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AUTHOR’S PREFACE

This book deals with a branch of mathematics of utmost
importance to scientists and engineers concerned with
actual mathematical calculations. Here the reader will
find a systematic treatment of the basic theory of the
more important special functions, as well as applications
of this theory to specific problems of physics and
engineering. In the choice of topics, I have been guided
by the goal of giving a sufficiently detailed exposition
of those problems which are of greatest practical interest.
This has naturally led to a certain curtailment of the
purely theoretical part of the book. In this regard, it
should be noted that various useful properties of the
special functions which do not appear in the text proper,
will be found in the problems at the end of the appro-
priate chapters.

The book presupposes that the reader is familiar with
the elements of the theory of functions of a complex
variable, without which one cannot go very far in the
study of special functions. However, in order to make
the book more accessible to non-mathematicians, I
have made a serious attempt to keep to a minimum the
required background in complex variable theory. In
particular, this has compelled me to depart from the
order of presentation found in other treatments of the
subject, where the special functions are first defined by
certain convenient representations in terms of contour
integrals.

The usual elementary course in complex variable theory
is adequate for an understanding of most of the material
presented here. It is also desirable, but not necessary,
to know something about the analytic theory of linear
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differential equations. I occasionally draw upon other
branches of mathematics and physics, but only in con-
nection with certain specific examples, so that lack of
familiarity with the relevant information is no obstacle
to reading the book.

It is assumed that the reader already appreciates, from
his own experience, the need for using special functions.
Therefore, I have not made a special point of motivating
the introduction of various functions. By the same token,
I have always sought the simplest way of defining the
special functions and deriving their properties, without
concern for historical or other considerations.

The arrangement of the material in the separate chapters
is dictated by the desire to make the different parts of
the book independent of each other, at least to a certain
extent, so that one can study the simplest classes of func-
tions without becoming involved with functions of a
more general type. For example, I have separated the
theory of the Legendre polynomials and Bessel functions
of integral order from the general theory of spherical
harmonics and cylinder functions, and I have also con-
structed the theory of spherical harmonics without re-
course to the properties of the hypergeometric function.

The applications of the theory were selected with the
aim of illustrating the different ways in which special
functions are used in problems of physics and engineer-
ing. No attempt has been made to give a detailed treat-
ment of the corresponding branches of mathematical
physics. In this regard, most space has been devoted to
the application of cylinder functions, and particularly,
of spherical harmonics.

In preparing the present second edition of the book I
have revised an earlier edition in various ways: Chapter
4 now contains a new version of the theorem on expan-
sions in series of Hermite polynomials, which extends
the previous theorem to a larger class of functions. I
have also increased the number of examples illustrating
the technique of expanding functions in series of Hermite
and Laguerre polynomials. In Chapter 5 there is a new
section dealing with the theory of Airy functions, which
are often encountered in mathematical physics and play
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an important role in deriving asymptotic representations
of various special functions. Chapter 9, devoted to the
theory of the hypergeometric function, has been com-
pletely revised, and I hope that in its present form, this
chapter will be useful to theoretical physicists and others
concerned with the application of the hypergeometric
function, thereby partially filling a gap in the literature
on the subject. I have added many new problems, which
serve both as exercise material and as a source of supple-
mentary information not to be found in the text itself.
At the same time, I have removed a few problems of no
particular interest. Finally, the references have been
brought up-to-date.

I would like to take this opportunity to thank I. P.
Skalskaya for help in preparing the present edition of
my book.



TRANSLATOR’S PREFACE

For the most part, this edition adheres closely to the
revised Russian edition (Moscow, 1963). However, as
always with the volumes of this series, I have not hesi-
tated to introduce whatever improvements occurred to
me in the course of working through the book. In the
present case, two departures from the original text merit
special mention:

1. The Bibliography and the references cited in the
footnotes have been slanted towards books available
in English or the West European languages.

2. Chapters 6 and 8 have been equipped with prob-
lems, most of them taken from the excellent collection
by Lebedev, Skalskaya and Uflyand (Moscow, 1955).

Finally, it was deemed impractical to build in sufficiently
detailed references to numerical tables of the special
functions. Here all roads eventually lead to a consulta-
tion of the exhaustive bibliography compiled by Fletcher,
Miller, Rosenhead and Comrie, or its Russian counter-
part by Lebedev and Fedorova.

R.A.S.

vi
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1

THE GAMMA FUNCTION

I.1. Definition of the Gamma Function

One of the simplest and most important special functions is the gamma
function, knowledge of whose properties is a prerequisite for the study of
many other special functions, notably the cylinder functions and the hyper-
geometric function. Since the gamma function is usually studied in courses
on complex variable theory, and even in advanced calculus,® the treatment
given here will be deliberately brief.

The gamma function is defined by the formula

©

I'(z) = f e~ 't*~t dt, Rez > 0, (1.1.1)
0

whenever the complex variable z has a positive real part Re z. We can write
(1.1.1) as a sum of two integrals, i.e.,

e

1
I'(z) = f e~tr*~1dr + f e"tr?~1 dt, (1.1.2)
0

1

where it can easily be shown? that the first integral defines a function P(z)

! See D. V. Widder, Advanced Calculus, second edition, Prentice-Hall, Inc., Englewood
Cliffs, N.J. (1961), Chap. 11.

2 See E. C. Titchmarsh, The Theory of Functions, second edition, Oxford University
Press, London (1939), p. 100, noting that the integrand e~ 2~ is analytic in z and con-
tinuous in z and 7 for Re z > 0, 0 < 7 < oo, while the first integral is uniformly
convergent for Re z > § > 0 and the second integral is uniformly convergent for
Re z < A < o, since then

1 1
f e"tz'ldtl < J e 5" 1dt < oo,
0 [}

@ @
J e"tz‘ldtlsf e 'tA~ldt < .
1 1
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which is analytic in the half-plane Re z > 0, while the second integral defines
an entire function. It follows that the function I'(z) = P(z) + Q(z) is analy-
tic in the half-plane Re z > 0.

The values of I'(z) in the rest of the complex plane can be found by
analytic continuation of the function defined by (1.1.1). First we replace the
exponential in the integral for P(z) by its power series expansion, and then
we integrate term by term, obtaining

1 © _1\k © vk 1
Pe) =.f erdt D (klv) =3 (klv) f fera=1 gy
° : k=0 ’

k=0 o
_ i (=DF 1
T &k z+K

where it is permissible to reverse the order of integration and summation
since®

1 e
INEEDS
0 k=0

(the last integral converges for x = Re z > 0). The terms of the series (1.1.3)
are analytic functions of z, if z # 0, —1, —2,... Moreover, in the region*

lz+kl >8>0, k=01,2,...,

(1.1.3)

1\
G

1 ® gk 1
t
- -1y 2 _f ett*-1dt <
0 k=0 '

0

X

(1.1.3) is majorized by the convergent series

= 1

and hence is uniformly convergent in this region. Using Weierstrass’ theorem®
and the arbitrariness of 3, we conclude that the sum of the series (1.1.3) is a
meromorphic function with simple poles at the points z = 0, —1, =2, ...
For Re z > 0 this function coincides with the integral P(z), and hence is the
analytic continuation of P(z).

The function I'(z) differs from P(z) by the term Q(z), which, as just shown,
is an entire function. Therefore I'(z) is a meromorphic function of the com-
plex variable z, with simple poles at the points z =0, —1, —2,... An

8 E. C. Titchmarsh, op. cit., p. 45.

¢ By a region we mean an open connected point set (of two or more dimensions)
together with some, all, or possibly none of its boundary points. In the latter case, we
often speak of an open region or domain, in the former case, of a closed region or closed
domain.

5See A. 1. Markushevich, Theory of Functions of a Complex Variable, Vol. I
(translated by R. A. Silverman), Prentice-Hall, Inc., Englewood Cliffs, N.J. (1965),
Theorem 15.6, p. 326.
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analytic expression for I'(z), suitable for defining I'(z) in the whole complex
plane, is given by

© __1 K 1 ©
Q-3 CL—L+ fl et dl, 240, -1,-2,... (114)

It follows from (1.1.4) that I'(z) has the representation

I() = (‘n!l)"g—}r—n + Q@ + n) (1.1.5)

in a neighborhood of the pole z = —n (n = 0, 1, 2,...), with regular part
Qz + n).

1.2. Some Relations Satisfied by the Gamma Function

We now prove three basic relations satisfied by the gamma function:

@z + 1) = zI(2), (1.2.1)
Il — z) = Sin“ﬂz, (1.2.2)
2211 ()T(z + 4) = V=T(22). (1.2.3)

These formulas play an important role in various transformations and calcula-
tions involving I'(z).

To prove (1.2.1), we assume that Re z > 0 and use the integral repre-
sentation (1.1.1). An integration by parts gives

Fz+1)= f e7trrdt = —e 't

0

+ zf et~ 1dt = zI'(2)

0 0
The validity of this result for arbitrary complex z # 0, —1, —2,... is an
immediate consequence of the principle of analytic continuation,® since both
sides of the formula are analytic everywhere except at the points z = 0, —1,
-2,...

To derive (1.2.2), we temporarily assume that 0 < Re z < 1 and again
use (1.1.1), obtaining

r@ra — z) = J:o fow e~ ©*Pg=2z=1 do .

8 According to this principle, which we will use repeatedly, if f(z) and ¢(z) are
analytic in a domain D and if f(z) = ¢(z) for all z in a smaller domain D* contained in
D, then f(z) = ¢(z) for all zin D. The same is true if f(z) = ¢(z) for all z in any set of
points of D with a limit point in D, say, a line segment. See A. I. Markushevich, op. cit.,
Theorem 17.1, p. 369.
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Introducing the new variables

t
u=s-++1, vV=->
s
we find that”
© [ du dv ® p-t T
—_ = —upz-1 = =
F@T - 2) J;, J:, ¢V Txo fo l+vdv sin 7tz

Using the principle of analytic continuation, we see that this formula remains
valid everywhere in the complex plane except at the pointsz = 0, +1, +2,...

To prove (1.2.3), known as the duplication formula, we assume that
Re z > 0 and then use (1.1.1) again, obtaining

21Tz + §) = fw fw e~ +0(2V/57Y2 11~ 12 s dy
0 0

=4 J-w fw e~ @+ 8D(2uB)22~ 1y du dB,
o Jo

where we have introduced new variables « = Vs, B = V1. To this formula
we add the similar formula obtained by permuting « and B. This gives the
more symmetric representation

PTENE+ 4 =2 f " e+ 20B)2 (o + B) da dp

—4 f f €=+ 20B)2 (e + B) dc B,

where the last integral is over the sector 6:0 < « < o0, 0 < B < «. Intro-
ducing new variables

u= o2+ p% v = 2B,
we find that

2Nz + ) = f: 021 g fow

e u

Vu—v

= 2f eyt dvf e~ dw = VrI(22).
0 0

du

As before, this result can be extended to arbitrary complex values z # 0, —4,
—1, —3, ..., by using the principle of analytic continuation.

We now use formula (1.2.1) to calculate I'(z) for some special values of the
variable z. Applying (1.2.1) and noting that I'(1) = 1, we find by mathe-
matical induction that

I'n + 1) =n!, n=0,1,2,... (1.2.49)

7 For the evaluation of the integral in the last step, see E. C. Titchmarsh, op. cit.,
p. 105.
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Moreover, setting z = 4 in (1.1.1), wg obtain

r4) = fw e-t1-112 gy — 2f°° e~ du = V7, (1.2.5)
0 0
and then (1.2.1) implies
T(n + 4) = 1352¢—l)v5 n=1,2... (126

Finally we use (1.2.2) to prove that the function I'(z) has no zeros in the
complex plane. First we note that the points z=n (n =0, +1, +2,...)
cannot be zeros of I'(z), since I'(n) = (n— 1)! if n=1,2, ..., while
I'(n) = 0 if n =0, —1, —2,... The fact that no other value of z can be a
zero of I'(z) is an immediate consequence of (1.2.2), since if a nonintegral
value of z were a zero of I'(z) it would have to be a pole of I'(1 — z), which is
impossible. It follows at once that [['(z)]~! is an entire function.

1.3. The Logarithmic Derivative of the Gamma Function

The theory of the gamma function is intimately related to the theory of
another special function, i.e., the logarithmic derivative of I'(z):

Y(z) = II:T(ZZ)) (1.3.1)

Since I'(z) is a meromorphic function with no zeros, §(z) can have no singular
points other than the polesz = —n(n = 0, 1, 2, ...) of I'(z). It follows from
(1.1.5) that {(z) has the representation®

Uz) = — + Q(z + n) (1.3.2)

z+n
in a neighborhood of the point z = —n, and hence {(z), like I'(z), is a mero-
morphic function with simple poles at the points z = 0, —1, —2, ...

The function {(z) satisfies relations obtained from formulas (1.2.1-3)° by
taking logarithmic derivatives. In this way, we find that

e+ 1) =1+ 900, (13.3)
W1 = 2) — Yz) = cot w, (1.34)
YE) + Uz + ) + 2log 2 = 24(22). (1.3.5)

8 Of course, the regular part Q(z + n) in (1.3.2) is not the same as in (1.1.5).
By (1.2.1-3) we mean formulas (1.2.1) through (1.2.3). Similarly, (1.2.1, 4, 6) means
formulas (1.2.1), (1.2.4) and (1.2.6), etc.
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These formulas can be used to calculate {(z) for special values of z. For
example, writing

' (1) = T'() = —v, (1.3.6)
where y = 0.57721566 . .. is Euler’s constant, and using (1.3.3), we obtain
=1
Y+ 1) = —y + ;le" n=12... (1.3.7)
Moreover, substituting z = % into (1.3.5), we find that
$(3) = —y — 2log2, (1.3.8)
and then (1.3.3) gives
< 1
1y — _ _ —_— = . D
Yn+ %) = —v 210g2+2k2=:12k_1 n=12... (139

The function {(z) has simple representations in the form of definite
integrals involving the variable z as a parameter. To derive these representa-
tions, we first note that (1.1.1) implies *°

I'(z) = f e~tr*~tlogt dt, Rez > 0. (1.3.10)
0

If we replace the logarithm in the integrand by its expression in terms of the
Frullani integral**

® o=X e—xt
logt = f de, Ret > 0, (1.3.11)
0

we find that!2
I'(z) = f @f (e7* — e e 12~ dt
o X Jo

= f 1{ [e"‘l"(z) _ f p-tx+yz-1 dt]-
o X 0

Introducing the new variable of integration u = #(x + 1), we find that the
integral in brackets equals (x + 1)~2I'(z). This leads to the following integral
representation of §(z):

Wz) = f: [e"‘ 1 ]dx, Rez > 0. (1.3.12)

T+ Ex

10 To justify differentiating behind the integral sign, see E. C. Titchmarsh, op. cit.,
pp. 99-100.

11 See H. Jeffreys and B. S. Jeffreys, Methods of Mathematical Physics, third edition,
Cambridge University Press, London (1956), p. 406, and D. V. Widder, op. cit., p. 357.

12 Here, as elsewhere in this chapter, we omit detailed justification of the reversal of
order of integration. An appropriate argument can always be supplied, usually by prov-
ing the absolute convergence of the double integral and then using Fubini’s theorem.
See H. Kestelman, Modern Theories of Integration, second revised edition, Dover Pub-
lications, Inc., New York (1960), Chap. 8, esp. Theorems 279 and 280.
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To obtain another integral representation of ¢(z), we write (1.3.12) in the
form

. . 1 dx .. ® e * @ dx
Yz) = lim | ["’ G 1)2] x = um [L x & L G+ 1)2x]’
and change the variable of integration in the second integral, by setting
x + 1 = ¢'. This gives

o =tm[["ar- [T
z) = lim —dat — —dt
60 LJs ¢ g+l — et ]

© -t -tz ] -t
. e e e
=th (————_,)dt—f —dz],
6-0 LJiog 1+6) \ ! l—e loga+s I

and therefore, since the second integral approaches zero as § — 0,

@© e—-t e—tz
Y2) = f (— = ——,) d,  Rez> 0. (1.3.13)
0 t 1 —e

Setting z = 1 and subtracting the result from (1.3.13), we find that

© e—t — e—tz
W2) = —y +f G—,d Rez>0, (1.3.14)
. —
or
11 — xz—l
!.IJ(Z) = -y + ﬁ dx, Rez > 0, (1315)

where we have introduced the variable of integration x = e~*.

From formula (1.3.15) we can deduce an important representation of {(z)
as an analytic expression valid for all z # 0, —1, —2, ..., i.e., in the whole
domain of definition of {(z). To obtain this representation, we substitute the
power series expansion

A=-x)*=1l+x+xT+---+x"+---, 0<x<1

into (1.3.15) and integrate term by term (this operation is easily justified).
The result is

W)= —y+ D (n i - Jlr Z)- (1.3.16)

n=0
The series (1.3.16), whose terms are analytic functions forz # 0, — 1, —2, .. .,
is uniformly convergent in the region defined by the inequalities
z+n >8>0, n=0,1,2,... and |z| < q,
since
11 < a+1
n+1 n+z n+ D(n-—a
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forn > N > a, and the series

& a+1
Zh(n+ D —a)

converges. Therefore, since 3 is arbitrarily small and a arbitrarily large, both
sides of (1.3.16) are analytic functions except at the polesz =0, —1, —2,.. .,
and hence, according to the principle of analytic continuation, the original
restriction Re z > 0 used to prove this formula can be dropped. If we replace
zby z + 1in (1.3.16), integrate the resulting series between the limits 0 and z,
and then take exponentials of both sides, we find the following infinite pro-
duct representation of the gamma function:

1 — 2 = -2/n f .
m = e' 1;[:_[1 e (1 + n) (1317)

This formula can be made the starting point for the theory of the gamma
function, instead of the integral representation (1.1.1).

Finally we derive some formulas for Euler’s constant y. Setting z = 1 in
(1.3.12-13), we obtain

= —y(l) = f: (1 l - e—x) L f:’ (T—_l—e‘ - tl)e“dt. (1.3.18)

Moreover, (1.3.10) implies
v = — f e~tlog ¢ dt, (1.3.19)
0

which, when integrated by parts, gives

1 © 11 ___e-t aoe-t
Y=f log £ d(e-* — 1)+f logtd(e“)=f dt—f e .
0 1 0 t 1 t

Replacing ¢ by 1/t in the last integral on the right, we find that

1 — -t _ -1/t
v = fo l—e—t—L— . (1.3.20)

1.4. Asymptotic Representation of the Gamma Function for
Large |z|

To describe the behavior of a given function f(z) as |z| = co within a
sector a < arg z <B, it is in many cases sufficient to derive an expression of
the form

@) = o1 + r(2)], (1.4.1)

where ¢(z) is a function of a simpler structure than f(z), and r(z) converges
uniformly to zero as |z| — co within the given sector. Formulas of this type
are called asymptotic representations of f(z) for large |z|. It follows from
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(1.4.1) that the ratio f(z)/9(z) converges to unity as |z| — o, i.e., the two func-
tions f(z) and ¢(z) are “asymptotically equal,” a fact we indicate by writing

@) = ¢(2), |z| > 00, «< argz<B. (1.4.2)

An estimate of |r(z)| gives the size of the error committed when f(z) is replaced
by ¢(z) for large but finite |z|.

We now look for a description of the behavior of the function f(z) as
|z] = co which is more exact than that given by (1.4.1). Suppose we succeed
in deriving the formula

1) = cp(z)[ S a4 rN(z)], a=1 N=12,..., (143)

where zVry(z) converges uniformly to zero as |z| — oo, « < arg z <B. [Note
that (1.4.3) reduces to (1.4.1) for N = 0.] Then we write

f@x9(2) > az", |z >0, a<argz< B, (1.4.4)
n=0

and the right-hand side is called an asymptotic series or asymptotic expansion
of f(2) for large |z|. It should be noted that this definition does not stipulate
that the given series converge in the ordinary sense, and on the contrary, the
series will usually diverge. Nevertheless, asymptotic series are very useful,
since, by taking a finite number of terms, we can obtain an arbitrarily good
approximation to the function f(z) for sufficiently large |z|. In this book,
the reader will find many examples of asymptotic representations and asymp-
totic series (see Secs. 1.4, 2.2, 3.2, 4.6, 4.14, 4.22, 5.11, etc.). For the general
theory of asymptotic series, we refer to the references cited in the Bibliography
on p. 300.

To obtain an asymptotic representation of the gamma function I'(z), it is
convenient to first derive an asymptotic representation of log I'(z). To this
end, let Re z > 0, and consider the integral representation (1.3.13), with z
replaced by z + 1, i.e.,

T4+ (et e
e =i =, (7 - a =)

_ @© e—t — e—tz l © s © 1 1 1 s
= fo ; dr + ZJ:, e~ dt fo (2 - l)e dt,

e+ 1) 1 e 1, 1 )_,2
T+ 087 F7%; fo (2 ;taTq)e

where we have used (1.3.11). Integrating the last equation between the limits
1 and z, and bearing in mind that

or

log 'z + 1) = log I'(2) + log z,
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we find that 13

log I'(z) = (z—l)logz—z+ 1

2 (1.4.5)
1 1 1 etz — et o
+J;<§_7+e‘—l) t dt,
where Re z > 0. It should be noted that the function
1 1 1 1
f0=(3-;+77)7 (1.4.6)

appearing in the integrand in (1.4.5), is continuous for ¢ > 0, with f(0) = &,

as can easily be verified by expanding f(¢) in a power series in a neighbor-
hood of the point ¢ = 0.
To simplify (1.4.5), we evaluate the integral

s = f * ftye-t dt. (1.4.7)

This can be done by using the following trick: If

7= f: f(t)e-t2 dt, (1.4.8)

s o= yfia- (-2

It follows that

then

etz — g-t e“) dt
t

R N

© dle-t2 — -t et — g-ti2
_.[) [“E( t )+ 2t ]d’

etZ — et ] [Pemt — g7t/ 1 1 1
=T 0+§fo 7 #=3tzley
(1.4.9)
On the other hand, substituting z = % into (1.4.5), we find that
F —F =%logn — %, (1.4.10)
and hence
J =1-%log2n. (1.4.11)

Using this result, we can write (1.4.5) in the form

logI'(z) = (z — %) logz — z + } log 27 + w(2), (1.4.12)

13 The choice of the path of integration is unimportant. To justify integration behind
the integral sign, we use an absolute convergence argument (cf. footnote 12, p. 6).
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where
o(z) = f f(e-*=di, Rez > 0. (1.4.13)
)

Since f(¢) decreases monotonically as ¢ increases,'* the integral (1.4.13) also
converges for Re z = 0, Im z # 0.*®

Using (1.4.12) and (1.4.13), we can easily derive an asymptotic representa-
tion of I'(z). First let |arg z| < =/2, and integrate (1.4.13) by parts, obtaining

o(2) = = [ 70) + f: F(e-t dt]. (1.4.14)
Since /() < 0, | f'(?)] = —f'(¢), we have
1o [ roal - 2O,
0@ < 7 [7@ - ["r@a] =3
ie.,
()| < 311_2| Jarg 2] < 7 (1.4.15)

Then, taking exponentials of both sides of (1.4.12), we find that

[(z) = eE-Wlosz-z+hls2n[] 4 p(7)], |argz| < ’5‘ (1.4.16)
where
r(z) = e*?@ — 1.
According to (1.4.15),
)| < I% (1.4.17)

where C is an absolute constant (we assume that z is bounded away from
zero, i.e., |z| > a > 0). Thus r(z) is of order |z| ! as |z| — oo, a fact indi-
cated by writing ¢

r(@) = O(|z| "), (1.4.18)

and hence (1.4.16) is an asymptotic representation of I'(z) in the indicated
sector.
To derive an asymptotic representation of I'(z) which is valid in other

4 This follows at once from the expansion

& 1
f0 =23 e

See K. Knopp, Theory and Applications of Infinite Series (translated by R. C. H. Young),
Blackie and Son, Ltd., London (1963), p. 378.

18 E. C. Titchmarsh, op. cit., p. 21.

16 We say that f(2) is of order ¢(z) as z — z,, and write f(z) = O(¢(2)) as z — z, if
the inequality | f(z)| < Ale(z)| holds in a neighborhood of z,, where 4 is some con-
stant. If z, is not explicitly mentioned, then z, = co.
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sectors of the complex plane, we proceed as follows: Let & be an arbitrarily
small fixed positive number, and let

S<argz<m—8. (1.4.19)
Since arg (—z) = arg z — m, this implies
_7_2r <arg(—z) < —3.

It follows from (1.2.1-2) that

g

IG) = = 2T(—2) sin iz

(1.4.20)

where, according to (1.4.16) and (1.4.18),
[‘(_Z) = o~ (+ ¥i)log z—mi)+2z+ ¥, log 23[1 + O(IZI —1)]_ (1.4.21)
On the other hand, in the sector (1.4.19),

wiz e—nlz e—-niz

- — —_ _ p2miz
sin 7z = > oF (1 — e?™)

o . ) (1.4.22)
el e e -1
- - (1 - 32 o [+ 0(2] ),
since ze?™* is bounded in this sector. Substituting (1.4.21-22) into (1.4.20),
we again arrive at formula (1.4.16). A similar result is obtained for the sector

—(r =) <argz < —g-

Finally, therefore, in any sector
largz] < ™ — 3,
we have the asymptotic representation
[(z) = e@-"Wloez-z+Rlos2n[] 4 O(|z]~Y)]. (1.4.23)

Considerations resembling those just given, but much more complicated,”
lead to the more exact formula

1 1 139

I‘(z) = (2~ ") log 2—2+; log 2x [1 + 1_22 + W _ W

+ 0|21~
(1.4.24)

If z = x is a positive real number, then (1.4.16) becomes Stirling’s formula

I(x) = V2rx*~%e*[1 + r(x)], (1.4.25)

17 See G. N. Watson, An expansion related to Stirling’s formula, derived by the method
of steepest descents, Quart. J. Pure and Appl. Math., 48, 1 (1920).



SEC. 1.5 THE GAMMA FUNCTION |3

where for r(x) we have a sharper estimate than that given by (1.4.17). In fact,
if z = x > 0, then
(=] 1
—-xt —
|(x)| <f(0)£ e *dt = % (1.4.26)

so that
[r(x)| < er*?* — 1. (1.4.27)

Finally, we note that (1.2.4) and (1.4.25) imply the following asymptotic
representation of the factorial:

nl & V2rattte ", p— co. (1.4.28)

1.5. Definite Integrals Related to the Gamma Function

The class of integrals which can be expressed in terms of the gamma func-
tion is very large. Here we consider only a few examples, mainly with the
intent of deriving some formulas that will be needed later.

Our first result is the formula

f e Pl gt = F—@, Rep >0, Rez >0, (1.5.1)
0
which is easily proved for positive real p by making the change of variables
s = pt, and then using the integral representation (1.1.1). The extension of
(1.5.1) to arbitrary complex p with Re p > 0 is accomplished by using the
principle of analytic continuation.
Next consider the integral

1
B(x, y) =fo #-Y 1 — p-tdi, Rex>0, Rey>0, (1.52)

known as the beta function. It is easy to see that (1.5.2) represents an analytic
function in each of the complex variables x and y. If we introduce the new
variable of integration u = ¢/(1 — ¢), then (1.5.2) becomes

© ux—l

B(X, y) = (_IT_u)"“’ du, Rex > 0, Rey > 0. (153)
0

Settingp = 1 + u, z = x + y in (1.5.1), we find that

1
A + uyty - T'(x

and substituting the result into (1.5.3), we obtain

1 ® —(1+ut -
Wiy =1 g, 1.5.4
+ y)fo ¢ (1.54)

©

—_ 1 ® -t +y-1 J‘ —ut -1
B(x’y)_—l"(x+y)£ e~ttxty=lgr | emutyx-lgy

0

I Y N S 1 65 )
“Ta+nb C T MGy

(1.5.5)
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Thus we have derived the formula

PO (1.5.6)

B(x’ y) = F(x ¥ y)’

relating the beta function to the gamma function, which can be used to derive
all the properties of the beta function.

PROBLEMS

1. Prove that

[Ty =

™

TG+ =

T
y sinh rry’
for real y.

2. Using (1.5.6), verify the identity

®cosh2yt . p o T(x + MI(x — y)
fo (cosh ) dt =2 —Tan Rex >0, Rex >|Rey|
I,(v 1)

/2 /2 -
f cos"ﬁdO:f sin”)d():%—, Rev > -1,

° ° 1)

3. Prove that

+

N

NI <
+

/2 1 F(“; I)F(v ; 1)
f cos* 6 sin¥ 6 d6 = = » Rew> —1, Rev> —1
0 2 vty
r(tg - 1)
2
4. Verify the formula
3321, .
I'(3z) = =5 T'DT + HT + %). @)

5. Derive the formula
30(32) = Y(2) + Pz + 1) + ¢(z + %) + 3log3.

Hint. Calculate the logarithmic derivatives of both sides of (i).

6. Derive the following integral representation of the square of the gamma
function, where Ko(#) is Macdonald’s function (defined in Sec. 5.7):

I%(z) = 22-22 f £22-1Ky(f)dt, Rez> 0.
0

Hint. Use formulas (5.10.23), (1.5.1) and the integral in Problem 2.
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7. Derive the asymptotic formulas

F(Z + a) = e(z+o<—1/z)logz—z+l/zlog2n[l + O(lzl—l)]’
Iz + o) - (@ =B +B—1) s
TCrp ~° 1+ > + O(|z]72) |
where « and B are arbitrary constants, and |argz] < © — 3.
Hint. Use the results of Sec. 1.4.

8. Derive the asymptotic formula
IT(x + iy)] = V2me= %=l y[*= %[1 + r(x, y)],

where as [t| — o0, r(x, ) — 0 uniformly in the strip |x| < « (« is a constant).

9. Show that the integral representation

11,
r(z)‘zm'fc“ dt

holds for arbitrary complex z, where t=2 = e~ 218 ¢ |arg¢| < =, and C is the
contour shown in Figure 13, p. 117.

10. The incomplete gamma function ¥(z, «) and its complement I'(z, ) are
defined by the formulas

o
v(z, ) = f e trr-l dt, Rez > 0, |arga| < m,
0

T(z,x) = f e 1 dr, larg o < =,

o

so that
Y(z, @) + T'(z, ) = I'(2).

Prove that for fixed «, I'(z, «) is an entire function of z, while y(z, «) is a mero-
morphic function of z, with poles at the points z = 0, —1, —2,...
11. Derive the formulas

Yz + 1,0 = zv(z, ®) — e~ %,

'z + 1,a) = zI'(z, ) + e~ %2

12. Derive the following representation of y(z, o):

l)kak +2

Y(z, «) = Z AN z#0, -1, =2,...
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THE PROBABILITY INTEGRAL
AND RELATED FUNCTIONS

2.1. The Probability Integral and Its Basic Properties

By the probability integral is meant the function defined for any complex
z by the integral
-2 [,

D(z) = v fo e~ dt, (2.1.1)
evaluated along an arbitrary path joining the origin to the point ¢ = z. The
form of this path does not matter, since the integrand is an entire function of
the complex variable ¢, and in fact we can assume that the integration is along
the line segment joining the points # = 0 and ¢ = z. According to a familiar
theorem of complex variable theory,! ®(z) is an entire function and hence
can be expanded in a convergent power series for any value of z. To find this
expansion, we need only replace e~** by its power series in (2.1.1), and then
integrate term by term (this is always permissible for power series 2), obtaining

_ 2 (& (DB 2 & (=D
o) = V_;L > == > Ty M <o @12

1 If f(¢) is analytic in a simply connected domain D, then the integral
2
) = [ roan

evaluated along any rectifiable path contained in D, defines an analytic function in D.
See A. I. Markushevich, op. cit., Theorem 13.5, p. 282. The theorem remains true if
f(a) = © or a = oo, provided that the improper integral exists.
2 Ibid., Theorems 16.3 and 15.4, pp. 348 and 325.
16
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It follows from (2.1.2) that ®(z) is an odd function of z. For real values of its
argument, ®(z) is a real monotonically increasing function, whose graph is
shown in Figure 1. At zero we have ®(0) = 0, and as z increases, ®¥(z)
rapidly approaches the limiting value ®(c0) = 1, since

fo -2 gt = ‘g“ (2.1.3)

The difference between @(z) and this limit can be written in the form

1 — @) = \/J et df — \/nf “2dt—77—rf P dr. (2.1.4)

&(x)
10
05}
1 1 1 1 — 1 X
0 05 10 15 20 25 30
FIGURE 1

The probability integral is encountered in many branches of applied
mathematics, e.g., probability theory, the theory of errors, the theory of heat
conduction, and various branches of mathematical physics (see Secs. 2.5-2.7).
In the literature, one often finds two functions related to the probability
integral, i.e., the error function

Erfz = f et dt = ‘/7; (), @.1.5)
0

and its complement

\/

Erfcz = f‘” e~ dr = Y1 - o)), 2.1.6)

2
Many more complicated integrals can be expressed in terms of the probability
integral. For example, by differentiation of the parameter z it can be shown
that

2f 1 :tzz dt = el — O(VI)]. @2.1.7)
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2.2. Asymptotic Representation of the Probability Integral for
Large |z

To find an asymptotic representation of the function ®(z) for large |z|,
we apply repeated integration by parts to the integral in (2.1.4), obtaining

© 1 ® 1 e—22 1 © e—l2
—t2 _ = —t2 — _ 2 s
L etdi= =5 ["de ) =5 ZL ot

_fi_£+l£fm£idt
T2z 2273 z2 ),

21 1 1.3 1.3.5 1.3-.2n—1)
B PR = e - T
13 Q1) [ e
O e I

It follows that

1 — O) = %z [1 + kZ(—l)k i(z(zzzl)‘,‘—'l) + r,,(z)], (2.2.1)

where
3. © ,-t2
ra(2) = (=1)r+1 %Mzezz J Sdt (22
Now let

largz] < 5 — 3,

(NS ]

where & is an arbitrarily small positive number, and choose the path of in-
tegration in (2.2.2) to be the infinite line segment beginning at the point t = z
and parallel to the real axis. If z = x + iy = re'®, then this segment has
the equation t = u + iy (x < u < ), and on the segment we have

Iez2—-t2| = e [t] =@+ ® < |z| -2+, 1] < usec .
Therefore
1.3--.2n + 1) © o, 13..Qn+ 1)
Ira(2)| < T S°°<P_L e " udu = QT e
which implies
1-3..-2n + 1) 1-3---2n+ 1)

<

ra(2)] < TR P S BRPrisns (2.2.3)
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It follows from (2.2.3) that as |z| — oo the product z?"r,(z) converges uni-
formly to zero in the indicated sector, i.e.,

L e S (_qp 3@ =1
t-o@x O [1+ 3 0 s (.24

|z]| > o0, |argz] < 5 — 3.

™
2
Thus the series on the right is the asymptotic series (see Sec. 1.4) of the func-
tion 1 — ®(z), and a bound on the error committed in approximating
1 — @(z) by the sum of a finite number of terms of the series is given by
(2.2.3). For positive real z this error does not exceed the first neglected term
in absolute value.
An asymptotic representation of the probability integral in the sector
T 3n

+8<argz<—i——8

[\

can be obtained from (2.2.1) by using the relation ®(z) = — ®(—z), but the
construction of an asymptotic representation in the sector

K

) + 8

d<argz <

N3

requires a separate argument [cf. (2.3.5)].

2.3. The Probability Integral of Imaginary Argument.
The Function F(z)

In the applications, one often encounters the case where the argument of
the probability integral is a complex number. We now examine the parti-
cularly stmple case where z = ix is a pure imaginary. Choosing a segment of
the imaginary axis as the path of integration, and making the substitution
t = iu, we find from (2.1.1) that

D(ix) 2 J‘ * o

— =—| e du. 2.3.1)
1 Vo (

The integral in the right increases without limit as x — oo, and therefore it is

more convenient to consider the function

2

F(z) = e‘zzf e*” du, (2.3.2)
0

which remains bounded for all real z. In the general case of complex z, F(z)

is an entire function, and the choice of the path of integration in (2.3.2) is

completely arbitrary.
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To expand F(z) in power series, we note that F(z) satisfies the linear dif-
ferential equation
F'(z) + 2zF(z) = 1, (2.3.3)

with initial condition F(0) = 0. Substituting the series

F(z) = Z a,z*
k=0
into (2.3.3), and comparing coefficients of identical powers of z, we obtain the
recurrence relation
ag = O, a; = 1, (k + l)ak+1 + Zak_l =0.
After some simple calculations, this leads to the expansion

2 (—1)k2kz2e+1

F2) = —_— ., z| < oo0. 2.3.4
Flx)
0.6 |-
04+
0.2+
1 L I 1 ! JE—
0 02 04 06 08 10 20

FIGURE 2

To study the behavior of F(z) as z —oo for real z, we apply L’Hospital’s
rule twice to the ratio

2z f e du
—vJo

0] ’

eZ
and then use (2.3.2) to deduce that
lim 2zF(z) = 1,
ie.,
1
F(z) = 37 z —> oo, (2.3.5)

In Figure 2 we show the graph of the function F(z) for real z > 0. The maxi-
mum of the function occurs at z = 0.924... and equals Fyq, = 0.541....
The function F(z) comes up in the theory of propagation of electromagnetic
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waves along the earth’s surface, and in other problems of mathematical
physics.

2.4. The Probability Integral of Argument V/ix.
The Fresnel Integrals

Another interesting case from the standpoint of the applications occurs
when the argument of the probability integral is the complex number

2= Vix =5 (1 +i),

where x is real. In this case, we choose the path of integration in (2.1.1) to be
a segment of the bisector of the angle between the real and imaginary axes.

Then, using the formula ¢t = V/iu to introduce the new real variable u, we find
from (1.1.1) that

O(Vix) 2 fx e 2 Jx .2 fx .
— =—=| e™du=—"=| cosu?®du —i——= | sinu?du.
Vi Vz o VrJo Vrdo
(2.4.1)
The integrals on the right can be expressed in terms of the functions
2 'n:t2 2 . 7'512
C(2) = f cos —- dt, S(z) = f sin — dt, 24.2)
0 2 0 2

where the integration is along any path joining the origin to the point ¢ = z.
The functions C(z) and S(z) are known as the Fresnel integrals. Since the
integrands in (2.4.2) are entire functions of the complex variable ¢, the choice
of the path of integration does not matter, and both C(z) and S(z) are entire
functions of z.

For real z = x, the Fresnel integrals are real, with the graphs shown in
Figure 3. Both C(x) and S(x) vanish for x = 0, and have an oscillatory char-
acter, as follows from the formulas
X2 X2
2 27
which show that C(x) has extrema at x = +V2n + 1, while S(x) has extrema
atx = +V2n(n=0,1,2,...). The largest maxima are C(1) = 0.779893. ..

and S(V2) = 0.713972.. ., respectively. As x — oo, each of the functions
approaches the limit

C'(x) = cos S’(x) = sin

C(0) = S(0) = %,
as implied by the familiar formula®
V7

A (2.4.3)

o0 [+
f cos t2dt = f sin 12 dt =
0 0

3 D. V. Widder, op. cit., p. 382.
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Clx)
0.5}

S(x)

1 | 1 X

0 1.0 20 30

FIGURE 3

Replacing the trigonometric functions in the integrands in (2.4.2) by their
power series expansions, and integrating term by term, we obtain the following
series expansions for the Fresnel integrals, which converge for arbitrary z:

o [5G - S
(2.4.4)

- [ 5actnls) e Sa b

The relation between the Fresnel integrals and the probability integral is
given by the formula

2 ) ) Va2 ze Fuil4 .
C(Z) + IS(Z) — f e:tnit 12 dt = ; e:hni/‘if e~ du
0

0

- \/Lz emq A/Erzem),
2

(2.4.5)

which implies

@) = 1_2_ [eni/4®(/g ze—ni/4) + e—ni/‘i(I)(A/g ze"”‘*)],
S(z) = 2_i/§ [eni/4@(/§ ze—ml4) _ e—mmp(Jé zenl/‘i)].
i

Using (2.4.6), we can derive the properties of C(z) and S(z) from the cor-
responding properties of the probability integral. In particular, the results of

(2.4.6)
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Sec. 2.2 lead to the following asymptotic representations of the Fresnel
integrals, valid for large |z| in the sector |arg z| < im — §,

2 2
C(2) = % - T-r—-lz [B(z) cos % — A(z) sin %],

. ) 2.4.7)
S&=3-— [A(z) cos ™= 4 B(z)sin %]

1
2 2

where

A(2) = z ( 1)*oug;, + O(IZ|—4N—4)’

( Z2)2k
1fa
B = > s 1 olaf--o),
o =132k — 1), oy = 1.
The Fresnel integrals come up in various branches of physics and engineer-
ing, e.g., diffraction theory, theory of vibrations (see Sec. 2.7), etc. Many

integrals of a more complicated type can be expressed in terms of the func-
tions C(z) and S(2).

2.5. Application to Probability Theory
By a normal (or Gaussian) random variable with mean m and standard

deviation o is meant a random variable & such that the probability of
£ lying in the interval [x, x + dx] is given by the expression*°

1 ~(x~m)2/202
— x=mZ20% dx. 2.5.1
V2ro ¢ x ( )
Then the probability
P{la< & —m< b} (2.5.2)

that § — m lies in the interval [a, b] is just the integral

1 b+m - 1 b/¥2a .
— f e~ x=m20% dx = —_f et dt
V2re Jatm vV V3o
(2.5.3)

-3°67) - o GE)

4 As usual, [a, b] denotes the closed interval a < x < b, and (a, b) the open interval
a<x<b.

5 See W. Feller, An Introduction to Probability Theory and Its Applications, Vol. 1,
second edition, John Wiley and Sons, Inc., New York (1957). If xi,..., x, are the
results of measurements of &, where » is large, then

-1’;2 ’—lti(x—m)z.
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where ®(x) is the probability integral. As one would expect, (2.5.2) equals 1
ifa= —o0, b = 0.

Setting a = —38, b = 3, we obtain the probability that |§ — m| does not
exceed 3:
)

P —m S 8 = (D(—_)' 2.5.4

(1€ | < 8} V3o (2.5.4)
Then the probability that [£ — m| exceeds 3 is just
)

P{[ — >8=1—(I>(_)- 2.5.5

{|& — m| > 3} V3o (2.5.5)

The value § = §, for which (2.5.4) and (2.5.5) are equal is called the probable
error, and clearly satisfies the equation

") =2

Using a table of the function ®(x) to solve this equation,® we find that

3, = 0.67449.

Example. With standard deviation 1 mm, a machine produces parts of
average length 10 cm. Find the probability that a part is of length 10 cm to
within a tolerance of 1 mm.

The required probability is

(|t — 10| < 0.1} = @( ) % 0.683,

L
V2
i.e., some 68 percent of the parts satisfy the specified tolerance. In this case,
the probable error is approximately 0.7 mm.

2.6. Application to the Theory of Heat Conduction. Cooling of
the Surface of a Heated Object

Consider the following problem in the theory of heat conduction: An object
occupying the half-space x > 0 is initially heated to temperature T,. It then
cools off by radiating heat through its surface x = 0 into the surrounding
medium which is at zero temperature. We want to find the temperature
T(x, t) of the object as a function of position x and time ¢.

Let the object have thermal conductivity k, heat capacity c, density p and

8 See E. Jahnke and F. Emde, Tables of Higher Functions, sixth edition, revised by F.
Losch, McGraw-Hill Book Co., New York (1960), p. 31.
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emissivity A, and let T = k#/cp. Then our problem reduces to the solution of
the equation of heat conduction

or_ T

= e (2.6.1)
subject to the initial condition
Tle=o = To (2.6.2)
and the boundary conditions”
oT
(a—x - hT) =0 Thw=Th (2.6.3)

where & = Ak > 0.
To solve the problem, we introduce the Laplace transform T = T(x, p) of
T = T(x, 7), defined by the formula

T - f e-"Tdr, Rep> 0. (2.6.4)
0

A system of equations determining T can be obtained from (2.6.1-3) if we
multiply the first and third equations by e~ and integrate from 0 to co, taking
the second equation into account. The result is

d*T —
W = PT - TO’
_ (2.6.5)
Ty oo T..-To
Ix - hT|1=0 - 0, Tlx_.w = p
The system (2.6.5) has the solution
7-To( - " _ -«;x)
T—p(l ) Rer>o Re Vp > 0. (2.6.6)

We can now solve for T by inverting (2.6.4). This can be done either by using
a table of Laplace transforms,® or by applying the Fourier-Mellin inversion
theorem,® which states that

1 a+ioo

e** T dp, (2.6.7)

B 27” a—-io

where a is a constant greater than the real part of all the singular points of 7.

7 For the derivation of equations (2.6.1, 3), see G. P. Tolstov, Fourier Series (trans-
lated by R. A. Silverman), Prentice-Hall, Inc., Englewood Cliffs, N.J. (1962), Chap. 9,
Secs. 20 and 24.

8 See A. Erdélyi, W. Magnus, F. Oberhettinger and F. G. Tricomi, Tables of Integral
Transforms, Volume 1 (of two volumes), Chaps. 4-5, McGraw-Hill Book Co., New
York (1954). This two-volume set (based, in part, on notes left by Harry Bateman)
will henceforth be referred to as the Bateman Manuscript Project, Tables of Integral
Transforms.

® H. S. Carslaw and J. C. Jaeger, Operational Methods in Applied Mathematics,
second edition, Oxford University Press, London (1953), Chap. 4, Secs. 28-31.
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The quantity of greatest interest is the surface temperature of the object.
Setting x = 0 in (2.6.6), we find that

oo T (L h 1)
Do = oo i) Mr%2p—ﬁﬁ) (2.6.8)

The simplest way to solve (2.6.8) for the original function T, is to use the
convolution theorem,'® which states that if f; and f, are the Laplace trans-
forms of £, and f,, then f = f, f, is the Laplace transform of the function

ﬂﬂ=fmmm—ow (2.6.9)

Since it is easily verified that

are the Laplace transforms of
h 2t
= — =e"
fl \/ T f2

(2.6.9) implies

0 h*/;
T|x=0 = To(e"z’ _ Vh:f eh?ti-b %) — Toehzr(l _ %f e~ ds),
mtJo T Jo

ie.,

Tleoo = Toe" (1 — AV )], (2.6.10)
where @(x) is the probability integral. It follows from the asymptotic formula
(2.2.1) that for large = the surface temperature falls off like 1/V/7:

T — oo, (2.6.11)

Tlxeo X

___TL~
hy/zx
The temperature inside the object (x # 0) can also be expressed in closed
form in terms of the probability integral.

2.7. Application to the Theory of Vibrations. Transverse Vibra-
tions of an Infinite Rod under the Action of a Suddenly
Applied Concentrated Force

Consider an infinite rod of linear density p and Young’s modulus E, lying
along the positive x-axis. Let / be the moment of inertia of a cross section of
the rod about a horizontal axis through the center of mass of the section, and

let - = V'EI]ot. Suppose the end x = 0 satisfies a sliding condition, while

10 H. S. Carslaw and J. C. Jaeger, op. cit., Chap. 4, Sec. 33.
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the end x = oo is clamped, and suppose a constant force Q is suddenly
applied at the end x = 0. Then the displacement u = u(x, ¢) at an arbitrary
point x > 0 of the rod is described by the system of equations **

o0%u  0%u
pr i v Sl
ou
Ueo=71 =0 2.7.1)
ou %u Q ou
oo =% B, B M= =0 =0

To solve this system, we use the Laplace transform, as in the preceding
section. Writing

i = f e-"udr, Rep >0, 2.7.2)
0
we obtain the following equations for #:
o
d_xl: + pzﬂ =0
di d%i 0
= R N 7 @73
, di
ulx—vco =0, ax—»w = 0.

Simple calculations then show that
0 e-Vrix  o-Vpix
2EIp?i ( V—pi  Vpi )

To find u, we again use the convolution theorem. Since 2
-V "pix - */Ex
S =F??’ fa =2li(e\/—pi - e\/p_i)

are the Laplace transforms of

Rep >0, ReVtpi>0. (27.4)

u =

_9 _L(-f iz)
fl—EIT, fo= or sin 7— + cos 7—)>

T

(2.6.9) implies

u= E\%r J: (sin;%2 + cos z—j) T\;Etdt = QEX; f(2\§;), (2.7.5)

11 See R. E. D. Bishop and D. C. Johnson, The Mechanics of Vibration, Cambridge
University Press, London (1960), p. 285.

12 Bateman Manuscript Project, Tables of Integral Transforms, Vol. 1, formula (27),
p. 146 or formula (6), p. 246.
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where
1 ° L o 1 — (X%
f(x) = oo fz (sin y* + cos y )————y2 dy. (2.7.6)

The function f(x) can be expressed in terms of the Fresnel integrals C(z) and
S(2), introduced in Sec. 2.4. In fact, integrating (2.7.6) by parts twice, we find
that

o= (1) 2] - (-3 - o)

—
3V2n

sin x?2 cos x2]

[(1 +a) S 4 (- ) 2.1.7)

PROBLEMS

1. Show that the functions

v
o)) = = ")

satisfies the differential equation ¢’ — 2z¢ = 1, and use this fact to derive the
expansion

2z, < (2z2)*
) = J=e 2 ey <@

2. Using formula (2.4.5) and the result of Problem 1, derive the following
expansions of the Fresnel integrals

Cx) = xl:oc(x) cos "—“2‘3 + B(x) sin “;2],

S(x) = xl:a(x) sin 'n:_;f — B(x) cos ﬂsz],

where

—1)¥(rx?)2* — 1)(mx2)2e+1

< ( S (
wx) = > 2 X0, )= > 2t
,,201-3---(4k ) G ,Zol-s---mk +3)
3. Use integration by parts to show that
fd)(x) dx = xB(x) + —= e~ + C.
vV

4. Let © be the Laplace transform of the probability integral, i.e.,

D(p) = J:D e~ 7* O(x) dx.

D(p) = %e””"[l - (I)(*.;):l.

Prove that
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5. Derive the integral representations

F(z) = f e~?sin2ztdr, O(z) = wa e
0 0

_2 Sin 2z¢
t

dt.

K1

Hint. Replace sin 2zt by its power series expansion and integrate term by
term.

6. Derive the following integral representations for the square of the prob-

ability integral:
1 ,-22(1+t2)
Dz) =1 — ff ¢

|
—

™ Jo 1+t2

T 1+ £ 4

Hint. Represent ®%(z) as a double integral over the region 0 <s <z,
0 <t < z, and transform to polar coordinates.

0 ,—22(1+1t2)
[1 - &) 3f $___dr, argz <>
1

7. Derive the formulas

1 — @(2) = \/i;e“z2 fo e 1?22t gy

[ — OE)P = 2 f * e--2Y3a(y) d,
Az 0

Hint. The second formula is obtained from the first after introducing new
variables « = 5 + ¢, B = st in the double integral over the region 0 < s < o,
0<r<s.

8. Prove that
— 1 F

F 2

nz?
2
i dt.

5 (1 sin
o) + 5%0) = 2 |
4]

9. Prove that

nx2/2

Clx) = f:x P rad,  SG) = fo Juad) dt,

where J,(x) is the Bessel function of order v (see Sec. 5.8).
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THE EXPONENTIAL INTEGRAL
AND RELATED FUNCTIONS

3.1. The Exponential Integral and Its Basic Properties

The exponential integral is defined by

2 t
Ei(z) = f Sd, larg(-2)] <, G.1.1)
where the integration is along any path L in the #-plane with a cut along the
positive real axis (see Figure 4). Since the integrand is an analytic function in

z

/

FIGURE 4

the resulting simply connected domain, the integral is path-independent and
Ei(z) is an analytic function of z (cf. footnote 1, p. 16). A possible choice of
the path of integration is the infinite line segment

—o < Ret< Rez, Im¢ =1Imz, (3.1.2)

passing through the point z and parallel to the real axis.
30
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If we replace z by —z and ¢ by —¢, formula (3.1.1) becomes
© ,-t
—Ei(-2) f Sa,  arga] <, (3.1.3)

where the function —Ei(—z) is analytic in the plane with a cut along the
negative real axis. The graph of this function for z = x > 0 is shown in
Figure 5. It will be noted that —Ei(—x) .

. -£E7(-x)
decreases monotonically from the value \
—Ei(0) = + 00 to the value —Ei(—o0) =0,
and in fact, its derivative is

d . e * .
" [-Ei(=x)] = — = <0 if x>0.

To derive a series expansion of the ex-
ponential integral, we represent (3.1.1) in
the form

-1t 0 Lt _
Ei(z)=f idt+f = 1u
—w ! -1 ¢ 05}

2ot 2
+fe Lar g [ 4,
0 4 t

-1
and observe that the sum of the first two
integrals is an absolute constant, which we
denote by C. Setting t = —u~! in the first
integral and ¢ = —u in the second, we find

- 1 n
that 0O + 2 3 4 5

1 — p—U __ p,-1/u
C= f Lo . (314 FiGURE §
0

Comparison of (3.1.4) and (1.3.20) shows that C coincides with Euler’s
constant:
C =y = 0.5772157...

Thus we have!

—la larg (=2)| < = (3.1.5)

. zét
Ei(z) = v + log(—2) + f
0

The integral on the right, whose integrand is an entire function, is itself an

entire function of the complex variable z, and can therefore be expanded in a

power series which converges in the whole plane. To obtain this series, we

! In this book log z always means the single-valued branch of the logarithm defined

by
log z = log |z| + iargz, larg z| < m.

Similarly, z¥ (v arbitrary) means e" °¢ 2, and so on.
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need only expand the integrand in powers of ¢ and integrate term by term.
The result is

zet__l 2 X tk—l L zk
f 7 dl—.[) Z—]?dt—kzlm, 'ZI<CD,

0

and therefore the desired expansion of the exponential integral is
. 1 = zF
Ei(z) = v + log (—2) + ,Zl e e (=2l <= (3.1.6)

valid everywhere in the plane cut along the positive real axis. It follows from
(3.1.6) that the values of Ei(z) on the upper and lower edges of the cut are

respectively
Ei(x + i0) = Ei;(x) F =i, x>0,

where Ei(x) is the real function defined by
L k
Ei,(x) = $[Ei(x + i0) + Ei(x — i0)] = y + log x + > ]%‘% x>0,
k=17

(3.1.7)

and known as the modified exponential integral.?

The exponential integral is often encountered in the applications, e.g., in
antenna theory and other branches of physics and engineering. Many inte-
grals of a more complicated type can be expressed in terms of the exponential
integral. For example, the integral

[ered,

where f(z) is an arbitrary rational function, can be written in finite form in
terms of the function Ei(z) and elementary functions (see Problem 9, p. 42).

3.2. Asymptotic Representation of the Exponential Integral for
Large |z|

To find an asymptotic representation of the function Ei(x) for large |z|,
we apply repeated integration by parts to formula (3.1.1), obtaining

2 et 2 1 ; e? z et
f_w7dt_f_w;d(e)_;+f_wt—2dt
e? e? 2 et
~?+z—2+1'2f—mt—3dt

o112 1-2---n = e

2 Since (3.1.1) does not define Ei(z) for z = x > 0, one can formally extend the de-
finition of the exponential integral by defining Ei(x) = Ei;(x) for x > 0.
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It follows that
. e[ <& k!
Ei() = & [ >ca rn(z)], 3.2.1)

where
2 i
r(z) = (n +1)\ze"? f_ ;%dt, larg (—2)| < =. (3.2.2)

To estimate the remainder r,(z), we choose the line segment (3.1.2) as the path
of integration. Suppose |arg (—z)| < = — 3, where § is an arbitrarily small
positive number, and let z = x + iy. Then along the segment ¢ = ¢ + iy
(= < ¢ < x) we have

let=2| = e°%, [t] > |z| sin 8,
and hence

n+ 1)! Yk (n+ 1! e e
|rn(2)| < |—z|_"(“(sin—8)"+2,"_w e do = (ST_S)"'” Izl 1 O(IZ[ 1).
(3.2.3)

Therefore we have the asymptotic representation

Ei() = < [ » ’zii + 0(|z|—"—1)], larg (=2)| < = — 5. (3.2.4)

k=0

It follows from (3.2.4) that the divergent series

©
k=0

is the asymptotic series for Ei(z) in the sector |arg (—z)| < = — 3.
It should be noted that if Re z < 0, i.e., in the sector |arg (—z)| < =/2, we
have the sharper estimate

2

| =

o

!
z

N

(n + 1)

| z|n+ 1°
In this case, the error committed in approximating Ei(z) by the sum of a finite
number of terms of the asymptotic series does not exceed the first neglected
term in absolute value.

(3.2.5)

|rn(z)| <

3.3. The Exponential Integral of Imaginary Argument.
The Sine and Cosine Integrals

If z = ix is a pure imaginary, the function Ei(z) can be expressed in terms
of two real functions Si(x) and Ci(x), known as the sine integral and the cosine
integral, respectively. These functions, which are interesting in their own
right, are defined for arbitrary complex z by the integrals

Si(z) = f E"t‘—’ &, Ciz) = f L, Jargz] < (33.1)

0 @
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The choice of the path of integration in the first integral is entirely arbitrary,
but in the second integral it is required that the path of integration L lie in
the plane cut along the negative real axis, as shown schematically in Figure 6.

#

z

‘\

FIGURE 6
For the usual reason (cf. footnote 1, p. 16), Si(z) is an entire function, while

Ci(z) is analytic in the plane cut along the negative real axis.
For real z = x > 0, both functions are real, with the graphs shown in

Sr(x)

FIGURE 7

Figure 7. Moreover, Si(x) and Ci(x) have an oscillatory character, as follows
from the formulas

Cos x
X

b

d .. sin x d ..
a Sl(x) = —x—: ‘ch Cl(x) =

which show that Si(x) has extrema at the points x = nz (n =0, 1,2,...),
while Ci(x) has extrema at the points x = (n + 4)=. For x < 0,

Si(x) = —Si(|x]),
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whereas Ci(x) is not defined. For large and small values of the argument, we
have the limiting values

Si(c0) = 7_2r Ci(c0) = 0,
(3.3.2)
Si(0) = 0, Ci(+0) = —

To establish the relation between the functions Ei(ix), Si(x) and Ci(x), we
substitute z = ix (x > 0) into (3.1.1). First we note that the integration along
the original path L can be replaced by integration along the imaginary axis.
In fact, consider the integral of the function €/t along the closed contour
consisting of an arc Cj, of the circle of radius R with center at the origin, the

R
Cr

Lp r x

FIGURE 8

arc Ly of the curve L lying inside this circle, and the segment of the imaginary
axis joining the points ix and iR (see Figure 8). According to Cauchy’s
integral theorem,

f —dt+ —dt+f —dt =0.
Lp CR

But as R — oo, the integral along Ly approaches Ei(ix), while the integral
along Cj, vanishes.® Therefore

iu X X Q1
Ei(ix) = f —dt f %du=f cozudu+if SH;udu,

8 On the arc Cy we have t = Re', /2 < 6 < =, and hence
f itdt < J"' eRco88 JO — J’a/ze—nm“dx < Jm/ze_ ain gy = .El - e""
cp !t =2 0 o 2 R

where we use the inequality sin x > (2y/x), valid for 0 < x < 7/2 [see A. I. Markushe-
vich, op. cit., formula (13.20), p. 272]. It follows that

t
j Cdt—0
C;;t

as R— oo,
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i.e.,
Ei(ix) = Ci(x) — z[g - Si(x)], x>0, (3.3.3)
and similarly,
Ei(—ix) = Ci(x) + z[g - Si(x)], x> 0. (3.3.4)

We have proved formulas (3.3.3—4) for x > 0, but it is easily seen by using
the principle of analytic continuation that they hold in a larger region, and
in fact,

Ei(—ze ™/2) = Ci(z) — IB — Si(z)], - 72—5 <argz<m,
(3.3.5)
Ei(—ze™'?) = Ci(z) + z[g - Si(z)], —m<argz< g

To prove (3.3.5), we merely note that both sides are analytic functions of z
in the indicated sectors, and that these functions coincide for z = x > 0.
From (3.3.5) we deduce the useful formulas

Ci(z) = %[Ei(—ze"”z) + Ei(~ze"™?)],  largz| <3
(3.3.6)

- %[Ei(—ze"”z) — Ei(—ze™™2)], larg z| <

Si(z) g

_ ks
~2
which express Ci(z) and Si(z) in terms of the exponential integral.

The functions Si(z) and Ci(z) have simple series expansions. The expan-
sion of Si(z) is found by substituting the power series for sin ¢ into (3.3.1) and
then integrating term by term. The result is

_ 1)k22k+ 1

___l)kt2k
s = || Z , 2k + 1 Z ) K ThmEy < 637

The derivation of the expansion of Ci(z) is somewhat more complicated. The
simplest approach is to use the relation between the functions Ci(z) and
Ei(—ze*™/2), together with the expansion (3.1.6). In this way, we find that*

. sl (_l)kZZk
Ci(z) =y + logz + Ll arg z| < . (3.3.8)
() =y + log ’; R |arg z|

In particular, (3.3.8) leads to the following values of the function Ci(z) on the
upper and lower edges of the cut [— o0, 0]:°

Ci(—x + i0) = Ci(x) + i, x> 0. 3.3.9

* The original restriction |arg z| < m/2 is easily eliminated by using the principle of
analytic continuation.

5 For simplicity of notation, we will always regard infinite branch cuts as passing
through the point at infinity, as in the familiar representation of the extended complex
plane by the Riemann sphere (see A. I. Markushevich, op. cit., Chap. 5).
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Finally, by using (3.2.4) and (3.3. 6) we can derive asymptotic representa-
tions of the functions Ci(z) and 4m — Si(z) for large |z| in the sector
|arg z| < =/2. It is easily verified that

sin z

Ci(z) = P(z

cos z sin z (3.3.10)

P(2) + — Q(2),

’5‘ — Si(z) =
where

Z( 1)(2k) +0(| | 2n — 2)

06) = 3 S (e -2n-)

3.4. The Logarithmic Integral

Another special function which is closely related to the exponential integral
is the logarithmic integral. This function, which plays an important role in
analysis, is defined by

. z dt
li(z) = fo Tog? larg z| < =, |arg(l — 2)| < =, 3.4.1)

where the integral is along any path L belonging to the plane with two cuts
along the segments [— oo, 0] and [1, o] of the real axis (see Figure 9). By the

FIGURE 9

usual argument (cf. footnote 1, p. 16), li(z) is an analytic function in the cut
plane. By introducing the new variable of integration u = log ¢, we can
easily express li(z) in terms of the exponential integral. In fact, the original
cut z-plane is mapped onto the strip |Im u| < = in the u-plane, with a cut
along the positive real axis, and (3.4.1) is transformed into the integral

log 2 L,u
li(z) = f e (3.4.2)

]
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evaluated along any path belonging to this strip. Since the strip is a part of
the domain of definition of the exponential integral (see Sec. 3.1), it follows
from (3.4.2) that
li(z) = Ei (log 2), (3.4.3)

where, as always, log z denotes the principal value of the logarithm (cf.
footnote 1, p. 31).

Using (3.4.3), we can easily deduce the properties of the logarithmic
integral from those of the exponential integral. For example, formula (3.1.6)
implies the expansion

) K
liz) = v + log (~log2) + > (";f,kz) , (3.4.4)
k=1 .

where z belongs to the plane with cuts along the segments [—co, 0] and
[1, ©o]. In particular, it follows from (3.4.4) that the values of li(z) on the
upper and lower edges of the cut [1, o] are
li(x £ i0) = liy(x) F =i, x> 1, (3.4.5)
where 1i;(x) denotes the real function
k
li,(x) = 3[li(x + i0) + li(x — i0)] = y + loglog x + Z (l"kg,]f) ,ox > 1,
(3.4.6)

known as the modified logarithmic integral.® It follows from (3.1.7) and
(3.4.6) that the modified exponential integral and the modified logarithmic
integral are connected by the formula

li;(x) = Ei; (log x). 34.7)

The function li;(x) is frequently encountered in analysis, and is particularly
important in number theory.”
Finally, we note that the results of Sec. 3.2 imply the asymptotic repre-

sentation

li(z) = logz [ Z (log z)k + rn(z)] < argz] < m — 3, (3.4.8)

where
|ra(2)| = O([log z|~"~*)
for large values of |log z|. In particular,
(n+ 1)
<
|ra(2)] [log z[*+1
for |z| < 1, and in this case the sector is just arg z| < = — 8.
6 Since (3.4.1) does not define li(z) for z = x > 1, one can formally extend the
definition of the logarithmic integral by defining li(x) = li,(x) for x > 1.

7 See A. E. Ingham, The Distribution of Prime Numbers, Cambridge Tracts in Mathe-
matics and Mathematical Physics, No. 30, Cambridge University Press, London (1932).
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3.5. Application to Electromagnetic Theory. Radiation of a
Linear Half-Wave Oscillator®

As a simple example of the application of the special functions studied in
this chapter, we consider the electromagnetic energy radiated by a linear
oscillator of length 2/ = /2, driven by an alternating current I of frequency
o = 2nc/A (¢ is the velocity of light and A the wavelength), whose distribution
along the conductor is give by
_n_z
2/
(see Figure 10). Let E(r) and H(¢) denote the time-dependent electric and
magnetic field vectors, with complex amplitudes E and H, so that

E(7) = Re {Ee¢t},  H(f) = Re {He'Y). (3.5.2)

I = I, cos =5 cos wt, -I<zg! 3.5.1)

FIGURE 10

Then the power radiated by the oscillator, averaged over a period 7 = A/c,
is given by the formula®

P = Re {S—C—n L (E x H*)-n ds}, (3.5.3)

where S is an arbitrary surface surrounding the oscillator, n is the exterior
normal to S, and H* is the vector whose components are the complex con-
jugates of those of H.°

In the present case, the vectors E and H have components (E,, E,, 0) and
(0, 0, H) in a spherical coordinate system (r, 6, ¢) [see Figure 10, where M is

8 The necessary background information in electromagnetic theory, written in the
system of units used here, can be found in G. Joos, Theoretical Physics, third edition,
with the collaboration of I. Freeman, Blackie and Son, Ltd., London (1958).

® Ibid., pp. 332, 341.

10 As usual in vector algebra, the dot denotes the scalar product and the cross denotes
the vector product.
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the observation point], and for S we can choose a sphere r = p of arbitrarily
large radius p. Then (3.5.3) becomes

A2 T
P = Re % f E,H* sin ede}, (3.5.4)
0

where H* is the complex conjugate of H. In (3.5.4) we can replace the exact
values of E, and H by their asymptotic expressions for large r. Using the
well-known formulas for the components of the electromagnetic field of an
elementary dipole,'! and integrating with respect to z, we easily find that

7 1
21,i o-iko €08 (37 cos 0)

Lk _, . ! nz
Hx~ Eg~ 2= e irsin 0 COS = eikzcos® g7 — 2
- 2/ cp sin 0

ce

for sufficiently large p, where kK = w/c. It follows that

P

2 1 2 (1
_ ﬁ,J’ cos? (4 cos 0) 0, (3.5.5)

c Jo sin 0

where we use the formula

jt_m_
T4 20 2k
The integral in (3.5.5) can be expressed in terms of the cosine integral
Ci(x). In fact, introducing the new variable of integration x = cos 0, we
have

2 1 2 1 1
P:Q,f1+com:xdx_lo(f1+005nxdx+J‘1+003nx)dx
0 0 0

c 1 — x? T 2 1 —x 1+ x

I%(J‘ll—cosny 21 — cosmy I3 (21 — cosmy

2¢ \Jo y 4 1 y Y 2¢ Jo y Y
_ I3 [*1 —cosz

Finally, using the result of Problem 3, p. 41, we find that
]2
P = —z [y + log 2= — Ci(2n)], (3.5.7)

where Ci(x) is the integral cosine and v is Euler’s constant.

