Gerhard Kriste

Second Order
Differential
Equations

Special Functions and Their Classification



Second Order Differential Equations






Gerhard Kristensson

Second Order Differential
Equations

Special Functions and Their Classification

@ Springer



Gerhard Kristensson
Department of Electrical

and Information Technology
Lund University

SE-221 00 Lund

Sweden

Gerhard Kristensson@eit.lth.se

ISBN 978-1-4419-7019-0 e-ISBN 978-1-4419-7020-6
DOI 10.1007/978-1-4419-7020-6
Springer New York Dordrecht Heidelberg London

Library of Congress Control Number: 2010931828
Mathematics Subject Classification (2010): 33XX, 33CXX, 34XX, 34MXX

© Springer Science+Business Media, LLC 2010

All rights reserved. This work may not be translated or copied in whole or in part without the
written permission of the publisher (Springer Science+Business Media, LLC, 233 Spring Street,
New York, NY 10013, USA), except for brief excerpts in connection with reviews or scholarly analysis.
Use in connection with any form of information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they
are not identified as such, is not to be taken as an expression of opinion as to whether or not they are
subject to proprietary rights.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (Www.springer.com)



To the Memory of my Father, Gunnar






Preface

With modern computers and software tools, there are, in general, no problems gen-
erating numerical values to various kinds of special functions. Indeed, excellent
software, such as Mathematica, Maple, and MATLAB, can generate a large vari-
ety of special functions with high precision. Moreover, the general topic of special
functions is well covered in the literature, see, e.g., [2,3, 8, 14,20, 28]. However,
the knowledge of the overall structure and relationship between the different special
functions is often lacking nowadays. This textbook tries to remedy that need. The
presentation of the theory in the book does not deal with the particular properties of
various special functions, but rather focuses on the generic connection between the
functions and the families they belong to.

The way the special functions are introduced and classified is the subject of the
current textbook. The aim is to provide a self-contained treatment of the subject
intended for the upper undergraduate, graduate student, or the researcher in mathe-
matical physics who has a need to understand the underlying systematics of special
functions. There are many ways of approaching this subject indeed. The most pop-
ular ones are:

e C(lassification and systematics based upon the singular behavior of the coeffi-
cients of the underlying ordinary differential equation, see, e.g., [12,23]
Group theoretical approach, see, e.g., [17,27,29]
Classification and systematics based upon integral averages, see, e.g., [4]

We pursue the first, most traditional, approach in this textbook. The singular be-
havior of the coefficients manifests itself by the number of singular points — poles
or branch points — in the complex plane. For systems with less than three singular
points, the solutions of the ordinary equation belong to a rather well defined class
of functions. As the number of singular points becomes three or more, the solution
class becomes “rich” in the sense that most functions encountered in mathematical
physics are found among these solutions. The purpose of this book is to explore and
understand the systematics of these classes of functions and their relations to the
many special functions encountered in applications and in mathematical physics.
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viii Preface

The focus is on the overall relationship of these solutions, rather than the analysis
of the particular special functions themselves.

This textbook originates from a series of seminars in the mid-1970s on spe-
cial functions given by the late Professor Nils Svartholm at the Institute of The-
oretical Physics, Chalmers University of Technology, Goteborg, Sweden. Inciden-
tally, Professor Svartholm made several important contributions to the solution of
Heun’s equations in the late 1930s, see Section 8.4. The general outline of Professor
Svartholm’s notes is to some extent kept, but numerous extensions have been made
in order to make the text more complete.

The text intends to cover a three- to four-week upper undergraduate or graduate
course on the subject. The prerequisites of the course are analytic function theory on
the level of, e.g., E. Hille [13] or R. Greene and S. Krantz [9]. Specifically, the reader
should have basic knowledge of the method of residues and multi-valued functions.
To make the textbook more self-contained and complete, a series of appendices are
found at the end of the book, which contain specific background material. At the
end of each chapter, there are problems that illustrate the analysis in the chapter. It
is recommended that students solve these problems in order to get a better under-
standing of the theory. Problems marked with a dagger, ¥, indicate problems that are
more difficult. A solution manual to all problems is available at the home page of
the author.

I am most grateful to Professor Anders Melin, who has been very supportive and
helpful during this whole project. He has contributed numerous valuable comments
and improvements to the text. This is particularly true for Appendices A and B
in which he has given esteemed input and criticism. Writing this book has taken
most of my leisure time, and thanks to an understanding wife, the project had an
happy ending. Thank you Mona-Lisa! The author is also grateful to Martin Nor-
gren, Kristin Persson, Daniel Sjoberg, and Christian Sohl for finding typos. Finally
I like to thank Springer, especially Vaishali Damle and Marcia Bunda, for very con-
structive collaboration.

Lund, May 5, 2010 Gerhard Kristensson
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Chapter 1
Introduction

The question of how the equations of physics originate is adequate. They usually
arise from a boundary value problem that models a particular physical problem of
interest. Typically, a boundary value problem consists of

Partial differential equations
Boundary value and/or initial value conditions

Sometimes the physical problem itself is modeled as an ordinary differential
equation (ODE) — often of second order. Moreover, solving partial differential
equations of various kinds introduces the ordinary differential equation by the meth-
ods through which these equations are solved. One striking example of how second
order differential equations arise from a more general problem is the method of sep-
aration of variables. As an explicit example, we take the Helmholtz equation in three
dimensions, which reads

V2P (x,y,2) + K @(x,y,2) =0

The ansatz
D(x,y,2) = Xa (%) Yp (y)Zy(2)

where (e, B,7) belongs to an index set /, implies that each function X (x), Y (y),
and Zy(z) satisfies a second order ODE. Requiring some additional conditions on
these functions, the complete solution of the Helmholtz equation is obtained as a
series
Dy = Y Xa@V3()Zy()
(a,B,y)€l

Specifically, the separation of variables is successful in 11 coordinate systems,
e.g., the spherical coordinate system, (r,0,¢), leads to a set of ordinary differential
equations

G. Kristensson, Second Order Differential Equations: Special Functions 1
and Their Classification, DOI 10.1007/978-1-4419-7020-6 1,
© Springer Science+Business Media, LLC 2010



2 1 Introduction

2 2d 1(1+1) ,
P — R =
(er + rdr r? tk ((r)=0

d? d 2
<+cot6 -4+ 1)) Om(8) =0

doz d® sin“0

which all can be written as differential equations with coefficients as rational func-
tions (change the variables 8 — u = cos 0).

In all the 11 separable cases, the method of separation of variables leads to ordi-
nary differential equations of second order where the coefficients are rational func-
tions' [3,5]. It is therefore of some interest to study ordinary differential equations
of the following form:

2u(x u(x
A(x)ddx(2 ) +B(x)ddi) +C(x)u(x) =0

where A(x), B(x), and C(x) are polynomials (or rational functions) of x € R.

We extend the independent variable to the complex plane C and let x — z =
x+1y € C. The complex roots of the leading function A(z) are vital. We write A(z)
as

m
AR) =[]Gz—a)
i=1
and classify the solution depending on? m € Z. . In the current textbook, ordinary
differential equations and their solutions with at most four roots, m = 1,2,3,4, are
analyzed. The appropriate form therefore is

du(z)
dz

+B(2) +C(2)u(z) =0 (1.1)
where A(z) has the form above, and B(z) and C(z) are meromorphic® or rational
functions in a domain S C C. Most special functions that are encountered in mathe-
matical physics are included as a solution of an ordinary differential equation of this

type.

! A rational function is defined as a quotient p(x)/q(x) between two polynomials p(x) and g(x),
where g(x) is not identically zero.

2 The notation used in this textbook is presented in Appendix F on page 213.

3 A meromorphic function is defined as a quotient p(z)/¢(z) of two analytic (holomorphic) func-
tions p(z) and ¢(z), where ¢(z) is not identically zero.



Chapter 2
Basic properties of the solutions

In this chapter, the basic concepts of second order linear differential equations are
introduced, such as regular and singular points — both located in the finite complex
plane or at infinity. Moreover, the general properties of the solutions at such points
are analyzed.

2.1 ODE of second order

2.1.1 Standard forms

The standard form of a second order linear differential equation (ODE) is, cf. (1.1)

d?u(z)
dz?

du(z)
dz

+p(z) +q(z)u(z) =0 2.1)
where p(z) and ¢(z) are analytic functions in a domain S C C, or analytic in S except
at a finite number of isolated points, i.e., meromorphic functions in S. The domain
S can be the entire complex plane including the co-point — the extended complex
z-plane.! We seek solutions u(z) to this equation that are analytic in at least some
parts of the domain S.

The equation can be transformed to a reduced form

d2u1 (2)
dz?

+q1(2)u1(z) =0 (2.2)

with the following change of dependent variable?

! A function f(z) is analytic at infinity, z = oo, provided the function f(1/¢) is analytic at { = 0.
The meromorphic properties at infinity are defined in the same way.

2 If the domain § is not simply connected, multi-valued functions occur, e.g., if S = C \ {0} and
p(z) = ¢/z. To avoid this situation, assume S is simply connected.

G. Kristensson, Second Order Differential Equations: Special Functions 3
and Their Classification, DOI 10.1007/978-1-4419-7020-6 2,
© Springer Science+Business Media, LLC 2010



4 2 Basic properties of the solutions

u(z) = uy(z) exp {—; Zp(z’)dz'}
90 =a) 3 L 2 (o)

where b € S. It is easy to prove that if u(z) is a solution to (2.2), then u(z) is a
solution to (2.1), and, conversely, if u(z) is a solution to (2.1), then u (z) is a solution
to (2.2), see Problem 2.2.

In fact, the reduced form of the differential equation, (2.2), is a special case of a
more general transformation of variables, given by the following theorem:

Theorem 2.1. Let u(z) be a solution of

d’u(z)
dz?

du(z)
dz

+p(z) +q(z)u(z) =0

where p(z) and q(z) are analytic in a domain S.

a) If 7= g(t), where g(t) is analytic in a domain T, such that the image is contained
inS, ie,g(T)CS, gt)#0,1t €T, then v(r) = u(g(t)) satisfies

g”(t)> dv(t)
gt)) d

b) If the function h(z) is analytic and nonzero in S, then u(z) = h(z)v(z) defines a
function v(z), which satisfies

2V
L0+ (pleoneo-

+a(g(0) (8(0))*v(t) =0

dv(z)
dz?

where f(z) = (z)/h(z).

This theorem is straightforward to prove and left as an exercise, see Problem 2.1.

+1{p(2) +2f(2)}

dv(f) (@Y + 1@+ P f () +4() fvlz) =0

2.1.2 Classification of points

A point z = c in the finite complex plane is classified depending on the analytic prop-
erties of the functions p(z) and ¢(z) at z = c¢. The following definition is essential
for the analysis of the ordinary differential equations treated in this book.

Definition 2.1. A point z = ¢ € C (|c| < ) is called a regular point of the differen-
tial equation (2.1) if p(z) and ¢(z) are analytic in a neighborhood of z = ¢. A point
z=c € C (|c] < o) is called a singular point of the differential equation (2.1) if
p(z) or ¢(z) have a singularity at z = c.

Similarly, a point z = ¢ € C (|c| < =) to the reduced form (2.2) is classified as
a singular or a regular point depending on whether g (z) is singular or analytic
(regular) at z = c, respectively.



2.2 The Wronskian 5

The point at infinity is special, and the classification of this point as a regular or
a singular point is postponed to Section 2.5.

2.2 The Wronskian

We start with a definition and a lemma.

Definition 2.2. Let u(z) and uz(z) be two meromorphic functions in a domain S.
The Wronskian® of the functions u;(z) and uy(z) is then defined as

W (ur,u2:2) = w1 (2)u (2) — ) (RJua(2), 2 €S

From this definition, the Wronskian depends on the functions u;(z) and u,(z).
The following lemma shows that if u;(z) and ux(z) are solutions to (2.1), W(z)
depends only on the variable z and the function p(z).

Lemma 2.1. Let S be a connected domain S in the complex plane containing only
regular points of the differential equation (2.1). Then the Wronskian of two solu-
tions, u1(z) and ur(z), to (2.1), i.e.,

W (z2) = u1 (2)uts(2) — uty (2)ua(2)

W =W ] - [ 50|

where a and z are points in S.

in S satisfies

Proof. Derivation and use of the differential equation give

dw(z )
dz

U%@—m@ 2(2)
() [Pz

p(2)is(2) + q(2)uz(2)] + [p(2)u} (2) + ()1 (2)] uz(2)
= p(z) (u) (Z)uz(Z) —u1(2)us(z)) = —p2)W(2)

The Wronskian therefore becomes* (a and z are regular points of the differential

equation (2.1) in )
W(z) = W(a)exp {— /Zp(z/) dz/}

by integration. 0O

3 J6zef Maria Hoéne-Wroriski (1778-1853), Polish mathematician.
4 See also the comment made in footnote 2 on page 3.



6 2 Basic properties of the solutions

From the result in this lemma, we see that if the Wronskian of two solutions
vanishes at one point in S, it vanishes everywhere in S. Moreover, if the Wronskian
is non-zero at one point in S, it is non-zero everywhere in S. We also observe that
W (z) does not depend on the explicit functions u;(z) and u;(z), but only on p(z).
However, the functions u; (z) and u»(z) affect the constant W (a).

Definition 2.3. Two functions, u; (z) and u>(z), are linearly dependent in a domain
S (or an interval if we deal with functions defined on the real axis), if there exist
constants ¢; and ¢;, not both zero, such that

ciuy(z) +caua(z) =0, z€S
If no such constants can be found, the functions are linearly independent in S.

The following lemma gives a check on linear independence.

Lemma 2.2. Let u(z) and uy(z) be two meromorphic functions in a domain S. A
necessary and sufficient condition that u(z) and uy(z) are linearly dependent is

Proof. Without loss of generality, assume u(z) not identically zero, and define
f(z) = ua(z)/u1(z). Then f(z) is meromorphic in S, and u(z) and u,(z) are lin-
early dependent if and only if f(z) is constant. However, since f(z) is meromorphic
and

oy - M@us(2) —u (Dua(z) _ W(2)
/) (11(2))° (11(2))°

f(z) is constant if and only if W(z) =0. O

We apply the results to the differential equation (2.1) and assume we have two so-
lutions, u(z) and uy(z), to this differential equation in a domain S in the complex
plane containing only regular points. If the functions u;(z) and uy(z) are linearly
dependent, the Wronskian vanishes identically in the domain S, and if the Wron-
skian is non-zero at one point, the solutions u;(z) and u(z) are independent in S,
see Lemma 2.1.

2.3 Solution at a regular point

In a neighborhood of a regular point, a solution to the differential equation (2.1) can
always be found. This section contains the details of such an explicit construction.

Let z = b € C be a regular point, and let S; be a circular neighborhood to b
(radius r, > 0) so that every point in Sj, is a regular point, see Figure 2.1, i.e., take
rp smaller than the distance between b and the closest singular point P;. We also
assume p(z) = 0 — this is no restriction (transform to the reduced form).
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Fig. 2.1 The regular point z = b and the circular domain S;. The point P; denotes the closest
singular point.

For given ag, a; € C, define a sequence of functions u,(z), n € N, by the iteration

scheme
uo(z) =ao+ai(z—>b), ap,a; €C

@) = [(E=DaQur(§)dg, neZy

where the integration path is a straight line from b to z. We have the following
fundamental theorem:

(2.3)

Theorem 2.2. In a circular neighborhood, Sy, to the regular point z = b € C, the
series

w@) =Y w2, €S, 2.4)
n=0

obtained from the recursion formula in (2.3) is uniformly convergent and represents
an analytic function in Sy. Specifically, u(z) satisfies the differential equation

d?u(z)
dz?

+4q(2)u(z) =0 2.5)

with the following initial conditions at z = b:
u(b) = ap
{ , (2.6)

Moreover, there is only one analytic function satisfying the differential equation (2.5)
and the initial conditions (2.6), i.e., the function u(z) in (2.4) is the unique analytic
solution to the ODE, (2.5), with the given boundary conditions.

Proof. We prove this theorem in four lemmas, Lemmas 2.3-2.6. 0O
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Lemma 2.3. The sequence in (2.3) satisfies

b|2n

lun(2)| < uM”k;i', forallz€ Sy, andn € 7

where

<
{ :Z(é;) |<_Afll forallz€ S,

Proof. We prove the lemma by induction. For n = 0 it is trivial. Let n > 1. We have,
by the induction assumption, the estimate

C |2n2
NCED

The integration path is: §(t) = (z—b)t+b, t € [0, 1]. Therefore, since |{ —z| < |z—b|
and 2n—1 > n, we get

il < [ le -t EZPE S ag, e,

b|2n 2

dé(r)

dr
dr

un(2)] < M”]< — b|/ £0)

M b2 |Z_ |2n 22n72d M b21 1 l2l172 dr
= 7 — _— df = — 7 —_—
uM"|z I/0 TR uM"|z—b| /O CE
1 |z—b|*"
— Ml’l _bZn < MIZ
UMz = b o SEM
and the lemma is proved. O
Lemma 2.4. The series .
=Y w(z), z€S, .7
n=0

is uniformly convergent in Sy, and, therefore, analytic in Sp.

Proof. From Lemma 2.3, we have
_ pl2n 2n
@) < par E U <
Since the series

Z/.LM" <c>o for rp, < oo

the series (2.7) is uniformly convergent in Sj, by the M-test of Weierstrass® [13,
p. 107], and thus analytic in S;,. 0O

Lemma 2.5. The analytic function u(z) in Lemma 2.4 satisfies

5 Karl Weierstrass (1815-1897), German mathematician.
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d?u(z)
dz?

+q(z)u(z) =0

with the following initial conditions at z = b:

Proof. We easily get

0= [aCma©u
=—q(

Ul (z) = —q(2)un—1(2)
and, since the series (2.7) can be differentiated inside the sum, we get

d?u(z)
dz?

= + Z d un = *C](Z) iunfl (Z) = *q(Z)M(Z)

=0

Moreover, the sequence takes at z = b the values

Therefore

and the lemma is proved. O

Lemma 2.6. There is only one analytic function u(z) that satisfies

d?u(z) B u(b) = ap
dZ2 + q(Z)u(Z) =0 { I/ll(b) =a

Proof. Assume there are two analytic solutions, u#; and u;, and form v = u; — u.
The function v is an analytic function and it satisfies

d*v(z) B =0
a2z T4V =0 { V(b) =0

in Sj,. By evaluating the differential equation at z = b, we obtain v"'(b) = 0, since the
point b is regular, i.e., |g(b)| < c. If we differentiate the equation, we get
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Two analytic continuation paths that do

not necessarily give the same value at z

Py

Fig. 2.2 The analytic continuation of the solution of the differential equation in the complex z-
plane. The points P;, i = 1,2,3,4, denote the singular points of the differential equation.

V'(2) +4¢' (2)v(z) + q(2)v'(z) = 0

and evaluating this equation at z = b, we obtain by the same argument as above
V" (b) =0

Continuing the argument, we see that v(")(b) = 0 for all n € N. Since the solution
v(z) is analytic at z = b, we conclude that v(z) =0 forallz € S,. O

As a consequence of the Theorem 2.2, we can construct an analytic solution at
any regular point to the ordinary differential equation in the complex z-plane. This
means that we can construct a solution at all points in the complex z-plane, except
at the singular points of the differential equation, where the solution shows singular
behavior of some kind.

From a given initial condition, a unique solution is obtained by analytic con-
tinuation in the complex plane. The solution is unique at each regular point in the
complex z-plane, but might depend on the way the analytic continuation is made,
see Figure 2.2.

Any solution to (2.2), and therefore to (2.1), can be obtained as a linear combina-
tion of two linearly independent solutions to the equation. Two linearly independent
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solutions® u; (z) and u5(z) can be constructed by the initial conditions

ul(b):aO:O uz(b)za():l
uh(b) =a; =0

From the analysis in this section, we see that two linearly independent solutions
can be constructed by analytic continuation everywhere in the complex plane, ex-
cept at the singular points of the differential equation. The behavior near a singular
point is, however, not determined by the analysis. In Section 2.4, we investigate the
behavior of the solution near a singular point in more detail, but we finish this sec-
tion with the construction of a second linearly independent solution if one solution
is known.

A series solution of the solution at a regular point is investigated in Problem 2.6.
This technique is exploited in more detail in Section 2.4.

2.3.1 The second solution

Now assume we have obtained one solution u; (z) to the differential equation — ei-
ther by the explicit construction in Theorem 2.2 or by guessing or by some other
way. In this section we explicitly construct a second linearly independent solu-
tion u,(z) from the solution u;(z). We proceed by writing the Wronskian in Def-
inition 2.2 as

W) = (@)uy(2) — 1 (2Jua(e) = <u1<z>>2d% (28>

Combine the equation with the result obtained in Lemma 2.1 into

268 il L)

and integrate in z from a to z. We get

u2(2) :W(a)/Z 7( ! 2exp{—/Z,p(Z//)dZ'/} dz/+u2(a)
a (u a

ui(z) () ui(a)
A second linearly independent solution to the differential equation then is
: 1 Zl " " !/
ur(2) = w1 (2) / L expd— / p(")d" \ dz 2.8)
(1 ("))

where we have dropped the lower limits (and the last constant term), which only give
a term that is a proportional to the first solution u;(z), and, therefore, adds nothing

6 The check of linear dependence is developed in Section 2.2.
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new. In particular, for the reduced differential equation (2.2), where p(z) = 0, we
have a particularly simple form of the second solution, viz.,

up(z) = u1(z) /N(MICZ:))Z

The method presented in this section has been employed to find a second solution
to the differential equation in a neighborhood of a regular point, but the method may
also have potential finding a second solution in the neighborhood of a singular point.

Example 2.1. We illustrate the result above with a very simple example. The differ-
ential equation
u"(2) —KPu(z) =0

has a solution u;(z) = e**. The second solution then is, k # 0

¢ d ke [© ok g L e —ok L
— _ ok df = — —ekte=2ks _ _ * o—kz
uz(z) Ml(Z)/ (ul(z’))z € /e z 2k€ e 2k€

which, of course, is a second solution to the differential equation, which is linearly
independent from the first one. W

Comment 2.1. The analysis in this section proved the existence of two linearly in-
dependent solutions u; (z) and uz(z) in the neighborhood of a regular point z = b. In
Section 2.4, an explicit algorithm to find the power series solution is presented, in
particular, see Comment 2.2 on page 23. H

2.4 Solution at a regular singular point

We have seen that, in general, two linearly independent solutions to the second order
differential equation can be constructed at all points in C except at the singular
points of the differential equation. In this section, we investigate the behavior of the
solution near these singular points in detail. We start with a definition.”

Definition 2.4. Assume z = ¢ € C (|c| < =) is a singular point of the differential
equation (2.1). The point z = c is called a regular singular point of the differential
equation (2.1) if p(z) and ¢(z) have the form

0(z)

p(z) = @ m

= o 9=
where P(z) and Q(z) are analytic functions in a neighborhood of z = c. In all other
cases, the singular point z = c is called an irregular singular point of the differen-
tial equation (2.1).

7 We use uppercase letters to denote functions that are analytic functions, and lowercase letters are
used to denote meromorphic functions.
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The point at infinity is special, and the classification of this point as a regular or an
irregular singular point is postponed to Section 2.5.

2.4.1 The indicial equation

The appropriate differential equation for a regular singular point at z = ¢ therefore
is
du(z)  P(z)du(z)  0O(z)
> +
dz z—c dz  (z—c¢)

Since the functions P(z) and Q(z) are analytic in a neighborhood of z = ¢, i.e.,
they have power series expansions

Su(z) =0 2.9)

P(z) = i)Pn(Z-C)” =po+piz—c)+paz—c)+...

0(z) = iqn(z—C)"=610+611(z—0)+612(z—C)2+...
n=0

(2.10)

which are convergent for all z € S, where the set S, is an open circle, radius r. > 0,

centered at z = c. The set S, contains no other singular points of (2.9) than z = c.
We know that the solution u(z) shows a singular behavior near the regular singu-

lar point z = ¢ € C. To investigate this behavior, we make an ansatz for the solution®

u(z) =(z—c)® (1 " ian<z—c>")
n=1

=(z—c)%4ai(z—c)* M Fay(z—c)* 2+ ...

@2.11)

where, due to linearity and homogeneity of the differential equation, the first coeffi-

cient is set to 1, i.e., ap = 1. Our goal is to determine the unknown complex coeffi-

cients a,, n € Z, provided the complex constants p, and g,, n € N, are known.
The differential equation (2.9) is employed, i.e.,

(z=¢)*u"(2) + (2= )P(2)u (2) + Q(2)u(z) = 0
and we insert the solution u(z). We get

(z—c)a{a(a— 1)+ ian(a—&—n)(oc—l—n— )(z—c)"

n=1

+P(z) <a+ i an(a+n)(z—c)”> +0(z) (1 + i an(z—c)”> } =0
n=1

n=1

8 This is the method of Frobenius named after the German mathematician Ferdinand Georg Frobe-
nius (1849-1917).
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Introduce the power series expansions of P(z) and Q(z) in (2.10), and identify the
coefficient in front of each power of z — ¢ within the braces. Each of these coeffi-
cients must be zero if u is a solution to (2.9).
The result for each coefficient is
0) o+ (po—1)ot+qo=0
D ar{(a+1)*+(po—D)(a+1)+q}+pra+q =0
2) @ {(a+2)*+(po—1)(@+2)+qo} +ai{pi(a+1)+q1}+pro+g=0

n) apn{(c+n)*+(po—1)(ct+n)+qo}
n—1

+ Z anfin{Pm((x+n7m)+Qm}+pna+qn =0

m=1
We define the indicial equation
I(a)=a*+(po—1)a+qo=0 (2.12)
and write the relations above as (ag = 1)
I(a)=0

all(a+1)+pra+q =0

al(o+2)+ai{pi(a+1)+qi}+pro+q =0 (2.13)

n
anI(OtJrn) + Z an—m {pm(a+n7m) +q;n} =0

m=1
The coefficient in front of the lowest power is
I(a)=0

This indicial equation is a quadratic equation in @, and we denote the two roots of
the equation by «; and o, respectively. Notice that the two roots satisfy

oy + 0 =1-—po, o0 = qo (2.14)

so that the values of P(z) and Q(z) at z = ¢ determine the roots of the indicial
equation.
The coefficient in front of the second lowest power is

all(a+1)+proa+q1 =0

and, provided I(o + 1) # 0, the coefficient a; has a unique solution in terms of the
expansion coefficients of P(z) and Q(z). If we continue this argument, the coeffi-
cients a,, n € Z,, are uniquely soluble in terms of the expansion coefficients of
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P(z) and Q(z), provided I(et +1i) #0,i = 1,2,...,n. If this condition is met, the for-
mal series in (2.11) can be constructed by the iterative scheme obtained from (2.13).
We have

a():l

Y an—m{pm(Q+n—m)+qgu} (2.15)

= — :123...
Qp I(Ot—|—n) n I ]

The following lemma quantifies when /(@ + n) vanishes:

Lemma 2.7. Denote by o and a the two roots of the indicial equation (2.12). Then
I(ay +n)=n(a; —op+n)

Proof. Lets = a1 — ap. The lemma is then easily proved by the following observa-
tions:
I(0y +n) = (s+0a+n)’+(po—1)(s+ 02 +n) +qo
= 0 +(po — 1) 0+ qo +(s+n)* +2(s +n)on + (po — 1) (s +n)
=0
=(s+n)(s+n+200+(po—1)) =n(s+n)=n(o; — o +n)

due to (2.14), and the lemma is proved. O

From Lemma 2.7, we see that if the two roots of the indicial equation (2.12), ¢
and o, do not differ by an integer, then I(a; +n) # 0, n € Z... The main investi-
gation of the convergence of this power series, with coefficients obtained in (2.15),
is postponed to Section 2.4.2. Meanwhile, we conclude that either of the following
two cases can occur:

Case 1. oy — o is not an integer. Then the iterative procedure in (2.15) has the po-
tential of constructing two linearly independent solutions corresponding
to the two roots & = ¢¢; and @ = o, respectively.

Case2. g — p is an integer. Then it is unclear whether the procedure gives a
solution or not.

The growth rate of the coefficients a, obtained from (2.15) is estimated in the
next two lemmas.

Lemma 2.8. Denote by a1 and o the two roots of the indicial equation (2.12), and
let 01 be the root with the largest real part, i.e., Re o > Re . Furthermore, assume

M M
|pn‘§r77 ‘pna1+Qn|§r77 neZy (2.16)
where M > 1. Then with o« =  in (2.15), the coefficients a, satisfy

Mn
|an| < a0 BE Ly
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Proof. We prove the lemma by induction, and use Lemma 2.7, which with the no-
tion s = o — 0 reads
I(ay +n)=n(s+n) (2.17)

The statement is true for n = 1, since, taking & = @ in (2.15), we get

= < < —
I(a +1) |s+1] rls+1] = r

|al|:‘p1a1+41’_|lﬂla1+q1 M M
due to (2.16), (2.17), and |s+ 1] > 1 (remember Res > 0, due to the assumption in
the lemma).

Assume the induction statement is true for k = 1,2,...,n— 1. Then with & = o
in (2.15), we get for n > 2

|an| = ‘Zzzlan—m {pm(ou +n—m)+qm}
a| =

I((X] +n)
=1 1Gn—m| |Pm@1 + G| + X0 _ 1 |an—m||pm|(n —m)
- n|s+n|
- :7!1:1 Mnfmrmanrfm_anm:] Mnfmrmanrfm(n_m)
- n?|1+s/n|

by (2.16), (2.17), and the induction assumption. Further estimates give (remember
M>1)

M'n+Y, _(n—m) M'n+nn—1)/2 M" n+1
Mmoo m2[1+s/n| o n2[l+s/n| " 2n|l+s/n

|an‘ <

and since |1+ s/n| > 1 (remember Res > 0), and n+ 1 < 2n, we have

n

lan| < n>?2

o
and the induction proof is finished. O

The growth rate of the coefficients a, corresponding to the other root is more
complex.

Lemma 2.9. Denote by a1 and o the two roots of the indicial equation (2.12), and
let ap be the root with the smallest real part, i.e., Re ; > Re 0. Moreover, assume
s=o0y—0¢Zy, and

M M
pal < 500 IPataul < 20 n€Zy (2.18)

Then with o = oy in (2.15), the coefficients a, satisfy

m

M
|| < nELy
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where M' = M/x and M’ > 1. Here x = inf{|1 —s|,|1 —s/2|,|]1 —s/3|,...} is a
positive number, due to the assumptions on s.

Proof. Again, we prove by induction, and use Lemma 2.7, which with the notion
s = Q] — O reads
I(ap+n) =n(n—s) (2.19)

We conclude that the statement is true for n = 1, since, taking & = a; in (2.15),
we get

ay| = pioa+tqi| _ |poa+aql M M _M
! I(an+1) [1—s| —rll—s| ~kr r
due to (2.18), (2.19), and |1 — 5| > K.
Assume the induction statement is true for k = 1,2,...,n— 1. Then with ¢ =

in (2.15), we get for n > 2

’ anzl An—m {pm(a2 +n— m) +Qm}

a =
| Vl| I((X2+n)
<Z%=1 |@n—m||PmO2 + G| + X |Gn—m| | pm|(n —m)
- nln—s|
- ’r;:lM/n*mrmanrfm+Z:1n:1M/n*mrmanr7m(nim)
- n?|1—s/n|

by (2.18), (2.19), and the induction assumption. Further estimates give (remember
M >1)
MM"™ g Y (n—m)

<

lan] < " n*|1—s/n|
7MM'"71n+n(nfl)/27MM'n*1 n+1
oo n2[1—s/n| M 2n|l—s/n|

and since |1 —s/n| > x and n+ 1 < 2n, we have

M" M/ﬂ
<

|a”| < K =

and the induction proof is finished. O

2.4.2 Convergence of the solution
We now address the question of convergence of the power series

an(z—2c)"

gk

n=1
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with the coefficients a,, n € Z, explicitly constructed by the algorithm in Sec-
tion 2.4.1 above. The main theorem of this section is:

Theorem 2.3. Denote by o and o the two roots of the indicial equation (2.12),
and number the roots such that Re &) > Re 0. Then the power series

s

an(z—c)"

n=1

with coefficients, a,, obtained by the iteration scheme in (2.15), starting from the
root oy, represents an analytic function in a neighborhood of the regular singular
point 7 =c.

Moreover, if the two roots oy and 0y of the indicial equation do not differ by a
positive integer,’ the power series

Y ayz—c)"
n=1

with coefficients, al,, obtained by the iteration scheme in (2.15), starting from the
root 0y, also represents an analytic function in a neighborhood of the regular sin-
gular point z = c.

The theorem guarantees that there exists at least one solution to the differential
equation, (2.9), in a neighborhood of the regular singular point, z = c. If the the roots
of the indicial equations do not differ by a positive integer, we can also construct a
second solution. In this case, the solutions are

ui(z) = (z—c)*® (1 + ilan(zc)"> , w(z)=(z—c)*® (1 + iaé(ze)”)

Proof. The explicit coefficients a,, obtained by the algorithm in Section 2.4.1, is
given by (2.15), i.e., I(ct) = 0 and

a():l
Yo ian—m{pm(@+n—m)+qu} W13 (2.20)
I(a+n) b b b 9

ap = —

To analyze the convergence, denote the two roots of the indicial equation by o
and op, respectively, and let s = a; — 0. Number the roots such that Res > 0,
i.e., Rea; > Re ap. The assumption of the second part of the theorem implies that
S ¢ Z+.

The coefficients in the power series expansions of the functions P(z) and Q(z)
in (2.10), i.e.,

9 If both roots are identical, o = 0, only one solution is obtained.
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P(z) = i)pn(z —o)

0(z) = ioqm—c)"

are determined by'?

1 P(t)dt 1 O(t)dt
O ey

27i Jo (1 —c)ntl’ ~2mi Jo (1 — )l

where C is a circle with radius r., centered at z = ¢, and contained in the common
domain of analyticity of P(z) and Q(z). Let the constant M, and M, be the maximum
value of |P(z)| and |Q(z)|, respectively, on the circle C. Then

<X g <M ez
nl - n n_rna +
C C

The coefficients po and g satisfy similar inequalities, but these are not used in the
proof.

Denote by M = max{M,,, |o|M, + My, |0 |M, + M,}, which is a finite number,
due to the assumptions made on P(z) and Q(z). Then, we have for n € Z,.

M M M
|pn|§r77 |pna1+4n| gﬁa |Pna2+q;1|§ r77 (221)
c c c

There is no loss of generality to assume that the constant M > 1 — increase the
value of M if necessary.
From Lemma 2.8, we then obtain

Mrl
|an| < Ta N €2y

Cc

if we are using the root &y — the one with the largest real part. The power series
Z ap(z—c)"

is then uniformly convergent inside the circle |z —c| < p = r./M since

10 The expansion coefficients of an analytic function f(z) in a power series expansion satisfy [13,
p- 128]

= )
f(z)zgof ) (e

n!

where [13, p. 180] _
f(n)(c)_’if (f(f)df neZ,
fol

T 2mi Jo (t—co)rtl?
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Z‘anHZ C|n<z Z|Z_C|
n=1

and the series represents an analytic function inside the circle |z —¢| < p, and the
first part of the theorem is proved.
Using the second root of the indicial equation, ¢, and Lemma 2.9, we obtain

M"|z

m n

M
=y NE€Ly
rC K'rc

A

where k = inf{|1 —s|,|1 —s/2|,|1 —s/3|,...}, which is a positive number, due to
the assumption that s is not a positive integer, and M’ = M /x. The power series

Y ay(z—c)"
n=1
is then uniformly convergent inside the circle |z —c| < p’ = r./M’ = kr./M since
M"|z—

oo o0 _qn
Z ‘anHZ c|n < Z Knrg | _ Z |Z Cl < oo
n=1

m
n=1 p

and the series represents an analytic function inside the circle |z —c| < p’. This
completes the second part of the proof of the theorem. 0O

Indeed, if o — o is not a positive integer or zero, we have constructed two
linearly independent!! solutions of the differential equation, viz.,

ui(z) = (z—c)™ <+Zan )
(@) = (- ) (1 + ila:xz—c)”)

(2.22)

2.4.3 The second solution — exceptional case

The existence of one solution to the differential equation of the form, see (2.22),

u(z) = (z—c)*" 1+ian(z—c)" =(z—0)"f(2) (2.23)

n=1

where f(z) is analytic in a neighborhood of the regular singular point z = ¢, is guar-
anteed by Theorem 2.3. It is constructed from the root of the indicial equation with
the largest real part.

! They are linearly independent since they have different analytic properties at z = c.
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In this section, we construct a second, linearly independent solution, u,(z), to the
differential equation, in a neighborhood of the regular singular point z = ¢, when
s =01 —0p €N, ie, it is a positive integer or zero. This is exactly the case when
the construction of the power series of second solution, u3(z), in the proof of The-
orem 2.3 breaks down or only gives one solution. The reason for the failure is that
the quantity x in the proof then is zero, and the constructions fail due to division by
zero. The first solution u; (z) in (2.23) is used to construct the second solution.

In Section 2.3.1, we presented a method to find a second solution, u>(z), if one
solution, u;(z), is known. Here, we prefer to employ a variation of this method,
which is more pertinent for the analysis in this section. The method is also called
“variation of the constant,” and we proceed, by making a formal ansatz

uz(z) = C(2)u1(2)

Our aim is to find the conditions on C(z) that make u>(z) a solution to the differential
equation (2.9), if u;(z) is a known solution of the same differential equation.

Differentiate the solution u(z) and insert in the differential equation (2.9). This
implies

C"(2Ju1 () +2C" ()it (2) + C(2)u{ (2)

+ ZPE%C/(Z)MI (z) + %C(z)u’l @)+ (ZQ_(ZC))z

If u;(z) is the solution given in (2.23), then it satisfies (2.9), and the expression
above simplifies to

C(xui(z) =0

€' (2) +2C () + P () =0

z7—c¢

or
C'(z) , ,ui(z)  P(z) _
C'(2) 2u1(z)+z—c_0

We easily integrate this expression and get

z P(7
lnC'(z)+21nu1(z)+/ “) a7 =A

7—c

where A is a complex constant. The integral becomes

dZ = poln(z—c)+F(z)

/ZP( 47 — /P0+P1(Z—c)+1?2(z’—c)2+...
Z*C Z*C

where F(z) is analytic'? in a neighborhood of z = ¢. The expression above then is

12 Note that

[ Eprte-eia = Pt e
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InC'(z) +2Inu; (z) +In(z— )P + F(z) = A

_[F G(7) '
C(z)—/ @)@ dz —/ 2a1+po dz

where G(z) = exp{A —F(z)} and H(z) = G(z)/(f(z))2 are analytic functions in a
neighborhood of z = ¢ (remember f(z) is non-zero in a neighborhood of z = ¢).

The roots of the indicial equations satisfy a; + o = 1 — pg, see (2.14). The
function C(z) then is (s = oy — 0 is a positive integer or zero)

01‘13

d7

C(Z):/Z(l—l&/)dZ/:/Zh0+h1<z/_c)+h2<z/—c)2_i___.

7 —c)H! (7 —c)t!

where the power series expansion of H(z)

converges in a neighborhood of z = ¢. Two different cases appear.

Case 1. First, if s = 0, i.e., the two roots of the indicial equations coincide, then

C(Z):/Z ho+hi (2 —c)+hy(d —c)* + " d2 = holn(z— ) + Ky (2)

7 —c

where K| (z) is analytic'* in a neighborhood of z = c. The second solution
u(z) can then be written as

12(2) = C(2)u1 () = (hoIn(z =€) +K1(2)) (z = €)“ (2)
where f(z) and K| (z) are analytic functions in a neighborhood of z = c.

