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A NUMERICAL METHOD FOR A VOLTERRA-TYPE
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This paper is dedicated to Professor D. S. Mitrinovié¢

Abstract. We consider a class of integral equations of Volterra type with con-
stant coefficients containing a logarithmic difference kernel. This class coincides
for a = 0 with the Symm’s equation. We can transform the general integral
equation into an equivalent singular equation of Cauchy type which allows us
to give the explicit formula for the solution. The numerical method proposed
in this paper consists in considering the interpolation of the known function
f and in substituting this in the expression of the solution g. Then, with the
aid of the invariance properties of the orthogonal polynomials for the Cauchy
integral equations, we obtain an approximate solution of the function g. We
give weighted norm estimates for the error of this method. The paper concludes
with some numerical examples.

1. Introduction

In this paper we consider the following integral equation

T 1
(1.1) a/ g(t)dt + %/ g(t)log |z — t|dt = f(x), -l<z<1,

-1 -1

under the hypotheses a,b € R, a® + b> = 1 and f(z) € CP**([-1,1]),p > 1,
and 0 < X\ < 1, where CP**([—1,1]) is the usual space of all the functions f
such that the p-th derivative of f is an Holder continuous function.
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In the case a = 0 equation (1.1) was firstly considered by Carleman [3].
In the last decades for a = 0 this equation is known as the Symm’s integral
equation (see for example [9-10] and the references given there).

The integral equation (1.1) has also been considered in [5], but using a
different approach. Here, with the aid of the relation

(12) )= [ owae—n o= [ g

-1 -1

ie., h(—1) = k(1) = 0, we introduce a new unknown function h(x) and,
after integrating by parts, equation (1.1) becomes

(1.3) ah(z) — b /1 Mcht = fo(z), —-l<z<1,

T 1 t—x

where fo(z) = f(z) — hoG(x) and

G(x) :alJ;x - % + %[(1 —z)log(1 —z) 4+ (1 + z)log(1 + z)].

Now, we observe that problem (1.1) and problem (1.2)—(1.3) are equivalent.
Equation (1.3) is a Cauchy singular integral equation. Taking into account
the boundary conditions h(—1) = h(1) = 0, we look for a solution of (1.3)
in the form h(z) = w(z)h(x), where w(z) = (1 — x)*(1 + 2)? is a Jacobi
weight function with the exponents «, (3, defined by the relations a — ib =
exp{irag}, |agl <1, -1<a:=M—-ap,f:=N+ay<1l, MNEN
and such that the index of the integral equation (1.3) x = —(a + ) =
—(M+N)=-1,ie,0<a,f<1.

Now, denoting by L2, = L?(—1,1) the Hilbert space of all real-valued
functions on (—1,1) which are square integrable with respect to the weight
w, we recall that the Cauchy singular integral equation (1.3) with index
x = —1 is uniquely solvable for all fy € Lfﬂ_l satisfying the condition

(1.4) / w™(z) fo(x)dr = 0.

-1

Moreover, we have (see for more details [9])

1 .—1
(1.5) h(x) = (Efo)(x) = aw ™ (z) folx) + %/ mdt.

1 t—x



A Numerical Method for a Volterra-type Integral Equations ... 129

Condition (1.4) gives us the possibility to determine also the constant hg in
relation (1.2). In fact, we obtain

e (@) f)da

ho = 2= .
o wH(x)G(x)dx

Here, we consider the case hg = 0, i.e. fo(z) = f(z). Now, recalling relation
(1.2), we obtain the exact solution g(x) of the integral equation (1.1), given
by

(1.6) glw) = 1'(z) = — [w(@)(Af)(@) ] .

There exist many methods for the numerical resolution of equation (1.3).
Among others we mention [6-7] and the book of [9] for the case x = —1.
In this paper we approximate the exact solution of equation (1.1), given by
(1.6), with the following procedure. Firstly, we recall that, said {pm,(w)}m
and {p,(w™1)},, the sequences of the orthonormal polynomials in [—1,1]
with positive leading coefficient corresponding to the weight functions w and

w™t, respectively, we have (cf. [9])

b -1

(Apm(w))(z) = mpm—x(w i),
(1.7) R b
(Apm(w™h))(z) = Sin(m)pm+x(w;w),

where p_y(w) = p_1(w™) = 0, A is defined by (1.5) and

(1.8) (AR)(z) = aw(x)h(z) — 9/ Mdt.