The same method can be used to calculate the average power radiated by
antennas with more complicated configurations. It is remarkable that the
results can still be expressed in terms of sine and cosine integrals.

11 G. Joos, op. cit., pp. 338, 340.
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PROBLEMS

1. Verify the integral representation

-2t

—Fi(— = ¢~ % ® e_ < 7_r
Ei(—z) = e fo T tdt, larg z] < 5
2. Verify the following integral representation for the square of the ex-

ponential integral:
. _ © . log(l + 20 m
2 _— 2z 22zt < =
[Ei(—2)]? = 2e J‘o e 17 dt, larg z| 3

Hint. Represent the left-hand side as a double integral over the region
0<s < o,0< t<s, and introduce the new variables « = s + ¢, B = st.
3. Prove that

Ci(z) =y + logz — f !——_tc—o“dt, |arg z| < .
0

4. Starting from (3.1.1) and the definition of the modified exponential integral
Ei;(x), show that

. . - et x et
Eii(x) = lm(‘)l (J‘ Tdt + f 7dt), x>0,
i.e., show that Ei;(x) is the Cauchy principal value of the integral
x et
f " Car

5. Verify that

xt_l

Ei;(x) = v + logx + f ¢ dt.
0
6. Using L’Hospital’s rule, show in turn that
lim e *Eiy(x) = 0, lim xe *Eiy(x) = 1,
T + © -+ ®©

and then deduce the asymptotic formula

Eil(x) ~ e;x’ X —> + 00,
7. Using (3.4.7) and the result of the preceding problem, deduce the asymp-
totic formula

lis(x) l—()’;—x, x = + 0.

Comment. This formula plays an important role in number theory.

8. Prove the formula

. . 1=¢ gt *dt
li;(x) = l:_l;l'[l) (J; @ + £+el~gg—;)s x> 1.

Hint. Use (3.4.7) and the result of Problem 4.
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9. Consider the integral
[ roe e, 0)

where f(z) is an arbitrary rational function, and the path of integration does
not pass through any singular points of the integrand. By separating out the
polynomial part of f(z) and then expanding the remainder in partial fractions,
the evaluation of (i) can be reduced to the evaluation of integrals of the form

f z"e? dz, (ii)

e
fG——‘_a);' dz, (lll)
where n is a positive integer. By repeated integration by parts, (ii) can be

expressed in terms of elementary functions, and the problem of evaluating
(iii) can be reduced to the problem of evaluating the integral

f e _ 4. @iv)

z—a
Then the substitution ¥ = z — a reduces (iv) to an exponential integral

(generally with a complex argument).
Using the method just described, prove that

x el d e* . . 0
f-wrz(t—_—l) =% 7B+ Eilx -1, x<0

10. As usual, let f denote the Laplace transform of f (see p. 25). Prove that
= 1 1 — 1
Si(x) = - arc tan -» —Ei(—x) = -log(1 + p),
(%) M > (—x) > g(1 + p)

where the arc tangent and the logarithm have their principal values.
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ORTHOGONAL POLYNOMIALS

4.1. Introductory Remarks

A system of real functions f,(x) (n = 0, 1, 2,...) is said to be orthogonal
with weight o(x) on the interval [a, b] if

fa b p(X)fm(X)fa(x) dx = 0 4.1.1)

for every m # n, where p(x) is a fixed nonnegative function which does not
depend on the indices m and n. For example, the system of functions
cosnx(n=20,1,2,...) is orthogonal with weight 1 on the interval [0, =],
since

T
f cos mx cos nx dx = 0 if m # n.
0

Orthogonal systems play an important role in analysis, mainly because func-
tions belonging to very general classes can be expanded in series of orthogonal
functions, e.g., Fourier series, Fourier-Bessel series, etc.

An important class of orthogonal systems consists of orthogonal poly-
nomials p,(x) (n = 0, 1, 2,...), where n is the degree of the polynomial p,(x).
This class contains many special functions commonly encountered in the
applications, e.g., Legendre, Hermite, Laguerre, Chebyshev and Jacobi poly-
nomials. In addition to the orthogonality property (4.1.1), these functions
have many other general properties. For example, they are the integrals of
differential equations of a simple form, and can be defined as the coefficients
in expansions in powers of ¢ of suitably chosen functions w(x, #), called
generating functions. Orthogonal polynomials are of great importance in

43
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mathematical physics, approximation theory, the theory of mechanical
quadratures, etc., and are the subject of an enormous literature, in which the
contributions of Russian mathematicians like Adamov, Akhiezer, Bernstein,
Chebyshev, Sonine, Steklov and Uspensky play a prominent role.

This chapter is devoted to the theory of Legendre, Hermite and Laguerre
polynomials, which have extremely diverse applications to physics and en-
gineering. For the convenience of readers primarily concerned with applica-
tions, each of these three kinds of polynomials is treated independently.
Those interested in studying the subject from a more general point of view
are referred to the books by Jackson, Sansone, Szeg6é and Tricomi cited in
the Bibliography on p. 300! In Problems 21-22, p.96-97 we also touch upon
the theory of Jacobi and Chebyshev polynomials.

4.2. Definition and Generating Function of the
Legendre Polynomials
The Legendre polynomials are defined by Rodrigues’ formula

1

Pn(x) = Zn—n!w(xz - I)n, n = 0, 1, 2, e (4.2.1)

for arbitrary real or complex values of the variable x. Thus the first few
Legendre polynomials are
Po(x) =1,  Pix) =x, Po(x)=1303x>-1),
Py(x) = 3(5x® — 3x),...

The general expression for the nth Legendre polynomial is obtained from
(4.2.1) by using the familiar binomial expansion

" Gl VAP
— = Z Ko=) k)' x2n -2k

which implies

W (C1n -2,
Palx) = ;Zo Pk — R)ln — 201 @22

where the symbol [v] denotes the largest integer <v. It will be shown in
Sec. 4.5 that the Legendre polynomials are orthogonal with weight 1 on the

1 See also A. Erdélyi, W. Magnus, F. Oberhettinger and F. G. Tricomi, Higher
Transcendental Functions, Volume 2 (of three volumes), Chap. 10, McGraw-Hill Book
Co., New York (1953). This three-volume set (based, in part, on notes left by Harry
Bateman) will henceforth be referred to as the Bateman manuscript Project, Higher
Transcendental Functions.
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interval [—1, 1].2 As already noted, these orthogonal polynomials play an
important role in the applications, particularly, in mathematical physics (see
Secs. 8.3-4, 8.7-8, 8.13-14).

The properties of the Legendre polynomials can be derived very simply if
we first prove that the function

wix, t) = (1 — 2xt + t2)~1/2

(where the value of the square root is taken to be 1 for t = 0) is the generating
function of the Legendre polynomials, i.e., that the expansion

wix, 1) = (1 = 2xt + ?)712 = i P (x)t 4.2.3)
n=0

holds for sufficiently small |¢|. Let r, and r, be the roots of the quadratic
equation 1 — 2xt + 2 = 0, and let

r = min {|r,],|rs|}. 4.2.9)

Then w(x, t), regarded as a function of ¢, is analytic in the disk [¢f] < r.3 It
follows from a familiar theorem of complex variable theory* that

L

wix, t) = (1 — 2xt + 1?)~12 = Z ca(x)1™, lt] < r,

n=0

where the coefficients c,(x) can be written as contour integrals
en(x) = —— f (1 = 2xt + 2)-124=n-1 gp, (4.2.5)
2mi c

evaluated along any closed contour C surrounding the point # = 0 and lying
inside the disk |#| < r. If we make the substitution

1 —ut = (1 — 2xt + 192,

then (4.2.5) transforms into the following integral of a rational function
evaluated along a closed contour C’ surrounding the point u = x:°

ol Vi 4.2.6

cn(x) 27.” 2n(u _ x)n+1 u. ( il )

2 This property can be proved directly, by starting from the definition (4.2.1), but our
approach will be different. In fact, it can be shown that if p,(x) (n = 0,1,2,...) is an
arbitrary system of polynomials orthogonal with weight 1 on the interval [—1, 1], then
Pr(x) = ¥aPn(x), where v, is independent of x. See G. E. Shilov, An Introduction to the
Theory of Linear Spaces (translated by R. A. Silverman), Prentice-Hall, Inc., Englewood
Cliffs, N.J. (1961), Sec. 58.

3 In the case of greatest practical importance, x is a real number belonging to the
interval [—1, 1], and then r = 1.

* A. I. Markushevich, op. cit., Theorem 16.7, p. 361.

5 The point 4 = x corresponds to the point # = 0, and the closed contour C’ cor-
responds to the closed contour C, since the square root returns to its original value after
making a circuit around C.



46 ORTHOGONAL POLYNOMIALS CHAP. 4

This integral can be evaluated by residue theory. In fact, using the familiar
rule,® we find that

1 [d"(u2 - 1"

Cn(x) = i"_n' dun ]u:x = Pn(x)9

thereby verifying (4.2.3).

To illustrate the utility of the generating function for deriving properties
of the Legendre polynomials, we successively set x = 1, —1, 0in (4.2.3), each
time expanding the left-hand side in powers of ¢. As a result, we obtain the
important formulas

Pl) =1,  Py(—=1) = (=D

Pu@ = -1y 522D, e =0,

(4.2.7)

4.3. Recurrence Relations and Differential Equation for the
Legendre Polynomials

We further illustrate the use of the expansion (4.2.3) by deriving some
recurrence relations satisfied by the Legendre polynomials. First we sub-
stitute the series (4.2.3) into the identity

(1 — 2xt + t2)%+ (t—xw=0.
Since power series can be differentiated term by term, this gives
(1 — 2xt + 1?) i nP, ()"t + (t — x) ioP,,(x)t" =0.
n=0 n=
Setting the coefficient of " equal to zero, we find that
(n + DPyy1(x) — 2nxPy(x) + (n — 1)P,_1(x) + Pp_1(x) — xP,(x) = 0,
or

(n+ DP,,1(x) — 2n + DxPy(x) + nP,_y(x) =0, n=1,2,..., (4.3.1)

which is a recurrence relation connecting three Legendre polynomials with
consecutive indices. One can use this relation to calculate the Legendre poly-
nomials step by step, starting from Py(x) = 1, Py(x) = x.

Similarly, the identity

ow
2y =
¢! 2xt+t)ax tw=0

¢ See F. B. Hildebrand, Advanced Calculus for Applications, Prentice-Hall, Inc.,
Englewood Cliffs, N.J. (1962), p. 548.
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leads to”
(1 = 2xt + 13) D Pix)" — > P(x)r+! =0,
n=0 n=0

which implies
P} 1(x) — 2xPp(x) + P; _1(x) — Pu(x) = 0, n=12... (432

Differentiating (4.3.1), we first eliminate P, _,(x) and then P}, ,(x) from the
resulting equation and (4.3.2). This gives two further recurrence relations®

P} 1(x) — xP(x) = (n + 1)Py(x), n=0,1,2,..., (4.3.3)
xPj(x) — P _1(x) = nPy(x), n=12,... (4.3.4)

Adding (4.3.3) and (4.3.4), we obtain the more symmetric formula
P 1(x) — Pr_1(x) = 2n + 1)P,(x), n=12,... 4.3.5)

Finally, replacing n by n — 1 in (4.3.3), and eliminating P, _, (x) from the
resulting equation and (4.3.4), we find that

(1 — x®)Pj(x) = nP,_1(x) — nxP,(x), n=12... (4.3.6)

This last formula allows us to express the derivative of a Legendre polynomial
in terms of Legendre polynomials. If we differentiate (4.3.6) with respect to
x and again use (4.3.4) to eliminate P, _,(x), we arrive at the formula

[(1 = x»)PLx)] + n(n + DP(x) =0, n=0,1,2,..., (43.7)

which shows that the Legendre polynomial u = P,(x) is a particular integral
of the second-order linear differential equation

(A = x®»u'] + n(n + Du = 0. (4.3.8)

This equation is often encountered in mathematical physics, and plays an

7 To justify differentiating (4.2.3) term by term with respect to x, it is sufficient to
prove that (4.2.3) converges uniformly in the domain |x| < a, for arbitrary finite @ > 0
and sufficiently small |7|. (Here we rely on Weierstrass’ theorem, cited in footnote 5,
p. 2.) Let |f| < b, where b = Va2 + 1 — a. Then, according to (4.2.3), the series

> LD g

n=0
converges to (1 — 2alt| — |¢|?)~ 2. The uniform convergence of (4.2.3) for |x| < a,
|t] < b now follows from the inequality

P,(ia
o] < 202

implied by (4.2.2).
8 In some cases, the validity of a recurrence relation for small » does not follow from
the general argument, but then one can always verify the relation by direct substitution

of Po(x) = 1, Py(x) = x, ...
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important role in the theory of Legendre polynomials. By making changes of
variables in (4.3.8), we can easily derive many other equations whose integrals
can be expressed in terms of Legendre polynomials. Thus, for example, the
equation

1 d(. ,du
Sn 070 (sm 6‘76) +nn+ Du=0 (4.3.9)
is satisfied by the function u = P,(cos 0), the equation
@4_[ + 2+—1 ] =0 4.3.10)
R NG i vror] L (@.3.

is satisfied by the function u = V/sin 0 P, (cos 6), and so on.

4.4. Integral Representations of the Legendre Polynomials

The Legendre polynomials have simple representations in terms of
definite integrals with the variable x as parameter. To obtain the first of these
representations, we assume that x is a real or complex number, and choose

the path of integration C’ in formula (4.2.6) to be a circle of radius V/[x2 — 1
with center at the point # = x.° Then

u=x+ Vx2 = lewo, -t <9<,
and (4.2.6) becomes

1 x? + 2xVx% — 16 + (x* — 1)e%® — 1]
P = [ | e | e

which reduces to
Po(x) = 71c f "Ix + VX =1 cos " do. (4.4.1)
0

Formula (4.4.1) is called Laplace’s integral. Here the choice of the value of

the square root Vx2 — 1 does not matter, since after raising the expression
in brackets to the nth power and integrating the result term by term, odd
powers of the square root vanish.

From (4.4.1) we can derive an important inequality satisfied by Legendre
polynomials. Let x be a real number such that —1 < x < 1. Then

[x + VXT —Tcoso| = VxZ + (I — x?) cos? ¢ <1,
and hence
[Pa(x)| < 1, -1<x< 1 (4.4.2)
Another important integral representation of the Legendre polynomials
9 According to Cauchy’s integral theorem, replacing the contour C’ by any other

closed Jordan curve surrounding the point ¥ = x does not change the value of the
integral.
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can be deduced from (4.4.1) by assuming that x is a real number such that
—1 < x < 1. In this case, setting

x = cos 0, 0<6<m,

we can write (4.4.1) in the form
P, (cos 0) = 7-1; f (cos 6 + isin 0 cos )" de.
0

If we introduce a new complex variable of integration ¢ = cos 6 + isin 6 cos ¢
this formula becomes

P, (cos 6) = 1 - dt
" 7t Je-ie V1 — 2tcos O + £2

where the integral is evaluated along the line segment 4B joining the points
t = e*" (see Figure 11), and the choice of the square root is determined by

(4.4.3)

A
locl =1

FIGure 11

the condition that its value at the point ¢z = cos 0 be sin 6. According to
Cauchy’s integral theorem, the integration along AB can be replaced by
integration along the arc ACB of the unit circle, since the integrand is analytic
in the region between the arc and the chord. Making this change, and writing
t = e, we find that

1 ]
P, (cos 6 =—f d
( ) ©J-eV2cosy — 2cos 0 v

e+ v

which becomes
2 (°  cos(n+ Py
7 Jo V2cos ¢ — 2cos 6

P, (cos 0) = d), 0<b<nw, n=0,12,...,

(4.4.4)

after taking the real part. This integral representation is known as the
Mehler-Dirichlet formula.
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4.5. Orthogonality of the Legendre Polynomials

One of the most important properties of the Legendre polynomials is their
orthogonality on the interval [—1, 1], which follows from the differential
equation (4.3.7). To prove this property, we subtract the differential equation
for the nth polynomial multiplied by P,(x) from the differential equation for
the mth polynomial multiplied by P,(x). This gives
[ = **)Pru(x)]'Pa(x) — [(1 — x*)Pa(x)] Pu(x)

+ [m(m + 1) — n(n + 1D)]P(x)P.(x) = 0,
or

{(1 = XA)[Pr(x)Pu(x) — Py(x)Pu(x)}’ + (m — m)(m + n + DPu(x)Py(x) = 0.

Integrating the last equation over the interval [—1, 1] and noting that the
integral of the first term vanishes, we find that

(m — n)m +n — 1) f Y P (0)P(X) dx = O,
ie.,

f L PP dx =0  if m#£n 4.5.1)

Formula (4.5.1) shows that the Legendre polynomials are orthogonal with
weight p(x) = 1 on the interval [—1, 1].

The orthogonality property (4.5.1) plays an important role in the theory
of expansions of functions in series of Legendre polynomials (see Sec. 4.7).
In this theory, we will also need to know the value of the integral (4.5.1) for
m = n, which can be found by the following device (brought to our attention
by V. L. Kan): We replace n by n — 1 in the recurrence relation (4.3.1) and
multiply the result by (2n + 1)P,(x). Then from this equation we subtract
(4.3.1) multiplied by (2n — 1)P,_,(x), obtaining

n(2n + DPAx) + (n — 1)2n + 1)P,_5(x)P.(x)
= (n + 1)(2n — DP,_1(x)Pps1(x) — n2n — PZ_y(x) = 0,
n=273...

Finally, integrating this relation over the interval [—1, 1], and taking account
of (4.5.1), we find that

fle(x)dx=2n_lflP2 ()dx, n=273
1 n 2n+l -1 n—1 ) 9 Jy oo

Repeated application of this formula gives

11”2()d _3_.f1 P¥x)d -2 .
f.l XA 1) WY T
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Direct calculation shows that this result is also valid for n = 0, 1, and hence
! 2
2 = = “ e oo
f_lpn(x) dx=52s  n=012, 45.2)

It follows from (4.5.1-2) that the functions
Pu(¥) = Vi + 3P(x), n=0,1,2,...

form an orthonormal system on the interval [—1, 1].1°

4.6. Asymptotic Representation of the Legendre Polynomials for
Large n

The Legendre polynomials P,(x) (—1 < x < 1) have a simple asymptotic
representation which describes their behavior for large values of the degree n.
To obtain this representation, we use a general method due to Steklov.!!
Our starting point is the differential equation (4.3.10) satisfied by the function

u(8) = Vsin 6P, (cos 0).
Writing this equation in the form

u

T (4.6.1)

u' + (n+ 3u=—

taking account of the initial conditions
k3

u(3) = PO, w(3) = —Pio)

and regarding the right-hand side of (4.6.1) as a known function, we find
that'2

u(9) = P,(0) cos [(n + -:12)(7—; - 6)] + :";(_Oi sin [(n + %) (g - 9)]

de
sinZ ¢

g . @ sin [0+ H6 - 9
(4.6.2)

Equation (4.6.2) can be regarded as an integral equation for the function u(0).

10 A system of functions @.(x) (n =0, 1,2,...) is said to be orthonormal on the
interval [a, b] if
b 0, m# n,
J; Pm(X)pn(x) dx = {1, men
11V. A. Steklov, Sur les expressions asymptotiques de certaines fonctions, définies par
les équations différentielles linéaires du second order, et leurs applications au probléme du
développement d’une fonction arbitraire en séries procédant suivant les-dites fonctions,
Communications de la Société Mathématique de Kharkow, (2), 10, 97 (1907).
12 See E. A. Coddington, An Introduction to Ordinary Differential Equations, Prentice-
Hall, Inc., Englewood Cliffs, N.J. (1961), Theorem 11, p. 123.
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Next, using formulas (4.2.6), (4.3.6), and the relations (1.2.1, 4, 6) involv-

ing the gamma function, we obtain

I'm + %)

m’ Pom+1(0) = 0,

Pon(0) = (=)™

20(m + 3)
Val(m + 1)

It follows that equation (4.6.2) can be written in the form

Pom(0) =0,  P2nia(0) = (=D)"

u(6) = ocn{sin [(n +1)6 + g] + r,,(e)}, (4.6.3)
where «, denotes the first or the second of the expressions
n 1
(3 +3) (3 + 1)
vars 1) vl g5+ 3)
TEF ) b1 R 2 2 2

depending on whether # is even or odd, and

8O = g . W@ sin 0+ 0 — o) (4.6.4)

512

Now suppose that the variable 0 is confined to the interval § < 6 < = — 8,
where 3 is a fixed positive number, and let M, denote the maximum modulus
of u(0) in this interval. Then it follows from (4.6.3) and (4.6.4) that for every
0in [§, = — &),

M,
,u(ﬁ)l < @ m CSC 8
and hence
M,
M, < a, + 4(2—+—1'5 csc? 3.
Solving this last inequality for M,, we obtain
T sers| T csc?
M, < an[l Gn+ D csc 8] 2n + 1 > 7 Cs¢ 3,

which implies the estimate

7 csc? 3 T 2 o] 7t T,
[ra(0)] < Gn+ D [1 iR ED csc 8] , 2n+4+1> 7 6s¢ 3.

Thus r,(0) = O(n~?') uniformly in the interval [8, # — §]. Therefore (4.6.3)
leads to the asymptotic formula

u(0) X «, sin [(n + 306 + :—:], n-—> oo (4.6.5)

foralld <6< m—3.
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Making some simple calculations based on Stirling’s formula (1.4.25),3

we find that
Ay ~ ’ E., n— w’
N

and therefore (4.6.5) can be written in the simpler form
(9)~JZ in [( +J[)0+T—r] — o0 (4.6.6)
u(®) >/ —sin |(n ik n . .6.

Recalling the definition of u(0), we finally have the following asymptotic
representation for the Legendre polynomials:

P, (cos 0) x /%inesin[(n+-})6+§], n—>oo, §<06< -3
(4.6.7)

For more exact asymptotic representations, we refer the reader to Hobson’s
treatise.'*

4.7. Expansion of Functions in Series of Legendre Polynomials

In the applications it is often necessary to expand a given real function
f(x), defined in the interval (—1, 1), in a series of Legendre polynomials:

f) =D ePu(x), —1<x<1 4.7.1)

n=0
The coefficients ¢, can be determined formally by using the orthogonality
property of the Legendre polynomials (see Sec. 4.5). In fact, multiplying the

series (4.7.1) by P,(x), integrating term by term over the interval [—1, 1] and
using (4.5.1-2), we find that

[ rerwax = 73 appo ax

= > e[ PP dy = 2 e
which implies
1
e =(n+1%) f FOP()dx, n=01,2... (412
-1

However, it is not known in advance whether f(x) can be expanded in a series

13 The fact that lim (1 + %)ﬂ = e* is also used.

n— o

14 E. W. Hobson, The Theory of Spherical and Ellipsoidal Harmonics, Cambridge
University Press, London (1931).
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of the form (4.7.1), or whether the term-by-term integration used to deter-
mine the coefficients ¢, is legitimate. Therefore, it cannot be asserted without
further study that the series (4.7.1) with the coefficients (4.7.2) actually con-
verges and has the sum f(x). In order to establish simple sufficient conditions
for such convergence (see Theorem 1 below), we first prove the following

LEMMA. If the real function ¢(x) is piecewise continuous*® in (—1, 1)
and if the integral

1
f ¢*(x) dx (4.7.3)
-1
is finite,'¢ then

lim Vn + %

n-— o

1
o(x)P,(x) dx = 0. (4.7.4)

-1

Proof. First we write (4.7.4) as a sum of three integrals

e
=01+ a2+ Fa 4.7.5)

Then, using Schwarz’s inequality'? and formula (4.5.2), we find that

sl < v [ rwa] ([ ewa]”

<SVn+i [fll P2(x) dx] v Ull , e%(x) dx] " U‘:—Ocﬁ(x) dx] e )

2

and similarly,
2

-14+6 1/
< [ e a] ™
It follows from these estimates and the existence of (4.7.3) that given any
e > 0, there is a 3 = 3(¢) > 0, independent of n, such that

Al <3 1Al <5 47.6)

15 For the definition of piecewise continuous and piecewise smooth functions, see
G. P. Tolstov, op. cit., p. 18.
18 If @(x) is defined only in (—1, 1), then (4.7.3) means

1-b
lim 9%(x) dx.

a, b0+ J-14qa
If (x) is piecewise continuous in the closed interval [—1, 1], then the finiteness of (4.7.3)
is obvious. In other words, we allow ¢(x) to become infinite at the end points —1 and
1, provided the integral (4.7.3) remains finite.
17 According to Schwarz’s inequality,
b 2 b b
[ rrew ax < [ e ax [ g0 ax,
a a a

provided the integrals on the right exist. See G. P. Tolstov, op. cit., p. 50.
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Assuming that 3 has been chosen in this way, we now use (4.6.3) to write

o= Vi F %f“’ o (cos B) P, (cos 6) sin 6 d0
—_— 1 w8 = .
=Vn+ %a, [_\/—if ¢ (cos 0)Vsin 0sin (n + )0 46

vl

+ f " 4 (cos 6)V/sin Br.(6) de],

1

* ¢ (cos 6)V/sin 0 cos (n + 3)0 do

where 8§; = arccos (1 — 3). Since, by hypothesis, ¢ (cos 0)Vsin 0 is
piecewise continuous and hence absolutely integrable on [8;, # — &,],
the first two integrals on the right approach zero as n — 0.8 Moreover,
the last integral also approaches zero as n — oo, since r,(0) = O(n~1?)
uniformly in [§,, = — 3,], as shown in Sec. 4.6, where it was also proved
that

Vi + 3o, > Jz
T
as n— oo. Therefore #, — 0 as n — o0, so that for a suitable choice of
N = N(e), we have
|72l <3 4.7.7)
for every n > N. Combining (4.7.7) and (4.7.6) we find that
|F1+ Fo+ Fal <, n <N,

and the lemma is proved.
We are now ready to prove

THEOREM 1. If the real function f(x) is piecewise smooth in (—1, 1)
and if the integral

1
f F2(x) dx (4.7.8)
-1
is finite, then the series (4.7.1), with coefficients c, calculated from (4.7.2),
converges to f(x) at every continuity point of f(x).

Proof. First we note that the conditions imposed on f(x) imply the
existence of the integrals in the right-hand side of (4.7.2),° so that the
coefficients ¢, can actually be calculated. Let S,(x) denote the sum of

18 G. P. Tolstov, op. cit., p. 70.
1 Apply Schwarz’s inequality to the functions f(x) and P,(x).
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the first m + 1 terms of the series (4.7.1). Then it follows from (4.7.2)
that

540 = 3 i) = 3 0+ DR [ S0P

L 4.7.9)
- [ sk a,
where
Kn(x, y) = ; (n + HPL(X)P(Y). (4.7.10)

The “kernel” K,(x, y) can be calculated by the following device: We
multiply the recurrence relation (4.3.1) by P,(») and then from the result-
ing equation we subtract the same equation with x and y interchanged.
This gives
(n + DIPp1:(X)Pu(p) — Prs1(»)Pr(x)]
= n[Pu(x)Pr-1(y) — Pu(P)Pn-1(x)]
= (2n + 1)(x — PP(X)P:(p).

Summing over n from 1 to m, and noting that Py(x) = 1, Py(x) = x, we
obtain

x — ) Z (@n + DP,(IPL(Y)

= (m + 1)[Pm+1(x)Pm(y) - Pm+1(y)Pm(x)] - (x - y)’
which implies

K,,,(x, y) — m ;_ 1 Pm+1(x)Pm(.};) : fm+1(y)Pm(x) (4.7.11)

Integrating (4.7.10) with respect to y between the limits —1 and 1, and
using (4.5.1-2),2° we find that

f LK, ) dy = 1. 4.7.12)

Now suppose x is a point of (—1, 1) at which f(x) is continuous.
Multiplying (4.7.12) by f(x), subtracting the result from (4.7.9), and
using (4.7.11), we obtain

5209 = 16) = [ Kalx, O) - S

= m—; ' P f_ll Ppi(D)e(x, y) dy (4.7.13)

m+ 1 !
~ P Pani® [ Pu0elx, )

20 Since Po(y) = 1, we have

[ roa-| rormae={ 2720
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where
o, ) =2 =10

Regarded as a function of y, ¢(x, y) is piecewise continuous in (—1, 1),
and moreover

f _11 02(x, y) dy (4.7.14)

is finite. In fact, if y # x, the piecewise continuity of ¢(x, y) in (=1, 1)
follows from that of f(y),while ¢(x, y) is piecewise continuous at y = x
since

o(x,x —0) =f'(x = 0), o(x,x +0)=/f"(x+0)

both exist if x is a continuity point of f(x).2* The fact that (4.7.14) is
finite follows from (4.7.8) and the fact that ¢(x, y) is bounded in a neigh-
borhood of y = x, where both ¢(x, x — 0) and ¢(x, x + 0) exist. There-
fore, according to the lemma,

1
lim Vm + 2 f_l P 1(D)e(x, y) dy

m—

1

= lim vVm + % _ Ppe(x, y) dy = 0.

m- o

Moreover, using (4.6.7), we see that each of the expressions

m+ 1 m+1
— P, (x), — P, 1(x
2Vm + 3 ) 2Vm + % +)

remains bounded as m — co. It follows that the right-hand side of
(4.7.13) goes to zero as m — oo, i.e.,

lim  Sn(x) = f(x),

and the proof of Theorem 1 is complete.

Remark 1. The case where x is a discontinuity point of f(x) is also of
interest. It can be shown that in this case, under the same conditions as in
Theorem 1, the series (4.7.1) converges to the limit 22

lim Su(x) = $[f(x + 0) + f(x — ). 4.7.15)

Remark 2. Theorem 1 gives sufficient conditions for expanding f(x) in a

21 Cf. G. P. Tolstov, op. cit., p. 73.
22 This should be compared with the similar situation encountered in the theory of

Fourier series (ibid., p. 75 ff.).
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series of the form (4.7.1). These conditions can be considerably weakened.
A theorem which is valid for a larger class of functions can be found in
Hobson’s book.23

4.8. Examples of Expansions in Series of Legendre Polynomials
We now give some simple examples illustrating the technique of expanding
functions in series of Legendre polynomials:

Example 1. Let f(x) be a polynomial of degree m:

fx) = z ax".
n=0
Then (4.7.1) takes the form

f(x) = 2 xPo(%). (4.8.1)

In this case, there is no need to calculate the integrals (4.7.2), since the
coefficients ¢, can easily be found by solving the system of linear equations
obtained when the explicit expressions for the Legendre polynomials are sub-
stituted into (4.8.1) and coefficients of identical powers of x in both sides of
the equation are equated. Thus, for example,

x2 = coPo(x) + c1P1(x) + coPy(X) = ¢o + c1x + Fc(3x% — 1),
so that

Wi

=% =0 =%

Therefore
x? = Py(x) + 3P(x),

an expansion which is valid for all x.
Example 2. Suppose f(x) is the function

-1 <x<a,
a<x< 1.

1 = {7

According to Theorem 1, f(x) can be expanded in a series of the form (4.7.1),
with coefficients

c=Mm+17%) J: P,(x) dx.

Using (4.3.5) and noting that P,(1) = 1, we find that
Cp = _%[Pn+1(a) - Pn—l(a)]’ Cc = %(1 - a)’

23 E. W. Hobson, op. cit., p. 329.
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which leads to the required expansion
) =31 = @) = D [Prs(@) = Paos(@]IPa(x), —1<x <1 (482)
n=1

Next, we verify that the relation (4.7.15) holds at the discontinuity point
x = a. Letting S,(x) denote the sum of the first m + 1 terms of the series

(4.8.2), we have
$u@) = 31 = 2) = 3 2 [Pacs@Pu®) — P@Pa-s@)]
= % - %Pm+1(a)Pm(a)'

Since, according to (4.6.7), P,(«) — 0 as n — oo,

lim Sn(a) =4 = 3{f(x + 0) + f(a = 0)],

in keeping with the general theory.

1@ = 5=

This function satisfies the conditions of Theorem 1, and hence can be ex-
panded in a series of the form (4.7.1). The coefficients ¢, can be calculated
by the following method, which is often useful: We multiply the expansion
(4.2.3) by f(x) and integrate over the interval [—1, 1]. After some elementary
calculations, we obtain

1 (1—02, 1+ V5 °°
2t[1+z - log 1_\/_] X f A/-— (D dx, |1 < 1,
(4.8.3)

Example 3. Finally, let

where the term-by-term integration is justified by the uniform convergence of
the series (4.2.3) in the interval [—1, 1], which follows from the estimate
(4.4.2). Expanding the left-hand side of (4.8.3) in powers of ¢, we find that

. 1—
-4 Z . (4n* — 1)(2n ¥3) Z ! f A/ = Py(x) dx,

which implies

f_l Jl Po(x) dx = 4

LT % 4
f_lA/ 7 P A = — e T 3)
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We now use (4.7.2) to write the required expansion in the form

T—x 2 .~ Py(x) _
J 5= = 3Po(x) 2; TERTE 1 <x<l. (484

4.9. Definition and Generating Function of the
Hermite Polynomials

Another important class of orthogonal polynomials encountered in the
applications, especially in mathematical physics,2* consists of the Hermite
polynomials H,(x),?® which can be defined by the formula

Hy(x) = (= 1)re’ d; ,,x s n=0,1,2,... 4.9.1)

According to (4.9.1), the first few Hermite polynomials are
Hy(x) =1, Hi(x) = 2x, Hy(x) = 4x? — 2,
Hy(x) = 8x® — 12x,...,

and in general,

_ & (=D¥n! n—2k
H,,(X) = kzo m(z.’() s (492)
where [v] denotes the largest integer <v. It will be shown later (see Sec. 4.13)
that the Hermite polynomials are orthogonal with weight p(x) = e~** on
the interval (— oo, ).

The Hermite polynomials (or more exactly, the Hermite polynomials
multiplied by the constant factor 1/n!) are the coefficients in the expansion

Wi, f) = et = > ﬁn('_x), | < oo, (4.9.3)
n=0 *

and hence w(x, ?) is called the generating function of the Hermite polynomials.
To prove (4.9.3), we need only note that w(x, ), regarded as a function of
the complex variable ¢, is an entire function, and therefore has the Taylor
series

n=0 tO

2¢ In problems involving the integration of Laplace’s equation and Helmholtz’
equation in parabolic coordinates, in quantum mechanics, etc. (see Secs. 10.7-8).

25 Actually introduced in 1859 by Chebyshev, some years before the publication of
Hermite’s work.



SEC. 4.10 ORTHOGONAL POLYNOMIALS 6l

which immediately implies (4.9.3), since

ow — 2| —(x—t)z] — (—1) 2[dne_u2
(at")t=0 = [ ¢ t=0 B ( 1) ¢ dun ]u=x N n(X)

ot
Formula (4.9.3) can be used to derive various properties of the Hermite poly-
nomials. For example, setting x = 0 in (4.9.3), expanding e~** in power
series, and comparing coefficients of powers of ¢ in both sides of the resulting
equation, we find that

Hyu(0) = (—

There is another expansion closely related to (4.9.3), which we will prove
in Sec. 4.11, i.e.,

" %’ Hjn11(0) = 0. (4.94)

W(x, y, 1) = (1 — £) 7Rt m @R ryBifia =i — i "(;)f{"(y)t lf <1
“ "n ’ )

(4.9.5)

where the left-hand side can be regarded as the generating function of
products of Hermite polynomials. Setting y = x in (4.9.5), we obtain

< Hi(x)
o 2™l

W(x, x, 1) = (1 — £2)~ 122320 +0 ™t < 1. (49.6)

Formulas (4.9.3, 4, 6) play an important role in the theory of Hermite poly-
nomials.

4.10. Recurrence Relations and Differential Equation for the
Hermite Polynomials

Substituting (4.9.3) into the identity
a-—‘g—(2x—2t)w=0
(a power series can always be differentiated term by term), we find that

n+1(x) S n(x) n < Hn(x) n+1l __

"=0—— Z et +2,Zo—"! 1 =0,
which gives

H,,.(x) — 2xH,(x) + 2nH,_;(x) = 0, n=12... (4.10.1)
when the coefficient of 7" is equated to zero. The recurrence relation (4.10.1),
connecting three Hermite polynomials with consecutive indices, can be used
to calculate the Hermite polynomials step by step, starting from Hy(x) = 1,
H,(x) = 2x.
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We can derive another recurrence relation satisfied by the Hermite poly-
nomials by substituting (4.9.3) into the identity2¢

ow

This gives
Hy(x) Hyx) .
nZO -2 Z n! ! = O’

or
Hi(x) = 2nH,_,(x), n=12,... (4.10.2)

Formula (4.10.2) allows us to express the derivative of a Hermite polynomial
in terms of another Hermite polynomial, and is very useful. Using the recur-
rence relations (4.10.1-2), we can easily derive a differential equation satisfied
by the Hermite polynomials. In fact, eliminating H,_,(x) from these two
relations, we obtain

Hyi1(x) — 2xHo(x) + Hy(x) = 0.
Then, differentiating this formula and using (4.10.2) again, we find that
Hy(x) — 2xH;(x) + 2nH,(x) = 0, n=0,12,..., (4.10.3)

where the validity of (4.10.3) for n = 0 can be verified directly. It follows
from (4.10.3) that the function u = H,(x) is a particular integral of the
second-order linear differential equation

u" — 2xu’ + 2nu = 0. (4.10.4)

By making changes of variables, we can easily derive other differential
equations whose integrals can be expressed in terms of Hermite polynomials.
For example, it is easy to see that

u = e **12H,(x)
is a particular solution of the equation
W+ 2n+1—-xHu=0. (4.10.5)

26 The justification for differentiating (4.9.3) term by term with respect to x follows
from the uniform convergence of (4.9.3) in the domain |x| < a for arbitrary finite @ > 0.
According to (4.9.2),

|H.(x)| < , (m)

x| < a,
so that (4.9.3) is majorized by the convergent series

Z H.(ia) ltl = @20Itl +1t2
lﬂ
n=0

and hence converges uniformly for |x| < a (cf. footnote 7, p. 47).
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4.11. Integral Representations of the Hermite Polynomials

The Hermite polynomials have simple and useful representations in terms
of definite integrals containing the variable x as parameter. To derive these
representations, we start from the familiar integral

_ 2

Vr
where x is an arbitrary real or complex number. Differentiating (4.11.1) 2n
times with respect to x,2” and comparing the result with (4.9.1), we find that

—x2

e f e~ '* cos 2xt dt, (4.11.1)
0

22n+ 1( _ l)nex2
Vr

Similarly, for odd indices we have

Hyp(x) = fo e 2" cos 2xt dt, n=20,12,... (4112

22n+ 2( _ l)nex2

Hon s 1(x) = f e-?nsin 2xtdr, n=0,1,2,...,
0

Vr
(4.11.3)
which can be combined with (4.11.2) into a single formula
nf__j\npx2 po
H,(x) = M e~t? 2t gy n=20,1,2,... (4.11.4)
Vr —w

To illustrate the utility of these representations, we now derive formula
(4.9.5). According to (4.11.4), for [t| < 1 we have

S HOHA) (o _ €71

n
2™n! T 5

—1)n
(n! ) @

n=

[=¢} [=¢}
X f J e~ u2 —v2 + 2iux + 2ivy(uv)n du dv
- J -

™

ex v fw on e~ U2 -V +2lux+ 200y gy 41 i (=D Quvt)*
- J - n!

n=0

ex2 +v?

— f J e~ u? —v2 + 2iux + 2ivy ~ 2uvt du dbv. (4115)

™

After two applications of the familiar formula

f e~ 4?7 =2 gy = % ee®,  Rea® >0, (4.11.6)

- 0

27 To justify differentiating behind the integral sign, see E. C. Titchmarsh, op. cit.
pp. 99-100, noting that the integral in (4.11.1) is uniformly convergent in the disk
|x| < a for arbitrary finite a > 0, since it is majorized by the absolutely convergent
integral

2

Ji e
= | e-rzetgy
Vz o
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the right-hand side of (4.11.5) reduces to

W(x, y0) = (1 — t2)—1l2e[2zyt—(z2 +y2)t2)(1 -2

The legitimacy of the various formal calculations follows from the conver-
gence of the expression

el¥I® +vi® f‘” J”” e- 2 —v? +20ul lxl+ 201 19l gy dp i @lul fol D"
E— _ = n!

for all |#] <1.

4.12. Integral Equations Satisfied by the Hermite Polynomials

The Hermite polynomials satisfy simple integral equations with symmetric
kernels. To derive these equations, we replace x by y in the expansion (4.9.3)
of the generating function, multiply the result by e~ %¥* (—o0 < x < )
and integrate over (— oo, o). This gives

fw e2ut —t2 +ixy - Ypy2 dy — fw eixy = 12y? dy Z %'y) m
o —» &, nl

i 4.12.1)
= 2 n ] et a.
and

Interchanging the order of integration summation is permissible, since

f—ww |etxy=%v2| dy 2 lHn(y)l 1| < f - %2 gy Z (ltl) H,(|y))

f e~ BVE 2Vt +1H2 gy o oo,

where we have used the inequality

|[Hu()| < = Ha(ilx]),

implied by (4.9.2).
Evaluating the integral in the left-hand side of (4.12.1), we find that

fw p2ut =12 = %hy? +ixy dy = V27 ef? + 2ixt = Yox?
- (4.12.2)
- VIewt 5 Wi,

n=0

Comparing coefficients of identical powers of ¢ in (4.12.1-2), we obtain the
desired integral equation satisfied by the Hermite polynomials

e~ 2 (x) = — I_J‘w eV 2 () dy, n=0,1,2, ... (4.12.3)
"V2r J-w
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If we consider separately the cases of even and odd », bearing in mind that
H,,(x) is an even function and Hy, , ;(x) an odd function (of the variable x),
then (4.12.3) implies the following two integral equations with real kernels:

o200 = (=172 [ et ) cos v .
0

ety () = (-1, 2 |7 et sy sinxydy, m=0,1,2,...
0
(4.12.4)

4.13. Orthogonality of the Hermite Polynomials

It is easy to show that the Hermite polynomials are orthogonal with
weight e~** on the interval (— o0, o), i.e.,

o f Y e PH (OH(x)dx  if m#n (4.13.1)

In fact, setting u, = e **/2H,(x) and using equation (4.10.5), we have
uy + 2n + 1 — x¥Hu, = 0, um + 2m + 1 — xHu, = 0.
Multiplying the first of these equations by u,, and the second by u,, we see that

% (Ut — upty) + 2(n — Mugu, = 0. (4.13.2)

Then, integrating (4.13.2) over (— oo, ), we find that
(n — m)f U, dx = 0,

which implies (4.13.1).

The value of the integral (4.13.1) for m = n can be found as follows:
We replace the index n by n — 1 in the recurrence relation (4.10.1) and multi-
ply the result by H,(x). Then from this equation we subtract (4.10.1) multi-
plied by H, _;(x). This gives

Hix) + 2(n — DH(x)H,-5(x) — Hyi1(X)H,-1(x) — 2nH7_y(x) = 0,
n=273... (413.3)
Multiplying (4.13.3) by e~**, integrating over (—c0, c0) and using the ortho-
gonality property (4.13.1), we obtain

f e~ H(x) dx = 2n f e-HI_()dx, n=23...

- -
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Repeated application of this formula gives?®
f e~ **H2(x) dx = 2"~ 1n! f e HXx)dx = 2"n!Vr, n=23,...

- ©

Direct calculation shows that this result is also valid for n = 0, 1, and hence

f e~ H2(x)dx = 2"!Vr, n=0,12,... (4.13.4)

- 00

It follows from (4.13.1, 4) that the functions

on(x) = 2! VT)"12e=2H (x), n=012...

form an orthonormal system on the interval (— oo, c0).

4.14. Asymptotic Representation of the Hermite Polynomials for
Large n

The Hermite polynomials have a simple asymptotic representation which
describes their behavior for large values of the degree n. This representation
was first found by Adamov,?® and plays an important role in the problem of
expanding functions in series of Hermite polynomials (see Sec. 4.15). We
again apply the general method used in Sec. 4.6 to solve the analogous prob-
lem for the Legendre polynomials. Our starting point is the differential
equation (4.10.5) for the function u = e~**2H,(x). Writing this equation in
the form

u + (2n + Du = x%u, 4.14.1)

taking account of the initial conditions
u(0) = H,0), '(0) = H;(0),

and regarding the right-hand side of (4.14.1) as a known function, we find
that

sin V2n + lx

u(x) = H,(0) cos V2n + 1x + H;(0) Von 1
n

| . (4.14.2)
+ 75;1—4-—1»[) y2u(y)sin [V2n + 1(x — y)] dy.

28 Note that

f e *?H3(x) dx = 4f e *2x2 dx = 2V/T.

29 A. A. Adamov, On the asymptotic expansion of the polynomials e®**2 d"(e = %%*/2)/dx"
for large values of n (in Russian), Annals of the Polytechnic Insitute of St. Petersburg, 5,
127 (1906).
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Next, using formulas (4.9.4), (4.10.2) and (1.2.1, 4), we obtain

'2m + 1)

Hyn(0) = (=D Tm+ 1)

H2m+1(0) = 0’

r@2m + 2)
T(m + 1)

It follows that equation (4.14.2) can be written in the form

Hém(o) =0, Hém+1(0) = 2(— l)m

u(x) = oc,,[cos (x/imx - ”7") + r,,(x)], (4.14.3)

where «, denotes the first or the second of the expressions
n+ 1) 2l'(n + 1)

" ) PRI (4.14.9)
F(z‘*—l) \/2n+11‘(§+§)
depending on whether » is even or odd, and
) = — f Yu(y) sin [V ¥ 1(x — )] dy.  (4.14.5)
«,V2n + 1Jo

To estimate the remainder r,(x) for arbitrary real x, we use Schwarz’s
inequality (see footnote 17, p. 54). Taking account of (4.13.4), we have

ol < e [f) o] ([ e s]

1 B3} . 1/2 © 2 1/2

=il o] ), o]
_ @nVm)2 x|

%V2n + 1V2V5

It follows from Stirling’s formula (1.4.25) that

x, X 2MFDIZgni2e=niz rply/moy Mt he yht Y (4.14.6)

— Bnlx|5/2_

as n— oo, and hence the product B,n*'* is bounded for arbitrary n > 0.

Therefore
[ra(x)| < Clx|*2n~1%, (4.14.7)

where C is some constant. This last inequality shows that for any finite x we

have the asymptotic formula

u(x) ~ «, cos (\/Zn + 1x - %T:), n—> oo (4.14.8)

or

H,(x) x 20+ Di2yni2o=ni2gx212 cog (\/2n + 1x — n%:), n—oo. (4.14.9)
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For more exact asymptotic representations of the Hermite polynomials
H,(x) for large n, we refer the reader to the monographs by Szegé and San-
sone, cited in the Bibliography (see p. 300).

4.15. Expansion of Functions in Series of Hermite Polynomials

We now show that a real function f(x) defined in the infinite interval
(— o0, o0) can be expanded in a series of Hermite poiynomials

)= GH(), —oo<x<m, @15.1)

provided f(x) satisfies certain general conditions. The coefficients ¢, can be
determined formally by using the orthogonality property of the Hermite
polynomials (see Sec. 4.13). In fact, multiplying the series (4.15.1) by

e"‘zH,,,(x), integrating term by term over the interval (— co, o), and using
(4.13.1, 4), we find that

[ emreomeas = 3 o [ e mmeo dx = 2mivze,

which implies

Cp = ———= e f(x)H,(x) dx, n=012... (4.152

o= e ) e HE) (4.152)
In the course of establishing simple sufficient conditions for the series (4.15.1)
with these coefficients to actually converge and to have the sum f(x), we will
need the following

LEMMA. If the real function ¢(x) defined in the infinite interval
(— o0, ) is piecewise continuous in every finite subinterval [—a, a] and if
the integral

f "1+ x2)e-o2(x) dx (4.15.3)

is finite, then
nlis

i f °° e PH(p() dx = 0. (4.15.4)

Proof. First we write the integral (4.15.4) as a sum of three integrals

nll4 J‘co n1/4 [ -a J‘a Jvao ]
—_— e = ————— oot oot
V)2 J-w @IV m)12 f —w -a 2

=f1 +f2+f3 (4.155)
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Then, using Schwarz’s inequality, we find that

il < e [ el oo dx

@ n!Vm)l2
niis -a Hﬁ X) 2 1/2 -a e 12
S @ V)" U cw 1 +(x)2" d"] Um (I 4 x?) e=*¢?(x) dx].

< [2":1'/\;/; f ) o 1Hj(§c)2 dx] ) U m (1 + x%e™*"9%(x) d"]llz’
| (4.15.6)

and similarly,

| 73] < [ Vin fw Ha(x) e~*? dx] llz[faw (1 + x?)e **p2(x) dx]fl2

2”n‘\/g - © 1 + x2
(4.15.7)
Our next step is to show that the integral
Vi [® HYX) _.
I = e ) T+ peld dx (4.15.8)
satisfies the condition
J = 0(1), (4.15.9)
i.e., # is bounded for all n. To show this, we use the identity
n(® (1 — x%\* g%
o= S ) e (1310

proved in Problem 8, p. 95. Writing (4.5.10) in the form

f=2A/£U:...+f ]

and making the change of variable x — x~! in the second integral, we

obtain
_ n (/1 — x2\" e—*? + (_l)ne—-x~2
s = 2/%]0 (1 . xz) iy SN CRERT)

Since
e 4 (=Dre %<2, 0<x<],

it follows from (4.15.11) that
n (Y1 —x%\" dx
s < 4~/;f0 (ﬁ—x‘) T+
The integral on the right can be evaluated by making the substitution

| R —
——1+x2=\/1—t.
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Then
dx _ dt
L+ x* 4vil =9

and according to (1.5.2),

(= "____dx - ' —1/2 (n-1)2 J _ ln+1
4fo (1+x2) 1+x2—‘£ t~12(1 1) dt_B(i’T)’

where B(x, y) is the beta function. Using (1.5.6) and (1.2.5), we find
that

v;r(" s 1)
P(g + 1)

\/Er<" ! 1)

n
(3 +1)
The estimate (4.15.9) is now an immediate consequence of Stirling’s
formula (1.4.25).

Since £ is bounded, it follows from the existence of (4.15.3) that
given any € > 0, there is an a = a(e) > 0, independent of n, such that

’

and hence

S <

€

A<y Fl<g @15.12)

Assuming that a has been chosen in this way, we now use (4.14.3) to write

oc,,n”*

F2 U_aa e **29(x) cos (me - %n) dx

+ f _aa e~ **2¢(x)r () dx]-

Since o(x)e~**2 is piecewise continuous and hence absolutely integrable
in [—a, a], the first of the integrals on the right approaches zero as
n— oo. The second integral also approaches zero as n— oo, since,
according to (4.14.7), the integrand is O(n~**) uniformly in [—a, a],
while the factor in front of the brackets is bounded, as follows from
(4.14.6). Therefore £, — 0 as n — oo, so that for a suitable choice of
N = N(e), we have

£l < 3 (4.15.13)
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for every n > N. Combining (4.15.13) and (4.15.12), we and that

|f1+f2+f3l<ss n>N’

and the lemma is proved.
We are now ready to prove

THEOREM 2. If the real function f(x) defined in the infinite interval
(— 0, o) is piecewise smooth in every finite interval [—a, a), and if the
integral

f _m e~ f2(x) dx (4.15.14)

is finite, then the series (4.15.1), with coefficients c, calculated from
(4.1.52), converges to f(x) at every continuity point of f(x).

Proof. First we note that the conditions imposed on f(x) imply the
existence of the integrals in the right-hand side of (4.15.2), so that the
coefficients ¢, can actually be calculated.?® Let S,(x) denote the sum
of the first m + 1 terms of the series (4.15.1). Then it follows from
(4L.1.52) that

Sud) = > CHA) = > Hy(x) ——— |7 e a

n=0 n=0 2"’}1!\/7_1.' - ©
[ ek o, (4.15.15)
where
1 o H()H,
Knlor, ) = = ZOL;)M—(J’) (4.15.16)

The “kernel” K, (x, y) can be calculated by the following device: We
multiply the recurrence relation (4.10.1) by H,(») and then from the
resulting equation we subtract the same equation with x and y inter-
changed. This gives

[Hn i s(HW(Y) = Hys1()Hu(%)] = 2n[H{(X)Hy - 1(¥) — Ho(y)Hp-1(%)]

= 2(x — )H (X)H.(»), n=12... (4.15.17)
Dividing (4.15.17) by 2"n!, summing over »n from 1 to m, and noting that
Hy(x) = 1, Hy(x) = 2x, we obtain

2(x - y) nil Hn();l:['n(J’) — Hm+1(x)Hm(y)2m_rn!11m+l(y)Hm(x) _ 2(x _ y),

which implies

Hn e () Hn()) = Hn o xDHR®) 4 1514

Km(x1 y) = (X _ y)2'”“m'\/7—t

30 Apply Schwarz’s inequality to the functions e ~**/2f(x) and e ~**/2 H,(x).
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We note that K, (x, y) satisfies the important identity
f eV Ko(x, y) dy = 1, (4.15.19)

which is an immediate consequence of (4.15.16) and (4.13.1, 4).3*

Now suppose x is a continuity point of f(x), and consider the dif-
ference S,(x) — f(x), which, according to (4.15.15) and (4.15.18, 19),
can be written in the form

Su@) = 1) = [ e Kalor N10) = SO dy
 HE
2"‘ il \/Tt

_ Hm+ 1(x)_
2m+imi/ 7

fw € ysz+1(.V)4’(x’ y)dy
(4.15.20)

) e V' Hu(»e(x, y) dy,

where

SO — fx) f(x)

y —
Regarded as a function of y, ¢(x, y) is piecewise continuous in (— oo, o0),
for exactly the same reasons as given in the proof of Theorem 1, p. 55.
Moreover, the integral

| a5 vow ) ay

o(x,y) =

is finite, since ¢(x, y) is bounded in any neighborhood of y = x (see
p. 57), and for sufficiently large b > x,

f (1 + y?e vo%(x, y) dy = f (1 + y?e~v* [f(y) f(X)] dy

= 0(1) f eV L1Ay) + 3] dy,

where the last integral is finite, because of (4.15.14). A similar estimate
can be given for the interval (— oo, —b). Therefore, according to the
lemma,

TS
w2+ DIV [ e st ay

" i (4.15.21)
- ’}IWWJ‘ e H (e, 3) dy = 0.
31 Since Ho(y) = 1, we have
[[ermmar= [ ermomma= {0 170
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On the other hand, according to (4.14.19) and Stirling’s formula, each
of the expressions

22"+ (m + DIVR]Y2  H,(x) Q@rm'Vr)Y2 H, . (x)
(m + D miiyV/z mE T gn i1/

remains bounded as m — co. It follows that the right-hand side of
(4.15.20) goes to zero as m — o, i.e.,

lim S,(x) = f(x),

and the proof of Theorem 2 is complete.

Remark 1. The case where x is a discontinuity of f(x) is also of interest.
It can be shown that in this case, under the same conditions as in Theorem 2,
the series (4.15.1) converges to the limit

f(x +0) + f(x = 0)]

Remark 2. Other sufficient conditions for expanding a function f(x) in a
series of Hermite polynomials can be found in the books mentioned at the
end of Sec. 4.1.32

4.16. Examples of Expansions in Series of Hermite Polynomials

In applying Theorem 2 to a given function f(x), we have to evaluate the
integral in (4.15.2). In most cases this is done by replacing H,(x) by its
explicit expression (4.9.1) or by one of the integral representations given in
Sec. 4.11. The following examples serve to illustrate the technique of expand-
ing functions in series of Hermite polynomials:

Example 1. The function
f(x) = x?, p=012,...

satisfies the conditions of Theorem 2. In this case,

P
X% = Z CZnHzn(x)’
n=0

where
—*2x2v {, (x) dx.

_ 1 f ®
o = eV -’

32 See also J. Korous, On expansion of functions of one real variable in a series of
Hermite polynomials (in Czech), Rozpravy Ceské Akademie, (2), 37, no. 11 (1928).
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Substituting from (4.9.1) and integrating by parts n times, we find that

Con = ;f‘” » 47 (%) gy
S TG TRV dx?"
1 @p)! on -x2,2p-2
= = **x ™ dx
22V — 20 ) ©

_ 1 2p)! B
= onva@ - P Tt

According to the duplication formula (1.2.3) for the gamma function,
227 0(p — n + Hp — m)! = V(2p — 2n),
and therefore the expression for c,, simplifies to

oo — @p)! .
7 2%(2n)(p — n)!

Thus the desired expansion is

(2p)' S Ja27;(-")
Zp N —_ = e
= 22p E (2 )'( )' 0 < X < O, P O, 1,2,

In the same way, we find that

x2p+1 — (2[7 + 1)’ i H2n+1(x)

=T 2t D -y P SF<® pP=0L2.

(4.16.2).

Example 2. Let f(x) = e**, where a is an arbitrary real or complex num-
ber. Then the same method as used in Example 1 shows that

= z C,,H,,(X),
n=0
where
1 2 (=" f‘” dr  _
Cp = e X tex Ml (x) dx = = e¥ —— (e~*") dx
2"n!Vr ) 2"V J - e )
= __an_ ¥ ax-x2 =a_n a?/4
v ) e
so that
x __ pa2 < a
e = ¢ /4,,202"_n!H"(x)’ —0 < x < o0. (4.16.3)

We get the same result by setting ¢ = a/2 in the expansion (4.9.3) of the
generating function.
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Example 3. Consider the function
f(x) = e ¥***, Rea®> —1.

In this case,
=
e—a2x2 = Z c2nH2n(x),
n=0
where

1 foo —(a2? + 1)x2
Cop = ——————— e~ @ H,,(x) dx.
)V ) - w (%)

To evaluate the integral, we replace H,,(x) by its integral representation
(4.11.2). Making an appropriate change of variable and again using the

duplication formula (1.2.3), we obtain (cf. footnote 12, p. 6)

— 2(_1)n on —t242n J-w ~a2x2
Cop = =7 Jo e ¥ dt e cos 2xt dx

2('— l)"’ J’w et +a~Dyam gy (— 1)"’ a2 J-ao otsn— % ds
0

-

T Vz@n)la Va@n) T+ @+ % )
— n 2n — n 20
_ (=D VA G ) il
Vr@n)! (1 + a®)r+% 221 + a?)+ %
With this value of c¢,,, we have
—a2x2 __ < (_l)nazn 2 —_
e —NZ)WH%@), —o < x < o0, Rea?> —1.
(4.16.4)
Example 4. 1f
1, x >0,
f@=sgmx={_; X720
then
sgn x = z Con+1H2on +1(X),
n=0
where
1 j“’ .2
Cons1 = =3 e ™ H. sgn x dx
2n+1 210 4 l)!\/Tr w on+1(X) 88
1 f‘” 2
=— e % Hy, . 1(x) dx.
22'2n + 1)V Jo an+1(%)

Using the identity

eBH() = — (e Hyy(0) 4.16.5)
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which follows from (4.10.1) and (4.10.2), we find that

H,q(0) _ (=n" ,
2272n + DIVr  22°(2n + Dn!Vx

Cont+1 =

and hence
sgn x = 2 22,,(2’1 l)n' Hynii(x), —o0<x<oo. (4.16.6)

Example 5. By integrating (or differentiating) these formulas with respect
to the variable x or the parameter a, we can derive further expansions of the
same type. For example, integrating (4.16.4) with respect to x over the
interval [0, x] and using (4.10.2), we obtain

Z — D"t Hynya(X),
22n

n'(l + a®)"t% 2n + 1 —0 < x <, (4.16.7)

P(ax) =
where ®(x) is the probability integral. Another interesting expansion is
obtained if we multiply the series (4.16.4) by (1 + a?)~*! and integrate with
respect to a from 0 to co. This gives

e’[1 — B(x)] = = 22,,1,,), 2521("1) 0< x <o, (416.8)

where we have used the identity (2.1.7).
Other examples of expansion of functions in Hermite polynomials are
given in the problems at the end of the chapter (see p. 93).

4.17. Definition and Generating Function of the
Laguerre Polynomials

Still another important class of orthogonal polynomials encountered in
the applications, especially in mathematical physics,®® consists of the
Laguerre polynomials L¥(x),%* defined by the formula

a(x) = ex X A" x nta -
Lix) = e py dx"(e xnt o), n=0,1,2,... 4.17.1)

33 In problems involving the integration of Helmholtz’s equation in parabolic coor-
dinates, in the theory of the hydrogen atom, in the theory of propagation of electro-
magnetic waves along transmission lines, etc.

3% The polynomials L%(x) differ by only a constant factor from the polynomials
T%(x) investigated by N. Y. Sonine, Recherches sur les fonctions cylindriques et le développe-
ment des fonctions continues en séries, Math. Ann. 16, 1 (1880). Laguerre studied only
the special case « = 0. In the literature, the polynomials L#(x) are sometimes called the
generalized Laguerre polynomials.
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for arbitrary real « > —1. According to (4.17.1), the first few Laguerre
polynomials are
Lix)=1  Lix)=1+a—x
Lix) =3A + )2 + «) — 22 + o)x + x?],...,
and in general, using Leibniz’s formula, we have
ey . wTm+a+1) (=xF
L) = ,,Zo Tk +« + DE(n — BT

where for all k£ < n the ratio of gamma functions can be replaced by the
product

(4.17.2)

m+on+a—1)---(n+a—@m—k—1).

It will be shown below (see Sec. 4.21) that the Laguerre polynomials L%(x)
are orthogonal with weight p(x) = x%~* on the interval 0 < x < co. The
polynomials L(x) = L,(x) form the simplest class of Laguerre polynomials.
Another important class consists of the polynomials LX'?(x) which are
simply related to the Hermite polynomials (see Sec. 4.19).

As the starting point for the theory of Laguerre polynomials, we begin
with the following expansion

wix, 1) = (1 — 7% le™®0-0 = > Lae, i <1 (4.17.3)
n=0

of the generating function w(x, t). To prove (4.17.3), we note that the left-
hand side, regarded as a function of the complex variable ¢, is analytic in the
disk |¢z] < 1, and hence must have an expansion of the form

wix, 1) = (1 — =%~ le™™0=0 = > ca)r, i < 1.
n=0

According to a familiar theorem from complex variable theory, the co-
efficients c%(x) can be written as contour integrals

) = 3 [ (1 = Derem o @.17.9)

evaluated along any closed contour C surrounding the point # = 0 and lying
inside the disk |¢| < 1. Choosing a contour of sufficiently small size and
introducing the new variable of integration # = x/(1 — ¢), we find that
exx—ot e—uun+a

I Jo @ = 2 du, (4.17.5)
where C’ is a small closed contour surrounding the point © = x. Evaluating
this integral by residue theory, we obtain
ex° [ dr

) = —3— |77 e_"u"”‘]u:x = L3(x),

thereby verifying (4.17.3).

cn(x) =
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There is another expansion closely related to (4.17.3), i.e.,

1/2
W(x, y, 1) = (1 — t)‘1e“"“’)”“")(xyt)““’zla[z(lxy_t)t ]
(4.17.6)

n! Li(x)L3(y)
zr(n+a+1)t 1] <1, a> —1,
where 1,(z) is the modified Bessel function of the first kind (defined in
Sec. 5.7).3% Here the function W(x, y, t) can be regarded as a generating
function of products of Laguerre polynomials. The following special case of

(4.17.6), obtained by setting y = x, is important in the applications:

2xt 12
_ — ) lp—2xti(l—t)y—ayp—a/2
Wx, x,t) = (1 —t)~te X%t I"‘(l — t) )
SI1269) 7
—z 1, 1] <1, a> —1.

F(n+oc+l)

4.18. Recurrence Relations and Differential Equation for the
Laguerre Polynomials

Substituting (4.17.3) into the easily verified identity
a—ﬂﬁ§+u—a—na+@w=a
we find that
1-1r ﬁo nL¥(x)"=1 + [x — (1 — H)(1 + «)] ioLg(x)t" =

which gives

(n+ DL, 1(x) + (x — « — 2n — DLHx) + (n + «)LI_1(x) = O,
n=12,... (4.18.1)

when the coefficient of " is set equal to zero. Similarly, substituting (4.17.3)

into the identity 3¢

a—o—+m_o

35 See E. Hille, On Laguerre’s series, I, Proc. Nat. Acad. Sci., 12, 261 (1926); Part 11,
ibid., 12, 265 (1926); Part 111, ibid., 12, 348 (1926).

36 The justification for differentiating (4.17.3) term by term with respect to x follows
from the uniform convergence of (4.17.3) in the domain |x| < a for arbitrary finitea > 0.
According to (4.17.2),

|L¢(x)] < Lg(—a), x| <a, a>—1,
so that (4.17.3) is majorized by the convergent series

> Li(=a)ltl = (1 — Jr])=e-rectia o,
n=0

and hence converges uniformly for |x| < a.
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we obtain
— S n d %(X) < o, n+1
1 -1 n=EO t » + . =Eo L3(x)t =0,

which implies

dLy(x) dLj (%) | ;. _ _
I y i L_(x) =0, n=12... (4.18.2)
Elimination of L% _,(x) from (4.18.1-2) leads to the equation?”
i) dL3 . \(x)
F-—n-D=— =+ D=5 (4.18.3)

+@n+2+4+a—x)Lyx)—(m+ DL, (x) =0, n=0,1,2,...
Finally, replacing n by n — 1 in (4.18.3) and using (4.18.2) to eliminate
(d/dx)L% _,(x), we obtain

de%)Ex) _ nL%(X) _ (n + OL)L;_I(X), n = l’ 2, - (4184)

Formula (4.18.4) allows us to expand the derivative of a Laguerre polynomial
in terms of another Laguerre polynomial.

