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Abstract. Using the Picard-Lindel6f successive approximation scheme we prove the exis-
tence and uniqueness of solution for the stochastic fractional integrodifferential equations.
Further the numerical scheme for approximate solutions of stochastic fractional integrodif-

ferential equations is obtained by using Galerkin method.

1. INTRODUCTION

Fractional differential equations have formed a classical research field of
differential equations [13, 19, 22, 23]. These equations have important appli-
cations in fields such as rheology, viscoelasticity, electro chemistry and electro-
magnetism. Fractional differential equations and fractional integrodifferential
equations have been receiving increasing attention due to their important ap-
plications in science and engineering.

In many problems, there are real phenomena depending on the effect of
white noise random forces. Stochastic differential equations were first initiated
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and developed by It6 in 1942 [9]. Stochastic differential equations [5, 7, §]
now find applications in many disciplines including economics and finance,
environmetrics, physics, population dynamics, biology and medicine [16, 18,
24]. An important application of stochastic differential equations occurs in the
modeling of problems associated with water catchment and the percolation of
fluid through porous structures. A natural extension of deterministic ordinary
differential equation model is the stochastic differential equation model, where
relevant parameters are randomized or modeled as random processes of some
suitable form or simply by adding a noise term to the driving equations of
the system. Stochastic fractional differential equations are used to model
dynamical systems affected by random noises.

These equations have immense physical applications in many fields such
as turbulence, heterogeneous flows and materials, viscoelasticity and electro-
magnetic theory [12]. Complex dynamic processes in sciences and engineering
operating under internal structural and external environmental perturbations
can be modelled by stochastic fractional differential equations by introducing
the concept of dynamics processes operating under a set of linearly indepen-
dent time-scales.

2. PRELIMINARIES

In this section, we present a few well-known concepts and results in the
fields of fractional and stochastic differential equations.

Definition 2.1. (Riemann-Liouville fractional integral) The Riemann-Liouville
fractional integral operator of order o > 0 of a function f € L'(R") is defined
as

18, f(t) = 1“(1a)/0 (t — 5)° L f(s)ds, t > 0, (2.1)

where I'(+) is the Euler gamma function.

Definition 2.2. (Riemann-Liouville fractional derivative) The Riemann-Liou-
ville fractional derivative of order @ > 0, n — 1 < a < n, n € N, is defined as

D0 = () s

_ F(nl_a) <jt)n/ot(t sy (s)ds, (2.2)

where the function f(¢) has absolutely continuous derivatives upto order
(n—1).
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Definition 2.3. (Caputo fractional derivative) The Caputo fractional deriv-
ative of order « > 0, n — 1 < a < n, n € N, is defined as

CDRI0) = ey | (=9 ) (2.3

I'(n—

where the function f(¢) has absolutely continuous derivatives upto order
(n—1).

Definition 2.4. ([21], Multi-time scale Integral) For p € N, p > 1, let {11, T3,
-+, T,} be a set of linearly independent time scales. Let f : [a,b) x RP~1 — R"
be a continuous function defined by f(t) = f(T1(t),Ta(t), - ,Tp(t)). The
multi-time scale integral of the composite function f over an interval [tg,t] C

(a,b) is defined as a sum of p integrals with respect to the time-scales 17, Ty, - - - ,
T,. We denote it by If,

t

UNW) = | flo)ds =Y (L)),

to j=1

where the sense of the integral

t
(L;f)(t) = t f(s)dT;(s)
0
depends on the time scale T}, for each j =1,2,--- ,p.

Example 2.5. Let J = [0,T]. For p = 3, consider the linearly independent
set consisting of time scales Ti(t) := t signifying the ideal and controlled
environmental condition, T5(t) := W(t), where W is the standard Wiener
process and T5(t) := t%, 0 < a < 1 indicates the time varying delay or lagged
process. In this case, f(t) = f(T1(t), Ta(t), T5(t)) and

(L)) = (1f) (@) + (L) (t) + (I£)(2),
where the integrals

t t

(Lf)(E) = [ fls)ds, (L2f)(t) = [ [f(s)dW(s),

Ot —s a—1 s "
s = [ “F)(a)f”

are Cauchy-Riemann/Lebesgue, It6-Doob and Riemann-Liouville type respec-
tively.

ds
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Under the set of time scales in Example 2.5, we have the following stochastic
fractional differential equation

d(t) = b(t, 2(t))dt + o1 (t, z(t))dW (1)
Voot z(t)(d)®, teJ=[0,T], (2.4)

with the initial condition z(0) = zg, where o € (1/2, 1), b, 09 € C(J X
R™ R™), o1 € C(J x R™, R™) and W = {W (¢t), t > 0} is an m-dimensional
Brownian motion on a complete probability space Q = (2, F, P).

