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§ 1. Introduction.

We will develop a potential theory for two Markov processes which are
in duality and apply it to an extension of the Chacon-Ornstein ergodic theorem.

Let X be a locally compact separable Hausdorff space and m be a positive
Radon measure on X. Consider standard Markov processes M= (X,, P;) and
M “—“(X,, PI) which are in duality with respect to m in the sense that the
equality

(LD (f, Te)=T.f, 8, t>0,

holds for any non-negative Borel functions f and g on X. Here T, (resp. Ty
is the semi-group associated with M (resp. M) and (f, g) is the integral

j‘xf(x)g(x)m(dx). The quantities relative to the dual process M are denoted

with ~ and designated by the prefix co-. Notice that the present duality is
much weaker than that of Blumenthal-Getoor [2; VI] and we do not assume
the absolute continuity of resolvents or transition probabilities.

A set AC X is said to be almost polar if there is a Borel set B such that
ACB and

(1.2) P o< +00)=0 for m-a.e. x€X,

where op is the hitting time inf {{>0; X, B}. “Quasi-everywhere” or
“q.e.” will mean “ except on an almost polar set”.

Recently the notion of almost polarity was employed independently by
S. Port and C. Stone [12] for additive processes with m being the Haar meas-
ure and by the author for general m-symmetric Markov processes whose
associated Dirichlet spaces are regular®. In both cases, almost polar sets
were identified with the sets of A-capacity zero, the A-capacity being defined
suitably according to the respective situations. When M is the Brownian
motion on R? the almost polar set is just the set of the Newtonian outer
capacity zero.

1) Almost polar sets are called “essentially polar” in and “polar” in [8].
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In §2, we will study almost polar sets together with ¢. e. finely continuous
Sunctions and present some fundamental properties that they possess. Asser-
tions (i)~(ix) of § 2 are the generalizations of those established in [8; § 3, 4],
while (X)~(xiv) are our versions of those in Blumenthal-Getoor [2; VI]. The
second assertion states that each almost polar set is m-negligible. But the
converse is not necessarily true. Proposition (viii) asserts that the resolvent
of M is absolutely continuous with respect to m if and only if each almost
polar set is semipolar. The final assertion states that the next two conditions
(Cy) and (C)) are equivalent.

(C)) Each semipolar set is almost polar,

(C) A function is q.e. finely continuous if and only if it is g.e. cofinely
continuous.

In particular, condition (C,) is met when M is m-symmetric (M= M).
In §3, we will prove under the assumption (C;) that, for any bounded
Borel f, g LY(X; m), g=0, the ratio

§ T rds

(13 t
f Tg(x)ds

converges, as t— oo, to a finite limit q.e. on the set where the denominator
becomes eventually positive. The novelty of this generalization of the
Chacon-Ornstein theorem is that the original statement of a.e. convergence
is strengthened to q.e. convergence. Since almost polarity and m-negligibility
are equivalent, however, in the cases of discrete time Markov processes, the
two notions have not been distinguished in ergodic theory so far. Our key
step is to generalize Brunel’s ergodic inequality following the line of A. Garsia
[10]. Brunel’s inequality combined with a potential theoretic result of §2
will immediately implies q.e. convergence of the ratio [1.3).

We note that, in other fields of analysis, especially in Fourier analysis
and the boundary limit theorem, we often encounter this kind of phenomena
of the transfer from a.e. to q.e. (cf. Carleson’s monograph [4]).

Our ratio limit theorem can be applied to an ergodic decomposition of
the state space. In §4 we will show that the conservative (resp. dissipative)
part of our decomposition consists, after a suitable modification by a polar
set, just of finely recurrent (resp. transient) points in the sense of Azema,
Kaplan-Duflo and Revuz [1], assuring further that the conservative part is
not only 7;-invariant but also sample path-invariant. An additional absolute
continuity condition will be imposed in §4, for we will have to use a theorem
of J.L. Doob [6] concerning the quasi Lindel6f property of the fine topology.
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§2. Potential theory for M and M.

