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Abstract

In this paper we prove some results on the existence of solutions and
the mean square asymptotic stability for a class of impulsive neutral
stochastic differential systems with variable delays by using a contraction
mapping principle. Namely, a sufficient condition ensuring the asymp-
totic stability is proved. The assumptions do not impose any restrictions
neither on boundedness nor on the differentiability of the delay functions.
In particular, the results improve some previous ones in the literature. Fi-
nally, an example is exhibited to illustrate the effectiveness of the results.
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1 Introduction

Impulsive differential equations appear as a natural description of observed evo-
lution phenomena in several real world problems. There are various good mono-
graphs on impulsive differential equations [1, 2, 14, 30]. Many processes studied
in applied sciences are represented by differential equations. However, the situa-
tion is quite different in many physical phenomena that have a sudden change in
their states. For instance, mechanical systems with impact, population dynam-
ics, mathematical economy, chemical technology, electric technology, chemistry,
engineering, control theory, medicine etc.

The theory of impulsive differential systems is an important branch of the
differential equations field. The first paper in this theory was published in the
60’s by A. D. Mishkis and V. D. Mil'man [25]. Over the last decades there has
been a significant development of this theory, but in spite of its importance,
this development has been quite slow due to the special features of impulsive
differential equations in general, such as pulse phenomena, confluence, and loss
of autonomy (see, for instance, [10]). An impulsive differential equation is de-
scribed by three components: a continuous-time differential equation, which
governs the state of the system between impulses; an impulse equation, which
models an impulsive jump defined by a jump function at the instant an impulse
occurs; and a jump criterion, which defines a set of jump events in which the
impulse equation is active (see [27]).

Recently, many researchers have studied the stability of stochastic differen-
tial equations using Lyapunov functions and obtained interesting results, for
example, Liao [18], Mao [24], Caraballo et al. [7], Yang [32] amongst others.
However, there are also several difficulties in the applications of the correspond-
ing theories to specific problems. It is therefore necessary to seek some new
methods to deal with the stability in order to overcome those difficulties.

To this end, Burton and other authors have applied the fixed point theory to
investigate the stability of deterministic systems during the last years, and have
obtained some more applicable conclusions which can be found, for example, in
the monograph [5] and the works [4, 3, 6, 9, 13, 12, 26, 33]. In addition, there are
some papers where the fixed point theory is used to investigate the stability of
stochastic (delayed) differential equations (see for instance [8, 15, 17, 16, 19, 28,
29, 20, 21, 23, 22]). More precisely, in [20, 21, 23] the authors used the fixed point
theory to study the exponential stability of mild solutions for stochastic partial
differential equations with bounded delays and with infinite delays. In [28, 29]
the fixed point theory is used to discuss the asymptotic stability in pth moment
of mild solutions to nonlinear impulsive stochastic partial differential equations
with bounded delays and infinite delays, and in [22] Luo used the fixed point
theory to study the exponential stability of stochastic Volterra-Levin equations.
Motivated by the works mentioned above, in this paper we study the mean
square asymptotic stability of a class of impulsive neutral stochastic differential
systems with variable delays by using a contraction mapping principle, and the
obtained stability criteria are easily checked. In our result, the delays can be
unbounded and the coefficients in the equations can change their sign.



This paper is organized as follows. In Section 2, we present some basic pre-
liminaries and the form of the impulsive neutral stochastic functional differential
equations which will be studied. In Section 3, the main result concerning the
existence of solutions and its mean square asymptotic stability will be stated
and proved. In Section 4, an illustrative example is analyzed to test our results.

2 Model description and preliminaries

We consider the following class of impulsive neutral stochastic differential sys-
tems with variable delays:

d | ui(t Z% — i (O) | = | D au()uy (8) + D b (8) 5 (uy (1)
i=1 j=1 j=1

+> eij(t)gs (ui(t— 65 (1)) dt+za” (u; (1)) dwj (t) ,t > to, t # ty,

Au; (tk) = U; (tk + 0) — U, (tk) = Ik (’U,Z (tk)) Jk=1,2,.... (1)
This can be written in a vector-matrix form as follows:

du(t) = Q () u(t — 7 (1)] = [A () u(t) + B(t) f (u(t)) + C(t)g (u(t — 0 (¢))] dt
+o (u(t)) dw (t) ,t > to, t # tg,
Au; (tk) = U, (tk + 0) — U (tk) = Ik (’LLZ (tk)) Jk=1,2,..., (2)

for i = 1,2,3,...,n, where u(t) = [uy(t),us(t), ..,un(t)]" € R", and aij, bij,
cij, ¢ij € C(RT,R), are continuous functions, A(t) = (a(t)), ., B(t) =
(bij (1),s0m » @ (t) = (g3 (1)), are real matrices and o(-) = (04;(-)),,«,, i the
diffusion coefficient matrix, f(u(t)) = [f1 (w1(t)), fo (ua(t)) , ..., fn (un ()] €
R™, g(u () = g1 (u1(2)) 93 (u3(8)) s g (tn(0)]" € RY, and 75,55, = 1,
which are the variable delays, are continuous functions satisfying appropriate
conditions described below.

