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Abstract This manuscript is devoted to present an efficient numerical method for finding
numerical solution of Volterra-Fredholm integro-differential equations of fractional-
order. This technique is based on applying Miintz-Legendre polynomials and Petrov-
Galerkin method. A new Riemann-Liouville operational matrix for Miintz-Legendre
polynomials is proposed using Laplace transform. Employing this operational ma-
trix and Petrov-Galerkin method, transforms the problem into a system of algebraic
equations. Next, we solve this system by applying any iterative method. An estima-
tion of the error is proposed. Moreover, some numerical examples are implemented
in order to show the validity and accuracy of the suggested method.
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1. INTRODUCTION

The origin of fractional calculus is in the question whether the meaning of a in-
teger order derivative can be valid for an inappropriate order derivative. Regard to
letter of L’Hopital to Libeniz on 30 September 1695, this question was raised. In
response to this question, Leibniz said that it’s an apparent paradox that one day,
the consequences will be beneficial [13].

Recently, fractional calculus is a concern for many researchers and mathematicians,
since the fractional equations emerge in the modeling of many phenomena in physics,
chemistry, engineering, and so on. Fractional order integro-differential equation is a
type of fractional equations which has various applications in various sciences such
as earthquake engineering, biomedical engineering, fluid mechanics, thermal systems,
turbulence, fluid flow, mechanics, etc [2, 3, 10].
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Moreover, due to the importance of these equations, several analytical and numeri-
cal methods are presented to solve this class of fractional equations, such as collocation
method [4], CAS wavelet [17], Chebyshev wavelet [21], Bernoulli wavelets [7], hybrid
functions [9], method based on the block backward differential formula [6] and so on.

On the other hand, a set of basic functions is the Miitz-Legendre polynomials,
which is a set of generalized orthogonal polynomials. Badalyan introduced Miitz-
Legendre polynomials in 1955 [1]. Also, scholars like McCarthy et. al (1993) [12],
Stefdnsson (2010) [19] have been studying this kind of polynomials. Recently, these
polynomials have been used as the basis polynomials for numerical solution of vari-
ous types of fractional problems. Here are some these research papers: Solving de-
lay Fredholm integro-differential equations by Miintz-Legendre matrix method [20],
Miintz-Legendre polynomials and numerical solution of gas solution in a fluid [5],
Miintz-Legendre wavelet for finding numerical solution of the fractional pantograph
differential equations [15], etc.

Employing the operational matrices of derivative or integral of orthogonal func-
tions, transforms the dynamical system problems into a solution for a system of
algebraic equations. This is the main advantage of using their. These operational
matrices can be derive based on the specific orthogonal functions, uniquely [9].

Due to the presence of A\, factor, Miintz-Legendre polynomials have the advantages
of fractional functions in addition to the advantages of the orthogonal functions. The
existence of parameter A\; makes these functions suitable for solving the fractional
equations. We employ these polynomials together Petrov-Galerkin method for solving
one kind of fractional equations.

The structure of this study is as follows. Section 2 recalls some basic definitions
which are needed for this manuscript. In Section 3, we derive Miuntz-Legendre poly-
nomials operational matrix of Riemann-Liouville integration using Laplace transform.
In Section 4, we present our numerical method and an estimation of the error is given.
Finally, in Section 5 the achieved validity and efficiency numerical results are verified
by various examples.

2. PRELIMINARIES

Definition 2.1. Assume that g : [a, b] = R, v € R,v > 0 and n = [v], the
Riemann-Liouville integral is defined as [16]

I"g(x) = { rw) g(z) v=0 (2.1)

in which % denotes the convolution product. For this fractional integral, we have

[v]—1 i

(I"D*g)(x) = gla) = Y~ —g(0), (2.2)

=0

where D" is Caputo’s derivative, which is defined in Ref. [16].
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Definition 2.2. [16] Assume that D¥7g(x) € C(0,1] for k =0,1,...,n. Then, we
have:
—1

3

™

D¥g(0%) + T(ny+1)

D"g(¢),
i k +1)

with 0 < £ < z, Vz € (0, 1]. In addition, one has:

