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Numerical Calculation of Fractional Derivatives

for the Sinc Functions via Legendre Polynomials

Abbas Saadatmandi*, Ali Khani and Mohammad Reza Azizi

Abstract

This paper provides the fractional derivatives of the Caputo type for
the sinc functions. It allows to use efficient numerical method for solving
fractional differential equations. At first, some properties of the sinc func-
tions and Legendre polynomials required for our subsequent development are
given. Then we use the Legendre polynomials to approximate the fractional
derivatives of sinc functions. Some numerical examples are introduced to
demonstrate the reliability and effectiveness of the introduced method.
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1. Introduction

Fractional derivatives arise in many physical and engineering problems such as
electroanalytical chemistry, viscoelasticity, physics, electric transmission, modeling
of speech signals, fluid mechanics and economics [1, 2]. Today, there are many
considerable works on the numerical solution of fractional differential equations
and fractional integro-differential equations (see for example [3, 4, 5, 6, 7, 8, 9, 10,
11, 12] and the references therein). There are various definitions of a fractional
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derivative of order 8 > 0 [1, 2]. The Caputo fractional derivative is defined as

1 z _ fM) _
D f(x) = {F(nﬁ) IN (x_t)gﬂ,ndt, n—1<B8<n, neN, (1)

d‘fnf(m), B=mneN.

where I'(.) is the Gamma function and n = [§] + 1, with [3] denoting the integer
part of 5. Here, the Caputo fractional derivative is considered because it allows
traditional initial and boundary conditions to be included in the formulation of
the problem [2]. For the Caputo’s derivative we have [1],

DPC =0, (2)

DP (a1 f(x) + azg(x)) = a1 D f () + a; D’ g(x), (3)
B..m __ 07 m < I—BL

v {Mwﬁ mepg, "N W

where C, a; and ay are constants. Also, [] denoting the smallest integer greater
than or equal to 3.

The sinc method is a powerful numerical tool for finding fast and accurate solu-
tions in various scientific and engineering problems including squeezing flow [13],
integro-differential equation [14], boundary value problems [15], Thomas-Fermi
equation [16], Troesch’s problem [17], fractional convection-diffusion equations [8],
fractional differential equations [18, 19], time-fractional diffusion equation [20, 21],
time-fractional order telegraph equation [22] and Bagley-Torvik equation [12]. It
is worth indicating that, sinc-based approximations are characterized by exponen-
tially decaying errors and rapidly converging solutions [23, 24].

As far as we know, for the first time in 2009, sinc methods appeared in the
domain of fractional calculus [25], and later developed by Frank Stenger and his
colleagues for solution of some fractional differential and integral equations [26].
In this paper, we extend the applications of the sinc method to find a numer-
ical solution for fractional differential equations. At first, we use the Legendre
polynomials to approximate the fractional derivatives of sinc functions. Then a
collocation approach using sinc functions is applied to solve fractional differential
equations.

The organization of the rest of the paper is as follows: In Section 2, we present
some necessary definitions and mathematical preliminaries of sinc functions and
Legendre polynomials. In Section 3, the fractional derivative of the Caputo type
for the sinc function is obtained. Section 4 is devoted to applying sinc-collocation
method for solving fractional differential equations. In Section 5 the proposed
method is applied to several examples and is compared with the method existing
in the literature. Section 6 completes this report with a brief conclusion. Note
that we have computed the numerical results by Maple programming.
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2. Preliminaries and Notations

In this section, we present some basic definitions and preliminary materials which
will be used throughout the paper.

2.1 Sinc functions

The sinc functions and their properties are discussed in [23, 24]. For each integer
k and the mesh size h > 0, the translated sinc functions with equidistant space
nodes kh are given as

S(k,h)(z) = sinc (‘” _hkh) , (5)

where the sinc function is defined on R, by

sin(mx) 0
sinc(z) = { = 270
1, z=0.

