CHAPTER 3

Orthogonal Polynomials and Polynomial
Approximations

3.1. Orthogonal polynomials

The orthogonal polynomials play the most important role in spectral
methods, so it is useful to understand some general properties of the or-
thogonal polynomials.

Given an interval (a,b) and a weight function w(x) which is positive on
(a,b) and w € L'(a,b), we define the weighted Sobolev space L2 (a,b) by

L2 (a,b) { / 2(x) dx<+oo} (3.1.1)

It is obvious that (-, -), defined by

b
(f. 9o = / f(@)g(z)o(z)dz

1
is an inner product on L2(a,b). Hence, ||z = (f,f)3. Hereafter, the
subscript w will be omitted from the notation when w(x) = 1.
Two functions f and g are said to be orthogonal in L?(a,b) if

(fvg)w =

A sequence of polynomials {p,},-, with deg(p,) = n is said to be or-
thogonal in L2 (a,b) if

(pi, Pj)w =0 for i #j. (3.1.2)

Since the orthogonality is not altered by a multiplicative constant, we may
normalize the polynomial p, so that the coefficient of ™ is one, i.e.

pa(x) = 2" + a2 el
Such a polynomial is said to be monic.

3.1.1. Existence and uniqueness. Our immediate goal is to establish
the existence of a sequence of orthogonal polynomials. Although we could,

(n)

in principle, determine the coefficients a ; of p,, in the natural basis by using
the orthogonality conditions (3.1.2), it is computationally advantageous to
express p, in terms of lower-order orthogonal polynomials.

Let us denote

P, :=span {1, z, z? Lz} (3.1.3)

1
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Then, if {py}r, is a sequence of polynomials such that py is exactly of
degree k, it is obvious by dimension argument that

P, :=span{po,p1, - ,Pn}- (3.1.4)
A direct consequence of this result is the following;:

LEMMA 3.1. If the sequence of polynomials {py} s is orthogonal, then
the polynomial pny1 is orthogonal to any polynomial ¢ of degree n or less.

PROOF. This can be established by writing
q = bnpn +bp—1pp—1+ -+ bopo
and observing
(Prt1: Qw = bn(Prt1s Pr)w + bn1(Pn+1, Pa—1)w + -+ + bo(Pn+1, Po)w = 0,
the last equality following from the orthogonality of the polynomials. O

THEOREM 3.1. For any given positive weight function w(z) € L'(a,b),
there exists a unique set of monic orthogonal polynomials {p,}. More pre-
cisely, {pn} can be constructed as follows:

b b
po=1,p1=x—a1 witha; = / w(:z:)xdx// w(z)dx,

and
Pn+1 = (l’ - anJrl)pn - ﬁn+1pn—17 n > 1) (315)
where
b b
Q41 = / Wpidw// wppdz
a a
and

b b
Pri1 = / :prnpn_ldx// Wpi—ldﬂf-
a a

PrOOF. We shall first establish the existence of monic orthogonal poly-
nomials. We begin by computing the first two. Since pp is monic and of
degree zero,

po(z) = 1.
Since p; is monic and of degree one, it must have the form
pi(x) =x — .

To determine ay, we use orthogonality:

0=(p1, Po)w = /abw(m)xd:c —a /abw(m)d:c.

Since the weight function is positive in the interval of integration, it follows
that

o :/abw(x)xdx//abw(x)d:v.
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In general we will seek p,+1 in the form

DPntl = TPp — Ont1Pn — Bnf1Pn—1 — Ynt1Pn—2 — - -

As in the construction of p;, we will use orthogonality to determine the
coefficients above. To determine oy, 11, write

0= (anrla pn)w = (l'pna pn)w - an+1(pm pn)w — Byt (pnfla pn)w — e
By orthogonality, we have

b b
/ zwpdr — ozn_H/ wpidr = 0,
a a
which gives

b b
Q1 :/ arwp%dx// wpldz.
a a

For 3,41, using the fact that (pp+1, pn—1)w = 0 gives

b b
Brt1 = / :Uwpnpnldx// wp,%_ldﬂz.
a a

Next, we have

b b
Yn4+1 = / anxpn—Qdm// wP?Ldex =0
a a

since xp,_o is of degree n — 1, and thus orthogonal to p,. Likewise, the
coefficients of p,_3, pn_4, ... are all zero.

The above procedure leads to a sequence of monic orthogonal polyno-
mials. We now show that such a sequence is unique.

Assume that {g, },— is another sequence of orthogonal (monic) polyno-
mials, i.e. the coefficient of ™ in ¢, is 1, and

b
| @@ =0, iz
a
Since py,, given by (3.1.5), is also monic, we obtain that

deg<pn+1 - Qn-l-l) <n.
Now using Lemma 3.1 gives

(pn+1, Pn+1 — Qn+1)w =0, (Qn+1a Pn+1 — Qn+1)w =0.

The above results yield (pn+1 — Gnt1s Pnt1 — Gn+1)w = 0. This implies that
Pnt1 — Gn+1 = 0 for all n > 0. U

The above theorem reveals a remarkable property of the orthogonal
polynomials, namely, all orthogonal polynomials can be constructed with
a three-term recurrence relation (3.1.5).
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3.1.2. Zeros of orthogonal polynomials. The zeros of the orthogo-
nal polynomials play an important role in the implementations of the spec-
tral methods. The main result concerning the zeros of orthogonal polyno-
mials is the following:

THEOREM 3.2. The zeros of pni1 are all real, simple, and lie in the
interval (a,b).

PROOF. Since (1, pp+1)w = 0, there exists at least one zero of p,41 in
(a,b). Let xp,x1, - ,x in (a,b) be the zeros of odd multiplicity of pj41;
ie., xg,x1, - ,Tr are the points where p,.1 changes sign. If £k = n, we
are through, since {x;}, are the n 4 1 simple zeros of p,41. If k < n, we

consider the polynomial
q(x) = (xr —xo)(x — 1) -+ (¥ — xp).
Since deg(q) = k + 1 < n + 1, by orthogonality

(anrlv Q)w =0.
On the other hand pp+1(z)g(x) cannot change sign on (a, b) since each sign
change in p,11(z) is canceled by a corresponding sign change in g(z). It
follows that

(Prnt1, Qw # 0,
which is a contradiction. O

777 Give a procedure to compute zeroes (from an eigenvalue problem)
299

3.1.3. Gauss type quadratures. We wish to create quadrature for-
mulae of the type

b N
JECECTED S
a ]:0
If the choice of nodes xg, x1,---, xny are made a priori, then in general
the above formula can only be exact for polynomials of degree < N. More
precisely, setting

b i£i\L — Tg
wj = / hj(x)w(z)dz, with hj(z) = Migj(x = i)

R p— (3.1.6)

being the Lagrange polynomial associated with the nodes {z; }j\[: o> We have

b N
/ p(z)w(z)dr = Zp(zj)wj, Vp € Py. (3.1.7)
a =0

However, if we are free to choose nodes {xk}évzo, we can expect the quad-
rature formulae of the above form to be exact for polynomials of degree
< 2N + 1.

We assume in this subsection that {p,},- is a sequence of orthogonal
polynomials, associated with a weight function w in the interval (a,b).
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THEOREM 3.3. (Gauss quadrature) Let xg,x1, -+ ,xn be the roots
of pn4+1 and we define wj (j = 0,1,...,N) by (5.1.6). Then w; > 0 for
j=0,1,--- /N and

b N
/ p(z)w(z)dr = Zp(xj)wj, for all p € Ponyi. (3.1.8)
a =0

2222 Add formulae for w; 277

PRrROOF. For any p € Py, we can write p(x) = Zévzop(xj)hj(:c). Hence,

b N b N
/ plew(@)dz = 3 pla;) / hi@(@)ds = 3 ple;)w;.
a =0 a 7=0

Now for any p € Pon41, we can write p = rpyy1 + s where r, s € Py. Since
Pnii(xzj) = 0, we have p(z;) = s(x;) for j = 0,1,...,N. Since Py is
orthogonal to r, and s € Py, we find

b
/ s(z)w(z)dx
N N
ZS(%’)%’ = plaj)w;.

j=0 §=0

[ vyt

It remains to prove that w; > 0 for j = 0,1,..., N. To this end, we take
p(x) = hi(z) in the above relation to find

b N
0< / hi(2)w(z)de = Z hi(x))wj = w.

j=0
]

The Gauss quadrature is optimal in the sense that it is not possible to
find {x;, Wj}évzo such that (3.1.8) holds for all p € Poyyo. However, it is
difficult to enforce any boundary condition since the end points a and b are
not among the Gauss nodes. Therefore, we need generalized Gauss quadra-
tures which are suitable for enforcing boundary conditions. More precisely,
to enforce the Dirichlet boundary condition at both end points, we need the
so called Gauss-Lobatto quadrature below, and to enforce the boundary con-
dition at one end point, we should use the Gauss-Radau quadrature. Other
generalized Gauss quadratures enforcing derivative boundary conditions can
also be constructed similarly, see [9, 4].

Assuming we would like to include the left endpoint a in the quadrature.
We choose ay = —pny+1(a)/py(a) and set

(z) = Pny1(z) + aNPN(x).

qN
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It is obvious that gy € Py, and for any ry_1 € Py_1, we have

b
/ gy (x)ry—1(z)w(z)(x — a)dz =
‘ (3.1.9)

b
/ (pn+1(x) + anpy(z))ry—1(x)w(z)dx = 0.
a
Hence, {g,} is a set of orthogonal polynomials with weight w(x)(z — a).

THEOREM 3.4. (Gauss-Radau quadrature) Let xo,z1, - ,xn be the
roots of (x —a)qy and w; (7 =0,1,...,N) defined by (3.1.7). Then w; >0
forj=0,1,--- /N and

b N
/ p(z)w(x)dr = Zp(:vj)wj, for all p € Pay. (3.1.10)
a =0

PROOF. The proof is similar to that of Theorem 3.3. Obviously,

b N b N
/ p(z)w(x)dr = Zp(xj) / hj(x)w(z)dx = Zp(:cj)Wj, Vp € Py.
a j=0 a =0
(3.1.11)
Now for any p € Py, we write p = r(x — a)qy + s with r € Py_1, s € Py,
and p(z;) = s(x;) for j =0,1,..., N. Therefore, thanks to (3.1.9), we have

/abp(ac)w(as)dx = /ab s(z)w(z)dr

N N
= Zs(xj)wj = Zp(:nj)wj.

7=0 7=0
Again, by taking p(z) = hi(x) in the above relation, we conclude that
wg >0 for k=0,1,...,N. O

A second Gauss-Radau quadrature can be constructed if we want to
include the right endpoint b instead of the leftend point a.

We now consider the Gauss-Lobatto quadrature whose nodes include the
two endpoints. We choose ap and By such that

pn+1(z) +anpy(x) + Bypn-1(x) =0, z =a, b,

and set
Zn-1(z) = pN+1(2) + anpn(2) + Onpn-1(2)
N-1 @—a)b—2) .

Hence, zy_1 € Py_1 and for any ry_o € Pn_o, we have

b
/ zn—1(z)ry_o(z)w(z)(z — a)(b— z)dx =

b (3.1.12)
/ (pn+1(z) + anpn(x) + Bnpy—1(x))rN—2(z)w(z)dz = 0.
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Hence, {z,} is a set of orthogonal polynomials with weight w(z)(z—a)(b—z).
Using exactly the same procedure as in the proof of Theorem (3.4), we can
prove the following;:

THEOREM 3.5. (Gauss-Lobatto quadrature) Let {xi}f\;o be the N+1
roots of wn_ 1( )(:U—a)(b— x), and wj (j =0,1,...,N) defined by (5.1.7).

Then, wj = fh x)dx >0 for 5 =0,1,...,N and
b N
/ p(z)w(x)de = Zp(acj)wj, forall p€ Pon_1. (3.1.13)
a =0

3.1.4. Discrete inner products, interpolation polynomials and
discrete transforms. Let w(xz) > 0 be a weight function, and {xj,wj}j,vzo
be a set of quadrature points (e.g. Gauss, Gauss-Radau or Gauss-Lobatto
points) and associated weights. We define

N
(U, V) N := Zu(xj)v(xj)wj for u,v continuous on [a, b]. (3.1.14)
j=0
Then, (-, -)n is a discrete inner product in Py, and || - ||y defined by

1
lullvw = (wu)§,

is a norm in Py. In particular, the Gauss, Gauss-Radau and Gauss-Lobatto
quadrature formulae imply that

(U, V) Nw = (u,v)y, for uv € Paynys, (3.1.15)

where 6 = 1, 0 and —1 respectively for Gauss, Gauss-Radau and Gauss-
Lobatto quadrature.
Let u be a continuous function on [—1, 1]. The interpolation polynomial,

associated with {wl}f\; o» Inu is defined as a polynomial of degree less than
or equal to N such that

Inu(z;) = u(z;), i=0,1,...,N.

Hence, we may write
Inu="> ip(z). (3.1.16)

Obviously, we have

u(zj) = Inu(zy) Zulpl xj). (3.1.17)

Thus, {ay} are called the discrete coefﬁ(nents of v and are determined by

LEMMA 3.2.

N
U = u(z)pr(xj)w; k=0,1,...,N.
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PROOF. Thanks to (3.1.15), we derive the desired result by taking the
discrete inner product of (3.1.17) with py. O

3.2. Jacobi polynomials

From now on, we shall restrict our attention to a special class of orthog-
onal polynomials — the so called Jacobi polynomials — which are denoted
by J3?(x) and generated from (3.1.5) with

w@) =1 —-2)%1+x)° for a, 8> —1, (a,b) = (—1,1),
and normalized by
'n+a+1)
nT(a+1) "’
where I'(z) is the usual Gamma function.

In fact, we shall mainly be concerned with two special cases of Jacobi
polynomials, namely the Legendre polynomials which corresponds to a@ =
B = 0 and the Chebyshev polynomials which corresponds to o = § = —%.
Any generic treatments of Jacobi polynomials apply in particular to both
the Legendre and Chebyshev polynomials.

777Add three-term recurrence relation here !

By definition, the Jacobi polynomials which satisfy the orthogonality
condition

JeB(1) = (3.2.1)

/1 JB(2)J%P (x)(1 — ) (1 + 2)Pdz = 0 for n # m. (3.2.2)
-1

A property of fundamental importance is the following:

THEOREM 3.6. The Jacobi polynomials satisfy the following singular
Sturm-Liouville problem:

(1—2)"*(1+ cl?)*ﬁali {(1 — )T (1 + x)ﬁHcZ;Jﬁﬁ(m)}

x
+nn+1+a+3)J%%(z) =0.

