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ABSTRACT

In this paper we use variational techniques to address the problem of existence and
uniqueness of solutions of a class of singular two-point boundary value problems. We then
use a Galerkin method with special basis functions to discretize the problem. We prove
convergence of the solution of the discrete problem to that of continuous problem and
give the order of convergence in various energy and uniform norms. The orders of
convergence obtained are optimal.
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A GALERKIN METHOD FOR SINGULAR TWO POINT LINEAR
BOUNDARY VALUE PROBLEMS

1. INTRODUCTION

Many problems in physics and engineering give rise to second-order differential expression of the form:

1
'ﬂry} = -E(Py"}' +qu on {01 IL “.l}l
with boundary conditions. In general, one would be interested in solving the equation:
Hy)=1, (1.2)

where y satisfies the boundary conditions. These equations may be regular or singular at each point of the
interval (0, 1).

In the regular case, problem (1.2) is well understood and its numerical analysis has been extensively studied.
Very successful software has been written for solving regular equations, of which we mention the programs
SLEIGN [1] and DO2ZKEF [2]. Apart from a limited number of special cases, the errors involved in approximating
singular problems are not yet well understood (see [3] p. 1665). In this work we provide some error estimates
for approximating such problems. The trade-off between the roughness of the data and the rate of convergence
of the numerical solution will be illustrated. (See also [4]).

Singular problems of the form (1.2) appear in many areas of applied mathematics; in transport processes [3],
in the study of electrohydrodynamics [8], in the theory of thermal explosions [7], and in the separation of variables
in partial differential equations [9]; just to name a few fields. The code SLEIGN2 [8] is written to compute the
eigenvalues of the Sturm-Liouville problem in some singular cases, The Galerkin method for singular problems
was considered in [10-12]. Special finite difference methods were considered in Chawla ef al. [13]. The reader is
referred to the references cited in the aforementioned articles for more details.

In this article the questions of existence, uniqueness, and regularity of sulutions of a class of singular two-
point boundary value problems will be investigated to the extent needed for the error estimates of the numerical
approximation. The variational setup of the problem will also be considered as well as the equivalence between
the solution of the variational problem and the solution of the boundary value problem. Then we will investigate
a Galerkin method, with special patch functions (considered earlier by Ciarlet ef al. [10]), for the numerical
approximation of the solution. We will derive error estimates in various energy and uniform norms and show
how the accuracy of the approximation is affected by the norm in which we study convergence or, equivalently,
by the regularity of the data. Extending these results to nonlinear problems will be the subject of a later paper.

2. PRELIMINARIES

For r 2 0on [ =(0,1) we let L"(I) denote the weighted Hilbert space with the inner product
w.2): = [ wee)r(a)as, (21)
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We also let V, be the Hilbert space consisting of functions u € L (I) which are locally absolutely continuous on
I, u(1) =0 and v’ € L(I). The inner product on the space V; is defined by

(v 2y, = '/;y"{x]‘i"[x}p{z]dz. (2.2)

The notation Ly,.(I) is used to denote the space of functions y € L]a, ] where [a, ] is any compact subinterval
of I.

Throughout this paper we assume that the real valued functions p, g, w satisfy

qw € LYI) (2.3)
Pt € Lige(l), P! € Lioe([0,@)) for any a > 0, (2.4)
1
puw > 0, j p~t € LL(0,1), and (2.5)
j w(z)de = 0 implies / plz)dz = 0 for E C I measurable, (2.6)
E E

Additional assumptions will be specified when needed. Assumption (2.4) means that £ is singular and 0
is a singular point for £. See [14]. Under the above assumptions it can be shown [15] that the boundary
condition at 0 may be taken as lim._q(py')(z) = 0. For ¢ = 0, assumptions (2.3),(2.5) allow for limit circle (LC)

U: pte Li{ﬂ,l}) as well as a class of limit point (LP) cases for the operator £ [15]. Our goal is, thus, to
investigate the problem (1.2) together with the boundary conditions
(py')(0F) =0 }

i
yl)=0 @0

both theoretically and numerically. Finally, we will make use of the operator L:
D(I) = {v e L2(1) - ty) € L3(1), y(1) = lim(py/)(z) = 0} .

It is known that L is self-adjoint [15].

