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Abstract The solution of singular two-point boundary value problem is usually not sufficiently smooth at one or
two endpoints of the interval, which leads to a great difficulty when the problem is solved numerically. In this paper,
an algorithm is designed to recognize the singular behavior of the solution and then solve the equation efficiently.
First, the singular problem is transformed to a Fredholm integral equation of the second kind via Green’s function.
Second, the truncated fractional series of the solution about the singularity is formulated by using Picard iteration and
implementing series expansion for the nonlinear function. Third, a suitable variable transformation is performed by
using the known singular information of the solution such that the solution of the transformed equation is sufficiently
smooth. Fourth, the Chebyshev collocation method is used to solve the deduced equation to obtain approximate
solution with high precision. Fifth, the convergence analysis of the collocation method is conducted in weighted
Sobolev spaces for linear singular equations. Sixth, numerical examples confirm the effectiveness of the algorithm.
Finally, the Thomas—Fermi equation and the Emden—Fowler equation as some applications are accurately solved
by the method.
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1 Introduction
In this paper, we explore the following nonlinear singular two-point boundary value problem

(x“u’)’:f(x,u), O<x<l1, 0<a< oo, (1.1
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where f(x,u) may be weakly singular at x = 0 and is continuously differentiable with respect to u. We consider
two kinds of boundary conditions

u@ =A, ou(l) +yu’'()=B, 0c>0, y>0 ando+y >0, forO0<a <1, (1.2)
W(0)=0, ou()+yu'()=B, >0 y=>0, for0<a<oo. (1.3)

We note that Eq. (1.1) is called weakly singular when 0 < o < 1 and strongly singular when o > 1 [1]. For the
weakly singular case, we can impose all kinds of boundary conditions, but for the strongly singular case, we can
only impose #’(0) = 0 at the left boundary [2]. For a more general second-order singular differential equation, the
existence and uniqueness of the solution have been explored by Kiguradze and Shekhter [3].

Nonlinear singular differential equations (1.1) occur frequently in several areas of science and engineering [4,5],
such as gas dynamics, chemical reaction, atomic calculation, and physiological studies. Some famous models
include the Emden—Fowler equation [6,7], the Lane—Emden equation [8], which are used in mathematical physics
and chemical physics, and the Thomas—Fermi equation in atomic physics describing the electron distribution in an
atom [7,9-12]. In mathematics, linear or nonlinear elliptic equations with spherically symmetry naturally reduce
to singular differential equations (1.1) with boundary condition (1.3) using spherical coordinate [13].

The solution of singular differential equation is usually not sufficiently smooth at the singularity [14], which
will deteriorate the accuracy of the standard numerical methods. Jamet [2] proved this assertion when standard
three-point finite difference scheme with a uniform mesh was used to solve the singular two-point boundary value
problem (1.1) with Dirichlet boundary condition when 0 < o < 1. Ciarlet et al. [15] obtained a similar conclusion
when a suitable Rayleigh—Ritz—Galerkin method was used to solve the problem. Chawla and Katti [16] proposed
a three-point difference method of second order under appropriate conditions by constructing an integral identity
for this kind of singular two-point boundary value problem. Followed this integral identity, a lot of finite difference
methods with second or fourth order accuracy were constructed for weakly or strongly singular differential equations,
see, for example, [1,17-21]. Another treatment for singularity was proposed by Gustafsson [22], who solved the
problem by first writing the series solution in the neighborhood of the singularity and then employing several
standard difference schemes in the remaining part of the interval. As for the further development of this method,
see [23,24]. Recently, Roul et al. [25] designed a high-order compact finite difference method for a general class
of nonlinear singular boundary value problems with Neumann and Robin boundary conditions. Some kinds of
collocation methods including cubic or quartic B-spline, Jacobi interpolation, and Chebyshev series were also used
to numerically solve singular differential equations [26-37]. As stated by Russel and Shampine [31], collocation
with piecewise polynomial functions is an effective method for solving singular problems with smooth solutions,
although the coefficients are singular. But for the problem with non-analytic solution, the accuracy becomes lower
[36]. Hence, some modifications should be adopted for these problems. For instance, nonpolynomial bases are used
in collocation space [34] or singularity is removed by splitting the interval into two subintervals [26], or graded
mesh is used in finite element method [38]. It is worth mentioning that Huang et al. [30] derived the convergence
order of Legendre and Chebyshev collocation methods for a singular differential equation (¢ = 1 and linear case
in (1.1)) and Guo et al. [33] developed the convergence theory of Jacobi spectral method for differential equations
possessing two-endpoint singularities.

Besides numerical methods, many semi-analytical methods were also developed to obtain approximate series
solutions for singular problems, see, for example, the homotopy perturbation method (HPM) [39], the homotopy
analysis method (HAM) [40-43], and the (improved) Adomian decomposition method (ADM) [44,45]. These
methods transformed the singular differential equations to the Fredholm integral ones using Green’s function and
then obtained recursive schemes based on HPM, HAM, or ADM. We note that the transformed integral equations
can also be discretized by numerical method [46].

The first thing to effectively solve singular differential equation is describing the singular behavior of the solution
at its singularity. A useful tool is the Puiseux series, a generalization of Taylor’s series, which may contain negative
and fractional exponents and logarithms [47—49]. In [50], this kind of series was called psi-series. We note that if the
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Puiseux series or psi-series contains only fractional exponents, it is also called fractional Taylor’s series [51,52]. For
the singular differential equation (1.1) with Dirichlet boundary conditions, Zhao et al. [53] first derived the series
expansion of the solution about zero with a parameter for the case 0 < « < 1, and then designed an augmented
compact finite volume method to solve the equation. In this paper, we consider the equation with mixed boundary
conditions for the case 0 < o < 0o. We aim to explore the singular behavior of the solution at x = 0 by deriving
the fractional Taylor’s expansion for the solution about zero. The main idea is first transforming the differential
equation (1.1) to an equivalent Fredholm integral equation, and then obtaining the fractional series expansion via
Picard iteration. The key point is implementing the series expansion for the nonlinear function f(x, u(x)) about
x = 0 by symbolic computation. We note that the obtained series expansion contains an unknown parameter, which
is essentially determined by the right boundary condition. Since the series expansion may not be convergentatx = 1,
we should resort to some other methods to solve the singular differential equation, such as Chebyshev collocation
method [30,54-57]. Certainly, the series expansion can help us to find a suitable variable transformation such that
the solution of (1.1) is sufficiently smooth, even though the equation is still singular. For the transformed equation,
the Chebyshev collocation method could get accurate numerical solution if we evaluate the function values near
the singularity with very small roundoff errors. Once the numerical values at nodes are obtained, their interpolation
can give an accurate approximation to the unknown parameter in the series expansion.

As stated above, the methods for solving singular differential equations usually fall into two categories, one
is series expansion method and the other is numerical method. The series expansion method can automatically
recognize the singular behavior of the solution when generating the series solution, but it usually costs much time,
whereas the numerical method is usually fast, but it cannot recognize the singular feature of the solution. For singular
equation, it needs to introduce special techniques to treat the singularity. The method in this paper combines the
advantages of the above two classes of methods. We note that our series expansion method is different from those
of ADM, HPM, and HAM. What we obtained is exactly the truncated series of the solution about zero, which
accurately reflects the singular behavior of the solution. We also optimize the iterative procedures so that the series
decomposition has high efficiency. Based on this series expansion, we are easy to know how to perform a suitable
variable transformation to make the solution be sufficiently smooth. For the transformed differential equation, all
kinds of traditional numerical methods such as finite difference method, finite element method, and finite volume
method can be effectively used. That is to say, we develop a common technique such that the existing numerical
methods can be effectively simplified. In this paper, we only use Chebyshev collocation method to obtain numerical
solutions with high accuracy for singular differential equations.