Case 2. The second case appears when s is a positive integer, i.e., s =n € Z.
Then we get

d7

. Z/’lo—l—h](zl—C)—l—/’lz(zl—c)z-i-...
C(z) —/ (7 —c)rt!

| L VR DA P
Lo e T & 1+

which we simplify to

has the same radius of convergence as the power series of P(z).
13 Notice the resemblance with the result in (2.8) in Section 2.3.1.

14 The change of order between summation and integration, and the radius of convergence of the
power series of H(z), see footnote 12 above.
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Clz) = _"21 M-thln(z—c) +K>(z)

n—i

=(z—¢)"K3(z) + hyIn(z—c)

where K>(z) and K3 (z) are analytic in a neighborhood of z = c. The second
solution u3(z) can then be written as

u2(z) = C(2)ur (2) = ((z—¢) "K3(2) + hpIn(z—¢)) (z— )™ f(2)

where f(z) and K3(z) are analytic functions in a neighborhood of z = c.

We conclude that, in both cases (s =0 and s = n € Z. ), a logarithmic term
appears, and the second solution can be written (remember s = 0;; — )

ur(z) = (z—¢)®g(z) + haln(z—c)(z— ) f(2)

where

flr) =1+ i an(z—c)"

and the coefficients a, are determined above in Theorem 2.3, and g(z) is an analytic
function in a neighborhood of z = c.
For convenience, we summarize the results in this section in a theorem.

Theorem 2.4. Denote by o and o the two roots of the indicial equation (2.12) to
the differential equation (2.9), and number the roots such that Re @i > Re oy. Then
the two linearly independent solutions to (2.9) are:

].IfSZ(Xl—(X2¢N

where fi(z) and f>(z) are analytic functions in a neighborhood of z = c. The
explicit constructions of these analytic functions are made in Theorem 2.3.
2. Ifs=01—op eN

ui(z) = (z— ) fi(z)
uz(z) = (z—¢)®g(z) +haIn(z—c)(z— )™ fi(2)

where fi(z) and g(z) are analytic functions in a neighborhood of z = c. The
explicit construction of fi(z) is made in Theorem 2.3.

Comment 2.2. The construction of the solutions u;(z) and u,(z) in a neighborhood
of a regular singular point z = ¢, see Theorem 2.4, can, of course, also be applied if
the point z = c is regular. This becomes a special case of the above, simply by letting
Po = qo = q1 = 0. We then apply the result of the theorem with the roots of the
indicial equation o = 1 and o = 0. The iterative scheme in (2.15) corresponding
to o; = 1 then becomes (Lemma 2.7 implies /(o +n) =n(n+1))
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611:—ﬂ
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nn+1)

Due to Theorem 2.4, the power series solution u; (z) given by

ui(z)=(z—c) (1 + i an(Zc)">

n=1

is convergent in a neighborhood of the regular point z = c¢. Also, compare this result
with the result of Problem 2.6. ®

2.5 Solution at a regular singular point at infinity

The point at infinity is different from all points in the finite complex plane, and it has
to be analyzed as a special case. To find out the behavior of the differential equation
at the point at infinity, introduce a new variable ¢, defined as

1 S I P
sz = Z g C d dZQ*C Cg C Cd§2+2g C

The point at z = e is then mapped to { = 0, and in this new variable, {, we can
apply the results already obtained in the sections above to the origin { = 0.
In fact, the differential equation (2.1) becomes

C4dc2 +(28° = 2p(1/0)) dCJer(l/C)u*

or
du 1
Tt (2 gr0/0) St et/ 0= (.24)

and the behavior of the original equation at z = o is transformed to an ordinary
differential equation at a finite point { = 0, which we know how to handle and
classify.

We proceed by investigating the conditions that the coefficients have to satisfy in
order to have a regular point, a regular singular point, or an irregular singular point
at infinity, respectively. We state the result as a definition.

Definition 2.5. The point at infinity is classified as:

1. The point z = o is a regular point of the differential equation (2.1) provided
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2 1
I

which means that p(z) =2/z+0(z72) as 7 — oo,

(1/¢)isanalyticat { =0 <= 2z—2z*p(z) is analytic at 7 = oo

and

1

—q(1 isanalyticat £ =0 <= z%q(z) is analytic at 7 = oo
e y y

which means that g(z) = O(z™*) as z — oo.
2. The point z = o is a regular singular point of the differential equation (2.1)
provided

1
2——p(1/8)isanalyticat { =0 <= zp(z) is analytic at z = oo

¢

which means that p(z) = O(z!) as z — oo,

and

1
?q(l/g) isanalyticat { =0 <=  z%q(z) is analytic at z = oo

which means that ¢(z) = O(z72) as z — oo.
3. The point z = o is an irregular singular point of the differential equation (2.1)
in all other cases.

The analysis of a regular or singular point at infinity therefore is transformed to
an investigation of the properties at the origin in the { variable.

Example 2.2. The differential equation

du(z) 2du(z) 1
= —u(z) =0
dz? z dz + 22 u(z)

has a singular point at z = co. This point is a regular singular point. W
Example 2.3. The differential equation

d?u(z) 2 du(z)
dz?2  z dz

+u(z) =0

has a singular point at z = 0. This point is an irregular singular point. W
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Problems

2.1. Prove the result of Theorem 2.1.

2.2. Prove, using the result of Problem 2.1, that if u; (z) is a solution (2.2)

d?u, ()
dz2

+q1(z)u1(z) =0

where ¢ (z) is analytic in a domain S, then (b is a regular point of the differential

equation)
1 < / /
u(z) = ul(z)exp{z/b p(7)dz }

solves (2.1)

d?u(z) du(z)
a2 +p(2) & +q(z)u(z) =0
and vice versa, provided
ldp(z) 1
q1(2) :q(z)_ETz_ZL( ( ))2
2.3. Check that .
sinz
ui(z) = —
Z

solves

dzul (Z) 4 % du1 (Z)
dz? 7z dz

Find a second, linearly independent solution to the differential equation.

+u(z)=0

2.4. One form of Lamé’s'> differential equation reads (a # b and a,b # 0)!6

d?u(z) N ( b4 z ) du(z)  k—m(m+1)7 u(z) =0

dz? 22 —a? + 2—-b2) dz * (22 —a?) (2 —b?)

Find its singular points and classify them, and determine the roots of the indicial
equation. Moreover, find the Wronskian W (z) of the two linearly independent solu-
tions, u1(z) and uy(z), that satisfy!”

—N—
N
—
o O
N~—
[
O =
——
IR
S~ S
—
o O
S~— ~—
[
— O

15 Gabriel Lamé (1795-1870), French mathematician.
16 L amé’s differential equation is also briefly mentioned in Section 8.6.1.
17 A way of constructing these solutions is to use the result of Problem 2.6.
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2.5. Electromagnetic scattering by a radially inhomogeneous sphere leads to a dif-
ferential equation of the form

2M
o+ (a0 -5 Yuw =0

where ¢ is an analytic function everywhere in the finite complex plane, and ¢ (z) —
constant as |z| — e and / € Z,.. Classify the points to the differential equation, and
find the functional behavior of its solutions at the origin.

2.6. "Let z = b be a regular point to the differential equation

d?u(z)
dz?

du(z)
dz

+p(2) +q(2)u(z) =0

where p(z) and ¢(z) have power series expansions
p(2)=Y pu(z—b)"=po+pi(z—b)+pa(z—b)*+...

n=0

q(z) = iqn(z—b)" =qo+qi1(z—b) +q2(z—b)*+...
n=0

which are convergent in a neighborhood of z = b. Assume a power series expansion
of the solution u(z)

uD)= ¥ anle—b)" =ao +ar(e—b) +arle— b+ ..
n=0

and write the solution as
u(z) = aoui (z) +aruz(z)

Find the power series of u;(z) and u,(z), and prove that the series converge, and that
the solutions u; (z) and uy(z) are linearly independent.
Hint: Copy relevant parts of Section 2.4, and use the result of Theorem 2.2.



Chapter 3
Equations of Fuchsian type

Again, we focus on the standard form of the ordinary differential equation of the
second order, viz., equation (2.1)
d?u(z)
dz?

du(z)
dz

+p(2) +4q(2)u(z) =0

If all its singular points are regular singular points (including the point at infinity),
see Definitions 2.4 and 2.5 on pages 12 and 24, respectively, the equation is of
Fuchsian type.! An equation of Fuchsian type therefore only has regular and regu-
lar singular points in the complex plane (including the point at infinity). This implies
— as we shall see soon — that the functions p(z) and ¢(z) are rational functions.
We divide the analysis below into two different cases, Section 3.1 and Section 3.2,
depending on whether the point at infinity is a singular regular point or a regular
point, respectively. The chapter ends with the displacement theorem in Section 3.3.

3.1 Regular singular point at infinity

We start this section with an investigation of the form of the functions p(z) and ¢(z),
and the results are then collected in a theorem on page 32.

We assume there are n distinct, regular singular points in the finite complex plane,
located at z =a,, r =1,2,3,...,n, and one at z = c. Moreover, no irregular singular
points are present anywhere in the complex plane. The roots of the indicial equation
are denoted by o, B, r=1,2,3,...,n, and at infinity we denote the roots by o, 3.
The functions p(z) and ¢(z) then must be of the form, see Definition 2.4 on page 12

G(z) H(z)
p2)=—7%, gl = 5
v(z) (v(2))
I Lazarus Fuchs (1833-1902), German mathematician.
G. Kristensson, Second Order Differential Equations: Special Functions 29

and Their Classification, DOI 10.1007/978-1-4419-7020-6_3,
© Springer Science+Business Media, LLC 2010
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where
n

y(z)=]]G—ar),
r=1
and G(z) and H(z) are analytic functions everywhere in the complex plane (entire
functions). Since the condition of a regular singular point at infinity implies that
zp(z) and 7%¢(z) are analytic at z = oo, see Definition 2.5 on page 24, we conclude
that p(z) and ¢(z) do not grow faster than |z|~! and |z|~2, respectively, as z — oo.
Recall that

n n

G(2)=p@)[[z—a) and H(z)=q()[]GE-a)’

r=1 r=1

are entire functions, and G(z) and H(z) do not grow faster than |z|"~! and |z|?"—2
respectively, as z — oo. Therefore, they both are polynomials of degree n — 1 and
2n — 2, respectively, due to Liouville’s” theorem [9, p. 87] or [13, p. 204]. We have

G(z) is a polynomial of degree <n—1
H(z) is a polynomial of degree < 2n—2

Using partial fraction decomposition,® we write the functions p(z) and ¢(z) as

pz)=Y = G.1)
r=1

~ z—a,

and either of the two representations of ¢(z)

n

n dr n »
qx) =) —+ Z ;Zar Zfa (3.2)

Sz—a)? y(2) =18 ar

where R(z) is a polynomial of degree n — 2, satisfying one condition, see below.
The leading coefficients in these representations are determined by

ci = lim (z—a;)p(z)

I—a;

d; = lim (z—a;)%q(z)

z—a;

i=1,2,3,....n

Focus on the singularity at a specific singular point, say z = a;, and write p(z)
and ¢(z) as

p(Z):ZP_(a — anz—a,
_ 0@ _ )
)= G~ ap B

27, oseph Liouville (1809-1882), French mathematician.
3 Some results on partial fractions are presented in Appendix C, see also [10, p. 217-218]
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The roots of the indicial equation at z = a; satisfy (2.14)
a+pfi=1-po=1 —Zlinal_(Z—di)P(Z) =1l-g¢

i = qo = lim (:— a;)’q(z) = d;

Therefore, we have

< i—Pi i=1.2.3,....n (3.3)
di = a;fj;

Continue with the behavior at infinity and use z = 1/{, see Section 2.5. The
differential equation in the variable ( is, see (2.24),

,d7u

8+ (- 3r0/0)) S5+ Fra1/Ou=0

and, see Definition 2.5,
1 1 .
2—217(1/{) and ?q(l/é), analyticat { =0

Proceed as above in the case of a singularity at a finite location, and we get,
see (2.14) and (3.1),

o+ B =1-1lim 277 1 —1+ lim -1+ ) ¢
P 4H0< zP UC)) (- Zl—arC Z
With the result in (3.3), we obtain

a+l3+i(ar+l3r)=n—l

r=1

Similarly, we get for the product of the two roots, & f3, that the coefficients in the

polynomial R(z) = Z;‘;()z r;z' have to satisfy a condition. We assume n > 2, and we

get

(1-a,8)? IR
= Zd,+ lim " 2R(1/¢) = Zdr+rn_z
=1 §—0 r=1

n n—2
af = lim 73q(1/0) = lim (Z - : )R<1/z;>>

Finally, a condition on the coefficients f; is derived.

1 1 . o d, s Ir
aB—é{Q)QQ(l/C)—éEI})(ZW—FC;larC>

r=1
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which implies
af = Zd + hm Q) Zf, (1+a,¢+0(5%))
For this relation to be consistent, we obtain
n n n
(Xﬁ = Zdr+ Zfrar and Zfr:()
r=1 r=1 r=1

These results are summarized in the following theorem:

Theorem 3.1. Assume the differential equation of Fuchsian type

2M u
T 400 ™D 1 gz =0

has n distinct, regular singular points in the finite complex plane, located at z = a,,
r=1,2,3,...,n, and one at z = oo. If the roots of the indicial equation at the regular
singular points in the finite plane and at infinity are denoted o, B, r =1,2,3,...,n,
and o, B, respectively, the functions p(z) and q(z) of the differential equation have
the form

n

< r~r < rFr 1”*21
00=Y F L =Y ey e

(z—ay)? lzfar = (z—ar)

where y(z) =[1_,(z— a,). Moreover, the following consistency relations have to
be satisfied

a+B+) (a+B)=n—1 (3.4)
r=1

and .

Y fr=0

r=1

aﬁ = Z arﬁr'i' Zfrar

r=I1 r=1

or

off = i 0B+ ra2 (n > 2)
r=1

Specifically, when n = 2, fi and f> = — f] are determined in terms of a, 8, and o,

Bi-
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3.2 Regular point at infinity

Again, assume there are n distinct, regular singular points in the finite complex
plane, located at z = a,, r = 1,2,3,...,n, but now with a regular point at z = c. The
corresponding roots of the indicial equation are denoted o, B,, r = 1,2,3,...,n,
respectively, and defined as in Section 3.1,

where

‘
I

and where G(z) and H(z) are entire functions such that, see Definition 2.5 on
page 24,
27— 7% p(z) and z*¢(z) are analytic at z = oo

With similar arguments as in Section 3.1, these conditions imply that

G(z) is a polynomial of degree < n — 1 with coefficient 2 in front of 7"~
H(z) is a polynomial of degree < 2n—4

We adopt a similar partial fraction decomposition of the functions p(z) and ¢(z) as
in Section 3.1, viz.,

r—lz_ar
& d SE) y _Jr
q<Z>—,§<zfar>2+w<z>‘; cmar T hia

where S(z) is a polynomial of degree n — 2, satisfying two side conditions, see below.
The leading coefficients in these representations are determined by
ci = lim (z—a;)p(z)
o 5 i=1,2,3,...,n
di = lim (z—a;)*q(z)
Z—aj
There are conditions on both the p(z) and the g(z) representations. We start with
p(z) and investigate the condition imposed by the regularity at infinity.

2 1

Z—?p(l/ij) is analyticat { =0

or
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1 L r 1 .
é{r})c ( Zl—carg> = lim — ( ZC’ 1+arC+O(C2))> finite at { = 0
which implies

ic, -2 (3.5)
r=1

We proceed by investigating ¢(z) and the conditions imposed by the regularity at
infinity. There are two conditions on the polynomial S(z).

n
H(z) = q(z) (y(2))" = Z ¥(2)S(2)
= (@—ar)?
The degree of the polynomial on the left-hand side is required to be at most 2n — 4.
If we denote the polynomial S(z) = :’;g srZ", we get, assuming n > 2, see Prob-

lem 3.1,
n n
Sp_n = Zd” Sp—3 = <Zd> (Za,) ZZd a, 3.6)
r=1 i=1 r=1

An alternative representation of the quotient is

S(z) -
2 3.7
v(2) ,;z—ar G-

with three conditions on f,, see Problem 3.2,
n n n n n
Y =0, Yd+Y fia,=0, 2Y da+Y fai=0
r=1 r=1 r=1 r=1

r=1

Analogous to the case with a regular singular point at infinity in Section 3.1, we
also have for the roots of the indicial equation, see (3.3),

ci=1—a;—B;
' ' B’, i=1,23,....n
di = aifj;
The condition in (3.5) then reads
Z o+ B = Z(l —¢)=n-2
r=I1 r=1
We summarize these results in the following theorem:

Theorem 3.2. Assume the differential equation of Fuchsian type

d?u(z)
dz?

+20%D 4 gu =o
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has n distinct, regular singular points in the finite complex plane, located at 7 = a,,
r=1,2,3,...,n, and a regular point at z = oo. If the roots of the indicial equation at
the regular singular points are denoted o, B, r =1,2,3,...,n, the functions p(z)
and q(z) of the differential equation have the form

d I— ar - ﬁr
Z =
p(2) ; —a
n n n n—2
By fr o By 1 ,
q(z) = + = + 52
rzzi (z—a)? ,:ZI z—ar ,; (z—a)?  wl(a) &7
where y(z) =T1'_,(z— a;). Moreover; the following consistency relations have to
be satisfied

Zar—i—ﬁ,:n—Z
r=1

and .
Zfr =0
r=1
n n
Y oB+) fra,=0
r=1 r=1
n n
2 Z o, Bra, + Z fraf =0
r=1 r=1
or

n
Sp—2 = — Z ar,Br
r=1

(n>2)
n n n
Sn—3 = Z arﬁr Z a | =2 Z arﬁrar
r=1 i=1 r=1
Specifically, when nn = 3, fi, f», and f; are determined in terms of ¢; and f3;, since*

111

ap ay as 75 0
2 & &

Comment 3.1. Notice that both the condition above

4 This is a Vandermonde determinant

111
ay a ... a
=[1ai-a))
i>j
n

al ay ...a,

named after the French musician and chemist Alexandre-Théophile Vandermonde (1735-1796).
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n
Z o+ Br=n-2
r=1
and the corresponding result of Theorem 3.1, see (3.4),

a+ﬁ+i(ar+ﬁr):nfl

r=1

can be summarized as “the sum of the roots of the indicial equation (including the
root of the point at infinity) is equal to the number of regular singular points minus
2”7 m

3.3 The displacement theorem

We adopt the same assumptions as in Section 3.1, viz., there are n distinct, regular
singular points in the finite complex plane, located at z =a,, r = 1,2,3,...,n, and
one regular singular point at z = co. The roots of the indicial equation are denoted
by o, By, r=1,2,3,...,n, and at infinity they are o, 3.

Let u(z) be a solution to (2.1), and introduce a new function v(z) by a multipli-
cation of powers of the following form:

n

u(z) =v(2) [[(z—an)? (3.8)

r=I1

where p,, r =1,2,3,...,n are arbitrary complex numbers. This multiplication leads
to a change of differential equation, but the location of the singular points and their
singular classification remain. The roots of the indicial equation, however, shift or
are displaced. The following theorem makes these statements more precise:

Theorem 3.3. Let u(z) satisfy the differential equation of Fuchsian type

d’u(z)
dz?

du(z)
dz

+r(2) +4q(2)u(z) =0

and assume the equation has n distinct, regular singular points in the finite complex
plane, located at 7 = a,, r = 1,2,3,...,n, and one regular singular point at 7 = oo.
The roots of the indicial equation at the regular singular points in the finite plane
and at infinity are denoted o, By, r =1,2,3,...,n, and o, B, respectively. Moreover,
let

n

u(z) =v(@) [[(z—an)?

r=1

where p,, r =1,2,3,...,n are arbitrary complex numbers.
Then the function v(z) satisfies
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2V v
ddz(;) +7() dd(zZ)

+g(z)v(z) =0 (3.9)

where

ﬁ(Z)ZP(Z)—Q—i 2p, _ i l—OCr—ﬁr+2pr _ i l_za_r;ﬁr

=134 r=1 Z—ar

r=1

2
d < r “ r < Cr “ r
ﬂ@=q@H}k<;sz>+(;me> +<;Z_%><;me>
_ Z ap, . RE)

ey V0

which has the same regular singular points, and the indicial equation for v(z) has
the roots

n

&= a—p a=a+) p

{r T r=123,...,n -
B,=Br—pr

E:ﬁ+zn:pr
r=1

corresponding to the finite regular singular points and the point at infinity, respec-
tively.

Proof. Let u(z) = h(z)v(z) and apply Theorem 2.1 on page 4. We have

% W\?> dn
7 2= / " s n o -0
v+<p+ h>v+ (h) +dzh+ph+q v

From this we conclude that

Pe) = ple) +25
(RN dH(E) M (z)
q(z) = (h(z)) & +p(2) ) +4(2)
We use .
h(z) = I:Il(z—ar)pr
and get

p(2) = Zd% Inki(z)+p(z) = Zd% lnﬁ(z— a.)’ + p(z)

which we simplify to
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P =2 Y ine—a) +pl) = 3 s

=12 4r

Z 2pr 4 L1 — (0 ﬁr + 2pr
=) Z =)

r= 1Z ar 1Z_ar Z_ar

by (3.1) and (3.3). Similarly, we get
o (M@N, d (K ()
0 (5i) (g )+ +90

() (B2 () (F2)

and we see that the position and the classification of the singular points a,, r =
1,2,3,...,n remain.

To proceed, calculate the roots of the indicial equations at the singular points. We
make the following definitions:

¢ = lim (z—a,)p(z) = 1 = & — B +2pr = 1 — (0 — p) = (Br — pr)

I—ar

ar = lim (Z - ar)zq(z) = pr2 —Pr+crpr+ 0y By

7—ay
=7 —pr+ (1= —B,) pr+ 0By = p7 — (04 + ) pr+ 0. B,
= (o= pr) (B — pr)
since lim,_,, (z — a,)?q(z) = @B, and where we also have used (3.3). The indicial

equation of the differential equation of v(z) at the regular singular point z = q,,
see (2.12), therefore becomes’

§2+(Er_1)€+3r:0

or

&2 —&(ar—pr) + (B —pr)l + (0t = pr) (B — pr) = 0

with solutions
{ ar =0y —pPr
Br = ﬁr —Pr

Notice that
n

The regular singular point at mﬁmty is analyzed in the same way. The equation
transforms with z = 1/{ into, see Section 2.5,

Z_ar

> We denote the variable in the indicial equation by & to avoid confusion with the root & to the
indicial equation of the regular singular point at infinity.



3.3 The displacement theorem 39

2
wo-ao-§ e (522 ) + (525 ) (5:%)

To find the roots of the indicial equation of the singularity at infinity, we need to
calculate the following limit, cf. Definition 2.5 on page 24:

Poo=1lm [ 2 —— = 1m ﬁ
pemtm (2 p/0)) =2 pm B

—Z (1— o — ﬁr+2p,)_1—22p, a—B

r=1

where we in the last equality have used (3.4).
Similarly, we get

; -

) n ¢, n pr
+%T})<Zl—arg> +hin (rZ:ll—arC> (rz“ll—arc>

2
:aﬁ_zpr+<zpr> + Cerr
r=1 r=1 r=1 r=1
Since ¢, = 1 — o — B, we get

n 2 n n
.= 0P+ (Zm) + ((n— 1)— Z(ar+ﬁr)> Y pr
r=1 r=1

and due to (3.4), we get

2
e = 0f + <Zpr> +(a+p) Y pr= <a+2pr> <ﬁ+2pr>
r=1 r=1 r=1 r=1

Since p,, and g, are finite, the regular singular point at infinity remain, see Defini-
tion 2.5 on page 24.

The roots of the indicial equation, @, B, for this equation at the regular singular
point at infinity satisfy, cf. (2.14),
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which gives
n o n
a:O"i‘Z‘,pra ﬁ:ﬁ+zpr
r=I1 r=I1
and the theorem is proved. O

As a consequence of this theorem, we see that if we can find solutions to (3.9),
then we have a solution to our original equation, (2.1), by (3.8). Notice also that

d,=apB, r=1273,....n

We conclude this chapter with an example and a comment that points out the
alterations in Theorem 3.3 when the point at infinity is a regular point.

Example 3.1. One special case is of interest, viz., p, = B, r = 1,2,3,...,n, which
implies

ar =0y — ﬁr

B,=0

and the differential equation has the form

d?v(z)
dz?

dv(z)
dz

+p(2)

whereby Theorems 3.1 and 3.2

Notice that the singular behavior of the last term in the differential equation now is
altered — it is less singular — but the point is still a regular singular point due to
the singularity in p(z). W

Comment 3.2. Finally, we conclude that if the point, z = oo, is a regular point to the
equations, the displacement theorem is unaltered except that we now do not have
any displacement of the roots of the indicial equation at infinity. Moreover, if we
require the regularity of the point at infinity is preserved, the sum of the shifts must
add up to zero, i.e., Y _p,=0. W
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Problems

3.1. Show the statement made in (3.6).

3.2. Verify the three conditions on f; in the representation

S@) _ S
w&Y_Z

r=1 Z—ar

in Equation (3.7).
3.3. Show that .
a+B+Y (@+B,)=n-1
r=1
with the notation used in Theorem 3.3.

3.4. Let u(z) satisfy the differential equation

2M u
0 gl =0
where
p(z) _ 1—O£Z1—ﬂ1 i I—Z(le—ﬁz
B 1 afi
a(c) = Cz(z-1) < 2 z—1 _a>

Under what conditions on the constants ¢, f8,, »r = 1,2, and « is this a differential
equation of Fuchsian type with regular singular points at z = 0, 1,00? Use the dis-
placement theorem, Theorem 3.3, to transform the differential equation so that one
of the roots of the indicial equation at z = 0, 1 is zero.

3.5. TLet u(z) satisfy

d?u(z)
dz?

du(z)
dz

+p(z) +4q(2)u(z) =0

which is assumed to have n distinct, regular singular points in the finite complex

plane, located at z =a,, r = 1,2,3,...,n, and a regular point at z = co. The roots of

the indicial equation are denoted «,, f,, r = 1,2,3,...,n. Prove that a change of the

independent variable

(2) = az+b
VT axad

transforms the differential equation to a new differential equation having the same

form, but with regular singular points at

ad—bc#0

_aa,+b
T ca,+d’

t(ay,)

r=1,2,3,...,n
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Moreover, the roots of the indicial equation at the regular singular points are iden-
tical for the two differential equations, and the consistency relations of the two dif-
ferential equations have the same form. What happens if one of the singular points,
say ay, satisfies ca, +d = 0?



Chapter 4

Equations with one to four regular singular
points

We are now well prepared to illustrate the theory presented in Chapter 3 by some ex-
amples. The most simple type of ordinary differential equation contains one regular
singular point, either at a finite location in the complex plane or located at infinity.
We also present the cases of two, three, and four regular singular points.

Before we determine the form of the ordinary differential equation with one, two,
three, and four regular singular points, we might, for completeness, conclude that
there does not exist any ordinary differential equation with only regular points in
the extended complex plane. This is seen by the conflicting conditions that p(z) and
27— 72p(z), and ¢(z) and z*¢(z), are all analytic in the extended complex plane, see
Definition 2.5 at page 24.

4.1 ODE with one regular singular point

If there is only one regular singular point present, the singular point can be located
in the finite complex plane or at infinity. The form of the solutions is similar in the
two cases, but we prefer to treat the two cases separately.

4.1.1 Regular singular point at infinity

If the regular singular point is at infinity, we have from Theorem 3.1 on page 32
(n=0) that p(z) = ¢(z) =0, and

M// (Z) — O

since at all points in the finite complex plane p(z) and g(z) are analytic, and at the
regular singularity at infinity we have

G. Kristensson, Second Order Differential Equations: Special Functions 43
and Their Classification, DOI 10.1007/978-1-4419-7020-6_4,
© Springer Science+Business Media, LLC 2010
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zp(z) and 7%¢(z) analytic at z = oo

We see that there are no free parameters in the differential equation in this case. The
solutions are!
u(z) =Az+B

4.1.2 Regular point at infinity

Assume we have only one regular singular point at z = a; to the ODE (n = 1), which
we, without loss of generality, can locate at the origin,2 i.e., a; = 0. The differential

equation is
u'(2) + p(2)u' (2) +q(2)u(z) =0

and, in the language of Theorem 3.2 on page 34, the functions must satisfy o + 1 =
—1, a1 B =0, and f; = 0. We then have

l—a—pi 2

p(z) = Z = Z

The general ODE with one regular singular point therefore is
2" (2) + 22 (2) = 0

and again we see that there are no free parameters in the differential equation. The

general solution is?

Note that the results presented in the two subsections above, with the regular
singular point at the origin and at infinity as two separate cases, can easily be trans-
formed to the other case by the change of variable z — 1/z. With this in mind, the
two cases represent the same type of differential equation.

! Notice that the roots of the indicial equation are 1 and 0, which are consistent with the algebraic
structure of the general solution.

2 Change the variable z — z — aj.

3 Notice that the roots of the indicial equation are —1 and 0, which are consistent with the algebraic
structure of the general solution.
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4.2 ODE with two regular singular points

The two regular singular points can both be located at a finite location in the complex
plane or one of them can be located at infinity. In the case of two regular singular
points in the finite plane, we also have a possibility to study what happens if the
two regular singular points are located very close to each other. This analysis of
confluence is studied in Section 4.2.3.

4.2.1 One regular singular point at infinity

We assume one of the regular singular points is located at infinity, and the other
regular singular point is located at the origin,* i.e., a; = 0.

u"(2) + p(2)u' (z) + q(z)u(z) = 0

From Theorem 3.1 we conclude (n = 1)

l—a =i
z
o1 B

Z2

p(z)=

q(z) =

since f; =0, and
a+B+a+pi =0

where the roots of the indicial equation to the regular singular point at the origin and
at infinity are a;, B;, and a, B3, respectively, and the ordinary differential equation
becomes

2" (2)+z(1—on —Br) i (z) + o Bru(z) = 0

This equation contains two free parameters, viz., the roots &; and f; of the indicial
equation. The solutions of the differential equation are

uz) = Az +BP, i £ B
u(z) =z% (A+Blnz), oy =p;
The behavior at infinity is determined by { = 1/z. We get
G2 (§) + & (1400 +Bu)u' (§) + o pru($) =0

which is a differential equation of the same form as above and with the same roots
to the indicial equation, but with opposite sign, i.e., « = —a and f = —f;.

4 Always possible by a change in the variable, see footnote 2.
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Fig. 4.1 The two regular singular points a; and a; in the finite complex plane.

4.2.2 Regular point at infinity

If the point at infinity is regular, we use the result of Theorem 3.2 with n = 2. The
two distinct, regular singular points are z = a; and z = ay, see Figure 4.1, and the
roots of the indicial equation are o, and 3., » = 1,2. We have conditions on the roots
of the indicial equation

and constraints

2
S0 = — Z arﬁr
r=I1

2 2 2
amon (£an)(E0) Easo
r=1 j r=1

r=1 i=1 =
‘We rewrite the last two conditions as

{062+l32=—061—ﬁ1

(1B —wf)(ar—a) =0 <= ai1fi = wp

which implies that oy = —0p and f; = —f, or oy = —f3; and B; = —o. These
conditions lead to

2

1—o— 1—0o — 14+ o1+

p(2) = . ﬁr: 1 ﬁ1+ 1+ B
~ o i—a z—a; z—ap
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and

2 2
C](Z) _ Z arﬁr s - Z O‘rﬁr

=1 (z—ay) =1 (z—a1)(z—a2)
wp_ap _ 2p
@-—a)*  (z-a)

2 (z—a))(z—a)
which we simplify to
oyPi(ar —a)?
10 = a2 =)

and the differential equation becomes

uu(z)+<105131+1+051+31>u,(z +<061ﬁ1(0102)2

z—a —a z—ay)?(z—az)?

u(z) =0 (4.1

Again, this equation contains two free parameters, viz., the roots a; and f; of the
indicial equation, and the solutions ared

(2] Bi
= (Z0) e (20) s
T

I—ap Z

u(z) = (i:j;)al <A+Bln (i:Z;)) o = B

Note that the results presented in the two subsections above, with the regular
singular points at z = a; and z = ap, and at the origin and at infinity, respectively,
as two separate cases, can easily be transformed to the other case by the change of
variable z — (z —aj)/(z — ap). With this in mind, the two cases represent the same
type of differential equation.

4.2.3 Confluence
If we have only one regular singular point, we know from Section 4.1 that®

u"(z) + u(z)=0 4.2)

Z—a

with solution
A

Z—a

u(z) = +B

On the other hand, if we start with two distinct, regular singular points at z = a;
and z = ay, respectively, and let the two regular singular points coalesce, i.e., a; —

3 Notice that this supports the conclusions &; = —0 and B; = —B, or oy = —f3, and B; = — o0,
above.

6 The regular singular point is shifted from the origin to the point z = a.
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az, we can study what happens with the solution under confluence. To investigate
this case, leta) =a; +€in (4.1), and let € — 0.

o fBr€?
(z—a1)*(z—a; —¢€)

20z—a))—e+e(a+pB) ,
(z—a1)(z—a1—¢€) W(z)+

u// (Z) +

su(z) =0

If we just let € — 0 with o4 and B; fixed, we end up with the same equation as
above, see (4.2).

To obtain a new equation, we can let the two roots, @; and B, go to infinity at
the same time. Therefore, we impose the constraint that &¢; and ; approach infinity
according to’

;irr(l)g(al +B1)=0

lim 82061[31 = k2
e—0

where & is a fixed complex constant. Notice that this corresponds to gy — oo, and
we expect that classification of the regular singular point at z = a; changes. We get
in the limit € — 0

2 k?

— _u(z)=0
z—alu z +(zfa1)4u(z)

M//(Z) +

Notice that the singular point at z = @; now is an irregular singular point provided
k? # 0, consistent with the fact that gg — oo, and that only one free parameter, &,
remains.

To investigate the solution to this equation, let { = 1/(z—a; ), and the equation

becomes
d*u(¢)
dgz

+k2u(f) =0

with solutions
M(Z) :Aeik/<z_al) +Be_ik/(2—a1)

The fact that the point z = g; is an irregular singular point also shows up in the
functional behavior of the solution at the singular point. We notice that the solution
u(z) now has an essential singularity at z = ay, in contrast to the power behavior that
always is the singular behavior at a regular singular point.

7 One simple way of accomplishing this is (other possibilities exist)

ik, fe)
& €
pr=—t

where f(€) is any function satisfying lime_o f(€) = 0.
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4.3 ODE with three regular singular points

We have seen that ordinary differential equations with one or two regular singular
points lead to differential equations that have only elementary functions as solutions.
Three regular singular points is the simplest type of a differential equation that pos-
sesses non-elementary functions as solutions. In this section, we explore this case in
some detail. A more extensive treatment is given in Chapter 5.

4.3.1 One regular singular point at infinity

The two regular singular points in the finite plane are, as above, denoted a; and a»,
see Figure 4.1. We start by moving these regular singular points to z = 0, 1, respec-
tively, and at the same time preserving the regular singular point at infinity.® This
is accomplished in two steps by changing the variable z. The first change, which
moves the point a; to the origin, is the change z — z — a;. The second transfor-
mation,’ z — z/ay, rotates and stretches the complex plane, which preserves the
position of the point at the origin and moves the point a; to 1.

Moreover, by the use of the displacement theorem, see Theorem 3.3, we can,
without any loss of generality, choose one of the solutions to the indicial equation to
zero, say B; = B> = 0. These transformations show that it suffices to study the case
where the regular singular points are located at 0, 1, and o, and with the roots of the
indicial equation at these points {¢,0}, {a,0}, and {a, B}, respectively.

To get the form of the ordinary differential equation use Theorem 3.1 (n = 2)
with a; =0 and ay = 1, and B; = B, = 0, see also Example 3.1 on page 40. We get

B 1—a1+1foc2

p(z) =
Z z—1
q(z):ﬁ_ i A
7z z—1 72(z—1)
since f> = — f1, and subject to the constraints

a+f+o+op=1
af =—fi

Introduce Y= 1 — a;. We then have oy = Y — @ — 3. The general form of the differ-

ential equation is therefore

" Y 1_Y+a+ﬁ / aﬁ _
w(z)+ [z+z—1]”(z)+z(z—1)”(z)_o

8 The general problem with arbitrary positions of the regular singular points in the finite complex
plane is analyzed in Problem 4.2.

9 The change of variable can, of course, also be made in one step z — (z—ay)/(az —ay).
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2(z—= D" (2)+ (e +B+1)z— 7] (z) + aPBu(z) =0 4.3)

with regular singular points at z = 0, 1, and oo, and three free parameters , 3, and
7. We notice that the differential equation is uniquely determined by the parameters
o, B, and v, with the convention that the order of & and f3 is immaterial. This is the
hypergeometric differential equation, and due to its central role in the solution of
many differential equations, it is the subject of a whole chapter, see Chapter 5. We
conclude this subsection with a simple lemma that is used below.

Lemma 4.1. Let u(z) be a solution of the hypergeometric differential equation with
parameters o, 3, and v, i.e., (4.3). Then v(z) = u/(z) is the solution to the hyperge-
ometric differential equation with parameters o.+ 1, B+ 1, and v+ 1 (as usual, the
order of the first two parameters is immaterial), i.e.,

dz= '@+ [(a+p+3)z= (r+ DV () + (@ + 1) (B +1)v(z) =0
Proof. Let u(z) be a solution to (4.3), and differentiate the equation. The result is

2(z— D" (2)+ 2z— D" (2) + [(a+ B+ 1)z—7]u"(2)
+(a+B+ 1) (z) +apu'(z) =0

Denote v(z) = u/(z). Then v(z) satisfies
2z— V'@ +[(@+B+3)z— (y+ D]V (@) + (af+a+B+1)v(z) =0
—_——
(a+1)(B+1)

which completes the proof. O

4.3.2 Regular point at infinity

If the three regular singular points are located in the finite complex plane at a;, a»,
and a3,'? the coefficients of the differential equations are found using the result in
Theorem 3.2 with n = 3. The result is, see Problem 4.4,

1 Ot,-ﬁi(a,- — aj) (a,- — ak) (44)

(z—a1)(z—a2)(z—a3) ) 7—a;
cycl. perm.

q(z) =

where the sum over the cyclic permutations of (ijk) is a sum over the index set
{ijk} € {(123),(231),(312)}. The roots of the indicial equation are subject to the

10 We do not transform these singular points to a set of standard positions as we did in Section 4.3.1.
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constraint
3
Z o+ Br =1
r=1

The ordinary differential equation with three regular singularities has, because of
its widespread use and importance, a special name — the Papperitz!! equation. Its
solutions are denoted

ay ay az
u(z) ePL oy 03z

Bi B2 Bs

This notion is due to Riemann'? (Riemann’s P symbol) and denotes the set of all
solutions of the differential equation with coefficients (4.4). The first row denotes
the three singular points of the differential equation, and the second and third rows
contain the roots of the indicial equation, respectively. The three columns can be
interchanged arbitrarily. Also, the two roots of the indicial equation in each column
can be interchanged, without affecting the solution set.

