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based on discrete time observations II: state-dependent case*
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Abstract

This work investigates the almost sure stabilization of a class of regime-switching systems
based on discrete-time observations of both continuous and discrete components. It devel-
ops Shao’s work [STAM J. Control Optim., 55(2017), pp. 724-740] in two aspects: first, to
provide sufficient conditions for almost sure stability in lieu of moment stability; second, to
investigate a class of state-dependent regime-switching processes instead of state-independent
ones. To realize these developments, we establish an estimation of the exponential functional
of Markov chains based on the spectral theory of linear operator. Moreover, through con-
structing order-preserving coupling processes based on Skorokhod’s representation of jump-
ing process, we realize the control from up and below of the evolution of state-dependent
switching process by state-independent Markov chains.
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1 Introduction

This work is concerned with the stability of the following regime-switching process:
dX (t) = [a(X(8), A(t)) — bA(6(1))) X (3(t))] dt + o (X (1), A(t))dW (1), (1.1)
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where §(t) = [t/7]7, [t/7] denotes the integer part of the number ¢/7, 7 is a positive constant,
and (W (t)) is a d-dimensional Wiener process. Here (A(t)) is a continuous time jumping process
on S ={1,2,...,M}, M < +o0, satisfying

qi5(%)A + o(A), if i 7 j,

1.2
1+ gii(x)A 4+ o(A), ifi=j, (1.2)

P(A(t+ A) = jIA@R) =i, X(t) =) = {
provided A | 0, where 0 < ¢;5(x) < +oo for all i,j € S with i # j. As usual, we assume
that for each z € R?, the Q-matrix Q, = (qw(x)) is conservative; namely ¢;(x) = —¢;(x) =
> jes\gi} () for all i € S. Equation (L) is a type of stochastic functional differential

equation. In current work we shall provide sufficient conditions to ensure the almost sure
stability of the system (II)) and (L2]).

Regime-switching processes have drawn much attention due to the demand of modeling,
analysis and computation of complex dynamical systems, and have been widely used in math-
ematical finance, engineer, biology etc (see, e.g. the monographs [16, B2]). Compared with
the classical stochastic processes without switching, regime-switching processes can reflect the
random change of the environment in which the concerning system lived. Then there are
many new difficulties and phenomena appeared in the study of regime-switching processes.
See, for instance, [3|, 12} 16, 24, B1] 32] and references therein on the stability of such system;
[4, [7, 18, 241, 19, 20] on the recurrence of such system; [8, 2 [10] on the heavy or light tail behavior
of the invariant probability measure of such system. Besides, there are some literature on the
regime-switching processes driven by Lévy processes [l 27, B0, [3T]. Recently, there are also some
studies on regime-switching stochastic functional differential equations, e.g. [Il, 14l [15],22] [33]17].

Our motivation to study the equation (L.I)) is to stabilize an unstable system (L) with
b = 0 based on discrete time observations of (X (t)) and (A(t)). Such stabilization problem for
regime-switching processes was first raised by Mao [14] for the sake of saving cost and being
more realistic. There, Mao investigated the mean-square stability of the following controlled
system:

dX(t) = (a(X(), A(t)) — b(X(6(2), A£))))dt + o (X (2), A(t))dW (2),

where (A(t)) is a continuous time Markov chain independent of the Wiener process (W (t)). Sub-
sequently, many works were devoted to developing this stabilization problem. See, for example,
[15] B3]. Especially, in [33], some sufficient conditions were provided to ensure this system to
be almost surely stable. Inspired by these works, [22] investigated the stability of such kind of
system not only based on discrete time observations of (X (¢)) but also according to discrete
time observations of (A(t)). This needs to overcome the essential difference between the path
property of (X (t)) and (A(t)). For the continuous process (X (t)), since X (t — 7) tends to X ()
as 7 — 0, the difference between X (t) and X (t—7) can be controlled when 7 is sufficiently small.



However, for the jumping process (A(t)), even A(t) and A(t—) := limgy; A(s) may be quite differ-
ent. Therefore, in [22] Shao takes advantage of the independence of (W (t)) and (A(t)) to control
the evolution of (X (¢)) through the long time behavior of (A(t)) and (A(n7))n>0. Precisely, it
was shown that

E|X (1) < |X(0)2E [efé f(A(r))+KTg(A(5(T)))dr] 7 (1.3)

where f, g : S — R, K is a constant related to 7. As an embedded Markov chain, (A(n7))p>0
has the same stationary distribution as that of (A(¢)). However, as mentioned in [22] Remark
3.3], the following kind of quantity cannot be handled at that time in order to show the almost
sure stability

R / e dAGEds gy < o,
0

which could be dealt with in current work under the help of spectral theory of linear operator
(see Lemma 23] below).

In this work, we will overcome two difficulties to establish the almost sure stability of
(X(t),A(t)) given by (LI) and (I2). First, via the spectral theory of linear operators, we
provide estimates from upper and below the exponential functional of Markov chain (Y7,),>0.
Second, through using Skorokhod’s representation of jumping processes or constructing order-
preserving coupling, we can control the evolution of state-dependent jumping process (A(t))
by some auxiliary state-independent Markov chains. Moreover, to ensure the existence of the
system (X (t),A(t)) satisfying (1) and (L.2), and the existence of order-preserving couplings,
a general result on the existence of regime-switching stochastic functional differential equation
is established. In particular, we only assume that x — g;;(x) is continuous and g;(x) is of
polynomial order of growth for i, j € S (see Theorem [2.1] below for details).

The remainder of this paper is arranged as follows: Section 2 presents some necessary
preparation results concerning the existence of solution for state-dependent regime-switching
stochastic functional differential equations, estimate of exponential functional of Markov chains,
and constructing auxiliary Markov chains to control the evolution of state-dependent jumping
process (A(t)). Section Blstudies the almost sure stability for a class of regime-switching systems
based on discrete-time observations. Using the technique used in [33], we can prove our main
result, Theorem B4, of this work. Finally, the proof of the existence and uniqueness of solution
for regime-switching stochastic functional differential equations is appended in Appendix A.

2 Preliminary results

Let us begin this section with the existence and uniqueness of above system (L) and (T.2))
which can be viewed as a regime-switching stochastic functional differential equations (SFDEs).



Here we collect the conditions used in this work on the coefficients of (II]) and transition rate
matrix (g;;(x)). We can consider a little more general SFDE:

dX(t) = [a(X (1), A(t)) — b(X(8(t)), A(B(H)))] dt + o (X (t), A(t))dW (2). (2.1)

Suppose the coefficients a(-,-) : R¢xS — R%, b(-,-) : RIxS — [0,00) and o (-, -) : R x S — R4
satisfy the following conditions.

(H1) There exist nonnegative functions C(-) and ¢(-) on S and a positive constant b such that
c(i)z* < 2(a(z, i), 2) + [lo(z,i)|hs < C@)z’, (2.4) €eRT xS,
b(z,i)| < b(1+ |z|), € RY, (x,i) e RY x S,
where ||o(x,1)|/}g = trace(co*)(z, i) with ¢* denoting the transpose of the matrix o.

(H2) There exists a positive constant K such that

la(z,1) — a(y,i)| + |b(z, i) — b(y,i)| + ||lo(x,i) — o(y,i)|us < K|z —yl|, z,y €RY, i€ S.
Moreover, let the Q-matrix Q, = (qij (m)) satisfy the following conditions:

(Q1) = — g¢;j(x) is continuous for every i, j € S.

(Q2) H := sup,cpad Maxies ¢i(x) < 00.

The condition (Q2) is used in the control of the evolution of (A(t)) through Markov chains. If
only for the aim of existence and uniqueness of the dynamical system (X (¢),A(t)), we can use
a weaker condition as follows:

(Q2') ¢i(z) = Zjes\{i} ¢ij(x) < Ko(1 + |z|"0) for every (z,i) € R? x S, where Ky and kg are
positive constants.

