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After introducing some preliminary results, it is shown that there exist
small perturbation parameters that cause the original stochastic sys-
tems to be mean square stable by utilizing the stochastic Lyapunov
differential equation. Moreover, the decay rate of the original SPSSs
via the boundedness of the solution under the expectation operator are
established explicitly.
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keywords: singular perturbations, Ito differential equations, Markov
processes, exponential stability in mean square.

1 Introduction

The systems of differential equations with singular perturbations were inten-
sively investigated in the last sixty years starting with the pioneered work
of Tichonov [20]. We recall that a singularly perturbed system of differ-
ential equations contains small parameters as coefficients of the derivatives
of some unknown functions of the system. Usually such small parameters
are neglected, thus we may associated two subsystems of lower dimensions
which are independent of the small parameters, namely the boundary layer
subsystem (fast subsystem) and the reduced subsystem (slow subsystem),
see e.g. [22] for the deterministic framework and [10, 21] for the stochastic
case. Over the past decade, stabilization problems for singularly perturbed
stochastic systems (SPSSs) have been deeply investigated. The sufficient
conditions of stability based on a combination of the idea of the exponential
stability of singularly perturbed stochastic systems have been established
[18]. An application to the analysis of singularly perturbed Markov systems
represented by random evolutions has been considered [16]. The problem of
exponential stability of singularly perturbed systems with parametric white
noise excitations has been studied in [12, 5] for the linear case and [18] for the
nonlinear case. In general, it is important to evaluate the decay rate for the
SPSS besides the stability. It is known that in the deterministic framework,
there exist the reliable contributions in the analysis of the gap between the
decay rate of the fast component and the decay rate of the slow component
of the solutions of the system of exponentially stable singularly perturbed
systems of differential equation. In contrast, such features of SPSSs with
Markovian jumping parameters has not been fully developed.

In recent years, a stabilization problem for a class of singularly perturbed
linear stochastic systems with state multiplicative white noise and Marko-
vian jumping parameters was investigated [9]. It is worth pointing out that
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the Lyapunov type operator is a powerful tool to establish the sufficient
condition that attains an exponential stability in mean square thus avoiding
the difficulty of using the two-time-scale decomposition approach. However,
time varying case is not discussed. Taking into consideration the fact that
the stability analysis in SPSSs with Markovian jumping parameters has be-
come a priority research topic, the investigation of the expectation behavior
of their dynamics, when the perturbations parameters tend to zero, is ex-
tremely attractive.

In this paper, a stability problem for a class of singularly perturbed lin-
ear stochastic systems with state multiplicative white noise and Markovian
jumping parameters is investigated. It should be noted that a set of suffi-
cient condition for the exponential stability in the mean square sense of the
stochastic differential equations with small perturbation parameters has not
been derived exactly in the present time. Namely, there are few results for
SPSSs with Markovian jumping parameters except for [9]. Therefore, this is
one of the vital reasons that motivates us to investigate our current study.

This paper might be viewed as a time varying case of [9]. Because of
the existence of small perturbation and Markovian jumping parameters, a
linear evolution operator is used instead of the two-time scale decomposition
technique. In the present work, it is shown that the same type of behaviour
can be recovered in the stochastic case of the systems of singularly perturbed
stochastic differential equations. Furthermore, the decay rate of SPSSs are
established explicitly under some assumptions for the small perturbation
parameters.

Notations: The notations used in this work are in general the standard
ones. Here we recall only: C) the half plane of the form {z € C|Re z < —\}
and C_ = {z € C|Re z < 0}.

2 The problem
We consider the system of stochastic linear differential equations:
dy(t) = [An(t, me)z () + Ava(t, )22 (t)]dt
+ ) [Agan () () + Ag ot n)wa(t) dwg (t) (la)
k=1

e’:‘dmg (t) = [Agl(t, nt)ml(t) + A22 (t, Ut)xg(t)]dt

Y [Akor(tm)e(8) + Apza(t )z (D)]dwi () (1b)
k=1
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where t € Ry = [0,00), z(t) € R%, j = 1,2, are the state variables
(unknown functions) and € > 0, ;1 > 0 are small parameters often unknown.

In (1) {w(t)}iz0 (w(t) = (wi(t)...wr(t))T) is an r—dimensional stan-
dard Wiener process defined on a given probability space (2, F,P) and
{nt}+>0 is a right continuous Markov process defined on the same proba-
bility space taking values in the finite set 91 = {1,2,..., N} and has the
transition semigroup P(t) = €9, ¢t > 0, with Q = (g;;) € RYV*N. The
elements g;; of the generator matrix () satisfy

N
gu>0if i#£1, > g5 =0, forall i,l €9 (2)
j=1
Throughout the paper we assume that {w(t)}i>0, {n:}+>0 are independent
stochastic processes and 7 (1) = P(no =1) >0, for all i € N.
mo = (mo(1)...me(NN)) is the initial probability distribution of the Markov
process. We shall write Aj(t,7) and Ay ;(t,7) anytime 7, =i € N.
Regarding the coefficients of the system (1) we make the assumption:

H1) t — Ay(t,i) : Ry — R™*™M £ — Ay (L, i) : Ry — R™WX™

are bounded matrix valued functions that are globally Lipschitz con-

tinuous.
We set
A(t ' ) 1A11(t,l) 1A12(t71)
s Z, E) = . y
EAQ]_(t,’L) EAQZ(t’ 7’)
' Ak,ll(t7 'L) Ak,lZ(t7 Z)
Ak(t,laeau) = gAle (t7z) gAk’QQ(t,Z.) (3)

