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1. Introduction

In this paper we give a method for the solution of the dual integral equations
® o~ J(EPY(E)— Y (Ep),
J' B (E) &p) 2(é) 2(<Ep) © 4 E=1,
0 Ji(O+ YY)

“ paar1yem INEP)YAE) — Y (Ep)I (S
L (O 7O T Y20 =—f,(p), p>a ... 1.2)

where J, and Y, are Bessel functions of the first and second kind, —}<a<l,
f1(p) and f,(p) are known functions and Y(£) is to be determined. Such
equations arise in the discussion of boundary value problems for half-spaces
containing a cylindrical cavity. For example, let us take the problem of finding
a potential function ¢(p, 8, z) which satisfies Laplace’s equation for

(p), l<p<a ...(1.1)

1<p<o00,0£0=52n,2>0
subject to the usual regularity conditions and the following boundary conditions:
9(1,0,2)=0, 02021, z>0 coiiiiiiiiiiiiniieenn. (1.3)

9(p,0,0)=0, 0Z0=Z2n, 1<p<a@ .cvvvvrviivenininnnn... (1.4

2 6(p, 0,2) = (f(p) cos m0-+g,(p) sin )

05052, p>aandz=0. ..ccooiiiiiiiiiiii (1.5
A suitable representation for such a function is
o(p, 8, 2)
— f * femit (¥(&) cos mb+y (&) sin mONJm(Ep) Yol &) — Yu(p)m(E)) , .
0 O+ Ya(©)
......... (1.6)

A function expressible in the above form satisfies the condition (1.3) for all y’s
for which the integral (1.6) is convergent. The conditions (1.4) and (1.5) are
fulfilled if Y. and y, are found such that

® i 2y ImEO YD =Vl 4s 0 1 eoca e
L VO e T Tesa D
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L &Y (&) GRS G At = —f,{p), p>a ... (1.8)

and a similar pair of equations holds for y,.
Weber (1) wrote down, by inspection, the solution of the pair of integral

equations
J ) EWET(Ep)E =f(p), O0<p<l, .riirriiennncnn. 1.9)
(1]
J'w YOI (Ep)dE =g(p), 1<p<o0. .ivrereinnnnn.. (1.10)
V]
for v=0,0=—1f(p) = 1,4(p) = 0.

This could be regarded as the starting point of the theory of dual integral
equations. The first direct solution for the same parameters but with f a
non-constant function of p appears to be due to Beltrami (2).

The . problem for general values of the parameters but g(p) = 0 was con-
sidered by Titchmarsh (3), Busbridge (4) and Gordon (5). The analysis in these
solutions is rather complicated and does not easily lend itself to adaptation to
cover more general cases. An elementary method was suggested by Sneddon
(6) for certain special cases arising from the consideration of boundary value
problems in mathematical physics. An elegant generalisation of Sneddon’s
method was used by Copson (7) to solve the problem in the general case.

The solution of the pair of equations (1.9) and (1.10) for —1<a<1 was
considered by Noble (8) who reduced the problem to one of solving an integral
equation of Abel-Schidmilch type. Tranter (9) had earlier derived a solution
for the case o = +1 but his method is no simpler than Noble’s. The solution
derived by Williams (10) by a formal application of the theory of Mellin
transforms is apparently simpler but, as pointed out by Erdélyi and Sneddon
(11), it is so because much labour has already been absorbed in calculating the
transforms. The last-mentioned authors have tried to bring out, by introducing
fractional integration operators, the relationship which exists between various
solutions. Recently Lowengrub and Sneddon (12) have given an easy method
for dealing with the equations (1.9) and (1.10) where f (p) = 0 and their paper
may be treated as a complement to that of Copson (7).

