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Abstract In this paper, a Laguerre collocation method is presented in order to obtain numer-
ical solutions for linear and nonlinear Lane-Emden type equations and their initial
conditions. The basis of the present method is operational matrices with respect
to modified generalized Laguerre polynomials(MGLPs) that transforms the solu-
tion of main equation and its initial conditions to the solution of a matrix equation
corresponding to the system of algebraic equations with the unknown Laguerre co-
efficients. By solving this system, coefficients of approximate solution of the main
problem will be determined. Implementation of the method is easy and has more
accurate results in comparison with results of other methods.
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1. INTRODUCTION

Most problems in science and engineering and other fields need solving the linear
and nonlinear differential equations. For solving these equations many analytical
methods such as the (%)-expansion method [2], the Exp-function method [3], the
differential transformation method [4], and numerical methods such as the Jacobi
operational matrix collocation [5], the finite difference, the finite element and the
spectral methods have been introduced [8, 13].

The spectral methods have developed quickly in the recent two decades. They have
become basic tools for numerical solving of ordinary differential equations(ODEs) and
partial differential equations(PDEs). The main advantage of the spectral methods
over other existing methods may be its ability in finding an accurate solution for
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the problem. These methods became distinguished in the 1970s [24] and the three
common spectral types are the Galerkin, collocation and Tau procedures.
Collocation methods are very accurate and efficient procedures for numerical solving
of linear and nonlinear differential equations. Their fundamental idea is to consider
the unknown solution y(z) which can be approximated by a linear combination of
certain basic functions, called the trial functions, such as orthogonal polynomials.
The orthogonal polynomials can be selected matching to their specific attributes which
construct them especially appropriate for the problem under investigation. We apply
modified generalized Laguerre polynomials(MGLPs) to instruct Laguerre collocation
method.

Lane-Emden equation was first studied by astrophysicists Jonathan Homer Lane
and Robert Emden, where they investigated the thermal behavior of a spherical cloud
of gas acting under the mutual attraction of its molecules and subject to the classical
laws of the thermodynamics [18, 26]. This equation is generally formulated as follows:

y"(x) + %/(33) + f(@)g(y(x)) = h(z), k>0, x>0, (1.1)

with initial conditions
y(0) =a, y'(0)=0, (1.2)

where the prime denotes the differentiation with respect to z, k is constant, f(z),
g(y) and h(z) are some given continuous functions and a, b are constants. It is one
of the singular initial value problems formulated by the second-order ODE, in which
singularity behavior occurs at = 0. It is undeniable that an analytic solution of (1.1)
is always possible in the neighborhood of the singular point for the initial conditions
(1.2) [9].

Currently, many techniques used in studying Lane-Emden type equations are based
on either series solutions or perturbation techniques such as, Pade approximations
method [10], Quasi-Newton’s method [30], Adomian decomposition method(ADM)
[26, 27], variational iteration method [28], Legendre spectral method [1], Jacobi-Gauss
collocation method [6], Chebyshev collocation method [7], Bessel collocation method
[29], Hermite function collocation method (HFCM) [16], Hermite wavelets method [20],
operational matrix of integration [21], wavelet series collocation method [22], and so
on. Here, modified generalized Laguerre collocation method(MGLCM) is applied for
solving some special cases of linear /nonlinear and homogenous/nonhomogenous Lane-
Emden equation (1.1) and to illustrate its accuracy and efficiency in comparison with
other existing numerical methods.

The paper is organized as follows. In section 2, we present an overview on MGLPs
and their related features required afterward. In section 3, we explain the general
procedure of generating operational matrices of derivative and product with respect to
MGLPs. The creation of collocation method based on MGLPs is described in sections
4. In section 5, the suggested method is used to solve several types of Lane-Emden
equation and comparisons are made between our obtained results and the existing
analytical or numerical solutions that were presented in other published works. The
conclusion is given in section 6.
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2. BASIC PREPARATIONS ON MGLPsS
Some basic properties and results on MGLPs are introduced in this section.
Definition 2.1. Let X = [0,4+00) and w(®#) (z) = z%e™ 7% o > —1, B > 0, be a
weight function on X. The MGLP of degree n is defined by
1

o Bxan/ nto, —Lx _
e O (e e ™), n=0,1,2,... (2.1)

L) a) =
n:

They are solutions of the Sturm-Liouville problem and satisfy the following three-
term recurrence formula [14, 23]:

L (@) = 1,

Ly (@) =1+ a - Ba, (2.2)
2n+ o — Pfr+1 n+a«
1B (4 L@#) LA (g =1,2,....
ORE () - L@, n=12
Also, the n—th degree MGLP has the analytical form
” M (n+a+1)
n () ,;( T tas DR E" (2:3)
where I'(a) = +OO % le~%dz, is the Gamma function [15, 19)].

Some other propertles of the analytical form of MGLPs are presented as the following
statements and lemmas:

'n+a+1)
1—L@P(0) = =0,1,2,...
d’ " B T(n+a+1) 2k~ )
B JCHC)yom g —1)k < 2.4
it (@) k:i( T tar TGt Dm—py ‘=" 24
di
3— @ng’ﬁ)(x) =0, n=0,1,2,..., i>n.
Lemma 2.2. The nth modified generalized Laguerre polynomial can be written as
LA (i Z’y (2.5)
A (n) _ (_1)k B’“F(n+a+1)
where 7, = (—1) T(htat1)(n—k)k -

Proof. %Cn are the Maclaurin series coefficients of L%Q’B ) (x).

