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The fractional power series method was originally proposed to solve a fractional
differential equation. This paper extends the method to a system of fractional dif-
ferential equations with great success. How to construct an initial solution, plays
an important role in the solution process and an example is given to elucidate the
choice of the initial solution.
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Introduction

The solutions of system of fractional differential equations are much involved. In
general, there exists no method that yields exact solutions for the system. In recent years,
many researchers have focused on the approximate analytical solutions of the system of frac-
tional differential equations and some methods have been developed such as Adomian de-
composition method [1], homotopy perturbation method [2], variational iteration method [3],
homotopy analysis method [4], Taylor series method [5], and Daftardar-Gejji-Jafaris method
[6], etc.

Recently, the fractional power series method (FPSM) has been proposed by El-Ajou
et al. [7]. The method is one of the most useful techniques to solve linear system and non-li-
near system of fractional differential equations with a fast convergence rate and small calcula-
tion error. Another important advantage is that this method can be used directly to non-linear
system of fractional PDE without requiring linearization, discretization, Adomian polynomi-
als etc.

In this paper, we will study the following systems of fractional PDE:

DU (x,1) = i (X6 Up, Uy Uyy s Upy) )
subject to the initial conditions:
Ui (x,0) = ¢ (x) )

where the fractional derivative is considered in the Caputo sense, and «; are parameters describ-
ing the order of the Caputo fractional derivative (0 < a; < 1), f;, ¢; are given functions, i = 1, 2.
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Such systems apply to description of many phenomena in thermal physics, viscoe-
lasticity, chemistry, biology, and engineering [8-15].

Purpose of this paper is to use the FPSM to provide a reliable algorithm for the solu-
tions to the systems of fractional differential equations. Two typical cases are considered,
which are often used in applications.

Basic definitions of fractional calculus

In order to proceed, we need the following basic definitions and properties of frac-
tional calculus theory which shall be used in this paper. See [16] for detail of proof.

Definition 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 > u, such that f(x) = x"fy(x) where fy(x) € C[0, o) and it is said to be in
the space C, if and only if {® € C,,n e N.

The Riemann-Liouville fractional integral operator is defined as follows.

Definition 2. The Riemann-Liouville fractional integral operator of order & > 0 of a
function f(x) € C,, 1 > -1 is defined:

W

1 ¢ 4
J¥F(X) =—— | (x=9)*" f(s)ds
r(a)£
I0F(x) = f(x)
Properties of the operator J* can be found in [16] and we mention only the follow-
ing. Foroa, 5 >0,x>0,and y > -1:
JEIP £ (x) =3P £ (x)
J%IP £ (x) = 3837 £ (x)

Ja(xy)= r(7+1) Xy+a
rl+a+y)

The Riemann-Liouville derivative has certain disadvantages when trying to model
real-world phenomena with fractional differential equations. Therefore, we shall introduce the
fractional differential operator, D% proposed by Caputo in his work on the theory of viscoe-
lasticity [17]. For more information about Caputo definition and properties see [16].

Definition 3. The fractional derivative of f(x) in Caputo sense is defined:

a _ 1 f _ o\m-a-1¢ (m)
D f(x)——r(m_a) !(x 5) (™ (s)ds

form-1l<a<mmeN' x>0and feC".
We recall here two of its basic properties:

D*J% £ (x) = f (X)

m-1 Xk
D f(x)=f(x)- Y. f®0")— x>0

k=0 k!
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Fractional power series

Power series is a fundamental tool in the study of elementary functions. They have
been widely used in computational science for easily obtaining an approximation of functions.
In thermal physics and many other sciences this power expansion has allowed scientist to
make an approximate study of many differential equations. In this section, we will recall some
important definitions and theorems of fractional power series theory [7].

Definition 1. A power series representation of the form:

ch(t —1)™ =y + ¢ (t—1tg)” +Cy(t —to)za +ee

n=0
where0<m-1<a<m,me N"andt >ty is called a fractional power series about t,, where t
is a variable and c, are the coefficients of the series.