The most notable contribution to the theory in the recent past has however
been made by Williams (13) who associated the solution of the dual integral
equations with the factorisation of linear operators. The analogous problem
of determining the coefficients in dual series relations.

np1s

A PaJ (A.p) =f(p), O<p<l, ..o (1.11)
1

||Ma

aJ (L) =0, l<p<a, ....cccciiin. (1.12)
1
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where —1<p=<1, v>—1 and 1, are positive zeros of J (al), was first discussed
by Cooke and Tranter (14), who showed that the dual series equations may be
replaced by an infinite set of linear algebraic equations. Recently Sneddon
and Srivastav (15) reduced the above problem to one of solving a Fredholm
integral equation of the second kind. In elementary solutions of dual integral
equations, a form for (&) was chosen which satisfied one of the equations
identically. The key idea in the paper by Sneddon and Srivastav is that of
assuming an integral representation for the infinite series in (1.12) and thus
automatically deriving a suitable representation for the coefficients. In this
paper we have combined this idea with the idea of factorisation introduced by
Williams (without explicitly stating it in the text) and have thus succeeded in
reducing the pair of equations (1.1) and (1.2) to a single linear integral equation
of Fredholm type of the second kind. The special case v =0, « = 4 and
fi(p) = 0 has been discussed in an earlier paper and we shall exclude these
values of the parameters.

To facilitate the presentation we split the problem of determining ¥(¢),
which satisfies the equations (1.1) and (1.2), into two problems:

Problem (a). Determine (&) which satisfies the equations

® TN YL~ YO 42 _
L 4'1(3; 76 1Y) £=0, l<p<a ... (1.13)

* 2a+1 Jv(ép)yvv(é)‘_ Yv(gp)‘]v(f) de =
.[ 0 STve VHER A :
Problem (b). Determine y/(¢) which satisfies the equations

® J (P Y () - Y,(Ep) (O .
L EY(d) o110 dé =fi(p), l<p<a, ...... (1.15)

f: gy P )J);((z,f)); 5;(('55’)’” ©ge—0, p>a. oo (1.16)

The solution to the general problem can obviously be obtained by adding the
two solutions. In view of the heavy calculations involved in our work here, it
appears advisable to recast some of the well-known properties of Bessel functions
in a form more suitable for our purpose. This is done in Section 2. Sections
3 and 4 are devoted to the solutions of problems (a) and (b) respectively (in the
sense of reduction to a Fredholm integral equation of the second kind). We
outline an approach in Section 5 for the solution of the dual equations when
£22*1 in the equation (1.2) is replaced by £2** }(1 4+ H(&)), where H(¢) is a known
function. Such a pair of equations is the counterpart of the equations discussed
by Tranter (17) and (17a), Cooke (18) and Noble (19).

The analysis throughout this paper is formal and no attempt is made to
justify the change of order of integrations. The conditions, whenever written
explicitly, are not in the sharpest form and are usually dictated by the considera-
tion of convergence of integrals.

—fa(p), p>a...(1.14)
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2. Let
PR CRIETR13) AT R A 13 VA (3 NN @1
It may be easily verified that
- i H,S”(Pf) _ H,(lz)(f’é) (1) (2)
Xu, v(p’ 5) - 2l ( Hsl)(é) H\(,z)(é) ) Hv (é)Hv (é)s """ (2'2)

where H(" and H® are Bessel functions of the third kind defined by the
relations [(20), p. 73]

HM2) = J (2)4iY[2), i (2.3)
HP2) = J(2)=iY(2)e ciiiiiieiaaeaaaii, 2.4
From the formula (32), p. 25 and (38), p. 104 of (21), it may be deduced that

.[m P N0 NP —2Ydp = 2T(a 4+ DE Ty, oy (2, ©), (2.5)

a result which is valid for R(u)> —1 and R(u—2ua)> 1.
We call g(¢) the Weber transform of first kind of order v of g(p) if

a

Wi(9) =g() = f pg(P)x,, p, E)dp, 0<i<oo. ............ (2.6)

1
It easily follows from (22), p. 75 that

© GO, (0, e
. W .................. 27

Combining the relations (2.5) and (2.7) we find that

W, U(g) = g(p) =

0, 1l<p<i,
* f_u Xv—a—l,v(t9 g)x\', v(p’ C) d& - 2—atv~a—l(p2_t2)¢ (28)
,[O Hf'l)(é)HS'Z)(é) F(oc+ 1)pv » p>1.

