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A MIXED COLLOCATION SCHEME FOR SOLVING SECOND KIND
FREDHOLM INTEGRAL EQUATIONS IN [—1,1]*
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Abstract. In this paper we propose a suitable combination of two collocation methods based on the zeros
of Jacobi polynomials in order to approximate the solution of Fredholm integral equations on [—1,1]. One of
the main interesting aspects of this procedure is that our approach is cheaper than the usual collocation method
based on standard Lagrange interpolation using Jacobi zeros. Moreover, we can successfully manage functions with
algebraic singularities at the endpoints. The error of the method is comparable with the error of the best polynomial
approximation in suitable spaces of functions, equipped with the weighted uniform norm. The convergence and the
stability of the method is proved, and some numerical tests, which confirm the theoretical estimates, are provided.
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1. Introduction. This paper deals with the numerical approximation of the solution of
Fredholm integral equations of the second kind:

(1.1) fy) — u/ k(z,y) f(r)w(z)dr =g(y),  ye(=1,1),

-1

where w is a Jacobi weight, k and g are known functions defined on (—1,1) x (—1,1) and
(—1,1), respectively, 1 € R, and f is the unknown. The known functions may have algebraic
singularities at the endpoints of the interval [—1, 1], and the kernel function & can be weakly
singular along the diagonal y = x. In both cases the solution f will inherit a singular behaviour
at the endpoints (see [18]). For this reason we will consider the equation in a suitable space of
weighted continuous functions.

In the last decades a variety of articles appeared devoted to numerical methods for Fred-
holm integral equations. In recent years, a deep study of the so-called “global approximation
methods”, substantially based on polynomial approximation at the zeros of Jacobi sequences,
has been carried out. The interested reader can consult, for instance, [3, 4, 6, 7, 8] and the
references therein.

A computational problem related to global approximation methods is that usually the
linear system for the method has a full matrix of coefficients, and if the known functions are
not sufficiently smooth, then the solution itself has low smoothness. This implies that a linear
system of large dimension has to be solved resulting in high computational effort. A related
problem is that the calculation of the zeros of high-degree orthogonal polynomials can produce
numerical instability.

If we consider a Jacobi weight w(x) and the related weight w(z) = (1 — 22)w(x), then
it is known that the zeros of p,, 1 (w) interlace those of p,, (w), where p,,+1(w) and p,, (W)
belong to the orthonormal Jacobi sequences with respect to the weights w and w, respectively.
Moreover, the zeros of Q2,1 = Pm+1(w)pm (W) have an “arc-sine distribution” [2], and
therefore they are good candidates for optimal Lagrange interpolation processes [9]. Such
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kind of “extended interpolation” processes were considered and studied by many authors (see,
e.g., [1, 2, 10]). More generally, “extended interpolation” processes have been constructed
also with different choices of orthogonal polynomials and on bounded or unbounded intervals
of the real line (see, for instance, [5, 10, 12, 13, 14]).

One of the advantages in using this kind of interpolation is that it is possible to double the
degree of the approximating polynomials by reusing the samples of the interpolating function.
Indeed, if one uses the “combination” of classical interpolation, for instance at the zeros
of P41 (w), with the above mentioned extended process, then it is possible to construct a
polynomial of degree 2m which uses the already computed sample of the interpolating function
at the zeros of p,,,+1 (w). These good properties of extended interpolation were recently applied
by the authors to the composition of suitable quadrature schemes (see [15, 16]).

We propose here a new application. A suitable collocation scheme, which alternatively
uses the Lagrange projector built from the zeros of a single sequence of orthonormal poly-
nomials and the extended projector based on the zeros of two sequences of orthonormal
polynomials, is constructed. This allows us to solve a couple of linear systems of order m and
m + 1 instead of a couple of systems of order m +- 1 and 2m +- 1 in order to obtain comparable
final approximating polynomials, resulting in a saving of 77% of the computational cost for
solving the linear systems.

We have organized the paper as follows. In Section 2 we introduce the notation and we
recall some auxiliary results. In Sections 3 we present the collocation method, describe the
algorithm, and state the results about the convergence and stability of the method. In Section 4
some numerical tests that confirm the theoretical estimates are given. All the proofs of the
main results stated in Sections 3 can be found in Section 5. Finally, the Appendix A contains
some computational details for the implementation of the method.

2. Notation and preliminary results. Throughout the entire article, the constant C will
be used several times, having different meaning in different formulas. Moreover, from now on
we will write C # C(a, b, .. .) in order to state that C is a positive constant independent of the
parameters a, b, ... and C = C(a, b, .. .) to indicate that C depends on a, b, . . . Moreover, for
A, B > 0 being quantities depending on some parameters, we write A ~ B, if there exists a
positive constant C independent of A and B such that

B
— < A<C(CB.
o= <C

For any bivariate function G(z, y), we will denote by G, and G, the corresponding univariate
functions of the single variable x or y, respectively.