The outline of the paper is as follows. In Sect. 2, we derive the truncated fractional series for the solution
about zero via Picard iteration for the equivalent Fredholm integral equation. In Sect. 3, we first transform the
singular differential equation to the one with smooth solution based on the series expansion, and then discretize
the transformed differential equation by Chebyshev collocation method. In Sect. 4, we discuss the convergence of
the Chebyshev collocation method by taking the corresponding linear equation as an example. In Sect. 5, some
typical examples are provided to show that the series expansion generating algorithm is feasible and the Chebyshev
collocation method is accurate for these kinds of nonlinear singular differential equations. In Sect. 6, we apply the
method to the Thomas—Fermi equation and the Emden—Fowler equation over finite interval and derive the fractional
series expansions for the solution about the two endpoints. We end with a concise conclusion in Sect. 7.

2 The singular series expansion for the solution about zero

In this section, we consider the nonlinear singular differential equation (1.1) with the boundary condition (1.2)
or (1.3). In order to guarantee the existence and uniqueness of the solution, we need to impose some additional
conditions for the function f(x, u), which will be given later. In the following, we first transform the singular
two-point boundary value problem to an equivalent Fredholm integral equation of the second kind using Green’s
function and then formulate the finite-term truncation of the fractional Taylor’s series for the solution about x = 0.
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For the boundary value problem (1.1), (1.2), by introducing the Green’s function [44]

é—l—a le—o{
-1, 0=<¢§=x,
l—al|lo+y(l—w
G.o) =1 - @1
X fof S
- 1 9 X S S S 1’
l—a|lo+y(—a)
we can obtain an equivalent Fredholm integral equation
B—0cA l—a 1
ux) =A+ —————x "+ [ G, §)f(E, u(§))ds. (2.2)
o+y(—a) 0
For the boundary value problem (1.1), (1.3), by introducing the Green’s function [45]
l—a _ 1
al - Z? O = E =< X,
11—« o
G(x,&) e foro # 1, (2.3)
— Y x<e<,
l—« o
or
logx — %, 0<f<x,
G(x, &) = ; fora =1, (2.4)
logé ——, x=§=1,
we can also obtain an equivalent Fredholm integral equation
B 1
u(x) = = +/0 G(x,8) f (& u(§))ds. (2.5)

Remark 1 Under the assumptions for ¢ and y in (1.2) and (1.3), it is easy to show that the Green’s functions defined
by (2.1), (2.3), and (2.4) are all nonpositive for x, & € [0, 1].

Next, we try to derive the fractional Taylor’s expansion for u(x) about x = 0 with the form
o
u(x) = A +apx' "%+ Zajx“-", l—a<oa;p <oy <--- — 00. (2.6)
j=1

Suppose that f(x, u) is infinitely differentiable with respect to u and possesses the following Taylor’s expansion
aboutu = A:

10 A .
fow = £, A>+Z LITCA 4y, @)
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We further assume that 3 f(x, A)/du’, i = 0,1, ..., oo hold the following fractional Taylor’s expansions about

x =0

Vf A y

—57—=zywwa —1 < pi1 < pig <= 0. (2.8)
j=l1

Here, we impose another condition for p; j, which is pg,;1 < p1,1 < p2,1 < ---. Substituting (2.6), (2.8) into (2.7),

we can show that f(x, u(x)) possesses the following series expansion:

f(x,u(x)):chxﬂf, —1l<pr=po1<pPr<--+— 0. 2.9)
j=1

Since we only need to obtain a finite-term series expansion for u#(x) about x = 0, we further denote the expansions
of u(x) and f(x, u(x)), respectively, as

M
u(x) = A +apx' "% + Zajx“f Frumx), l—a<ay<o<---<ay, (2.10)
j=1
M
fx,ulx)) = chxﬁj trim@), —-l<Bi=po1<pBo<-+<Bu, (2.11)
j=1

where M is a suitably large integer and the remainders 7, (x) = x*M+lz, y(x) (@p41 > am), rpm(x) =
xPu+1 Zf,m(x) (Bm+1 > Bu), and both z,, ar(x), z 7, i (x) are continuous over [0, 1]. We note that the coefficient ag
in (2.10) is a free parameter to be determined for the problem (1.1) with (1.2), but it vanishes for the problem (1.1)
with (1.3), where in this problem, A is a free parameter to be determined.

First, we discuss the problem (1.1) with (1.2). Substituting (2.10) and (2.11) into (2.2), we obtain

R (B-oAx' Ll 5
A+apx "+ ) apx +r,ux)=A+ ——+ C'/ G(x, )% d¢g
Z 7 “ o+y(l—a) ; " Jo

j=1
1
+/0 G(x, &)rym(§)ds.

Using the Green’s function (2.1), a straightforward computation shows

(B—oA)x!—@ N M cjx2ath
oty(d-—a) S (1+8)Q2—a+p))

M

A+apx' ™+ a;x" +rymx) = A+
j=1

M

Y (@+y@—atp)) '
+y(d—a)(1+8;)(2—a+p))

j=1

1
+/0 G(x,&)rpm(§)dE. (2.12)
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Noticing Remark 1, the last term on the right-hand side of (2.12) is estimated by

1—
Cmx! = [1 y(1+ﬂM+1)_x1+ﬂM+.] 2.13)

'/ Gx, E)rpm(§)dE| < (A4 Bus1)2 — o+ Bu+1) oty(l—oa

where Cyy = maxyejo,1] |zf,m (x)|. The estimation (2.13) means that the last integral on the right-hand side of
(2.12) does not generate the terms in front of it except the one like x ' ~%. Hence, equating the powers and coefficients
of like powers of x on both sides of (2.12) yields

Cj
I+BN2—a+p))

wj=2—a+pBj, aj= j=12,....M. (2.14)

Second, we consider the problem (1.1) with (1.3). Noting that for this problem, ap = 0 in (2.10), we have from
(2.5)

A+ S a4 ) = —+Zc,/ G, s>sﬁfds+/ G(x, &)y m(E)ds. 2.15)

j=1

For the case « # 1, by substituting the Green’s function (2.3) into (2.15), we can obtain

M B M M (2-atp;
A+ Y a;ix +ry py(x

; J u,M(X) = o le+,3,< —a+,3]) Zl(l+ﬂ])(2—(x+ﬂj)

1
+/O G(x,&)rpmé)dé. (2.16)

For the case o = 1, substituting the Green’s function (2.4) into (2.15) yields

M M , M 14 1

) B c y 1 cix'TPj

A+ aix® +ryp(x) =— — d <—+ )+ ’—+[Gx, r d&.

Z j wm () = — ZHﬁj o ) Z(Hﬂﬂz | GG O ©)ds

j=1 j=1 j=1

Obviously, the above equation is a special case of (2.16) when o = 1. Hence, we only consider the general case
(2.16) in the following. For (2.16), we should further assume that 8; > o — 1 since u’(0) = 0. Equating the powers
and coefficients of like powers of x on both sides of (2.16) yields

¢j
(1+B2—a+p)’

Olj=2—0{+,3j, aj = j=12,..., M. 2.17)

Comparing (2.14) with (2.17), we know the singular expansions for u(x) about x = 0 are very similar for the two
different boundary conditions #(0) = A (0 < « < 1) and u’(0) = 0.

From (2.14) and (2.17), we know the key point to derive the singular expansion for u(x) about x = 0 is
determining the power exponents 8; and the coefficients c¢; of the truncated fractional series for f(x, u(x)) in
(2.11). This can be achieved by symbolic computation, for instance, using the Series command of Mathematica.
For the nonlinear equation, we need to implement a Picard iteration to recover the 8; and c; step by step. Since ag in
(2.12) and A in (2.16) cannot be determined by these equations, we take them as free parameters when implementing
the iterations. Concretely, we have the following series expansion algorithm.