ProoF. We denote w(z) = (1 — 2)%(1 + z)%. By integration by parts
twice, we find that for any ¢ € P,_1,

L d dJy”
L)1~ et B+1%Jn d
/1dx{< 21+ ) g

! gy’ d
=— R R ——.
/_1w( =) dxr dx *

_ /1 Jous {[—(a—i— D+2)+ @+ -2 +a —m2)d2¢}wdm 0.

-1 dx W

The last equality follows from the fact that

1
/ JBypw(z)dx = 0, Vo) € P,_1.
1



3.2. JACOBI POLYNOMIALS 9

An immediate consequence of the above relation is that there exists A such

that
d

da

To determine ), we take the coefficients of the leading term x4 in the
above relation. Assuming J5° () = kpa™ + {lower order terms}, we get

Eon(n+ 1+ a+ () = kA
which implies that A = n(n + 1+ o + 3). O

{(1 —2)*TH 1+ x)ﬁ+lciJ§’B(x)} = MNP (2)w(z).

One derives immediately from Theorem 3.6 and (3.2.2) the following
result:

COROLLARY 3.1.

1 B g 70,0
/_1(1 —x)*T(1+ a:)ﬁﬂ%d;?; drx =0 formn #m. (3.2.3)

The above relation indicates that %Jf{ P forms a sequence of orthogo-

nal polynomials with weight w(z) = (1 — 2)**t1(1 + z)*!. Hence, by the

uniqueness, we find that - J; P is proportional to JoPT,

THEOREM 3.7. (Rodrigues’ formula)

(1= 2)°(1 + 2)P 2B () = (2_71173:1 %[(1 _ )+ ) (3.2.4)

Proor. For any ¢ € Py_1, we have

/1 4 (=2 e(1 +2)"7) gda

1 dz™

~ 1 f 11 (=) T = 0.

Hence, there is a constant «,, such that

ddx% ((1 — x)n—l—a(l + x)”+ﬁ) = an(l — 1»)06(1 + x)ﬁ(]géﬁ(x)' (3.2'5)

On the other hand, it is easy to see that

o = Jﬁf’é(l) {<1 TP (9 x)"w)} o=t
— (—1)"n2",

The proof is complete. O

REMARK 3.2.1. When o« = 3 > —1, the corresponding Jacobi polynomi-
als are called Gegenbauer polynomials or ultraspherical polynomials. In this
case, one derives from the Rodrigues’ formula that J,"® is an odd function
for n odd and an even function for n even.

77?7 Add a Corollary for the formula k,, 777
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3.3. Legendre polynomials

The Legendre polynomials, denoted by Li(x), are the orthogonal poly-
nomials with w(z) = 1 and (a,b) = (—1,1). The three-term recurrence

relation for the Legendre polynomials reads
Lo(z) =1, Li(z) =z, 231
(n4+1)Lyy1(z) = 2n+ DaLy(z) — nL,—1(z), n > 1. (3:3.1)

On the other hand, the Legendre polynomials are Jacobi polynomials with
a = 8 = 0. Hence, it satisfies the following singular Sturm-Liouville problem

(1—a®)Lo(2)) +n(n+1)Ly(z) =0,  ze(-1,1), (3.3.2)
and
! 2

/_ o)Ly (o) = 5y (3.3.3)

We infer from the above two relations that

1 2k(k +1)
2 _

/_ L)L) - 2o = 2 s (3.3.4)

i.e. the polynomial sequence {L) ()} are mutually orthogonal with respect
to the weight w(x) = 1 — 2.
An important property of the Legendre polynomials is the following:

LEMMA 3.3.
z 1
| 0t = o @) = La@), nz1l (339)

PRrROOF. Let Sp41(z) = ffl L, (t)dt. Hence, Sp4+1 € Poy1 and Sp1(£1) =
0. Therefore, for any m <n — 1,

1 1
/ Sn+1Lmd.'E = / Sn+181,,n+1dl‘
- - (3.3.6)

1 1
= —/ S;H_lsm—i-ldx = / Ln5m+1d$ =0.
-1 -1

Hence, we can write
Sn+1 =ap—1Lp—1+ anLy + an—i—an—‘rl-

By parity argument, a, = 0. On the other hand, by writing L, = k,z™ +
En_12™ 1 + ..., we find from the definition of Sp+1 that nk—ﬁ = Gpt1kntl-
We then derive from the formula of k,, (7?7) that a,4+1 = Tl-s-l Finally, we

derive from S, 1(—1) =0 that a,—1 = —ap41 = O

1
T 2nt1-
We derive from above a recursive relation for computing the derivatives
of the Legendre polynomials:

1 /

Ln(z) = m(Ln+l(‘r) — Ly, (2)), n =1 (3.3.7)
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We can derive from the above formula that

n—1
Ly(x)= Y (2k+1)Ly(x), (3.3.8a)
k+k7z:<?dd
n—2

Li@)= Y (k+ 5) (nln+ 1) — k(k+ 1) Li(a). (3.3.8b)

k-&—l;:egfen

We also derive from (??) and (3.3.2) that

Lo(£1) = (£1), (3.3.92)
L (+1) = %(il)”_ln(n +1), (3.3.9b)
LI(£1) = (£1)"(n — Dn(n + 1)(n +2)/8. (3.3.9¢)

For the Legendre series, The Gauss quadrature points and weights can
be derived from Theorems 3.3 and 3.5 (cf. [9]).

LEMMA 3.4. For the Legendre-Gauss quadrature: {xj}j'v:o are the roots
OfLN+1(x)’ and

2
,  0<j<N.
(1 =)Ly ()]

For the Legendre-Gauss-Lobatto quadrature: {mj}j‘v:o are the roots of (1 —
2?) L'y (), and

Wi =

2 .
N(N + 1)[Ly(z;)]? 0<j<N.

PRrROOF. To be added 7?7 (p. 49, Furano) O

Wi =

3.3.1. Zeros of Legendre polynomials. It is seen from the last sub-
section that the quadrature points for the Legendre polynomials are related
to the zeros of the Legendre polynomials. Below we will discuss how to
find the zero points of ng,n) () numerically, where m < N is the order of
derivative.

We start from left boundary —1 and try to find the small interval of
width H which contains the first zero point z;. The idea for locating the
interval is similar to that used by the bisection method. In the resulting
(small) interval, we use Newton’s method to find the first zero point. The
Newton’s method for finding the root of f(x) is

Tr1 = xx — f(x)/ f(xr). (3.3.10)
After finding the first zero point, we use the point z; + H as the starting
point and repeat the previous procedure to get the second zero point zs.
This will give us all the zero points of Lg\rfn) (). The parameter H, which is
related to the smallest gap of the zero points, will be chosen as N 2.
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The following pseudocode is to find the zeros of L%n) ().

CODE LGauss.1

%This code is to find the roots of LX?M$)-

Input N, €, m (e gives the accuracy of the roots)

H=N"2

a=-1

for k=1 to N-m do

%search a small interval containing a zero point of Lxﬁ)(x)

b=a+H

while LU (a)-L{" (6) > 0
a=b; b=a+H

endwhile

Jthe Using Newton’s method in (a,b) to find the root
root=(a+b)/2; right=b
while |root-right|>e

right=root
root=root-LX?)(root)/L§7+l)(root)
endwhile
z(k)=root
a=root+H

endfor
Output z(1), z(2),---,z(N-m)

(This code needs to be changed to a more efficient one !!!)

In the above pseudocode, the parameter € is used to control the accuracy
of the roots. Also, we need to use the recurrence formulae (3.3.1) and (3.3.7)
to compute m (z) which are used in the above code.

CODE LGauss.2
%This code is to evaluate Lgnkx).
Input n, m, x
For j=0 to m do
if j=0 then
s(0,j)=1; s(1,j)=x
s(k+1,3)=((2k+1) *x*s (k, j) -k*s (k-1,3))/(k+1)  1<k<n-1
else
s(0,j)=0
if j=1 then
s(1,j)=1
else
s(1,3)=0
endif
s(k+1,j)=(2k+1)*s(k,j-1)+s(k-1,j) 1<k<n-1
endif
endFor



3.3. LEGENDRE POLYNOMIALS 13

LY (z)=s(n,m)

As an example, by setting N = 7,m = 0 and ¢ = 107® in CODE
LGauss. 1 we obtain the roots for Ly (x):

21 -0.94910791 z5 0.40584515

29 -0.74153119 26 0.74153119

23 -0.40584515 27 0.94910791

24 0.00000000

By setting N = 6,m = 1 and ¢ = 10~® in CODE LGauss.1 we obtain

the roots for Lg(x). Together with Z; = —1 and Z7 = 1 they form the
Legendre-Gauss-Lobatto points:

A -1.00000000 Zs 0.46884879

Z -0.83022390 Zg 0.83022390

Zs -0.46884879 Z 1.00000000

Z4 0.00000000

3.3.2. Interpolation and discrete Legendre transform. Here, we
give some detailed results on the interpolation operator Iy based on the
Legendre-Gauss-Lobatto points {x,}i\io For any function u which is con-
tinuous on [—1, 1], we have

N
u(a;) = Inu(ay) = Y g Li()). (3.3.11)
k=0
In this case, the lemma 3.2 reads:
LEMMA 3.5.
o L))
~ AT
UkZVkZU(Ij)LQ ( J,), k=0,1,...,N, (3.3.12)
j=0 N\Tj
where y = %]‘brk‘:o,l,--- ,IN —1 and vy = ﬁ

ProOF. Taking the discrete inner product (i.e. (3.1.14) with w = 1) of
(3.3.11) with L,,, we get

2
(N + DLy (2)]*

N
an<Lna Ln>N = Zu(x])Ln(xJ)N
j=0
Then, the desired result follows from

2
<LnaLn>N:(Ln,Ln):71,OSHSN—L

2n +
and

(3.3.13)
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Next, we show that the discrete norm based on the Legendre-Gauss-
Lobatto quadrature is equivalent to the usual L? norm in Py.

LEMMA 3.6. Let || - ||n be the discrete norm relative to the Legendre-
Gauss-Lobatto quadrature. Then

lull 2 < lully < V3lull 2, for all u€ Py.

PROOF. Let u = Z]kvzo Ly, we have

On the other hand,

N-1

5 2 _

lally = 3 @ + @ (L, )y
k=0

We then conclude from (3.3.13) and the fact that <5 <3

2N+1 0

2N+1

REMARK 3.3.1. Assuming that {Ly(x;)}x j=0,,. .~ have been precom-
puted (see the code LGauss.2), then, the discrete Legendre transforms (3.3.11)
and (3.3.12) can be carried out using a standard matrix-vector multiplica-
tion routine in about N? flops. The cost of the discrete Legendre transforms
can be cut by half by using the identity Lg(z;) = (—1)*Ly(xy_;) which is
a consequence of the odd-even parity of the Legendre polynomials.

Although the discrete Legendre transforms do not have optimal com-
putational complexity, but they can be accelerated significantly by using a
high performence/parallel matrix multiplication routine.

A similar interpolation operator and discrete Legendre transform can
also be defined on the Legendre-Gauss points.

In implementating the spectral methods, one often needs to evaluate
derivatives or form derivative matrices. The derivatives can be evaluated
either in the frequency space or in the physical space. We emphasize that in
both cases, the derivatives are computed ezxactly rather than approximately
in the finite difference or finite element methods.

3.3.3. Differentiation in frequency space. Given u = Ziv:o ur Ly €
Py, we can write

N
Z 'L with @y = 0.
k=1 =0

I
M) =
:z
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N N-1
e (1 1y 1
u’:Zué)Lk:ué)—i—Zué) (Lys1 — L)
2k +1
k=0 k=1
(1) N-2 (1) (1)
UN_1 . Up Ukl | s
— L — L.
ON — 1 N+;{2k—1 2% + 37 h

Comparing the coefficients of L}, we find that the coefficients {ﬂ,(cl)} of v
are determined by the recursive relation:

i) =0, @), = (2N — Day,
(1) (3.3.14)

u
ﬁzﬁlflz(fak+2lj—f3>(2k—1), k=N—-1,N—2---,1.

Higher derivatives can be obtained by repeatedly applying the above for-
mula.

3.3.4. Derivative matrices in physical space. Given u € Py and
its values at a set of collocation points {xj}ﬁyzo. Let {h;(z) §v:0 be the

Lagrange polynomials relative to {x; }é-V:O. Then,
N
u'™ (z) = Zu(m_l)(xj)h;(x), m > 1. (3.3.15)
§=0

Setting dkj = h;($k), and D = (dkj)k,j:0,1,~~-,N7 and

™ = (u™ (z0), u™ (z1), -, u "™ (@), m=0,1,2, ...,

we can rewrite (3.3.15) as

N
ul™ (z) = digut™ () or al™ = Dalm=h (3.3.16)
§=0
which implies that
™ = D", (3.3.17)
Hence, the derivatives of u in the physical space are totally determined by
the matrix D.

The above discussion is valid for any set of collocation points. In the
implementation of spectral methods, one is interested mostly in using the
Gauss-Lobatto points or Gauss points. Below, we provide an explicit ex-
pression for the derivative matrix in case {z; };-V:O are the Legendre-Gauss-
Lobatto points.

LEMMA 3.7. Let {xj}évzo be the zeros of (1 — x?) L'y (x). Then,

1 (1 - =) Liy(x)
N(N—I—l)LN(l‘j) T —T; ’

hj(z) = — j=0,1,--- N, (3.3.18)
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and
Ln(zg) 1 :
Ln(zj) vp—x; k 7&]
N(JX—H) k=j=0
dkj = . (3.3.19)
_N(]X'H) k=j=N
0 1<k=j3<N-1

PROOF. Since {z;} are zeros of (1 —2?)L\(z), (3.3.18) is a easy conse-
quence of (3.3.2). We then derive from (3.3.18) that for all = # z;,

o Iy L (1-adLy)
N S @ —a) T NN T DIn(ay) (@ ay)

which implies the statement (3.3.19) for k # j.
For k = j, applying the L’Hospital’s rule to (3.3.20) (twice to the second-
term), we get

, (3.3.20)

W) = (@) D) Ly ()
P L) 2Ln(xy)  2Ln(xj)

We conclude from (3.3.9) and the fact that L’y (z;) =0for1 < j < N—1. O

REMARK 3.3.2. The derivative matrix D is a full matrix, so O(N?) flops
are needed to compute {u’(xj)}évzo from {u(xj)}év:o by using the derivative
matrice.

Since NtV (z) = 0 for any u € Py, we have DNt14(0) = 0 for any
29 e RN, Hence, the only eigenvalue of D is zero which has a multiplicity
of order N + 1.

