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Abstract

In this paper we obtain some ergodic properties and ergodic decompositions of a
continuous-time, Borel right Markov process taking values in a locally compact and
separable metric space. Initially, we assume that an invariant probability measure (IPM)
exists for the process and, without making any further assumptions on the transition kernel,
obtain some characterization results for the convergence of the expected occupation
measure to a limit kernel. Under the same assumption, we present the so-called Yosida
decomposition. Next, instead of assuming the existence of an IPM, we assume that
the Markov process satisfies a certain condition, named the 7’-condition. Under this
condition it is shown that the Foster—Lyapunov criterion is necessary and sufficient for the
existence of an IPM and that the process admits a Doeblin decomposition. Furthermore,
it is shown that in this case the set of ergodic probability measures is countable and
that every probability measure for the Markov process is nonsingular with respect to the
transition kernel.
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1. Introduction

In recent years a great deal of attention has been given to ergodic properties of Markov
processes. For the discrete-time case, we refer to Herndndez-Lerma and Lasserre (1998) and
Meyn and Tweedie (1993a) for rather complete discussions on this subject. In general the
analysis of the continuous-time case is made by looking at the ergodic properties of some
associated discrete-time Markov chains. This approach was taken in, for instance, Tuominen
and Tweedie (1979), Meyn and Tweedie (1993b), and Meyn and Tweedie (1993c), which
comprise only a small sample of papers on this subject. In this paper we derive some ergodic
properties and ergodic decompositions for a continuous-time, Borel right Markov process taking
values in a locally compact and separable metric space. As in Tuominen and Tweedie (1979),
we analyse the continuous-time case by looking at the ergodic properties of some associated
discrete-time Markov chains.

Initially, we assume that an invariant probability measure (IPM) u exists for the process and,
without making any further assumptions on the transition kernel, obtain some characterization
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results for the convergence of the expected occupation measure to a limit kernel. We follow
an approach closely related to that of Herndndez-Lerma and Lasserre (1998). It is shown that
this limit kernel can be written p-almost everywhere (u-a.e.) as a composition of the limit
kernel associated with an embedded discrete-time Markov chain of the location of the process
at time 1 with an expected value operator of the integral of the process up to time 1. Moreover,
weak convergence of the expected occupation measure to the limit kernel occurs p-a.e. In
relation to the ergodic decomposition of a continuous-time Markov process, we present the so-
called Yosida decomposition, which is the counterpart of the results obtained by Yosida (1980,
pp- 393-397) and Herndndez-Lerma and Lasserre (1998) in the discrete-time context. The
Yosida decomposition shows that if an ergodic measure for the continuous-time process exists,
then there also exists an indecomposable maximal closed set in which the ergodic measure is
the unique IPM for the continuous-time process (see Proposition 5.2, below).

We then replace the assumption of the existence of an IPM by the assumption that the
Markov process satisfies a certain condition, named the T’-condition. As will be pointed out
in some examples presented in Section 6, T-processes and irreducible processes in continuous
time are Markov processes satisfying the T’-condition, but the converse is not in general true.
In this sense, processes satisfying the 7’-condition can be seen as abstract generalizations of
T -processes and irreducible processes. It is shown that the so-called Doeblin decomposition
for the state space of the Markov process holds for a process satisfying the T’-condition.
Our result is related to the Doeblin decomposition studied by Tuominen and Tweedie (1979),
Tweedie (1979), and Meyn and Tweedie (1993d), (1993b). Under the T’-condition, it is shown
that the Foster—Lyapunov criterion is necessary and sufficient to ensure the existence of an IPM.
To the best of the authors’ knowledge, this result seems to be the most general attempt to show
that the Foster—Lyapunov criterion is a necessary condition to ensure the existence of such a
measure. The results of this part of the paper are related to the results obtained by the authors
in the discrete-time context (see Costa and Dufour (2005b)). Moreover, the Foster—Lyapunov
criterion is shown to ensure both the decomposition of the set of ergodic IPMs into a countable
set of IPMs nonsingular with respect to the transition kernel (see Definition 6.5, below) and
that every ergodic IPM is nonsingular with respect to the transition kernel.

The paper is organized as follows. In Section 2 we recall some classical definitions related to
Markov processes. Our notation is similar to that of Tuominen and Tweedie (1979). In Section 3
we recall some limiting results for the occupation measure for a Markov chain, and some
recurrence structures relating continuous- and discrete-time Markov processes. In Section 4 we
present some characterization results for the convergence of the expected occupation measure
of the continuous-time process to a limit kernel, and in Section 5 deal with the so-called Yosida
decomposition, under the assumption that an IPM exists for the continuous-time process. The
results related to the Doeblin decomposition and the Foster—Lyapunov criterion are presented
in Section 6, under the assumption that the continuous-time process satisfies the 7’-condition.
It is also shown in this section that the set of ergodic measures is countable and, furthermore,
that each ergodic IPM is nonsingular with respect to the transition kernel.