Thus, 'y(n) kl, dd:k L(a 5)( )|:z::O' Now, the lemma can be proved by using proper-

ties (1-3) mentioned (2.4). O

Lemma 2.3. If p > 0, then

n

Hoeo DT(n+a+1)(p+1+a)
PLED ()@ (2)dz = 3 : 2.6
/0 2Ly (x)w LT+ a+ D)(n— DUl preast’ (2.6)

(<)
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Proof. From analytical form of P )(x), in (2.3) and using integration by parts we
have,

+oo +00 n _1l lF 1 I
[T e e @an = [y [CLIT L AT e
0 0 1=0

'l+a+1)(n-01

n (— )lﬁlr‘(n+a+1> +o0 ) " s
{ (l+a+1)(n—1)!u/ gptitee=h dx:|

|
: WM

(-D'IT'(n+a+1)(p+1+a)
— T(l+a+1)(n—)! prretl’

O

Lemma 2.4. IfLﬁ-a’B (x) and L ’B)( ) are j—th and k—th MGLPs respectively, then
their product can be written as

itk
Q@) = 2N o, 2.7
r=0
where
N (=1)"B'T(j + o+ DIk + o+ 1)
' —T(r—l+a+ I+ a+ 1) —r+Dir =Dk -DHIY

Proof. The polynomial Qg?_,f)(x) = L;a’ﬁ)(m)L;a’ﬁ)(m) will be a polynomial of degree
j + k and considering lemma 2.2 it can be written as:

Jj+k

k
Q)= (398 ok a7 = A
n=0 r=0
where

i k
)\gy,k) _ Z“Yi])ﬂz( )

_ Z [ —1) BT+ a+1) (~D)!B T(k +a+1)
Lr—l4+a+1)G—r+D(r—0)! Tl+a+1)(k—=0D1

_Z (~1)B"T(j+a+1)I(k+a+1)
Lr—l+a+l(I+a+1)([G—r+D)(r—=DI(k-DH

(el
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The relation between coefficients )\(] ") with coefficients ’y(j ) and 'y(k) is in an algorithm
as follows.

Ifj>k: Ifj<k:
F=0,1,...,j+k r=0,1,...,5+k,
if r>jthen if r<j then
k k . .
] ) = Zl r—j '77(])1 'Yl( )7 = min{r, j},
else AR = s A0 )
r1 = man{r, k}, else
M) = =it 71( g T2 = min{r, k},
end. AP = D j ’yﬁj)l ’Vl(k)7
end.
Thus, the coefficients )\Sj k) are determined. O

Lemma 2.5. If Lga’ﬁ)(x), Lga’m(x) and L,(ca’ﬁ)(a:) are i—, j— and k—th MGLPs
respectively, then

+oo
/ L (@)L @) L (@)wl D (@) da = i, (28)
0
where
- ko itj (_1)1)\£,i’j)1“(k;+a—|—1)F(T+l+a+1) 2.9
Wi =2 X T ek O pe 29

and Aﬁj”“) has been introduced in Lemma 2.4.
Proof. Simply, the lemma can be proved by setting L;O"ﬁ)(;v)Léo"ﬁ)(x) = Q(O‘ ﬁ)( ),
and applying (2.3) and Lemmas 2.3 — 2.4.

3. OPERATIONAL MATRIX

Here, the operational matrices of derivatives and product of MGLPs are expressed.
Firstly, the concept of function approximation is introduced.

3.1. Function approximation. The set of MGLPs is the LZ ., , (X)-orthogonal
system, namely

+oo
<L§a’m(x),L§f’B)(x)> = / L& (@) L ()w @) (2)da
wleB) X 0

= n* s, jk=0,1,2,...,

(3.1)

where §;, is the Kronecker function, hf:“’m = % and L2, , (X) is a Hilbert

space.

(<)
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A function y(z) € L2, 4 (X) can be expanded in terms of MGLPs as follows:

N~ ()
:chLjo" (x)
=0

1
(@)
hj

. (3.2)
/ y(@) LS (@)@ (2)dz, j=0,1,2,
0

C; =

In implementation, just the first (N + 1) terms of MGLPs are considered. Then we
have
N
y(@) = yn(e) = Y L7 (@) = CT (), (3.3)
j=0
where, the MGLP coefficient vector C' and the MGLP vector ®(x) respectively, are
defined by

C=lcoser,..nen)’y @) = [LE (@), LI (@), ..., L¢P @), (3.4)

3.2. Operational matrix of derivative. The basic purpose of current subsection
is to extract the operational matrix of derivative from the MGLP vector ®(x) defined
n (3.4).

