A PAIR OF DUAL INTEGRAL EQUATIONS
OCCURRING IN DIFFRACTION THEORY

by J. BURLAK
(Received 22nd September, 1962)

1. Dual integral equations of the form

J‘w u—u-"(uz—kz)alll(u)-’,,(x“)du = f(x), 0=x=1, ............ 1)

k

f T BT () = (X)X Ly )
0

where f(x) and g(x) are given functions, Y(x) is unknown, k=0, u, v and « are
real constants, have applications to diffraction theory and also to dynamical
problems in elasticity. The special cases v = —u, «a =0 and v=p =0,
0<a?<1 were treated by Ahiezer (1). More recently, equations equivalent to
the above were solved by Peters (2) who adapted a method used earlier by
Gordon (3) for treating the (extensively studied) case y4 = v, k = 0. A

We present here a method of solution which has affinities with the *“ elemen-
tary >’ method introduced by Sneddon (4) for the case u = v = k = 0 and
developed by Copson (5) for the case 4 = v, k = 0. The essence of the method
is the reduction of the dual integral equations to a single integral equation:
the integral equations which arise in the study of equations (1) and (2) (see
Lemmas 2 and 3 below) have not apparently been treated before and seem to
be of interest in their own right; they generalise the integral equations discussed
by Copson (6) and Jones (7).

The analysis throughout is formal: orders of integration, and- of integration
and differentiation, are inverted freely. The solutions obtained may always be
verified by substitution into the original dual integral equations.

2. We first state some preliminary results, -in the form of three lemmas.
Lemma 1. (Sonine’s * second ” integral, (8), p. 415).

on J”(bt) w gy

o (t2 + ZZ)iv

0, O<a<),
= " 2_b2 v-p~-1
b_{ﬂ___)} Jyoaor{z (@ b7}, O<b<a,

a’ z

for all real or complex z, provided Re(v)> Re(u)> —1.
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Lemma 2. The solution of the integral equation

Jx W(O)(x2 — p) ¥ {kJ(x2 = pD}dp = h(X), eovereeen, 3)

where a is a finite constant, is

Y(x) =k Ed; r ph(p)(x*—p?)~HE+DI_ o k(2 —pP)}dp. ... (C))

More symmetrically, the solution of the integral equation

x 2_ 2\
J Y(p) {‘l(xk———”)} Je{kJx*—pH)}dp = h(x) ..o o)
is ’
—p¥)) -+
V) = ‘—%f ph(p ){J R )} I_ s (2= pD}dp. ....6)
If J, is replaced by /; in (3) or (5) then /_ 4., ;) must be replaced by J_ (g4, in
(4) or (6).

To prove this result we put x*—a? = X, p2>—a® = Y, y(p)lp = ¥(Y),
2h(x) = H(x) in (3) which gives

I ¥ W(Y)(X — YTk /(X = Y)}Y = H(X), c.cooverveen. Q)
o .

an integral equation of convolution type. Thus, taking the Laplace transform
of both sides of (7) and using the convolution theorem (see (9)), we find, denoting
the Laplace transform of f(x) by #{f} or f, that

PL{XYIkXD} =H. oo, 8)
But (see (10), p. 178)

LIXPT (XD} = (k/2) exp {—k2/@ED)} PP oo 9)

and so (8) yields _
Y/p = /k)Pp’ exp {K*/@AP)}H. ...cooeovviiiiinaannn, (10)

Now, using (9) again, we may write
p* exp {k*/(4p)} = g{(iklz)ﬂﬂx_ﬂﬁ“)‘l-(p+ 1)(ikX%)}
which, since (see (8), p. 77)
I(x) = i7" (ix), I(ix) = PTAX), coeeivirieniiniinnnnnn, 11
allows (10) to be written in the form
Pip = (k/)L{X D _ 5, (kKXDH}H.

Hence, by the convolution theorem and the well-known property (see (10),

p.168) flp = & { J‘xf(t)dt}, we find

W(X) = EEI (X=V)¥ V1, k(X = DIH(Y)AY. ......... (12)
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Reverting to the original variables we immediately obtain (4). The pair (5)
and (6) follow at once from (3) and (4) and the effect of replacing J,; by I, may
be seen on replacing k by ik and using (11). Note that, by an elementary change
of variables, we see that, if the lower limit of integration in (7) is replaced by a
finite constant A4, then the same must be done in the solution (12).

