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1. Introduction

To avoid constant repetition of qualifying phrases, we agree on the following
notation, terminology, and conventions, unless otherwise specified.

I is a denumerable set of indices. The letters 7, j, k, and I, with or without
subscript, denote elements of I.

I =1y {x} is the one-point compactification of I considered as an isolated
set, of real numbers; © > 1.

N is the set of nonnegative integers used as ordinals. The letters » and n denote
elements of N.

T = [0,0); TO = (0, ©). The letters s, { and u, with or without subscript,
denote elements of T°.

A statement or formula involving an unspecified element of I or T° is meant
to stand for every such element.

A sequence like {f;} is indexed by I; a matrix like (p;;) is indexed by I X I; a
sum like ¥; is over L.

A function is real and finite valued. A function defined on T° and having a
right hand limit at zero is thereby extended to T; if in addition it is continuous
in T° it is said to be continuous in T.

A (standard) transition matriz is a matrix (p;;) of functions on T° satisfying the
following conditions:

(1'1) p‘i(t) = 0;
(1.2) ); Pii()pie(s) = palt + 3),
(1.3) lim p.','(t) = 1,
t{0
(1.4) ; pii{t) = 1.

A (temporally) homogeneous Markov chain, or a Markov chain with stationary
transition probabilities, associated with I and (p;)), is a stochastic process {z.},
t € Tort & T on the probability triple (2, §, P), with the generic sample point
w, having the following properties:
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36 FOURTH BERKELEY SYMPOSIUM: CHUNG

(1.5) For each t in T or T° respectively, x: is a discrete random variable,
and the set of all possible values of all x, s I;
(1.6) If 4y < -+ < i, then

n
Pzt @) =ty 1 S v S nfzlh, 0) = 4} = [] Puialt — 4).
v=1

An equivalent form of (1.6) is the Markov property:
(L7 Pla(tan, @) = dunlz(t, 0) = 4,1 S v < n}

= P{z(tays, @) = tanlx(ts, ©) = 0} = Pisinnilburr — ta)-
A verston of the process will be chosen to have the following further properties:
(1.8) For any denumerable set R dense in T, and every v € Q,
2(t, w) = 11%1} x(r, w)
for all t; rer
(1.9) As a function of (f, w), x(l, w) ts measurable with respect to the

(uncompleted) product field B X § where B s the usual Borel field
on T,

The property (1.8) implies that the process is separable; the property (1.9) is
called the Borel measurability of the process. Other properties of the process
which follow from (1.5) to (1.9) for almost all w, may be supposed to hold for all
w, so long as only denumerably many such properties are invoked.

From now on a process {r;} having the properties (1.5) to (1.9) will be ab-
breviated as an “M.C.” It is called an open M.C. iff the parameter set is T°.
The set I is called its (minimal) state space, the matrix (p:;) its transition matriz.
The distribution of xy, when defined, is called its initial distribution {p:}, where
p; = P{A} and A; = {w:2(0,w) = i}. When p; = 1, the resulting P will be
written as P;; for example,

(1.10) Pi{z(t, 0) = j} = py(t) = Pla(s + 1, 0) = jlals, w) = 4}
whenever the last is defined.

The study of the theory of M.C.’s consists in:

(a) uncovering the properties of, and relations among, the functions p.;;

(b) describing qualitatively and quantitatively the nature of the sample
functions z(-, v), @ € Q; (less precisely, to analyze the evolution of the process
in time).

Superficially at least, object (a) can be regarded as a purely “analytic” (as
distinguished from ‘‘probabilistic’” or “measure theoretic’’) program. We may
simply wish to find as much information as possible about the set of functions
satisfying (1.1) to (1.4). Or we may regard the matrices B(t) = (p:;(¢)) as form-
ing a semigroup of operators and study the properties of the semigroup. A good
number of papers have been written from such a standpoint eschewing proba-
bility itself “like the devil.” For us however the most rewarding part of this
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study is the interplay between the “analytic” and “stochastic” aspects of the

theory. It is the main purpose of this paper to show, by various illustrations from
recent work, that the structure of the transition matrix on the one hand, and
the behavior of the sample functions on the other, are so intimately connected
that one can hardly strike a chord in the one without bringing out an echo from
the other. The two sides of the theory of Markov chains induce, sustain, and
complement each other.

2. Comments on the conditions (1.3) and (1.4)

1t has long been observed that much of the analytic structure of a transition
matrix (p;;) remains unchanged if the condition (1.4) is replaced by the weaker
one

(2.1) ;Pu(t) = 1.

A matrix (p;;) satistying (1.1), (1.2), (1.3), and (2.1) will be called a substochastic
transition matriz. ( In distinction a transition matrix as defined in section 1 may
be qualified as stochastic.) The above observation is easily justified by a simple
reduction. Add a new index 6 to I and define new elements as follows:

pa(t) = 1 — ; pi;(1),

peo(t) =1, po;(t) = 0.
The new matrix is stochastic and contains the old one. Probabilistically speak-
ing, the new state 6 is an absorbing state into which all the diminishing mass
disappears. Thus pi(t) is nondecreasing in ¢ and we have

(2.3) Pl + 8) — pu(t) = 22 pii(t)ps(s).

i

(2.2)

This trivial equation will assume more interesting proportions as we proceed.

Not only can the condition (1.4) be weakened into (2.1), but it can be dropped
completely for many analytic purposes. This is implicit in some known proofs,
but it was first realized in its full import by W. B. Jurkat [5] when he dispensed
with this condition in more difficult cases. This realization has an important
analytic consequence, for the omission of the ‘“row condition” (1.4) restores
complete symmetry to the rows and columns of the matrices. They form then
simply a semigroup of nonnegative matrices {B(t)} converging to the identity
matrix I at t = 0. We shall not pursue the subject in this generality here since
it has as yet no probabilistic interpretation.

