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Abstract

A numerical algorithm based on Hermite polynomials for solving the Cauchy singular in-
tegral equation in the general form is presented. The Hermite polynomial interpolation
of unknown functions is first introduced. The proposed technique is then used for ap-
proximating the solution of the Cauchy singular integral equation. This approach requires
the solution of a system of linear algebraic equations. Two examples demonstrate the
effectiveness of the proposed method.
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1. Introduction

Singular integrals of various types arise when simulating the physical behavior of com-
plex engineering systems. That is also the case of fractional calculus that relies on singular
integrals and became an essential topic in the study of phenomena in various disciplines
[12,13,19-21,27]. Moreover, many initial and boundary value problems can be casted into
solving singular integrals. For example, the problem of surface water wave scattering by
a thin vertical barrier, that occurs in the linearised theory of water waves, can be reduced
to a homogeneous singular integral equation with Cauchy kernel [6].

In this paper, we consider the Cauchy singular integral equation (CSIE) as follows

a(z)w(@)e(z) + bz /“’ D gt — /kxt Yo(t)dt = f(z), (1.1)

where a < z < § and a(z), b(z) and f(x) are known real functions. The function k(z,t) is
the kernel of the integral equation, ¢(¢) denotes an unknown function and w(t) represents
the known weight function. The kernel function is assumed to be continuous and square
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integrable. For a(z) = 0 we have a first kind integral equation of (1.1). Otherwise, it
is an integral equation of the second kind. This type of integral equation was discussed
in [22,25]. The CSIE (1.1) has several applications, such as the mixed boundary value
problem, the elasticity for cracked media, or the solution of contact problem in solid
mechanics [6].

Analytical schemes for obtaining the solutions of these problems were proposed for special
cases [7,9,18]. However, often we need a general numerical method to solve the CSIE
(1.1). The single Cauchy kernel problem can be transformed into the Fredholm type
integral equation with singular kernel, and may be solved using conventional schemes
[1,3-5,8,10,11,16,17,23,26,28].

This paper applies the Hermite interpolation procedure to solve the CSIE (1.1) and is
organized as follows. Section 2 introduces the properties of Hermite polynomials. Section
3 develops the numerical technique for solving the CSIE (1.1) in the general form. Section
4 presents several test problems, comparing the numerical and exact solutions, to assess
the accuracy and applicability of the proposed technique. Finally, Section 5 highlights the
main conclusions.

2. Hermite polynomials interpolation

Let xg,x1,...,x, be real node points. The interpolation conditions at each node z;,
1=20,1,...,n, for Hermite interpolation are as defined

PO (x;) = cij, (2.1)

for j=0,1,--- Jk;, — 1l and ¢ =0,1,--- ,n. Hence, the total number of conditions for this

interpolation procedure is m + 1 = ko + k1 + ...+ k,. Assume that II,, is the space of all
polynomials of degree at most m. Then, the following theorem guarantees the existence
and uniqueness of such interpolation polynomial and its proof is given in [14].

Theorem 2.1. There exists a unique polynomial P in II,, fulfilling the interpolation
conditions in equation (2.1). We can write the Lagrange form of the Hermite interpolation
polynomial. Let xg, z1, ..., z, be distinct nodes in [a, b]. The Hermite polynomial of degree
2n + 1 such that

Hopi1(x;) = f(ay), Hénﬂ(a:i) = f'(z;),i=0,1,....n, (2.2)
is given by
Hopyr(2) =Y fzj)hi(z) + Y f(x5)g;(x), (2.3)
§=0 3=0

where hj(z) = L?(x)(l —2(x — x;)L(2)) and g;(x) = (v — a:])LJQ(x) with the convention
that L;(x) represents Lagrange polynomial.

The convergence and norm estimates of the Hermite interpolation at the zeros of the
Chebyshev polynomials are investigated by Al-Khaled and Alquran [2].

