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Abstract

In this work, we introduce a numerical method for solving nonlinear fractional system of
Lane-Emden type equations. The proposed technique is based on Dickson operational matrix
of a fractional derivative. First, we deduce the Dickson operational matrix of the fractional
derivative using Dickson polynomial, and then, the obtained matrix is unitized to convert the
fractional Lane—-Emden system with its initial conditions into a system of nonlinear alge-
braic equations. This system of algebraic equations can be solved numerically via Newton’s
iteration method. An error estimate of the proposed method is derived. Numerical examples
are provided to demonstrate the validity, applicability, and accuracy of the new technique.

Keywords Dickson polynomials - Caputo differential operator - Spectral collocation
method - Nonlinear system of Lane-Emden type in the fractional-order - Operational matrix

Mathematics Subject Classification 41A30 - 65L05 - 65L70

1 Introduction

The branch of fractional-order calculus has achieved noteworthy notoriety and attention dur-
ing the past 4 decades or so, due chiefly to its expressed applications in numerous apparently
various and widespread fields such as physics, mechanics, medicine, chemistry, and engineer-
ing (Giirbiiz and Sezer 2017; Kilbas et al. 2006; Parand and Pirkhedri 2010; Qureshi and Yusuf
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2019; Sun et al. 2018). It does really contribute several possibly useful tools for modeling
many natural phenomena such as the differential, integral equations, and integro-differential
equations (Nagy and El-Sayed 2019; Odibat and Momani 2009; Pinto and Carvalho 2015;
Sweilam et al. 2016). Also, for description of some phenomena accurately, we need for a
system of linear/nonlinear fractional-order differential equations (Naik et al. 2020; Parand
et al. 2010). The Lane-Emden systems of differential equations appear in the modeling
of several problems in physical and chemical, such as pattern creation, population growth,
chemical reactions, and so on (Flockerzi and Sundmacher 2011; Hao et al. 2018; Muatjetjeja
and Khalique 2010). For solving the modeled problems analytically, especially the systems,
there is many complexity; therefore, the numerical methods are appropriate in these cases.
One of these methods is the spectral method which have many importance and popularity
for solving many problems (Abd-Elhameed et al. 2016; Babolian et al. 2015). The opera-
tional matrix is one of these methods and it is used also for many applications (Ameen et al.
2021; Bhrawy et al. 2015; Irfan et al. 2014; Nagy et al. 2018; Oztiirk and Giilsu 2017, Zaky
et al. 2017; Zaky 2019). The main goal of this work is propose the numerical solution of the
following fractional-order nonlinear system of the Lane—~Emden type:

Dx(t) + ’%@“*x(t) A ). (1)) =0,

1
o k2 a—1 ( )
DUy (@) + 79 y(@) + f2 (x(@), y(®) =0,
with the initial conditions:
x(0) = xo, y(0) = yo, x'(0) = x1, y'(0) = y1, )

where t > 0, k1, kp are given constants, the fractional parameter « is the fractional-order
derivative defined in the Captuo sense, 1 < « <2, f1 (x(¢), y(t)), fo (x(t), y(t)) are given
nonlinear functions, and xg, yp, X1, yi are known initial conditions of the system.

To the best of our knowledge, the operational matrix of fractional derivatives based on
Dickon’s polynomials has not previously been implemented in the literature. Moreover, the
desired system has not been studied either. In case @ = 2, system (1) becomes the classical
Lane-Emden system that has been studied in some articles [see (Rach et al. 2014; Wazwaz
etal. 2013)].

Outline of the article: In Sect. 2, some necessary mathematical relations and definitions of
the fractional calculus will be presented. In Sect. 3, Dickson polynomial operational matrix
(DPOM) will be investigated in addition to converting the nonlinear system of Lane-Emden
type of the fractional order into a system of algebraic equations via the DPOM. In Sect. 4, we
discuss the error estimate of the proposed technique. In Sect. 5, some numerical examples
will be provided. In Sect. 6, some concluding remarks are listed.

2 Preliminaries

In this section, we introduce some mathematical tools which are essential for subsequential
our work. These benefits instrument in brief from fractional calculus and Dickson polyno-
mials.
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2.1 Notations from fractional calculus

Definition 2.1 Nagy and El-Sayed (2019) The fractional derivative of order « in Caputo
sense, D%, is defined by:

1 t
DY f(r) = 7/ FRO@ @ —x)F@Dax, >0, >0, 3)
F(k — Oé) 0
wherek — 1 <o <k, ke N.

