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Abstract

We study the stability problem of mild solutions of impulsive stochastic differential
equations driven by a fractional Brown motion with finite time-varying delay. The
Hurst parameter H of the fractional Brown motion belongs to (%, 1). In terms of
fractional power of operators and semigroup theory, we obtain sufficient conditions
that guarantee the stability of the mild solution of such a equation in two cases: the
impulse depends on current states of the system and the impulse depends not only
on current states but also on historical states of the system. We give two examples
illustrating the theoremes.
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1 Introduction

Fractional Brownian motions (fBms) play a central role in the modeling and analysis of
many complex phenomena in applications where the systems are subject to “rough” ex-
ternal forcing. An fBm with Hurst parameter H € (0,1) is a zero-mean Gaussian process
denoted by W = {W*(¢t),t > 0}. If H € (0, %), then it is regarded as a short-memory pro-
cess; if H = %, then it reduces to the standard Brownian motion; if H € (%, 1), then it is
regarded as a long-memory process. It is easy to see that fBm is a generalization of Brow-
nian motion, but it behaves different significantly from the standard Brownian motion.
In particular, it is neither a semimartingale nor a Markov process. It is characterized by
stationary increments and memory property, which make an fBm a potential candidate to
model noise in biology and finance (see, e.g., [L1-5], in geophysics ([6]), in communication
networks ([7]), in electricity markets ([8]), and so on.

In recent years, stochastic differential equations driven by fBms have attracted increas-
ing interest because of their applications in a variety of fields (see [4, 9-19] and references
therein). However, most of the existing literature is focused on the existence and unique-
ness of mild solutions for stochastic differential equations driven by fBms (see, e.g., [9—
15]), but the existing results on the stability of mild solutions for stochastic differential
equations driven by fBms are relatively few. We only found a few stories in the literature
[4,16-19]. In [4], the authors provided sufficient conditions to guarantee the exponential
asymptotic behavior of solutions of general linear stochastic differential equations driven
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by fBms with time-varying delays. In [16], the authors provided the conditions for the ex-
istence, uniqueness, and exponential asymptotic behavior of mild solutions to stochastic
delay evolution equations perturbed by an fBm. In [17], the authors provided conditions to
ensure the exponential decay to zero in mean square of solutions of neutral stochastic dif-
ferential equations driven by fBms in a Hilbert space. However, in [4, 16, 17], the impulses
are not considered in the systems. In [18], the author gave asymptotic stability conditions
for mild solutions of neutral stochastic differential equations driven by fBms with finite
delays and nonlinear impulsive effects. In [19], the authors gave mean-square exponential
stability conditions for mild solutions of neutral stochastic differential equations driven
by fBms with infinite delays and impulses. However, the impulses in stochastic differential
equations in [18, 19] only depend on the current states of the systems, which are supposed
to be of the form I (x(zx)) at impulsive moments £ (k = 1,2,...). Here, the delayed im-
pulses we consider describe the impulsive transients depending not only on their current
states but also on historical states of the system. Delayed impulses exist in many practical
problems, for example, in communication security systems based on impulsive synchro-
nization. During the information transmission process, the sampling delay created from
sampling the impulses at some discrete instances causes the impulsive transients depend
on their historical states. There are some results ([20—25]) on delayed impulsive differen-
tial equation, where the delays in impulsive perturbations are fixed as constants or vary
in a finite interval. However, most of these studies of stability for such delayed impulsive
differential equations consider deterministic equations ([20-25]), whereas stochastic dif-
ferential equations are rarely considered ([26]). In [26], the stochastic term was supposed
to be of the form g(x;, £) dw(t), where w(¢) is a standard Brownian motion, not a fractional
one.

In view of the above discussion, we investigate the stability of impulsive stochastic delay
differential equations driven by fBms with Hurst parameter H € (3,1). Firstly, we assume
that the impulse in such an equation depends on the current states and give mean-square
exponential stability conditions. Secondly, we assume that the impulse in such an equation
depends on the historical states and give mean-square asymptotic stability conditions.

The rest of this paper is organized as follows. In Section 2, we introduce some notation,
concepts, and lemmas. In Section 3, we give mean-square exponential stability conditions
for stochastic differential equations driven by fBms with impulses and time-varying delays,
where the impulses only depend on the current states of the system. In Section 4, we
study a delayed impulsive differential equation driven by an fBm with impulses and time-
varying delay, where the impulses depend not only on the current states but also on the
historical states of the system, and provide mean-square asymptotic stability conditions
for such an equation. In Section 5, we give two illustrative examples. Conclusions are given

in Section 6.

2 Preliminaries
In the present paper, we study stability behavior of mild solutions of an impulsive stochas-
tic delay differential equation driven by an fBm in a Hilbert space of the form

dx(t) = [Ax(t) + F(t,x(t —o (&)1 dt + G@) dWH(8), t>to,t £tz
Ax(tr) = I(x(8;), (8 - 8)), k€N, 1)
x(tg +0) = ¢(9), 0 €[-a,0],
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where A is the infinitesimal generator of an analytic semigroup {S(£)};>, of bounded linear
operators in a Hilbert space X, W (¢) is am fBm with Hurst parameter H € (%,1) on a
real separable Hilbert space Y, the delay o () : [£9, +00) — [0,«] (o > 0) is continuous,
N denotes the set of positive integers, impulsive moments satisfy 0 <ty <t <t <-+- <
e < tier < --- and limy_ o0 £ = 00, Ax(tr) = x(¢) — x(¢;) represents the jump size in the
state x at &, x(£;) and x(¢; ) are respectively the right and left limits of x(¢) at t = #,  is a
constant delay in impulses, Iy : X x X — X is continuous, the initial data ¢ € C([-«, 0], X)
(the space of all continuous functions from [—«, 0] to X) has finite second moments, and
F:[ty,+00) x X — X and G : [to, +00) — L3(Y, X), where L3(Y, X) is the space of all Q-
Hilbert-Schmidt operators ¢ : ¥ — X.