2. Definitions

Denote the set of nonnegative reals by R, and let R% := R, \ {0} and N* := N\ {0}. Let X
be alocally compact and separable metric space and 8 the Borel field on X. For any probability
measure uwon X, welet L1 (n) := L1(X, B, u), the space of real-valued, measureable functions
f on (X, 8) such that u(| f]) := fx | f(x)|u(dx) < oco. Forany A € B, A® := X \ A and
14 (x) is the indicator function associated with A. For two measures y and v defined on the same
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measurable space, we write ;. < v to mean that u is absolutely continuous with respect to v.
In this paper we consider two types of time-homogeneous Markov process: the discrete-time
Markov chain {W, }, <N, where the associated transition probability function is denoted by G,
and the continuous-time Markov process {X;};cr, . We shall assume that {X;},cr, is a Borel
right process (see Sharpe (1988, pp. 104—105)) where the associated transition semigroup is
denoted by {P'};cr,, and for every t+ € Ry shall write P'(x, A) = Py(X; € A), where
Xo = x € X is the initial condition and A € B.

We recall now some classical definitions related to Markov processes. For a complete
exposition on the subject, the reader is referred to Meyn and Tweedie (1992), (1993a), (1993b),
(1993c). Let us introduce the first hitting time of the set A € 8B and the number of visits to the
set A, respectively ‘L'Xj =inf{n > 1: ¥, € A} and nf{ = Z?zio 14(¥,) in the discrete-time
case, and tf{ :=inf{t e RT: X; € A} and ni‘( = fooo 14(X;) dr in the continuous-time case.
We also define

LY(x,A) =P, (t) <o0),  L¥(x,A) =P, (z < 00),

for all (x, A) € X x B.

Some of the following definitions will be presented only for the continuous-time process

{Xt}ier, , but also hold for the discrete-time chain {Wg}ren with the superscript ‘X’ replaced
by ‘W’.
Definition 2.1. A set A € 8 is said to be uniformly transient if there exists a constant, M, such
that E, (nf ) < M forall x € A. A set B € 8B is said to be transient if it has a countable cover
consisting of uniformly transient sets. A set £ € & is said to be absorbing for {X;};egr, or for
{(Wnlnen if E # @ andif P'(x, E) = 1forallx € E andt € Ry or, respectively, G(x, E) = 1
forallx € E. A set E € B is called closed for {X;};er, or for {W, },en if E # < and if, for
allx € E,P.(X; € Eforallt € Ry) = 1 or, respectively, P, (¥, € E foralln e N) = 1.

In what follows, for any A € B we define MX(A) e B by
MX(A) == {x e X: Py(n = o0) = 1}.

Definition 2.2. A set H € 8 is called a Harris set for { X, },cg, ifitis closed and if there exists a
o -finite measure ¢(-) on B such that, for ¢(A) > 0, P, (ni{ =o0) = 1forallx € H. A closed
set A € B is said to be maximal closed if A = M (A), thatis, if x € A & Py(n% = 00) = 1.
We say that H € 8B is a maximal Harris set if it is both Harris and maximal closed.

Definition 2.3. If b = {b;}72, is a probability on N, then the stochastic kernel K I:I’ associated
with the discrete-time Markov chain {Wy }xcn is defined on X x B by

o
Ky (x,A) =Y bG*(x, A) forallx € Xandall A € 8.
k=0

If F is a probability distribution on R, then the stochastic kernel K if associated with the
continuous-time Markov process {X;};cRr, is defined on X x B by

o0
K;:((x, A) = / P'(x, A)F(dt) forallx € X andall A € B. 2.1
0
The resolvent associated with the transition semigroup {P’};cg, is denoted by
o
R(x, A) = f P'(x, A)e " dt. (2.2)
0
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Definition 2.4. A set C € B8 is called a petite set for {X;};cr, or for {W¥,},cn if there exist
both a probability distribution F on R or, respectively, a probability b on N* and a nontrivial
measure v on (X, B) such that, forallA € Bandallx € C, K 1)«5 (x, A) = v(A) or, respectively,
KY (x, A) > v(A).

The extended generator 4 for {X;},er, and its domain, D(+), are defined next (see also
Down et al. (1995, pp. 1675-1676)).

Definition 2.5. Define D () as the set of all measurable functions V: X x Ry — R for which
there exists a measurable function U : X x Ry — R such that, foreachx € X and ¢ > 0,

t
Ex(‘/ U(Xs,s)ds) < 00,
0

t
E,(V(X:,1)) = V(x,0) + Ex (/ U(Xs,S)dS)
0

(2.3)

The extended generator oA for {X,};cr, is defined for V € D(+A) by AV := U, and D(+) is
referred to as the domain of 4.

We conclude this section by recalling the so-called Doeblin decomposition (since B is
assumed to be countably generated; see Tuominen and Tweedie (1979)).

Definition 2.6. The process {X;: t € T} has a Doeblin decomposition if the space X can be
expressed as X = E U |J,.; Hy, where I is countable, H, is a sequence of maximal disjoint
Harris sets, and E is a transient set.

3. Occupation measure and recurrence structure of Markov processes

In this section we recall some limiting results about the occupation measure for a Markov
chain, and some recurrence structures relating continuous- and discrete-time Markov processes.
Let G be a stochastic kernel associated with a discrete-time Markov chain, and suppose that v
is an IPM for G. The n-step expected occupation measure G ™ associated with the kernel G is
defined, for any x € X and B € B, as

n—1
G"(x, B) := %ZGk(x,B). (3.1
k=0

From the mean ergodic theorem and the individual ergodic theorem (Yosida (1980, p. 388)),
for every f € Li(v) there exists an f* € L;(v) such that

GWf - f* inLi(vyasn — oo  and  Gf* = f*. (3.2)
For every f € L(v), the aforementioned function f* satisfies
GWf - f* vaeasn—oo and  v(f*)=v(f). (3.3)

Consider a Borel right process {X;};ecr, as defined in Section 2. Discrete-time Markov
chains associated with this continuous-time process can be introduced. Denote by {®y }xen the
Markov chain associated with the resolvent kernel R (defined in (2.2)). For a probability F on
R, the Markov chain associated with the Markov kernel K }( (defined in (2.1)) is denoted by
{@,f }een. We have the following result.
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Lemma 3.1. If A € B is such that A = MX(A), then MX (A) = M®(A).