4.3.2.1 Displacements

The displacement theorem, Theorem 3.3, shows that multiplying the solution with a
factor (z— a;)Pi shifts both the roots of the indicial equation by a factor p;, i.e., o; —
o; — p; and B; — B; — p;. If we want the new solution to be of the same Fuchsian type
— in this case with three regular singular points — and preserving the regular point
at infinity, the coefficients of the shift must satisfy, see Comment 3.2 on page 40,

in order to satisfy the constraint

3
Y a+B =1
r=1

both for the shifted and the original cases. The result of the displacement theorem
then reads

ay ax as P1 P2 aj az as
z—a Z—da
Playmazz,= (za1> <za2> PJoy—prox—pr03+p1+p2z
Bi B2 B 3 3 Bi—p1 B2—p2 Bs+p1+p2
4.5)

I Erwin Johannes Papperitz, German mathematician.
12 Bernhard Riemann (1826-1866), German mathematician.
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4.3.2.2 Substitutions

It makes sense to ask what transformations of the independent variable z preserve
the form of the equation — in this case three distinct, regular singular points. Such
transformation must be one-to-one mappings of the extended complex plane onto
itself. The Mébius!? transformation #(z) is the only such transformation,'# and the
following theorem is central:

Theorem 4.1 (The substitution theorem). A change of the independent variable

_az+b

t(z) = , d—bc#0
@=""y ad — bc #
preserves the set of solutions, i.e.,

ar a> az tar) t(ap) t(a3)

Ployopozzp=P o o o3 t(z)

Bi B> Bs Bi B B

where Y>_, (0, + B,) = 1 and the images of the regular singular points are
aa,+b
t = , =1,2,3
(ar) ca,+d d

If one of the regular singular points, say as, satisfies caz +d = 0, then the images
are two regular singular points, t(ay) and t(ay), in the finite complex plane, and a
regular singular point at infinity.

Proof. The proof is a direct consequence of the results in Problem 3.5, but we prefer
to present an explicit proof using Theorem 2.1 on page 4. To this end, assume u(z)
is a solution of
d?u(z) du(z)
dz? dz
where the coefficients are given by (4.4). Then if

+p(2) +q(z)u(z) =0

t(z) = %, with inverse z(t) = l;__d;
v(t) = u(z(r)) satisfies
2\1 /" v
ddtgt) + (P(Z(t))Z’(t) - ;8) dd(tt) +q(z(1) (Z()*v(t) =0

In our special case

13 August Ferdinand Mobius (1790—1868), German mathematician.
14 See, e.g., [9, p. 187].
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, ad — bc P ad —bc
= —— d 4 == _2 =
z(t) (ct —a)? and (1) ¢ (ct —a)3

Explicit calculations show that the first coefficient in (4.4) transforms as (we intro-
duce the notion ¢, =1 — o, — B, r =1,2,3)

, 4 3 ¢ (ad — bc 2c
) = pC0)20) - 58 = ¥ e e

¢r(ad —be) fee
(ct—a) (aa,+b) —t(ca, +d) "

3
L
23: (ad —bc) +c(b+aay,) — ct(car+d)
N
L

ct—a

(ct — (aar+b)—t(ca,+d)
(ca,+d)(ct—a) i cr
(ct —a) t(car+d)—(aa,+b) = t—1t(a)

since Zle ¢, = 2, and where

'(ay) aa,+b
a ==
ca,+d

If one of the regular singular points, say a3, satisfies caz +d = 0, then only two
terms remain in the sum, i.e.,

2
_Z‘lt—

The second coefficient in (4.4) transforms as

_ (ad — be)?
[b—dt —ay(ct —a)|[b—dt —ay(ct —a)|[b—dt —az(ct —a)]
alﬁl az )( '7ak)
8 ;1} b—dt—ai(ct —a)

cycl. perm.

which we simplify to

4(1) = (ad — be)*(cay +d) " (car +d) ' (caz +d)~! 0;Bi(a; —aj)(ai — ay)
(@)~ @) —ras)  tlcar+d)— (aai +b)
cycl. perm.
_ (ad—bc)2 Z aifi(a; —aj)(a; — ax)
(t—t(ar))(t —t(a))(t —t(a3)) (l.jk)(t —1(a;))(cai+d)*(caj+d)(cax +d)

cycl. perm.
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For each cyclic permutation of i, j, k, the terms in the sum can be rewritten as
(ad —be)*(a; — aj)(a;i — ax)
(cai+d)*(caj+d)(cax+d)

{(aa; +b)(car+d) — (aa+b)(ca; +d)}
(cai+d)*(caj+d)(cax+d)

= {(aa;+b)(caj+d)—(aaj+b)(cai+d)}

= (t(ai) —t(aj))(t(a:;) —t(ax))

The entire contribution then is

1 o Bi(t(a;) —t(a;))(t(a;) —t(ax))
(=t — @) —1@) & ()

cycl. perm.

q(t) =

If one of the regular singular points, say a3, satisfies caz +d = 0, then we obtain
the second coefficient from above by taking the limit #(a3) — oo, i.e.,

a1 Bi(t(ar) —t(az)) N P (t(az) —t(a1)) n a3
(t—t(a1))*(t—t(az)) ~ (t—t(ar))(t —t(a2))* = (t—1t(a1))(t —1(a2))

We therefore conclude that, if u(z) is a solution to

q(t) =

d?u(z)
dz?

du(z)
dz

+p(2) +q(z)u(z) =0 (4.6)

with coefficients (4.4), then v(¢) = u(z(t)) satisfies

d?v(z) +5 dv(z)

g2 TP =g +alnv() =0 @.7)
where
plr) = r:ZI t—tza,)
i) = ! oif(t(ay) —1(a;)) (¢(ar) ~1(ar))
(= tlan)— (@)t —r@) & —i(a)
cycl. perm.

The roots of the indicial equation for these two differential equations, (4.6) and
(4.7), are the same.

It remains to investigate what happens if one of the regular singular points, say
as, satisfies caz + d = 0. We then have
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From Definition 2.5 on page 24, we conclude that the point at infinity is a regular
singular point, since

2
2 lim 1 p(1/0) =2- Y er = ey = 1— a5 — s
CHOC r=1

and |
lim £3(1/8) = asfs

are analytic at Y = 0, and the theorem is proved. O

4.3.2.3 Connection to a regular singular point at infinity

Theorem 4.1 states that the solution set of the two equations, (4.6) and (4.7), are
the same. Using this theorem, it is possible to transform one of the singular points
to infinity (transforming the infinity point from a regular point to a regular singu-
lar point), and, moreover, to scale the other two to the positions z =0 and z = 1,
respectively. It is convenient to extend the use of the Riemann’s P symbol to ac-
commodate also solutions, which have a regular singular point at infinity and two
regular singular points at z = 0 and z = 1. With such an extension, we get

ay ax a3 0 1 oo
Poyop ozp=Po opo aZz*_aall azz:aa; (4.8)
Bi B B Bi B B

Please bear in mind that the roots of the indicial equation satisfy

2
Y o, +B+a+p=1
1

r=

which is consistent both with the condition for three regular singular points in the
finite complex plane and a regular point at infinity (left-hand side of (4.8)), and with
the condition for two regular singular points in the finite complex plane and a regular
singular point at infinity (right-hand side (4.8)).

Moreover, with the use of the displacement theorem, Theorem 3.3, and Com-
ment 3.2 on page 40, we can shift one of the roots of the indicial equation at the
points at z =0 and z = 1 to zero by a shift p, = f8,. However, to preserve the Fuch-
sian type — two regular singular points at z = 0 and z = 1, and one regular singular
point at infinity — the root of the indicial equation of the point at infinity has to
increase by p; + p2 = B1 + B>. The result of this transformation is

0 1 o 0 1 oo
Ployomazy=Fz—1P2P{ o0 0 a+Bi+hz (4.9)
B B B ar—Bra—PB B+Bi+h
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From these last relations, (4.8) and (4.9), we see that the total set of solutions
of the Papperitz equation, where all three regular singular points lie in the finite
complex plane, can be obtained from the solutions of the differential equation with
regular singular points at 0, 1, and oo, respectively, and where two of the roots of the
indicial equation are zero, i.e., the hypergeometric differential equation, (4.3). All
solutions of the Papperitz equation are therefore found by solving the hypergeomet-
ric equation followed by a proper transformation of the independent variable. This
result strongly motivates us to study the solutions of the hypergeometric equation,
and this is the subject of Chapter 5.

4.4 ODE with four regular singular points

We proceed with the two different cases of differential equations with four regular
singular points. The point at infinity can, as above, be a regular singular point or
a regular point. These two cases are developed in the two sections below. A more
extensive analysis of the solutions is given in Chapter 8.

4.4.1 One regular singular point at infinity

The three singular points in the finite complex plane are generally located at z = a;,
i=1,2,3. One of these points can be transformed to the origin, and one transformed
(rotated and translated) to z = 1, see the analogous transformation and rotation in
Section 4.3.1. The remaining singular point is located at z = a. The three singular
points in the finite complex plane are therefore located ata; =0,a; =1,and az =a
(complex number), see Figure 4.2.

One of the roots of the indicial equation can, for each a;, by the displacement
theorem on page 36, be set to zero, see also Example 3.1 on page 40. The other
roots are labeled o, i = 1,2,3, corresponding to the singular points a;, i = 1,2,3,
respectively. The roots at infinity are denoted & and 3.

Following the result of Theorem 3.1 (n = 3) on page 32, we get

_1—061 1—op 1—o03

Z z—1 z—a
q(z):w
2(z—1)(z—a)

p(2)

subject to the constraints

a+f+ou+amtaz=2
OCB:m
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A

.Ll

Fig. 4.2 The three regular singular points at z = 0,1,a in Heun’s equation. The fourth singular
point is located at infinity.

Introduce
y=1-o
5:1—062
e=1—0g

The general form of the differential equation is therefore
ofB(z—h)
Z(z—1)(z—a)

where £ is a free parameter — an accessory parameter — and the other coefficients
are subject to the constraint

9
M@+g+——+8

!
it u'(z)+

u(z) =0 (4.10)

o+B+1=y+6+¢

This is Heun’s equation,'> and the properties of its solution are analyzed in some
detail in Chapter 8.

4.4.2 Regular point at infinity

For completeness, we give the form of the differential equation with four regular
singular points in the finite complex plane, and the point at infinity being a regular
point, even if we do not explore this equation any further in this textbook.

15 Karl Heun (1859-1929), German mathematician.
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Labeling the regular singular points, as usual, by a;, i = 1,2,3,4, and the cor-
responding roots of the indicial equation by ; and f;, i = 1,2,3,4, respectively,
Theorem 3.2 on page 34 implies

subject to

4 4 4 4
Y =0, Y ap+Y frar=0,  2Y apa+Y fra;=0
r=1 r=1 r=1 r=1

Generalizing the notation by Riemann introduced in Section 4.3.2, we write the
set of solutions to the differential equation in this section as

ay ay asz a4
u(z) EPC oy 0 03 04 2 (4.11)

B B2 B3 Bs

This notion denotes the set of all solutions of the differential equation with co-
efficients above. The first row denotes the four singular points of the differential
equation, and the second and third rows contain the roots of the indicial equation,
respectively. The four columns can be interchanged arbitrarily. Also, the two roots
of the indicial equation in each column can be interchanged, without affecting the
solution set.

Problems
4.1. Prove that the differential equation with two regular singular points, (4.1), trans-
forms by a change of the independent variable

_ az+b
T cz+d’

1(z) ad —be #0

to the differential equation

V//(t)+<1—061—ﬁ1+1+061+51)v/(t) ((Xlﬁl(f(al)—f(az))z W(1) = 0

t—t(ay) t—t(az) t—t(a1))*(t —t(az))?
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i.e., the change of variable preserves the set of solutions, cf. Theorem 4.1. What
happens if one of the singular points, say a,, satisfies cay +d = 0?

4.2. Find the general form of the differential equation with two regular singular
points at z = a; and z = ay and one regular singular point at infinity. Check, by
specializing the result, with the expression in (4.3).

4.3. Show that the general differential equation with three regular singular points at
7 =ay,ay and oo transforms into the equation in Section 4.2.1 as a, — a;.
Hint: Start with the hypergeometric differential equation, see (4.3),

2(z— D" (2) + [(a+ B +1)z— ]/ (z) + aBu(z) =0
and make the transformation z — (z—ay) /(a2 —ay).

4.4. Show the representation of the coefficient functions p(z) and ¢(z) in the Pap-
peritz equation, see (4.4),

1_ar_ﬁr
p(Z)fr:Z1 v
1 Ot,-ﬁi(a,-—aj)(a,-—ak)
(z—a1)(z—a2)(z—a3) ) 7—a;
cycl. perm.

q(z) =

where the sum over the cyclic permutations of (ijk) is a sum over the index set
{ijk} € {(123),(231), (312)}.

4.5. Using the notion in (4.11) and the displacement theorem, Theorem 3.3, prove
(also compare (4.5) and (4.9))

a, ax as a
1 d2 43 dg 7—ay P1 - P2 I—a3 P3
Pog ooz oz =
z—a z—a z—a
Bi B2 B3 Ba 4 4 4
a ap az as

XPeai—prox—proz3—p3 04+pr+p2+p3z
Bi—p1 Bo—p2 Bs—p3 Bat+p1+p2+p3

and
0 1 a oo
Ploag oz oz yp=2P (z—l)ﬁ2 (z—a)ﬁ3
Bi B Bs B
0 1 a oo
x P 0 0 0 B+Bi+B+pBz

o —Brox—PBroz—PBz o+ Pi+B+pB3



Chapter 5
The hypergeometric differential equation

Differential equations with three regular singular points (one located at infinity) play
an important role in mathematical physics, and in this chapter we investigate this
situation in some detail. More details are found in the rich literature on the subject,
see, e.g., Refs. 11,18,31.

5.1 Basic properties

We have already seen that the hypergeometric differential equation in (4.3)
2(e— D" (2) + [(@+ B+ Dz —7]u/(2) + aPu(z) =0
has three regular singular points at z = 0, 1, oo. We also write the differential equation

as
I (a+ﬁ+1)z_7 / af
u (Z)+—z(z—l) M(Z)+z(z—l)

The roots of the indicial equation are given by, see (2.12),

u(z) =0

I(A)=2%+(po—1)A+go =0

The roots of the indicial equations at the three different regular singular points are
summarized in Table 5.1.

Table 5.1 The roots of the indicial equation of the hypergeometric differential equation.

Point Po qo | Roots L
z=0 Y 0 0,1—y
z=1{1+a+B-7| 0 |0,y—a—p
z=c| l—a—-p |af| ap

G. Kristensson, Second Order Differential Equations: Special Functions 61
and Their Classification, DOI 10.1007/978-1-4419-7020-6_5,
© Springer Science+Business Media, LLC 2010
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We now investigate the solution of the hypergeometric differential equation in the
vicinity of the regular singular point z = 0, where the roots of the indicial equation
are 0 and 1 — 7. Therefore, we expect that one of the solutions is analytic at z =
0. In general, from the analysis in Section 2.4, there are two linearly independent
solutions u(z) and v(z) of the form

u(z) =1+ ianzn, v(z) =777 <1+ iaﬂ) (5.1)
n=1

n=1

Note that the solution v(z) is not analytic near the regular singular point z = 0,
unless y=1,0,—1,—2,.... However, in this case the two indicial roots differ by an
integer, and Re(1 — ) > 0, which implies that the results of Section 2.4.3 have to be
used. The power series solution u(z) in (5.1) is called the hypergeometric series.
The radius of convergence of this power series is at most the distance to the closest
singular point,! i.e., the radius is less than or equal to 1. The properties of this power
series solution are presented in Theorem 5.1 below.

The analytic extension of the hypergeometric series in the complex z-plane is
denoted the hypergeometric function,” and we adopt the notation F(a, 8;7:2).
Note that

F(a,B;7;0) =1

The hypergeometric function is analytic everywhere in the finite complex plane,
excluding the possible singular point at z = 1. The singularity can be either a pole or
a branch point. If the singularity is a branch point, we introduce a branch cut from
z =1 to z = o along the real axis, in order to get a one-valued function throughout
the cut plane.

A long list of elementary and special functions can be expressed in a direct or an
indirect way in the hypergeometric function. A collection of functions that can be
expressed in the hypergeometric function is found in Appendix E on page 209.

5.2 Hypergeometric series

The objective of our investigation is now to explicitly determine the coefficients a,,
and a/, in (5.1). This approach resembles strongly the analysis in Section 2.4, i.e.,
Frobenius method, but due to the special form of the differential equation, we repeat
parts of the analysis here.

We begin with the a, coefficients and insert the power series of u(z) in the differ-
ential equation, and identity the coefficient in front of the same power of z, which
must vanish in order to have the power series of u(z) satisfying the differential equa-

! An exception occurs if a8 = 0, then u(z) = 1 is a solution, which has infinite convergence radius.

2 The more complete notion is 2 Fj (, B;7;z), see also the generalized hypergeometric series in
Equation (7.14) on page 138.
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tion.> We get
n(n—1a, — (n+ Dnay11 + (¢ + B+ Dna, — y(n+ 1)ays1 + ¢fa, =0, neN
which simplifies to

(n+1)(n+7y)apt1 =n+o)(n+Blay,, neN (5.2)
or

a1 _ (n+0)(n+p)
an  (n+1)(n+y)’

The values of y=0,—1,—2,... have to be excluded from the analysis, otherwise the
coefficients a, become undetermined for high n values. By recursion we get (ap = 1)

neN

an _ —ayi ~ (v+a)(v+P)
l;I v+1)(v+y)

Notice that we can always let ag = 1, since the hypergeometric differential equation
is linear and homogeneous.* It is now convenient to introduce the rising factorial,
also known as the Appell> symbol or Pochhammer® symbol, (ct,n) defined in Ap-
pendix A on page 173 as

7"_1 B _ I'(a+n) B
<a’n)7£[0<v+a) =a(a+1)(a+2)...(a+n—1)= (@) (,0) =1

and we write the coefficient a,, as

(Oc,n)(ﬁ,n) _ <a7n>(ﬁ7”l>
(v,n)(1,n) (y,n)n!

since n! = (1,n). The solution u(z) then becomes

a, =

= 5 @B

n=0 (Yﬂ n) n‘

The sum on the right-hand side defines the hypergeometric series, and the sum is a
representation of the hypergeometric function in the domain of the complex plane,
where the series converges. The domain of convergence of the hypergeometric series
is investigated in the following theorem:

Theorem 5.1. The hypergeometric series

3 The coefficients ), in (5.1) are determined in Problem 5.1.

4 When y= 0 and o8 # 0, the recursion relation for the lowest order term n = 0 is ya; = ot ag,
with is in conflict with ag = 1. In this case, no solution, that is analytic at the origin satisfying
u(0) # 0, exists.

5 Paul Appell (1855-1930), French mathematician.

6 Leo August Pochhammer (1841-1920), Prussian mathematician.
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o (a,n)(B,n) "
n;) (y,n) n!

converges inside the unit circle, |z| < 1, and there it represents an analytic function
for any choice of parameters, provided 7 is not zero or a negative integer.’ Outside
the unit circle, |z| > 1 the series, in general, diverges. On the unit circle, |z| = 1, the
series is absolutely convergent, provided Re(y— oo — 8) > 0. The series converges,
but not absolutely, for |z| =1, z# 1, as long as —1 <Re(y— o — ) <0. IfRe(y—
o — PB) < —1 the series diverges on |z] = 1.

The hypergeometric series represents the hypergeometric function in the domain
of convergence of the series, i.e.,

F(O‘aﬁ;%z) = i M

Zn
—, | <1
L gm a

If o or B is a non-positive integer —n, the series is a polynomial of degree n.

Proof. The radius of convergence, r, of the power series is determined by the ratio

test®
Ap+1

dan

r~ = lim

n—oo

The analysis preceding this theorem shows that

an+1
an

= lim =

n—oo

lim

n—o0

(n+a)(n+ﬁ)‘
(n+1)(n+7)

and since the radius of convergence, r, of a power series is determined by recip-
rocal of this limit, we have proved that the power series converges absolutely for
|z < 1 and diverges for |z| > 1. Convergence inside and divergence outside the unit
circle are therefore proved. On the radius of convergence, r = 1, the ratio test is
inconclusive, and we can use Raabe’s test.” From above, we get

7 When 7 is zero or a negative integer, the y parameter is increased by an arbitrary integer m if we
investigate the m™ derivative of u(z) instead, see Lemma 4.1 on page 50 (see also footnote 4). The
solution u(z) is then obtained by an m-fold integration.

8 Sometimes this test is known as d’Alembert’s ratio test after the French mathematician Jean le
Rond d’Alembert (1717-1783).

9 Raabe’s test, see, e.g., [24] or [13, p. 106], is sometimes useful when the ratio test is inconclusive.
The test is named after the Swiss mathematician Joseph Ludwig Raabe (1801-1859). If the terms
wy, € C of the series

satisfy

w a .
ol :1+—+—ﬁ;, Bul <M
Wy n n

for large n, then the series S converges absolutely if Rea < —1.
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Gt _ (nto)(n+f) | o4y

an (n+1)(n+7) n

+0(n_2)

and by Raabe’s test, the power series converges absolutely on the unit circle, z = 1,
provided Re(y—a — f3) > 0.

In order to investigate what happens on the unit circle in more detail, let z =
0 € [0,27x]. The sum to analyze is

19

n=0
where
(o,n)(B,n)  (ot,n) (B,n) n! I g
@t al al () L@@ v (14 0(1/n))
__ Iy - (Re
= T (n (5+1) 4 o(n~(R 5+2))>

where we used Lemma A.5 on page 174, and where § = y— a — 3. Since the series
S(0)=1+ Z n~(0+1)ein®
n=1

is absolutely convergent for Red > 0, which we also concluded above by Raabe’s
test, and divergent if Re § < —1, the hypergeometric series is absolutely convergent
or divergent under the same conditions [22].

It remains to investigate what happens when —1 < Re d < 0. We conclude that
the hypergeometric series under this condition differs from the series S(0) by an
absolutely convergent series, so it suffices to prove the convergence of the sum S(6).
Summation by parts'® implies

(S(6)—1) ( ) Z” (8+1) ( i(n+1)6 eme)
o (5.3)
— ol Z oi(n+1)6 <(n+ 1)—(5+1> 7n-(5+1))
n=1

The parenthesis in the last sum is bounded by

'n+1
‘(,H_ ])*(5+l) —n’(‘”l)’ - ’(3+ ])/ +—(6+2) 4¢ <[5+ 1|n7(Re5+2)

10 Summation by parts is

Y felgir —&k) = fari8nrt — fngm— Y, 8kr1 (fes1 — fid)

k=m k=m
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The last series on the right-hand side of (5.3) therefore converges absolutely and we
conclude that S(6) (' — 1) is finite, and S(6) is convergent provided 6 # 0,2,
ie,z# 1.

We note that if @ or 3 is a non-positive integer —n, the coefficient a; = 0, k > n,
and the hypergeometric series is a polynomial of degree n, and the proof is com-
pleted. O

Comment 5.1. The results of Theorem 5.1 can also be obtained by employing The-
orem B.4 and Corollary B.1 on pages 191 and 193, respectively. Even if no addi-
tional results are obtained by employing these theorems, it is illustrative to apply an
alternative approach to determine the radius of convergence of the hypergeometric
series.

We begin by identifying the recursion relation of the coefficient a,. From (5.2),
we obtain

o = ntO@tp)
T Dy
where
_ro)ntB) @ty o,
An = (n+1)(n+7) = n +o(1/n)
:1—?—&-0(1/112)
B,=0

which implies, using the notation in Theorem B .4,

oa=0
Bi=—(6+1)
=0

and from the same theorem we obtain the dominant contribution of the sequence
{an};_ atlarge values of n, i.e.,

_ cnBrm/-a) (1€ 2
a4y =Cn (1+n+0(1/n ))
:Cn7<8+1)(1+%—|—0(1/n2)), n— oo

From the results above and Corollary B.1, the asymptotic behavior becomes

. an+1
lim

n—oeo

=1

The convergence inside the unit circle is therefore established.
A necessary condition for convergence of the hypergeometric series on the unit
circle can also be obtained from Corollary B.1. The result is

1
ap+1 —1_ 6; +0(1/n2)
n

an
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By Raabe’s test, see footnote 9, we get convergence on the unit circle provided
Red >0. m

We also conclude from the series representation of the hypergeometric function
that F (o, B;v,7) is analytic in ¢ and 8 provided |z] < 1.

If v is a positive integer,'! the two roots of the indicial equation differ by an inte-
ger, and the general solution to the hypergeometric differential equation is obtained
by the method developed in Section 2.4.3. The general solution then has the form

v(z) =G(a,B,Y,z) +InzH(a, B3,7,2)

where G(a, 3,7,z) and H(a, 3,7,7) are analytic in a neighborhood of z = 0.

We end this section by constructing alternative solutions to the hypergeometric
differential equation. Formally, in the notion of Riemann’s P symbol, the hypergeo-
metric function belongs to the set

0 1 =)
F(o,B;1:2)eP{ 0O 0 oz
l-yy—a-BB

The displacement theorem, Theorem 3.3, in this notation reads, see (4.9) on page 55,
with o = 132 =0

P! 0 0 ozp=z7"P{ 0 0 a+l-yz
l-yy—a—-B B y—ly—a—-BB+1-vy

from which we conclude that
TP+ 11—y, B+1-72-72) (5.4)

is also a solution to the hypergeometric differential equation,'? and this solution, in
general, represents the second solution to the hypergeometric differential equation
in a power series expansion at z = 0. Indeed, by Theorem 5.1, the hypergeometric
series corresponding to the right-hand side converges for |z| < 1, and on the unit
circle the convergence is guaranteed, provided Re((2—y) — (ot +1—%)— (B +1—
V) =Re(y—a—p)>0.

Similarly,'3 using o = B; = 0in (4.9),

Pl o 0 azp=(1-2"*PpP{ 0 0 y-Bz
l—yy—a—-Bp l-ya+B-yy—a

11 See footnote 7 for the case y = 0.

12 Note that the corresponding hypergeometric series is well defined when y=0,—1,—2, ..., which
was a case where the technique in Theorem 5.1 did not work, cf. also Lemma 4.1 on page 50.

13 1t does not matter if we write (1 — z)y_a_ﬁ or (z— l)y_a_ﬁ since Riemann’s P symbol denotes
the set of solutions.
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and, using o1 = o = 0in (4.9),

0 1
P 0 0 oz
l-yy—-a-Bp 5.5)
0 1 oo '
:zl_y(lfz)y_a_ﬁP 0 0 1-Bz
y—loa+B—-yl-o
which lead to
(1-2)"*PF(y—a,y—B:7:2) (5.6)
and
21 =) PR —a,1-Bi2—7:2) (5.7)

also are solutions to the same equation. The systematics of this observation is further
developed in Section 5.4.

5.3 Recursion and differentiation formulae

To simplify the analysis in this section, we introduce the notion

Fy(z) =F(a,B;7:2)

and form the difference Fy — Fy_1. By the use of the result in Theorem 5.1, we get

o (a;n)(ﬁ,l’l) , < ’}/‘f’i’l—l)

Fy—Fp =) —— <7 (1-—7
y— fy-1 n;) (1,n)(y,n) 7—1

¢y (@n)Bn) z d
- =1 ehy
}’—1,1;) (1,n)(y,n) nz y—1dz (o, B;7:2)
We then have
== DR (5.8)
It is convenient to also introduce the notation

(a,l’l)(ﬁ7n)
ay(y) = )
= W)

Differentiation of the hypergeometric series gives
Fy=Y ay(y)n' =Y a1 (v)(n+ 1) (5.9)
n=1 n=0

We also observe that
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aa (Nt 1) (ka)ndB) o (@ n(B-)
an(y) n+y n+y

and

an(¥) (am)(B.n)  _  (an)(Bn)  _ an(y+1)

nty  (Ln)(yn)nty)  (Ln)(y+ L)y %

In addition, we also have (replace Y — ¥ — 1 in the last equality)

an(Y)(n+y—1)=(y— Dan(y—1)

From these last three equalities, we can now conclude that

ani1(Y)(n+1) =ay(y) (n+a+p _Y)—i_a”(y)(a_,z/)_if/_y)
=an(V)(n+y—1)+an(y) (0 +B =2y+1) +an(y+ 1)(“7’);/37)
=apn(Y=1)(y=1)+an(y) (@ +B =27+ 1) +an(y+ 1)(0‘_7’);5_7’)

and we obtain from (5.9)
Fy =z ((7’— DFy 1+ (e +B—2y+1)Fy+ (‘)‘_y)y(ﬁ_”)ml)
and from (5.8), we get

~(r=D(F=Fy1) =2((r= DFy-

+(a+B—2y+1)Fy+ WFM)
or , 1 )
(-9 = (1422 B2 @ NE D

The derivation of this recursion formula was done under the assumption that |z| < 1,
so that all the power series in the derivation converge. However, the final result holds
by analytic continuation for all z € C in the common domain of analyticity of the
left- and right-hand sides.

We summarize this result in a lemma.

Lemma 5.1. The hypergeometric function satisfies

(1= 2)F (@, Bsy—1i2) = (1+z°‘“;j”1

(a=7(B-7)
y(iy—1)

) Flapira

+ F(o,B;7+1;2)
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in the common domain of analyticity of the left- and right-hand sides, and for all
values of the parameters @, B, and v for which the left- and right-hand sides are
defined.

Example 5.1. We illustrate the use of the recursion formula in Lemma 5.1 by evalu-
ating the value of Fy(1), when neither y nor y — & — 8 are zero or a negative integer.
The recursion formula implies

atB—v, - (@=NB-7)
I V.

" A1) (r—a)r—B)
Fria(1) y—a-p)
or more generally, by recursion
BO) B Ba)  Baeea(D)  (y—am)(y=B.m)

Frm(1) — Fi(1) Fra(1) 77 Fram(1) — (v.m)(y— 0 —B.m)

where m € N, and (o,m) = I'(a+m)/I" () is the Appell symbol, see Appendix A
on page 173. Therefore

(')/—(X,m)(}/—ﬁ,m)
(v,m)(y—o—p,m)

Fy(1) = Fyim(1)

which we write as
Fy(1) = ABpFyim(1)

where we have introduced the notation
_I'r(y—a-§)
I'(y—o)I(y—PB)
I'(y—o+m)[(y—B+m)
" T(y+mI(y—a—B+m)

B

nd = (o,n)(B.n)
a,n)(B,n
L Gnyr+mn)

Note that the series Fy,,(1) always is absolutely convergent for sufficiently large
m (use the same technique as in the derivation of Theorem 5.1), since Re(y+m —
o — ) > 0. Evaluate B,, and Fy.,,(1) as m — co. By Stirling’s formula, see (A.6)
on page 166, we get to leading order

FJ/er(l) =

In[ (o +m) =InV2m+ (OH—m—;)ln(a+m)—(x—m+0(1/m)

‘We obtain the limits
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B;n:Fy+m(1) =1,a8m— oo

and we conclude that

iy a4 LC(r—a—B)
Flo,B,7:1) =F(1)=A= r'(y—a)(y—B)

This expression makes sense as long as the arguments in the numerator are not
a negative integer or zero, i.e., Y #0,—1,-2,...and y—a—f #0,—1,-2,....
This result is also proved below by the use of the integral representation of the
hypergeometric function, see Corollary 5.1 on page 78. ®

(5.10)

5.3.1 Gauss’ contiguous relations

Above, in Lemma 5.1, we found a relation between three hypergeometric functions
of different y index. Another type of relation between the hypergeometric functions
of different indices, o, B, and 7, is the Gauss'* contiguous relations. There is a
whole set of such relations, and we limit ourselves to show one of them. The other
relations are proved with the same technique.

Lemma 5.2. The hypergeometric function satisfies

Y(1=2)F(a,B;7:2) —YF (ot —1,B:7:2) +2(y— B)F(a,B;7+ 1;2) =0

in the common domain of analyticity of the terms on the left-hand side, and for all
values of the parameters o, B, and 7y for which the terms on the left-hand side are
defined.

Proof. The lemma is proved by the use of the result in Theorem 5.1. We rewrite the
left-hand side of the lemma as a power series, and then prove that the coefficients of
this power series are all zero, i.e.,

Y(1=2)F(a, Biv;2) —vF(a—1,B;7:2) +2(y— B)F(a, By + 1i2) = iakzk
k

=0
(5.11)
and prove that all a; = 0. Indeed, the coefficient in front of the lowest order term,
k=0,in(5.11)1is

apy=7—7v=0
and the coefficient in front of the linear term, k = 1, is
af a—1)B
ay = Y}/—Y—Y(y)+(7’—ﬁ) =0

The coefficient in front of the k™ power of zin (5.11), k =2,3,..., is

14 Johann Carl Friedrich Gauss (1777-1855). German mathematician.
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_J@HBE) (k= D)(Bk—1) | (a—1K)(B.k)
(7,k)k! (1. k—1)(k—1)! (1, k)k!
(at,k—1)(B,k—1)
+(}/—ﬁ)(y+l,k—1)(k—1)!
((o0,k) — (@ — 1,k)) (B.k) —k(y+k—1—y+B)(at,k—1)(B,k—1)
(y+1,k—D)k!

where we used (a,k) = a(a+ 1,k—1) and (a,k)(a+k) = (a,k+ 1) = a(a+ 1,k),
see (A.9) in Appendix A. Further simplifications give

((avk)_ (Ot— lak»(ﬁak) _k(ﬁ +k— 1)(06,](— 1)(ﬁ’k_ l)
(Y4 1,k— k!
(B, k) {(a,k) — (. —1,k) —k(a,k— 1)}
(y+1,k—1)k!
(B,k){(at,k) — (a+k—1)(t,k—1)}

- (y+ 1, k— D! =0

ay =

and the lemma is proved. O

5.4 Kummer’s solutions to hypergeometric differential equation

We have already proved that a Mobius transformation of the independent variable
z in the Papperitz equation is still a solution of the original equation. In fact, from
Theorem 4.1 (the substitution theorem) we have

ay ay az t(a1) t(az) t(a3)
Plagwozzyp =P oy o o3 t(2)
Bi B2 B3 Bi B B
where ‘b
az
t(z)_cz—l—d’ ad —bc #0

which in particular applies to the hypergeometric differential equation. In this sec-
tion, we are going to exploit the consequences of this theorem in a systematic way.

The effects of the displacement theorem, Theorem 3.3, have already been utilized
at the end of Section 5.2. Four different solutions,'® u;(z) = F(a, B;7:2), uz(2)
given by (5.4), ui3(z) given by (5.6), and uj4(z) given by (5.7), were discovered.
We are now ready to invoke the consequences of the substitution theorem discussed
above. The observations above lead to the important theorem:

15 The numbers of these solutions follow the traditional way of numbering, which is given in
Table 5.2.



5.4 Kummer’s solutions to hypergeometric differential equation 73

Theorem 5.2 (Kummer'%). All four ways of displacement of the roots of the indi-
cial equation in

0 1
P 0 0 oz
l-yy—a—-Bp

viz., displacements leading to the following multiplicative factors
{ 1 7Z17Y7 (1 - Z)Y7a7B7Zliy(1 - Z)Y7a7B }

and all six different permutations, obtained by combinations of Mobius transforms,
of the singular points, 0, 1, and o, viz.,

{(Oa 1,00),(1,00,0), (e0,0,1),(1,0,00), (0,00,1), (e, 170)}

are solutions to the hypergeometric differential equation. In total there are 24 differ-
ent combinations, which are listed in Table 5.2. The different domains of analyticity
guaranteed by the convergence of the hypergeometric series, corresponding to dif-
ferent solutions in Table 5.2, are listed in Table 5.3.

An example illustrates the result of the theorem.

Example 5.2. Lett(z) = 1 —z. Then

P 0 0 oazy=P 0 0 al—z
l—yy—-a-Bp y-oa—-B1-ypB

and
Fla,B;1—y+a+B:1-z)

is a solution to the hypergeometric differential equation, cf. solution us(z) in Ta-
ble 5.2. Similarly, the solutions ug(z), u17(z), and u;3(z) are found by the use of the
displacement theorem, Theorem 3.3. ®

Since a second order ODE only has two linearly independent solutions, any three
of the solutions in Theorem 5.2 must be linearly dependent. Thus, between any three
of these combinations there is a relation, i.e., au;(z) = bu;(z) + cur(z), i # j # k=
1,2,3,...,24, where the constants a, b, and ¢ can be determined from explicit values
of the hypergeometric function at two different points z. To find the constants a, b,
and ¢ can be rather cuambersome in many of the cases. The integral representation by
Barnes'” in Section 5.6 is often very useful in this context. We give an example of
a relation of this kind by stating the combinations between u;(z), us(z), and ug(z).
This relation is proved in Section 5.6.1 by the use of Barnes’ integral representation.
An alternative proof is also given in Example 5.3.

16 Ernst Eduard Kummer (1810—1893), German mathematician.
17 Ernest William Barnes (1874—1953), English mathematician.
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Table 5.2 The 24 different solutions of the hypergeometric differential equation due to Kummer.

Solution Sing.
ui(z) |F(e,B:v:2) 0,1,00
w(z) [ TFl+a—y,14+B-7.2—72) 0,1,00
u3(z) |(—2)%F (. 1+ —y: 1+ a— B L) ©,1,0
us(z) [(=2) PF(B1+B—y1+B—0a:l) 0, 1,0
us(z) |F(o,B;1—y+a+pB;1—2) 1,0,00
us(z) |(1=2)"*BF(y—a,y—B;1+y—a—B;1—2) 1,0,00
ur(z) |(1=2)"%F (ot,y—B:7: 75) 0,0, 1
ug(z) [ Y(1 =) F (1+a—y,1-B:2—1: 1) 0,00, 1
ug(z) |(1—2)"%F (a,y—B: 1+ — B 1) 1,0,0
u(@)|(1=2)PF(B,y—o:1+ B —a; 1) 1,00,0
un@)|z *F (. 1+ a—yl+a+f—y1-1) 0,0, 1
up(2) 2% V(1 =) 2 BF (y—a,l—ot;l—ky—a—ﬁ;l—%) 0,0,1
w3 ()| (1 =2 PF(y—a,y-Bs1:2) 0,1,00

(2)

(2)

(2)

(2)

@71 =27 PF(1—a,1- B2~ 7:2) 0,100

@71 =27 PF(1-By—B:l+a—B: 1) %, 1,0

@) (1= % PF(1-a,y—a;1-B+a:l) %,1,0
w7 (@) TF(I+a—yl+B-rl+atB—yl-2) 1,0,00

@Y1 =2) " BFl—a,1-B;1—a—B+y:1—z) [1,0,00

(@)|(1=2)PF (y—a.Biv: %) 0,e0,1

(@) Z)V’ﬁ’]F(lJrﬁf%lfa;ZfV;Z%.) 0,00,1

@A =) F(1=B1+a—pl+a—PBi1) |1,e0,0

(2)]z"~ Yl—z TP F(1—a 1+ -yl +B—atl) [1,0,0

@ PFO+B-y.B:l+a+p—r1-1) *,0,1

@71 =2)"PF (y—B.1-Bil+y—a—pil—1)[=01

Table 5.3 The domain of convergence of the hypergeometric series corresponding to different
solutions in Table 5.2.

Solution # |Domain
1,2,13,14 ||zl <1
3,4,15,16 ||z| > 1
5,6,17,18 ||z—1] <1
7,8,19,20 |Rez<1/2
9,10,21,22 ||lz—1] > 1
11,12,23,24|Rez > 1/2
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A ®

Fig. 5.1 The analytic continuity of the hypergeometric function F (¢, ;7;z) due to relation (5.12).
The branch cut along the real axis vanishes if y— o — f8 is a positive integer.

ey COOC(r—a—p)

FW}F(((X")‘;(g) D=2 P F(y—oy—Bil+7—a—pil (51)12)

which extends the domain of analyticity of the hypergeometric function, see Fig-
ure 5.1.