Let w(t) = [wy(t), wa(t), ..., wn(t)]” be an n—dimensional Brownian motion
on the complete filtered probability space (2, F,{F;},~,,P) where {F;},-, is
the natural filtration of w (t) (i.e. F; is the completion of o {w (s) : 0 < s < ¢}).
The expresion Au; (tx) = u; (tg) — (t;) = Ly (u; (tx)) denotes the impulse
at moment t, and t; < t3 < ..., is a strictly increasing sequence such that t
goes to infinity, u; (t+) and uy; ( 7) stand for the right-hand and the left-hand
limits of u; (t) at the impulsive moment ¢, respectively. I (u; (tx)) shows the
impulsive perturbation at the moment t;. Here C (57, S3) denotes the set of all
continuous functions ¢ : S} — Sz with the supremum norm |.||.

Denote by u (£) = u (t;5,0) = (w1 (£55,01) ;oo tin (5 5,05))" € R™ the solu-
tion to (1) with the initial condition

u;(s) = ; (s) for s € [m (tg) , o], for each tg > 0, (3)



where

m; (to) = min {inf {t — 7; (t) ,£ > to} ,inf {t — &, (t) .t > to}}, n
m (to) = min{m; (t9),1 <j <n},

and ; () € Clm (i) o, R), and s = 9(6) = (o (5) o ()" € R
belongs to the space C ([m (to),to],R™), with the norm defined by || =

Z SUDPyy, (1) <s<to |P:(8)|- Finally, E will denote expectation.

i=1
Before proceeding, we firstly introduce some assumptions:

(A1) The delay functions 7;,d; € C (R*,R") satisfy
t—06;(t) ocandt—7;(t) > c0ast—ooforj=12,..,n. (5)

(A2) there exist nonnegative constants «; such that for all z,y € R,

i@ —fil<ojle—yl, j=12,..,n (6)
(A3) there exist nonnegative constants 3, such that for all z,y € R,
9 () —g; W] < Bjlz—yl, =1,2,....n. (7)

(A4) there exist nonnegative constants L;; such that for all =,y € R,
(A5) there exist nonnegative constants p;; such that for all z,y € R,
|Lik () — L (W) < pix |z —yl, i=1,2,...,n,k=1,2,... (9)

Throughout this paper, we always assume that

fJ(O) = gj(O) = Iij (0) = O’Z‘k(O) = 0, fOT i,j = 1,2, ey, k = 172...7 (10)
which imply that problem (1) admits a trivial equilibrium u = 0.

Very recently, Guo et al. published in [11] related results on the solutions
of stochastic neutral differential equations (1) in the case no impulses are taken
into account (i.e. Iy =0 foralli=1,...,n,k=1,2,...). More precisely, the
following result was established.

Theorem A. Suppose that assumptions (A1)-(A4) hold and there exist pos-
itive scalars a; such that, for any t >0

n n t
> Z(m s [ ent ) as

=1 J=1

t t
+ / e~ %= |g,5(s)| asds + / e~ %) |b,i(s)| ajds
0 0

t 2 n
; 2 1
e o s) |+ 23 0 << g
J



where  @;(t) = ai;(t)(i # j), @u(t) = ai (t) + a;. Then, for any

p € C([m(to),to],R™) there exists a unique global solution u (t,to, ) of (1)in
the case I;; =0 for alli =1,...n,k =1,2,.... Moreover, the zero solution is
mean-square asymptotically stable.

One of our main objectives in this paper is to improve Theorem A and to
extend it to investigate a wider class of stochastic neutral differential equations
with impulsive effects presented in (1) by proving a sufficient condition for the
asymptotic stability of the zero solution.

For each tg > 0 and ¢ € C ([m (to) ,to] ,R") fixed, we define X , = Xf;l_to

X'z

n
ooto e X Xfonn o' where [,; > 0 are positive numbers such that 12 = Zl?, and
o i=1

Xf;‘v . is the space consisting of stochastic processes u; (-, -) : [m(t), 00) x 2 — R
2510
satisfying, for almost every w € €,

1) u; (+,w) is continuous on t # t; (k =1,2,...),

2) lim u; (t,w) and lim w; (t,w) exist; moreover,
t—t t—t,

lim w; (t,w) = u; (t) for k =1,2...,

t—t,

3) ui(s,w) = ¢; (s,w) on s € [m(to), to] ,

4) JJuill g1, <1 for t > to and E|u;(t)]* — 0 as t — oo, for i = 1,2,...,n,
Pi,tg

1
. 2 2
with ull = {E (0P lus(DF) )
:to
We omit w when no confusion is possible. Notice that Xj,,to coincides with
the space of all F;— adapted processes u(t,w) : [m(tg),00) x @ — R™ which

are almost surely continuous on ¢ # tp, lim u (t,w) and lim u (¢,w) exist, and
t—t} t—t;

lim u (t,w) = u(tx), k = 1,2... such that u(t,.) = ¢ (t) on t € [m (o), o],

t—t,

n
and ||ully <1 fort > to, EZ lui (t)]* — 0 as ¢t — oo, if we consider the norm
i=1

llull y = {ZE (Supth(to) ui(t)|2)} . It is clear that Xé7t0 is a complete
i=1

metric space with metric induced by the norm ||.|| .
When no confusion is possible we will not write thp,to 7X<tloii,t0 but X;,Xf;i re-
spectively.

Let us now recall the definitions of stability that will be used in the next
section.

