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Preface

This work was originally conceived of as a consideration of difference equations,
with the view of investigating the topics which are well-known in theoretical
physics in connection with differential equations, among them methods for the
solution of first and second order equations, asymptotic solutions, Green’s function,
generating functions, integral transforms, Sturm—Liouvile theory, and the classical
functions of mathematical physics. The two subjects, difference equations and
differential equations, are generally treated separately, with only a brief reference to
the similarity of the respective analyses. However, as the investigation of difference
equations proceeded, not only did the similarity become more and more evident but
it seemed to provide a good way to make difference equations more understandable
to those of us for whom differential equations are familiar tools of the trade. In
presenting a given topic, the attempt has therefore been made, whenever possible,
to follow the analysis for differential equations by the analogous analysis for dif-
ference equations.

It is obvious to anyone familiar with this subject that many topics have not been
considered here. It was not our intention to write an encyclopedia and hence choices
had to be made. Among the topics omitted are nonlinear differential and difference
equations, partial differential and difference equations in two or more variables, and
chaos theory.
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Introduction

The history of difference equations, if one includes recursion relations, spans the
history of mathematics.'" It starts with the beginnings of mathematics in
Mesapotamia of the second millennium BCE. There, recursion relations were used
to calculate approximations to the square root of 2, although only one step of the
recursion was considered, [17]. Recursion relations that may be regarded as a
precursor of difference equations in that they go beyond the first step were pre-
sented in some detail by the very prolific mathematician and engineer, Heron of
Alexandria (c. 1090 CE). In Metrica, the book in which he describes how to
calculate surfaces and volumes of diverse objects, Heron shows how to obtain a
second approximation to the square root of a number that is not a perfect square,
[21]. A further example in which recursion is presented explicitly is found in the
book written in 1202 by Fibonacci (c. 1170—1250), Liber Abaci (Book of
Calculation), concerning the growth of an idealized rabbit population, leading to the
sequence which bears his name. At the present time, recursion relations introduce
one of the most significant concepts in physics today: chaos [14].

In Chap. 1 we present formulas for the operators E and A frequently used in the
analysis of difference equations. In Chap. 2 we consider the solution of homogeneous
and inhomogeneous nth order differential and difference equations. Section 2.1
presents the method of variation of constants, also known as variation of parameters,
which may be used to obtain the solution to an nth order inhomogeneous equation
when n linearly independent solutions to the homogeneous equation are known. This
is applied to both differential and difference equations (see subsections 2.1.1 and 2.1.2,
respectively). We also formulate the matrix equivalent of all the equations, resulting in
first-order differential and difference matrix equations. In Sect.2.2 we present the
method of reduction of order. This transforms an nth order linear equation (homo-
geneous or inhomogeneous) into an equation of order n — 1 when one solution of the
homogeneous equation is known. This is carried through for both differential and
difference equations. We present these two methods—reduction of order and variation

'A succinct history is given in the book review by Kelley [28].
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Xiv Introduction

of parameters—separately, since that is how they are generally found in the literature.
However, as has been shown in a succinct article by Phil Locke [31], each of these
procedures can be viewed as a particular limiting case in the solution of an nth order
linear inhomogeneous equation when m linearly independent solutions, 1 <m <n,
of the nth order homogeneous equation are known: m = 1 corresponds to reduction of
order, m = n corresponds to variation of parameters. Related treatments may be found
in [18, Chapter IX, Sect. 3, pp. 319—322] and in [20, Chapter IV, Sect. 3, pp. 49—54].
In Chap. 3 we consider in more detail first-order differential and difference equations.
In Chap. 4 we consider second-order equations, comparing the results obtained by the
methods of reduction of order and variation of constants. In Chap. 5 we consider
self-adjoint differential and difference equations. Chapter 6 deals with Green’s
function, for differential equations in Sect. 6.1 and for difference equations in
Sect. 6.2. In Chap. 7 we consider generating functions, z-transforms, Laplace trans-
forms, and the solution of linear differential and difference equations. Section 7.1 deals
with Laplace transforms and the solution of linear differential equations with constant
coefficients. Section 7.2 deals with generating functions and the solution of linear
difference equations with constant coefficients. Section 7.3 deals with Laplace
transforms and the solution of linear differential equations with polynomial coeffi-
cients. In Sect.7.4 we present an alternative method for the solution of homogeneous
linear differential equations with linear coefficients. In Sect. 7.5 we consider gener-
ating functions and the solution of linear difference equations with polynomial
coefficients. Section 7.6 gives an extensive treatment of the solution of homogeneous
linear difference equation with linear coefficients. Subsection 7.6.1 considers the
solution of second order homogeneous differential equations with linear coefficients
through transformation of dependent and independent variables. Subsection 7.6.2
considers the solution of second order homogeneous difference equations with linear
coefficients through transformation of dependent and independent variables.
Chapter 8 presents a dictionary of difference equations with polynomial coefficients.
In Appendix A we derive an expression for the higher-order difference of the product
of two functions. Appendix B deals with notation used in this work. Appendix C
presents derivations of useful formulas dealing with the Wronskian determinant.
Appendix D presents derivations of useful formulas dealing with the Casoratian
determinant. In Appendix E we give a proof of Cramer’s rule, which we employ
throughout this work for the solution of matrix equations. Appendix F deals with
Green’s function and the superposition principle. In Appendix G we derive the inverse
of a few generating functions and Laplace transforms that are of particular use in the
solution of second order linear differential and difference equations with linear
coefficients. In Appendix H we give a few of the transformations of the hypergeo-
metric function ,F(a, b, ¢; z) which have been useful in the analysis presented in this
work. In Appendix I we list the confluent hypergeometric functions which result from
different choices of integration path for the integrals given in Egs. (7.200—7.203). In
Appendix J we consider the second solution to the difference equation for the con-
fluent hypergeometric function in which the usual first parameter is a non-positive
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integer and the second parameter is a positive integer, i.e., a degenerate case for which
the usual second solution is no longer independent of the first. We derive a
closed-form polynomial solution for which details are given in [37]. We show that a
solution in the form of an infinite series may be obtained from the known expressions
for the confluent hypergeometric function, as given in [36, Sect. 13.2(i), Eq. 13.2.9].



Chapter 1
Operators

In the expression for a differential equation the derivative operator D = d/dx and
powers of this operator, DX, (k = 1,2, ...), operate on a function y(x). The rules for
DF operating on the product or the ratio of two functions are dealt with in elementary
calculus. In this chapter we consider the corresponding operator, A, for difference
equations and derive expressions for A* operating on the product or the ratio of
two functions and compare them to the corresponding expressions for the derivative

operator.

There are two operators which are frequently used in the analysis of difference
equations: E and A. Although we will not rely exclusively on them in our work, they

often prove useful. They are defined by
Ey, = Yn+i

AYn = Ynt1 = Yn
from which it follows that

Ayp = (E = Dyn
or

A=F—1, E=1+A
These operators may be applied successively:
E%y, = E(Es) = Yas2

or, more generally,

Ekyn = Yn+k

© Springer International Publishing Switzerland 2016
L.C. Maximon, Differential and Difference Equations,
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(1.4)
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2 1 Operators
Similarly,

A%y, = A(AYs) = Va2 = 2Vns1 + W (1.7)
and, more generally,

Ay, = (E =Dy,
k
=D (=D (") E'y,
j=0 J
k lk
= (=D* D =1y (J.)yw (1.8)
j=0

Just as the above equation expresses Afy, in terms of a sum over y,; j» it will also
be useful in the analysis that follows to express ¥, ; as a sum over AFy,. From (1.6)
and (1.4) we have

Ynt+k = Ekyn
=1+ Ay,

k
-y (") Aly, (1.9)
=0 ™

In analogy with many expressions for the differential operator, similar expressions
exist for the difference operator:

w = u()V' (x) +u'(x)v(x)
Aupvy) = upr1Avy + vy Auy,

= u, Av, +vpi1Au, (1.10)

Similarly,

d (u(x) v()u' (x) — u(x)v'(x)
dx (v(x)) v(x)?
Uy Ve Ay — Uy Avy,
A (—) _— (1.1D)

Vn VnVnt1



1 Operators 3

It may be noted in (1.10) that the difference operator lacks the evident symmetry
of the differential operator. This has the consequence that the higher-order difference
of the product of two functions is more complicated than the equivalent expression
for the differential operator. For the differential operator we have

k k
d”(u(x)v(x)) _ Z (];)u(kj)(x)v(j)(x) (1.12)

dxk
j=0

The equivalent expression for the difference operator is given below; details of
the derivation are given in Appendix A.

k(u?l ) - k‘ kE E A ul‘lA Vn
Vn .
n=0 m=0 ( ‘l)!(k Hl)!(l’l + m — k)!

in which it is understood that terms vanish when k > n 4+ m. Alternatively, we may

write
k

k —n —m
Ay =SS ATy AT

n'm!\(k —n —m)!

n=0 m=0

in which terms vanish when k < n + m.
Throughout this work we will frequently write sums and products. In this con-
nection we adopt the convention that

HEI for n=0 (1.13)
k=0
and
n—1
Zzo for n=0. (1.14)



Chapter 2
Solution of Homogeneous
and Inhomogeneous Linear Equations

Although we are concerned primarily with equations (differential and difference) of
first and second order, the analysis of these equations applies equally to equations of
higher order. The methods for dealing with these equations is in fact best elucidated by
considering the nth order equations and then giving the results for the first and second
order equations as specific examples. We first present the analysis for differential
equations and then follow with the analysis for difference equations.

The idea essential to most of the methods for solving an inhomogeneous equation
of nth order is that if one knows a number, m, (1 < m < n) of linearly independent
solutions of the homogeneous equation, then one can derive a linear equation of order
n — m. For the case in which one knows one solution of the homogeneous equation
(m = 1), the method is referred to as “reduction of order”. This is particularly
useful if one starts with a second order homogeneous or inhomogeneous equation,
resulting in a first order equation which can then be solved directly in closed form.
For the case in which one knows all n linearly independent solutions of the nth order
homogeneous equation, the method (discussed earlier by Lagrange) is referred to as
“variation of parameters” or “variation of constants”—a characterization that will
become clear shortly. One then obtains the solution to the inhomogeneous equation
in terms of the n linearly independent solutions of the homogeneous equation. The
case of an intermediate m, | < m < n, has been treated succinctly in a short article
by Locke [31], linking the particular cases m = 1 (reduction of order) and m = n
(variation of parameters). An alternative approach is given in [18]. An analysis for
arbitrary m, 1 < m < n, in which the nth order equation is transformed into a first
order matrix equation, is given in [20].

The nth order linear homogeneous differential equation has the form

Ly(x) = a,(x)y™ (%) + a1 (x)y" " (x) + - + ap(x)y(x)

=2 ai()y?@) =0 2.1

i=0

© Springer International Publishing Switzerland 2016 5
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6 2 Solution of Homogeneous and Inhomogeneous Linear Equations

and the corresponding inhomogeneous equation is

> ai)y? @) = f(x) 22)
i=0
where i
X

The corresponding Nth order linear homogeneous and inhomogeneous difference
equations are

Ly(n) = py(m)y(n + N) + py-1(n)y(n + N = 1) 4 - - - + po(n)y(n)

N
=> pyn+i)=0 24)
i=0

and

N
> iy +i) =g, 2.5)

i=0

respectively. Here the coefficients p;(n) are often also functions of independent
parameters. We note that these two Nth order difference equations can be written
in a form similar to that for the differential equations using the difference operator
Ay(n) = ym + 1) — y(n). From (1.9) we have

N N i .
> pimym+i)y="Y"pim Y (’.)Afym)
i=0 i=0 j=0 J
N ) N i
=> Ay Y ( .)pi (n). (2.6)
j=0 i=j J

We can then write the homogeneous and inhomogeneous difference equations in
the form

N
> rimAymn) =0 2.7)
j=0
and
N .
D rimAyin) =g, (2.8)

j=0
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2 Solution of Homogeneous and Inhomogeneous Linear Equations 7

respectively, where
N

SOEDY (;)p (). 2.9)

i=j

2.1 Variation of Constants

We start with an analysis of the method of variation of constants since it provides
the clearest understanding of the essential aspects of the method.

2.1.1 Inhomogeneous Differential Equations

As given above, the nth order homogeneous differential equation is
> a;x)yP(x) =0 (2.10)
j=0
and the corresponding inhomogeneous equation is
> i)y () = f(x). 2.11)
j=0

We assume that the solution to the inhomogeneous equation, y(x), and its n — 1
derivatives, can be given in terms of the n linearly independent solutions of the

homogeneous equation, u;(x), (k=1,2,...,n) by
YO = a@u’x)  j=0.1,....n-1 (2.12)
k=1

We then have » linear equations for the n functions ¢ (x). They do not define the
functions ¢ (x), but merely relate them to the derivatives y/’(x), which is possible
given the linear independence of the functions u;(x). We note that if the ¢, (x) are
constants, then y(x) as defined by this equation is a solution of the homogeneous
equation. By allowing the ¢, (x) to vary (i.e., to be functions of x), we can determine
them so that y(x) is a solution of the inhomogeneous equation, whence the name
variation of constants, or variation of parameters. An equation for the ¢ is obtained
by substituting (2.12) into (2.2); still required is y (x). Differentiating (2.12) for
j =n —1we have



8 2 Solution of Homogeneous and Inhomogeneous Linear Equations

n

YO ) =D au” ) + D chxu ™ (x). (2.13)

k=1 k=1

Substituting (2.12) and (2.13) in (2.2) then gives

n—1 n n n
f@) =>"a;@) Y atou (x) + an(x) [Z cr(nu” (x) + Zc,;mu;””(x)}
j=0 k=1

k=1 k=1

= a;0) > au @) +a, () D cpouf " ). (2.14)
j=0 k=1

k=1

Interchanging the order of summation in the first term here we have

> aj@) D a@ul () =D a) D a;mu’ () =0 (2.15)
Jj=0 k=1 k=1 /=0

since the u; (x) are solutions of the homogeneous equation (2.1). We now have one
equation for the first derivative of the n functions c; (x):

fx)

an(x)

> dmud () = = g, (x). (2.16)
k=1

The remaining n — 1 equations defining the functions ¢}, follow from (2.12): Differ-
entiation of (2.12) gives

Y =D eu @) + D ou (o). @17

k=1 k=1

Here, from (2.12), for j = 0, 1,...,n — 2, the first sum on the right hand side is
yU*tD (x), from which

> q@u’x) =0, j=01....n-2. (2.18)
k=1

Equations (2.16) and (2.18) now give n equations for the n functions c; (x) which
can then be integrated to give ¢y (x).

All of the results just given can be obtained more succinctly by formulating the
matrix equivalent of these equations, giving a first order matrix differential equation.
To that end, we define the Wronskian matrix, W(x),
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u](x) uz(x) Mn(x)
W) w0 uP )
W) = . .o (2.19)
ugnfl)(x) ungl)(x) L M,(,Ln_l)(X)
and the column vectors ¢(x), g(x)
¢, (x)
¢, (x)
c(x) = : (2.20)
e
0
0
glx) = : (2.21)
Gn(X)
and
yi(x)
y2(x)
yo = | (222)
Y ()

in which the components y;(x) are given in terms of the derivatives of the solution
to the inhomogeneous equation (2.11) by

yi(x) = y(@), ) =yP@), ...,y =y" %) (2.23)

from which
Vi) =y, j=12.n—1 (2.24)

The inhomogeneous equation (2.11) may then be written in the form

n—1

an(X)y,(¥) + D a;(x)yjp1(x) = f(x) (2.25)
j=0
or .
V) == by () + galx) (2.26)
j=0
where

bj=0bj(x) =aj(x)/a,(x),  gu(x) = f(x)/an(x). (2.27)
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Taken together, Egs. (2.24) and (2.26) then give y;- (x) in terms of y;(x) for j =
1,2, ...n and can be written in matrix form:

Yy =By+g (2.28)
where
0 1 0
Boy=| : ¢+ (2.29)
00 - 1
_bO _bl e _bn—l

Equation (2.12), defining the n — 1 derivatives of y(x), then takes the simple form
y = We (2.30)

when written in terms of the Wronskian matrix W(x). Substituting this in the matrix
form of the inhomogeneous equation, (2.28), then gives

(We) =We+ W =BWe+g (2.31)

From the homogeneous equation satisfied by u (x):

n—1
w’ ==>"bul. k=12...n (2.32)
=0
we have
B(x)W(x) = W'(x), (2.33)

which, when substituted in (2.31), gives
W¢' =g, (2.34)
which is equivalent to Egs. (2.16) and (2.18). Integration of this equation gives
c(x) = / W l(x"g(x")dx', (2.35)

and from (2.30),
y(x) = W(X)/ W (xg(xdx' (2.36)

If we have an initial value problem in which y(x) and its n derivatives are specified
at a point x = xp, then integration of equation (2.34) gives
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c(x) = e(xg) + / W (x)g(x"dx' (2.37)
X0

Multiplying both sides of this equation by W(x) and using ¢(xo) = W™ (x0)y(xo)
from (2.30) we have the solution to the inhomogeneous equation (2.11) in matrix
form:

y(x) = W(x) (WI(XO)Y(XO)'F / W%x’)g(x/)dx’). (2.38)

We note that the three essential equations in this analysis are (2.28),y’ = By +g,
which defines the inhomogeneous equation and is equivalent to Eq.(2.2); (2.30),
y = We, which relates the functions ¢ (x) to the derivatives of y(x) and is equivalent
to Eq.(2.12); and (2.33), BW = W', which gives the homogeneous equation satisfied
by its solutions u;(x) and is equivalent to Eq.(2.32). With only minor notational
modifications, these three equations form the basis of the analysis for difference
equations (note Egs. (2.64), (2.66) and (2.69)).

An alternate but completely equivalent approach to the solution of the nth order
linear inhomogeneous equation, (2.28),

Yy =By+g, (2.39)

is provided by consideration of the Wronskian (in the case of the differential equation)
and the Casoratian (in the case of the difference equation). We start from Eq. (2.34),

Wc' =g, (2.40)
The solution to this set of equations is given by Cramer’s rule (see Appendix E),

by which the column vector g(x), (2.21), replaces the jth column in the Wronskian
matrix W(x), (2.19). The elements c} (x) are then given by

ul .« .. uj—l 0 uj+1 “ e un
(1) (1) (1) 1
1 Ml ... uJ71 0 ujJ,»l .. u,(l )
¢j(x) = W | Do S Do (2.41)
X
i
n— n— n— —1
uy UGy Gn UGy g
where u;y = ux(x), (k = 1,2,...,n), are the n linearly independent solutions of

(2.1) and W is the determinant of the Wronskian matrix (2.19). (See Appendix B
for j = 1 and j = n.) Expanding the determinant (2.41) in the elements of the jth
column, ¢’;(x) can be expressed in terms of an (n — 1) x (n — 1) determinant:
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ul e u‘/71 u‘j+1 DRI un
(D (1) (1) (1)
u cee Y u. e Uy
, _ ntj gn(x) 1 j—1 Jj+1 n
¢i(x) = (=M . . (2.42)
i =D W (x) : : Do
(n—2) (n—2) (n—2) )
ul PR u‘]71 uj+1 .« .. u;n )

(See Appendix B for j = 1 and j = n.)