3. EXISTENCE THEOREM

The problems of existence and uniqueness of solutions of initial value prob-
lem provide the basis for the model validation and further undertaking a study
of the corresponding dynamic processes. Oksendal [20], Kloeden and Platen
[14] and Mao [17] have established the existence and uniqueness results for
stochastic differential equations. The results are obtained by using the succes-
sive approximation scheme. The same technique was used by Arnold [2] and
Evans [6] to obtain the existence and uniqueness of solution for the stochastic
differential equations. The existence and uniqueness of stochastic fractional
differential equation was studied by Pedjeu and Ladde [21]. Kamrani [12]
discussed the numerical solution of stochastic fractional differential equation.
Here the classical Picard-Lindel6f method of successive approximation scheme
[25, 26] is used to obtain the existence and uniqueness of solution for the given
stochastic fractional integrodifferential equation.

Consider the stochastic fractional integrodifferential equation of the form
t t

dz(t) =b (t,x(t),/ fl(t,s,m(s))ds) dt + o (t,w(t),/ fg(t,s,x(s))ds> dW (t)
0 0

t
+ o9 <t,z(t),/ f3(t, s,x(s))ds) (dt)*, teJ=][0,T],
0
with the initial condition z(0) = xg, where a € (1/2, 1), b, 02 € C(J x R" X
R”, R"), oy € O(J x R x R", R"™), fi, fo, f3 € C(J x J x R?, R") and
W = {W(t), t > 0} is an m-dimensional Brownian motion on a complete

probability space Q = (2, F, P). We can rewrite the above equation in its
equivalent integral form as follows [10, 11]:

x(t) = zo + /Otb <s,x(s),/os fl(S,T,ZL'(T))dT> ds
+ /Ot o1 <s,ac(s),/0S fQ(S,T,JC(T))dT) dW (s)
+ oz/ot(t —8)* oy (s,:z:(s), /OS f3(s,7',1:(7))d7-) ds.
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Theorem 3.1. (Existence and Uniqueness) Assume that (t,z) € J xR", a €
(1/2, 1), b, 02 € C(JxR" xR, R"), 01 € C(J xR" xR", R"™), fi. o, f3 €
C(JxJxR" R and W = {W(t), t > 0} is an m-dimensional Brownian
motion on a complete probability space Q = (Q, F, P). Suppose the following
nequalities hold:

(i) Linear growth condition : For y; = fg fi(t,s,z(s))ds, j =1, 2, 3,

|b(t795711/1)|2 + |01(t>$7y2)|2 + |02(ta $7y3)‘2
< KT+ [ + |l + vz + [ys]), (3.1)
|yj|2 < K22(1 + |.’L"2)7 J=12,3, (3'2)
for some constants Ky, Ko > 0.
(ii) The Lipschitz condition : For y; = fg fi(tys,x(s))ds, i = 1,2, 3 and
~ t ~ .
= fo fi(t,s,z(s))ds, i=1,2, 3,
[b(t, x,y1) — b(t, &, 1) + o1 (t, 2, y2) — 01(t, &, 52)[?
=+ |O'2(t,l’,y3) - 02(t7jvy~3)|2
< Li(|lzn — 22 + |yn — 1l + |y2 — B2l + |ys — 3]°), (3.3)
lyi — 5il* < L3(Jwn —2af?), i =1, 2,3, (3.4)
for some constants L1, Ly > 0. Let xg be a random variable defined

on (Q,F,P) and independent of the o-algebra F. C F generated by
{W(s),t > s >0} and such that E|zg|? < .