Our assertions will be listed up.

(i) Let E be universally measurable. The next three conditions are equi-
valent,

(o) m(E)=0.

By P, x, EY=0 m-a.e. x< X, for each t> 0.

(r) Gux,E)=0 m-a.e. xe X, for every a>0 (equivalently for some a>0).
Here p(t, x, E) (resp. G (x, E)) is the transition probability (resp. the resolvent
kernel) of the process M.

PROOF. We only show the implication (8)=(a):

0=1lim j T I5(x)m(dx) = lim j 1,100 5(x)ym(dx) = j I-(x)m(dx)
tlovYxy tlovYx X

where I; denotes the indicator of E.

(i) If N is almost polar, then m(N)=0.

PROOF. There is a Borel almost polar set EDN. Then E satisfies (3).
Hence m(E)=0.

(ili) Let A be a Borel set and put

T f(x)=E(f(X)); t<04),

G1(x) = Ex(e”*™f(Xa ) .
Then we have

2.1) (f, Tig)=(T?f, g), >0,
(2.2) (f, HSG,8) = (H4G.f, g8), a>0,

Jor any non-negative Borel functions f and g. Here G, is the resolvent of T;.

PROOF. is equivalent to . was proved by Dynkin [7; Lemma
14.1] for the Brownian motion by making use of a method of time reversion.
The same method has been extended to m-symmetric Markov processes in
[8; Theorem 3.5]. The argument there is independent of the symmetry of
T, and only the relation of duality is enough to get for open A®.
Next for any Borel A can be obtained just asin [2; pp. 262] by noticing
that any semi-polar set (resp. cosemi-polar set) is of potential zero (resp.
copotential zero) and hence m-negligible according to (i).

For a nearly Borel set EC X, we will write

eg(x) = HgL(x)
ex(%) = H5 1(x) = Pp(0g < +0).

2) Recently T. Watanabe gave a quite different proof of the relation
‘for open sets by making use of a method of the balayage of excessive measures.

(2.3)
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Here are two consequences of the relation [2.2).

(iv) Almost polarity and almost copolarity are equivalent.

PrROOF. Let E be Borel and almost polar. Then, for any g Cy(X) (the
space of continuous functions with compact supports), 0=(1, H§G.&)=
(H%G,1, g). Hence O:ﬁ%éalgﬁ‘}g‘@ﬁl m-a.e. for all 8= a. But then é3(x)=
ﬁlﬁiinmﬁﬁ;‘éé,gl(x)zo for m-a.e. x= X, proving that E is almost copolar.

(v) Let A be nearly Borel and finely open. Suppose that a nearly Borel
subset EC A has the property that

éx(x)=0 m-a.e. on A.

Then E is almost polar.

PROOF. If E is nearly Borel, then there are, for a strictly positive func-
tion he LY(X, m), some Borel sets E’ and E” such that EFC ECE” and
Py(X; € E"—E’ for some ¢t=0)=0, which means that E”—E’ is almost polar.
Hence it suffices to show the proposition (v) for a Borel set E.

Take any compactum KCE. Since éx=0 m-a.e. on A, we have 0=
(H2G.f, 1) = (f, HG,I,) for any fe Co(X). Therefore HgGgl,=0 m-a.e. for
all B>a. HE is supported by K but ;1_{2 BGsli(y)=1 for y= K(C A) because

A is finely open. We get ¢8(x)=0 m-a.e. Now find, for a strictly positive
he LY(X; m), an increasing sequence of compact sets K, C E such that (4, eg)
=lim (h, ¢g,) to complete the proof.

DEFINITION. A function f defined q.e. on X is called q.e. finely continuous
if the following conditions are satisfied: there exists a nearly Borel almost
polar set B such that X—B is finely open and f is nearly Borel measurable
and finely continuous on X—B.

(vi) If f is q.e. finely continuous and if f=0 m-a.e. on X, then f=0 q.e.
on X.