Theorem 1. We have the following two cases for the 37 c,t"*,t>0:
(1) If ¥y oc,t" converges whent=b > 0, then it converges whenever 0 < t < b,
(2 If ¥y oc,t" diverges whent=d > 0, then it diverges whenever t > d.

Theorem 2. For the series Y7 ,c,t"*,t >0, there are only three possibilities:
(1) The series converges only when t =0,
(2) The series converges for each t 3> 0,
(3) There is a positive real number, R, such that the series converges whenever 0 <t< R and
diverges whenever t > R.

Theorem 3. The series Y7 ,c,t",—o0 <t <oo has radius of convergence, R, if and
only if the series Y7 ;c,t"*,t >0 has radius of convergence RYe,
The following property plays an important role in next section.

Theorem 4. Suppose that the fractional power series Y7 ¢ t"* has radius of con-
vergence R > 0. If f(t) is a function defined by f(t)=Y7 ,c,t"* on 0 <t < R, then for
m-1<a<mand0<t<R,wehave:

& F(n(l +l) t(n,l)a

Daf(t):ngoc“r[(n—nml]

Solving the system of eqgs. (1) and (2) by FPSM

To solve the system by FPSM, the form of the solutions must be chosen appro-
priately, which is the key technique of the algorithm.
Firstly, we have observed that, in general, the functions having the forms:

0D = Y (O (1=1,2)
k=0

are not the solutions of the systems of egs. (1) and (2).
We explain the fact by considering the following problem:

{D?'Sul(x,t) =Uyy —Uy =y 3)

0.2
DUy (X,t) =ty —Up =y



Ren, F., et al.: The Fractional Power Series Method: An Efficient Candidate for ...
1748 THERMAL SCIENCE: Year 2018, Vol. 22, No. 4, pp. 1745-1751

with the initial conditions as:
U, (x,0) = sh(x), u, (x,0) = ch(x) 4)
Let
Uy (X,8) = 8yg (X) + a4y () + @t -+ 5)

Up (X, 1) = 80 (X) + a1 ()12 + appt®* + - (6)

If these two functions uy(x, t) and u,(x, t) are the solutions of the previous problem,
then we have by initial conditions:

ayg (X) = sh(x), ax (x) =ch(x)
Furthermore, substituting egs. (5) and (6) into eq. (3) yields:
sh(x) = ch(x)

This is a contradiction. So that the functions egs. (5) and (6) are not the solution of
the eq. (3) system.

Previous analysis lead us to propose the following algorithm for obtaining the solu-
tion of the systems of egs. (1) and (2):

Step 1: Let
Uy (X t)= 33 ay (Ot I W)
i=0 j=0
Uy (X,) = 3 > by ()t 1 (8)
i=0 j=0

Step 2: By initial conditions, we obtain:
ago (X) = ¢1(X)
boo (X) = 4, ()
Step 3: Take
3y =b=0. (k=0,1,2,--")

Step 4: The remaining coefficients a;(x) and b;;(x) can be determined by substituting
egs. (7) and (8) into eq. (1), and equating the coefficients of t'“* 1% in both sides.

Thus we can obtain the solution of the systems egs. (1) and (2) in the forms of egs.
(7) and (8).

Next, let us consider two cases which are often used in applications.