In the rest of this section, we recall the definition of Wiener integrals with respect to
fBms and two useful lemmas.

Let (2, T, P) be a complete probability space. An fBm {W(¢), £ > £} with Hurst param-

eter H € (%, 1) is a continuous centered Gaussian process with covariance function

Ryt,5) = E[WHOW(9)] = 5 (1177 + 157 ~ 1t - o)

and has the following Wiener integral representation:

wH(t) = f tI(H(t,s) dwW (s),

to

where W(£) = {W(£) : £ > t} is a standard Wiener process, K (¢, s) is the kernel given by
1 g ¢ H-1 g1
Ky (t,s) = cys? u—-s)""2u""2du, t>s,
S

HQ@H-1)
B(2-2H,H-})
deterministic function ¢ € L([ty, +00)), it is known from [16] that the fractional Wiener

with ¢y = , and B denotes the beta function. Let Ky(t,s) = 0 for ¢ < s. For the

integral with respect to W¥(¢) can be defined by

/ o(6) AW () = / (K:30) () AW (@),

] to

where (K}¢)(s) = fst (p(t)% dt.

Next, we are interested in considering an fBm with values in a Hilbert space and giving
the definition of the corresponding stochastic integral.

Let X and Y be real separable Hilbert spaces, and let £(Y,X) denote the space of all
bounded linear operators from Y to X. Let Q € L(Y, X) be the operator defined by Qe, =
Ane, With finite trace tr Q = Zflil Au, where A,, n=1,2,..., are nonnegative real numbers,
and {e,,n = 1,2,...} is a complete orthonormal basis in Y. Define a Y-valued Gaussian

process as

[e¢]

WH(e) =Y Vrne W),

n=1
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where W () (n=1,2,...) are real independent fBms. It has the covariance

E(WH (1), x)( W (s),5) = R(¢,5)(Q(x), 5)

for allx,y € Y and t,5 > £,. The space £3(Y, X) the space of all Q-Hilbert-Schmidt opera-
tors ¥ : Y — X, equipped with the following norm and inner product

Wl 2w = D IV el
n=1
and
oo
d’ I// [LO Y,X) Z ¢€m1ﬂ€n
n=1

The space £3(Y,X) is a separable Hilbert space. Then (see [16]) the fractional Wiener
integral of the function v : [£o, +00) — LI(Y, X) with respect to the fBm is defined by

fw<s>dWHs)—Z/ Vi S)e, AW (s) = Zf VK (er)(s) AW, ).

Lemma 1 ([16]) For any v : [ty,00) — L3(Y,X) satisfying ft |y s)||£0 0 ds < +00, the

integral ft s) AW (s) is well defined as an X-valued random variable, and

t 2
E / W (s) dWH(s)

< cH(2H - 1)(t - o)™ / [V Oy ds £>t0

where ¢ = ¢(H) is a constant.

Lemma 2 ([19]) Forany u > 0, assume that there exist positive constants oy, oz, Br, k € N,
and a function ¥ : [-a,00) — [0, 00) such that

V() <ae™, tel-a,kl,

and, for each t > 1,

V() <oge™ +oz2/ e sup Y(s+6)ds+ Z,Bke Wty ()

to fe[-a,0] te<t

if <> + 3321 B < 1. Then we have

() < Moe™, t>-a,

Ao
where ) > 0 is the unique solution of the equation “ﬁf + Y o1 Br =1, and My =

x
o1 (u=h) }

max (e, 217
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Definition 2.1 A mild solution of system (1) is said to be exponentially stable in mean
square if there is a pair of positive constants A, M, such that

E ||x(t, to, ¢) || 2 < Moeik(tit()).

3 Mean-square exponential stability of the impulsive differential equation
driven by an fBm with time-varying delay

In this section, we first assume that the impulses in Eq. (1) only depend on the current

states of the system, that is, the impulses can be described as I (x(£; ), x(t; — 8)) = I (x(£;)).

Then Eq. (1) reduces to the following equation:

dx(t) = [Ax(t) + F(t,x(t — o (£))] dt + G(£) AW (¢), t>to,t #ts,
Ax(t) = I(x(5)), k€N, ()
x(to +0) =¢0), 6¢el[-«,0].

Next, we present the definition of a mild solution of Eq. (2).

Definition 3.1 An X-valued stochastic process {x(£), t € [-«, 00)} is called a mild solution
of Eq. (2) if x(¢p + 0) = ¢(0) on the interval [-«, 0] and the following conditions hold:
(i) «x(-) is continuous on [y, #1] and on each interval (¢, tx41], kK € N,
(ii) for each k, the limits x(¢]), x(¢;) exist, and x(£;) = x(%),
(iii) for each t > ¢y, we have a.s.

ftf) S(t —8)F(s,x(s — o (s)))ds + -ftf) S(t - s)G(s) dWH(s),
t € Lo, 1,
oo | teton | “
S(t — ) [x(£r) + L(x(£))] + ftk S(t = s)F(s,x(s —a(s)))ds
+ [, SE-9)Gls)dW!(s), t € (tteal k €N,
Our aim in this section is to obtain mean-square exponential stability conditions for a

mild solution for Eq. (2). For this, we need the following assumptions.

