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ORTHOGONAL POLYNOMIALS FOR THE
SOLUTION OF SEMI LINEAR TWO-POINT
BOUNDARY VALUE PROBLEMS

OLAF HANSEN

ABSTRACT. We present an integral equation method for
the solution of a class of nonlinear two-point boundary value
problems. The method relies on the use of the Kumar-Sloan
transformation and uses special orthogonal polynomials to
efficiently implement a Galerkin method for the solution of
the resulting nonlinear integral equation. Numerical examples
show the rapid convergence for smooth solutions which is a
consequence of approximation theorems of Jackson.

1. Introduction. In this article we present a numerical method for
the approximate solution of the semi linear two-point boundary value
problem

2
(1.1) <%> w(z) = f(z,u(x), =<l0,1],
u(0) = u(1) = 0.

When f(z,u) = f(z), we refer to this problem as the Poisson equation
on [0,1]. Instead of the homogeneous boundary conditions, we might
also consider nonhomogeneous conditions, but then we can transform
the problem to an equation of the form (1.1) with a new nonlinearity.
In this paper we will assume that f is sufficiently regular and fulfills
certain growth conditions to guarantee that (1.1) has solutions, see [1,
7, 10].

We use the Kumar-Sloan transformation, see [1, 3, 5], to solve (1.1)
and therefore we investigate the numerical solution of the nonlinear
integral equation

1) @=s(n [ Genw ). sep
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where G is the Green function for the Poisson equation on [0,1]. If ©
is a solution of (1.2), then a solution @ of (1.1) is given by

(1.3) (z) = /0 Gla,y)5(y)dy, « € [0,1].

In their recent articles [1, 3] Atkinson et al. studied the numerical
solution of (1.2) in the two-dimensional case on certain two-dimensional
domains, like the unit circle or a square. Atkinson and Sommariva used
a spectral Galerkin method in [3] to approximate the solution of (1.2).
If the trial space Il is given by

(1.4) Iy = (¢o,... . ¢N)

where the functions ¢; are eigenfunctions of the Laplace operator with
Dirichlet boundary conditions

(1.5) A¢] = /\j(bj, )\j > 0,

then the integral in (1.3) is given explicitly and no numerical integration
is necessary. This is one of the major advantages of the spectral
methods. In our one-dimensional example the eigenfunctions are given

by
(1.6) ¢j(x) =sin(2mjz), jeN.

Although the use of eigenfunctions for the trial space is not so important
in the one-dimensional case because the Green function is not singular,
the explicit formula

1
(2m5)?

facilitates any numerical method, for example the Galerkin method.
But the eigenfunctions ¢;, 7 € Np, also show a disadvantage of the
spectral method: if the solution ¥ of (1.2) is arbitrarily smooth 7 €
C>[0,1], but not periodic, o ¢ C?[0,1], then the rate of convergence
will be slow

1
(L.7) / G, y)d;(y) dy = 6

(1.8) | Py — 7., _0(N>, N — oo,
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see also [3]. Here Py denotes the orthogonal projection of L2[0, 1] onto
ITx and the function space C;; [0, 1] is defined as all k times differentiable
functions on [0,1] where the function and its first k& derivatives are
periodic.

Atkinson proposed now the question if one can find trial functions
g; which still need no numerical integration for the evaluation of the
integral in (1.2) but for which the convergence would be faster than
(1.8) for nonperiodic functions.

This article shows that this is indeed possible for the one-dimensional
case, and the two-dimensional case will be studied in a future article.
Because we like to apply the ideas of the present article for the two-
dimensional case we consider the equation on the interval [0,1]. For
the circle in R? the variable z will be replaced by the radial variable r
where it is natural to consider [0,1] and not [—1,1].

In the next section we present the Galerkin method for the approx-
imate solution of (1.2) and in Section 3 we will construct the trial
functions ¢;, 7 € N. We prove that we get a three term recurrence
relation for the functions ¢; which allows fast numerical evaluation.
In Section 4 we present numerical examples which illustrate the rapid
convergence of our method for smooth nonperiodic functions .

2. The Galerkin method. To approximate the solution T of
(1.2) we use a Galerkin method with a trial space Iy := {(do, ... ,{n),
where the functions ¢; are polynomial functions of degree j which will
be constructed in Section 3.

In general the Galerkin method for (1.2) leads to the following system
of equations

(2.1) ji::oaj(dj’(jkb - <f< /OlG(-,y)ji::Oajq}(y) dy)@k)m

k=0,...,N.