3. The proposed numerical scheme

In this section we use the properties of the Hermite polynomial interpolation to solve
the CSIE (1.1). Let us consider the unknown function ¢(t) € C*([a, 3]), where o and
3 are real numbers, and that C!([a, 3]) denotes the set of all continuously differentiable
functions on the interval [«, 5]. For approximating ¢(t), we divide the interval [«, /3], into
n partitions and we assume that tg,%q,...,t, are the distinct interpolation points where
a =ty <t <..<t,=p. Now let z be an arbitrary point in [a, 8] that differs from
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to,t1, ..., tn. Assume that Hermite interpolation formula of ¢(t), at t1,ta,--- ,t, and x, is
given by
N N
Hopi1(1) Z L)L) (1 =20t — ) L5(t) + > _¢( t;)L3(t)
: J:
o) By (01 = 20t — )Ly (2)) + /(@) (¢~ ) B () (31
Let on(t) = [IY(t — t;). Consequently, we have o'y (t;) = IV, iz (t; — ;). In terms
of on(t), the Lagrange polynomial will be given as
t)(t —
L;(t) = on(t)(t = o) j=1,..,N. (3.2)

o (t)(t = 15)(t; — x)’
We now approximate solution of CSIE (1.1) in two steps. First let us define
Baw(t)p
(Se)() :/ wi)_()dt <z < B (3.3)

Replacing the unknown function ¢ by its Hermite interpolation Hon 41 in the above rela-
tion, one obtains

(Sne)(x) = (Sen)(z) = (SHan+1)(z) = /j Wdt
N 5 w
= Zso(tj)/ t_(tg)CL;%(t)(l—2(t_tj)L;(tj))dt
i=0 @

Bw
/ a0 =20t — ) Dy )

j(t)dt

a t—
B aw(t
da) [ ;t—mLNH() (3.

For the first-term, we have

N B w
Solt) [ n 0~ 206 - )20

— o t—a 7
N 8 w 2 N B w
:Zcp(tj)/ (;)_L;(t)dt—2z¢(tj)/ t_(t:)ELi(t)(t—t)L;(tj)dt. (3.5)
j=0 @ §=0 o
Then
Y 20— B w(t)od(t)(t — )
3ot [ S = et || aii o,
N
= Y eltyw(e), z #1j, (3.6)
j=1
where
_ [P wt)eR(t)(t - =)
=[] oG, - &0
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Also, we have

N B w
22 / <)L2()(t—tj)L;(tj)dt = Z (t;)L5(t;) /a t_x L3(t)(t — t;)dt
N
= Z DSLIOE — ) (@), (3.8)
where 5
SO - )@ = [ L0 o 41 (39)
Usmg nd (3. ) formula (3.5) can finally be expressed as

3.6)
/ ) J(1 = 2(t — t;)Lj(t;))dt

N
= Yot (wi(x) = 2L5(t;)(S(LE(1)(t — 1)) (@)
7=1
N
= Y e(t)Kjx), v #tj, j=1,2,...,N, (3.10)
7=1
where
Kj(z) = wj(x) — 2L;(t;)(S(L3()(t — t;)))(x),j =1,2,...,N. (3.11)
Similarly, for the second-term of (3.4), one can get
al ! A w(t) 2
Z‘P(tj)/ (=) L( Z(p (z), ©#t5, j=1,2,..,N, (3.12)
=0 «
where ;
() — w(t)o} (t)(t z) oLt
5= || - - P T 19

The third-term of (3.4) can be written as

Bw
o) [ _(ZL?VH(t)(l — 2t = )Ll o)

t
Bt B
/a i L%v+1 /a w(t)Liy 41 (2 (3.14)
Thus
P w(t) o(x) 2
1
o) [ 1= 505 (3.15)
B 2
where (So% (z / w(:)UN ®) dt. In addition,
6% X
ﬁ /
2¢(x) [ w(t)Liyy(z)dt = 2Cp(z) Ly, (o), (3.16)

where C' = ffw(t)dt.
Then, using (3.15) and (3.16), formula (3.14) can be rewritten as follows