(H1) The strongly continuous semigroup {S(t)}:>¢, is exponentially stable, that is, there
exist a constant M > 0 and a real number r > 0 such that ||S(¢)|| < Me™, t > ¢,.
(H) There exists a nonnegative real number Ry > 0 such that
|F@&2)|| < Rillxll, ¢ > to,x€X.
(Hs) There exist nonnegative real numbers dy, k € N, such that

[ - L) < dellx~ 31

forallx,y € X and Y 2, di < o0
(H4) The function G : [ty,00) — LI(Y, X) satisfies, for some r > 0,

o0
'/t‘ e’ G(S)Hi:g(y,x) ds < co.
0
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Theorem 3.1 Suppose that (Hy)-(Hy) hold and

2
3M2R? >
— +3M2(Zdi) <1. (4)

r -
i=1
Then, the mild solution of Eq. (2) is mean-square exponentially stable.

Proof For t € [ty, 1], we have

x(t) = ftS(t—s)F(s,x(s— o(s))) ds + /tS(t—s)G(s)dWH(s). (5)

Lo to

For t € (#,1,], from (3) we get

x(t) = S(t— 1) (x(67) + Lh(x(5))) + / S(t —5)G(s) AW (s)
+/tS(t—s)F(s,x(s—o(s))) ds. (6)

By (ii) of Definition 3.1, x(t;) = x(#), and combining (5) with(6), for t € (¢, £,], we get

x(t) =S(t-t)hL (x(tl_)) +S(t-1) / 1 S(t - S)F(s,x(s - a(s))) ds

+S(t—-t) f ! S(t; — 5)G(s) dWH (s) + / tS(t —$)G(s) AW (s)

5

+ /t tS(t—s)F(s,x(S—O(S))) ds
_ / 'St = 9F (s, 5(s— o) ds-+ St — 1)L (x(65))
+ /to t S(t - 5)G(s) AW (s). 7)
In the same manner, for ¢ € (£, £3], we get

x(2) = S(t - 1) (x(t7) + L2 (x(27)))

+ /tS(t - 8)G(s) dwW(s)

+ /tS(t - s)F(s,x(s - o(s))) ds

1)

= /tS(t —s)F(s,x(s - o(s))) ds

+ ‘/.tS(t —8)G(s) dWH(s)

0

+8(t — )N (x(5)) + St - 1)L (x(2)). (8)
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Assuming that, for ¢ € (¢, t;,41], where m € N,

x(t) = /IS(t—s)F(s,x(s—a(s)))ds+ /tS(t—s)G(s)dWH(s)

0 to

+ Y S - t)(x(5)),
i=1
for t € (tyu41, tm+2], by (3) we have
x(t) = S(t = tya1)[#(E01) + Dt (%(6,01)) ] + / S(t - 5)G(s) dW*H(s)
+ /t S(t-9)F(s,x(s—o(s)))ds.

Combining (9) with (10), for ¢ € (£.41, tm+2], we have

() = S(t = troa) [ f " St - F(55(5 - 7(6) d

v / " St = 9GE) AW(5) + 3 S - ti)li(x(ti))]

t i=1

t

+ St = tys) a1 (¥(8,41)) + / S(t —s5)G(s) dW(s)
+ /t S(t —s)F(s,x(s - a(s))) ds.
By the properties of a semigroup and (11), for ¢ € (£4.41, tm+2], we have
x(t) = /th S(t - S)F(S,x(s - o(s))) ds
. / " St - )Gs) AW (s)
+ S = t)L(x(87)) + SE = tyne) et (2(£5,41) )
i=1
+ /[ S(t - s)G(s) dWH(s) + /t S(t - )F(s,x(s —o(s))) ds.

Calculating (12), then we get that, for ¢ € (£,41, timsa],

x(t) = /tS(t—s)F(s,x(s—o(s))) ds + /tS(t—s)G(s)dWH(s)

0

m+1

+ ZS(t - t)Li(x(2))-

Page 7 of 23

)

(10)

(11)

12)

(13)
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From Egs. (9) and (13), by mathematical induction, for all ¢ € (¢, tx,1], we have

x(t) = /tS(t—s)F(s,x(s—a(s)))ds+ /tS(t—s)G(s)dWH(s)

to to
k
+ S -t)(x(8)). (14)
i=1
Taking the mathematical expectation of (14), by the C, inequality, for ¢ € (t, tx1], k € N,
we have
2 ‘ 2
E|lx0)]” < SIE‘ / S(t-9)F(s,x(s—o(s)))ds
to
t 2
+3E / S(t —5)G(s) dWH ()
to
k 2
+3E| Y S - t)i(x(t7))
i=1
3
=3 Q. (15)
j=1

Next, we will estimate each item separately. Denote = r — ¢, ¢ > 0. Using the Holder
inequality and (H1), (H>), and (H,), we have

2

/tS(t —$)F(s,x(s—a(s)))ds

0

<5( [ Ise-9l ot -o0)] &)

Q=E

, 2
§M2E(/ e 2 I F(s,x(s — o (s))) | dS>

to

t t
Y / e dg / e IE| F(s,x(s - o (s))) | ds
to to

t

< M? x 1(1 —e)) / e IRIE | x(s - o (s)) ||2 ds

r o
202 pt

< MR f e M9 sup E (s + 9)||2ds. (16)
to

r 0e[-a,0]

Using Lemma 1 and (H,), we have

2

Q=E / tS(t—s)G(s)dWH(s)

