) = § Sy F W R, (76)
B

where u is the spectral measure of the function 1 with respect to p,(x, y). By
Theorem 11 it coincides with the measure u”. From (75) and (76)

Myf (@) ="Mf (z) = § (1, %) £ () * (). 77

B
Putting f = x., where I' C é, we have

P, {z-w€l) = S (1, %) p* (dy). (78)
r

So we have proved the following theorem.

THEOREM 12. For a stationary process with l-finite stationary measure v the
limit

T =1lim z; (79)

t+—oo

in the topology M_ exists almost surely and belongs to the entrance space B
The distribution x_, is given by (78). In particular, if v = Ky, where y € B, then
almost surely x__, =y.

Applying Theorem 12 to an k-process we can obtain a more general state-
ment in which the function 1 ceases to play an exceptional role.

THEOREM 13. Let v be an I-finite harmonic measure, h a y-integrable har-
monic function. Then for the stationary process with transition function
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ph x, )= p(x, y) h(v) and stationary measure hv, the limit (79) in the
topology M_ exists almost surely and belongs to the entrance space B The
measure of the set of paths for which x_, €T CB is

§ vy, (80)
r

REMARK. From Theorems 4 and 5 and (51) it follows that almost all paths
of the process considered in Theorem 13 have in the topology M, the limit

lim z; =z, € B,
t—s4-o0

and the measure of the set of paths for which x, ., €' C B has the value

§ e vy @1)
r

(uy, is the spectral measure of the excessive function #).

§ 18. Stationary processes with random birth and death times

We attempt to extend the results of the previous section to the case where
the measure v and the function 4 are excessive, but not necessarily harmonic.
The transition from # = 1 to an arbitrary excessive function 4 does not cause
serious difficulties. Therefore we first take 7 = 1.

We construct in some countable space E D E a transition function and har-
monic measure coinciding on E with p(x, ) and v and defining in Ea stationary
process. Almost all paths of this process remain in £ from the moment £ of
first hitting £ to the moment { of the last exit from E. In E there arises a
random process with random birth and death times. We call this a
stationary process with transition function p(x, y) and stationary measure p.

Let Z be the set of all integers. We define in the space E=Zx E the
transition function p for which

pOxz,0xy)=p(z, ),
-p-(OXI, 1 xz):i—zp(zv !/),
v

pmxz,(m+1)xz)=1 1f m=0,

and the remaining values are zero. It is clear that (1) is satisfied for p with
equality. Next, let » be an excessive measure for p(x, y). The formulae
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70 X x) = p(x), Bm X x) = v(x) -§ v(») p(, x) form <0,
vim X x)=v(x)— v(x)Z p(x, y) form >0,
y

define in £ a harmonic measure with respect to p. Identifying 0 x x with x we
may assume that E C E. Note that § coincides with p and ¥ with v on E. We can
imagine that the points m x x lie above x if m > 0 and below if m < 0. We con-
sider in E the process X, with transition function p and stationary measure b.
Subtracting from £ a set of measure zero we may assume that the paths behave
as follows. After unit time a particle not lying in E mcves one unit upwards; a
particle lying in £ moves in F in correspodnence with the transition probability
p(x, y); if the process in E guided by this law must terminate, then instead of
this there is a move in E of one unit upwards. Let £ be the first hitting time of
E and ¢ the last exit time from E. Removing from each path the part

not belonging to E we obtain in E a random process x, with birth time £ and
death time .  For this process the measure of the set {x,,=a,,, . . ., X, = dy}
is

v (am) p (am, am+!) R 4 (an—h an)' (82)

We have the same expression as in (4"). It is natural therefore to call the process
so constructed stationary with transition function p(x, y) and stationary
measure v.

The paths of this process are functions with values in E defined on all
possible intervals of the form [m, n], (-9, n], [m, + ) and (— oo, + ). The
set of all paths is denoted by ', and the g-algebra generated by all simple sets
lay, .. .a, 1% by F'. We have constructed on F ' a measure P, that is equal to
(82) on the simple set [a,, . . .a, 1% . The measure P, is defined uniquely by
this condition, as follows from the following lemma, which we prove in the
Appendix.

LEMMA A. If two measures on the o-algebra F' in Q' coincide and are
finite on all simple sets, then they coincide everywhere.

From

v (am) h (an) ph (@m) [/ J) PR Ph (@n-1, a,) =
=W (am) p (ann am+1) c.. P (an—h an) h (an) =
=h (an) v (an) Pv (an, an—!) v p (am+h ay)

it follows that if x, is a stationary process with transition function p" and
stationary measure hp, then ;C\r = x_, is a stationary process with transition
function p, and stationary measure Av. Using these remarks it is easy to prove
the following theorem, a generalization of Theorem 13.

THEOREM 14. Let v be an [-finite excessive function, and h a y-integrable
excessive function. Then for the stationary process with transition function
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p"(x, ¥) and stationary measure hv almost all non-terminating paths have in the

topology M, a limit x, ., € B. The measure of the set of paths for which
x, € CEUBIs

§ Gy vy ). (83)
r

Almost all paths without a beginning have in M_ a limit x_,, € B. The measure
of the set {xt €T}, where TCEVUB, is

§ . ) @p). 84)
T

PROOF. We consider only the case # = 1. (The passage to the general case is
effected just as in the derivation of Theorem 13 from Theorem 12.) Apart from
the transition function p in £ we consider the transition function p in E, all entries
related to p are distinguished by a bar on top. We introduce in E a reference

measure 7, putting ¥(m x x) =0 for m > 0 and selecting the value of ¥(m, x)
for m < 0 so that

D7 (mx2) =y ().

m

It is easy to calculate that

];nxv (m X z)=4Fk,(x) for n>0. (85)

We denote by E* the set of all points 1 x y, where n 2> 0. By (85) the
‘““divergent to infinity” sequence n, x y, € E?* converges in the M *-topology
corresponding to p(x, y) if and only if y, converges in the M*-topology con-
nected with p(x, y), or n, > e and y, = y beginning with some r. Hence the
Martin boundary 3E* is contained in 9 and dE*=3E U E', where E' isin
natural correspondence with E.

Let A be a p-harmonic function and j; its spectral measure. By (54)

St =lim Mg @R (ecE).

E*

We put f(») = p(¥, E™). Then the right-hand side is evidently zero. Hence pj is
concentrated on E* U 9E*. On the other hand, uj; is concentrated on 9.

This means that it is concentrated on dE . Hence it is easy to deduce that the
exit space BisBUE'and may be naturally identified with B U E. We apply to
the process X, the remark at the end of §17. It is obvious that
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{X. =y} ={x, =yi. Hence the first part of Theorem 13 follows.
To prove the second part it is sufficient to apply the part just proved to the

reversed process x, = x_,.

§19. Hunt processes

Hunt noticed that boundary theory is applicable to a class of processes wider
than Markov processes. Roughly speaking, these are processes which behave
like Markov processes with transition function p(x, y) after the moment of
first reaching any finite set D.

We denote (as in §18) by £’ the set of all functions a; with values in E,
defined on all intervals (— o, 1}, [m, n}, [m, + =) and (— o0, + =), The left end
of an interval is called the birth time and the right the death time. In the space
Q' we consider the §-algebra F' generated by all simple sets. Important
examples of F'-measurable functions are: a) the birth time §; b) the death time
{; ¢) the position x, of the path at the moment ¢ (x, is defined on the set
1E<t<n};d) the moment o, of first hitting D and the moment 7, of the
last exit from D (defined on the set 2, of paths hitting D); e) N(x), the number
of hits in the point x (the domain is £').

Let P be a measure on the ¢-algebra F'. The process determined by P is called
a Hunt process with transition function p(x, y) and characteristic measure B if.

19.A. For any finite D,anyn =0, 1,...,and any ay, ay, . . .,a, €F

P {IUD = Aoy Top+1 = @1y « - -y Tap+n = a,} =
= vp (2} P (4, @) - - . p (@n4. a,).

19.B. MN(x) =f(x) < oo for any x EE.

For n = 0 from 19.A we have v, (@y) =P{x, =ao!. Condition 19.A means

°D
thaty, = Xops ) is a Markov process with transition function p(x, ¥) and initial
distribution vy, .

We note that by 19.B for almost all paths N(x) is finite, hence Xop and Xr
are defined? on Q. We denote by Np (x) the number of hits of the state x,
starting with the moment o, . By 19.A, MNp (x) is the mean number of hits
of the point x for the Markov process with transition function p(x, y) and
initial distribution vy . Hence from (3) it follows that

MNp, (x) = (vpG) (x). (86)
Evidently Np (x) 1 N(x) for D t E. Hence
(vuG) (@) 4 B (2) (87)

! Here, as in the whole of §19, D is taken as a finite set.
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as D T E. From (87) it is clear that § is an excessive measure (with respect to
p(x, »)). We note that

ﬁ(l‘): Etp{l'g =—'I}.
Since g(x, x) =1,
vp (2) < (vo06) (@) < B (z) << oo.

If a state is attained only by a set of paths of measure zero, such a state may
be removed from E. Hence, without restricting significantly the generality, it
may be assumed that the following additional condition is satisfied:

19.C.B(x) >0 forany x €E.

EXAMPLE 1. The Markov process with transition function p(x, y) and
initial distribution v can be regarded as a process with birth time £ = 0 and
death time ¢. Condition 19.A is always satisfied.! Condition 19.B is satisfied
if the process is transient.

EXAMPLE 2. The stationary process with transition function p(x, y) and
stationary distribution v satisfies condition 19.A, but not 19.B (if v # 0).

EXAMPLE 3. Let x, be a Hunt process and »(w) any integer-valued random
variable. Then X, = x,,_, is a Hunt process with the same transition function
and characteristic measure. We call this transformation a random translation in
time.

For the process x, the reversed process is defined by the formula x, = x_,.
Its birth time is — ¢, and death time — £.

THEOREM 15. By reversing a Hunt process with transition function p(x, y)
and characteristic measure 8 a Hunt process is obtained with the same
characteristic measure and the transition function

ps(z, y) = w;——fz()y 22,

PROOF. Let ¢’ be the moment of first hitting the finite set D’ for the
process x,. Then 7= — ¢’ is the last exit time from D’ for the process x,. We
have
Plog=ag, Zgoy=ay, ..., Tgin=0) =P {zc=aq, Teo1=ay, ++0) Te—n=0ap}.

(88)

Let g, be the moment of first hitting D for the process x,. By 19.A

Y= Xop 4t is a Markov process with transition function p(x, ) and initial
distribution »,. Let 7 be the last exit time from D' for the process y,. Accord-
ing to (25)

1 [ is left to the reader to verify this.
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P{y;: ay, y;_l =gy ey y?_nz an} o=
= (vuG) (@) P (@n, @n—1) ... P(a1, ao) Lp (ag). (89)

Obviously outside the set Ap ={o, >7} wehavey-=x_,.. V= Xpn
Hence the left-hand side of (89) differs by not more than P(4p ) from the
probability (88). Butas D 1 E, P(4,) 4 0 and v, G 1 B by (87). Hence, taking
the limit in (89), we have

Plz.=ay, 2,y =ay, ..., Zoep = ap} =

= B (a,) p (@n, @ny) . .. p (a1, @) Lp (a0)- (90)

The right-hand side is equal to Lp (ao) 8 (20) Pg(ae, @1) - - - Pgla,, a,.,) and
by (88) the process 3?, satisfies 19.A. That 19.B is satisfied for this process is
obvious.

COROLLARY. Let *P, be the measure corresponding to the Markov process
with transition function pg(x, y) and initial state x. Let

LY (z) = 8P, {zo = z, , €D for t>0}.

Then for the Hunt process with transition function p(x, y) and characteristic
function §

vp (2) = B (2) L} (2). o1
PROOF. Putting n =0 in (91), (88) and (90), we have

P {zo = ao} = P {z: = a0} = B (a0) Lp (a0)- (92)
Considering now )?, as an initial process and x, as a reversed one, on applying
(92) we get (91).
(91) shows that the distribution v, can be uniquely reconstructed from the

transition function p(x, y) and the characteristic measure g.
LEMMA 6. For D 1 E there exist the limits

(ky, vo) t B (), (v € EY),
Loy %)t S (), (y€EE)
Here fory € E

o)=L,
S(y)=$~

(Qutside E &p and S may equal to + o, S depends only on the transition
function p(x, y), and H g depends only on p(x, y) and B.)
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PROOF.By (31)and (71) fory € E

.. (vo6) (¥) _GLp(y)
B vo) = L) ==y

By (87) it follows from this that

(ky, vo) 1 50

5 for ycE.

By (24), GLp (¥) is the probability that the path of the Markov process with
initial state y and transition function p(x, y) hits! D. Hence it is clear that
GLp(») 1 land (Lp, Ky) 1 1/s(»). It remains to note that

(ky, vo) = 2 Vb (2) ky (2)
gD
is a continuous function of y on E* and hence, for all y € E*, this function
increases as D 1 E. Similar arguments are applicable to (L, Ky ).

THEOREM 16. For the Hunt process with transition function p(x, y) and
characteristic measure B almost all non-terminating paths have in the topology
M, alimit x_,, €B. Almos{\all paths not having a beginning have in the
topology M_ a limit x__, & B. Here

Pzeny={a@may, T=EUB), ©3)
r

Pineny={Swu@y), c<EUB (94)
T

(i, is the spectral measure of the excessive function 1, and u® is the spectral
measure of the excessive measure ).
PROOF.By 19.Ay, = Xop 4t is a Markov process with transition function

p(x, y) and initial distribution v, . By Theorems 4 and 5 for almost all non-

terminating paths of this process the limit y, ., exists and is in B. By (83) the
probability that Vi elis

§ ko, vo) i (ay) (95)
r

(¢ is the death time for ¥:). We denote by Cp the set of paths of the process x,
not meeting D. Evidently outside D Vg =xg. Hence (95) differs from
P{x. €I'} by not more than P(Cp ). But for D T E we have P(Cp ) { 0, and
hence the limit (95) is equal to P {x, €T'}. This proves (93).

The remaining statements of the theorem are obtained by applying the part
already proved to the reversed process. Here we have to use Theorem 11 and the
Corollary to Theorem 15.

1 We recall that being transient almost all paths hitting D leave D.
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So far the question of the existence and uniqueness of a Hunt process with
given transition function p(x, y) and characteristic measure $§ has remained
open. First we prove the uniqueness theorem.

THEOREM 17. The transition function and characteristic measure determine
a Hunt process uniquely to within a random translation of time.

PROOF. As in §9, let N(x) denote the number of the state x. For each path
ta,;! we consider the smallest of the numbers N(a,) and call the first moment
for which this smallest number is attained canonical. The canonical moment
v is a function of the path that can be defined by the conditions

N (z;)> N(x,) for all ¢,
N(z)>N(z,) tor t<Cov.

By means of a random translation of time we can make sure that v= 0. We

assume that this condition is satisfied and put

D, =ix:Nx)<kl,op = ODk’ Vg =vp - We note that 0, <v =0 for any %.
%

Next, N(x,) >N(xok) for t < 0;. Hence

{Ok = —m} = {Ok + m = 0} = {N (Idk+t) >N (Iok+m) for t=0, 1, ey
e om—1, N(Ioh+t)>N(Iok+m) for t>m} = {vlzm}>

where v’ is the canonical moment for the process V=X ut (t=0). By 19.A

P{op = —m, To, =T, Ty = 8p, Tty = Gnigr -« oy Tp = a,} =
r
=P {yo = Zy Ynam = Ape < o oy Yrdm = 4, V = m} (96)

Let a, € D;. Then the left-hand side of (96) is zero for n <—m. Hence, sum-
ming over all x € D, and over allm >0 \/ (—n), we get

P {In = Qpy Tpty = Qpigy - - oy Ir = a,} =
=Py, (V" + 120, Yoo = Gny -+ s Yrav = a;}. (97)

Thus, the measures of simple sets in ' can be reconstructed from the transition
function p(x, y) and the measures v, . By the Corollary to Theorem 15 the latter
is defined uniquely by p(x, ¥) and the measure 8. It remains to use Lemma A of
§18.

The following existence theorem holds.

THEOREM 18. Let B be an excessive measure for the transition function
p(x, ¥), where B(x) < oo for all x € E. Then there exists a Hunt process corres-
ponding to p(x, y) and B.

To prove this theorem measures v, can be defined by (92) and then the
measures of simple sets can be given by (97). The detailed execution of this
plan is somewhat unwieldy (it is carried through in [3], Chapter 10, §12).

If = aG, the required Hunt process is obtained by considering a Markov
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process with initial distribution «.
The general case can be treated as follows: It is easy to verify thatif D, 1 E
and ¥, = vp, are defined by (92), then », G 1 B. We construct the Hunt process

with characteristic measures f; = v, G, produce in each of them a random
translation of time, making the canonical moment zero, and then take the
limit as k — oo,

Appendix
Measures in spaces of paths

We prove Theorems A and B stated in §2 and Lemma A of §18. First we
prove the propositions on the uniqueness of a measure. Here we depend on a
simple lemma from set theory.

A system € of subsets of a set £ is called a 7-system if the intersection of
two sets of € also belongs to €. The system .# is called a A-system if: A,) the
sum of two disjoint sets of F£ also belongs to % \,) if A, B € & and
ADB,thenA\BE F;N\;)ifA,,...,A,,...€ # and A,, T A, then
AE A N QE 7 .

LEMMA B. If the Asystem 5% contains the m-system €, then <t contains the
o-algebra o(t),generated by €.

This lemma is proved in the first few pages of [2] (see Lemma 1.1).

COROLLARY. Suppose that two measures given on a g-algebra F in a
space S coincide and are finite on a w-system € generating F . If § can be
partitioned into the sum of a countable number of pairwise disjoint sets §,, € €,
then the two measures coincide everywhere on ¥ .

PROOF. We denote by &# the family of all sets A € .F on which the
measures coincide and are finite. We put 4 € %, if A € & and 4 C Q,,;

A€ €, ifAE€ € and A CQ,. Let Fa be the o-algebra in the space £2,,
generated by %,. Evidently %, is a w-system, ¢#, is a A-system in §2,, and
6. CH,.By Lemma B &, = #n.

Weput 4 € & if A, N Q, € &, for all n. Evidently F contains € and
is a o-algebra. Hence # = & . Thus, if 4 € F, then foralln, A NQ, €
€ fn C Hn C H. Butif two measures coincide on 4 N §,, for all n, they
coincide on 4.

It is now quite simple to prove the uniqueness of the measure in Theorems A
and B. It is sufficient to apply the Corollary just proved to the w-system of all
simple sets and to note that the simple sets [aq] (2o € E) are pairwise disjoint
and that their sum is the entire space of paths.

To prove Lemma A of §18 we denote by € the family of sets of the form

{E =8 Tmy = Qpmy Tmyg = av.nz, s ey zmh = amhv g = t}y (Ol)
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where —o s <Km, <m, <...<m, St<<+o;k=1,2,...Wenote that
the sets

E=sz,=2,0=1) (—oo<s<tL+ o, z€E),
{§=-—m,1‘=1'§=t} (—m<t<+m,I€E),
{(§=—0w, 5=1,0=+wo} (z€E)

belong to 8, are pairwise disjoint, and that their sum is the whole space of
paths. It remains to verify that the given measures are finite and coincide on 6.
For the sets

lam ... =0 m 2, =0y, ..., 2, =a,,t>n} (02)
this is true by the conditions of the Lemma. Hence this is true also for the sets

{§<s' Tmy = Gmyy, Tmg = Gmgy « « Tmy = Gmy, ;)t} 0.3)
(—oo<s<m,<m2< .« .. <mk<t<+m)y

which can be expressed as a countable sum of pairwise disjoint sets (0.2). Letting
s 4 —ooor ¢t + o we conclude that the measures coincide on the sets (0.3)
also fors =— o0 and for ¢ = + oo. Hence it is clear that the measures coincide
on all sets (0.1).

The proof of the existence of the measures described in Theorems A and B
is based on the following general theorem from measure theory.

THEOREM B. Let A be an algebra of sets in the space S2 (that is, a family
of sets containing together with any two sets their sum and together with any
set its complement). Let P(A) be a non-negative function on A, satisfying the
conditions:

o If Ay, A, belong to # and are disjoint, then
P(A4.UA,) = P(4)) + P(4y).

B. The space §) can be partitioned into a countable union of disjoint subsets
2, € A such that P(§2,,) <eo.
vy IfA; DA, D...0A, D...aresetsin </ and lim P(A,)) >0, then N A4,
n

is non-void.

Then, on the o-algebra & generated by A there exists a measure coinciding
with P on A.

The sequence of sets A,, € # is called a nest, if
Ag2A,2...04,2..., limP(A4,)>0and P(4,) <ee. By virtue of 8 it is
easy to prove that the condition v is equivalent to the following:

y'. Every nest has a non-void intersection.
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Theorem A will be deduced from the following theorem:

THEOREM D. Let & be a o-algebra in the space S2., of non-terminating
paths generated by the simple sets [ay .. .a,]. Forany nandany a, .. .a, €E
suppose that a non-negative number p(ay, a,, . . ., a, ) is given, where

2 P(ao. Ayy oeey an)=P(ao’ gy o ovy an—l)- (04)

Gn

Then there exists a measure P on the o-algebra & for which

Pla,, ay ... a,] = p(ay, ay, ..., a). 0.5)

PROOF. We call a simple set in £2,, of the form [ay, a4, . . .,a,] asimple
n-set. A set that can be represented as the sum of simple n-sets is called a
cylinder n-set.?

We note that for m = n:

a) If a simple m-set A intersects a simple n-set B, then A C B. (Hence it
follows that form=n A =58.)

b) If a simple m-set intersects a cylindrical n-set, then it is contained in it.

c¢) A simple n-set is a cylindrical m-set.

d) A cylindrical n-set is a cylindrical m-set.

e) The sum and the complement of a cylindrical n-set is also 4 cylindrical
n-set.

Properties a), ¢), ), are evident, b) follows from a), and d) from c). By d)
and e) the family 4 of all cylindrical sets is an algebra. We define on this algebra
a measure, relating to each cylindrical n-set A the sum of the values
pag, . - ., a,) over all simple sets [aq, . . .,a, ] contained in A. Although every
cylindrical n-set A is at the same time an (n + 1)-set, by (0.4) the number
associated with A does not depend on whether it is regarded as an n-set or as an
(n + 1)-set. It is easily seen that the function on A introduced in this way
satisfies « and B. If we prove that it satisfies also condition ', then Theorem D
follows from Theorem C.

We require the following:

LEMMA C. If the sets C,, form a nest, then for each m there exists a simple
m-set B such that B 0 C, also forms a nest.

We note that

0<limP(Cy)=lim X P(BNCn)= N limP(BNCy) 0.6)

(the sum is taken over all simple m-sets B; the signs of summation and limit can
be interchanged, since P(B N C, ) <P(B N Cy) for alln and ZP(B N Cp) =
=P(Cp) < ). From (0.6) it follows that for some B lim P(B N C,) > 0 and
hence B N C, is a nest.

! Theorem D, as the Theorem E deduced below, is a particular case of a well known theorem of
Kolmogorov on measures in products. In this particular case the general proof is simplified significantly.
In our presentation we follow the book of Kemeny, Snell and Knapp {3].
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We come to the proof of ¥'. Let 4, be a nest. By d) we may regard 4,, asa
cylindrical n-set. By Lemma C a simple 0-set B, can be chosen so that
Al =4, N B, form a nest. Next, a simple 1-set B, can be chosen so that
A=Al NB, =A, OB, N B, form a nest. Continuing this construction, for
each m we construct the nest A} =A”"1NB, =4, NB,NB; N...NB,,.
Obviously P(4,, "B, "B, N...NB,)*0. Hence
A, "By NB; N...NB, is nonvoid. Inview of a) By 2B; 2...2B,, and
in view of b) B, € 4,,. Obviously there exists a path w=byb; ... b, ...such
that B, = [bob; ...b,]. Itis clear that w € B, C A4,, and hence the
intersection of A,, is non-void.

PROOF OF THEOREM A. We extend the space E to E adding to E one more
point *. We put

P(%yal,...,a")-—_
p(ag, ay, ..., as), when ay, ay, ..., a,€E,
= ¢ p(do, @y, ..., am), When ay, ay, ..., an€E, Qpiy=...=a, ==,

0 , otherwise.

It is easily seen that P satisfies (0.4). Let . be a space of non-terminating paths
and ¥ a o-algebra in this space generated by cylindrical sets. We remove from
each path in S_Zw containing the element * the part of it beginning with the first
asterisk (paths not containing * are left unchanged). So we obtain a mapping «
of §_ into Q.

By Theorem D there exists a measure P on the o-algebra # such that

l_’[aoal ...a,] =pay, ay, ..., a,). The formula
P(4) = Plat(4), (4€F)
defines a measure such that Pla, .. .a,] = p(ao, a5, .. ., a,) =

=p(ay, 4y, ...,a,) forae, ay,...,a, €F.
PROOF OF THEOREM B. The formula

an if n=0,
&n = Aon—1 if n> 0,
a_2n if n<O

defines a mapping of ., into £. (Under this mapping the path aga,a5a34a, - . . .

8OESinto . . . asa,a¢a,4; - . . ). We put
, .k
p (GOv as, az, - . ., a2h) = P_x [azhy A2p-2y R az, g, A4y . . ., a:k-,].
r
P’ (ag, a4, asz, . .., G2p-1) = Plrst lags-2, - . -y G2, Qg @1, - - ., Aoy ).

By (3)—(3") the function p' satisfies (0.4). By Theorem D a measure P’ can be
constructed in §2,, such that P'laga; . ..a,] =p'[ae, a;, - - ., a,). We define
in  the measure
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P (4) = P’ [a (4)].
It is easy to see that for it
Pla, ..., @, - ., ans = phh(ack, - o, oy ooy ay).

Using the additivity of p and the properties (3")—(3") of p?,, it is easy to prove
that foranym <n

Pla, ... a,ln = pm(am, .., a)-

References

[1] J. L. Doob, Discrete potential theory and boundaries, J. Math. Mech. 8 (1959), 433—458.

[2] E. B. Dynkin, Osnovaniya teorii markovskikh protsessov, I1zd. Fiz.-Mat., Moscow 1959.
Translation: Theory of Markov Processes, Pergamon Press, Oxford 1960.

[3] J. G. Kemeny, J. L. Snell, and A. W. Knapp, Denumerable Markov chains, van Nostrand,
New York 1966.

[4] R.S. Martin, Minimal positive harmonic functions, Trans. Amer. Math. Soc., 49 (1941),
137-172.

[5] W. Feller, An Introduction to probability theory and its applications, Wiley, New York
1950.
Translation: Vvedenie v teoriyu veroyatnostei i ee prilozheniya, Izd. “Mir”, Moscow
1964.

[6] G. A. Hunt, Markov chains and Martin boundaries, llinois J. Math. 4 (1960), 313—-340.
= Sb. per. Matem. 5:5 (1961), 121-149.

Received by the Editors December 3, 1968.

Translated by P. G. Gormley



THE INITIAL AND FINAL BEHAVIOUR
OF TRAJECTORIES OF MARKOV
PROCESSES

The initial and final behaviour of the trajectories of Markov processes is studied within the
theory of Martin boundaries. We propose a simpler approach, based on a direct investigation
of the class &% of Markov processes with a given transition function and the class ¢'* of
Markov processes with a given cotransition function. In the class & (9¢*) processes with the
following property are distinguished: the probability of any event, determined by an
arbitrarily small initial (final) section of a trajectory, is equal to 0 or 1. Every process of
% (sx*) decomposes uniquely into such “‘ergodic™ processes, and the corresponding
measure completely describes the initial (final) behaviour of trajectories. The theory is
invariant with respect to reversal of time.

Based on the results of the present paper we shall study in a subsequent publication the
excessive measures and excessive functions associated with a Markov process.

A brief account of the main ideas of this work (for processes with non-random births and
deaths) was given in the author’s invited address at the International Congress of Mathe-
maticians in Nice (1970).
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§ 1. Introduction

1.1. A Markov process is a random process satisfying the Markov con-
dition of independence of the past and future, given the present.

We consider processes with a fixed state space (%, #)and time set 7.
Here (£, #) is an arbitrary measurable space, and T is any subset of the
real line. £ may be interpreted as a space in which motion is taking place,
and T as the set of times when the motion is observed. The times
a« =inf T and B = sup T are called the initial and final times, respectively
(or the birth and death times).

123
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By attaching to each time ¢ the position w(f) of a moving particle we
define the trajectory w. Instead of w(t) we often write x,(w). We denote
by Q the set of all trajectories (that is, all maps of T to E). A random
process is a probability measure P on @ given on the Kolmogorov ¢-algebra
4. The latter is defined as the minimal o-algebra containing all the sets
{o:20) €ETY ¢ €T, T € F).

We denote by «# A the minimal o-algebra in Q containing all the sets
{w:x(W)eT}teT NA, T €F) and put St = S (—w, 11,

N = M5, 4oy Then S7: can be interpreted as the collection of events
that are defined “by the past” and #" as the collection of events that are
defined “‘by the future”. A random process P is called Markoyv® if for any
te€ Tand any A € 4y, BE 4!

(1.1) P(AB | z;) = P(4 | )P(B | ¢ (as. P)
1.2. An important feature of the definition of a Markov process is its
invariance relative to reversal of time. This invariance, however, is lost with
the introduction of the notion of a transition function, without which the

advanced theory of Markov processes is impossible.

A transition function is a family of stochastic kernels pi(s < ¢t € T) in
the space E, connected by the relation pi*p;, = p foralls < t<u €T
(the Kolmogorov — Chapman equations).? We will frequently write
p(s, x; ¢, T') instead of pi(x, I').

A Markov process P has the transition function p(s, x; t, ') if for any
s<te T, Te#

(1.2) P{z, €T | &} = pls, z5; ¢, T) (as.P)

To restore the symmetry of past and future we consider in parallel with
transition functions (which we could perhaps call “‘forward transitions”) the
dual notion of cotransition functions (or ‘‘backward transition” functions).
A cotransition function is a family of stochastic kernels pi(s > t € T) in E
connected by the relation pj.p) = p; for any s > ¢t > u € T. We usually
denote a cotransition function by p*(s, x; ¢, T'). A Markov process P has
the cotransition function p*(s, x; t, ') if forany s > ¢, t€ T, T €B

(1.2%) P{z; €T | x,} = p*(s, xs; ¢, D).

1.3. The notion of a measurable space is too broad, and from now on
we assume that the state space (E, #) is standard. This means that (E, %)

is isomorphic® to a space (E,, &,) where E, is a Borel subset in some

! The abbreviations (a.s. P), (a.s. P, A), (a.s.5%) mean, respectively, “‘almost surely with respect to P”,

*‘almost surely on the set A with respect to P”, “‘almost surely with respect to all measures P of the
class & ”.
A stochastic kernel in E is a function p(x, I') (x € E, T € B) which is measurable in x and a
probability measure with respect to I. Writing p = p'xp” means that p is the product of the kernels p’
and p” that is
p(x, = 5 p' (@, dy) p" (y, T).

E
A one-to-one mapping of £ onto E, is called an isomorphism of (£, &) and (E,,$B,), if it and its
inverse are measurable.
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complete separable metric space X and % is the collection of all Borel
sets of X contained in E,.
We fix any transition function p(s, x; ¢, T') and put!

1.3y p@sxt, Ty oo ta, To)=

= S S Sp(s, T by, dys) p (b Yss to, dYo) - - - Ptn-ts Yng3 Tns dYn)
Iz - In

(st << ... <th€T, Ty, ..., TheF).

These functions are consistent in the following sense: if we set I'; = E or
if we cross out the pair of arguments ¢;, T';, then we obtain the same
value. By a wellknown theorem of Kolmogorov (see, for example, [4]
Chapter III, 3) it then follows that there is a measure P, , on the o-algebra
A7¢ for which

(1.4) Po o {rn, €Ty, .., 2, €Tn}=p(s, 25 44, Ty, ..., ta, T).

We denote by &% the class of all Markov processes having the transition
function p(s, x; t, T'). It is not difficult to show that for processes of this
class and for A¢ 4™

(1.5) P(A| ) =P, . (4) (as. P).

(1.5) is equivalent to the system of conditions (1.1) and (1.2), so that &
may be written as the collection of probability measnres P on the o-algebra
4 for which (1.5) is satisfied.

From an intuitive point of view (1.5) means that the probability of
predicting the future for a fixed past depends only on the present and is
identical for all processes of #f. It is natural to take these processes as
differing only in the initial behaviour of trajectories.

A system of measures P>*(s € T, x € E) on the o-algebra J"° for the
cotransition function p*(s, x; ¢, T") is constructed in an analogous way. The
class s£* of all Markov processes corresponding to p* may also be written
as the collection of probability measures P on.#" such that for any s € T
and A € S

(1.6) P(A| "y =P""(4) (a.s. P).

It is natural to regard the processes of & * as differing only in the final
behaviour of their trajectories.

1.4. It is our aim to introduce convenient characteristics of the initial
(final) behaviour of trajectories, in other words, characteristics which
together with a transition (cotransition) function uniquely define a Markov
process.

If the birth time « is contained in 7T, then the problem of initial
behaviour is solved trivially: the required characteristic is the probability

1 We assume that p(s,x;s,T)=1forx € T and 0 for x ¢T.
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distribution of the points x, (the initial distribution); there exists a one-to-
one correspondence between processes of ¢ and probability measures on
E (initial distributions). We shall see that the answer is analogous even
when a & T, except that the initial distribution must be given not in E
but in some new space 7", the space of entries.

More precisely, we construct a measurable map ¢ of the space (2, .7")
onto some standard space (7", F90) so that the formula

W) = Plo: ¢(0) €T} (T € F90)

defines a one-to-one correspondence between & and the class o# of all
probability measures on (7", Fg0). Here ¢(w) (denoted by x,(w)) is inter-
preted as the beginning of the trajectory w, or the entrance through which
w gets into E, and u is interpreted as the initial distribution of the process
P.

The role of the entrance space with respect to ¢ is played by the exit
space(7"*, Faos)with respect to &¢*. Under time reversal these spaces are
transformed into each other.

1.5. We call the intersection of the ¢-algebras 4": for all t € T the
initial g-algebra and denote it by # ', . If « € T, then this ¢-algebra is the
same as . ,. We interpret ,# o+ as the system of events that are
determined by the initial behaviour of a trajectory. The dual formation is
the final g-algebra .#'8-, which is the intersection of the 4 for all t € T.

We call P g ,-ergodic if P(A) is equal to 0 or 1 for all A € s+
It is natural to assume that the initial behaviour of such a process is non-
random and that almost all its trajectories ‘‘get into the state space E
through the same entrance”. This leads to the idea of identifying
entrances with 4", -ergodic processes of ¢%.

The programme outlined will be implemented in §2—4. We study in §2
the general problem of decomposition into ergodic measures. The
applicability of the results of §2 to & and é¢* is proved in §3, the entry
space and the exit space are constructed in §4.

1.6. Let us agree on brief notations. Let .# be any o-algebra. For a
function f the symbol f € # means that f is non-negative and #-measurable.
Thus, A € Fif and only if x4, €% (where x, is the indicatrix of A, that
is, the function with the value 1 on A and O outside A). If f € ¥ and
p is a measure on &, then by u(f) (or puf) we mean the integral of f with
respect to u. In particular, if § € #° and P is a probability measure on .4,
then P ¢ denotes the mathematical expectation of £. (Usually the letter E
or M is used for mathematical expectation, but this is inconvenient when
we have to deal simultaneously with several measures.)

It is easy to see that condition (1.5), which defines &% , is equivalent
to either of the conditions:
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1.6.A. For any s € T and all functions ¢ € J°°

PE| ) =Psf  (as P)
1.6.A’. For any s € T and all functions, & € 4%, 1 € 4",
P = P(P;, « §).

§ 2. Decomposition into ergodic measures

2.1. Let (R, .#) be any measurable space. We consider various classes
of probability measures in this space. We treat each such class as a
measurable space (o, G,4) : G.s is defined as the minimal o-algebra with
respect to which all the functions P£(¢ € #) are measurable. (This is the
g-algebra generated by the system of functions P(4) (4 € #).)

We call the class o separable if there exists a countable family W of
functions f € &, separating the measures of «# (this means that for any
uy # p, of of there is an f € W such that u,(f) # u,(N).

Let »# be a g-algebra contained in #. A measure P is called
A-ergodic if P(A4) is equal to 0 or 1 for all 4 € #A. We are interested
in conditions under which all measures from o# uniquely decompose into
A -ergodic measures from o#.

A function P¥(4) (w € O, A € &) is called an (#, A)-kernel if:

2.1.A. P¥ € o for each w € Q; P¥(A4) is £ -measurable for any Ac#.

2.1.B. For any Pco#, Ac #

P(A|A)=P°(4) (as. P)

(An (o#, #)-kernel gives a general conditional probability distribution
relative to £ for all measures P € of).

Condition 2.1.A. can also be written in the form:

2.1.A'. w = P¥ is a measurable map of (2, #) to (o, E,y).

The aim of this section is to prove the following theorem.

THEOREM 21. Let offe be the collection of all A-ergodic
measures of the separable class . If there exists an (H#, #A)-kernel P¥
then o#.€€, and each measure P from ot can be uniquely represented
in the form

(21) Pa)y= | Pa)n@P) (4e#),
oy
where p is a probability measure on (o#e, %me). The measure u is
expressed in terms of P by the formula

(2.2) w(I)=P{o: P*CT).

2.2. The proof of theorem 2.1 is based on two lemmas.
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LEMMA 2.1. Let W be a countable family of functions separating the
measures in oft. A measure P from o is A-ergodic if and only if it
satisfies any of the following equivalent conditions:

2.2.A. PY(t) = P(¢) for all £ € W (as. P).

22B. ®.(P) = O for all £ € W, where

0, (B)= [ P° €)% (do) P &)= [ [P* (5) —P (&) PP (do).
2 Q
22C. P{w: P¥ =P}=1.
P R O O F. The equivalence of 2.2.A. and 2.2.B. is obvious. The
equivalence of 2.2.A. and 2.2.C. follows from the equality

{o: P*=P} = {o: P*@E)=P (&) for all EEW}.

If P € o#,, then n = P(n) (a.s. P) for all n € 4. Putting
n = PY() (¢ € .#) and considering 2.1.B., we have

P°E)= | P°(¢)P(do) =P (| 4)=P({) (as. P)

!
Hence 2.2.A. follows.

On the other hand, if 2.2.C. is satisfied, then for A € A4

P(A4)=P®(A)=P(A|HA)=xa (as. P).

This means P(4) is equal to 0 or 1.

COROLLARY, o/, is contained in the set of measures P¥(w € Q).

(This follows from 2.2.C.)

LEMMA 2.2, off,€Gyand P{o: P*Colt.} =1 for all Pcok.

PR O OF. The first assertion follows from 2.2.B. and the %,,- measur-
ability of the function &,.

Setting for brevity n{(w) = P¥(£)® we have

O (P°) =P°(n) —n=P(n|A)—n (as. P).

Therefore the integral of ®.(P“) with respect to P is 0 and since &, is
non-negative ®,(P“) = 0 for P-almost all w. Using 2.1.C. we conclude that
P{o: PPcoft.}=1.

23.PROOF OF THEOREM 2.1, Let Peo#. By 2.1.B.

P(4)=P[P(A|A) = f P (4)P(do)  (AcF).
Q ~
If we replace the integration variable by P“ = P, we have

2.3) P(4)= | B(4)p(@P),
oA
where u is defined by (2.2). By Lemma 2.2 u(e#.) = 1. Therefore (2.1)
follows from (2.3).
_ To prove the uniqueness of (2.1) we note that by 2.2.C
P{w: P¥ €T}= xp(P) .for P €of .. Therefore it follows from (2.1) that for
any FE%O//ZG,
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(2.4) P{o: P°cl}= ( l~’{m: P°cT}p(dP)= g xr (P) p (dP) = u (T).
oAl ol
2.4. Any two (#, #)-kernels P“ and P} are equivalent in the following
sense: a set 2’ € 4 can be constructed so that P(2') = 1 for allP €# and
w = PY for all w € Q'. (Q' is defined by the condition: P¥ (¢) = P¥ (¢)
for all £ of any countable set of functions which separate measures of o#.)
On the other hand, if a function P* satisfies 2.1.A’, and is equivalent to
the (#, +£)-kernel P{, then it is also an (o#, +4)-kernel.
An (o#, #A)kernel P¥ is called normal if P¥ €of, for all w € Q.
Starting with any (o#, o#)-kernel PY we can construct a normal (o#, o#)-
kernel P“ by putting

I’“’:{ PP for Pycok,,
P, for P{ ¢ofe,
where P, is any element of of..

From the corollary to Lemma 2.1 it follows that if the (o#, #)-kernel
is normal then o#. coincides with the set of measures P¥ (w € ).

§ 3. Construction of a (¢%, ./ q:)-kernel

3.1. If T contains e, then a(¢¥, 4 :)-kernel can be obtained by the
formula P“ = P, . (v)- Therefore we will assume, without saying so each
time, that o & T.

The construction of a (¢%, 4/ y+)-kernel is based on the formula

(3.1) PE[Ser)= Lim PEIS Y (45 p).

which holds for all ¢ €.#" and P, if A is a countable subset of T having
a as a limit point (see [1], Chapter 7, Theorem 4.3).

We say that ¢ is independent of the beginning of a trajectory if ¢ € 47
for some s > a. For such functions it follows from 1.6.A. and (3.1) that
for P € &

(3.2) PE| AN or)=1imP, & (as. P)
X
The right-hand side does not depend on P. To construct a(e#, 4 ,+)-kernel
it is sufficient to find a measure P¥ €47 ,satisfying the condition

(3.3) Pt = lim P <k (as &)
tho, tEA

for some countable family W of functions ¢ independent of the beginning
of a trajectory and separating measures in &%,
The required family W is given by the formula

(3.4) E=f(z) (€A, JEW,),
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where W, is a special family of functions on the state space (E, #). The
family W, is introduced and studied in 3.2. In 3.3 the relation between the
measures P €& and the systems of measures v,(t € A) in (E, &) is settled.
After these preparations the theorem on the existence of a (¢4, # g)-kernel
is proved in 3.4. At the end of the section it will be proved that the
spaces (&%, 64 ) and (¢%., Ggy,) are standard.

3.2. It is well known (see, for example, [3], Chapter 3, §37, II) that
each standard measurable space is isomorphic to one of the spaces (J, #s)
or (I, #), where J is a finite or countable set, %, is the system of all
its subsets; 1= {r: 01}, # is the collection of all Borel sets of I

We realize J as a closed subset of the interval I and call a real function
q on E a coordinate on (E, #) if it gives an isomorphic map of (E, #)
onto (I, #;) or (J, #;). (It is not difficult to show that if ¢ is any
coordinate, then the general coordinate is ¢(q), where ¢ is any automorphism
of (I, #)).)

We write x, 3 xif q(x,) = q(x) and u, S uif un(g®) - u(g®) for

=0, 1, 2, ... Relative to the g-topology the space E and the set #(E)
of all probability measures on (E, %) are compact. For if x is identified
with g(x), then E goes over in to J or I with their usual topology and
#(E) into the space of all probability measures on J or I with the weak
topology.!

We denote by W, the family of functions 1, q, ¢*,... We need the
following properties of this family.

3.2.A. Suppose that a system ¥ of functions contains W, and satisfies
the conditions:

32A,.1ff1,f, € #,c,, c, real, then ¢, f, + c.f, € H.

3.2.A,. If the sequence f, € & is uniformly bounded and converges to
f at each point, then f € #.

Then $# contains all bounded #-measurable functions.

3.2.B. W, separates probability measures.

3.2.C. If for the probability measures u, the sequence u,(f) converges for
any f € W,, then there is a probability measure u such that u,(f) > u(f)
for f€ W,.

Let us prove 3.2.A. Let (E, B)=(, #y) and q(x) = x. If H = W,,
then &# contains all polynomials, consequently all continuous functions.
Hence &% contains all bounded 4% ;-measurable functions (see, for example,
[2], Lemma 1.8). The case (E, &) = (J, ;) is treated similarly.

If u,, u, € o# (E), then the set € of bounded #-measurable functions
f for which u, (f) = u, (f) satisfies conditions 3.2.A, —3.2.A,. Therefore
3.2.B follows from 3.2.A.

L (T 4 u, then i, [f (@] — u [f ()] for all polynomials and hence all continuous functions f’
(since by Weierstrass’ theorem every continuous function is uniformly approximable by polynomials
onl).
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To prove 3.2.C we note that any measure ¢ which is a limit point for
the sequence u, in the g-topology satisfies the condition u(f) = lim g, (f)
for all f € W,. By 3.2.B it follows that the sequence u, has a unique
limit point and hence converges.

3.3 Put

= {pG 2 t, 1 @) =Puat (@0,
{3.5) E
vPi(D) = | v(@d2)p(s, 5 1, T)
E

(p(s, x; t, T') is the transition function that defines ¢%’).

LEMMA 3.1. Let A = T be a countable set and a a limit point of it.
Denote by £. the collection of functions v,(t € A) with values in #(E)
satisfying the condition

(3.6) viP§ = v, (s<t€A).
The formula
(3.7) vi(D)=P{x,€T}  (T€H, tcA)

defines a one-to-one map of & onto £.
PR OO F. It is clear that for any f € #

(3.8) Pf(z)=ve(f).
By 1.6.A" and (3.8) for P € ¢4 and any § € 47
(3.9) PE=P (P, . f)= S vs (d2) Py, <E.
£

Putting & = XF,(Xt,) ...xrn(x,n) < <...<t,eT;T',,...T, €F)
and bearing (1.4) in mind we have

(340) P{z, €Ty, ..., 2, €To} = S Vs (dz) p(s, z; £, Ty, - .., tn, Th).
E
For n =1 and ¢, = t € A this formula is equivalent to (3.6). Consequently,
the set v ={vs}, corresponding to P €%, belongs to L. From (3.10) it is
obvious that the measure P is uniquely recoverable from {vs}.

On the other hand, if {vs}€Z, then by (3.6) the right-hand side of
(3.10) does not depend on the choice of s from A N (a, ¢,). We denote
it by B, .o e Tys oo, T » ). The functions He ..., ¢, are obviously
consistent, and by Kolmogorov s theorem there exists a measure P on the
g-algebra ., satisfying (3.10). Using (1.3), (1.4), and (3.10) it is easy to
verify that P satisfies 1.6.A' and consequently belongs to ¢%.

34 THEOREM 3.1. There exists a (88, A o+)-kernel P¥

P R O O F. The system of functions W defined by (3.4) separates
measures from &% . For let P, P €%, and let {vg}, {¥s} be the elements of
£, corresponding to them by (3.7). If P, = Pz for all £ € W, then

v(f) =v(f) forall f€ W,, s € A. By 3.2.B {vs} = {vs} and by Lemma 3.1P =
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We put w € Q, if for all ¢ € W the limit on the right-hand side of
(3.2) exists. It is clear that Q, € # o+-and P(24) = 1 for all P € ¢£. Let

(3.11) V:"t(r)=Pt,xt (@ {zs €T} (Te#).
If w € Q, then for any s € A, f € W, the limit
(3.12) lim ve-t(f).
tla, IEA

exists. By 3.2.B there is a probability measure »¢ such that for any f € W,
the limit (3.12) is equal to »¥(f). By (3.11)

(3.13) v (f)= lim Prsf ().

From (3.13) and (3.2) we conclude that for any f € W,, s € A, the
function v¥ (f) is " q+-measurable and

(3.14) v (H=P{f(xs)| Sat) (as.&)

By 3.2.A, the validity of this assertion for all bounded 4-measurable
functions f follows from its validity for f € W,.
Since S o+ =N, for E€ ™

(3.45) P [Sar}=P{PE|No)| S s} =P {Ps:E| S0} (as. P).
In particular, fora < s < fand f€F

(3.16) P{f ()| N o} =P{Pif (z)| S et} (as. P).
From (3.14) and (3.16) it follows for f € # that é¢-almost surely

(3-17) v (f) = v (Pif),

where both sides are .#’s+-measurable functions. We put w € , if (3.17)
is satisfied for all f € W,, s < t € A. It is clear that Q, € e+ and
P(Q,) =1 forall P eét. If w € Q,, then {v;} satisfies (3.6) and con-
sequently belongs to £. We denote by P¥ the corresponding element of
& . Outside &, we put P¥ = P“1 | where w; is any fixed element of Q;.
By (3.8) and (3.10) P satisfies condition 2.1.A. From (3.15), (3.14),
(3.8), and 1.6.A" we have for Pcox, tc g

P(E|-/f/'a+)=P(Ps,xs(§)|-/f/'a+)=Pm(Ps.xs§)=’Pm(§) (as. P)

Thus, P“ also satisfies 2.1.B.

35. THEOREM 3.2. The spaces (%, By) and (K., By ) are
standard. ‘

P RO OF. By Theorem 2.1 é¢,€%y. Therefore it is sufficient to prove
that (#, €, is standard. We construct a g-algebra & in the space £
of Lemma 3.1 such that (£, #) is standard, and we show that the map
(3.7) is an isomorphism of (¢F, b.) onto (£, #).



The initial and final behaviour of the trajectories of Markov processes 133

The set £ is embedded in the space £ of all functions v,(¢ € A) with
values in «# (E). Choose in (E, #) any coordinate ¢ and assume that the

sequence »" € F7 converges to v € £ if v/ 3 v, for all t € A. It is clear

that £ is compact. Denote by & the family of its Borel sets. If f is a

bounded % -measurable function, then for each # € A the function

F@) = vi(f) is F -measurable: for f € W, this follows from the continuity

of F(v), and the extension from W, to % is achieved using 3.2.A.
Condition (3.6) is equivalent to the countable system of equalities

ve (Pif)= vt (f) (fEW,, s<<t€eA).
Since both sides of each equality are % -measurable, we have Zex.
Let % be the collection of sets of %, that are contained in £. The

sets
C=={v: oy <vi(f) <cs} (teA, feW,, 0Ley <o)

form a base of the topology in £. The inverse image of C in ¢ is the
set

(P: ¢y <Pf (1) <} €65

Consequently, the map (3.7) of (¢4, B4) to (£..F) is measurable. To
prove that the inverse map is measurable it is sufficient to verify that the
function defined by (3.10) is Z-measurable. But this function can be
written in the form v (f), where f(x) = p(s, x; t;, Ty, ..., tn, Tn)
Therefore! #-measurability follows from the % -measurability of f.

§4. The entrance space and the exit space

4.1. Let (7", #37) be any measurable space and let

(41) @, Sar) > (T, Byr) ~ (K, Bop),

be given measurable maps where:

4.1.A. The map Yy defines a normal (s, . 4+)-kernel.

41B. o()=7".

41.C. $(v)FE=Y(vs) for viz=vy; By =Y () ?).

Then we say that (7", Fye)is an entrance space. We call the point ¢(w)
the beginning of the trajectory and denote it by x,+(w); the measure ¢ (v)
we denote by P,,, and call it the process starting at v at time o

If A consists of one point, then £ coincides with the space ot = o#f (E) of all probability
measures on (E, ), and the arguments in the proof of Theorem 3.2. prove that (o, €og1)

is standard.

Without violating 4.1.A it is always possible to satisfy 4.1.B—4.1.C. For this it is sufficient to remove
from 7 points not belonging to x(£2), then identify points v with the same image y (v) and contract

-ﬁgro to -1 (%W)
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In the new notation y¢(w) = P,,, .. This map automatically satisfies
2.1.A. Therefore 4.1.A can be replaced by the requirement:
41.A' . Forany Pesx, E€ s’

P(glfa+)=Pa, xa+§ (a.s. P)

Recalling the definition of the g-algebra 6 (see 2.1) we can write 4.1.C
in the form.

4.1.C'. The system of functions P, ,(4) (4 €.4") separates points of ¥
and generates the g-algebra B¢e.

When T contains «, then x;(w) € E and P, (x € E) is defined for
t = a. If we put (77, £97) = (E, &), then the validity of 4.1.A" follows
from 1.6.A and that of 4.1.B and 4.1.C’ from the formula

Py« {z. T} =1%r(2) (seT, T'e %),

which follows from (1.4). Consequently the state space (£, %) is an entry
space.

4.2. In the general case an entrance space can be constructed in the
following way. By Theorem 3.1 there exists a (%, f q+)-kernel.
Consequently (see 2.4) there exists a normal (%', ", +)-kernel P“.
Consider the diagram

(4.2) (@, Sar) > (FFe, Bop) ~> (K, Cap),

where ¢(w) = P¥ and ¢ is the embedding of é%. in ¢¢. The measurability
of ¢ follows from 2.1.A’, and that of § from the definitions of 6 and
(50%'9' The validity of 4.1.A and 4.1.B is obvious, that of 4.1.C follows
from 2.4.

If another normal (6%, J o+)-kernel is chosen, then in (4.2) the map ¢
does not change, but ¢ is replaced by a ¢, which is equivalent to ¢ in
the following sense: there exists a set Q' €  «+, such that P(Q') = 1 for
all P € ¢Fand ¢p(w) = ¢'(w) for all v € Q' (see 2.4).

Now we prove that for a fixed kernel P the entrance space (7", & 30)
is uniquely determined to within isomorphism. More precisely, if
Yy = Yy, then we have a commutative diagram

(7", #9°) v
q’/v T~ ..
(4.3) Q, N ar) : $ (¢, Bop)-
\wu (WE, %%e) /‘b’

(The vertical arrow represents an isomorphism of (¥°, #3°) and
(Fo, Bog,)-)

For by 4.1.A and 2.4 y¢(R) = ¢¢,. Taking account of 4.1.B we have
¢(V) = %,. The map

4.4 (7", Bye) > (e, G,
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is obviously measurable. By 4.1.C it is one-to-one. Since &%, € €y
(Theorem 2.1), it follows from 4.1.C that the inverse map is also measurable.
Consequently (4.4) is an isomorphism. It is easily seen that it satisfies (4.3).

By Theorem 3.2 the space (7", #g40) is standard.

The results obtained can be summarized as follows:

THEOREM 4.1. For every transition function with standard space
(E, &) it is possible to construct an entrance space. In the diagram (4.1) the
space (E, #) and the map Y ) = P, are uniquely determined to within
isomorphism. The map ¢(w) = x,+(w) is uniquely determined to within
equivalence. The space (7", #y0) is standard. It may be identified with
(e, Gz, (and when a € T also with (E, #)).

4.3. We now prove that the entrance space has the property announced in
14.

THEOREM 4.2, The formulae

(4.5) p(I)=P{zr. cT} (r'e #g°).
(4.6) PA= [Puo@u@) e
Cyz)

establish a one-to-one correspondence between the measures P from &% and
all probability measures u on (7", £ =) (the initial distributions).

PROOF. We consider the (6%, A us)kernel P = Py . By Theorem
2.1 every P € & can be uniquely represented in the form

(4.7) P)= | P@ynan),
Ke
where
(4.8) p(I)=P{o: Py, 4+, €T}

The formulae (4.7)—(4.8) go over into (4.5)—(4.6) if (7", F40) is
identified with (&', €5 ,). On the other hand, the validity of 1.6.A" for the
measures P, ,(v € 7°) implies its validity for any measure P defined by
(4.6). Thus, to an arbitrary probability measure p there corresponds a P €%,
4.4. Using 4.1.A" we can rewrite (3.2) in the form
(4-9) Poc. “'a+§ :tlo}c%IIIIEA Pt,xtg (a.s. W)
(A is a countable subset of T, ¢ does not depend on the initial behaviour
of the trajectory). Let W be any countable system of functions independent
of the beginning of a trajectory and separating measures of ¢¢. We
introduce in the space of all probability measures on the o-algebra 4" the
W-topology, by taking P, as converging to P if P,(¢) - P(¢) for all ¢ € W.
It is clear that in this topology!

