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Abstract. In this paper the singular Emden-Fowler equation of fractional order is introduced and a
computational method is proposed for its numerical solution. For the approximation of the solutions
we have used Boubaker polynomials and defined the formulation for its fractional derivative operational
matrix. However, the use of Boubaker polynomials is most recent, and has not been discussed in the
literature, since most of application areas of these polynomials require orthogonal polynomials, and here
we have introduced it for the first time. The operational matrixof the Caputo fractional derivative tool
converts the Emden—Fowler equation to a system of algebraic equations whose solutions are easy to
compute. Numerical examples are examined to prove the validity and the effectiveness of the proposed
method.
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1. Introduction and preliminaries

In mathematical physics and nonlinear mechanics there exists sufficiently large number of
particular singular fractional differential equations for which an exact analytic solution in terms
of known functions does not exist [9,10,14,17,22]. One of these equations describing phenomena
in mathematical physics and astrophysics such as, the thermal behaviour of a spherical cloud of
gas isothermal gas sphere and theory of stellar structure, theory of thermionic currents among
many others, is called the singular Emden—Fowler equation of fractional order, formulated as
follows [12, 18,20, 21]

D**u(x) + %Do‘u(x) + s(x)g(u(z)) = h(z), x € (0,1), A >0, % <a<l. (1)
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Subject to the conditions:
u(0) =a, D% (0) =1,

where a and b are constants, and D% denotes the Caputo fractional derivative.
When o = 1, A = 2, and h(z) = 1, Eq.(1) becomes the Lane-Emden type equation.
It is also defined in a more general form as follows :

1 u™ ()
D = dt -1 N . 2
u () F(n—a)/o (x—t)a*”H , n <a<n, neN, a>0 (2)

For the Caputo derivative we have D*C = 0, where C' is a constant, and

0, f NU {0} and :
Daf = § T+ 4. or g e R and < o
rB+1-a) for € NU{0} and 8 > [a] or ¢ Nand 3 > [a].

The problem (1) has been studied by different methods, using the residual power series
[20], homotopy analysis [12], reproducing kernel Hilbert space [21], the fractional differential
transformation [18], polynomial least squares [6], the shifted Legendre operational matrix [25],
the Chebyshev wavelets [13], the orthonormal Bernoulli’s polynomials [23], and the orthonormal
Bernstein polynomials [1]. There are many studies about solutions of Emden-Fowler equations
(e = 1), for e.g. in the monographs [2,7,8, 24, 26-28], where both analytical and numerical
approaches are presented.

The purpose of this paper is to use the operational matrix of fractional derivative based
on Boubaker polynomials for solving singular initial value problems of fractional Emden—Fowler
type equations (1). To the best of our knowledge, this is the first time where the Boubaker
operational matrices are used to obtain solutions for the singular Emden—Fowler equations of
fractional order. First we present a new theorem aiming to reduce the fractional Emden—Fowler
problem to a system of algebraic equations. The Boubaker polynomials were introduced for the
first time by Boubaker in (2007). The first monomial definition of the Boubaker polynomials on
the interval = € [0, 1], was introduced in [3-5,11,16,19] in the following form

&(n) (n — 4p)
Bo(r) =1, Bufa) = > [ HCL J(-1/a" ¥, n>1, (3)

i ()= (m=p)
where £(n) = bJ = 1 ,and C7_ = =2 The symbol |.| denotes the

floor function, i.e., the function which maps a real number to the greatest preceding integer.

The Boubaker polynomials could be computed by the following recursive formula
B, (z) = 2B,—1(z) — Bp—2(z), m>2. (4)

We will construct operational matrix of Caputo fractional derivative D(®) for the Boubaker
polynomials using the following relation

D°B(z) ~ DWB(x), (5)

where B(z) = [Bo(z), Bi(x),...,Bn(x)]” denotes the Boubaker vector and D(®) is an
(N +1)x (N +1) dimensional matrix. This work focuses on solving equation (1) by using
Boubaker operational matrix of fractional derivative.
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Consequently, the remainder of the paper is arranged as follows. In Sec. 2., we express the
Boubaker polynomials in terms of Taylor basis, and function approximation. In Sec. 3. the
operational matrix of Caputo fractional derivatives is constructed. In Sec. 4., we use Boubaker
polynomials method for solving the fractional Emden—Fowler type equations. In Sec. 5. some
numerical examples are given to show the accuracy of this method.