With these notations the system (1) can be written in a compact form, as:

da(t) = A(t,me)x(t)dt + ) Ap(t,me, e, ) (t)dwg (t) (4)
k=1

where z(t) = (21 (¢) x%(t))T Since for each fixed € > 0, p > 0, the system

(4) is a stochastic differential equation (SDE) of type (1.22) from [7], then
we may deduce from the developments from Section 1.12 from the afore-
mentioned reference, that for each ty € Ry and zg = (27 ng)T € Rmtn2,
the system (1) has a unique solution

T
z(t;to, x0, €, ) = (21 (0, o, &, 1) @3 (t;to, o, €, 1))
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starting from g at the initial time tg. According to the terminology used
in the case of the deterministic singularly perturbed systems of differential
equations x1(t;tg, xo,&, 1) will be named slow component, while
xa(t; to, xo, €, ) will be called fast component of the solution x(¢; to, zg, €, ).

In this work we deal with the problem of exponential stability of the zero
solution of a system of SDEs of type (1).

Definition 1. We say that the zero solution of SDE (1) or, equivalently
the SDE (1) is exponentially stable in mean square (ESMS), if its solutions

T .
(l‘,{(ta t07x0755M) xg(ta tvaO)gvﬂ)) satzsfy
E(|z1(t; to, To, &, ) |* + |22(t; to, zo, €, 1) % e = 4] < Be 1) |02 (5)

for allt >ty > 0, xg € RMT™2 4§ € N, and arbitrary initial probability
distribution mg of the Markov process, where o > 0, 8 > 1 are constants not
depending upon t,ty, xg, 7.

In this work E[-]n,, = ] stands for the conditional expectation with
respect to the event {n,, =i}.

Our goal is to provide a set of sufficient conditions not depending upon
the small parameters ¢ > 0, u > 0 (often unknown) that guarantee the
exponential stability in the mean square sense of the SDEs of type (1) for
sufficient small values of the two parameters ¢, and pu.

Since the coefficients of SDE (1) depend upon e and p it is expected
that the decay rate a from (5) to be dependent upon these parameters. It
is known that in the deterministic framework (see for example [14], [3], [4],
[15]) there exists a deviation of order e~ between the decay rate of the fast
component and the decay rate of the slow component of the solutions of the
system of exponentially stable singularly perturbed differential equations.

In the present work, we shall show that the same type of behaviour can
be recovered in the stochastic case of the systems of singularly perturbed
SDEs of type (1). We shall see that in this case beside the parameters ¢, u
an important role is played by the new parameter v = u?/e. In the special
case M = {1} (no Markovian switching) the result proved here recovers a
part from the result of [5]. The results derived in this work extend to the
time varying case the results from [9].

3 Some auxiliary results

In this section we shall include several results from the deterministic frame-
work which will be used in the derivation of the main results of the present
work.
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Lemma 1. Let (X, || -]|) be a finite dimensional Banach space and B(X) be
the space of the linear operators defined on X. Let L : Ry — B(X) be a
operator valued function with the properties:

(a) t — L(t) is a bounded and globally Lipschitz continuous function;

(b) for each t € Ry the eigenvalues of the operator L(t) are located in the
half plane C,, where a > 0 does not depend upon t.

Let T(t,to,€) be the linear evolution operator on X defined by the linear
differential equation ex(t) = L(t)x(t). Under these conditions for each & €
(0, ) there ezists eg = €o(@, ||L]|oo) > 0 such that

—a(t—tg)

|T(t, to,e)|| < Be™ =, Yt>1y>0,e € (0,4,

where B > 1 is a constant depending upon &, |I£||oo, as well as the Lipschitz
constant of L().

The proof may be done following standard arguments in singular per-
turbation theory. For details, we refer to [3] and [11].

Now, we consider (X, || - |x), K = 1,2 two finite dimensional Banach
spaces. On X = X; x Xy we consider the system of linear differential equa-
tions:

5(1(25) = Mn(t,&?
Ef(g(t) = Mgl(t,

t) + Mm(t, g, (S)Xg(t)

76)X1
0 t) + Moo (t, £, 5)X2 (t) (6)

&, )Xl

(
(
where (t,e,0) — Mjy(t,e,0) : Ry x [0,1) x B,(60) — B(Xj, ;) are op-

0,1
erator valued functions j,k = 1,2, B,(dg) C R? is the ball of radius p > 0
centered in §y € R%.

Proposition 1. Assume:

(a) the operator valued functions Mj(-,-,-) are bounded on their domain
of definition and have the additional properties

HMjk(tl?Ev 9) — Mjk(t27‘€7 S < Alt —taf, (7)
for all ti,t2 € Ry, (,0) € [0,1) x B,(b0), v > 0 being a constant,
[ Mji(t, ,6) = M;1(t,0,00)|| < A(e + 16 — dol) (8)

for all (t,e,0) € Ry x[0,1) x B,(do), ¥ > 0 being a constant and |- | is
the Euclidian norm on R?, while || - || from (7) and (8) are the operator
norms induced by || - |[1 and || - ||2;
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(b) for each t € Ry, the eigenvalues of the linear operator Maa(t,0,dp) are
located in the half plane Can, where ay > 0 does not depend upon t;

(c) the linear evolution operator Ts(t,ty) defined by the linear differential

equation on X :
x1(t) = Ms(t)x1(t)

satisfies
IS (t, to)|| < Be20(t—10) )

forallt >ty >0, Bs > 1, as > 0 do not depend by t and ty and

M(t) = My (t,0,80) — Mya(t,0,80) My (,0, 50) Moy (t,0, 8).