The linear property of the Caputo operator holds as follows:
DU (A1 h(1) + 22 (1) = 2 DUh(t) + 22 Dg(t), YA, h2 e R (4)
Using the definition 2.1 to claim the following explicitly fractionl derivatives:

DK =0, K isaconstant. 5)
0, mef{0,1,2,...,[a] — 1},
DY = 6)

Cn+l) m—a
mt B meN A m > [a] .

where the value of the function [« is the smallest integer > «.

2.2 Dickson polynomials

The Dickson polynomials are considered as important tool for obtaining the approximate
solutions for differential equations of the integro-differential equations. In this work, we will
use it for solving a system of fractional-order Lane—Emden type equations. Hence, some
definitions and properties are given as follows:

The Dickson polynomial of the first kind, D, (¢, a), can be generated using the following
recurrence relation:

Dy(t,a) = t Dy_1(t,a) —a Dy 2(t,a),n > 2, a € (0,00), —co <t <oo, (7)

with the starting functions Do (t, a) = 2, Di(t,a) = t. Using Eq. 7, we can obtain alln > 2
polynomials. Moreover, we can obtain its analytical expansion as the following:

Definition 2.2 D, (¢, a) of degree n > 1 in the indeterminate ¢ with the parametera € (0, 00)
is defined as:

Dot _L%J N nl'(n—1) -2 8
”(’“)_l;( Vi DTa—2i+D " ®

Here, the value of |n/2] is the largest integer < n/2.
Also, D, (t, a) satisfy the orthogonality relation: (Dominici 2017)

0, n #m,
dt = {4m, n=m=0, )

2rwa”, n=m #0.

<D(ZG)D(ta))—/2ﬁD"(t"l)D"1(t"l)
T e Va2
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Remark 2.1 In general, the first kind Dickson polynomials are considered as a generalization
of some defined polynomials such as the first kind Chebyshev polynomials ZTH(%) which
obtained at a = 1. Also, if @ = —1, then we obtain the Lucas (w)-polynomials L, (¢) and
the Pell-Lucas polynomials Qn(%). Moreover, if a = 2, the Fermat-Lucas polynomials
FL, (_%) are obtained. Furthermore, these polynomials can be used for solving a large class
of the fractional-order differential equations.

For more details of the first kind Dickson polynomials, see Kiirk¢ii et al. (2016) and Wang
and Yucas (2012).

3 Function approximation and operational matrix of Dickson
polynomials

This section is divided into three sections: the first section provides the desired solution as a
power expansion of the Dickson polynomials. The second is related to the operational matrix
instructions of D,, (¢, a) in Caputo’s fractional derivative sense, while the third investigates the
application of the operational matrix on the system given in Eq. (1) and its initial conditions
given in Eq. (2).

3.1 Function approximation

Consider the solution for the system given in terms of Dickson polynomials as follows:

x(1) =) ¢ Di(t,a),

i=0 (10)

oo
y(6) =Y "h; Di(t.a),
i=0
where ¢; and h; are the unknown coefficients of the power series expansion. Taking the first
(n + 1) terms of Eq. (10):

Xu(t) =Y i Di(t,a) = CT¢(t,a),

i=0

" (11)
ya(t) =Y hi Di(t,a) = H $(t, a),
i=0
where:
¢(t,a) = [Do(t,a), Di(t,a),..., Dy(t,a)]", (12)

and the coefficient vectors C and H for the approximate solutions x, (t) and y,(¢), are given,
respectively, as follows:

C=lco,cts....call,
H =T[ho, hi,....h,1".
Now, if we assume that:
R(t)=[2,t,t%, ...,1"", (13)
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then, ¢ (¢, a) can be expressed as:
¢(t,a) = B R(1),

where B is the square matrix of order n + 1 obtained as:

boo 0 0 O ... O
bio by 0 0 ... 0
B=|b20b21 k22 O ... 0 |

bn,O bn,l bn,2 bn—l,n bn,n

and whose elements are given by:

1, k=j,
(—a)§ j =0, k> j, keven,
by i . = ktj
(Pr.Dosk.j<n (— a) ( > ) j#0, k> j, k+ jeven,
(Tf+ Jro+n’

0, otherwise.