Turning to the condition (1.3), let us first note that together with (1.1) and
(1.2) it implies that every p:; is continuous in T (see after lemma 1 below).
Indeed, if we regard the semigroup {B(f)} as operating on absolutely conver-
gent series, then the condition (1.3) is equivalent to the strong continuity
of the semigroup (see [4], p. 636). Now in the terminology of semigroup theory
there is an even stronger kind of continuity, namely that in the ‘“‘uniform oper-
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ator topology,” which is equivalent here to the condition that the convergence

in (1.3) be uniform with respect to all 7 € I. Using the notation to be introduced
at the beginning of section 5 below, it can be shown (theorem II. 19.2 of [1])
that this condition is equivalent to the boundedness of the sequence {g:;}. In
this case the matrix @ = (¢;;) is a bounded operator and we have (see [4], p. 635)
(2.4) Bt) = €,

Hence this case, which includes the case of a finite set I, may be regarded as
“solved” analytically. Probabilistically, the uniform condition implies (but is
not implied by) that almost every sample function of the M.C. is a step function,
namely one whose only discontinuities are jumps. While this was the case first
studied for continuous parameter Markov processes, the properties of a sample
step function are not essentially different from those of a sample sequence
arising from a “discrete skeleton” (see section 6) of the M.C. The study of
continuous parameter M.C.’s would scarcely be any innovation if we were to
confine ourselves to this ‘‘trivial” case and label any new phenomenon as
“pathological.”

3. Two analytical lemmas

The first lemma is theorem II. 2.3 of [1], from which a superfluous condition
has been removed, even though that very mild condition is satisfied in all
known instances of application. The added argument is due to D. G. Austin
(oral communication).

Lemma 1. Let (g:;) be a matriz of nonnegative functions on T° satisfying the
condition that for every 1,

(3.1) lim g.'.'(t) = 1.
t40
Let {f;} be nonnegative functions satisfying the following equations:
fils+1t) = ;fi(s)gii(t): JE]L
or fi(s+ 8 =2 g:i()fi(®), <+€1].

3.2)

Then each f; is continuous in T.

Proor. It is proved in theorem II. 2.3 of [1] that each f; is left-continuous
and has a finite right-hand limit f;(¢ + 0) = f;(t) for every ¢ € T° and that
fi(0+) exists. Such a function has at most a denumerable set D of discontinuities.
If D is not empty, let {, € D so that f;({o + 0) > f;(ts). Then there exist ¢ and
8 such that fi(to + 8) > fi(ts) + ¢ if 0 < & < 8. There exists s, such that
7,i(s) > 1/21f 0 < s < 8. Thus

(3) filbh+s+39d) = Zi:f-'(to =+ 8)gii(s) > [fi(to) + €lgii(s) + 1é:jfs(ta + 8)g:5(s).

Letting § | 0 and using Fatou’s lemma, we have
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(34) Jil + s+ 0) > 5+ T filto)ga(s) = 5+ Silto + 5).

Hence all points in (fo, fo + so) belong to D, a contradiction which proves the
first part of the lemma. The second part is proved in the same way.

As a corollary we see that all p,; satisfying (1.1), (1.2) and (1.3) are continuous
in T, without recourse to the condition (1.4). We remark however that with (1.4)
or (2.1) each p;; will be uniformly continuous in T, which is not necessarily the
case without it.

The second lemma is implicit in some previous work (see, for example, theorem
II. 3.2 of {1]) but will be stated in a general form.

LeEMMA 2. Let (pi;) be a matriz of functions satisfying (1.1), (1.2), and (1.3).
Let {F;} be nonnegative, nondecreasing functions satisfying the equations

Fi(s + 1) — Fi(s) = L pis(9)F;(), €1,
lor Fi(s+1) — Fi(t) = Z:. Fis)pu(t), jE€I)

(3.5)

Then each F; has a continuous derivative Fi satisfyin
g

Fi(s+1t) = Z pii(s)Fg(t)r te T,
lor Fi(s +8) = X Fis)pii(f), s€& T

(3.6)

Remark. Taking the obvious differences, we see that the condition (3.5) is
equivalent to the following: for any ¢, and ¢,

3.7 Fis + ) — Fi(s + t) = 2 pii(8)[Fi(ts) — Fi(t)].
7

Proor. (A more elegant proof of this lemma has been given by Neveu [7].)
By a theorem of Fubini on differentiation, we have for each s and almost all ¢,
(3.8) Fi(s + 0) = £ ps(8)F5(0), '

J

where F; denotes an almost everywhere derivative. Hence by Fubini’s theorem
on product measures, (3.8) is also true if ¢t & Z and s & Z(t) where Z and Z(t)

are sets of Lebesgue measure zero. On the other hand we have by monotonicity
and Fatou’s lemma

(3.9) s+ 2 ; pi($)Fj()

for every s and ¢, if we agree now to take Fj as the right-hand lower derivate.
Let &, & Z and suppose for a certain s, we have

(3.10) Fi(so + t)) > 2 pii(80)Fi(to).

Then it follows that if s > so, since pi,-(t; > 0 for all ¢,

(3.11) Fi(s + to) = ; pii(s — so)Fj(so + to) > Zj‘. Pii(s — So) Zk: Pik(80) Fx(to)
= ); Pi(8)Fi(to).
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This is impossible by the second sentence of the proof; hence (3.8) must hold

for all s, if to & Z. For an arbitrary ¢ > 0, let ¢ = {, + & where {o & Z. It follows
that

(3.12) s+ 1) = 1(‘8’ + t 4 to) = X pis(s + t)Fi(to)
= .?. kZ Par(8)pri () Filte) = Zk: pi(8)Fi(ty + to)
= % pir(8)Fi(t).

