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1. Abstract

A generalization of Neumann’s integral connecting the two kinds of Legendre
function is obtained. It contains an extra parameter which is not a function
of the parameters of the Legendre functions, unlike all previous extensions of
the original formula. These extensions are shown to be particular cases of the
new generalization and some further particular cases are also indicated.

2. Introduction

In 1848 Neumann ([1]; page 292) expressed the Legendre function of the
second kind in terms of that of the first kind:
1
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for all complex z except those real values in the interval [ — 1,1] and for n a
non-negative integer. Wrinch [7] obtained, in 1930, a generalization which
inserted a polynomial of degree not greater than n, namely,
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Since then, further generalizations have been given by Gormley [3] in 1934,
Robin [5] in 1957 and Love [4] in 1965. Gormley and Robin extended (2) to the
associated Legendre functions but still one of the parameters was required to be
integral. Love obtained results for both the associated and ‘‘unassociated”
functions which removed this restriction. These results were for functions of the
type
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where « and f are functions of v and g, with sometimes a Wrinch-type generaliza-
tion being added.
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This paper gives generalizations of Neumann’s integral which free one of
the parameters o and f from the restriction that it should be a function of v and
u. It will also be shown that the results cited above are special cases of this more
general result. A further special case is also indicated.

The main result obtained is:

@ If rel+v)>0, minre(ft+iu+1)>0, v+ uis not an integer, z is in
the plane cut along the real axis from —1to + 1, k is any integer satisfying

Ofk<minre(v—f+1iu+1)
and p(z) is any polynomial of degree k or less, then
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2sin(v + Wn 1 z—1
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(-1 } Pi(t)dt

The case =0 appears to be a result on the same level of generality as
Love’s, but new.

Theterm “‘cut plane’’ throughout this paper will refer to the complex plane
omitting the closed interval [ — 1,1] of the real axis. All powers occurring are
principal values, that is, z* is defined to be exp(wlogz) where—n < im (logz) < =.

3. Regularity of E (z)

To establish these results we use Cauchy’s integral, the usual method of
establishing Neumann’s integral (see, for instance, [1] p. 292 or [2] p. 153),
rather than employing successive integrations by parts and orthogonality rela-
tions as the later workers have done. We find that

(6) E(z) is regular in the cut plane if re(1 + v) > 0,v + u is not an integer,
ando=v—r—f.

Proor. In the cut plane E(z) has, in general, a branch point at infinity.
However, by [2]: equation 3.2(5), E(z) behaves near infinity as a multiple of
22t#7v~1 S0 that in the case where a + B — v is an integer there is no branch
point at infinity. Thus E(z) can be defined in some neighbourhood of the segment
of the real axis from 1 to infinity in terms of principal values. Analytic continu-
ation then gives the required result.
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4. Application of Cauchy’s Integral.

The above result enables Cauchy’s integral to be used on the contour C
shown in the diagram. The radii of the circles C,, C, and C, are R, ¢ and 7

[}

Cy

o———~Cs

respectively and values of these are chosen so that the outer circle is large enough
and the two straight line segments and small circles close enough to the branch
cut to ensure that z lies inside the contour. So

1 E(w)

2ni Jew—z

where I, = ——1— f —E(—w)dw.
27 Jeoo W—2z

dW=Il+Iz+I3 +I4+15

On C;, w = Re” and so by ([2]: equation 3.2(36)) I, is a multiple, inde-
pendent of z and R, of

21 R0 0 2t dumvet 0 _
f 2o Z(Re‘ +1)FFEETVII(REO () R
. _
2
14v—pl+v;242v;—— | db.
(+v wl+v; 242y 1+Re"’)

Provided R is sufficiently large,

IIll é Kl (R + l)re(a+-}u—v-1)(R + l)re(B—-gu)

R
R— I z I
where K, is a positive constant, and the upper or lower sign is taken according as
re(x + 41t — v — 1) or re(f — Lu) is positive or negative. Thus as R—- o0 ,I; -0
ifre@+pf—v—1)<0.
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On C,, w = — 1 + g and so by ([2]: equation 3.2(33)) I, is equal to
2= Seio {(86 0)a+-}-u( 2+ 86’0)3 %MAF
o —1+ee?—z

+ (e€®)*TH(— 2 + e’ HBF, } dO

where F, and F, are the hypergeometric functions F(—v,1+ v; 1 + u; 1ee®)
and F (—v,14+v;1 + u;}ee)?and 4 and B are constants, independent of ¢ and z.
For this result we impose the restrictions that v+ u is not a negative integer
and that p is not an integer; the latter restriction will removed later.
Provided ¢ is sufficiently small,

I 2, < l = 1, {K are(a+%u)(2 + s)fe(ﬁ %u)_i_ K arE(z *")(2 + 8)ro(ﬁ+%u)}

where K, and K5 are positive constants and the upper or lower sign is taken in
the first term according as re(ff — Lu) is positive or negative and in the second
term according as re(f + 4u) is positive or negative. Thus as ¢—0, I, -0 if
re(@+3u+1)>0andre(x —3u+1)>0.