There is a striking resemblance between the integral (2.8) and the following
special case of the Weber-Schafheitlin integral [(21), (8), p. 48]: Forv>u> —1,

0, O<y<a
Jw XtV (ax) (xy)dx = (287" ak(y? —a?)H ! a<y<oo. ...(2.9)
¢ T(v—py” ’
We can show easily that
J‘ac €a+1 Xry, v(p’ é)Xy, v(t’ é)df
0 HMOHE)
=R ( I ) gl w Mf)df) + J‘ ? EF (pOT (OdE.  ...(2.10)
0 H(E) 0

The second integral in the equation (2.10) is the Weber-Schafheitlin integral
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whose evaluation has been discussed by Watson [(20), p. 398]. By considering

B M Ll GO T @.11)
r ! H :1)(2)

where T' consists of the positive real axis, the arc of the quadrant and the
positive imaginary axis, we can show that

© et TOHDGOHD)
R +1 n u
(L : HOE) dg)

2 oo
= Zcos(2v+a+li—n—p) z y*t! L») K (py)K,(ty)dy. ...(2.12)
T 2 Jo K\(y)
Thus when (2v+a—#—p) is equal to an even integer or zero,
H . (o= | ettt b9y 2.13
P D j Yoo ¢ @19

reduces to the Weber-Schafheitlin integral.

3. Solution of the problem (a). Case —}=<a<0.
Let us now consider the solution of the equations (1.13) and (1.14) when
—+=4<0. Set

- —v=1 0 |[” a2
W () =p ! 5—! g((p>—12)dt, p>a, ............ 3.1
where g(#) is as yet an unspecified function. From the relation (2.5) it follows
that
Y(&) = 2°T(a+1)¢° j g e Wt Ot (3.2)

The form (3.2) for Y(&) satisfies the equation (1.13) identically. Replacing
(&) in the equation (1.14) by the value given by (3.2) we get, on interchanging
the order of integrations, the following equation to determine g(r):

2T(a+1) r GOETH, o o, DAt = ~f3(p), p>a. ... (3.3)

(3.3) is a Fredholm integral equation of the first kind. On combining the
relations (2.9), (2.10) and (2.12) we find that

Hv, v,v—a,a(p’ t)
2a+1 pv(tl_pZ)—rz—l

H(t—p)+ 2 sin na f et DO g K (oy)dy,
T

TIh(-w) e o KO
......... 3.9
where H(x) is Heaviside’s unit function. Thus the equation (3.3) is equivalent
E.M.S.—L
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to the equation

2_ﬂr —_ [+ o] _ @ z Iv -
S ) g™ yrt —(—y—)Kv-a(ty)p K,(py)dy | dt
T cosec nat J, 0 K,(»)

®© 2@=v)(42 _ ,2y-a—1 g, _ —f(p)p” ' T(—a)
+J; gt (t*—p?) dt ———_22“+1F(a+1) e e (3.5

By a procedure similar to that of solving integral equations of Abel-type, we
can show that

g+ 2_t sin na J‘“’ g™ (J‘w yL(») Kv—a(uy)K,_v(ty)dy) du
n a 0 Kv(y)
= Lz_aii ° 1-v 2 _ 2y
= Tty dt_[ P p)p* — ) dp, ......... (3.6)

where the simplification is to be effected by the use of the following integral
[(21), (13), p. 129]: For R(u)> —1 and R(»)>0

I x! T (x2— a?Y K (xy)dx = 2%a* "y TET I (e DK -y 44 (ay). ..(3T)

For v = 1, it is possible to find a closed form solution for the equations (1.1)
and (1.2). It is however not clear how the solution of the above Fredholm
integral equation is related to such a solution,

Case O0<a <.

We make a further assumption that v>0. For v = 0, the case of physical
significance appears to be the one corresponding to « = 1. The solution for
these values of the parameters has already been discussed in (16). For v>0
and 0<a <1, we suppose that

P
W) = o f oD =, pan (3.8)
This is equivalent to the assumption that

W(&) = 227N (W)E® f G ety O e (3.9)

Multiplying both sides of the equation (1.14) by p! =" and integrating from p
to oo, we obtain the equation

? 2 V-1, 8) o  or [ -
L &2 mdﬁ- —p IL fo@urvdu, p>a. ...(3.10)

If we substitute the value of (&) from the equation (3.9) in the equation (3.10),
we obtain on interchanging the order of integration, the equation