3. THE MAIN RESULTS

We study the theoretical and numerical aspects of the problem (1.2),(2.7) first for the case ¢ = 0 and
then introduce the function ¢ with nonzero values as a perturbation of the former case and strive to keep the
assumptions on g minimal. This way we hope to be able to illustrate the effect of ¢ on the analysis, the regularity,
the error estimates, elc.

The operator [ is real in the sense that f} = IT ¥ fe D(L) as can be readily checked. Since the data

functions we consider are all real valued, this means that it is enough to consider only real inner products.
Therefore we will drop the conjugation overbars for the rest of this paper.
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3.1. Existence, Uniqueness, and Regularity of the Solution

Various results about the existence, uniqueness, and regularity of the solution of (1.2),(2.7) are needed in
order to obtain error estimates for the Galerkin method. We will state and discuss these results here. We will
also have some comments about the conditions required for such results to follow. In particular we will discuss
applicability of the boundary condition u'(0) = 0 which is most frequently used in the literature. The results
listed below are organized into two categories: ¢ = 0 and ¢ # 0.

Theorem 3.1 (LC, ¢ = 0) For every f € L} (0,1) the unique solution u of (1.2 },(2.7) is absolutely continuous
on [0,1]. The operator L=" : L2(0,1) — C[0,1] is compact.

Remark 3.1 It follows from (2.3) that C[0,1] is continuously embedded in L2(0,1). As a corollary of this and
Theorem 3.1 we get that L™ : L2(0,1) — L2(0,1) is also compact. This is a well known result in the limit
cirele case.

Theorem 3.2 (a) If f € L°(0,1) then (1.2),(2.7) has a unique solution which is absolutely continuous on [0, 1].
() If fe L2 (0, 1) then (1.2),(2.7) has a unigue solution which is absolutely continuous on (0, 1].
(¢) The operator L' : L°(0,1) — €[0,1] 15 compact.

Theorem 3.3 (LP1, g =0) Foranyue D (E) we have v € L2(0, 1).

Remark 3.2 1. In general, the result of Theorem 3.3 cannot be sharpened in the sense that we may not have
continutty of u' on [0,1]. For example, 1f in (1.2),(2.7) we take p(z) = z,w(z) = 1,9(z) = 0, and fiz)=Inz
which is a limit circle case, then the solution u(z) = =2 — zlnz + 2r has an unbounded derivative at x = 0.

2 Ifplz) = w(z), p ts monotone increasing and f € L°(0,1) then the boundary condition at £ = 0 may be
stated as u'(0) = 0. In particular this is true for p(z) = w(z) = % which s the case considered in the literature.
3. In the first part of Theorem 3.2, the condition f € L3(0,1) cannot be relazed to f € L1(0,1). For example,
if in (1.2), we take p(z) = 23, w(z) = %2 ¢(z) = 0, and f(z) = L then the solution to (1.2) is u(z) = u—}; -1
which s unbounded at z = 0.

4. Theorem 3.3 means that the space V,, defined in Section 2 is the natural space to consider for the derivation
of the solution and consequently for the set up of the Galerkin method.

The results for the case ¢ # 0 will be obtained through the variational formulation of the problem ( 1.2),(2.7):

Find u e Vo such that

Blu,v) = (f,v)y forallve V (3.1}
where

Blu,v) = {u, v}y, + (qu, v})s. (3.2)

The following conditions are imposed on the function g(z):

1 1 d.
Cy = -/; lg(z)] (,/, ?:}) wlz)dr < oo, (3.3
ol () w(z)dx
Ll S % i
que L2(0,1) ferallue Vp. (3.5)
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Theorem 3.4 Under the conditions (3.3),(3.4), the variational boundary value problem (3.1) has a unigue
solution u € V, i.e., (1.2),(2.7) has a unigue weak solution.

Theorem 3.5 Under the conditions (3.3)-(3.5) we have

(1) The unique solution u of (8.1} s also the solution of (1.2),(2.7).
(2) (LC) If f € L2(0,1) then u 1s absolutely confinuous on [0,1].
(8) (LP1) If f,q € L(0,1) then u is absolutely continuous on [0,1].

Remark 3.3 1. In the case (LC), (3.5) holds if g € LE(0,1). (3.8) also holds i that case (because of (2.3)).
In the case (LP), (8.8}, (8.5) hold if g € L3T(0,1).