Definition 2.1: The zero solution of the system (1) is said to be :

i) stable if for any € > 0 and ¢y > 0, there exists 6 = 0 (&,¢9) > 0 such that

n
v € C(Im(to),to],R™) and |¢|| < 6 imply E Z lui (t, o, 0;)|* < & for ¢ > to.
i=1
ii) asymptotically stable if the zero solution is stable and for any € > 0 and
to > 0, there exists 6 = d(e,t9) > 0 such that ¢ € C([m(to),to],R") and



llel| < & imply EZ lui (t, 0, 0;)]* — 0 as t — oo.
i=1

Definition 2.2: For any ¢ty > 0 and ¢ € C([m(to),to],R™), a function
u() := u(-to, ) : [m(tp),00) — R™ is said to be a solution of (1) on [tg, c0)
satisfying the initial value condition u(t) = ¢ (t) for t € [m(to),to], if the
following conditions are fulfilled:

i) u (t) is absolutely continuous on [tg,t1) and each interval (tz,t541) -

ii) u () and u (t;) exist and u (t; ) = u () for any tj € [to,0).

iii) w (t) satisfies (1) almost everywhere in [tg, 00), and may have a discon-
tinuity of the first kind at ¢t for k = 1,2, ...

3 Main Results

As we mentioned previously, one of our objectives in this section is to generalize
the work carried out in [11] to the case in which impulses are taken into account
in the problem, and allowing the coefficients to be more general. In other
words, we will establish and prove a sufficient condition ensuring the existence
of solutions and the global asymptotic stability of the zero solution to equation
(1). It is well known that studying the stability of an equation using a fixed
point technique involves the construction of a suitable mapping possessing a
fixed point. This can be an arduous task. Thus, in order to construct our
mapping, we begin by transforming (1) into a more tractable, but equivalent,
equation, which we will then invert to obtain an equivalent integral equation
from which we derive a contractive mapping. After that, we define a suitable
complete metric space, which may depend on the initial condition, so that using
a contraction mapping principle, we can ensure the existence of a unique fixed
point for this mapping, and hence a solution for (1), which in addition is proved
automatically to be mean square asymptotically stable.

Now, we can state our main result.

Theorem 3.1. Suppose that assumptions (A1)-(A5) hold and there exist
continuous functions a; : [tg,00) — RT such that:

1) there exists a constant p satisfying inf {tx — tx—1} > p, for k=1,2,..;

2) there exist constants p; such that pg < piu for i = 1,2,3,....,n and
k=1,2,..;

3) there exist constants n; > 0 such that a; (t) > n;t € RY for i =
1,2,3,...,n;

1
4) for t € RT, t >ty and a positive constant v < T the following inequality



holds:

n t
toas JE—
Ei(mg 4 [ e ) s

i=1 to

t
b [ IO g o) s+ [ IO i ) s

to tO

t
+/\3La@wﬂqﬂﬂﬁ%“>}
to

n + 2
o ftas 1 1
+4> /thje 2J7ai©de gg 4 2 <m+u> <v<q (11)
=1%o

2

where  @;;(t) = a;; ()@ # j), @u(t) = au (t) + a; (t). Then for any ¢ €
C ([m(to),to],R™) there exists a unique global solution w (t,ty, ). Moreover,
the zero solution of (1) is mean-square asymptotically stable.

Proof. First, by condition (3), we have

t
/ a; (§)dé — 0o as t — oo. (12)
0
For each tg > 0, we set
Mi = sup {67 fot ai(f)dg} . (13)
t>0

Unlike the procedure carried out in [11], where the authors used the variation
of constants formula to rewrite the original equation as an integral equation, we
have to proceed in a very different way which is motivated and justified by the
appearance of the impulsive terms in our problem. This is a key feature for our
subsequent work in this paper, and this is why it deserves a careful and detailed
description. We rewrite (1) as

2%1 7 (1))
= |ma®u )+ Y @t )
+ D big (0 (s (¢ +ch g5 (uy(t — 65 (1)) | dt

+Za” (u;(t))dw; (t) > to, t # ty,

Auz’ (tk) =u; (ty +0) —u; (t) = L (ui (te)) , k= 1,2,...,  (14)



with the intial condition
u;(t) = @;(t) for t € [m (o) ,to] -
Multiplying both sides of (14) by o ai(g)d§7 for t >ty and t # ty,
d [effo “i(f)dgui(t)]

= el T O% gy () 4 ag (1) wi (1) o 1 O%

t a; d -
= QR N gy(tuy(t — 5 (1))
j=1

+Z@<t>uj )+ 3 b 0, (s +Zcm )95 (us(t = 05 (1)) o dt

j=1

el i(® d520 (uj(t))dw; (t),

Jj=1
Ay (tk) = U, (tk + 0) — Uy (tk) = Ik (uz (tk)) Jk=1,2, ...,

and, after integrating from ¢x_1 +¢ (¢ > 0) to t € (tx—1,tx) (k=1,2,...), we
have

m(t)eftfé ai(§)dg

tr_14e t s . n
= u(tp—1 + E)ejtok EREHORS —|—/ eio (&) g Zq” (s)u;(s —7;(s))

