ON THE SOLUTION OF CERTAIN
DUAL INTEGRAL EQUATIONS

by J. BURLAK
(Received 4th February 1962)

1. In this note we consider the formal solution of the dual integral equations

f CEI ) di=f() Osx<l), )

0
f:t//(u)Jv(xu) du=g(x) (x> 1), @

where f(x) and g (x) are given and (x) is to be found. The direct solution of these equations
has been given by Noble [1] but we shall show that they may be solved more easily if they are
first reduced to a form in which g(x) =0.

Thus, following a suggestion of Gordon [2], we put
Y (x) = ¥ (x)+¥2(x), 3

where y/,(x) is chosen to satisfy the equations

rwz(u)fv(xu) du=0 OSx<I), @
0
f Va0 du =) (x>1), ®)
Then we find that ,(x) is the solution of the dual integral equations
ruﬂwxu)Jv(xu) du=h() Ox<I), ©)
rvfl(u)uxu) d=0 (x>1), )
0
where
h(x) = f(x)— L () () da ®)

and, by the Hankel inversion theorem (see Sneddon [3]) applied to (4) and (5),
) = [ g @) ©
1

Now the solution of equations of the form (6) and (7) has been given by several authors:
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Titchmarsh [4] (for the case 0 < o < 2), Busbridge [5] (for the case —2 < a < 0), Gordon [2]
and Copson [6] (for both cases). Thus, all that remains is to reduce the resulting solution of
6), (7), (8) and (9) to its simplest form.

The method of doing this, described below, is similar in some respects to that used by
Noble [7] in treating the case f = 0 (he obtained the solution of (1) and (2) by superposing the
solutions in the two cases f= 0 and ¢ = 0). He used the Busbridge form [5] of the solution of
(6) and (7), which complicates the analysis, and his argument differs in many details from that
given below. However, the main disadvantage of his method is that it applies only to the case
—2 <a<0: various devices (integration by parts or transformation of the original dual
integral equations) are needed before the case 0 < a < 2 can be treated.

We show below that the argument leading to the form of the solution is identical in the
cases 0 <a <2and —2 < a < 0. Itis only in establishing the least restrictive conditions on v
that we need some minor modifications in the argument in the case —2 < a < 0. Further, the
use of Copson’s form [6] of solution (Copson’s method for the case g = 0 copes equally well
with the cases —2 < a < 0 and 0 < « < 2) not only simplifies the analysis but also yields the

final solution in a symmetrical form which shows that there is no essential difference between
the cases f = 0 and g = 0. This is confirmed by the work of Lowengrub and Sneddon [8] who

showed that Copson’s method applies equally to the case f=0. The same is true of Gordon’s
method [2] (see [9]).

We may remark at this point that the conditions on v are not always stated explicitly. As
they are not the same for all methods of solution we summarize them here. In the case
—2 < a <0, the condition 2v+a+2 > 0 was required in [6], [7], [8], [9] and is also required
below. In [1] Noble required v > 0, which is unnecessarily restrictive. In the case 0 <o < 2,
Busbridge [5] required 2v—a+3 > 0 and 2v+a+1 > 0; the condition 2v+a« > 0 was imposed
in [6], [8], [9] and below: it is more restrictive than the Busbridge condition for 0 < a < $,
less restrictive for 8 <a < 2. In [1] Noble required the even more restrictive condition
2v—a+2>0and 2v+a > 0. We note finally that Gordon [2] required v > —1 in both cases
—the least restrictive condition of all. However this advantage appears to be lost when his
method is adapted to the case f= 0 (see [9]). It would be of interest if a definitive set of con-
ditions could be found.

2. We now simplify the solution of (6) and (7), treating thecases0 < a <2and -2 <a <0
together as far as possible.
Copson’s form of the solution is [6]

2 1-}a 1 d y
2;‘ (x1)+ ‘}a) oy- v—{a Jy+§a(x}’) ZV{J\Ouv +1p (u) (yZ - uZ)iudu } dy, (10)

which is valid for 0 < &« <2, 2v+a > 0 and for -2 <« <0, 2v+a+2 > 0. (Copson gives the
second condition as —2 <« <0, v > —1, but this is in error.)

Y (x) =

Thus, by (3), (8), (9) and (10), the solution of the original equations (1) and (2) is
Y (x) = F(x)+G(x), (11)

where
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2 1 —fa 1 d
PO =5t | o g [ - ad 4, az
G(x)=x J‘wug (u)J (xu) du+ H(x), (13)
1

(2 )l—ia 1 o d 'y N
H(x) = "m o}’ ’ *“Jvﬂa(x}’);j; [fou" '02-w?)

X {va“Jv(uv)<vjwtg ()J (vt) dt) dv } du] dy. (14)
0 1

Our aim is to reduce the four-fold integral in (14) to a double integral.
By interchanging the order of integration in the inner three-fold integral in (14) (as our
analysis is formal we do not attempt to justify such an interchange) we find that

I(x) = Jyu" (2 -yt {fw v“Jv(uv)(vjw 19 ()Y (v1) dt) dv} du
0 0 1

= 'rv“ +t {Jwtg (7, (vt) (fyu"+ 132 —u?)t(uv) du) dt} dv. (15)
0 1 0

But now, by Sonine’s first integral (Watson [10, p. 373]),
Zv+l /2 . . '
Jyiv+1(2) =§TF_(V+_1)J‘0 J,(z sin 6) sin**! § cos®*' 6 df, (16)
which is valid if Re(u) > —1 and Re(v) > —1, we see that
Y
J‘ w2 —udteg (uv) du = 2T (1 + 3oyt to=t =g 4 O), an
0 .

provided that « > —2, v > —1, where we have replaced y, v, z and sin 8 in (16) by v, 4a, yv and
uly, respectively. The conditions on « and v are satisfied if 0 <& <2, 2v+a >0 and if
—2<a<0,2v+a+2>0.