The matrix solution to the inhomogeneous equation may then be written if one
constructs a column vector ¢’ (x) whose elements are the c;- (x)forj=1,2,...,n.
Equation (2.30), y(x) = W(x)c(x), then gives

y(x) = W(x)/ ¢ (x"dx' (2.43)
Xo
The first element in the column vector y(x) gives the function y(x):

Y =D u(x) / ¢ (x)dx' (2.44)
j=1 o

with c; (x) given in (2.42). This provides a particular solution, to which an arbitrary
solution to the homogeneous equation may be added to satisfy boundary conditions.
2.1.2 Inhomogeneous Difference Equations

We now look at the equivalent analysis for the Nth order inhomogeneous difference
equation

N
PNMYN +n)+ py_1()y(N+n—1D 4+ po(m)y(n) = D pjm)yn+j) = qn(n)
j=0
(2.45)
The Nth order homogeneous equation is
N
D> pimym+j) =0, (2.46)

j=0

for which the N linearly independent solutions are denoted by ui(n), (k =
1,2,...,N),thatis,

N

ij(n)uk(n+j)=0, k=1,2,...,N (2.47)
j=0
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As with the differential equation, we assume that the solution to the inhomogeneous
equation, y(n), and the succeeding N — 1 terms y(n + 1), y(n +2),...,y(n +
N — 1) can be given in terms of the N linearly independent solutions uy (n) of the
homogeneous equation by

N
y(n~|—j)=ch(n)uk(n+j) j=0,1,...,N—1 (2.48)
k=1

We thus have N linear equations determining the N functions, ¢, (n), which is possible
given the linear independence of the functions u;(n). We note that if the ¢; are
constants, then y(n) as defined by this equation is a solution of the homogeneous
equation. By allowing the ¢, to vary (i.e., to be functions of n), we can determine
them so that y(n) is a solution of the inhomogeneous equation. From (2.48) we can
thus write

N
Y+ j+ D) =D cmun+j+1) for j=01....N-2 (249
k=1

as well as

N

Yo+ j+ D)= e+ Dugn+j+1) for j=0,1,....N -2 (250
k=1

from which we have the N — 1 equations

N
> Acmun+j+1) =0, j=01....N-2 2.51)
k=1

From (2.48) for j = N — 1 we have

N
Y+ N—1)=> cmun+N—1) (2.52)
k=1
from which
N
Y+ N) =" c(n + Dug(n+ N)
k=1
N N
= > cmurn+ N)+ D Ace(m)ug(n + N) (2.53)
k=1 k=1
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Substituting (2.48) and (2.53) in (2.45) we then have

N N N
D pim D ckmu(n + j) + py(n) D Ace(mug(n + N) = gy (n)  (2.54)

j=0 k=1 k=1

Inverting the order of summation in the first term here, we see that this term vanishes
since the uy (n) satisfy the homogeneous equation (2.46). We thus have

N
> Acimusn+ Ny = L ) 2.55)

P pn(n)

Equation (2.55) together with (2.51) for j =0, 1, ..., N — 2 then give N equations
for the N differences Acy(n) which can then be summed to give the functions ¢y (n).
We can now formulate the entire analysis for difference equations in terms of
matrices, in a manner quite similar to that for differential equations, giving a first
order matrix difference equation. To that end we define the Casoratian matrix:

ui(n) uz(n) - un(n)
uy(n+1) ur(n + 1) ceuy(n+1)
Kn) = ) . (2.56)
u.l(n—i-N— 1) u.z(n—i-N— 1) -.--u.N(n+N—1)
and the column vectors ¢(n), h(n)
c1(n)
c2(n)
en(n)
0
0
h(n) = : (2.58)
hy(n)
and
yi(n)
y2(n)
yo = | . (259
yn(n)

in which the components y;(n) are given in terms of the solution of the inhomoge-
neous equation (2.45) for successive indices by

yi(n) =y(j +n-—1), j=12,...,N (2.60)
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We can then write the inhomogeneous equation (2.45) in the form

YN +n)+by_1y(N+n—1)+---+byy(n) = hyn) (2.61)
or
N—1
YN +n) == bjyj1(n) +hy(n) (2.62)
j=0
where
by =bi(n)=p;n)/px().  hy®n) =qyn)/py(n) (2.63)

This may then be written in matrix form (cf. Eq. (2.28) for differential equations) as

y(n+ 1) =Bn)y(n) + h(n) (2.64)
where
0 1 0
Bmy=| + ¢ 1 (2.65)
o 0 .- 1
—by —by - —by_;

Equation (2.48) giving the N terms y(n + j) for j =0, 1,..., N — 1 then takes
the simple matrix form (cf. Eq. (2.30) for differential equations)

y(n) = K#n)en) (2.66)

Substituting (2.66) in (2.64) we then have

y(n + 1) = B(n)K(n)e(n) + h(n) (2.67)
Here
01 --- 0 ui(n) us(n) cun(n)
up(n+1) uz(n+1) cun(m+1)
B(n)K(n) = .. . . . . .
o 0 --- 1 : : N
—by —by -+ —by_q uyin+N—-1) uon+N—-1)---uy(n+ N —1)

uy(n+1) uy(n+1) ---uym+1)
ur(n+2) up(n+2) ---uyn+2)
. . .o (2.68)

L.ll(” +N) 1;2(n+N) '."L.‘N(n+N)
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Thus
B(n)K(n) =Kn +1) (2.69)

(cf. Eq.(2.33) for differential equations.) The last line in K(n 4 1) follows from the
homogeneous equation (2.47) satisfied by the functions uy (n):

up(N 4+n) = =bo(m)ug(n) —by(n)uy(n+1)—---—bym)uy(n+N—1) (2.70)
We note that Eqgs. (2.64), (2.66) and (2.69) for difference equations correspond

respectively to Egs. (2.28), (2.30) and (2.33) for differential equations. Substituting
(2.69) in (2.64) then gives

y(n+1) =K + De) + h(n) (2.71)
However, from (2.66) we can also write
yn+1)=Kn+ He(n+1) (2.72)

so that from the last two equations we have

K(n 4+ 1)Ac(n) = h(n), (2.73)
from which
Ac(n) =K '(n + 1) h(n) (2.74)
and .
c(n+1) =c0) + > K'(j+Dh()) 2.75)
j=0

(cf. (2.37) for differential equations.) Here, the term ¢(0) adds an arbitrary solu-
tion of the homogeneous equation and is determined by the initial conditions.
Equation (2.73) is the matrix form of Eq.(2.55) together with (2.51) for j =
0,1,..., N—2.Equations (2.73), (2.74) and (2.75) given above for difference equa-
tions correspond to Eqgs. (2.34) and (2.37) for differential equations. Writing (2.75)
with n + 1 replaced by n we have

c(n) =c(0)+ > K '(Hh(j - 1) (2.76)

j=1

Multiplying both sides of this equation by K(n) and using (2.66) (from which
c(0) = K_I(O)y(O)) we have the solution to the inhomogeneous equation (2.64)
in matrix form:

y(n) =K@ | KOy + D K '(/)h(j — 1) 2.77)

Jj=1
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Similar to the case for differential equations, we note that the three essential
equations in the analysis for difference equations are (2.64),y(n + 1) = B(n)y(n) +
h(n), which defines the inhomogeneous equation and is equivalent to Eq.(2.45);
(2.66), y(n) = K(n)c(n), which relates the N functions c,(n) to N successive
terms y(n + j) for j =0, 1,..., N — 1 and is equivalent to Eq. (2.48); and (2.69),
B(n)K(n) = K(n + 1), which gives the homogeneous equation satisfied by its
solutions u; (n) and is equivalent to Eq.(2.47).

An alternate but completely equivalent approach to the solution of the Nth order
linear inhomogeneous equation, (2.64),

yin+1) =B(n)yn) +h@) (2.78)
is provided by consideration of the Casoratian in the case of the difference equation.
We start from Eq. (2.73),

K@ + 1)Ac(n) = h(n), (2.79)

Replacing n + 1 by n we have

Kn)Ac(n — 1) =h(n — 1), (2.80)

The solution to this matrix equation is given by Cramer’s rule, from which the

elements Ac;(n — 1) of the column vector Ae(n — 1) for j = 1,2,..., N are

given by
uy(n) coeuj—1(n) 0 uji1(n) ceuy(n)
ui(n+1) coeuj(n+1) 0 wjrr(n+1) o uymn+1)
1 o . . .

Acjln—1) = K1) Do : : Do
ul(n+N—2)~-uj_1(n+N—2)0 uj+1(n+N—2)---uN(n+N—2)
uyn+N—1)-ujyn+N—-Dhy(n—Dujpy(n+N—-1)---uy(n+N — 1),

(2.81)
where u; = u;j(n), j =1,2,..., N, are the N linearly independent solutions of

(2.4) and K (n) is the determinant of the Casoratian matrix (2.56). Expanding the
determinant (2.81) in the elements of the jth column, the elements Ac;(n — 1) can
be expressed in terms of an (N — 1) x (N — 1) determinant:

uy(n) ceujoi(n) uji1(n) - uy(n)
hy(n—1) up(n+1) ceujop(n41) uj1(n+1) ceuy(m+1)

(. — (_1\N+J
Acj(n—1) = (—)N+i <0

Lt‘](n-‘rN—z)-.--Lt‘j71(11+N—2) u-j+1(n+N—2)-.--u‘N(n+N—2)
(2.82)

It is clear that the determinant as written in (2.82) is valid for j =2,3,..., N — 1.
For j = land j = N (as well as forall 1 < j < N) one must simply omit the
Jjth column. The matrix solution to the inhomogeneous equation may then be written
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from the column vector Ac¢(n — 1) whose elements are the Ac;(n —1) givenin (2.82)
for j =1,2,..., N.Equation (2.66), y(n) = K(n)c(n), then gives y(n), with

y(n) = K(n) (K‘l(O)y(O) + > Acn' - 1)) (2.83)

n'=1

The first term in parentheses gives a solution of the homogeneous equation. Therefore
a particular matrix solution of the inhomogeneous equation is given by

yn) =K(m) > Ac(n' — 1) (2.84)

n'=1

The first element of this matrix equation gives the function y(n):

N n
Y =D ui(n) D> Aci(n' = 1) (2.85)
j=1

n'=1

with Ac;j(n’ — 1) given by (2.82). This provides a particular solution to which an
arbitrary solution to the homogeneous equation may be added to satisfy boundary
conditions.

2.2 Reduction of the Order When One Solution
to the Homogeneous Equation Is Known

The present method reduces the order of an nth order linear operator, giving an
operator of order n — 1 when one solution to the homogeneous equation is known.
Thus, an nth order homogeneous equation Ly = 0is transformed into ahomogeneous
equation .Zw = 0 of order n — 1 in w; an nth order inhomogeneous equation Ly = f
is transformed into an inhomogeneous equation .Zw = f of order n — 1 in w. (In
particular, for a second order equation we obtain a first order equation, which is
then soluble in closed form.) The details in the analysis of differential and difference
equations are quite similar, and the approach is the same as that given earlier in
connection with the method of variation of constants (cf. (2.12)): By writing the
dependent variable (y(x) or y(n)) as the product of two functions,

y(@x) = cu(x) (2.86)

or
y(n) = c(n)u(n), (2.87)
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one of which satisfies the homogeneous equation (Lu(x) = 0 or Lu(n) = O,
respectively), one can write the original equation in a form such that only deriv-
atives (or differences) of the unknown function (c(x) or c(n)) appear. Then, defining

w(x) = ' (x) (2.88)

and
w(n) = Ac(n) =c(n+ 1) — c(n), (2.89)

the order of the equation for w(x) or w(n) is less by one than that of the original

equation.
We start by considering the nth order differential operator given in (2.1), viz.,

Ly(x) = a,(x)y" (¥) + a, 1 ()" V(@) + -+ + ao(x)y(x) = D a;(x0)yV(x)

j=0
(2.90)
Writing
y(x) = c(x)u(x) (2.91)
where u(x) is assumed to be a known solution of
Lu(x) = > a;(x)u" (x) =0, (2.92)
j=0
we have (eout)
c(xX)u(x
y(k)(x) = dxk
ke (2.93)
— Z ( .)C(j)(x)u(k_j)(x)
=0
and from (2.1),
Ly(x) = > ar(x)y® (x)
k=0
n k k
=D a) ) ( .)c(j’(X)u(k‘j)(x)
k=0 im0 M
(2.94)

=> V> (k.)ak(X)u(k”(x)
j=0 =

k

=> V> ( .)ak(xm“‘”(x) + () D anu® (x)
j=1 k=j

J k=0
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The last sum here is zero from (2.92). Then, defining
wx) = cPx), (2.95)

we obtain a differential operator of order n — 1 in w(x):

PEUEDD (k.)ak<x>u<"—f>(x> => w9 Y] (k.)ak(x)u“—f)(x)
j=1 = j=1 k=i
n—1 n
k (k=j—1)
> (j+1)ak(X)u ()

— Z w9 (x)
j=0 k=j+1

n—1 n—

1
. k41 .
= > wx) ( . )ak+1(X)u("_”(x)
2024
= PLw (2.96)

We next look at the analogous procedure for an Nth order linear homogeneous
difference operator, given in (2.4), viz.,

Ly(n) = py(m)y(n + N) + py—1(m)y(n+ N =1 +---+ po(m)y(n) (297
Again, we write the solution of this equation as the product of two functions:
y(n) = c(n)u(n) (2.98)

where we assume u(n) to be a known solution of the homogeneous equation
Lu(n) = py(mu(n + N) + py—1(mu(n + N — 1) 4 - - + po(n)u(n)

N
=D pemun +k)

k=0
=0 (2.99)

The operator (2.97) is then

Ly(n) = py(m)c(n + Nu(n + N) + py_1(n)e(n + N — Du(n + N — 1)
+ -+ po(m)c(m)u(n)
(2.100)
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Applying (1.9) to the function c(n + k), this operator can be written in the form

N k k '
P AOUCENDY ( .)A«fc(n)
pry j=o ™
N k k ' N
- Z pr(m)u(n + k) Z (]) Aen) 4 c(n) Z pmun+k)  (2.101)
k=1

j=1 k=0

As with the differential equation, the last sum in the above equation is zero in view
of (2.99), giving

N k
Ly(n) = Z pr(mMu(n + k) Z (];) Alc(n) (2.102)
k=1 j=1

Then, in analogy with (2.95), we define

w(n) = Ac(n), (2.103)
giving
N k © ) N ) N k
> pmum+i D (j)Af_lw(n) => Ay > (j)pk(n)u(n +4)
k=1 j=1 j=1 k=j

= Alw(n) ( )Pk(n)u(n+k)
— el j+1

~
(=}

N—-1 ) N—1 k+1

= ' Al w(n) z (j_’_])pkﬂ(n)u(n—i-k—}—l)
Jj=0 k=j

= Zw(n) (2.104)

which is a difference operator of order N — 1 in w(n).

2.2.1 Solution of Nth Order Inhomogeneous Equations
When m Linearly Independent Solutions
of the Homogeneous Equation are Known,
Wherel <m < N

The two methods—reduction of order and variation of parameters—have been pre-
sented separately, since that is how they are generally found in the literature. However,
as has been shown in a succinct article by Phil Locke [31], each of these procedures
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can be viewed as particular limiting cases in the solution of an nth order linear non-
homogeneous equation when m < n linearly independent solutions of the nth order
homogeneous equation are known: m = 1 corresponds to reduction of order, m = n
corresponds to variation of parameters. Related treatments may be found in [18,
Chap. IX, Sect. 3, pp. 319-322] and in [20, Chap. IV, Sect. 3, pp. 49-54].



Chapter 3
First Order Homogeneous
and Inhomogeneous Linear Equations

The solution of first order inhomogeneous linear equations provides the simplest
example of the method of variation of constants given previously in Chap. 2, Sect. 2.1.
We start by considering the first order differential equation. With n = 1, the homo-
geneous and inhomogeneous equations are given by (2.10) and (2.11) respectively:

a;(x)u' (x) + ag(x)u(x) =0 (3.1)
and
ap(x)y'(x) + ap(x)y(x) = f(x) (3.2)

For the first order equation, the solution to the homogeneous equation follows directly
by integration:

wx) __ax) (33)
u(x) ar(x)
giving
- ( / ay(x") )
u(x) =Aexp | — dx (3.4)
ap(x’)

Here the lower limit of the integration may be chosen arbitrarily, it merely introduces
a constant factor to the solution u(x). The method of variation of constants then
gives the solution to the inhomogeneous equation. From (2.12) with n = 1 we have
(omitting the subscripts on c(x) and u(x))

y(@x) = c(u(x) (3.5)
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and from (2.16)

fx)
a(x)

¢ (Oux) = (3.6)

from which

c(x) = /x f(—X/) dx’' 3.7)

ay(x)u(x’)

A particular solution to the inhomogeneous equation is then

y(x)—u(x)/ EACH RN (3.8)

ay(x")u(x’)

A solution determined by its value at a given point x = x, may be obtained by adding
to (3.8) a solution of the homogeneous equation. This may be written succinctly by
choosing the lower limit xy on the integrals in (3.4) and (3.8), and setting A = 1 in

(3.4) so that u(xg) = 1. We then have
ACY.
Y = u(x) [y(xw + / = dx’ (39

v ar(xDu(x’)
The solutions to the first order homogeneous and inhomogeneous difference equa-
tions follow analogously. Referring to (2.46) with N = 1, the first order homogeneous
equation is

pi(mu(n+1) + po(n)u(n) =0 (3.10)
Writing this in the form
un + 1) = =22 ) 3.11)
p1(n)

the solution follows by iteration, giving

po(k)
pi1(k)

u(n) = A(— 1)"H (3.12)

Here A may be an arbitrary constant or a periodic function of period one. The lower
limit of the product may be chosen arbitrarily, merely introducing a constant factor
to the solution u(n).

The solution to the inhomogeneous equation

pi(n)y(n+ 1) + po(n)y(n) = q1(n) (3.13)


http://dx.doi.org/10.1007/978-3-319-29736-1_2
http://dx.doi.org/10.1007/978-3-319-29736-1_2

3 First Order Homogeneous and Inhomogeneous ... 25

is again given by the method of variation of constants. From (2.48) we have, with
N = 1 (omitting subscripts on c¢(n) and u(n)),

y(n) = c(n)u(n) (3.14)
and from (2.55)
Acmu(n + 1) = L0 (3.15)
pi(n)
from which
q1(n)
cn+1)—ch) = ——— 3.16
( ) e pi(mu(n+1) 310
Summation then gives
S a®
1
c(n) = _— (3.17)
; proyutk +1)
or, alternatively,
n—1
q1(k)
c(n) = (3.18)
Z pok)u(k)
A particular solution to the homogeneous equation is then
(k)
y@)-u@)}j 2 (3.19)

pr(kyuk + 1)

A solution determined by its value at a given point n = ny may be obtained by adding
to (3.19) a solution of the homogeneous equation. This may be written succinctly by
choosing the lower limit ny on the summation (3.19) and the product in (3.12), and
setting A = (—1)7" in (3.12) so that

po(k)

um = H )

(3.20)

and hence
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We then have

n—1
= o (LG
y(n) = u(n) [y(no) + P ERCI 1)} (3.22)

We note that the solutions to the first order homogeneous differential and differ-
ence equations are given respectively by the Wronskian and Casoratian determinants,
given in Appendices C and D. From (C.2) with n = 1, the Wronskian satisfies the
first order Eq. (3.1), and from (C.1) and (C.3)

X ag(x) ’
W) =u(x) = eff a;(x’) dx , (3.23)
given in (3.4).
From (D.2) with N = 1, the Casoratian satisfies the first order Eq.(3.10), and
from (D.1) and (D.3)

n—1
po(k)
Cn) = =D"]] ,
) =u;(n) = (-1 Loiw

(3.24)

given in (3.12).



Chapter 4
Second Order Homogeneous
and Inhomogeneous Equations

Second order equations provide an interesting example for comparing the methods
of variation of constants and reduction of order. As noted in Chap. 2, Sect.2, if one
solution of the homogeneous equation is known then the method of reduction of
order transforms a second order equation into a first order equation, which can then
be solved in closed form. If the original second order equation is homogeneous then
the transformed first order equation is also homogeneous, and its solution provides a
second, linearly independent solution to the second order equation. We first consider
the second order homogeneous differential equation

Ly(x) = ax(x)y" (x) 4+ a1(x)y'(x) + ag(x)y(x) = 0, (4.1)
and assume that one solution, u;(x), to the homogeneous equation is known:
Lui(x) =0. (4.2)
Then from (2.91), by writing
y(@x) = c(uy(x), (4.3)
the second degree operator Ly(x) is transformed into a first degree operator Z'w:
Ly =%w 4.4)
where
w(x) = c'(x) 4.5)

We denote by wy (x) the solution of Z'w = 0, which then determines a second solution
to the homogeneous equation Ly = 0. From (2.96) the function wy(x) satisfies the
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first order homogeneous equation
Z(wo) = wo(x)az(x)ur(x) + wo(x) (a1(x)ui (x) + 2a2(x)uy'(x)) = 0. (4.6)

Writing this in the form

wo(x) _ Cax) u'(x) @7
wo (x) az(x) u(x)
and integrating, we have
oo (- )
wo(x) =C T (4.8)

which determines a second, linearly independent, solution to the second order homo-
geneous equation:

ur(x) = ul(x)/ wo(x") dx’. 4.9)

That u;(x) and c(x)u;(x) are linearly independent follows from the Wronskian
determinant

ur(x)  c(x)u(x)

uy'(x)  (c@)u(x))
:Cexp(—/xwdx’) >0
ax(x')

The most general solution to the homogeneous equation Ly = 0 is then, from
(4.2) and (4.9),

W(x) = = ¢/ ()ui(x) = wo(x)u (x)

(4.10)

y(x) = Au(x) + Bul(x)/ wo(x") dx’ 4.11)

A solution satisfying given initial conditions y(xp) and y’(x() then determines the
constants A and B when the lower limit of the integral is chosen to be x(:

Auy(xg) + Buy(xo) /xo wo(x') dx" = y(xo) (4.12)

Auy'(x0) + Buy (x0)wo(xo) = ¥'(x0)
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Solving for A and B we have

3o() = y(g) 1 [1 (y/(x‘))—ul/(x‘))) : /xwo(x’)dx/:| (4.13)
y(xo)  ui(xo) J wo(xo) Jy,

uy(xp)
It is also useful to write this in terms of the Wronskian rather than wy(x), since the
Wronskian can be expressed solely in terms of the coefficients a; (x) and a,(x) of
the differential equation rather than the solution u#;(x) (note (4.10)). We then have

o) = y(xg) 21X [1 N (y/(xo) B u{(xo)) ui(xo) [ W' dx/:|.

u1(xo) y(xo)  ui(xo) )] W(xo) Jyy ui(x’)
(4.14)
Next we consider the second order inhomogeneous equation
Ly(x) = a(x)y"(x) + a1 (x)y' (x) + ao(x)y(x) = f(x) (4.15)

and again assume that one solution, # (x), to the homogeneous equation is known:
Luy(x) =0. (4.16)

Then, writing
y(x) = c(x)uy(x), (4.17)

the second degree equation Ly(x) = f(x) is transformed into the first degree equa-
tion

Lw) =wX)ay(x)uy(x) +wx) (a1 (0)ug(x) + 2a2(0)uy’ (x)) = f(x)  (4.18)
where
w(x) = ' (x) (4.19)

Writing (4.18) in the form

( w(x) ) _ fx) 4.20)

wo(x) ar (x)u 1 (x)wo(x)

where wy(x) is given by (4.8), a particular solution to the inhomogeneous equation
is then, from (4.17), (4.19) and (4.20),
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f&x" dx”
X
ar(x"uy (x")wo(x”)
421

Yo () = 11 (1) / W) dx' = uy (x) / dx' wo(x') /

We note that if the lower limit of all the integrals in this expression for the particular
solution are chosen to be xg then y,(xo) = y,'(xo) = 0. Writing y,, in terms of the
Wronskian, we have

W) (5 fO D (x”)
ur(x') Jy, ax(x")W(x")

yp(x) = ui(x) /x dx’ dx" (4.22)

A particular solution satisfying the initial conditions y(x¢) and y’(x¢) is obtained
from (4.14) by adding yy(x) to y,(x), giving a solution to the inhomogeneous equa-
tion Ly = f satisfying these initial conditions:

o) =) [ax S [T LI g

) u%(x/) x, Q&)W (")
ui(x) |:1 (y’(xo) _ Mll(xo)) ui(xg) [* W'

+y(x())m(xo) y(xo)  ui(x0) ) Wxo) Jx, ui(x’)

dx/i| . (4.23)

Turning now to the solution of the inhomogeneous equation given by the method of
variation of constants, from (2.42) and (2.44), assuming that two linearly independent
solutions of the homogeneous equation, u(x) and u,(x), are known, we have

* FONu (x) dx' — () T FXDuz(x) dx’ (4.24)

y(X) :u2(x) o az(x/)W(x/) X0 az(x/)W(x/)

Here, for comparison with the solution given by reduction of order, we have chosen
the lower limit of the integrals to be x,. We note that the particular solutions given in
both (4.22) and (4.24) satisfy y(xg) = ¥'(xo) = 0 and are therefore identical. This
can be seen from (4.22) on integrating by parts. From (4.9) and (4.10), a second
linearly independent solution to the homogeneous equation is

W(x")

u%(x/)

X X
ur(x) = ul(x)/ wo(x") dx' = ul(x)/ dx’' (4.25)
X0 X0
Writing (4.22) in the form

dx" (4.26)

_ S wen L\ e
}’p(x) = Ml(x)/x0 d( o u%(x”) dx ) o ar(x")W(x")


http://dx.doi.org/10.1007/978-3-319-29736-1_2
http://dx.doi.org/10.1007/978-3-319-29736-1_2

4 Second Order Homogeneous and Inhomogeneous Equations 31

and integrating by parts we have

_ TWEH N [ SED ),
Y = (”l(x) 0 12() dx) L manwen
—u(x) /X dx’ fOOm D - [ VZ(XN) dx”
Xo a(xXYWE) Jy, uy(x”)
T fDu () dx’ — uy(x) T fDua(x’) dx
xy @)W (x') x, @2&)W(KX)

0

4.27)

= us(x)

from (4.25).