Proof. From Theorem 2.1(i) of Meyn and Tweedie (1993b), it is clear that MX(A) =
{x € X: L®(x, A) = 1}. From Proposition 9.1.1 of Meyn and Tweedie (1993a), and since
A= MX(A) ={x € X: L®(x, A) = 1}, it follows that {x € X: L®(x, A) = 1} = M®(A),
completing the proof.

In Theorem 10.19 of Blumenthal and Getoor (1968, p. 58), those authors showed that, under
the hypothesis that the Markov process {X;};cr, is a Hunt process, the first hitting time of a
Borel set can be approximated by a sequence of first hitting times of compact subsets. However,
it can easily be shown that this result remains valid without this hypothesis.

Lemma 3.2. If B is a Borel set then, for each probability measure . on (B, B), there exists an
increasing sequence of compact subsets of B, denoted by {K,}, such that ‘L';((n N tg P -almost
surely.

Proof. The proof exactly follows that of Theorem 10.19 of Blumenthal and Getoor (1968,
p- 58) except that the result about the first entry time given by Theorem A5.30 of Sharpe (1988,
pp- 393-394) must be used instead of Corollary 10.17 of Blumenthal and Getoor (1968, p. 57).

We have the following result.

Lemma 3.3. Suppose that E € B is an absorbing set for R. Then M*X (MX(E)) = MX(E)
and MX(E) is a maximal closed set for the continuous-time process {X;};eR, -

Proof. From Theorem 2.1(i) of Meyn and Tweedie (1993b), it is clear that
MX(E)={x e X: L®(x,E) = 1}.

Let D = MX(E). Since E is absorbing for R, we have E C D. If x € D then, on the one
hand, it follows that L® (x, E) = 1; since obviously L® (x, D) = 1, we thus have x € MX (D),
showing that D C MX (D). On the other hand, if x € MX (D) then, from the strong Markov
property,

L®(x, E) =Py (tp < 00) = Ex(LQ(th, E)1e_ o) =1

and, thus, x € D, showing that MX(D) C D. This gives the first part of the result.

From Lemma 3.1 it follows that D = M‘I’(D), that is, D is a maximal closed set for R.
From Proposition 2.1 of Tuominen and Tweedie (1979), now using Lemma 3.2 instead of
Theorem 10.19 of Blumenthal and Getoor (1968, p. 58), the result follows.

The following result is an adaptation of Theorem 2.1 of Tuominen and Tweedie (1979), in
which is was assumed that {X;},cr, is a Hunt process. Here we relax this hypothesis by using
Lemma 3.2 (note that here the process is assumed to be Borel right).

Theorem 3.1. For any set A € B,
(i) A is transient for {X:}ier, if and only if A is transient for {®y}ren, and

(ii) A is a maximal Harris set for {X;};er, if and only if A is a maximal Harris set for
{Prtken.

Proof. The proof of this theorem follows the proofs of Theorem 2.1 and Proposition 2.1
of Tuominen and Tweedie (1979). Note that the hypothesis that {X;};cr, is a Hunt process
appears only in the proof of Proposition 2.1 there, where Tuominen and Tweedie used the
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theorem of approximation of the first hitting times derived by Blumenthal and Getoor (see
Theorem 10.19 of Blumenthal and Getoor (1968, p. 58)). However, now using Lemma 3.2
instead of Theorem 10.19 of Blumenthal and Getoor (1968, p. 58), the result follows.

4. Limiting kernel

In this section we present some convergence results for the expected occupation measure
for the continuous-time process {X;};cr, , following an approach closely related to the one
presented in Yosida (1980, pp. 393-397) and Hernandez-Lerma and Lasserre (1998). In
particular, we show that the limit kernel associated with the continuous-time process can be
written p-a.e. (where w is an IPM for the continuous-time process) as a composition of the limit
kernel associated with an embedded discrete-time Markov chain of the location of the process
at time 1 with an expected value operator of the integral of the process up to time 1. We also
obtain the weak convergence p1-a.e. of the expected occupation measure for the continuous-time
process without any Feller hypothesis (see, e.g. Yosida (1980, p. 393)) on the process.

We assume that an IPM p exists for the continuous-time process {X;},er, (and, thus, from
Lemma 1 of Azéma et al. (1967), for the discrete-time process {®y}ren associated with the
resolvent R). We define the operator §: Li(u) — Li(w) as follows. For f € L{(w),

1 1
§f(x) = Ex<fo f(Xs)dS) =/0 P* f(x)ds.

