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Abstract: We investigate a piecewise-deterministic Markov process, evolving on a Polish metric
space, whose deterministic behaviour between random jumps is governed by some semi-flow, and any
state right after the jump is attained by a randomly selected continuous transformation. It is assumed
that the jumps appear at random moments, which coincide with the jump times of a Poisson process
with intensity A. The model of this type, although in a more general version, was examined in our
previous papers, where we have shown, among others, that the Markov process under consideration
possesses a unique invariant probability measure, say v;. The aim of this paper is to prove that the
map A — v} is continuous (in the topology of weak convergence of probability measures). The studied
dynamical system is inspired by certain stochastic models for cell division and gene expression.
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1. Introduction

Piecewise-deterministic Markov processes (PDMPs) originate with M.H.A. Davis [1]. They
constitute an important class of Markov processes that is complementary to those defined by
stochastic differential equations. PDMPs are encountered as suitable mathematical models for
processes in the physical world around us, e.g., in resource allocation and service provisioning
(queing, cf. [1]) or biology: as stochastic models for gene expression and autoregulation [2, 3], cell
division [4], excitable membranes [5] or population dynamics [6, 7].

Mathematical research on PDMPs has been conducted over the years in various directions.
Applications in control and optimization have been just one direction. The fundamentals of existence
and uniqueness of invariant probability measures for Markov operators and semigroups of Markov
operators associated with PDMPs, as well as their asymptotic properties, have attracted much
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attention. See e.g., [8—11], where the considered underlying state space is locally compact. The theory
for the general case of non-locally compact Polish state space is less developed yet. It is considered
e.g., in [3,5, 12-15]. Another direction is that of establishing the validity of the Strong Law of Large
Numbers (SLLN), the Central Limit Theorem (CLT) and the Law of the Interated Logarithm (LIL) for
non-stationary PDMPs (cf. [16-19]), which has interest in itself for non-stationary processes in
general [20].

In this paper, we are concerned with a special case of the PDMP described in [13, 14], whose
deterministic motion between jumps depends on a single continuous semi-flow, and any post-jump
location is attained by a continuous transformation of the pre-jump state, randomly selected (with
a place-dependent probability) among all possible ones. The jumps in this model occur at random
time points according to a homogeneous Poisson process. The random dynamical systems of this type
constitute a mathematical framework for certain particular biological models, such as those for gene
expression [2] or cell division [4].

The aim of the paper is to establish the continuous (in the Fortet-Mourier distance,
cf. [21, Section 8.3]) dependence of the invariant measure on the rate of a Poisson process
determining the frequency of jumps. While the SLLN and the CLT provide the theoretical foundation
for successful approximation of the invariant measure by means of observing or simulating (many)
sample trajectories of the process, this result asserts the stability of this procedure, at least locally in
parameter space. It is a prerequisite for the development of a bifurcation theory. Moreover, even
stronger regularity of this dependence on parameter (i.e., differentiability in a suitable norm on the
space of measures) would be needed for applications in control theory or for parameter estimation
(see e.g., [22]).

The outline of the paper is as follows. In Section 2, several facts on integrating measure-valued
functions and basic definitions from the theory of Markov operators have been compiled. Section 3
deals with the structure and assumptions of the model under study. In Section 4, we establish certain
auxiliary results on the transition operator of the Markov chain given by the post-jump locations. More
specifically, we show that the operator is jointly continuous (in the topology of weak convergence of
measures) as a function of measure and the jump-rate parameter, and that the weak convergence of
the distributions of the chain to its unique stationary distribution must be uniform. Section 5 is the
essential part of the paper. Here, we establish the announced results on the continuous dependence of
the invariant measure on the jump frequency for both, the discrete-time system, constituted by the post
jump-locations, and for the PDMP itself.