Under these conditions there exist e* € (0, 1], p* € (0, p] such that the system
(6) is exponentially stable for any (g,6) € (0,€*] x B,«(dg). Moreover, the
solutions of system (6) have the upper bounds of the form

Ix1(t,,8) |l < Bre 1) (||x1(to, e, 8) |1 + el x2(to, €, 6)]2) (10a)
_ay(t—tg) o (i—
x2(t,,8)ll2 < Bale™ = |[xa(to, e, )|z + e~ ) (|[x1 (to, €, 0) |11
+€HX2(t0,6,5)H2) (10b)

forallt >ty >0, B > 1, k = 1,2, being constants independent of t,tg, €, 9.

Proof. Let T(t, to;e,9) and T(t,tp;e) be the linear evolution operators on
X5 defined by the linear differential equations

ex2(t) = Mas(t, €, 6)xa(t)

and
£Xa(t) = Maa(t,0,d0)x2(t),

respectively. Applying Lemma 1 for & = %a + we deduce that there exists
€1 > 0 such that

30¢f(t7t0)

IT(t, to;e)l| < &1e™ 2

forallt >ty > 0, 0 < e < e&1. Further we write

T(t,to;e,0)x = T(t, to;e)x (11)
¢
1
+ - /T(t, Ti€) (Maa(T,e,8) — Maa(T,0,d0)) T(7,t0;€,0)xdT

to



Exponential Stability in Mean Square 147

Employing (8) and (11) we get

gttt 1
IT(t:tos e, 0)xllz < &illxlle™ 2 + ~&17 (¢ + 16 — dol)
t
3&f(t—‘l’)
< [T e, 0)xadr
to

Setting ¥ (t,e,0) = sup || T(7,to;€,0)x]||2 we obtain
to<7t<t

3af(t—t0)

[1—=y(e+16 = do)]¥(te,0) < &ullxfl2e™

for all t >ty > 0, x € Xy where y1 = 2’Ayflﬁ. Choose ¢ € (0,1) fixed. If
e+10—0do| < % we may conclude that

S(Xf(tfto)

1 _
IT(t, to; e, 0)x[l2 < &1—e™ 2= [[x|l2 (12)

forallt >ty >0, x € Ab.

Further, the assumption (b) together with (8) allow us to deduce that
there exist £; > 0, p1 > 0 such that My (t, e, d) is invertible and, additionally
(t,e,8) — My, (t,¢,6) is bounded for t € Ry, 0 < ¢ < &1 and |§ — dg| < 1.
We set

M,(t,e,8) 2 Myy(t,e,8) — Mys(t,e,8) Mpl(t,e,0) May (¢, , 6).
One shows that
[Ms(t,€,6) — Ms(t)[| < 1(e + [0 — dol)
for all t € Ry and ¢, ¢ such that € + |0 — dg| is sufficiently small.
Let Ts(t, to;€,9) be the linear evolution operator defined on &} by the
linear differential equation

x1(t) = Ms(t, e, 0)x1(t).

Employing (9) and Gronwall’s Lemma one shows that

_ Bas(t—tg)
2

HT(tv to; €, 6)” < /356
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forall t > tg >0, > 0,5 € B,(dy) are such that € + |0 — dg| is sufficiently
small. The solution of the system (6) has the representation formulae:

t
x1(t,e,0) = Ts(t, to; €, 0)x1(to,€,9) +/T8(t,7;5,6)M12(T,€,(5)
to
X (XQ(T, g,0) + M2_21(T, g,0) Moy (T,e,0)x1(T, €, 5)) dr, (14a)
xo(t,e,0) = T(t, to; €, 0)x2(to, €, )

t
+i/T(t,7;€,5)M21(7’,5,6)x1(7,5,5)d7. (14b)
to

Substituting (14b) in (14a) and using standard techniques from singular
perturbation theory, one obtains via (7), (8), (12) and (13) that the slow
component Xi(¢,e,d) of the solution of the system (6) has an asymptotic
behaviour of the form described by the first inequality in (10). Finally, from
(13), (14b) together with the upper bound of ||x;(7,¢,d)||1 given by the first
inequality in (10) we may obtain that the fast component x2(t,¢,9) of the
solution of (6) has the asymptotic behaviour of the form described by the
second inequality from (10). Thus the proof is complete. O

4 The main result

Let z(t) = (21 (t, to, wo;, ) 2L (¢, t0,70;¢€, 1))T be the solution of the sys-
tem (1) starting from zg = (21, 21))T € R™*"2 at the initial time to > 0.
We set X (t,i) = Elz(t)z” () xgp=iy), t > to, i € M, Xgy,—;} is the indicator
function of the event {n; =i}. We set n = nj + ng and S,, C R™*" stands
for the linear space of the symmetric matrices of size n x n. We denote
SN =8, x8, x...xS8,. Applying Theorem 3.1.6 from [7] we obtain that
t— (X(t,1),X(t,2),...,X(t,N)) is the solution of the following problem
with given initial values on the space S :

X(t,0) = A(t,i,e) X (t,1) + X (t,i) AT (t,4,¢)

+ > Ap(t,i e, @) X (8,0 AL (8,4, 1)
k=1

N
+ > qiX(t,4), ieN (15)
7=1
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X(to,l) = moxdm, (1), | € M, where 7y, = (m4,(1),. .., 7, (N)) is the pro-
bability distribution of the random variable n,, i.e. m, (1) = P{n, = I},
1 €N Let

