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Stability and Ergodicity of Piecewise Deterministic Markov Processes

O.L.V. Costa and F. Dufour

Abstract— The main goal of this paper is to establish some
equivalence results on stability, recurrence between a piecewise
deterministic Markov process (PDMP for short) {X(¢)} and
an embedded discrete-time Markov chain {©,} generated by
a Markov kernel G that can be explicitly characterized in
terms of the three local characteristics of the PDMP contrary to
the resolvent kernel. First we establish some important results
characterizing {©,} as a sampling of the PDMP {X(¢)} and
deriving a connection between the probability of the first return
time to a set for the discrete-time Markov chains generated by
G and the resolvent kernel R of the PDMP. From these results
we obtain equivalence results regarding recurrence and positive
recurrence between {X (¢)} and {0, }

I. INTRODUCTION

Piecewise-deterministic Markov processes (PDMP’s for
short) have been introduced in the literature by M.H.A. Davis
[1] as a general class of stochastic models. PDMP’s are a
family of Markov processes involving deterministic motion
punctuated by random jumps. The motion of the PDMP
{X(t)} depends on three local characteristics, namely the
flow @, the jump rate A and the transition measure (), which
specifies the post-jump location. Starting from = the motion
of the process follows the flow ®(x,t) until the first jump
time 77 which occurs either spontaneously in a Poisson-
like fashion with rate A or when the flow ®(x,t) hits the
boundary of the state-space. In either case the location of
the process at the jump time 77 is selected by the transition
measure Q(®(x,T}),.) and the motion restarts from this new
point as before.

Over the last decades a great deal of attention has been
given to the stability properties and related ergodic theory of
Markov processes. One of the main approaches to deal with
these problems is to show that the recurrence properties of
the Markov process under consideration are related to the
recurrence properties of an associated discrete-time Markov
chain obtained from a sampling of the original process, so
that the well known discrete-time Markov chains results
could be used (see for example the books [2], [3], [4] and
the references therein).

In the continuous-time context, J. Azéma et al [5], [6]
showed that a general Markov process and its associated
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resolvent admit the same recurrence properties. It was proved
by P. Tuominen and R. Tweedie [7] that the recurrence
structure of a Markov process {X(¢)} with transition semi-
group {P'} and the Markov chain with kernel Kp =
J P'F(dt), where F is a distribution on [0,00), are es-
sentially equivalent, provided that a continuity assumption
on {P'} is satisfied, an assumption later suppressed in a
fundamental paper by S. Meyn and R. Tweedie [8]. It must
be pointed out that these results are related to the sampling
of a continuous-time process {X(¢)}, sampled at random
times defined by an independent undelayed renewal process.
This idea of randomized sampling was generalized to state
dependent sampling to provide some more powerful state
dependent drift criterions in order to ensure stability of the
original Markov process. Within this context, V. MalySev
and M. Men’Sikov [9] derived a modified Foster-Lyapunov
criterion to establish recurrence properties for discrete-time
Markov chains with countable state space. S. Meyn and R.
Tweedie [10] generalized this work to discrete-time Markov
chains with a general state space and furthermore obtained
state-dependent drift conditions to get geometric ergodic
properties. The generalization to continuous-time models
has been established by J. Dai and S. Meyn [11] in the
context of general state space Markovian queueing models.
In particular, they provided sufficient conditions for the
existence of bounds on the long-run average moments and
rates of convergence of the p*” moments to their steady-state
values. Another paper related to this subject is [12].

The main goal of this paper is to establish equivalence
results on stability such as (Harris) recurrence and positive
(Harris) recurrence between a PDMP and a discrete-time
Markov chain generated by a kernel G (see equations (2)-
(4) for its definition) that can be explicitly characterized
in terms of the three local characteristics of the PDMP.
It should be noticed that the results developed in [6], [8],
[7] would be hard to be applied for the PDMP’s from the
practical point of view because the transition semigroup
of the PDMP as well as its associated resolvent kernel
cannot be explicitly calculated from its local characteristics,
as opposite to the kernel G. As shown in Theorem 3.1
below, G generates a Markov chain that corresponds to a
state dependent sampling of the PDMP {X(¢)} providing
an interesting parallel between our work in the continuous-
time context and the results obtained in [10] in the discrete-
time setting. However, it must be stressed that [10] provides
general sufficient conditions to ensure that stability of the
sampled chain implies stability of the Markov process, but
not the converse. One of the main goals of our paper is
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to show the converse for PDMP’s and, in fact, that the
PDMP and the discrete-time Markov chain generated by this
tractable kernel G have an equivalent recurrence structure.
We show that the following equivalence results hold:

(i) The PDMP {X(t)} is irreducible if and only if the
Markov chain {©,,} associated to G is irreducible, see
Proposition 4.1.