Hence (3.8) holds for all ¢ > 0, s = 0. By the second part of lemma 1, each F}
is continuous and consequently F; has a continuous derivative. This proves the
first part of lemma 2. The second part is proved in the same way.

4, Review of the strong Markov property

For a detailed discussion, see II. 8-9 of [1]. The reading of this section may
be postponed until it becomes necessary.

Let {x.;} be the M.C. defined in section 1. We denote by §. the augmented
Borel field generated by {z,, s < {}. Let @ be a nonnegative random variable
with domain of definition Q,, where P(Q,) > 0, which is “independent of the
future,” namely

(4.1) {w:alw) <t} € F.

for every ¢ € T Such a random variable will be called optional. The Borel field
of sets A (in §) such that for every ¢t we have

(4.2) AN {o:alw) <t} €
will be denoted by {a., the “past field relative to «.” Let
(4.3) y(t, @) = zlafw) + 1, o], te T

It follows from (1.9) that y, = y(¢, -) with domain Q. is a random variable. The
process {y:, t € T% will be called the post-a process and the augmented Borel
field it generates will be denoted by ., ‘“the future field relative to «.”” For any
A € §Fa we put
(4.4) A(A; ) = P{A; a(w) St}
The measure corresponding to this distribution function will be called the
A(A; -) measure.

The following collection of assertions, valid for each optional «, will be referred

to as the strong Markov property.
(1) For every A € F.and M € F, we have

(4.5) P{AMlys} = P{Alyo}P{M|yo}

almost everywhere on the set {w: yo(w) € I}.
(2) The post-a process {y, ¢t € T% is an open M.C. which has the properties
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corresponding to (1.8) and (1.9), and whose transition matrix is a part of (py).
In particular, {y, t € T} is a M.C. on the set {w: y(w) € I}.

(3) For each j €I, A € §. and almost every s & (0, t) with respect to the
A(A; +) measure, we have
(6) P, w) = jlA;a(@) = s} = P{y(t — s,0) = jlA; alw) = s},
One version of the conditional probability in (4.6), to be denoted by r;(s, t|A), is
continuous in ¢ & [s, «) for each s € T.

The following particular case of the strong Markov property, to be referred

to as the strongest Markov property, will be applied in the sequel. The two fields
3« and F, are said to be independent iff for every A & F.and M & . we have

D {AM|Q,} = P{A|QP{M|Q.};
alternately, since A € €,
(4.8) P{AM} = PAJP{M|Q.}.

(4) The fields F, and F. are independent if and only if there exist functions
{p;} on T° such that for every j €1, ¢t € T and A € F. we have

(+.9) ri(s, tlA) = pi(t — )
for almost all s in (0, {) with respect to the A(A; -) measure. We have then
(4.10) pi(t) = P{y(t, @) = j|Qa)

and p; is continuous in T.
In particular, this is the case if for a fixed j we have

(4.11) P{y(0, w) = j|Qu = 1.

5. Transition from and to a stable state
Let us introduce the following notation:

1_—?“(1): i =g = %,

(».1) —pu(0) = lim
140

(5:2) pi0) = tim 20— g, < i)
That these limits exist and have the indicated finiteness is well known (theorems
11. 2.4 and II. 2.5 of [1]). Analytically, (5.1) follows from the subadditivity of
—log pi:(f) which is a consequence of (1.1), (1.2), and (1.3) without the inter-
vention of (1.4). The corresponding basic property of sample functions is given
in the formula

(5:3) Pile(s,0) = 1,0 <s <} =co,

where the right member stands for 0 if ¢; = « and ¢t > 0. The state 7 is called
stable or instantaneous according as q; < © or ¢; = .
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In the rest of this section let 7 be fixed and p; = 1 so that P = P;. Define on
A; the first exit time from 1:
(5.4) a(w) =inf {t: ¢ > 0, z(t, w) # }.

Then (5.3) is equivalent to the assertion that « is a random variable with the
distribution function

(5.5) eq(t) B1 — e—at, tE T,

which reduces to the unit distribution e if ¢; = . It is easy to see that a is
optional. It may or may not be easy to see that F. and §. are independent in
the sense of (4) of section 4. For a tedious but rigorous proof of this fact, see
theorem I1. 15.2 of [1]; a partially analytic proof will be given later.

We have as a trivial identity valid for any «:

(56) Pzt 0) =j} = Pla(w) = ;2 ) =j} + Pla(e) > t;2(,, w) = j}.

Now let 7 be a stable state. The second term above is 8;; exp (—git) by (5.3).
The first term may be written as

(5.7) ﬁ’ "Plz(t, w) = jla(w) = s} dP {a(w) < s}

by the definition of conditional probability. By (4) of section 4, and writing r,;
for the p; then we see that (5.6) becomes

(5.8) pii(t) = '/: rij(t — s)gie~ 9% ds + e~ 2,;.
Furthermore by (2) of section 4, we have
(5.9) ra(t + 8) = 2 rii(O)pi(s),
J kel s te T
(510) Z r,~,~(t) = 1.
7

The above formulas give an integral representation of p;; obtained by a precise
analysis of the local behavior of a sample function at the exit from the stable
state 4. It is a clear example of the probabilistic method in reaching analytic
conclusions.

For it follows from (5.9) and lemma 1 that r,; is continuous in T. It is then
an immediate consequence of (5.8) that p;, has a continuous derivative pi, satis-
fying the following:

(5.11) 6""“(% lepi; (D] = pis() + qipii(t) = girs ().

It follows furthermore from (1.2), (1.4), (5.9), and (5.10) that

(5.12) ; Put) = 0,

(5.13) Z:. lp(D)] = 245, tE T,

(5.14) % Pu()pri(s) = piy(t + s),
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namely that both the series in (1.2) and (1.4) can be differentiated term by term
in T? to yield absolutely convergent series—a by no means trivial analytical
fact. Our proof shows that this is tied up with the fact that the post-a process is
Markovian with the same transition matrix (curtailed). The critical case for
t = 0 will be examined later in section 7.