2. Preliminaries

Let X be a closed subset of some separable Banach space (H, || - ||), endowed with the o-field By
consisting of its Borel subsets. Further, let (BM(X), || - ||~) stand for the Banach space of all bounded
Borel-measurable functions f : X — R with the supremum norm ||f|l. := sup,x|f(x)|. By BC(X)
and BL(X) we shall denote the subspaces of BM(X) consisting of all continuous and all Lipschitz
continuous functions, respectively. Let us further introduce

£ U5z := max {|flle, |fluip} forany f € BL(X),
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where

lf(0) - Ol

|flLip := sup{ : x,yeX,x¢y}.
llx =yl

It is well-known (cf. [23, Proposition 1.6.2]) that ||-||3,, defines a norm in BL(X), for which it is a Banach
space.

In what follows, we will write (M,;,(X),|| - llrv) for the Banach space of all finite, countably
additive functions (signed measures) on By, endowed with the total variation norm || - |7y, which can
be expressed as

lullzy == lul(X) = sup {[(f, 0l = f € BM(X), [|flle < 1} for pe Mo(X),

where

(fom) = fx S(X)u(dx)

and |u| stands for the absolute variation of u (cf. e.g., [24]). The symbols M, (X) and M;(X) will be
used to denote the subsets of M;;,(X), consisting of all non-negative and all probability measures on
By, respectively. Moreover, we will write M; (X) for the set of all measures u € M,;(X) with finite
first moment, i.e., satisfying (|| - ||, u) < co.

Let us now define, for any u € M,;,(X), the linear functional 1, : BL(X) — R given by

L(f) = (f,w) for f e BL(X).

It easy to show that [, € BL(X)" for every u € M, (X), where BL(X)" stands for the dual space of
(BL(X), || - [|pz) with the operator norm || - ||, given by

llells, :=sup{le(f)l : f e BL(X), lIfllsgr <1} forany ¢ e BL(X)".

Moreover, we have [|1,||5, < |lullry for any g € Mo (X).
Furthermore, it is well known (see [25, Lemma 6]), that the mapping

Mio(X) 3 u = I, € BL(X)"

is injective, and thus the space (M,;,(X), ||-l7v) may be embedded into (BL(X)", ||-|[3;). This enables us
to identify each measure u € M;,(X) with the functional 1, € BL(X)". Note that || - ||}, induces a norm
on M,;,(X), called the Fortet-Mourier (or bounded Lipschitz, cf. e.g., [26,27]) norm and denoted by
|| - [|Fas. Consequently, we can write

ltllea == ||L 5, = supll(fo)] = f € BLX), | fllr < 1} forany p € Myo(X).

As we have already seen, generally ||ullFy = I, < llullry for any u € M, (X). However, for positive
measures the norms coincide, i.e., ||ullFy = u(X) = ||ull7y for all u € M, (X) (cf. [25]).

Let us now write D(X) and D, (X) for the linear space and the convex cone, respectively, generated
by the set {0, : x € X} € BL(X)" of functionals of the form

O0x(f) := f(x) forany f e BL(X), x € X,
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which can be also viewed as Dirac measures. It is not hard to check that the [| - ||, -closure of D(X) is
a separable Banach subspace of BL(X)*. Moreover, one can show (cf. [27, Theorems 2.3.8-2.3.19])
that M.(X) = clD.(X) (using the completeness of X), which in turn implies that M, (X) is
a || - [, -dense subspace of cl D(X), i.e., cl M;o(X) = cl D(X). The key idea underlying the proof of
this result is to show that every measure ¢ € M, (X) can be represented by the Bochner integral (for
definition see e.g., [28]) of the continuous map X 3 x — ¢, € cl D(X), i.e.,

u= fdxu(dx) eclD.(X).
X

In particular, it follows that (cl Mg (XD, 11+ W5l D(X)) is a separable Banach space.
What is more, according to [27, Theorem 2.3.22], the dual space of cl M;,(X) = cl D(X) with the
operator norm

Ikl 5 := sup{lc(@)] : ¢ € clDX), llglly, < 1}, k€ [clDX)]",

is isometrically isomorphic with the space (BL(X), | - ||z.), and each functional k € [c] D(X)]* can be
represented by some f € BL(X), in the sense that x(¢) = ¢(f) for ¢ € cl D(X). In particular, we then
have k(u) = 1,(f) = (f, ) whenever u € M, (X) (by identifying u with 1,,).