PROOF. Let B be the set appeared in the above definition of q.e. fine
continuity of f. Then the set A=(X—B) {x; f(x) <0} is nearly Borel and
finely open. Since m(A)=0, é,=0 m-a.e. on A trivially and A is almost polar
by (v).

The following characterization of almost polar sets already appeared in
[8; Theorem 3.12]. We say that a set E is M-invariant if Py(X;< E for every
te[0,0)=1 for every x& E®,

(vil) A set N is almost polar if and only if there exists a Borel set BON
such that m(B)=0 and X—B is M-invariant.

PROOF. Let N be almost polar then there is a Borel set B, D N such that
ep,(x)=0 m-a.e. Since ep, is excessive, it is nearly Borel and finely continuous.

3) £ is the life time of the process M.
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Hence, by the previous assertion, eg,(x)=0 q.e., that is, except on some Borel
almost polar set B,. Apply the same argument to the function ep,yp,. In
this way, we get a sequence B,, B,, -, B,, -+ of Borel almost polar sets. It

suffices to put B:ku B,.
=0

Now we will give some criteria for the absolute continuity of the resolvent
in terms of the relationship among almost polarity, polarity and semipolarity.

(viii) The following four conditions are mutually equivalent,

(@) A set is almost polar if and only if it is polar.

(B) Any almost polar set is semipolar.

(y) m is a reference measure for M: a set is of potential zero if and only

if it is m-negligible.

(0) Gulx, ) is absolutely continuous with respect to m for each a>0 and

xe X.

PROOF. () and (0) are equivalent in view of the first assertion (i). (a)
implies (8). Suppose that the condition (8) is satisfied. Let E be an m-
negligible Borel set. Then Gu(x, E)=0 m-a.e. x< X, by virtue of (i). But
G+, E) is a-excessive and finely continuous. Hence G,(x, E)=0 q.e. by (vi)
and moreover except on a semipolar set by the present assumption. Since
any semipolar set is of potential zero, we have G.(x, E) :;i_'n;lo BGpiaGalg(x) =0,

x <€ X, arriving at (§). Evidently (d) implies (a). The proof is finished.

REMARK 1°. Assertion (viii) is a generalization of [8; Theorem 3.13].
Combining (vii) and (viii), we get the following criterion: G,(x, -) is not abso-
lutely continuous with respect to m for some a >0 and x< X if and only if
there exists an m-negligible Borel set E such that X—F is M-invariant but
E is not thin.

2°. In the case that M= M, those conditions in (viii) are also equivalent
to the following one (¢) [9].

(e) The transition probability p(t, x, <) is absolutely continuous with re-
spect to m for each t>0 and x= X.

The next proposition says that we can reduce the nearly Borel measur-
ability of g.e. finely continuous functions to the Borel measurability.

(ix) A function f is q.e. finely continuous if and only if there exists a
Borel almost polar set B such that X—B is M-invariant and f is Borel measur-
able and finely continuous on X—B.

PROOF. Let f be q.e. finely continuous. Then by the definition and (vii),
there is a Borel almost polar set B, such that X—B, is M-invariant and f is
nearly Borel and finely continuous on X—B, For a fixed natural number
M we define the trancated function f¥ of f by f¥=(fAM)V(—M) on X—B,.
We extend f¥ by setting its value to be zero on B,. By the fine continuity
of f* on X—B,, we have
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lim nG, f¥(x) = f4(x), xe X-—B,.

On the other hand, there are Borel functions f, and f, such that f,<f¥* </,
on X and | (A(m)—f(x)m(dx)=0. But, for any he Cy(X),
X

(h, Gn(fz'_'f1)) - (Gnhy fz"‘fl) =0

yielding that G,f,=G,f, m-a.e. and hence q.e. owing to (vi). Therefore
there is a Borel almost polar set B, such that G,f¥(x)=G,f,(x) for every

xe X—B,. Put By=B,U\B,, then
n=1
f¥(x)=1im nG, f"(x) =lim nG, f,(x), xe X—By.

