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ABSTRACT. A formula of inversion is established for an integral transform whose kernel
is the Bessel function Ju(kr) where r varies over the finite interval (0,a) and the
order u is taken to be the eigenvalue parameter. When this parameter is large the
Bessel function behaves for varying r like the power function r¥ and by relating the
Bess21 functions to their corresponding power functions the proof of the inversion

tormula can be reduced to one depending on the Mellin inversion theorem.
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1. INTRODUCTION
This paper considers the problem of inverting the integral transform defined by

the equation

ra dr

F(u) = J J (kr)f(r)— (1.1)

o U r
where k, a are positive constants and u is a complex parameter. This transform, which
does not appear to have been used previously, is useful to remove the group of terms
.2 2.2 . .
(r Irr + rfr + k“r"f) that occurs when the space form of the wave equation is expressed
in polar coordinates and r varies over the finite interval O < r < a. The transform is

related to another transform defined on the same finite interval by the equation
a
Fl(u) = I [J (kr)Y (ka) - J (ka)Y (kr)]f(r)EE (1.2)
0 u u u u T

This transform was introduced in [1] where a formula of inversion for it was stated.
However because of the behaviour of the Bessel function terms in the vicinity of the
origin the transform (1.2) is more complicated than that defined by (1.1) and exists for
a smaller class of functions f(r). For the transform (1.2) to exist the function f(r)
must tend to zero as r -+ 0, an unnecessarily restrictive condition. Also, if the trans-
form (1.2) does exist for a certain class of functions it may be expected to do so in
some strip |Re(u)| <y of the complex u-plane, in which case, for the same class of
functions, the transform (l.1) will exist in the half plane Re(u) >-y containing the
strip. To see this we may suppose that f(r) is continuous for 0 < r £ a and that

f(r) = O(rb) as r »~ 0, then since Ju(kr)w(kr/Z)u/T(u+1), it follows from (l1.1) that

F(u) will exist in the half plane Re(u) >-b. However, since

Y (x) = [J (x)cosum - J (x)]cosecur (1.3)
u u -u

then
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F (u) = - cosecu- JO[Ju(kr)J_u(ka) - 3, (ke)J_ (k) ()
= - cosecur[F(w)J_ (ka) - F(-u)J (ka)] (1.4)

so that Fl(u) will exist only if F(u) and F(-u) possess a common domain of definition.
If F(u) exists only for Re(u) >-b and F(-u) for Re(u) <b, where b < 0, no such domain
exists. However if b > 0, F(u) and F(-u) will exist in overlapping half planes and
Fl(u) will exist in the common strip, that is for .Re(u)| <b. If f(r)’vclrb as r + 0,
where cy is a constant and b £ 0, then Fl(u) fails to exist for any value of u.

In this paper a formula of inversion is established for the integral transform
defined by (1.1). Before stating this formula it is necessarv to summarize certain
results relating to the zeros u_ of the function Ju(ka), regarded as a function of the
order u when the quantity ka is supposed prescribed and positive. It is known, [2],[3]
that there is an infinite number of such zeros, all real and simple, and that they all
lie in the interval -~ < u £ ka. The large u-zeros are asymptotic to the negative
integers and, depending on the value of ka, only a finite number, or none, of the zeros
is positive. An extensive table of values of the zeros of Ju(ka), regarded as a
fuhction of u, has been compiled in [4] where the first ten such zeros are calculated
for a large number of values of ka ranging from 10-3 to 10—6.

The following theorem may now be stated:

THEOREM. Suppose that f(r) is continuous for O < r £ a and that f(r) = O(rb) as
r - 0, then the integral transform defined by (l.1) possesses the inverse

~ 1 [ uélu,r)F(u)du
f(x) -XJL ———Juﬁg)—— (1.5)

where 0 < r < a,
¢(u,r) = J (kr)Y (ka) - J (ka)Y (kr) (1.6)
u u u u

and the path of integration L in the complex u-plane is the line Re(u) = c positioned
so that ¢ > -b and so that all of the zeros of Ju(ka) lie to the left of it.
2, THE INTEGRAL THEOREM.