Definition 3.1. Suppose ®(x) be a MGLP vector, the matrix D(y.41)x (v+1) is named
as the operational matrix of derivative if and only if

dd(x)
———= =D ®(x). 3.5
Theorem 3.2. The operational matriz of derivation D is defined by:
0 0 o -~ 0 O
-8 0 0O --- 0 0
-8 =B 0 - 0 0
p=| " 7 o (3.6)
-8B =8 =B -+ 0 0
B —f ~B - B0
Proof. MGLPs are satisfy the recurrence relation
d d
— L () = L (z) — gL>D) =1,2,...
LI () = LD (@) - LD @), m=12,
thus,
4 s (@) = LLD () - BLD (@)~ BLED (@), n=2.3,... .
dx " dx "2 T

Using the above relation sequentially, yields

n—1
d d
L@ = LY @) Y LP@), n=012,...,
X
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whereof, Léa’ﬂ)(x) =1, we give

ddL(aﬁ) ZL(QB ), n=0,1,2,....
X

Generally, for the vector ®(z) = [L(()a’ﬁ)(x), Lga’ﬁ) (x),... ,Ls\?’ﬂ) (7)]T we have matrix
notation with the following form

dL(OlB)( ) ]T

d « «, «
20 = £LEV@), ALY @), AL @)

= [ 0,-8L8 P @), ~B N L @), -8 TN L) |

"0 0 o0 - 0 01| W
8 0 0 - 0 0 L%‘”Zi €
_ _ 0 O 0 L «,
= :B :ﬁ : : : 2 - () :D<I>(x)
B B B - 0 0 LE?,_/?(:C)
L -8 -8 -8 -+ =B 0 1 LS\}X’B)(JE) ]

O

Clearly, by using (3.5) we have % = (DW)"®(x), where n € N, and the
superscript in D) expresses matrix powers. Therefore D(") = (D(l))".

3.3. Operational matrix of product. In this subsection, a general process is in-
troduced to find the (N + 1) x (N + 1) operational matrix of product of MGLPs.

Definition 3.3. Suppose C = [cg,c1,-..,cn] 7T, C is named as operational matrix of
product if and only if
®(z)®T (2)C ~ Cd(z). (3.7)

The elements of matrix C' are determined using the following theorem.

Theorem 3.4. The elements of the matriz C in (3.7) are calculated as:

N

. 1 )
C]kzmzc’bquka jkaOalaaNa (38)

hy, i=0

where
“+o0
Gijk = / L (@) L () L (2)w @D (2)de, .5,k =0,1,...,N,
0

are computed by means of lemma 2.5 and C; are the elements of the vector C in (3.7).

(<)
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Proof. The left side of (3.7) is as follows,
S Gl (@)L (a)

N ooplasB) oo p )
@(x)@T(x)C: Zi:O CiLl :( )Lz ( ) ) (39)

SN CLY P (@) L (2)

One puts,
L (@)L (2 Z a L\ (x),  i,j=0,1,...,N. (3.10)
Multiplying both side of (3.10) by L ’B)( ), m=0,1,..., N, and integrating from 0

to 400 results,

—+o0
(a,8) (a,8) (a,8) (a0, 8)
/0 L (@)L () LD ()@ (2)da

N +00
Y [ L @LE O @ @) = b

k=0 0
Therefore,
L [T @By 7 (@B) (o 7 (@0B) (g (@)

Now suppose,
+oo
/o LS (@) L () LD (@) P (@)de = gijm, —i,5,m =0,1,..., N,

So, one gets,

Gim i jm=0,1,.

hgff’ﬁ), 1,5, M N.

O = e

Substituting a,, into (3.10) one has

N
«, a, qijk «, .o
Lg» ’8)(33)LZ(. ’3)(33) = E h(Z,@’)L’(“ ﬂ)(x), 1,7 =0,1,...,N.
k=0 "k

Thus, each element of the vector ®(z)®T (x)C in (3.9), is as

N N
Z C, L ﬁ) ’ﬁ)( ) = Zci(z hq(ji];a) Léa’ﬁ)($)>

=0 k=0 "k

N 1 N
=>. {mm > Cz‘qz-jk} L (@) (3.11)

k=0 hk i=0

Cr Ly ().

I
M=

=
Il
o
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Using (3.11) for other elements of the vector ®(x)®T (x)C leads to the desired result.
O

Forthcoming theorem offers the public relation for approximating nonlinear term
v"(z)u®(x) which may appear in nonlinear equations.
Theorem 3.5. If
u(z) ~ CTd(z) = d(x)"'C, v(z) ~ VId(x) = &7 (2)V, (3.12)
®(2)0T (2)C ~ Cd(x), ®(z)dT (2)V ~ Vo(z), '

where C and V are the (N + 1) vectors and C and V are the (N 4+ 1) x (N + 1)
operational matrices of product, then the following relation is valid:

v (z)uf(x) ~ VI(V) 1B, 1®(z), Bs_1=(CT)*1C, rs=1,2,....
Proof. One has
u?(z) ~ (@7 (2)C)? = CTo(2)dT (2)C = CTCP(x),
So, by use of induction u®(x) will be approximated as
ut(z) ~ CT(C)*td(z), s=1,2,....
To similar way, v"(x) is approximated as
() 2 VIV o), r=1,2,....
By applying the declared formulas and induction is easily observed,

v (z)uf(z) ~ VI(V)" 1B, _1®(z), Be_1=(CT)*1C, rs=1,2,....

4. MODIFIED GENERALIZED LAGUERRE COLLOCATION METHOD

This section includes two subsections. The first one describes the concept of spec-
tral methods and modified generalized Laguerre collocation method (MGLCM). The
existence, uniqueness, convergence and stability of approximation and related theo-
rems are introduced in the second subsection.