]

S

t
< CHQH - 1)(t - o / [0 - 966 104
to

t
< Mch(2H _ 1)(t _ t0)2H—1e—rt / ersefr(tfs) H G(S) || i‘%(Y»X) ds

to
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< M2cH(2H —1)(¢ — to) 1 Le 1t / e’ ||G(s)||£z ds
to
—ut 2 _ _ 2H-1 —¢t s 2
<e (M cH(2H - 1)(t - to) e /to e || G(s) ”2(2,(1/,)() ds). 17)
In view of (H,), there exists a constant R, > 0 such that
¢ 2
2 2H-1 st
M "cHQ2H - 1)(t —tp)*"e® /(; e’ H G(s) ||£(2)(Y‘X) ds <R,. (18)
Then, combining (17) and (18), we have
Qy < Rpe™. (19)

By the Holder inequality, (H;), and (Hy), we have

2

Q=E

Zk: St - t)L(x(27))

k 2
< ]E(ZHS(t - )i (x(t)) ||)
i=1
‘ 2
< M’E (Z(d) (e ”tx(f))

i=1

k
< Mz(Zd,) (Zde‘z” DE (£ | )
i=1
k k
= (Z”") > de OE| () 20)
i=1 i=1
By (15), (16), (19), and (20), for all £ > £;, we have

E||x(2) ” < 3M Ry / -9 qup E |x(s + 9)”2ds +3Rye Mt
r 0 fe[-a,0]

+3M2<Zd)2d R | x(¢ ) , (21)
ti<t
and it is easy to see that, for t € [-«, fo],

Elx@)] < e, (22)

where o) = max(3Ry, supgc(_y ) Ell¢(8)]%). By (21), (22), (4), and Lemma 2, for all ¢ > —«,

we have

E||x(2) ”2 < Moe™, (23)
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MR2

where A is the unique solution to the equatio , B =
3M*di (332, di), and Mo = max{a;, “LEZ2 “ A } Thls means that the m11d solution of Eq. (2)
is exponentially stable in mean square, and the proof is completed. d

Remark 3.1 We would like to mention that our method used in Theorem 3.1 can be ex-
tended to the neutral case.

Remark 3.2 If (H,) is replaced by (H>), then Theorem 3.1 remains true.

(H,) There exist two nonnegative real numbers R; > 0 and / > 0 such that
|F@®)|* <Rillx|? +le™, Vt>to,x€X.

Note that o4 in (22) should be «; = max(3Ry + 3r 7 SUPge|—a0] Ello®)]%).

Remark 3.3 If the impulses in (2) are removed, that is, Ax(¢;) = Ix(-) = 0, k € N, then Eq.
(2) reduces to the following equation:

dx(2) = [Ax(t) + F(t,x(t — o ()] dt + G(t) AW (2), t>t,
x(tg +60) =¢(0), 0 €[-a,0].

(24)

By using the same technique as in Theorem 3.1, we can easily deduce the following corol-
lary.

Corollary 3.1 Suppose that (H,), (H,), (Hy) or (H,), (H), (Hy) and 2M?R; < r* hold. Then
the mild solution of Eq. (24) is exponentially stable in mean square.

Remark 3.4 In [16], the authors studied Eq. (24) and proved the mean-square exponential
stability of the mild solution for (24), assuming that the delay function o (¢) : [0, +00) —
[0, 7] is differentiable and |1 —o'(£)| ™! < p*, where p* is a constant. It is obviousl that Corol-

lary 3.1 is less conservative than Theorem 4 in [16].

4 Mean-square exponential stability of delayed impulsive differential
equation driven by an fBm with time-varying delay

In this section, we assume that the impulses in Eq. (1) depend on the historical states of

the system, that is, the impulses can be described as Ii(x(t;), x(t; — 8)) = i (x(t; - 6)). In

addition, we assume that the impulses are linear. Then Eq. (1) reduces to the following

equation:

dx(t) = [Ax(t) + F(t,x(t —o ()] dt + GE)AWH (@), > ty,t # 1,
Ax(tx) = prx(ty —8), keN, (25)
x(tg +60) =¢(0), 0 €[-a,0],

where the delay § in impulses is a constant, and 0 < § < t = infyen{tx — tx1}, px > 0, k€N,
are constants.
Next, we give the definition of a mild solution of Eq. (25).
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Definition 4.1 An X-valued stochastic process {x(t), t € [-«, 00)} is called a mild solution
of Eq. (25) if x(¢o + 0) = ¢(6) on the interval [-«, 0] and the following conditions hold:
(i) «x(-) is continuous on [y, £1] and on each interval (¢, tx,1], k € N,
(ii) for each k, the limits x(¢]), x(¢;) exist, and x(¢;) = x(%),
(iii) for each ¢ > ¢y, we have a.s.

[ S@E=9F(s,x(s - o (s) ds + [ St —5)Gls) dW*(s),
s | ‘Eltonb t (26)
St — ) [x(t;) + prx(t = 8)] + ftk S(t —8)F(s,x(s — o (s)))ds

+ft (t-9)G(s)dWH(s), te (ty,trsil,keN.
In order to obtain the mean-square asymptotic stability conditions of for the mild solu-
tion for Eq. (25), we need the following assumption.