Consequently f¥ is Borel measurable on X—B,. According to (vii), there is
a Borel almost polar set BD&A{BM such that X—B is M-invariant. Then

f(x) :}iimf”(x) is Borel measurable on X—B, completing the proof.

(x) Let {f,} be a decreasing sequence of wa-excessive functions with limit
f and suppose that f=0 m-a.e. Then f=0 g.e.

This proposition corresponds to Blumenthal-Getoor [2; VI (3.2)]. The
proof is quite the same. We do not know whether in our case every semi-
polar set is cosemipolar. But by making use of (x) and following the same
line as in Blumenthal-Getoor [2; VI (1.19)], we get

(xi) Each semipolar set is the sum of a cosemipolar set and an almost

polar set.
(xii) For any Borel sets A and B, we have

(8 HHEG )= (H3H5G g, h)
for any non-negative Borel functions g and h.
PrROOF. This is a consequence of Take non-negative g and % in
Cy(X). Since H%G,h (resp. H%G,g) is an a-excessive (resp. a-coexcessive)
function, we have

(g, HiH§G.h) = lim 5(g, HiGsHEGAh)
:ﬂlizfm B(g, H3G (I—(B—a)Gg)HEG h)
= ‘912100 BH G I—(B—a)Gp)H4G o g, h)
- }i‘fm BA%CHG 8, hy=(HA%C 5, h).

(xiii) Let A be a Borel set. Denote by A™ (vesp. " A) the totality of regular
(resp. coregular) points of A. Then TA— A" is written as
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"TA—A"=N,+N,

with a Borel semi-polar set N, and a nearly Borel almost polar set N,. The
same conclusion holds for AT—TA.

PROOF. Since "A is co-nearly Borel, there are Borel sets A’ and A” such
that A’c"Ac A” and A”—A’ is almost copolar. There are also Borel sets
A’ and A” such that A’C A"C A” and A”— A’ is almost polar. Put F=A4'—A”,
then F is a Borel set, FC"A— A" and the set ("A—A")—F is almost polar in
view of (iv). By the preceding identity, we have

(8, H3HEG h)= (H2H3G .8, h).

Since FUTFCTA, we see that H2H4G.g=HgG.g. Hence, by [2.2), (g
H$HEG h) = (g, HEG,h). Now choose h, such that G,h, T 1. We have (g, H%e2)
=(g, ¢¢) for every g Cy(X). Using (vi) we get eg=FH3e% q.e. If x= F, then
x& A™ and H%eg(x) < H41(x) <1. Thus, there is an almost polar Borel set N’
such that e%(x)<1 for x& N;=F—N’. N, is then a Borel semipolar set
because e¢%,(x)<ef(x)<1 for x&N,. Now "A—A"=N,+N, with N,=
[CA—~A"—F]+FN N is the desired expression.

(xiv) The following two conditions are equivalent,

(C) Each semipolar set is almost polar.

(C) A function is q.e. finely continuous if and only if it is q.e. cofinely

continuous.

PROOF. Assume the condition (C;). Consider a q.e. finely continuous
function f. By (ix), there is an almost polar Borel set B such that X,=X—B
is finely open and f is Borel measurable and finely continuous on X,. For a
real number a, put E,= {xe X,; f(x)<a}. Since X—E, is finely closed,

No="(X—E)—(X—E,) C"(X—Ey)—(X—E,)

which is almost polar on account of (xiii) and (C,). Notice that E,—N, =
E,—"(X—E,) is cofinely open. Choose an almost polar Borel set N, D N, and
set B,=B\U( U NJ). By virtue of (vii), there exists an almost polar Borel

a: rational
set B B, such that X—B is M-invariant. Now, for any rational a, the set
{xe X—B: f(x)<a} =E,—B is cofinely open because E,—B=(E,—N,)N
(X—B) and both E,—N, and X—B are cofinely open. This shows that f is
q. e. cofinely continuous.
Coming to the converse, fix a compact thin set K. We first note that