2.1. Function spaces. Setting
u(@) = (1 —a)(1+2)° =0"(z), zel-1,1], 7620,
let us introduce the space C,, of locally continuous functions f in (—1, 1) such that

}1_>ml f(@)u(z) =0 ify >0, x1_1>rE1 f(@)u(z) =0 ifd > 0.

We point out that the limit conditions are necessary for the validity of the Weierstrass theorem
in Cy,. The space is equipped with the weighted uniform norm

[fulloo = max |f(z)lu(z).
z€[—1,1]
For smoother functions, we introduce the Sobolev-type spaces of order r € N as

W, (1) = {f €yt D € AC((~1,1)) and ||F®) o ullo < +oo},
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where AC((—1, 1)) denotes the set of all functions that are absolutely continuous on every
closed subset of (—1,1) and with p(x) = /1 — 22. W,.(u) is equipped with the norm

1 Iw ) = I fullos + 10 ulloo.

Now denote by IP,,, the space of algebraic polynomials of degree m, and for any f € C,, let
E,.(f)y = inf - oo
(N)u = nf [[(f —pul

be the error of the best polynomial approximation of f in the weighted uniform norm.
Estimates for the error of the best polynomial approximation for functions in W,.(u) are
provided by the following Favard-type estimate (see for instance [8, p. 171]):

e Bn(Pa <MW g e, ), e = o)
m
2.2. Orthogonal polynomials and Lagrange interpolation processes. Let w = v*#,
a, B > —1, be a Jacobi weight, and denote by {p,,(w)}, the corresponding sequence of
orthonormal polynomials with positive leading coefficients. We will denote by L,,,+1(w, f)
the Lagrange polynomial interpolating a given function f at the zeros {x }7," of 1 (w),

m—+1

ma1 (W, T
£77L+1(wa fa x) = Z Zm—&-l,k(wa .Z‘)f(ﬂ?k), gnl-&-l,k(wa JJ) = P +1( )
k=1

D1 (W, ) (0 — 1)

Related to the weight w, let us consider w(z) = (1 — 2?)w(z) and the corresponding
sequence {p;, (W) }., of orthonormal polynomials with positive leading coefficients. Since it is
known that the zeros {yy }7*, of p,,, (W) interlace those of p,,, 11 (w), it is possible to consider
the Lagrange polynomial £o,,+1(w, W, f) that interpolates a given function f at the zeros of
DPm+1(w)prm (W), which can be written as

m+1
— — f(xk)
2.2 Lomi1(w,w, f,z) =pm (W, x L, W, T) ————
(2.2) 2m+1( [y ) =pm( ); A )pm(w,xk)
- _ f (k)
+ Pmy1(w, x b 1 (W, ) —————,

psal )kZ:l ! )Pm+1(w,yk)

where
(W, ) = Pm(®, ) k=1,...,m,

D1 (W, yp) (T — yie)

denote the fundamental Lagrange polynomials related to the zeros of p,, (w). We recall two
results about the stability and the convergence of both considered Lagrange processes, which
will be useful in the following.

THEOREM 2.1 ([8, Th. 4.3.1]). Let w = v*P, o, B > —1, and u = v""°, with ~v,5 > 0.
Then,

”fshlp [ Lont1(w, flullee ~ logm
Ulloo=1

if and only if
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Moreover, for any f € C,, it follows that

[(f = Lins1(w, ))ulloc < CEw(f)ulogm, C # C(m, f).

For the extended process (2.2) we get
THEOREM 2.2. Let w = v*?, a, B > —1, and v = v7"°, 4,8 > 0. The assumptions

(2.3) at+l1<y<a+2, B+1<5<B+2,
are necessary and sufficient in order to have

(24) sup HEQm—O—l(wa w, f)uHOO ~ logm
[Ifulloo=1

If the left conditions in (2.3) are not satisfied, i.e., 0 < v < a+ 1and/or 0 < § < f+1, then
this results in

(25) Sup ||£2m+l(waw7f)u”00 qu7 q::2max(a+1—'y,ﬁ+1—5),
lfullo=1

and if the right conditions in (2.3) are not satisfied, i.e., v > o + 2 and/or § > [ + 2, then

(2.6) H Sﬁlp 1£2mt1(w, @, flu||e ~ m?, p:=2max(y—a—2,0 — 5 —2).
fulleo=1

Moreover, for any f € C,, it follows that

(27) |Hf _'CQerl(wv@a f)]u”OO < c sup ||£2m+1(wawv f)uHooE2m(f)u,

I fullo=1

where C # C(m, f).