Then the initial value problem

dz(t) =b (t,x(t),/ot fl(t,s,x(s))ds> dt
ol (t,m(t), /O z fg(t,s,a:(s))ds> aw (1) 53
. x+0 (), [ fate,snteas ) any

has a unique solution which is t-continuous with the property that z(t,w) is
adapted to the filtration F;° generated by xo and {W(s)(.),s <t} and

sup Ef|lz(t)|%] < cc. (3.6)
0<t<T
Proof. Existence: First we imitate the classical method of successive ap-

proximations to establish the existence of solution of the initial value problem
(3.5).
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Let 2(9(t) = 29 and 2 (t) = 2 (t,w) inductively as follows:
2 EHD () = 20 + /0 " (s,x(k)(s), /0 ) fl(s,T,m(k)(T))dT) ds
+ /0 "o (s,x(k)(s), /0 ) fQ(S,T,fo)(T))dT) 4V (s)
-l—a/ot(t—s)o‘_lag (s,x(k)(s)7/os fg(s,T,x<k>(T))dT> ds, (3.7)

for k =0, 1, 2,---. If, for fixed n > 0, the approximation x(k)(t) is Fi-
measurable and continuous on J, then it follows, from (3.1)-(3.4), that the
integrals in (3.7) are meaningful and that the resulting process z(**1(t) is
Fi-measurable and continuous on J. As z(0)(t) is obviously F;-measurable
and continuous on .J, it follows by induction that so too is each z(¥)(¢) for
k=1, 2, ---. Since xq is F;-measurable with E(|zo|?) < oo, it is clear that
sup E(jzO1)]?) < .
0<t<T
Applying the algebraic inequality (a + b+ ¢ + d)? < 4(a® + b? + ¢® + d?), the
Cauchy-Schwarz inequality, the It6 isometry and the linear growth condition
(3.1), (3.2) and (3.7), we obtain
t 2
/ ds}
0

o1 (5,29 (), /0 " (s, 7 20 (7)) dr)
2
ds] .

t
/
t20¢—1 t
<AE[|zo|*] + 4K7 (1 + K3) <1+t+a2 )/ E[:c(’“)(s))ﬁ]d&
0

E(|z* D (1)) < 4B[|xo|?] + 4tE

[

9 t2oz—1
200 — 1

b(s, x(k)(s), /OS fi(s, 7, z®) (7))dr)

2
ds}

aa(s, ™ (s), /0 Fs(s, 72 (r))dr)

+4F

+ 4o F

Therefore
E(|z* D (5)]%)

200 — 1
for k=0, 1, 2,--- . By induction, we have sup E(|z*)(t)|?) < Cy < oo, for
0<t<T
k=1,2,3,---. Applying the Schwarz inequality and It isometry, we obtain

E[la™ V(1) — M ()]

< 3t / e ‘b (S’x"”(sm / (s, r,2® W“)
0 0
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2
‘|d8
2
]ds

oa (5.0(6). [ atora® ryar

2
]ds.

By using the Lipschitz continuity assumptions (3.3), (3.4) and o > 1/2, we
have

—b (s,x(kl)(s), /S fl(S,T,I(kl)(T))dT)
0
43 / B
0
—a (522006, [ falosmaO(ar
0

2t2a_1 t
432t / E
0

20— 1

o (s,x<k><s>, [ o7t <T>>dr)

— 0y <s,x(k_1)(s)7/s fg(s,T,x<k—1>(T))dT>
0

Ellz* (1) — 2 ()]
a2t2a71 t
< 3L2(1+ L2) [1 +t+ ] / E [\x(k)(s) - x(kfl)(8)|2] ds.
200 — 1 0
Therefore
Ellz"1 () — ® (1))
a2T2a71

< 302 [1 +T+ 204—1] /0 ‘B [|x<k>(s) - x“ﬂ*l)(s)ﬂ ds, (3.8)

where C? = L2(1+ L32). From (3.7), by applying again the Schwarz inequality,
the It6 isometry together with the growth conditions (3.1) and (3.2) for k = 1,
we have

2

] ds

2
] ds
Ug(s,xo,/ fi(s,7,20)dT)
0

2T2a71

BleV(0) ~ (1)) <3¢ | '
0

t
w3 E
0

Q2T2a-1 gt
3—— | E
* 2a — 1 /0

b(s,xo,/s fi(s, 7, 20)d7)
0

Ul(s,xo,/ fa(s, 7, 20)dT)
0

2
]ds

t
< 3C% (1 +T + 0‘2a1)3Kf(1 + K3) / E(1+ |zo|*)ds
- 0
OL2T20471
< 32022012(1+T+ m_l)(t)(1+E|z02), (3.9)
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with C3 = K7(1 + K3). Now, for k = 1, replacing E[|z(1)(t) — 29 (¢)|?] in the
inequality (3.8) with the Value on the rlght hand side of mequahty (3.9) and
integrating, we obtain