In view of the above observations, the norm || - ||, is convenient for integrating (in the Bochner
sense) measure-valued functions p : E — M;,(X), where E is an arbitrary measure space. The Pettis
measurability theorem (see e.g., [28, Chapter II, Theorem 2]), together with the separability of
cl M,;(X), ensures that p is strongly measurable as a map with values in cl M, (X) (i.e., it is
a pointwise a.e. limit of simple functions) if and only if, for any f € BL(X), the functional
E>tw- (f,p(t) € R is measurable. Moreover, we have at our disposal the following result
(see [27, Propositions 3.2.3-3.2.5] or [29, Proposition C.2]), which provides a tractable condition
guaranteeing the integrability of p and ensuring that the integral is an element of M, (X):

Theorem 2.1. Let (E,X) be a measurable space endowed with a o-finite measure v, and let
P E — M (X) be a strongly measurable function. Suppose that there exists a real-valued function
g € LY(E,X,v) such that

lpOllry < gt) fora.e. teE.
Then the following conditions hold:

(i) The function p is Bochner v-integrable as a map acting from (E,X) to (cl Mig(X), 11+ 5 ler @(X)).

Moreover, we have
fp(t)V(dt) Sfllp(t)ller(dt)-
E TV E

(ii) The Bochner integral fE p)v(dt) € cl M;o(X) belongs to M;,(X) and satisfies

(f p(t)v(dt)) (A) = fp(t)(A)v(dt) forany A € By.
E E

Another crucial observation is that the restriction of the weak topology on M;,(X), generated by
BC(X), to M.(X) equals to the topology induced by the norm || - |[rmlp. x) (cf. [25, Theorem 18]
or [21, Theorem 8.3.2]). In particular, the following holds:
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Theorem 2.2. Let u,, u € M (X) for every n € N. Then lim,_,, ||, — tllrye = O if and only if u, 5 U,
as n — oo, that is,

Mm(f, ) = (f, ) forany f € BCX).

Let us now recall several basic definitions concerning Markov operators acting on measures. First
of all, a function P : X X B8x — [0, 1] is called a stochastic kernel if, for any fixed A € By, x — P(x,A)
is a Borel-measurable map on X, and, for any fixed x € X, A — P(x, A) is a probability Borel measure
on Bx. We can consider two operators corresponding to a stochastic kernel P, namely

uP(A) = f P(x,A) u(dx) for e My (X), A€ By 2.1)
X

and
Pf(x) = ff(y) P(x,dy) for feBM(X), xe€X. 2.2)
X

The operator ()P : M,;(X) = M;;o(X), given by (2.1), is called a regular Markov operator. It is easy
to check that
(fouP)y =(Pf,p) forany f e BM(X), ue M (X),

and, therefore, P(-) : BM(X) — BM(X), defined by (2.2), is said to be the dual operator of (-)P.

A regular Markov operator (-)P is said to be Feller if its dual operator P(-) preserves continuity, that
is, Pf € BC(X) for every f € BC(X). A measure u* € M, (X) is called an invariant measure for (-)P
whenever u*P = u*.

We will say that the operator (-)P is exponentially ergodic in the Fortet-Mourier distance if there
exists a unique invariant measure u* € M;(X) of (-)P, for which there is ¢ € [0, 1) such that, for any
1 € My 1(X) and some constant C(u), we have

IuP" = 1¥llpy < C(u)g" forany neN.

The measure u* is then usually called exponentially attracting.

A regular Markov semigroup (P(f))er, 1s a family of regular Markov operators
(P() : Myip(X) = M, o(X), t € R, 1= [0, 0), which form a semigroup (under composition) with the
identity transformation (-)P(0) as the unity element. Provided that (-)P(¢) is a Markov-Feller operator
for every t € R,, the semigroup (P())er, is said to be Markov-Feller, too. If, for some v* € M;,(X),
v*P(t) = v* for every t € R,, then v" is called an invariant measure of (P())er, -

3. Description of the model

Recall that X is a closed subset of some separable Banach space (H,|| - ||), and let (®, Bg, ) be
a topological measure space with a o-finite Borel measure ). With a slight abuse of notation, we will
further write d6 only, instead of ¥(d0).