Lemma 3. The solution of the integral equation

Iw Y(p)(p* = xD¥I{kJ(p2—x)}dp = m(x) ............. e 13)
is ¥ ‘
Y(x) = —k :—x'[ pm(p)(p? —x3) ¥ DI _ .k (p? —xP)}dp. ...(14)

More symmetrically, the solution of the integral equation

0 2 __ 2 . .
j o) {ﬂ”_kﬂ}ﬂ L{kJ(p*=x)}dp = m(X).rrreoc..... (15)
is ¥
«© 2 _2))~-(8+1)
Y(x) = — %I pm(p) {M} J - g ny{ky/(0* = x)}dp....(15)

As in Lemma 2, if /; is replaced by J, in (13) or (15) then J_ ., ;) must be
replaced by I_;, 4y in (14) or (15°).  The formulae remain valid if the upper
limit of integration is a finite constant 4 throughout.
To prove this result we proceed as in the proof of Lemma 2, putting x> = X,
= Y, y(p)/p = P(Y), 2m(x) = M(X) in (13), and we find

J. V(YNY =X)L {kJ(Y-X)}dY = M(X). ....cc......... (16)
X
To solve this equation we first consider the equation
r W(YNY = X)¥1,{k /(Y —X)}Y = M(X). ............... (17)
X .
The substitutions ¥ = —u, X = —¢t, B = —a, Yy(¥) = F(u), M(X) = N(f)
yield o
J Fu)(t—u)**I{k./(t—u)}du = N(?)
or, by (11), T
F(u)(t—u)**J ,{ik /(1 —u)}du = i®N(1).

Hence by (7) and (12) (with the lower limit of integration replaced by a—cf. the
end of the proof of Lemma 2), we find

Flu) = _'Ei f (=) DL ik J(u— 0} N
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which gives
) = - Eﬁf MY =X) 40+ DI_ g i (Y = X)}dY....(18)
Thus, letting B tend to infinity in (17) and (18) we obtain, as the solution of (16),
o= - Ea‘if MY =X) ), ke /(Y= X0}AY ...(19)

which immediately yields (14) when we revert to the original variables. The pair
of equations (17) and (18) give the solution in the case when the upper limit of
integration is a finite constant and the alternative pair of equations (15), (15)
follow at once from (13) and (14).

3. We now turn to the solution of the dual integral equations (1) and (2).
Since these equations are linear in (x) we may write

W) = Y0 FW2(X)s eeeeeeeeereeerreeererennn, (20)

where ,(x) denotes the solution in the case g = 0, /,(x) the solutlon in the
case f = 0.
By Lemma 1, a particular solution of the equation

r Y I, (addu = 0, x>1, covereerieeiiiiineanns (1)
V]

is the function
Yi(x) = X" (x2 -k I (p/(x* - kD)),

provided p<1, A>v> —1. Thus we are led, by superposition, to the function
o .
¥,(x) = x"“(xz—kz)'“‘[ b1 (o) {pJ (2 —KkD}dp, ......... 22
o ) . .

with 4> v> —1 and ¢,(p) a function to be determined; if we substitute (22)
inte (21), invert the order of integrations and use Lemma 1, we see that the
function (22) automatically satisfies equation (2) (with g = 0).

To determine the function ¢,(p) we substitute (22) into (1), put u®>~k? = v*
and invert the order of integrations:

f ¢,<p)[ (vz+k2)'*"v‘+2ﬁ'*J,‘{x\/(b2+k2)}J1(pv)dv] dp = 1),

0LXST oo, (23)

Thus, if we choose 20— ,1 = A,i.e. L = a, we can apply Lemma 1 to the inner
integral in (23) which, after some simplification; yields the integral equation

J’ PO = PO, (ke (6P pD}dp = KT (R), .(24)

provided u>o>v> —1.

https://doi.org/10.1017/50013091500014784 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500014784