lp—1+e j=1

t , t s n
+/ Jig i nga” s)u; (s)ds +/ el al(g)dgzbij(s)fj (uj(s))ds
t j=1

k—l"l‘f tr—1+e€

n /t o ai(E)dézcij(s)gj (uj(s — 6, (s))) ds

k—1+€

t
+/ Jig st dgzom (uj(s))dw; (s). (15)
t

k-—1+6



Letting ¢ — 0 in (15), we have for ¢ € (t—1,tx) (k =1,2,...)
ui(t)effto ai(€)de

tr— t s . n
= wu;(tg—1+ O)effo fas@de / Ol Zqij (s)uj(s —7;(s))

th—1 j=1

t t
+/ Jiy as (s)dfza d8+/ 5y ams)dgzb (5)F; (us(5)) ds
te—1 te—1

t
+/ ffoaz(@dfz 5)gj (uj(s — 8; (s))) ds

th—

t
+/ Ji C‘l(f)dfza (u;(s))dw; (s). (16)
te—1

Setting t =t —e (¢ > 0) in (16),

u; (b — f—:)efttok_E a;i(§)d¢ _ wi(te—1 + O)eftOIPl a;(§)d¢

n

tr—€ o
[Tl O S g s 7 (5)

tre—1 j=1

tr—e S tr—e
v e Mfdﬁza gds+ [ e Mfdézb ()F; (uy(5)) ds
tre—1 th—1

tp—e Sa
4 / w“dﬁzc )95 (us(s — 65 (5))) ds
te_1

tr—¢ S
+/ Ji a*f)dfza (uj(s))dw; (s), (17)
tr—1

and, letting € — 0, we obtain

u;(ty — O)effték ai(£)dg

tho tr s n
= wi(tg—1+ O)eftok tai(8)de + / el @) Zqij (s)u;(s —7;(s))

tk—1 j=1

k

tr s
—I—/ efio @ dea” s)u; ( ds—l—/ l(g)dgzb (s)f; (u;(s))ds

te—1 te—1

tr o
+ /t elvo z<f>dﬁzcij(s)gj (u;(s — 8, (s))) ds

tr S
+ / : “*WZU (uj(s))duw; (s) . (18)
te—1



Noting w;(tx — 0) = u;(¢x), (18) can be rearranged as

Uj (tk)efttok ai(§)dg

th_ tx
= wi(ty_1 +0)eln @O —I—/

tp—1

tr k
+/ oI &)dfza d3+/ Asﬂszb
th—1

tr—1

[l “*f)dijcij(s)gj (us(s — 8, ())) ds

th—1

tr
-l-/ elvo a1 ngO'Z] (uj(s))dw; (s).

tp—1
Combining (16) and (19) we deduce
U (t)eftto ai(§)dé

. t
= wi(th_1 +0)eln @O +/

te—1

+/t ts ai( dgza” u] d8—|-/ ‘, 1(g)dfz:b

te—1 te—1

t
[ e “f““ﬁzcu(s)gj (uy(s — 8, ())) ds

t
s 1 d
—|—/ to 4 gZa“ (u;(s))dw; (s),
th—1

for t € (tp—1,tx] (k=1,2,...), and hence

ui(t)e [ ai(€)ds _ {u th1) + Lie—1) (wi(ts—1) } Lol ai(e)de

eftso U‘Z(f)dgd (quj (S)Uj (S —Tj (8))) ds
_ j=1
ol

tr—1

[ ai(&)d
Ji @(®) fzc $)g; (uj(s — 0, (s))) ds

t
+
te—1
t
o
tr—
t
e
tp—1
t s d
—|—/ Jig @i (®) 520 (uj(s))dw; (s)
tp—1

10

i ai©)dg 4 (Z%‘j(s)uj(s _
j=1

eftko ai(f)dﬁd Zqij (S)U] (S —Tj (8))
j=1

(5)f; (u;(s)) ds
(19)
7 (s))) ds
(s)f; (u;(s)) ds
(20)

t n
: ‘(5)d€Za ds+/ oo ai(ﬁ)dﬁzbij(s)fj (uj(s))ds
Jj=1



+

t n
k-1 oy
= ui(tey)ele @ / el O g [ S g0 (yuy (s — 5 (5)) | ds
te—1 Jj=1

¢ I t
_|_/ Jig @i nga” s)u; (s dS-l—/ 1<§)d£zb (5)fj (u;(s)) ds

te—1 th—1
t t
5 a; (€)d 5 a;(&)d
+/t elio #i©) 52%‘(8)% (uj(s — 0; (8)))d8+/t elio 520” (uj(s))dw; (s)
k—1 y k—1
-1y (ui(tr-1))e fto Hai(®)d (21)

which results in

(tk 1)fk1 5

thez th—1 o n
W s G / el O g [ S g0 (syuy (s — 75 (5)) | ds
j=1

tk—2

/ i 1(£)déza §)ds + / 1(5)”15219 (5)f; (u;(s)) ds
tr—2 th—2

tr—1

tp—1
/ el 1(§)d§Zc 5)gj (uj(s —0;(s))) d8+/ edro il dgzgzy (u;(s))dw; (s)

tr—2 th—2

—2
F Lz (ui(ths)) el " (©d

Ui(tz)eﬁg ai(£)dg

t t2 s n
_ Ui(tl)@ftol a;(§)d¢ +/ efto ai(f)dfd ZQij(S)Uj(S —7; (5)) ds
j=1

t1

to S
—|—/ Jip @i nga” s)u; (s ds—l—/ e 1(5)d52b (s)f; (uj(s))ds

t1 t1

to . to Sa
b [ S e g Gy~ 5y s+ [ e d*‘Zom (5 (3))dw; (5)

t1 j:1 t1

+1in (ui(t)) elig ai()de

11



and

w; (tl)efttg ai(§)d¢

o n
= wtto) + [ O[S g us(s -y o) | s
to 7j=1
ti n
/ 1<5)d52a ds+/ efto ai(E)dszbij(S)fj (uj(s))ds
to to Jj=1
/ fto 1(€)d£ZC g] u7 (5] (S))) dS