On C,, w=1+17¢" and a similar treatment using ([2]: equation 3.2(32))
indicates that as # —» 0, I, — 0 if v + p is not a negative integer, y is not an
integer, re(f+iu+1)>0and re(f —4u+1)>0.

Thus, using Cauchy’s integral and the above results, we have

Q) z + 1%z — 1)’03(2)
Lfl A+ —-0f

_27Ti -1 Z—t

{ e 80t — 0i) — *"Q (¢t + 0i) | dt
Use of Erdélyi ([2]: equation 3.4 (9)) gives, for —1<t<1,
Wt —0i) = e [Q(H) + 3inPy(N]  and

O3t +0i) = &1 [04(1) — JinPy(D)].

So, using Erdélyi ([2]: equation 3.4 (14)), which can be shown to hold in
— 1<t <1, and supposing that v + y is not an integer,

e~ BrQu(t — 0i) — £P"Q(t + 0i)
2sin(f + 1w
Y/

nich™ {P:‘(t) cos (B + him — 0:(0)

= % {P‘v‘(t)sin(v —B+iwn+ Py(— t)sin(f + %u)n}.
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Thus (7) becomes

(z + D'z = D'QY(2) =

ium 1 X
. f L+ 0% -ty {PY(Dsin(v— B +4u)in

2sin(v + p)w 1 z—t
+ Py(—B)sin(B + tu)n }dt

The two terms may be integrated separately, since the resulting integrals are
both convergent. This may be seen by reference to ([4]: page 449). If 1 is replaced
by-t in the second integral and o is replaced by v — r — § in both integrals, as
required by (6), we find that:

®) If re(v + 1) > 0, r is a non-negative integer, r <min re(v—f + iu + 1),
minre(f + Lu+ 1) > 0, v+ u is not an integer and y is not an integer, then

© (z + 1"z — 1YQ42)

o Jx { A+ — tsin(v - B+ 3p)n

- 2sin(v+@r ), z—t

N A =021 + ofsin(B + 5#)7:: Pr(1)de
z4+1

Both sides of (9) are analytic functions of u which are regular at integer values
of v so long as v + u is not an integer. Hence (9) can be extended to integral
values of y by analytic continuation.

5. Wrinch-Type Generalization.
Taking linear combinations of the result (9) for various admissible values

of r and changing the order of summation and integration yields

ar
A+

k
E+ D7 -1Qi2) X
r=0

T 2sin(v+ wrn

S f 1 {(1 0= fsiny—ftiwn & a,

1 z—t r=0 (1+t)r

A=A+ ofsinB+imr 5 _a } Py(1)dt

* P 0=

which simplifies to the result (5) under the conditions (4).
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6. Special Cases.

1. Putting f = — Ju in (5) and (4) yields a result almost the same as one
found by Love ([4]: equation (36)), from which it differs in two respects—the
restriction that v + u should not be integral and the values of z for which it holds.
The restriction can be removed by proceeding directly to the result, rather than
through the general result.

The result holds for all z except those in the interval [ — 1,1], whereas
Love’s results exclude all values in (— oo, 1]. This arises because Love’s approach
considers each factor of E(z) separately as an analytic function while the methods
adopted in this work consider E(z) as a single function allowing the branch cut
along ( — oo, — 1) to be dispensed with.

If we allow v + g to be integral and put p(z) =1, we obtain Gormley’s
result ([3]: equation (4)). The conditions imposed also simplify to those of
Gormley,

2. When B = + 1u another of Love’s results ([4]: equation (45)) is found
under exactly the same conditions but for the extended set of values of z.

3. The substitution of v+ 1 u for B requires k to be zero so that p(z) = 1.

Replacement of z by — z and Q¥(— z) by — ¢=""Q%(z) then yields a gene-
ralization of Robin’s result ([6]: equation (187)). The same result was found by
Love ([4]: equation (30)), but for the more restricted set of values of z indicated
carlier.

4, When B = 0 a result is found which does not seem to appear elsewhere in
the literature. However, the subcase with g = 0 has been given by Love ([4]:
equation (3)).

5. The case with = v is analogous to the result for which § =0 but with
the factor (z — 1)" instead of (z + 1)”. Some generality is lost however since the
integer k becomes zero and p(z) = 1.

6.  Substitution for B of $(v — p) and $(v+ p) yield results analogous to those
for which B is — 4u and v + 4y respectively but with the factor (z2 — 1)*" instead
of (z+1)° or (z—1)". The analogy is not however a strict one since the integrals
contain two terms rather than the single terms of the earlier cases.

The latter result has more generality than its analogue since k is not neces-
sarily zero and the polynomial p(z) can consequently be retained.

Finally, I express my appreciation to Professor E.R. Love for several valuable
suggestions and to the referee for his helpful comments concerning the presen-
tation of this paper.
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