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Abstract

In this paper we give an overview on well-known stability and convergence results for simple quadrature methods
based on low-order composite quadrature rules and applied to the numerical solution of integral equations over smooth
manifolds. First, we explain the methods for the case of second-kind equations. Then we discuss what is known for the
analysis of pseudodifferential equations. We explain why these simple methods are not recommended for integral equations
over domains with dimension higher than one. Finally, for the solution of a two-dimensional singular integral equation,
we prove a new result on a quadrature method based on product rules. (©) 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

A major task in numerical analysis is to provide methods for the solution of integral equations. For
instance, the popular boundary element method consists in transforming a boundary value problem
for a partial differential equation into an equivalent boundary integral equation and in solving this
boundary equation numerically. Usually, collocation or Galerkin schemes are applied for the dis-
cretization of integral equations. If no analytic formulas for the integrals appearing in the discretized
matrix operators are known, then, in a further discretization step, the integrals are to be replaced
by quadrature formulas. Therefore, methods like Galerkin’s, collocation or qualocation are called
semi-discretization schemes. To get efficient numerical methods, the question arises how to choose
optimal quadrature rules. This essential question is discussed in a lot of papers in the engineering
literature, and mathematicians have analyzed and systematized these quadrature algorithms (cf., e.g.,
[2,10,19-22,26,28,40,41,50,53,56,59]).

However, right from the start (cf., e.g., [39]) fully discrete schemes have been proposed. Applying
these so-called quadrature methods, the integrals in the original integral equation are directly replaced
by a quadrature rule. The entries of the resulting linear system can be expressed as linear combina-
tions of kernel function values with quadrature weights as coefficients. The advantage of quadrature
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methods is that they require less time for writing codes and a little bit less time for computation.
On the other hand, as a rule of thumb, the approximation errors of quadrature methods are a little
bit larger than those of Galerkin or collocation schemes. Especially, the errors measured in nega-
tive Sobolev norms may be essentially larger than those for Galerkin methods. However, there are
cases when quadrature methods can compete with the accuracy of other schemes. Quadrature meth-
ods can be recommended for univariate integral equations of the second kind with smooth kernels.
For univariate equations of the first kind and nonsmooth kernels, quadrature methods often require
modifications, and their analysis is much more involved. Note that first kind equations with smooth
kernels are ill-posed, and the methods of their regularization will not be discussed in this paper.
In case of higher-dimensional equations, the simple quadrature methods can be recommended only
for second-kind equations with smooth kernels. For the general case, more complicated quadrature
methods like methods based on product integration are needed. The latter, however, are very close
to Galerkin or collocation methods with quadrature approximated entries in the stiffness matrix. Note
that, in general, there is no big difference between a quadrature method and a collocation scheme
combined with an efficient quadrature algorithm. Only the “singular” integrals in the main diagonal
of the stiffness matrix and the “almost singular” integrals corresponding to the neighbor elements
are treated differently. Unfortunately, this small difference is essential for the convergence analysis
and the error estimates.

Similarly to the semi-discretized schemes, the quadrature methods can be divided into h-methods,
p-methods, and h—p-methods according to the underlying quadrature rule. If the last is exact for
high-order polynomials, i.e., a variant of a Gaull rule, then the quadrature algorithm is called a
p-method. These p-versions of quadrature are known to be useful for second-kind equations, and
they have been studied very extensively for Cauchy singular integral equations over the interval
(cf. the results and references in [17,18,44]). Quite recently they have been applied to different
one-dimensional operator equations as well (cf. [33,37] and see also [58] for a comparable ap-
proach). If the underlying quadrature rule is a low-order composite rule, i.e., if the domain of
integration is subdivided into small domains of step size less or equal to 4 and if a low-order rule
like the trapezoidal rule or Simpson’s rule is applied to each subdomain, then we call the quadra-
ture method an h-method. h-methods for second- and first-kind equations have been well analyzed
(cf., e.g., [3,4,15,16,18,23,44] and the references in these publications). Clearly, due to the fixed
polynomial accuracy, these h-versions of quadrature methods are designed for problems with finite
degree of smoothness. Finally, a combination of the composite technique with quadrature rules over
the subdomains of variable orders (cf. [55]) is called an h—p method. Note that p- and h—p-methods
seem to be very promising even for equations with a finite degree of smoothness. The analysis of
these methods for general equations, however, seems to be a challenging problem.

In this paper we give an overview on more or less well-known results for the h-version of
quadrature methods. In Section 2 we shall introduce the notion of simple quadrature methods and
that of quadrature methods with product integration. We shall formulate some convergence results for
second-kind equations with smooth kernel functions and smooth solutions. In Section 3 we shall apply
simple quadrature methods to pseudodifferential equations, i.e., to first-kind integral equations over
smooth curves and over the torus. Note that, for these methods, a sort of “Fourier analysis” is required
to derive stability and convergence. If the integral operator is defined over nonsmooth boundary
curves, then the “Fourier analysis” of the approximation methods is much more involved, and we
refer, e.g., to [16,44] for more details. In Section 4 we show how the concept of mesh gradings
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for higher-dimensional quadrature methods leads naturally to fully discretized collocation schemes.
We explain why simple quadrature methods may not converge in case of second-kind boundary
integral equations over curves and surfaces with corners and edges. Finally, we explain that, from
the view point of complexity, simple quadrature methods over graded meshes are not optimal for the
approximation of these higher-dimensional integral equations. In Section 5 we consider a quadrature
method based on product integration for the numerical solution of two-dimensional strongly singular
integral equations.

2. Quadrature methods and Fredholm integral equations of the second kind

A lot of boundary value problems over domains with smooth boundary can be converted into a
Fredholm integral equation of the second kind (cf., e.g., [34]) the numerical theory for which is
well known (cf., e.g., [3,4,23]). Let us begin with the simplest one-dimensional case. Suppose we
have to solve the equation

x(t) + /01 k(t,t)x(r)dr=yp(t), 0<r<l1, 2.1)

where y and k are given smooth functions and x is to be determined. Replacing the integral by the
rectangle rule, we obtain the Nystrom method for (2.1).

n=1 [4+1/2 [4+1/2\ 1
)Z(t)—i-Zk(t, +1/ >x( + )—:y(t), o<i<l. (2.2)
=0 n n n
The solution of this continuous equation over the interval [0, 1] consists of two steps. First, one has
to solve the quadratic linear system for the values X((j + %)/n), j=0,...,n—1
i+ 1/2 n=1 i+ 1/2 1+1/2 I\ 1 i
)Z(]+ / )+ Zk(]+ /2 1+1/ >x<—) —:y<i>, =01, n—1. (2.3)
n =0 n n n)n n
Then, knowing the values x(j/n), X is to be computed via Nystrom’s interpolation
n—1 [+1)2 [+1/72\ 1
)Z(t):y(t)—Zk(t, + U >3€( + U )—, 0<r<1. (2.4)
=0 n n n

Using, e.g., the theory of collectively compact operators, one can prove that (2.2) is stable, i.e., that
(2.3) has a unique solution for n large enough and that the spectral norm of the inverse matrix is
uniformly bounded. The approximate solution X converges to x with the same order as the quadrature
rule in (2.2) approximates the integral in (2.1).