Step 1: Let ug(x) = A + agx '~ for the problem (1.1) with (1.2), where ag is a free parameter to be determined
or let up(x) = A for the problem (1.1) with (1.3), where A is a free parameter to be determined.
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Step 2: For j = 1,2,..., M, implement the fractional series expansion for f(x, u;_1(x)) about x = 0 by
symbolic computation. We assume that

J
fOuja () =Y ex +rp 0, (2.18)
k=1
where ry, j(x) = xﬂ-i+'zf,j(x) (Bj+1 > B;) is the remainder and the coefficients ¢x, k = 1,2, ..., j, are related

with ag (for boundary condition (1.2)) or A (for boundary condition (1.3)). Then let

Cj

W= oatBi 4= gy
J J

uj(x) =uj_1(x)+a;x*, (2.19)

and repeat for j + 1. Finally, we obtain a truncated series

M
up () = A+apx' "+ ajx. (2.20)
j=1

Theorem 1 Suppose that f(x, u) is infinitely differentiable with respect to u and d' f (x, A)/du’,i =0, 1, ..., 00,
hold the fractional Taylor’s expansions with respect to x as in (2.8), where A = u(0). We further assume that in
(2.9), B1 = po,1 > —1 for the problem (1.1), (1.2), and p1 = po,1 > o — 1 for the problem (1.1), (1.3). Then the
power exponents By and the coefficients c in the fractional series expansion of f(x,uj_1(x)), k =1,2,..., jdo
not change as j increases.

Proof Performing Taylor’s expansion for f (x, u;(x)) about u at u ;_; (x), noticing (2.8), we have from (2.18) and
(2.19)

a
fujx) = fl,uj—1(x)) + %(x, uj—1(0))j(x) —uj1(x)) +---

J 2

af(x, A d A —at B

=§:Ckxﬂk+< f(x )+ f(x2 )(uj1(x)—A)+~-~>ajx2 By .
i ou ou

o0
cpxPe + aj an’kxz—“‘f‘ﬁj‘f‘/ol,k 4
k=1

Il
M=~ 1

~
Il
LR

where the exponents of x in the omitting part are all greater than 2 — o + 8; + p1,1. By our assumptions about o1 g,
we have

2—a+Bitp1=2—a+p1+Bj=2—a+pi+p;

For the problem (1.1) with (1.2), since 0 < « < 1 and 81 > —1, we know 2 —«a + 81 + 8; > B;. For the problem
(1.1) with (1.3), since B1 > o — 1, we obtain 2 —a + 81 + B; > 1+ B; > B;. Therefore, we can conclude that
Brand ¢, k = 1,2, ..., j donot change as j increases for these two different boundary conditions. The proof is
complete. O

Theorem 2 Under the conditions imposed on f(x, u) in Theorem 1, up;(x) given in (2.20) is exactly the truncated
fractional Taylor’s series for u(x) about x = 0, but contains an unknown parameter ag for the problem (1.1), (1.2)
or A for the problem (1.1), (1.3) (in this case ay = 0).
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Proof We only prove the case for the problem (1.1), (1.2). Define

B—-0A

EM()C) = MM()C) —A— mx

1
e _/o Gx,8)f(§ um-1(8))dé, 2.21)

then combining (2.12), (2.18)—(2.20), and using Theorem 1 yield

B—0cA iaj(a+y0tj)

em(x) = ao_o—i—y(l—a) c+y(l—ow

1
xl_“—/o G(x,8)rpm)d§. (2.22)

j=1

Further, the estimation (2.13) implies

1
/ Gx,8)rem(E)dE — 0, M — oo,
0

for suitably small x since Bj74+1 — 00 by our assumption. Then letting M — oo in (2.22) yields

B—-0cA i aj(oc +yaj) Ll-a

em(x) = ao_o—l—y(l—a) c+y(l—w

j=1

By choosing ag such that the coefficient of x! =% equals to zero, we assert that ey (x) — 0 as M — oo for suitably
small x. Hence, by letting M — oo in (2.21), we know uso(x) = A + agx' =% + Z?il ajx% is the series solution
for u(x) about x = 0, and of course, u 7 (x) is exactly the truncated fractional Taylor’s series for u(x) about x = 0.
A similar argument can be conducted for the problem (1.1), (1.3). The proof is complete. O

Remark 2 Theorems 1, 2 actually give the conditions for f (x, u) such that the boundary value problem has a unique
series solution, which are (2.8) holding for f(x, A) and 81 > —1 for the problem (1.1), (1.2), 81 > o — 1 for the
problem (1.1), (1.3). These conditions can be easily checked since f(x, A) = no,lxﬂ' + .-

Remark 3 In this section, we first assume that u(x) possesses the fractional Taylor’s expansion (2.6). In the proof
of Theorem 2, we show the Picard iteration has truly generated this expansion under the assumptions for f(x, u),
which means that the assumption (2.6) is reasonable.

Remark 4 The truncated series expansion u y; (x) contains an unknown parameter ag for the left boundary condition
1(0) = A or A for the case u’(0) = 0, which should be determined by the right boundary conditionou(1)+yu'(1) =
B. As is well known, the Taylor’s expansion is very good near the center of expansion, but the error may increase
rapidly as the variable moves away. This is true for u,7(x). Even though we cannot expect to determine these
parameters accurately by the right boundary condition except that the series is convergent fast at x = 1, the
expansion u s (x) at least provides the information about the singular behavior of the solution, which may help us
to design numerical methods with high precision for solving singular differential equations.

Remark 5 We write a Mathematica function Pesbvp[£f,o,M, A, a0] to implement the series expansion algorithm,
where f is the given function f(x, u), M is the maximal exponent of the series to be recovered, and a0, A are
the undetermined parameters corresponding to the boundary condition u#(0) = A (in this case, A is known) and
u’(0) = 0, respectively.

Remark 6 If f(x,u) is singular at x = 1, we can also use the method in this section to derive the series expansion
for u(x) about x = 1.
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3 Chebyshev collocation method

The results in Sect. 2 reveal that the singular equation (1.1) with boundary condition (1.2) or (1.3) has generally
insufficiently smooth solution, which will lead to the decrease of accuracy when high-order collocation methods
are directly used to solve it. In this section, we show that this difficulty can be effectively overcome after a suitable
smoothing transformation is performed.

From the truncated fractional power series uys(x) in (2.20), we can reasonably assume that u(x) = A +
Zyzo ajxﬂp-/ +---,where 0 < B < land p;, j = 0,1,..., M are all integers. Hence, taking the variable
transformation r = x# can make the solution sufficiently smooth about 7. By letting s = 2t — 1 and v(s) = u(x),
we can transform Eq. (1.1) into

d%v dv
2 + p(s)a =g(s,v), —-l<s<l, 3.1)

where

YB-1 | fs41\"F FINF
o — s K
P(S)Zm, g(S’U)Zm(T> f(( ) > ,U)-

Meanwhile, the boundary condition (1.2) is converted to

v(-=1)=A, ov(l)+28yv'(l) =B, (3.2)
and the boundary condition (1.3) is converted to
V(=1)=0, ov(l)+28yv'(l)=B8B. (3.3)
We note that Eq. (3.1) is still singular, but its solution is sufficiently smooth. In order to obtain an accurate numerical
solution, we solve it by the Chebyshev collocation method [54-57].

We first divide the interval [—1, 1] into n subintervals and select the nodes as the Chebyshev—Gauss—Lobatto
points s; = cos(nj/n), j = 0,1,...,n, which are the extreme points of the Chebyshev polynomial 7, (s) =

cosn arccos s. Then, for v(s), s € [—1, 1], we construct a Lagrange interpolating polynomial v, (s) of degree n
using the nodes s, j =0, 1, ..., n, whichis

vn(s) = Y 1i()v(s)), (3.4)
j=0

where the Lagrange basis functions /; (s) read as

b

n
s —5 .
s =[] Loj=0.1,...

Si— Sk
k=0kzj > T Ok

Finally, replacing v(s) in (3.1) with v, (s) and forcing the resulting equation to be held at the interior collocation
points, we get a collocation scheme

d%v, (s;) dv, (s;)
— + P(Si)—d
s

ds2 :g(sifvn(si))v i:1927"'7n_1' (3.5)
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In the following, we show that (3.5) is equivalent to a system of nonlinear equations. Differentiating the Lagrange
interpolation (3.4) m times, we have

v (s) = Z l;m)(S)U(Sj)-

j=0

Lets = s;, then

n
v (57) = le.’”)(si)v(sj), i=0,1,....n. (3.6)
j=0

By introducing the following notations:

v%’";mo) v(s0) lé’";mo) lim;(so) lfz’"z(so)
V(m) — Unm (Sl) _ U(Sl) D(m) _ l()m (Sl) llm (Sl) e lnm (Sl)
n : ’ : ’ : : : ’
o™ (sn) v(sn) 167G 1) 1 ()

the formula (3.6) is equivalent to V,,(m) = D™V where D" is called a differentiation matrix, which plays an
important role in the collocation method. Whenm = 1, denote D) by D, whose entries can be explicitly formulated
as [54]

G (=)t L S; ) m2 4+ 1
dij = =————, i , dij=————, [ #0,n, dy=—dy,= ,
7] ] (si — Sj) 7’é J i 201 — Sl2) 7é 00 nn 6

where ¢; = 1 (i = 1,2,...,n — 1) and ¢y = ¢, = 2. It can be straightforwardly shown that D) = D™ when
m > 1.