If n = 5, then B is given by:

1 0 0 0 00

0O 1 0 0 00

| @ 0 1 0 00
1o -3 0 1 00
a2 0 —4a 0 10

0 52 0 -5 01

Therefore, using Eq. (14), we claim:

R(t) =B~ ¢, a).

3.2 Operational matrices based on Dikcson polynomials

In this part, our target is derive the operational matrix of D%¢(t, a).
To do that, since ¢ (¢, a) = B R(t), then we obtain:

DU (r,a) = DB R(t)) = BD*[2, 1,1, ...,1"]".

Using the Caputo relation given in Eq. (6), one can find:

TR r r 1 T
D (t,a) = B |0, 2) I—a ) P2 Lz"‘“
| TQ—-w) ré@—ow Fr'n+1-o)
roo 0 ... 0 )
00 0 ... 0 ;
re)

—g| 00 =t 0 1?
: © Pl '
00 0 ... rrath e | Lo

=B C_?“(t) R(1),

(14)

15)

(16)

a7

(18)
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where:
00 0 0
00 0 0
Gery =00 ot .. 0 . (19)
00 0 e L
Using Eq. (16), we have:
D%(t,a) = B G*(1) B~ ¢(t, a), (20)

where B G (1) B~ ! is the fractional-order operational matrix, B G (1) B™!, of ©%¢ (¢, a)
in terms of Dickson polynomials.

By the same way, we can obtain the operational matrix, B Go-! (1) B -1 of Dol ¢(t,a),
where G~ (¢) is given by:

0 0 0 0
'@ —(a—1
0ty @7 m)0 0
: —(a—1
Ga—l(t) — 0 0 mt (Dé ) e 0
. . . . r(n+1). o
0 0 0 .. ml‘ (=1

21

3.3 Applied the operational matrix on the Lane-Emden system

In this subsection, we show how to apply the operational matrix of the fractional-order that
is investigated in Sect. 3.2 and the approximate solution given in (11) to solve the given
fractional Lane—Emden system. If we use Eqs. (11) and (20), then we can rewrite Egs. (1)
and (2) as follows:

cT BGY(t) B~ '¢(t,a) + k71 cT BG* (1) B7'¢(t,a)
+fi (CT B G%(t) B '¢(t,a), HT B G*(t) B~'¢ (s, a)) =0,
HT BG*(t) B '¢(t,a) + k72 HT" BG* (1) B~ '¢(t, a)

+ (CT B G(1) B~'¢(t,a), HT B G“(t) B¢, a)) —o. (22)

C” $(0,a) = xo.

H" $(0,a) = yo.

C"EB'$(0,a) =x1,

HT E B7'9(0,a) =y, (23)
where E is (n 4+ 1) x (n 4 1) square matrix obtained from the first derivative of the Dickson
polynomials D¢ (t, a) = E R(t).

Applying this technique leads to a system of nonlinear algebraic equations in 2n + 2

unknown coefficients. Now, let us define the collocation points #;, = L + (M ;L) s, t €

[L,M], s =1,2,...,n— 1. Tosolve this system, we first collocate Eq. (22) at the points
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and then use Eq. (23). This establishes a system of 2n + 2 equations which can be solved to
obtain the coefficient vectors C and H. Hence, we can use any nonlinear technique such as
Newton’s iteration to obtain the approximate solutions x (¢) and y (7).

4 Error estimate

Theorem 4.1 Letu € C*°[—1, 1] and u,(t) be the best square approximation of u(t) defined
by un (1) = Y1 ciDi(t, 1/4), and then, we have:

M,

u—upll, < mﬁ,

where:

M, = max lu(”*])(t)‘ .
rel~1,1]

Proof By expanding the function u(¢) using Taylor expansion, we obtain:

_ ’ (n) (n+1)
u) =u@) +tu'0) +...+ p © )+( _’_1)’ &), 24)

where & €] — 1, 1[. Assume:
tn
fin () = u(0) +tu' (0) + ...+ —u™ (0), (25)
n!
then:

lu(t) — un ()| =

<"+”<s)‘ (26)

‘( + D! _(n+1)'

Since u, (t) is the best square approximation of u(¢) and according to Eq. 9, we can claim:

1
it = wnll?, < e = iin 2 =/ oOLu(e) — i (1)t
—1

27
1 M, 71?
= / () [ ] dt.
1 (n+1)!
. _ 1 .
Since, w(t) = Wt then:
S|
M, 1
e — w13, < [( +”1),] / ~d1
n . _ —
) IIRVA (28)
M,
= =TI
(n+ D!
Hence, by taking the square roots of both sides, the proof is complete. O