4.1. Explaining the method. Spectral methods in the subject of numerical proce-
dures for solving differential equations commonly belong to the category of weighted
residual methods(WRMs). WRMs are included a special class of approximate tech-
niques, in which the residuals (or errors) are minimized in a specific procedure and
therewith leading to particular methods containing Galerkin, Petrov-Galerkin, collo-
cation and Tau methods [19].

Assume the general problem:

Lly(x)] + N[y(z)] = f(z), z€X, (4.1)
with the initial conditions
y(0) = d;, i=0,1,....,m—1, (4.2)

(<)
EE
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where L and N are linear and nonlinear operators, respectively, and f(x) is a function
of variable x and d;(i = 0,1,...,m — 1) are initial values of unknown function y(z).
The beginning of the WRM is to approximate the solution y(z) by a finite sum

N

y(x) ~ yn(z) = Z cigi(x), =ze€X, NEN, (4.3)
i=0

where ¢;(x) are the basic or trial functions and the expansion coeflicients must be
specified. Replacing y(x) by yn(x) in (4.1) leads to the residual function:

Ry(z) = Llyn(2)] + Nlyn (2)] = f(z) # 0. (4.4)
The idea of the WRM is to compel the residual to zero by needing:

(R, ) x = /X Ruv(2)t; (x)w(w)dz =0, 0<j<N, (4.5)

where 9;(z) are test functions and w is positive weight function.

The choice of trial and test functions is one of the most important properties
that recognizes spectral methods from finite-element and finite-difference methods.
Spectral methods use globally smooth functions as trial and test functions. The
most generally used trial and test functions are trigonometric functions or orthogonal
polynomials (typically, the eigenfunctions of singular Sturm-Liouville problems) [19].
Therefore, with selecting MGLPs as the trial functions in (4.3), i.e., ¢;(x) = LZ(.Q’B) (x)
and ¥;(z) = d(z — ;) as test functions and w(z) = w(®A)(z) in (4.5), the residual
function is forced to zero at xz;, i.e., Ry(x;) = 0, which ¢, is the Dirac delta function,
ie., §(x) =1 for x = 0 and é(xz) = 0 for otherwise, and x; are preassigned colloca-
tion points. The name of this method is modified generalized Laguerre collocation
method(MGLCM).

Hence, using (4.3) with MGLPs as the trial functions and applying the expressed
matrices and approximations, the terms of assumed equations (4.1) are approximated
and replaced into (4.1) and the residual function is obtained. With collocating the
residual function at (N — m + 1) scaled roots of the (N —m + 1)—th MGLP(i.e.,
Laguerre-Gauss points) on interval (0,7) or other suitable collocation points for each
two particular selections of modified generalized Laguerre parameters o and 3, the
(N —m++1) linear or nonlinear algebraic equations with (N+1) unknowns are obtained.
Consequently, this system of algebraic equations alongside m equations are generated
by substituting introduced matrices and approximations into initial conditions (4.2)
gives an algebraic system of (N + 1) equations with (N + 1) unknowns. This system
is solved with the aid of Maple software and the unknown spectral coefficients vector
C' is determined and approximate solution yy (z) is calculated.

Notation. All roots of (N +m — 1)—th MGLP are positive and non-zero, so the
singularity of Lane-Emden type equations does not occur at these collocation points.
Therefore the equations obtained at these points, together with the approximate
equations of initial conditions, yield the favorable algebraic systems. Furthermore for
other suitable collocation points, such as z; = %i, 1=0,1,2,..., N, the singularity
is eliminate by assuming the first node point z¢ > 0, such as xg = 0.0001. Then, by

(el
BE
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replacing the approximate equations of initial conditions with the first two equations,
the favorable algebraic system is obtained.

4.2. Existence, uniqueness, convergence and stability of approximation. Let
N be any non-negative integer and Py denotes the linear space of polynomials whose
degree is at most N on X. Clearly, the dimension of Py is N 4+ 1 and the polynomials
Lg{l’ﬂ)(aj), n=0,1,..., N are orthogonal with respect to inner product (3.1). There-
fore they form a basis for Py, i.c., Py = Span{L{* (), L\ (2),..., L3 (2)}.

According to Weierstrass theorem in a bounded closed interval and its extended
type for unbounded domains, any continuous function can be uniformly approximated
by polynomials.[12]

We define the orthogonal projection operator Py . : Li,m,m(X) — Py, for

any continuous function y as Py (.6 (y) = yn := EnN:o an;“’ﬁ)(x), where Laguerre

coefficients ¢,, are computed according to (3.2). Since {Lgf"@)(z)}gzo are linearly in-
dependent, yy is determined uniquely. It turns out that Py . is a linear operator.
We call yn the orthogonal projection of y onto Py through the inner product (3.1).

At this point, the best approximation problem is finding one polynomial among
all the polynomials of degree less or equal to a fixed integer IN, which be best ap-
proximates uniformly in X for a given continuous function y. It can be formulated in

terms of the norm ||.|| 4.5 and the next proposition fully determines the solution of
this problem [12, 15].

Theorem 4.1. For anyy € qu(aﬁ) (X), there exists a unique polynomial o . (y) €
]PN that

ly = onwes (Wllwes = infyepy |y = Vllw@s - (4.6)
Moreover v (e (Y) = YN
To proof of Theorem 4.1 is referred to [12].
In short, we can write
ly — ynllwesn = infypepy |y — Yllwes - (4.7)

Another interesting characterization is given in the following theorem.
Theorem 4.2. For any y € Limﬁ) (X), we have
<y — YN, ¢>w(0<~/3),X =0, V(b € Py. (48)

To proof of Theorem 4.2 is referred to [12].
By virtue of this theorem, the operator Py .5 takes the name of orthogonal pro-
jector, since the error y — yn is orthogonal to the space Py. Choosing in particular
¢ = yn in (4.8), application of the Schwartz inequality leads to ||yn || @8 < ||Y]] o8 -
The convergence of the Laguerre approximation is deduced from the next result[12].