2. In the case (LP), if g € L(0,1) and q > 0 then all conditions (3.3)-(3.5) are satisfied. In particular this is
triee for plz) = w(z) = 2%, a >0

4. THE GALERKIN APPROXIMATION AND CONVERGENCE RESULTS

let 7:0=1zyp <y <+ < Ing; = | be a mesh on the interval [0, 1] and for § = 1,2, -+ N define the patch
functions

rifz) fe <2<y,

ri(z) = r:'{.r]l if 2; < 2 < 2i41, (4.1)
0 otherwise,
where
rilz) = 1,
Fooddg
() wi i=28%... N
J;.... ﬁnds
and
T Ly
) = B (o,
-rz. P ”d's

The above patch functions have been used by Ciarlet et al. [10]. Next we define the discrete subspace Vy of
V, by

Vn = span {r}/,.
The discrete version of the weak problem (3.1) reads:
Find u € Vi such that
B(u®,ux) = (f, v} for all vy € Vy. (4.2)
It follows from (3.1) and (4.2) that
Blu - u® vn) =0 forall vy € V.
Note that condition (3.4) implies that the bilinear form B{u, v) is coercive which guarantees the existence of the

solution u% of (4.2). u is called the Galerkin approximation of (3.1) (and consequently of (1.2),(2.7)). We can
now state our results on the convergence of the Galerkin solution u® to the weak solution u of (3.1).
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Theorem 4.1 (LC,LP1) If the function g satisfies (9.9) and f € L(0,1), then
[« = fly, < CVEEN) A,

where C' depends only on the data and £(7xx) is given by

Tigl

i) i ( i ﬁdt) wlilds (4.3)

0<i<N /.

Theorem 4.2 (LC, LP1) If f,q € L2°(0,1), then
[|w® - u|_, < CVEFN)IIf., -

Theorem 4.3 (LC) If f € L2(0,1) and g € L1(0,1), then

[u€ = ull, < CVEEN)IIfIl,

where

0SSN J,,

Fisgi T4 2
£1(7n) = max {f{‘.r,v}, max (j ﬁdﬁ) m[s}ds} . (4.4)

Remark 4.1 1. In the case of Theorem 4.2, if the additional assumption ¢ > 0 is made, then the order of
convergence tmproves to f{mn). See Remark 5.2,

2. In the literature most authors treat the case p(z) = w(z) = . In [12], Jesperson obtains O(h*) convergence
for the L, norm and O(hlogh) convergenc for the L norm under more restrictive assumpiions on the mesh
and the function q. Simillar results were obtained by Eriksson el al. {11]. In our case, the order of convergence
£m) reduces to O(h*) in both norms.

J. In [10] Ciarlet et al. obtain the convergence estimate £(x) under more general assumplions on g. However,

’ 1 ) . 1
in their case the function — was assumed integrable on [0,1]. In our case, the loss of integrabality of - reduces

the order of convergence o +/E{x) as indicated in Theorem 4-1. This result illustrates the effect of the strength
of singularity on the order of convergence.
4. Comparing theorems {.2,{.3 we see that relazing the conditions on i and f reduces the order of convergence

from JE=) 1o (/8 (w).

5. PROOF OF THE RESULTS

5.1. Proof of Theorem 3.1

Our boundary value problem in this case reads

fu) = — i (pla)'(2)) = f(=), 0< 2z <]
lime o+ plz)u’(z) =0 (5.1)

u(1) =0
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(5.1) gives the unique solution

u(z) = f o U f{s}w[s}a’s)dt (5.2)

For ¢ > 0 we may integrate by parts to obtain

1 1 T i
= —d j —_ i & )ds. ;
u(x) j; 200 fj; fl[f}u[ﬂd'!+fr U P{f}dt) fls)w(s)ds (5.3)

Using the fact that

ju—dff Ftyu z;d:{f U' 5 )lf[sﬂw{s}ds (5.4)
f p{ln

where ||-||,, denotes the norm in £2(0,1). Thus

1 1 1
um}:./; (j: Hﬁ‘ﬂ) Sfls)hw(s)ds (5.6)

and (5.2) is an indefinite integral. Therefare u is absolutely continuous on [0,1].

we obtain

(5.5)

The compactness of L= follows from a straightforward argument which uses the Arzela-Ascoli theorem and
(5.4).

To complete the proof of Theorem 3.1 we show that «' € Lﬁ{li]'. 1),

1
f p|n|'|2 dr
0

Jim, p(e)(2)uce)lt = [ (pu') ude

1
j Jlz)u{r)w(z)dr
L]
1Tk Tell

1A

where we have used (5.6), (5.1) and the continuity of u.

