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AN ASYMPTOTIC SERIES APPROACH
TO QUALOCATION METHODS

VICTOR DOMINGUEZ AND FRANCISCO-JAVIER SAYAS

ABSTRACT. In this paper we develop an asymptotic anal-
ysis of qualocation methods when applied to a particular class
of pseudodifferential equations. The main result is the exis-
tence of an error expansion between the numerical solution
and an optimal projection over the splines. As by-products of
this expansion we obtain some estimations of pointwise con-
vergence and an asymptotic expansion between the exact and
the numerical solution under the action of regularizing opera-
tors. In addition to this, using the error expansion we deduce
sufficient conditions to obtain qualocation methods of higher
order for some particular equations. Finally, we give a numer-
ical experiment which corroborates the theoretical results.

1. Introduction. This paper is devoted to a full asymptotic analysis
of qualocation methods for a certain class of periodic pseudodifferential
equations. The class of equations (associated to what we will call
expandable operators) we will be working on includes boundary integral
equations [3] on smooth closed curves of the plane. In fact, it can be
proved that the set of operators in our equations is that of periodic
classical pseudodifferential of integer order [11, 13, 19].

Qualocation methods (qualocation is a compression of quadrature-
modified collocation) form a recent family of numerical methods for
the approximation of pseudodifferential equations. This family consists
of three different groups of methods. The first group is that of semi-
discretizations of spline-spline Petrov-Galerkin schemes via substitution
of the test integration process by a suitable quadrature rule [8, 28]. The
second one includes quadrature approximation of outer integrals in a
spline-trigonometric Petrov-Galerkin method [22, 26]. Finally, the so-
called “tolerant” qualocation only discretizes the test integral in the
bilinear form but not in the righthand side (cf. [30, 31]). The paper
[25] surveys recent advances on the analysis of this family of methods.
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Although these methods can be seen as a further step towards full
discretization of Petrov-Galerkin methods, both their analysis and
properties (and also the look of the discrete equations) are closer
to those of collocation methods. In fact, collocation methods are
enclosed in this wider set. The main point for this proximity is that an
apparent additional discretization of a Petrov-Galerkin method can give
better approximation properties than the original scheme. The class
of qualocation methods has been steadily developing in the nineties
with the study of quadrature rules valid for more general equations.
However, stability (especially when the operator is neither strongly
nor oddly elliptic) is an open question in many cases, although some
advances have been made in this area in recent years [15, 20].

The present paper contributes to the error analysis of qualocation
methods by adopting a different approach. We basically expand the
error as an asymptotic series in powers of the discretization parameter
h (i.e., a possibly divergent series where remainders of partial sums
can be bounded by higher order terms). In addition to the inherent
interest these asymptotic series may have (including justification of
Richardson extrapolation for convergence acceleration and a posteriori
error estimation), this approach gives several by-products. On the one
hand, we are able to find sets of superconvergence points in strong
norms. On the other hand, by choosing adequate rules that cancel
coefficients in the series we show how convergence can be improved.
Moreover, the existence of a nonvanishing term proves optimality of the
error bounds. This can be used to construct new qualocation methods
(notice, nevertheless, that the existing catalogue of these is quite wide
for the most used equations) and to prove that some of the already
known can be applied to more general classes of equations without
losing their good properties. We deal with this in Section 9.

The asymptotic series approach has however the drawback of assum-
ing more regularity on the solutions than it is actually needed for some
of the order inequalities to hold. In fact, in some preceding work (see
[10, 13]) the solution was assumed to be infinitely often differentiable
and no track on the precise regularity was kept. The advantages of
this kind of analysis are not on this side, but on the possibility of de-
veloping the complete asymptotic character of the error and extracting
from it information that is not apparent when dealing exclusively with
inequalities.
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The mathematical tools used for this analysis include a wide set of
Fourier techniques. The numerical solution is not compared with the
exact one but with an optimal order projection onto spline spaces D,‘f
whose properties had already been studied [2, 12, 13]. This has
the advantage of concentrating all the error terms due to the trial
space in one simple operator and pushing the first term due to the
whole numerical scheme to the weakest norm convergence order. The
projection operator Dg is a matching of central Fourier coefficients.
The consistency error A(D¢u —u) is then studied and afterwards tests
are applied to develop a full asymptotic series of the tested error. This
is done by using error expansions of compound quadrature rules applied
to the L? product of splines by smooth functions and supposes a sort of
nonstandard Euler-Maclaurin formula. Once stability is formulated as
an inf-sup condition (via identification of the couple of test spline and
quadrature rule with the set of functionals it defines), expansions are
easily converted into asymptotic series of the error in several norms.
These results established, we apply the series to show how terms can
be eliminated in particular situations. A final section is devoted to a
single numerical example corroborating the theoretical results. In this
example adequate numerical quadrature has been applied to preserve
the good properties of the method.

Since the method includes collocation schemes, this paper generalizes
results in [6] applied to logarithmic integral equations of the first kind
with variable coefficients. In comparison with this work, novelties are
plenty, not only in the much wider scope of equations and methods
but also in the different mathematical techniques. A previous paper
[18] had also treated asymptotic expansions of collocation methods
for pseudodifferential equations. The comparison there with the exact
solution (instead of going through the projection Dﬁ) imposed the error
analysis under the action of a regularizing functional, which limited
the strength of the results and did not lend itself to a further study of
numerical integration.

2. The functional setting and the equation. In this section
we introduce the periodic Sobolev spaces as well as the set of periodic
pseudodifferential operators and equations, which constitute the frame
where we will be working in the sequel. In the space of 1-periodic
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infinitely often differentiable complex-valued functions of a real variable
D:= {w:RﬁC’wEC”(R)y <p=s0(1+-)},

we consider the metric

k k
1 lel? — o)

9k k k
22 146 — o)

(II'lloo denotes the maximum norm). There is a well-known identifica-
tion of 1-periodic complex-valued distributions on the real line with the
elements of D’ the dual space of D. For instance, f € L'(0,1) defines
an element of D’ through

Dsw-gww=4fwwww

The corresponding periodic distribution is simply the 1-periodization
of f to the whole of R. Therefore, we will refer to T € D’ as a 1-
periodic distribution. For these we can calculate the distributional
Fourier coefficients

T(m) = (T, ¢_n), mEeZ,

where
Om () = exp(2mm x).

Obviously, distributional and classical Fourier coefficients of f €
L'(0,1) coincide.

We can define the periodic Sobolev spaces (see [16, Chapter 8], [33])

H® = {uED’

> mf*fa(m)? < oo}, seR

m#0

endowed with the norms

1/2
|wp—%mw+§]memﬂ |

m#0
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Then for all s, H® is a Hilbert space. If s > t, H® C H' with dense
and compact injection. Clearly H® = L?(0,1) and the norms coincide
by Parseval’s identity.