1 We assume that the measures P; , are extended in some way from the o-algebra JJ72 to S
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(4.10) Py, iqy = ug“tleAPhx, (as. &%),

Identifying (¢, x) with P, . and (a, v) with P,, we transfer the W-topology
to the space (T'x E)U¥%. Then (4.10) can be rewritten in the form

(o, Zoy) =lim (¢, z;) (a.s. k).
&%
The exceptional set of trajectories for which convergence does not hold
depends on the choice of the system W.

4.5. We note some properties of the initial point x,+:

45A Py, {2y =v) =1forall vey.

45B. If I' € #3», then {24, €[} € S qy. Any set A from S o+
differs from some set {zo+ €'} (I' € £ 3:) by a set of measure zero
relative to the class ¢4.

Since x4+ is defined to within equivalence (see 4.2), it is sufficient to
verify 4.5.A in the case described by diagram (4.2). But then 4.5.A reduces
to 2.2.C.

Of the two assertions contained in 4.5.B the first is obvious. To prove
the second we observe that by 4.1.C" for 4 € S ax

Ka=PA| S a)= Pa., wyp (A) (a.s. &%),

so that it is sufficient to put T' = {v: Py +,(4) = 1}.

4.6. Let /£ be any set of measures. An element P of «# is called
extremal if from the relation P = AP, + X, P, (P, P, € 0;, Xy, = 0;
A + A, = 1) it follows that P, = P, = P.

THEOREM 4.3. The set of extremal elements of % coincides with
#Ke (or, what is the same thing, with the set of measures P, (v € 77)).

PR O OF We denote by «# the set of all probability measures on
(7", #49~). By Theorem 4.2 the proposition stated is equivalent to the
following: the collection of all extremal elements of «# coincides with the
set of all measures concentrated on one point. It is clear that a measure
concentrated on a point is extremal. Let ¢ be any extremal element of ..
Assume that 0 < u(B) < 1 for some B € y°and put B = 7"\ B.

Obviously u = (B, + u(B)uz, where u, (4) = %%?: s (A) = %l%‘?.

Hence u; = py = u. But 4, (B) = 1, u,(B) = 0. This contradiction shows
that u(B) is equal to 0 or 1 for all B € #3+. Let r(v) be a coordinate in
the standard space (7", %3-) and let ¢, be the least upper bound of all
¢ for which p{vir(v) < ¢ }= 1. It is clear that the measure p is concentrated
on the one point set{ v :f(v) = ¢o}-

4.7. If in the constructions of 4.1.—4.6 we replace each notion by its
dual (% by &&*, #s by 4%, P,, by Pt* etc.), then we obtain the
definition and properties of the exit space. Diagram (4.1) is replaced by
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@, S Lo (7, Boes) o (8%, Gia),

the initial point x,+ by the final point xz_, the measures P, , by PS> To
each proposition on the entrance space there corresponds to a dual proposition on
the exit space. (We use the same numbers but with asterisks). For example,
4.1.A’ corresponds to the property:

4.1.A'*% For anyP € é¢*, E€ 4"

P@E| ) =P" e (as. P).
To (4.6) corresponds the formula
(4.6%) P (4)-= i PR (A p(dy)  (AC).
bt

4.8. Up to now we have assumed that the space of trajectories is the same
as the space @ of all maps from T to E. However, in the theory of
Markov processes the set of trajectories is usually some subset ' of Q. The
most important cases are when E is a metric space and Q' is the class Q°
of all continuous maps from T to E or with the class ¢ of all maps that
are right-continuous and do not have discontinuities of the second kind.

The Kolmogorov g-algebra .#*" in ' coincides with the system of sets
of the form 4 N ', where A € 4. We denote by & the collection of all
probability measures P on (', J#°) with respect to which the outer
measure of ' is equal to 1. It is not difficult to verify that the formula

(4.11) P(ANQ") = P(4)

establishes a one-to-one correspondence between P € & and all probability
measures P’ on (',.4”) Here to the set ¢ 1% there corresponds the
class %' of processes P' with trajectories ' and transition function

p(s, x; t, T). If s < A, then (4.11) gives a one-to-one correspondence
between &% and &', moreover P(¢) = P'(¢'), where ¢’ is the restriction
of £€ 4 to Q'. It is clear that all the results of 4.1—4.6 are preserved
under restriction of £ to Q'. When can it be asserted that & = .%?

For éach A = T we put w € Q'(A), if there exists a trajectory w’ € Q'
that coincides with «w on A. It is clear that Q'(A) = Q'(A) for A = A.
In particular, Q'(A) =2 Q(T) = Q'.

We assume that the following conditions are satisfied.

4.8.A. For any countable A = T the set Q'(A) belongs to the o-algebra

An, generated by the sets {w : 2: €'} (¢t € A, T € B).
48B. Q' (A) L QA IfA, =AN s, =)and 5, | .
48.C. Forany s € T, x € E and any countable A = T N [s, =)

P, . ((A))=1.

Let us prove that ¢¢ = .#. We note that for each 4 € A there is a
countable set A(A) = T such that A € 4 a(a) (because the events 4 with
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the indicated property form a o-algebra containing all the sets
{o:2, €T} €T, T € H)). We have to prove that if P € & and A =2 ',
then P(4) = 1. Let A = A(A4). Then, as is easily seen, A = Q'(A). Therefore
it is sufficient to verify that P[Q'(A)] = 1. By 4.8.A we have
QA E N pp=d™", and from 1.6.A'

P (Q' (An) = PP, 5, (@ (An)).
According to 4.8.C the right-hand side is equal to 1 and by 4.8.B

P(Q'(A)) = lim P(Q'(A,)) = 1.

Conditions 4.8.A—4.8.C are satisfied if Q' = £, because then Q'(A) = Q
for all A. If Q' is equal to Q¢ or 9, then the requirements 4.8.A—4.8.B
are satisfied and there are fairly broad conditions on a transition function
under which 4.8.C is valid (see [2], Chapter 6, §3).

One more example. Let T = (r, ) and let Q' be the set of trajectories
that are absorbed at a fixed point b (this means that for some ¢, € (r, =],
depending on w, w(t) = b for t > t, and w(¢) # b for t < t,). For any
countable everywhere dense set A< T we then have
Q'(A) = NRNL;, where

Q= | {o(s) 5= b},

SEA

Q=[N[oE=0b or o)5=b for some (CAN(s, o0,

SEA

Q= N[e@s)s=b or o({t)=>b forall €Af(s, )]
SEA

It is clear that 4.8.A and 4.8.B are satisfied. Condition 4.8.C is also
satisfied if p(s, b; £, B) = 1 (s < t € T), lim p(s, x; ¢, E) = | for x # b.
tls

§5. Markov processes with random birth and death times

5.1. To avoid a cumbersome exposition we assume that 7 coincides with
the real line (—e, +o). (The necessary changes for an arbitrary T will be
mentioned at the end of the section.) We denote by (E%, #&) the
measurable space obtained by adjoining' a pair of points ¢ and b to the
state space (E, #). Let © be some set of maps from T to E2, P a Markov
process on (Eb, #&) with Q as trajectories, « < 8 functions in  with
values in [—oo,-oo]. We say that P is a process with birth time a and
death time g if for all w € Q

o(t)=a for t<La(m),
(5.1) o(l)cE for o(e)<<t<<B(o),
l o@)=>b for t=p(w).

v B2 is the minimal o-algebra on Eg containing B and the sets {a}, {6}. Obviously (EZ, BY) is,

together with (£, %) a standard space.
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We assume that Q contains all maps w for which (5.1) is satisfied.

5.2. Apart from (E%, #%) we also need the measurable spaces (E,, &)
and (E®, #%), which are obtained from (E, &) by adjoining ¢ and b,
respectively. Transition functions are considered in (E®, #°), and cotransition
functions in (E,, #a). In accordance with (5.1) we assume that a
transition function satisfies the conditions

p(s, bit,b)=1 (s<<t), *
(5.2) lifnp(s, z; t, Ey=1 for z€E,
tls

and a cotransition function the conditions
{ p*(s,a;t,a)y=1 (s>1),

(5.3) lim p* (s, x; t, E)=1 for z¢CE.
t1s

Under these conditions transition and cotransition functions' are uniquely
recoverable from their values in (E, #).

A Markov process P corresponds® to a transition function p(s, x; ¢, T') if
forall s < t,T € #°

(5.4) P{x, €T [z} = p(s, s ¢, T) (as. P, a <3s).

Our task is to describe the class &% of all Markov processes corresponding to
the transition function p(s, x; £, T'). Here randomness of the birth time brings in
an essentially new element. On the other hand, the randomness of the death
time has no significance: nothing changes if b is included in the state space and
the time of death is assumed to be . (Of course, the roles of births and deaths
are interchanged in the study of the class #'* of Markov processes with
cotransition function p*(s, x; ¢, T").)

A process P belongs to ¢4 if and only if it satisfies any one of the two
equivalent conditions:

5.2.A. Forany s and for all § ¢ **

P(E| ) =Pxn (as P,a <)

5.2.A'. For any s and for all £ € %, n € .47,
P (nXa<s§) = P(nXa<sPs, xg E)

(The measures P, ,(s € T, x € E®) on the o-algebra /"% are constructed
starting from the transition function p(s, x; ¢, T").)

5.3. One of the possible approaches to the investigation of ¢ is to
begin with processes whose birth times are not random.

We consider the class o' (r, oo) of all Markov processes with transition

Transition and cotransition functions, if consideredonly on (E, ), possess all the properties listed
in 1.2 except one: instead of p(s, x; ¢, E) = 1 we have p(s, x; t, E) 1 1 for tis.
By (5.2) we know that (5.4) is automatically satisfied (a.s. P, x; = b). Therefore it is sufficient to
demand that it is satisfied (a.s. P, x; € E).
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function p(s, x; t, T'), defined on the time interval (r, =) and in the state
space {E°, #°). Since p satisfies (5.2), by 4.8 & (r, =) does not change
if we contract the space of trajectories to the set of trajectories that are
absorbed at b. If each of these trajectories is continued by the formula
w(t) = a for t < r we obtain a process of ¢¢. We put P €¢¢",if P € &%
and P{a = r }= 1. It is easy to see that the construction described defines a
one to-one correspondence between &¢(r, o) and ¢%".

It is natural to assume that any process of & is representable in the
form

+oo

(5.5) P— S PTdF (r),
where F(r) = P {a < r} and P" € ¢¢". This formula could have been proved
directly, and then we could make use of the results of the preceding
sections concerning the construction of &% (r, «). However, we prefer to
construct the entrance space for %8 directly by the same scheme as for
processes with non-random birth times.

5.4. The first step is the introduction of the initial o-algebra 4" +, which
is now defined by the condition: A € J o+ if{4, a << t}€ 4 for all 1.
(We note that {a <<t} = {z: € E®} € 4",.)

The second step is the derivation of a formula replacing (3.2).

LEMMA 51 Let A be a countable everywhere dense subset of T and
let An={7<<th<<...<<t™}tA. We put

t;l fOr o< try
On=14 I} for t,<a<<il,
4o for G

(5.6)

If P € %, then for any u, € B°

(5.7 P{f(xu)| S as) = iiriloPan, sqd (@) (as. P, a < u).

PROOF. Put AeSNq, if {4, an<}€S forall r. It is easy to see
that # ey § # as- Therefore

(68 PY @) S ad= U P ()] S ) @as. P).
If £€4 u,, then by 5.2.A' for any t < u

P (EXan=tf (2u)) =P EXan=Pt, x,f (xu)) = P (EXan=tPan, xq,f (*u)-

Consequently, P (Exunsuf (2u)) =P EXancuPan, x4, f (¥a)) and

(5.9) P (f (2u) | S an) = Pan, 5y, f (2u) (as. P, a, < u).

(5.7) follows from (5.8) and (5.9).

5S5. THEOREM 5.1. There exists a (8%, N q4)-kernel P

PR O OF. Let g be any coordinate in the standard space (E®, #°), and
A the set of Lemma 5.1. We denote by W the system of functions
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fx,) w € A, f e W,) [see (3.4)]. Put

() =P {z; €I} (TEF®, tEA).
By 52A, forany t; < ... < t, €A, T;,..., D, €B®

(5.10)  P{xy,€ly, .., 24 €0} = lim P{a<s, 2,¢T, ..., Tp €T) =
stiy, sCA

= lim S vs (dx) p(s, 2; ty, Ty ooy lny [n).
sft,sEAEb

Therefore the measure P € &% is uniquely recoverable from Pi(¢ € W). In
other words, W separates measures in &% .

According to (5.7), for any f and u the set {w: a(w) < u and
lim Pyp ., fx,) does not exist } has measure zero. Form the sum of such
sets and denote its complement by Q,. It is clear that
Q€N 0r, P(Q)=1 (P€&X) and for w € Q, the limit on the right-hand
side of (5.7) exists for all u > a(w). Let v "(F) = Pyp,y,, {x, € T}. If
w € Qo and u > a(w), then for any f € W, the limit of »g " (f) exists
for n » . By 3.1.B there is a probability measure vy on (E®, #°), such
that »& " (f) = v& () (f € W ). As in the proof of Theorem 3.1 we note
that for any u € A and any boundedﬁ? -measurable function f the function

& () is A a+-measurable and

(5.11) Ve (Fy=P {f (xu) | S as} (as. P, a < u)

If n€S 0 EES, then myges€f sand by 5.2.A" P (No<st) = P (Mta<sPs, xsE)-
Hence

(5.12) PE | S o) =P(Ps x| N as) (as. P, a < 5)
In particular, for ¢ = f(x;) (t > )
(5-13)  P{f ()| S ar} =P {PUf (25) | S s} (as. P, & < 5)

From (5.11) and (5.13) it follows that for f€ W,, s < t € A ¢ -almost
surely on the set {a < s}

{9.14) ve (f) =3 (Pif).
Put w € Q, if (5.14) is satisfied for all £ > s > a(w) (¢, s € A) and all
f € Wq. It is clear that Q, € 45, and P(Q,) = 1 for all P €¢¢. Fix
w € 2, and assume that a(w) =r, A, = A N (r, «). The set of measures
v (t € A,) in (E°, #%) satisfies (3.6), and by Lemma 3.1 there is a
process P of the class & (r, ) for which

(5.15) P {z; €T} =~ () (TEB tEA,).
Denote by P“ the corresponding process of ¢&8". For w € ©, we put
P“ = P“1, where w, is any element of Q. By (5.15) and (5.11)
(5.16) Pz €T} =v¥(T)=P{m €| S0} @s. P,a <)
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From (5.12), (5.16) and (3.10) we have for any ¢, << ... <t €7T,T,, ..., [n€ "
P{m‘erp....IMEI;|JP¢J=m£5?P{a<:s,nlerh e Xy €T | 0}~
== lsi?xlrle(p(s, 253 by, Ty ooy tny T) [ M e) =
=£i11t111P°’(p(s, Zsy by, Dyo ooy tn, D)) =P{ay €Ty, ..., 2 €10},

Hence it follows that P“ has the properties 2.1.A—2.1.B.

5.6. The entrance space (7", #4») is defined as in §4. We also preserve our
notation x,+(w) for the beginning of w. The space (7", H42) is isomorphic
to the space (&%, Bgr,) of S ar-ergodic measures of &%. Put 47 == ¢&'o () 4"
(it is easy to see that ¢¥% coincides with the set of ail J/°,.-ergodic
measures of &7). Since a € .4y, We see that a = const (a.s. P) for each
P € &4.. Consequently, é¥,= |J&¥;. We consider the corresponding

T

decomposition 7" = 77 of 7°.To a point v£%™ there corresponds a measure
T

concentrated on the trajectories with birth time r. We denote it by P, ,,.
(Thus, the measures P,, are defined for r € [—e, +o0), v€ 7™ ). Puta(v)=r
for ve7°", so that a[xq,(w)] = a(w). To each vg ¥ there corresponds a
measure Py, » or, briefly, P, , . In this notation all the formulae of §4
are valid for random a. It only remains to prove that (77, $q9») is
standard. We shall prove this elsewhere.

We note that a(v) is %9« -measurable. In fact, for any r
{v: 2 (V) <1} ={v: Poy, o (2 <<1) =1} €Fqn.

Since a(v) is measurable and (7°, B%7) is standard, for each probability measure ¢ on
(7°, Bo) there is a conditional distribution p,.(I") relative to a(v) (see, for example, [1],
Chapter 1, §9). This is a Borel function of 7 and is a measure, concentrated on 7°r,
relative to I'; moreover, for any I' € Bq<

~+-00
p= | w@are,
where F(r) = u {v: a(v) <r}. Putting Pr= S P., outr (dv), We arrive at (5.5).
gro

5.7. We turn now to the case when T is arbitrary. Changes are required
if some points of T are isolated to the left or to the right (for example,
when T is the set of integers).

We denote by T,.(T_) the set of ¢ in T that are isolated on the right
(left). These sets are at most countable. We keep the conditions (5.1) for
¢t other than a and §, and for a and g we replace them by the following:

ola) € E for a € Ty, o(@) =a for a € T\ T
of)EE forpeT., o) =bforper~ 7.
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Note that always o« = inf {{ : o(t) € E}, B = sup {t: o(t) € E}.

In (5.4), 5.2.A and 5.2.A" we have to replace the set{a < s} by
{x;, € E’}; in (5.7) to replace{a« < u}by {a < u,a € T — T, }. Formula
(5.7) is supplemented by

P{f(zu)| S0} =Py, s f (2a) (as. P, {a<u, acT,)).

We assume that the set A of Lemma 5.1 contains 7_. Formula (5.10)
holds for s ¢ T_; if s € T_, then its right-hand side is replaced by

S vi (dz) p(te, a5ty Doy oo oy b, ).

I'y
For the proof of Theorem 5.1 we have to replace in the definition of Q,
the set {@ < u} by the set {« < u, a € T-T,} and to put

va(I)=Pq 1, {x. €T} for a« € T,. Slight changes that must be made in the

subsequent part of the proof are obvious.
To what we have said in 5.6 we only have to add that for « € T, the
initial point x4+ coincides with x,.
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INTEGRAL REPRESENTATION OF EXCESSIVE
MEASURES AND EXCESSIVE FUNCTIONS

One of the central results of classical potential theory is the theorem on the representation
of an arbitrary non-negative superharmonic function in the form of a sum of a Green’s
potential and a Poisson integral. We obtain similar integral representations for the excessive
measures and functions connected with an arbitrary Markov transition function. Many authors
have studied the homogeneous excessive measures connected with a homogeneous transition
function. We begin with the inhomogeneous case and then reduce the homogeneous case to
it. The method proposed gives a considerable gain in generality.

The investigation is carried out in the language of convex measurable spaces and in con-
trast to previous papers no topological arguments are used. Qur basis are the results obtained
in [3] (also without topology) on the integral representation of Markov processes with a
given transition function. For the reduction of the homogeneous case to the inhomogeneous
we use a theorem from the theory of dynamical systems due to Yu. L. Kifer and S. A. Pirogov
(see the Appendix at the end of this paper).
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§ 1. Plan of the paper. Discussion of results

1.1. We start from the idea of a transition function. From an intuitive point
of view p(s, x; ¢, ") gives the probability of being at a time ¢ in a set T if
you are at the time s at the point x. Here x is an element of some set E,
I belongs to a fixed o-algebra % of subsets of E, and s and ¢ are chosen
from some set of numbers 7. The value of p(s, x; ¢, I') is not defined for
all pairs s, . We usually consider “forward” transition functions defined
for pairs s < ¢. We shall also consider “backward” transition functions de-
fined for s > ¢. Side by side with these rather clumsy expressions we use
the names “‘direct and reverse transition functions”.! The meaning of ex-
pressions such as “the direction of a transition function”, “similarly (or
oppositely) directed transition functions” needs no explanation. The state-
ments of any proposition about transition functions of the opposite direc-
tion are obtained from each other by replacing all inequalities between
elements of 7" by the opposite inequalities. There is no point in duplicating
these statements, and we shall only speak of direct transition functions
provided that the discussion does not simultaneously contain transition
functions in both directions.

1.2. A set E is said to have a measurable structure if there is given some
o-algebra of subsets in E. The elements of this o-algebra are called measur-
able and E with a fixed measurable structure is called a measurable space.
Each system of sets (or functions) in E generates a measurable structure:
it is characterized as the minimal ¢-algebra containing all the given sets
(or with respect to which all the given functions are measurable). Two
measurable spaces are called isomorphic if there is a one-to-one mapping
between them that preserves measurability of sets. A measurable space is
called standard if it is isomorphic to a Borel subset X of a complete separ-
able metric space. (Measurability in X is relative to the Borel subsets).

We only consider transition functions on a standard space E. Furthermore,
to avoid a cumbersome exposition we shall assume that T coincides with
the real line.

A formal definition of a (direct) transition function consists of the
following two conditions:

1.2.A. p(s, x; ¢, T') is measurable in x and a measure with respect to T,
and p(s, x; ¢, E) < 1.

12B. Forany 2 €E, T€R, s<t<ucT

[Pl ot dpt viu D=ps 2 1).
E

! 1n [3] the term “transition function” refers only to forward transition functions, and backward

transition functions were called cotransition functions.
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We complete the definition of p(s, x; ¢, ') by taking it to be zero for
s =t

Connected with each transition function p there are families of operators
P} acting according to the formulae

(1.1) vP§ (D) = S v(dz) p (s, z: ¢, T),

E
(1.2) @ ={pataiw.
E

The first family maps the class of all finite measures on E to itself (and
also the class of measures that are representable as a sum of countably
many finite measures); the second acts on the set of all non-negative
measurable functions on E. Condition 1.2.B. is equivalent to: PiP! = P,
for s < t < u (for s > ¢, P; = 0).

A transition function is called homogeneous if for any & p(s, x; ¢, ') =
p(s + 8, x; ¢t +6, ). For a homogeneous transition function put p(¢, x, I')
=p(, x;¢,T), P, = F. Clearly p(s, x; ¢, T) = p(t —s,x,T), P, =P,,.
The operators P, form a one-parameter semigroup.

1.3. A non-negative function A'(x) (# € T, x € E) that is % -measurable
with respect to x for each ¢ € T is called p-excessive if:

1.3.A. Pihl(z) < h¥(z) (x € E),

1.3.B. Pih'(z) — k(x) for tls (x € E).

A o-finite measure v, on E, depending on a parameter ¢ € T, is called
p-excessive if:

1.3.A" voPYUT) << vi(D) (Y € ).

1.3.B" v,P}(T") — vy(T) for stt (L€ B).

p-excessive functions and measures are called invariant if we have equality
in condition 1.3.A. (or 1.3.A") (condition 1.3.B. (or 1.3.B’) is then auto-
matically satisfied). We call p-null-execessive those p-exessive functions
(measures) for which lim P2hf(x) = O for A°(x) < e (respectively, lim

oo >
ve P{(I)= 0 for v, () < ).

p-excessive function and measures that do not depend on ¢ are called
homogeneous. These are interesting only when the transition function p is
homogeneous. In this case 1.3.A. —1.3.B. and 1.3.A"' — 1.3.B' take the
following form:

1.3.a. Phz) < hiz) (z € E).

1.3.8. P(z) — h(z) for ¢t} 0 (z € E).

134, vPUD) < v(D) (T € #).

1.38". vPyT) > wI) for ¢} 0 (T € %).

Fix a transition function p. Let » be a p-excessive measure, 7 a
p-excessive function, and let #* be summable with respect to v, for
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any t. For any finite set A = {#, < #; < ... < t,} put!
(1.8) v h}a==viphto+ »21 [veh'®— vzk_iP::—ih"‘] -

N| t T
= kz:l [vs, -t —Wk_‘l’,:-‘h k] -i-w,htn,

We denote the least upper bound of this expression over all A by {», 4 }.
If v or & is invariant, then

(1.3 {v, h} = sup v;h.
teT

A wide class of p-null-excessive measures and functions can be construct-
ed by the formulae

14 wiD= | v@sdp@atD,
(—~o, t)XE
(1.5) 1 ()= S p(s, 23 8, dy) I (y) dA (1) = S Pt () dh (8).
(s, ©)XE (s, o0)

Here vy is a measure on Fr X F [ #, denotes the o-algebra of Borel sets
of T1, \(#) is a non-decreasing function on T, I' (x) is a non-negative
measurable function on T X E. (1.4) makes sense under the assumption
that forany ¢t € T, T € & p(—, —; t, T') is measurable relative to the
completion of £ X # with respect to v. (1.5) makes sense if for all
se€e T, x € E, T €% the function p(s, x; —, I') is measurable relative to
the completion of #r with respect to dA(¢). By 1.2.B, for all s < ¢

6  wO=wPiD+ | v@wdpw D,
[s, )XE
W (@)= P @)+ | P (@)dh ().
o
If the integrals on the right-hand sides of these equalities converge for any

finite s < ¢, then » is a p-null-excessive measure and % is a p-null-excessive
function.

It is not difficult to show that if v is given by (1.4), then
(1.8) o= | vs dyp ),

TXE

! If h is a non-negative function and » a measure, then v (or »(h)) denotes the integral of 4 over .
The expression v,P:ht may be understood as the integral of P:ht over v, or the integral of n over
v,P: (the two integrals are clearly equal).
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and if 2 is given by (1.5), then

(1.9) . my= [t dn ).
T
Indeed, comparing (1.3) and (1.6) we observe that
(1.10) v, h)a= S v (ds, dz) Phnh®® (2),
(=00, tn)XE
where p(s) = t, for s < 5, 9(s) = t, for t,—; <s< t, (k=1,2,..., n).

By 1.3.A. the right-hand side of (1.10) does not exceed the right-hand side
of (1.8), and by 1.3.B. it converges to the right-hand side of (1.8) when
A ranges over an expanding sequence of finite sets whose union is dense in
T. Hence (1.8) is proved. (In passing we have also proved the
measurability of A%(x) in s, x). (1.9) is proved similarly.

If the transition function p is homogeneous, then (1.4) and (1.5) for
v(ds, dx) = dsy(dx), I' = 1, A\(t) = t define homogeneous p-excessive measures
and functions

E

@) vi={du | y@npw e 0= @ g@ 0)-=r6)
0

by

12 h@={du | p o @iy = | e@ i@ =oe).

Be—
b2 ey

where

o0

(1.13) glx, )= j. p(u, z, U)du.
v

1.4. One of the central results of this paper is a theorem that associates
a Markov process with a transition function p and each pair: a p-excessive
measure » and a p-excessive function # connected by the relation{», h} = 1.

The Markov processes in question are those with random birth and death
times. We recall the corresponding definitions (see {3], 5.1. — 5.2.). Con-
sider the measure space (2, #L) obtained from (£, #) by adding two
points @ and b. A mapping w of T to E is called a frajectory if for some
— o € a < f <+ o (depending on w) w(t) =a for t < a, w(¥) € E for
a <t <@g, w()=>bfort > §. Here a is called the birth time and g the
death time. The set of all trajectories is denoted by Q. The image w(#) of
t under the mapping w is also denoted by x;(w).

We introduce in  the measurable structure generated by the sets
A p={wx(w) €T }(t € T, T € B). The o-algebras Jf*; generated by
the sets 4, (s < t, T € #) and .#'* generated by the sets 4, .
(u = t, T € #) also play an important role. A Markov process is a prob-
ability measure P satisfying the condition: for any t € T, A € ./°,, B € J*!
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(1.14) P(4B |z;) = P(4 [z) P (B |z) (as. P{x,EE}).
In §2 it will be proved that if # is a p-excessive function, » a p-

excessive measure, and {p, h} < o, then there exists a unique measure
Pf,‘ on  such that for any ¢, < ¢, < ...< ¢,

(1145 Ph{z, €dys, ..., @, €dyn} =
== \’tl (dyi) p(tiv Yi: t2v dyZ) AR p(tn-i; Yn_1s tnv d.‘/n) h[" (ylt).

The measure P! satisfies condition (1.14). Also Pf,‘ «@) ={», h}. In par-
ticular, for {v, h}= 1 P} is a probability and defines a Markov process.

1.5. With the help of the theorem stated in 1.4. the study of p-excessive
functions and p-excessive measures can be reduced to the study of Markov
processes. Furthermore, we make use of the results of [3] concerning the
construction of the class of Markov processes corresponding to a given
transition function.

We say that a Markov process P corresponds to a transition function p
and write P ¢g®? if forany s<te T, T € &

(1.16) P{z, €T |z} = p(s, z5; t, ) (as. P, € E).

The conditions (1.14), (1.16) are equivalent to the condition: for all
s<teT, re®p

(1.147) Pz, eT | 4.} =p(s,zs; t, T) (as. P, z, € E).

(If p is a backward transition function, then .#°s is replaced by «#"* in (1.17)).

To state the results of [3] and the conclusions we shall draw from them,
it is convenient first to introduce some general ideas.

1.6. We say that there is a convex structure on the measurable space Z
if with each probability measure ¢ on Z there is associated a point z, “the
centre of gravity of the distribution . A space Z together with such a
structure is called a convex measurable space.

If z, # z for any measure u not concentrated on z, then we say that
z is an extreme point and write z € Z,. A convex measurable space Z is
called a simplex if Z, is measurable and any element z from Z is the centre
of gravity of one and only one distribution p concentrated on Z,.

Let Z and Z' be convex measurable spaces. A one-to-one mapping ¢ of
Z to Z'is called an isomorphism if ¢ and ¢! are measurable and if
¢(z,) = z,, where p'(I) = p[e” ' (M)]. It is clear that under an isomorph-
ism extreme points go to extreme points and a space isomorphic to a
simplex is itself a simplex.

Our aim is not the development of an axiomatic theory, but the analysis
of a number of concrete convex measurable spaces. Each of these is repre-
sentable as a family of non-negative functions z(w) defined on some set
W. A measurable structure on Z is subject to the requirement: for any
w € W the function F(z) = z(w) is measurable. We assume that the
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following condition is satisfied:
1.6.A. For any probability measure u on Z the function

(1.18) 2w ) = | 2 () p (d2)
VA
belongs to Z.
The convex structure on Z defined by (1.18) will be called natural
Frequently we consider the measurable structure on Z generated by
the system of functions F(z) = z(w) (w € W). We call this structure natural.

If Z is a simplex, then each function z € Z is representable, uniquely,
in the form

(3]
=
o
<
~
i

N e,

' Z(u:)p (dz) (e Wy,

where p is a distribution concentrated on Z,. Therefore the formula

(1.19) sw)= [ T@n@dz) wew
Ze
establishes a one-to-one correspondence between Z and the set #(Z,) of all
probability measures on Z, (the measurable structure in Z, is induced from
the measurable structure in Z).

We now return to the class 4P, defined in 1.5. Its elements are non-
negative functions on the o-algebra .#°. We put the natural measurable and
convex structures on &7 (1.6.A. is verified using (1.17)). It was established
in [3] that ¢%¥? is a simplex.

Strictly speaking, in [3] a certain measurable set 2 in 7#P was constructed, and it was
shown that any element P in ¢¢F is the centre of gravity of one and only one distribution concen-
trated on Jff. To prove that %P is a simplex it is also necessary to show that K'Y is the set of
extreme points of 4P . From 2.2.C. of [3] and Lemma 2.1. it follows at once that all points of
HY are extreme.! On the other hand, if P € 6%’ D then the distribution on &%¢%, comesponding
to P cannot be concentrated on P. Therefore P is not an extreme point.

One more remark is necessary, since it was assumed in [3] that the limit

gt (x) = lim p(s, z; ¢, E)
tls

is equal to 1 for all 5, x. The fact is that on points where this is violated it is impossible to define a
probability measure Py in the space of trajectories for which

Pg,x {xtl € dysy ..., 2y, € dup} = pls, 23 tgy dys) . . . placts Yn-ts tns dyn)-

! FortetP e %Y be the centre of gravity of the distribution g and let £’ ={w: P¥ = P}(we use

the notation of § 2 of {3]). By 2.2.C. of [3] P(2") = 1 and hence P (2’) = 0 for p-almost all
P € J4P . It remains to note that if P () = 1, then by 2.1.B. of [3] for any measurable set C,
PO=PPYO1=PPWO)=PO. Consequently u is concentrated on P.
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However, these situations can be ignored because for any P€ P s T

(1.20) @) =1 (as. P, z, € E).

For by (1.16) when s <1t p(s, x5 t, E) = P{xt €E| x5}= P{ﬁ >t x,}(a.s. P, x; € E) and the right-
hand side converges, as ¢ | s, to P{ﬁ > 5 x5}= lon {xs € E}. By (1.20) the propositions 5.2.A" and
(5.7) of [3] remain true even if we leave Py . undefined outside the set {(s, x): q° () = 1} (here
P"-n’ Xa,, is, P-almost surely, defined from some 7 onwards). The remaining arguments of § 5 of [3] are
based on (5.7) and are unchanged.

We shall construct convex measurable spaces whose elements are exces-
sive functions and measures and show that these spaces are simplexes. An
application of (1.19) to these spaces gives integral representations of ex-
cessive functions and measures.

1.7. Fix any positive function # and denote by %7 the set of all p-
excessive measures p for which {v, h} = 1. Considering the elements of
ZPhas non-negative functions on T X %, we introduce the natural measur-
able and convex structures in %#?.» (1.6.A. will be established in § 3).

We associate with the measure » € %P the process P? gescribed in

1.4. It is not difficult to verify (see 2.8) that the corresponding transition
function is

1
) p(s, z; i, dy) B! (y) for 0 <h®(x <,
P (s, 25 ¢, T) = ’”’"i @)

0 for the other s, z,

so that we have a mapping #».h to gz»". It will be proved in § 3 that this
mapping is one-to-one and preserves the measurable and convex structures.
Consequently %P-" is a simplex isomorphic to #%»". In the same § 3 it is
proved that the measurable spaces ZP.» and ¢¢P are standard.

We now assume that the transition function p is homogeneous and satis-
fies the condition:

1.7.A. For any I, p(¢, x, I') is measurable with respect to ¢, x (the
measurable structure on T is the Borel structure).

Then v,(f) (+ € T, » € %P") is measurable with respect to ¢, v for any
non-negative measurable f (see 3.2.).

Let I be any positive measurable function on E. Denote by &7 the
collection of all homogeneous p-excessive measures » for which »(J) = 1
and introduce the natural measurable and convex structures in %7, Let us
show that %% is a simplex.

The proof goes as follows. Let » be a p-excessive measure, 7 a p-excessive
function, and let s be any real number. In view of the homogeneity of p
the formulae #, = v;4,, ' = h'** define a new p-excessive measure ¥ and
a new p-excessive function 4. We denote these by 8°» and 6°h. It is easy
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to see that {6°», 6°h} = {v, h}. Consider the p-excessive function
(1.21) 1 (@) =5 \ eteruipul 2) du
]
(it can be obtained by putting F = I, d\(?) = %e’““ldt)
in (1.5)). By (1.9) for any p-excessive measure v
+o0
v, by =+ S e~luly, () du.
In particular, if » is homogeneous, then {v, b} = v(l), so that & = %> ~.
Put
17
(1.22) Ps (v) = (0%, R} = S e-1u=sly, (1) du.
Clearly 0< p, (v) < = for all v € B " and by the measurability of v, (I)
with respect to u and », p, (v) is measurable with respect to s, v. The
operators o
8y .. OV
vy ps (v)
map &”" into itself, leaving the set 7~ of extreme points invariant. It is
easily seen that (s, ») > 7°v is a measurable map of T X &”" into &*"

and 7°7' = r**, Ps+it (¥) = p, () ps () for any s, r. Let 4 be a probability

measure on 7" and » its centre of gravity, that is, »; (I') = S;t () p (dv)
Cya
forall t € T, € #. Replacing ¢ by ¢ + s we see that

8v={ 6% (@)= [ 19 () () = [ %00 (%) 1y 9,
y° o g0
where g, (I') = p{t™*T}. Clearly v belongs to &% if and only if 6°» = »
for all s, which is equivalent to the condition

(1.23) w{rT) = S w(dv) ps(v) for all s€T, Te&H.
r

Denote by o# the set of all probability measures on 7" satisfying (1.23)
with the natural measurable and convex structures. Associating with each
measure its centre of gravity we have an isomorphic mapping of o# onto
%7. In the Appendix it is proved that o# is a simplex. Consequently %7
is also a simplex.

1.8. Now fix a p-excessive measure » and denote by . v the set of all
p-excessive functions 4 for which {v, 2} = 1. We study the structure of
&7 ¥ under the following assumptions:

1.8.A. There is a backward transition function p such that

(1.24) vo(dz)p(s, z; &, dy) = vi(dy) P (¢, y; s, d2).
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1.8.B. The measure p(s, x; £, —) is absolutely continuous with respect to
V. .

1.8.C. The measure p(#, y; s, —) is absolutely continuous with respect to
V.

In #P ¥ we introduce the measurable structure generated by the functions
F(h) = v, (xph') (t € T, T € #).! Using1.8.B. we shall prove the measur-
ability of the function ®(k) = h'(x) (¢ € T, x € E) and the validity of
1.6.A. Consequently we can introduce a convex structure into &% v. In
§ 4 it will be proved that &7 v is a simplex. We associate with each
measurable non-negative function # the measure

(1.25) vi(dz) = R ()v(dz).
It follows from (1.24) that for any two functions A, r
(1.26) VIPiRE = VPP,
For ¥ (x) = xr (*) we have hence
(1.26) { v (az) Pint (@)= (V@) 5 (¢ 33 5, 1.
r E

If h is a p-excessive function, then the left-hand side does not exceed
vXI) and converges to »? (') for ¢ 4 5. Hence »" is a p-excessive measure.
It can be proved similarly that if r is pexcessive function, then »” is a
p-excessive measure. Comparing (1.26) and (1.3) we observe that for any
p-excessive function ~ and p-excessive function' r

(1.27) v, Y=Vt 1}

Consider the function ¥ (x) = p(¢t, x; t — 0, E) (the limit on the right
exists since, by 1.2.B., p(¢, x; s, E) is monotonic in s). The equality
¥ (x) = p@t, x; s — 0, E) for t > s implies that r is p-excessive. Putting
h=x,,0 =E, sttin (1.26") we have vt (4) = v} (4) and by (1.27)
%, h)p={¥", r}. Consequently, if » € #7 v, then »" € b r. Thus, (1.25)
defines a mapping from &7 v to %5 7.

To prove that the mapping is onto % 7, we prove the following general
lemma: if a transition function p is absolutely continuous with respect to
v, then all p- excessive measures are absolutely continuous with respect to
v. Applying this lemma to 13 and using 1.8.C. we conclude that for any
measure v’ € B5 r there exists a density Tt (x) relative to the measure v,.
From (1.26') it follows that % has the properties:

! The expression v(h, I) o1 v(% XI‘) denotes the integral of # over I' with respect to v (xy. is the indicator
of I, that is, the function equal to 1 on I and zero outside I).
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a) PR LR (as. v,) for s < t;
b) Py hin— B (as. v,) if t, 5.

From these properties and 1.8.B. we deduce the existence of the limit
PR (£) 4k (z)  for t 1 s.

This limit (it is called the regularizer of the function Byisa p-excessive function,
and it = h‘ (ass. »,) for any ¢ € T, so that vi(dx) = K (x)v,(dx), or, equiva-
lently, »' = »*.

It is easily verified that under the mapping 4 ~ »" distinct elements of
&P v go over to distinct points of 4P and that this mapping preserves
the measurable and convex structures. Consequently & v is isomorphic to
b7 and is a simplex.

1.9. Now let p be a homogeneous transition function and ¥ a measure on
E. Denote by &% the set of all homogeneous p-excessive functions for
which y(4) = 1. We assume that 1.7.A. holds and that for some measure v
the following conditions are satisfied:

1.9.A. There exists a homogeneous transition function p such that for
any A > 0

v(dz) gulz, dy) = v(dy)g(y, dz),
where

oo

a@D=[eMpit s, Dd, G@D= [Py Da
0 0
1.9.B. For any A > 0, x, y € E the measures g, (x, —-), §>\(y, —) are
absolutely continuous with respect to v.
1.9.C. y(dx) = l(x) v(dx), where [l > O.
Take in &% the measurable structure generated by the functions
F(h) = v(h, I') (I € &), and the natural convex structure on the measur-
able space so constructed. In § 5 it will be proved that the formula
v"(dx) = h(x)v(dx) defines an isomorphic mapping of &% to %!.The
necessary arguments are very similar to those used in the inhomogeneous
case. In addition we use the fact that conditions 1.3.a — 1.3.8 are equiva-
lent to the requirements’
1.9.0. AMGyh(z) << h(2) (z € E),
1.9.p. AGh(z) — h(x) for A » = (' € E),
and conditions 1.3.a"'— 1.3.8" are equivalent to
1.9.a". WG(I) < ¥(I) (I € %),
1.9.8°. AG(T) — v(T) for XA = = (T ¢ ®B).

1 Gy are the operators corresponding to the kernels &\, T).
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The equality (1.26") is replaced by

(1.28) {v@aw D= {vanene,
E r

and instead of (1.27) we use the obvious equality
(1.29) k) = V(D).

1.10. The construction of the spaces of invariant and null-excessive
measures is studied in § 6. The connection between excessive functions and
supermartingales is established in § 7. Finally, in the concluding § 8 we
study the question for what functions p it is possible to construct » and 13
to satisfy 1.8.A. — 1.8.C. It is proved that it is sufficient for p to have the
following property:

1.10.A. There exist a finite measure m,, depending measurably on ¢, and
a non-negative function n(s, x; f, ) measurable with respect to s, x, ¥
such that

(1.30) pis, @ t, dy) = a(s, x; &, y)m(dy)
and for any s < t < u,x,z€E

(1.31) [P ottt vsu 9=n(saim 2
E

(v is called a transition density).!
Choose an arbitrary strictly increasing function A(s) for which

(1.32) | me(B) dh (5) <o,
T
and put
(1.33) a (y) = S dh (s) gms dz)n (s, z; ¢, ),
oo E

at (y)

: A
(1.34) ' (s, z; t, y)={ by for 0<<a:(y) <oo,

otherwise.?

1 1f 1.10.A. is satisfied for a measure mgand ifc,(x) is an arbitrary positive measurable function, then

1.10.A. s also satisfied for mi¢(dx) = ¢, (x)my(dx), with (s, x;t,») teplaced by (s, =3 £, ¥) =
_onf(s zt y)
B ce(y)
2 The product o - ¢ is taken to be equal to = for ¢ > 0 and to zero for ¢ = 0.

Therefore, instead of finiteness of my it is sufficient to require o-finiteness.
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A p-excessive measure » and a backward transition function ﬁ satisfying
1.8.A. — 1.8.C. can be given by the formulae

(1.35) v () = S an (s) S ms(dx) p (s, z; t, T),
T E

(1.36) plt, y; 8, dz) =ms(dz) &' (s, z; L, y).

((1.35) is a particular case of (1.4) for v(ds, dx) = m,(dx)d\(s).)

1.11. Apart from well-kknown facts from measure and integration theory,
we shall often use in proofs two lemmas on measurable functions and we
complete this introductory section by stating them.

LEMMA A. Suppose that the measurable structure on E is generated by
a system of sets Q that contains together with any two sets their inter-
section. Suppose that the family & of non-negative functions contains the
indicators of all the sets of Q and has the following properties:

a)if fi, [» € S8, then ¢, fi + c,f;, € 5§ for any non-negative constants
C1, €2

B)iffi,r € and fy <f, <o, then f, —~ f, € &#;

Qif fn €EH and f, 1 f, then f € 5;

d)1 e .

Then % contains all measurable non-negative functions.

LEMMA B. Let E,, E,, E; be measurable spaces, F a non-negative measurable
function on E,X E; and u(x,, I') a measure on E; with respect to T' and
a measurable function on E, with respect to x,. Then the formula

@ (1’1, 1’2) = S F(‘zif 1‘3) " (121 dl’a)
E3
defines a measurable function on E; X E,.
Lemma A is easily deduced from Lemma 1.1 of the book [1]. By the
latter ¢ contains the indicators of all measurable sets. For any non-
negative measurable function f put

Akn={z:~2’% n<t o } fn (@)= S} gk—

Clearly f,, t f. By virtue of a) f, € 6%, and by virtue of ¢) f € &#.
The proof of Lemma B can be found in [1] (see Lemma 1.7.).

§ 2. The construction of a Markov process
from an excessive measure and function

2.1. The aim of this section is to prove the following theorem:
THEOQOREM 2.1. Let p be any transition function and let the p-
excessive measure v and function h be connected by the relation

2.1) {v, B} << 0.
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Then there exists one and only one measure P} in the space of trajectories
Q satisfying the condition: for any t, < t, < ... <t, € T, T, Ty, ...
.. T, € ®

(22) Pc{xtlerh xtzEFzy “'7xtnEFn}=

={ o [ v @ p v o) . pltns Yot dun) B 0.
Iy I'n

For P! to be a probability measure it is necessary and sufficient that {v, R}=1.
In this case P defines a Markov process with transition function

(—1— p(s, z; t, dy) bt or O<<h®
P S ( YRt () f (2) < o,
0 for the other s, x.

The probability distributions of the birth time o and the death time § are
given by

(24) Pc {OL < t} = {V, h}l, Pc {ﬁ<t} — {V, ]ﬂt —V;ht,
where
(2.5) {v, B}t=sup (v, B}4.
AC(~e0, 1]
2.2 We first prove that (2.2) implies (2.4) — (2.5). First of all,
(2.6) PiseT}=[#@mw@a) (€T, Ted
r

and forany s < te€ T, T €F

27 Pi{a<s, z€T}=Ph{zcE, x,er}=5 Sv.(dz)P(s,x;t, ay) ' (y).
ET

Hence for s < ¢

(2.8) Py {s<a<<t<B}=P!{x/CE}—P:{z.CE, z,€E}=wh' —v,Pi.

Connected with each set A= {t, <Ct,<<... <t} there is a random variable
a, defined by

\[ b for o<ty
(29) ar={ & for ha<a<th (k=1,2,...,n),
oo for L.

Comparing (1.3) with (2.7) — (2.8) we observe that
(2.10) v, B}a=P2 {ar<B}.
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If A € (===, t], then {ay < B} = {a < as <<t} = {a < ¢t}. Therefore

(2.11) (v, B)a < Py {a < t).
On the other hand, if A’ is a countable dense subset of the interval (—o°, f]
and A, t A’ then{a <t}< {as | a}and therefore {a, << ptt {2 <t}
Consequently, {v, h}s 1 Py{a < t}. Hence the first formula of (2.4) follows

from (2.11). The second formula follows from the first one and (2.6). In passing
we have proved the useful equality

(2.12) {v, R} = lim {y, h}An'

All these arguments are also applicable when ¢ = +o. Then Pi{a <t} =
= P% (Q)and {v, b} = {v, h}. Consequently, P*{Q)} = {v, h}, so that P}
is a probability measure if and only if {v, k} = 1.

2.3. We now prove that the condition (2.2) defines P? uniquely. For this
it suffices, by virtue of Lemma A, to prove that for any ¢, < ¢, <...

..<t, €T, Ty ... I, €# the probability
(243) Pu{z, €Ty, ..., 2, €T,) = g1, . 1,(Tyy - ooy T)

is uniquely defined. The values g, .. .., on #2 can be calculated from
the values on #° by means of the recurrence formulae

(2.14) 9:(Ty) = ¢, (T7) + xre (@U{v, b} — g, (EY)],
(215) .. .in (F17 ceey Fn) =qt...tn (F:, ey F:)+
_}—Xri (a) [qtz...in (sz ey Fn)~qtt.--1n (Ebv F;v e ey F;)]r

where T* = ' N E®. In their turn, the values q:, ..., ON #® can be
expressed through their values on % and q,(E®) by the formulae

(2.16) 76, (D) = g1, (T") + %r (0) (g1, (E®) — g1, (B)],
(217) diy...tn (Flv ey Fn) =dqt...tn (F;7 .oy F;;)+
“.L‘ Xl"n (b) [qu. eotn-t (Fh ceey Fn-l)-th.- .tn (F;7 AR} F;z-u E)lr
where I'' = I' N E. It remains to note that by (2.4)
(2.18) 7:(E%) = {v, B}

2.4. Now we want to construct a measure P! satisfying (2.2), starting
from any pair v, A connected by the relation (2.1.). Naturally, to this end
we make use of (2.14) — (2.18). As a preliminary we have to study the
function {v, A} in (2.18).

LEMMA 2.1. If the p-excessive measure v and function h are connected
by (2.1), then:

2.4.A. The function {v, h}' is non-negative, non-decreasing continuous on
the left, and converges to {v, h} as t > o°.
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2.4.B. The function p; = {v, t}* — v;h' is non-negative, non-decreasing
and continuous on the right.
2.4.C. For s < a the function

(2.19) F(s, u) = {v, B}* — {v, h}* — v, B* + v D5 R*

is non-negative, non-increasing and continuous on the left with respect to
s, non-decreasing and continuous on the right with respect to u.
24D. Forany A= {t,<<t,<< ... <t,}

(2.20) {v, B} =pto+k21F(tk_1, t) +{v, Ba.
For any ¢
(2.21) Ft — 0, t) = F(t, t + 0) = 0.

PROOF. Firstly we note that the value of {v, &), can only increase for
expanding A. Forif + ¢ A and A" = AU {¢}, then

vy (bt — PhA™) for t<t,,
t
v, Wy — (v, Ba=9 (vi—vi,_ PFY(RI—PLR) for b, <t<iy,
(vi —v1, L") B! for t> t,,

and the expression on the right is non-negative in view of the fact that
p and h are p-excessive.

From the formula (2.5) defining {v, &)}, it is at once clear that {v, A}!
is non-negative, non-decreasing, and does not exceed {v, 2}. Since its limit
as t > + o is not smaller than {v, 2}, for any A, this limit is equal to
{v,r). The fact that p, is non-negative follows from the relation v h* =
= {v,h}a, where A - {t}.

If s < u, A C (— e, s] and A’ is obtained from A by adding the points
s and u, then

{v, R}* > {v, hys > {v, hia + (v, — vsp;)h“.
Hence it is clear that F(s, «) > 0. From the equality

(2.22) F(s, u) = F(s, t) + F(t, u) + (v; — v.P) (R — PLh“) >
> F(s, t) + F(¢, u)
for s < t < u it is clear that F(s, u) is a non-increasing function of s and

a non-decreasing function of u.
Formula (2.20) follows from (2.19). By virtue of (2.20)

(2.23) 2 Fltr-s, ta) < {v, k) — {v, h)4.

k=1
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Let us prove (2.21). By the definition of {v, A} the right-hand side of
(2.23) converges to zero for some sequence A,,. This property remains
valid under expansion of the sets A,,. Therefore we can assume that
teEMSEA = ... = A, = ..., that the sum of the A,, is dense in T,
and that the sets A, = A,, N (— o, ) and A, = A,, N (£, + =) are
non-empty. Let s,, be the largest element of A, and u,, the smallest
element of A}, . By (2.23)

(2.24) Flsm, t) + F(§, up) < {v, b} — {v, h}a,-

Clearly s,, * £, up, 4 t. Therefore (2.21) follows from (2.24).
(2.21) and (2.22) imply that F(t — 0, u) = F(t, u) and F(s, t + 0) = F(s, t).
It is clear from (2.17) and (2.15) that {v, A}*={v, h}»—0. Finally, from the
equality
Pu — pro= F(t, u) + vi(ht — PLh")

and formula (2.21) we have p;4+ ¢ = p;-

2.5. We shall use the following well-known result (see for example, [7],
Chapter III, 3).

KOLMOGOROV'S THEOREM. Let (X, #x) be a standard measurable

space and suppose that for each t; < ... < t, there is a function
Gty ooty Ty oo o, Tp) (Iy, ..., T, € Fx), which is a measure relative to
each T} and satisfies the conditions:
25.A. q(X) =1
25B. Forany i=1,2, ..,nand I} = X
(225) q,‘_._,n(I", ey Fn)zq““ .7i~~-in (F‘, ey Fi, e ey Fn)

(the hat over the arguments t; and T; means that these arguments are to be
crossed out).

Then in the space Q' of all mappings of T to X there is a probability
measure P' such that forall t, < ... <t, €T, I',...TI, € Fx

(226) P,{(‘)(tt)erh cecy w(tn)GFn}=qh...tn.(F1, ey Fn)

(this measure is defined on the minimal ¢-algebra §°', containing the sets
{o:0@) €T} (€T, T € By)).

2.6. We shall prove that the functions q, ..., defined by (2.2) and
(2.14) — (2.18) satisfy the conditions of Kolmogorov’s theorem with X =
= EZ, -@X = %Z

It is clear that on the o-algebra % these functions are measures with
respect to each I';, and for I'; = E (2.25) is satisfied for 1 < i < n, and
for i = 1 and i = n it is satisfied with = replaced by <. (This follows from
1.2.B., 1.3.A. and 1.3.A")

Further, taking into account 2.4.B, we can deduce from (2.16), (2.17)
and (2.18), using induction on #n, that the functions ¢q; ..., onthe
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o-algebra 2 are also measures with respect to each I';, and for I'; = E°®
(2.25) is satisfied for i > 1, but for i = 1 we must replace = by <.
Finally, using (2.14) — (2.15) and the inequality {v, h}' < {v, b} (see
2.4.A) we show by induction that the q, .. ., on #% are measures with
respect to each I'; and satisfy 2.5.A — 2.5.B.
2.7. Let P’ be the probability measure on £’ whose existence is asserted
by Kolmogorov’s Theorem. For it

(2.27) P {o@)ely, ..., 0@)eT}=qy. . ., Ty ..., )

(<< ...<tn, Ty, ..., To€BY).

Hence by (2.14) — (2.18) we have

(2.28) 7:(b) = oy, 9:i(a) = {v, h} — {v, h}
and for s < ¢

(2.29) ge(E®, @) = gsy(b, E%) = 0,

(2'30) qst(av b) = F(S, t)»

(2.31) gsi(a, Eb) = {v, h}t — {v, R},

(2.32) 9s:(E®, b) = p; — ps

where p; and F(s, t) are defined by Lemma 2.1.
Consider the set R of all rational numbers and introduce the functions
a(ew) =inf {:t € R, o()5#a}, PBlo)=sup {&:t€R, o) b).
It is easy to see that a < . Fix any ¢ € F and put

¢ ifa=porifa<t<pand o(@)€cE,
21 (@) = a ift<a,
o) ifa<t<pgand o(H)CE,
b ifp<t.

We shall prove that
(2.33) P’ {z(0) # o(t)} = 0.

It is clear that {z{(®) == o)} = C,;U Cy, U C; Y C; Ul C;, where C; =
={a=8}, Co={o<t<p, ofty=a}, Ci={a<<t<p, ot)=>)}
Ci={t<a, oft)sta}, C;= {t>p, o(t)5= b}. Therefore, to prove
(2.33) it is sufficient to check that P'(C) =0(¢G =1, ..., 5).
Ifs<t€eR,then {s<a=p<t}cs {ols) =a, oft) = b}, and by
2.30)
P {s<a=p <t} <gula, b) = Fls, 2).