Remark 5.1 Since |v'(z)| < o [f; w{s]ds}”z Ll +then if

s 12
:En;_ pl_'l_z} (/ﬂ w[s}ds) < 20 (5.7)

then |u'(z)| has a bounded limil at x = 0. If the limit in (5.7) is 0, then w'(z) — 0 as x — 0. This is the
case for example for p(z) = 2, w(z) = 2**~'** for any ¢ > 0. If f € L*=(0,1), then we get similar results for
ple) = w(z) = z°. However, in general, u'(0) may not be zers.
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5.2. Proof of Theorem 3.2

The proofs of (a) and (¢) are similar to the limit circle case except that we use Holder’s inequality instead of
Cauchy Schwartz inequality. To prove (§) we note first that (5.3) implies the absolute continuity on (0,1] of u.
To show that u € L] (0,1) we estimate the L%(0,1) norm of the two terms on the right of {5.3). The first term
is estimated as follows:

'::.'l‘-h"'b_.
.
:3""-}'
‘-“
&
S
15 )
o,
h
3
T
L]
B
fu
H
1A M
s s
L"""-u 5
T e
e
]
,4-"—'-.._ —
n —r
"
T
E
£
L]

I
=
g
P
:;""‘-L
—
:;"""-1_
|-
S
E
e
(]

Similarly we can estimate the second term.

5.3. Proof of Theorem 3.3

The proof that u' € L“{I} 1) is the same as in the limit circle case,

5.4. Proof of Theorem 3.4

Before proving this theorem we state and prove the following lemmas; throughout which we assume that the
conditions of Theorem 3.4 are satisfied.

Lemma 5.1 (qu, v)u < Cy lJully, |l¥lly, -

Proof
[ attmtoutontora

/ a0t / ' o) ([ ‘ vrfs,ds) B

O P —

lully, lellv, j :qmlum( mm)m
Collellv, Iollv, O

(1%

Il

Corollary 5.1 V, 15 continuously embedded in L2 (0,1).
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Proof. Putting g = 1 in the previous lemma we obtain
{u, v} < Cillullv, |vllv,
and so

llulli. < C1llulfi, -0

It can now be readily checked that the bilinear form B(-,) given by (3.2) is continuous and Vj-elliptic and that
£(v) = (f,v}w is a linear bounded functional on V.

Theorem 3.4 now follows from the above lemmas and the Lax-Milgram theorem.

5.5. Proof of Theorem 3.5

We begin by collecting some facts about the relationships between the spaces D (E), Ve and L2(0,1). We
recall here that assumptions (3.3)-(3.5) are in effect.

Lemma 5.2 (a) V} is continuously and densely embedded in L2 (0,1)
(b) IfueD (E) and v € V, then pu'v|} =0

fe) D ff) 15 dense in V.

Proof. (a) Follows from Corollary 5.1.

(b) Let ue D (‘.r:) and f € L2(0,1) be such that pu’ = — [7 fw, then

[¥]s [ise [
< Il lell, ( / - ( f : ) w) 2

The above inequalities give the desired result.

o))l = ‘ [ 1

(¢) Let v € V; be such that (u,v)y, =0 for all ue D (L) . Then

1 1 1 _
0= j pu'v' = pu'v} - f (pu') v = - j (pu') v = (Lu,v).
] o 0

Since L is surjective, then v = 0 a.e.w, Hence by assumption (2.6) v = 0 a.e.p. Therefore D (E) is dense in
V.0

It thus follows from the Lax-Milgram theorem that (3.1) has a unique solution. To show that the weak
salution is also the classical solution of (1.2) we introduce the operator 5 defined by

D5} {ue Ve i v — B(u,v) is continuous in L0, 13}

Su = f where

Blu,v) {(fiv}e ¥Yvel,.
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A standard argument (e.g. see [16]) may now be used to show that $ = L+g¢ and the equivalence of the weak and
the classical solutions. This proves part (1) of Theorem 3.5. To prove part (2) we notice that by the boundedness

e =1 -
of the operator (L - q) on L3 (0,1) and assumption (3.3) it follows that the solution u of (L - q) u= fisin
D (E) . The desired result follows in the LC case from equations (5.2) and (5.6). Part (3) follows from the fact

that L= : LE(0,1) — C[0,1] is compact (Theorem 3.2) and that adding the L3 function ¢ does not alter the
domain of L. We then recall (5.2) and (5.6) again.