The inner product in H°

1
(u,v)0 = @O)F0) + 3 @m)5(m) = / u(t)o(D) dt

m#0

can be extended to give a reciprocal representation of the duality
between H® and H~* for all s € R, with the equality

o= sup bl
0#veH*® HU”S

A linear map A : D' — D’ such that A : H®> — H*™" is bounded for
all s € R with a given n € Z is called a pseudodifferential operator (¢»do
in short) of order (at most) n. The differential and inverse-differential
operators

(1) Diy = Z (2mm)? G(m)m, jEZ
m##0

are 1do of order j, satisfying DI D* = DJ** for all j, k, D% = u—1(0).
In addition, D' is the differentiation operator in D’. The periodic
Hilbert transform

Hu:= Y sign (m)i(m)ém = Y G(m)ém — Y @(m)ém

m##0 m>0 m<0

is a 1do of order zero, which admits a singular integral representation
when restricted to H? (see [33]) and satisfies H> = D°. The opera-
tors D9 and HDJ will be taken now as monomials of the algebra of
expandable operators.

We say that A is an expandable pseudodifferential operator of order
n and we write A € £(n), if there exist two sequences of functions
(a;)? (b;)7% C D such that for all M > —n integer

Jj=—00" Jj=—00

n n
(2) A= > a;D’+ Y bHD + Ky
j=—M j=—M
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with Ky a tdo of order —M —1. For A € £(n) we denote its expansion
by

AZ zn: a; D7 + zn: b, HD?.
j=—o0 j=—o00

On the other hand, the first term of the expansion a,, D™ + b, HD" is
called the principal part of A. Expandable 1)do’s can be characterized
as classical periodic pseudodifferential operators of integer order (cf.
[19]).

Following classical denominations (see [28]) we say that A is strongly
elliptic if there exists ¢ € D such that

Re[p(an, +b,)] > 0, Re[(—1)"¢(ay, — by)] > 0.

If H A is strongly elliptic, we say that A is oddly elliptic. Let us remark
that these concepts are not exclusive: an operator can be strongly and
oddly elliptic at the same time.

If a € D we equally denote by a the order zero ¥do of multiplication
by a. Then

(3) aD"™ — D"a € E(n—1).

In case n > 1, this is just the Leibnitz rule, whereas the cases n < 0
are equally simple. Also

(4) aH — Ha € £(—0),

which means that this operator is a ido of arbitrarily low degree and
as such admits a trivial expansion (a; = b; = 0 for all j).

The main purpose of this work is the study of qualocation methods
for the approximate solution of the equation

(5) Au = f,

where A € £(n). These equations include a wide range of boundary
integral operators such as integro-differential equations of Cauchy type
and logarithmic integral equations of the first and second kind [3], as
can be seen in [13, Appendix].
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3. A class of qualocation methods. Qualocation methods include
two different families of discrete methods to solve (5). On the one
hand we have semi-discretizations of the exterior integral of a spline-
spline Petrov-Galerkin method by means of compound quadrature rule
as in [8, 28]. On the other hand, we have the same kind of semi-
discretization of Petrov-Galerkin methods with splines as trial functions
and trigonometric polynomials as tests [22, 26]. We will concentrate
on the first and leave the second for a final section.

We begin by introducing the discrete spaces. Let N be a positive
integer, h := 1/N and z; := ih for all © € Z. The space of 1-periodic
smoothest splines of degree d > 1 over the grid {z;}icz is defined by

S = {u eCT'R) ju=u(l+ ), uljg .. € P, Vi}

where Py is the set of polynomials of degree at most d. The space of
periodic piecewise constant functions will be consequently denoted 52.
It is well known that S C H® for all s < d +1/2.

Consider now a basic quadrature rule

J 1
Lu:=Y) wu(é) =~ [ wu(t)dt,

where 0 < & < & < ... < &5 <1, w; >0 for all j and ijj = 1.
Then we define the corresponding composite rule
N—1 1
Lyu:=h Z iju(xi + h&j) = / u(t) dt
i=0 j=1 0
and the discrete inner product
(u,v) N := Ly (uv) = (u,v)o.

The qualocation method to solve (5) is

(6) up, € S,‘f, st. (Aup,rp)n = (f,ra)N, Vrp € Sﬁl.
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The method depends on the degrees of the spline spaces involved (d
and d’) and on the quadrature rule. We restrict ourselves to the case

d>n—+1.

With this restriction we can ensure that for all u; € Sg, the Fourier
series of Awy is absolutely (and hence uniformly) convergent and
therefore Auy, is continuous. Part of the forthcoming analysis can be
extended to cover some cases when d = n, namely those where Auy,
can be evaluated in all the nodes z; +¢;h (see [8] for a discussion). For
the sake of simplicity, we will omit any reference to this ‘singular’ case
(see [11] for full details).

In case Sg is the test space we admit & = 0 as node of the basic
quadrature rule understanding that

1 _
rp(z;) = 3 (rn(z) +ru(x;)), ™€ SH,
which is the limit value of the Cauchy sums of the Fourier series of ry,
at x;.

For some requirements of our analysis we must impose the following
restriction:

Hypothesis 1. The quadrature rule satisfies that if J = 1 then for
d' even & # 0, whereas for d' odd, & # 1/2.

This hypothesis will be discussed in the following section in terms of
whether the set of tests (-,r,)n, with r, € S¢ is N—dimensional or
not (see Proposition 3).

If J = 1 and Hypothesis 1 holds, the qualocation method is equivalent
to &1-collocation

up € S st Aup(x; +Eh) = f(z +&h), i=0,...,N—1.

Conversely, we can consider £ —collocation methods as a particular class
of qualocation methods with trial spaces Sg/ where we take d = d or
d = d + 1 so that Hypothesis 1 is satisfied. The quadrature rule is
defined by taking J =1, & =€ and w = 1.
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We will extensively deal with two important sets of quadrature rules
and qualocation methods which have been treated in the literature.
Simpson-type rules are defined by taking J = 2, {&; = 0 and & = 1/2.
Symmetric rules are those with basic quadrature points distributed
symmetrically with respect to 1/2: w, =wj_., & =1—&;_, for all r.

Notice that if & = 0 and the rest of points are symmetrically disposed
with respect to 1/2 with two symmetric points having the same weight,
we can construct a symmetric rule with an additional node in £;41 = 1,
giving the same composite rule Ly. Hence Simpson rules can be
understood as particular cases of symmetric rules. However, because
of their special properties (and also, since they have been separately
treated in the literature), we keep them apart in the forthcoming study.

4. Dual forms of the tests. For r, € S¢ the map (-,7,)n : H' —
C is linear and bounded. Therefore, there exists a unique II;r, € H!
such that

(orh)n = (- prn)o-

Moreover, Il is a conjugate-linear map and its image T}, := HhS,‘f/ is
a finite-dimensional subset of H® for all s < —1/2, since

Ty, Cspan (Oppen | i=0,0.. ;N =1, j=1,...,J)

being §, the periodic Dirac delta distribution on z.