The formula (1.5) can be established by following the method of proof adopted in
[S] to derive a related formula in which the kernel of the transform involved the
Neumann function Yu(kr). This method stems from the observation that when u is large
the function Ju(x) behaves for varying x like the power function (x/2)“/TI (u+l).
By relating the Bessel functions to their corresponding power functions we may evade
invoking many special properties of these functions and reduce the proof of (1.5) to
one depending on the Mellin inversion theorem.

Let f = O(rb) as r »~ 0 where b is real and let L(R) denote the straight line in
the u-plane drawn from the point c-iR to the point c+iR, where ¢ > -b. The first step

in the proof of (1.5) is to form the equation:

u¢(u,r)F(u)du _ u¢(u,r)du a dt
J B T 7wl J T o L I, k)£ (2.1
L(R) v L® Y

This equation follows at once by substituting the expression (l1.1) for the function
F(u) present on the left hand side of equation (2.1). The next step is to extract the
dominant contribution from the combination of Bessel functions appearing on the right

hand side of (2.1) when the variable u is large. With this aim in view we appeal to
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tne asvmptotic formula

2
(4x)u _ X -2
Ju(x) = [1 A EES)) + 0(u )] (2.2)

T (utl)"

This formula applies whenever u is large compared to x and bounded away from the neg-

ative integers. It follows from (2.2) that
u 2,2 2., -2
Ju(kt)/Ju(ka) = (t/a) [l - k" (t"=a")/4u + O(u 7)) (2.3)

The behaviour of the function ¢(u,r) for large values of u can be obtained in a
similar fashion if the Y, type functions present in (1.6) are first eliminated in
favour of the J, type functions by means of the identity (1.3) from which it follows
in turn that

¢(u,r) = - [Ju(kr)J_u(ka) - Ju(ka)J_u(kr)]cosecu' (2.4)

k2 (r2-22)
—

- Li@my - @/a)v] +
uT
4mu

[(z/a)® + (a/r)"]

+ 0w 3 (a/r) (Re@

(2.5)

after estimating the Bessel functions occurring in (2.4) by means of (2.2) and using
the identity I'(1+u)T(l-u) = uw cosecuw. It follows on multiplying (2.3) and (2.5)
that

wuw(u,r)Ju(kt)

u 2.u X
Ju(ka) = (t/r)" - (rt/a”)  + h(u,r,t) (2.6)

where, for large values of u bounded away from the negative integers,

2,22 2(: 2402 2,2
K (5;:5—1<:/r>“ + E“SEZEE—:Ei_l(rt/az)u + ol 3 (/%) 2.7

h(u,r,t) = 7

The equation (2.6) is the desired asymptotic formula that determines the behaviour of
the integrand present in (2.1) when u is large. The dominant terms in this expression
are the power functions (t/r)" and (rt/az)u, the function h(u,r,t) remaining being
clearly O[u-l(t/r)u]-

The next step in the proof is to insert the expression (2.6) into the integral

on the right hand side of (2.1). This yields the equation

a
J uele, DT (wdu 1 I rUdu I £(e)e" lae (2.8)
L® ¢ L(R) 0

a a
- % I (a%/1) %du I £yt lae + %- J du I £(Oh(u,r,t)t tde
L(R) 0 L®R) °

Now by the Mellin inversion theorem, [6],

_ a 1 2inf(r), O<r<a
lim r “du f TN E(E)de =

R L(R) 0 0 , r>a

It follows on letting R+« in (2.8) that the first term on the right hand side of that

. . . . 2 .
equation tends to 2if(r) whilst the second term tends to zero, since a"/r >a therein.
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Inerefore, on proceeding to the limit, equation (2.8) yields the formula

a
lim J ue(u, DF(Wdu _ 5,0y 4 % lim J f(t>%§ J h(u,r,t)du (2.9)