X11(t, i) Xia(t, 1)

XL (t,3)  Xoa(t,i)
be the partition of X (¢,4) compatible with the partition of the coefficients of

(15) given in (3). By direct calculation one obtains the following partition
of (15):

XH(t, Z) = Au(t, i)Xll(t, ’L) + A9 (t, Z‘)XlTQ(t, Z) + Xll(t, Z)A{l (t, Z)

+ Xao(t,0) ATy (6, 1) + 3 [Apn (8,9) X1 (£, 0) AL (£, 1)
k=1

+ Apaa(t, ) X5t 0) AL 11 (6,9 + Apaa(t,6) X1a(t, 1) A (8, 4)

N
+ Apa2(t, 1) Xoo ()AL 1o (0] + D i X1 (4, 5), (16a)
j=1

<€X12 (t, Z) = €A11(t, i)Xlg(t, Z) + €A12(t, i)XQQ (t, Z) + Xll(t, Z)Agl (t, Z)

+ Xio(t, i) AQy(t,0) + > t[Ap11(t, 1) X1 (t, 1) AL ) (¢,4)
k=1
o+ Ap 1o (t, 1) X5 (8, 1) AL 51 (8,1) + Ag a1 (t,6) X1a(t,6) Af o (£, 4)
N
+ Apao(t, i) Xaa(t, i) AL 99 (£,1)] + 2 Y _ qjiXaa(t, ), (16b)
j=1
eXon(t,i) = A1 (t,4) X12(t, 1) + Aga(t, 1) Xoo(t, 1) + Xi(t, )AL (t,1)

2 IS
+ Xoo(t, i) AL (¢,4) + “? S g (8 ) X1 (£ 8) AL 5y (8, )

k=1
o+ Apaa(t, 1) X5 (t,0) AL 51 (8,1) + Ag21 (£, 1) X12(t, 1) Af 9o (,4)

N
+ Apoo(t, i) Xaa(t, i) Af 99 (£,1)] + 2 Y _ qjiXoa(t, ) (16¢)
j=1
Xji(to, i) = zojeym, (i), j,1=1,2, i €M (16d)

Further on, we shall show that the system of linear differential equations
(16) can be regarded as a system of singularly perturbed linear differential
equations of the form (6). To this end, we take X} = STZX. The elements
X are finite sequences of symmetric matrices of size ny X ny, that is, X; =
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(X1(1),...,X1(N)). On the space X} we introduce the norm || - ||; defined
X fly = max [ X (i) (17)
1eEN

for all X; € &7, | X1(47)] being the spectral norm of the matrix X (7).
Also, we set

A

Xy = (R™7 ™ x 8Sp,) x ... x (R™*™2 x 8p,) .

N times

Its elements X are finite sequences of the form
Xy = ((X12(1), X22(1)), ..., (X12(N), X22(N))) -
On the space X5 we introduce the norm

[ Xall2 :Iifg;({maX(!X12(i)\a\X22(i)|)}~ (18)

One can see that (X}, -||;), j = 1,2 are finite dimensional Banach spaces.
The system (16) may be regarded as a system of singularly perturbed linear
differential equations on the space X x X» :

Xi(t) = Mui(t, &, p,v)[X1(t)] + Mia(t, e, 1, v)[Xao ()] (19a)
eXo(t) = M1 (t,e, 1, v)[X (£)] + Mo (t, &, 1, v)[Xa(t)] (19Db)
where X; — M (¢, €, p, v)[Xy] : &) — X are defined as follows:
M1 (t, €, p, v)[X1](2)
= An ()X (i) + Xu ()AL (1,9)
r N
) At D)X ()AL (1) + Y giiXa(j) (20)
k=1 j=1
1€ ‘ﬁ, for all X1 = (X11<1), - ,Xll(N)) S Xl.
Mz (t, e, p, v)[X2](4)
£ Aua(t,i) XT5(1) + X12(1) ATy (2, 1)

+ 3 [Araa(t, i) X0 AL 1 (9) + A () X12(6) AL 15 (2, 4)
k=1

+ Azt 1) Xoa (D) AT (8, 1) (21)
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1 €N, for all Xy = ((X12(1),X22(1)), e (Xlg(N),XQQ(N))) € Xs.
Furthermore, we have

M21(t7 &, W, V) [Xl](z) é (M%I (t7 &, K, V) [Xl](Z)7 Mgl(tv &, W, V)[Xl](l)) ) (22)
where

M (¢, e, 1, v)[Xa] (i) = X1 (§) AG (8, 9)

> A (t ) X1 (1) AL o (8,7), (23a)
k=1
M5y (1 &, 1, ) [Xa) (1) = v ) Agaa (t,1) X101 (1) Af o1 (£, 7). (23b)
k=1

On the other hand, we also have

M??(ta &, W, V) [XZ](Z) é (M%Q(t7 &, W, V) [XQ](1)7 M%2(t7 &, W, V)[XQ](l)) ) (24)

where

M%2 (t, g, b, l/) [Xg](z) = €A11<t, i)Xu(i) + €A12(t, i)XQQ(i) + X9 (i)AgQ(t, Z)

+ H Z [Ak,lQ (t’ Z)X,ll—é (Z)Ag,Ql(t? Z) + Ak,ll (t7 Z)X12(Z)Ag’22 (t, Z)
k=1
N
+ Ak 12(t, i>X22(i>AZ,22(t7 i) +e Z ¢;iX12(7), (25a)
=1

M3, (t, €, p, v)[Xa](4) = Aoy (t, 1) X12(3) + Aaa(t, 1) X2 (i) + Xio(i) A3, (¢, 4)

+ XQQ(Z)A§2 (t7 7‘) +v Z [Ak,QZ(tv Z)X{Q(t i)Ai:Ql(ta Z)
k=1

o+ Apo1 (t,1) X12(8) Af 9o (£,4) + Apaa(t, 1) Xo2(4) Af 9o (£, 7)]

N
+e) | qiXa(j) (25b)
j=1

for all Xy = ((Xlg(l),ng(l)), e (Xlg(N),XQQ(N))) € Xs.