Next, we generalize this method. Suppose I' is a compact manifold which is embedded in a
Euclidean space and which is either closed or open. One should think of closed smooth curves or
two-dimensional closed surfaces (i.e., boundary surfaces of open domains) or pieces of these two.
Over the manifold we consider the integral equation

a(t)x(t) + /r k(t,T)x(t)drt=y(¢t), tel (2.5)

including the kernel £ and the coefficient function a. For first-kind equations, a is zero. If a is
a bounded nonvanishing function, then we can divide the equation by a. Thus we may suppose
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that a is a constant. A good example for the kernel £ is the two-dimensional double-layer kernel
which corresponds to three-dimensional boundary value problems for Laplace’s equation and which
is defined by the formula k(z,7):=(¢ — 1) - v./(4n||t — 7|]*), where ||t — t|| is the Euclidean distance
from ¢ to t and v, stands for the unit normal to the manifold I" taken at the point 7. Note that the
integral operator corresponding to this double-layer kernel is a pseudodifferential operator of order
minus one (cf., e.g., [9,25]). The double-layer equation including this integral operator is an equation
of the second kind with a=0.5. In order to discretize (2.5) we introduce a partition I' = U;_, I}
of I' into small submanifolds I; of diameter less than a prescribed small positive number 4. Fixing

a small integer L and choosing quadrature knots #.,€1I;, /=1,...,L, and nonnegative quadrature
weights ., /=1,..., L, for a quadrature over I;, we arrive at the composite quadrature rule
K K L
[r@de= 5 [ f@die~ 3% o, 26)
r k=1.Jg k=1/=1

Note that, for finer and finer approximations, K tends to infinity, the maximum /4 of the diameters
diamI;, k=1,...,K, tends to zero but L is supposed to be fixed. By m, we denote the order of
convergence defined by

\ [r@ae= 5 5 o
r k=11=1

For example, the partition could be a triangulation of a two-dimensional polyhedron and the quadra-
ture rule the mid-point rule fl; f ~ f(t1)wk, with #;; the centroid of triangle I} and w; := jlz 1
or the three-point rule using the mid-points of the sides of the triangle as quadrature knots and
the weights ;= fl; 1/3. Note that the mid-point rule is exact for linear functions whereas the
three-point rule is exact for quadratic functions over the subtriangles of the triangulation which
leads to an order of convergence of my =2 and 3, respectively. For polygons the subdomains are
intervals, and one could take the trapezoidal rule and Simpson’s rule, which are exact for linear and
cubic polynomials, respectively. In other words my =2 and 4, respectively. However, for periodic
functions over the interval, the order m, of the trapezoidal rule is even co. In case of curved poly-
gons or polyhedra, we can introduce parametrization mappings y :  — I to reduce the integral
i f to the integral [, f o7 -[y'| over a subdomain &, =y"!1(I}) of Q which is a subtriangle or
subinterval. Applying the just mentioned rules to the transformed integral, we end up with a rule of
the form (2.6).

Now, we replace the integration in (2.5) by quadrature (2.6) and arrive at the corresponding
simple quadrature method (cf. (2.3))

<Ch™. 2.7)

K L
aih(tk/,p) + Z Z k(tk/,p,tk,;)fh(tk,l)a)k,; = y(tk/,l’ ), k/ = 1, ey K, ll = 1,. AN L. (28)
k=11=1

If the constant coefficient a is not zero and if the linear system (2.8) is solved, then we even can
define the Nystrom interpolant (cf. (2.4))

gh(z);:l {y(t) - i EL: k(t,te) X, (fk,l)wk,l} , tel. (2.9)
a K=10=1

Theorem 1. Suppose that the compact manifold I' is mg + 1 times continuously differentiable and
the right-hand side y is my times continuously differentiable. Furthermore, suppose that the kernel
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k is mg times continuously differentiable with respect to each of its variable such that even the
mixed derivatives 0%0%k(t,t) with order o and B less than or equal to my are bounded. Finally,
assume that the constant a is not zero and that, for y =0, the integral equation (2.5) has only the
trivial solution x=0. Then the linear system of the quadrature method (2.8) is uniquely solvable
for any right-hand side y at least if the step size of discretization h is sufficiently small. The
approximate solution X; converges uniformly to the exact solution x and

sup |x5(¢) — x(¢)| < Ch™ (2.10)
ter
with a constant C independent of the discretization parameters h and K.

Note that in case of quasi-uniform partitions, i.e., in case that there exists a constant ¢>1 with
c'h<irad I} <diam I}, <ch,

diam [;:=sup{|t — 1|: , T € I} },

irad I;:=sup{€: It €I} st. [t —1|<€ = te}},

then the number of degrees of freedom is of order O(h~?) with d =1 and 2 for boundary curves
and two-dimensional surfaces, respectively.

Theorem 2. Suppose that k is the kernel of a classical pseudodifferential operator of negative order
—m. Furthermore, suppose that mg =m >0, that the compact manifold I' is m~+1 times continuously
differentiable, and the right-hand side y is m times continuously differentiable. Finally, assume that
a is a nonzero constant and that, for y =0, the integral equation (2.5) has only the trivial solution
x=0. Then the linear system of the quadrature method (2.8) is uniquely solvable for any right-hand
side y at least if the step size of discretization h is sufficiently small. The approximate solution
X, converges uniformly to the exact solution x and

sup [X,(¢) — x(t)| < Clogh™'h" (2.11)

tel

with a constant C independent of the discretization parameters h and K.