3.4. Chebyshev polynomials
3.4.1. Chebyshev polynomials. The Chebyshev polynomials, denoted

1

by Ty (z), are the sequence of orthogonal polynomials with w(z) = (1—22)"2
and (a,b) = (—1,1). The three-term recurrence for the Chebyshev polyno-
mials is:

To(x) =1, Ti(x) ==z,

Toi1(z) = 22T, (x) — Toi(x), n>1. (3.4.1)

On the other hand, the Chebyshev polynomials are the Jacobi polynomials
with a =g = —%. Hence, it satisfies the following singular Sturm-Liouville
problem

N (\/1 22T (z ) FET(2) =0, ze(-11), (342
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and the orthogonality relation

1 1 CT
/_1 Tk(l‘)jﬂj(ﬂf)ﬁdff = 5 Okjs (3.4.3)

where cg = 2 and ¢, = 1 for k > 1.
We infer from the above two equations that

1 k2
/ Ty (2)Tj(z) V1 — 22dx = gkﬂékj, (3.4.4)
-1

i.e., the polynomials {77 (z)} are mutually orthogonal with respect to the
weight function w(z) = v/1 —x2. From the fact that cos(ncos™!z) is a
polynomial of degree n and the trigonometric relation

cos((n 4+ 1)8) + cos((n — 1)0) = 2 cos O cos(nbh),

We find that cos(n cos™! x) satisfies also the three term recurrence relation
(3.4.1). Hence,

T (xz) = cos (ncos_1 :c) , n=0,1,---. (3.4.5)

This explicit representation allows as to derive easily many useful properties
of the Chebyshev polynomials. In fact, let § = cos™! x, it follows from (3.4.5)
that

1 1
2T, (z) = ——1T, - T > 2 4.
(.fL') n+ 1 n+1($) n—1 n—l('m)? n - 4 (3 6)
It can be easily shown by using (3.4.5) that
To(z)] <1,  |Tp(z)| <n? (3.4.7a)
2T (2)Th(x) = Topgn () + Ti—n (), m >mn > 0. (3.4.7b)
One can also derive from (3.4.2) that
T (£1) = (£1)" " 1n? (3.4.8a)
1
T (£1) = g(il)NN2(N2 —1). (3.4.8b)
Moreover, we can derive from (3.4.6) that
n—1 1
T =2 —T; 3.4.9
n(x) n kg cx k(w)a ( a)
k+n odd
n—2 1
/()= Y  —nn®-k)T(x). (3.4.9b)
Ck
k=0
k+n even

For the Chebyshev series, one can determine from Theorems 3.3 and 3.5
the quadrature points and weights (cf. [19]).
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LEMMA 3.8. For Chebyshev-Gauss quadrature:
25+ )7 o

_ J /0 = 0<j<N.
TSN+ YT Ny ==
For Chebyshev-Gauss-Lobatto quadrature:
) us .
l‘j:COSW, wj:Ej—N, 0<j<N.

where ¢o =cy =2 and ¢; =1 for j=1,2,...,N — 1.

Note that for the simplicity of the notation, the Chebyshev-Gauss and
Chebyshev-Gauss-Lobatto points are arranged in descending order, namely,
TN < TN_1 < - < x1 < Tp.

We shall keep this convention in the Chebyshev case unless otherwise spec-

ified.

3.4.2. Interpolation and discrete Chebyshev transform. As in
the Legendre case, we present here some detailed results on the interpolation
operator Iy based on the Chebyshev-Gauss-Lobatto points {:L‘Z}fvz o- For any
function u which is continuous on [—1, 1], we have

u(zj) = Inu(zj) Zuka xj). (3.4.10)

In this case, the lemma 3.2 reads:

LEMMA 3.9.

k‘jﬂ'
—-— 411
u(x;) cos N (3 )

SO

Jj=0

Uy =
cx N

Q(":z‘ —_

Proor. Taking the discrete inner product (i.e. (3.1.14) with w = (1 —
22)72) of (3.4.10) with T}, we get
N

- njm W
T, T, = E : - )
u”< b n>N7“’ j=0 U(x]) €08 N 5jN

The desired result follows from the above and
Cp T
<Tn7Tn>N,w = (Tran)w = nT’ 0 <n< N — 1,
and

<TNa TN

(3.4.12)

O

As in the Legendre case, the discrete norm based on the Chebyshev-
Gauss-Lobatto quadrature is equivalent to the usual L2 norm in Py. In
fact, we have
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LEMMA 3.10. Let || - ||nw be the discret norm relative to the Chebyshev-
Gauss-Lobatto quadrature. Then

lullze < llullvew < V2llullrz, for all u € Py.

Proor. For u = Zév:o T}, we have

N
~9 CLT
HUH%g = Zui7
k=0
On the other hand,

o CET
ull ¥ = §:7i“*+UNCBWTN>

We conclude from the above and (3.4.12). O

The most important practical feature of the Chebyshev series is that
the discrete Chebyshev transforms (3.4.10) and (3.4.11) can be performed in
O(N log, N) operations thanks to the Fast Fourier Transform (FFT). In fact,
the discrete Chebyshev transforms (3.4.10) and (3.4.11) can be computed
most easily by calling the subroutine cost.f in the FFTPACK (available
from www.netlib.org), they can also be computed by using other FFT pro-
grams in various platforms. For readers’ convenience, a Fortran subroutine
using cost.f is listed below:

subroutine chtrfml(n,x,cosn,iflag)
3k >k 5k 3k >k 5k 3k >k 5k 5k %k 5k 5k 5k 5k 5k %k 5k 5k 5k >k 5k 5k >k 5k 5k >k 5k 5k %k 5k 5k %k 5k 5k >k 5k 5k %k 5k 5k %k >k 5k %k k 5k sk k k
*%* Purpose: 1-D discrete Chebyshev transform
*x*%* Input: cosn: output from calling costi(n+1,cosn)

*okok x: Chebyshev coefficients if iflag=1
*okok values at CGL points  if iflag=0
**xx Qutput: x: values at CGL points if iflag=1
*okok Chebyshev coefficients if iflag=0

stk s sk ok ok sk sk sk sk ok ok ok sk sk ok ok sk sk sk sk sk sk ok s sk sk sk sk sk sk sk ok sk sk sk sk ok ok sk sk sk sk sk ok ok ok sk ok
dimension x(0:n),cosn(3*n+15)
if (iflag.eq.1l) then
val=.5
do i=1,n-1
x(i)=val*x (i)
enddo
call cost(n+1,x,cosn)
else
call cost(n+1,x,cosn)
val=1./n
do i=1,n-1
x(i)=x(i)*val
enddo
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x(0)=x(0)*val*.5
x(n)=x(n)*val*.5
endif
return
end

3.4.3. Differentiation in frequency space. Given u = Z]kvzo up Ty €
Py, we derive from (3.4.6) that

N N
T/

T/
(D) (1) ~( k+1 k—1
=uy’ +uy 'z + E Ty, (k+1> 2(k—1)) (3.4.13)

~(1)
1
= 2N N+ Z 2% Ck luk’ 1 .IE,‘-‘,)-I)TI:H

where ¢g = 2 and ¢, = 1 for k > 1. Comparing the coefficients of T}, we find
that the Chebyshev coefficients {ﬂg)} of v’ are determined by the recursive
relation:

aV — 0, @V — oNay,

X ; (3.4.14)
a,ﬁjl = (2kiy, +a,§+)1)/ck_1, k=N-1,N—-2--- 1.

Higher derivatives can be obtained by repeatedly applying the above for-
mula.

3.4.4. Derivative matrices in physical space. To compute the de-
rivative matrix in the physical space, we can use the same notations as
in the Legendre case except that now we choose {x; = cos %t} to be the
Chebyshev-Gauss-Lobatto points.

LemMA 3.11. The Lagrange polynomials associated to the Chebyshev-
Gauss-Lobatto points are

(= CD (@ = DTy (2)
hile) = eiN2(x —xj5)

The derivative matriz (dy; = h';(xy)) is given by

0<j<N. (3.4.15)

kj G Zp — z; s J 7é )

) (3.4.16)
dipp = — k=1,2,...,.N—1
kk 2(1 _x%:)7 M M M )

dog = —dnNN = (2N2—|—1)/6,
where ¢, =1 for 1 <k < N —1 and ¢y = ¢y = 2.
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PROOF. Let us denote wy(z) = (22 — 1)T4(x). Then, the Lagrange
polynomials associated with {z; };V:O can be written as

) wn () :
WO ey 0SSN
Consequently,
gy — b (@ aey(@) —wn(@)
h; () (@) (@ — 20)? . (3.4.17)

We derive from (3.4.2) that
wiy(z) = —(V1 =221 — 22Ty ()
=a2Tx(z) — V1-— 1‘2(\/1 — 22Ty (2)) (3.4.18)
= 2T (z) + N*Tn(z).

We then derive from (3.4.8a) that wi(x;) = (—1)7¢;N2. This above result,
together with (3.4.17) and (3.4.8a), lead to
Eik’ (_1)k+]

Cj T — Ty

h(xr) = : 0<k#j<N.

For k = j, we apply the L’Hospital’s rule on (3.4.17) to get
wl/ (w )
Wi(xj) = NI (3.4.19)
T 2wy ()
Thanks to (3.4.18), we have
Wii(z) = (N?* + D)Tx () + 2TH(z), 5=0,1,...,N. (3.4.20)
We derive from (3.4.2) that

T (25) = (—1)j+1N2ﬁ, 1<j<N-1. (3.4.21)
— z2
j
The desired results follow from the above and (3.4.8b). O

REMARK 3.4.1. The remark 3.3.2 applies also to the Chebyshev case.
However, in the Chebyshev case, a more efficient alternative for computing
derivatives is to proceed in the frequency space as described earlier in this
section:

(1) Compute the discrete Chebyshev coefficients {7y} of u from ;) =
> o @ Ti());

(2) Compute the discrete Chebyshev coefficients {ﬂ,(:)} of v/ using
(3.4.14);

(3) Compute u'(x;) from u’(:ﬁj) = Z/ivzo a,(fl)Tk(:nj).

The cost of this approach is only O(N log N) thanks to the Fast Fourier
Transform.
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A pseudocode for computing D using Lemma 3.11 is given below.

CODE ChyDM. 1
Input N
%collocation points, and ¢
x(j)=cos(mwj/N)  0<j<N
c(0)=2, c(N)=2
e(j)=1  1<j<N-1
% first order differentiation matrix
for k=0 to N do
for j=0 to N-k do
if k=0 and j=0
D1(k,j)=(2N?+1)/6
elseif k=N and j=N
D1(k,j)=-D1(0,0)

elseif k=j
D1(k, )=-x 1)/ (2% (1-x(K)) )
else
D1 (i, 1) Ze (k)% (-1 4/ (e (x (0 -x(5)))
endif
endfor
endfor

for k=1 to N do
for j=N-k+1 to N do
D1(k, j)=-D1(N-k,N-j)
endfor
endfor
It has been observed that for large N the direct implementation of the
above formulas suffers from cancellation, causing errors in the elements of
the matrix D. Thus, it is advisable to replace the first two formulas using
trigonometric identities by the formulas

G (DM Gtk (k)T .
dk]_éj 5 sin oN sin SN , k#£7,

Tk
Kk #£0,N.
2sin?(kr /N) 7

(3.4.22)
di =

Finally, to avoid computing the sinx for |z| > %i, we take advantage of the
symmetry property
An_pn—j = —d ;- (3.4.23)
Thus, an accurate method to compute D is using formulas (3.4.22) to find
the upper left triangle of D (i.e., compute dj; with k4 j < N), and then use
the relation (3.4.23) and (3.4.22) for the other elements.
A pseudocode for computing D using (3.4.23) and (3.4.22) is given below.

CODE ChyDM.2
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Input N
%collocation points, and ¢
x(j)=cos(mwj/N) 0<j<N
c(0)=2, c(N)=2
(=1  1<j<N-1
% first order differentiation matrix
for k=0 to N do
for j=0 to N-k do
if k=0 and j=0
D1(k,j)=(2N%+1)/6
elseif k=N and j=N
D1(k,j)=-D1(0,0)
elseif k=j
D1(k,§)=-x(k)/ (zsinZ(m/N))
else
D1(k, j)=~c(k>*(-1)j+k/(2*~c< $)*sin((j + k) /2N)*sin((j — k:)ﬂ/zzv))
endif
endfor
endfor
for k=1 to N do
for j=N-k+1 to N do
D1(k,j)=-D1(N-k,N-j)
endfor
endfor

3.5. Laguerre and Hermite polynomials

To be added !

3.6. Error estimates of the polynomial projections

3.6.1. Orthogonal projection error in L2 (I). We derive first a fun-
demental result on the projection error of the Jacobi series.

We shall restrict our discussion to —1 < «, f < 1. For w(z) = (1 —
x)*(1+2)?, we define an operator A associated to the Jacobi polnomials by

Ap = —(1L—2) (1 +a) P (1) ) ) (36)

dx
Thanks to Theorem 3.6, we have
AJSP =nn+14a+ B)J2P, (3.6.2)

Furthermore, we derive easily by integration by parts that A is self adjoint
with respect to the inner product (-, ), i.e.,

(Ap, )y, = (¢, A),, for all ¢, € D(A) = {u:u, Au € L>(I)}. (3.6.3)
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On the other hand, we derive by the definition (3.6.1) that

Ap=[(a+D)(z+ 1)+ B+1)(1—2z)]¢ +(1-2%)¢". (3.6.4)
Therefore, for —1 < «, 8 < 1, we have
1Al L2, < 0llmz for all ¢ € HE(I). (3.6.5)

DEFINITION 3.6.1. The orthogonal projector my,, : L(I) — Py is
defined by

(u— TN Wu,v), =0 for ve Py. (3.6.6)
Since any u € L2(I) can be expanded as a Jacobi series
400 o,B
N g8 with gt = (Gdn e
u= ZunJﬁ with a" = W, (3.6.7)
=0 nollr2
we have by definition 7y ,u = Zgzo @ J? and
+0o0 +oo ,B8\2
- u, J,
u— el = > @I, = S W e
n=N-+1 n=N+1 H‘]n HLE)

THEOREM 3.8.

v —7mnwullpz SN " ullgm for allu € HF(I).