Recurrence relations of another type, involving Laguerre polynomials
with different superscripts can be obtained by regarding the generating func-
tion as a function of the parameter «, and then writing equations connecting
w(x, t, «) and w(x, t, « + 1). Thus, substituting (4.17.3) into the identity

X

(1 — Ow(x, t, e + 1) = w(x, t, o),
and comparing coefficients of identical powers of ¢ in both sides of the result-
ing equation, we obtain
Leti(x) — L3Zi(x) = L¥(x), n=1,2,... (4.18.5)
Similarly, substituting (4.17.3) into the identity

ow(x, t, &)

ox —tw(x, t, a+1),

we obtain another formula of this type:

dLi(x) _

dx

Using the recurrence relations (4.18.2, 4), we can derive a differential
equation satisfied by the Laguerre polynomials. In fact, differentiating

—L2tYx), n=1,2,... (4.18.6)

37 In some cases, the validity of a recurrence relation for small n» does not follow
from the general argument, but then one can always verify the relation by direct sub-
stitution of L¥(x) = 1, L¥(x) =1+ & — x, ...
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(4.18.4) with respect to x and then using (4.18.2, 4) to eliminate (d/dx)L%_,(x)
and L% _,(x), we find that

dL3(x)

d?Ly(x)
* dx

= +nli(x) =0, n=012... (4187

+ (@ +1-x
It follows from (4.18.7) that u = L%(x) is a particular solution of the second-
order linear differential equation

xu" + (¢ + 1 —x) + nu=0. (4.18.8)

Equation (4.18.8) is encountered in mathematical physics and plays an im-
portant role in the theory of Laguerre polynomials. By making changes of
variables, we can easily derive other differential equations whose integrals
can be expressed in terms of Laguerre polynomials. For example, it is easy
to see that the differential equations

xu"+(a+1—zv)u'+[n+“;1~§+v(”;°‘)]u=o (4.18.9)
and
2
u + 4n+2a+2—x2+% “lu=0 4.18.10)
x2

have the particular solutions
u = e *2x"L¥(x)
and
U = e—*x22yut l/sz(xz)’

respectively.

4.19. An Integral Representation of the Laguerre Polynomials.
Relation between the Laguerre and Hermite Polynomials

The Laguerre polynomials have a simple representation in terms of de-
finite integrals containing the variable x as parameter. To obtain this repre-
sentation, we assume that x is a positive real number. Then

e-wxn e = f VR, 2V FDet dt, (4.19.1)
0

where J(x) is the Bessel function of order v.3® Differentiating (4.19.1) with

38 Here we anticipate some results on Bessel functions, proved in Chap. 5. Formula
(4.19.1) is a special case of formula (5.15.2), obtained by setting

a=1, b=2\/§, x=Vi, v=n+a
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respect to x and taking account of the identity

d

du

w2J,(2Vu) = uv-V2J,_(2Vn),

obtained by setting z = 2V/u in the first of the formulas (5.3.6), we find that

m

%(e"‘x”‘*“)=f (VEIP-mrag, L OVEDe-tmdt, m=0,1,2...
0
(4.19.2)

where it is easy to justify the differentiation behind the integral sign. Setting
m = n in (4.19.2) and taking account of (4.17.1), we obtain the desired
integral representation of the Laguerre polynomials:

exx—alz

Ly =

f MR QVxe "t dl,  a>1, n=0,1,2,...
0
(4.19.3)

Although this formula has been derived under the assumption that x is a
positive real number, it can easily be extended to arbitrary complex values of
x by using the principle of analytic continuation.

We now set « = +4 in (4.19.3) and use the familiar formulas (5.8.1-2)
from the theory of Bessel functions. Then we have

e*
nVr
_e2
Tl

Ly 3(x) = f e~t"~% cos (2V/x) dt
0

f e~ “u?" cos (2V xu) du,
0
(4.19.4)

L(x) = —5— f et sin (2V/3T) dt
nVrx Jo
- 2
nvVxVz
which, taken together with (4.11.2-3), imply
—1" -
L) = S b, (),
(=1 Hyym(V)
22n+1n! \/;
These formulas establish a connection between two classes of orthogonal

polynomials, and allow us to regard the theory of Hermite polynomials as a
special branch of the theory of Laguerre polynomials.3®

f e~ u?+1sin 2V xu) du,
0

(4.19.5)

Li%(x) =

3% One can also prove the formulas (4.19.5) directly from the expansions (4.17.2) and
(4.9.2).
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4.20. An Integral Equation Satisfied by the Laguerre Polynomials

The Laguerre polynomials satisfy a simple integral equation with a sym-
metric kernel. To obtain this equation, we replace x by y in the expansion

)

(1 = pe-te==a-0 = > Lacarm, | <1, a> —1, (4.20.1)

n=0
multiply the result by
e y/zyalzJa(\/x_y)’

where J,(z) is the Bessel function of order «, and then integrate from
0 to co. This gives

a- t)—a—l fw e—:/(l+t)l2(1—t)yaIZJa(\/x_y) dy
0 (4.20.2)

= z " f e V2 2] (V xy)L¥(y) dy,
n=0 0

provided that the process of term-by-term integration is permissible. To
prove the legitimacy of this process, suppose |f| < 4. Then, using the
inequalities *°

|L3(x)| < LI(—X), |[Ju(x)] < I(x), x>0, a>—1,

where I,(x) is the modified Bessel function of the first kind (see Sec. 5.7), we
have

0

|7 ity 3 e iolay

n=0

< f L(Vxy)e¥2y%2 % |1|"LY ~y) dy
0 n=0

=(1—[t])~>? J:o LV xp)y*2e~va =31t -1t gy,

where, in evaluating the sum, (4.20.1) has been used again. For [f| < 4,
o > —1 the last integral on the right converges, as can be verified by con-
sidering the asymptotic behavior of the function I (x) for large and small x
(see Chap. 5). Therefore the right-hand side of (4.20.2) is absolutely con-
vergent, which guarantees the validity of reversing the order of summation
and integration.*!

0 The first inequality follows from (4.17.2), the second from the power series expan-
sions of the appropriate Bessel functions (see Chap. 5).
41 E. C. Titchmarsh, op. cit., p. 45.
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We now set V'y = u in the left-hand side of (4.20.2) and use formula
(5.15.2). This gives

(1= f)-e1 J:o -V +bi2-1) y“/ZJa(\/E) dy

— 2(1 + t)—oc—lxa/2e—x(1—t)/2(l+t) — 2xal2e—x/2 Z L‘,",(x)(—t)",

n=0

for [t| < 1.*2 Thus, for all |¢| < %, we have the identity
27 > (“ VLW = > 1 [ e (VIRLE0)
n=0 n=0 0

and then, comparing coefficients of identical powers of ¢, we obtain the de-
sired integral equation

emri) = S [T /e oy,
0 (4.20.3)
«a>—-1, n=0,1,2,...

For « = +1% this equation reduces to the corresponding integral equations
(4.11.4-5) for the Hermite polynomials.

4.21. Orthogonality of the Laguerre Polynomials

We now prove one of the most important properties of the Laguerre
polynomials, i.e., their orthogonality with weight e *x* on the interval
0 < x < oo. Setting

() = e~ *2x*2L5(x)

and recalling (4.18.9), we see that u,(x) and u,(x) satisfy the differential
equations

R a+1 x o
(xuy) + (n + > i I;)u,, =0,
x

s o« -+ 1 _
(xuy,) +(m+ o) —Z—‘R)um—o.

Subtracting the second of these equations multiplied by u, from the first
multiplied by u,,, and integrating from 0 to co, we obtain

x(u;tum - ur’nun)

+(n—m)f Uty dx = 0.
0 0

42 For such 7,
1+

Rel—t

> 0,

and hence the convergence condition is satisfied.
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For « > —1 the first term vanishes at both limits,*? and hence

f Un(Xu(x) dx = 0 if m#n
0
or
f e *x*L%(x)LYx) dx = 0 if m#n «>—1. (421.1)
o
The value of the integral (4.21.1) for m = n can be found as follows: We
replace the index » by n — 1 in the recurrence relation (4.18.1) and multiply

the result by L%(x). Then from this equation we subtract (4.18.1) multiplied
by L%_,(x), obtaining

n[LEX)P = (n + )[L5 ()P — (n + DL 1(x)L5_1(x)
+2L%(x)LE_1(x) + (n + « — DLHX)LE_4(x) = 0, n=23...

Multiplying this equation by e~*x*, integrating from 0 to oo, and using the
orthogonality property (4.21.1), we find that

n f " e LI P dx = (1 + «) f Y emelLE (0P dx, n=23 ..

Repeated application of this formula gives **

[ emensoon ax = CEROE LS D CED (7o miaqry
=I’__(n+:'+1), n=273,...

It follows by direct substitution that this formula is also valid for » = 0, 1,
and hence

F'n+ o+ 1)

o «a>—1, n=0,1,2,...

4.21.2)

on e *x*[L¥(x)? dx =

Obviously, the functions

n! 1z -x/2 alzLa 0 1 2
CP,,(X) = [m] e X ,,(x), n=4l,4,...

form an orthonormal system on the interval 0 < x < oo.
Formulas (4.21.1-2) play an important role in the problem of expanding
functions in series of Laguerre polynomials (see Sec. 4.23).

43 Substituting for u, and u,, we easily verify that this term is O(x**%) as x — 0.
44 Direct calculation shows that

j ® - [LIOP dx = J " emwxa(a + 1 — x)?dx = (@ + DI + 1).
0 0
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4.22. Asymptotic Representation of the Laguerre Polynomials for
Large n

Like the other orthogonal polynomials, the Laguerre polynomials have a
simple asymptotic representation which describes their behavior for large
values of the degree n. To obtain this representation, we write

u = e *2L¥Yx), 4.22.1)
and note that u is the solution of the differential equation

a+ 1
2

xu' + (@ + D' + (n + )u =X (4.22.2)

4
which is analytic in a neighborhood of the point x = 0 and satisfies the
initial condition
'h+a+1)

(e + 1)
The rest of the argument is somewhat dependent on whether « is positive or
negative, but since this difference is not of a fundamental nature, we will only
consider the case « > 0.

Regarding the right-hand side of (4.22.2) as a known function, we find

that

u(0) = Ly(0) = (4.22.3)

u(x) = Ayn(x) + Agus(x) + 4% f (NY)** u(p)[uy(p)ua(x) — s (x)us()] dy,
(4.22.4)
where
u(x) = (VNx)"*J,(2VNx),  us(x) = (VNx)~* Y, 2V Nx),

o+ 1

N=n+ 2

td

and J(x), Y,(x) are the Bessel functions of the first and second kinds, re-
spectively (see Chap. 5).*® Taking account of the asymptotic behavior of the
Bessel functions, described by formulas (5.16.1, 2), we find that as x — 0,

uy(x) - -I"(oc—l—i-—l_)’ uy(x) — oo,

45 Here u; and up are a pair of linearly independent solutions of the homogenous

equation
u"+ﬁ-—lu'+gu=0,
X X

with Wronskian
Wiuy, us} = g(Nx)"“'l.

See equations (5.4.11-12) and (5.9.2)
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while the integral is O(x2).%® Therefore the values of the constants of integra-
tion are

A, = F(n+7+1_2, A, =0, (422‘5)
and (4.22.4) can be written in the form
u(x) = Ai[us(x) + ro(x)], (4.22.6)

where
B0 = iy |, ) — wu)] dy. ($22.7)

It will now be shown that for fixed x > 0 the size of the remainder in
(4.22.6) is small compared to the first term. In proving this, we distinguish
two cases: (a) 0 < x < N~ 'and (b) x > N~ First we find an upper bound
(denoted by M,,) for the absolute value of |u(x)| in the interval 0 < x < N1
According to Sec. 5.16, for 0 <x < N~! we have

O(N~*x~%), a >0,

0(log %), a = 0.

Therefore, if « > 0, it follows from (4.22.4-5) that

ui(x) = O(1),  us(x) = { (4.22.8)

u()| < 4,0(1) + MN-! f: (Ny)*[ON-%x~%) + O(N-*y-%)] dy
— A4,0(1) + Mx20(1) = 4,0(1) + M,0(N-?),

which implies that
M, = A4,0(1) (4.22.9)

for large n, a result which remains valid for « = 0. Using (4.22.9), we find
that

[ra(x)] < x20(1) = O(N~?) (4.22.10)
for0 < x < N7 1, « > 0, whereas
[ra(x)] < x2log (N~x~HO(1) = O(N~?) (4.22.11)

forO<Kx< N YHLa=0.
To estimate r,(x) for x > N~1, we write (4.22.7) as a sum of integrals:

r(x) = 4_;;]_\] Uo”" - L’:N] — 7+ Fa (42212

According to Sec. 5.16, in the interval N~ < x < oo we have

uy(x) = O(N- %2 %= ha="%8) y(x) = O(N~ "% %hx~"*—"%). (4.22.13)

46 Except in the case & = 0, where the integral is O(x2 log )1‘)



SEC. 4.22 ORTHOGONAL POLYNOMIALS 87

Therefore, if « > 0, we find as before that
N
|3 < N [ @) (V) KOG + O -y~] dy

= N-20(N~ %oty t%ha=%), (4.22.14)

a result which remains valid for « = 0, and moreover

| Fol < (AuN)O(N =52~ g~ n =) fl,N (N [u(y)|(Ny) = e dy

X
< A{1N'/2°‘“'/40(N‘’/2"“’4x‘’/2"“'/4)J‘0 Y% u( y)|dy.

Using Schwarz’s inequality and formula (4.21.2), we have

x . . x s 1/2 © 1/2
foy/”‘*/‘lu(y)ldy < Uo y“*/zdy] Uo u(y) dy]

= AR Y 4 §)7I,
and hence
| Fa| < AT 12 NVew=Yaxext AQ(N ~ e = Yax — o= Y),
which becomes
| 72| < N-Yaxhoet hQ(N~ %o~ Yax = 1= "h) (4.22.15)
since A; = O(N%), according to (4.22.5). It follows from (4.22.12, 14, 15) that
[ra(x)| < O(N~%2~ %y~ %o R)[N-Uexhat% 4 N-20(1)]. (4.22.16)

A comparison of (4.22.8) with (4.22.10-11), and of (4.22.13) with (4.22.16),
shows that the size of the remainder term in (4.22.6) is small compared to
u;(x) for all 0 < x < a and arbitrary finite a >0, provided that » is large.
Therefore, finally, we have the asymptotic formula

ux) X Ajuy(x),  n— oo (4.22.17)

or
L3(x) = &in%w—l) e2(Nx)~ 2], 2VNx), n—>ow, N=n+2 ’2f 1
(4.22.18)

In the interval 0 < § < x < a we can replace the Bessel function by its
asymptotic representation (5.16.1). This reduces (4.22.18) to the simpler
form

—_— oLTT ™
LY(x) ~ = 12et2pe ="y~ cos (2\/nx - - —), n—> 0.

2 4
(4.22.19)
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4.23. Expansion of Functions in Series of Laguerre Polynomials

One of the most important properties of the Laguerre polynomials is the
fact that a real function f(x) defined in the infinite interval (0, o) can be ex-
panded in a series of the form

fx) = io c L¥(x), 0<x < oo, (4.23.1)

provided f(x) satisfies certain general conditions. The coefficients ¢, can be
determined formally by using the orthogonality property of the Laguerre
polynomials (see Sec. 4.21). In fact, multiplying (4.23.1) by e *x*L%(x) and
integrating term by term over the interval (0, c0), we find that

e~ *x*f(x)L%(x) dx. (4.23.2)

n! ®
RO l)fo
This expansion is valid if f(x) is piecewise smooth in every finite interval
[x;, x5] and suitably well-behaved near the points x = 0 and x = co0. In
particular, we have

THEOREM 3. If the real function f(x), defined in the infinite interval
(0, ©), is piecewise smooth in every finite subinterval [x;, x;], where
0 < x; < xy< 0, and if the integral

J-o ? e *x*f%(x) dx

is finite, then the series (4.23.1), with coefficients calculated from (4.23.2),
converges to f(x) at every continuity point of f(x). At a discontinuity point,
the series converges to

H(x +0) + /(x — 0)]

Theorem 3 can be proved by a method similar to that used in proving the
corresponding theorem for Hermite polynomials (Theorem 2, p. 71).%7

4.24. Examples of Expansions in Series of Laguerre Polynomials

In applying Theorem 3 to a given function f(x), we have to evaluate the
integrals in (4.23.2). In most cases this can be done by replacing L¥(«) by its
explicit expression (4.17.1) or by the integral representation (4.19.3). It is

47 See J. V. Uspensky, On the development of arbitrary functions in series of Hermite’s
and Laguerre’s polynomials, Annals of Math., (2), 28, 593 (1927). For the case
o > —%, Uspensky imposes a less restrictive condition on the behavior of f(x) near x = 0.
For expansion theorems valid under other conditions on f(x), see G. Szegd, op. cit., and
J. Korous, On series of Laguerre polynomials (in Czech), Rozpravy Ceské Akademie, (2),
37, no. 40 (1928).
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sometimes helpful to make use of the generating function (4.17.3). The fol-
lowing examples serve to illustrate the technique of expanding functions in
series of Laguerre polynomials: %8

Example 1. The function
Sx) = xv

satisfies the conditions of Theorem 3 if v > —4(« + 1), and we have

o]
x¥ = Z CnL%(x);
n=0
where

Cn —xxVtel%(x) dx.

n! *
e 1)L ¢
Substituting from (4.17.1) and integrating by parts » times, we find that

j— 1 ® Vﬂ =X N+ o
S T ATy ¥ T
_EDV D=+ D
= T(n + o + 1) 0
_ (=1y '+ a+ DIV + 1) ,
- Pn+a+1D+I'v—n+1)

—-xxv+a: dx

and hence

o © (= D"Li(x)
X =TO+a+ DO+ 3 me s T e — w1 D)
(4.24.1)
0<x<o, a>-—1

In particular, if v is a positive integer p, the series (4.24.1) terminates after
a finite number of terms, and we have

P — S (=D"Ly(x)
¥ =D +a+Dp! > s i =) (4.24.2)

O0<x<oo, a>—-1, p=0,1,2,...

Example 2. The function
fx) = e™%*

satisfies the conditions of Theorem 3 if ¢ > —%. In this case,
e = Z calg(x),
n=0

48 Tt should be noted that the conditions imposed on the parameters in Examples 1-4
are sufficient, but the expansions may continue to hold in larger regions.
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where

— n! * —(a+Lxyofyo
C"_I‘(n+a+1)fo e x*L¥(x) dx
« 4"

— 1 e -a —Xyn+o
—F(n+a+1)fo e dx"(e x"**) dx

—_ an ° -(a+L)xyn+a
_I‘(n+ac+1)f0e X dx

T
= (a ¥ 1)n+<x+1’

With these values of ¢, we have

n=0,1,2,...

e = @+ 1)t S (a z 1)"Lg(x), 0< x< oo (4243

n=0

We get the same result by setting ¢ = a/(a + 1) in the expansion (4.17.3) of
the generating function.

Example 3. Consider the function
fx) = (ax)~*2J,2Vax), x>0, a>0, a> —1.

In this case, the desired expansion is
(ax)"2J,(2Vax) = > e Li(x),
n=0
where
n! © x\ %2 Vax
=0 —x = L¥(x) dx.

Cn T T o 7 1) L e (a) J(2V ax)L¥(x) dx

To evaluate the integral, we multiply the identity (4.17.3) by

=% (?‘;‘)W2 T2V ax)

and integrate with respect to, x from O to co. Then, assuming that [¢] is
sufficiently small, we obtain

© /2 —
1 - t)‘“"lf e~XIA-b (g) J.(2Vax) dx = e~ %1~b
0

© " o« @ /2 —
=e ¢ Z 9}1—' "= nZo a J:) e_x(j—;) Ja(2\/ax)L$‘,(X) dx,

where we have used formula (5.15.2). Comparing coefficients of identical
powers of ¢, we find that
e q"

TG ar D)
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and hence

ax)" 4, (2Vax) = e ¢ S @ Li(x),
(ax) ¢ ) ,;J@+a+l)() (4.24.4)
x>0, a>0, a> —1,
Example 4. If we multiply (4.24.3) by (a + 1)*~! and integrate with
respect to a from 0 to co, we obtain

n=0

The integral in the left-hand side can be expressed in terms of the comple-

mentary incomplete gamma function (see Problem 10, p. 15). This gives
- < Lax)
e*x (e, x) = Z P

n=0

0<x<oo, a>—1, (4.24.5)

which for « = 0 reduces to

—€*Ei(—x) = I'(0, x) = Z nL_,;(_x_i’ 0<x< oo (424.6)

n=0
Some other expansions in series of Laguerre polynomials are given in
Problems 19-20, p. 96.

4.25. Application to the Theory of Propagation of Electromag-
netic Waves. Reflection from the End of a Long Transmis-
sion Line Terminated by a Lumped Inductance

As a curious example of the application of Laguerre polynomials, we
consider the problem of propagation of electromagnetic waves along a trans-
mission line of length /. Suppose the

line terminates at one end in a coil of «°0 o x=l
inductance L,, while at the other end a

source of constant d-c voltage V, is !
suddenly switched on at time t =0 W= o
(see Figure 12). Let the instantaneous T

values of the voltage and current be

denoted by V' = V(x, t) and I = I(x, t), FIGURE 12

and let the inductance and capacitance

per unit length of the line be denoted by L and C. Then the problem reduces

to the integration of the following system of linear differential equations,*®
_ v /4 ol C ?L/,

2
==Ly, -g=C2 (4.25.1)

49 See S. Ramo and J. R. Whinnery, Fields and Waves in Modern Radio, second
edition, John Wiley and Sons, New York (1953), p. 24.
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subject to the initial conditions

V|¢=0 = I|t=0 = 0 (4.252)
and boundary conditions

ol
Vlemo=Vo,  Vlxmi=Log| - (4.25.3)
x=1
To solve these equations, we use the method of the Laplace transform

(see Secs. 2.6, 8), which converts (4.25.1) into a pair of ordinary differential
equations. As usual, let £ denote the Laplace transform of the function f:

f= f v fdt. (4.25.4)
0
Then (4.25.1) goes into
av - dl —
and eliminating 7, we obtain a second-order differential equation
&V
O —LepV =0, (4.25.5)

subject to the boundary conditions

Vo dV L _.
Vo= =% o + T Ve =0. (4.25.6)

It follows from (4.25.5) and (4.25.6) that

Pq_ Z GonP -
v, coshv(l x) + Top smhv(l X)

v = Yo
p

> (4.25.7)

cosh217 + isinhl—’l
v Lyp v

where v = 1/V/LC is the velocity of wave propagation along the line, and

Z = VLC is the characteristic impedance.5°
We now return to the original function ¥V by using the Fourier-Mellin
inversion theorem (cf. p. 25)

27

where the integral is along a line A parallel to the imaginary axis and to the
right of the origin. Being primarily interested in the voltage at the end of the
line, we set x = /in (4.25.7-8). Then

1 1 ert
——— Vl =1 = 7= -
Vo ¥ 2mi J, p cosh pt + « sinh pt

V= Lf e”V dp, (4.25.8)
A

dp, (4.25.9y

50 S, Ramo and J. R. Whinnery, op. cit., p. 27.
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where « = Z/L,, and T = //v is the time it takes the wave to go from one
end of the line to the other. To obtain the answer in a form which has a
simple physical interpretation, we expand V|.., in powers of e~%*T and
integrate term by term. This gives

© . 1 P — a nep[t—(2n+1)T]
V’x’ Z(_I)Zr—iA(p+oc) P+« dp,

or, if we introduce the new variable of integration ¢ = (p + «)/2a,

le = i (—1)re-ott-@n+ 111 __ 1 (1 _ 1)"e2qa[t—(2n+1mflﬁ,

2wi q q
(4.25.10)
where A’ is a line parallel to and to the right of A.
The evaluation of the integral in (4.25.10)
1 1\" e™"
Fz) = - (1 - ~) 4 4.25.11)
2ri A q

is accomplished by using residue theory applied to the closed contour con-
sisting of A" and the arc of the circle |g| = R (where R is arbitrarily large)
lying to the left of A" if t > 0 or to the right of A"if © < 0. In the first case,
we have

eT

FO) = [t = ven| = G[700e)] - L, @i

where L,(t) is the nth Laguerre polynomial (see Sec. 4.17), while in the
second case F(r) = 0. Substituting (4.25.12) into (4.5.10), we find that
V|e=y =0for 0 < ¢t <T, and

1 $ n,—oft—(2n+1)T]
57 V]eer = Zo (—1Dre L,{2«[t — (2n + DT]} (4.25.13)

for
QN - DT <t < (@2n+ DT, N=12...

Formula (4.25.13) represents the solution in closed form, and the appearance
of new terms at intervals of 27 seconds corresponds to the arrival of addi-
tional reflected waves at the point x = /.

This method is applicable to transmission lines terminated by loads of
other kinds, and in many other cases the answer can also be expressed in
terms of Laguerre polynomials.

PROBLEMS
1. Show that all the roots of the equation P, (x) = 0 are real and lie in the
interval (—1, 1).
Hint. Use Rolle’s theorem.
2. Show that all the roots of the equation H,(x) = 0 are real.
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3. Prove the inequality ®*
2 1/2
(1 = x4 Py(x)| < (n_rc) , —-1<x<1, n=12,...

4. Using the expansions (4.9.2) and (4.17.2), prove Uspensky’s formula
(-D'T(n + « + 1) [
Val(e + H2n)! J-1

which expresses the Laguerre polynomials in terms of the Hermite poly-
nomials.

Li(x) = (1 — 2~ %Hy(Vxt)dt, o> —1,

5. Prove Koshlyakov’s formula®?
T'h+a+p+1)
TEI(n + o+ 1) Jo
Hint. Replace the Laguerre polynomial L%(x?) by its expansion (4.17.2),
and integrate term by term.
Comment. For « = —%, B = o + 4, Koshlyakov’s formula reduces to
Uspensky’s formula.

L3+8(x) = (1 — )P~ 1L%(x0) dt, a> -1, B>0.

6. In many cases, the evaluation of integrals of the form
f e~ **f(x)H3(x) dx

can be accomplished by the following device: Multiply equation (4.9.6) by
f(x), integrate from — oo to oo, and evaluate the integral in the left-hand side,
calling the result (). Then expand ¢(¢) in powers of ¢ and equate coefficients
of identical powers of ¢ in both sides of the equation so obtained. Applying
this method, show that

f e **H%(x) dx = 2"n!V'x,
f e~ HAx)x?dx = 2'n!Vr(n + %),

f e 2’ H2(x) dx = 2" %2T(n + %).

7. Prove that

fw e~ Hy(x) dx = @l/_; (1_‘12)",

nl a a?
Rea? >0, n=0,1,2,...,
o 27 +1(2n)l(p1)2V
x2 12 — s
f_w e **H2(x)Han(x) dx ———(p — D)
p=012..., n=0,1,2, ...,p.

Hint. To derive the second formula, use the method of Problem 6.

51 For a simple proof, see G. Szegd, Orthogonal Polynomials, revised edition, Ameri-
can Mathematical Society, New York (1959), Theorem 7.3.3, p. 163.

52 N. S. Koshlyakov, On Sonine’s polynomials, Messenger of Mathematics, 55, 152
(1926).
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8. Prove that

| Hz(x) A e _
) o1 + x2° dx = 1+ x2 1+x2dx’ n=012,...
Hint. Use the method of Problem 6.

Comment. This formula was used in the proof of Theorem 2, p. 71.

9. Derive the integral representation
e *2L,(x) = ————1———= J'w e~ H(¢) cos (V2x1) dt.
2011V Jo

Hint. To calculate the integral on the right, use the method of Problem 6.

10. Derive the formula

nl
e **H¥(x) = i/'if e s?eL (2) cos sx ds.
T JOo

Hint. Use the result of Problem 9 and the Fourier integral theorem.53

11. Derive the following integral equation for the square of the Hermite poly-
nomial of odd index:

e P H3 (V) f” —, e YH} (\/y)
Vx , BV —
Hint. To calculate the integral on the right, use the method of Problem 6.
12. Derive the following integral equation for the square of the Laguerre
polynomial:
WL = [ IV AL b, 7>~
Comment. The result of the preceding problem is a special case of this
formula.

13. Prove the expansions

< (—1)*H.
* cos 2xt = HZO(()Z—,,)'%(_X) , il < oo,
e® sin 2xt = Z Mﬁ’"“ lt] < oo.

2n + 1)

Comment. The expressions on the left in these formulas can be regarded
as generating functions for the even and odd Hermite polynomials, respec-
tively.

14. Verify the following expansions in Hermite polynomials (cf. Secs. 2.1.3):

Z (=D Hyn(x)
20+ %) 2n + 1

) (=1
F(x) = V= nzomHzn+1(x)~

e[l — @*(x)] =

53 G. P. Tolstov, op. cit., p. 190.
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15. Derive the following expansion of the square of a Hermite polynomial in
a series of Hermite polynomials:

2 Hyn(x)
H3(x) = 2°(pl)? D> soi—r—, =0,1,2,...
P(x) (p) Lo 2n(n!)2(p _ n)! p
Hint. Use the result of Problem 7.

16. Derive the following expansion of a product of Hermite polynomials with
different indices in a series of Hermite polynomials:

Hzn + r(x)

n!(n+r)!(p—n)! p’r=0r1’2,--.

P
HP(X)Hp+r(x) = 2pp!(p + r)' Z 2n
n=0

Hint. For r = 1 the required result is obtained by differentiating the
formula found in the preceding problem. The general case can be obtained by
using mathematical induction.

Comment. This expansion can be written in the symmetric form

min(p,q) 2"H. _ (x)
— plol L 7ptg-2mA) |
H@H) = rat 3 oo =

2,9=0,1,2,...
17. Using the generating function (4.9.3), prove the following addition theorem
for the Hermite polynomials:

Hy(x)H,y - ()

n inP-n
n'(p — n)’ COS™ « SIn o,

y4
H,(x cos « + ysina) = Z

18. Prove the formula

= (1P & Hon(X)Hzp - 20()), _
Lp(x2 + yz) - 22p Z nnl(p _pn)' p - 0, ly 2) v

Hint. Use the expansion (4.17.3).

19. Derive the following expansion of the incomplete gamma function (see
Problem 10, p. 15) in a series of Laguerre polynomials:

& L3(x
x " %(a, x) = nzo 2_’_”—“(5—3—-7), 0<x< oo, a>0.

20. Derive the expansions

Lo (x +9) = > LEOLE-W0),  p=0,1,2...,
n=0
. T —a+p=—n),, _
Lﬁ(x) nzo (p — n)'F(B ) L (x)9 p 0, 1’ 21 e

Hint. Use the generating function (4.17.3).

21. The Jacobi polynomials P& ®(x) are defined by the formula

200 - e+ e,

«>—1, B> —1, n=0,1,2,...

o) = S0~ e 4 00



PROBLEMS ORTHOGONAL POLYNOMIALS 97
Using the methods of this chapter, show that the Jacobi polynomials have the
following properties:

(a) The function u = P{®(x) satisfies the differential equation
A-=x+B-—o—(e+B+2)x)u +nn+o+p + Du=0;
(b) The polynomials P*®(x) are orthogonal with weight
p(x) = (1 = )1 + x)°
on the interval [—1, 1];

(c) The polynomials P{®(x) are the expansion coefficients of the generat-
ing function

©

wix, f) = "R} 1 — 1t + Rl + t + R = > P&P()r, i <r,

n=0

where R = (1 — 2xt + t?)'/2, and r is given by formula (4.2.4).
22. The Chebyshev polynomials®* are defined by the formula

Tw(x) = cos (n arc cos x), n=20,12,...
Show that the Chebyshev polynomials have the following properties:
(a) The function u = T,(x) satisfies the differential equation
- xHu” — xu' + n?u = 0;
(b) The polynomials T,(x) are orthogonal with weight
p(x) = (1 — x?)~12
on the interval [—1, 1];
(c) The polynomials T,(x) are the expansion coefficients of the generating
function
1 -7

W = 5o e

=Tox) +2 > T, || <,
n=1

where r is again given by (4.2.4).

Comment. The Chebyshev polynomials play an important role in the
theory of approximation.

5¢ Sometimes transliterated as the ‘Tchebichef polynomials”, as in G. Szegd, op.
cit., and in the Bateman Manuscript Project, Higher Transcendental Functions, Vol. 2,
Chap. 10. We refer the reader to these sources for further information on the Jacobi and
Chebyshev polynomials.
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CYLINDER FUNCTIONS: THEORY

5.1. Introductory Remarks

By a cylinder function we mean a solution of the second-order linear
differential equation

u"+1'+(1—f)—0 (5.1.1)
U =)u=0, 1.

where z is a complex variable and v is a parameter which can take arbitrary
real or complex values. Equation (5.1.1), called Bessel’s equation of order v,
is encountered in studying the boundary value problems of potential theory
for cylindrical domains (see Sec. 6.3), which explains the origin of the term
cylinder function. Certain special kinds of cylinder functions are known in the
literature as Bessel functions, and this term is sometimes applied to the whole
class of cylinder functions.

The cylinder functions, with their manifold applications, have been
studied in great detail, and extensive tables of such functions are available.
These functions are among the most important special functions, with very
diverse applications to physics, engineering and mathematical analysis itself,
ranging from abstract number theory and theoretical astronomy to concrete
problems of physics and engineering. Some of these applications, mainly
from the field of mathematical physics, will be considered in Chapter 6. The
present chapter is devoted to a brief exposition of the elementary theory of
cylinder functions. The reader who wishes to go further in his study of these
functions should consult the special literature devoted to the subject (see the
Bibliography on p. 300), notably the classic treatise by Watson,! to which
we will make frequent reference.

' G. N. Watson, A Treatise on the Theory of Bessel Functions, second edition,

Cambridge University Press, London (1962).
98
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5.2. Bessel Functions of Nonnegative Integral Order

In many applied problems, one need only consider a special class of
cylinder functions, corresponding to the case where the parameter v in equa-
tion (5.1.1) is a nonnegative integer n. This case is much simpler than the case
of arbitrary v, and will serve to introduce the general theory.

We begin by showing that one of the solutions of Bessel’s equation

S n?
W —u +(l—?)u=0, n=012,... (5.2.1)

is the function u, = J,(z), known as the Bessel function of the first kind of
order n, and defined for arbitrary z by the series

= (“—kl,z}ﬂ—;% 2] < . (5.2.2)

Using the ratio test, we easily verify that this series converges in the whole
complex plane, and hence represents an entire function of z. Suppose we
denote the left-hand side of (5.2.1) by /), and introduce the abbreviated
notation

_ (="

T2MEE(n + k)

e
for the coefficients of the series (5.2.2). Then we have

[(n + 2k)(n + 2k — 1) + (n + 2k) — n?Jag 2"+ 2672 4 > o2+ 2
k=0

I
[\

lu,) =

x
n

0

Z dak(n + k)zn+ 22 4 Z ozt 2
k=1 k=0

2 oa(k + D(n + k + 1) + o]z 2,
k=0

and therefore /(u;) = 0, since the expression in brackets vanishes. Thus
J.(2) satisfies Bessel’s equation (5.2.1), i.e., J,(z) is a cylinder function. The
simplest functions of this kind are the Bessel functions of orders zero and one:
_ @2 @22
Jo@ =1="mz @y ~ @yt
z 2?2 | @2 _ (z2)°
N@) =3 [1 ~ e toamr T +]

(5.2.3)

We now show that the Bessel functions of higher order can be expressed
in terms of the two functions Jy(z) and J,(z). Assuming that » is a positive



100 CYLINDER FUNCTIONS: THEORY CHAP. 5
integer, we multiply the series (5.2.2) by z" and then differentiate with respect
to z. This gives

d. . _ < (=D*2n + 2k) S2n+2k -1
FERT = 2 e

Sr e teml) e

or

d

pA [2"T.(2)] = 2, _1(2), n=12... (5.2.49)
Similarly, multiplying (5.2.2) by z~", we find that

diz[z‘" 2(2)] = — 27, . 1(2), n=20,1,2,... (5.2.5)

Performing the differentiation in (5.2.4-5) and dividing by the factors z*",
we arrive at the formulas

T + 20 = Jas@ JHD = 20 = ~aa@) (52.6)

which immediately imply the following recurrence relations satisfied by the
Bessel functions:

n l(z) + ‘]n+1(z) ,,,(Z), nh = 19 23 e (5'2'7)

Jo12) — Jhii(2) = 2J5(2), n=12... (5.2.8)

Repeated application of (5.2.7) allows us to express a Bessel function of
arbitrary order v =n (n = 0, 1,2...) in terms of Jy(z) and Jy(z), thereby
greatly simplifying the effort needed to calculate tables of Bessel functions.
Formula (5.2.8) allows us to express derivatives of Bessel functions in terms
of other Bessel functions. For n = 0, (5.2.8) should be replaced by

Ji2) = —Ju(2) (5.2.9)

[in keeping with (5.2.5)], which is an immediate consequence of the formulas
(5.2.3).

The Bessel functions of the first kind J,(z) are simply related to the coeffi-
cients of the Laurent expansion of the function ?

0

wiz, 1) = e#-D = S e, 0< |t <o (52.10)

n=—o

2 Regarded as a function of #, w(z, t) is analytic in the annulus 0 < § < 1< 4 < o,
and therefore this expansion exists.
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To calculate the coefficients c,(z), we multiply the power series

2
G
@D @D
e =1 t+ 2N t2 s

and then combine terms containing identical powers of ¢. As a result, we
obtain

ci(2) = J,(2), n=0,12,...,

(5.2.11)
c(2) = (D) _.(2), n=-—1,-2,....,

which implies

Wz, ) = #0700 = Jy(2) + > S + (=1t 0 < |i] < oo,
n=1
(5.2.12)

The function w(z, ¢) is called the generating function of the Bessel functions
of integral order, and formula (5.2.12) plays an important role in the theory
of these functions.

To find a general solution of Bessel’s equation (5.2.1), thereby obtaining
an arbitrary cylinder function of integral orderv=n(n =0,1,2,...), we
must construct a second solution of (5.2.1) which is linearly independent of
J.(2). For such a solution we choose u, = Y,(z), called the Bessel function
of the second kind, which will be defined in Sec. 5.4. It will be shown in Sec.
5.5 that this definition leads to the series expansion

Yu(2) == n( )log— - - z (li___—l)' (2)2k—n
(5.2.13)
1 & —1)"(2/2)'”%
—EZ T+ o WE D+ Yk e+ D)
where

Ym+ D)= —x+ Lhg 4ot WD) = -,

v is Euler’s constant (see Sec. 1.3), and in the case n = 0, the first sum in
(5.2.13) should be set equal to zero. The function Y,(z) is analytic in the
complex plane cut along the segment [ — oo, 0], and becomes infinite as z — 0.
Thus, the general expression for the cylinder function of order v =nis a
linear combination of Bessel functions of the first and second kinds, i.e.,

=Z.2) = AJ(z) + BY,(z2), n=0,1,2..., (5214)

where A and B are constants.
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5.3. Bessel Functions of Arbitrary Order

The Bessel functions considered in the preceding section are a special
case of the more general Bessel functions of the first kind of arbitrary order v.
To define these functions, consider the series

s (_ 1)"(2/2)""2"
STk + DOk + v + 1)

where z is a complex variable belonging to the plane cut along the segment
[—o0,0], and v is a parameter which can take arbitrary real or complex
values.® It is easily seen that (5.3.1) converges for all z and v, and that the
convergence is uniform in each variable in the region |z]| < R, |v| < N (where
R and N are arbitrarily large). This follows from the fact that starting from
some sufficiently large &, the ratio of the absolute value of the (k + 1)th term
to that of the kth term equals
[Z|2 < R2
dk + Dk + 1+ 4k + Dk +1—N)

where the right-hand side is positive, independent of z and v, and approaches
zero as k — co0.* Since the terms of (5.3.1) are analytic functions of z in the
plane cut along [ — oo, 0], the sum of the series is an analytic function of z in
the same region. We call this function the Bessel function of the first kind of
order v, and denote it by J,(2), i.e.,

S (1
M= 2 Tk 57T

To show that the function (5.3.2) satisfies Bessel’s equation with para-
meter v, we write

(5.3.1)

|z] < o0, |argz| <= (5.3.2)

2
w) = u" + %u’ + (1 — gz—)u =0, u, = J(2),
and repeat the derivation given in Sec. 5.2,° obtaining

l(u;) = Z [Aoy 1k + Dk + v + 1) + ]2V 2,
k=0

3 In general, the condition imposed on z is necessary for the function zV to be single-
valued, but can be omitted if v is an integer.
* A series of functions
@
Z ui(z)
k=0

converges uniformly in a domain D if
Uy +1(2)
u(z)
for all zin D and k > M, where g is independent of z. See E. C. Titchmarsh, op. cit., p. 4.
5 Recall that a uniformly convergent series of analytic functions can be differentiated
term by term.

<g<l1
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where
_ (=DF
T2k + DIk + v+ 1)

Xy

Using (1.2.1), we see at once that /(u;) = 0.

Since for fixed z in the plane cut along the segment [ — oo, 0], the terms of
the series (5.3.2) are analytic functions of the variable v (see Sec. 1.1), the fact
that (5.3.2) is uniformly convergent implies that the Bessel function of the
first kind is an entire function of its order v. For integralv=n (n = 0, 1,
2,...), 'tk + v+ 1) = (n + k)! and (5.3.2) reduces to (5.2.2). Therefore
the functions defined in this section are the natural generalizations of those
studied in the preceding section. For negative integral v= —n (n =1,
2,....), the first n terms of the series (5.3.2) vanish (see Sec. 1.2), and the
series becomes

. o (_l)k(z/z)-—n+2k _ O (___1)n+s(z/2)n+2s
T = 2 e = 2 T
and hence

J @) = (=), n=12,... (5.3.3)

Thus, the Bessel functions of negative integral order differ only by sign from
the corresponding functions of positive integral order. It follows that the ex-
pansion (5.2.12) can be written in the form

Wz, 1) = e#h = S T, (5.3.4)

n=-— o

Many of the formulas derived earlier for Bessel functions of nonnegative
integral order remain the same for Bessel functions of arbitrary order. For
example,

L @) = 20 @] = @) (539

Jy-1(2) + Jyia(2) = %'Jv(z)’ Jv-1(2) = Jy1a(2) = 2J3(2), (5.3.6)

generalize formulas (5.2.4-5, 7-8), and are proved in exactly the same way.
We also have

(%) Enen = 2
(5.3.7)

(%) [27@)] = (= D"z "4 nl2),

which are proved by repeated application of (5.3.6).
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5.4. General Cylinder Functions. Bessel Functions of the
Second Kind

By definition, a cylinder function is an arbitrary solution of the second-
order linear differential equation

2

W =+ a0+ (1= =0, (5.4.1)

and hence has the general form
u =2,z = Cuy(2) + Couy(2), (5.4.2)

where u, and u, are arbitrary linearly independent solutions of (5.4.1), and
C,, C, are constants which, in general, are arbitrary functions of the para-
meter v. It is easy to obtain an expression for the general cylinder function in
the case where v is not an integer. In fact, choosing u; = J,(z), where J,(z)
is the Bessel function defined in Sec. 5.3, we take the second function to be
u, = J_,(z), which is also a solution of (5.4.1), since (5.4.1) does not change
if v is replaced by —v. For nonintegral v, the asymptotic behavior of these
solutions as z — 0 is given by

(z/2) . &2
TT+vy “~Ta-w 643

u; X

and therefore these solutions are linearly independent.® Thus, the desired
expression for the general cylinder function can be written as

u=2,z2) = CJy(z) + CoJ_\(2), v#0, +1, +2,... (5.4.4)

If vis an integer, then, because of (5.3.3), the particular solutions %, and u,
are linearly dependent, and (5.4.4) is no longer a general solution of Bessel’s
equation (5.4.1). To obtain an expression for the general cylinder function
which is suitable for arbitrary v, we introduce the Bessel functions of the
second kind, denoted by Y,(z) and defined by the formula

Jy(z) cos v — J_\(2)

Y(a) = sin vr

(5.4.5)

for arbitrary z belonging to the plane cut along the segment [— oo, 0].” For
integral v, the right-hand side of (5.4.5) becomes indeterminate [cf. (5.3.3)],
and in this case we define Y,(z) as the limit

Y.(z) = lim Y,(2). (5.4.6)
v—n
¢ This argument breaks down if v is an integer (including zero).

7 The function we denote by Y,(z) is sometimes denoted by N,(z) in the literature on
Bessel functions.
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Since both the numerator and denominator are entire functions of v, and
since

d . .
Esmvn:ncosvn;éo if v=n,

this limit exists and can be calculated by L’Hospital’s rule, application of
which gives

9J2)
™

- e

Y@ = = [ =] (5.4.7)

It follows from its definition that Y,(z) is an analytic function of z in the plane
cut along [— o0, 0], and an entire function of the parameter v for fixed z.

In view of (5.4.4), the fact that Y,(z) is a cylinder function, i.e., satisfies
Bessel’s equation (5.4.1), is obvious for nonintegral v. To show that Y,(z)
is a cylinder function for integral v, we use the principle of analytic continua-
tion, noting that since /(Y,) is an entire function of v, ((Y,) = 0 for v # n
implies /(Y,) for all v. The fact that the solutions u; = Jy(z) and u, = Y(2)
are linearly independent follows from the linear independence of the solutions
J(2) and J_,(z) for nonintegral v, and from a comparison of the behavior of
u; and u, as z — 0 [cf. (5.4.3) and (5.5.4), proved below] for integral v. Thus,
finally, the expression

u= Zv(z) = Cl']v(z) + C; Yv(z) (548)

for the general cylinder function Z,(z) is suitable for arbitrary v.
The Bessel functions of the second kind satisfy the same recurrence rela-
tions as the functions of the first kind, e.g.,

4 Y@ = 7Y@, AR =~z F),
N (5.4.9)
— Y(2), Y,-1(2) = Yi41(2) = 2Y7(2).

Yio1(2) + Yiia(2) = =

For nonintegral v, the validity of these formulas follows from the definition
(5.4.5) and the corresponding formulas for J(z). To obtain the same formulas
for integral v, we need only pass to the limit v— n, observing that all the
functions involved are continuous with respect to the index v. We also note
that (5.4.7) implies the relation

Y_u2) = (=1)"Ya(2), n=0,1,2,..., (5.4.10)

which allows us to reduce the calculation of functions of negative integral
order to that of functions of positive integral order.

By making changes of variables in Bessel’s equation (5.4.1), we can easily
obtain a number of other differential equations whose general solutions can
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be expressed in terms of cylinder functions. Of the various equations ob-
tained in this way, those of greatest practical interest are

” 1 — 2« ,
u + u

o+ 22 umo,

u" + az'u = 0,

(5.4.11)

with solutions

20112
Y+ 2

= PZB2),  u=2Zy.n ( zl+<w2>), (5.4.12)

where Z,(z) denotes an arbitrary cylinder function.

5.5. Series Expansion of the Function Y,(z)

To derive a series expansion of the function Y,(z), we use the expansion
(5.3.2) to calculate the derivatives with respect to the index v which appear in
(5.4.7). Because of (5.4.10), we need only consider the case v =n (n = 0,
1, 2,...). Since, as already shown, the series (5.3.1) converges uniformly in v,
we can differentiate it term by term, obtaining?®

3Jv _ 1 k 2 n+ 2k
aSZ)m = Z ( kvzn(zl 3c)v [logg — Wkt n 1)]’
where
I (z)
4’( ) = I‘(z)

is the logarithmic derivative of the gamma function (see Sec. 1.3). Similarly,
we have

L) _ Z ijpl(),:(z_/zv)ff; [~ 1082 + 4k v + 1]

Fork=0,1,2,...,n — 1,
I'k — v+ 1)— oo, Yk —v+1)—o0

as v — n, so that the first n terms of the last series become indeterminate.
However, using familiar formulas from the theory of the gamma function
[see (1.2.2, 4) and (1.3.4)], we find that

fim lqjgz_—::t% = lim [F(v — Kysinn(v — k) =R+ T oot v — k)

=(=D)""*n -k - 1), k=0,1,...,n—1,

8 The passage to the limit v — n behind the summation sign is legitimate, since a
series obtained by term-by-term differentiation of a uniformly convergent series of
analytic functions is itself uniformly convergent.



SEC. 5.6 CYLINDER FUNCTIONS: THEORY 107

<>2<——’()

+ (=1 z L p)'p, |- 1085+ 9 + 0] ()

where we have introduced the new summation index p = k — n.
It now follows from (5.4.7) that the desired expansion of the function

Y. (2) is
Y.(2) = — = Z (" - k -z (2)2k—n

711: 2 —kllz;(izz): [2 1°g§ — Yk + 1) — Yk +n+ 1)]

and therefore

oJ_\(2)
ov

largz| <=, n=0,1,2,..., (5.5.1)

where the first sum should be set equal to zero if n = 0 [cf. (5.2.13)]. Accord-
ing to (1.3.6-7), the values of the logarithmic derivative of the gamma func-
tion are given by
1 1
4”(1):_‘{’ ¢(m+1)=_Y+1+§+"+E’ m=1,2""’
(5.5.2)

where y = 0.57721566. .. is Euler’s constant. Using (5.2.2), we can write
the expansion (5.5.1) in a somewhat different form:

Yi(2) = -7_2':-77.(2') logg 1 Z (n - k — D! /z (2)2k—n
(5.5.3)

,1, i 1.22(123:;% [$(k + 1) + bk + n + D).

Finally, we note that (5.5.1) implies the asymptotic representations

Yo(2) & —Iog2 z—>0

- 1) (5.5.4)

™

Y.(2) % —

which show that Y,(z) becomes infinite as z — 0.

(%)—n, z—0, n=12,...,

5.6. Bessel Functions of the Third Kind

Next we discuss still another class of cylinder functions, i.e., the Bessel
Sfunctions of the third kind or Hankel functions, denoted by H{*(z) and H{?(z).
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These functions are defined in terms of the Bessel functions of the first and
second kinds by the formulas

HP(2) = J(2) + iY(2), HP(2) = J(2) — iY(2), (5.6.1)

where v is arbitrary and z is any point of the plane cut along the segment
[— o0, 0]. The motivation for introducing the functions (5.6.1) is that these
linear combinations of J,(z) and Y,(z) have very simple asymptotic expres-
sions for large [z]| (see Sec. 5.11) and are frequently encountered in the
applications.

It follows from (5.6.1) that the Hankel functions are entire functions of v,
and analytic functions of z in the plane cut along [—co, 0]. Clearly, the
functions H*(z) and H{®(z) are linearly independent of each other, and each
is linearly independent of J,(z). Therefore we can write the general solution
of Bessel’s equation (5.4.1) in any of the forms

u=2Z[z2) = AJ(2) + A:H{"(z)
= B,J(2) + ByH{®(z) = D,H{"(2) + D,H{?(2),
where A, ..., D, are arbitrary constants, as well as in the form (5.4.8).

Since the Hankel functions are linear combinations of the functions J(z)
and Y,(z), they satisfy the same recurrence relations as these functions, e.g.,

(5.6.2)

LRHOE) = PHDG), 2 HPE] =~ HLE)

dH{P(2)
dz
(5.6.3)

where p = 1, 2. Using (5.4.5) to eliminate Y,(z) from (5.6.1), we obtain
J_[(2) — e~ v™J, e"™J(2) — J_(2)

HP\(@) + HOAE) = 2 HP@), H2:(E) — HEAE) = 2

&)
() — (2)(7) —
Hz) = i sin vt > H2G) isin vr (5-6.4)
which imply the important formulas
H®), (2) = e™HM(2), H?Z(2) = e "™HP(2). (5.6.5)

5.7. Bessel Functions of Imaginary Argument

In the applications, one frequently encounters two functions 7,(z) and
K,(z), which are closely related to the Bessel functions. Let D be the complex
plane cut along the negative real axis. Then, for all z in D, I,(z) and K\(2)
are defined by the formulas

_ Ll (2/2)V+2k
1D = 2 FEF DIk T+ 1)

E I—v(z) — Iv(z)
2 sin vr ’

|z] < o0, |argz] <=, (5.7.1)

K(2) = largz| <=,  v#0, +1, +2,... (5.7.2)
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where, for integral v = n,

K2 =limK(z), n=0,+1,+2,... (5.7.3)

Repeating the considerations of Secs. 5.3-4, we find that I,(z) and K,(z) are
analytic functions of z for all z in D, and entire functions of v.

The functions 7,(z) and K,(z) are simply related to the Bessel functions of
argument ze*™/2, If
T

2

7

5 < arg (ze™?) < =,

-7 < argz < ie.,

then (5.3.2) implies

L 2)V+2k
J mi/2) . pVni/2 (Z/ — pVrEi/2
W(ze™?) = ¢ go NCGER e R N O}
so that
I(2) = e~"™2] (ze™?), —m < argz < g (5.7.4)
Similarly, according to (5.6.4), for the same values of z we have
H‘(Il)(zele) _ J_ v(zem/2) ._'e—vm]v(zenim)
: i sin v
—vni/2 — p—vai/2
_ e I_V(Z)' e IV(Z) — —2-_e‘v""2Kv(z),
i sin v i
and hence
1) kg
K(2) = 3 e"™ 2 HV(ze™12), —m<argz <3 (5.7.5)
On the other hand, if
- g <argz <m, —m < arg (ze”™?) < g,

then it is easily verified that
I(z2) = e™2] (ze~™12), K(2) = — %’ e VWZH®(ze~M2) (5.7.6)

Because of (5.7.4-6), I(z) and K,(z) are often called Bessel functions of
imaginary argument. However, this term is not too fortunate, and instead we
will usually refer to 1,(z) as the modified Bessel function of the first kind and
to K\(z) as Macdonald’s function.®

® K.(2) is called the modified Bessel function of the third kind in the Bateman Manu-
script Project, Higher Transcendental Functions, Vol. 2, p. 5.
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It is an immediate consequence of the formulas just derived that 7,(z) and
K (z) are linearly independent solutions of the differential equation

u + éu’ - (1 + )u =0, (5.7.7)

which differs from Bessel’s equation only by the sign of one term, and goes
into Bessel’s equation if we make the substitution z = +it. Equation (5.7.7)
is often encountered in mathematical physics, and its general solution, for
arbitrary v, can be written in the form

u = CI(z) + C.K(2). (5.7.8)

The functions /,(z) and K,(z) satisfy simple recurrence relations, e.g.
d d
'd'; [ZVIV(Z)] = zV v—l(z)’ E [z—v v(z)] =2z v+1(z),

4 K@) = ~2Ks@, A KAD] = 2K )
(5.7.9)
(@) + Ln2) = 204(), aﬂ@—aﬂw=§vm,

K,_1(2) + K,41(2) = —=2K(2), K, 1(z2) — K,;1(2) = — = K\(2).

The recurrence relations involving I,(z) are proved by substituting from
(5.7.1). Then, using these formulas and (5.7.2), we derive the corresponding
formulas involving K,(z) for nonintegral v. Finally, we extend the results to
the case of integral v by using the continuity of K,(z) with respect to the
index v.

Two other useful formulas are

L) =L@, n=0+1,+2,. .,
K—v(z) = Kv(z),

where the first follows from (5.7.1) if we note that the first n terms of the
expansion vanish if v = —n, while the second is an immediate consequence
of the definition (5.7.2).

Using (5.7.3) and the method of Sec. 5.5, we can derive a series expansion
of the function K,(z). The result of the calculations is

1S (= 1)4(n — k — 1)1 [z\ 2
Ki(2) = 520 ) (n - )(g)

(5.7.10)

s Z k('z(f):”; [21085 = 4tk + D) = 4+ + D]

largz| <=, n=0,1,2,..., (57.11)
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where {(z) is the logarithmic derivative of the gamma function [whose values
can be found from (5.5.2)], and the first sum should be set equal to zero if
= 0. We note that (5.7.11) implies the asymptotic representations

Ky(z) ~ log %, z—>0,
1 . (5.7.12)
Kn(z)zi(n—l)!(g) 250, n=1,2,...,

which show that K,(z) becomes infinite as z — 0.

5.8. Cylinder Functions of Half-Integral Order

We now consider the special class of cylinder functions of order n + }
(n=0, £1, £2,...). In this case, the cylinder functions can be expressed
in terms of elementary functions. To see this, we first find the values of the
functions J.,,5(2). Setting v = +% in (5.3.1) and using the duplication
formula (1.2.3) for the gamma function, we obtain

© (_ l)k(z/2)2k+‘/z
Ji2(2) = kZO 'k + DI'(k + 3)

(5.8.1)
_ 22 12 X (_l)kzzk B 2 1/2 A
= (?) ATk +2) (") sz
and similarly,
2 1/2
Jon(2) = (n—z) co8 z. (5.8.2)

The fact that any Bessel function of the first kind of half-integral order
can be expressed in terms of elementary functions now follows from the
recurrence relation

2
Jy=1(2) + Jon(2) = Z A2
[see (5.3.6)], repeated application of which gives

1 2\ 1/2sj
Ja2(2) = ;Jllz(z) = Jo12(2) = (—) [E—z — COoSs z],

TZ z

2\Y31 . cos z
J_g2(2) = — (TE_Z) [sm z + T]’

and so on. Using (5.3.7), we can write the general expression for J, . 1,(z) in
terms of elementary functions. For example, setting v = 4 in the second of
the formulas (5.3.7) and taking account of (5.8.1), we find that

d) Sz _0,1,2,... (583)

2 1/2 .
Jneu(2) = (—1)"(;) zH/z(z_dz S
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To derive the corresponding formulas for Bessel functions of the second
and third kinds, we start from the expressions (5.4.5) and (5.6.4) of these
functions in terms of Bessel functions of the first kind, and use (5.8.1-2).
For example,

2\12
Yij9(2) = —J-1p(2) = — (n_z) cos z,
H3(z) = —i(l)ll? ei2 HE(z) = l_(z)llz - (5.8.4)
e nZ ’ 1/2 el 8

and so on.
Finally, we note that

1/2

2\42 | 2 /2
L(2) = (TTZ) sinhz, I_y,5(2) = (E) coshz, Ki;u(2) = (Zz) e"?,

(5.8.5)

where the formulas for general index » + 4 are obtained from (5.8.5) and
the recurrence relations (5.7.9). It has been shown by Liouville that the case
of half-integral order is the only case where the cylinder functions reduce to
elementary functions.

5.9. Wronskians of Pairs of Solutions of Bessel’s Equation

By the Wronskian of a pair u,(z), uy(z) of solutions of a linear homo-
geneous second-order differential equation is meant the determinant

uy(2)  ua(2)

ui(2) uy(2)

where the prime denotes differentiation with respect to the independent
variable z. The solutions %, and u, are linearly independent if and only if
the Wronskian does not vanish identically.'® We now calculate the Wron-
skians of various pairs of solutions of Bessel’s equation

b

Wiui(2), uy(2)} =

2
u”+lu’+(l—v-2)u=0,
z z

thereby obtaining a number of formulas which are useful in the applications.
In particular, these formulas show that the solutions in question are linearly
independent, a fact proved earlier by other means.

To calculate the Wronskian, we write the equations for #; and u, in the
form

d. ., ? a. .., ?
d—Z(zul) + (z - V?)ul =0, E(zuz) + (z - V?)uz =0,

10 E. A. Coddington, op. cit., Theorem 6, p. 111.



SEC. 5.10 CYLINDER FUNCTIONS: THEORY |13

and then subtract the first equation multiplied by u, from the second equation
multiplied by ;. The result is

d
7 EW (@), ux(2)}] = 0,
which implies

Wina(2), w2} = S

where C is a constant, independent of z, whose value can be determined, for
example, from the relation

C = lim zW{u,(2), uy(2)}.
20
In particular, choosing u; = J(z), u, = J_,(z), where v is not an integer,

and using the expansion (5.3.2) and formulas (1.2.1-2) from the theory of the
gamma function, we find that

o —2v 21 _ _ 2 sin vr
C=lmsrrora -y + 0= -——
which implies
W), T () = — 230, (5.9.1)

The validity of (5.9.1) for integral v follows by continuity, and we have
W = 0, as must be expected. The Wronskians of other pairs of solutions of
Bessel’s equation can be found in the same way, or else they can be deduced
from (5.9.1) and the relations (5.4.5), (5.6.4). We always begin by considering
the case of nonintegral v, and then use continuity to extend the result to
arbitrary values of v. In this way, we find that

W{(2), Y(2)} = n% (5.9.2)
W@, HP@) = - 2 (59.3)
W(HE), PG} = = 5 (59.4

and so on. For the Bessel functions of imaginary argument we have

W{Iv(z), Kv(z)} = - (595)

N |-

5.10. Integral Representations of the Cylinder Functions

The cylinder functions have simple integral representations in terms of
definite integrals and contour integrals containing z as a parameter. The
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representations by contour integrals have greater generality, and are usually
valid in larger regions of values of the argument z and parameter v than the
representations by definite integrals, but the latter are more frequently en-
countered in the applications. Therefore we will be primarily concerned with
representations by definite integrals.!!

One of the simplest integral representations of the Bessel functions is due
to Poisson. Consider the identity

1 1
Tk+v+1) Tk+HIG+DH

1
f 21— 2)-%dr, Rev> —3,
-1

(5.10.1)

implied by (1.5.6). Substituting (5.10.1) into the expansion (5.3.2) and
reversing the order of integration and summation,!? we obtain

Mo = 3 ST 51— 2% de

1 1
'k +1) TDk+HIC+ 3 f—l

@ [ s s (=D
‘F@+9£J‘ YRl S T DI T D

_ @2 [t evew
= TG + 1) f (= yhcos zedr, (5.10.2)

where we have used the duplication formula (1.2.3) for the gamma function:
2%k + DIk + 3) = TEHTQ2k + 1) = T'3)(2kK)!.
Thus
/2y ! 2y
J(2) = s 1 — 2A)V-% t dt,
@ =rare+p)., ¢ T8 (5.103)
Rev > —3, larg z| < ,

or equivalently,

(2/2) i cos (zcos 0)sin?* 646, Rev > — 34, largz| <,

M) = TDre + 9 Jo
(5.10.4)

where we have made the substitution ¢ = cos 0.

11 The reader with a special interest in integral representations of cylinder functions
should consult G. N. Watson, op. cit., Chap. 6.
12 To justify reversing the order of integration and summation, we note that

< |z/2]V+2* 1 : 2k(1 _ s2\v- %2
2 TE T DTG FPIC TR, - oy

_ © |z/2|v+2k _
B ,Zo Tk + DTk +v + 1) Wlz]) < o,

if Rev > —14.
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To obtain another important integral representation of J,(z), we start
from the formula

1

R %f s~ HHvED g (5.10.5)
C

proved in Problem 9, p. 15, where C is the contour shown in Fig. 13. Sub-
stituting (5.10.5) into (5.3.2), we find that

@ _l)k(z/z)v+2k1
@) = Z Tk D 26

_ (%) 2_1;1 L esv-1ds kio (———_FB:(_Z: / ;‘)s)k (5.10.6)

= E Vl_ s —(22/48)g—Vv—1
- (2) 2mi fce ST s,

where reversing the order of integration and summation is again easily justi-
fied by an absolute convergence argument.
Assuming temporarily that z is a positive real
number and setting s = z#/2, we can write
(5.10.6) in the form

ss—(k+v+ 1) dS

—‘_/\C
J(2) = 2L7;1'J~C, ehat—t=yp-v-1 dt, (5.10.7) —-—-\0/

where C’ is a contour resembling C. By the
principle of analytic continuation, this result
is valid in the whole region |argz| < =/2.
Writing ¢ = pe*® and choosing the radius
of the circular part of C’ to be 1, we have

FIGURE 13

J(2) = T—ltj; cos (zsin 6 — v0) db — S“;an e~ %P=P~ Dg-v=1 4o
1

which, after the substitution p = e* becomes

sin vr

1) = %fo cos (z sin 6 — v6) @6 — fo e-#smhava gy Rez > 0,

(5.10.8)

where v is arbitrary. Inthecasev=n({m =0, +1, +2,...), the second term
on the right vanishes, and (5.10.8) takes a simpler form.

In many cases, one can derive integral representations of Bessel functions
of the second and third kinds from the corresponding integral representations
of Bessel functions of the first kind, by using formulas (5.4.5) and (5.6.4).
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For example, if Re z > 0 and v is nonintegral, it follows from (5.4.5) and
(5.10.8) that

cot vrr COS VT

g

Yv(z) =

f cos (Z sin 6 — ve) do — f e~2sinha—va g
0 0

_ CS(;V‘TCf cos (Z sin 0 + Ve) 49 — Tlt_f e~ ?sinha+va da.

0 0

Replacing 6 by = — 6 in the third integral on the right, we find after some
simple calculations that

Y (2) = %J‘o sin (z sin 6 — v0) d6 — %L e #siha(ove 4 o=V 0og yrr) do,

(5.10.9)

In proving (5.10.9), it was assumed that v is nonintegral, but the formula
holds for arbitrary v by the principle of analytic continuation, since both
sides are entire functions of v.

Integral representations of the Hankel functions can be obtained by using
(5.10.8-9) and the definitions (5.6.1). For example, if Re z > 0,

H®(z) = J(2) + iY,(2) = %J‘ iz sin 6-v0) 70
0

;li Om e~ ? sinh oc[evoc + e—v(a+m)] do
— 1 0 2 sinh o — vo _1_ " 2 sinh ie—-vied 1)
—;if_we dac+m. 9=0e (i9)
| .
+ ;C_l a=0ez sinh (a + 7i) — v(a + i) d(a + T'.'l),

which, after the substitution ¢ = « + i6, reduces to

HOG) = L[ essmt-vgy  Rez >0, (5.10.10)

Tl Je,
where C; is the contour shown in Fig. 14(a). Similarly,
HOG) = — L [ esmmt-vgy  Rez>0  (5.10.11)
Tl Ca
where C, is the contour shown in Fig. 14(b). Thus (5.10.10) and (5.10.11)
are the same, except for the choice of the contour of integration. Substituting
t = u + =i into (5.10.10-11), we find that

—vmi/2

HP() = £ — fD gz coshu—vu gy Rez > 0, (5.10.12)
1

vii/2

HP(z) = — f eTizcoshu-vugy  Rez >0, (5.10.13)
D2

k171

where the paths of integration D, and D, are shown in Figure 15.
To further transform these integrals, we assume temporarily that z is a
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positive real number and that the parameter v is confined to the strip
—1 < Rev < 1. Then, according to Cauchy’s integral theorem, the integral

T/ _._6‘1

-7/ p——1",
(a) (b)

FIGURE 14

along the left-hand part of the broken line D; (or D,), up to the point # = 0,
can be replaced by an integral along the negative real axis, and the integral

7] w/
> 0, —_— -
\
0 0
/
—_— —
(a) (b)
FIGURE 15

along the right-hand part of the broken line can be replaced by an integral
along the positive real axis.'® Thus formulas (5.10.12-13) become

- vni/2 ©

HPG) = S f i cosh u=vi gy (5.10.14)
evm‘/2 ~: )

HP() = -~ f e~z cosh u=vu gy, (5.10.15)

13 1t is easily verified that the integral along the vertical segment needed to complete
each contour to which we apply Cauchy’s integral theorem approaches zero as the seg-
ment is moved indefinitely far to the left (or to the right) of the imaginary axis. To show
that the condition —1 < Rev < 1 guarantees the convergence of (5.10, 14-15), con-
sider the substitution y = e*.
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where z > 0, —1 < Re z < 1. Using the principle of analytic continuation,
we easily see that (5.10.14) remains valid for 0 < arg z < =, while (5.10.15)
remains valid for — < arg z <0, since in each case both sides of (5.10.14-15)
are analytic functions of z in the indicated region. Moreover, the condition
—1 < Rev < 1 can be dropped if Im z > 0 in (5.10.14), or if Imz < 0 in
(5.10.15). Finally, therefore, we have the integral representations

—vni/2 ©
H®() = 2 f gzcoshu-vigy  Imz >0, (510.16)

b7 —w

viti/2 ©
H‘(IZ)(Z) — — e _ f e—izcoshu—vu du’ Im 7 < 0’ (51017)

Tl

- ©

where v is arbitrary.