In particular, the quadrature method applied to the double-layer equation over a two-dimensional
boundary manifold converges with order O(logh™'). To prove the results of the last two theorems,
one first shows stability of the discretized operators on the right-hand side of (2.8). This can be done,
for instance, by the principle of collective compactness. Once stability is shown, the convergence
order is derived from the order of convergence of the quadrature. For details we refer, e.g., to
[3,4,18,23]. The reason for the restrictive order of convergence in Theorem 2 is the singular behavior
of the kernel which can be characterized by the so called Calderon—Zygmund estimate

|00l k(t,7)| < C |t — 7|4t =1L (2.12)

valid for all derivatives of order o and f§ such that —d + m — |o| — |f| <0. Here —m is the order
of the pseudodifferential operator and d the dimension of the underlying manifold I". The order in
Theorem 2 can be improved if a slightly modified quadrature method is considered. This modification
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is called singularity subtraction or regularization (cf., e.g., [18]). To introduce this method we write
(2.5) as

b(t)x(t) + / k(t,7)[x(t) —x(¢)]drt=y(¢), teTl,

b(t):=a + / k(t,7)dr. (2.13)

Thus, we assume that we are able to compute the function b explicitly. For example, for the
double-layer equation over smooth surfaces, constant functions are known to be eigenfunctions of
the integral operator corresponding to the eigenvalue one-half, and (2.13) takes the form

x(t)+4 / t‘|3 [x(r) x(t)]drt=y(t), tel. (2.14)

If we replace the 1ntegrat10n in (2.13) by quadrature (2.6), we obtain the following quadrature
method and the following Nystrom interpolation step:

K L
b(tir 1 X5 (trr, 10 ) + kZ IZ k(trr st DXt 1) — Xt )]s = y(ter 10 )s
=1/=1
=1, K I'=1,.. L (2.15)

V() = S Skt )F (o
b(t) — Zszl Zf:l k(t, ty))og.s

B(t)= tel. (2.16)

Theorem 3. Suppose that k is the kernel of a classical pseudodifferential operator of negative
order —m. Furthermore, suppose that mg=m +1>0, that the compact manifold I' is m + 2 times
continuously differentiable, and that the right-hand side y is m+1 times continuously differentiable.
Finally, assume that a is a nonzero constant and that, for y=0, the integral equation (2.5) has
only the trivial solution x =0. Then the linear system of the quadrature method (2.15) is uniquely
solvable for any right-hand side y and the denominator in (2.16) does not vanish at least if the
step size of discretization h is sufficiently small. The approximate solution X, converges uniformly
to the exact solution x and

sup [X,(t) — x(t)| < Clogh™ '™t (2.17)
tel
with a constant C independent of the discretization parameters h and K.

Another way to improve quadrature methods for nonsmooth kernels is to apply quadrature rules of
product type (cf., e.g., [3,18,30]). Indeed, in many applications the kernel function k(¢,7) is singular
but it admits a factorization

k(t,7) = ke (£, Dksi(8, T), (2.18)

where the first factor kg, has at least a finite degree of smoothness and where the singularity of & is
contained in k. Moreover, we suppose that the singular kernel & is simpler such that the integral
of k; can be computed by analytic formulae. Or we suppose that kg(#,7) is analytic with respect
to t for T # ¢ such that the integral of k; can be computed by higher-order Gaul rules and other
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techniques (cf., e.g., [28,53,55,56]). Note that an additional additive perturbation by a smooth kernel
function can be treated easily. For the sake of simplicity, however, we drop this additional term.

One example for a factorization of the form (2.18) is the representation of one-dimensional po-
tential kernels for the Helmholtz equation. In particular, the single-layer kernel k; corresponding to
the equation with wave number &k and transformed to the 2m periodic interval (cf. [30]) takes the
form

kk(t’ T) :Ml(ta T)lOg

4sin2tTT' + My(t, 1),
1
M(t, )= — EJo(kly(f) — (D)),

Mo(t, )= Hy (kly(0) = 9(0)) = Hi(t, log : (2:19)

t—71
4¢in®——
2

where y:[0,2n] — I is the parametrization of the boundary curve, J, is the Bessel function of order
zero, and Hél) is the Hankel function of order one. The factors M; and M, in (2.19) are analytic
(resp. smooth) functions if the parametrization y is analytic (resp. smooth). Another example for a
factorization is the representation k(#,7) = ko(z,7)|t — t|~* for a typical boundary integral kernel over
a smooth boundary curve I', where k, is an analytic function and where o>0 is a certain degree of
singularity. If y: I'=[0,2n] — I" denotes the parametrization of the boundary manifold and if y, is
the parametrization of the unit circle, then we get a factorization of the form (2.18) for the kernel
transformed to the 2m-periodic interval setting

[y(2) — p(2)|*
[70(2) — po(T)[*

ksi((1), y(2)):=[o(t) — vo(T)| . (2.20)

Unfortunately, such a factorization does not work for the higher-dimensional case. In the higher-
dimensional case, the structure of singularity is more involved and depends strongly on the geometry.
Thus factorization (2.18) is to be defined by kg, (2, 7) =ko(t,7) and kg (2, 7)=|t — 1|~ (cf.,, Section 5
for more details). Then, in the case of curved boundaries, there are no analytic formulas available
for the integration of k. However, if the boundary manifold is piecewise analytic, then the integral
of kg can be computed by tensor products of Gaussian quadratures. For general boundaries of finite
degree of smoothness, the parametrization y can be replaced by a piecewise polynomial interpolant §
which is polynomial at least over each subdomain I; of the corresponding partition of the quadrature
method. After this substitution the integral over the kernel ky(7(2),7(7))=17(¢) — 7(t)|~* can again
be computed by tensor products of Gaussian quadratures (for more details in some special case cf.,
e.g., [14]).

Now, we choose points 7, ; € I} and interpolating polynomials ¢, over I} such that ¢y (7)==
0,. Polynomial means here polynomial with respect to a given parametrization of the boundary
manifold. We consider the quadrature rule

ks (2(2), 9(T)):=hko(7(2), (7)) Y0,

/k(t,r)x(f)dr:/ksi(t,r)[ksm(t,r)x(r)] dt
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K L
~ k¥1 r kg(t, ) 121 [Kom (4, T, )X (Th, )i (7)) AT

K L
= 2 Y k(i @ol, ofi= [ kit oeu(0d (221)
=1ll= k
In order to simplify the assumptions, we assume that the manifold I" is a curve or a surface given
by a single parametrization 7 : Q — I' and that the preimages Q;:=y~!'(I}) of the subdomains I}
are intervals or triangles. Moreover, we suppose that the L parameter points g, corresponding to
the quadrature knots 1, = (o) € I; are defined as the affine images of fixed points ¢,, /=1,...,L
in the standard interval [0, 1] (resp., in the standard triangle {(s,s,): 0<s, <s;<1}). Likewise, the
polynomials ¢, ; are supposed to be the pull backs of interpolatory polynomials ¢, defined over the
standard interval or triangle. If this basis spans a space containing all polynomials of degree less
than m,, than the convergence order of the quadrature rule is my =m,. Applying the corresponding
product rule to (2.5), we arrive at the quadrature method

K L
axy(ter) + >0 > ksm(fk/,l/,Tk,/)fh(fk,l)wf,z:)’(Tk/,l/), K=1,...,K, I'=1,...,L. (2.22)

K=1/=1
Let us note that, for the special choice kg, =1, method (2.16) coincides with the piecewise poly-
nomial collocation method, where the trial space is the span of the {¢;;, k=1,...,K, I=1,...,L}.
In other words, the quadrature method with product rule is already a compromise between quadrature
and collocation method.