(i) There is a one to one correspondence between the set
of invariant measures for the PDMP {X (¢)} and for the
Markov chain {©,,} associated to G, see Theorem 4.2.

(iii) The PDMP {X(¢)} is recurrent if and only if the
Markov chain {©,} associated to G is recurrent, see
Theorem 4.7.

(iv) The PDMP is Harris recurrent if and only if the Markov
chain associated to GG is Harris recurrent, see Theorem
4.9.

(v) The PDMP is positive recurrent (respectively, positive
Harris recurrent) if and only if the Markov chain asso-
ciated to G is recurrent (respectively Harris recurrent)
with invariant measure satisfying a boundedness condi-
tion, see Corollary 4.8 (respectively Corollary 4.11).

The paper is organized as follows. In section II we present
some basic definitions related to the motion of a PDMP,
introduce the Markov kernel (G, and recall some classical def-
initions related with Markov processes both in the discrete-
time and continuous-time context. Some preliminary results
are derived in section III that will be important to obtain the
equivalence properties for the stability of the PDMP’s and
the Markov kernel GG. In section 1V, it will be established
that the stability and recurrence properties are equivalent for

the PDMP’s and the kernel G.

II. DEFINITION OF THE PDMP AND THE MARKOV
KERNEL G

In this section we first present some standard notation and
some basic definitions related to the motion of a PDMP
{X(t)}. For further details the reader is referred to [1].
Afterwards we introduce the Markov kernel G, which we
will use for characterizing the recurrence and the Harris
recurrence structure of the PDMP {X(¢)}. At the end of
this section, we recall some classical definitions related with
Markov processes both in the discrete-time and continuous-
time context. For a complete exposition on the subject, the
reader is referred to the works of Meyn and Tweedie [2],
[13], [14], [15]. We follow closely the notation in Meyn and
Tweedie [2].

Let R, be the set of nonnegative real numbers. The set of
natural numbers is denoted by N, and N* = N—{0}. For any
metric space H, the borel o-field of H is denoted by B(H ).
The indicator of a set A is denoted by 14 (14(x) = 1 if
x € A 1x(x) =0if x ¢ A). Let E and F be two metric
spaces. A kernel K on ExB(F)isamap K : ExXB(F) —
R4 U{+o0} such that for x € E, K (x,.) is a nonnegative o-
finite measure on (F, B(F')) and for any A € B(F'), K(., A)
is a measurable function on E. The kernel 14 on (E, B(FE))
is defined for any set A € B(F) by Is(x,B) = 14 ().
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We present next the definition of the motion of a PDMP. Let
E° be an open subset of R and E its boundary. A PDMP
is determined by its local characteristics (X, A, Q) where:

e X is a Lipschitz continuous vector field, X : R" — R"
which determines a flow ®(x,¢) such that %@(x, t) =
X(®(x,t)) and ®(x,0) = z for all x € R™.

Define I't = {x € OE° : x = ®(y,t) for some y € E°,t >
0, and ®(y,s) € E° Vs € [0,t[}, and I~ = {x € E" :
r = ®(y,—t) for some y € E° ¢t > 0, and ®(y, —s) €
E° Vs € [0,t[}. It C OFE° represents the boundary points
at which the flow exits from EY. T~ C OEY is characterized
by the fact that the flow starting from a point in I'~ will not
leave E° immediately. Therefore it is natural to define the
state space for the PDMP by E = E°UI'™ —T'~NI'*. For all
xin E, let us denote by t,(x) = inf{t > 0: ®(z,t) € OE°},
with the convention inf () = oo.

e The jump rate A E — R, is assumed to be a
measurable function satisfying: (Vz € E) (3¢ > 0) such