Now, in view of (2.2), the construction of the sequence

£7n+1(wa f): £2m+1(w7 Uja f)a L4m+1(w7 f)7 £8m+1(wa Uja f)7 e

can be carried out saving one third of the function evaluations. Moreover, setting

Z(f.’l}): £2"+1(w7f)7 n:0a27"'a
e £2"+1(w7u_)7f)a n=13,...,

then by the previous theorems and taking into account (2.1), we may claim the following:
THEOREM 2.3. Under the assumptions

a 5 B 5
1<~y < = - 1<6< = —
a+ 7772—1—4, B+1< 72-1-4,

Sforany f € W,.(u), r > 1, and with m = 2™ + 1, it follows that

logm

If = Ln(Nulle <C

I llw, ),
where C # C(m, f).

In practice, there exist cases in which the sequence {£,,(f)}, can substitute the usual
sequence {Lan1(w, f)} that is commonly implemented, reducing in this way the number
of function evaluations. We will employ this strategy for approximating the solutions of
Fredholm integral equations.
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3. A fast algorithm for Fredholm integral equations in [—1, 1]. Consider the follow-
ing integral equation

1
3D ) n / @ e = o). ye (L1, pAo,

where k, g are suitable given functions, w(z) = v®”(x) is a Jacobi weight, and f is the
unknown solution. Letting

1
(32 KD = [ Fak s,
then equation (3.1) can be rewritten as

(I-K)f=g

with I being the identity operator. Regarding the solvability of this equation in C,, the
following proposition holds true [3] (see also [8, Th 5.2.5, p. 370]):
PROPOSITION 3.1. Assume that

(3.3) 0<y<a+1, 0<d<pB+1,

and that

3.4) sup |[[kellw, (u) < +oo0.
z€[—1,1]

Then the operator K : C,, — C,, is compact, and for any f € Cy, we have that K f € W, (u).
Therefore, if ker(I — K) = {0}, then equation (3.1) has a unique solution for any g € C,,.

Now we want to consider the collocation method based on the projector £, (w), named
One-weight Projection Method (OPM), and also to propose a collocation method based on the
extended projector Lo, 11 (w, W), which we name Extended Projection Method (EPM).

First we describe the OPM, looking for a solution f,,, 11 € P,,. Introducing the polyno-
mial sequences

(Kms1/)(y) = plmsar(w, K f,y)
and
gm+1 = L1 (w, ),
we consider the following finite-dimensional equation
(3.5) (I = K1) fmt1 = mt1, m =1,

which is obtained by projecting equation (3.2) by means of the Lagrange operator L, 1 (w).
With respect to convergence, the following theorem holds true [3]:

THEOREM 3.2. Let ker(I — K) = {0}, and assume that the exponents of u = v"*% and
w = v™P satisfy the following inequalities:

a 0—4—71 <7 < mi 242 a1
max min
24— 2 4 ’

g 1 (B 5
Sy« — 4+ - B+15.
HflaX{O7 } 5<mln{ ,B 1}
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Moreover, assume that g € W,.(u) and that (3.4) holds true for some r > 1. Then the
finite-dimensional equation

(I = K1) fm41(Y) = gm+1(y)

admits a unique solution f,,+1 € P, satisfying the estimate
1 fllw, (w)
(3.6) 1S = Fmetlulloo < 22 10gm, € £ Clm, ).

Now, by expanding f,+1 in the basis @, 415 (w, z) 1= &”Eﬁiw, k=1,....m+1,
the approximate solution of (3.5) can be represented as

m—+1

(3.7 Frir (@) =Y marp(w, @)ek,  cp = o (zr)ulag).

k=1
Thus, by multiplying equation (3.5) by u and collocating it at {xk}zzrll, we get the following
linear system in the unknowns {c; }7"4?,

Nl
Ci— Z cuu(:) / k(x, 2i)lmi1x(w, 2)w(z)de = g(a)u(z;), i=1,2,...,m+1.
b1 u(zg) J ’
Since
oy g (W, ) = A1 k() > pj(w, 2)p;(w, ),
j=0

where {\,41,5(w)} 4! are the Christoffel numbers with respect to w, we finally have

m

m—+1
cru(x;) .
i m i\ M;(z;) = i)y :1727"'7 1,
i 3 S e al) Lo (o) = ), m+

where
1
(3.8) M;(y) = / k(z,y)p;(w, x)w(x)de, j=0,1,...,m,
~1
denote the so-called modified moments of the kernel k in the system {p,, (w) }.,.
Setting
_ T _ T
Cmt1 = [c1, s emia]’ s dmpr = [(gu)(@1),. ., (gu) (ma)]

the system can be written in the following matrix form:

3.9) Dm+1cm+1 = dm-‘rla

with c¢,,,+1 being the solution of the system. Details on the matrix D,,,; will be given in
Appendix A.