Other relations, obtained from the solutions in Table 5.2, can be used to extend
the domain of analyticity of the hypergeometric function further. For example, the
result of Lemma 5.3 on page 79 is used to extend the domain of analyticity of the
hypergeometric function as given in Figure 5.2, since

Fla,B;1—y+a+B;1-z)

1
L <1 e lz—1]| >zl = Rez=x<=
z—1 2

Example 5.3. A proof of (5.12) is given in Section 5.6.1 by the use of Barnes’ inte-
gral representation. In this example, we give an alternative proof of the relation by
using (5.10), when neither y nor Y — a — 3 are zero or a negative integer.

ryr(y-—a-p)

F(a,B,y:1) = T(y—a)(y—B)

and
F(a,B,7:0) =1

We know that u;(z), us(z), and ug(z) must be linearly dependent, i.e., there are
constants a and b such that
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Fig. 5.2 The analytic continuity of the hypergeometric function F (o, 8;7;z) due to solution u7(z).

F(o,B;v,2) =aF(a,B;1—y+a+B;1—2)
+b(1-2)" “ PF(y—a,y—Bil+y—a—pBil—2)
Evaluate at z =0, 1 and we get

_aF(lwaB)F(lfv) I(l+y—a-B)r{l-yvy)
CT(-y+Br(-y+a) ra-pgrai-aw)

and

r(yry—a-g)

r(y-=a)l'(y—B)
This implies using (A.4) on page 165

sinwosin r'(g)ra)
sinysin(o+ B —y) '+ B —y)(y)
I(Wry—a-B)r-y+a+B)r(1-y
Fy—a)l(y=B) F(1=y+B)r(1-y+a)

or with further use of (A.4)

sinTosinf rp)ra)
sinzysinz(a+p—7) L(a+B— I ()
1 sinz(y— a)sinzw(y— )
sinysinz(y— o — fB)
_ sintysinw(y—a — ) —sinz(y—a)sinz(y— )
sintysinw(y—a —fB)
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which we simplify further
Cp)r(a)

(@+B -7 (y)
=sinn(y—a)sinw(y— ) —sinwysinn(y— o —f)

bsinmasin T

1 1
= Ecosn(ﬁ —a)— Ecosﬂ:((x—i—ﬁ) =sinzwosinf

We thus conclude
LWL (y—a-p)
r(y—o)'(y—pB)
p FatB-—1I

rp)ra)
and we get
Fla.pirs) = ?E?_Fg;f;jﬁ%(a,ﬁ;ly+a+ﬁ;1z>
r'(yroa+p-y) B ' '
()T (B) (-2 " PFy—a,y-Bil+y—a—Bi1-2)
m

5.5 Integral representation of F (o, 3;7;2)

The hypergeometric function is conveniently expressed as the hypergeometric se-
ries in its domain of convergence, and the solutions in Table 5.2 provide a way of
extending the domain of analyticity. Another means of extending the domain of
analyticity is the use of integral representations. To this end, we prove an integral
representation of the hypergeometric function.

Theorem 5.3. The hypergeometric function has the integral representation

& ']uﬁ*l —u —B-1 % du
F(ﬁ)F(V*ﬁ)./o (1= P (1 —uz)"%d

valid for allRey>Ref3 > 0and all C > z ¢ [1,00).

F(aaﬁ;y;z):

Proof. We prove that the right-hand side is identical to the power series expansion
of the hypergeometric function, i.e., the hypergeometric series

i (o,n)(B,n) 2"

=0 (v.n) n!
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For |z| < 1 and u € [0, 1] expand the integrand,'® see also Problem 5.4
—o - (—o n, nn S nzn
(1—uz)™* = ZO G VR Zo(am)u b
n= n=

since the binomial coefficient is, see (A.14) on page 176

AN I'(—a+1) o mlan)
() = Frar iy =

where the last identity is obtained using (A.4) on page 165 twice, i.e.,
I'(—a+1) I (a+n)
_— = (— _— —1 n o
Flration V' ey~ C)@n
We get

=)

. n 1
/ WP (1 —u) P (1 —uz) % du= Z(a,n)%/ WP (1= )7 P N du
JO n=0 g

L (n+B)C(y-B)
I(y+n)

provided Re(y— f8) > 0 and Re 3 > 0, since, see (A.16) and (A.17) on page 176,

e - r(x)I(y)
x—1 1
t 11—y dt = , Rex,Rey >0
/0 (1-1) I'(x+y) enRey

The right-hand side of the theorem then becomes

r(y) i(a’ )F(n+ﬁ)F(Y—ﬁ)§ - (2,n)(B,n) "

TEL-B 5 " Th+tn a5 () n

g
\

which is identical to the hypergeometric series. The integral thus coincides with the
hypergeometric series inside the unit circle |z| < 1, and by analytic continuation to
the larger region. O

Note that the indices @ and f can be interchanged without affecting the result.

Corollary 5.1 (Gauss’ formula). For y#0,—1,-2,... and Re(y—a —f3) > 0,

we have
r(nry—a—p)
I'(y—a)l'(y—P)

18 This identity can also be found by observing that u(z) = (1 —z)~% solves

F(a,B;7;1) =

2(z—Du"(2) + [(a+ 1)z (z) =0

which implies that
s n
(1—2) % = F(a,0;02) = ¥ (ot,n) =

|
n=0 n
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Proof. This identity is obtained from the integral representation in Theorem 5.3

F(a,B;1:1) = 1"([3)1;"((7;/)—[3)/01 WP (1 — )Py

which is convergent when Re 8 > 0 and Re(y— a — f3) > 0. The corollary is proved
provided we can show

P Bt gyraBtg,— DBL(y—a—p)
/0 w7 = r(y-a

But this latter integral is the beta function in Appendix A, see (A.16) and (A.17) on
page 176. The condition on Re B > 0 can be relaxed, since the factor I'(f3) cancels.
O

A simple change of variable of integration (u — 1/u) proves the following corollary:

Corollary 5.2. The hypergeometric series has the integral representation

F(o,B;7:2) = F(ﬁ)l;_‘(g;)_ﬁ)/lmu“_y(u DB —2) % du

valid for allRey>Ref > 0and all C> z ¢ [1,0).

Lemma 5.3 (Euler'®). The hypergeometric function satisfies
_ Z
F(a,Biviz)=(1-2) “F (O‘J’_ﬁ;%Z_l)

Proof. From the integral representation in Theorem 5.3, we have (Rey > Ref3 > 0
and all C > z ¢ [1,00))

1
F(OC,&%Z) = 1_,([3)1;_,(22_&/(; Mﬁ71(1 —M)yiﬁi](l —uz)fadu
Make a change of variable u = 1 —¢. We get
1
F(a,ﬁ;y;z)zr(ﬁ)’;((’;)_m/o (1—0)P P11 — (1 —1)2)%dr
which we rewrite as

F(a,B;v:2)

__ M e s o (2
F(B)F(y—ﬁ)(l 2) /Ot (1—1) (1 tz—1> dr

Use the integral representation in Theorem 5.3 once again to conclude

19 1 eonhard Paul Euler (1707-1783), Swiss mathematician and physicist.
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VR 2 ¢)) —«T(B)I(y—B) oz
F(&,B,y,z)—m(l—z) F(y)F(a’y_ﬁ’y’z—l>

and analytic continuation of both sides in the equality proves the lemma. O

The result in Lemma 5.3 then extends the domain analyticity of the hypergeomet-
ric series, see Figure 5.2. Moreover, the lemma expresses the linear relationship
between solutions u (z) and u7(z) in Table 5.2.

5.6 Barnes’ integral representation

We are now ready to present an integral representation of the hypergeometric func-
tion due to Barnes.? More extensive literature on this subject is found in, e.g.,
Ref. 19.

Theorem 5.4 (Barnes). If none of @, B, or y are zero or a negative integer, and
o — B is not an integer, the hypergeometric function can be represented as a contour
integral

(—s)(—z)’ds, |arg(—z)|< ™

FlaB:yiz) = — / C(a+s)I(B+s)L(y)

- 2mi ] L@ (B)L(r+s)
where L is a contour in the complex s-plane, starting at —ico and ending at ioo,
such that all poles to I'(a +s)['(B +5) (i.e, s=—a,—o—1,—0t—2,...and s =
—B,—B—1,—B —2,...) lie to the left and all poles to I'(—s) (i.e., s € N) lie to the
right of L, see Figure 5.3.

Proof. The proof of this theorem is rather complex, and we prefer to break it down
into two lemmas. The first one, Lemma 5.4, proves that the integral converges. The
second one, Lemma 5.5, proves that the right-hand side coincides with the hyperge-
ometric series in the domain |z] < 1, |arg(—z)| < w — &, § > 0, and, therefore, by
analytic continuation, is identical to the hypergeometric function in |arg(—z)| < 7.
O

Lemma 5.4. The integral in Theorem 5.4 converges for all z such that |arg(—z)| <
n—9, 6 >0, see Figure 5.4.
Proof. We rewrite the gamma functions in the integrand using (A.4).

T(a+s)C(B+s)
L(y+s)

I'la+s)I'(B+s) I'(s) TI(s) =
I'(s) I'(s) I'(y+s)I'(1+s)sinms

'(—s)=-

20 The integral is also called a Mellin-Barnes’ integral. Robert Hjalmar Mellin (1854—1933) was
a Finnish mathematician, and Barnes was introduced in footnote 17 on page 73.
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A

Fig. 5.3 The contour L in the complex s-plane used in Theorem 5.4.

Lemma A.4 on page 172 and Lemma A.1 on page 166 show that for each € €
(0,1/2) we can estimate the gamma functions in the integrand as

‘F(a+s)1”([3 +5)

I'(—s)| < Re(a+pB—y—1)In|s|—n|Ims| 1
ooty ( s)'_Ce (5.13)

when s € {s€ C:|s+oa+n|>e¢|s+B+n >¢ls—n|l > eVnec N} Note
that (5.13) has no singularity at s = —y—nors=—n,n € N.
We also have the following estimate:

|(*Z)S| _ ‘|Z|seisarg(—z) _ eResln\zl—Imsa.rg(—z)

The integrand can now be estimated. We get
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Fig. 5.4 The domain of convergence (unshaded region) of the integral in Theorem 5.4.

I'(oo+s)LC(B+s)
I'(y+s)

F(—S)(—Z)S < CeRe(aJrﬁfyfl)ln|s\77r|Ims\flmsarg(fz)+Res1n|z\

(5.14)
whense{s€C:|s+a+n|>¢,|s+B+n|>¢,|s—n| > € Vn e N}. We conclude
that the integrand vanishes by an exponential factor, viz.,

ellarg(~)-m)|Ims| _ o~3|Ims|

as s — oo, provided |arg(—z)| < @ — &, 6 > 0, and the lemma is proved. O

Lemma 5.5. The integral in Theorem 5.4 is identical to the hypergeometric series
inlz| < 1.

Proof. We close the contour L by the semi-circle C in the right-hand side of the
complex s-plane, see Figure 5.5. The poles at s € N are avoided by parameterizing
the contour C as?!

C:s=(N+1/2)e® = (N+1/2)(cos¢ +ising), ¢ €[-n/2,1/2]

and let N — oo through the integer numbers. As in the proof of Lemma 5.4, the
integrand on the contour C can be estimated for large N, see (5.14),

I'(o+s)I'(B+s) s
F('}/+S) F(—S)(—Z)

< CeRe(oHﬁ7)/7l)ln(N+1/2)+(N+l/2){1n\z\cos¢75\ sing|}

We have here assumed that |arg(—z)| < m— 8, 6 > 0. Notice that on the contour C,
the variable s € {s€ C: |s+a+n|>¢€,|s+ B +n| > €,|s—n| > €,Vn € N}. For an
|z| < 1, the dominant term in the exponent is

21 To be precise, it is only in the limit, N — oo, that the contour C is a complete semi-circle, as the
contour L in this limit approaches the imaginary axis.
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A

Fig. 5.5 The contours L and C in the complex s-plane.

(N+1/2){In|z|cos¢ — 8]|sin¢|}

~8|sing| < —8/VZ<0, o] € [x/4,7/2)

=(N+1/2) {ln|z|cos¢ <In|z|/v2<0, [¢]|€[0,m/4]

The contribution from the contour C therefore vanishes by an exponential factor as
N — oo, and we have

L@+ DB+ 1o o g
L/ C(a)L(B)C(y+s) I'(—s)(—2)'d
_ [ T@4)CBE9TW) f oy
_L/C C(a)L(B)C(y+s) I'(—s)(—2)'d

and consequently by the use of the residue theorem
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et IMB9rm
[ T@rero ) T

_ . T'(a+s)C(B+s)C(7y) s
=2 ) R T BT |

The residues of I'(z) at the poles z=0,—1,—2,... are, see (A.3) on page 164,

ResI'(z) = (=1)" neN

z=—n n!

The residues of I"(—s) then are®?

ResI"(—s) = — (_nl')n (5.15)
et 9N B+arm)
[ Tarera ) T
B a+n BnlCm) 0" o @
- Z TRy tm a9 =27 Z o

and the lemma is proved. O

As a corollary to Barnes’ theorem, Theorem 5.4, we get
Corollary 5.3.
F(a)(1—z2) %= / (0 +5)C(=s)(—2)°ds, |arg(—2)| <7
L

Proof. Let B = yin Theorem 5.4. We get for |arg(—z)| < &

Flo i) = 5 L/'”F‘)gof)s)r<—s><—z>sds

The corollary then follows directly by the use of the result of Problem 5.4. O

Barnes’ theorem, Theorem 5.4, can be used to study the behavior of the solution
F (o, B;7;2) outside the unit circle |z] < 1. The first step is the following theorem,
which also proves the linear relationship between solutions u; (z), u3(z) and us(z) in
Table 5.2:

Theorem 5.5. For |arg(—z)| < 7, and o, B, or v not zero or a negative integer, and
o — B not an integer, the hypergeometric functions satisfy

22 Note that, if the residue of the meromorphic function £(z) atz = cis aj (lim,_.(z—¢)f(z) = a1),
then the residue of f(—s) at s = —c is —ay, since limy_,_.(s+¢)f(—s) = —ay.
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F(a7B’Y’Z):£EB))11:((€/ Z;( ) (aal_y—’_a;l_ﬁ—’_a;i)
r(yra-—p) B _ _
*rart—g) (B rep e

Proof. Apply Barnes’ integral representation, and close the contour L in Figure 5.3
with a semi-circle C' to the left in the complex s-plane. For technical reasons, we di-
vide the semi-circle into two parts, since our estimate of the quotients of the gamma
functions (5.13) holds only for |arg(s)| < 7. Therefore

C': s=Rel® = R(cos ¢ +ising), ¢ €n/2,m|U[—m,—7/2]

The closed contour then encloses the simple poles at s = —a@ —n and s = —f8 —m,
where m,n € N, as R — 0. Use (5.13) to estimate the integrand, i.e.,

‘F(OH—S)F(ﬁ—Fs)
I'(y+s)

whens e {seC:|s+oa+n|>¢€,|s+B+n|>¢e,|s—n|>e,Vne N} Wealso have
the following estimate, provided |arg(—z)| <7t — 8,8 >0

(—S)‘ < CeRe(aJrﬁfyfl)ln\skn’\lms\

|(_Z)S| _ ‘|Z|seisarg(—z) _ eResln\zl—lmsarg(—z) < eReslnlelIms\(ﬂ—S)

and, as in the proof of Lemma 5.5, we estimate the integrand on the contour C’ (for
values of R that avoid the poles)

< CeRe(oH—ﬁ—V— 1)InR+R{In|z|cos ¢ —5|sin |}

‘F(a +s)(B +s)F(7S)(7Z)S

I(y+s)

For an |z| > 1, the dominant term in the exponent is
R(In|z|cos ¢ — 8]sin@|)

{—5|sin¢| <-8|/V2<0, || €[n/2,3m/4]
<R
In|zfcos¢ < —Inz|/vV2 <0, [¢]€ [3n/4,7]

The contribution from the contour C’ vanishes by an exponential factor as R — oo,
and the residue theorem implies

[Hlerar@earmy o,

r'(a)L(B)C(v+s)
_ / TF'(a+s)[(B+s)I(y)
r'(a)L(B)C(y+s)

I'(—s)(—z)°ds

Res T(o+s)[(B+s)C(y) i
_2m,,zogi§ 01 T()T(B)T(y+s) F(=s)(~2)
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The residues of I'(z) at the poles z=0,—1,—2,... are, see (A.3) on page 164,

ResI'(z) = (_1)n7 neN

z=-n n!

We get

)
_ZTCIZ B (X—n)r(’)/ F(a+n) (_l)n (_Z)*a7n+(a <—>ﬁ)

) L(B)(y—a—n) n!
P p (5—0‘)F(Y) = (1—y+o,n)(a,n)z"
2mi(=2) F(y—a)F(ﬁ)n;) (1-B+a,n) nl Ha=h)
— 27i(—2) “igﬁ_:))ﬁ(%’izv al—y+a 1—[3+a;l>+(aﬁﬁ)

since by (A.11) we have

(=D -a

IrB—oa—n)= 0—B+an

and similarly for I'(y— ot —n). The theorem is proved for |z| > 1, but by analytic
continuation, the result is valid for all values of z € C that are in the common domain
of analyticity of both the left- and the right-hand side of the identity. This ends the
proof of the theorem. O

Also very useful is the following lemma by Barnes:

Lemma 5.6 (Barnes’ lemma).
2% /F(a + (B +5)T(y—s)[(5 —5)ds
B

Tla+y)C(a+8)C(B+y)[(B+5)
'la+B+7v+9)

where B is a contour in the complex s-plane, starting at —ic and ending at i, such
that all poles s = —o,—a—1,—a—2,...and s = —B,—B—1,—B —2,... lie to
the left and all poles s =y, y+1,y+2,...and s = 8,6 + 1,8 +2,... lie to the right
of B, see Figure 5.6. The poles of I’ (y—s)I"(6 — s) are all assumed simple, and they
are assumed not to coincide with the poles of I' (ot + s)I" (B +s).

Proof. We rewrite the gamma functions in the integrand using (A.4)

T'(a+s)[(B+s)[(y—s)['(6—s)=
la+s)T'(B+s) I'(s) I(s) n?
I(s) I'(s) I'l—y+s)T'(1—=0+s)sina(s—7y)sinm(s—3J)
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A

()
y+1
o
—-B-3
o
—o—2
[~
[ ) o o
é 5+1 5+2

Fig. 5.6 The contour B in the complex s-plane used in Lemma 5.6.

Use Lemma A.4 on page 172 and Corollary A.1 on page 168 to estimate the inte-
grand

|F((X—|—S)F(ﬁ —|—Y)F(’}/—S)F(3 —S)‘ < CeRe(a+ﬁ+7+572)ln\s\72ﬂ:|lms\

forse{seC:|s+a+n|>¢,|s+B+n>¢|s—y—n|>¢|s—6—n>¢eVne
N}. Note that this factor has no singularity at s = —n, n € N.

We first assume that Re (¢ + 8 + 7+ 6 — 1) < 0. The integrand on a semi-circle
C, with radius R, in the right half plane of the complex s-plane, i.e.,

C: s=Re =R(cos¢ +ising), o c[-n/2,7/2]
that avoids the poles at s = Y+ n and & + n, has the leading contribution

|F(OZ+S)F([3 +S)F(’}/7.S‘)F(5 7S)| < CeRe(a+ﬁ+7+5—2)lnR—2n’R\sin¢|
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From this estimate, we conclude that the contribution from C vanishes at least as
R "asR— oo, ifRe(a+B+y+5—1) <0.

The residues of the integrand at the poles at s = Y+ n and 6 + n are computed by
the use of (5.15)

R —5) = )= —
(Res I'(y—s) =ResI'(—s) 0

The residue theorem then gives

_ % /r(a+s)r(ﬁ L) (y—s)['(8—s)ds
B

=y C s pemr g eyt mr —y-n)
n=0 :
+ Y CV ok s+ m (B 4+ 8+ mT(r—5-n)
n=0 n.

_§ O Ty

= n! r(l1+y—38+n) sinm(8 —y+n)
L GO D@t s 4nr(B 5 x

= n! rl+6—y+n) sin(y—06+n)

where we also have used (A.4). Gauss’ formula in Corollary 5.1 on page 78 is then
applied. We obtain

oo

Foc+y+n) (B+7v+n)
)=  T'(l+y—38+n)n!

= ”ﬁﬁf#ﬁ?”F(amMﬂ+v—5;‘>+f”‘*5>

M

+iwﬁ&

SlIl 717

sinz(8 — ) P
_ n Lle+nfB+pll-a-B-7-98) ¢
sinz(—7) r-oa—8I(1-B-9) +n;](7<—>6)

We rewrite using (A.4)

sinz(y—6) r(l—a-y)ra-pg-v
__ L(a+9I(B+) )
I—o—8)I(1—B—9)
B I'(a+y)['(B+yI(a+8)(B+9)
~ sinz(y—8)sinw(a+B+y+S)(a+B+y+6)
x {sinw(a+7y)sinw(f +7y) —sinz(ot+ 8)sinw(f +0)}

_ nF(laﬁy«S)( I(a+8)(B+86)
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Since?

sint(a+ B +7y+0)sinm(y—9)
=sinnw(a+y)sinn(f +v) —sinzw(o + ) sinw(f + 5)

we have finally proved

/ (ot +$)T(B+5)T(y—$)[(8 —s)ds
B
Fla+yI(a+8)(B+nI(f+9)
I'a+p+7v+90)

for the parameters a, f3, ¥, and & satisfying Re (a+ f§ +y+ 6 — 1) < 0. However,
by analytic continuation of the left- and right-hand sides in the parameters «, f3, 7,
and 8, the lemma is true for all values a, 3, ¥, and &, in their common domain of
analyticity. O

5.6.1 Relation between F(-,-;-;z) and F(-,-;-;1 —2)

The proof of the relation between u(z), us(z), and ug(z) in Table 5.2, see (5.12),
was postponed, and it is the purpose of this section to present a proof of this relation.
We start by Barnes’ integral representation in Theorem 5.4, i.e.,

F(a)F(ﬁ) 1 F'(a+s)C(B+s)
W Flo.psyiz) = 277:1/ I'(y+s) I

—s)(—z)*ds

where |arg(—z)| < 7, and where the contour L is depicted in Figure 5.3. Moreover,
use Barnes’ lemma, Lemma 5.6, with y=s and § = y— o — 3. We get

%ﬁ/FW+ﬂF¢+ﬂF@—ﬂFW—a—B—0m
B

_T(a+s)I(y—B)r(B+sI'(y—a)
L(s+7)

23 This identity can be derived by integration
sin(a+c¢)sin(b+c¢) —sin(a+d) sin(b+d) = / — sin(a +x) sin(b +x) dx
1 -
2/ (cos(a+b+2x) —cos(a— b))dxzicos(a—&—b—&—Zx)f;C

1
= Ecos(a+b+2d)—Ecos(a+b+2c) =sin(a+b+c+d)sin(c —d)
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where B is similar to the contour in Figure 5.6 (remember replacing Y= s and 6 =
y— o —B). We get

()" (B)
2mi Ty

/{;ﬂi/F(OH—I‘)F(ﬁ—I—t)F(s—t)F(y—a_ﬁ_t)dt}r
L B

F(a,B;v:7)

I'(—s)(—z)*ds
(Y—o)I(y—PB)

Change the order of integration, and use the result in Corollary 5.3. We get

5 LT (B (Y =)l (v~ )
I'(y)

:(/{F(a—i—t)lﬂ(ﬁ +t)1"(y—oc—[3—t){;m./l"(s—t)lﬂ(—s)(—z)sds} dt}

L

F(a,B;v:2)

r(—1)(1-z)', |z<1

o [(a)[(B)L(y—a)[(y—B)
r(y)

:%m/r((x+l)r(ﬁ+l)r(’}/7(x7ﬁ7[)F(7t)(liz)tdt
B

F(a,B;7:2)

We proceed by using the same arguments as in the proof of Barnes’ lemma,
Lemma 5.6. The integral on the right-hand side is evaluated in terms of the hyper-
geometric series by closing the contour in the right half plane and using the residue
theorem and (5.15), i.e.,

C(a)C (B (Y= (y—B)

o) F(a,B;1:2)
= T r(anr(Bnrt-a—p-n' S0 -2y
FY I atmy—Bam(atf-y-m L g
n=0 !
By employing (A.10), we get
() () (y—a)I"(y—B) .
F(}/) F(OLIB,Y,Z)
_ i F'la+mI'(B+n)(y—a—-PB) (1—2z)"
= (I—y+a+8,n) n!
rapy Ly—a+n)l(y—B+ml(a+B—y) (1—-2)"
(=27 n;o (I+y—a—B.n) n!
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which we rewrite as (5.12), viz.,

oy _ COOC(r=a—p)

I'(yr(a+p—7) ap . |
()L (B) (1-2)" Fly—o,y—B:1+y—oa—B;1—2z)

This result shows the nature of the singularity at z = 1, and also gives the linear
relationship between solutions u(z), us(z), and ug(z) in Table 5.2.

Fla,B;1—y+a+B;1—z)

5.7 Quadratic transformations

In Section 5.4, we investigated the consequences of the symmetry properties of the
hypergeometric differential equation under the Mobius transformation. As a result,
24 different solutions were constructed from the hypergeometric function, see Ta-
ble 5.2 on page 74. Additional symmetry properties are investigated in this section.

The roots to the indicial equation at z =0 are 0 and 7 — 1. One solution, the hyper-
geometric function, F(a, B;7;z), is analytic at the origin, and the other solution has
an exponent Y — 1 at the origin, which for non-integer values of ¥ leads to a branch
point at the origin.?* For special values of the indices «, 8, and ¥, the singularity at
the origin can be removed. Specifically, let & = 2a, B =2b,and y=a+ b+ %, ie.,
the hypergeometric differential equation, see (4.3),

2(z— D" (2) + [(241 +2b+1)z— (a+b + ;)} u'(z) +4abu(z) =0

Two linearly independent solutions of this equation are, see solutions u; (z) and us(z)
in Table 5.2 on page 74,

1
F(Za,Zb;a—i—b—I— 2;Z)
(5.16)
1 1 13
5;—a—b o S [
z F(a b+2,b a+2,2 a b,z)

We notice that these solutions are identical if y =a+ b+ % =1, so this case must
be excluded below. Make a change of the independent variable t = 4z(1 — z), with
inverse z = g(¢) = (1 — (1 —1)"/2)/2. The point z = 0 corresponds to r = 0. By the
use of Theorem 2.1 on page 4, the new differential equation reads

tt—10"(t)+ [(aerJr 1)t — <a+b+ ;)] V(1) +abv(t) =0

24 We exclude the non-positive integers y=0,—1,—2,....
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which again we recognize as the hypergeometric differential equation with indices
oa=a,B=b,andy=a+b+ % The solution that is analytic at the origin t = 0 is

1 1
F (a,b;a+b+ 2;1‘) =F <a,b;a+b+ 5;42(1 —z))

This solution can be expressed as a linear combination of the two linear inde-
pendent solutions in (5.16). However, the linear combination must be analytic
at the origin z = 0, which implies that it is a multiple of the the first solution
F (2a,2b;a+b+1/2;z) alone. The multiplicative coefficient, however, must be
1, since both F (a,b;a+b+1/2;4z(1 —z2)) and F (2a,2b;a+ b+ 1/2;z) have the
value 1 at the origin. We, therefore, conclude

1 1
F(a,b;a—i—b—i— 2;4Z—422) =F<2a,2b;a+b+ 2;z>
or stated differently, with a shift in the argument (z — (1 —z2)/2,a — a/2 and b —
b/2)
a b at+tb+1 2 a+b+1 1—z
Fls 22 -2 =F(ab—"—;—=
<2’2’ 2 Z) <“” 2 ’2>

Employing the Euler result, Lemma 5.3 on page 79, we have proved the following
lemma:

Lemma 5.7. The hypergeometric function satisfies
a+b+1 11—z a a+1 a+b+1 1
Flab 00228 —pap (42220000 2
(“’ 2 2 > ¢ <2 2 2 z2>

This result is used below in the construction of a linearly independent solution of
the Legendre? functions in Section 6.1.

5.8 Hypergeometric polynomials (Jacobi)

We have already noted that if o or  is a non-positive integer —n, n € N, the hy-
pergeometric series F (¢, 3;7;z) is terminated after a finite number of terms — a
polynomial of degree n. In this section, we exploit the features of these polynomials
in more detail.

25 Adrien-Marie Legendre (1752-1833), French mathematician.
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5.8.1 Definition of the Jacobi polynomials

To initiate the construction of the Jacobi?® polynomials, we start by investigating
the derivatives of
fn(Z) _ Z(x+n(1 7Z)[3+n

for arbitrary real constants & > —1 and 8 > —1 and n non-negative integer.?” The
reason for picking the points z =0, 1 as special is that we want to identify the result
below with regular singular points of the hypergeometric function.

The first derivative w.r.t. z is

_Ot—i—n

f@ = P

z 1—z

°r 1= D) = (@t m)(1—2)fo(2) — (B +n)aful2)
et n—@ntatB)dfl)

Repeated differentiation w.r.t. z using Leibniz’ rule®® for higher derivatives of a
product® gives

m m

1= () + <1> (1-22)f"(2) + <2> (—2) £V (p)

m

=[a+n—2n+a+B)7f"(z) - <1> Cn+a+B) " V()

Let m = n+ 1 and introduce the notation g, (z) = f,g") (z). We have

2(1 =2)g,(2) + (n+1)(1 = 22)g,(z) —n(n+1)ga(z)
=[a+n—(2n+o+B)7g,(z) —(n+1)2n+ o+ B)gn(z)

or
Az—1)gn(2) +[2—a =P+ a—1]g,) = (n+1)(n+a+p)g(z) =0
This is the hypergeometric differential equation

2(z— )" (2) + [(a+b+ 1)z —c|u'(z) +abu(z) = 0

26 Carl Gustav Jacob Jacobi (1804-1851), Prussian mathematician.

27 Generalizations to complex values of o and B satisfying Reot > —1 and Re 8 > —1 exist.
28 Gottfried Wilhelm Leibniz (1646—1716), German mathematician.

2 Leibniz’ rule for higher derivatives of a product reads

d"(u2)v() _ f: ('Z> W) (200 ()
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with coefficients

at+b=1—-a-f a=n+1
ab=—(n+1)n+o+p) = b=—-n—o—f (oraand b interchanged)
c=1l-a c=1—-a
Therefore
0 1 ) 01 oo
gn(z)ePS O 0 azy=P{00 n+l1 z
l—cc—a—bb of —n—oa—-p

Use the displacement theorem, see, e.g., (5.5) on page 68,

0 1 oo
dn
gan(z) = e (za+"(1 fz)ﬁ+”> €z%(1—-2PPL 0 0 n+a+B+1z
< —o —f —n
This relation tells us that
dn
-9 (zo‘*”(l —z)ﬁ+") (5.17)

are polynomials of degree » in z, since one of the first coefficients in the hypergeo-
metric function is a non-positive integer —n. This conclusion can, of course, also be
made by a direct differentiation of the expression.

The polynomials constructed above lead us to the definition of the Jacobi poly-
nomials, P,i”"ﬁ )(x) [11,26]. The definition in terms of the hypergeometric function
is

PP (x) = (n—;a)F<n,n+a+B+l;a+l;12x> (5.18)
Notice that a shift in the argument has been made, so that instead of focusing on the
point z =0, 1, the focus is on x = £1. Notice also that in the definition of the Jacobi
polynomials we denote the independent variable x instead of the usual z. This is due
to the fact that in most cases the argument is real-valued, e.g., x € [—1, 1]. A series
of special polynomials that occur in mathematical physics are in fact special cases
of the Jacobi polynomials, see Table 5.4.

The definition also implies, see (A.14),

n

@pB),y _ (n+a) Tnta+l) (a+1,n)
b (1)—< >_n!F(a+1)_ n! (5.19)

The hypergeometric series in Theorem 5.1 provides an explicit form of the Jacobi
polynomials, i.e.,

PP ()= <”j‘l°‘) k"0<—"»k)((;1i:)£!+1,k) (1;)()1‘




5.8 Hypergeometric polynomials (Jacobi) 95

Table 5.4 Different polynomials that are special cases of the Jacobi polynomials when o = f3.

o = f|Polynomial

Gegenbauer, G%(x)

Legendre, P, (x)

—1/2|Tchebysheff of the first kind, 7,,(cos ) = cosn0
1/2|Tchebysheff of the second kind, U,(cos8) =sin((n+ 1)0) /sin6

(=]

or with the use of the binomial coefficient, see (A.14) on page 176, and

(k)= (=n) e (k= 1) = (e (1 =) = (S0 2
we obtain
(@p), . T+a+l) & () (n+a+B+1,k) (x—1 k
Py (x)"’kzb<k> Mokt 1) (2) (5.20)

Moreover, the Jacobi polynomials satisfy
(A =xu"(x)+[B— o —(a+B+2)x]u/ (x) +n(n+a+B+1u(x) =0 (5.21)

where we used Theorem 2.1 on page 4, and u(x) = PP (x).
By the use of Gauss’ formula, see Corollary 5.1 on page 78, and (A.4),

[(a+ DL (-p)

Fenntat Byt bl) = o T rr (Cn—p)

IR ACER) AEVER)
I'lao+1+m(B+1)
we also have an explicit expression of the value of the Jacobi polynomials at x = —1,
ie.,
(c,) ZL(B+nt1) n(B+1,n)
P}’l —1)= (-1 =(—1 5.22

Using Lemma 5.3 on page 79, an alternative definition of the Jacobi polynomials
is obtained

@B\ (1+x\"(n+a\ (L x—l
e = (22 (7Y (s 2)

The coefficient cha’ﬁ ) of the highest power, x", in P,Ea’ﬁ ) (x) is used below. Since

P,Ea’ﬁ )(x) is a polynomial of degree n, this coefficient is determined by the use
of (5.20). Only the highest power term in the hypergeometric series gives a con-

tribution to the limit

I
dop) _ (ot O‘;5+ ) (5.23)
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Fig. 5.7 The Contour C in the complex u-plane encircling the origin, but excluding the other two
singularities of the integrand, 1/zand 1/(z—1).

since

5.8.2 Generating function

We start with another useful integral representation, which is derived in Problem 5.6.
The result is
F(—n,n+o+B+1;00+1;z)
_ nll'(a+1) L/ du
 T'(n+a+1)2ni

cuttl (1+ (1= 2)u)" (1~ uz)n+ﬁ

where the contour C encircles the singularity u =0, butnotu=1/zandu=1/(z—1)
in the complex u-plane, see Figure 5.7.

A simple change of variable z = (1 —x)/2, x € [—1,1] gives an integral repre-
sentation of the Jacobi polynomials that is a suitable start for finding the generating
function of these polynomials. We get for x # 1 (we restrict the variable x to be
real in this section)

+a n+p
(@p), 1 du x+1\" x—1

Multiply with " and sum over n from n = 0 to n = co. For sufficiently small values
of ¢, we have
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oo a B
(@B)(x 1) = ¥ pleB) oy _ L/ du (0 x+1 x—1
G (x,t),n;)P,, (x)t rel l+=——u I+ =——u

- x+11\" x—1 \"/t\"
XZ{)(1+ > u) (l+ > u) (;)

1 / 1_'_x—i—l « 1_'_x—l ﬁdu
= — u u -
27l Je 2 2 D
where the denominator D is

x+1 x—1 —=1(, dul—tx 4
D=u—(1 1 t=—t ———t
! <+ 2 ”>< T ”) q <“ tx2—1+x2—1>

We seek the zeros of this denominator. The roots are

_21—tx 2 R 21—txiR_

D=0 <= =- - =- =
TR T e 21 "
where
R=+/1-2xt+12
If we locate the position of the poles u., we see that
l—tx+V1-2xt+12  1—tx+0(¢
=2 X+ AURLANR Sl ():00,1)
t(x2—1) t(x2—1)
1—tx—1—2xt +12 o(t?
u.=2—"> AT, 00 o
t(x2—1) t(x2—1)

For sufficiently small ¢, only the pole u = u_ lies inside the contour C in Figure 5.7,
and only this pole contributes with its residue to the integral. The residue of the
integrand at the poles u = u_ is

x+1 \¢ x—1\P1

T (1 - lf(xtil)R)a (1 * 1t(xtj-1)R)ﬁ t(x? — 1)?”— — i)

We simplify

]+1—tx—R_ 1-t—R 2
tx—1)  t(x—1) 1—t+R
l-tx—R _1+7—R 2

tx+1)  t(x+1) 1+:+R
and, finally, we get

2 @ 2 Vi
(@B) () — 1
G <1—t—|—R> <1+t+R) R
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or
2a+ﬁ

(1—t+R)*(1+t+R)PR

G@P) (x,1) = Y PP (o = (5.24)
n=0

Example 5.4. If o = B = 0, we obtain the generating function for the Legendre®”
polynomials, P,(x), see Table 5.4.

i 1 1
G N =Y P)"=>=——
(1) ,,;) W= g V1I—2xt+12

Example 5.5. Evaluate the relation (5.24) for —x. This leads to

o o+p
Y PEH (= 2 __
=0 (1—t+R)*(1+1+R)BR

where B
R=+1+2xt+12

However, evaluating the relation (5.24) at —¢ with o and  interchanged gives

2a+ﬁ

" p(B)
E)P” @)  (1+t+R)B(1—1+R)*R

which is identical to the above and we conclude

PP (—x) = (—1)"PP ) ()

5.8.3 Rodrigues’ generalized function

With the notation and the results of Section 5.8.1, we have (see (5.17), z — (1 —
x)/2) "

PP () = c(1—x)~%(1 )P ((1 —x)(1 +x)ﬁ+")
where the constant C can be determined by evaluating both sides at x = 1 using

Leibniz’ rule for differentiation of a product, see footnote 29 on page 93. The result
is Rodrigues’ generalized function,?! see Problem 5.5.

PP = S0 ) P (-0 0P 7) (529

30 Adrien-Marie Legendre (1752-1833), French mathematician.
31 Benjamin Olinde Rodrigues (1795-1851), French mathematician.
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Example 5.6. If @ = 3 = 0, we obtain Rodrigues’ generalized function for the Leg-
endre polynomials, P,(x), see Table 5.4.