A DRYg(0+)] < M, — 2.3
7;% g(0m)| < Ty + 1)’ (2.3)

in which M, > supgc (o, 17 D" g(&)]-

2.1. Miintz-Legendre polynomials. The Miintz-Legendre polynomials are orthog-
onal with the weight function w(z) = 1 on the interval (0, 1] which are defined in [12]
as follows:

= [T Zg k= +1)
P, (x) := P,(z, Ay) = cn,kxA’“, Cnk = = , (2.4)
,;) szo, j;ék(/\k - )‘j)

The following orthogonality condition is satisfied for the polynomials

(Pp, Pn) = /0 P, (z) Py (x)dx = %, (n>m). (2.5)

In this study, we suppose that Ay = kv, > 0.

2.2. Function approximation. Suppose that H = L2[0, 1] is a Hilbert space, { Py(z),
Py(z),...,Py(x)} C H is the set of Miintz-Legendre polynomials and Y = span{Py(z),
Py(z),...,Py(2)}. Let g be an arbitrary function in H. Since Y is a finite dimen-

sional vector space, g has the best unique approximation such as g out of Y, that

is

JdgeY, st WyeyY, |g—gl<lg—yl. (2.6)
Then
VyeyY, (9—3,y) =0, (2.7)
where, (, ) denotes inner product.
On the other hand, § € Y then the unique coefficients ag, ai,...,ay exist such
that
z) ~ gl Zan () = AT®(2), (2.8)

==
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where

A=lag,ai,...,ay]", ®(x)=[Py(x), Pi(x),..., Py(x)]", (2.9)
and T indicates transposition. Using Eq. (2.7), we get

(g(x) — AT®(x), Py(z)) =0, n=0,1,...,N. (2.10)

Then the coefficient vector A can be obtained as follows:

T=a6"D™, (2.11)
where
1
G:[90a917"'7gN]Ta gn:/ g(x)Pn(.T)dl', ’1'7/2071,...71\[7
0
and
2,\;+1 0 0
1 0 72/\11“ 0
D :/ T (2)®(x)dx = , : , , . (2.12)
0 : : . :
1
O O 2AN+1

Remark 2.3. Assume that D'y € C[0,1],(k = 0,1,...,N), Y = span{Py(x)
Py(z),...,Py(x)}. Since, g(z) is the best approximation of g out of Y, g(z) € Y,
therefore, the error bound of the numerical solution g(z) utilizing Miintz-Legendre
polynomials series can be achieved as:

M
—glls < b . M, = sup, DWNFDY g(g)|.
lg—all2 < NNt s VN T 5D 7 Daclo,1] g(z)
(2.13)
M’Y (N+1)y
g —gllec < NCEEESL M, = supyco,1)| D g(z)|. (2.14)

Proof. Consider

DFYg(0T
ZFk 1) 9(07).

Considering Definition 2.2, we have
x(NJ"l)’Y

k = _pW+Y
Zr B O R e £l

and

2 (N+1)y
wp [DNg(a)]

9@) =9 < TR Ty v D) L,
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Using the above equation, we get

2 2 ' 2 ' aBN 42 2
—q < —7lls = -7 dr < MZzd
lo=al3 < o=l = | lo0)~3@)Pds < | e Mids
2 1 2
— M'Y / l,(2N+2)’ydx — M’Y .
LN +1)y+1)% Jo I((N+1)y+ 12N +2)y+1)

where M, = supxe[oyl]\D(N‘H)'yg(x)\. By taking the square roots, Eq. (2.13) is
derived. Similar to the proof of Eq. (2.13), we prove Eq. (2.14). For this approach,
using Definition 2.2, we have

. ~ N 2(N+1)y
lg—dlle < llg—3ll ZI?[IOI))I] l9(x) —g(z)| < va
< M
- T((N+1)y+1)
Then, the proof is complete. 0

3. RIEMANN-LIOUVILLE OPERATIONAL MATRIX OF MUNTZ-LEGENDRE
POLYNOMIALS

Suppose ®(x) is Miintz-Legendre polynomials vector proposed in Eq. (2.9), we
have