Let us consider a PDMP (X(t)),cr, , evolving on the space X through random jumps occuring at the
jump times 7, n € N, of a homogeneous Poisson process with intensity A > 0. The state right after the
jump is attained by a transformation wy : X — X, randomly selected from the set {wy : 6 € ©®}. The
probability of choosing wy is determined by a place-dependent density function 6 — p(x, 8), where
x describes the state of the process just before the jump. It is required that the maps (x, 6) — p(x, 6)
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and (x,6) — wy(x) are continuous. Between the jumps, the process is deterministically driven by
a continuous (with respect to each variable) semi-flow S : R, X X — X. The flow property means, as
usual, that $(0,x) = xand S(s + ¢, x) = S(s,S(t, x)) for any x € X and any s,7 € R,.

Let us now move on to the formal description of the model. Given 4 > 0 and u € M;(X), on
some suitable probability space, we first define a discrete-time stochastic process (X,)nen, With initial
destribution y, so that

Xue1 =wg,,, (S (ATpy1, X)) forevery n e Ny,

with AT,.1 1= Ty — Ty, Where (7,)nen, and (6,),en are sequences of random variables with values in
R, and O, respectively, defined in such a way that 7o = 0, 7, — co P,-a.s., as n — oo, and

P, (ATt <t|W,)=1-¢" forany r€R,, neN,

P, (6n1 € B|S (A1, X)) = x, W,) = fp(x, 0)df forany xe X, Be Bg, n €Ny,
B

with Wy := Xy and W,, := Wy, 11,..., T4, 61,...,0,) for n € N. We also demand that, for any n € N,
the variables At,,, and 6, are conditionally independent given W,,.

A standard computation shows that (X, ).en, 1s a time-homogeneous Markov chain with transition
law P, : X X Bx — [0, 1] given by

Pi(x,A) = foo e~ f p(S(t,x),0) 14 (we(S(t,x))) dodt for xe€ X, A € By, (3.1)
0 e

that is,
P,(x,A)=P(X,;1 €A|X,=x) forany xe X, Ae By, neN,.

On the same probability space, we now define a Markov process (X(?)).cx, , as an iterpolation of the
chain (X,,),ey,, namely

XtH=S({t—-71,,X,) for te[r,T.1), neN,.

By (Pa(%));er, we shall denote the Markov semigroup associated with the process (X()),cz, , so that, for
any t € R,, P,(t) is the Markov operator corresponding to the stochastic kernel satisfying

Pyt)(x,A) =P, (X(s+1) € A|X(s) =x) forany A€ By, xe€X, seR,. 3.2)

We further assume that there exist a point X € X, a Borel measurable function J : X — [0, co0) and
constants @ € R, L, L, L, Amin, Amax, p > 0, such that

LL, + % <1 foreach A€ [ Amacl. (3.3)

and, for any x, y € X, the following conditions hold:

%= Supf e_ﬂm‘“'fp(S(l, x),0) llwg (S (2, X))l ddt < oo, (3.4)
0 (S}

xeX
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IS, x) =Syl < Le”|lx -yl for reR,, (3.5)
IS (2, x) — S (s, %)|| < (t — s)e™™ e J(x) for 0<s<t, (3.6)
f p(x,0) |lwg(x) = weIl dO < L, |lx = yll, (3.7)
€]
\fumnﬁ—p@JMdQSLMM—yw (3.8)
®

f min{p(x,0), p(y, )} d6 > p, where O(x,y) :={0 € 0 : |lwo(x) = weWIl < Ly [lx = yll}. (3.9)
O(x.y)