Since F(s, t) is continuous on the left in s and continuous on the right in
t, it follows that for any s < ¢

{2.34) Plis<a=p<t)<<FG b
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Forany A = {t, < t)<< ... <tn}
P {a=B<P {a=p<to}+ 2 P (o <La=p<Ltu}+

+ P’ {tn <a=P}<q, (0) + 2 F (th, ta) + qin (a).
By (2.20) and (2.28) the right-hand side does not exceed {v, B} = {v, h}a,
and by (2.1) P'(Cy) = 0. The set C, is covered by the countable system of
sets {w (s) 5= a, o(f) =a} (s€ RN (—oo, t)). According to (2.29), for s < ¢
we have P'{w(s) 5= ¢, o(f) = a} = ¢(E®, a) = 0. Consequently P'(C;) =
Similarly P'(C;) = 0. We note that P'(C,) = liTm P {s <o, oft) 5= a).
8Tt

But for s € R
P {s<a, o) a) < P {o(s) = a, o)+ a} = gula, E°)
and by (2.31) and 2.4.A P'(C,) = 0. Finally,
P'(Cs) = Lllntl P’ {o(t) #= b, p<u}
P {o@) b Bp<u)<<P{o@)*0b o) =>b}=quk, Db

and P'(C;) = 0 by (2.32) and 2.4.B.

2.8. (2.27) and (2.33) imply that

(235) P,{xtl(m)erh ey xtn(ﬁ))‘EFn}‘—‘—“l]ti...tn(Fu ey Fn)
(th<<...<<th€T. Ty, ..., TheBY.

Consider the mapping ¥ that associates with each element w € Q' the
trajectory x;(w). It is easy to see that this is a measurable mapping of
(Q, J7) to (R, #°). Putting P2(4) = P'{$p~2(4)} (4 € .#), we obtain a
probability measure on the space of trajectories, and by (2.35) the equality
(2.2) is satisfied.

Let us show that p" is a transition function and that P} belongs to &z»®,
Obviously p"* satisfies 1.2.A. We prove that it also satisfies 1.2.B. Put

= {z:h%(z) < 00}, ES = {z:h%(z) = 0}. Since P}h'(x) < A*(x),
(2.36) {p_(s, z; t, ENE;)=0 for =z¢€E,
p(s, z; t, ENE}) =0 for =z ¢ E:
By (2.3), p"(t, y; u, T) =0 for all t < u if y ¢ E, \ E?. Therefore

Sp" (s, z; t, dy) p" (t, y; u, 1) = S P (s, z; t, dy) p" (¢, y; u, T).

o EpNEY
If x ¢ E, \ E°, then the right-hand side is equal to 0 = p"(s, x; u, ).
If x € E, \ E?, then by virtue of (2.3) and (2.36) it is again equal to
p(s, x; u, ).
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To prove that P2 € g¢»", we must verify for s < t, I € % and a non-
negative /- measurable function &, that

PU{E 2 €E, z,€T)=Pi{E 2z, €E, pis zs & D)}

By Lemma A it suffices to check this equality for £ = xp (%, )...xr,(%s,)
(<< ... <s, sy Ty, ..., T, € #L. when it takes the form

(2:37) Qur.coonst (T -, T By D)= [ goivine Oy -, T, d2) o (5, 23, T,
E
By (2.14) - (2.18) we have (2.37) for all Ty, ... I, from #., if it is
satisfied for 'y, ..., ', € % . We note that
(2.38) g(EY) = 0, g(E\E;) =0

(the latter follows from the inequality v2°* << {v, 2} << o0). From 2.5.B and
(2.38)
Qsq ... snst(rh . ey Fm Eg, F) < QS(ES) = 0:

Qs . . ant(rh LAY Fm E\Es’ F) < Qs(E\Es) = 0.

Therefore the left-hand side of (2.37) is equal to
(239) Oss ... snst (Fu e ey Fm ES\\EOSy F)
On the other hand, by (2.3) the right-hand side of (2.37) is equal to

@40 | (ou .y Toy d0) i P s 35 1 d) B 1),
Es\Eg f‘
According to (2.2) the expressions (2.39) and (2.40) are equal. Hence
(2.37) is satisfied.

§ 3 Excessive measures

3.1. In this section we study the spaces of p-excessive measures %"

and %7 introduced in 1.7.
We first prove that these spaces satisfy 1.6.A.
LEMMA 3.1. The formula

(3.1) wiD= | %@p@
A"

associates with each probability measure p on Z™" an element v of F™".
The formula

(3.2) v = [ YOr@
A
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associates with any probability measure u on %Y a point v of #5%.

PROOF. Obviously for each ¢, v, is a measure. Using Lemma A we
deduce that for any non-negative #-measurable function f, 7,()‘) is
measurable with respect to 7 and

(3.3) = [ %(yu@v.
.%Pah
In particular, for f(x) = p(s, x; t, I') we have

Wi = | %P u ).
.%p,h
Since the conditions 1.3.A’ — 1.3.B’ are satisfied for all v € %P.», they are
satisfied for all ». Further, it follows from (3.3) and (1.3) that

(3.4) oo Ba= | @ Ban @
AP P
Let A" be a countable dense subset of 7 and let A, t A', where the A,
are finite. By (2.12) {w, h}apt {v, h}. Therefore (3.4) implies that
{v, h} = 1 and v € R,
It can be proved similarly that (3.2) defines a homogeneous p-excessive
measure v, where

miy= | & nu@.
ﬁz*;

To complete the proof of the lemma it is sufficient to recall (see 1.7)
that if & is defined by (1.21), then {v, 2} = v(l) for any homogeneous
p-€Xcessive measure ».

3.2. LEMMA 3.2. Let f be an arbitrary non-negative measurable function
on E. Then for each t the function v.(f) (v € BP*)is measurable with
respect to v. If p(s, x; t, T') is measurable with respect to t, x for any
sET, T € B, then v, (f) (v € 4P, t € T) is measurable with respect to
v, t. In particular, this is true for a homogeneous transition function satis-
fring 1.7.A.

PROOF. The first assertion follows at once from Lemma A. To prove
the second assertion we note that »,(®,) is measurable with respect to
v, t for any non-negative function ®,(x) that is measurable with respect
to ¢, x. This is easily deduced by means of Lemma A and the fact that
v(®,) = v(w,(p) if ®,(x) = Y(£)¢(x). By Lemma B the function Pf(x)
is measurable with respect to ¢, x and therefore F(s, t, v) = v (Pif) is
measurable with respect to v, ¢. It only remains to note that

oo .
w(f)=7lgi 2 X(g_—_i’_i_](t)F(f——:—l, t,v).
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3.3 THEOREM 3.1. The correspondence v~ P% defined by Theorem 2.1.
is an isomorphism of the convex measurable spaces %P+ and &gr".

PROOF. By Theorem 2.1. P! € &*" for all v € %P+, If P = P%, then

(3.5) w(r)= [,
where
(3.6) vi{d) = P{z; € A}, Tt =T {z: 0 < h(z) < oo}.

Thus, no element P of #®" can have two different inverse images in &P.h.
Now let P be any element of ¢%r". Define v by (3.5) — (3.6). Formula
(1.17) implies that for any ¢ < ... <t Iy, ..., [, € P

3.7 P{zycly, ..., 24, €0} =
= S s S v (dyy) Ph (1, Y5 by dYy) .o Ph (tn-ts Yn-ts tn, dyn).
T Tn

Because of (3.5) — (3.6) and (2.3) the right-hand side of (3.7) is equal to

) s g Vi, (Ay) p(t1, yi5 oy dY2) - .. P (fnets Ynmygs tn, dyn) R ().
oo
The right-hand side of (2.2) is equal to this same expression by (2.36) and
(2.38). Hence it follows by Lemma A that P = P5. Note further that
Xr (zy)
. ) () = NS4
(3.8) v () =P {h’(xt)
and that »,P{(T') = P {Xa<s,x,er/h'(z1)}. Hence it is clear that v is p-
excessive. Since P,','(Q) = 1, by Theorem 2.1 {v,A}=1.

We have proved that the mapping » > P% defines a one-to-one corres-
pondence between %7 and g»" and that the inverse mapping is given by
(3.8). The mapping (3.8) obviously preserves the convex and measurable
structures. To prove that the mapping v — P has the same properties it is
sufficient to check that for any .#*-measurable function §&:

a) P(¥) is measurable with respect to »;
b)if v is the centre of gravity of the distribution u, then

(3.9) PPe= [ Pi@u@.
‘%P,h
By Lemma A it is sufficient to prove both these assertions when
= mla) - - xralem) (<. <ty Ty ..., TR €R).

But in this case

P& = v, (D),
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where

@ (yy) = xr, ) S S Pt Yss tay AYs) - - P (tnets Yn-t; tn, dyn) B (yp),
T2 Tn

so that our assertion is obvious.

3.4. We shall now prove that the measurable space %7 " is standard.

Fix any countable dense set 7' of 7. We say that 7 is a p-excessive
measure on T if 7, is defined and satisfies conditions 1.3.A’ — 1.3.B’ only
for t € T. For such measures {v, &} is defined as the supremum of
(v, h}a over all A = T. Putve vk if {v, )} = 1. A measurable struc-
ture on %7 h is given by the system of functions v(T) (t€ 7, T € ®).
The fact that #» 2is standard is an obvious corollary of the two
theorems:

THEOREM 3.2. For each p-excessive measure v put

(3.10) ;t(r) =v(l) (t¢ T, Te #).

The mapping (3.10) is an isomorphism of the measurable space FP-4 onto
BP k. The inverse isomorphism is given by the formula?

(3.11) vy (F)=li;n vePS (D) 1.
8tt

THEOREM 3.3 The measurable space g5® b is standard.

3.5 PROOF OF THEOREM 3.2. If » is a p-excessive measure, then
according to 1.3.B' v,P{(I") » »,(I") fors * ¢. If (3.10) is satisfied, then
v Pi(I") = »,Pi(T) for s € T. Therefore (3. lO) 1mp11es (3.11). We see that
v is umquely recoverable from its restriction » on T.

Now let » be an arbltrary p-excessive measure on T. By virtue of
1.3.A',if s,, s, € T and s < 5, < t, then

(3.12) Vo Pl = Vo, PUPE L Vi, PR
Therefore »,P; converges to some measure »; as s t £. By 1.3.B v, =7,
fort e T.

We show that »' is a p-excessive measure. By (3.4) v,P} < v; for s € T,
s< t.Hence fors< te T

(3.13) ViP5 = lim v, PL P} = hm v P,
rts
so that 1.3.A’ is satisfied for »'. (3. 13) implies that v, ‘P? is a non-decreasing
function of s. Since it coincides with » i for s € T we have

limv;P; = lim vsPt =,
stt stt

! We do not specify that an argument tends to a limit over T if the function is undefined outside this set.
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Thus, » satisfies 1.3.B'.

Represent T as a union of an increasing sequence of finite sets A,,.
According to (2.12) {v, &} = lim {v, h}s, .Therefore {v, b} = {v, h}.

We have shown that the formulag_(3.10) — (3.11) establish a one-to-one
correspondence between %P * and %7 k. The mapping (3.10) is obviously
measurable. To prove that (3.11) is measurable it suffices to note that
vPYT) = vs(¢}), where ¢3(z) = p(s, z; ¢, I'), and to use Lemma 3.2.

NOTE. Ii is not difficult to see that the correspondence established between
AP h and AP " also preserves the natural convex structure.

3.6. THEOREM 3.3 is proved on the same lines as Theorem 3.2 of the
paper [3].

The set %»:t is contained in the space o#T of all mappings of T into
the class o# of all measures u on £ for which u(£) < 1. We introduce, as
in [3], a compact topology on o#T and check that the o-algebra of Borel
sets in this topology coincides with the o-algebra &, generated by the
functions F(v) = v(T) (¢t € 7’, r € %).

It remains to verify that & h ¢ 4. Since E is standard, there is a

countable system W of functions f € #, separating the measures of of.
Condition 1.3.A" may be written in the form

(3.19) P (JEW, s<tel).
By 1.3.A’ the condition 1.3.B’ can be stated in the following way:

(3.15) 1igﬁsp§ (E)=v(E) (eT).

Finally, by virtue of (2.12), the condition {;, kh} = 1 may be written down
by the formula:

(3.16) lim {v, h)a, =
Clearly (3.14), (3.15) and (3.16) define a set from % -

§ 4. Excessive functions

4.1. First of all we verify that the measurable structure on 7.V, intro-
duced in 1.8 satisfies 1.6.A. For this we need a general lemma.

LEMMA 4.1. Assume that in a standard measurable space E there is given a
o-finite measure v and a family of finite measures p(x, —) depending on a
parameter x from a measurable space X. Let p(x, T) be measurable with
respect to x for any T and be equal to zero if v(I') = 0. Then there is a
function n(x, y) measurable with respect to x, y such that

(4.1) plz, dy) = nlz, y) v(dy)-
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PROOF. It is sufficient to consider the case when » is finite. For if the
sets £y, ..., E,, ... have finite measure with respect to » and are pairwise
disjoint with union E, then applying Lemma 4.1 to the finite measures
() = (' N E,) and p,(x, T') = p(x, T N E,) we construct a function
7, (x, ¥), measurable with respect to x, y, so that p,(x, dy) = 7,(x, yw,(dy)
and m,(x, y) = 0 for y ¢ E,; their sum is measurable and satisfies (4.1).

It is known (see for example, [6] Ch. 3, §37, 11) that every standard
measurable space is isomorphic to one of the following spaces:

a) a finite or countable space whose subsets are all measurable;

b) the half-line (0, ) with the Borel structure.

In both cases the measurable structure of E is generated by a monotone
sequence of partitions of E into disjoint sets E, |, .. .,E, m, (each set

E, ., is contained in a set E,, ;). Let

T (x,y)= M £ =
n% WE,p o or YT
Put
4.2) m(x, y) =lim m,(x, y)if the limit exists.
n

If the limit does not exist, we set @(x, y) = 0. Martingale arguments show
(see, e.g., [4], Corollary to Theorem 0.2) that (4.2) holds for » — almost
all y and w(x, y) satisfies (4.1). Since m,(x, y) is measurable with respect
to x, ¥, so is m(x, y).

REMARK. Lemma 4.1 and its proof remain valid for every space £ with
a measurable structure generated by a countable family of sets.
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LEMMA 4.2. Put on the space ™V the measurable structure generated
by the functions F(h)= vy(k'yr) (¢ € T, T € ®). Under condition 1.8.B the
function h*(x) (s € T) is measurable with respect to the pair x and h and
satisfies 1.6.A.

PROOF. By virtue of 1.8.B and Lemma 4.1 there exists a function
n(s, x; t, ¥), measurable with respect to x, y, such that p(s, x; ¢, dy) =

=7 (s, x;t, ¥) ve(dy). According to 1.3.B h*(x) = lim Pih'(x). But
tis

PiRi(x) = v, (oL h?), where oL (¥) = n(s, x; t, ¥). Denote by 2 the set of
all non-negative functions f,(y) for which v,(f.#*) is measurable with
respect to x, h. Obviously & contains all functions of the form f,.(y) =
= xr, ®)xr, @) Ty, T, € £). By Lemma A, &# contains all functions £, (»)
that are measurable with respect to x, y, in particular, it contains the
function ¢ (3) for any ¢. Hence 4°(x) is measurable with respect to x, A.
Let 4 be any probability measure on &% ¥ and let

H@= | ®@ue @,
('?P,V
By Fubini’s theorem, for any measure »' on E

(4.3) v(ht)= S v () (dR).
efp'v

Taking here »'(T') = p(s, x; t, T) we have

Put= { Pt (R,
dp]’),‘v
and the validity of 1.3.A — 1.3.B for & follows from their validity for all
h € #™" From (1.3) and (4.3) it follows that

o= | @ Ban@h.
I
Using (2.12) we conclude that {v, 2} = 1, so that h € #»-v.
4.2. We prove a lemma on the limit of a monotonic sequence of
measures. It will be used in this and the following sections.
LEMMA 4.3. Let u, be a non-decreasing sequence of measures, bounded
above by a o-finite measure v. Then the formula

(4.4) W) = lim po(T)

defines a o-finite measure u, and p,() t u(f) for any non-negative measur-
able function f. If all the measures un, are absolutely continuous with re-
spect to some o-finite measure v', then p is also absolutely continuous with
respect to v'.



Integral Representation of Excessive Measures and Excessive Functions 171

PROOF. By the Radon-Nikodym theorem we have u,(dx) = a, (x)v(dx)
for certain measurable functions «,(x). Obviously ¢, < a,,+3 < 1 (as. »)

for any n. Therefore a, * a < 1 (a.s. »). For any measurable function
f=0

(4.5) pn(f) = v(anf){v(af).

In particular, u,(T) * v(axr). Hence (4.4) defines a o-finite measure. The
relation (4.5) can obviously be rewritten in the form! w,() * u().

The second assertion of the lemma is an obvious corollary of (4.4).
COROLLARY. If the measure p(s, x; t, —) is absolutely continuous
with respect to a o-finite measure v,, then all the p-excessive measures vy

are also absolutely continuous with respect to v;.

For v, Pitv; for stt. The equality »,(I") = 0 implies that

WP = {vi@) p (s, 25 1, T) =0,
E
Consequently, v;P; is absolutely continuous with respect to »,. By Lemma
4.3 v; is also absolutely continuous with respect to v,.

4.3. We now prove two lemmas which under certain conditions allow
us to construct, with respect to a function A, a p-excessive function &
(called the regularizer of h).

LEMMA 44. If PSh'(x) is, for any s € T, x € E, a non-increasing
function of t for t > s, then for t ! s

(4.6) (@) 4R (2),
where h is a p-excessive function.
PROOF. From the condition we have P! > Pi.hv > Poh? for s < t<u'<w
By virtue of (4.6) Py k¥ = PPy 4 Puk* for u' t u < v. Therefore
PR > Poh® 2 Piip for s < t < u < v. When t | s, this inequality becomes

(4.7 RS> Poh* > PR,
Taking u ¢ s and v { s we have hence

(4.8) k> Tim Pih > lim PLh% > b,

uds uls
Now & satisfies 1.3.A because of (4.7) and satisfies 1.3.B because of (4.8).
NOTE. The same arguments show with the help of Lemma 4.3 that if
v ,PT), forany t € T, and T € % is a non-decreasing function of s for

s< t, then fors t ¢ ~
vs Py(T)tvy(T),

1 If the sequence y, is non-decreasing, then the same argument proves the existence of a o-finite
measure u such that u,(f) | u(f) for any non-negative function f satisfying the condition v(f) < .
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where v is a p-excessive measure.
LEMMA 45. If 1.8.B is satisfied and if

(4.9) PRSE (n.ow. v) for s<t,
then (4.6) defines a p-excessive function h. If, in addition,
(4.10) Pihtn =B (non. vg) for fn)s,

then h* = R* (a.s. v,) for all s.
PROOF. By virtue of 1.8.B, it follows from (4.9) that for r < s < ¢

Pht = PPt < PR,
and the first assertion of Lemma 4.5 follows from Lemma 4.4. From (4.9)
it follows that W < h® (as. v,). On the other hand, by (4.10) v,(h°) =
= lim v, (P}, tn) = p,(h®). Therefore h® = h* (as. v,).
4.4. We now pass on to the study of the correspondence described in

1.8 between p-excessive functions and p-excessive measures.
LEMMA 4.6. Under the conditions 1.8. A — 1.8.C there corresponds

to each v' of R™' one and only one element h,  of #PV such that
(4.11) Vi (dz) = ki (2) v; (dz).
For any t the function h.«(x) is measurable with respect to v' and x.
PROOF. First of all we note that if # and A are p-excessive functions
and v (dz) = k! (z) v, (dz) = k' (z) v; (dz), then by 1.8.B Pih' = P{h* for
s < t and by 1.3.B h* = #* for all 5. Hence to each v' ¢ FP7 there corres-
ponds not more than one element A,’'.

To prove the existence of such an element we apply the corollary to
Lemma 4.3 to the transition function p. By Lemma 4.1 we can find a

function & !.(x) that is measurable with respect to »', x and such that
ve(dx) = BiL(x)v,(dx). As shown in 1.8, 7,/ satisfies (4.9) — (4.10). By
Lemma 4.5 the formula (4.6) defines a p-excessive function A, where

R = h% (as. v,), so that (4.11) is satisfied. It follows from this equality
(see 1.8) that {v, h},={v',r}; == 1, hence h, € #™". It remains to note that
by Lemma B the function P"h «(x), and hence also h%-(x), is measurable

with respect to »’, x.
THEOREM 4.1. Under the conditions 1.8.A — 1.8.C the formula

(4.42) vi(dx) = k' (z)vy(dx)

defines an isomorphic mapping of the convex measurable space fv.v to
the space ..

PROOF. In 1.8. we have seen that v* ¢ &».r for all h € &#7¥. By Lemma
4.6 the mapping & -~ »" is one-to-one and its inverse is the mapping
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v' = h,. It follows from the definition of measurability in &7.v that for
all t¢ T, T € # the function v¥(T') is measurable with respect to 4. There-
fore the mapping (4.12) is measurable. Lemma 4.6 and Lemma B imply
that for any ¢t € T, T € % the function v(h’'xr) is measurable with respect
to »'. Therefore the mapping »' - A, is also measurable.

If 7 is the centre of gravity of a distribution y on &#7.v, then by
Fubini’s theorem

G D= | v OwEh
P
(the measurability of A*(x) with respect to A, x is used here). Hence the

mapping 4 - »" preserves the convex structure. Qn the other hand, if »'
is the centre of gravity of a distribution 4 on %P then the function

B (z) = j k% (@) 1 (dv)
is the density of »; with respect to v; (this can be deduced by means of
Fubini’s theorem using the measurability of h,‘,(x) with respect to », x).
It is easy to see that % € &».v. Consequently 4 = h, and the mapping
v' > h, preserves the convex structures.

§ 5 Homogeneous excessive functions

5.1. In this section we assume that p is a homogeneous transition func-
tion satisfying condition 1.7.A. We first derive some properties of the
operators

Gif (2) = | e MPyf (2) dt,

G.1)

(1Gy) (1) = | et (wPy) (T) dt,

ey 8 ot 8

then prove two lemmas, similar to Lemmas 4.4 and 4.5, and with their
help check the equivalence of the conditions 1.3.« — 1.38, 1.3.a" — 1.3.8’
and 1.9.a0 — 1.9.8, 1.9.0' — 1.9.8". After this the connection between the
spaces % and %7 is established in exactly the same way as that between
&7v and #P" was established in §4.

The semigroup property PP, = P,,, of the operators P, implies that

(5.2) Gy = Giys + 8GrGrtos
(5.3) Gr = Gars + 5GrecGs (A 83 0).
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We shall prove that for any measurable function f > 0
(5.4) lim 8GaGirof > Guf-

s
Put! f, = f \ n. By virtue of (5.1) G,f, = 0 as A - o, Therefore (5.2)
implies that GGy 4sf, — Gaf, @8 8 — . Hence the left-hand side of (5.4) is
not less than Gyf, for any n. But G,f, 1 G,f as n - o,
It is proved similarly that for any ¢-finite measure y
(5.5) lim p8Gy4sGa > pGa
3=
(u is approximated by finite measures p,(I) = w(T' | E,), where E, is a
fixed sequence of sets such that B, E, w(E,) << ).
52. LEMMA 5.1. If )\th (x) is for any x € E a non-decreasing func-
tion of N, and if as A —»
(5.6) AGA(z) 4. h(z),

then Gyh = Gxﬁ for all X\ and functions h satisfying 1.9.« — 1.98. If
M GA(T) is for any T € # a non-decreasing function of \ and if the measures
M GA(T') are bounded above by some o-finite measure, then the limit

(5.7) MWGH(T) t¥(I) (A — oo)

is a measure satisfying 1.9.a' — 1.9.8'. Here v Gy = vG, for all \.

PROOF. Let 8 > . By virtue of (5.6) (6 + A) G4Gr+s2 1 Gak and con-
sequently 8G,Gy+s#1Gsh. By (5.4) it hence follows that Gah > Gxh. On
the other hand, it is clear from (5.2) that 8G:Gr+sk < Gak. Therefore
Gah = Gyh. By virtue of (5.6) h satisfies 1.9.a — 1.9.8.

The second half of the lemma is proved similarly using (5.3) and (5.5)
and Lemma 4.3.

LEMMA 5.2, If for some N > 0, x € E, the measure g,(x, —) is
absolutely continuous with respect to the o-finite measure v and if
)\th <Hh (a.s. v), then the function h defined by formula (5.6) satisfies
conditions 1.9.a — 1.98.

PROOF. By Lemma 5.1 it is sufficient to check that AGik > Gk
for A; > A, > 0. Replacing A by A, and § by Ay — A, in (5. 3) we have

(5.8) AaGasht = MaGarh + AalAy — Ao)GrGash.

The inequality A, Gx,# < & (as. ») implies that A,Gy, Gx,h < Gk
everywhere. Therefore the right-hand side of (5.8) does not exceed
MGy R

5.3. THEOREM 5.1. The conditions 1.3.@ — 1.3.8 are equivalent to
1.9.«a — 1.9.8 and the conditions 1.3.a' — 1.3.a' are equivalent to 1.9.a' —
195

! C, N\ C, denotes the smaller of the two numbers C,, C,.
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PROOF. If we change the variable in (5.1) by means of the formula
A; = u we obtain

(5.9) AGy = jw-“Pu/xdu,
0

Hence it is clear that the conditions 1.9.« — 1.9.8 follow from 1.3.a —
1.38 and 1.9.2' — 1.9.8' follows from 1.3.«' — 1.3.8".
Now assume that v satisfies 1.9.«' — 1.9.8". Note that

o
v'Gy Py =Mt S e~y Py ds.
t
Hence clearly

(5.10) PPy <L e i,

if 4 =v'Gy+ for some measure »'. Replacing A by A’ and & by A — X\’ in
(5.3) we have vG) = v'Gy+ where v' =p — (\ — X' WG, is a measure! for
N € (0, N). According to (5.10) uGP, < e)‘"va for all A" € (0, ).
Hence \vG Py < MvG,. Letting A > o we have vP; < v. Clearly vP, is a
non-increasing function of ¢ and according to the Note to Lemma 4.4 the
formula
(5.11) vP(T) }»(I) and £}0
defines a p-excessive measure v. It follows from (5.9) and (5.11) that
x1im VAGA(T) = w(T).

But by 1.9.8’ the left-hand side is equal to »(I'). This means that » satisfies
132" — 1.3.68.

1.3.« — 1.3.8 are deduced from 1.9.«a — 1.9.8 similarly. The difficulty

arising from the fact that A’ = h — (A—=\")G, A is only defined on the set
{G:» << 0}, can be overcome as follows. Consider the truncated functions

3 ¢« = h I\ ¢. Together with h they satisfy 1.9.« and for them we have
Gah, < o everywhere. Therefore
(5.12) AP Gahe < AGie-

For any x and ¢, 7\G>ﬁ +(x) is a non-decreasing function of A (this follows,
for example, from Lemma 5.1). Passing to the limit in (5.12) we have

(513) Pthc { hc,
where
ke = lim AGaf..
Ao

1 The formula written down defines »'(T) only for sets I’ with »'G)(T) < . For any measurable I we
put »'(I) = lim »'(T N Ey,), where E,, is a fixed sequence of sets satisfying the conditions £, * £ and
v'(Ep) < .
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It is easy to verify that A, * h as ¢ - . Therefore (5.13) implies that
P.h < h. After this the validity of 1.3.a — 1.3.8 for 4 is derived in the
same way as that of 1.3.a" — 1.3.8" was derived for ».

5.4. We are now prepared for the study of &7%. The following propositions
hold:

5.4.A. Take the measurable structure on P generated by the functions
F(R) = v(hyr) (I' € #). Under the condition 1.9.B the function A(x) is
measurable with respect to # and x and satisfied 1.6.A.

5.4.B. If all the measures g, (x, ~) are absolutely continuous with respect

to », then all homogeneous p-excessive measures are also absolutely con-
tinuous with respect to ».

5.4.C. Under the conditions 1.9.A — 1.9.C, to each v’ of .%? there
corresponds one and only one element %, of Js, for which v'(dx) =
= h,'(x)v(dx). The function h,'(x) is measurable with respect to »' and x.

5.4.D. Under ihe conditions 1.9.A — 1.9.C the formula »"(dx) =
= h(x)v(dx) defines an isomorphism of the convex measurable spaces %
and 472

These assertions are proved in the same way as the analogous assertion in
§ 4. Here the conditions 1.9.« — 1.9.8 and 1.9.a’" — 1.9.8° are used instead
of 1.3.a — 1.3.8 and 1.3.a" — 1.3.8°, (1.28) and (1.29) instead of (1.26)

and (1.27), and finally Lemmas 5.1 and 5.2 instead of Lemmas 4.4 and
4.5.

§6 The faces of the simplex #&'P. Invariant and nullexcessive
measures and functions. The entrance laws

6.1. A measurable subset X of a convex measurable space Z is called a
face if the centre of gravity of a distribution u belongs to X when and only
when u is concentrated on X. If Z is a simplex, then any face X is also a
simplex, and its set of extreme points coincides with Z, N X. Faces X and
Y of a simplex Z are called complementary if X, and Y, are disjoint and
have the sum Z,.

We shall investigate the faces of the simplex ¢¢?. It is easy to see that
for each measurable 4 the set

Fa={P:PE&X", P(4)=1}
is a face. We shall prove that all faces are described in this way. Further,
each face corresponds to some set A depending on the initial behaviour of
a trajectory. The latter means that {4, ¢t > a} € 4", for any f. The collec-
tion of such sets (it is a g-algebra) is denoted by 4/ e.. The set 7 =&'p

of extreme points of the simplex ¢ coincides with the set of all measures
P € ¢%?, for which P(B) is equal to 0 or 1 for all B € #",+ (see the small
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print on pp. 49—50). In [3] there was constructed a measure P € 6#? depend-
ing on w with the following properties:

a) for each measurable set 4, P“(4) is an J#/"y+-measurable function of
w,

b)for each P € 7" P{o: P® = P} = 1.

Let X be any face of the simplex ¢#®. By a) the set 4 = {o: P® € X}
belongs to f/°g+. By b) for P € 7" the condition P(4) = 1 is equivalent to
P € X. Consequently &L N7 = XN 7, the faces ¢¢7 and X have a
common set of extreme points, and hence X = #e.

Associate with each 4 the set 7°a = 7" 1 &% of extreme points of the
face e#n. Let 4y, 4, €441, P€ 7. Cleatly P(4, N A4,) = 1 if and only if
P(4,) = 1 and P(4,) = 1. Since P(4,) and P(4,) must be equal to 0 or 1,
the equality P(4, U A,) = 1 holds if and only if P(4,) =1 or P(4,) = I.
Therefore

7 ana:=7 0,V 12y TV a104:=7 0,07 4.

From these formulae it follows that the faces &Y, and &y, are comple-
mentary if and only if A, is the complement of 4, in Q.

Of special interest to us are the faces¢xy, &%, ¢xf,where I ={a = —o0},
J = {a> —o}, L ={o = 0}. Obviously I, J, L € 4", and J is the com-
plement of I. Consequently ¢#7 and é% are complementary faces.

6.2. Let h be a strictly positive p-excessive function. Denote by B
the subset of the space %7 h corresponding to the face éZf‘PX under the
isomorphism of the space % * and &£*", studied in §3. Based on the
formulae (2.7) — (2.8), (1.3") and the footnote to p. 69 it is not difficult
to establish that

a) &P is the set of all p-invariant measures » for which lim v,n° = 1;

§~> — o
b) &% Phis the set of all p-null-excessive measures » normalised by the
condition {v, h} = 1;
¢) %2 " is the set of all measures v, for which

(6.1) vy =0 for <0,
(6.2) viPi=wv; for 0<s<<t,
(6.3) lim vt = 1.

sy

Being faces of the simplex .%?: ", all of these sets are simplexes.

If p is a homogeneous transition function, then the measures v,(T')
(¢ € T, T € B), obtained by the conditions (6.1) — (6.2) are called the
entry laws for p. The set of entry laws satisfying (6.3) with the natural
measurable and convex structures is obviously isomorphic to &' ". The
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result that this space is a simplex was proved in [2] under a number of
additional assumptions on p and k.

6.3. If the transition function p is homogeneous and 4 is given by (1.21),
then the mappings r* of %P *, constructed in 1.7 leave invariant the faces
RP" and BYh, Applying the argument of 1.7 to each of these faces it is
not difficult to deduce that the sets £ 1 = &P" N &% and £7; =
= gt N %} form a pair of complementary faces of the simplex .%7.

The first of these is the set of homogeneous p-invariant measures » nor-

malized by the condition »(I) = 1; the second is the set of homogeneous
p-null-excessive measures » for which v(/) = 1.

§.4. Denote by &7'°, #7'V the sets that correspond to the faces .%’;",
£F'" under the isomorphism of the spaces &> and £, considered in
§4 and by &%, &5, the images of the faces BF;, 2l; under the
isomorphism of § 5. The reader may convince himself that:

a) &7V is the set of p-invariant functions # for which lim »,h* = 1;

t—> oo

b) F5" is the set of p-null-excessive functions 2 for which »(h) = 1;

©) &5,s is the set of homogeneous p-invariant functions & for which
v(h) = 1;

d) #5%.5 is the set of homogeneous p-null-excessive functions 4 for which
y(h) = 1.

§ 7 Excessive functions and supermartingales

7.1. In this short section we study the random functions obtained by
substituting the trajectories of a process into the p-excessive function
h'(x). To define h'(x,) for all t € T we have to extend the function A'(x)
to E2. We shall show that this can be done in such a way that A(x,) for
any P € %P is a supermartingale with respect to /"y, P, that is, so
that for all s < ¢

Pk (x;) | S} < B{(zs) (as. P)

It turns out that

(7.1) lim Phi{z;)={v, k},
t>—co
where
(7.2) v(T) = P{z, €T'}.

7.2. Consider the function
hi(zy) mpm o <t<<§,

udw) = 0 opnm t>B.
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It is clear that for any ¢ and ¢
(7.3) {u, <e, a<<t) e,
It follows from (1.17) that if P € &7, then P{u;| 4"} = P3R! (xs)

(as. P, x, € E) for s < t. It is clear that P{u;|#"s} = 0 = u,(as. P,
B < s) and from 1.3.A - 1.3.B

(7.4) Pu;| A < u (as. P, a < %)
and
(7.5) Plui,| A s} —us (as.P,a<ys) fort, §s.

A function p(w) defined for ¢ > a(w) and satisfying (7.3) and (7.4). is
called a (P, A";)-supermartingale with moment of birth a. If (7.5) is also
satisfied, then we say that u, is a supermartingale of class C.

In [5] it was proved that if g, is a non-negative (P, .#";)-supermartingale
with moment of birth «, then there exists a random variable (defined only
to within equivalence with respect to P) such that u, - u, 4 (as. P) when
t converges from the right to « over any countable dense subset of 7. In
the same place it was proved (see (7)) that for any finite set A

(76) PuaA < Pua.+’
where a, is a random variable defined by (2.9). It is not difficult to verify
that

(77) PuaA = {'V, h}A,

where » is given by (7.2) (see the derivative of (2.10)).
Let A’ be a countable dense subset of the line T and let A, * A'. It is

clear that a,, converges to a, from the right over A’, and therefore
Uy = ot (a.s. P). By Fatou’s lemma l_i_nl_PuaA" > Pu, .. By means of
(7.6) it hence follows that PuaA,, - Puy . Taking (7.7) and (2.12) into
account we conclude that

(7.8) (v, h} = Puias.
7.3. In [5] it was shown that the extension
_ { ui for t>a,
U =
') P {Uor| S for t<a

of the function u, is a (P, J";) -supermartingale on the_whole line 7. It
can be foreseen that if u, belongs to the class C, then u: also belongs to
this class.

It follows from Lemma A that every ./ ;-measurable function is constant
on the set {& > t}. Therefore u, does not depend on w for ¢t < a. If it
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is extended to E2 by putting h*(@) = @, A'(b) = O, then @, = h'(x,) for
all ¢+ and w. Consequently ht(x,) is a (P, #”1)-supermartingale of class C on

the whole line 7. The equality (7.1) follows on comparison of Theorem |
of [5] with (7.8).

§8 The construction of the adjoint transition function

8.1. In conclusion we prove the result stated in 1.10.

THEOREM 8.1. Assume that the transition function p has property
1.10.A and let A\(s) be an arbitrary strictly increasing function for which
£1.30) is satisfied. Define v and p by (1.31) — (1.34). Then the triple p,
p. v satisfies conditions 1.8.A — 1.8.B.

The proof is based on the following three propositions:

8.1.A. The relations

(8.1) vidy) = aiy)mi(dy),
(82) { vidmyals, o3t 9) = ay) (<t y€E)
are valid. .

8.1.B. If 4, = {y: ai(y) = oo}, then m,(4,) = 0 and p(s, x; £, 4,) =0
for all s, x.

81.C.If a;,(y») = 0, then n(s, x; £, y) =0 forall s< ¢, x € E. If
A? = {y: a,(y) = 0}, then p(s, x; t, Af) = 0 for all s, x.

The equality (8.1) follows from (1.30), (1.33), (1.35), Fubini's theorem
and Lemma B, and (8.2) follows from (1.35), (1.31), and (1.33). Further,
v¢(E) < o because of (1.35) and (1.32), and 8.1.B follows from (8.1) and
(1.30).

Finally, according to (1.33) the equality a,(y) = O implies that for A-
almost all s’

(8.3) my{z': a(s’, z'; ¢, y) >0} = 0.
If s < ¢, then (8.3) is satisified for any s" € (s, #), and by (1.30) and (1.31)

(s, z t,y)= 5 n(s, x; ', & Yyme (da') (s’ "5 ¢, y) =0.
E
8.2. We pass on to the proof of Theorem 8.1. Let us verify that pisa
transition function. The functions a,(y) and n'(s, x; t, y)_are measurable
with respect to ¥y by Lemma B. Consequently p(¢, y; s, T') is measurable
with respect to y. Further, from (1.36)., (1.34), (8.1), and (8.2) we have

1
ai (y)

i)(tv Y; s, E) == S ’Vé?(d"")j-L (8! x; ¢, y)
(8.4) E

. for 0 < a,(y) < oo,

pty;s, E)=0 for a,(¥) = 0 and a,(y) = os.

=1
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Consequently 1.2.A is satisfied. To prove 1.2.B it is sufficient to verify that
forany s < t < u, x, z € E,

(8.5) S n'(s, z; t, Yym(dy)n'(E, y; u, 2) = a'(s, z; u, 2).
E

If a,(z) is equal to O or o, then by (1.34) both sides of this equality are
zero. If 0 < a,(z) < o, then according to (1.34) and (1.30), the left-hand
side of (8.5) is equal to

(@@t ) mdn)me, yiu, 9 L
2 ay (z)

”S “@ P 2t Ay (s u, 2) s

where E' = {y: 0 < a,(y) << o}. By v1rtue of 8.1.B and 8.1.C the value of
the latter integral is unchanged if we replace E' by E. According to (1.31)
and (1.34) this valu; is 7'(s, x; u, z). We now show that 1.8.A — 1.8.C
are satisfied for p, p, v. According to (1.30), (8.1) and (1.36)

vo(dz)p(s, z; t, dy) = my(dx)as(z)n(s, 2; t, y)my(dy),

vildy)p(t, y; s, dz) = a,(y)mdy)n'(s, x; ¢, y)ms(da).

To prove that these expressions are equal we note that by virtue of 8.1.C
and (1.34) a,(x)n(s, x; ¢, ¥) = a,(p)n'(s, x; t, y) for a,(y) < °°, and by
virtue of 8.1.B m;{a,(y) = oo} = 0. Therefore 1.8 A is satisfied. If

v(T) = 0, then by virtue of (6.1) m(T) = m(T N A9, and (1.30) and
8.1.B imply that p(s, z; ¢, I') = p(s, z; t, T [} 4}) = 0. Consequently 1.8.B
is valid. Finally, we show that if v,(F') = O then p(¢, y; s, T) = 0, thus
fulfilling 1.8.C. In view of (8.4) it is sufficient to consider the case when
0 < ay(y) < . In this case (1.36), (8.1) and (1.34) imply that

ﬁ(t y; s, I‘)—Svs(dz) n(s, z; t, y)aiy)

The manuscript was read carefully by S. E. Kuznetsov. The author is
grateful to him for remarks which led to the removal of a number of in-
accuracies.

Appendix

THE DECOMPOSITION OF QUASI-INVARIANT MEASURES
INTO ERGODIC MEASURES

u. I. Kifer and S. A. Pirogov

1. In a standard space E (see 1.2.) let 7,(f € T = (— o, + =)) be a one-
parameter group of measurable transformations, where r(x, D =r(x)isa
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measurable mapping of £ X T onto E (the Borel structure is put on T).
Consider the class o# of all probability measures 4 on E satisfying the
condition

) p(t'dz) = ps(x)-p(dz),
where the functions 0 < p,(x) < e« on E X T is measurable and such that
@) Pr+o(7) = py(2) pe(t'2).

Denote the og-algebra of measurable subsets of £ by # and put on o#
the measurable structure generated by the functions F(u) = u(f) (f € B).!

A measure yu is called ergodic if u(4) = 0 for any A in the o-algebra of
measurable sets which are invariant with respect to r'.

THEOREM 1. The set o, of all ergodic measures from off is measur-
able, and any measure u from o# can be uniquely represented in the form

(3) wD = | wOvEn (e ),
Me
where v is a probability measure on of, concentrated on ..

The proof of Theorem 1 is obtained by means of a general theorem on
the decomposition into A4 -ergodic measures, which was proved in [3]
(Theorem 2.1). On the strength of this result, to prove Theorem 1 it is
sufficient to construct a countable system W of functions separating
measures from of, and a kernel u*(T') satisfying the conditions a) p* € off
for each x € E; u*(T') is +£-measurable for any T' € #; b) w(I' | #) = pX(T)
(as. u) for peo#, FE€F.

2. In the construction of the u* a basic role is played by

THEOREM 2. If u € M and u(|}) < o, then the following limit exists
u-almost surely?

X § 7 (xta) oy (x) at
4 f@= lim S———— = (f| #) (as. p).
S § s (2)at

PROOF. It is sufficient to consider the case f = 0.

We apply theorems from [7] to the operator Uf(x) = f(r'x)p,(x). We
put

Fi@)={ f'a)-00 @ at,

6 (2) = 5 ot (2) dt, F=F%, G =G

! Asin[3],f € B meansthatf> 0andis B -measurable.
In the set where the limit in (4) does not exist we take f= 0.



Integral Representation of Excessive Measures and Excessive Functions 183

Note that Fi*! = U"F and FZ3 = 3, U"F. Similar formulae are valid for

G. It is easy to see that u(F) = u(f) < o and that G is strictly positive and
w(G) = 1.
The set ¢ = {x: GT2 = oo} is called the conservative part and the set
D = E\ C is called the dissipative part of E. It is clear that C = C U (",
where ¢’ = {z: G{™ = L+oo}and C" ={xz: Glo = +oo).
According to Proposition V.5.2 of [7] FIZ « oo for p-almost all x € D,
and consequently the limit (4) exists and
. Fro ()
5 ==
) OR =
It is obvious that f"(r'x) = f‘”(x). Let Ac¢#£. Rearranging the integrals and
making the change of variable y = 7*x we obtain

[ @2 wa@ | 1o a= | o
A —o0 A

A

Consequently
(6) f@) = w(f | A) (as. u D)

and for x € D the relation (4) is proved.
To prove that (4) is satisfied in C we use the Chacon-Ornstein theorem
([71, 289). By this theorem the limit

) Jim ZZ" =P (as.p, C)

exists. Here m passes through integer values, J denotes the set of all

measurable sets for which 7'4 = 4 and 1P=£—((-£:—';;. We derive from the

same theorem, replacing F by UF, that

. Fpnt UF|J
(8) l]m—Glgn—="L((G—|'.7))—='lp (a.S.H, C’)

From (7) and (8) we have

(9 lim £22 0 (as. M, C).

m
m-—»oo Go

This relation also applies to f = 1 and therefore

(10) lim $52-0 (as. u, ©).
v

™M->00
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-
FO +1

2
Since G%{':—l<§',’—<€—,on for m < t < m +1, by virtue of (7), (9) and (10)
0

i
(11) lim 22—y (as. u, C).
tsdoo Gg

It is proved similarly that

(12) lim 2 _y (as. u, C).

8——o0 Gg
It is now not difficult to show that

2
3) lim Z=¥ (as. s, 0.
Sie

For (11) and (12) imply that (13) is satisfied in C' © C”". On the other
hand, according to proposition V.5.2 of [7], F; < = on C\ C' and
F2, < e on C\ C". Therefore (13) is satisfied on C\ C' and C\ C".

It follows from (13) and the definitions of the functions f and ¢ that
w(FIN=Ffu(Gly) (as. u, C). It is easily verified that f€.£ and £ J,
therefore

(14) pFIA)=]-nG|4) (as. p, O).

We note further that for ¢ £
1

pF-my={dt( n@) 16 0 @) pdr) = (1)
0 E

and consequently w(F|A) = u({f | #4) (as. p). Similatly w(G | A) =1
(a.s. u). Therefore from (6) and (4) we have fA= p(f | #) (a.s. p), which
completes the proof of Theorem 2.

3. It is known (see [3], 3.2) that in any standard space there exists a
countable system W of bounded measurable functions with the following
properties:

A. Let H be a system of functions containing W and having the following
properties: if f1, f € H and ¢,, ¢, are numbers, then ¢, f; + ¢, f, € H;
if the sequence f, € H is uniformly bounded and converges to f at each
point, then f € H. Then H contains all bounded measurable functions.

B. 1 € W and W separates probability measures.

C. If for probability measures u, the sequence u,(f) converges for any
f € W, then there is a probability measure p such that

() > u(f) for feW.
Now consider the set £’ on which the limit (4) exists for all functions

of W. By Theorem 2 E’ € & and u(E') = 1 for any p € o#. It follows from
B and C that for any x € E' there exists a unique measure p”* such that
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f(x) = u®(f) for f € W. Hence for any bounded # € A , W Eo# and f € W
(15) Wf-h) = w(p () -h).
By property A, (15) is satisfied for all bounded measurable f.
Since f € 4, we see that u*(f) is £ -measurable as a function of x for
f € W and hence, taking property A into account, for any bounded

measurable f. From (15) we derive that p*(f) = p(f |-£) (a.s. p).
Put V,f(x) = f(r_'x). It is clear that for all p € o#

WVf | A) = plosf | #) (as. p).

Hence it follows that for u-almost all x
(16) wi(Vif) = pied).

Using property A of W it is not difficult to show that there exists a set
Q; € o4 such that u(Q;) = 1 for p € o# and (16) is satisfied on Q, for all

f € #. Denote by Q the set of x € E' for which (16) is satisfied for all
f €% and almost all # € T. By Fubini’s theorem @ is £ -measurable and
@ = 1.

For x € Q denote by V, the set of those # € T for which (16) is satis-
fied. It is clear that V, is a set of full Lebesgue measure on the line that
is closed with respect to addition, and hence V, = T.

Thus, for x € Q@ 1" € . For x € Q put 4* equal to some measure of
o#. The kernel thus constructed satisfies conditions a) and b) of 1 and
this proves Theorem 1.

In conclusion we note that Theorems 1 and 2 are valid for a group of
measurable transformations 7"(n = 0, +1, +2, ...), and here the proof is
simpler although it follows the same plan.

The authors are grateful to E. B. Dynkin for raising this problem and
for a number of remarks contributing to its solution.
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REGULAR MARKOV PROCESSES

This article is concerned with the foundations of the theory of Markov processes. We
introduce the concepts of a regular Markov process and the class of such processes. We show
that regular processes possess a number of good properties (strong Markov character,
continuity on the right of excessive functions along almost all trajectories, and so on). A
class of regular Markov. processes is constructed by means of an arbitrary transition function
(regular re-construction of the canonical class). We also prove a uniqueness theorem.

We diverge from tradition in three respects:

a) we investigate processes on an arbitrary random time interval;

b) all definitions and results are formulated in terms of measurable structures without the
use of topology (except for the topology of the real line);

¢) our main objects of study are non-homogeneous processes (homogeneous ones are
discussed as an important special case).

In consequence of a), the theory is highly symmetrical: there is no longer disparity
between the birth time a of the process, which is usually fixed, and the death time $,
which is considered random.

Principle b) does not prevent us from introducing, when necessary, various topologies in
the state space (as systems of coordinates are introduced in geometry). However, it is required
that the final statements should be invariant with respect to the choice of such a topology.

Finally, the main gain from c¢) is simplification of the theory: discarding the “burden of
homogeneity” we can use constructions which, generally speaking, destroy this homogeneity.

Similar questions have been considered (for the homogeneous case) by Knight [8], Doob
[2], [3] and other authors.
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§ 1. Introduction

1.1. Measurable spaces. Mathematicians use the term “‘space” widely,
understanding by it a set equipped with a definite structure (topological,
linear, and so on). We shall be concerned with measurable spaces: the
measurable structure in X is given by a certain c¢-algebra # (X) of subsets
of X (measurable subsets). Particularly important for us are spaces that are
isomorphic to the Borel subsets of complete, separable metric spaces. We
call them Borel spaces.

We shall use the following notation. If % is any o-algebra in the space
X and f a function on X, then the expression f € & denotes that f is non-
negative’ and measurable with respect to % -

1.2. Random processes. Suppose that to each ¢ in a certain set T there
corresponds a set X;. To give a process in X; means to associate with
every t a point x;, € X,;. If T is an interval of the real line, then the
parameter ¢ is interpreted as time and the function x, as a trajectory of
motion.

A random process is a process that depends on chance, that is, on a
point w of a certain auxiliary set 2. Here it is assumed that  and X, are
measurable spaces and that for a fixed ¢, x;(w) is a measurable map of
into X,. We call Q the space of elementary events. The collection £ () of
all measurable sets of the space 2 is often denoted by off.

If a random process x,(w) is given, then to every subset T of T there
corresponds in £ a minimal o-algebra #°(T), containing all the sets

{o:z() €T} (€T, TeF (X))

The measurable structure in  corresponding to 4~ = A (T) is called the
structure generated by the random process x;.

1.3. Filtration of a measurable space. From now on we assume that
T = [—o0, + 0] is the extended real line. We apply the term filtration of a
measurable space Q2 to a system of c-algebras of; satisfying two conditions:

1.3.A. A=A for all ¢.

1.3.B. k=M, if s < ¢

A filtration of; is called continuous on the right if «#, for any t coin-
cides with the intersection of:+ of all #w with u > t.

We say that a random process x,(w) is adapted to a filtration o#; if
{w: x)(w)eTr}e o#,foral te€ T, T € F (X,). Every random
process is adapted to the filtration 4"t = N [—e, t]. We call this the
filtration generated by the random process x;.

' When speaking about non-negative functions, we mean functions with values in the extended half-

axis [0, +].
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A mapping 7 of the space Q into T is called a Markov time with respect
to the filtration o, if for any t € T

{o: o) <t} € A,

To every such time there corresponds a o-algebra of¢ in Q, which is
defined in the following way: 4 € o, if {4, T <t} € #, for any ¢. It is
clear that #; = o# and that 7 is measurable with respect to eff«.

To an arbitrary filtration o#,; of the space Q there corresponds a
measurable structure in the space T X 2, generated by real-valued random
processes z,(w) that are adapted to o#; and continuous on the right
in ¢t for every w. We call it the natural measurable structure in T X Q
associated with the filtration o#,.

1.4. Random processes on a random time interval. We suppose that for
every w € Q there is given an interval A(w) C T. It can be closed, open
or half-open, but it must not degenerate to a point. Let a, and b, be two
distinct points in X; and let E;, = X;\ {a;, b;}. We say that x,(w) is a
random process on A(w) if the singletons {a,} and {b;} are measurable
and’

x(w) =a, for t < A(w),
x(w) € E, for t € A(w),
x(w) = b, for t > A(w).

We call E, the state space, a, and b, fictitious states, x, the extended
state space. (The introduction of two fictitious states corresponds to the
assumption that if a particle is not observable, then it is known whether it
has not yet appeared or has already disappeared.) We denote by a(w) and
B(w) the ends of the interval A(w). We call the first of these the birth
time and the second the death time. It is easy to see that these are
Markov times. Under our assumption a(w) < g(w).

1.5. Canonical random processes. Suppose that with every ¢ € T there is
associated a measurable space E,. A canonical random process in the spaces
E, is constructed as follows. We define a trajectory in E, to be a function
of w associating with every ¢ € T the point w(?) in the extended state
space X, = E, U {a;, b;} such that for certain a < § the following
conditions hold:

w(t) =a, fort < a,
w(t) €EE, fora <t <8,
w(t) = by for g < t.

We denote by Q the set of all trajectories and put x,(w) = w(?). The space
@, with measurable structure generated by the x;, serves as the space of

1" The notationr < a (¢ > A) means that t < u (t > u, respectively) for all u € A.
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elementary events. The interval A = (a, 8) is open.

1.6. Families of measures. Sets of probability measures given on the
same measurable space will be called families of measures. The family con-
sisting of one measure P is also denoted by P. The integral of a function §
with respect to the _measure P is denoted by Pt. (If ¢ is defined on a
measurable subsets Q of £, then P§ is defined to be zero outside Q)

Every family of measures K is regarded as a measurable space: the
measurable structure in K is defined by means of the system of functions
F(P) = P(A) (A is an arbitrary measurable set).

Let K be a family of measures on £. To an arbitrary probability measure
¢ on K there corresponds the measure on © defined by the formula

P, (4) = [ B (4) u (aP).

K

If P, € K for any #, then the set K is called convex. A point P € K is
called extreme if P # P, for any measure 4 not concentrated at P. A
measurable set A C Q is calle(l K-negligible if P(4) = 0 for all P € K. If
a property holds for all w € Q lying outside a K-negligible
set A, we say that this property holds K-almost surely on £ or briefly
(K-a.s., 2). The symbol £ is omitted if £ = Q.

Let # be any subset of the o-algebra & () of all measurable sets. With
every measure P on £ two extensions of the system £ can be associated.
The closure #p is defined as the totality of all B € £ (£2) such that

P(4A U BA\ANB)=0

for some A € 4. The completion A® is given by the following
condition: B € A® if there exist A,, A, € such that A, C B C 4, and
P(4,) = P(4,).

The completion (closure) of # with respect to a family of measures K
is defined as the intersection of #F (respectively, +#») over all P € K. The
closure and completion with respect to K contain all K-negligible sets. If #
is a o-algebra, then the closure and completion of /# are also o-algebras.

The closure of & (£2) always coincides with & (£2), but the completion
of () is usually larger. All measures P € K can be uniquely extended
to the completion of £ () with respect to K. (The extended measures
are usually denoted by the same letters.) The completion of & () with
respect to the family of all probability measures on € is called the
universal completion, and its elements are called universally measurable sets.

1.7. Stochastic processes. A stochastic process is a pair (x;, P), where x,
is a random process and P is a probability measure on the space of elemen-
tary events 2. To every family of measures K on £ there corresponds a
family of stochastic processes (x;, K). We call this family rigid if the
o-algebra .4 generated by x, separates measures from K (that is, if the
coincidence on N of two measures P,, P, € K implies their equality). In
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particular, the family (x,, K) is rigid if o# is generated by x,, or genera-
ted by x, and the K-negligible sets, or is the completion of #° with
respect to the family K.

A set & = (z;, ofty, K), where x, is adapted to of; , is
called a family of stochastic processes with filtration. The completion of
such a family is defined as the family & = (z;, of;, K) that is obtained
in the following way: we consider the completion £ of the s-algebra
M = F (&) with respect to K, we denote by K the set of measures
obtained as a result of extending to of all measures in K, and we form

the closure off; of the o-algebra o#; with respect to K.