If a function f is defined on R, then for mesh size h > 0 the Whittaker cardinal
expansion of f is as follows

C = 3 g0 sine (2,

k=—o0

whenever this series converges. To construct approximations on the interval (0, 1),
we choose the one-to-one conformal mapping

qs(z)—ln(lfw),

which maps the eye-shaped region
arg ( c ) ‘ <d<
1—2

DS:{w:t—i-is :|s|<d§g}.

DE:{z:x—i—iy :

b

N

onto the infinite strip domain

The basis functions on (0, 1) are taken to be the composite translated sinc func-

tions,
Sk(z) = S(k,h) o ¢(x) = sinc (gb(x)h—kh) , (6)

where S(k,h) o ¢(x) is defined by S(k, h)(¢(x)). The sinc grid points zj € (0,1)
will be defined as the inverse images of the equispaced grids as

ek‘h

x = ¢~ (kh) = T ofh

k=0,+1,+2,... (7)
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Also, we may define the inverse image of the real line as
I={y(t)=¢""'(t) e Dp : —c0 <t < o0} =(0,1),

Let B(Dg) denote the family of all functions f that are analytic in Dy and satisfy
/ |f(2)dz] — 0, as t — +o0,
P(t+L)
where L = {iv vl <d < %}, and on the boundary of Dg, (denoted D), satisfy

N = [ 1 < .

The next theorem guarantees the exponential convergence of the sinc approxima-
tion in B(Dg) .

Theorem 2.1. ([24]) If ¢'f € B(Dg), then for allz € T’

- N(f¢)
_ < \VF)
‘f(x) k;oof(xk)s(k’h) °¢(x)| = Srdsinh(zd/h)
NS a
- wd
Moreover, if | f(x)] < Ce=®1¢@I 4 €T, for some positive constants C' and «,

and if the selection h = \/md/aN < 2nd/1n2, then

N
|f(z) > fxk)S(k,h) o ¢(x)| < CovV/'Nexp(—VrdaN), =z €T,
k=—N

where Cy depends only on f, d and «.
Also, the derivatives of sinc basis functions evaluated at the nodes will be needed [24]:

1, k=],
31 = [S(k, h) 0 ¢(@)]|oms, = {07 k2 j (8)
50 = h-L 150k, ) 0 () o, —{ Y T ©)
ki~ V3 TS k£
(2) _ 2d72 ° _ %7127 ki = j7
Sy =h pr [S(k,h) o ¢(a)]|o=a, = { 72&57—7?)% ht (10)
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2.2 Legendre Polynomials

Legendre polynomials are defined on the interval [—1,1] and they are satisfy the
following recurrence formulae [5]:
2141 1
L, - Li(z) —
i+1(2) i1 zL;(2) it 1
where Lo(z) =1 and L;1(z) = z. In order to use these polynomials on the interval
x € [0,1] we define the so-called shifted Legendre polynomials by introducing the
change of variable z = 2x — 1. Let the shifted Legendre polynomials L;(2z — 1) be
denoted by P;(z). Then P;(x) can be obtained as follows :
(2t +1)(2z - 1) i
P; =——""F—"F(z) - -
(@) i+1 @) -7
where Py(z) = 1 and Py(x) = 2z — 1. The analytic closed form of the shifted
Legendre polynomial P;(z) of degree i is given by [5]

Li—l(z)v i = 1527"'7

Py(z), i=12,..., (11

! ) I gk
Pi(x) = Z(—l)i+k Ez—l—:;:(k')g (12)

k=0

The orthogonality condition is

1 1 L
/ Pi(a)Py(a)de = { 701 T I=0 (13)
0 0 for i # j.