We note that, for a second order equation, although the methods of reduction of
order and variation of constants give mathematically equivalent results, the resulting
solutions are not in the same form: The solution using variation of constants is linear
in the two functions u (x) and u, (x), whereas the solution given by reduction of order
is anon-linear function of u# (x). The analysis of inhomogeneous equations for which
the solutions of the homogeneous equation are the special functions of mathematical
physics may therefore be facilitated by choosing the method of variation of constants.
This will be illustrated later with a specific example.

We next consider the method of reduction of order as given in (2.97)—(2.104) and
apply it to the second order difference operator

Ly(n) = p2(n)y(n +2) + pi(n)y(n + 1) + po(n)y(n) (4.28)
We assume that one solution, u;(n), to the homogeneous equation is known:
Lu;(n)=0 (4.29)
Then from (2.98), by writing
y(n) = c(n)u;(n) (4.30)
the second degree operator Ly is transformed into a first degree operator .Z’w where
w(n) = Ac(n) =c(n+1) —c(n) 4.31)

We denote by w () the solution of £w = 0, which then determines a second solution
to the homogeneous equation Ly = 0:

n—1

uz(n) = c(nyui(n) = u,(n) ZW(k) (4.32)
k
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From (2.104) with N = 2, the function wy(n) satisfies the first order homogeneous
equation the first order equation for w(n)

p2mui(n +2) Awn) + (pr(mui(n + 1) +2p2(mui(n +2)) wn) =0
(4.33)

which may be written in the form

p2(mui(n+2)wn + 1) + (pr(ui(n + 1) + p2(n)ui(n + 2))w(n) = 0.
(4.34)

From (2.99) this equation may be written more simply as
p2(mui(n +2)w(n +1) = po(m)ur(m)w(n). (4.35)

Its solution follows by iteration, giving

n—1
W) = W(no)ul(no)ul(no +1) po(k) 4.36)
ur(muy(n+ 1) =0 pa(k)

Here,

w(no)ui(no)ui(ng + 1) = [c(no + 1) — c(no)lui(no)u; (no + 1)
= ui(no)c(no + Dui(ng + 1) — u1(no + De(no)ui (no)
= uy(no)uz(ng + 1) —uy(ng + Dua(no)
= C(ng) 4.37)

where C(n) is the Casoratian determinant (see Appendix D). Thus,

Cno) 'y pok)
— 4.38
v u1<n>ul(n+1>k1;[0pz(k> (439
from which, using (4.37),
n—1
po(k)
C =0C —_—, 4.39
(n) (no)k]:'[m ) (4.39)

which is the equivalent of the equation for the Wronskian

W(x) = W(xo) exp (— / fa) dx’) (4.40)

, a2(x)

for differential equations.
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The function c¢(n) then follows directly from (2.103) and (4.38) by summation,
giving

1 k
¢(n) = e(no) + €(no) Z MOESE ]‘[ Zjik; (4.41)

A second, linearly independent solution of the homogeneous equation is then

n—1

1 k
ua() = e (1) = clnolun (n) + i (MEo) 3 e D H ijiki

Jj=no k=ng
(4.42)

The first term on the right hand side here is simply a multiple of the first solution.
For N = 2, the two linearly independent solutions of the second order homogeneous
difference equation can thus be taken to be

ui(n)

and
n—1 1

k
us(n) = uy (n)€(no) Z H Pot®) (4.43)

P2 (k)

u (Pur(j+1)

An alternate but completely equivalent approach to obtaining a second, linearly
independent solution to a second order homogeneous equation when one solution is
known is provided by consideration of the Wronskian (in the case of the differential
equation) and the Casoratian (in the case of the difference equation).

For the second order homogeneous differential equation we have n = 2, so that
from (C.1)

W(x) = uy (x)uy(x) — u) (x)uz(x) (4.44)
which can be written as
(“2(“) - W) (4.45)
u(x) ui(x)
and integration gives
X W(x/)

X/, (4.46)

Ury(xX) =ui(x
2( ) 1( ) 21( /)
which is the solution given in (49)

For the second order homogeneous difference equation we have N = 2, so that
from (D.1)
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C(n) = u1(nuz(n + 1) — uy(n + Duz(n) (4.47)

which can be written as

u(n +1) us(n) _ 1

_ — C(n) (4.48)
uyn+1)  wui(m)  w(@u(n+1)

By summation we then have

n—1
0

uz(n) _ uz(0) +Z

ur(n)  ui(0) Ml(k)ul(k+1)

k=0

C(k) (4.49)

Substituting (D.3) in (4.49) we have

1 |
Eoiul(n>4-u1(n>e<0>j§j I]ij(]) (4.50)

ualr) = 1K+ 1) 15 p20)

which is identical to the result obtained earlier in (4.42) noting that u,(0)/u;(0) =
c(0).



Chapter 5
Self-adjoint Linear Equations

As with most of the topics considered in this work, the concepts of adjoint and
self-adjoint linear operators and equations, both differential and difference, apply
to operators and equations of all orders. However, given the fundamental place of
second order equations, both differential and difference, for problems in classical
and quantum physics, we restrict ourselves here to equations of second order, noting
that most of the classical functions of mathematical physics satisfy second order
differential equations in the continuous variable and second order difference equa-
tions in the discrete variable. Self-adjoint operators, also called Hermitian operators,
together with imposed boundary conditions, are of great importance in both classical
and quantum physics within the framework of Sturm-Liouville theory, (note [3]),
in that their eigenvalues are real, and their eigenfunctions are orthogonal and form a
complete set. For analyses of higher order equations, see [38] and [20] for differential
equations and [2] for difference equations.
The linear second order differential operator has the general form

Ly(x) = ax(x)y"(x) + a1(x)y'(x) + ao(x)y(x) (5.1)

and the adjoint operator L is defined by
Ly(x) = (@(x)y(x) " = (@1 (x)yx))" + ag(x)y(x) (5.2)
Carrying out the differentiations in L and taking the adjoint again, we find the original

operator L: The adjoint of the adjoint operator is the original operator.
If a;'(x) = a;(x) then L = L and can be written in the form

L=L=(ax(x)y'(x)) + ao(x)y(x) (5.3)

The operator L is then said to be self-adjoint. We can, however, always trans-
form a non-self-adjoint operator into the self-adjoint form: If a,’(x) # a;(x), then
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multiplying Ly(x) by a function A (x), the resulting operator:
h(x)ax(x)y" (x) + h(x)ai(x)y' (x) + h(x)ao(x)y(x) (5.4)

is then self-adjoint if we determine % (x) by requiring that (a; (x)2(x))’ = a1 (x)h(x).
Solving for h(x), we have

hx) = —— exp /al(x)dx’ (5.5)

ax(x) a(x’)

0

The linear second order difference operator can be written in the general form

Ly(n) = pr(m)y(n+ 1) + p1(n)y(n) + po(n)y(n — 1) (5.6)

and the adjoint operator is defined by
Ly(n) = po(n+ 1)y + 1) + pi(n)y() + pr(n — Dy(n — 1) (5.7
As with the differential operator, we note that the adjoint of the adjoint operator is

the original operator. _
If po(n) = po(n + 1) then L = L and can be written in the form

L=L=A(p2(n = DAy = 1)) + (po(n) + p1(n) + p2(m)y(n) ~ (5.8)

The operator L is then said to be self-adjoint. We can, however, always transform
a non-self-adjoint operator into the self-adjoint form: If p,(n) # po(n + 1), then
multiplying Ly(n) by a function i (n), the resulting operator:

h(n)pa(m)y(n + 1) 4 h(n) pi(n) y(n) + h(n) po(n)y(n — 1) (5.9)

is then self-adjoint if we determine % (n) by requiring that p,(n)h(n) = po(n +
Dh(n + 1), that is,

_ )
hin+1) = —po(n m 1)h(n) (5.10)
Solving for h(n), we have
h(n) = H ) (5.11)
po(j+1)

We assume here that p,(n) > 0 and po(n) > 0 over the interval considered for n.
The constant i (ng + 1) is arbitrary and may be dropped.
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The second order linear self-adjoint differential equation has the form
[P(x)Z' ()] + Q(x)z(x) =0 (5.12)
The corresponding second order linear difference equation is

A(pu—1AYu—1) + gpyn =0, (5.13)

which may be derived from the self-adjoint differential equation as follows:

If the range of x is ¢ < x < d then we may picture this interval as a grid divided
into N steps (N large), the individual steps being of length €, where € = (¢ —d)/N.
(If the range of x is infinite, for example x > 0, then we can define € = 1/N). A
given point x on the grid is then associated with the integer n: x = ¢ 4+ ne. We can
then write, for large N,

P ()] =P/ ()7 (x) + € P(0)7" (x)
=[P) +€P@) + 52 P")][(z(0) + e2(x) + 222" (1)) — 2(x)]
— P)[z(x) — (z(x) + ez(x) + $e22"(0))1 + 0(e?)
=P +ofzx + 6 —z(0)] = PW[z(x) — z(x + O] + O(€)

(5.14)
Writing
X =c+ne
. = z(c + ne)
Y (5.15)
Pn—1 = P(c + ne)
qn = 62Q(C + ne)
we then have
EP@)Z @] = paOnst = Yn) = Pa1(n — Y1) + O(€))
= PuAyn = pu_1Ayn_y + O(€)
= A(pn-1Ayn-1) + O(€) (5.16)

and

E[[P)Z @] + Q)z(0)] = Apa-1Ayn1) + guyn + O(€). (5.17)

Thus from (5.12),
A(Pu_1Ayu—1) + guyn + O(e¥) =0 (5.18)

Here the first two terms are O(e?). Thus if we neglect terms of relative order e,
we obtain the second order linear difference equation

A(pn—lAyn—l) + gnyYn = 0 (519)



Chapter 6
Green’s Function

6.1 Differential Equations

In Chap. 2, Sect.2.1.1, we considered one method, variation of parameters (or vari-
ation of constants), for solving the linear inhomogeneous differential equation

Ly=f (6.1)
where L is the differential operator
B dn dnfl
L:anﬁ +an_]m+ -+ ap (62)

and y and f are functionsof x: y = y(x), f = f(x),thesolutionbeing considered in
some interval, finite or infinite. In the method considered here, rather than determining
the solution to (6.1) with the inhomogeneous term f(x), which is defined at each
point of the interval, we consider this equation when the inhomogeneous term is the
Dirac delta function! §(x — &), which is zero except at the point x = ¢ within the
interval. Its solution is called the Green’s function® G (x, £):

LG(x,8) =0(x =) (6.3)

Further, since L is alinear operator (see Appendix F), we can weight the delta function
with the factor f (&) and integrate the contributions from all points of the interval to
obtain the solution for the inhomogeneous term f (x)*:

ISee [36, Sect. 1.17()].

2Named for the British mathematician George Green.

3Note that L is a function of x and hence can be taken outside of the integral over &.
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L [Geor©ds= [ o6 -5 de= fo (6.4)
Then from (6.1) we have
Ly - L [ 605 de 6.5)
from which
o0 = [ G5 ©de (6.6)

We can also look at this result as defining the inverse of L, which expresses the
solution to the differential equation (6.1) by writing

y=L"f (6.7)

where L~ is the inverse of L, which is an integral operator in which the kernel is
the Green’s function, G (x, &).

An important aspect of the Green’s function is that it allows us to derive a solution
y(x) satisfying specific initial or boundary conditions by imposing those conditions
on the Green’s function G (x, £); a brief discussion of these conditions follows.

The general solution to the nth order inhomogeneous equation consists of the
sum of a particular solution, y,(x), and the n linearly independent solutions of the
homogeneous equation Ly(x) = 0:

Y =y, (0) + D cra(x) (6.8)
k=1
where
Luy(x) =0 (6.9)

A solution satisfying specific initial or boundary conditions then involves the n
constants ¢y, ¢; . .. c,, which can be determined to satisfy the initial or boundary
conditions. In an initial value problem, the unique solution of Ly = f is determined
by the value of the function y(x) and its first » — 1 derivatives at the point x = a:

y@ =7, Y@ =,...y" V@ =, (6.10)

These n initial conditions then determine the n constants ¢y, ¢5 . . . ¢,,: From (6.8) we
have n equations

Y@ =y (@) + D cu’ @ =700, j=0.1,...n—1 (6.11)
k=1
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which determine the n constants c;. By contrast, for a boundary value problem the
n conditions are imposed at the two points a and b which define the boundary of the
interval under consideration, a < x < b. Again, for the nth order equation there are
n equations connecting the values of y(x) and its first n — 1 derivatives at x = @ and
x =b:

Biy = apy(@) + -+ apy™ V@ + Buy®) + - By b) = v
(6.12)

B,y = a1 y(@) + -+ apny" V(@) + By ®) + -+ By (B) = v,

It should be noted that this set of boundary conditions includes the initial value con-
ditions given above: If we let oy =y = = =1, ajr =0if j #k, and
all 8jx = 0, then we have the conditions given above for the initial value problem.
There is, however, an important difference between the solution that is determined
by the initial value conditions and the solution determined by the boundary value
conditions. While the initial value conditions, imposed at one point, define a unique
solution to the inhomogeneous equation, in the case of the boundary value condi-
tions, imposed at two points, the inhomogeneous equation may have either a unique
solution, many solutions, or no solution. An analysis of these possibilities with an
example for a second order equation is presented in Appendix F.

The case of homogeneous boundary conditions: Byy = v =0, (k=1,2,...n)
is of particular importance in the analysis: From (6.6) we have

b
Biy = / BeG(x, &) f()dE, 6.13)

Thus if the Green’s function is chosen to satisfy the homogeneous boundary condi-
tions, then the solution y(x) will also satisfy these homogeneous boundary condi-
tions. The case of inhomogeneous boundary conditions (v; # 0) may then be treated
using the superposition principle, discussed in Appendix F, by adding to the solution
of the inhomogeneous equation ( f (x) # 0) with homogeneous boundary conditions
(7 = 0) a solution to the homogeneous equation (f(x) = 0) with inhomogeneous
boundary conditions (y; # 0).

We turn now to the derivation of explicit expressions for the Green’s function. We
first present the details for the second order differential equation. This is followed
by the analysis for the nth order equation, which is then fairly straightforward. As
generally presented, the Green’s function G (x, &) for the second order equation is
constructed to have the following properties:

()
Gl(.x,é-) a§x<£

Gr(x.6) E<x<b ©.19)

G(x,s) = [

where LG (x,£) =0, LGy(x,&) =0.
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(2) Gi(x, &) and Gy (x, &) satisfy the homogeneous boundary conditions B;G| =
Bsz =0.
(3) G(x, &) is continuous at x = &; that is,

lim [Ga(€ +€.6) = Gi(€ — €. )] =0 (6.15)

(4) The derivative G'(x, &) has a discontinuity of magnitude 1/a,(§) at x = &; that
is,

lim [G3(€ +¢,O) = GI(€ — € 9] (6.16)

2G)

Here, however, we choose to view the Green’s function in the light of our previous
analysis of the method of variation of constants (see Chap. 2, Sect.2.1.1). We there-
fore return to the inhomogeneous equation (6.3), LG (x, &) = d(x — &), withn = 2.
Assuming that the coefficients ay(x), a;(x) and a,(x) in the second order equation
are continuous functions of x and that a;(x) # 0 ina < x < b, we can write, from
(6.6) and (6.3),

E+e 2 §te _
/ [d G +a1(x>d—G+aO(X)j|dx:/ de (617)
13

dx? " ap(x) dx | ax(x) . @)

—€

Integrating both sides of this equation then gives

dG

S ai(§)
E G

N @ 1
£—e a2(§)

e * 6612(5) AG)

(6.18)

Assuming that G (x, £) is continuous at x = £ and taking the limit ¢ — 0, we obtain
the essential property of the Green’s function, namely,

: / / _ 1
m[G'(€+ 68 - G- 9] = w® (6.19)

Applying the method of variation of constants, we assume that we know two
linearly independent solutions of the homogeneous equation, u;(x) and u;(x):

Lui(x) =0 Lu>(x) =0 (6.20)

Following the analysis presented in Chap.2, Sect.2.1.1, noting (2.12), we write
G(x, &) and G'(x, &) in terms of the two solutions of the homogeneous equation:

G(x,8) =ci1(x, Qui(x) + ca(x, Hus(x)

, ) ; (6.21)
G (x, ) = c1(x, Huy(x) + eax, Huy (x)
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where the parameters c; (x, &) and ¢, (x, £) now depend not only on x, as in Chap. 2,
Sect.2.1.1, but on the variable £ as well. Differentiating the first equation in (6.21)
we can also write

G'(x, &) = c1(x, Huj(x) + c2(x, Hus (x) + ¢ (x, Hui(x) + ¢4 (x, Hua(x)
(6.22)

so that from (6.21) and (6.22)
¢y (x, Our(x) + 4 (x, Hua(x) =0 (6.23)
Differentiation of the second equation in (6.21) gives

G'(x,8) = c1(x, Oui (x) + c2(x, Oui (x) + ¢ (x, Oul (x) + ¢ (x, Ousy(x)

(6.24)
Finally, substituting (6.21) and (6.24) in (6.3), using (6.20), we have
/ / / / 6( - )
1 (x, Ouy(x) + ey (x, Huy(x) = :Tf (6.25)

From (6.23) and (6.25) we now have two equations for the first derivatives of the
two parameters, ¢ (x, £) and ¢ (x, &), from which

Cua(x)d(x — 9

A0 == oW
(6.26)
g M=
YT a@WE)
where W (x) is the Wronskian determinant:
W(x) = uy (x)uy(x) — ua (x)uy (x) (6.27)

The integration of ¢/ (x, £) and ¢} (x, &) introduces constants of integration which are
constant with respect to x but may be functions of &:

e (x. ) = / G Odx + i © k=12 6.28)

Further, we are free to choose the limit on these integrals; the particular choice will
be one which simplifies satisfying the boundary conditions. To this end, reasonable
choices are

X b
/ ¢, (x', &)dx’ and / ¢, (x', &)dx’ (6.29)
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For example, for the initial value problem with homogeneous initial value conditions
(y(a) = y'(a) = 0), we can set p1(§) = p2(€) = 0 and, from (6.26),

