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Abstract. This paper successfully applies the Adomian decomposition
and the modified Laplace Adomian decomposition methods to find the
approximate solution of a nonlinear fractional Volterra-Fredholm integro-
differential equation. The reliability of the methods and reduction in the
size of the computational work give these methods a wider applicability.
Also, the behavior of the solution can be formally determined by analytical
approximate. Moreover, the paper proves the convergence and uniqueness
of the solution. Finally, this study includes an example to demonstrate the
validity and applicability of the proposed techniques.
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1 Introduction

In this paper, we consider the nonlinear Caputo fractional Volterra-Fredholm
integro-differential equations of the form:

‘D%(x) = g(z) + /0” Ky (z,t)Fy(y(t))dt +/o Ko(z,t) Fa(y(t))dt, (1)
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with the initial condition
yD0) =6, i=01,2,....,n—1, (2)

where n—1 < a <nandn €N, y:[0,1] — R be the continuous function which
has to be determined, g : [0,1] — R and K; : [0,1] x [0,1] — R, are continuous
functions. F; : R — R,i = 1,2 are nonlinear terms and Lipschitz continuous
functions. Here D stands for the Caputo fractional derivative.

The fractional integro-differential equations have attracted much more interest
of mathematicians and physicists which provides an efficiency for the description
of many practical dynamical arising in engineering and scientific disciplines such
as, physics, biology, electrochemistry, chemistry, economy, electromagnetic, control
theory and viscoelasticity [2,7,13-15,17,18]. In recent years, numerous papers have
been concentrating on the development of numerical and analytical techniques for
fractional integro-differential equations. For instance, Al-Samadi and Gumah [2]
applied the homotopy analysis method for the fractional SEIR Epidemic Model,
Yang and Hou [17] applied the Laplace decomposition method to solve the frac-
tional integro-differential equations, Mittal and Nigam [14] applied the Adomian
decomposition method to approximate solutions for fractional integro-differential
equations, and Ma and Huang [13] applied hybrid collocation method to study
integro-differential equations of fractional order. Moreover, several authors exam-
ined properties of the fractional integro-differential equations [5, 15, 18].

The main objective of the present paper is to study the behavior of the solution
that can be formally determined by analytical approximated methods such as the
Adomian decomposition method and the modified Laplace Adomian decomposi-
tion method. Moreover, the paper proves the uniqueness and convergence of the
solution of nonlinear fractional Volterra-Fredholm integro-differential equation.

The rest of the paper is organized as follows: Section 2 recalls some pre-
liminaries and basic definitions related to fractional calculus and Laplace trans-
form. In Section 3, Adomian Decomposition Method is constructed for solving
fractional Volterra-Fredholm integro-differential equations. In Section 4, modi-
fied Laplace Adomian Decomposition Method is constructed for solving Volterra-
Fredholm integro-differential equations of fractional order. Section 5 proves the
convergence and uniqueness of the solution. Section 6 presents an analytical exam-
ple to illustrate the accuracy of the methods used in this study. The final Section
7 gives a report on the paper along with a brief conclusion.

2 Preliminaries

The mathematical definitions of fractional derivative and fractional integration
are the subject of different approaches. The most frequently used definitions of
the fractional calculus involve the Riemann-Liouville fractional derivative, Caputo
derivative, Riesz derivative and Grunwald-Letnikov fractional derivative [5,8, 14,

,18]. This study uses the Caputo’s definition of fractional derivative.

Definition 1. (Riemann-Liouville fractional integral). The Riemann-Liouville
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fractional integral of order o > 0 of a function f is defined as
1 xr
Jof(z) = —/ (@ =0 f(B)dt, >0, aecRY,
I'(a) Jo
I f(x) = f(x), 3)

where RT is the set of positive real numbers.

Definition 2. (Caputo fractional derivative). The fractional derivative, in-
troduced by Caputo in the late sixties, is called Caputo fractional derivative. The
fractional derivative of f(z) in the Caputo sense is defined by

°DY f(a) = J"D™ f(1)

e
ey Jo (@ =ttt m—1 <a<m,

] @ W
dtm
where the parameter « is the order of the derivative and is allowed to be real or
even complex. In this paper, only real and positive a will be considered.
Hence, we have the following properties:

o JOJUf = JOHVF v > 0.

a=m, mEeEN,

oJaxﬁ:%xoﬂ‘ﬂ, a>0,6>-1, x>0.
m—1 k:

o JoDf(x f k" x>0, m—1<a<m.
k=0

Definition 3. (Riemann-Liouville fractional derivative). The Riemann-
Liouville fractional derivative of order o > 0 is normally defined as

Df(x) =D™J™ " f(x), m—1<a<m, meN. (5)
Definition 4. The Laplace transform of a function f(x),z > 0 is defined as

+oo
Clf(x)] = F(s) = / f(@)e*wdz, (6)

where s can be either real or complex.