PROOF. Let us denote Ao’ = n(n+ 1+ a+ 3). We consider first the
case m = 2r.
Applying repeatedly (3.6.2) and (3.6.3), we obtain

1

1
(ua Jgﬂ)w = Tap (u7 A‘Jgﬂ)w =~ Tap (A’LL, Jgﬁ)w
An’ )\n7
1
S ST
()\%ﬂ)r( )

Hence, we derive from (3.6.8) that
o 32
u, J,
u—myoully = 3 Wl )
nen1 In HLEJ

B *i 1 (Aru, J3P)?
O )2,

n=N-+1

1 *f (AT, J2P)2
~ NTdr 77
N 1R,

LSS U, g
~ 1 ] = ) u L‘%'
N rnzO ”JSBH%(% NEm
We then derive from (3.6.5) that

lu—7mNnwullpz SN " ullgy for all w € HG'(1).
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We now consider the case m = 2r 4+ 1. Exactly as above, we have

1
(I8N = o (A0, T2

We use (3.6.1) once more and integrate by parts to get
0,75 = e [ (Y
u, n w ()\g76)7’+1 o u n w x,

where we have denoted & = (1 — 2)'*t%(1 4+ x)'*#. Therefore,

400 1
1
(R A ( / (A7) (JOPY oy
@ ol ()‘275)2%2”‘]3@@3 1
< <3 +ZOO S / (AT (20
~ 4r+2 , , n :
NI R W,

(3.6.9)
We recall that {(J3"?)'} form a set of orthogonal polynomials in L%, and
1T 2) 172 = A5

| To P72 (3.6.10)

—+00

Thus, for any v =Y "% OnJp = L?, we have the expansion

+oo 1 1
o = (PP with ©, = s / V' (JEPY Gd,
n=1 ”(Jn ) HLE; -1

and thanks to (3.6.10),

[ o= :Z_jlzvaucfzﬁ)’\iz

_ = 1 ! 1( TOL,B\ ~ 2

- 2 H(Jgﬁ),”%g(/—l v'(J7) wdx)
+oo

1 '
a,B\/ ~ 2
Z )\%ﬂnt]ﬁﬂ (/;1 v (Jn ) de)

2
n=N-+1 L2

Now, we take v = A"u in the above relation, thanks to (3.6.9) and the fact
that & = w(1 — 22) < w, we get

1 L 1 L.

—1 —1
1 1
= N2m|ATU@I}J S NgmHuH%{;n
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3.6.2. Orthogonal projection error in H&w(l ). Now, we consider
an orthogonal projector in H&,w. We denote

PY ={u€ Py: u(£l) =0}

DEFINITION 3.6.2. The orthogonal projector ﬂ]l\}ow from Hj ,(I) to Pg

is defined by

((u— W]l\}ou)',v')w =0 for ve PY. (3.6.11)

THEOREM 3.9.
lu — ﬂ]l\}?wu\Hi SNY™|ull g for allw € HIY(I) N H&yw(I).

PROOF. For any u € H'(I) N Hy ,(I), we set

T 1 1
UN :/ {WN_qu’ — 2/ TI'N_qu/dT]} dg. (3.6.12)
-1 -1
Therefore,
1 /1
uy € P]Q, and uﬁv = ﬂ'N,LU_,u/ — 2/ ﬂ'N,l,wu/dn.
—1
Hence,
1 1
' —uyllrz < llv = 7n-10v |2 + !2/ TN 1wt d]. (3.6.13)
—1

On the other hand, since u(£1) = 0, we derive by Cauchy-Schwarz inequality
that

1 1
\/ N1t dx| = ]/ (TN—1 0t —u)dz]|
-1 -1
1

3.6.14
<([ wrtayenad -~y Y
-1
Sllev-rwu’ — ||z (for a,8 < 1).
We then conclude from (3.6.13)—(3.6.14) and Theorem 3.8 that

1,0 . B _
lu— 7N ulmy = ¢>13rel£>]0v lu—onlay < llu—unlrz

Sl = mnorw e S (N = 1) || s

S Nl g

REMARK 3.6.1. One can also prove that
llu — le\??wUHLg SN ul|lgm for all w € H'(I)N H&w(I).

However, the proof of the second result is very technical so we refer to [3]
(Thm. 4.2) for details.

Another frequently used orthogonal projector in H&w(l ) is considered
in Section 4.5.2.
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3.6.3. Interpolation error. We present below an optimal error esti-
mate for the interpolation polynomials based on the Gauss-Lobatto points.
We refer to Section 21 in [5] for the proof.

THEOREM 3.10. Let {xj}jy:() be the roots of (1 — x?)Jy*(x) with —1 <
a<1landw= (1—-2%)% Let Iy : C[-1,1] — Py be the interpolation
operator with respect to {xj}évzo. Then,

lu— Inulyy S Nz, for allw e HI(I), m > 1;
lu— Inulze S N""lulug, for allue HII), m>1

PROOF. to be added !!! O

The above results indicate that error estimates for the interpolation
polynomial based on the Gauss-Lobatto points are optimal in both the H}
and L2 norms. One should note that an interpolation polynomial based

on uniformly spaced points is usually a very poor approximation unless the
function is periodic in the concerned interval.

3.6.4. Inverse inequalities.






CHAPTER 4

Spectral Methods for Two-Point Boundary Value
Problems

We consider in this chapter spectral algorithms for solving the two points
boundary value problem:

—eU"+p)U' +q(z)U =F, x € I = (—1,1), (4.0.1)
with the general boundary condition
a_U(=1)+b_U(=1)=c_, a;U(1) + b U'(1) = cy, (4.0.2)

which includes in particular the Dirichlet (a+ = 1 and by = 0), the Neu-
mann (ax = 0 and by = 1) boundary conditions, and the mixed boundary
conditions (a— = by = 0 or ay = b_ = 0). Whenever possible, we will
give a uniform treatment for all these boundary conditions. Without loss of
generality, we assume ay > 0. We will also assume

(i) a® +0% #£0, and a_b_ <0; a3 +b% #0, ayby > 0;

1
(i) g(z) = 5p'(x) = 0, = € (I); (4.0.3)
(iii) p(1) > 0if by £0, p(—1) < 0if b_ £ 0.

The above conditions are necessary for the well-posedness of (4.0.1)—(4.0.2).

In the first section, we present several Galerkin methods which are based
on variational formulations for (4.0.1-4.0.2) using continuous inner products.
In the second section, we present the collocation methods in the strong form
which looks for approximate solutions to satisfy (4.0.2) and (4.0.1) ezactly
at a set of collocation points. In the third section, we consider the colloca-
tion methods in the weak form which are based on variational formulations
for (4.0.1-4.0.2) using discrete inner products. In, Section 4, we present
some preconditioned iterative methods for solving the linear systems arising
from the spectral approximations of two-point boundary value problems. In
section 5, we provide an error analysis for two model cases.

4.1. Galerkin methods

Let us first reduce the problem (4.0.1-4.0.2) to a problem with homoge-
neous boundary conditions:

e Case 1. ax =0 and by # 0:
We set @ = 322 + vz, where 3 and v are uniquely determined by

29
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asking @ satisfies (4.0.2), namely
—2b_B+b_y=c_,
2b+ﬂ + b+"}/ = Cy4.

e Case 2. a® +a?F #0:
We set u = fx++, where 8 and « can again be uniquely determined
by asking @ satisfies (4.0.2). Indeed, we have

(_a— + b—)ﬁ +a_y=c_,

(4.1.1)

(ay +b4)B +apy =cy, (4.12)
whose determinant is
DET = —a_ay +b_ay —a_ay —bia_.
Thus, (4.0.3) implies that b < 0 and b4 > 0 which imply that
DET < 0.
Now, we set
u="U — 1, f=F—(—et" +p(x)d + q(z)a).
Then u satisfies the following equation
—eu” +plx)u +q(x)u=f, in I =(-1,1), (4.1.3)
with the homogeneous boundary conditions
a_u(=1)+b_u'(=1) =0, ayu(l) +byu'(1) = 0. (4.1.4)
In this section, we will only consider a special case of (4.1.3), namely,
—u"+au=f inl=(-1,1), (4.1.5)

where @ > 0 is a given constant. The general case (4.0.1)—(4.0.2) will be
treated later by using a collocation approach.
Let us denote

HNI) = {uc HYI) : u(£1) = 0 if by = 0}, (4.1.6)
and
0 lf a,b, = 0 0 lf CL+b+ = 0
h_ = chy =<0 . : 4.1.7
{‘;— ifa_b_#£0" " {bi if azby #0 (4.1.7)

A standard variation formulation for (4.1.5)—(4.1.4) is:
Find u € H}(I) such that

a(u,v) == (v, v") + hyu(1)v(1l) — h_u(—1)v(-1)
+ a(u,v) = (f,v) for allve HL(I).
It is easy to see that the bilinear form a(-,-) defined above is continuous
and coercive in H!(I) x H}(I) under the condition (4.0.3). One derive im-
mediately by Lax-Milgram lemma that the problem (4.1.8) admits a unique

solution. Note that only the Dirichlet boundary condition(s) is enforced
ezactly in H)(I), all other boundary conditions are treated naturally.

(4.1.8)
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4.1.1. Weighted Galerkin formulation. We consider the approxi-
mation of (4.1.5)—(4.1.4) by using a weighted Galerkin method in the poly-
nomial space Xy = H} (I) N Py. A straightforward extention of (4.1.8)
using the weighted inner product leads to the following formulation:

Find uy € Xn such that

(uy w H(onw) ) + w(D)hyuy(Doy (1) — w(=Dh_uy(=1)vy(—=1)

+05(UN,’UN)w = (fy'UN)w for all v € XN.
(4.1.9)

However, there are several problems associated with this formulation. First,
the above formulation does not make sense if lim,_, 11 w(x) does not exist,
except in the case of Dirichlet boundary conditions. Hence it can not be
used for Jacoby weight with @ < 0 or § < 0, including in particular the
Chebyshev weight (cf. [7] and [10] p. 194-196 for some special weighted
variational formulations for (4.1.5)-(4.1.4)). Second, as it will become clear
later in this section, even in the case w(x) = 1, this formulation will not
lead to sparse or special linear system that can be efficiently inverted. The
cure is to use a new weighted variation formulation in which the general
boundary condition (4.1.4) is enforced ezactly rather than approzimately in
(4.1.9).
Let us denote

Xy ={vePn: arv(£l)+ by (£1) =0}. (4.1.10)
the new weighted Galerkin method for (4.1.5)—(4.1.4) is to look for uy € Xy
such that

— (U, ON)w + @un, VN )w = (N VN )w Voy e Xn, (4.1.11)

where fy is an appropriate polynomial approximation of f. The main dif-
ference with (4.1.9) is that the Robin boundary condition is enforced ezactly
here. We will see below that by choosing appropriate basis functions for X,
we will be able to reduce (4.1.11) to a linear system with sparse or special
matrix that can be solved efficiently.

Given a set of basis functions {¢y }r=01,...,. n—2 for X, we denote

fx :/Iquszwdx, f=ofr )™
N-2
un () = tindn(x), @ = (o, 1, ,in—2)", (4.1.12)

n=0
Skj = —/Iqb;'mwdx, My = /I¢j prwdz,

and
S = (Skj)osk,jszv—w M= (m’w‘)ogk,jgN—T

By setting uy (z) = Y352 n6n(z) and vy () = 65(z) (j = 0,1,..., N —2)
in (4.1.11), we find that the equation (4.1.11) is equivalent to the following
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linear system:

(S+aM)u=f. (4.1.13)
Below, we will determine S and M in two special cases, namely w(z) = 1
and w(z) = (1 — 3:2)_%.

4.1.2. Legendre-Galerkin method. We set w(x) =1 and fy = Iy f
which is the Legendre interpolation polynomial of f relative to the Legendre-
Gauss-Lobatto points. Then (4.1.11) becomes

—/u?’vadx+a/quNda;—/[vaNdx, Voy € Xn, (4.1.14)
I I I

which we refer as Legendre-Galerkin method for (4.1.3-4.1.4).

The actual linear system for (4.1.14) will depend on the basis functions
of Xy. Just as in the finite-element methods, neighboring points are used
to form basis functions so as to minimize their interactions in the physical
space, neighboring orthogonal polynomials should be used to form basis
functions in a spectral-Galerkin method so as to minimize their interactions
in the frequency space. Therefore, we look for basis functions in the following
form:

qﬁk(x) = Lk(l') + akLk+1(w) + bkLkJrg(x). (4.1.15)

LEMMA 4.1. For all k > 0, there exisit unique {ay, by} such that ¢i(x) =
Li(z) + apLky1(x) + b Ly y2(x) verifies the boundary condition (4.1.4).

PROOF. Since Lj(+1) = (£1)* and L} (£1) = 3(£1)* 'k(k + 1), the
boundary condition (4.1.4) leads to the following system for {a, by }:

b b
(ay + %(kz +1)(k +2))ay + (aq + %(k‘ +2)(k + 3))by
b
= —ay — —k(k+1),
) ) 2 (4.1.16)
—(a- — i(k +1)(k+2))ag + (a— — é(kz +2)(k + 3))bg
=—a_+ %kz(k‘ +1).
The determinant of the above system is

DETy = 2aya_ +a_by(k+2)? —arb_(k+2)?
—3b_by(k+1)(k+2)%(k + 3).

We then derive from (4.0.3) that the four terms (including the signs before
them) of DET}, are all positive for any k. Hence, {ag,br} can be uniquely
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determined from (4.1.16), namely
by b_

- %(k +2)(k+3)) (—as — %*k(k; + 1))} /DET}.

, ) (4.1.17)
by = {(a+ 2 (b D)k 2) (ot o k(1)
+a — %_(k 1)k +2)) (—as — %k(k + 1))} /DET.
O

Note that in particular,

o if ap = 1 and by = 0 (Dirichlet boundary conditions), we have
ar =0 and b, = —1;

o if ax = 0 and by = 1 (Neumann boundary conditions), we have
ap =0 and by = —k(k+1)/((k+2)(k + 3)).

It is obvious that {¢y(x)} are linearly independent. Therefore, by di-
mension argument we have

Xy =span{¢p(zr) : k=0,1,2,...,N —2}.
REMARK 4.1.1. In the very special case
—Ugy = f7 u$(:|:1) = 07

with the condition f_ll fdx = 0, since the solution is only determined up to
a constant, we should use

Xy =span{¢p(z): k=1,2,...,N —2}.

This remark applies also to the Chebyshev-Galerkin method presented be-
low.