It is clear from the construction that (3.9) and the finite-dimensional equation (3.5) are
equivalent, i.e., the solution of (3.9), if it exists, allows one to construct the polynomial
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fm+1, i.e., the solution of (3.5), and vice-versa, the vector of the values f,+1(zx)u(zr),

k=1,...,m+ 1, where f,,11 is the solution of (3.5), is the solution of the system (3.9).
Now we introduce the extended projection method (EPM) based on the Lagrange operator

Lom+1(w,w). Proceeding as above, we arrive at the the finite-dimensional linear system

(3.10) (I = Koms1) foms1 = Gomt1s

where fgmﬂ € Py, is the unknown, and the polynomial sequences {f(gm 1) s
{g2m+1}m are defined by

(I?Zerlf)(y) = N£2m+1(w7@7 Kfa y)v
Gom+1 = Lomi1(w, 0, 9).

With respect to convergence, we can prove the following result:

THEOREM 3.3. Let ker(I — K) = {0}, and assume that the exponents of u = v
and w = v®? satisfy (3.3). Moreover, for r > q := max{2(a+1—7),2(8 +1 —6)}, let
g € W,.(u), and let (3.4) be satisfied. Then the sequence {fgm_‘_l} converges to f in C,
and it holds that "

£ 1w, ()
(2m)r=a”

REMARK 3.4. We remark that the assumptions on the weight functions (3.3) do not allow
us to obtain the optimal behavior for the Lebesgue constants of the extended interpolation
process (see Theorem 2.2). Nevertheless, the “lost” order of convergence is not so significant
from the numerical point of view, and the speed of convergence is comparable with that of the
collocation method based on the standard Lagrange process as described in Theorem 3.2.

Now, representing the solution as

(3.11) 11 = Femsr]ullos < C C#C(m, [).

m+1
Fom1(0) = P (@, 2) > Lingr 1w, )
(3.12) k=1

+ Pmt1 (wa l‘) Z fm,k(wv 1‘)
k=1

ai
P (W, 2 )u(zk)

b,
Pmr1 (W, yr)u(yr) ’

where {ay = (Uﬁm+1)(xk)}?;l, {bx, = (uﬁmﬂ)(yk)}?:l, and by collocating the finite-
dimensional equation (3.10) at the points {{z }7"",", {yx }7_, }, we obtain the following linear
system of order 2m + 1:

m—+1 m
) ag m—i—lk m) )
- MU(JJZ) Z ’ll,( )pm W J:k ij w, Z’k (‘rl)
k=1 7=0
m b __ m—1
k (m+1)
+ P (W, yx) Zi) | = \gu)(Zi),
Y T S @) | = (e
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m+1

ar  Am W) —
k +1,k( )ij(w,mk)M;m)(yi)

© u(wr) pn(Ws k) =

b Amp(@) = (T D) o = (o) (0
+;U(yk)pm+l(w,yk) jgopj< A

1=1,2,...,m,
where

1
MM () = / Pt (w, ), (@, 2)k(z, y)w(z)de,
(3.13)

M (y) = / P (@, 2)p; (w, )bz, y)w(x)de

will be denoted as Generalized Modified Moments (in short GMMs).
Setting

Am+1 = [ala"'7am+1}T7 b, = [blv"'vbm]Tﬂ Zm = [(gu)(yl)v'"ﬂ(gu)(ym)]Tv

the linear system takes the block-matrix form

A1,1 A1,2 am+1 dm+1
(3.14) = ,
Asq Az bm Zp,
which, with the definitions
A Ao
) ) am d'rn
(315) A2m+1 = ) h2m+1 = |: b+1:| ) t2m+1 = |: z +1:| )
As1 Ao " "

leads to a compact representation of the linear system as

(3.16) Azmy1homi1 = tamyr.

Details for the expressions of the matrices Ag,+1 Will be provided in Appendix A.

Now, under suitable assumptions that will be stated below, both the sequences { f,, }m.»
{fh}h converge uniformly to the solution f of (3.1). Thus, it makes sense to consider the
following mixed procedure.

e For a given m, solve the linear system of order m + 1

Dyyy1€my1 = diy1, and construct fo, 1.
e Assuming a,,+1 ~ Cp,+1, instead of system (3.14) consider the new linear system

Air Aiz| |Cmta dpnt1
Ay Aso bm Zm
and compute only the vector by as solution of the system

(3.17) AQ,QBm =Zm — A2,1c'm+l~
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e Construct };m_»,_l instead of fgmH using ¢,,4+1 and Bm instead of a,,+1 and b,
in (3.12). N
e Restart the same procedure determining f4,,, and fs,,+1 and so on.