A function y(z), square integrable in [0, 1], may be expressed in terms of shifted
Legendre polynomials as

y(x) =Y ¢;Pi(x),
j=0

where the coefficients c; are given by

1
¢ = (2 +1) / y(@)Pi(a)dr, =12,
0

Now we introduce the Legendre-Gauss quadrature rule that will be used in the
sequel. Let z;, 1 < ¢ < m be the m roots of the Legendre polynomial L,,(z).
Clearly, z; € (—1,1). Let [27]

2
(1= 22) (L, (2:))%
which are the m weights in the Legendre-Gauss quadrature formula associated with

m roots. The m-point Legendre-Gauss quadrature rule can be used to approximate
the integral of a function over the range [—1, 1] as

w; = i=1,...,m, (14)

/_ o= Y wf () (15)
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Also, the error is
22m+1 (m])4

(2m)
(2m +1) [(2m)!]3f ©,

where —1 < & < 1. Thus, the m-point Legendre-Gauss quadrature rule is exact
when f is any polynomial of degree 2m — 1 or less.

3. Fractional Derivative for Si(z) at the Sinc Nodes

First of all, we approximate Sy (z) by (m + 1) terms of shifted Legendre series as

x) =~ Z ci; Pj(x), (16)
j=0

—(2j+1) / S () P, (a)da

Employing the m-point Legendre-Gauss quadrature rule (15), we get

27+ 1) — i+ 1 i+ 1
ckj:(jQ )Zwi3k<22 )Pj<z2 ), (17)

where

where w; is given in Eq. (14).

Theorem 3.1. Let Si(x) be approzimated by the shifted Legendre polynomials as
(16) and also suppose 8 > 0 then

oy oy (DTG Ol
Do) = 3 3 o 1-5 "

where cy; is given in Eq. (17).

Proof. Since the Caputo’s fractional differentiation is a linear operation we have

DISy(a) ~ e, D (P, (19)
7=0
Employing Egs. (2), (3) and (4) in Eq. (12) we obtain
DPPj(x) =0, j=0,1,..,[8] — 1. (20)
Also, for j = [f],...,m, by using Eqs. (3),(4) and (12) we get
L ()7 +f> N ()G O
DPP;(x 3 L YV phat) = 8,
;% g—e (@) 2{:} G- OMT(—B+1)"

(21)
A combination of Egs. (19), (20) and (21) leads to the desired result. O
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Corollary 3.2. Let u(z) be approximated by the sinc basis functions as

N
u(w) ~uy () = Y urSk(x), (22)
k=—N
where ug, = u(xy) and M = 2N + 1. Also suppose > 0 then
N
Dlupr(e) ~ Y w {5,(5)}, i=—N,..,N, (23)

k=—N

where (5,&?) is given by

O (DU 4 Ol
5= >0y L o
S U—ONOT(E+1-5)

Proof. Immediately obtained from Eq. (18). O

Now, we define the M x M matrix D) = [(5,(5)], i.e., the matrix whose ki-

entry is given by 6,(5 ). Then, the approximation of the fractional derivative of
order [ can be written as
EARESE » 128 (25)

where, ¥ = [u_p,...,un]T and 7 = [DPur(z_n), ..., DPupr(zn)]T.

4. Application of the Matrix DB

®

In this section, we apply the matrix D'’/ to solve linear two-point fractional bound-

ary value problem

a2(x)u”(x)+a1(ﬂf)u/(x)+/\(x)Dﬁu(x)+aO(x)u(x) =f(x), =¢ [0, 1]’ 0<p (<262)7
u(0) = u(1) =0, @7

where ag(x), a1(x),az(z) and A(z) are known function, and w(z) is an unknown
function.

To solve this problem, we first use Eq. (22) to approximate u(x) by un(z).
Note that ups(z) = 0 when x tends to 0 or 1. Let us define the first and
second derivatives of vector @ as ' = [uf(x_N),...,uh (xx)]T and @ =
[ (@_N)y ey (zn)]T respectively. As said in [12], the approximation of the
first and second derivatives can be written as

U~ {}111<1>E(¢’)} w =DYWY, (28)
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1 1

" {hI“)EW’) + hQI@)E(d»’Q)} 7 =D®, (29)

where
M—1
0 -1 (_1\14)71
1D = 1 ,
: ~1
(—1)t-M
T cee e 0 MM
2 —9(—M-1
3 2 e W
1@ 2 7
72(7i)1\/1—1 a2
TM-DE o 3 MxM
plz-n) 0 0
0 ) ) : . ) .
E(p) = . ,  pis an arbitrary function.
0

0 .. 0 plzn) Mx M
It is worth to mention here that, the Toeplitz matrix IV = [612)] is a skew-
symmetric matrix, i.e., I,(CE.) = 71‘5}2, the Toeplitz matrix I? = [5,(5)] is a symmetric

matrix, i.e., I,(fj) = Iﬁ) and also E(p) is a diagonal matrix.