We first introduce a well-known basis of S,{. Let us consider the
following set of representatives of Z modulo N

N N
Ay = Z‘—— < — 5.
N {HE 2<M_2}

The set {r (1) | © € Ay} determines uniquely the spline 7, [2, 4].
Hence there exists a set {¢% € S/ | p € Ax} satisfying

(W) =06", e A,

where ) is the Kronecker delta symbol. Moreover for s < d +1/2,

there exists C'= C(s,d’) such that

(1) Clrall2 < PO+ > |l Fa(w)l® < Irall3, Vra € S
O0ApEAN
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The set {gpﬁ'} is a basis for S,‘f/, yielding

rh = Z ?h(u)cpﬁl, Vo, e s
HEAN

Finally, we can use the recurrence properties of Fourier coefficients of
splines to show that

= [eme (5 2o
where (see [8])

L P om(z) : R x[-1/2,1/2] — C.

Ag(z,y) = yd’+1 Z W

m#0

Proposition 1. The sequence of maps Il : Sg/ — T}, is uniformly
bounded in H® for all s < —1/2.

Proof. Let 0 # p € Ay and m € Z. By [8, Lemma 1] we can prove
that

I_Th?h(ﬂ +mN) = (prh, dutmn)o = (Th, GusmN)N
®) = 3 AL burmn) = ()

VvEAN

where

9) = fprmn) N = ZJ:wT¢_m(§T) [1 Ay (5“ %)} )

r=1

Since Ay is bounded on R x [—1/2,1/2] we obtain that

[Marn(p+mN)| < Clrn(p)l,
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with C depending only on d’. On the other hand, H/h?h(mN) = 7,(0).
Then

TTarall3=[7n(0)* + D [mN[**[[xra(mN)[>
m##0
+ Z Z|u—|—mN|2S|Hhrh(,u+mN)|2

0#pEAN m#0

g?h<0)2[1+2|mN|23]+0 S P

m#0 0ApEAN
[+ > ]
« |Im + p/N|~2
§C§[|?h(0)|2+ > |M|28|?h(/ﬁ)|2] < Cilrallz,

0#pEAN
since |u/N| < 1/2 and —2s > 1. O
Corollary 2. Given s > 1/2, there exists C > 0 depending on s and
d’ such that for allu € H*, rj, € S

[(w, rn) | < Cllulls|lrnl] s

Proposition 3. Hypothesis 1 is equivalent to 11y having uniformly
bounded inverses in H® for all s < —1/2.

Proof. We first remark that by [8], Re (1 + Ag(z,y)) > 0 except
in the points (1/2 + k,1/2), k € Z for d’ odd and (k,1/2) for d’ even,
where it vanishes. Hence, Hypothesis 1 and the positivity of the weights
ensure that

|c2\ >c¢>0, VpeAn,

with ¢, given by (9). Then by (8) we obtain
Clrn(p)| < [Hpra(p)], Vu € An,
and consequently, by (7)

(10) Iralls < Csllaralls, Vra € S§
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which proves the uniform boundedness of H;l.

Assume now that the hypothesis does not hold. When
Re (1+ Ay (x,y)) = 0, the imaginary part of this number is also zero,
and we obtain for NV even

CTI(/'L/Q = 07 Ym € Z,
and therefore by (8),
M, (N/2+mN) =0, YmeZ, Vry, €S,

Taking then rj, = @%/2, we have IIj,r;, = 0 which makes (10) false.
If N is odd, we have that

O?N—n/z — 0, as N — oo.

Thus for any C' > 0 there exists N odd such that H<p?}v_1)/2||s >

CHHhSD((iz,v_l)/sz- Hence IIj, is not uniformly bounded. O

5. Asymptotics of the discrete inner product. In this section
we work on the approximation error (f,rp)n = Ln(fTn) = (f,7r)o-
We begin by recalling some properties of Bernoulli functions. Let By
be the Bernoulli polynomial of degree k (k > 0) (see [1]) and let B, be
its 1-periodization

Bi(x+m)=B,(x), Yzel0,1), VmeZ.
It is well known that B, is continuous for k > 2 since By (0) = By(1).
For By(x) = x —1/2 we will define B,(0) = B;(1) =0, i.e., the average
of the side limits. Notice that for all x € R

(11) By(z) = (=1)"By(~2) = (=1)*B,(1 - 2).

Moreover, B,, has the following Fourier expansion [1]

k! 1
By = -3 Z —% -
(271) =y m
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We also introduce the constants

ot == ()

Lemma 4. Letk € {0,... ,d +1}. Then for all f € H**! r}, € S’;‘f/
and £ € [0,1)

N-1

02) |03 S+ €ninGas + €01 - (i

=0

< C*|[ fllisnllrnll -1

IfM>d +1, f € HY*? and 7y, € S¥

N—-1
WY fi+ Eh)ra(w + €h)

1=0
M
= (forndo+ > (=1 Br©)(f @, rm)o
k=d'+1
+ O )| sl 1.

Proof. Inequality (12) is a straightforward consequence of [13,
Lemma 10]. Expansion (13) follows from [13, Lemma 11]. o

Proposition 5. There exists a sequence (px)r C R, depending on d’
and L, such that for all M > d' + 1, r,, € S¢ and f € HM+2
(14)

M

(firn)o = (Firmdn+ Y W (™ ) v+ OBM )| f [ aryallrn] -1
k=d'+1

Moreover, if the rule L is symmetric or of Simpson type then por+1 =0
for all k.

Proof. A simple reorganization of sums in Ly gives

J N
(15) (w,rn)n =Y w; {hZu(xi + &jh)r(x; + Ejh) |

j=1 i=1
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We remark that the lefthand side sum of (13) is a particular case of
discrete inner product with a single node & = &1, and that by (15) we
are down to a linear combination of formulae (13) for different values
of £ to obtain a full asymptotic study of (f,rp)n:

M

(form)n = (frn)o+ Y BF(=DFy LBy (£%),m0)0
k=d'+1

+ O Y| fllar+2llrall-1-
Also, by (12) we have for k € {0,... ,d + 1}
(17) [{f.rn)n = (Forn)ol < CR*| flleralirall -1

Hence, the proof of (14) is a simple reversal of expansion (16) by
induction.

(16)

Notice that if the rule is symmetric or of Simpson type, LBy, | =
0. Then in expansion (16) there are no odd powers of h. It is
straightforward to check that the same result holds in expansion (14).
mi

6. Consistency error expansion. We introduce a projection onto
the spline space which plays a central role in our analysis. Given u € D',
we define

Dy = Z u(pu)el € Sy
HEAN
This operator can be understood as the result of applying a spline-
trigonometric Petrov-Galerkin projection to the identity, i.e., to the
trivial equation u = w, see [2]. We also introduce the truncation
operator for Fourier series

Dru=Y an)e,.
HEAN

where the notation is suggested by the fact that the set of trigonometric
polynomials spanned by {¢, | 4 € Ax} is the formal limit of S{ as d
goes to infinity.

