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Abstract

In this paper, the variational iteration method and the Adomian decomposition method are implemented to give approximate
solutions for linear and nonlinear systems of differential equations of fractional order. The two methods in applied mathematics can
be used as alternative methods for obtaining analytic and approximate solutions for different types of differential equations. In these
schemes, the solution takes the form of a convergent series with easily computable components. This paper presents a numerical
comparison between the two methods for solving systems of fractional differential equations. Numerical results show that the two
approaches are easy to implement and accurate when applied to differential equations of fractional order.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The objective of the present paper is to extend the applications of the variational iteration method (VIM) and the
Adomian decomposition method (ADM) to provide approximate solutions for the nonlinear system:

D¥'x1(t) = fi(t, x1, X2, ..., Xn),
DiQXZ(I) = fo(t, x1, X2, ..., Xp),
D:nxn(t):f;‘l(l9-xlv-x2v-"7-xl’l)’ (1'1)

where foi is the derivative of x; of order ¢; in the sense of Caputo and 0 < o;; < 1, subject to the initial conditions

x1(0)=c1, x0)=ca,...,x,0) =cy. (1.2)

* Corresponding author. Tel.: +962 777500326; fax: +962 6 4654061.
E-mail addresses: shahermm@yahoo.com (S. Momani), odibat@bau.edu.jo (Z. Odibat).

0377-0427/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.cam.2006.07.015


http://www.elsevier.com/locate/cam
mailto:shahermm@yahoo.com
mailto:odibat@bau.edu.jo

S. Momani, Z. Odibat / Journal of Computational and Applied Mathematics 207 (2007) 96—110 97

Ordinary and partial differential equations of fractional order have been the focus of many studies due to their frequent
appearance in various applications in fluid mechanics, viscoelasticity, biology, physics and engineering. Consequently,
considerable attention has been given to the solutions of fractional ordinary differential equations, integral equations
and fractional partial differential equations of physical interest [5,8,12,17,30,31,33-35,45,47,51]. Most nonlinear frac-
tional differential equations do not have exact analytic solutions, so approximation and numerical techniques (see
[7,11-16,46]) must be used. The decomposition method [1,3,4,9,49,52,53] and the VIM [2,6,18-29,38,50] are rela-
tively new approaches to provide analytical approximations to linear and nonlinear problems, and they are particularly
valuable as tools for scientists and applied mathematicians, because they provide immediate and visible symbolic terms
of analytic solutions, as well as numerical approximate solutions to both linear and nonlinear differential equations
without linearization or discretization.

Recently, the application of the two methods is successfully extended to obtain an analytical approximate solutions
to linear and nonlinear differential equations of fractional order [10,22,36,37,39-44,48]. A comparison between the
VIM and ADM for solving fractional differential equations is given in [40,41]. The fact that the VIM solves nonlinear
equations without using Adomian polynomials can be considered as an advantage of this method over ADM.

2. Basic definitions
We give some basic definitions and properties of the fractional calculus theory which are used further in this paper.

Definition 2.1. A real function f(x), x > 0, is said to be in the space C,, u € R if there exists a real number p(> p),
such that f(x) = x? f1(x), where f1(x) € C[0, 00), and it is said to be in the space CZZ iff fom ¢ Cy,meN.

Definition 2.2. The Riemann-Liouville fractional integral operator of order >0, of a function f € Cy, u=> —1,1is
defined as

J“f(x):%@/Ox(x—t)“_lf(t)dt, x>0, x>0,

JOf(x) = f(x).

Properties of the operator J* can be found in [33,35,45], we mention only the following:
For f e Cy,uz — 1,0, f20and y> — 1:

LI P f ) =7 f (),
2. J2IPFe)y =PI f(x),
3. %" =T (y + 1) /T (e + 7+ 1)x*7.
The Riemann-Liouville derivative has certain disadvantages when trying to model real-world phenomena with
fractional differential equations. Therefore, we shall introduce a modified fractional differential operator D proposed

by Caputo in his work on the theory of viscoelasticity [8].

