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The first five sections of this installment treat a situation which is related
to the one considered in the first installment, pages 44 to 93 of this volume,
just as the potential theory of the Laplacian in a region is related to the
theory of the Newtonian potential in the whole of Euclidean space. The
following section shows the relative theory to be in a sense complete; and the
last section sketches a slight extension—or rather another interpretation—of
the main theorems.

The numbering continues that of the first installment. References such as
[1] are to the list at the end of the first installment.

10. Terminal times

The simple terminal time S, which serves only to produce convergence,
will now be replaced by one defined in terms of a positive function a and a
sett A. Loosely speaking, the new terminal time is the moment a wandering
particle is destroyed, if there is probability a(r) d= that the particle, having
reached the point r safely, is destroyed in the subsequent time interval dr
and if in addition the particle is sure to be destroyed the instant it touches 4.

To be precise, let a be a positive function measurable over the field @ and
let A be a nearly analytic set. Given a process X and a positive random
variable Zx, independent of the process and having the density function
¢’ for positive ¢, define Rx(w) to be the infimum of the strictly positive =
for which at least one of the statements

(10.1) X(r,w) € 4, fof a(X(a, w)) do = Zx(w),

is true, with the understanding that Rx(w) is infinite if there are no such 7.
We shall say that Ry is the terminal time assigned to X by a and 4, with
Zx as auxiliary variable.

Let T be a stopping time for X, with & as auxiliary field, and suppose that
X, Zx, & are independent and that @, the set where T is less than Ry, has
strictly positive probability. Take Y to be the process

Y (7, w) = X(T + T(w), w), T2 0,0wel,

defined over the probability field €, and take Ry to be the restriction of
Rx — T to Q. Straightforward calculation shows that Ry is in fact that
terminal time assigned to ¥ by a and A, the auxiliary variable being the
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restriction of
T
Zx — f a(X(7)) dr
0

to @'. It is this property that distinguishes the terminal times defined by a
and A from an arbitrary family of stopping times.

A system R of terminal times assigned in this way to the various processes,
with one auxiliary variable for each process, is said to be determined by a
and A, with the Zy as auxiliary variables. The simple terminal time S* may
be considered the system determined by the constant function A and the
empty set, with S' as auxiliary variable. A system determined by an arbi-
trary positive function and the empty set was studied in detail in §4.

The auxiliary variables usually will not be specified, for the choice is of
consequence only when several systems are discussed at the same time. If
they are held fast, each terminal time of the system decreases as a increases
or as A increases. There is even a certain continuity in the variation. As
the pair (a, 4) increases to (a’, A’) through a sequence of values, a terminal
time decreases to the corresponding one of the system determined by (a’, A4”).
A similar statement for decreasing (a, 4) requires some additional hypothesis;
it is true, for example, if 4 is held fast and the functions a are bounded.

It is worth making a few remarks that will not be used in the paper. If 4
is empty and a bounded away from 0 and <, the equation

fORx a(X(r)) dr = Zx

holds, so that the auxiliary variables can be recovered from the terminal
times. Next, altering A by a negligible set, or redefining a on the union of A
with an approximately null set, changes each terminal time in 9 only on a
set of probability null. Finally, the results of the following sections hold
also for limits of the systems defined above. An example of such a limit is
given by uniform motion on a line, a particle having an even chance of passing
the origin or being destroyed there. It is likely that the broader class can
be described axiomatically and that it is the proper basis for a relative theory,
but we shall consider only the systems defined constructively.

Let R, be the time assigned to a process starting at a point r. The zero-
one law implies that R, vanishes with probability either 0 or 1; if the proba-
bility is 1, then r is said to be regular for R.

It is sometimes convenient to replace A by A’, the set formed by adjoining
to A all points regular for . Doing so changes each terminal time of the
system only on a set of probability null, a trivial alteration for our purposes,
and after the replacement one can say, for almost every w, that either Rx(w)
is infinite or one of the two statements

Rx (w)
(10.2) X(Rx(w), w) ed’, [0 a(X(r, w)) dr = Zx(w),

is true.
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Before deriving further properties of systems of terminal times, we shall
extend one or two results of the simple theory. Suppose the auxiliary vari-
ables of R to be independent of the simple terminal time S—that is to say,
for each process X, the triple X, Zx , S is independent—and define the kernel
Hg(r, ds) by the formula

(10.3) Hy(r, D) = ®{R, < 8, X,(R,) ¢ D},

with R, the terminal time assigned to a process X, starting at r.

Proposrrion 10.1.  If the function ¢ is excessive relative to S, then Hy ¢ has
the same property and nowhere exceeds ¢. If f is a positive function vanishing
outside A, then Hy Uf coincides with Uf.

First assume the parameter X of the simple theory to be strictly positive.
It suffices then, by Proposition 5.3, to prove the first assertion when ¢ is the
potential of a positive function f. Given r and 7, take R’ to be the infimum
of the ¢ greater than = for which one of the statements

X. (o) € A, faa(Xr(a)) da = Z,

is true, Z being the auxiliary variable used in defining R,. Clearly R’ de-
creases to R, as 7 — 0; also, one may consider R’ — 7 to be the terminal
time assigned to the process X,(¢ + 7), where ¢ is the time variable. Conse-
quently, as 7 — 0,

HH U0 = [ do [ 1(50) dr

where @' is the set on which S exceeds R’, increases to

Hy Uf(r) = fsz” dw f:r f(X(cr)) do,

where Q” is the set on which S exceeds R, . The first assertion is now proved
for strictly positive parameter, and it follows for vanishing parameter by a
passage to the limit.

The second assertion is proved by rewriting the integral defining Uf.(r) as
in the proof of Proposition 4.2. The same argument shows that Hy Uf
increases as a and A increase; the statement remains true when Uf is replaced
by any function excessive relative to S.

The transformation Lg is defined in the same manner as Ly in §8. If the
parameter is strictly positive and ¢ is a measure excessive relative to S,
choose a sequence of measures u, whose potentials increase to ¢ ; the potentials
un Hg U increase with n and do not exceed {; and Ly ¢ is taken to be their
limit. The transformation Lg is defined for vanishing parameter in the same
way as Lz. The next proposition summarizes the properties of the trans-
formation, the proofs being the same as those in §8.
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ProrosiTionN 10.2. Lg leaves invariant the class of measures excessive relative
to S and preserves magjorization. If ¢, increases to ¢, then Lg ¢, increases to
Lg¢.

We shall say that 3%t and a second system &, determined by b and B, are
relatively independent if, for every process X, the triple (X, Zx , Z%) is inde-
pendent, Zx and Zx being the auxiliary variables of the two systems. If %
and & are relatively independent and if T'x is the minimum of Rx and Sx,
then the family of times T'x is in fact a system T determined by ¢ + b and
A u B, and it is said to be the minimum of i and &; the verification is left
to the reader. The auxiliary variables of T are not always uniquely defined,
nor are they usually independent of the auxiliary variables of %t and ©. So
the direct method of forming the minimum must at times be replaced by the
construction of a system defined by @ + b, A u B, and a new set of auxiliary
variables.

One device in reducing the complexity of a proof is to regard R as the mini-
mum of two systems, the one determined by a and the other by A.

There is an important relation connecting two relatively independent
systems of terminal times R and & with their minimum . The notation
is chosen to agree with the most frequent specialization, but should not be
confused, for the moment, with the notation of preceding sections. Let
H.(r, ds) be the transition probabilities relative to &,

(10.4) H.(r, D) = ®{r < 8,, X.(r) e D},

X, being a process starting at r and S, the time assigned to it by &; let K, (r, ds)
be the transition probabilities relative to T ; and let Hy(r, do, ds) be the family
of measures on the product space I X 3C defined by the formula

(10.5) Hy(r, C, D) = ®{R, < 8,, R, ¢C, X,(R,) e D},

with I the interval 0 = 7 < «. On separating the sample paths into three
classes according to the relative magnitudes of R, and S,, one obtains the
equation
H.(r,D) = K.,(r, D) + f Hy(r, do, ds)H,_,(s, D)
1. X5e
+ @{R, = 7 < 8,, X,(s) ¢ D},

where I, is the interval 0 = ¢ < 7. The last term on the right vanishes
except for countably many values of 7, so that the equation becomes

(10.7) U=V + HxU
after integration on 7. Here the kernel U is

(10.6) X

Ulr, D) = fo ., D) dr
(10.8) .
= [do [ x(Xn) ar,
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with x the characteristic function of the set D; the kernel V is defined similarly
in terms of $; and the kernel Hg is

Hy(r, D) = Hg(r, I, D)
= @{R, < S, X,(R,) e D}.

It is clear that each is a kernel in the sense of §3.

The notation of the relative theory will now be fixed. The positive func-
tion @ and the nearly analytic set 4 are held fast, and 3" is a system of terminal
times defined by a + A and A, with A a positive parameter. Most of the
assertions to be made are quite independent of the auxiliary variables of
%, and in the proofs we may choose any convenient set. In particular,
R may be considered the minimum of %° and the simple terminal time S,
provided S* and R° are taken to be relatively independent.

The transition probabilities relative to 9" are denoted by K(r, ds),

(10.10) KXr, D) = ®{r < R}, X,(r) e D},

(10.9)

where R} is the time assigned to a process X, starting at r; they obviously
satisfy the equations

(10.11) KK, = K.,
(10.12) K = ¢ VK.
The corresponding kernel for potentials is Vr, ds),

Vo, D) = f " K, D) dr
(10.13) ’

= fﬂ de fo " x(X.(7)) dr,

where x is the characteristic function of D. An integration by parts, or the
proper specialization of (10.7), gives the relation

(10.14) VMe(r, D) = VNr, D) — « fo " TRV, D) dr.
valid for « greater than —\. This relation may also be written
(10.15) Ve = 7N — QY
If T is a system relatively independent of %", the kernel K% is defined to be
(10.16) Kx(r, D) = @{T, < R}, X(T,) ¢ D}.

We write K} , however, if T is determined by the set £ and the null function
The kernel N" is defined to be

(10.17) N)r, D) = @{R) < 8", X.(R}) e D},
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where %° and the simple terminal time S* are assumed relatively independent.
On specializing R, &, T in relation (10.7) to R°, $*, N*, we obtain

U)\ — V)\ + NRU)\,
where U is the kernel for potentials relative to S*. If X is strictly positive,
the equation may be written

(10.18) V= U — N'U,

for then U™ is bounded. This relation enables one to carry over many results
from the simple to the relative theory.

Let & be the set of points in 3¢ which are not regular for %; the set is in-
dependent of the parameter, since a point is regular for % if and only if it
is regular for %°. The function K>(r, D) vanishes identically in \, 7, D unless
r belongs to K. Also, V*(r, D) vanishes identically in \, r if D is disjoint from
K. In verifying the last assertion we assume, as we may, that 4 includes the
complement of X; then, by Proposition 10.1,

V\r, D) = U'r, D) — N*Ur, D) = 0,

for N\ strictly positive. The assertion for vanishing parameter is a conse-
quence, because V" increases to V° as A decreases to 0.

It is necessary to arrange the points of & according to their regularity for
9. TFor this purpose, take ®x to be the function

dy(r) = ®{R} < S,

R being the time assigned to a process X, starting at r, and the simple terminal
time S’ being independent of the system %*. This function is excessive rela-
tive to S, by Proposition 10.1. We define JCQ , for 8 less than 1, by the in-
equality g < B; the set & itself comprises the points where ®y is less than 1.
The %} increase with g8, their union is &, and each one is nearly Borel and
nearly open in the sense of §7. Tor fixed 8, the set SCQ decreases as \ increases,
but the collection of sets CK’,Q , with 0 = B < 1, does not vary with \. To see
this, let Z be a positive random variable which is independent of S* as well as
of 9° and which has the density function Ae ™" for positive o. Then R} may
be considered the minimum of R and Z , and a simple computation shows that
JCE is precisely the set X% , where v is 8 — A + A38. The result shows inciden-
tally that &3 is the empty set unless 8 exceeds /(1 + \).

ProrositioN 10.3. Given N and B, one can find two numbers, v less than
1 and « strictly positive, so that the probability of the joint event

R} = o, X, (r)exy for0=1=a,
exceeds o for every r belonging to Kj .

Let v and a be subject to the restrictions mentioned, and let r be a point
of %p. Take T to be the minimum of « and the time X, hits the complement
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of &), take Q' to be the set where 7' is less than «, and let ¥ be the process
X,(r + T) defined over the probability field 2. It is clear that ®x(Y(0))
is at least v almost everywhere on " and that Ry, the time assigned to Y by
9", may be taken to be the restriction of R} — T to @, the auxiliary variable
being chosen properly. Matters being so, the extended Markoff property,
with stopping time 7', implies that

®{R) = 22} S O(R) Z o, T Z a} + ¢'{Ry > a.

The proof is completed by first choosing « less than (1 — 8)/4 and so small
that the left member of the inequality exceeds (1 — 8)/2, then choosing vy
so close to 1 that the second term of the right member is less than (1 — g)/4.
The choices are possible, because the inequalities

®{R} < 8"} < B, ®{R) < S'} = v,

respectively imply the inequalities
PR} > 22} 21 — B, O {R)>a} < ——ll:eza .

The full notation of the relative theory has been explained, but in practice
the symbol A will be omitted except when the parameter is varied. The sym-
bols H, and U will have the same meaning as in §§3-9, with the same value
of the parameter as in the relative theory. Note that the kernel N, which
relates U to the kernel V of the relative theory by equation (10.18), is defined
in terms of R’ and S*. Note also that the sets &Kz are defined only for 8 less
than 1, so that to say a set is included in some Xg is the same as to say it is
included in K for some 8 less than 1; and the truth of such a statement does
not depend upon the value of A.

11. Excessive functions

A positive function ¢ is excessive relative to 3t if it is measurable over the
field @ and if K, ¢ increases to ¢ as 7 decreases to 0. In this section and the
next two, excessive stands for excessive relative to N, X, is a process starting
at the point r, and R, is the time assigned to it by R.

If ¢ is excessive relative to the simple terminal time S, the function which
coincides with ¢ on X and vanishes elsewhere is excessive relative to 8. A
system T of terminal times, relatively independent of R, determines two ex-
cessive functions,

(11.1) Yi(r) = @{T, < R,}, 0:(r) = ®{T, = R., R, > 0},

where T, is the time assigned to X, by €. We shall omit the proofs, which
are quite simple, for the assertions are implied by later more general state-
ments. The last two functions will be denoted by ¥, and 6z when T is de-
termined by the set £ and the null function.

Two circumstances make the relative theory more difficult than the simple
theory of §§3-9. The function which is 1 on X and 0 elsewhere may not be
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a potential, and the time N assigns to a process may coincide on a set of strictly
positive probability with the time the process hits a given set. There is
accordingly a complication in detail—for example, sets which are included
in some Xg and have compact closure replace sets with compact closure, and
a statement concerning all 7 usually becomes one concerning the 7 preceding
the time assigned to a process by R, or perhaps preceding the time the process
leaves X. The statement of a proposition may require a further qualification
or its proof an additional argument or two, on leaving the simple theory, but
these are elaborations of the old pattern. In presenting the relative theory I
shall therefore state the definitions and principal theorems, giving a proof only
when it differs substantially from the corresponding one of the simple theory.

