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A numerical technique is developed for solving Abel’s integral equations. The solutions of such
equations may exhibit a singular behaviour in the neighbourhood of the initial point of the interval of
integration. The proposed method is based on the shifted Legendre collocation technique. [llustrative
examples are included to demonstrate the validity and applicability of the presented technique.
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1. Introduction

In recent years, many different methods have been
used to approximate the solution of Volterra integral
equations with weakly singular kernels (see, for ex-
ample, [1-3]). In the present paper, we consider the
following Volterra integral equations of the first and
second kinds, respectively:

[y
)Lo/(x_t)adtf(x), o<tr<x<1l, (I)
y(x)—i—?t/(xy_(tt))adt—f(x), 0<r<x<1, (2
0

where f(x) is in L?>(R) on the interval 0 < x < 1 and
0 < a < 1.Here A, o and the function f(x) are given,
and y(x) is the solution to be determined. For 0 < o < 1
the integral equations (1) and (2) are weakly singular
and called Abel’s integral equations of the first and sec-
ond kinds, respectively. The special case o = 1/2 often
arises in physical problems. We assume that (1) and (2)
have a unique solution.

In 1823, Abel, when generalizing “the tautochrone
problem”, derived (1). This equation is a particular
case of a linear Volterra integral equation of the first
kind. Abel’s integral equations frequently appear in
many physical and engineering problems, e. g., semi-
conductors, scattering theory, seismology, heat con-
duction, metallurgy, fluid flow, chemical reactions and

population dynamics [4]. Many different authors pre-
sented numerical solutions for Abel’s integral equa-
tion of first kind (see, for example, [5—7] and the ref-
erences therein). In [6] the authors developed high-
accuracy mechanical quadrature methods and, to avoid
the ill-posedness of the problem, the first kind Abel
integral equation was transformed to the second kind
Volterra integral equation with a continuous kernel and
a smooth right-hand side term expressed by weakly
singular integrals. Also the author of [7] developed a
numerical technique based on Legendre wavelet ap-
proximations for solving (1) and (2). The numerical
treatment is more difficult for first kind than for second
kind Abel integral equations, which have been widely
studied [8—11].

In the present paper, we apply the shifted Legendre
collocation method for solving Abel’s integral equa-
tions. Our method consists of reducing Abel’s integral
equation to a set of linear algebraic equations by ex-
panding the approximate solution as shifted Legendre
polynomials with unknown coefficients. The properties
of shifted Legendre polynomials are then utilized to
evaluate the unknown coefficients.

The paper is organized as follows: In Section 2
we describe the basic formulation of Legendre and
shifted Legendre polynomials required for our subse-
quent development. In Section 3 the application of the
shifted Legendre collocation method to the solution
of (1) and (2) is summarized. As a result a set of alge-
braic equations is formed and a solution of the consid-
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ered problem is introduced. In Section 4 the proposed
method is applied to numerical examples and the accu-
racy of our method using several examples is checked.
Section 5 ends with a conclusion.

2. Shifted Legendre Polynomials

The well known Legendre polynomials are defined
on the interval z € [—1, 1] and can be determined with
the help of the following recurrence formulae [12]:

Ly(z) =1, Li(z) =g,

2i+1 i
Liyi(z) = TZLi(Z) il (2),
i=1,2,..

In order to use these polynomials on the interval x €
[0, 1] we define the so-called shifted Legendre polyno-
mials by introducing the change of variable z =2x— 1.
Let the shifted Legendre polynomials L;(2x — 1) be de-
noted P;(x). Then P;(x) can be obtained as follows:

Py(x)=1, Pi(x)=2x—1,
QD=1
Pia(s) = SR () — pi (), O

The analytical form of the shifted Legendre polyno-
mial P;(x) of degree i is given by

d (i) X
P(x) = kiZ()(—l)‘*" E:k;, e @)

