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Abstract In this paper, an expansion method based on orthonormal polynomials is presented
to find the numerical solution of partial fractional Fredholm integro-differential equa-
tions (PFFIDEs). A PFFIDE is converted to a system of linear algebraic equations,
which is solved for the expansion coefficients of approximate solution based on or-
thonormal polynomials. An estimation error is discussed and some illustrative exam-
ples are given to demonstrate the validity and applicability of the proposed method.
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1. INTRODUCTION

Fractional ordinary and partial differential and integral equations have been applied
for solving many practical problems which are modeled in various fields of science and
engineering, such as, physics, electrochemistry, viscoelasticity, continuum and statis-
tical mechanics [2, 7, 10, 16]. Since there are not simple analytical methods for solving
these equations, many researchers proposed approximate methods for solving these
kinds of equations, such as partial differential and integro-differential equations. For
example, the Adomian decomposition, variational iteration, homotopy perturbation,
fractional differential transform(FDTM), wavelet, block pulse operational matrix and
Tau methods [4, 5, 8, 9, 11, 12, 15, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27] are some
instances of given methods.

More recently, a combination of the spectral method with Bernstein operational ma-
trix in [13] and a combination of the Ritz method with fractional operational matrix
method in [14] have been proposed to solve two-dimensional fractional optimal control
problems.

But partial fractional integro-differential equations have not solved by any numerical
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method. So in this paper, we propose a numerical method to solve these kinds of
equations. To this end, we consider a PFFIDE of the form

11
Diu(z,t) — )\/O /0 k(z,t,y, 2)uly, 2)dydz = f(z,t),

(2,) € T=1[0,1] x [0,1], (1.1)
with initial conditions
ak
wu(w,()) =hg(z), k=0,1,...m—-1, m—-1<a<m, méeN, (1.2)

where D¢ denotes the Caputo fractional operator of order a with respect to ¢, f(z,t)
and k(x,t,y,z) are given continuous functions and u(x,t) is a solution to be deter-
mined. In this paper, we apply an expansion method based on some orthonormal
polynomials for problem (1.1)- (1.2). Here, we replace the differential and integral
parts of a PFFIDE by their operational matrix representations and then convert it
to a corresponding system of linear algebraic equations. In a similar manner, we
transform the initial conditions to a linear algebraic system of equations. Finally,
by combining these two linear systems of algebraic equations, we obtain a system
of linear algebraic equations and solve it to obtain an approximate solution of the
problem.

2. BASIC DEFINITION OF FRACTIONAL CALCULUS

In this section, we briefly present some definitions and results in fractional calculus
from [1, 6] which are used in the paper.

Definition 2.1. The Riemann-Liouville fractional integral operator J* of order « is

given by

J%u(t) = ﬁ/o (t — 1) tu(t)dr, o >0,

JOu(t) = u(t).
Some important properties of the fractional integral operator are as follows
1) JeJPu(t) = JoPu(t), (2.1)

2) JeJPu(t) = JPJ%(t), (2.2)
F(V + 1) ta+1/

Noa+v+1)
where a, 8 > 0 and v > —1 are real numbers.

3) Jo = : (2.3)

Definition 2.2. The partial Rimann-Liouville fractional integral operator with re-
spect to t of order v > 0 is defined as

e f(2,t) = ﬁ/o (t — ) f(, 5)ds. (2.4)

(e
BE
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Definition 2.3. The Caputo partial fractional derivative with respect to t of order
a > 0 is defined by

Df fa,t) = J" Dy f (1)

t m
— 1)/ (t— S)W*D‘*L(I’S)ds, m—1<a<m, (2.5)
0

'(m-« os™
where m is an integer.
3. MAIN RESULTS

In this section, we give some theorems and lemmas to convert the differential and
integral parts of PFFIDE to their matrix representations. Let {¢,(¢)} be a sequence
of orthonormal polynomials. Then a function u(t) € L?[0, 1] can be expanded as

u(t) =Y cj¢(t) = COX,,
§=0
where C' = (¢g, 1, ..., Cp, ...) With

1
Cj :/ U(t)¢](t)dt,
0

X = (1,t,#2,...,t",...)T and ® is a lower triangular matrix such that ®X; = (¢(t),
A1ty ey P (1), ..)T.

Now we recall the following lemma from [17].

Lemma 3.1. Let u(t) = CX; be a polynomial. Then we have

dT
Dru(t) = dtru(t) =Cn" Xy, r=20,1,2,.., (3.1)
where C = (cg, €1, ..., ¢, 0,0,...), X¢ = (1,¢,¢%,...,t",..)T and
00 00
10 0 0
| 0 2 00
7 00 3 0
Theorem 3.2. For X; = (1,t,t2,....t",..)T, we have
JN(Xe) = GARX,, (3.2)
where G is a diagonal matriz with diagonal elements
T(i+1) .
Gi; = : , =0,1,2,..., 3.3
T T(m—a+i+1) ‘ (3:3)
and A = (a;j)§5-o with
1
aij = /0 tmmotig (Hdt,  i,§=0,1,2,.... (3.4)