By (+,+)2 we denote the standard scalar product in L?[0,1]. Once the
coefficients (ay, ... ,an) which solve (2.1) are known, the approximate

solution v for U is given by

N
(2.2) UN = Zaj ;-
=0
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In [1] an existence result for the finite-dimensional equation (2.1) and
an error estimate for ||[Txy — 7||2 has been proved. Our first goal is to
choose ¢; in such a way that

(2.3) / Gl(z,y) 4;(y) dy

can be calculated explicitly (here G is again the Green function). If we
define

(2.4) gj == Ap;

with a polynomial p; of degree j and A the linear operator

25 (@)= () Gl-ou), veco,

we get

20 [ Gni)dy =1 -5, jeNo.
0

This already shows that the ¢;, j € Ny, are a system of linearly
independent functions because their images under the linear mapping
4 fol G(-,v)4(y) dy are linearly independent. In the next section, we
show that one can choose p; so that

(2.7) (Gj>qk)2 = ckdj ks J,k € Ny,

where ¢, is a positive constant and §; ;, denotes the Kronecker symbol.
Consequently the equation (2.1) is simplified to

o%__<< zaj (=23 )inlo) )

23) L ( o1 2)50) ) ) d

k=
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Once we have constructed polynomials p; which satisfy (2.7), we need
to solve (2.8) with a solver for nonlinear equation systems, in this paper
we choose Newton’s method. The only integrals that we compute
numerically are those required in (2.8) by the scalar product (-,-)2.
First we construct the polynomials p;.

3. The orthogonal polynomials. We define a new scalar product
('7 ')A o1 02[07 1] by

(3.1) (f,9)a = (Af,Ag)2, f,g € C?0,1].

where the operator A is given by (2.5). That (-,-)4 is a scalar product
relies on the fact that the operator A is linear and that the Dirichlet
problem on [0, 1] is uniquely solvable.

Our first goal is to find a sequence of polynomials p, € II,, which
are A-orthogonal to II,_1: p, La II,_1. Such a sequence could
be determined by the Gram-Schmidt procedure; but, in view of its
numerical instability one typically applies methods which are described
in [4, Section 2.1]. The basis for these methods is the three-term
recurrence relation. But the shift property, see [4, (1.3.1)],

(x-p(x),q9(x))a = (p(z),x-g(x))a for all polynomials p,gq,

which guarantees the three-term recurrence relation does not hold for
the scalar product (-, ) a:

(:c~x0,x1),4 =4#£1= (xo,x~x1)A,

here p(z):=2° q(z):=z'

(3.2)

On the other hand, we know that the Legendre polynomials are
orthogonal with respect to the scalar product (-,-)2, so it easy to see
that the functions

n—2
63 m@= e (1) @02

are A-orthogonal: p, 1 4 II,_1, n > 2. Here it is important that the
function 2™(1 — z)™ has a zero of multiplicity n at 0 and 1, so the
function p,, is a polynomial. Notice that to complete our discussion we



402 O. HANSEN

must define pg and p; so that (pn)nen, is a sequence of A-orthogonal
polynomials. As we will show later, this task can be easily established.

Our next goal is to find a three-term recurrence relation for the p,,
even if it is not clear why such a relation should exist. The first step is
to find the leading coefficient of the polynomial p,,:

(&) o= (&) e

=0

(3.4) () = — <%>n2(x"(l —a)")

_ N (MY Ut
- ;0(;')( Ve

2n)!

= (-1 ”+1(7 ny.

(=1) (n+2)! *

where we have calculated the first step of synthetic division in the last
equality. By using the Leibniz rule and the binomial theorem, one can
show

-2

3

(3.5) puz) =2(1—2)> CMa¥,
k=0
where
' n—2 Tl—2 n+2 .
- e, 2, ()06
. )(n+1)(n+2)j_;k J j+2)\i—n+2+k

From (3.4) or (3.5), we derive

(3.6) o, = (-1 21
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Because the polynomials p;, j € N, have the precise degree j, we can
write

(3.7) Pri1(2) = anz - pu(z) + Y alp;(x)
j=0

n+1
iy
i,
_ (—1yn? (2n + 2)!