The remarks at the beginning of §5 are still valid. The potential relative
to RN of a positive function f is the function VY,

Vi(r) = [ow K.f.(r) dr
(11.2)

= js;dw fORr f(X,(7)) dr,

so that, if £ and RN are relatively independent,
Ry
(11.3) Ke Vi) = fﬂ do [ 1(X,(0)) d,
’ Ty

with @ the set where T, the time assigned to X, by T, is less than B, . The
next proposition is a consequence of these equations, the behavior of a system
of terminal times as the determining set and function increase, and the reason-
ing of the first few pages of §4 and §5.

Proposition 11.1.  The potential Vf of a positive function f is excessive and
depends only on the restriction of f to X. Let T be relatively independent of N
and determined by b and B; then Kz Vf 1s excessive relative to N, nowhere exceeds
V¥, coincides with Vf if f vanishes outside B, and increases to Ky Vf if b and B
increase to b’ and B’ through sequences and if T’ is determined by b’ and B’.

If f is bounded and A strictly positive, one may write
(11.4) Vf = Uf — NU{,

according to (10.18). The second term on the right is excessive relative to
the simple terminal time S, by Proposition 10.1 or 11.1, so that Vf is nearly
Borel measurable and—rather exceptionally—V7.(X(r)) is continuous on
the right for all 7 with probability 1.

The analogues of the first two propositions of §5, which have the same proof
as before, give the following approximation theorem.

TreorEM 11.2. If \ s sirictly positive and ¢ excessive relative to N, there
18 a sequence of positive bounded functions f. whose potentials Vf, increase to ¢.
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It follows that an excessive function is nearly Borel measurable and that
Kz ¢ behaves as if ¢ were a potential.
It is now proved, just as in Proposition 5.5, that

inf o < o(r) < sup e,
E E

if ¢ is excessive and the point 7 is regular for E but not for i,—that is to say,
if  belongs to X and is regular for . This result and the beginning of the
proof of Theorem 5.6 show that, given a strictly positive number o and a
process X whose initial distribution is concentrated on X, one can find a
stopping time 7' for X which is strictly positive with probability 1 and which
has the property that

lo(X(7) — o(X(0) | £ afor0 <+ <T.

In repeating the argument with the original process replaced by X(r + 17,
one must neglect the w for which X (7T(w), w) lies outside . The latter half
of the proof of Theorem 7.2 of [7], on being modified accordingly, yields the
continuity of ¢(X (7)) on the right only up to the moment the process leaves
%. The proof of finiteness of (X (7)) carries over for 7 less than the terminal
time; here the terminal time may be replaced by a somewhat greater time, as
we shall see in a moment, but usually it may not be replaced by the time the
process first leaves &. Consider, by way of example, uniform motion to the
right on the reals, taking @ null, 4 the origin, ¢ the function which vanishes
to the left of the origin and is infinite elsewhere. That the time a process
leaves X usually cannot be increased, in the statement about continuity on
the right, becomes clear on considering Brownian motion on the line, taking
A to be a closed interval and ¢ to be 0 in the interval and 1 outside. These
results are summed up in the next theorem.

TaroreEM 11.3. Let ¢ be excessive relative to R, X a process, R the time
assigned to it by N, and T' the tvme it hats the complement of K. Then ¢ s nearly
Borel measurable; o(X (v)) is with probability 1 continuous on the right in the
interval [0, T); and o(X (7)) is with probability 1 finite in the interval [0, R),
provided the expectation of ¢(X(0)) is finite.

The minimum of two excessive functions is now easily seen to be excessive.

The discussion of the semimartingale defined by an excessive function and
a process will be given in detail, for it differs a good deal from the one in §5.

Suppose that Y (7, w) is a positive function on the product space I X Q,
with 7 the interval 0 < 7 < oo, that it is a decreasing function of 7, and that
the expectation of Y (0, w) is finite. Let (%,).; be any increasing family of
subfields of ¥, and define Y’(r) to be the conditional expectation

Y'(r) = 8{Y(7) | 5.}

The family (Y’(r), &,) is then a lower semimartingale, for ¥’(r) is measurable
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over &, , by definition, and
8{Y'(r) |5} = 8{Y(7) |}
< &{Y(0) |F,} = Y'(0), o < 1.

Now let A be strictly positive, f a positive bounded function, X a process, R
the time assigned to it by &, and define

Y(s) = e(r, R) f " {X()) do,

where e(, R) is 1 if 7 < R and 0 otherwise. Taking &, to be the field gen-
erated by the random points X (s), with ¢ not exceeding =, one has

(11.5) Y'(r) = ®{R > 7 |F}Vi(X(r)).

With this specialization, Y (7) is continuous in 7, and Y’(7) can be shown to
be continuous on the right with probability 1 if the proper version of the
conditional probability is chosen. The context suggests that this fact, or
perhaps even Theorem 11.3, is a consequence of martingale theory and general
properties of the Y (7) and &, .

It is necessary to analyze the conditional probability in the last equation;
in the discussion we shall permit A to have any value and write simply a
instead of @ + N. Let R’ be the time X hits 4, and let R” be the terminal
time assigned to X by a and the empty set, with auxiliary variable Z the one
used in defining R. Since R is the minimum of R’ and R”,

(11.6) ®{R > 7|5,} = ¢(r, R) exp{—foT a(X(a')) do‘}

is one version of the conditional probability. The factor ¢(r, R’) is obviously
continuous on the right in 7, and we shall prove that the exponential is with
probability 1 continuous in the interval 0 = 7 < T, where T is again the
time X hits the complement of X. Indeed, the exponential is discontinuous
only at a number p with the properties

fop a(X(e)) do < o, f0p+a a(X()) do = © for a >0,

and for each w there is at most one such number. Let @', the set of w for which
such a number p(w) exists, have strictly positive probability, and consider
the process X (7 + p(w), w) defined over @’. It is easily seen that the terminal
time assigned to this process by a and the empty set vanishes with probability
1, even identically so if the auxiliary variable is the restriction to Q' of the
random variable Z — % a(X(¢)) do. Foralmost all w in @’ the point X (p(), «)
is therefore regular for the system defined by e, so also for R, and the assertion
concerning the exponential is proved. In the remainder of the section we
shall assume, as we may, that every point regular for % belongs to A. Then
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p(w) 1s at least as great as R'(w) for almost all w in ©'. Let us extend p to all
of © by taking p(w) to be the infimum of the r for which the exponential van-
ishes; p(w) may be less than R'(w) if w is not in €. The right member of
(11.6) is, with probability 1, continuous on the right for all =, and even con-
tinuous and strictly positive for 7 less than p and R’.

The family of random variables defined by (11.5) remains a semimartingale,
even for vanishing A, when the potential VJ is replaced by any function ¢,
excessive relative to R, for which the expectation of ¢(X(0)) is finite; the
semimartingale is separable, for almost all the sample functions are continuous
on the right, by Theorem 11.3 and what has just been proved. As a conse-
quence of the last paragraph and the behavior of semimartingales, the function
(X (7)) almost certainly is finite and has finite limits from the left, so long
as 7 is less than p and R’. This statement is slightly stronger than the last
one in Theorem 11.3. It is also true that ¢(X (7)) has, with probability 1,
a finite limit as 7 increases to the minimum of p and R’, provided the ex-
ponential factor does not decrease to 0. The last event can happen only if
both p(w) and R'(w) are infinite or if p(w) is finite and w not in Q'; for almost
all such w, the terminal time R”(w) is strictly less than p(w). It follows that,
with probability 1, the function ¢(X (7)) has a finite limit as = increases to
R, the terminal time assigned to the process by R.

Suppose the expectation of ¢(X(0)) to be infinite, and let T be the mini-
mum of B and the time X hits the set where ¢ is finite. With probability 1,
the function ¢(X (7)) is infinite for 0 < 7 < T, is finite for T < 7 < R, and
has finite limits from the left for T < 7 < R. The proof is like one in §5.

ProrositioNn 11.4. Let R be the mintmum of the relatively independent sys-
tems © and I, and let ¢ be excessive relative to T. Then the function which
coincides with ¥ on X and vanishes elsewhere is excessive relative to N.

In the proof we assume, as one easily sees we may, that ¢ is bounded. For
each r and 7 the transition measure N,(r, ds) relative to & majorizes K,(r, ds),
and, for r in &, the mass of the second measure increases to1as — 0. Con-
sequently K,y nowhere exceeds y; thus, K,y is a decreasing function of r,
because the kernels K, form a semigroup. And, for r in X,

]iIr(} K. y.(r) = lim N, y.(r) = ¢(r),
because ¥ is bounded. Tor points outside X there is nothing to verify.

A set E is said to be approximately null relative to % if V(r, E) vanishes
identically, negligible relative to 9t if, for every process and with probability
1, the time the process hits F is at least as great as the terminal time assigned
to the process. The second property implies the first, by the argument at
the end of §5, and a set is certainly negligible relative to 9 if it is included
in A. The place of a point regular for a set E or for a system of terminal
times T is taken, in the relative theory, by one regular for E or & but not
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for &. If E is a nearly analytic set such that every point which is regular for
F is also regular for 3, then almost all sample paths of a process meet E at
most countably many times before hitting the complement of K. If E is
nearly analytic, the points belonging to F but either regular for 9 or not regu-
lar for £ form a set which is approximately null relative to 9. An excessive
function is determined by its values outside a set approximately null relative
to ¢, and the set where an excessive function is infinite is negligible relative
to N if and only if it is approximately null relative to . These statements
are proved just as were the corresponding ones in the simple theory.

We shall discuss next some properties of excessive functions that were not
considered in the simple theory. Let ¢ be excessive relative to 9, and let &
be a system relatively independent of 9% and determined by (b, B). Clearly,
Kz ¢ increases with b, B, and ¢. It also decreases as @ and A increase, since
the kernel K¢ decreases. In this statement ¢ is taken to vanish outside the
set & of the moment and to be excessive for the least values of @ and A con-
sidered;; it is then excessive for the other values of a@ and 4, according to the
preceding proposition. If the pair (b, B) increases to (b’, B’) through a se-
quence, Ks ¢ increases to Ky ¢, where T’ is a system determined by (o, B');
one has only to use Theorem 11.3, supposing all the systems to have the same
auxiliary variables. A similar statement for (b, B) decreasing, or for (a, A)
varying in either sense, requires an additional hypothesis.

Let T and T’ be systems determined by the pairs (b, B) and (o', B’). We
shall say that & dominates T’ if b nowhere exceeds b’ and B is a subset of B’;
when these conditions are satisfied and the two systems have the same
auxiliary variables, every terminal time of < is at least as great as the corre-
sponding terminal time in ¥’. On the other hand, ¥ is said to majorize I’
if the two systems are relatively independent and if each terminal time of &
is, with probability 1, at least as great as the corresponding one in ’; this is
evidently so when B’ includes both B and the set where b is strictly positive.
The terms will be used sparingly.

The treatment of what may be called combinatorial properties should be
compared with the one by Choquet in II §7 of [3].

Suppose N, T, T;, .-+, T, to be relatively independent, that is to say, a
process and the auxiliary variables corresponding to it in the several systems
always form an independent family. Define kernels by the formula

K@, - ,k)=Ks ; S=min{,T;, -, %}, 1=2i< - <k=n
We shall study the quantity
Ar(I; Il Y Zn) = “KS:{O.(T) - Z (_'1)m Z K(ily ] im)ﬁo'(r);

l=m=n
where ¢ is excessive relative to ®. The properties of A are summed up in the
next theorem, in which 7 is to be restricted by the requirement that all terms
in the sum are finite.
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TrEOREM 11.5. The quantity A(S, Ty, ---, T,) is symmetric in the T; .
It vanishes if r is regular for T or if one of the T, majorizes T. The inequalities
(11.7) 0= A, Ty, -+, Ta) £ or),

(11.8) A(E, Ty, -, T) S AE T, -, T, n>1,
hold generally. The inequality
(11.9) AE, T, oo, Ta) S AT, EH, -, Th)

holds if T dominates ' and T; dominates T; for each 1.

Suppose first that A is strictly positive and that ¢ is the potential of the
positive bounded function f. One can then write

KG, -+, Do) = [ do [ 1(X@) ar,

where X is a process starting at r, R is the time assigned by 9, 7" is the mini-
mum of the times assigned by T, T,, ---, T, and @’ is the set where 7" is
less than R. This expression leads to the equation

AT, T = [ do [ (X0) ar,

where T is the maximum of the times assigned by the various systems <’
T is the time assigned by ¥, and Q* is the set defined by the inequalities
T* < T < R; the argument is precisely the one used to derive the formulas
of Poincaré for the probabilities of composite events. All the assertions of the
theorem are now obvious, except perhaps the last inequality, and that becomes
so when one takes the auxiliary variables of corresponding systems to be the
same. It is also clear that A increases if f is increased or if 3t is replaced by a
system which dominates 9.

The theorem is proved for an arbitrary excessive function, but with A still
strictly positive, by a passage to the limit using Theorem 11.2. The results
carry over to vanishing A because K% , for example, increases to K% as A — 0,
and because a function which is excessive for one value of \ is excessive for
all greater values. The proof is now complete.

For a moment, while discussing an inequality already used in §6, we shall
write K(<) instead of Kz. Consider a sequence of systems ¥; determined
by the pairs (b;, B;), and let T be a system determined by the sum of the
b; and the union of the B;. If the T, are relatively independent, a terminal
time in ¥ may be taken to be the infimum of the corresponding ones in the
systems ¥;. Let T; and T’ have similar meanings, and suppose that T;
dominates $; for each 2. Under these hypotheses, one has the inequality

(1L10) K(De.() — K@e.(r) = 2[KZe.(r) — K(Zde.(1)],

provided the second term on the left is finite, so that the expressions make
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sense. Assume first that M is strictly positive and that ¢ is the potential of
the positive bounded function f. There is no loss of generality in supposing
the T; to be relatively independent and the auxiliary variables of &, T; to be
the same as those of ¥/, T; . When this is done, the inequality can be written

[aof[ sxeyar=5 [ o [ ) a,

where X is a process starting at r, T is the time assigned by T;, R; is the
minimum of the times assigned by % and T; , Q! is the set on which T'; is less
than R}, and T, R’, @ have similar meanings. The inequality in this form
is nearly obvious since 7', for example, may be taken to be the infimum of the
T.. The proofis completed in the same way as that of the theorem. Another
proof, based on the positiveness of A, (T, T, , T,), is given in Choquet’s memoir.

lIA

12. Special sets

In this section we suppose the sets Xz to be defined by giving A the value 0,
although any positive value would do as well. The index g, it will be recalled,
runs over the positive numbers strictly less than 1.