Since (| f]) < oo, it is easy to verify that (|G f]) < oo. We denote by R™ the n-step
expected occupation measure associated with the kernel R, as defined (for the kernel G) in
(3.1). Also define the stochastic kernel Q by Q := P!. Clearly, p is also invariant for Q,
Z;(l) ng,f(x) = Ex(fon f(X;)ds) for any f € Li(un), and u Q% = p. The occupation
measure P¥) for the continuous-time process {X;};cr . is defined by
1 t
PO(x, B) := ” / P*(x, B) ds. 4.1)
0
Let IT': Li(n) — Li(un) be the Markov operator associated with the stochastic kernel Q
and let I1: Li(n) — Li(n) be the Markov operator associated with the stochastic kernel R,
as in Herndndez-Lerma and Lasserre (1998). Similarly, let ¢/ be the measure associated with
the stochastic kernel Q and let ¢, be the measure associated with the stochastic kernel R, as in
Lemma 3.3 of Herndndez-Lerma and Lasserre (1998). We have the following results.

Proposition 4.1. Let x € X be such that Q"G f (x) converges for any f € Li(). Then
limy, .00 QG f (x) = lim; .00 PO £ (x).

Proof. Forany f € Li(u),let fT = max{f, 0} € L1(u). Denote by |¢] the integer part of
the positive real number ¢. For any ¢t > 1,

7] 1 Ul 4 1! 4
S e (Xs»dss;fo Ec(f*(Xy)) ds
1 1 [1]+1
< L”f s /0 Ec(f*(Xy)) ds

or, in other words, from (4.1),

L]

t

0Uhg r+(x)y < PO £+(x) < @Q‘“J“)ﬁfﬂxl
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Taking the limit as t — 00, we obtain lim,_.oc QG f(x) = lim,_ o P f+(x). Simi-
larly, in the same limit we have lim,_, oo Q"G f~(x) = lim; oo P f~(x), where f~ =
—min{f,0} € Li(u). Therefore, lim, oo Q™G f(x) = lim;_ o P® f(x), which is the
desired result.

Proposition 4.2. Let f € Li(1) be a bounded function and let x € X be such that P® f (x)
converges. Then, for everyn = 1,2, ..., lim;_ o P f(x) = lim,_ o PYORM f(x).

Proof. From the Markov property we have P'Rf (x) = €' E; (ftoo e f(X;)ds), and by
integration by parts we have

/t Pl f(x)dt = /T P'Rf(x)dt — e’ (/oo esP"f(x)ds) + Rf(x).
0 0 T

Dividing this by 7 and taking the limit as T — o0, from the fact that f is bounded we obtain
lim; 00 PP f(x) = lim;_,oo P Rf(x). By iterating this equation and adding the results
we obtain

n
n lim PO f(x) = lim P® <Z R")f(x),
T—>00 T—>00 —
from which the desired result follows.

Proposition 4.3. Forany f € Li(uw) andt > 0, P'T1f = I17.

Proof. From Lemma 4.3 of Down et al. (1995), we have AR f(x) = (R — )T f (x) (see
Definition 2.5), where I represents the identity operator. However, since (R—1) f f(x) =0(see
Lemma 3.2 of Herndndez-Lerma and Lasserre (1998)), it follows that AR I fx) = Aﬁf x) =
0 and, from (2.3), that P’f[f(x) — fx) = fot E, (:Al:[f(Xs)) ds = 0, from which the desired
result follows.

Proposition 4.4. For pi-almost every x, we have ¢ (B) = ¢ .§(B) forall B € B.

Proof. Let Co(X) be the space of continuous functions on X vanishing at infinity (recall
that any f € Co(X) is a bounded function). Let X| € B be such that Lemma 3.3(a)-(e) of
Hernandez-Lerma and Lasserre (1998) and (3.3) are satisfied for the kernels Q and R. Then
w(X1) = 1 and from Propositions 4.1 and 4.2 we have, for every x € X1 and f € Cp(X),

g () = lim PO f(x) = lim PORY f(x) = TGR™ f (x);

that is, foreveryn = 1,2,... and x € X1, ﬁ’gf(x) = ﬁ’g,R(”)f(x). Moreover, from (3.2),
R™W f — T1fin Li() asn — oo.
Let us now show that GR™ f — GII1f in L1(u). Indeed,

1
/Xlg»R(”’f(y)—g»fIf(y)lu(dy)S/Xfo PS(R™ f — [LF)(y) dspa(dy)

_ /X (IR™ f — ALFN()u(dy),

yielding the desired convergence. According to Lemma 3.2 of Herndndez-Lerma and Lasserre
(1998), we have [I'GR™ f — TTI'GI1f in L{(1) as n — oo. However, notice that

GIf () = lim POTF(y) = 17 (),
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by Proposition 4.3. This means that fI’g,R(”)f — ﬁf in L1(u) asn — oo. As seen above,
we have 1’ f (x) = I'GR™ f(x) for x € X1, and u(X) = 1, so

0=g§;ﬁﬂﬁﬁRqu)—ﬁfunMwm=iL|ﬁﬁf@>—ﬁfunuwn. “2)
1

Therefore, from (4.2) there existsaset N(f) € X1, N(f) € B, suchthat u(N(f)) = 1 and, for
every x € N(f), I Gf(x) = I f(x). Moreover, from Equation (3.12) of Herndndez-Lerma
and Lasserre (1998) and the definition of X, we have ﬁ/g,f(x) = ¢.6f and ﬁf(x) = f,
where ¢, and ¢, are IPMs for O and R, respectively. Now let {g¢} be a countable, dense set
in Cop(X) and set N = ﬂe N(g¢). The denseness of {g,} means that ¢/, §g = ¢, g for every
g € Cp(X) and x € N, which implies the desired result.

We now prove the main theorem of this section, which traces a parallel with Theorem 3.1 of
Hernandez-Lerma and Lasserre (1998).