Note that, upon assuming (3.3), we have 4 > max{0, a} for any A € [Apin, Amax]. In what follows,
we will write shortly

a := max{0, a}. (3.10)
Moreover, let us introduce
Msig,J(X) = {ﬂ € Msig(X) : <J’ |,Ll|> < OO},

where J is given in (3.6).
Note that, if (H, (:|-)) is a Hilbert space and A : X — H is an a-dissipative operator with @ < 0, i.e.,

(Ax — Aylx —y) < a|lx —yl|* forany x,ye€X,
which additionally satisfies the so-called range condition, that is, for some 7" > 0,
X c Range (idy —tA) for t€(0,7),
then, for any x € X, the Cauchy problem of the form

{ym=A@m>
y(0) =x

has a unique solution ¢ — S(t, x) such that the semi-flow S enjoys conditions (3.5), with L = 1, and
(3.6), with J(x) = ||Ax]| (cf. [30, Theorem 5.3 and Corollary 5.4], as well as [13, Section 3]).

Moreover, upon assuming compactness of ®, condition (3.4) can be derived from the conjunction
of (3.6) and (3.7) at least in two cases: whenever p does not depend on the pre-jump state, i.e.,
p(y,0) = p(0) for some continuous density function p : ® — R,, or if all the transformations wy,
0 € O, are Lipschitz continuous with a common Lipschitz constant L,, (see [13, Corollary 3.4] for the
proof).

Furthermore, note that conditions formulated in a manner similar to (3.7)—(3.9) are commonly
required while examining the asymptotic properties of random iterated function systems (see
[26,31,32]), which are covered by the discrete-time model discussed here (in the case where
S(t,x) = x). In this connection, it is also worth mentioning that the example described in [33]
indicates that the condition of type (3.8) cannot be omitted even in the simplest cases. More precisely,
the system {(wy, p), (w2, 1 — p)}, consisting of two contractive maps w;, w, and a positive continuous
probability function p, may admit more than one invariant probability measure (unless at least the
Dini continuity of p is assumed).

Finally, let us indicate that conditions (3.3)—(3.9) are naturally satisfied by a few particular
biological models, such as e.g., the model for gene expression [2] (cf. also [13, Section 5]), the model
of autoregulated gene expression [3] or the one for cell division [4, 15] (see also [34]).
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4. Some properties of the operator P,

Consider the abstract model introduced in Section 3. In order to simplify notation, for any ¢t € R,
let us introduce the function I : X X Bx — [0, 1] given by

IIy(x,A) := fp S x),0) La(wy(S(t,x)) do for xeX, A€ By. 4.1)
)

Note that I, is a stochastic kernel, and that the corresponding Markov operator is Feller, due to the
continuity of p(-,6), S(¢,-) and wy, 0 € ®. Moreover, observe that, for an arbitrary 4 > 0, we have

P (A) = f f A M (r, A) di u(d) = f e f I (x, A) p(d) dt
XDOO 0 X (42)

= ﬁ /le_”tuH(,)(A)dt forany u e M,(X), A € By.

Lemma 4.1. Suppose that conditions (3.6)—(3.8) hold. Then, for any A > 0 and any u € Mg, ;(X), the
function t — e‘A’yH(,) is Bochner integrable as a map from R to (cl Mig(X), || - I3, lct mypx)), and we
have

,UP/I = f ﬂe_ﬂt,ul_[(,) dt.
0
Proof. Let A > 0 and u € M,;,(X). Note that condition (3.6) implies that
IS (£, x) = S (s, )| < J(x)e® |t — 5| forany s,t€R,, x€X,
where @ is given by (3.10). Hence, applying (3.7) and (3.8), we see that, for every f € BL(X),

[Kf 1y = (o 1) = KT f = T f )|

< f f@ p(S (1, %), 0) |f(we(S (£, X)) = f(we(S (5, x)))| db |u|(dx)
X

+ f f@ IP(S (2, x),0) = p(S (5, %), O)] |f(We(S (s, x)))| db |ul(dx)
X

< (|f|Lipr + ”f”ooLp) f 1S (2, x) = S (s, 0l |ul(dx)
X
<IIfllse (Lw + Lp) (J,uly €|t — 5| forany s,t€R,.