Note that P(0) = (—1)" and P,(1) = 1. A function u(x),
on [0, 1], may be approximated in the form of a series
with n+ 1 terms as

where the coefficients ¢; (i = 0,...,n) are constants.
3. Solution of the Singular Volterra Integral
Equation

In this section we solve the singular Volterra inte-
gral (1) and (2) by using the shifted Legendre colloca-
tion method. First of all we approximate y(x) as

=Apx*+ ) ciP(x), (&)
i=0

Yn(x)
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where Ag and the coefficients ¢; (i = 0,...,n) are un-
known. Substituting (5) into (1) we have

X
AA()/ C, (x) (6)
(xr—
0
Now, we know that
X
" 'n+1)I'(1-a) _
— xn+1 o 7
O/(x—t)“ Tnt2—a) 7
and
o o
dr = . 8
0/ G—ne" ~ Sn(ra)” ®)
Employing (4) and (7) we obtain
0 "
i _ (@) k+1—
/ ol 7;)%,( e )
o -
where
A0 _ (iR DO~ )
ik (k12(i — k)T (k+2 — ) (10)
_ (_1)i+k (i+k)'(1—a) .
K(Gi—k)'C(k+2—a)
By using (8) and (9), (6) can be written as
AAg——— +AZZC, ay B k=0 — £(x). (11)

1n(7wc) =E

Similarly by substituting (5) into (2) and by using (8)
and (9) we get

Ao (x —HL

) ch,

+lZZc,aZk Jktl-a = f(x).

i=0k=

12)

To find the solution of the first kind Abel integral equa-
tion (1) or the second kind Abel integral equation (2)
we collocate (11) or (12) at (n+ 2) points, respectively.
For suitable collocation points we use the shifted Le-
gendre roots z; (i = 1,...,n+ 1) of P,.1(r) and addi-
tional point zg = 1. The resulting equation generates a
set of (N + 2) linear algebraic equations which can be
solved for the unknown coefficients c¢; (j = 0,...,n)
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and Ay. Consequently y(x) given in (5) can be calcu-
lated.

4. Numerical Experiments

This section is devoted to computational results. We
apply the method presented in this paper and solve sev-
eral examples. Those examples are chosen whose exact
solutions exist.

Test 1. Consider the first kind Abel integral equa-
tion [7, 13]

—ﬁ\/_(IOS 56x° +48x) (13)

g
o VX—t
which has the exact solution y(x) = x> — x> 4 1. For
this problem we use (11) with @« = 1/2 and n = 3. We
obtain

A0 1 =1 1 1
0o=VY, 00_127 01_207 02_127 03_20'
Therefore using (5) we have
11 1 1 1
=—F — —P —P P
y3(x) = 5 P(x) = 55 Pi(x) + 5P (x) + 55 Pa(x)
11 1 1
=—(1)— —=(2x—1)+—(6x*> —6x+1
1) = 55(2x = 1)+ 5 (62" —6x+1)
1
20(20x —30x% +12x—1)
:x3—x2—|—1,

which is the exact solution.

Test 2. In the second example, we solve the second
kind Abel integral equation [7, 13]

o] g

For this problem we use (12) with o« = 1/2 and n = 2.
We obtain

y(x) =x"+

A():O, o= =

Therefore using (5) we have

y2(x) = %Po(x) + %Pl (%) + éPz(x)

1 1 1
=-(1)—=(2x—1)+=(6x> — 1

3( ) 2( X )+6(6x 6x+1)
:xz’

which is the exact solution.
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Tab. 1. Computational results of the absolute error |y(x) —
Yn(x)| of Test 1.