™)1 t—x

Then, our approach consists in approximating the known function f in (1.6)
by its Lagrange interpolating polynomial based on a suitable matrix of knots
T and in using the second of relations (1.7). In Section 2 we describe the
method; in Section 3 weighted error estimate is formulated and in Section 4
we prove the convergence result of the previous Section. Finally in Section
5 we show some numerical examples.
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2. Numerical Method

Let T := {tx, k = 1,... ,m, m = 1,2,...} be a given matrix of knots.
Thus, we approximate the known function f in (1.6) by its Lagrange inter-
polating polynomial of degree m — 1 based on the knots of the matrix T'.
Then, we write

€T —
tr —

(2.1) F@) ~ Ln(f52) = > lg(@) f(te), Ing(@) = ]

br
k=1 = b
£

33
T =

Since Iy, () is a polynomial of degree m — 1, we can write

(2.2) lypi(x) = Z_: cjpj(w_l;x), ¢ = Lllmvk(x)pj(w_l;x)w_l(x) dx.

Let 2; = 2y ;(w™1),i = 1,... ,m, be the zeros of the m-th orthogonal poly-
nomial p,, (w™1) with respect to the weight w=! and let A\; = A\, ;(w™!) be
the related Christoffel numbers. Then, since I, x()pj(w™!; ) is a polyno-

mial of degree at most 2m — 2, Gaussian quadrature rule with respect to the
weight w™! is exact; therefore

(2.3) ¢ :/ lm,k(x)pj(wfl;x)wfl(x) dx = Z)\ilm,k(xi)pj(wfl;xi).

-1 i=1

Finally, by (2.1)—(2.3), we can write

Q1) F@) ~ A0S Maa(e) S pyw )y ()
k=1 i=1 =0

Now, we substitute (2.4) in (1.6) and apply the second of relations (1.7).
Recalling that in this case a + 3 =1, ie.,, 3 =1—a, and

©*(x) %pn(w;x) =(n+2) (x — ;Tl_f?;)pn(w; x)

—2(n+ DAp1pnr(wiz), n >0,

where

Vin+a)n+1-a)

A, =
2n+1

n>1

9 Y

1
V22— a)l(1+a)’

p—1(w;x) =0, po(w;z) =
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and, here and in the sequel, ¢(z) = (1—22)'/2, we obtain, after the derivation
and other easily computations, as approximate solution of the function g(z),
the following

m—1
P @) (o) = {zm zumm > by
Jj=1

(o 5 ) prmatwso) 2450 wia) }} .

Remark. We expressly note that this procedure give us the exact solution g(z)
if the known function f(x) is a polynomial of degree at most m — 1.

Now we associate to the matrix of the knots T the sequence of the
Lebesgue constants{||L,(T)||}m defined by

(2.5) | Lo (T)|] := maxZumk

= k=1
Naturally, the Lebesgue constants have a crucial role in the analysis of the
convergence of the proposed method. In fact we prefer to use a matrix of
knots T" such that the associated Lebesgue constant is optimal, i.e.,

(2.6) [|Lm (T)|| = O(logm).

Matrices that verify this condition are well known: the zeros of the Jacobi
polynomials with exponents v, < —1/2 and the set {— cos(kn/(m+1)), k =
0,1,...,m + 1},en. Recently in [4], [8], the authors have shown that,
beginning from the zeros of the Jacobi polynomials, it is possible to obtain
wide classes of knots verifying (2.6).

Now, we choose as knots of the matrix T" the zeros of the m-th orthogonal
polynomial p,,(w~!) with respect to the weight w=!. For a # 0, recalling
that —0 = a — 1, we have two cases:

i) —1/2< —a <0 and —-1<—-0<-1/2;

i) 1< —-a<-1/2 and —1/2< -3 <0.

Therefore, in these cases the Lebesgue constant associated at the matrix
T is not optimal; in fact ||L,,(T)|| = O(m!/?tmax{==8}) = Anyway, we
obtain a more simple expression for the approximate solution, given by

21 PHedan(n) = {ZM - ng )]

X [( T + 1217;2? ) pj—1(wix) — 24;p;(w; x) ]} :
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If we want to apply the method of additional knots [4], [8], we can consider
the matrix T = {2y = zpi(w™), k= 1,...,m, m = 1,2,... ,y1} where
the point y; is chosen such that y; € [—1,21], y1—21 ~ m™2 in the case i) and
Y1 € [Tm, 1], Tm — y1 ~ m~2 in the case ii). Now, the associated Lebesgue
constant is optimal, i.e., || L, (T)|| = O(logm) and the approximate solution
can be written also as