This shows that the map ¢ — < s e*”,uH(,)> is continuous for any f € BL(X), and thus it is Borel
measurable. Consequently, it now follows from the Pettis measurability theorem (cf. [28]) that the
map t — e Vull, is strongly measurable. Furthermore, we have

||e"”,ul'[(t)||TV <|lull;y e forany teR,,

which, due to Theorem 2.1, yields that # — e‘”,uH(,) € cl M,;,(X) is Bochner integrable (with respect
to the Lebesgue measure) on R,, and that the integral is a measure in M;,(X), which satisfies

( f e~ ull dt) (A) = f AdeMully(A)dt forany A € By.
0 0

The assertion of the lemma now follows from (4.2). O
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Lemma 4.2. Let f € BL(X). Upon assuming (3.5), (3.7) and (3.8), we have
||,uH(,)||FM < (1 + (LW + Lp) Lem) ullpy, forany p e Mg (X), t€R,.

Proof. Let f € BL(X) be such that ||f]|z;, < 1. Obviously, |[TIjf|le < 1 for every t € R,. Moreover,
from conditions (3.5), (3.7), (3.8) it follows that I1, f € BL(X), and

T flLip < (Lw + Ly)Le™ forany teR,,
since
000 = T /0] = | f@ P (S (1,2).0) f (wy (S (1, 3))) 6 — f@ P(S(1.).0) f (i (S(1.y))) dO
< (L + L) ISt x) = SN < (Ly + L) Le™|lx = yl| forall x,y€X, t€R,.
Therefore, for any u € M,;,(X) and any 7 € R, we obtain

[<fouTl)| = [T fo )] < [T ]|, el

which gives the desired conclusion. O

Lemma 4.3. For any A,, A, > 0, we have

o0 11
f |le™" = e | dt <Ay = Aol | — + —|.
0 A A

Proof. Without loss of generality, we may assume that 4; < A,. Since 1 —e™ < x for every x € R, we

obtain
f |/11€_/llt B ﬂze_ht| dt <A f |e_/m - e_/lzt| dr+ (1, - /h)f e dr
0 0 0
=1 f " g (1-e ) ar + L-d
0 /12
v (A — 1) ( 11 )
<A A-A eMirdr+ 22 T 0 = bl — + —],
1 (A2 1)[0 5 |41 = Ao PR
which completes the proof. O

Lemma 4.4. Let M;,(X) be endowed with the topology induced by the norm || - ||py, and suppose that
conditions (3.5)—(3.8) hold. Then, the map (&, ) X M, /(X) 3 (A, 1) = uP, € M (X), where & is
given by (3.10), is jointly continuous.

Proof. Let A1, A, > @& and u;, up, € My, ;(X). Note that, due to Lemma 4.1, we have

k1 Pa, = 2P|y = |f0 (/lle_/l‘tull_l(,) - ﬂze_wﬂznm)df

FM

< lallyy fo e = dpe™| dr + fo Aae™ Ty = Tl
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where the inequality follows from statement (i) of Theorem 2.1 and the fact that || IL,)ll7y < [|tallzy.
Further, applying Lemmas 4.2 and 4.3, we obtain

1 1 A2
”:“1P/11 _NZP/lz”FM < lllzy 14 = Ao (/1_1 + /1_2) + [l _IJZHFM(I + (LW + LP)L Ay — a)'
We now see that ||u; Py, — toPyllrpm — 0, as |4, — Az] — 0 and ||y — ol — 0, which completes the
proof. O

Suppose that conditions (3.4), (3.5) and (3.7)—(3.9) hold. Then, according to [13, Theorem 4.1] (or
[14, Theorem 4.1]), for any A € [Amin, Amax] satisfying LL,, + @A~! < 1, there exist a unique invariant
measure 5 € M ;(X) for P, and constants ¢, € (0,1), C; € R, such that

||;1P3 ~ Ml gy < GAC1 (1 + (V) +(V,pi3)) forany we M ;(X) andany neN, (4.3)
where V : X — [0, o0) is given by V(x) = ||x — X||.