I"®(z) ~ FY Vd(x), (3.1)
where F(*»7) is operational of the Riemann-Liouville integration of order v. Using

definition of the operator I”, we have

1
I'(v)
Now, by taking Laplace transform of Eq. (3.2), we get

I"P,(z) = 2"t % Py(z), n=0,1,...,N. (3.2)

1

L[I"P,(z)] E[F(V)x”’l]ﬁ[Pn(a:)], n=0,1,...,N, (3.3)
where
L[ﬁ vl =g (3.4)

Also, for P,(z), we have

L[P,(z)] = E[i Cnp™] = z": ok Llz*] = i cnxD(1+ ky)r— 7% (3.5)
k=0 k=0 k=0

Using Egs (3.4) and (3.5), we obtain
EE
ElE



CMDE Vol. 8, No. 3, 2020, pp. 408-423 413

L(I"P,(x chkr (14 ky)r—t=kr—v
k=0
Now, taking the inverse Laplace transform of the above equation, obtains

n kv
I"Pp(z) = > canl(1+ky) s (3.6)
— I'(1+ky+v)
Then, we expand 271" as
N
gFrtv ~ Zlel(x) = AT®(z). (3.7)
Therefore, we get
F»" =[4,], n=0,1,...,N, (3.8)
where
T - Cn kATF(l + k’Y)
A, = L) . 3.9
kzzo I'(1+ky+v) (3:9)

Remark 3.1. As in the discussion above, the error bound of F(*7) is as follows:

€0
€1
E@)(z) = ["®(z) — F¥Do(z), ECD=| | |. (3.10)

EN

Only the approximation occurs in Eq. (3.7), using Eq. (2.14), we get
My,
e <S ——2k2 5 —01,... N, 3.11
leal Z T = (3.11)
where My , = SUPge0,1] ‘(xkv+y)(N+l)7($)|~
4. NUMERICAL METHOD

This work is motivated by the desire to find approximate solution of fractional
order Fredholm-Volterra integro-differential equation

DYy(x) = g(x)y($)+f(x)+>\/o ka(z, )Nu(t, y(t), DYy (t)dt  (4.1)

vow / "ol )Nt y(t), DYy(t)dt, € [0,1],

(Elim)
EE
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subject to
yD(0) =yi0, i=0,1,...,s

where m —1 <v <m, m € N, f(z),g(x), N1(t,y(t), D*y(t)), Na(t, y(t), D"y(t))
are known functions, kq(x,t), ka(z,t) € L*([0,1] x [0,1]) are continuous and known
functions, y(x) is an unknown function, A, p and y;o are real constants, s = 0,1,

. v - L
In our method, we expand D"y(z), f(x) and g(z) with respect to the Miintz-
Legendre polynomials as follows:

D"y(x) =y ®(z), f(z) = fT®(z), g(z)=g"P(). (4.2)

Also, by the initial condition and using property of fractional integration, we obtain

i %

~ o T () _ T
yia) 2y FODR() + ), B) = 3 G
then, we get
y(z) ~ yT FO o () + ET®(z), (4.3)

where

E(z) ~ ET®(2).

Now, we substitute these approximations in Eq. (4.1), we have:
y (@) = g"e(x) (@ (x)(F¥ )Ty + 7 (2)E) + [T () (4.4)
1
+ A / E1(z,t) N, (t, yT FU)d(t) + ET<I>(t),yT<I>(t))>dt
0

+ u/om ko (x,t) Ny <t,yTF<”W><I>(t) + ET@(t)ny‘P(t))>dt-

Applying the Gauss-Legendre numerical integration for Eq. (4.4), we achieve

y" () g ()7 () (F“ )Ty + g ()" () E + T P(x) (4.5)

, . 1 .
[kl(l‘, 5+ 5)M (2 + %]7

7

5)

+
>
1

1
yTF(VW)(I)(5 +

+
&
!
By
+
2k
S
!
,@

; )}wZ{ wika(z + 2T])N2

X X X X
(54 57 FU0( + 5) + ET0(5 + S el + 57) )|

==
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where w; and 7; are weights and nodes of Gauss-Legendre. The resulting equation
is solved using Petrov-Galerkin method which is convergence [8] as