(&)
EE
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Proof. By (2.3), we have
JUTOX) = (), I e ST, )T
_( T@ymme )ttt [(n+ 1)tm—atn
\I'm—a+1)'T(m-—a+2)""T(m—a+n+1)""
= G1I,

where G is a diagonal matrix with elements (3.3) and

9

II = (¢m—o gmott | gmoatn )T,

But ™% can be written as:

oo
et = Zaij¢j(t) =a;®X;,  a; = (a0, i1, ., Ains ---),
=0

where a;; obtained by (3.4). Therefore, we have
II=(ap®X;,a, Xy, ...,a,0X,,...) T = ADX,,
where
A= (ag,ay,....,an,...)".
Hence, by substituting (3.6) into (3.5), (3.2) is obtained.

Consider the approximate solution of the Eq.(1.1) in the form

n

w8 = 33 gy 6:()5 (1) = X, TOTURX,,

i=0 j=0

where X7 = (1,z,22,...,2",...) and

Ugp Upl *+  Upn O
uyp U1l v U, O
U p—
unO unl “ .. unn 0 ... ?
0 0 cee 0 0

155

(3.5)

(3.6)

(3.7)

with the unknown elements u;;,4,j = 0,--- ,n. By using (2.5), (3.1), (3.2) and (3.7),

we obtain the matrix form

Duy, (z,t) = J" DX, dTUDX,) = J" (X, T UDN™ X,)
= X, ToTUdy™ I (X)) = X, L dTUSN"GADX,,

(3.8)

for differential operator Dg. On the other hand, the function f(z,t) can be expanded

as

Flat) =D fijdi(x)p;(t) = X, " 0T FOX,,

i=0 j=0

(3.9)

(e
BE
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where F' = (f;)7;—o with

_ /0 /O P, 0)u(@); (£)dadt. (3.10)

Theorem 3.3. If k(z,t,y,2) = D0 (30702 j—0 2o Kigrs®i(2)0j (t)dr(y)ds(2),
then

1
/ / k(x,t,y, 2)un(y, 2)dydz = X, T dTADX,, (3.11)
0o Jo

where A is an (N 4+ 1) x (N 4+ 1) matriz with the elements

n n

= E kijrs“’?"& 7’7] :O,l,...,’ﬂ
s=0 r=0

Proof. Since uy(x,t) = 371 5o uij ¢i(x)d;(t), then we have

1 1
/ / k(e by, 2)un(y, =)dyd=
0 0

_ / / ST ki), (061 ()6 ()

s=0r=0 j=0 i=0

x (Z Z Uim Pi (y)¢m(2)> dydz
= ZZZ . Z Z kijrsulm¢i(l’)¢j(t)/0 ¢r(y)¢l(y)dy/0 ¢s(z)¢m(z)d'z

0 m=0

O

By substituting from (3.8), (3.9) and (3.11) into Eq.(1.1) and noting that X,” ®”
and ®X; are basis vectors, we obtain the operational matrix representation

Udn™GA—-A=F, (3.12)

which is a system of linear algebraic equations.
Similarly, we convert the conditions (1.2) to a system of linear algebraic equations.
To this end, let us assume that

= hijoi(x) = X,"® hy, k=0,1,..,m—1, (3.13)
j=0

2D
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where hy, = (hro, hi1, -, i, 0,0,...)7 . Then by using (3.8), we have

3k

S @ t)li=0 = X, ToTn* UDX,|i—o. (3.14)
Substituting (3.13) and (3.14) into (1.2) yields

" U®X,|i—o = hy, k=0,1,...,m—1. (3.15)

By solving the system of equations (3.12) and (3.15) simultaneously and determining
the unknown coefficients wu;;, the approximate solution w,(z,t) can be determined
from (3.7).

Remark 3.4. By applying the integral operator (2.4) to both sides of (1.1), using
the conditions (1.2) and some classical results from fractional calculus, we get:

1

=y tk ‘ a—1
u(z,t) = ; hk(w)H + @/0 (t—s)*"" f(x,s)ds

_|_

Lt—sa_lllxs 2)uly, z zds
s [0 [ ks dydeds, (30

and by changing the order of integration in (3.16), we can derive

1 1
u(z,t) = g(z,t) —i—)\/ / K(z,t,y, 2)uly, z)dydz, (3.17)
o Jo
where
m—1 tk 1 t .
oa.0) = 3 hula) g + gy [ (6907 o)
and

t
K(z,t,y,2) = ﬁ / (t — 5)*k(z, 5,, 2)ds.

Therefore, problem (1.1)-(1.2) is equivalent to the Fredholm integral equation (3.17).
Since f and k are continuous functions on their corresponding domains, it follows
that g(x,t) and K(z,t,y, z) are continuous. The convergence of the proposed method
with Legendre polynomial bases for (3.17) was proved in [3], so the proposed method
is converge.