(n+3)!
(2n+1)(2n+2)
n+3
(3.9) a[n]:—anw =0,...
! (pjspj)a

(3.8) _

But, for j <n — 2, we get
(3.10)

<~"¢-Pmpj)A=/01 (%)2 x(%>n_2(a:”(l—x)"))

v f 1xn<1_x>n(%)" (x(%)jw(l_gg)j)) da

=040
because n+j—12>25+1>2jand n > j+2 > j+ 1. This shows that
in (3.7) ag-n] =0,7=0,...,n—2, and we have indeed a three-term
recurrence:

(3.11) Prt1(x) = (anx + by) pr(z) + cnpn—1(z).
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To calculate b, and ¢, according to formula (3.9), we still have to find
certain scalar products which we calculate in the following:

(3.12) (Prn)a = /o1 <%>n(xn(1 —)") (%)n(w"(l —2)")dx

by parts  (n!)?

n+1
(T PnypPn)a = /01 (%)2<$(%)n_2(m"(1 —a:)")) <%)n
(3.13) A
©22n+1)

(3.14)

remn [ (@ () oo ()

X ((En_l(l o x)n—l) dx
by parts (2 — n)(n|)2
T - 120+ 1)

Now we are able to compute the missing b,, and ¢,, in formula (3.11):

(pn;pn)A
—a (n))? 2n+1
(3.15) "202n+1) (n)?

an—an

@n+ Do+ 1)
n+3

and
o, \ZPmPno1)a
" (p’ﬂ—17pn—1)A
2n+1)(2n+2) (2 = n)(n)? on — 1
n+3 2n(2n —1)(2n+1) ((n— 1)!)2
_ (412 -—n)n
(n+3)

Cn = —

(3.16) _
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Formula (3.11) holds only for n > 3 until now, because the formula
(3.3) is only valid for n > 2. The formulas for a,, b, and ¢, can be
evaluated for all n. So we define py and p; in such a way that (3.11)
holds for n € Ny, if we set p_1 = 0:

po(x) ==
(3.17)

— DN =

1

pi(z) = 3775

With this definition the formula (3.11) also holds for n = 1,2. The
formulas (3.8), (3.15), (3.16) together with the recurrence (3.11) allow
the calculation and evaluation of the polynomials p,,.

The following figure shows the polynomials pyy and p;5. These
graphs also show that the polynomials are growing very fast, so another
normalization is necessary.

If we define
1
(3.18) p1(x) ===z,

we get a sequence of monic orthogonal polynomials. These are the
polynomials which we introduced in (2.4). Now we see

p2(x) = —p2(2)

(3.19) (x _ %) P(@) = 7 Po(w)

and, for n > 2,

(3.20)
Pnt1 = = — oy Pota(2)
eliany
[n—1]
= ! 1 [n] A n—3 R
= — @ <anl' — 5 an> (_ Cn72) pn(.f) + @ Cnpn—l(l')

1

. (:E - §>pn<x) + Enn—1(2)
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FIGURE 1. The polynomials p1g (top) and p15 (bottom).
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where
ey
Cp = Cp C’,[Lnjll]
_ (n+1)(2—=n)n (=1)"(2n —2)! (n+3)!
N (n+3) (n+1)! (=1)m(2n + 2)!
(n+3) (2n—1)(2n)(2n +1)(2n + 2)
_ (2—n)(2+n)
42n —1)(2n+1)
e >2
e
(3.22) b= — i

With this definition (3.20) holds for all n > 1. The following figure
shows the polynomials pso(z) and p31(x).
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FIGURE 2. The polynomials psp and p3i.
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Now we have constructed the system of polynomials which satisfies
(2.7) if the polynomials §,, are given by (2.4):

qn(x) := (Apn)(z)

529 R

n—2
So our trial functions are the shifted Legendre polynomials with a
nonstandard scaling and it is not surprising that we get a three term
recurrence relation for the polynomials §,:

(3.24)
qo(x) = =2
G1(z) = —6(;10 - %)

ﬂ2— n
i) = (= 5) " s 0) 5 g g 2 22

The three term recurrence relations (3.24) and (3.20) allow the fast
evaluation of the polynomials in equation (2.8) without needing any
Gram-Schmidt orthogonalization.

Remark. a. Finally we would like to emphasize that the above
construction shows p; = A~1q;. Here A : D(A) C C?[0,1] — L?[0,1]
is the Friedrich extension of the positive operator A defined in (2.5).
The operator A1 s given by the integral in (2.6). This relation
suggests the existence of a three term recurrence and will hopefully
be a starting point for the construction of polynomials with the same
kind of properties in the two-dimensional case.

b. Professor C. Schneider, Johannes Gutenberg-University Mainz,
pointed out to the author that we also have the relation

pal@) = el —2) 123 (@),
where J,(ffl) is a Jacobi polynomial and +, a constant, see [6, 8]. This

is an interesting connection, especially because the Jacobi polynomials
are orthogonal with respect to a scalar product which does not include
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any derivatives, see [6, 8]. Again this relation explains the three term
recurrence relation.