Case 1. Consider the following linear systems:

©)

{ DUy (X, t) = Gy + CoUlp + Cally, + Cylpy

D{2u, (x,t) = d;u; +d,u, + dsuy, +d,U,,
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with the initial conditions:
Uy (X, 0) = ¢ (x), Uy (x,0) = ¢, (X) (10)

where ¢;, di (i =1, 2, 3, 4) are constants.
We will seek the solutions of egs. (9) and (10) in the forms of egs. (7) and (8).
According to the previous algorithm, we get:

Ay (X) =d(X), by (X) =, (x)
A (X) =bo(x)=0, (k=12,--)

'+ -y + pay)
I'l+ley + pey)

ap(X)= (C1@y_1,p +Coby_g p +Cad_1 p +Cal_1 ), (121, p=0)
Ird+(s-Ya, +rey)

d,a +d,b +d.al ., +d,b/ , (r=0,s>1
F(1+ra1+sa2) ( 1%,s-1 2%r,s-1 3%,5-1 4 r,sfl) ( )

brs(X) =

Hence we can obtain the solution of egs. (9) and (10) by previous iteration formulas.
For example, if we take:
c;=d,=0, ¢=¢c,=0d;=d,=-1 c¢,=d;=1 and ¢(x)=sh(x), ¢ (x)=ch(x)

then we have:

Ul(X,t) — Sh(X) _ Ch(X) ta 4 Ch(X) t2a1 + Sh(X) — Ch(X) tata 4.,
I'l+ o) I'l+2¢) I'l+ oy +ay)

UZ(X,t) — Ch(X) _ Sh(X) t% 4 Sh(X) t2af2 + Ch(X) — Sh(X) taten 4
I'l+e,) I'(l+2a,) I'l+o +ay)

When a1 = a, =1 then:

ul(x,t>=sh(x)[1+t2—2!+.--j—ch(x)(t+§!+...J

U, (X,1) =Ch(X)(1+t2—i+~-~j—Sh(X)[t+t§!+~-j

which are exactly solutions of the following problem [13]:

0 0
—U(X,t)=—u, —u; —u
at 1(X,1) ox 2 Tt
0 0
—Uy(X,t)=—u; —u; —u
ot 2(X.t) PV B

with the initial conditions:
U, (x,0) = sh(x), u, (x,0) = ch(x)

Case 2. Consider the following non-linear systems:
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Dy uy (x,t) = hy () —uy —ug,u, (11)
Dy2u, (X,t) = hy (X) + U, + UyUy,

with the initial conditions:
Uy (X,0) = ¢ (x), Uy (x,0) = ¢, (X) (12)

Similar to Case 1, we will seek the solutions of egs. (11) and (12) in the forms of
egs. (7) and (8).
Following the previous algorithm, we obtain:

ago () =d(X), o (X) =,(x)
gy (X)=b(x)=0, (k=12,--)

rl+(-Ye + pa,) e

rA+(s-Ya, +rey) e,
b (X)= b .- a:b_; y 1Lr>0
rs( ) F(1+ I’al N 30{2) r,s—1 g;, JZ:;,) ij~r—i,s—1-j (S >1Lr )

Thus we can obtain the solution of egs. (11) and (12) by previous iteration formulas.
For example, if we take:

() =h,(x)=1, and ¢ (x) =€*,4,(x) =€
then we find that the solutions are:

extaz1 .\ (EX +1)t2a1 ~ ta1+az Y
I'l+o) T@A+2ey) T+e+ay)

u (x,t) =¢e* -

e—xtaz (e—x _1)t2a2 ta1+a2
+ + +oe
I'l+a,) T(+2a,) T@l+o+ay)

Uy(x,t)=e" +

If a1 = ax, = 1 we obtain the solutions:

2
ul(x,t)=ex(1—t+%—-~j e*t

2
uy(x,t)y=e™* (1+t+%+~-~j:e‘x"t

which are the exactly solutions of the following problem [13]:

0 ou
—u(xt)=1-u, ——2u
P L (X,1) 175 U2

0 ou
—U,(x,t) =1+u, +u —2
8t 2( ) 2 1 GX
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with the initial conditions:
U, (x,0) =€, u,(x,0)=¢7*

Conclusion

The main aim of this work is to provide a reliable algorithm for the solutions to the
systems of fractional differential equations by using the FPSM. This goal is achieved. It is
emphasized that the form of solutions must be chosen appropriately.
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