We are now ready to solve problem (26)-(27). Substituting ups(z) in Eq. (26)
we obtain

az()ufy; (x) + a1 (2)uy (@) + A@) D uns () + ag(w)unr(z) = f(z),  (30)

A collocation scheme is defined in Eq. (30) by evaluating the result at the sinc
points {z}*=" given in Eq. (7). Then the discrete sinc-collocation system for
(26)-(27) is given by

AT =7, (31)

where,
A = E(a3)D® + E(a;) DY + EQAN)DY® + E(ao)1?. (32)

Here, ? = [f(z_N), - f(zn)]T is a known vector and also I¥) = [5,&2)] is an
identity matrix. The linear system (31) can be directly solved for the unknown
vector 1. Consequently uy(z) given in Eq. (22) can be calculated.
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Remark. It is important to note that, if instead of homogeneous boundary con-
ditions (27) we have the following nonhomogeneous boundary conditions

u(0) =a, u(l) =49,

then we reformulate the problem (26)-(27) by applying the transformation y(z) =
u(z) + (a — b)x — a that makes the boundary conditions become homogeneous.

5. Numerical Examples

To show the efficiency of the method described above, we present some examples.
These examples are chosen such that there exist exact solutions for them. In all
examples we choose o = 1/2 and d = 7/2 which leads to h = 7/v/N. Also, we
choose m = 12.

Example 5.1. As the first example, we consider the following fractional differen-
tial equation [19]

u”(x) — xu/ (z) + D*Pu(z) = f(x),
with the nonhomogeneous boundary conditions

u(0) =0, wu(l)=2,

where
x 2 ztd
I(3.5) I(2.5)
It can be easily verified that the exact solution is u(x) = 2® + 2%. In Table 1, we
compare the absolute error of our method with NV = 16,32 and 64 together with
the result obtained by using sinc-Galerkin method given in [19]. This table shows

that our approximate solution is in good agreement with the exact values and also
the present method is clearly reliable if compared with the sinc-Galerkin method.

f(x) = =32 — 222 + 62 + 2 + 2.5 4

Example 5.2. Consider the following Bagley-Torvik equation [11, 12]

8 13 z~1/2
" —D'5 —= =—— (48 7V
() 35 D () + Sule) = g (48p(a) + TVREg(2))
with the homogeneous boundary conditions
u(0) = u(l) =0,

where p(x) = 160002* — 3248023 + 2128022 — 47462 and q(x) = 32502° — 94252 +
26488023 — 44810722 + 2332622 — 34578. The exact solution is
5 29, 76 5 339, 27

u(z) =x —Ex +%x —25033 +ﬁx.

To make a comparison, in Table 2 we compare absolute error of the new method
with N = 32 and 64 together with the result obtained by using the sinc operational
matrix method given in [12].
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Table 1: Comparison of absolute error for Example 5.1.

sinc-Galerkin [19] Present method
x N =100 N =16 N =32 N =64
0.1 4.32 e-05 1.79 e-04 5.21 e-06 3.16 e-08
0.2 8.58 e-05 1.88 e-04 5.49 e-06 3.33 e-08
0.3 1.30 e-04 1.98 e-04 5.75e-06 3.49 e-08
0.4 1.69 e-04 2.06 e-04 6.01 e-06  3.65 e-08
0.5 2.01 e-04 2.15e-04 6.28 e-06 3.80 e-08
0.6 2.24 e-04 2.23 e-04 6.50 e-06 3.95 e-08
0.7 2.48 e-04 231e04 6.74e-06 4.09 e-08
0.8 2.40 e-04 2.39 e-04 6.96 e-06 4.23 e-08
0.9 1.61 e-04 246 e-04 7.18 e-06 4.36 e-08

Table 2: Comparison of absolute error for Example 5.2.