Comparing (19)-(24) with (16) we remark the natural occurrence of the
quantity v = p?/e. This quantity must be interpreted as an additional
parameter of the problem under investigation. We note that even ife — 0,

uw — 04, the limit lim u?/e does not exist. That is why, in the
(&,)=(04,0+)
following we are making the assumption:



152 V. Dragan, I.-L. Popa, H. Mukaidani and T. Morozan

H2) The values of the small parameters ¢ > 0, u > 0 are such that the
values of y?/e tend to a nominal value 1.

Remark 1. The assumption H2) is fulfilled if, for example, n = (e),
where ¢ : Ry — Ry s a function with the properties:

(a) ¥(e) =0 if and only if ¢ = 0;

(b) lim ¢(e) = 0;

e—04

(¢) lim

e—04

In many works was used 1(e) = &% with 0 > § (see for example [2], [5],
[6], [8], [13], [17], [18] and the references therein).

In applications, the value of the nominal parameter vy is established to-

gether with the mathematical model of the phenomena under investigation.

Let us remark that if we take § = (i, v) and 09 = (0, 1), the system (19)
is of type (6). Hence, we may apply the result from Proposition 1 to obtain
a set of sufficient conditions that guarantee the exponential stability of the
system (19) for any € > 0, > 0 small enough.

Proposition 2. Assume:
(a) the assumptions H1) and H2) are fulfilled;

(b) for anyt € Ry, the eigenvalues of the linear operators Maa(t,0,0,1p) :
Xy — Ao are located in the half plane (Cgaf for some ay > 0 not
depending upon t;

(c) the linear evolution operator Ts(t,ty) defined by the linear differential
equation on X :
X (t) = M (8)[Xa(t)]

satisfies
T (8, to)|| < Bee™20s(t=t0) (26)

forallt >ty > 0, Bs > 1, ag > 0, not depending upon t, tg, and,
M;(t) : X1 — A1 being defined by

Ms(t) = Mll(ta 07 07 VO) - MIQ(t7 07 07 VO)M2_21 (ta 07 07 VO)MQI(ta 07 07 VO)'
(27)
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Under these conditions there exist € > 0, i > 0, p > 0, such that for any
0 <e<é&0< pu< i that satisfy |u?/e — vo| < p, the system (19) is
exponentially stable. Furthermore, for these values of the parameters € and
w, the solutions of the system (19) have upper bounds of the form:

X1 (t e, )|l < cre®E710) (X (to, &, ) |1 + ]| Xa(to, €, 1) 12)

_af(t—tp) _ _
1Xa(t e, w)ll2 < cale™ = [ Xalto,e, u)l2 + e E10) (| Xy (to, , 1) |1
+¢||Xa(to, €, 1) ||2)] (28)

for allt >ty > 0.

Proof. First, let us remark that the assumption H1) together with (20)-
(24) guarantee that the assumption (a) from Proposition 1 is fulfilled in
the special case of the system (19). The assumptions (b) and (c) from the
statement of the Proposition 2 are special forms of the assumptions (b) and
(¢) from Proposition 1 associated to the system (19) and 6y = (0,1p). So,
(28) follows immediately from (10). Thus the proof is complete. O

In the sequel, we shall emphasize some conditions expressed in terms of
the coefficients of the system (1) that guarantee that assumptions (b) and
(¢) from Proposition 2 are fulfilled. For each (¢,7) € Ry x 91 we consider the
generalized Lyapunov operator Ly, (t,7) : Sp, — Sp, defined by

‘CfVO (ta 7’) [Z] = Az (t7 Z)Z + ZA%;(t’ Z) + Z Ak,QQ(ta i)ZA£22(t, Z) (29)
k=1

for all Z € S,,,. The operator Ly,,(t,i) is the linear operator of Lyapunov
type associated to the stochastic linear differential equation of the form

d$2(7‘) = AQQ(t, i)iL'Q(T)dT + \/1702 Ak722 (t, i)l‘Q(T)dwk(T) (30)
k=1

where (t,7) € Ry x 9t are parameters.

One knows that for each fixed (t,7), the system (30) is exponentially
stable in mean square if and only if the eigenvalues of the operator Ly, (t, )
are in the half plane C_.

Now we prove an auxiliary result that will be involved in the proof of
the forthcoming proposition.

Lemma 2. Assume that the assumptions H1) and H2) are fulfilled. Under
these conditions the following hold:
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(i) for each (t,i) € Ry xN, the linear operator Ly,,(t,i) defines a positive
evolution on the linear space Sp,, that is, eﬁf”o(t’i)T[Z] > 0, for all
F>0if Z > 0;

(ii) if the eigenvalues of the linear operators Ly, (t, i) are placed in the half
plane of the form Cy, with A > 0 not depending upon (t,i) € Ry x N,
then, for any = (0, \) there exists ¢ > 0 not depending upon t,i, T
such that ||| < &e=>7, for all T > 0, || - || being the operator
norm induced by the spectral norm | -| on Sy,.