Theorem 4.1. Suppose that there exists an IPM . for the continuous-time process {X }er,, -
Then there are stochastic kernels T1(x, B) and T1(x, B) such that the following statements hold
u-a.e. in X.

(@ M =TP forallt >0, 1 =T1Q, and I1 = I14.
(b) lim;_, P(t)f =I1f forall f € L1(n), and P®O(x, ) converges weakly to T1(x, -).
(¢) P'I1 =11 foreacht > 0, TII1 = I, and p is an IPM for T1.

Proof. As in Hernandez-Lerma and Lasserre (1998), let I1(x, -) = ¢, (-) if x € supp(w)
and let TI(x, -) = u otherwise, where supp(u) is the support of the measure u and u© is
any measure equivalent to . Similarly, let (x, ) = @, (") if x € supp(u) and M(x, ) = [LO
otherwise. Letus prove (a) first. As provedin Theorem 3.1(a) of Herndndez-Lerma and Lasserre
(1998), I is an IPM for R p-a.e. in X and, according to Lemma 1 of Azéma et al. (1967), I1
is an IPM for P! p-a.e. in X. From Theorem 3.1(a) of Hern4dndez-Lerma and Lasserre (1998)
again, IT is an IPM for Q p-a.e. in X. The proof of (a) then follows from Proposition 4.4, due
to the facts that IT(x, -) = ¢y () and (x, ) = @, () for x € supp(u).

Let us now prove (b). We have § f € L{(w) for any f € L{(w), and, from the definition of
the set N in Proposition 4.4 and the stochastic kernels IT and T1, for any x € N N supp(u) we
have Q¢ f(x) — 0.9 f = ¢x f = IIf (x). From Proposition 4.1, lim,_, o QMG f(x) =
lim;—, oo P f(x). Since Cp(X) C Li(n) (where Cp(X) represents the set of real-valued
continuous, bounded functions on X), the second part of (b) follows from the first.

Finally let us show (c). With B = N N supp(u), we have u(B) =1 = fx P'(z, B)u(dz).
Therefore, for each ¢, we can find a set C(¢) € B such that u(C(¢t)) = 1 and P'(z, B) = 1 for
every z € C(t). Now notice that fI(y, -) = II(y, ) for y € B and that, from Proposition 4.3,

Hﬂm=ﬁﬂw=Pﬁﬂﬂ=Aﬁﬂwﬁ&ﬂw=ﬁﬂﬂwﬁ&ﬂw=Pmﬂﬂ

forany f € Li(u) and x € C(¢) N B. The first part of (c) follows. The remaining results
follow from Theorem 3.1 of Herndndez-Lerma and Lasserre (1998).
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5. Yosida decomposition

In this section we present the so-called Yosida decomposition for the continuous-time process
{X:}ier, , following an approach closely related to the one presented in Yosida (1980, pp. 393—
397) and Herndndez-Lerma and Lasserre (1998). In what follows we denote by § X the closed
sets for {X;};er, and, similarly, by & ?® the closed sets (equivalent in this case to the absorbing
sets) for the discrete-time process {®y }reN-

Remark 5.1. Note that ¥ c $%. Indeed, suppose that E € 8%, whence P’(x, E) = 1 for
allx € E and allt € R,. Then clearly R(x, E) = 1 forallx € E.

We now recall the following definition.

Definition 5.1. A measure v on 8B is said to be ergodic if it is an IPM such that, for every
closed set B € 8, v(B) = 1 or u(B) = 0. We denote by UX the set of ergodic measures for
{X:}ier, and by U? the set of ergodic measures for {®y }ren.

We have the following results.

Lemma 5.1. Assume that v is an invariant measure for the Markov chain {®y}ren. Then
V(E) = v(MX(E)) forall E € 8°.

Proof. For E € 8%, we have L®(x, E) = 1 and E C M*(E). Define

Ug(x, B) :== ) [(R1g)"'Rl(x, B)

n=1

for all B € B8 and x € X. Consequently, using Theorem 10.4.7 of Meyn and Tweedie
(1993a), we find that the measure vy, defined by v (B) = fE Ug(y, B)u(dy) forall B € B is
invariant for the Markov chain {®y}zen, and, since MX(E)\ E C {x € X: L®(x, E) > 0},
we have v(MX(E) \E) =vg (MX(E) \ E). However, since E is absorbing, it follows that
Ug(y, MX(E)\E) = Oforall y € E. Combining these results, we obtain v(MX (E)\ E) = 0,
from which the result follows.

Proposition 5.1. A measure v is ergodic for the continuous-time process {X;};cr, if and only
if v is ergodic for the discrete-time process {®y}ren associated with the resolvent R.

Proof. From Remark 5.1, the “if” part is straightforward. To prove the converse implication,
suppose that v is ergodic for {X;};cr, but not for {®; };cn. In this case we can find an E € 8®
such that 0 < v(E) < 1. Using Lemma 5.1, we find that v(E) = v(MX (E)). However, from
Lemma 3.3, MX(E) € 8%. Consequently 0 < v(M¥X(E)) < 1, implying that v is not ergodic
for {X;},er, , which leads to a contradiction. Therefore, v is ergodic for {®;}ien, giving the
result.

The next result traces a parallel with Lemma 4.2 of Hernandez-Lerma and Lasserre (1998).