+/ elio @ L(g)dgza (uj(s))dw; (s) + Lio (ui(to)) - (22)

Performing an integration by parts, we can conclude, for ¢t > tg, i =1,2,....,n

= Juwilto) = | Sas(to)uy(to — 7 (t0) | | e Jro (0%
> i (B (t =75 (1))
j=1
¢ n
f/ a; (s) e Je ai(&)de S g (s)us(s — 75 (s)) | ds
to =
/ e - IS a(E)d&Za d5+/ e —Jt a(g)dgzb fg u] 5)) ds
to

to

/e Je ’(5)d§Zc s)g; (u;(s —4;(s)))ds

to

—|—/ e~ Jia 1(5)‘%20 (uj(s))dw; (s)

to j=1
o Sy ai(©)dg Z { o (wi () e m(&)ds}_ (23)
to<tp <t

Now, for a fixed initial function ¢ : [m(to),to] — R™ with ||¢|| = 09, we choose
1> 9o (and corresponding I; as described previously), such that

2

450 | 14+ ai(to)l | MZ <12 (1—4y). (24)

12



For such initial function ¢ and constants [, l; we consider the space X, ! and
define the operator P : Xi; — Xfp by (Pu)(t) := [(Pyru1) (t), (Pausg) (t),. (P,Lun) 1"
€ XL, where P; : Xf;i — Xf;‘i satisfies (P;u;) (t) = ¢;(t) for t € [m (to),to], and
for t > to, Pi (w;) : [m(to),+00) = R (i =1,2,...,n) is defined as follows:

(Pius) (t)
N (i%‘(to)@j(to -7 (t@))] o~ Jig @i (8)dg

+ (Zqij(t)uj(t T (t)))

j=1

t
/ a; ( _fvf a;(§)dg (Zq s)uj(s —; (s))) ds

to

e E)dfz:@(s)uj (s)ds

+

+ ngb” s)f; (u;(s))ds

dgzgm u;(s))dw; (s)

[
/

+/ ‘“Z% s)g; (wj(s — 6, (s))) ds
of

+6—f:0aqz<ads< ST T (u(t)) e I 2@ df) ZQW

to<trp <t
where,
Qi1 (t) = |:<pz(t0 (Z%] to) Pj (to — T (to)))} e ftto ai(g)d57
Jj=1
QIQ qu j (t))7

Qis (t) = f:o a; (s)e” J: as©)de (ZQij(S)uj(S T (3))) ds,

j=1

Qia (t ftoe Jia ng@(s)u (s)ds
j=1

13



Qis (1) = Jy, e o et debw (5)f; (uy(s)) ds,
Qic (t) = [} e I “"'(g)dgzcz'j(é‘)gj (uj(s =4, (s)))ds,
] 1

Qir (t) = [ = 11 ai® de% u;(s))dw; (s) |

j=1

t to

Qis () =€ [, ai(€)dg ( > Lig (ui(te)) e Je? az(ﬁ)df) .
to<tp<t

To conclude the proof of our theorem, we proceed in three steps as follows.

First step: We prove that P (Xl) C Xl Let us first show the mean
square continuity of P on [tg,00). For u; € X _, 1t is necessary to show that
Pi (u;) € Xfpii. It is clear that P; is contlnuous on [m(tg),to]. For fixed time
t > tg, for each i € {1,2,3,...,n},u; € Xf;’i, and |e| be sufficiently small,

8

E|(Pi (u) (t+2) = (Ps (w)) ()" < 8D E|Qum (t +) = Qim ()”. (26)
m=1

Since u; € Xf;’i7 we know that u; is continuous on t # t; (k = 1,2,...). Moreover,

lim u; (t) and lim u; (¢) exist, in addition, lim u; (¢) = u; (t;,) .
t—t; t—t} —ty

Letting ¢t # ¢, (k=1,2,...) in (24), it is easy to see that,

E|Qim (t +€) — Qim ()]° =0, (m=1,2,..,8), as € — 0,
fort >tgand t #t (k=1,2,...).
Letting t =t (k=1,2,...) in (24), it can be easily obtained
E|Qim (t+¢) — Qim ()] > 0ase —0form=1,2,..,7.
Letting ¢ < 0 such that |e| is small enough, we have
E |Qis (11 + ) — Qis (1)
_E ‘e— G { Lim (wi(tm)) €= n m(&)d&}

to<tm<trp+e

2
e O L () e S ai<e>ds}‘

to<tm<tp
2
= (o T o0 _ o= S 0u) g (B (e e 200}

to<tm<tx
which implies hI(I)LE |Qis (te +€) — Qus (t)]° = 0.
Letting € > 0 le):small enough, we have