The formula (5.8) has a dual which will be briefly discussed. Let j be stable
and 7 arbitrary, then we have

(515) p;;(t) = 5,‘,’6"”1 + ﬁ)t 1)1‘,‘(8)6—‘“(‘_3) ds.

The function v;; represents a renewal density function; precisely v;; is the deriva-
tive of V;; where V;;(¢) is the expected number of entrances into the state j in
the open interval (0, ), under the hypothesis p; = 1. Using the notation of
section 6, we have in fact

(5.16) Vi) = Z=20 [Fi; x F31(0),

where * denotes the convolution of distribution functions, Fj = ¢ and
F§+b* = F¥ « F,;; but this explicit formula will not be needed. From the
probabilistlc meaning we infer that

(5.17) Vi(s + 1) — Vii(s) = % Dir(8) Vs (2).

The existence of the continuous derivative v;; follows from (5.17) and lemma 2.
(This is a better approach than that in section II. 16 of [1].) Furthermore it
follows from (5.14) that

(5.18) (%[Pij(t)e""]e’““ = py(t) + pii(g; = vii(0);
(6.19) % Pi(8)pi(t) = piy(s + 1),

where the series converges absolutely.

Having deduced the preceding results by probabilistic methods, we are now
ready for an analytic short cut based on hindsight. The fact that (exp ¢:t)p:;(¢t)
is nondecreasing in {, as shown in (5.11), can be proved directly as follows.
Since pii(h) = exp (—g:h) by the subadditivity mentioned in connection with
(5.1) [or probabilistically as a consequence of (5.3)], we have

(5.20) estHWpi(t + h) Z 2 pi(h)et*pi;(t) 2 ev'pi;(f).
Let P,(t) = ﬁ) ' pi;(s) ds. Then we have by partial integration,
(5.21) Pa(t) = 8+ GPu(®) = [ e=eDewpis(s)] ds,
where D denotes an almost everywhere derivative. Since this derivative is non-

negative, the left member of (5.21) is a nondecreasing function of {. Now a
trivial calculation based on (1.2) yields
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(5.22) Z [pi;(t) — 8 + (]iPij(t)]pik(S)
J

= pult + 8) + ¢:Lu(t + s) — pi(s) — qiPu(s).
Thus the conditions for the second part of lemma 2 are satisfied if we take F;(f)
to be the left member of (5.21). It follows that p;; has a continuous derivative
satisfying (5.14). In an exactly dual way (5.19) can be proved. We remark also
that neither proof utilizes (1.4).

As far as the analytic part is concerned, the above approach is the simplest.
We can now retrace our steps to define r;; by means of the second equation in
(5.11), verify (5.8) as a consequence, and using (4) of section 4, conclude that
the two fields F« and . are independent.

We add the following remarks before turning to another illustration of this

kind. The rather complete success of the methods developed in this section
depends on the primary fact that the set of constancy,

(5.23) Si(w) = {t: 2, w) =i} ,
for a fixed stable ¢, consists of a sequence of disjoint intervals without clustering
in the finite (theorem I1. 5.7 of [1]). Thus the endpoints of these intervals form
natural relay points in the analysis of the sample functions, with the length of
an interval (sojourn time) corresponding analytically to the smoothing expo-
nential factor exp (Z¢.f). It is not known whether suitable substitutes for (5.11)
and (5.18), or (5.8) and (5.15), exist in the general case where both ¢ and j are
arbitrary. On the other hand, it has been proved by D. Ornstein [8] (see also
Jurkat [5] and the appendix in [1]) that the equations (5.12), (5.14), and (5.19)
remain valid in the general case. This can be proved by the development in the
next section.

6. First entrance and last exit

Let ¢ # j and let A;; be the subset of A; where the following infimum is finite:
(6.1) ai;(w) =1inf {t: 1> 0, z({, v) = j}

It is verified that o.; is an optional random variable, and in view of the last
sentence in section 4, the strongest Markov property applies with y(0, w) = j on
Aij;, and the p; in (4.10) reducing to pj; (in general pr = pji). Now if & = a; in
(5.6), the second term vanishes by definition and we obtain, by what has just
been said,

(6.2) pislt) = [ pislt = 9) dF 5 (9),
where
(6.3) Fij(t) = Pi{aij(w) < t}.

It is easy to see that F;; is continuous in T but more will be shown presently. The
formula (6.2) is the first entrance formula from 7 to j. The definitions (6.1) and
(6.3) may be extended to the case ¢ = j, yielding F;;(f) = 1. The last definition,
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as well as (6.4) below, differs from that given in seetion 11.11 of [1] but the latter
agrees with that in the appendix there.
To proceed further we must introduce the taboo probability functions

(6.4) pa(t) = Pi{a(t, 0) = k;2(s,0) # 7,0 < s < t}.

It follows from the stochastic continuity of the M.C. [equivalent to condition
(1.3)] that ;pa(t) = 0if ¢ = j or k = j. These probabilities are well defined on
account of the separability of the process. We observe that

(6.5) Fiut) =1 — 2 ,pal0), T ]

%

For fixed 7, the matrix (;ps) with 7 and & in I — {j}, is a substochastic transition
matrix:

(6.6) % Piw(l)pri(s) = pall + 3).

It is unnecessary to exclude j from the summation since the corresponding term
vanishes. For this substochastic transition matrix, F;; plays the role of ps in
section 2. It follows at once [compare (2.3)] that

(6.7) Fi(s + 1) — Fij(s) = Zk Pi(8)Fii (L), v # .
Hence an application of lemma 2 shows that each F;; has a continuous derivative
fi; satisfying

(6.8) fiis +8) = 2 pal)fus (1),

%
and consequently (6.2) can be improved into

(6.9) pilt) = [, Fuls)pitt = ) ds, i)

It turns out that the formula (6.9) has a dual which has been proved in general
only recently (the case where ¢ is stable being previously known). To motivate
this dualization it is best to consider the discrete parameter analogues.