Proposition 5.2. If the measure v is ergodic for the continuous-time process {X};er., then
there exists a maximal closed set E € 8% such that U(E) = 1. Moreover, with {X,},E]R+ the
restriction of {X;};er, over E it follows that

(1) v is the unique IPM of the continuous-time process {)A(,},ER+, and

(i) E is indecomposable.
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Proof. Let ¢, be the measure associated with the resolvent R, as in Lemma 3.3 of
Hernandez-Lerma and Lasserre (1998), and let § = {x € X: o =viN{x € X: R™(x, )
converges weakly to ¢, }. According to Theorem 3.1 and Lemma 4.2 of Herndndez-Lerma and
Lasserre (1998), we have v(S) = 1. Following the approach of Yosida (1980, pp. 393—397) (see
also Hernandez-Lerma and Lasserre (1998 p. 113)), we can find an absorbing set E € 8% such
that £ C S and U(E) =1. LetE = M(E) {x € X L®(x, E) =1} (from TheoremZ 1(1)
of Meyn and Tweedie (1993b)). From Lemma 3.3, E € 8% and, clearly, ECE, meaning that
v(E) = 1.

Let us show that £ C S. Consider an x € E and any function f € Cy(X) (recall that Cp(X)
denotes the space of bounded continuous functions on X). We have

> R f(x) = Eq (Z f(cbk)) =Y E. (Z £(@p) l{tg=m}>,
k=1 k=1 m=1 k=1

since P, (rg < 00) = 1. However, from the Markov property it follows that, for n > m,

1 n 1 m 1 n—m
~E, (Z f(@0) 1”;:,,,}) =~ E (Z f(@0) 1{,52,,,}) + = Ex (Z R*f (@) l{rgzm})
k=1 k=1 k=1

Note that ®_o € EcCS. By using the bounded convergence theorem, we obtain
E

n—m

] k P
nll_zgo ; Ex(}} 1 R f (D) 1{rg:m}) =v(f)Pe(r; =m).
Combining these results yields

1
lim (Z f(@0) 10 _m}> = u(f) Py = m)

n—oo

and, again from the bounded convergence theorem, we obtain

k — —
nlgr;O;ZR OE v(f)ZP(r~—m) v(f).

m=1

Thus, R™ (x, -) converges weakly to v and x € S, implying that E C S. From Lemma 3.3 of
Hernédndez-Lerma and Lasserre (1998), for an arbitrary IPM u for P!(x, -) (and, thus, for R)
such that /,L(E) = 1, wehave u(B) = fE w(dx)py(B) = v(B) forall B € 8B, proving item (i).

Now suppose that E can be decomposed as the union of two disjoint closed sets A and
B with v(A)v(B) > 0. Then, from Remark 5.1, A and B are disjoint absorbing sets for R,
leading, according to the proof of Lemma 4.2(h) of Herndndez-Lerma and Lasserre (1998), to
a contradiction.

As in Herndndez-Lerma and Lasserre (1998), let i be an IPM for P! (x, -) and define

A(f, ox) = f (@x(f) = n(f)*p(dx),
X
define X as the set of points in X such that Lemma 3.3(a)—(e) of Herndndez-Lerma and Lasserre

(1998) holds, and define X» = {x € X1: A(f,¢x) = O0forall f € Co(X)}. The following
result presents the so-called Yosida decomposition for the continuous-time process {X;};cR, -
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Theorem 5.1. Let ju be an arbitrary IPM for the continuous-time process {X,;};cRr, , define ¢y
as in Lemma 3.3 of Herndndez-Lerma and Lasserre (1998), and let X, be as defined above.
Then, for every x € X, there is a maximal closed set E e 8% such that (px(E ) = L
Moreover, with {Xl},e]R+ the restriction of {X:}1er, over Ex, it follows that

(1) @y is the unique IPM of the continuous-time process {X t}ier,, and
(i) Ex is indecomposable.

Proof. As defined in Herndndez-Lerma and Lasserre (1998, pp. 114-115), ¢, is an ergodic
probability measure for R. From Proposition 5.1, ¢y is an ergodic probability measure for the
continuous-time process {X;};cr, , and the result follows from Proposition 5.2 with v replaced

by ¢x.
6. Doeblin decomposition and Lyapunov criterion

We start by recalling the definition of an everywhere-nontrivial T -continuous component
for a stochastic kernel K, and that of T-processes (see Meyn and Tweedie (1993b)).

Definition 6.1. Let K(-,-): X x 8 — R, be a stochastic kernel. A kernel 7'(-, -): X x B —
R is called a T-continuous component nontrivial everywhere on X if

1 T(x,) <K(x,-)forallx € X,
(i) 0 < T(x,X) <1forall x € X, and
(iii) foreach A € 8, T (-, A) is a lower-semicontinuous function.

Definition 6.2. A continuous-time Markov process { X, };cr, will be called a T'-process if there
exists a probability F' on IR such that the stochastic kernel K 1{5 admits an everywhere-nontrivial
T -continuous component. A discrete-time Markov chain {W,, },cn will be called a T-process
if there exists a probability b on N* such that the stochastic kernel K ;’ admits an everywhere-
nontrivial 7'-continuous component.

The following definitions are related to the T”-condition presented by Costa and Dufour
(2005b), and generalize the concepts of T -continuous component and T '-process (see the
examples below).