Theorem 2.1 Assume conditions (H1), (H2), (Q1) and (Q2’) hold. Then there exists a
unique nonexplosive solution (X, A) to 2.1) and (L2)).

In order to preserve the flow of presentation, we relegate the proof of Theorem 21 to
Appendix A. We provide a very explicit construction of the solution (X, A) to regime-switching
SFDE (21) and (L2) and prove the nonexplosiveness of the solution. Compared with the
corresponding results in [21} 22] where = — ¢;;(x) is assumed to be Lipschitzian, here we only
suppose = — ¢;j(x) to be continuous. This greatly simplifies the conditions to be verified so
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that the coupling process constructed below exists. On the other hand, contrary to the usual
boundedness assumption (Q2) imposed in the previous works such as [22], 28] [32] etc., here the
functions ¢;j(z) in the Q-matrix Q, = (¢;;(x)) may be unbounded. Hence the construction of
the solution in Theorem 2:1]is of interest by itself.

In a similar way, one can establish the existence and uniqueness of solution for another
widely studied SFDE with regime-switching. To do so, we introduce some notations. Let
% denote the continuous path space C([—7,0];R?) endowed with the uniform topology, i.e.,
[€llcc = SUP_,<s<0 [§(s)| for § € €, where 7 > 0 is a constant. Consider the following SFDE:

AX(t) = b(Xy, A(t), At — r))dt + o( Xy, A), At — r))dW (t) (2.2)

with Xg = £ € €, A(0) =i € S, and (A(¢)) still satisfies (I2]) as above. Here, b: € xSxS — R4,
0:C xS xS — R and X; € € is defined by X;(0) = X(t + 6) for § € [-r,0]. Here we
regard that A(t —r) =i for t —r < 0 when A(0) = i. The following conditions guarantee the
existence and uniqueness of the process (X, A) satisfying (2.2)) and (L2)).

(A1) b(-,7,7) and o(-,4,7) are bounded on bounded subset of € for every i, j € S. Moreover,
there exists a positive constant K7 such that

for all &, n € €, i, j € S, where (-,-) denotes the Euclidean inner product in R?, lollks =

Rdxd

trace(oo™) for o € , 0* denotes the transpose of o.

(A2) There exists a positive constant Ky such that 2(b(¢, i, 5),£(0)) + ||o(&,4,5) A < Ka(1 +
[€]%) for all £ € € and 4, j € S.

Theorem 2.2 Assume conditions (A1), (A2), (Q1) and (Q2’) hold. Then there exists a
unique nonexplosive solution (X, A) to regime-switching SFDE ([2.2) and (L.2)).

Theorem can be proved by using the same idea of the argument of Theorem 21l and
hence the proof will be omitted.

In the remainder of this section, we shall present two kinds of preparation results: in the
first place, we establish an estimation of exponential functional of a discrete-time Markov chain
by the spectrum analysis method; in the second place, we construct two auxiliary Markov chains
to control from upper and below the evolution of the state-dependent jumping process (A(t)).

First, let us consider a time-homogeneous Markov chain (Y},),>0 on the state space S =
{1,..., M} with 1 < M < co. Denote

Py =P(Y1 = j|Yy = i), i,j€S.



Assume the transition matrix P = (Pj;) is a positive matrix, ie., P;; > 0, Vi,j € S. Let
(0(7))ies be a series of real numbers. Put

Py =e9p;,  ijeS,  P=(Pyijes
Denote Spec(]g) the spectrum of the linear operator P. Let

A1 = max{Re()\); A € Spec(P)},
where Re()) stands for the real part of the eigenvalue \.

Lemma 2.3 Let 0 : S — R. Then there exist two positive constants K3, K4 such that
n—1
K3\T <E, [exp { Z H(Yk)H < Ky AT
k=0
for every initial probability distribution p of (Yy,)n>0 when n large enough.

Proof. According to the Perron-Frobenius theorem, due to the positivity of ]3, which follows
directly from the positivity of P, A1 is a simple eigenvalue of ]5, and all the magnitudes of other
eigenvalues of P are strictly smaller than A;. Invoking the spectral theory for linear operator in a
finite dimensional Banach space (cf. Dunford and Schwartz [9, Chapter VII, Theorem 8|), there
exists a family of linear operator {E(\); A € Spec(P)} satisfying E(\)2 = E(\), E(NE(X) =0
if A\#X and I = Z)\ESpec(]s) E()) such that

v(A)—1 (ﬁ B )\I)Z
Proxeon+ Y > AR 0mE), (2.3)
A€Spec(P)\{A1} =0
where v(\) denotes the index of the eigenvalue A, which is a constant less than 2M; the function

f is given by f(z) = z™ and f(*) denotes the i-th order derivative of f. We can rewrite the terms
in the summation as

(P — \I)

—a ONEWN) = Z,!(%i)!v—i(ﬁ — M)'E(N)
. n! A\n—i/ P — \\i
=N = ()\_1) < ¥ ) EQ-

Note that for any A € Spec(P) with A # A, it holds |A| < A;. Therefore, for any fixed i < n,

) n! | A|\n—i
,}E&m(x) =0



Consequently, by (23], for any initial probability measure u of (Y,,) on S,
N)-1
~ P )\I
pP"L= NwEQO)1+ Y Z [ )y NEN].
AeSpec(P)\{\} =0
Hence, there exist two positive constants K3, K4 independent of the initial distribution u such
that
K3\ < uP"1 < Ky\7, for n large enough.
Invoking the definition of ]3, this can be written in the expectation form as

n—1
K3\! <E, [exp { Z H(Yk)}] < Ky AT, for n large enough, (2.4)
k=0

which is just desired conclusion. O

Next, employing the idea of Shao [23], we go to construct two auxiliary continuous-time
Markov chains (A(t)) and (A*(t)) such that A*(t) < A(t) < A(t), t > 0, a.s., under some
appropriate conditions. Our stochastic comparisons are based on Skorokhod’s representation of
(A(t)) in terms of the Poisson random measure by following the line of [26, Chapter II-2.1] or
[32]. To focus on the idea, we first consider the special situation that S consists of only two
points, i.e., § = {1,2}. To do so, we further assume the following condition holds:

(Q3) For each x € R?, the Q-matrix Q, = (q,-j (m)) is irreducible.

According to the conservativeness of @, one has ¢;(x) := —qi1(z) = qi2(z), z € R%. For
each = € RY, let

[i2(2) :==[0,q12(x))  and  To(z) = [q1(z), q1(2) + g1 (z)).

Obviously, the length of T'12(z) and T'y;(z) is gi2(z) and go1(x), respectively. Define a function
R x S x R > (x,i,u) = h(x,i,u) € R by

h(z,i,u) = (—1)1”{1{1':1}1%“(:0)(u) + 1{i:2}1r“,1(m)(u)}-

Then, as in the proof of Theorem 2.1, (A;) solves the following stochastic differential equation
(SDE for short)

A = [ R(X(®),A(t—),w)N(dt,du), t>0, A0)=i€S. (2.5)
0.L]

Herein, L := 2H with H being introduced in condition (Q2) and N (d¢,du) stands for a Poisson
random measure with intensity d¢t x m(du), in which m(du) signifies the Lebesgue measure on



[0,L]. Let p(t) be the stationary Poisson point process corresponding to the Poisson random
measure N (dt,du) so that N([0,¢) x A) =3, 14(p(s)) for A € B(R).

Due to the finiteness of m(du) on [0, L], there is only finite number of jumps of the process
(p(t)) in each finite time interval. Let 0 = {p < (1 < -+ < (, < --- be the enumeration of all
jumps of (p(t)). It holds that lim,, . ¢, = +00 a.s. From (23]), it follows that

A(t) = io+ Y (X (s), A(s=),p(s)) 1.1y (p(s)), t>0, ip€ES,
which implies that (A(¢)) may have a jump at only (; (i.e. A(¢;) # A(G—)) provided that p(¢;) €
[0, L]. So the collection of all jumping times of (A(¢)) is a subset of {(1, (2, - }. Subsequently,
this basic fact will be used frequently without mentioning it again.