E |Qi8 (tr +2) — Qis (tr)[*
Tl @k s (b)) e S €14

to<tm<tp+e

14



— e S @0 L (i) e i (O

to<tm <tk

Y o ai@)ds( S () e 5O 1y gy e m(&)d&)

to<tm <tk

2
_ e i a©ds { L (ui(t)) e~ Jom m(f)dg}

to<tm<tg
—E {e*.t”ok# GL I wac), (L (b)) o= 5 )

to<tm<tg
tr+e

e RO (1)) e S O

-t ot 2
=E|e Juo “@O%L, (u(ty)) e S ai(€)dg

which implies that

)

lim E[Qus (e +) = Qus (00)1* = E Lo (us ()

According to the above discussion, we see that P; (u;) : [m(to),+o0) — R

(i=1,2,...,n) is mean square continuous on ¢t # t; (k=1,2,...), while for

t=t, (k=1,2,...), lim (P; (u;)) (t) and lim (P; (u;)) (t) exist. Furthermore,
t—t, t—th

we also obtain that

lim (P; (wi)) (t) = (Pi (w;)) (&) # lim (P; (ui)) (1)

- +
t—t, t—tf

Then we need to prove E |Qim (zf)|2 —0ast— oo, form=1,2,...,8. In fact,
for any € > 0, there exists non-impulsive T; > 0, such that for ¢ > T, we have
E |u; (t)|2 < e, fori=1,2,..,n. Then, by condition (12), it is straightforward

to prove
2

E|Qu ()* < E fes(to) = Y aij(to)eps(to — 7 (ta))| € o™ O% — 0, s
j=1
t — 0o, which yields E |Q;1 (£)]* — 0 as t — co.
Also, due to the fact that E |u; (t)|* = 0 and t—7 (t) = oo for j = 1,2, ..., n,

as t — oo, then
2

E[Qi (1) <E > ai(t)u;(t — 75 (1)
j=1

<n | Y g (OPE |ui(t -5 () | =0,

j=1

which means that E <|ng (t)|2> — 0ast— oo.
2

E|Qs (H)> <E j;to a; (s) e Jo ai(€)de Zqij (s)u;(s —7;(s)) | ds
j=1

15



<E j;o a;(s)e” J2 ai(©)de un s)uj(s —7j(s)) | ds

j=1
. 2
—I—f;ai( )em Joai(©d Zqij(s)uj(s—rj (s)) | ds
=1 ,
<ox <a§’i&> |uj<a>|2>ﬂ<: s (st Zq” s

+26E | [ a; (s) e~ Jo @€ Zqij(s) ds

By using condition (12), there is 77 > T such that when ¢ > T} we have
2

— T
2E< sup |u;(o)] ) 2 Jr, (@)t ft(, — )t aul©)de qu ds| <(1-7)e.

o>m(to)

By condition (11), E|Qu3 (8)]° < ve+ (1 —7)e =e. Thus E|Qss (t)]° — 0 as
t — o0.
Similarly, we have that E (|QZm (t)|2> — 0 (m =4,5,6) as t = oo.

T n
E|Qi (t)]* <E / e2 S 0O |02 (uy(s) | ds
to

Jj=1

t n
+]E/ e 21 O3 |02 (uy (s))| ds
T Jj=1
n ? ’
< ZL%E < sup |uj(5)|> =2 [r ai(§)dé (/ e—2J! ai(f)dﬁds>
j=1 ’

s>m(to)

n t
+EZL12]‘ (/ e 2J: ai(g)dﬁds)
j=1 T
n 2 T
< ZL%E sup |u;(s)| e 2 r i©)d / em2 M ai©)dE g | 4 cry,
=1 s>m(to) to

By using condition (12), there is 77 > T such that when ¢ > T} we have

n 2 T1
> LHE ( sup |uj<s>> ¢ By e ( / eI a*ﬁdﬁds) <(1-7)e.
j=1 s>m(t0) to

Thanks to condition (11), E Q7 (¢)|° < ve+(1 —4) e = . Thus E |Qy7 (£)]* —

0ast— oo. )

- t a; _rt a;
E[Qis (0f° < e o OB | 57 i fus(rn)| el o1}

to<tr<t

Z {pik |wi(tp)| e~ I ai(f)dg}

to<tr<T;

2
< 2 2ft0 a;i( d§E
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2

19ee 2 i @i(9)dE S pae JL0 ai(€)de

T <tp <t
2
t . _ n )
< 9¢ 2oy 4iO)deR Z {pik g (b)) € o al(ﬁ)df}
to<tr<T;
2
t t
+2€€_2 ftO ai(ﬁ)df Z pz (tk — tk+1) 67 ff}? ai(é)d'f
T;<tp<t
2
t . _ + )
< 9¢ 2 w©)deR Z {pik g (b)) € Jo al(f)df}
to<tp<T;
2
+2ee 20| N py (b — L) €
T;<tp<t

2
< 9¢ 2 iy (e

Z {pik lui(tr)|e” A ai(f)dg}

to<tip<T;

Z (trp1-t,) e™ilr + penite

T;<t,<tp

< 2e72 )i u©O%R > {pik Iui(tk)|e’f¥$“i(f)d5}

to<tr<T;
2)
2

2
—on. t s e
+epjemnit (‘fne i ds‘ + et
2 [} ai(€)de { ' ‘ _ [to ai(&)dé} o f 1 9
=2 E ik |ua(t dep? (=
s D {pwluilte)le” + 4dep] <n2+u

to<tip<T; 4

2
+2epZe—2nit

2
. t)
< 902 m@teg | 3 {pik i (t)] e~ S ai<s>ds} + dey.

to<tp<T;
By condition (12), there is Ty > T; such that for ¢t > T

2
E < sup Uz(tk)|> 672 ftﬁl ai(E)d£6—2 f;,twl a;(§)dg Z {pikei ftt)? ai(ﬁ)df}
to<tr<T; to<tp<T;

(1—4vy)e.
which means that E (|Qig (t)|2) — 0 as t — oo. This yields E |(P; (u;)) (£)]* — 0
as t — o0.