ANP(z, s))ds < .
0
e @ : EUTY x B(E) — [0,1] is a transition measure

satisfying the following property: (Vx € EUTT) Q(z, E —
o) =1,

that

From these characteristics, it can be shown [1, p.
62-66] that there exists a filtered probability space
(Q, F,{Fi},{Ps}zecr) such that the motion of the process
{X(t)} starting from a point z € E may be constructed as
follows. Take a random variable 7} such that

e M@t for t < t,(x)

0 for t > t.(x)

Pm(Tl > t) = {
where for x € E and t € [0,¢,(x)]

A(x,t)i/o AMP(z, s))ds. (1)

If T3 generated according to the above probability is equal to
infinity, then for ¢t € Ry, X (¢) = ®(z,t). Otherwise select
independently an FE-valued random variable (labelled X7)
having distribution Q(®(x,T}),.). The trajectory of {X (¢)}
starting at x, for ¢ < T3 , is given by

X(t) = &(x,t) fort < T,
X1 fOI‘If:Tl.

Starting from X (77) = X;, we now select the next inter-
jump time T» — T} and post-jump location X (75) = X is
a similar way.

This gives a strong Markov process { X (¢)} with jump times
{Th} ey (Where Ty = 0). The transition semigroup of the
process {X(t)} is denoted by {P'}icr,. We denote by
{F*}icr, the filtration generated by the process {X (t)}.

It is assumed in all the paper that for all (¢,z2) € Ry x E,
E, {Z l{TkSt}:| < oo implying in particular that T}, — oo
k
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as k — oo. This is a standard assumption, see for example
equations (24.4) or (24.8) in [1].

Now let us introduce the sub-stochastic kernels H and J and
the Markov kernel G:

tw(z)
Hix, A) = / e LAY (B(a, 5))ds, @)
0

ti(z)
J(a, ) = / A(@(x, )~ FAEN QD (2, ), A)ds

+e_{t*(x)+A(m,t*(m))}Q(<I)(x,t*($))7A)? @)
G(z,A) = J(z, A) + H(z, A). @

In [16], it was shown that G as defined in (4) is a Markov
kernel.

The resolvent kernel associated to the process {X (t)}ier,
is denoted by

Rz, A) = /Oo Pz, A)e " dt. (5)
0

As shown in [16], R can be written in terms of H and J as
follows:

R= Z JIH. (6)
j=0

Let {©,} (respectively {Y,,}) be the Markov chain associ-
ated to the Markov kernel G (respectively R). In Theorem
3.1 below it will be shown how the Markov chain {©,,} can
be generated from the sample paths of the PDMP {X (¢)}.

In what follows we will present some definitions consider-
ing a discrete-time Markov chain {x,} with Markov kernel
S that could be either {©,,} (with S = G) or {T,,} (with
S = R). The first return time of a set A € B(E) for the
PDMP {X (¢)} and for the Markov chain {y,} are defined
respectively as follows:

X =inf{t > 0: X(t) € A}, 75 =inf{n >1:x, € A}.

Associated to these first return times, we have the return time
probability of a set A € B(E) for the PDMP {X(¢)} and
for the Markov chain {x,}, given respectively by

LX(x, A) = Po(7X < 0), L5z, A) = Py(75 < o0).

The number of visits to a set A is defined for the PMDP
{X(t)} and for the Markov chain {x,} respectively as

be - -

N i/ La(X(@)dt, 5= Lalxn)-
0 n=1

If F is a probability distribution on R, (respectively b
is a probability on N*), then the stochastic kernel K f,f
(respectively K;’) associated to { X (¢)} (respectively {x,})
is defined on E x B(E), Vx € E, YA € B(E), by:

Kgf(x,A)i/wpt(x,A)F(dt), )
0
K2 (x,A) =) b(k)S*(z, A). (8)
k=0
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Aset C' € B(F) is called a petite set for { X (¢)} (respectively
for {x,}) if there exist a probability distribution F on
R, (respectively a probability b on N*), and a non-trivial
measure v on (E, B(E)) such that (VA € B(E)), (Vz € C),
K (z,A) > v(A) (respectively (VA € B(E)), (Vx € O),
K§(2, A) > v(A)).

A positive measure p (respectively m) is called invariant
for the PMDP {X (¢)} (respectively for the Markov chain
{xn}) if it is a o-finite measure satisfying u = pP* for all
t > 0 (respectively m = 75).