Proof. The assertion (i) is a straightforward consequence of the Remark
2.6.2 from [7].
To prove (i7) let us remark that

[e£roEIT|| = Lt ).
where I,,, is the identity matrix of size ny x na. To obtain this equality we
have used the Corollary 2.1.7 (i) and Theorem 2.1.10 from [7] in the special
case of the Banach space (Sp,, |- |). We set Z() = e“0®I7[1,.]. So, Z(-)
is the solution of the problem with given initial values:

d

. 2(1) = Ly (6,D[Z(7)], Z2(0) = L. (31)

Using the techniques of H-representation, introduced in [23] we obtain that
. 1 ng(ng+1)

Z(1) = (&(1)) where ¢ : S, — R™ 2 is the isomorphism introduced
in [23] and &(7) is the solution of the following problem with given initial
values:

Le(r) =0 )E(r), £0) = plIn,), (32)

where ©(t,7) is the matrix associated to the linear operator Ly, (t,7) via
(9) from [23]. Invoking the boundedness of the functions t — Aga(t,4) and
t — Aj22(t,i) we may deduce that there exists ¥ > 0 not depending upon
(t,7) € Ry x DM such that [O(t,q)] < 7.

On the other hand, from Lemma 3.1 (ii) from [23] applied in the case of
linear operator defined in (29), we infer that the spectrum of the operator
L, (t,1) coincides to the spectrum of the matrix ©(t,1).

We consider A € (0,). Applying Proposition 3, Chapter 1 from [1] in the
case of the matrix ©(t,7) we deduce that there exists ¢; > 0 not depending
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upon (t,4) so that [e®")7] < 516_5\7—, for all 7 > 0. This allows us to deduce
that the solutions of the problem with given initial values satisfy

[€(T)] < E1e™ T |(Ing) -
In this way we may conclude that
lero @) = | Z(r)| = ¢ (&(7))] < 2T
where ¢ = ||¢ 7| - |¢(In,)|¢1. Thus the proof is complete. O

The next result provides a condition which guarantee that the assump-
tion (b) from Proposition 2 is fulfilled.

Proposition 3. Assume:
(a) H1) and H2) are fulfilled;

(b) there exists A > 0 not depending upon (t,i) such that the eigenvalues
of the linear operators L, (t,1) are located in the half plane Cy for all
(t, Z) S R+ x N.

Under these conditions there exists oy > 0 not depending upon t such that
the eigenvalues of the linear operator Maa(t,0,0,19) are in the half plane
Coq-

Proof. The conclusion one obtains showing that there exist ¢ > 1 and o > 0
not depending upon t € Ry such that

M 000 < gemo,

for all 7 > 0, ¢t € Ry. Here, || - || is the operator norm induced by the norm
|| - |l2 on the Banach space X>. Employing (24) and (29) we obtain that the
linear differential equation on X5 :

d
%Xg (7‘) = Mgz(t, 0, O, 1/0)X2(7')

with t as a parameter, has the partition:

d ) ) .

%Xm(ﬂ@) = Xio(7,1) Ay (1, 1)

d

- X22(70) = L (¢, i)[Xaa(7,4)] + A1 (t,§) X1a(7, 1) + Xio(7, 1) AJ (¢, ).
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We deduce that for each (t,7) € Ry x 91 we have the representation:

X1a2(7,4) = X12(0,)e 2007y 7 >0, X15(0,4) € RM>*™  (33)

XQQ (7’, Z) = eﬁf”o(t’i)T[ng(O, Z)] + /6£f”0(t’i)(‘ro) [Agl(t, i)Xlg(T, Z)
0
+ XE(Tvl)Agl(tal)]da (34)

for all 7 > 0, X22(0,7) € S,,,. Based on Lemma 2 we infer that under the
considered assumptions we have:

e ltDT|| < Ge, (35)

for all 7 > 0, where & > 1, A > 0 not depending upon (t,i) € Ry x .
Setting vp = 0 in (29) we obtain

Lo(t,9)[Z] = Annlt, NZ + ZAL(t,1). (36)
We have Lo(t,i) < Lyy,(t,7) that yields
0 < LT[ 7] < LT[ Z] i Z > 0.

Applying Corollary 2.1.11 from [7] in the special case of this positive operator
we obtain
£57]| < fleEro ], (37)

for all 7 > 0, (¢,7) € Ry x 9. Here and in (35), || - || is the operator norm
induced by the spectral norm |- | on S,,. From (35) and (37) we get

”eﬁfo(t,i)TH < 6675\7 (38)

forall 7 > 0, (t,7) € Ry x 9. On the other hand, employing Theorem 2.1.10
from [7] in the special case of the operator Lfo(t,7) we have

leFroEDT || = |erotATIE,, ).