Theorem 4.3. For any y(x) € L2 ., 4 (X), the sequence {yn(z)} n>o defined in (4.3)
using MGLPs is converges to y(x). i.e. we have

limpy—4o0lly = YN |l = 0. (4.9)

(<)
EE
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Proof. Since Py is a complete Hilbert space, so it is sufficient we show the sequence
of patrial sums from {yn(z)}n>0 is a Cauchy sequence.

Suppose {p( ”8)( z) }k>0 be the orthonormal form for MGLPs. Then

@B
Zd p(a,ﬁ) ), d= ck(hgxﬁ))%, p](ca,ﬁ)(x) = k(aiﬁ)(l)'
(™)

Also, we define the sequence of partial sums {Sy(x)}am>0 from {yn(z)}n>0, such

that Sy (z) = lengo dkp,ga’ﬁ) (z).
With L2, ;-norm, for arbitrary L and M; L < M, we have

IS0 — Sp|)? = dew” )12

k L+1
:< > A, Y dpli ) >
k=L+1 j=L+1

Z Z dkd ((X:B) (2), (’B)(x»

k=L+1j=L+1
M

= >l

k=L+1

By Bessels inequality, since

M

ol <l Z dip™? (@))1” < Jy(@)]?,

k=L+1 k=L+1

therefore "0 |dx | is bounded and convergent. Hence ||Sy—SL||* — 0 as L, M — 0.
This implies ||SM — Sill = 0. Then {Sm(z)}m>0 is a Cauchy sequence and it
converges to S(z) € Py.

Now, we assert that S(z) = y(z).

By the projection operator, we have

(S(z) = y(@), 0\ (@) sy =0, G=0,1,2,... M.

Then S(z) — y(z) = 0. Hence S(z) = y(x) and yn(z) = Zk o Ck L(a ﬁ)( ) converges
to y(z) as N — 4o00. Thus limy ooy — YN |lye.sr = 0. O

In order to describe approximation errors precisely and study stability of the
method, for any integer r > 0, we define the non-uniformly weighted Sobolev space
AT s (X) as follows:

Al o (X) = {u | uis measurable on X and ||ul| ar < 00},

(a,8)
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equipped with the following norm and semi-norm
T
lyllar o = Q Wl Y2 ylar L = 105yllwesrs-
w(a:B) (a,B) (a,8)
k=0 v v

Clearly, A7 5 (X) ={y |y € L2 .5 (X), Iy € L2 air (X),0 <k < 7}, and
AY (X)) =L2, 5 (X). The following basic result is available on bound of error of
the Laguerre approximation [14, 25].

Theorem 4.4. For any y € Az)(aﬁ)(X) and any integers 0 < s < r, we have

195 (5 = yn)lhwtasaer < (BN) T [05yllupcaro- (4.10)

where ¢ is a generic positive constant independent of any function and «, B, N.

To proof of Theorem 4.4 is referred to [14, 15, 19, 25].
We observe that the above result is valid for y € A , 5 (X) which includes functions
that do not decay at infinity, however, the error estimate is given in a weighted space
with an exponentially decay rate [19].
By assuming s = 0, in (4.10) we have

ly =y llscor < e(BN)Z 0y lucosron, (4.11)
and,
- =
ly —yn |l < ( N ) -1 1)
ly — yn -1l N-1

Therefore, with L? , , -norm, according to (4.11), the order of convergence is O(N—"/2)
for fixed r. Also, (4.12) concludes that the error of the method decreases at N—th
step compared to the (N —1)—th step. Thus the stability of the method is resulted.

5. NUMERICAL EXAMPLES

To demonstrate the applicability and accuracy of the MGLCM, we apply the
method for special cases of Lane-Emden type equations. In some cases, the so-
lutions obtained by the proposed method and exact solutions are equal, which we
provide the value of unknown vector C' and solution y(z). In some other cases, the
numerical solutions of the presented method are in excellent agreement with the exact
solutions, which we provide a table of results including the numerical solutions and
absolute errors of the presented method and other methods at selected points. All
of the numerical computations are done on a computer using written codes in Maple
software.