LEMMA 4.2. The stiffness matriz S is a diagonal matriz with
Sk = —(4k +6)bg, k=0,1,2,.... (4.1.18)

The mass matriz M is symmetric penta-diagonal whose nonzero elements
are

2 2 2 ) .
st T %wis T hkors T=F
Mk = Mpj = Gkﬁ =+ ak+1bk%+5, J=k+1, (4.1.19)

2 .
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PRrROOF. By integration by parts and taking into account the boundary
condition (4.1.4), we find that

Sjk = — /¢

~ [ k@) ¢y + iqbk(l)@-(l) (gD (@120

/¢k r)dx = syj,

where 7+ (resp. should be replaced by zero when by = 0 (resp. b— = 0).
b+

It is then obv1ous from (4.1.20) and the definition of {¢y(x)} that S is a
diagonal matrix. Thanks to (3.3.8b) and (3.3.3), we find

= b [ L) Li(a)do
I
— bk )(4k: +6) /Lgdx b (4k £ 6).
I

The nonzero entries for M can be easily obtained using (3.3.3). (]

REMARK 4.1.2. An immediate consequence is that {¢x}5_; form an
orthogonal basis in Xy with respect to the inner product —(u/y, vy). Fur-

thermore, an orthonormal basis of X is {ék = mqﬁk}i\;ﬁ

In summary: given the values of f at LGL points {x;}o<i<n, we deter-
mine the values of uy (solution of (4.1.11)) at these LGL points as follows:

(1) (pre-computation) Compute LGL points, {ax, b;} and nonzero ele-
ments of S and M,

(2) Evaluate the Legendre coefficients of Iy f () from { f(z;)}, (back-
ward Legendre transform) and evaluate f;

(3) Solve @ from (4.1.13);

(4) Evaluate uy(z;) = SN2 tigi(x;), 5 = 0,1,...,N (“modified”
forward Legendre transform).

A pseudocode outlines the above solution procedure is provided below:

CODE SG.1

Input N, collocation points zj and f(zy) for k=0,1,--- N

Compute ay, by, Skr, Myg;

%Backward Legendre transform

for k=0 to N-1 do .
9k= NQ(I;V+4}1 Ea of(x )LJ\I:(:;J))?

end

9N=ﬁ Z;v:() f(%)ﬁzj)

%Evaluate f from fi=(3_7 o 9;L;(x), ox(x))

for k=0 to N-2 do
Sr=g/ (k+3)+aggri1/ (k+3)+begrqa/ (k+3)
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end

Solve (aS+Mu=f

%Evaluate g, from Z;y:_o%uj@(x):Z;y:o gjL;(x)
go=ug

g1=u1+agug

for k=2 to N-2 do

Jk=Up+ap_1Up_1+bg_oup_2
end
gN-1=aN-—2uN—2+bDN_3uN_3
gN=bN_2uN_2
hforward Legendre transform
for k=0 to N do

A N

uk=)_ 50 95 Lj (k)
end
Output wp,uq,...,un

Although the solution of the linear system (4.1.13) can be done in O(N)
flops, but the two discrete Legendre transforms in the above procedure cost
about 2N? flops. To reduce the cost of the discrete transforms between
physical and spectral spaces, a natural choice is to use Chebyshev polyno-
mials so that the discrete Chebyshev transforms can be accelerated by using
FFT.

4.1.3. Chebyshev-Galerkin method. We set w(z) = (1 —xz)_% and
fn = Inf which is the Chebyshev interpolation polynomial of f relative to
the Chebyshev-Gauss-Lobatto points. Then (4.1.11) becomes

—/u'](,vadx—i-oe/quNw(x)dx
! ! (4.1.21)

= /IvaNw(x)dx, Voy € Xn,
I

which we refer as Chebyshev-Galerkin method for (4.1.3-4.1.4).
As before, we would like to seek the basis functions of X in the form

o (x) = Ti() + apThy1 () + by Thya (). (4.1.22)
LEMMA 4.3. For all k > 0, there exist unique {a, by} such that
¢k($) = Tk(SU) + aka+1(:1:) + kak+2(x)
satisfies the boundary condition (4.1.4).

PROOF. Since Tj(+1) = (£1)¥ and T} (+1) = (£1)*"1k%, we find from
(4.1.4) that {ay, by} must satisfy the system

(ay + by (k+ 1)) ap+(ar +by(k+2)")bp = —ay — byk?,
—(a- —b_(k+1)Pap+(a_ —b_(k+2)*)bp = —a_ +b_k*,
whose determinant is

DET: = 2a4a_ + (k+1)*(k +2)*(a_by —a b —2b_b,).

(4.1.23)
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As in the Legendre case, the condition (4.0.3) implies that DETy # 0.
Hence, {ag, bi} are uniquely determined by

ax = — {(ag + by (k +2)%)(—a_ + b_k?)

—(a— —b_(k+2)*)(—as — by k*)} /DETY, (4120
be ={(ay +bi(k+1)*)(—a_ +b_k?)
+(a- —b_(k+1)*)(—ay — by k?)} /DETY.
O

Therefore, we have by dimension argument that
Xn =span{¢g(z) : £k=0,1,2,...,N —2}.

One easily derives from (3.4.3) that the mass matrix M is a symmetric
positive definite penta-diagonal matrix whose nonzero elements are

af(l+ai+b2) j=k,
(ag +apyrby)  j=k+1, (4.1.25)
br 1=k+2,

Mk = Myj =

[NENNE]

where cg = 2 and ¢, = 1 for £ > 1. However, the computation of sy; is
much more involved. Below, we shall derive explcit expression of sy; for two
special cases.

LEMMA 4.4. For the case ax = 1 and by = 0 (Dirichlet boundary con-
ditions), we have ap =0, by = —1 and

ok +1)(k+2), j=Ek

skpj = 4m(k + 1), j=k+2,k+4,k+6,--- . (4.1.26)
0, j<korj+kodd
For the case ax =0 and by =1 (Neumann boundary conditions), we have
2
ar =0, b = _(147-]7-72)2 and

2n(k+ Dk?/(k+2), j=k
sgj = Amii(k+1)/(k+2)? j=k+2k+4,k+6,--- . (4.1.27)
0, j<korj+kodd

PROOF. One observes immediately that
Skj = —/gb;-'(bkwda: =0 for j <k.
I

Hence, S is a upper triangular matrix. By the odd-even parity of the Cheby-
shev polynomials, we have also si; = 0 for j + k odd.
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Thanks to (3.4.9b), we have

Tl o(r) = (b + 2)((k + 27 — F)Ti(a)
b (4.1.28)

(e 2)((k+ 27 (= 2P Tea(a) + -

We consider first the case ax = 1 and by = 0. From (4.1.17), we find
or(x) = Tp(x) — Tpqo(z). It follows immediately from (4.1.28) and (3.4.3)
that

—(0(2), (@) = (Tiy2(2), Ti (7))
= (k+2)((k+2)* = K*)(Ti(z), Ti(z))w
= 2n(k + 1) (k +2).

Setting ¢ (z) = zizo d,T,(z), by a simple computation using (4.1.28), we

derive
dn_{3j4<j+1><j+2>, n=j
G +2° =5 —2n?), n<j
Hence for j =k + 2,k +4,---, we find

— (¢ (2), k(1)) = di(Ti(x), T (%)) — dit2(Thr2(2), Tro(7))w
=dn(k+1).
The case a+ = 0 and b+ = 1 can be treated similarly as above. O

The Chebyshev-Galerkin method for (4.1.5-4.1.4) involves the following
steps:

(1) (pre-computation) Compute {a,br} and nonzero elements of S
and M;

(2) Evaluate the Chebyshev coefficients of Iy f(x) from { f ()}, (back-
ward Chebyshev transform) and evaluate f;

(3) Solve @ from (4.1.13);

(4) Evaluate uy(z;) = > _; 62 wipi(xj), j =0,1,..., N (forward Cheby-
shev transform).

Note that the forward and backward Chebyshev transforms can be per-
formed by using the Fast Fourier Transform (FFT) in O(N log, N) oper-
ations. However, the cost of Step 3 depends on the boundary conditions
(4.1.4). For the special but important cases described in the above Lemma,
the special structures of S would allow us to solve the system (4.1.13) in
O(N) operations. More precisely, in (4.1.26) and (4.1.27), the nonzero el-
ements of S take the form si; = a(j) * b(k), hence, a special Gaussian
elimination procedure for (4.1.13) (cf. [20]) would only require O(N) flops
instead of O(N?) flops for a general full matrix.

otk 277 add a code for the special Gauss elimation here 777 #*okk

Therefore, thanks to the fast Fourier transforms which can be used
for the discrete Chebyshev transforms, the computational complexity of
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Chebyshev-Galerkin method for the above cases is O(N log N') which is quas-
optimal (i.e., optimal up to a logarithmic term).
The following pseudo-code outlines the solution procedure for (4.1.3) by
the Chebyshev-Galerkin method:
CODE SG.2
Input N
%Set up collocation points xj and ¢
for j=0 to N do
x(j)=cos(mj/N), ¢c(j)=1
end
c(0)=2, c(N)=2
Toput  f()
Compute ay, by, Skj, mMgj
JBackward Chebyshev transform
for k=0 to N do

N kj
=z S o flwy) cos (5)
end

0 - N
hEvaluate f from fp=(3 i1, 9;T;(x), dx(z))
fo=5(2g0+aog1+bogo)
for k=1 to N-2 do
k=5 (gr+argr+1+0rgrs2)
end
Solve (aS+Mu=f
0 N-2- N
AEYaluate gk from > 0" uig;(v)=3 "0 9;T}(x)
go=uog
g1=u1+agug
for k=2 to N-2 do
Ge=Ug+ag_1ug_1+bg_oug_2
end
gN-1=aN_2UN_2+bN_3UN_3
gN=bn_2uN_2
%forward Chebyshev transform
for k=0 to N do
A~ NV . kjm
k=)0 9j o8 (T)
end
Output ug, Ui, ..., uN

4.1.4. Chebyshev-Legendre Galerkin method. The main advan-
tage of using Chebyshev polynomials is that the discrete Chebyshev trans-
forms can be performed in O(N log, N) operations by using FFT. However,
the Chebyshev-Galerkin method leads to non-symmetric and full stiffness
matrices. On the other hand, the Legendre-Galerkin method leads to sym-
metric sparse matrices, but the discrete Legendre transforms are expensive
(O(N?) operations). In order to take advantage and overcome disadvantage
of both the Legendre and Chebyshev polynomials, one may use the so called
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Chebyshev-Legendre Galerkin method:

a/quNdx—i—/ule?\;dx:/vavadL (4.1.29)
1 1 1

where If; denotes the interpolation operator relative to the Chebyshev-
Gauss-Lobatto points. So the only difference with (4.1.14) is that the Cheby-
shev interpolation operator I§; is used here instead of the Legendre interpo-
lation operator in (4.1.14). Thus, as in the Legendre-Galerkin case, (4.1.29)
leads to the linear system (4.1.13) with @, S and M defined in (4.1.12) and
(4.1.18)—(4.1.19), but f defined by

fr = /IIJC\rf¢deU, f=fo, fr, s fn—2)’. (4.1.30)

Hence, the solution procedure of (4.1.29) is essentially the same as that of
(4.1.14) except that Chebyshev-Legendre transforms (between the value of a
function at the CGL points and the coefficients of its Legendre expansion) are
needed instead of the Legendre transforms. More precisely, given the values
of f at the CGL points {z; = COS(%)}OSZ‘SN, we determine the values of u
(solution of (4.1.11)) at the CGL points as follows:

(1) (pre-computation) compute {ag, by} and nonzero elements of S and
M;
(2) Evaluate the Legendre coefficients of IS, f(z) from { f(x;)}, (back-
ward Chebyshev-Legendre transform);
(3) Evaluate f from (4.1.30) and solve u from (4.1.13);
(4) Evaluate uy(z;) = SN2 wigi(z;), 5 = 0,1,...,N (“modified”
forward Chebyshev-Legendre transform).
The backward and forward Chebyshev-Legendre transforms can be effi-
ciently implemented. Indeed, each Chebyshev-Legendre transform can be
split into two steps:

(1) The transform between its values at Chebyshev-Gauss-Lobatto points
and the coefficients of its Chebyshev expansion. This can be done
by using FFT in O(N log, N) operations.

(2) The transform between the coefficients of the Chebyshev expansion
and of the Legendre expansion. Alpert and Rohklin [2] have de-
veloped an O(N) algorithm for this transform given a prescribed
precision.

Therefore, the total computational cost for (4.1.29) is of the order O (N logy V).
The algorithm in [2] is based on the fast multipole method [12]. Hence,
it is most attractive for very large N. For moderate N, the algorithm
described below appears to be more competitive.
Let us write
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and

f: (f07f17"'7fN>T7 g = <907glv~~-7gN>T'

What we need is to transform between f and g. The relation between f
and g can be easily obtained by computing (p, Tj). and (p, L;). In fact, let
us denote
2 o1
aij = — (T3, Lj)w, bij = (i + 5)(Li, Tj),

C;TT

where ¢cg =2 and ¢; = 1 for ¢ > 1, and

A = (aij)ij=01,..N, B = (bij)ij=01,..N-

Then we have
f=Ag, g=Bf, AB=BA=1. (4.1.31)

By the orthogonality and parity of the Chebyshev and Legendre polynomi-
als, we observe immediately that

a;j =b; =0, fori > j or i+ j odd.

Hence, both A and B only have about iN 2 nonzero elements, and the cost of
each transform between f and g is about %N 2 operations. Consequently, the
cost of each Chebyshev-Legendre transform is about (%N logy N+4N)+ %N 2
operations as opposed to 2N? operations for the Legendre transform. In
pure operational counts, the cost of the two transforms is about the same at
N = 8, and the Chebyshev-Legendre transform costs about one third of the
Legendre transform at N = 128 (see [21] for computational comparisons of
the three methods).

In summary, the one-dimensional Chebyshev-Legendre transform can be
done in about

1
(%N logo N +4N) + min(iNz, CN) ~ O(N logy N)

operations, where C is a large constant in Alpert and Rohklin’s algorithm
[2]. Since multi-dimensional transforms in the tensor product form are per-
formed through a sequence of one-dimensional transforms, the d-dimensional
Chebyshev-Legendre transform can be done in O(N?log, N) operations and
it has the same speedup as in the 1-D case, when compared with the d-
dimensional Legendre transform.

The nonzero elements of A and B can be easily determined by the re-
currence relations:

Tii(2) = 20Ti() —Tia(@), i > 1,
21+ 1 )

Fonl) = Gk =y

Li_l(m), 1> 1.
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Indeed, let a;; = (T3, Lj)., then for j > i > 1,

aijv1 = (i, Ljt1)w
27+1 J
= (T, 2 s, — ——L;_
( 2 j+1 TLij ]+]- J 1)
_ 2j+1($ L)) _Ld..
= ]+ 1 iy g w ]+1 ij—1
27+1 7.
— T. T 1, L:)y — ——a;;
2j+2( i+1 L1, ])w j‘i‘la] 1
2j+1,. ~ J -
TS +2(a’i+1j +ai15) — T
Similarly, let b;; = (L;, T}), we have for j > i > 1,
~ 2942 2t -~ -

S e LA U vy 1 bim15 — bij—1.