DUAL INTEGRAL EQUATIONS IN DIFFRACTION THEORY 183
But now, by Lemma 2, equation (24) has solution
b0 = e L f PR — PP, (P p))dp, o (25)
whence, by (22), .
i) = 7=k [ 78 (o i)

0

. I:% f " ) (p? — e,k (pz—uz)}du] dp. oo (26)

To determine y,(x) we rewrite (1) (with £ = 0) in the form

f (0F + kD)~ D2 1y €2 L R L (0P +kD)}d = O, ......(2T)
V]
with0<x<1,0? = u>~k2 Thus, using Lemma 1 again, we see that a particular

solution of (27) is the function
: Uo{J@P+ED} = @GP+ T2 (o), p>x, p>A> -1,
ie.
Vo) = u' TP =k {oJWP - KD}, p>x, 1> —1.
Therefore, if we take
Yo(x) = x‘*"(xz—kz)*‘"“f ¢p) {pJ(x* =kD}dp, p>A>—1,...(28)
1

then equation (1) (with f = 0) will be automatically satisfied and, on substituting
(28) into (2) and inverting the order of integrations, we find

f " 4200) U“’ ul“(uz—k’)**-vv(xu)mp\/(uz—,kZ)}du] dp = 9(),
' ° x>l (29)

To apply Lemma 1 to the inner integral'.in.(29) we must take $}A—o = —144, i.e.
A = a, and, after some simplification, this yields the integral equation

provided p>a>v> —1.
. But now, by Lemma 3, the solution of equation (30) is

$2(x) = —k“‘“x’di f " 010 = EE 0,k (0P~ xD}dp, ......(31)

x

whence, by (28)
Vo) = —k“""x'*"(x’—k’)'*“j RN

1

) I:‘_;.j; fw ut "g(u)(u® — p2r g, _ (ke (u?— pz)}du] dp. ......... (32)

i
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Thus the solution of equations (1) and (2) is given by (20), (26) and (32),
provided u>a>v>—1.

The solution may be written in various forms. Thus, integrating by parts in
(26), we have

Vi) = k"-“x"“(xz—kZ)'*“[[p-v,{pJ(xZ—kZ)}F(p)]a

1
+ j JE&E*—kHp~= m{p\/(xz—kz)}F(p)dp]

= kFmaxH(x2 _kZ)—'kﬂ_]a{\/(x2 —k»H}F(1)

FREmaxr (2 Ry D) f o o= K} (o), oo (33)
where °
Flp) = J’p u* (up® —u?)e 01,k (p*—uI}du ............ €l
0

and we have used the result ((8), p. 45)

di {7} = —yx T e (Y e, 35)
X

Similarly, integrating (32) by parts we find
Ya(x) = k*7"x (% — k) T/ (x* - £2)}G(1)

+hOTX M (xP = kPR f P o {pJ (X —=k2)G(p)dp, ...... 36)
1
where

G(p) = Jw u! gyt — p?FC O, _ {kJWi—pD}du, ... 37D

p
and we have used the result ((8), p. 45)

di {x* ()} = X, (X)) e (38)
X

the asymptotic behaviour of J,(x) for large x and the assumption that g(x) is
such as to make G(p) = o(p*~%) as p— 0.

4. It is worth noting that the quantities that are of interest in applications
are not only the solution ¥(x) of equations (1) and (2) but also the left-hand
sides of these equations, for the ranges x>1 and 0 =x=<1, respectively, i.c. the
functions

filx) = J‘w u P = KA Y () (xuw)du, x>0, 39

k

9,(x) = r W) (), OS XS oo, (40)
]

https://doi.org/10.1017/50013091500014784 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500014784

DUAL INTEGRAL EQUATIONS IN DIFFRACTION THEORY 185

There are several ways of evaluating these, perhaps the most direct being to
substitute (20), (22) and.(28) into the right-hand sides of (39) and (40). This-
yields, after inversion of the order of integrations,

L. 1 ®
7= 60 [ j W = k) (xu)

Jo

= k)T {p/(uP —k*)}du | dp

P P [ f ® = k2 (o)
1 k

't wr =k {p/(u? —kz)}du_ dp

1 2 u—a—1
=x'j PP, (p){‘/(x A )} Jyeam1{kJ(x*—pH)}dp

0o

k

where, after putting v> = u?—k? in the inner integrals, we have used Lemma 1
and the fact that x>1. Similarly,