Denote the solution of (3.5) by v;, j =0, 1, ..., n. Using the differentiation matrices, (3.5) can be converted to
a system of nonlinear equations
n—1
SUDi; + D)y = [ (Dio + p(s)(Dio] Ty
j=1

= g(si.v1) = [ (D0 + ) (D)o | &4 = [P+ ps) Dy [E. i =12, on =1, (3.7)
where the parameters ¢, 0o, C—, &y; are evaluated by
. B—dA _ - 2By(D)o;
Cp =——=—, C_=A, a0j=M, =1,2,...,n—1,
c
¢:=0+2By(D)oo, d:=2By(D)on
via the boundary condition (3.2). Then
n—1
v0=2"+—2&ojvj, v, = A. (3.8)
j=1
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Similarly, for the problem (3.1) with the boundary condition (3.3), we have

n—1

{05+ ps (D} vj = glsi v = [P0 + s (Dio | vo = [(Din + ) (Din [ 0ar (B9)
j=I
where
n—1 n—1
Vo =Cp — ) Tojvj. Uy =C-— ) v, (3.10)
j=1 j=1

with the parameters ¢, &g, ¢—, &,; being defined by

~ bB 5 aB
C+ === ===
cb —ad ad —c¢cb
~ d(D)uj —2Byb(D)o;  ~ 2Bya(D)oj — (D),
Qpj = ~ ~ 5 Apj = ~ ~ .

ad —¢b ad —¢b
a:=(D)no, b:= (D)un, ¢:=0+2By(D)oo, d:=2By(D)on.

The system of the nonlinear equations (3.7) or (3.9) can be solved by Newton’s iterative method with an initial guess,
then (3.8) or (3.10) is used to compute vy and v,. We now discuss how to choose the initial values for Newton’s
method. For the first boundary condition, we can use the known conditions u#(0) = A, u(1) = B to construct a
linear interpolation to determine the initial values. For the other boundary conditions, we first use the condition
ou(l) + yu'(1) = B to determine the parameter ag or A in (2.20) for uy;(x), then the deduced u 7 (x) is used to
evaluate the initial values. As we have mentioned in Remark 4, this technique is not accurate for determining the
parameter, but it is enough to obtain the initial values for iteration. We note that we can also simply generate the
initial values randomly in practical computation. Since the collocation method has high accuracy, we set machine
precision (2.22045 x 10716) as the stop criteria for Newton’s method.

By using the computational values (s;, v;), i = 0,1, ..., n, we can construct a Lagrange interpolant v, (s) =
> i—ovjlj(s). By letting Ti(x) = 1;(2xP — 1), we obtain u,(x) = > =0 vjl;(x), which is the interpolating
approximation of u(x) based on the Chebyshev—Gauss—Lobatto points. Expanding u, (x) about x = 0, we can also
determine the unknown parameter ag or A in the truncated series expansion u s (x) with high precision.

Remark 7 Although the solution of (3.1) is smooth, the equation is still singular. In order to avoid the cancellation
of significant digits, we should treat the singular parts carefully. For instance, when evaluating p(s;) in (3.1), we
should rewrite

1 . .
p(s,-):isec2 il , 8 =COS T , i=1,2,...,n—1.
28 2 n

4 Convergence analysis

The implementation of collocation method is simple, but its convergence analysis is not easy. Canuto, Quarteroni,
Shen, et al. [55-57] constructed the framework for analyzing the convergence of collocation method in weighted
Sobolev spaces and Huang [30], Guo [33] conducted the convergence analysis of spectral collocation methods for
singular differential equations. In this section, we only consider the linear case of Eq. (3.1) with homogeneous
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Dirichlet boundary conditions, which is rewritten as

o € e -1 L u(=1)=0, v(1)=0 @.1)
—_ _— = s — < < s v(— = , v = U. .
ds?2  1+sds £ S

where x = 2H8=1 (0 <a < 1)and g = (1 + s)g(s) is sufficiently smooth about s € [—1, 1].

Denote v, (s) by the collocation solution to (4.1) corresponding with the Chebyshev—Gauss—Lobatto points s;,
i=0,1,...,n,then

K .
v,’{(Si)erv;(Si) =g(si), i=12,...,n—1, v,(s0) = va(sy) =0, (4.2)
1

where the Lagrange interpolating polynomial v, (s) of degree n reads
n

vn(s) =Y 1i($)vj,
s

and v; is the approximation of v(s;). Denote by
P ={¢ € Pp, ¢(=1) = ¢(1) =0},

where P, is the polynomial space of degree less than or equal to n. By introducing the Chebyshev weight function
o(x) = (1 —x2)~1/2 we know the Chebyshev—Gauss—Lobatto quadrature formula holds [55]

1 n

/ P (s)w(s)ds = Zw,ﬂb(sﬂ for ¢(s) € Pap—1, 4.3)
-1 i=0

where wg = wy = 5., 0 =7, i=1,2,...,n— 1.

For V¢ (s) € @, 0, multiplying the equation in (4.2) by (1 + s;)w; ¢ (s;), summing over the range of i from 1 to
n — 1, and noting that ¢ (s9) = ¢ (s,) = 0, we have

D U+ s (s)vy(si) + 1 Y wip(sivy(si) = Y wi(s)3(s0).- (4.4)
i=0 i=0 i=0
Noting that v, (s) is a polynomial of degree n, we know from (4.3) that Eq. (4.4) is equivalent to
1 1 n
/ OBE 1+ )+ & / WP = Yo ()T, “5)
- - i=0
which yields by integrating by parts for the first integral in (4.5)
1 1 n
/ A+ @) ds = = 1) / OB = = ()T 4.6)

i=0
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By introducing the following notations:

au(v, ¢) = /_11(1 + )" (wg)'ds,  by(v, 9) = /_11 @ ()P (s)v'(s)ds, 4.7
(8 P = /_11 w($)gE)(s)ds, (€, Pwn = gw@(&'ﬁ(&'), (4.8)

Eq. (4.6) is written as

aw(Vn, @) — (K — Dby (vp, ) = — (&, Pwn Yo € P . (4.9)

Analogously, the boundary value problem (4.1) can be transformed to

ao(v, @) — (K = Dbuy(v, ) = — (8. Pl Y € Pnp. (4.10)
Then, subtracting (4.9) from (4.10) gives the error equation

oV =V, §) — (K = Dby (v = vn, §) = = [, B — (€, D] VY € Pro. (4.11)

Generally, it is convenient to estimate the error v — v, in weighted Sobolev spaces. Denote / = (—1, 1), and let
o9 (s) = (1 —5)” (1 + 5)° be the Jacobi weight. For this weight, we define weighted L? space

Li(y,é) (1) = {v| v is measurable and ||v|| .5 < 00}

with inner product and norm

(U, V) yr9) = fu(S)v(S)w(V"”(S)ds, 0]l s = v/ (V, V) -
1

For any integer m > 0, we set
H" o () = {v e L2, (DIv® e L2, (), 0<k < m}

with norm and semi-norm

m 12
k)12
1Vl v = (Z v >||M> v s = 1™l

k=0

We also set Hal)(yﬁ)’o(l) ={v e Hal)(m)(l)| v(—1) = v(1) = 0}. We note that when y = § = —3, the Jacobi
1/2

weight +%) (s) degenerates to Chebyshev weight w (s) = (1 — s2)~1/2 and the notations for spaces and norms
are correspondingly simplified. In the following, we provide some useful lemmas.

Lemma 1 ([33], Lemma3.7)Ifp <y +2, 1 <8+2,and—1 < p,t < 1, thenforanyv € Hal)
lvll o9y < clvly o, where c is a positive constant.