(Hs) The impulses satisfy

lim X < oo,
k— o0

where

Y= k(Cksz —rk=iT Zzpfplz -r((k=i)z-3)
1Fip

i1=1 i1=1 ip>iy

+CkZZ Z pipp - ppe ki <k—1>6))
1My «

=1 ip>iy ix>ig_1
1p . . J Y i
with binomial coefficients C; = (k),] =12,...,k

Remark 4.1 Assumption (Hs) looks complicated because of the addition of delay in im-
pulses; however, it is not difficult to realize. We give an example here. If d; = 0, k € N,
then X = 0. It is easy to see that each term e~ > 0, j; = 1, 2 Lk e (k-i)z=8) >

h=12,..,k=1;.. e k=18 > o ;i =1 If we choose py = k2 , then

o) (Sed) )

Taking the limit on both sides of this inequality, we get

(@ + HF1x -1

1 =0,
k

lim ¥ < lim
k— o0 k— 00

so that limg_, o, X = 0.

Theorem 4.1 Suppose that (H:), (Hs), (Ha), and (Hs) hold. Then, the mild solution of Eq.

(25) is asymptotically stable in mean square.
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Proof Denote by § the space of all stochastic processes x(t, ») : [-«, +00) X 2 — X satis-
fying x(¢y + 0) = ¢(0), 6 € [-«, 0] and conditions (i)-(ii) in Definition 4.1 and

lim E||x(2)|* = 0. (27)
t—00
Our goal is to estimate the limit of E[|x(¢)||? as t — oo. For ¢ € [to, t;], we have
t t
x(t) = / S(t - s)F(s,x(s - O'(S))) ds + / S(t - 5)G(s) AW (s). (28)
to to
For t € (1, %], by (26), (28), and Definition 4.1 we have

x(t) = St — 1) (x(27) + prx(ty — 8)) + / S(t —5)G(s) dWH (s)

4

[ st

_ / St = 9F(5,5(5 - o)) ds + f ' S(t - 5)Gls) AW (s)

Lo to

-8
+p1/ S(t—(S—s)F(s,x(s—cr(s)))ds

to

-6
+ ,01/ S(t -8 —5)G(s) dW™(s). (29)

to
For t € (£, t3], from (26) we have

x(t) = S(t — 1) (%(£5) + pax(ta - 8)) + f S(t-9)F(s,x(s—o(s)))ds

2

+ /tS(t—s)G(s)dWH(s). (30)

ty
By (29) and (30) we get, for t € (¢, 23],

x(t) = /tS(t—s)F(s,x(s—a(s)))ds+ /tS(t—s)G(s)dWH(s)

Lo to

-6
+p1/ S(t—S—S)F(s,x(S—G(s)))ds

to

-6
+p1/ S(t -6 —35)G(s)dWH(s)

to

ty)—68
+,02/ S(it-48 —s)F(s,x(s—a(s))) ds

to

ty—4
+,02/ S(t—8—5)G(s) dW'(s)

to

-6
+p1,02f S(t—28—s)F(s,x(s—o(s)))ds

to

-6
+ p102 / S(t—268 —5)G(s) dW*(s). (31)

0
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Assume that the following holds for ¢ € (¢,,, £,,,41] (for any m € N):

t

x(t) =/tS(t—s)F(s,x(s—o(s)))ds+/ S(t - s)G(s) AW (s)

0 to

+Zpl1f t—(S—s)F(s,x(s—a(s)))ds

=1

ty =8
+ Zp,l / S(t -8 - 5)G(s) AW (s)

=1

m-1 m t

+ZZpllp,2/ ' aS(t—Zé—s)F(s,x(s—a(s))) ds

i1=1 ip>iy

m-1 m _5

+ Z Z Pi Pis / S(t—28 —35)G(s)dW(s) +

i1=1 ip>iy

+ZZ Z it Piy -+ iy /Jil SS(t—m(S—s)F(s,x(s—o(s)))ds

i1=1 ip>i1 Im>lp-1

XYY e / " St ms - 96 AW (32)

=1 iy>i] im>iy-1

Then, for ¢ € (¢,41, Lusa], by (26) we have

x(2) = S(t = tma1) (¥ (E01) + L1 (E41 = 8)) + / S(t —5)G(s) dWH ()

b+l

+/t S(t - )F(s,x(s —o(s))) ds. (33)

Substituting x(t,,,;) and x(¢,,,; — 8), which can be obtained from (32), into (33), by prop-

erties of semigroups and integrals, for ¢ € (£,,,41, L42], we have

m+1

x(t) = ftS(t—s)F(s,x(s—o(s))) ds

+ /tS(t - 8)G(s) dW*(s)

0

m+1

+Zpl1f t—(S—s)F(s,x(s—a(s)))ds

=1

m+1

ty =8
£y Py / S(t -8 - 5)G(s) AW (s)

=1

m m+l ty =8

+ ZZp,lp,Z/ S(t-26 —S)F(S,x(S—O'(S))) ds

i1=1 ip>i1

m m+l _(;

+ Z Z Pi Pi / S(t—28 —5)G(s) dW(s) +

i1=1 ip>iy
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m+1
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12 tiy =3
+ZZ Z ,oil,oi2~~p,-m/ S(t—(m+1)8 —s)F(s,x(s — o (s))) ds

i=1iy>i1  ipe1>im fo

m+1

12 ;8
+ZZ Z pilpi2~~~pim‘/£0 S(t = (m+1)8 - s)G(s) AW (s). (34)

i1=1 ig>i1 Im+1>im

By mathematical induction and (32)-(34), for all k € N, ¢ € (¢, tx+1], we have

x(t) = /tS(t—s)F(s,x(s—o(s))) ds + /tS(t—S)G(s)dW/H(s)

to to

by~
(Zp,lf S(t—8—5)F(s,x(s— o (s)))ds

=1

+Zpl1f S(t -8 —5)G(s) dWH(s)