R
© 2l dan

P,(x) (x2 - 1)"

5.8.4 Orthogonality

The Jacobi polynomials, p{*P) (x), are orthogonal over the interval [—1, 1] with the
weight function (1 —x)%*(1+x)# (o and B are assumed real constants larger than
—1, and n a non-negative integer). To see this, define

1
Lim :/ (1—x)%(1 +x)ﬁP,£a’ﬁ)(x)P,Eza’ﬁ)(x)dx
~1

— (;12” /_11 % ((1 —x)*(1 +x)B+"> PP () dx

where (5.25) is introduced. If m < n, then from integration by parts n times, we
obtain (there is no loss of generality to assume that m < n, since I, ;, is symmetric
in n and m)

1

In,m = )

1 n
/ (1—x)a+”(1+x)B+"%P,Ela’ﬁ)(X)dx:0
-1

since P,,S"‘ﬁ )(x) is a polynomial of degree m < n. If m = n, we again have from

integration by parts n times

1

I = 5o

1 dr
/71 (] _x)a+n(1 —&—x)ﬁJr"@P,Ea’ﬁ)(x)dx

Since P,Ea’ﬁ >(x) is a polynomial of degree n, with the coefficient cﬁa’ﬁ ) in front of

the highest power x", see (5.23), we get

JaB) @B
hn = / (1=x)H (1 40P e = / (2= 20)@+ (2087 s
—1 0
:2a+[3+n+lc(aﬁ)r(a+n+1)F(B +n+1)
" I'o+B+2n+2)

by the beta function (A.16) and (A.17). With (5.23) we finally get

o 2%Bl Dla+n+ D)C(B+n+1)
Ca+B+2n+1 all(a+B+n+1)

n,n
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The orthogonality is summarized in the following lemma:

Lemma 5.8. The Jacobi polynomials, P,Ea’ﬁ >(x), are orthogonal over the interval
[—1,1] with the weight function (1 —x)*(1+x)B, where o and B are assumed real
constants larger than —1, and n € N. The exact expression reads

[ 1] (1-0)%(1+x)P PP () PP () dx

82PN (a4 n+ DO (B+n+1)
onla+B+2n+ D) (a+B+n+1)

Example 5.7. In particular, for the Legendre polynomials, P, (x), where a = 8 =0,
we have the well-known normalization integral, i.e.,

_ 26n,n1
T n+1

[ 11 Py (x)Py(x) dx

5.8.5 Integral representation (Schliifli)

Integral representations of the Jacobi polynomials are useful, and in this section we
derive Schlifli’s integral representation3? of PP (x).
Rodrigues’ generalized function, (5.25), contains an n'h order derivative, viz.,
d}’l
@ ((1 7x)tx+n(1 +x)ﬂ+n)
By the use of, see footnote 10 on page 19,

£ (x) = n! ]{M nez,
c

T 27 Je (1 —x)nt

where the contour C encircles the point 7 = x in a positive way, and where f(¢) is
assumed analytic on and inside C, we obtain

A" e Bn ’”7{(10““’(1“)“”
dx ((1 HT(+x) )’2m e =¥

where the contour C encircles the point ¢+ = x in a positive way, but it does not
encircle the points = 41, which are branch points of the integrand.

With Rodrigues’ generalized function in (5.25), we have then proved the integral
representation of the Jacobi polynomials. We summarize

32 Ludwig Schlifli (1814—1895), Swiss mathematician.
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Lemma 5.9. The Schldfli’s integral representation of P,S“"B ) (x) is

—n B
(a.B) _27% o o (1=t\T 1\
A (x)fzyri C(t 1) <1_x 1o (t—x) dt

where the contour C encircles the point t = x in a positive way, but it does not
encircle the points t = £1.

Example 5.8. In particular, for the Legendre polynomials, P,(x), where a = 8 =0,

we get
>0 (2-1)
P(x)==——¢ ——d 5.26
0= S (526)

5.8.6 Recursion relation

Between any three consecutive orthogonal Jacobi polynomials there is a relation

PP () = (AP x 4 BEPHRP () 4 P PP () (527)

n+1

for some constants Aﬁa’ﬁ ), BS,a’ﬁ ), and C,Sa’ﬁ ) . To see this, determine A,(qa’B ), the

exact value is given below, such that PP (%) — AP pl-P) (x) is a polynomial of

n+1
degree n. This is always possible by adjusting the value of Aﬁla’ﬁ ) 50 that the terms

of order n+ 1 cancel. We write the right-hand side as a sum of Jacobi polynomials
of degree less than or equal to #, i.e.,

PP () — AP Ixp(*P) (x) = ¥ al*P PP (x) (5.28)
k=0

However, there are at most two non-vanishing terms (k = n,n — 1) in the series on
the right-hand side, since by orthogonality, see Lemma 5.8,

1
[ PP PP w0 ae = NP5,
—1

where

yiep) _ 22PN (atnt DE(B+n+1)

Ww(®B) () = (1 —x)%(1 +x)B
ol a+B+2n+ Do+ B+n+1)’ (x) = (1=x)%(1+x)

The orthonormal properties and (5.28) give
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NL@B)g(@B) _ aﬁ/PaB PP o @B (x)dx =0, ifk<n—1

gl A (@) plah)
This identity implies that a,({a’ﬁ ) = 0, if £ < n— 1. The existence of a recursion
relation of the kind given in (5.27) is therefore proved.

We proceed by determining the coefficients A,(,a’ﬁ ), Bﬁ,a’ﬁ ), and C,(,a’ﬁ ) in (5.27).
The coefficients in front of the n'" power of x in the Jacobi polynomial P,Sa‘ﬁ ) (x) is,
see (5.23),

(p)  (m+oa+p+1,n)
V=
2mp!
Therefore, since the highest powers in x on both sides in the recursion relation (5.27)
match, we have using (A.9)

LB _€ ffjf): (nta+p+2nt+l) _ (nta+B+1)2n+ta+p+2)
" AP 2(n+1)(n+a+B+1,n) 2(n+1)(n+a+p+1)

The other two coefficients, B,(fx’ﬁ ) and C,(,O"l3 ), are determined by the use of the

orthogonality relation and the explicit value at x = 1. We get by orthogonality

1
N ) _ _poh) / PP () xP P (1)) (x) e
-1

n

—
AP
(Ocﬁ) B)
A@B Gt i) _ A
LB T
n—1
from which we can solve for Cf,a’ﬁ ),
cleP) = AN 2n+a+B+2)(a+n)(B+n)
' Ez P ;5 1ﬁ) C(mt+D(nta+B+D)(2n+oa+p)

By (5.19), we get

P(a,ﬁ)(1>:F(n+(X+l) _(a+1n)
! nI'(a+1) n!

The recursion relation (5.27), evaluated at x = 1, is (use (A.9))

(nr@)ntatl)  ap) plop) ()
n(n+1) " " n

(a,B)

which we solve for B;,

e

. The result is
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ntat+l @p_ " (ap)

B}(’laAB) n n
n+1 (n+a)

All three coefficients, ASﬁ"ﬁ >, Bﬁ,a’ﬁ ), and C,‘,"‘ﬁ ), are then determined. A more
compact form of the relation is obtained by identifying the common denominator of

the coefficients A,(la’ﬁ >, Bila’ﬁ ), and C,(,a’ﬁ ), and writing the recursion relation in the
form

2n+1)(n+a+B+1)2n+a+B)P 4P (x)
_ (ag,a’ﬁ)x+b£,a’ﬁ))P,£a’ﬁ>(x) +C’(1057[3)P(0571ﬁ)(x)

n—

where
al®P) =20+ 1)(n+ o+ B +1)(2n+ a+ Al
=(2n+a+p,3)
AP 2+ D(n+a+B+1)(2n+a+ B)CEP)
=-2(a+n)(f+n)2n+o+p+2)
and
n+a+1 n
bgla,ﬁ) =2(n+1D(n+a+p+ 1)(2n+a+ﬁ)T _al(;lﬁ) _ mcfﬂ,ﬁ)

=2(n+a+B+1)2n+a+p)(n+o+1)—2n+oa+fB,3)
+2n(B+n)2n+a+p+2)=(2n+a+p+1)(a’ - p?)
We have thus proved the next lemma.

Lemma 5.10. The recursion relation between three consecutive Jacobi polynomials
reads (n € Z.4.)

2n+1)(n+atB+1)2n+a+p)P %P (x)
= (@n+a+B+1)(a®—p?)+@2n+a+p,3)x) AP (x)
—2(n+a)(n+B)(2n+ o+ B +2)P 4P (x)

The first two Jacobi polynomials, Péa’ﬁ )(x) and Pl(a’ﬁ )(x), are easily found by
explicitly evaluating the hypergeometric series or using (5.25). They are

PP (x) =1

PP (x) = %(a+ﬁ +2)x+ %(oc—[i)

These two Jacobi polynomials are used to initialize the recursion relation. Indeed,
the recursion relation in Lemma 5.10 holds for n = 0 provided we make the addi-

tional definition PEOIC’B )(x) =0, since
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20+ B+1)(a+p) (;(a+ﬁ+2)x+;(a—ﬁ)>

Pl(a‘ﬁ)(x)
= (a+B+1)(a? =B+ (a+p,3)x

The recursion relation can be used to obtain integrals of products of Jacobi poly-
nomials in combination with x. If the recursion relation in Lemma 5.10 is multiplied

by Pk(a’ﬁ ) (x)w(®#) (x) and integrated over x € [—1, 1], the orthogonality relation, see
Lemma 5.8, implies

2(n+ D) (n+ o+ B +1)2n+ o+ BN S
= nta+p+1)(a®-pNPs,,
1
+@ntatB,3) [ B PP oweP (3) dx
-1
—2(n+a)(n+B)2n+ o+ B+ 2N P8

from which we can find the solution of the integral

1
n= [ 3PP @B () 1)
-1

_ 2t DtatBrl) @
7(2n+a+ﬁ+l)(2n—|—a+ﬁ+2) n+1 Ykn+l

5.29
N (o> =B?) NGB s 629
Qn+a+p)2n+a+p+2) "
2 o
(n+a)(n+B) N ’1ﬁ>5k,n—1

C2n+a+p)2n+a+p+1) "

Example 5.9. In particular, for the Legendre polynomials, P,(x), where o = 8 =0,
the integrals in (5.29) become
2(n+1) 2n

m&c,rﬂrl + (

1
lin = [ P (Px) e = = D@n+1)

8k,n71

Problems

5.1. Prove the sum for a,b,c € C,c ¢ Z_
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£SO et
(atentl)(bren+l)
= Crimar 0 "EN

Hint: Combine the results in (5.1) with (5.4) or use Table 5.2, and use the coeffi-
cients @, in (2.15).

5.2. Prove . ;
a
—F(a,B;7:2) = —F(a+1,B+ 1,74 1;2)
and more generally
¢ (,m)(B.n)
F( By === =—F -
dz" (a,ﬁ’%Z) (’}/771) (a+n7ﬁ +na’}/+l’l,Z)

5.3. For oo — 3 not a negative integer and o not an even negative integer, show

I(1+a—B)r(+a/2)

F(a’ﬁ;l+aiﬁ;il):F(1+a/2—/3)1"(1+(x)

5.4. Show that
F(o,BsBiz) =(1—2)"% z#1

5.5. Show that the normalization constant C in Rodrigues’ generalized function, see
Section 5.8.3, is
(=D"

- 2" n!

5.6. TProve, for non-negative integer values 7,

F(—nn+a+B+1a+1;z)
_ nll'(a+1) L/ du
C I'(n+o+1) 27 Jourt!

(14 (1= 2)u)" (1 — uz)" P

where the contour C encircles the singularity u =0, butnotu=1/zandu=1/(z—1)
in the complex u-plane, see Figure 5.7.
Hint: Use the Euler relation in Lemma 5.3.

5.7. "Verify the recursion relation for the Jacobi polynomials that also contains a
derivative of the Jacobi polynomials (n € Z.)

(2n+a+B)(1 —xz)%gio‘ﬁ)(x)

=n(@—p—@n+a+p ™" () +2n+a)nt+pP ()

n—1

Does the relation hold forn =0 and n = 1?



Chapter 6
Legendre functions and related functions

Due to the great importance of the Legendre functions in mathematical physics,
we devote a whole chapter to analyze these functions, and the functions that are
related to the Legendre functions, in detail. As an important tool, we use the integral
representations developed in Chapter 5.

6.1 Legendre functions of first and second kind

In Section 5.8, we investigated the properties of polynomial solutions of the hyper-
geometric equation. Specifically, we found that the Legendre polynomials,! P,(z),
satisfy, see Table 5.4 on page 95 (use o = 8 = 0) and (5.21) on page 95,

(1=22)u"(z) — 22/ (z) + n(n+ 1)u(z) =0

The solution that is regular at the point z = 1 can be expressed in the hypergeometric
function F (o, B;7;2), see (5.18),

1—
P(z)=F <—n,n+1;1;2z>

We now extend the solutions of this differential equation to non-integer values
of n, and we use the index v, which in general can be complex-valued, i.e., the
Legendre differential equation reads

(22— 1)P!(2) +2zP,(z) —v(V+1)Py(z) =0 6.1)

and the Legendre function of the first kind is defined as

! The independent variable takes complex values in this chapter, in contrast to the case in Sec-
tion 5.8, so we prefer to denote the independent variable z in this chapter.

G. Kristensson, Second Order Differential Equations: Special Functions 107
and Their Classification, DOI 10.1007/978-1-4419-7020-6_6,
© Springer Science+Business Media, LLC 2010
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Py(z) :F<—v,v+1;l;12_z> (6.2)

Note that
P,(1)=1, forallveC

and, moreover, Py (z) is an entire function in v for fixed z. The point z = —1 and
the point at infinity are in general branch points, and to make the Legendre function
single-valued, a branch cut along the negative real axis, from z = —1 to infinity, is
introduced. We also conclude that

P_y_1(z) =Py(z), forallveC

since the order of the first two indices in the hypergeometric function is non-
essential.

We continue by finding a second independent solution to the Legendre differ-
ential equation (6.1). This can be obtained by taking an independent solution in
Table 5.2 on page 74. However, we follow the traditional way of finding a second
solution to the Legendre differential equation due to Hobson.? This particular sec-
ond solution, which is denoted Qv (z), is well-behaved at infinity.

We proceed by using Lemma 5.7 to find another, independent, way of expressing
the Legendre function of the first kind. We get

Pv(Z):ZvF <_\2/,12V;1;1_Z12> (6.3)
With this result as a starting point, we construct another, linearly independent, solu-
tion to Py (z), by using the result from Section 5.4 that u; (z) and ug(z) are linearly

independent solutions to the same equation. From Table 5.2 on page 74, we see that
the functions

Vv 1-v 1 oy v 14+v 3.1
Fl—, ——Ll—= |andz? 'F(1+-,—— v+
( 272 z2>anz <+2 2 +212)

satisfy the same differential equation. Another solution to the Legendre differential
equation therefore is

—v—1 v 1+v 3.1
Fll4+-,—v+=i5
¢ ( Ty vty

which is linearly independent to the solution (6.3). From this result, we define the
Legendre function of the second kind, Q,(z), as

Qv (Z) =

Vo L(v+1) 1Y 1+v 31
) 2" 2

22" 1 T(v13/2 ;V+2’z2> ©4

2 Ernest William Hobson (1856-1933), English mathematician.
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The regular singular points of the Legendre function of the second kind are the
points at z = %1 and at the origin.

The relation between the first and second kind solutions becomes more apparent
if we use (6.3) and (5.12). The result is

rv+1i vi-v 1 1

PV(Z): 2 ZVF(777 s s )
r(1+3)rdy) 272 72 2
r-v-% ., vi+v 31

— _ F(1+77 s +737)
r(4r3) 27 2 2’22

This equality can be simplified by the use of the properties of the gamma function,
see (A.4) and (A.5). We get for v ¢ N

rv+1 vi-v1 1
Pu(e) = = 20 (Y Y s vy
VA= mrprn @ Pl 57
C(=v—=3) ., v vitv 31
TV vl Ly 2 o
ATy B FUd g v i)
__tanvrm

= (Qv(z) = Q—v-1(2))

T

where we also used (6.4). In summary,

meotvaP,(z) = Ov(z) —0_v_1(2)

6.2 Integral representations

Integral representations of Legendre functions of the first and second kind are
proved useful in applications and can be used as alternative definitions of these func-
tions. These integral representations are special cases of the more general integral
representations of the hypergeometric function developed in Chapter 5.

An integral representation for the Legendre polynomials is given in (5.26)

amlmift*ym

- Tm I—X)n+1

where the contour C encircles the point f = x in a positive way in the complex #-
plane. This representation generalizes to non-integer values v of n, provided the
contour also includes the point # = 1 but not the point t = —1, see Figure 6.1. The
enclosure of the point + = 1 gives no extra contribution to the integral for integer
order, v = n, but ensures that the integrand resumes its original value after encircling
the contour C. In fact, the integrand
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Fig. 6.1 The contour C in the complex 7-plane used in Theorem 6.1. The complex ¢-plane has a
branch cut along the negative real axis from —1 to —oo.

(2-1°

(f _ Z)V+1

resumes its original value multiplied by a factor exp{—2im(v + 1)} after encircling
the point # = z in a counter-clockwise direction, and a factor exp{2ivn} after encir-
cling the point t = 1. We summarize the result in a theorem.

Theorem 6.1 (Schléfli). The Legendre function of the first kind, P,(z), has an inte-

gral representation
2V o (2-1)"
P(z)=— ¢ ——dr
V(Z) 27[1 fé ([—Z)v+1

where the contour C encircles the pointst = 1 and t = z counter-clockwise excluding
the point t = —1, see Figure 6.1. It is assumed that the argument z is not on the
branch cut along the negative real axis from —1 to —eo, i.e., 7 ¢ (—oo, —1].

Proof. We prove the theorem by showing that the contour integral in the theorem
is identical to the representation of the hypergeometric function in Theorem 5.3 on
page 77 for all —=1 <Rev < 0 and all C > z ¢ (—oo, —1]. The representation in the
theorem is then valid for all parameter values by analytic continuation, since both
sides in the expression are well defined for all values of v.

The integrand has three singular points = £1 and 7 = z. For general non-integer
values of v these points are branch points. We choose branch cuts along the line
connecting t = 1 and ¢ = z, and from t = —1 along the negative real #-axis, see Fig-
ure 6.2. We first conclude that the two circles around ¢ = 1 and ¢ = z give vanishing
contributions as the radii become small provided —1 < Rev < 0.

On the right-hand side of the branch cut between the branch points # = 1 and

t =z we have '
t—1=|t—1]e!*
t—z=|t—ze'’



6.2 Integral representations 111

@ 4
C
—1 1

Fig. 6.2 The contour C in the complex ¢-plane along the branch cut betweent =1 and r = z.

where the angles are related to each other on the right-hand side of the branch cut
as ¢ — 0 = x, see Figure 6.3. On the left-hand side of the branch cut, encircling the

point t = z, we have '
t—1=|t—1]e'*
f—z=t _Z|eie+2m

Notice also that the value of the integrand resumes its original value after encircling
both branch points t = 1 and ¢ = z, since both the numerator and the denominator
differ by a factor e*'V7”.

The contour integral becomes

2 1\V ' 2 1\V
fiar= (1) [

@ \(P»

—1 1

Fig. 6.3 The branch cut between the branch points ¢ = 1 and ¢ = z, and the definition of the angles
¢ and 6.
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where L is the line segment from ¢ = 1 to t = z evaluated on the right-hand side of
the cut. The branch cut between ¢ = 1 and ¢ = z is parameterized by = 1 —u(1 —z),
ucl0,1].

(2 —1)"
ﬁ(l‘_z)‘,ﬂdt
= 2ie "D gin (v + 1)/1 (2—u(1-2)" (u(z—1))"

0 (I—z—u(l—z)"""

— isinm(v+ 1)/01 2—u(1—2)"u’ (1—u)™"" du

(z—1)du

Compare this expression with the representation of the hypergeometric function in
Theorem 5.3. We get from (6.2)

1 —
Py(z) =F (—v,v+ l;l;zz)

2*\/

= : v —v—1 v
‘m/o W (T=u)™ (2 —u(l—2))" du

valid for all —1 < Rev < 0 and all C 3 z ¢ (—o0,—1]. Make use of (A.4), and we
get

sin 1
Pv(z):z—vy/o Q—u(1=2)"u’ (1) du
" 2V o (2-1)”
Pv(Z) = 271'17{“(([@"11 dt

which completes the proof. O

This integral representation of the Legendre function of the first kind is often seen
as an alternative definition of these functions.

We now turn to the integral representation of the Legendre function of the second
kind, and a similar representation to the one for the Legendre functions of the first
kind in Theorem 6.1 can be obtained. We have

Theorem 6.2 (Schléfli). The Legendre function of the second kind, Qy(z), has an
integral representation

v 2 \V
0v(2) = 2 jé(t 1) o

 disinvr Jo (z— 1)V

where the contour C encircles the points t = 1 in an eight-shape figure excluding
the point t = z, see Figure 6.4. It is assumed that the argument z is not on the branch
cut between the points t = %1, ie., z ¢ [—1,1]|. The branch is chosen such that
arg(1 —t) = arg(1 +1) = 0 on the upper part of the branch cut.

For Rev > —1, the integral representation is identical to
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C

Fig. 6.4 The contour C in the complex 7-plane in an eight-shape figure around r = 1 and t = —1
used in Theorem 6.2. The complex ¢-plane has a branch cut between the points t = £1.

1 (1=
QV(Z)=2V+1/1( ) dr

(Z _ I)VJrl

Proof. Note that the integrand resumes its original value after encircling the con-
tour C. In fact, after encircling the point # = —1 in counter-clockwise direction, the
integrand resumes its original value multiplied by a factor e*V*. Similarly, encir-
cling the point # = 1 in clockwise direction, the integrand resumes its original value
multiplied by a factor e ~2!V”. In total, the integrand resumes its original value after
completing the full contour C.

To simplify the notation in the proof, we denote the right-hand side of the theo-
rem by I (z), and we have to prove that I, (z) is identical to the definition of (6.4).
Deform the contour C to a line integral along the cut [—1, 1] (one above the cut, and
one below), and two circles around the points r = £1, see Figure 6.5.

For Rev > —1, the contributions from the two circles around ¢ = £1 vanish, and
we obtain (C>z ¢ [—1,1])

. -V -1 2\ A v 1 NG
I(z) NIZ 2 / (1 t ) df — e VT 2 / (1 t ) i
J-1 /-

4isinvw (z—1)" ! 4isinvrm (z—1)" !
- 3 /1 (17t2)v dr
v+l 1 (z—t)VH

since t — 1 = (1 —¢)el® and ¢+ 1 = 1 +¢ in the first integral (above the cut), and
t—1=(1—1t)e" andt+1 = (1+¢)e 7 in the second integral (below the cut).

As in the proof of Theorem 6.1, we prove the theorem by showing that the in-
tegral can be identified as the hypergeometric function for all Rev > —1 and all
|z| > 1.
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WW—»

—1 1

Fig. 6.5 The deformed contour in the complex #-plane around ¢ = 1 and t = —1 with the branch
cut between the points = +1.

) =
aw [0 B () ()

since all odd powers in the integral give zero contribution. The binomial coefficient
is rewritten as, see (A.14),

-v—1\ I'(—v)  I'(v+2k+1)
( 2k ) T L(—v—2k)(2k)!  T(v+1)(2k)!
_2'T(k+v/24+1/2)[(k+Vv/2+1)
 T(v+ D) (k+1/2)(k+1)
2Y((v+1)/2,k)[(v/24+1/2)(v/2+ 1,k (v/2+1)
L(v+ 1) (k+1/2)k!

where we also have used (A.4) and (A.5), i.e.,

[(2k+1) = \Z/Z;F(kJr 1/2)(k+1)
C(v+2%k+1) = 2:/;kr(k+v/z+1/z)r(k+v/2+1)
We get
1t (1=¢2)
Iy(z) = v+l /_1 ((Z_t)v>+1 dr

k

= ((v+1)/z,k)r(v/z+1/z)(v/z+1,k)r(v/2+1)/1 (l_tz)v<t2>kdt
— 0

s V0 (v+ 1) (k+1/2)k! z
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s L1 T2+ 1/20(v/2+1) ¢ (V+1)/2,k)(v/2+1,k) 772
v@) = 2 zv+l r'(v+3/2) = (V+3/2,k) Tk
11 F(v/2+1/2)F(v/2+1)F 1V l+v 31

T 2zvHl Ir'(v+3/2) ( 2027 2’2)

where we used (A.16), i.e.,

1 1 1 T(k+1/2)T(v+1)
%k 2\ _ =1/201 _ VWV dy — —
/0 -1 e 2/0 W ) = S Rk 3/2)

1 D(k+1/2)C(v+1)
T 2(v+3/2,k)C(v+3/2)

which is well defined as long as Rev > —1. We finally get by the use of (6.4)

1t (1=2)Y I(v/24+1/2)[(v/2+1
IV(Z) = vl /;1 ((Z—I)V)+1 = <V/\/EF{V)—|— 8// )QV(Z):QV(Z)
since by (A.5)

r(v+1)= j;r(v/u 1/2)[(v/2+1)

and the proof is completed for Rev > —1 and all |z] > 1. We thus have

27 (>-1)"
= dr, Rev>—1Iand 1
0v(2) 4isinv7rfc (z—0)V ev>—landf¢] >

By analytic continuation of both sides in this expression, the result holds in the full
domain of the parameter v and the variable C>z ¢ [—1,1]. O

We illustrate the use of Theorem 6.2 by a more elaborate example.

Example 6.1. The Legendre function of the second kind, Qy(z), z € C, has an inte-
gral representation

1 ”cos(v—l—%)tdt_ o o= (vi2) gy
o) = V2 {/0 (z—cost)]/2 COSWI/O (Z+COSht)l/2 ©3)

where Rev > —1, and where the principal branch of the square root is assumed,
i.e., the square root (principal square root) is defined by a cut along the negative real
axis, thus leading to

22 = \re? if 7= rel?, ¢ € (—m,m

In this example, we prove this representation.
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For the parameter domain Re v > —1, the Legendre function of the second kind,
0y (2), has an integral representation, see Theorem 6.2,

1 (1=
QV(Z) = v+l / ( )V)H dr

~1(z—t

The representation in (6.5) is then proved by a change of variable, followed by a
deformation of the contour.
To proceed, make a change of variables defined by

1—1¢%

t—>u(t):m

(6.6)
The point # = z is mapped to infinity in the u-plane, and r = £1 are both mapped to
the origin in the u-plane. The inverse is double-valued

t:u:I:(u2+1—2zu)1/2:u:|:(u_—u)l/z(u+—u)l/2

The different signs refer to the two different Riemann sheets connected by a cut
along a straight line connecting the two branch points . in the u-plane. The points
uy are explicitly given by

1 2 .
up =z (2 1) = 5 ((Z+1)1/2i(z—1)1/2) = Jus|e®

The branch points satisfy

Wyt =2 | = 1/Ju_|
=
uru_ =1 0, =—-6_
The image of the interval ¢t € [—1, 1] under the transformation (6.6) is denoted C.
The details of the properties of the contour C are left as an exercise to the reader,

see Problem 6.3. The contour C starts at the origin in the u-plane, corresponding to
t = —1, on the branch defined by

t:u—(u,—u)l/z(u+—u)1/2

since
(u_)1/2 (u+)1/2 — oi0/246/2 _ |

assuming the principal branch of the square root. The contour encircles the point
u_ in a clockwise (counter-clockwise) direction if Imz > 0 (Imz < 0) and returns to
the origin on the second Riemann sheet, see Figure 6.6. Moreover, in Problem 6.3 it
is shown that u_ lies inside or on the unit circle, i.e., [u_| < 1 and that u, satisfies
| > 1.

Since the derivative of the transformation on the relevant Riemann sheet is
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Fig. 6.6 The contour C and the deformed contour C’ in the complex u-plane together with the
branch cut connecting the branch points x4+ used in Example 6.1. In this particular example z =
0.5+10.3.

dr z—t

du (=)' (. —u)'?

the integral becomes

u¥ du

1
Ov(z) = E/C“ @ —a) 2wy —u)

The singular points of the integrand are the two branch points #4 and the origin.

The final step is to deform the contour C into the contour C’ in Figure 6.6. In fact,
any contour that starts at the origin and encircles the branch point u#_ in a clockwise
direction and returns to the origin on the second Riemann sheet gives the same value
of the integral. Notice that no singular points, u, are crossed in this deformation,
and the Legendre function of the second kind can be written as
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1 r u” du

= i o (M, 7u)1/2 (u+ 7[4)1/2

Oy (Z)

The contour C’ is now parameterized, taking appropriate notice to the phase of
the argument of the variable u

e WHT e (o0,0] (C1)
u=-{e?, o € [x,—7] (&)
eI we[0,00) (G3)

Notice that the value of the square root in the denominator along C3 is identical
to the corresponding values along C; apart from a sign difference. The parametric
evaluation of this integral is

1 oo efvw+iv7refw+i7r dw oo efvwfivnefwfin dw
0= [ = e+ [ = -
JO (e 4142z¢7") 0 (e72"+1+2ze7")

1 (7 elV?ie'? do
2 m (- e0) P (g i)
el(v+1)¢ do e~ (V+Dw qy,

1 /” /°°
=5 . —CcosVT
2) % \/269/2 (z—cos 9)'/? 0 (e=2v 4 142ze)2
since
" 1/2 LN\ 1/2 . ,
(u, o e—w:l:m’) (u+ . e—w:tln:) -+ (e—2w F14+ 2Z€_w) 1/72 on Cl /C3

depending on the Riemann surface, and, moreover

(u, —ei¢) 2 <u+ —eid’) V2 = —iv2e?? (z—cos )2 onC,

where the phase —i had to be chosen so that the square root starts on the correct
Riemann sheet at ¢ = 7. We simplify the expression to

L ([reestvae e e
Ov(z) = (/0 —cosp) d¢ cosvn/o (z+coshw)1/2dw

where the principal branch of the square root is assumed. This completes the exam-
ple. ®m
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6.3 Associated Legendre functions

The associated Legendre functions are frequently used in applications, and they
come in two families with slightly different definitions, i.e., {P}'(x),0}(x)}, and
{P0(2), 2% (z)}, respectively. They all satisfy the differential equation

21

mz
(22— )" (2) + 22 (z) — <v(v +1)+ > u(z) =0

The parameter m can in general be an arbitrary complex constant, but in this sec-
tion we restrict m to take integer values, which is the situation encountered in most
applications. The differential equation has regular singular points at z = +1 and at
infinity.

The two families of the associated Legendre functions can be constructed from
the Legendre functions of the first and second kind, Py(x), and Qy(x), respec-
tively. To see this, first extract a factor h(z) = (z2 — 1)"/? from the solution. Write
u(z) = h(z)v(z), and let u(z) solve the differential equation above. By the use of
Theorem 2.1, the function v(z) then satisfies

(= V' (2) + 22(m+ 1)V (2) + (m(m+1) = v(v+ 1)) v(z) = 0

In order to compare with the hypergeometric differential equation, let z = g(¢) =
2t — 1, and use Theorem 2.1 again to conclude that w(¢) = v(g(r)) satisfies

tt— D" () + (2t = 1) (m+ D)W (t) + (m(m+1) —v(v+1))w(t) =0

(m+v+1)(m—v)

which is the hypergeometric differential equation with indices c =m—v, B =m+
v+1,and y=m+ 1, and, as always, the order of the two first indices is immaterial.
Repeated use of Lemma 4.1 on page 50 then shows that all solutions w(f) can be
written as the m™ order derivatives of the solutions to

tit—1w" () + 2t =)W () —v(v+1w() =0

which is the Legendre differential equation. This motivates the following two def-
initions of the associated Legendre functions for non-negative integer m. The first
one is
2y d”
P = (1=2)f P ()

e y " xe[-1,1]
01 = (1-2)F 0,1

and the second is
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m d”

P(2) = (1) (@)
Y " ceC
27(z) = (22—1)7d7Qv(2)
V4

The two families {P}}'(x), Q%' (x)} and { 2} (z), 24 (z)} are related to each other,
and they differ in the domain of definition and a common phase factor. The first
family is only defined in the interval x € [—1,1], i.e., on the line between the two
regular singular points z = 1. The second family is defined everywhere in the
complex plane except on the line between the two regular singular points z = +1.

From the definition of Py (z) in terms of the hypergeometric function in (6.2) and
the result in Problem 5.2, we get

@) =@ -0 L)

()" T'm—v)[(v+m+1),, n 1-z
= —1)2Fm—v v+1; I ——
o mI v & DFF{movimtvd L=

Use (A.4), and we obtain

mi C(v+m+1)
P @) = S Ty —m 1)

m 1—
(Zz_ 1)2F (m—v,m—|—v—|—1;m—|— 1;21> 6.7)

which is an alternative way of defining the associated Legendre functions of the first
kind.

Example 6.2. The Helmholtz equation does not separate in the toroidal coordinate
system. However, the Laplace equation does, and the differential equations gener-
ated by separation of variables are related to the Legendre functions.

The toroidal coordinates (£, 1, ) are defined as

(x1,%2,X3) = (sinhn cos ¢,sinh 7 sin¢,sin&)

. a
coshn —cosé&
where the domains of the coordinates are

elo2n), nel0x), ¢€[0,27)

The Laplace equation, V2y(&,1,¢) = 0, is separable, if we extract a common factor

\/coshn —cosé, ie.,

W(éaﬂv‘P)z COShn_CoséF(€7nv¢)
Then F(&,7n,0) satisfies
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0%F 1 a< aF) 1 0%F 1

87§2+7sinhn% smhn% F=0

5 a3t =
sinh’>n 992 4
The appropriate systems in the £ and the ¢ variables are the trigonometric functions,
ie.,

cosné cosm¢ .

. . , m,n non-negative integers

sinné sinm¢

which implies

1 d /.. df(n) m? ) 1 _
sinhn dn (smhn an )_Sinhgnf(n)_<” _4>f(n)—0

Introduce the independent variable z = cosh 7, and the equation is transformed into

d df(z) m?
—((@-1 -5 —=f(@)—(n=1/2)(n+1/2)f(z) =0
dz dz z2—1

The solutions of this differential equation are most conveniently expressed by the
use of the definition in (6.7), extended to non-integer values of m. The solutions are

then 2™ ! (coshm) or on ! (coshn) — the toroidal functions or the ring functions.
|

Problems

6.1. Prove the representation of the Legendre functions of the first kind, due to
Laplace,’ for Rez > 0

Po(z) = %/On (z+(z2—1)1/2cos¢)vd¢, Rez > 0

where the branch of the square root (12 — 1) 1/2 is real positive when z is real and
> 1.

Hint: Use the following parameter representation of the contour C in Schléfli’s in-
tegral:

t=z+ (- 1)1/26i¢7 ¢ € (—m,7

6.2. "Prove the representation of the Legendre functions of the first kind, due to
Dirichlet* and Mehler,’ for 6 € (0,7)

3 Pierre-Simon Laplace (1749-1827), French mathematician.
4 Peter Gustav Lejeune Dirichlet (1805-1859), German mathematician.
5 Ferdinand Mehler, German mathematician.
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V2 cos(V+3)o
Py(cosB) = /(Wose)l/zd‘P, 6 € (0,m)

where the branch of the square root is real positive when the argument is real and
positive.

Hint: Use the following parameter representation of the contour C in Schléfli’s in-
tegral:

r=1 +2singei¢, ¢ (—(n+86)/2,3n—8)/2]

6.3. Define the transformation from the complex ¢-plane to the u-plane by

where C 3 z ¢ [—1,1]. Show that the interval ¢ € [—1,1] is mapped to a contour
C, see Figure 6.6, starting at the origin in the u-plane, encircling the point u_ =

1/2 . S . -
z— (z2 - 1) / in a clockwise direction, and returning to the origin. Show that the
point u_ lies inside or on the unit circle in the complex u-plane.

6.4. "Show the relation (m € N) [15, p. 182]

sinh”n (—1
22" | (cosh
(coshn—cosg)mﬂ \fr(m_,_ ZS 1 (coshn) cosné

2
where the Neumann® symbol is &, =2 — &,.
6.5. Using the result in Problem 6.4, solve the integral (m,n € N)

T cosné
d¢
/0 (coshmg — cosé)"H%

6 Carl Gottfried Neumann (1832-1925), German mathematician.



Chapter 7
Confluent hypergeometric functions

The details of the hypergeometric function were developed in Chapter 5. We used
the notion F(a, f3;v;z) to denote this function. A more complete notation on the
hypergeometric function is »F (@, B;¥;z), which, in this chapter, is used in parallel
with the shorter one.

What happens if two of the regular singular points at z = 0, 1,0 in the hyperge-
ometric differential equation coalesce is the topic of this chapter. The way we let
this happen is that we scale the singular point at z = 1 and push it to infinity, where
already one of the regular singular points resides. In order to get something new
and meaningful out from this limit process, we also scale the roots, @ and f8, of
the indicial equation. There are two ways in which this scaling (or confluence) can
occur, and we treat these cases in two separate sections. In the first scaling, see Sec-
tion 7.1, one of the roots of the indicial equation approaches infinity, while, in the
second scaling, both of the roots approach infinity simultaneously, see Section 7.2.

7.1 Confluent hypergeometric functions — first kind

Of interest in this section is the confluence of the first kind. More explicitly, if the
three regular singular points are located at 0, b, and oo, and one of the roots of
the indicial equation, corresponding to the point at infinity, is § = kb, we let b —
oo, where k is an independent complex constant in this limit process. In terms of
Riemann’s P symbol this is

limP{ 0 0 az/by=1mP{ 0 0 az
b= \1—yy—a—kbkb b= \l—yy—a—kbkb

We now study what happens to the hypergeometric series in this limit process

G. Kristensson, Second Order Differential Equations: Special Functions 123
and Their Classification, DOI 10.1007/978-1-4419-7020-6_7,
© Springer Science+Business Media, LLC 2010
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2F1(05,kb;’y;z/b) — io(ga’;))((];b;l’/)l) (g)n

The factor

(kb,n)
bn

=k(k+1/b)-...-(k+(n—1)/b) > k" asb — oo

Therefore, we get for z inside the domain of convergence

. o (an) n
lim 2 Fy (o, kb; y;z/b) = Y ———— (k2)
b—eo ,1;0 (1,1’1)('}’,7’1)
This power series converges everywhere in the finite complex plane,! i.e., |z| < co.
We introduce the notation, also called Kummer’s function or the M-function

n

1Fi(oasysz) = i (@) 2

L )t 7D

satisfying
1Fi(a;7,0) =1

and Kummer’s differential equation for u(z) = | Fi (¢t; ¥;z) is
2" (2) +(y—2)u' (z) — au(z) =0

which is obtained by taking the limit b — oo in the scaled version (8 = b, z — z/b)
of the hypergeometric equation (4.3). We observe that this differential equation has
one regular singular point at the origin, and one irregular singular point at infinity.
Therefore, the confluence of the first kind has created an irregular singular point out
of the two regular singular points at z = b — o and infinity.

The indicial equation of Kummer’s differential equation, at the regular singular
point at the origin, has roots 0 and 1 — 7, respectively, and the second solution to the
differential equation is

v(z) =z""7f(2)

where, using Theorem 2.1 on page 4,

2f"(2)+Q2=y=2)f(2) = (@ —y+1)u(z) =0
This differential equation has a solution, which is well behaved at the origin, viz.,

f@)=1R(a—y+1;2—7;2)

! Compare with the convergence of the exponential function
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This observation implies that
v(z) =z " \Fi(0—y+1;2—7z), 7ynotan integer (7.2)

is a second solution to the differential equation.

7.1.1 Bessel functions

The Bessel? functions, Jy(z), where V is in general a complex parameter, play an
important role in mathematical physics, and they are related to the confluent hyper-
geometric function, 1 F1(7;z). The aim of this section is to show this relationship in
more detail.

The Bessel function Jy (z) satisfies the Bessel differential equation

2u"(2) +zd (2) + (22 = vPu(z) =0 (7.3)

and the Bessel function Jy (z) behaves near the origin as

ZV

M~ SV

(7.4)

The Bessel differential equation and the confluent hypergeometric equation
au(z2) +(y—2)u'(2) — au(z) = 0

are related. To see this, use Theorem 2.1 on page 4 and g(r) = 2it. The confluent
hypergeometric equation is then transformed into

tw” (t) + (y—2it)w'(¢) — 2iaw(t) = 0
Another application of Theorem 2.1 with w(t) = t~Ve'u(t) implies
2u" (t) + (y—2v)td (1) + (v —it) > + v + (y = 2it) (—v +it) — 2ot ) u(t) = 0

From these transformations, we see that by choosing « = v +1/2 and y=2v +1,
we get
2 (1) + 1 (1) + (2 = v u(t) =0

which is identical to the Bessel differential equation. This leads to the identification
or definition of the Bessel function, Jy(z), in terms of the confluent hypergeometric
function, 1 Fi(¥;2),

Ve T F(v41/2;2v + 1;2i2)
7 7.5
V(@) 2L(v+1) (75)

2 Friedrich Bessel (1784—1846), German mathematician.
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where the multiplicative constant is adjusted to the correct behavior as z — 0,
see (7.4).