Definition 6.3. (T'-component.) Let K (-, -): X x 8 — R be the stochastic kernel associated
with the Markov chain {W; }xen. This kernel admits a 7’-component if there exist a probability
bonN*and akernel T(-,-): X x 8 — [0, 1] such that

(i) T(x,) < K}/ (x,) forall x € X,
(i) 0 <T(x,X) <l1forall x € X, and

(iii) there existan I € N, and a countable sequence of sets { B, },,cr in B such that, for every
absorbing set E of the Markov chain {Wg }zen, there is an I (E) C I such that

xeX: T, E)>0= (] B. 6.1)
icl(E)

Definition 6.4. (7’-process.) A continuous-time Markov process {X;};cr, where the associ-
ated transition semigroup is denoted by {P’};er, will be called a T"'-process if there exists a
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distribution F on R such that the stochastic kernel K ;‘ admits a T’-component. A discrete-
time Markov chain {¥,},cny where the associated transition probability function is denoted
by G will be called a T’-process if there exists a distribution F on R such that the stochastic
kernel G admits a T’-component.

Next, we present three examples of Markov processes that are T'-processes. The first
two examples show that standard classes of Markov process (such as irreducible processes
or T-processes) are T'-processes. In the last example it is shown that the class of processes
satisfying the T’-condition is wider than the class of irreducible processes and T -processes.

Example 6.1. If {X;};cr, is g-irreducible then it is a 7’-process. Indeed, from the definition
of p-irreducibility, if for some ¢ we have ¢ (B) > 0, thenE, (ng ) > 0, and from Theorem 2.1(i)
of Meyn and Tweedie (1993b) we have L®(x, B) > 0, where {®y}ren denotes the Markov
chain associated with the resolvent. Consequently, it follows that {®y }xen is @-irreducible. As
shown by Costa and Dufour (2005b), {®; }xen is a T’-chain, and from Definition 6.3 {X};cr,
is a T’-process.

Example 6.2. If {X,};cr, is a T-process then, for some distribution F, it is immediate that
the stochastic kernel K %{ admits a T’-component and, from Definition 6.3, that {X,},cr, is a
T’-process.

Example 6.3. Consider a scalar Markov jump linear system given by
Z(t) = a@([)Z(t), Z(O) € R! Q(t) € N? ay = _13 ay = _23

where N = {1, 2}, 6(¢) is a continuous-time Markov process with jumprates 1o = 1, Ao; = 1,
and a dot denotes a time derivative. Note that this class of models has been the subject of
extensive research over the last few years, and the associated literature is now fairly extensive.
The interested reader may consult the following references (and the references cited therein): in
the discrete-time context see Costa et al. (2004), and in the continuous-time context see Fragoso
and Rocha (2005).

Itis easy to see that z () = exp{ f(; ag(sy ds}z(0), and that z(¢) is a strictly decreasing function
of t for z(0) > 0 and a strictly increasing function of ¢ for z(0) < 0. We define the Markov
process {X;};er, , With X; = (z(#), 0(¢)) taking valuesin X =R x N.

Foranyi € N, let xo = (0,i), Ao = {0} x N, and x, = (1/n,i). For any T -continuous
component of K%(, we have 0 = K}( (xn, Ag) = T (x,, Ag) > 0 and, thus,

0= lim T(x,, Ao) = T (x0, Ag) = 0,
n—oo

meaning that T (xg, Ag) = 0 (and, thus, T (xg, (R \ {0}) x N) > 0), which is a contradiction
since clearly 0 = K? (x0, R\ {0}) x N) = T (x0, (R\{0}) x N). Therefore, with the topology
generated by the usual metric, we conclude that this process is not a T -process.

For x = (z,i) € R x N and A any Borel set of R, let

1
Z—ZMLeb.(A NO,z), Jj=12, forz>0,
T(x,Ax{j}=

1
—2—ZMLeb.(A N(z,0), j=1,2, forz<0,

1
T(x,{O}x{j}):E, j=1,2, forz=0.
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Also, let F(t) be the exponential distribution with rate 1, let {B,}°° , be a countable basis of
the open sets in R, and let B; = {0}. With these choices we see that {® };cn is a T'-chain with
by =1 and, thus, that {X;};cr, is a T’-process.

The next result shows that a T’-process admits a Doeblin decomposition.

Proposition 6.1. Assume that {X,};cr, is a Borel right process. It is then a T'-process if and
only if the Markov chain {®y}ren is a T'-chain. If {X;}ier, is a T'-process, then it admits a
Doeblin decomposition.

Proof. Let us first show that if {X,};cr, is a T’-process then the Markov chain {®; }ien is a
T’-chain. From Definition 6.4, if {X,};cr Lisa T'-process then there exists a distribution F on
R% such that the stochastic kernel K f,( admits a T'-component. According to Corollary 2.19
of Costa and Dufour (2005b), there exist a countably generated and separated 7 topology
consisting of all open sets in 8B and a probability d on N* such that y 2, di(K 1’,5 )K admits a
T -continuous component that is nontrivial everywhere on X (or, in other words, K }f, admits a
T-continuous component that is nontrivial everywhere on X, where H = > 2| di F** and F*"
represents the n-fold convolution, since Y e di (K }( =K g). Now, according to Proposi-
tion 3.1 of Meyn and Tweedie (1993b), there exists a distribution G on R? that has a bounded
density g with respect to the Lebesgue measure and for which K é admits an everywhere-
nontrivial continuous component with respect to the 7 topology. We denote by {®Py}ren the
Markov chain that is generated from the stochastic kernel K g . Again using Corollary 2.19 of
Costa and Dufour (2005b), it follows that {®y }ren is a T'-chain. Consequently, there exist a
probability b on N* and a kernel 7 (-, -) such that conditions (i), (ii), and (iii) of Definition 6.3
are satisfied.