4. ERROR ESTIMATION

In this section, we present an estimation error for the approximate solution. To do
this, we define the error function as

en(x,t) == u(x,t) — uy(z,t), (4.1)

where u(z,t) and u,(z,t) are the exact and the approximate solutions, respectively.
By replacing u(zx,t) by u,(x,t) in (1.1)-(1.2), a perturbed problem is obtained as
1,1
Dfun(ant) = [ [ bt 2. 2y = 1(2.0) + pla ), (42)
0o Jo

(e
BE
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with the initial conditions
ak
ﬁun(x,()) =hi(z), k=0,1,...m—1, (4.3)

where the perturbation term p is computed from

1 1
p(a,t) = Dffun (. 1) — / / k(s 1,9, 2)un(y, 2)dydz — £z, 1). (4.4)

By subtracting (4.2) from (1.1) and (4.3) from (1.2) and using (4.1), we obtain the
following initial value problem for the error function e, (x,t)

1 1
Dien(z.1) - / / k(2.1 9, 2)en(y, 2)dydz = —p(a, 1), (4.5)
0 0
ak
wen(z,O) =0, 1=0,1,....m— 1. (4.6)

Solving problem (4.5)-(4.6) by the same way as we did before for the solution of (1.1)-
(1.2), an approximation e, ;(x,t) of degree [ is obtained for the exact error function
en(z,t). We should notice that, only the right-hand sides of equations (4.5)-(4.6)
differ from (1.1) and (1.2).

5. NUMERICAL EXAMPLES

In this section, we use normalized Legendre polynomials as basis functions and
solve some examples to illustrate efficiency and applicability of the proposed method.

Example 5.1. Consider the equation

20yt 1. 13
-2 (@) el
Tos) 3 1 WHEL

1 1
Dpulant) = [ [P+ t2)uty,2)dydz =
0 0

with the initial condition u(z,0) = 22 and exact solution u(z,t) = x? + xt. By
applying the presented method, we obtain us(z,t) = 22 + xt which is the exact
solution.

Example 5.2. As the second example, consider the equation

0T (x, t)— 1 1:102 sin u(y, z Z
D u(et)= [ [ @+ tsinu)uty. g

4 ¢1/4 1 1
F(O.c;);)(w) - gsm(l) x— Zsin(l)2 t, (z,t)el,

with the initial condition w(z,0) = 0. The exact solution of this problem is
u(x,t) =t cos(x). Table 1 shows the absolute errors (e(x,t)) and the corresponding
estimations (e,(x,t)) at some selected points for n = 8. Absolute errors plotted in
Figure 1.

(&)
EE
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TABLE 1. Numerical results of Example (5.2).

(z,t) e(z,t) en(x,t)
(0,0.6) 0.6651e -7 0.1734e -7
(0.1,0.1) 0.4075¢ -8 0.4508¢ -8
(0.2,0.7) 0.3101e -7 0.1054e -7
(0.3,0.8) 0.3899e -7 0.1717e -7
(0.4,0.4) 0.3746e -8 0.3568¢ -8
(0.6,0.9) 0.8366¢ -8 0.3533¢ -8
(0.8,0.5) 0.8094e -7 0.1248e -7
(0.9,0.1) 0.4074e -8 0.4508e -8

FI1GURE 1. Absolute errors of Example 5.2 for n = 8.
efxl)

Example 5.3. As the final example, we consider the equation

1o
Diu(z,t) — / / u(y, 2)dydz = 2x*e®" +
0o Jo

10

1 1
— — —¢?, (x,t) €1,

10
0<a<l,

159
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FIGURE 2. Absolute error for n = 10 and o = 1 of Example 3.
elxh)

subject to the initial condition u(z,0) = z*.

For o« = 1, the exact solution is
u(x,t) = z%€?. For n = 10 and different values of o approximate values of the
solution are reported in Table 2. As shown in this table, the results of our method
for a = 1 ( the only case that we know the exact solution) is in the best agreement

with the exact values. For a = 1 the plot of absolute error is shown in Figure 2.

6. CONCLUSION

In this paper, we presented an expansion method, based on orthonormal polyno-
mials to solve PFFIDEs. We applied the presented method on three test problems
and showed that the numerical results have high accuracy comparing with exact val-
ues. We concluded that the presented method is efficient and it can be developed for
similar partial fractional Volterra integro-differential equations.
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TABLE 2. Numerical results of Example (5.3) for various o.

(z,t) a=0.7 a=0.38 a=09 a=1 Exact solution
fora=1

0.111603 0.048368 0.015931 0.000122 0.000122
0.187484 0.087515 0.032154 0.002387 0.002387
0.263031 0.134484 0.058627 0.014759 0.014759
0.440334 0.214756 0.117241 0.056974 0.056974

0.955369 0.716930 0.549075 0.430287 0.430287
1.697018 1.386118 1.152511 0.973653 0.973653
3.095794 2.658581 2.311338 2.028762 2.028762
5.599890 4.963044 4.427511 3.969174 3.969174
(1,1) 9.967113 8.993351 8.142245 7.389056 7.389056

( )
( )
0100
(0.50.5)  0.571382  0.378956  0.252958  0.169893  0.169893
( )
( )
( )
( )
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