The properties of the Bessel function are treated in detail by Watson [30], and
the reader is encouraged to study that excellent text in order to find out more about
the many different integral representations and additional properties of the Bessel
functions. We restrict ourselves to give an example of integral representations of
Bessel functions in Example 7.1 below.

7.1.2 Integral representations

From the integral representations in Chapter 5, we inherit integral representations
for the confluent hypergeometric function | Fj (¢; ¥;z). We start with the one devel-
oped in Section 5.5.

Theorem 7.1. Kummer’s function is represented as an integral

I'(y) /1 a-1 —a-1
Fila;y,z) = 1—u)" % led
1Fi(a;y:2) T (=) Jo u = (1—u) e du
valid for allRey > Rea > 0 and all z € C.

Proof. We start with Theorem 5.3 where o and 8 have been interchanged (has no
effect on the hypergeometric function)

Pl Biriz/B) = s [t (1= (1~ e/ P

valid for all Rey > Rea > 0 and all C 3 z/b ¢ [1,00). The result of the theorem is
then immediately obtained by taking the limit 3 — oo inside the integral using the
following representation of the exponential:

¢ = lim (1 +§)b (1.6)

b—oo

The restriction on the variable z can be dropped, since the integral converges for all
zeC. O

Example 7.1. The Bessel function Jy (z) was defined in (7.5).

Io(z) = (E)Ve_ilel(V+1/2;2V+l;2iz)
viZ) = 5 F(v+1)

The integral representation in Theorem 7.1 is used to express the Bessel function as
an integral. We obtain, Rev > —1/2,

_(z\ e iz r2v+1) luv,/ )V 12020z g,
Jyv(z) = (2) r(v+1) (F(V+l/2))2/0 1 2(1 ) 1/22iuz 4
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The gamma functions are simplified using (A.5) withz=v+1/2, i.e.,
22v
rev+1)=—=<I'(v+1/2)I'(v+1
Qv41)= L+ 120 (v 1)

Also introduce the change of variable u = (1 —¢)/2. We obtain

Z\Vv 1 ! ;
Jo(z) = (,) —/ | 2\V-1/20itz g
vO=3) Jarvei L)
Another change of variable r = — cos 0 puts the integral representation into
Mo =(5) ___r /nsinz" e 3049, Rev>—1/2
VET(v+1/2) Jo ’

This integral representation originates from Siméon-Denis Poisson (1781-1840),
who was a French mathematician. H

There is also a parallel to Barnes’ integral representation in Theorem 5.4 on
page 80 for Kummer’s function.

Theorem 7.2. If o or 7y are not zero or a negative integer, Kummer’s function can
be represented as a contour integral

Oc—l—s s _
Fi(e7:2) 2m/ FlaF (g T ds, Jara(=2)| <72

where E is a contour in the complex s-plane, starting at —ieo and ending at i, such
that all poles to T'(a+5s) (i.e, s=—a,—0t— 1,—a —2,...) lie to the left and all
poles to I'(—s) (i.e., s € N) lie to the right of E, see Figure 7.1.

Proof. The proof follows the proof of Barnes’ theorem closely. We rewrite the
gamma functions in the integrand.
I'(o+3s) T(a+s) I(s)
I'(y+s) I'(s) I'(y+s)

Lemma A.3 and Lemma A.4 on page 170 and page 172, respectively, show that for
each € € (0,1/2) we can estimate the gamma functions in the integrand as

I'(—s)= I'(—s)

’F((X+S)
I'(y+s)

whens € {s€C:|s+a+n|>¢€,|s—n| > e, Vn € N}. Note that this factor has no
singularity at s = —y—n or s = —n, n € N. We also estimate

(—S)‘ < CeRe(afyfsfl/Z)ln\s|+Res+lmsarg(fs)

Resln|z|—Imsarg(—z)

(2| = |lretst=9 | = e
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Fig. 7.1 The contour of integration in Theorem 7.2.

The integrand can now be estimated. We get

F(OC -‘rs)r(_s)(_z)s < CeRe(afyfsfl/Z)ln\s|+Rex(l+ln\zl)+Imsarg(fs)7Imsarg(fz)
I'(y+s)
Using
T, Ims >0
arg(—s) = arg(s) —
g(—s) = arg(s) {_n’ fms < 0
we get
F(a +S) F(—S)(—Z)S < CeRe(afyﬁvfl/Z)ln\S|+Res(l+1n\z|)+|Ims\(larg(s)\fﬂﬂarg(fz)\)
I'(y+s)
(7.7)
For large values of s along the imaginary axis, the integrand is dominated by
F((X +S)F(*S)(*Z)S < CeRe((x—y—s—1/2)1n|s\+Res(1+ln\zl)-HIms|(\arg(—z)\—7r/2)
C(y+s)

< CeRe(afyfsf 1/2)In|s|+Res(1+1nz])—|Ims|6
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where we have assumed | arg(—z)| < /2 — 9, § > 0. The integrand is then exponen-
tially small as s — =ico, and the integral is convergent, provided |arg(—z)| < /2.
This concludes the first part of the proof.

We next show that the integral in the theorem is identical to Kummer’s function
in (7.1). As in the proof of Lemma 5.5, we close the contour by a semi-circle C in
the right-hand side of the s-plane. The poles at s € N are avoided by parameterizing
the contour C as

C:s=(N+1/2)e® = (N+1/2)(cos¢ +ising), ¢ €[-n/2,1/2]

and let N — oo through the integer numbers. The integrand on C is bounded by the
use of the estimates above, see (7.7),

F(—S) (_Z)s < CeRe(afyf1/2)ln(N+1/2)+(N+1/2)cos¢(1+ln\z\fln(N+l/2))

’F(OH—S)
I'(y+s)

weN+1/2)[sin¢|(|¢|—m+|arg(—2)])
or, provided |arg(—z)| < ©/2— 8, 8 >0,

< CeRe(a—y—1/2)1n(N+1/2)+(N+1/2)cos¢(1+ln\z\—ln(N-&-l/Z))

\”"‘“’ru)(z)s

I'(y+s)

e (N+1/2)[sing| (9] ~7/2-8)

We see, using the same type of arguments as in Lemma 5.5, that the contribution
from the contour C vanishes as N — oo, and the residue theorem implies

I'(yC(a+s) "IN (a+s) s
J T(@)r( F(a)T(yes)) (2 ds= / F(a)F(y5s)L () ds
(N (a+s)
271:1 de;mf(—s)(—z)

The residues of I'(—s), see (5.15) on page 84, then imply

(pI(a+s) s
/F(a Tyts) F(—s)(—z) ds

:2nii)11:57)r(0‘+”) (_1)"(_Z)n o = (a,n) 7"

oa)[(y+n) n! = (v.n) n!

and the theorem is proved. O

3 In the interval |@| < 7/4, the factor exp{—(N + 1/2)cosIn(N + 1/2)}, which is exponen-
tially small as N — oo, dominates, and in the interval 7/4 < |¢| < 7/2, the factor exp{N +
1/2)|sing|(|¢|— /2 — 8} is exponentially small as N — co.
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7.1.3 Laguerre polynomials

Polynomial solutions are obtained by letting @ = —n, n € N, in the confluent hyper-
geometric function | F («;7;z). These polynomials are the Laguerre* polynomials

L (x), which with suitable normalization are defined as
(04
LY (x) = (’”’; ) 1Fi (—n; 00+ 15%) (7.8)

The Laguerre polynomials, Lﬁ,a) (x), satisfy

" (2) + (a+1—2)u' (z) +nu(z) =0

The confluent hypergeometric function, | Fi(o;y;z), was obtained as a limit pro-
cess from the hypergeometric function, »Fj(a, 3;7;2), i.e., scaling of B and the
location of the regular singular point at z = 1. The same procedure gives a relation
between the Laguerre polynomials and the Jacobi polynomials defined in (5.18) on
page 94. Since the normalization coefficients for both sets of polynomials are the
same, compare (5.18) and (7.8), the result is

L% (x) = lim P{** (1 - 2x> (7.9)
b—oo b

With this observation, Rodrigues’ generalized function, the generating function, and

the orthogonality relation of the Laguerre polynomials are obtained from the results

in Section 5.8 on page 92.

The argument x in the Laguerre polynomials does usually take positive values, in
contrast to the Jacobi polynomials where the arguments usually take values in the
interval [—1, 1], see, e.g., the orthogonality relation in Lemma 5.8.

We derive Rodrigues’ generalized function for the Laguerre polynomials using
the result in Section 5.8.3, and taking the appropriate limit » — oo in the Jacobi
polynomials, see (7.9). The limit, using (5.25), is

Ln(a)(x)
_1\n —o —b n a+n b+n
D (Y G L) [ (2, 2
2'n! b—eo \ b b 2/ dxt? b b
L T N\ A f g X\ b
= arme (1_ b) " {x (1 N b)

which reduces to, see (7.6),

4 Edmond Laguerre (1834—1886), French mathematician.
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Similarly, the generating function for the Laguerre polynomials, G(%)(x,r), i
obtained from (5.24) on page 98 by a limit process

@ N N 7@y N i pl@d) (12X
G\ (x,1) gL,, ()" =Y lim P, (1 b)t

. ya+b ((]_t)2+4xt> 1/2
= lim
b—oo o b
<l—t—|— (1—1)? +4"’> <1+t—|— (1—1)? +4"’>
2b(1—¢)~ !
= lim ( )

s=(1—1) % e

b—oo X
(2+ 53 +001/6%))

The final result then is

G(O‘)(x’t) = Zqua)(x)ln _ (1 _t)ftxfl exp{—xr}

= 1—1¢

Finally, we use the generating function, G(%) (x,1), to find the orthogonality prop-

erties of the Laguerre polynomials. The following double sum is appropriate:
Z Z / e’xxaLn ( xX)t" " dx = / (x,6)G'Y (x,u) dx
n=0m=0

_/ e alexp{_lx_tt}a_u)alexp{—l’f’u}dx
:(1—u)al(1—t)a1'/:xaexp{ (+1t+1u)}dx

Further calculations give

/ e XL COLY (x)e"u™ dx
n= Om 0

—o—1
=(1—uw) 1= *'I(a+1) (1 +L + 2 )

11—t 1—u

=I(a+1)(1—w)* ' =T(a+1) i <1n O‘) (—ut)"

n=0

o

where we used the definition of the gamma function I"(z), (A.1), in Appendix A to
obtain (a > 0)

/0 ef‘”x“dx:afafl/o e t%dr=a % 'I'(a+1)
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and by using (A.4)

BY__TO-B) . L(Ben
n I'(l1-B—n)n! r'(B)n!
The coefficients in front of the powers in ¢ and u on the left- and the right-hand side
must be identical, leading to the orthogonality result for the Laguerre polynomials

/Oo efxxocL’(ia) (x)Lﬁ,?‘) (x)dx = M&%m
0 n:

7.1.4 Hermite polynomials

We conclude this section by defining a set of polynomials —- the Hermite polyno-
mials — as a special case of the Laguerre polynomials. Specifically, the Hermite’
polynomials, H(x), are defined in terms of the Laguerre polynomials by letting
o =+1/2, viz.,

{Hzm(x) = (—1)m22mp LY (32)
xeR

Home1 (x) = (—=1)"22m 1 V2 (32)

The argument of the Hermite polynomials usually takes values on the whole real
axis.

7.2 Confluent hypergeometric functions — second kind

The second kind of confluence in the hypergeometric function, F(a,B;7v;z) =
2Fi(a, B;v;z), where both roots of the indicial equation approach infinity together
with one of the regular singular points, is now investigated. To this end, let o = k1 /b
and B = kp/b, and study what happens to the hypergeometric series as b — oo with
a scaled argument z/b. The hypergeometric series in this limit process is

. > (kyv/b,n)(ky/b,n "
l}ﬂzFl(kl\/EakZ\/l;W;Z/m :;;)( 1 (%)n),zl! : (%)

The factor

(k] \/E,n)(kz\/l;,l’l) (k] \/l;,n) (kz\/g,l’l) nin
= — kl kz as b — &
b bn/2 b2

by the same arguments as used in Section 7.1. We get

5 Charles Hermite (1822-1901), French mathematician.
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. = (kik
l}lszl(kl\/B7k2\/E;7;Z/b Z 12Z

‘We introduce the notation

oF1(7:2) (7.10)

This series converges everywhere in the complex plane, and the differential equation
of u(z) = oF1(7;2) is
" (z) + ' (z) —u(z) =0 (7.11)

which is obtained by taking the appropriate limit b — oo in the scaled version
(a = B = /b, z — z/b) of the hypergeometric equation (4.3) on page 50. This
differential equation has one regular point at the origin, and one irregular point at
infinity. Just like confluence of the first kind, confluence of the second kind has cre-
ated an irregular singular point out of the regular singular point at z = b — oo and
the one located at infinity.

Just as for confluence of the first kind, the indicial equation, for the regular sin-
gular point at the origin, has roots 0 and 1 — ¥, respectively, and the second solution
to the differential equation is

v(z) =271 (2)
where, use Theorem 2.1 on page 4,
of"(D)+2=1)f(2) —u(z) =0
This differential equation has a solution, which is well behaved at the origin, viz.,
@) =0F1(2—72)
This observation implies that
v(z) =z ""0Fi(2—7;z), ¥ not an integer

is a second solution to the differential equation.

7.2.1 Integral representations

In parallel to Barnes’ integral representation of the hypergeometric function in The-
orem 5.4 on page 80, and the integral representation of the confluent hypergeometric
function of the first kind in Theorem 7.2 on page 127, there is an integral represen-
tation of the confluent hypergeometric function of the second kind.
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®

—

Fig. 7.2 The contour of integration in Theorem 7.3.

Theorem 7.3. If Rey > 1, the confluent hypergeometric function of the second kind
can be represented as a contour integral

oF1(y:2) = %!%F(—s)(—z)sds, R3z<0

where F is a contour in the complex s-plane, starting at —ieo and ending at i, such
that all poles to I'(—s) (i.e., s € N) lie to the right of F, see Figure 7.2.

Proof. The proof follows the proof of Theorem 7.2 closely. We start by rewriting
the integrand, using (A.4), as
L'(=s)(=2z)* _ (=2)° ™
C(y+s) T'(y+s)(145)sinzs

The gamma functions are estimated using Corollary A.2 on page 172 with o = 1
and o = 7. The result is (C; is a constant independent of )

1

<C efRe(Zery)]n\s|+21msarg(s)+2Res
T(y+sC(1+s)| "
Moreover, we have for |s+n| > €,Vn € Z, see Lemma A.1,

|sin7s| > Cze™™sl

and also forreal z < 0
I(_Z)sl — eResln|z\



7.2 Confluent hypergeometric functions — second kind 135

The integrand at large values of s can now be estimated for real z < 0,

L(=s)(=2)*
C(y+s)
for s € {s € C: |s+n| > €,Vn € N}. Notice that the factor |Ims| (|arg(s)| — 7/2)

is bounded as s — =ico. The convergence properties as s — *ioo are determined by
the factor

< Ce™ Re(y+2s)In|s|+Res(2+1n |z])+2|Ims|(| arg(s)|—7/2) (7.12)

efRey1n|s\

and the integrand vanishes at least as 1/|s|, as s — =ieo, since Rey > 1. The inte-
grand is therefore convergent, and the first part of the proof is completed.

We next show that the integral in the theorem is identical to confluent hyperge-
ometric function of the second kind in (7.10). As in the proof in Theorem 7.2, we
close the contour by a semi-circle C in the right-hand s-plane. The poles at s € N are
avoided by parameterizing the contour C as

C:s=(N+1/2)e? = (N+1/2)(cos ¢ +ising), o c[-n/2,7/2]

and let N — oo through the integer numbers. The integrand on C is bounded by,
see (7.12),

‘F(S)(Z)s
L(y+s)
< Cef(Reer(ZNJrl)cosq))ln|N+1/2|+(N+1/2)cos¢(2+ln|Z\)+2(N+1/2)\sin¢|(\¢\fﬂ:/2)

and we observe that the convergence properties are determined by the factor

efReyln\NJrl/2\ef(NJrl/2)cos¢{21n\N+l/2\+2+ln|z\}

which vanishes at least as N~ R¢? as N — oo, showing that the contour C does not
contribute in the limit as N — oo. The residue theorem implies

r'(y) 5 qe I'(y) ;
/ ml“(—s)(—z) ds —F/C ml“(—s)(—z) ds
= -2mi Z l‘{ensr (—s)(—z)°

The residues of I'(—s), see (5.15) on page 84, then imply

I'(y) n
e W

=27i Z = 27ioFi(7;2)
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and the theorem is proved. O

7.2.2 Bessel functions — revisited

The Bessel functions, Jy(z), were introduced in Section 7.1.1 and were found to be
related to the confluent hypergeometric function 1 Fi (y;z), see (7.3),

Ve F(v41/2;2v 4 1;2iz)
N 2YI(v+1)

Jv(2)

In this section, we show that J, (z) also can be expressed in the confluent hypergeo-
metric function of the second kind, oF (¥;z).
The Bessel function Jy (z) satisfies the Bessel differential equation, see (7.3),

2u(2) + il (2) + (22 = vPu(z) =0

and the Bessel function Jy(z) behaves near the origin as

ZV

M~ S

The derivation follows the analysis in Section 7.1.1 closely, and we start with the
confluent hypergeometric equation, (7.11)

al’(z) + v (z) —u(z) =0

As in Section 7.1.1, we use Theorem 2.1 on page 4 but now g(t) = —t>/4. The
confluent hypergeometric equation above then is transformed into

W' (1) + 2y— D)W () +tw(t) =0
Another transformation with Theorem 2.1 with w(z) = ¢t~V u(t) gives
2" () + 2y —v—1)+ Dt (1) + (1 —2v(y—v—1) = vHu(t) =0

From these transformations, we see that by choosing Y= v + 1, the equation is iden-
tical to the Bessel differential equation, leading to the identification of the Bessel
function, Jy (z), in terms of the confluent hypergeometric function, oFj (Y;z)

_ ZYoR(v+1;-2%/4)

Jv(z) V(v T) (7.13)

with power series expansion
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F(a,B;7:2)
o=—n .
Confluence of the first kind
Jacobi polynomials =b
b — 00
Conﬂ\l}gnce of\t}lg second kind
a=+vb,B=vb
b — oo 1F1(Ot;7/;z)
oF1(7:2) o=—n

Bessel functions Laguerre polynomials

Bessel functions Hermite polynomials

Fig. 7.3 An overview of the hierarchy of the solutions to the hypergeometric differential equation
and its two confluent tracks.

Jv(z) = (%) i r(ni_vlzul)n' (%)2

n=0
We conclude the section with an example.
Example 7.2. From (7.13) and Theorem 7.3, we get (x > 0 and Rev > 0)

xR (v41;—x%/4)
- 2’[(v+1)

Jy(x)

xV 1 [ I'(v+1) 2
=——— [ ———T(— 4)°d
2T (v+1) 27:1/ Fovrigs)l CO0/4)7ds
F
where the path of integration goes along the imaginary axis, but to the left of the
singular point at s = 0. We get the integral representation

ico —s)(x V+2s
B = o [ T/

=— ds, >0, Rev>0
27i )i T(V+1+5) 5o ©

7.3 Solutions with three singular points — a summary

After having explored the solutions of the hypergeometric function »Fj (¢, B;7;z) in
Chapter 5, and its confluent versions, | Fi(o;¥;z) and oF1(7;2), in this chapter, it is
appropriate to illustrate the overall structure of the solutions. To this end, we collect
the different solutions in Figure 7.3.
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7.4 Generalized hypergeometric series

For completeness, we end this chapter with the definition of the generalized hyper-
geometric series of ,,F,(0,...,WuiV,---,Y:2). We do not give any detailed de-
scription of the properties of this function in this section, but many of its properties
can be derived using techniques similar to the ones used above for the hypergeo-
metric function and the confluent hypergeometric functions of the first and second
kind.

The generalized hypergeometric series for general indices m and n has terms with
m factors in the nominator and » factors in the denominator of the series represen-
tation of the solution. Its definition is

> (0, k). (O, k) ZF

ana7"'7am; yerey Ial) = - (714)
(o Moo i) k; LK) - (k) K

The convergence properties of this series depend on how the m and n indices are
related to each other. By the ratio test we find

m < n=> convergence for |z| < e
m=n+ 1= convergence for |z| < 1
m > n+ 1 = divergence everywhere

Problems

7.1. Show that
1F(a:y:2) =1 F (Y — a7 —z)

7.2. Prove d
o
—1F(a;yz2) = —1F(a+1;y+1;
3 (ers) 7! 1( Y+ 1:2)
and more generally
d" (a,n)
(o yiz) = Fi(o+n;y+n;
! 1(e752) ! 1( Y+n;z)

7.3. Determine the Wronskian of the two linearly independent solutions | F} (@; ¥; z)
and v(z) in (7.1) and (7.2), respectively.

7.4. The Whittaker® equation reads

1 2
2u"(2) + (4 — k- Z4> u(z) =0

6 Edmund Taylor Whittaker (1873-1956), English mathematician.
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Find its solutions in terms of the Kummer function | F} (a;y;z).

7.5. Weber’s’ equation reads
2

W"(2) + <v+ - 24) u(z) = 0

Its solutions are often called parabolic cylinder functions. Find its solutions in terms
of the Kummer function | F} (¢t; ¥;z2).

7.6. Show that for any o < 0
< ! G+i°°r ’d R 0
= — — — R <
= /Giiw (—s)(—2)°ds ez

7.7. The error function erf(z) is defined as

2 L p
erf(z) = ﬁ/() € dr

Show that

2z > 2z 2 2
— 1 F(1/2;3/2;—77) = —e * 1F(1;3/2;7
\/El 1(1/2;3/2,—27) e “1Fi(1;3/2;27)

Nz

erf(z) =

7 Heinrich Friedrich Weber (1843-1912), German physicist.



Chapter 8
Heun’s differential equation

The solutions to the hypergeometric differential equation — two regular singular
points in the finite complex plane (at z =0 and z = 1) and a regular singular point at
infinity — were analyzed in detail in Chapter 5. In this chapter, the solutions of the
differential equation with four regular singular points are investigated. We restrict
ourselves to the situation where there are three regular singular points in the finite
complex plane, and a regular singular point at infinity.

8.1 Basic properties

The differential equation with three regular singular points in the finite complex
plane and one regular singular point at infinity was introduced in Section 4.4.1. The
three regular singular points in the finite complex plane are located at z =0, z =1,
and z = a, respectively. We restrict ourselves to the case when |a| > 1 (no restriction
if |a| # 1, since the role of the singular points z = 1 and z = a can be changed), see
Figure 8.1. The differential equation that corresponds to these conditions is Heun’s
differential equation, which reads, see (4.10) on page 57,

" Y ! Otﬁ(z—]’l)
u'(2)+ [Z—i-—i—a] u (Z)—i_zi(z—l)(z—a)

The extra condition that the coefficients have to satisfy is

u(z) =0 8.1)

(8.2)
h accessory parameter

{a+ﬁ+1=y+6+e
The roots of the indicial equations at z = 0 are 0 and 1 — 7. Similarly, the roots at
z=1lare 0and 1 — 98, at z = a they are 0 and 1 — €, and, finally, at z = oo they are
o and B. The roots of the indicial equations at the four different regular singular
points are summarized in Table 8.1.

G. Kristensson, Second Order Differential Equations: Special Functions 141
and Their Classification, DOI 10.1007/978-1-4419-7020-6_8,
© Springer Science+Business Media, LLC 2010
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Table 8.1 The roots of the indicial equation of Heun’s differential equation. The parameters a, 3
7, 6, and € satisfy (8.2).

Point |Roots A
=0(0,1—y
z=1(0,1-0
z=a|0,1—¢
z=oo| o,

Generalizing the notation by Riemann introduced in Section 4.3.2, see also (4.11),
we write the set of solutions to Heun’s differential equation as

0 1 a oo
uz)eP¢ 0 0 0 oz
l-y1-61—-¢p

In Section 5.4, we concluded that the solutions of the hypergeometric differential
equation show symmetry properties with respect to transformations of the indepen-
dent variable z, see Theorem 5.2. A similar, but more complex result, holds for the
solutions to Heun’s differential equation. In total, there are 192 different solutions
to Heun’s differential equation, corresponding to the 24 permutations of the regular
singular points {0, 1,a,} and the 8 combinations of the exponential factors corre-
sponding to the roots of the indicial equation, {{0,1—7},{0,1—06},{0,1—€}}, see
also Problem 4.5. The result relies on the generalization of Theorem 4.1 on page 52
to four singular points, i.e., with the notation of Theorem 4.1

Qu

Fig. 8.1 The three regular singular points at z = 0, 1,a in Heun’s differential equation. The fourth
regular singular point is located at infinity.
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ay az az aq4 t(al) l(dz) t(a3) t(a4)
Ploagopozoyzy=P oy oy 03 04 Z‘(Z)
Bi B2 Bs P4 Bi B B B

This result is a consequence of Problem 3.5. We refrain from giving the details of
this result here, but refer to Ronveaux [21] and Maier [16] for a comprehensive
treatment of the topic.

Comment 8.1. Heun’s differential equation reduces to the hypergeometric differen-
tial equation if we let a = 1 (confluence) and & = 1. To see this, rewrite Heun’s
differential equation in the form

o= 1 @) e 17 |V S e+ B ) =0
or |
2(z— D" (z) +z(z— 1) [er OHf_IH] u'(z2) + oPfu(z) =0

which is the hypergeometric differential equation

2(z— D" (2) + [(a+ B+ 1)z—7]u'(z) + aBu(z) =0

8.2 Power series solution

Just as in the analysis of the solutions to the hypergeometric differential equation
in Chapter 5, we develop power series solutions to Heun’s differential equation at
z =0, i.e., we make the ansatz

u@) =Y ad’,  v(@) ="y a (8.3)
n=0 n=0
Insert the first ansatz in (8.3) into Heun’s differential equation and identify the co-
efficient in front of the n™ power (n € Z, ). The result is

(n=1)(n—2)ap—1 — (1 +a)n(n—1)a, +a(n+ nap41 +(y+ 0 +€)(n—1)a,_,
—(y+vya+da+€)na,+ya(n+ aps1 + afay—1 — ofha, =0

or with the use of the constraint condition in (8.2)

(n—14a)n—14+B)ap_1 —[(1+a)n(n—1+7y)+ (6a+¢e)n+ afh]a,
+a(n+1)(n+7y)an1 =0

The coefficient corresponding to n = 0 is
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aya; — afhay =0

We write the relation between the coefficients in the following way:

any1 = Anay+Bna, 1, ne€y (8.4)
where
A (I+a)n(n—1+y)+(8a+e)n+afh
0=
1
a(nt1)(n+7) neN (8.5)
(n—14+a)(n—1+p)
B, =—
a(n+1)(n+7)
The sequence is initialized by
_aph

ay = ——ap = Apag
ay

The values of y=0,—1,—2,... have to be excluded from the analysis, otherwise
the coefficients a,, become undetermined at some n value. The coefficients A, and
B, behave asymptotically as n — oo as

1 —2a—-2+da+e

Ap=1+4-+ +0(1/n%)

laoH—B an3 1 6+e—4 (8.6)
By=—— - 2PV oty = —~ - 252 L o1/m)

a an a an

The convergence of the power series solution in (8.3) is determined by studying the
behavior of the quotient a1 /a, for large n. The limit

. Qpyd
t = lim 2+
n—oo an

exists by the results in Appendix B.2, see Theorem B.2 on page 183. With A =
1+1/a and B = —1/a, the roots to the characteristic equation (B.3) satisfy

14a 1

2

=t

a a

=1 / a

Hh=1
Here |r2| > |t1] by the assumption made on a. The radius of convergence of the
power series, (8.3), then is r = 1/|¢|. As shown in Theorem B.2, the proper root is
1, thus the power series converges absolutely inside the unit circle, r = 1, in the
complex z-plane, see Figure 8.2, and diverges outside this circle. In the exceptional
case, see (B.4) in Appendix B.2, the quotient a,,+ /a, converges to 71, thus leading

to a larger domain of convergence, i.e., r = |a|. Provided this is the case, power
series converges absolutely for |z| < |a| and divergences for |z| > |a].

with solutions
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.[l

Fig. 8.2 The domain of convergence of the power series expansion of the solution to Heun’s dif-
ferential equation that is analytic at the origin.

The convergence on the unit circle, |z| = 1, is investigated by the use of Raabe’s
test, see footnote 9 on page 64. In Problem 8.1 it is proved that the power series
converges absolutely provided Red < 1. In the exceptional case, the power series
converges on the circle |z| = |a| if Ree < 1, see Problem 8.1.

We have seen that the power series (8.3) converges inside the unit circle. We
adopt the normalization ag = 1, and call the solution obtained by the power series a
local solution, and use the notion

u(z) = Hl(a,h;a,B,7,6,€:2)

We summarize these conclusions made so far in this section in a theorem.

Theorem 8.1. There is a solution u(z) to Heun’s differential equation, (8.1), ana-
Iytic at the origin and u(0) = 1, with a power series expansion that converges abso-
lutely inside the unit circle. Moreover, the power series converges absolutely on the
unit circle provided Re 8 < 1. This solution is denoted u(z) = Hl(a,h; a, B,v, 8, €;2).

In the exceptional case, see (B.4), the power series has a larger domain of con-
vergence, i.e., r = |a|. The power series converges on the circle |z| = |a| provided
Ree < 1.

We conclude this section with a brief discussion of the special conditions that
have to be met in order to fulfill the exceptional case. Lemma B.1 in Appendix B
shows that the coefficients a;,, can be determined as a determinant D,,, i.e., a,, = D,,a,
where
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Ag—10 0 0 ...
Bl A —10 0 ...
0 By Ay —1 0 ...

Dy = neN (8.7)

e Ay —1
00 00 O..B, 4,

A necessary condition for convergence of the power series in a larger domain than
the unit circle! is that lim,_...a, = 0, or equivalently lim,, ... D,, = 0. This condition
for convergence can be viewed as an eigenvalue problem implying a condition on
the accessory parameter %, see also (B.4) in Appendix B. We number the allowed
values as hy,hy,hs,.... Infinite determinants have been studied by Hill,” and we
refer to the literature for more details [31, p. 36].

8.3 Polynomial solution

Polynomial solutions play an important role, and in this section the conditions for a
polynomial solution of Heun’s differential equation are investigated.

The power series in (8.3) is terminated, resulting in a polynomial solution of de-
gree n, if D11 = 01n (8.7) and, at the same time, a,, # 0. To terminate the sequence
in (8.4) after n terms, we also need B,,;; = 0, which implies

(n+a)n+p)=0 = a=-norf=-n

Example 8.1. The simplest example is n = 1, which implies that « = —1 or § = —1.
In both cases aff = —(y+ 8 +¢€), due to the extra condition ¢+ +1 =7+ 5 +¢€.

DQZO — D=

Ao —1
1

B A1‘2A0A1+BIZO

We get
afh(1+a)y+éa+e+afh  of _0
ay 2a(1+7) 2a(1+7y)

The solution has to satisfy

0=h(1+a)y+hSa+he —h*(y+8+¢€)—ay
= (a—h)(h—1)y+h(a—h)8+h(1—h)e

or

S

8 E
h—

=0
1 h—a

! The necessary condition for convergence of the power series is that |a,||z|" — 0 as n — oo, but
this implies |a,| — 0 asn — oo if |z| > 1.
2 George William Hill (1838-1914), U.S. astronomer and mathematician.
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Given v, 0, and &, this is a quadratic equation in A to solve. This gives two polyno-

mials 1+ a;z, where
ofh Y+o+e
a) = =—h

ay ay

8.4 Solution in hypergeometric polynomials

A power series solution of Heun'’s differential equations was analyzed in Section 8.2.
It was proved that this solution was absolutely convergent inside the unit circle,
|z] < 1. A rearrangement of the terms in the power series suggests another type of
solution expressed as an infinite series of polynomials. The hypergeometric polyno-
mials (Jacobi polynomials) in Section 5.8, P,Ea’ﬁ )(x), are polynomials of degree n,
and a suitable candidate for these polynomials. This type of solution was first inves-
tigated by N. Svartholm [25]. In this section, we investigate under what conditions
this series of the hypergeometric polynomials (Jacobi polynomials) is a solution of
Heun’s differential equation.

To this end, make the following ansatz in hypergeometric polynomials (Jacobi
polynomials)

u(z) = i Cnyn(2) (8.8)
n=0

where we have introduced a short-hand notation for the Jacobi polynomials, see
also (5.18) on page 94

'\r 16—
yn(z)zF(—n,n+y+5—l;y;z):Iwﬂgy 18 1)(l—zz)

and with @ = y+ 6 — 1, we have
yn(2) = F(=n,n+ @;7;2)

The first two functions are
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8.4.1 Asymptotic properties of the polynomials y, (z)

The asymptotic behavior of the polynomials y,(z) for large indices n is needed to
determine the domain of convergence of the series in (8.8). This section is devoted
to an investigation of these properties.

The polynomials y,(z) satisfy, see Section 5.1,

Ya(2)+ B + Z_(S]] (@) — ”Z((ZJ_F(;)))yn(z) =0 (8.9)

and the recursion relations, see Problem 8.2, n € Z
2yn(2) = Buyn+1(2) + Qnyn(2) + Ruyn—1(2) (8.10)
d
Az=1) (@) = Pynt1(2) + Qpyn(2) + Ryyn—1(2) 8.11)

where (n € Z.)

b (o)t b T )n+y)
" 2n+0)2n+w+1) " 2n+0)2n+o0+1)
0, = (0 —-1)(r=9) 41 o = "Mt o)y-9)
" 22n+o+1)(2n+o—1) 2 " 2nt+o-1)2n+o+1)
R —_ nn+6—1) R nn+w)(n+6-1)
" 2n+te)(2nto-—1) " (2n+0)(2n+o—1)
with initializing values (n = 0)
_ Y
="  (R=0
- T Q=0
Qo o+1 R6:0
Ro=0

The dominant contributions for large index values as n — oo are

1 1-2y ) ,
=——4 =7 po_n, =
B, 4+ - +0(1/n%) " 4+ 3 +0(/)
)
0= + o(1/n?) 0, =12 +ot1/m) 8.12)
__1_1—2y > , on 1-28
Ry=—7——5, To0/m) RFZ—TjLO(l/n)

The main result of the asymptotic behavior is contained in the following lemma:

Lemma 8.1. The limit
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_1n1/2
(@) (1= )
hm —_— = S(Z) = —1/2
n—o yn(z) (1—z1)7"—1
exists, where the branch of the square root satisfies Re (1 — z’l) 12 > 0 (we assume
z ¢ [0,1)). The function s(z) also satisfies |s(z)| > 1. Moreover,

Ynr1(2) =S(Z)+@ +O(l/n2), asn— oo

yn(2) n

where 0(z) is s
o(z) =s(2) _2 4

Proof. We make use of the recursion relation for the functions y,(z) in (8.10).

2Yn(2) = Payn+1(2) + Onyn(2) + Ruyn-1(2)
The coefficients, P,, Q,, R, have well-defined limits as n — oo. From (8.12) we have

1-2y

1 2
Pn—_Z"' 8I’l +0(1/l’l)
1
Qn=§+0(1/n2) as n — oo
1 1-2y )
R,=———“"1ox
n=3 g, tOU/m)

To show that y,+1(z)/yx(z) has a limit as n — oo, we can employ Theorem B.2
on page 183 directly. However, in this proof, we proceed in a somewhat different

way. To this end, write
an(z) = s(2) "yn(2)

where we choose s(z) such that the new recursion relation

any1 = Apay + Bpa,

where
A, = ﬂ
sP,
R
Bn = 2 -
s°P,
satisfies

Ap=1+a+0(1/n)
B, =—0+0(1/n)

with |a| < 1. The asymptotic behavior of the coefficients, which is
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Ap=s""(2—42)+0(1/n)
B,=—s2+0(1/n)

leads us to choose s satisfying (remember we require A, + B, — 1 as n — o)
s —=25(1-22)+1=0 (8.13)

with solutions
1/2 2
5120 = 1-2£2 (2 =2) == (25 (- 1)?)

which we write as

Z—-1 1 Z+1
2@=50  »@=rm=7

where '
z=(1-z1" /

The first root satisfies
() = 2| <1
S =|—
=170

since Z = (l —z_l)l/ ? is located in the right-hand side of the complex Z-plane

(ReZ > 0), whenever z ¢ [0,1]. Therefore, |s2(z)| > 1, and in order to satisfy the
condition |ot| = |s(z)| 72 < 1, we have to pick the root s(z) = s2(2).

We can now apply Corollary B.1 on page 193, which shows that the quotient
an+1/ay, converges to 1, and, hence, the limit?

lim yn+1(2) =s2(z) = 5(2)

The first part of the lemma is then proved.

To prove the conditions on ¢(z), we once again make use of the recursion rela-
tion in (8.10) and divide by y,(z). The asymptotic behavior of the coefficients then
implies

(11— o(2) 1
o= (-y+ e rousm)) (s+ 22 roqty ) + 3 o)
1

L . 4 ")
+( 4 8n +00/)>4@+°@+oumq

n—1

3 The Hungarian-born British mathematician Arthur Erdélyi (1908—1977) showed that the excep-
tional case @ |
. Yntr1(Z
lim ————= =s1(2) =
1) 5(z)

n—w yu(z)

does not occur [7].
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Use (8.13), and keep terms up to order 1/n. We get

_ 0@ 12 1 oz)  1-2y .
0= +3(2) 8n +s(z) (4s(z)(n—l) 8n >+0(1/ )

A multiplication by n and taking the limit n — oo give

which we solve for o(z). Finally, we get
0(z) =s(z) ! _227/

which proves the lemma. 0O

8.4.2 Asymptotic properties of the coefficients c,

In a similar manner, we investigate the asymptotic behavior of the expansion coef-
ficients ¢, in the series (8.8), which satisfy Heun’s differential equation. We collect
the results in two lemmas.

Lemma 8.2. If the series (8.8) is a solution of Heun’s differential equation, the co-
efficients in the series of hypergeometric polynomials, c,, satisfy

Cny1 = Encn + Fuen—1
where
€0;,+ B0y +n(n+®)0, — (aBh+n(n+ w)a)
eR,  +(aB+(n+1)(n+1+4+@))Ruy1
ep, +oafP 1+ (n—1)(n—1+0)P
R+ (af+(n+1)(n+1+©))Rus1

E,=

= —

The sequence is initialized by

o2+ w)(y—h(w+1))
o((e—1)(w+1)—apf)

Cc] = E()C() = — ()

Moreover; the coefficients E, and F, behave asymptotically as

1—2a)(2y+2e —
Ey—2—da+ U202V o 0
n asn— oo (8.14)
2y+2¢ —
Fn:_l_w+0(1/n2)
n

Proof. Insert the series expansion (8.8) in Heun’s differential equation
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" Y 4 € ’ af(z—h)
M(Z)+ 24‘74’ M(Z)"‘m

u(z) =0

z—1 z—a

and use the differential equation for the function y;(z), see (8.9). We get
ez(z—1) ) ewi(2) + Y cx (@B(z—h) +k(k+ ) (z—a))yi(z) =0
k=0 k=0
or using (8.10) and (8.11)

€Y cx (Poks1(z) + Qi (z) + Riye—1(2))

=0
+ i cr (af +k(k+ o)) (Poyis1(2) + Ouyr(z) + Riye—1(2))
k=0

cr(afh+k(k+ w)a)ye(z) =0
k=0

Since the hypergeometric polynomials form an orthogonal set, see Lemma 5.8, the
coefficient in front of y,(z) must be zero, leading to (n € Z.,.)