(2.4) Pz(lilm et (X)=1, oxg < +0)=Pox < +o0) for m-a.e. x€X.
t ‘K

To see this, let {G,} be open sets such that G, DG,,; and N\G,=K. Using

(xii), we can easily see that Hg e%(x)=e%(x) m-a.e, Since K is thin, we then
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have Py(0x < +00)=Py(04,< 0k for every n, lim o4, =0g, 0x < +0o0) for m-a.e.
xe X. We arrive at (2.4) by virtue of [2; II (3.12)].

Now let us assume the condition (C?) and prove that K is almost polar.
Put Bn:{xe X; ej'é(x)gl——}r}, then (2.4) implies that o3, <<ox P,almost

surely on {ox < +oco} for m-a.e. x€ X. Hence H§ H%f= Hgf m-a.e. for any
bounded Borel f. Using (xii) again, we finally get

(2.5) (AzAg g hy=(Azg, h)

for bounded continuous g and m-integrable bounded Borel 2. On the other
hand, the function e% is, being a-excessive, q.e. cofinely continuous by (C}).
On account of (ix), there is an m-negligible Borel set N such that X—N is
M-invariant and each set B,—N is (relatively) cofinely closed in X—N. Fix
a strictly positive bounded m-integrable function #. Rewriting as
(I-Alfég, h)=(IX_Nﬁ§é_NFI§n_Ng, h), we can observe that the measure z(E)=
(%1, h) is concentrated on B,—N. But N B, is empty and hence = must
be a zero measure. In particular, é;é(x):ﬁ;él(x) vanishes m-a.e., yielding
that K is almost polar.

§3. An ergodic theorem.

Let us assume the condition (C,) throughout this section. We put
t
3.1) K.f@=[ T.fxds, xeX,

for a bounded Borel function f and > 0.
QOur main theorem is this.
THEOREM 3.1. For any bounded Borel f,g= LX(X; m), g=0, the ratio

K. f(x)
32 K.g(x)

converges, as t— +oo, to a finite limit g.e. on the set

(3.3 E,= }!o {xe X; K.g(x)>0}.

This generalization of the Chacon-Ornstein ergodic theorem is an easy
consequence of the following version of Brunel's lemma [10; 2.7] and the
assertion (v) of the preceding section.

LEMMA 3.1. Let f be a bounded Borel function of L'(X; m) and A be a
Borel subset of
(3.4) N{xeX; sup K. f(x)> 0} .

n=1
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Then we have

(3.5) ' (é4,/)=0,
where
(3.6) e,(x)=P(o, < +00), xe X.
We will have to use our condition (C,) to prove Lemma 3. It is con-

venient to introduce here the notion of characteristics of the Markov process
M. A non-negative finite valued function ¢,(x), t>0, x= X, is called a non-
negative characteristic if

3.7 ¢(+) is universally measurable,
(3.8) c(X)+Tse(x) = Ceue(x),  5,t>0, =xeX,
(3.9) lim ¢,(x)=0.

tlo

The difference of two non-negative characteristics is called merely a char-
acteristic. K,f is a simple example of a characteristic. It is easy to see that
any characteristic is right continuous in t>0. Furthermore any bounded
characteristic is nearly Borel measurable and finely continuous in x€ X. The
proof of this quite useful fact was given in E.B. Dynkin [7; Theorem 6.5].

PROOF OF THE IMPLICATION: LEMMA 3.1.=> THEOREM 3.1. We may assume,
without loss of generality, that f is also non-negative in the statement of
Theorem 3.1. Since K, g is continuous in ¢ >0, E,= \go {xe X; K,g(x)> 0},

7.
rational

which is Borel measurable and finely open because of the corresponding
properties of the function K,g. Now let us consider the set

N={xeB,; m JLE = teo}.
Then, for any 4> 0,
NE A {sup K f—28)(x) > 0} .
By we have
00> (@ ) 2 Aew, )2 2 (Rotw, £) =0y, K, ).