The operator D;‘f has optimal approximation properties in all avail-
able Sobolev norms [2, 13]: for s <t <d+1and s <d+1/2

(18) HDgu —als < Ch'%||ulls, Yue H'.
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For k > 1 define

k! sign (m)
Cr = HBy = C(2m)k Z mk -
m#0

By (11) and since H maps odd functions into even functions and vice
versa, it follows that for all £ > 1

(19) Cr(1—2) = (=) Cy(z), VzecR.

Following [13] we denote

E,n = {iaij
j=1

the set of differential operators of order n with smooth periodic co-
efficients and without zero term. For A € £(n) with asymptotic se-
ries given by (2) we define two sequences of differential operators: for
k>d+1—n

a; ED},

n+k
o dtk—j ;
Ry = E Ye " laj_pD? € Ly,
j=d+1
n+k
L d+k—j j
Ty = E Vi bj_ij S ‘Cn—i-k-
j=d+1

(20)

Following step by step the proof of [13, Proposition 3| (the norms where
the expansions hold are more demanding in this new situation) we can
prove that for all M > d+ 1 —n and u € HM+"*! the following
expansion holds in H*.

M+1
ADfu—u)= S (ﬁk(N-)RkDﬁ"u + C’k(N-)TkD,‘f’u)
k=d+1—n
+ ORM Y [ull ar-pnra-

(21)

Remark 6. Expansion (21) can be written without the operator Djy°
if d > n+2. In the case d = n + 1, D° can be eliminated of all the
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addenda except T> D;°u, because of the unboundedness of C5. To avoid
making this distinction, we keep (21) as it is.

The quantities

(22) ay = LBy, o« := L(B;By),
B = LCk, Bjx = L(B;Ck),
will be relevant in the sequel.

Given A € £(n), d > n+ 1 and d’ > 0 we consider the following
sequence of differential operators: for k >d+1—n

(23)
Fy := o Ry, + BTy
k—(d4+1—n)
+ > v (Y [agu—y D R + Bia—y D Tisy] € Lusi
j=d/+1

Theorem 7. Let A € E(n) and (Fy,), be the sequence of differential
operators defined in (23). Then for all v, € S and u € HM*+n+2
(24)

M

(A(Dftu—w),ri)n = > hF(Fru,rn)o+OM ) [l arnallrnl -1
k=d+1—n

Proof. From (21) and Corollary 2 we obtain

(A(Dfu —u),rp) N
M+1
= Y W BUNIRDFu ) + (Ce(N)TDiE )
k=d+1—n

+ ORM Y |l arnsallrn -1-
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On the one hand, by (13),
(Bp(N-)f,rn)§

J
arh 0 r}/ 4_' T / )’rh 0
Z [ firn)o+ Z W (=1)B;(&) (9, ra) }
r=1 j=d’'+1
+ O fllusallrnl -1
Let k be such that d+1—-n <k <M —d' —1. Taking v = M — k and
f = RiD;°u above, we obtain the expansion

(25)
hk<§k(N‘)RkDﬁouaTh>N
= ah* (R D, )0 + Z hJ'H“'y;l (—=1) aj (D’ RgDyPu,rp)o
j=d’+1
+ OM ) Jullarnt2llrall -1
For M —d <k < M + 1 we use (12) to obtain
(26) B*[(B)(N-)RxD;*u,ri) N — ak (R Dpou, my)ol
< CPMF ull s gmrallrall -1

Similar arguments can be applied to prove that for d+1—n < k <

M—-d -1

(27)

hk<Ck(N~)Tszou,T’h>N
M-k ‘ _
= W*Be(TuDitu,rn)o+ Y B HEyT (=1)7 B (DI T D u, 7)o
j=d'+1
+ O ) [ullargnr2llrnl -1
whereas for M —d < k < M + 1 a bound similar to (26) holds.
Collecting these expansions, we obtain
<A(Dgu —u),Th)N
M

= Y (EDEu )0 + ORI [ullarpnalrall -1
k=d+1—n
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The bound

|(Fr(u — Dpfu),ri)o| < Cllu — Dpfullntrtllrall—1
< C'PM ol <1

derived from the order of Fj and (18) finishes the proof. u]

The next result is now a simple consequence of Theorem 7 and
Proposition 5.

Corollary 8. Let A € £(n) and d > n + 1. Then there exists a
sequence (Gy)x with Gy € Ly satisfying the following property: for
all ry, € Sg and v € HM+An+2

(28) (A(D{u —u),rp)n
M

= Y NGru )y + O [ullarpngalrall -1
k=d+1—n

Remark 9. For the particular case of £—collocation methods, i.e., for

single point rules, Corollary 8 is a direct consequence of (21), taking

(29) Gr = ap Ry + BTy = B(§) R 4 Cr (&) Tk

In the sequel, the cancellation of some of the first G will be relevant,
since it provokes an improvement in the order of convergence of the
method.

Definition 1. Let b > 0 be the greatest integer such that
(30) Gp,=0, k=d+1-n,...,d+b—n
(b =0 means no cancellation of the first operator). We call this num-

ber, depending on d, d’, L and A, the additional order of convergence
of the method.
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Notice that if F; =0 ford+1—-n < j <k, then G; = 0 for j in
the same range. Since the expression of the operators F} is simpler
than that of G;, we will study the additional order by means of the
cancellation of Fy; instead of using (30). A priori, the additional order
is achieved for a single equation Au = f, although in most cases it will
be proven for classes of operators having similar expansions.

7. Stability. We begin this section by writing the qualocation
method in a standard projection form. To do that we introduce the
artificial discrete projection P, which assigns to u € H*, s > 1/2, the
unique solution of

Pru € Sg/+2, s.t. <Phu,rh>N = <’U,,Th>N, Vry, € S}(f/

Therefore, P}, is the qualocation operator associated to the identity (see
also [28]). We use d’ + 2 to include the case d’ = 0; otherwise we would
be allowed to take Pru € S’;‘f without further complication. Then

[Poully < Cllulls,  1Phu—ully < ChY g o.
Obviously wuy, is the solution to
up € S,Cf, st (Aup,rp)n = (Au,rp)n, YV, € S,‘f/,
if and only if P, Aup = Py Au. Let then
Ap = Py g : Si — gtz

which is a sequence of uniformly bounded operators from H™t! to H'.
Moreover, if the qualocation equations have a unique solution then

Qh = A;IP}LA
is the operator mapping the exact to the numerical solution.
Proposition 10. The following statements are equivalent:
(a) The qualocation method is H" "1 -stable, i.e.,

1Qntllns1 < Cllullngr, Yue H'™
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(b) The uniform Babuska-Brezzi condition holds

(31) inf sup _N(Agn,ra)n| >3>0.

