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Abstract

In this paper, we extend a reliable modification of the Adomian de-
composition method presented in [34] for solving initial value problem for
fractional differential equations.

In order to confirm the applicability and the advantages of our ap-
proach, we consider some illustrative examples.
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1. Introduction

Recently, fractional differential calculus has attracted a lot of attention
by many researchers of different fields, such as physics, chemistry, biology,
economics, control theory and biophysics, etc. [27),29] [33]. Since most frac-
tional differential equations do not have exact analytic solutions, approx-
imate and numerical techniques, are used extensively, such as homotopy
analysis method [10, [16], 31], homotopy perturbation method [20, 2], varia-
tional iteration method [I5], 17, [I8] 19], Chebyshev spectral method [12] [13],

(© 2014 Diogenes Co., Sofia
pp. 382-400, DOI: 10.2478 /s13540-014-0176-2
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new iterative method [9], 22, 23] 24], orthogonal polynomial method [33] [36],
Oldham-Spanier L1 method [32], Grunwald-Letnikov method [33] [14], frac-
tional Adams method [11], and several other methods [33] 27, 28], 46].

The Adomian decomposition method (ADM) [11, 2, [3, 14} [5, 6, [7) [42], [43],
44), [45], 38|, B9L [40] is a powerful tool for solving both linear and nonlinear
functional equations.

Consider the equation
Lu+ Ru+ Nu =g, (1.1)

where L is an invertible operator, which is taken as the highest order deriv-
ative, R is the remainder of the linear operator, N represents the nonlinear
terms and g is the specified analytic input function. Applying the inverse
operator L' on both sides of equation (I.I]) yields

u=¢+ L (g) — LY (Ru) — L™ (Nu), (1.2)

where ¢ is determined by using the given initial values. This method de-
composes the solution u(x) into a rapidly convergent series of solution com-
ponents, and then decomposes the analytic nonlinearity Nwu into the series
of the Adomian polynomials [I, 2] 3]

u(z) = Zun, (1.3)
n=0

Nu(z) = Z A, (1.4)
n=0

where A,, = A,(ug,uq,...,u,) are the well-known Adomian polynomials,
whose definitional formula

1 a

= d}\nN(Zuk)\k)L\:O, n >0, (1.5)

k=0
was first published by Adomian and Rach in 1983 [1I]. Then the standard
Adomian recursion scheme:

uo(z) = ¢+ L'y,
Un41 = _L_l(Run + An)a
is given.

Shawagfeh [41], Daftardar-Gejji and Jafari [8, [26], 25] have employed
ADM for solving nonlinear fractional differential equations and a system
of fractional differential equations, respectively. Momani [30] presented an
algorithm for the numerical solution of linear and nonlinear multi-order

fractional differential equations. The algorithm is based on Adomian’s de-
composition approach.
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Rach et al [34] proposed a new modification of the Adomian decompo-
sition method for resolution of higher-order inhomogeneous nonlinear dif-
ferential equations. This new modified decomposition method provides a
significant advantage for computing the solution’s Taylor expansion series,
both systematically and rapidly.

The purpose of this paper is to extend this reliable modification of the
Adomian decomposition method for different type of initial value problem
for fractional differential equations. The advantage of this new modified
method is that first we compute the Taylor expansion series for g in equation
(LI) and next we apply the operator L~! on it. This trick allows us to
admit various type of analytic functions as g, since sometimes it is difficult
to compute L~ 1(g) when L1 is a fractional integral and g is a trigonometric
or exponential function.

This paper is organized as follows: in Section [2] some facts and results
about fractional calculus and related properties are given, while in spire
of [34] we clarify the steps of the new modification for solving fractional
differential equations in Section [Bland we conclude this paper by considering
some examples to illustrate a possible application of this new method in
Section [l

2. Preliminaries

In this section, we recall some definitions and facts about fractional
calculus, which will be needed later. For more details see [29] 33}, 27].

A real function f(x) is said to be of class C, if f(x) is piecewise con-
tinuous on (0,00) and integrable on any finite subinterval of (0, c0).

DEFINITION 2.1. Let f(z) be a function of class C, then the Riemann-
Liouville fractional integral of order a > 0, is defined as

I“f(x) = ]_“(104) /Ox(m —5)* f(s)ds, a>0,t>0,
I°f(z) = f(2).