Definition 5. Given two functions f and g, we define, for any « > 0,

(9@ = [ Fogte - 7)
The function f * g is called the convolution of f and g.
Theorem 1. (The convolution theorem).

L[f =gl = L[f(2)] - L[g(x)]. (8)
Theorem 2. The Laplace transform L[f(x)] of the Caputo derivative is given as

LIED f(x)] = s*F(s) — ni s R0), n—1<a<n. (9)

k=0
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3 Adomian Decomposition method

We consider the equation (1) where the operator °D® was defined in (5).
Operating with J* on both sides of the equation (1), we get:

y(z) = i Hoh) S

( / Ky () F (y (1) )dt+/01K2(J;,t)Fg(y(t))dt> (10)

The Adomian’s method defines the solution y(x) by the series

y=> tn, (11)
n=0
and the nonlinear function F' is decomposed as
:ZA'ru FQZZBny (12)
n=0 n=0

where A,, and B,, are the Adomian polynomials given by

A, = l = quay] , (13)

$=0
B’ﬂ 1 . 14
3o )
$=0
The Adomian polynomials were introduced in [1,3,6,11,12,14,16] as:
Ao = Fi(wo),
Ay = yiF (),
’ 1 "
Ay = yoF1(yo) + yi Fy (o),
1 nr
As = y3F{(yo) + 1y Fy (yo) + 3y1F1 (Y0),
(15)
and
By = Fs(yo),
B = yiFy(w),
/ 1 1"
By = yaFy(yo) + iy%Fz (o),
By = ysFy(y0) + yiy2Fy (yo) + 3y1F2 (%0),

(16)
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The components yo, y1, y2,. .. are determined recursively by

n—1 k
x
v o= yk(0+)ﬁ + J%(z), (17)
k=0
T 1
Y1 = J* (/ Kl(x,s)Akds—F/ Kg(x,s)Bkds> . (18)
0 0
Having defined the components g, 1, ¥2,. - -, the solution y in a series form

defined by (11) follows immediately. It is important to note that the decomposition
method suggests that the 0** component 1o be defined by the initial conditions and
the function g(x) as described above. The other components namely y1, ya,.. .,
are derived recurrently.

4 Modified Laplace decomposition method

We apply the Laplace transform to both sides of Eq. (1):

T 1
LI*Dy(x)] :E[g(x)HE[/O Kl(wvs)Fl(y(S))d5+/0 Ka(z,s)Fa(y(s))ds]. (19)

Using the differentiation property of the Laplace transform (9) we get

s Lly(x)]—c = Llgla)]+ L] / " Ky (5 Py (y(s))ds + / Koz, 5)Fa(y(s))ds], (20)

where ¢ = Z:Ol 2 F=1y(*¥)(0). Thus, the given equation is equivalent to
c 1
Lly(@)) = = + - Llo(@)

x 1
L[ KRG+ [ KBl @)

Substituting (11) and (12) into (21), we will get

xL (22)

t o0 1 ]
/ Ki(x,s) Z A,ds + / Ks(x, s) Z B,.ds
0 n=0 0 n=0
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Matching both sides of (22) yields the following iterative algorithm [4,8-10,17]:

c 1
Llyo] = ot Sjﬁ [9(2)]
r ro 1
Lly1] = Siaﬁ / Kl(x,s)Aoder/ K2($,8)B0d5:|,
Lo 0
1 B T 1
Llys] = S—aﬁ / Kl(x,s)Alder/ K2($,S)B1d5:|,
Lo 0

(23)

r rx 1
LYns1] = S—aﬂ /0 Kl(m,s)AndS—i—/O Kg(x,s)Bnds},

5 Uniqueness and convergence

In this section, we shall give existence and uniqueness of the solution for equation
(1) with the initial condition (2) and prove it. Before starting and proving the
main results, we introduce the following hypotheses:

(A1) There exists two constants L, , Ly, > 0 such that, for any y;,y2 € C(J,R)

|F1(y1(z)) — Fi(y2(2))| < Ly [y1 — el

and
[Fo(y1(2)) — Fa(y2(2))| < Lp, [y1 — yal;

(A2) There exists two functions K7, K5 € C(D,R"), the set of all positive and
continuous functions on D = {(z,t) e Rx R:0 < ¢ <z < 1} such that

K} = sup / | K1 (z,t)|dt < oo, Kj= sup / | Ko (z,t)| dt < oo;
z€[0,1] JO z€[0,1] JO

(A3) The function g : J — R is continuous.