A set is said to be special if it is nearly open, has compact closure, and is
included in some &z ; the last condition is a kind of uniform separation from
the complement of X. These sets take over the role of open sets with compact
closures, the intersection of one of the latter sets with some Xy being indeed
the simplest example of a special set. The details of the relative theory de-
pend upon the way special sets are defined ; the definition we have given works
well if the transition probabilities are sufficiently regular.

Proposition 12.1. Under hypothesis (C) of §9, for every special set D
there is another special set D' such that V (r, D') is bounded away from 0 on D.

We shall first prove a preliminary assertion: For every compact set F and
every number « less than 1, there exist an open set G with compact closure and
a strictly positive number p such that the sample paths of a process starting
at a point of F remain in G until time p, with probability at least . The
parameter \ is to have a strictly positive value during the proof, and v is a
number less than 1 that will be fixed at the end.

Consider the potential Uf as f runs through a sequence of positive functions
in @(3¢) which increase everywhere to \. The potential belongs to @(3¢),
under (C), and increases everywhere to 1; the convergence is therefore uniform
on F. Choose f so that Uf exceeds vy at all points of F and is bounded by 1
everywhere. The function H, Uf tends uniformly to Uf as p — 0, for

P
Uf—H,,Uf=f0 H,fdr < pmax ],

and we fix p so that H, Uf also exceeds v on F. Take G to be the set where
Uf exceeds v/2. Given a process X starting at a point r of F, let T be the
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minimum of p and the time the process first leaves G. Then
fa N ULXD) do = H, ULG) > v,

and the integrand is bounded by v/2 on the set where 7 is less than p. Con-
sequently,

OUT = o} + 3 01T < p} >,

O{T = p} > 1.
2 -
The preliminary assertion is now proved by choosing v suitably.

Let D be a special set. Proposition 10.3 and what has just been proved
imply the existence of another special set D’ and a strictly positive number o
with the following property: If R, is the terminal time assigned to a process
X, starting at a point r regular for D, then the probability of the joint event

(12.1) R, > q X (1) eD for 7 < q,

is at least @. This result, which is stronger than the proposition, will be
needed occasionally. It implies the proposition, of course, for V(r, D’) must
be at least o’ on D.

The parameter N was required at times to be strictly positive in the simple
theory. This condition is more than is needed, and we shall replace it in the
relative theory by one or the other of the following conditions.

(D) Let D be a special set, X a process, and Q' the set where the terminal time
assigned to X by RN s infinite. Then, for almost all w in &', the point X (7, »)
lies outside D for all sufficiently large 7.

(E) The function V(r, D) is bounded in r whenever D is a special set.

The first asserts that almost all sample paths of a process finally leave a
given special set, either because they are terminated or because they wander
to Infinity ; the second asserts that the sample paths of a process spend, on the
average, a finite time in a special set. Both statements are true if A is strictly
positive. For many transition measures they are true even when A, a, 4
all vanish; instances are the transition measures of Brownian motion in three
dimensions or higher, and those leading to Riesz potentials in two dimensions
or higher. Later in the section we shall discuss the verification of (D) and
(E) when the transition measures are ergodic.

Tarorem 12.2. Let (D) or (E) hold, and let ¢ be excessive relative to RN.
Then there are positive functions f, whose potentials Vf, increase to .

We shall prove in a moment that there is a sequence of positive functions
gn such that Vg, is bounded for each n and increases with » to infinity at every
point of X. The finiteness of the potentials implies that K, Vg, —0as 7— .
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The function ¢, , the minimum of ¢ and Vg, , is excessive and increases to
¢ as n becomes large. Also, the potential of (¢, — K, ¢,)/7 increases to ¢,
as r — 0, by the proof of Proposition 5.2. The theorem follows from these
two facts.

The existence of the functions g, is clear under (&), and the following argu-
ment proves their existence under (D). Let x be the characteristic function
of a special set D, and define ¢ by the formula

Yir) =1 — /s;exp{— j:z X(X(T)) dr} dw,

where X is a process starting at the point r and R is the terminal time assigned
to X. The integral within the curly brackets is strictly positive with prob-
ability 1, if r belongs to D, so that ¢ is strictly positive in D. On the other
hand, the integral is finite with probability 1 for every r, under hypothesis
(D), so that ¢ is less than 1 everywhere. The finiteness also justifies the
following calculations, which are like those in the proof of Proposition 4.4.

Y(r) = js;dw foR x(X(T)) exp{— ‘/TR X(X(O’)) dcr} dr
= j:o'dq- fm x(X (7)) exp{— fTR x(X(0)) d"} do,

where Q" is the set on which R exceeds 7. By the simple Markoff property,
the last expression can be written

o= ["ar [ Kl anx@lt - v
= VIt - 9.

Thus (1 — ¢)x is a positive function whose potential is bounded on 3¢ and
strictly positive on D. The existence of the functions ¢, is now clear, for &
is the union of countably many special sets.

Since (1 — ¢)x is strictly positive on D, the calculation shows incidentally
that (D) very nearly implies (). If 3¢ is discrete, a special set comprises
only finitely many points, so that then (D) does in fact imply ().

The next two propositions are the extensions of Propositions 4.4 and 6.6.
The proofs are omitted, as they differ only trivially from the former ones.

Let T be a system determined by the positive function » and relatively
independent of . Given a positive function ¢, define ¢ by the formula

W) = [ e(X(D) d,

where X is a process starting at r and Q* is the set on which 7', the time as-
signed by ¥, is less than R, the time assigned by R.

Prorosirion 12.3. Suppose that ¢ is bounded and that, for every process X
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and with probability 1, the integral [¢ h(X (7)) dr is finite. Then y s the po-
tential, relative to N, of the function (¢ — ¥)h.

The hypothesis on & is satisfied, in particular, if either (D) or (£) holds and
if h is bounded and vanishes outside a special set.

Prorosition 12.4. Let (D) or (E) hold, let E be a nearly open set, and let ¢
be excessive relative to R.  Then there are positive functions f, , each one vanishing
outside E, whose potentials Vf, increase to Ky .

The following proposition gives a sufficient condition for the truth of (D)
in terms of the simple and relative kernels for potentials.

Proposition 12.5. Statements (C) and (E) together imply (D).

Let D be a special set, X a process starting at the point s, and R the terminal
time assigned to X. Choose the special set D’ and the strictly positive number
a 50 that the joint event (12.1) has probability at least & whenever r is regular
for D. Now, define a sequence of stopping times for X by taking T’ to be the
time X hits D and T4 to be the infimum of the 7 greater than T, + « for
which X (7) belongs to D, with the understanding that 7', is infinite if there
are no such 7. We must prove that @', the set where all T, are less than R,
has probability null. To do this, consider the inequality

R
V(s,D") = / dw f x(X(7)) dr
Q 0
(12.2) "
= ; fge(T"’ R) dwa x(X (7)) dr,

where x is the characteristic function of D’, the function (s, 7) has the value
1 or 0 according as ¢ is less than 7 or not, and T, is the minmum of 7',4; and
R. The point X(T',) is almost surely regular for D if T, is finite, the factor
&(T, , R) depends on the behavior of the process only infinitesimally past the
time T, , and T, is at least T, + a if T, is finite. Hence each term of the
sum is at least o’®{Q'}, by the extended Markoff property and the choice
of « and D’'. It follows that Q’ has probability null, because the first member
of (12.2) is finite under (£). Only the fact that V (s, D’) is everywhere finite
has been used in the proof, not the full strength of (E).

The remainder of the section deals with verifying (D) and (E) for a certain
class of transition measures. A more detailed treatment for Brownian motion
in the plane is to be found in [10], where it is also proved that the classical
Green’s function of a domain coincides with the kernel for potentials relative
to the system of terminal times defined by the complement of the domain.

The notation is that of the simple theory, the parameter N appearing as a
superscript.

The transition measures are said to be ergodic if ®% is identically 1 whenever
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B is a Borel set and not approximately null, that is to say, if almost all
sample paths of every process meet such a set.

ProPoSITION 12.6.  The transition measures are ergodic if and only if U'(r, B)
18 identically infinite in r for every set B which is not approximately null. If
the transition measures are ergodic and if I is nearly analytic and not negligible,
then ®Y is identically 1.

Suppose first that the transition measures are ergodic and that B is not
approximately null. Take E to be the set where U'(s, B) exceeds 2, with o
strictly positive and so small that £ is not empty. The set E is nearly open,
therefore not approximately null, and U'(s, B) is at least 2« if s is regular for
E. Take p so large that

P
[ P, B) dr > «
0

whenever s is regular for E. Now, given a process X starting at the point
r, let Ty be the time X hits E, and let T,41 be the infimum of the 7 greater
than T, + p for which X(7) belongs to E. All the T, are finite with prob-
ability 1, because E includes a Borel set which is not approximately null.
We have, writing x for the characteristic function of B,

U°(r, B) = fn do fo " (X)) dr

23 [ao [ x(x0) dr,

and each term in the sum is at least «, as one sees by the extended Markoff
property. So U°(r, B) is identically infinite.

In the rest of the proof we assume U’(r, B) to be infinite for all » whenever
B is not approximately null. A preliminary result concerning a nearly open
set E will be derived first. Let ¢ be the function

P =1 - /n eXp{— fo Skx(X(r)) dr} de,

where x is the characteristic function of F and X is a process starting at r. By
Proposition 4.4, this function satisfies the equation

UM — Px} = ¢

if A is strictly positive. On letting A decrease to 0 and noting that ¢ increases
to ¢°, which is bounded by 1, we obtain

U —y¢x) = 1.

This inequality and the hypothesis at the beginning of the paragraph imply
that ¢ is 1 at all points of F, excepting perhaps an approximately null set; the
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exceptional set is empty, however, since it is also nearly open. The function
¢’ has the value 1 also at points which are regular for E. Thus, if 7 is regular
for B, the integral [§ x(X(r)) dr is infinite with probability 1, so that for
almost all w the point X (7, ) belongs to F for certain arbitrarily large
values of 7.

Let F be compact and not approximately null. The function U(r, F) is
strictly positive for all A and r, under the present hypotheses, and for each
strictly positive \ it is bounded and has F for a determining set. The function
®; exceeds some multiple of U'(r, F), according to the part of Theorem 6.11
proved without using (B), so that it too is strictly positive. Let E be the
nearly open set where ®; exceeds 2o, with « a given strictly positive number,
and choose p so that a process starting at a point regular for F hits F by time
p with probability at least «. Given such a process X, define a sequence of
stopping times by taking T, to be null and 7', to be the infimum of the 7
greater than T, + p for which X (7) belongs to . The T, are all finite with
probability 1, by the preceding paragraph, and repeated use of the extended
Markoff property shows that

Bh(r) = 2 a(l — a)" = 1,

if 7 is the point at which X starts. Since F increases to JC as a decreases to
0, the function ®) must be identically 1.

Let us now assume only that F is nearly analytic and not negligible. Since
&5 does not vanish identically, there is a strictly positive a such that the
set B where ®; exceeds 2a is not empty. Clearly, E includes a set which is
compact and not approximately null, so that almost all sample paths of an
arbitrary process meet E. The argument of the preceding paragraph, with
E fixed and r any point of 3¢, shows that ®% is identically 1. The proposition
is now completely proved.

It follows at once from the proposition that (D) holds if the transition
measures are ergodic and the set A is not negligible, for then every terminal
time of the system 9 is finite with probability 1. The condition that A is
not negligible may be replaced by the condition that a is strictly positive on a
set which is not approximately null.

Prorosrrion 12.7.  Statement (E) holds if the transition measures are ergodic,
if A is not negligible, and if, for every compact set F, the intersection F n Xg 1s
empty for B suffictently small but strictly positive.

In the proof we shall take a and X to be null, for doing so only increases
the terminal times. Let N,.(r, ds) be the transition probabilities relative
to the system of terminal times defined by 4 u &g, with 8 strictly positive.
By the definition of &g, there are strictly positive numbers « and p such that
the sample paths of a process starting at a point outside &z meet 4 by time
p with probability at least «; on the other hand, every point of Xz is regular
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for %5 . Consequently, N,(r, 3¢) is bounded by 1 — «, so that
N,y,(r,3) = -/:Jc N ,(r, ds)N.(s, 5¢)
=(1-a sup N.(s, 30).

It follows that N.(r, 3¢) decreases exponentially as = increases and that the
total mass of W (r, ds), the kernel for potentials relative to the system deter-
mined by 4 u Xg, has a bound independent of r.

Given a compact set F, choose 8 strictly positive so that &g and F are dis-
joint. We shall prove V(r, F) to be bounded by majorizing it in terms of
W (r, 3C).

Let X be a process starting at the point 7, and define a sequence of stopping
times by taking T, to be null, 7,11 to be the infimum of the = greater than
T, for which X (7) belongs to Xg , and T, to be the infimum of the r greater
than T, ; for which X(7) belongs to F. If F is not approximately null,
all these times are finite with probability 1; the reader may suppose F to be so
restricted, since otherwise there is nothing to prove, but the following calcu-
lations are not disturbed by the stopping times being infinite. The 7', tend
to infinity with probability 1, for else the function ®%(X (7)) would not have
limits from the left with probability 1. We shall also need T, , the infimum
of the 7 greater than T, for which X () belongs to 4 u X; .

Let », be the measure

va(B) = ®{X(T2) e B, Tn < R},

where R is the time X hits A. A process starting at a point of F hits A at
or before the time it hits &3 , with probability at least 8/(1 — g); for, if v is
this probability, one obtains the inequality

v+ @ —-Br=28

on classifying the paths that hit A before time S* according to whether they

hit A or % — A first. Now, the measure », is concentrated on F, for n

strictly positive, so that the mass of »,.1 does not exceed 8/(1 — ) times the

mass of v, , by the extended Markoff property and what has just been proved.

Therefore the mass of », the sum of all the », , has a bound independent of r.
By the extended Markoff property,

Vo, F) = [ﬂ deo fo (X)) dr
= ; js;e(Tzn, R) dw f;;in x(() dr

=z fw W(s, ), (ds)
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< »(30) sup W(s, 3¢),

where x is the characteristic function of F' and £(o, 7) has the value 0 or 1
according as ¢ exceeds 7 or not. The last member has a bound independent
of 7, by the preceding results, and the proof is complete.

We have in fact proved a little more than (), for F is an arbitrary compact
set.

The hypothesis that A is not negligible may be replaced by the hypothesis
that a is strictly positive on a set that is not approximately null. Only a few
details of the proof need be changed.

In many examples the function ®} is lower semicontinuous. Then one
need not state explicitly the hypothesis that F and &g are disjoint when 8
is small. For ®} is strictly positive everywhere, so that it takes on a strictly
positive minimum on the compact set F if it is lower semicontinuous; and 3
may be taken to be any number less than the minimum. There is a similar
argument if (C) holds and if A includes an open set. The function ®} then
majorizes some potential U'f, with f a positive continuous function having a
compact support included in A4, and the potential is strictly positive and
continuous.