Example 1. The standard Lane-Emden equation
For f(z) =1, gly) = 4", h(z) = 0, k = 2, a = 1, b = 0, (1.1) is the standard
Lane-Emden equation of index r, in the following general form,

2 r
y'(@) + —y'(2) +y(2)" =0, (5.1)
with initial conditions y(0) = 1, (0) = 0.
The Lane-Emden equation of index r is a fundamental equation in the theory of stellar
c[v)
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structure. It is a beneficial equation in astrophysics for calculating the structure of
interiors of the polytropic stars. This equation explains the temperature variation of
a spherical gas cloud under the mutual attraction of its molecules and subject to the
classical laws of thermodynamics [9]. The solutions of (5.1) for a given index r are
known as polytropic of index r, where the parameter r has physical significance in the
range 0 < r < 5. Unfortunately, exact solutions to (5.1) in closed form are possible
only for values of the polytropic index » = 0, 1 and 5. For other values of r between
0 and 5 only numerical solutions are available in the literature.

case 1. For r =0, (5.1) turns into the following linear nonhomogeneous form

2
y'(@) + —y'(z) +1=0, (5.2)
with initial conditions y(0) = 1, ¥'(0) = 0 and has exact solution y(z) =1 — ”’6—2
Applying the present method for N = 2, we have
y(z) ~ COLéa’B) (z) + cnga’B) (z) + CQLéa’B)(a:) =CTo(x),
y'(z) ~CTD'®(x), o'(x)~CTD?*®(x),

where the operational matrices are obtained from Theorem 3.2,

0 00 0 0 O
D=—-p| 1 0 0|, D*=p1 0 0 0
110 100

Firstly, substituting above approximations into (5.2) leads to the residual function

Ry (z) ~ CT(D* + %D)(D(m) +1=0,

and collocating Ry (z) in the root of Lga’ﬁ) (z), yields
14+«

—2Bc1 + Bla— 1)ea + 5 =0. (5.3)

Secondly, substituting above approximations into initial conditions yields
1 3

y(0) = CT@(0) = co + (1 + a)er + (507 + Ja + Des = 1,

y'(0) ~ CTD?*®(0) = —Becy + B(—2 — a)cg = 0.
Finally, by solving the linear system of Eqs (5.3)-(5.4) the three unknown coefficients
are determined as:
~a? =68 +3a+2 o2t 1

662 ) 1= 362 ) 2 — 362

Consequentially, the numerical solution for arbitrary choices of & > —1 and g > 0 is
obtained as:

(5.4)

Co =

1
Q24682 —3a—2 2 1
e it 5] I
P2 plat Dot E R+l
:1_£27
6
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which is same the exact solution.
case 2. For r =1, (5.1) has the following linear homogeneous type equation

/(@) + 29/ () +y(w) =0, (5.5)

.szn(m)

with initial conditions y(0) = 1, y’(0) = 0 and exact solution y(z) =
Applying the present method for an assumed N and constructing the re81dual function
and collocating in the scaled roots of L(a’B )( ) on interval (0, 1) along with approxi-
mating the initial conditions equations, we will obtain a linear algebraic system with
(N + 1) equations and (/N + 1) unknowns. After solving this algebraic system, the
maximum absolute errors for various choices of N, o and § are shown in Table 1. It
shows that for various values of a and 8 by increasing the value of N the maximum
absolute errors are decreased, which demonstrates the suggested method is of high
accuracy.

TABLE 1. Maximum absolute error for different values of «, 8 and

N for case 2.

N o g Max. Abs. Error N a [ Max. Abs. Error
4 0 1 4.16E-06 4 5 5 7.61E-06

8 2.39E-11 8 9.76E-12

12 3.76E-15 12 2.10E-17

4 5 1 1.11E-05 4 3 5 3.18E-07

8 9.76E-12 8 1.43E-11

12 9.98E-16 12 1.50E-18

case 3. For r = 5, (5.1) has the nonlinear homogeneous form
2
y'(@) + =y (@) +y(2)” =0, (5.6)

with initial conditions y(0) = 1, ¢’(0) = 0 and the exact solution y(z) = (1 + %2)_%.
This solution is called the Talenti-Aubin solution for this critical Lane-Emden type
equation.
Applying the MGLCM for arbitrary value of N by replacing y(z) ~ CT®(z), v/ (z) ~
CTDd(z), y'(z) ~ CTD?*®(z) and y°(z) ~ CTC4®(z) in (5.6) where D is the
operational matrix of derivative and C is the operational matrix of product for the
vector C, constructing the residual function and collocating in the scaled roots of
Lg\?’_ﬂ 1)(z) on interval (0,1) along with inserting the above approximations into the
initial conditions equations, are formed a nonlinear algebraic system with (N + 1)
equations and (N + 1) unknowns. By solving this algebraic system, comparison of
the maximum absolute errors obtained by the present method for a = 0, § = 7 and
various choices of N and those obtained by the second kind Chebyshev operational
matrix(S2CTM) [11] are shown in Table 2. It observes that the order of errors for the
MGLCM is better than the order of errors for the S2CTM.

As shown in Figures 1a and 1b, the present method has an appropriate convergence
rate by increasing the value of N. Also, that is working well with only few MGLPs
c[v)
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TABLE 2. Comparison of the maximum absolute error of the present
method and the S2CTM for case 3.

N Max. Abs. Error[l11] Max. Abs. Error(MGLCM)
4 8.97E-03 1.19E-02
5 2.43E-03 3.24E-04
6 5.55E-03 1.65E-04
7 3.81E-03 2.74E-05
8 - 3.89E-06
10 - 2.711E-07

and providing the better order of errors and the better solutions in comparison with
the recently developed methods.

¥(x)

0.54

0 1 i's 2 2s

X
—— Exact solution -+ N=6 — — N=§ — - — N-10 [—— Exact solution - - - - - N=6 — — N=8 — - — N=10
(a) (b)

FIGURE 1. (a): Graphs of the exact and approximate solutions for

a=3,8=>51n case 2, (b): Graphs of the exact and approximate
solutions for « = 0,8 = 7 in case 3.