Definition 2.3. The fractional derivative of f(x) in the Caputo sense is defined as
1 X
DIf(x)=J"""D" f(x) = —— / =" M@ dr, (2.1)
I'm—o) Jy
form —1<oa<m,meN, x>0, feC".
Also, we need here two of its basic properties.
Lemma 2.1. [fm — 1 <a<m,m € Nand f € CZ’, w= —1, then

DXJ* f(x) = f(x),
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and,

m—1 k
Janf(x)=f(x)—Z f(k)(0+))]i—', x>0.

k=0
3. Decomposition method

The decomposition method requires that the system of nonlinear fractional differential equations (1.1) be expressed
in the form

n

DIxi(t) =Y arj(x; + fit, x1, %2, ..., xa) + g1 (1),
j=1

n

D xy(t) = Z azj(O)xj + fa(t, x1,x2, ..., %) + g2(t),

j=l1
n
DIxy(t) =Y anj(O)xj + fult, X1, %2, ..., X)) + gu (D), 3.1)
j=1
where f; is a nonlinear function and 0 < o; <1, fori =1, 2, ..., n. Applying the fractional integral operator J% , the

inverse of the operator DY, to both sides of (3.1), we obtain

xi (1) = xi(0) + J¥gi(t) + ™ Y aij(t)xj(t) + U fit, x1(8), x2(0), ..., Xa (1)), (3.2
j=1

The decomposition method suggests that the solution x; () be decomposed by the infinite series solution

o]

xi(t)=lek(t), i=1,2,....n, (3.3)

k=0

and the nonlinear function f; in Eq. (3.1) is decomposed as follows:
(0.¢]
fi(t, x1, x2, ...,x,,):Z Af-‘(x?, ...,xlf;xg,...,xlz‘; ...;x,?,...,xﬁ), i=1,2,...,n, 3.4
k=0

where Af.‘ are the so-called the Adomian polynomials. Substituting (3.3) and (3.4) into both sides of (3.2) gives

X =x0) + I gi () + T Y ai(0) Y x50

k=0 j=1 k=0
o0
+ J% (Z Af(x?,...,x{‘;xg,...,xlzc; ...;x,?,...,x,’i)). 3.5)
k=0

From this equation, the iterates are determined by the following recursive way

X =ci+J%g(1), i=1,2,...,n,

n
x{‘“([):]“"za,-j(t)xf(t)+J“"A];(x?,...,x{‘;xg,...,xlzc;...;xo x5, (3.6)

PO
J=1
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The Adomian polynomials Af.‘ can be calculated for all forms of nonlinearity according to specific algorithms
constructed by Adomian [52]. The general form of formula for Adomian polynomials is

P 1| d Sk kNS gk k ok
A":E Wfi t,ZAxl,Z/sz,...,Zixn . 3.7
k=0 k=0 k=0

=0

This formula is easy to compute by using Mathematica software or by setting a computer code to get as many
polynomials as we need in the calculation of the numerical as well as explicit solutions.
Finally, we approximate the solution x; () by the truncated series

N—1
o =" xf o), (3.8)
k=0
where
N]i_r)noo xN (1) = x: (1), (3.9)

However, in many cases the exact solution in a closed form may be obtained. Moreover, the decomposition
series solutions generally converge very rapidly. The convergence of the decomposition series has been investigated
by several authors. The theoretical treatment of convergence of the decomposition method has been considered in the
literature [1,9].

4. Variational iteration method
The principles of the VIM and its applicability for various kinds of differential equations are given in [2,6,18-29,38,

50]. To solve the system of nonlinear fractional differential equations (1.1) by means of the VIM, rewrite the system
in the form

DI x1(t) = fi(xr, x2, ..., xp) + g1(1),
DPxy(t) = fa(x1,x2, ..., xn) + g2(2),

DI x, (1) = fulx1, x2, ..., xp) + g (1), 4.1)
where 0 < o; < 1, subject to the initial conditions
x1(0)=c1, x20)=cp,...,x,00) =cy. 4.2)

The correction functionals for the nonlinear system (4.1) can be approximately constructed as

() — g1(0) dt,

t
K@y =xk @) + /0 ) — AGE @, B, ...