Efla® (t) - 2 (1))

2T2a 1
<302 (1 T+ ) / Bl O (5)2)ds
a2T2a 1 2 t
< C§(1+E|xo|2){32012(1+T+ )] / sds
2a — 1 0

) N a2T2e-1\1%2 42

For k = 2, proceeding as before, we have

a2T2e-1\13 43
El|lz® ) — 2@ (1))?] < C2(1 + E|xo)?) [32012 (1 + T+ )] X —. (3.11)

200 — 1 3!
Thus, by the principle of mathematical induction, we have
BMk—i—lt(k-',-l)
El|lz* D) — 2™ ()] < T k=0,1,2,---,0<t<T, (3.12)

a2T20¢—1
where B = C3(1 + E|z¢|?) and M = 32C? <1 +T+ 21) is a constant
o —
depending only on a, T, C? and E|xg|?. Thus
kb1 (k1)
sup E[lz*HD ) — W (1)]?] < W7t7 k=0,1,2,---. (3.13)

0<t<T - (k+ 1)

This implies the mean-square convergence of the successive approximations
uniformly on J. That is,

m—1
120 () = 2™ (@) [F20py < Y Nl — 2B,

k=n
BMIchlt k+1)
< ———dt
Z/ FTT)

m—1 BMk+1T(k+2)

= W%O, as m,n — oQ.

Then, by applying the Chebyshev’s inequality and summing up the resultant
inequalities, we have

1 o~ BMHIHITHR+2) A
P| su z*F D @) — 2B () ?2) > ] < ) 3.14
kzl |2, 00 00 > | < 32 P (3.14)

where the series on the right side converges by ratio test. Hence the series on
the left side also converges, so by the Borel-Cantelli lemma, we conclude that
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sup (|:c(k+1)(t) — 2k (t)|?) converges to 0, almost surely, that is, the succes-

0<t<T
sive approximations z(*) (t) converge, almost surely, uniformly on J to a limit

z(t) defined by

lim (ac(o)(t) +i(x(k)(t) Nl)(t))) = lim =™ (t) = z(t). (3.15)

n—oo n—oo
k=1
Since x(t) is the limit of nonanticipating functions and the uniform limit of a

sequence of continuous functions, it itself is nonanticipating and continuous.
From (3.7), we have

2(t) = @0 +/Otb <sx/0 fl(s,T,:c(T))dT) ds

+ /Ot o1 (s,x(s),/oS fg(s,T,J;(T))dT) dW (s)
—I—a/ot(t _ )l (S,x(s),/os fg(s,r,x(r))d7> s, (3.16)

for all t € J. This completes the proof of the existence of solutions of the
stochastic fractional integrodifferential equation (3.5).

Uniqueness: The uniqueness follows from the Itd isometry, the Lipschitz
conditions (3.2) and (3.3).

Let z(t,w) and y(¢,w) be solution processes through the initial data (0, o)
and (0, yo) respectively, that is, z(0,w) = zo(w) and y(0,w) = yo(w), w € .
Let

a(s,w) = b(s,z(s s, 7,x(s8))dT) — b(s,y(s s, 7,y(s))dr
(’) (7()7Af1(77())) (7y()7/0f1(77y()) )7
t t
(o) = ar(s.2(). [ folsa()dr) — on(ssu(s), [ faloals)dn)
0 0
and  7ya(s,w) :ag(s,z(s),/o f3(s,7',1:(s))d7)—ag(s,y(s),/o fa(s, T, 2(s))dT).
Then, by virtue of the Schwarz inequality and the It6 isometry, we have
El|z(t) — y(t)[?]
t
< 4Blleo — ] + 45| [ s )ds|
0
t 2,201 t
w48 [ nPds| 445 E| [ pats.was]