Theorem 4. Suppose that the kernel k admits a factorization (2.18), where kg, is m, times contin-
uously differentiable with respect to both variables such that even the mixed derivatives 0*0k(t,7)
with order o and f less than or equal to m, are bounded. For k(t,7), we suppose the same degree
of differentiability for t # © and, for t — 1 and the same orders of differentiation, estimates (2.12)
where m>0. Furthermore, suppose that the compact manifold I' is m, + 1 times continuously
differentiable, and that the exact solution x and the right-hand side y are m, times continuously
differentiable. Finally, assume that a is a nonzero constant and that, for y =0, the integral equa-
tion (2.5) has only the trivial solution x=0. Then the linear system of the quadrature method
(2.22) is uniquely solvable for any right-hand side y at least if the step size of discretization h is
sufficiently small. The approximate solution X, converges uniformly to the exact solution x and
sup |X(2) — x(¢)| < Ch™ (2.23)
L}

te {‘Ek,1:k =1,.Kl=1,..,

with a constant C independent of the discretization parameters h and K.

3. Quadrature methods for pseudodifferential equations over smooth boundaries

Boundary integral operators over smooth boundaries belong to the class of classical pseudodifferen-
tial operators (cf., e.g., [9,25]). If the order of such an operator is nonnegative, then the kernels of the
integral operators are strongly singular or even hypersingular. The convergence of simple quadrature
methods applied to such functions is not guaranteed. In fact, in many situations the straightforward
quadrature methods do not converge. We present here convergent variants of quadrature methods,
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only. All these methods rely on a singularity subtraction step (cf., e.g., (3.7), (3.8), and [6,49] for
operators of order minus one) though, at first glance, this may not be visible. Let us start with the
simplest case, i.e., with a Cauchy singular integral equation over the unit circle T

Ax(t):=a(t)x(t) + b(t)% /wr % dt + /Tk(t,‘c)x(r)drz (), tel. (3.1)

Here a,b,k, and y are given functions and x is to be determined. Using the ideas developed for
second-kind integral equations, it is not hard to reduce the problem for arbitrary kernel functions &
to the case k£ =0. Moreover, for simplicity, we suppose a and b to be continuous. We choose an
even positive integer n, set f,:=e?>™" and consider the following quadrature rules:

2n Y n—1 27‘[1
/ f@di= [ feietds~ S £, (3.2)
T 0 1=0 n
[r@d~ S g (33)
1 IE:k(j:'lwll;;d]2

Note that rule (3.3) has doubled step size in comparison with (3.2). However, it is appropriate to
functions f having a singularity at 7, and will lead to optimal quadrature methods. Thus, we consider
(3.1) for t =1, k=0,...,n — 1, replace the integral by rule (3.3) to obtain the quadrature method

5 1 x(t 4mi
a(t)R(6) +b(t)— 3 . (_lzkt,7—y(tk), k=0,...,n— 1. (3.4)
1=0,.,n—1

I =k+1mod 2

We call this quadrature method stable if, at least for sufficiently large n, Eq. (3.4) are uniquely
solvable for any right-hand side and if the Euclidean matrix norms of the matrices of the linear
systems in (3.4) and the norms of their inverses are uniformly bounded with respect to n. The
method is called convergent if the trigonometric interpolation
n—1 1 #2=1 ¢
Lx(t):= > x(t)— > 7 (3.5)
k=1 ni="unt
tends in the L?> norm to the exact solution x of (3.1) for all continuous right-hand sides y. Note
that stability is an important condition for solving the linear system of equations. Moreover, it is
necessary for the method to be convergent. We get (cf. [44] and compare the analogous results in
[5,32)).

Theorem 5. If the singular integral operator A is invertible, then the quadrature method (3.4) is
stable and convergent. For a right-hand side which is m times differentiable such that the mth
derivative is square integrable, the L* error ||L,X — x|| is less than a constant times n™".

Proof. We assume a and b to be constant. The general case can be treated by well-known localization
techniques (cf., e.g., [44]). Set e(t):=t*, denote the span of the e, k= —n/2,...,n/2 — 1 by T,
and recall that L, stands for the interpolation projection of (3.5). Now it is well known that ¢, is
an eigenfunction of A corresponding to the eigenvalue a + bsign(k + %). Hence, T, is an invariant
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subspace for 4. The collocation solution x, € T, is defined by Ax, ()= y(%), k=0,...,n—1, i.e., by
L,Ax,=L,y. Consequently, we get Ax,=L,y and the collocation solution x,=4"'L,y converges
to the exact solution x=4"'y. Thus in order to prove our theorem, it is sufficient to show the
equivalence of method (3.4) and the collocation method.
The solution X of (3.4) is a discrete function over {#, k=0,...,n — 1}. We identify X with the
linear interpolation L,x. Then our proof is finished if we show
Ax () = ax, (&) + bi. > Mh@-
1 t— 1t n

I =k+1mod 2

We have to prove that, for x, €T,
(1) o 1 x.(t) 41U
2

— =— (3.6)
i T T— tk m 1=0,n—1 t — tk n
[ =k+1mod 2
We arrive at
n 1 n }’l t 1 1
i Tr—tk o T— K mJr T—
1 A At 4
Ly monl) A, (3.7)
Ty o, a1 =k n
I =k+1 mod 2

where we have used that ey =1 is an eigenfunction corresponding to the eigenvalue 1, that {x,(¢) —
x.(t)}/{t —t} is in the span{e;, k= —n/2,...,n/2 —2} and that (3.3) is exact on span{e;, k= —
n/2,...,n/2 — 2}. Note that the exactness of (3.3) is a simple consequence of the formula for the
geometric series. Now (3.6) follows from (3.7) by a straightforward computation. The convergence
order can be derived by standard methods (cf., e.g., [44]). O

Theorem 5 can be generalized to nonuniform partitions (cf. [8,38,54]). An analogous result holds
for the one-dimensional hypersingular equation ([27], cf. also [7,11,29]). However, the singularity
subtraction step (3.7) is to be replaced by the following regularization of the finite part integral:

" X(7) x(T)—x(fk) Ft)(t— 1)
2n/ FEA i / It — 42 [dz]
5 1 1
—l—x(tk)%/w m|df|+x(fk)—/ - tP’d 7. (3.8)

Applying (3.3) to the first integral on the right-hand side, computing the others and performing some
easy calculations, we arrive at the quadrature approximation

x(7) N X)) 2
d ‘
2n/|f e x(")+ AR T
| =k+1mod 2

(3.9)

which, again, is exact for X =x, € T,. Note that a regularization like in (3.8) is necessary in order
to obtain a convergent quadrature method.
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Now, let us consider the generalized single-layer equation

Ax(t)::/T k(t,t)x(t)|dt|=y(t), teT, (3.10)

k(ta T) = a(t)kO(ta T) + b(t)kl(t’ T) + kz(f, T),
ko(t,7):= —%log [t — 1|, ki(t,7):=ki(t/7),

(e iflu—05] if O<u<l, 311
e ™M)= .