In this way, since we have two methods with a comparable rate of convergence, we can
solve two systems of orders m + 1 and m, respectively, instead of two systems of orders m
and 2m + 1. This allows us to reduce the computational cost by almost 77% (see the next
section for the details).

Setting

7 _ f2"+1(x)3 TL:O,2,476,...7
G189 fn(@) = {f2"+1(m)a n odd,

the convergence of the proposed mixed scheme is proved in the following theorem, where for
amatrix A = (a;;) of order p X ¢, || Al|cc = maxi<i<p Y_j_, |ai;| denotes its infinity norm.

THEOREM 3.5. Let ker(I — K) = {0}, and assume that the exponents of u = v"*° and
w = v®P satisfy the following inequalities:

0,2+ M ey {242 a1
max (0,5 + 70 <y <ming g+ oa ,

(3.19)

Moreover, setting
(3.20) g:=max{2(a+1—-7),2(8+1—-10)}

and assuming g € W, (u), let (3.4) be satisfied for r > q, and furthermore assume that
the matrix As o in (3.17) is invertible with sup,, ||A;§||00 < oo. Then the sequence {f”}n
converges to f in Cy, and it holds that

£ llw.

mr—34

(3.21) ||[f_fn]u||oo <C , m = 2", C#C<m>f)

3.1. Remarks on the advantages of the mixed scheme. First of all we remark that the
presence of the parameter ¢ might lead to a too severe reduction in the rate of convergence of
the method. This is not true in practice. Indeed by its definition, ¢ can be taken sufficiently
small together with suitable choices of the parameters v and  (since usually « and 3 are
fixed). See in this regard the examples shown in Section 4.

Moreover, as we have stated in the introduction, there are essentially two kinds of benefits
by implementing the mixed scheme: a reduction of the size of the involved linear systems and
higher degrees of the approximating sequences.

With respect to the first, by implementing the mixed scheme, at each couple of steps we
solve two systems of orders m + 1, m instead of two systems of orders m, 2m + 1 required
by the ordinary sequence {f,},,. Therefore, by using Gaussian elimination, one saves
77.7% arithmetic floating point operations (flops). To better explain the second advantage, we
recall that the computation of the zeros of orthogonal polynomials of “high” degree, usually
performed by the Golub-Welsh algorithm, progressively becomes unstable. Thus, denoting by
m”* the maximum degree for which this accuracy is acceptable, we are able to compute the
element of order 2m* + 1 by using the mixed sequence, i.e., the loss of accuracy is delayed,
and the last feasible approximant of the solution is doubled.


http://etna.ricam.oeaw.ac.at
http://www.kent.edu
http://www.ricam.oeaw.ac.at

ETNA

Kent State University and
Johann Radon Institute (RICAM)

452 D. OCCORSIO AND M. G. RUSSO

4. Numerical tests. Now we present some numerical results obtained by approximating
the solutions of equations of type (1.1) by means of the mixed scheme {f,,},, n = n(m),
defined in (3.18) and compare the numerical errors with those achieved by the usual scheme
{fm}m defined in (3.7). When the solution f is unknown, we will regard the approximation
f1024 as exact. In the tables below we provide for each m the weighted maximum error
attained by f,,, at some equally spaced points (y;)i=1,....p, M = 40, in the interval (-1, 1),
ie.,

B = s (f1020) (1) — (0fonsn) (00

and also report the dimension of the linear systems and the condition numbers cond®™®
computed in the maximum norm. Moreover, for any n with m = 2™, we report the weighted
maximum error attained by f,

EmiT — 12?( |(wfro2a) (yi) — (ufn)(yi)]

after solving the couple of systems of orders (m + 1,m) as well as the condition numbers
cond™** of the matrix Ag o € R™*™ of the “small” system in (3.17). For each example we
specify the weight u of the space that f belongs to. Moreover, we give the order ¢ defined in
(3.20) depending on the exponents of the weights w, u.

Finally we point out that all the computations have been performed in double-machine
precision (eps ~ 2.220446049250313e-16), except for the case of Example 4.2, where a
highly oscillating kernel occurs, and the computation of the modified moments and generalized
modified moments was performed in quadruple precision.

EXAMPLE 4.1. Consider the equation

/ fla 1_x2dfc—(y+1) ® exp(y),

1

_1_ _
u=2"401" w=9p"272 A, (w,w)~m? ¢=0.2.

In this case g € W7(u). The errors behave like O (m_6'4), and as we can see by inspecting
Table 4.1, the numerical results agree with the theoretical estimate (3.21).