A being arbitrary, we must have éy =0 m-a. e. on the set {xe X; K,.g(x)> 0}
and hence m-a.e. on E,. In view of §2 (v), N is almost polar. In the same
way, we see that the set

(e B, im B iim L6
Nab—{erK’Lli_“IE K.g(x) <% b<lim th(x)}

is also almost polar for any a <b. q.e.d.
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From now on we will concentrate our attention on the proof of
3.1. We essentially follow the reasoning of A.M. Garsia [10; Chap. 2] and
its refinement by P. A. Meyer [11; Theorem 6]. We have to prepare three
lemmas (Cemma 3.2~3.4). The following lemma presents our version of Hopf’s
maximal ergodic inequality (in Garsia’s form).

LEMMA 3.2. Let c,(x) be a bounded m-integrable characteristic and h be a
positive number. We put E,= {x= X; sup cx(x)>0}. Then we have

(3-10) (IEn'v7 ch)gol

where v is an arbitrary bounded co-excessive function, namely, v is non-negative
bounded and Tw v as t]O0.
ProOF. Consider the set
7= {x; max c,,(x) > 0} = {x; max ci(x) > 0} .
1SvEn 1=Sv=n

For x< E?%, we have

ca(x)+max (Coryn—Cn)*(X) = max ¢fp(x) .
1SvsEn 1Sv=En

Since ¢; is a characteristic,

(cowrnn—cn)* =(Thewn)™ = Thelh
and hence

max (Cp+pn—Cr)* = Thp max ¢y .
1Sv=En 1svsEn

Therefore we have

I v, c)=U_nv ¢eh—T; Iont
(E;; , n)ﬁ(Ez , Max ¢y n({rglg i)

1sSv=n

= (v, max ¢ —Tr(max i)
1=Sv=En 1=svsEn

=w—Tyw, max ¢)=0.
1=svsn
Letting 7 tend to infinity, we get (3.10).

Consider next a Borel set AC X and a constant 7>0. We put
T g(x)=E(g(Xy); t <o)
“K,g(x)= | OT.g(x)ds
Hoynr 8(%) = EL(8(Xoynr)) -
LEMMA 33. Let f be a bounded m-integrable Borel function and d’, be

(3.11) 4% = K, () =Ky )+ T, PKp fx), t>0, xeX.
Then |
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(i) d% is a bounded m-integrable characteristic.
(ii) d% satisfies the equality
(3.12) (g d)=H, e Rig, 1)

for any bounded Borel function g.

Proor. We write d4 simply as d,.

(1) d, is bounded and universally measurable. It follows from that
I Teflz2=fllz: for any Borel fe LY(X; m). Hence d,= L'(X; m). The equality
for d, is easily verified. Let us verify [3.9). Denote o, AT by o.

Since WKy f() = E.( [ 7(X)ds), we have TOKpfw=E(f " f(X)ds),

0. being the shift of the sample path o: (,w);= wi s, s>0. Hence we have

dy(x) = Ex(f:matw)f(){s) ds), which tends to zero as t| 0 because t+a(@,)—a(t ] 0).
(ii) We introduce a-order quantities:

Tig(x)=e"Tig(x), OTrg(x)=e " T, g(x),

“Rzg(= oTsg(vds, Azg(n=LEulcg(X.).

Since WKg g(x):Em(f:e‘“"‘g(Xs)ds) we have by Dynkin’s formula

(3.13) A2G.g=C.8—"K3g.

Replécing the function g in by T¢g and subtracting the resulting
equality from we have H*R2g=Reg—VRgg+VReT2g. Letting & tend
to zero,

AR,g=R.g—~"R; g+ R:T.g.