‘ 0 if u=0,

where a, b and k, are smooth functions. Operator 4 is a pseudodifferential operator with principal
symbol a,(, &) =[a(t) + b(t) sign(£)]|¢|~'. Replacing integration by quadrature (3.2), we arrive at
the quadrature method

n—1 . 21
120 k(tkatl)x(t1)7:Y(tk)’ k=0,...,n—1. (3.12)

Note that ko(¢,¢):=lim,_, ko(¢,7) = co. Thus, in the last formula, we need to fix an artificial finite
value for ky(z,¢) =ko(1,1). Due to the factor 2m/n this value is of no importance for the consistency
of the quadrature. However, the choice of this value is essential for the stability and the order of
convergence. We take ko(1,1)= — logn/n which corresponds to the quadrature method modified
by singularity subtraction [6,49]. For quadrature methods applied to the general pseudodifferential
equation (3.10) of order —1 and analogous methods applied to other pseudodifferential equations
of negative order, the method of the proof to Theorem 5 fails. The theory of collectively compact
operators is helpful to treat the compact perturbations [ k(¢ 7)x(t)|dz|. The stability of the main
part of the equation, however, requires new techniques. Of course, stability is to be understood not
in terms of the Euclidean matrix norm but in terms of a more general operator norm induced by
the norms of the Sobolev spaces in which A4 and its inverse are bounded. The first method of proof
is the so-called localization principle. The second is the Fourier analysis or circulant technique. For
example, the stability of the discretized weakly singular operator defined by the left-hand side of
(3.12) can be reduced by localization to the stability of the corresponding matrices with frozen
functions a, b, and k,. The matrix with constant a, b, and %, is a circulant and takes the form

2 2n 2m\ "
V,:= <—a10g|1 _tk—l‘_ +bk1(lk_1)— +k2_n> . (313)
n n n Jii=o

In general, a matrix (%z)Z?Lo is called a circulant if a;; =a;_, and a;_; =a;_,+,. The eigenvalues

{2, 1= —n/2,—n/2+1,...,n/2 — 1} of the circulant (ak,,)zjlzo are connected with the entries by
n—1
b=y g, (3.14)
=0

Using (3.14), writing |1 —¢,| =2[sin(n//n)|, and substituting sin(nx) by mx ]2, (1 —x%/j?), it is not

hard to verify that the matrix ¥, has the eigenvalues
: [s(e)l/nif [= —2,...,—1, 1,...,2 — 1,
/Lﬂ
: 275](2 lf Z: 0’

(3.15)
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where the numerical symbol function s is defined by s(¢):=af(t) + bg(t),
f():=2log2m) —2 > log|l|?, g(e™™):=mn cot(mu).
1€7, 170

Note that function f is smooth except at 7= 1. Multiplying f(¢) by (¢t — 1)* we get an absolutely
convergent series. By the way, f* is the symbol function of the Toeplitz matrix (—2log|k —/])75_ _
which is the quadrature discretization of step size one for the logarithmic equation over the real axis.
Comparing eigenvalues (3.15) with the eigenvalues py=2mnk, and p, = (a + sign(/ + %))|Z|_1, ==
1,£2,... corresponding to operator 4, we observe the consistency property A7/u; — 1 for any
fixed / and for n — oco. The stability is equivalent to the existence of a constant ¢>1 such that
¢ M| <27 < el holds for sufficiently large n and / = —n/2,...,n/2—1. We arrive at the following
typical theorem.

Theorem 6. If the pseudodifferential operator A of order —1 is invertible, if ky(1,1) is chosen to
be —logn/m, and if a(t)+ Ab(t) # 0 for all t € T and —1 <A< 1, then the quadrature method (3.4)
is stable and convergent. For a right-hand side which is four times continuously differentiable or
at least contained in the Sobolev space H*(T), we get the estimate (cf. (3.5))

sup ‘L,,)Z — x| <C HL,,)’E — XHHI(‘[[) <C}172 ||yHH4(T)' (316)
teT

The assumption a(t) + Ab(¢) # 0, —1 <A<1 means that operator 4 is strongly elliptic. Note that
the interval [ — 1, 1] in this condition originates from [ — 1,1]={g(¢)/f(¢): t € T}. The convergence
order two in estimate (3.16) can be derived from the symbol function s, too. Namely, if there
exists a constant o>0 such that |[x|f(x)=1 4+ O(|x|*) and xg(x)=1 4 O(|x|*) for x — =40, then
|4} — /|| <O(n~*) and the order of convergence is o. In fact this constant exists, and is equal
to two. As it is well known (cf. [6,49]), the convergence order is even three in the case that the
coefficient b vanishes identically. To improve the order of convergence, one can use, for instance,
an end-point correction for the rectangle rule (cf. [1]). More details and different modifications to
improve convergence can be found in [6,18,31,35,36,44,49,52,57].

In general, for the stability of the quadrature method applied to a first-kind integral operator, the
invertibility of the operator is not sufficient. Often strong ellipticity turns out to be the necessary and
sufficient stability condition. For one-dimensional pseudodifferential operators of order less than —1,
the quadrature method can also be considered as a Galerkin method with Dirac-¢ ansatz functions (cf.
[51]). In this case standard techniques for the Galerkin approximation of strongly elliptic operators
can be applied.

Finally, let us remark that there is not much known for quadrature methods applied to pseu-
dodifferential equations over the boundaries of higher-dimensional domains. The only paper in this
direction we know about is due to Saad Abdel-Fattah [48]. To report this result, we consider the
two-dimensional pseudodifferential operator of order zero over the torus T2:={(t,5,) € R* 0<y
<1, i=12}

Ax(t) = a(t)x(t) + /2 k(t,t)x(t)dt = y(t), teT?

k(t,7) :=ko(t,t — 1) + kao(2,7), (3.17)
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where the coefficient ¢ and the kernel function k, are supposed to be smooth and one-periodic
functions and where the singular kernel ky(¢, o) satisfies

ko(t,00) =sign(0)ko(t,0)0™ %, 0 #0 (3.18)

and is smooth and one-periodic with respect to € T? and smooth with respect to o for |g|=1.
Applying the tensor product trapezoidal rule to (3.17), we arrive at the quadrature method

) () (),
n n n n 1,Lb=0 n n n n n n n
ZJ/(an), k17k2:07"'1n_1- (319)

Here the singular value k(z,¢) is set to zero. Using localization techniques and two-dimensional
Fourier analysis, Saad proved the following theorem.

Theorem 7. If the singular integral operator A is invertible and satisfies condition (3.18), then
method (3.19) is stable and convergent in the same sense as method (3.4) in Theorem 5.