N (&)
Cup (N6 —€) o a<€<x
L = — =T X = 6.30
Cl(x g) /a GZ(X,)W(X,) * a2(€)W(£) a<x< f ( )
s -, |8 ek
L6 = —— T > dx = 6.31
C2(X E) /a ag(x/)W(x/) x a2(€)OW(€) g <y <§ ( )
from which, from (6.21),
ur ()ur(§) — ur(x)us(§) a<E<x
G(x,8) = a ()W (€) (6.32)
0 a<x<¢

and, from (6.6), the solutionto Ly = f with homogeneous initial conditions imposed
atx =ais

o) = / Gx, ) f(E)de

u1(§) / us(§)
= dé — 6.
uz(x)/ 2(5)W(§)f(£) §—ur(x) 2(£)W(£)f(f)d§ (6.33)

Note that it follows directly that y(a) = 0 and y’(a) = 0. If now we choose u;(x)
and u, (x) to be linearly independent solutions of the homogeneous equation Ly = 0
satisfying the initial conditions u,(a) = 1, u(a) =0 and u,(a) =0, u)(a) =1,
then v(x) = viu;(x) 4+ Yus(x) is a solution of Lv =0 with the initial condi-
tions v(a) = 7, V'(a) = 7. The solution to Ly = f with initial conditions y(a) =
1, Y'(a) = 7, is therefore

u1(§) Mz(f)
X) = d§ — f(&)d
y(x) Mz(x)/ 2(£)W(£)f(£) §—ui(x )/ 2(§)W(§) (&)dg

+ 7w (x) + yau2(x) (6.34)

We next consider conditions imposed at the other end of the interval, at x = b,
which we will call terminal conditions, namely, y(b) =0, y'(b) =0. We then
choose, for the parameters c; (x, &) and ¢ (x, &),

PRIl [P LUSN

ci(x, 8 = /b MZ(X/)(S—(X/ 9 0 f<xsb
* a (W ()
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b NS (x' — 0 E<x<b
<ML®=—/‘%%%%G§MM= Cw© L, ©30
v a(OW(©)
from which
0 E<x<b
G(x,&) = § ui(x)ua(§) — ua(x)u;(§) X <E<b (6.37)

a(OW(E)
and, from (6.6), the solution to Ly = f with homogeneous terminal conditions

imposed at x = b is

b
yu>=/‘Gufﬁ@m5

X

=umw/ Zg)tﬂﬂﬁ—uﬂm/ 1) coge (638)

a (W (&) a (W (&)
If now we choose u;(x) and u,(x) to be linearly independent solutions of the
homogeneous equation Ly = 0 satisfying the terminal conditions u;(b) = 1,

ui(b) =0 and u,(b) =0, ub(b) =1, then v(x) = yiu1(x) + yus(x) is a solu-
tion of Lv = 0 with the terminal conditions v(b) = 71, V'(b) = ~,. The solution
to Ly = f with terminal conditions y(b) = 7, y'(b) = 7, is therefore

bua(©)
— _— d
y(x) ul(x)/ 2(§)W(§)f(£) 3

u1(§)
d 6.39
—us(x )/ (g)W(g)f(ﬁ) £+ mur(x) + yuz(x) (6.39)

We next consider the boundary value problem in which each condition relates to
only one end point:

By = any(a) + apy'(a) = v

, (6.40)
Byy = Bo1y(b) + B2y (b) =72

As before, u;(x) and u,(x) are linearly independent solutions of Lu = 0.
Again, we first consider the solution to the inhomogeneous equation Ly = f with
the homogeneous boundary conditions:

By = ajy(a) + apy'(a) =0

, (6.41)
Byy = 1y (b) + B2y (b) =0
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In this case we choose

b NS — 0 a<&<x<bh
c1(x,8) =/ de’ = us(§) (6.42)
x a(x)W(K) LOWE a<x<€&<b

and

x N6(x' — ul(é)
2 (x. ) =/ LGRSl YN ‘ LOWE CTETTEb 6w
a 0

ar(x" )W (x") a<x<&<b
from which
uz (x)uy (§)
- a<&é<x<b
_ | @@W(E)
GO =1 4 Dun(®) d<x<E<b (O4
a(OW(E) B
and

b
Y = / Gx, ) F(E)de

u1(§) /b uz(§)
= d _— d 6.45
= us(x )/ 2(§)W(§)f(€) §+ui(x) : az(g)W(@f(&) £ (645

Therefore, if we choose u; (x) and u, (x) so that they satisfy the homogeneous bound-
ary conditions

Biuy = aquy(a) + apui(a) =0

(6.46)
Bouy = Bo1ur(b) + Bruty(b) =0
(e.g., by setting u;(a) = ayz, u'(a) = —aqy, ur(b) = B, u’z(b) = —[1), then
G(x, &) as given in (6.44) will also satisfy the homogeneous boundary conditions
(6.41) and hence y(x) as given by (6.45) will also satisfy the homogeneous boundary
conditions (6.41).
If now y(x) is to satisfy the inhomogeneous boundary conditions (6.40), then we
may add to y(x) as given in (6.45) a solution to the homogeneous equation Ly = 0
satisfying the inhomogeneous boundary conditions (6.40), giving

() ur(©)
¥() m(x)/ s O+ )/ e

+ piug(x) + pous(x) (6.47)
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Imposing the inhomogeneous boundary conditions given in (6.40) and using (6.46),
we have

By = poBius =

(6.48)
Boy = p1Bauy =y
from which
w9 /b us(§)
- S e S g
y@)lMﬂL‘MOW@f®§+mU)XM@m%ﬂﬁ)£
72 M

+ Bzulul(x)+ Blu2u2(x) (6.49)

We have derived three Green’s functions, given in (6.32), (6.37) and (6.44), each
satisfying a particular condition—initial, terminal, and boundary. It is important to
note that each of these Green’s functions is a solution of the inhomogeneous equation
LG(x,€&) = 0(x — £); they therefore differ only by a solution of the homogeneous
equation Lu = 0. We can therefore use any one of these Green’s functions in solving
an initial, terminal or boundary value problem by adding an arbitrary solution to
the homogeneous equation and then imposing the desired boundary conditions on
the sum. For example, we could have dealt with the boundary value problem by
adding to the Green’s function for the initial value problem an arbitrary solution to
the homogeneous equation and then imposing the boundary value conditions (6.41)
on the sum:

up (W) (§) —u1(Nuz (&)
G(x, &) = p1(Qui(x) + p2(Qua(x) + a2 (HW(E)
0

a<€<x<b
a<x<&<b

(6.50)

Imposing the boundary conditions (6.41) we have

B\G = (&) Biuy + p2(&)Bius =0
u1 (&) Bauy — ur(€) Bouy —0 (6.51)
a ()W (E)

ByG = p1 (&) Bouy + (&) Bouy +

Again, we assume that u; (x) and u (x) satisfy the homogeneous boundary conditions
(6.41)

B1u1 = Bguz =0 (652)
from which (see AppendixF) Byu, # 0, Bou; # 0 and hence

12(6) = 0
ERZIS) (6.53)
m@ = oweE
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from which we obtain the Green’s function given in (6.44):

wOn©

_ | e@w© .
GO = i ua(d) (659
s ©OWE)

a<x<&<b

The observation that we can use any one of these Green’s functions in solving
an initial, terminal or boundary value problem by adding an arbitrary solution to the
homogeneous equation and then imposing the desired boundary conditions on the
sum is useful in considering the nth order equation, as will be seen. There we will
choose the same limits on each of the integrals for the parameters ¢ (x, &).

Finally, we consider the solution of Ly = f with the general boundary conditions
involving the function and its first derivative at both end points of the interval, as
given in (6.12). For the second order equation these boundary conditions are

By = any(a) + apy'(@) + fuyd) + B2y’ () =7

6.55
Byy = agiy(a) + any'(a) + Bay () + fny'(b) =7 (6.55)

Again, we start by considering the solution to Ly = f with homogeneous boundary
conditions, (6.55) with v; = v, = 0). We note that in the initial, terminal and bound-
ary value problems considered thus far, the respective Green’s functions, (6.32),
(6.37), and (6.44), each satisfied the homogeneous boundary conditions without the
need to add the terms g1 (§)u;(x) + p2(&)us(x) coming from the constants of inte-
gration. As a result, in the terms added to satisfy the inhomogeneous equation, the
factors 1 and py, were independent of £. Now, however, in the case of the gen-
eral boundary conditions, in order to have the Green’s function G (x, £) satisfy the
homogeneous boundary condition we have to write it in the form

G(x,8) = Golx, &) + 1 (Qui(x) + pa(§ua(x) (6.56)

where G (x, &) can be chosen to be any one of the Green’s functions given in (6.32),
(6.37), and (6.44), all of which have the essential properties of being continuous
at x = ¢ and having a discontinuous first derivative of magnitude 1/a,(§) at x =
&. Here, as before, u;(x) and u,(x) are any two linearly independent solutions of
Lu = 0. We now impose the homogeneous boundary conditions on G(x, &) and
obtain the two equations which determine p; and p»:

B\G = B1Go+ i Biuy + poBiuy =0

(6.57)
ByG = ByGo + p1 Bouy + pip Bauy =0
from which
1 B|G0 Bluz
_ _ 1 6.58
M1 ,U/I(g) A ‘BZGO Bzuz ( )




6.1 Differential Equations 49

and
1 Blul B1G0
— - __ 6.59
pa = p12(§) A ‘Bzm B,Go (6.59)
where
| Biur  Bius
o ’ Bzul Bzuz (660)

Recall from AppendixF that the condition A # 0 is necessary and sufficient in
order that Ly = f with boundary conditions B;y = B,y = 0 have a unique solution.
Substituting (6.58) and (6.59) in (6.56) then gives the Green’s function which is
a solution of LG = d(x — &) and satisfies the homogeneous boundary conditions
B,G = B,G = 0, in terms of which y(x) = fab G(x,&) f(&)dEisasolutionof Ly =
f and satisfies the homogeneous boundary conditions. The solutionto Ly = f with
homogeneous boundary conditions is therefore

b
o) = / Gx, &) f(E)de

b
=/ [Go(x,g)_u‘(x)‘BlGO Biuy |  u2(x) | Bju; B1Gy

A | Bauy ByGy

A | BGy Boup

} F©dg
(6.61)

In order to have a solution to Ly = f which satisfies the inhomogeneous boundary
conditions (6.55), we may add a solution to the homogeneous equation Lu = 0
satisfying the inhomogeneous boundary conditions, viz., v(x) = Au;(x) + Bu,(x)
such that Bjv = v, and B,v = ;. These two conditions give two equations which
determine the constants A and B, namely,

ABjuy + BBius =

(6.62)
ABzul + BBzuz =72
from which
A= % 7 ?Zz
72 i (6.63)
B— 1\ Biur m
A |Bauy 7

Adding v(x) = Au;(x) + Buy(x) to y(x) as given in (6.61), the solutionto Ly = f
with the inhomogeneous boundary conditions (6.55) is then
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b
B u1(x) | BiGy Bius| u2(x) | Bju; B;Gy
v = [ [Gatrg - L il Puee |22 [ W e
ur(x) |y Bius ur(x) | Bjuy
7 A te 6.64
A |7 B A | By 7 (6.64)

It is worth summarizing with regard to this last expression: Here y(x) satisfies
the inhomogeneous differential equation Ly = f and the inhomogeneous boundary
conditions B1y = v, By = 7». The only assumptions made with regard to the
variables appearing in this expression are LGy = 0(x — &) and Lu; = Lu, = 0. The
extension of this result to the nth order equation is straightforward: We now assume
that y(x) satisfies the nth order differential equation Ly = f with L as given by (6.2),
and the nth order general boundary conditions Byy = v, (k=1,2,...n), given
in (6.12). Again, we first consider the solution of Ly = f with the homogeneous
boundary conditions B;y = 0 and write the solution y(x) = fa b G(x, 8 f(&)dE in
terms of the Green’s function

G(x,8) = Go(x, &) + D m(©ue(x) (6.65)

k=1

where LGy(x, &) = d(x — &) and the n functions u,(x) are linearly independent
solutions of Lu = 0. Solving LGy(x, §) = d(x — &) by the method of variation of
constants as presented in Chap. 2, Sect. 2.1.1, we have, from (2.44) with y(x) replaced
by Go(x, &),

Gox, &) = D ¢j(x, Ou;(x), (6.66)

Jj=1

where ¢;j(x, &) = fx c} (x’, &)dx’ in which c; (x', &) is given by (2.42) with g, =
0(x —&)/a,(x). As noted before, the choice of the lower limit in this integral is
arbitrary. For simplicity, we choose it to be x = a for each of the n integrals, j =
1,2, ...n. Integration then gives

ui(§) 1€ uj1(© o un(§)
i (O dhe Whe e
[ . N . a<€&<x<b
= | WOVE | Do : L
W' 2@ PO WP o
0 a<x<&<b
(6.67)

(See Appendix B for j = 1 and j = n.) The Green’s function G (x, &) is then given
by substituting c;(x, &) as given in (6.67) in (6.66). We note that for n = 2, (6.67)
and (6.66) reduce directly to (6.30), (6.31) and (6.32). Imposing the homogeneous
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boundary conditions, (6.12) with v, = 0), on G(x, £) as given in (6.65), we obtain
n equations which determine the n coefficients . (§), (k =1,2,...n):

B«G = ByGo+ > 11;(€)Beutj =0 (6.68)
j=1
from which, from Cramer’s rule,

Biu; --- B]Mj,] B,Gy Bluj+1 - Biu,
1 |Baur -+ Bauj_y ByGo Baujyy -+ Bouy

SITTA 6.69
;i (§) Al Do : : o ( )
B,u; --- B,,uj_l B, Gy Bnuj-H --- Bu,
(See AppendixB for j = 1 and j = n.)
Here

Biuy Biup -+ Biuy

Bouy Bouy -+ Bu,
A= . . (6.70)

Bnul Bnu2 Bnun

(Note (6.60) for n = 2 and the discussion in AppendixF.) The solutionto Ly = f
with homogeneous boundary conditions B;y = 0 is then y(x) = fab G(x, &) fdeg
with G(x, &) given by (6.65)—(6.67) and 1 (&) given by (6.69) and (6.70).

In order to have a solution to Ly = f with the inhomogeneous boundary condi-
tions By = 7, we add a solution u(x) which satisfies the homogeneous equation
Lu = 0 and the inhomogeneous boundary conditions. This solution can be written
in terms of the n linearly independent solutions of Lu = 0:

u(x) = nju;x) 6.71)
j=1

Imposing the boundary conditions we have n equations which determine the n con-
stants 7);:

n

> niBaj = ., k=1,2,...,n (6.72)

=1

from which

Biuy -+ Biuj—y 1 Biujy - By

1 |Bauy -+ Boujy v2 Baujypy -+ Bouy 6.73)

BER '

Bnul Bnuj—l Tn Bnuj-H Bnun

(See AppendixB for j = 1and j = n.)
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The solution to the nth order equation Ly = f, (6.2), with general boundary
conditions By = 7, (6.12), is then

b n
v = [ G+ 3 mus o
a =1

b n n
= / [Go(x,nguk(@uk(x)} FOAE+ D mju;(x)  (6.74)
a k=1

j=1

with G (x, £) given in (6.66) and (6.67), i (§) in (6.69), and n; in (6.73).
Alternative analyses relevant to the nth order equation are given in [6, 7, 33, 38].

6.2 Difference Equations

In considering the Green’s function for difference equations we follow closely the
analysis just presented for differential equations. We start with the Nth order inho-
mogeneous difference equation, (2.45),

Ly(n) = py(m)y(N +n) + py_1(n)y(N +n —1) +--- + po(n)y(n)

N
=D pimym+j)=qn®) (6.75)
j=0

The Nth order homogeneous equation is
for which the N linearly independent solutions are denoted by uy(n), (k =1,
2,...,N), thatis,
N
Lug(n) = D pimuc(n + j) =0, k=1,2,...,N (6.77)
j=0

Following the analysis presented for differential equations, we seek a solution to
Ly(n) = g(n) of the form

y(n) =" G(n, myq(m) (6.78)

subject to certain initial, terminal, or boundary conditions.


http://dx.doi.org/10.1007/978-3-319-29736-1_2

6.2 Difference Equations 53

As with the analysis of the differential equation, we first consider the second order
difference equation in some detail and then generalize to the N'th order equation.

At this point a comment on the range of values for n and for m is in order. These
ranges depend on whether the conditions are placed at the beginning of the interval,
as in an initial value problem, at the end of the interval, or at both ends of the interval,
as in a standard boundary value problem. We note that for the differential equation,
both the function y(x) and its derivative, y’(x), were taken at the end points of the
interval, at x = a and x = b. For the difference equation the function is y(n), but
corresponding to the derivative we have y(n + 1). Therefore, although we refer to
n = np and n = n, as the end points of the interval, y(n), and hence also G (n, m),
are defined forn; <n <n, + 1.

In an initial value problem conditions are imposed on y(n) at the beginning of
the interval, on y(n;) and y(n; + 1), the range of values of n is n; <n < oo, and
the range of values of m is ny <m <n — 1 (note (6.91) and (6.92)), the sum in
(6.78) being zero for n = n;. However, y(n) and G (n, m) are defined for all values
of n > nj.

In a terminal value problem conditions are imposed at the end of the interval,
on y(n,) and y(n, + 1) and n takes on the values n, + 1,n,,...(1.e., —00 <n <
ny + 1) and the range of values of m isn < m < n, — 1 (note (6.102) and (6.103)),
the sum in (6.78) being zero for n = n, and n = ny + 1. The functions y(n) and
G (n, m) are defined for all values of n such that —oo < n < n, + 1.

For a boundary value problem the conditions are imposed at both ends of the
interval,on y(n;) and y(n; + 1) andon y(n,) and y(n, + 1) and the range of values of
bothnandmisn; <n,m < n, — 1 (note (6.108)). The functions y(n) and G (n, m)
are defined for all values of n such thatn; <n <n, + 1.

We therefore assume a solution to Ly = ¢ of the form (cf. (6.4))*

n,—1

y(n) = D" G(n,m)q(m) (6.79)
‘We then have (cf. (6.5))
nzfl
Ly =D LG(n.m)q(m) = q(n) (6.80)

from which (noting that both n and m cover the range of valuesn; < n,m < n, — 1),
(cf. (6.6))

LG(n,m) =9(n,m) (6.81)

“To illustrate the similarity of the analyses, we give in italics the equation number in the corre-
sponding derivation for differential equations.
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where

1 n=m

o(n,m) = IO ntm (6.82)
As in the case of the differential equation, we solve the inhomogeneous differ-

ence equation (6.81) by the method of variation of constants, presented in Chap. 2,

Sect.2.1.2, (cf. Egs. (2.48) and (2.66) with N = 2). We then have (cf. (6.20))

2
G(n,m) =D cr(n.m)u(n) (6.83)

k=1

The coefficients ¢ (r, m) can be obtained by summing the differences Acy(n’ — 1, m)
given in (2.82), in which iy (n — 1) = d(n — 1, m)/py(n — 1) (note Eq. (2.55)). To
this end, reasonable choices are (cf. (6.27) and (6.28))

c(n,m) = ce(ni,m)+ D Ack(n' —1,m) (6.84)
n'=n;+1
and
ny
ce(n,m) = cp(nz,m) = D Acg(n’ —1,m) (6.85)
n'=n+1

Either of these expressions for ¢ (n, m) may be substituted in (6.83). The appropriate
choice permits one to satisfy the boundary conditions for G (n, m) without adding
the solution to the homogeneous equation introduced in substituting the summation
constants ¢ (n1, m) and ¢ (n,, m) in (6.83). The coefficients ¢ (n, m) are then given
solely by the sums in (6.84) to (6.85). From (2.82) we then have (cf. (6.25))

Aci(n' —1,m) = —Muz(n/)
p2(n" = 1)K (n') (6.86)
Acy(n' —1,m) = Mul("’)
p2(n’ = DK (n')
where from (2.56) (cf. (6.26))

un+1)  u(n+1)

Following the analysis presented in Egs. (6.30)—(6.34) for differential equations,
we first consider the initial value problem with homogeneous initial value condi-
tions y(n1) = y(n; + 1) = 0. Then from (6.84) and (6.86) we choose (cf. (6.29) and
(6.30))
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n s’ —1,m) __wimtl) ng<m<n
cr(n,m)=— ————————uy(n) = (m)K (m + 1) B
n/:§+1 p2(n” — DK (') P 0 np<n<m
(6.88)
n 1)
S —1.m _mlmt+D <
er(n,m) = z %ul(r[/): po(m)K(m + 1) n<m-<n
n'=n;+1 p2(n - ) (n) O ni Enim

(6.89)

Note that we have chosen the interval of summation for both ¢;(n, m) and ¢, (n, m)
to be ny + 1 < n’ < n. This corresponds to (6.30) and (6.31), in which the interval
of integration for both ¢ (x, &) and ¢, (x, §) was chosentobe a < ¢ < x. This choice
is the more reasonable one for an initial value problem.

It is worth noting that ¢;(n, m) and c,(n, m) appear to be functions only of m.
Their n dependence specifies only the two regions of definition. This corresponds to
the expressions for ¢ (x, £) and ¢, (x, &), which appear to be functions only of &.

Then from (6.83) we have (cf. (6.31))

ur(Mur(m + 1) — uy(m)uz(m + 1) b <m = n
G(n,m) = pr(m)K (m + 1) '= (6.90)
0

n<n<m

It follows directly that G(n;, m) = G(n; + 1, m) = 0 and hence from (6.79) the
solutionto Ly = g (n) with the homogeneous initial conditions y(n;) = y(n; + 1) =
0is (cf. (6.32))

n—1
y(m) = > Gn.m)q(m)

n—1

uy(m—+1) uz(m+1)
= us(n) Z pz(m)K(m+l)q( m) — uy(n) Z —2(m>1<<m+1)‘1(’")

m=n|

(6.91)

(Note (1.14) forn = ny.)