For each h & T the stochastic process {x.,, n € N} is called the discrete
skeleton of {x, t € T} at the scale h. 1t is a discrete parameter homogeneous
Markov chain with the n-step transition matriz (p®). Let

(6.10) DB = Pi{a(nh, ) =k, a(h,w) #j,1 Sv<n—1;

be the corresponding taboo probabilities. The analogue of (6.9) is then

n

(6.11) P’ (h) = 21 D (h)pif = (h), nzl,
where ;p{(h) may be denoted by fi(h) for comparison with (6.9) but is prefer-
ably written as shown with a view to dualization. This is a very old formula and
is basic in the so-called theory of “recurrent events” (see section I. 8 of [1}).
Now in the discrete parameter case the reasoning leading to (6.11) can be im-
mediately dualized by interchanging “¢”” and *j,” “first’’ and “last,” ‘“‘entrance”
and “exit,” to yield the dual:
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n—1

(6.12) P (h) = 2 piy () aplf =" (h), nzl

v=

These two formulas (6.11) and (6.12), valid also for ¢ = j, are particular cases
of theorem I. 9.1 of [1]. Since the taboo probabilities can be defined algebraically,
they appear as simple algebraic consequences of the operation of matrix multi-
plication, apart from questions of convergence. Now if (1.4) or the weaker (2.1)
holds, then

(6.13) = PP < 1,

which greatly facilitates the passage to limit in (6.11) as & | 0. The same how-
ever cannot be said of the series 251 ip{’ (k). Thus it is desirable to execute the
limit operation without the advantage of (1.4), but making defter use of (1.3).
The main idea is to consider a sequence of h | 0 such that

(6.14) > o) and 3 pP(R)

nh £t nh St

converge for a dense set of ¢, in the manner of Helly’s selection principle. This
is carried out by Jurkat [5] with a further refinement.

While this method has analytic power, it is unfortunately devoid of proba-
bilistic meaning at the moment. We shall sketch two different approaches based
on considerations of sample functions.

Since (6.9) is obtained by analyzing the first entrance into the final state j,
it is natural to reflect upon the last exit from the initial state . Let us define on
Al

(6.15) vilt,w) = sup {s:0 £ s £ ¢, x(s,w) = 1}.

For each fixed ¢ this is a random variable but clearly it is not optional in any
sensible way: to determine if vi(f, v) < s we must know z(-, ) up to the time ¢.
On the other hand, its distribution function is easily written down, if 0 < s < ¢,

6.16)  Tils) TPy e) 5 = Toa@l - Fult - 9).

Furthermore, for every j & ¢ we have
6.17)  Tuls, ) EPrilt, 0) < 552(, 0) = j} = § Pak(8)ipri(t — 3)
so that, for 0 < s < ¢, we have
(6.18) Ti(s, t) = 2 Ty(s, 0).
V)
For s = ¢ the above equation becomes false. We have

(6.19) pu(®) = [} Pilelt, ) = jlvilt, o) = 8} duTi(s, ).

Now the salient fact here is that the conditional probability in (6.19) turns out
to be a function of ¢ — s only, while the distribution function T'i(s, f) has a
density function which is the product of a function of ¢ — s and one of s only.
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To demonstrate these facts by our first method, we decompose the sample
functions z(-, w) with (0, w) = % and z(¢, w) = j into subsets according to the
location of v:(t, w). To be precise, for each n let v{(t, ) be the unique dyadic
number (v — 1)2—" such that

(6.20) z[p — 12 w] =17 and z(u, w) # 1, 2" <y =t
We have lim,—« vi®(¢, w) = v:(f, ) by separability, and consequently
(6.21) pii(t) = lim Z: P{y"(t,w) = (v — N2 2(t, ) = j}

n—o p S2n

= lim Y pua((v— 1)2™) % Pir(27)ipri(t — v277).

n—o »S2n¢

The last written sum may be exhibited as

(6.22) J, #P = 8) d =i (5)

where

(6.23) w"(s) = yéz‘;“ pi((v — 1)27™27™,  ¢P(s) = 27 Zk: Pk (27)ipxi(8).
Clearly,

(6.24) iﬁww=£“®“

Hence it remains to show that ¢ (s) converges uniformly in every finite interval
to ¢:;(s) in order to obtain in the limit the desired formula:

(6.25) pi(®) = [ gu(t = s)pils) ds.
By the definition of ¢{(s),
(6.26) 2 gii(8)pie(t) = guls + 0),

J

and so by lemma 1 all ¢;; are continuous in T. The convergence of ¢ follows
from properties of taboo probability functions, only the uniformity causes some
technical difficulty. This plan of attack has been carried out in detail in [1].
The purpose of the résumé above is to show the basic probabilistic idea under-
lying this method.

Our second method shows promise of general applicability, being inherent in
the nature of the stochastic scheme of things. It is that of reversing the direction
of time, or retracing the process. Formally let U € T° and define

(6.27) Dt w) = 2(U — t, ), 0<t=<U.

The new process {zf,0 < ¢ < U} is Markovian with the state space I, but has
in general nonstationary transition probabilities. This is one difficulty to be faced
in this approach, the other one being the dependence on U. But these difficulties
may also give us new clues.

For the sake of simplicity let us suppose that p; = 1. Thenif 0 £ s = ¢t = U,
we have



48 FOURTH BERKELEY SYMPOSIUM: CHUNG

_pill =0 _
) Pt — ).