(N)!O(I), we have
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Lemma 2 ([30], Lemma 3.6) For v, ¢ € HJ),O(I), we have for a, (v, @) defined in (4.7)

) 2
(s)w(s) L [ v (s)w(s)

|U|1 w(=1/2.1/2) + = 3 /I 1=, S ds — g/; 1is s ds < ap(v,v) < |U|%)w(—1/2,1/2), (4.12)

|aew (v, @) < 3|vly 121201 172172 (4.13)

Lemma 3 Forv, ¢ € Haljyo(l), we have for by, (v, @) defined in (4.7)

1 [ v2(s)w(s) 1 2(s)a)(s)
b = | g4~ 4.14
(V) 4/, 1—s S+4f, T+ (51%)
Do (v, @) < clvly 122Dy p-1/21/2)- (4.15)

Proof From the definition of b, (v, ¢), noting that v(—1) = v(1) = 0, we know

1 dv? 1 d 1
by (v, V) = 5/w(s)ids = 2/ v (s) w(s) = l_sszvz(s)a)(s)ds

2 2
_ ! / Waol), 1 / Mds
4 I 1—=s 4 I 1+S

As for (4.15), by using Cauchy inequality, we have

bo(v, )] = / a +s>w(s>@v’(s>ds’
( f 1+ () () ds)l/2 ( / "’zisf‘;“) )1/2.
InLemma 1, taking y = —3,8 = —3, p = —1, 7 = § implies
/ ¢2(s)w(s) < POE e
Hence, (4.15) holds. The proof is complete. O

Lemma4 ([33], Lemma 3.16) For the orthogonal projection PO

n, yS w(V 8) 0(1) g ¢n 0 deﬁngd by (v —
n ” av) e =0,v € H! D) O(I), V¢ € @, 0, there holds

lv— P,?,y,avlll,ww,a) <cn! Tl e« < cn! Tl s mo> 1 (4.16)

where ¢ > 0 is a constant and the definition of the norm ||v|| can be found in [33].

m,w”9
Lemma 5 ([56,57]) Forall ¢ € @, 0andv € H)' (1), m > 1, there holds
(v, @)oo — (U, Dol < cn™ " [V]mwlldllw.

1

In Lemma 1, by taking y = § = —%, p= —%, T = 5, weknow |||y < c[@|; 172172 for ¢ € @, . Hence

(€. D)o — (€, Pl < cn™"IZllm.wl®ly w1217 (4.17)
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Now we state the convergence result of the Chebyshev collocation method. We note that Cy, C; and c are general
positive constants in this section, which may have different values in different places.

Theorem 3 Suppose that v(s) € Hal),o(l) N Hf(—l/z,l/z) (I) is the solution of the singular differential equation (4.1)
(0 <a < 1)and v,(s) € @, is the collocation solution to (4.1) corresponding with n 4+ 1 Chebyshev—Gauss—
Lobatto points. If k = a + B — 1/8 satisfies —% <k < % (or equivalently %,3 <l—-ac< %,3), then there exist
two positive constant C1, Cy such that the error v — v,, is estimated by

1— i~
[0 = vl o121 < Crn " vl w1202 + Con ™" 18 llmw, (4.18)

where g = (1 + s)g(s) is sufficiently smooth.

Proof For Vi € @, ¢, we rewrite the error equation (4.11) as

aw(Y — Vg, ) — (kK — Dby (Y — vy, §)
=—a,(v =V, ¢) + (k — Dbo(v — ¥, 9) — [(Z, D)o — (. Pwn | Y € Ppp.

Taking ¢ = v — v, and using (4.13), (4.15), (4.17), we have

ap(Y — Vn, ¥ — vp) — (k — Dbyy(Y — vp, ¥ — vn)
< Blv =¥l gz +cle = v =¥l 122 +cn ™ 1Zllmw) 1Y — valj pc1212. (4.19)

From (4.12) and (4.14), we know when —1 <« <

B[—

A — v, ¥ —vy) — (kK — Db (Y — vy, ¥ — vy)

1 ) 1+ 2k [ (Y(s) — va(s) w(s)
> Z|1/f - Un|1,w(71/2,1/2) + 3 /; s ds
L 1= / (Y (s) — va(9))*w(s) ds
8 1 1 + S
1 2
> Z|W - Un|],w(—1/2‘1/2)- (4.20)
Combining (4.19) with (4.20) yields
[V — Vnly 1212 < Crlv = ¥l 1212 + C2on™ " 18 llm.o-
Taking ¢ = P}?ﬁ 1/2.1/2V defined in Lemma 4, we know
|P,?,,1/2,1/2v —Unlp 1212 < CLnt Tl w212 + Con ™ 18]l (4.21)

Further using the triangle inequality
v — vy <lv—P° PP -
nl,w-1212 S0 =Py 1512011 w1202 + 1Py _10 12V = Unly o172

and Lemma 4, we know (4.18) holds. The theorem is proved. O

Theorem 3 tells us that the accuracy of the collocation method depends upon the smoothness of the solution and the
source term. In order to increase the accuracy of the scheme, it is necessary to perform a smooth transformation as
done in Sect. 3. In this section, we only discuss a special linear case for 0 < @ < 1. We note that the case includes
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the most important one f = 1 — o corresponding to k = 0. As for the other cases, we are going to explore in the
future.

Remark 8 As stated in [33], the semi-norm [vl; ,-1/2.1/2) is a norm of the space Hal)<f1/z.1/z) 0(I), which is equivalent
to the norm [|v||y ,,-1/2.1/2 . Hence, (4.18) also holds for this norm. ’

5 Numerical examples

In this section, we present three examples to show the performance of our proposed methods. All the experiments
are performed on a Laptop with Intel Core 15-6200U CPU (2.30 GHz) and 8 GB RAM by using Mathematica.

Example 1 Solve the following linear strongly singular two-point boundary value problem using our method, the
Adomian decomposition method (ADM) [45], and the optimal homotopy analysis method (OHAM) [41]

(xu') =g(x)u := 421 (ﬁ+x2) u, u'(0) =0, %u(l) + %u/(l) = 4e. (5.1

. . 32
We know its exact solution is u(x) = 4e* 2.

In this example, « = 1, but g(x) = % (ﬁ + xz) involves a term 4/x. Hence the solution is not sufficiently smooth
at x = 0. By implementing the series expansion method, we obtain the truncated fractional power series expansion
for u(x) about x = 0 with a parameter A = u(0), denoted by

A, A A A A
A+ A S Ao A A sy 2o
up() = A+ A+ S+ LT S 0t T a”

from which we know the transformation s = 2./x — 1 can make the solution #(x) infinitely smooth. By discretizing
the transformed equation (3.1) using the Chebyshev collocation method with n = 18, we obtain a fractional
Lagrange interpolation

Ure(x) = 4 — 4.57551 x 1071 /x 4+ 3.42666 x 107 8x +4x3/% + 1.17129 x 107*x?
—0.00222858x>/2 +2.02614x> — 0.20533x"/% 4 1.13593x* — 3.90777x%/% + 13.6913x°
—30.8144x'1/2 4+ 52.5145x% — 66.8327x'13/% + 63.2231x" — 43.0473x'5/% +20.0611x%
—5.74558x'7/2 4+ 0.776323x°.

Comparing this approximate solution with u,(x), we know the parameter A = 4 in the fractional series expansion
up(x), which leads to

3/2 3 9/2 6 15/2 9
I/tp(x) =4+ 4x / + 2x +§x / +6X +%)C / —I-mx .

