Existence of Solution for Fractional
Stochastic Integro-Differential Equation
with Impulsive Effect
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Abstract This paper is concerned with the existence and uniqueness of the solution
for an impulsive fractional stochastic integro-differential equation. The existence and
uniqueness results are shown using the fixed point technique on a Hilbert space.
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1 Introduction

It is well known that the fractional calculus is a classical mathematical notion and is
a generalization of ordinary differentiation and integration to arbitrary order. Nowa-
days, studying fractional calculus has become an active area of research field as
it has gained considerable importance due to its numerous applications in various
fields, such as physics, chemistry, viscoelasticity, engineering sciences, etc. For more
details, one can see the cited papers [1-8, 14] and reference therein.

The deterministic models often fluctuate due to environmental noise. A natural
extension of a deterministic model is stochastic model, where relevant parameters are
modeled as suitable stochastic processes. Due to this fact that, most of the problems in
a practical life situation are modeled by stochastic equations rather than deterministic.
Therefore, it is of great significance to introduce stochastic effects in the investigation
of differential equations [13]. For more details on stochastic differential equations
see [10—12] and references therein.

However, it is known that the impulsive effects exist widely in different areas of
real world such as mechanics, electronics, telecommunications, finance, economics,
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etc., for more detail see [9]. Due to this fact, the states of many evolutionary processes
are often subject to instantaneous perturbations and experience abrupt changes at
certain moments of time. The duration of these changes is very short and negligible
in comparison with the duration of the process considered, and can be thought of
as impulses. Therefore, it is important to consider the effect of impulses in the
investigation of stochastic differential equations.

Wang et al. [16] considered the following impulsive fractional differential equation
for order g € (1, 2)

‘Dlu(t)y =f(t,u()), teJ =[0,T], qe(1,2),
Au(ty) = I (u(t, ), Au(ty) = Jr(t)), k=1,2,...,m,
u(0) = uo, u'(0) = o,

and discussed the existence and uniqueness of solutions with the help of Banach
fixed point theorem and Krasnoselskii fixed point theorem.

Sakthivel et al. [15] considered the following impulsive fractional stochastic dif-
ferential equations with infinite delay in the form

Dx(1) = Ax(t) + f(t, %, Bix(t)) + o (¢, x¢, Box(0) 42 |1 € [0, T, 1 # 1,
Ax(ty) = L(x(t), k=1,2,....m,
x(1) =¢(1), @) € P,

and discussed the existence of mild solutions using Banach contraction principle,
Krasnoselskii’s fixed point theorem.

Motivated by the mentioned work [15, 16], in this article, we are concerned with
the existence and uniqueness of solution for impulsive fractional functional integro-
differential equation of the form:

t
“Dfx (1) =f(t,x(t),xt,/ K, S)x(s)ds)
0

! dw(t)
+g (t,x(t),x,,/ K(t, s)x(s)ds) T,I eJ=1[0,T],t # t, (1)
0
Ax(ty) = Ik (x(1;,)), Ax () = Okx@ ), k=1,2,...,m, 2)
x(1) = ¢(1), x'(0) = x1, t € [—d, 0], (3)

where J is an operational interval and “Df denotes the Caputo’s fractional derivative
of order o € (1, 2) and x(-) takes the value in the real separable Hilbert space .7¢;
f:JX%xPC%X%—)%andg:]x%xPC?%x%ﬁf(%,%)
and Iy, Qy : S — ¢ are appropriate functions; ¢ (¢) is .#o-measurable .7 -valued
random variables independent of w. Here let 0 =t < t] < -+ <ty < tyy1 =T,
Ax(ty) = x(t) —x(ty), AX' () = X)) —x'(17), x(t") and x(z;) denote the
right and left limits of x at #;. Similarly, x’ (t;r) and x'(z,) denote the right and left
limits of x” at 7, respectively.
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For further details, this work has three sections. Second section provides some
basic definitions, preliminaries, theorems, and lemmas. Third section is equipped
with main results for the considered problem (1)—(3).