If x,(w) = ;,(w) for all t € T (K-a.s.), then we say that the random
processes x, and x; are K-indistinguishable or that the families of stochastic
processes (x;, K) and (x,, K) are indistinguishable,

1.8. Meyer processes. Let &8 = (2;, o#;, P) be a real-valued stochastic
process with filtration given on a time interval 7. We call it a Meyer
process if the filtration «#; is continuous on the right and if we can find
a random process 2’, that is P-indistinguishable from z, and measurable with
respect to the natural structure in 7 X  associated with o#,; (see 1.3).
Let % =(z,, of;, P) be the completion of the process & . From Meyer’s
results [10] (VIII, Theorems 15 and 21; IV, Theorems 49 and 52) it
follows that for any constant ¢ the formula®

Hw) = mf {& z,(0)>= ¢}

defines a Markov time with respect to the filtration o#f,; for every ¢ > 0
we can find a Markov time 1. (with respect to o#; such that

{te < 0} = {2, = ¢}, i’{'r<oo}<f’{1:e<oo}+e.

1.9. Supermartingales. Let (z;, o# P) be a non-negative stochastic process
with filtration on a random interval A(w). We call it a supermartingale if
for any s < t

Pz, | M5} <25 (P-as., s € A(w)).

It is known [6] that an arbitrary supermartingale is the restriction to A(w)
of a supermartingale defined on the whole line 7. Moreover, if z,(w) is
bounded above or below by a constant ¢ for all + € A(w), then the same
bound holds for the extended supermartingale.

We assume that the filtration o#; is continuous on the right. Let z{(w)
be a sequence of random processes on the interval A(w) with values from
the half-line [0, +e] and suppose that z{(w) 1 z,(w) for every w. If
(z{, o#: P) are supermartingales, then (z,, o#,, P) is also a super-
martingale. If in addition the z}(w) are continuous on the right on A(w) (P-a.s.),

! The infimum of the empty set is defined to be + o,
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then z,(w) has the same property. The case when A does not depend on
« was proved by Meyer ([10], VI, Theorem 16). The proof is easily
extended to the general case.

1.10. Transition functions. For each r € T, let E, be a measurable space.
A function p(t, x; u, )Y ¢ <u € T, x € E,, T € F(E,)) is called a
transition function if:

1.10.A. p(t, —; u, I') is a measurable function on E,.

1.10.B. p(t, x; u, —) is a measure on E,,.

1.10.C. p(t, x; u, E,) < 1.

1.10.D. Forany s< t<u € T,x € E,, T € ¥ (E,)

g pls, ;3 ¢, dy)p (¢, ys u, T) =p(s, x5 u, T)
Et
(Kolmogorov—Chapman equation).
1.10.E. p(t, x;u, E,) > 1 asu } ¢!
We say that a transition function separates states if the equations

plt, z u, I) =pt, y; u, I) (>t T €F (L))

imply that x = y.

It is convenient to extend the definition of p(¢, x; u, I') to all pairs ¢, u,
taking it to be zero if u < t.

The properties 1.10.A to 1.10.E are preserved if we extend all measures
p(t, x; u, —) to the o-algebra of universally measurable sets. It is natural
to call this operation completion of a transition function,

Of special interest is the homogeneous case, when the state space E; is
the same for all + € (—o, +) and for any finite s

pt +s, = u+s, ) =pi z u D).

The set of pairs (¢, x) (¢t € T, x € E,) is denoted by E and called the
phase space. We introduce in E a measurable structure with the help of the
system of functions

p(t, z; u, ) (€T, TEF (E))

We call it the p-measurable structure.
By virtue of 1.10.A, the mapping x = (¢, x) of E, into E is measurable.
From 1.10.E it follows that

{(¢, 2): t << &) = U {@, 2): p(¢, z; r, E)>0},

where the sum is taken over all rational r < t,. Therefore the function
f(t, x) = t is p-measurable.
We also mention that if the transition function p separates states, then

! Condition 1.10.E is often not included in the definition of a transition function, and is called the

requirement of normality.
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it separates the points of the space & as well.

1.11. Markov families and Markov classes. A family of stochastic processes
with filtration &% = {x;, o#;, K} is called a Markov family if for any
PeK,t<u I € ¥ (FE,)

(1.1)  Plz, €T | oy} = plt, i3 u, T)  (P-ass., 1€ Aw)),

where p is a certain transition function (the so-called transition function of
the Markov family). When K consists of one element P, the Markov family
leads to one Markov process. The term “Markov family” and “family of
Markov processes’” will be used as synonyms.

From (1l.1) it follows that for any non-negative measurable function ¢
on E,

(1.2)  P{o(x,) | oy} = plt, 25 u, @) (P-as., t€ A(w)),

where

(1.3) pt, z; u, @)= S pt, =; u, dy) o (y).
Ey
We agree to denote by K, the totality of all P € K satisfying.the
condition

(1.4) P{o =t} = 1.

For P € K;, x, = a, when s < ¢, x, # a, when s > ¢ (P-a.s.) (one cannot
say anything definite regarding the value of x,).

A Markov family & = (z;, o#,;, K) is called a Markov class if for any
t € T, x € E, there exists a measure P, , € K, such that for u > ¢

(1.5) Py, of{z €T} = p(¢, z; u, I).
By virtue of (1.4)
(1.6) P, o =1t} =1.

From (1.2) and (1.5) it follows that for any ¢ € (¢, «] the function
P, .¢ is measurable in x and for any measure P € K

1.7 P{E | o} = P58 (P-as., t € A).
Therefore
(1.8) Pya()% = PP, .

Under the operation of completion described in 1.7, a Markov family
goes over into a Markov family and a Markov class into a Markov class.
Simultaneously with the completion of a Markov family one can complete
the transition function p.

A Markov class &% = (z;, o#;, K) in the spaces E, is called a canonical
class if x4(w) is the canonical random process in E,, constructed in 1.5,
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of: is the filtration generated by it, and K is the totality of all probability
measures in § satisfying (1.1). In this way the canonical class of a transi-
tion function is unambiguously defined. On the other hand, if p is an
arbitrary transition function in the Borel spaces E,, then by means of
Kolmogorov’s theorem we can construct measures P, . in the space of
trajectories Q satisfying (1.1), (1.5) and (1.6), therefore we can construct
the canonical class corresponding to p.

1.12. Regular families. A Markov process (x;, o#,, P) with transition
function p is called regular if:

1.12.A. The state space E, is Borel (for any ¢).

1.12.B. The interval A = (a, 8] is closed on the right and open on the
left.

1.12.C. The filtration o#; is continuous on the right.

1.12.D. The functions p(¢, x,; u, I') are continuous on the right with
respect to ¢ on the interval A (P-a.s.).

We shall study various families and, above all, classes of regular Markov
processes. We call these briefly regular families (regular classes).

Let & =(x;, of;, K) be a regular class. A state x € E, is called essential
if

(1.9) Pz, =z} = 1.

The remaining states are called branch points.

In §4 it will be proved that the set of trajectories containing branching
points is K-negligible.

1.13. The adjoint random process. Re-construction. Let & = (x,, off;, K)
be some Markov class. The random process

ye(w) = Py, xp(W) >

for which K, serves as state space, is called the adjoint random process.

Let & = (z;, o#:, K) and & = (z;, ofl;, K) be two Markov classes
with a common space of elementary events and a common set of measures
K (but generally speaking, with different state spaces). We say that &8 and
& are indistinguishable if the corresponding adjoint processes are K-
indistinguishable, that is, if

P,. =Py forallt€a =24 (Kas)
We say that & is a re-construction of & if for any P € K
(1.10) xa(® = xx (), Py, =Pz (Pas),

with the exception of an at most countable set A(P) of values ¢.

If & is a re-construction of &%, then the intervals A and A may be
different. However, they have &% -almost surely the same closure and there-
fore can differ only in the inclusion or exclusion of their endpoints.
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Indeed, by (1.10) for any P € K there exists a countable everywhere dense
set S such that

(1.11) XZ(I) = XA(I) for all t € § (P-as.).

If the closures of A and A are distinct, then there exists a t € S for
which xx (r) # XA(f)- By (1.11) the probability of this is zero.

1.14. The plan of the article. In §§2—5 we obtain the properties of
regular processes. § 6 contains a proof that two rigid, regular re-
constructions of any class é¢ are indistinguishable. Finally, in §§7—8 we
prove the existence of a regular re-construction for the canonical class
corresponding to any transition function p.

§ 2. Measurable structures in the phase space

2.1. In this section we consider two types of measurable structure in the
phase space E. The first of these, introduced in 1.10, is connected with the
transition function. The second is defined in terms of the family of regular
Mark~v processes ¢%."

We need certain lemmas.

LEMMA 2.1. Every countable system of measurable functions separating
points of a Borel space E generates a measurable structure of E.

The proof of the lemma is based on the fact that for a one-to-one
measurable mapping of one Borel space into another the image of a
measurable set is measurable (see {9), §39, 5, Theorem 2). Let
fan=1,2, ...) be a given family of functions. Then
Fx) = {fi(x), L (x), ..., fa(x), ...} is a measurable mapping of E into
the direct product T® of countably many lines. The latter is a Borel space.
The mapping F is one-to-one. Hence for any I' € #(E) the set F(T') is
measurable in 7. We investigate in £ the o-algebra generated by the
functions {f,}. It is obvious that it contains the inverse image of all
measurable sets from~T°°. But for any I' € # (E) we have I' = F7'[F(I)].

LEMMA 2.2, Let T be a countable everywhere dense subset of T, and
let W, be a countable system of functions in E,, separating measures. If
the transition function p separates states, then the same property holds for
the countable system of functions

.1 pt, =5 u, f) weT feW)
PROOF. Let
p(t, x; u, f) = p(t, y; u, f)
for all u € 7‘, f€ W,. Then for all u € T
p(t, x; u, =) = p(t, y; u, —).

If-u’ > ¢, then we can find u in T belonging to the interval (¢, u’). By
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1.10.D
p zu, IN= S p, x u, dz)p(u, z; v/, I'=
Eu

= S Py u, d2)plu, 3, u', T)=p(, y; v, ).
Eu

For u' < t, both parts are equal to zero. This means that x = y.

LEMMA 2.3. Let & = (ay, /iy, K) be a Markov class. If a measurable
structure in Q is generated by x,, or by x, and the system of all K-
negligible sets, then

a) the sets
(2.2) {o: z(0)eT}y (€T, T e F (E)),
(2.3) {o: zi(w)=a,} @ET)

separate measures from K.

b) a measurable structure of K is generated by the functions F(P) =P(A),
where A are sets of type (2.2) and (2.3).

If, moreover, P, . {x, = a;} does not depend on x, then the function

J(f, x) = Py &

is p-measurable for any bounded measurable function %.

Assertion a) holds for any rigid class ¢%.

PROOF. Let &# consist of bounded measurable functions & such
that

a') the coincidence of two measures P;, P, € K on the sets (2.2) implies
that P, ¢ = P,¢;

b') the function Fy(P) = Pt is measurable with respect to the o-algebra
generated by the functions F(P) = P(4), where A are sets of type (2.2) and
(2.3).

It is obvious that the family & contains the constants and is closed
with respect to linear operations, with respect to taking uniform limits, and
bounded monotone limits. By a standard lemma in set theory (see, for
instance, [10], Theorem 20) if & contains a set of functions &,
closed with respect to multiplication, then it contains all bounded functions
measurable with respect to the o-algebra generated by .

We denote by & the totality of all functions

(2.4) ) = fi(x) ... falx,),
where ¢t; < ... < t, € T, f; is a bounded measurable function on th. and
fia,) = 0. by (1.8),

2.5) Py, ()¢ = Po(x,),

where @ is the function on E, defined by the formula
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fi (x)Ptl,fo(xtz) v fn(xtn) forn > 1,

(2.6) ®(x) = fix) for n = 1.

Further,

(2.7) Pl —xa (@) E=Py,>al=
=f(by) - - In (ben) 1 —P{zy € Ey)—P{zy,= a)]-

From (2.5) and (2.7) it follows that # = J&¥.

Since & generates the same measurable structure in Q as x,, it follows
that properties a) and b) are proved under the assumption that o# = ",
If of is generated by 4 and K-negligible sets, then for each C € of there
exists C' € #" such that P(C) = P(C') for all P € K. This means that also
in this case a) and b) are true.

If & is any rigid class and P,, P, are two distinct measures in K, then
P, (C) # P,(C) for a certain C € 4" and, as we have proved, P, and P,
cannot coincide on all sets (2.2) and (2.3).

We now denote by £’ the set of bounded measurable § for which the
function P, ¢ is p-measurable. If P, ., {x, = a, } does not depend on x,
then the function P;, x, {= a;,} also does not depend on x and is there-

fore p-measurable (see 1.6). From (2.5) and (2.7) it is clear that &%’ contains
& ; hence it contains all bounded measurable functions £.

2.2. THEOREM 2.1. Let p be a transition function in E, separating
states. If E, is Borel, then the mapping x - (t, x) is an isomorphic
embedding of E, in &.

PROOF. By 1.10, our mapping is measurable. Distinct points of E, go
into distinct points of &. Therefore it is sufficient to verify the fact that
the images of all measurable sets are measurable.

We denote by &% the set of all functions F on E; such that the function

F(x) for s = t,
0 fors#t

is p-measurable. Relying on the measurability of the mapping (¢, x) - ¢,
which was proved in 1.10, it is easy to see that & contains all functions
(2.1), and also all constants. By Lemmas 2.1 and 2.2 the functions (2.1)
generate a measurable structure in E,. As & is closed with respect to
addition, multiplication, and taking limits, & contains all measurable
functions in E,. Putting F = Xp» where ' € # (E,), we conclude that the
image of I' under the mapping x - (¢, x) is p-measurable.

2.3. We now investigate properties of the p-measurable structure under
the assumption that the transition function p corresponds to a certain
regular family ¢&& = (z;, o#;, K).

A function f in € is called & -continuous if f(t, x,) is continuous on
the right on the interval (K-a.s.). We denote by % the set of all bounded
p-measurable &% -continuous functions. According to 1.12.D, % contains

F(s, x) =
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all functions f(t, x) = p(¢, x; u, ') and therefore generates a p-measurable
structure of &. Since € is closed under multiplication, we obtain the
following result.

LEMMA 2.4, Let & be a regular family with transition function p, and
suppose that the set & of functions in & is closed under linear operations,
taking uniform limits, and monotone bounded limits. If & contains €,
then & contains all bounded p-measurable functions. If, moreover, S¥
contains not only non-decreasing sequences of non-negative functions but
also their limits, then & contains all non-negative p-measurable functions.

2.4. We derive a number of corollaries of Lemma 2.4.

LEMMA 2.5. Let & = (a4, o#y, K) be a regular family with transition
function p. Then for any p-measurable function f and any Markov time t
(with respect to of+) the function f(z, x,) coincides K-almost surely with a
certain M« -measurable function.

PROOF. We denote by &% the set of all functions f for which the asser-
tion of the lemma holds. By Lemma 2.4 it is sufficient to show that &
contains %. But this assertion follows from [10] (IV, Theorems 47 and 49).

THEOREM 2.2. Let &% = (x4, #;, K) be a regular class. If f is a
bounded (or non-negative) p-measurable function on &, then the function

F(t, x; u) = P, flu, x,)

is measurable jointly' with respect to (t, x) and u, and also jointly with
respect to x and u.

For F is p-measurable with respect to (¢, x) and measurable with respect
to x. If f € @, then F is continuous on the right in ¥ and thus measurable
jointly with respect to (¢, x) and u, and also jointly with respect to x and
u (see, for example, [7], Lemma 1.10). It remains to apply Lemma 2.4,
denoting by & the class of all functions f for which the statement is true.

2.5. In the homogeneous case the space E, does not depend on ¢, and

& =TXE.

THEOREM 2.3. Suppose that a homogeneous transition function p
separates states and that, for every T € & (E), the function
p(0, x; t, T') is measurable jointly with respect to t and x. Then the
o-algebra F(8) of all p-measurable sets is equal to F(T)X F(E).

PROOF.Forevery r € T, I' € F (E)

p(s, x; 6, T) =p(0, x; t =5, T)
is measurable jointly with respect to x and s; hence & (8) = F(I) x F(E).

' Let Y and Z be two measurable spaces. We say that a function F(y, z) (¥ € Y, z €Z) is measurable

jointly with respect to y and z if it is measurable with respect to the o-algebra & (Y) X & (Z).
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The inclusion # (I') = # (&) follows from the measurability of f(¢,x)=1¢
(see 1.10). It remains to prove that #(E) = & (&). Obviously, for this it is
enough to construct a system & of measurable functions on & that do
not depend on ¢ and generate a measurable structure of E.

The required system is

(28) fereop(t, 75w, Hau,
t

where A ranges over the non-negative rational numbers and f over a
countable system W of non-negative functions separating measures on E (the
existence of such a system follows from the fact that the space F is Borel).
Because p is homogeneous none of the functions (2.8) depend on r.
By Fubini’s theorem these are measurable functions from & to E. Let us
show that the system ¥ separates points of E. If all functions in &
coincide at the points x and y, then there exists a subset A of the line T
having zero Lebesgue measure such that p(0, x; u, ) = p(0, y; u, f) for all
u¢A, fe W By Lemma 2.2 it follows that x = y.
_ 2.6. THEOREM 2.4. Ler & = (¢, offy, K) be a rigid, regular class. Let
T be a countable everywhere dense subset of T and W, a countable system
of bounded functions on E, separating measures. Then the system of
functions

(2.9) olx,) (teT, ot €W

separates the measures in K,. Together with the functions x, > (t € 7’) it
separates measures in K.
PROOF. Let P;, P, in K satisfy the relations

Pipf(xs) = Prof(xy) (t € Af, ot € W)
Then for t € T
(2.10) Piff(xe) = Pafi(x,)

for all measurable functions f* in E,. In particular, if f*(x) = f(t, x) € €
then (2.10) is satisfied for all # € T, hence also for all r. By Lemma 2.4
it follows that (2.10) holds for all ¢ if f'(x) = f(¢, x) is any measurable
function in &. Relying on Theorem 2.1 we conclude that P, and P,
coincide on all the sets (2.2). Further, the functions P;{x; = a;} = Pi{a > ¢}
(@ = 1, 2) are continuous on the right in z. Therefore, if the equation
P {a > t}=P,{a > ¢} holds for t € T, then also for all t € T. Conse-
quently, P, and P, also coincide on the sets (2.3). By Lemma 2.3 P, = P,.
If P,, P, € K,, then the equation P,{a > t}=P,{a > t} holds automatically,
because by (1.4) Pi{e > 1} = x,5,-

2.7. Now let & = (x;, o#f;, K) be a Markov family with transition
function p. A function f on & is called % -measurable if for any P € K
there exist p-measurable functions f; and f; such that
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a) fi <f<fr;

b) fi(t, x;) = f(¢, x;) for all t € A (P-almost surely).

The class of &¢-measurable functions contains the constants and is closed
under addition, multiplication, and limit passage. From this it follows that
sets whose indicator functions are é¥-measurable form a o-algebra and that
the class of é¥-measurable functions coincides with the class of functions
measurable with respect to this o-algebra.

LEMMA 2.6. If & =(a;, oy, K) is a regular Markov family with
transition function p, then for any universally measurable ©' C E, the
function p(t, x; u, U') is &% -measurable and &% -continuous.

PROOF. We consider in £, the measure

w

n(4)= S eth (¢ 25 u, A)dt
and we introduce I'y, ', € # (E,) such that ', ¢ ' C ', and
u(L,\l; ) = 0. For brevity we write r(#) = p(¢, x;; u, ), ri{(t) =p(t,x;;u, ;)
(i=1,2),8 =r, —r,. Obviously,

w

P S e’ §(t)dt=p (I,\T') =0.
Since 8(¢) is non-negative and continuous on the right (P-a.s.), it follows
that §(t) = O for all ¢ (P-a.s.). It remains to note that the functions
p(t, X; u, I') are p-measurable and é% -continuous.

2.8. THEOREM 2.5. Let & =(a, ofly, P) be a regular Markov process.
With each function f on & we associate a real-valued random process

f(@, x((w)) for t € Aw),
0 for t & A(w).

If fis & -measurable, then (2., of;, P) is a Meyer process.

PROOF. The set &# of functions f for which this assertion holds
contains ¢ and is closed under linear operations and limit passage. By
Lemma 2.4 & contains all p-measurable functions. It remains to note that
if f is &% - measurable and f,, f, are functions defined by conditions a)—b)
of 2.7, then the processes f, (¢, x;) and f, (¢, x;) are P-indistinguishable.

2.9. We derive some corollaries from Theorem 2.5.

COROLLARY 1. If fis a 88 -measurable function and r is a Markov
time with respect to the filtration ofl, then f(r, x;) is measurable with
respect to .

For the proof it is sufficient to compare Theorem 2.5 with the results
of [10] (VIII, Theorem 15 and IV, Theorem 49) and to note that if the
processes z, and z; are P-indistinguishable, then the off; -measurability of z,
follows from that of z;.

COROLLARY 2. If A is a & -measurable set, then

z(w) =
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ta(0) = inf{&: (¢, z(w))€ 4}

is a Markov time with respect to eﬂz and for any & > 0 there exists a
Markov time T, (with respect to oMl ;) such that

(2.11) {re €A} ={(ve, z:) €4},

(2.42) Pra €A} <P{r.ch) +e.
For the proof it is sufficient to apply Theorem 2.5 and the result of
Meyer stated in 1.8 with f(¢, x) = x, (¢, x) and ¢ = 1.

§ 3. The strong Markov property

3.1. We shall show that regular Markov processes have the strong Markov
property. A weaker form of this property will be proved in Theorem 3.1,
and a stronger form (for regular classes), in Theorem 3.2.

3.2. THEOREM 3.1. Suppose that a Markov process (x,, #;, P) with
transition function p satisfies conditions 1.12.B and 1.12.D. Let 7 be a
Markov time with respect to ofy. Then for any T' € F (E,)

(3.1)  Pla, €T | ohis} = p(t, 25 £, T) (m. 1. P, T€ Ay,
where Ay = A N [—oo, 1),

REMARK 1. Theorem 3.1 applies, in particular, to regular processes and
also to their completions.

REMARK 2, From (3.1) it follows that for any non-negative measurable
function f on E,

(3.2) P {f(zs) | M} = plx, 245 8, f) (P-as., 7 € A,).

PROOF. Let S = {sp<<s <.. .<<$,} be any finite set of numbers.
We put

(3.3) og(f) = s; for s;_;, <t < g,

where s_; = —<°, 5,41 = +oo. We consider an increasing sequence of sets
S, whose sum is everywhere dense in T, and put ¢g (r) = 7,. It is easy to
see that 7, is a Markov time. If A € ofi¢,then {4, 7, =5 € A} =
= {4, 1<s, 1, =s€EA} € offigand by (1.1) for s < ¢
P{4, 1, =s€A 5, €T} =P{4, 1, =s€A, pls, z; 1, [)} =
=P{4, 1, =s€A, pl(t, Zy5 b I)}.

Summing these equations over all values s of the Markov time 7,
belonging to A, we have

(34) P{A7 Tn E At? X E F} = P{A1 Tn E At? p(Tny xtn; t7 r)}
Since 7,, { 7, by 1.12.B and 1.12.D (3.4) implies that

P {A7 TE At: s EF} = P {A7 TeAh p(Ty T3 t7 F)}°
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Since the functions p(r, x,; ¢, I') coincide P-almost everywhere with a
oft-measurable function (see Lemma 2.5). This implies (3.1).

3.3. THEOREM 3.2. Let & = (x4, o, K) be a Markov class satisfying
conditions 1.12.B and 1.12.D, and let T and n be Markov times with
respect to oMy, Where n is measurable with respect to #x. Then for any
p-measurable function f > 0 and P € K

(3.5) P {f(n, zq) | #} = F(t, 25, m) (P-as., 7 <7, 1 € A),
where
(3.6) F(t, x, u) = P, f(u, x,).

If the transition function p for the class 8 is homogeneous then for
any P € K, t 2 0, and any measurable function f 2 0 in E

BT P {f(zere) o) = plt, e, f) (P-as., 7 € A)

REMARK. Theorem 3.2 applies, in particular, to regular classes ¢ and
also to their completions. For the latter case, (3.5) extends to all
&% -measurable functions f 2 0, and (3.7) holds for all universally
measurable functions f= 0.

PROOF. Let pg(f) be defined by (3.3). We consider the sequences S, as
defined in the proof of Theorem 3.1, and put 7, = s, (n).

By 1.10 f*(x) = f(s, x) is a measurable function on E,, and by (3.2)
and (1.5)

(3.8) P{f'(z))|M}=p(T, 2 s, )=
=P . f(2)=F (7, 2, s) (P-as., 1€A4).

The set A,, ={n, =s > 1 € A} belongs to o#¢ and on it 1 € A, and
1. = 5. By (3.8)

(-9) P {tan™ (2n,) | o' e} =
= YansF (¥, 2o, 8)=yansF (T, 2o, Nn) (P-a.s.)
Summing over all s we obtain
(3-10) P {%an>rves ™ (Tnn) | o} = Ymn>vea F (T, 21, M) P-a.s.)

To begin with, let f € €. Then the function F(¢, x, u) is bounded and
continuous on the right in u. Going to the limit in (3.10) and taking
1, + n into account we get (3.5).

Lemma 2.4 applies to the set & of all functions f for which (3.5)
holds. Thus, & contains all p-measurable, non-negative functions.

If the transition function p is homogeneous, then by Theorem 2.3 the
measurable function f on E is a p-measurable function of (¢, x). Applying
(3.5)—(3.6) to n = 7 + t and noting that F(s, x, s + ) = p(¢, x, ) we
obtain (3.7).
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3.4, For the case when 7 = a, the strong Markov property can be
expressed in the following form.

THEOREM 3.3. Let & = (2;, ofy, K) be a regular class and let F be
the o-algebra on Q generated by the random process x; and by all
K-negligible sets. Then for all P € K, £ € F.

(3.11) P{t|oHs) =Py, t (P-as.)

PROOF. The set of functions ¢ for which (3.11) holds is closed under
linear operations and taking non-increasing limits. Therefore, to prove that
(3.11) holds for all ¢ € # it suffices to verify that it holds for the
functions

(3.12) £E=filxy) ... falxy),

where f; < ... < f, € T and f; is a measurable non-negative function on
X, that vanishes at a,;.

If A€ oMy then {4, ti €A} = {4, a <t} N {B >t} € oMy, and by
(1.8)

P{xa, uea 8 =P{xa, ueaf(z4)},

where
T (@) =Ff1 (@) Py, x f2(2ty) - o« fn(22s)-

Hence

(3.13) P& | Mo} =P{f (z¢) | Mo} (P-as., f; € A)
From Theorems 2.1 and 3.2 (for n = #,) we have

(3.14) P{f(zr)| Mo} =Po,x, f(z) (Pas, a<i1)
From (3.13) and (3.14) we have

(3.15) PE|Ma) =Py, [ (22) (P-as., ; € A).
On the other hand, by (1.7) for s < ¢,

(3.16) Py, 2 {E| e} =1 (71,) (P-as., t; € A).

If t; < a, then & = f(xt,) =0;if § <, then ¢ =f(xt,) =f1(bt,) ---fn(bt,,)-
Therefore, (3.15) and (3.16) are also satisfied for f, ¢ A. From (3.16) we
have

(317) Ps,xs = Ps, :cf(xtl )
Comparing (3.15) and (3.17) we obtain (3.11).
§ 4. Essential points

4.1. We call a point (#, x) of the phase space & essential if the state
x € E, is essential, that is, if (1.9) is satisfied. The set of all essential
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points of & is called its essential part and is denoted by &’. The
essential part E; of the state space E; is defined analogously. The aim of
this section is to prove that almost all trajectories of a regular class consist
only of essential points.

4.2. We shall use one general result concerning the integral representation
of measures ({4], Theorem 2.1). Let M be a separable! family of
measures on a o-algebra & in Q, and let # be a os-algebra contained in
F .We assume that for all P€ M and all C € &

(4.1) P(C |#) = P®(C) (P-a.s.)

where P € M for every w € © and P* (C) is an # -measurable function
for every C. We denote by M, the set of measures P in M such that P(4)
is equal to O or 1 for all A € +#. Then the set M, is measurable in M, is

contained in the set {P“} and any measure P € M can be represented in

the form

(4.2) P= {PR @),
where e
(4.3) n(B) = P{w: P® € B}.

4.3. THEOREM 4.1. Let & = (zy, oM, K) be a class of regular Markov
processes with transition function p that separates states. Then the essential
part & of the phase space is p-measurable, and for any P € K, C € H4°

(4.4) PO)= [Pc(C)dn,
%l
where
(4.5) WIT)=P {(, z,) €T}

PROOF, We denote by ., #: and # the o-algebras in Q generated by
the system of all K-negligible sets together with #°, o, (14" and #s (NS,
respectively. Let M be the set of measures P € K restricted to F. It is
easy to see that (x,, F: M) is a class of Markov processes. By
Theorem 2.4 the family M is separable, and by Lemma 2.3 P, .(C) is
p-measurable for any C € #.

We now apply Theorem 3.3 to (x;, ¢ M). By this theorem, (4.1) is
satisfied if we denote by P“ the restriction to # of the measure
Py, x, € K. By Lemma 2.5 it follows that P (C) = P, , (C) is
4 -measurable for any C € #. By 4.2 the set M, is measurable in M, is
contained in the set {P, .} and any measure P €o# can be represented in
the form (4.2).

! we say that the family M is separable if we can find a countable system of functions separating
measures in M.
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By the definition of measurable structures in € and M the formula
(4.6) (t, x) > Py

defines a measurable mapping of & into M. We shall show that &’
coincides with the inverse image of M, (consequently, & is
measurable)- and &’ is mapped onto M, isomorphically (consequently (4.2)
and (4.3) are equivalent to (4.4) and (4.5)).

If A€ o#e) N, then by (3.11) for any P € K

Pa'xa(A) = P(AIO/,{a) = %a (P'a.S.)
In particular, for (¢, x) € &
P, (A) = Py, (4) = x4 (P, -as)

hence P, ., € M,.

On the other hand, if P, ., € M,, then any # -measurable function is
constant (P, .-a.s.). In particular, this applies to p(a, x,; u, /) = P¥ f(x,).
However, P; .{a = ¢t} = 1, hence p(¢t, x;; u, f) = const (P, .-a.s.). By
Lemma 2.2 it follows that for a certain y € E;

4.7 x¢ =y (P .-as.)

From (1.4), (1.8) and (4.7) we conclude that for any u > ¢ and
r e#(E,)
P(t, z, u, F) = Pt:x{xu € F} = Pt.th,xt {xu € F}=

= Pt,xp(tv Zyy Uy F) = P(t7 Y u, F)

hence x = y. Therefore (4.7) implies that P, ,{z, = z} = 1, so that
¢ x)e&.

Since the functions p(¢, x; u, T') separate points of & (see 1.10), (4.6)
establishes a one-to-one correspondence between &’ and M,. We already
know that this mapping is measurable. It remains to verify that the image

of any p-measurable set ' C & is measurable in M. But this image is
described by the formula

(48) {P : P EMev P[(O‘v xa) E F] = 1}

By Lemma 2.5 the p-measurability of x (¢, x) implies that of x(a, x,).
Therefore the set (4.8) is measurable in M.
4.4. THEOREM 4.2. Under the assumptions of Theorem 4.1

4.9) x, € E, forallt € A (K-as.)

PROOF, Putting ' = & in (4.5) and C = Q in (4.4) we conclude that
for any P € K

P{(av xa) € gl} = 1.
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Hence it follows from (1.6) that for any ¢, x
(4.10) P.{(t,z;) €&} =1.

Since the set 4 =& \ &'is p-measurable, by Corollary 2 of 2.9 for P € K
and & > O there exists a Markov time T = T, with respect to of: for
which (2.11)—(2.12) hold. We apply Theorem 3.2 to the completed process
(x:, off;, P), the p-measurable function f(#, x) = x 4 (t, x) and the Markov
times 7 and n = 7. We have

(4.11) P{f(t, zJ)loh) = F(z, 2., 1)  (Pas., 7 € 4)
where F(¢, x, u) = P, .f(u, x,). But by (4.10)
F(t,z, t) = Py ft, z) = P {(t, z,) €&} = 0.
Therefore it follows from (4.11) that
F{(r, z) CA} = PF(z, z, 1) = 0.

By (2.11)—(2.12) it follows that P{t, € A} <<e. Since & > 0 is arbitrary,
P{v4 € A} = 0, which is equivalent to the assertion of the theorem.

§5. Excessive functions

5.1. Let p(s, x; t, T') be a transition function in the spaces E;. A non-
negative function A'(x) (¢t € T, x € E,) is called excessive with respect to
p (or, more briefly, p-excessive), if:

5.1.A. For every f, h'(x) is universally measurable with respect to x.

5.1B. Foralls< te T, x € E

ps, x; t, B*) < h*(x).

51.C. p(s, x;t, ') > h(x)as t | s.

From these properties and the Kolmogorov—Chapman equation 1.10.D, it
follows that p(s, x; ¢, ') is a non-decreasing and right-continuous function
of t.

The aim of this section is a proof of the following result.

THEOREM 6.1. Let && = (x;, # ¢, K) be any regular family with
transition function p. Then all p-excessive functions are & -measurable
and & -continuous.

5.2. The proof of Theorem 5.1 relies on two lemmas.

LEMMA 6.1, Let p be an arbitrary transition function. The class of all
p-excessive functions can be described as the minimal class &# of non-
negative functions on & containing all functions'

(5.1) plt,z;u, ) (weT, TeF(E)

U & (E) denotes the universal completion of the o-algebra & (Ey).
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and having the properties:

52A. Ifh,, h, €8, c1,cy = 0, then cihy + c,hy, €.

52B. If h, € & and h, * h, then h € .

PROOF. From the Kolmogorov—Chapman equation the fact that the
function (5.1) is p-excessive follows easily. The class & of all p-excessive
functions obviously has the property 5.2.A. We verify that it also has the
property 5.2.B. Let A, be p-excessive and h7(x) t h,(x). Obviously k satis-
fies 5.1.A. By Fatou’s lemma A also satisfies 5.1.B. From the inequalities
p(s, x; t, hf,) < p(s, x; t, k') < h*(x) it is clear that the lower and upper
limits of p(s, x; ¢, k') as ¢} s are contained between ki (x) and h*(x).
Letting n - o, we see that h satisfies 5.1.B.

Now let & be any class with the properties described in the lemma.
We prove at first that &£ contains all functions

(5.2) plt,z;u, 9) (WET, € F(E)).
We put

. . i1
cpn(x)=—2% for xEI‘in={x:%<(p(x)<l;;

It is clear that ¢, 1 ¢ and, consequently, p(t, x; u, ¢,) Tp(t, x; u, ¢). But
Pt x5 u, on) =) %p (t, z; u, Tin).

By 5.2.A. and 5.2.B, (5.2) belongs to .
Let us prove that S# contains every excessive function h. We consider
a finite set of numbers S = {85, <s;<<...<<$,} and put

m=—1
(5.3) F'(z)= ,;1 Pt 25 85 1) P (8 75 Smy o),
where fy(x) = h%(x) — p(s;, X; S;41, A%+1). By 5.1.B f; > 0 and by 5.2.A
Fe . Weput so = —e. If 5,y <t <5, (i=1,..., m), then
e B . 5 >
Pt 258, 1)) ={g(t’ % o W =P i spy BirY o Pl
for j < i.
Therefore
(5.4) Fi(x)=p(t, 2;s, B*) for s <t<s; (i=1,2,...,m),
Let

Yit) =5 for sa<t<s; (=1,2, ..., m).

From (5.3) and (5.4) it is clear that.

(o [P TR, AN for £ < s,
(5.5) F (x)._{o or e S
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Now let S range over an increasing sequence of sets S, whose union is the
set of all rational numbers. We denote by F, and ¢, the corresponding
sequences of functions (5.3) and (5.4). It is easy to see that y,(f) ! t. By
(5.5), 5.1.B and 5.1.C, Fi(x) t h'(x). From 5.2.B we conclude that h € .

LEMMA 5.2. Let (x,, ofy, P) be a Markov process on the interval A(w),
with transition function p. Then for any u € T, f€ F(E,), the triple
(p(t, x,; u, f), oMy, P) defines a supermartingale on A(w). Let (x,, ofly, P)
be the completion of the process (xy, My, P). To each p-excessive function
h there corresponds a supermartingale (h'(x,), My, P) on A(w).

PROOF. By (1.2) and 5.1.B

_P{k‘ (x,)lJ{_s}=p(s, Ze; b, B <A (25) (P-as., s € A).

By 1.6.A the process p(t, x,; u, f) is adapted to the filtration o#,.
From 5.1.A it follows that for any p-excessive function h the process h'(x,)
is adapted to ol y.

5.3. PROOF OF THEOREM 5.1. By Lemma 2.6 the class & of all non-
negative 8% -measurable, ¢¥ -continuous functions contains all functions (5.1)
and satisfies 5.2.A. By Lemma 5.1 the theorem will be proved if we can
show that & satisfies 5.2.B. If 4, € &£ and h, t h, then h, obviously,
is 8% -measurable. To prove its & -continuity it is sufficient to apply the
proposition at the end of 1.9 to the supermartingales (h'(x;), ofls, P), where
P is an arbitrary measure in K.

5.4. We derive some corollaries from Theorem 5.1.

COROLLARY 1. If (x,o#t,P) is a regular Markov process with transition
function p and h is any p-excessive function, then (P-a.s.) hi(x;) has left-
hand limits at all points of the interval (o, B]. L

For the right-continuous non-negative supermartingale (h!(x,), o#¢, P)
P-almost surely does not have a discontinuity of the second kind and has a
limit as £ - o (if +o € A). If A is not random, then this is proved, for
example, in [10] (VI, Theorems 3 and 6). We can pass from a random
interval to a non-random one by means of the extension theorem stated in
1.9.

COROLLARY 2. Let & be a regular class. If £ € 4 (¢, =), then (K-a.s.)
the function P, .t is continuous on the right at s in the interval [a,§ A t].

For in accordance with (1.8) for s < ¢

Ps. xg)(ﬂ)! = Ps. xEXA (t) = Ps- th, xt§= p (S, x; &, (P);

where ¢(x) = P, ,& and the right-hand side is ¢¥ -measurable by Theorem
5.1. On the other hand, £x;, does not depend on w, hence P, ,&x;¢,
does not depend on s and x.
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§6. The uniqueness of a rigid regular re-construction

6.1. Two theorems will be proved in this section. The first one expresses
in terms of ¢% a random process adjoint to a regular re-construction of
the class ¢, The second one asserts that the rigid regular re-constructions
of ¢ are indistinguishable.

THEOREM 6.1. Let &f:(;}, Jt, K) be a regular re-construction of
the class & = (a1, M¢, K) and R a countable everywhere dense subset of
T Then forany u €T, 9 € F (E,)

(6.1) i5t A (zo) =limp(r, zr5u, @) forall t € A (K-a.s.).
. rit
reéR

The proof is based on the following lemma.
LEMMA 6.1. In the notation of Theorem 6.1 the function

(6.2) OHz) = P, 9(z)

is excessive with respect to the transition function [7 of & . For any teT,
PeK

(6.3) OYzy) = Plo(z,)|oflsy)  (P-as., a < t < B).
PROOF. Applying (1.8) to the Markov process (x;, off, Fs,,x) we have
O (2) = Pe. Pt 2,9 ()
According to (1.10), for all ¢ outside the countable set A(?s,x)
Py, =P, B, .as).
Therefore
(6.4) O (@) =Ps, P, 0 (@) =P (5, 23, D)
for all ¢ ¢ A(i, «) in the interval (s, u). From (6.4) it follows that

4
i

(6.5) @* (z) =

—— S;(s, x; t, ®F)dt.

s

By Theorem 2.2 the function 5(s, x; t, ®) = ﬁs,xét(xt) is measurable
jointly with respect to x and z. Therefore Fubini’s theorem is applicable,
and by the Kolmogorov—Chapman equation 1.10.D, (6.5) implies that for
r<s<t

;(r, z; 8, O%) =

u
S; (r, 23 t, ) dt.

8

Uu—s

The right-hand side does not decrease as s { r and tends to ®"(x). Therefore
& is p-excessive.
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By Theorem 5.1 forany t € T, P€ K
(6.6) '(%) = lim &%) (Pas., t € A).
But for r ¢ A(P) by (1.2)
67 O (@)=P, 30 @) =P 59 =
=P {¢ (x) | A} (P-as., r € A).

(6.6) and (6.7) imply (6.3).

6.2. PROOF OF THEOREM 6.1. The existence (K-a.s.) of the limit on
the right-hand side of (6.1) follows from Lemma 5.2 and a well-known
property of supermartingales (see, for example, [1] (Chapter VII, Theorem
3.3). Obviously this limit is continuous on the right in . On the other
hand, from Lemma 6.1 and Theorem 5.1 it follows that the left-hand side
of (6.1) is also continuous on the right in ¢ (K-a.s.). Therefore, to prove
(6.1) it suffices to verify that the equation is satisfied for any ¢ € T and
any P € K (P-as., t € Z). This is so by (6.3) and the equations

(6.8) Yimp(r, zr; u, @) =1im P{ (zu) | o} =

i 2 i
.——_P{(p (1‘,,,)|d//‘+} (P-as., t € A).
(see (6.7)).

6.3. THEOREM 6.2. Any rigid regular re-constructions &% and & of
the Markov class ¢ are indistinguishable. X

PROOF. Let & =(z;, #y1, K), & =(z, ofly, K), 6& = (21, oAy, K). By the
definition of a re-construction, K=K=K.Ifa and g are the end-points
of the interval A, then by 1.12.B and 1.13, A = [a, §) = A (K-a.s.).

We consider the system of functions (2.9) separating measures in K,. By
(6.1)

ﬁu, ;ufpt (Iz)=f’u, ;CufPt (z:) for all u € [a, ) (K-a.s.).
Therefore (1.10) is satisfied and & is indistinguishable from &7 .

§7. The adjoint process of a regular re-construction

7.1. The aim of the two concluding sections is to construct a regular re-
construction & = (z;, ofl;, K) of a canonical class &€ = (z,, oy, K) corres-

ponding to an arbitrary transition function p.
The key to the construction is given by Theorem 6.1, which states that
if a regular re-construction exists, then the corresponding adjoint random

process P{’ = ﬁ,,gt(w, is expressed in terms of é¢ by (6.1). The construction
of P¥ will be carried out in this section, and the construction of the class
& in the following section.
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7.2. We fix a countable everywhere dense subset R of T and denote by
v(t, ¢; u, w) the limit on the right-hand side of (6.1). By Lemma 5.2 and
well-known properties of supermartingales (see, for example, [1]}, Chapter 7,
Theorem 3.3) it follows that this limit exists for all £ € [a, 8) if w does
not belong to a certain K-negligible set Q(u, ¢). We select in every space
E, (u € R) a countable family of functions W, and denote by Q' the
sum of the Q(u, g)over all u € R, ¢ € W, It is obvious that Q' is
K-negligible and that

(7.1 v({t, @ u, o) =lim p (r, z: (®); u, §)
rit
reR

forall w ¢Q',t > a(w), U €ER, p € W,.
For a special choice of the families W, we construct measures
Vi, o in the spaces E, such that

(72) v (t: P, U, (‘)) = 'VL,(,,(‘P)

forall w € Q', t > a, u € R, ¢ € W,. After this we construct a
K-negligible set o 2 £’ and measures P € K, for which

(1.3) PP {z,T)=v, o()- for w & Q,, t€[a, B), u€R, T€F (Ey).

7.3. It is known (see [4], 3.2) that in any Borel space E a support
family can be constructed, that is, a countable family of non-negative
bounded functions W containing unity and satisfying the following
conditions:

7.3.A. If u, is a sequence of finite measures on E and u,(p) converges
for any ¢ € W, then we can find a finite measure 4 on E such that
un(p) > u(y) for all p € W.

7.3.B. If a set & of non-negative functions on E contains W and is
closed under addition, multiplication by positive numbers, subtraction
(leading to non-negative differences) and non-increasing limit passages, then
& contains all functions ¢ € F (E).

Let W, be a support family in E,. By 7.3.A the existence of
measures v;, , satisfying (7.2) follows from (7.1). By (7.1) and (7.2) we
have

(7.4) Vi o (@) =lim p (r, z, (®); u, ¢)
e
forall w ¢ Q',r>a, u€R,pEW,.

We denote by ofl; the minimal o-algebra in © containing #:+ and all
K-negligible sets. From (7.4) and (6.8) it follows that for any u € R and

any P € K
(7.5) vo@) = Plo@)lol)  (Pas, a < D).
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Since this equation holds for ¢ € W,, it follows by 7.3.B that it holds
for all ¢ € FE,).

7.4. The construction of the measure P{ from the system of measures
i, o is based on some lemmas.

LEMMA 7.1. Let R' be a countable everywhere dense subset of the half-

line (¢, =), and for every u € R* let v, be a measure on E,. Let

S vu(dx)p W, 2;0, 1) =% (I) for all u<v€R', '€ F (E,)

£y

and
lim v, (E,) =1.
ult

Then there exists a unique measure P € K, such that
P{z, €T} =v,(I) forall u€R, T € FE,).

The proof of this lemma follows easily from Lemma 3.1 of [4].

LEMMA 7.2. For any u € R, ¢y € & (E,), P € K, the triple
(%, (9), ofly, P) defines a supermartingale on the interval [a, «) which is
continuous on the right (P-as.).

PROOF. We denote by & the set of all functions ¢ € F(E,), for which
the assertion of the lemma holds. From (7.4)—(7.5) it follows easily that
W, € #. By 1.9 the set &% is closed under non-increasing limit passages. It
is obviously also closed under the other operations listed in 7.3.B. By this
condition ¥ = F(E,).

LEMMA 7.3. The limit

(7.6) ¢ (@) =Hmv! (Ey,)
ult 4
ueR

exists for all w € Q', t > o, and for any P € K the triple (c;, Jtt, P)isa

supermartingale on the interval [a, «); ¢, is continuous on the right (P-a.s.).
PROOF. We put vy, = »}, ,(E,). By (7.6) and 1.6.D, it follows that »}

does not increase in u for u > t. Therefore the limit (7.6) exists. By (7.5)

(1.7 v =P{z,€E,| M} =P{p>u|cfls} (P-as, a <?).

Let ¢(¢) be any non-decreasing function with ¢(¢) > ¢ for all t. By (7.7)
for s <t

P{ve| ol =P{B=> @ (t)| s} <P (B> (s) | ofls} =Viy (P-as., a < s).

Moreover, vz,(,) is measurable with respect to wit. Hence (vz,(,), JZ}, P) is a
supermartingale.
Let 5,, * . We associate with the set S = {s;, ..., Sm, ... } the function

ws(t) = s, fors, , <t<s, (m=1,2,..)),
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where s, = —e. We note that the function

Vistty = Vo TOT 1 € [Spy_1,85m)
is continuous on the right in ¢. We now consider an increasing sequence of
sets S, whose union is R. It is obvious that gg (#) | . According to (7.6)
v;,s" ® t ¢, and the assertion of the lemma follows from the properties of

supermartingales stated in 1.9.
7.5. By (7.5) and (1.2) for any t < u <v,p € W,, P € K

{9, 0@ P, 23 v, @) =Pp(u, 203 v, @) | o} =

by
=P {P (g (o) | oul|ofls} =P {p(z0) | s} =7} , (9) (P-as., t > a).
By (7.6) and (7.7)

e (co)=nﬁv;,w(Eu)=P{t<rs|@//tt+}=1 (P-as., « < t < B).
ueER

Therefore we can find a K-negligible set Q" D ' such that

(1.8) [ 0@ pw 20, 9= (@
Eu
forall w € Q", t€E RN (e, B);v > U €ER N (L, =), p €EF(E,):
(7.9) cllw)=1forallw ¢ Q", t € RN (a, p).

But by Lemma 7.2 both sides of (7.8) are K-almost surely continuous on
the right in ¢ (the left-hand side is equal to vy ., (f) for f(x)=p(u, x; v, ¢)).
By Lemma 7.3 a similar property holds for ¢,(w). Therefore outside a
certain K-negligible set Q, 2 Q", (7.8)—(7.9) are satisfied for all ¢ € [a, §),
v>u€RnN( »)and ¢ € W,. By 7.3.B it holds for any ¢ € F (E,).
By Lemma 7.1 for any w ¢ Q, there exist for all + € [a, ) measures P{
satisfying condition (7.3).

7.6. We formulate a theorem, which summarizes and somewhat comple-
ments the results obtained in 7.1-7.5.

THEOREM 7.1. Let &% = (2, M, K) be a canonical class of Markov
processes with transition function p. Let R be a countable everywhere
dense subset of T and W, a support family in E,. There exist a K-
negligible set o and measures PY € K, such that

(7.10) PPo (z,) =limp (r, z;; u, 9)
TR
forall w ¢ Qo,t € [a,B), u €ER, 9 EW,.
We denote by My the minimal o-algebra containing K and all K-
negligible sets. For any P € K, £ € 4 (¢, ]
(7.11) P {§|of:} = PPt (P-as., € la, B)).
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For any ¢ € A [u, =] the function Pt is K-almost surely continuous
on the right in t on the interval [a, u N B).

PROOF. The first assertion of the theorem follows from (7.3)—(7.4)
already proved. It is sufficient to verify (7.11) for functions ¢ of the form
£=fi(xe) ... fa(xy,), where t < £, < ... < t,, f; € F (E). We put
¢ (x) = Py, x‘é letr € RN (¢, ). Takmg into account that o = oty
P € K and using (1.8), (7.3) and (7.5) we have

(142) P{xa () E[ ol =P (P (xa (NE|A,)| oy} =
=P (" (2;) | ot} = PPo" (2,) =PPya (1) & (P-as., t € [a,p)).

Asr V t(reR), x,(n~ Xla, Bl(t)’ and (7.12) goes over into (7.11).
Now let £ € S [u, ]. We choose r € R N (—, u). Since & € S (r, ]
and P € K, by (1.8) and {7.3)

(7.13) PPxgiE=Piya (1) E=PPe" (2r) =
=] ,(®) forw ¢, t € [a,7 AB).

On the other hand, ¢ € A (r, =] is constant on the set {# <r} and
therefore

(7.14)  PPypert=const PY {B<r} =const [1 —v}, , (E)].

By Lemma 7.2 the right-hand sides of (7.13) and (7.14) are continuous on
the right in ¢ for ¢+ > a (K-a.s.). Consequently P{’¢ is continuous on the
right in ¢ on the interval [a, ¥ A 8) (K-a.s.). Since [a, u A B) is the union
of a countable number of intervals [a, # A §) for r < u in R, Pt is
continuous on the right on [a, u A 8) (K-a.s.).

§8. Existence of a regular re-construction

8.1. In the preceding section we have constructed measures Py’ in terms
of a canonical class & for all w ¢ Q,, ¢ € [e(w), B(w)), where &, is a
certain K-negligible set. We extend them to £, by the formula

8.1) Py = P, for t € [a(w), f(w)),
where P, is some element of K.

We put

(8.2) Xe(w) = P,

We consider the filtration o//;t described in Theorem 7.1 and prove that the
set & = (zy, e//?,, K) defines a regular re-construction of & .
8.2. For the random process X,(w) = P{’ the state space is E, = K,;. We

denote by X, the extended state space obtained by adjoining to E, two
fictitious states a, and b,.
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We need the following lemma.
LEMMA 8.1, Let 4 be the minimal o-algebra containing N (t, =) and

all K-negligible sets. If F is a measurable function on )~(t, then FIX:(w)] is
measurable with respect to the o-algebra JZ,M‘.

PROOF. For brevity we put Jt,n.,@' = #. According to Lemma 2.3 a
measurable structure in K and hence also in K, is generated by the functions

F(P) =Pz, €T} (€T, TeF(X)).
Therefore to prove the lemma it suffices to convince ourselves of the
& -measurability of the functions
8.3)  F(m(o)=F (@) =P {zT}(ueT, T€F (X).
Since Py’ € K, by (1.4)
P {2, €T}=yr(as) for u < ¢,
Py {zu=a,}=0 for u > t.
It is therefore sufficient to verify the & -measurability of the functions
(8.3)foru > t, T € F(E,).

We note first of all that by (7.10) and (8.1) the functions P’ ¢(x,) are
F-measurable for u € R, ¢ € W,. The & -measurability of these
functions for all u € R, ¢ € F (E,) follows from 7.3.B of the support
system W,. Finally, for any ¥ > ¢ we can find v in R belonging to the
interval (¢, u). By (1.4) and (1.8)

PPo (z,) = P{xa () @ (2) =PPp (v, 205 u, @).
Hence Py ¢(x,) is & -measurable for any u > ¢, ¢ € F (E,).

8.3. We show that the formula

(8.4) p(t, P u, I)=P{z,eT} (PeE, T e # (E.)
defines a transition function in the spaces E} = K.

By Lemma 8.1 for T' € &# (£,)

€T Mu\ A = A",
Therefore p satisfies 1.10.A. It is obvious that 1.10.B—1.10.C also hold.
Let s < t < u and P € K,. By (7.11) and (8.4)
P{z,€T}=P (P2, €T | ofil} =PPP {2, €T} =Pp (¢, P; u, I)=Pp (¢, z; u, I),
from which 1.10.D follows. Finally, as u { ¢

Pt Pu, E)=P{z,€ E)=P{a<u<p}=P{u<p)—P{t<p)=Pla <p}=1,

so that 1.10.E holds.
By Lemma 2.3 the transition function 7 separates states.
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84. Let P € K. From Lemma 8.1 and (7.11), (8.2) and (8.4) we have
for any ¢t < u, T € F(E,)

P{z, €T | My =P {z, €T}=p (¢t Py u, ) =Dt 2 u, [) (P-as., t € [a,B)).

Therefore (x;, oft;, P) is a Markov process with transition function p.
By the definition of E;, to each x € E, there corresponds a measure

l?,,x € K,;, and (8.4) implies (1.5), so that & is a class of Markov
processes.

We show that this class is regular. According to [5], §3, K is a Borel
space, K; is a measurable set in K and therefore is also a Borel space.
Consequently 1.12.A holds. It is obvious that 1.12.B and 1.12.C hold.

Finally, Theorem 7.1 implies that 1.12.D is satisfied, since according to
(8.2) and (8.4)

p(t, 7(0); u, T) = Pp{z, € T}.

8.5. We prove finally that & is a re-construction of the class &. Since
A = (a, ), A = [a, B), for any probability measure P

P{ya(t) = yz(0)} = Pla = ¢}

can be different from zero only for a countable set of values t.
Further, the equation

(8.5) P =P, 3
is equivalent to the countable system of equations

(8.6) P, .0 () =PPo (z) (uER, 9EW.).
By (7.3) the equation (8.6) can be written in the form

(8.7 P, 2 (0); uy @)=V, , (@)

But from the theory of martingales it is known (see [1], Ch. 7, Theorem
11.2) that if (z,, #+ P) is a supermartingale, then

limz, =32 (P-a.s.)
Tit
TER

with the possible exception of a countable set A(P) of values of . Apply-
ing this result to the supermartingale (p(¢, x;; u, ¢), ofi+, P) (see Lemma
5.2) and taking (7.4) into account we conclude that if t ¢ A(P), then (8.7)
holds (P-a.s.). Consequently the system of equations (8.6) and therefore
also (8.5) hold (P-a.s.).