2t2a71 t
< aBlieo — ol + 4D (14 04 G ) [ Bllats) - (o).
- 0
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We define v(t) = E[|z(t) — y(t)|?]. Then the function v satisfies v(t) < F +

A [Jv(s)ds, where F' = 4E[|zg — yo|?] and A = 4D? (1 +t+ O‘;taQall). By

the application of the Gronwall inequality, we conclude thatv(t) < F exp(At).
Now assume that g = yp. Then F' = 0 and so v(t) = 0 for all ¢t > 0. That is,
E[|z(t) — y(t)|?] = 0. Hence

P{lz(t) —y(t)] =0, forall teQnJ} =1,

where Q denotes the set of all rational numbers. Since Q is dense in R and since
the solutions are continuous and coincide on a countably dense subset of [0, T7,
they must coincide, almost surely, on the entire interval [0, T]. P{|z(t,w) —
y(t,w)| =0 forall te J} = 1, that is, the solution of (3.5) is unique. This
completes the proof of existence and uniqueness of solution of the stochastic
fractional integrodifferential equation (3.5). O

4. NUMERICAL SCHEME

One of the most important numerical methods that has many advantages is
the Galerkin method [3]. This method has been extensively used for stochastic
differential equations [6, 9, 18, 20]. Here we apply this method to stochastic
fractional integrodifferential equation to obtain the numerical solutions. In
this section, we investigate the numerical scheme of stochastic fractional inte-
grodifferential equation.

Let T > 0 and (9, F, P) be a probability space with a normal filtration
(Fi)eso and W = {W(t) : t > 0} be a Brownian motion defined over this
filtered probability space. Consider the following stochastic fractional inte-
grodifferential equation:

D (t) = f(t,x(t)) + /O o(t5,2(s)) AW (s),

with the initial condition x(0) = zo, for t € [0,7] and 0 < a < 1, where D® is
the Caputo fractional derivative of order .

4.1. Settings and Assumptions. We assume that (2, F, P) is a probability
space with a normal filtration (F;)i>0 and W = {W (t) : t > 0} is a Brownian
motion defined over this space. Consider the following stochastic fractional
integrodifferential equation (SFIDE):

D a(t) = f(t,x(t)) + / gt s,2(s))dW (s), } (4.1)
LE(O) = X0

for t € [0,T]. This equation can be written in the integral form as
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(1) = o + = f (6, 2(1)) + I /0 ot 5,2(5))dW (s),

therefore
— 1 tf(zx (z,8,2( s
x(t) = 0+F(a)/0 (tiz)la // tizladW( s)dz.  (4.2)

We make the following hypotheses on the functions f and g :

Assume that f and g are L? measurable functions satisfying

fs2)— fs9) < Cillz—ul),
9t 5,2) — g(t. 7)< Cz(|8—7|+|33—1/|)7} (43)

and

[f(s,2)] < Cs(1+|z]), }
4.4

\g(t,s,x)| < C4a ( )
for some positive constants Cq,Csy, C3,Cy and for every z,y € R and 0 <
s,7 <t <T. Also assume that xg is Fp-measurable with E(zy) < co.

Before we discuss the numerical scheme of equation (4.2), we should study
the approximation of the stochastic term. The main part is approximating the
term dvgt(t) which is called white noise and formally is known as the derivative

of the Brownian motion W (¢) [20]. Let
to=0<t1 =At<---<tny=T,

with ¢; = iAt, for i = 0,--- , N, be a partition of [0, T]. Following the method
W) p, dW( )

introduced in [1], we approximate as
dW (t)
= FZ mii(t) (4.5)
where n; ~ N(0,1) is defined by
I
= —— | dW(t), i=1,---,N, 4.6
= Al (t), i (4.6)

and

_ ]-7 tifl S t S tiu
§it) = { 0, otherwise.

Now, for numerical scheme of equation (4.2), we consider the approximation
dW (t) in place of the white noise dW (t) and obtain the following equation:

S = & 1 Itf(za:z (z,8,2(
z(t) = O+I‘(a)/0 (= ~d I‘(a // =2 adW( s)dz. (4.7)
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In the forthcoming theorems, we prove that & (¢), the solution of (4.7), is a good
approximation of z(t), the solution of stochastic fractional integrodifferential
equation (4.2). It should be mentioned that, for simplicity of notation, in the
following theorems C' is a random constant which changes from line to line.