(H,¢) = 0.
For this approach, we consider ¢(x) = ®(x), where

H(z) = yT<I><x>—[gﬂb(x)@T(w)(F“m)Ty+gT<I><x><I>T<x>E+f%(x)

n , 1 , 1 . 1 .
+ AZ [%kl(za >+ DN (2 + %wTF(V’V)‘I)% + %)

+ ET<I)(%+%),yT<I>( >}+u2{ wiks(z + Tj)

T, T Ty T
Ny (2 + 57ivY F <I>(2 + 27'J)—i-E <I>( + 273) <I>( + 2@))”

Now, we can solve the obtained system of algebraic equations by any iterative
method.

5. ERROR ESTIMATE

Theorem 5.1. Suppose that the function y € CNT10,1] and § is approzimate of y
using Miintz-Legendre polynomials. Moreover, let

1) ‘Nz(tvyaDVy” §Pu i= 132, V€ [03 1]
2) Nonlinear terms N;, i = 1, 2, are satisfied in the following conditions

|Ni(t,y1, D"y1) — Ni(t,y2, D"y2)| < Lly1 — y2|,

where L > 0.
3) |ki(z, )] < ki, i=1,2, V(x,t) €]0,1] x [0,1].
Consider
1
ena) = N[ ) (Naltn D) - Mo, 075)
0

s [ el (Mot D)~ Natt. . 09) ) ]
0
Then, we have:

LM, (| Ak + |plk2)
T(N+1)y+1) (5.1)

where M, = sup,cpo,1| DN g(2)].

en(z) <

Proof. By using Eq. (2.14) and 0 < 2 < 1, we have
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1
en(e) = |A / k1<x,t>(N1<t,y,DVy>m(ug,D”g))dt

s kg(x,w(NQ(t,y,D"y)—N2<t,g,D”g>)dt||oo
0

IN

1
Ay Ae (N1<t7y,D"y> - M(mgﬂg))dﬂw
0

=l [ kzu,t)(zvz(t,y,mw—N2<t,g,DVg>)dt|oo
0

IN

1
Al / Ny (£, g, D*y) — Ny(t, 5, D) | ot
0

xT
+ Ll / INa(t,y, D) — Na(t, §, D) ocdt
0

IN

1 T
N / ly = dllocdt + |ulaL / Iy — §lloodt
0 0

it (v ) i | (s e

LM, (Ao + [plfer)
= T(N+1)y+1)

IN

O

Theorem 5.2. Let y(z), g(x) be the analytical solution and approzimate solution of
Eq. (4.1), respectively. Moreover assume that

1) ‘Ni(tvyaDuy” < pi, 1= L2, Vo € [O’ 1]
2) Nonlinear terms N;, i = 1, 2, are satisfied in the following conditions

‘Ni(t7y1aDuy1) — Ni(tayQ,Dqu)l S L|y1 - y2|a

where L > 0.
3) |ki(z,t)] < ki, i=1,2, V(x,t) €[0,1] x [0,1].

Consider

Gy(x)) = D%(x) - (g(iﬂ)y(w)Jrf(x)Jr)\/o ka(z, t)N1(t, y(t), D"y(t))dt

s [ e t>N2<t,y<t>,D”y<t>>dt>. (5.2)

Then, we have

(24 (B () +

E@) < sn s+ 1

(=)l
[EE
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where E(z) = [|G(y) = G(§)]loos My = supyepoy| DN+ g(x)).

Proof. We consider Eq. (5.2) and 0 < z < 1. then, we have
E < |D¥y(x) - D"j(z) — (9(x) — §(2)) (y(x) — §(x)) — (f(z) — f(x))
~ / (2, ) [N1 (t,y, D”y) — N (8, 5, DV§)dt
— /0 ’ ka(x,t)[Na(t,y, D"y) — Na(t, §, D¥§)]dt||