2 Preliminaries

Let s, # be two real separable Hilbert spaces and .Z (%", ) be the space of
bounded linear operators from % into 7#. For convenience, we will use the same
notation || - || to denote the norms in 57, % and .Z (¢, 7), and use (-, -) to denote
the inner product of .7 and .Z without any confusion. Let (2, .#, {Z%;}1>0, &) be
a complete filtered probability space satisfying that .%( contains all &?-null sets of
% . An s -valued random variable is an .% -measurable function x(¢) : 2 —
and a collection of random variables § = {x(t,w) : 2 —  \t € J} is called
stochastic process. Usually we write x(¢) instead of x(¢, w) and x(¢) : / — ¢ in the
space of S. # = (#;)i>0 be a 2-Wiener process defined on (2, %, {F}1>0, )
with the covariance operator 2 such that 7r2 < oco. We assume that there exists a
complete orthonormal system {ey };>1 in %", abounded sequence of nonnegative real
numbers A such that Qe = Arer, k = 1,2, ..., and a sequence of independent
Brownian motions {B;}¢>1 such that

W), O = > v iclew. €) ¢ Bi(t). e € H .1 > 0.

k=1

Let .202 = 72 H , ) be the space of all Hilbert Schmidt operators from
93 4 to A with the inner product < ¢, ¥ > = Trie2yr«].

The collection of all strongly measurable, square integrable, .7’-valued random
variables, denoted by .Z2(£2, .Z, {Zi}i=0, P, ) = L2(R2: ), is a Banach
space equipped with norm ||x(-) ||iﬂ2 = E|x(-,w) ||_2}f, where E denotes expectation
defined by E(h) = |, o h(w)d Z?. An important subspace is given by .,2”02(52; H) =
if € L*(2,.5) : f is Fo- is measurable}.

Let PCgp = C([—d, 0], L?(82; #)) be a Banach space of all continuous map
from [—d, 0] into .£%($2; ) satisfying the condition supE||qb(t)||2 < o0 with
norm

#lpcy, = sup {EI6lor. o € PCE .

Consider C2(J, £2(£2; ) be a Banach space of all continuously differentiable
map from J into £ (§2; ) satisfying the condition sup E||x(#)||> < oo with norm
defined
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1
IeiEa = sup 3~ {EI 013 x € Cu, 222 2]
1€l 2o

To study the impulsive conditions, we consider
PC%, = PC*([—d, T\, £*(2; 7))

a Banach space of all such continuous functions x : [—d, T] — £ 2(.Q; ), which
are continuously differentiable on [0, T'] except for a finite number of points #; €
0,7), i=1,2,...,.4, at which x’(tf) and x'(#;7) = x'(t;) exist and are endowed

with the norm
1

IxI2e =sup > B @112 € PCY ).
<z el =0

Definition 1 The Reimann-Liouville fractional integral operator for order « > 0,

of a function f : ZT — Z andf € L'(%*, X) is defined by

t
I @) =f (@), JOf(r) = ﬁ/o (t— ) 'f()ds, a>0,1>0,

where I"(-) is the Gamma function.

Definition 2 Caputo’s derivative of order @ > 0 for a function f : [0, 00) — Z is
defined as

DYf () = ; /t(t 3 S)”—“_lf(”)(s)dv — Jn—af(n)(t)
! IFn—a) o ! ,

forn—1<a<n neN.If0 <a <1, then

DYf (1) = _ / t(t — )7 D (s)ds
! T ra 0 '

— )
Obviously, Caputo’s derivative of a constant is equal to zero.

Lemma 1 A measurable .F,-adapted stochastic process x : [—d, T| — € such
that x € PCfg is called a mild solution of the system (1)—(3) if x(0) = ¢(0)
and x'(0) = xi on [~d.0], Axli—y, = R(x(t)) and AX'li=y = Qp(x(r;),
k=1,2,---,mtherestriction of x(-) to the interval [0, T)\t1, - - - , ty, is continuous
and x(t) satisfies the following fractional integral equation
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¢(0) + x1t + ﬁ f(;(t - s)“*lf (s, x(s), X, f(; K(s, t)x(s)ds) ds

+ s fo =9 g (s, x(s), x5, JLK (s, t)x(s)ds) dw(s). e .1l
¢ (0) +x1t + I (x(t) + Q1 (x () )t — 1)

+ oy =9y (s, xX(5), x4, [LK (s, t)x(s)ds) ds

X0 = § o ok o0 = 9% (5,200, x5, fj K5, 0x()ds ) dw(s), te . nl.