4.2. Estimates and Solutions. In order to prove the theorems, we need the
well-known Gronwall’s Lemma which is stated as follows [12]:

Lemma 4.1. Let b,5 : [0,00), a € [0,00) and let e : [0,T] — [0,00) be
measurable mappings which satisfy

e(t) <a+ b/t(t — 5)%e(s)ds,
for all t € [0,T]. Then we obtain 0
e(t) < a.By (10T(8))7),
for every t € [0,T], where Eg : [0,00) — [0,00) is given by Eg(x) =
Yoo F(%il) for every x € [0,00).

|~

Theorem 4.2. Assume that x(t) is the solution of the stochastic fractional
integrodifferential equation (4.2) and &(t) is the approximation of x(t) given
by (4.7). Then there exists a finite random constant C' such that

T
/ @) 2dt
0

Proof. Let t € (0,7T]. From (4.7), we have

2 /;m(tn?dt]
/f'm»%hf e[ (] Heseney o]
/ (/ / tz—sle a A(S)‘b’)?dt]- (4.9)

For the second term on the right hand side of (4.9) by putting v = ¢ — z and
using the Minkowski integral inequality, we have

[([ feme)

/Ot Ul{a (E /ij(t it — v))dt) : dv] 2

E < C(1+ E|2(0)]?). (4.8)

C

<
<CE ()

E

+

E

<C




On the solution of stochastic fractional integrodifferential equations 347
- ~ 1 2
t 1 t—v
<C /0 pE— <E/O f2(z,§:(z))dz> dv]
- 2
<C/< /|1+x |dz> dv
o (t—0)!
: 2
§C<1—|— /t—v < /|x dz) dv]). (4.10)
0

Now, for the last term in (4.9) again by putting v = ¢t — z and using the
Minkowski integral inequality, we have

/ </ / tz—sle adW( )d2>2dt]
: U ol </ E(/otv9<t—v,s7£<s>>dvv<s>)2dt)ih)r. (411)

Now let t§ = 0, t] = At*,---, t}. =t —v = z be a partition of [0, z], with
At* =tf—tf | <At fori=1,--- ,n* By using (4.5), (4.6) for the last term,
we can write

. 2
z 2 n ty t
R i 1 i
E L/O g(z,s,x(s))dW(s)} =F Z/t Ap /t g(z, 1, &(1 ))dT] dw ( )]
=1 i— 1
1 n" t
< = Z lg(z, 7 x(T))|2d7'ds
At =1 ity
C'f " /f'i 7
< drds
At ; v S
n* t
<C Z/ ds]
i=17t-1
< C=. (4.12)

Therefore, from (4.10), (4.11), we conclude that

B[ Ea@(t>|2dt]
< C{l + E|#(0))2 + (1 + [/Og(t — o)t (E/O” |§:(Z)2dz) 5 dvr>

+ [/Ot vl{a (/j(t - v)dt> : dv] 2 } (4.13)
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Thus

E[/Ot |:e(t)|2dt]

<C|1+E[2(0)] + +C

/Of(f—v)a—l (E/ fc(,z)|2d,z>é dv 2

<C(1+EZ(0)) +C / (t —v) < / |2(2 de) dv (4.14)
0
Now define z; : [0,7] — [0, 00) by
t 3
= [E/ |:i(s)|2ds]
0
Then, from (4.14), we have
21 (i) < C(1 4+ EJ#(0) %+c/ (7 — v)° 2 (v)d. (4.15)
By using Gronwall’s Lemma 4.1, we conclude that
21(f) < C(1 + E|2(0)])?, (4.16)
and hence
t
E / |:%(t)|2dt] < C(1+ E|2(0)[?). (4.17)
0

Now, since the equation (4.17) is satisfied for all £ € (0,77, the result (4.8) is
obtained by considering a special case t =T O

Now we are ready to prove the main theorem which is related to the con-
vergence of the method.