B w
o) [ 13000 - 20— e ()t

= 2 (552)(2) — 20p(2) 1 () (3.17)
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Now we want to compute the fourth-term of (3.4). In this case a direct calculation yields

B w "(x
o) [ =) B0 - D (3.18)

so that D = [ f w(t)o% (t)dt. From the above calculations, one can get the following
formula for approximating the integral

N N
(Sne) :Z + Z‘Pl(tj)zj(m)
o2 ) (z "z
+ @(m)(% —20Ly 1 (x) + D 902( ) . (3.19)
ox (@) ox ()

In the next step, we approximate the term ff ko(x,t)w(t)p(t)dt of the CSIE (1.1). Let
Q2n+1(t) be a Hermite polynomials interpolation of ko (z,t)¢(t) at the nodes t1,ta, ..., tx.
Then, we have

N
Qan+1(1) Z ,t5)p(t) L3 () (1 — 2(t — t5) L (t5))
8ko / 2
+ Z @(t;) + kol(w, 1)@ (t;))(t — ;) L5 (t). (3.20)

Substituting relation (3.20) into ff ko(x, t)w(t)p(t)dt, it results

/ kol tyw(t)o(t)dt

B N
/a w(t) Z ko(x, ;) (t;) L5 (£)(1 — 2(t — ;) Lj(t;))

p Oko / 2

w(t T,t; t; kx,tj ti t—t-th. 3.21
+ [ U;(at( elts) + (e )¢/ () ) (£ 1) L3 (320
Wehave

/ Zko z,t5)(t) L3 (1) (1 = 2(t — ;) Lj(t;)

N N
= S et /k:o:ct) ~ 3 el /Qkoxt) (L2t — ) L (t)dt
Jj=1 j=1
N
= Y@@ - w)(@)e(t) (3.22)
7=1
with
w]@)(x) = /Bko(m,tj)w(t)Lg(t)dt,
Wy — oo f° 2 ,
wi(@) = 2| kolz, t;)w(t)L2(&)(t — t;)L}(t;)dt, (3.23)
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and
B N
[ w3 (G wtiyetts) + kol )6 1) (¢ = 1) 20
o 1
N 8 N B
= S owlty) [ Dt~ ) B0+ Y ) [ ol tiw(o)e — 1) L by
=1 @ =1 o
N N
= Y eltui’ @+ Y ¢t (@), (3.24)
i=1 j=1
where
@) = [ B ) ) B0, 2 A1
wP(z) = /a ’ ko(x, t)w(t)(t — t;)L2(t)dt, o # t;. (3.25)
Thus, we have
B N N
| o tw@evd = 3 ol @et) + o @et).  (3.20)
@ j=1 j=1
where
wj(»4) (x) = wj(p) (x) — wj(-l)(w) + w](-z) (x). (3.27)

Substituting (3.15) and (3.22) into CSIE (1.1) it yields

N N N A N 3
b(2) Y Kj(@)p(t;) + b(2) Y Zi(@)e'(t;) — 3wl @)e(ts) — 3wl (2) (1))
j=1 j=1 j=1

j=1
(Sod)(@) _ .
+ {a(:r)w(x)+b(w)< s 2C> botz)
+ wzf(m),m#tj,jzl,Q,...,N. (3.28)

Choosing x;, ¢ = 1,2,...,2N, such that z; # t;, for j = 1,2,--- N, we obtain the
following system of linear equations

N N N 4 N 3
b(x:) SO K (x)e(ty) + bla) S Zi(x)e (1) — S wlP (@)e(ty) — 3wl (@) ()
j=1 j=1 j=1 j=1
+ {atwute) + ) W—w) bt
Db(x;)¢' (;)

ox(xi)

Solving (3.29) we can obtain the unknowns ¢(¢;) and ¢'(¢;), j =1,2,...,N.