£ (Cn—IPyi_l +CnQ;l +C11+1R:1+1) + aﬁ (Cn—IPn—l +¢nOn +Cn+1Rn+1)
+epmi(n—1)(n—14+0)P—1 +cpn(n+@)0n+cpri(n+1)(n+ 14+ 0)Ry41
—(aph+n(n+w)a)c, =0

The coefficient in front of yy(z) is used as an initialization of recursion relation (use
By = Q)= Ry~ 0)

ec1R) +aB (coQo+ciRy) +ci(1+®)Ry — afhcy =0

or explicitly

J (5;2) a (2+(»O)Cfa)+l))c1 top <w11_h> =0

_af2+o)(y—h(w+1))
s(e—D(w+1)—ap) °

‘We write the recursion relation as

or

[ I

Cny1 = Epcp + Fucnq

where
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€0, +aBOy+n(n+ )0, — (aBh+n(n+w)a)
ER,  +(af+(n+1)(n+1+4+ )Ryt

el +ofP1+(n—1)(n—1+w)P,_

eR,  +(aB+(n+1)(n+1+4+ )Ry

The asymptotic behavior in (8.14) is obtained by the use of (8.12). The denomi-
nator behaves as

E,=

Fp=—

eR,  +(af+(n+1)(n+1+0))Ryii
n* n 1-2y
=711 (e—z—w—z) +0(1)
n” n 3
:*Z‘FZ <862)+0(1)

The two numerators are

— €0, —ofQy—n(n+ ®)0y+ (afh+n(n+ w)a)

_ n2(2621— 1) n na)(Z;— 1) +o(1)

and

—&eP_ —aBPr—(n—1)(n—14+ )P

— 8% — (P +n(0—2)+0(1)) (i 42 sn2y+0(1/”2)) +0(1)

2 2e4dy+25-7
=%+n%+0(1)

These estimates imply

E,=— (4a—2+2w(2a_1)+0(1/n2)) (1+

n

(s—s— ;) +0(1/n2))
(e—&— ;) +O(1/n2)>

1-2
E,=2—4a+—2(2e+2y—5)+0(1/n?)
n

_4e+4y-10
2n

S|= S|~

Fy—— <1+W+0(1/n2)> <1+
n

which simplifies to

F=—1 +0(1/n%)
and the lemma is proved. O

The asymptotic behavior of the coefficients ¢, is given by the following lemma:

Lemma 8.3. The limit
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. Cntl (l—a’l)l/z—kl
lim PP Y R
noee Cp (1—a1)y/"—1

. ; _1\1/2
exists, where the branch of the square root satisfies Re (1 —a 1) / > 0 (under the
assumption |a| > 1), and |t| > 1. In the exceptional case, the limit is

_1n\1/2
o (1—-a1)"? -1
im =t= PPy R
n—ee Cp (1—a 1)/ "+1
and |t| < 1.
Moreover, if we write
Cn+1

T
It -4 0(1/n?), asn—oo
n

Cn

then 7T satisfies

(I-2a);—1
T=t2y+2e -5 —7F5—"—
(2y+2e-5)—3—
Proof. From Lemma 8.2 we get
Cnt1 = Encn+ Fycn—1 (8.15)

where
€0, +aPQu+n(nt ©)Qn— (aBh+n(n+ w)a)

ER,  +(af+(n+1)(n+1+4+ )Ryt
eP | +aBP1+(n—1)(n—14+ )P,
eR,  +(aB+(n+1)(n+1+@))Ryy

E,=

Fp=—

with dominant contributions, see (8.14)

(1—2a)(2y+2¢—5)

+0(1/n?)

W =2—4a+ +0(1/n?)

2y+2e—-5 asn e

n

F=-1

To show that c,1/c, has a limit as n — oo, we can employ Theorem B.2 on
page 183 directly. However, as in Lemma 8.1, we proceed in a somewhat different

way, and write
—n

a,=t""c,
where we choose ¢ such that the new recursion relation
any1 = Anay + Bra,

where
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satisfies
A, =14+a+0(1/n)
B,=—0+0(1/n)

with |et| < 1. From the asymptotic behavior of E,, and F,, t has to satisfy (remember
we require A, + B, — 1 as n — o)

> —2t(1-2a)+1=0 (8.16)

with roots
2
tip= l—2a:t2(a2—a)1/2: _ (al/ZIF(a—l)l/z)

which we write as
t—A_l t_l_A—i—l
AT 2T A1

where i
A=(1-ah)"

The first root satisfies
|ty | = I
U A

since A = (1 fa_l)l/ % is located in the right-hand side of the complex A-plane
(ReA > 0, |a| > 1). Therefore, || > 1, and in order to satisfy the condition
la| = |t|72 < 1, we have to pick the root ¢ = t,. We can now apply Corollary B.1
on page 193, which shows that the quotient a,/a, converges to 1 (except in the
exceptional case), which implies

lim Cn+1

n—eo  Cp

=1

or in the exceptional case to
. Cn+1
lim — =#
n—oo Cn
The first part of the lemma is then proved.
To prove the conditions on 7, we once again make use of the recursion relation

in (8.15) and divide by c,,. The asymptotic behavior of the coefficients then implies

(+ 5o =2 aay U2ORTE2E23) 4o )
2y+2e-5 1
. (1 Jar2es +0(1/n2)> P —— V3
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Use (8.16), and keep terms up to order 1/n. We get

T (1—2a)(2}/+28—5)+ T 2y+2-5

n n 2(n—1) tn +0(1/n’)

Multiply with n and take the limit n — oo. This gives

2 2€ —
172(1—251)(27/—1—28—5)4-;2—%85

which we solve for 7. The result is

(1—2a)t—1

T=t(2y+2e-5) PR

which proves the lemma. 0O

Lemma 8.3 proves that there are two possible limits ¢ of the quotient ¢, /cp,
viz., t; and f,. Since |f;| < |f2], #2 is the limit in the general case, but under certain
conditions, analogous to the result in Section 8.2, the quotient ¢, /c, converges to
the other root #1, see also (B.4) in Appendix B.

8.4.3 Domain of convergence

The main result about the domain of convergence of the series in hypergeometric
polynomials in (8.8) is now collected in a theorem.

Theorem 8.2. In the general case, when t, is the appropriate root in Lemma 8.3, the
hypergeometric polynomial series in (8.8) converges nowhere outside the segment
[0,1].

However, when t, is the appropriate root in Lemma 8.3, the hypergeometric poly-
nomial series in (8.8) converges inside the ellipse with foci at z =0 and z = 1,
passing through the point 7 = a, see Figure 8.3, with possible exception of the line
connecting the two foci. Moreover, the series then converges absolutely on the el-
lipse, provided Ree < 1.

Proof. By the ratio test, absolute convergence of the series in (8.8) is guaranteed,

provided

C+1Vk+1(2)
vk (2)

Similarly, the series diverges if |t,52(z)| > 1, n=1,2. Lemmas 8.1 and 8.3 show that

=|tus2(2)| <1, n=1,2

k—o0

A
Z+1 T AT

2(2) =7 A+l
th="——

A—1
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A

°
\/

Fig. 8.3 The domain of convergence of the hypergeometric polynomial series expansion of the
solution to Heun’s differential equation that is analytic at the origin in the exceptional case.

where
Z=(1-zN" :¢[0,1], ReZ>0

A= (l—afl)l/z, la| >1, ReA>0

The interval z € [0, 1] satisfies ReZ = 0, which is the boundary of the set ReZ > 0.

The result of Lemma 8.3 shows that, in general, #, is the proper root. The bound-
ary of the domain of convergence, |f52(z)| = 1, consists of all complex numbers z
satisfying

1 A—-1

‘ 2= ‘A+ 1
where the last inequality follows from the requirement that ReA > 0. The solution
set is void, since |Z+ 1| < |Z — 1| implies that ReZ < 0, which is a contradiction to
the assumption ReZ > 0.

The other root, 71, gives a domain of convergence determined by

Z+1
Z—-1

Z+1
Z—1

152(2)] < 1 A+1
= |s —_— | —
2S00 T a1
which defines the interior of an ellipse in the complex z-plane, with foci at z =0, 1
and passing through z = a, see Lemma D.1 in Appendix D on page 205.
A somewhat easier way of realizing that the curve is an ellipse is to fix the mod-

ulus R of 5,(z), i.e.,

1
ls2(z)| =R=—>1
It1]

The equation, see (8.13),
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1
sZ(Z)‘f’m =2—-4z

then represents an ellipse centered at (1/2,0) in the complex z-plane as s5(z) varies
along the circle, centered at the origin, with radius R. To see this, let z = x4+ iy, and
introduce a polar representation of s;(z),

52 (Z) = Rei¢
We get, taking the real and the imaginary parts of the relation above,

(R+R ")cosp =2 —4x
(R—R )sing = —4y

This equation represents an ellipse centered at (1/2,0) in the complex z-plane with
the half-axes being (R+R~')/4 and (R—R~") /4, respectively, since R=1/[t;| > 1.
The distance between the foci is ((R+R~)? — (R—R_l)z)l/2 /2 =1, so the foci
are located at z =0, 1.

On the ellipse, #152(z) = 1, Raabe’s test guarantees absolute convergence, if there
exists a positive number c, such that

lim nRe <C”“y”“<z) - 1) =—l-c
n—eo cnyn(2)

In our case we have from Lemmas 8.1 and 8.3 (71s2(z) = 1)

lim nRe (W— 1) :’}ijgonRe((t1+z) (sz(z)+cff)) - 1)

=Re(110(z) + 152(z))
~Re <122?’ (27+2¢ 5)(1t22a_>t111)
1

=Re <122Y (27+2£5);) =Ree—2

where we also used 7 = #1(2 — 4a) — 1. By Raabe’s test, the series converges abso-
lutely on the ellipse if Ree < 1. O

8.5 Confluent Heun’s equation

In Chapter 7 we analyzed two different confluent versions of the hypergeometric
differential equation. These equations were obtained by letting one of the regular
singular points approach infinity, and at the same time appropriately adjusting the
roots of the indicial equation. The same type of procedure is, of course, also possible
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for Heun’s equation, but, due to a more complex equation, this can be done in several
alternative ways. In this section, we restrict ourselves to just one of the many existing
versions. This version has certain similarities with the confluence of the second kind
described in Section 7.2.

The starting point is Heun’s equation, see (8.1),

" Y 0 atf-y-o6+17 , ap(z—h)

u(z) =0

where we have used (8.2) to eliminate root €.

The aim now is to let a — o and at the same time adjust the roots of the indicial
equation. To accomplish this, we scale o0 = k1a1/2 and ff = kzal/z, and let a — oo.
After the limit process, the new differential equation reads

kika(z—h)

M@H[Y+ S}MQ)Z&_UMA—O (8.17)

z z—1
This is the standard form of the singly confluent Heun’s equation.
An alternative form of this equation is obtained by the use of Theorem 2.1 with
7= g(t) = t*. The result is

(1) =0 (8.18)

) 2—1 28|, . 4kika(h—r)
v+ |2 - 2 v - e

A second way of confluence is addressed in Problem 8.3.

8.6 Special examples

Several special cases of Heun’s differential equation and its confluent versions play
an important role in mathematical physics. We illustrate with three examples.

8.6.1 Lamé’s differential equation

The first example of Heun’s equation is Lamé’s differential equation, which is char-
acterized by
1 1
v 2 h=3
This special case gives Lamé’s equation
11 1 1 of(z—h)
—U

u"(z)+§ E—i— (z—1) + (z—a)
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8.6.2 Differential equation for spheroidal functions

The prolate spheroidal coordinates (u,w, ) are defined in terms of the Cartesian
coordinates (x1,xp,x3) as
(x1,x2,x3) = a(sinhusinwcos ¢, sinhusinwsin @, coshucosw)

where u € [0,00), w € [0, 7], and ¢ € [0,27). It is convenient to introduce

&) =coshu € [1,)
& =cosw e [—1,1]
53 = (i) S [0,2715)

and in these coordinates the Helmholtz equation, see Chapter 1, separates into the
following equations:

dfi(é)y 2,2 _
i (@0 E) - [1-aegrs 5] A -0
d ~£2,4A(8) PIRED
i (- ) ¢ -ceg - g e -
dfa(%a) _
L8 -0

where A and u are constants of separation. We notice that the two first equations
are, from a differential equation point of view, really the same, but with different
domains of definition of the independent variable. This is the differential equation
of the spheroidal functions. We adopt the notation

u?

—X

(12" () =210+ [+ 220 -2) = 125 1) =0

From the separation of variables above, we identify two different domains of interest
for the independent variable:

We let f(x) = (1 —x?)“/2g(x). The function g(x) satisfies (use Theorem 2.1)

(1=x%)g" () =2(u+ Dxg'(x) + [A —p(p+ 1)+ 2> (1 —x")] g(x) =0 (8.19)

and the roots of the indicial equation are 0 and —u for both x = +1. Compare this
equation with the confluent Heun’s differential equation (8.18). This is the same
equation with the constants
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X
k:—k = —
A+x%— 1
o=pu+1 h=""% Xg(“+ )

Thus, the spheroidal differential equation is a special case of the confluent Heun’s
differential equation.

8.6.3 Mathieu’s differential equation

Mathieu’s” differential equation is a special case of (8.19). Let 4 = —1/2, and (8.19)
becomes

(1200~ ()-+ [ + 4+ 2201 - | et) =0

Introduce x = cos 0 and
u(0) = g(cos0)

We get, see Theorem 2.1,

u"(6)+ [i + A+ x*sin’ 9} u(@) =0

Compare this equation with the alternative forms of the Mathieu’s differential equa-
tion found in the literature

" (0)+[a—2qcos20]u(6) =0, HMEF [1]
u"(0)+ [b—h*cos? 0] u(6) =0, Morse and Feshbach [18]
u"(0)+ [a+ 16gcos20]u(0) =0, Whittaker and Watson [31]

We see that they all express the same equation, but with different constants.

Problems

8.1. TProve that the power series of Heun’s differential equation in (8.3)

M(Z) = Z ap?"
n=0

4 Emile Léonard Mathieu (1835-1890), French mathematician.
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converges absolutely on the unit circle, provided Red < 1 or Ree < 1, depending
whether the root #, = 1 or t; = 1/a, respectively, is used.

8.2. Verify the recursion relations in (8.10) and (8.11) using the result in Sec-
tion 5.8.6 and in Problem 5.7.

8.3. In Section 8.5, one type of confluence of Heun’s equation was demonstrated.
This type of confluence resembles the confluence of the second kind of the hyper-
geometric function that was demonstrated in Section 7.2. Perform a confluence of
Heun’s equation that parallels the confluence of the first kind of the hypergeometric
function in Section 7.1.

8.4. Explicitly determine the coefficients @), in the power series expansion of Heun’s
equation in (8.3). Determine the radius of convergence of the solution, and relate the
solution to the power series solution Hl(a,h; ¢, 3,7,0,€;z) in Theorem 8.1.



Appendix A
The gamma function and related functions

The gamma function plays a central role in the representation of the special func-
tions. This function and other functions derived from the gamma function are col-
lected in this appendix together with some of their basic properties.

A.1 The gamma function I"(z)

The gamma function is not a special function in the sense that it is a solution to
a second order ordinary differential equation of the kind we have analyzed in this
book, i.e., a differential equation of Fuchsian type with a finite number of regular
singular points. That this is the case can be deduced from the fact that the gamma
function has infinitely many poles — a property that no solution to a second order
ordinary differential equation with a finite number of regular singular points can
have. Instead, the gamma function has to be defined by other means. In fact, it
satisfies a difference equation rather than a differential equation, see below in (A.2).

There are several ways of defining the gamma function I"(z). We prefer to define
it by an integral representation, due to Euler, [18], viz.,

F(z):/ e 't ldr, Rez>0 (A.1)
Jo

An explicit value is
r)= /:e*fdt —1
We easily see by integration by parts that
I'(z+1)=2z(z), Rez> —1,andz#0 (A.2)
Evaluated at the non-negative integers, I"(n+ 1) coincides with the factorials, i.e.,
I'ln+1)=n! neN

163
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Fig. A.1 The modulus of the I'(z) function in the complex z-plane.

which is easy to verify by induction over n. This result shows that the gamma func-
tion is a generalization of the factorials from the non-negative integers to the com-
plex plane.

The gamma function has simple poles at z =0, —1,—2, -3, ..., which is seen by
repeated use of (A.2), see Figure A.1,

I'(1+2) I'(n+1+z) F(n+14z)

F(Z): f — T (n—|—z)(n—1+Z)---Z - (n—|—Z)(Z,n)

where we introduced the Appell symbol, (¢t,n), defined in Section A.3.
The residue of I'(z) at the poles z=0,—1,—2,—3,... is determined by

, ra _ =y
R = = = .
ResPl@) = lim c4ml (D) = o5 = ne€N (A3
since (—n,n) = (—n)(—n+1)...(=1)=(=1)"ntand I'(1) = 1.
An alternative definition of the gamma function is to use the integral representa-
tion, see Problem A.2,
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A

a

Fig. A.2 Definition of the contour C, which encircles the origin counter-clockwise.

i

I'(z) / e (=) tdr, VzeC
c

~ 2sinnz.
where the contour C is depicted in Figure A.2.

The reciprocal of the gamma function 1/I"(z) is an entire function with zeros at
z=0,—1,—2,-3,.... The Weierstrass factorization theorem states that every en-
tire function can be written as an infinite product [9]. The gamma function has the
product formula

1 i Z
—— =z (l—i-f)efz/’ﬂ vzeC
r < L+
where 7 is the Euler—Mascheroni! constant defined in (A.18) on page 176.

We also frequently use

T

FOr(1-= o — (A4)

which is proved in Problem A.1. If we evaluate this identity at z = 1/2, we get
ri/2)=vn
Additional expression for products of gamma functions are, see also Prob-

lem A.5:
NZ

rrz+1/2) = FT(Zz) (A.5)

and

F()T(z+1/3)0(z+2/3) = %F(SZ)

'] orenzo Mascheroni (1750—1800), Italian mathematician.
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A.2 Estimates of the gamma function
The gamma function for large arguments is determined by Stirling’s” formula
1
InI'(z) =InV27m+ (z - 2) Inz—z+J(z), |arg(z)|<m (A.6)

where Binet’s? function J(z) is an analytic and bounded function in any open sec-
tor [ = {z € C: |arg(z)| < #— &}, where & > 0. Moreover, |J(z)| < C(8)/|z| as
z — oo in I'5. The branch of the logarithm is real for real arguments. An explicit
representation of Binet’s function is

1 [~ z 1
J(z) = ;/0 o In oo df, Rez>0

From this expression of Binet’s function, it is possible to analytically continue the
function J(z) to I's. A proof of these results is given in, e.g., [11, Sec. 8.5].

The growth rate of the gamma function is used frequently in the main text — in
particular in the proofs related to the integral representations of Barnes in Chapter 5.
It is convenient to summarize the results in a series of lemmas. We start with a useful
estimate of the growth properties of the sine function in the complex plane.

Lemma A.1. For each € € (0,1/2), there are positive constants, ce and C, depend-
ing only on €, but not on z, such that the sine function satisfies

ce < |sinmzle ™M < ¢, in {z€C:|z+n| >eVneZ}
Proof. The modulus of the sine function in the complex plane is, x,y € R

2y
. . . . €
|sin7t(x+iy)|* = sinh® 7y + sin’ 7tx =

{ 1 +e 4Dl _2e27bl ¢og 27rx}

For all z =x+1iy € C, we have the estimate

1 . 1 1 _oxly
e " |sinw(x+iy)| = 5\/1 +e 4l — 227l cos 27rx < 3 (1 +e Z”M) <1
Thus, we have proved that
|sinz(x+iy)] <e™!, vzeC

This is the right part of the inequality of the lemma. In fact, the constant C; =1 is
independent of the value of €.

To prove the left inequality, it suffices, due to the periodicity of the sine function,
i.e., |sinm(z £ 1)| = |sin7z|, to prove the lemma in the strip Rez = x € [0,1/2]. We

2 James Stirling (1692-1770), Scottish mathematician.
37 acques Binet (1786—1856), French mathematician.
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Fig. A.3 The two domains / and /I in the punctuated strip M (shaded area) in the roof of
Lemma A.1.

define for each € € (0, 1/2) and for all complex numbers z = x+1iy in the punctuated
stipM = {z € C: |z| > &,Rez € [0,1/2]}

Flx+iy) = 1+e #2672 cos27x, in M

Our aim is to bound this function from below in M. Write f, (x) = f(x+1iy), and we

have d
M = 4xe 7 Plgin27x > 0, in M
dx
Therefore, for each fixed y, f, (x) is a non-decreasing function as a function of x in
M. We divide the set M in two parts, I and /1, see Figure A.3. In the region /, where

ly| < € and x € [\/€2 —y?,1/2], we have for € € (0,1/2)
1++e 401 27270 cos (277:\/82 fy2> =fH(vVer—y*) < fi(x)

The function on the left-hand side is bounded from below when |y| € [0, €]. To see
this, rewrite the left-hand side using the notation

a(y) =2zlyl, b(y) =2m\/€2 — 2, c(x) = \/4n2e2 — 32

as
a(y) b(y)
£ (V€2 —y2) = 2e70) ( / sinhxdx + / sinxdx>
0 0
a(y) 2mE i
=2e9) (/ sinhxdx—|—/ xsmc(x) dx)
0 aly)  c(x)
Since

sinc(x) d

c(x)

sinhx > x> x
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we get (Iy] € [0,€)

2me o
A=y =270 | LUCPR

0 c(x)

2me q
> 2e 27 / — cosc(x)dx = 2e 2" (1 — cos2me)
o dx
Thus, in region I, for each € € (0,1/2), we have
2e 2" (1 —cos2me) = (2¢ ™ sin 758)2 < fi(x)

In region /1,

y| > €, and we have
2
(1—e %)’ < (1 - e*“'yl) = 1e 4 _2e 27Dl = £,(0) < £,(v)

To summarize, for each € € (0,1/2) and for all z = x+ iy € M, we have the
estimate

4c§ < fylx) = 4o~ 27Dl |sin77:(x—+—iy)|2

where

—TE T

ce =min{e " sinh7e,e " sinme} = e " sinme

Thus, we have proved that there exists a constant c¢, such that
cee™™ <|sinmz|, zeM

which by periodicity holds for all {z€ C: |z+n| > ¢,Vn € Z}, and the lemma is
proved. O

The argument of the sine function can also be shifted leading to the following
corollary:

Corollary A.1. For each € € (0,1/2) and o € C, there are positive constants, ce o
and Cg o, depending only on € and o, but not on z, such that the sine function
satisfies

e < |sinm(z+a)|e ™ < Cp, in{z€C:|z4+0+n|>e,VneZ}
Proof. Lemma A.1 applied with 7+ o reads
ce <|sinm(z+o)e FMEAFN < €. in{ze€C:|z+0+n|>¢eVnelZ)
The lemma follows from the triangle inequality
|Imz|— |Imea| < |Im(z+ )| < |Imz|+ |Im o]

which leads to

Cew = e—n\Ima|C8
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Fig. A.4 The contour C in the complex plane that connects the two points z and z + o, assuming
Im a > 0. The shaded area denotes the region between the two cuts.

and
| Imo
C&a =€ ‘ |Cg

and the proof is completed. O
We have also need for the following useful result:

Lemma A.2. For arbitrary a,y € C, the real part of the function
f(2) = (z+7)(Inz+ @) —Inz)

is a bounded function in I; o = {z € C: |z+ a| > €,|z| > €}, where € > 0, and
where the logarithms belong to the principal branch.* Explicitly, there exist con-
stants ce ¢y and Ce o y that depend only on €, o, and Y, but not on z, such that

Ceay < Ref<Z) <Ceaq,y, in I¢ o (A7)

Proof. We start with the identity
dr
n(z+a)-nz= [ %, zehq
c

where C is a contour in the complex 7-plane that connects the two points z and
z+ o without crossing the two branch cuts, |arg(z)| = @ and |arg(z + )| = 7, see
Figure A 4.

If the two points, z and z+ «, lie on the same side of the two cuts, i.e., both z and
z+ « are located outside the shaded area in Figure A.4, we can connect the points
with a straight line, and the real part of the function f(z) can be estimated for large

4 The principal branch of the logarithm is defined as

Inz=Inl|z| +iarg(z), arg(z) € (—m, 7
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b6

z+a 5

z c

Fig. A.5 The deformed contour C in the complex plane that connects the two points z and z+ a,
assuming Im o > 0. Notice that the contour C ends on the principal branch.

arguments as’

d
Re /()] = |Re e anrip

which is bounded in I 4.

However, if the two points, z and z+ «, are located on opposite sides of a branch
cut, i.e., either z or z+ « is located in the shaded area in Figure A.4, we have to
compensate with a circle around the branch point, see Figure A.5, in order to end
the contour C on the principal branch. The real part of the function f(z) then is

o | 5 ar < o (1+0(:l )

Res(@) =Re{(e+9) (| 25 £2mi) ), z€ i

z+ta

where the upper or lower sign in the last term depends on whether Ima > 0 or
Ima < 0, respectively. The real part of the extra term, however, is always bounded,
since Imz (in contrast to Rez) is bounded in this case, and the lemma is proved. 0O

The next lemma estimates the growth properties of the gamma function from
both above and below.

Lemma A.3. For each € € (0,1/2), there are positive constants, cg and Cg, depend-
ing only on €, but not on z, such that the gamma function satisfies’

ce < |[(z)| e Re(e-2)mlaimzarg(@)+Rez < o iy {7 € C |z 40| > €,Vn € N}

Proof. We first prove the statement in the lemma in the right-hand z-plane, or more
precisely, forall z € {z € C:Rez >0 and |z| > €}. For all such z, Stirling’s formula,
(A.6), reads

InI"(z) =InV2m + (z—;) Inz—z+0(1/z|)

3 In fact, not only the real part of the function is bounded, but also the modulus of the function
itself.

6 Note that Imzarg(z) is continuous across the negative real axis.
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The real part of this expression is
1
RelnI'(z) =Inv2mw +Re <z 2) In|z] —Imzarg(z) —Rez+ O(1/|z])

and, therefore, for each € > 0, there exist constants C¢ > ¢, > 0, depending only on
€, but not on z, such that

ce < |F(Z)‘e*Re(zf%)ln|z\+lmzarg(z)+ReZ <

forall z€ {z€ C:Rez > 0and |z| > €}. This proves the estimate in the right-hand
complex z-plane. In fact, this estimate holds for all z such that |z| > € and |arg(z)| <
7 — 0, where § > 0. However, we also want to estimate the gamma function on the
negative real axis away from the singular points at the non-positive integers.

We now focus on an estimate in the left-hand z-plane, more precisely, for an
€€(0,1/2),andforze Mg ={z€C:|z+n|>¢e,VneN}N{ze C:Rez < 0}. We
start by utilizing (A.4), i.e.,

T

Fa) = I'(1—z)sinmz

(A.8)
Note that Re(1 —z) > 1 when z € Mg, and therefore, by the result above, there exists

constants C; > ¢ > 0, depending only on €, but not on z, such that

1 Re( 1
< e(j—z) In|1—z|+Imzarg(1—z)—Re(1—2) <C eM
[ ‘F(l*Z)‘e = 1, Z €

Using Lemma A.1 we can estimate (A.8) in M,. There exist constants C, > ¢, > 0,
depending only on &, but not on z, such that

ey < |1—~(Z)‘6Re(%71) In|1—z|+Imzarg(1—z)+|Imz|w+Rez < G, in Mg

As a consequence of Lemma A.2, see (A.7), there exist constants C3 and c3, depend-
ing only on &, but not on z, such that

c3 <Re <; z) (In|1 —z] —In|z]) = Im(—z) (arg(1 — z) —arg(—z)) < C3

Re{ (1 —2)(In(1-2)-In(—2)) }

and we get

ce < |1—~(Z)|efRe(zf%)ln\z|+Imzarg(fZ)+\Imzln’+Rez <Ce

or
e < |F(Z)‘ e—Re(z—%)ln|z\+Imzarg(z)+ReZ <Ce

since
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T, Imz>0 .

in M,
-, Imz<O0

arg(—z) = arg(z) — {

The combination of the results in the right- and the left-hand z-planes then proves
the lemma. O

It is also possible to bound the shifted gamma function.

Corollary A.2. For each a. € C and each € € (0,1/2), there are positive constants,
ce,q and Cg o, depending only on € and @, but not on z, such that the gamma function
satisfies

o < |1—~(Z+a)lefRe(erocf%)ln|z\+Imzarg(z)+Rez < Ceq, inMeg
where Mg o = {z € C: |z+a+n| > €, |z| > €,Yn € N} and |arg(z)| < 7.
Proof. From Lemma A.3 we have
ce <|(z+ a>|efRe(H»ocf%)ln\z+a|+lm(z+a)a.rg(z+oc)+Re(z+oc) <Ce,, 71E€EMeq

Lemma A.2, see (A.7), implies that there exist constants ¢; and Cy, depending only
on € and «, but not on z, such that

1
c1 <Re (z—i— o — 2) (In|z+ al—1Inz]) —Im(z+ o) (arg(z + a) —arg(z)) < Cy

Re{ (z+a—1)(In(z+a)—Inz) }
We get
oo < |1—~(z+a)|efRe(eraf%)ln\z|+Imzarg(z)+Rez <Ceqy 2€Meg
and the corollary is proved. 0O

The quotient between two gamma functions are frequently used in the text. The
next lemma summarizes the growth properties.

Lemma A .4. Define for each € € (0,1/2) and o € C the set, see Figure A.6,
Cea={z€C:|z+0a+n|>¢eand|z+n| > e VneN}
Then for any o € C, and all z € Cg g

I'a+z)
I'(z)

where Cg o > cg o > 0 are constants that depend on € and Q, but not on z.

C&aeRcaln\z\ < ’ < C&aeRealn\zl
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Fig. A.6 The set C; o (unshaded area) in the complex z-plane.

Proof. Lemma A.3 and Corollary A.2 imply that there exist constants, such that
e < |1—~(Z)|efRe(zf%)ln\zHlmzarg(Z)JrRez <y, in Ce o

and
6 < ‘F(Z"‘ a)‘ efRe(eraf%)ln|Z\+Imzarg(z)+Rez < G, in (CS,OC

Then for all z € Cg¢ o, we have

I'a+z)

Ce = eiRealnlz‘ < CS,OU in CE,O(
I'(z)

and the proof of the lemma is completed. O

A.3 The Appell symbol

Related to the gamma function is the rising factorial, also known as the Appell
symbol or Pochhammer symbol, (¢,n), defined for non-negative integers n as [4]

(Oc,n):zH_:)(v—I—a) —a(a+1)(@+2)...(a+n—1)= F(F"E:‘)”) (0,0) = 1

As a consequence of this definition, we easily derive the following simple recursion

relations:
{ (a,n)=ala+1,n—1)

(o,n)(a+n) = (a,n+1)=a(a+1,n) (A.9)
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The Appell symbol for negative integers n can be defined by repeated use of
(A.4). We have for non-integer values of o
1 T (=10)" T
F o — = =
(@=n) I'l—a+n)sint(a—n) I'(l—o+n)sinzo
(=DMl (1-a)  (=1)"T ()

(A.10)

'l—o+n) (1—a,n)
from which we define

(ot,—n) = F;OE;)”) - (1(:2;) (A11)

Similarly,
(—=n,n) = (—n)(—n+1)(—n+2)...(=1) = (=1)"n! (A.12)

In the main text the growth rate of the Appell symbol is often analyzed. The
following lemma is then useful:

Lemma A.5. For any o € C, the Appell symbol satisfies

(a,n)  n*!
W (@) (14+0(1/n))

Proof. We investigate the quotient

(@nl(@) | T(a+n)

n! ne-1 n!na-1

In

=InI'(e¢+n)—InI'(n+1)—(oc—1)Inn

as n — oo. Stirling’s formula, (A.6), implies for integer values of n

(o, m)I" ()

n! no-1

In :(a+n—;)1n(oc+n)—<n+;>ln(n+1)
—(a—1)(1+1Inn)+0(1/n)

= <a+nl)l atn (a—1) (llnn:l> +0(1/n)

2) "1
- <a+n+1—;>ln<1+(’j+ll) —(a—=1)+0(1/n)
=0(1/n)

since In(1+ z) = z+ O(z?). Therefore,

(a,n)
n!no-!

In =—InI'(a)+0(1/n)

e — s (101 n)
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since
ePU/M = 140(1/n)

and the lemma is proved. O

A.4 Psi (digamma) function

The logarithmic derivative of the gamma function is often used, and it is called the
psi (digamma) function.

d I''(z)

V() = LIl =

A relation similar to the relation (A.4) also holds for the psi function. We have, see
Problem A .4,
y(1—2z) = y(z) +meotnz (A.13)

The y function has closed form expressions for the half-integer values, i.e.,

1 1
1/2)=—y—2In242(14+-+... 47— Z
v(n+1/2) y—2In2+ (+3+ +2n—1>’ ne’y

where 7 is the Euler—Mascheroni constant, which is defined in (A.18). For negative
half integers we use (A.13), and get

y(—n+1/2)=yn+1/2), necZy

A.5 Binomial coefficient

Related to the gamma function is the binomial coefficient. For non-negative integers
n and k, the binomial coefficient is defined as

which we extend to all integer values k by

(Z):o ifk<0ork>n

The binomial coefficient for a non-integer value ¢ can be expressed in the gamma
function, viz.,
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o _I'(a+1)
A.l14
( ) I'a + T(oa+1-n)n! (A-19
and, using (A.4) and zI'(z) =T"(z+ 1),

-\ I'(l-a) = 1
( n ) I'(l—a—n)n!  sinza () (1 —a—n)n!

_ (! b (I+a)-...-(n—1+a)
N sinto I'(a)(—a—1)-. ( a—n+1)I(1—a—n)n!
_ (! T (I+o0)2+a)-...-(n—1+4a)
N sinwa I'(a)['(— a)n’
B JA+0)24+a)-...-(n—14+a)(1+ )
== r(a)n!
(A.15)
A.6 The beta function B(x,y)
The beta function B(x,y) is defined as
1
B(x,y):/o '(1—r)"'dr,  Rex,Rey>0 (A.16)

It can be proved that this integral is a quotient of gamma functions. We have, see

Problem A.3,
'(x)r(y)

Blxy)= I(x+y)

(A.17)

A.7 Euler-Mascheroni constant

The Euler—Mascheroni constant Y is defined as

1 1 1 "]
Y= lim <1+++...+—lnn> = lim (Z—lnn) ~ 0.5772156649...
2 n k

n—oo 3 n—oo =1

(A.18)
This definition is equivalent to

FEGRD) em
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In fact, the partial sum of the expression can easily be rewritten as

G+ D ()i

k=1 k=1

N \

i

—Inn+In
n+

from which the equivalence follows.
From the definition of 7y in equation (A.18) and Lemma B.5 on page 193, with
f(x)=1/xand m = 1, we get (sharp inequalities in this explicit example)

l<il— il—lnn<1
n k:lk :k

and in the limit as n — oo, this gives 0 < y < 1 (the limits are not reached in the limit
process). A more sharp estimate of 7 is obtained in Problem A.6.

”dx

Problems

A.1. "Prove equation (A.4), i.e.,

T

rz)l(1—z) = pe—

A.2. TStarting from (A.1), prove

i
I'(z)= ()]
(z) 2Sinm/ce (—t)*'dt, VzeC
and | )
7:L —t(_\—2
%6 2n./ce (—t)"*dt, VzeC

A.3. "Prove the relation between the beta function and the product of gamma func-
tions in (A.17), i.e.,

B(x,y) =
A.4. Show (A.13),i.e.,
y(1—z)=wy(z)+mcotmz
A.5. Show (A.S), i.e.,

F@I(+1/2) = 35 T(22)
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A.6. TShow that the Euler-Mascheroni constant ¥ satisfies

3 4 8 7
0998y~ 0.575804 ~ 5 — 2In2 <y < 3 —2In2— 5{(3) ~ 0.579172 ~ 1.003y
where §(3) is the Riemann zeta function, see Section B.4.1 on page 194. Compare

this estimate with the exact value ¥ =~ 0.5772156649.. ..
Hint: Use the inequality

11 1 1 11
TN SR (L FY (UL [ R B
TR¥ixii/a (Hz) n( +x) TR



Appendix B
Difference equations

The asymptotic behavior of solutions to difference equations or recursion relations
is the subject of this appendix. For simplicity, we restrict ourselves to second order
recursion relations, which is the situation met in this textbook, and we examine the
asymptotic behavior of their solutions for large index values. Some of the results
are presented without proofs, and in these cases we give references to the relevant
literature.

B.1 Second order recursion relations
The second order recursion relation of interest is

{anJrl = Auay + Bpa, 1, nezy (B.1)

a) = Apag
or, if we define By = 0,
ap+1 =Anan+Bpan—1, neN

The following lemma shows that the coefficients a, can be written in terms of a
determinant times the first coefficient ay.

Lemma B.1. Let the coefficients {a,}_,, for given ay, be generated by
ap1 = Apay + Bap 1, nezy

and initialized by
ay = Agpag

Denote D, = a, /ag. Then D, 11 is expressed as the determinant

179
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Ap—10 0 0 ...
Bl A —10 0 ...
0 By A, —1 0 ...

Dn+]: . . .
A 1
00 0 0 O0..B, A,

and, thus, the determinants satisfy the same recursion relation as the coefficients ay,
Le.,
Dn+1 =AuDy+BpDy—1, ne Z+

Proof. First let n = 0. The relation is then

_Avar _ a

Ag = =D

ao ao

which proves the statement is consistent for n = 0.
We prove this lemma by induction over n € Z_.. The relation for n =1 is

Ag —1
B Ay

AoAjap+Biap  Ajait+Biay  a
ao ao ao

=D,

‘ =ApA; + B =

which proves the induction statement for n = 1. Assume the lemma is true for k =
1,2,...,n and prove it for n+ 1. We then get by expanding the determinant along
the last column and using the induction assumption

Ap—1 0 0 O ...
Bl A —10 0 ..
0 B, A, —1 0 ...
A~
000 00..B, A,
Ap—1 0 0 O ...
Bl A —10 0 ..
0 B, A, —1 0 ... .
=A.D,+| . . . . . . . =A,D,+B,D,_4
Ay —1
00000O0.. 0 B,

‘We then have
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Ag—10 0 0 ...
BiA -1 0 0 ... .
0 By A2 =10 ... o | Avay+Buan:  ans

= = = =Dy
a a

e Ay —1
00 00 O0..B, A,

and the lemma is proved. O

This following lemma shows that the original recursion relation in (B.1), under
certain conditions, can be transformed into a form where the first coefficient A, = 1.