The first entrance time distribution form j to 7, starting at time s, is also easily
written down:

(6.29) FU(s, t;7,1) ¢ P{zV(u, w) =1 forsome u & [s,t]|2V(s, w) = j}

(6.28)  p'(s, 130, 8) TP @) = il (s, 0) = ]|

] T
=T g U D=
1
1 . .
== T = U= 6 U =),

Now the reversed Markov chain (if the proper version is taken) also possesses a
strong Markov property, a particular case of which is the first entrance formula
generalizing (6.2),

(6:30) PG, 54 0) = [PV b6 6) du FOGs, 3,0,

For a proof of this see [2]. Substituting from (6.28) and (6.29) we obtain

_ N7 du Fij(U — U, U — S)
(6.31) pi{t — 5) = [ pult — ) pi(U — ) ,

or

(6.32) pwo=/“m«—w

d, V(U —8s—u, U—29)
pii(U — s — w) ’

if ¢t £ U — s. This being so it is reasonable to conjecture that the measures in u
generated by Ti;(U — u, U)/p::(U — u) for different values of U — u coincide,
namely, there exists a nondecreasing function G, on T such that

wd, Tiy(U — u, U) (" N
(633) _/;2 p“(U — u) = Ll d Gu(?t)

for 0 £ w; £ uz £ U. This is indeed true by a known, though formidable, theo-
rem due to Titchmarsh [10], p. 328. (For a proof by real variable method, see
Mikusinski [6], chapter 7.) We have by (6.17) and (6.6)

(6.34) 2 TG0 — u, U)ipi(s) = Ta(U — u, U + ).
J

Hence for0 £ us £ uy £ U — s,

(6.35) / te Gl —wl) f du Tae(U — u, U + )
us  J u

pii(U — w) \ pii(U — )
_ stud Ty(U+s —u, U4 s)
s+us pii(U + § = u)

_ stu g, I‘ik(U — u, U)
- 84uz pii(U - u) ’



MARKOV CHAINS 49

where the last equation follows from (6.33). This-is equivalent to
(6-36) ZJ: [Gij(’“&) - G:‘j(ul)]ipjk(s) = Gu(s + us) — Guls 4+ w).

Thus by lemma 2 (see the remark t‘here) each G;; has a continuous derivative g;;
in T satisfying (6.26). Substituting back into (6.32) we obtain (6.25).
Incidentally, we have shown that T';;(U — u, U) has a derivative with respect
to u in [0, U] which is equal to p::(U — u)g:;j(u), verifying the remark after
(6.19). This can also be deduced from (6.25) and (6.26) since by (6.17) we have

(6.37) Tij(s, 8) = }_:. f; pii(u)gin(s — w)ipri(t — 8) du

= ﬁ pii(u)gii(t — w) du.
Summing (6.25) over all j # ¢, we see that
(6.38) 1= pul®) = [ gt = 9puts) ds,

where g; = 3 ;< g;;. This integral equation for p;; can be made as the starting
point of another proof of Ornstein’s theorem [8] on the continuous differenti-
ability in T° of all p;; of a transition matrix. Such a proof is given by Jurkat [5]
without the use of (1.4). He has also indicated a proof which is based on (6.9)
instead of (6.25). It can be shown moreover that the series in (5.14) and (5.19)
converge absolutely in T [without the condition (1.4)] and so does that in (5.12)
if (1.4) is assumed. However the following problem is open: if 7 is instantaneous,
is it true that
(6.39) lim py(t) = —gs = —?
ti0

The answer is ‘“‘yes” if ¢ is stable, as a consequence of (5.11) and the existence of
7::(04) = 0. This problem is particularly interesting since almost every sample
function z(-, w) with 2(0, w) = ¢ “oscillates tremendously” at ¢ = 0, while it is
not even known if p;; is monotone in a neighborhood of zero.

1 take this opportunity to correct an oversight (p. 270 of [1], lines 4 to 5)
brought to my attention by Reuter. For every < and j, we have
(6.40) lim pi(¢) = 0.

t—w

This follows by fixing a positive ¢ in equation (27) there, let s — « according to
theorem II. 10.1, and use the inequality in (28) to justify uniform convergence
with respect to s. The existence of the limit in (6.38) implies that it is equal to
zero.

7. The minimal chain

Returning to section 5, we now wish to study what happens at the exact
moment of exit from a stable state 7. Noting that (4.10) remains in force at
¢t = 0 but, instead of (5.10), we have by Fatou’s lemma
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@.1) Py, o) €10} = X ry(0) < 1.
Since
(7.2) ri(0) = L= 0igy

by (5.2) and (5.11), this amounts to the easy analytic result
(7.3) Z qii £ qi.
FEa

If strict inequality holds above, then with a probability equal to 1 —
3. 7:;(0) > 0 we have y(0, w) = «. We recall that « is the “point at infinity”’
adjoined to compactify I to render the process separable. For a general optional
a and the post-a process {y:}, ¥(0, w) =  if and only if limy | o) (¢, @) = =,
on account of (1.8). On the set of w for which this is true the process {y:} does
not have an initial distribution (on I), and is a Markov chain only in T?; see
(2) of section 4. It is important to note that

(7.4) P{y(t, ») €1|Q} = 1, te T
is part of the assertion of the strong Markov property. The above conclusions
may be stated as follows: at the first exit time a(w) from the stable state 7, the
probability of a pseudojump to j (# %) is r;;(0) = ¢i,/q:, and the probability of a
pseudojump to o« is 1 — 3 ;4 (gij/q:). We say “pseudojump” rather than
“ump,” since if j is instantaneous the sample function does not have a jump in
the usual sense but shows the following behavior,

(7.5) lim 2(t,w) =7 <o = Iim z(t, »).
t 4 a(w) t ) alw)

We have thus a complete analysis of the first discontinuity of a sample func-
tion which starts at a stable state. To continue this process, we shall assume that
all states are stable and that equality holds in (7.1) or (7.3) so that a pseudojump
to j is a genuine jump and the possibility of a pseudojump to = is excluded.
Finally we suppose that there is no absorbing state to omit trivial modifications.
These assumptions are summed up as follows:

(7.6) 0<qgi= 2 ¢ij <, =S
I

The preceding analysis then implies, by an induction on the number of jumps,

that there are infinitely many jumps of the sample function

(7.7 mw) < -0 < 1) < - - -
Let us put also 7o(w) = 0 and
(7.8) xn(@) = z(rn(w), w) = t{if&(w)x(t, ).