13. Two theorems on excessive functions

The principal results of §6 will now be extended to the relative theory. FE
denotes a nearly analytic set and ¢ a function excessive relative to 9%; only the
supplementary hypotheses on I and ¢ will be mentioned.

Prorosrrion 13.1.  If all points of E n X are regular for E, then Kg ¢ ts the
least function which magjorizes ¢ on E and is excessive relative to R.

The proof is like that of Proposition 6.1.

TurorEM 13.2. If (D) holds, then Kgo coincides, except perhaps at the
points belonging to E n K but not regular for E, with the infimum of the func-
tions which magorize ¢ on E and are excessive relative to N.

It suffices, according to remarks like those in §6, to prove that the infimum
does not exceed K¢ at any point of X outside E. We shall suppose, with-
out losing generality, that E is included in &; for a function excessive rela-
tive to RN vanishes outside &K, and replacing E by its intersection with X has
no effect on Ky o.

Suppose first that E is included in some special set D and that the restriction
of ¢ to E is bounded. The first part of the proof of Theorem 6.4 remains
valid, if the sets A, are replaced by their intersections with D, and establishes
the theorem under the additional hypotheses.

The next proposition, which takes the place of Proposition 6.5, follows from
the restricted form of the theorem and the fact that every subset of & is the
union of countably many sets, each included in a special set.



MARKOFF PROCESSES AND POTENTIALS II 337

Prorosition 13.3. Let E be a nearly analytic subset of X, and let ¥ vanish
at the point r outside E. Then there is a function which is excessive relative to
N, infinite at every point of E, and less than 1 at r.

Suppose next that ¢ is finite at every point of £. Choose an increasing
sequence of special sets Dy which exhaust &, and let E; be the part of £ n D,
where ¢ is less than k. The second part of the proof of Theorem 6.4 carries
over without change.

Finally, an arbitrary excessive function ¢ is treated as in the last part of the
former proof, with the help of Proposition 13.3.

We shall now prepare the way to discussing the analogue of Theorem 6.11

ProposiTioN 13.4. Let ¢ be a positive function such that the inequality
K.y = ¢ holds for every r. Then K,y increases as r decreases; and ¢, the
limit as 7 — 0, is excessive relative to R, nowhere exceeds ¥, and coincides with
¥ except on a set which s approximately null relative to K.

The fact that the kernels K, form a semigroup implies at once that K,y
increases as = decreases; so ¥ is excessive and nowhere exceedsy. In proving
that ¢ differs from ¢ only on an approximately null set, we shall assume A to
be strictly positive; this is permissible, because ¥ is unchanged and the kernels
K, are diminished when A is increased.

First, suppose ¢ to be bounded. Then

all terms being finite, so that the assertion is proved. Now, let ¢ be un-
bounded, and take ¥, to be the minimum of ¥ and n. It is clear that ¢, also
satisfies the hypothesis of the proposition; so ¢, coincides with ¢, approxi-
mately everywhere, by what has already been proved. Consequently ¢/, the
limit of ¥, as n — =, coincides with ¥ approximately everywhere. It is also
excessive, being the limit of an increasing sequence of excessive functions;
it is majorized by ¢; and

vzy z K.y =z K. ¢, T > 0.

The proposition is proved by letting 7 decrease to 0 here.

A good deal of the discussion of determining sets in §6 was irrelevant to
Theorem 6.11. We shall now say that a closed set F in 3C is a determining
set for a function ¢, excessive relative to R, if K¢ coincides with ¢ whenever
@ is a neighborhood of F. Simple examples show that an excessive function
may have a least determining set which is compact and disjoint from X.

Hypothesis (B) implies that K¢ Kz = Kz whenever G is a neighborhood
of the nearly analytic set E, as one can see from the discussion of the hypothesis
in §6. Thus, under (B), a closed set F is always a determining set for Kr .

Given a function ¢, excessive relative to RN, let ¢r be the infimum of the
functions which majorize ¢ on some variable neighborhood of E and are exces-
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sive relative to it. By Proposition 13.1, one can alternatively define ¢z to be
the infimum of K¢ ¢ as G ranges over the open neighborhoods of E.

TaEOREM 13.5. Let (B) hold, let E be an analytic set, and let ¢ be finite
approximately everywhere relative to |. Then g coincides, except perhaps at
points belonging to X n E but not regular for E and at points outside E where
er 18 tnfinite, with the supremum of the functions which are excessive relative to
R, have a compact determining set included in E, and are magjorized everywhere
by ¢. If E is open, there are no exceptional points, and oz 1s the same as Kz .

Let G be an open neighborhood of E and let ¢ be an excessive function which
nowhere exceeds ¢ and has a closed subset of E for a determining set. Then

KGﬂa g KGII/ = ¢7

s0 that ¢z majorizes ¥ and hence the supremum mentioned in the theorem.
This part of the proof makes no use of (B) or of the finiteness of ¢.

If E is open, ¢z coincides with Kz ¢ by the second definition of ¢z . On the
other hand, Ky ¢ is the limit of Kr ¢ as F runs through an increasing sequence
of compact sets which exhaust E, by Theorem 11.3, and the function Kr ¢
has F for a determining set by (B). So the last sentence of the theorem has
been proved, without using the restriction on ¢.

It is also clear that ¢z majorizes Kz ¢ if E is an arbitrary analytic set, so
that

o(r) Z ou(r) = Kro.(r) = o(r)

if 7 is regular for Z. Since Kz o.(r) is the limit of Ky ¢.(r) as F runs through
a certain sequence of compact subsets of £ given by Proposition 2.1, the
assertions of the theorem concerning points of £ have been proved.

Suppose now I to be compact, and choose a decreasing sequence of open
neighborhoods G, of E whose closures are compact and shrink to E. The
functions K ¢, ¢ decrease everywhere to ¢ , which is therefore measurable over
the field @. Since ¢z satisfies the hypotheses of Proposition 13.4, it coincides
approximately everywhere with an excessive function y. We shall prove
that ¢ has E for a determining set and that ¢ has the same value as ¢z at
every point outside £ where ¢ is finite. Thus, for compact sets, we shall
prove a little more than is stated in the theorem.

The function ¥ majorizes Kz ¢, since the latter is an excessive function
nowhere exceeding ¢z . Consequently,

o(s) = ex(s) 2 ¥(s) 2 Kro.(s) = o(s)

if s is regular for E, so that ¢(s) and ¢z(s) are the same.
Let G be any open neighborhood of E. The equation

Kg,,go = KGKG,,SO

holds for large n, because @ finally includes G, , and one obtains, on passing
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to the limit using dominated convergence,
(131) §0E(S) = Kg (05.(8)

at every point s where ¢y is finite. This equation will be used to prove that
or and Y have the same value at a point s outside £ where ¢y is finite. In
the proof we assume G to be chosen so that s does not belong to the closure
of G. Let X be a process starting at s, T the time X hits G, T the infimum
of the ¢ greater than = for which X (o) belongs to E, and @ the set where 1"
is less than the terminal time assigned to X and X(¢) lies outside G for o
less than 7. It is clear that Q' increases to the set where 7 is less than the
terminal time, as 7 — 0, and that 7" coincides with 7' on @'.  Also,

Keos() = K, Koenls) 2 [ os(X(D) do,

and, as 7 — 0, the integral increases to K ¢ ¢z.(s), which is the same as ¢x(s).
Consequently, ¢r agrees with ¢ at s.

Let r be a point at which ¢z is finite and which either lies outside E or is
regular for £. The measure K 4(r, ds) attributes no mass to the set where
¢ differs from ¢, so that (13.1) implies

Y(r) = Key.(r).

This equation must hold everywhere, since it holds approximately every-
where and both members are excessive. Consequently, ¥ has E for a de-
termining set. The proof for a compact set is now complete.

The proof for an analytic set makes use of Choquet’s extension theorem.
Let 7 be a point at which ¢ is finite, and consider ¢x(r) as a function of the
analytic set £. The function is finite, being bounded by ¢(r). It is alter-
nating of order infinity, as one sees from Theorem 11.5 and the second defini-
tion of ¢z . It is continous on the right in E, by the second definition. If F
is open, then ¢gz(r) is the supremum of ¢r(r) as F ranges over the compact
subsets of F, by what has already been proved; and the restriction that E
be open may be omitted, according to the theorem of Choquet. Now fix
an analytic set ¥ and a point r outside F at which ¢z(r) is finite. It may be
assumed, without loss of generality, that ¢(r) is also finite; for po(r) is finite,
@ being some open neighborhood of E, and (¢¢)r is the same function as ¢ .
This being so, choose the compact subset I of F so that ¢#(7) is close to ¢x(r).
The number ¢r(r) coincides, according to the preceding paragraph, with the
value at r of an excessive function which nowhere exceeds ¢ and has I for a
determining set. The proof of the theorem is now complete.

I have not been able to prove that the function ¢x is measurable over the
field @, or that the theorem holds for nearly analytic sets, without further
restrictions on the transition measures. It will be observed, too, that the
theorem extends one of the versions mentioned at the end of §6, rather than
Theorem 6.11 itself. We shall therefore indicate the straightforward version
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of Theorem 6.11. Let X be a process starting at the point r, T the time X
hits E, R the terminal time assigned to X, and define

&) = [ lim (X () do + [, oxm) .

Here the set Q' comprises both the w for which
T(w) < ©, T <Rw), X(T(w),)ekE,
X(r, w) 1s continuous at T(w),

and the w for which 7'(w) and R(w) are infinite and the path X (w) meets every
neighborhood of E. The set @” comprises the w for which T'(w) is strictly
less than R(w) and either X (7T'(w), w) does not belong to E or X(r, w) is not
continuous at T'(w). The existence of the limit in the first integral was proved
just before Proposition 11.4. The function @z is easily proved to be excessive
relative to R, hence measurable over @, even for F only nearly analytic. If
¢ is bounded, then ¢z and @z agree except at the points belonging to E but not
regular for £. And under (B) the function @z coincides, except on the same
set of points, with the supremum of the bounded functions which are exces-
sive relative to 3, nowhere exceed ¢, and have a compact subset of E for a
determining set. The proofs are like those in §6.

14. Excessive measures

A measure {, defined on the field @ and vanishing outside &, is said to be
excessive relative to N if (D) is finite for every special set D and if ¢ majorizes
¢K, for every 7. It follows, as in §8, that {K, increases to { as = decreases
to 0, provided { is excessive, and that the class of excessive measures is closed
under the operations discussed at the beginning of §8.

The potential relative to R of a measure u is the measure uV, which remains
the same when u is replaced by its restriction to &. The potential is excessive
relative to RN if it is finite on special sets; in particular, it is excessive if (F)
holds and w is bounded. The potential determines u if (£) holds and u is a
bounded measure concentrated on &. The proof is the same as that of
Proposition 7.1 for X strictly positive. If X vanishes, we use (10.15) to write

(14.1) WV = 7 — ] WV dr,
(1}

both measures on the right being finite on special sets because (E) holds;
thus xV° determines uV", hence p itself.

The projection, relative to 9, of the measure u on the nearly analytic set
E is the measure uKz . The class 9 comprises those measures concentrated
on X whose projections on special sets are bounded. Such measures are
obviously finite on special sets. Their potentials have the same property if
(E) holds; for uV.(D) and uKp V.(D) have the same value, and the second
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is finite, if D is a special set, because uKp is a bounded measure and V(r, D)
a bounded function. When (C) holds, a measure u belongs to 9t if it is concen-
trated on X and if its potential is finite on special sets. To see that uKjp is
bounded, D being a special set, choose a special set D’ as in Proposition 12.1
so that V(r, D’) is bounded below by a strictly positive number « on D,
hence at every point of K which is regular for D; then

WK (%) = I, VAD') S L uV D),

the last member being finite by hypothesis. Thus, when (C) and (¥) both
hold, a measure belongs to 9T if and only if its potential is finite on special
sets.

Prorosrrion 14.1.  If (E) holds, a measure p in 9 is determined by uV'.

The proof is the same as the proof of Proposition 7.6, except that the
sequence of open sets @, is to be replaced by an increasing sequence of special
sets whose union is X.

Suppose that { is excessive relative to R and that ¢K,.(D) — 0as 7 — «,
whenever D is a special set. A calculation like the one proving Proposition
5.2 shows that the potential of (¢ — {K,)/r increases to {. Thisresult and an
argument like the one proving Proposition 8.2 give the next theorem.

Tuvorem 14.2. If (E) holds, a measure excessive relative to R is the limit
of an increasing sequence of potentials relative to R.

Let ¢ be excessive relative to R, and let E be a nearly analytic set. The
measure My ¢ is defined in the following way, under the assumption that
(E) holds. Choose a sequence of measures u, whose potentials increase to {;
the measures u, Kz V increase with n, and Mz ¢ is taken to be their limit.
Just as in §8, one sees that Mz ¢ can also be defined by setting

(142) [ Mssang) = tim [ sang),

where f is an arbitrary positive function and the functions f, are chosen so
that Vf, increases to K Vf, the choice being possible by Theorem 12.2. The
operator M has properties similar to those of Lz in the simple theory. In
particular, Mz coincides with { on K, and My {, increases to My ¢ if ¢, in-
increases to ¢. The operator will be defined generally in the proof of the
next proposition.

ProrosimioN 14.3. If E is nearly open, then Mg ¢ is the least measure which
18 excessive relative to N and which majorizes ¢ on E.

Assume first that () holds. Since My ¢ coincides with ¢ on E, one has
only to prove that Mg ¢ is majorized by every measure ¢ which is excessive
relative to 9 and which majorizes { on E. Now, the functions f, appearing
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in (14.2) can be taken to vanish outside E, according to Proposition 12.4;
with such a choice of the f,,

[ Mactanse) = tim [ cansa

< lim / E(dr)fa(r) = f Mg £.(dr)f(r),

and the assertion is proved.

One next proves, using this result and arguing as in §8, that M ¢ increases as
\ decreases, provided E is a nearly analytic set and X is restricted to values for
which (F) is true and { is excessive relative to %.

Suppose that ¢ is excessive relative to R, that (£) holds for %°, and that E
is a nearly analytic set. Then My ¢ is defined, and we shall prove it to be the
limit of M% ¢ as A — 0. The limit measure is certainly majorized by M% ¢,
according to the preceding paragraph. If ¢ is a potential, say uV° then

Mt = uK3 V= lim uK} V" < lim M,
—0 A0

because K% V" increases to K% V° and because M% ¢ majorizes K% V*, since
¢ majorizes pV*. The assertion is therefore true if ¢ is a potential. For an
excessive measure { we have, writing ¢ as the limit of an increasing sequence of
potentials u, VO,

M ¢ = lim M%(ua V) = lim lim My(un V°)
n n A
= lim lim M(u, V) = lim My ¢,
A n A

because My (un V°) increases as A decreases and as n increases.