Now, if we consider the solution of the system (1) is (x(¢), y(¢)),Vt € [e,1], 0 < € < 1,
then we have (x(r), y(t)) € C*Je, 1]. Using Borel’s theorem in Narasimhan (1985), there
exists (X(¢), y(t)) € C*°[—1, 1] an extension of (x(¢), y(¢)). By applying Theorem 4.1, we
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have:
R Uy
X = xpllw < m N,
15 = yall = —2— ./
J— —_— 72"
Y= Ynllw = o+ D!

where U, = max;e[—1.1] |)2(”+1)(t)| and V,, = max,¢[—1,1] |§1("+1)(t)| .

5 Numerical examples

In what follows, we present two numerical examples to show the applicability and accuracy
of the proposed method.

Example 5.1 Consider the following nonlinear fractional Lane—Emden systems of the form:

D (1) + %@‘Hx(z) — YO +1)=0

3 (29)
DYy(1) + ;@“”y(r) + Y (1)) +3) =0,
with the initial conditions:
x(0) =1, y(0) =1, x'(0) =0, y'(0) =0. (30)

In case @ = 2, the exact solution of Example 5.1 is given by x(¢) = /1 +¢2 and y(t) =
ﬁ (see Wazwaz et al. (2013)).

Using the presented method in this paper with a = 1/4, and n = 6, we obtain approximate
solutions at different values of «. Figure 1 illustrates how « affects on the behavior of the
solutions. From the curves obtained in Fig. 1, we observe that the numerical solutions for
various values of « = 1.9, 1.7, 1.5 converge to the exact solution for the classical case, i.e.,

Exact (o=2)
a=19
a=17
—a=15

— Exact («=2)
—o=19
a=17
—0=15

0.95F

Fig. 1 The behavior of the approximate solutions using the proposed method for various values of « and the
exact solution for the classical type for Example 5.1
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6—9T8LY'Y L—209€8'1 L—3S6LL'6 P—96190'L 6—99LS1'] 8—9€0LE9 9—2p509'1 p—99£98°% 1
6—208+8'9 L—3198L'9 9-90556'8 P—99L55'S 6—9EP9€E'] 8—9€91'C 9—9€THL'] P—opL09'€ 60
6—999€€°9 L—9€489'6 S—op8sE’l P—98L19'T 01—21€I8Y L—96S5T'1 9-9679TT $—oP806% 80
8—9T198% L=20601"% 9—opTS8'L €—98LL0'1 6—92998% 8—9TTHSY 9—aThEE's p—a51£0'C Lo
8—399€1°S 9—2ESSE] 9—2p901'C £—agsest'l 6—209€t'S L=20791'1 9—20£2LT P—208LLT 90
8—3€Z19'1 L—98ESTL 9—3S1L0t £—9875T'1 [1—20£5'6 8—97650° L—92968'L P—2891L'] 0
8—9978¢"L L—2%6£T'6 S—apTEe’l r—21857°9 6—2€81L°L 8—9€600'8 9—aIESLY $—995£0°€ 0
820085 L—3LLEOD $—2018L'1 $—99¢6€'9 6—9LL8LT 8—98€86°C 9—9€609't P—9$500' €0
8—9LL08T L—9TEI0°S 9-92179'L P—201SIY 01—969L°€ 8—9g€61'1 L—9EL8SY P—oISIET 0
8—3LEVL'E L=pTLTT 9—3LIHI'S ¥—92059'C 6—940S6'C 6—3LY¥Y9 9—9EP8EE p—oTLITT 10
oL=u g=u 9=u p=u oL =u g=u 9=u r=u
7 Yo 1

ased [earsse[o oy ur ¢ pdwexy Joy {7 pue Y7 s1ow0 9njosqe oYL, | a|qeL
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Table 2 Comparison between the absolute error for our results and the results obtained in Oztiirk (2019) for
Example 5.1 in the classical case

t Ey in Oztiirk (2019) Ey in Oztiirk (2019) EQurs EQUrS

n=4 n==6 n=4 n==6 n=4 n==6 n=4 n==6
02 509%—4 6.42e—6 8.87e—4 4.67e—6 232e—4 4.59%-7 4.15e—4 7.62e—6
04 628e—4 220e—6 2.27e—4  4.05e—5 3.04e—5 4.75e—6 6.26e—4 1.33e—5
06 277e—4 6.1le—6 1.00e—4  1.85e—6 278e—4 272e—6 145e—3 2.1le—6
0.8 272e—4 4.7le—6 6.92e—4  3.27e-5 49le—5 226e—6 2.65e—4 1.36e—5
1 6.44e—4  5.56e—6 2.62e—4  1.34e—7 4.86e—4 1.6le—6 7.06e—4 9.78e—7