The next definitions apply for both the continuous-time as
well as the discrete-time process, and therefore we suppress
the superscript X or S. A Markov process is called -
irreducible (and ¢ an irreducibility measure) if for some o-
finite measure ¢, we have that E,(n4) > 0 for all x € E
whenever ¢(A) > 0. A set A € B(E) is said to be full if
©(A°) = 0. An irreducibility measure 9 is called maximal
irreducible if for any other ¢ irreducibility measure, we have
that 1) > ¢. A Markov process is called recurrent if for some
o-finite measure o, we have that F,(n4) = oo forallz € F
whenever ¢(A) > 0, and Harris recurrent if E;(n4) = oo
is replaced by P,(ns = oo) = 1. If the Markov process is
Harris recurrent then there exists a unique (up to constant
multiples) invariant measure. The Markov process is said to
be positive Harris recurrent if it is Harris recurrent and the
invariant measure is finite.

III. PRELIMINARY RESULTS

In this section we present some preliminary results that
will be very important to characterize the recurrence and
Harris recurrence structure of the PDMP {X(¢)}. First in
Theorem 3.1 the Markov chain {©,,} generated by the kernel
G is shown to be related to the sample path of the PDMP. It
is interesting to remark that {©,,} corresponds to a sampling
of the continuous-time process { X (¢)} at random times that
depends on a combination of a sequence of independent and
identically distributed exponential times with the sequence
{T}} of jump times of the PDMP {X (¢)}. Moreover it must
be pointed out that the Markov kernel G does not correspond
to a generalized resolvent, as studied in the fundamental
paper of Meyn and Tweedie [8]. An easy consequence of
Theorem 3.1 presented in Corollary 3.2 is that if the first
return time of the Markov chain {©,} to a set A is finite
then the first return time of the PDMP {X (¢)} to the same set
A is finite. Consequently, it will be easy to deduce from the
this result that if the Markov chain {©,,} is Harris recurrent
then so is the process { X (¢)}. The last two theorems of this
section show that:

« the probability of the first return time of {©,,} to a set
A to be finite is bounded below by the probability of
the first return time of {Y,} to the same set A to be
finite (see Theorem 3.3).

o the average number of visits of {©,} to a set A is
bounded below by the average number of visits of the
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Markov chain {T,,} (generated by the resolvent) to the
same set A (see Theorem 3.4).

Theorem 3.4 will be used in the next section to show that if
the process { X (¢)} is recurrent then so is the Markov chain
{6, }. An important consequence of Theorem 3.3 is that if
the process { X (¢)} is Harris recurrent then so is the Markov
chain {©,,}. Theorem 3.3 is surprising and far from trivial
to show.

We have the following result, proved in [17], which shows
how the Markov chain {©,,} could be generated from the
sample path realizations of {X(¢)}.

Theorem 3.1: On the probability space (92, F;X,F,P,)
let {s,}n>0 be a sequence of independent and identically
distributed R -valued random variables with exponential
distribution with parameter equal to 1 such that V;>qF;%
and o{s; : k > 0} are independent. Let the sequence of
stopping times {’Tn}n N be defined as follows: 79 = 0, and

Tn+1 = Z 1{Tk§7’n<Tk+1} (Tn + Sn-i-l) A Tk+1:| .(9)
k=0
Then {X(7,,)} is Markov chain with transition probability
given by G.
Proof: The proof of this result is presented in [17]. W

Without loss of generality, it can be considered that ©,, =
X () since {©,,} was defined in section II as a Markov
chain generated by G and from the previous theorem, {©,}
and {X(7,)} have the same probability distribution. An
important corollary of the previous theorem is the following
inclusion for the first return times of the Markov chain {©,,}
and the process {X (¢)}:

Corollary 3.2: For any set A € B(E),

{r§ < oo} c {rX < o} (10)

Proof: This is a straightforward consequence from the

fact that we can consider ©,, = X (7,), as shown in Theorem
3.1. ]

We have the following important theorem establishing a
link between the probability of the first return time to a set
for the Markov chains {©,} and {Y,}.

Theorem 3.3: For every « € E, and A € B(E),
LE(z,A) > LTz, A). (11)
Proof: The proof of this result is presented in [17]. ®
Combining (10) and (11) we have, for every z € E and
A € B(FE), the following important inequalities:
Lz, A) < L%(x, A) < L¥(z, A).

We conclude this section with the following theorem, pro-
viding a link between the average numbers of visits for the
Markov chains generated by the kernel G and R.