As a comparison, we also solve this example using ADM and OHAM. Since Eq. (5.1) is equivalent to

X t
u(x)=u(0)+/0 f‘/o g(Eu(E)de dr,

the Adomian iteration reads
X t
Yo() = A, yi(x)=f0 r—lfo sEyi1E)dEdr, =12,
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Fig. 1 The absolute errors logjg(error)
of the approximate solutions . L . . .-
to the exact solution in 02 0.4 0.6 08 ..o
Example 1 o PTIII e e
=5 :_______________________,.._.-;’_':__ ____________
T e logio [u(x) - ughamo)|
ol ol e logo Jutx) — ugsm ()|
o = logyg Ju(x) — up(x)l
/
s logjg [u(x) = e ()]
’
-15p ¢

from which the m-th approximate solution of ADM is u'f,fim (x) = Z:”:O vi(x). We note that the parameter A is
determined by the right boundary condition. A direct computation shows

2 1 1
udIm(x) = 4 4 4x%% 4203 4 5x9/2 + 6x6 + %xls/z + 0.00555556x°

+0.000793494x%1/2 1+ 0.0000988595x 2 + 0.0000107118x%7/2
+9.54922 x 107 7x1 +6.01026 x 107 3x33/2 1+ 1.8838 x 10 7x!8.

The OHAM is based on the integral equation (2.5). By introducing an optimal parameter /1, the OHAM reads

B 1
Yo(x) = = yix) = _h,/o G(x,8)g(§)yo(§))ds,

1
yitx) = (1 +h)yi-1(x) — h/O G(x,5)g8)yi-1(6)dg, i=2,3,...,

from which the m-th approximate solution of OHAM is u%h"‘m (x) = Z;n:o vi (x). The parameter / is determined
by minimizing the error

2

T one B ! ,
| [uzi“‘“u) S s>g<s)u:’,,h‘*m<s>ds} dx.
0 o 0
When m = 6, we obtain the optimal 7 = —0.394885 and the approximate solution

ud™ (x) = 3.98385 + 4.02531x%/2 4+ 2.03473x> + 0.667562x%/> + 0.151846x° 4 0.0254998x '%/2
+0.00321373x° 4 0.000299202x2'/2 4 0.0000228003x "% + 1.15048 x 10~ 0x27/2
+5.57005 x 1073x1 4+ 1.23837 x 107x33/%2 +3.88143 x 10~ 1 x18.

We note that when & = —1, the OHAM degenerates to the improved Adomian decomposition method [45], but it
is not convergent for this example. In order to discuss the accuracy of these approximations, we plot their absolute
errors with logarithmic scale, as shown in Fig.1.

It can be seen from Fig. 1 that the Chebyshev collocation method with smoothing transformation has the highest
accuracy even though the highest degree of u;.(x) is only half compared with the ones of the other two methods
and the OHAM has the lowest accuracy in this example. Since the standard OHAM is not convergent fast, Roul et
al. [42] further designed a domain decomposition OHAM to accelerate the convergence. As we expected, the series
expansion u, (x) approximates u(x) with high precision only over a small interval near x = 0. When the variable
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x moves away from x = 0 to x = 1, the accuracy decreases gradually. In the computation, we also record the CPU
time for these methods. For our method, the total CPU time for generating u,(x) and calculating u,.(x) is only
0.03125 seconds, whereas the ADM and OHAM cost 8.04688 and 99.6719 seconds, respectively. Obviously, our
method is much faster than the other two methods. Although both the iteration procedures of the ADM and OHAM
are very simple, they cost much time since many integrals are evaluated analytically by symbolic computation in
their iterations.

Example 2 Solve the following nonlinear singular two-point boundary value problem:

: 2 Ji
12 .7\ _ . —
2

u(0) = A := ”T, u(1) = 0.

(5.2)

Its exact solution is u(x) = (arcsin(1 — x))?.

For this example, f(x, u) is obviously weakly singular at x = 0. Even so, we can also use the series expansion
Mathematica function Pesbvp[£f,1/2,10, A,ap] to obtain

2 T 1 ap 1 3 a?
up(x)=—+a ﬁ+2x——x3/2+(———>x2+ - - + 0 x>
? 4 62 6 6v21 527 80v2 | 104273

r 7 24/2 1 2a3
+|—=+ao \/_ — — \/_ao x3
| 180 1573 202x7 1575

(242 5 57 a 22 1 5a4
+| == - ~ s tag |-+ 0 ]x7/2
| 2173 6327 4482 2527 T 28273 21277
[ 53 1 32 5 15 174>
T 250 ~ s tao| =55+ - 04
4480 1207 T3 42273 896421 ) 16807
5
+ap 5\/75— SE P ]x4+~-~
T 56275 23279

Based on this series expansion, we choose the smoothing transformation s = 2./x — 1. By applying the Chebyshev
collocation method with n = 20 to the transformed equation (3.1), we can obtain the Chebyshev interpolation

Ure(x) = 2.4674 — 4.44288./x + 2x — 0.370241x>/% + 0.333357x% — 0.0838254x°/%
+0.0961995x> — 0.0946874x7/% + 0.506482x* — 2.42262x°/% + 9.22243x
—26.9487x'1/2 4+ 60.9291x° — 106.786x'3/? + 144.658x” + - - - + 0.683452x 10,

which is an approximate solution to u(x). Since u;.(x) and u , (x) are both accurate when x is small, we can conclude
that ag = —4.442882938175524 in the series expansion u ,(x). Thus

Up(x) = 2.4674 — 4.44288/x + 2x — 0.37024x/% 4 0.333333x% — 0.0833041x/2
+0.0888889x> — 0.0247929x7/% + 0.0285714x* — 0.00843646x°/% + 0.0101587x>
—0.00310615x"/2 4+ 0.003848x°® — 0.00120463x3/2 4 ... 4+ 0.000110849x'°.
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Fig. 2 The absolute errors logyg(error)
of the approximate solutions . L . . .
to the exact solution in hmm e 02 ____ 04 _____ (¢ 06 0.8 1.0
Example 2 o .

] logg lu(x) — uc(x)| ‘I.

-------- logio [u(x) = ()]

logyo u(x) = e (x)|

Table 1 Convergence order and CPU time in Example 2

n E, Order CPU time (s)
5 7.61219 x 1074 0.09375
10 476436 x 1077 0.493276 0.15625
20 8.7097 x 10713 0.524212 0.17188

For comparison, we apply the Chebyshev collocation method (taking n = 20) directly to solve the problem (5.2)
and obtain an approximate solution

uo(x) = 2.4674 — 55.407x + 2542.05x% — 80553.5x> + 1.60707 x 10°x* — 2.13328 x 10”x>
+1.98344 x 108x° — 1.34265 x 10°x” + 6.80723 x 10%x® + -+ +1.01071 x 10°x20.

The absolute errors of the approximate solutions u;.(x), u,(x), and u.(x) are plotted in Fig. 2 with logarithmic
scale.

It can be seen from Fig. 2 that the approximate solution u.(x) has very low precision of about 10~! order. After
smoothing transformation, the solution 1, (x) achieves a very high precision, whose accuracy is about 10~!3 order.
In addition, the fractional power series u,(x) is a good approximation to u(x) when x < 0.25, but it gradually
becomes less accurate as x tends to 1.

We further explore the convergence order of the Chebyshev collocation method for the transformed equation
using different n, and the results are shown in Table 1, where in this table, the maximal absolute error E, =
maxo<x<1 |#(x) — use(x)| and the order is defined by log E,,/ log E2,. From Table 1, we know the order is about
0.5, which means E, = O (exp(—6n)) (6 > 0). Rubio [58] called this convergence as exponential convergence.
We note that we only discuss the algebraic convergence in Sect. 4. In addition, we can also see that the CPU time
increases slowly as n increases to two times.

Example 3 Solve the nonlinear strongly singular two-point boundary value problem

/ 4 11
(x3/2u’) _ —§n2x13/6u . Eﬂ,xS/G 1— 2,

W' (0) =0, u(l) +3u'(1) = —2m,

(5.3)

with the exact solution u(x) = cos (nx4/ 3 2).
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Fig. 3 The absolute errors logyo(error)

of the approximate solutions 0'2 0'4 0I6 0'8 1'0 x
to the exact solution in : : : : :
Example 3

_____

Toem == loggo lu(x) — ()]

"""" logio |u(x) — up(x)|

logg Ju(x) — e ()|

R o

This example is a strongly singular problem. By means of the proposed series expansion method, we obtain the
truncated fractional series expansion for u(x) about x = 0

2 3 4
Up(x) = A — %\/1 AL AT”W3 + T At 4 AT e

48 384
B P [ AR08 Am® By 771 — A2x28/3 N 718Ax32/3'
3840 46080 645120 10321920

Hence, we choose the smoothing transformation s = 2x?/3 — 1. By applying the Chebyshev collocation method
with n = 20 to the new equation, we can formulate a Lagrange interpolation

Ure(x) = 14 3.59234 x 107 4x2/3 — 8.57432 x 107" x*/3 4+ 4.70386 x 10~°x% — 1.2337x%/3
+ 1.90657 x 107%x1%3 —1.99629 x 107°x* + 0.000148541x'%/3 4 0.252854x!6/3
+0.00339015x° — 0.0108396x293 4 0.0269292x2%/3 — 0.073067x® + 0.0788706x2%/3
—0.0921944x2%/3 +0.0821393x !0 — 0.053415x3%/3 +0.0255147x3*/3 — 0.00784089x 2
+0.00132846x/3 — 0.000099176x4%/3.