Thus, each nonzero element of A and B can be obtained by just a few
operations. Furthermore, the Chebyshev-Legendre transform (4.1.31) is ex-
tremely easy to implement, while the algorithm in [2] requires considerable

programming effort.

REMARK 4.1.3. Note that only for equations with constant or polyno-
mial (and rational polynomials in some special cases) coefficients, one can
expect the matrices resulting from a Galerkin method to be sparse or with
special structures. In the more general cases such as (4.1.3), the Galerkin
matrices are usually full so a direct application of the Galerkin methods is
not advisable. However, for many practical situations, the Galerkin system
for a suitable constant coefficient problems provides an optimal precondi-
tioner for solving problems with variable coefficients, see Section 4.4 for
further details.

4.2. Collocation methods

The collocation method, or more specifically the collocation method in
the strong form, is fundenmentally different from the Galerkin method. Un-
like the Galerkin method, the collocation method is not based on a varia-
tional formulation (although in some special cases to be specified below, the
collocation method can be reformulated as a variational method). Instead,
it looks for an approximate solution which enforce the boundary conditions
exactly, and for which the equation (4.1.3) is verified at a set of interior
collocation points. On the other hand, the collocation method in the weak
form (See the next section) is based on a suitable variational formulation
in which the general boundary conditions are treated natually and are only
satisfied asymptotically, and the approximate solution verifies (4.1.3) at a
set of interior collocation points.

We describe below the collocation method for the two-point boundary
value problem (4.1.3) with the general boundary condition (4.0.2). For the
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sake of clarity, we consider first the Dirichlet boundary condition followed by
the treatment of general boundary condition (4.0.2). Note also that the non
homogeneous boundary conditions can be treated directly in a collocation
method so there is no need to “homogenize” the boundary conditions as we
did in the previous section for the Galerkin method.

4.2.1. Dirichlet boundary conditions. We consider (4.1.3) with the
Dirichlet boundary conditions u(+1) = c4. Given a set of collocation points
{z; }é-vzo in descending order with zp = 1 and xy = —1, we look for uy € Py
such that

—euly(x;) +p(xj)uy(z;) + q(z;)un(z))
= flz;), 1<j <N -1, (4.2.1)
un(—=1) =c—, un(l) =cy.

Let {h;(x)} be the Lagrange interpolation polynomials associated with {z;}
and dy; = h;(wk), D = (dk;)k,j=01,... ,n. Taking u™ () = RY(z) in (3.3.16),
we find

N
(D?)gi == Ry (zk) dej i(z5) dejdji. (4.2.2)
j=0

Let {w; = uN(acj)}j-V:O be the unknowns to be determined, we can write

ij () = drjwy,

N N
.%'k;) = Zw]hg(:v) = deij'
7=0 7=0

N-1
= Z dkjwj + drowo + dgywy,
—

N N
h// D2

uN xk wy ] k]wj

: ]:O

N-1

2
= E M jw; + (D rowo + (D?)pnwn.
Jj=1

Substitute the avobe in (4.2.1), we can rewrite (4.2.1) as

Z l] +p(xz)dz] + q(xl)(sl]] wj; = f(xl)

7j=1
— [~ (D*)io + p(:)dio] e — [—£ (D?)in + p(zi)din] c—.

(4.2.3)
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Let us denote
aij = — e (D?)ij + p(x:)dij + q(:)dij, A= (aij)N-1,N-1,

by =f (x:) — [—e (D?)io + p(i)dio] 4 (4.2.4)
— [—e(D*)in + p(zi)din] c—, o
w =(w1,ws, - - ,wN,l)T, b= (b1, ba, - ,bN,l)T.
Then, we can rewrite (4.2.3) as
Aw = b. (4.2.5)

REMARK 4.2.1. Notice that the above formulation is valid for any set
of collocation points. However, the choice of collocation points is important
for the convergence and efficiency of the collocation method. For two-point
boundary value problems, only Gauss-Lobatto points should be used.

A Galerkin reformulation
It is interesting to note that the collocation method (4.2.1) can be re-
formulated into a suitable variational formulation. Indeed, we have

LEMMA 4.5. Let w = (1 + 2)%(1 — z)? be the Jacoby weight, {$j}§y:0 be
the Jacoby-Gauss-Lobatto points and (-,-)n ., be the discrete inner product
associated to the Jacoby-Gauss-Lobatto quadrature. Then, (4.2.1) with cy =
0 is equivalent to:

Find uy € P]% such that

€ <ulN7w_1(UNw),>N,w + <p(x)u/N7 UN>N,w

. (4.2.6)
+a(un, ON)Nw = (f,V)Nw forallvy € Py.
PRrROOF. By direct computation, we find
wl(oyw) = w H (Wyw +vw’) = vy + [a(l + ) — B(1 - x)]%

Since v (£1) = 0 and vy € Py, we derive that w™!(vyw)' € Py_1. There-
fore, thanks to (3.1.15), we find that

(uly, w (onw) ) vw = (uly, 0 (Vyvw) o
- _(u/]</7UN)w = _<UI]<[7UN>N7¢U'

Now, take the discrete inner product of (4.2.1) with hy(z) fork=1,2,--- /| N—
1. Thanks to (4.2.7) and the fact that

PZQ/ = Span{hl(‘r)? hQ(x)v T )thl(x)}’
we find that the solution uy of (4.2.1) verifies (4.2.6). O

(4.2.7)

This lemma indicates that for (4.1.3) with the Dirichlet boundary condi-
tion, the Jacoby-collocation method, including the Legendre- and Chebyshev-
collocation methods, can be reformulated as a Galerkin method with numer-
ical integration. An obvious advantage of this reformulation is that error
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estimates for the collocation method can be derived in the same way as in
the Galerkin method.

A pseudo-code for (4.2.1) using the Chebyshev collocation points is given
below.

CODE PSBVP.1
Input N, ¢, p(x), q(x), £(x), c_, cy
%icollocation points
for j=0 to N do

x(j)=cos(mj/N)
end
%compute first-order differentiation matrix
call CODE ChyDM.1 in Section 3.4 to get D
%compute second-order differentiation matrix
D2=D*D
% compute the stiffness matrix A
for i=1 to N-1 do

for j=1 to N-1 do

if i=j
A(i,j)=—ex*D2(i,j)+p(x(1))*D(1,j)+q(x(1))
else
A(i,j)=—e=*D2(i,j)+p(x(i))*D(i,j)
end

end
% compute the right side vector b
ss1=—e*D2(1,0)+p(x(i))*D(i,0);
s82=—¢ *D2(1,N)+p(x(i))*D(i,N);
b(i)=f(i)-ssl*ci-ss2%c_
end
% solve the linear system to get the unknown vector
u=A"1pb
Output u(1), u(2), ---, u¥-1)

4.2.2. General boundary conditions. We now consider the general
boundary conditions (4.0.2). The collocation method for (4.1.3)—(4.0.2) is:
Find upy € Py such that

—euly(x;) + pla;)uly ()
+q(zj)un(zy) = fl), 1<j <N -1,
a_un(=1)+b_uy(-1) =c_, ajun(l)+bruy(1l) =cy. (4.2.9)
The first step is to determine wy and wy in terms of {wj}é.v: b Tt follows
from (4.0.2) that

(4.2.8)

N N

a_wy + b_ E dyjw; = c_, atwg + by g dojw; = c4,
Jj=0 Jj=0
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which leads to
N-1

b_dNowo + (CL_ + b—dNN)wN =c_—b_ Z dewj,
j=1
N-1
<a+ + b+d00)’wo + bpdoywny = c4 — by Z dojw;.
j=1
Solving the above equations give
N-1 N-1
wo = 54_ — Z @ojwj, WN = c_ — Z &Njwj, (4.2.10)
J=1 J=1

where the parameters ¢, apj, c—, &n; are defined by
&y = (dc_ . Bc+) /DET,
Goj = (db-dn; — bbido; ) /DET,
&= (ac+ _ Ec_> /DET,
Gy = (@bsdo; — éb-d; ) /DET,
with
a=b_dyog, b=a_ +b_dyn,
¢ = a4 +bydoo, d=bydon,
DET = ad — bé.
Note that in both the Legendre and Chebyshev cases, we have dyg = —dyy,
dop > 0 and dyy < 0 (see Sections 3.3 and 3.4). With the assumption
at+ >0, (4.0.3) implies that DET < 0.
Therefore, the general boundary conditions (4.2.9) can be replaced by

(4.2.10) which is of Dirichlet type. Hence, the previous discussion about
(4.2.1) enables us to rewrite the collocation system (4.2.8) as

Aw = b, (4.2.11)
where A = (a;;) is a (N — 1) x (N — 1) matrix and b = (b;) is a (N — 1)-
dimensional vector with
aij = —&(D?)ij + plwi)dij + q(2:)di;
— [~ (D)0 + p(xi)dio] Goj — [~ (D?)in + p(xi)din] dnj,
bi = flz)—[—¢ (D% + p(a;)dio] e — [—€ (D*)in + p(a;)din] c—.
A Petrov-Galerkin reformulation

Unlike the Dirichlet case, The collocation method (4.2.8)—(4.2.9) can not
be formulated as a Galerkin method. However, it can be reformulated into
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a Petrov-Galerkin method for which the trial functions and test functions
are taken from different spaces. Indeed, we have

LEMMA 4.6. Let w = (1 +2)%(1 — 2)” be the Jacoby weight, {a;j}évzo be
the Jacoby-Gauss-Lobatto points and (-,-)nN be the discrete inner product
associated to the Jacoby-Gauss-Lobatto quadrature. Then, (4.2.8)-(4.2.9)
with c+ = 0 is equivalent the folloing Petrov-Galerkin method:
Find uy € Xy such that

Gl o) D + (D) o) v

+ (q($)uNa UN>N,w = <f7U>N,w fO’f’ all UN € P](\)fv
where Xy is defined in (4.1.10).

PROOF. By definition, the solution uy of (4.2.8)—(4.2.9) is in Xy. Tak-

ing the discrete inner product of (4.2.8) with hg(z) for k=1,2,--- /N —1,

we find that the solution up of (4.2.8)—(4.2.10) verifies (4.2.12) thanks to
(4.2.7) and the fact that

PY = span{hy (), ho(x), -, hy_1(x)}.

(4.2.12)

O

This reformulation will allow us to obtain error estimates for the collo-
cation method (4.2.8)—(4.2.9) using the standard techniques developed for
Petrov-Galerkin methods.

A pseudo-code for (4.2.8)—(4.2.9) using the Chebyshev collocation points
is given below.

CODE PSBVP.3
Input N, ¢, p(x), q(x), £(x), at, b+, ct
%collocation points
for j=0 to N do
x(j)=cos(mj/N)
end
%first-order differentiation matrix
call CODE ChyDM.1 in Section 3.4 to get D
%compute second-order differentiation matrix
D2=D*D
% calculate some constants
ta=b_*D(N,0); tb=a_+b_*D(N,N)
tc=a++b+*D(0,0) 5 td=b+*D(O,N)
te=taxtd-tc*tb
cp=(td*c_-tb*cy)/te
c_=(ta*cy-tc*xc_)/te
% compute the stiffness matrix A
for i=1 to N-1 do
ss1=—e*D2(i,0)+p(x(i))*D(i,0)
s82=—¢ *D2(i,N)+p(x (i) )*D(i,N)
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for j=1 to N-1 do
s53=(tdxb_*D (N, )-tbxb, xD(0,3) ) /te

ss4=(ta*b+*D(0,j)—tc*b—*D(N,j))/te
ssb=ssl*ss3+ss2xss4

if i=j
A(i,j)=—e*D2(1,j)+p(x(i))*D(i,j)+q(x(i))-ssb
else
A(i,j)=—e*D2(i,j)+p(x(i))*D(i,j)-ssb
end

end
% compute the right side vector b
b(i)=£f(i)-ssl¥ci-ss2¥c_
end
% solve the linear system to get the unknown vector

u=A"1p
Output u(1), u(2), ---, ull-1)
4.2.3. Numerical experiments. In this subsection we will consider

two numerical examples. The numerical results will be obtained by using
CODE PSBVP.1 and CODE PSBVP. 3, respectively.

ExampLE 4.2.1. Consider the following problem
' — (@) + u(x) = f(@), @€ (~1,1),
u(£1) = 5 +sin(1),
where
f(z) = (42% + 1) sin(z?) — (24 + 52)e®® — (2 + 22%) cos(x?)
so that the exact solution for Example 4.2.1 is
u(z) = > + sin(z?).

We solve this problem by using different values of N and compute the
maximum error which is defined by

Maximum Error = max |w; —u(z;)|.
1<j<N-1

It is the maximum error at the interior collocation points. Here is the output.

N Maximum error N Maximum error
5 2.828e+00 13 6.236e-06
6 8.628e-01 14 9.160e-07
7 1.974e-01 15 1.280e-07
8 3.464e-02 16 1.689e-08
9 7.119e-03 17 2.135e-09
10 1.356e-03 18 2.549e-10
11 2.415e-04 19 2.893e-11
12 3.990e-05 20 3.496e-12
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Exponential convergence rate can be observed from the above table. For
comparison, we also solve Example 4.2.1 using the finite-difference method.
We use the central differences for the derivatives:

3~ Wi+1 — 211)]' +twj-1

h? ’
), Wikl — Wi _ 2
u = 5T , h= N

As usual the mesh points are given by z; = —1 + jh. The maximum errors
given by the finite-difference method are listed below.

N Maximum error

16 3.100e+00

32 7.898e-01

64 1.984e-01

128 4.968e-02

256 1.242e-02

512 3.106e-03

As expected that the convergence rate for the central difference method
is 2. The error obtained by the finite differences with NV = 512 is almost the
same as that obtained by the spectral method with N = 10.

The following example deals with BVPs with the general boundary con-
ditions. We follow CODE PSBVP.3 and use MATLAB to get the following
results.

ExaMPLE 4.2.2. Consider the same problem as above, except with dif-
ferent boundary conditions:

u(—1) —u/(=1) = —4e™® + sin(1) + 2cos(1),
u(1) 4+ o' (1) = 6€® 4 sin(1) + 2 cos(1).
The exact solution is also u(x) = > + sin(x?).

The numerical results are given below.