Let
qi2 == sup qi2(x), @21 := inf go1(x), @1 := —qu1 := Q12, @2 := —q22 ‘= Qo1, (2.6)
rER4 z€R4
and
g1y = inf qi2(x), ¢31 := sup g21(x), ¢f = —qi1 = qla, ¢ = —q30 = 3. (2.7)
zER? zeR?
Let

L2 :=[0,q12), a1 == [@12, @12+ @21), Tio == 1[0,475), T5y == [q}s, ais + ¢51).

Using the same Poisson random measure N (dt¢, du) given in (Z3]), we define two auxiliary Markov

chains (A(t)) and (A*(t)) by the following SDEs:
AR () = / GAG=), Nt du), t>0,  K(0)=A(0), (2.8)
[0,]

and

AA* (1) = / FAU=), WN@ALdy), >0, A*(0) = A(0), (2.9)
0.1
where, for ¢ € S,

gli,u) = (1) oy ir,,, () + Loy, (0}, we 0,1

and
g (i) = (~1)" {1y Iy, () + Loy Iy, ()} we (0,1,

Then, according to Skorokhod’s representation, (A¢) and (A}) are continuous-time Markov chains
on § = {1,2} generated by the Q-matrices Q = (g;)1<,i j<2 and Q* = (qu)1§7,~7j§2, respectively.



Lemma 2.4 (i) If g1 > 0 and
q12 + @21 < qu2(7) + g1 (), z e RY, (2.10)
then A(t) < A(t) for allt >0 a.s.
(1) If gj5 > 0 and
Gia + 31 = qi2(2) +gu(2),  x €RY, (2.11)
then A*(t) < A(t) for allt >0 a.s.

Proof. Here we include a proof for the completeness and the ease of the readers. We shall only
prove assertion (i) as assertion (ii) can be proved in a similar way. Since there is no jump during
the open interval ((x,(x+1), we only need to prove (i) at (x, & > 1. To this aim, we consider
separately three different cases.

Case 1: A(¢x) = A(Cx) = 1, k > 1. In this case, we deduce from (2.5) and (Z.8) that

A(Cre1) =1+ 1rx(ce ) @(Get1))  and  A(Gegr) = 14 15, (p(Crr1))-

According to the notion of G2, one clearly has gi2(z) < 12, € R? which implies that

T12(X(Ck41)) C Tz, as. Whence, A(Crr1) < A(Crr), ass.

Case 2: A((x) = A((y) = 2, k > 1. Concerning such case, we also obtain from (Z35]) and (Z.38)
that

A(Cri1) = 2 = Trg (x(Cern)) @(Grs1))  and A(Grgr) = 2 — 15, (p(Crr1))- (2.12)

If p1(Crs1) & T21, then, from 2I2), one has A(Gr+1) = 2 so that A(Ce1) < A(Cet1) due to
the fact that A((r41) < 2. Next, we proceed to deal with the case p(Cy41) € 21, which of

course leads to A(Cxy1) = 1 in view of @IZ), and G2 < p(Cer1) < Gi2 + Go1. Employing the
assumption (2.I0) and utilizing the fact that ¢12(X((x+1)) < Gi2, we arrive at q12(X ((r11)) <
P(Crt1) < q12(X(Ck+1)) + ¢21(X(Crt1)), namely, p(Ce1) € T2(X(Ce+1)). As a consequence,
A(Grt1) = A(Gryr) = 1.

Case 3: A((x) =1, A(Cx) = 2, k > 1. For this setup, it follows from (ZF) and (ZJ) that
A(Cre1) = 1+ 1pyx (e @(Gr1))  and  A(Geg1) = 2 — 15, (p(Crr1))- (2.13)

From (ZI3)), it is easy to see that A(Cry1) < A(Cugt) if p(Cey1) & To1. Now, if p(Cry1) € Lo,
then we infer that A(Cy41) = 1 and that g12 < p(Cey1) < Gi2 + G21. Hence, one has p((ry1) >

q12(X (Ck+1)); in other words, p(Cr+1) ¢ T'12(X(Ck+1)). As a result, we obtain from (2.I3]) that
A(Crr1) = AGrt1) = 1.



The desired result follows immediately by summing up the above three cases. O

We now proceed to the general situation that S could own more than two states, i.e.,
S ={1,...,M}. To this end, we employ the coupling method and especially construct the
so-called order-preserving couplings. To do so, we need some preparation.

Let A and A® be two continuous-time Markov chains defined by two generators Q) =
(qi(;)) and Q@ = (ql(f)) on the state space S, respectively. Note that Q) and Q@ are called
Q-matrices in [6, 34, B5]. A continuous-time Markov chain (A, A®®) on the product space
S x S is called a coupling of AV and A®)| if the following marginality holds for any ¢ > 0,

11,49 € S and By, By C S,

P(il’iQ)((A(l)(t)7A(2)(t)) € By x 3) = ]P’(il)(A(l)(t) € By),

P12 (A1), AD (1)) € S x By) = PI(AD (1) € By), (2:14)

where the superscript in P(1:2) and P() is used to emphasize the initial value of the corre-
sponding process. From [6] we know that constructing a coupling Markov chain (A1), A(?)) is
equivalent to constructing a coupling generator @ on the finite state space S x §, and such a
generator @ is called a coupling of Q) and Q®@. For given two generators (or two QQ-matrices),
one can construct many their coupling generators (or coupling (Q-matrices); see [6] for more
examples and explanation. In what follows we are especially interested in the order-preserving
couplings. On the product space S x S, an order-preserving coupling é of QM and Q® means
that the corresponding Markov chain generated by @ satisfies

p(il,iz)(A(l)(t) <AP@), Vi > 0)=1, i1<iz€eS. (2.15)

See [6, Chapter 5] for the details about the coupling (-matrices and related materials. For
more general case, the construction of order-preserving couplings was studied in [34, B5]. In
particular, we have the following lemma from the aforementioned three references.

Lemma 2.5 If the generators QM) and QP on S satisfy that
Z nglll) < Z qgl) forall i3 <ip <m and

Zmo oz (2.16)
Z qgll) > Z qul) for all m < iy <o,
I<m <m

there exists an order-preserving coupling QQ-matriz @ on S X S and hence (217) holds.

Assumption 2.1 Assume that there exists a generator Q = (qm-) on S such that the following
bounds hold:
sup Z giyi(z) < Z iy for all i3 <is <m and

xiélu{d Z gi1(z) > Z giy1 for all m < iy <o,
I<m I<m
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where the matrix (g;;(z)) is given in (L2).

If two generators Q) and Q?) satisfy ([2.16]), we simply write Q) < Q). For convenience,
with a slight abuse of notation, we denote the matrix (qij (m)) by Q. So Assumption 2.1l means
that for each € R%, Q, < Q. By Lemma 2.5] for each z € R?, there exists an order-preserving
coupling of Q, and Q given in Assumption2Il Namely, for each z € R?, there exists a Q-matrix
on S x &S such that this Q-matrix is an order-preserving coupling of @, and @Q. In fact, such
an order-preserving coupling was constructed explicitly in [34] [B5]; see also [6, p. 221]. For
definiteness, we choose one such coupling and denote it by @(az) = (Z]V(z', Jjim,n) (x)), which can
be expressed explicitly. For the sake of completeness and also certain subsequent application,
we sketch the construction of the coupling @(:E) here though a method which is essentially not
new (cf. [34] 35]).