Formulas (5.10.16-17) are the basic integral representations of the Hankel
functions. Other integral representations of the Hankel functions, useful in
the applications, can be derived by making suitable transformations of the
integrals in (5.10.16-17). For example, consider formula (5.10.16), let
Rev > —14, and for the time being assume that arg z = =/2, so that —iz is
positive. According to (1.5.1),

yvh = F(V_Jlr%)f e-x'-%dx, Rev> —4 (5.10.18)
0

and hence, setting y = e* in (5.10.16), we have

e—vm/2 ©
Hsl)(z) — _ f e‘/ziz(y+y‘1)y~v—1dy
Tl 0
__evmr o etz +y=1y,-112 g fm e Y XV~ Y% dx
~ w0+ D Jo Y2,
e—vnl/2 @ v © lZ) IZ]
= —_— ~%d xp| — = =|y-v2 gy,
mnil'(v + 1) Jo * xfo ¢ p[ y(x 2 + 2y Y Y

where the reversal of the order of integration is easily justified by proving the
absolute convergence of the double integral. To calculate the inner integral,
we use the formula **

\/‘rr e_2,/E

v , a>0, b>0. (510.19

]
f e =0y =
0

This gives

e~ Viil2 ® e—zJ—tz/2~/z~<iz/2)

iVl + $)Jo  Vx = (iz]2)

HY(z) = xV~"% dx,

14 After making the transformation = = v2, the integral (5.10.19) becomes the Laplace
transform of the function $7-1/2 ¢~¥/*, evaluated at p = a.
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or
ze—vni z\V o
H®(z =_—(—) f et — 1)V~ "% dt, Rev > —1,
@) Vel + 3) \2/ )i ( ) 1
(5.10.20)
where we introduce the new variable of integration
Vx — (iz]2)
= ———"1"
vV ZizZ2

By the principle of analytic continuation, this formula, proved under the
assumption that —iz > 0, remains valid for arbitrary complex z belonging
to the sector 0 < arg z < w. In just the same way, we have the formula

_2evm‘ z\V ©
H\(,2> — _ (_) f -iztp2 v-Y, dt,
@= e rpla ), ¢ -0

Rev > —%, —mn<argz<0

(5.10.21)

for the second Hankel function. The integral representations (5.10.20-21)
play an important role in the derivation of asymptotic representations of the
cylinder functions as |z| — co.

Integral representations for the Bessel functions of imaginary argument
can either be obtained directly by a slight modification of the considerations
of this section, or else deduced from (5.7.4-6) and the corresponding integral
representations of the Bessel functions and Hankel functions. Thus, it
follows from (5.10.3) that

(z/z)v ! 2\v -1,
I(2) = ———1— (1 — 3V~ "% cosh zt dt,
Vel + ) J-1 (5.10.22)
largz| <=, Rev> —4,
and from (5.10.16, 20) that

e

KV(Z) = %f e ZCoShuU-VU gy — f e_ZCOShuCOSh yu du, (5 10 23)
- © 0 . .

Re z > 0, v arbitrary,

) f e H(e2 — 1) % dr,
1
Rez >0, Rev> — 3.

vV (z
Ko =579 (5 (5.10.24)

We also call attention to another integral representation

1
-

K@):%(é)v L ert-w iy largz| <5 (51025)
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which is useful in the applications, and is obtained from (5.10.23) by changing
the variable of integration.

Some other useful integral representations of the cylinder functions and
their products are given in Problems 1-9, p. 139.

5.11. Asymptotic Representations of the Cylinder Functions for
Large |z|

There are simple asymptotic formulas which allow us to approximate the
cylinder functions for large |z| and fixed v. The leading terms of these
asymptotic expansions can be derived starting from the differential equations
satisfied by the cylinder functions, but to obtain more exact expressions, it is
preferable to use the integral representations found in the preceding section.

Asymptotic representations of the cylinder functions for large |v| and
fixed z can be obtained rather simply from formulas (5.3.2), (5.4.5), (5.6.4)
and (5.7.1.-2) by using Stirling’s formula (1.4.22). The problem of approxi-
mating the cylinder functions when both |z| and |v| are large is one of the
most difficult problems of the theory. Some basic results along these lines can
be found in Chapter 8 of Watson’s treatise, and new formulas of this type
have been obtained in recent years by Langer*® and Cherry.!®

Of all the cylinder functions, the Hankel functions have the simplest
asymptotic representations. We now derive an asymptotic representation of
the function H{¥(z), starting from formula (5.10.20). Making the substitution
t =1+ 2s, we find that

2v+ lei(z—vn)zv ©

= mre v

2zisv—1/21 v—l/zd’
SR A TR,

Rev > —%, 0> argz <=

Replacing (1 + s)'~ % by its binomial expansion

(1 + S)V_l/z — z (—1) ('2' - V)k

=0

n (—1)n+19! — V41 n+1f (1 — (1 + st)*~"=% dt
(5.11.2)

15 R. E. Langer, On the asymptotic solutions of ordinary differential equations, with an
application to the Bessel functions of large order, Trans. Amer. Math. Soc., 33, 23 (1931);
On the asymptotic solutions of differential equations, with an application to the Bessel
functions of large complex order, ibid., 34, 447 (1942).

16 T. M. Cherry, Uniform asymptotic expansions, J. Lond. Math. Soc., 24, 121 (1949).
On expansion in eigenfunctions, particularly in Bessel functions, Proc. Lond. Math. Soc.,
51, 14 (1949); Uniform asymptotic formulae for functions with transition points, Trans.
Amer. Math. Soc., 68, 224 (1950).



SEC. 5.11 CYLINDER FUNCTIONS: THEORY |21

with remainder,'” and integrating term by term, we obtain
2 12 1 1 ( - V) (% + V)
1 — (z-Yovn—Yam __.——" k
H{(z) = ( z) e ’[kEO Qzi)~* + r,,(z)]

Here

(=12 = Vaa(=2zi)
ra(2) = nT(v + )

@ 1
% f eZzissv+n+1/2dsf (1 =1 + st)'~"=% dy,
0 0

and we have used the formula

f €255k V=t ds = T(v + 1) + $)(—22i) = +v+ 1),
0
Rev> -4, O<argz<mn, k=0,1,2,...,
implied by (1.5.1).
Now suppose that § < argz < © — 3, where 3 is an arbitrarily small

positive number, and for the time being, assume that Rev — n — 2 < 0.
Then, estimating |r,(z)|, we find that'®

|G = Vn+a|@[z])R V7 en 1V
|ra(2)] < T D)

© 1
X f e~ 21zlssind gRev+n+l, dsf (1 —_ t)n dt
0 0

'(‘5 — Vp41|Q2lz])Re V2 e VIT(Re v + n + 3)
(n + DT + 1)|(2]z] sin §)Rev+n+%

for fixed v. Therefore

= 0(|z[7*7%)

1/2 n —
H®(z) = (_2_) ei(z—‘/zvn—’/ut)[z (;%_L]’;('%_‘*'_\Q’S (2zi)~* + 0([z|”""1)],
nz o !

Rev> —3%, d<argz<n—38, n>Rev—3 (511.3)
for large |z|. Actually, the condition imposed on n can be dropped, since if

Rev—n—-32>0

17 Note that
wo__ < (_V') n+ (_y‘)'ﬂ- n+ ! n w-n-—
D e R U R Ot
where

are @+ 0l <m Q=1 00 = “Jag2 =20+ Dot k= D,

8 For complex a and b we have
|abl —_ |alneb g Imbarga,
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we can always find an integer m > n such that
Rev—m — $<0.

Then, representing H{*(z) by (5.11.3) with n replaced by m, and noting that

m

S0l = S S oY

k=n+1
= > ...+ 0(|z]7""Y,
k=0
we again arrive at (5.11.3). Moreover, the relation
Hsl)(z) —_ e_va(_lz(Z)
[cf. (5.6.5)] allows us to eliminate the condition imposed on the parameter v,
and in fact, by using an integral representation of a somewhat more general
type than (5.10.20), it can be shown that the asymptotic formula (5.11.3)

remains valid in the larger sector |arg z| < = — 3.*° Finally, therefore, we
have

1/2 n
HPG) = (2) 7 eemrmio] > (=1, ki) * + 0(lz )]
k=0
largz] < = — 8 (5.11.4)

for large |z|, where we introduce the notation

0,0 = S -+ vy = G DO D) 7 G 1),

>, 0) = 1.

An asymptotic representation of the function H{®(z) can be obtained in
the same way, starting from formula (5.10.21). The result is

2 1/2 . . n .
HE(z) = (?:2) e—"z—/m—/m[ > (v, K)2i) 7 + 0(|z|-n-1)],
k=0
largz] < ® — 3, (5.11.5)

which differs from (5.11.4) only by the sign of i.

Asymptotic representations for the Bessel functions of the first and
second kinds can be deduced from formulas (5.11.4-5) and the relations
(5.6.1). Thus we find that?2°

J(z) = (1)1’2 cos (z — dvr — ;}-n.-)[kzno (= 1)¥(v, 2k)(22) "2 + 0(|Zl_2n_2)]

TZ
2

- (n_z)m sin (z — dvr — }x)

x [kio(—l)k(\', 2k + 1)(22)_2k‘1 + 0(|z|-2n-3)]’
largz] < = — 8, (5.11.6)

% G. N. Watson, op. cit., p. 196.
20 In (5.11.6-8) the integer » need not be the same in both sums.
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and

Y.(2) = (7%2)1/2 cos (z — v — 4m)
X [i (_l)k(\l, 2k + 1)(22)‘2"—1 + 0(|Z|-2n—a):|

+ (n%)m sin (z — Jvm — &n)[;"o (— 1), 2K)(22)~ 2 + 0(]z|-2n—2)],
largz| < = — 8. (5.11.7)

Similarly, asymptotic formulas for the Bessel functions of imaginary argu-
ment can be derived from the integral representations (5.10.22, 24), or else by
using the relations given in Sec. 5.7, in conjunction with formulas (5.11.4-5).
In this way, we find that

I(2) = e¥(2rz)~ 12 [i (= D¥Q, k)Q2z)~* + 0(|z|—n—-1)]
k=0

+ e'“"“"“/z’(Zrtz)‘”"’[ > (4 K)22)F + O(]zl‘"‘l)],
k=0
largz] < ™ — 3, (5.11.8)

and

g

K@ = (2)" e[ 3 ebeas + o] armed <,
(5.11.9)

where in (5.11.8) we choose the plus sign if Im z > 0 and the minus sign if
Im z < 0. The second term in (5.11.8) will be small if |arg z| < 4= — §, and
then

1) = eZ(zm)-W[kio(—nk(v, K)(22)7* + 0(|z|-"-1)], jarg 2] < 5 - 3.
(5.11.10)

The divergent series obtained by formally setting » = oo in each of the
formulas (5.11.4-10) is the asymptotic series (see Sec. 1.4) of the function
appearing in the left-hand side.

The method used here to derive asymptotic expansions gives only the
order of magnitude of the remainder term r,(z), and does not furnish more
exact information about the size of |r,(z)|. With suitable assumptions con-
cerning z and v, the considerations given above can be modified to yield
much more exact results. For example, it can be shown?* that if z and v are

21 G. N. Watson, op. cit., p. 206.
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positive real numbers, and if n is so large that 2n > v — 4, then the remainder
in the asymptotic expansion of J,(z) or Y,(z) is smaller in absolute value than
the first neglected term, while the same is true of the asymptotic expansion of
K(z)ifn>v—3

5.12. Addition Theorems for the Cylinder Functions

Given an arbitrary triangle with sides r,, r, and R, let 6 and ¢ be the angles
opposite the sides R and r,, respectively (see Figure 16), so that

R = V'r2 4+ rZ — 2rrycos 6, sin ¢ = %sin 0.
By an addition theorem for cylinder functions we mean an identity of the form
Z,(AR) = fi(r1, ra, 8) D O (ar) ¥ (Arz)O5M(6), (5.12.1)

(m)
where A is an arbitrary complex number with |arg A| < = (for integral v, this
condition can be dropped), and m ranges
over some set of indices. Formula
(5.12.1) is an expansion of the general

N # cylinder function Z,(AR) in a series
whose terms are obtained by multiply-
g ¥ ing some function f(ry, rs, 0), which is
rp independent of the summation index
m, by three factors, each of which de-

FIGURE 16

pends on only one of the variables ry,
rg, 0.

Formulas of this kind play an important role in the applications, espe-
cially in mathematical physics. The simplest such formula is the following
addition theorem for the Bessel function of the first kind of order zero:

TOR) = > T 0r)TOrem
m=se (5.12.2)

= JoAr)Jo(ra) + 2 D Ju(ir)Tn(hra) cos mo.
m=1

To prove (5.12.2), we first note that
Ju(2) = LJ‘ ehzt=t=by-n=1 gy n=0,+1, +2,... (5.12.3)
27” c

where C is an arbitrary closed contour surrounding the point ¢ = 0.22 Intro-
ducing a new variable of integration u by writing
e —r,

t=2_ "2y
R

22 Formula (5.12.3) is a special case of (5.10.7) and can be proved immediately by
using residues, after recalling the expansion (5.3.4).
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and using the fact that

R? = (r€"® — ry)(rie™ — ry),
we have

JO(AR)=L. expf\2 ue“"—% _ A u—— du
2l Jor 2 ue 2 ull u’

where the integration is along a contour C’ resembling C. Moreover, accord-
ing to (5.3.4),
/\rl i = me, m
exp [7 (ue o — —)] 2 Jn(Ary)e™eym, (5.12.4)

uew

where the convergence is uniform in # on the contour C’. Therefore, sub-
stituting (5.12.4) into (5.12.3) and integrating term by term, we find that

Jo(AR) = Z Jn(Ary)eime ——f [ Ary (u - %)] u™~1dy

= S RO wem = S L Or e,
ms= = o m= —
which proves (5.12.2).
We now give two generalizations of formula (5.12.2) to the case of Bessel
functions of arbitrary order v, referring the reader elsewhere for proofs.?3
The first generalization is of the form?2*

COSVY S AT (ry) S50

sin v¢ B o sin m0’ (5.12.5)

J,(AR)
where ¢ is shown in Figure 16, and r, > r, if v is nonintegral (for integral v,
this restriction can be dropped, i.e., r; and r, can be interchanged). The
second generalization of (5.12.2) is given by the formula

JvO‘R) v v+m()‘r1)Jv+m()‘r2) v
ORy = 2T0) 2 v+ m) 2R E=E G (cos 6),
v#0,—-1,-2,..., (512.6)
where r, and r, are arbitrary. Here the functions Cy(x),m =0,1,2,...,
known as the Gegenbauer polynomials, are defined as the coefficients in the
expansion

(1 =2tx + A7V = > Cyx)m, (5.12.7)
m=0

[so that the function on the left is the generating function of the polynomials
Cy.(x)], and have the following explicit expressions:

[m/2] v _
Cm) = > (—1lyan-o ————Ffv()kf(mm_ 2?)! X% (5.12.8)

k=0

23 G. N. Watson, op. cit., Chap. 11.
2¢ Formula (5.12.5) is an abbreviated way of writing two formulas, one involving
cosines in both sides, the other sines.
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[Cy(x) = 1]. For v = % the expansion (5.12.7) reduces to formula (4.2.3),
and then the Gegenbauer polynomials coincide with the Legendre poly-
nomials:

Ci?(x) = P,(x). (5.12.9)
For v = 0 we have

Cix) =0, m=12...,

but the product I'(v)Cy(x) approaches a finite limit as v — 0:

lim I'(v)(v + m)Cy(x) = 2 cos (m arc cos x), m=12... (512.10)
v=0
Therefore both formulas (5.12.5-6) reduce to (5.12.2) in the limit v — 0.

For cylinder functions of other kinds, we have similar addition theorems,
among which we cite the following:

Z,(\R) cs‘l’; :i = ,,,:Z_wZ”'"(”"’)J’"(”‘) CS‘I’; Zg . (5.12.11)

(;%f) — 2T() 2 & + m) v+'("§:’;’v)ér+;v(“l) Ct (cos 0), (5.12.12)
1,0R) °° :i m_z_ DO cos ’"g (5.12.13)

(V%? 2T() Z (=1 + m) V*'ES’;E(I;;M)S”I) CY (cos B), (5.12.14)
KOR) S0 Y = m;_w KeonOrL0r) S5 ™0, (512.19)

Ii;%s) = 2'T(v) MZO o+ m) ”'("S')i)([;;')"f”l) Cy, (cos 6). (5.12.16)
In formulas (5.12.11-13, 15-16), it is assumed that r, > r; unless v is an
integer or Z, ., = Jy 4 in (5.12.12).

An important special case of these addition theorems, encountered in
mathematical physics, occurs when v = 4. The formulas corresponding to
this case are easily obtained by using (5.12.9), together with the results of
Sec. 5.8.25

5.13. Zeros of the Cylinder Functions

In solving many applied problems, one needs information about the loca-
tion of the zeros of cylinder functions in the complex plane, and in particular,

25 G. N. Watson, op. cit., p. 368.
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one must be able to make approximate calculations of the values of these
zeros. Here we cite without proof some important results along these lines.?®
We begin by considering the distribution of zeros of the Bessel functions of
the first kind, i.e., roots of the equation

J(2) = 0. (5.13.1)

Theorem 1 deals with the case of nonnegative integral v, and Theorem 2 with
the case of arbitrary real v:

THEOREM 1. The function J,(z),n = 0, 1, 2, ... has no complex zeros,
and has an infinite number of real zeros symmetrically located with respect
to the point z = 0, which is itself a zero if n > 0. All the zeros of J,(z) are
simple, except the point z = 0, which is a zero of order n if n > 0.

THEOREM 2. Let v be an arbitrary real number, and suppose that
larg z| < w. Then the function J.(z) has an infinite number of positive real
zeros, and a finite number 2N(v) of conjugate complex zeros, where

I. N0)=0ifv> —lorv=—1,-2,...;

2.Ny)=mif —-(m+1)<v< —m m=12...

(In the second case, if [ —V] is odd, there is a pair of purely imaginary zeros
among the conjugate complex zeros.) Moreover, all the zeros are simple,
except possibly the zero at the point z = 0.

The following generalization of equation (5.13.1) is often encountered in
mathematical physics (4 and B are real):

AJ(z) + BzJ(z) = 0, v > —1, larg z| < m. (5.13.2)

It can be shown that this equation has infinitely many positive real roots and
no complex roots, unless

% +v <0,
in which case (5.13.2) also has two purely imaginary roots.?”

The distribution of zeros of the function I(z) can be deduced from
Theorem 2 and the relations of Sec. 5.7. In particular, it should be noted that
all the zeros of 1,(z) are purely imaginary ifv > —1. Ifvis real, Macdonald’s
function K,(z) has no zeros in the region |arg z| < w/2. In the rest of the
z-plane cut along the segment [— oo, 0], K,(z) has a finite number of zeros.2®

26 The problem of the distribution of the zeros of cylinder functions is also of con-
siderable theoretical interest, but lies outside the scope of this book. We again refer the
reader interested in details to the specialized literature, e.g., Chap. 15 of Watson’s
treatise. It should be noted that some of the results on zeros of cylinder functions can
be derived by arguments of a completely elementary character.

27 G. N. Watson, op. cit., p. 482.

28 Jbid., p. 511.



128  CYLINDER FUNCTIONS: THEORY CHAP. 5

To make approximate calculations of the roots of equations involving
cylinder functions, one can use the method of successive approximations,
where in many cases a good first approximation is given by the roots of the
equations obtained when the cylinder functions are replaced by their asymp-
totic representations.

5.14. Expansions in Series and Integrals Involving
Cylinder Functions

In mathematical physics, it is often necessary to expand a given function
in terms of cylinder functions, where the form of the expansion depends on
the specific nature of the problem (see Secs. 6.3-6.7). We now consider the
most important of these expansions, whose role in various problems involving
cylinder functions resembles that of Fourier series and Fourier integrals in
problems involving trigonometric functions. Foremost among such expan-
sions are series of the form

LY

fr) = Z chv(xv,,, g), O<r<a vz -4 (5.14.1)

m=1
where f(r) is a given real function defined in the interval (0, a), J(x) is a
Bessel function of the first kind of real order v > —1%, and

O<xyy < - <Xy < -

are the positive roots of the equation J,(x) = 0. The expansion coefficients
¢n can be determined by using an orthogonality property of the system of
functions

Jv(xv,,, ;:) m=12 ... (5.14.2)

which is proved as follows: Let « and B be distinct nonzero real numbers, and
let

” 1 ’ 2 V2 ” 1 ’ 2 V2
ua+—rua+a—r—2ua=0, u9+;uB+B—r—2ug=0
’
be the equations satisfied by the functions u, = Jy(«r) and uy; = J,(Br).

Subtracting the second equation multiplied by ru, from the first equation
multiplied by rug, and integrating the result from 0 to @, we find that

a a
(22 — B9 fo Fugg dr = r(Uguy — Ugly) )
which implies

fa rJv(ocr)Jv(Br) dr = aBJv(M)J\c(BZZ)’ - g:Jv(Ba)J\I'(aa) (5143)
0 —_
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if v > —1. Setting « = Xy,/a, B = xy,/a in (5.14.3), we obtain the formula

f ’ rJv(xv,,, I)Jv(xm -’) dr=0 if m#n, (5.14.4)
0 a a
which shows that the system (5.14.2) is orthogonal with weight r on the
interval [0, a] (see Sec. 4.1).

Taking the limit of (5.14.3) as B — «, with the aid of L’Hospital’s rule,
and using Bessel’s equation to eliminate J;, we find that?2°

f: rJar) dr = "72 [Jc2(aa) + (1 - O(Z—;)Je(cm)], (5.14.5)

or, using the relations (5.3.5),

a r az a2
[ ra(xn ) dr = 5 2in) = G Tovsn. (5.14.6)
0 a 2 2
Then, assuming that an expansion of the form (5.14.1) is possible, multiplying
by rJy(x,, r/a) and integrating term by term from O to a, we obtain the fol-
lowing formal values of the coefficients c,,:

2 @ r
= fo rf(r)Jv<xv,,, 5) dr,  m=1,2,... (514.7)

The series (5.14.1), with coefficients calculated from (5.14.7), is called the
Fourier-Bessel series of the function f(r).

We now cite a theorem which gives conditions under which the Fourier-
Bessel series of the function f(r) actually converges and has the sum f(r):

THEOREM 3.3° Suppose the real function f(r) is piecewise continuous in
(0, a) and of bounded variation in every subinterval [ry, r;),%* where
0 < ry < ry < a. Then, if the integral

La VEf)| dr

is finite, the Fourier-Bessel series (5.14.1) converges to f(r) at every con-
tinuity point of f(r), and to

S+ 0) + f(r - 0)]

at every discontinuity point of f(r).
Next, we consider an important generalization of the concept of a
Fourier-Bessel series. Suppose the function f(r) is expanded in a series of the
form (5.14.1), where this time the numbers

0< Xy < 4+ < Xypp <+ ¢+
2% The details are given in G. P. Tolstov, op. cit., p. 218.

30 For the proof, see G. N. Watson, op. cit., p. 591.
31 Concerning functions of bounded variation, see E. C. Titchmarsh, op. cit., p. 355.
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are the roots of the equation
AJ(x) + BxJy(x) = 0, (5.14.8)

instead of the equation Jy(x) = 0. Then it is an immediate consequence of
formulas (5.14.3, 5, 8) that

. 0 if m # n,
r nNo o, .
fo ’J“(XV"' a)’“("“" a) dr %[ch(xm) + (1 - ;”;)Je(xm)] if m=n,
(5.14.9)

and therefore the coefficients ¢,, are now given by

2 @ r
= BTG F 11 = G ) f O 5) dr. (5.14.10)

The series (5.14.1), with coefficients calculated from (5.14.10), is called the
Dini series3? of the function f(r). If f(r) satisfies the conditions of Theorem 3,
and if AB~* + v > 0, then the Dini series of f(r) actually converges to f(r) at
every continuity point.3® Both Fourier-Bessel series and Dini series play an
important role in problems of mathematical physics, and examples of such
expansions will be given in Secs. 6.3 and 6.7.

We now turn to expansions of a function f(r) defined in the infinite
interval (0, o), in terms of integrals involving Bessel functions. Among such
expansions, the one of greatest practical importance is the Fourier-Bessel
integral, defined by

Cm

1) = fo NMLOW) da L YT 00 fe)de, 0 <r<o, v> —}
(5.14.11)

Formula (5.14.11) is sometimes called Hankel’s integral theorem, and is valid
at every continuity point of f(r) provided that

1. The function f(r), defined in the infinite interval (0, c0), is piecewise
continuous and of bounded variation in every finite subinterval
[ry, r2], where 0 < ry < ry < 00;

2. The integral

[ virola

is finite.34

32 Called a Fourier-Bessel series of the second type in G. P. Tolstov, op. cit., p. 237.

33 For the proof, see G. N. Watson, op. cit., p. 596 ff., where one will also find the
modifications that must be made in the Dini series if AB~* + v < 0.

3% For the proof, see G. N. Watson, op. cit., p. 456 ff. At discontinuity points, the
integral in the right-hand side of (5.4.11) equals

HAC +0) + f(r — 0)
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As examples of Fourier-Bessel integrals, consider the expansions

1 ©
V2t fo e MAJo(hr) dh, (5.14.12)
e KA © vz Mo(Wr)
—_——— = —l2IYAS ke ——— dA 14.1
V22 42 fo ¢ \/)\2+k2d (5.14.13)

(with real z and r), implied by formulas (5.15.1, 7) below.

The author has studied another integral expansion of a completely different
type, involving integration with respect to the order of the cylinder function.®s
This expansion, which turns out to be very useful in solving certain problems
of mathematical physics (see Secs. 6.5-6) is of the form

1) =2 f © sinh 7z “( )d f KB o0 (1414
7 Jo \/E
where K,(x) is Macdonald’s function of imaginary order v = ir. Formula
(5.14.14) is valid at every continuity point of f(x) provided that

1. The function f(x), defined in the infinite interval (0, oo), is piecewise
continuous and of bounded variation in every finite subinterval
[x1,x5], where 0 < x; < x5 < 0}

2. The integrals

[P irwpeosta, 7 (7wl (5.14.15)
0 X 1/2

are finite.

Example. An expansion of this type is3°

— A/ yp-xcos o 2 T_SI_M Ki(x)
1) = Ve - ;fo o (s1416)

5.15. Definite Integrals Involving Cylinder Functions

In the applications, it is often necessary to evaluate integrals involving
cylinder functions in combination with various elementary functions or special

35 N. N. Lebedev, Sur une formule d’inversion, Dokl. Akad. Nauk SSSR, 52, 655
(1946); Expansion of an arbitrary function in an integral with respect to cylinder functions
of imaginary order and argument (in Russian), Prikl. Mat. Mekh., 13, 465 (1949); Some
Integral Transformations of Mathematical Physics (in Russian), Dissertation, Izd.
Leningrad. Gos. Univ. (1951). At discontinuity points, the integral in the right-hand side
of (5.14.14) equals

3Hf(x + 0) + fx — 0)].

3¢ To derive (5.14.16), use (5.14.14) and the Bateman Manuscript Project, Tables of

Integral Transforms, Vol. 1, formula (24), p. 197.
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functions of other kinds. Such integrals are usually evaluated by replacing
the cylinder function by a series or by a suitable integral representation, and
then reversing the order in which the operations are carried out. Since an
extremely detailed treatment of this whole topic is available in the literature,®’
we confine ourselves here to a few examples which illustrate the method and
lead to some results needed later in the book.

Example 1. Evaluate the integral
f e~ %*Jy(bx) dx, a>0, b>0.
0
Replacing Jy(bx) by its integral representation (5.10.8), we find that

© © /2
f e~ %Jo(bx) dx = f e~ dx 2 f cos (bx sin ¢) do
0 0 TJo

2 /2 © .
= —f dcpf e~ % cos (bx sin ¢) dx
TJo 0
_ 2 J‘nlz a d(P
o a® + b%sin’q
where the absolute convergence of the double integral justifies reversing the
order of integration. Evaluating the last integral, we have
1
Va® + b2

Example 2. Evaluate Weber’s integral

) a>0, b>0. (5.15.1)

f e-oxJ (bx) dx =
0

f e~ (bx)x"*'dx, a>0, b>0, Rev> —1.

0

Replacing J,(bx) by its series expansion (5.3.2) and integrating term by term,
we find that

© - © 22 Ll ( l)k(bx/Z)v-i—Zk
—-a?z v+ 1 — —a2x2,v+1 E _
J; e Jv(bx)x dx = J; e X dX X k'F(k 1)

___(_L_. (b)v+2kJ-oo —a2x2,.2v+2k+1
Tk + v+ D2 & dx

—1)* b\ V+2k 1 © ok
m( ) 2‘12v+2k+2f0 etttk dt
_ bY (- b2/4a2)"

- (2a2)v+1 Zo k!

37 G. N. Watson, op. cit., Chaps. 12-13, the Bateman Manuscript Project, Higher
Transcendental Functions, Vol. 2, Chap. 7, and ibid., Tables of Integral Transforms,
Vols. 1, 2. See also F. Oberhettinger, Tabellen zur Fourier Transformation, Springer-
Verlag, Berlin (1957).
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where reversing the order of integration and summation is again justified by
an absolute convergence argument. Summing the last series, we have

v
—b2/402

b
a1t (5.15.2)
a>0,b>0, Rev> —1.

f - (bx)x" 1 dx =
0

Example 3. Evaluate the integral
v+1
f (;2+Ja(21)7:21dx a>0, b>0, —1<Rev<2Rep+ 3,

often encountered in the applications. First we replace the function
(x* + a®~*~! by an integral of the type (1.5.1), i.e.,

1 =]
— —(x2 +a2)t4n _
Tl vesnm S A e tdt, Rep > —1, (5.15.3)
assuming temporarily that —1 < Rev < 2 Re p. +  (this guarantees abso-
lute convergence of the relevant double integral). Then, using (5.15.2) and
the integral representation (5.10.25) of Macdonald’s function, we find that

© x"“Jv(bx) _ f
o OC+ T T T 1)

e~ dtf e %] (bx)x"*1 dx
0

J. —a2t-(b2/4t) 0 dt

2v+11“(“+ 1) tv+1 [

_ bvazv 2n [ e_u_[(ab)2/4u] du

- 2v+11‘(“ + 1) R y' e+l
av—ubu

= BTG+ 1) Rl

The extension of this result to values of the parameter p. satisfying the weaker
condition —1 < Rev < 2 Re u + 3 is accomplished by using the principle
of analytic continuation. Thus we have

xV*+1J(bx) a’ b
f 02 + @@+t dx 2uF( F 1) K, _u(ab),
a>0,b>0, —1<Rev<2Rep+3

(5.15.4)

In particular, setting & = —%, v = 0 and using (5.8.5), we obtain the integral

—ab
o) 4 € 450 b o (5.15.5)

o VX + a2 b
Example 4. Evaluate the integral

Ku(a\/x + %)
(x2+y2)u/2
a>0, b>0, y>0, Rev> —1,

J{bx)x"*1 dx,



134 CYLINDER FUNCTIONS: THEORY CHAP. 5

which also has numerous applications to mathematical physics. Using the
integral representation (5.10.25) and formula (5.15.2), we find that

K (a\/x + »?) Vi1
| R e

i dt
2u M+l f Ju(bx)xv+? dxf et 022 +uRiat) PTES!

a* [ da [*
f et (a2y?/4t) 20 e a2x2/4tJv(bx)xv+ 1 dx
0 0

= u+i PTES
@ dt
— IV—h Rk —2V—-2]V —t(1+b2/a2) - (a2y2?/at) _°
- 2 a b J:) e tu—v
2" “b du
2\u—-v—1 —u—[y2(a2 +b2)/4u]
@+ | e e

b (\/a2 + b
& y

By choosing various values of the parameters in the identity

2 2

Ku(a\/x +y)v(b)"”dx v (Va® £ b? Va+b
(x2 + y2)ul2 au y

a>0, b>0, y>0, Rev> —1, (515.6)

)T KV,

V= 1
)u u V- l(y\/a2 bz)a

we can derive a number of useful formulas encountered in the applications.
For example, setting . = 4, v = 0, we have

—aVx2 + 42 —yVa2 + b2
aoeax+y eya+b

D Voo Jo(bx)x dx = \/m- (5.15.7)

5.16. Cylinder Functions of Nonnegative Argument and Order

We now collect some elementary and easily verified results pertaining to
the very important case of cylinder functions where both the argument x and
the order v are nonnegative real numbers:

1. Bessel functions of the first kind. For x > 0 and v > 0, the function
J,(x) is real and bounded, and has an oscillatory character. Its be-
havior for small and large values of x is described by the asymptotic
formulas

v

X
J\,(X) ~ ma

Ju(x) = J%C cos (x — dvr — ixn), X —> 0.

x—0,

(5.16.1)
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J,(x) has infinitely many zeros, including the point x = 0 if v > 0.
The graphs of J,(x) and J;(x) are shown in Figure 17.

+1

l/1(X)

VAA S A

0 5 10 15 20 25
FIGURE 17
2. Bessel functions of the second kind. For x > 0 and v > 0, the function

Y,(x) is an oscillatory real function, which is bounded at infinity. Its
behavior for small and large values of x is described by the asymptotic

formulas
Y, (x) x —% x—>0, v>0,
Yo(x) ~ :—;sin (x —dm—3n), x>0,  (516.2)

Yo(x) % — %log% x —0,

which show, in particular, that Y,(x) - — o0 as x — 0.

3. Bessel functions of the third kind. For x > 0 and v > 0, the Hankei
functions H{"(x) and H{®(x) are conjugate complex functions, which
are bounded at infinity. Their behavior for small and large values of
x is described by the asymptotic formulas

v
H{P(x) = ii(g) ), x—>0, v>0,
x] =
2
(p) ~ +i(x - Ypvn — Y m)
HP(x) ~ "/nx e R X —> 00, (5.16.3)

.2, 2
H{P(x) = +17—tlogJ—C, x—0,
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where the upper sign corresponds to the case p = 1, and the lower sign
to the case p = 2. Obviously, H{"(x) — o as x — 0.

4. Bessel functions of imaginary argument. For x > 0 and v > 0, I (x) is
a positive function which increases monotonically as x — oo, while
K\ (x) is a positive function which decreases monotonically as x — 00.38
For small x we have the asymptotic formulas

v

x
I(x) A T ) x—0,
v—1
K() ~ ZX—F(”) X0, (5.16.4)
Ky(x) =~ log )%, x—0,

and therefore
1,0)=0 ifv >0, I,(0) =1, K,(0) = .

The asymptotic behavior of these functions as x — oo is given by

I(x) = —%——x_, X — 00,
™ (5.16.5)

K/(x) ~ A/%c e %, X —> 0.

Clearly, neither function has any zeros for x > 0.

5.17. Airy Functions

The solutions of the second-order linear differential equation

”

w —zu=0 (5.17.1)

are called Airy functions. These functions are closely related to the cylinder
functions, and play an important role in the theory of asymptotic representa-
tions of various special functions arising as solutions of linear differential
equations.?® In particular, the Airy functions turn out to be useful in deriving
asymptotic representations of the cylinder functions for large values of |z|
and |v|, valid in an extended region of values of z and v. The Airy functions
also have a variety of applications to mathematical physics, e.g., the theory
of diffraction of radio waves around the earth’s surface.®

38 This fact about K,(x) follows from the integral representation (5.10.23).

39 See R. E. Langer, op. cit., T. M. Cherry, op. cit., and V. A. Fock, Tables of the
Airy Fuctions (in Russian), I1zd. Inform. Otdel. Nauchno-Issled. Inst., Moscow (1946).

%0 See V. A. Fock, Diffraction of Radio Waves Around the Earth’s Surface (in Rus-
sian), Izd. Akad. Nauk SSSR, Moscow (1946).
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We now present the rudiments of the theory of Airy functions. Choosing
o = —1,y = 1 in the second of the equations (5.4.11-12), and using the re-
sults of Sec. 5.7, we find that the general solution of (5.17.1) can be expressed
in terms of Bessel functions of imaginary argument of order v = +%. In parti-
cular, two linearly independent solutions of (5.17.1) are

1/2 2 3/2 223/2
u=u = Ai(z) = [1—1/3(%—) - 11/3( 3 )]
12\ 9,312 e
= ;‘r (g) Kl/S(T)’ [arg Z| < Ta

. 7\ 12 22802 22802 2
U= u; = BI(Z) = (—3') [1_1/3(—3—) + 11/3(T):|, |arg ZI < —3—’

(5.17.2)

called the Airy functions of the first and second kind, respectively. Replacing
I.4;3 by the series expansion (5.7.1), we obtain the expansions

. o zak ol 23k+1
Al = ,Zo 3 BRIT(k + g) 2 TR £ <
. el 23k+1
Bi(z) = 32 [Z 32k+%k‘F(k — %) Z T T %)], |z] < oo,

(5.17.3)

which show that the Airy functions are entire functions of z.
We can also write (5.17.3) in another, somewhat more concise form. For
example, the first expansion is equivalent to

sin [2—;(k+1] ( )k
(l_c_;-_g)l,(k_;-_fi) 323) 7 z] < 0. (5.17.4)

Ai(z) = 3&_ 2

Using the “triplication formula” for the gamma function [Problem 4, formula
(i), p. 14] we can transform (5.17.4) into

l.,(k + 1)
. 3-28 3 3
Ai(z) = — ,Zo i

It follows from (5.17.3) that the Airy functions Ai(z) and Bi(z) can be
defined as the solutions of equation (5.17.1) satisfying the initial conditions

sin— k+1

(313z)k, |z] < 0. (5.17.5)

—9 —-4/3
1,(0) = Ai(0) = r(gl) 1(0) = Ai'(0) = -1@, .
1(0) = Bi(0) = r(g-) uy(0) = Bi'(0) = T%/)G
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The Wronskian of this pair of solutions is
W{Ai(2), Bi(z)} = W{Ai(z), Bi(2)},-0 = }t, (5.17.7)

where we again use the triplication formula for the gamma function.** We
can also calculate (5.17.7) directly from (5.17.2) and (5.9.5).

Asymptotic representations of the Airy functions for large |z| can be
deduced from the corresponding results of Sec. 5.11. In particular, we have

. nT2 s an _ 2n
Ai(z) = 5 ? Uie=%="[1 4+ O(|z]| ~%?)], larg z] < 3 - 3, (5.17.8)
Bi(z) = ©~12z-14e%= 1 + O(|z]~%2)], |arg z| < g -3 (5179

It follows at once from (5.17.3), (5.7.1) and (5.3.2) that the Airy functions of

argument —z can be expressed in terms of Bessel functions of the first kind
of order v = +13:

z42 2r

Al(=2) = == [J-15(32"%) + J15(32°7)), larg z| < =

3 (5.17.10)

1/2
Bi(=2) = (5) Vo162 = 2sG29)  fargz] < 5
Then, using the asymptotic representation (5.11.6), we find that

Ai(—x) & n~12x 1% cos (%xa’2 — g), X — 00,
(5.17.11)

. . (2 T
Bi(—x) & — m~12x~*gin (§ x%2 — i o

which shows that the Airy functions have an oscillatory character for large
negative values of the argument.

Finally, we note that the definition of Ai(x) and the integral representation
of Macdonald’s function given in Problem 6, formula (ii), p. 140, imply

3n 3
After making the substitution

1/2 © 3/2
Ai(x) = 2x f cos (2x sinh y)cosh%) dy, x > 0.
0

TIPS S
sinh 3% t,

3

this gives the following integral representation of Ai(x):

Ai(x) = }: L cos B + xf)d, x>0.  (517.12)

41 For a proof of the first equality in (5.17.7), cf. E. A. Coddington, op. cit., Theorem
8, p. 113.
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A somewhat more complicated argument gives the following integral repre-
sentation of Bi(x): %2

Bi(x) = % fo [e~ %+t 4 sin (3 4+ x1)]dl, x> 0.

For an integral representation of [Ai(x)]?, see Problem 22, p. 142.

PROBLEMS

1. Derive the integral representation *?

/2 /2
J(2) = %f Jon(2z cos 0) d6 = (—1)* %f Jo(2z cos 0) cos 2n6 d6,

0 o

n=20,1,2,...

2. Derive the following formula involving products of Bessel functions: **
w2

Ju(2)J(2) = %f Jy+v(2z cos 0) cos (1 — v)0 db, Re(w +v) > —1.
4]

3. Prove that

J(2)Jn(2) = % f Jo(Vz2 + 22 — 222’ cos 6) cos nb db, n=20,1,2,...
()

Hint. Use the addition theorem (5.12.2).
4. Derive the integral representations

Ju(x) = %f sin (xcosht - -\;) cosh vt dt, —1 <Rev<l x>0,
0
2 (= It
Yu(x) = - cos xcosht—~2— coshvtdt, —1 <Rev<l1l x>0.
0

Hint. Use formulas (5.10.14, 15).

5. Derive the formulas

2 ghtz - Yvm-14m [ -4
H{P(z) = (l)l T AT [ s (1 - —s—)v " ds,

Tz Tv+% Jo 2iz
Rev > —14, -—g <argz<m,
2\12 g-Hz=Yva-ym (o s v-Y
@(,) = (£ - —sgv—Y =
H2E (ﬂz) TG + D fo e ”(‘ + 21‘2) ds,
T
Rev> —3%, —m<argz< 3

42 H, Jeffreys and B. S. Jeffreys, op. cit., p. 510.
43 G. N. Watson, op. cit., p. 32.
44 Ibid., p. 150.
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6. Prove the following integral representations of Macdonald’s function:45

— z —zcosht o1 2v _
K.(2) = TG + 1) %)f e sinh?' ¢ dt, Rez >0, Rev > —1%,
2T+ %) cos xt .
K,(x) = o . A1 o dt, x>0, Rev> —1% @i)
K(x) = 1 nf cos (x sinh ¢) cosh vt dt, x>0, |Rev| <1, (ii)
cos = v°
2
1/2 s v-%
e~ v-Y% -
K = (22) 1‘(\. T %) s (1 + 22) ds,

largz| <, Rev > —1.

7. Prove the following formulas involving products of Macdonald functions:*¢

K(x)K,(y) = %f e~ Yalt+(x2 +yz)/:1Kv(x_;’)d7’
o

= f Ko(V X2 + y% + 2xy cosh t) cosh vt dt, x>0, y>0,
0

pr— n © _ 2 _ 2 .
K (x)K(y) = e J: e Jo(V2xy cosht — x> — y? )sinh vt dt,

x>0, y>0, |Rev| <4 (iii)

8. Derive the integral representation

L(X)K(y) = %J; w )Jo(\/ny cosht — x2 — y?) e~V dt,
og (y/z.

x>0, y>0, Rev> —1.

9. Derive the integral representation
K,(x)K(x) = f Ku_v(Zx cosh %) cosh%——v tdt, x>0, y>0.
o

10. Derive the following asymptotic representations for large values of the
order |v|:

ev+vlog(zl2)—(v+%,)log v, IVI — o0, larg Vl <7 - 8,

(D) ~ «/15‘

T
2\ 1/2
Ki:(x) ~ i e~ ™2 gin (T + tlogt — 7 — rlogf , T — 00,
T 4 2
(In the second formula, x is a fixed positive number.)

45 G. N. Watson, op. cit., 172, 183.

46 Concerning Problems 7-9, see ibid., p. 439. The most detailed investigation of
various integral representations of products of cylinder functions is due to A. L. Dixon
and W. L. Ferrar, Integrals for the product of two Bessel functions, Quart. J. Math. Oxford
Ser., 4, 193 (1933); Part 11, ibid., 4, 297 (1933).
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11. Prove the formulas
J(—x + i0) — J(—x — i0) = 2i sin vz J(x),
Y(—x + i0) — Yy (—x — i0) = 2i[J(x) cos vir + J_,(x)],
H®P(—x + i0) — HP(—x — i0) = —2[J_u(x) + e~ V" (x)],
HP(—x + i0) — H®(—x — i0) = 2[J(x) + e""J(x)],

where x > 0, characterizing the behavior of the cylinder functions on the
cut [— o0, 0].

12. Verify that
I(—x + i0) — I,(—x — i0) = 2isin vr I (x),
K(—x + i0) — K(—x — i0) = —mill_-(x) + L(x)],

where x > 0.
Comment. The formulas given in Problems 11-12 take a particularly

simple formifv=nn =0, + 1, + 2,...).

13. Verify the expansion
2 ©
f Jo()dt =2 3> Jyimsr(2),  Rev> —1.
0 k=0

Hint. Use the recurrence relation (5.3.6) to show that both sides have the
same derivative.

14. Derive the recurrence relation

2 2
f () dt = 20, 1(2) — (L — v — l)f M1, 1(0) dt, Re(p + v) > —1.
0

0

Hint. Apply (5.3.5) in the form
tv + lJv(t) —_ a‘_ii [tV + 1JV + l(t)],

and then integrate by parts.

15. Using the result of Problem 14, show that the evaluation of integrals of
the form

2
f mJ(f) dt, Rev> -1, m=0,1,2,...
o
reduces to the evaluation of the integral
2
[rewa,
0

whose value was found in Problem 13.

Comment. If v= +(m—1), +(m — 3), +(m — 5),..., then the co-
efficient of the last integral vanishes, and the original integral can be
expressed in closed form in terms of Bessel functions.
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16. Verify the formula*”

v+ 1 —up
Ju(x) r 2
J; o dx = (v+1+u)’ Rep >4, Re(v—p) > —1.
2| ———
2
17. Verify the formula
© T2 1 k2 _ v
f e %) (bx) dx = M, Rev> -1, a>0, b>0.
0 b'Va® + b?

18. Show that the Bessel function Jy(x) satisfies the following integral equal
tion:

2 [®si
Jo(x) = ;J. ﬂl—)(g%;ﬂ.fo(.}’) dy, 0< x < o0,
0

19. The integral Bessel function of order v is defined by the formula

Jiy (2) = sz"SQ dt, larg z| < .

Show that Ji,(z) is an entire function of v and an analytic function of z in the
plane cut along the segment [— oo, 0] (in fact, an entire function of z for
v= 4+ 1, + 2...). Verify the formulas

vIiz) = vfj—t(‘) dt — 1, (iv)

vJif(z) = f Jy_1()dt — J,(®) — 1, Rev > 0, |argz| < m.
0

Hint. Use the results of Problems 14 and 16.

20. Prove the following expansions of the integral Bessel functions:

. [ _1 K, 2 2k

Jio(2) = log—g + v+ Z (2/1)52/')3 ) |z] < o0, Jargz| < m
. _ 1 ® (_l)k(z/2)2k+n _

Jin(2) = Pl kZO RS R} lz] < 0, n=12,...

Hint. Substitute (5.3.2) into Problem 19, formula (iv).

21. Derive the asymptotic formula

. 2\¥2sin (x — v — im
Jiy(x) & (;‘) ( i im)

22. Prove the integral representation
. 1
A1x2=—=fJ(—t +xt)tdt x=0
[Ai(x)] a3 o

for the square of the Airy function of the first kind.
Hint. Use Problem 7, formula (iii).

47 G. N. Watson, op. cit., p. 391.
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CYLINDER FUNCTIONS: APPLICATIONS

6.1. Introductory Remarks

As already noted in Sec. 5.1, the cylinder functions have a very wide
range of applications to physics and engineering, which cannot even be
touched upon in a book of this size. Instead, we confine ourselves to a dis-
cussion of a few selected problems of mathematical physics involving cylinder
functions,! where the selection has been made with the aim of illustrating
the application of the theory of Chapter 6. We are mainly concerned with
the solution of boundary value problems for various special domains. In
addition to several examples of an elementary character, we include some that
are more complicated, e.g., the Dirichlet problem for a wedge (see Sec. 6.5).

6.2. Separation of Variables in Cylindrical Coordinates

Consider the partial differential equation

2
‘%ZTZ + b 2—1: + cu, (6.2.1)
where V2 is the Laplacian (operator), ¢ is the time, and a, b, ¢ are given con-
stants. A variety of important differential equations occurring in mathe-
matical physics (e.g., in electrodynamics, the theory of vibrations, the theory
of heat conduction) are special cases of (6.2.1). The boundary conditions im-
posed on the function u often require the use of a system of cylindrical

Vu =

1 We assume that the reader has already encountered the simplest problems of this
type in a first course on mathematical physics.
143
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coordinates r, ¢, z, related to the rectangular coordinates x, y,z by the
formulas
X =rcosg, y=rsing, z=z
where
0<r<ow, —-nT<g<gKn, —00<2z<O00

In cylindrical coordinates, equation (6.2.1) becomes

10 [ ou 1% 0w 1 0% ou
rar(_67)+755?+5?_a_2575+b5+cu’ (6.2.2)

and has infinitely many solutions of the form
u = R(NZ(z)®(e)T(2), (6.2.3)

where each of the functions on the right depends on only one variable. Sub-
stituting (6.2.3) into (6.2.2) and dividing by RZ®T, we obtain

1 d( dR\ 1 d°®  1d°Z 1 d°T
EE(,E)JF%WJrZF_c: (2dt2+bT) (6.2.4)

Since the variables r, ¢, z and ¢ are independent, both sides of (6.2.4) must
equal a constant, which we denote by —x2. This leads to two equations

I N
e+ b 4T =0 (6.2.5)
and
l_i(ri@) 2+1122—c_.1_‘_12_z.
Rrar\' dr TR T Z dz?

The same reasoning shows that both sides of the last equation must equal a
constant, which this time we denote by — 2, obtaining the equations

‘flf 02 +0)Z =0 (6.2.6)
and
1d 2y o] - _ 1d%®
[err( dr) 0 )] B _(I_)W.

Again, both sides of the last equation must equal a constant, denoted by p.2,
which implies

d?® —
-‘1?7 + =0 (627)
and
1d [ dR a 2 w? _

The process just described is called separation of variables, and leads to
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infinitely many solutions of the form (6.2.3), depending on the parameters
%, A, i, which can take real or complex values.?

Thus, determining the factors in the product (6.2.3) reduces to the rela-
tively simple problem of solving the ordinary differential equations (6.2.5-8).
The first three of these equations can be solved in terms of elementary func-
tions, but if we introduce a new variable proportional to r, the fourth equation
becomes Bessel’s equation, whose solutions involve cylinder functions. The
required solution of the given physical problem is obtained by superposition
of the particular solutions (6.2.3), where the specific conditions of the problem
dictate the choice of the parameters x, A, i and the corresponding solutions
of (6.2.5-8).

Finally, we call attention to two important special cases of equation
(6.2.1), obtained by making certain choices of the constants @, b and c:

1. Laplace’s equation V2u = 0 (corresponding to the choice a = b = ¢ = 0).
This equation has particular solutions of the form

u = R(HZ(Z)D(p), (6.2.9)
where
1d ( dR . B3\,
(6.2.10)
d*Z dzo

T )\27 = z 2 =
77~ N Z =0, do? + p 0.
In the special case where the conditions of the problem are such that u
is independent of the angular coordinate ¢, we have

u = R(r)Z(z) (6.2.11)
where

2
) + MR =0, z _ \Z =0. (6.2.12)

1d ( dR
dz?

rar\"ar
2. Helmholtz’s equation V?u + k?*u = 0 (corresponding to the choice

a=b=0, c= —k?. In this case, application of the method of
separation of variables leads to particular solutions of the form

u = R(r)Z(z)(e), (6.2.13)
where
1d( dR 2 _ ¥R _
;@ (’E) + (x - r—z)R =0
77 20 (6.2.14)
—2—2—(7\2—k2)Z=0, W+y.2q)=0.

2 Without loss of generality, we can assume that each of the parameters x, A, . belongs
to an arbitrarily chosen half-plane, since changing the sign of %, A, i does not affect the
‘“‘separation constants” —x?, —A2, u2
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6.3. The Boundary Value Problems of Potential Theory.
The Dirichlet Problem for a Cylinder

A function u = u(x, y, z) is said to be harmonic in a domain = if » and its
first and second partial derivatives with respect to x, y and z are continuous
and satisfy Laplace’s equation V24 = 0 in 7. Consider the problem of finding
a function u which is harmonic in = and satisfies one of the three boundary
conditions

uls =1, (6.3.1a)
ou
ol =7 (6.3.1b)
ou
(5’-1 + hu) =f h>0 (6.3.1¢)

where o is the boundary of =, fis a given function of a variable point of 5,3
and 0/én denotes the derivative with respect to the exterior normal to o.
This problem is called the first boundary value problem of potential theory or
the Dirichlet problem if the boundary condition is of the form (6.3.1a), the
second boundary value problem of potential theory or the Neumann problem if
it is of the form (6.3.1b), and the third or mixed boundary value problem of
potential theory if it is of the form (6.3.1c). These problems play a very im-
portant role in mathematical physics.* We now consider the Dirichlet prob-
lem for the case where = is a cylinder of length / and radius a.

Let r, ¢, z be a cylindrical coordinate system, with z-axis along the axis of
the cylinder and origin in one face of the cylinder (see Figure 18). To satisfy
the boundary condition (6.3.1a), we first solve two simpler problems cor-
responding to the boundary conditions

Ulyeq =0, U,=0 = fo, U.o = £ (6.3.2a)

Uy =F,  ulyeo = ul,o; = 0. (6.3.2b)

(In the first case, f vanishes on the lateral surface of the cylinder, and in the

second case, f vanishes on the ends of the cylinder.) Obviously, the sum of

the solutions satisfying the boundary conditions (6.3.2a) and (6.3.2b) will
then satisfy the more general boundary condition (6.3.1a).°

3 If f = 0, the boundary condition is said to be homogeneous, and otherwise inhomo-
geneous. Here it is assumed that u is continuous in the closed domain = + ¢ (cf. Sec.
8.1).

4 For a more detailed formulation of boundary value problems, and for conditions
guaranteeing the existence and uniqueness of solutions under various assumptions con-
cerning the domain v and the boundary function f, see the books by Frank and von Mises,
Tikhonov and Samarski, Courant and Hilbert, and Smirnov (Vol. IV), cited in the Biblio-
graphy on p. 300.

5 It should be noted that in many problems involving inhomogeneous boundary
conditions, repeated use of the superposition method leads to solutions of excessively
complicated form. This can often be avoided by using another method, due to G. A.
Grinberg. Selected Topics in the Mathematical Theory of Electric and Magnetic Phenomena
(in Russian), Izd. Akad. Nauk SSSR, Moscow (1948).
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For simplicity, we temporarily assume that the boundary conditions are
independent of the angular coordinate ¢, so that

fo=1n),  fi=fr), F=F2.
Then the solution » will also be independent of ¢, and therefore, according
to (6.2.11, 12) the particular solutions of Laplace’s equation take the form
u = R(r)Z(z), where R(r) and Z(z) satisfy the differential equations

2
1d (r,id?) +2r=0, LZ_sz_o, (6.3.3)

dz?
Solving these equations, we find that
R = AJy(\r) + BY,(Ar), Z = Ccosh Az + Dsinhaz, (6.3.4)

where Jy(x) and Y,(x) are Bessel functions of order
zero, of the first and second kinds, respectively. z
First we consider the boundary conditions (6.3.2a).
Since Jo(Ar) > 1, Yo(Ar) - 0 as r— 0, and since the f p
solution R must satisfy the physical requirement of being
bounded on the axis of the cylinder, the constant B must T
equal zero. Then the homogeneous boundary condition /
becomes

AJy(Ma) = 0,

and hence the admissible values of the parameter A are  |.—5 T~
A\, = X,/a, where the x, are the positive zeros of the

Bessel function Jy(x) [see Sec. 5.13]. Thus we obtain the FIGURE 18
following set of particular solutions of Laplace’s equation:

U=u, = [M,, cosh (x,, Z) + N, sinh (x,, 5)]Jo<xn (—;), n=12,...
(6.3.5)

By superposition of these solutions, we can construct a solution of our
problem. In fact, suppose each of the functions fy(r) and f(r) can be ex-
panded in a Fourier-Bessel series (see Sec. 5.14), i.e.,

50 = 3 foaho(5u ) S0 = 3 fu(ml) 639)

where
2 a r
fon = 2703 f o5 ), p=0L  (63)

Then the series

U=

sinh (xnl ; 2)
fO.n

1 sinh (xn £)
a

ir sinh (xn ‘_21) J (xn g), (6.3.8)

0
sinh (x,, 1)
a

NMs

n
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whose terms are of the form (6.3.5), clearly satisfies both Laplace’s equation
and the boundary conditions (6.3.2a).6

Next we consider the boundary conditions (6.3.2b). In this case, we must
set C = 0 and choose

if the homogeneous boundary conditions are to be satisfied. Then the solu-
tions of (6.3.3) take the form

nwr nwr

R= AIO(T) + BKO(—I),

Z = Dsin (”—’1‘2)

(6.3.9)

where I(x) and K,(x) are Bessel functions of imaginary argument (see Sec.
5.7). Since Ky(nwr/l) — oo as r — 0, we must also set B = 0. Therefore the
particular solutions of Laplace’s equation are now

w=u, = M,Jo(ﬁ) sin ("—’I‘Z) n=1,2...  (63.10)
Applying the superposition method just described,” we find that the solution
of Laplace’s equation satisfying the boundary conditions (6.3.2b) is given by

the series
nrr
I°(T) nnz

sin 7%, (6.3.11)

‘e 721 i I, (mta) /

/

where the F, are the Fourier coefficients of F(z) in a series expansion with
respect to the functions sin (nrz/l):

l
F, = % f F&) sin 7 dz. (6.3.12)
0

Remark 1. The solution of the Neumann problem and the mixed prob-
lem, involving the boundary conditions (6.3.1b) and (6.3.1c), is obtained in
the same way, but now we must use Dini series (see Sec. 5.14) instead of
Fourier-Bessel series.

Remark 2. To generalize our results to the case of boundary conditions
involving the angular coordinate ¢, we construct particular solutions of the

6 Here we have in mind formal solutions, whose validity needs subsequent verifica-
tion. A somewhat more rigorous point of view is adopted in Chap. 8 (cf. p. 208).
7 Often called the Fourier method, or the eigenfunction method.
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more general form (6.2.9), satisfying the equations (6.2.10). The values of the
parameter p. are now determined by imposing the continuity conditions

oo
0Plo=-x 0P

(6.3.13)

u|a:=—n = ulw=n’
o=n

This is equivalent to the physical requirement that the solutions be periodic
in ¢, and gives p. = m (m = 0, 1, 2,...). The rest of the analysis differs only
slightly from that just given, and leads to the following particular solutions
of Laplace’s equation

U= Uy, = [M,,,n cosh(x,,”l E) + Npn sinh(x,,,,l E)]J,,,(x,,m _r) cos me, (6.3.14)
a a a) sin me
"= 1y, = anlm(”—”) sin T2 COS Mo, (6.3.15)
/ I sin me

corresponding to (6.3.2a) and (6.3.2b), respectively, where the numbers
Xmn (m=0,1,2,...;n=1,2,...) denote the positive zeros of the Bessel
function J,(x). Then the boundary value problems are solved by super-
positions of these solutions in the form of double series, with coefficients ob-
tained by expanding the functions

f0=f0(r’q>)’ f,=f,(r, (P): F=F(23(P)
in appropriate double series.

Example. Find the stationary distribution of temperature u in a cylinder of
length | and radius a, with one end held at temperature u,, while the rest of the
surface is held at temperature zero.

The desired solution is found at once from (6.3.8) by setting f, = u,,
fi = 0, and using (5.3.5) to evaluate the integral (6.3.7):

» Sinh (x,I ! _a z) Jo<xn g)
u=2u
2, sinh (xn I ) EWACS)
a

(6.3.16)

6.4 The Dirichlet Problem for a Domain Bounded by Two
Parallel Planes

Using the superposition method, we can also solve the boundary value
problems of potential theory for the domain consisting of the layer between
two parallel planes (see Figure 19). Let the boundary conditions be of the
form (6.3.1a), and consider the case of rotational symmetry, where the func-
tions f, and f; appearing in the conditions

u|z=0 =.ﬂ)’ ulz:l =.fl (6'41)
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depend only on the variable r. A function which is harmonic in the domain
0 < z < [ and satisfies the conditions (6.4.1) can be found by integration
with respect to A of the following particular solutions of Laplace’s equation:

u = u, = [M, cosh Az + N, sinh Az]Jo(Ar), A= 0. (6.4.2)

In fact, assuming that each of the functions f, and f; can be represented as a
Fourier-Bessel integral (5.14.11), we find that the formal solution of the
problem is given by

[ sinh M/ — 2) sinh Az
u= [0 fon T 4 S (64
where
for = fo ) dr,  p = 0,1 (6.4.4)
Ve
/
0 r
FIGURE 19

The boundary value problem for the half-space z > 0 can be solved in
the same way. In fact, the solution turns out to be

u= fo ? Mo(Wr)fae ™ d,
where

fi= [ won an,
if the boundary condition is of the form

u|2=0 =f(f').

6.5. The Dirichlet Problem for a Wedge

In the case of a wedge-shaped domain, bounded by two intersecting planes
(see Figure 20), the boundary value problems of potential theory can also be
solved by the superposition method, with the help of cylinder functions. To
obtain a suitable set of particular solutions of Laplace’s equation VZu = 0,
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we introduce a cylindrical coordinate system whose z-axis coincides with the
line in which the two planes intersect, and we set

)\=i0', 0<6<CD,

p =i, 0<t< 4

in the differential equations (6.2.10). Then,
according to Sec. 5.7, the solutions of
these equations become

R = Al (or) + BK(or), 0,

® = Ccosh v + D sinh 7o, ry

Z = Ecosoz + Fsinoz, 0 .
where [(x) and K,(x) are the Bessel FIGURE 20
functions of imaginary argument, and
A, B, ..., F are arbitrary constants. Because of the asymptotic behavior of

the functions 7/;.(or) and K, (or) as r — oo (see Sec. 5.11), we must set 4 = 0,
which leads to the following set of particular solutions:

cos 6z
. 9

sin 6z (6.5.1)

0<o<o 0K 1< o00.

U = Uy, = [M,.cosh ¢ + N, ,sinh t¢]K;.(or)

We now show how to use (6.5.1) to solve the Dirichlet problem for the
domain between the two planes ¢ = ¢, and ¢ = ¢,.8 For simplicity, suppose
the functions f, = f,(r, z) appearing in the boundary conditions

Uomo, =fr» P=12 (6.5.2)

are even functions of z, which implies that the same is true of the solution
u = u(r, ¢, z).° Assuming that each of the functions f, can be expanded in a
Fourier integral

fo=fir 2) = f * 4.6, r) cos oz do, (6.5.3)

where *°
gx(o, 1) = % J; JSo(r, 2) cos 6z dz, (6.5.4)

8 It will be assumed that indices are assigned to @i, ¢ in such a way that the domain
under consideration corresponds to the interval ¢; < ¢ < @g.

® The case where the f, are odd functions of z is handled in the same way. Then the
solution in the general case is represented as the sum of the solutions of the two simpler
problems with the following even and odd boundary conditions:

Ulo=o, = 3 f(r, 2) £ fo(r, —2)].
10 G. P. Tolstov, op. cit., p. 190.
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we try to represent the solution of our problem as a double integral

u= fw cos oz do Jm[Gl(c', T) sinh (¢, — 9)7
0

sinh -
0 (P2 P17 (6.5.5)

sinh (¢ — <P1)T]
+G2(°s T) sinh ((92 — (91)7 I(ix(ar) d‘r,

formed by integrating solutions of the type (6.5.1) with respect to the para-
meters ¢ and =. Clearly, the functions G,(o, t) must satisfy the relation

g.(o, 1) = fw Gy(o, 7)Ki:(or)dr, 0<r< oo, (6.5.6)
0

and hence are the coefficients of the functions g,(s, r), expanded as integrals
with respect to the function Ki.(or).

In some cases, we can use formula (5.14.14) to find the functions G,(s, 7).
In fact, if we write

X = or, £ = op, Vxf(x) = g(o, r),
(5.14.14) becomes

(o, r) = ﬁ_zz fo + K (or) sinh 7= dx fo 2(o, p)%"” do.  (6.5.7)

The expansion theorem (6.5.7) is valid if g(o, r), regarded as a function of r,
is piecewise continuous and of bounded variation in every finite subinterval
[ry, o], where 0 < r; < ry < o0, and if the integrals

1/2 ©
f |g(a, r)|r~tlog 1 dr, f lg(o, P)|r=*2dr (6.5.8)
0 r 1/2

are finite [cf. (5.14.15)]. Provided that the functions g,(c,r) has these
properties, a comparison of (6.5.6) and (6.5.7) shows that

Gy(5,7) = =5 = sinh == f 2,(c, 7) 5-%’-’-) ar, (6.5.9)
0

and then (6.5.5) gives a formal solution of the problem. However, it often
happens that the first of the integrals (6.5.8) is not finite, since g,(c, r)
generally approaches a nonzero limit g,(c, 0) as r — 0. To avoid this diffi-
culty, we introduce the modified functions

¥, r) = go(o, r) — g,(c, 0)e 0", p=12 (6.5.10)

and assume, as is usually the case in physical problems, that the conditions
for applying formula (6.5.7) are satisfied by g¥(s, r). We then have

g¥(o, r) = f " G*(o, ©)Ku(or) ds, (6.5.11)
0
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where
G¥(o, ©) = 2 = sinh e f: g%, 1) ﬁ-fi’l) ar. (6.5.12)
On the other hand, it is easy to prove the formula!!
% f: Ku(¥) dz = e-%, x>0, (6.5.13)
which implies
£3(0, 0= = 2 g,(5,0) L * Ki(or) d=. (6.5.14)

Adding (6.5.11) and (6.5.14), we find the desired representation of g,(s, r)
as an integral with respect to K.(or). Comparing the result with (6.5.6), we
finally obtain

G,(o, ) = G¥(o, 7) + %gp(o, 0). (6.5.15)

and then the solution is given by (6.5.5), as before.