DEFINITION 2.2. Let « be a positive real number, such that m — 1 <
o < m, m €N and let f(™(z) exist and be a function of class C. Then
the Caputo fractional derivative of f is defined as
o [ d™
DYf(z)=1m""* <dtmf(m)> .
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We have the following properties of fractional integrals and derivatives:

(1) I1I°f=1""Pf, a,8>0.
F'(v+1)

F'y+a+1)

m—1
:L’k

(3) I°Df(z) = f(x) = Y_ f®(0) e m—l<a<m

(2) 1% = 2T a >0,y > —1.

o

3. Method Analysis

In this section we propose the modified Adomian decomposition method
for solving different type of inhomogeneous nonlinear fractional differential

equations.
3.1. Type (I)

We consider the following inhomogeneous nonlinear fractional differen-
tial equation:

D%u(z) + agu(z) + Bf(u(z)) = g(z), (3.1)
u(0) =¢p, 0 < < 1,
or equivalently:
Lu(z) = g(x) — Ru(x) — N(u(z)),
where
L =D Ru(x)= apu(z), N(u(z)) = Bf(u(z)).
We suppose that g(x) is analytic, so has Taylor expansion series:

[ee] :L‘n
9(x) = gn '
n=0
Notice that by properties of the fractional integral and derivatives we have:
I*D%u(x) = u(z) — co,

I%g(x) = F(la) /Or(m —5)% 1g(s)ds = F(la) nz:;) fﬁ /Ow(a: — 5)* Ls"ds.

Now, applying the integral operator L=' = I to both sides of equation

(B1) we obtain:
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u(z) = co + F(la) Z fﬁ ; (z —5)* Ls"ds — Fo(ég) /0 (x — 5)* u(s)ds
(3.2)
_ ﬁ ’ _ a1
o) /O (x — 5)° " f(u(s))ds.
By equations (L3]), (L.4), equation (B.2)) becomes:
= 1 — 9n ‘ a—1_n
u(z) =co + (x —s)* "s"ds
nZ::O 0 I'(«) Z n! /
&%) a 1 ¥ a—1 =
— F(a)/ x—8) Z s)ds — )/0 (z—s) nz::OAn(s)ds.
Now, we set the following recursion scheme:
’LL(](I') = Co,
Upt1(z) = F(in)n! /0 (z — s)* ts"ds — FC(XS) /0 (z — 5)* Tu,(s)ds
_ F(Ba) /0 “(x = 501 A, (5)ds. (3.3)

Hence, we can approximate the solution u*(x) by:

Omy1 = Z Un($)
n=0

that gives:

lim @i (2 E up () = u*
m—

3.2. Type (II)

We now consider the following inhomogeneous nonlinear fractional dif-
ferential equation:

Du(z) + M D tu(z) + agu(z) + Bf (u(z), D* tu(x)) = g(x),  (3.4)
w(0) =cp, W' (0)=cy, 1 <a <2,

or equivalently:
Lu(z) = g(z) — Ru(z) — N (u(x)),

where

L= D% Ru(z) =MD" u(z) + apu(z), N(u(z)) = Bf(u(z), D* Lu(x)).
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Now, applying the integral operator L=' = I® to both sides of equation
(B.4)), we obtain:

u(z) — (co + 1) = I%(x) — I*(M D Lu(z) + apu(z)) — I(N (u(x))).
By the properties of fractional integrals and derivatives, we have

1°po~t = jtre-tpa-t and so,
I =gn [©
u(x) =co + 1z + I'(a) Z i! /0 (z — 5)* 1s"ds — M I(u(x) — co)

_ Qo mx—sa_lus s — g rx—sa_l u(s))ds
vy [ @t = O @ s,

Similarly to the type (I), we set the following recursion scheme:

up(x) = o,
ui(z) = ez,
9n ’ ya—lgn
Unio(T) = F(a)n! /0 (z — 5)* ts"ds — )\1/0 Upy1(s (3.5)
ao

TIla (@)

Hence, we can approximate the solution u*(x) by:

i =3 un(x)
n=0

) /Or(a: — 5) L, (s)ds — I‘ﬁ /Or(:r —5)*7 1A, (s)ds.
Yy

that gives:
im @1 (2 Zun =u"

3.3. Type (III)

We consider the following inhomogeneous nonlinear fractional differen-
tial equation:

D%u(z) + \ D tu(z) + A\ D %u(x) + agu(z)
+0f (u(x), D* ?u(x), D tu(z)) = g(x), (3.6)
u(0) = cg, ¢ (0) =c1, u”"(0) =co, 2 < a0 < 3,
or equivalently:
Lu(z) = g(x) — Ru(x) — N(u(z)),

where
L = D% Ru(z) = D" u(z) + oD 2u(x) + apu(z),

N(u(z)) = Bf(u(x), D* *u(z), D*tu(x)).
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Now, applying the integral operator L=' = I to both sides of equation
(3:6), we obtain:

2
o) = 1%9(z) = I*(\M D Hu(z)

+ XD 2u(z) + agu(z)) — I(N (u(z))).

u(z) — (co + a1z + c2

Similarly to the type (II), we set the following recursion scheme:

ug(z) = co o1

9n ’ a—1_n ’
Upyz(x) = F(a)n!/o (z —s)*1s ds—Al/O Unt2(s)ds

Qo

— X2 /Ox(:r — 8)Uup+1(s)ds — I'(a) /Oz(x — 8)* Ly, (s)ds

— b xm—so‘_l s)ds
Fo [ @9 ().

Hence, we can approximate the solution u*(x) by:

¢m+1 = Z Un(x)
n=0

that gives:

hm ¢m+1 Z Un =u" )

3.4. Generalized form of inhomogeneous nonlinear
fractional differential equation

We consider the following generalized form of inhomogeneous nonlinear
fractional differential equation:

D* ( ) + agu(x) (3.8)

+Zwa “u(@) + B f (u(@), D*Mule), .. D" N u(w) = g(a),

uw(0) = co, W (0) =cp, .., u™VO0)=cpoy, m—1<a<m, 2<m.
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Proceeding as before, we set the following recursion scheme:

UO(I‘) = Cp,
ui(x) = ez,
2

x
uz(x) = e o1
l,m—l
Um—1(T) = Cm—1 (m — 1)1 (3.9)
O a-1n
Untm(x) = T(a)n! /0 (z — s)* Ls"ds (3.10)
m—1
Y v
_ i _ )=
2 (i — 1)1 /0 (x —s) Untm—i(S)ds

Hence, we can approximate the solution u*(x) by:

¢m+1 = Zun($)7
n=0
that gives: -
lim Gpns1(2) = ) un(z) = u*().
n=0

m

4. Applications and numerical results

To demonstrate the effectiveness of the new modified method, we con-
sider some nonlinear fractional differential equations.

ExAMPLE 4.1. Consider the following type (I) inhomogeneous nonlin-
ear fractional differential equation:

D%u(z) +u(z) =1, u(0) =co=0, 0 <a <1

e2r — 1
The exact solution, when v =1 is .
e + 1
Note that:
ap = 07 5 = 17

and the inhomogeneous term:
g(aj‘):l (90:17 gn:07 nZl))
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and the first few Adomian polynomials for f(u(z)) = u?(z) are:
Ao(z) = uj(@),
Ay(z) = 2ug(w)us (),
Ay() = 2ug(z)uz(2) + ui(z),

by the new modified recursion scheme for o = 0.98,

up(z) = ¢ =0,

1 €T
uy(x) = I(a) /0 (z — 5)* tds = 1.0082%%,
uz(x) =0,
1 [*
us(z) = I'(a) /0 (x — 5)* ui(s)ds = —0.3502>%,

“eey

SO
u(z) = 1.008z%% — 0.35022%% + ... .
Comparing the above results with the obtained results by the iterative

method which is introduced in [24], affirms the simplicity and accuracy of
the given method.

In Figure 1, approximate solution of the new modified recursion scheme
and the iterative method [24] for o = 0.98 and the exact solution have been
plotted.

ExXAMPLE 4.2. Consider the following type (I) inhomogeneous nonlin-
ear fractional differential equation:

D%(z) + u(z) =sin(z), u(0)=cp=0, 0<a <1.

1

The exact solution, when o = 1 is 7' cos(z) + ; sin(z) + je .