TuC09.4

Theorem 3.4: For every x € E, and A € B(E),

U (x,A) > UR(zx,A). (12)
Proof: The proof of this result is presented in [17]. H

IV. CHARACTERIZATION OF THE RECURRENCE AND
HARRIS RECURRENCE STRUCTURE OF THE PDMP IN
TERMS OF THE MARKOV KERNEL GG

The aim of this section is to characterize the (Harris)
recurrence properties between the PMDP {X (¢)} and the
Markov chain {0©,,} generated by the kernel G. First, it
is proved in Proposition 4.1 that {X(¢)} is irreducible if
and only if {©,} is irreducible. Then a generalization of
Theorem 3.5 in [16] is presented in Theorem 4.2 giving a one
to one correspondence between the invariant (positive and o-
finite) measures for the PDMP {X (¢)} and the Markov chain
{©,,}. Using the preliminary results derived in the previous
section, it is shown in Theorem 4.7 and 4.9 that the PDMP
{X (t)} is recurrent (respectively Harris recurrent) if and only
if the Markov chain {0©,,} is recurrent (respectively Harris
recurrent). One would expect a natural generalization of
such equivalence results for positivity between the processes
{X(t)} and {©,,}. In fact, this result does not hold. Indeed,
it is shown in Corollary 4.8 that the positive recurrence
of the process {X(¢)} is equivalent to a weaker form of
stability for the Markov chain {©,}. Namely, {X(¢)} is
positive recurrent if and only if {©,} is recurrent and its
unique invariant measure 7 satisfies the condition given by
mH(E) < oo which is far less demanding than positive
recurrence for {©,,}. A similar result will be proved for the
positive Harris recurrence of {X (t)} (see Corollary 4.11).

We have the following proposition characterizing the irre-
ducibility of the process {X(t)} and the Markov chain

{6, }.

Proposition 4.1: The PDMP { X (t)} is irreducible if and
only if the Markov chain {©,,} is irreducible.

Proof:  Suppose that the Markov chain {©,} is ¢-
irreducible. From Proposition 4.2.1 in [2], page 87, whenever
©(A) > 0 for any A € B(E) we have that L% (x, A) > 0
for all z € E. From (10) we have that LX (x, A) > 0 for
all x € E whenever o(A) > 0 for A € B(E). By using
Proposition 2.1 in [15], it follows that the PDMP {X(t)} is
p-irreducible with © = @R, where we recall that R is the
resolvent defined in (5).

Now suppose that {X(¢)} is W-irreducible. Then for A €
B(E) with U(A) > 0, we have for all z € E, E,[nX] > 0.
Since E, [ ]| = U (x, A) (see, for instance, [7]), it implies
that L®(z, A) > 0. From Theorem 3.3, we get the result. W

Recall that by definition an invariant measure is always
o-finite and positive. The next result shows that there exists
a one to one correspondence between the set of invariant
measures for the PDMP {X(¢)} and the set of invariant
measures for the Markov chain {©,} generated by G. It
extends Theorem 3.5 in [16] that was restricted to the set of
invariant probability measures for the PDMP’s.
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Theorem 4.2: i) If u is an invariant measure for {X (¢)}
then 11 3772 ) J7 is invariant for {©,,} and Y277 JTH = pu.

i) If 7 is an invariant measure for {©,, } then 7 H is invariant
for {X(¢)} and 7H Z?io JI =T.

Proof: Let us show i). Let x4 be an invariant measure
for {X(t)} and set m = >°°° pJ7. Let us show that
m is o-finite. Since p is o-finite, there exists a partition
{A;} of E such that y(A;) < oo. Define C,, = |J_, 4;,
and B,,, = {y € E : H(y,C,) > L} for m € N*.
Notice now that for every x € FE, we have that 0 <
H(z,FE) < 1, and so |J,, ,,, Bn,m = E. From (6) we have
that p = uR = Z;io ,quH = 7H, so that oo > u(C,) =
Je H(y,Cp)m(dy) > an’m H(y,Cn)m(dy) > %W(Bn,m)
showing that 7 is o-finite. Finally notice from (4) and (6)
that 7G = wJ +7H = 302 pJ? + pR = 372 pd? + p
= Z?io puJ? = m showing that 7 is invariant for {0, }.
Moreover, p Z;’;O JIH = R = p completing the proof of

7).