From this approximate solution, we know the parameter A = 1 in the series expansion u ,(x), which leads to

2 4 6 8
T T T T
I L1673 _ 8 323

= l —
up(x) 8 384 26080" 1 10321920

We can also directly solve Eq. (5.3) using the Chebyshev collocation method (taking n = 20) to obtain an approx-
imate solution u.(x). The absolute errors of the three approximate solutions u.(x), u,(x), and u.(x) to the exact
solution u(x) are plotted in Fig. 3.

We can see from Fig. 3 that the approximate solution u.(x) has the accuracy 10~ since the exact solution is
twice continuously differentiable over the interval [0, 1]. By using smoothing transformation, the solution u;.(x)
achieves the accuracy 10~%. For this example, the series expansion u p(x) has very high accuracy when x < 0.2,
but it becomes less accurate as x — 1.

The three examples in this section demonstrate that the Chebyshev collocation method can be applied directly
to solve the singular two-point boundary value problem, but the approximate solution is not accurate due to the
low regularity of the exact solution u#(x) at x = 0. Obviously, the smoother the solution is, the higher accuracy
will be achieved for the Chebyshev collocation method. With the proposed series decomposition method, we can
give an accurate description of the singular behavior of the solution using the fractional series expansion. Then,
a suitable smoothing transformation is taken for the equation so that the solution is sufficiently smooth. For the
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transformed equation, the accuracy of the Chebyshev collocation method can be improved significantly. In addition,
the Lagrange interpolation of the Chebyshev collocation solution can also determine the unknown parameter ag or
A in the fractional series expansion with high precision. In most cases, the fractional series expansion approximates
u(x) with high precision only in the neighborhood of x = 0. When the variable x is away from the point x = 0,
the series expansion gradually becomes less accurate.

6 Applications to the Thomas-Fermi equation and Emden-Fowler equation

In this section, we apply our method to solve the Thomas—Fermi equation and Emden—Fowler equation over finite
interval. We first consider the Thomas—Fermi equation. It is used to model the potentials and charge densities in
atoms [7,9-12]. The equation is

u3/2
"
u = f’ X > 0 (61)

There are three kinds of boundary conditions of interest for this equation [9,10]. Here, we only consider the ion
case

u(©0) =1, u(l)=0. 6.2)

By implementing the Mathematica function Pesbvp [£f, 0,10, 1,a0], we obtain the series expansion with an
undetermined parameter ag for the solution u(x) about x = 0

4 2a 1 3a2 2a 2 a
Upr(x) = 14agx + x> 4 22552 4 _ 3 0, 7/2 4 0,4 L (— - —°> X2

3 5 3 70 15 27 252
2 4 3
ay s 3lag g 11/2 4 49 6
tost (1485 + 1056)x t\aos Tisis Y
557a5  3ag P32 4 (31356a0 99856a3  256a] 10 63)
100100 9152 103378275 70945875 ' 1044225

Next, we discuss the asymptotic behavior of u(x) about x = 1. Since u(1) = 0, we can reasonably let u(x) =
(1 — x)Pw(x), where B > 0 and w(1) = by # 0. Substituting it into (6.1) yields

1 2B ’ BB -1 _(l_x)ﬂ/z 3/2
w _1—xw+(l—x)2w_ ﬁ w' e,

6.4)

Noting that w(x) = bg + (1 — x)A g(x), B1 > 0, we can deduce that the third term on the left-hand side of (6.4)
must vanish, which means § = 1. Hence, Eq. (6.4) becomes

(1- X)S/z w3/2
Vx ’
Obviously, f(x, w) is infinitely differentiable with respect to w at w = by. Hence, w(x) possesses the fractional

power series about x = 1. Substituting w(x) = by + b1 (1 — x)' + --- into (6.5), we can deduce y; = % which
means we can impose a right boundary condition w’(1) = 0 for Eq. (6.5). Hence, we can obtain the series expansion

((1 - x)zw’)/ = flx,w) = w0 =1, w(l) = by #0. (6.5)
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of w(x) about x = 1 by using our decomposition method for Eq. (6.5) at x = 1, denoted by w,(x). Further by
letting up »(x) = (1 — x)w,(x), we have

(3)/2 7/2 2b8/2 9/2 b?)/z 11/2 b(% 6
upr(x) =bo(l =)+ —=(1 =07+ =21 = 0" + 2= (1 = )12 4+ (1= 0)
3/2 2 3/2 2
5b b 7b 16b
gy 10 g =07+ g (= 0P g (1= 007
3/2 2 2
b2 (25725 + 1408h) 4B . 12853 0
1—x) 724 0 (- 1—x)'°, 6.6
6664000 (=0 s =9+ F 3535 =) (6.6)

where b is a parameter to be determined.

Remark 9 Inhistory, many researchers studied the series expansions of the solution for the Thomas—Fermi equation.
As early as 1930, Baker [59] obtained the series expansion (6.3) for the Cauchy problem of the Thomas—Fermi
equation. Hille [10] proved the convergence of this series and obtained the radius of convergence. Hille also discussed
the series expansion (6.6). Here, we reproduce these series expansions by our method.

From (6.3) and (6.6), we know the solution u(x) is not smooth enough at the two endpoints, but we can take a
variable substitution t = 24/1 — /1 — x — 1 in (6.1) such that the solution v(¢) = u(x), t € [—1, 1] is sufficiently
smooth. Correspondingly, the equation (6.1) with boundary condition (6.2) is transformed to

At e O Bk (el D Y
1-2@+1) 41— —12 ’
v(—1) =1, v(d)=0. (6.7)

—1<tr<l,

By taking n = 20 in the Chebyshev collocation method, we obtain an approximate solution to the transformed
Thomas—Fermi equation (6.7). Taking t = 24/1 — 4/1 — x — 1 again, we obtain

use(x) = 0.48501 — 0.700536¢ + 0.02686871> + 0.1366271> — 0.00556901* 4 0.07926027°
—0.00887676:° — 0.0158342¢” + 0.00163158:% — 0.0000678796:° + 0.00123403¢1°
+ 0.000680707¢ 1 — 0.000282336'2 — 0.000131357!% — 0.0000289612¢'* + 1.90737 x 1077+
+0.00001568537'® 4 2.01339 x 10707 — 2.85306 x 107! —7.09989 x 10~7¢"°

+2.07261 x 107220, t > 2y/1 = /1T —x — 1. (6.8)

In order to show the accuracy of the approximate solution, we introduce an error function

3/2
o) = () = D

which is plotted in Fig. 4 in logarithmic scale. In this figure, we also plot the error computed by directly applying
the Chebyshev collocation method to the original Thomas—Fermi equation (6.1) (e.(x), dashed line). Obviously, the
transformed approximate solution is more accurate than the one obtained by direct Chebyshev collocation method,
which further shows our singular transformation is successful.