Let us now prove that for any u € Xfp we have ||Pully < I. Since f, g, o,
Iix,i=1,..,n,k = 1,2, ... satisfy Lipschitz conditions, Eq. (25), condition (11)
and the LP-Doob imply

Z sup [(Piu;) (t)|2]

izlth(to)

2
<

E
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2
Z [(,01 (to)] (Z ¢j (to) ‘ |90j -7 (%))!)] o2 j'tto a;(§)dg
Z {EbUP [ Z lgi; ()] Ju;(t — 74 (t))|>

t>to

+ [1 g (s)] e~ J2 as()de (Zm BINE Tj(S))I)ds

j=1

+fL e f"“(ﬁ)deIa (3] [uy ()| ds+ [ e f*“l@)d&ZIb ()£ (uj(s))] ds

j=1

2
+f e fia 1(§)d£Z|Cw ) g5 (u;(s — (5)))|d3]

2
+4ZEsup [j; e Joail dEZ\UU u;(s))| dw; (s )]

= 2
+4ZESUP St ai(§)de Z {|Ivk u; tk )| = [ ai(g)dg}]
=1t to<tr<t
2
) 42 o (1 +Z |gi;(to) ) o2 i %9t
i=1

; (Esf;l&) b )] {Zsup [(Z_j |qij(t>|)

+ft‘; |la; (s)|e—f.§ai(£)d£ Z|Qij(s)|) ds—i—f e—Jia 1(£)d£Z|al )| ds
j=1

j=1

j=1

2
+f e fta(é)d£Z|b \a]ds+f e fta(f)d£Z|C s)| B ds]

: 1 2
+ L3 [, e 2O ds 4 p? (n + u) }

2
Z l; (to)] (1 + Z lqij (to) ) o2 iy ai(€)dé +4y Z <E >su%o )|uj(s))2>1
i=1 i=1 s>m(to

2
S 4502 (1 + Z |qij(t0)|> Mz2 + 4’}/12.
i=1 j=1
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i—1 t>m(to)
471? = I?. Hence ||Pul| . <1, and then P (X)) C XL.
Second step: Now we will show that P has a unique fixed point u in Xfa.
For any z = (z1, 22, ..., 2n)" € Xlw,y = (Y1, Y2, Yn) " € Xj;, we have

E(Z sup |(Pixi) (S)-(Piyi)(8)|2>

Further, from (24), we have [Z (IE sup |(Piu;) (t)2>1 <PP(1—-4y) +

Zbup un 75 (8)) —y;i(s — 75 (s))]
—foai(wyeJie t<fdézqm [ (u— 75 (w) = y;(u— 75 (u))] du
+f e fta(@dgza — y; (u)] ds
+ [y et 1<€>d52b u) [ (w(w) = £ (y;(w)] du
+ et “<f>dfzcz ) (95 ((u = 65 () = g5 (y;(u — 5; (w))))] du

+fti eIt ai(ﬁ)dﬁz [Uij(a:j (u)) — Oij (yj (w))] dw; (u)

Jj=1

2
g )t > { ik (2i(te) — Lk (wi(tx)))] e~ & ai(g)dg} :
to<tp<s
By using the Doob LP-inequality (see [19]),

lz

i 1s>t

92

e — [ai(e )dfz oij(z(u)) — o5 (yj(w))] dw; (u)

<4EZZsup (2 e e () = i () )

1=1j= 15>t0

<4ZZL sup N e-szaxs)dqaz( sup |xj(u))yj(u))|2> du |,
i=1j=1 j=1 u>m(to)

and

2
e S O% ST L (oat) — T ()] e ‘““”6}1

to<tp<s

" 2
<E [Zsup < Z {|Izk Ty tk I, (yz(tk))| i tk})]

= s2to to<trp<s
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n 2
SEZ( sup [2;(s) - yj<s>|2> pie ( > et )

s>m(to

Jj=1 to<tp<t
S .
< EZ( sup |z;(s) — yj(8)|2> x pPe~2nit ( Z e"itku>
j=1 \szmflo) to<tp<t
2
< EZ( sup o (s >>—yj<s>>|> x
j=1 S>m(t0)
2
sz —2n;t ( Z {6" tr trat _tr)} +67“t’°u>
- to<t, <ty _
- 2
—2n; t n;s n,
< |EDD{ sup foy(s) —wy() ) | plem2t (f enods + o)
j=1 \s=2m(to)
- | 1 2
2
< [EX ([ swp o) (DI | x 0 <+u) |
j=1 \s2m(to) Uz
Then, N