(1) — g2(0) dr,

1
@) = k() + /0 k@ — R @, ), ...

t
) = k(1) + / I X @) = Fu @@, B @), . B D) — ga (@) dr, @3)
0

where A1, 42, ..., A, are general Lagrange multipliers [32], which can be identified optimally via variational theory
[18,25,26,32], and X1, X2, ..., X, denote restricted variations. Making the above functionals stationary, we obtain the
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following stationary conditions
Z(@)lemr =0,
1+ 2i ()= =0,
fori =1,2,...,n. Therefore, the Lagrange multipliers can be easily identified as
di=—1, i=1,2,...,n. (4.4)

Substituting (4.4) into the correction functionals (4.3) results the following iteration formulas:

t
K@y = k@) - fo (DA xK (1) — Ak @), 5@, .. x5 (@) — g1(0) d,

t
A =x5@) - fo (D2x4 (1) — (b (), X5 (@), ..., 2K () — g2(0)) d,

t
1 n
) =xh) — /0 (DI xj (1) = fu(x} (1), x5(D), ..., x5 (1) — gu (D) d1. (4.5)
If we start with the initial approximations x(l) =c, xg =0, ..., xfl) = ¢y, then the approximations xlf, xlg, R xfl

can be completely determined. Finally, we approximate the solution x; (#) = limg_, oo x{‘ (#) by the Nth term xl.N (1), for
i=1,2,...,n.

5. Linear systems of ordinary differential equations

In this section we apply the variational iteration method and the decomposition method on systems of linear differ-
ential equations off the form

X0 =" arjt)x; + gi(0),

j=1

xX5(1) = ayt)xj + ga(0),

j=1
n
X ()= an(0)xj + ga(0). (5.1)
j=1
Ifweseto; =1,fori =1, 2,...,n,in the recurrence relation (3.6), then the Nth term approximate solution for the

system of linear differential equations (5.1) using the decomposition method is given by

N-1

o)=Y xf@), (5.2)

k=0

where

t
X)) =ci + [0 gi(v)dr,

t n
x{‘“(t) = / Z ajj (r)x?(r) dr. (5.3)
0

j=1
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In view of the iteration formulas (4.5), when o;; = 1, fori =1, 2, ..., n, the Nth term approximate solution for the
system of linear differential equations (5.1) using the VIM is given by

t n
ANOESHOR f @ =) a0 @ g0 | de. (54)
0 =

Now, if we start with the initial approximation x? ) =c¢ + fot gi (7) dt then recursively, according to (5.4), we get
the following approximations:

t t n
xil H=c¢ + / gi(t)ydr + / Z ajj (r)x?(r) dr,
0 i

t t n t n
xl-z(t) =c¢ + / gi(t)ydr + / Z ajj (r)x?(r) dr + / Z ajj (T)le- (1) dr,
0 0 I e

¢ N—-1 . n
xiN ) =c¢ + / gi(t)ydr + Z / Z ajj (r)x?(‘t) dr. (5.9)
0 k=0 0 j=1

It is clear that the Nth term approximate solution xiN () for system (5.1) obtained using the VIM is the same approx-
imate solution qS,N (t) obtained using the decomposition method. Therefore, if we start with the initial approximation
x? ()=ci+ f Ot gi (1) drin the VIM, then the two methods produce the same approximate solution and they are equivalent
for linear systems of ordinary differential equations.

6. Applications

To incorporate our discussion above, four special cases of the fractional system of differential equations (1.1) will be
studied. In the first and second examples, we consider linear systems of ordinary and fractional differential equations,
respectively, while in the third and fourth examples, we consider nonlinear systems of fractional differential equations.

All the results are calculated by using the symbolic calculus software Mathematica.

Example 6.1. Consider the linear system of ordinary differential equations
X' =y,
Y (1) =2x(1) — y(0), 6.1)

subject to the initial conditions

x0)=1, y(0)=-—1. 6.2)

According to (5.3) or (5.4) the kth term approximate solutions using the decomposition method or the VIM for system
(6.1) are given by

k=1 .,
HKaoy=1+ Z/ yE (o) dr,
=0 0

N—1
Yoy=—14)" f @x @ -y () dr, (6.3)
k=0 70

where x°(r) = 1 and y0(r) = —1.
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Consequently, we obtain the following approximations

x1=1—t,

1 _

vy =—1+4 3¢,

2 3.2
X —1—t+7[,

2 5.2
V=—143-37,

3_ 4 3.2 5.3
x =1 r+5t 21,

3 _ 5,2 11 .3
yY==1+3t—307+ 47,

4 _ 1 3.2_5.3 11 4
=l—r4+32 =20+ 0
V=143t -3+ P - Z

C=1—t+32 =20+ 0t - 2L,

5_ 50, 11,3 21,4, 43 .5
y=—143 =507+ g7 =5t + 5170,

and so on, in this manner the rest of components of the approximate solution for system (6.1) using the VIM and the
decomposition method can be obtained.
The solution in series form is given by