As mentioned in [34], we can define the basic coupling of @, and Q for the points (i, ) €
S x § with i > j as follows:

qi, jsm,n)(x) = (qi(x) = ) ", m=kn=jk#i,

a(zvjvmvn)(x) = ((jjk_Qik(x))+v m=1i,n=kk#j (2 18)
q(i, jsm,n)(x) = qix(x) A Gjk, m = k,n=k,(k,k) # (i, 7), '
q(i, j;m,n)(z) =0, other (m,n) # (i, ),

and (i, j;i, j)(x) === Y Gi,jim,n)(x).
(m,n)#(i,5)

Next, we construct the order-preserving coupling for the points (i,j) € S x S with ¢ < j,
which is the key point to construct a coupling (A, A) so that P(A(t) < A(t), Vt > 0) = 1. For

each n € S, define
%Mmz{QM@’”#?

0, n =1,
i . (2.19)
mamz{q”’"*%
0, n=7j.
Then, define the sequences {amn(x)}, {bpn(x)} (m <nyn e S): foorom=n—-1,n—-2,---,1
successively as
+ +
amn($) = (am,n—l(x)) - (bm,n—1($)) s (220)

bn(T) = (bm—i-l,n(x))—'— - (am+1,n($))+

Here and hereafter, a™ = max{a,0}. Let us give some explanation on this definition procedure.
Clearly, we can define aj2(x) and bia(z) with ([Z20) by the well-defined aq1(z), bi1(z), ag(z)
and baa(x). Suppose the {apm ()}, {bpn(2)} (m' < n’) have been defined successively for
n'=1,2, ..., n—1. With ([2:20) we can further define the case of n’ = n. Although b,,,(x)

11



is independent of x, by, (x) is z-dependent in general. Finally, with the well-defined sequences
{amn (@)}, {bmn(z)} (M < n,n € S), the desired coupling is given by

G, jsm,n) (@) = (amn(2)) " A (b (@) T, m<n,m#£in#j
Gl g; i,n)(@) =G — Y, i, jimn)(z), i<n#j

1<m<n, m#i
o . . ) (2.21)
q(i, jim, 5)(@) = qim(x) = D G, jym,n)(z), i#m <],

n>m,n#j
6(27]7771’7”)(33) = 07 Other (m7n) 7é (27])7
and

(m,n)#(i,5), m<n

For every fixed 2 € RY, let (A, A) be the continuous-time Markov chain determined by the
coupling operator @ defined in ([Z2I) with A(0) < A(0). As shown in [34], the construction of
q(i,j;m,n) guarantees that the process A can never jump to the front of A a.s., i.e. P(A(t) <

At), Vt>0) =1.

Consequently, the order-preserving coupling (X,A,j_X) is constructed as follows. Let X
satisfy SDE (L)) and (A, A) be a jumping process on S x S with (A(0), A(0)) = (i, jo) satisfying

_ { q(i, j;m,n)(x)A + o(A), i i 7), (2.22)

140 jm.m)(2)A + o(A), i
provided A | 0. Here ¢(i,j;m,n) is determined by (2I8]) or (221)) according to ig > jg or not.

Lemma 2.6 Suppose that (H1), (H2), (Q1), (Q2’) and Assumption [21] holds. Then the
coupling process (X,A,f&) satisfying (LI)) and (222)) exists, and further

PR (A(t) < A(t), VE>0) =1, zeR?Y i<jes. (2.23)

In addition, suppose that Q is irreducible, then the invariant measure fi = (fi,...,fn) of A
exists, and for each increasing function h on S and each (z,i) € R x S,

Pp(@) <1imsup % /0 h(A(s))ds < > h(m)ﬂm> =1, (2.24)

t—o0 mes

for every initial value (X (0), A(0)) = (z,4%).
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Proof. By the definition of ay, (), amn(z) and q(i, j;m,n), it is easy to check the validation of
conditions (Q1) and (Q2’) for Q(z). Therefore, Theorem 1] ensures that the system (X, A, A)
satisfying (IT)) and ([222)) exists. Although the transition rate matrix of (A, A) now depends on
X which is time varying, the construction of @x still can ensure that A(t) cannot jump to the
front of A(t) a.s. if A(0) < A(0). Hence, (Z.23) holds.

Using the right continuity of (X A, j_X), from (2.23) we obtain that for each given increasing
function hon S, z € R? and i < j € S,

P(@i:7) <% /Ot h(A(s))ds < %/Ot h(A(s))ds, Vit > o) =1 (2.25)

Since Q is irreducible and S is a finite state space, the associated Markov chain A is ergodic
with the invariant probability measure given by fn = (fi1, ..., ). By the ergodic property of
the Markov chain, we have

N Y L _
P<tll>r£10 . /0 B(A(s))ds = 3 h(m),um> Y (2.26)
meS
For any arbitrarily given ¢ > 0, by Egorov’s theorem, we then get
1t
P(Z/ h(A(s))ds — Z h(m)fiy, uniformly as ¢ — oo> >1-4. (2.27)
0

meS
Thus, for any given € > 0, there exists a T'(¢) > 0 such that
L
1-6< IP’<¥ / h(A(s))ds < Z h(m)p, +¢ for all t > T(s)). (2.28)
0 meS

Therefore, combining (225 and (2.28]), we derive that for every increasing function h on S,
zeRandi<jeS,

pid) (% / h(A(s))ds < Z h(m)pm, +¢ for all t > T(s)> >1-0, (2.29)
0 mesS
which yields that
t
Pl <% / h(A(s))ds < Z h(m)fiy, +¢ for all ¢ > T(E)) >1-946 (2.30)
0 mesS

since the left hand side of (2.29) does not depend on j. So,

t—o00

P (limsup % /0 h(A(s))ds < > h(m)jim + e> >1-06. (2.31)
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Finally, letting € and 0 tend to 0, we arrive at (2.24]). O

Such a Markov chain A having the properties stated in Lemma will be called a upper
control Markov chain. It will serve as an upper envelop as mentioned above. On the other hand,
a lower control Markov chain A* can be constructed under proper conditions.

Assumption 2.2 Assume that there exists a generator Q* = (q;‘ j) on § such that the following
bounds hold:
Z qlw < 1;1]15 Z Qinj(x) for all i1 <ip <m and

jzm 2.32
Z 4G G = sup Z inj(x) for all m < iy <is. ( )
ji<m ]<m

For each € R%, an order-preserving coupling of Q* and Q(z) can be constructed explicitly
(see [6, p. 221]). Actually, replace the (gij(z)) and (g ;) in @I9-@2ZI) by (¢ ;) and (g;(x))
respectively, we can construct a coupling operator @(az) = (g(i,§;m,n)(z)) for each x € R% and
i > j. When i < j, we still use the basic coupling given in (2.18]) by replacing g;; with q;k We
now construct an order-preserving coupling process (X , A*,A) as follows. Let X satisfy SDE
(CI) and (A*, A) be a jumping process on S x S with (A*(0), A(0)) = (ip, jo) satisfying

P{(A*(t + A), At + A)) = (m,n)|(A*(¢), A(t) = (4,4), X(t) = «}
q(i, j;m,n)(x)A + o(A), if (m,n) # (1,7), (2.33)
1+q(i, j;m,n)(z)A +o(A), if(m,n) = (i, ),

provided A | 0. Similar to Lemma [2.6] we can prove the following lemma.