Matters being so, we define MY ¢ to be the limit of M’ ¢ as A — 0, assuming
only that ¢ is excessive relative to %° and that E is nearly analytic. This
definition agrees with the original one if (%) holds for 9t°, and the assertion of
the proposition for vanishing X follows at once from the assertion for A strictly
positive.

The next proposition is the critical one in studying the representation of
excessive measures as potentials.

PropositioN 14.4. Let (C) hold, let N be strictly positive, and let (u,) be a
sequence of measures on X whose masses are bounded uniformly in n and whose
potentials u, V increase withn. Then u, converges weakly to a measure u con-
centrated on K, and u, V increases to uV.

The hypothesis on A cannot be replaced by (F) alone, as one sees by con-
sidering uniform motion on a line. It will be shown in Proposition 14.8, how-
ever, that a strengthened form of (E) is sufficient.

The integral [ u.(dr)e(r) increases with n whenever ¢ is excessive relative to
RN, because the measures u, V do so and because ¢ is the limit of an increasing
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sequence of potentials Vf, with f positive. According to Proposition 11.4, one
may take for ¢ the restriction to X of a simple potential Uf, with f positive.
It follows that the measures u, U increase with 7, so that the hypotheses of
Proposition 9.1 are satisfied. Thus, u, converges weakly to a certain measure
u, and u, U increases to uU. By Proposition 10.2, moreover, u, N U increases
to uNU. These facts, and the representation (10.18) of V as U — NU,
imply that w, V increases to uV. It remains to prove that x has no mass
outside X. The inequality

[ @i = [ mianvie)

holds for every positive function f; and we obtain the inequality u(X) = (%K)
on letting f vary through such a sequence that Vf increases to 1 at every
point of ®. On the other hand, the total mass of u does not exceed the
supremum of u,(X). The proof is now complete.

There is a similar proposition for a decreasing sequence of potentials.

ProrosiTion 14.5. Let N be strictly positive, let (C) hold, and let  be ex-
cessive relative to N.  If the integrals [ ¢(dr)f(r) are bounded by some number a,
as f ranges over the positive functions whose potentials Vf are bounded by 1, then
¢ 18 the potential of a bounded measure.

By Proposition 14.2, there are measures u, on X such that u, V increases
to ¢. Now,

[ watanvs) < [ canse) < a,

for every positive function f whose potential is bounded by 1. On letting
f run through a sequence so that Vf increases to 1 at every point of X, we see
that the mass of u, does not exceed . The proposition is therefore implied
by the preceding one.

Let (E) hold, let ¢ be excessive relative to 9, and let f and g be positive
functions. The inequality Vf = Vg then implies the inequality [ ¢(dr)f =
[ ¢(dr)g. The assertion is trivial if { is a potential, and it follows for all
excessive measures by Proposition 14.2.

Let (C) hold, let A be strictly positive, and let D be a special set. We shall
prove that M, ¢ is the potential of a bounded measure, assuming of course
that { is excessive relative to :. By Proposition 12.1, there is a special set
D’ such that the function V(r, D’) is bounded away from O on D; therefore
Vg, with g some multiple of the characteristic function of D’, majorizes the
function ¥, everywhere. If f is any positive function whose potential is
bounded by 1, then K, Vf is bounded by ¥, , so that

[ Moanit) = [ ctang.



344 G. A. HUNT

The preceding proposition now implies that M, { is the potential of a bounded
measure.

In the remainder of the section we fix an increasing sequence of special
sets D, with the properties that the complement of each D, is nearly analytic
and that every special set is included in some D, . The abbreviations

M,=My,, K.=Ks, F,=3—D,
will be used. One may take D, to be the intersection of &i_y;, with G,
the G, being the open sets described just before Theorem 9.4. With this
choice, all points of & not regular for F, are included in D, ; so, with a dif-
ferent choice of the sequence, all points of X not regular for F, are included
in some D,, .

The time a process X first leaves G, increases to infinity with n, by the first
part of hypothesis (4). The time X first leaves &g increases with 8, and the
limit as B8 — 1 is with probability 1 at least as great as the terminal time R
assigned to the process, by the definition of the sets &z and the extended
Markoff property. Thus, for one choice of the D, , and hence for all choices,
the time X hits F, increases with n to a limit which is with probability 1 at
least as great as B. Denote by Q, the set where T, , the time X hits F, ,
is less than R, by u the initial distribution of X, and by x the characteristic
function of a special set D. If (¥) holds, the integral

de J{R x(X(‘r)) dr = uV.(D)

is finite; and the finiteness of this integral, together with the behavior of the
T, , implies that the integrals

[ x(X()) dr = uR, VD)

approach 0 as n becomes large.

If (E) holds and u is a measure in 9, then uK, V.(D) — 0 as n — , when-
ever D is a special set. The assertion has just been proved for a bounded
measure, and it is proved generally by writing u as the sum of y; and e , with
w1 bounded and we V.(D) small.

Tarorem 14.6. Let (C) and (E) hold. Then every measure ¢ excessive
relative to N can be written uV + & where p belongs to N and £ is a measure,
excessive relative to N, which coincides with M g £ whenever E s a nearly ana-
lytic set whose complement is included in a special set.

The assertions of the theorem and the uniqueness of the representation are
proved nearly word for word as in §9, if N is strictly positive. We shall take
this result for granted, writing 7V + £ to make the parameter explicit, and
deduce the theorem for vanishing parameter under the assumption that (E)
holds for R°.
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We shall encounter several times in the proof a family of measures, say
»*, which are defined for \ strictly positive, decrease with A, and are finite on
special sets. Under these conditions there is a measure » with the property
that »*(B) — »(B) as A — 0, for every set B included in a special set. We
shall say that » is the limit of the measures »*.

The symbols A and p will denote strictly positive values of the parameter.
If p exceeds A, then

BV =W+ (o — NVV?
by (10.15); so £, which is excessive relative to %°, can be written »V* + ¢
according to the theorem. Thus

A AN
B=p+ =MV +,
uVP— BV =7,
Consequently, the measures u* and 4’V decrease, and the measure £" increases,

as A decreases t0 0. Let 1, @, 8 bethelimit measures, and take y tobe a — u’V°.

We shall prove that u’V° + (y + B) is the required representation of {.
The relations

(14.3)

pV° = lim gV S im o'V = @ S ¢
show that u° belongs to 9, because its potential is finite on special sets, and
that v is a positive measure, finite on compact sets.

The measure 3 is finite on special sets, being majorized by ¢. One verifies
that it is excessive relative to %° by passing to the limit in the inequality
£K* < £. Consequently, 8 majorizes My B8 for every nearly analytic
set E. On the other hand, M % £ coincides with £ if the complement of E is
included in a special set; the inequality M% 8 = £ follows; on passing to the
limit here, one finds that M% 8 majorizes 8. So the measure 8 behaves
properly.

It is clear that (&% — p)V* decreases to y. If p exceeds \, then

(W = W)WV z (@ = VKS z 7K7.
The inequality v = yK¢ is obtained by letting first \, then p, tend to 0. So
v is excessive relative to %°.

The measure u’V* — « is excessive relative to R*, since it is the limit of an
increasing sequence of such measures according to (14.3). Hence, for p greater
than N and for every nearly analytic set I,

0= MLV —a) <@V — q

the last member decreasing to the null measure as A — 0. It follows that
M%(J‘V}‘ — 0V°) decreases to M% v as A — 0.

Suppose now that the complement of E is included in a special set D.
We shall assume, without losing generality, that D includes all points not reg-
ular for E; it is then clear that

(14.4) WVP — MEGV?) < vpV? < vpV°
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for every measure », with v, the restriction of » to D. This observation will
be applied to the potential

(145) LV — WV = W+ (o — NSV = W = VY

taking A less than p. Let B be included in a special set. It follows from the
last two relations and the behavior of the various measures as A varies, that
the mass assigned to B by the measure

“)\V}\ _ OVO - M%(M}\VA _ #OVO)
is bounded by
(14.6) [w*(D) — u(D) + pu’V*.(D)] sup V°(r, B)

for all A less than p. The same expression therefore bounds the mass assigned
to B by vy — M% v, according to the preceding paragraph. On observing that
the expression (14.6) tends to 0 with p, we find that vy — M} v assigns no mass
to B. So the two measures v and M% v coincide.

It is now clear that u’V°® 4 (v 4 B) is the required representation of {. The
measure (y + B) is the limit of M5, ¢, by the remark preceding the theorem,
and this limit does not depend upon the particular choice of the sets D, .
So the representation is unique. A similar argument establishes the next
theorem.

Tuvorem 14.7. Let (C) and (E) hold. A measure § excessive relative to
N s the potential of a measure in I if and only if M, ¢ decreases to the null meas-
ure as n — o,

In the next proposition, which extends Proposition 14.4, we denote by (E*)
the statement that, for every special set D, the function V(r, D) is bounded
on J¢ and vanishes at infinity—that is to say, V(r, D) can be made arbitrarily
small by requiring r to be outside a certain compact set. Clearly, (E*)
holds if \ is strictly positive and (C') holds.

ProrosrrioNn 14.8. Let (C) and (E*) hold, and let (u.) be a sequence of
measures on X whose masses are bounded uniformly in n and whose potentials
unV increase with n. Then u,V increases to uV, with u a bounded measure on X.

Let ¢ be the limit of the measures u, V. If D is a special set, then (D)
is finite; for V(r, D) is bounded, under (E*), and therefore u, V.(D) is bounded
in n. So { is excessive relative to 9.

We shall prove next that V(r, D) is small on the complement of some D, ,
if D is a given special set. Let D be included in &, , let r be outside X,
let 7" be the time a process starting at r hits D, let R be the terminal time
assigned to the same process, and let S be a positive random variable with the
density function ¢’ for positive o and independent of E. Then

V(r, D) £ ®{T < R} sup V(s, D)
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by the extended Markoff property, and
1—-6=ze¢{R>8} =21 —-y)CR>T}

by the definition of the sets Xz and the extended Markoff property. There-
fore

1—34
1 -7
so that V(r, D) is small if § is near 1 and r lies outside &5 . On the other hand,
V(r, D) is small for r outside a certain open set G with compact closure. So
one has only to choose D, to include the intersection of G' and X; .

Matters being so, let o be a bound for the masses uz (%) and ¢, a bound for
V(r, D) on the complement of D, . The relation

M,¢.(D) = lim g R, V.(D) £ ac,

sup V(s, D),

shows that M, ¢ decreases to the null measure as n — . It follows that ¢
is the potential of some measure u on X. Finally, u is bounded because
its mass is

w(x) = sup [ (dNVI0) < a
f

where f ranges over the functions whose potentials Vf are bounded by 1.

In Proposition 14.5 one may similarly use (£*) instead of the hypothesis
that A be strictly positive. The next theorem follows immediately from
Theorems 14.6 and 14.7.

TaeoreMm 14.9. If (C) and (E) hold, a measure excessive relative to R is the
potential of a measure in I if it s majorized by such a potential.

The only assertion of importance in the last two propositions of §9 is the
weak convergence of the measures. Such convergence, at least on 3¢, usually
does not hold in the relative theory. In many examples, of course, X is
locally compact in the ordinary relative topology, and weak convergence on &
can be asserted in the extended theorems.

Versions of the results of this section can also be proved assuming (D) in-
stead of (E), the finiteness restriction on an excessive measure being changed to
require that the functions (1 — y)x appearing in the proof of Theorem 12.2
all be integrable. This amounts to another definition of special sets.

The analogue of Theorem 6.11 for excessive measures was not discussed in
the simple theory: We shall treat it now in the relative theory.

Given an excessive measure { and a nearly analytic set K, define {z to be
the infimum of M ¢ as B ranges over the nearly open sets that include E.
It is understood that ¢ is first defined for subsets of special sets and then
extended to be a measure; an alternative definition will make matters clear.
Choose a positive function f, bounded away from 0 on every special set, so
that the integral [ {(ds)f(s) is finite; the existence of f follows from the finite-
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ness of { on special sets and the representation of & as the union of the sets
D, . Let abe the infimum of [ M5 ¢.(ds)f(s), with B restricted as before, and
fix a decreasing sequence of sets B, so that the integral decreases to « as B
runs through the sequence. Then {’, the limit of M 5 ¢ as B runs through the
B, , is an excessive measure that majorizes the set function ¢z, defined at the
moment on subsets of special sets. On the other hand, if {’(C) were greater
than ¢ z(C) for some subset C of a special set, then ¢’(C) would be greater than
My ¢.(C) for some nearly open set D including E, and hence the integral
J M5 ¢.(ds)f(s) could be made less than « by taking B to be D n B, with n
sufficiently large. It isnow clear that ¢z, when extended to a measure, is pre-
cisely the excessive measure {’. By Proposition 14.3, the measure {z is also
the infimum of the excessive measures that majorize { on some nearly open
set including E.

Let v be a measure on E whose potential is majorized by ¢, and let B be a
nearly open set including £. Then

Vv= MB(VV) é MB‘(',

so that »V is majorized by ¢z. It will be proved, under further hypotheses,
that ¢z is the supremum of such potentials »V'; the statements are less general,
but more concrete, than the corresponding ones employing the notion of
determining set.

Proposition 14.10. Let u be a measure whose potential is excessive. Then
(V)5 is the infimum of M ¢(uV) as G ranges over the open meighborhoods of
E; is is also the supremum of vV as v ranges over the measures on E whose po-
tentials are majorized by uV.

First suppose u to be concentrated on the complement of E. If u has total
mass 1, let X be a process with u for initial distribution, and choose a decreasing
sequence of open neighborhoods G, of E according to Proposition 2.2 so that
T. , the time X hits G, , decreases with probability 1 to 7', the time X hits E.
Then

qug,, V.(ds)g(s) = fnn dw f: 9(X()) dr,

with Q, the set where T, is less than the terminal time R, decreases to

f,UKE V.(ds)g(s) = fn, dw f: 9(X()) dr,

with @’ the set where T is less than R, provided ¢ is positive and integrable
relative to the measure uV. This result implies that uKe V decreases to
wKgV as G runs through some decreasing sequence of open neighborhoods
of E, even when the mass of u is infinite. Thus the infimum of M ¢(uV) is
obviously uKzV, and this measure majorizes (uV)z. By Proposition 2.1,
on the other hand, uKr V increases to uKz V as F runs through a certain
sequence of compact subsets of E, which may even be taken as subsets of
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special sets, and uKr is a measure concentrated on F. The remark preceding
the proposition now implies that (uV)z reduces to uKz V, so that the proposi-
tion is true in this instance.

If uis concentrated on E, then (uV)z and the infimum of M ¢(uV’) both coin-
cide with uV, and there is nothing to prove.

Let us define the restricted projection on E of a measure u in 9 to be the
measure

pKz = (u — ') + w'Ka,

where 4’ is the part of u concentrated on the complement of E. It has just
been proved that (uV)z is the potential of K% , provided xV is excessive; one
should note that uKy is concentrated on E if that set is closed, or more gen-
erally if it includes all points regular for £ but not regular for %.