The convergence order for smooth right-hand sides is one. Note that this result is not important
as a result for the artificial torus but it is important as a local analysis of the quadrature method
over regular tensor product grids. Of course, for a full understanding of quadrature methods a lot of
further local cases have to be studied, and these cases seem to be much more involved.

4. Negative results for quadrature methods applied to higher-dimensional equations

Now, let us have a look at quadrature methods for the solution of general integral equations over
two-dimensional manifolds. If the kernel function and the manifold are smooth, then we have nice
results for second-kind equations like in Theorem 1 and a lot of problems with first-kind equations
which are severely ill-posed and not discussed here. In many important applications, however, the
kernel k(¢,t) is singular in the sense of (2.12). In this case, even if the quadrature method is stable,
the convergence of the quadratures and, consequently, that of the approximate solutions is very poor
(cf.,, e.g., Theorem 7) if the method is not, in fact, diverging. We only mention here the lack of
convergence for the simplest quadrature method applied to the double-layer equation over polyhedra.
Without loss of generalization, we choose the simplest example and consider the equation

2[1 d(t)]x(t)—i——/vr (t x(r)dF W), terl (4.1)

over the boundary I' of C:{(xl,xz,x3)6 R} 0<x;<1, i=1,2,3}. Here v, is the unit normal to I’
at 7 and d(¢) is the normalized solid angle of C at the boundary points, i.e., d¢(t) :% for vertex
points, dc(t):% for edge points, and dc(t):% else. Note that the double layer kernel is strongly
singular at the edge and vertex points and (2.12) holds with m=0. For simplicity, we choose
I'= UkK:] I, to be the partition of I" into K = 6n* uniform squares of side length 2= 1/n, and we
suppose that rule (2.6) in method (2.8) is the mid-point rule. Then the error sup, ; |¥5(t.;) — x(t.,)|

need not tend to zero even if the right-hand side y is smooth. This follows from the fact that the
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quadrature error does not turn to zero uniformly. Indeed, choose #. , =(0.54,0,0.5k) and x to be
one over {(x,x,,0)€R*: 0<x;<1, i=1,2} and zero over the rest of I" and consider the quadrature
error

K 1
/rk(fk/,lf,f)x(f)drf - kzl 121 Kt s i )X (1 ) g

1 : : (09 05 1) ’ ((OSh’ Oa OSh) - (XI,)C2,0))
= — / dX1 dX2
2n Jo Jo |(0.54,0,0.5h) — (x1,x2,0)|3
S (0.0.1) ((05h,0,05h) — (k — 0.5k — 0.511,0)) ,
Mttt 1(05h,0,0.5h) — (U — 0.5], ks — 0.5]1,0)

1/%/" 0.5 e d

=— x1dx

2 Jo Jo [(05,0,05) — (x1,x,0)F 7
1 n

LI 0.5
21 1,501 10.5,0,05) — ([k — 0.5]. [k — 0.51,0)

Obviously, this tends to

1/00 /oo 0.5 dx;dx
oanto Joo 1(05,0,05) — (xpxp, 0)F
1 0o

LIS 0.5
27 jdae1 [(0.5,0,0.5) — ([k; — 0.5],[k» — 0.5],0)]3’

i.e., to the quadrature error over an unbounded conical boundary manifold. This quadrature error with
step size h=1 is different from zero. Now, the convergence properties of the quadrature method
correspond to those of the quadrature rule, and method (2.8) does not converge with respect to
the supremum norm. Similar homogeneity arguments apply to quadrature methods including special
graded meshes and double-layer equations over general piecewise smooth boundary manifold. To get
a converging quadrature method, it is sufficient to choose the version with singularity subtraction
(2.15) (cf. [47]). Analogous arguments can be used also for disproving the convergence in the case
of strongly singular integral equations.

Now turn again to general quadrature methods over two-dimensional manifolds. To improve a
low order of convergence, one has to adapt the quadrature to the singular behavior of the kernel
function 7 — k(¢,7). We shall discuss two methods, mesh gradings in this section and product rules
in Section 5. The first and simplest way of adaption is to use a mesh grading towards the singularity
point ¢ of the kernel. In other words, the quadrature rule employed for the numerical method should
not be a fixed rule but it should depend on the source point 7. Such an improved method seeks
approximate values X(¢) for the unknown solution x over the points ¢ of a fixed grid G. For each
point ¢ € G, we have to approximate the integral [ k(z,7)x(t)dz in (2.5) by a quadrature rule over a
refined grid G, the points of which accumulate around 7. Hence function values x(t) at the quadrature
knots 7 € G, of this refined grid are required, and these can be obtained by interpolating the fixed
set of approximate values {X(¢), 1 € G}. If the interpolant is x;, i.e., if the values X(t), T € G, are
approximated by %;(t), t € G, then the quadrature approximation to [ k(z,t)x(t)dz is a discretization
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of [k(t,7)%;(t)dt. In other words, the resulting scheme in its simplest form is rather not a quadrature
method but rather a fully discretized collocation method.

An exception, where a refined mesh can lead to an improved quadrature method in the sense of
(2.15), is the case of second-kind integral equations over nonsmooth but piecewise smooth surfaces.
Let the piecewise smooth surface I' € R* take the form |J)'"_, I, where all the patches I'™ are
smooth. Then, for instance, the kernel k(¢,7) of the double-layer equation satisfies (2.12) with m =0
for points ,7 from different patches I and I'™. For points of the same smooth boundary patch I'”,
estimate (2.12) holds with m = 1. Moreover, if the patches I™ are planar, then the double-layer kernel
vanishes. Hence, one can choose a fixed mesh G graded towards the boundaries of the patches I,
and, for each ¢ € G, the grids G, can be chosen to be G. The mesh grading means that the diameter
of the partition domain has to be small when the domain is close to the edge, i.e., to the boundary
of the smooth patches I'”. Unfortunately, a partition with subdomains small only in the direction
toward the edge and larger in the direction parallel to the edge is not sufficient. The resulting
quadrature methods take the form (2.15). The number of subdomains and the corresponding number
of degrees of freedom corresponding to such gradings is usually in the order [A~']* where 4 is the
maximal mesh size and where «>2 depends on the smoothness of the solution or, equivalently, on
the geometry of I'. Thus, substantially more degrees of freedom are necessary than the [A~']* for
methods over uniform grids. The corresponding quadrature methods are analyzed in [45,47].