=1

10

+ Z Z Pi Pi / S(t—268 —s)F(s,x(s - o(s))) ds

i1=1 ip>iy

i

Yo / LSt 25 -G AW (5) + -

i1=1 ip>iy

1 i~
+ZZ Z Piy Piy * plk/ S(t—kS—s)F(s,x(s—a(s)))ds

i1=1 ip>i1 ik>ig-1

1 by
Y Y mon f (e k5 - )G(6) (5

i1=1ip>i1 i>ik_1

0 to

Now we estimate (35). For all k € N, ¢ € (£, tx41], we have

t 2
]E”x(t)”2 < BIE‘/ S(t—s)F( ,x(s—a(s)))ds
t 2
+3E / St —s5)G(s)dWH(s)| +3E|Z]>.

By (H1), (H), and the Holder inequality we have

2
T, = 3E

/t S(t - s)F(s,x(s — o (s))) ds

to

; 2
<3E </ Me—r(t—s) ||F(S,?C(S - O‘(S))) || dS>
to
t t 2
< BMZ/ -9 ds/ | E (s, x(s - o(s))) | ds
to

to
- 3M?R?
- r

t
- 0) [ eIBfafe-ato) e
to

= /tS(t—s)F(s,x(s—o(s)))ds+/tS(t—s)G(s)dWH(s)+

)

(36)

(37)
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For any x € §, by the definition of x € §, for arbitrary ¢ > 0, there exists s* > £ such that

E|lx(s — o (s))||> < & for all s > s*. So we have

ft e E||x(s - o (s)) ”2 ds

to
= fs e IE||x(s - o (s)) ||2 ds + %8(1 - e”(H*)). (38)

to
Combining (37) with (38), we have

2

lim 17 = 11m 3E =0. (39)
t—>00

/t S(t - s)F(s,x(s - cr(s))) ds

to

By Lemma 1 we get that

2
T, = 3IE‘

/tS(t - 5)G(s) dW*(s)

0

t
< 3cH(2H —1)(t — to)* f S -9)G(s) “253()/,)() ds

< BcH(2H — 1)(t — to)*! f P G8)| gy s

to

t
_ SCH(zH_l)(t_tO)ZH—le—rt/ erse—r t—s) H G(S) ”Zg(y,x) ds

to

t
<3cHQH -1)(t- to)ZH_le_’t/ | G(S)”ng(Y,X) ds. (40)
to

It is easy to see that lim;_, o, (t — £9)*"te™"* = 0, and by condition (H4) we get

2

lim T, = 3E / tS(t -$8)G(s)dWH(s)| =o0. (41)

0

Next, we estimate E|| = ||%:

T3 =3E

Zpu /tl B S(it-48 —s)F(s,x(s - a(s))) ds

i1=1

tiy—8
+Zp,1 / S(t -8 - 5)G(s) AW (s)

=1
+2:2:,011,012/i1 S(t—28—s)F(s,x(s—cr(s))) ds
i1=1 ip>i1
ti, =6
+ZZ P / " S(E-28-9)Gls) AW (5) +
i1=1 ip>i1

+ZZ Z it Piy * ** Piy /t _SS(t—k(S—s)F(s,x(s—o(s)))ds

i1=1 ip>i1 ik>ig_1
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2
ti -8
Y Y mn o[ Ste- k-G w9
i1=1 iz>i ix>ik-1
=3E|E* (42)
Using the C, inequality, we get
T; = 3E| 5|
ty - 2
<3x2k{E an/ St -8 -5)F(s,x(s— o (s))) ds
=1
-8 2
+E ZZ'DWDQ / S(t—28—s)F(s,x(s—o(s)))ds e

i1=1 ip>iy

tj; =8
+E ZZ Z 0y Piy * ,olk/ S(t—k8—s)F(s,x(s—a(s)))ds

i1=1 ip>iy i>ig-1

2

+E Zpllf St -8 —5)G(s) dW(s)

=1

2

+E Zz,o,lp,z /tl B S(t—268 —5)G(s)dWH(s)

i1=1 ip>iy

t,’l -3
DY Y [ stk -960 awrey

i1=1ip>i1 I>ik_1

k k
= 6k(ZL1,+ZV;>. (43)
j=1 j=1

Firstly, we estimate the terms U; (j=1,2,...,k). By (H), (H>), the C, inequality, and the

Holder inequality we have

k t; =8 2
th =ty o] [ st 5 - 9F(oa(s - 19)) s
=1 fo
k ti =38 tiy =8 2
< MRICLY p? / =59 ds / e IR x(s - o ()| ds
=1 b fo
M2R2 2 - 2r(t-t; —r(t;; ~8—to)
pie ) amm0))

ti; =6
" /‘ 1 e_r(t—r?—s)]EHx(s - 0(5)) ”2 ds
to

2 P2 ti, =6
M R sz —2r(t=t;)) / ' e"’(til“s_s)EHx(s—a(s)) ||2ds. (44)

=1 t
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In a similar way, we get