(@) gm() = 220 {fjxk A SN

sin(ma) p i Rl

x [(1 —a?)pj1(wiz) + (z — y1)j <<x+ ;j_fcll >

< pya(win) — 25 ws0) )|

(- a—apdh Y, 20, S

—re—y1 pm(w i)

X [<w+ ;ﬂ;ioi > Prm—1(w; ) = 2A5 P (w; 2) ]} :

The case a = 0. In this case the integral equation (1.1), as we note in
Section 1, is the well known Symm’s integral equation. Moreover, this means
that w(z) = (1 — 22)Y/? and w™'(z) = 1/(1 — 22)*/2. Thus, if we choose
the knots of the matrix T" as the zeros of the m-th Chebyshev polynomial of
first kind, firstly we have that the associated Lebesgue constant is optimal
(| L (T)|| = O(logm)); moreover we have a more simple expression for the
approximate solution, given by

m m—1
b .
(2.8) () gm(z) = poe Z f@e) Y jTi(zy) (2Uj—1(z) — Uj(z) )
k=1 j=1
—br m m—1
= IS ) 3 0T ()T (),
k=1 j=1
where, now xj = cos(2k — 1)w/2m, k = 1,... ,m, and T}, and U,, denote

the m-th orthonormal Chebyshev polynomials of first and second kind, re-
spectively.

In this case the method is not new; in fact it coincides with the collocation
method with Chebyshev polynomials for the Symm’s integral equation on



A Numerical Method for a Volterra-type Integral Equations ... 133

an interval (see [10] and the references given by the authors). Anyway,
with Theorem 3.1, we establish for this method the rate of convergence in a
weighted uniform norm.

3. Main Results

Since, as we can deduce from Section 1, the solution g(z) of (1.1) is not
bounded in 41, it does not make sense to estimate the error uniformly on
[—1,1]. Nevertheless, the following theorem provides a weighted estimate on
the whole interval.

Theorem 3.1. Let T ={ty, k=1,... ,m,m=1,2,...} be a given matrix
of knots. If f(x) € CP**([-1,1]), p > 1, 0 < A < 1, then

Clog L (T)]
2
(31) l¢(g = gm)l| < 2L

where p(z) = (1 — 222 and ||L,,(T)|| is defined by (2.5).

Remark. Sometimes it is sufficient to know the values of the solution in closed
subintervals contained in (—1,1). Then, by the previous theorem, the following
estimate holds

19(2) — gm(@)| < LB DIL -y o0 (—1,1).
mptA—1

4. The Proof of the Main Result

In order to prove the main result of this paper described in the previous
Section, some notations and preliminary results are needed. In the following
the symbol C stands for a generic constant taking different values at different
places. It will always clear what variables and indices the constants are
independent of. If A and B are two expressions depending on some variables,
then we write: A ~ B if and only if |[AB™!| < C and |[A™!B| < C, uniformly
for the variables under consideration.

Introduce the remainder term by

(4.1) Rin(f;z) = f(z) — L (f; 7).
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Lemma 4.1. Let T = {tx, k=1,... ,m, m = 1,2,...} be a given matriz
of knots. Then for every function f € CPT*([~1,1]), p>0,0 < XA < 1, we
have

_ Clogm|[L ()]

(12) AR (£))] e

where A is the operator defined by (1.5), ||Lm(T)|| is defined by (2.5) and
R,.(f) denotes the Lagrange interpolation error (4.1).

For the proof of this Lemma we refer the reader to [1, Lemma 4.2, p. 52].
Setting I,,, =[x — (1 +x)/2m,z + (1 — x)/2m], I, = [-1,1] \ I,, we have
the following results that can be found in [2]

(4.3) /I , 7“;__ (;’) dt < Cw(z)logm,
(4.4) /I (t;— ;’5))2 dt < C%.

Lemma 4.2. Let T = {t, k=1,...,m,m =1,2,...} be a given matrix
of knots. If f(x) € CP**([-1,1]), p > 1, 0 < A < 1, then

Clogm|| L (T)||
mptA—1 )

(4.5) [we® (AR (f))'|| <

where p(x) = (1 — 22)Y2, ||L,(T)|| and Ry (f) are defined by (2.5) and
(4.1), respectively.