3, 54 11, 21 g
N=1—t+-2—P+—t*——pr+..
x(® Tl el T o T

2 2% (=20  (=20* (=)
=§(1_2t+( G N e DN Gl +)

2! 3! 41 5!
+1 1+t+t2+t3+t4+t5+ (6.4)
3 2031 41 5! ’ '

()= —1+3t 5t2+11t3 21t4+43t5+
Y= 2 6 24" T 120 :

_74)2 _ 73 Y S
=—§<I—Zt+( 21) +( 20) +( 2) ~I-( 2) +>

2! 3! 4! 5!

LY PO AN 6.5)
3 20 31 41 5! ’ ’

which converges to the exact solution

x(t) = %e_zt + %e’,

Y1) =—%e 7 + 1. (6.6)
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Example 6.2. Consider the linear system of fractional differential equations

DY'x(t) =x(t) + y(1),

D2y(t) = —x(t) + y(1), (6.7)
subject to the initial conditions
x(0)=0, yO)=1. (6.8)

According to the formulas (4.5), the iteration formulas for system (6.7) are given by

t
xHVn=xWU—/1dﬁwﬁﬂ—XWﬂ—yWﬂﬂh
0

1
y“%o=yﬂn—[;aﬁwﬁn+xﬂw—yﬁwma (6.9)

By the above variational iteration formulas, begin with x%(r) = 0 and y°(#) = 1, we can obtain the following
approximations

x'=t,
1 _
y =1+1,
t270€|
x2:2t+t2——,
TG —o)
) 2—062
R T, P
Y G- o)

3 2 t3 [2—061 t3—0€1 t3—20(1 t3—O(2
=3 432 += -3 -3 + - ,
3 I —o) I'd—oay) T@—2a) T'@—oa)

3 l‘3 t2—xz t3—o<2 t3—2ocg t3_“1
—143—— 3 - ,
=1t 3 "TG-—m) T@—m) T@—20) T@—u)

41‘3 tz_al t3—061 t4—0€1 t3—29€1 t4—29(1
xt=dr+62+— -6 —12 —4 +4 +4
3 "TG-u) Th—u) TGou)  T@=20) " TG=2x)
14_30(1 t3—12 t4—0(2 t4—20{2 t4—o<1—oc2

- —4 ) + + ,
I'5—3w) Td-—m) TG-0m) TIG-2m) IG-—u—ou)

4t3 t4 t2—12 t3—a(2 t4—o¢2 t3—20€2 t4—20{2
yi=1+4—-——-———6 —4 +2 +4 +2
3 6 I'G—oup) I'4d—op) I'S—oap) I'4 —2up) I'(5—2u)
t473a2 t3fat1 t47a1 t472a1 t47a17a2

' —3a) ré —op) I'S—o;)) I'C—201) I'C—o1—o0)

To solve the problem using the decomposition method, we simply substitute (6.7) and the initial conditions (6.8)
into (3.6), to obtain the following recurrence relations

X =0, F@oy=s1GF 455, k=0,

Y@y =1,y =722 455, k>o. (6.10)
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3 3

2 2

X X
1 1
y y
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

-1 t -1 t
2 -2

(a) (b)

Fig. 1. Plots of system (6.7) when o; = 1.0 and ap = 1.0: (a) ADM; (b) VIM.
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3 3

2 2

X X
1 1
Yy y
0.2 04 0.6 0.8 1 0.2 0.4 0.6 0.8 1

-1 t -1 t
-2 -2

(a) (b)

Fig. 2. Plots of system (6.7) when o; = 0.7 and ap = 0.9: (a) ADM; (b) VIM.