If now we choose u;(n) and u,(n) to be linearly independent solutions of the
homogeneous equation Ly = 0 satisfying the initial conditions u;(n;) = 1, u;(n; +
1) =0and uy(n;) =0, uy(n; + 1) =1, then v(n) = vy u;(n) + Yu>(n) is a solu-
tion of Lv = 0 with the initial conditions v(n;) = i, v(n; 4+ 1) = 7,. The solu-
tion to Ly = ¢ with initial conditions y(n1) = vy, y(n; + 1) = 7, is therefore (cf.
(6.33))
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n—1 n—1
B i (m + 1) wy(m + 1)
Yo =) 2 K (m + 14 T 2 K+ 7™

m=ni m=ni

+ yiu1(n) + youz(n) (6.92)

(Note (6.34) for differential equations.)

Itis interesting to compare the Green’s function for differential equations given in
(6.32) with that for difference equations given in (6.90). We note that from Eq. (6.90)
(cf. (6.14))

Gm,m)=Gm+1,m) =0, (6.93)

which corresponds to the condition of continuity in (6.15), namely lim._
(G( 4 €) — G(& — €)) = 0.Further, from Eq. (6.90) (and (6.87)) we have (cf. (6.15))

Gm+2,m)=

, 6.94
p2(m) (6.34)

which corresponds to the discontinuity of G’(x, £) at x = &, given in (6.16). From
(6.90) and (2.47) it then follows that

LG(n,m) = p(n)Gn+2,m)+ pi(n)G(n+1,m) + po(n)G(n, m) = d(n, m)

(6.95)
which corresponds to LG (x, ) = d(x — &), from which (cf. 6.5)
n=m+1
> LGn.m) =1 (6.96)
n=m—1
which corresponds to
x=E+e
/ LG(x,§dx =1 (6.97)
x=E—e¢

We next consider the case in which the boundary values are placed at the end of the
interval, with homogeneous boundary conditions y(n,) = y(n, + 1) = 0. Again, we
choose from (6.84) and (6.85) the expressions for ¢ (n, m) that permit the boundary
conditions for G (n, m) to be satisfied without adding the solution to the homogeneous
equation introduced in substituting the summation constants ¢ (n, m) and ¢ (n,, m)
in (6.83). The coefficients ¢y (n, m) are then given solely by the sums in (6.84) and
(6.85). Then from (6.85) and (6.86) (corresponding to (6.35) and (6.36) for the
differential equation),
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ny ’ wy (m41) _
ci(n,m) = Z Muz(n/) = Pz(r;)K(erl) n=m=ny—1
y—t P2 = DK (') 0 m<n<np;—1
(6.98)
2 I _ _ uy(m+1) _
c(n,m)=— Z Mul(rz’) — p2(m)K (m+1) n=mz=np 1
o P2 = DK (n) 0 m<n<n;—1
(6.99)
and from (6.83) (cf. (6.36))
uy(mus(m + 1) — uay(m)u(m + 1)
n=m=m=1 100

Gn,m) = p2(m)K (m + 1)
0 m<n<np;—1

Note that this equation only defines G (n, m) forn < n, — 1. From (6.81) and (6.100)
it follows, with a bit of algebra, that

Gny,m)=Gmy+1,m)=0 forall m <n, —1 (6.101)

The solution to Ly = g(n) with the homogeneous terminal conditions y(n;) =
y(ny + 1) = 0 is then (cf. (6.37))

np,—1
y() =D G(n,mq(m)

ny—1

B ur(m+1) B uy(m—+1)
= 2 K+ 1™ TR 2 e+ ™

- - (6.102)

(Note (1.14) forn =n, andn =n, +1.)

If now we choose u;(n) and u,(n) to be linearly independent solutions of
the homogeneous equation Ly = 0 satisfying the terminal conditions u;(n;) = 1,
uy(ny+1) =0 and uy(ny) =0, ur(ny, + 1) =1, then v(n) = yu;(n) + yus(n)
is a solution of Lv = 0 with the boundary conditions v(n;) = 7, v(ny + 1) = 7.
The solution to Ly = g with boundary conditions y(ny) = v, y(ny + 1) =72 is
therefore (cf. (6.38))

ny—1 ny—1

B ur(m+1) B uy(m—+1)
y(n)—m(n)Z—pz(m)K(mH)q(m) “2(”)Z—p2(m)1<(m+1>‘1(m)

m=n m=n

+yur(n) + yuzx(n) (6.103)

We next consider the boundary value problem with conditions imposed at both
ends of the interval, but in which each condition relates to only one end point: (cf.
(6.39))
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Biy = anym) +apy(n +1) =7

6.104
Byy = o1y(n2) + By(ma +1) =7 ( )

Again, we first consider the solution to the inhomogeneous equation Ly = ¢ with
the homogeneous boundary conditions: (cf. (6.40))

By =any(n) +apynr; +1)=0

(6.105)
Boy = Bo1y(n2) 4 Booy(my +1) =0

Then, corresponding to (6.42) and (6.43) for differential equations, we choose the
summation intervaln + 1 < n’ < n, forci(n,m) andn; + 1 < n’ < nfor c,(n, m).
Again, we choose from (6.84) and (6.85) the expressions for ¢ (n, m) that permit the
boundary conditions for G (n, m) to be satisfied without adding the solution to the
homogeneous equation introduced in substituting the summation constants ¢y (n, m)
and ¢y (n,, m) in (6.83). The coefficients c (n, m) are then given solely by the sums in
(6.84) and (6.85). From (6.85) and (6.86) (corresponding to (6.35) for the differential
equation), we then have (cf. (6.41))

ny
5 ’r_ 1’ uy(m—+1) < <

cinm)y = D" uuz(n/) = | mwKm+n  TLSR=M

po(n’ — 1)K (n') 0 m<n<ny—1

n'=n+1
(6.106)

and from (6.84) and (6.86) (corresponding to (6.31) for the differential equation),
we have (cf. (6.42))

(n.m) Z S —1,m) o) 0 n<n<m
c(n,m) = — - ui\n) = wy(m
2 ' — DK@) ) gy <<y — 1

n'=n;+1 p2(m)K (m+1)
(6.107)
We then have (cf. (6.43))
u—l(n)ulé(m+11) np=n=mx=np;—1

ur(mui(m + 1)

_ nm<m<n<n,—1
p2(m)K (m + 1)

and (cf. (6.44))

np—1
ym) = Gn.m)q(m)

nz—l

n—1
_ ui(m+1) u(m+1)
= 2 K+ 1 T 2 ™

- B (6.109)
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If we choose u(n) and u,(n) so that they satisfy the homogeneous boundary
conditions (cf. (6.45))

Biuy = ajjui(ny) + apui(ng +1)=0

(6.110)
Byuy = [oiua(ny) + Pruzr(ny +1) =0
(e.g., by setting uy(ny) = ap, uln +1) = —ay, ux(nz) = Bn, ua(ny +1) =
—01) then G(n, m) as given in (6.108) and y(n) as given by (6.109) will also
satisfy the homogeneous boundary conditions (6.105).
If now y(n) is to satisfy the inhomogeneous boundary conditions (6.104), then we
may add to y(n) as given in (6.109) a solution to the homogeneous equation Ly = 0
satisfying the inhomogeneous boundary conditions (6.104), giving (cf. (6.46))

n,—1

n—1
B wi(m + 1) wy(m + 1)
y(n) = ”2("),”2:,,1 oK m 1) 4 T mzzn oK+ 1™
+ pyuy(n) + pouz(n) (6.111)

Imposing the inhomogeneous boundary conditions given in (6.104) and using
(6.110), we have (cf. (6.47))

Biy = oBiuy =y

6.112)
Byy = 1 Bouy =7

from which (cf. (6.48))

n—1 np—1

_ u (m+1) uy(m+1)
y(n) = uz(n) mzzm mt](m) +ui(n) mzzn mt](m)
72 94!
F gt () + s () (6.113)

We have derived three Green’s functions, given in (6.90), (6.100) and (6.108), each
satisfying a particular condition—initial, terminal, and boundary. It is important to
note that each of these Green’s functions is a solution of the inhomogeneous equation
LG (n, m) = §(n, m); they therefore only differ by a solution of the homogeneous
equation Lu = 0. We can therefore use any one of these Green’s functions in solving
an initial, terminal or boundary value problem by adding an arbitrary solution to
the homogeneous equation and then imposing the desired boundary conditions on
the sum. For example, we could have dealt with the boundary value problem by
adding to the Green’s function for the initial value problem an arbitrary solution to
the homogeneous equation and then imposing the boundary value conditions (6.41)
on the sum: (cf. (6.49))
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ux (Muy (m+1)—uy (Muy (m+1)
G(n,m) = py(myui(n) + po(m)us(n) + Pz(’”)’(‘)"”“)

n<m<n
np=n=<m

(6.114)

Imposing the boundary conditions (6.105) we have (cf. (6.50))

B1G = py(m)Biuy + po(m)Bius =0

uy(m + 1)Boupy — us(m + 1) Bouy
B,G = B B =0
2 w1 (m)Bauy + po(m)Bauy + o K + 1)
(6.115)

Again, we assume that u| (n) and u; (n) satisfy the homogeneous boundary conditions
(6.110) (cf. (6.51))

Blu1 =Bgu2=0 (6116)
from which (see AppendixF) Byu, # 0, Bou; # 0 and hence (cf. (6.52))

j2(m) = 0
ws(m + 1) (6.117)

) = K+ 1)

from which we obtain the Green’s function given in (6.108): (cf. (6.53))

ur(m)ur(m + 1)

p2(m)K (m + 1)
ur(n)u(m + 1)

p2(m)K (m + 1)

n<n<m
G(n,m) = (6.118)

n<m<n

The observation that we can use any one of these Green’s functions in solving
an initial, terminal or boundary value problem by adding an arbitrary solution to the
homogeneous equation and then imposing the desired boundary conditions on the
sum is useful in considering the Nth order equation in that we can then choose the
same limits on each of the sums for the parameters ¢, (n, m), just as, when considering
the nth order differential equation, the limits on each of the integrals of c/j (x', &) were
taken to be the same.

Finally, we consider the solution of Ly = ¢ with general boundary conditions
involving the function at both ends of the interval, corresponding to (6.55) for differ-
ential equations. For the second order equation, these boundary conditions are (cf.
(6.54))

By = anym) +apy(®m + 1D+ Biy®) + Buym, + 1) =7

(6.119)
Byy = an1y(n1) + any(i + 1) + Boy(nz) + Buyma +1) =7
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Again, we start by considering the solution to Ly = g with homogeneous boundary
conditions, ((6.119) with y; = v, = 0). Following the analysis given in Eqgs. (6.55)—
(6.64) for differential equations, we obtain the Green’s function G (n, m) which
satisfies the homogeneous boundary conditions by writing it in the form (cf. (6.55))

G, m) = Go(n,m) + p(m)u(n) + pa(m)uz(n) (6.120)

where, as we have discussed, G(n, m) can be chosen to be any one of the Green’s
functions given in (6.90), (6.100) and (6.108). Imposing the general boundary con-
ditions given in (6.119) (with y; = v, = 0) again leads to the two equations given in
(6.57) for differential equations, from which the expressions for y; and pu, given in
(6.58)—(6.60) follow (with £ replaced by m). The solution to Ly = ¢ with the general
homogeneous boundary conditions is therefore (cf. (6.60))

nzfl
ym) = D" Gn,m)q(m)

np—1

=Z[Go(n,m)—ul(n) B1Gy Bjus u(n) | Biju; B1Gy

A | Boui ByGy

A | B:Gy Bhup

}q(m)

(6.121)

m=n;

The extension of these results to the Nth order difference equation follows in
analogy with those for the nth order differential equation given in Egs. (6.65)—(6.74).
Now, in analogy with the analysis on p. 50, we consider the solution of Ly = g with
L as given in (6.75) and the Nth order general boundary conditions By = ~;, where

N

By =Y [owjyui+j— D+ Byyma+j—1], k=12,....N (6.122)
j=1

Again, we first consider the solution of Ly = ¢ with homogeneous boundary condi-
tions, (Byy = 0), and write the solution

n,—1

ym) = D" Gn,m)q(m) (6.123)

m=n;

in terms of the Green’s function

N
G(n,m) = Go(n,m) + Z,Uk(m)uk(n) (6.124)
k=1
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where
LGo(n,m) =6(n—1,m) (6.125)

and the N functions u;(n) are linearly independent solutions of Lu = 0. Solving
LGy(n,m) = d(n — 1, m) by the method of variation of constants as presented in
Chap. 2, Sect.2.1.1, we have, from (2.85) with y(n) replaced by G¢(n, m),

N
Go(n,m) = ch(n, m)u(n), (6.126)
j=1
where
cin.m)y= > Acj(n'—1,m) (6.127)
n'=n;+1

in which Ac;(n’ — 1, m) is given by (2.82) with hiy(n — 1) = d(n — 1, m)/py(n —
1). Summation then gives

cj (n,m) =

uy(m+1) coujop(m+ 1) ujpq(m+1) ccuy(m+1)

(—N+i up(m—+2) ceujo(m+2) ujyr(m+2) ceeupn(m+2)

Pw K+ 1) < < - s
pN (m)K (m

uym+N-—1) --- uj,l(m+N—l) uj+1(m+N—l) cuy(m+N-—=1)

0 ny<n<m

(6.128)

(See Appendix B for j = 1 and j = N.) The Green’s function G(n, m) is then given
by substituting c;(n, m) as given in (6.128) in (6.126). We note that for N = 2,
(6.128) and (6.126) reduce directly to (6.88), (6.89) and (6.90).

The remaining analysis needed to express the solution to the difference equation
Ly = g in terms of the Green’s function with general inhomogeneous boundary
conditions is that given for differential equations in Egs. (6.68)—(6.74); one has only
toreplace x and ¢ by n and m, respectively, and apply the general boundary conditions
By = ~y givenin (6.122). The solution to the Nth order difference equation Ly = ¢,
(6.75), is then

}12—1 N
Y =D G, myq(m) + D nju;n)
m=n, j=1

ngfl

N N
=> [Go(n, m) + ,uj(m)uj(n):|q(m) + D nujn)  (6.129)
j=1

m=n, j=1
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Chapter 7

Generating Functions, Z-Transformes,
Laplace Transforms and the Solution
of Linear Differential and Difference

Equations

Laplace transforms provide one of the means for solving homogeneous and inho-
mogeneous differential equations. Generating functions provide the corresponding
transform for difference equations. The Laplace transform, £, of a function y(x) is
defined by

Ly = /OO e y(x)dx = F(s) (7.1
0

The generating function, G (w), of a function y(n) is defined by
oo
Sy =D ymw" = Gw) (72)
n=0

A z-transform, also called a Laurent transform, is a generating function in which the
variable w is replaced by z = 1/w:

2y=>"7 Z(n) =Z(@) (7.3)
n=0

The underlying similarity of these transforms may be seen from their definition
and is made clear if, in the integrand of the Laplace transform, we consider a function
Y (x) defined as a sum of delta functions:

Y(x) =D 5 —n)y(x) (7.4)

n=0

and let e = w. Then

o0 o0 oo e8]
LY = / e Y (x)dx = Z/ wo(x —n)y(x)dx = Zw"y(n) (7.5)
0 n=0 0 n=0
which is the generating function for the function y(n).
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Both Laplace transforms and generating functions are generally applied to linear
equations with constant coefficients since the resulting transform, F(s) or G(w),
is then an algebraic function of the transform variable, s or w, and the transform
can therefore be inverted easily to give the solution to the differential or difference
equation, Ly = f(x) or Ly = g(n). This case is presented in the next two sections.
In the sections that follow we consider the case in which the coefficients in the dif-
ferential or difference equation are polynomials (in x for differential equations, in
n for difference equations). As we shall see, the transform, F(s) or G(w), is then
no longer a simple algebraic expression, but now satisfies a differential equation
whose order is equal to the highest degree of any of the polynomial coefficients. It
is clear that this is not a reasonable method for the solution of the differential or
difference equation unless the coefficients are either linear or quadratic functions of
the independent variable, x or n. We therefore examine in some detail the case in
which the coefficients are linear functions (of x for differential equations, of n for
difference equations), with particular reference to some of the classical orthogonal
polynomials. Nonetheless, obtaining the solution, y(x) or y(n), by inversion of the
transform: y(x) = L' F(s) or y(n) = G~'G(w) is, in general, somewhat difficult.
We therefore present the approach generally taken, which consists in assuming that
the solution to the differential or difference equation is given by an integral over
the Laplace transform or generating function (the inverse Laplace or Mellin trans-
form) and then using the equation, Ly = f(x) or Ly = g(n), to derive the necessary
conditions that the Laplace transform or generating function must satisfy. (See, e.g.,
[25, Chap. 5, Sect.47] and [27, A, Sect.5, 19] in the case of differential equations
and [26, Chap. XI, Sect. 174], or [35, Chap. 11] in the case of difference equations).
Finally, for the case of a second order homogeneous equation we present an alternate
approach in which the dependent and independent variables of the differential or
difference equation are transformed so that the resulting equation is recognized to
have a form whose solution is well-known. We apply this approach to the second
order homogeneous differential equation with coefficients linear in the independent
variable (for which details are given in [13, Sect. 6.2, pp.249-252]) as well as to the
corresponding difference equation.

7.1 Laplace Transforms and the Solution of Linear
Differential Equations with Constant Coefficients

We first consider the case of a linear inhomogeneous differential equation with con-
stant coefficients:

Ly =ayy™M @) +ay_ 1y V@) + - +agy(x) = f(x) (7.6)
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The solution to this equation will be obtained from its Laplace transform, defined by

F(s) =Lyx) = /00 e y(x)dx, (7.7)
0

from which y(x) is given by the inverse Laplace transform:
y(x) =L7F(s) (7.8)

Using the differential equation Ly = f(x), we first obtain the Laplace transform of
Ly and then express the Laplace transform of y(x) in terms of Laplace transform
of Ly.

To obtain the Laplace transform of Ly we define

Fi(s) = /Oo ey (x)ydx  k=0,1,...N  (Fo(s) = F(s)) (7.9)
0

from which, by integration by parts,
Fi(s) = sF_1(s) —y* D) k=1,2,...N (7.10)

This first order equation can be solved by iteration, giving

k—1
Fi(s) =s"F(s) = > s/y*1=P0) k=0,1...N (7.11)
j=0
from which

0 N N k-1
/ e "Lydx = F(s) Zaksk — Zak Zs-iy(k_l_'f)(O)
0 k=0 k=0  j=0
N N-—1 N-—1
=F© D as’ =D 5" D ay* O = f(5)  (112)
k=0 j=0  k=j

where

f(s) =/ e f(x)dx (7.13)
0

Thus

Y s 3 aky D (0) £(s)
ZIILO ays* i lecvzo ays*

_ Oy n f(s)

Pn(s) Py (s)

F(s) =

(7.14)
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where Qn_1(s) and Py (s) are polynomials of order N — 1 and N respectively.
Our goal is to obtain the solution y(x) to the equation Ly = f(x): This is given
by the inverse Laplace transform

T T s On-1(s) 1 fs)
Y =LTEE =8 < Pr(s) }+L IPN@)] 715

The solution to the homogeneous equation Ly = 0 is given by the first term on the
right hand side of (7.15), in which the argument is the ratio of two polynomials in
s, which can, in principal, be written as a sum of partial fractions, for the which the
inverse Laplace transform is

Ll[( L ]:xmem (7.16)

s —a)mt] m!

Writing Q ny—1/ Py as a sum of partial fractions, however, requires that we determine
the zeros of Py (s) = ZJILO a;s*. This is straightforward for an equation of second
degree (N = 2), possible with a bit more difficulty for an equation of third or fourth
degree, but may not be possible analytically for N > 5.

The steps given thus far give the solution of the homogeneous equation Ly =
0 (f(s) = 0). For the inhomogeneous equation Ly = f(x), if f(x) is either a poly-
nomial in x, exponential in form (e®* - sin a.x, cos aex) or a sum of products of poly-
nomials and exponential functions, then the Laplace transform, f(s), is a sum of
terms of the form (s — a) ™! (note Eq.(7.16)), and the second term in Eq.(7.14)
can also be written as a sum of partial fractions, for which the inverse Laplace
transform is again given by (7.16). In the case of a more general function f(x),
the inverse Laplace transform of f(s)/Py is given by the convolution theorem for
Laplace transforms.