According to (36) we obtain that

, A T s
eﬁfO(tﬂ)T[[nQ] — A22(ti)T A (8T

Hence, (38) becomes

|€A22 (ta)T A22(t 0T | < 56_>\T
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that yields )
|6Ag2(t,i)7—‘ < \/ée—%*r (39)

forall 7 > 0, (t,7) € Ry x9. The proof may continue as in the time invariant
case employing (33)-(35) and (39), because the upper bounds from (35) and
(39) are uniform with respect to (¢,7) € Ry x 9. For details see for example
Lemma 1 from [9]. O

Assuming that Agy(t,7) are invertible, we introduce the notations:

Ag(t,i) = Aqq(t,0) — Ara(t, i) Agy (t,1) Agy (t,1) (40)
Aprs(t,i) = A (t,6) — Agga(t, 1) Agy (t,1) Ag1 (L)

1=1,2,1<k<r (ti) € Ry xM. Assuming also that for each (¢,7) € Ry x
M the linear operator Ly, (t,7) defined by (29) is invertible, we introduce
the following linear operator Lg,, (%) : Sﬁ — Sﬁ defined by

Ly (1)[X1] = (Lo ()[X1] (1), -, Lo ()[X1](N))
with
L (1)[X1](7)

= A (t,9) X1 (i) + X1(0) AL (t,1) + Z Aga,s(t, 1) X1 (1) Af 4(t,9)

k=1
— 1 Y > At i)
k=1 1=1
N
X Lo (D) A s(t, 1) X1 (0) Afy o (8,0 Af 12(6 ) + D qiXa (G (41)
=1

for all X; = (X1(1),...,X1(N)) € S¥.
The next result provides an explicit formula of the operator M (¢) defined
in (27).

Lemma 3. If for any (t,i1) € Ry x N, the matrices Aaa(t,i) and the linear
operator Ly, (t,i) are invertible, then we have My(t) = Ly, (t), for all t €
R,.

The proof is done by direct calculation involving (20)-(24) written for
e=0,p=0,v=1p.

One of the main results of this paper is:
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Theorem 1. Assume:
(a) the assumption H1) and the assumption H2) with vy > 0 are fulfilled;

(b) for any (t,i) € Ry x N the eigenvalues of the linear operators Ly, (t, 1)
are located into the half plane of the form {z € C|Re z < —2ay} for
an o > 0 not depending upon (t,1);

(c) the linear evolution operator Ts(t,ty) defined by the linear differential
equation on S,{X

X1 (t) = Lowo (1) X1 (1))
has the behaviour of the form

ITs (2, to)[| < Bye™22e(10)

forallt >ty >0, Bs > 1, as > 0, being constants not depending upon
t and ty.

Under these conditions there exist €* > 0, u* > 0, p* > 0, with the properties
that the full system of SDEs (1) is ESMS for arbitrary 0 < e <&*, 0 < p <
w*, such that |u?/e — vo| < p*. Moreover, if

P11(t,tos e, ) P12t toie, p)

¢21(t7 los €, /.L) ¢22(t7 los €, /-L)

is the partition of the fundamental matrixz solution ¢(t,to; e, 1) of the system
(1) compatible with the partition of the coefficients of the system (4) we have

EH¢j1(tvt0;Evﬂ)|2‘nt0 = Z] < cjle_al(t_t0)7 J = 17 27
E[|¢12(t, to; €, )|, = 1] < croge™ 1 710), (42)

_ ag(t—tg)

El|aa(t, to; e, ) 2|, = 1] < conle™ = + ee~1t=t0))

forallt >ty >0, i €N, where cj; > 1, a1 € (0,a5) and az € (0,ar) do not
depend upon t, tg, € and p.

Proof. Based on Proposition 3 and Lemma 3 we may remark that, if the as-
sumptions in the statement are fulfilled then the assumptions of the Propo-
sition 2 are also satisfied. Hence, there exists €* > 0, u* > 0, with the
property that if 0 < & < ¢*, 0 < u < p* and |u?/e — 1| < p*, then the
solutions of the system (19) or, equivalently, the solutions of the system
(15) satisfy inequalities of the form (28). To simplify the notations, in the
rest of the proof we shall omit the dependence with respect to € and p of
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the solutions of equations (15) as well as of the block components of the
fundamental matrix solution ¢(t,to; e, ) of the system (1). Let

X(t, to, H) = (X (t, to, H, 1), X (t,to, H,2), ..., X (¢, to, H, N))

be the solution of the system (15) satisfying the initial condition X(to, to, H) =
H, where H is arbitrary in S2'.
The j-th component of the solution X(¢, ¢y, H) has the representation

X(tvthH7j) = T(t7t0)[H](j)7 1< < N,

T(t,tp) being the linear evolution operator defined by the linear differential
equation (15).

Further, employing the representation formula of a linear evolution op-
erator defined by a Lyapunov type linear differential equation associated to
linear SDEs (see for example formula (3.8) from Remark 3.1.3 in [7]) we
obtain

N

X(t7 to, H7 .]) = Z E[(b(tv tO)H(Z)¢T(ta tO)X{’I]th} ’nto - Z] (43)
=1

Let i9 € M be arbitrary but fixed and H;, € SV be defined by H;, =
(Hi,(1),...,Hiy(N)), where

. 0, if 7 £ 4
HiO(Z) = { T er - .
x0Ty, if 1 =g,
T T

with 29 = (27, 2L)T € R™ x R™ is arbitrary but fixed. The equalities
(43) written for H replaced by H;, yield:

N

E[(Z)(tv to)xo(gb(t, to)iUo)T|77to = 7;0] = Z X(t> to, Himj)' (44)
j=1

Let
X1t to, Hig, j) Xlz(tto,Hz’o,j)}
X1T2(t7t07Hio7j) X22(t7t07Hi07j)

be the partition of the matrix X (¢,¢o, H;,,j) compatible with the partition
of the coefficients of (15) given in (3). We set

Xllo(t) = (Xll(tuth Hi07 1)) vy Xll(t)t07 H207N))
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and Xéo (t) = [(X12(t, to, Him 1), ng(t, to, Hio, 1)), ey
(XlQ(t, to, Hioa N)a X22(t7 to, Hioa N))]

Based on the partition given in (16) of the equation (15) satisfied by
X(t,to, H,) we deduce that ¢t — (leo (t), Xk (t)) is a solution of the system
(19).