In view of (6.10), the first few terms of the decomposition series are given by

191 t211 t3cx1 t4o<1 tScxl
1= + + + +
YO= 2T T Tax 2 T a3 T TG x4 T TA 1m0
1601 (oo 301+
+ + - +---,
I'(1 + 6ay) I'(1 4 oy 4+ o) I'(14 301 + o)
oo t11+<x2 t2 o140 t3 oy +on
Y =1+ - - -
I'(M+op) TA4oar+o) T'(l4+204+a) I'(14+30+ o)
t4 o+ t5 oy +on t2 o)

— — + 4
IF'(I+40 +0) T(I4+5a40) I'(1+2)

Figs. 1 and 2 show the approximate solutions for system (6.7) obtained for different values of a1 and o, using
the ADM and the VIM. The values of «; = op = 1 is the only case for which we know the exact solution (x(¢) =
e'sint, y(t) = e’ cost) and our approximate solutions using the two methods are in good agreement with the exact
solution. It is to be noted that only the fifth-order term of the variational iteration solution and only five terms of the
decomposition series were used in evaluating the approximate solutions for Figs. 1 and 2. It is evident that the efficiency
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of these approaches can be dramatically enhanced by computing further terms or further components of x (¢), y(¢#) when
the VIM or the decomposition method are used. From the numerical results in Figs. 1 and 2, it is easy to conclude that
the solution continuously depends on the time-fractional derivatives.

Example 6.3. Consider the nonlinear fractional predator—prey system

D x(t) = x(t) — x(1)y(1),
D2 y(1) = —y(1) + x(1)y(1), 6.11)

subject to the initial conditions
x(0)=1, y(©0)=0.5. (6.12)

According to the formulas (4.5), the iteration formulas for system (6.11) are given by
t
NOESHOR /0 (DFx (@) =2 (@) +2* @y () de,
t
MENOESUOR /0 (D2 (@ + (@) = @yt () de. (6.13)

By the above variational iteration formulas, begin with xo(t) =1 and yo(t) = 0.5, we can obtain the following
approximations

=1+ !
= 5
=1
)c2—1+t+t2 e
o 8 23 —oy)’
1 12
2 — = J—
y ) + g’
5 3t 3% 2 ot P 372~ P 320 I'(5— a2~
=l —~ + :
2 8 48 32 320 2I'3—oq) 2I'(4 — aq) 2I'(4 — 201) 16I'(3 — o) I'(6 — a1)
3 1 N 32 N 3 N I N I 3% P I'(5— o)~
Y Ty S T8 T30 320 4ld—wy) AlG—oy) 161G —oa)l(6—01)

To solve the problem using the decomposition method, we substitute (6.11) and the initial conditions (6.12) into
(3.6), we obtain the recurrence relations

=1,
X = g0k — A5, k>0, (6.14)
Yoy =1,

Y0y = 72 (—y* + A%, k>0, (6.15)



106 S. Momani, Z. Odibat / Journal of Computational and Applied Mathematics 207 (2007) 96—110

4 4
3 3
2 2

/// //%
1 1

y y
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
-1 t -1 t

2 -2

(a) (b)

Fig. 3. Plots of system (6.11) when 1 = 1.0 and o = 1.0: (a) ADM; (b) VIM.

4 4
3 3
2 2
////X/—/—’— ////
! Gy ! S A
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
1 t 1 t
2 2

(a) (b)

Fig. 4. Plots of system (6.11) when 1 = 0.5 and op = 0.6: (a) ADM; (b) VIM.

where the Adomian polynomials for the nonlinearity g(x, y) = xy are
A0 = 0,0,
Al = X0yl 4 31,0,
A2 = x0y2 ¢ xlyl 4 x2y0,
A2=xOy3—i—xlyz—i-xzy1 +x3y0. (6.16)

Using the above recursive relationship and Mathematica, the first four terms of the decomposition series are given
by

0.5 M 47%1(0.443113)
x(t) =10+ '+
I'+o) Iad+oa)I'0.5+ o)
4

() =0.5+ 7 4 0.2
Y T TA+ 005 + o) T+ o + o)

t2°‘1+...’

ey (6.17)

Setting o] = op = o into (6.17), we obtain the solution obtained by Momani and Qaralleh [42] which corresponds to
a system of fractional differential equations of single order. Figs. 3 and 4 show the approximate solutions for system
(6.11) obtained for different values of o1 and o, using the decomposition method and the VIM. As per the previous
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example, the approximate solution obtained using the VIM is in good agreement with the approximate solution obtained
using the decomposition method for all values of o and ay.