TueoreM 14.11.  Let (C) and (E*) hold, let E be a nearly analytic subset
of &, and let ¢ be @ measure excessive relative to R. Then g is the supremum
of vV as v ranges over the measures on E whose polentials are majorized by .

Let us write ¢ as uV + £, according to Theorem 14.6. It suffices to discuss
£, since potentials have already been dealt with.

If D is a special set, then M ¢ is the potential of a bounded measure .
To see this, consider a sequence of measures », whose potentials increase to
My £, One may take the measures to be concentrated on the union of D with
the set of points regular for D but not regular for R, replacing v, by v, K if
necessary; the argument proving Theorem 6.6 shows that the measures may
even be taken to have supports included in D. Proposition 12.1 and the
finiteness of ¢ on special sets together ensure that the mass of », has a bound
independent of n, and the existence of » follows from Proposition 14.8.

If E is included in the special set D, then clearly

tr = (Mp8)s = vKz V,

with »K% the restricted projection of » on E. The theorem is therefore true
in this instance.

It is worth going a step further, still assuming E to be included in a special
set, to prove that £z reduces to M £.  Consider again the sequence of special
sets D, introduced after Proposition 14.5, taking n so great that D, includes
E, and write

M Dy E = Vn V.

Then », is the projection of v,, on D, if m exceeds n, so that v, , the part of
v, on E, decreases as n increases. Thus v, V decreases to an excessive measure
which must be a potential, say aV, according to Proposition 14.9. On the
other hand, the potential of », — »,, increases to some excessive measure, say
8, so that & can be written &V 4 8. It now follows from Theorem 14.6 and
the properties of £ that o must be the null measure. On writing

tx=vn V4 (tn— vn)Kg V=9,V + Mgt
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one sees that My £ majorizes £z . Since the converse relation holds trivially,
the two measures are the same.

In dealing with an arbitrary nearly analytic set E, we shall use the dual of
(11.10), which we proceed to discuss. Let ¢ be an excessive measure, (B,)
and (E,) two sequences of nearly analytic sets such that B, includes E, for
every n, and take B or E to be the union of the B, or the E, . Then

(14.7) Ms¢ — Mgt S 22 {Ms, ¢ — Mg, ¢},

the terms making sense and the inequality being true when the measures are
restricted to any special set. Assume first that () holds and that the se-
quences are finite. Relation (11.10) implies that

vKs V.(C) — vKx V.(C) £ 2, (vK5,V.(C) — vKg, V.(C)}

holds whenever C is included in a special set and » is a bounded measure. One
obtains (14.7) on letting » run through a sequence of measures whose potentials
increase to {. Another passage to the limit, letting the parameter N decrease
to 0, shows that hypothesis (&) is unnecessary. Now, M 5 ¢ increasesto Mp ¢
as B runs through an increasing sequence of sets whose union is D; so another
passage to the limit, letting the number of sets increase, completes the proof.
One can also transfer Theorem 11.5 to excessive measures by the same reason-
ing.

Let us return to the proof of the theorem. We represent £ as the union of
an increasing sequence of sets E, , each included in a special set. We shall
also assume Vf to be bounded, f being the function appearing in the second
definition of ¢ g ; this is permissible because (F) holds. Given a strictly posi-
tive number &, choose a nearly open set B, so that

[ Mo, £956) = [ M, a0 + 277

and let B be the union of the B, . By (14.7),

[ 15 50956) = [ My e@ss) + .

Since ¢ is arbitrary and My £ is majorized by £z, these measures must coin-
cide. Finally, My £ increases to Mz ¢ as F runs through some increasing
sequence of compact subsets of E, each included in a special set, and My £ is
the potential of a measure on F. The proof is now complete.

It has been proved incidentally that ¢z is the potential of a measure on
E whenever F is included in a special set and every point regular for £ but
not regular for R belongs to E.

The theorem implies that the transformation { — ¢z is idempotent and that
¢z increases to ¢z as I increases to E’ through a sequence. It is not generally
true that ¢ increases to g‘“; as { increases to {’.

Suppose X to be the union of a sequence of special sets each of which is
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open, not only nearly open. Then ¢z is the infimum of M ¢ { as G ranges over
the open sets including E. Indeed, nearly open sets, in the form of special
sets, were used only to reduce the discussion of {z to that of a potential, assum-
ing E to be included in a special set, and one can now use open sets for this
purpose. The simple theory of §§4-9 is one instance of this situation; another
instance is treated in the next section. Possibly the nearly open sets may
always be replaced by open sets in the definition of ¢z .

15. A principle of the maximum

A part of what is commonly taken to be potential theory can be described
in the following manner.

X is a separable locally compact Hausdorff space, @ the Banach space of
functions continuous on & and vanishing at infinity, ® the set of continuous
functions with compact supports, € and ®* the corresponding sets of positive
functions. There is given a linear transformation V from ® to € which satis-
fies:

(o)  An inequality Vf = Vg holds everywhere if it holds on the support of g and
both f and g belong to ®™.

(8) Therets a sequence of functions hy, in & such that VF, increases everywhere
to 1.

(y) The range of V is dense in C.

We shall prove that under these conditions Vf can be expressed in terms of
Markoff processes in the way suggested by the notation. The description
itself will be discussed after the proof of this assertion.

That V sends positive functions into positive functions is proved by taking
¢ to be null in (@) and noting that then the support of g is empty. The other
preliminary remarks depend less dangerously on the wording.

The first two conditions imply the following statement, sometimes called
the principle of the maximum.

(3) Let a be a positive constant, f and g functions in ®&*. Then a + Vf
majorizes Vg everywhere if it does so on the support of g.

In proof, consider the sequence of functions V(f + bh,.), where b is any number
greater than a and the functions &, are the ones mentioned in (8). For some
value of n, according to Dini’s theorem, V(f 4 bh,) exceeds Vg on the support
of g; consequently b + Vf majorizes Vg everywhere.

In the rest of the proof (§) will be used in place of (@) and (8). We shall
see, after the proof is completed, that (8) is indeed equivalent to the conjunc-
tion of (a) and (8) whenever (y) holds.

Let f© and f~ be the positive and negative parts of a function f in ®, and let
a be either 0 or the maximum of Vf on the support of f*, whichever is the
greater. By (8), the inequality @ + Vf~ = Vf' holds everywhere, so that a
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majorizes Vf. It follows that the supremum of Vf, provided it is strictly posi-
tive, must be achieved on the support of the positive part of f.

The last statement will be strengthened to the following principle of a
positive maximum: The function f is positive at every point where Vf achieves
its maximum, provided the maximum is positive. Let Vf achieve its positive
maximum at the point 7, and let A be a compact neighborhood of r. Accord-
ing to (v), there is a function g in & such that Vg.(r) is strictly positive and
greater than the supremum of Vg on the complement of A. For every strictly
positive &, the maximum of V(f 4 eg) is strictly positive and is achieved on 4
but not on the complement of A; so f + eg is positive at some point of 4,
according to the preceding paragraph. It follows that f(r) must be positive,
because € and 4 are arbitrary and g depends only on A. I am indebted to
Carl Herz for this proof, which takes the place of one requiring stronger
hypotheses.

The principle of a positive maximum implies that f vanishes identically if
Vf does so.

We shall discuss bounded transformations first. Suppose, then, V to be
bounded when ® is normed as a subset of @, and extend V to all of € by con-
tinuity. The extended transformation satisfies (3) even for f and ¢ in €*,
as one verifies by approximating f and ¢ from below by functions in ®* and
using Dini’s theorem. It follows as before that Vf cannot take on a positive
maximum at a point where f is strictly negative and that V establishes a
one-to-one correspondence between € and its range D, which is dense in €.

Define I on ® by the formula IVf = —f, and define Vy, for A small and
positive, by the formula

a= 2 (=N, o=x<Y[ VI

)
Straightforward calculation shows that, for every f in @,

"\ = DVf = Vf
on the one hand, and

V)[\”]f = Z (_A)kVI‘H-lf — V)\f,
0<k<n

(N = DW= f = (=\V)'f =7,
on the other. Accordingly, A\ — I and V, are inverses, for A — I is a closed
transformation. By the principle of a positive maximum,

(= Dyg.(r) = M(r)

if g is a function in O taking on a positive maximum at the point r; so Vi
sends positive functions into positive functions, and its bound does not exceed
1/,

The definition of Vy can be extended to the intervals 0 < N < 2"/|| V||
recursively by means of the formula

(15.1) Va= 2 (e — NVEY 0 <\ < 2q,
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and the assertions already proved for small positive A remain valid. These
assertions, together with (y), form the hypotheses of the theorem of Hille
and Yosida. According to that theorem, there is a semigroup of linear
transformations K, on @ which has I for infinitesimal generator and which
satisfies the following relations:

(15.2) K.f—f, T — 0,

(15.3) 1K | <1, r>0,

(15.4) K.fz0 if f=0, 7> 0,

(15.5) "= [ VKfar, A= 0.
Jo

In the first relation the convergence is in the form of €.
Using the Riesz representation theorem, one can write, for every = and r,

K 1) = fx K, (r, ds)f(s),

with K,(r, ds) a positive measure on & of mass not greater than 1. These
measures behave like stationary Markoff transition measures, and K,(r, 4)
is Borel measurable in the pair (r, r) whenever 4 is a Borel set. A standard
theorem on semigroups ensures that the measures are determined by V, in
the sense that the associated semigroup of transformations K, of @ is the only
one satisfying the four relations above. We shall interrupt the main argu-
ment to prove a somewhat stronger statement of uniqueness needed later on.

For the moment let @(%) be the field defined as @ in §1, with 3¢ replaced by
K, and let A be a variable set in @(X). We shall prove that a family of
measures K.(r, ds) defined on @(%) must be the family K,(r, ds) if it has the
following properties: K;(r, A) is measurable over G(X) as a function of r;
it is measurable, as a function of the pair (7, r), over the completed field of
definition of every measure which is the product of Lebesgue measure and
some bounded measure on @(X); the equation

Kiolr, A) = [ Kir, d9)KiGs, 4)
%
holds identically; and the equation

Vi = | " fx K'(r, ds)f(s)

holds identically in r for every function f in ®.

Consider the Banach space of bounded functions measurable over @(X),
normed by the supremum of the absolute value. Define V) as a transforma-
tion of this space by formula (15.5), taking the transformations K. to be de-
fined by the measures K,(r, ds), and define Vs similarly in terms of the
measures K.(r, ds). Both transformations have bounds not exceeding the
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bound of V, and V; coincides with V, because it does so on B. It is also easy
to see that both V, and Vi satisfy (15.1), at least for | @ — A | less than the
number 1/|| V ||, so that Vi coincides with Vy for all values of N. Thus,
for given f and r, the two functions K, f.(+) and K, f.(r) agree for almost all
7 according to the uniqueness theorem for Laplace transforms. Let us take
f to be Vg, with g in ®*. Then K. f.(r) is decreasing in 7, and K, f.(r) is
continuous, so that there are no exceptional values of . It follows that
K.(r, ds) is the same measure as K,(r, ds), for every r and r, because V(®)
is dense in C.

The uniqueness being settled, we proceed to define true stationary Markoff
transition measures. Take 3¢ to be X augmented by a single point w, and set

P.(r, A) = K.(r, 4), rex, AcCXk,
(15.6) P.(r,w) =1 — K,(r, X), relXk,
P.(w, w) = 1.

Give 3¢ such a topology that it is compact and includes X as a subspace:
if & is not compact, 3C is the space obtained by adjoining w as the point at
infinity ; but if & is compact, an open set in 3C is one whose trace on X is open.
We shall suppose the functions in € to be extended to continuous functions on
3¢ by taking them to vanish at w; the Banach space @(3C) is then the direct
sum of the subspace € and the one-dimensional subspace of constants. The
kernels P.(r, ds) clearly induce a semigroup of linear transformations P, on
@(3¢) having the property that P, f converges uniformly to f as 7 — 0.

Transition measures behaving so well always satisfy hypothesis (4). The
proof is to be found in [1], [5], and [12], as will be shown in the following out-
line. Let 3C be a separable locally compact space, perhaps not compact, and
let P,(r, ds) be stationary Markoff transition measures on 3. The associated
transformations P, are assumed to leave invariant the Banach space €(3C)
of continuous functions vanishing at infinity and to converge strongly there
to the identity transformation as r — 0.

It follows quickly from these hypotheses that P,(r, A) is Borel measurable
in the pair (7, ) if A is a Borel set and that the integral [ P,(r, ds)f(s) is con-
tinuous in 7 if f is bounded and continuous; the second assertion is condition
(D) of [1].

The fact that P, f approaches f uniformly as » — 0, provided f belongs to
@(3e), implies the following statement: Let A be compact, B a closed subset of
the interior of A, and C a closed subset of the exterior of A; then

1 for r wn B,
lim P.(r, A) =
>0 0 for r wm C,

and the convergence is uniform on B u C. This statement is to be used in
place of Kinney’s condition D(u, u, -, b), and it implies Blumenthal’s condi-
tion (E’).
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A condition is needed limiting return from a neighborhood of infinity.
The following one is Blumenthal’s condition (F); it is to be used in place of
Kinney’s E(«) and R(— «), which are phrased ambiguously. If A is a
compact set, then P.(r, A) — 0 as r tends to infinity, and the convergence is uni-
form for 1 restricted to a compact set. In proof, let f be a positive function in
©(3¢) which exceeds 1 at all points of A. The function

g = )\f ¢ NP, fdr
0

belongs to €(3¢) and tends uniformly to f as A — o ; fix A so that ¢ is at least
1 at all points of A4 ; then

P(r, A) £ P.g.(r) £ &7g(r),

and the assertion is proved.

Let u be a probability measure on the Borel sets of 3¢. The existence of a
stationary Markoff process Z, having u for initial distribution and the P.(r, ds)
for transition measures, is proved in [5], pages 613 through 616. Separability
of a process relative to the class of closed sets is defined just as in IT §2 of [5];
the proof of Theorem 2.4 of that book enables one to replace Z by an equiva-
lent separable process Y, provided the space 3C is enlarged to its one-point
compactification.

One now proves Theorem 2.1 of [1] or Theorem IV (ii) of [12]. The asser-
tion is that almost every path of Y is included in a compact subset of the
original space 3¢, provided the time parameter is restricted to a compact set.
In particular, it was not really necessary to compactify 3¢ in passing from Z
to Y, and left and right limits Y(r+, w) and Y (r—, w) are almost certainly
points of 3C if they exist.

Either Theorem 2.2 of [1] or Theorem VI (i) of [12] establishes the existence
of right and left limits. The proof by martingales given by Kinney is very
short; the denominator 1 + 22(w) appearing in the theorem and the proof
should be omitted, since sample paths do not approach the point at infinity
in finite time. Blumethal’s proof makes no use of martingales.

That Y has no fixed discontinuities is Theorem 2.3 of [1]. The matter is
also treated in Theorem I of [12], but the proof of the second part of the the-
orem is not sufficient.