0 =j $(0) U W= k(o —kz)}Jv(xu)du] dp

2 _ 2 u—a—
+x” I p°d2 (p){‘/( )} 1 Jy—a1{kJ(x2 = p?)}dp, ...(41)

j ¢2(p)U '“(uz—kz)'*“Ja{P\/(uz—kz)}Jv(xu)du]d

2 a-v—1
- % f = (p){J(” . )} omrmr e (07— )}

where we have used Lemma 1, the fact that 0 x<1 and equation (11).
Thus, if we now substitute (25) and (31) into (41) and (42), we obtain

 4F
Ji(x) = kx~ “f (2= pHFeem Dy (ke (x* —p?) dp —dp
— klT2emns VX""( pP(x?—phEee g ke J(x? = p?)} ZG dp
1 p
and

1
g,(x)=k”"”'2"X'j P (o~ 2)*‘“”“"’L,_v-l{k\/(p’—xz)}‘;_lrdp
p

x

—kx"J (p2=x*rev=br __{kJ(p*—x)} ‘? dp, ...... (44)
1 P
where F(p), G(p) are given by (34) and (37), respectively.
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5. Finally we observe that the conditions g>a> v> —1 imposed above can
be circumvented in various ways. One of these is to alter the order of the Bessel
functions occurring in (1) and (2) before starting the solution. _

Thus, if we multiply (1) by x* and differentiate both sides of the resulting
equation with respect to x, using (38), we obtain the equations

Jm u' TE W = k() -y (xu)du = xH g— {x*f(x)}, 0Sx=ZI1, ..o 45)
x

fw Y@ (xu)du = g(x), x>1, .oioiiiiiiiniiiiinens 46)
o

which may be solved as above provided y—~1>a>v>~1. If now we multiply
both sides of (46) by x~” and repeat the above procedure (using (35)), we find

J‘co u—{(I‘—l)+(v+l))(u2_k2)1¢(u)J”_l(xu)du = x-u(}d_ {xﬂf(x)}’ Oéxél’ (47)
k X

f o), 4 (x)du = —x° 4 x7'g(x)}, x>1, e (48)
° dx
where ¢(x) = x(x), which may be solved as above provided p—1>0>v+1
>—1.
Similarly, if we multiply (1) by x*,(2) by x” and repeat the above procedure,
we find
j DD YR, (e = -3 S W) 0SesL,
X x
......... 49)
J. o), _(xu)du = x~7 ‘—;{ {x*g(x)}, x>1, coorvrrrnnen (50)
0 X

where ¢(x) = xy(x), which may be solved as above provided u+1>0>v—1
> —1.

An alternative is to integrate instead of differentiating. Thus, if we multiply
(1) by x**1 and integrate with respect to x, from 0 to x, using (38), the behaviour
of J,(x) for small x and the fact that u> — 1, we obtain the equations

Jw ™t T WP = KA (u) oy  (xu)du = x7#1 j‘x u**f(w)du, 0gx<t, (51)

k 0o

J‘ N YudJ (cu)du = g(x), x>1, i, (52)
0

which may be solved as above provided pu+1>a>v>—1, u+1>0. Finally,
if we now multiply {(52) by x™7 and differentiate with respect to x, we obtain

'[ u T EFDYCTING2 ey L (xu)du = x 7L f ut* 1 f(u)du,
k [
0<xZ1,........ (53)
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f ® B )y = —x* L (G, x>, e, (54)
o dx

where ¢(x) = xy(x), which may be solved as above provided u+1>a>v+1
>—1, u+1>0. These processes may be repeated and combined as often as
necessary. Other examples of the use of such methods are given by Peters (2)
and Noble (11) for the case k = 0.

A more satisfactory method of extending the range of values of the para-
meters, as well as some discussion of the conditions to be imposed on the func-
tions f(x) and g(x) in equations (1) and (2) for the various procedures to be
valid, will be given in a subsequent paper.
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