6.6. The Field of a Point Charge near the Edge of a
Conducting Sheet

We now illustrate the method developed in the preceding section, by
finding the electrostatic field due to a point charge g located near the straight
line edge of a thin conducting sheet held at zero potential. To avoid com-
plicating the calculations, we assume that the charge g is at a point A in the
same plane as the conducting sheet. Choosing a coordinate system whose
z-axis coincides with the edge of the sheet and whose x-axis passes through
the point A (see Figure 21), we represent the potential ¢ of the electrostatic
field as the sum of the potential ¢, due to the source and the potential # due
to the induced charges:

q
= + u, = . 6.6.1
v=rto Yo Vr?2 + a® + 2arcos ¢ + 22 66D

Then the problem reduces to the special case of the general problem of Sec.
6.5 which corresponds to the following choice of angles and boundary condi-
tions:

_ S D) =S D) = — ——L . 6.
¢1=0, @3=2m  fi(r,2) = far, 2) Ve T (6.6.2)

11 Use (5.10.23) to expand the function e~* °°sh « jn a Fourier integral with respect
to cos ta, obtaining

2 @
e-*cosha — = K- (x) cos ta dt, x>0,
)

and then set & = 0.
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Y
A v:0
———— X
a 0
FIGURE 21

Using the integral representation given in Problem 6, formula (i), p. 140,
we find that

2q [® Cos 6z 2q
y ) = — — —_——dz = — = K r+ a)l, 6.6.3
son=-2 | = L Kolo(r + @), (6:63)
where K,(x) is Macdonald’s function. In the present case,
2
g0, 0) = — L Ky(oa),

and hence, according to the method of Sec. 6.5, we must first determine the
quantity

G0, %) = — 2 - Ginh =< f * Kolotr + )] = Ko(s@)e™ ¢ ) ar. (6.6.4)

= 0 r
Since the evaluation of the integral in (6.6.4) is quite complicated, we omit the
details and merely give the final result:
G* (6, %) = % [Ko(oa) — Ki(oa)]. (6.6.5)
Substituting (6.6.5) into (6.5.15), we obtain
G,(0, %) = — f—g K.(ca), (6.6.6)

and then formula (6.5.5) gives

®cosh(m — ¢

u=— % cos 6z dcf )* Ki(ca)Kir(or) dz.  (6.6.7)

0 0 cosh tt
The integral in (6.6.7) can be expressed in closed form in terms of ele-
mentary functions, and the final result of the calculations turns out to be

q

U= -
Vr? + a® + 2arcos ¢ + 22

(6.6.8)

2V ar sin 4o )

2
x(l — —arc tan
. V'r® + a® + 2arcos ¢ + 22
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(we omit the details).*? It follows from (6.6.8) that
g = 2q arc tan 2V ar sin 4o
wVr? + a® + 2ar cos ¢ + z2 Vr? + a® + 2arcos ¢ + 22
(6.6.9)

Finally, we observe that the surface charge density on the sheet is given by
the quantity 2
1 &)

Lt _ 4 ﬁ S N
y i = (6.6.10)

o0 22N T (r + aP + 2%

6.7. Cooling of a Heated Cylinder

As an example of the application of cylinder functions to the nonstation-
ary problems of mathematical physics, we now consider the problem of the
cooling of an infinitely long cylinder of radius a, heated to the temperature
uy = f(r) [r is the distance from the axis] and radiating heat into the sur-
rounding medium at zero temperature. From a mathematical point of view,
the problem reduces to solving the equation of heat conduction

ou 2
oo = kV2u, 6.7.1)
subject to the boundary condition
ou
and the initial condition
Uli=o = o = f(r) (6.7.3)

where k, ¢, p, Aand & = \/k have the same meaning as in Sec. 2.6. Separating
variables in (6.7.1) by writing u = R(r)7(¢), we find the equations
ar — 1d [ dR
b"d_t+KT—0, ;E()‘E

where —x? is the separation constant and b = cp/k, with solutions
R = AJy(xr) + BY,(xr), T = Ce~*"tP
—:ﬁ—s—hould be noted that in the present case, the formula
Kolo(r + @) = 2 [ Ko Kilor) &

allows us to derive the solution (6.6.7) without recourse to the general method of expan-
sion as an integral with respect to the functions Ki(cr). To obtain this formula, set
¢ = w in formula (42), p. 55 of the Bateman Manuscript Project, Higher Transcendental
Functions, Vol. 2.

13 G. Joos, op. cit., p. 267.

)+x2R=O,
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Since Jo(xr) — 1, Yo(xr) — oo as r — 0, and since R must satisfy the physical
requirement of being bounded on the axis of the cylinder, the constant B
must equal zero.

It follows from (6.7.2) that the parameter x must satisfy the equation

hJy(xa) — xJy(xa) = 0. (6.7.4)
If we write x = xa, then (6.7.4) becomes
haJy(x) — xJ,(x) = 0, (6.7.5)

which has only real roots, symmetrically located with respect to the origin
(see Sec. 5.13). Let0 < x; <---< X, <--- be the positive roots of equation
(6.7.5). Then the admissible values of the parameter x are x, = x,/a, and
hence the appropriate set of particular solutions of (6.7.1) is

u=u,= M"Jo(x,, ar)e‘xﬁ”“z", n=12...
Superposition of these solutions gives
w= 3 Moo g)emsie, (6.7.6)
n=1

where, because of the initial condition (6.7.3), the coefficients M, must be
chosen to satisfy the relation

3 r
fr) = Zl M,.Jo(x,. 2), 0<r<a. (6.7.7)
This is just the problem of expanding f(r) in a Dini series, which can be solved

by using formulas (5.14.9-10). Thus we have

2 a ,
Me = ey 73w, () o (67.8)

and the solution of our heat conduction problem is given by the series (6.7.6),
with these values of the coefficients.

6.8 Diffraction by a Cylinder

Finally, we give an example illustrating the application of Bessel functions
of the third kind. Consider the diffraction of a plane electromagnetic wave
by an infinite conducting cylinder of radius a. Let (r, ¢, z) be a system of
cylindrical coordinates such that the z-axis coincides with the axis of the
cylinder and the angle ¢ is measured from the direction of propagation of the
incident wave. We assume that the time dependence is described by the
factor e'“, where o is the angular frequency of the incident radiation, and
that the electric vector of the incident wave is parallel to the axis of the
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cylinder. Then the problem reduces to finding the complex amplitude of the
secondary field E satisfying Helmholtz’s equation

10/ oFE 1 O°E
12 (r 5) g+ RE=0, (6.8.1)
the boundary condition
E|,_, + Eje~ikacose = (6.8.2)
and the radiation conditions
E = O(\/_) lim \/r( + lkE) (6.8.3)

where k = w/c is the wave number, and E, is the amplitude of the incident
plane wave.*

Applying the method of separation of variables, we find that the parti-
cular solutions of (6.8.1), which must also be periodic in ¢, are of the form

E = E, = [M,H®(kr) + N, H®(kr)] cs‘l’s Zﬁ n=01,2..., (68.4)

where H{"(kr), H{®(kr) are the Hankel functions introduced in Sec. 5.6. It
follows from the symmetry condition that E is an even function of ¢, and
hence we need only consider solutions containing cos ng. Moreover, examin-
ing the asymptotic behavior of the Hankel functions at infinity, we see that
the radiation conditions will be satisfied only if M, = 0 (no incoming waves).
Therefore the solution of our problem must have the form

E = io N, HP(kr) cos ne. (6.8.5)
It follows from the boundary condition (6.8.2) that
i N,H{(ka) cos np + Ege~ ks e =, (6.8.6)
n=0
Setting z = ka and t = —ie'® in formula (6.8.4), we obtain
e~tkacos © — Ji(ka) + 2 il (—1i)"Ju(ka) cos ng, (6.8.7)

which, together with (6.8.5), implies
NoH{P(ka) = —EoJo(ka),  N.H;P(ka) = —2Eo(—i)"Ju(ka).

Therefore the required solution is given by

E=—E [ 1;32()’(‘,‘?) HEO(kr) + 2 Z (- H(z(f(‘,‘(’;) H(kr) cos ncp]~ (6.8.8)

14 See A. N. Tikhonov and A. A. Samarski, Differentialgleichungen der Mathe-
matischen Physik, VEB Deutscher Verlag der Wissenschaften, Berlin (1959), p. 497.
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PROBLEMS

1. In polar coordinates r, ¢, the free transverse vibrations of a stretched mem-
brane (with equilibrium position in the re-plane) are described by the equa-
tion*®

1 2u(r, ¢, t) .
Vau(r, 9, 1) = 2 e ()]

where
2
veig(5) taa
Solve the equation of motion (i) for the case of a circular membrane of radius
a, subject to the boundary condition
Uly=a=20
(fastened edge) and the initial conditions

ou

uemo =10 ) = g0).

2. Solve Problem 1 with the same boundary condition, but with the more
general initial conditions®

ou
uli=o = fr, 9), e

0= g(r, 9).

3. In polar coordinates r, ¢, the free transverse vibrations of an elastic plate
(with equilibrium position in the re-plane) are described by the equation

1 %u(r, ¢, t) ..
Viulr, 9, 0) = = g~z (i)
where V2 has the same meaning as in Problem 1, and V* = V3(V2), Solve the
equation of motion (ii) for the case of a circular plate of radius a, subject to

the boundary conditions
u

ulr:a =0, 87r=a =0
(clamped edge), and the initial conditions
ou
ult:o = f(n), 57z=o = g(n).

5 For the derivation of equation (i), and equation (ii) below, see e.g., I. M. Gelfand
and S. V. Fomin, Calculus of Variations (translated by R. A. Silverman), Prentice-Hall,
Inc., Englewood Cliffs, N.J. (1963), p. 162 ff. Here we do not specify the physical mean-
ing of the constant b. By free vibrations, we mean vibrations in the absence of external
forces.

16 For detailed solutions of Problems 1-2, see G. P. Tolstov, op. cit., p. 288 ff.



PROBLEMS CYLINDER FUNCTIONS: APPLICATIONS |59

Hint. Separate variables in (ii) by writing u = R(r)T(¢). The radial
equation then becomes ‘

1d d[1d [ dR ip _
m{’z[m(’z:)]}‘“‘—"’ (i)
where x* is the separation constant. The general solution of (iii) which re-
mains finite at the center of the plate is
R(r) = AJo(xr) + BIo(xr).
Ans.

@© 272 a
tr,) = 5 RO foos B % of(e)R,(5) e
“=1f0 Ri(p)e dp 0

a® . xib* [
+b2x,2,sm 22 J; Pg(P)Rn(P)dP]’

where
R = Io(x)Jo(x g) - Jo(x)Io(x ;’),

the numbers 0 < x; <---< x, <--- are the positive roots
of the equation R;(a) = 0, and R, =R,,. 7

4. Find the stationary distribution of temperature « in a

cylinder of length / and radius @ whose ends are held at ; a
temperature zero, while the rest of the surface is held at {

temperature uo.
5. Find the stationary distribution of temperature u in N—]
the inhomogeneous cylinder shown in Figure 22, made
up of two adjacent cylindrical sections with different thermal 3 1
conductivities k; and k., if the lateral surface is held at

temperature u,, while the ends are held at temperature =TT~
Zero. ~—|
Hint. If u; and u, denote the temperatures in the sec-
tions labelled 1 and 2, respectively, then the boundary con- FIGURE 22
ditions are
u1|r=a = uzlr=a = Uo, ul,z:—ll = u2|z=12 = 0:
u u
Uplz=0 = Ua|s- ki — = — .
1|z 0 2|z 0 1 9zlao 2 3zl -0

6. Suppose an axially symmetric temperature distribution

Il|e=o = f(r)

is established at time ¢# = 0 in an infinitely long cylinder of radius a, which
transfers no heat through its surface. Find the subsequent evolution in time
of the temperature distribution.
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7. Find the potential ¢ of the electrostatic field inside a closed cylindrical sur-
face of length / and radius a, whose base and lateral surface are held at the
potential ¥, while the top surface is held at zero potential.*”

8. Find the stationary distribution of temperature « in the half-space z > 0,
subject to the boundary condition

Usoo = f(r) = {”°’ rea

r> a.
Ans.
u(r, z) = uoa f e=*2 Jo(Ar)J1(Aa) dX.
]
9. Find the potential ¢ of the electrostatic field
’ in the space between two grounded plane elec-
trodes z = +a due to a charge g at the point
r=20,z=0.
o

Hint. Use formula (5.2.4).
/ { / // 90 Ans.

Z _ q

0 Y(r, z) = Vers

FIGURE 23 ®  _aaCOshz
-1 f cosh A

Jo(hr) dh.

10. Find the stationary distribution of temperature « in the infinite wedge of
thickness / shown in Figure 23, if the face ¢ = « is held at the temperature

oo = f(r) sin"—’;f, n=1,2...

while the rest of the surface is held at temperature zero.
Ans.

nnz

u(r, 9, 2) = —sm—f {f(O)—i-—SlnhTr'r

<[t - e"‘""“f(O)]Ku(nnp) d"}Si.“h 2 K57t

p J sinh at

11. Solve the preceding problem for an arbitrary temperature distribution

u|0=ot = f(r’ Z).

17 One can think of the two parts of the surface as insulated from each other by an
infinitely thin gasket.
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SPHERICAL HARMONICS: THEORY

7.1. Introductory Remarks

By spherical harmonics we mean solutions of the linear differential
equation

2
(A = 2w — 2zu + [v(v +1) — ﬁ]u —0, (1.1.1)

where z is a complex variable, and @, v are parameters which can take
arbitrary real or complex values. Equation (7.1.1) is encountered in mathe-
matical physics when using systems of orthogonal curvilinear coordinates to
solve the boundary value problems of potential theory for certain special
kinds of domains (e.g., the sphere, spheroid, torus), and it is the simplest of
these domains (i.e., the sphere) which gives rise to the term ““spherical har-
monics.” In the spherical case, the variable z takes real values in the inter-
val (=1,1), and the parameters p and v are nonnegative integers, but
boundary value problems with more complicated geometries lead to the
consideration of more general values of z, n. and v.* For most applications, it
is sufficient to assume (as we will do in this book) that z is either a real
variable in the interval (—1, 1) or a complex variable in the plane cut along
the segment [— oo, 1], while v is an arbitrary real or complex number and
i = mis anonnegative integer (im = 0, 1, 2,...). The reader will find a more
general treatment in the references on spherical harmonics cited in the Bib-
liography on p. 300, especially the books by Hobson, Robin and Lense.

1 See Chap. 8, where we consider problems in which the variable z and the para-
meters ., v take various real or complex values.
161
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7.2. The Hypergeometric Equation and Its Series Solution

Before presenting the theory of spherical harmonics, it is appropriate to
consider the problem of solving the linear differential equation

21 —2u" + [y — (« + B+ 1)zJu' — «fu =0, (7.2.1)

where z is a complex variable, and «, 8, y are parameters which can take
various real or complex values. Equation (7.2.1) is called the Aypergeometric
equation, and contains as special cases many differential equations encountered
in the applications. Reducing (7.2.1) to standard form by dividing it by the
coefficient of #”, we obtain an equation whose coefficients are analytic func-
tions of z in the domain 0 < |z| < 1 and have the point z = 0 as a simple
pole or a regular point, depending on the values of the parameters «, 3 and .
It follows from the general theory of linear differential equations that (7.2.1)
has a particular solution of the form

u=7z° z cz*, (7.2.2)
k=0

where ¢, # 0, s is a suitably chosen number, and the power series converges
for |z] < 1.2
Substituting (7.2.2) into (7.2.1), we find that

8

N s+ R +Hhk—1+y) — D o s+ k + oa)(s + k+B) =0,
k=0 k=0

which gives the following system of equations for determining the exponent s
and the coefficients c,:

cSs — 1 +v)=0,
s+ hk)(s+hk—-1+y)—cois+hk—-—1+)(s+k—1+8)=0,

k=12,...
Solving the first equation, we obtain s = 0 or s = 1 — y. Suppose y # 0,
—1, —2,... and choose s = 0. Then the coefficients ¢, can be calculated

from the recurrence relation

k—1+ak—1+8)
T TRk -T+y kv

If we set ¢, = 1, this implies

k=12,...,

_ (0)i(B)e _
ck = k!(Y)k ) k = O, 1, 2, .

where we have introduced the abbreviation

Mo =1, Me=Mr+1D---A+k—-1), k=1,2,... (7.23)

“ey

2 E. A. Coddington, op. cit., Chap. 4.
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as in footnote 17, p. 121. Thus, if y # 0, —1, —2, ..., a particular solution
of equation (7.2.1) is

u=u1=fra,p;y;z)=k20(2),’g§§i’°zk, <1, (7.24)

where the series on the right is known as the hypergeometric series.® The con-
vergence of this series for |z| < I follows from the general theory of linear
differential equations.* However, by using the ratio test, it can easily be
proved without recourse to this theory that the radius of convergence of the
series (7.2.4) is unity, except when one of the parameters «, 8 equals zero or a
negative integer, in which case the series reduces to a polynomial.

Similarly, choosing s = 1 — y and assuming that y # 2,3,4,..., we
obtain

_k-—y+ak-—y+p ~
= iy e k=L2.

or
Ck=(1"'Y+O()k(1""Y+p)k, k=0,1,2,...,

K2 = )
if we set ¢, = 1. Thus, if vy # 2, 3, 4, ..., a particular solution of (7.2.1) is
v A=yt a0l =y +B 4
Y z
,,Zo K2 — Y«
=ZV7Fl -y + o1 —y+8;2—-v;2),
|z] <1, J|argz] < =

u=u, =7z"

(7.2.5)

Therefore, if y # 0, 1, 2, .. ., the two solutions (7.2.4-5) exist simultaneously
and are linearly independent.® Then the general solution of (7.2.1) can be
written in the form

u=AFo,B;v;z) + Bz2*7VF1 — vy + a, 1 —y + B;2 — v;2), (7.2.6)

where |z| < 1, |arg z| < =, and A4, B are arbitrary constants. However, if y
is an integer, this method leads to only one particular solution, and to find a
second solution we must modify the method, thereby obtaining a solution
which in general contains logarithmic terms.®

By changing variables in (7.2.1), we can obtain a number of other
differential equations whose solutions can be expressed in terms of

3 If y equals zero or a negative integer, then the coefficients ¢, become infinite, starting
from a certain value of k, and a solution of the form (7.2.2) cannot be constructed if
s = 0. However, it is easy to see that this situation does not arise if s = 1 — ¥.

4+ E. A. Coddington, op. cit., Theorem 3, p. 158.

5 To prove the linear independence, consider the asymptotic behavior of the solutions
as z — 0. The two solutions coincide if y = 1.

8 E. A. Coddington, op. cit., Theorem 4, p. 165.
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hypergeometric series. Thus, for example, setting z = t2, we arrive at the
differential equation

11 - tz)‘fi—jf +2[y -3t —(x+ B + %)tzlg—;‘ — 4oftu = 0, (7.2.7)

with particular solutions

u=u, = Fa,B;v; 3, y#0,—-1,-2,..., (7.2.8)
u=u=1""Fl-y+ol-y+82-y1;
It <1, Jargt <= v #2,3,4,..., (7.2.9)

which for nonintegral y constitute a pair of linearly independent solutions of
(7.2.7) in the domain 0 < |¢f| < 1.

1.3. Legendre Functions

The simplest class of spherical harmonics consists of the Legendre poly-
nomials considered in Chapter 4, which are solutions of equation (7.1.1) for
w = 0 and nonnegative integral v =n (n = 0, 1, 2,...). The next class of
spherical harmonics, in order of increasing complexity, consists of the
Legendre functions, which are solutions of (7.1.1) for w. = 0 and arbitrary real
or complex v, i.e., solutions of the equation

(1 — 22" — 2z’ + v(v + Du = 0, (7.3.1)

known as Legendre’s equation. To determine these functions, we first note
that (7.3.1) can be reduced to the hypergeometric equation by making suitable
changes of variables. In particular, the substitution ¢ = (1 — z) converts
(7.3.1) into the equation

2
«(1 — z)%t—z'f + (- 2z)% £ + Du =0, (7.3.2)

which is the special case of (7.2.1) corresponding to
a=—v, B=v+1 y=1,

while the substitution ¢ = z72, u = z~V~'p converts (7.3.1) into the equation

d%v 3 5\ ]dv v v 1
(- nd+ [(v + i) - (v + §)z & - (5 + 1)(2 + §)u —0, (7.33)
which is the special case of (7.2.1) corresponding to
a=5+1, B=

+ yvy=v+

NI W

NIl <
N —
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Therefore it follows from the results of the preceding section that two parti-
cular solutions of (7.3.1) are

u=u1=F(—v,v+l;l;1;Z), Iz —1]< 2, (7.3.4)

U= Uy =

VD + 1) v v 1 31
Te T 322+ F(z tlhatzvts “)
|z| > 1, largz| <m, v# —1,-2,..., (1.3.5)
where F(a, B; v; z) is the hypergeometric series. These solutions are called
the Legendre functions of degree v of the first and second kinds,” denoted by

P(z) and Q\(2), respectively. Thus we have

P2) = F(—v,v +1;1; 1 - Z), lz—1] <2, (7.3.6)

Vale + 1) (v v 1 3.1
00 =1 s pag FE+ b3t rv i)
|z} > 1, largz| <=, v# —1,-2,... (7.3.7)
The functions P,(z) and Q,(z) are defined in certain restricted regions of
the complex z-plane, but, as we now show, they can be continued analytically
into larger regions.® To make the analytic continuation of P,(z), the
Legendre function of the first kind, we use the formula®

/2 1
%fo sin% o dp — % k=0,1,2,... (7.3.8)

to write (7.3.6) as

2 S ()

k=0

2 3 (= + Dy (1 - Z)kfmz - ok
22 TG 7)), sintede
2
T

I e 2 g ()

;%; 1—;—2 sin? tp) do,

(1.3.9)

/2
=Z F(—v,v+ 1

T Jo

7 The term degree is appropriate here, since for nonnegative integral v = n, P,(z) is
actually a polynomial of degree n, in fact, the nth Legendre polynomial (see Sec. 7.9).

8 We point out that in this chapter, unlike Chapter 9, the symbol F(x, B8; v; z) always
denotes the sum of the hypergeometric series, and hence the variable in the fourth posi-
tion always has absolute value <1. This restriction disappears if we interpret
F(a, B; v; z) as the hypergeometric function. In fact, prior knowledge of the theory of
the hypergeometric function leads to considerable simplification of the theory of spherical
harmonics.

® Formula (7.3.8) is an immediate consequence of Problem 3, p. 14.
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where reversing the order of summation and integration is justified because
the series is uniformly convergent in the variable ¢. The hypergeometric
series in the right-hand side of (7.3.9) can be summed in finite form. In fact,
we have the identity

VTTw+ Vst + (VIEw+ Vi) ot
WIl+w
= f\(w), |w| <1 (7.3.10)
which is proved by noting that the function f(w) is analytic in the disk
[w| < 1 and satisfies the differential equation *°
w(l + wfy + G+ 2w)fy — v + 1)f, =0. (7.3.11)

But replacing w by —w converts (7.3.11) into the hypergeometric equation
with parameters « = —v, 8 = v + 1,y = 4. Then, since equation (7.2.1) has
a unique solution which is analytic in the disk |w| < 1 and approaches unity
as w — 0, it follows that

Sw) = F(=v,v + 1% —w),

F(=v,v+ 1;%; —w) =

as asserted.
We now substitute (7.3.10) into (7.3.9), obtaining the integral representa-
tion

2 (™2 [(z—1.
P,(2) == . fv( 3 sin? (p) do

for the Legendre function of the first kind. In deriving this formula, it was
assumed that |z — 1| < 2, but the integral in the right-hand side defines an
analytic function for every z in the complex plane cut along the segment
[— o0, —1]. In fact, for any such z, the variable

T

—lsin2cp, O<<p<§

belongs to the w-plane cut along [— oo, —1]. Since f(w) is analytic in this
plane, our assertion follows by the usual theorem from complex variable
theory.!

Thus the analytic continuation of P,(z) is given by the formula

n/2 —
Pu2) = %fo fv(z - L gin2 (p) do, Jarg(z + D] <= (1.3.12)

10 The point w = 0 is a regular point of the function f,(w), since f,(w) takes its
original value after making a circuit around this point. To verify (7.3.11), it is con-
venient to first show that

Vw(VwVT + wIVT ¥ whlY — (v + 3%, =0,

and then carry out the differentiation.
11 E. C. Titchmarsh, op. cit., p. 99.
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The function defined by (7.3.12) is analytic in the z-plane cut along [— oo, 1]
(see Figure 24), where it is a solution of the differential equation (7.3.1), by an
obvious application of the principle of
analytic continuation.'? In particular,
(7.3.12) implies

P(l) = 1. (7.3.13)

As will be shown below, every solution
of (7.3.1) which is linearly independent .
of the solution u = P,(z), approaches -1 0 !
infinity as z— 1, and therefore the
Legendre function of the first kind can
also be defined as the solution of FIGURE 24

(7.3.1) which approaches unity as z — 1.

Since f,(w) is an entire function of the parameter v, it follows from (7.3.12)
that the same is true of P,(z). Moreover, it is easily verified that

fov-1w) = fi(w),

and hence
P_,_i(z) = P(2) (7.3.14)

for arbitrary real or complex v.
To make the analytic continuation of Q,(z), the Legendre function of the
second kind, we start with the formula

Vale + 1) (% + %)k(% + 1)’c

® dt
fl 2Eve%y/f — 1 g)(z é) (l' é) ’
F(v+2 2+4k2+4k

(7.3.15)

Rev> -1, £=0,1,2,...,

which is easily proved by making the substitution ¢ = s~* and using formulas
(1.5.2), (1.5.6) and (1.2.3) from the theory of the gamma function. Then,
using (7.3.15) and the definition of Q,(z), and assuming that

|z| > 1, |argz|] <=, Rev> —1,

12 Let f(z) be analytic in a domain D, and suppose Lf(z) = 0 for all z in a smaller
domain D* contained in D, where L is a linear differential operator whose coefficients
are analytic in D. [In the present case,

2
L=(- zZ)Z?— 2zd% + 9O + 1).]

Then Lf(z) = 0 for all z in D. Cf, footnote 6, p. 3.
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we have

VAL + 1) ”G*Qﬁ*%hL
e e e S

G+36+3)
273)\273). 1 - dt

S _at
Q& (v 4 3) R 22 )y v %
k

(7.3.16)

w v 3\ (v 5
! j di wG*ﬂb+ﬂk1
1 tv+3/, z

CER Vi— 2 (V N %) o @
k

— _l_fmF(3+_ 2+§V+§L)__c_h_‘
TQ)Y), Q2T 2T T2 v unr = 1
where reversing the order of summation and integration can be justified by an

absolute convergence argument. The rest of the derivation is based on the
formula

v 3v 5 3. _
F(§+Z’§+Z’v+§’w)_\/1—w

1 (1 + \/ZT:Tv)-v—‘/z — am).

(7.3.17)

To prove (7.3.17), it is sufficient to show that the right-hand side satisfies
equation (7.2.1) for the values'?

v,3
2 4
Together, (7.3.16) and (7.3.17) imply

3
+ B:%-}-% ‘\{=V+§’ zZ=w

o =

I © 1 dt
0.0 = gy |, & (v

7.3.18
|z| > 1, |argz| <=, Rev> —1. ( )

3 To simplify the calculation, which is a bit tedious, it is convenient to first show that

v 1 v 1\(v 3
(z+3)= +3)i+ )
1+ V1i—w 1+ V1 — w2
Then multiply the first equation by (v + %)\/ 1 — w and the second by w, carry out the
differentiation, and add the resulting equations. Formula (7.3.17) can also be derived
from the second of the formulas (9.8.3) by setting

—V+§ z=w
*=37T7 ="

VT = wg) = s VT = w(VT —wg)T =
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We now assume temporarily that z is a real number greater than 1, and
introduce a new variable of integration by setting

zt =1 4+ (z — 1) cosh? §.
Then (7.3.18) takes the form!*

0.2 = [ m(Z5 cosh® 4) i,

where

VT +w+ Vw)-2-1
V1I+w

h(w) = ) largw| < w, larg(l + w)| < =.

(7.3.19)

Although this formula for Q,(z) has been derived under the assumption that
z > 1, it is not hard to see that the integral on the right has meaning in a
larger region. In fact, for z in the plane cut along [—oo, 1] and ¢ in the
interval [0, c0],'° the integrand is continuous in ¢ for every z and analytic
in z for every . Moreover, if Re v > —1, the integral converges uniformly
in every region

O0<p<|z=1 < R< oo, larg(z — )| < © = 3,

and hence, by the usual argument,’® represents an analytic function in the
plane cut along [ — oo, 1]. Thus the analytic continuation of Q.(z) is given by
the formula

o) = f: hv(z ; ! cosh? 41) dy, larg(z — 1)] < =®, Rev> —1.
(7.3.20)

To obtain the analytic continuation of Q,(z) for the case Rev < —1, we
first observe that Q,(z) satisfies the recurrence relation

Qv(z) = 2\'\’: 13 sz+1(Z) - :,%% Qv+2(2), (7321)

which can be verified by direct substitution of the series (7.3.7). If p is any

14 In the course of the calculations, we use the familiar identity
_— vV A4z = — V4=
\/A_'_\/B___N/A-% ; B, |4 2A B

15 For these values of z and ¢, the variable

w=z;1cosh2¢

belongs to the plane cut along [— o, 0], where A, (w) is analytic.
16 E. C. Titchmarsh, op. cit., pp. 99-100.
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positive integer, we can use (7.3.21) to write the function Q,(z) with arbitrary
indexv # —1, —2, ... in the form

QV(Z) = ap(Z, V)Qv+p(z) + bp(z’ V)Qv+p+1(z), (7322)

where a,(z,v) and b,(z, v) are poly-
nomials in z. Then, choosing p so
large that Rev > —(p + 1), we can
use (7.3.20) to make the analytic con-
tinuation of each of the Legendre
functions in the right-hand side of
1 0 1 (7.3.22), and substituting the corres-
ponding expressions into (7.3.22),
we obtain a function which is analy-

FIGURE 25 tic in the z-plane cut along [— o, 1]
(see Figure 25). It follows that Q.(z)
is analytic in this cut plane, for arbitrary complex v # —1, —2,... Like

P(z), the function Q,(z) satisfies the differential equation (7.3.1) [cf. foot-
note 12, p. 167]. Moreover, (7.3.20) implies

lim Q,z) = w. (7.3.23)

Comparing (7.3.23) and (7.3.13), we see that Py(z) and Q,(z) are linearly
independent solutions of (7.3.1).
We now study Q,(z) as a function of the degree v, and show that for every
fixed z, the ratio
__90)

q.(2) = o 1 1) (7.3.24)
is an entire function of v. For |z| > 1, this fact is an immediate consequence
of (7.3.7). To give a proof which is valid for every z in the plane cut along
[—oo, 1], we use the integral representation (7.3.20) and the recurrence
relation

a(2) = (v + 3)2gv.41(2) — ( + 2)°4v+2(2), (7.3.25)

implied by (7.3.21). It follows from (7.3.20) that ¢,(z) is an analytic function
of v in the half-plane Rev > —1.17 Repeated application of (7.3.25) leads to
the expression

av(2) = ap(% 2)qy+5(2) + Bo(¥ 2y +1(2); (7.3.26)

where p is a positive integer, and o,(v, z), B,(v, z) are polynomials in v. It fol-
lows that g,(2) is analytic in the half-plane Rev > —(p + 1). Since p can be

17 Note that h,(w) is an entire function of v, while the integral (7.3.20) is uniformly
convergent in v in the region Rev > —1 + 3, where 8 > 0 is arbitrarily small. There-
fore the usual theorem concerning analytic functions defined by integrals is applicable.
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chosen arbitrarily large, we conclude that ¢,(z) is an entire function of v.
Therefore, according to (7.3.24), Q.(z) is a meromorphic function of v, with
simple poles at the points v = —1, —2,...

The general solution u of the differential equation (7.3.1) can be written
as a linear combination of Legendre functions of the first and second kinds,
ie.,

u = AP(z) + BQ\(2), (7.3.27)

where |arg (z — 1)| < m,v # —1, —2,... In the applications, it is often
necessary to find a general solution of (7.3.1) for the case where x is a real
number in the interval (—1, 1). Since P,(z) is defined for such x, we need only
construct a second linearly independent solution. It is not hard to see that
such a solution is given by the function

Ov(x) = 3[Qu(x +i0) + Qu(x — i0)], (7.3.28)

equal to half the sum of the values of Q,(z) on the upper and lower edges of
the cut (cf. Sec. 7.7).18 Thus, if z = x (—1 < x < 1), the general solution of
(7.3.1) is

u = AP(x) + BQ\(x), v#E -1, -2,... (7.3.29)

7.4. Integral Representations of the Legendre Functions

The Legendre functions have various integral representations in terms of
definite integrals and contour integrals containing the variables z and v as
parameters. As a rule, the most general representations of this type involve
contour integrals, but for practical purposes, representations involving inte-
grals along segments of the real axis are of greatest importance. For this
reason, we will only consider representations of this type, referring the reader
elsewhere for integral representations of other kinds.®

We begin by deriving an integral representation of the function P,(z).
Assuming that z = cosh « (¢ > 0) and introducing a new variable of integra-
tion in (7.3.12) by setting
o

> sin ¢,

sinh—g = sinh

we find that

Py(cosh ) = 2 cosh (v + 4)0

do 7.4.1
T Jo V2 coshoa — 2 cosh © ( )

18 In the German literature, the symbols P,(z) and Q,(z) are used to denote the solu-
tions of (7.3.1) for —1 < z < 1, and the corresponding Gothic letters are used for all
other cases.

19 E. W. Hobson, op. cit., and E. W. Barnes, On generalized Legendre functions,
Quart. J. Math., 39, 97 (1908).
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for any real or complex value of the degree v. Writing (7.4.1) in the form
o e—(v+ 14)8

1
P,(cosh &) = — db
( *) 7 J-a«V2cosha — 2 cosh 6

and then setting
e® = cosh « + sinh « cos ¢,

we arrive at another integral representation of the Legendre function of the
first kind, i.e.,

n dy
o (cosh « + sinh « cos §)'* 1’

P,(cosh o) = % (7.4.2)

where v is arbitrary. Replacing v by —v — 1 in (7.4.2) and using (7.3.14), we
obtain

P, (cosh @) — % f " (cosh « + sinh & cos b)" dy. (7.4.3)
0

Two other useful integral representations of the function P, (cosh «) can

m/

A

FIGURE 26

be derived from (7.4.1) by using contour integration, provided that
—1 < Rev < 0. We begin by considering the integral

PRERAL

)
™ Je V2 cosh « — 2 cosh ¢

dt,

evaluated along the contour C consisting of the segments (—oo0, —a — p),
(—o + p,« — p)and (x + p, 00) of the real axis, two semicircles of small radius
p bypassing the two branch points ¢ = +«, and the line Im ¢ = = (see Figure
26). Let f(¢) be the single-valued branch of V2 cosh « — 2 cosh ¢ such that
the values of arg f along the segment (—o + p, —a — p), the segment
(x + p, ), the line Im ¢ = = and the segment (— oo, oo — p) are 0, —=/2, 0 and
/2, respectively. Then f(¢) is analytic inside C, and if —1 < Rev < 0, the
integrals along the segments Ret = + N, needed to close the contour,
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approach zero as N — co. Therefore, passing to the limit as p — 0, and taking

account of the change of arg f along the path of integration, we obtain
1 re eVt %)0 eVt %8

1 o]
do '—““':f do
7J-«V2cosha — 2cosh 0 7 Je V2cosh® — 2 cosh a

PAASTAUCEED) 1 - eV + 120

+ 1 f ) o+ L d6 =0,
TJo V2cosh 6 + 2 cosh « 7l J-o V2 cosh 6 — 2cosha
which after some simple transformations becomes
1
P, (cosh o) = 2 v+ tom cosh & + D0__ g
T o V2cosh 6 + 2cosha
CI[T__SMEA g ke,
T Jo V2cosh 6 — 2 cosh
(7.4.4)
Replacing v by —v — 1 in (7.4.4) and recalling (7.3.14), we find that
P, (cosh ) = T%e‘("“/z”‘i 75 cos: (()V +2%)6 = do
0 cos + 2 cosh a (7.4.5)

_Efw Sinh (V+%)e de
miJs V2cosh® — 2cosha

where again —1 < Rev < 0. Adding (7.4.4) and (7.4.5), and then subtract-
ing (7.4.5) from (7.4.4), we obtain

do,

4 © cosh (v + )0
2P (cosh o) = —cos (v + f
( “) T O+ Pr o V2cosh 6 + 2cosha

4i . ® cosh (v + )0
0=—sin(v + f do
4 S o V2cosh 6 + 2cosh a
L4 sinh (& + 90 o
mi J« V2 cosh 6 — 2 cosh «

which imply the desired integral representations
cosh (v + )0

2 0
P,(cosh o) = =cos v+11rf do,
( ) T G+ o V2cosh 6 + 2cosh« (7.4.6)
«>0, —1<Rev<O,
P,(cosha) = Zcot (v + )m sinh O + 99 e,
T « V2cosh 6 — 2cosh« (7.4.7)

«a>0 —1<Rev<

Next we derive integral representations of Q,(z), the Legendre function
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of the second kind. Assuming that z = cosh « (« > 0) and introducing a new
variable of integration in (7.3.20) by setting

.. 6 -
sinh 3= sinh 3 cosh ¢,

we find that
Oucosha) = [ e do (7.4.8)
J(cosh «) = 4.
« V?2cosh 6 — 2cosh a

for Rev > —1. Then writing
€® = cosh a + sinh « cosh o,
we reduce (7.4.8) to the form

(cosh o + sinh « cosh )" * ©

«a>0, Rev>—1.

0, (cosh @) = fo
(1.4.9)

Formulas (7.4.1-9) were derived under the assumption that « > 0, i.e.,
that z = cosh « > 1, but, according to the principle of analytic continuation,
they remain valid in any region of the complex «-plane where both sides of a
given formula represent an analytic function. For example, (7.4.2) holds in
the region Re cosh « > 0, while (7.4.6) holds in the whole z-plane cut along
[—o0, —1].

Finally, we derive an integral representation of the function Py(z) which
is valid in the interval —1 < z < 1. In this case we set

z=-cosB(0 < B < n), sing=sin§sincp
in formula (7.3.12), obtaining
B
P, (cos B) = 2 cos+ 1O 4 (7.4.10)

©Jo V2 cos 6 — 2cos B

for arbitrary values of the degree v.

7.5. Some Relations Satisfied by the Legendre Functions

The differential equation (7.3.1) does not change if we replace v by —v — 1
or z by —z, and hence it has solutions P_,_,(z), Q_,_1(2), P,(—z) and
0 —2), as well as P,(z) and Q.(z). Since every three solutions of a second-
order linear differential equation are linearly dependent, there must be certain
functional relations between the solutions just enumerated. The simplest such
relation is the formula

P—v—l(z) = Pv(z)s (751)
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proved in Sec. 7.3. To obtain a relation connecting P(z), Q\(z) and Q _, _,(2),
we assume temporarily that z > 1 and —1 < Rev < 0. In this case,
—1 < Re(—v — 1) < 0, and using formulas (7.4.7-8), we have

O,(cosh @) — Q_,_; (cosh @) = = cot vr P, (cosh «),
or
sin ve[Qy(z) — Q_,_1(2)] = m cos vr Py(2). (7.5.2)

Formula (7.5.2) remains valid for all z in the plane cut along [— oo, 1], since
in this region both sides are analytic functions of z. Moreover, for all z in the
cut plane, both sides of (7.5.2) are analytic functions of v, except when v is an
integer, and therefore (7.5.2) holds for all v # 0, +1, +£2,... Setting
v=n—-4Mm=0, £1, £2,...)in (7.5.2), we find that

On-%(2) = Q-n-%(2). (7.5.3)

We now derive another relation between the solutions of (7.3.1), assuming
temporarily that |z| > 1 and |arg z| < =. Then formula (7.3.7) gives

O(—z2) = —e*"™Q(2), v#E -1, =2..., (7.5.4)

where the upper sign corresponds to Im z > 0 and the lower sign toIm z < 0.
Using the principle of analytic continuation, we can drop the condition
|z| > 1, thereby establishing the validity of (7.5.4) for arbitrary z in the plane
cut along [—oo, 1] and arbitrary v # —1, —2,... Finally, combining
(7.5.2) and (7.5.4), we obtain

—sin ve[e*¥™Q,(z) + e¥'™Q _, _,(2)] = 7 cos v Py(~2),
and then using (7.5.2) to eliminate Q _,_,(z), we find that

2 sin vr
T

Qv(z) = Pv(z)exvm' - Pv(_z)a (7'55)

wherev # —1, —2,...,and the upper sign is chosen if Im z > 0 and the lower

sign if Im z < 0.
The relations (7.5.1-5) play an important role in the theory of spherical
harmonics. In particular, it follows from (7.5.5) that

: Sl: = Qv(x + 10) = Pv(x)e_\mi - Pv(_x)’
. (7.5.6)
22T 0,(x — i0) = Py(x)e™ — Py(—x),
if —1 < x < 1. This implies
O, (x + i0) — Qu(x — i0) = —inP(x), -1l<x<1, (757

and shows why the cut must be extended to the point z = 1 in the case of a
Legendre function of the second kind.



176  SPHERICAL HARMONICS: THEORY CHAP. 7

7.6. Series Representations of the Legendre Functions

The Legendre functions defined in Sec. 7.3 are analytic functions of the
complex variable z in the plane cut along [— oo, — 1] in the case of Py(z), and
along [— oo, 1] in the case of Q,(z). In restricted regions of these cut planes,
the Legendre functions can be represented by hypergeometric series with
various choices of «, 8, y and z, examples of which are given by the series
(7.3.6-7). A simple method for constructing all expansions of this type is due
to Barnes,?° and is based on transformations of the contour integrals used to
define the Legendre functions, but most of these results can be obtained by
more elementary means. We begin by deriving formulas suitable for repre-
senting the Legendre functions in the domain |z| > 1, |arg z| < w. According
to (7.3.7), we have

VDG + 1) (v v 1 31
03 = For g F(E thyt+sv+s ?) (7.6.1)
for z in this domain and arbitrary v # —1, —2,... To obtain the corre-
sponding series expansion of the Legendre function of the first kind, we assume
temporarily that 2v is not an integer and use the relation (7.5.2), which can
then be written in the form

tan vt
17

Pyz) = [0u(2) — @-v-:(2)] (7.6.2)

Substituting the series (7.6.1) into (7.6.2), and using formula (1.2.2) to trans-
form the ratios of gamma functions we obtain

N VU N LS B |
PO - e @ a3 53
D=y - %) y

-v-1 A gl)
+ (22) F(2+1 + 359+ 5 z)

VEl(—v) 272

|z| > 1, J|argz| <= (7.6.3)

The condition imposed on the parameter v can be replaced by the weaker
condition 2v # 2p + 1 (p = 0, +1, +2,...), since both sides of (7.6.3) re-
main analytic at points v = p. Therefore formula (7.6.3) holds for any
v#E EL £

To derive expansions of the Legendre functions which hold in the part of

20 E. W. Barnes, op. cit. The reader familiar with the theory of the hypergeometric
function can derive the formulas of this section as special cases of the general relations
of Secs. 9.5-6. A compilation of representations of the Legendre functions in terms of
hypergeometric series is given in the Bateman Manuscript Project, Higher Transcendental
Functions, Vol. 1, pp. 124-139.
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the cut plane where |z| < 1, we first note that the substitution ¢ = z? trans-
forms the differential equation (7.3.1) into

2
t(1—t)%g+(%—%t)%+%(%+%)u=0, (7.6.4)

which is the special case of the hypergeometric equation (7.2.1) corresponding
to the values

v v 1 1
=y P=3tp ¥=3

According to Sec. 7.2, the general solution of (7.6.4) for |z| < 1 can be
written in the form

_vl 1
2 2 2’2’

_yyagd
222

z2) + BzF( + 1;§;z2), (7.6.5)
where A and B are arbitrary constants. In particular, if the values of these
constants are chosen to be 4 = Py(0), B = Py(0), then u = P,(z), and to
obtain the desired expansion, we need only calculate the values of the
Legendre function P,(z) and its derivative at the point z = 0.

With this aim, we set z = 0 in the series (7.3.6), obtaining

Il

F(—v,v+ 1;1;%) = z (—V)(,i()\']:y_ De 1 2k

~ 1 Tk — WOtk + v + 1)
T D=L + 1) Z 2kk!2

_ _sinve S Pk =Pk +v + 1)
- Z e

Py(0)

where we have used formula (1.2.2) from the theory of the gamma function.
If we temporarily assume that —1 < Rev < 0, then (see Sec. 1.5)

L'tk —vI'(v + 1)

1
— — —_ k-v-1 — 1)V
Tk + 1) =Btk —v,v+1) JO t (1 — t)yVadr,

k=0,1,2,...,
and hence

P,(0)

sin v i 'k +v+1)
~ 2¥kIT(v + 1)

_ sinnvrr J: t-v-1(1 — £y dt 2 lfl"-:\,v++1)l) (5)

1 1
S Vﬂf YN - t)"(l - —)‘V‘l dt,
0 2

g

1
V-1 = f)vadt
0
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where the reversal of the order of summation and integration is justified by
an absolute convergence argument. Setting 1 — ¢ = Vs, we find that

v 1
2V sin vt F(_V)F(i + 5)

T 1 v
F(z - z)

(7.6.6)

P0) = — 2 s;n an’

1
sHO-I(] — 5)" vV lds = —
0

or

Vr

1 v v ’
G-+
where we have used formulas (1.2.2-3). Since both sides of (7.6.6) are entire

functions of v, our result holds for arbitrary values of v. Using (1.2.2), we
can also write (7.6.6) in the form

v 1
F(z + §) v
——FF COS .

\/EI‘(% + 1)

P v(O) =

P(0) = (7.6.7)

Once we have found P,(0), we can easily deduce P;(0) by using the recur-
rence relation (7.8.5). This gives
v
) .
—————sin -

P(0) = vP,_;(0) = v \/EF(% N %) 2

or
21‘(% + 1)

P(0) = —= L in T, (7.6.8)

where we take account of formula (1.2.1). Combining (7.6.5, 7-8), we obtain

the following series expansion of the Legendre function of the first kind, valid
for |z| < 1 and arbitrary v:

v 1
F(§ + _2_) .\TF(V 1

P(2) = —— 085 Fl5 + 3~ %;%;zz)
var(s +1)
(7.6.9)
21“(1 + 1)
2 . VT 1 v L3,
+——TSIH72F(§_§’§+ l,§,z>

\/;cl"(% + E)
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The corresponding expansion for the Legendre function of the second kind is
obtained from (7.6.9) and (7.5.5). After some simple transformations, we
find that

I‘(% + 1)\/;
v 1
(5 +3)
(7.6.10)
1
r(2 -)
F '———(2 ’ 2 \/;F(X +1 _f~1-22)
! o A 7227l
3+ )
where |z] < 1,v # —1, —2, ..., and the upper sign is chosen if Im z > 0and

the lower sign if Im z < 0. A formula of even greater practical interest is
the series expansion of Q,(x), obtained from (7.6.10) and (7.3.28):

v — vTT
F(E"*‘l)\/TCCOS? F(l__\:l'_'_léxz)
F(_v+1) VIR X
2732
p(i + 1)\/; sin (7.6.11)
2 2 v 1 v. 1

2F(2+1)

—-1l<x<l1 v#-—1,-2,...

1 VIR 3
— pFvmi/2 oy — e e 52
o(2) =e zF(2 22+1,2,z)

Qv(x) =

To obtain another important class of expansions of Legendre functions,
we temporarily assume that z is a real number greater than 1 and that
Rev > —1. Writing z = cosh o (« > 0) and using the integral representation
(7.4.9), we obtain

® do ® do
QV(COSh“)=f : v+1=f v+1
o (cosha + sinh«cosh ¢) 0 (e°‘ cosh? % —e-%sinh? _‘E)
=e_(V+1)uf°° d(P v
° (1

2
+1
e~ 2* tanh? ?) cosh2v+2 2
2 2
— e-(v%-l)otf°°
0

B o (v +k+1) _
(v+ Do 2ka
Z TG + DAt ¢

z (V + k + l)e_z,m tanthg

copar2 850 T + DA
2

ok @
tanh >

— < dy,
J:’ cosh?v+2 %



180  SPHERICAL HARMONICS: THEORY CHAP. 7

where the reversal of the order of summation and integration is easily justi-
fied. Then setting ¢ = tanh? (¢/2), we find that

- tanhz’62 ) )
f —— 2= f (1 — oy = SE %)l(vt )
’ °°Sh2”25§ ° Tk +v +3)

which implies

_ < Iv+k+ DI'k+ %) _
= v+ Do 2ka
QOufcosha) = e ,Zo KTk +v+3 ¢

— e—(V+1)oz F(V + 1)F(‘}) < (V + l)k(%)ke_gka
(v + %) k=0 k'(v + i ’

Therefore we have

VaD(v + 1) .
I'ev +3)

or, if we return to the variable z,

O,(cosh o) = SoELe By 4+ 1,4y + 35 e7%),  (7.6.12)

0. = F0AED ¢ - VAT Ry 4 L kv 4 6 - VA - I,
(1.6.13)

Let z be a complex number belonging to the domain |arg(z — 1)| < =.
Then
w=z—-VZ_-1=z-Vz—-1Vz+1

belongs to the domain |w| < 1, |arg w| < =, and is an analytic function of z
(we choose the branch of V'z2 — 1 which is positive when z is real and greater
than 1). Since both sides of (7.6.13) are analytic functions, this formula, just
proved for real z > 1, remains valid in the whole domain |arg (z — 1)| < .
Using the principle of analytic continuation, we can also easily get rid of the
condition Rev > —1, replacing it by the single requirement that v # —1,
—2,... Therefore (7.6.13) holds throughout the domain of definition of
0.(z), which explains the particular importance of this formula.

To derive a series expansion of the function P,(z) from (7.6.13), we use
the relation (7.6.2). Assuming temporarily that 2v is not an integer, we find
after a simple calculation based on (1.2.2) that

'v+1)
V(e + 3)

'v+ %
Vare + )¢~

Py(z) = tanve(z— V22— DIFy + v+ 3z - V2 - 1)

VZ D) F{—v, 33 — vz — V2 = D)3,
larg (z — )| < = (7.6.14)
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The condition imposed on the parameter v can be replaced by the weaker
condition 2v # 2p + 1(p = 0, +1, +2,...), since both sides of (7.6.14) re-
main analytic at the points v = p. Therefore formula (7.6.14) holds for all
v # +%, +3,... and for all z in the plane cut along [— o0, 1]. Forv = +1,
+3, ..., the formula becomes indeterminate, and a passage to the limit is re-
quired to obtain the corresponding analytic expression for P,(z).

7.7. Wronskians of Pairs of Solutions of Legendre’s Equation

Let u,(z) and uy(z) be a pair of solutions of Legendre’s equation, with
Wronskian W{u,(z), uy(z)} [see Sec. 5.9]. Then

L1 — 2] + 50+ Duy = 0,
d o,
210~ ) + 9 + Dz = 0,

and subtracting the first equation multiplied by u, from the second equation
multiplied by u,, we obtain

L1 — 22 Wian(2), ual2)] = 0,

which implies
C
W{ul(z)5 uz(z)} = 1 — Zz'

In particular, choosing u;(z) = Qu(2), uy(z) = Q_,-1(z), assuming tem-
porarily that 2v is not an integer, and letting |z| — co in formula (7.6.1), we
find that

y(2) = f(vir(T;)” [t + 0(Jz %),

us(z) = ?f%—rf‘—)—) @21 + 0(J22),

) = - YDA D | 4 oz,
w0 = YELCD @ 4 o1z,

Therefore

I'(v I'(—=v) 2v
W{uy(2), us(2)} = 2;(; _+V)112(v(+ ;) Z-: 1

(1 + O(]z[~)]

= — ncotvrc% [T + 0(|Z|_2)]s
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where we have used formulas (1.2.1-2) from the theory of the gamma function.
A comparison of these results shows that for our choice of u#; and u,, the con-
stant C equals = cot v, and hence

cotv
WOV, Qovoi@) = T—p»  largz = Dl <= (17.D)
Formula (7.7.1) is valid for arbitrary v # 0, +1, +2,..., since both sides

are still analytic at the points v=n—4% (n =0, +1, +2,...). It follows
from (7.7.1) that for all nonintegral v, Qy(z) and Q_,_,(z) are a pair of
linearly independent solutions of equation (7.3.1), except for the case of half-
integral v, where the Wronskian vanishes and Q,(z), Q _,_(z) are connected
by the linear relation (7.5.3).

Next let u; = P(2), u, = Q,(z). To calculate the Wronskian of this pair
of solutions, we use (7.6.2), assuming once again that 2v is not an integer.
This gives

W{Pv(z)’ Qv(z)} =

tar:rth W{QV(Z)9 Q—v—1(2)} — ] _1 -

larg (z — 1| < =. (7.1.2)

According to the principle of analytic continuation, (7.7.2) is valid for
arbitraryv # —1, —2, ..., and therefore the functions Py(z), Q.(z) are a pair
of linearly independent solutions of equation (7.3.1) for any v such that both
functions are meaningful.

Similarly, using the relation (7.5.5), we find that

3’

2 sin v 2sinve 1
W{P(2), Q2)} = — Y 1=

larg (1 + 2)| < =, (7.7.3)

for arbitrary values of v. Thus the solutions P,(z) and P,(—z) are linearly
independent if v is not an integer. Finally we point out that in the interval
—1 < x < 1 we have the formula

W{Pv(z)’ Pv(_z)} = -

’

WP, 00} = 1= (1.7.4

X
where Q,(x) is the function defined by (7.3.28), and v # —1, —2,...
The results obtained in this section show that the general solution of
Legendre’s equation (7.3.1) can be written in any of the three equivalent
forms

u = APy(z) + BQO.\(2), larg(z — D] <=, v#—1,-2,...,
(1.1.5)

u = CP(z) + DP(—2), larg(1 £ 2)] <m, v#0, £1, £2,...,
(7.7.6)

D <m 2#0, +1, +2,...,
(1.7.7)

u=EQ(z) + FQ_,_:(2), larg(z
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where A4, B, ..., Fare arbitrary constants. The same formulas can be written
for real z = x in the interval (—1, 1), if Q,(x) is taken to be the function
defined by (7.3.28).

7.8. Recurrence Relations for the Legendre Functions

The Legendre functions satisfy simple recurrence relations connecting func-
tions with consecutive indices. To derive these relations, we set z = cosh «
(« > 0), assuming for the time being that z is a real number greater
than 1. Then, using the integral representation (7.4.1), we have

P, (coshea) + P,_; (cosh «)

_EJ’“ cosh (v + $)6 cosh 6 40
7 Jo V2cosha — 2cosh 6

=4— acoshacosh(v-i-a})ede 2 a\/2 - > = . odt
7 Jo V/2cosha — 2cosh —Rfo cosha —2cosh fcosh (v + %)

_ 4
2v + D=

4 J‘"‘ sinh (v + )0 sinh 6 4

= 2 cosh « P, (cosh «) — f V2cosha — 2cosh 6 dsinh (v + 1)6
0

= 2 cosh « P, (cosh &) —

(2v+ DrJo V2 cosha — 2 cosh 6
2 *cosh (v + 3)6 — cosh (v — 4)6
= 2 cosh a P, (cosh &) — f db
P “) (2v + Dr Jo V2 cosha — 2 cosh 0
1
= 2 cosh a P, (cosh «) — »F1 [Py,1 (cosh &) — P,_; (cosha)],

which implies
O+ DPy,1(2) — v + DzPy(2) + vPy_1(2) = 0. (7.8.1)
According to the principle of analytic continuation, formula (7.8.1) holds for

arbitrary z in the plane with a cut along the segment [ —co, —1]. In the same
way, we find that

P,,,(cosha) — P,_, (cosh «)

_ iJ’“ sinh (v + )0 sinh 0
T

do
o V2cosha — 2cosh 6

= _%f sinh (v + 4)6 dV'2 cosh « — 2 cosh 6
0

=Qv+ 1)72—:f V2 cosha — 2 cosh 6 cosh (v + %) 6 df.
0
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After differentiation with respect to «, this becomes

cosh (v + £)0
cosha — 2 cosh 6
= (2v + 1)P, (cosh a),

do

P, (cosh«) — P;_; (cosha) = (2v + 1)§f°‘ .
0

or
Py1(2) — Pi_1(2) = (2v + D)Py(2), (7.8.2)

where the result holds in the whole plane cut along [— oo, —1].

The rest of the recurrence relations satisfied by the function P,(z) can be
deduced from formulas (7.8.1-2). For example, differentiating (7.8.1) with
respect to z and using (7.8.2) to eliminate first P;_,(z) and then P}, ,(z) from
the resulting equation, we arrive at the relations

P}, 1(2) — zP{(z) = (v + 1)Py(2), (7.8.3)
zPy(z) — P|_1(2) = vP(2). (7.8.4)

Moreover, replacing v by v — 1 in (7.8.3) and eliminating P} _,(z), we have
(1 = z2)PY(z) = vP,_1(z) — vzP\(2). (7.8.5)

Recurrence relations for Q,(z), the Legendre function of the second kind,
can be obtained in just the same way, starting from the integral representation
(7.4.8). It turns out that these recurrence relations are exactly the same as for
the function P(z):

(V + 1)Qv+1(z) - (2\' + I)ZQV(Z) + VQV—I(Z) =0, (786)

0v41(2) — Qi-1(2) = (v + DOW2), (7.8.7)
0v41(2) — 20U2) = (v + DOW2), (7.8.8)
zQiz) — Qv-1(2) = vO\(2), (7.8.9)

(1 = 290U2) = vQy-1(2) — vzQ\(2). (7.8.10)

Formulas (7.8.6-10) hold for any complex z in the plane cut along [— oo, 1]
and for arbitrary v # —1, —2,...2! It is easily verified that these formulas
remain valid for the functions Q,(x) defined by (7.3.28).

7.9. Legendre Functions of Nonnegative Integral Degree and
Their Relation to Legendre Polynomials

An important class of spherical harmonics, frequently encountered in the
applications, consists of the Legendre functions of nonnegative integral

asv —0.

# Note that vQ,-1(2) = 1, @4-1(2) > 1 Z =
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degree v=n (n =0, 1,2,...). Since for v = n, equation (7.3.1) coincides
with equation (4.3.8), which has the Legendre polynomial of degree n as a
particular solution, it is natural to expect that there is a simple connection
between this class of functions and the Legendre polynomials. To establish
the connection, we first observe that substitution of v = 0, 1 into (7.3.10)
gives fo(w) =1, filw) =1 + 4w, and then (7.3.12) implies Py(z) = 1,
P,(z) = z. Since the recurrence relation (7.8.1) for the Legendre functions
coincides with the recurrence relation (4.3.1) for the Legendre polynomials, it
follows that the functions P,(z) of nonnegative integral degree v = n (n = 0,
I, 2,...) are identical with the Legendre polynomials considered in Chap. 4.
The Legendre functions of the second kind of nonnegative integral
degree v = n can also be expressed in closed form in terms of elementary
functions. To prove this, we setv = 0, 1in (7.3.7), assuming temporarily that
z is a positive number greater than 1. After some simple calculations, this
leads to
1 1 z+1
o "Z" TATF 28 (7.9.1)
0.(2) = ’2:02](—_,_3# = %log%i -1

where, according to the principle of analytic continuation, the formulas
(7.9.1) are valid in the whole z-plane cut along [— co, 1]. The corresponding
expressions for the remaining functions Q,(z) can be derived from (7.9.1) and
the recurrence relation (7.8.6). By using mathematical induction, it is easily

verified that the result can be written in the form

0.(z) = —Pn(z) log 241 1 —f@®, m=0,1,2,..., (192

where P,(z) is the Legendre polynomial of degree n, and f,_,(z) is a poly-
nomial of degree n — 1 [f_,(z) = 0]. Formula (7.9.2) shows that the
Legendre functions of the second kind of nonnegative integral degree have
logarithmic singularities at the points z = +1. Bearing in mind that

z+1 1+

logz_1 lg1 +7ti,

forz=x £ i0(—1 < x < 1), and using the definition (7.3.28) of Q,(x), we
find that

1+ x 1 +x
QO(x) log 1 ’ Ql(x) 1 g 1 1’

(7.9.3)

0.0 = Lo — fo),

which, in particular, shows that Q,(x) > + o asx— +1.
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7.10. Legendre Functions of Half-Integral Degree

Another special class of functions encountered in practice consists of the
Legendre functions of half-integral degreev=n —3(n =0, 1, 2,...).22 This
class of functions is also of theoretical interest, since the case v=n — %
occupies a special position in the theory of spherical harmonics, and many
formulas need modification when v = n — 4. In the present section, we
assume that the variable z is greater than 1, setting z = cosh « (¢ > 0). This
is the case of greatest practical interest (cf. Sec. 8.11).

To obtain a general formula for the function Q,_s (cosh «), we use
(7.6.12), which for v = n — 4 becomes

Qn-y (cosha) = V;_&Oz_;%) ~rte Fn 4+ 4,40 + 1572, (7.10.1)

where « > 0, n = 0, 1, 2,... A similar representation of P,_, (cosh «) can-
not be written down directly from (7.6.14), since this formula becomes indeter-
minate for v = n — 4. However, the required expansion can be deduced
from the relation (7.6.2) by using L’Hospital’s rule to pass to the limit
v —n — %. This gives

P,_1, (cosh @) = 1 {FQ—VI(CO_M] % [M]v n- Vz}

(7.10.2)
Writing formula (7.6.12) in the form

F(k +v + I)Pk + ) —a2k+v+1
0, eosh) = 3 Ll Xt LD memnvn, 7103

we find that

90, (cosha) Tk +v+ DIk + %)
o ATk + v+ DNk + D)

XUk +v + 1) — Yk + v + 2) — aJe-%@+v+D (7.10.4)
90 _,_; (cosha) < Itk —9I'(k +3%)

PN - & Tk—v+ DIk + 1)
x[Uk —v) — Yk — v + 3) — ale-*@-v (7.10.5)

where {(z) is the logarithmic derivative of the gamma function (see Sec. 1.3).
Ifwesetv=n—1(m=1,2,...), the first n terms of the series (7.10.5)
become indeterminate, since

Tk —n+1) =0, dk-n+1)=0, k=01,...,n-1

22 Because of (7.5.1, 3) there is no need to consider thecasen = —1, —2, .. .separately.
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However, using formulas (1.2.2) and (1.3.4), we obtain

. ‘.l)(k—V+%)__ n—k _ — —
v—!lnn;ll/z m = ( 1) F(n k), k = 0, 1, ..., N l,

which implies

0Q _y_; (cosh «)
[ ov ]v—n—‘/g
_ (=D — k)T, —
% Ltk + 1)

T(k + n + YTk + )
Tk +n+ DIk + 1)

n+3%) F(k + %)e—a(2k—n+ )

x
1\Ms

[k + %) — Yk + 1) — a]e-x@e+n+i)

(7.10.6)

if we introduce a new summation index in the series

L

.y
k=n

by replacing k by k£ + n. For n = 0 the first term in (7.10.6) must be set
equal to zero. Moreover, it follows at once that

'k + n+ DI'k + 1)
X [Pk +n+3) — Yk +n+ 1) — aJe-x2k+n+id),
Substituting (7.10.6-7) into (7.10.2), and noting that

— D T (k — -
(=D Tk = n+ 9 = T
according to (1.2.2), we find that

P, _s, (cosh «)

_ exn— 1) n-1 F(n — k)F(k + %) e~ 2ku
© & Tk + DI+ % - k)

L et STk 4+ n + Pk + )
LTk +n+ DIk + 1)

X Re+dk+1)—dk+3) +dk+n+1)— Yk +n+3)]e 2+,

(7.10.8)

where « > 0,n =0, 1, 2,..., and the first term must be omitted if n = 0.
Formula (7.10.8) is the desired series representation of the function
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P, _y, (cosh «). To find the values of the logarithmic derivative of the gamma
function appearing in (7.10.8), we use formulas (1.3.6-9). Thus we have

1 1
$(F) = —y — 2log2, (7.10.9)
1 1
Yon+ ) = —y = 2log2 + 2 (1 43+ )

where v = 0.57721566...,andn = 1,2, ...

Integral representations of the Legendre functions of half-integral degree
can be obtained by settingv = n — % in the appropriate formulas of Sec. 7.4.
In addition, there are some special integral representations valid only for
this class of spherical harmonics. For example,

cos ne do, n=0,1,2..., (7.10.10)

Qn - (cosh o) o V2cosha — 2cos ¢
which is easily proved by expanding the right-hand side in a series of negative
powers of cosh «, carrying out the integration and comparing the result with
(7.3.7).28

Finally, we point out that the Legendre functions of half-integral degree
can be expressed in terms of the complete elliptic integrals of the first and
second kinds

n/2 dqo /2 i
K(k) = fo Vi ksne E(k) = J; V1 = k%sin? ¢ do (7.10.11)

with modulus 0 < k < 1, a fact of some interest, since there exist detailed
tables of K(k) and E(k).2* To derive these expressions, we use the integral
representations (7.4.1) and (7.10.10) and reduce the resulting elliptic integrals
to the standard form (7.10.11). For example, we have 2°
P_y (cosha) = —2— K (tanh ;) 0, (cosh o) = 2e-2K(e~%),
7 cosh %

(7.10.12)
and so on.

23 See footnote 17, p. 121, and use the easily verified formula

* n+ 2k - M_, i
’[0 COS ng cos pdp = TR + R k=0,1,2,...