0£9n €57 opryesi [19nllntallrall—1

(¢) The family Ay, has uniformly bounded inverses, i.e.

lgnllnt1 < CllAngnlly, Vg € S
Proof. Tt is obvious that (c) implies (a). Let then P : H~! — H~!
be the 0-adjoint operator to Py, : H' — H',
(Prv,u)o = (v, Pau)o, VueH'veH .

If t;, € Ty, we have that

(u, Pytn)o = (Prhu,th)o = (u,th)o
(recall that T}, = Hthl and the definition of II, in Section 4).
Therefore Pyt =ty for all t;, € T},. Since by transposition the image

of P; is at most /N —dimensional, it follows that P} is a projection onto
Ty,.

Assume now that (a) holds. Given 0 # uj, € S we define w;, =
Py, Auy,. Since
PLA(A™ wy,) = wy, = PyAuy,,  uyp, € S’Zl,
then Q (A~ 'wy,) = uy. Therefore, (a) implies
(32) lunlln+1 < CIA™ wp g1 < C|lwp s

Taking into account the identities

(wh,v)o = (Prhwn,v)o = (wn, Pyv)o,

(wh, Mprp)o = (PhAup, i) N = (Aup, Th) N
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forallve H ' and rp, € Sg' we have

Wp,, UV wn. P*v
|wnll1 = sup M <C sup |(h’*7h)0|
0AveEH 1 ||UH71 0A£PFveEH 1 ||th||,1
(33) )
—c sup wn Il o o (AU )N
Ogérhesicf/ ||Hh7"h||71 07’57‘h€S}dL/ ||’l"h||,1

where we have used the uniform boundedness of P} and H;l. Obvi-
ously, (32) and (33) imply the Babuska-Brezzi condition.

If (b) holds, then

Bllunllnss < sup [Th (A, )|
o¢mes}{f’ ”Th”—l
Apup, i
sup [{Anun, ) N | < C||Anun||1,
0#£rnesY Irall-1

by Corollary 2, which proves (c). O

As a consequence of the preceding result we can easily prove the
following lemma, showing preservation of stability under compact per-
turbations and multiplication operators.

Lemma 11. Let A € £(n) be invertible and such that the qualocation
method is stable in H"*'. Let K : HS — H®™" be compact for all s,
such that A+ K is injective and a € D satisfies a(t) # 0 for allt. Then
the qualocation method for A+ K and aA is stable.

Proof. The first result is a simple consequence of characterization (c)
of stability with standard techniques (see [16, Chapter 13| and [17,
Chapter 1]).

To see the second one, notice first that if A € £(n) then by (3) and
(4), B :== aA — Aa € £(n — 1) is compact as an operator of order n.
Let then

Ah = PhA |Sg ) Avh = PhACL |S§f .
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By a commutator property of splines (see [28, Theorem 2.1]) we have
for all uy, € Sﬁ

(34) | Dit(aun) — auplns1 < Chllup||ns1-
Then
(35) |AnDg (aun) — Apuplly < C'hl|unlns1-

Thus for h small enough

[tnllns1 < Ctllaun|lnsr < ChlIDjt(aun)|[ns1 + Cobllunllnsa
< Csl|An Dl (aun) |1 + Cohllupllnst
< Cs||Apuplly + Cahllup|lnt1,

where we have successively applied: the invertibility of the multipli-
cation operator, the commutator property (34), the stability of the
qualocation methods for A and (35). By Proposition 10, this proves
that the method is stable for Aa. By the first result of this Lemma and
the compactness of B, the method is stable for aA. ]

8. Full expansion of the error and some consequences. We
will prove in this part an error expansion in powers of h of the difference
between the numerical solution and the Fourier spline projection of
the exact solution. To prove it, we will use the infimum-supremum
condition of Proposition 10 to transform the consistency expansion
stated in Section 6 into this error expansion. As by-products we obtain
an estimate of the order of the method, pointwise superconvergence in
some particular points of the grid and a ‘true’ asymptotic expansion
(i.e., one where all the coefficients accompanying powers of h are
independent of h) of the error under the action of smooth operators
(see Proposition 16).

Proposition 12. Given A € £(n) and a stable qualocation method
with additional order b, there exists a sequence of pseudodifferential
operators (Q)r with Qi € E(k) such that the following expansion holds
(36)

M
H [Difu — Qpu] — Z thnguH = OWM ™ ||ul| ar-nso-
n+1
k=d—n+b+1
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Proof. From Corollaries 8 and 2, we deduce

M
<A(D;fu —Quu— Y RFQuATGra), rh>
k=d—n+b+1 N

= O(WM* ) ullarnszlral-1.
The infimum-supremum condition (31) yields

M

Diu—Quu= > hWQuAT'Gru+ OMM)||ullarsnie
k=d—n+b+1

in H™*t'. Notice that we can apply the same argument to each term
Q1A 'Gu. Hence the result follows readily by induction. O

Theorem 13. There exists C > 0 such that for all h and u € HT0+2

1Qnu = ullp—p < CRT" 4 lu] gy po.

Proof. From Proposition 12 and (18) we obtain

gy 1@ s < 1Qu — Diuls + 1D~
< ChT" 1y gg o,
and the assertion is proven. ]

Therefore, we conclude that the order of the method isd —n+b+1
in the norm || - ||,—p, whenever the exact solution is smooth enough.
Hence the order of the method equals the first power of h appearing in
(36).

We point out that the analysis presented in [27, 28] proves the same
order of convergence with somewhat weaker smoothness assumption
on the solution, namely, it is enough that u € H**! The extra
order of regularity on w is then a consequence of the asymptotic
tools developed here. On the other hand, an appropriate use of
inverse inequalities of splines, the convergence properties of D) and
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the stability of qualocation methods in H™*!, allow us to obtain
convergence estimates in other norms and under weaker regularity
conditions of the solution.

It is well known that for n > 1 even, the Bernoulli polynomial B,, has
only two roots, ¢ and 1 — ¢, both in (0,1). For n odd, the roots of B,
are {0,1/2,1}. Taking into account the exception of how we evaluate
B, at its breakpoints, we can say that B, has two different roots in
each period.

Proposition 14. Assume that b > max{n, 1} and ¢ any of the roots
of Byyq in [0,1). Then

max | Qnu(s + Ch) — u(ai + ()| < Ch 2 Jullasiio.

Proof. In [12, Corollary 3.2] it is proven that

max | Djju(x; + Ch) — u(@i + Ch)| < Ch*|luflays.

If n < —1, the inverse inequalities for splines (see [17])
lunlloe < Ch™ 72 lun]ls,
valid for all s <0, and (36) with M = d —n + b yield
1D — Quulloo < CHH Y2 Db — Quallnss < ORI/ u gy

When n > 0, we simply apply (36) and Sobolev’s embedding theorem
which states the continuous inclusion of H' into the space of continuous
functions. ]

Remark 15. This pointwise superconvergence was shown in [23] for
a particular class of qualocation methods, which includes collocation,
and assuming that the operator has the form either a HD™ + K or
aD™ + K with « constant and K an operator of order —oco. Hence,
Proposition 14 can be seen as a generalization of this result.