J (ka
® u Roe= 0 L(R)

<o
R L
after interchanging the order of integration in the final term on the right hand side
of (2.8). To justify the reversal of the order of integration in this term it is
sufficient to verify that the repeated integral in question is, for finite values of
R, absolutely convergent. With this aim in view we write u = a + iR and utilize the

following bound on the function Ju(kt):
3, ke)| 5 6(e,8) (kt)® (2.10)

The derivation of this bound is sketched in the appendix to this paper. The function
G(c,£) appearing in the bound (2.10) is, for given ¢, a continuous function of &. On
using (2.10) in conjunction with (2.6) we see that
InCu,r, ) s[1 + (/)% + [T 600 6y (k)% (£/0) = g(o,8,1)t°

»Ir,t) s "’3:7?57 s gla,b,
where g(o,8,r) varies continuously for u on the path L(R). It follows that, on the
path L(R) where Re(u) = ¢,

ra -1 2 coc-1

J [£(t)h(u,r,t) |t "dt = g(c,B,r) | [£(t)|t dt
0 0
The t-integral here exists since, by hypothesis, f = O(tb) and b+ ¢ > 0. Since the
path L(R) is of finite extent it follows that the last repeated integral on the right
hand side of (2.8) does exist when the integrand is replaced by its modulus. This

establishes the truth of (2.9) and it remains to prove that
(a
lim !

£(e)t Lae J h(u,r,t)du = 0 (2.11)
Roe Jo

L(R)

This result will be established with the aid of Cauchy's theorem which is first used

to prove that

[h(u,r,t) - h(u,t,r)]du = O(R 1) (2.12)
L(R)

as R > » | uniformly for all values of t such that r < t < a where r > 0.

To verify (2.12) it is first noted that the Bessel functions are entire functioas
of the complex variable u so that the function h(u,r,t) defined by (2.6) is an analytic
function of u except for simple poles at the zeros of Ju(ka), regarded as a function
of u. Furthermore it follows from (2.6) in conjunction with (1.6), (2.4) and (2.5)

in turn, that

h(u,r,t) =h(u,t,r) =u[Ju(kr)Yu(kt) —Ju(kt)Yu(kr)] +(c/t)Y - (¢/p)" (2.13)

h(u,r,t) —h(u,t,r) =-un[J (kr)J_ (kt) =J (kt)J_ (kr)]cosecur
u -u u u (2.14)

+ (e/t)Y - (t/0)"

B(u,r,t) ~h(u,t,r) =0[u { (/)% + (t/r)°}] (2.15)
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It is seen from (2.13) that the function hiu,r,t) = h(u,t,r) is an entire function of
u and from (2.14) that the same function is an odd function of u, since the same is
true of the cross product of Bessel functions as well as of the remaining terms
(/0" - (/0"

If we now apply Cauchy's theorem to the integral of h(u,r,t) - h(u,t,r) around
the boundary of the rectangle whose corners are the points #iR, ¢ * iR we find, since

the contributions of the top and bottom sides are 0[R-1(r/t)c] + O[R-l(t/r)c], that

iR
{ [h(u,r,t) -h(u,t,r)]du = J [h(u,r,t) ~h(u,t,r)])du + O[R—l(r/t)c]
L(R) -iR

+ 0[R ™ (t/)¢)
= o[R Y (x/0)%) + olR e/

by virtue of the odd property of the function h(u,r,t) - h(u,t,r). The result (2.12)
now follows, for t such that r < t < a, where r > 0.