Following the proof of [13, Theorem 4.1], we may conclude that g, and C, depend only on the
jump rate od the PDMP and other constants appearing in conditions (3.3)—(3.5) and (3.7)—(3.9) (note
that they do not depend on the structure of the model, that is the definitions of S, wy and p).

Upon assuming (3.3)—(3.5) and (3.7)—(3.9), there exists Cy > 0 such that

<V’/"jl> < CO for any A€ [/lmina /1max] . (44)
Indeed, let us first define
/lmaXLLw
a:= and b := Agu,
/lmin -

where x is given in (3.4), and observe that a < 1, due to (3.3). Proceeding similarly as in Step I of the
proof of [13, Theorem 4.1], we see that conditions (3.5) and (3.7) imply the following:

P,V(x) <aV(x)+b forany xe€ X andany A € [Anin, Amax] >

which further gives
17 n b
P\V(x) <ad'V(x) + T forany ne N andany A € [Anin, Amax] -

Now, let Cy := b(1 — a)~'. Then, using the fact that (7 is an invariant measure of P, we get
(Vo) = (Vo Py = (PVoy) < @' (V) + o forany neN andany A€ [Amin, Amax] -

Going with #n to infinity, we obtain the desired estimation (4.4). As a consequence, we may write (4.3)
in the following form:

<q"Ci(1 +(V,u)) forany ue M;;(X) andany ne€N, 4.5)

FM —

Pl — 5

where C, := C,(1 + Cy).
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Lemma 4.5. Suppose that conditions (3.4), (3.5) and (3.7)—(3.9) hold with constants satisfying (3.3),
and, for any A € [Apin, Amax), let iy stand for the unique invariant probability measure of P,. Then, the
convergence ||uP', — (|lrpr — O (as n — o0) is uniform with respect to A, whenever u € M, ;(X).

Proof. In view of [13, Theorem 4.1], it is sufficient to prove that the convergence is uniform with
respect to A.
Let us consider the case where @ < 0. Choose an arbitrary A € [Auyin, Amax], and note that, by

substituting t = A4~ 'u, the operator P; can be expressed in the following form:
uP,(A) = f f e f p(S(t,x),0) 14 (we(S(2,x))) dOdt u(dx)
x Jo 0

_ f f " A f DS 1110, 0) 1y (i (S ts 0)) 0l ()
X JO (€]

for any u € M,(X), A € By, where

/lmax
S a(u, x) ::S( ) u,x) for ueR,, xeX.

Moreover, the semi-flow S, enjoys condition (3.5), since, for any ¢ € R, and any x,y € X, we have
@Aax A (07
IS (2, %) = Sa(t, Y| < Le™ ™" |lx = y|| < Le™ ||x = yll.

Hence, we can write P, = P, , where P, _ stands for the Markov operator corresponding to the
instance of our system with the jump intensity A,,.x and the flow S , in place of S. Taking into account
the above observation, it is evident that such a modified system still satisfies conditions (3.4)—(3.5)
and (3.7)—-(3.9) with constants determined by the primary model, which additionally satisfy
LL, + a4, < 1. Consequently, 4 is then an invariant measure of P, and hence we can denote it
by i . Finally, keeping in mind (4.5), we can conclude that there exist g,,,,, € (0, 1) and Cr.. €R,
such that

max

—~—

_1l,,pn _
FM ”/‘P Anax — Mimax

P = 12 oy S @h Cono L+ (Vo)) forany pe My (X), neN,

In the case where @ > 0, the proof is similar to the one conducted above (except that this time we
substitute  := Ayind " 1), SO we omit it. O

5. Main results

Before we formulate and prove the main theorems of this paper, let us first quote the result provided
in [35, Theorem 7.11].