«©
2a—1r(a)f ta_vg(t)Hv,w-l,v—a,a—l(p’ t)dt

[++]
=—p”‘1J Lour~vdu, p>a. ... (3.11)
P
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From the relations (2.9), (2.10) and (2.12) it is easily deduced that
H, \-1,v-a,a-1(p, D
_ 2o T T =) 2 j * e Koo sonK, - 0OL0) 4,
T

I(1—o) 0 Y K,(»)

This reduces the equation (3.11) to the equation

27T(1 — ) .T%sin e j ” g(u)ua-v< f y*K,—1(py)p* (yI)< L) )
Y v

rf(u)u“"du, p>a...(3.13)

2172 (1 —a)
I'()
The above equation may be easily shown to be equivalent to the equation

g+ 2 sin no f " gt ( f *y L) Kv_,(uy)Ka_v(ty)dy) du
n a 0 v( )

f S W =123 du. ... (3.14)

_ J\ t2a—2vg(t)(t2__p2)—adt —
P

21—21atv-—¢
C{T(H-0)¥ " dt

Thus the integral equation obtained is of the same type as (3.6), though the
derivation is slightly different.

4. Solution of the problem (b). Case —1=<ua<0.

The procedure for solving this problem is essentially the same as that for
problem (a). Let us assume that for p>a, W, '(/(¢)) is given by the equation
(3.1). Then

W(E) = 2T(a+1)E " f " GOy o 1, O+ f oo 0> Odp. (A1)

If we substitute the above value in (1.16) and interchange the order of integra-
tions, we obtain the equation

Zar(a-{- 1) J‘ (t)ta v sV, V—a, a(p’ t)dt - f v.fl(v)Hv, v, v, 2a— I(U’ p)dva p > a,

1

which is of the same form as the equation (3.3). Hence we can reduce it to the
Fredholm Integral equation of the second kind

0=+ 2 sin o r g(u)u“'V( f "y IV‘(”)Kv_a(uy)Kv_a(ty)dy> du

= 1_(1+ )f fi(DH, , y—a 210, Ddv, a<t<oo, ...... 4.3)

by using the result (2.5). The case 0<a <1 can also be treated in the same
manner and results in the same integral equation. The equation (4.3) is much
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more difficult to handle than the equations (3.6) or (3.14). Not only is the
kernel of the integral equation an integral but here the free function involves
a rather complicated double integral. Nevertheless, the problem is solved, at
least in principle. ' :

5. Let us now consider the solution of the pair of equations

Jw W09 4o _

Y1, (p: €) 1 e 5.1
o PO+YHY T T G

™ e (L HOW0 0 D) gy _ _ is
L & 72+ Y25 ¢ f(p), p>a, ......... (5.2)

where —{Za<4, H(¢) is a known function and (&) is to be determined. We
rewrite the equation (5.2) in the form

® et YO0, D) o
L ¢ O Y0 dé ‘ Fp), p>a, .ol (5.3)
where
— * 2a+1 H(é)‘//(gy)iv, v(p, 6) d 5 4
Fx(p) = f(p)+ j R - (5.4
For —{Za<0
V(&) = 2°T(a+ DE™ J O (b, O e (5.5)
and for 0<a<d
Y& =227 ()" f ) g gy (6O (5.6)

where g(¢) satisfies the Fredholm integral equation of the second kind

9O+ 2 sin na g(u)u“( y 2O g up Ko (1)dy ) du
T a 0 Kv(y)
2—2alv—a d

T t=vp 2-tHdp, a<t<oo. ... 5.7
{I"(1+a)}2dt£ p TR (p)pT—t7)dp, a e (5.7)

However F,(p) involves /(&) and therefore g(r). The equation (5.7) can be
shown to be equivalent to the equation

g+ 2 sin ma f gu*" (L, (u, )+ L,(u, ))du
T a
2—-2atv—nz d

= fl“(l—-l—a)}—z;i_tj‘w P () pt —tHdp, a<t<oc, ... (5.8)
1 t
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where

Li(u,t) = jw y L) K, _{uy)K,_ (ty)dy, a<u,t<oo ... (5.9)
] Kv(y)

and
Lau, ) = 050 [ a0 Byl Dome. O g (5 10)
2'T(x+1) Jo F(O+ Y1)
The symmetrisation of the kernel can be done by substituting
g(Dt* ™" = t*G(1).
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