To evaluate this quadrature method over graded meshes we turn to the complexity. Let us suppose
that [ is the order of complexity for Nystrom’s methods over regular grids, i.e., suppose that the
number of necessary arithmetic operations to compute an approximate solution with a supremum
norm error less than a prescribed &> 0 is less than O([¢~']%). Here the f§ depends on the singularities
of the exact solution to the double-layer equation. It turns out that, using an appropriately graded
mesh, the order of complexity of Nystrom’s method can be reduced to f5/2. In contrast to this
higher-dimensional result for quadrature methods, the complexity order of the univariate quadrature
method and that of higher-dimensional discretized collocation or Galerkin methods can be reduced
to an arbitrarily small number if only a quadrature rule (resp. a trial space) of sufficiently high
order is used and if the mesh is appropriately graded. In particular, in case of the two-dimensional
collocation method, the graded meshes can be chosen to include subdomains which are of small size
in direction to the closest edge and which have a larger size in the perpendicular direction. Hence,
the number of degrees of freedom can be estimated by [A~']* and, at least asymtotically, the order
of complexity can be reduced to an arbitrarily small number. Consequently, even in the case of
second-kind equations, the fully discretized collocation or Galerkin methods are more efficient than
the simple quadrature methods (2.8) and (2.15).

5. Product quadrature for two-dimensional singular equations

Suppose I' is a smooth two-dimensional manifold. Over I' we consider the integral equation
Ax=y from (2.5) with 4 an operator invertible in the space L?*(I'). We suppose that the kernel
k admits a factorization k(¢,7) = ki (t, 7)ks(2,T) with the factor kg, of finite degree of smoothness
and with the singularity factor kg, which satisfies (2.12) with m =0 and d =2. We assume that, in
contrast to the integration of k, the integration of kg is easy to perform. Using the factorization,
we can consider the product quadrature rule (2.21) of order m, and the corresponding quadrature
method (2.22) from Section 2.
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Let us discuss one important example. Operator 4 could be a classical pseudodifferential operator
of order zero. Clearly, the corresponding equation is of the form (3.17) with T2 replaced by I'. To
enable an explicit factorization, we consider singular kernels &, (cf. (3.17)) of the form

t—1
ko(t,r):koo(t,r)]‘)t(_r‘g, (5.1)
where « is an integer greater or equal to two and where p is a homogeneous polynomial of degree
o — 2. Using (5.1), we define the factorization ko(t, 7) = ki (2, 7)ks(2, T) by

ksen (7(5), 7(5")) 2= koo (7(5), 2(s) - [7'(s")],

o PO(s) —(s)
ksn(’y(s)a’y(s )) . |})/(SI)‘ : |'))(S) — '))(Sl)’a’ (52)
where y : Q — I' is the parametrization of I' and where |y'(s)| with s=(sy,s,) stands for the
Jacobian determinant |J;,y(s) X 05,7(s)| of the parametrization. To simplify the formulas, for the case
that there is no global parametrization, we suppose that € is the disjoint union of the parameter
domains corresponding to local parametrization patches.

For our example, we now consider a quadrature partition I' = U,’le I, which corresponds to a
triangulation of the parameter domain Q. We may suppose that the parametrization y is analytic over
each panel I} since otherwise we can replace y by a piecewise polynomial parametrization which is
polynomial over the parametrization domain y~'(I}) (for an estimate of such an replacement cf., e.g.,
[14]). Note that the integrand s’ — kg (y(s),7(s"))|y’(s")| is analytic over all triangular subdomains
9~!(I}) with a possible singularity at s’ =s. The degree of smoothness of k, is determined by the
degree of smoothness of &y and of 7.

Let us turn back to the general case. To simplify the notation, we suppose from now on, that
the knots t;, are located in the interior of the triangular panels I;. Moreover, we shall call the
triangulation I' = Ule I} locally quasi-uniform if

(i) There is an £>0 such that the interior angles of the triangles y~'(I};) are all bounded between
gand w—e.

(ii) There exists constants ¢ >0 and ff>1 such that the quadrature step size h:=max{diam I}: k =
1,...,K} satisfies the estimate ch’ <min{diamI};: k=1,...,K}.

(iii) There is a constant C >0 such that, for any two nonneighbor subdomains I and I;,, we have
diam I, < C dist(I;, I}).

As before, we call method (2.22) stable, if (2.22) is uniquely solvable for any right-hand side at

least for sufficiently small 4 and if the norm of the matrix

(@O i,y + ksn(Th s Tor 1 YO Yanw.n] ™

inverse to the matrix of system (2.22) is uniformly bounded for all locally quasi-uniform partitions
with sufficiently small step size 4. The norm of the matrix is the one induced by the L? space. Since

K L
Y @l en= /1drt (5.3)
L2(I) k=11[1=1 I;

holds for any sequence of numbers ¢ ;, the norm of the matrix is the Euclidean matrix norm of

K L
> . fk,l(Dk,z

k=11=1

_ —1
[al + (Qrkem(Th 15 Thr, v )wzf/,w@k/l)(k,l),(k',lf)] .
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As mentioned in Section 2, the quadrature method based on product integration is a perturbation
of the collocation method where the trial functions are functions spanned by ¢, ;. More precisely,
the collocation method seeks an approximate solution X for the exact solution x of (2.5) in the
span of the functions ¢, such that 4%(t; ;)= y(74;) holds for any point 7, ,. The coefficients of
X with respect to the basis functions ¢, are to be determined from a system of linear equations
including the so-called stiffness matrix (4@ i (Tk1))k 1., 17)- Analogously to the quadrature method,
the collocation is called stable if the stiffness matrix is invertible at least for small step size A
and if the Euclidean matrix norm of the inverse matrices (04 (s, I)Q,Ql)(k’l,)’(k/? iy are uniformly
bounded. The stability analysis of these collocation methods for two-dimensional manifolds is a
difficult task. It seems, there exist only very few results for special cases (cf. [24,42] and, for
similar operator equations, cf. [3,12,13,43,46,60]). On the other hand, many engineers use collocation
methods successfully without observing any stability problem. If stability is true, then the derivation
of the usual convergence results for the collocation is not difficult.

Theorem 8. We suppose that the partition I'=\J;_, I, is locally quasi-uniform. Furthermore,
we suppose that the parametrization y is analytic over each subdomain I} and m, + 1 times
continuously differentiable. Recall that m,>2 is the order of approximation of the interpolation
S =201 f(wi)er: and the order of the product rule (2.21). We assume that the kernel of (2.5)
admits a factorization k(t,v) = ke (t,7)ks(t,T) such that the factor kg, is m, times continuously
differentiable and that kg satisfies (2.12) with m=0 and d =2. For the exact solution x of (2.5),
we suppose the existence of square integrable derivatives up to order m,. Finally, we suppose that
the integral operator on the right-hand side of (2.5) is invertible and that the collocation method
based on the trial basis functions ¢y, and the collocation points 1y, is stable. Then the quadrature
method (2.22) based on product quadrature is stable, too. Moreover, we get the error estimate

L
%) — x||2ry S CH"™ logh™',  %(t):= IZI Xn(te)@ri(t) if telj. (54)

Proof. We have to show two things. First, to obtain stability, we have to prove that the matrix of
the quadrature method is a small perturbation of the collocation matrix with respect to the norm.
Second, to show the error estimate, we have to derive consistency, i.e., we have to consider the
difference of the quadrature discretized operator applied to the exact solution minus the operator
applied to the exact solution and to prove that the result can be estimated by the right-hand side of
the estimate in (5.4).