Taking the duality relations and of T; and ‘““T, into consideration,
we finally get

(AR, g, )=(g K.f— Ko f+T,“Krf)=(g, dy).
Let us write as A, C A4, if A,—A, is almost polar.
q.e.

LEMMA 34. Let f be a bounded m-integrable Borel function and A be a
Borel subset of ’

(3.14) N{xe X; sup K. f(x)> 0} .
n t>n
Fix a constant T >0 and consider the characteristic d% of Lemma 3.3 defined

for the present f, A and T.
Then, for any & >0,

(3.15) Aq_Ce {re X; sup (K| f1(x)+dl(x)) > 0} .
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PrOOF. From [3.9),

d(x)+T K| f1(x) =2 K, f(x)—PKr f(x).
Observe that

T lFI()
lim = F Gy =0

defining 0/0 to be 0 by convention. Hence, for any &> 0,
dl(x)+eK, | f1(x) = K, f(x)—VKp f(x)

for every t greater than some #,=1?,(x)>0. On the other hand, the condition
(C)) implies

(3.16) Plo,=0)=1 for qg.e. xe A.

xe X,

This is because A—A" is semipolar (c.f. [2; II [3.3]]) and hence almost polar
by (C). Therefore we have

TANT
O R () = E( j f(Xs)ds) =0 for g.e xcA,
0

arriving at the desired inclusion [3.15).

We are now ready to prove

PROOF OF LEMMA 3.1. Let f be a bounded Borel function of L'(X; m).
Consider any compact subset A of [3.14). Then, by we have the
inclusion with an arbitrarily fixed 7> 0 and &> 0.

The characteristic d’ satisfies the relation [3.12) which can be rewritten
as follows:

(3.17) (g, &)= (HIR.g f)+(Q:K.g, f)
where R
319 HEh(x)=E, (WX, ,); 0.<T)

’ Qrh(x)=E,(h(X1); T<oy).

Let us put

(3.19) clx) = K| fl(D+a4()
which is a bounded m-integrable characteristic. We then define
(3.20) E.,= {xe X; max c,x(x) > 0}

for positive integer [. By virtue of we have (Ig,, v, ¢;s1) 2 0 for
any bounded co-excessive function v. Combining this with |13.171 and [(3.19),
we get

e(Byav, |f1)+(QrK, v, |f|)+(ﬁ£K1/2l(IE5,L'U),f)go-
Multiplying 2' and letting [ tend to infinity,
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(v, |/1)+(Qrv, |7)+1im 2HEK L, -0, ) 20.

Now look at the last term of the left hand side of this inequality.
Recalling we see that, there is an almost polar set N, such that

A—N,C\UE,,. Furthermore we can find almost polar sets N{ such that each
=1

set E,;—N% is cofinely open, because c,(x) is finely continuous and hence q.e.

cofinely continuous by virtue of the condition (C7) which is equivalent to (C,)

(§ 2, (xiv)). Select then an almost polar set N,D\UN} such that X—N, is
=1

M-invariant according to §2 (vii). It is easy to see that each E.;,—N, is
cofinely open. Thus

3.21) lim 21K1/21(IE5 L'U)(x) =v(x), xe A—N,UN,.
{—o !

Since the signed measure f-ﬁﬂ(E)z(ﬁﬂl &, f) is concentrated on the com-
pactum A and does not charge on any almost polar set, we obtain

(3.22) ew, |fN+@Qrv, If)+E%v, /)=20.

Letting ¢ tend to zero, (O, |f)+(HZv, F)=0. Finally put v=2¢4 and let
T tend to infinity. Observe that Qg8 ,(x) =P (0,(0r0) < +o0, T<0,)=P(T<
04<-400)—0, T—oo, Using again the property of the measure f-ﬁﬂ stated
just before and recalling we are led to lim (H%ea, )= lim (A%1, )
= (84, f), arriving at the desired inequality [3.5).

§4. An ergodic decomposition of the state space.