Lemma 2.7 Suppose that (H1), (H2), (Q1), (Q2’) and Assumption holds. Then the
coupling process (X, A*,A) satisfying (LI) and (222) exists, and further

PEID(A(t) > A*(t), Vit > 0) = 1 with (X(0),A*(0),A(0)) = (z,j,3), i > j. (2.34)
In addition, suppose that Q* is irreducible, then for each increasing function h on S and each

(z,i) € R4 x S,
P <htrglnf / h(A(s))ds > Z h(m),ufn> =1, (2.35)

meS

where p* = (u3, ..., 1wy) s the invariant probability measure associated with A*.
In what follows, we provide two concrete examples to illustrate the application of order-

preserving couplings to construct upper control and lower control Markov chains for the jump
component of state-dependent regime-switching processes.
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Example 2.3 Consider the case d =1, S = {1,2}. Let @, in (I.2]) be given by

Qm:(Qij($)):< sin?x — 2 2 —sin’x )

1+ |cosz| —1—|cosz]

Meanwhile, we choose

Q= (G, = < _12 _21 > and Q" =(g;) = ( _21 _12 ) ’

It can be verified that Q, < Q and Q* < Q(z) for all z € R and that both Q and Q* are
irreducible and their associated invariant probability measures are given by g = (i1, fi2) =
(1/3,2/3) and p* = (uf, ud) = (2/3,1/3) respectively. Thus, for the system (X, A) satisfying
(LI and (L2]) and any given increasing function h on S = {1,2}, by virtue of Lemma 2.6 we

have . , ,
, 1 1) + 2h(2
P9 <lim sup —/ h(A(s))ds < M) =1; (2.36)
t—o0 t 0 3
and by virtue of Lemma 2.7] we have
2h(1) 4+ h(2
P (hmmf / h(A(s))ds > 2h(1) + h(2 )> =1 (2.37)
t—00 3
Example 2.4 Consider the case d =1, S = {1,2,3}. Let Q(z) in (L2) be defined by
—3 — |cosx|+sin?x 1+ |cosz| 2 —sin?x
2 fE2
Q) = (g;5(2)) = L+ 22—z 1
2 + |sinz| 1+ lﬁlx‘ —3 — |sinz| — lﬁlx‘
Meanwhile, we choose
-4 2 2 -2 1 1
Q=(q;)=| 1 -3 2 and Q" =(g;) = 3 -3
1 -3 3 2 =5

For any =z € R, it is easy to see that

qi2(z) + q3(x) < Q2+ @3 q3() < qus,
13(7) < @3, @23(z) < @3,
(z)
(z)

=

@1(7) > @21, qo1(z) > 31,
@1(x) +q32(x) > @31+ B2, q31(z) > @30
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and that
Qo+ a3 < qa(®) + q3(r), i3 < q3(z),
a3 < q3(7), @3 < qas(
41 > @1(z),  ¢51 > g3
@31+ G2 > q31(7) + g32(7), 31 > g31(x).

Hence, we get that Q(x) < Q and Q* =< Q(x) for all z € R, it is easy to see that

':L')7
;U)?

qi2(z) + qu3(z) < @lo+dis  @us3(w) < g3,
q13(7) < ¢33, q23(7) < @53,
q1(7) > q21, q1(x) > q57,
@31(7) +q32(z) > q31 + 39, @31(%) > G54

and that
3x(1,2) +¢4(1,3) < q12(2) + qu3(x),  ¢:(1,3) < qus(w),
q+(1,3) < qo3(x), ¢«(2,3) < qo3(x),
0+(2,1) > qai(x), ¢+(2,1) > g31(x),
Q*(37 1) + Q*(3’ 2) > Q31(l‘) + Q32($)’ Q*(3’ 1) > Q31($)'

Hence, we get that Q(z) < Q* and Q. = Q(z) for all x € R'. Clearly, both Q and Q* are
irreducible and their associated invariant probability measures are given by i = (fi1, fie, fi3) =
(7/25,8/25,2/5) and p* = (uj, p5, 13) = (3/5,7/25,3/25) respectively. Thus, for the system
(X, A) satisfying (L)) and (L2]) and any given increasing function h on S = {1, 2,3}, by virtue
of Lemma, [2.6] we have

t
P@ ( lim sup 1/ h(A(s))ds < 7h(1) + 8h(2) + 10A(3) =1; (2.38)
t—o0 t 0 25
and by virtue of Lemma 2.7, we have
t
p(@) (liminfl/ h(A(s))ds > 15h(1) + 7h(2) + 3h(3)> . (2.39)
t—oo T 0 25

3 Almost sure stability of regime-switching SFDE

To make the idea clear, in this work we shall study the stability of a regime-switching system
with linear feedback control as we did in [22]. Recall the equation satisfied by (X (t)), i.e.

dX (1) = [a(X (), At)) — bA(G(E)X (5(£))] dt + o(X (1), AE)dW (), X(0) ==z € R (3.1)

We would like to point out that these constants b;, 7« € S do not have to be all positive. In order
to show the almost sure stability of the system (B.I) and (I.2]), we shall apply the method in
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[33], and the key point is to prove
/ E|X (t)|*dt < oo.
0

As mentioned in [22] Remark 3.3], we cannot show the finiteness of the following quantity at
that time:

o / LAy < o
0

for a general function g. However, with the help of Lemma 23] we can handle this quantity now.
From now on, we suppose the coefficient a(-,-) : R? x & — R? satisfies the following condition.

(H3) There exists a positive constant M, such that |a(z,4)| < M,|z| for all (z,i) € R? x S.

To make our computation below more precisely, we give out a more explicit construction of
the probability space used in the sequel. Let

Q) = {w| w: [0,00) = R? is continuous with w(0) = 0},

which is endowed with the locally uniform convergence topology and the Wiener measure Py
so that the coordinate process W (t,w) := w(t), t > 0, is a standard d-dimensional Brownian
motion. Let (Q9,.%2,P3) be a probability space and IIg be the totality of point functions on
R. For a point function (p(t)), D, denotes its domain, which is a countable subset of [0, c0).
Let p : Q9 — IIg be a Poisson point process with counting measure N(dt¢,dz) on (0,00) x Ry
defined by

N{(0,t) xU)=#{se Dy| s<t, p(s)eU}, t>0, UeABRy), (3.2)

and its intensity measure is d¢ x m(dz). Set (Q,.#,P) = (21 x Qo, B(1) x F2,P; x Py), then
under P = Py x Py, for w = (wy,ws), t — wi(t) is a Wiener process, which is independent of
the Poisson point process t — p(t,ws). Throughout this work, we will work on this probability
space (2, .#,P). Define

EN[-](w2) = E[- | F2](w2)

to be the conditional expectation with respect to the o-algebra %,.

Lemma 3.1 Let (X (t),A(t)) be the solution of B.I)) and (L2). Suppose conditions (H1)-(H3),
(Q1), (Q2) and (Q3) hold. Set

K(1) = 27(2C + M, + b)e(2C+3Matl)T (3.3)

where C' = max;es O(i) and b = max;es b(i). Moreover, assume T is sufficiently small so that
K(1) < 1. Then it holds

EN|X (1) — X(3()(wn) < — D)

= WEN‘X@)P(Wﬂ' (3.4)
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Proof. For any t > 0, there is a unique integer v > 0 for ¢ € [vT, (v+1)7). Moreover, d(s) = vT
for s € [v,t]. From (3] we have that

X(t) = X(0(t)) = X(t) — X(v7)

_ / [a(X(5), A(s)) — b(A(8(5))X (6(s))]ds

vT

+ / (X (s),A(s))dwq(s).

vT

According to the condition (H1), it follows from this and It6’s formula that
X (1) = X(6(1))I”

B /6@2<X (5)= X (5(5)), a(X (), A(5)) ~b(A(5(5))) X (8(5)))ds

/ (X (5), A(s) [ ds+ /5@)2<X<s>—x<5<s>>,a<X<s>,A<s>>dw1<s>>.