Thus, &7 is a re-construction of ¢,

8.6. We now assume that the transition function p is homogeneous and
show that in this case the transition function ;7 corresponding to & is
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also homogeneous (under a suitable identification of the spaces E,).

In order to identify the spaces Et = K; we consider the transformations
8, of the space Q@ defined by the formula

(8.8) (0,0)(f) = ot +9) (@ —s<t<P —s).

The transformations 6, induce operators on the functions {¢ and measures
P in the space Q acting according to the formulae

(8:8) (0) =E&(850),
(8-9) { (PO,) (4) = P (85 4).
Here
(8.10) (PB,)(E) = P(0,).

Relying on the homogeneity of the transition function p it is not difficult
to verify that K is invariant with respect to the operators 8,. By (8.9) the
K-negligibility of 6,4 follows from that of A. From the equation

0,0 = a — s it follows that ,K; = K;_,. Moreover, 0, is an isomorphism of
the measurable spaces K; and K;_,. It is this isomorphism that we use for
the identification of K; and K;_,. We prove that

(8.14) Pt +s PO u+s TO) =p( Psu, D).
By (8.4) this equation can be rewritten in the form
(8.12) (PO_){zu+s €TO.,} = P{z, €T}.

The left-hand side is equal to
P{zu+5(6_,0) € TO_,}
and taking (8.1) into account we can put (8.12) in the following form:
P {o: P23 0, € T) = P {w: PE €T).

Therefore (8.11) will be proved if we show that outside a certain K-
negligible set

(8.13) Pi:%9,=P2  for all u € [a, B)

We make use of Theorems 6.1 and 2.4. Let R be a countable everywhere
dense subset of T, and let W be a supporting system of functions in the
state space E. By Theorem 2.4, to verify that two measures in K, (the
left- and right-hand sides of (8.13) are such measures) coincide, it suffices
to check that these measures coincide on the functions ¢(x,) (v € R + s,
¢ € W). By Theorem 6.1 (applied to the set R + s) we can find a K-
negligible set Q' such that

—~

(8.44)  Puys, Fues) @ (Togs)=  lim_ p(r, zr(@);v+5, ¢)
riuss, reR+s
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for all w € Q', u € [a(w) =5, Blw)—35), v ER, vy € W. But
P.ox,., = P2, and by (8.10), (8.7) and (8.14)

(PUE005) Qo =Puts, Fuss @500 (To4s) = lim_ p(r, 2:(6-,0); v+, )=
r{u+ts, reR+s

= lim p(r-s, z:(@); v+s, @)= lLm p(r, 2:(@); v, ¢)
riu, r€R r{u, TéER

for all w ¢ 6,9, u € [a(w), B(w)), v € R, ¢ € W. By Theorem 6.1 the
right-hand side is equal to ﬁu,gu(w,¢(xu) = PPo(x,) for all w ¢ Q",

# € [a,B),v €R, p €W, where Q" is a K-negligible set. Thus (8.13)
holds outside the K-negligible set 6,Q" U Q".
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MARKOV REPRESENTATIONS OF
STOCHASTIC SYSTEMS

A great deal of research into the theory of random processes is concerned with the problem of construct-
ing a process that has certain properties of regularity of the trajectories and has the same finite-dimensional
probability distribution as a given stochastic process Xg. It is a complicated theory and one that is difficult
to apply to those properties that we most need for the study of Markov processes (the strong Markov
property, quasi-left-continuity, and the like.)

The problem can be usefully reformulated. In an actual experiment we do not observe the state Xsata
fixed instant ¢, but rather events that occupy certain time intervals. This is the motivation behind the
Gel’'fand-It6 theory of generalized random processes. Kolmogorov, in 1972, proposed an even more general
concept of a stochastic process as a system of o-algebras & (I) labelled by time intervals /. Developing
this approach, we introduce the concept of a Markov representation x; of the stochastic system & (I)
and prove the existence of regular representations. We construct two dual regular representations (the
right and the left), which we then combine into a single Markov process by two methods, the “vertical”
and the “*horizontal” method. We arrive at a general duality theory, which provides a natural framework for
the fundamental results on entrance and exit spaces, excessive measures and functions, additive functionals,
and others. The initial steps in the construction of this theory were taken in [6]. The note [5] deals with
applications to additive functionals (detailed proofs are in preparation). We consider random processes
defined in measurable spaces without any topology: the introduction of a reasonable topology allows of a
certain arbitrariness. The relation between our definitions of regularity and more traditional properties
stated in topological terms (continuity from the right, the exustence of a limit from the left, etc.) are
considered in the Appendix, which is written by S. E. Kuznetsov.
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§ 1. Introduction

1.1. Stochastic systems. A c-algebra & of subsets of a set £ determines
a measurable structure in £. We then call § a measurable space and refer
to the elements of % as measurable sets.

Let (R, #) be a given measurable space and T = («, §) a real interval.
For each open interval 7 C T, let #(I) be a o-algebra contained in #. We
call #(I) a stochastic system if the following conditions hold:

219
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1.1A #U)= £(I,) when I, C I,.

1.1B. If I, t I, then #(I) is the minimal g-algebra containing all the
o-algebras #(I,).

1.1.C. Suppose that I, T I and that for each n, P, is a probability
measure on #(I,), such that P, (4) = P,_,(A4), whenever 4 € #(I,,).
Then there exists a measure P_ on #(I) that coincides with P, on
FI)(n=1,2 ..).

Let us describe an important method of constructing such systems. For
each t € T, let (E;, #;) be a given measurable space and let & be the
space of all functions w(¢) € E, (¢ € T). For each t € T the formula
x,(w) = w(f) defines a mapping of Q into E,. Let F(I) be the o-algebra
of subsets of £ generated by the mappings x,(¢ € I). Conditions 1.1.A and
1.1.B are obviously satisfied, and Condition 1.1.C follows from the well-
known theorem of Kolmogorov on measures in infinite products, provided
that E, is a Borel space (that is, E, is isomorphic to the Borel subsets of
a complete separable metric space).

Let #(I) be a stochastic system. We write F<t=F(a,1), F>i=F(t,h).
For arbitrary s < ¢t € T, we define the g-algebra #(s, t-+) as the intersection
of all #(s, u) with u > t. The o-algebras F(s—, 1), F(s—, t+) etc., are
defined similarly.

A probability space is a triple (Q, &, P), where (Q, #) is a measurable
space, and P a probability measure on &#. We shall be interested in
stochastic systems in probability spaces.

1.2. Markov representations. Transition and co-transition probabilities.

By a random process we mean a set of measurable mappings x,(w)(t € T)
from a probability space (R, &, P) into Borel measurable spaces

E, (the state spaces). We call the random process x, a Markov representation
of the stochastic system &(I), if the following hold:!

1.2.A. The mapping x, is measurable with respect to #(I) when ¢ € I.

12B. Forany t €T, £ € F<: and 1 € F;

P{&n 2.} = P{E| 2z} P{n | 2;} (P-as.).

We denote by F«: the minimal o-algebra containing # ., and all the
sets {z; €T} where I' ~ %,. The notation F 1, F(s, 1, Fls,t) is defined
similarly. (We emphasize that all these o-algebras depend on the choice of
the representation x, of the stochastic system &#(I).)Then the condition
1.2.B is equivalent to each of the following conditions:

1.2.B'. Forany t € T andn € F>:

P Faui = Pnlz} (Pas).

1) The notation & € F means that £ is a non-negative & -measurable function. By Pt we denote the integral
of ¢ with respect to the measure P. If Pt < =, then we say that the function § is P-integrable.
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12.B". Forany t € T and t€ 5«

P{E| #>t} = P{E | 2} (P-as).

Of course, not every stochastic system has a Markov representation; for
one to exist it is necessary that for arbitrary t € T, £ € F«t, M € F>t

P{tn | #F(t—, t-1)} = P(E | F(t—, t+)}P{n | F(t—, t+)} (Pas.).
This condition is sufficient, provided that for all ¢ the g-algebra
F(—, t+)is generated by a measurable mapping x, from Q into a Borel
space E;, and by P-negligible sets.! We intend to choose the Markov
representation in the most expedient form, assuming that such
representations do exist at all.

We have to assume even more, namely, that there is a Markov representation
having transition (or co-transition) probabilities. The transition probabilities
for x, are a set of probability measures P,_x(t €T, x € E,), where the
measure P, . is defined on the o-algebra.# 5, the function P, .7 is measur-
able with respect to x for arbitrary m€ #s>: and

(11) Ps; xET] = Ps, xEPt, xm fOl‘ 3< t E Ta E E f(s, t]’ mn E f>tv

(1.2) Py = PP, .n for 1 €T, n€ &>
From (1.2) and 1.2.B’ it follows that
(1.3) Pin |z} = Py on (P-as.).

Therefore, under condition (1.1), the set of requirements (1.2) and
1.2.B' is equivalent to

(1.4) Ptn = PEP;, . for E€ F<to m € Fore

The pair (x,, P, ,), where x, is a Markov representatiorr of a stochastic
system #(I) and P, , are transition probabilities of x,, is called a right
Markov representation of & (I). To establish that (x,, P, ,) is a right Markov
representation of a stochastic system & (I), it is sufficient to verify that the
conditions 1.2.A, (1.1), and (1.4) are satisfied (and that P, mis measurable
with respect to x).

In contrast to Markov representations, we may talk of right Markov
representations when a stochastic system # (I) is defined in a measurable
space (Q, #), but the measure P is not fixed. Here only the Conditions
1.2.A and (1.1) remain.

We say that the right representation (x,, P,,x) separates the states if
P,'x +* P,'y when x # y.

We say that a probability measure P’, defined on the o-algebra &, is
dominated by (x,, P, ), and we write P' € K(x,, P, ), if

(1.5) Pn=PPyen forall ¢€(s, B), n€For

) We say that a set C is P-negligible if P(C) = 0, and P-certain if P(C) = 1.
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By virtue of (1.1), Ps,x € K (x,, P,yx). The condition (1.2) is equivalent to
the requirement that P € K, (x,, P, ;). We say that the representation

x,, P, ) is dominated by (x,, P, .) if each measure P, , is dominated by
(x;, Py ), that is, if for arbitrary s<<¢, 1 € F>e

(1.6) T)s. Py, M= T)s. M-

We call two right representations (x,, P, ) and (x,, l",,x)_equilglent if
there exist a P-certain event Q', measurable sets £; C E,, E/ € E;, and an
isomorphism v of E; onto E;, such that P, , =P, ., when x € Ej;

z,(0) € E;, z(0) € E; and ylz,(0)] = z:(0) when o € Q'.

Together with right representations we also consider left Markov
representations (x,, P""*) of a stochastic system & (I). The co-transition
probabilities P*** are probability measures on F <, and (1.1)—(1.4) are
replaced by

(A.7) P%%En = PSS (P"ME) for t<u€T, E€ Feu n€F It u;

(1.8) Pt = PP"® & for t€T, E€ Feps
(1.9 P{¢ |z} = Pt ¢ (P-as.) for € Fers
(1.10) Pty = P(P-*: &)y for E€ Fei M€ Foue

We define a two-sided Markov representation as a set (x,, P, ., P©%),
where x, is a Markov representation, P, , are its transition probabilities, and
P?* its co-transition probabilities. The definition of equivalence extends
naturally to left and two-sided Markov representations. The representation
(x;, Py ., P¥) separates states if from the equations P, , =P, ,, Pt-¥ = pt.y
it follows that x = y.

1.3. Transition and co-transition functions. If (x,, P, ) is a right Markov
representation, then the function

141 pls,z; 8, T) =Py {x, €T} <t€T, x€E,, TER,)

Ly

has the following properties:
1.3.A. p(s, —; ¢, I') is a measurable function in the space E,.
1.3.B. p(s, x; ¢, —) is a probability measure in the space E,.
1.3.C. For arbitrary s <t <u €T, x €E, T €F,

Sp(s, o t,dyyp@, y; u, D)=p(s, z u, T)

(the Chapman-Kolmogorov equation).

A function satisfying the conditions 1.3.A.—1.3.C is said to be a
transition function. We extend it to all values s, t € T by setting
pGs, x;t, T)=0fors <t

To each right Markov representation (x,, P, ) there corresponds a
transition function (1.11). The converse holds if the stochastic system
F(I) and the random process x, are constructed according to the method
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described in §1.1; in this case the transition probabilities P, , are con-
structed from the p(s, x; ¢, I') by means of the Kolmogorov theorem.

The co-transition function p(¢, T; u, z) = P**{z; €T} corresponds to
the left Markov representation (x;, P?:*). The integrals of ¢ with respect to
the measures p(s, x; ¢, —) and p(t, —; u, x) are denoted by p(s, z; ¢, 9)
and p(t, @; u, z) respectively.

We define the phase space, which we denote by & as the union of the
spaces E, for all + € T, with the measurable structure generated by the
functions

j(tvx):p(tv T u, P) (uETv Peﬂu)

The function f(¢, x) = t is measurable on &, because

{(t1 .Z‘): t << u} :{(tv x): p(t1 Z; U, Eu) == 1}
Therefore, to each measurable subset A of the interval T there corresponds
the measurable set &(A) ={(t, z): ¢ € A} in &.

1.4. Regular right representations. Let &£ () be a stochastic system over
the time interval (e, B) in the probability space (Q, &, P) The right Markov
representation (x,, P, ;) is said to be regular if it can be extended to the
interval [e, B) so that the following condition holds:

14.A. Forany a <u < g and nm € &, the function Pr,x; n is P-almost
surely right- continuous in ¢ in [, u).

It is said to be completely regular if it satisfies the following stronger
requirement:

1.4B. For any o < s <u < 8. P’ € K(x,, P, ) and m € F>, the
function P,,xn is right-continuous in ¢ in [s, u), P’-almost surely.

In contrast to 1.4.A, 1.4.B is meaningful even when no measure P has
been fixed in (R, F).

We shall prove the following theorem in §2.

THEOREM 1.1. Given a Markov representation (x,, P,,x) of a stochastic
system #(I) there exists a completely regular right representation
(x4, P”'x ), which is dominated by it, separates the states, and for which
the following condition holds:

1.4.C. For any t € [, ), X, is measurable with respect to F (¢, t+).

Every right regular representation dominated by (x,, P,’ ») and Sseparating
the states is equivalent to (x,., Py, ).

The representation (x,,, P,, ,) constructed in Theorem 1.1. is called the
regularization of the right representation (x,, P, , ). The regularization of
the left representation is defined similarly.

1.5. In the proof of the uniqueness assertion of Theorem 1.1. we utilize
the following property of regular right representations: for any ¢ € [«, B)
and 1 € F

(1.12) P{n | F<is} = Py o (P-as).



224 E. B. Dynkin

For completely regular processes this property can be strengthened as
follows: for any a <5 <t < B, P' € K((x;, P, ), and n € F >

(1.13) P{n| £ t+)) = Pt,x,Tl (P-ass.).

§3 begins with the derivation of the following regularity criterion. The
right representation (x,, P, ,) is regular if and only if for any u € («, §)
and I € #, the function p(¢, x,; u, I') is right-continuous with respect to
t in [e, u) P-almost surely. It is completely regular if and only if for
arbitrary a < s < u < B, P' € K (x,, P, ) and T € %, the function
p(t, x,; u, I') is right-continuous in ¢ in [s, u), P-almost surely.

This criterion together with (1.12), (1.13) enables us to establish a
connection between regular right representations and the concepts of a
regular Markov process and a regular Markov class, introduced in [4]. Relying
on the results of [4], we describe in §3 a number of important properties
of regular right representations. The second half of §3 is concerned with
the construction of ‘“good” co-transition probabilities for these representations.
We obtain partial results only, but they are sufficient for an exhaustive
analysis, in §4, of the absolutely continuous case.

1.6. The fundamental densities of absolutely continuous Markov
representations. We say that a random process x, is absolutely continuous
if each of its finite-dimensional distributions m, . is absolutely continuous
with respect to the product mey X ..o X me, of the corresponding one-

dimensional distributions. If x, is a Markov representation, the requirement
that this condition is satisfied when n = 2 is sufficient.

Our study of absolutely continuous representations is based on the
following property.

THEOREM 1.2. If x, is an absolutely continuous Markov representation
of a stochastic system g (I), then the density p(s, x; t, ¥) of the measure
mg, with respect to mg; X my can be chosen in such a way that the
following conditions hold:

16.A. Forany s <t <u, x €E,andy €E,

Sp(s, z t, 2yme(d2) p(t, 2, u, Y)=p (S, = 4, ).
1.6.B. Forany s <t, x €E and y € E:

Sms d2)p (s, z; t, y)= Sp(s, z; t, 2)ym; (dz)=1.

By means of this density we can construct the transition and co-transition
probabilities for x, according to the formulae

(1.14) P, .n = Pp(s, 25, 2)n for s<t €T, n€ Fsy,
(1.15) P“*E = PEp(t, x5 u, 2) for t<<u€ T, E€ F.,.
We call the density of m,, with respect to m, X m, that satisfies the
conditions 1.6.A, 1.6.B the fundamental density of the process x,. We say
that p(s, z; ¢, y) is the fundamental density of the right representation
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(x;, Py ) if (1.14) holds, that it is the fundamental density of the left
representation (x,, P%*) if (1.15) holds, and that it is the fundamental
density of (x,, P, ,, P%¥) if both (1.14) and (1.15) hold.

1.7. Absolutely continuous right representations. The transition probabilities
constructed according to (1.14) have the following property: for any
s <t x € E; and 9 € F», it follows from Pn = 0 that P, ,.n = 0. If this
condition is satisfied, we say that the P, . are absolutely continuous and
also that the right Markov representation (x,, P, ) is absolutely
continuous.

We prove the following propositions.

1.7.A. A necessary and sufficient condition for the right representation
(x;, P; ;) to be absolutely continuous is the absolute continuity of the transition
function p (s, 2; £, T) = P, .{2; € T} (the latter means that if m,(T") = 0,
thenp(s, z; ¢, T)= 0 for all s < ¢, x € E)).

1.7.B. A Markov representation x, is absolutely continuous if and only
if there are absolutely continuous transition probabilities P, , for x,.

1.7.C. An absolutely continuous right representation has a fundamental
density.

1.7.D. A right representation is absolutely continuous if it is dominated
by an absolutely continuous right representation.

1.7.E. An absolutely continuous right representation is dominated by an
arbitrary right representation.

1.8. The construction of “good” co-transition probabilities. The studies
which we begin in the second half of §3 lead to a satisfactory conclusion
in the absolutely continuous case. The result is the following.

THEOREM 1.3. If x, is measurable with respect to # (t,t+) and if the
regular right Markov representation (x,, P, ) is absolutely continuous, then
it has a fundamental density, jointly measurable with respect to (s, x) and
(t, ¥), such that the co-transition probabilities defined by (1.15) have the
following property: for arbitrary bounded &€ &, the function P%*u §
is right-continuous on [t, B), P-almost surely.

(If this condition holds, we say that the left representation (x,, P:¥) is
co-regular).

The next theorem can easily be derived from Theorems 1.2 and 1.3.

THEOREM 1.4. If a stochastic system F(I) has an absolutely continuous
Markov representation x,, then it has two-sided Markov representations
cpes Py P*%) and (xp, Poe ., P7%) having fundamental densities
p(st, x; t+, y) and p(s— Xx; t—; y) that are measurable (jointly in their
arguments) and such that the following conditions hold:

1.8.A. The representations (xt, Pt ) and (x;-, P*=*) are completely
regular.

1.8.B. The representations (x,., P,_ ) and (x,,, P'**Y are co-regular.

1.8C. If P, , =Py, then x =y If P">X P*Y then x = y.
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1.8.D. For arbitrary t € [«, B), x,, is measurable with respect to F(t, t-+).
For arbitrary t € (o, B), x,- is measurable with respect to F(t—, t).

1.9. The first (vertical) central representation. We say that a representation
x,, | Y P"*) is regular (respectively, completely regular) if both the
representations (x,, P, ) and (x,, P»*) are regular (respectively, completely
regular).

THEOREM 1.5. If a stochastic system F(I) has an absolutely continuous
Markov representation, then it has a completely regular two-sided Markov
representation (z,, P, ,, P?2), having a fundamental density and separating
the states. It can be constructed from the representations described in
Theorem 1.4. according to the formulae

(146) 2, = 2 X Tpo Priasy = Py PVPY =P (a <t < ),
and its fundamental density is given by the formula

(147 p(s, = X y; 8, 2" XY') = Ppls+, y; ¢+, ze)p(r—, 2,25 t—, 2),
where q, r are arbitrary points of the interval (s, t) with q <.

Any regular two-sided Markov representation (z,, P, , P"?) of a stochastic
system & (I) separating the states, is equivalent to (z,, | S P#2).

We say that the representation (z,, P, ,, P**?) constructed in Theorem
1.5 is the first (or vertical) central representation of F(I).

1.10. The second (horizontal) central representation. This representation
requires the splitting of time.

We associate two points t—and 7+ with each point t € T = (&, ) and
single points o+ and f— with the ends « and . We order the set V of all
these points, by setting r— < r+ and st < ¢t+ when s < ¢. The points ¢—
and ¢+ are said to be neighbours. Let v; < v, € V. We denote by (v;,0;)
the set of points v € V for which v, < v < v, (it is empty if and only if
v; and v, are neighbours). The sets [v,, v;) and (v,, v,] are defined
similarly.

We define a mapping v - 0 of V onto [«, 8], by setting & = ¢ for
v=t—ort+ Let #(I) be a stochastic system on the interval T = (a, §)
We associate with each pair u < v € V a o-algebra Flu, v) in & by the
following rule: if u and v are not neighbours, then #(u,v)= #(u, v);
if u and v are neighbours, then Flu, v) is the trivial g-algebra consisting
of the two elements ¢§ and S2. Then the family F(u, v) satisfies the
conditions 1.1.A—1.1.C, and it is natural to call it a stochastic system with
the parameter set V. The definitions of Markov representations and also of
right, left and two-sided Markov representations, carry over unchanged to the
situation where the parameter set is not 7 but V (or any other ordered set).
The definition of fundamental density p(u, x; v, y) also holds with one
reservation: the density must be defined only for non-neighbouring pairs
u and v.

We introduce a topology in V, taking as neighbourhoods of ¢+ the
intervals {¢+, u) with ¥ > ¢+, and as neighbourhoods of ?— the intervals



Markov representations of stochastic systems 227

(u, t—] with u < t—. We say that the two-sided representation

(x,, P, » P¥*) is completely regular if for any u < w € V and any
P-integrable & €EF wu and n€F s» the function Pv,x 7 is continuous in
v for v € [u, w] almost surely with respect to K;(x,., P,, ) and the
function P"*v ¢ is continuous in v for v € [, w] almost surely with

respect to K% (x,_, Pf—%).

THEOREM 1.6. Let #(I) be a stochastic system on the interval T and
let #(u, v) be the corresponding stochastic system with the parameter set
V. If #(I) has at least one absolutely continuous Markov representation
x,, then &(u,v) has a completely regular two-sided Markov representation
(x,, Pv,x, PY*), which has a fundamental density, separates the states, and
satisfies the following condition:

1.10.A. For P-almost all w the set of points t € T for which
t=x,_ 7 Py, OF Pi7¥i— % PNt s gt most denumerable.

The representation (x,, Pv,x, PY*) can be constructed by combining the
representations (x,,, Py ., P'**y and (x,_, P P!~*) described in
Theorem 1.4. The fundamental density p(u, x; v, y) is obtained from the
functions p(s+, x; t+ y) and p(s—, x; t— y) of Theorem 1.4. by setting

(118) P(3+a xr; t_‘a y) = PP(S+, Z;5 q+a xq+)p(r_7 Tr_s t_9 y)1
(1.19)  pls—, z; t+, ¥) = Ppls—, z; g—, 2g_)plr+, 2,45 t+, ),
where q and r are arbitrary numbers in (s, t) with q <r.

Any regular two-sided Markov representation separating the states is
equivalent to this representation.

1.11. We conclude this section by describing the apparatus we shall use
in the proofs.

We make frequent use of the standard results of measure theory, such
as Fubini’s theorem, the Radon-Nikodym theorem, and so on. We state
some less well known propositions which are also required.

1.11.A. Let & be a family, closed under multiplication, of non-negative
functions in a space £ and # the o-algebra generated by this family. Suppose
that $# contains & and the identity and is closed under addition, under
multiplication by non-negative constants, and under monotonic increasing
passage to limits. Then J&# contains all functions f € #.

1.11.A'. Let & be a family, closed under multiplication, of bounded
functions in a space F, and # the o-algebra generated by it. Suppose that
J# contains o and the identity and is closed under linear operations and
bounded limit passage.! Then &% contains all bounded .# -measurable
functions.

1.11.B. Let E,, E,, E; be measurable spaces, F(x, x3) (x, €E,x3 €EEy)
a non-negative function, jointly measurable with respect to x;, x3, and
u(x2, T') a measure on Ej relative to I' and a measurable function with respect to

P

D we say that f,) converges boundedly to f if £, converges pointwise to f and all the functions £, are
uniformly bounded.
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Xx,. Then the formula
© (21, )= | F (@1, 29 (23, dazs)
E3

defines a function that is jointly measurable with respect to x,; and x,.
Propositions 1.11.A and 1.11.A’ are easily derived from Lemma 1.1 of
[1] or from [9], Chapter II, Theorem 20. A proof of 1.1.B can be found

in [1] (see Lemma 1.7.)

1.12. The concept of a support system is of particular importance for us.
A support system in a measurable space (E, #) is a denumerable family W
of bounded functions ¢ € #, that contains the identity and has the following
properties.

1.12.A. If a set ¢ of non-negative functions contains W and is closed
under addition, multiplication by non-negative numbers, subtraction (leading
to a non-negative difference) and monotonic increasing passage to limits,
then &2 contains all non-negative measurable functions.

1.12.A'". If a set &% of bounded functions contains W and is closed with
respect to addition, scalar multiplication and bounded limit passage, then
&% contains all bounded measurable functions.

1.12.B. If u, is a sequence of probability measures on % and if for
each ¢ € W the limit pn(®) —I(¢) exists, then there is a unique
probability measure g on # such that p(e) = I(¢) for all ¢ € W.

A support system (of course, non-unique) can be chosen in every Borel
space (E, #) (see, for example [3], §3.2; Propositions 1.11.A and 1.11.A’
are used to verify 1.12.A and 1.12.A).

1.13. We also use the concept of a filtration.

A family of o-algebras £, (t€ T) in a space £ is said to be a right
(respectively, left) filtration if A, = #; when s < ¢t (respectively, when
s > ). If # (I) is a stochastic system, then %, and &, are, respectively,
right and left filtrations. Apart from these we also consider other filtrations.

A right (respectively, left) filtration #£; is said to be continuous if A:
for any ¢ is equal to the intersection of all A4, with u > ¢ (respectively,

u < t). A continuous right filtration can be constructed from an arbitrary
right filtration +; by taking the intersection ;. of the og-algebras A4, for

all u > t. In particular, we obtain by this method a filtration # <. from

& «+.Observe that if P is a probability measure whose domain of definition
contains all the o-algebras £,;, then the P-closures 4; of the o-algebras

Ay also form a filtration; #4F is continuous if £; is.!

We say that a random process x, is adapted to a filtration .4, if
x, for every ¢ is measurablé with respect to ;.

Let # (I) be a stochastic system in a probability space (Q, #, P) and
(x;, P, ,) its right Markov representation fit. We say that a right filtration

b By the P closure of a g-algebra # we mean the o-algebra generated by % and all P-neglible sets.
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#; is admissible for (x,, P, ) if x, is adapted to 4, and if for any
nEF> '

(1.20) Pin | 4 = Pion (Pas).

By (1.4.), the filtration <« is always admissible. According to (1.12),
for a regular representation (x,, P, ) the filtration &« is also admissible.

Let A be a right filtration of 2. A Markov time (with respect to #4,)
is a mapping 7 of  into an interval T, extended to include the point oo,
such that {w: t(w) < ¢t} for every ¢t € T belongs to ;. Here +#; denotes
the class of all sets A for which 4 (1{T<{¢} € 4, for any ¢t € T. (This is
a g-algebra in £2.)

A Markov time 7 is said to be predictable if there exists a sequence of
Markov times 7, such that 7, t 7and 7, <7, ... <7, ... for the set
{T << oo} If 7is a predictable Markov time, then -#._ denotes the minimal
o-algebra, which contains all the algebras "%n‘ (It is independent of the
choice of the sequence 7,.)

1.14. Let 4, (¢€ T) be a right filtration, £ a non-negative random
process adapted to it, and P a probability measure whose domain of
definition contains all the g-algebras #,. The triple (§;, A4;, P) is called a
supermartingale if for any s <t €T

P{Et I ‘745} < Es (P—a.s.).

It is called a martingale if equality holds.

We need the following properties of non-negative supermartingales.

1.14.A. Let (&, A;, P) be a non-negative supermartingale and R a
denumerable everywhere dense subset of T = (a, §). Then there is a
P-certain set £2' such that for w € Q' the function £,(w) has right limits
in R at all points ¢t € [«, B) and left limits in R at all points ¢ € («, 8].

1.14.B. Let 4, be a continuous right filtration and &’ a non-decreasing
sequence of non-negative random processes such that £ + &,. If
(87> A4, P) is a supermartingale, then so is (§;, +;, P) Furthermore, if
the functions & are right-continuous P-almost surely, then £, has the same
property.

Proofs of 1.14.A and 1.14.B can be found in [11], Corollary 2.2 and
[9], Chapter VI, Theorem 16, respectively.

The following proposition can be derived from 1.14.A (see, for example,
[7]1, Chapter VII, Theorem 4.3).

1.14.C. Let #,< %, be an increasing sequence of ¢-algebras in a
probability space (Q, #, P) and # . the minimal o-algebra containing
all the #,. If E€ #Fand P § < oo, then

lim P(% | #.} = P{E | F =)} (Pas.).
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§ 2. Regularization of a right Markov representation

2.1. We begin with a stochastic system #(I)in a measurable space
(Q, #) with parameter set T = (o, ). Let (x,, P, ,) be any right Markov
representation of #(I). Its regularization (x,,, P,, ,) proceeds in three
stages. Firstly, in § §2.1.—2.3, we construct the state space E,, as a certain
class of probability measures on the o-algebra # ;. Then, in §§2.4 and
2.5, we construct a random process x,, = II, , with values in E,,. Finally,
in §2.6, we prove that the set (x,., P, ,) satisfies all the requirements of
Theorem 1.1, where P,, , is the measure corresponding to the point
x € E,,, according to the definitions of E,,. §2.7 deals with the unique-
ness question.

We consider the class K; = K (x,, P,,x), introduced in §1.2, of all
probability measures P on #; dominated by (x,, P, ;). If P € K, then

(2.1) P&y = PEP, ., m forall s<<t E€F(s, 8, neEFs.

For by 1.1.B it suffices to verify this for E€#(r, tl, r € (s, f). But accord-
ing to (1.5), for such § the left-hand side is equal to PP,,xr £ 1 and the

right-hand side to PPr,x, 3 P,,xt n, and (2.1) follows from (1.1). The
condition (2.1) can be written as

(2.2) P{n|#F (s8]} =Pyum (P-as) for s<t£,m€F>

We equip K; with the measurable structure generated by the functions
F(P) = Py (v € #.,). The measurable space so obtained serves as a state
space E,, for the process x,,. Our next task is to study the structure of
this space.

2.2. Throughout the remainder of this paper, we denote by R an
arbitrary denumerable everywhere dense subset of (a,8), and by
R_,, Ry, R, its intersections with the intervals ( — 0, 5), (s, + ), (5, ?).
We denote by W, an arbitrary support system in the state space E,.

LEMMA 2.1. Let s < v. If P' and P" are measures in K, and

(2.3) P'o(z,) = P o(z,) forall u€R,,, ¢€W,,

then P' = P".

PROOF. By l.11.A, since (2.3) holds for all ¢ € W, it holds for all
QEF,. For € R, €EFsyand olz) = Py, ., from the definition of
K, we have P'n=P¢(z,), Py = P'p (z,) and hence P'n = P"n. It remains
to observe that, by 1.1.B, if two measures coincide on all c-algebras &,
for u € R,,, then they coincide on # ..

2.3. We denote by of; the set of all probability measures on the space
E, with the measurable structure generated by the functions
f(v) = v(T) (T € #,). Let o#,, be the product of the spaces ofy for all
t € R;,. Then it is known (see, for example, [3], §3.2) that o#; is a
Borel space. Hence o, is also a Borel space.
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LEMMA 2.2. We fix s < v € T and associate with each P € K; the
family of measures
(24) mt(F) = P{xt € F} (t € Rsv)-
Then the formula (2.4) defines an isomorphic mapping of K; onto the subset
Lo of off o that is characterized by the conditions

25)  mu M= { my [@)pu, 2w, ) for all w<us€R.,,
Py T€Fy,.

&, is measurable, so that K, is a Borel space.
PROOF. We note that (2.5) is equivalent to the conditions

(26) Mo (@)= | muy (@2)p s, 25 02, @) for all  uy<up€Re,

E
“ PEW,,.

(To derive (2.5) from (2.6) we have to use 1.12.A.) Both sides of (2.6)
are measurable functions on o#,. Therefore, the set £, is a measurable subset
of ofs,.

We now show that the set of one-dimensional distributions m, correspond-
ing to a measure P € K| satisfies (2.6). Indeed, the left-hand side of (2.6)
is equal to Pg(z,,), and the right-hand side to PP, Ty ¢(zy,), so that (2.6)
follows from (2.1). Thus, (2.4) defines a mapping from K, into &£,,. By
Lemma 2.1 distinct elements have distinct images.

We now show that to every m € £, there corresponds a P € K that is
connected with m by (2.4). We choose a sequence r,| s(r, € Ry,) and

consider on %5, the measure P,(4) = g m, (dz) P, ,«(4). By (2.6), these
E,

n
measures are compatible, and by 1.1.C there is a measure P on # ., that
coincides with P, on F>r,: We claim that P € K. For every ¢t > s there

exists an r, € (s ). By (1 D), P, x M= Prn,x P':Xt n for allm € #54, and
x € E, , hence, P,n = P, P, t,x, M But P =P, on &, therefore,

Pn = PP, x M It remains to verlfy that (2.4) holds. For any u € R,
choose an r € (s, u). Then for T € #, by (2.5),

mu(l‘)=5m,,,(dx) (F, 23 1, T)=P, {2, €T} =P {z,€T).

We have shown that (2.4) defines a bijective mapping of K; onto Z,.
It is clearly measurable. To show that the inverse mapping is likewise
measurable, it suffices to check that the functions F(P) = Py go over into
measurable functions on Z£,,. But by (2.4), these functions go into
flm) = my(g), where @(z) = Py, .

2.4. We proceed to construct the random process II, , in the state space
K;.
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THEOREM 2.1. Let #(I) be a stochastic system in a measurable space
(Q, F) on the time interval T = (&, f), and let (x,, P, ,) be a right Markov
representation of it. Then there are measures 11, , € K, (t €T, w € Q)
having the following properties.

2.4.A. For any M € F~¢ the function H,’wn is measurable with respect
to F (&, t+), and for s < t and P € K;

2.7 P{q | F(s, t+)} = II,, on (P-as.).

24.C. Let s <u, PEK,, nw€ F~, and R any denumerable everywhere
dense subset of T. There is a P-negligible set S)' such that for all
we Q, tEs, u)

(2.8) I;, yn= lim P, .M.
rit, reR

The way to prove the theorem is shown by Lemma 2.2: to construct the
measure II, it is sufficient to construct a set of measures m, = my , in
£1,- By comparing (2.4) and (2.8), we see that if the required measures
mj, ., exist, then for any u € R, P € K; and ¢ € W, we must have

(2.9 mf"m(cp)=limp(r, z; u, 9) for all r € [s, u] (P-as.).

3
This equation serves us as a guiding light. First of all, we must verify that
the limit on the right-hand side exists. To do this we use martingale theory.

We set plr, z,; u, ¢) = &, Fls, 1]l = A,. By (2.2), for s <r < u and
P €K )

g = P{o(z,) | £} (P-as.).

Thus, (%,, 4, P) is a martingale on (s, u). By 1.14.A, except in a
P-negligible set Df(s, u, ¢) € F(s, u) for all ¢ € [s, w), the limits of §(w)
exist as r tends to ¢ through R. The set D(s, u, ¢) does not depend on
choice of P in K;. We form the union of the D(s, u, ¢) for all

u € R, 9 € W, and denote its complement by C;,. Clearly,

Cop EF (s, 1), P(Cy,) =1 and for w € C,, the limit on the right-hand side
of (2.9) exists for all « € R, and ¢ € W, £ € [s, u). By 1.12.B, there are
measures m{;,w on £, such that (2.9) holds for all

©0ECs,, u€E Ry, @ €W, -

2.5. We now fix u € R, P € K; and prove that for arbitrary ¢ € % .

25.A. m (9) = P{o(x,) | F(s, t+)} (P-as.) for ¢t € [s, u).

2.5.B. Outside a certain P-negligible set, the function mf"m((p) is continuous
from the right in ¢ on [s, u).

We denote by & the set of all ¢ € #,, for which these assertions hold.
By (2.9) and (2.2), W, = . Hence, it suffices to confirm that &2 is
invariant under the operations listed in 1.12.A. Only for 2.5.B and the
monotonic ascending limit passage is this not obvious. We observe that if

¢ € S, then the system (mi(p), F(s, t+), P) defines a supermartingale
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on [s, u) that is continuous from the right (this is clear from 2.5.A and
2.5.B). 1t remains to refer to 1.14.B.

We write w € Q,, if w € C,, and the set m,, = m|, ,(u € R,,) defines
a point of £,,, that is, if

(2.10) S mf“,m(dx)p(ui, Z; Ug, (P)=mflz,m(q’)
for all uy<<u,€Ry,, QEW,,.

Clearly, Q:, € #(t, v). By Lemma 2.2, to each point w € ,, there
corresponds a unique measure II, , in K, such that

(2.11) L, o9(zy) = mi (¢) for u € Ry, ¢ € By

This measure clearly does not depend on the choice of v € (¢, B), so that
the measures II, , are defined on the union &,, of all the &, (v €, ).
This union belongs to the o-algebra # (¢, ). Outside £,, we define
Il, , to be an arbitrary fixed measure in K,.

Let P € K;. By (2.2) and 2.5.A, for any u, > u, > ¢t 2> s and ¢ € W,,

My, o (@) P (1, 75 us, @) =P{p (w1, Tu; Uz, O)| F (s, t+)} =

=P{P{9(2u) | F (5, w} | F (s, 14+)) =P {0 (2u) | (5. 1)}
=mflz’m(cp) (P-a.s.),
so that (2.10) is satisfies P-almost surely. But according to 2.5.B, both
sides of this equation are continuous from the right P-almost surely.
Therefore, the intersection of the £2,, for all v > ¢ = s is P-certain. A
fortiori, the intersection of the £2,, for all r = s is P-certain.
We prove now that the measures 1 satisfy 2.4.A. By (2.9) and (2.11),

(2.12) IL;, o9 (xu)=liglp(r, Zr; u, @) for u€Ryy, QEW,, ©€Q,.
TeR
Moreover, since H,,w € K,, by (2.1), for t <u and 7n € F-. we have
(2.13) IT;, o0 = I, o Py, 2M-

We write n€8#, if II, ,n is measurable with respect to # (¢, v). From
(2.12) it is clear that % contains all the functions @(z,) (u € Ry, @ € Wy).
By 2.2, this is also the case for all €% ,. From (2.13) it follows that
H = Fsu for any u € R,,. By 1.1.B, & > & ;. Thus, for any
M€F>e,11,, ,n is measurable with respect to #(¢, v). Since v is arbitrary,
I, ,n is measurable with respect to F(t,t+). By comparing (2.11) and
2.5.A we conclude that (2.7) holds if 1 = ¢(zy), u € Ry, 9 €EF,. Relying
on (2.13), we extend this formula to 1 € £y, and by using 1.1.B, to
nE Fse.

It remains to prove 2.4.B. Now (2.8) is satisfied P-almost surely for fixed
t, because by (2.7) and (2.2), both sides of (2.8) are equal to
P{n | F(s, t+)}. The right-hand side of (2.8) is right-continuous on [s, u).

t, W
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Therefore, it is sufficient to show that the left hand-side is right-continuous
P-almost surely. This follows from 2.5.B., (2.11), and (2.13).

2.6. We proceed to the proof of Theorem 1.1. We consider the random
process x,,(w) = I, (t € [a, B)) in the Borel space E,, = K, and denote
by P,, the measure on & corresponding to x € E,, in accordance with
the definition of E,,. Clearly,

(2.14) Pry,x, = I o
We prove that (x,,, P,+’x is a right Markov representation of the stochastic
system & (I), satisfying the conditions of Theorem 1.1.

By 2.4.A, the mapping x,,: Q - E,, is measurable with respect to
F(t, t+) and for any P' € K|

(2.15) P'{n | #(s, t+)} = Ppy, xp (@) (P'-a.s.) for m € F oy

In particular, setting P’ = P, ,

l)s+, xEﬂ = Ps+. xEPt+,xH_'rl for E € f(s, t—l—), L] € F>ts

so that (x,,, P,, ,) satisfies (1.1). On the other hand, applying (2.15) to

P' =P ,, we have

(2.16) P, .n = Ps.th+,xt+ n for 1€ 7>
We verify that (x,,, Pt+,x) satisfies (1.4). It is sufficient to prove that the
condition is satisfied for bounded ¢ and n. Let ¢t <<r <<u, £ € F<y, NEF 5,
(the o-algebra # «; is constructed in accordance with the representation x,).
Since (x,, P, ,) satisfies (1.4), and since F<t © F<r and Fru = F>r
we have P¢n = PEPr,xrn. Passing to the limit as » | ¢, and taking 2.4.B and
(2.14) into account, we conclude that (1.4) holds for all n € #.,, t << u.
By 1.1.B, (1.14) holds for all n € #+,.

From 2.4.B and (2.14) it follows that the representation (x,,, P,, ,) is
completely regular. Clearly, it separates states. Since P,, , € K, it is
dominated by (x,, P, ,). Finally, 1.4.C has already been established above.

2.7. Before proving the last part of Theorem 1.1, we verify that each
regular right representation (x,, P, ,) satisfies (1.12). ((1.13) can be verified
similarly.) For any ¢+ < r < u and any bounded functions E€ ., and
nEF >, by (1.4),

we see that

PEY] = PEP,, arl-
Passing to the limit as r | ¢, we have
(2.17) P&y = PEP;, oM.
By 1.1.B, since this equation is valid for all # > ¢ and © € 5, it holds
for all n £ #,. Since P,’xtn is measurable with respect to F«p, (1.12)
now follows from (2.17).
The final statement of Theorem 1.1 follows immediately from the

following lemma. N _
LEMMA 2.3. If two regular right representations (%,, P, ,) and (x,, P, )
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are dominated by some representation (x,, P, ) then

(2.18) "Pt,; =P, 5 forall 1 €[a, f) (Pas.).

t

If, in addition, (,, 1 x) and (x,, ¢ x) Separate states, then they are
equivalent.
PROOF. From (1.12) it follows that for any ¢ << u,n € Fsu

P n—P 0 (P-ass.) .

txt

Therefore, by 1.4.A, on a P-certain set ',
(2.19) 'Iv’t,—;tcp(xu) = T’t’; o(x,) for all té€la,B), u € Rsy, @ € W,.

But the measures 'l:7 7, and l; belong to K, = K, (x,, P, ,), and by
Lemma 2.1, it follows from (2 19) that P =P on ' for all

t € {a, B), so that (2 18) holds.

The formula x — P, x defines a measurable mapping from the state space
E, of %, into K,. It is bijective if (x;, P, ) separates states. It is known
(see {91, §39.5, Theorem 2) that under a bijective measurable mapping
from one Borel space to another the imgges of measurable sets are
measurable Therefore, the image Q, of E, in K, under the mapping
x> P, » is measurable, and this_mapping is an 1somorphlsm of E onto
Q, Similarly, the mapping x - Pt is an jsomorphism from E onto a
measurable subset Q, of K,. We set K/ Q, N Q, and denote by E; and
E the inverse images of thls set in E and E,. To each x € E there
corresponds a unique y(x) € E such that 'F = P, +)> and in this way
we establish an 1somorph1sm from E to E' By Q. 18), for w € &' and any

t € [a, B) we have X(w) € E,, X, (w) € E,' and y[%X, (w)] = X, (w).

t,Xt

§3. Regular right representations

3.1.In §1.5 a criterion for regularity and for complete regularity were
formulated in terms of transition functions. The necessity is obvious. Let us
prove the sufficiency. The cases of regularity and complete regularity are
treated in exactly parallel fashion, hence we give the details only for the
former. We denote by &% the set of all functions ¢ on E, for which
p(t, x4 u, @)is continuous from the right in ¢ on the interval {a, u),
P-almost surely. By hypothesis, §¢ contains indicators of all sets ' € #,,.
Clearly, &% is invariant under linear operations. By 1.14.B, &% is also
invariant under monotonic increasing limit passage. Therefore, according to
1.11.A, J&# contains all functions ¢ € #,. Next, if n € #5,, then

(3.1) Py, = plt, x5 u, @),

where @(z) = P,, ;n. Hence P, xM is right-continuous in [a, u), P-almost
surely.
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We note two further properties of regular right representations.
3.1.A. If n € #(¢, t+), then there is a function ¢ € &, such that

(3.2) n = ¢(z;) (P-as.).

For (1.12) is applicable to n, and the right-hand side is equal to %, the
left-hand side to ¢(z;) for ¢(z) = Py, ..
3.1.B. If m € #5u, then for P-almost all w the function Py« e has

left limits at each point of the interval [a, u).
For it is clear from (1.12) that the triple (P aM F <t P) defines a

martingale on [o, u). By 1.4.A, this is continuous from the right. Hence
the assertion follows from 1.14.A.

3.2. Let ; be a (right or left) filtration of £, and P a probability
measure whose domain contains all the o-algebras ;. A real-valued
random process 7,(w) that is adapted to #; and P-almost surely right-
continuous in ¢ is said to be strictly measurable if #4; is a right
filtration and strictly reconstructable if #, is a left filtration. A process
n,(w) that is P-almost surely left-continuous in ¢ and adapted to the
right filtration 4, is called strictly predictable. In T X £ we consider
the o-algebra generated by all the strictly measurable processes. We call
sets and functions that are measurable with respect to this o-algebra
well-measurable. Similarly, we define reconstructible and predictable sets
and functions as those that are measurable relative to the structure
generated by the strictly reconstructible and strictly predictable processes.

Under the hypothesis that the measure P is complete, that the right
filtration £, is continuous, and that each g-algebra .#; contains all
P-negligible sets, a well-measurable structure has a number of remark-
able properties.

3.2.A. If A is a well-measurable set, the formula
t(w)= inf {#: ({, ®) € A} defines a Markov time.! (It is called the debut of
A).

3.2.B. If the function ¢(f, ®) is well-measurable, then for any
Markov time 7 the function ¢[t(w®), ®] is measurable with respect to .

3.2.C. For two well-measurable functions ¢; and ¢, to be
indistinguishable, it is necessary and sufficient that
P{p:(7, ) 5= ¢x(7, ©)} = 0 for every Markov time 7.

(Two functions ¢, and ¢, are said to be indistinguishable if P-almost
surely @,(2) = @,(¢) for all ¢.)

3.2.D. For a bounded well-measurable function ¢(f, w) to be
right-continuous in ¢ P-almost surely, it is necessary and sufficient that
Po(1,) = Po(lim 7,) for any non-increasing sequence of Markov times 7,,.

Do ais empty, we setinf A = + o,
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3.2.E. For a predictable function @({. @) to be left-continuous P-almost
surely, it is necessary and sufficient that ¢(t,) — ¢(lim t,) P-almost surely
for any non-decreasing sequence of predictable Markov times 7,,.

Proofs of these properties can be found in [9] (Ch. VIII, Theorems 15
and 21; Ch. IV, Theorems 49 and 52) and [10] (Ch. IV, Theorem 28.II
and Theorem 24). (Properties 3.2.A and 3.2.B are proved under the require-
ment of progressive measurability, which is weaker than well-measur-
ability.)

3.3. We recall that with each transition function there is associated a
measurable structure in the phase space & (see §1.3). It is generated by
the functions

(3.3) ft,z) =p(t, z; u, I) (weTl, TEH,).
To each right Markov representation there corresponds a transition function
and hence, a measurable structure in &.

The application of Propositions 3.2.A—3.2.D to Markov representations is
based on the following lemma.

LEMMA 3.1. Let (x;, P, ) be a regular right Markov representation. If
[ is a measurable function on &, then f(t,x,) is well-measurable
with respect to F <iy.

PROOF. The functions f for which the assertion holds form a set that
is invariant under linear operations, multiplication, and limit passage. The
functions (3.3) belong to this set, since the corresponding process f(¢, x,)
is continuous from the right P-almost surely and compatible with # <.

3.4. We now derive some properties of the measurable structure in &,
which we need later.

3.4.A. If n€ #>u then P, .n is a measurable function on
E<u = Ela, ul.

The proof proceeds on the same plan as the derivation of the regularity
criterion in §3.1.

3.4.B. The measurable structure in & is generated by the denumerable
family of functions

(3.4) ft, z) = p(t, z; u, ) (WER, 9 €W,).

For let # be the o-algebra in & generated by the functions (3.4).
Relying on 1.12.A, we can see that all the functions
pt,z; u, 9) (w€R, 9 € #F,) are measurable with respect to . For any
u€Tand any T' € #, by 1.3.C,

p@, 2 u, D)= lim p(t, =7, ¢,
rtu, r€R
where ¢.(y) = p(r, y; u, '), from which it follows that the functions (3.3)
are measurable with respect to .

3.4.C. Suppose that the right representation (x,, P, ,) is regular. Then
there is a P-certain set £ such that F(z, x,(w)) is a Borel function of ¢ for
any measurable function F on §& .
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For let us write w € § when F(t, x,(w)) is right-continuous in ¢ for all
functions (3.4). Clearly P(Q) = 1. Thus, the set & of functions F for
which 3.4.C is valid contains the functions (3.4) and the identity and is
closed under addition, multiplication, and limit passage. It remains to use
1.1.A.

3.4.D. Let (x,, Ptx) be regular. If f is a measurable function on

§S>t = glt, B), then f(z, x,) is measurable with respect to the P-closure
Jf'>t of #<¢ Moreover, 1t is reconstructable with respect to the filtration
‘9/7>i

From the relation

p(t x; u, 1“)=1if§1p(r, zy; u, T) (P-as.)

it follows that the assertion holds for all the functions (3.3). The further
arguments are the same as in the proof of 3.4.C.

3.5. Let A#; be an admissible filtration for (x,, P, ). We assume that
to every u € T there corresponds a random variable 1, € #,, and we set

(3.5) Fi(t, ) = Py, M, (t < u).
Since the filtration 4, is admissible, by (1.20) for t < u
(3.6) P{n, | A4} = FUt, ) (P-as.).

The representation (x,, Pt’ ) is said to be strong Markov if the corresponding
equation

(37) P{nu ldq't} == Fu(T’ xr) (P-a.s., T < u)

holds for any Markov time 7 (with respect to ;).

Every right regular representation (x,, P, ,) is strong Markov. This
follows at once from Theorem 3.1. of [4].!

We need a corollary to (3.7). Let ¢ be an A, -measurable random variable
with values in T, having at most denumerably many values. Multiplying (3.7)
by the indicator function of the set ¢ = ¥ > 7 and summing over u we
obtain

(3.8) P{ine | 4} = F(x, z) (P — as., 7 < 0).
If n, is right-continuous on [s, o) P .-as. for all 5, x and if the repres-
entation (x,, P, ,) is completely regular then (3.8) also holds when ¢ has

arbitrarily (not necessarlly denumerably) many values. This can be shown
by a limit argument or it can be derived from Theorem 3.2 of [4].

3.6. Aset T in & is said to be inaccessible for (x,, P) if x, € T for
all ¢, P—a.s.

Let (x,, P, ) be a fixed completely regular right Markov representation.

D Strictly speaking, (3.7) is proved in {4] only for n,, = x(x,,), but the proof also holds for arbitrary n,,.
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We call a set I' = & polar if for any s with « <s < 8 and any
P ¢ K xy Py ) P{x;, €T for all ¢¢(s, )} = 4. Finally, we call a
point x € E, essential if Py, {2, = x} = 1.

From results in [4], §4 it follows that the set of all inessential points
is a) measurable in & and a Borel space; b) polar; and c) inaccessible.
Therefore, from any arbitrary completely regular representation we can obtain
a completely regular representation without inessential points (by simply
discarding the latter).

3.7. Let (x,, P,'x) be a right Markov representation and (x,,, P,+'x) its
regularization, as described in §2. The state space coincides with the class
of measures K, = K,(x,, P,'x). It is not difficult to show that a measure
P’ € K, is an essential point if and only if P'(4) = 0 or 1 for all
A € #(t, t+). In the terminology of [3], this means that the set of
essential points can be identified with the entrance space for (x,, P,,x ). Thus,
the regularization (x,., P,, ,) of a right Markov representation can be
regarded as defined in the entrance space for (x;, P, ).

3.8. Let p(s, x; ¢, T') be a transition function in spaces E,. A non-negative
function #'(x) (t € T, x € E,) is said to be excessive if a) for any ¢ it is
measurable in x; b) ps, x; ¢, #') < h¥(x) for all s < ¢;
cyp(s, x;t, h'y—~hs(x)ast Is.

From [4], §5 it follows that if p(s, x; ¢, T") is a transition function of a
regular right representation (x,, P,,x ), then every excessive function # has the
following property: h’(x,) is P-almost surely right-continuous in ¢ on [a, f).
If the representation (x,, P,'x) is completely regular, then for any
s € (o, B) and P’ € K (x,, P, ,.), the function A'(x,) is P-almost surely
continuous from the right in t on [s, B).

3.9. We fix a regular right Markov representation (x,, P,'x) and set
A = F et

We say that the two functions f; and f, on & are equal quasi-
everywhere or quasi-equivalent if they are equal outside some inaccessible
set. By 3.2.C and Lemma 3.1, this is the case if and only if
P{f.(v, z;) %= f5(7, 29)} = O for any Markov time 7 (with respect to J£; )
(assuming that both functions are measurable.)

Let n,(w) be a non-negative function on T X £, jointly measurable with
respect to ¢ and w (in T we consider the Borel measurable structure). We
define the projection of n on & to be a measurable function on & satisfy-
ing the following condition: for any Markov time 7

(3.9) P{n. | A} = f(7, ;) (P—as., 7 < o)

If the projection exists, it is unique to within quasi-equivalence.

THEOREM 3.1. The projection on & exists for any bounded recons-
tructable function 0. If n is strictly reconstructable, then its projection is given by
the formula
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(3.10) f@t, z)= lim Py, . quasi-everywhere.
r{t, reR

and f(t, x,) is P-almost surely continuous from the right in t.

PROOF. The family of functions n having projections on & , is closed
under linear operations and monotonic increasing passage to a limit. (If
7™ 1 n and f" is the projection of 1", then outside a certain inaccessible
set f is non-decreasing and its limit is the projection of ). By 1.11.A, it
is sufficient to prove the theorem for strictly reconstructable functions.

Thus, let  be strictly reconstructable. We set (¢, x) € B if the limit on the
right-hand side of (3.10) exists. We denote the limit by f(f, x) and set
f(t, x) = + o outside B. We now claim that f is the projection of  on &.