= f(z;), i=1,...,2N. (3.29)

4. Illustrative numerical examples

In this section we illustrate of the proposed scheme and assess its feasibility. We consider
two examples for which the analytical solution is known. The performance of the suggested
scheme is analyzed in the perspective of the percentage absolute error (PAE) defined as:

AFE

- |Exact solution]

PAE

x 100%, (4.1)

where AE is the absolute error.
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Example 4.1. In this example we choose the kernel function k(x,t) = —ﬁ, the

weight function w(t) = -1, and the values @ = —1 and 8 = 1. Considering a(z) = 1 and
b(z) = —% we have the following singular integral equation:
pz) 1 /1 p(t) /1 o(t)

- — ———dt dt = 4.2

TRt A e s ey L) O rarupmsrarcs s L AL (42)

where

fle) = (?) (§>41<$i4+xi2);—1\{§2 (ii;)i

It is known that the exact solution of (4.12) is p(t) = 154%4 [15]. We choose the node

points t; = cos ( >, i=1,2,---, M, and the points x; as the zeros of the Chebyshev

i
M+1
and Legendre polynomials, respectively. After obtaining the values of ¢(t;) and ¢'(t;),
j = 1,2,...,N, by means of the Hermite interpolation formula, we can approximate
solution of (4.2). Figure 1 shows that approximating solutions of (4.2) with magnitude of
the AE, in the interval [—1,1] for M = N = 15. The PAE of (4.2) for M = N = 2 and
M = N = 4 are reported in Table 1.

Exact solution 0.00018
000  Approximate solution
0.00016
0.00014
.00012
10001
AE 00010

0.00008

0.00006

0.00004

0.22

0.000

Figure 1. Example 4.1: (left) comparison of the exact and the numerical approx-
imations, (right) magnitude of the AE, with proposed scheme for M = N = 15.

Table 1. Example 4.1: Comparison of the PAE, for different numbers of points
in the interval [—1,1] and two identical values of M and N.

PAE
—1.0 2.400 x 1073 1.035 x 10~

—0.5 - 2.618 x 1074
0.0 1.251 x 1073 2.011 x 10~*
0.5 — 1.125 x 1074

1.0 2.500 x 1073 2.469 x 10~*

Example 4.2. In this example we consider a(z) = 0, b(z) = 1, k(z,t) = 0, f(x) =
ot + 523 + 222 + o — 18—1 and the weight function w(t) = \/11—7 Thus, the singular integral

equation is given by

/1 Ldt:m4+5m3+2m2+x—g —-l<z<l (4.3)
_1(t—$)m 8’



A numerical algorithm for solving the Cauchy singular integral equation 981

1
The exact solution of (4.3) is p(t) = — (t5 + 5t + gt?’ - gtz — gt - Z) [24].
T

Likewise to the previous example, Figure 2 presents the exact solution of (4.3), its
numerical approximation by means of the proposed algorithm and the magnitude of the
AE in the interval [—1, 1] with M = N = 15. Moreover, The numerical results of (4.3) are
listed in Table 2.

-8
— Exact solution 1.8x 10
000 _Approximate solutios

0.6 1.6x1078

o(t) 0.4

0.2

-0.4

-06 0.5 1

Figure 2. Example 4.2: (left) comparison of the exact and the numerical approx-
imations, (right) magnitude of the AE, with proposed scheme for M = N = 15.

Table 2. Example 4.2: Comparison of the PAE, for different numbers of points
in the interval [—1, 1] and two identical values of M and N.

PAE
—1.0 3.994x 1073 1.587 x 10~ %

—0.5 — 1.022 x 10~4
0.0 2.091 x 1073 1.040 x 10~*
0.5 — 1.174 x 1074

1.0 1.587 x 1073 2.709 x 10~4

5. Conclusion

In this paper an important class of one-dimensional singular integral equations was con-
sidered. A numerical scheme based on the Hermite polynomial interpolation was proposed
to solve the general form of the Cauchy singular integral equation. The numerical results
for two examples show that proposed numerical algorithm is an accurate and reliable
technique.
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