G(0) +x1t + o [Lix(t)) + Qi) — 1)]
+ ﬁ fot (t— s)“*lf (s, x(s), x;, fot K(s, l)x(s)ds) ds
+ ﬁ Jot—9"g (s, x(s), X, Jy K (s, t)x(s)ds) dw(s), 1€ (fr, trp1)-

Further, we introduce the following assumptions to establish our results:

(H1) The nonlinear maps f and g are continuous and there exit constants (L1, L2,
U3, vi, va, vy > 0 such that

ENf(tx. 0.10) = £ty ¥ 0% < malle =315 + malle = Wllpeo, + p3lle = viiZe,
Ellg(t.x, 9. u) = (0.3, . W5 < villx = yl5¢ +v2ll@ = Vllpeo, +v3llu—viZe

forallx,y,u,ve A ,teJand g, ¥ GPC?g.

(H2) The functions Iy, Qy are continuous and there exists Ly, Ly > 0, such that

El(x) — kD% < LiElx = ylI%,,
E|Qx(x) — QxI3y < LoEllx — yl%,

forallx,y e 7 and k=1,2,--- ,m.

3 Existence and Uniqueness Results

This result is based on Banach contraction fixed point theory.

Theorem 1 Suppose that the assumptions (HI) and (H2) hold and

20

I' ()

1
© = {4(mL; + mT*Lg) + [;(Ml + w2 + u3k™) + 1 +v2+ V3K*)“ <1,

1
TQa —1)

where K* = sup,c(o 4 fot K(t,s)ds < oo. Then the system (1)—(3) has a unique
solution.
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Proof We convert the problem (1)—(3) into fixed point problem. We consider an
operator N : PC%, — PC?%, defined by

$(O0) + 311 + s [t — ) f (s, (), %y, i K (s, t)x(s)ds) ds
+ i Jot— 9" "g (s, x(s), X, Jy K (s, t)x(s)ds) dw(s), te 0,1,
@) +x1t+ L (x(1) + Qi1 (et DT — 1)
1 t a—1 1
g Jo 0= 977 (5,560, x5, fj K5, 0x(9)ds ) ds
W@ = §+ b o= 97 g (5,60, 25, [ K (5. Dx(5)ds) dw(s), te,nl,

G(0) +x11+ X5 [LG(7) + Qi) — 17)]
+ ﬁ fot(t — )7L (s, x(s), xy, fot K(s, t)x(s)ds) ds
+ i Jot = 9% g (5, x(s), xs, fo K (s, t)x(s)ds) dw(s), t e (t, il

Now we show that N is a contraction map. For this we take two points x, x* such
that for ¢ € (0, 11]

E[[(N)(0) — (N D)5, < 2Ellﬁ/ (t—9*" ][f(s x(8), Xs. / K(s, t)X(S)dS)

t
—f (s, x*(s),x;",/ K(s, t)x*(s)ds) dsll?;f

IIm/(t Y g (s, x(s), xs, / K(s, )x(s)ds)

t
-8 (s, x*(s), x3, / K(s, t)x*(s)ds) dw(s)llzjf
0

2T2a
- F(a)

[ 2(u1+u2+u3K)

1 *
+m(vl +vo + v3K")[lx — x* ”PCZ .

When 1 € (11, 1],

E[l(Nx) (1) — (N (1) |5 < 4EIN () — G5,
HAE( Q1)) — 1) — Q1 (* (N — )5

+4E Hm/ (t—s)*~ l[f(s x(s), xg, / K(s, t)x(s)ds)
t

—f (s, X*(s), xF, / K(s, z)x*(s)ds>]ds||;f

+4E\|m/ (t — )% [g(s, x(s), xs,/ K(s, H)x(s)ds)

t
—g (s, x*(s), x, / K(s, t)x*(s)ds)]dw(s)llzjf
JO
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< 4L +T2L)+4T2a 1( + o + uzk*)
= 1 Q T | o2 2 S A )

+ ;(vl +vo + 13K |} |lx — x|
TQa — 1) PC%"

Similarly for t € (t, tr+1], k=2,3,...,m,

* 2 2 AT
E[|(Nx)(2) — (NX")(D5p < y4(mLy +mTLg) +

2a

1
— K*
@) [a2 (w1 + w2 + 13K™)

vi+v2+ VsK*)] ] flx — x* ”12003%

TQo — 1)

= Ollx—x*|% ., .
PC2,

Since ® < 1, by the condition given in Theorem 1, N is a contraction map and

therefore it has a unique fixed point x € PCVZ? which is a solution of our equation
(1)-(3) on J. This completes the proof of the theorem.
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