Since limits from the right and left exist and since there are no fixed dis-
continuities, one can define a process X equivalent to ¥ by setting

X(r, w) = lim Y (o, w),
TN

neglecting a certain set of w of probability null. Clearly X is a Markoff pro-
cess having u for initial distribution, the P.(r, ds) for stationary transition
measures, and sample paths continuous on the right and with limits from the
left. Theorems 1.1 and 4.2 of [1] show that the P.(r, ds) satisfy the rest of
hypothesis (4).
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It is now clear that the transition measures (15.6) satisfy (4) and that one
can write

(15.7) Vi(r) = fﬂ de £ " Hx() dr,

where X is a process having the P.(r, ds) for transition measures and starting
at the point r, R is the time X hits w, and f is a functionin@. Thus we have
arrived at the representation by processes, assuming V to be bounded, and
the results of preceding sections may be used freely.

Before going on to unbounded transformations we shall discuss the relation
of a bounded transformation V to the transformation W, defined on € by the
formula Wf = V(bf) with b a strictly positive continuous function on IC.
The transformation W shares all the properties of V'; so it determines families
of measures L.(r, ds) and Q.(r, ds) similar to K.(r, ds) and P.(r, ds). We
are going to show that processes having the Q.(r, ds) for transition measures
can be derived from those having the P.(r, ds) for transition measures by
changing the time parameter.

Given a process X with the P.(r, ds) for transition measures, define a new
stochastic process ¥ by taking Y (7, w) to be X(o, w), with ¢ and 7 related by
the equation

T = fod b(X(p)) dp.

The initial distribution of Y is the same as that of X, and the sample paths of
Y have the same properties of continuity as those of X. Next, define proba-
bility measures on 3C by setting

Qi(r, 4) = @{Y(r) e 4},

where Y is obtained from a process X starting at r. One proves easily that
each process Y is a Markoff process having the Q;(r, ds) for stationary transi-
tion measures, by translating the statements to be verified into ones concerning
the processes X and then using the extended Markoff property. It can be
proved in this way that the Q:(r, ds) satisfy hypothesis (4), but we shall ob-
tain a little more by another argument. By the reasoning at the end of §1,
the quantity Q.(r, A) is defined for all sets A4 in the field @; as a function of 7,
it is measurable over &; and, as a function of the pair (7, r), it is measurable
over the completed field of definition of every measure which is the product of
Lebesgue measure and some bounded measure on G. In addition, for a func-
tion belonging to @ and hence vanishing at w,

i) = [ do [ X)) dr
= jﬂ dw fosf(Y(-r)) dr
= [ o [ @it asno),
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where f, X, R have the same meaning as in (15.7), Y is the process obtained
from X, and S is the time Y hits w. Thus, by the uniqueness proved before,
the kernel L,(r, ds) is obtained by restricting both arguments of the kernel
Q:(r, ds) to ®. Tt follows that Q.(r, ds) coincides with Q.(r, ds), so that we
have indeed shown how to obtain processes corresponding to W from those
corresponding to V.

The probability of a process Y hitting a certain set is obviously the same
as that of the corresponding process X, although the times of hitting may not
be the same. If b is identically 1 on the open set G and if X starts at a point
of @, then both X and Y hit the complement of G at the same time 7', and
X (7, w) coincides with Y (r, ) for all 7 less than T'(w). These are the facts
we shall use in a moment to avoid a tedious analytical proof.

Let us consider now an unbounded transformation satisfying conditions (y)
and (8); we shall denote it by V in order to preserve the notation already intro-
duced. With any function @ in ®", there is associated the transformation
f — V(af), which has for bound the maximum of Va and which we suppose
extended to all of @ by continuity. Since & is the countable union of open
sets with compact closures, there is an increasing sequence of functions a.
in ®" such that

> max V(@ — @) = a < ©

and such that a, the limit of the a, , belongs to € and is strictly positive. The
transformations associated with the a, converge strongly on € to a transforma-
tion V whose bound does not exceed a. The restriction of V to ® satisfies
conditions (y) and (), because Vf is just V(af) if f has compact support. All
the results we have obtained for bounded transformations may therefore be
applied to V and to the transformations derived from it by changing the time
parameter of processes.

The function a is to some extent arbitrary; we take it to be bounded by 1
and extend it to 3¢ by giving it the value 1 at w, so that the extended function
is discontinuous at that point. Fix a sequence of open subsets G, of X so
that Gy is empty, the closure of G, is a compact subset of G4 , the union of the
G, is X, and construct an increasing sequence of continuous functions b, on
3¢ so that by is the constant 1, b, coincides with 1/a on G, , and b, is identically
1 outside Gyy1 .  These functions satisfy the conditions imposed on the function
b above, and we denote by W" the transformation f — V (b, f). Clearly,
W' is the same as V; and W"f, for every f in ®*, increases with n and coincides
with Vf as soon as @, includes the support of f. We shall investigate the
behavior, as n grows large, of the transformations L; determined by the W™".

Let f be a function of the form Vg, with g in ®*, and let ¢ be a strictly posi-
tive number. Take A to be the compact subset of X on which f is at least ¢.
If n is so large that G, includes the support of g, then

Lif= L W'g =,

so that L7 f is less than ¢ outside A. The discussion of the behavior on A4 is
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a little more complicated. Choose h in & so that VA exceeds 1 at every
point of 4; then VA and all the W"h also exceed 1 on A. Take B to be the
compact subset of & on which V' is at least e. If X is a process starting at a
point outside B and having transition measures determined by W", its sample
paths meet A with probability at most ¢, according to Theorem 13.2 and the
fact that VA majorizes W"h; the probability vanishes, of course, if the starting
point is w. Now choose n so large that G, includes B, let » be a point of A4,
let X™ be a process starting at r with transition measures determined by W",
and let T be the time X" hits the complement of G,. Given an integer m
greater than n, we take X™ to be the process X" with the time parameter
changed by means of the function b,,/b, ; the process X™ starts at » and has
for transition measures the ones determined by W™. Since b,,/b, is identically
1 on G,, the time at which X™ hits the complement of @, is also T, and
X™(7, w) coincides with X"(r, w) for all 7 not exceeding T'(w). For any given
7, partition Q into @', the set where T exceeds 7, and its complement Q”.
Then X™(7, w) is the same as X"(r, o) for w in ©’; and the set of w in Q” for
which either X"(r, w) or X"(+, w) belongs to A has probability less than
2¢, as one verifies by using the extended Markoff property with stopping time
T. Matters being so, we have

| L7 f.(r) — L7 £.(r) |

IIA

[ 15 @) = 5 @) | o

=< 2¢ + 2¢ max f.

These estimates prove that L; f.(r) converges uniformly in the pair (r, r) as
n — . The convergence holds in fact for every f in @, because V(®) is
dense in € and each transfromation L; has a bound not exceeding 1.

Consequently, L, converges strongly to a transformation K, of €, and the
limit transformations form a semigroup satisfying (15.2), (15.3), and (15.4).
In addition, one has the representation

i) = fo "R dr

for every f in ®; for a function in ®”" the representation follows at once from
the uniform convergence of L. f.(r), Fatou’s lemma, and the equality of Vf
and W"f for large n.

Stationary Markoff transition measures and processes are introduced now
just as for a bounded transformation. It must be remarked that the processes
corresponding to ¥ can be obtained from those corresponding to V by a change
of the time parameter using the function 1/a, and that hypothesis (4) carries
over immediately. We have chosen the more cumbersome method of approxi-
mation in order to prove simply that the transformations induced by the
transition measures send continuous functions into continuous functions.

The transformation V has been assumed to satisfy (y) and (5). In order
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to show that ¥ must also satisfy (8), it suffices to prove that the bounded
transformation V satisfies (3). The factorization

1+NV=0-0D0V

implies that 1 -+ AV is a one-to-one transformation of € onto itself for all
positive A; the same assertion is therefore true of the transformation
f— f 4+ AV(hf), with h a fixed strictly positive function in €. Let y» be
the one function in € which satisfies the equation

W+ AV () = AVh.
This equation is equivalent to
Iy — N = —\h,

so that ¥, lies between 0 and 1 according to the principle of a positive maxi-
mum. It is also easily verified that ¢, increases to 1 asA — «. On the other
hand, writing

(15.8) ¥ = AVI(1 — ¢)h]

shows that ¥y is the potential of a function in @*. The verification of (8) is
now trivial. There is an alternative argument using equation (15.8) and the
latter part of §4, but then the proof of the continuity of ¢, is more compli-
cated.

We have been discussing what may be called a regular theory of potentials
of functions in which a principle of the maximum holds. The dual notion, a
regular theory of potentials of measures in which a principle of projection holds,
can be described in this manner: There is given an additive transformation
v — uV of bounded measures on X into measures finite on compact sets; uV
varies continuously in the weak topology of measures as u does so, provided
the mass of yx remains uniformly bounded, and the following conditions are
satisfied:

(o) With each bounded measure u and each compact set F 1s assoctated at least
one bounded measure ur , concentrated on F, such that ur V is magjorized by uV
and coincides with uV on F.

(8" If u and ur are related as in (a’), then the mass of ur does not exceed
that of .

(") A bounded measure u is determined by uV.

Given such a transformation, define a transformation f — Vf of ® into @
by taking Vf.(r) to be the integral of f with respect to the measure ¢, V, where
& 18 the unit mass at the point r; the transformation indeed sends ® into @,
because ¢, V varies continuously with 7. One verifies the relation

(15.9) [ wanviey = [ uvianse), fea,
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by approximating the bounded measure u by a linear combination of point
masses. This relation and condition (y") imply that V(®) is dense in €.
That the transformation f — V7 satisfies condition (8) follows at once from
(o), (8), and (15.9). It is now clear that 4V has a representation in terms
of Markoff processes.

We have proved that a theory of potentials satisfying the description at
the beginning of the section, or the one just given, is an instance of the relative
theory developed in §§10-14. On the other hand, every instance of the rela-
tive theory very nearly satisfies (@), (8), (v) if it satisfies (D) or (F). Indeed,
() holds for all positive functions, (8) holds with the h, positive but perhaps
not continuous, and (y) holds in the sense that a measure u must vanish if
J w(dr)Vf.(r) vanishes for every positive function f.

The reduction to the relative theory by introducing processes on the space
X augmented by a single point is particularly simple, but it is not the only
possible one. Suppose, for example, that the total mass of the measure
K., (r, ds) depends perhaps on = but not on the point r. It must then be of
the form ¢, with X\ positive, so that the measures ¢ K,(r, ds) are stationary
Markoff transition measures on X satisfying hypothesis (4). The potential
theory is then an instance of the simple theory of §§4-9, based on these transi-
tion measures and having \ as parameter. Matters must be so if V is bounded
and sends the constant function 1 into 1/\ when extended in the obvious man-
ner to the class of bounded continuous functions on X. It is desirable to
have such an immediate criterion for an unbounded transformation, that is to
say, for vanishing N\. If V is invariant under a transitive group of homeo-
morphisms of &, in the sense that V(fo o) coincides with (V) o ¢ for every f
in & and every element ¢ of the group, then the transformations X send con-
stants into constants, since they are also invariant, and the situation is that
of the simple theory, with vanishing parameter if V is unbounded. Ex-
amples are the theories of the Newtonian, Riesz, and heat potentials.

If & is discrete, one can avoid introducing an additional point by construct-
ing processes on X and then introducing a terminal time defined by a positive
function and the empty set. The new processes can be derived from the ones
already defined by suppressing the jumps from & to w. The construction is
also possible when X is not discrete, provided the function 1 — ¢ can be
written Va, with o some positive function; here ¢ is the limit of K, 1 as 7 — o,
while K. 1 and Va are to be defined as integrals, so that a need not be con-
tinuous. The system of terminal times to be used with these processes is the
one determined by @ and the empty set.

The results of this section can be used to present hypothesis (C) in another
form. Suppose the transition measures of §1 to satisfy (4) and (C). Then
the transformation U", for \ strictly positive, satisfies the conditions at the
beginning of this section, with & taken as 3¢, and sends constants into con-
stants; condition (8) holds trivially, and (y) follows from the fact that a
bounded measure is determined by its potential. The transformations
¢ VP, consequently leave €(3¢) invariant and converge strongly on that space
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to the identity transformation as + — 0. The transformations P, obviously
share these properties. On the other hand, (C) holds whenever the P, leave
e(3C) invariant. Under (4), accordingly, (C) is equivalent to the statement
that the P, leave €(3C) invariant, and it implies that the P, converge strongly
on C(3C) to the identity transformation.

Some simplifications can be made in phrasing the arguments and results of
preceding sections for the situation described at the beginning of this section.
In particular, special sets may be replaced everywhere by open sets whose
closures are compact subsets of K. It suffices to prove that every compact
subset of & is included in some Xg. Were this not so, there would be a point
s of & such that R, , the terminal time assigned to a process X, starting at r,
tends in probability to 0 as r tends to s through a certain sequence of points
in % ; we shall prove that then V7.(s) vanishes for all fin ®*. Let « and A be
strictly positive. The kernel Vy is defined by taking the terminal time R}
to be the minimum of R, and S*, so that

yf(r) = /de jo‘m f(XT(T)) dr

IIA

a max f 4+ fg, dw v[})\ F(X (7)) dr

IIA

amax f + \'®{R, > «} max f,
where @’ is the set on which R, exceeds . On letting r approach s, we obtain
Vaf.(s) £ amaxf,

since ®{R, > a} vanishes in the limit; on letting «, then A, approach 0 here,
we find that Vf.(s) must vanish. This result contradicts both (8) and (v).
So every compact subset of & is included in some &g .

A slight extension of the results of this section will be treated briefly, as a
preparation for the next section. Let p be a strictly positive continuous func-
tion on X, and take €, to be the Banach space comprising the continuous
functions f on & for which f/p vanishes at infinity, with the maximum of
|f/p| as norm. Let V' be a linear transformation from ®& into €,. We
suppose that («) holds for V', that V'h increases to p as h runs through some
sequence of functions in ®*, and that the range of V' is dense in €,. If
p is bounded away from 0, the introduction of the space €, may be avoided by
requiring V’ to be a transformation from ® into € with range dense in €.
The transformation V,

Vi =2V
P

clearly sends ® into @ and satisfies («, 8, v). Let K.(r, ds) be the measures
associated with V, and define new measures by the formula

L

K;(T, dS) = p(T)Kr(T; dS) p(S) .
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These measures determine a semigroup of transformations K of €, that satisfy
relations (15.2) through (15.4) and also the relation

V’f=f0wK§fdr.

The mass of K.(r, ds) may exceed 1, however; it is only certain that the
integrals [ K.(r, ds)p(s) are bounded by p.