Let us show now ii). Let m be an invariant measure
for {©,}. For any n € N*, we have 73 7 | J/H +
TH = WGZ?:O JIH = T e JIH + nJtlH
+mH Z;'l:o J7H. In order to cancel out the identical term
m Z;‘L:1 J7 H on both sides of the previous equation one first
need to check that all the measures under consideration are o-
finite. Since m = 7G = wH + 7 J, it can be shown easily by
induction that 7J7 H < 7 and so wJ7 H is o-finite for all j €
N. Consequently, for all ;7 € N*, the measures 7 Z;;l Jid,
mH, nJ" " H, and 7H Y7, J/H are o-finite, implying
that 71H = nJ" T H + 7H Z?:o JIH. Moreover, it can
be shown that J"(z,A) = E,[e"T"14[X(T,)]] for all
n € N*, x € E and A € B(E). By using the dominated

convergence theorem and the fact that lim 7, = +oo,
it follows that for all A € B(FE) lim, ., 7J"(A) = 0.
Combining these equations, we have that y = 7H =

mH Z;.’O:O JIH = pR, and from Lemma 1 in [5] it follows
that @ is an invariant measure for {X(¢)}. Now we have
that mH 350 J/ + "t 4r 30 = Y I
It follows that mH Y7 J7 + nJ"*! = 7 by using the
same arguments as above. Thus lim,, ., 7H Z;’:O JI =,
showing 7). [ |

Remark 4.3: A straightforward consequence of Theorem
4.2 is the following result: There exists a finite invariant
measure for {X (¢)} if and only if there exists an invariant
measure 7 for {O,,} satisfying 7H (F) < oo. Note that this
result was already proved in Theorem 3.5 in [16].

The next two results show that if the PDMP is recurrent
then so is the Markov chain generated by G and vice versa.

Proposition 4.4: If H € B(E) is recurrent for the process
{X(t)} then H is recurrent for the Markov chain {©,,}.

Proof: If H € B(E) is recurrent for { X (¢)} then there

exists a measure v on (H, B(H)) such that for all A € B(H)

TuC09.4

with v(A) > 0, E,[n} ] = UR(z, A) = oo forevery z € H.
From Theorem 3.4, it follows that U%(x, A) = oo, showing
the result. |

Proposition 4.5: If A is an absorbing set for G then

i) forall n € N, I4J"f(z) = La(JI4)" f(z) for every
bounded positive measurable function f.

ii) A is an absorbing set for R.

Proof: Since A is an absorbing set for G, then for
all x € E, InG(z, A% = 0, consequently [4H1c(x) =
0 and I4J1xc(x) = 0. Let us show now i) by in-
duction on n. Consider a positive measurable function
f bounded by a constant ¢. For n = 1 we have that
IAJf(:C) = IAJIAf(ZE) + IAJIAcf(x) = IAJIAf(SC)
since TgJIacf(x) < claJ1ze(xz) = 0. Suppose now that
IAJnf(l‘) = ]A(JIA)nf(CL'). We have that IAJn'Hf(.I') =
IpaJ T f(x) = Ia(JIA)"Jf(x) = (IaJ)"IaJf(z) =
(IaJ)" IaJIaf(x) = IA(JI4)"T! f(2), showing item 7).

Let us show now that R(z, A) =1 for every x € A. For all
x € E, we have

(oo}
TaR1pc(x) =Ia»  J¥H14e(z) =0,
k=0

showing the last part of the result. [ ]

Let A be an absorbing set for a discrete-time Markov chain
{xn} with Markov kernel S. Then define

AY = {2 e E:L%@x,A) =1}

An absorbing set A is called maximal absorbing if A = AZ.

Corollary 4.6: If H is maximal absorbing set for G then
H is a maximal absorbing set for R
Proof: From Proposition 4.5, it follows that H is an
absorbing set for R. Consequently, H C HY = {z € E :
L%(z, H) = 1}. By definition, we have H = HZ = {x €
E : L%(xz, H) = 1}. However, from Theorem 3.3 we have
Hy C HZ, implying H = HF = HY ]