2

k-1 k
U = Cizzpi%ﬂa

’/ t—28—s)F(s,x(s—a(s))) ds

i1=1ig>ih
3 M2R2Ck Z Z /Ozlplz / e —r(t—28—-5) ds
ll 112>l1
t,‘l -8 2
y / e_r(t—ZS—S)]E”x(s - U(S)) ” ds
to
I k-1 k
M R1 CiY_ D phpne i (1 e ))
ll 112>11

ti; =6
y / 1 e_r(til—S—S)]E”x(s - 0(5)) ”2 ds
to

k-1 k

Mz R2 ty =5 s
LYY phppe / IR x5 o) [Tds.  (45)
i1=1ip>i fo

In the same way, one get

tin =8 2
Uy < CkZ Z Z :0;1:0;2 pkaHf ' S(t— k8 —$)F(s,x(s— o (s)))ds
i1=1 ip>i) ig>ig_1 to
ti, =6
<M2R2CkZZ Z Pipy Py /t gtk g
i1=1 ip>i i>ig_1 0
e —r(t—k8—s) 2
X e ]E”x(s—o(s)) H ds
to
M R? )
1 Ck Z Z Z le plz plzk o~ 2=ty ~(-1)9)
i1=1ip>i1 I>ig_
Pty —5—t0) = e
x (1-e (6 ~8~to )/t et IE”x(s—a(s)) || ds
0
M2R
1 Ckz Z Z pll plz plk 2r(t-t;; ~(k-1)3)
i1=1 ix>i ie>ig-1
ti; =6
X / ' e IE |x(s - o (s)) ||2ds. (46)
to

By C,, Lemma 1, and (H;) we have

2

-8
Vi<Ch Zd S(t -8 —5)G(s) dW?(s)

ih=1

k ti. =8
CLY  p2cHQH ~1)(t; — 8 — o) f LIS -5 - 5)Gls) | ds

=1 to



Zhou et al. Advances in Difference Equations (2016) 2016:328 Page 18 of 23

k til -3
_ _ 55— 2
< MECHEH -1)CLY 2 (6 -8 - o) / G5 gy ds
to

=1
tiy -
< M2cH(2H - 1)C: Zpu A )2H—1e—r(t—6)/ ers”G ”LO ¥.X) ds
=1 fo

t
1 2
<M26H 2H — l)C szl(tll —t0)2H le r(t 6)/ e’ ”G(S)H,Cg(Y,X) ds
to

=1
k
< M’cHQH —1)C}. Y p} (ty, — 8 — to)*/! e 0710 (t=t0)
i1=1
t
o /t ¢*| G(s) ||3:g 0 4 (47)
0

We can do the same calculation for V5:

2

k-1 k
VZ = CizzpipzzE

i1=1 ip>i1

’/ S(t—268 —5)G(s)dWH(s)

ti, =6
< Ck Z Z pllplch(ZH 1), -6- to)ZH‘I/ ' HS(t - 268 —5)G(s) ||2 ds

i1=1 iy>i b
k-1 k til_‘s 9
< cHQH-DM*CEY ") plph(ty =8 — o) f e 29| G(s) | " ds
i1=1iy>i to

ti, =8
< cHQ2H - 1)M?C? Z Z/oll,ol2 (¢ — 68— to)zH_le_’(t_z‘S)/ ' e’ ||G(s)H2ds
to

i1=1 ip>iy

t
< cH(2H - 1)M?C? Z Z :0;1/0;2 (ty — 8- to)zH_le_’“_z‘S)/ e ”G(s)H2 ds
to

i1=1 ip>iy
k-1 k
<cHQRH -DM*Cy Y Y piph (ty — 8 — tg) e =070t =0)
i1=1 ip>iy
g 2
X / e’ ” G(s) H ds. (48)
to

The rest can be done in the same manner as before:

2

1=
/ S(t — k8 — 5)G(s) dW(s)

1
WYY Y st

i1=1 ip>iy i>ig-1

1
sC’k‘ZZ Z Pa0hy -+ O cH2H =1)(t, =8 = 1)

i1=1 ip>i1 i >ig-1

tiy =8
x/ IS ks - 5)G(s)||* ds

< cH(2H - )M*C} ZZ Z R A R

i1=1ip>i1 I>ik_1
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ti, =6
x e—r(t—ké)/ ! e’s||G(s)||2ds
to

< cH(2H - 1)M*C} ZZ Z PPy ity =8 — o)™

i1=1ig>i1 ie>ik_1

t
x e”(t’ks)/ e”H G(s) ||2ds
to

< cH(2H - 1)M2Ck Z Z Z Lok Pty — 8 — b))

i1=1 ip>iy i>ig_1

t
> e—r(til 78—t())e*r(t—til —(k-1)8) / e H G(s) ”2 ds. (49)

Lo

By (43) to (49) we get

X 92 k ti. =8
> 1= 8 (3 e [ alge-ot) o
to

=1 =1
k-1 k til_(g
TGL Yo [T e - ) e
i1=1 ip>i to

-+ Ckzz Z pllplz plk 2r(t- tiy — (k-1)5)

i1=1ip>i1 I>ig_1

ti, =6
X / ' e”(til"s’s)IE||x(s—a(s)) ||2ds>. (50)
to

For any x(¢) € §, by the definition of § and by (Hs) we get
k
Jlim 21: U=0 (51)

and

k t
> Vi < M*cH(2H - 1)/ e[ Gs) Hzcga/,X) ds
j=1

to

_1 —r(t;; =8-tg)
}: F(t—ty, )t —5—t)2H1e i 510
{Ck pll 11 11 0

=1

2 2 H-1 _—r(t; ~5—tg) —r(t—t; -8
CEE Y -3 e

=1 ip>i1

1 2
k —
(YN Y ke -0

i1=1ip>i1 Ie>ik_1

X e*}"(til ’B’EO)e’r(t’til —(k-1)8) . (52)
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By (H,) and (H5) we get
k
klgrolok; Vj=0. (53)

By (43), (51), and (53) we get

lim T3 = 0. (54)
t—00
By (36), (37), (40), and (54) we finally get lim;_, o, E|x(¢£)||?> = 0 and complete the proof of
the theorem. O

Remark 4.2 The delay in impulses of Eq. (25) are assume to satisfy 0 < § < 7 = infren{tx —
tx-1}, which means that impulsive instances depend on information of the prior interval
in the history. In other words, the information of the history of the prior interval (tx_1, ]
is needed to decide the impulsive instances at t. In fact, we can assume that the impul-
sive instance states are determined by the information of the prior several intervals in the
history, and the method of Theorem 4.1 is also applicable, although the expression of the
states of the system is very complex.