2. Boubaker’s matrix and function approximation

By using the expression (3) and taking n = 0,..., N, we can express Boubaker polynomials
in terms of Taylor basis [5,11,19] as follows

B(z) =MT (z), wz€][0,1], (6)
where
T(z) = [1,2,...,2"]7, (7)
and if N is odd,
™mo,0 0 0 0 0 0
0 mio 0 0 0 0
ma1 0 m2,0 0 0 0
M = .
mN_17N2—1 0 mN_LN2—3 0 o MN-1,0 0
i 0 M, N_1 0 My N3 0 mpo
if NV is even,
mo,0 0 0 0 0 0 1
0 mi.o 0 0 0 0
ma1 0 m2.0 0 cee 0 0
M=
0 mN_L% 0 My_q N2—4 mN—-1,0 0
L mN% 0 mNVNz—Z 0 0 mn,o
where
&(n) n
Bu(e) = 3 mape . m=0 1N p=01 |
(2) =Y mnpz” P n=0,1... N, p=01....|5] ®)
p=0
(n—4p)
My p = [7057 —1)P. 9

It can be observed, that M is a lower triangular matrix, and [M| = Y m;,0= 1 thus it is
non-singular and the inverse M ™! exists.

It is clear that Sy = span{By (z), B (x),...,Bx ()} is a finite dimensional and closed
subspace of the Hilbert space L? [0, 1], therefore Sy is a complete subspace and there is a unique
best approximation out of Sy such that ux € Sy for each u € L?[0, 1], (see [15,19]), i.e.,

Vy Sy [lu—un| <fu—-yl- (10)
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Since uy € Sy, there exist unique coefficients ¢;, i = 0,1, ..., N such that
n
u(x) ~uy (z) = ZciBn () =C"B(z), (11)
i=0
where C is an (N + 1) x (1) vector given by C = [cg,c1,...,cn]|T, B(x) is the vector func-

tion defined in Eq. 5, and the coefficients of vector C can be computed by CT(B(x), B(x)) =
(u(x), B(x)), such that

(u(z), B(x)) = / u (2) BT (2)dz, (12)

where (.,.) denotes the standard inner product on L2[0,1]. Thus, by the definition Q =
(B(z), B(z)), we get

cr - (/Olu(x) BT(x)dx)Q_l, (13)

where Q is the following (N + 1) x (N + 1) matrix
1 1
Q = (B(z), B(z)) = / B(2)B” (z)dz = M ( T(as)TT(x)dx> MT — MEM?,
0 0

where H = [hij](N+1)><(N+1) is the well-known Hilbert matrix, the components of which can be

computed as
1
hyj=—— ij=1,....N. 14
i Y (14)
Theorem 2.1 (see [11,15]). The elements By, By, ..., By of the Hilbert space L?[0,1] form a
linearly independent set in L2[0,1] if and only if

(Bo,Bo) (Bo,B1) --- (Bo,Bn)

(B1,Bo) (B1,B1) --- (B1,Bn)
G(Bo,By,....By)=| A R

(B,Bo) (Bx,Bi) - (By,By)

Theorem 2.1 proves that Q is symmetric and non-singular, so Q' exists.
Lemma 1 (see [15,19]). Suppose that u € CN*1[0,1] and
Sn =span{Bn (x),By (z),...,Bn (2)}.
Let ug be the best approximation for u in Sy then

Maz,eo,1|uN 0 ()]

(N+1)v2N +3

[lu(@) = uo(@)|| 20,1 < (15)

N
Theorem 2.2 (see [15,19]). Suppose that u € L3[0,1] and u(x) is approximated by > ¢;B;(x),
i=0
then we have

N
Nlim u(x) — Z ¢iBi(x) =0. (16)
e 1=0 L2[0,1]



Abdelkrim Bencheikh, Lakhdar Chiter Boubaker Operational Matrix Method. ..

3. The Boubaker operational matrix of fractional derivative

The main objective of this section is to derive the operational matrix of Caputo fractional
derivatives based on the Boubaker polynomials.

For the vector B(x), we can approximate the operational matrices of fractional order inte-
gration as (see [19])
DB (z) ~ DB (z), (17)

where D(®) denotes the (N + 1) x (N + 1) Caputo fractional operational matrix of integration
for Boubaker polynomials, which can be expressed as follows

D*B(x) ~ MDT (z) = MZX (z), (18)

where Z is the matrix given by

rg+1)  y-j=ral,...,N
Z=(Zij)=4 T(+1-0a) (19)
0, otherwise,
and X = [Xi+1](N+1)><(1)’ where
5 i i=al,...,N
X1 = . 20
+ { 0, i=0,1,...,[a] -1 (20)

Now, X is expanded in terms of Boubaker polynomials as
X =E"B(x), (21)

where E = [eg, €1,...,6,] and e; = Q 'FE; with E; = [6:0,€i1y- -+ Eim])T.
The entries of the vector E; can be calculated as

éij = (/lef—aBj(x)dx) Q. (22)

We have then
DB (z) ~ DB (z), D® =MZET. (23)

D(®is the operational matrix of the Caputo fractional derivative.