Proof. Since by the second of relations (1.7) it results (j 1)(x) =0, we
can write

i/l ’wil(t)[RTn(f;t) —Rm(f,x)] dt

de J_4 t—z

[wp? (AR () ()] = Zw(e)e* ()

)

ie.,

we® (ARm (f))' ()|

_ Y w T ()[R (f;2)(t — @) + R (f3 ) — Rm(f;2)]

=A(x) /_1 =) dt’

Als —Rin(fi2)(t = @) + B (f;t) = Bm(f;2) 1
=A(z) {/Im+/;n} (= 2)? (t)dt’

=I1 + I,
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where we put A(z) = (b/7)w(x)p?(z). We remember that 1 +¢ ~ 1 £z for
x,t € Ima

16" (R (1) < CNLan (T Eppia (F7), - for p>i >0,

| Ry, (f3t) = Ry, (f5 )]
|t — |

©*(t)

<Ot =z +m?w f;n’f1
(1t =l

+ 2 LT[ B (), for p =1,

where E,,(f) = infpep,, ||f — P|| and P, is the set of all polynomials of
degree at most m. Thus, for p = 1, there exists a point & € I,,, such that

(4.6) I S/I 902(75)!1%(1”;&s)—Rin(f;:v)ldtS CllLn (DI

|t — x| m

m

For p > 2 there exists a point §, € I, such that

CllLm(T)]]

(4.7) IlS/I P? (8| Ry, (€)]dt < mptA—1

m

On the other hand, applying inequalities (4.3) and (4.4), we obtain

w1
48) < u@lleaY [ Tt w@ @l )

w™ (1) Clogm|| Ly (T)|
x/I (t—x)thS A .

Therefore, by inequalities (4.6)—(4.8), Lemma 4.2 follows. [
Proof of Theorem 3.1. We find that

P @)9(x) = gn(@)] < C{w@)|(AR(1)()]
d

+ w(@)¢(2) | —(ARn()@) |}

Therefore, by relations (4.2) and (4.5), inequality (3.1) easily follows and
this theorem is completely proved. [
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5. Numerical Examples

In this section we give some numerical results obtained by using algo-
rithms described by relations (2.7) and (2.8), for a # 0 and a = 0, respec-
tively. For all examples we report in tables the maximum of the weighted er-
rors ©%(z) (g(x) — gm(x)), evaluated at & = +25/m, j =0,1,...,|m/2] -1,
for various values of m. All computations were carried out in double pre-
cision with a machine precision approximately equal to 2.22 x 10716, We
observe that the numerical results are in accordance to the theoretical ones.

Example 5.1. Let us consider the integral equation
T b 1
a/ g(t)dt + — / g(t)log |z — t|dt = w(z)z(l —2?), —-1<z<1.
—1 s —1

Since in this case hg = 0, the analytical solution is

() = aw(@)l -4 + (5~ a)o + 1] + “w(@)(3 ~ o~ )

l—2z —622+4+14 b 1—x
1 — —6 1—32%)1log ——|.
x[xog1+x+3(l_x2)]+ww(x)[ x + ( x)ogl_i_m

Table 5.1 shows the results obtained choosing a = b = v/2/2 and a = 1/4,
B =3/4. Thus, f(x) € C*TV/4([-1,1]).

Table 5.1: Weighted errors ||(1 — 2%)(g — gm)||

m Example 5.1 Example 5.2
8 .972330 x 102 670934 x 102
16 857902 x 1073 318672 x 1073
32 114778 x 103 415256 x 107
64 118823 x 104 415256 x 104
128 888457 x 10~° 450591 x 10~°

Example 5.2. Here, we consider the same integral equation as in Exam-
ple 5.1, but choosing a = 0, b = 1 and o« = § = 1/2. Thus, f(z) €
C'*1/2(]=1,1]). The corresponding results are given also in Table 5.1.

Example 5.3. We consider the integral equation

1
—/ g(t)log |z — t|dt = 2*sin -l<z<l
TJ-1
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The known function z2 sinx € C°°([—1,1]). By Theorem 3.1, the numerical
solution exponentially coverges to the solution of the integral equation. Since
the analytical solution is unknown, we report in Table 5.2 the weighted error
between the numerical solution computed for m = 128, and the numerical
solution computed for m = 4,8, 16.

10.

Table 5.2: Weighted errors for Example 5.3

m (1 — 2)(g128 — gm)|l o

4 3.89255 x 102

8 6.02510 x 10~°

16 6.43540 x 10~ 13
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