It is now possible to return to the proof of (2.11). The t-integration present in
this equation is decomposed into the parts (0,r) and (r,a) and the result (2.12) used

to convert the contribution from the second such part. This leads to the equation

(% eyl T eyely, |
Jof(t)t dt J h(u,r,t)du = J f(e)t “dt J h(u,r,t)du
L(R) 0 L(R)
a
+ J £()e Lat { h(u,t,r)du + 0GR D) (2.16)
T L(R)

We now show that both of the integrals taken along the path L(R) on the right hand side
of (2.16) are O(R-i) so that all three terms on the right hand side of this equation
tend to zero as R » », We consider the first such integral, that in which 0 < t < r.
By Cauchy's theorem the path L(R) may be deformed onto the part C(R) of the circle
u=_c+ Reie lying to the right of, and joining the end points of, L(R), since h(u,r,t)

is analytic in the region traversed. Since h = 0[u-1(t/r)u] it follows, if 0 < t < r,

that
/2
’ J h(u,r,t)du] = | f h(u,r,t)du | < (t/r)CJ (t/r)RcosBde
L(R) c(®R) -n/2
o _m/n)° "
— R log(x/t) .17)

Since this expression breaks down at the value t = r, we decompose the t-interval (0,r)

i

such part only. Since log(r/t) exceeds -log(l - r—lR-i) NS

into the parts (0,r - R'i) and (r - R %, r) and apply the bound (2.17) to the first

IR-i throughout this
part it follows that

rn(t/r)€
=

R

| f h(u,r,t)du| < for 0<t<r-Ri. (2.18)

L(R)

In the remaining interval (r - R-i, r), we still have h = O(u-l) and deforming L(R)
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ontc C(R) as before we have

m/2
| J h(u,r,t)du] = | J h(u,r,t)du| < J dée = 7 (2.19)
L(R) C(R) -n/2

It follows on adding the contributions from the stated parts that

_r-?
r -1 1-c -4 [F7R e-1
II f(t)t “dt J h(u,r,t)du| < nr R J [£(e)|t™ at
0 L(R) 0 (2.20)
r -1
+ T J [£(e) |t "ae
=R~

Both terms on the right hand side of the preceding inequality are O(R_é) which veri-
fies that the first of the repeated integrals on the right hand side of (2.16) vanish-
es as R > =, The second repeated integral on the right hand side of (2.16), that for
which r<t<a, is treated in a similar fashion by dividing the interval into the parts

(r,r + R-!) and (r + R-i, a). On deforming the path as before and using the fact

that h(u,t,r) = O[u-1 (r/t)"] we find the following inequality, analogous to (2.17),
m(r/e)¢ c -}
| j h(u,t,r) dul X Tog (t/7) < 2mr(r/t)" R °, (2.21)
L(R)

- -1
for r4R : <t < a, since log(t/r) exceeds log (1 + r 1R * in the stated interval,
—1 -
whilst in the remaining interval (r, r + R ?) we still have h(u,t,r) = 0(u 1)
so that

| J h(u,t,r) dul < m (2.22)
L(R)

It follows on adding the contributions from the two parts of the interval r <t<a
that

a _ a -1o +R~ _
ILf(t)c‘ld: J h(u,t,)du| < 2net¥e g7 J l£(e) e e + = J l£ce) | e ae
L(R) r+R r

Both terms on the right hand side of this equation are again O(R-i) so that the second
repeated integral on the right hand side of (2.16) tends to zero as R + =, Thus (2.11)

is established and in consequence the formula (2.9) reduces to the equation

1 [ u¢(u,r)F(u)du
f(r) = 3T J —Tumj—— (2.23)
L

where L denotes the line Re(u) = c in the complex u-plane.
If f(r) does vanish as r - O the formula (1.5) of the theorem may be restated as

the equation:

(2.24)

ey = w6 (u,r)F(u) du . uJu(kr)Yu(ka)F(u)
B9 7, (ka) (373u)J (ka)
I
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where 1 denotes the imaginary axis of the complex u-plane and the summation is extend-
ed¢ over the positive zeros u of the function Ju(ka), if any such zeros exist.