4. Solution to singular fractional Emden-Fowler problem

This section presents the derivation of the method for solving a singular initial value problem
of fractional Emden—Fowler type equations.

Let us consider the fractional Emden—Fowler equation of the form
A
2« a —
D**u(x) + —an u(z) + s(z)g(u(z)) = h(z), x€(0,1), >0, <a<l, (24)

with initial conditions
w(0) =a, DYu(0)=0». (25)
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We use the approximations of u(x), s (z), and g (u (z)) by the Boubaker polynomials as

w@) =Y eBi(@)=C"B(), s()gw(@)=s@)g(CTB@),  (20)
i=0
where the unknowns are C = [¢g, ¢y, ..., cm]T. Using operational matrix of fractional derivative,

Eq. (23) can be written as

CTD(Qa)B (l‘) + %CTD(OL)B (x) +s (a:)g (CTB (.13)) =h (.13) . (27)

Collocating Eq. (27) at m — 1 collocation points leads to
A
C"DEVB (2,) + Z-C"D@B (2,) + 5 (2,) g (C"B (2,)) = h (1), (28)

where a set of suitable collocation points is defined as follows

o

In addition, the initial conditions (25) provide two algebraic equations

C™B(0)=a, CTD@B(0)=0. (30)
Finally, we can compute the values for the components of C by solving the system of Eq. (28)
and Eq. (30). Hence, the approximate solution for u(x) can be computed by using Eq. (11).
5. Numerical examples

In this section, we apply the method presented in Sec. 4. to solve fractional Emden—Fowler
Equation. Numerical computations have been performed using Matlab programing language.

Example 1. We consider the following fractional Emden—Fowler equation :
2a 2 a n
D**u(zx) + m—aD u(z) + u(z)® =0, (31)

subject to the following conditions u(0) =1, D%u(0) =0.
1

1. For the case a = 1, and n = 0, Eq. (31) has the following exact solution u(z) =1 — gxz.
By applying the above method, and taking m = 2, we find .
000 000 co 3
DW=|100|, D=|00 0|, C=|c|=]| 0
0 20 2 00 ) -1
4 1 L 1
Hence, the solution is u(z) = C*'B (z) = {3, 0, _6} x =1- §x2
5 !

which is the exact solution found previously.
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2. Case a =1, and n =1, Eq. (31) has the exact solution [2] u (¢) = Sln(x).

Applying the technique described in Sec. 4., with m = 3, we approximate the solution by

u(x) = coBo(x) + 1 B1(x) + coBa(x) 4+ c3Bs(x) = CTB(z)7

where,
0O 0 0 O 0 0 0 O co
1 0 0 0 0 00O c
DM — D® — C— 1
0 2 0 0]’ 2 0 0 0" Co
-5 0 3 0 0 6 0O c3
then, we find the following system of equations
co+2c2=1, c1+c3=0,
L4 137 265 o 33 129 T2
OTRAT 2T 192 @™ T AT g 2T g @
which has the solution
o 25673 o 256 S 3280 o 256
7191130 M7 191130 P 19113”19113
s0, in this case the approximation of ug(x) is
1
25673 256 3280 256 T
uz (z) = - - 2 =
19113 19113 19113 19113 T4+ 2
24

256 25 3280 2
19113 19113

Tab. 1 shows the absolute error between the approximate solution obtained for the values
of m = 3, and m = 6, using the operational matrix of Boubaker polynomials, and the exact
solution. It can be seen from Tab. 1 that the solutions obtained by the proposed method
is almost identical to the exact solutions. Clearly, increasing more higher the values of m
leads to highly accurate results.

Table 1. Absolute error for different values of m for o = 1

T 0.1 0.3 0.5 0.7 0.9
m =23 | 3.6881E-5 1.5070E—4 7.9560E—5 1.9380E—4 3.9614E—4
m=06 | 3.3891E—8 3.0512E—-7 8.4791E-8 1.6714E-7 2.9611E-7

Example 2. We consider the following fractional Emden—Fowler equation [20]
1
D*u () + — D% (z) + (1 +2%) (u(2)) = h(2),

subject to the conditions u (0) =3, D%u(0) =0, where

I'(1+2a)

h(z)=T(1+2a)+ T+ o)

+(1+2%) (3+2°).
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The exact solution is given by u (x) = 3 + x2°.
Applying the method developed in Sec. 3. and Sec. 4. for m = 2, a = 1, we have

u(x) = coBo(z) + c1 By (x) + caBa(z) = CTB(x).