Thus, by (14); (15) and (17),

H(x) = —x'-¥ f W) {rv'**vﬁh(yv)(rrg (), (01) dt) dv} dy, (8
0 0 1

where we have applied the result (Watson [10, p. 18])

d
o {x"fn(xy)} = yx"Jp-1(xy) (19)
to the product y**4=+17 ., (yv). If we now use the similar result (Watson [10, p. 18])
d
E{x_n n(xy} = _yx-n n+l(xy) (20)
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to write
v+ia,,—v—Fatl v+ da d —v—dat+1
Y0, 4 34(09) = y* 0y Jy+22(00) = = > {r Jy+3a-1(00)}

and again interchange the order of integration in (18), we find that
1 d ] ]

H(x) = x“*“j A SN 657 o {y‘”‘*““ J tg (t)q T (00, 4 4o 1 (0)) dv) dt} dy. (21)
0 1 0

The inner integral can be evaluated in terms of the Weber-Schaftheitlin discontinuous
integral (Watson [10, p. 398])

JwJ”(xt)Jv(yt)t‘* dt =
0

yT{}(ut+v-i+1)}

B T+ DEGGr a0} 2 1 U= A D, Ho= At s v ds y7,

(22)

where 0 < y < x; a similar expression, with x and y, and u and v, interchanged, holds if
0 < x <y. The integral is convergent if

Re(u+v+1) >Re(d) > ~1. (23)
Thus, since y < ¢, if we replace y, v and Ain (22) by v, v+ 4a—1 and —1a, respectively, and use
the result
2F1(v e, 305 v Y30 = x4 (P -y (0 <y <), 29
we obtain
f:v*“lv(vt)fw,\a-x(vy) dv = 2 (1-4)} Iy +i=-le=(— ) ~He, (25)

provided that 2v+4a > —4a > —1, whichis so if 0 <a <2, 2v+a>0and if —2<a <0,
2v+a > 0. Hence, by (21) and (25),

tayl—3a 1 0
H(x) = 2 J y””“JvHa(xy)diy{L t"”g(t)(tz-yz)"“dt}d}’- (26)

r(1—%a)/,
(-] 1 1
j dt}dy—j {f dt}dy
y 0 y

We now rewrite the double integral in (26):
1 0 0 @ ' )
f {f dt}dy =f U d,}dy_f {
0 1 0 y 1
and, in the first and third integrals on the right, we integrate by parts (using (19)), interchange
the order of integration and combine the resulting integrals. This yields
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H . 2}mxl—}ﬂ ? v+iuJ ( ) d wtl_ (t)(tz_ 2)_§“dt d
®="ta=g),” g, ’ ’
2}ax2—ia ® 1~ ! a2 2y —da
-1, g(t){foy (_t =) Y1 3a-2(Xy) dy p dt. @)

The second integral in (27) can be simplified by use of a modified form of (17):
t
f Y=y, g1 (09) dy = 2740 (1= Ja)rx~ ! h (1), (28)
1}
provided that —4a> —1, v+34a—1> —1, which is so if 0 <a <2, 2v+a >0 and if
—2<a<0,2v+a>0. Hence, by (13), (27) and (28),
2}axl—}a 0

+ta d ® -v —_ —fa
“Ta-1),” ‘Jvﬂa(xy)@{f g () (=) dt}dy, (29)

¥y

G(x) =

provided that 0 < & < 2, 2v+a > 0 or —2 < a < 0, 2v+a > 0, and the solution of (1) and (2)
is given by (11), (12) and (29).

3. The case —2 <a<0. As we have seen, the above argument holds for 0 <a < 2,
2v+a>0and for —2 <a <0, 2v+a >0. To relax the restriction on v in the second case we
follow the above argument as far as (18), which holds when —2 <a <0, 2v+a+2 > 0 and
which can be written

HG) = =t j Wy 139) { f 70 U "o 00,4 3a09) dv] dr} . (0
0 . 1 0

The inner integral can be evaluated by a modified form of (25):

f o 4 (01)], 3 (09) do =21 HI{T (= Jo)} =y e (12— yP) e, (3D
0 .

provided that 2v+34a+1> —1—4a > —1, which is so if —2<a<0, 2v+a+2>0. Thus
(30) becomes

2! +§axl—ia 1

H(x) = - y"”““-’vm(xy){rt“ CIOIGES S dt} dy. (32)
1

(-2 Jo

We now use the same argument as led from (26) to (27) (omitting the integrations by
parts) to obtain '

H(x) S 2 T L a(XY) “p- -y~ drrd
r(_%a) ly v+ia 34 y g 'y
S mr‘-"g(t){ fy"“““(tZ—yZ)-'-*“J () dy} dr ()
(19 ), ; s '
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The rest of the argument follows as above, if we use a second modified form of (17):

t

f yHiet @ yy=l-g L (xy) dy = 271 FT (= da)rxteT (x1), (34)

0

~ provided that v+4a> —1, —1—30> —1, whichis so if =2 <a <0, 2v+a+2>0. If we
then write

(g1t = {(—2y)(—%a)}-'%(t2—y2)-*“,

we obtain precisely (29), under the conditions —2 <« <0, 2v+a+2 >0. This completes the
solution in the two cases 0 <a <2,2v+a>0and —2<a <0, 2v+a+2>0.
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