Lemma B.2. Let the coefficients {a,};_, for given ay, be generated by
ant1 = Anay + Bpay 1, ne€”Zy
and initialized by
a) = Aoao

If Ay #0, k € N, then the sequence {a,};_, for given ay, can be found from the
recursion relation
bn—H = by, +Cnbn—17 I’ZEZ+

and initialized by the same value as the original recursion relation, i.e.,

bo =Aqq
where B
Cp=—1" Z
! AnAn—l ’ ne *
and

a,=A,_1-...-A1Aoby, nezy
Proof. The statement of the lemma is easily seen if we insert a, = o,b,, assuming

o =1,1.e.,
an+lbn+l = A, 0by + By Gy—1by-1, ne ZJr

and determine o, such that
Qi1 =AnQy, —>  Oyi1 =AAp—1-...-A1Ag, neN
The a,, coefficient then is
ap=Ap_1-...-A1Aob,, neZ,

We get after division of o, (note that oy, 1 # 0)

B, o, By
byi1 = b o1 =b b1, €z
n+1 n an+1 n—1 n+AnAn—1 n—1 n -+
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and the lemma is proved. O

B.2 Poincaré-Perron theory

The convergence of the quotient a,,+/a, as n — oo is crucial in the development of
the theory presented in this book, especially when finding the radius of convergence
for power series. This result is often referred to as the Poincaré—Perron theory. A
comprehensive treatment of this problem is found in Ref. 6 and originates from
pioneer works by Poincaré! and Perron.? In this section, we give an overview of the
main results of this theory.

We immediately see that if the coefficients A, and B, in (B.1) satisfy

limA,=A
n—oo
lim B, =B
n—oo

and if the limit limy,_,e @41 /ay, = A exists, then A must satisfy (divide (B.1) by a,,—;
and take the limit n — oo)

An+1 :anH:An n +B, = AM=AL+B

ay dp—| an—1 an—1

The following theorem is instrumental for the existence of the limit (proof omitted,
see also [6, Sec. 8.5]):

Theorem B.1 (Poincaré, Perron). Let {x,}_, be a sequence generated by the re-
cursion relation
Xn+1 = AnXn + BpXxn—1, nezy

x1 = Aopxp

where the coefficients have well-defined limits as n — oo, i.e.,

limA, =A
Nn—oo
lim B, =B
n—oo

and, moreover, that all B, # 0 for all n € 7. The roots to the characteristic equation

A =AL+B
are denoted A = A1, Ay, i.e.,
A+ (A2 +4B)1/?
Ma=Tms

! Henri Poincaré (1854—1912), French mathematician and theoretical physicist.
2 Oskar Perron (1880-1975), German mathematician.



B.2 Poincaré—Perron theory 183

We assume these roots have different moduli, say || < |A;|.
Then there exists a fundamental set of solutions,> {a, }>°_ and {b,}>_,, such that

b
lim ian =X, and lim ntl =X

n—eo n—oo n

As a consequence of the Poincaré—Perron theorem, Theorem B.1, we have

Theorem B.2. Let {x,};;_, be a sequence generated by the recursion relation

Xn+1 = AnXn + BuXn—1, neZs B2)
x1 = Aoxo
and
limA, = A
n—oo
lim B, =B
Nn—o0
Assume the roots, A = Ay, Ay, of the characteristic equation
A =AL+B (B.3)

Le.,
A+ (A2 44B)'/?
Mo = -5
have different moduli, say |A1| < |43
Then the limit limy,_c X, 11 /X, always exists, and it is
lim L — 9,
n—oo xn

except when the solution is a multiple of {b,}_, given in Theorem B.1. Then the
limit is X

lim ~4L — 2,
n—oo xn

Proof. As a consequence of Theorem B.1, there exists a fundamental set of solu-
tions, {an};_, and {b,};7_, such that

b
m &0 — 2,0 and  lim 22— g,

n—e dy n—oo n

Let yu; and yp be real numbers, such that |A;| < 4 < tp < |A2|. Then there exists
an integer N, such that

An+1
Ay

>y, and < ui, n>N

3 The existence of a fundamental set implies that every solution of the recursion relation can be
found as a linear combination of the elements in this set.
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which imply
a, an—1 an+1 _
jan| = |——|| =] | = lan| > i Nlan|, n>N
ap—1||An-2 an
and b b b
—1 N+1 -
6] = bnil bﬁ,z | by bwl <ui™low], nzN

The quotient b, /a, then converges to zero, i.e.,

n—N
< lim (“1)
n—ee \ W2

We say that the solution {b, }_ is a minimal solution (sequence). We also have

n—N
< lim (‘“) w
n—oo lJ’Z

The general solution to (B.2) is x, = aa, + Bb, for some constants @ and f3.
Then

by
an

by

dan

lim =0

n—oo

by
an

b1
an

lim =0

n—oo

lim Xn+1 — lim aanJrl +an+l — lim aan+l/an+ﬁbn+l/an _ A«Z
i Ayt By nem ot Bby/an

This is the general limit value except when o = 0 and x,, = b,,. Then the limit is

. Xntl
lim 2= = A,
n—eo X,

and the theorem is proved. O

The proof of the following theorem is presented on page 402 in Ref. 6, and it
provides conditions on the coefficients A, and B, for the solution to be minimal.

Theorem B.3 (Pincherle*). Let {x.}5°_ be a sequence generated by the recursion
relation
{xn+l = ApXxy + BuXn_1, ne€”Zy

x1 = Aoxo

where the coefficients have well-defined limits as n — oo, i.e.,

limA,=A
n—oo
lim B, =B
n—oo

Then the continued fraction

4 Salvatore Pincherle (1853-1936), Italian mathematician.
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B
B;
B;
Az +...

Ap +

A+
Ay +

or in a compact notation

LS

Ag+ By

0 n lAn
converges if and only if the sequence {x,}_o (X0 # 0) is a minimal solution (se-
quence), i.e.,

. Xn
lim — =0
Nn—0o0 an

where the sequence ay, is given in Theorem B.1. Moreover; in the case of convergence

B X
S B.4
B s 0 (B.4)
Bs

Az+...

A+
Ar+

B.3 Asymptotic behavior of recursion relations

The asymptotic behavior of the sequence generated by a special type of recursion
relation, (B.1), for large values of n is addressed in this section.® The results are not
so general as the results in Section B.2, but they suffice for our needs, the analysis
is self-contained, and it uses only standard analysis arguments.

The start of the analysis is motivated by the following simple example.

Example B.1. If A, =1+ o and B, = —a, n € Z, where « is independent of n, the
sequences a, = ag (Ag = 1) and a, = a"ay (A9 = &) are solutions to the recursion
relation (B.1). If |a| < 1, the solutions converge to ap and 0, respectively. W

For a, = ag to be a solution to the recursion relation (B.1), it suffices to require
A, +B,=1,n€7Z, and Ay = 1. With this observation in mind, we anticipate that
the size of A,, + B, — 1 as n — oo is essential for the convergence. That this really is
the case is shown in this section.

We prefer to collect the results in two lemmas, a theorem, and a corollary. We
start by proving the lemmas.

Lemma B.3. Let {a,};;_, be a sequence generated by the recursion relation

any1 = Anan + Bpan 1, nez,
ay = Aoao

5 The idea behind the approach presented here is due to Anders Melin.
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where the coefficients A, and B,, satisfy

limA, =14+«
n—oo

limB, = -«
n—oo

and |¢t| < 1. Moreover, let A > 1 be a real number, such that
Ri=A,+B,—1=0(n"")
Then, for all initial values ay, the sequence {a,},_, converges to a limit d, and
tp=d+0(n*), n—ooo
Proof. Rewrite the recursion relation as
Qny1 — an = Ryap — By (an — ap—1), ne’z (B.5)

and we start by proving that the sequence {a, };_ is bounded.
Let N be a positive integer such that

|By| <c=

1+ |of
PRI b § >N
5 2

Notice that 0 < ¢ < 1 with the assumptions made in the lemma. We also have

C
|Rn|§77 ”ZN
n

for some constant C. Define

& = |ant1 —anl, neN
Then from (B.5)

& < n%|an|+5'£n—la n>N (B.6)
and

n noc n
ZEkSZT‘aHJrCZEkJrCEN,], n>N
k=N k:Nk k=N

From this expression we conclude that

n

n
Ya<a Y kHal+C, n>N (B.7)
k=N k=N

where
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C

C = >0
1—c¢
CEN_

G = Nl >0
1—c¢

Introduce the notation
d, = max |ag|, neN
0<k<n

and use the inequality

Ayl = Orgl?gnﬂak" |ant1]} < € +an

<& +an

to obtain®
n—N

an+1<aN+ZSn k<aN+ZSk, n>N

Use (B.7), and we obtain

n n
a1 SCL Y KM ag|+Co+ay < a1 Y kPG, n>N
k=N

where C3 = C; 4 dy. Choose the integer N large enough so that

K<

N =

[ agk

G

k=N

and we get

1
Ap1 < E&n'f'c,% n>N
By the use of the result in footnote 6, we get

. 1 =
oot < v HO L e 12N

6 In this section we make frequent use of inequalities of the type
Xnyl S axy+by, n>=N

By induction over m, we get

Xn+1 < am+1xn7m + Z akbn—kn, 0 <m<n—N
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or
Qpo1 <dy+2C;, n>N

which proves that the sequence {a, };"_ is bounded, and the first part of the proof is

completed.

We are now able to use the boundedness of the sequence {a,}; _ to prove that
this sequence is a Cauchy sequence of complex numbers, and therefore has a limit.

Use (B.6), and we get for a suitable constant C
C
&§<c& 1+—, n=N
n

Use the result in footnote 6 to get

n Cnfk
g <" ey +CY =5, n=N
k=N
However, the sequence
n cnnl
Sn =) —7
k e
= ck

is bounded, see Lemma B.8 on page 197, which implies that
i Cnfk C/

- é -

= K nt

for a suitable constant C’. Therefore, &, in (B.8) is estimated as

"

which can be arbitrary small for all n > N’, provided N’ > N is large enough.

(B.8)

Moreover, the sequence {a,};_, is a Cauchy sequence, since we have from the

results above that’

n—1 CmfNJrl —Cn7N+1 ” n—1 1
|an_am‘gzgk§T8N,1+C Zk7
k=m k=m
<Cm7N+l — N+ . N 77”
- 1—c¢ N1 A—1mA-1’

7 For example, use the estimate (B.9) (n >m > 1and A > 1)

n>m>N >N

nl 1 n—=ldx 1 1 1 1
kl }’I’ll Jm .)Cl B }1’[x l*l

<(1+ 1 1 < A 1
- A—1)mA=1 =~ A—1mh!

mh—1 (n— 1)1
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which can be made arbitrarily small for n > m > N’, provided N’ is chosen suffi-
ciently large. If the limit of the sequence {a,};_, is denoted d, we also have from
above that

A >
A1 =
Therefore, a, = d + O(n~**1), and the lemma is proved. O

The next lemma shows how the convergence of specific combination of the co-
efficients in the recursion relation can be improved.

Lemma B.4. If {a,}_ is a sequence generated by the recursion relation

an+1 = Apan + Bpap—1, nezy
ar = Aoag

where the coefficients A, and B, satisfy

n—m+ﬁ“+ > +0(1/n)

n—yo+”+ 2 Lo(1/n)

where it is assumed that By + 2y # 0. Then the sequence {aj,};:_, defined by

a;:anH(l+k+k2> nezy, a6:a0
k=1

where

Bitn oo StlBo=2n—Pitw—cin)—r—-P

CBo+2w’ g Bo+2%

satisfies the recursion relation

Uiy = Ayay, +Bpdy_y, ne’y
ay :Aoao

where Ay = Ay and

C1 (6]
A =A,(1
" "( n+1 (n+1V)
(6] C1 2
5,5, (1 e Y (14949)
. <++]+<+1)2) ot

Moreover, the coefficients A!, and B, satisfy
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A, +B,—Po—0=0(n")
Proof. The idea behind the proof is to replace the sequence {ay, };,_, by the sequence
{a},}>_, defined by
ai,:anH(l—&— + 2) necZy, ay = ag
k=1 ko k

where ¢ and ¢, are to be determined, such that the claims of the lemma are satisfied.
The new sequence {a, }:_, satisfies

a,,., =A,a,+Ba,_|, neZ’y
a/l:AoaO

where Ay = Ag and
C1 )
A=A, 1+ —+——
" ”<+n+1+(n+1)2)
(&)

C1 2
B, (142 ) (149 422)
( +n+1+(n+1)2) +n+n2

If we insert the expansions of the coefficients A, and B,,, we get

(ﬁ‘ +ﬁ1+ 2 o(1/n ))( il+(n4c—21)2>
~ B, +l3l+l3001 Bici+ B2+ Boca — Boci

n2

(70+Y1 +5+0(1/n)) ( nill +(nfl)2) (1+2+5)

71+57001 }’2+}’0(202+;12 )+27101+0(1/n3)

ne’z,

+0(1/n%)

=%+

We also denote
hn :A;z'i'B:l _ﬁO —%
and our aim is to choose ¢; and ¢, such that , = O(n3).
Bi + Boci + 1 +2yc1
n

c1+ Bo+ Boca — Boct + 1 +10(2c2 + 2 — 1) +2yi¢
+ﬁll B2 + Boca — Boct };22 0(2c2+c7—c1) Y11+0(1/n3)

hy, =

and we see that the conditions in the lemma are proved, if we choose ¢ and ¢, as

Bi+n
Bo+2n

Bi+ci(Bo+20)+n=0 = c1=—
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and

2
Bici+ B2+ Bocz — Boci + 12+ Y0 (2c2+ ¢ — 1) +2%1¢1 =0

which we simplify to

C:ﬁ@wﬂﬂ—ﬂ+%—ﬂm—h—&
? Bo+2%0

O

The main theorem of the section that proves convergence of sequences can now
be formulated.

Theorem B.4. Let {a,};"_ be a sequence generated by the recursion relation

apt+1 = Aya,+ Bya, y ne Z+
a) = Aoao

where the coefficients A, and B, satisfy

ﬁl ﬁZ 3
An=1+a+;+ﬁ+0(l/n)

n o " 3
B,=—-—o+—+-=+4+0(1
n +n+n2+ (/n)

asn — o

and || < 1. Then, provided the sequence {a,}_, does not converge to zero, the
sequence for large n behaves as

an = CalPrE/ 00 (1 ‘ +0(1/m)), n—eo

for some constants C and c.

Proof. We prove the theorem by applying Lemmas B.3 and B.4. With the notation

and the results of these lemmas, there exists a sequence {aj,}:-_, defined by (notice
that 1 +a+2(—a)=1—a #0)

/ . ‘1, /

an:anH<l+?+kfz>a ap =4do
k=1

Bitm

- c(l1=2n—Bi+cio)—p—PB
1—a’ -

-«
which is converging to a limit d # 0, such that (A = 3)

c] =

d—d=0(n"?), asn—oo

Note that required asymptotic behavior needed in Lemma B.4 is one order higher,
here A = 3, than the result of Lemma B.3.

We write the original sequence as
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an = a,e™ =det" (1+0(n?))
where .
qn:fkg’lln(l+%+l%)

We proceed by finding an asymptotic expansion of g, valid for large values of n.
Start with the Taylor expansion

X" 0<x<1

In(1+cix+cx?) =F(x) = )

|
m=1 m:

where F’(0) = c¢;. We also need the asymptotic expansions of the following sums:

U c
Z —=lnn+cip+ S o(n™?%)
=k n

and

C:W:l +0(m™") =cmo+ Cmm—1 | o(n?), m=>2

m nmfl

Yo
— =Cmo+
=ik

We also define ¢, j =0for j=1,2,...,m—2,m > 3. Specific values of the constants
are, see Lemmas B.6 and B.7

cio=Y% Cm,0 = C(I’I’l)
1 1 m2>2
11 = B Cmm—1 = 1—m

where 7y is the Euler—Mascheroni constant defined in (A.18) on page 176, and
§(m) =Y, n "™ is the Riemann zeta function. We get

th(l_’_ﬂ_A'_Ci) = i S F<m)(0)k—m: i F(m)(o) ik—m

| |
m: me1 m: i—1

o () Cm,1 -2

_F(O)lnn—I—Z - (Cm’0+7n +0(n ))
C

:cllnn+co+;'+0(n*2)

where O(n™2) has the meaning |O(n~2)| < Cn™2, with C independent of m. More-
over, the constants Cy and C; are
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= Fm (0
Co= '( )Cin,()
= om!
> Fm (0 2 Fim (o
C]Z Z ‘( )Cm,l: Z ‘( )C)n,l
m=1 m: m=1 m:
and consequently
C
gn=—cilnn—Cy— = + o(n—?)
n
The sequence of interest then is
—c1lnn—Co—SL+0(n2) -2 —c c )
ap = de~c1mn=Co=5] (14 0(n"2)) = Cn l(1+ij0@ ))
n
for some constants C and ¢, which concludes the proof. O
Corollary B.1. With the assumptions in Theorem B.4, we have that
a"+1:1+M+0(1/n2)’ as n — oo
an n(l—a)
Proof. Use the result of Theorem B .4, i.e.,
ay = Cn(Br+n)/(1-a) (1 i +O(1/n2)) . n—oo
n
which implies that
any1 (n+1 (Bitn)/(1-a) 1—|—ﬁ —I—O(l/nz) 1 Bi+m +0(1/n2>
ap n 1+£4+0(1/n?) n(l—a)

and the corollary follows. 0O
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Notice that the result of Corollary B.1 is consistent with the result of Theorem B.1

since 41, =1, a.

B.4 Estimates of some sequences and series

For convenience we here collect a series of lemmas on estimates of sequences and
series that are used above. We start by stating a general lemma that relates a series

to the corresponding integral.

Lemma B.5. Let the real-valued function f(x) be non-increasing in the interval

[m,n], m,n € N. Then

n n

S < Y S0 = [ )< fom), nzm

k=m m

(B.9)
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m n

Fig. B.1 Estimates of the Riemann sum.

Proof. This lemma is easily proved by estimating the Riemann sum of the integral,
see Figure B.1. We have for integers m < n

n n n—1
Y fl)< / FEd< Y £k
k=m+1 m k=m

which is identical to the statement in the lemma. O

B.4.1 Riemann zeta function
Lemma B.6. Let A > 1 be a real number. Then, the partial sum
21
Sp = /;1 o ne’Z,

has the following asymptotic expansion:
nl—)L
1—4

Sp=s5+ +0(n™*)

where s = {(A) is the Riemann zeta function.

Proof. The sequence s, is increasing, since s, —s, = (n+ 1)’7L > 0. Moreover,
the sequence s, is bounded from above, which is proved using (B.9) with f(x) = x*
and m = 1.

n 1 1 A
—A —A+1
<s, < X dx+lf7(l—n )+1 —t1l=—
O<s /1 A—1 <},—1 A—1

The sequence s, therefore has a limit s.
The remaining part of the lemma is proved using the notation
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ll(s_sn_ iil

k=n+

gn=n

Use (B.9) with f(x) =n*~'x*, m = n+1, and the upper limit approaching infinity.
We getas f(x) — 0 as x — oo,

qun—n}“l / x*}”dxgn’l*l(n—i—1)7’l
Jn+1

or by evaluating the integral

which proves that

1
Gn = l—l—O(n D, asn— oo
and
1-2 n'* A
Sh=S—qun =s+1_l+0(n_ )

and the lemma is proved. O

B.4.2 The sum Y}_ k!

The following lemma shows the asymptotic behavior of the series }}_, k=', which
also is used above:

Lemma B.7. Define the partial sums
n
1
= Z %7 ne ZJr
k=1
Then the sequence s, has the asymptotic expansion

1
sp=Inn+y+ n +0(n7?%)

where the Euler—Mascheroni constant Y is
n 1
= lim — —Inn

A more detailed treatment of the Euler—-Mascheroni constant is presented in Ap-
pendix A on page 176.
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Proof. Introduce the notation

qn—zf—/ — =5, —Inn

The sequence g, is a decreasing sequence since

1 nodxe 1 1
== [ +1n(1)§0
n n—1 X n n

since In(1 4 x) < x for x > —1. Utilize the inequality (B.9) with f(x) = 1/x and

m=1,
1
0<-<¢g,<1, nezZy (B.10)
n
which shows that the decreasing sequence g, is bounded from below, and therefore
the limit g, — Y as n — oo exists, i.e.,

. L | = (1 1
}/-ng}o{kgtlk—lnn}—k;l{k—ln<1+k>}

where we in the last equality have used (A.19) on page 176.
To proceed, rewrite

£l n(ro))-EL ()£ e

k=1

—if—lnn—I—ln A —1In l—}—l
B k n—l—l_qn n

Letting the upper limit in (B.9) approach infinity, m = n+ 1, and using f(x) — 0 as
x — oo for each n, we get

oenfram(ie ) [ [ (i) e

n 1
<" am(1+——)=o0
St ”n( +n+1> o(1/n)
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since In(1+x) = x —x%/2+ O(x*) as x — 0. We conclude that

n(Y=qn)+1 :n/; {)lc—ln (1+i)}dx+0(nl)

The integral can be evaluated as

ro0 1 1 1/(n+1) x —1n(1
n/ {—ln<1+)}dx=n/ )Lﬁx)dx
Jn+1 | X X 0 X

l/(n+l)1 » 1 o
:n/ —dx+0(n)==4+0n"")
0 2 2

We finally get
1 _
qn:sn_lnn:'}/""ﬂ"_o(n 2)

and |
sn=Innty+ -+ o(n?)

and the lemma is proved. O

B.4.3 Convergence of a sequence

Lemma B.8. Let ¢ € (0,1) and A € C. Then the sequence
n B n 2’
s,,:];lc” k(%) , NEZy
is convergent with limit s = 1/(1 —c¢).

Proof. The sequence {s,};,_, satisfies

A
cln+ D & 4 /A 1
Sn+1 + ) k§:1c X +c +n Sn +busy

where
1 A
bn:c<1+> —C, NnN—®
n

If the sequence {s,};;_, has a limit s, then it must satisfy

1

>1
1—c

s=1+cs = s=

Therefore, write the sequence {s,}>_; as

197

I’ZEZ+
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Sp=S8+t,, ne’Zi

and the lemma follows, if we can prove that the sequence {#,};_, converges to zero.
The sequence {t,},_, satisfies

A
by — 1+ 5% -1
Iny1 = ln_ C+bntn:C% +bntna n€Z+

which implies that
C
ltns1| < o + bl |tal, nEZ4
for some constant C > 0 since
)
lim-~————2 =21

x—0 X

To proceed, introduce the constant d = (14-¢)/2 € (¢, 1), and let N be an integer
such that
|bn| <d, n>N

which is possible since b, — ¢ as n — oco. Then

C
Itn+1\§5+d\zn|, n>N (B.11)
Moreover, introduce
A
=\t —=, n>N
n

where the positive constant A is chosen as

_ C(N+1)
A_N(l—d)—d

which is positive if N > d/(1 —d). Then from (B.11)

C A Ad
Pl < — — +—+dr,, n>N
n n+l n

The chosen value of A implies that

N
n n+1 n n n

and we obtain
rn+1§drn> n>N

Iteration of this expression gives
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rap <d" Ny, n>N

which proves that r, — 0, and consequently |t,| — 0, as n — oo, and the lemma is
proved. O



Appendix C
Partial fractions

A rational function, r(z), is a quotient between two polynomials, p(z) and ¢(z),

The rational function is defined in a domain in the complex z-plane, if we exclude
the isolated zeros of ¢(z), which we denote by

i, i=1,2,3,...k

By polynomial division, it is always possible to write r(z) as

r(z) = so(z) +

where s0(z) is a polynomial, and where the degree of the polynomial py(z) is less
than the degree of the polynomial ¢(z). The rational function po(z)/q(z) is analytic
at infinity.
If m; is the multiplicity of z;, then ¢(z) = (z—z;)™gi(z), where g;(z) is a polyno-
mial and g;(z;) # 0. Let the principal parts of (z) be
m; ai,j

siz) =), —L— i=1,2,3,...k

= e—w)’

The partial fraction decomposition of r(z) then is

k
r(z) = ;)Si(Z)

201



Appendix D
Circles and ellipses in the complex plane

The circle and the ellipse occur frequently in the analysis in this book. In particular,
we use circles and ellipses in the treatment of the convergence properties of the
series solution of Heun’s equation in Chapter 8. Their equations in the complex
plane are reviewed in this appendix.

D.1 Equation of the circle

The equation for the circle, centered at z = z¢ and radius r, in the complex z-plane
is
lz—z0| =7

or equivalently

(z—20)(&" —z) =1

where the star, *, denotes complex conjugate of the complex number. Denote a =
—zp and b = |z0|* — r* € R. The equation of the circle then is

2 +a‘z+az" +b=0, breal

Every circle in the complex plane has this form.
The analysis above implies that the equation

Z+oaz+ P +y=0 (D.1)

represents a circle if and only if
oo =" and af — ynon-negative real number (D.2)
If these conditions are fulfilled, the circle has its center at z = —f and the radius is

=y

203
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D.1.1 Harmonic circles

Let k be a real, positive number, and find the complex numbers z that satisfy

Z—a

z—b

=k (D.3)

where a and b are distinct complex numbers, i.e., a # b. The problem has an equiv-
alent formulation:
lz—a|l =k|z—b]

and we observe that the problem is to find the complex numbers z, whose distances
to the points a and b have a constant quotient k.

If k = 1, the solution is the straight line perpendicular to, and passing through the
midpoint of the line connecting a and b.

We now show that the solution is a circle if k£ 1. The equation is equivalent to

(z—a)(Z" —a*) =k*(z—b)(z" —b")

or
(1—k*)zz" + (K2b* —a*)z+ (K*b —a)z* + |a|* = K*|b]> = 0

This is the equation of a circle, see (D.1), provided the conditions in (D.2) are ful-
filled. The first one in (D.2) is apparently satisfied, and the second is also satisfied,
since

b—al? |a? k6] _ Kb —a]>— (1-K)(la]* — k*|b]*)

(1—k2)2 -k (1—k2)2

_ K*(la]*+[b]* —2Reab*)  k*|la—b|?

%) -

Equation (D.3) therefore is a circle centered at z = zp and radius r, where zo and r
are given by
a—k’b
1—k2

_ kla—b|

=R
The center of the circle lies on the line connecting the points a and b, see Figure D.1,
and the circle is called the harmonic circle to a and b. If k < 1, the circle encircles
a, and if z > 1, the circle encircles the point b in the complex z-plane.

0 =
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k>1

Fig. D.1 The harmonic circles in the complex z-plane. In the illustrationa =1+iand b = -3 —1i.
When 0 < k < 1, the circles enclose the point a, and when k > 1, the circles enclose the point b.

D.2 Equation of the ellipse

The equation of the ellipse in the complex plane can take many forms. If the ellipse
has foci at z = z; and z = 22, and passes through z = a, one form of the equation is

lz—zi|+|z—z2|=la—z1|+|a— 2]

This equation states that the sum of the distances from the point z in the complex
z-plane to the foci is constant and is equal to the sum of the distances from the point
a to the foci. In Theorem 8.2, we also use the following, less common, form of the
ellipse:

Lemma D.1. Let . .
z=(1-z"" a=(-a")"

where the branches of the square roots are taken as the principal branch, ReZ > 0
and Re A > 0. Then, for a given a, the equation

Z—1| |A-1

Z+1| |A+1

defines an ellipse in the complex z-plane with foci at z =0 and z = 1, and passing
through the point 7 = a, see Figure D.2. Moreover, the inequality
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®

Fig. D.2 The ellipse in Lemma D.1.

Z—-1 < A—1
Z+1 A+1

defines the interior of the ellipse containing the origin in the z-plane, and the in-
equality

Z—1 A—1

[ < [

Z+1 A+1

defines the domain exterior to the ellipse in the z-plane.

Proof. The real constant

A—1
A+1
since the complex number A = (1 —a! ) 1/2 is located in the right-hand side of the
complex A-plane, i.e., ReA > 0. For given A, the complex numbers Z satisfying

C:‘ ’<1

Z—1|=C|Z+1]

define a circle in the complex Z-plane with center at Zy and radius R, where, see
Section D.1.1,
1+C?
- 1-C?
2C

[1-C?

Zy

and the circle encircles the point Z = 1.
The parameter representation of the circle



D.2 Equation of the ellipse
Z=70+Re?, ¢ c0,27)
implies that the curve in the z-plane is

1 1 1

T1-22 (1+2)(1-2)  (1+2Z+Re®)(1—2—Rei%)

Z

However, this is an ellipse with foci at z =0 and z = 1, since
1 B 1
+ZI[1-Z]  cli+zP
_z iz
+ZIN-Z| cl1+2z]

2| =

lz—1]

and

(14C?+2Ccos §)” +4C?sin’

1Z|* = (Zo+ Rcos ¢)* + R?sin” ¢ =

(1-c?)*
1 2 2 in2
\1+z\2:(ZO+1+Rc0s¢)2+stin2¢:4( +Ccc(>i¢)czr)zc sin ¢

We simplify
(14C2)* +4C (1+C?) cos ¢ +4C

zZ* =

4 (1-c2)?

|1+Z‘2_41+2Ccos¢+C2
(1-¢2)?

The sum of the distances from z to the origin and 1 is

(1=C2)> 4 (14C?)? +4C (1 +C?) cos ¢ +4C?

1=
el + == 1] 4C(1+2Ccos ¢ +C2)
2(14C?)+4C(1+CY) cosp 142
~ 4C(1+42Ccos¢ +C?2) - 2C

which is the equation of the ellipse with foci at z = 0 and z = 1. Notice that

1+C  JA+1P+A-12 AP +1 [1—1/a[+1
2C  21A+1|jA—1]  |A2—1]  1/q]

= la|+]a—1]

207

by the parallelogram law |z1 + 22| + |21 — 22|* = 2|z1|* + 2|22/, and we have proved

that the
Z—1|=C|Zz+1]

defines an ellipse in the complex z-plane.
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The complex number z = 1 lies inside the ellipse, and it corresponds to Z =
(l — Z_l) 12 _ 0, and the complex number Z = O satisfies

Z—1|>C|Z+1]
since
c<1
The inequality
|Z—1]>C|Z+1|

therefore defines the domain inside the ellipse, and
Z—-1|<C|Z+1]

the outside. O



Appendix E
Elementary and special functions

A long list of elementary and special functions can be expressed in the hypergeomet-
ric function 2 Fj (, 3;7;2), and its two confluent versions, | Fi(; ¥;z) and oF) (V;2),
respectively. Some examples are given in this appendix. The Greek letters ¢ and 3
are arbitrary complex numbers, and n and m are non-negative integers.

E.1 Hypergeometric function ,F; («, 3;7;2)

Elementary functions

(1+2)* =F(~a,B;p:—2)
In(1+2z) =2zF (1,1;2;—2)

tanz = zF ! 1 3.2
arctanz = 1= -
s\

. 7 113,
arcsinz = =, =55
T=2 | 5.55532

Elliptic integrals

Complete elliptic integral of the first kind

/2

_ ! —2Y(1 — mi? -1/2 _ msin? —1/2
K(m)_/o((l 2)(1—mi?)) dt_/o (1—msin>0)"/* do

_Tp(l 1
2\ "

209



210 E Elementary and special functions

Complete elliptic integral of the second kind
1 _ /2
E(m) :/ (=) (1=m)"? dr = / (1-msin?0)"* do
0 0

_nF 1 1.1.
2 2 M

Jacobi polynomials

PP (x) = (n:a>F<—n,n+a+ﬁ+l;a+1; 1;x>

Legendre functions

Legendre functions of the first kind

1—
Py(z)=F (—v7v+1;1;zz>

Legendre functions of the second kind

_Vm IL(v+1) vitv 31
0= s (S E)

Associated Legendre functions

Pl (x)=(1-x%)2 —Py(x
WA
1 = (1) S0
PR = (-1 AR

Z




E.2 Confluent functions | Fy (c;y;z) 211

Tchebysheff polynomials

Tchebysheff first kind

I 1—x
T,(cos@) =cosnb =F (—n,n;2;2)

Tchebysheff second kind

in(n+1)0 31—
Un(cos0) = % =(n+1)F (—n,n+2;2;2 x)

E.2 Confluent functions | Fi(c; ¥;7)

Elementary functions

e =1Fi(oa;z)

—iz

sinz = 1F(1;2; —2iz)

eZ
—sinhz = 1F(1;2;2z)
Z

Bessel functions

e R (v41/2;2v + 1;2iz)

(@) 2T(v+l)

Laguerre polynomials

Lfla)(z) = (n—;a) 1Fi(—n;a+1;z2)
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Hermite polynomials

xeR

{Hz,n (x) = (122" miLy, 1 (o)

Hopi1 (x) = (—1)"22" m IxLiy/? (x?)

E.2.1 Error functions

2
VFi(1/2:3/2—22) = —=e 1 Fi(1:3/2:22)

erf(z) = NG

2z
Nz
E.3 Confluent functions (F (y;z)

Bessel functions

_ yoRi(v+1;-2%/4)
WA= e D




Appendix F
Notation

Most of the notation and symbols adopted in this textbook are traditional, and there
is very little risk of confusion, but for the sake of completeness, we collect the
symbols in this appendix.

We use the notation Z for all integers 0,4+1,+£2,.. ..

The positive integers 1,2,3,4,... are denoted Z. .

The negative integers —1,—2,—3,—4,... are denoted Z_.

The natural, non-negative, integers 0, 1,2,3, ... are denoted N.

The field of real numbers is denoted R.

The field of complex numbers is denoted C. Sometimes the point at infinity is
included, and it is then appropriate to view the field as the Riemann sphere.

We use the symbols o and O defined by

f)=o0(glx), x—a < }L“}Ki):o
fx)=0(x), x—a = {;g; bounded in a neighborhood of a

The symbol O is used to end a proof.

The symbol B is used to end an example or a comment.

The dagger, T, in front of a problem denotes a more difficult problem.
The star, *, denotes complex conjugation of a complex number.
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differential equation, 119

Barnes’ integral representation, 80-91

Barnes’ lemma, 86
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Bessel functions, 125-126, 136-137,211-212
differential equation, 125, 136
integral representation, 127
power series expansion, 136

Bessel, E., 125

Beta function, 176

Binet, J., 166

Binet’s function, 166

Binomial coefficient, 175-176

Circle, 203-204
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Confluence
two regular singular points, 48
Confluent Heun’s equation, 158-159, 162
Confluent hypergeometric functions
first kind, 123-125
integral representations, 126—129
second kind, 132-137
integral representations, 133-136

d’ Alembert’s ratio test, 64
d’Alembert, J., 64

Difference equations, 179-199
Digamma function y(z), 175
Dirichlet, PG.L., 121
Displacement theorem, 3640

Elementary functions, 209, 211

Ellipse, 205-208

Elliptic integrals, 209-210

Entire function, 30

Erdélyi, A., 150

Error functions, 139, 212

Euler, L.P,, 79, 163

Euler—Mascheroni constant ¥, 165, 175-177,
192, 195

Frobenius, F.G., 13, 62

Fuchs, L., 29

Fuchsian type, 29

Fundamental set of solutions, 183

Gamma function I"(z), 163-165
Gauss’ formula, 78
Gauss, C.F, 71
Gegenbauer polynomials, 95
Generalized hypergeometric series, 138
Generating function

Jacobi polynomials, 96-98

Laguerre polynomials, 131

Harmonic circle, 204

Hermite polynomials, 132, 212

Hermite, C., 132

Heun’s differential equation, viii, 57, 141-158
confluent, 158-159, 162
local solution, 145

Heun, K., 57

Hill, G.W., 146

Hobson, E'W., 108

Hoéne-Wronski, J.M., 5

Holomorphic function, 2

Hypergeometric differential equation, 50,

61-68
Hypergeometric function, 62
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Hypergeometric polynomials, 92-104
Jacobi, 94

Hypergeometric series, 62, 63
generalized, 138

Indicial equation, 14
Irregular singular point, 12
at infinity, 25

Jacobi polynomials, 92-104, 147, 210
definition, 94
differential equation, 95
generating function, 96-98
integral representation, 100-101
Schlfli, 101
orthogonality, 100
recursion relation, 101-105
Rodrigues’ function, 98
Jacobi, C.G.J., 93

Kummer’s differential equation, 124
Kummer’s function, 124
Kummer, E., 73

Laguerre polynomials, 130-132, 211
definition, 130
differential equation, 130
generating function, 131
orthogonality, 132
Rodrigues’ function, 130
Laguerre, E., 130
Lamé’s differential equation, 26, 159
Lamé, G., 26
Laplace, P.-S., 121
Legendre functions, 107-118, 210
associated, 119-120, 210
definition
first kind, 107
second kind, 108
differential equation, 107

integral representation, 110, 112, 115

Schlifli, 110, 112, 121, 122

Legendre polynomials, 95, 98-101, 104

Legendre, A.-M., 98
Legndre, A-M., 92
Leibniz’ rule, 93
Leibniz, G., 93
Linearly dependent solutions, 6
Linearly independent solutions, 6
Liouville’s theorem, 30
Liouville, J., 30
Logarithm

principal branch, 169

M-function, 124

M-test, 8

Mobius, A.F., 52
Mascheroni, L., 165
Mathieu’s differential equation, 161
Mathieu, E.L., 161

Mehler, F., 121

Mellin, H., 80
Mellin-Barnes’ integral, 80
Meromorphic function, 2
Minimal solution, 184, 185

Neumann symbol, 122
Neumann, C.G., 122

ODE, 3

Ordinary differential equation
Fuchsian type, 29
reduced form, 3
standard form, 3

Papperitz equation, 51
Papperitz, E., 51
Parabolic cylinder functions, 139
Parallelogram law, 207
Partial fractions, 201
Perron, O, 182
Pincherle, S., 184
Pochhammer symbol, 63, 173
Pochhammer, L.A., 63
Poincaré, H., 182
Poincaré—Perron theory, 182-185
Poisson, S.-D., 127
Principal branch, 170
logarithm, 169
square root, 115
Psi function y(z), 175

Raabe’s test, 64, 65, 67, 145, 158
Raabe, J.L., 64
Ratio test, 64
Rational function, 2
Recursion relations, 179-199
Regular point
at infinity, 24
definition, 4
Regular singular point, 12
at infinity, 25
four regular singular points, 56-58
no regular singular point, 43
one regular singular point, 43—44
three regular singular points, 49-56
two regular singular points, 4548

Index

Riemann zeta function, 178, 192, 194-195
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Riemann’s P symbol, 51, 55, 58, 67, 142 Square root
Riemann, B., 51 principal branch, 115
Ring functions, 120-121 Stirling’s formula, 166
Rising factorial, 63, 173 Stirling, J., 166
Rodrigues’ function Summation by parts, 65
Jacobi polynomials, 98 Svartholm, N., viii, 147
Laguerre polynomials, 130
Legendre polynomials, 99 Tchebysheff polynomials, 95, 211
Rodrigues, O., 98 The method by Frobenius, 13, 62

Toroidal functions, 120-121
Schlifli integral

Jacobi polynomials, 101 Vandermonde determinant, 35
Legendre functions of the first kind, 110, Vandermonde, A.T., 35
121, 122 Variation of the constant, 21
Legendre functions of the second kind, 112
Schlifli, L., 100 Weber, H.F., 139
Second solution, 11-12, 20-23 Webers’s equation, 139
Sequences Weierstrass’ M-test, 8
convergence, 185-193 Weierstrass, K., 8
Singular point Whittaker’s equation, 138
at infinity, 25 Whittaker, E.T., 138
definition, 4 Wronski, J.M., see Hoéne-Wronski, J.M.
irregular singular point, 12 Wronskian
regular singular point, 12 definition, 5

Spheroidal functions, 160-161 properties, 5
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