Therefore, using Eq. (28) we obtain : 1.5¢q + 2. 75¢1 + 7. 375¢ = 8. 875.
Now, applying again Eq. (28) we have ¢y + 2co = 3 and ¢; = 0.

Finally, we get cg = 1,¢1 =0 and ¢; = 1.

Thus, u(z) can be written as

which is none other than the exact solution.
Tab. 2 shows the absolute errors between the approximate solutions obtained for the respectives
values of (a = 0.75, @ = 0.85, & = 1), and the exact solutions.

Table 2. Absolute error for different values of o for m = 2

x 0.1 0.3 0.5 0.7 0.9
a=1 0.000 0.000 0.000 0.000 0.000

a=085|6.7607x 1077 1.0759 x 10~? 8.3712x 102 6.9827 x 107> 1.1870 x 10~ °

a=0.75[9.7032x 107Z 1.0264 x 1072 5.1643 x 1072 4.9891 x 10> 1.9924 x 10~°

Example 3. Consider the following fractional Emden—Fowler equation
2« A « 2
D=%u(x) + x—aD u(z) — 2(22° + 3)u(x) = h(z), (32)
subject to the conditions w(0) =1, D<u(0) =0, with & = 1,A\ =2, and h(z) = 0. Eq (32) has

the exact solution (see [2]) u (t) = exp(z?).

In Fig. 1(a), are plotted the exact and the approximate solutions of u(z) for m = 4, and
m = 6. Definitely, by increasing the value of m, the approximate value of u(x) will be closer to
the exact value. Fig. 1(b) represents the absolute error in this case.

Example 4. Consider the following fractional Emden—Fowler equation (see [20] )

D2y (z) + xiamu (@) —9u(@)=h(z), ze(0,1), ~<a<l, (33)

DN | =

subject to the boundary conditions u (0) = 2, D% (0) = 0, where

I' (14 2a)
I'l+a)

I'(1+3a) TI'(1+3a)

h = — a 200 Sa.
(x) 9+ T+ a) +F(1+2a)>x 9z 9z

+r(1+2a)+(

The exact solution is given by

u(z) =1+ 2% + 23,
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9E-0005+
: (a) (b)
[t 8E-0005+ Absolute error

=== = Exact

b

=== M4 TJE-0005+

amms M=6

6E-0005+

5E-0005+

4E-0005+

3E-0005-

2E-00051

1E-0005

L 1 Il 1 1 il | | I 1
0 01 0.2 03 0.4 05 0.6 0.7 0.8 09 1

o 0,1 0,2 0,3 0,4 0,5 x

Fig. 1. (a) — graph of exact and approximate solution (for m = 4 and m = 6), (b) — graph of
absolute error

For various values of & = 0.7, 0.8, 1 and m = 4. The operational matrix for D(® is given by

0 0 0 0 0
7.5067 —5.1084 —7.0969 8.2458 —3.4888
DO = —0.75854 —2.489 —1.8287 4.1182 —2.1815 |,

3.8518  —=5.5229 —5.0826 8.4712 —3.3057
1.8646 —2.3313 —0.31872 2.3752 0.61468

0 0 0 0 0
0 0 0 0 0
DUY = 4.7386  7.3096 0.56406 —4.3120 2.8203 |,

—7.5859 098711 3.2963 0.21152 —0.47593
—3.8934 —10.541 —-1.8169 11.281  —3.7423

0 0 0 0 0
6.1986 —3.3934 —5.2443 5.8093 —2.3809
DO — —2.6616 3.8043  2.6493 —2.9733 1.3151 |,

1.7557 —=3.6652 —2.8636 5.9132 —2.2249
2.3933 —4.6647 —-1.7933 5.0768 —0.58478

0 0 0 0 0
0 0 0 0 0
D16 — 13.216  —6.4671 —11.403 12.352 —4.9845 |,

—8.5829 6.6068  6.3194 —5.0447 2.0389
—10.082 —5.9541 3.6179  5.9058 —1.4201

0 0 000 0 0 0 0 0
1 0 00 0 0 0 0 0 0
D= 0 2 0o00o0|, D= 2 0 0 0 0
-5 0 3 00 0 6 0 0 0
0 -4 0 4 0 —24 0 12 0 0
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Then, Eq. (33) with the initial condition has been solved with the proposed method and the
values of the unknown matrix CT are obtained and listed in Tab. 2. The values of absolute

errors are shown in Tab. 3.