Note that:
ap =1, 5=0,
and the inhomogeneous term:
g(x) = sin(x),
where the first few coefficients g, = ¢(™(0) are given by:

9=0,91=1,90=0, g3=—1,.....
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FIGURE 1. Solid Line: Analytic solution; Dot Line: Ap-
proximate solution for o = 0.98; Dashed Line: Approximate
solution [24] for o = 0.98 .

by the new modified recursion scheme for a = 0.98,
up(z) = ¢ =0,
ui(z) =0,

ug(x) = ]_“(104) /0 (z — 5)* Lsds = 0.509298,

—0.504 [*
ug(x) = 050 / (x —5)* st Bds = —0.17522%
0

SO
u(z) = 0.509z1% — 0.17522% 4 .. |

ExAMPLE 4.3. Consider the following type (II) inhomogeneous non-
linear fractional differential equation:

Du(z) + e 2@ =0, u(0)=co =0, W(0)=c; =1, 1<a<2

The exact solution, when oo = 2 is In(1+ z), which has been solved in [34].
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0.7

0.6 a

0.14

FIGURE 2. Solid Line: Analytic solution; Dashed Line: Ap-
proximate solution for o = 0.98 .

Note that:

and the inhomogeneous term:

g(x) =0,

and the first few Adomian polynomials for f(u(z), D* tu(z)) = e=24(*)

is:
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I Y a—1j. _ 1.98

ug(w)—r(a)/o (x —s)* “ds = —0.509z""°,
2 €T

us(x) = I'(a) /0 (z — 5)* Lsds = 0.3412%98,

ceey

SO
u(z) = x — 0.50921% +0.34122% 4 .. .

In Figure 3, the approximate solution of the new modified recursion
scheme for 1.98 and the exact solution have been plotted.

0.6 —_—

0.5 o

0 0.2 04 06 08 1

FIGURE 3. Solid Line: Analytic solution; Dashed Line: Ap-
proximate solution for o = 1.98 .

ExXAMPLE 4.4. Consider the following type (III) inhomogeneous non-
linear fractional differential equation:
Du(x) + D 2u(x) +u*(x) = (1 +sin(22))?, (4.1)
w0)=co=1, u'(0)=c; =1, u"(0) =c2 = -1, 2< a < 3.
The exact solution, when o = 3 is sin(x)+cos(x), which has been considered
in [34].
Note that:
)\2:17 )‘1:07 ag =0, ﬁ:l’
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and the inhomogeneous term:
g(z) = (1 +sin(22))?,
where the first few coefficients g, = ¢ (0) are given by:
go=1 g =4, g2=38, g3 =—-16,...,

and the first few Adomian polynomials for f(u(x), D® lu(z), D* 2u(x))
= ut(x) is:

by the new modified recursion scheme for a = 2.98,
up(x) = ¢p =1,

ui(z) =z =z,

—x
ug(x) = 5
T _x?;
u;:,(m):—/ (x — s)sds = ,
0 6
_ 1 a—=1_27. _ at
ug(x) 2/0 (r—s) "s%ds = "
S0 2 3 4
ulz) =14z — _6+24+

ExaMpPLE 4.5. Consider the following inhomogeneous nonlinear frac-
tional differential equation:

Du(z) — 2424 = 0, (4.2)
u(0) =co=1, W'(0) =c1 =e !, u(0) =c2 = —¢ 2,
W"(0) = c5 =27, u™(0) =cy = —6e7%, 4 < a <5

The exact solution, when o« = 5 is In(e + x), which has been considered
in [34].
Note that:
ag=0, B==-24, g(x) =0, \; =0 for 1 <i <4,
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FIGURE 4. Solid Line: Analytic solution, Dashed Line: Ap-
proximate solution for o = 2.98 .

by the new modified recursion scheme for a = 4.98,

up(x) =1,

ui(z) = el
us(z) = —6_23;22,
uz(z) = ™3 3;)3,
ug(x) = —6_424,

SO
2 3 4
u(x) =14+e o — 6_2:1; + e_?’a; - 6_4141 +e75(0.206)z%% + ... .

In Figure 5, approximate solution of the new modified recursion scheme
for & = 4.98 and the exact solution have been plotted.
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FIGURE 5. Solid Line: Analytic solution; Dashed Line: Ap-
proximate solution for o = 4.98 .

5. Conclusion

In this paper, we have developed a reliable modification of the Adomian
decomposition method presented in [34] for solving initial value problem for
fractional differential equation. The great advantage of this new modified
method is that, we apply the operator L~' on Taylor expansion series of
function ¢ in (LI]) and this technique allows us to admit various type of
analytic functions as g, since sometimes it is difficult to compute L~1(g)
when L~! is a fractional integral and g is a trigonometric or exponential
function. The results for numerical examples demonstrate that the present
method can give a more accurate approximation.
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