TABLE 4.1

Example 4.1.
m | Eore cond”® | (m+1,m) | Em= cond™®®
5 2.3e-2 11.3
9 9 %-6 153 (5,4) 3.8e-8 1.73
17 | 5.5e-9 194
33 | 490-11 | 233 (17,16) 9.3e-13 | 1.91

65 | 3.0e-13 | 27.1
129 | 2.0e-13 | 30.4
257 | 2.4e-13 | 33.5
513 | 4.6e-13 | 36.3

(65,64) | 1.2¢-12 | 1.95

(257,256) | 3.3e-13 | 1.97

EXAMPLE 4.2. Consider the equation

y) — %/_1 f(x) sin(27my)ﬂdm = cos(2y),

u = v1‘49’1'49, w = U0’5’0'57 Ay (w,w) ~mi,  q=0.02.
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The kernel is moderately oscillating, and the known function satisfies g € W.,.(u) for all r.

TABLE 4.2
Example 4.2.
m | Eone cond”™ | (m+1,m) | E™® | cond™"”
17 5.81
sy | 1:0e-16 | 20 (17,16) | 8.7e-16 | 6.24
65 10.48
129 | €Ps 13.83 (65,64) eps 11.96

EXAMPLE 4.3. Consider the equation

—f/f )z — ylV/1 = 2dz = (1+ )% exp(y),

u = v1‘49’1'49, w = UU’5’0'57 Ay (w,w) ~mi, g =0.02.

Here g € W5 (u) while sup,, k. € Wa(u), and the errors behave like O(m~194). Note that
the condition numbers of the linear systems are comparable.

TABLE 4.3

Example 4.3.
m | Eore cond”™® | (m+1,m) | Em= cond™"*
5 4.1e-3 2.52
o |soms | 580 (5,4) | 4.1e-8 | 1.49
17 | 6.3e-8 | 2.60
33 | 99010 | 2.61 (17,16) | 1.7e-12 | 1.55

65 | 5.2e-12 | 2.61
129 | 3.4e-14 | 2.62
257 | 5.2e-14 | 2.62
513 | 4.9e-14 | 2.63

(65,64) | 8.4e-14 | 1.58

(257,256) | eps 1.58

EXAMPLE 4.4. Consider the equation

/f V1 de = [y,

001+ (x—y
w = v"50 Am(w,w) ~mi, q=0.02.

w= 149149

In this case we have a Love’s kernel, and g € W7 (u). The errors behave like O (m’6'94),

and as we can see by inspecting Table 4.4, the numerical results agree with the theoretical
estimate (3.21).

5. Proofs. This section is devoted to the proofs of the main results.

Proof of Theorem 2.2. The proof that (2.3) implies (2.4) can be found in ([10, Th. 2.4]).

In order to prove that (2.4) implies (2.3), we assume that one of the two conditions on the
left-hand side in (2.3) is not satisfied. For instance, assume that 0 < v < a + 1. By setting

Q2m+1 = pm-i-l(w)pm(w) and

2011 =Z4, 1=1,...,m+1, 290 =Y, 1=1,...,m,
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TABLE 4.4
Example 4.4.
m | Eone cond”™ | (m+1,m) | E™* | cond™"

9 | 3.4e-3 | 515
17 | 2.3e-7 | 524
33 | 3.2e-9 | 52.9
65 | 1.4e-11 | 53.0
129 | 7.3e-14 | 53.0
257 | 1.0e-14 | 53.1

(9,8) | 1.9¢-5 | 1.79

(33,32) | 1.3e-10 | 1.97

(129,128) | 7.3e-15 | 2.02

the polynomial Lo, +1(f, w, W) can be written as

2m—+1

Ezm-‘rl(fvwaw?x Z Q Q27n+1 ) f(zk)
2m

+1(2) (2 — 2k)

Now setting T := (1 + 29;,41)/2 = (1 + Typ41)/2, we get

2m—+1

|Q2m+1( )|U( )

c 5o = 2
|| 2’m+1(w7w)u||00 1<m<1 |Q2m+1 2k (;E—Zk)|’u,(2k)

"’f Q@@ g~ Q@)

=1 Qa1 (@)@ = w)ulan) = a2, 1@ (20) (7 — i)u(zr)

y [8, (4.2.30)],

[pm+1 (07, )| ~ mOT 2,

and by [11, (19)],

1 1

— ~ At 1k 1— 22
6h @@ - P wapm(@ay] )= ok)

a+1,ﬁ+1(

~ Az,v xp).