N Maximum error N Maximum error
5 3.269e+01 13 3.254e-04
6 9.696e+00 14 4.903e-05
7 2.959e+00 15 8.823e-06
8 7.292e-01 16 1.164e-06
9 1.941e-01 17 1.884e-07
10 3.996e-02 18 2.204e-08
11 9.219e-03 19 3.225e-09
12 1.609e-03 20 3.432e-10

It is observed that the convergence rate for problems with general bound-
ary conditions is slower than that for problems with Dirichlet boundary
conditions. This can be heristically explained by the fact that unlike in
the Dirichlet case, the collocation method (4.2.1) with Neumann or mixed
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boundary conditions (4.0.2) can not be reformulted as a Galerkin method,
but instead it corresponds to a Petrov-Galerkin method which does not seem
to lead to optimal error estimates. In the next section, we will present a weak
form of the collocation method for (4.1.3)—(4.1.4) which can be reformulated
as a Galerkin method.

REMARK 4.2.2. The main advantage of a collocation method is its sim-
plicity and flexibility in implementation. In fact, problems with variable
coefficients and general boundary conditions are treated the same way and
result in same type of linear systems as problems with constant coefficients
and simple boundary conditions. However, It is well known that the collo-
cation matrices, even for the simplist differential equation, are full and ill
conditioned, so it is in general not advisable to invert the derivative matri-
ces using a direct method for N large. Instead, an iterative method using
an appropriate preconditioner should be used, see Section 4.4 for more de-
tails. In particular, the above pseudo-codes are only suitable for small and
moderate N.

4.3. Collocation methods in the weak form

The Galerkin method is based on a variational formulation which usually
preserves essential properties of the continuous problem such as coercivity,
continuity and symmetry of the bilinear form, and it usually leads to optimal
error estimates. However, the Galerkin method presented in Section 4.1 is
not feasible for problems with general variable coefficients. On the other
hand, the collocation method is flexible and easy to implement, but it can
not be always reformulated into a suitable variational formulation which
is usually necessary for obtaining optimal error estimates (see Section 4.5
below). A third approach is to use a so called collocation method in the
weak form, or sometimes called Galerkin method with numerical integration,
which is based on a variational formulation with discrete inner product. We
have noted in the last section that the collocation method for (4.1.3) with
Dirichlet boundary conditions can be reformulated as a Galerkin method
with numerical integration so here we will consider (4.1.3) with the general
boundary conditions (4.1.4).

Since the weighted variational formulation (4.1.9) does not make sense
in the Chebyshev case with (4.1.4), we shall only deal with the Legendre
case. The Legendre-collocation method in the weak form for (4.1.3)—(4.1.4)
is:

Find uy € Xy = Py N H}(I) such that

by(un,vn) = (f,v)n forall vy € Xy, (4.3.1)
where
by (un,vN) = € (uy, viy)N +ehruy(l)oy(1) —eh_uy(=1)vy(-1)

+ (p(x)uly, vn) N + (q(2)un, o) N
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To fix the idea, we assume by # 0. Let us denote
N

un(@) =Y un(ar)hi(z), @ = (uy (@), un (1), un(zn))’,
k=0

akj = b (hj, i), A = (ar;)kj=0.1, N,
f: (f(zo), f(21),- - 7f(90N))T7 W = diag(wo, w1, -+ ,wn),

where {wk}fﬁvzo are the weights in the Legendre-Gauss-Lobatto quadrature.
Then, (4.3.1) is equivalent to the linear system

Aw = WF. (4.3.2)

The entries ay; can be determined as follows. Using (3.1.15) and integration

by parts, we have
(W By = (W, By) = —(RY hye) + Byl 133
= —(D?*)jwi + dojdor — dN;jONE- o

Consequently,
arj =[—& (D?)1; + p(wr)di; + () Srs]wn
+ & (doj + h-b05)d0k — € (dnj + h—0n;)Onk-
Note that the matrix A here is of order (N 4 1) x (N + 1) instead of order
(N —1) x (N —1) as in the collocation case (4.2.11).

We can also reinteprete (4.3.1) in a collocation form. To this end, we
observe that

(4.3.4)

(', W) N = —uly () wi + vy ()00 — u'y (—1)d Nk
Then, taking vy = hj(x) in (4.3.1) for j = 0,1,..., N, since wy = wy =
2
NONET) We find

—euy(zy) + plaj)uy(z;)

+q(zj)un(z;) = f(z;), 1<j <N -1,

b_ 2
Cun(=1) b iy (—1) = ——
acun(=1)+ bouly(-) = S

[f(=1) = (=eul(=1) + p(—Duy(=1) + ¢(-Dun(-1))],
b 2
1) +byuy(l) = +— =

(1) = (=2 (1) + p(uy (1) + a(Dun(1)]:
(4.3.5)
We see that the solution of (4.3.1) satisfies (4.1.3) exactly at the interior
collocation points {z; }jV: _11, but the boundary condition (4.1.4) is only sat-
isfied approximately with an error proportional to the residue of the equation
(4.1.3), with u replaced by the approximate solution uy, at the boundary.
Thus, (4.3.1) does not correspond exactly to a collocation method, so it is
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referred as a collocation method in the weak form. It is clear that in the
Dirichlet case (i.e. by = 0), the collocation method in the weak form (4.3.5)
is equivalent to the collocation method.

4.4. Preconditioned iterative method

As we have seen in the previous two sections, there is no suitable direct
spectral solver for equations with general variable coefficients. Hence, an
appropriate iterative method should be used. Since the bilinear form associ-
ated to the equation (4.1.3)-(4.1.4) is not symmetric nor necessarily positive
definite, it is in general not advisable to apply an iterative method directly,
unless the equation is diffustion dominant, i.e., ¢ is sufficently large with
respect to p(z). Note that the equation (4.1.3)—(4.1.4) can be transformed
into an equivalent equation whose bilinear form becomes positive definite.
Indeed, multiplying the function

afa) = eapl(~1 [ plo)da)

to (4.1.3) and since —ed/(z) = a(x)p(x), we find that (4.1.3) is equivalent
to

—(a(z)u'(x)) + b(x)u = g(x), (4.4.1)

where b(z) = a(z)q(z)/e and g(x) = a(z) f(x)/e. We assume hereafter that
there are three constants c¢;, co and c3 such that

<0<ec <alx) <cgy 0<b(x) < cs. (4.4.2)

Let us denote

1
b(u,v) :/ a(z)uv'dr + a(1)hyu(1)v(1) — a(—=1)h_u(=1)v(-1)
! (4.4.3)

1
+/ b(x)uvdr, u,v e H}(I),
-1

where hy and H}(I) are defined in (4.1.7) and (4.1.6). The variational form
associated with (4.4.1)—(4.1.4) is:
Find u € H}(I) such that

b(u,v) = (g,v), forall ve HX(I). (4.4.4)

Hence, under the conditions (4.0.3) and (4.4.2), we find that b(u,v) is con-
tinuous and coercive so that the problem (4.4.4) admits a unique solution.
Hence, instead of (4.1.3)—(4.1.4), we shall consider below its equivalent form
(4.4.1)—(4.1.4) whose associated bilinear form is symmetric and psitive def-
inite.
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4.4.1. Preconditioning in frequency space. Let p; be the Legendre
or Chebyshev polynomials of degree k, Xy be defined in (4.1.10), and
{br = pr + agpr+1 + bkkarg}éV:_OQ be the basis functions of Xy constructed
in Section 4.1. Let Iy be the interpolation operator based on the Legendre
or Chebyshev Gauss-Lobatto points {xj};vzo and (-, )N be the associated
discrete inner product. We consider the following Galerkin method with nu-
merical integration (4.4.1)—(4.1.4):

Find uy = fo:—f Urdr € Xn, such that

bN,w(uN>¢j) = <g7 ¢j>N,wa j = 07 1> cee 7N - 27 (445)

where
bnvw(un,vy) = —([In(au'y)], vn)Nw + (Dun, VN) N w- (4.4.6)
Let us denote
bij = bnw(@j, ¢i), B = By = (bij)ij=01,..N-2,
9i = (9, bi)Nw, §= (90,91, -, 9n—2)", (4.4.7)
i = (ly, 1, - .., in—_2)T.
Then, (4.4.5) is equivalent to the following linear system:
Bu = g. (4.4.8)

Furthermore, for uy = Zi\[;(f Urdr € Xy and vy = Zi\[;(f o € XN, we
have

<Bﬂ, 17>l2 = ijw(uN, ’UN). (449)
It is easy to see that in general B is a full matrix. So we shall resort to an
iterative method for solving (4.4.8).

Notice that the above scheme is neither a usual Galerkin nor collocation
method, it is rather a combination of the two methods. We will see below
that the bilinear form by (-, -) is so designed to preserve, whenever possible,
the coercivity and symmetry of the original problem, and to allow efficient
evaluation of the matrix-vector product Bu.

We now describe how to evaluate

(Bﬂ‘)j = _<[IN(aulN)],a ¢j>N,w + (buNad)j>N,w fOI‘j = 07 17 cee 7N -2

in some detail. Given uy = Y 5o Uror, we compute “—([In(auy)], ¢;)nw”
as follows:

(1) Using (3.3.14) or (3.4.14) to determine 71;1) from
N-2 N
N _(1
uly(@) = 3 dnd(x) = 300y pi(a);
k=0 k=0
(2) (Forward discrete transform) Compute

N
k=0
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(3) (Backward discrete transform) Determine {wy} from
I (CLUN) Zwkpk x]) .7_0717 7N7
(4) Using (3.3.14) or (3.4.14) to determine {u?k } from

N N
v (aup)) (@) = S dnph(x) = > g pi(@);
k=0 k=0

(5) For j =0,1,...,N — 2, compute

—([In(auly)) Z 0 (Dhs 65) N

Note that the main cost in the above procedure is the two discrete transforms
in Steps 2 and 3. The cost for Steps 1, 4 and 5 are all O(N) flops. The term
(bupn, @) N can also be computed similarly as follows:

(1) Compute

xj) :Zﬂk¢k($])a ]20,17 7N7

(2) Determine {wy} from

N
In(bun)( xj) Z pkxj 7=0,1,---,N;
k=0

(3) compute
_<buN7¢j>N,w7 .7: 0717'” 7N_ 2.

Hence, if b(z) is not a constant, two additional discrete transforms are
needed. In summary, the total cost for evaluate Bu is dominated by four
(only two if b(z) is a constant) discrete transforms, and is O(N?) (resp.
O(Nlog N)) flops in the Legendre (resp. Chebyshev) case.
Legendre case

Thanks to (3.1.15), we have for uy,vy € Xp,

—(In(auy)',vn) v =(auy, viy)y + a(hiuy(1)oy(1)
— a(=Dh_un (1o (-1),
where hy is defined in (4.1.7). Hence,

(4.4.10)

bn(un,vn) =bn(vn,uy), forall uy,vy € Xn.

Consequently, B is symmetric.
Under the conditions (4.0.3) and (4.4.2), we have

by (un, un) = (auly, uy)v + a(l)hiud (1) = a(~1)h-ui (~1)

> e {uly, u'y) N = e (uly, uy).
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On the other hand, using Lemma 3.6, the Poincaré inequality
|w|| 2 < colulgr, forall we HNI), (4.4.11)
and the Sobolev inequality (cf. [1])

1 1
we find that
by (un,uy) < cq(uly,uy).

Hence, let s;; = (¢}, ¢;) and S = (sij)gj;%. We have

(Bu,u)z  by(un,upn)
(Su,a)p — (uly,uly)
Since S™!'B is symmetric with repspect to the inner product < @,v >g:=
(Su,v)2, (4.4.13) implies immediately

0<c <

< 4. (4.4.13)

cond(S7!'B) < “ (4.4.14)
C1

In other words, S~! is an optimal preconditioner for B, and the convergence
rate of the conjugate gradient method applied to the preconditioned system

S™'Bu=5"g (4.4.15)

will be independent of N. We recall from Section 4.1 that S is a diagonal
matrix so the cost of applying S~! is negligable. Hence, the main cost in
each iteration is the evaluation of Bu for @ given.

REMARK 4.4.1. In the case of Dirichlet boundary condition, we have
¢r(z) = Lg(x) — Li42(z) which, together with (3.3.5), implies that ¢} (z) =
—(2k 4 3)Lj11(x). Therefore, from u = SN2 dpéy(x), we can obtain the
derivative v/ = — ZkN:_OQ(Qk + 3)UiLiy1(x) in the frequency space without
using (3.3.14).

REMARK 4.4.2. If we use the normalized basis function
~ -1 . -~ o~
O =/ —br(4k +6) "¢ with (¢}, ¢}) = 6y,

the condition number of the corresponding matrix B with b;; = b(g?)j, qgl) is
uniformed bounded. Hence, we can apply the conjugate gradient method
directly to this matrix without preconditioning.

REMARK 4.4.3. If ¢3 in (4.4.2) is large, the condition number in (4.4.14)
will be large even though independent of N. In this case, one may replace
the bilinear form (u/y,v’y) by a (u)y,v’y) + b (u, u) with

1

. | .
= 5(%1[15»5” a(x) + LAnn a(x)), b= §(xé?9§1] b(z) + LAnn b(z)).

Q>

The matrix corresponding to this new bilinear form is a5 + hM which is
positive definite and penta-diagonal (cf. Section 4.1).
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Chebyshev case

In the Chebyshev case, an appropriate preconditioner for the inner prod-
uct by w(uy,vy) in Xy x Xy is (u)y, w™ (vyw)’), for which the associated
linear system can be solved in O(N) flops as shown in Section 4.1. Unfor-
tunately, we do not have an estimate similar to (4.4.14) since no coercivity
result for by (uy,vy) is available to the authors’ knowledge. However,
ample numerical results indicate that the convergence rate of a conjugate
gradient type method for non-symmetric systems such as Conjugate Gradi-
ent Square (CGS) or BI-CGSTAB is similar to that in the Legendre case.

The advantage of using the Chebyshev polynomials is of course that the
evaluation of Bu can be accelerated by FFT.

The preconditioning in the frequency space will be less effective if the
coefficients a(x) and b(z) have large variations, since the variation of the co-
efficients is not taken into account in the construction of the preconditioner.
One approach is to

4.4.2. Preconditioning in physical space. In this case, it is better
to construct preconditioners using finite difference or finite element approx-
imations for (4.4.1)—(4.1.4).

4.4.2.1. Finite difference preconditioning for the collocation method. The
collocation method in the strong form for (4.4.1)—(4.1.4) is:

Find uy € Py such that

— (auy)'(;) + q(@;)un(z;) = fz;), L<j< N -1,
a_un(=1)+b_uy(=1) =0, arun(1l)+byu'y(1)=0.