Lemma 5.1. Let (Y, 0) and (Z, d) be some metric spaces, and let E be an arbitrary subset of Y. Suppose
that (fy)nen, is a sequence of functions, defined on E, with values in Z, which converges uniformly on
E to some function f : E — Z. Further, let y be a limit point of E, and assume that

a, :=lim f,(y)
y—y
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exists and is finite for every n € Ny. Then, f has a finite limit at y, and the sequence (a,)nen, converges
fo it, that is,

lim (1im £,(y)] = lim (lim fn(y)).

n—oo \ y—y y—y \n—oo
We are now in a position to state the result concerning the continuous dependence of an invariant

measure y, of P, on the parameter A. In the proof we will refer to the lemmas provided in Section 4,
as well as to Lemma 5.1.

Theorem 5.2. Suppose that conditions (3.4)—(3.9) hold with constants satisfying (3.3), and, for any
A € [Apin, Amaxl, let @y stand for the unique invariant probability measure of P,. Then, for every

A € [Amin, Amax), we have 1} 5 Hy as A — A.

Proof. Let 1 € [Apin, Amax]. Due to Lemma 4.5, we know that, for every u € M;(X) and any
A € [Anin, Amax], we have ||uP’) — 3llpy — 0, as n — oo, and the convergence is uniform with respect
to A.

Further, since M;(X) C M, ;(X), Lemma 4.4 yields that (@, c0) X M;(X) 3 (4, u) = uP, € M;(X)
is jointly continuous, provided that M, (X) is equipped with the topology induced by the Fortet-Mourier
norm. Hence, for any u € M;(X) and any n € Ny, it follows that [|uP" — ,uP%IIFM — 0,as 1 — A
Finally, according to Lemma 5.1, we get

lim e, = lim(lim P") = lim (lim P”) — lim Py = 41",

/la/_lﬂ/l -2 n—>°°ﬂ A n—0o0 /la/_l/l A n—co /l'u 'u/l
where the limits are taken in (M,;,(X), | - [lrm). This, together with Theorem 2.2, gives the desired
conclusion. O

In the final part of the paper we will study the properties of the Markov semigroup (P;(?))er, ,
defined by (3.2). In order to apply the relevant results of [13], in what follows, we additionally assume
that the measure 1%, given on the set @, is finite. Then, according to [13, Theorem 4.4], for any 4 > 0,
there is a one-to-one correspondence between invariant measures of the operator P, and those of the
semigroup (P,(t)).er, . More precisely, if u; € M;(X) is a unique invariant probability measure of P,,
then v} := uyG, € M,(X), where

uG,(A) = ff Ae V1,4 (S(t, x)) dt u(dx) forany ue Mi(X), Ac By,
x Jo

1s a unique invariant probability measure of (P,(?))cr, -
The main result concerning the continuous-time model, which is formulated and proven below,
ensures the continuity of the map 4 — v.

Theorem 5.3. Let © be a finite Borel measure on ®. Further, suppose that conditions (3.4)—(3.9)
hold with constants satisfying (3.3), and, for any A € [Ayin, Amax], let v stand for the unique invariant
probability measure of (Py(1))ser,. Then, for any A € [Apin, dax], we have V) 5 v;, as 1 — A

Proof. Let A € [Amin, Amax), and let f € BL(X) be such that || f]|z; < 1. For any A € [Ain, Amax], We have

vy = (fpsGa) = f f AN F (S (1, 2) di (),
X
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whence

(7.7 =) [ e (r o s ) .

Note that, due to (3.5), f o S(¢,-) € BL(X) and ||[f o S(t, )|l < 1 + Le®, and therefore

< f‘m |/le_/” - /_le_;”| dt +
0

3 -t at
FMf(; Ae™ (1 + Le™) dt

LA
o 1+/_l—oz .

'fo A (f o S(t, )1 — i1} dt‘ < i - 15

= ||z - 143
Combining this and Lemma 4.3, finally gives

*

* —_—

(1 1 .
<=3+ 5) el

with ¢ := 1 + LA(A1 — a)~'. Hence, referring to Theorems 5.2 and 2.2, we obtain

FM

ok

1

V=V =0,

lim
A—-1 FM

and the proof is completed. O
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