5.6. Proof of Theorem 4.1

Standard proofs of theorems of the type of Section 4 usually use the Aubin-Nitsche trick and inequalities
like Hardy's inequality, In our case either of these techniques can be used because either the solution u does
not have enough smoothness properties or the inequalities are not sharp enough for our purposes. Qur proofs
will hinge on the knowledge of the closed form of the inverse of the matrix A = (B(ri,r;)) (with ¢ = 0). To
prove Theorem 4.1 we proceed by introducing a special interpolant u’ of the solution u of (3.1) (known as the
Va-interpolant of the solution [10]) . The error of the Galerkin approximation is compared to the error of the
interpolant. Then the order of the error of the interpolant is worked out. This is done in Lemma 5.4. Theorem
4.1 will be a direct consequence of the aforementioned lemma.,

We begin by introducing the Vy-interpolant u! of the solution u

N
ul(z) = wri(z) (5.8)

where w; = u(z;) and r; is given by (4.1), i = 1,...,N. We note here in passing that u’ is the orthogonal
projection of u with respect to the inner product (-, )y, :

(u—u' oxhy, =0 (5.9)

for all vy € Viy . The following two relations are also easily checked

B(u® —u' ux) = (glu—u’), vx)e, (5.10)
and

(v —u" undy, = (glu — u%), v, (5.11)
for all vy € Vi .

Lemma 5.3 Let u® be the Galerkin approzimation and ul be the Vi -interpolant of the solutton uw of {3.1). Then

; C
Ju=uCly, < (14 755 ) Ju- o]y, (512
where O, and v are given by (3.3} and 3.4).

Proof.

In (5.10) put vy = u® — ! and note that |B(u,v)| < {I+C‘.}||u|h,.' llv]ly, and |B(v,v)| = (1+17) ||i'.II|E;'
Yv e V.0
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Lemma 5.4 Let g = f — qu where u s the solution of (8.1). Then

lu= ']y, <2llgll, V(7).

Proof. For ¢ € [2;,7i41],i = 0,... N we use the fact that E}L ri(z) = 1 and integration by parts together with
(5.2),(5.6) to obtain:

u(e) = wl(e) = o) [ ([ 2 steputerds + @) [ [ L) gtoputos. (519

Then:

-
[ “"v,

?;nj [ |(wt) - @) piares

j:. ;ﬁ ('/;rsr{s}w{slds)?dx -
I WAt
(L o [ ([ i)

I’ P—{l;; (/; y’{s}w{s}ds) ([ w{s]ds) dr +
i *i41 p{S})‘jf - U f P{”gl:s]w{s}ds) di 4

[ [ o)

VA
2%

=1

1A

B

Each term under the first summation can be majorized as follows:

(7 505) [ s ([ [ sty o

(%) 8 o ([ sorwto) o
AN]SR

[ [ i) ([ o)
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U:“ g?{s]m(s}d.s) j:'“ Eiﬁ ([ w[s]d‘s) d
([ o) [ [ 5

and each term under the second summation can be majorized as follows:

( :H %) ) _/:H # (j:m (_[m P:::]I) y{siwfs,as)jdx
( - ) j plz) (j’ .Qiislwfs}ds) (j:-m (‘[rlﬂ %)2111-{5]#3) dr
([ o) ([ 2 [ [ [ s

(o) ([ ) [ ([ ) ([ )
([ o) [ ([ )

1A

1A

I

1M

1l

Therefore,

e
=y,

I

[' y?{s]m:s}dsf: U %) w(z)dz+
B o) [ ([ ) e
4 (UE-?NLTI+I ( : a p‘{fa}) “{-ﬂif) E/ ¢*(s)w(s)ds

ol s, [ ([ ) wteie

Theorem 4.1 now follows from (3.3), Lemma 5.4 and the boundedness of the operator (E + q) . The last
statement follows from the inequalities:

14

{(E - q) wu)y = (Lu,u)e + (qu,u)y = ||u||fa, (1 + h;ru—;ll%i&)

IV

(L+ ) lully, > € llully
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5.7. Proof of Theorem 4.2
Lemma 5.5 [|u—u|| _ < Ct(zn)||fll

Proof. For any z € [z, zi41),i=0,1,...N

u(z) - u'(z) < j:'“ lg ()| (f’ . fﬂ) w(s)ds

where g = f — qu. To see this we consider two cases: f =0 and ¢ > 1.