For the difference of the matrix entries corresponding to the quadrature and collocation matrices,
we get

d(k,l),(k’,l’)::ksm(fk,lafk’,l/)w/fg]/ —/ k(T t) e (2)drt
L

= Ve (T 1o e 1) — ks (Th 1, ) ksi(T 1, ) @i, 1 (2) it (5.9)

I;/
In view of the local uniformness of the mesh, we conclude, for € I} and ¢ € I}, with disjoint I}
and I}, that (cf. condition (iii) of the local uniformness)

dist(I;, I;v) < |t — ¢'| <dist(I}, I} ) + diam [}, + diam [},
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< (1 +2C)dist(I;, I»),

it — 1|7 ~ s — e |”

(5.6)

Similarly, for neighbors I; and I}., the definition of the points 7,;,=7(oy;) as affine images of
interior points gy in the standard triangle, implies

|t — o |2 ~ |t — | (5.7)

for any € I,. Using this, the estimate |y (¢)| <C diam(I;)~'|t — 74| valid for [ # I, condition
(2.12), representation (5.5), and the differentiability of kernel k,, we arrive at

h ’ Tr1 — Tkt 1/‘_2Q12{, if k ?é k/,
|d k17,00, < C , , (5.8)
if k=K.
We estimate the norm of the corresponding matrix by Schur’s lemma to get
. —1
n = [|(kd .1y, 1 Qi ik uik )|
< Sup{ > |d ..y } sup { > oild i Qk’z} : (5.9)
ki | k0 e | ki

Now, inequality (5.8) together with (5.6),(5.7) and property (iii) of local uniformness of the quadra-
ture partition lead to

kXI: ’d(k,l),(k’,l’)| < Ch+ Ch Z |Tk',1' - Tk,l|_2Q/%/

k'l

< Ch+ Ch |t — 1|2 drt<Chlogh™',

I\I
Z Qi |d(k,1),(k’,l’)|Q[;2 < Ch + Ch Z ’Tk/’ll — Tk’]|_2Qi < Ch log h_l .
ki kol
Hence, the difference of the quadrature discretized operator minus the collocation discretized operator
has a norm 7 less than Chlogh~!.

Next, we turn to the estimation of the difference of the quadrature discretized operator minus the
full operator applied to the exact solution. Thus, we have to estimate the norm of ), ; di ;¢ with

diii=73 ksm(Tk,l,Tk/,//)x(fk/,l/)w/fgw _/k(Tk,lat)x(t)drt
G r

= /Fksi(Tk,lst){L[ksm(Tk,l,t)x(t)] — [kgn (i1, t)x(2)]} drt,

where L stands for the interpolatory projection, i.e., L{kgn(Tis, )X(£)]:=D 40y ksm(Th s> Tar, 1 X(Thr 1r)
(pk’,l’(t)- We Split dk’[:d}{’l + di,l with

d}{,, ::/F ksi(Th 1o O{ Ll ks (Th.1, 1)x(1)] — [hsm(Tr1 )x(2)]} drt,

2 |
di;=di —dy,
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and estimate the norms of ), , d}(’ 1@ and D, di ,@r.1 separately. Using the approximation property
of the interpolation as well as the smoothness assumptions for kg, and x, we arrive at

|d;i,| < Ck%;l' |ksi(Th1 T, 17 )| Ok \//r |L[ksm(Ti 1, £)x(2)] — [kom (i1 )x(2)]|? drt

mnp
<C Y |ka(tin o r)|owh™ | > / |Vrx(2)|? drt.
gy n=0J1,

This expression can be looked at as the result of multiplying the vector (\/ S I | Vrx()? dt ). r)

by a matrix. Hence, in view of (2.12) and (5.3), the norm of >, , d,i,(pk,, is less than

Ch" |(eeltr — T |2 Qa k) \/ZO/F |Vix(2)| drt. (5.10)
Analogously to the estimate #2logh~! for (5.9), we get the estimate Clogh~! for the matrix norm in
(5.10). Finally, the norm of Y, , d} ;¢ is less than the expression Ch™»logh~' on the right-hand
side of the estimate in (5.4).

Let us turn to Y-, ,d; ;. Over an arbitrary smooth and bounded two-dimensional manifold I,
the functions of the Sobolev space H? are known to be Lipschitz, and we get that, for a fixed
constant C >0, for any 7€ I', and for any function f on I,

[le=17@) - Fdldi< C\/ [Ividrai+ c\/ JALH GRS
r I I

Choosing r ={i= t/diam I: ¢ € I; }, substituting the variable of integration { by t/diam I}, and setting
f(t)=f() and f(1)= f(%), we arrive at

[ le=i71r@ = r0ldge < ¢\ [ 1750 dne
I Ii

—|—Cdiaka\// \V2f()2dpt, TET
L

Using this and the approximation property for projection L, we obtain that

|d11{,1| <C ‘ /r [t0 — #) 2Lk (s 1, )x(2)] — [k (i1, 1)x(2)]| drt

< C\//r | V{L kg (i1, )x()] — [hsm (i1 )x(2)1}> drt

+ Ch\//r | V2{ Ll kg (th.1,)x()] — [ksim(Th1,2)x(2)]} > drt

<cr ' s V@) drt.
n=0 I
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Hence, in view of ¢, <Ch and (5.3), we get that the norm of Y, ,d; @, is less than Ch™», and
the consistency order of (5.4) is shown. [

Note that, in view of the last proof we can relax the assumptions of Theorem 8. The global
differentiability of y and k&, can be replaced by differentiability over each subdomain I; together
with the global boundedness of these local derivatives. This weaker assumption holds true when
a parametrization is replaced by its piecewise polynomial interpolation. Furthermore, Theorem 8
remains true if the solution x has a weak singularity at a finite number of points. In this case,

the mesh should be graded toward these points such that the larger values for the /[, |V"x[* in

mp

the estimates for the interpolation error x — > x(14 )¢y, are compensated by the factors [diam I}]
which are smaller than A”~.

Further, we remark that the logarithm in the error estimate (5.4) can be dropped if the integral
operator with the kernel function |k(z t)| is bounded in L?. This last assumption holds true, e.g.,
for operators of double-layer type defined over non-smooth domains. Finally, a generalization of
Theorem 8 to operators of order minus one and to piecewise linear collocation over regular grids
has been treated in [14]. In that paper even a fast quadrature algorithm for a wavelet approach has
been derived.
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