Lemma 1. If yo(z) € C(J,R), then y(z) € C(J,R*) is a solution of the problem
(1) = (2) iff y satisfies

=c S zzfsafl s)ds S wx—safl
W) = et o [ o= s+ s [

X ( ; Kl(s,T)Fl(y(T))dT—i—/O KQ(S,T)Fg(y(T))dT> ds,
forx e J.

Our first result is based on the Banach contraction principle.
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Theorem 3. Assume that (A1), (A2) and (A3) hold. If

<K;‘LF1 +K§LF2) 1

MNa+1) (24)

then there exists a unique solution y(z) € C(J) to (1) — (2).

Proof. By Lemma 1 we know that a function y is a solution to (1) — (2) iff y
satisfies

[ S [T e
Wa) = et [ @m0 e + s @

X (/OS Kq(s,7)Fy(y(r))dr + /01 Kg(s,T)FQ(y(r))dr> ds.

Let the operator T': C(J,R) — C(J,R) be defined by

1 ¢ a—1 L ¢ Tr—s a—1
Te) = et gy [ @9 e+ s [ @

s
0

X ( Ki(s,7)Fy(y(7))dr + /01 KQ(S,T)FQ(y(T))dT> ds.

We can see that, If y € C'(J,R) is a fixed point of T', then y is a solution of (1) —(2).
Now we prove that T has a fixed point y in C'(J,R). For that, let y1,y2 €
C(J,R) and for any « € [0,1] such that

1 ¢ a—1 L ‘ x_s(x—l
yi1(z) = c+@/o (x — s) g(s)ds—&-r(a)/o( )

X (/OS Ky(s,7)F1(y1(1))dr + /01 KQ(S,T)FQ(yl(T))dT> ds,

and

1 ¢ a—1 L ‘ r—5 a—1
@) = o+ g [ @m0 s+ s [ @

s 1
X (/ Kl(S,T)Fl(yg(T))dT-‘r/ KQ(S,T)FQ(yQ(T))dT) ds.
0 0
Consequently, we get

[(Ty1) () — (Ty2)()]

L[ gent (B DIRG0) - Aa)ldr N
- F(a)/o ( ) ( + Jo 1Ka(s, )| |[F2(y1(7)) — Fa(ya(7))|dT )d
KiLr KiLp,
< F(Tfl)lyl(x)—yz(x)l+ﬁly1(x)—y2(x)\

KiLp + KiLp,
= (PR ) o) - m(o).
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From the inequality (24) we have

1Ty — T2l < lly1 — v2ll -

This means that T is contraction map. By the Banach contraction principle, we
can conclude that T has a unique fixed point y in C'(J,R). O

Theorem 4. Suppose that (A1)-(A3), and (24) hold. If the series solution

y(@) = vi(a),
=0

and ||y1]jeo < 00 obtained by the m-order deformation is convergent, then it con-
verges to the exact solution of the fractional Volterra-Fredholm integro-differential
equation (1) — (2).

Proof. Denote as (C[0,1],].]|) the Banach space of all continuous functions on J,
with |y1(x)] < oo for all x in J.

First, we define the sequence of partial sums s,. Let s, and s, be arbitrary
partial sums with n > m. We are going to prove that

Sn = Z yi(),
=0

is a Cauchy sequence in this Banach space. To do so,

||Sn_3mHoo - g;g)§|5n_87n|
= max |y yi(2) — D i)
S i=0
= g;ggliz;lyz(x)l
n 1 xT 1 t
- _— — 0o [ Ky (t s)Ay(s)d
max| 3 (g [ @07l Kt Asas

m—+1

e
+/0 Ks(t,s)B;(s)ds]dt)]|
_ m§|r(1®/0m(x—t)al[/o Ki(t,9) Y Ai(s)ds

1 n—1
+/0 Ks(t,s) ;B,—(s)ds)]dﬂ.
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From (11) and (12), we have

n—1
Z A = F1(3n71) - Fl(Sm—l),
nil
Z B; = Fy(sn-1) — Fa(sSm—-1),

n—1
Z Yi = Y(sn—1) = y(5m-1)-
So,

t
I = mlloe = max( [ Ka(t.5)(Fi(s0m1) = Fa(s))ds
VxeJ 0

+/ Ko(t, 5)(Fa(sn1) — Fa(sm1))ds]dt]),
0

99

1 t
=< T — - —
< (gL, 10 o) = P
1
[ 1R (P 1) — Fafom sk,
0
1 . .
< W[KlLFIHSn—l — Sm—1lloo + K3 L, |01 — Sm—1loo)s
_ (KiLr + K5Lp, 1or — S
Ma+1) n—l m—1llco;

5||3n—1 — Sm—1 ||o<>a

where

5— KiLp, + K;Lp,
INa+1)
Let n =m + 1, then

llsn = smlloo < llsm — Sm—1lloo

S 52Hsmfl - Sm72||oo

8™([s1 = 0llo0s

S0,

N

I5n = smlloo < [[Sma1 = Smlloo + [[Sma2 = Sm1lloo
o I8 = Sn—1lleo

< [6™ 46" 4+ 6" ls1 — solloo

S OML+G+ 8+ + 6" |Is1 — sollso
R

< §"M(—— v ll-

1-9
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Since 0 < 6 < 1, we have (1 —§""™) < 1, and then

m

Hsn - SMHOO < mﬂylﬂoo
But ||y1(2)]|ee < 00, SO, a8 m — 00, then
IIsn, — Smllec — 0.