24 A. Fletcher, A4 table of complete elliptic integrals, Phil. Mag., 30, 516 (1940).
25 To prove the first formula, make the preliminary substitution
sinh g = sinh;
in (7.4.1), and then use the fourth entry in Table 4, p. 319 of the Bateman Manuscript
Project, Higher Transcendental Functions, Vol. 2. To prove the second formula, use the
sixth entry in the same table.

sin ¢
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7.11. Asymptotic Representations of the Legendre Functions for
Large |v|

The study of the asymptotic behavior of the Legendre functions as
|z| — oo for fixed v is an elementary problem, whose solution is an immediate
consequence of the various series representations of P(z), Q,(z) given above.
A less trivial problem, and one of great practical importance, is to find
asymptotic representations of the Legendre functions as |v| — oo for fixed z.
In this section, it will be assumed that z is a real number greater than 1 and
larg v| < 4m — § (see, however, the rema k on p. 192). For asymptotic for-
mulas valid under more general assumptions concerning z and v, we refer
the reader to the special literature on spherical harmonics.28

To derive an asymptotic representation of P,(z), we begin with the
integral representation (7.4.1), which we write in the form

P, (cosh o) = %f (2 cosh & — 2 cosh 0)~1/2e(v+ 120 4§
0
+ %f (2cosh a — 2 cosh 0) 12~ V*+20 46 = 7, + 7,
0

(7.11.1)

Making the substitution ¢t = « — 0 in the integral #,, we obtain

e(V+ Voo o e—(v+l/2)t t -1/2
A= SZsmh ™ ), ok o (1 ~ tanh 3 coth “) at
v+ W © o= (v It % o= It
= Z(2sinh a)m{ . Eoh Xt ) b o

t -1/2 p ® o= (v Ipt i

X [(l - tanh:—Zcoth O() — l] t — ) W t}

eVt o 7112
=m[/a+/4—fs]- (7.11.2)
The integral #; can be expressed in terms of the gamma function, and in fact

® 1 v+1
_ 912 —(v+ 1)t —2ty-1/2 gp — 9-12R(=,
Fs=2 fo e (1 — e % dt = 2 B(2 3 )

v+ 1
(7: 1/2 F( ) )
-G o=
'z + 1)
(5
26 E. W. Hobson, op. cit.,, E. W. Barnes, op. cit., and G. N. Watson, Asymptotic

expansions of hypergeometric functions, Trans. Camb. Phil. Soc., 22, 277 (1918). The
last reference gives the most detailed treatment of the problem.
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(see Sec. 1.5), which implies
T 1/2
A (;) [+ O(jv|Y), (7.11.3)

because of the asymptotic behavior of the gamma function for |v| — oo,
larg v| < i — & (see Sec. 1.4).
To estimate the integral #,, we use the inequality

(1 -=x)""2—-1<x(1 —a)" 3 0<x<acx<l,
which implies

3

2cothac, 0<t<

t -3 o
(1 — tanh 3 coth oc) — 1 < 2Y2 cosh 3 tanh

From now on, we assume that
0 <oy <a<oa < oo

It follows that

o . t
| #s] < 2'2 cosh g coth a f e (Ml sin 0+ WX (sinh £)~*/% tanh 5 dt
0

- ' t
< 2'2 cosh % coth o f e~ (Msin 8R! (sinh £)~1* tanh 5 dt
0

- 0(1)f et sin 8 112 g — O(|v] -9, (7.11.4)
0
where we use (1.5.1). Finally we have

sl [

o

e

e— (Vi sino+ Vz)’(sinh 1)~ Y2 dt < (asinh o)~ 1/2 J e—(VIsinb+ 3t f1/2 g

o

< (s sinh ag)~ 12 fw eIt sin 6 2 gy — O([v|-912). (7.11.5)

0
1t follows from (7.11.2-5) that

e(v+1/2)oc 1 0 . 7116
I = Gmsmhay L+ O a1

To estimate #, is an easier matter. We see at once that
1 [«
| 7] < ;J‘ (2 cosh & -~ 2 cosh 6) =2 d6
0

1

1 — -1/2 9061
< Wfo (2 cosh @ — 2 cosh 6) cosh 2d6 =5

and hence

F2 = 0(). (7.11.7)
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Combining (7.11.6-7), we obtain the desired asymptotic representation of the
Legendre function of the first kind:

e(v+ Vo)
3 [1+ O(v[ 7],

PV (COSh fl) = m

(7.11.8)

[v| = oo, ]argvlsg—& 0<ay<a<g o < oo

To derive an asymptotic representation of Q,(z), under the same assump-
tions, we begin with the integral representation (7.4.8), making the sub-
stitution 6 = o + ¢:

-1/2

(1 + coth « tanh %) dt

e—(v+1/2>tx © e—(v+l/2)t

Oulcosha) = 7oy |, Ginh O
e~ (Vo e~ v+ 1Rt
(2 sinh «)/2 {f (sinh t)”2

© = (vt t\ -2
e [1 (1 + coth « tanh 2) ] dz}

e—(v+ o do

= Gsnhay® [ So + Sl (7.11.9)

The integral #; has already been estimated in (7.11.3). To estimate the
integral #¢, we use the inequality

1 -1+ x)"2< %x X

A\

0,
which implies
1 — (1 + coth a tanh £)~*2 < 1 coth « tanh ¢, t > 0.

Therefore

(Fel <0 [ emtmmopmar — o(b =03, (1.11.10)
0

provided that « > «, > 0. Combining these results, we obtain the desired
asymptotic representation of the Legendre function of the second kind:

1/2

Qv(cosh a) = (2v+ha)”2 e =L + O(|v[ M),
(7.11.11)
V| >0, |argy| <= —38, 0<ap<a< oo

N
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Remark. By similar methods, one can derive asymptotic representations
of Py(z) and Q\(z) for the case where z belongs to the interval (—1, 1) and
argv = 0. It is found that?”

Py(eos 0) = (=) sin (0 + 30 + w01 + O(b ),

vt sin 0

T 1/2
0, (cos 0) = (m) cos [(v + )0 + 4=]-[1 + O(|v| )],

v—>o, <0< -3 (7.11.12)

7.12. Associated Legendre Functions

The next class of spherical harmonics, in order of increasing complexity,
consists of the associated Legendre functions, which are solutions of the dif-
ferential equation

2
(1 — 2u" — 2zu' + [v(v +1) - 1%?] u =0, (7.12.1)

for arbitrary v and integral m = 0, 1, 2,.... These functions generalize the
functions P,(z) and Q.(z) considered in Secs. 7.3-11, and reduce to these
functions for m = 0.

To define the associated Legendre functions, we assume that z is an
arbitrary complex number belonging to the plane cut along [— co, 1], and we
introduce a new function v related to u by the formula

u=22-Dm" =(z—- )" (z + )",
Then equation (7.12.1) takes the form
(1 =z%" -2m+ Dzv' + (v —m)(> +m+ v =0. (7.12.2)
Let w be a solution of Legendre’s equation
(1 — 22" = 2zw" + v + DHw = 0. (7.12.3)
Then it is easily verified that the function v = w™ satisfies equation
(7.12.3).28 1t follows that the solutions of (7.12.1) are given by

d™P(z)
mi,\ — 2 __ m/2 ,
Pr) = (22 — e Y

orMz) = (22 — 1)™2 %,!m =0,12,..., (7.12.4)
where P,(z) and Q,(z) are the Legendre functions defined earlier. The functions

27 See J. Lense, Kugelfunktionen, second edition, Akademische Verlagsgesellschaft,
Geest & Portig K.-G., Leipzig (1954), p. 168 ff., and E. W. Hobson, op. cit., p. 293 ff.

28 Use Leibniz’s rule (D. V. Widder, op. cit., p. 483) to calculate the derivatives
(z%”)™ and (zv")™.
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P™(z) and QF(z) are called the associated Legendre functions of the first
and second kinds, respectively. 1t follows from (7.12.4) and the results of
Sec. 7.3 that PJ(z) and Q7(z) are entire functions of z in the plane cut along
[— oo, 1]. Moreover, PJ(z) is an entire function of v, while Q7(z) is a mero-
morphic function of v, with poles at the points v = —1, —2, ...

In the applications, it is often necessary to find the solution of equation
(7.12.1) for real z = x belonging to the interval (—1, 1). To this end, we first
note that values of the associated Legendre functions on the upper and lower
edges of the cut are

. ) d™P (x)
m __ p*(mni/2) — y2\m/2 __V_,
P™Mx + i0) = e (1 — x?) pr
. ; d™Q.(x + i0)
m, — px(mni/2) — y2ym/2 T_=V\T — "/,
Qr(x + 10) = exmmin() — a2 COLC

Then we introduce two new functions P(x) and Q7(x) by writing
Pr(x) = e™2PP(x + i0) = e~ ™2PM(x — i0)
d™P(x)
— (—1)™ _ 2\m/2 ,
(- = xyme

(-1nm ] ) (7.12.5)
OV(x) = > [e7™2QU(x + i0) + "= Q0(x — i0)]

= (— 1y — e E200),

where —1 < x < 1, visarbitrary [except thatv # —1, —2,... in the case of
OMz)],m=0,1,2,...., and Q(x) is the function defined by (7.3.28). The
functions PJ(x) and Q¥(x), which are easily seen to satisfy equation (7.12.1)
for real z = x (—1 < x < 1), will simply be called the associated Legendre
functions for the interval (—1, 1).2°

In the special case where v = n is a nonnegative integer (n = 0, 1, 2,...),
P(z) = P,(z), where P,(z) is the Legendre polynomial of degree n. Then,
according to (4.2.1), we have

l dm+n 2 N
7t e &~ D (7.12.6)
m=0,1,2,..., n=0,1,2,...,

PIG) = (2 — ™

and obviously Py(z) = 0if m > n. If m< n, the function P}(z) is the product

29 Some authors define P7(x) and Q7(x), —1 < x < 1 by the formulas
, d"P.(x) dmQy(x)
— — x2ymiz 2V m, - — y2)ym/2 s

PY(x) = (1 — xm2—5 V() = (1 — x%) p

differing from (7.12.5) by the constant factor (—1)™, a fact which should be kept in mind
when consulting handbooks and tables involving these functions.
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of (z2 — 1)™2 and a polynomial of degree n — m. Intheinterval —1 < x < 1,
the analogue of formula (7.12.6) is
l d m+n
2°n! dx™ "
If we set v = (d/dz)™P,(z) in (7.12.2) and multiply the result by (z2 — 1)™/2,
we obtain the recurrence relation
2(m + 1)z
( 2 _ )1/2

PI(x) = (= 1)"(1 — x3)"

(x* — 1) (7.12.7)

Pr*2(z) + Pr+i(z) — (v —m)(v + m + 1) PI(z) = 0,
m=29,1,2,..., (7.12.8)
which can be used to calculate the function P'(z) step by step, starting from
P)(z) = P\(2),

Pi(2) = (22 — D)2PY(2) =

-V

Z—)ll‘g}, v-1(2) +( )1/2 v(z)

In just the same way, we find that

fz(’"_—““l)”f Q1 *i(2) — (v — m) + m + 1)QT() = O,

m=0,1,2... (1129

VA2 +

Similarly, using the definitions (7.12.5), we can easily deduce recurrence rela-
tions for the functions P7'(x) and Q7(x), obtaining

23 DEPE) + 6 = m) + o+ DRI =0,

07+ + G 000 + 6 — m)o + m o+ DI = 0,

PT*3(x) +
(7.12.10)

where —1 < x < 1, v is arbitrary [except that v 2 —1, —2,... in the case
of O¥(x)Jand m =0, 1, 2,...

The associated Legendre functions also satisfy recurrence relations of
another type, involving functions with the same superscript m but different
subscripts v. To derive these formulas, which generalize the corresponding
formulas of Sec. 7.8, we first differentiate (7.8.2) m times with respect to z
and use (7.12.4), obtaining

PriMz) — PPHMz) = (22 — DY3(2v + 1)PI(2). (7.12.11)
Then, differentiating (7.8.1) m times with respect to z and again using (7.12.4),
we find that
O+ DPY(2) — (v + DzPT(z) — (v + Dm(22 — DY2PT=Y(2) + vP{_4(2) = 0,
which together with (7.12.11) implies
v—m+ DPlHi(z) — v + DzPT(z) + (v + m)PP_,(z) = 0,
m=0,1,2,... (7.12.12)
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This recurrence relation is the first of the type mentioned, and reduces to
(7.8.1) for m = 0. To obtain two other such recurrence relations, we dif-
ferentiate (7.8.2) and (7.8.3) m times with respect to z and replace (d/dz)™P,(z)
by (22 — 1)~™2PI(z), obtaining

dPR(2)  dPy(2)

7 [PPA() — PIa()] = (20 + DPIG),

dz dz z
(7.12.13)
dP}.(z dP}(z mz m m m
JZI( ) _ z dz( ) + [zPT(z) — P 1(2)] = (v + m + 1)PI(2),

(7.12.14)
where m = 0, 1, 2, ... Subtraction of (7.12.14) from (7.12.13) then gives

dPP() _ dPyy(@) _
&z dz

S [PT(E) — PRa()] = ( — mPT(). (112.15)

For m = 0, formulas (7.12.13-15) reduce to formulas (7.8.2-4), respectively.
Finally, replacing v by v — 1 in (7.12.14) and using (7.12.15) to eliminate
(d/dz)P7_,(z), we obtain the following generalization of formula (7.8.5):3°

(2% - 1)‘—1%(5-) = vzPMz) — (v + m)PI_(2), m=0,1,2,... (7.12.16)

Recurrence relations for the functions Q7(z) can be derived in exactly the
same way, starting from formulas (7.8.6-10), and obviously must be identical
with the corresponding recurrence relations for the functions PJ}(z). In the
case of the associated Legendre functions for the interval (—1, 1), recurrence

relations can be derived by using (7.12.5). For example, we have

O = m+ DPY(x) — (v + DXPI(x) + (v + mPy_y(x) = 0,

o2 = 1) d%(x) —wxPP(X) — (0 + mPP () =0, m=0,1,2,...,

and so on.
A closely related result is the formula giving the Wronskian of the pair of
solutions PM(z), O7(z) of equation (7.12.1). To derive this formula, we first
differentiate each of the equations (7.12.4) with respect to z, and then use

(7.12.4) again to eliminate the derivatives. This gives
dPy(z) 1

5 = 77 @ = DYPYTE) + mzPi())

: (7.12.17)
dov(z) _ 2_2_1__1 [(z2 — D¥2Qm+1(z) + mzQ™(2)).

dz

3% In Hobson’s treatise (op. cit., p. 290), this formula is given incorrectly.
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Substituting (7.12.17) into the expression for the Wronskian, we obtain

W{PI(2), Q1)) = (Z—_IT [07+3(2)PI(z) — P12 Q0]

Next we observe that (7.12.8) and (7.12.9) imply the identity
vIH2)PNz) — PR H(2)OV(2)
=@+ m(m —v — DIOV)PT (2) — PT(2)QV(2)],
and therefore the Wronskian becomes
W{PNz), O¥(2)} = (v + m)(m — v — DW{PT~(2), OV "' (2)},
m=12,...
Repeatedly applying this formula and using (7.7.2), we find that

3’

or, after taking account of (1.2.2),

WP, 08G)) = por et (=

(7.12.18)

where
larg(z — )| <, v# —1,-2,..., m=20,12,...

This result generalizes (7.7.2) and shows that P}(z), QV(z) are a pair of
linearly independent solutions of equation (7.12.1), except when v = 0,
1,...,m — 1, in which case both sides of (7.12.18) vanish identically. Thus,
apart from this degenerate case, the general solution of (7.12.1) can be written
in the form

u = AP™(z) + BO™(2). (7.12.19)

It follows from (7.12.18) and the definition (7.12.5) of the associated Legendre
functions for the interval (—1, 1) that

WiP(x), QV(x)} = # W{PI(x + i0), Q7(x + i0)}
+ W{PJ(x — i0), QV(x — i0)}
Tev+m+1) 1
"o —mr D= (7.12.20)

We also observe that the differential equation (7.12.1) does not change if we
replacevby —v — 1 or z by —z, and hence it has solutions P, _(2), O™ _1(2),
P?(—z) and QF(—2z), as well as P7*(z) and QF(z). Since every three solutions
of a second-order linear differential equation are linearly dependent, there
must be certain functional relations between the solutions just enumerated.
These relations can be obtained directly by differentiating each of the relations
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(7.5.1-2,4-5) m times with respect to z, and then using the definitions
(7.12.4). This gives

P™,_1(2) = PM2), (7.12.21)

sin vi[Q7(z) — Q™ _1(2)] = = cos v P}(2), (7.12.22)

O¥(—z) = —e*"™Ql(2), (7.12.23)

PM2)e™V™ — PM(—2z) = %sin v Q%(2), (7.12.24)

where m = 0, 1, 2, ..., and the upper sign is chosen if Im z > 0 and the

lower sign if Im z < 0.

The associated Legendre functions can be represented by hypergeometric
series in suitably restricted regions of the z-plane cut along [— o0, 1]. The
problem of deriving all expansions of this type lies behind the scope of this
book. At this point we consider only the simplest examples, referring the
reader interested in a more detailed treatment to the sources cited in footnote
20, p. 176.

An expansion of P7(z) valid in the domain |z — 1] < 2, larg(z — 1)| < =
can be obtained by m-fold differentiation of the series (7.3.6). First we note
that

0

%F(oc,ﬁ;y;x) = z M)_kkxk—l _ z (_(XM____(B)MX}:

= (k! o (Deark!
= a—szo%)—"x" (7.12.25)
B

= ‘—Y—F(G‘i‘ I,B‘i‘ 1aY+ l,x)

for x| < 1, since (A),+1 = MX + 1), by definition. Repeated application of
this formula gives

A (@uBe - _
dme(a, Biy;x) = o Fo+mB+myy+m;x), m=0,1,2,...
(7.12.26)
It follows that
dm 1 -z
m —_ 2 __ m/2 = — «1- -
PV(Z)—(Z 1) dsz( V7V+1:1’ 2 )
_ @ = D= (=) + Dn ( _ . 11—z
= o M Flm —vyv+m+1;m+ 1, > )
Moreover, according to (1.2.2),
P+ m+1)
(V + l)m = ——F(V—-i-r,
L'(m —v) I'v+ 1)

(_V)m = F(-—V) = (_l)m F(V —m+ 1)’
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and hence

TG+ m+ 1)

PYG) = 55m + DTG —m +

) (z2 — ™2
(7.12.27)
1 -z
xF(m—v,v+m+l;m+1;—2—,
where |z — 1| < 2, |arg(z — 1)| < =, v is arbitrary, and m =0, 1, 2,...
This expansion generalizes formula (7.3.6), to which it reduces for m = 0.
To obtain the corresponding formula for the interval —1 < x < 1, we use
(7.12.5) and (7.12.27), obtaining
(=D"TGv +m + 1)

PYX) = 3 om + DTG —m + 1

)(1 _ xz)m/z
(7.12.28)
1 —x

XF(m—V,v+m+1;m+1;—2—-

Next we derive the formula generalizing the basic expansion (7.3.7) of the
function Q,(z). Using the duplication formula (1.2.3), we write (7.3.7) in the

form
v+ 2 v+ 1
F(k+ s )F(k+ !

1 @

02) = ikzo KTk + v + 3)
and then differentiate this series m times with respect to z. According to
(1.2.1, 3), we have
dm
dz"

)Z—(2k+v+1)’ |z| < 1,

7= @k+v+1)

=(=D"2k +v+ DRk +v +2)---(2k + v + m)z=@+vim+D

= (=1)" PRk +v+m+1) = @k+vim+1)
Pk +v+ 1)

2m1.,(k+v+l;l+2)r(k+v+7;l+l)
z—@k+v+m+1)

P(k+v+2)l—‘<k+v+l)

’

= (=

2 2
and therefore

dev(z) — (_ l)mzm-lz—(v+m+1)

dz™
I‘(k+v+m+2)f‘(k+v+m+l)l

< S 2 2
K=o KTk +v + 3) z%
— (=1 VD + m + 1) JV—

TG + D
(v+m+2v+m+1_ 31)
x F ’

2 T 2 Ut on
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which implies

(=D)™/=Dv + m + 1)

W) = T 3 (2 -1
2v+ F 3\,v+m+1
&+ 3)z (7.12.29)
XF(v+m+2v+m+l.V+§__l
2 ’ 2 ’ 2°22)

where
|z] > 1, larg(z—= 1| <=mn, m=0,1,2,..., v#—1,-2,....

We conclude this outline of the theory of the associated Legendre func-
tions by citing the following integral representations which generalize the
corresponding formulas of Sec. 7.4:8!

I'v + m + 1)(z% — )™
2"VaT(m + HIG —m + 1)

P(z) =

X f: (z + V22 — 1 cos §)*~™ sin?"™ § d{,

Rez>0, m=0,1,2,..., (7.12.30)

P}(z) = I%%ilh)—l—) fﬂ (z + V22 = 1 cos §)¥ cos m{ dy,
Rez>0, m=0,1,2,..., (7.12.31)
(=1)™2I( +m + 1) 1
Val(m + HTG — m + 1) 2sin B)"
b cos (v + $)0
o (2cos® — 2cos B)‘/z""de’

0<p<m m=0,1,2... (7.12.32)

PT (cos B) =

PROBLEMS

1. Prove the formulas
P(—x + i0) — P(—x — i0) = 2isin vi Py(x),
O(—x + i0) — Q(—x — i0) = 2isin vr Q(x),

where x > 1.

31 The parameter v is arbitrary in (7.12.30-32). For these and many other integral
representations, with suggestions as to proofs, see the Bateman Manuscript Project,
Higher Transcendental Functions, Vol. 1, p. 155 ff.
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2. Derive the following representations of the Legendre function P.(z) in
terms of hypergeometric series:

P(2) = F(v '*2' 1, —g; ;1 — 22), [1 — 22| <1, larg(z + 1| <,
Py(z) = (Z 42_ 1) F(—v, —v; l;i—i—}), Rez > 0.

Hint. Apply the method used to derive (7.6.9).

3. Derive the following formulas:

P(2) = (z + \/z"’——l)"F(——v,%; 1; zi—\/\zj———;)
2—2(4%:—%)] <1, larg(z— 1) <m,
Py(z) = (z — \/ﬁ)vF(—v, %; 1; — 22_—\/\2/?_—_—11),
;i\/\f%l.l <1, larg(z = D] <=,

—_ 5V v 1 —V_ . — 1 2 l
Pv(z)—zF( 5,—5—,1,1 22)» Re z >3 larg z| < m.

Hint. Expand the integrand of (7.4.3) in series of powers of sin? (¢/2),
cos? (¢/2) and cos ¢, and then integrate term by term.

4. Derive the following formulas

VEI( + 1) — 2
QV(Z) = m(l - 1) F(] + v, 1+ v, 2 + ZV,m),
lz —1] > 2, Jarg(z— 1] <=m, v#-—-1,-2,...,
VaT(v + 1) - 2
0 = 3G 5 5 5 z+1 F(l vl 42+ v z)’
lz+ 1| >2, Jlarg(z+ )| <7m v#-—1,-2,...,
Vv + 1), v+ 1y +1 3. 1
= 7 —D-ho+bp( LT - T . 2.1 ),
0@ = s @ ~ D7 F( I A A 22)

22— 1] >1, |largz— D] <=m, v#—-1,-2,...
Hint. Apply the method used to derive (7.6.9).
5. Prove the formula
_ [FTO D o ius, T Tyen
QV(Z) - //2 F(V + %) (Z 1) (Z z 1) ’
xFll’ v+§‘~z————_ \/_22—1
27T e -oa )
z— V22— 1
V2 = 1

‘< 1, larg(z— D] <m v#-1,-2,...
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Hint. Introduce the new variable of integration ¢t = 6 — « in (7.4.8), and
then expand in powers of 1 — e~

6. Prove that if v is not an integer, then the asymptotic behavior as z — — 1 of
the Legendre function of the first kind and its derivative is described by the
formulas 32

sin vr logz + l’ PU2) ~ sinve 1

- 3 T2 z—> — 1.

P(2) ~

7. Using the result of the preceding problem and the functional relations
connecting the Legendre functions of the first and second kinds, show that
for any v, the function Q,(z), |arg (z — 1)| < = has a logarithmic singularity
at z = 1, while the function Q,(x), —1 < x < 1 has logarithmic singularities
at both end points of the interval (—1, 1).

8. Derive the integral representations

P, (cosh o) = I‘(v_:-ls f e~tcosh e [o(rsinh o)f df,
()

Q. (cosh ) = F(\_;l_—*-T) f e~ teosh e Ko(¢ sinh a)tY dt,
0

. 1 ? -t cos © M v
P.(cos 0) = YR fo e Jo(t sin 0)# dt,
where

[Imo| <z Rev> —1, 0<6<m,

(S|

and Jo(x), Ip(x) and Ko(x) are Bessel functions.

9. Derive the integral representations

pv_yz(cosha)=9¥A/%f e“‘°°s“°‘K7"(;th, IRev| <4, o3>0,
0

Oy-vy (cosh ot) = = e~ tcosh« —V(t_) dt, Rev > —-%, o> 0,
/A
2 Jo \/t

where I,(t) and K,(f) are Bessel functions of imaginary argument (see Sec.
5.7).33

10. Prove the formulas

L 1 2 (n+ m)
m m, = m 2 = —_—

f _ PreoPRG) dx = 0, f_lua(x)] = 5 T
m=0,1,2,..., l=mm+1,..., n=mm+1,...,

generalizing the results of Sec. 4.5.

32 A possible approach is to use the expansion of Py(z) given by E. W. Hobson, op.

cit., p. 225.
33 Proof of the formulas given in Problems 8-9 can be found in Watson’s treatise

(op. cit., p. 387).
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Comment. These formulas play an important role in the theory of series
expansions with respect to the functions Py(x).

11. Prove the following addition theorem for the Legendre polynomials:
Pz — V22 = 1VZ%2 = 1cos 9)

_ ’ z m (n — m)! m, me ./
= Py(2)Py(2) + 2m§=:1(_1) (n_*_—m), 7 (2)Pr(z") cos me.

Prove the analogous theorem for the Legendre functions:3*
Pyzz — V22 — 1 V7% — 1cos ¢)

'G—-m+1)

m, m, 4
o +mtD 1)PV(Z)PV(Z)cos me,

= Py(2)PW(z) + 2 Z =n"
m=1
larg(z — 1)] < =, |arg(z’ — 1) <=®, Rez>0, Rez >0.

12. Prove that the Legendre functions of complex degree v = —4 + i satisfy
the integral equation

P_yx(x) = cos: m-fl P_xl/“:‘)fy) dy, 1<x< .

13. Derive the following integral representation of the square of the function
P_y, 4:(0):

cosh nt [*® P_ »
P_y (0] = bRk dy, 1<x< .
(PossrOF = 0 [ o LoD gy

14. Derive the following asymptotic formulas for the Legendre functions of
complex degree v = —% + i7:%°

ere

—_— T —> 0, 8$9<n—8,
v/ 2mx sin 6

P_1y .1 (cos 0) x

P_y, i (cosh @) & sin (a7 + %m), T—>00, d<a<a< o

V7t sinh o

15. Prove that

1 I'Cm + DI'(m + n + 1)
om — J2n+1
f ) x2"Pon(x) dx = 2 I'(m — n+ DI'Cm + 2n + 2)

16. Prove the formulas

! Py(x) . - .
——————— dx = 2iPy, 0 i sinh y 1
1 VeoshZe = 22 X 2n(0) Q2n( o) ®

! Pan(x) — +s
f » ——-\/m dx = 2P2,(0)Qzn (cosh o). (ii)

3% For the proof of these and similar formulas, see E. W. Hobson, op. cit., Chap. 8.

35 These formulas are important in connection with the problems of mathematical
physics considered in Secs. 8.5, 8.9, 12-13. They are special cases of general asymptotic
formulas given in Barnes’ paper (op. cit.).



PROBLEMS SPHERICAL HARMONICS: THEORY 203

Hint. The substitution « — o« — 4w converts (i) into (ii). To prove (i),

expand Vcosh?« — x2 in a power series and integrate term by term, using
the result of the preceding problem. Also anticipate formula (9.5.2), and
use (7.3.7) and (7.6.7).
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SPHERICAL HARMONICS: APPLICATIONS

8.1. Introductory Remarks

The present chapter is devoted to the study of some boundary value prob-
lems of mathematical physics which can be solved by the use of spherical
harmonics. Except for Sec. 8.14 (dealing with Helmholtz’s equation), we will
be concerned exclusively with potential theory, i.e., with solutions of Laplace’s
equation. In fact, we will confine our attention to the Dirichlet problem,
which, according to Sec. 6.3, can be stated as follows: Given a domain ~ with
boundary o, and a function f defined on o, find the function u such that 1) u is
harmonic in © and continuous in the closed domain © + o, and 2) u coincides
with f on o. In the case of an unbounded domain, this statement of the prob-
lem must be supplemented by a condition characterizing the behavior of the
function u at infinity.

An effective general method for solving boundary value problems is to
find a system S of orthogonal curvilinear coordinates «, B, v such that

1. The surface ¢ corresponds to a constant value of one of the coordinates
% B, v;

2. Variables can be separated in Laplace’s equation, after it has been
transformed to the system S by using the formulas

x=x(0,B,7), y=x87v), z=2z2axp7). (8.1.1)

If such a coordinate system S can be found, then a solution of the problem
can usually be obtained by superposition of particular solutions of Laplace’s
204
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equation written in the system .S (cf. Sec. 6.3). In this regard, we remind the
reader of the following fact from advanced calculus:* If the square of the
element of arc length in the system S is given by

ds? = hZ do® + h§ dB* + hZ dvy?, (8.1.2)

in terms of the metric coefficients hy, hg, h,, then in the system S, the
Laplacian operator takes the form

1 [0 (hsh,ou\ & (hhyou\ & (hghgou
2y = Y (7elty O 90 [(nyhy OU 0 (hyhp 2u\]

8.2. Solution of Laplace’s Equation in Spherical Coordinates

One of the most important systems of orthogonal curvilinear coordinates
permitting separation of variables in Laplace’s equation is the system of
spherical coordinates r, 0, ¢, related to the rectangular coordinates x, y, z by
the formulas

x =rsinfcosg, y=rsinOsing, z=rcosbH, (8.2.1)

where
0<r<ow, 0<0<n, —wT<op<m

The corresponding triply orthogonal system of surfaces consists of the
spheres r = const, the circular cones 6 = const and the planes ¢ = const
passing through the z-axis. Moreover, the square of the element of arc length is

ds? = dr? + r?d6% + r?sin? 0 de?, (8.2.2)
and hence, according to (8.1.2), the metric coefficients are
hy=1, hg=r, hy,=rsinb,

and Laplace’s equation takes the form [cf. (8.1.3)]

10 ou | o (. ,0u 1 u
2, _ + 9 [ 0K v ou S
Viu = r2 or (r 8r) + r? sin 6 06 (sm o 86) + r? sin? 0 02 0. (8.23)

It is easy to see that if we look for particular solutions of (8.2.3) of the

form
u = R(r)0(0)d(9), (8.2.4)

then variables can be separated, so that the problem of determining each
factor in (8.2.4) reduces to the solution of an ordinary differential equation.

1 F. B. Hildebrand, op. cit., p. 302.
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In fact, substituting (8.2.4) into (8.2.3), multiplying by r? sin? 6 and dividing by
RO, we find that

L (4E) 4 L (4] g L 40
Rar\" dr) " ©sin6db do T T o dr

which is possible only if both sides equal a constant, which we denote by p2.
This leads to two equations

420
d_(92+p‘2(1)=0,
L (u ) L d0) #2)
Rar\" @) " sin?6  Osino\d0""" 70

The same reasoning shows that both sides of the last equation must equal a
constant, which this time it is convenient to denote by v(v + 1). As a result,
we obtain the equations

1 d (. . do w2 1o
d | ,dR ~

Thus, determining the factors in the product (8.2.4) reduces to the rela-
tively simple problem of solving the ordinary differential equations (8.2.5-7).
The corresponding particular solutions (8.2.4) of Laplace’s equation depend
on two parameters p and v (in general, complex),? which can be used to con-
struct solutions of boundary values problems of mathematical physics involv-
ing various special domains (spheres, cones, etc.). The parameters ., v and
the corresponding solutions of equations (8.2.5-7) must be chosen in such a
way that each particular solution (8.2.4) is harmonic in the given domain, and
an appropriate superposition of particular solutions solves the given boundary
value problem.

8.3. The Dirichlet Problem for a Sphere

As a simple example of the application of the superposition method, we
consider the interior Dirichlet problem for a spherical domain. To keep
things as simple as possible, we assume that the boundary function fand the
solution u are independent of the angle . Choosing the origin at the center
of the sphere (of radius a) and the z-axis along the axis of symmetry, we can
formulate our problem as follows: Find the function u = u(r, ) such that 1) u

2 Without loss of generality, we can assume that Re . > 0 and Rev > —1, since
replacing w by —w or v by —v — 1 does not affect the separation constants p? and
(v + 1).
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is harmonic in the domain r < a and continuous in the closed domain r < a,
and 2) u satisfies the boundary condition u|,_, = f(0), where f(0) is continuous
in the interval 0 < 6 < =3

The rotational symmetry of the problem corresponds to setting ® = 1 in
(8.2.4) and n = 0 in (8.2.6). Then (8.2.6) reduces to the differential equation
(7.3.1) for the Legendre functions of argument x = cos 6, which for
— 1 < x < 1 has the general solution [cf. (7.3.29)]

® = AP, (cos 0) + BQ, (cos 0), (8.3.1)

where Py(x) and Q,(x) are Legendre functions of the first and second kinds,
and v is an arbitrary complex number such that Rev > —34.* Since the
variable x = cos 0 actually ranges over the closed interval [— 1, 1], and since as
x—1, Q\(x) — oo while P,(x) remains bounded [cf. (7.3.13, 23) and Problem 7,
p. 201] we must set B = 0 if the solution is to remain bounded inside the
sphere. Moreover, since P,(x) — o0 as x — —1 unless v is a nonnegative
integer [cf. (4.2.6) and Problem 6, p. 201], the same reason compels us to
choose v=n (n=0,1,2,...). Therefore, the only solutions of (8.2.6) for
w = 0 which remain bounded in the closed interval 0 < 6 < = correspond to
nonnegative integral v and are of the form

® = AP, (cos0), n=0,1,2,..., (8.3.2)

where P,(x) is the Legendre polynomial of degree n. As for the radial equa-
tion (8.2.6), it is an Euler equation, with general solution (for v # — %)°

R=Cr + Dr-1. (8.3.3)

In the present case v = n, and the requirement that the solution be bounded
at the center of the sphere compels us to choose D = 0. It follows that

R=Cr, n=012... (8.3.4)

and hence the appropriate set of particular solutions of Laplace’s equation
inside the sphere is

u=u, = My"P, (cos 0), n=20,1,2,... (8.3.5)

We can now solve our boundary value problem by superposition of the
solutions (8.3.5). In fact, suppose the boundary function f(6) can be expanded
in a series of Legendre polynomials (see Sec. 4.7), i.e.,

J(0) = i SuPn(cos0), 0<6<m, (8.3.6)

3 The statement of the problem must be suitably modified if f has discontinuities.
* As already noted (see footnote 2), this is the only case that need be considered.
5 E. A. Coddington, op. cit., Theorem 1, p. 147.
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where
fi=m+ Y f " f(6)P, (cos 6) sin 6 b, 8.3.7)
0

and suppose the series (8.3.6) converges uniformly in the interval [0, =]. Then,
choosing M, = f,a~" and summing the solutions (8.3.5), we obtain the series

"= io fn(g)"Pn (cos 6), (8.3.8)

which, according to Harnack’s theorem on sequences of harmonic functions,®
converges uniformly for 0 < r <a to a harmonic function with boundary

values
ul, =0 = f(0),
i.e., (8.3.8) solves the Dirichlet problem for a sphere.”

Remark 1. The solutions of the Neumann problem and the mixed prob-
lem, involving the boundary conditions (6.3.1b) and (6.3.1c), can be obtained
by similar methods.

Remark 2. In the case of the more general problem where f = f(0, ¢) is a
function of both angular coordinates, it turns out that the appropriate set of
particular solutions of Laplace’s equation in the domain r < a has the form?®
U= Uy, = [M,, cos mp + N,, sin melr"P? (cos 0), 839)

m=012..., n=mm+1,m+2,..., =
in terms of the associated Legendre functions P (cos 6). Moreover, by
replacing the factor r™ in (8.3.9) or (8.3.5) by the linear combination
Cr* + Dr~"~1  we obtain particular solutions which can be used to solve
boundary value problems for a spherical shell, or for the domain lying out-
side a sphere (in the latter case, we must set C = 0 to prevent the solution
from becoming infinite as r — c0).

8.4. The Field of a Point Charge inside a Hollow
Conducting Sphere

As an application of the results of the preceding section, consider the
problem of determining the electrostatic field due to a point charge g inside a

6 See W. J. Sternberg and T. L. Smith, The Theory of Potential and Spherical Har-
monics, University of Toronto Press, Toronto (1952), pp. 216, 247, and R. Courant and
D. Hilbert, Methods of Mathematical Physics, Vol. 2, Interscience Publishers, New York
(1962), p. 273, where the result is called Weierstrass’ convergence theorem.

7 One can also solve the interior Dirichlet problem for a sphere in the case where
f(0) is only piecewise continuous. See the analogous treatment of the interior Dirichlet
problem for a circle, given in A. N. Tikhonov and A. A. Samarski, op. cit., pp.. 284, 301.

8 See E. T. Whittaker and G. N. Watson, A Course of Modern Analysis, fourth
edition, Cambridge University Press, London (1963), p. 392.
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hollow conducting sphere of radius a, held at zero potential. Choose the
origin O at the center of the sphere, and let the z-axis pass through the posi-
tion A of the charge, which is at distance

b from O (see Figure 27). To eliminate the z
singularity at 4, we write the potential ¢ of
the electrostatic field as a sum of the potential
of the source and the potential u# of the
secondary field due to the charges induced on
the inner surface of the sphere, i.e.,

¢=g+m (8.4.1)

where

p=AP = Vr® + b*> — 2brcos 6

is the distance from A to a variable point P,
with coordinates r, 0.° Since ¢ must vanish
on the surface of the sphere, determination
of the function u = u(r, 6) reduces to sol-
ving the Dirichlet problem with the boundary condition

q
Ulpeg = — = f(9). 8.4.2
| Va? + b? — 2ab cos 6 /) (84.2
The right-hand side of (8.4.2) can easily be expanded in a series of
Legendre polynomials, and in fact there is no need to evaluate the integral
(8.3.7). Instead, we use formula (4.2.3) which immediately implies

FIGURE 27

43 (B) .
Uyeg = a2 (a) P, (cos 0). (8.4.3)
Moreover, since b < a it follows from the estimate (4.4.2) that the series
(8.4.3) is uniformly convergent in the interval [0, =]. Therefore, according to
Sec. 8.3, the function u is given by the formula

< (br\™
u=—%gxg)m@mm. (8.4.4)
Using (4.2.3) again, we find that the sum of the series (8.4.3) is

’

=_% — ! h2=%, (8.4.5)
A/1 - 2(—2) cos 0 + (—2)
a a

’ a ’ (12 ’ 2 ’2 g
¢ =-q3 b=3» o = Vr2 + b2 — 2b'rcos 6.

u

where

9 Since the problem is rotationally symmetric, # is independent of the angle ¢.
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Thus the potential ¢ can be written as a sum

9 4
¥ - + o (8.4.6)
where the first term is the potential of the charge g in the absence of the con-
ducting sphere, and the second term is the potential of the image charge q’ at
the image point A’, which takes account of the influence of the sphere.'®

8.5. The Dirichlet Problem for a Cone

The ability to separate variables in Laplace’s equation written in spherical
coordinates also allows us to solve boundary value problems for the domain
bounded by the surface of an infinite circular
cone. Choose the origin at the vertex of the
cone, and let the z-axis lie along the axis of
symmetry of the cone (see Figure 28). Then
the equation of the cone is 6 = 0, (0, < =),
and the Dirichlet problem for the case of
axially symmetric boundary conditions can
be stated as follows: Find the functions
u = u(r, 0) such that 1) u is harmonic in the
domain0 < r < 00,0 < 0 < 0, and continuous
in the closed domain 0 < r < 00, 0 < 0 < 6,,
and 2) u satisfies the boundary condition
Ulg—o, = f(r) and the condition at infinity
Uy w —> Ouniformly in 0,11 where f(r) is continuous in the interval 0 < r < oo
andf(r)lr—mo = 0.

In applying the method of separation of variables to this problem, we
must set B = 0 in (8.3.1), if the solution is to remain bounded on the axis of
the cone. However, in the present case, there is no reason to choose v to
be a nonnegative integer, since P,(cos 0) is bounded for arbitrary v if
0 < 6 <0,. In fact, with some extra restrictions on the function f(r), the
problem can be solved by choosing

FIGURE 28

v=—3%+ i T >0,
which corresponds to the following set of particular solutions of Laplace’s
equation:
u=u,=[M,cos(rlogr) + N.sin (tlogr)lr-Y2P_s, . (cos 0). (8.5.1)
Here M. and N, are arbitrary continuous functions (v > 0), and the solutions

10 Note that p” = AP, i.e., p’ is the distance between the image point A4’ and the

variable point P (see Figure 27).
11 The second condition is necessary for the uniqueness of the function u. See A. N.

Tikhonov and A. A. Samarski, op. cit., p. 288.
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depend continuously on the parameter t. Using (7.3.6), we find that the
Legendre functions of complex degree appearing in (8.5.1) have the series
expansion

P_1, i (cos 0) = F(% + it,+ — it; 1;sin? 9)

2
(8.5.2)

l 2 (4+T2)(4+‘L’ 1ad
=1+ (1')2 sin? §+—(2!)T——sm §+~~

It follows from (8.5.2) that P_», ., (cos 0) is real and satisfies the inequalities

P_yi(cos0), 0

I < < T,
P_y, i (cos 0) < P_y, ip(Cosfy), O0<

) 8.5.3
5.
<6, (8.5.3)

0
0

Now suppose that f(r) is such that o(r) = r'/?f(r) has a Fourier expansion
of the form 2

g(r) = r'’?f(r) = fm [G.(7) cos (t log r) + G((7) sin (1 log r)] d,
0
0<r< oo,
1 (= _ 1 [~ g
G(7) = —f f(r)r=1Y2cos(tlogr)dr, Gyr) = —f Sf(r)r=Y2sin(tlogr)dr,
T Jo T Jo
(8.5.4)

where the integral is uniformly convergent in every finite subinterval [ry, r,]
such that 0 < r; < ry < oco. Then, choosing

G _ 6@
M= b rneos ) M= Py (cos 0

T =

in (8.5.1), and integrating with respect to the parameter = from 0 to oo, we
obtain the function

P—‘/2+t1:(cos 6) d-,
1/24,”(0056)

(8.5.5)

u=r-12 f [G.(7) cos (t log r) + Gy(7)sin (tlog r)]

which gives the solution of our problem, at least formally.

12 The expansion (8.5.4), which reduces to the standard form of the Fourier integral
if we make the substitutionlogr = £ (—o0 < & < ), is valid if f(r) is continuous and of
bounded variation in every finite subinterval [ry, r;], where 0 < r; < r; < o0, and if the
integral

f S 1flr e dr

is finite. See E. C. Titchmarsh, Introduction to the Theory of Fourier Integrals, second
edition, Oxford University Press, London (1950), Theorem 3, p. 13.
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Example. Find the electrostatic field due to a point charge q on the axis of
a hollow conducting cone, held at zero potential, if the charge is at distance a
from the vertex of the cone.

As in Sec. 8.4, we write the potential ¢ as a sum

$ = % + u, (8.5.6)

where p = V'r?2 4+ a® — 2ar cos 0. Then u satisfies the boundary condition

q
dl = ) = — . 8.5.7
lo=eo = f(r) V'r? + a® — 2ar cos 6, &7

Using the integral representation (7.4.6), we find that

cos (tlogr)

q
6= -2 —
) ©Jo VrVr? + a® — 2ar cos 0,

dr

cos(vlogr) dr

I et

+—— 2 cos O,

(8.5.8)

_4q J“” cos[t(s + loga)]
mVaJ-o» V2coshs — 2cos 0,
_ 2gcos (rloga)f coS 1§
Va o V2coshs — 2cos 6,

g cos(r loga)P
vz coshrr

ds

Yo + it( —Cos eO)a

and similarly,
sin (1 log a
GS(T) = - 57—2 _C(()%TCE‘C_) P_l/zﬂ-r(—-COS 0o).

Thus the solution of the problem is given by the integral

— 1 4it (COS 9)

\/arf pP_ Yo +it (COS 0 )

It is not hard to see that this integral is absolutely and uniformly convergent
forr; < r<ry,0< 0 <0, where0 < r; < ry < oo0. In fact, it follows from
(8.5.3) that the integral in question is majorized by the integral }®

Py —cos 6 )‘”Sc[—:):%g(’l’l]d (8.5.9)

Uu=

1 6

f Py i (- cosﬁo)cosl”c = 5 cos o> (8.5.10)

13 To verify (8.5.10), set § = w in (8.12.8).
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Using this result, we can prove that formula (8.5.9) actually gives the solution
of our problem.**

8.6. Solution of Laplace’s Equation in Spheroidal Coordinates

We now turn to other systems of orthogonal coordinates permitting sepa-
ration of variables in Laplace’s equation, and leading to particular solutions
which can be expressed in terms of spherical harmonics. We begin our dis-
cussion by examining two coordinate systems suitable for solving boundary
value problems for spheroidal domains.*® First we consider prolate spheroidal
coordinates o, B, ¢, related to the rectangular coordinates x, y, z by the
formulas

x = csinhasinfcos¢, y = csinhasinfsing, z = ccoshacos§B,
(8.6.1)

where
O0fa<o, 0KE<LKn, —-mw<o<m,

and ¢ > 0is a scale factor.'® Then every point of space is characterized by a
unique triple of numbers «, 8, ¢. The corresponding triply orthogonal system
of surfaces consists of the prolate spheroids « = const with foci at the points
(0,0, +c¢), the double-sheeted hyperboloids of revolution § = const, which
are confocal with the spheroids, and the planes ¢ = const passing through
the z-axis (see Figure 29). A simple calculation shows that the square of the
element of arc length is

ds? = ¢? (sinh? « + sin? B) (de? + dB?) + ¢?sinh? « sin? B de?.  (8.6.2)
Therefore the metric coefficients are
hy = hg = ¢Vsinh? « + sin? B, h = c¢sinh « sin B,

and Laplace’s equation takes the form [cf. (8.2.3)]

1 1 0 (..  ou 1 & (. ou
u = o - —_ —_—
Vi = e« 7 st B) [sinh « oo (S‘“h * 8oc) + Snp B (Sm B ap)

1 1 o2y
+ (Sinh2 « + sin? B) 3_@2] =0. (8.6.3)

14 In examining the convergence of integrals involving Legendre functions of com-
plex degree v = —% + it, it is useful to recall the asymptotic formulas proved in
Problem 14, p. 202.

15 The terms spheroid and ellipsoid of revolution are synonymous, and spheroidal
coordinates might be called degenerate ellipsoidal coordinates, since cross sections of the
coordinate surfaces normal to the z-axis are circles rather than ellipses (concerning
ellipsoidal coordinates, see E. W. Hobson, op. cit., Chap. 11).

16 If a point has cylindrical coordinates r, ¢ and z, then z + ir = c cosh (& + if3).
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B =const
o =const

S
N

FIGURE 29

Now suppose we look for solutions of (8.6.3) which have the form
u = A(0)B(R)D(9p). (8.6.4)

Then the variables separate, just as in Sec. 8.2, and the factors A, B, ® satisfy
the ordinary differential equations
d*® .
g - O = .6.
g’ + 0, (8.6.5)
1 4
sin B df
1 d /(. dA p? .
mg& (smh OLdT) — [V(V + 1) + gm]A =0, (867)

where . and v are parameters whose choice is dictated by the concrete condi-
tions of the problem. For example, in the rotationally symmetric case where
u is independent of the variable ¢, we set u = 0, ® = 1, while in the more
general case where u depends on ¢, we set u = m (m =0, 1, 2,...), since u
must be periodic in ¢.

Next we consider oblate spheroidal coordinates «, B, ¢, related to the
rectangular coordinates x, y, z by the formulas

(sin 8 Z—g) + [v(v +1) - %} B=0,  (8.66)

x = ccoshasinBcosg, y = ccoshasinfsing, z = csinh«cosp,

(8.6.8)
where 7

O0<a<oo, 0KPB<LKn, —-w<op<m

17 If a point has cylindrical coordinates r, ¢ and z, we now have z + ir = sinh (¢ +if).
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In this case, the triply orthogonal system of surfaces consists of the oblate
spheroids « = const, the single-sheeted hyperboloids of revolution 8 = const
and the planes ¢ = const (see Figure 30). The square of the element of arc
length and Laplace’s equation now take the form

ds? = ¢%(cosh? « — sin? B)(d«? + dB?) + c? cosh? asin? B do?,  (8.6.9)

Vi = ! [ ! E(coshoc-a—u)+——1 3(s'n @)
"~ ¢?(cosh? @ — sin? B) |cosh a Oa a) T singap P op

1 1 o%u

+ (s”"*inza S ) 5o ] 0. (8.6.10)
r
a= const
0 Z
B = const

FIGURE 30

Separating variables, instead of (8.6.5-7) we find the following system of
equations for determining the factors A, B and ®:

20
Tz T e =0 (8.6.11)
1 d(. _dB u?
sin B df (sm@%) + [ v+ - 1_23] =0, (8.6.12)
1 d u? B
cosh o da \°Oh o‘_) - [V(V +1) - m]A =0. (8.6.13)

8.7. The Dirichlet Problem for a Spheroid

Using the particular solutions of Laplace’s equation V2u = 0 found in
Sec. 8.6, we can construct functions harmonic in the interior or exterior of a
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spheroid, thereby solving the boundary value problems of potential theory
for domains of this type. To keep things as simple as possible, we consider
the Dirichlet problem, assuming that the boundary function f and the solu-
tion u are independent of the angle ¢. We begin with the case of a prolate
spheroid. The rotational symmetry of the problem corresponds to setting
® =1 in (8.6.11) and p = 0 in (8.6.12-13). Then equation (8.6.12) reduces
to the differential equation for the Legendre functions of argument x = cos
(cf. Sec. 8.3), whose only bounded solutions in the closed interval [0, =] are
of the form

B = CP,(cosB), n=012... (8.7.1)

where P,(x) is the Legendre polynomial of degree n [cf. (8.3.2).]*8

To deal with equation (8.6.7), we observe that (8.6.7) transforms into
equation (8.6.6) under the substitution 8 = ix. Therefore the general solution
of (8.6.7) for .. = 0, v = n is of the form

A = MP, (cosh «) + NQ, (cosh x). (8.7.2)

If « = «, is the equation of the spheroid on which the boundary conditions
are specified, then the interior domain corresponds to the values 0 < o < «,
and the exterior domain to the values ¢y < « < ©0.'® Since P, (cosh «) = 1,
Q. (cosh «) — oo as « — 0 [cf. (7.3.13, 23) and Problem 7, p. 201], we must
set N = 0 when dealing with the interior problem, and hence the appropriate
set of particular solutions of Laplace’s equation consists of the functions

u = u, = M,P, (cosh «)P, (cos B), n=2012,... (8.7.3)

On the other hand, for the exterior problem we need solutions which are
harmonic outside the spheroid and vanish at infinity (cf. Sec. 8.5). According
to (7.6.1, 3), this requires setting M = 0, so that the appropriate particular
solutions of Laplace’s equation are now of the form

u =u, = N,Q, (cosha)P, (cosB), n=0,12,... (8.7.4)

Next we consider the case of an oblate spheroid. Since equations (8.6.6)
and (8.6.12) are identical, the only difference between this case and the case
of a prolate spheroid is that equation (8.6.7) is replaced by equation (8.6.13).
Therefore we have the same admissible values of the parameter v as before,
ie,v=n(=0,1,2,...), and the factor B(B) is again given by (8.7.1). Since
equation (8.6.13) transforms into equation (8.6.12) under the substitution
B = im — i«, the general solution of (8.6.13) for the case . = 0, v = n is of
the form

A = MP,(isinh «) + NQ,(i sinh a), (8.7.5)

18 This assertion holds for both the interior and the exterior problem.
1° This is true for either a prolate or an oblate spheroid.
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corresponding to the following particular solutions of Laplace’s equation:

u = u, = [M,P,(isinh «) + N,Q,(i sinh «)]P, (cos B). (8.7.6)

We now show that N, must be set equal to zero if the solutions (8.7.6) are

to be harmonic inside the spheroid. The proof of this assertion is less trivial

than in the case of the prolate spheroid, since both solutions P,(i sinh «) and

Q.(i sinh «) are bounded in the whole interval 0 < « < «,. In fact, we must

now examine the behavior of grad u near the singular curve of the trans-

formation (8.6.8), i.e., the curve « = 0, 8 = =/2 on which the Jacobian
a(x, y, z)/d(x, B, ) vanishes. It is an immediate consequence of (8.6.9) that

ou\? ou\?

(grad u)* = (coshzi 7 [(d—z) + (-a—g) ] 8.7.7)
if we assume that u is independent of the angle ¢. The denominator in the
right-hand side of (8.7.7) vanishes on the curve « = 0, B = =/2, and therefore
a necessary condition for grad u to be finite is that the expression in brackets
should also vanish for « = 0, p = =n/2, i.e., that N, = 0, since (8.7.6) and
(7.6.9-10) imply

) .= e

Moreover, this condition is also sufficient. In fact, if
u = u, = M,P,(i sinh «) P, (cos B), n=012..., (8.7.8)

then
ou\* | (Ou\® e 'o -
(5&) + (%) = MZ[PZ2(i sinh «)P;2 (cos B) sin? B

— P}%(i sinh «)PZ (cos ) cosh? «].
The expression in brackets is a polynomial in cos 8 which vanishes if
cos B = +isinh « and hence is divisible by cosh? « — sin? B. It follows that
grad u is well-behaved on the curve « = 0, B = =/2, so that (8.7.8) gives the
appropriate solutions of Laplace’s equation in the interior of an oblate

spheroid. In the case of the exterior problem, we must set M, = 0 as before,
which gives the solutions

u = u, = N,Q,(i sinh «) P, (cos B), n=20,1,2,... (8.7.9)
The Dirichlet problem for a spheroid can now be solved by superposition
of the solutions (8.7.3-4) and (8.7.8-9). For example, consider the interior

problem for a prolate spheroid, and suppose the boundary function f = f(B)
can be expanded in a series of Legendre polynomials

f@®) = D fiP.(cosB), 0<B<m,
n=0 (8.7.10)

fo=(+d) f:f(mm (cos B) sin B dB,
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which is uniformly convergent in the closed interval [0, =]. Then, using
Harnack’s theorem on sequences of harmonic functions (mentioned on p. 208)
we see that the series

with terms of the form (8.7.3), converges uniformly for 0<a< o toa
harmonic function with boundary values

u!a=ao = f(®),
and hence solves the given boundary value problem.

Remark 1. The solutions of the Neumann problem and the mixed prob-
lem, involving the boundary conditions (6.3.1b) and (6.3.1c), can be obtained
by similar methods.

Remark 2. In the case of the more general problem where f = f(B, ¢) is
a function of both coordinates B and ¢, it turns out that the appropriate set
of particular solutions of Laplace’s equation for prolate and oblate spheroid
are

m
U = Upy, = [My, cos mo + N, sin me]P} (cos B) 5; EEZ:E :3, 8.7.12)
U= Uy, = [My, cos mp + N, sin me]Py (cos B) gzg :EE 3, (8.7.13)

respectively, where m = 0,1,2,... and n = m + 1, m + 2,... The upper
row in (8.7.12-13) corresponds to the interior problem and the lower row to
the exterior problem.

8.8. The Gravitational Attraction of a Homogeneous
Solid Spheroid

As a simple example of the results of the preceding two sections, we now
calculate the gravitational potential of a homogeneous solid prolate spheroid
of mass m and density p. Let the potentials inside and outside the spheroid be
denoted by ¢; and ¢,, respectively. Then, as is well known,?° the problem
reduces to finding the solution of the equations

V3 = —dmp, V3, =0, (8.8.1)
which satisfy the boundary conditions

— a‘h _a‘pe
¢i|c - q’elo» an " - an o

where o is the surface of the spheroid and 9/én denotes the derivative with

v ule =0, (8.8.2)

20 W, J. Sternberg and T. L. Smith, op. cit., p. 134.
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respect to the exterior normal to 6.2 Solving this problem is equivalent to
solving the equations
V3p* = 0, V3, = 0,
if we represent ¢; in the form of a sum
i = Qo + ¢F, (8.8.3)
where ¢* is harmonic inside the spheroid and ¢, is a particular solution of
Poisson’s equation, e.g.,
Yo = —mp(x + »2). (8.8.4)
Using (8.6.1) to introduce spheroidal coordinates «, B, ¢, and applying

the superposition method to the particular solutions (8.7.3-4), we write the
functions ¢* and ¢, in the form

$* = i M, P,(cosh «)P, (cos B),
=0 (8.8.5)

Ye= 3 N0, (cosh 2)P, (cos ).

To determine the coefficients M, and N,, we have the boundary conditions
M _ e

LI"ilcz=czo = ‘pe|a=ao, aa:uo = 2a

, (8.8.6)

=0

where «, is the value of the coordinate « corresponding to the surface of the
spheroid.?? Noting that

2mpc?

sinh? « [P, (cos 8) — P, (cos B)],
(8.8.7)

and comparing coefficients in both sides of each of the equations (8.8.6), we
find that

Yo = — mpc?sinh? asin? f = —

M, — 2mpc? sinh? «y = NyQ, (cosh a,),

M,P, (cosh o) + 27:? c? sinh? oy = N,Q, (cosh «,),
- 4n§ c* cosh ag = NoQp (cosh ay), (8.8.8)

M P; (cosh ap) + 4“39 c* cosh ay = N, 0% (cosh ap),

21 The first of the equations (8.8.1) is known as Poisson’s equation. As usual, we
assume that ¢, ¢, and their first and second derivatives with respect to x, y, z are con-
tinuous.

22 If q is the semi-major axis and c the distance from the origin to the focus of the
spheroid, then

a

coshay = =
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and
M, P, (cosh ap) = N,Q, (cosh «), n=134,5,...,

M, P; (cosh ay) = N,Q; (cosh ay), n=17342>5,....
It follows from (8.8.9) that M, = N, = 0 for all » different from 0 and 2.
Therefore, using (8.8.8) to calculate the nonzero coefficients My, Ny, My, No,
we can write the solution in closed form, susceptible to direct verification.
After some simple calculations, during which we use (7.7.2) and the for-
mula

(8.8.9)

m = %mpc® cosh «, sinh? «,,

we arrive at the following expression for the potential outside the spheroid:
m ,
¢ = - [Qo (cosh &) — Q, (cosh a)P; (cos B)].

Similarly, we can easily find the potential inside the spheroid. Finally, using
(7.9.1), we can express the potentials {; and ¢, in terms of elementary func-
tions.

8.9. The Dirichlet Problem for a Hyperboloid of Revolution

The ability to separate variables in Laplace’s equation written in spheroidal
coordinates also allows us to solve boundary value problems for the domain
bounded by a hyperboloid of revolution. If «, B, ¢ are the spheroidal coor-
dinates described by (8.6.1), then the surface B = B, corresponds to a hyper-
boloid of revolution (see Figure 29). The Dirichlet problem for the case of
axially symmetric (i.e., ¢-independent) boundary conditions can be stated as
follows: Find the function u = u(e, B) such that 1) u is harmonic in the domain
0 < B < B and continuous in the closed domain 0 < B < By, and 2) u satisfies
the boundary condition u|y_y, = f(«) and the condition at infinity u|y—. o —0
uniformly in B, where f(«) is continuous in the interval 0 < o < 00 and
f(a)[c:-o o —>0.

As we now show, under certain conditions, the solution of this problem
is given by a superposition of the following particular solutions of Laplace’s
equation:

U=u, = MP_s,,;(cosh®)P_y ;. (cosB), > 0. (8.9.1)
In fact, setting w = 0, v = —% + it in (8.6.6-7), we obtain

B = CP—‘/th (COS B) + DP—1/2+1'T (—COS B)a

A = MP_y i (cosha) + NP_y, i (—cosh «),
and then the condition that the solutions be bounded on the axis of the hyper-
boloid, where either « or B vanishes, implies D = N = 0. Moreover, accord-

ing to (7.6.3), we have P_y, . (cosh &)|,-» — 0, and hence u,|q— — 0, as
required. The possibility of making a superposition of solutions (8.9.1) which
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satisfies the boundary conditions is based on the Mehler-Fock theorem, which
states that?®

f%) = L ® ctanhmeP_y, , n(x) d fl T HEP B dE 1<x <o (89.2)

at every continuity point of f(x), provided that

1. The function f(x), defined in the infinite interval (1, ), is piecewise
continuous and of bounded variation in every finite subinterval
[x1, x5], where 1 < x; < x5 < 0}

2. The integrals
fa | f(o)|(x = 1)~3* dx, f | f(x)|x =2 log x dx
1 a

are finite, for every a > 1.

Thus, if the boundary function f(«) satisfies appropriate conditions,?* we
can write

flo) = fm F(t)P_y, i (cosh a) dr, 0< «< oo, (8.9.3)
where ’
F(x) = = tanh =< fo " f(@)P 14 41s (cosh ) sinh a da.
Then the integral
“= f: F(x) ;ﬂm P_y,.i(cosha)dr  (8.9.4)

-V +it (COS ﬁO)

gives the solution of our problem, at least formally. For further details,
including the solution of a problem of electrostatics, we refer the reader else-

where.?°

8.10. Solution of Laplace’s Equation in Toroidal Coordinates

In addition to spherical and spheroidal coordinates, there are other
coordinate systems whose use is intimately connected with Legendre functions.

23 See N. N. Lebedev’s dissertation (cited on p. 131), and V. A. Fock, On the repre-
sentation of an arbitrary function by an integral involving Legendre’s functions with a
complex index, Doklady Akad. Nauk SSSR, 39, 253 (1943). At discontinuity points, the
integral in the right-hand side of (8.9.2) equals

I+ 0) + fx — 0]

2¢ E.g., if f(«) is continuous in [0, 4] for every finite A, and if f(«) falls off like e =2 + =,
e>0asa— .

25 See N. N. Lebedev, Solution of the Dirichlet problem for hyperboloids of revolution
(in Russian), Prikl. Mat. Mekh., 11, 251 (1947).
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First we consider foroidal coordinates «, (3, ¢, related to the rectangular
coordinates x, y, z by the formulas

¢ sinh « cos ¢ ¢ sinh « sin ¢ . csin B
- — S I =
cosh a — cos p cosh a — cos B cosh« — cos B
(8.10.1)
where
0<a< oo, —nt<B<m, —-Tt< @<,

and ¢ > 0 is a scale factor.2® This coordinate system is useful for solving
boundary value problems involving the domain bounded by a torus, or the
domain bounded by two intersecting spheres.2” If a point has cylindrical
coordinates r, ¢ and z, then

¢ sinh « csin B
y = —— z = —m——
cosh o — cos B cosh @ — cos B
or more concisely,

o+ B
2

z + ir = ic coth

The corresponding triply orthogonal system of surfaces consists of the
toroidal surfaces « = const, described by the equation

2
(r — ccotha)? + 2% = (sinch a) ) (8.10.2)
the spheres B = const, described by the equation
2
(z — ccotB)? + r2 = (§rc1_{3) ) (8.10.3)

and the planes ¢ = const (see Figure 31). It should be noted that all the
spheres (8.10.3) intersect in the circle r = ¢, z = 0.
It follows from (8.10.1) that the square of the element of arc length is

2

ds? ¢ s (da? + dg* + sinh? 2.dg?), (8104

~ (cosh « — cos B
corresponding to the metric coefficients

ho— B = c _ csinha
®* 7P cosha — cos B ® ™ cosha — cos B

26 It is clear from (8.10.1) that x, y and z are periodic in § and ¢, with period 2r.
Therefore we can chooseB; < B < B; + 2w, ¢1 < ¢ < @1 + 2winsteadof —w < B <,
—7n < @ < 7 (which corresponds to the particular choice B; = ¢; = —m), and it is
sometimes convenient to do so (see Sec. 8.12).

27 Later on, in Sec. 8.13, we will consider a closely related coordinate system, i.e.,
bipolar coordinates.
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a = const

B = const

FIGURE 31

Therefore Laplace’s equation in toroidal coordinates has the form

_Q( sinh « 8_u) + ﬁ( sinh « @_L_t)
da \cosh & — cos 8 du B \cosh a — cos 3 &8
(8.10.5)

1 o%u

(cosh o — cos B) sinh « 8¢ 0.

Unlike the cases considered previously, we cannot separate variables in this
equation. However, if we introduce a new unknown function v by making
the substitution

u=V2cosha —2cosBu, (8.10.6)
then (8.10.5) goes into the equation
o%v % o 1 1 0%
&?+%§+Cotha%+zv+ma—<’?=0, (8.10.7)

which belongs to the class of equations permitting separation of variables.
In fact, setting

v = A()BR)O(e), (8.10.8)
we find that
1 d?A  1d°B  cothadA 1 1 d°®
inh2 o« — — - it el = 2,2
snh* e 2 Y BaE T TA d TdT TS Y
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where p.2 is a constant. This implies

2
% + p2@ =0,
¥ (8.10.9)
LaA  cohadh 1 w2 _ 1dB_,
A do(2 A da 4 sinh2 o - B dﬁz = Vv,
where v2 is another constant, which leads to the equations
d*B _—
= TVB=0 (8.10.10)
1 d. dA , 1 u? B
sinh a da (Smh * E) - (V T3 Sn? oc)A =0. @10.11)

Thus Laplace’s equation in toroidal coordinates has infinitely many
solutions of the form

u = V2 cosh « — 2 cos B A(@)B()D(p), (8.10.12)

where A, B and @ are the solutions of the ordinary differential equations
(8.10.9-11). By superposition of these solutions, we can solve various boun-
dary value problems of mathematical physics for the domains mentioned at
the beginning of this section. As usual, the case of rotational symmetry,
where the function u is independent of the coordinate ¢, corresponds to set-
ting w = 0 and ® = 1. In this case, solving equations (8.10.10-11), we find
that

u = V2cosha — 2cos B [AP,_y, (cosh &) + BQ,_1,(cosh «)]

x [CcosvB + D sinvB]. (8.10.13)

8.11. The Dirichlet Problem for a Torus

To illustrate the application of toroidal coordinates, we now solve both
the interior and exterior Dirichlet problems for the domain bounded by the
toroidal surface « = «,. To keep things simple, we consider the case of rota-
tional symmetry, correspondingto p. = 0, ® = 1. We also have the continuity
conditions

ou

ou
ulB=—n = u|B=ﬂ:7 a—B

B=-m =-é%

which are equivalent to the physical requirement that the solutions be
periodic in the “cyclic”” coordinate B. The conditions (8.11.1) are possible
only if the parameter v is an integer, which, without loss of generality, we can
assume to be nonnegative, i.e., v=n(n =0,1,2,...).

For the interior problem, we need solutions bounded in the domain

(8.11.1)

b
B=m
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oy < a € co. Therefore, because of the behavior of P,_i, (cosh «),
0.y, (cosh ) for large «, given by formulas (7.10.1, 8), we must set 4 = 0.
On the other hand, for the exterior problem, which corresponds to the do-
main 0 < « < ®y, we have to consider the behavior of P,_u, (cosh a),
Q.- (cosh«) as « — 0, and then, according to (7.3.13, 23), we must set
B = 0if the solutions are to remain bounded. Thus the solutions of Laplace’s
equation suitable for solving the interior Dirichlet problem for a torus are

u=u, =V2cosha — 2cosp [M,cos np + N, sin nB]Q, _1, (cosh «),
n=0,1,2,..., (8.11.2)

while those suitable for solving the exterior problem are

u=u,="V2cosha — 2cos  [M,cosng + N, sin nB]P,_, (cosh x),
n=01,2... (811.3)

For this reason, P, _1, (cosh «) and Q,_1, (cosh «) are often called toroidal
functions.

Example. Find the electrostatic field due to a charged toroidal conductor
at potential V.