Theorem 4.7: The PDMP {X (¢)} is recurrent if and only

if the Markov chain {©,,} associated to G is recurrent.
Proof: Suppose that {©,,} is recurrent. Let ¢ a maximal
irreducibility measure for {©,, }. Then from Proposition 9.0.1
in[2], E= HUT where T € B(E) is ¢-null and transient
for {©,} and H € B(F) is non-empty and maximal ab-
sorbing for {©,,} and every subset of H in B(E)" = {A €
B(E) : ¢(A) > 0} is Harris recurrent. Combining Corollary
4.6, and a slight modification of Proposition 2.1 in [7], it
follows that H is a closed set for the process {X (¢)}: (Vz €
H), P,(X(t) € H, for all t € R;) = 1. Consequently, for
all A€ B(H)*Y, (Vxr € H), 1= L%z, A) < LX(x, A) and
by using Theorem 1.1 in [8] the process { X (¢)} restricted to
H is Harris recurrent. Therefore, { X (¢)} is recurrent on E.
The converse follows from Proposition 4.4, giving the result.
|
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The next corollary emphasizes a split with the previous
equivalence results. Indeed it is shown that the process is
positive recurrent if and only if {©,} satisfies a weaker
condition: recurrence and a technical condition for its unique
(o-finite) invariant measure.

Corollary 4.8: The PDMP {X (t)} is positive recurrent
if and only if the Markov chain {©,} associated to G is
recurrent with invariant measure 7 satisfying 7H (E) < oc.

Proof: The result easily follows from Remark 4.3 and
Theorem 4.7. [ ]

We prove now that the Harris recurrent properties are
equivalent for {X (¢)} and {©,}.

Theorem 4.9: The PDMP {X(t)} is Harris recurrent if

and only if the Markov chain {©,,} is Harris recurrent.

Proof: Suppose that the Markov chain {©,,} is Harris
recurrent. Denote by U a maximal irreducibility measure
for the Markov chain {©,,}. Then for any set A € B(E)
satisfying W¢(A) > 0 it follows from Corollary 3.2 that
1= L%, A) < LX(x, A) for all v € E. Therefore, { X (t)}
is Harris recurrent by using Theorem 1.1 in [8].

Now assume that the PDMP {X (¢)} is Harris recurrent.
From the equivalence results in [7], if the PDMP {X (¢)}
is Harris recurrent then the Markov chain {Y,,} associated
to the resolvent R is Harris recurrent. Moreover, by using
Proposition 4.1 {©,,} is irreducible. Let us denote by ¥¢
(respectively W%) a maximal irreducible measure for {0,,}
(respectively {Y,}). According to the definition of Harris
recurrence (see [2, page 200]), we want to show that if
WG (A) > 0 then Pw(?%’1 n‘fj’j{@n € A}) =1forallz € E.

From (i) and (4i¢) of Proposition 5.5.5 in [2], it follows that
there exists an increasing sequence of petite sets {Ck}k N
for {©,} such that £ = Ugen C), with ¥¢(Cy) > 0 and
WE(Cy) > 0 for all k € N. Since {Y,,} is Harris recurrent
we have for all k € N that L (z,Cy) = 1 for all z € Cy.
From Theorem 3.3 we have that L%(z,C)) = 1, for all
x € Cy, and from Proposition 9.1.1 in [2], it follows that
CY, is Harris recurrent for {©,,}. The remaining of the proof
follows now the same steps as the end of the proof of
Theorem 9.1.4 in [2], and it will be presented for the sake
of completeness. From Lemma 5.5.1 in [2], we have that for
all A € B(E) with ¥&(A) > 0, there exists § > 0 such
that 1€an LE(x, A) > 6. However Cy, is Harris recurrent for
zeCly

{©,} and from Theorem 9.1.3 (i) in [2], we have that for

all z € Cy, Pm(FTol OLcj{@n € A}) = 1. The result follows
j=1n=j
after recalling that £ = U Cj. [ |
kEN

Remark 4.10: In the previous proof note that if A is a set
such that 1/ (A) > 0 then it does not necessarily imply that
¥ (A) > 0. That is why we needed to proceed through the
tool of petite sets.

As for the positive recurrence property, the following result
points out the split with the previous theorem by showing that

TuC09.4

the positive Harris recurrence is equivalent to a weaker form
of stability for the chain {O,,}.

Corollary 4.11: The PDMP {X(t)} is positive Harris
recurrent if and only if the Markov chain {©,,} associated
to GG is Harris recurrent with invariant measure 7 satisfying

TH(E) < oo.

Proof: Combining Remark 4.3 and Theorem 4.9, we
obtain the result. |
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