Example 6.4. Consider the following system of nonlinear fractional differential equations

D¥'x = 2y2, 0<o <1,
D?y=tx, O<u<l,

D¥z=yz, 0O0<o3<l, (6.18)
subject to the initial conditions
x(0)=0, yO)y=1, z0) =1 (6.19)

According to formulas (4.5), the iteration formulas for system (6.18) are given by
o =2 0) - /0 (D20 - 204 )
ANOESHOR /0 (D2 @) — ot @) dr,
K@) =5 - /O t (D% (1) — Yo (1) (1) d. (6.20)

By the above variational iteration formulas, begin with x%(r) =0, y(r) =1 and z°(r) = 1, we can obtain the following
approximations

x =2t
=1,
=141,
) t2—oc]
x =4t -2 s
IG—o)
213
2
=14+ —,
Y 3
) t2 t2—0€3
=142+ = ———,
< 2 TG -u3)
2[4 8[7 [2—0(1 t3—20t1

3
—6r 4 2 ,
* T3t s e TCTa— 20

4—on t4—0€1
-2 ,
I'(S—m) (4—onI'G—o)

V=142 -4

2 t3 l‘4 44 l6 t2—:x3 t3—cc3 t3—2oc3

3t
3

=143+ —t—F—+-—+—-3 -2
¢ e e T e T IS T8 T T3 TG —om) | T 203

(6 — o3)r0~%3
3ar3—o3) (7 —o3)"
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35 35

3 3
2.5 z 2.5 z

2 X 2 X
1.5 y 1.5 y

1 1
0.5 0.5

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

(a) t (b) t

Fig. 5. Plots of system (6.18) when 1 = 1.0, ap = 1.0 and a3 = 1: (a) ADM; (b) VIM.

4 4
3.5 3.5

3 z 3
2.5 2.5 z

X

2 2 X

1.5 y 1.5
y

1 1

0.5 0.5
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

(a) t (b) t

Fig. 6. Plots of system (6.18) when o1 = 0.75, o = 0.85 and a3 = 0.95: (a) ADM; (b) VIM.

To solve the problem using the decomposition method, we substitute (6.18) and the initial conditions (6.19) into
(3.6), we obtain the recurrence relations

=0, l'=207BY, k>0,
Y=1, yYl=y2uxb, k>0,
=1, F=ynCch, k=0,
where y? = Z,fio BX, yz = Z,fio C* and the B* and C* are the appropriate Adomian polynomials generated for the

specific nonlinearities in this system.
The solution in a series form is given by

2t

x(t) = ——— + cee
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In particular, when (, 8, 7)" = (0.5, 0.4, 0.3)", the solution (6.21) reduces to the solution obtained in [10] by using
an iterative method and by Momani and Qarralleh [42] using the decomposition method. Figs. 5 and 6 show the
approximate solutions for Eq. (6.21) obtained for different values of a1, ap and o3 using the decomposition method
and the VIM.

7. Concluding remarks

The fundamental goal of this work has been to construct an approximate solution of linear and nonlinear systems of
differential equations of fractional order. The goal has been achieved by using the variational iteration method (VIM)
and the Adomian decomposition method (ADM). The methods were used in a direct way without using linearization,
perturbation or restrictive assumptions.

There are six important points to make here. First, the VIM and the decomposition method provide the solutions in
terms of convergent series with easily computable components. Second, it is clear and remarkable that the approximate
solutions in all examples using the two methods are in good agreement. Third, the approximate solutions obtained
using the VIM are exactly the same as those obtained by using the decomposition method for linear systems of ordinary
differential equations. Fourth, the VIM is more effective and overcomes the difficulty arising in calculating Adomian
polynomials. Fifth, the two techniques require less computational work than existing approaches while supplying
quantitatively reliable results. It is also shown that the solutions of the fractional equations reduces to the solutions of
the corresponding integer order equations.

Finally, the recent appearance of fractional differential equations as models in some fields of applied mathematics
makes it necessary to investigate methods of solution for such equations (analytical and numerical) and we hope that
this work is a step in this direction.
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