As in Section 4.2.2, (4.4.16) can be rewritten as a (N — 1) x (/N — 1) linear
System

(4.4.16)

Aw = F (4.4.17)
where the unknowns are {w; = uN(a:j)}jy:_ll, and

W= (w1, wy,...,wx-1)", f=(f@), fma), .., flan1))". (4418

The entries of A are given in Section 4.2.2.
As suggested by Orszag [17], we can build a preconditioner for A by
using a finite difference approximation to (4.4.1)—(4.1.4). Let us denote

~ 1
hie = Th-1 = 2, b = 5 (@1 = Tht), gy 1 = al(@per +23)/2). (44.19)
Then, the second-order finite difference schemefor (4.4.1)—(4.1.4) with first-
order one-side difference at the boundaries reads:

o

a. 1 a;, 1 ai+%

— 2w + ( 2 + = ' Jw; — =
hih; ihi  hihig1 hihitq
+ h(:vl)uz = f(:El), 1< <N -— 1, (4.4.20)
WN-_1 — WN

hn

1

Wi41

wo — W1

=0.
h1

a_wyn +b_ =0, aywo + b+
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We can rewrite (4.4.20) in the following matrix form:
Afdw = f (4.4.21)

where Ay; is a non-symmetric tridiagonal matrix.
It has been shown (cf. [17, 13, 14] ) that in the Dirichlet case, AJZC}

is an optimal preconditioner for A, but cond(AJ?;A) deteriates with other
boundary conditions.

REMARK 4.4.4. The above discussion is valid for both the Legendre and
Chebyshev collocation method.

4.4.2.2. Finite element preconditioning for the collocation method. A
more robust preconditioner can be constructed by using a finite element
approximation. Since the finite element method is always based on a varia-
tional formulation, it can only be used for the preconditioning of the colloca-
tion methods which can be cast into a variational formulation. Namely, the
collocation method for the Dirichlet boundary conditions or the collocation
method in the weak form for the general boundary conditions.

We consider first the treatment of the general boundary conditions. Let
us denote

Xy ={ueHI) ulp,, . €Pr,i=01,...,N—1} (4.4.22)

Tit+1,

Then, based on the variational formulation (4.4.4), the piecewise linear finite
element approximation to (4.4.1)—(4.1.4) is:
Find uj, € X}, such that for all vy, € X},

b (un,vn) = (f;v)n, (4.4.23)
where
br(un, vi) :=(aup, vi)n + a(1)hiun(1)va(1)
— a(=1)h_up(=1)vp(=1) + (bup, va)n,
and (-, -)p, is an appropriate discrete inner product associated with the piece-

wise linear finite element approximation.
To fix the idea, we assume by # 0. Let us denote for k=1,2,--- N —1,

hi(z) = ¢ 255, @ € [ag, o] (4.4.24)
0, otherwise
and
o) = {;O_mxll, x € [z1, 0] v (z) = {m, T € [zN, N1 .
0, otherwise 0, otherwise
(4.4.25)

Xy, = span{ho, h1,- -+, hn}. (4.4.26)
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We further denote

N
up(z) = Zuh(ﬂﬁk)hk(ﬂﬁ), w = (up (o), un(21), -+, up(an))”
k=0
by = bi(hj, b)), Bre = (bij)kj=01,- N, (4.4.27)
mij = (hj, hidny Mpe = (M) kj=0,1, N

f=(f(@o), f(x1),---, flan)".
Then, (4.4.23) is equivalent to the following linear system
Byow = Msof or M~ 'Bjaw = f. (4.4.28)

On the other hand, as in Section 4.3, we can formulate the linear sys-
tem associated with the Legendre-collocation method in the weak form for
(4.4.1)-(4.1.4):

Ao =Wf or W lAw = f. (4.4.29)
Since both (4.4.29) and (4.4.28) provide approximate solutions to (4.4.1)—
(4.1.4), it is expected that M !By, is a good preconditioner for W~1A.

4.5. Error estimates

In this section, we present error analysis for two typical cases. One is
the Legendre-Galerkin method for (4.1.5) with general boundary conditions
(4.1.4). The other is the Chebyshev-collocation method for (4.1.3) with
Dirichlet boundary conditions. The error analysis for other cases may be
derived in a similar manner. We refer to the books [6, 5] for more details.

The following technical lemma is needed for the treatment of the general
boundary conditions. Note that the special case of by = 0 in the following
lemma is well known (see [6]).

LEMMA 4.7. Let
X ={uc H2(I) : azu(£1) + biuy(£1) =0}, Xy = X N Py.
We have
mf Hgf) énllay S N éllam, Vo e XNH](I), m>2, v=0,1,2.

PROOF. Let H(1;x) be the Hermite polynomial (of degree 3) such that
H(1:1) =1, H'(1;1) =0, H(1;—1) = H'(1;—1) =0,
and H(1;z) such that
H(1;1) =0, H(1;1) =1, H(1;-1) = H'(1;-1) = 0.
Similarly, we define H(—1;z) and H(—1;2). Then for ¢ € X N H™(I) with
m > 2, we set
3(x) =9(x) — SV H (1) — p(—1)H(~1;2)

) ) ) (4.5.1)
— ¢ (WH(L,z) — ¢/ (=1)H(~1;2).
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By construction, we have
¢(£1) = ¢/(£1) =0 and consequently ¢ € Hg,(I).
Furthermore, we derive from (4.5.1) that

19llrz S 19l mz + (D] + [(=1)] + [ (1)] + [¢' (-1)]

(4.5.2)
S lollay vm > 2.

Let 7TNO be the orthogonal projector from HZ(I) onto HZ(I)NPy defined
by
((u— vaowu)",v")w =0, forall ve Hg,w(I). (4.5.3)
It is proven (see [3]) that for v = 0, 1,2, we have
16— 720 dllay S N* ™| dllap, ¥ € HZ,(I) N HIND), m > 2. (45.4)
We now define an operator By : H2(I) — Py by

Byo =myi,6 + o(H(12) + 6(~1)H(~1;2)
+¢' () H(L;2) + ¢/ (-1 H(~1;2).
Then by (4.5.1), we have
¢ — Bng = ¢ — 1,0,
(Bno)(£1) = ¢(£1), (Bng) (1) = ¢/(&1).
Hence, By¢ € X. Therefore, thanks to (4.5.2) and (4.5.4), we have

inf [|¢ — o lluy < Il¢ — Byollmy = 16 — wyo, Sl
ONEXN (4.5.6)
SN oy S NV b, Ym> 2.

(4.5.5)

O

4.5.1. Legendre-Galerkin method with general boundary con-
ditions. We consider the Legendre-Galerkin approximation of (4.1.5) with
the Robin boundary condition (4.1.4).

THEOREM 4.1. Let u and uy be respectively the solutions of (4.1.5)—
(4.1.4) and (4.1.14). Then,

lu —unllgr S N ullmn + N7 flln, m 22, k> 1
PrOOF. We derive from (4.1.5) and (4.1.14) that
alu—un,vy) — ((u—uyn)" on) = (f — INf,vy), forall vy € Xy.
Since for all v,w € H*(I) N H}(I),
—(" w) = (v, w") + hpv(Dw(l) — h_v(=1Dw(-1), (4.5.7)



4.5. ERROR ESTIMATES 59

where H)!(I) and hy are defined in (4.1.6) and (4.1.7). Thanks to (4.0.3)
and the assumption a4 > 0, we find that
— (" w) S|l g ||w|| g, for all v,w € H2(I) N Hi([),

4.5.8
— (", v) > (v',0)), forall ve H*(I)n HI). ( )

Hence,

min(a, 1)|ju — un|?n = a(u — uy,u —un) + ((u — un)’, (u — uy)’)
Sa(u—uy,u—uy) — ((u —un)’ u— uN)
=a(u — un,u — Byu) — ((u—un)”,u — Byu)
+ (f — INf, Bnu—uy)
Sallu —unl 2w — Byullrz + [[u — Byul| g |lu — un || g
+ If = Infllp2([lu = Byullp2 + [lu — unllz2).
Therefore, thanks to (4.5.6) and Theorem 3.10, we have

lu—unlm S llw— Byullgy +[[f = Infllz2
S Nl g A+ N7 g

The proof of Theorem 4.1 is then complete. O

4.5.2. Chebyshev-collocation method with Dirichlet boundary
conditions. An essential element in the analysis of the Chebyshev method
for the second-order equations with Dirichlet boundary conditions is to show
the bilinear form

1

= (u w_lvwxw: Uy (VW) AT 0.
0 (16, 0) = (11 0™ (00)g) / (0w)d (45.9)

is continuous and coercive in H&W(I) X H&,M(I). To this end, we need to
establish first the following inequality of Hardy type:

LEMMA 4.8.

1 1
/ uw?(1 + 23)wdde < / uiwdz, for all u € H&W(I), (4.5.10)
—1 -1

where w = (1 — 372)7%.
PROOF. For any u € H&yw(I), we find by integration by parts that
1 1 1
2/ upuzwidr = / (u2)wxw3d:n = —/ uz(mws)rd:ﬁ

! ! ! (4.5.11)

1
= —/ u?(1 4 22?)w’dz.
-1
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Hence,
1 1 1
0 S/ (ug + uzrw?)?wdz :/ uiwdz —i—/ urw’da
~1 -1 -1
1 1 1
+ 2/ ugurwidr = / utwdr — / u?(1 4 2*)wdz.
-1 —1 ~1
U
LEMMA 4.9.

aw(u,v) < 2luglp2 lvglrz, for all u, v e H&W(I),

1
ag(u,u) > Z!uz\%Q, for all u e H&yw(I).

ProoOF. Using the Cauchy-Schwarz inequality, the identity w, = zw
and (4.5.10), we have

3

1
ag(u,v) = / Uz (Vy + vew?)wde

~1
1

1 2
< ’ux|Lg|Ux|L‘% + |U;L«|La </1U2x2w5dx>

< 2lug|p2 |ve|p2, forall u, ve H&w(I).
On the other hand, thanks to (4.5.11) and (4.5.10), we find

1 1
ay (u, u) :/ uiwdaz—k/ utyrwde
-1 -1

1 1
= |uz|%i - 2/ u?(1 + 223 Wodx
-1

3 1
> |ugl7s — 4/1u2(1 + 2%)w’da

1
> Z\ux@%, for all w € Hg,,(I).
([

Thanks to the above Lemma, we can define a new orthogonal projector
from Hy, to Py based on the bilinear form a,(:, -).

DEFINITION 4.5.1. 7y HJ, — PY is defined by

1
ay(u — ﬁ]l\}owu,v) = / (u— ﬁ]l\}owu)’(vw)’dx =0, for ve PY. (4.5.12)
k) 71 k)

LEMMA 4.10.

lu = 5 ullmy S Ny for allu € HIN(I) N Hy (1), v=0,1.
(4.5.13)
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PROOF. We recall that a different orthogonal projector ﬂjl\}ow was defined
in (3.6.11). Using (4.5.10), the definition (4.5.12) and Theorem 3.9, we find
~1,0 2 ~1,0 2 ~1,0 ~1,0
lu =Nl S lu— TN pulp < aw(u =Ty u,u—7y u)
~1,0 1,0
= ap(u — Ty u,u— Ty u)

~1,0 1,0
< 2u— 7y ulglu— Ty ulm

We then derive (4.5.13) with v = 1 from above and Theorem 3.9. To prove
the result with v = 0, we use a standard duality argument. We consider the
dual problem

Its variational formulation is: find ¢ € H&W(I ) such that
(¢, (bw)") = (u— 75" u,yw) Vb € Hy (1), (4.5.15)

Thanks to Lemma 4.9, there exists a unique solution ¢ € H&W(I ) for the

above problem, and furthermore, we derive from (4.5.14) that ¢ € H2(I)
and
~1,0
&Nz S llu—7n ullzz- (4.5.16)

Now we take ¢ = u — ﬁ]l\}owu in (4.5.15), thanks to Lemma 4.9, (4.5.16) and
(4.5.13) with v =1,

1
(u— fr]l\}?wu, u— ﬁ}\}?wu)w = /1 ¢r((u— ﬁ}\}?wu)w)xd:r
! 1,0 1,0
_ / (6 = 750,0) ((u — 752 u)w),da
~1
~1,0 ~1,0
<2(¢ =7y Playlu— Ty ulm
- ~1,0
SN llmzlu— 7y ulms
_ ~1,0 ~1,0
SN =7y ulles lu — 75 Lul .-
We conclude from the above and (4.5.13) with v = 1. O

We are now in the position to establish an error estimate of the Chebyshev-
collocation method for

au — Uzy = f, € (—1,1); u(+1) =0. (4.5.17)

THEOREM 4.2. Let upy be the solution of the Chebyshev-collocation ap-
proximation to (4.5.17). Then,

u—unlmy S Nl + N7 flgg, m>2, k> 1

PRrOOF. Thanks to (4.2.6) and (4.2.7), the Chebyshev-collocation method
for (4.5.17) can be written as:
Find uy € P](\)[ such that

aun, ON)Nw + au(un,vn) = (f,oN)Nw, forall vy € Py.



62 4. SPECTRAL METHODS FOR TWO-POINT BOUNDARY VALUE PROBLEMS

On the other hand, we derive from (4.5.17) and (4.5.12) that
a(u, VN )w + aw(ﬁ]l\}?wu,vN) = (f,vN)w, forall vy € P]%.

Taking the difference of the above two relations and using the definition
(3.6.6) and Theorem 3.8, we find that for all vy € P,

a(fr]l\}?wu —UN,UN)Nw + aw(ﬁ]l\}?wu —UN,VUN)
:(f7 UN)W - <INf7 ,U>N,w =+ OK(ﬁ]l\}?wu: UN>N,LU - a(u, Q}JV)W
:(f - 7'['Nfl,u.)f:vN)w - <INf - 7"-Nfl,wfa U>N,w
1,0
+ 05<7TN7WU —TN-1wU, UN>N,w - a(u —TN-1,wU, UN)w-

Take vy = 7?]1\}0 LU — uy in the above relation, we find by using Cauchy-
Schwarz inequality and Lemma 3.10 that
~1,0 ~1,0
o7y u = unllis + AN = unlfy SIF = 1w fl
+ I = Infll7e + allu = 7y ulfz + llu— mv-1wullZs .
We then derive from the above and Theorems 3.8, 3.10 and Lemma 4.5.12
that
~1,0 ~1,0
lu —unllmy < llu—7yullmy +17yv,w —unllag

SN ullmm + N7 f 1l -
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