The formula (2.24) is obtained from (2.23) by deforming the path L in the latter
equation onto the imaginary axis and taking into account the residues at the poles of
the integrand, if any, in the region traversed. To justify this procedure it is suffi-
cient to verify that the integrand appearing in (2.23) tends to zero as |Im(u)|+ ® in
the strip 0 < Re(u) < c and this requires a knowledge of the behaviour of the function
F(u) as |Im(u){+ = in this strip. A suitable expression for F(u) valid when Im(u) is
large can be obtained by using (2.2) which applies as u~ « uniformly for any bounded
interval of values of x. On replacing x by kr and substituting the resulting expres-
sion for Ju(kr) into (1.1) we find that

L /)Y [F -1
F(u) Y T(otl) f(r) ¢ dr (2.25)
Since Re(u) is bounded in the stated strip it follows from (2.5) that ¢(u,r) = O(u-l)
and on using (2.2) to estimate Ju(ka) and (2.25) to estimate F(u) we find that, for
large values of Im(u), the modulus of the integrand present in (2.23) does not exceed
that of the quantity

a .
cal J £(r) 2B g, (2.26)
0

where C is a constant. If f(r) = O(rb) as r > 0 where b > 0 the integral appearing in
(2.26) is absolutely convergent whenever o > 0 and furthermore tends tozero as B -+ %
by the Riemann-Lebesgue lemma, since on taking log r as new variable of integration it
becomes one of the Fourier type. Therefore the integrand present in (2.23) tends to
zero as B + t» for all o > 0, so that L may be deformed onto I provided allowance is
made for the contributions from the poles in the region crossed. Since these poles oc-
cur at the zeros of the function Ju(ka), where the function ¢(u,r) defined by (1.6) re-
duces to the product Ju(kr)Yu(ka), we find, on calculating the residues at these points,

the summation appearing in the formula (2.24) which is therefore proved.

3. APPENDIX.

To obtain the bound (2.10) we consider first the integral representation:
u 1 2, u-}
rag)r (u+i)Ju(x) = 2(x/2) (1-t%) " “cos(xt)dt
0

This result applies, [7], p. 48, whenever Re(u) >-4. On setting u = o + if and taking

the modulus of each side we find, for positive values of x, the inequality,

1
It (HOr (u+5)Ju(x)l < 2(x/2)° J (1—t2)u-idt
0

The integral appearing on the right hand side of this inequality equals
3 T(3) r(o+4)/T(a+l) so that

| T3 )| < =/2)°T (@+H) /T (o) (3.1)
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for Re(u) > -3. To obtain a suitable bounc on Ju(x) valid for other values of u we

appeal to the formula, [7], p. 165

1 o
T TUewI (0 = 20x/2) “[L (1-t2) " cos (xe-ur)dt -sinum L)(1+:2) umdgTxtyy)
Since |sinum| < coshBr and |cos(xt-um)| < coshBm we find that

1 —-
| T F(i-u)Ju(x)l :_2(X/2>-uCOShBT[J (l-tz) @ idt
0

+ L (Qaedy e Xty (3.2)

Since o < -} the first integral on the right hand side of this inequality does not ex-
ceed unity. To treat the second integral we divide the domain into the parts (0,1)
ané (1,«) and use the facts that 1+t2 < 2 in the first part and 1+t2 < 2t2 in the

second part. We then find that this integral does not exceed the quantity.

1 ©
27 iLe Xty + 27 éf R
1

Ia

z—c—i + z-a-iL)t-Za-le-xtdt

~a-3 —a-ix2a

=2 + 2 T (-2a)

The relation (3.2) therefore leads to the bound:

ITHrG-wI @] < [Q +22Ha™ 4 r-20)] 2} %% cosher (3.3)

after using the fact that 0 < x < a. This bound applies for Re(u) < -i. Then
(3.1) and (3.3) together show that LJu(x)[ < x® G(a,B) where G(a,8) is, for given

a, a continuous function of B.
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