For i =0 i.e., for x € [0, z;] we have

uz)-ul(z) = u(z)-u(zs)
= j;"p{ll ’g{t}u{t]dtds
- j; pmf g{s}w{s}ds+f g{s}w{s}f' ‘::}
< flg{s]llwisl / de+ j lo(s)luw(s) f s

L Ty ‘ﬂ
j; Isr{sllf’ ﬁw[ﬂd& (5.14)

Fori=1,...,1] N, by (5.13) we have

(e Ifs

ulz) —u'(z) = :z-+= f‘ (/' PE”) gls)w(s)ds

E dr Fikt  FEL
4 I'“HH j j %g{s}wl{s}d&

f:': PE'J =

I

< ([755) [ [T [T st
< [ oot [ sder [T [T Soiatolutsrds

/= “ lots)l j: o %w(s}ds (5.15)

. =1
The result follows again from the boundedness of the operator (L + qr) as an operator on C[0, 1]. See Theorem
3.2 part (3) and the proof of part (3) of Theorem 3.5. O
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In (5.11) taking vy = r; fori=1,--- | N, we obtain

{uG = HI,'I".-hv, = {q{ﬂ = uc}l ri}w

N
= Y (o5 —u)lry,rily, = d;
i=1
This gives a system of equations

Ae=d

where A = (a;;) = ({r;,r;)v,) is a symmetric and tridiagonal matrix given by:

1
01 = TEToag
I tyds
1 .
ﬂ’-l- = = 1[ + oy i ’ 1=21---.J"|r1

Ixu-x mds leﬂ Hn.ds

1 .
Ss = SRR i=1,---,N-1

s s

e=(g;) = (o —u) and d = (d;) is given by:

= : _di d
m:f'mmmm+f Maho ?v*”
Tp Ir-. Fft_i
and
ds S+ h(s)w(s) [ ds
. s a}t:.{s}f, s T +f ( Ilrii}_l;i -?-; i
Ll 35 -
where h(s) stands for g(s){u(s) — u®(s)). The inverse of the matrix A, denoted by B =
written as:
L iy
O gy iz
Therefore,
N
el < D bldj]
i=1

Z.[ I"|+ Z j P{SI

j=i+l
s Zf P

J=1
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(5.17)

(5.18)

(5.19)

(bij), can be explicitly

(5.20)
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We see that:

£ i b ds Joy IA(8)lwls) [ Fitsds
[ il < j = f I -y

1 PLt

= gs [0 Ia(s)w(s) [7* S¥5d
. 7o) =

1 ds =y
= L o08) 1, |A(s)|w(s)ds +

f' ds [ h(s)le(s) [ tnd
0 I

g
f% [ otutos+ [ mote) [~ 7
./I, p(s) j |h(s)|w(s)ds

1 d’s F
L a5 ) hete)e + j Ih(s)u(s) j S

[ enate) [ s+ [ ace) [ i

1M

()

Also for j = 2,---, N, by a similar approach, we have:
1 1 z
ds ds !
Id;] < j — |h{s)|w(s)ds +
fp, O e, 7O U, )

f’ ds f: "+ h(s)|w(s) f: '“ d's

Pl RS

Ej 1 dt i1 1 d
< f k(o)) f s+ f Ih(s)u(s) f s

1=

Substituting these two inequalities in (5.20), we obtain:

TN 1
el < f (h(s)l(s) f s+ [ | " iheuts) [ s
< f|h{a}l|w[s)/ —ds
= flq{s][u{s}—uats}}]u[s}j -—-ud:,
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Let u — 4% = v. Then:

A

joren I —-ul < 2_/ lq(s)l v {”di'f wl:&]ds

([ )" ([ )" s
2oy, f la(8)lu(s) U P‘f:}) s

3f2

2[u—uC, f la(s)| Ul dtj) w(s)ds. (5.21)

1/2

1A

I

Now:

Ju-ulll, < Ju—u] +]u" -],
< Ju—vu| +2 max |o; — ul
< fu-v'l +4C [lu-u],, (5.22)

32
where C' = fﬂ’ la(s)] (I} ;%) w(s)ds. Since g € LF(0,1) for the LC case then C' < co. For the LP1 case

jn ( Ll at ) w(s)ds < oo if j‘t # € LY%(0,1). The result of the theorem, therefore, follows from Theorem 4.1
and Lemma b.b.