We conclude that s, is a Cauchy sequence in C[0, 1], therefore

y = lim y,.
n—oo
Then, the series is convergence and the proof is complete. O

6 Illustrative example

In this section, we present the analytical techniques based on ADM and
MLADM to solve fractional Volterra-Fredholm integro-differential equation.

Example 1. Consider the following fractional Volterra-Fredholm integro-differential
equation.

t26t 6t2.25 t 1
?y(t) = — +/ e'sy(s)ds +/ (4 — s73)y(s)ds,
0 0

“DOPly(e)] + (3.25)

with the initial condition

y(0) =0, (25)

and the the exact solution is y(t) = t3.

Firstly, we apply the Adomian decomposition method. Applying the operator
J* to both sides of Eq. (25) gives

3.25)

m—1 k

) = X WL+ g ) - IR 0)
k=0 '
+J° </0 e'sy(s)ds —|—/O (4- 8_3)y(s)ds> .
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Then,
" dy(0) 6
H — v Jo2:25
bo(?) 2o " dtk K] T T32m)
— 04 6 I'9/4+1) £(9/4+3/4)

T(3.25)T(9/4+3/4+1)
= t3,

() = —%Ja(tzetyo(t))+J°‘( /O etsAo(s)ds + /O (4 — 5 By(s)ds)
= —éJa(tzetyo(t)) + JO‘(/O etstds +/0 (4 —5%)s%ds)
= LT yo(t) + T (5 +0)

_ —éja(t%tyo(t)) + éﬁ(eft"’yo(t))

Therefore, the obtained solution is y(t) = ¢3.
Secondly, we employ the modified Laplace Adomian decomposition method.

We apply the Laplace transform to both sides of (25)

t2et

£[D7y0) = 2] -Sm] + £ [ o]
‘L [/Ot et sy(s)ds + /01(4 - SS)y(s)ds} .

Using the property of Laplace transform and the initial conditions (25), we get

siCly(t)] = £ [(_ﬁ;t)y(t)} e [Fﬁé’z;]

L [ / etsy(s)ds + / - s?’>y<s>ds} ,

and

Lly®] = (£ [(—tget)y(t)] +£ {1%222;)]

+L Uot etsy(s)ds + /01(4 - 5—3)y(s)ds] ).
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Substituting (11) and (12) into above equation, we have

> 1 et & 61225
L ()| = = (L | (=) WO+ L | wmoe
;y 1 s l 5 nz:%y [r(s.%)}
t ¢ 3 1 — 53 3 S
+L /()687;)Ands+/o (4 );Bnd ).

By matching both sides of above equation, we have the following relations

1 61225
Llyo(t)] = gﬁ [F(S%)]
1 [ t2%et ¢ !
L) = — <£ (—5)y0(t)} +L [/ e'sAgds +/ (4—- s_S)Bods]> .
81 L 0 0
. 1 [ t2et ¢ !
Lynt1(t)] = —= <£ (5)yn(t)} + L [/ e'sA,ds +/ (4- 33)Bnds]> .
81 L 0 0
By applying the inverse Laplace transform to above equations we get
() = £,
1 t2et
i) = £ ]S )]
Sa
t 1
Jriéﬁ [/ elstds +/ (4- 53)53(15} )) =0.
81 0 0
yn(t) = 0.

Therefore, the obtained solution is y(t) = ¢3.

7 Conclusion

This paper successfully applied the Adomian decomposition method and the
modified Laplace Adomian decomposition method to find the approximate solu-
tion of nonlinear fractional Volterra-Fredholm integro-differential equation. The
reliability of the methods and reduction in the size of the computational work
give these methods a wider applicability. The methods are very powerful and
efficient in finding analytical as well as numerical solutions for wide classes of lin-
ear and fractional Volterra-Fredholm integro-differential equations. They provide
more realistic series solutions that converge very rapidly in real physical problems.
Finally, the behavior of the solution can be formally determined by analytical ap-
proximate. The proposed methods can be applied to other nonlinear fractional
differential equations, systems of differential and integral equation.
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