This problem reduces to solving the
exterior Dirichlet problem with the boun-
dary condition

Yooy = V, (8.11.4)
where ¢ 1is the electrostatic potential. AT

According to (8.10.2), the relation between
the quantities ¢, «, and the geometric

parameters «, / of the torus (see Figure 32) 7 21 z
is given by
c
Ccoth Ay = ], m = a, C__ i
and hence
c=VI*—-4a%  coshay = L FIGURE 32
a

As shown above, we should look for a solution in the form of a series (8.11.2),
where, because of the symmetry of the problem with respect to the plane z = 0,
we must set N, = 0, obtaining

u=V2cosha — 2cos B Z M,P,_s, (cosh a) cos nB.  (8.11.5)
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The boundary condition (8.11.4) will be satisfied if we determine the coeffi-
cients M, from the relation

V )
= M, P, _y, (cosh a,) cos nB, —-nt< B <
V2 coshag — 2 cos B nZO 4 ° B °

(8.11.6)

Expanding the left-hand side of (8.11.6) in a Fourier series in the interval
[—m, =] and using (7.10.10), we find that

cos nf3

M,P, _y, (cosh ag) = 2 f ds
7 Jo V2cosha, — 2cos P
=%:£Q,,_x/,(coshao), n=12...,

vV
MyP_, 5 (cosh ap) = = QO 12 (cosh ay),

which leads to the following formal solution for ¢:

P_y5 (cosh o
P _ ;5 (cosh ag)
< P,_y, (cosha)

2 Pl i/ 2 Nuadidniniet
* ,,Zl P,y (cosh o)

¢=g\/2cosha—2cosﬁ[ 0O _12 (cosh ap)

Q. -y, (cosh ag) cos nB]-

(8.11.7)

By using the asymptotic representations of Sec. 7.11, it can be shown that the
series (8.11.6) converges and actually gives the solution of our problem.
Finally, we note that the charge density on the toroidal surface is given by the
formula [cf. (6.6.10)]

1 ou 1 ou

c= — 4—nhaaa=% = — 4—m(cosh oy — COS B)ﬁ

Remark. 1t is easy to see that in the case where u is a function of all three
coordinates «, p and ¢, the appropriate solutions of Laplace’s equation are

o =0

U = Up, = V2cosha — 2cos B[M,, cos n8 + N, sin n8]

8.11.8)
n cos mo _ (
X Q"'V’(COSha)sin mcp’ mn=20,1,2,...
for the interior problem, and
U = Upy, = V2cosha — cos B [Mp, cos nB + Ny, sin npl
(8.11.9)

cos me
9

x Pp_y, (cosh «) sin mo

mn=20,1,2,...

for the exterior problem.
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8.12. The Dirichlet Problem for a Domain Bounded by Two
Intersecting Spheres

Toroidal coordinates can also be used to solve boundary value problems
involving a domain bounded by two spheres S; and S, which intersect in a
circle y. Let x, y, z be a system
of rectangular coordinates with
origin at the center of vy, and 8
let the z-axis pass through the 1
center of the spheres (see
Figure 33). Let«, B, ¢ be a sys- R
tem of toroidal coordinates
related to x, y, z by the for-
mulas (8.10.1), and choose the 0 4
constant ¢ equal to the radius
of y. Finally, let 8, be the angle
between the plane z = 0 and
the tangent plane to the sphere
S, (p = 1,2), drawn through
any point of the circle y, where
0 < B; < By < 2xn. Then it fol-
lows from (8.10.3) that the
equation of the sphere S, in toroidal coordinates is 8 = $3,. Moreover, of
the two domains bounded by the spheres, the interior domain D; corre-
sponds to the interval B; < B < B,, while the exterior domain D, corresponds
to the interval B, < 8 < B; + 2=x. In both D; and D,, the variable «
ranges over the interval 0 < « < oo, where points on the z-axis corre-
spond to « = 0 and points on the edge y correspond to « = 00.28

We now consider the Dirichlet problem for the domains D; and D,, con-
fining ourselves to the rotationally symmetric case. Just as before, we start
from the solutions (8.10.13), but unlike Sec. 8.11, there is no longer any need
to restrict v to be a nonnegative integer. In fact, as we shall soon see, the
solution of our problem can be constructed by superposition of solutions of
the form

u =u, = V2cosha — 2 cos B[M, cosh ©f + N, sinh ]
X P_y, iz (cosh ), >0, (8.12.1)
obtained from (8.10.13) by choosing v = it and setting B = 0.2° We begin

with the interior problem, and assume that the functions f, = f,(«) appearing
in the boundary conditions

ug-p, =for pP=12 (8.12.2)

~

FIGURE 33

28 Note alsothat x = y =0,z — +0 ifa =0,8 —2n+.
29 This is necessary for the solution to be bounded on the z-axis.
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are such that the functions

2O
V2 cosha — 2cos B,

(Pp(a) = p = 152

can be represented as integrals of the form
op(a) = f ®,(t)P_1, i (cosh «) dr, 0<a< oo, (8.12.3)
0

where the expansion coefficients ®,(t) are independent of «. According to
the Mehler-Fock theorem (8.9.2), such a representation is possible, and the
functions ®@,(r) can be calculated from the formula

®,(r) = rtanh w7 f ¢p()P_v, ,ir (cosh &) sinh a da,  (8.12.4)
0

if the functions f,(«) are continuous and of bounded variation in [0, 4] for
every finite 4, and if the integrals

fow «fp(@)] de,  p=1,2 (8.12.5)

are finite.

The last condition presupposes that the f,(«) approach zero sufficiently
rapidly as « — oo, i.e., as the circular edge y is approached. On the other
hand,

lim f, = /() =
where u, is the value taken by the solution # on the edge v, and this value is
usually not zero.3° However, in most cases of practical importance, the
modified functions

[3@) =fo@) — fo(0), p=12

fall off sufficiently rapidly as « — oo, and hence there exists an expansion

* — f;:(‘x) —fp(OO) _ * o* < " o) dr
# () V2 cosha — 2cos B, fo p(IP-siric (cosh o) dr, (8.12.6)

where ®¥(7) is given by

®*(<) = = tanh 77 f * O*(@)P_y, 1 1c (cosh @) sink o da.  (8.12.7)
0

30 Here we assume that the boundary function is continuous, but all our considera-
tions can easily be extended to the case of piecewise continuity, where lim f; may not
. - O
equal lim f,. *
Pargs
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Moreover, it is not hard to show that?3!

1 J‘“’ cosh (= — B,)t
= | ——g == P-u+u(cosha)dr (8.12.8
V2cosha — 2cos B, Jo cosh wt v ( )dr ( )

for 0 < B, < 2x. Multiplying (8.12.8) by f,(c0) and adding the result to
(8.12.6), we obtain an expansion for ¢,(«) of the required form (8.12.3), where

O, (1) = O¥(x) + %‘%cosh (r — Bp)r. (8.12.9)

Now consider the integral

© @, sinh (B — @, sinh (B, —

X P_y, i (cosh «) dr, (8.12.10)

made up of particular solutions of the form (8.12.1). We see at once that
(8.12.10) satisfies the boundary conditions (8.12.2) and hence gives the solu-
tion of the interior Dirichlet problem. Similarly, the solution of the exterior
Dirichlet problem can be written in the form

© @, sinh (B — Bz)v + Dy sinh 2w + B, — P)7
u=\/2cosha—2cosﬁfo sinh 2% + B; — Bo)t

x P_y . (cosh o) dr, (8.12.11)

where
fi(e) = ula:m +2m So(@) = u|B=Bz’

and the rest of the notation is the same as before.

Example. Consider the spherical bowl” or zone obtained by setting
By = Bg = Bo in Figure 33. Find the electrostatic field due to a thin charged

conductor of this shape at potential V.
This is just the exterior Dirichlet problem for determining the electro-

static potential ¢, in the special case where
By = B2 = Bo, Si(@) = fo(e) = V.

31 Combining the formulas
1
V2 cosh x + 2 cosha
[cf. (6.5.3-4)] and

© cos 10

do
o V2cosh6 + 2cosha

2 ©
= —J cos xt dt
T Jo

© cost0 49

2
P_y, +i; (cosha) = =cosh
v € “ w0, V2 cosh 6 + 2 cosha

[cf. (7.4.6)], we find that
1 _ [* cos xT
VZcoshx + 2cosha fo cosh
which gives (8.12.8) after setting x = i(mr — 3,).

P_y, ;i (cosh o) dr,
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The functions ®, and @, can be read off at once from (8.12.8):

cosh (m — Bo)T.

b, = =
! . 4 cosh ©t

Then formula (8.12.11) becomes

cosh (r — By)7
C()Sh—z‘ﬂ.“l'_ cosh (Tl' + ﬁo - B)T

X P_y, i (cosha)dr, By < B < By + 27
(8.12.12)

¢ = V\/2cosha—200sﬁf
0

Substituting
2 ® sin Ot
P_y, 4 (cosh o) = - coth nt db

« V2cosh 0 — 2 cosh «

[cf. (7.4.7)] into (8.12.12), and integrating first with res.'*pect to T and then with
respect to 6, we find after some manipulation that the solution can be ex-
pressed in closed form in terms of elementary functions: 32

V3 cos £

¢—Z[1+A/ cosh « — cos B ] +Z[arctan 2
2 cosh « — cos (28, — B) m V/cosh « cos )

5 o 2Bo— B
_ A/ cosha — cos B arc tan V2 cos 02
cosh « — cos (28, — B) Vcosh « — cos (28, — (3)]'
(8.12.13)

The fact that (8.12.13) satisfies the boundary conditions is immediately
apparent.

8.13. Solution of Laplace’s Equation in Bipolar Coordinates

There is still another coordinate system which leads to solutions of
Laplace’s equation involving Legendre functions, i.e., three-dimensional
bipolar coordinates «, B3, ¢, related to the rectangular coordinates x, y, z by
the formulas

¢ sin a COS ¢ ¢ sin a sin @ ¢ sinh
= —— = ——- z = —
cosh 8 — cos « cosh § — cos « cosh B — cos «
(8.13.1)
32 In integrating with respect to =, use the formula
LT
sinh —
® cosh pt . T q
- nrrdt = s 0<p<aqg.
fo sinh g7 st reds 2q Tp P =4

r
cosh — + cos —
q q
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where
0<a<m, —0 < f < oo, —nt < @<,

and ¢ > 0 is a scale factor. This system is closely related to the toroidal
coordinates studied in Secs. 8.10-12, and is suitable for solving boundary
value problems for the domain bounded by two nonintersecting spheres. If a
point has cylindrical coordinates r, ¢ and z, then

¢ sina ¢ sinh
r = —mm——— I = —n——
cosh § — cos a cosh 8 — cos a
or more concisely
. . «+ i
z + 1r = iccot B-
2
,
a= const

B = const

Z Ty
X

FIGURE 34

The corresponding triply orthogonal family of surfaces consists of the
“spindle-shaped” surfaces « = const, described by the equation

_ 2 2 _ 4 2,
(r —ccota)® + z (sin o() (8.13.2)
the spheres § = const, described by the equation
_ 2 2 _ (¢ 2,
(z — ccoth B)? + r (Sinh B) (8.13.3)

and the planes ¢ = const (see Figure 34). The points r = 0, z = +¢ cor-
respond to the values § = co, whiler =0, z— + 0 ifa =0, —>0+.
It follows from (8.13.1) that the square of the element of arc length is

2
¢ - (do® + dB? + sinade?),  (8.13.4)

2
ds* = (cosh B — cos )
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corresponding to the metric coefficients

c csin «

he = Iy = cosh B — cos a ho = cosh B — cos a

Therefore Laplace’s equation in bipolar coordinates has the form
9 ( sin o @) K ( sin « Qg)
Oo \cosh B — cos a Ju 0B \cosh B — cos « 9B
1 0?
(cosh B — cos o) sin « d¢

(8.13.5)
=0.

<

N

Just as in the case of toroidal coordinates, we can separate variables, provided
we first introduce a new unknown a new function » by making the substitution

u=V2coshp — 2cosau, (8.13.6)
which transforms (8.13.5) into the equation
% 0% o 1 1 %
‘a?+'aE2'+COtOC8—OL—Zv sm_zaéq?—o (8137)
To solve (8.13.7), we set
v = A(x)B(R)D(o). (8.13.8)
This gives the following equations for determining the factors A, B and @:
d2o 2
T =0, (8.13.9)
’B
% — v+ =0, (8.13.10)
d (. dA u? _
— (sm a%) + [v(v 1) — §in--Q—OL]A 0.  (13.11)

The first two equations can be solved in terms of elementary functions, and
the third in terms of Legendre functions. In particular, for the rotationally
symmetric case, where the solution u is independent of ¢, we find that

u = V2coshp — 2cos a[AP, (cos &) + BQ, (cos «)]
x [Ccosh (v + 3)B + Dsinh (v + $)B]. (8.13.12)

In problems involving the domain bounded by two nonintersecting
spheres 8 = 8, and B = B,, the variable « ranges over the closed interval
[0, =], and hence to obtain solutions which are finite on the z-axis we must set
B=0andv=n(=0,1,2,...),asin Sec. 8.3. Thus, for this class of prob-
lems, the appropriate particular solutions of Laplace’s equation are

u=u, =V2coshB — 2cosa[M,cosh (n + })B + N, sinh (n + $)B]
x P,(cosa), n=012... (813.13)
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On the other hand, in problems involving the domain bounded by the surface
o = o, the appropriate particular solutions are obtained by choosing
v = —% + it (r > 0), and are of the form

u=u = V2coshp — 2cosa[M,cos 8 + N, sin 18]

8.13.14
X P_y, (£ cos a), >0, ( )

where the plus sign corresponds to the exterior problem (0 < « < «,) and
the minus sign to the interior problem (¢y < « < 7).

Example. Find the electrostatic field between two spherical conductors of
radius a, whose centers are a distance 2l apart, if one conductor is at potential
— V and the other is at potential + V.

The spheres have equations B = + 3, in bipolar coordinates, if we choose
the quantities ¢, 3, such that

c

CCOthBo—:l, m‘=a,

i.e.,

c=VI? - a coshBo=t—lz

Q
i
L 1

o 2/

FIGURE 35

(see Figure 35). Then the problem reduces to finding a function ¢ (where ¢
is the electrostatic potential) which is harmonic in the domain — B, < B < 8,
and satisfies the boundary conditions

"HB=—B° ==V, "l"lB=Bo =V

Using (8.13.13) and noting that u is an odd function of 8, we look for a solu-
tion of the form

¢ = V2coshB — 2cos a i M, P, (cos «) sinh (n + $)B. (8.13.15)
n=0
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The constants M, can be determined from the condition

V ® )
= M, P, (cos ) sinh (n + , 0< o<
V2 cosh B, — 2 cos « ,Zo ( (n + HBo

Using (4.2.3) to expand the left-hand side in a series of Legendre polynomials,
we obtain
Vv B Ve=Po/2
V2coshBy —2cosa V1 — 2e Bocosa + e 2P

(=]
=V Z e~ +7BP (cos ),

which implies
M, sinh (n + 1By = Ve ™+,

Thus the formal solution of the problem is given by the series

$ = VV2coshp — 2cosa Z e+ 748 sinh (n + 1B

n=0 mpn(cos «). (8.13.16)

The fact that (8.13.16) converges and satisfies the boundary conditions is
easily verified.

8.14. Solution of Helmholtz’s Equation in Spherical Coordinates

In mathematical physics, Legendre functions arise not only when dealing
with Laplace’s equation, but also with other equations, among which Helm-
holtz’s equation

Viu + k*u =0 (8.14.1)

is of particular importance. To solve (8.14.1) in spherical coordinates, we
look for particular solutions of the form

u = R(r)0(0)d(o),

just as in Sec. 8.2. The variables separate immediately, and we obtain the
following differential equations for determining the factors R, ® and ®:

P

'd—(P'—'*'y,(D—O (8.14.2)
L ( e—+[(+1)——‘i]®—o (8.14.3)
— sin de) v(v 5769 =0 .14.

(r dR ) + [k — (v + DR = 0. (8.14.4)
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Here @ and v are arbitrary real or complex parameters, but without loss of
generality we can assume that Re . > 0, Rev > —1 (cf. footnote 2, p. 206).
Equations (8.14.2-3) coincide with

equations (8.2.5-6), and can be solved 7
in terms of elementary functions in the
first case, and in terms of Legendre
functions in the second case. Under the
substitution

R = r=12p,

equation (8.14.4) goes into

2
o+ Ly 4 [k2 _+ +2%) ]v = 0.
r r
(8.14.5)

This is Bessel’s equation of argument
z = kr, whose general solution can be
expressed in terms of cylinder func- FIGURE 36
tions. In particular, in the rotationally

symmetric case, where u is independent of the coordinate ¢, we have

u = r-2[4J,,y,kr) + BH® 1,(kr)][CP, (cos 0) + DQ, (cos 0)], (8.14.6)

where J,(z) is the Bessel function of the first kind and H{%, is the second
Hankel function.®® In problems where 6 varies over the interval [0, =], the
boundedness requirement compelsustoset D = 0andv=n(n=0,1,2,...).
By superposition of the particular solutions (8.14.6), we can solve many
problems of mathematical physics, including the important problem of dif-
fraction of electromagnetic waves by the earth’s surface.?*

PROBLEMS

1. Let the surface of a sphere of radius a be divided into two regions S; and
S, as shown in Figure 36. Find the stationary distribution of temperature u
in the sphere if S; is held at temperature u,, while S, is held at temperature
Zero.

Ans.

u(r, 0) = % 1— cosa — i [Pry1 (cOs @) — Pp_; (cos )] (‘—:)” P, (cos 6)}.
n=1

33 This form of the solution is convenient for problems involving steady-state oscilla-
tions, when the time dependence is described by the factor e, If the time dependence is
described by e %, we replace H2y,(kr) by HX v, (kr).

3% G. A. Grinberg, op. cit., Chap. 23.
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2. Find the potential ¢ of the electromagnetic field inside a sphere of radius
a if one hemisphere (corresponding to 0 < 6 < =/2) is held at potential V,
while the other hemisphere (corresponding to ©/2 < 6 < =) is held at poten-
tial zero (cf. footnote 17, p. 160).

Ans.

V[l+ 4n + 3

2n+1
W, =~ 2t 2P (5 Panes o5 )

3. Find the stationary distribution of temperature « in a prolate spheroid if
half of its surface (corresponding to z > 0) is held at temperature u,, while
the other half (corresponding to z < 0) is held at temperature zero.

4. Calculate the gravitational potentials ¢;, {. (see Sec. 8.8) of a homogeneous
solid oblate spheroid. Introducing spherical coordinates r, 6 and ¢, derive an
asymptotic representation of ¢, for small ¢, where ¢ is the distance from the
origin to the focus and verify that ¢, — m/r as ¢ — 0, the result to be expected.
Derive the corresponding asymptotic formula for the prolate spheroid.

Hint. Note that

2

cosha——[Jl+—cose+ A/l——cos6+%§],
C2

cos B = [A/1+ cosO+——J1——cosO+7]-
r

Ans. For the prolate spheroid,
Gl ozml+—c—2—}’z(cos6)-
ele= r 5

5. Find the electrostatic potential ¢ inside a hollow prolate spheroid with
semiaxes @ and b, which has a point charge g at its center and whose surface
is held at potential zero.

Hint. Write ¢ as the sum of the potential ¢, due to the source and the
potential # due to the induced charges. Use the formula 3°

1 Pzn(x) .
————___._———dx=2Pn0 n'COSha.
f-l Vsinh? @ + x2 2(0) 0z ( )

Ans.

| = q 1
U(e, B) V2 3 [\/sinhz o + cos? B

Q2n (cosh ay)
Py, (cosh o)

- z (4n + 1)P;,(0) Ps,, (cosh )Py, (cos B)]’
n=0
where tanh «, = b/a.

35 See Problem 16, formula (ii), p. 202.
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6. Calculate the surface charge density o on a conducting disk of radius a due
to a point charge ¢ a distance / from the disk along its axis of symmetry (see

Figure 37).

Hint. Note that the disk is a limiting case of an oblate
spheroid. Use the formula®® Lo

! PZn(x) . ..
———___—-——dx=21Pn0 ,,tsmhoc.
f-l\/coshza—xz (0} 0ar( ) !

Ans. g 30
_ q g 2 a2 Sin2 B -3/2
= 7 Ina [(I) (1 + 2 )

n(4n + 1n!
\/ﬂcosﬁ Z (_1) I'\(n + 1) Q2n( )Pzn (COS B)]

where B = arc sin (r/a) and r is the distance from the center FIGURE 37
of the disk to an arbitrary point on its surface.

7. Suppose a constant electric field E, acts along the axis of symmetry of a
grounded conducting torus. What is the electrostatic potential ¢ along this
axis ?

Hint. Use formula (7.10.10), after integrating by parts.

Ans.

8 . B < nQ,-y (cosh ao)
‘Hr=0 = —EQZ + ;Eo\/lz — a? Sln§n= Pn_l/zz(COSh aO) nBy

where cosh oy = //a, and the notation is the same as in Sec. 8.11.

8. Solve the preceding problem, assuming instead that the external field is
due to a point charge g at the center of the torus.

9. Find the electrostatic potential ¢ outside a conductor at potential ¥, which
has the form of the “spindle-shaped’ surface mentioned on p. 231 in connec-
tion with bipolar coordinates.

Hint. Cf. (8.13.14) and (7.4.6).

Ans.

$(x, B) = ¥V2coshB — 2cos o

P_y, . (cos @) dr.

© cos Bt P_y, 44 (—COS ag)
o coshmt P_y, .y (COS %)

36 See Problem 16, formula (i), p. 202.
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HYPERGEOMETRIC FUNCTIONS

9.1. The Hypergeometric Series and Its Analytic Continuation

By the hypergeometric series (already introduced in Sec. 7.2) is meant the
power series

(“)k(ﬁ)k ok
Z oA ©.1.1)

where z is a complex variable, «, B and y are parameters which can take
arbitrary real or complex values (provided that v # 0, —1, —2,...), and the
symbol (1), denotes the quantity

Mo=1 ="0FB_satn.ork-1 k=12..
oy .
If either « or B is zero or a negative integer, the series terminates after a finite
number of terms, and its sum is then a polynomial in z. Except for this case,
the radius of convergence of the hypergeometric series is 1, as is easily seen by
using the ratio test.!
The sum of the series (9.1.1), i.e., the function

iy~ (@B
F(o, B5y;2) = ,Z (Y’)‘ s <, (9.1.2)
1 Writing
e = @B,
A oW T
we have
aa| _ | + K@ + k)

z| — |z|

we | 1y + d + k)
as k — oo, so that the hypergeometric series converges for |z| < 1 and diverges for
z| > 1.

238
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is called the hypergeometric function, but this definition is only suitable when
z lies inside the unit circle. We now show that there exists a complex function
which is analytic in the z-plane cut along the segment [1, co] and coincides
with F(a, B;v; z) for |z| < 1. This function is the analytic continuation of
F(a, B; v; z) into the cut plane, and will be denoted by the same symbol. To
carry out this analytic continuation, we first assume that Rey > Re 8 > 0
and use the integral representation

(B—)k=_£@___ ! B-1+k(] _ f)Y-B-1 —
O =TT =B, Ao k=012, 0.1.3)

implied by the formulas of Sec. 1.5. Substitution of (9.1.3) into (9.1.2) gives

F(o, B;v; 2) = F(@)II:((:{Y)_ 3. Z (“)k i fol o151 — =51 gy
= -—F(l)— -1 Y 1 (“)k Kk
- i [, ¢ - ot 5 G

where, as usual, reversing the order of summation and integration is justified
by an absolute convergence argument.? According to the binomial expansion
(cf. footnote 17, p. 121),

Z (a)" @Ey=0-t2"% 0<t<1, |z] <1,

and hence F(«, B; v; z) has the representation
I'(v) !
Flo, B; v; — P11 — )Y-B-1(] — —a
(o, B3 2) TG =6 o 1 -1 (1 — tz)~*dt,
Rey > Ref >0, |z] < 1. (9.1.4)

The next step is to show that the integral in (9.1.4) has meaning and repre-
sents an analytic function of z in the plane cut along [1, co]. If z belongs to
the closed domain

e< |z -1 €R, larg (1 — 2)| < ®™ — 3, (9.1.5)

where R > 0 is arbitrarily large and p > 0, 3 > 0 are arbitrarily small, and
if 0 < ¢t < 1, then the integrand

P11 — 1) P (1 — 12)7

is continuous in ¢ for every z and analytic in z for every ¢, and we need only

2 In fact, if Rey > Re > 0 and |z| < 1, then

Z |]zlkf [£8- 1K1 — 1)Y= 0= 1| df < z (lal)‘vlzlkf fROB-1+k(] — f)Rov=RoB-1 g

_ T(ReB)I'(Re (y —
B T(ReY)

B) £(jal, Re 8; Rev; 2]).
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show that the integral is uniformly convergent in the indicated region.® But
this follows at once from the estimate

ItB~1(1 — I)Y—B—l(l _ tz)—ccl < MiRe B—l(l _ t)Re Yy-Re -1

where M is the maximum value of the continuous function |(1 — ¢z)| ~* for ¢
in [0, 1] and z in the domain (9.1.5), and from the fact that the integral

Mfl tRe B-l(l — t)Re Y-Re -1 J¢
0

converges for Rey > Re > B > 0. Therefore the condition |z| < 1 can be
dropped in (9.1.4), and the desired analytic continuation of the hypergeo-
metric function is given by the formula

Fo B3 139 = gy [, 70 - 00 - e

Rey > Rep >0, |arg(l —2)| <m (9.1.6)

In the general case where the parameters have arbitrary values, the analy-
tic continuation of F(«, 8; v; z) into the plane cut along [1, o] can be written
as a contour integral obtained by using residue theory to sum the series
(9.1.2).* A more elementary method of carrying out the analytic continuation,
which, however, does not lead to a general analytic expression for the hyper-
geometric function in explicit form, involves the use of the recurrence rela-
tion®

Y&y + DF(e, B3 v;2) = v(y —« + DA, B + 15y + 252)

+oly = (y — B)F@ + 1,8+ 1;y + 22, LD

By repeated application of this identity, we can represent the function
F(a, B; v; z) with arbitrary parameters (y # 0, —1, —2,...) as a sum

P

Flo, B5v;2) = > agle, B;7; 2)Fa + 5,8 + p3y + 2p52), (9.1.8)

s=0

where p is a positive integer and the a,,(«, B; v; z) are polynomials in z. If we

3 E. C. Titchmarsh, op. cit., pp. 99-100.

4+ E. T. Whittaker and G. N. Watson, op. cit., p. 288.

5 To verify (9.1.7), we substitute from (9.1.2), noting that the coefficient of z* in the
right-hand side of (9.1.7) becomes

_ (@B + D (@ + D@ + De oy @ 4 Do+ Doy
LSO A ) w2 Ml Gy e 2 R Sl cr ) WY (- )

_ (@B B+ k a+ kB +k &+ k+ DK
=& +k2_)k’;c! [Y(Y —a+1) B + oy — B afy — B) — ]
_ (B (@) (B)x

G+ +k+D=yy+1

T+ 2k (k!



SEC. 9.2 HYPERGEOMETRIC FUNCTIONS 24|

choose p so large that ReB > —p, Re(y — B) > —p, then we can use
formula (9.1.6) to make the analytic continuation of each of the functions
Fla + s, B + p; vy + 2p; z) appearing in the right-hand side of (9.1.8). Sub-
stituting the corresponding expressions into (9.1.8), we obtain the desired
analytic continuation of F(«, B; v; z), since the resulting function is analytic
in the plane cut along [1, co] and coincides with (9.1.2) for |z] < 1.

The hypergeometric function F(a, B; y; z) plays an important role in
mathematical analysis and its applications. Introduction of this function
allows us to solve many interesting problems, such as conformal mapping of
triangular domains bounded by line segments or circular arcs, various prob-
lems of quantum mechanics, etc. Moreover, as will be seen in Sec. 9.8, a
number of special functions can be expressed in terms of the hypergeometric
function, so that the theory of these functions can be regarded as a special
case of the general theory developed in this chapter (cf. footnote 20, p. 176).

9.2. Elementary Properties of the Hypergeometric Function

In this section we consider some properties of the hypergeometric function
which are immediate consequences of its definition by the series (9.1.2).% First
of all, observing that the terms of the series do not change if the parameters «
and B are permuted, we obtain the symmetry property

Ko, B;v;2) = F(B, 2; 75 2). 9.2.1)
Next, differentiating (9.2.1) with respect to z, we find that

4 i = 5 oM s 5 @O

@k — D17 (V) +1k!
_of > (e DB+ D _ B . .
= Z——(Y+l)kk' z* YF(oc+l,£3+1,y+1,z),
and hence’
4 R b3y = LR+ 1,8+ Ly + 152) 922)

Repeated application of (9.2.2) leads to the formula

-E:F(a,ﬁ;y;z)=%%l‘F(a+m,B+m;y+m;z), m=12...

(9.2.3)

¢ It follows from the principle of analytic continuation that all the formulas proved
here, under the assumption that |z] < 1, remain valid in the whole domain of definition
of F(x, B;y;2).

7 Cf. formula (7.12.25), p. 197.
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From now on, to simplify the notation, we write
Fla,B;v;2)=F,  Fla+ 1,85v;2) = Fa + 1),
Fo, B+ L;y;2)=FB +£1), Fopiy+l;2)=Fyztl).

Then the functions F(a + 1), F( + 1) and F(y + 1) are said to be contiguous

to F. The function F and any two functions contiguous to F are connected
by recurrence relations whose coefficients are linear functions of the variable
2.2 Among the relations of this type we cite the formulas

(y—a—BF+a(l —2)Fa+1)—(—BFB -1 =0, (9.24)
(y—a—DF+aFa+1)—(—DFy—1 =0 (9.2.5
y(1 = 2)F —yFla — 1) + (y — B)zF(y + 1) = 0,  (9.2.6)

which can be verified by direct substitution of the series (9.1.2). For example,
substituting (9.1.2) into (9.2.4), we obtain

y—a—=BF+a(l —2)Fa+1)—(—-PFB-1)
_ i [(Y —a—B) ()P n (X(“ + DB

N3 k!
ooy @B — 1), o((‘7‘ + Die-1®B-1] e
R W o

Sk -l CEE L CEY B IR CR CR g

~ G =BE-1D~-@+k- Dk =0,

and similarly for (9.2.5-6). Three other formulas are an immediate conse-
quence of (9.2.4-6) and the symmetry condition (9.2.1):

(r—oa—BF+ 81— 2FB+1) — (v — )Fa—1)=0, (9.2.7)

G—=B-DF+BFB+ 1D —-(G-DFy -1 =0, (9238

Yl —2)F—yFB - 1)+ (y —0)zF(y + 1) =0. (9.2.9)

The rest of the recurrence relations can be obtained from (9.2.4-9) by

eliminating a common contiguous function from an appropriate pair of

formulas. For example, combining (9.2.5) and (9.2.8), or (9.2.6) and (9.2.9),

we obtain
(¢ = B)F — aF(a + 1) + BFB + 1) =0, (9.2.10)

(=B —2)F+(y —)Fl@a—1)—(y —BFB -1 =0, (9.2.11)
and so on.?

8 Obviously, the total number of such relations is

(g) = 15.

® The list of all fifteen recurrence relations involving F and its contiguous functions
is given in the Bateman Manuscript Project, Higher Transcendental Functions, Vol. 1,
p. 103.
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Besides the recurrence relations just given, there exist similar relations
between the function F(«, B;v; z) and any pair of functions of the form
Flo + B + m;y + n;z), where [, m and n are arbitrary integers. Some
simple relations of this type are°

F(O(,B;Y;Z)—F(O(,B;Y— 172)

afz
= ————=Fa+ 1,8+ 1;vy+1;2), 9212
G onlie B Y z), ( )
Flo, B+ 1;v;2) — Flo, B 5 2)
=“7ZF(a+1,r3+1;Y+1;z), 9.2.13)

Flo, P+ 1;vy + 1;2) — Flo, B3 75 2)

_dy =Pz , _
= fet LB+ Ly +22, (0214

Fla— 1,8+ 1;v;2) — Flo, B5v5 2)
= (il%—_—llzp(a,s +1;y+1;2.  (9.2.15)

Formulas (9.2.12-15) are proved by direct substitution of (9.1.2), or by re-
peated use of the relations between F(«, 8; v; z) and its contiguous functions.

Finally, we recall from Sec. 7.2 that the hypergeometric function
u = F(a, B; v; 2) is a solution of the hypergeometric equation

zZ(1 —2u" + [y — (¢ + B + Dz]u’ — «fu = 0, (9.2.16)

which is analytic in a neighborhood of the point z = 0.

9.3. Evaluation of lim F(«, B;y;z) for Re(y —a —B) >0

z—| —

In developing the theory of the hypergeometric function, it is important
to know the limit as z — 1— of the function (9.1.2), where the parameters
satisfy the condition Re (y — « — B) > 0.}* Suppose that besides this condi-
tion, Rey > Re 8 > 0 as well. Then the desired result can be obtained by
passing to the limit behind the integral sign in (9.1.6), which gives

Jim B, B3v32) = FG;TF((;{)_—B) 01 P11 — iy,

10 Formula (9.1.7) is also a relation of this type.
11 It can be shown that if this condition is not satisfied, then, with certain exceptions,
the sum of the hypergeometric series becomes infinite as z — 1 —.
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or, in view of (1.5.2, 6),

Jim Fe8i739) = 10 Gre 3D

where, for the time being, we assume that
Re(y —a —B) >0, Rey > ReB > 0. 9.3.2)

To justify the passage to the limit, it is sufficient to prove that the conditions
(9.3.2) imply that the integral (9.1.6) is uniformly convergent for 0 < z < 1.
To this end, we note that

l—1< |l -tz <1
for0 < z<1,0<t<1,and hence
[£8-1(1 - DR — tz)7 < Re P — o) (9.3.3)
where

{Re(y—a—ﬁ) if Rea >0,
Re (y — B) if Rea < 0.

The estimate (9.3.3) shows that the integral (9.1.6) is uniformly convergent
for 0 < z < 1, since the integral

1
f fRe P11 — )1 dt,
0

which majorizes (9.1.6), is convergent if the conditions (9.3.2) hold.

We now show that the second of the conditions (9.3.2) is not essential.
Suppose that instead of (9.3.2), the parameters of the hypergeometric func-
tions satisfy the weaker inequalities

Re(y —a«—B)>0, Re(y —B)> —1, ReB > —1.

Then the restrictions under which we proved (9.3.1) are satisfied by each of
the hypergeometric functions in the right-hand side of the recurrence relation
(9.1.7). 1t follows that

—a+ 1Ty + 2Ty —a—P+ 1)
y+1 I'y—a+2)y—-P+1)
B Py + Ty — & — B)

Yy + DIy —a+ DIy =B+ 1)

_ TG =« — B)

Iy — Ly — 8)

which is just the previous result. Repeating this argument, we can prove by
induction that

lim F(a, B;y;2) = -
2—1-

+

lim Flo, 857 2) = ot =8 ©3.4)
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provided only that Re (y — « — 8) > 0. Formula (9.3.4) plays an important
role in the derivation of various relations satisfied by the hypergeometric

function.

9.4 F(«, B; v; z) as a Function of its Parameters

In this section we show that the function
1
o B;v;2) = 5— Flo, B v; 2 9.4.1
fle B3 43 2) = gy Fle B3 13 2) ©.4.1)

is an entire function of «, 3 and v, for fixed z. If |z| < 1, the proof is an im-
mediate consequence of the expansion

(a)k(B)k k
flo, Bsv;2) = er+kw' |2l <1, (9.4.2)
obtained by substituting (9.1.2) into (9.4.1). In fact, since the terms of the
series (9.4.2) are entire functions of «, 8, v, and since the series is uniformly
convergent in the region |« < A4, |B] < B, |y| < C (where 4, B and C are
arbitrarily large),? it follows that f(«, 8; v; z) is an entire function of its para-

meters.
Now let z be an arbitrary point in the complex plane cut along [1, co], and

consider the formulas

S0 8373 2) = Fmer= Jo #7070 - )
Rey > Rep >0, |arg(l —2)| <=,
fl Biv;2) =v(r —a+ Df o p + Ly + 252)
+oafy -G - B)zlfle + LB+ 15y + 2;2),

which are the analogues of (9.1.6) and (9.1.7). Since the integrand in the
right-hand side of (9.4.3) is an entire function of the parameters «, 3, y for any
t in (0, 1), and since the integral is uniformly convergent in the region

lf <A, 3<Ref<B S<Re(y—p)<C

(9.4.3)

(9.4.4)

12 Use the criterion given in footnote 4, p. 102, noting that if

= M’.‘_zk
T+ ok 2
then
ol T laTraTRilSk-—oasrm Flsa<1

for |z| < 1 and sufficiently large k.
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where 8§ > 0 is arbitrarily small, it follows that f(«, 8;v; z) is an analytic
function of its parameters in the region

|| < o0, Rep >0, Re(y —B) > 0.

By repeated application of the recurrence relation (9.4.4), we can represent
the function f(«, B; v; z) as a sum

flo, Bsv;2) = Z bop(o, Bsv; 2)f(e + 5,8 + p5y + 2p52), (94.5)

where the bg,(«, B; v; z) are polynomials in «, B, v and z, and p is a positive
integer. As just shown, each term of this sum is an analytic function in the
region |«| < oo, Re > —p, Re (y — B) > —p, and hence f(a, B; v; 2) is an
entire function of its parameters. It follows that for fixed z in the plane cut
along [1, o], the hypergeometric function F(«, B; v; z) is an entire function
of « and B, and a meromorphic function of vy, with simple poles at the points
v=0,-1,-2,...

9.5. Linear Transformations of the Hypergeometric Function

Consider the class of all fractional linear transformations

,_az+b
Tcz+d

carrying the points z = 0, 1, oo into the points z' = 0, 1, co chosen in any
order. It is easy to see that besides the identity transformation z’' = z, this
class consists of the following five transformations:

z -1
5 ZI= .
V4

v Z'=1—-12z 2 = >z o=

N -

z—1

We now derive various linear relations connecting the hypergeometric func-
tions with variables z and z’. Relations of this kind are among the most im-
portant in the theory of the hypergeometric function, and are known as /inear
transformations of the hypergeometric function. In particular, these formulas
enable us to make the analytic continuation of F(«, 3; v; z) into any part of
the plane cut along [1, c0].*8

We begin by deriving a relation which is useful in the case where one
requires the analytic continuation of the hypergeometric function into the
half-plane Re z < 4. Suppose z belongs to the plane cut along [1, o], and
assume for the time being that Rey > Re 8 > 0. Then, using the integral

13 The theoretical possibility of such an analytic continuation has already been
proved in Sec. 9.1.
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representation (9.1.6), and introducing the new variable of integration
s = 1 — t, we find that

Flo,B;vy;2) = F—(B)II“((:)— 5, SR — )P Y1 — z 4 sz)"%ds

== 9 g [ s = s

INCRINCE
where

BI=Y_B’ ' = ’

and our assumptions imply that Re y > Re B’ > 0, while z’ belongs to the
plane cut along [1, ©].** According to (9.1.6), the expression on the right is
just

(I = 2)"*Fo, B'5v; 2),
and hence

Fle, B5v;2) = (1 — Z)'“F(ow - B;Y;;—i—l)s larg (1 — 2)| < =.
(9.5.1)

Formula (9.5.1) was proved under the temporary assumption that
Rey > Re B > 0, but, as we know from Sec. 9.4, after dividing by I'(y), both
sides become entire functions of § and vy.*® Therefore, by the principle of
analytic continuation, (9.5.1) remains valid for arbitrary 8 and vy, with the
exception of the values y = 0, —1, —2, ... for which F(«, 8; v; z) is not de-
fined. Moreover, if Re z < 4, then

z
z—1

<1,

and the hypergeometric function in the right-hand side of (9.5.1) can be re-
placed by the sum of the hypergeometric series, i.e., (9.5.1) gives the analytic
continuation of F(«, 8; v; z) into the half-plane Re z < }.

Permuting « and B in (9.5.1), and*using the symmetry property (9.2.1),
we arrive at the relation

Flo, B3v;2) = (1 = 2)“‘F(Y -« B;Y;z——i—l)’ larg (1 — 2)| < =,
9.5.2)

which can also be used to make the analytic continuation of the hypergeo-
metric function into the half-plane Re z < 4. To obtain another important

14 Note that under the transformation z’ = z/(1 — z), the plane cut along [1, «]
goes into itself.

15 The expression F[f(x, B, v,...), &, B,¥,...),...] is an entire function of
o, B,Y,... if F, f, g ... are entire functions of their arguments.
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result, we perform the transformations (9.5.1) and (9.5.2) consecutively, ob-
taining

Fu 8132 = (1= 97(1 = 25) 0 R6 = 5, v = Biv32)

larg (1 - 2)] < =,

or
F(d., B’Y; Z) = (1 - Z)Y_a—BF(Y - %Y = B;Y; Z),

larg (1 = 2)| < =. ©.33)

To derive a relation between the hypergeometric function with variable z
and the hypergeometric function with variable z’ = 1 — z, we use a general
method from the theory of linear differential equations. First we note that
the general solution of the hypergeometric equation

(1 =2 +[y—(@+8+ Dz]u’ —afu=0 9.5.4)
can be written in the form!¢
u=AFo,B;v;2) + Az F1l — vy + o, 1 — vy + B2 — v;2),
larg(1 — 2)| <=, Jargz| <m, yv#0,+1, £2,... (9.5.5
Under the transformation z’ =1 — z, the domain |arg(l — 2)| < =,
larg z| < = goes into the domain |arg (1 — z')| < =, |arg z'| < m, and equa-
tion (9.5.4) goes into the hypergeometric equation with parameters o' = «,
B"=B,¥ =1+ a + B — vy. Therefore the expression
u=BFo,pB;1+a+B—vy;l—2z)+ By(l —2z)*°
x Fy —o,y —=B;1 —a—B+7v;1 —2), (9.5.6)
larg(1 — 2)| <=, |argz|] <=, a+B—vy#0,+1, +2,...
is also a general solution of equation (9.5.4). In particular, this implies the
existence of a linear relation of the form
Flo, B3y52) = CiF(e, B3 1+ a + B —y; 1 — 2)
+ Co(l — 2" PFy —a,y = B3 1 —a =B +y;1 - 2),
a+B—y#0,+1, £2,...
To determine the constants C; and C, we assume temporarily that

Re (« + B) < Rey < 1, and then take the limit of the last equality, first as
z—>1— and then as z — 0+. Using (9.3.4), we obtain

IOy — o« = )

Py = 9T'(y — B)
I'd+oa+p8—yIQd -y Id—-a-p+yld -y _,
P +oa—-IA+6 -7 'l —ol'(1 - B) '

16 See Sec. 7.2, noting that by the principle of analytic continuation, formula (7.2.6)
remains valid in the whole domain |arg (1 — z)| < =, |arg z| < =.

G,

C1 + C2
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It follows that
c. = IOl + B — v)
? INCNN ()
after some simple calculations involving the identity (1.2.2). Therefore the
required formula is

Flo, B;Y;2) = Ip‘g’f”a)}(j — g; Flo,B;1+a+B—vy;1—2)

P« + 8 —v)
XF(Y—G,Y—B;I—‘Q—B“{‘Y;I—Z),
largz| < =w, Jarg(l —2)| <7, a+B—yvy#0,+1, +2,...

+ (1 — z)v—cc—B

To get rid of the superfluous restrictions imposed on the parameters o, B
and y, we note that after multiplication by sin n(y — « — B)/I'(y), both sides
of (9.5.7) are entire functions of the parameters.!” Therefore, according to the
principle of analytic continuation, the relation (9.5.7) is valid for all values of
the parameters except those for which « + 3 — v =0, +1, +2,... For-
mula (9.5.7) gives the analytic continuation of the hypergeometric function
into the domain |z — 1] < 1, Jarg(1 — 2)| < .

The remaining relations between the hypergeometric functions with
variables z and z’ can be obtained by combining the formulas just derived.
For example, consecutive application of (9.5.1) and (9.5.7) leads to the rela-
tion '8

e ) — o TIE — @) : L1
HG,B,Y,Z)—(I—Z) mF(a,Y—B,I'FU.—B,ITZ)
P« — B) : 1
M= T F7 =83l =+ BT

larg(—2)| <=, Jarg(l —z) <=m a«—B#0, +1, £2,... (9.5.8)

which enables us to make the analytic continuation of F(«, 8; v; z) into the
domain |z — 1] > 1, |arg(l — z)| < =. Then, combining (9.5.8) with
(9.5.1-2), we obtain

+ (1 —2)"

Flo,Bi1i9) = (-7 L Fla 1+ = il 40— 83 )

DTG — B) vtas— o),
+ (- T B (B 1 - i1 8 - i)

larg(—2z)| <=, |arg(l—2)| <m a—B#0, +1, £2,..., (9.5.9)

17 Here we again make use of (1.2.2).

18 Note that under the transformation z’ = z/(z — 1), the domain |arg (—z)| < =,
larg (1 — z)| < = goes into the domain |arg z’| < =, |arg (1 — z’)| < =, which guaran-
tees that (9.5.1) and (9.5.7) can be applied consecutively.
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which gives the analytic continuation of F(«, B; v; z) into the domain |z| > 1,

larg (1 — z)| < =. Finally, consecutive application of (9.5.7) and (9.5.1)

gives

PN —a—B) ,

Iy = 9Ty = B)

PO« + B —v)
L()T'(B)

XF(Y-—oc,l—ot;l-{—Y—ot—B;z_l),

Fl, Byv;2) =27

(“’1+°‘*Y;1+a+ﬁ—¥;221)

+ 2271 — z)r-e-s

z
largz| <=, |arg(l —2)| <m a+B—v#0,+1,+2,..., (9.5.10)

which can be used to make the analytic continuation of F(«, 8; v; z) into the
domain Re z > 4, |arg (1 — 2)| < =.

The problem of the analytic continuation of the hypergeometric function
into the z-plane cut along [1, o] is solved by using formulas (9.5.1-3) and
(9.5.7-10). Some exceptional cases, where these formulas are not applicable,
will be considered in Sec. 9.7.

9.6. Quadratic Transformations of the Hypergeometric Function

The relations between hypergeometric functions derived in the preceding
section are valid for arbitrary values of the parameters «, B, y (apart from
certain exceptional values). One can also consider relations where the para-
meters satisfy certain constraints; although less general, relations of this type
are also useful in making various transformations and carrying out analytic
continuation. Among such relations, the most interesting involve hypergeo-
metric functions with two arbitrary parameters. As will be seen below, they
also contain expressions like

1+Vli—z 1-V1—z -4z
2 1+ VI-z (-27
and hence are called quadratic transformations of the hypergeometric function.
As an example of a formula belonging to this class, consider the relation

1 - V1 —z)
2 © o 9.6.1)
larg(l = 2)] <m, a«a+B+%+#0, —1,-2,...,

which can be proved as follows: The left-hand side is a solution of the hyper-
geometric equation (9.5.4) with parameter v = « +  + %, which is analytic
in the domain |arg (I — z)| < = Under the substitution®

Z =31 - V1= 2),

F(oc,B;oc+{3+%;z)=F(2a,2B;oc+B+%;

19 By VT — z is meant the branch which is positive for real z in the interval (0, 1).
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this equation goes into an equation of the same form with parameters
o =20, B =28, Y =a+ B+ 3

and the domain |arg (1 — z)| < = goes into the domain Re z’ < %, which is
part of the domain |arg (1 — z')| < =. Butaccording to (7.2.6), the hypergeo-
metric equation cannot have two linearly independent solutions which are
analytic in a neighborhood of the point z = 0, and hence there must exist a
relation of the form
1 - V1=
Flo B+ B+ 432) = AF(20, 280 + B + ;5 —2),

where 4 is a constant. Setting z = 0, we find that 4 = 1, thereby proving
9.6.1).

A large number of other relations of the same type can be deduced by
applying the linear transformations of Sec. 9.5 to formula (9.6.1) and changing
the independent variable or the parameters. For example, using (9.5.3) and
(9.5.1) to transform the right-hand side of (9.6.1), we find that

Flo, B0+ B + 1; 2)

1+ VT =27\ B . VT =z -1
—( 2 ) F(Z“’a F3+'ZL’°L+B+%’\/1—Z+1)’
larg(1 —2)| <m a+B+4#0,—1,-2,..., (9.62)
Flo, pyo+ B+ 3;52)
T—Z\%-o-8 - Vi-:
=(1L‘%1__2) F(a—@+%,ﬁ—a+-};a+{3+%;-l—\/21——z),

larg(l = 2)| <7, a+B+%#0,—-1,-2,... (9.6.3)

Using (9.5.1) to transform the left-hand sides of (9.6.1) and (9.6.2), and then
making the substitution

— 2z, «a+pB+3—>7,

we obtain two other useful relations:

larg(1 — 2)| < =, (9.6.4)

Flo,o+ %;v;2) = (1_4__2\/—1.3')_20C F( 1— \/l——_z)’

20,20 — v + 15y Y L= 7
T T IV =

larg (1 — 2)| < ©. (9.6.5)
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Finally, using (9.5.3) to transform the left-hand sides of (9.6.1) and (9.6.2),
and then making the substitution

a—>a—% BB -4
we arrive at the relations
Fla, ;0 + B — %5 2)

2
larg(l — z)] <w a+B—%+#0,-1,-2,..., (9.6.6)
Fo, B+ B —452)
1 14+ VI -\t
_\/I—z( 2 )

1-V1-z
- F(2zx—1,2 S liat —1;—),
'\/I—Z B B 2

VT =z - 1)
VI-z+1
larg(1 = 2)] <=, «a+B—3%#0,—-1,-2,,.. (9.6.7)
It is interesting to note that formulas (9.6.2, 5, 7) continue the corresponding
hypergeometric functions into the plane cut along [1, ]. In fact,
1-vV1-z
1+ VI-z
if larg (1 — z)| < =, and hence the hypergeometric function in the right-hand
side of each of these formulas can be replaced by the sum of the corresponding
hypergeometric series.
Further results can be obtained by taking inverses of the formulas just
derived. For example, inversion of (9.6.1-3) gives°
Flo, B3 3(a + B + 1}; 2) = F{3o, 385 3o + B + 1);42(1 — 2)},
Rez< 4, $a+B+1)#£0-1,-2,..., (9.6.8)

xF(Za—l,a—ﬁ+%;a+B——%

<1

Flo,Bio — B + 152)
(- z)‘“F{%ou%(a 1) —Ba— B+ 1 —(li—zz)—z}
lzZ] <1, a—B+1#0,—1,-2,..., (9.6.9
Flo, 1 —a;y;2) =1 =2 FE(y — 0 3 (v + o — 15 y542(1 — 2)b
Rez < 4. (9.6.10)

20 In particular, (9.6.8) is obtained from (9.6.1) by making the substitution

200 —>a, 28>0, 1—_1/—1——_—2—>z.

2
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Moreover, combining these formulas with the linear transformations given in
Sec. 9.5, we can obtain still another group of formulas. For example, apply-
ing the transformation (9.5.7) to the right-hand side of (9.6.8) and making the
substitution

o—> 20, B— 20, z—>1 ;Z,
we find that?!
F(Zoc, 28:a + B+ %,IT_Z)
Il + 8 + HIrG)
= Fo, B; 35 22
Mo+ DTG + b P32 9.6.11)
A ACE s HI(=D Flo+ 4,8 +1; 3; 29),

L'(@)I'(B)
larg(1 + 2)| <m, a+B+3+#£0, —1,-2,...

Formula (9.6.11) plays an important role in the theory of spherical harmonics.
For example, the relation (7.6.9) is an immediate consequence of (9.6.11).

We conclude this section by deriving a few formulas of a more compli-
cated nature. The first result is

Fo, 85285 2)

- () e e me e (52}

larg (1 — 2)] <=, 2B # —1, -3, =5,..., (9.6.12)

which is proved in the same way as (9.6.1), by noting that under the change
of variables

, (1—\/1—2)2 _(1+\/1—z)‘2°‘v
1+VI—z 2 ’

equation (9.5.4) goes into the hypergeometric equation with the new para-

meters

«=a P=a—-B+3% Y =8+1%
Since the verification of this fact is quite tedious, we supply some intermediate
21 In the course of the derivation, it is convenient to assume temporarily that

|larg (1 — z)] < =, Rez > 0. The result can then be extended the whole domain
larg (1 + z)| < m by using the principle of analytic continuation.
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steps which will serve to keep the reader on the right track during the course
of the calculation:

Z=1_(\/z_’—1)2 dz z(\/z+l)3
VZ+1]7 dz T T 7 Sy

u= W7 + 1)y, (9.6.13)

du _dz du (V7 + 1)*+2 —n )T dv
R R e [av + VZ(VT + 1)3;,], (9.6.14)

d?u
Z(]. — Z) d?

OIS (PRSI ACR S| MV R

247
+VIWVT + 1)[(oc+ 1 +5%/—;)—+ VIV + )5 ]}
9.6.15)

After using (9.6.13-15) to write the hypergeometric equation satisfied by u,
we multiply the result by

1 -V7
VZ'(1 + V7))
obtaining
1 - V7 1VZ + 1
1+\/?[ot+l——§\/__l][v+\/z(\/z+l)d]
+\/z(1—\/z)[(oc+1+2\1/_)ju,+\/a(\/ +1)d%21—v2]
\/_ [ (a+B+l)(—\/——l)E][av+\/z(\/z +1)d,]
«B(1 — V7 b= 0
\/z(l+\/z) ’

which can now be reduced quite easily to the hypergeometric equation
2
L e - R ORI

satisfied by v. Making the substitution

1-VI—z
14+ V1 -z

—> 7z
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in (9.6.12), we obtain the formula

F{a, B;ZB;(—I—j_Z—Z)—z} =+ 2)*Floa,x — B+ 4;8 + 4529,
|zl <1, 28 # —1, =3, =5,... (9.6.16)

Our final result is

Fo p:26:2) = (1-3) F{lw 3G+ g + & (22—:-5)}
larg(1 = 2)| <m 28# —1, =3, =5,..., (9.6.17)

which can be derived as follows: Applying the transformation (9.5.1) to the
right-hand side of (9.6.9) and replacing g by « — B + }, we obtain

. . — - . . —42
Faa— B+ 46+ 42 = (1 + 7 F{a 4 + D36 + b5 o b
lz] <1, 2B# —1, -3, -5,... (9.6.18)
Then, comparing (9.6.13) and (9.6.15), we find that

Can. 4z (1 + ™ ) o4
Fo 81283 s} = Siohe F{bo 4+ D38 + 4 e

and the desired result is obtained by making the substitution

4,
(1 + z2)? ’
which implies
1+22_>2—z 4z2 _)(2)2.
(1 + z2)? 2 (14222 T \2-:

The theory of quadratic transformations of the hypergeometric function
was developed by Gauss, Kummer and Goursat, and also from a more general
point of view in Riemann’s investigations of a class of differential equations
including the hypergeometric equation as a special case.?? We refer the
reader to these sources for a more detailed treatment of the subject.??

22 See E. Goursat, Sur I’équation différentielle linéaire, qui admet pour intégrale la
série hypergéometrique, Ann. Sci. Ecole Norm. Sup. (2), 10, 3 (1881). The relevant
references by Gauss, Kummer and Riemann are given on p. 296 of the book by Whittaker
and Watson (op. cit.).

23 See also the Bateman Manuscript Project, Higher Transcendental Functions,
Vol. 1, p. 110 ff., for an extensive list of quadratic transformations of the hypergeometric
function.
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9.7. Formulas for Analytic Continuation of F(«, 8; v; z) in
Exceptional Cases

The formulas derived in Sec. 9.5 allow us to obtain the analytic con-
tinuation of the hypergeometric function into any part of the z-plane cut
along [1, o]. However, some of these formulas are no longer meaningful for
certain values of the parameters, and must therefore be modified in a way we
now indicate. The general approach is to start from the formulas of Sec. 9.5
and then carry out appropriate passages to the limit.

For example, suppose we want to find the analytic continuation of the
function F(«, B;v;z) into the domain |z — 1| < 1, |arg(1 — 2)| < = If
o+ B —yv#0, +1, £2,..., we can use (9.5.7), but this formula is not
applicable if y =« + 8 + n(n =0, 1, 2,...). To derive a formula allowing
us to carry out the analytic continuation in the latter case, we replace the
hypergeometric functions in the right-hand side of (9.5.7) by the correspond-
ing series, and use (1.2.2) to transform the result, obtaining

1
F_(YSF(OL’B;Y;Z)

£

= T 1 QRO Nk
B el e e PR e ey e L
_ 1 S (v — ly = B (1 - Z)kH_a—B]

F(a)F(B)k;oF(l - % = B +Y+k) k!

5 (g1 — 82)- 9.7.1)

_ m
Tsinm(y — a —

It is easily verified that

. . 1 < (& + n)(B + )

1 — 1 =

vmarsint T yaarnin®? T T@IE) & (1 + O]

and hence the right-hand side of (9.7.1) becomes indeterminate for vy =
« + 8 + n. Using L’Hospital’s rule to eliminate this indeterminacy, we have
R % _ Y8
Plw+ 8 +n Y ly=atp+n oy

(1 - 2,

Flo, 5o + 6 +n32) = (17

v=a+B+n] '
9.7.2)

After some calculations resembling those made in Sec. 5.5, we find that?*
g1 _ 1 SED R = k= DI )B)x (- 2
oy y=a+B+n F(e + B + n) k=0 k!

1 < (« + n)(B + n)
* ININE)] ,Zo n + k)'k! g

X[k + 1) = d(x + n) — 4@ + nI1 - 2)**", (9.7.3)
24 In differentiating g, we use the formula
£ 0 = OO+ B = Y.

From now on, we assume that o, 3 # 0, —1, —2,...
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982 _ 1 < (@ + mi@ + n)
Nly=arpsn C@OIE) &  (n + k)k!
X [Wo+n+ k) — Yo+ n) + @B +n+k)

— 4B +n — Y + n+ k) + log(1 — 2)]1 — 2)*", (9.7.4)
where {(z) = I'"(z)/T'(z) is the logarithmic derivative of the gamma function.
Substituting (9.7.3-4) into (9.7.2), we obtain
Fo,B;0 + B + n;2)

Pa+B+n T (=Dm—k— DB

BRI CED ) K (1 -2
+ anr((:);@;; = 2 - Tnnf(ﬁ)@ e [k + 1)+ 4+ + 1)

— Yla+n+k)—P(B+n+k)—log(l — 2)J(1 —z)***,
lz—=1]<1,|arg(l—2)|<®, n=0,1,2,..., o B#0,—1,-2,...

9.7.5)

As usual, the meaningless sum
-1

.y
k=0

which appears when n = 0, is set equal to zero.

Formula (9.7.5) is no longer applicable if « or 8 equals 0, —1, —2, ..., but
then F(«, B; « + B + n; z) reduces to a polynomial, and there is no need for
analytic continuation. Moreover, the case v = « +  — n reduces to that
just considered by using the transformation (9.5.3), which becomes

Fo,Bija+B—n;z)=(010—2)"Fo,B ;¢ + B +n;z) (9.7.6)
ifa'=a—np =8—n

Similar considerations apply to the other formulas of Secs. 9.5-6. To give
another example, we derive a formula suitable for making the analytic con-
tinuation of F(«, B;v; z) into the domain |z| > 1, |arg(—z)| < = in the
case where « — 3 =0, +1, +2,... Here we have to pass to the limit
B—a+tn(m=0,1,2,...)1in (9.5.9). A calculation like that given above
leads to the following formula (for the case § = « + n):%°
Flo, « + n;y; 2)

__ I'(=2)"" "f (n—k — D@1 — v + a)k(_z)_k
'y — 9)l'(x + n) &, k!
I'()(=2)~* i (x+m(l + o« —y +n)
F@I(y — « — n) &, (n + k)k!
X [Pk +1)+d(n+k+1)— Yla+n+k)
— Y&y — o« —n—k) + log(—-2)]z7"7F,
|z| > 1,]arg(l1 = 2)| <® n=0,1,2, ..., «#0,—-1,-2,...,
y—a#0,+1,4+2,..., v#0,—-1,-2,... (9.7.7)

25 In the last step of the calculation, use formula (1.3.4).

+
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We now examine the cases where formula (9.7.7) is not applicable. If
«a=0,—1,=2,..., the function F(«, « + n;y; z) reduces to a polynomial,
and there is no need for analytic continuation. According to (9.5.3),

Fla,o +n;v;2) =1 — 2" "y — o,y — a — n;v;2), (9.7.8)

and therefore F(«, « + n; v; z) reduces to an algebraic function if y — « = 0,
—-1,—-2,...0ory —a=1,2,...,n, and analytic continuation is again un-
necessary. If y —a=n+ 1, n+2,... and « # 0, +1, +2,..., then the
hypergeometric function in the right-hand side of (9.7.8) satisfies the condi-
tions allowing it to be continued by using formula (9.7.7). If y — « = n + 1,
n+2,...and « = 1,2, ..., the hypergeometric function can be represented
by an integral of the type (9.1.6) with a rational integrand, i.e., F(«, « + n;y; 2)
can be expressed in finite form in terms of rational functions. Finally, we
note that the case p = « — n reduces to that just considered if we again use
the transformation (9.5.3).

9.8. Representation of Various Functions in Terms of the
Hypergeometric Function

As we now show, various familiar functions of mathematical analysis are
special cases of the hypergeometric function F(«, 8; v; 2), corresponding to
suitable choices of the parameters «, 8, y and the variable z:2¢

1. Elementary functions. The hypergeometric function F(e, B;v; z) re-
duces to a polynomial if « =0, -1, —=2,... or 8 =0, -1, =2,...
For example,

+ 1)
Flo,0;v;2) =1, Fla, —2; ;z=1—2§z+a—(a—z"‘,
(o, 05 v; 2) ( Y5 2) 7 GFD

and so on. The transformation
Fa,B5v;2) = (1 = 2" PFy — o,y — B;v;2), Jarg(1 —2)| <=
[cf. (9.5.3)] shows that F(«, B; v; z) reduces to an algebraic function if
y—a=0—-1,-2,...0ory — B =0, -1, —2,... In particular,
Fl, B;B;2) =1 — 2)7°, larg(1 — 2)| < = (9.8.1)
for any value of B, and
(I1-2=F-v1;1;2, (1-27"=F}1;1;2),

9.8.2)
" = F(—n,1;1;1 — 2), n=2012, ...

26 Further examples are given in the Bateman Manuscript Project, Higher Trans-
cendental Functions, Vol. 1, pp. 89, 101.
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Other representations of this type can be derived from the formulas of
Sec. 9.6. Thus, setting p = « + % in (9.6.2) and (9.6.7), we obtain

T _ o\ -2«
F(a,a+%;2a+l;z)=(%—z) . Jarg( — 2)| < =,
T _ \1-2«
Flo, « + %;2a;2) = \/11_ z(l + \gl Z) s larg (1 — 2)| < .
(9.8.3)
By starting from the series expansion
<zt < (DD
log(l —2) = — —_— = - k <1
gl -2 ==2 =22 g [l

of the logarithm, we find that
log(1 —z) = —zF(1, 1;2; 2), larg (1 — 2z)] < ®.  (9.8.4)

Similarly, we deduce the following formulas for the inverse trigono-
metric functions:
arctanz = zF(}, 1;3; —2%), |arg(1 £ zi)| < =,

9.8.5
arcsin z = zF(3, ; 3; 2%, larg (1 £ 2)| < = ( )

2. Elliptic integrals. The complete elliptic integrals

T

/2 12
K(z) = f (1 = 2sin? ¢)- 2 do, E(z) = f (1 — 2% sin? g)V2 do
0 0
of the first and second kinds [cf. (7.10.11)], where z is a complex
variable belonging to the domain |arg (1 + z)| < =, can also be repre-
sented in terms of the hypergeometric function. Assuming temporarily
that |z| < 1 and using the binomial expansion, we find that

hd n/2 ©
K(z) = kzo (%k 2% fo * sin2 pdp = gkzo (2;32'" 22k,

which implies
K@) = gF(f, 3:1;29),  larg(l £ 2)| < = (9.8.6)

Similarly, we have the following representation of the elliptic integral of
the second kind:

E@) =5F-%41;2),  lag(l£ 2| <7 (987

Starting from these formulas, one can develop the theory of elliptic
integrals, regarded as functions of the modulus z.



260

9.9

HYPERGEOMETRIC FUNCTIONS CHAP. 9

. Spherical harmonics. One of the most important classes of functions
which can be expressed in terms of the hypergeometric function consists
of the spherical harmonics studied in Chapter 7. In fact, formulas
(7.12.27) and (7.12.29) immediately imply the following representations
of the associated Legendre functions:

IO+ m+ 1) (22 — 1)

P& = 50— m 1) 2T + 1)
x F(m—v,m+v +1;m+ 1;1—2'2),
larg (z + 1| < =, m=20,1,2, ..., (9.8.8)
. (-D"V=l(v +m + 1) .
V(@) = 2VHIT(v + 3)zvmrl Vi
><Fm-*—v+2m+v+1. él)
2 T 2 VT A)
larg z| < =, larg (z £ 1)| < =, m=0,1,2,... (9.8.9)

In particular, the Legendre polynomials (see Sec. 4.2) are given by the
formula

1 -2z
2

P"(z)=F(—n,n+ 1;1; ), n=20,1,2,... (9.8.10)
By regarding (9.8.8-10) as definitions and using the general theory of
the hypergeometric function, it is a simple matter to develop the theory
of spherical harmonics. This approach is especially convenient for
deriving the relations of Sec. 7.6 and their generalizations to the case
of arbitrary m.

The Confluent Hypergeometric Function

Besides the hypergeometric function F(«, 8;v; z), an important role is

played in the theory of special functions by a related function

O, yiz)= S D 0, —1, —2 9.9.1
(a,Y,Z)—kZOmH3 |Zl<w, Y# , — 1, —4,..., (..)

known as the confluent hypergeometric function. Here z is a complex variable,
« and y are parameters which can take arbitrary real or complex values (except
that y # 0, —1, —2,...), and, as always,

(Mo

=1 (A)k=W=k(k+1)~~()\+k—1), k=1,2,...

b
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As indicated, the series (9.9.1) converges for all finite z,2” and therefore repre-
sents an entire function of z.
If we set

oo, v;2) = %Y) O(a, v; 2) = ’Zo%l"k) ;—’: 9.9.2)

then ¢(e, v; z) is an entire function of « and v, for fixed z. In fact, the terms of
the series (9.9.2) are entire functions of « and vy, and the series is uniformly
convergent in the region |x|< 4, |y| < C (where 4 and C are arbitrarily
large).2® Therefore, for fixed z, ®(«, v; z) is an entire function of « and a
meromorphic function of vy, with simple poles at the points vy = 0, —1,
—2,...