Let us show that T'(x, -) < R(x, -) for all x € X. Indeed, suppose that A € B is such that
R(x, A) = [;° P'(x, A)e™'ds = 0. Then

Dbk (x, A) = /OO Pl A)Y brg™ (0 dr =0,
0

k=1 k=1

implying that 7(x, A) = 0. Moreover, if E is an absorbing set of {®j}ren then E is an
absorbing set of {Pi)ren. Indeed, suppose that E is an absorbing set of {®y}xen. Then, for
every x € E, we have R(x, E) = 1, meaning that R(x, E€) = ]OOO P'(x, ESe™"dr = 0 and,
thus, that KX (x, ES) = [;° P'(x, E®)g(t)dt = 0, whence KX (x, E) = 1 for every x € E.
Now, it is easy to see that the resolvent R satisfies Definition 6.3 for the T’-component 7.
It thus follows that {® }en is a T’-chain.

Conversely, if {®}ren is a T'-chain then it is easy to see, by taking dF (1) = e’ dt, that
KFr = R admits a T’-component and, thus, that {X;},er_ is a T’-process, from which the first
part of the result follows.

The second part of the result is a straightforward combination of the first part, Theorem 3.1
(here) and Theorem 2.18 of Costa and Dufour (2005b).

The next result shows that the Lyapunov criterion is necessary and sufficient for the existence
of an IPM for a nonexplosive Borel right 7’-process. For the Borel right process {X;};er,
(which will be assumed nonexplosive in the sequel), the extended generator is as defined in
Definition 2.5.

Theorem 6.1. Assume that {X;},er. is a nonexplosive Borel right process satisfying the T'-
condition. Then {X;};er, admits an IPM if and only if there exist a petite set C and a closed
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set H for {X;};er,, a measurable function W: X — R in the domain of A, and a constant
d € Ry such that
AW(HX) < —1+dlc(x) forallx € H.

Proof. 1f there exists an IPM for {X;};cr, then, according to Lemma 1 of Azéma et al.
(1967), there exists an invariant probability for the Markov chain {®y}zen associated with
the resolvent R. Using Proposition 6.1, we find that {®;}xcn is a T'-chain. Consequently,
following the proof of Proposition 5.1 of Costa and Dufour (2005b), there exists a maximal
Harris set H for {®g}ren such that

RV(x) <V(x)—1+dlc(x) forallx € H, (6.2)

where d € R, C is a petite set for R, and V: X — R, = R, U{oo} is a measurable function
with V(x) < oo for all x € H. Denote by V the restriction of V to H. Since H is a maximal
Harris set for { Cbk}keN, itis also a maximal Harris set for {X;};cr, , by Theorem 3.1. Consider
the restrictions {X t}rer, and {<I>k}keN of the > process {X:}ier, and, respectlvely, the Markov
chain {®r}ren to H. Moreover, denote by A the generator of the process {X t}rer, . Clearly
{X t}rer, is a nonexplosive Borel right process, and we denote by R its associated resolvent.
It is easy to show that RV (x) = RV(x) for all x € H. From (6.2), it follows that V is in the
domain of R; from Lemma 4.3 of Down et al. (1995) we thus find that

ARV(x)=(R—1)V(x) forallx € H. (6.3)

Define the function W: X — R, by

W) e RV(x) forx e H,
o forx € HC.

Clearly W is a measurable function. Since H is a closed set for {X;};cr, , we have
t
E,(W(X;)) = W(x) + E; (/ (R—-—DHV(Xy) ds> forallx € H,
0

implying that AW (x) = (R — I)V (x) for all x € H. Moreover, AW (x) = 0 for all x € HC.
Therefore, W is in the domain of +4. Finally, using (6.2), we find that

AW(Kx) < —-14+d1c(x) forallx € H,

where C is a petite set for {X;};cr, (since it is petite for R), from which the ‘if” part of the
result follows.
The converse result is Theorem 4.1 of Costa and Dufour (2005a).

Before presenting our final result, we recall the following definition.

Definition 6.5. An IPM p is said to be singular with respect to P (x, -) if, for each x € X,
there exists a set £, such that w(E,) = 1 and fooo P'(x, E;)dt = 0. Otherwise u is said to be
nonsingular with respect to P’ (x, -). Similarly, an IPM u is said to be singular with respect to
R(x, ) if, for each x € X, there exists a set E such that £ (E,) = 1 and Z,fil Rk(x, E,)=0.
Otherwise u is said to be nonsingular with respect to R(x, -).

Theorem 6.2. If {X,};cr, is a T'-process and an IPM w exists for it, then every IPM is
nonsingular with respect to P'(x, -) and UX is countable.
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Proof. From Proposition 6.1 and the hypothesis that {X;};cr, is a T’-process, it follows
that {®y }en is a T’-chain. From Theorem 2.21 of Costa and Dufour (2005b), U® is countable
and every IPM for {®j}xen is nonsingular with respect to R(x, ). From Proposition 5.1,
UX = U®, from which the first part of the result follows. The second part follows from the
identity fooo P'(x, Ex)dt =) ;2 R¥(x, E,) and Lemma 1 of Azéma et al. (1967).
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