Let @ be an m-integrable bounded continuous function strictly positive
on X and let us put

C={xe X; GO(x) = +oo}
D={xe X; GO(x) < +o0}

4.1)

where GO(x)=1lim K,@(x). We call C (resp. D) the conservative (resp. dissipa-
t—o0

tive) part of X. If we assume the condition (C,), then Theorem 3.1 holds and
hence the decomposition X =C+D does not depend on the choice of such a
® up to an almost polar set.

In order to study some more about this decomposition, let us assume the
following conditions throughout this section:

(C,) A set is semipolar if and only if it is almost polar,

(Cy) Each point x& X is either polar or stable,
where we say a point x€ X to be stable if almost all sample paths starting
at x stay there during some initial time intervals.
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The condition (C,) is the same as (C,) coupled with the assumption that
the measure m is a reference measure for the process M (§2, (viii)). In
particular, (C,) is met when M= M and the resolvent is absolutely continuous
with respect to m. Under (C,), polarity, semipolarity and almost polarity
become the equivalent notions. (C,) corresponds to the condition (L) of J.L.
Doob [6] In [6] the notion of a (fine) quasinull set was principally used,
which is however equivalent, under (C,) and (C,), to the polarity of the set
(see [6; §8)). :

A theorem of Doob [6; Theorem 8.1] states that, if M has a reference
measure, the fine topology relative to M has the quasi Lindel6f property, that
is, every union of finely open sets is equal, up to a quasinull set, to a count-
able subunion. Therefore, under the present assumptions (C,) and (Cj), we
have

LEMMA 4.1. Every union of finely open sets is a sum of a countable sub-
union and a polar set.

Now following Azema, Kaplan-Duflo and Revuz [I], we call a point x€ X
Jinely transient if there is a nearly Borel fine neighbourhood V of x such that

4.2) PJ(E Iy(X)=1)=0.

Otherwise x is called finely recurrent. A point x< X is finely transient if and
only if there is a non-negative bounded Borel function f such that

(4.3) 0<Gf(x) < +o0

is valid ([1; Proposition 5]). We will soon use this criterion. Denote by
T (resp. R) the set of all transient (resp. recurrent) points of X.

THEOREM 4.1. D is a subset of T and the difference N=T-—D 1is polar.
Furthermore R(=C—N) is M-invariant.

PrROOF. Since G@ is strictly positive everywhere together with @, we
clearly have DC T.

Observe that, from the relation [(3.8) of the characteristic, we have
K, f+T.Gf =Gf for any non-negative bounded Borel f, which in turn tells us
that Gf is excessive and hence finely continuous. For each point x& T, let
us associate a non-negative bounded Borel function f, such that (4.3) holds.
We may further assume that f, is m-integrable. By the above observation,
the set U(x)={y; 0<Gf(y) <+oco} (CT) is a fine neighbourhood of x= T.
By Lemma 4.1, there exist points x;& T, i=1,2,--, and a polar set N such
that

(4.4) T=( g Ux))UN.

Applying Theorem 3.1 to @ and f,;,, we see that each set C\ U(x;) is polar.
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Therefore N=CAN\T is polar in view of (4.4). Since N is polar, it remains
to show

(4.5 Pop<+00)=0, xER.
Assume that is false, then there are a point x€ R and a set
(4.6) D={xe X; 6<0(), GO(x) <M} (CD)
with some 0 <d < M < 400 such that
.7 P (o< +00)>0.

Now put ¥(»)=@(»)-I3(y), y= X, then
(4.8) CH @) =Ee  "CH(X,p)-

Since G® is right continuous along sample paths, (4.8) implies G,¥(x)
§Ex(Gd)(X,,ﬁ))§M yielding G¥(x) <M. Furthermore (4.7) and (4.8) imply

CU(X)2 0Eo(e " "Cals(X,z) >0,

because, D being finely open, G.I3(y) is strictly positive for every y& Dupr
(the support of X,;). Thus we get 0<G¥(x)=<M contradiction to the fact
that x is finely recurrent.
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