X n=3 n=>5 n=17 n=9 n=11

00 55-102 22:102 1.1-1002 62-1073 38-1073
0.1 24103 54.10% 1.1-107° 22-1075 12-1077
02 12-103 7.0-100° 23-10° 1.6-107°> 27-107°
03 1.6-100% 27-107° 291070 14-100° 14.10°°
04 19-100% 55-10° 7.1-100° 23.10°° 1.8-107°
05 13-100% 52107 79.1077 3.7-100° 6.0-1077
0.6 3.8-10° 1.7-10° 6.6-100° 13.10° 1.0-107°
07 14-100% 24-107° 62:-100° 15-10° 6.0-1077
0.8 13.10% 1.1-107°> 26-100° 16-100° 6.3-1077
09 63-10° 15-10° 34-10° 1.0-100° 48-1077
1.0 4.8-107° 97-10° 28-100° 1.0.-100°© 45.1077

Test 3. In this example we apply the new method to
find the solution of the singular Volterra integral equa-
tion [7]

v =2vi- [ 0 (15)

dr
5 VXx—t

The exact solution of this problem is y(x) = 1 —
Terfc(y/mx), where erfc(x) is the complementary er-
ror function defined by

erfc(x

\/_/ e du.

In Table 1 we present the absolute error |y(x) —
yn(x)| for some values of x using the present method
withn =3,5,7,9,11. From Table 1 we see that the ap-
proximate solution computed by the present method
converges to the exact solution. In Fig. 1, the abso-
lute error function |y(x) — y,(x)| is plotted for n =7
and n = 10.

Test 4. Consider the linear Volterra integral equation
with algebraic singularity, presented in [13 —15],

y(x) = %ﬂx-ﬁ- \/J_C—/ Y

J \/mdt (16)

with the exact solution y(x) = y/x. For this example
we use (12) with & = 1/2 and n = 1. We have Ag = 1,
co = 0, ¢; = 0. Therefore using (5) we get the exact
solution of this example.



A. Saadatmandi and M. Dehghan - Abel’s Integral Equations

0.008

0.006

0.004

0.002

755

08 1
X
0.004
0.003
0.002
0.001
0 02 04 06 Y / Fig. 1. Plot of the absolute error

Test 5. In this example we consider the second kind
Abel integral equation with o = 1/3, presented in [2],

a0
y(X) 100/(x_t)l/3dt
_ 79w,
15400

(I
243 s 2T s

201 N2
=x(l-x) 2200 400

For this example using (12) with & = 1/3 and n = 4,

of Test 3 forn =7 (top) and n =
10 (bottom).

we obtain y(x) = x* — 2x> + x?, which is the exact so-
lution of the problem.

Test 6. Consider the Volterra integral equation
[16,17]

X
1 T 1., ;1—-x 1 y(1)
=t —- dr
) \/x+1+8 4" 1+x 40 Vx—t

(18)
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Table 2. The error ||y — y,||s for s = 1,2 and some values of n
of Test 6.

n Hy_ynHI Hy_ynHZ
2 1.02-1073 1.15-1073
4 2.72-1073 3.10-1073
6 7.24-1077 8.26-1077
9 3.20-107° 3.68-107°
12 1.45.107 11 1.41-10~11
15 6.71-10~14 7.78-10~14

with the exact solution y(x) = 1/+/x+ 1. In Table 2 the
error ||y — yu||s is illustrated for s = 1,2 and 0 < x < 1
and some values of n. In this example we achieved a
very good approximation with the exact solution of the
equation by using only a few terms of shifted Legendre
polynomials.

The numerical results obtained in this section
demonstrate that the present method is capable of solv-
ing Abel’s integral equations (1) and (2) and can be
considered as an efficient method. Note that we have
computed the numerical results by Maple program-
ming.
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5. Conclusion

We presented a numerical scheme for solving Abel’s
integral equations of the first and second kinds. Our
method consists of reducing Abel’s integral equations
to a set of linear algebraic equations by expanding
the approximate solution as shifted Legendre polyno-
mials with unknown coefficients. The obtained results
showed that this approach can solve the problem effec-
tively, and it needs less CPU time. The new described
technique produces very accurate results even when
employing a small number of collocation points.
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