Taking the conditional expectation w.r.t. %2 on both sides of previous equality and using the
independence of (w1 (t)) and (wy(t)), we get

EMX(8) — X (3(t))*] (w2)

<EV] [ COM)IX () + 2Mal X (5)] X (s) = X (3(5))|ds] (w2)

5(t)
+EY| / B 5(5))1X (5) — X (3(s))]ds] ()

t

<EV[ [ {200X(5) = X(6(s))? +1X(6(5) )
5(t)
+ Ma(31X (s) = X (8(5))|* +|X (8(s)) )
+BIX(s) = X(8(5))? + BIX(5())? }ds] ()
< (20 + Mo + b)TEN[IX (8(1)[*] (w2)

t
+EN| / (2C + 8M, +B)|X ()~ X (5(s)) Pds] (2)
5(t)
By virtue of Gronwall’s inequality,
EN|X (1) — X(5(t))[* (w2)
< (20 + M, + ByrEN[|X (5(8)) ) wp)e o (20 +3Ma4F)ds

< 27(20 + Mo + BEN X (1) — XG0P + | X (1) J(wp)elicr (20+3MtE)ar
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which yields immediately the desired conclusion. O

In the following, we consider only the case S = {1,2} and use Lemma [Z4] to construct the
control Markov chains from upper and below. For the case S containing more than two states,
we can use Lemma and Lemma [2.7] to construct the control Markov chains, then follow the
same line as the case S = {1,2} to derive the corresponding results.

Recall that (g;;) and (qj;) are defined by (2.6) and (ZT). Suppose that ZI0), (ZII]) and
@21, 4i5 > 0 hold. Then, according to Lemma [2.4] it holds

A*(t) < A(t) <A(t), t>0, as. (3.5)

Define

~—

Pyj =P(A(r) = jIA(0) =i
P =P(A* (1) = j|A™(0) = i), i,j €S.
For a function b(-) : S — R, define
P(b) = (Py), P*(b) = ("Py).
Then the corresponding first eigenvalues of the linear operators P, Py are denoted by

A1(b) = max{Re(\); A € Spec(B,)},

(3.6)
A1(b) = max{Re(\); A € Spec(Fy)}.

The Markov chain (A(n7)),>0 is a skeleton Markov chain of (A(t)). If we denote f;;(t) =
P(A(t) = j|A(0) =), i, j €S, t >0, then

Pyj = P(A(r) = jIA(0) = i) = fi; (7).
It is known (cf. e.g. [6, Chapter 4]) that f;;(¢) satisfies the following equation
t
Fij(t) = %8, + Z/ fir(t — 8)qrje”Vds, (3.7)
ki 70

where 6;; = 1 if i = j; otherwise, d;; = 0. Since (A(t)) is assumed to be irreducible, this yields
that P;; > 0 for all 4, j € S, which means that the transition matrix P of (A(nT)),>0 is positive.

Therefore, Lemma [2.3] can be applied to (A(n7)),>0. Similar deduction holds for (A*(n7)),>o0.

Lemma 3.2 There exist two constants Iz'l, Ky > 0 such that for any initial point ig € S of A
and A*, it holds that

Ri(u(b) < By, [exp { /0 t b(A(é(s)))dsH < Ba(M(b), (3.8)
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i) < By [ { [ 007 66as}] < R, 39)

for t large enough.

Proof. We only prove ([B.8]), and the rest assertion can be proved in the same way. Applying
Lemma [2.3] we obtain that for ¢ large enough,

Eiy | exp { /0 t bAG(s)ds }| = B[ exp { 3" (o(R(kr))r + (¢t = [t/7]7)) }]

/71—
. [exp{ Z be(k:T))T}]
(i

Analogously,

t
B, [exp { / B(A(())ds }| > €MD) K (mae{Ra 1) (R (0)'
0
Inequality ([B.8) follows from the finiteness of the cardinality of S. O

Lemma 3.3 Under the conditions (H1)-(H3), (Q1), (Q2) and (Q3), suppose further that
ZI0), @II) and G21, qi5 > 0 hold. Assume the functions b(-), C(-), ¢(-) on S are all non-

decreasing. Then for e € (0,1),

K(7)
EHX( )’ ] < ‘LZ' ‘2E|: fo(C(A )26(A (8(r)) >+2\/1 K(T)b A(é(r))))dr] (310)

and

t *
EX()]2) > faol B [els ©" )23 N2y ARG ], (3.11)

Proof. Tt follows from Itd’s formula and condition (H1) that

dIX (@) = (2(X (1), a(X (1), A1) + lo (X (2), A#))lfis ) At
= 2b(A(6(1)))(X (1), X (3(2)))dt + 2(X (t), o (X (2), A(t))dw: (1))
< (CA®IX @) — 2b(AB(E)) (X (1), X (6(1)))) dt
+ (X(t),J(X(t) ())dwl(t)>
< (CA®) — (2= e)b(A(S(1)))) X (1) *dt
+é (A(B(6)))1X (1) — X (a(2))*dt
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+2(X(t),0(X(t),A(t))dw:(t)), for every e € (0,1).

Taking conditional expectation EV[-] on both sides, then applying (3.5) and the non-decreasing
property of functions b(-) and C(-), we obtain that for 0 < s < ¢,

EMX t)|2] 2) = EN[|1X (5)*] (w2)

where in the last equality we used the fact that the processes (A(t)) and (A*(t)) are fixed once
wy is given. Invoking the estimate in Lemma B.1], this yields

EMIX ()] (w2) — EMIX (5)*] (w2)

< [ { (chrn-e - G+ Do

=1
—
>,
—
=
~—
=
N———
&=
2
o
=
~—
_®
&

(V)
~—
——
(oW

Note that as a function of ¢,

K(7)
e(l - K(7))

E: \/ K(r) \/ b(A(S(r))
1—K(7) b(A*(6(r)))"

Hence, it follows from (BI2]) that

C(A(r)—=(2 = )b(A*(6(r))) +

takes its maximal value at

ENX (1)) (w2) — EN[1X (5) ] (w2)

< / {(C(K(r))—%(A*(é(r)))H 15;27) \/b(A(a(r)))b(A*(a(T))))ENUX(T)P](WZ)}dT,
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Since b(A*(6(r))) < b(A(S(r))) for all > 0, we then have that

EN[X (1)) (w2) — ENX (5)]?] (w2)

< [ { (CO0D-200 60 +2) [ bR X 0Pl . .
Set u(t)(wz) = EV[[X () )(ws), and
9(r) = CR()=2b(A"(3(r)) 2| T = HALE)
@I3) can be rewritten in the form
wlt)en) —u(s)a) < [ glrrutr) e (314)

As the function r — ¢(r) needs not to be differentiable, we can use the trick as in [23, Lemma
3.2] to derive from Gronwall’s inequality that

u(t)(wa) < u(0)(ws)edo 9T, (3.15)

Then we get the desired upper estimate ([B.10) after taking expectation w.r.t. E[-] on both sides
of (B.13).

The lower estimate (3.I1]) can be deduced by the same method. Actually, it follows from
It6’s formula and condition (H1) that

dIX ()7 = (2(X (1), a(X (1), A1) + lo (X (2), A#))lfis ) dt
= 2b(A(6(8))(X (1), (5(t))>dt+ 2(X(t),0(X(t), A(t))dwr (t))
(2 +€)b(A(3(1))) 1X (1) [*dt
)

(1) -
b(A(S(1)))IX () — X (8(t))[*dt
+ 2(X(t),0(X(t), A(t))dw(t)), for every € € (0,1).