4. Numerical examples. In Section 3 we constructed the poly-
nomials p; and §;, j € Ny, for the Galerkin method (2.8). The next
step is to calculate the integrals in (2.8). Here we choose a piecewise
Gaussian quadrature rule. Once N in (2.8) is given we subdivide [0, 1]
in N intervals and in each of these intervals we apply a Gaussian rule
with Ng > (N +1)/2 points. This guarantees that the polynomials
are integrated exactly and the additional subdivision improves the in-
tegration of the nonlinear terms. Because the method converges so fast
we have to calculate the integrals very precisely, otherwise the error
is determined by the quadrature rule and not by the approximation
properties of our trial functions.

Finally, we still have to solve a nonlinear equation system for the
coefficients (ap,...,an) in (2.8). In our numerical examples we have
not used sophisticated methods since low degree polynomials were able
to approximate the solution up to machine precision. In particular we
used Newton’s method as a nonlinear solver and the above quadrature
rule to approximate the first derivatives of the system (2.8).

We have chosen the following functions for the numerical examples

filz,y) :=¢€Y
(4.1) fo(z,y) =1+ ze¥
fa(z,y) := 1+ sin(drzy).

For each example we calculated the numerical solutions vy, for

N =1,...,30. To estimate the errors we calculated
10000 [ _ _
By = tiax { [ (&) = 50(&5)]
7=0
(4.2) j
=2 §=0,...,10000.
&= 1oo00° I = O-e- - 10000

Here Ey is an approximation for ||Un —T||cc. We present the examples
only up to the point where the accuracy reaches 1074 in the first
example, because this is the accuracy up to which we calculate the
Gauss abscissas and weights for the numerical integration.
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fi(z,y) fo(z,y) fs(z,y)

N Ex N Ex N En
1]8.24x10°2 1|7.77x1073 1]588x10°!
213.01x10°3 2370 %103 2{1.90 x 107!
31225x1073 | 3/297x107% | 3|3.66x 1072
41472x107°% | 4|1.01x107% | 4213 x10°2
514.04x107° | 5|348x107% | 5|4.04x 1073
6|6.75 x 1077 6|1.84x10°6 6|1.38x103
71645x1077 | 7/334x1077 | 7599 x107*
811.00x107% | 8|1.84x1077 | 8|273x107¢
91994x107% | 9/333x10°% | 9|1.53x10~*

10 | 1.48 x 10719 | 10 | 2.21 x 10719 | 10 | 4.96 x 1075

11 | 1.48 x 10710 | 11 | 7.54 x 10~ | 11 | 1.31 x 107

121216 x 10712 | 12 | 451 x 1072 | 12 | 4.78 x 1076

13216 x 10712 | 13 | 459 x 10712 | 13 | 9.51 x 1077

14 | 7.04x 1071 | 14 | 5.73 x 10713 | 14 | 8.50 x 1078

The errors in the third example are larger than in the first two
examples because the solution of third example seems to have a slightly
more complicated behavior than the other two functions, see the
following figure. In the third example the error becomes ~ 1073 for
N = 24. The error for the first example shows that coefficients for
all p;, j odd, are close to zero, because the function U is even with
respect to x = 1/2. Notice that in all cases we seem to get exponential
convergence.

One reason for the rapid convergence is that a solution to (1.2) is in
C*°[0,1]. This follows from equation (1.2) once we have a continuous
solution ¥ with the help of a bootstrap argument. The Lebesgue
constant L, (x) for the Legendre polynomials is O(n?), see [6, p. 290].
The theorems of Jackson, see [6, p. 81] or [9, p. 261], imply that the
best approximation IBNE, ﬁNi a polynomial of degree N, to a function
v € CF|0, 1] satisfies

(4.3) |y —7]|_ = 0<$>, N = oo,
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0.4

FIGURE 3. The approximation v1¢ for the third example.

and this implies

_ 1

(4.4) HPNU_’UHOO_O<W)’ N — o0,

where Py is the orthogonal projection. From (4.4) we derive easily
o 1

In their article [1] the authors also assume that the Frechet derivative
DF of the mapping

va(,/Ol G(-,z)v(z) dx)
fulfills

(4.6) 1 ¢ op (DF (7)),

here op denotes the point spectrum of a linear operator. Now T €
C*°[0,1], (4.5), (4.6), and the error analysis for the Galerkin method
in [1] show

1
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for all K € N. In [2] one can find error estimates for the maximum
norm for the Galerkin method. Again we need (4.6), the smoothness
of the nonlinearity f, and (4.4).

The above results show that our method converges for solutions v of
(1.2) which are in C*°[0, 1] and it is not necessary that the solution T
is periodic with all its derivatives, see Figure 3.
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