Given two functions, fj(x) and f,(x), with corresponding Laplace transforms
Fi(s) and F>(s),

Lfi=F(s) Lfy=F() (7.17)

then
LALH =L(fi x f2) (7.18)

where

fix fa =/O [1@) falx — 1) dt =/0 filx = 1) fo(1) dt (7.19)

is the convolution of f; and f>.
We illustrate this explicitly by deriving the solution to the second degree linear
inhomogeneous equation as given in (7.6) with N = 2 and f(x) arbitrary. Setting

Hx) = fx)  Fils) = f(s)
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fz(x)=£1[ } F(s) = (7.20)

P (s) P (s)

we use the convolution theorem to obtain the inverse Laplace transform of the second
term in (7.14):

_ (s) _
Lot [f—] =LTHLAL LY = fix fo (7.21)
P (s)
Here
Py(s) = ars® = ais + ap = ar(s — 1) (s — ) (7.22)
where A A
_Ta _Ta - _ /2
= =TS A= i —dae 02
from which

1 1 |: 1 1 j|
= - (7.24)
Py(s) axoap—an)|s—a; s—m

and, from (7.16),

fZ(x) — L_l [Pl(s)] — (ea]x — e&zx) _ 36_2% sinh (ﬁ) (725)
2

ar(ap — ) TA 2ay

Thus, from (7.21) we have

S S 2 [ P At
L ( Pz(S)] =2/, f(x —1t)e sinh (2(12) dt (7.26)
Here, in the limit a; — a» (A — 0), we have
L1[&}:i/xtf(x—t)dtzl/x(x—t)f(t)dt (7.27)
Py (s) a Jo az Jo

It may be noted that we can also write (7.26) in the form

-1 —f(S) = l a1x * —ait _ ,o0x * —ont
L [Pz(S)] = [6 /0 f@)e e /0 fte i|, (7.28)

which expresses £~ {%} in terms of the finite Laplace transform of f(x).

Finally, we evaluate the inverse Laplace transform of the first term in (7.14): From
(7.16) with N = 2, we have

L71 H Q](S)] _ ary(0) +a2y(1)(0) [emx _ eazx] + y(0)

P> (s) ar (o) — )
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Writing this expression so that the limit «; — a; (A — 0) is evident, we have

[ O1(s) _ar [ay | Ax Ax —ax [2ay Ax
Lt =y(0)e 22 | —sinh ( =— ) 4+ cosh { =) | + y P (0)e” %2 | == sinh | —
{ z(s)} y(0)e 2@ [ sin| (Zaz) cos (2a2)i| ¥y (0)e sini 0

(7.30)

Thus, in summary, the solution to the second order inhomogeneous equation with
constant coefficients,

ay"(x) + a1y’ (x) + aoy(x) = f(x), (7.31)

is

) ) _% ay . h Ax n h Ax n (1)(0) _% 2ap . h Ax
= e “2 | —sinh|{ — cos —— @2 | —=sinh { —
y Y A 2ay 2ay Y ¢ A 2as

2 [ —at At

+Z [ f(x—t)e 2 sinh (—) dt (7.32)
A Jo 2ay

We note that the use of the Laplace transform for the solution of a linear homogeneous

or inhomogeneous differential equation, Ly = f(x), involves three essential points:

(1) If the coefficients in the differential equation are constants, then the transform
of Ly is a rational function of the transform variable, which can then be written
as a sum of partial fractions.

(2) The inverse transform of a partial fraction, 1 /(s — a)™*!, canbe expressed ana-
lytically and has a simple closed form, x"e** /m!.

(3) The transform of the solution y(x) has, from the inhomogeneous term f(x),
a term of the form f(s)/Py(s), where Py(s) is a polynomial in the transform
variable s. The inverse transform of f(s)/Py(s) can be expressed as an integral
over f(x) using the convolution theorem.

It will be seen in the following application of the generating function that these
three points are equally essential for the solution of a linear difference equation,
homogeneous or inhomogeneous.

7.2 Generating Functions and the Solution of Linear
Difference Equations with Constant Coefficients

We consider now a linear inhomogeneous difference equation with constant coeffi-
cients:

Ly=pyym+N)+pyoiyo+N -1+ -+ poy(n) =qn) (7.33)
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As with the differential equation, the solution to this equation will be obtained
from its generating function, defined by

Gw) =SGy(m) =D y(mw" (7.34)
n=0

from which y(n) is given by the inverse of G:

y(n) =57"'Gw) (7.35)
Using the difference equation Ly = g(n), we first obtain the generating function
of Ly and then express the generating function of y(n) in terms of the generating

function of Ly.
To obtain the generating function of Ly we define

Gr(w) = Zy(n +kw"  k=0,1,...N (Gow) = Gw)) (7.36)

n=0
from which
o0
Gr1w) =Y yn+k— "
n=0
o0
=wa(n+k—1)w"_1
n=0
o0
=D yn+hw" +yk—1)
n=0
=wGrw)+yk -1, k=12,...N (7.37)
Thus G 1)
Gy = St =y =) N (7.38)

w

This first order equation can be solved by iteration, or directly from the definition of
Gk@D:

oo 1 00 1 oo k—1
Grw) =2y +hw = — 3 v+ = — 1 3 yoe" = 3y
n=0 n=0 n=0 n=0

k—1
1
== |:G(w) - Zoy(n)w":| (7.39)
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We then have the generating function of Ly:

oo oo N
S{Ly) =D Lyw" =D > piyn+kw"
n=0 n=0 k=0
N 00
PrGr(w) = D qnw" = QW) (7.40)
k=0 n=0

Substituting (7.39) in this equation we have

N -1
Dk an |
E:o o [G(w) E y(nw } =0W) (7.41)

n=0
from which N e
0(w) D=0 B 2o Y(W"
Gw) = = I + N (7.42)
k=0 o k=0 o

We now write G (w) so that it has a form similar to that given in (7.14) for the Laplace
transform F (s). To that end we write each of the sums in (7.42) as rational functions
of the transform variable w. For the sum in the denominator we have

N 1 N N
2 R DI AP WA (7.43)
k=0 k=0

For the first term in (7.42) we then have, from (7.43),

0w oW _i|:Q(w)_Z;]<V—oll7Nk o )]

l}cV:O% B ZIivoPN gwk Po Zk 0 PN gwk
Ty-_1(w)
Q( )+ —— Sv (@) Q(w) (7.44)

where Ty_;(w) and Sy (w) are polynomials in the transform variable w, of order
N — 1 and N respectively:

1
Tua (@) = = > vt (7.45)

and

N
Svw) =Dyt (7.46)
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For the double sum in the numerator of the second term in (7.42) we have

N k-1 N N-1 k
Pk —k—
2 2y =D ZWW =2 pen 2y (147)
k=0 n=0 n= k=0 n=0
Inverting the order of summation gives
N » k=1 N—-1N-1
k ke
DS vt = Pro1y(m)w" ! (7.48)
k=0 n=0 n=0 k=n

and making the substitution of summation variable j = k —n 4 1 we have

N

k—1 N—1N—
> % D ymw' =3 Z Puyjy(mw™ (7.49)
k=0 n=0 n=0 j=1

Again inverting the order of summation gives

>

=0 n

>~

N—'

Pntjy(n) (7.50)
0

-1

& |3

N
1
y(n)w" = w_N Z

x~
Il
=

and making the substitution of summation variable k = N — j gives, finally,

~
=

N 1 k
SN v = — S D kv (7.51)

=0 n n=0

>~

S

~
Il
=)
~
I
S

Substituting (7.43) and (7.51) in the second term on the right hand side of (7.42),
we see that this term is indeed a rational function of the transform variable in which
the numerator is a polynomial of order N — 1 and the denominator is a polynomial
of order N:

N k=1
D0 B Do Y(m)W" Zk -0 | Wk Z’;:o PN—k—nY()  Ry_1(w)

N p = (7.52)
k=0 Wk > PNokw Sy (w)
where
N-1 k
Ry_1@) =" > pyiny(n) (7.53)
k=0 n=0

and Sy (w) is defined in (7.46).
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Thus, substituting (7.44) and (7.52) in (7.42), we have

_ Ry_1(w) | Ty (w) 1
Gw) = Sn (@) + Sw (@) Qw) + pOQ(w) (7.54)

The solution, y(n), to the equation Ly = g(n) is given by the inverse of §. From
(7.54) and (7.44) we have

yn)=G§'Gw)=g" |RN—_1(‘”)] +g! [ Ty-1(w)

|
Sy (@) Sy (@) Q(”)}+p09 Q((;";S)

The solution to the homogeneous equation Ly = 0 is given by the first term on
the right hand side of (7.55), in which the argument is the ratio of two polynomials
in w and can be written as a sum of partial fractions, for which the inverse transform

is (see Appendix G)
4 1 _(=pm (n + m)
5 [ (w — a)m+! ] T gntm+l m (7.56)

For the inhomogeneous equation Ly = g(n), if g(n) is either a polynomial in n,
exponential in form (a™) or a sum of products of polynomials and exponentials,
then the generating function Q(w) can be written as a sum of terms of the form
(w —a)™™ ! and the term Tg[;%u(}‘;’) Q(w) can also be written as a sum of partial frac-
tions, for which the inverse transform is again given by (7.56). The inverse transform
of the term ﬁ Q(w) in (7.55) is straightforward: %9’1 Ow) = %q(n). In the case
of a more general function g(n), the inverse transform G~'G(w) is given by the
convolution theorem for generating functions (see Appendix G).

Given two functions y;(n) and y,(n), with corresponding generating functions
G (w) and G3(w),

Sy =Giw) Gy =Gaw) (7.57)
then
5315y2 = G(y1 * y2) (7.58)
where . .
yikyr = i)y —k) =Dy —k)yk) (7.59)
k=0 k=0

is the convolution of y; and y,.

We illustrate this explicitly by deriving the solution to the second degree linear
inhomogeneous difference equation as given in (7.33) with N = 2 and g (n) arbitrary.
Referring to (7.55), we set
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yin)=qgm Giw) =Q0W)
_ -1 Tl(w)] G _hw _ p2 + pw
yAn) =3 < $>(w) )= 5@ = Dol + i+ o]

(7.60)

and use the convolution theorem to obtain the second term on the right hand side of
(7.55):

[T (w) _
g! [ ! Q(w)] =G G =y *x»m (7.61)
S (w)
Here
P2+ prw + pow’ = po(w — B)(w — 32) (7.62)
where LA A
p="TT2 5 =P 2 A= P —dppy (163)
2po 2po
from which
Ti(w) 1

_ [Pz-ﬁ-ﬁ]m _P2+ﬁ2p1]
S (w) P =B L w—p w—

R _ 1 { [(p2 + B1pDYO) + Bipoy(D]  [(p2 + B2p1)y(0) + Bapoy(D] ]
S2(w)  po(Br — B) w=0 w—/5
(7.64)
From (7.56) we now have
T 1
(1) = G- [ l(w)] I |:P2 -i:fllpl _» -i-’flzpli| (7.65)
S (w) P (B — Ba) By 2

and from (7.61) to (7.59) we have

G- ’ T1(w)

()Q( )] *yy =

1 P2+ B1p1 x P2t B2pi X
(k)g1 — (k)33
P35I — B2) ‘ s Z ot Z ]

(7.66)

‘We note that, similar to the analysis for the differential equation, the inverse transform

is expressed in terms of the finite generating function of g (n).
Finally, we evaluate the inverse transform of the first term on the right hand side
of (7.55). From (7.64) to (7.56) we have

-1 (Rn(w)] __ 1 [(p2 + BipD)y©) + Bipoy(D]  [(p2+ B2p1)y(0) + Bapoy(D)]
$2(w) po(B1 — B2) gt Bt

(7.67)
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In summary, the solution to the second order inhomogeneous difference equation

with constant coefficients,

p2y(n+2) + pry(n+1) + poy(n) = g(n),

is

y(n) =

(7.68)

0B — Bo) gt gt

n

+
N I 5

7.3 Laplace Transforms and the Solution of Linear
Differential Equations with Polynomial Coefficients

1 [ [(p2 + B1p1)Y©) + Bipoy(D]  [(p2 + B2p1)y(0) + Bapoy (D] ]

1 ‘Pz + B1p1 > qosk - %@Pl Zq(k),@’z" + piq(n) (7.69)
0
k=0

We now consider the extension of the analysis given thus far to the case of differ-
ential and difference equations in which the coefficients are polynomials, in x for
differential equations, in n for difference equations. We begin with the differential

equation

Ly =ay@x)y™ ) +ay_1()y" V@) + -+ aox)yx) = f(x),
in which ax(x), £ =0, 1, ... N, is a polynomial of degree Mj:

My

a(x) = D g x"

m=0

and the ay,, are constants, but

agm #0 form = M,

Thus
N N M,
Ly =Y ai()yPx) =D amx"y®(x)
k=0 k=0 m=0

As in (7.9), we define

Fi(s) :/oo e yO)ydx, k=0,1,...N, (Fy(s) = F(s))
0

(7.70)

(7.71)

(7.72)

(7.73)

(7.74)
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from which, from (7.9)—(7.11),

k—1
Fi(s) = s"F(s) — Zsfy<’<*1*f>(0), k=0,1...N
j=0

‘We then have

[} My o0
/ e ar(x)y®P(x)dx = E akm/ e xmy® dx
0 o 0
My m o)
m d —sx | (k)
=> G (1" — | e yP(x)dx
ds™ 0

m=0

M/( dm
= 2 (=1 "tun o Fis)
m=0 §

k—1

75

(7.75)

My dm A .
= > @ | s F(5) = D 5Ty * 1 D(0)
m=0

ds
j=0

The Laplace transform of the differential equation (7.70) is then

[e.¢]
L(Ly):/ e Lydx
0

N M k—1

(7.76)

=ZZ(—1>’"akm% K@) = D sy D) | = fs) (177

k=0 m=0 j=0

where

f(S)Z/O e f(x)dx

In the summation over m in (7.77) we consider the term m = M;:

N de k—1 ) .
D =DM agy, e sFF(s) =D s/ y* 1700
k=0 =0

The highest derivative of F(s) in this expression is

N
D (=1t F M (s5)
k=0

(7.78)

(7.79)

(7.80)
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Equation (7.77) is thus a differential equation for the Laplace transform, F(s),
whose order is equal to the highest degree of the polynomial coefficients ay (x):
max(My), k=0,1,..., N. In this differential equation, the derivatives of F(s)
have coefficients which are polynomials in the transform variable, s; the degree of
the coefficient of highest degree is equal to N, the order of the original differential
equation in x, (7.70). It is clear that this is not a reasonable method for the solution
of the differential equation Ly = f(x) given in (7.70) unless the coefficients a; (x)
are either linear or quadratic functions of x.

For the linear differential equation with linear coefficients we may write Egs. (7.70)
and (7.71) in the form

N
Ly => p0)yP ) = fx) (7.81)
k=0
in which
Pi(x) = ¢ + dix (7.82)
We then have

N oS
Ly =3 [ ety ds
k=00

N o0 N o0
= ch/ e ¥ y® (x)dx + de/ e *xy® (x) dx
k=0 70 k=0 V0
N N
=D ki) = D diFi(s) (7.83)
k=0 k=0

where, from (7.9) to (7.11),

k—1
Fr(s) = sKF(s) — Zsfy(k*‘*ﬂ(O), k=0,1...N, (Fo=F() (7.84)
j=0

Then, with
N
fols) =D exs*
k;‘) (7.85)
fi(s) = dis*
k=0



7.3 Laplace Transforms and the Solution of Linear Differential ... 77

we can write the Laplace transform of the nth order inhomogeneous differential equa-
tion, L(Ly) = f(s), as a first-order differential equation for the Laplace transform,
F (s), of its solution:

foF () = (i) F () = g(s) + f(s) (7.86)
where
N
9(s) = > (cxg(s) — digi' () (7.87)
k=1
in which
k—1
g(s) =D s7y*17(0) (7.88)
j=0

(Note (1.14)) which may be written as

(H@e T F@) == 0® g+ f6n  1.89)
from which

Fo =57 el B [T G+ ponds. a9

However, even in the case of a second-order homogeneous differential equation
with linear coefficients, obtaining the solution explicitly by inverting the Laplace
transform is not without difficulty. Thus, from (7.90), with N = 2 and f(s) = 0 we
have

Jo() fo(s)
Fs) = £ (s)e’ fdeS/(a +bsye I T gy (7.91)
in which

a = —c1y(0) = 2y (0) + day(0)
b= —c2y(0) (7.92)

If for now we assume that d, # 0 and d12 — 4dyd, # 0 so that the roots of f1(s) =0
are distinct, then from (7.85), (with N = 2),

f1(s) = da(s — ar)(s — az) (7.93)


http://dx.doi.org/10.1007/978-3-319-29736-1_1
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in which 4+ A 4 A
—d, —dy —
_4ar= =1 = 7.94
o 24, @ 2d, (7.94)
and
(o) — ) = \/d} — 4dodr = A (7.95)
from which
) e - m o m (7.96)
fis) d (s—o)  (s—)
where
_ Jola)
Y1 = —A
fo(az)
M= f"AZ (7.97)
and o
0 (s (]
eI IOY = B (s — ) T (s — ) (7.98)

(We note the relation of the exponents ~y; and 7, to the exponents /3; and /3, for the
second order difference equation given in (7.161).)

We may then substitute this in (7.91) and obtain an integral for the Laplace trans-
form F(s). The solution y(x) to the differential equation is then given by the inverse
Laplace transform:

1 Y+ico
y(x) =L F(s) = %/ Y F(s)ds (7.99)
Y

—io0

In principle this analysis gives the solution y(x) with specified initial values, y(0)
and y'(0). It is clear, however, that obtaining an explicit solution in terms of the
classical functions of mathematical physics following this approach is not a simple
matter. We therefore present, in the following section, an alternate approach which
is often taken. This consists in writing the solution to the differential equation as an
integral similar to the inverse Laplace transform given above in (7.99) except that
the limits of integration as well as the transform in the integrand are determined by
using the equation Ly = f(x) to derive the necessary conditions that the transform
must satisfy. (See, e.g., [25, Chap. 5, Sect.47] and [27, A, Sects. 5, 19]). We consider
in detail the second order homogeneous equation with linear coefficients with the
view of comparing the solution with that of the corresponding difference equation.
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7.4 Alternative Method for the Solution of Homogeneous
Linear Differential Equations with Linear Coefficients

We consider here the homogenous differential equation

N
> p@)yP @) =0 (7.100)
k=0

in which the coefficients py(x) are linear functions of x:
pir(x) = cx +dix (7.101)

In this alternative method, a solution of (7.100) is sought in the form of a Laplace
transform:

y(x) =/67”v(s) ds (7.102)

in which, as mentioned, both v(s) and the integration path are to be determined after
using the equation Ly = f(x) to derive the necessary conditions that the transform
must satisfy. (The relation to the analysis just given using the Laplace transform and
its inverse is seen if we write s = —t and v(s) = v(—t) = u(t).)

Then

y(k)(x) — (—1)k/67”skv(s) ds
xy® ) = (—DF / $Fu(s) d(—e=")
= —(—1)ke_sxskv(s)‘ + (—1)k/e—”(skv(s))’ds (7.103)

Defining

N
90(s) = fo(=s) = D (=Dfers®
k=0

- (7.104)

91(5) = fil=s) = D (=D'dys*

k=0

(Here cy and dy are arbitrary except that they can not both be zero.)
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We then have

N
Ly =Y px)y® )

k=0

==+ [ € + 90 6)V6) + Y ()lds (7105

Now in order to satisfy (7.100) we choose v(s) to satisfy the first order differential
equation
(90(s) + g1"())v(s) + gi(s)v'(s) =0 (7.106)

and choose the integration path such that
e gi(s)v(s)| =0 (7.107)

For an open path of integration, e **g; (s)v(s) must have the same value at the two
end points. For a closed path, e™** g; (s)v(s) must return to its initial value.
From (7.106) we have
()g1(s)" _ go(s)

= (7.108)
v(s$)g1(s) 91(5)

from which, on integrating,

A go(s)
= — — d 7.109
=09 e"p( / 91(s) S) (7.109)

The integration in (7.109) is straightforward in that go(s)/g;(s) is the ratio of two
polynomials and can be expressed as the sum of partial fractions and a polynomial
in s.

If we now consider the second order homogeneous differential equation, then
from (7.104) to (7.85)

p) _a__m (7.110)
gi(s) d (s+a)) (+a)
where from (7.93)
91(s) = da(s + a1)(s + az). (7.111)

Then from (7.109)

V(s) = Ae~ 0% (s + ) (s 4 ap) ! (7.112)
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Substituting v(s) in (7.102), we have
y(x)=A / OB (5 4 ) (s + )V ds (7.113)
in which the integration path must be chosen such that
e gi(s)v(s)| =0, (7.114)

the particular choice depending on the values of ~; and ~,. With the change of
integration variable s = (o — ap)o — ay, we have

y(x) = Ae‘*'(”%)/e‘“l"‘“z)“‘*%)”am—l(l — o) 'do (7.115)

Here, and throughout the rest of this section, the factor A is taken to be a generic
factor that includes all factors which are independent of x.

The significant point to note, on substituting v(s) as given above in (7.109) in
(7.102), is that y(x) is then expressed as an integral in which the integrand has the
factor e™**, which is characteristic of the confluent hypergeometric function.

If Ny, > 0and Ny, > 0then we can choose o = 0 and o = 1 as end points of the
integration and (7.114) is satisfied. We then have a solution (see [13, Sect. 6.5(1)])

. 1 o
) = Aemmé)/ e @A EIT L yn-t g
0

COYDT () a2 .
= AR mtta) (%; Y + 725 — (a1 — a2) (x + d—z))

(v +7)
F(VI)F(VZ) a(x+2) . . C.
=Ame 0 F (72,714-72, (a1 — ) (x'i‘d—i)) (7.116)

A second linearly independent solution of the Eq. (7.100) with N = 2, provided that
71 4+ 72 is not an integer, is (see [13, Sect.6.3(3)])

I=y1—72 +2
»k) =A (x + %) TRt Ry (1 —72:2 =7 — 72 —(a] — @) (x + ,%))

1—y1—y 2
=a(x+@) R (-2 - = i@ —ao) (v + 2))
(7.117)
The general solution of (7.100) with N = 2 is then
y(x) = Ay (x) + By2(x) (7.118)

The case in which v, + 7, is an integer is treated in detail in [13, Sect.6.7.1].