Theorem 4.3. Let x(t) be the solution of (4.2) and (t) be the approximation
of x(t) given by (4.7). Then there exists a finite random constant C' such that

/ | (t) th] < C(At)?. (4.18)

Proof. Let e(t) = x(t) — z(t). From (4.2) and ( , we have
2)

e(t)zr(la / f(z, (tzz){_(z,z // tz_sle D gy (s)a

o) // tz_sle p” A(s)dz.
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Therefore
g ([ £
v G aw e
/ / tz—szf a )i (s)az ]2' (4.19)

Now let ¢ € (0,77, then

E(/OfeQ(t)dt>§CE / (/ UG (Z x(z))dz>2dt]
+CE/ // tz_szfadW()

/ / tz_sle o dW( ))dzrdt. (4.20)

For the first term in (4.20) by putting v = ¢t — z and using the Minkowski
integral inequality, we have

ol [ ( [ Lol = f5t2) dz)2dt]
<c /0011% (E/t (tv)dt)édvr

<C /Of (t_i)l_a (E /O eQ(Z)dz)édv] 2. (4.21)

For the last term in (4.20) again by putting v = ¢t — z and using the Minkowski
integral inequality, we derive

2

E/(f [/Ot /OZ ﬁ(g(z,s,x(s))dw(s) - g(z,s,i(s))dW(s))dz] dt



350 P. Umamaheswari, K. Balachandran and N. Annapoorani

<o [ s [ (o v atopaws) —ote - oo )| dvrdt
~ .y
/ P (/ T (ot-v, 5,0l (5) - g1 s,@<s>>dms)))2dt] dv] |

(4.22)

For the last term in (4.22), again like as estimating (4.12), let t; = 0, t] =
At*, - t¥. =t —v = z be a partition of [0, z] with At* = —tF | < At,
for i =1,--- ,n*. Then, from (4.5) and (4.6), we have

2

E

/ otz s.a(s)dW(s) - gl 5, 2(s) W (s)] ]

=FE /0 g(z, s, 2(s))dW (s) — /Ozg(m 57;@(3))61147(5)} 2

=F Z/t g(z,s,x(s))—Alt* /t* g(Z,T,J?(T))dT‘| dW(s)]

:zfl i:l : ) i—1 * ,
=E Z;/tl _Alt* /trzlg(zvsyw(S))dT— Alt* /t;lg(z,r,azﬂ(T))dfl dW(s)]
<FE ;/ﬁ?l _Alt* /t;l l9(z, s,2(8)) — g(z, 7, 2(7))] dT] ds] . (4.23)

Thus, from (4.3), we conclude that

2
E

| [otes 0w (s) = g, )ai (9] ]
: <AS>E@/ / (1=t o) =t e

s zE{fi/f L

R —

Now we are estimating the second term in (4.24) as follows:

e ) o -l
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At* [Z/ / B(s)) + (&(s) - @(T))des}
[Z / / des}
tr_, Jtr
[Z / / |2de3}
tr Jr

Then the equation (4.24) becomes

E /OZ [g(a&fr( ))dW (s) = g(z, s I(S))dW(S)} r
< CAFP + {Z / / - d”“}

ero( o srarad

Therefore

{Z/ /tfl
+ (ASPE{i;/:_ /tt_ :%(s)—:%(T)|2d7ds]>dt}2dvr
s 2[5 o
L ¢ At* / {Z/ / |d7-ds]dt} dv]

< C(AtY) —&—CTE[Z/ ds} +CE[Z/ s)| ds}

By applying Theorem 4.2, we get

351
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2

5 E [ / t | s ot s, s) - o s,ae<s>>dvv<s>>dz] dt
< C(At")? + CTE[/OE €2<s>d5:|. (4.25)

So, from (4.20) and (4.25), we get

2
+ C(At)?

/t 62(t)dt1 <C
0

+ CTE[/Ot eQ(S)dS} (4.26)

g 1

/Ot(f— v)e! (E /0 eQ(Z)dZ) " v

E

Then
2
+ C(At")2

/Ogez(t)dt] <C [/0{({— v)* ! (E /Ov &(z)dz)édv

Taking T sufficiently small, we have

/0 g /0 Fra (E /0 1}62(z)dz> dv

Define e; : [0,T] — [0, 00) by

(1-CT)E

2
+ (A2,

N

E <C

Then, from (4.26), we derive

e1(t) <C (/Ot(f— v)a_lel(v)dv> + C(At").

By using Gronwall’s Lemma 3.1, we conclude that

E (/t eZ(t)dt> < C(A)? < O(AL)2. (4.27)

Hence the theorem is proved. ]
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