On the other hand, (17) and (18) respectively, allow us to obtain that

XL (t0) |l = |z10* and || X (to)|l2 = max{|z1075], |z20]}. (45)
Taking x99 = 0 in (44) we obtain

Elp11(t, to)z10(p11(t, to)w10) T |74y = 0]

N
= Xu(t,to, Hig, j) < N|[XP ()11, (46a)

N
= 3" Xoalt,to, Fip, §) < NI (0) 2T (46b)

where H;, is the value of Hy, in the case of 29 = (21, 07)" and (X0 (t), X (t))
stands for (X!°(¢), X% (¢)) when Hj;, is replaced by Hj,.
On the other hand if z19 = 0, then (44) yields

Elp12(t, to)w20(P12(t, to)za0) |1y = io]

N
= 3 Xu(tto B ) < NIRP (Ot (47a)

22(t7t0)$20(¢22(t to)w20)” [y = o]

s

ZX22 (t,t0, Hiy, j)leqN|| X% () ]| 21, (47b)
7j=1
where Hj, is the value of H;, when zo = (07 xQTOzT and (X(t), X2(t))
stands for (X{°(¢), X% (¢)) when H;, is replaced by H;,,.
Employing (28), (45), (46) we get

E[|¢j1(t, to)z10|* |0y = d0] < mje; Ne @1 (710) |2

forall t >ty > 0, j = 1,2. Thus, we obtained the first two inequalities from
(42). The other inequalities from (42) are obtained combining (28) with
(45) and (47). Thus the proof is complete. O
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Remark 2. (a) The assumption (b) of Theorem 1 could be reformulated
in terms of uniform exponential stability in mean square with respect
to (t,i) € Ry x M of the system with frozen coefficients (30). The
assumption (c) of the same theorem cannot be expressed in terms of
exponential stability in mean square for a system of SDE, because if
vy > 0 the linear operator Lg,,(t) defined in (41) cannot be interpreted
into an obvious way as an Lyapunov type operator associated to a
system of SDEs.

(b) Following the same line of the proof as in the time invariant case
(see for example Proposition 2 from [9]) one may show that the lin-
ear operator Lg,,(t) defines a positive evolution on the space STJX, i.e.
Ts(t,t0)[X1] > 0, for all t > to if X1 = (X1(1),...,X1(N)) is such
that X1(i) > 0, for alli € M. This fact could be exploited to obtain suf-
ficient conditions which guarantee that the assumption (c) of Theorem

1 is fulfilled.

In the sequel we focus our attention on the case when the assumption
H2) is fulfilled with vy = 0. In this case, the linear operator introduced in
(41) reduces to

Lso(t)[X1] = (Lso()[X1](1), .-, Lso(t)[X1](N)),

where

Lao()[X1)(i) = As(t, ) X1(0) + X1(0) A (2,9)
N

+ ZAk;l,s(tvi)Xl(i)Agl,s(tai) + ZjSXl (]) (48)
k=1 Jj=1

for all Xy € 8. Ay(t,) and Ay (t,7) being defined in (40). One sees that
the linear operator L4o(t) may be viewed as the Lyapunov type operator
associated to the following system of SDEs.

dzy(t) = As(t,ny)x1(t)dt + Z Apa s (t,me) 1 (t)dwy(1). (49)
k=1

The system (49) can be obtained from the system (1) setting formal ¢ = 0,
@ = 0. This is why, it is named the reduced subsytem, or the slow subsystem
associated to (1).

The second main result of this work is
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Theorem 2. Assume:
(a) the assumption H1) and the assumption H2) with vy = 0 are fulfilled.

(b) There exists oy > 0 not depending upon (t,i) such that the eigenvalues
of the matriz Asa(t,i) are in the half plane {z € C|Re z < —ay} for
all (t,1) € Ry x M.

(¢) The reduced subsystem (49) associated to (1) is exponentially stable in
mean square.

Under these conditions there exist € > 0, ﬁ > 0, 5 > 0 with the property
that the full system (1) is ESMS for arbitrary ¢ € (0,€], u € (0, f1] which
satisfies u?/e € (0, ﬁ] For these values of the small parameterse > 0, u > 0,
the block components of the fundamental matriz solution ¢(t,to;e, 1) of the
system (1) have upper bounds of the type (42).

Proof. (Hint) As in the case of Theorem 1 one shows that the assumptions
from the statement guarantee that the assumptions of Proposition 2 are
fullfilled in the special case of the system (19) when vy = 0. The details are
omitted. Here, we only recall that in this special case, the linear operator
(29) reduces to Lfo(t,) given in (36). One checks that if the eigenvalues of
the matrices A2y (t,4) are in the half plane of type {z € C|Re z < —ay} then
the eigenvalues of the linear operator defined in (36) are in the half plane
{z € C|Re z < —20a}. O

5 Conclusion

In this paper, the stability problem for a class of large-scale singularly per-
turbed linear stochastic systems with state-multiplicative white noise and
Markovian jumping parameters has been investigated. Based on the linear
evolution operator, an exponential stability in mean square with the decay
rates for the slow and the fast subsystems has been evaluated by using the
stochastic Lyapunov differential equation. Thus, the present results are the
extension to the time varying case of [9].
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