We finish this section by stating the existence of an asymptotic ex-
pansion of the error between the exact and numerical solution under the
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action of a smoothing operator. Such operators appear, for instance, in
the boundary integral methods when we want to recover the solution of
the differential problem by means of an integral representation formula
or potential.

Proposition 16. Let X be a normed space and T : D' — X be
bounded in the norm of H® for all s, i.e., |[Tullx < Cs||ulls for all s.
Then

M

[r@=uy = > Q| = 0N fullrsnse.
k=d—n+b+1

9. Particular equations and quadrature rules. In this section
we will study the error expansion (36) of particular methods applied to
some equations arising from practical situations. Furthermore, since we
will give an exact expression of these terms, we will be able to deduce
sufficient conditions to obtain quadrature rules which define methods
of higher order by demanding the cancellation of the first terms of these
expansions.

We remark that these conditions and the rules derived from them
are already known and were stated in [8, 27, 28], although we arrive
at the same results from a different way. Our approach enables us to
prove that some methods keep their orders of convergence when they
are applied to more general equations. For instance, we will extend the
good properties of the Simpson-type rules to logarithmic, second kind
and hypersingular equations with variable-coefficients. Moreover, we
can prove that the first power of h appearing in the error expansion is
multiplied by, in general, a non zero function. This implies that the
order proved in (37) is optimal. On the other hand, our smoothness
requirements over the exact solution are a little stronger than those in
(8, 27, 28].

We will pay attention to four cases:
(a) collocation in midpoints or nodes,
(b) &-collocation with £ # 0, 1/2,

(¢) qualocation methods with Simpson-type rules,
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(d) qualocation methods with symmetric rules.

Since we are interested in studying when the operators Fj are null,
we are concerned about coefficients «a;, 3;, o, and ; appearing in
the definition of these operators. By Remark 9 in cases (a) and (b)
only o; and 3; have to be considered.

Lemma 17. In cases (a), (c) and (d)
(38) Qo1 = Por =0, VEkeZ
For Simpson-type rules (case (c)) it holds that

(39) {aj’k =0, ifj ork is odd,

Bijr =0, ifjis odd ork is even,
whereas for symmetric rules (d) we have

(40) {ajyk =0, ifj+kisodd,

Bk =0, if j+kiseven.

Proof. Tt is a straightforward consequence of (11) and (19). O

We will need to deal with the roots of Ca,41. Similar to By, these
functions have two roots in [0, 1) symmetrically disposed with respect
to 1/2 (see [5]). Besides, for k > 0,

1

(41) By (%) = @ =B (0), Cuni(5) = 7= 1)Ci(0).

These relations can be proved using the Fourier expansion of B, and
C, and applying a standard Zeta function trick [24].

Lemma 18. Let
A=aD"+ K or A=aHD" +K,

with a € D such that a(t) # 0 for allt € R, and K of order n and
compact. Let us consider the qualocation method with d, d’ of the same
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parity if A is strongly elliptic and d, d' of opposite parity if A is oddly
elliptic. Then the method is stable in H™1! if and only if Hypothesis 1
holds.

Proof. For a = a € C\ {0} and K € £(—o0) the result is proven in
[8, Theorem 1]. The general case is now a straightforward consequence
of Lemma 11. o

Finally, we introduce the following notation

m+ 2, if m even,
p(m) = ]
m+1, if m odd.

Logarithmic equations. We deal with equations of the form

1
Vu:= / A(-, ) log(sin® 7(- — t))u(t) dt
0
(42)

1
+/O K(-,t)u(t)dt = f,

where A, K € C*°(R?) are 1-periodic in both variables with A(t,t) # 0
for all ¢. From [13, Appendix], we have

—1
(43) vVE S bHD,

j=—o00

with b_1(t) = —(2m) A(t, t). Notice that by (20) and (43), Ry = 0 for
all k.

Assuming that d and d’ are of the same parity, Lemma 18 implies that
methods (b)—(d) are stable. Moreover, collocation in midpoints for d
odd and in the nodes for d even are the unique unstable collocation
methods. We now briefly examine the error expansions and the order
of the methods.

(a) From Remark 9 and (38), we conclude that Go = 0 for all k.
Then expansion (28) has only odd powers of h. Hence stable collocation
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methods are of order p(d)+1. It follows readily that the error expansion
of Proposition 12 takes the form

p(d) M
Ditu—Quu= Y B*"DiQuu+ > WDiQuu
k=p(d)/2 k=2p(d)+2

+ O D) [[ullarsa-

(b) By Remark 9 the first term in expansion (28) is related to the
operator Gyyo = Cyy2(&)Taq2. If d odd and £ is one of the two roots
of Cyya, the £—collocation method is of order d + 3, but with error
expansion (28) containing even and odd powers of h. For other choices
of £ and d the method is of order d + 2.

(c) Applying (38) and (39) we obtain that Fb, = 0 for all k£ and
expansion (24) has only odd powers of h. By Proposition 5 this
property is kept in (28), i.e, Gor = 0 for all k. Thus, Simpson-
type rules define methods of order at least p(d) + 1. Moreover, since
Gp@)+1 = Bp@)+1Tp(a)+1, then by (41), Bya)41 = 0 if

op(d) _ 1

(44) u)lzl—WQ:W.

The Simpson-type rule with these weights defines a method of order
p(d) + 3. The error expansion in this case is

p(d)+2
Diu — Qpu = Z WD Qaxu
k=p(d)/2+1
(45) M
+ Y hPDEQeu+ O(BM Y ull g1
k=2p(d)+6

(d) As in (c), we obtain from (38), (40) and Proposition 5 that
Fy, = Ga, = 0 for all k. Therefore expansions (24) and (28) have
only odd powers of h. If b is such that d + b+ 1 is even and

d)  d+b—1

p
F: =0 k=
2k+1 2 ) ) 2 )
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then the method has additional order b. These cancellation of operators
are for instance obtained if

k:p(d) d+b—1
2 7 2 )
d+1<j<2k—d-—1.

Bak+1 = Bj2k+1—j = 0,

There is a simple choice [8] with a two-point symmetric rule if d’ > 1,
since in this case

Gpay+1 = Fpay+1 = Bpay+1Tp(a)+1-

Taking £1,&2 the roots of Cpg) and wy = ws = 1/2, we have that
Bpay+1 = 0, from where the order of the method becomes p(d) + 3.
In the general case discussed above, this corresponds to b = 2 or 3
depending on whether d is odd or even, respectively. In fact, it can be
proved that this is the unique way to make 3,441 vanish with two-
point rules [15]. When d’ = 0, and hence we take d even, the operator
Gpa)+1 = Fp(a)+1 involves the coefficients 3443 and (1 442. Therefore
cancellation of these is not so simple.