1D"y(2) = D"§(@)lloo + 9 = Glloclly = Fllos + 1f = Flloo

1
Sy k1<x,t>(N1<t,y,D”y>—M(@@D”@))dt
0

IN

s k2<x,t><N2<t,y,Duy>—Nzu,g,DVg))dtnm.
0

Now, using Egs. (2.14), (3.11) and Theorem 5.1, we derive

~ M, M, W) (4 M,
R (S R R Y (S e L N (R Ve
= € 5.4
* r((N+17+1)+6N(x) (5.4)
— L (v,y) T L ol
- F((N—&-l)v—i—l)<2+(E ( )+p(<N+1)7_~_1)))+ N (z).
Then, the proof is complete. 0

6. ILLUSTRATIVE TEST PROBLEMS

Here, we employ the proposed method with Ay = k7, for finding the approximate
solution of some examples in three subsections and show that the numerical technique
is both accurate and efficient for solving this class of fractional equations.

6.1. Fractional-order Volterra integro-differential equation (FVIDE).
Example 6.1.1. Let us consider the following problem

{ DO%y(z) = f(z) + [y Vo +iy(t)dt, 0<z<1,
y(0) =0,

f(x) is a function that the analytical solution of this example is y(z) = 2%. We
apply our method to find numerical solution of this problem for N = 3 and various
values of . For this approach, we consider

D0'5y(x) ~ AT<I>(:c), A= [ao,al,ag,ag]T, O(x) = [Po(x),Pl(x),Pg(m),Pg(x)]T,
fx) =~ o),
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FIGURE 1. Absolute errors between the analytical and approximate so-
lutions, with N =3 and a) v =1, b) v = § for Example 6.1.1.
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substituting these approximation in the problem and applying Petrov-Galerkin method,
we achieve the approximate solution of this problem.

Figure 1 displays the absolute errors achieved by the proposed technique. In this
figure, we can see the effectiveness of Ay, for this problem.

Example 6.1.2. We consider the nonlinear FVIDE given in [4]

DO%y(x) = gla)y(x) + f(x) + V& / 20, y(0) =0,

such that

_ 2Arcsinh(Vz)
NV
The analytical solution of this problem is y(z) = Ln(1 + x). The absolute error
derived by using the proposed method with v = %,N = 4,6 are 1.568337 x 10~*
and 2.472309 x 1075, respectively. However, these values for collocation method with
M = 4,6 are 1 x 1072 [4].
Example 6.1.3. Let us consider the following nonlinear FVIDE [14]
(=)l
[EE

g(z) = 2ﬁ+2x0'75—(\/§+x0'75)Ln(1—|—x), f(z) 240-75,
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FIGURE 2. Comparison of y(z) for N = 5,y = v, v = 0.6,0.7,0.8,0.9, 1
and the analytical solution for Example 6.1.3.
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T axt0ef

25x10° F
0.00003 |- 4
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0.00001 (-

or j of

DVy(a) = 1 +/ YD (A, 0<z<1,0<v<1,
0

with the initial condition y(0) = 0. The analytical solution of this example for v =1
is y(x) = ﬂtan(%x).

Figure2 displays the absolute errors for v = v = 1 for various values of N. Also,
this figure shows the obtained results for N = 5, v = v with different choices of v
and the analytical solution. The comparisons display that as v — 1, the obtained
solutions tend to the analytical solution. We can see that the presented scheme is in
high agreement with the analytical solution, in this figure.

6.2. Fractional Fredholm integro-differential equation (FFIDE).

Example 6.2.1. Consider the following linear FFIDE [18]

Dy(x) = f(z) - / y(t)dt,

where y(0) = 0 and f(z) is a function that the analytical solution of this example is
y(z) = 23 + 2. TABLE 1 displays the comparison of approximate solution for various
values of v,v, N = 3. The method is based on the Chebyshev wavelet of second kind
for M = 4,k = 4 and the exact solution.
Example 6.2.2. Consider the following nonlinear FFIDE [17]
[c]v)
EE
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TABLE 1. Comparison of approximate solution for various values of
v,v,N = 3. Method based on Chebyshev wavelet of second kind and
analytic solution for Example 6.2.1.

x || Exact solution || Chebyshev wavelet || Present method || Present method
k=4, M=4 N=3~y=1 N=3y=1
0.1 0.131622777 0.1333 0.1333 0.131622776
0.3 || 0.464316767 0.4661 0.4628 0.464316765
0.5 | 0.853553388 0.8556 0.8524 0.853553390
0.7 || 1.285662019 1.2880 1.2874 1.285662016
0.9 || 1.753814968 1.7564 1.7531 1.753814965

TABLE 2. Comparison of the root-mean-square error in Example 6.2.2.