82 7 Generating Functions, Z-Transforms, Laplace Transforms ...
If only one of the constants R, and Ny, is positive, then the integral (7.113) may

be evaluated using a closed contour as given in [13, Sect.6.11.1(2) and (3)].
If Ry, > 0, then we may write

B (14) .
yl(x) — Aeal(x+i)/ e*(@l*az)(vaé)Uo,'y]fl(o, _ 1)7271 do
0

27 (1) o (+2)
e " a2k (71; M+ 72 (o — az) (x + C—z))
Ly + 701 =) =
27i I'(y1) ar(x+2)
=A e TR F (72;71 + 725 (g — ap) (X—i-c—z))
P+ =72) 2

(7.119)

If Ry, > 0, then we may write

¢ 0+ .
yi(x) = Aem(x-i—i)/ e—(m—az)(x-‘ri)o(_o_)wl—l(1 _ 0_)72—1 do
1

2mi F(FYZ) ar(x+2) .
e a2 Fy (’Yl;’)/l + v — (a1 — ) (x+°_2))
Fy +2I'd —7) A
2mi F(’YZ) a (X+LZ) )
=A 5T D) F (’72;’}/14-’72;(011 — ) (x+‘—2))
L+ —7) @

(7.120)

If both Ry; < 0 and My, < O then the integral may be evaluated using the closed
loop contour given in [13, Sect.6.11.1(1)] and we may then write

c (14,04,1-,0-) c
i) = Aeal(Xﬁ—é)/ e—(al—az)(x-&—%)agmfl(l — o 4o

(27Ti)2ei7r(71+72) o+ 2) )
e o+ )
T =0T =T+ )¢ e e (v g

2i)2ei T +72) ' @ )
—A (@2mi) 0T Ry (vz;m + 725 (1 — ) (x + f%))
Tl —yDT( = v)T (1 +72) :
(7.121)

In all these cases the term in (7.114) is zero, and the solution y;(x) is given by
the confluent hypergeometric functions given above.

As will be seen in the next section, this provides both a similarity and a distinc-
tion when comparing the second order differential equation with the second order
difference equation with linear coefficients. In the case of the second order homoge-
neous difference equation with linear coefficients, given below in (7.143), when any
of the parameters dj is zero, or when the roots of the equation dyt? +dit +dy = 0
are equal, v(¢) as given in (7.152) again has an exponential factor, and the integral
for y(n), Eq.(7.137), can be expressed in terms of the confluent hypergeometric
function. However, when the roots of this equation are distinct, and none of the para-
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meters d is zero, then the solution of the difference equation leads to the well-known
classical functions of mathematical physics such as the Legendre and Gegenbauer
functions, and is expressed in terms of the hypergeometric function , F|.

7.5 Generating Functions and the Solution of Linear
Difference Equations with Polynomial Coefficients

In this section we extend the analysis given thus far for difference equations with
constant coefficients to the case of difference equations in which the coefficients are
polynomials in n.! We begin with the difference equation

Ly=aymy@m+N)+ay_1(m)y(n+N—1)+---+ao(m)ym) =qm), (7.122)

in which a;(n), k =0, 1,..., N, is a polynomial of degree M;:

My
a(n) = agn” (7.123)
m=0
and the ay,, are constants, but
agm 70 form = M (7.124)
Thus
N N My
Ly = axmym+k) =D > awn™y(n +k) (7.125)
k=0 k=0 m=0
From (7.39)
o0
Giw) = >y + k)"
n=0
1 k—1
=~ |:G(w) — Zy(n)w”:| (7.126)
n=0

ISee Weixlbaumer [42] for a mathematical analysis about the state of the art concerning the search for
solutions of linear difference equations. Algorithms are presented for finding polynomial, rational,
hypergeometric and d’ Alembertian solutions.
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Thus
9(Ly) = ZLyw —ZZak<n)y(n+k)w"
noo() kN() "
=22 2 " y(n + k)"
n=0 k=0 m=0
oo N M m
—zzzam( —) Y + K
n=0 k=0 m=0
N My m 00
_ZZakm( ) > v+ kW
k=0 m=0 n=0
N My
=ZZakm( ) Gr(w)
k=0 m=0
N M
=ZZakm( ) ( [G(w) Zy(n)w D
k=0 m=0 n=0

(7.127)

In (7.127) the term m = M, is

N Ia\NM ([ 1 k—1
gakMk (“’a_w) (J [G(w)—%y(n)w”]) (7.128)

The highest derivative of G (w) is thus

N
Z ey, W™ GO () (7.129)
k=0

Thus, similar to the case of the differential equation with polynomial coefficients,
we now obtain a differential equation for the generating function, G (w), whose order
is equal to the highest degree of the polynomial coefficients ay(n): max(My), k =
0, 1,... N. Again it is clear that this is also not a reasonable method for the solution
of difference equations unless the coefficients are either linear or quadratic functions
of n. We therefore examine in some detail the case in which the coefficients are
linear functions of n. This involves obtaining the solution, y(n), by inversion of the
generating function: y(n) = §~' G(w), for which see Appendix G.
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7.6 Solution of Homogeneous Linear Difference Equations
with Linear Coefficients

‘We now consider the homogeneous difference equation
N
> pmy(n+k) =0 (7.130)
k=0
in which the coefficients py(n) are linear functions of n:
pe(n) = ax + byn (7.131)

Although our primary consideration is for the case in which # is an integer, we note
that the analysis is essentially unchanged if we replace n by a non-integer variable
x. We then have the difference equation

N
> )y +k) =0 (7.132)
k=0
in which
Pi(x) = ap + byx (7.133)

(Purists characterize Eq.(7.130) as a recursion relation, and Eq. (7.132) as a differ-
ence equation).

We note that if y(x) is a solution of the homogeneous equation (7.132), then a
more general solution is given by f(x)y(x), where f(x) is a function satisfying

fx+1D=f), (7.134)
for example
f(x) = A+ BsinQn(x + 3)) + Ccosn(x + 7)) (7.135)
or
f(x) = A+ Be”™! (7.136)

We seek a solution of Eq. (7.132) having the form of a Mellin transform:

y(x) = /t-"*lv(t) dt (7.137)
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(Note that if we let t = e~ we have the usual form of the Laplace transform:

y(x) :/e_”V(s) ds (7.138)

in which V(s) = —v(¢).) In (7.137), both v(¢) and the integration path are to be
determined. From (7.137) we have

y(x +k) = / @) de (7.139)

Substituting this in (7.132) we have

N
> ) / @) de =0 (7.140)
k=0

This expression suggests that rather than defining p;(x) as in (7.133), we write
Pe(x) = cx + di(x + k), (7.141)
which constitutes a simple change of parameters:
dy = by, ¢k + kdy = ai. (7.142)

Equation (7.132) then has the form

N

D ek +de(x +0)ly(x +k) =0 (7.143)
k=0

Writing the coefficients in the form py (x) = ¢ + di (x + k), we may write the dif-
ference equation in the form

N+i
Dlec+dix + 01y +k) =0, i=0£1,42, ... (7.144)
k=i

and note that ¢; and d; remain independent of i. (This will be applied when we
consider the second order difference equation (N = 2), and choose i = —1.) Had we
taken the coefficients to have the form given in (7.133), viz., py(x) = ax + byx, and
written the summation as in (7.144), then a; would depend on i : a; — a; — iby.
More significantly, as will be seen when we consider the second order difference
equation, the parameters ¢, and dj are intrinsic to the functional behavior of the
solution, specifically in the form c¢;/dy, (k =0, 1,2) and dyd> /dlz. From (7.140)
and (7.141) we now have
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Z[ck / TN @) dr + d / (x + k@) di) =0 (7.145)

N
k=0

Here in the last term in square brackets, we have, integrating by parts,

/(x + )@y dr = /v(t)d(t”’k) = t"+kv(t)‘ —/t”"‘ltv’(t) dt (7.146)

Defining

N
fo) =" alt*
k=0
N
i) =" dit* (7.147)
k=0

we have, from (7.140),

N
> ) / @y de = fy (r)r"v(r)( + / o) = fin/)]de =0
k=0

(7.148)
Now, in order to satisfy (7.140) we choose v(¢) to satisfy the first order differential
equation

Jo@)v(@) = fiOtv'(t) =0 (7.149)

and choose an integration path such that
fiOr'v)| =0 (7.150)
For an open path of integration, fi(¢)t*v(¢) must have the same value at the two end

points. For a closed path, fi(z)t*v(¢) must return to its initial value. From (7.147)
and (7.149) we have

V) o) Thgart

= = 7.151
WO R 1y et 715D
from which, on integrating,
So(®)
=A d 7.152
v exp( tfl(t)) t 7

(Here, and throughout the rest of this section, the factor A is taken to be a generic
factor that includes all factors which are independent of x.) In the integrand on the
right hand side of (7.152) we have an Nth order polynomial in the numerator and a
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polynomial of order N + 1 in the denominator (assuming that dy 7 0). This fraction
can then be expressed as a sum of partial fractions and integrated. Analysis with
arbitrary N may be found in [35, Chap. 11, Sects. 2 and 6, pp. 323-324, 343-345].
In order to present explicit solutions to the difference equation (7.132), we restrict
ourselves at this point to second order homogeneous difference equations (N = 2):

(c2+dr(x +2))y(x +2) + (c1 +di(x + 1) y(x + 1) + (co + dox)y(x) =0
(7.153)
Here, and in all following considerations of the second order homogeneous difference
equation, we can and will (provided d, # 0) assume that d, > 0. We assume further
that d; < 0. For the case that d; > 0, we can write y(x) = ¢/™z(x). The difference
equation for z(x) is then

(2 +dr(x +2)z(x +2) + (ci/ +di' (x + D)z(x + 1) + (co + dox)z(x) =0
(7.154)
so that z(x) obeys a difference equation similar to that for y(x), but in which the
parameter d,’ < 0.

Referring to the second order homogeneous differential equation with linear
coefficients, (c; + drx)y"(x) + (¢1 + d1x)y' (x) + (co + dox)y(x) = 0, discussed
in Sect.7.4, it was seen that the solution can always be expressed in terms of
the confluent hypergeometric function, taking on a particular form of that func-
tion, namely the Bessel function, for particular values of dj, d; and d>. A some-
what similar but not identical situation pertains to the second order homogeneous
difference equation in that the functional form of the solution depends on the
values of the parameters dy, d; and d,. However, for the difference equation the
resulting solution is, depending on the values of these parameters, either a con-
fluent hypergeometric function, | F;, or a hypergeometric function , F;. To clas-
sify the various choices of the parameters dy, d; and d>, we define the sym-
bol (dy, 01, d3) in which §; =0 if d; =0 and 6; =1 if d; #0, (i =0, 1,2). We
then consider the nine possibilities: (1, 1, 1) with al]2 —4dyd, #0, (1,1, 1) with
d} —4dyd, = 0,(1,0,1),(1,1,0), (0,1, 1), (0, 1, 0), (0,0, 1), (1, 0, 0), (0, 0, 0).
In the last case, (0, 0, 0), we have a difference equation with constant coefficients,
given here since it includes the Tchebicheff polynomials, 7, (x) and U, (x). We will
derive explicit solutions to the equation defined by each of these sets of parameters.
As we will show, however, some of these equations have solutions which are related
simply by a multiplicative function. Thus, (0, 1, 1) and (1, 1, 0) are so related, as are
(0,0, 1)and (1, 0, 0). For the parameters given by (1, 1, 0), (1, 0, 0) and (0, 1, 0), as
well as for (1, 1, 1) with d12 — 4dyd, = A = 0, the solution is expressed in terms of
the confluent hypergeometric function ; F or a particular form of that function—the
Bessel function or the parabolic cylinder function. For the two remaining sets of
parameters, (1, 1, 1) with A 7 0 and (1, 0, 1), the solutions are expressed in terms
of the hypergeometric function , F;. These include the Legendre polynomials P, (x)
and Q,(x), the Legendre functions P/'(z) and Q% (z), the Gegenbauer polynomials
Cy (x), the Gegenbauer functions C}, (x) and D}, (x), the associated Legendre polyno-

X

mials P, “(z), the hypergeometric polynomials , i (—n, b; c¢; x) and the hypergeo-
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metric function , F (a, b; ¢; x) in which the recursion is in either a or b. These results
may be expressed succinctly by the statement that if dyd, A # 0O then the solution
is expressed by the hypergeometric function , F; if dgd, A = 0O then the solution is
expressed in terms of the confluent hypergeometric function | F;.

We first consider the cases (1, 1, 1) and (1, 0, 1) (i.e., dy # 0, d, # 0), and d12 —
4dyd, # 0, in which case the roots of f;(¢) = 0 are distinct. We can then write

fi(t) = da(og — 1) (0 — 1) (7.155)
in which
—d + A —d—A 1 —di—-A 1 —d+A
M= =, — = — =
2d2 2d2 (67] Zdo (%) 2d()
2 2 A d()
A" =di —4dody, a1 —ar=—, aap=— (7.156)
d> dy

Further, since we can consider d» > 0 and d; < 0, we note that

0<22 <1 forA2>0 and dy > 0

Qg
<220 forA2>0 and dy <0
(03]
Q2 g 2
— =e for 4dyd, > d; (7.157)
(63}
where
tangp = |— (7.158)
1
Then from (7.147), (7.149), (7.155) and (7.156) with N = 2,
V(1) _ S _ fo@®) _ Bo B " B2
V(t) l‘f]([) dzl(Oq —t)(()éz—t) t o) —t oy —t
_Po B B (7.159)
t o) —t t— o
where
fo(t) = co + cit + cat? (7.160)

and
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o = Jo0)
0 dzalaz o d()
_ Jol) folan)
b= daj(as—a;)) @A (7.161)
B = Jolan) _ Solaz)
27 dan(o — an) A

We note the relation of the exponents (3; and (3, to the exponents ~y; and -, derived
for the corresponding second order differential equation, given in (7.97):

Bi=—— Bo=—— (7.162)

As is seen in Chap. 8, section “Difference Equations with Linear Coefficients”,
the classical functions which are solutions of second order homogeneous difference
equations with linear coefficients are characterized by the particular combination of

coefficients
Co Cl (%)

— —2—+ — 7.163
dy d ( )
Indeed, difference equations for which 2—8 — 2% + % = 0 (and hence, from (7.164),
Br=0= %(% — %)) have solutions which can be expressed in terms of the Legen-

dre functions P/'(z) and Q% (z); (this includes the Gegenbauer functions C, ((j’) (z) and
D [(f) (z), which can be expressed in terms of the Legendre functions P/'(z) and Q% (z),
for which see Eqs. (8.45)—(8.48). We therefore express [3; and /3, as given above in
(7.161) in terms of this expression. From (7.147), (7.155) and (7.156) we have?

d, [c 2c c 1 [(c c
ﬁlz ar _O__1_|__2 + = o2
2A | dy d, d 2\dy d»

C|
fo=
so that from (7.152) and (7.159) we have
v(t) = At™ (o — 1) P — 1) (7.165)
and, from (7.137),
y(x) = A/tﬂo”*l(a1 — )P — 1) dr (7.166)

2 — —_aylfe _ < —aglfa <o
For di = 0 we have 3] = A+2(d0 dz)’ 52—A+2(d0 dz)'
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The integration path must now be chosen to satisfy the condition given in (7.150),
namely

fiorvn| =0, (7.167)

the particular choice depending on the values of Gy + x, (31 and [3,. This condition
is satisfied if we assume for the moment that 5y + x > 0, 3; < 1, 3, < 1, in which
case each of the following three open integration paths gives a solution y(x): Noting

from (7.157) that ) 3—? ‘ < 1, we consider the following two solutions to the difference
equation (7.153): (We show later that these two solutions are linearly independent.)

Qaj
yilx) = A/ t‘8°+x_l(041 — t)—ﬂl (t — az)—ﬁz dt

2

(65
Yo (x) = A/ Py — )P (an — 1) P dt (7.168)
0

In each of these integrals, a simple transformation of integration variable will express
the integral in the form commonly used for the hypergeometric function, viz.,

ey I'(c) ! b—1 c—b—1 —a
2Fi(a,b;c;z) = —F(b)F(c—b)/O "7 (1 —1) (1 —zt) “dt (7.169)

In the integral for y;(x), the transformation of integration variable ¢ =
a) — (o — ap)s gives

Botx— 5 1 g=Pi(1 —5)~ P2

yi(x) = Oéf(H—X 1((11 _ 042)1*;7] *AfZA/ (l(zsﬁ)juﬂ ds, z=1-— f:—?
o — Bo—

' -pAnrd—p)

Bo+x—1 —B1—F
=" a1 —ap)' 174 rQe-p-75nn)

2 Fy (1 —Bo—x,1=p1:2-01— B 1 - %)
(7.170)

In the integral for y,(x), the transformation of integration variable t = aps gives

1 Sﬁo-{-x—l(l _ s)—ﬁz a
ap

Bodx—03 —
ya(x) = a0t 0] ﬂ‘A/O T

_ Potx—p2 —ph F(ﬂo +x)I(1 - 62)
- “ AF(50+X+1—52)

S, =

2F) (51,50 +x; P80+ x+1—po; %)
(7.171)
A judicious choice for A in y; (x) and y, (x) permits us to define these two solutions so

that there are now no restrictions on (3; and /3,, and that the only remaining restriction
is Bp+x #0,—1,—=2,...1in y,(x). We can therefore define

X 1 (2%}
nx) =o' mzﬂ (1—ﬁo—x,1—ﬁ1;2—ﬁ1—ﬁz; —a—])
(7.172)
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and

(0) = atr T+
=N TGt x+1-5)

2 F (51,ﬂ0+x;ﬂo+x+1—ﬁz§ g—?)

(7.173)

In the definition just given for y; (x) the argument of the hypergeometric function
is <1 for 0 < ap/ay < 1. A further consideration of y; (x) depending on the values
of the parameters 3y + x, 81, 5> and «a;/«a; will be given shortly.

We now show that y; (x) and y,(x) are linearly independent solutions of the dif-
ference equation (7.153); that is, that there is no factor A, independent of x, such
that y;(x) = Ay,(x). To this end we examine the asymptotic approximations for
y1(x) and y,(x) and find that their respective asymptotic approximations are mani-
festly not linearly related. The asymptotic approximations are most easily obtained
by transforming the hypergeometric functions in y;(x) and y,(x) so that the large
parameter x appears only in the third place in the hypergeometric function, in which
case the hypergeometric function goes to unity as x — oo (see [40, Sect.5.5]). The
asymptotic approximation for y, (x) is obtained straightforwardly. Making the trans-
formation, (H.2),

' -5 y
2F1(ﬁ1,ﬁ0+x;ﬁo+x+1— 2;%)=(1—"*2) 2Fl(ﬂ|,1—/32:/30+x+1—/32; — )

a a—a
(7.174)
we note that for x > 1, (see [40, Sect.5.5]),
2 Fy (51,1—ﬁz; Bo+x+1=0 a;?al) =1+0(%) (7.175)
from which
Y2 (x) = ot r(ﬂorﬁioif)_ S (1 - g—)fj (1+0 (1) (7.176)

For y; (x) we first make the transformation
2 Fi (1 —fo—x, 1= 5132 =01 — [ —Z—f)
o Bo+x—02 N
=(2) 2P (o4 x+ 1= 0= B 1= 32— By — B 1 — 2)

o Potx=F Iy
Z(Q—T) 2F1(1—52,50-’-)64-1—51—52;2—51—52; —a—f)
71177
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and then follow with the transformation (see [13, Sect.2.9, (26), p. 106] and [40,
Sect. 4, (26)])

2F (1= B, fo+x+1= By = B2 = B = B 1 — 2)

— piT(1-5) I'2— 61— B)I' B+ x) (l _ %)ﬂz_l
(=80T (B0 +x+1—75)

x 2 F (1—52,512504-)6—}-1—52; & )

Q) —Q|

[e3}

I'@2— 61— B)T(Bo + x) (1 B u_z)ﬂl—l (%)—ﬁo—x-‘rﬁz
' =) (Bo+x+1—751) a “
X 2 F (5z,l—ﬂ1;ﬂo+x+1—ﬁl; al‘i'az) (7.178)
from which
_ Botx jir(1=B) {1 _ a2 Bl o P I'(Bo + x)
yi(x) = o, € £ (1 m) (az) FA—8)TBo+x+1—05)

x o F (1—ﬂ2,51;50+x+1—ﬂ2; — )

Q) —Q
+ ot (1 - %)”“1 I'(Bo + x)
‘ “)  TA =BT +x+1-p)
x 2 Fy (52,1—51;50 +x+1-— 0 aloilaz) (7.179)

From (7.173) and (7.174) we note that the first term in (7.179) is a multiple of y, (x).
For x > 1 we have

2Fi (1= o Bis o+ x +1= B 225 ) =140 ()

2By (ﬁz,l—ﬁl;ﬁo+x+l—ﬁ1; - )=1+0(%) (7.180)

ap—Qp

from which, for x > 1, neglecting terms of relative order 1/x,

_ Box im0 (1 _ a2 Y2 (o) T'(Bo +x)
N =ae (l “l) (“2) A =p0F@Bo+x+1-05)
Bo+x 1— %3 A=l F(ﬁo +x) 7.181
T ( ‘”) I'd—p0)T G +x+1—05) (7181

From (7.157) we note that provided d]2 > 4dyd,, we have |a;| < |aq], so that for
x > 1 we may neglect the term in y;(x) with the factor o which is equal to
y2(x) apart from a factor independent of x. We then have, expanding the gamma

functions for x > 1 and neglecting terms of relative order 1/x,
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p - )
»nkx) = 0nger (1 - %) (x + B!