Equations of the second kind. Let a € D be such that a(t) # 0
for all t, and K € C*°(R?) be 1-periodic in both variables. We consider
equations of the form

(46) Au = au+ /1 K-, t)u(t)dt = f.

The operator has the trivial expansion 4 = aD°, and therefore T}, = 0,
Ry, = ydaDF¥, for k > d+1. Cases (c) and (d) are stable if d and d’ are
of the same parity, whereas the unique unstable £ —collocation methods
are the collocation in midpoints for d odd and knot collocation for d is
even.

We now study the order of convergence and the error expansion.

(a) Using Remark 9 and (38) we conclude that Gar11 = 0 for all k.
Moreover, by the proof of Proposition 12 we can show that Qsx41 =0
and expansion (36) only has even powers of h. Thus stable collocation
methods are of order p(d).
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(b) By (29), the first term in expansion (28) is related to Ggi1 =
Bat1(§)Rgy1u. For d odd and £ one of the two roots of Bgi1, the
corresponding £—collocation method is of order d+ 2. Other choices of
¢ and d give methods of order d + 1.

(c¢) Applying (38) and (39) we obtain that Fary; = 0 for all k and
expansion (24) only has odd powers of h. By Proposition 5 it holds
that in expansion (28) also Gar+1 = 0. Now it is straightforward to
verify that expansion (36) has only even powers of h. On the other
hand, the first power appearing in (28) is p(d). From (41) we conclude
that taking

op(d)—1 _ 1
w1 :1—u}2: —ZP(d)—l ,
ay(qy = 0 and therefore G,(q) = apq) Rpa) = 0. Hence this method has
order p(d) + 2.

(d) As in (c), we obtain that in expansions (24), (28) and (36) there
are no odd powers of h. Now the method is of even order d 4+ b + 1 if

a2k:o¢j72k_j20, d/—l-lSjSQk—d—l,
b p(d) d+b—1
- 2 (AR 2 b

because of these cancellations imply that Fp, = 0 for k = p(d)/2,...,
(d+b—1)/2. If d’ > 1, the symmetric rule of two points with &;, &
the roots of Bjg) and the weights w; = wy = 1/2 gives a method of
order p(d) 4+ 2 with only even powers of h in expansion (36).

Equations of the second kind with a logarithmic part. Let

1 1

Au = au + / A(-,t) log(sin® 7(- — t))u(t) dt + / K(,t)u(t)dt = f.
0 0

Then, A has the asymptotic expansion

AE aD+ Y bHD.
j<—1
Thus, these equations are compact perturbations of equations of second

kind and therefore, the requirements for ensuring stability are the same
as in this case.
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Collocation and £—collocation methods keep their order of conver-
gence, but with even and odd powers of h appearing in their error
expansions.

On the other hand, qualocation methods corresponding to Simpson-
type rules and the symmetric rule with two points have now order
p(d)+1. The conditions to obtain qualocation methods of higher order
can be deduced following similar arguments to those applied above.
These conditions involve now the coeflicients owy, Bak+1, @j2k—; and
Bj2k+1—; with k in a suitable range, which depends on the required
order.

Singular integral equations. We consider equations of the form
Su=au+bHu+ Ku=f,

K being a tdo of order —oco. The stability of collocation and
&—collocation methods depends now on the balance between a and
b and on the choice of the point of collocation (see [21, Theorem 3]).
On the other hand, the stability of qualocation methods is not so clear,
and cannot be deduced by the same ideas applied so far. We refer to
[28] for a review of stability conditions for qualocation methods, and to
[20] for very recent contributions to this problem. Provided that sta-
bility holds, an expansion of the error holds but now containing even
and odd powers of h.

Some hypersingular equations. Let

Wu := f.p. /0 Al(-,t)m dt

1
—|—p.v./0 As(+,t) cot(m(- — t))u(t) dt

—|—/O As(-, ) log(sin® 7(- — t))u(t) dt—l—/o K(-, t)u(t)dt = f,

where f.p. denotes the Hadamard finite part and p.v. the Cauchy
principal value. Here we must impose that Ay(¢,¢) # 0 for all t. By
[13, Appendix],

W =N b HDY € £(1),

J<1



144 V. DOMINGUEZ AND F.-J. SAYAS

with by(t) = (m) 'A(t,t). Therefore, for d and d' of the same
parity the unique unstable qualocation methods are those equivalent
to collocation in midpoints for d odd and in the nodes for d even.

The stable collocation method gives the expansion

p(d)-2 M
Dju—Quu= > W*7DiQupu+ Y K DQu
k=p(d)/2—1 k=2p(d)—2

+ O ) [ullarss
Again, for d odd there exist two points &1, &, the roots of Cy, such
that the corresponding £—collocation is of order d + 1.
The Simpson-type rule with
op(d)—2 _ 1
w1 =1—wy = @11

and the symmetric rule of two points &1, £, with d’ > 1 define methods
with order p(d) + 1. The error expansion is now

p(d) M
Diu—Quu= Y h*'DIQuiut+ > hDIQuu
k=p(d)/2 k=2p(d)+2

+ O™ ) [[ullars.

10. An example with numerical integration. In this section we
illustrate with an example the convergence properties of the qualocation
method of Simpson type with piecewise constant functions as trial and
test space for logarithmic equations. Here we implement the method of
higher order constructed by taking w; = 3/7 and wy = 4/7 according to
(44). We show how this can be implemented with numerical integration
applied in a way that preserves the order and the error expansion of the
method. We remark that similar strategies can be developed to cover
all qualocation methods for this kind of equations and can be extended
to equations of second kind with logarithmic part.

Let us consider the equation

Vau ::/O V(-,t)u(t)dt:/o A £) log(sin? 7 (- — £))u(t) dt
1
+ [ KCauta = .
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where A, K € C*°(R?) are 1-periodic in both variables. We consider the
basis {X; f\;l of SP, X; being the 1-periodization of the characteristic
function of the interval (z;, z;41). Then the 5’2 ng qualocation method

is equivalent to solving

N-1
Zuj<VXj>Xi>:<f7Xi>N7 i=0,..., N—1.

j=0
Notice that if b; ; = (VX;,X;)n and a; ;(§) = VX;(z; + £h), then

w1 1 w1
(47) bi,j =h |:7 aiyj(O) + w2 a; ; (5) + 7 ai+11j(0):| .