Method lell2
CAS wavelet (k=4, M=1; 48 number basis) 5.3445 x 107°

Chebyshev wavelet (k=4, M=2; 16 number basis) || 1.4484 x 10~°

Chebyshev wavelet (k=5, M=2; 32 number basis) || 2.3374 x 10~7

Present method (y = 3, N=4; 5 number basis) || 2.5018 x 10~'° |

1
D%5y(z) = f(x) +/ oty (t)dt, 0<x <1,
0

where y(0) = 0 and f(z) = ﬁ(%\/ 23 — 2/x) — 1355- The analytic solution of the
problem is y(x) = 22—x. The comparison results in TABLE 2 displays the comparison
results between the root-mean-square error for this problem using 48 (k =4, M = 1)
CAS wavelet basis [17], 16 (k = 4, M = 2) the second kind Chebyshev wavelet basis
[21] and present method for v = 0.5 by only 5 (N = 4) Miintz-Legendre basis. In this

table, we can see that the proposed method is effective.

6.3. Fractional Volterra-Fredholm integro-differential equations (FVFIDE).

Example 6.3.1. Consider the following linear FVFIDE

D¥y(x) = f(z) - / iyt — / (e + 02y (t)dt,

where y(0) = 0, f(z) is a function that the analytical solution of this problem for
v = 1 is y(z) = 2?. FIGURE 3 shows the comparison of y(z) for N = 7,7 = v, and
v =0.5,0.7,0.9,1. Also, this figure displays the absolute error of v = vy = % In this
figure, we can see that the technique is convergence to the analytic solution of this
equation.

Example 6.3.2. Consider the non-linear equation [11]
c[v)
EE
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FIGURE 3. The comparison of y(z) for N = 7 , v = v with various values

of v and the analytic solution for v = 1, in Example 6.3.1.

. . . . . . ; . . ) . .
00 02 04 06 08 10 00 02 04 06 08 70

FIGURE 4. The comparison of y(z) for N =4 , v = v with v = 1 and the
exact solution for v = 1, in Example 6.3.2.

T 1
D" yta) = [ (e D 0de+ [ oot + (o)
0 0

where y(0) = ¢ (0) = 0, and g(z) is given that the analytical solution is y(x) =
—r—1inv=1
We apply the present technique for N = 4,6 and various values of v = v. FIGURE
4 shows the comparison of numerical results for v = v = 1 and the analytical solution
for v = 1. In comparing this figure with Figure. 10 in [11] which is the obtained
results using the Legendre wavelets method, we can see that we have found a good
approximation than the Legendre wavelets method by using a small number of bases.
For more investigation, we present the absolute errors for N =4,6 and y=v = 1.

FIGURE 4 and TABLE 3 show the advantages and the accuracy of the proposed
method to solve nonlinear FVFIDEs.

ez

7. CONCLUSION

In this study, we presented an efficient technique to find numerical solution of
fractional order Volterra-Fredholm integro-differential equations. This technique is
[c]v)
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TABLE 3. The absolute errors for v =y =1 and N = 4,6 for Example 6.3.2.

X N=4 N=6

0.1 7.4286 x 10~° || 1.11801 x 10~°
0.3 || 4.9982 x 1075 || 3.11964 x 10~ 7
0.5 || 1.3212 x 10~ || 2.85482 x 10~°
0.7 || 2.4035 x 1072 || 2.86379 x 10~
0.9 || 1.4888 x 1073 || 1.74588 x 104

based on Miintz-Legendre polynomials and Petrove-Galerkin method. We derived a
new operational matrix of fractional integration using Laplace transform for Miintz-
Legendre polynomials. This operational matrix and Petrove-Galerkin method are
employed to approximate the problem. We proposed an estimation of the error.
Numerical examples are proposed to test the efficiency, effectiveness and accuracy of
the present scheme.
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