Exact (4=2)
=19
a=17

Exact (¢.= 2)
a=19
a=17

—a=15

=15 /

y(t)

Fig.2 The behavior of the approximate solutions using the proposed method for various values of « and the
exact solution for the classical type for Example 5.2

o = 2. In Table 1, to show the accuracy of the proposed method, we have computed the
absolute error between the exact and approximate solution, E, and Ey, for the classical case
with different values n. Moreover, in Table 2, we have compared the results obtained by our
technique with those obtained in Oztiirk (2019).

Example 5.2 Consider the following nonlinear fractional Lane—Emden systems of the form:

D (1) + %@“_lx(t) + 18x(¢) — 4x(¢) In(y(t)) =0

4 (31)
DYy(1) + ;@“—‘y(r) +4y(1) In(x(1)) — 10y(t) = 0,
with the initial conditions:
x(0) =1, y(0) =1, x'(0) =0, y(0) = 0. (32)

t

In case o = 2, the exact solution of Example 5.2 is given by x () = e~ * and y() = e [see

(Wazwaz et al. 2013)].

Numerical solutions of the proposed method at » = 6 and different values of o together
with the exact solution of the classical case are displayed in Fig. 2. It is obvious that the
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6—VhLST L—O1LEEE §—981€8p €-969€€°T 01—-9TH61'C 8—98616'S S—96LITT €—b6hET 1
01—960€€"L 9—-9610C°C S—ogISL'8 £—9€855Y 11-9671T°€ L—THLLT §—98GL0'T £-90266'C 60
6—99TF1°6 9—3LTL8'T P—o€€85T £—orI88'T 6—20SST'T L—=RIEIPT §—oKTTss €—30K9L'T 80
8—21905°€ 9—3LELT'T §—30LY0'C £—oGhTY'L 6—95TEEE L—3T€00°€ 997658 §—36801'8 Lo
8—9G60€°C 9—3€8GH'C p—obL6Y T £—96100'6 6—935T65'1 L—3€065°C §—3T60Y'T €—3901¢'] 90
8—38GHE'| 9—3€THY T $—96£59'6 £—98€70'L 6—3LTLIT L—9€E8TE §—626v'C €—6THS'1 0
8—34051°€ 9—97889'T §—20061'F £—9616€'€ 6—2Y906'C L—3VL9E'T L—36v10'C €—30100'T 0
6—9L9€T'9 9—38TH1'T v—99650'1 v—989LL'T 01—2T1LIT L—9901TC §—ogETs' P—o611€C €0
8—9618C'T 9—3G8LI'T S—og6L6'Y £—9L8YT'T 6—967L9'T L—998€0'T S—96£91'T P—oTHSH'T T0
8—3€0LT T L—T€0€°€ §—38056'T P—IELY6'L 6—3L0LT'T 8—3bERS'S 9—3EHECT v—966L0°C 10
01 =u g=u 9=1u r=1u 01 =u g=u 9=1u y=u
e Yo 1

ased [earsse[o oy ur ¢¢ apdwexy Joy {7 pue Y7 s1ow0 9)njosqe YL, € a|qeL
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approximate solution approaches the exact solution of the classical case as o approaches 2.
Tables 2 and 3 show the absolute error for the solutions x(¢) and y(¢) with different values
of n for the classical case. From Examples 5.1 and 5.2, we can conclude that the introduced
method can successfully solve the suggested problems and is easy to implement.

6 Conclusions

Throughout this article, we solved the nonlinear system of Lane—Eden type of fractional
order. The proposed method is based on Dickson polynomials. These polynomials are used
for constructing the operational matrix of the fractional derivative in Caputo sense. The
investigated matrix is used to convert the studied system into a system of algebraic equations.
The error estimate of the suggested method is given. Some numerical examples are given
to clarify the validity and accuracy of the proposed method for both fractional and classical
cases. All results are computed via the MATLAB software.

Acknowledgements The authors are very grateful to the referees, for their careful reading of the manuscript
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