To approximate a;;(§) we follow a variant of the strategies of [7],
themselves based upon [14]. We first choose C' € C*°(R?) such that

okC ok A

(48) C(s+1,t+1) = C(s,t), W(S’S):W(

s,8), k=0,1,2,
and remark that
F(s,t) :=V(s,t) — C(s,t)log(s — t)?
admits a C? extension to the diagonal s = t. For (i,5) such that
|i — j| < N/2 we approximate
1 Zj+h/2 1
all(e) = / F(x; + €h,t) dt ~ hLF (x; + €h, 2 + h- ) =: B2 (€)
ijh/Q

where z; = x; + h/2 and the quadrature rule with nodes outside the
integration interval (see [7] and [14] for other situations where this
strategy is used)

1
wi= s [17u(=2) + 308u(~1) + 5178u(0) + 308u(1) — 17u(2)]
1/2
R~ / u(t) dt,
—1/2

is exact for polynomials of degree not greater than 5. For the same
pairs (i, ) we compute Hij € P4 such that

I (2 + kh) = C(@; + Eh, 2 + kh), k=—-2,-1,0,1,2



146 V. DOMINGUEZ AND F.-J. SAYAS

and approximate

9 Zj+h/2
Oél(,j) () = / s C(zi + &h,t) log(z; + b — )2 dt

Zj+h/2 (2)
~ / IS () log(a; + Eh — 1) di = 52(E).
Zj—h/Q

The last quantities can be computed exactly (cf. [7, 11]). Finally we
add (&) = B (€) + B (€), and reorganize

Bi.;(€) if [i —j| < N,
Bij+n (&), ifi—j>N/2,
a?,j(f) = Bi(,];)—zv(ﬁ% i—i> N2,
%(ﬂg,ﬁ)—w(f) + 88, N (€), i |i—j| = N/2.
Hence (47) can be used to give an approximation b;j ~ b;; to the

matrix of our system. Notice that we have only used values of F' and
C at points (z; +&h, z5), |1 — j| < N/2+2.

Let now uj be the solution of the discrete qualocation method.
The analysis given in [7] can be adapted to prove H-stability of the
numerical method and that the following expansion

M
DY — uj — Z R DOu; = O(RMTY)
k=5
holds in L®. Here, the functions u;j, depend on the operator V' and on
the exact solution u. Notice that in particular the order of the method
is preserved.

Example. Let Q C R? be a bounded domain with smooth boundary
I'. We take x : [0,1] — T a regular C* parameterization of I". Then it
is well known (cf. [9]) that the solution of

Aw — Nw =0, in R*\ T,
(49) wr =1,
Ow

oy W)+ w(y) = o(ly|™*?), as |y| — oo,
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can be written in the form
1
- / Ko(Aly = x(O)ju(t)dt, ¥y € R*\T,
0

if A% is not a Dirichlet eigenvalue of the Laplace operator in . Here
K is the modified Bessel function of the second kind and order 0 and
u must be the solution of the periodic integral equation

1
(50) /0 Ko(Alx() = x())u(t) dt = f(x(-).

The kernel satisfies the decomposition (see [1])

Ko(Alx(s) = x(1)]) = —% To(Alx(s) = x(t)])
log(sin® w(s—t)) 4+ B(s, 1),

Iy € C*(R) being the modified Bessel function of the first kind and
order 0 and B smooth. Therefore, equation (50) is of logarithmic type.

We take
C( t) = __1 - _/\2 | ( )|2( _t)Q
s,t): 5 3 X S ,

that satisfies (48). Notice that with this decomposition, the polyno-

mials waj appearing in the definition of ,61-(3) (&) are of degree 2. If

# _ =N—1 4o . . .
uy = . o u;X; is the numerical solution, we define

Z LIKo(Aly — x(; + h-)[)] = w(y),
y € R?\T,
the approximate solution of problem (49). Using now Proposition 16

and [7, Theorem 8.1] we can prove that there exists a sequence of
functions (vg)x such that

w(y) — wnly thvk )+ O(hMTh
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uniformly over compact sets of R?\ T.

If the origin is contained in €, then for f = Ky(A|y|) the unique
solution of (49) in Q' := R?\ Q is w(y) := Ko(\y|). In our experiment
we have taken the ellipse I'

x(t) := (0.25 4 2 cos(27t), 0.4 + sin(27t)),

A =1/2 and N = 64, 96, 144, 216, 324, 486.

We approximate the solution of the differential problem in yg = (2, 3),
where w(yo) =~ 0.145425. Notice that the ratio of mesh sizes between
two consecutive grids is 3/2. Then, using Richardson extrapolation (cf.
[29]) we can define a new set of numerical solutions

wj, = wn(yo)

G R e VT 0
Wp = G o 1>

which converge to the exact solution with order 5+ j. Richardson
extrapolation can be used for many other step-sizes relations (basically,
one can use any k values of N to cancel the first £k — 1 terms of the
asymptotic expansion). We take the ratio fixed (for instance, to 3/2)
to be able to observe the asymptotic behavior of the result.

Finally, we denote €] := |w] — w(yo)|. Table 1 shows the values

of efl, and Table 2, the estimated convergence rates (e.c.r.) obtained
by comparison between two consecutive grids, which confirms the
theoretical rates written in the top row.

TABLE 1. Errors after extrapolation.

0
N o €p ot o4 € 4

64 5.30E-09

96 7.34E-10 4.19E-11

144 1.00E-10 3.98E-12 3.28E-13

216 1.35E-11 3.66E-13 1.81E-14 1.23E-15

324 1.81E-12 3.31E-14 1.01E-15 4.59E-17 2.17E-18

486 2.41E-13 2.95E-15 5.77E-17 1.73E-18 6.05E-20 4.20E-21
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TABLE 2. E.c.r. for the errors in Table 1.

5 6 7 8 9
4.874

4913 5.807

4.941 5.886 7.153

4.961 5.930 7.103 8.110
4974 5956 7.069 8.081 8.827

11. The other qualocation method. As mentioned in Section 3,
there exists another class of qualocation methods. In a way, this can be
considered as a limit case when d’ — oo. To unify notations we write

Sp° =span (¢, | 1 € An).
The qualocation method can then be written as
up € Siy st (Aup, i)y = (firn)n,  Vrn € Sp°.

We remark that Hypothesis 1 makes no sense now since d' = oo is
neither even nor odd. Moreover, Proposition 1, and hence Corollary 2,
holds and Proposition 3 is always satisfied. To see that this is so we
need only notice that the proof is valid by taking A, = 0.

Again it is possible to prove that (17) holds for all k, which makes the
approximate inner product asymptotically optimal. The proof follows
readily by doing the same trick (take A, = 0) in the proof of [13,
Lemma 10]. Consequently, the proof of Theorem 7 is greatly simplified,
and the expansion holds with Fy = ai Ry + BTy for all k. Moreover,
by the good approximation properties of the discrete inner product,
Corollary 8 holds with G, = F},. It is straightforward that Propositions
12 and 14 are also valid.

With respect to stability, the proof of Lemma 18 can be adapted to
obtain that the qualocation method is stable for that kind of operators
if and only if they are not equivalent to ill posed collocation: midpoint
collocation for d odd and A strongly elliptic or d even and A oddly
elliptic, and knot collocation for d even and A strongly elliptic or d
odd and A oddly elliptic. For the particular equations examined in
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Section 9, and the methods studied therein, the orders of convergence
and the error expansions are also valid.
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