A comparison of (9.1.2) and (9.1.3) shows at once that

0, 73 2) = lim F(oc, By é) 9.9.3)
The function ®(«, v; z) is very frequently encountered in analysis, mainly
because of the fact that a large number of special functions can be obtained
from ®(«, v; z) by making suitable choices of the parameters «, y and the
variable z (see Sec. 9.13). This makes it possible to develop the general theory
of these functions in a simple and compact form.
The definition of the confluent hypergeometric function immediately
implies the identities

d «
— O 12) =- ; 9.
7 v 2) - (@ + Ly + 1; 2), 994
A o viz) = O+ my +miz), m=1,2 (9.9.5)
dzm Y b (Y)m b ’ I b b b
27 Use the ratio test, noting that if
= @i 2"
T () kv
then
|uk+ll - o+ k
e | S e s ha+ =%
as k — .
28 Use the criterion given in footnote 4, p. 102, noting that if
0, = (@) f_k
T F R
then
[ore+a| _ | o+ k A+ k

<g<l,

Foc | = leFRa+0<&E=oa+m "
for sufficiently large k.
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and the recurrence relations

F—a—DO+aP@+1)—(— DO -1 =0, (9.9.6)

YO — yP(x — 1) — zO(y + 1) =0, (9.9.7)

=142 +F—-—a)P@—1)—(F-—DO(y—-1)=0, (9.9.8)

v + 2)® — ay®(e + 1) — (v — )z®(y + 1) =0, (9.9.9)

v — )P —1)+ Qe —v + 2)® — a®(x + 1) =0, (9.9.10)

Yy —-DOy -1 —v(y =1+ 2)® + (v — 9z@(y + 1) =0, (9.9.11)

connecting the function ® = ®(«, y;z) with any two contiguous func-
tions P + 1) = ®(x + 1,v;z) and O(y + 1) = O(a, v + 1;z). Formulas

(9.9.6-7) can be verified by direct substitution of the series (9.9.1), and then
the other recurrence relations can be obtained by simple transformations of
(9.9.6-7).

Besides the recurrence relations just given, there exist similar relations
between the function ®(e, v;z) and any pair of functions of the form
®(x + m, y + n; z), where m and n are arbitrary integers. Two simple rela-
tions of this kind are?®

Do, v;2) = Dl + 1, v;2) — _%(I)(ac +1L,y+ 12,  (99.12)

D(a, v; 2) = %@(a,y +1;2) +$(D(oc + 1,y +1;2), (9.9.13)

as can be verified by direct substitution of (9.9.1), or by repeated use of the
relations between ®(«, v; z) and its contiguous functions.

9.10. The Differential Equation for the Confluent Hypergeometric
Function and Its Solutions. The Confluent Hypergeometric
Function of the Second Kind

It is easy to see that the confluent hypergeometric function is a particular
solution of the linear differential equation
2w + (y — 2)u’ — au = 0, (9.10.1)

where vy # 0, —1, —2,... In fact, denoting the left-hand side of this equa-
tion by /(u), and setting u = u; = ®(a, v; z), we have

ookk_l kkl akkl = ak
()2 « + k o+ k —
=[ ] Z(Y)Zk'[wk”wk_k_a]:o'

29 Note the similarity between formulas (9.9.6-13) and formulas (9.2.4-15).
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To obtain a second linearly independent solution of (9.10.1), we assume
that |argz| < = and make the substitution u = z*~*p. Then equation
(9.10.1) goes into an equation of the same form, i.e.,

2"+ -2 —av=0,
with new parameters o’ = 1 + « — v, ¥' = 2 — v. It follows that the function
U=ty =270 4+ o — 7,2 — v; 2)

is also a solution of (9.10.1) if v # 2,3,.... Thus,if y #0, +1, +2, ...,
both solutions u,, u, are meaningful and are linearly independent of each
other,%° so that the general solution of (9.10.1) can be written in the form

u=A0(a,v;2) + B0l + « — v;2 — v; 2),
largz| < m, v #0, £1, £2,... (9.10.2)

With a view to obtaining an expression for the general solution of (9.10.1)
which is suitable for arbitrary v # 0, —1, —2,... [see (9.10.11) below], we
introduce a new function

' —v)

'y =1,
=—— 2 & . S T2 e 1)) — —
F(l ¥ o« — Y) (0(, Y,Z)+ z (1 +oa—v,2 Y,Z),

INCY
largz| <=, v #0, £1, +2, ..., (9.10.3)

¥(x, v; 2)

called the confluent hypergeometric function of the second kind. Formula
(9.10.3) defines the function (e, v; z) for arbitrary nonintegral v, and more-
over, as we now show, the right-hand side of (9.10.3) approaches a definite
limitasy—>n+1(n =0,1,2,...). Replacing the ® functions in (9.10.3) by
the appropriate series, and using formula (1.2.2) from the theory of the
gamma function, we obtain

() Z*
W(a, v; ll
(2, v;2) = sin 7y [F(l +oa—v) 5 Z o D(y + k) k! ©0.104)
(o—y) 2w
1“(m) 2 " T2 —y + k) K ] = Sy & T 8
Since
1 < (@) zF (), ZF

yl»‘i’llg‘ e n)kZ0 Ttk + n + 1) k! F(a — 1)/ Z (n + k) k"

(¢« — n), zF° "

. 1
fim gz:l‘()zl‘(k—n+l) x

Yy=on+1l

R S N R O PSS A SR S O
TTW,& Thk+1) m+ k! Tlx—n,% 0+ 0k

30 Note that u; = up if y = 1.
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the right-hand side of (9.10.4) becomes indeterminate as y —n + 1, and
approaches a limit whose value can be found by using L’Hospital’s rule, i.e.,

. 081 35’2
Y, n+ 1;2) = lim ¥Y(a, v;2) = —1"“[— ]
(01 ) yon+l (0! v ) ( ) oy y=n+1 3Y y=n+1
largz| <=, n=0,1,2,... (9.10.5)
Calculations like those made in Sec. 5.5 show that 3!
081 _ (2)z*
Drbanis F(a = . 2 O+ o [ = m) = ol K+ D
0gs ()i 2*

pemit r(a —n) . Z o (n + k)k!
X [ + k) — Y(x + k) + $(e — n) — log z]
1 "S(=D)*n — k — Dl — n)y .

o

-

F(oc)k A k!
which leads to the following series expansion:
Y(x, n + 1;2)
[‘(—oc 11;; i (n(j-)kli;!k! [b(ax + k) = U1 + k) — d(n + 1 + k) + log 7]
n FL Z YD =k = Do = ) (9.10.6)
(@) o k!

largz| <=, n=0,1,2,..., «#0, =1, =2,...

Here §(z) = I'(z)/T'(z) is the logarithmic derivative of the gamma function,
and the meaningless sum

-1
S
k=0

which appears when n = 0, is set equal to zero.
Ifao=-m@m=0,1,2,...), passage to the limit y —~n + 1 (n =0, 1,
2,...)in (9.10.3) leads to the expression 32

|
¥(omn + 1;2) = () P X o, 415 2)
n! (9.10.7)
m=0,1,2,..., n=0,1,2,...

31 In differentiating g,, we use the formula

d
'd_)\()\)k = Wkld + k) — Q).

From now on, we assume that o # 0, —1, —2,...
32 Here we again use formula (1.2.2).
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Moreover, it is an immediate consequence of (9.10.3) that the confluent hyper-
geometric function of the second kind satisfies the relation

Y(,v;2) =22""Y(1 + « — v,2 — v; 2), larg z| < = (9.10.8)

Using this formula, we can define the function ¥(«, v; z) fory = 0, —1, —2,
..., obtaining
Y(, 1 —n;z) = lim ¥(e,v;z) =2"¥Y(x + n,n + 1;2),
¥=i=n 9.10.9
largz| <=, n=12,... ( )
Thus we see that ¥(«, v; z) is meaningful for arbitrary values of the para-
meters « and y. It follows from the definition (9.10.3) and the properties of
®(a, v; z) that (e, v; z) is an analytic function of z in the plane cut along
[— 0, 0], and an entire function of « and ¥.

Next we show that W(«, v; z) is a solution of the differential equation
(9.10.1). For vy # 0, +1, +£2,..., this is an immediate consequence of
(9.10.3), and for integral vy, the result follows from the principle of analytic
continuation (cf. footnote 12, p. 167). For « # 0, —1, —2, ..., the solutions
®(a, v; z) and ¥(a, v; z) are linearly independent, as can easily be verified by
calculating the Wronskian 33

WO, 1, 2), ¥ 1 ) = — 1 27768
(@) (9.10.10)

largz| <=, y#0, -1, -2,...,
and then the general solution of (9.10.1) can be written in the form
u= A¥(«, v; z) + BY(x, v; 2),
(e v;2) + BY( 73 2) (9.10.11)
largz| < m, o,y #0, -1, —2,...

The function W(«, v; z) has a number of properties analogous to those of
®(a, v; ). For example, we have the differentiation formulas

I W, vi2) = —a¥(a + 1y + 1),

an (9.10.12)
7 Y13 2) = (D)@Y + my + myz),  m=12...,
the recurrence relations
Y —a¥e+1)— ¥y —-1=0, (9.10.13)
y—¥ +¥e—1)—z¥Fr + 1) =0, (9.10.14)

33 Equation (9.10.1) implies
W{D, ¥} = Cz Ye?.

Comparing both sides of this identity as z — 0, we find that

I

= -t
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@—1+4+2% —¥a—1)+ («—v+ D¥y — 1) =0, (9.10.15)
@+ ¥ +aly —a— D¥@+ 1) — 2% + 1) =0, (9.10.16)
Yo —1)— Qu—v+ ¥ + ale —y + D¥(a + 1) = 0, (9.10.17)
(f—a=D¥q =1 —(—1+2¥ +2¥(y+1) =0, (9.10.18)

¥ =Y¥(ev;2), Vet D)=¥@«+1,v;2), Y+ 1)=Y(e,y £ 152)

and so on, whose validity follows from the definition of the ¥ function and
the corresponding properties of the @ function.

9.11. Integral Representations of the Confluent
Hypergeometric Functions

The functions ®(«, v; z) and ¥(«, v; z) have simple integral representa-
tions which play an important role in the theory and applications of confluent
hypergeometric functions. Here we consider only the basic representations in
terms of integrals evaluated along an interval of the real axis, referring the
reader elsewhere for more general representations in terms of contour
integrals.3*

The simplest integral representation of the fungtion ®(«, v; z) can be ob-
tained by summing the series (9.9.1) with the help of formula (9.1.2):

(a)k F(Y) 1+k, — -
= = ta 1 —f)r—«-1 dt,
O TG —0 ), =D
Rey>Rea >0, k=0,1,2,...

This gives
. F(Y) fl oa-14k —a-1
D(a, v; 2) = O Z T A (R Al
I'(v) 1 (Zt)
=IO e ey S E
F@)I'(y — «) Jo ( ) Z
or
1

O(a, v; 2) = T Y1 — 1)r-*-ldt, Rey > Rea > 0,

T@I — @ Jo
©.11.1)

where reversing the order of integration and summation is justified by the
usual absolute convergence argument (cf. footnote 2, p. 239).

34 See the Bateman Manuscript Project, Higher Transcendental Functions, Vol. 1,
pp. 256, 271 ff.
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We can use the integral representation (9.11.1) to deduce an important
relation satisfied by the function ®(«, y;z). Assuming temporarily that
Rey > Re a > 0, we make the change of variable t = 1 — 5. Then (9.11.1)
becomes

T 1
(D(O(-, Y;Z) = WI%)—_Q()EZJ.O e—zssv—a—l(l _ s)a_l dS,

which implies

O(a, v; 2) = ED(y — , Y5 2), (9.11.2)

since Re y > Re (y — «). The relation (9.11.2) was proved under the assump-
tion that Rey > Re « > 0, but after dividing by I'(y), both sides become
entire functions of « and y. Therefore, according to the principle of analytic
continuation, (9.11.2) remains valid for arbitrary « and vy, provided that
vy#0,—-1,-2,...

To obtain an integral representation of ¥(«, v; z), we first note that the
function u, defined by

—_1 ” —2tg—1 y—o—1
u—H@Le =1 4+ H"-%'di, Rea>0, Rez>0, (9.11.3)

is a solution of the differential equation (9.10.1). In fact, denoting the left-
hand side of (9.11.3) by /(u), we have?®

() = F—(la—) J;w e 2 Y1 4+ o) Mzt2 — (y — o)t — o] dt

1 t=o0

__L wi — 2t g0, - —_ . pmztyu - —
- H@ka F(L+ 7 d = = e e+ 0] =0,

According to (9.10.2), the solution u can be written in the form

u= A(D(“’ Y’Z) + BZI_Y(D(I + a — Y 2 — Y;Z)’
(9.11.4)
largz| <7, v #0, £1, +2,...

Assuming temporarily that 0 < Rey < 1 and z > 0, we take the limit of
(9.11.3) as z — 0+. This gives

' —vy)

— 1 __L_ ® o—1 y—a—1 —_
A= limu= o [ e+ e =

2—0+

where we have used formulas (1.5.3) and (1.5.6) from the theory of the
gamma function, and the passage to the limit behind the integral sign is easily

35 With our restrictions on « and z, the differentiation behind the integral sign is
justified.
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justified. Moreover, differentiating (9.11.4) with respect to z, multiplying by
z¥ and then taking the limit as z — 0+, we obtain

=G - DM@ ll)I‘(a) zli{)ri : e Ss*(s + z)Y"*"lds
- (-YTI—I)F@) fow erTids = F(?(;) >

It follows that

u= % (e, v 2)

+ F—(}(;)—l) 2701+« = 7,2 - v;2) = ¥ v;2). (9.11.5)

Since both sides are entire functions of the parameter y and analytic functions
of the variable z in the half-plane Re z > 0 (see Sec. 9.10), the temporary
restrictions imposed on y and z can be dropped, and we arrive at the integral
representation

W(x, v;2) = 'I""(l?)fo e #*"Y(1 + t)*"*"*dt, Rea >0, Rez > 0.
(9.11.6)

Some other integral representations of the functions ®(«,y;z) and
W(a, v; z) are given in Problems 11-13, p. 278.

9.12. Asymptotic Representations of the Confluent
Hypergeometric Functions for Large |z|

We begin by deriving the asymptotic representation of ¥(«, v; z) for large
|z], which turns out to be simpler than the corresponding representation of
®(a, v; z). Suppose that
TC

28’

Re o« > 0, larg z| <

where 8 > 0 is arbitrarily small. According to (5.11.2),

—a-1 < (=D + @ — K
(1 + 1) — kzo( )k( . ®—7) p
(=D + « —

+ n!

1
Y)n tn+1f (l —_ s)n(l + st)y—oc—n—st.
0
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Substituting this expansion into the integral representation (9.11.6) and inte-
grating term by term, we obtain 3¢

‘F(d., i Z) — Z—a[kzo (_1) (a)k(ll('+ oa — Y)k 77k 4 rn(Z)]’
where
r,,(z) — ("'1)n+1£ll'1j£°; - Y)nza fome—zttn+a dt fol (1 — S)"(l + st)Y—oc—n—zds_

Estimating |r,(z)| we find that

A+oe—Dn

a e—lz[t slnbtn+Reotdt
n'T(x) fo

,rn(z), <

1
X J. (1 - S)n(l -+ st)Re (Yy-—a)-n-2 ds.
0

If we choose n so large that Re (y — «) — n — 2 < 0, then
(1 + st)Re (y-a)-n-2 < 1’
and hence?®”

I(n + Rea + 1)|z]|Re %eriim =i
(lzl sin 8)n+Re at+l

(1 + a - Y)n
(T D)

It follows that

Y(a, y; 2) = Z—a[kzo (—l)k(a)k(]1d+ ®— ) 77k 4 O(lzl_n_l)],

= 0(|z|=*").

ra(2)] <

Re a > 0, |argz|<g——8, n>Re(y —a)—2 (9.12.1)

for large |z|.

We now show that the conditions under which this formula has
been proved can be considerably weakened. First we note that even if
Re(y —«) —n — 2 > 0, an integer m > n can always be found such that
Re (y — «) — m — 2 < 0. Since the expansion (9.12.1) certainly holds with
n replaced by m, we have

m m

z cee 4 O(IZl—m—l) =

k=0

S+ O([2 )

M=

e
k

=n+1

b
L}

0

cot O(|z] )

Il
%5

b
]
(=]

36 According to (1.5.1),

ﬁf: e +k-14r = (@)z-*"*. Rea >0, Rez>0, k=0,1,2,...

37 For complex @ and b we have
|ab| = Ialne bo-Im b-arg a < IalRa bexllm ol
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which again gives (9.12.1). Therefore the condition imposed on n can be
dropped, and (9.12.1) is valid for arbitrary n.

Next we get rid of the restriction imposed on the parameter «. Suppose «
satisfies the weaker condition Rea« > —1. Then Re(x + 1) > 0, and
formula (9.12.1) can be applied to each of the hypergeometric functions in the
right-hand side of the identity

Y, v;2) =z¥(@+ L,y + 1;2) + (1 + o« —y)¥(x + 1,v;2), (9.12.2)
obtained by replacing « by « + 1 in (9.10.14). Carrying out the necessary
calculations, we again arrive at the asymptotic representation (9.12.1), but this
time with the condition Re « > —1. Repeating this argument, we see that
(9.12.1) holds for arbitrary values of «. Moreover, by slightly modifying the
method used to prove (9.12.1), we can replace the condition |arg z| < 3= — 8
by the weaker condition |arg z| < = — 8.8 Thus, finally, we arrive at the
following asymptotic representation of ¥(«, v; z) for large |z|:

W(a, v;2) = Z‘“[i (—l)k(m)k(lk!-i_ *- Y)kz"c + 0(|z|‘"‘1)],

largz] < ® — 3. (9.12.3)

The corresponding asymptotic representation of the function ®(«, v; z)
can be deduced from (9.12.3) and the relation

Do, v; 2) = F(j(z) e ey + EY) Hemvmie Wy — a,v; —2),

largz| < m, —z =ze™™ y#£0,-1,-2,..., (9.12.4)

which is the inverse of (9.10.3), where the plus sign is chosen if Im z > 0 and
the minus sign if Im z < 0. To prove (9.12.4), we assume that v # 0, +1,
+2,... and use (9.10.3):

- LA -7 AL =D :
lIJ‘(O"’Y’Z) - WQ(“>Y’Z)+ r\( ) z (D(l +°(_Y’2—Y’Z)'
(9.12.5)

Replacing « by vy — « and z by —z = ze¥™, we obtain

Y = %3 =2) = p =3 0 13 )

I]:E\: 1; 21l + o — v, 2 — v;2), (9.12.6)

38 Instead of (9.11.6), use the integral representation

w.elf
Y(a, v; 2) = I‘_goc—)fo e~#r*=1(1 4 1)« dt, Reo > 0,

where

. 5 if —(n:—8)$argz<—(g—8),
_g —d<argz<m- 3.
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where we have used (9.11.2). Eliminating ®(1 + « — v,2 — v; z) from
(9.12.5-6), we arrive at (9.12.4) after some simple calculations, where the
validity of the result for positive integral values of v follows from the prin-
ciple of analytic continuation. Substituting (9.12.3) into (9.12.4), we find the
desired asymptotic representation of ®(«, y; z) for large |z|:

D, v; 2)
') camiy-of 5 (ED@l + % = V) e
TTh-w9° [M k! F27F 4+ 0(l2] )]

Cv) n — ) (l — ) -n-1
e Pl = e R

=0

larg z| < © — 3, y#0,—-1,-2,... (9.12.7)

As before, the plus sign corresponds to Im z > 0 and the minus sign to
Imz < 0. If |arg z| < 4= — 3, the first term is small compared to the second,

and (9.12.7) takes the form

O(a, v 2) = % ezz—(v—m)[kzo (—_Y - a)]"c(!l — a)kz—k + O(lzl‘"—l)]’

largz| < S — 8, a,y #0, =1, =2,... (9.12.8)

i
2

9.13. Representation of Various Functions in Terms of the
Confluent Hypergeometric Functions

As we now show, various familiar functions of mathematical analysis are
special cases of the confluent hypergeometric functions ®(«, y;z) and
Y(a, v; z), corresponding to suitable choices of the parameters «, v and the
variable z. Particular attention will be devoted to the special functions intro-
duced in Chapters 2-5.

1. Elementary functions. Some typical relations involving elementary
functions are

Va2 = S 2
o, Ay Z) = - = e,
N
o1, 2: 2) = i zk _e—1
2= 2 EF T

O(=2,1;2) =1 — 2z + 322
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2. Error functions. It follows from (2.1.5) and (2.1.2) that the error func-
tion has the expansion

(_l)k 2+l ® ﬁ(_ZZ)k
Erfz = Z Kk + 1) Z,Zo(%k kK

and hence
Erf z = z®(®3, 3; —22). (9.13.1)
Similarly, the complementary error function (2.1.6) can be written in

the form

© —22s
e

Erfc z = f e~ dt = yze ? ds,
z N

o V1 +
if we set 1 = zV/1T + 5. Then, according to the integral representa-
tion (9.11.6),%°

Erfc z = ize #¥(1, 3; z?),
or

Erfc z = e~ #W¥(3, 3; 29, |argz| < ’-; (9.13.2)

where we have used (9.10.8).

3. The function F(z). Next we consider the function F(z), related to the
probability integral of imaginary argument (see Sec. 2.3). It follows
from (2.3.4) that

_ 0 (_1)k2k22k+1 (l)k( zz)k
Fo) = 2 T3k v D)~ Z PTaN

and hence
F(z) = z@(1, 3; —2%). (9.13.3)

4. Fresnel integrals. Combining (2.4.6), (2.1.5) and (9.13.1), we find that
13 wiz 13 miz?

@ =3 %z 2’7) +oz 5 -5
z 1 3 miz? 13 miz?

0 =5 [0(335) - 27 - 7))

5. The exponential integral. By definition,

(9.13.4)

© ,-t
Ei(—z) = —f S, large] <

2

3% In the derivation we assume that z > 0, and then use analytic continuation to
extend (9.13.2) into the domain |arg z| < =/2.
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[cf. (3.1.2)], and hence, setting ¢ = z(1 + s) and using the integral
representation (9.11.6), we have

Ei(—z) = —e~ ds = —e *Y(1, 1; 2),

e
1+
or
Ei(z) = -2 ¥Y(1, 1; —2), larg (—2)| < =. (9.13.5)
6. The sine and cosine integrals. Combining (3.3.6) and (9.13.5), we find
that

Ci(z) = 1 e 2¥(1, 1; ze™?) — ‘“P'(l 1; ze~™/2),  |arg z| <g,

1

21 e 2¥(1,1; ze™'?) — 1 ‘Z‘I"(l 1;ze~™2), |arg z| < =

(9.13.6)

7. The logarithmic integral. 1t is an immediate consequence of (3.4.3) and
(9.13.5) that
li(z) = —z®(1, 1; — log z), larg z| < m, larg (1 — 2)| < =.
(9.13.7)

8. Hermite polynomials. According to (4.9.2), the even Hermite poly-
nomials can be written in the form

< ) 2 on -2k n —1 (22)*
Hyn(2) = kZO(_I k'(2( ) —2Kk)! (22) = (=1)@n)! Z o(n— /)c)('(ZZ/)C)'

O S QT 0 S (e
“r S 2 e -D kz @)kl

b

since
(2k)! = 2%4(3),k!,
and therefore

!
Ha@) = (=17 ZL o, 3 22, (0.13.8)
For the odd Hermite polynomials we have the analogous formula
2n + 1)!
Hynr@) = (~r E 3 Docon 3,9, 0139

9. Laguerre polynomials. It follows from (4.17.2) that

z P'n+oa+1) (=2 (x4 1), < (=n)
oDk + o+ Dkl(n — k! nl &y(x + 1)k

Li(2) =
and hence

Li(z) = (—“—*n,—”— O(—n, o + 1; 2). (9.13.10)
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Cylinder functions. Assuming temporarily that Rev > —4%, we set
s = 4(1 + ¢) in the integral representation (5.10.3), obtaining
22V(Z/2)ve—iz 1 - y

S | eEsgVo (1 — 5)V % ds.
TG+ D)o =9
Therefore, according to (9.11.1),

22V(z/2)%e~ “T'(v + })
T2 + 1)

Jv(z ) =

J(z) = D> + 4, 2v + 1; 2iz),

or

— (2/2)" -2 N K
J(z) = TG 5 1) e 2> + 4, 2v + 1; 2iz), larg z| < =, (9.13.11)
where we have used the duplication formula (1.2.3) for the gamma
function. Then we use the principle of analytic continuation to show
that (9.13.11) holds for arbitrary v.

Similar representations can be obtained for the other cylinder func-
tions. For example, it follows from (5.6.4), (9.13.11) and (9.10.3) that *°

H\(,l)(z) - \2/_l_ ei(z—vn)(zz)v\F(v + %’ 2v + 1; 228'"”2),
'
- g <argz <m (9.13.12)
HE() = j—’_ = C-DQIE( + 3,2y + 1;2z¢™),
™
9
—m<argz <y (9.13.13)

Then, using (5.7.6), we obtain the following representations of the
Bessel functions of imaginary argument:

R 12 M )
I(2) = o + 1) e *d(v + 1, 2v + 1;22), larg z| < =, (9.13.14)

KJ(2) = VrQz)'e 2 ¥(v + %, 2v + 1; 22), larg z| < = (9.13.15)

Whittaker functions. A class of functions related to the confluent
hypergeometric functions, and often encountered in the applications,
consists of the Whittaker functions, defined by the formulas*!

M, (2) = 2** e 220 — k + p,2u + 1;2), |argz| < m, 9.13.16)
Weu(2) = 22 %e 229 (4 — k + p,2u + 1;2), |argz] <=

40 We also use formulas (9.11.2) and (1.2.2-3).
41 E. T. Whittaker and G. N. Watson, op. cit., Chap. 16.
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9.14. Generalized Hypergeometric Functions

Consider the power series

H( i k_ © W‘; (9.14.1)
H(Ys)k k=0 \T1)k ok

where p and ¢ are nonnegative integers (p,q = 0, 1, 2, ...) satisfying the
condition p < ¢ + 1, z is a complex variable, «, and v, are arbitrary para-
meters (except that v, # 0, —1, —2,...), and (A), = (A + k)/T'(»).%2
Using the ratio test, we see at once that the radius of convergence of the series
(9.14.1) equals 0 if p < gand 1 if p = ¢ + 1. The sum of the series (9.14.1)
is called the generalized hypergeometric function, and is denoted by the symbol

QLyyee vy Kpy Z
qu( b b P ),
Y1545 Yaq
or more concisely, by ,F(a.; vs; 2), i.€.,

»
® U (ar)k Zk
qu(“r; Yss Z) = Z L;l— F (9142)
k=0 :
Ys)
311 (o)

Clearly, ,F,(«;Ys;z) is an entire function of z if p < ¢. The function
o+ 1F (e} vs; 2) is originally defined only in the disk |z| < 1, but can be ex-
tended outside this disk by using analytic continuation.

The following are the simplest generalized hypergeometric functions:

&

Ms
ol
I
S

OFO(O‘-r; Yss Z) =

=
I
o

1Fo(°‘r§ Ys; Z) =

M
~
=&
N’
B
N
=
Il
~
—
|
N
N’
i3
K

b
8 i
(=}

k

0F1(°Cr; Ys» Z) = Z (le)kk' = [‘(Yl)z—(vl —1)/21\(1 _1(221/2),
k=0 .

1Fios vs; 2) = Z %7{, = O(ay, Y15 2),

o) (%)

2F1(0 5 ¥s5 Z) Z ((Yl)kk' = F(al’ %25 Y15 z).

42 As usual, the meaningless products
0

ceey ey
r=1 s=1

which appear when p = 0 or ¢ = 0, are set equal to 1.



276  HYPERGEOMETRIC FUNCTIONS CHAP. 9

The last two examples show that the hypergeometric functions considered in
this chapter are special cases of the more general function (9.14.2).

Some features of the theory of ordinary hypergeometric functions can be
carried over to the case of generalized hypergeometric functions. For ex-
ample, it is easily seen that the function u = ,F(«,; ys; z) is a particular
solution of the linear differential equation

[sﬁ(s Fys—1) — zf[(s + oc,)]u =0 (9.14.3)

of order g + 1, where 3 denotes the operator z(d/dz).*® This equation reduces
to (9.10.1) if p =g =1, and to the hypergeometric equation (9.2.16) of
p = 2,q = 1. Thereis a well-developed theory of generalized hypergeometric
functions, with appropriate recurrence relations, integral representations,
etc.**

PROBLEMS

1. Starting from the integral representation (9.1.6), prove that
F(o, B;v; x + i0) — F(a, B5 vy x — i0)

_ 2mil'(y)
T T()T@EITA +y —«

_B)(x~1)*“°“"F(Y—«,Y—B;1 +y—oa—B;1-x),
x>1, vy#0,-1,-2,...

Hint. During the proof, assume that Reax < 1, Rey > Rep > 0, and
then use analytic continuation.

Comment. This formula shows why the cut [1, o] is necessary in defining
F(o,B;v;z)fore,B #0, —1, =2,...

2. Derive the formulas

E_ o — o—1 i y—1 — —_ Y =2 —

P (z2%F) = az*"1F(a + 1), g @7'F) = (y — Dz "2F(y — 1),
where the notation is the same as in Sec. 9.2.

3. Prove the following identities:

I(a + 8 + HIG)
T + DIG + )

I+« —-rg)
F(l -B+ %)F(% + %)

1+a—-—B#0,-1,-2,...

a+B+3#0,-1,-2,...,

F2a, 2850 + B + 454) =

Flo,B;1 + o — B; —1) =27

43 Note that applying 3 to u corresponds to multiplying u by k.

4t For a summary of the theory and references for further reading, see the Bateman
Manuscript Project, Higher Transcendental Functions, Vol. 1, Chap. 4. Some new results
are given by N. E. Norlund, Sur les fonctions hypergéométriques d’ordre supérieur, Mat.-
Fys. Skr. Danske Vid. Selsk., 1, no. 2 (1956).
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4. Show that the hypergeometric polynomials F(—n,B;v;z) (n = 0,1,2, ...,
vy#0,—1,—-2,...) can be defined as the expansion coefficients of the
generating function

wiz,) =1 -1 —t+ zt) % = Zw %F(—n, B;y; 2,

|t] < min{l, [z — 1|~}

5. Derive the integral representation

T'(«)T'(B) N l et Ta + s)I'(B + )T(—s) :
I’(Y)—F(cx, Biy;2) = It ) ie TG 1 35) (—2)° ds,

Rea >0, ReB >0, |arg(—2)| <m, yv#0,—-1,-2,...,
where min {Re o, Re 8} < ¢ < 0.

Hint. Complete the contour of integration on the right with the arc of a
circle of radius R, = n + % (n — ), and then use residue theory.

Comment. The restrictions imposed on the parameters can be eliminated
by suitably deforming the contour of integration.*®

6. Using term-by-term integration, verify the following formulas:
Flo, B3 139) = Tegmiig |, 70 = 7o G, B e 2) di
LIy — o Jo
Rey > Rec > 0, Jarg(l — 2)| < =,

1
F(e,B;y + 1;2) = yf F(o, B;v;z0t""dt, Rey >0, |arg(l — 2)| < m.
()

7. By analogy with Sec. 9.10, the hypergeometric function of the second kind
G(x, B; v; z) can be defined as

vig) = I'd —v) s
G(OC,B,Y,Z)— F(OL—‘Y+ I)F(B__Y+ I)F(a,B’Ysz)
I'(y —
+‘1-%;)221'YF(1+°¢-Y,1+ﬁ—'¥;2-Y§Z),

largz| < w, Jarg(1 —2)| <m, v #0,+1, +£2,...
Prove that G(«, B; v; z) satisfies the relation
G B5v;2) =276l — v+ LB — v+ 152 = v;2).
8. Repeating the considerations of Sec. 9.10, show that G(«, B; y; z) is an
entire function of «, B, v, and derive the formula

(=pr*t I GO ()
T = mI@ = L + O

X [P(e + k) + 0B + k) — d(1 + k) —d(n + 1 + k) + logz]

P B = G VS R Sl V[ Yt W
TT®) %, 7l s

largz| <=, |z <1, n=0,1,2, ..., ,B#0, -1, -2 ...

Zk

G(e,B;n+ 1;2) =

45 E. T. Whittaker and G. N. Watson, op. cit., p. 286.
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9. Prove that the functions F(«, B; v; z) and G(«, B; v; z) are a pair of solu-
tions of the hypergeometric equation (9.2.16) with Wronskian

W{F(, 85 v: 2), G(a, B; v; 2} = — F(%%)@z—va — gyrmwmn-y,

larg(1 — 2)] < w, Jargz] <=, y#0,—-1,-2,...

Comment. 1t follows that the two solutions are linearly independent if
B #0, —1,-2,...

10. Find differentiation formulas and recurrence relations for the function
G(a, B v 2)-
Hint. Use the corresponding relations for the function F(e, B; v; 2).

11. Derive the integral representation

F(oc) . _ _1' c+ioo F(O‘_‘FLP(—_S) N
YO (e, 13 2) = 5 e TS (—2) ds,

Rea >0, —Rea<c<0, y#0,—-1,-2,... J|arg(—2)| < g
Hint. Use residue theory.

12. Derive the integral representation

I © —
O(x, v; 2) = §9) 3 ezz(l_")’ZJ‘ e“t’/z(y‘l)‘“Jv_l(Z\/zt) dr.

Iy - 0
Re(y —«) >0, |argz| <m, y#0,—-1,-2,...

Hint. Expand the Bessel function in power series, and then integrate term
by term.

13. Derive the integral representation
22(1—7)/2 © . —_—
5 = —— ~tgo=15(1 +¥v) VvV
lP‘(a’ Y5 Z) I‘(oc)F(oc — F 1) J:) e 't 2 K‘v-l(z Zt) dt,
Rea >0, Re(x —y) > —1, |argz| < 7,
where K,(z) is Macdonald’s function.
14. Prove the formulas
I'(yv) o e
d . = — c=1(1 — fY-c-1d z
D =rorg ol A9 (2 ¢; z0) dt,
Rey > Rec > 0,

1
P,y + 1;2) = Yf Do, v; z)* 1 dt, Rey > 0.
]

15. Show that the Laplace transform of ®(e, v; x) is

— 1 1)
[0 s Y =-F ’1; s )
(2, v; X) P (a v
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16. Verify that the Whittaker functions M, .(z) and Wy .(z) are a pair of
solutions of Whittaker’s equation

, I T
u+(—-4+z+ - )u—(),

with Wronskian

T
WMD), Wi = — et D gy g1 w0, -1, -2,

G-k+uw
Hinr. Use the definitions (9.13.16).

17. Derive the integral representation ¢

ZFe =212 k-3 P4t wHk-1%
= —tpu—k-Y -
Wk.u(z) F([J, — k T %) o et 2( + Z) dt,

Re(u — k+ %) >0, larg z| < =
18. Using the result of the preceding problem, prove the asymptotic formula

Wiu(2) = e~?2 ZF, |z| > 0, |argz] < m — 8.

19. Using the results of Sec. 9.13, derive the following representations of
various special functions in terms of W, .(z):

_ 1 -22/2 2 T
Erfc z = 2“;9 W_y, (29, larg z| < 7
Ei(z) = — __zez’zW_x/z_o(—z), larg (—2)| < =,
li(z) = —/ 2 W_yo(—log2), larg z| < =, |arg(1l — 2)| < =,
—log z

K,(z) = A/ T Wo.(22), larg z| < .
2z

20. Prove that
P
d H o
"i—zqu(“r;Ys;Z) = Tqu(ar + 1;vs + 15 2).
Ys

s=1
21. Prove that
p+1Fq41(%5 Y55 2)

— I(yq+1) !
Plop+ DI (Ygu1 — ops 1) Jo

r+1 (1 — t)ar1" %171 Fola,; vs; 2t) dt,

Reyqg+1 > Reoyyy > 0,
where |arg (1l — 2)| < mifp =g + 1.

22. Derive the formula

[Flo, B50 + B + §; 2P = st( 20 2B, + 85 2 )

o+ B+ 4, 20 + 28

46 E. T. Whittaker and G. N. Watson, op. cit., p. 340.
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Hint. Find a third-order linear differential equation satisfied by the square
of the function F(«, B; o + B + %; 2),*” and show that the function

g 2280+ 85z )
ot B+ 3520 + 28

is the solution of this equation which is analytic in a neighborhood of the
point z = 0.

47 E. T. Whittaker and G. N. Watson, op. cit., Problems 10-11, p. 298.
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PARABOLIC CYLINDER FUNCTIONS

10.1. Separation of Variables in Laplace’s Equation in
Parabolic Coordinates

To solve the boundary value problems of potential theory for a domain
whose surface is an infinite parabolic cylinder, it is appropriate to use a
coordinate system such that the cylinder corresponds to a constant value of
one of the coordinates. Thus, let x, y and z be a system of rectangular co-
ordinates with the z-axis parallel to the generator of the cylinder and the x-
axis along the axis of symmetry of any one of the parabolas in which the
planes perpendicular to the z-axis intersect the cylinder. Choosing the origin
at the focus of this parabola, we introduce a three-dimensional system of para-
bolic coordinates «, B, z, related to the rectangular coordinates x, y, z by the
formulas

x = %(«2 —-pd), y=caf, z=z, (10.1.1)

where
—oo<a<ow 0KP<o0 —00<z<o0,

and ¢ > 0 is a scale factor. The corresponding triply orthogonal system of
surfaces consists of the parabolic cylinders « = const with foci at the origin,*
described by the equation

2
)2 = —20a2(x - %) (10.1.2)

! The surface o = const > 0, is the half of the parabolic cylinder (10.1.2) with y > 0,
and the surface « = —const is the other half, as indicated in Figure 38.
281
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the parabolic cylinders 8 = const with foci at the origin, described by the
equation

¥ = 20(32(x + %‘32)’ (10.1.3)

and the planes z = const (see Figure 38). In particular, given a parabolic
cylinder with equation
2 _ V4
y? = 2p(x + E) (10.1.4)
in standard form,? suppose we choose the product cfZ equal to p. Then the
cylinder (10.1.4) has equation 8 = B, in the coordinates «, 3, z, and the do-

main inside the cylinder to the values 0 < B < B, while the domain outside
the cylinder corresponds to the values 3, < B < oo.

J
a = const
a>0 = const
a-= Oi [B =0 p
a<0
FIGURE 38

It is an immediate consequence of (10.1.1) that the square of the element
of arc length in the coordinates «, 8, z is

ds? = ¢2 (% + B?) (do® + dp?) + dz2. (10.1.5)
Therefore the metric coefficients are

hy = hy = cVa® + B2, h, =1,

2 Here p is the distance from the focus (at the origin) to the directrix.
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and Laplace’s equation takes the form [cf. (8.1.3)]

1 %u  0%u 0%u
2, _ - |g=® % 2( 2 P g
Vu= T [3(12 + G O+ ) 622] 0. (10.1.6)
Now suppose we look for solutions of (10.1.6) of the form
u = A()RB)Z(2). (10.1.7)
Then the variables separate, and we obtain
[ L 1ez
2 +pY)[Ade® " Bdp?l Zd2 T
where A is an arbitrary constant. It follows that
d*Z g
71?4_)\2_0, (10.1.8)
1d?A 1d°B 2 9/ 2 o o
KW-FEH_BT—)\C(“ + g% =0.
The last equation, in turn, can hold only if
2A
‘27 + (1 — A c%?)A = 0, (10.1.9)
d?B
3{3_2 - (y. + )\2C2B2)B =0, (10110)

where . is again a constant. Thus Laplace’s equation has infinitely many
solutions of the form (10.1.7), depending on two arbitrary parameters A and .

In most physical problems, the parameter A is a positive real number
(cf. Sec. 9.10). Then, introducing new variables

£ =V, 1=V, —o<i<o 0<7 < o0
and a new parameter v related to w by the formula
w=Aic(2v + 1),
we reduce equations (10.1.9-10) to the form

d?A

I v+ 1-E)A =0, (10.1.11)
dg

2
%FB —(@v+1+79B=0. (10.1.12)

10.2. Hermite Functions

We now investigate equations (1.10.11-12), which, as just shown, arise
when separating Laplace’s equation in parabolic coordinates. Clearly, the
problem reduces to studying the linear differential equation

W+ v+1—-22u=0 (10.2.1)
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for arbitrary real or complex z and v. If we make the substitution
u = e #?, (10.2.2)
(10.2.1) goes into the equation
0" =2z + 2w = 0, (10.2.3)

which for nonnegative integral v =n(n = 0, 1, 2,...) is just the differential
equation (4.10.4) for the Hermite polynomials studied in Chapter 4. There-
fore, in the case where the parameter v is arbitrary, it is natural to call the
solutions of (10.2.3) Hermite functions, while the corresponding solutions of
(10.2.1) are called parabolic cylinder functions.®

The Hermite functions can be expressed in terms of the confluent hyper-
geometric function ®(«, v; z). In fact, if we choose ¢t = z? as a new inde-
pendent variable, equation (10.2.3) goes into

d?v 1 dv v
’W+(§“’)E+§”_0’ (10.2.4)
which is the special case of equation (9.10.1) corresponding to the parameter

values

__ _ 1
o°x = 27 'Y—2

Therefore, according to (9.10.2), the general solution of the differential
equation (10.2.4) is

v 1 - (1 —v 3,
v = A(I)(—— 33 t) + B\/t(D( 5 5 z), (10.2.5)
or
_ Y I, 1 —v :_3 2
U—A(I)( 2,§,z)+Bz<I)(-—————2 ,2,2), (10.2.6)

after returning to the original variable z. In particular, choosing the con-
stants 4 and B to be

v VI( —
42T g 2T(=D) (10.2.7)
) (-3
2 2
3 The definition given here differs somewhat from that prevalent in the literature (see

the Bateman Manuscript Project, Higher Transcendental Functions, Vol. 2, Chap. 8),
where the term parabolic cylinder function refers to a solution of the equation

p 128\ _
u +(v+§-—7)u—0,

which reduces to (10.2.1) if we make the substitution z = V2¢. One of the solutions of
this equation is the function D(z), related to our function H,(z) [see (10.2.8)] by the
formula

Dy(z) = 2-VI% “2’411\,('\%5)'
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we arrive at the solution

b= Hyz) = 2'T'(3) 2'I'(—9) Z(D(l — V’ g; 22), (10.2.8)

T A

which we call the Hermite function (of degree v).* It follows from (10.2.8) and
the known properties of the gamma function and the confluent hypergeo-
metric function that H,(z) is an entire function both of the variable z and the
parameter v.

Ifv=n@®=0,1,2,...), one of the terms in (10.2.8) vanishes and the
other reduces to a polynomial in z. Using formulas (1.2.1-3) from the theory
of the gamma function, we find after some simple calculations that

!
Han@) = (=1 C2L (4 )
: (10.2.9)
@m + 1)!
m!

H2m+1(z) = (_ l)m 22(1)(—”’, %a 22)~
Comparing these formulas with (9.13.8-9), we see that if v = n, the function
H (z) reduces to the Hermite polynomial of degree n.

Ifv#0,1,2,..., the general solution of equation (10.2.3) can be ex-
pressed in terms of Hermite functions. In fact, since equation (10.2.3) does
not change if we replace z by —z, the function v, = H,(—z), as well as the
function v, = H,(z), is a solution of (10.2.3). By the usual method (cf.
Sec. 5.9), it is easily shown that the pair of solutions v,, v, has a Wronskian
of the form

W{v,, v} = Ce?,

where C is a constant. Setting z = 0 and taking account of the formulas

H/(0) = P—Z—F—(_%—)v—, H,0) = %, (10.2.10)
(=) (-3
which are immediate consequences of (10.2.8), we find that
2T} _ 2z
)

4 It should be noted that according to (9.10.3), the Hermite function H,(z) bears the
following simple relation to the confluent hypergeometric function of the second kind:

C = W{vy, Va}po0 = —

- \4 _Xl. 2y,
Hyz) = 2 ‘P‘( z,z,z)
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where in the last step we have used formulas (1.2.2-3) from the theory of the
gamma function. It follows that

2"+1\/T_t .

W{H\z), H(—2)} = (=) e (10.2.11)

Therefore, if v # 0, 1, 2,..., the solutions H,(z) and H,(—z) are linearly
independent and the general solution of (10.2.3) can be written in the form

v = MH/z) + NH,(-2). (10.2.12)

However, suppose v =n (n =0, 1,2,...), so that W = 0. Then H,(z) and
H,(—z) are linearly dependent, and in fact,

Hy(—2) = (= 1)"Hy(2). (10.2.13)

Therefore the right-hand side of (10.2.12) is no longer the general solution of
(10.2.3).

To obtain an expression for the general solution of (10.2.3) which is
suitable for arbitrary values of the parameter v, we first observe that the sub-
stitution

v = e¥w, =iz
transforms (10.2.3) into the equation
w' — 2w’ — 2(v + Dw = 0, (10.2.14)

which is the same as (10.2.3) except that v has been replaced by —v — 1. It
follows that the functions

vg = e H_,_1(iz), vy =e*H_,_(—iz) (10.2.15)
are also solutions of equation (10.2.3). Calculating the Wronskians
W{H\(2), e H -, _y(iz)} = e~ %0+, (102.16)

W{Hv(z)a e H_ v- 1( - IZ)} = e thov+ D7

we find that each of the solutions (10.2.15) is linearly independent of H,(z).
Therefore, for arbitrary v, the general solution of (10.2.3) can be written in
either of the following equivalent forms:

v = MHJ(2) + Ne**H_,_,(iz) = PH,(2) + Qe**H_,_y(—iz). (10.2.17)

Finally, comparing (10.2.17) and (10.2.2), we find the following expres-
sions for the general parabolic cylinder function:

u = Me ?*2H (z) + Ne?*?H _,_,(iz)

(10.2.18)
= Pe~?PH(z) + Qe**?H_,_,(—iz).
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10.3. Some Relations Satisfied by the Hermite Functions
In the preceding section, it was shown that each of the functions

vy = Hv(z)s Vg = ezzH—v—l(iz)’
Uy = Hv(_z)’ Uy = ezzH—v-l(_iz)

(10.3.1)

is a solution of equation (10.2.3). Since a second-order linear differential
equation cannot have three linearly independent solutions, it must be possible
to write each of the functions (10.3.1) as a linear combination of any two
others. In particular, if v ¢ —1, —2,...,% there must exist a relation of the

form

H(z) = Me?®H_,_(iz) + Ne**H _,_,(—iz). (10.3.2)

To determine the constants M and N, we use the conditions (10.2.10), obtain-
ing the system of equations

22V+1F(1 + X) 22v+11‘\(1 + V)
M + N = _._1—-—_\[_2, M - N = _*Vz—‘
(=) (-3

Transforming the right-hand sides of these equations by using formulas
(1.2.2-3) from the theory of the gamma function, we find that

2Y*FIN(v + 1) yrT Y0y + 1), . vw

—————2 0S8 = M- N=————2jsin—

V= 2 Ve 072
(10.3.3)

M+ N =

Solving the system (10.3.3) and substituting the resulting values of M and
N into (10.3.2), we arrive at the relation

2I'v + 1)
Vr
Formula (10.3.4) remains valid for negative integral v if we take the right-hand

side to mean its limit as v— —n (n = 1,2,...). Replacing z by —z in
(10.3.4), we obtain the relation

H(z) = ePle™2H _,_\(iz) + eV 2H _,_(—iz)].  (10.3.4)

2T + 1)

H(-2) = — e’ [e"™2H _,_(—iz) + e V™2H_,_(iz)]. (10.3.5)

SIfv# —1,—2,..., then
ivw

22
e+ e 7O

Wie®H_-1(iz), e*H_,_1(—iz)} =
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Further relations can be deduced from (10.3.4-5) by purely algebraic
operations. For example, we have

v+
I'(—=v)

PAREEVE™S
I'(—v)

Hyz) = e H,(—2) + e FHOHLTL (7). (10.3.6)

Hy(z) = e""H (—2) + 2~ ROFDRE (7) (10.3.7)

and so on.

10.4. Recurrence Relations for the Hermite Functions

The Hermite function H,(z) satisfies simple recurrence relations which
generalize the corresponding formulas for Hermite polynomials (see Sec. 4.10)
to the case where the degree v is an arbitrary complex number. To derive
these recurrence relations, we first make a preliminary transformation of
(10.2.8), which leads to a simple power series representation of H,(z). Replac-
ing the hypergeometric functions in (10.2.8) by their explicit series representa-
tions [cf. (9.9.1)], and using the formulas

I‘(— %)F(l - “) — 21V (=), (10.4.1)

o= -

implied by (1.2.2-3), we have

vi letlemd) el
O == | £ o kir(k + 2) 2 (e ) k(i + 2) )

2k—v 2k+1—v
e D) r(*5)
Vi 2 Z2k+1

T 2T(—v) | £ or(Zk;—l)i(Zk_;—_g) i (2k2+2)1.,(2k2+3)

Vi3 (_I)MF(m ) - (10.4.2)

- ZF(—V)mZOF(m;- 1)11(__;_3)

Since, according to (1.2.3),

2mr(’" ! 1)1‘(’" ! 2) — VaD(m + 1) = Vaml,
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formula (10.4.2) can be simplified to®

o (=)o
H(z) = 2F(1-v) ,,Zo nf! - )

2z)m, |z] < 0. (10.4.3)

This expansion, which is of independent interest, allows us to give a very
simple derivation of the required recurrence relations.

Differentiating the series (10.4.3) and introducing the new summation
index n = m — 1, we find that

w 2(—1)mr(’” — V)
Hi(2) = 2F(—v) 2. )
1 —v
- (—1)nr("—f“2—)
= 2F(—v 5 2 P (22)"

= — EIETI:_V—)V) H,_,(z) = 2vH,_,(2).
Thus the Hermite function H,(z) satisfies the recurrence relation
H(z) = 2vH, _,(2), (10.4.4)
which generalizes formula (4.10.2). Next we differentiate (10.4.4), obtaining
HI(z) = 2H, _(2),
which, together with the differential equation (10.2.3) written in the form
H{(z) — 2zHy(z) + 2vH(z) = 0,
implies
2vH, _1(z) = 2zHy(2) — 2vH (2). (10.4.5)
Using (10.4.4) to eliminate H,_,(z) and Hy(z) from (10.4.5), we obtain
H(2) — 2zH,_4(z) + 2(v — 1)H,_4(2) = 0. (10.4.6)
Finally, replacing v by v + 1 in (10.4.6) leads to another recurrence relation
H,.1(z) — 2zH(2) + 2vH,_,(2) = 0, (10.4.7)
which agrees with our previous formula (4.10.1) when v is a positive integer.

6 Because of the intervention of the duplication formula (10.4.1), the series (10.4.3)
can be used for nonnegative integral v = n only if we agree that the indeterminate ratio

(1)

I'(-2)
is formally equal to —4 [the value consistent with (10.4.1)], and all other indeterminate
expressions are evaluated with this in mind.
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10.5. Integral Representations of the Hermite Functions

Various integral representations of the Hermite functions H,(z) involving
contour integrals or definite integrals can be derived by summing the series
defining H,(z). The simplest such representation is obtained from (10.4.3)
by assuming that Re v < 0 and replacing I'[4(m — v)] by an integral of the
type (1.1.1). This gives

1 —DrQ2z)" o vy
H(z) = (= 2 ( ) ( ) fo e sshm-v-1dg
1 © e < (— 1)"'(22\/._5‘.)"l
s Yov—1
= 3= fo ess dsmg0 ! (10.5.1)
— 1 —s-22Y5,-Yv-1
- 2I'(—v) fo € g ds,

where reversing the order of summation and integration is justified by an
absolute convergence argument. Introducing the new variable of integration

t = Vs, we can write (10.5.1) in the form
— 1 * —t2-2tzp-v—1
) = 7= [Teemmara, Rev<o. 052

This formula resembles the integral representations of Sec. 4.11, derived
earlier for the Hermite polynomials. In particular, it follows from (10.5.2)
that the Hermite functions of negative integral degree can be expressed in
closed form in terms of the complementary error function (2.1.6). In fact,
settingv = —1 in (10.5.2), we obtain
H_y(z) = f e~t?-2z gp — o2° f e~ t+2? g = 2 f e~ ds,
0 0 2

i.e.,

H_(z) = e# Erfc z, (10.5.3)
and in general

(=D da»

Hopos(2) = o 75 (@ Erfes),  n=0,1,2... (10.54)

Another important integral representation of H,(z) can be deduced from
(10.3.4) by replacing the Hermite functions in the right-hand side by integrals
of the form (10.5.2). Under the assumption that Rev > —1, this gives

2ve?

o0 [}
[ewu'mJ~ e—t2—2izttv dt + e—vnilzf e-tz + 212t dt]a
0 0

or

v+1,22 po
Hy(2) = 2\/7_:" J.o e 1V cos (22t - %t) dt, Rev> —1. (10.5.5
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Formula (10.5.5) is the generalization of the integral representations
(4.11.2-3) of the Hermite polynomials, to which it reduces when v = n
n=0,1,2,...).

Some other integral representations of the Hermite functions are given in
Problems 1-4 at the end of this chapter.

10.6. Asymptotic Representations of the Hermite Functions for
Large |z]

To derive asymptotic representations of the Hermite functions H,(z) for
large |z| and fixed |v|, we first assume that Rev < 0, |arg z| < =/2. Then,
using (10.5.2) to represent H,(z), we replace e~ ** by its Taylor series expansion
with remainder, i.e.,

nooc_ 1\ks2k
e = > ET 0, (10.6.1)
k=0 *
where
12n+2
loa(0)] < CE
Integrating term by term and noting that
- e 'k — v)
2tz 2k-v-1 Jr _ s — . 6.
fo e~ 212 dt = o k=012 (1062)

if Rez > 0, Rev < 0 [cf. (1.5.1)], we find that

Hy(z) = (2z)v[i ("l#v)ﬁf 22)-2 + rn(z)], (10.6.3)

where
_ 22)v [* —2tzy—v-1
r.(z) = (=) J, w, (et dt
and
(=)o =1, (—v) = EL%%)Z’C) = (=)(=v + 1) (= + 2k — 1)
(k =1, 2,...). Now suppose that
larg z| < g -3,

where 8 > 0 is arbitrarily small. Then it is easily seen that

(zlzl)—Re vel/znllm vi
IT(=v)|(n + 1)!

©
|ra(2)] < J; e~ 2Mel sinopnr1-Re v gy — O(|z| =22
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(cf. footnote 37, p. 269), and hence (10.6.3) can be written in the form
n — k. —
i) = @or| > CEEDE @2 4 o122 (1069)
k=0 .

Next we show that (10.6.5) remains valid for arbitrary v. In fact, let the
condition Rev < 0 be replaced by the weaker condition Rev < 1. Then,
using the recurrence relation (10.4.7), we represent H,(z) in the form

H(z) = 2zH,_1(z) — 2(v — 1)H,_4(2), (10.6.5)
where the real part of the degree of each Hermite function on the right is
negative. Applying (10.6.4) to each of these functions, and making some
simple calculations, we obtain an expansion of the same form as (10.6.4),
thereby extending (10.6.4) to the case Re v < 1. Repeating this argument as
often as necessary, we find that (10.6.4) is valid for any value of v. Moreover,
by slightly modifying the method used to prove (10.6.4),” we can extend the
result to the larger sector

larg z] < 34—TC - 3.

Thus, finally, we arrive at the following asymptotic representation of H,(z)
for large z and fixed v:

v(Z) (2")‘/[2 ( ( V)zk(ZZ) 2k 4 0(|z| -2n— 2)] |arg Zl < §4E _ s
(10.6.6)

Asymptotic representations of H,(z) which are valid in other sectors of the
complex plane can be derived from (10.6.6) by using the relations (10.3.6-7).
For example, if

T T
Z <argz < 7’
then
3
larg (—z)| = |argz — =] < Z%n’ larg (—iz)| = |argz — g‘ < —;—c

Therefore, applying (10.6.6) to each Hermite function in the right-hand side
of (10.3.6), we find that

e = Q2| Z( " (=227 + O(Jz] )

\/ Vi +1
— F(n—ev) 22 -v- 1[2 (V )2k(22) 2k 4 0(|Z| -2n- 2)]
5
Z+s<argz<7—s (10.6.7)

7 Instead of (10.5.2), use the integral representation

1 et —t2-2tzp-v-1
H) =g | e

where |0| < ©/4 and the integration is along the ray arg ¢ = 0.
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Similarly, it follows from (10.3.7) and (10.6.6) that
H@) = @[ 2 G (-am@a 2 + (=2

Ve v P J— v+ 1)2 2k 2n-2
- res [z D @ 4 0(z| )|

S T
- (T - s) argz < — (Z + s)- (10.6.8)
Together, formulas (10.6.6-8) give a complete description of the behavior
of the function H,(z) for large |z|. These formulas do not contradict each
other in their common regions of applicability, since the second terms of
(10.6.7-8) are small compared to the first terms if

—3—n<argz<—E, E<argz<i£
4 4 4 4
and can therefore be included in the term O(|z|~2"~2).

Finally, we note that (10.6.4) is an immediate consequence of the asymp-
totic representation (9.12.3) for the confluent hypergeometric function of the
second kind and the fact that

Hyz) = 2 ‘P‘(— > %; 22)

(cf. footnote 4, p. 285).

10.7. The Dirichlet Problem for a Parabolic Cylinder

The special functions studied in this chapter allow us to solve theboundary
value problems of potential theory for the case of a domain bounded by a
parabolic cylinder. To find the appropriate set of solutions of Laplace’s
equation, we introduce the parabolic coordinates (10.1.1) and look for solu-
tions in the form of the product (10.1.7), thereby arriving at equations
(10.1.8-10). If we require that the solutions be bounded in the whole domain,
in particular at infinity, it must be assumed that the parameter A is real.® Then
the corresponding solution of (10.1.8) is

Z = Ccos Az + D sin Az, A= 0, (10.7.1)

which is bounded for —o0 < z < co.
Introducing the new parameter v related to p by the formula

w =i + 1),

8 Without loss of generality, we can assume that A is nonnegative, since changing the
sign of A does not affect the separation constant A2
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and using (10.2.18), we find that the general solution of (10.1.9) can be written
in the form

A = Me=***2H (Vxca) + Ner**2H_,_(iVacw).  (10.7.2)
According to the asymptotic formulas of Sec. 10.6,
H (Vo) ¥ @QVica)',  a—> o0,
H_y_(iVica) & e %0+ D502V xea) V"1, o« — oo,

and hence we must set N = 0 if the solutions are to be bounded. Moreover,
forv#0,1,2,..., we have

g

T(—)

H,(Vco) = er?(Vxela|) VL, ®—> —

and therefore we must also set M = 0. It follows that unless v is a non-
negative integer, there are no solutions which are bounded as « — + oo
(except the trivial solution identically equal to zero).

For integral v=n (n =0, 1, 2,...), the Hermite functions reduce to
Hermite polynomials, and the solution of equation (10.1.9) bounded in the
interval (— oo, 00) is

A = Me *?2H (Vica), n=012,... (10.7.3)

Substituting the corresponding value p. = Ac(2n + 1) into (10.1.10), we can
write the general solution of this equation as

B = Pe*®*2H (iVAcB) + Qe P 12H . (VAcp) (10.7.4)

[cf. (10.2.18)]. Combining (10.7.1) and (10.7.3, 4), we see that Laplace’s
equation has infinitely many solutions of the form

u=u,,=e **2H (V) [Px'neWWH,,(iv AcB)

~AcB2/2 v/ cos )‘Z,
+ Onne H_, o ACB)] sin Az
A= 0, n=2012,..., (10.7.5

which are bounded for —o0 < « < 00, —00 < z < oo. For the exterior
problem, B varies over the interval 8, < B < oo, where the surface of the
parabolic cylinder corresponds to 8 = B,, and hence we have to set P, , = 0,
in view of the asymptotic formulas

H,(iVieB) = i"QVAcB)", B— o,
H_, y(VAeB) & @VAcH) ™%, p—>oo.
We now show that Q, , must be set equal to O if the solutions (10.7.5)
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are to be harmonic in the case of the interior problem, where 0 < B < f,.
Here the decisive consideration is the behavior of grad u near the singular
curve of the transformation (10.1.1), i.e., the line « = B = 0 on which the
Jacobian a(x, y, z)/d(e, B, z) vanishes. It is an immediate consequence of
(10.1.5) that

o= st [ (3] + 2

Since the denominator in the right-hand side vanishes on the curve« = § = 0,
a necessary condition for grad u to be finite is that the expression in brackets
should also vanish for « = g = 0, i.e., that 0, , = 0, since (10.7.5) implies ®

ou\? | (ou)* —  cos Az\?
(G) + (&) ..o = (VR ) =0
Moreover, this condition is also sufficient, since it is easily verified that if
Oi.» = 0, then the expression

[ @)2 + a—-u 2

(7) + () |

is divisible by «2 + B2, so that grad u is well-behaved on the line« = § = 0.%°
Thus the appropriate particular solutions of Laplace’s equation are

COS Az
sin Az
A=0, n=0,1,2... (10.7.6)

U=, = Pye” P2 (VXea) Ho(iV he B)

for the interior problem, and

=l = Oy pe™ O (VI H __y(V38) S0,
A2 0’ n = 03 1, 2; e (1077)

for the exterior problem.

Boundary value problems involving parabolic cylinders are solved by
superposition of the particular solutions (10.7.6-7). For example, consider
the interior Dirichlet problem, assuming, for simplicity, that the function
f = f(«, z) appearing in the boundary condition

Ulp=p, =S (10.7.8)
9 In the course of the calculations, we use the formulas
H.(0)H,(0) = 0, H,(0)H”.,-1(0) = — cos %c, H;(0)H_,-1(0) = sin %,
n=20,1,2,...,

which follow from (10.2.10).
10 Cf, the analogous treatment for an oblate spheroid on p. 217.
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is an even function of z, which implies that the same is true of the solution
u = u(a, B, z).1* Suppose that f can be expanded in a Fourier integral

f= fwfh(a) cos Az dA, —00 < z < 00, (10.7.9)
0

where

fi = % f fcos Az dz, (10.7.10)
0

and moreover suppose that the solution u can also be represented as a Fourier
integral

u= f uy(a, B) cos Az d, —0 < z < . (10.7.11)
0

Then, according to (10.7.6), we can look for u,(«, B) in the form of a series

(@, B) = D Pyne” %2 - H (Vico) H,(iV AeB),
n=0
—w<a<o, 0<B<pB, (10.7.12)
and we have the condition
[@) = D Prae™ %P0 H (av/Ae) Ho(iV heBo),
n=0
—0 < a < (10.7.13)

for determining the coefficients P, ,. Assuming that f(«) satisfies the condi-
tions of Theorem 2, p. 71, we find that

Ph.nehcpglen(i\/-)\_('BO) = ﬂ:j e—Acazlth(a)Hn(\/%a) dd,
2"71!\/11 -
(10.7.14)
and hence the expansion coefficient u,(«, 8) is given by the sum
0o 8) = 3 emvema-stiy HGVICR)
n=0 Hn(i\/kcﬁo)
Ve (10.7.15)
______)\c ” - Aca?/2 et
TV f _, ¢ R@H(Vca) da.

Substituting (10.7.15) into (10.7.11), we obtain the formal solution of our
problem.

11 The case where f'is an odd function of z is handled in the same way. Then the solu-
tion in the general case is represented as the sum of the solutions of the two simpler
problems with the following even and odd boundary conditions:

h=3f2) + fle, =2)),  fa=31f(x2) = flx, =2)].
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10.8. Application to Quantum Mechanics

The Schrodinger equation for a linear harmonic oscillator of mass m,
angular frequency v, and total energy E has the form

d? 2mE  m?o?
d_;g + (_h_2 - O)q, =0, (10.8.1)

where ¢ is the wave function and # is Planck’s constant.’? In quantum mech-
anics, it is required to find the values of E for which (10.8.1) has bounded
solutions in the interval —oo < x < oco. If we set

2mE mey,

b=TEe M=

el

equation (10.8.1) coincides with equation (10.1.9). It follows from the
results of Sec. 10.7 that the solutions of (10.8.1) are bounded in (— 0, o)
only if

p=2Arcn + 1), n=012,...,

i.e., only if
2—'2’5 @™ =012,
which implies
E=FE, =+ 1ho,, n=0,1,2... (10.8.2)

The corresponding wave functions can be expressed in terms of Hermite
polynomials.

PROBLEMS

1. Derive the following integral representations of the Hermite functions:

2v+1
1 —v
r(—"
(=)

2V+l © 2 ™
H(z) = ——~ zf e VT2 + 2V 4, Rev <0, largz] < =-

Hy(z) = fo e~Pt=v(2 + z2)V2 dt, Rev < 1, |argz| < g,

Hint. Use formulas (9.10.3) and (9.11.6), and the representation of H,(z) in
terms of ¥(«, v; z), the confluent hypergeometric function of the second kind
(see footnote 4, p. 285).

12 See D. Bohm, Quantum Theory, Prentice-Hall, Inc., Englewood Cliffs, N.J. (1963),
p. 296.
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2. Derive the following integral representation of the product of two Hermite
functions:

H(2)H\(2)
(= — w2
= I‘((TJ;I‘-(%L H, [z (cos ¢ + sin ¢)]cos L psin™V ! ¢ do,

Rep <0, Rev<O.

Hint. Use (10.5.1) and transform to polar coordinates in the double
integral.

3. Prove the integral representation

1 © Wy —V; %12
H,(2)H\(z) = m J; e“‘z‘zz‘t'““"'lez(_ uw + v 1 —p— v) dt,
2 2

where o F; is a generalized hypergeometric function (see Sec. 9.14).

Hint. Use (10.5.1) to represent the left-hand side as a double integral over
the square 0 < s < o, 0 < ¢ < oo, and then transform to the new variables
u=s+tv=tls.

4. Prove the formulas

1 ° 2 - 1 2
2 — —t4-22t4-2v-1 — — e
[H(2)]? = (=) L e t <I>( v =y 33 2) dt, Rev < 0,

— 1 ® —t2 -2z2t4-2v-2 —y — —_y — _l..'t_z
HOH @ = fgy T, [, e 20—y = 1, -y - 35
Rev < —14.
5. Show that the Hermite functions satisfy the integral equation

X-OFORE(x) = 2 f Y2 _a2xy)y = *RH() dy,
0
0<x< o, Rev<l.

6. Show that the Hermite functions of half-integral degree can be expressed in
terms of the cylinder functions of imaginary argument. In particular, prove
the relation

z 1/2 22 T
H_15(2) = (2_71:) ezz’sz(Z)’ |arg z| < 5
Hint. Use the integral representation (10.5.1), and make the change of
variable ¢ = 2z sinh? (6/4).
7. Prove the formula

2 2 ® (_ 1)
Ko(x—;- Y ) =2 Z U)—I;'(,n-k—%)e_(xz+y2)’2H2n(x)H-2n-1(J’),
n=0 .

—w<x<ow, 0<y< oo,
where Ko(z) is Macdonald’s function.

Hint. Apply Theorem 2, p. 71 and the result of Problem 1.
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8. Consider the system of paraboloidal coordinates «, B, ¢ related to the rect-
angular coordinates x, y, z by the formulas

x =cafcose, y=copsing, z= %(az — B?),

where0 < a < 0,0 < B < ®, —n < ¢ < 7, and ¢ > 0 is a scale factor. In
this coordinate system, the surfaces « = const, 8 = const are paraboloids of
revolution instead of parabolic cylinders, as in (10.1.1). Find the square of
the element of arc length, the metric coefficients and Laplace’s equation in the
system «, B, ¢. Show that separation of variables is possible in Laplace’s
equation written in the coordinates «, 8, ¢, and find the appropriate particular
solutions, both for the interior and the exterior problem.
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