Example 2. Isothermal gas spheres equation

For f(z) =1, g(y) = e, h(z) =0,k =2,a =0, b =0, (1.1) is the isothermal gas
spheres equation,

2
y' (@) + 2y (@) + e =0, (5:7)
with initial conditions y(0) = 3(0) = 0 which are modeled by Davis [9]. Wazwaz has

obtained the following approximate solution for (5.7) by using the ADM [26]

1 1, 61 4087

_ L 2 L 6 _
y(@) = -z + oo * 16320607 1796256000"

6 1207~ 1890"

and (5.7) is solved by other methods such as, the HFCM [16], Legendre operational
matrix(LOM) [17], wavelet series collocation method [22] and other methods. We
apply the MGLCM to solve the isothermal gas spheres equation.

(el
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Expanding g(y) = e¥(®) by Taylor series, we get
2 4
SRS A L T
and considering only first five terms we can write
(CTe(x)?*  (CTe(x)*  (CTe(x))*
T R TR
and from Theorems 3.2, 3.4 and 3.5 we construct the residual function,

e/ =1+y+

1~ 1- 14
Ry(z) ~ CT{D? + ng +1+5C0+ 6C2 + ﬂ03}<I>(x) +1=0,

where D is the operational matrix of derivative, C is the operational matrix of
the product and I is the identify matrix. Collocating Ry (x) in the scaled roots
of Ls\?’_ﬂl) () on interval (0,1) along with the approximating the initial conditions
y(0) ~ CT®(0) = 0, y'(0) ~ CTD?®(0) = 0 are formed a nonlinear algebraic sys-
tem with (N + 1) equations and (N + 1) unknowns. Solving the system resulted the
unknown vector C' is determined and numerical solution y(z) is calculated.

Table 3 shows the comparison of the absolute errors obtained by the present method
in the selected points for various choices of a and § and N = 10. It shows that by
changing the values of a and f the numerical solutions obtained by the MGLCM have
an appropriate convergence rate. Also, the classical Laguerre polynomial (o = 0,
B =1) is not the best one for approximating the solution of differential equations.

Table 4 shows the comparison of numerical solution y(x) and the absolute errors
obtained by the MGLCM for o = 1, 8 = 10 and those obtained by Wazwaz [26], the
HFCM [16], the LOM [17] and wavelet series collocation method [22]. It indicates
that a few terms of MGLPs are sufficient in order to achieve a better approximation
and the method has an appropriate convergence rate. The order of errors for the
MGLCM is better than the order of errors obtained at [16, 17, 22].

TABLE 3. Absolute error using the present method at N = 10 for
Example 2.

x; a=1, =5 a=3, =7 a=4, =9

0.0 0.00E-00 0.00E-00 0.00E-00
0.1 4.48E-07 4.78E-09 5.51E-10
0.2 1.60E-07 7.10E-09 6.57E-10
0.3 9.72E-07 5.78E-09 6.32E-10
0.4 5.01E-07 5.29E-09 6.72E-10
0.5 1.19E-06 7.18E-09 2.64E-10
0.6 2.66E-06 1.10E-08 2.12E-09
0.7 2.28E-06 1.96E-08 1.15E-08
0.8 6.66E-07 4.72E-08 4.19E-08
0.9 5.26E-06 1.29E-07 1.26E-07
1.0 9.09E-06 3.31E-07 3.27TE-07

=
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TABLE 4. Comparison of the numerical solution and absolute error

obtained by MGLCM with other methods in Example 2.

1193

X Wazwaz[20] Present Error Error[17] Error[16] Error[22]
method (N=10) (N=10) (N=30) (M=10)
0.0 0.0000000000 0.0000000000  0.00E-00  9.24E-18  0.00E-00 -
0.1  -0.0016658339  -0.0016658339 2.11E-14 5.28E-10  5.85E-07 1.09E-12
0.2  -0.0066533671  -0.0066533671 1.35E-14 3.37E-08  6.04E-07 1.86E-12
0.3  -0.0149328833 -0.0149328833 4.15E-12 - - 1.48E-12
0.4 -0.0264554763  -0.0264554763  5.01E-11 - - 5.16E-11
0.5  -0.0411539568  -0.0411539573 4.59E-10 8.12E-06  5.58E-07 4.63E-10
0.6 -0.0589440720 -0.0589440748 2.74E-09 - - 2.72E-09
0.7  -0.0797259923  -0.0797260044 1.21E-08 - - 1.20E-08
0.8 -0.1033860110  -0.1033860536  4.27E-08 - - 4.22E-08
0.9 -0.1297983988  -0.1297985256  1.27E-07 - - 1.26E-07
1.0  -0.1588273537  -0.1588276816 3.28E-07 4.93E-04  8.20E-07 3.24E-07

Also, Figure 2a shows the resulting graphs from numerical solutions of the present
method for N = 10 and various choices of « and 3, and Figure 2b shows the resulting
graphs from numerical solutions of the present method for a = 1, § = 5 and various
choices of N in comparison with the solution obtained by Wazwaz [26]. Comparison
the graphs show that the numerical solutions of the MGLCM are convergence to the
Wazwaz solution with changing choices of a and 3 or increasing the value of N.

[—— Exact solution - -+ =1, p=5 — — 0=1, =7 — - — a=1,p=10]
(a)

FIGURE 2. (a): Graphs of the exact and approximate solutions for
N = 10 and various choices of a and 3, (b): Graphs of the exact
and approximate solutions for « = 1, 8 = 5 and various choices of N

in Example 2.