By expanding u;.(x) as fractional power series about x = 0 and x = 1, respectively, we know ap =
—1.9063841613597106 in (6.3) and by = 0.8365830238318072 in (6.6). Hence, we can plot the errors
[te(X) — up (X)), [use(x) — up - (x)| with logarithmic scale, shown in Fig. 5.
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Fig. 4 The errors of the logyo(error)
approximate solutions in v ! ' ! ' “x
. . ‘. 0.2 0.4 0.6 0.8 1.0
logarithmic scale for the A
Thomas—Fermi equation ) A VA NN N
q vV % \\4’ AV FARVAR FRVA VAl !
v y Ay Y v v
—4F
""" logy lec(x)l
-6
log ;g let(x)l

Fig. 5 The errors between log;o(error)
the collocation solution and x
the series expansions for the
Thomas—Fermi equation “20~~ll

N
log g Jute(x) — w1 (x)|

'''' logyg le(x) = up(x)| ~

It can be seen from Fig. 5 that the collocation solution u,.(x) approximates the series expansions up ;(x),
up,(x)asx — 0, x — 1, respectively. Hence, it is a good approximation to the Thomas—Fermi equation (6.1)
with boundary condition (6.2) over the whole interval [0, 1].

Now we consider the Emden—Fowler equation, which can be imposed initial or boundary conditions [6,7,12,43].
Here, we only discuss the first boundary value problem, which reads [6]

(xu') +x%u? =0, 0<x <1, (6.9)
u(0) =0, u(l)=0, (6.10)

where « and p are real numbers satisfying 0 < o« < 1, p > 0. Obviously, this equation has a trivial solution # = 0.
Here, we explore the positive solution. By introducing a variable transformation y = x!~% and letting v(y) = u(x),
we obtain

V() + V() =0, 0<y<l, (6.11)

M
1—a2’
v(0) =0, v(l)=0, (6.12)

where 4 = o + 0/1 — «. Here, we further require that £ > 0. Now we discuss the asymptotic behaviors of v(y)
about y = 0, 1. Since v(0) = 0, we can reasonably assume that v(y) = y/3 wy(y), where 8 > 0 and w;(0) = ag > 0.
Substituting it into (6.11) yields

2p BB -1 1 _
wl// + _wl/ + 5 wy + T=ar yM-‘r(P l)ﬂwlp —0. (6.13)
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The fact w;(0) = ag > 0implies w;(y) = ag+y"' g(y), where y; > 0, g(y) is continuous over [0, 1] and g(0) # 0.
Substituting this expression of w;(y) into (6.13) yields

1
Y () + 201 + B TS )+ vi(n + 28 — Dy T 2g(y) + % [ao + y"'g(»)]
o 2y1 4,2
40 ute-Dp P oy P\Y )
+ 1o [1 + ooy ey + (2> a2 + } =0. (6.14)

For Eq. (6.14), the only term involving y~2 (the smallest exponent about y) must be vanished. Hence 8 = 1.
Further, since the coefficient of the term involving y¥' 2 is not equal to zero (y;(y; + 1) > 0, g(0) # 0), we must
sety; —2=pu+p—1= y; =+ p+1tomake the terms involving y”' ~2 be zero. Since y; = u+p +1 > 1,
we can impose a left boundary condition w;(0) = 0 on Eq. (6.14). Finally, we obtain a boundary value problem
from (6.13)

/ 1
(yzwl’) + myﬂﬂ’“w;’ =0, wj(0)=0, w(l)=0. (6.15)
Analogously, we can show v(y) = (1 — y)w,(y) and w,(y) satisfies

((1 — y)zw;)/ b =l =0, w©) =0, wl(l)=0. (6.16)
(1—a)?

Obviously, (6.15) and (6.16) are standard equations in Sect. 2, but (6.16) is singular at the right boundary
y = 1. Hence, we can generate the series expansions of w;(y) and w,(y) about y = 0 and y = 1, respectively,
by the algorithm in Sect. 2. In the following, we show that the exponents of the series expansion for v(y) about
y = 0 can be directly determined from (2.14) for the problem (6.11), (6.12). From the above deduction, we
can suppose that v(y) = apy + Zj’ozl ajy®. By substituting vo(y) = apy into (2.18), we know B = u + p,
and hence oy = 2 + u + p. Further let vi(y) = agy + a1y, then the binomial expansion of vj(y)? implies
B2 = 1+2(u+ p), which deduces oy = 34 2(uu + p). Recursively, we can conclude thate; = j+ 1+ j(u + p),
j =1,2,.... By similar arguments, we know the exponents of the series expansion for v(y) about y = 1 have the
form {1} U{i + jp} (i = 2,j=1,2,...i —1). We only consider the case that both ;& and p are rational numbers.
Let u + p = &y/no and p = &/n1, where &y, no and &1, n; are coprime numbers, respectively. Then the variable
substitution = (1 — (1 — y)!/ "1)1/ ™" can make the solution of Eq. (6.11) sufficiently smooth, which yields by
letting w(t) = v(y)

" (mom1 — D™ —no+1 Py
w’(t) + (1 = 1) w(t)+q@®w’(@) =0, 0<t<l, (6.17)
w(@0)=0, w()=0, (6.18)
where

[nomie™0~! (1 —gmoym-1

]2
m
a )2 [1 —(1— ZJIO)UI] .

q(t) =

We choose o = % 0= —%, and p = % in (6.9), then a computation yields 9 = 1 = 3 in (6.17). By applying the
Chebyshev collocation method to Eq. (6.17) with boundary condition (6.18), we obtain the approximate solution
by taking n = 20
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Fig. 6 The approximate
solution of the
Emden—Fowler equation

Fig.7 The errors of the logyo(error)
approximate solutions in - . . . . Lo
logarithmic scale for the 0 _‘1‘\,\ ~ 02 0.4 0.6 0.8 10
Emden—Fowler equation Y VTV SN TN TN TN Ty /\If“,’\f\"\l
Ii"“i’“"l\"l"’l\l‘l‘l""‘ii
(]
o PR
Y logj lec(x)l
logig lewc(x)l

Ure(x) = 0.18215 + 0.3037317 — 0.407715:2 — 1.081047°> — 0.127282+* + 1.36295¢° + 1.15084¢°
—0.495033¢7 — 1.31964¢% — 0.494441¢° + 0.56986¢'0 + 0.657761¢'1 + 0.0845911¢'2 — 0.2992¢13
—0.208823¢* +0.033786¢ " + 0.0922835¢10 + 0.015476¢'7 — 0.0175699¢'8 — 0.00399044¢°

1/3
+0.0013115¢%°, ¢ — 2(1 —(1- ﬁ)1/3) -1, (6.19)

which is plotted in Fig. 6.

Finally, the logarithmic absolute errors of the approximate solutions obtained by the Chebyshev collocation
method to (6.17) (e;-(x), solid line) and (6.9) (e.(x), dashed line) are plotted in Fig. 7, which show that the given
singular transformation improves the computational accuracy significantly. Here, we note that the error e;.(x) is
defined by

erc(x) = (x“uéc(x))/ + x0ul (x).

Remark 10 The solutions of the Thomas—Fermi equation and the Emden—Fowler equation are not sufficiently
smooth at the two endpoints. For these kinds of problems, we tactically perform a smoothing transformation
reflecting the singular behaviors of the solution at the two endpoints such that the solution is sufficiently smooth
over the whole interval. Hence, the Chebyshev collocation method can be effectively used to solve these problems
with high accuracy.
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7 Conclusions

Nonlinear singular two-point boundary value problem is an important model equation, which has wide applications
in many branches of mathematics, physics, and engineering. Since the solution of the equation is not sufficiently
smooth at the one or two endpoints of the interval, the computational accuracy is low when standard numerical
algorithms are used to solve the problem. In this paper, we design a simple method to recover the truncated
fractional series expansion for the solution about the endpoint, which accurately describes the singular behavior of
the solution. Although the series expansion involves an undetermined parameter, the singular feature of the solution
is known. By taking a simple variable transformation, the solution is sufficiently smooth, and hence, the Chebyshev
collocation method can be used to effectively solve the transformed differential equation, which has been confirmed
by convergence analysis. Numerical examples illustrate the high efficiency of the algorithm, which shows that
the computational accuracy improves significantly compared with the direct implementation of the Chebyshev
collocation method to the original differential equation. The method is capable of solving the problems with two-
endpoint singularities. As some applications, the Thomas—Fermi equation and the Emden—Fowler equation over
finite interval are solved by the proposed algorithm with high accuracy.

Acknowledgements The authors are very grateful to the editors and anonymous referees for their valuable comments and suggestions.
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