Remark 4.3 Ax(ty) = prx(t; — 8) in Eq. (25) describe that impulsive moments are linear
in structure and dependent on delayed state variables. By the method of Theorem 3.1 and
Theorem 4.1 we can get corresponding stability conditions when the impulsive moments
are described as Ax(t) = I (x(£;)) + pxx(¢; — ). Here we omit the details.

Remark 4.4 In [16] and [19], the authors investigated the exponential stability of impul-
sive stochastic differential equations driven by an fBm. In [16], the impulses were not con-
sidered in the systems. In [19], the impulses were considered in the systems, but they only
depended on the current states of the systems. However, in our paper, the impulses con-
sidered in the systems depend not only on the current states but also on the historical
states of the systems.

5 Examples
In this section, we provide two examples to illustrate the obtained results.

Example1 Let us consider the following impulsive stochastic differential equation driven
by an fBm:

Z(t-5 (1+sint))
1+[Z(t-5 (1+sin )12

dZ(t,%) = 249 4 g(p) 1de +e ™ tdWH (),

9.
t>t,t#t,0<x<m,
AZ(ty,x) = 5Z(5),  keN, (55)
Z(t,0) = Z(¢,w) = 0,

Z(to +0,x) = ¢(0,x), 6 ¢€[-a,0],

where a(z) : [t,00) — R* is a continuous bounded function for ¢ > £;. Denote by a,
the smallest upper bound of the function a(f) and let » > 0 be a constant. Let X =
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L*[0,7] and Y = L?[0,7], and let the operator A : X — X be defined by Ax = x” with
domain D(A) = {x € X : x,x" are absolutely continuous,x” € X,x(0) = x(r) = 0}. Then,
Ax =Y 02 m*(x, x,)%,, x € D(A), where x,(t) = \/gsin(nt), n=1,2,..., is the orthogonal
set of eigenvectors in A. It is easy to see that A is the infinitesimal generator of an an-
alytic semigroup {S(¢)};>0 in X. Furthermore, we have S(t)x = Y oo, e‘”2t<x, %)%, for all
x € X, t > 0. We have seen that ||S(¢)| < et To define the operator Q:Y — X, we take
a sequence {X,},>1 C R* and set Qw, = A,w,, where w, is a complete orthonormal ba-
sis in Y. Also, assume that tr(Q) = Y o, A2 < 0o. Now we define the process W#(¢) by
WH(t) = Y02 A, W (£), where H € (3,1), and {W/(¢)} is a sequence of independent
two-sided one-dimensional fBms.

Now, let us verify the conditions of Theorem 3.1. Since [|S(Z)| < e’”zt, we can choose
M=1andr=n?in (H;)and o (¢) = 5(1 +sin¢) € [0,a]. The function F has the form

F(t,Z) = ﬂ(t)ﬁ

So, we can choose R; = ag in (H,) and dj = bk2 in (H3). Then Zk 14k = b < 00. So,
conditions (H,) and (H3) hold. In Eq. (55), the function G(¢) =e™™ *t and (Hy) holds. If a,
and b satisfy the inequality

2
3M?R? 5 [ 3a2 3brm?
2 +3M Z d;| = i + o <1,

i=1

then all the assumptions in Theorem 3.1 are satisfied. By Theorem 3.1 the mild solution of
Eq. (55) is exponentially stable in mean square.

Example 2 Let us consider the following stochastic differential equation driven by an fBm
with delayed impulses:

dZ(t,x) = 2242 a(t)h[z((tf(%]dt+e’” tAWH (p),

tzto,t#tk,()fxfn,
AZ(ty,x) = 5Z(t; -8), keN, (56)
Z(t,0)=Z(t,m7) =0,

Z(to +0,x) = p(0,x), 6 ¢€[-a,0],

where a(t), b, A, F(t,y) are the same as in Eq. (55). The conditions (H;), (H,), and (Hs)
hold, so we only need to verify condition (Hs). We assume that & — t,1 = 1, k € N, and
8 =0.9. Then

k bz k-1 k b2 1 2 k b2
):5k(cizk—4+cizzk_4+...+c§ZZ... 3 k_4>, (57)

h=1 i1=1ip>i1 i1=1 ip>i1 ik>ig_1

and by binomial expansion we get

e () {en) () )
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From an important limit we get that lim;_,, X = 0 < co. So all the conditions of Theo-
rem 4.1 are satisfied, and the mild solution of Eq. (25) is asymptotically stable in mean

square.

6 Conclusion

In this article, we obtained two stability results for stochastic differential equations driven
by an fBm (Hurst parameter H € (%,1)) with varying delays and impulses. The mean-
square exponential stability conditions for mild solutions under the condition that the
impulses only depend on the current states of the systems, and the mean-square asymp-
totic stability conditions for mild solutions under the condition that the impulses depend
not only on the current states but also on the history states of the systems. Two examples
were given to illustrate the theorems.
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