To show that f is measurable it is sufficient to establish the measurability
of the lower limit f; and the upper limit f, of F"(¢, x) = P, ;n, as
rlt r € R. We observe that

fl (ty .’l}) =lim inf F:l.(t’ .’l}),
n-o00 reR

where F)(t, x) = F'(t, x) where t <r < ¢ + % and + o= elsewhere. Since

F" and t are measurable functions on & , so is F], and hence also f;.

The measurability of f, is proved similarly.

We choose a version £(w) of the conditional mathematical expectation
P{n. | A<} and let C ={1 << o0, & == f(7, z,)}. If w € C, then for some
positive g(w) >0 there is in any interval ( T, T+ T) a point » € R such
that

(3.11) 18 — F'(7, 2) | > e(0).

We enumerate the points of R and denote by o, the first point belonging
to (‘c, T+ %) for which (3.11) holds (if there is no such point, we set

0, = + o). It is easily seen that the function o, is measurable with respect
to #:. On C, 0, > 1,0, >7and |E— F (1, ;) | > e(w) for all n. On
the other hand, by (3.8),
FoMv, 20) = P{ng, | A} — P{n: | Az}  (P-as., O)

Hence P(C) = 0 and f satisfies (3.9).

Since 7 is bounded, it follows from (3.9) that P{f(~r, z;) = 00} =0
for any Markov time 7. Since f is measurable, the set f = oo is inaccessible.
But this set is the complement of B. Therefore, (3.10) holds.

From (3.9) it follows that Pn_ = Pf(r, x_), and from 3.2.D and the right
continuity of 7, it follows that f(¢, x,) is continuous from the right.

3.10. We extend Theorem 3.1. to functions whose values are probability
measures.

We denote by o#(Y) the set of all probability measures on a measurable
Borel space Y. A function 7, ,, with values in o#(Y) is said to be reconstruct-
able (respectively, strictly reconstructable) if for any non-negative measurable
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function @ on Y the real-valued function : »(®) is reconstructable (respect-
ively, strictly reconstructable).

THEOREM 3.2. If n, , is a strictly reconstructable function with values in
M (Y) then there exists a function P;,x With values in M(Y) such that
P, (@) is the projection of Wi o(®) on & for any non-negative
measurable function ¢ on Y.

PROOF. We consider a support system W in the space Y and set
vhx(T) = P, ,n,(T). By (3.10), the limit

(3.12) lim vy *(¢)

i, TER
exists for all ¢ € W if (¢, x) is outside some inaccessible set C. By 1.12.B,
to each (¢, x) € C there corresponds a probability measure Pt x ON Y such
that the limit (3.12) is equal to p: «{¢) for all ¢ € W. For (¢, x) € C we
set p; , = v, where v is an arbitrary fixed probability measure on Y. By
Theorem 3.1., p;, «(9) for ¢ € W is the projection of M, o(p) on &. But
(3.9) remains valid under linear operations and monotonic increasing passage
to a limit, and by 1.12.A, the theorem holds for all non-negative measurable
Q.
3.11. We now apply the general results on projections to the study of
Markov processes.

THEOREM 3.3. Let (x,, P,'x) be a regular right representation and
y(w) a measurable mapping of (R, F<s+) into a Borel space (Y, Fy)-
Then there is a function p, , defined on &, taking values in M(Y) and
such that for any bounded function ¢ € By the following conditions hold:

3.11.A. pq, () is measurable with respect to (f, x).

3.11.B. Pi (9) is P-almost surely right-continuous in t on {s, B).

3.11.C. For t = s,

(3.13) P{o(¥) | F>i} = pi.o, (@) (P-as)

These properties define p, , uniquely to within quasi-equivalence.

We call p, , the indicatrix of y(w).

PROOF. 1°. Let W be a support system in Y. If p! and p? are two
indicatrices of the mapping y, then, by 3.11.C, P-almost surely
pi, x,((P) = pi, xt((p) for all + € R and ¢ € W; by 3.11.B, equality holds for
all + € [s, ) and ¢ € W, outside some P-negligible set C. By 1.12.A, it
follows that outside C it holds for all + € [s, §) and all ¢ € #y. Hence
P} . = P}, quasieverywhere. This proves the uniqueness of the indicatrix.
We now proceed to prove the existence.

2°. Since E, and Y are Borel spaces, there is a function m, , With values
in #(Y) such that =i, .(¢) for ¢ € #y is measurable in x and

(3.14) P{o@) | z:} = m; 5 (9) (P-as.).
Since ¢ly(w)l € £, for s < ¢, according to (1.10) it follows from (3.14)
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that
(3.15) P{o@) | Fzi} = m,2(9) (P-as.),

so that (m;, «{(9), =t P) is a martingale on the interval (s, ). According
to 1.14.A, there is a P-negligible set C such that for w & C the limit

lim Ty, xp() ((P)
ryt, 7€R

exists for all t € [s, f) and ¢ € W. By 1.12.B, for w € C and ¢ € [s, f)
there is a measure 7y, o € #(Y) such that

%) = 1 T, Xr(® .
(3.16) T, o (P) m{géﬁﬂ. (@ (¥)

3°. We denote by J# the set of all bounded functions ¢ for which
(3.16) holds P-almost surely, and prove that &% contains all bounded
% -measurable functions. By 2°, &% contains W. Clearly, &¥ is closed under
addition and scalar multiplication. By 1.12.A’, it suffices to verify that &%
is closed under bounded convergence.

Thus, suppose that functions ¢, in &# converge boundedly to ¢ ; we
claim that ¢ € #. Clearly m,, o{®n) — M, o(p). Therefore, it is sufficient
to verify that for some sequence n

(3.17) SUP | %y, ay (9) — T, 2, (@) | >0 (P-as.).
r€R>¢

For brevity we write 2z.(r) = mt; (¢ — @»). Using the well-known
Kolmogorov martingale inequality, for any ¢ > 0

P{sup |z, (r)|:>c}<Lctsup Plz, () |.
TERZs réR

By (3.15), the right-hand side is equal to ¢™'P | ¢(y) — ¢,(y) | and tends
to zero as n - oo. We choose the n; so that P | @(y) — () | < 1/&%.
Taking ¢ = 1/k we observe that, with probability not less than
1 — 1/k?, sup |z, (r) | < 1/k. (3.17) now follows from the Borel-Cantelli
lemma.

4°. By (3.16), Ny, 18 @ strictly reconstructable function on {5, 8) X £ with
values in o#(Y). We denote by p, , its projection on &z: as defined in
Theorem 3.2. Then 3.11.A is satisfied by the definition of a projection.
3.11.B follows from Theorem 3.1, since by (3.16), 7 is strictly reconstructable.

It remains to establish (3.13). The function 1, o(¢) is measurable with
respect to A, = fEH.. Applying (3.9) to 7 = ¢, we have

Pe,x(9) = P{ne, o(@) | A1} = e, u(@) (P-as.).

But from (3.15), (3.16) and 1.14.C it follows that

Mo (@)= lim P{o(y)| Fa}=P{o ()| F>1} (P-as.).
rit, R

2.12. LEMMA 32 Let (x,, P,,x) be a regular right representation,
ry <r, €T, and y’.(w) measurable mappings from (Q, F <ri+) into a
Borel space (Y, #%) that are connected by the relations

(3.18) P{yY (o) €T | £} = p(T, y*(w)) (P-as.),
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where A4 is a o-algebra containing Fs.,, p is a probability measure with
respect to T € #, and a %? -measurable function with respect to y*. Then
the indicatrices p’ of the mappings y' are connected by the relations

D1, (@) = S p(®, 2)pi, «(d2) quasi-everywhere on &z,

and the exceptional inaccessible set is measurable and does not depend on
QEFL

PROOF. It is sufficient to verify that the right-hand side is an indicatrix
of y,. It can be written in the form p} .(¢), where ¢(z) = p(e, z). Now
3.11.A and 3.11.B are obvious from this. It remains to prove 3.11.C, but by
(3.18) and (3.13), for ¢t > r, we have

Pl{o) | F>:} = PIP{o(yY) | A} | Fsil=
= PIoy?) | F»:) = b}, «(0) (P-as.).

§4. Absolutely continuous Markov representations

4.1. To prove Theorem 1.2. we need a number of auxiliary propositions.
Let x, be an absolutely continuous Markov representation of a stochastic
system #(I). We consider a density p(s, x; ¢, ¥) of measure my,
with respect to m; X m, and set

(4.1) p(s it B)y={ D5, 2 t, ) mu(dy),
(4.2) D, A ¢, y)= §msdx)psxty)
4.1.A. For any s <t <u andAf B,

(4.3) P{f (@) | Fs} =D (s, 25 ¢, ) (Pas),
(4.9) P{f(@)| Fzu}=p, [; u, 2) (P-as.).

To establish (4.3) it suffices to note that for any ¢ € #,
PO (z,) p (s, zs; t, )= S S ms (dz) @ (z) p (s, %; ¢, y) [ (y) me (dy) =P (z5) f (21),

and to use 1.2.B'. (4.4.) is proved similarly.
4.1.B. For any s <t <u

(4.5) pls, z; ¢, E) =1 for mg-almost all x.
(4.6) p(t, E;; u, y) =1 for m,-almost all y.
This follows at once from 4.1.A.

41.C. Forany s <t <u, 9€F,; and Y €F,

(4.7) (P ot dppit yu, D=p6 zu, W)

for mg-almost all x, and

(4.8) (PG @t 0p@ dys v, D=0, & u, 2)
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for m,-almost all z.
Let us prove (4.7), for example. By (4.3),

]_7(37 Ty U, 113) = P{"p(xu) |f$s} = P{P[q)(wu) '-9'-$t] ,f$s} =
= P{;(t, Ty U, 113) 'fss} = ];(S, Zg; &, f) (P—a.s.),

where f(y) = p(¢t, y; u, ¥). This is equivalent to (4.7).
LEMMA 4.1. We can construct a transition function p(s, x; t, B) and a

cotransition function p(s, A; t, y) such that for any s <<t, A € #,, and
Be#,

(49)  Pla€d, n€By= [ m @) p G, 7 t, B= [ (s, 4 t, 1) mi(dy)
A B
and that the measures p(s, x; t, =), p(t, —; u, y) are absolutely continuous
with respect to m,.

PROOF. We write x € E; if (4.5) holds for all + € R, ¢ and (4.7) for
all t <u € Ry and ¢y € W,. By means of 1.12.A (4.7) can be extended
to all ¢ € #,. By 4.1.B and 4.1.C, we have m (E; \ E;) = 0.

We denote the left-hand side of (4.7) by p(s, x; ¢, u, ). Let
ri <r, €Rg. Setting t = ry, u =ry, Y(2) = p (r4, z; t, B) in (4.7), we
conclude that for x € E{ the expression

(4‘10) SS;;(S, Z; ry, dy);(rh Y; e, dz)i("z» 25 tv B)
is equal to p(s, x; ry; ¢, B). On the other hand, for m,l-almost all y

Sﬁ(n, y; rs, d2) D (ry, 23 ¢, By=p (r1. y: t, B),

therefore (4.10) is equal to p(s, x; ry; ¢, B). Hence, for x € E., p(s, x;r, t, B)
does not depend on the choice of r € R_,. We denote it by p(s, x; ¢, B).
For x € E; \ Es' we set p(s, x; t, B) = p(s, a,; t, B), where a; is a fixed
point of E;. Since p(s, x; t, B) = p(s, x; t, B) for mg-almost all x, the first
equation of (4.9) is satisfied. It is easy to see that p(s, x; t, B) satisfies
1.3.A-1.3.C and is absolutely continuous with respect to m,.

LEMMA 4.2, Let p(s, x; t, B) be a transition function satisfying the
conditions of Lemma 4.1. Then we can choose a density p(s, x; t, y) of
the measure p(s, x; t, =) relative to m, that is jointly measurable with
respect to (s, x) and y, and satisfies 1.6.A.—1.6.B.

PROOF. By the definition of the measurable structure in & (see §3.3),
the function p(s, x; ¢, B) is measurable with respect to (s,x) for each B.
Therefore, the measure p(s, x; ¢, =) has density p(s, x; ¢, y) relative
to m,, which is jointly measurable with respect to the pair (s, x) and y
(see, for example [2], §0.15). Clearly, p(s, x; ¢, y) is also a density for
mg, with respect to mg X m,, so that Propositions 4.1.A—4.1.C are
applicable to it.

Let E, be the subset of E, such that (4.6) holds for all t €ER_, and
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(4.8) for all s<tER_, and p EW,. By 4.1.B—4.1.C, m, (E, \E;)= 0. We
YA ezt p= S p(si 7, d0)p(r, 2 8, y) =
= S s,z r, 2)p(r, dz, t, y).
From (4.8) it follows that forz € E, and r, <r, € R,
plry, y; ry; u, 2) = plry, ¥; u, 2) for m, -almost all y.

Integrating with respect to p(s, x; r;, —) and using 1.3.C, we have

p(s, x; ry; u, z) = p(s, x; ry; u, z). Hence, for arbitrary s < ¢, x € E, and

z € E, the function (4.11) does not depend on the choice of r € R,,.

We denote it by p(s, x; u, z). For z € E, \ E, we set p(s, x; u, z) = p(s, x; u, b,),
where b, is a fixed point of Eu. By the definition of p(s, x; ¢, »), for

z €E,

412)  (pe ot ym@np v v, 9=

Y

= S SS p(s, @ i, d2) P (ry, 245 ¢, Y) me (AY) P (E, U5 720 A29) P (ra, 205 U, 2)=
=S SS p(s, @ 11, d2) p (ry, 24 t, dy) P (¢, Y; 2y AB) P (12, 22 U, 2) =

= [ PG, 25 700 d2) P (12, 2w, D) =P (s, 75w, 2)

(here r;, € R, r; € R;,, and we have used 1.3.C). Moreover,

(413) S p(S, x; t’ y) my (dy) = S S p(S, x;r, dz);(r, Z; t, y) my (dy) =
B B

= S p(s, z, r, dZ)p(r, z; t, B)=p($, Z; t’ B)'
By (4.6), for y € E,
(4.14) Sm d2) p s, 2 t, y) =

= S 5 ms(dz)p(s, 51, V) p (r, dv; ¢, y)= S p(r,dv; t, y)=1.

Clearly, 1.6.A follows from (4.12) and 1.6.B from (4.14). By (4.13),
p(s, x; t, y) is a density for p(s, x, f, —) with respect to m,. Finally, from
(4.11) it is clear that p(s, x; ¢, ¥) is jointly measurable in (s, x) and
y.
4.2. The first part of Theorem 1.2., asserting the existence of a fundamental
density follows at once from Lemmas 4.1 and 4.2. We claim that (1.14)
defines transition probabilities for x,.

For any s < ¢t and x € E; we consider the measure P’s’x on F>t defined
by

P! .(C) = Pp(s, z; t, z)%c-
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Suppose that t<u, ¢ € 4 M € F>u and that p(t, y; u, x,) is measurable
jointly in y and w. Applying Fubini’'s theorem and using (4.4) we have

P (z)) Pt = S 9 (y) m (dy) PE, zm=PS Pyym(dy)p(t. y; u, T)M=
=Pp(t, ¢; u, ) n=P{Plo ()| Fuln}=Po (z) 1.
Hence it follows that for t < u and 1 € F>u
(4.15) P{n |z} = P s, n (P-as.)
Now let s <t <wu and n € F+,. By 1.6.A and (4.15),
(4.16)  Pym=Pp(s, =5 u, z)n=

=P Sp(s, x; t, 2)my (d2) p (2, 2; u, Tu) M=
= g p(s, z; t, 2yme (d2) P¥ m=Pp(s, z; t, z) P x=
—Pp(s, 7 t, ) P{n|z}=Pp(s, z: t, z) 1 =Pf e

We consider an arbitrary sequence ¢, | s. By (4.16), ng’x = ng'x” on
F >t Therefore, by 1.1.C, there exists a measure P, on #>s that
coincides with ng’x Oon &si,. Forany t > s thereisat, € (s, ), and
by (4.16), Ps’x = P;’fx = Pg’x on & Hence (1.14) is satisfied. From (1.14)
it follows that P, ,n is a measurable function of x.

According to (4.15), for ¢+ < u and 1 € F>u

P{n |z} = Pryn (Pas),

therefore (1.2) is satisfied. As x, satisfies 1.2.B', (1.4) also follows from
this.
Lets <r <t te#(r,tl and n¢ F5: By (1.12) and (1.4),

Ps. xg'r] = Pp(sv z;r, xr)‘é’fl = Pp(s, z,r, xr)gpt, xtn =Ps» ngt. xtn'

Hence (1.1) holds for € #(r, ¢] and r € (s, t). Using 1.1.C, we conclude
that (1.1) holds for all & € #(s, ¢]. Thus, the Ps,x are the transition
probabilities for x,.

4.3. We now prove the results stated in §1.7.

PROOF of 1.7.A. The absolute continuity of the transition function
p(s, x; t, T') clearly follows from that of (x,, P, ;). On the other hand, if
M€ Fsi, then, with ¢(z) = Py, M we have, by (1.1) and (1.2),

Py = P(P(.’llt) = mt((p)r Ps. 1 = P, xcp(xt) = p(sv z; t, CP)-

Therefore, the absolute continuity of p(s, x; ¢, I') implies that of
(., P, ).

PROOF of 1.7.B. If (x,, P, ,) is absolutely continuous, then according
to 1.7.A, p(s, x; t, dy) = p(s, x; t, y)m,(dy). The density p(s,x; t, ¥) can
be chosen to be jointly measurable in x and y. For any 4 € #, and
B %, we have
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Mat (AX B)y=P{z:€ A4, 2,€ B}y=Pys (x:) P, x, {z: € B} =

=S S ms (dz) p (s, z; ¢, y) ms (dy).
A B

Therefore, m,, is absolutely continuous with respect to mg; X m,. This
proves one half of 1.7.B. The other half follows from Theorem 1.2.

PROOF of 1.7.C. According to Lemma 4.2, we can choose a fundamental
density p(s, x; t, y) so that

Ps, x{xt E F}= S D (S, Z, t’ y) my (dy) == Pp (S, x5 t’ xt) Xr (It)'
r

By 1.11.A, it follows from this that for any ¢ € %
P,, .9(z;) = Pp(s, z; t, z,)p(xy).

Setting ¢(z) = P;,,n and bearing (1.1) and (1.2) in mind, we arrive at
(1.14).

1.7.D. is clear.

PROOF of 1.7.E. If (x,, P, ,) is absolutely continuous and if
pGs, x; ¢, y) is a fundamental density for it, then for any right
representation (x,, P, ,.), for s <r <t and 1 € F5,

P, .0 = Pp(s, z; v, 2)n = Pp(s, z; 1, )Py, 50 = Py, Py 5.
4.4. THE PROOF OF THEOREM 1.3. is divided into several steps.
1°. Let p(s, x; t, ¥) be a fundamental density for the representation
(x;, P, ) (its existence is guaranteed by 1.7.C). Then
(417) Ps. = P;)(s, x; i, .‘tt)'ﬂ (3 <t n E.?)t)-
By (4.4), for s, <3,

(4.18) Pz, €T | F20) =plsi, T; 5, z,,) (Pas.).

We denote by pi,y the indicatrix of the mapping x,(w). By Lemma 3.2,
outside some measurable inaccessible set (depending on s; and s2)

(4.19) S P(s1, @ 520 2 pP, (d2) =p% ,(9) on &>

for all ¢ € #,,. Hence there is a measurable inaccessible set C outside
which (4.19) holds for all 5, < 5, € R and ¢ € s« Now we set

(4.20) P ot y)= {56, 9)p, @)
From (4.19) it follows that for r; <r, € R,

(4.21)  p(s, x5 8, Y) = Sﬁ(s, z, 11, 2y myy (d2) p(rs, 2; T3 £, Y).
By (4.2) and (4.19), for (¢, y) € C

(4.22) pily(da) = mey(dD)p(sy, 23 743 8, Y),
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and by (4.21), (4.22) and (4.20),
ps, 25 8, y)=S P(s, @ 11, 2) Pt (d2)=p (s, 7 T ).

Consequently, if (¢, y) € C, the value of p(s, x; r; t, ¥) does not depend
on choice of r in R, so that we can omit the argument r and rewrite
(4.20) in the form

423 P mty={pemn i, @ (9O

For (¢, y) € C we set
(4-24) p(s, x5 t, y) - P(S, x; t’ xt((’)o))’

where w, is an arbitrary point of £ such that (f, x,(w,)) € C for all ¢,
and f{t, x,(w,)) is measurable in ¢ for any function f that is measurable
on g . (By 3.4.C, almost all w, have these properties).
2°. To prove that the function defined by (4.23) and (4.24) is jointly
measurable in (s, x) and (¢, ¥) it is sufficient to verify that
a) the function F,(s, x; ¢, y) = sug p(s, x; r; t, y) is jointly measurable
re

in (s, x) and (¢, y) (here we assume that p(s, x; r; ¢, y) = 0 for r € (s, 1),

b) the function F,(s, x; £) = p(s, x; f, x, (wy)) is jointly measurable in
(s, x) and ¢.

Now a) follows from the joint measurability of p(s, x; r, z) in (s, x) and
z (see Lemma 4.2), from the measurability of p;'y(I‘) with respect to (¢, »)
(see 3.11.A), and from 1.11.B. To prove b), we observe that
Fy(s, x, t) = Fi(s, x; t, x,(wy)). But if F(s, x; ¢, ¥) is any function that
is jointly measurable in (s, x) and (¢, ¥), then F(s, x; ¢, x,(wy)) is
jointly measurable in (s, x) and ¢. For a function F that can be expressed
as a product G(s, x)G,(¢, y) this follows from the choice of w,. Since the
property in question is conserved under linear operations and limit passage,
it extends to any measurable F.

3°. Since x; € # (t, t+) is measurable, we have Ft=#F>: and from
(3.15) and (4.18) we obtain

P s, (9) = P{o(x) | Fi} =p(r, 95 ¢, 2) (Pas.).

Consequently, pi, 4(9) = p(r, 9; ¢, y) for m,-almost all y. But by (4.23),
pls, z; ¢, y) = pi, (@) for ¢(z) = p(s, z; r, 2), and bearing in mind 1.6.A,
we have

(4.25) pls, z; t, y) = p(r, 9; t, y) = p(s, z; t, y) for m,-almost all y.

From (4.17) and (4.25) it follows that p(s, x; t, y) satisfies (1.14).
4°. We now verify that p(s, x; f, y) satisfies 1.6.A and 1.6.B. Since p
satisfies these conditions, by (4.23)
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426 [5G ot pm@nre, yu 9=
= Hp(s, ; t, y)me(dy) p (¢, y; v, V) pr,  (dv) =

=[P mrop, @) =p6, 5w 9 for @ 2 EC
42n  {m@dpe st n={{m@npe s om0 =

=S p; ,(d5)=1 for (¢, y) € C

From (4.26) and (4.25) it follows that outside C 1.6.A holds and 1.6.B
holds, by (4.27) and (1.14). The extension of these properties to (¢, y) € C
is obvious.

5°. By Theorem 1.2, (1.15) defines co-transition probabilities for x,. Let
& € £« be bounded. We now prove that the function P*"** & is P-almost
surely continuous from the right on (¢, 8). To prove this, it is sufficient to
verify that for any r € R, the function P“*u ¢ is P-almost surely
continuous from the right on (r, 8). We choose s € (¢, r) and set
g(z) = P**E. By (1.7), (1.15), and (4.23), for u > r and (u, z) € C we
have

P*E=P" ¢ (z) =P (zs) (5, 55 4, 2) =
—{m@oe@re =9, @=r,.0)

where 3
f= S ms(dx) @ (@) P (s, z; 7, Y =D(s, B 7, Y).

Therefore, the required property follows from 3.11.B.
6°. It remains to show that, in the notation of 5°

lim P* *uf = P> *&  (P-a.s.).
ult
By (1.10), for u = ¢

P{t | Fou} = P“*E (P-as.).

Hence, (P**E, # >4, P) is a martingale on (¢, 8), and by 1.14.A and 5°,
the limit in question exists. By 1.14.C, it is equal P-almost surely to
P{t ] #-t}. It remains for us to observe that

P{E | F>i}=PE| F=i) = P"®E  (P-as.).

4.5. The proof of Theorem 1.4 takes up a few lines. By Theorem 1.2,
from the existence of an absolutely continuous Markov representation x, it
follows that there are an absolutely continuous right representation
(x,, P, y) and a left representation (x,, P"*). Their regularizations
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(Xr4, Pry ) and (x,_, P‘—*) satisfy the conditions 1.8.A, 1.8.B, and 1.8.D.
By 1.7.D, they are absolutely continuous. The remaining statements of
Theorem 1.4. follow from Theorem 1.3.

4.6. We divide the proof of Theorem 1.5 into several steps.

1°. We show that (1.16) defines a completely regular, two-sided Markov
representation of the system & (I).

Since 1.2.A holds for x,_ and x,,, it also holds for z,. Next, since x,_
is measurable with respect to F«: (see 1.8.D), the o-algebras (s, ] and
F <t for the process z, coincide with the o-algebras #(s, t] and F<t for
x;+. Therefore, the validity of (1.1) and (1.4) for (z,, P, ,) follows from
their validity for (x,,, P,, ,). Thus, (z,, P, ,) is a right Markov representation
of #(I). Since (x,,, P,+,x’) is completely regular and P, = P,+,xt+, the
representation (z,, P, ;) is also completely regular.

Similarly it can be verified that (z,, P*?) is a completely regular left
representation of #(I).

2°. We prove that (1.17) defines a fundamental density for
(24, Py 4, P2).

In the first place, by (1.14) and (1.15),

(4.28) pls, z X y; t, @ X Y) = Py, yplr—, 2,25 t—, 2') =
= P %p(s+, ¥5 g+, Tq4).
From this it is clear that the expression does not depend on r nor on g¢.
We now check that (4.28) is connected with P,,Z by (1.14).

We denote the one-dimensional distributions of the processes z,, x,_,
and x,, by m,, m,_, and m,,, respectively, and set

p(t_7 x; t+7 B) = Pt—,x {xH' E B}'
Let E€F<i,n€F>i, @€ Fi Since (x,_, P_ ., P/¥) is a two-sided
Markov representation of #(I), by (1.14) and (1.10)

(4.29) Pg (z,.)kn = Po(z,)EPr- o, m = Polz;)(Py_, o P 7L,
In particular,

P{z; €A, a1, € B} =Pyu (v1-) Pre, x, {m+ €B}= S my_(dz)p(t—, x; t+, B),
A

which can be rewritten more compactly as
(4.30) my(dx, dy) = m,_(dx)p(t—, z; t+, dy).
Relying on (1.16), (1.14), and (4.29) we deduce that for s < g < r and
z=x XYy
Po  {2:€AXB}=Pp(s+, y; ¢+, Tgs) Ya (T1-) Xp (T12) =

= [m @) P2+, v 0, 2 plt—, @ t+, B).
A
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By (4.30) and (4.28), the right-hand side is equal to
my(dz’, dy')p(s, xXy; t, o' Xy)=Pp(s, z; ¢, 2) axn(21).
AxXB

By means of 1.11.A we derive from this, that for any non-negative
measurable function f

Ps-zj(zt) = PP(& z; t1 Zt)j(zt)‘

Setting f(z) = P, ,n and bearing (1.1) and (1.4) in mind we arrive at (1.14).
(1.15) can be verified similarly. 1.6.B follows from (1.14) and (1.15).
Let us verify 1.6.A. By (4.28), fors < g <t <r<u

(4.31) Sp(s, z; b, 2Yme(dz)p (2, 7', u, 2) =
=P P " p(s+, ¥ g+, 2g0)) (Prep (= 2rs u—, 2)-

Applying (1.4) and (1.10) to z,, P,’z,
right-hand side of (4.31) is equal to

Pp(s+, y; g+, @q4)plr—, oy u—, 2") = pls, ¢ X y; u, " X ¥").

and P%Z, we conclude that the

By 1.8.C the representation (z,, P, ,, P*%) separates the states.

3°. We now prove the final statement of the theorem. _

By 1.7.E, the representation (z,, tz) is dominated by (z,, P, ¥.z)> SO that
Lemma 2.3 can be applied to these two representations. Therefore o
P, = P, z, for all £ € («, ) (P-a.s.). By symmetry arguments, phit = piit
for all ¢ = (o, B) (P-a.s.). The measures P, , and P, , belong to the class

= K,(z, P, ,) and the measures P*? and P"? to the corresponding class
K' associated w1th the left representation (z,, P"%). We map the state
spaces of the processes z, and z, into K, X K’ by means of the formulae
z > (Pt ;> PP%) and z - (Pt 2 P"?). The proof of the equivalence of
(z;, P, ,, P"%) and (z,, P, ,, P"%) is completed in the same way as that of
Lemma 2.2.

4.7. To prove Theorem 1.6 we need several lemmas.

LEMMA 4.3. Let t < u € T and let n be a bounded ¥ >u-measurable
function. We set ¢ (t, ©) =Py « o V(¢ 0) =P x_@m. Then

(4.32) hfm(p(r, 0)=v({E o) for dlt € (o, u] (P-as.),
(4.33) hm\p(r, ©)=¢(, ©) foralt € [a, u) (P-as.)

PROOF. By the regularity of (x,, P,, ,) and by Proposition 3.1.B,
¢(¢, ®) is for P-almost all w right-continuous and has left-hand limits on
[, u]. By the co-regularity of (x,_, Pt—,x ), the function (¢, w) is P-almost
surely left continuous and has right-hand limits on the same interval (the
latter is proved by considering the martingale (p(Z, ®), # <, P)). We observe
that by (1.12), P{n | F <+ }= o(t, ©)(P-a.s.), and applying (1.4) to the
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right representation (x,_, P,_ ,), we have P{n | #;} = ¢(t, o) (P-a:s.).
Hence, for every ¢,

(4.34) 1ig1q>(r, m)=1i1ntnP{n|f<r+}=P{n]5«"<t}=1|:(t, 0) (P-as.).

Since both sides of (4.34) are almost surely left-continuous, (4.32) follows
from (4.34), and (4.33) is proved similarly.

LEMMA 4.4, Let #; = .. Forany predictable Markov time 1 and
any W E€F
(4.35) P{nldAv-} =P o n (Pas, 7 <u)

If m, is a non-negative recoverable function, then

(4.36) P {n.] A} = $7(1, 2:) (P-as),

where Y“(t, x) = P,_ . m,.

PROOF. Suppose first that n is bounded. Applying (3.7) to the
representation (x,,, P,, ,) and using 1.14.C, we have

P{n | Ae} = lim P {0 | Aoy} = lim Pegy z 0

(4.35) now follows, by Lemma 4.3. (4.35) can be extended to unbounded
functions n by means of 1.11.A. Finally, (4.36) is derived from (4.35) just
as (3.8) from (3.7).

LEMMA 4.5.' If the functions & € F<, and n € >, are P-integrable,
then for P-almost all w the function P X ¢ is right continuous in {u, B),
while the function P,_ n is left continuous in («, u}.

PROOF. We denote by Y(¢, w) the function that is equal to P,_ , x, M

for t < u and vanishes for ¢ > u. According to 1.8.B, if n is bounded, it
is strictly predictable. Relying on 1.11.A, we conclude from this that it is
predictable for any n € #5,. According to 3.2.E, the left continuity of
the function Pt—,x,_" will follow if we verify that

(4.37) YT, ©) >9(7, ©) (P-as.)
for any non-decreasing sequence of predictable Markov times 7~ 7. According
to (4.35),

(4.38) P{n A} =91, 0) Pas, 7, <u).

But the minimal ¢-algebra containing all the #+,. is - and by 1.14.C
(4.37) follows from (4.38).

The second statement of Lemma 4.5 is proved similarly.

COROLLARY. Lemma 4.3 holds for all P-integrable N € F 4.

For the boundedness of n was required only to use the left continuity
of Y(t, w) and right continuity of (¢, ®) (P-a.s.). But according to Lemma
4.5, this continuity follows from the P-integrability of 7.

b Communicated to the author by S. E. Kuznetsov.
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4.8. We now prove Theorem 1.6. We consider a triple (x,, P, .,
obtained by combining the representations (x,., P, ., P'**) and
(x,_, P,_ ., P*>¥), constructed in Theorem 1.4.

1°. We verify that (x,, Pv,x) is a right Markov representation for
F vy, v,). Clearly, x, is measurable with respect to 7 (vy, vg) for
vy < v < v,. We now show that

(439) Pu‘ x§7] = Pu» ngu. x,T]

fora“ u<UEVy§E.5§"(U,V],7]Eﬁ>m
(4.40)  PEtn=PEP, .n forall v€EV, £€ Fen 1€ Fon

Pv,X)

We note that
ﬁsvzﬁq, f:(lh vl|=4 (4, ) for v=t—,
FoS Far, FUvlSF@ t+) for v=t4.

Since (x,_, P,_ ,) satisfies (1.4) and (x,+, P+ x) satisfies (1.12), (4.40) holds
for any v. Next, being absolutely continuous, the two representations

(x,_, P,_’x) and (x,,, P,, ,) dominate each other. Therefore,

P, . € K, (x4, P,y ), and (4.39) follows from (1.13) for v = #+. For

v = ¢~ the equation is satisfied because P, , € K,(x,_, P,_ .).

Let 1 € # 5. and let 4,={o: P, .,n is continuous in v on [t+, ul}.
From the corollary to Lemma 4.5 it follows that P 4, = 1 for ¢t € [a, @).
By (1.14) and (1.5) it follows from this that P' 4, = 1 for s € [a, t) and
any P’ € K(x,,, P, ). For s = ¢ the corresponding result follows from
1.8.A.

Combining the properties of (x,, P, ,) with corresponding properties of
(x,, P¥*) (which are valid by symmetry), we conclude that (x,, Pv’x, PvX)
is a regular two-sided Markov representation of the stochastic system #(I).
By 1.8.C, this representation separates states.

2°. We now prove 1.10.A. The measures P,_, and P,, , belong to
K, (x4, P,+’x). By Lemma 2.1, we need only verify that for
r€R, ¢ €W, and for P-almost all w the set

{t: tE (a‘v r), Pt—, xt—-(p (xr) 95 Pt+, xt+(p (zr)}.

is at most denumerable. But the points of this set are discontinuity points
of ¢ft, ®) = Py, x, +(p(ﬂlcr)- Since the latter has almost surely no discontinuities
of the second kind, the number of discontinuity points is at most
denumerable.

3°. We now verify that the function p(u, x; v, ¥) defined in the statement
of the theorem is a fundamental density for (x,, P, ., Pv:*),

From (1.18), (1.19) and (1.14)—(1.15) we have

(4.41) pls+,x; t—, y) = Poy, plr—, 7,5 t—, y) = P*7 Vp(s+, 5 g+, 244),



254 E. B. Dynkin

(4.42) p(s—, z; t-+, y) = Py plr+, z.4; -+, ) =

P Vp(s—, 23 g—, 2g-)

(cf. (4.28). From this it follows that the expressions (4.41) and (4.42) do
not depend on r and gq.
We claim that for any non-neighbouring u <<v € V, 1 € F>¢

(4-43) Pu;x‘r] = PP(U, x; v, xv)n

Let u = st, v = tx. For the combinations of signs ++ and —— (4.39) reduces
to (1.14). In the case of +—, by (4.41), (1.10) and (1.11) the right-hand
side of (4.43) is equal to

PP % ti-p(st, 25 g+, 24,) = Pup(s+, ; g+, Zg) = Pyy,an-
Finally, in the case of —+, by (4.42), (1.10) and (1.14) it is equal to
PP *tp(s—, z; g—, 24.) = Pupls—, 3 g—, 24.) = Py, .
Thus, (4.43) is proved. It can be shown similarly that for any non-
neighbouring u < v € V and §€ F <
(4.44) Pt = Pp(u, z,; v, 2).

From (4.43) and (4.44) it follows that p(u, x; v, x,) satisfies the conditions
of 1.6.B and is a density for m,, with respect to m, X m,. It remains to
verify that for any non-neighbouring u < v < w

445)  [p@ zv gm@p@, 5w Y=p@ 3w

Let u = sx, v = rt, w = t+. We know already that the equation holds for
the combinations of signs +++ and ———. Let s < p <r < ¢ < ¢. Using
(4.41) we note that, in the case +—— the left-hand side of (4.45) is equal
to

SPs+. «P(P—, T3 T—, B)m_(d2)p(r—, 38—, Y)=
=Per,xP(p—. To3 t—, Y=DP(+, x5 t—, y)
and in the case ++— it is equal to

Sp(s—{n zr+, )m (@) PP (r+, 5 04, de) =

=P"Wp(s+, z; 0+, 2o)=p(s+, 23 t—, Y).

The cases —++ and ——+ are dealt with similarly by means of (4.42).
Finally, in the case +—+, using (4.41) and (4.42) we observe that the left-
hand side of (4.45) is equal to

SP"’ p(s+, 2 0+, ) Mr (d2) Py, op (04, Toys t 4, y) =

=PP T p(s+, 25 0+, Tl [Proyx, P (O, Tous £+, Y=
=PP[p(s+, 2; p+, o) |2 1P [P (04, 2645 £+, Y] 2]
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Since x,_ satisfies 1.2.A, this equation is equivalent to
Pp(s+, z; p+, Zpi)p(o+, Zg; £+, y) =
= Py, (04, Zoi; t4, y) = pls+, 5 £+, y)

(here (1.14) and the property 1.6.A of p(s+, x; t+, ¥)) are used). The case
—+— is treated similarly

4°. Finally, let (X, P, . P¥*) be any regular two-sided representation of
a stochastic system f([) separating states. Then (x,, ,‘x) is a right
representation of the system #(I) and by 1.7.E, it dominates the right
representations (x,,, P, ,) and (x,_, P,_,). By Lemma 2.3
P, xH =P, s for all ¢ G [, B) (P-a.s.). By the regularity of
(x , P**) and (x,, P, ,, P¥*) it follows from this that
Pu’xu = Pu'xu for all v G [ot, B=) (P-a.s.). By similar arguments,

P™ =P"™ forall v € [a,,,ﬁ—) (P-a.s.). The measures P, . and l—’ . belong
to the class K, = K;(x,,, P, ,), and the measures P>~ and P to the
corresponding class K® associated with the left representatlon (x, , PP,

We map the state spaces of the processes x,, and x, into K, X K* by
the formulae

v’

x “"(Pv.x’ Pv,x)’ T “"(]_-)‘v,x’ ﬁv,x).

The proof that (x,, P, ,, P¥*) and ( | SN
pleted in the same way as that of Lemma 2.3.

P¥*) are equivalent is com-

Appendix
REGULAR TOPOLOGICAL REPRESENTATIONS
S. E. Kuznetsov

1. We shall show that if a stochastic system (#(I), P) has an absolutely
continuous Markov representation, then we can construct for it in a good
topological space a pair of regular Markov representations (x,, P) and
(v, P) with trajectories having no discontinuities of the second kind. More-
over, x, is almost surely continuous from the right and y, from the left,
x,_ =y, and y,, = x,. If we reverse the time in the process y,, then we
obtain a pair of dual Markov processes of the kind that is usually treated
in potential theory.

2. Let (#(I), P) be a stochastic system. Let x;, and y, be two two-sided
Markov representations with a common state space £, and common transition
and co-transition probabilities P, , and P** (but, generally speaking, distinct
transition and co-transition functions!). We call the pair (x;, y,) a regular
topological representation if the following conditions are satisfied.

2A €= L:J E,; is a Borel subset of a complete separable compact

metric space and the function f(¢, x) = ¢ is continuous.
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2.B. The trajectories of the process x, are P-a.s. continuous from the
right and have left-hand limits, and the trajectories of y, are P-a.s. left-
continuous and have right-hand limits. Moreover,

lim y, = x,, lim x; = y,, (P-as.) for all ¢.
uyt stt

2.C. The representations (x,, P, ,) and (y,, PY*) are completely regular,
and (x,, P4*) and (y,, P, ,) are co-regular.

3. THEOREM. Suppose that a stochastic system (F(I), P) has an
absolutely continuous Markov representation x,. Then F(I) also has a
regular topological representation.

We construct a topological representation using the representations
(e Py s P'>*)and (x,_, P,_ ., P'™%) constructed in Theorem 1.4. Let
x €E,_,y€E,. Wewrite (x, y) €D, if

() P x=Py, , PTO=pY

Let R be a denumerable everywhere dense subset of T, R, ,=R N (¢, B),
and R, = R N (a, ¢). By Lemma 2.1 the equations (1) are equivalent to
the denumerable system of equations

2 { Pt—, x(P!(;l?.u) =Pt+. y(P (Eu)9 (P EW’LH uER>t9
@ P (z) =P (z), VEWS, s€ R
(Here W, denotes a support system of functions in Eu, the state space of
x,). Since the functions in (2) are measurable, D, is a Borel subset of the
product space Z, = E,_ X E,,. Similarly, & = J D; is a Borel subset of
t

z = U Zt'

t

We write D,_ = Prg, D, D, = PIg,, D,. Since the representations
(X4, P, ) and (x,_, P'™%) separate states, every point of D, and D,, has
a unique inverse image under projection. Hence, D,_ and D,, are one-to-one
measurable images of a Borel set, and by [8], §39.V are also Borel sets.
Hence
Ey=D;U(E;-\Dr2) U (B \Dy,)
is a Borel space.! By similar arguments
éE= ltJ Ei= ) (E-\TD.) U (8, \TD,)

is also a Borel space, where &€.= JEs, é&.= UE;,, Py= UD; and
D= D t t [3

The tspaces E,_ and E,, have natural embeddings in E, (here D,_ and
D,, are identified). The transition and co-transition probabilities P, , and
P"* can be transferred to E, without ambiguity. We set x, = x,, and
¥y, = x,_. Then 2C is satisfied.

We set @(t) =0 for ¢+<CO0, o(t) =1t for 0 < ¢ < 1, and oft) =1
for + > 1. We take it that P,,xf()?u) =0 for u < t and P"*f(x) = 0 for
s <L

Dif X and ¥ are two disjoint measurable spaces, then I' C X U Y is taken to be measurable if ' N X and
rn Y are.
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We take as a denumerable coordinate system in & the function of the
form

{ F z)=¢ (u—t)Pt, xf (;u)y u€ER, feW,,
3

F(t, 2)=9(t—s)P"*f(z), sER, feEW,.

We may assume that all the functions f € W, are bounded by 1. Then the
coordinate system separates states, and no coordinate exceeds 1. By means
of this coordinate system & is mapped injectively into the Hilbert cube
H, and according to [8], §39. V its image in H is a Borel set. Now 2B is
a corollary to Theorem 1.6( the regularity of the horizontal representation).
4. We show now that not only the transition and the co-transition

probabilities P,’x and P"* but also the fundamental density p(s, x; f, »)
transfer in a natural way to E;. It suffices to prove that

[ pPl—szuk, )=p+, y; uk, 2) for t<u, (2, y) €Dy
(4) l p(siv z; t—, y)=p(3i, z; L+, Z) for s<lt, (yy Z)EDf-
We prove, for example, that p(t—, x; u—, z) = p(t+, y; u—, z) for t < u and
(x, y) € D,. By (1.18) and (1.14), for t < g <r <u
(5) p(t+, u; u—, 2) = Pp(t+, y; g+, 2g)plr—, 2,5 u—, 2) =
= PH‘»yp(r_y Ty U—, Z).
On the other hand, from 1.6.A and (1.14) it follows easily that
(6) plt—, 23 u—, 2) = Pplt—, x; q—, 2g)plr—, 2,-; u—, 2) =
- Pt—- .xP("‘—, Lr; U—, Z),
For (x, y) € D,, the right-hand sides of (5) and (6) coincide by definition.
The remaining equalities are proved similarly.

Using 1.6.A, (1.18) and (1.19), we can easily verify that the fundamental
density p(s, x; t, y) satisfies the Chapman-Kolmogorov equations

Sp(sy x; 6, Yyme-(dy) p &, ¥; w, 2)=p(s, z; u, z),
Et

S p(s, &5 b, y)ymu (dy) p (&, y; u, 2) =p (s, ;5 u, z),

By

where m,_(dy) = P {x;- € dy}, mu(dy) = P {2,y €dy}. Therefore,
p(s, x; ¢, y) is really a fundamental density in the sense of §1.6.

5. We mention one important case. We assume that for every ¢ and any
SE Ry, u € Ruyy, 9 € Wyy and ¢ € W, for P-almost all w the functions
p(t+, 43 ut, @) and p(s—, ¥; t—, x,_) are continuous at ¢. Then by
Theorem 1.6 and Lemma 2.1., for every ¢

t—, %,

t+
(7 P o =P, P =P (Pas).

By definition of D, and E,, x,_ = x,, (P-a.s.) in E,. Thus, the processes
x,_ and x,, have identical one-dimensional distributions m, = m,_ = m,,.
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The transition and cotransition functions can be expressed in terms of the
fundamental density and the one-dimensional distributions of the process
by the formulae

pls, z3 t, dy) = pls, z; t, YIm(dy),

p(s, dz; t,y) = m(da)p(s, z; ¢, ).

Therefore, when (7) holds, the processes x,_ and x,, have common transition
and cotransition functions that are dual, that is,

mdx)p(s, z; t, dy) = pls, dx; ¢, yIm,(dy).
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SPECIAL INVITED PAPER

SUFFICIENT STATISTICS AND EXTREME POINTS!

A convex set M is called a simplex if there exists a subset M, of M such
that every P € M is the barycentre of one and only one probability measure
g concentrated on M,. Elements of M, are calied extreme points of M. To
prove that a set of functions or measures is a simplex, usually the Choquet
theorem on extreme points of convex sets in linear topological spaces is
cited. We prove a simpler theorem which is more convenient for many
applications. Instead of topological considerations, this theorem makes
use of the concept of sufficient statistics.

1. Introduction.

1.1. IfMisasimplexina finite-dimensional linear space, the set M of extreme
points is finite, and to say that 2 is a barycentre of a probability measure y con-
centrated on M, means that

P= Zrew (PP,
where p(P) 2 O forall Pe M, and }},.,, p#(P) = 1. The concept of a barycentre
can be naturally extended to probability measures on spaces of functions and
measures. Siumplexes in such spaces play an important role in various fields of
mathematics. Here are some examples:

1.1.A. The set of all probability measures invariant with respect to a meas-
urable transformation T of a measurable space (2, 57). (Extreme points are
ergodic measures.)

1.1.B. The set of all Gibbs states specified by a given family of conditional
distributions.

1.1.C. The set of all symmetric probability measures on a product space (with
infinite number of factors). Extreme points are product measures.

1.1.D. The set of all Markov processes with a given transition function.

1.1.LE. The set of all stationary probability distributions for a given stationary
transition function.

I.1.LF. The class of all normed excessive functions associated with a given
transition function. A particular case is the class of all positive superharmonic
functions kin a domain D of a Euclidean space normed by the condition A(c) = 1,
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where c is a fixed point of D. This class is associated with the Brownian motion
in D.

These classes were treated by many authors from different points of view.
We mention here the works of Krylov and Bogolubov [13] (related to the class
1.1.A); Dobrushin [2] (class 1.1.B); de Finetti [9], [10]; and Hewitt-Savage [11]
(1.1.C); Martin [15]; Doob [3]; and Hunt [12] (1.1.F).

In the present paper, all these classes of measures and functions and some
others will be investigated by constructing suitable sufficient statistics.

1.2. The role of a special type of sufficient statistics (we call them H-sufficient)
is revealed by Theorem 3.1. This theorem was first published in 1971 ([4],
Section 2)ina slightly different form and without explicitly mentioning sufficient
statistics. The theorem was applied to the class of all Markov processes with a
given transition function (class 1.1.D) in [4] and to excessive measures and ex-
cessive functions (1.1.F) in [5].

We start with general definitions of a barycentre, extreme points, etc., in
Section 2. Relations between H-sufficient statistics and decomposition into ex-
treme points are investigated in Section 3. The main method of constructing
H-sufficient statistics is a special kind of passage to the limit which is studied
in Section 4. The rest of the paper is devoted to various applications. In par-
ticular, Sections 9—12 contain an improved version of the results on Markov
processes published in [4] and [5]. The presentation is self-contained, but we
refer to [5] for some technical details.

2. Convex measurable spaces.

2.1. Let (M, .Z%,) be an arbitrary measurable space. We say that a convex
structure is introduced into M if a point P,, the barycentre of 4, is associated
with each probability measure ¢ on .5,,. A space (M, .2%,) provided with such
a structure will be called a convex measurable space.

Wessay that Pis an extreme point of M, and write Pe M,, if P is not a barycentre
of any measure y except the measure concentrated on P. A convex measurable
space M is called a simplex if M, is measurable and each Pe M is a barycentre
of one and only one probability measure 4 concentrated on M,.

Let (M, .#,) and (M’, -%,.) be convex measurable spaces and let T be a map-
ping of Minto M’. We say that T preserves the convex structure if T is measurable
and transforms the barycentre of a measure p into the barycentre of the measure

#@) = puT), Lo

We say that T is an isomorphism if it is invertible and T'and T~' preserve convex
structure.

An axiomatic theory of convex measurable spaces can be developed but our
task is rather an analysis of concrete spaces.

2.2. Let M be a collection of positive functions on an arbitrary set Z. (By
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a positive function we mean a function with values in an extended real half-line
[0, +00].) Let £&), be an arbitrary o-algebra in M with the property:

2.2.A. Foreach z¢ Z, the function F(p) = ¢(2) is -%,-measurable.

Let p be a probability measure on %,. We define a barycentre ¢, of p: by the
formula

(2.1) ?u(2) = Su p(2)p(dy) -
If M contains the barycentres of all probability measures, it is a convex meas-
urable space.

A measurable structure in M is called natural if it is determined by the minimal
o-algebra 2%, with the property 2.2.A. Unless otherwise stipulated we consider
in M the natural measurable structure, and we always consider in M the convex
structure defined by formula (2.1).

Formula (2.1) makes sense also for finite nonprobabilistic measures z. In this
case, we call ¢, a generalized barycentre of p. If M contains all generalized bary-
centres, we say that M is a convex cone.

2.3. Now let M be a set of probability measures on a measurable space(Q, .5 ).
The set M can be considered also as a class of positive functions on >, and we
can apply all the definitions of Subsection 2.2.

If M is a simplex, the formula

(2.2) P(A) = §, P(A)(dP)

establishes a one-to-one correspondence between M and the set of all probability
measures on M,.

We consider one example. Let M(.%) be the class of all probability measures
on a g-algebra .57, It is easy to check, step by step, that:

(i) M(57) is convex.
(ii) Measures Q“(A4) = 1,(w), A€ 5 are extreme points of M(5").
(iii) Each Pe M(.57) is a barycentre of a measure g defined by formula
(2.3) (') = Plo: Qe T}.
This measure is concentrated on the set M,(_5") of extreme points of M(.5¥").
(iv) If P is an extreme point, then P = Qv for some w.
(v) If g is a measure concentrated on M,(% ) and P is a barycentre of g,

then g and P satisfy (2.3).
(vi) M(%")is a simplex.

We prove all these statements in a much more general situation in Section 3.

2.4. We shall use the following abbreviations. If fis a functionand .7 isag-
algebra, then the expression f € .% means that f is .5 -measurable and bounded.
An expression Pf (or P(f)) means an integral of f with respect to a measure P.

Let M be a class of probability measures on (Q, >7). A set A is called M-null
if Ae % and P(4) = O forall Pe M. We say that 4, Be 7" are P-equivalent if
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1, = 1 a.s. P. Two g-algebras 7, 28 C .+ are M-equivalent if, for each Pe M,
every Ae < is P-equivalent to a B¢ <% and vice versa.

3. H-sufficiency and the decomposition into extreme points.

3.1. Let Mbeanarbitrary class of probability measures on a measurable space
(Q, =77). We say that M is separable if 5 contains a countable family .57 sepa-
rating the measures in M (which means that for each pair of different elements
P,, P, of M there exists 4 ¢ ¢ such that P(A4) = P,(A4)). The class M(F") is
separable if .~ is countably generated (i.e., generated by a countable family of
sets).

A g-algebra _<° ¢ 4" is called sufficient for M if all measures Pe M have a
common conditional distribution relative to . °; in other words, if for each
w € Q there exists a probability measure Q¢ on % such that, for each 4, Q“(4)
is _# -measurable and

(3.1) P(A| 3% = Q«A4) as. P forall Pe M.
A sufficient s-algebra will be called H-sufficient if, in addition,
3.2) Q“eM as. M

(which means that P(Q® e M) = | for all Pe M).
If ~71is M-equivalent to . °and if 7 is sufficient (H-sufficient) for M,
then sois .~ L

THEOREM 3.1. Ler .57° be an H-sufficient o-algebra for a separable class M.
Then the set M, of extreme points of M is measurable and each P e M is a barycentre
of one and only one probability measure pp concentrated on M,. If M is convex, it
is a simplex.

Let Qv be measures satisfying (3.1) and (3.2). Then M, is a subset of a set {Q}
and the measure p is given by formula

3.3) 1) = Plo: Q©eT}.
A measure Pe M belongs to M, if and only if
(3.4) Plo: Q* =P} =1.

Proor. 1°. We start with the following elementary observation: If Pisany
probability measure on a g-algebra 5~ and if &7° is any subalgebra of .%, then
the conditions (i), (ii), (iii) are equivalent:

(i) Pis trivial on .5 °.

(ii) Each  °-measurable function Z is constant a.s. P.

(iii) P{P(A|.57%) # P(4)} = O for each A¢ .

2°. Denote by M, the set of all measures Pe M which are trivial on -7,
According to 1°, M, can be described by the condition (iii). Taking into account
(3.1), we rewrite (iii) in the form

(3.5) P{Q%(A4) # P(4)} =0  forall Ae. .
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Let &7 be a countable family of sets separating measures of M. Obviously (3.5)
implies that

(3.6) P{Q«(A) # P(A) forall Ae ¥} =0.
Since P and Q“ belong to M, (3.6) implies that
3.7) P{Q*+ P} =0.

It is clear that (3.5) follows from (3.7); hence each of the conditions (3.5), (3.6)
and (3.7) characterizes the set M,. The condition (3.5) can be rewritten also in
the following form:

(3.8) f4P)=0 forall Ae. <,

where

(3.9)  JSu(P) = §a Q(A)P(dw) — P(A)* = { [Q*(4) — P(A)J'P(dw).
Evidently, f, is £%,-measurable. Therefore M, ¢ <5,. It follows from (3.7) that

for each Pe M, there exists w € Q such that P = Qv.
3°. Now we prove that

(3.10) QueM, as. M.

It follows from (3.1) that QvY = P(Y|57°) a.s. P. Setting Y, = Q“(A), we
conclude from (3.9) that
fA(Qw) =QY,-Y, = P(YA,~7°) - Y,

and hence
(3.11) Pf(Q*)=0.
But it is clear from (3.9) that f, = 0. Therefore (3.11) implies that f,(Q*) = 0
a.s. P. We see that, for almost all w, the measure Qv satisfies the condition
(3.8) which implies that Qve M,.

4°. Let a measure p, be defined by formula (3.3). Then the formula
(3-12) §u F(P)pp(dP) = §q F(Q*)P(dw)

holds for indicator functions F = 1;, I'e 2%,. Standard arguments show that
(3.12) is true for all bounded <%,-measurable functions F. For F(P) = P(4),
A e 7 the right side of (3.12) is equal to P(A). Thus P is a barycentre of 5.
According to 3°, p, is concentrated on M,.