In what follows, the difference is that we shall use the transform c¢(A(r)) > ¢(A*(r)) instead of
C(A(r)) < C(A(r)) and corresponding transform for b(A(r)) in this case. However, these details
are omitted. O

In order to estimate the long time behavior of the quantity

EePlo CAGDAr S
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we present the estimate established in [2] after introducing some necessary notation. Let

Qp = Q + pdiag(C(1), ..., C(M)),

where diag(C'(1),...,C(M)) denotes the diagonal matrix generated by vector (C(1),...,C(M)).
Put

np.c = —max{Re(y); v € Spec(Q,)}. (3.16)

According to [2, Proposition 4.1], for any p > 0, there exist two positive constants x1(p), k2(p)
such that for any initial point ig € S,

w1 (p)e ™t <Ry, [epfot C([_‘(T))dr] < ko(p)e™™Ct £ >0. (3.17)

Now we formulate our main result.
Theorem 3.4 Suppose the conditions in Lemma 3.3 hold. In addition, assume

_ K
msc >0, N(—6b) <1, and A (6 %b) <1 (3.18)

Then for every initial value (X (0), A(0)) = (z0,i0) € RE x S of (L) and (L2), it holds

lim X(t) =0, a.s. (3.19)

t—o00

Proof. Applying Lemma 3.2l (3.I7) and Holder’s inequality to the estimate (B.10), we get

1 1 £ 1
E[|X (£)]%] < |zol? (Ee3 I C(Av))dr) s (Ee—wg b(A*(é(rmdr) s <Ee6\/ 2 K0 Jo b(A(é(r)))dr) 3

2 ~ovi Mot Lrs K(7) 5 (3.20)
< |wol? (k2 (3)K2)Fe™ 3 (N (—6b))* <)\1 <6 mb)) :
Then, it is easy to check that under the condition (BI8]),
/OOOE[\X(t)P]dt < 00, (3.21)
and there exists a constant C' > 0 such that
E[| X)) <C forall t>0. (3.22)

By 1t6’s formula, we obtain that

E[|X (t2)"] - E[|X(t1)[]
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= /t2(2<X(8)7a(X(S)vA(S))—b(A(5(S)))X(5(8))>
+ o (X (s), Als))llfis ) ds

for any 0 < t; < ty < oo. Thus, by virtue of the condition (H1) and (3:22]), there exists a
generic constant C' > 0 such that

[E[|X (t2) "] = B[ X (t2)|*]] < C(ta — ta).

Namely, E[|X(#)[?] is uniformly continuous with respect to ¢ over R,. Hence, it follows from

B21) that
tlingoE[|X(t)|2] = 0. (3.23)

Now we can completely follow the proof line of [33, Theorem 3.4] to show that

lim X(t) =0, a.s.

t—o00

The details are omitted. O

Remark 3.5 Note that in Lemma and Theorem [3.4] we have assumed the non-decreasing
property of the functions b(-), C(-), ¢(-) on §. This is a technical assumption to simplify
our presentation. Without this monotone condition, after doing some necessary rearrange-
ment of the states of S, our results remain valid. Precisely, for instance, in order to control
exp ( fot C(A(s))ds), one can first reorder the set S so that C(-) is non-decreasing. Of course,
under this new order, the original () matrix becomes a new form () = (g;;), while @) remains
to be conservative and irreducible. Hence, we can define the corresponding Markov chains
(A(t)) and (A*(t)) associated with Q. Then, applying Lemmas 4], 2.6, 27, one can control
exp (fg C(A(s))ds) from upper and below.

Appendix A: Proof of Theorem [2.1]

According to [26] and [32], (A(t)) can be represented in terms of Poisson random measure. This
representation will play an important role in this work. For the sake of clarity in the presentation
and calculation, we introduce the following construction of the probability space which will be
used throughout this work. Let

QM = {w|w : [0,00) = R? is continuous with wy = 0},

which is endowed with the locally uniform convergence topology and the Wiener measure P(!) so
that the coordinate process W (t,w) := w(t), t > 0 is a standard d-dimensional Wiener process
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on (QW, F(), {-E(l)}tzo, PM). Let (Q®), FO), {ft(Z) }e>0, P(?)) be a complete probability space
with a filtration {]—"t@) }e>o0 satisfying the usual conditions, and let {£,} be a sequence of inde-
pendent exponentially distributed random variables with mean 1 on (Q(2), F?), {]:t(z)}tzo, P®).
Define

Q=00 x0® F=rOxr@ F£=75Vxr? p=p0 xp®,

and (Q, F,{F: }+>0, P) is just the probability space used throughout this appendix. The proof
of Theorem 2.1is a little long, so we separate it into two steps.

Step 1: Construction of solution. Fix some (z,7) € R? x S and consider the following SFDE
AdXO(t) = [a(XD(t),7) — (XD (S(1)),9)]dt + (XD (t),5)dW (t) (3.24)

with X (0) = z. By virtue of conditions (H1) and (H2), we can prove that equation (3.24)
admits a unique nonexplosive solution X ® (t) by using the Picard iterations following the line
of [13l Chapter 5, Theorem 2.2]. Then, we have

]P’( lim 7o, = oo) =1,

m—o0

where 10,, := inf{t > 0: | X®(t)| > m} for m > 1. Recall that {£,} is a sequence of independent
mean 1 exponentially distributed random variables introduced above. Let

71 = 6; := inf {t >0 /Ot (XD (s))ds > gl}, (3.25)
so we have
P(r > t|FY) = IP’(& > /Ot qi(X(i)(s))ds‘}}(l)> - exp{ - /Ot qi(X(i)(s))ds}. (3.26)

Then, it follows from condition (Q2’) that for some m > |z| + 1,

P(r >1t) = Eexp{ — /Ot qi(X(i)(s))ds}
Btz 00 { — [ a(x()as})

Bt~ [ a(xO)as))
> P({70,, > t}) exp { — Ko(1+ m“o)t}.

v

(3.27)

Since both terms of the product on the last line tend to 1 as t | 0, one gets ]P’(Tl > O) =1. We
define a process (X,A) € R? x S on [0, 7] as follows:

X(t) = XD (¢) for all ¢ € [0,7], and A(t) =i for all t € [0, 7). (3.28)
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Moreover, we define A(11) € S according to the probability distribution:

, iz (X (7
P(A(m1) = jlFn-) = %(1 = 9i3) g, (x(r))>0y + 0iLai (x(r))=0}- (3.29)

Obviously, the process (X, A) has been constructed on the temporal interval [0, 1], so the
process (X, A) is well-defined at the observation time §(¢) when 6(¢) < 7. Next, we construct
the process (X, A) after 1. To do so, when §(¢) < 71, let X satisfy

dX (1) = [a(X(t), A(11)) — B(XD(3(t + 7)), 9)] dt + o (X (£), A(m1))dW (¢), (3.30)
with )/5(0) = X(11); when 6(t) > 7, let X satisfy
dX (1) = [a(X(8), Alm1)) = BX (8(6)), A(m1))] dE + o (X (1), A(1))dW (1) (3.31)

with X(0) = X (1), where /I/Iv/(t) = W(t+71)— W(m). Actually, we can combining the above
two equations (3.30) and (B31]) as the following SFDE:

dX(t) = [a(X (), A(r1)) = b(X (8(t)), AB(t)))]dt + o (X (t), A(m))dW (2), (3.32)
with X (0) = X(71), where
X(6(t) = XD (Gt + 7)) Lo<s)<n y + X (0(0)Ls0)>m 1 (3.33)

A(3(t)) = iLo<sty<m} + AT Ls0)zm ) (3.34)
and here, X is the unique solution to equation (24) and so X @ (5(t + 1)) is well-defined.

Clearly, it is easy to see from (3:33) and (3.34) that X (6(t)) is well-defined whenever 0 <

~

d(t) < 71, while A(6(t)) is well-defined for both d(t) < 71 and 6(t) > 7. Therefore, equation
([332) has a unique nonexplosive solution X (¢) thanks to conditions (H1) and (H2). Let

¢
0y := inf {t >0: / qA(Tl)(X(S))dS > fg} (335)
0
As argued in ([3.26), we have
t A~
P(0: > | 10) = P(& > /0 an ) (K ()5 Fr, 1)

= o { [ (X))

Once again, we can derive from condition (Q2’) that P(6 > 0) = 1. Then we let

Ty =T+ 03 =01 + 0y (3.36)
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and define (X, A) on [r1, 2] by
X(t)=X(t—m)fortem,m, Al)=A(n)forte |[r,m), (3.37)
and
P(A(r) = U|Fr,-)

A (r) 1 (X (2)) (3.38)
= i (X)) (1 (X (m) (1= On¢r),) Haneryy (X (720) >0} F 0a(r)1 M an(ry (X (72)) =0}
T1

Following this procedure, we can further define (X, A) on the interval [7,, 7,,4+1) inductively
for n > 3, where 7, is defined similarly as ([3.25) and (B3.36). This “interlacing procedure”
uniquely determines a process (X,A) € R? x S for all t € [0, 7, ), where

Too = lim 7. (3.39)

n—oo
Since the sequence T, is strictly increasing, the limit 7., < oo exists. Hence, the process (X, A)
constructed above can be regarded as the unique solution to SFDE (21]) and (2] on [0, 7).