It is easy to verify that each r, is optional with P{Q,,} = 1. (One may use in
this connection theorem II. 15.1 of [1], but that is not necessary.) It follows
from (1) of section 4 that
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(7.9)  P{xan1(®) = tap[x(@) = 4,0 S v £ 0} = P{xns1(w) = tapt|xa(w) = 1a}.

Applying the preceding analysis of the first discontinuity to the post-r, process,
we see that the right member of (7.9) is equal to 74,,,.(0). Hence {x., n € N} is
a discrete parameter homogeneous Markov chain with the one-step transition

matrix (r;;(0)). Furthermore it follows from (5.3) applied to the post-r, process
that

(7.10) P{ro(w) — m(w) £ tlxo(@),0 £ v £ n — 1; xalw) = 1} = e(?).
Now let
(7.11) Te(w) = lim 7,.(w).

n—re

Then it is clear from the definition that for almost all w,
(7.12) To(w) = sup {¢: z(-, w) has only jumps in (0, t)}.

We call 7, the first infinity of the M.C. Since {w : 7.(w) < t} € §: by the defi-
nition of optionality, we have {w: 7.(w) < t} € §. by (7.11). Hence 7, is op-
tional. Let

(7.13) Lil) = Pi{ro(w) < 1.

Let ©(t;, t;) denote the set {w : z(-, ) has only jumps in ({;, t2)}. For any A € §;
we have, using the optionality of 7.,

(714)  Pil{ry(w) Z t +[A; 1o(w) Z & 2(t, @) = j}
P.{o, t + ')zt w) = j}
P;{0(0, 1)} = Py{ru(w) 2 1.
Consider a new process {Z.}, { € T° or T as in {z.}, defined as
(7.15) (1, w) = [et ) it <relo)
1 0 if t2 re(w).
We have then, if 5, EL, 1 v < n + 1,
(7.16) P{Z(tns1, @) = topt|F(ly @) = 2, 1 £ v £ 0}
= P{z(tass, @) = Gut1; To(@) > tanfa(t, ) = 0, 1 £ v S n; 75(0) > 1)
= P{2(tnss, @) = tas1; Ots, tay1)|2(tny @) = 40}

= Pi.{x(tn+l = ln “’) = lnt1; Q(Oy tnpr — tn)}-

(]

If we put
(717) Tju(t) = Pi {I(t, w) = ]7 9(07 t)}v
(7.18) Din(t) = 1 — X Bii(t) = l;,-(t), Po,i{t) = 8y

then the last probability in (7.16) is Pig,,.(fas1 — tx) and the calculation shows
that {Z,} is a M.C. Its state space is I and its transition matrix is (p;;) with ¢
and j in I, provided that P{r,(w) = ©} < 1, or equivalently that at least one
L; is not identically zero. Otherwise {Z.} coincides with {z.}.
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The process {Z,} will be called the minimal chain associated with the given
{z¢}. Our discussion in this section amounts to a probabilistic construction of the
matrix (Pi;), called the minimal solution corresponding to Q = (g:;). We omit
further properties of this matrix which will not be explicitly used below. But we
note the following equation which follows from our analysis of the first dis-
continuity,

(7.19) L) = / " oman T quLi(t — 3) ds.
0 i=i
Differentiating, we have
(7.20) L) = Lit) =2 g0
Thus L; has a continuous derivative. Introducing the Laplace transform
(7.21) Ly = [[7 e de
and writing {(\) for the column vector {{;(\)}, we may put (7.20) in the form
(7.22) (I — Q)I(\) = 0.

8. Beyond the first infinity

We continue to assume (7.6). The first infinity 7, clearly depends on the
initial distribution of {z,, ¢ € T}. Let 7% be the restriction of 7., on the set A;.
We rewrite (5.6) as

B1)  palt) = Pirh(e) > 2, 0) = b}
+ [, Pile(t, ) = Kirk(w) = s} dP; {r(w) S 8}

= Bal®) + [, &n(s, OL(6) ds.

In general £;i(s, t) is not a function of ¢ — s only, in other words [see (4) of section
4] the two fields &, and J;_ are not necessarily independent. (The statement
to the contrary effect on p. 235 of [1] is erroneous.) Now for an ordinary state
7 € I we have as an easy generalization of (6.2),

8.2) pi(t) = () + j;t pi(t — 8) dF;; (s).

If we replace the ¢ above by « and revert to our previous notation this would
become, by analogy,

8.3) palt) = Banl®) + [} 8t — 9 dL; (o).

Thus £;:(s, t) should not only be a function of ¢ — s only but also be independent
of j. The second assertion would mean the extension of the Markov property to
where z(7,(w), w) = «, which is not asserted by the strong Markov property.
The failure of (8.3) in general shows that the so-called fictitious state » cannot be
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treated like a single ordinary state, and calls for a recompactification of I. To
illustrate the idea and to speak only heuristically, if only a finite number m of
adjoined (fictitious) states «®, 1 < v < m; are needed, the situation should be
as follows. To each « @ corresponds an atomic almost closed set (see section 1. 17
of [1]) A® of the jump chain {xs,, n € N} in section 7, such that
Z(Te(w), @) = 00 iff x,(w) E A® for all sufficiently large n. Let the restriction
of 7, on the set 2(1,(w), w) = ©® be 78, and let the corresponding post-7,
process be {y, t € T%. We put

(8.4) LP(t) = Pi{rd(w) S 8},
(8.5) 80 = PO, ) = klQy0}

Then we should have
m t

(8.6) plt) = Bal) + L | #( = 5) dLP (5)
= 0

as an improvement on (8.1). Note that each L{” satisfies the same equation
(7.20) as L; and >y L = L,.