After defining in an obvious manner the notions of potential, excessive
function, excessive measure, relative to the family K.(r, ds), one can transfer
all the results of §§10-14 to the present situation. TFor example, a function
¢ is excessive relative to the K;(r, ds) if and only of ¢/p is excessive relative to
the K. (r, ds); thus, if ¢ is such a function and if X is one of the processes
defined above, with R for terminal time, the composition (X (7)) almost
certainly is continuous on the right in = and has limits from the left, for =
less than R, because the statement is true of o(X(7))/p(X (7)) and p(X(7)).
In the translation, the measure Kg(r, ds) corresponds to the measure

Ki(r,ds) = p(r)Ku(r, ds) * ;
p(s)
and the transformation Mz to the transformation
1

The extension shows, for example, that condition (8) may be omitted if
X is compact; all the results of §§10-15 still hold with slight changes in word-
ing. The probabilistic interpretations unfortunately become somewhat
forced in this reduction to the situation we have studied. A more appropriate
model, which involves creation of mass as well as destruction, will be discussed
in the next section.

The matters dealt with in this section are also treated in [3], in quite another
spirit.

16. Creation of mass

In this section the space 3C and the transition measures P, are assumed to
satisfy the conditions set forth in §1, while A is a given nearly analytic set
and c¢ a given function, measurable oves @ and satisfying the following condi-
tion: There is a positive Borel measurable function b on 3C such that —b bounds c
from below and such that, for every process X and with probability 1, the integral

fOT b(X(cr, w)) do

is finite for all . It will be shown that a theory very like the one of §§10-14
can be based on the pair (¢, 4).
The freedom in choosing b is useful in verifying some conditions imposed
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later. The function b will be held fast, except in a few incidental arguments,
and the positive function b + ¢ will be denoted by a. Quantities of the rela-
tive theory determined by the pair (a, A) will be denoted by R, K,, V as
before; the parameter A is taken to vanish.

Given a process X, set

(16.1) Zx(r,w) = exp{f()1 b(X(o’, w)) da}.

This function increases with 7 and is continuous with probability 1. It is to
be thought of as the mass of the particle w at time =, while X (7, ) is the posi-
tion of w.

Define a family of measures K; (r, ds) by the formula

K, B) = [ Zxtr, )xa(X(r, @) do

taking X to be a process starting at r, xz the characteristic function of B,
and Q' the set where 7 is less than the terminal time R assigned to X. These
measures are by definition the transition measures relative to (¢, 4); one
easily verifies the relation

K, B) = [ xa(X@) o { = [ o(X(0)) do} s,

with Q” the set where 7 is less than the time X hits 4, so that the dependence
on the choice of b is only apparent. The measures K; may have mass greater
than 1, but otherwise they behave like the transition measures relative to .
The kernel for potentials is taken to be

V(r, B) = fo K(r, B) dr.

For a system T of terminal times, relatively independent of %, the kernel
K3(r, ds) is defined as

K50, B) = [ Zx(T)xa(X(D) do,

with Q* the set where R exceeds the time 7' assigned to X by T.

Tixcessive functions or measures and potentials of functions or measures
are defined relative to (¢, A) by using K; and V° in place of K, and V; the
special sets are taken to be the special sets relative to 9t. A function or meas-
ure excessive relative to (¢, 4) vanishes outside the set & of points not regular
for . Some of the results of preceding sections, such as Proposition 12.1,
carry over to the situation considered now, because K; majorizes K, ; for the
same reason, a function or measure excessive relative to (¢, 4) is also excessive
relative to RN. Instead of listing the facts that can be derived in this way, we
shall show how the theory based on (¢, 4) can be reduced to the one treated in
§§10-14 by adjoining the mass as a new variable.
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We shall denote by 3¢° the product space 3¢ X J, with J the interval
I £ 2 < «, and sometimes by r* a generic point (r, z) of the product space.
For given r and r*, define a measure on 3¢ by setting

PXGX. B) = fﬂ xs(X(7), 2Zx(r)) do, B C 5%,

taking X to be a process starting at r and x5 to be the characteristic function
of a set B in 5. These measures form a family of stationary Markoff
transition measures on 3¢<, and we shall prove that PX(r", B) is Borel
measurable in (r, ) whenever B is a Borel set. It is enough to show that
PX ¢.(r) is Borel measurable in (r, r) for every function g of the form z7*f(r),
with k a positive integer and f a function in @(3C), because linear combinations
of such functions are dense in €(3¢*). First suppose b to be bounded and set

(16.2) Unlr, 7) = 7% fn F(X(@) { fo B(X () da}n do,

with X a process starting at » and having the P. as transition measures. The
function ¢, is bounded by «"7"/n!, with « a suitable constant; it is also Borel
measurable, as one sees by writing the second member of (16.2) as

[ o+ dow [Purr, ds)Pesas(on, ds) -+ Py, ds)f () TT b9,

where s, s1, - - - , 8, all range over 3C and the o; are restricted by the inequalities
0 <o < -+ <on < 7. Now,

_ expd— 1 [ }
PXg.(r™) = fnf(X(‘r))z exp = Icfo b(X(0)) dop dw
= z—k ; (_k)n \[/n(ra T)7

the series converging uniformly in r and =, provided 7 is restricted to a compact
set. Borel measurability follows at once, for a bounded b; to extend the
measurability to an unbounded b, one has only to approximate b by an in-
creasing sequence of bounded functions.

The transition measures have been shown to satisfy the conditions of the
first paragraph of §1. They also satisfy hypothesis (4). To obtain a process
having the PX as transition measures and starting at the point (r, 2), for ex-
ample, one has only to set

X*(r) = (X(v), 2Zx(r)),

taking for X a process having the P, as transition measures and starting at the
point r of 3¢; the sample paths of X have the same properties of continuity
as those of X, since the second coordinate zZx(r) is almost certainly con-
tinuous. The parts of (4) concerning behavior under stopping times are also
trivially reduced to the corresponding statements concerning the original
transition measures P. .
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Let us take % to be the system of terminal times determined by a and
A X J for processes having the P as transition measures; here a is considered
a function on 3¢ which depends only on the first coordinate. The system
R may obviously be identified with % if processes corresponding to the PX
are constructed from those corresponding to the P,. Quantities relative to
R will be denoted by KX, ¥V, and so on. Note that & is precisely & X J
and that every % -special set is included in an 9% -special set of the form D X I,
with I a bounded interval in J and D an R-special set.

We shall consider only functions on 3¢ or 3¢ which are positive and vanish
outside & or X*. Given a function f on 3¢, denote by f* the function on 5¢*
defined as

f¥(r, 2) = #f(r),

so that f <> f* is a one-to-one correspondence between functions on 3¢ and
the functions on 3¢* that satisfy the relations

g(r, uz) = ug(r, 2), wzl

Clearly, f is excessive relative to (¢, 4) if and only if f* is excessive relative to
9%, and the two relations

(Voy* = V7,
(K% f)* = K& f*, E*=E X J,

hold identically, f being assumed excessive relative to (¢, 4) in the second.

Let ¢ be a function excessive relative to (¢, A). By the preceding correspond-
ence, the assertions of Theorems 11.3 and 11.5 and the inequality (11.10)
hold for ¢, the kernels being defined relative to (¢, A). The treatment of the
semimartingale following Theorem 11.3 is also valid, with (X (7)) replaced by
(X (1)) Zx(7).

The other theorems concerning excessive functions and measures require
additional hypotheses, which will be discussed now. The hypotheses on P,
and RN will be denoted again by (B), -+, (E), and those on P¥ and R by
(BX), -+, (BX). Itis to be noted that (D) and (E) imply respectively (D)
and (E7). Also, the argument establishing Borel measurablity of PX(r, B)
shows that (C™) holds if (C') holds and b is a bounded continuous function; for
particular transition measures, such as those of Brownian motion, much less
is required of b. The hypotheses concerning the measures K; are denoted
by (D), (E°), and (¥).

(D%) Let D be an N-special set, X a process with the P, as transition measures,
and (T,) an increasing sequence of stopping times for X, each T, being relatively
independent of the terminal time R assigned to X. If the limit of the T, s at
least R, with probability 1, then

[ 2:(1) xo(x (1) do = 0, n— o,
Qn
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where xp 18 the characteristic function of D and Q, s the set on which T, is less
than R.

(E°) If D is an R-special set, then V°(r, D) s bounded in r.

(t) There is a sequence of positive functions h, whose potentials V°h, are finite
everywhere and increase to infinity with n at every point of K.

Obviously, (E°) implies (F). To see that (D°) implies (D), take T, to be
the infimum of the = greater than n for which X (7) belongs to D, and choose
the R-special set D’ to include every point regular for D; the probability of
the joint event, that R is infinite and X (7) belongs to D for arbitrarily great
values of 7, does not exceed

LWWMN%

which tends to 0 under (D°) because Zx is bounded below by 1.

If (C) holds, then for every special set D there is another special set D’ such
that V°(r, D’) is bounded away from 0; this assertion follows from Proposition
12.1, because V° majorizes V.

If (C) and (E°) both hold, then so does (D). Indeed, given a special set D,
consider a potential V°f which is bounded above and which exceeds 1 on D;
the existence of such a potential follows from (£°) and the preceding paragraph.
One has, using the notation of (D),

memﬂwmwgﬁmmwwmmmw

=L®£aw@w%

and the last expression vanishes in the limit, as n — «, because the integral

[Vi(x©) ds = [ as [ 205 (X)) ar

is finite. Proposition 12.5 could have been proved in the same manner.

Clearly, (1) follows from (E°), and an argument like the last one in the
proof of Theorem 12.2 shows that it also follows from (D°).

Under (1) a function excessive relative to (¢, A) is the limit of an increasing
sequence of potentials, while under (E°) a measure excessive relative to
(c, A) is the limit of an increasing sequence of potentials. The proofs are like
those of Theorems 12.2 and 14.2.

We shall now derive the analogue of Theorem 14.6, assuming (C*) and (E°)
to hold. A measure on 3¢ or 3¢* will be tacitly understood to vanish outside
% or %> and to be finite on sets which are special relative to 9t or 9. Con-
sider a measuer » on 3¢* that satisfies the relations

(16.3) v(B, uC) = u '»(B, C), u

1%

L
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where uC stands for the set comprising the numbers uz with z in C. Such a
measure must have the form

(16.4) v(dr, d2) = 2 u(dr)dz,

with u a measure on 3¢ and dz Lebesgue measure on J; it must also be finite
on every set of the form D X J, with D an R-special set. One easily verifies
that » satisfies (16.3) if and only if its potential »7> does so; here the po-
tential is assumed finite on 9™ -special sets, and the finiteness of » on such sets
follows from (C™).

Given a measure u on 3¢, let us take u* to be the measure on 3¢* defined by
the right member of (16.4), so that u <> u* is a one-to-one correspondence be-
tween measures on 3¢ and the measures on 3¢ that satisfy (16.3). Clearly, u
is excessive relative to (¢, A) if and only if u* is excessive relative to %%, and
the relations

WV = WV @KE VO = WK VX, B =EXJ
hold. The second of these relations implies that
(M5 0)* = M% ¥, E*=E X J,

¢ being excessive relative to (¢, 4) and Mz being defined as in §14.

Let ¢ be excessive relative to (¢, 4). Then {*, which is excessive relative to
9, can be represented according to Theorem 14.6 as £ 4+ »V, with £ a meas-
ure having special properties. To prove that £ and » both satisfy (16.3),
consider the representation of the measure {* o h,, where h, is the homeo-
morphism (r, 2) — (r, uz) of 3¢~ into itself, defined for u not less than 1. This
measure is also excessive relative to %=, and

Eohy + (WV)ohy, = {*oh, = w'i* = w g+ uWV

Now, the first and the last members of this chain both satisfy the conditions
imposed in Theorem 14.6 on the representation of an excessive measure.
Since that representation is unique, ¢ and »¥V”> must satisfy (16.3); by a re-
mark above, the measure » satisfies the same relations. What has been said
so far enables one to write ¢ as a + uV°, with «a excessive relative to (¢, 4) and

af =& ut =

An additional argument is needed to establish the characteristic property of
the measure «. Let D be an R-special set, F the complement of D X J in
3¢*, and F, the union of F with D X J, , where J, is the interval n < 2z < .
By the characteristic property of &,

M%,£(B) = &(B)

for every n and every set B in 5¢*. Let us take for B a set comprising only
points whose second coordinates are bounded above, say by m. Since a
process with the PX as transition measures has a second coordinate that
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increases with time, the equation
BKF, VX(B) = BK¥ V(B)

holds for all n greater than m and for all measures 8; hence, by the definition
of the transformation M5 ,

M%, £(B) = M¥ £(B).

Consequently M7% & coincides with ¢ or, expressed in other terms, M%a
coincides with « whenever the complement of ¥ is included in some R-special
set. Thus a + uV* is the desired representation of {; the uniqueness of the
representation of course follows from the uniqueness of the representation
of ¢*.

It is perhaps easier to repeat former proofs, under new hypotheses, than to
translate results already established for P¥ and %™ into the new setting. For
example, the proof of Theorem 13.2 under (D°), the proof of Theorem 13.5
under (B) and the hypothesis that (D°) holds whenever a strictly positive
constant is added to ¢, and the proof of Theorem 14.11 under (C) and a
strengthened form of (E°) proceed almost word for word as before. On the
other hand, it is desirable to discuss systematically the situations considered in
§§1-14, supposing a group or semigroup to act on 3¢ and limiting attention to
functions and measures transforming in a given way under the action of the
group; the theory based on the pair (¢, 4) need not then be treated separately.

Our model for creation of mass is not general enough to serve as a basis for
results like those of the preceding section. The defect can be remedied by
introducing the mass axiomatically rather than by the explicit formula
(16.1). Of course, one would still seek an explicit construction of the mass in
particular situations; such a construction exists for Brownian motion on the
line, as I have learned from K. It6 and H. P. McKean.

A similar generalization of the relative theory, by introducing systems of
terminal times axiomatically, has already been mentioned. It is desirable, in
fact, to go a step further. The statements that have been proved in this
paper involve the behavior of sample paths only before the terminal time; our
hypotheses require the paths to behave well for all time. Creation of mass
has been treated quite differently from destruction of mass; it could have been
treated similarly by speaking of the creation of particles at a system of initial
times. So one might properly take as foundation the following situation.

There is given a space & and a family of kernels K. (r, ds). The equation
K, K, = K, is to hold identically, but the mass of K.(r, ds) is unrestricted.
A realization of the family K, and an initial measure u is a triple (R, S, X),
with R and S positive functions on a measure space & and X (7, w) defined as a
point of & for w in @ and 7 in [R(w), S(w)). The function S is to be not less
than R, and the measure of the set of w satisfying the conditions

Rw) = 7 < S(w), X(r;, w)ed;, 1=0,1,:---,m,
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for all given sequences

T=0< 7 < - < 71, AgC &R, -+, 4, C X,
is to be

f u(dro)f Ka,(ro, dry) f K, (Tn1, dra),
Ag Ay Ap

where A; stands for 7; — 7.1 . Unfortunately, there is no discussion of such
realizations similar to the discussions by Blumenthal and Kinney of realiza-
tions of Markoff transition measures.
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