5°. Now let Pe M be a barycentre of a measure s concentrated on M,. For
every ' ¢ M,, T'e &%,

(3.13) P{Q e T} = §,, P(Qe T)u(dP).
The left side is equal to z(T'). By (3.7) P(Q“eT) = 1:(P) for Pe M,. Therefore
the right side of (3.13) is equal to
Vo Le(P)e(dP) = p(T) .
Hence g, = 4.
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6°. Let Pe M,. According to 4°, P is a barycentre of y,. Therefore p, is
concentrated on P which means that P{Q° + P} = 0, and Pe M, by 2°,

7°. Now let Pe M, be a barycentre of a measure # on M. According to 2°,
P{Q» = P} = 0. Hence y is concentrated on the set M’ = {P: P(Q* # P) = 0}.
Butif Pe M’, Ce .5, then P(C) = PP(C|.57 %) = § Q¥(C)P(dw) = P(C). There-
fore M’ = (P} and u is concentrated on P. This proves that Pe M,.

3.2,

THEOREM 3.2. Let a separable class M have an H-sufficient s-algebra and let
71 be the class of all sets Ae .5 with the following property:

(3.14) P(A) =0 or P(A) =1 forall PeM,.
Then a o-algebra .=~7° is H-sufficient for M if and only if it is M-equivalent to 5.

ProOF. We need only to prove that each H-sufficient s-algebra 57° is M-
equivalent to 57 '. By Theorem 3.1, 5 ° C 5. Therefore it is sufficient to
construct, for every fixed Pe M, Ae 5!, a set Be 27 ° which is P-equivalent
to A. A function Q“(A) is P-equivalent to a %< °-measurable function f. Sets
B={o: flo) =1} and C = {0: f(w) = 0} belong to -~ °, and

I+ 1,=1 as. P,
P(BA) = P1,Q%(A) = P(B), P(CA) = P1,Q%(4) =0.
Hence 1, = 1,1, = 1, a.s. P. Our theorem is proved.

Now suppose that a class M is a simplex and let .. * be defined by (3.14).
It is clear that

(3.15) P(A| &Y = P(A) for each Pe M,.

Therefore 57 is H-sufficient for M, (and consequently for M) if and only if a
measurable mapping o — Qv of (R, . ') into M, exists such that P(Q* = P) = 1
forall Pe M,. In this case, every two measures of M, are singular on ' with
respect to each other. If M, is at most countable, this condition is not only
necessary but also sufficient: It implies the existence of decomposition of Q into
the sets 2, € 7!, Pe M, with the property P(Q,) = 1, and the mapping Q“ can
be defined by formula Q“ = P for w € Q,.

3.3. We discuss now the concept of H-sufficiency from a slightly different,
more algebraic point of view.

A real-valued function Q“(A4) = Q(w, A), w€Q, Ae .~ is called a Markoyv
kernel if, for each w e Q, Q(w, +)isa probability measure and, for each A € A,
Q(-, A)isan > -measurable function. A linear operator on the space of bounded
% -measurable functions and a linear operator on the space M(.~") of all prob-
ability measures are associated with every Markov kernel Q. We denote them
by the same letter and call them Markov operators. They are defined by the
formulas

(3.16) Qf(w) = § Q(o, do')f(0') = Q“(f),
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and

3.17 (PQ)(A) = § P(dw)Q(w, A).

We shall consider the first operator also on unbounded functions f (in this case

Qf is defined only on a part of Q). The second operator can be extended too:

the formula (3.17) makes sense not only for P¢ M(5) but also for Pe M(&7")

if &' is a o-algebra with the property that Qf € .5’ forall fe &, Two Markov

operators Q and Q' are called M-equivalent if Qf = Q'f a.s. M forall fe ..o,
We say that a set A¢ .57 is Q-invariant if Q1, = 1,.

LemMa 3.1. If all sets of a o-algebra .~"° are Q-invariant, then

(3.18) Q(ef) = 9Qf
for each fe .~7, ge o~ ® and
(3.19) P(f| 7% = POf| 5% as. P

for every Q-invariant measure P and every fe /.

Proor. It suffices to check (3.18) for f = 1,,9 = 1, where A¢ 5, Be &7 °
In this case

Q(gf) — 9Qf = (1 — 9)Q(gf) — 9QI(1 — 9)/f]

and
O=(1—g)QNH=(1~-9Qy=0,
0 < gO[(1 — g)f1 < (1 —g) = 0.

Formula (3.19) follows immediately from (3.18).
A Markov operator Q is called a sufficient statistic for M if there exists a o-
algebra 7 ¢ .~ such that

(3.20) P(f| ) =Qf as. P
for all Pe M and all fe &#. If, in addition, (3.2) holds, we say that Q is H-
sufficient for M. Obviously (3.20) is equivalent to (3.1).

If Q is a sufficient (or an H-sufficient) statistic for M, then so are all operators
M-equivalent to Q.

THEOREM 3.3. If a convex separable class M has an H-sufficient statistic, then
there exists an H-sufficient statistic Q, such that

(3.21) Q(fQ9) = QfQg  forall f,geF

and M coincides with the class of all Q-invariant measures.

Every Markov operaror Q with the property (3.21) is H-sufficient for the class M
of all Q-invariant measures. The corresponding H-sufficient a-algebra 7 ° can be
defined as the collection of all Q-invariant sets. A mapping P — P°, where P°is the
restriction of the probability measure P to 7 °, is an isomorphism of M onto M(7"°).
The inverse mapping is given by the formula P = P°Q.
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ProOF. 1°. Let @° be an H-sufficient statistic for M. By Theorem 3.1Q, =
{w: Q“E M} is an M-null set. Hence an operator

Qf = Qf on QF,
= Jf(w*) on Q,,
where o* is a fixed point of Q°, is H-sufficient for M too.
By (3.4), for all w, € Q, Qw: Q* = @} = 1, and

Q(/Q9)(«@) = § fl@)Q*(9)Q°(dw) = § f(©)Q“(9)Q"(dw)
= QU(9)Q*(f) = Qf(@,)Q9(wy) -

2°. It follows from (3.20) that PQf = Pfforall Pe M, fe .~. Therefore all
Pe M are Q-invariant. On the other hand, if Pis Q-invariant, then

P(4) = | P(dw)Q*(4)

and Pe M since Q“e M for all we Q.

3°. Let Q be a Markov operator with the property (3.21) and let .<"°be the
totality of all Q-invariant sets. It is easy to see that .~ ° is a g-algebra. By
Lemma 3.1, all functions fe o ® are Q-invariant. To prove the converse, we
denote by H the class of all measurable transformations @ of the real line such
that @(f) is Q-invariant for every .Q-invariant f- The class H contains linear
functions and is closed under addition and monotone convergence. By virtue
of (3.21), it is closed also under multiplication. Therefore it contains all bounded
Borel functions, in particular, functions ®(#) = 1., for all constant ¢. Hence
for each Q-invariant f, the sets {w: f(w) > ¢} belong to .7 and f is 5 °-
measurable.

4°, Setting f=1 in (3.21), we see that Q* = Q. Hence Qfe 5 ° for all
fe 57, Theidentity (3.21) implies that Q(gf) = gQf for fe >, ge > °. Hence,
for each Q-invariant measure P,

P(9Qf) = PQ(9f) = P(9f) »

and (3.20) is satisfied; Q is a sufficient statistic for the class M of all Q-invariant
measures and % s the corresponding sufficient g-algebra. On the other hand,
the identity Q* = Q implies that Q“e M of all w, and Q is H-sufficient.

Since Qf e . "forall fe >, an equality PQ = Pimplies that P°Q = P where
P is a restriction of Pe M to .. °. Obviously P°Q e M for every P°e M(.>°.
Therefore we have a one-to-one correspondence between M and M(..77°%). It is
easy to check that this correspondence is an isomorphism in the sense of Subsec-
tion 2.1.

3.4. We shall prove that under certain circumstances sufficiency implies the
H-sufficiency.

A family of Markov operators V, satisfying the condition V,V, = V,,, for all
s, t is called a one-parameter semigroup if ¢ takes values on the positive real
half-line, and it is called a one-parameter group if ¢ takes values on the real line.
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We say that V, is measurable if, for each fe ., the function V, f(w) is meas-
urable with respect to the pair ¢, @ (the measurable structure on Q is given by
# and on the real line by the g-algebra <% of all Borel sets).

THEOREM 3.4. Let " be a finite or countable family of Markov operators or a
measurable one-parameter semigroup or group in (Q, ) and let 57 be countably
generated. Suppose thar F# ° C 5 is sufficient for the class M of all 7 -invariant
measures and (3.19) holds for all Pe M, Q€ 77" Then & ° is H-sufficient for M.

Proor. Consider a Markov operator Q satisfying condition (3.20). To prove
(3.2), we need only to check that for each Pe M and each fe 5

(3.22) QVf=Qf forall Ve7  as. P.

(Indeed (3.22) implies that, for almost all w, all measures Q“V, V ¢ 7" coincide
with Q“ on a countable family of sets separating measures of M(.57") and there-
fore coincide everywhere.)

It follows from (3.19) that

(3.23) QVf=Qf as. P forevery Ve 7.

If 77 is at most countable, then (3.23) implies (3.22) and our theorem is proved.

In the case of a Markov semigroup or a group, we consider the set A4 =
{(t, w): QvV, = Q}. Itfollows from (3.23) that for each t, Plw: (¢, )€ A} = 1.
The set A belongs to.# x =+ By Fubini’s theorem there exists a set 2, such
that P(Q)) = land, ifw e Q,, then, for almost all ¢, (¢, ) € A, thatis, Q“V, = Q*.
Taking into account that V,V, = V,, forall 5, 1, we easily prove that Q“V, = Q
for all we Q, and all +.

REemaRrk. Theorem 3.4 and its proof are valid for a group ¥ of Markov op-
erators if there exists a s-algebra <%, in ¥’ and a o-finite measure 2 on .Z%,. such
that: (i) Vf(w) is &, x 5 -measurable for each fe .o (ii) A(VB) = 4(B) for
each Be <%, and each Ve Z.

3.5. Let %, and &, be sufficient ¢-algebras for a class M and let Q, and Q,
be correspondent sufficient statistics. It is easy to see that 0,0, = Q,Q,a.s. M
for all fe > if and only if %7 and .5, are conditionally independent given
0= 7, ,n,. Inthis case .7 %is asufficient g-algebra for Mand Q,, = Q,0,
and Q., = Q,Q, are corresponding sufficient statistics.

Now let M be a convex class and let Q, and Q, be H-sufficient. Theset Q, =
{o': @, € M} is M-null and therefore

Qi) = (o5 Q1*(dw’)Q,(A) .
Hence Q4 e M if Q,“e M, and Q,, is H-sufficient for M.
4. Asymptotic sufficiency.

4.1. We say that a sequence of Markov operators Q, converges M-almost
surely to a Markov operator Q and write Q, — Q a.s. M if for each Pe M and
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each fe .+~
(4.1 Qf=1lmQ,f as. P.

A sequence @, is called an asymptotically sufficient statistic for M if there exists
a sufficient statistic Q such that Q, — Q a.s. M. If Q is H-sufficient, we say
that Q_ is asymptotically H-sufficient.

To prove that a sequence Q, is asymptotically sufficient, we use a concept of
a support system.

4.2. A countable family W of bounded measurable functions in a measurable
space (Q, #7) is called a support system if the following two conditions are
satisfied:

4.2.A. If y, is a sequence of probability measures on <~ and if lim § fdy, =
I(f) exists for each fe W, then there is a probability measure g such that /() =
§ fdp for all fe W.

4.2.B. If a class H of real-valued functions contains W and is closed under
addition, multiplication by constants, and bounded convergence, then H contains
all bounded measurable functions. (We say that f, converges boundedly to f if
[+ converges pointwise to f and all the functions f, are uniformly bounded.)

A measurable space (Q, .>¥) will be called a B-space if there exists a support
system in (Q, >7). The unit interval [ = [0, 1] with the Borel measurable
structure is an example of a B-space: a support system is formed by functions
ox, x% ..., x», ...

A measurable space (Q, ") is called a Borel space if it is isomorphic to a
Borel subset of a complete separable metric space. It is well known (see, e.g.,
[7] or [19]) that all uncountable Borel spaces are isomorphic. By this fact it is
easy to prove that all Borel spaces are B-spaces.

It follows from 4.2.B that a support system generates o-algebra .<". Therefore,
for any B-space (Q, <), the s-algebra " is countably generated and M(")
is separable,

4.3.
LeMMA 4.1. Ler (Q, 57) be a B-space and let
(4.2) P{f|>+% =1lim, . Q,f as. P

for every Pe M and all fe ~. Then Q, is asymptotically sufficient for M and ~*
is a sufficient o-algebra for M.

Proor. Put we Q' if lim Q,“(f) = I*(f) exists for all elements f of a support
system W. If w e @, then, by 4.1.A, there exists a probability measure Q“ such
that Qu(f) = I*(f) for all fe W. It follows from (4.2) that P(Q’) = | and that

(4.3) P15 = Qf) = @f(w) as. P

forall fe W, Pe M. By 4.1.B, (4.3) holds for ali fe . Therefore Q is suf-
ficient for M. It follows from (4.2) and (4.3) that Q, — Q a.s. M.



SUFFICIENT STATISTICS AND EXTREME POINTS 269

4.4. It follows from Theorem 3.1 that, if Q, is an asymptotically H-sufficient
statistic for M, then

(4.4) Pf=1imQ,f as. P

for Pe M, and fe _#". Formula (4.4) is valid also for all unbounded functions
f for which (4.2) is true. In most applications, (4.2) and (4.4) hold for all P-
integrable f.

Let us fix an arbitrary countable family W of bounded .# -measurable func-
tions and define a convergence of measures by the condition that P, — P if
P(f)— P(f) for all fe W. The formula (4.4) implies that each P in M, is the
limit of Q,“ for some w.

4.5.

LeEmMMA 4.2. Let M be a class of probability measures on a B-space (2, 7). If
SF s <, are sufficient o-algebras for M, then 7 ° = 7, 0 57, is also sufficient
for M. (Here 57, is the minimal a-algebra which contains 57, and all M-null sets.)
If V, is a sufficient statistic corresponding to %, (i = 1, 2), then formulas

(45) Qx = Vn s sz = Vzsz—l ) sz+1 = Vank for k= l’ 2’ e
define an asymptotically sufficient statistic corresponding to % °.

Proor. According to Lemma 4.1 it is sufficient to check formula (4.2). This
formula follows from one result of Burkholder ([1], Theorem 4).

CoROLLARY. If 57, i = 1,2, ... are sufficient for M, then 5 °= (&, is
also sufficient for M.

ProoF. By Lemma 4.2 all g-algebras 57, = %, n ... N % ,n=1,2, ...
are sufficient for M. Let Q, be corresponding sufficient statistics. Then

lim Q, f = lim P{f | %,} = P{f| 5%} as. P
for all Pe M and all fe 57
5. Gibbs states.

S.1. Let L be a directed set, i.e., a partially ordered set with the property
that for each two elements A,, A, of L, there exists A € L such that A > A, and
A > A, We consider two directed families indexed by L: a family of ¢-algebras
<#, C o and a family of Markov operators I, in (Q, 5).

Following H. Follmer, we say that (7 ,, I,) is a specification in (Q, 5) if:

5.1.LA. 75 c 5, for A > A

5.1.B. I;II, = H;if A > A.

5.1.C. I, fe s, for fe o+,

5.1.D. II,f= ffor fe &,.

Concrete examples of specifications will be discussed in Sections 8 and 9.

A probability measure P on (Q,.7) is called a Gibbs state specified by



270 E. B. DYNKIN

Il = (o7, II,) if
(5.1) P{flomy=1,f as. P
for each fe <" and A e L.
We assume that the directed set A contains a cofinal sequence A, i.e., a se-
quence with the property that for every A € L there exists A, > A.
Evidently, each Gibbs state P is a II,-invariant measure for all Ae L. On

the other hand, if a probability measure P is invariant relative to the family
{II,}, then, by 1.5.D, 1.5.C, and Lemma 3.1,

P(flo) = P, f]| 5} =1, f as. P

and P is a Gibbs state. Now let P be invariant with respect to operators II,
corresponding to a cofinal sequence A,. For each A L there existsa A, > A
and, by 5.1.B, I, II, = II, . Therefore

=PI, =PI, N, = PII, .

We see that the class G(IT) of all Gibbs states specified by II coincides with the
class of all probability measures which are invariant with respect to a countable
family 1II, .

5.2. We define the tail g-algebra _~"° as the intersection of all _~",.

THEOREM 5.1. Let Il = (#,.11,) be a specification in a B-space (Q, 7). Then
the tail -algebra 7 ° is H-sufficient for the class G(II) and, to each cofinal sequence
A, there corresponds an asymptotically H-sufficient statistic Il .

Proor. Itis clear that =4, | ~#"°. Therefore
(5.2) lim P{f| 47, } = P{f|~°} as. P

for each probability measure P and each P-integrable f. If Pe G(II) then (5.2)
implies (5.1). By Lemma 4.1, I, is an asymptotically sufficient statistic and

#%is a sufficient g-algebra for G(IT). Since
PIL, f|7%) = P{P{f| Z 2 7 = P{f1.5°} as. P
for Pe G(II), fe .5, the g-algebra .. °is H-sufficient for G(Il) by Theorem 3.4.
6. Shifts.

6.1. To each measurable transformation T of a space (,.%7), there cor-
responds a Markov operator which transforms functions according to the formula

Tflw) = f(Tw)
and measures according to the formula
(PT)(A) = § P(dw)l (Tw) = P(T-'4).
Markov operators of this kind will be called shifts.
LeMMa 6.1. If T is a shift of a B-space (Q, ..~"), then
(6.1) Q. =n" i T
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is an asymptotically H-sufficient statistic for the class M of all T-invariant meas-
ures and the a-algebra #° of all T-invariant sets is the corresponding H-sufficient
a-algebra.

Proor. By Birkhoff’s ergodic theorem (see, e.g., [18], V-6), the relation (4.2)
is satisfied, and Q, is asymptotically sufficient for M by Lemma 4.1. H-suf-
ficiency follows from Theorem 3.4 and Lemma 3.1.

COROLLARY. Suppose that a shift T of a B-space (Q, ") transforms into itself
aclass MC M(F")and a g-algebra 5 ° C 5. If & ° is H-sufficient for M,
then the collection . ° of all T-invariant sets of 5 ° is H-sufficient for the class
My of all T-invariant measures Pe M.

This follows from Lemma 6.1 and 3.5 because the limit Q of operators (6.1)
commutates with the conditioning with respect to 5 °.

THEOREM 6.1. Let G be afinite or countable group of shifts of a B-space (2, &),
The g-algebra 5% ° of all G-invariant sets is H-sufficient for the class M of all G-
invariant measures.

Proor. Denote by %7 the minimal g-algebra containing all M-null sets and
all T-invariant sets A¢ .% . By Lemma 6.1, % is sufficient for M. By Lemma
4.2, an intersection ¥ of %, over all T e G is sufficient for M. Obviously,
S c 5. On the other hand, if Ae %, thenTl, = 1, ,a.s. M for each TeG.
The union B of T-'(A) over all T¢ G is G-invariantand 1, = 1 a.s. M. Hence
S and & °are M-equivalent and % ° is sufficient for M. H-sufficiency of &°
follows from Theorem 3.4 and Lemma 3.1.

REMARK. Theorem 6.1 holds for important classes of uncountable groups G.
Suppose that there exists a countable subgroup G* of group G with the property
that &% is M-equivalent to the o-algebra 57! of all G'-invariant sets. As we
know, 57 ! is sufficient for the class of all Gl-invariant measures. Hence .5}
is sufficient for M, and .5 ° is sufficient for M too. By the remark at the end
of 3.4, 5 °is H-sufficient for M if G satisfies conditions (i), (ii).

Now let G be a locally compact group. Then condition (ii) is satisfied for Borel
g-algebra &%, and Haar measure 2. Condition (i) implies that, for each Pe M
and every square integrable f, T — Tf is a continuous mapping of G into LYQ, P)
(see, e.g., [17], Section 29). Using this fact, it is easy to prove that, if G hasa
countable everywhere dense subgroup G', then .7 ! is M-equivalent to ..~ °and
& %is H-sufficient for M.

The rdle of g-algebra .5 for decomposition of invariant measures into extreme
elements was discovered independently by Farrell [8] and Varadarajan [21]. The
fact that &7 is a sufficient g-algebra for M is proved in [8] also for a certain
class of abelian semigroups.

6.2. We consider now a slightly wider class of operators than shifts.

THEOREM 6.2. Let T be an invertible transformation of a B-space (Q, .>4), let
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T and T-' be measurable, and let Y(w) be a strictly positive 5 -measurable function.
Let Uf(w) = Y(w)f(Tw). Then
vope LUy
" 3y, Ukl

is an asymptotically H-sufficient statistic for the class M of all U-invariant probability
measures. The corresponding H-sufficient o-algebra 5 ° consists of all T-invariant
sets.

Proor. We prove that
(6.2) Pif| s~} =1lim,_ V. f as. P
for every Pe M and every P-integrable f.

Puty~! = 3} U*1, ¢ = U*f, summing over all integers k. LetQ, = {w: y = 0},
Q, = {e: y > 0}. By the Chacon-Ornstein theorem (see, e.g., [18], V, 6.4) (6.2)
holds on , and, in order to prove that it holds on Q,, we need only check that
(6.3) Plf| 5% =¢r as. P on Q.

The obvious relations Up = ¢, Uy~ = y~'imply that To = pY~!, Ty = 1Y, and
T(¢r) = @r. Hence ¢y is & *-measurable. On the other hand, (Uf)g = U(fT'g)
and therefore

(6-4) P(gUf) = P(fT7g)
for all Pe M and all positive 5 -measurablie f, g. It follows from this that
P(grU*f) = P(gfT*7)

forge F°and k =0, +1, .... Hence

(6.5) P(gre) = P(gfa),

where « = ] T-%. Since « is = "-measurable, (6.5) implies that
(6.6) aP{f| 5% =re.

Now « does not depend on f. Taking f =1, we see that « = 1, and (6.6)
goes into (6.3). By Lemma 4.1, 57 ° is sufficient for M. Formula (6.4) implies
(3-19), and .57 is H-sufficient for M by Theorem 3.4.

REMARK. Suppose that T, is a one-parameter group of shifts and U, f(w) =
Y, f(T,w) where Y,,, = Y,T,Y,. Then Theorem 6.2 holds with

Vt = ..S,.li‘ml,j.‘f“‘
{2 U, 1ds
instead of V. This result was first proved by Yu. I. Kifer and S. A. Pirogov
in an appendix to [5].
6.3.

THEOREM 6.3. Let a class M of positive functions be a B-space and a simplex
and let kpEM if oc M and k + 1. Suppose that T is an automorphism of a
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cone M* = lkp: pe M, k > O} (which means that T and T~ preserve generalized
barycentres). Then the set My of all points ¢ € M such that Te = ¢ is also a simplex.
This statement is true also for a one-parameter group of transformations T,.

Proor. For each ¢ ¢ M* there exists one and only one positive number k(p)
such that g/k(p)e M. Put Y(p) = k(Tp)and Ty = Te[Y(p). Obviously Tisan
invertible transformation of the measurable space (M,, B, ), and Tand T-* are
measurable. Each ¢ € M can be uniquely represented in the form

(6.7) ¢ =\, ¢pdg).

Hence

To = $u, Top(d@) = $u, Y(@)TE(dP) = \u, $2:(d9)
where
m(d9) = Y(T14)pu(T-1 d) .
It is clear that Ty = ¢ if and only if 4, = g which is equivalent to the relation
#U = pwhere UF(¢) = Y(¢)F(T¢). By Theorem 6.2, the class of all U-invariant

probability measures is a simplex, and formula (6.12) establishes an isomorphism
of this class and M.

7. Symmetric measures.

7.1. In the rest of the paper we investigate various classes of measures on
product spaces. We start with the necessary notations.

Let there be given an arbitrary set S and a set E, associated with each s of S.
We call a configuration and denote by x; a collection of x, € E,, s€ S. The product
space Eg is the set of all configurations x;. A space E, of configurations x, over
A corresponds to each subset A of the set S.

Now let a g-algebra 7, in E, be fixed for each se¢ S. We denote by %, the
minimal o-algebra in E, which contains sets {x,: x,e ['} forall se¢ A, T' € <Z,.
To each probability measure P on (E;, <%;) and each A C S, there corresponds
a probability measure P, on (E,, .7%,) defined by the formula

(7.1) P,(A) = P{xs: x,€ A}, Ae B, .

A collection of measures P, for all finite A C S is called a system of finite-dimen-
sional distributions. If (E,, <%)) are Borel spaces, then (7.1) establishes a one-to-
one correspondence between all probability measures P on (E, %) and all
consistent systems of finite-dimensional distributions (Kolmogorov’s theorem).
In particular, to each family of probability measures p,, s€ S, there corresponds
a product measure P for which all finite-dimensional distributions P, are the
products of p,, se A.

A system of random variables on the probability space (Es, %5, P) is given
by the formula

X, (w) = x, for w=1x;, seS§.

These random variables are independent if and only if P is a product measure.
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Sets {xs: x, € A}, A finite, A e &B,, are called cylinders. Two measures on 25
are identical if they coincide on all cylinders.

7.2. In this section we assume that (E,, £%,) = (E, &%) does not depend on s
and we write ES for Eg and <% for Z&;. Any transformation g of S induces a
transformation xi/ = T,x; of the space ES given by the formula x, = x,,. Put
geG if g is invertible and gs + s only for a finite number of 5. Measures,
measurable sets, and functions invariant with respect to the family of operators
T,, g G, will be called symmetric.

Let I be a finite subset of S. Denote by GT the totality of all g € G such that
gs = s outside G. Denote by 5T the class of all elements of Z#*-invariant
relative to T, g€ G*. Let V| be an arithmetic mean of operators T, g e G*. It
is easy to see that

(7.2) P{f|FTy=V.f as. P
for each symmetric measure P and each P-integrable f.

THEOREM 7.1. Let S be a countable set, (E, <#) a Borel space and M the class
of all symmetric measures on (E®, <&°). Then:

(a) M is a simplex;

(b) a measure P is an extreme point of M if and only if P is a product of identical
probability measures p, = p, s€ S (in other words, if X,, se S are identically dis-
tributed independent random variables);

(c) the class 57° of all symmetric sets is an H-sufficient g-algebra for M and
V., is the corresponding asymprotically H-sufficient statistic if T', 1 S.

Proor. The fact that &7 is H-sufficient for M follows immediately from
Theorem 6.1. If [, 1 S, then & T» | % °and (7.2) implies that

Pf| ) =limV, [ as. P
for all Pe M and all fe 5. By Lemma 4.1, Vr, is an asymptotically sufficient
statistic for M. The statement (c) is proved. By ‘Theorem 3.1, (c) implies (a).

It remains to prove (b). LetS = {0,1,.--,n,---}andT, ={0,1, ..., n — 1}.

By virtue of (c) and (4.4)

(7.3) Pf=1limV, _f as. P

for Pe M, and fe =%°. In order to prove that P is a product measure, it suffices
to check that, for all m and all A€ 25T, Be 25,

(7.4 Plx; € A, x, € B} = P{x; e A}P{x, € B}.
It follows from (7.3) that
(7.5) P{1 (xr, )PLy(xn)} = lim, o, P{1 ,(xc )Vr 15(xa)} -

Evidently Vi 15(x,) = n=* 3., 15(x,) for n = m. Since
P{x; €A, x,e B} = Plx;_€ A, x,¢ B}
for all k = m, (7.5) implies (7.4).
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Now we prove that each product measure P € M belongs to M,. Since P is a
barycentre of a probability measure ¢ concentrated on M,, we have

(7.6) Plp(xe(x)] = §u, PLe(xo)p(x:)](dP)

for every ¢ € 2. Here P and P are symmetric product measures and therefore
(7.6) is equivalent to

[Pe(xo)) = §u, Pe(x,)’1(dP) ,
which implies that
(7.7) Su, [Po(xs) — Po(xy)Pu(dP) = 0.
It follows from (7.7) that p{P: Pe M,, P = P} = 1. Thus Pec M,.

7.3. The statements (a) and (b) of Theorem 7.1 are true for uncountable §
too. Indeed, if A is a countable subset of S, then the measure P,, introduced
by (7.1), characterizes a symmetric measure P uniquely because it defines all
finite-dimensional distributions of P. Hence the mapping P — P, is a_one-to-
one mapping of M onto the set of all symmetric measures on (E*, :#*). This
mapping preserves the convex structure, and P is a product measure if and only
if P, is a product measure also.

The statement (c) has to be modified as follows. Let A be an arbitrary count-
able subset of S. Denote by 7 ° the collection of all sets of the form 4 x ES*

where A is a symmetric subset of E*. Then .4 ° is an H-sufficient s-algebra
for M.

8. Stochastic fields.

8.1. Let (E;, %) be a product of spaces (E,, 25,), s€ S, and let L be a col-
lection of subsets of S ordered by inclusion. Denote by 57, a ¢-algebra in Ej
generated by random variables X,, se S\A. Assume that, for each AelL, a
measure p,(-|xs,) is given on (E,, £8,) which depends on x,,, and put

(8.1) O, f(xs) = SES\Af(XS\A yaPa(dys] xsa) -
(We denote by x,, y, a configuration which coincides with y, over A and with
x5 over S\AL) If IT = (&, II,) is a specification (i.e., if 5.1.A—5.1.D are
satisfied), we say that p is a specifying function.

We say that (X,, P) is a stochastic field specified by p if
(8.2) P(X, € A| Xs,} = pa(A| Xon) as. P
for each A e L and each 4 e £%,. Obviously (8.2) is equivalent to (5.1). Hence
Theorem 5.1 can be applied to the set of all stochastic fields specified by p.

8.2. Let S be a countable set and let L be the collection of all finite subsets
of §. To each real-valued function U(T', x;), I € L, x. € E;, there corresponds
a specifying function

(8.3) Pa(Clxsn) = Z71 §c [exp T U(T, x)] 10, A,(dx,) ,
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where I' runs over all finite subsets of S such that I' N A % @, 4, is a measure
on (E,, .78 and Z is independent of x, and can be calculated from the condition
Pa(Ex| xsa) = 1. (The only restriction on U is convergence of series in (8.3).)
Now suppose that S is a graph. A specifying function p is called Markov if
Pa(s | xs\a) depends only on x;, where dA is a collection of all points of S\A
which have neighbors in A. A function (8.3) is Markov if and only if the
inequality U(T', x;) % 0 implies that each two points s,, 5, of I' are neighbors.
Proofs of all statements of subsection 8.2 can be found, for example, in [20].

8.3. Now suppose (E,, J5,) = (E, ©¥) does not depend on 5. Let L be the
collection of all finite subsets of a countable set S. Consider the family {57,
I € L} of o-algebras in ES which has been defined in 7.2. Obviously # T o & T
if I' ¢ I'. Suppose that, for each I € L, a measure p.(+ | x5) on (ET, £2T) is given
depending on xg and such that operators

; f(xs) = Ses f(Xar)pr(dya | xs)

satisfy conditions 5.1.B—5.1.D. Theorem 5.1 can be applied to the class of all
probability measures P satisfying the condition

P{X;e A| -~ ") = p{A| X} as. P forall 'elL andall A4eoz’.

The tail g-algebra .5 ° = | ¥ T coincides with a collection of all symmetric
subsets of ES.

9. Markov processes with a given transition function.

9.1. A stochastic field (X,, P), s¢ S, is called a stochastic process if § is a
subset of a real line. The case when §is an interval is the most important.

We denote by ., the ¢-algebra in Eg generated by X,, r < s, teS. The
notations . ,, % ,,, % , have an analogous meaning.

A real-valued function p(s, x; 1, ), s < te S, xe E,, ' € <%, is called a Markov
transition function if p(s, x; t, +) is a probability measure, p(s, »; ¢, ') is a &~
measurable function, and

.1 ps, x5 u, T) = S, p(s, x5 ¢, dy)p(t, y;s u, T)
foralls < t<ueS, xekE, I'e:s

Starting from a transition function p, we define a specification II(p) in the
following way. We consider a family of finite-dimensional distributions

p(sy, dxy, - -+, 8,, dx,)
(92 = P8, X5 5y, dx)p(81, X5 Sy, dXg) + -+ P(Sa_yy Xgoi} Sps dX,)
5<55< - < s, e, =8N (s, +)

and denote by P, , the corresponding probability measure on .,,. We define
L as the totality of all sets A,, s€ S, and put

(9.3) Fh=F e L flxs) = § f(xs\a, Ya)Puc (dY4,) = P, . f(xsa,Xa,) -
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Then II(p) = (F,, I1,) is a specification. (Formula (9.3) is a particular case of
(8.1) with p, (4] x5,,) = P, [xs, € A}.) We will use an abbreviation II, for the
operator II, .

We say that (X,, P)is a Markov process with a transition function p and we write
Pe M(p) if

(9.4) P{A| F o} = Py (A) as. P
for each se S, 4¢ &7,,. Obviously M(p) coincides with the set of all Gibbs
states specified by II(p).

9.2. THEOREM 9.1. Letr = infS. IfresS, then I, is an H-sufficient statistic
for M(p) and the corresponding H-sufficient o-algebra is generated by X,. If r€s,
then an intersection 55°° of all o-algebras % _,, se S is an H-sufficient o-algebra
for M(p) and, to each sequence s, | r, s,€ S these corresponds an asymptotically
H-sufficient statistic 11, .

Proor. In the case re S, we need only check that
(9.5) P{f|X})=T1,f as P

if Pe M(p) and fe 25, It is sufficient to prove this only for functions of the
form f(xs) = @(x,)¢(x,,)- But for such f the left side of (9.5) is equal to

PXIPP(XN )| s = X )P, x P X))

and, by the definition of II,, the right side of (9.5) is the same.

Suppose now that r€S. Then toeachs, | r, s, € S there corresponds a cofinal
sequence A, , and, if (£, B;) is a B-space, we can apply Theorem 5.1. This is
the case if § is countable.

If S is not countable, we consider a countable subset A = {s,} of § where
s, | r and we use the same trick as in 7.3 replacing each measure P by P,.

Since 775, | 5% we have

(9.6) P{f|.# % = lim,,_,,

I, f as. P

for each P e M(p) and each P-integrable f, and our theorem will be proved if
we construct a Markov operator Q with the properties

(9.7) P{f|F ) = Qf as. P,
Qe M(p) as. P,
for each Pe M(p). It follows from (9.4) that, for Pe M(p),
Pf1 57 = PP 52} 57 = PPy f1 57 as. P.
Therefore if
9.8) Plo(X,)| 57} = Qp(X,) as. Pe M(p)

foralln = 1,2, ... and all ¢ € &5, , then (9.7) is true for all n and all fe &,
and hence, it is true for all fe 5.
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Denote by M(p) the class of all Markov processes on (E,, &%,) with the transi-

~

tion function p and by ~7° the corresponding tail o-algebra. It follows from
(9.5) and an analogous formula for 57 that

(9.9) Plp(x, )| .7 %) = Plp(x,)| 5} as. PeM(p).

The mapping P — P, is a one-to-one mapping of M(p) onto M(p). As we know,
there exists a Markov operator J in (E,, B,) such that 0« ¢ M(p) a.s. M(p) and

(9-10) Plp(x,)| 5} = Qp(x,) as. P

for each Pe M(p) and each ¢ ¢ #,. Denote by Q“ a measure of class M(p)
which corresponds to @*. It follows from (9.9) and (9.10) that Q satisfies (9.8).

10. Entrance and exit laws.

10.1. Let p(s, x; 1, T') be a Markov transition function. Put

PrR(x) = (g, s, X; 1, dY)Hi()) »
(5 PAYT) =, v(dx)p(s, x: 1, T) .
(Here #* is a ZB)-measurable function with the values in the extended half-line
[0, +o0]; v, is a measure on 23,.)
We say that v is an entrance law if v, P;* = v, for all s < r€ S and we say that
h is an exit law if P2ht = k* forall s < re S.
If v is an entrance law and / is an exit law, then the value of v,(4,) does not
depend on r and we denote it by {v, k}. If {v, &} = 1, then the formula

Pty dxyy « ooy 8, dx,)
(10.1) = v, (Ax)p(ty X35 1 AX3) -+ P(La_yy Xpoy) Loy dX,)HI(x,)
n< - <1es
defines a family of consistent finite-dimensional distributions, and we denote
by P,* the corresponding probability measure on (E;, <Z).
Let oo > A*(x) > O for all s, x.
Let R,* be the class of all entrance laws v normed by the condition {v, 4} = 1

with natural measurable and convex structures. Let M(p*) be the class of all
Markov processes with the transition function

(10.2) PMs, x5 1, dy) = K(x)7p(s, X; 1, dy)B(y) -

It is easy to see that v — P,* is an isomorphism of convex measurable spaces R}
and M(p*). According to Theorem 9.1 and 3.1, the space R,* is a simplex. If
v is an extreme point of R}, and if P*[¢*(X,)] < oo, then by 4.4, for every
sequence s, | ry,

(10.3) PMo'(X,)] = lim P} , o'(X) as. P}*.
Formula (10.3) implies that for each v-integrable f
(10.4) v(f) = limAs(X, )1 §p p(se X, 3 6 dy)f(y) as. PE.
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10.2. Now we investigate a class §,7 of all exit laws normed by the condition
{v, £} = 1 under the following additional assumption:

10.2.A. If v (T') = 0, then p(s, x; t,T) = O forall set, xe E,.

We proved in [6] (see Lemma 4.2) that a density p(s, x; 1, y) = p(s, x; t, dy)/v,(dy)
can be selected in such a way that

(10.5) V2,005, X3 1, y(dy)e(t, y; u, 2) = p(s, x; 4, 2)
forall s < t<u, xekE, ze E, and
(10.6) § (s, x; 1, y)(dx) = 1 forall s, x.

The formula
(10.7) B(s, dx; t, y) = v,(dx)p(s, x; 1, y)

defines a backward transition function. Starting from p, we define probability
measures P“* on 59, exactly in the same way as measures P, , were defined
with the help of forward transition function p. We say that (X,, P) is a Markov
process with a backward transition function g if

P{A]| & ,,} = P“*4(A4) as. P for Ades>,.

We consider a measurable structure in §,? generated by functions F(k) =
v,(oh?), s€ S, pe &%, It was proved in [4] (Lemma 4.2) that k°(x) is measurable
with respect to the pair 4, x, and hence the condition 2.2.A is satisfied. It is
easy to check that the mapping # — P,* is an isomorphism of §,7 onto the class
M( p) of all Markov processes with the backward transition function § defined
by (10.7). Now we use Theorem 3.1 and propositions dual to Theorem 9.1 and
to formula (4.4), and we conclude that §” is a simplex and that

(10.8)  y(h'gt) = lim P*w¥uagt(x,) = lim § p(X)A(t, dx; u,, X, ) as. P}

if & is an extreme point of §,7, if u, 1 r, and if P}e!(X))| < oo,
It follows from (10.8) and (10.7) that

§ A (x)p!(x) v,(dx) = Lim § p(t, x; u,, X, Jo'(X)r(dx) as. P}
if h'¢t is v,-integrable. Applying the last formula to
o' (x) = o(s, x; t, y) for t>s,
=0 for 1<,
we see that, if & is extreme and if A’(x) < co, then
he(x) = lim p(s, x; u,, X, ) a.s. Pt

REMARK. S. E. Kuznecov [14] has proved that the assumption 10.2.A is not
only sufficient but also necessary for the class S, to be a simplex.

11. Excessive measures and excessive functions.

11.1. In this section, the results of Section 10 will be extended to wider
classes of measures and functions associated with a transition function p. Let
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S coincide with the set of all real numbers. An excessive function h and an
excessive measure v are defined, respectively, by conditions

Pt < b, PR T h as t]s
and

vwP' <y, v,P'Tv, as stt.

It is convenient to replace in the definition of a Markov transition function
the condition p(s, x; ¢, E,) = 1 by a weaker condition p(s, x; 1, E;) < 1. An
immediate gain is that an extended class is invariant with respect to transforma-
tion p — p* defined by formula (10.2) for each strictly positive finite excessive
function .

Let v be an excessive measure and & be an excessive function. We put {v, h} =
+ o0 if v (k') = + oo for some t. If v(h') < oo for all 1, we define {v, 4} as a
supremum of sums

vu(B) + T (v (B) — v, (Pi-ih)]

over all finite subsets t, < 1, < -+ < ¢, of S. (This is consistent with the defini-
tion given in Section 10 for the case of an entrance law v and an exit law A.)

The crucial point is the construction of a probability measure P,* corresponding
to a triple p, v, k such that {v, &} = 1. As in Section 10, we start from formula
(10.1). However P,* will be defined not on (E;, Z%;) but on a different space
(Q, F). In order to construct this space, we add to E, two extra points g, and
b, and denote by B, a g-algebra in E, = E, U a, U b, generated by &, and the
one-point sets {a,} and {b,}. We define Q as a subset of the product space
(Es, %) = 1L, (E,, <B), namely, x; of Eg belongs to Q if there exist two real
numbers a < 8 such that

x,=a, for sZLa, x,e E, for se(a,B), x,=b, for s=2p8.

The random variables a(w) and f(w) are called the birth time and the death time.
To each s € S there corresponds a function X, on Q defined by the formula

X () = x, for © = xg,

and we denote by .5 the o-algebra in Q generated by X,, s€ S.

We proved in [5] that, if {v, A} = 1, then there exists one and only one prob-
ability measure P.* on (Q, F) such that, forevery 4, < .- <1, e85, I'e =, , .-,
Fn € ‘%72”’

th{a < ’1’ lee Fv MR ) Xt,e F,,ﬁ > ’n} = P(fp Fp LI Y F,.) s
where the right side is defined by formula (10.1).
To each s€ S, x € E, there corresponds an excessive measure
vy = p(s, x, 1, T) for > s,
=0 for t<s.

We say that a probability measure P on < defines @ Markov process (X,, P)
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with a transition function p* if, forallse Sand 4¢ &,
PlA]. 5} =Pl (A) as. P on {w:a<s<p}.

LetA = {r, < ... < 1,} beafinite subsetof Sand let {, = — o0, 1,,,, = + 0.
Put

ay =1t,, if L <al,,, Bo=1t if 6, <B= 1y,
k=0,1,....,m,;

HAf(w) = H(a,\(w),+°°)f(w) *

Theorem 9.1 can be extended to processes with random birth and death times
as follows.

THEOREM 11.1. Put Ae & if [A,a < s}e 5, forallse S. Then 5 %isan
H-sufficient o-algebra for M(p*). To each increasing sequence of finite sets A with
a union everywhere dense in S, there corresponds an asymptotically H-sufficient sta-
tistic 11 .

Now all the results of Section 10 can be easily carried over to excessive measure
and functions. We have to replace s, by a, in (10.4) and 4, by §,_in (10.6).

11.2. We proved in [5] that the space of all p-excessive measures is a Borel
space (the main point is that each p-excessive measure is defined uniquely by
the values v, for rational ). Therefore all simplexes M(p), R*, S,” investigated
in Sections 9, 10 and 11 are Borel spaces.

12. Stationary transition functions.

12.1. Wesuppose now that a Markov transition function p(s, x; 1, T') is station-
ary which means that: (i) S is a subgroup of the additive group of real numbers;
(ii) all spaces (E,, ©8,) = (E, 2#) are identical; (iii) p(s, x; 1, T) = p(t — 5, x, T)
depends only on the difference 1 — 5. We shall consider only two possibilities:
S is the group of all integers (the discrete case) and § is the group of all real
numbers (the continuous case). In the second case we assume that p(1, x, T) is
measurable with respect to the pair 7, x.

We denote by 6, a shift in (E5, 5£%) which corresponds to the transformation
s— s + tof S. A Markov process (X,, P) is called stationary if P is invariant
with respect to the group 6,, r¢ S.

THEOREM 12.1. Let 55° = (| .5 ¢, be the tail o-algebra and let 5% 0 be a col-
lection of all Ae 7 ° which are invariant with respect to the group 6,. Then 7 ,°
is an H-sufficient o-algebra for the class M,(P) of all stationary Markov processes
with a transition function p.

Proor. In the discrete case we can apply the corollary to Lemma 6.1 to
T = 6, the class M = M(p), and o-algebra .57 ° (which are invariant with respect
to T). In the continuous case (ES, ;%) is not a B-space. This obstacle can be
overcome in the same way as in the proof of Theorem 9.1 but we will not go
into details.
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12.2. A probability measure v is called a stationary distribution for p if vP, = v
for all r¢ §. (Here P, = P, are the Markov operators associated with the transi-
tion function p.) Each stationary distribution defines an entrance law v, = v,
t&S. The corresponding Markov process P,! belongs to the class M,(p) inves-
tigated in Theorem 12.1. In this way we establish an isomorphism between the
class N of all stationary distributions and M,(p). Hence N is a simplex.

12.3. An excessive measure v, is called stationary if v, does not depend on ¢.
Obviously a measure v on (E, 7)) is a stationary excessive measure if and only
if yP, < vforallteSand vP,Tvass} 0. Ina similar way, we introduce the
concept of a stationary excessive function.

THEOREM 12.2. Let | be a strictly positive measurable function on (E, 2%). A
class of all stationary excessive measures v normed by the condition y(I) = 1 isa
simplex.

Prook. Since p is stationary, the formula (T,v), = v,,, defines for each 7 a
transformation of the set of all p-excessive measures. Obviously, v is stationary
if and only if it is invariant with respect to the group T,.

Consider a p-excessive function

h(x) = {5 e " P I(x)du.

A simple calculation shows that, for each excessive measure v,

(12.1) (v, B} = § (e ™y () du
which implies that

(12.2) {v, B} = (1) if v is stationary,
and

(12.3) {T,v, B} < e"'{v, b} .

Denote by M* the set of all excessive measures v satisfying the condition
{v, i} < oo and by M the set of v e M* for which {v, i} = 1. According to
Section 11, M is a Borel space and a simplex. It follows from (12.3) that M*
is invariant with respect to T,, and Theorem 12.2 follows from Theorem 6.3,

12.4.

THEOREM 12.3. Suppose a stationary transition function p(t, x, I') is absolutely
continuous with respect to a measure y for each t and x. Then the set of all stationary
excessive functions h normed by the condition y(h) = 1 is a simplex.

ProOF. We consider transformations (T, k)* = A'** of the set of all excessive
functions. The formula

v([) = 4 {3 e~y P)YT) du
defines an excessive measure, and we have

(v, B} = § (22 e ™p(hY) du
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for every excessive function h. In particular {v, k} = y(k) for a stationary k.
To complete the proof, we apply Theorem 6.3 in the same way as in the proof
of Theorem 12.2,

REMARK. Put

0., T)={5ep(t, x,T)dt, 220.

If a measure

7:(T) = $e7(dx)gi(x, T)

is o-finite for some 4, then Theorem 12.2 remains true if p(1, x, T') is absolutely
continuous with respect to 7, (Kuznecov [14], Theorem 3).

{1

{2

{3

{4

(s

[6

[7

[8

—

(9

{10
[t
[12)
{13
{14}
{13)
[16)
(17
(18]

[19)
[20)

REFERENCES

BurRkHOLDER, D, L. (1961). Sufficiency in the undominated case. Ann. Math. Statist. 32
1191-1200.

DosrusHIN, R. L. (1968). Description of a random field by means of conditional proba-
bilities and the conditions governing its regularity. Theor. Probability Appl. 13 197-
224.

Doos, J. L. (1959). Discrete potential theory and boundaries. J. Math. and Mech. 8 433-
458.

Dynkin, E. B. (1971). Initial and final behavior of trajectories of Markov processes. Uspehi
Mar. Nauk 26 4 153-172, (English translation: Russian Math. Surveys 26 4 165-185.)

Dyn~kiN, E. B. (1972). Integral representation of excessive measures and excessive func-
tions. Uspehi Mat. Nauk 27 1 43-80. (English translation: Russian Math. Surveys 27
1 43-84.)

DyNkKIN, E. B. (1975). Markov representations of stochastic systems. Uspehi Mat. Nauk
30 161-99. (English translation: Russian Math. Surveys 30 1 65-104.)

DynKiIN, E. B. and Juskevi¢, A. A. (1975). Controlled Markov Processes and Their Applica-
tions. Nauka, Moscow. (English translation will be published by Springer-Verlag.)

FarreLL, R. H. (1962). Representation of invariant measures. lllinois J. Math. 6 3 447-
467.

pE FINeTTI, B, (1931). Fuzione caratteristica di un fenomeno aleatorio. Atti Accad. Naz.
Lincei, Mem. Cl. Sci. Fis. Mat. Natur. 4 251-299,

pe FiNeTT1, B. (1937). La prévision: ses lois logiques, ses sources subjectives. Ann. Inst. H.
Poincaré 7 1-68.

Hewitt, E. and SavaGE, L. J. (1955). Symmetric measures on cartesian products. Trans.
Amer. Math. Soc. 80 2 470-501.

Hunt, G. A. (1960). Markov chains and Martin boundaries. Illinois J. Math. 4 313-340.

KryLov, N. and BogoLiousov, N. (1937). La théorie générale de la mesure dans son ap-
plication a I’étude des systémes de la mécanique non linéaires. Ann. of Math. 38 65-

113,

Kuznecov, 8. E. (1974). On decomposition of excessive functions. Dokl. Akad. Nauk SSSR
214 276-278.

MARTIN, R. S, (194]). Minimal positive harmonic functions. Trans. Amer. Math. Soc. 49
137-172.

MEYER, P. A. (1966). Probability and Potential. Blaisdell, Waltham, Mass.

NAIMARK, M. A. (1964). Normed Rings. P. Noordhoff N, V., Groningen.

Nuveu, J. (1964). Bases mathématiques du calcul des probabilités. Masson et Cie, Paris.
PARTHASARATHY, K. R.(1967). Probability Measures on Metric Spaces. New York, London.
Preston, C. I. (1974). Gibbs states on countable sets. Cambridge Univ. Press.



284

E. B. DYNKIN

[21] VARADARAIJAN, V. 8.(1963). Groups of automorphisms of Borel spaces. Trans. Amer. Math.

Soc. 109 2 191-220.

DEPARTMENT OF MATHEMATICS
CORNELL UNIVERSITY
ITHACA, NY. 14853



Reprinted from E.B. Dynkin, “Minimal Excessive Measures and Functions,” Transactions of the AMS,
volume 258, pages 217-244, by permission of the American Mathematical Society.
© 1980 by the American Mathematical Society.

MINIMAL EXCESSIVE MEASURES AND FUNCTIONS!

ABSTRACT. Let H be a class of measures or functions. An element k2 of H is
minimal if the relation & = h, + hy, hy, h, € H implies that A,, h, are proportional
to h. We give a limit procedure for computing minimal excessive measures for an
arbitrary Markov semigroup 7, in a standard Borel space E. Analogous results for
excessive functions are obtained ing that an ive ¢ y on E exists
such that T,f = 0 if f = 0 y-a.e. In the Appendix, we prove that each excessive
element can be decomposed into minimal elements and that such a decomposition
is unique.

1. Introduction.

1.1. In 1941 R. S. Martin [13] published a paper where positive harmonic
functions in a domain D of a Euclidean space were investigated. Let H stand for
the class of all such functions subject to condition f(a) < oo where a is a fixed
point of D. Martin has proved that:

(a) each element of H can be decomposed in a unique way into minimal
elements normalized by the condition fla) = |;

(b) if the Green function of the Laplacian in D is known, then all minimal
elements can be computed by a certain limit process.

J. L. Doob [2] has discovered that the Martin decomposition of harmonic
functions is closely related to the behaviour of Brownian paths at the first exit time
from D. G. A. Hunt [9] has shown that, using these relations, it is possible to get
Martin’s results by probabilistic considerations. Actually only discrete Markov
chains were treated in [1] and [5], however, the methods are applicable to Brownian
motion as well.

In [10] Hunt has studied Markov processes with a continuous time parameter on
a separable locally compact space and he has proved results of Martin type under
certain regularity conditions for the transition functions. The regularity conditions
were relaxed by H. Kunita and T. Watanabe [11] and by the author [3}, [4]. Now
we are able to eliminate them completely and to develop a theory applicable to
arbitrary Markov processes in standard Borel spaces. In particular, the theory is
easy to apply to general diffusion processes without any restrictions on diffusion
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and drift coefficients. (In the case of Brownian motion we get in this way a new
proof of Martin’s results.)

The decomposition of excessive measures and functions into minimal elements
was studied in [6] and [7]. In the present paper we concentrate on computation of
minimal elements. In the Appendix, we give a new proof of existence and
uniqueness of the decomposition into minimal elements. This proof is based on
constructing sufficient statistics for certain classes of Markov processes.

1.2. We say that a function f is positive if it takes values from the extended real
half-line [0, + o). We write f € B if f is a positive function measurable with
respect to a g-algebra ®. If m is a measure on B, we write f € L'(m) if f is
% -measurable and m-integrable, and we write f € L. (m) if in addition f > 0
m-a.e. We denote by m(f) the integral of f with respect to m.

2. Discussion of results.

2.1. Let (E, ®) be a measurable space. A function p(x,B), t >0, x € E,
B € B is called a stationary transition function if it is % -measurable in x, is a
measure with respect to B and if

p(x,E) <1 foralls, x; 2.1)

f p,(x,&)p,(y,B)=p,,,(x,B) forall0<s<t,xEE,BE®R. (2.2)
E

If (2.2) but not necessarily (2.1) holds, we call p a generalized stationary transition
function.
We put

mT,(B) = fE m(dx)p,(x, B) 23)

and

T,h(x) = fE (%, dy)h(y). 2.4)

These formulae are meaningful for all measures m on B and all functions h € B .
We say that m is an excessive measure if it is o-finite and if, for each B € %,

mT,(B)Ym(B) ast|0. (2.5)
A function h € B is called excessive? if it is finite a.s. with respect to all measures
pAx, ) and if, for every x € E,
T,h(x)Th(x) astO0. (2.5a)
2.2. Throughout this paper we assume that:
2.2.A. (E, D) is a standard Borel space.

2.2.B. Foreach B € B, p/(x, B)isa By X B -measurable function (B denotes
the o-algebra of all Borel subsets of the real line R).

2Hunt’s definition of excessive functions requires measurability with respect to the completion of B
relative to an arbitrary probability measure. This looks less restrictive than % -measurability. However,
under the assumption 2.2.B, both conditions are equivalent for functions & with the property (2.5.a).
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In all propositions on excessive functions we assume in addition that:

2.2.C. All the measures p(x, -) are absolutely continuous with respect to a
o-finite measure y.

The role of this condition is revealed by the following lemma.

LeMMA 2.1. Under condition 2.2.C, a Radon-Nikodym derivative

px,y) = p(x, &)/ v(d) (2.6)
can be chosen to be measurable in x, y and to satisfy the relation
J 2o V@3 2) = by (5, 2) @7

for all x,z € E, s,t > 0. If the measure vy is excessive, then we can assume in
addition, that

[ v(@p(x) <1 28)
forallt,y.

We say that vy is a reference measure if y(B) = 0 if and only if p(x, B) = 0 for all
¢t and x. If a measure vy satisfies condition 2.2.C, then

7(8) = [ T die fE ¥(dx)p,(x, B) 29)

is a reference measure. Obviously all reference measures are equivalent, and each
excessive measure vy satisfying 2.2.C is a reference measure.

2.3. We fix a stationary transition function p and we denote by M the set of all
excessive measures and by H the set of all excessive functions.

All minimal elements of M can be obtained by passage to a limit from the Green
measure g,, x € E, and the truncated Green measure g, x € E, u > 0, which are
defined by the following formulae

8.(B) = fo “ px, B) i, (2.10)

g“(B) = fo “p(x, B) dt. (2.11)

We say that an element m of M is conservative and we write m € M, if
g.(l) = oo as. m for all strictly positive measurable /. We say that m € M is
dissipative and we write m € M, if g (/) < oo a.s. m for all m-integrable positive /.