Step 2: Nonexplosion of solution. What is left to complete the proof of Theorem 2.1]is to
show P(7o = 00) = 1, which is also the most delicate and difficult part of the argument.

First, we show that the evolution of the discrete component A can be represented as a
stochastic integral with respect to a Poisson random measure, which is sometimes called Sko-
rokhod’s representation of A. In view of [26, Section 11-2.1] or [32], Section 2.2], for each 2 € RY,
construct a family of intervals {I';;(x); 4,7 € S} on the positive half line in the following manner:

[i2(2) = [0, q12())
Li3(x) = [q12(x), qr2(z) + q13(2))

M-1

ruto)= [ aora)

J=2

[o1(z) = [q1(2), @1 (%) + g1 (7))
Dog(z) = [q1(z) + g21(2), 1 (%) + g21(2) + q23(x))

and so on. Therefore, we obtain a sequence of consecutive, left-closed, right-open intervals
I';j(x), each having length ¢;;(x). For convenience of notation, we set I';;(z) = () and I';j(x) = 0
if ¢;;() = 0. Define a function h: R? x S x Ry — R by

h(z,i,2) = Z(] - i)lFij(x)(Z)'

JES
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Namely, for each z € R? and i € S, we set h(x,i,2) = j—i if 2 € [';;(2) for some j # i; otherwise
h(z,i,z) = 0.

Put A(t) := fo qa(s)(X(s))ds and n(t) := max{n € N : { +--- + & < A(t)} for all
t €0, 70), Where {&n,n =1,2,...} is the sequence of independent exponential random variables
with mean 1 introduced above. Then in view of ([B.25]), (3:26]), (3:35]), and (B.36]), the process
{n(t A 7),t > 0} is a counting process that counts the number of switches for the component
A. We can regard n(-) as a nonhomogeneous Poisson process with random intensity function

QA(t)(X(t))v te [077—00)‘
Now for any s <t € [0,7») and A € B(S), let

p((s,8] x A) = Y Lynqyra-)ameay and p(t, A) = p((0,t] x A).

we(s,t]

Then we have p(t A 7oo, S) = n(t A 7o) and

At A Ts) = )+ Z —)]1{Tk<mroo}

1‘//\7'Oo
/ / i p(ds, dj).

We can also define a Poisson random measure N(-,-) on [0,00) x Ry by

(3.40)

N(tATo,B) = Y p(tAToo,j), forallt>0and B B(Ry).
jESNB

Observe that for any (z,7) € R x S and j € S\ {i}, we have
m{z € [0,00) : h(x,i,2) # 0} = gi(x) and m{z € [0,00) : h(x,4,2) = j — i} = g;;(x),

where m is the Lebesgue measure on Ry. Therefore, we can rewrite (3.29), (3.38) and (B3.40)
into the following form

A(EA 72) = A(0) + /0 ~ /R (X (s—), A(s—), 2)N(ds, dz). (3.41)

Second, we shall prove that the process X is nonexplosive. Without loss of generality, we
fix the initial value (X (0),A(0)) = (x,i) € RY x S and for any integer m > [|z|] + 1, denote
by T, := inf{t > 0: |X(¢)| > m} the first exit time for the X component from the open ball
Om = {z € R%: |z| < m}, and let o := lim,,, 00 Trn. We shall prove that

P(7o = 00) = 1. (3.42)
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To this end, we first consider the X component process on the temporal interval [0, 7), where
7 > 0 is the length of discrete time observation period. Actually, by 1td’s formula, we have

X (8)]* = 2(X (1), a(X (£), A(t)) — (X (8(t)), A(5(1))))dt
+ o (X (1), A®)) s dt + 2(X (1), o (X (1), A(E)dW (t)
= (2X (1), a(X (1), A1) + o (X (1), A(t))IIfss ) dt
= 2(X (1), b(X(8(1)), A(6(£))))dt + 2(X(2), o (X (2), A(2))dW (1))

(3.43)

Then, by condition (F1) we get that for ¢ € [0, 7),
X (1)) =X (0)]” + /Ot (2(X(s), a(X (), A(s))) + [lo(X (), As)) [ ) ds
i /O "X (5), (X (0), A(O)}ds + M(1) (3.44)
< (20%+ 1) (1X(0))* +1) + (C+1) /Ot | X (s)]2ds + M(t),

where M (t) is a continuous local martingale and C' = max;es C(i). Taking expectations on both
sides yields that

E|X(1))* < (20t + 1) (E[X(0)> +1) + (C + 1) /OtEyX(s)Pds,

and then by Gronwall’s inequality, it follows that
E|X (¢)] < (26% + 1) (E[X (0)[* + 1)e(C+V?, for every ¢ € [0, 7). (3.45)

Using Fatou’s lemma, from (B.45]) we also have

E|X ()2 < (20°7 + 1) (E[X(0)[* + 1)e(C+D)7. (3.46)

Deducing inductively, we can obtain that for any integer m > 1,
E|X (mr +t)> < (2b2t + 1) (IE|X(m7')|2 +1)e (CHDE - for every ¢ € [0,7), (3.47)

which further implies that E|X (t)|? < oo for any ¢ > 0. Therefore, the explosion time 7o, of the
component X must be infinity almost surely, and so ([8.42]) holds.

Third, we go to prove that for any given m > [|z|] + 1,

]P)(Too < 7~'m) =0, or equivalently IP’(TOO > 7~'m) =1. (3.48)
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Indeed, for any arbitrarily fixed mg > [|z|] 4+ 1, let
H:= Ko(l + mgo).

Since | X (s)| < mg for all s < 7,,,,, so by condition (Q2’) we have ¢;;(X(s)) < Hforalli,jes
and all s <7,,,,. Then, it follows from (B.41]) that for any t < 7,

At ATmg) = A(0) + /0 " [ h(X(9). A(s-).2)N(ds. d2)
tATmg " (3.49)
= A(0) + /0 /[O,M(M—l)fﬂ hMX(s—),A(s—),z)N(ds,dz),

since the integrand h(X(s),A(s—), z) equals 0 when s < 7,,,, and z ¢ [0, M (M — 1)H], where
constant M is the number of elements in S. For the characteristic measure (i.e., the intensity
measure) m(-) of the Poisson random measure N(-,), since m([0, M (M — 1)ﬁ]) < 00, so the
stationary point process corresponding to the above Poisson random measure N (-, -) has only
finite occurrence times on the temporal interval [0,t A 7T,,,) almost surely. Hence, it follows
from (3:49]) that the component A has only finite jumps (i.e., switches) on the temporal interval
[0,t A Tm,) almost surely; refer to [28, Proposition 2.1 and Corollary 2.2] for the details. This
implies that 7o, > t A Ty, almost surely, and then that 7., > 7,,,, almost surely due to that ¢ is
arbitrary. Now we actually have proven (8.48]) since the above mg > [|z|] + 1 is also arbitrary.

Let Ay i={w € Q: 7o < T} for m > [|z|] + 1, and let

A= |J 4., A=0\A
m=[|z[]+1

It follows from (B.48]) that
P(A) =0, andthen P(A) =1. (3.50)
Note that A¢ = {7 > Too}. Thus, by ([3.42]) we have
P(700 = 00) > P(7oo = o0) = 1.

Consequently, the solution (X (t), A(t)) is nonexplosive, and so the above interlacing procedure
actually determines a process (X (t), A(t)) for all ¢t € [0,00). The proof is thus completed.
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