In some sense the heuristic equation (8.6) must be contained in results proved
by Feller [3] by function-analytic methods. But the precise identification of the
probabilistic quantities is not clear to us and in any case no probabilistic proof
seems known.

If there is only one bounded nonnegative solution [(A) of (7.22), apart from
a scalar factor (function of A\), then m = 1 in (8.6) and the resulting equation
(8.3) can be easily proved (see Reuter [9]). It follows from (4) of section 4 that
in this case {-, and §/, are independent. By (2) of section 4, we have

(8.7) f(s + 1) = ; £i(8)pin(?)-
Hence every ¢; is continuous in T by lemma 1. Substituting from (8.3), we have
B8) &+ 0 = THEPO T [ 8¢ -0 d[ T H6LW |
J J
In analogy with (5.23), we put
(8.9) Se(w) = {t:lim 2(s, w) = »}.
38—

We remark in this connection that z(f, ) need not be « even if lim, 4 (s, w) =
or lim, ¢ 2(s, ) = = by (1.8); hence the obvious extension of (5.23) for 7 = =
is not adequate. Next, in analogy with (6.15) to (6.17) but for the post-r,, process
{y, t €T}, weput for0 < s < ¢:

(8.10) 0o(t,w) =sup {s:0 S s =1, y(s, w) € Se(w)},
(8.11) Vo(s, 1) = P{o.(t, w) = s} = ,Z ()1 — Lt — $)]

1 - Z,: Ei(s)Li(t — ),
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(812) Vwk(s; t) = P{Bao(ty "’) = $; y(t’ “’) = k} = Z fi(s),pik(t)'
I

The quantities in (8.11) and (8.12) occur on the right side of (8.8). Letting s | O,
it is easy to see that the limits below exist

(8.13) M(t) & lim Vao(s, s +8) = P{o.(t, w) = 0},
(8.14) m(l) & “}‘,} Ver(s, s + 1) = P{8.(t, 0) = 0; y(t, ) = k}.

Thus M (¢) is the probability that the sample function y(-, w) has only jumps in
(0, t), while 7x(¢) is the probability that this is so and also y{¢, w) = k. Letting
s ] 0 in (8.8), we obtain

(8.15) 80 =m0 + [) 50 — 0 dM W),

This is an integral equation of the renewal type for £ in terms of 5. By definition
we have

(8.16) mis + 1) = ; 7;(8)Dx ().

1t follows by lemma 1 that 5,(0) exist. Let
(8.17) Sel) = me() — 2 m;(0)Pse(D).
7

Then {¢;} satisfies the same equations (8.16) as 7;, and {;(0) = 0. Multiplying
these equations by the ‘“monotonicity factor” exp (gif), see section 5, and then
differentiating as in lemma 2, we obtain

(8.18) at) = ; ¢i(8)Pa(t — 9)

for each ¢ and almost all s < ¢. Using the second system of differential equations
for (P;r) (see section I1. 17 of [1]), we conclude that

(8.19) a) = X]‘. CiO)gsn.

Passing to Laplace transforms, the last equation may be written as [compare

(7.22)]
(8.20) N — Q) = 0.

The above results check with those of Reuter [9] obtained by function-analytic
methods. Unfortunately it does not represent the most general case treated by
Reuter, because (8.15) reduces to a trivial identity when M = ¢, or equivalently
when all 5(f) = 0. However, the following positive result may be stated.

Unless the first infinity 7.(w) is a limit point (from the right) of S.(w) with
probability one, the equation (8.15) holds nonvacuously where n and M are defined
by (8.13) and (8.14), and (8.16) holds.

Suppose M(0+) — M(0—) = B where 0 < 8 < land let M = M — 8.

Solving (8.15) for &, we have
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(8.21) (=B &) = [ mlt — w) AN (),
where
(8.22) N = io i

in a notation similar to (5.16). If 8 = 0 then N is the distribution of the time
between two successive points of S,(w), necessarily isolated. If 3, 2(0) = 1,
then this must be the case and we have the so-called “instant return from
infinity’”” of Doob (theorem II. 19.4 of [1]). In this case we have {x(f) = O for
all k. The other extreme is where {:(f) = n:(¢) for all k£ and only a gradual
descent from infinity is possible.

The random variable 8, (¢, -) is the last exit time from o« in (0, ¢) for the post-7,,
process. If we consider a similar random variable v, (¢, -) obtained by replacing
y with = in (8.10), we are led naturally to the consideration of the following
quantity, for 0 < s < ¢,

(8:23)  uls,t — 5) T Pi{ra(w) £ s;x(t,0) = k) = 2 Piil)Palt — 5)

and dually
8.24)  Wals, t — 5) Y Pi{ra(w) 2 s;2(4 @) = k) = = Bue)pall — o).

Clearly for each t, ®.(s, t) is nondecreasing and ¥;(s, {) is nonincreasing in s.
We have

(8.25) $u(0, £) = Wult, 0) = Pu(l)
and
(8.26) Du(t, 0) = ¥u(0, t) = palt).

This remains true if 7;; in (8.23) and (8.24) is replaced by P, such that (p;,)
is a substochastic transition matrix and

(8.27) Pii(t) = pu(h)

for all z and j in I. However, there are analytical difficulties if we try to differ-
entiate ®;(s, £) or ¥y (s, {) with respect to s. Neveu [7] overcomes these diffi-
culties by going to Laplace transforms and we refer to his paper for further
results.
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