-
Taking into account that (Z — z;) < 2 and v7%(T) = (1+me+1) ~ m~%7, we have that

[ Lam+1(w, 0)ulloe > Cm>H2727 Z Az A0 (g

1
|zk|<5

1
3
(5.2) > Cm / OB () df = CymPet? R,
-}
i.e., the Lebesgue constants diverge algebraically. By similar arguments, assuming that
0 <6 < pB+1, wehave
5.3) | £2m1 (w, D)ulloc = CmPH272,

Now, assume that one of the two conditions on the right-hand side in (2.3) is not satisfied,
namely assume that v > « + 2. Denoting by x4 and x 441 two consecutive zeros of py,+1(w)
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that are “close” to the origin, set T := (x4 + x4+1)/2. Then,

2m+1 . _
|Q2m+1(Z)|u(T)

; |Q%y 41 (21) (T — 2k ) u(2k)
|Q2m+1(Z)|u(z)

‘Q,2m+1(55m+1)(93m+1 = Z)|u(Tm+1) '

[L2mt1(w, @)ulloo >

Taking into account (5.1) and Az, 1 ~ ﬁ as well as

! ~ iya+1*%5+175(xm+1) N (1)a+2—7
Qi1 (T + D)|u(Try1)  m? —
and
Qamir(@D)|u@) ~C, (&mps —F) <1,
we get
(5.4) | Lomt (w, @)ul|og > CmM2I=2=2),

Proceeding similarly under the assumption § > /3 + 2, it can be proved that
(5.5) | Lams1(w, @)oo > CmMZO—A=2),

Combining (5.2)—(5.5), the necessary part of the theorem follows.

Now, the lower bound in (2.5) follows by (5.2)—(5.3), and the lower bound in (2.6) follows
by (5.4)—(5.5). We omit the proofs for the estimates of the upper bound in (2.5)—(2.6) since
some technicalities are required, and in any case they can be carried out by using arguments
similar to those used in the proof of [17, Theorem 14.4, p. 335]. O

Proof of Theorem 3.3. The theorem can be proven by following step by step the proof of
Theorem 2.1 in [3]. Indeed, using the fact that for the choice of the exponents of the weight
functions, the Lebesgue constants of the extended interpolation process behave as in (2.5), it
follows by (2.7) that for any h € W,.(u)

[12]lw, )

m’—

Ilh = Lom1 (w, @, h)]ullw < C o

Proof of Theorem 3.5. In order to prove (3.21) we first define the sequence

Fi(e) = {fQ,LH(x), n=0,2,4,6,...,
forsa (), 7 odd,

obtained by composing two subsequences of those defined by the collocation methods OPM in
(3.5) and EPM (3.10). As proved in Theorems 3.2 and 3.3, under the assumptions (3.19), these
sequences are both convergent to the unique solution of the integral equation (1.1). Therefore
all the subsequences are convergent to the same limit function f, and the speed of convergence
is given by the worst of the estimates (3.6) and (3.11).

Consequently, we can conclude that with m = 2"

I1F = Fululoo <0 o ),
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Hence, what remains to be done in order to show (3.21) is to estimate the distance

H [f27n+1 - f2m+1]uHoo-
From the definition of the two polynomial sequences we can write

m+1

) o G
(5:6)  fom+1(y) = fom+1(y) = pm (W, x) ,; £m+17k(w7x)pm(@,$k)u<xk)
m - bk —gk
m ) gm ’ .
+ pm+1(w x); (@ x)pm+1(w7yk)u(yk)

We immediately recognize that by the definition of a,,,1 1 and c,,,+; (and in particular noting
that for all k, ¢, = fomt1(2k)u(zr) = fm+1(xk)u(zy)) and using estimates (3.6) and (3.11),
we get

|k = exl = | famrr (zr)u(@r) = fomsr (@)ula)]

| fomar (@)u(@r) — fap)ul)] + | f(@n)u(zr) — fomsr (@r)ulzy)|
C

mr—4

IN

IN

I llw, () k=1,....m+1.

Asa consequence,

C
(5.7 [am+1 — €m1lle < m||f\|wr(u), C #C(m, f),

where ||d||o = maxy, |dy|, ford = [d1,da, ..., dm11]T, denotes the infinity norm in R™+1,
Now we remark that by (3.14) and (3.17) under the assumption that As 5 is invertible, the
following identity holds true:

A2,2(Bm, - bm) = *A2,1(am+1 - Cm+1),
and therefore,

||Bm —bnlle < ||A5,§||m||A2,1||w||am+1 — Cmt1lloo-

We note that A, ; is a sub-matrix of Ay, 41 defined in (3.15). Using standard arguments (see
for instance [3]) it is possible to show that || A2, 41|00 < C SUD|| fy =1 1 £2m+1(w, @, fuso
C # C(m). Thus, since we are assuming sup,,, || Ay 3lloe < 00, we can conclude that

b = bmlloc <Cllami1 = emiillo  sup || Lomir (0,0, fufloo-

Ul o=

Therefore by (5.6) we get

2
”f2m+1 - f2m+1]u||oo < CHam+1 - Cm+1Hoo ( sup H£2m+l(w7wa f)u|oo> )
[Ifullo=1

and (3.21) follows by (5.7) and estimate (2.5). O
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Appendix A. In this section we provide some details about computing the General-
ized Modified Moments (GMMs) in (3.13), starting from the ordinary modified moments
(OMMs) in (3.8). Just for the sake of simplicity, we treat the Gegenbauer case w = v*?,
w = vt with the case o # 3 similarly deducible. The algorithm we propose maps
the vector { M (w,y)}5, into the two arrays { Mo 1.5(y)} 70, {Mim.;(y)} 2o The algo-
rithm is essentially based on the three terms recurrence relations for orthonormal Gegenbauer
polynomials (see e. g. [8, p.132-133]),

Po(w) = ——— pr(uw, z) = 220 =
filw(x)dm by V3 + 2a
77+ 2a)
xp](w,x) = jpjfl(w7x) + bj+1pj+]_(w,fll), b] - 4(] + a)z o 17 2a 3) . 9
and
1 po(@) - 1
po(U}) = ) pl(wam) = 7 x, 1= 5
fl w(z)dz by Vo +2a

In what follows we set

1
M, ;(y) = llpi(w,x)pj(w,m)k(x,y)w(m)dm.

Algorithm:

Initialization: {M; o(w,y) = po(W)M, (w, y)}?ﬂo, and for j =0,1,...,2m — 1,

M ;(y) = /_1171(11’,37)203‘(@’ r)k(z,y)w(r)dr = % [bj+1 Mo j+1(y) + b Mo j—1(y)] ,

andfor2 <:<m+1,0<j5<2m —1,

M; ;(y) = bl (i1 M1 j41(y) + by Mi—y j-1(y) — bisi M2 5(y)] -
Once the OMMs { M (y) }3™, are computed, the construction of the GMMs { M., 41;(y) } 72,
{Mm ;(y)}jL, requires approximately 6m? flops.

By testing the algorithm for different kernels k(x, i), we have observed a moderate loss of
accuracy for increasing m. Nevertheless, we have empirically verified that in order to compute
the GMMs in double precision, it is enough to start from the OMMSs given in quadruple
precision.
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A.1. The matrices of the linear systems. The matrix D,,+; given in (3.9) and related
to the OPM method has the following form

Dm+1 = Im+1 - NUm+1Mm+1Pm+1Am+17

where I, is the identity matrix of order m + 1, and

Unms1 = diag (u(z1), ..., u(®ms1)),
Ay = diag ()\m+171(w) ey )\m+1’m+1(w)) ,
u(r1) U(Tm1)
Pm+1(i7j):pj(waxi) Mm+1(i7j):Mj(xi)v izla"'am+1,j:071a"'vm'

The matrix As,,41 given in (3.16) and related to the EPM has the following form
Ay A
-A2m+1 = 5
As1 Az

where

Al,l = Im+1 - ,UUnL+1Mm,1Pm,1Am+1,17 A1,2 = _NUm+1Nm,1P7rL+1,2Am,27

A2,1 = _NﬁerMm+1,2Pm,1AnL+l,1a A2,2 = Im - ,U(’ijm—&-l,QPm-i-l,QAm,Za
Am Am1,m
A1 = diag ( 7+1,1(w) ey Zmtl, 1 (w) >
pm(w,m)u(xl) pm(waxm—&-l)u(xm—i-l)
A'f?”L w >\m m w
Ay o = diag < (%) ey m (@) ) ,
pm+1(w>y1)u(y1) pm+1(w7ym)u(ym)
S arm) 1=12...m+1,5=0,1,...,m,
M1 (4, 5) = Mj ™ (), M,, ; € RmFDx(m+1)
Moni,2(0,5) = M;™ (1:), =l =,

M, 11,2 € RTX(m+D),

N (i) = M (g i=1,2...om+1,5=01,...,m—1,
,1(1’]) j (m )v N1 € R(erl)Xm,

N1 2 §) = M™ (), i=1,2,...,m, j=0,1,...,m—1
+1,2(7,7) j (yi) Ny12 € RMX™,

1=0,1....m, 7=12....m+1,

Pm,l(i,j) = pl(w7 :Ej)’ Pm 1 € R(m+1)X(m+1)

i=0,1,....om—1,j=12....m,
Pm+1,2 c Rme7

Unt1 = diag (u(z1), ..., u(@mi1)) s

Pm+1,2(i7j) = pi(ﬁ, yj)’

Uy, = diag (u(y1), ..., u(ym)) -
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