Remark 5.2 If as in Remark §.1 we assume thal g = 0, then { 5.16) can be written in the form
(A+Qle=b

where the elements a;; of the matrir A are given by { 5.17)-(5.19), Q 15 a tridiagonal malrir whose elements
§ij = {grj,Ti}w are nonnegative, b s a veclor with elemenis b; given by

= (g(u—u'),ni)u
and e is the vector (&) = (a; — u;). It 1s not hard to show that A 1s an M-matriz (see Orlegaf17]), q;; < —ay;

(i # j) for suffictently small mesh s1ze and tha!l A+ Q is an M-matriz with (A + Q}"l < A~Y. Thus |e] <
A~l|b|. A proof along the same lines of Theorem {.2 would give

il €2 [ o) ()= @) [ Ssuterds
Thus

lgluﬂ-éx los —ui| £ 2C, ||t.: -u Il
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Therefore,
lu-w®], < [Ju—u], +[u -’
< fu—ulfl +2 max fui - ail
< (4G fu-l],,.

The rate of convergence f{mn) now follows from Lemma 5.5.

Remark 5.3 In the special case p = w and p 15 increasing we can easily show that the method is O(h?) where
h = maxogicn (Zig1 — i)

5.8. Proof of Theorem 4.3

We first need the following lemma:

. s 1/2
Lemma 5.6 ||u—u'| < Cmaxicien (f::m (L " ;d[:j W[S]) 1], -

Proof. The proof follows from (5.14), (5.15) and the use of Cauchy-Schwartz inequality. O

The proof of the theorem is a direct consequence of this lemma, (5.22) and Theorem 4.1,

6. EXAMPLES

In this section we give some numerical examples to illustrate the generality of the method as well as verify
the theoretical findings of the foregoing sections, In all these examples we take a uniform mesh size b = :gr'fl-
where a = 0 and b = 1. In Example 1 we take a LP1 case where the function p{x) is not of the form z® which
is widely used in the literature. In this example f,q are continuous and «'(0) = 0. In Example 2 we take again
a LP1 case with v'(0) # 0 while f,¢ are continuous. In Example 3 we take a limit circle case with f € L2. In
Example 4 we take a LP1 case with w(z) = 0 on a set of positive measure. Finally in Example 5 we take a LP1
case with f € L such that the solution is unbounded at the singular point = = 0. In all the examples except
the last one the relative errors in the uniform norm are given. In the last example the relative error in Vy-norm
is given. The theoretical order of convergence ( +/f{my) or \/E;(7x)) is also calculated for different values of h
for each example.

Example 1 (LP1)

plz) = 1-¢77%
wiz) = 1.0
g(z) = =
fiz) = =2 4r+2me " —2""42
uiz) = 1-2°
Ju - u€]

= =]

{ 091671 x 10 when h=0.1

[Fuell e 0.91863 x 10~* when h = 0.01
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YLEN

Example 2 (LP1)
plz)

u({z)

Jlu - @]l

llulls

V)

Example 3 (LC)
plz)

w(z)
q(z)
flz)
u(z)

lu - w,,

[full

Vi(Ty)

Example 4 (LP1)

1

2

= I

= I

= -z

0.3202 when h=10.1

0.10013 when k = 0.01

= 322 +42" - 192+ 8

= 3x'—dr+1

g
g

= z
= -

= I

0.37051 when-h=10.1

0.0239708 when h=0.01

0.22361 when h = 0.1
0.070711 when A = 0.01

= 2 Inz—Inz-2

= glnz

|
1

0.62537 when h=0.1

0.12518 when h=0.01

0.44721 when h = 0.1
0.14142 when h = 0.01

plz) ==z, gqlz)=0.0, flz)=10.0

1 if0<z<d,

wiz)=4¢ 0 if%{:{%,

1 fg<z<l
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10+ 8 +%¥ In(f) ifo i
uz)=¢ ~Lhz+2+Pm(d) ifl<ecd, (6.2)
Z 1
3

Plnz+10(1-2) if

=2 = (.04371 when h=0.0333

VEry) = 0.18257 when h =0.0333

Example 5 (LP1)

plz) = 2°

wiz) = 23

gz) = =z

O
1

ulz) = ?5_1

flu— “G"v,

= 005773, h=0.01
lJully,

Emy) = 028284, h=0.01
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