Table 3. Values of unknowns for m = 4, and for different values of a

Unknowns co c1 Co c3 Cq
a=0.7 —2.2706 0.57555 1.6168 —7.5937x 10~2 1.8568 x 10~2
a=0.8 —2.2805 7.9481 x 1072 1.6352 0.14592 9.5450 x 1073

a=1 —1.0004 —0.999 65 1.0002 0.999 65 2.2216 x 107°

Table 4. Absolute errors for m = 5 and for different values of «

x a=0.7 a=0.8 a=1

0.1 ] 5.5839x1072 2.8251x 1072 3.8348 x 10~°
02 ]4.9238x107%2 2.3678x 1072 3.4764x10°°
0.3 | 4.5776 x 1072 2.0665 x 102 3.1270 x 10~°
04 ]4.3242x107%2 1.8550x 1072 2.9831x10°°
0.5 | 4.0654 x 1072 1.7195x 1072 3.2362 x 10~°
06 | 3.7510x 1072 1.6605 x 1072 4.0721x10°°
0.7 1 3.3528 x 1072 1.6810 x 10~2 5.6716 x 10°°
0.8 [2.8539x1072 1.7824x 10°2 8.2100 x 10°°
09 [ 22428 x 1072 1.9619x 1072 1.1857 x 10~ %
1.0 | 1.5099 x 1072 2.2125x 102 1.6778 x 10~*

Fig. 2. The graph of u(z) with m =4 and o = 0.7,0.8,1

Conclusions

. x
0 01 02 0,3 04 05 06 07 08 09 1

In this paper, we introduced a new operational matrix of fractional derivative by using

Boubaker polynomials. Then by using these matrices, we reduced the singular fractional Emden-
Fowler type equations to a system of algebraic equations that can be solved easily. Numerical
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examples are included to demonstrate the validity and application of this method. The results
revealed that the introduced method is very effective, straightforward, simple, and it can be
applied to other related fractional problems, such as partial fractional differential and integro-
differential equations. Further improvements involving Boubaker polynomials in the fractional
case are possible and may be directions of the future research.
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Metoa onepammoHHoiT maTpuiibl Bybakepa ass a1pobHOii
zagadn dMmaeHa-Daysiepa

Ab6penbkpum Benueiix

Kademnpa maremaTuku

Yuusepcurer Kacou Mepbax Yaprita

Yaprua, Amxup

Jlaxgap Yurep

Kadenpa maremaruku

Jlaboparopus pyHIaMEHTAIBHON U BBIYUCIUTEIHHON MaTEeMATHKU
Yuusepcurer Cernd 1

Cerudy, Amzxup

Amnnoranus. B pabore BBesieHO cHHIYIIsIpHOE ypaBHeHHe DMaeHa—DPaysiepa ApoOHOro mopsiaka U Ipe/i-
JIOXKEH BBIYUCJIUTEIBHBI METOJT €r0 YHCJICHHOrO pertenus. JIJist ammpoKCHMAaIiy PEIeHnii Mbl MCIIOJIb-
30BaJIM MOJIMHOMBI Bybakepa u ornpejenniu (popMyJIUPOBKY €ro OneparioHHON MaTPHUIlbl JPOOHON IPO-
n3BoHOM. OJIHAKO HCIIOJIB30BaHKE ITOJITMHOMOB Bybakepa MOsSIBUIIOCH COBCEM HEJIABHO U B JIUTEPATypE He
006CyK1aJI0Ch, TOCKOJIBKY B OOJIBIMUHCTBE OOJIACTEN TPUMEHEHUsT STUX MMOJUHOMOB TPEOYIOTCS OPTOTO-
HaJIbHBIE IIOJIMHOMBI, U 37IeCh MbI BBesiM ero Brepsble. OnepanuonHas MaTpuila MHCTPYMEHTa JPOOHOI
npoussozguoit Kamyro npeobpasyer ypasuenne dmzaena-DPaysepa B cucreMy ajrebpandecKux ypaBHEHUH,
peleHnst KOTOPOii JIETKO BBIYUCIUTH. PACCMOTPEHBI YNC/IEHHBIE TPUMEDDI, TOATBEPK,IA0Ine 0OOCHOBAH-
HOCTBb ¥ 9P DEKTUBHOCTD [IPEJJIOKEHHOTO METO/IA.

KuaroueBbie ciioBa: MHOTOWIEHBI bybakepa, omeparioHHas MATPHUIA JIPOOHBIX MPOU3BOJHBIX, METO.T
KOJIJIOKAITHH, ApOOHBbIe ypaBHEHUsT Tuma dMaeHa—Payepa.
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