(b)

Exact solution - - - - - N=7 — — N=8 —-— N=I10

Example 3. linear and nonhomogeneous Lane-Emden type equation
For f(z) =z, g(y) =y, h(z) = 25 — 2% + 4422 — 30z, k =8,a =0, b =0, (1.1) will

(el
BE



1194 A. ZAMIRI, A. BORHANIFAR, AND A. GHANNADIASL

be one of the linear and nonhomogeneous Lane-Emden type equations, that is:

8
v (z) + Ey'(m) +ay(z) = 2% — 2t + 442* — 30z, (5.8)

with initial conditions y(0) = 3'(0) = 0 which has the exact solution y(z) = z* — x3.

By applying the present method for N = 4 with using the approximations
y(z) ~ o LS (2) + o L (@) + ...+ ea L () = CTd(2),
Y (r) ~ CTDO(z), y'(x)~CTD*®(2),

and constructing the residual function and collocating in the roots of Lga’ﬁ ) (x) along
with approximating the initial conditions equations, we will obtain a linear algebraic
system with five equations and five unknowns. By solving this system the unknown
vector C' is determined

ot — a8 4 100 — 6028 + 3502 — 11aB + 5000 — 65 + 24
Co = )

64
~(40® — 3028 + 3602 — 1503 + 104a — 186 + 96)
1 = 54 ’
6(202 — af + 14a — 36 + 24) —(6(4a — B + 16) 24
C2 = 54 ’ C3 = ,64 ’ C4 = E

4_23 for arbitrary choices

Consequentially, the numerical solution is obtained y(z) = z

of @ > —1 and 8 > 0 which is same the exact solution.
Example 4. nonlinear and homogeneous Lane-Emden type equation

For f(z) =1, g(y) = —6y — 4ylny, h(z) =0,k =2,a=1,b=0, (1.1) will be one of

the nonlinear and homogeneous Lane-Emden type equations, that is:
2
y'(@) + —y'(x) = 6y(z) = dy(2)In(y(z)), (5.9)

with initial conditions y(0) = 1, y’(0) = 0 which has the analytical solution y(z) = e”
In this model we have y(z)In(y(z)) term that increases the order of calculation; there-
fore, we can use the transform y(z) = €*®) in which z(z) is unknown; where upon
transformed form of the model will become the nonlinear and nonhomogeneous equa-
tion as follows:

2" (x) + %z’(m) —dz(z) + 2 (z)* =6, (5.10)

with initial conditions z(0) = 2/(0) = 0.
Now, we approximate z(z) for N = 2 by the MGLPs

2(z) = oL () + 1 L™ (@) + 2Ly (2) = T @ (),
and by using the Theorems 3.2, 3.4 and 3.5 we have

2 (z) ~ CTD®(z), 2'(z)~CTD?*®(x),

Z(z)* ~ CTD®(x)®(x)" DTC = CTDSd(x),
(c]m)]
ga
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where S = DTC and S is the operational matrix of product for the vector S.
Substituting above approximations into (5.10) and constructing the residual function

and Collocating in the root of Lga’ﬂ)(x) yields

—4(a+1)eg — 2B%c1 + (af® + 202 — B2 + da + 2)co + B (o + 1)co?

+28%(a + Deres + B2 (a + 1)e® = 6(1 + a), (5.11)

and substituting above approximations into initial conditions yields

1 3
~ T = — 2 — =
y(0) ~C " ®(0) =co + (1 + a)er + (2a +gat 1)eo =1, (5.12)

y'(0) ~ CTD?®(0) = —Bec; + B(—2 — a)cg = 0.

Finally, solving the linear system of Eqs (5.11)-(5.12) the three unknown coefficients
are determined as:
_@®+3a+2  —2(a+2) 2
CO—T7 CI_T7 02—@-
Consequentially, the numerical solution for arbitrary choices of & > —1 and g > 0 is
obtained as:

1
2 2 =2 2) 2
sy = (A FB0t2 et 2, Brtatl

2 2 ’ 32
b B b 18%? — Bla+2)z+La? + 3a+1

:IZ.

Therefore, y(z) = e*(*) = e*” which is same the exact solution.

Corollary 5.1. From Examples 3—4, if the exact solution to equation be a polynomial,
then the present method will obtain in the real solution.

6. CONCLUSION

All things considered, we introduced a collocation method based on MGLPs for
solving Lane-Emden type equations with initial conditions. In this method, we used
the properties and operational matrices of derivatives and product from two MGLPs
to reduce Lane-Emden type equations and their initial conditions to solve a linear
or nonlinear algebraic system. From illustrated examples, we can conclude that this
method can obtain more accurate and strong convergence results and also a few terms
of MGLPs are sufficient to achieve a better approximation. In Examples 1 — 2, we
observed that the order of error in the presented method is better than the order of
error in other existing methods [11, 16, 17, 22] and by changing the values of « and
[ the numerical solutions obtained by the MGLCM have an appropriate convergence
rate. Also, in Examples 3 — 4, we clearly see that in the equations which have an
exact solution of the polynomial functions, the numerical solutions of the MGLCM and
exact solutions are equal. Hence, the numerical results demonstrate high accuracy,
excellent efficiency and rapid convergency rate.
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