LemMMA 2.2. Each minimal element m of M belongs either to M, or to M,. If
m € M_ then mT, = m for all t > 0.

THEOREM 2.1. Let a minimal element m of M belong to M,. If ¢,y € LY(m),
m(y) # 0, then

m(e)/m(y) = lim (g/(9)/g/(¥)) (2.12)
Jor m-almost all x.

Theorem 2.1 is true for all generalized stationary transition functions.
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THEOREM 2.2. Let a minimal element m of M belong to M, There exists a

probability measure P on the space E* of all sequences x\, x,, . . ., X, . . . € E such
that, if o, ¢ € L'(m), m(y) # O, then
m()/ m(y) = lim(g,, (¢)/g, (V) (2.13)

Jor P-almost all sequences {x;}.

2.4. The following implications of Theorems 2.1-2.2 rather than the theorems
themselves are useful for practical computation of minimal elements.

COROLLARY. Let S be a countable family of positive B -measurable functions. We
write m = S-lim my_ if m (@) — m(@) for all m-integrable functions ¢ € S. Let m be
a minimal element of M. If m is conservative, then

m = §- lim c(u)gt for some x € E.
If m is dissipative, then
= S-lim ¢,g, for some x|, x,, ... €E.

Here c are constants (which can be expressed by formulae

c(u) =m()/gi(W), o =m{)/ g, (¥)
for an arbitrary function y € L'\ (m)).

2.5. Now let y be a reference measure and let
o«
g (x) = f p(x,y) dt, (2.19)
[\

()= “ pu(x, ) dt @.15)

where p is described in Lemma 2.1. We call g” the Green function and g the
truncated Green function.

Put y*(dx) = h(x)y(dx), yv’(dx) = g”(x)¥(dx). An element h of H is called
conservative if y’(¢) = oo y"-a.e. for each strictly positive ¢, and it is called
dissipative, if y’(p) < oo y"*-a.e. for each y*-integrable positive ¢. These definitions
are independent of the choice of reference measure. The set of all conservative
elements of H is denoted by H, and the set of all dissipative elements by H,,.

LemMMA 2.3. Suppose that condition 2.2.C holds for an excessive measure y. Then
each minimal element h of H belongs either to H_ or to Hy. If h € H_ then Th = h
Jor allt > 0.

THEOREM 2.3. Suppose that h is a conservative minimal element of H. If h is
integrable relative to measures £ and v and if n(h) # 0, then

£§(h)/n(h) = lim (&(g))/n(8)) (2.16)

for y*-almost all y.
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THEOREM 2.4. Let h be a dissipative minimal element of H. Then there exists a
probability measure P on the space E* such that, if h is integrable with respect to ¢
and n and if n(h) # 0, then

£(h)/m(h) = lim(¢(g™)/n(&™)) (2.17)

for almost all sequences { y,}.

COROLLARY. Let S be a countable family of measures on (E, ®). We write
f= S-lim f, if &(f,) = &) for all £ € S such that f is &-integrable. Let h be a
minimal element of H. If h € H_, then

h = S-lim c(u)g) forsomey € E.
Ifh € H,, then
h = S-lim ¢, g for somey,,y,, ... EE.

(Constants ¢ can be calculated by the formulae

c(u) = n(h)/n(gl),  a =n(h)/n(g™) (2.18)

where 7 is an arbitrary measure such that (k) < .)
ReMARK. For §(B) = 14(x), formulae (2.16) and (2.17) can be rewritten in the
following form

h(x) = Jim c(u)g2(x) (2.162)
h(x) = lim ¢,g”(x) (2.17a)

where ¢ are given by formulae (2.18). Let » be a o-finite measure such that
»{h = o0} = 0. By Fubini’s theorem, for y*-almost all y, formula (2.16a) is true for
v-almost all x. Analogously, for P-almost all sequences y,, formula (2.17a) holds for
v-almost all x.

2.6. Theorem 2.4 implies immediately Martin’s results on minimal positive
harmonic functions. The condition 2.2.C is satisfied for Lebesgue measure y. The
density p,(x, y) 1s symmetric and

J, & viax) = fD fo ” y(dx)o,(x, y) di = fo " oy, D)dt = E,B

where B is the first exit time of Brownian motion from the domain D. For a
bounded domain D, the right side is finite and therefore all elements of H are
dissipative. Suppose that A is a minimal element and that h(a) = 1. According to
the remark at the end of Subsection 2.5, there exists a sequence y, € E such that
h(x) = lim( g”(x)/g"(a)) for y-almost all x € D. (2.19)
Take a convergent subsequence and, changing notations, denote it y, again. If
lim y, = y € D, then h(x) = g”(x)/g”(a) y-a.e., hence everywhere in D (because
both functions are superharmonic). If y € D, then the limit in the right side of
(2.19) is a harmonic function (g” is a harmonic in D\{y} and Harnack’s inequal-
ity implies uniform convergence on each compact subset of D). The sequence y,
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corresponds to a point of the Martin boundary and the function defined by (2.19)
is the minimal harmonic function associated with this point.?

We see how small the part of this picture which depends on the analytic
properties of classical harmonic functions is.

2.7. Although an explicit description of the measure P in Theorems 2.2 and 2.4 is
not important for computing minimal elements, it is instructive from the point of
view of stochastic processes.

Consider a decreasing sequence #,, n =0, 1,..., and a sequence of o-finite
measures », subject to the condition

vI, =¥ _, n=12.... (2.20)
Let / be a positive function and v,o(l) = 1. Formulae
m, (dxo) = v, (dxo)l(x,), (2221
my, o fdx,, dx,_y, ..., dxg)

= ”:_(dxn)pt__,—t_(xm xn—l) e pto—ll(xl’ dxo)l(xo)

define a compatible family of finite-dimensional distributions, and by
Kolmogorov’s theorem, there exists a sequence X, of random variables taking
values in E such that m,, ..., is the probability distribution of X, X, ..., X,.
In other words, there exists 2 measure P in E® such thatm, . (I, X - - - XTg)is
the measure of the cylinder with the base ', X - - - XT,.

Now each minimal element m of M is either invariant, i.e., mT, = m for all ¢, or
mT,|0 as t — oo (in the second case we call m null-excessive).

If m is invariant, then (2.20) is satisfied for » = p, = - =p = ... =m
For m € M,, Theorem 2.2 holds for every measure P corresponding to a sequence
v, = m, t,]—c0.

If m is null-excessive, then it can be represented in the form

-
m= fo v, dt (222)

where
vT,_,=v» forall0 <s <t

Theorem 2.2 holds for every measure P corresponding to a sequence »,, 1,]0.

The random variables X, form a Markov process. It is natural to interpret the set
of minimal elements of M (with proportional elements identified) as the entrance
space for this process. This space consists of two parts: the entrance space at time 0
corresponding to the null-excessive elements and rhe entrance space at —oo corre-
sponding to the invariant elements.

3The points corresponding to the minimal harmonic functions form only a part of the Martin
boundary. The fundamental results on minimal positive harmonic functions described in Subsection 1.1
have been obtained originally by using a representation of harmonic functions as integrals over all the
boundary. The subsequent development has shown that not the entire boundary but only its minimal
part is of real importance.
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Using (2.21) for a fixed 7, and variable 7, #,, ..., it is possible to define a
Markov process X, for all ¢ < #,. The statement of Theorem 2.2 remains true if ¢
tends to 0 or —oo over any countable subset of (— o0, #,). It can take all real values if
the paths of X, have certain regularity properties (as in the case of Brownian
motion).

2.8. To construct a measure P mentioned in Theorem 2.4, we consider an
increasing sequence #,, n =0, 1,..., a sequence of positive measurble functions
@™ subject to conditions

T,_, 9 "=9¢"% n=12..,

and a measure » such that »(¢p’) = 1. Let P be a measure on E* corresponding to
the finite-dimensional distributions

m, (dxg) = v(dxo)p"(xo),
my, ... (dxg dx,, ..., dx,)
= "(dxo)pt,—to(xor dx))- - - pl,,—l,,_|(xn—l’ dxn)‘P‘"(x,.)-

If a minimal element & of H is invariant (i.e., T,h = h for all ), then Theorem 2.4
holds for a measure P corresponding to ¢* = h, t,1 + oo. If h is null-excessive (i.e.,
T,h|0 as t — o), then

0
h= f o' dt (2.23)
-0
where
T,_,¢'=¢° foralls <r<0,

and we can use any measure P corresponding to ¢* and 7,10.

The set of minimal elements of H, with the identification of proportional
elements, can be interpreted as the exit space at time 0 for null-excessive elements,
and at time + oo for invariant elements. (Time O can be replaced with any other
finite time s,.)

From a probabilistic point of view, it is more natural to consider a stochastic
process with random birth time a and death time 8 and to interpret elements of the
entrance and exit spaces as possible birth and death places (cf. Theorems 7.2 and
7.4).

3. Conservative minimal elements.

3.1. A function o(x, B), x € E, B € B, is called a kernel if it is a B -measurable
function of x for each B € B, and is a measure relative to B for each x € E. A
kernel v(x, B) defines a transformation of measures

mV(B) =f m(dx)v(x, B)
E
and a transformation of positive measurable functions

Ve(x) = fE o(x, &)e(»).
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Two kemels v and v* are dual relative to a measure m if

[ o) xIm(dx) = [ $(x)V*o(x)m(dx)

for all @ and ¥.
To each V there correspond the Green operator

Go(x) = 3 Vhp(x) 3.1)
k=0

and the truncated Green operator

n—1
Gop(x) = 2 Vio(x). (32)
The following proposition is one form of the Chacon-Ornstein ergodic theorem.

THEOREM 3.1. Let v be a kernel on (E, B) and let a o-finite measure m on %
satisfy the condition

mV(B) < m(B) forall BE B. 3.3)

Thenm = m, + m, where

3.1.A. The measures m, and m, are singular with respect to each other,

3.1.B. Gp = O or + o0 m,-a.e. for eachgp € B,

3.1.C. Gp < o my-a.e. for each ¢ € L' (m).
These properties define the measures m, and my uniquely. For each | € L'\ (m), we
have m(B) = m(B N E.), m(B) = m(B N E;) where E, = {x: Gl(x) = 0}, E; =
{x: Gl(x) < w}.

The measures m, and my are called the conservative and dissipative parts of m
relative to V.

The following statments hold.

3.1.D. If o = O my-a.e., then Vo = 0 my-a.e. and m(Vo) = m(p).

3.1.E. If V1< | m-a.e., then the equality ¢ = 0 m -a.e. implies the equality
VW =0m.-a.e.

3.LF. Suppose that m; = 0. Put B € B}, if B € B and if

f (pdm=f Vodm forallg € B.
B B
The class B, is a o-algebra in B and
lim(G,9(x)/ G,9(x)) = m¥( 718},) (34)
for m-aimost all x if ¢ € L'(m), ¢ € L\ (m). (Here m¥(dx) = y(x)m(dx).)

All these statements, except 3.1.E, are proved, e.g., in [14] (§§V.5 and V.6).

Let us prove 3.1L.E. If V1 < 1, m-a.e., then m(V*@) = m(y V1) < m@y) for all
Y € B, and V* satisfies condition (3.3). Let G* be the corresponding Green
operator. Take / € L' (m). As we know, m, and m, are the restrictions of m to
E, = {Gl = 0} and E, = {Gl < »}. Because of 3.1.C, there exists a function
[ '€ L'(m) such that i = 0 on E,, [ >0 on E, and m(IGl) = m(iGl) < c0. We
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have m(IG*[) < oo, hence m{G‘f= oo} = 0. Let /i, and i, be the conservative
and dissipative parts of m relative to ¥*. By 3.1.B #,{0 < G*i < 0} =0 and
#. {0 < G*I} = 0. However G*{ > [ > 0 on E,. Hence i (E;) = 0 and, for all
Be R, my(B)= m(Bn E)=muBn E, < m,B). Because the roles of ¥ and
V'* are symmetric, we also have i, < m,. Hence i, = my, m, = m,.

Now let ¢ = 0 my-a.e., ¢ = 0 m-a.e. Then, by 3.1.D, V*¢ = 0, i, = m,-a.e. and
m(eV{) = m(yV*¢) = 0. Hence VY = 0 m_-a.e.

REMARK. Using the relation G, ,¢ = G,V + ¢, itis easy to prove that the limit
(3.4) coincides m_-a.e. with the limits

"ango (Gn+l‘p(x)/Gn‘l/(x)) = "ll,nelo (Gn‘p(x)/Gn-#-l‘l/(x))‘ (35)
3.2. Now we apply Theorem 3.1 to investigating the class M of all excessive
measures associated with a stationary transition function p(x, B). Let T, be
operators defined by formulas (2.3) and (2.4). Consider the Green measure g, and
the truncated Green measure g introduced by (2.10) and (2.11).
We put
Ey= {x:p(x, B) = Oforalls, B}
and we notice that, if / is strictly positive, then
g.(!) >0 onENE, (3.6)

Indeed, if g,(/) = 0, then p,(x, E) = 0 for almost all ¢, and x € E, because of
2.2).

LEMMA 3.1. Fix a strictly positive function | € B and consider, for each measure m
on B, its restrictions m, and my to the sets

E = {x:g(l)=w}, E;={x:g/()<ow}

If m e M and m(l) < oo, then m. € M, and m; € M,. Moreover m, is invariant
with respect to operators T,.

Proor. 1°. Since (3.3) holds for ¥ = T,, we have a decomposition m = m/ + m}
where m! and m} satisfy conditions 3.1.A, B, C. Foreach ¢ € B

8:(9) = G¢(x) where ¢(x) = g;(). (37
It follows from 3.1.B and (3.7) that my(E,) = 0, m/(E,NE,) = 0. Besides GT,i(x) =
{(x) on E, and, since 0 </ < oo m-a.e., we have m!(Ey = 0 by 3.1.B. Let B, B,
stand for the intersections of B € ® with E, and E,. We have m (B) = m(B,) =
m/(B,) = m/(B). Thus m, = m/. Analogously m, = mj.
2°. Let ¢,, ¢, be the restrictions of ¢ € B to E,, E,. By 3.1.D and 3.1.E, we have
m(T,9) = m(T,g.) = m(T,9.) = m(g.) = m(9),
my(T,9) = my(T,9s) = m(T @) tm(gs) = my() ast}0.
Hence m_ and m, belong to M and m, is invariant with respect to T,.
3°. It follows from 3.1.B, C, (3.6) and (3.7), that g (¢) = 00, m_ = m!-a.e. if
¢ >0, and g(¢) < 0, my = mj-ae. if ¢ > 0, m(¢p) < 0. Hence m, € M, m, €
M,
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3.3. Evidently Lemma 3.1 implies Lemma 2.2. Theorem 2.1 follows from the
following result.

THEOREM 3.2. Let m € M,. Put B € RL if BE€ B and

f pdm =f T,pdm forallt >0,¢ € B. (3.8)
B B
The class B, is a o-algebra in E. If € L'(m), ¢ € L'.(m), then

lim (5:(9)/81) = m¥( $197) (39)

Jor m-almost all x. If m is a minimal element of M, then the right side of (3.9) is
equal to m(@)/ m(y).

Proor. We apply part 3.1.F of Theorem 3.1 to ¥ = T,. Notice that G, in formula
(3.4) and g¥ in (2.11) are connected by the relation

G,¢(x) < g¥e) G, ¢(x) formt <u<(n+ I} (3.10)
where §(x) = g/(p). We can write (3.10) in the following form
G,¢/c.(u) < g/(@)/c(u) < Gppy@/c,(u) (3.11)

for nt < u < (n + 1)t where ¢ (u) = G, (x) for nt < u < (n + 1)1. Since m(¢) =
tm(p) < oo, it follows from (3.4), (3.5) and (3.11) that

lim (£2(9)/ ) = m¥( £181), meace ¢12)

It is easy to check that the right side of (3.12) equals tm¥(p/¢|BY). Since this
expression 1s equal to ¢ for ¢ = i, we have from (3.12)

lim (8(9)/82(¥) = m¥($18]), meae. (3.13)

Denote by F the left side of (3.13) (on the set where the limit does not exist, we
replace it by lim sup). It follows from (3.13) that F € %) for all ¥ = T,. Hence
F € BT and (3.13) implies (3.9).

It is easy to see that if m € M_, then its restriction m, to any set B € BT
belongs to M. If m is minimal then my is proportional to m, hence m(B) = 0 or
m(E~ B) = 0. Therefore each BT -measurable function is constant a.s. m. The last
statement of Theorem 3.2 follows easily from this observation.

REMARK. In Subsections 3.2, 3.3, only the proof of Lemma 3.1 makes use of 3.1.E
and therefore depends on the part (2.1) of the definition of a stationary transition
function. The rest is valid for generalized transition functions as well.

3.4. Proor OF LEMMA 2.]1. We start from any version p,(x,y) of the Radon-
Nikodym derivative p,(x, dy)/ y(dy) measurable in x, y and we put

pi(x,2) = [ B, (5 )V(@)5,(, 2)

=fps—r(x’ d)’)l_’r(y, Z), 0<r<s.
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We set z € E’ if, for all rational s > r > 0,
pl(x,z) = p(x, z) for y-almost all x. (3.19)
It is easy to check that

fB fB v(dx)p!(x, 2)y(dz) = fB fB ¥(ax)p,(x, 2)y(dz)

for all B,, B, € % . Hence (3.14) holds for y-almost all z, and y(ENE’) = 0,
Now if z € E’and 0 < r; < r, <s are rational, then

pi(%,2) = [ Pu_ (5 DB 2) = [ Poci(6 dOTY, 2)
= [ o P, (01 BB (92 2)

= [ P56 B2, 2) = 0, 2),

and we can define p,(x, z) for z € E’ by the formula p(x, z) = p/(x, z) for any
rational » € (0, 5). For z € E' we put px, z) = p(x, z,) where z, is a fixed
element of E’. Obviously p satisfies (2.6) and (2.7).

If v is excessive, then, foreach B € B,s >r > 0

J (@) [ pitx 2)v(dz) = [ y(dx)p(x, B) < v(B)

hence for y-almost all z

fv(dx)p,(x, 7)< L (3.15)

Put z € E” if z € E’ and (3.15) holds. Since y(E'\NE") = 0, we can replace E’
with E” in the definition of p, and we get a function which satisfies (2.8) as well as
(2.6) and (2.7).

3.5. The investigation of excessive functions associated with a stationary transi-
tion function p can be reduced to investigating excessive measures associated with
another stationary transition function p.

Suppose that y € M is a reference measure for p and let p,(x, y) be the function
defined in Lemma 2.1. Then the formula

B(x, dy) = v(dv)p(y, x) (3.16)
defines a stationary transition function. Let f’, be the operators corresponding to p.
Forallg,y € B, >0

v(eTy) = y(¥Tp). (3.17)
Hence
v(eg)) = 8X(9),  v(eg™) = £.(9) (3.13)

where g and g* are defined by (2.14), (2.15), and
88 = ["p(x By = [ v&) g(x)va),

£.(B) = 7(B) (3.19)
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are the truncated Green measure and the Green measure for p. Denote by M the
class of excessive measures for p. Put

v (dy) = h(y)y(dy). (320
By (3.17) y*(T.9) = y(¢T,h). Hence if h € H, then y* € M. Now suppose that
m € M. Then (mT)(B) = [, a(y)y(dy)tm(B) as 1,0 where a(y) =
f m(dx)p,(x,y). This implies the existence of a function h € H such that
a,(y)1h(y) m-a.e. as t}0 (see [6, §§4 and 5] for details). Obviously m = y*. Hence
the mapping # — y* defined by (3.20) is a 1-1-splitting of H onto M. Itis easy to
see that under this mapping the sets of minimal, conservative and dissipative
elements of H correspond to analogous subsets of M. Hence Lemma 2.3 follows
from Lemma 2.2.

3.6. Now we prove Theorem 2.3. Let h be a conservative minimal element of H.
Then y* is a conservative minimal element of A. By Theorem 2.1, if ¢, ¢ € L(y*)
and y*(§) # 0, then

Y (®)/v*(¥) = lim (£(9)/44¥)): v -ae. (3.21)

(Since Theorem 2.1 holds for generalized stationary transition funcions, we do not
need an assumption that the reference measure vy 1s excessive.)

Let h be integrable with respect to a measure §. Put ¢(y) = [ £{(dz)p,(z, y). We
have

v*(9) = &T,h) = &(h) < (3.22)

2@ =" [ Hao (a0 = a3 ~HsD). ()

Here £&(g) < oo y”-a.e. since

f s yvan = o [ Thas) = i) < o (:24)
It follows from (3.21), (3.22), (3.23) and (3.24) that
&h)/v"(¥) = lim &g7)/c(u), v -ae.
where c(u) = £¥ ‘(). This implies Theorem 2.3.

4. Time-dependent excessive measures and functions.
4.1. The space M of excessive measures associated with a stationary transition

function is a subset of a larger space TM of time-dependent excessive measures.
Put

p(s, x; 1, B) = Pl—:(x’ B),
To(x) = f p(s, x5 6, dv)o(y),

(nT;)(B) = [ n(dx)p(s, x; 1, B).

Suppose that for each + € R a o-finite measure n, on (E, ®) is given and let
n. T 1n, as stt. Then we say that n is a time-dependent excessive measure and we
writen € TM.
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An important example of time-dependent excessive measures are entrance laws.
We say that an element n 5 0 of TM is an entrance law at time s, (— o0 < 55 <
+ o) if n, = O fort < 5o, n, T, = n,fors, <s < 1.

4.2. Let a positive measurable function f* on E be given for each ¢ € R and let f*
be finite a.e. with respect to all measures p(s, x; ¢, —). We say that f is a
time-dependent excessive function and we write f € TH if f' < oo a.s. with respect
to all measures p(s, x; ¢, -) and T;f'1f* as ¢|s. An element f # 0 of TH is called an
exit law at time 4y, —o00 <uy < + 00, if f' = 0fort > ug, Tf' = f*fors <1 < u,
It is easy to see that f* < o0 a.s. n, foreveryf € TH,n € TM.

4.3. All these definitions are applicable also to nonstationary transition functions
p(s, x; 1, ). (In the nonstationary case, the state space (E,, ®,) can depend on ¢
and p(s, x; ¢, B) is defined for s <t € R, x € E,, B € 9,.) To get the definition
of such functions, we replace conditions (2.1)-(2.2) by

p(s,x;t, E)< 1 foralls<:€ER,x EE, (4.1)

pr(s, x; 1, dy)p(t,y; u, B) = p(s, x; u, B) 4.2)

foralls<t<u€ R xEE,BED.

We put p(s, x; ¢, B) = 0 for s > ¢. Obviously n,(B) = p(s, x; ¢, B) is an entrance
law at time s, and f*(x) = p(s, x; ¢, B) is an exit law at time /.

4.4. Condition 2.2.B implies that, for each n € TM and every ¢ € B, n(¢) is
measurable in ¢. Indeed, for every finite set A = {7, < ¢, < - - - <4}, the func-
tion

F(t)=0 fort<t and? >,
Fy(1) = n (The) fory, <t <ty

is measurable in ¢, and F, (1) —n(e) if A, is an increasing sequence with the
union everywhere dense in R. The same arguments show that if, for each ¢, n(¢) is
a measurable function of a parameter w, then it is measurable in ¢, .

4.5. Let ¢(¢), t € R, and I(x), x € E,be positive measurable functions and y be a
measure on E. Then

n,(B) = f_’w ds c(s) fE y(dx)p(s, x; 1, B) 43)
is a time-dependent excessive measure, and
£y = [T are) [ p(s, x; 1, &) (44)

is a time-dependent excessive function.

4.6. Let p(s, x; ¢, B) be a nonstationary transition function. Put x € E? if p(s, x;
t, B) = O for all ¢, B. (For a stationary transition function, E° does not depend on s
and coincides with E° defined in Subsection 3.2.) If f € TH, then f(x) = 0 for all
x € E°. Weset f € TH™ if f°(x) > 0 outside E?.

For each ¢ € TH *, the formula

PU(s, x; 1, dy) = ¢°(x) " 'p(s, x; 1, d)g'(y) for0 < g°(x) < o0,
=0 ifg°(x)=0o0rgqg*(x) =00 (4.5)
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defines a new transition function. A function f is a time-dependent excessive
function for p if and only if

fo(x) = f'(x)/q'(x) for0 <gq'(x) < oo,
=0 otherwise
is a time-dependent excessive function for p?. Analogously n is a time-dependent
excessive measure for p if and only if n’(dx) = ¢‘(x)n(dx) is a time-dependent
excessive measure for p?.

5. Markov processes.

5.1. A stochastic process on a random time interval is determined by the following
elements:

(i) a measure: (2, ¥, P),

(i) two measurable functions a(w) < B(w) on £ with values in the extended real
line [— o0, + o0},

(iii) for each 1 € R, a measurable mapping x,(w) of the set {w; a(w) <t < B(w)}
into a measurable space (E,, 8,).

The moments a and 8 are called the birth time and the death time.

We say that a path w is given if a point w(f) of E, is fixed for each ¢ of an open
interval I C R, and we say that a process x, is canonical if Q coincides with the
space of all paths, if x(w) = «(?), ¢ € I = (a(w), B(w)), and if F is the minimal
g-algebra in @ which contains the sets

{a<t), (B>}, {a<t,x, €B,B >1t) 5.1
forallt € R,BEB.

THEOREM 5.1. Let p be a transition function on a standard Borel space (E, B) and
let n € TM, f € TH. Then there exists a canonical stochastic process (x,, P) such
that

P/{a<t,x, €B,...,%x € B, 4, <B}
- B o j; n, (dx )p(ty, xy, b5, dxz) - - P(be_ys Ximys s A% )f*(x) (5.2)
Jorallk=1,2,...,allt, <t,<---<t, ERandB,,...,B, € B. We have
Pl ={nf> (5.3)
where {n, f is the supremum, over all finite sets A = {t, < - - - < 4}, of expres-
sions
k k
ex= %m0~ n (10, 64

(Weput ¢, = o if n,‘(f") = oo for some i.) Also {n, f) = lim Ca, Jor every increas-
ing sequence A; with the union everywhere dense in R.

Theorem 5.1 has been proved in [6] for the case {n, f> = 1 and in [12] for the
general case. (An even more general situation has been discussed in [8].)
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5.2. Evidently (a, f> is linear in n and f. We remark that a = 54 a.s. P! if and
only if n is an entrance law at time s, and, in this case,

n(fn.f) astis, (5.5)
Analogously 8 = u, a.s. P/if and only if f is an exit law at time w,. In this case,
n(fNn.f)  astu (5.52)

A measure P/, corresponding to m(B) = p(s, x; t, B) is denoted by P/,. It
follows from (5.5) and (2.5a) that P{, L) = f(x).
A simple calculation shows that

(nf) = [ ¥()ets) ds (5.6)
if n is defined by (4.3), and
(n, f) = fR n(1)e(t) dt (5.7

if f is defined by (4.4).
5.3. With each interval I, we associate a sub-g-algebra F(I) of the g-algebra &F
generated by the sets (5.1) with € I, B € B . We use the following abbreviations

Feoo=F(—00,1), G =%(-,1t], I =901 +w),
F,. = F[1, +0), Ferw = [V Ty, ete.
u>t

Weput A €F, if (d,a<r} €F_,forallt€ Rand A EF, if (4,8 >} E
F.,, forallt € R, and we call &, and T, the germ o-algebras at time a and .

5.4. We need the following properties of the measure P,

54A. If fe TH,q€ TH*, n € TM, then for each Y € F,

PI{Y1a<t<B = P:Yf'(xl)/q'(xl)‘4

If4 € F_, and PX(A4) = 0, then P/(4) = 0. The same is true for 4 € F,.

54B.Letfe TH*. IfX € 9, Y € F, then

Pi(X14c,cp¥) = PYXF(x,)"'PLY).

54.C. Let f € TH*. A measure P on (€, ¥) coincides with one of the measures

P/ n € TM if and only if
P{x, € B|F.}=p’(s, x;¢t,B) as.Pon{a<s<B) (5.8)
foralls <t € RandallBE B.

5.4.D. A restriction of a measure P/, n € TM, f € TH*, to an arbitrary set
A € %, is again a measure of the form P{ for some /i € TM.

Properties 5.4.A and 5.4.B follow directly from the definition of the measures P/,
The necessity of (5.8) follow from 5.4.B and the sufficiency was proved in (6] (see
Theorem 3.1). To prove 54.D it is sufficient to check that P(dw) = 1 ,(w)P/(dw)
satisfies (5.8). This is easy to do using 5.4.B.

“We omit the factor Lo <p Since f'(x,)/q'(x,) is not defined outside the set {a < ¢ < B}.
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5.5. The shift o' = f.w of the path  is given by the formula w'(f) = (1 + s),
a~s5s<t<PB-s Weput §Yw) = Y(fw) for each function Y(w). Obviously
6,0 = a ~ 5,08,8 = B — 5 and the o-algebras ¥, and ¥, are invariant with respect
to §,.

Weputd € ®if4 € F, and b1, =1, as. P/ forallse R,me M,f € TH.

Let the transition function p be stationary.

5.5.A. The formulae

(km),=n,, (kf) =f*
define transformations &, of the classes TM and TH, and
Pi(6,Y) = PHY (5.9

forall Y € 9.

5.5.B. A restriction of a measure P/, me M, fE TH  toaset A€ P isa
measure of the form P{;', where % € M. If m is a minimal element of M, then P/ is
trivial on F, (i.e., each ¥, -measurable function is constant P/-a.e.).

The statement 5.5.A is an implication of formula (5.2), and 5.5.B follows from
5.4.D, 5.4.A and 5.5.A.

6. Three lemmas.

6.1. In this section we prove three lemmas which make possible the computation
of dissipative minimal elements. In the first lemma the behaviour of the ratio of
two time-dependent excessive functions along a path is studied. The second one
establishes a fundamental identity involving two time-dependent excessive func-
tions and the ratio of their integrals with respect to 7. The third lemma gives an
approximation of the birth time a by stationary stopping times.

6.2. We denote by TK the class of all measures P/, n € TM, f € TH. It follows
from Subsection 4.6 that the classes TK corresponding to the transition functions p
and p? are identical foreachq € TH *.

Let Y/ (w) be a positive function defined for all w € , a(w) < ¢ < B(w). We say
that Y, is a right TK-modification of ¥, if Y,, € 9_,, and if, for each countable
everywhere dense subset A of R,

Y, = liin Y, forallf € (a, B)as. TK. (6.1)
ryt
SEA

The left TK-modification Y,_ of Y, is defined in an analogous way.

LEMMA 6.1. There exist a right TK-modification Y,, and a left TK-modification
Y,_ of the function

Y, = fi(x)/q'(x,) (62)
forevery f € TH,q &€ TH™*. For each P € TK,
Y,=Y=Y_asPon{a<t<B} (6.3)

Jor all t except at most a countable set (depending on P).
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ProOF. Fix A and denote by N(v,, v,; s, u) the number of upcrossings of {v,, v,]
by Y, over the set A N (s, u), i.e., the maximal positive integer k such that there
exist ) <uy < - <5 <1y €AN(s,u) with the property ¥, ,..., ¥, <o,
Yoo ooh ¥y 20, Put A(s, ) = {a <5, B >u, N(v), v); 5, u) = co for some v,
< v,}. The existence of Y,, and Y,_ and the equality (6.3) will be proved if we
show that P’d(s, u) = O forall s <u, h € TH, n € TM (cf. [1, Theorem 11.2]). By
5.4.A, it suffices to check this only for & = g, and since P? is o-finite on the
o-algebra F_, it is sufficient to prove that

f ZP3(dw) =0 (6.4)
A(s,u)
for each Pl-integrable Z € ¥,. By 5.4.A and (6.2)
PIZ1, XY, = PiZ1,_,, X foralls<tX € F, (6.5)

Put P'(dw) = 1,.,Z P¥(dw). It follows from (6.5) that (Y,, I, P’} is a super-
martingale on [s, o). By Doob’s inequality

P'N(v,, 0555, u) < (v, — ) 'P(Y, + v)
which means that

PIZ 1, N(v), 0y 5,u) < (0, — 0) (PIZ 1, + 0,PIZ 1, ).

This implies (6.5).

6.3. Now we suppose that the transition function p is stationary. It follows from
(5.9) that, if all measures P of TK vanish on 4 € ¥, then they vanish on all sets
0A4,5s € R.

Let

0.Y, =Y, forallsands (6.6)
and let Y, be a right TK-modification of Y,. Then both 4,Y,, and Y, are right
TK-modifications of Y,, .. Hence

0Y,=7Y,,, , forallras TK. (6.7)

If m € M, h € H, then, by (5.9), P2(Y,# Y,,} is independent of ¢. It follows
from (6.3) that

PHY, #7Y,,.)=0 foralls. (6.8)

6.4. A function 7(w) is called a stopping time if a(w) < 7(w) < B(w) for each w
and {7 <t} € F_, forevery t € R. If ;1 = 7 — 5 as. TK for all s € R, we say
that 7 is stationary.

Weput A€ if 4€YF and {4,7 <t} € G, for all 1 € R, and we put
A4 € ¥ if, in addition, 8,4 = 4 as. TK for all s.

LEMMA 6.2. Letm € M, f € TH™, h € TH and let functions

flx) = fR fixydr, h(x)= fR h'(x) dr
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be finite m-a.e. Suppose that T is a stationary stopping time, X € B and Y, is a
right TK-modification of

Y, = h_(xl)/f-(xl)‘ (6.9)
Then
PLXY,, = PpX 1 (6.10)
ProoF. Put
T+8
F(8) = P,{,xf Y, d, 6>0,
Z, =X 1-r<0<-r+8Yo+ f'(xo)/f-(xo)- (6.11)
We have

F(8) = [ PlOz)ai= [ Plz
R R
and, by Fubini’s theorem,
F(8) = P;Cf Z, dt = P{:X lcocessYos-
R

By (6.8), Yy, = Y, as. P,{:, and by 5.4.A and (6.9)

F()= P,fX 1'r<0<-r+8‘
The right side is independent of f. Hence F(§) does not change if we replace f by A,
and, by (6.11), (6.9),

T+8 T+8
P,{,xf Y,, dt = P,',:xf Lococp dt.
T T

Dividing by é and tending & to 0, we get (6.10).

6.5. LeMMA 6.3. If m € M is dissipative, then there exists a sequence of stationary
stopping times v, such that

Tla as. P! (6.12)
fJor all h € TH.

ProoF. Fix I € L} (m) such that m(/) = 1 and put
o o —
ax)= [T TUx)d =g (1), a(x)= [ e TU(x)d,
0 0

f(x) = g.(q)).

Wehavef,q € TH* and 1 — f/q = ¢q,/q > 0. Denote by Y, the right modifi-
cation of Y, = f(x,)/ q(x,), and put

o, =f““’(1 -Y,)d.
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We prove that
6.5.A. For PJ-almost all w,
D0<a, <a, foralla <u; <u, <B,
Giya, < oo foralla < u < B,
(iii) a, is continuous in # and 4,0 as u|a.
65B.a, € F_,.
65C.0,a, = a,,, foralluas. TK.

First, we remark thatg — f = g, > Oon ENEjand ¢ < oo m-a.e. By Lemma 6.1
there exists an at most countable set A such that

1-Y,,=1-Y,=q(x)/q(x)> 0as.Pf on{a <t <f)foreacht € A
(6.13)
which implies 7.1.A, (i). We have

q ql(xu) = o
Pig Ul fo F(s) ds

™Y q(x,)
where () aulx)
— q ql xu-—s ql xu - ﬂ
F(s) - Pm q(x,,—;) q(x“) - ( s T;qI)
Therefore
e, 9 (x.) _ af _
P"'a"-q‘(_x,,)- = m(T) <m(q) <m(l)=1.

Taking into account (6.13), we have 6.5.A, (ii). The property (iii) is an obvious
implication of (ii), and 6.5.B, C follow from the fact that ¥,, € _,, and (6.7).
For each e > 0, we set
T, =inf{t:a, >e}, 17,=8 ifa, <eforalls
This is a stationary stopping time. Indeed, {r, <t} = {q, > e} U {B <1} € §_,
by 6.5.B, and §;7, = 7, — s as. TK by 6.5.C. If ¢,(0, then 7, |a as. P}, and (6.12)
follows from 5.4.A.

7. Dissipative minimal elements.

7.1. THEOREM 7.1. Let m be a dissipative element of M,f € TH*, h € TH and let
{m, f> < o0, {m, h) < co. Suppose that the functions

Fy = fxyd, R = [ ni(x) a (.1)
R R
are finite m-a.e. Then there exists a function Y, € %, such that
Y, = lilm (h(x)/f(x,)) as. PE (7.2)
reA

Jor each countable everywhere dense subset A of R and each g € TH. Moreover
P/XY,, =P!X foral X € P (7.3)
and, if m is minimal, then
Y,, ={mh>/{m fy as. Pl (7.4)
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PROOF. If 7 is a stationary stopping time, then so are 7 + u for all ¥ » 0. By
Lemma 6.2,if s < ¢, X € P, then
PD{IXY1+I+ = P:Xl1+r<ﬂ < P:Xl1+:<ﬂ = PD{IXY1+:+
where Y, is defined by (6.9). Hence

(Y1+l+’ ge-n-w P'{l)l>0
is a supermartingale. It follows from (6.10) that P.Y,, < {m, h). Let N, be the
number of upcrossings of [v,, v,] by Y,, over (r, ©). Since Y,, is right-continuous

inz a.s. P/, we have
PIN, < (v, = 0) 7 '(Km, ) + 0, (m, £ D).
Applying this inequality to the sequence 7, and passing to the limit, we get the
inequality P/N, < 0. Put & = (N, < 0}, Q" = Q. Obviously ' and Q"
belong to % and PL(Q") = 0. Put Y,, =lim,, Y,, on @, Y,, =0 on Q". Then
Y,, € ® and (7.2) holds for ¢ = f. By 5.4.A it holds for all ¢ € TH.
By Fatou’s lemma, it follows from (6.10) that

PLY,, <lmPlY, =IlimPAl, _,={m h)< co.

m*a+ m-or,<B

Hence Y,, < o as. P/ and, by 54.A, Y,, < o as. P as well. Thus, for each
& > 0, there exists ¢, such that P*(Y, > ¢,} < ¢, and, by (6.10)

Plly o Y, S Pr{Y,, >c}<e

Hence Y, , are uniformly integrable relative to P,{. and (6.10) implies (7.3).

If m is minimal, then, by 5.5.B, there exists a constant C such that Y, = C as.
P/. We have PLY,, = CPL(Q) = C{m,f)> and, by (1.3), C = {m, h)/{m, f>.
This proves (7.4).

7.2. We apply Theorem 7.1 to the excessive functions

he(x) = [ p(s, x; 1, d)p(») = T,_9(x) (1.5)

and

Py = [T e [ plo,xs 1 W) = [7 Tb(x)e(s ~ wydu - (16)
wherey > 0, c(r) > 0and [, c(r) dt = 1. Obviously f € TH *,
{mfr=m@), (mh)=mle), [f(x)=2g() h(x)=_gl e
Hence, in this case,
Yoy = lim (2. (9)/8,(¥)) as. P} (.7

reA
and we arrive at the following result.

THEOREM 71.2. Let m be a dissipative minimal element of M. Then for all
@ € L'(m),y € LY (m),q € TH

m(g)/m(y) = lrillg(gx,(w)/gx,(\l/)) a.s. Py, (7.8)

relA
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(The meaning of A is the same as in Theorem 7.1.)

7.3. COROLLARY. If

f s ( )
where v € JM, then (7.8) holds a.s. qu.

Indeed, the relation (7.9) implies that m = [, k,» ds. Let & and Q" be the sets
defined in the proof of Theorem 7.1. We have

0= PL(Q)=[ P[(R)ds
@) = [ @)
and, by (5.9),
P{,(2") = P{(6,0") = P/(Q").

Hence P/(R”) = 0, and (7.8) holds a.s. P/. By 5.4.A, it holds a.s. P?.

REMARK. It has been proved in [6] that each m € TM has an integral representa-
tion m(B) = [ n(B)u(dn) where p is a finite measure on the space of minimal
elements of TM (which are entrance laws). It has been proved also that if m is a

minimal element of M and if / > 0, m(/) = 1, then for each ¢ € LY(m) and
p-almost all n

n(@)/n(l1) > m(p) asIfR

where n;(¢) means the integral of n(gp) over a finite interval 1. If m is a
null-excessive element (i.e., if m7, — 0 as t — o), then p is concentrated on the
entrance laws at finite times and ng(!) < oco. Hence m(p) = ng(@)/ ng(!), and (7.9)
holds with », = ng(/)~'n.. It holds also for all entrance laws k,». Thus (7.8) is
satisfied a.s. P? for some entrance law » at time 0. This justifies the construction
described in Subsection 2.7.

7.4. To investigate dissipative elements of H we introduce a backward transition
function

B(s, dx; 1,y) = y(dx)p,_(x,») (7.10)
and we denote by TM, TH the corresponding classes of time dependent excessive
measures and functions. The notations M, N, TM * have an analogous meaning.
To each m € TM f € TH there corresponds a measure ﬁ,{,, and we set (m, f)' =
PL(Q).

Considering reversed time direction, we get the following version of Theorem 7.1.
THEOREM 7.3. Let m be a dissipative minimal element of M and let f € TH*,
q € TH, {m, f)' < o0, {m, g’ < o,

f) =f F(y)ds < oo, q(») =f g'(y)ds < 0 m-ae.
R R
Then there exists a function Y,_ € ‘3’% such that

Yoo = lim(3(x,)/f(x,)) a.s. Bl
4
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Jor each countable everywhere dense A. Moreover
PIXY, = PiX forallX € F,
and, if m is minimal, then
Yo =<m,q)'/<m,fY as. Bl
7.5. The following result follows immediately from Theorem 7.3.

THEOREM 7.4. Let h be a dissipative minimal element of H. If f € TM and if h is
integrable with respect to measures £ and v, then

&h)/n(h) = lim (&(87)/n(8™)) as. P}, (7.11)
reA
To prove this statement, we apply Theorem 7.3 to the measure m(dx) = y*(dx)
= h(x)y(dx) which, according to Subsection 3.5, is a minimal and dissipative
element of M, and to the functions

s 3 ®
7)) = [ Hae(xy),  FOY=[ ols +u)yau [ a(dx)p,(x, )
(i}
By simple computations we get the formulae

<'Yh’ q> = S(h)’ <'Yh’f> = ﬂ(h), ‘7()’) - g(gy), f(y) = 11(8’)
and we notice that the measure ﬁ.{,. corresponding to p, y”, f coincides with the
measure P)).

7.6. As in Subsection 7.3, we prove that, if

h =qu9 dr (1.12)

where ¢ € TH, then (7.11) is fulfilled as. P%. If h is null-excessive, then (7.12)
holds for some exit law at time 0.

Appendix. Decomposition into minimal elements.

0.1. Let p,(x, B) be a stationary transitive function in a standard Borel space
(E, ®) and let M and H be the corresponding classes of excessive measures and
functions. For every / € ®, we put M' = {m : m € M, m(I) = 1} and we denote
by B(M') the o-algebra in M’ generated by the sets (m : m € M', m(B) < u}),
B € P, u € R. For every measure » on B, we put H” = (h: h € H, w(h) = 1}
and we denote by B (H") the o-algebra in H” generated by the sets {h : h € H?,
£(h) < u}, £ is a measure on B, u € R. Our objective is to prove the following two
results.

THEOREM 0.1. Let T be the set of all minimal elements of M which belong to M'.
Suppose that | € B is strictly positive. Then T € B(M") and, for each m € M’,
there exists one and only one probability measure p. on B (M") concentrated on T such
that

m(B) = fr n(B)u(dn) forallBE B. 0.1)
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THEOREM 0.2. Let T be the set of all minimal elements of H belonging to H”. Let v
be a o-finite measure with the property:

0.1.A. There exists an excessive reference measure y and a strictly positive function
1 such that

y(lh) < v(h) forallh € H. (0.2)

Then T € B (H”) and, for every h € H”, there exists one and only one probability
measure p. on B (H") concentrated on T such that

h(x) = fr f(x)u(df) forall x € B. (0.3)

0.2. Comments to Theorem 0.2.

(a) If y is a reference measure and if # € H, then & < o as. y. If A # 0, then
y(h) > 0 and y(/h) = | for some strictly positive function /. The measure »(dx) =
I(x)y(dx) obviously satisfies 0.1.A, and h € H”. Hence each h € H can be decom-
posed into minimal elements. (The analogous statement for m € M is obvious.)

(b) Let y satisfy condition 2.2.C and let g” be the corresponding Green function
defined by (2.14). Suppose that the function ¢(y) = »(g”) is finite y-a.e. and
strictly positive. Then the measure » has property 0.1.A. In fact,

v(B) = [ Hdx)e.(B) = [ a()v(dy)

is an excessive reference measure and y,(/h) < »(h) for all h € H where

) =g [T dee™ [ w(dx)px,)

is strictly positive.

(c) In case of Brownian motion remark (b) is applicable to Lebesgue measure y
and any measure » concentrated at one point.

(d) If y is a reference measure, the g-algebra B (H") is generated by the sets
{h:he€ H" y(lh) <u},! € B, u € R.This follows from the relation

&h) =lim y(Lh) where () = [ &dx)o,(x,»)

(e) The function f(x), f € H, x € E is B (H”) X B -measurable. In fact, it is
easy to see that [ r(x, y)y(dy)f(») is B (H*) X B -measurable if r(x,y)is B X B-
measurable, and measurability of f(x) follows from the formula f(x) =
lim, o [ p,(x, Y)Y(D)(Y)-

(f) By remark (¢) and the Fubini theorem, it follows from (0.3) that §(k) =
fr &(f)n(df) for each measure &.

0.3. Theorem 0.2 follows easily from Theorem 0.1. First, if »(dx) = I(x)y(dx)
where y is an excessive reference measure and / > 0, then the mapping (3.20)
establishes a 1-1 correspondence between H” and M' (we use the notations of
Subsection 3.5). Obviously this mapping is measurable. By 0.2.d the inverse
mapping is also measurable, and the representation (0.1) of the measure m = y* €
Mlis equivalent to the representation (0.3) of h € H”.
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Now let » satisfy condition 0.1.A and let »,(dx) = I(x)y(dx). We note that
0<wr(h) <1 for all h€ H”. Put Hy'={h:h€ H", »(h) < oo}. Formulae
Fy(h) = h/v(h) and F(h) = h/v(h) determine inverse measurable mappings F, of
H’ onto H§' and F, of H{' onto H”. Evidently they preserve minimal elements.
Therefore to prove Theorem 0.2 for the measure », it is sufficient to check that each
element # € H{' has a unique integral representation through minimal elements of
H which lie in HJ'. Since Theorem 0.2 has been proved for the measure »,, there
corresponds to every A € H” a unique probability measure g on ® (H"') con-
centrated on the set I'; of minimal elements such that

hGx) = [ Jou(d).
By 0.2.f this implies an equality
v(h) = [ ())u(df)

and since »(h) < oo, the measure p is concentrated on I'; 1 Hy.
0.4. The rest of the Appendix is devoted to proving the following statement.

THEOREM 0.3. Let | > 0 and let
re = * T (x)c(s — u) ds (0.4)
0

where c(1) > 0 and [ (1) dt = 1. Let B, be the o-algebra defined in Subsection 5.5.
There exists an M'-valued function n® on Q with the properties:

0.4.A. n*(B) is F -measurable for every B € B .

0.4B. PI(Z|Py=PlZas. Pl foralZ € F, me M.

Properties 0.4.A, B mean that % is an H-sufficient o-algebra for the class K of
probability measures P/, m € M', and Theorem 0.1 follows from Theorem 0.3
because of the general relation between H-sufficient statistics and minimal ele-
ments established in [7} (see Theorem 3.1).

0.5. In each standard Borel space (E, ®) there exists a support system W i.e., a
countable family of positive bounded functions with the properties:

0.5.A. If p, is a sequence of probability measures on % and if lim p,(p) = g(p)
exists for every ¢ € W, then there is a probability measure p such that u(p) = g(p)
forallo € W.

0.5.B. If a class & of positive functions contains W and is closed under addition,
multiplication by positive constants and if & contains together with each increasing
sequence its limit, then & contains all functionsp € % .

We put x € E’ if the limit

lim (g2(9!)/84(1)) 05)

exists for all ¢ € W. By 0.5.A for each x € E’ there exists a probability measure p,
such that the limit (0.5) coincides with g (¢). We put ¢’ = @/~ n(dy) =
p(@)! (). Obviously n (/) = 1 and

lim (2(9)/2(1)) = n(9) i x € E',q' € W. (06)
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Let A, be the set of all rational numbers. We put w € Q' if x, € E" forallr € A,
and if
lrif; n, (¢)
rei,
exists for all ¢’ € W. Again by 0.5.A, for every w € &, there exists a measure
n“(¢p) such that n“(/) = 1 and
n“(p) = lifn n (¢) forallw €, o EW. 0.7)
rei,

We shall see that E’ and £ are not empty (except the case where M' is empty, in
which case our theorem is trivial). Let

E" = ENE/, Q= Q.
Fix arbitrary points x’ € E’ and ' € € and put n, = n, for x € E”, n* = n* for
w € Q.

The function n“(p) is F-measurable if o' € M. By 0.5.B, the same is true for all
¢ € B. Therefore n satisfies the condition 0.4.A. Theorem 0.3 will be proved if
we show that, for each m € M’,

Pl{n"EM}=0 0.8)
and 0.4.B is fulfilled. We check this separately for dissipative and conservative m.
0.6. Suppose that m € M’ is dissipative. Obviously (0.6) holds with

n(e) = g.(9)/8.(), (0.9)
if g,(!) < oo. Hence E” C {x: g, (/) = o0} and m(E") = 0.
Let ¢/ € W. Comparing (0.7), (0.8) and (7.7) and applying Theorem 7.1, we
conclude that P/(2”) = 0, that the function n“(¢) is ¥ -measurable and that

P/ Xn“(¢) = P}X (0.10)
with A*(x) = T,_,p(x)forall X € 9, € R. By 54.B and 5.4.A, fors <1,
P X1,eof ()7 0(x) ] = PLXF(x) 7' PL (9()(x) ") ]
- Pr{l[XfJ(x:)_th(x:)] = Pr:(X lu(:(ﬁ)‘

Since 8 = ¢ as. P}, we get by setting st

P Xf(x) " '9(x)] = PaX. (©.11)
It follows from (0.10) and (0.11) that
PLf(x) " p(x)X = PLXn"(g). (0.12)

Established for ¢’ € W, equality (0.12) can be extended for all ¢ € B using 0.5.B.
Suppose that

o(x) = Pl.Z, ze9%,, (0.13)
Since X 1,., € $_,, formula (0.12) and 5.4.B imply that
Pl Xn“(9) = PLX1, ,4Z. (0.14)
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We apply this formulato r = — u < 0 and Z = y(xq)/f%x,) and we get

PLXn*(T,y) = P,{,x1u<_“}”o((’;‘;)) . (0.15)
On the other hand, it follows from (0.12) that
PLXn () = PLXY(x0)/f(xo)- (0.16)
Comparing (0.15) and (0.16) we have
n(T,¢) < n“(y) as. Pl (0.17)
and
n“(T, p¥) > n°(¥) as. Pl (0.18)

The set C = {(u, 0): n“(T ) > n“(y) for some ¢’ € W} is By X F-
measurable and all its u-sections have P/ measure zero. By Fubini’s theorem, there
exists a set @, € F such that PL(Q~Q) = 0 and (1, w) ‘€ C for almost all « and all
@ € . Using 0.5.B and the semigroup property of T,, we prove that n“(T y) <
n“(y) for all w € €, and all u € R. Because of (0.18), there exists a set &, C Q,
such that P/(Q\Q)) = 0 and n“(T,,¥) > n“(Y) for all @ €L, and all Y’ € W.
Applying 0.5.A and 0.5.B, it is easy to prove that n* € M for all w € Q,.

To prove 0.4.B, we establish that, for each Z € %,

(i) PL.Z coincides P/-a.e. with an % -measurable function,

(i) PLXZ = P(XPLZ)forallX € F.

It is sufficient to check this for Z=1,f(x,,..., x)l,.5 where t <¢
< -+ <t, <uand fis a measurable function on E”. It follows from (5.2) that in
this case PLZ = n“(¢) where ¢ is given by (0.13). Both conditions (i) and (ii) are
satisfied (the second one follows from (0.14)).

0.7. Now let m be a conservative element of M’. Then by Theorem 3.2,
m(E”) = 0 and (0.6) holds with

n (@) = m'(i'lim'm), m-a.e. (0.19)
The following two lemmas establish relations between the c-algebra ®7 and %.

LeMMA 0.1. If F is a bounded BT-measurable function, then there exists a
¥ -measurable function Y such that, for each countable everywhere dense set A,

Y, = lim F(x). (0.20)
rl—e
reA
Foreach F € BT andeacho € B,t € R
PLYen*(9) = PLYpo(x)f'(x)"". (021)

PROOF. Let Z and ¢ be as in (0.13). By 5.4.B and (5.2), we have for s <¢,
yEBR,

PLF(xW(x)Z = PLF(xW(x)e(x)f'(x)™" = m[ FT,_,(y9)]. (0.22)
Analogously

PLF(x)¥(x)Z = m(Fyp). (023)
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Since F € BT, the terms on the right side of (0.22) and (0.23) coincide. This
implies the relation

PL{F(x)|F,,} = F(x) as.PLon{B >t} (0.24)
Hence, for each u, (F(x)lg,,» Tt P,{,) is a martingale on (—oo, ) and the

existence of Y, follows from the theorem on convergence of a bounded martingale.
By (0.19) and (3.8)

[ m(@x)F(x)n () T.A(x) = [ m(dx)n(9)l(x)F(x) = m(Fp) = m(FT,_,@).
Therefore, by (0.4)

P, F(x)n, (9) =f m(dx)F(x)n (9)f"(x) = m(FT,_,9)

= PLF(x,)e(x)f'(x)™".
Letting r — — o0, we get (0.21), first, for ¢/ € W and then, using 0.5.B, for all
pEBR.

Lemma 0.2. Every bounded function Y € 9

% coincides P!-a.e. with Y. for some
Fe®l,

PROOF. We choose a function F € ® such that P/{Y|x,} = F(x,) a.s. P/. For
allt >0,y € B, we have

m(FTy) = PLF(xo¥(x)f'(x) ™" = PL{ A (x)f"(x)7"}). (0.25)

Since Y1, ., € §_, and 8,Y = Y as. P, it follows from 5.5.A and 5.4.B that the
right side of (0.25) does not depend on ¢. Hence F € 7.

Now, by 54.B, PLYU(x))Z = P, F(x{(xo)Z for all y € B, Z € F,. Hence
P/{Y|F,0} = F(x,) as. P/, and, by (0.24)

PI{Y|F,,} = PL{F(x)|F,,} = F(x,) as. Pl

Letting  — — oo, we see that Y = P/(Y|F.} = Y. as. P/,

0.8. Suppose that ¢ is given by formula (0.13). It follows from (0.21) and 5.4.B
that

P/ Yn“(¢) = PLY lycicpZ (0.26)

for Y = Y. By Lemma 0.2, (0.26) holds for all Y € ‘3?':, Formula (0.26) coincides
with (0.14) and we establish (0.8) and 0.4.B in the same way as in Subsection 0.6.
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