N=32 N=64
x | Method of [12] Present method Method of [12] Present method
0.1 1.36 e-06 4.76 e-07 3.92 e-09 2.89 e-09
0.2 4.17 e-06 4.18 e-07 4.59 e-09 2.54 e-09
0.3 1.36 e-06 3.57 e-07 4.16 e-09 2.19 e-09
0.4 5.30 e-06 2.99 e-07 4.12 e-09 1.83 e-09
0.5 3.41 e-06 2.39 e-07 3.87 e-09 1.46 e-09
0.6 3.19 e-07 1.79 e-07 3.82 e-09 1.10 e-09
0.7 2.17 e-06 1.21 e-07 4.54 e-09 7.39 e-10
0.8 2.74 e-06 5.75 e-08 4.78 e-09 3.72 e-10
0.9 1.65 e-06 1.23 e-09 3.19 e-09 6.24 e-12
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Example 5.3. Consider the following linear fractional boundary value prob-
lem [18]:
u"(z) + 2’ (¢) — D*Tu(z) + u(z) = f(2),

with the homogeneous boundary conditions
u(0) =u(l) =0,

where

120 44 24 44

=52’ — 32° — 2" + 202° — 122° —
f(z) =5z x° — " + 20z x F(5.3)x F(4.3)a:

The exact solution of this problem is u(z) = x*(z — 1). Figure 1 shows the plot of
absolute error with N = 32 and N = 64 using the presented method. The authors
of [18] used sinc-collocation method to solve this example. For the purpose of
comparison in Table 3 we compare the absolute error of our method with N = 5,50
together with the absolute error given in [18].

Example 5.4. Consider the following singular linear fractional boundary value

problem:
I 1 , 15 2 T
+{ — — D+ =6— — —44/—

subject to the homogeneous boundary conditions

u(0) = u(1) = 0.

The exact solution of this problem is u(z) = 22 — 2. Figure 2 shows the plot of

absolute error with N = 32 and N = 64 using the presented method.

According to these experiments, we find that the our method can be considered
as an efficient method. Also if IV increases, then the errors become smaller quickly.

6. Conclusion

In this paper, we use the Legendre polynomials to approximate the fractional
derivatives of sinc functions. We derive the matrix D”. This matrix together
with the sinc-collocation method are then utilized to reduce the solution of linear
fractional differential equations to the solution of a system of linear algebraic
equations. The proposed technique is easy to implement. Illustrative examples
demonstrate the validity and applicability of the new method.
Acknowledgement. The authors are very grateful to reviewers for their com-
ments and suggestions which have led to improvement of the paper.
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Figure 1: Plot of the absolute error, with N = 32 (upper) and N = 64 (down) for
Example 5.3.
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Figure 2: Plot of the absolute error, with N = 32 (upper) and N = 64 (down) for
Example 5.4.
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Table 3: Comparison of absolute error for Example 3.

N=5 N=50
x| Method of [18] Present method Method of [18] Present method
0.1 2.82 e-03 4.52 e-04 1.35 e-05 1.02 e-08
0.2 1.73 e-03 2.45 e-05 2.76 e-05 2.09 e-08
0.3 3.31 e-04 7.54 e-04 4.12 e-05 3.21 e-08
0.4 1.15 e-03 1.32 e-03 5.25 e-05 4.37 e-08
0.5 1.75 e-03 1.55 e-03 5.84 e-05 5.57 e-08
0.6 2.36 e-03 1.73 e-03 5.56 e-05 6.78 e-08
0.7 1.49 e-03 1.81 e-03 4.20 e-05 8.00 e-08
0.8 2.66 e-03 1.82 e-03 1.99 e-05 9.19 e-08
0.9 4.88 e-03 2.80 e-03 9.90 e-07 1.03 e-07
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