1

{EZ sup |(Pis) (5) — (Piya) (s)l2}
o (0w

<4

ZSUP ZWU |+ftoe fia l(é)dfzm ) i (w)] du

'Ll‘S

+f o Ita 1(§)d52|a |d8—|—f e~ — [Tai(&) d52|b” \a]du

Jj=1

2

—|—f e Jia l(ﬁ)d52|c u)| Bdu

n 2
s _ofta. 1
4 [y e QY Ldu + p? (n +u)

j=1

By condition (11), P is a contraction mapping with constant 1/3vy. Thanks
to the contraction mapping principle (Smart [31], p. 2 ), we deduce that P :
Xfo — Xfo possesses a unique fixed point in X’ which solves (1), is bounded
and tends to zero as t goes to infinity. Referring to [5], [9], [26], except for the
fixed point method, we know of another way to prove that solutions of (1) are
stable. Let € > 0 be given, by proceeding now in the opposite way as before,
i.e., choosing a fixed [ = € > 0, we obtain that there is § > 0 ( small enough
so that (24) holds with dp = § ) such that for ||| < ¢ implies that the unique
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solution u of (1) with uw = ¢ on [m (to), to] satisfies ]EZ |ug (t,to, @;))* < e for
i=1
= 2
all ¢ > m (ty). Moreover EZ |u; (¢, t0, 0;)]” — 0 as t — oo.
i=1
Third step: We will prove that the zero solution of (1) is mean-square
asymptotically stable. Let e > 0 be given and choose § > 0 (§ < &) satisfying

2

46) {1+ lais(to)] | MP < (1—49)e, (27)
i=1 j=1

where v is the left hand side of (11). If u(¢) = u(¢,t0,p) is a solution of

(1) with the initial condition (3) satisfying ||¢[|®> < 8, then u (t) = (Pu) (t) as

defined in (25). We claim that EZ lui ()| < e for all t > t5. Notice that
i=1

n
EZ lus (t)]* < & on t € [m(t),to], we suppose that there exists t* > to such
i=1

n n

that EY " |u; () = € and EY _ |u; ()] < e for m (tg) < t < t*. Then, it
=1 i=1

follows from (25) and (27) that

2
S 112 = 2 “ _o [t* a;i(£)d
EY lus (4)* < 4EDlgi (to)l* |1+ Y la(to)| | 720 %
i=1 i=1 j=1

n

* Yt N
+4EZ Z <|qij(t )| + fto e— Ji ai(€)dg ai;(s)| ds
i=1

=1
o 2
+ Jy eI @O gy5(5)][as (5)] ds) |

* t* 1 2
2

<a0Y (14D laislto)] | e w4y
j=1

i=1
2

< 452 1+ Z lgij(to)| | M2 +4ve < (1—4y)e+4ye=e.
i=1 j=1

which contradicts that EZ lu; (t*)> = e. Thus EZ lu; (t)|° < e for all t > t,
i=1 i=1

and the zero solution of (1) is stable. This shows that the zero solution of (1) is

asymptotically stable. m
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Remark 3.1: The results presented in this paper improve and extend the
main result proved in Ref. [11] for non-impulsive cases.

Remark 3.2: It follows from the first part of the proof of Theorem 3.1 that
the zero solution of (1) is stable under assumption (11). Moreover, Theorem 3.1
still holds true if (11) is satisfied for ¢ > ¢, for some ¢, € R*.

4 Example

In this section, we analyze one example to illustrate the applicability of Theorem
3.1.

Example: 4.1 Consider the following two-dimensional impulsive stochastic
delay differential equation

dlz(t) — Q(t) x(t — 7 (1)] = [A(t)z(t) + B(t)f (x(1))] dt
+G () x(t)dw (t) ,t > 0,t # t,

Au; (tg) = u; (tk + O) —u; (tx) = 0.1y, (tk) Jk=1,2,..., (28)
where )
Q(t) ( _Sllr(l)t 0 > A(t) ( 71-&-2(?4 0 )
= sin ’ = } 40
0.021 5—0t 0 —THe=?
-1 0 N 0
B<t>=<_<l+% T Jew=| Vi — |-
5i4e)? (T4e )? 0 \V 2are D

fi (w(t)) = R 5 — 109 puy (uy (1)) = 0.1u; () for i = 1,2 and k =
1,2,.., ty = tg41 + 0.2k (k= 1,2,...). It is easy to see that y = 0.2 and o; = 1
as well as p;r = 0.1. If we choose a4 (t) = %,@ (t) = 1;‘%, and we select

By straightforward computations, we can check that condition (11) in The-
orem 3.1 holds true, where 7 € C(R*,R™) is an arbitrary continuous function

which satisfies t — 7 (t) — 0o as t — oco. Then

n n t
524 (30 (tmsans [ e o o as

i=1 j=1 0

2

t t
b [ O s ) ds [ O by ) s )|
0

e
0

n t 2
+ 42/0 LZe 2)iai®degg 4 g2 (; + u) < 0.066 + 0.125 + 0.039 < i,
j=1 !
and since Iny > 0 : ay(t) > ny, and Ing > 0 : az (t) > ng, where ny =
10,no = 20, it is easy to see that all the conditions of Theorem 3.1 hold for
v~0.23 < i. Thus, Theorem 3.1 implies that the zero solution of (28) is mean
square asymptotically stable. m

22



Remark 4.1: From Example 4.1, we see that ai,as are not constant,
whereas the functions a1, as in Ref. [11] are required to be constant. Therefore,
the conditions in our paper improve those obtained in Ref. [11].
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