(€3]

1-5)"
Bo+x a1

— Bi—1

nx) = TS (x + o) (7.182)
The asymptotic approximation given here® for y; (x) is identical to that given in [39,
Eq.(2.6), p. 372]. For 4d12 > dyd,, for which |a;| < |ay], the solutions y;(x) and
y2(x) are thus clearly linearly independent. For 4d12 < dydp, oy = af from (7.156),
so that |ap| = |ay]|. The asymptotic approximation for y;(x) in this case is given in
[39, Egs. (2.14) and (2.9), pp. 372, 373], where a uniform asymptotic expansion of
the hypergeometric function is derived. However, the dominant behavior for x > 1
is still in the factor a‘f"“, so that y; (x) and y,(x) are again linearly independent.

We now return to a consideration of y; (x) as given in (7.172). If either 5y + x =
1,2,...or3; = 1,2,...then y;(x) is a polynomial, and the hypergeometric function
in this expression is finite. With the transformation given in (7.177) it follows that
y1(x)isalsoapolynomialif 5, = 1, 2, ... If none of these three conditions is satisfied
and if in addition a,/a; < 0, then the transformation given in (7.179) expresses
y1(x) in terms of hypergeometric functions with an argument z such that 0 < z < 1.

However, as noted, the term in (7.179) with factor o/;‘]ﬂ is a multiple of y,(x). The

second termin (7.179), with factor a?ﬁx ,1s therefore also a solution of the difference
equation. Therefore, for oy /a;; < 0 we can define the solution y; (x) by this second
term. Throughout, in making the following definitions we are free to omit any factors

which do not depend on x. In summary, then, we define

Bo+x 1 ¢
Vi) =a)’ mzﬂ (1 —Bo—x,1=01;2—=051— 01— i—f)
(7.183)
ifeither By + x =1,2,...,0or By =1,2,...(in which case y;(x) is a polynomial),
orif 0 <ay/a; < 1(.e.,0<4dyd, < dlz).
From (7.177) we define

Bo+
yix) =ay)"™"

L—0, Bo+x+1—081—03:2—051— B 72%)
(7.184)

1 F(
Te—pB—-p) "

if 3, = 1,2, ... (in which case y;(x) is again a polynomial).
Finally, if —1 < ap/a; <0, i.e., dy < 0, (see (7.157)), from (7.179), omitting
factors which are independent of x, we define

(x) _ aﬁ(r‘rx F(ﬁo + -x)
= TG +x+1- 6

2F1(52»1—51;50+x+1—51; o )

] —Qn

(7.185)

3 As noted in Appendix A of [22], Egs. (13)—(15) in [13] are incorrect.
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This last expression for y; (x) is appropriate for the consideration of the other set
of parameters for which the solution to the difference equation is a hypergeometric
function, namely when d; = 0, denoted earlier by (1, 0, 1). In that case, from (7.156)
we have ap, = —a;, and from (7.164),

Cl 1 fco o C 1 fco
Bi=—Sty(D_2) gty (R_2 7.186
: A 2(d0 dz) 2 A 2(d0 dz) ( )

y (x) = aﬁo+x l—‘(ﬁO + x)
: U T@o+x+1-75)

2F (B, 1= Bis Bo+x+1—Bi; 5) (7.187)

For y,(x), from (7.173) and making the transformation given in (7.174) with o, =
—aqp and (31, and (3, given in (7.186), we have, again neglecting factors independent
of x,

im(05 X / X F(ﬂ(} +'x)
ya() = €T F(Bo+x+1—75)

2L (B 1= B Bo+x 41— B 3)

(7.188)

We now consider those sets of parameters for which the solution to the difference

equation is expressed in terms of the confluent hypergeometric function or one of

its particular forms, namely, the Bessel function or the parabolic cylinder function.

We first consider the case denoted earlier by (1, 1, 1) (i.e., dodd, # 0) but with
d12 — 4dyd, = 0. We now have, from (7.155) and (7.156),

d 1 d
! . S (7.189)

alzazzaz——>0, s
2d2 (0] 2d()

and
fit) = da(a — 1)? (7.190)

In place of (7.159) we can write

v(it)  thit)  tdh(a—1% t  a—t (a—t)?

YO _ O OB BB (7.191)

in which, from (7.160), fo(¢) = co + 1t + cot?. Equating leading terms in (7.191),

we then have: As ¢t — 0,
Co Co .

= = 7.192
Bo ho? ~ do ( )
ast — 0o,
C2 Co C2
— B ==, that = — = 7.193
Bo — b g, Sotha Bi R ( )
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and as t — «,

5= fola) za(@_zc_urc_z) (7.194)
Integrating (7.191) gives

v(t) = At (o — 1) e (7.195)

from which
y(x) = / v(ydr = A / P (o — ) Do di (7.196)
in which we must choose an integration path such that
i (t)t"v(t)‘ =0 (7.197)

In order to express the solution y(x) as a commonly used integral representation
for the confluent hypergeometric function, we consider different transformations of
the integration variable in (7.196), one leading to functions of the form | F; (a; c; 2),
the others to functions of the form U (a; c; z). Then, depending on the particular
choice of integration path, different expressions are obtained for the confluent hyper-
geometric function. Which of these expressions provides a useful expression for the
solution y(x) depends, as will be seen, on the values of the parameters [y, 3;, 5, and
the variable z. To that end we first simplify the integral for y(x), (7.196), substituting
at for ¢ in the integrand and neglecting factors independent of x, giving

y(_x) — aﬁo-HC / tﬂ0+x—1(l _ t)—ﬁleﬁ dt (7198)

where

== (7.199)
(0%

The transformation of integration variable ¢ = % in (7.198) leads to functions
of the form | F) (a; c; z), giving*

y(x) — aﬂo-&-xeiiw(ﬁg-&-x—l)/s/31—ﬂg—x—l(1 _ s)ﬂ0+x—]eZS ds (7'200)

S
s—1°

t= 53;1 using Kummer’s transformation [36, Sect. 13.2(vii), Eq. 13.2.39].

4The alternate transformation, t = leads to functions which follow from those obtained from
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Alternatively, it will be useful to write this integral in the form
y(x) = ao* / sTE (1 = Lyfrtxlen g (7.201)

The particular form of the function | F;(a; c; z) defined by these integrals depends
on the choice of integration path, and will be considered shortly (see, e.g., [36,
Sects. 13.4 (i) and (ii)]).

The transformations of integration variable leading to confluent hypergeometric

functions of the form U (a; c; z) are t = % andt = vi_l Writing ¢t = % we have
y(x) = afotxeim =D / sh=ho=x=1(] 4 gyfotx=lo=2s g (7.202)

Writing 1 = 17 we have
y(x) = a®tret / sHE=l(] g g)iho=a=lems g (7.203)

Again, the particular form of the function U (a; c; z) defined by these integrals
depends on the choice of integration path (see [36, Sects. 13.4 (i) and (ii)]).

In these integrals, the relation of the parameters Gy +x — 1 = 2—2 +x—1 and
Go—Bi+x+1= 2—2 + x + 1 to the coefficients of the difference equation (7.153)
is seen most clearly if we define

yx +1) =a"w(kx) (7.204)
The difference equation for w(x) is then,? from (7.153) and (7.189),
Mm+x+Dwx+1D) -2 +x)wx)+(o+x—Dwkx—-1)=0 (7.205)

in which we define c
l

v = e i=0,1,2 (7.206)
Itis important to note that if we assume to have two independent initial conditions, for
example w(0) and w(1), then the recursion defined by (7.205) failsif v, + x +1 =0
in that w(x + 1) is then not determined.

From (7.198)—(7.203) we derive, in Appendix I, solutions to (7.205) correspond-
ing to particular choices of integration paths. The solutions w(x), divested of factors
independent of x, are given in Egs. (I1.12)—(1.29).

SWe note that, in terms of the difference operator A defined in Chap. 1, the difference equation
for w(x) can be written in the form (72 + x + DA2w(x — 1) + 2 — B) Aw(x — 1) + zw(x) = 0,
corresponding to the confluent hypergeometric function F5t given in Appendix L.
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In order to obtain a solution to the difference equation that satisfies arbitrary initial
conditions y(xp) and y(xo + 1), we require two linearly independent solutions of the
difference equation, y;(x) and y,(x). We therefore wish to chose, from among the
solutions given in Appendix I, pairs of solutions which are linearly independent. The
particular pair of solutions chosen will depend on the value of the parameters 7, +
x4+ land v +x — 1in (7.205) as well ason B; = 9 — 12 and z = 9 — 271 + 2.
The condition that the two solutions be linearly independent is that their Casoratian,
C(x), be non-zero: C(x) = y;(x) y2(x + 1) — y1(x + 1) y2(x) # 0. Noting that the
Wronskians of the various solutions that we are considering are relatively well-
known, (see, e.g., [36, Sect. 13.2(vi)]), we determine the Casoratian by expressing it
in terms of the Wronskian by the use of raising and lowering operators; these relate
the differential properties of the variable z in the solution to the discrete properties
of the parameter x.

We note that all of the confluent hypergeometric functions listed in Appendix I
are of the form F(a + x; ¢; z) or F(a — x; c¢; z), where F is either {F; or U. We
then make use of the raising operators

d
e 1 F@+xc62) =@+ Fia+x+ e 2)
d a+x a+x—1
—Z(z U(a+x;c;z))=(a+x)(a+x—c+l)z Ua+x+1;c2)
(7.207)

and the lowering operators

d

o (e’zzc’“HIFl (a —x;c; z)) =(c—a+x)e N Fa-x—-1;¢2)
z
d
- (e U@ —x5¢,2)) = —e 2" W@ —x—1;¢2) (7.208)
z

The linearly independent pairs of solutions of the difference equation (7.205)
and their corresponding region of validity are given below in Table 7.1, followed by
a detailed derivation of the Casoratian for one of the pairs; the derivation for the
remaining pairs is quite similar. The functions U 1-U4¢ and F1-F5¢ are defined in
Appendix I, Egs. (1.22)—(1.29) and (I.12)—(1.21). It is to be observed that within each
pair of linearly independent solutions, the variable and parameters are the same in
the functions U and | F;. We note also that if one of the parameters v, + x + 2 and
Yo + x is an integer while the other is not, then the second parameter in the confluent
hypergeometric function, 3, or 2 — 31, is not an integer. The gamma functions which
multiply the functions U and | F; enable one to use the raising and lowering operators
to express the Casoratian in terms of the Wronskian. We assume throughout that
Y +x+1#0,—1,-2... for any value of x in the range under consideration.



7.6 Solution of Homogeneous Linear Difference Equations ... 99

Table 7.1 Pairs of linearly independent solutions of the difference equation for w(x)
THEx+1#1,2,3,...
Y+x=1,2,3,...

z>0 (U2,F3)

z<0 (U3, F3t), (U3t, F5t)
THx+1#£1,2,3,...
Yo+x=0,—-1,-2,...
z>0 (U2,F2), (U2t F5)
7 <0 (U4t F5t)
THEx+1#1,2,3,...
Yo+x #0,£1,£2,...

z>0, B1#0,—1,-2,..., (U2, F3), (U2, F2)
z2>0, [B1#2,3,4,..., (U2t, F5)

z<0, B #0,—-1,-2,..., (U3, F3t)

z <0, 61 #2,3,4,..., (U4t, F5t), (U3t, F5t)
mHx+1=1,2,3,...

Yo+x#£1,2,3, ...

z>0 (U2t F5)
z <0 (U4t F5t)
YH+x+1=1,2,3,...

Yo+x=1,2,3,...

z>0, see Appendix J

z2<0, (1 #0,-1,-2,..., (U3, F3t)
z2<0, B1#23,4,..., (U3t, F51)

We give here the derivation of the Casoratian of the functions U3 and F3t, valid
assuming yo+x #0,—1,-2,... and y»+x+1:#0,—-1,-2,... and
z < 0. From (1.26) and (I.17), for conciseness of expression, we write the functions
U3 and F3t in the form

U3=T(y+x)U, —2)
(v +x)

F3t=————"—F(x,—2 7.209
C(y+x+1) ( ) ( )
The Casoratian of U3 and F'3¢ is then
Cyo+x+1)
CWU3, F3t) =T (yw+x)U(x, —2)———F(x+1,—z2
( ) (o +)U( )F(72+x+2) ( )
(v + x)
—TI'(yvy+x+DHUKXx+1,—z)————F(x, —
(o YU ( Z)F(’Yz+x+1) (x,—2)

T+t +x+1)
F'vn+x+1)
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[ U, —2)
X

izl G+l -9 -UGa+1-9FG, _Z)}

(7.210)
Here, using the raising operators,

e (UG, )
(72 +x + Dy + x)z0t
(2 F(x, —2))

d
Flx+1) = 24 (7.211)
(Yo + x)200+x '

Ux+1) =

from which

(7 + x) .
F'(va+x+2)

X |:U(x, —Z)iF(x, —z7) — F(x, —Z)iU(x, —Z)i|
dz dz

CU3, F3t) =

T+ .
My +x+2)

x WU (x, —z), F(x, —2))

I'(y + x)

_ 1-p1 ,—2
__ )P 7212
(v +x+ 2)( ) ( )

where W(U (x, —z), F(x, —z)) is the Wronskian, given in [36, Sect.13.2(vi),
Eq. 13.2.34] and, from (7.194), (7.199) and (7.206),

Z=% -2+ (7.213)

The case in which z = 0, whichis notincluded in Table 7.1, is considered here. The
difference equation (7.205) then has, neglecting factors independent of x throughout,
one solution w(x) = 1 given by F5 or F5t, and a second linearly independent solution
wx)=T(w+x)/T(yn+x+1),gvenby F3or F3tifv +x #0,—1,—-2...0r
by F4 or FAt if yy +x # 1,2, 3 ... For integer values of x the second solution can
be written in the form w(n) = (y0), /(72 + 1),. For the case in which vy = 7, + 1,
the second solution may be written as a linear combination of the two solutions:

i) = (%(7_2;; 1—) 1) [(vivi);)n - ’szi 1]’ 7219
from which w(0) = —1, w(1) =0, and
n—1 1
w(n) = o Z —F " >2 (7.215)

k=1
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7.6.1 Solution of Second Order Homogeneous Differential
Equations with Linear Coefficients Through
Transformation of Dependent and Independent
Variables

Finally, we present an approach in which the dependent and independent variables of
the differential equation are transformed so that the resulting equation is recognized
to have a form whose solution is well-known. We carry through this approach for
the second order homogeneous differential equation with coefficients linear in the
independent variable. Explicit solutions are given in [13, Sect. 6.2, pp. 249-252], the
transformed equation having solutions which are either a confluent hypergeometric
function or a Bessel function (which may be expressed in terms of confluent hyperge-
ometric functions), the specific form of the solution depending on the coefficients. A
summary of transformations leading to the solution is given in [27, C. 2., Eq. (2.145),
p. 434]. Here we present the derivation of the explicit solutions with a slight change
of notation to facilitate comparison with the analysis given in the next section, where
we apply this approach to the corresponding difference equation.
The specific function which is the solution to the second-order differential equa-
tion
(€2 +d2x)y (1) + (e1 +d12)y'(0) + (o + dox) y(x) = 0 (7.216)

depends on the value of the parameters dy, d, and d,, for which we use the classifica-
tion discussed previously in Sect. 7.6 of this chapter in connection with the difference
equation

(2 +da(x +1D))y(x+ 1)+ (c1 + dix)y(x) + (co +do(x — 1))y(x — 1) =0.
(7.217)
There we defined the symbol (dy, 01, 2) in which §; =0 if d; =0 and §; = 1 if
di # 0, =0,1,2). We again consider the nine possibilities: (1, 1, 1) with d12 —
4dpd, # 0, (1,1, l)withdl2 —4dyd, =0, (1,0, 1), (1,1,0), (0, 1, 1), (0, 1, 0), (0,0, 1),
(1,0,0),(0,0,0).
We start by making the change of dependent variable:

y(x) = " w(x), (7.218)
the differential equation for w(x) then being

(c2+ dax)W (x) + [2(c2 + dax)h + (c1 + dix) W (x)

5 (7.219)
+ [(c2 + dox)h” + (c1 + dix)h + (co + dox)Iw(x) = 0.

The significant parameters in this equation are evident in the last term of this equation,
specifically,



102 7 Generating Functions, Z-Transforms, Laplace Transforms ...

bl +dih +dy = M), A= (d} — 4dodr)?
eh? +eh+co=r(h), 7= —dcoer)? (7.220)

We consider first the case (0,0, 0) (d» = di = dyp = 0), for which the differential
equation (7.219) then has constant coefficients:

cew' (x) + K (W)W (x) + k()w(x) = 0. (7.221)

Choosing 4 to be a solution of k(h) =0, (h = hy = _‘2“;”’), then gives the solution

w(x) = constant, from which we have the two linearly independent solutions to
(7.216):

yi(x) = e

ya(x) = e (7.222)
if v #0.1fy =0then iy =h_ = —35- and w'(x) = 0, the second solution being
w(x) = x, from which

y2(x) = xel* (7.223)

Next, considering (1, 0, 0), (dy # 0), the differential equation (7.219) is then
eow' (x) + K (W)W (x) + (k(h) + dox)w(x) = 0. (7.224)

Choosing h = —L so that x'(h) = 0, we then have x(h) = —%. The differential

. 2¢2
equation for w(x) is then

" v d
w (x) = (P — —x) w(x), (7.225)

which is essentially the differential equation for the Airy function (see [36, Chap. 9]).
If we now make the change of independent variable

2= —(c2dd) "5 ((h) + dox), (7.226)

writing w(x) = f(z), we have

f @ =2 (7.227)

for which the two linearly independent solutions are f(z) = Ai(z) and f(z) =
Bi(z), from which the solutions to equation (7.216) are

i(x) = e R Ai(2)
2 (x) = e_%Bi(z) (7.228)
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If the argument of these Airy functions is positive, they can be expressed in terms
of the modified Bessel functions K 1 and [ 1. If the argument is negative they can be
expressed in terms of the Bessel functions J ! and J_, L all of which can be expressed

in terms of confluent hypergeometric functlons [36, Chap 9].

Next we consider the remaining seven cases, for which either d, # 0 or d; # 0.
We can then choose & to be a solution of the equation A(2) = 0. The differential
equation for w(x), Eq.(7.219), is then

(c2 + dox)w' (x) + (' (h) + X (W)x)w'(x) + k()w(x) = 0 (7.229)
If, in addition, d, # 0 then X' (h) = A and Eq.(7.229) is
(c2 + dox)w (x) + (K (h) + Ax)W' (x) + k(W)w(x) = 0, (7.230)

which is essentially the differential equation for the confluent hypergeometric equa-
tion | F1(a; c; x) provided A # 0, since the factor of w(x) is independent of x, [36,
Chap. 13]. The two conditions, d, # 0 and A # 0, are fulfilled for (1, 1, 1) with
A #0,(1,0,1) and (0, 1, 1), and for these three cases a linear transformation of
the independent variable allows one to express the solution in terms of the confluent
hypergeometric function: Defining

A
z= —g(cz-Fde), (7.231)
writing w(x) = f(z), we have
@+ €-2f @ —af@) =0 (7.232)
so that
f@) =1F(a;¢;2) (7.233)
and hence
y(x) = " Fi(a; ¢; 2) (7.234)
in which
—d
po ZGtA
2d,
K (h)
a=—-
A
Cldz - Czdl
C= 75
d;

A
z=——(+ d>rx) (7.235)
d;
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We next consider (1, 1,0) and (0, 1, 0), for which d, = 0, d; # 0. Then from
A(h) =0 wehave h = —j—‘: and the differential equation (7.219) for w(x) is

ceow' (x) + (K (h) + dyo)w' (x) + k(B)w(x) = 0.

(7.236)
If we now make the change of independent variable

=

1 2
'(h d s 7.237
rord, (K'(h) + dix) (7.237)

writing w(x) = f(z), it is seen that f(z) satisfies the differential equation for the
confluent hypergeometric function:

, h
i @D+G-f @ - Z(Tl)f(z) =0. (7.238)
Thus, f(z) = 1 Fy(a; %; z), from which

y(x) =" Fi(a; 1;2) (7.239)
in which

i=—

1
'(h) + dyx)? 7.240
2c2d1(”( ) +dix) ( )

Finally, we consider (1, 1, 1) with A =0 and (0, 0, 1), for which d, # 0 and
A = 0. Then, from \(h) =0, h = —2‘17‘2. Equation (7.219) for w(x) is then

(c2 + o)W (x) + K (W)W (x) + k()w(x) = 0.

(7.241)
With the change of independent variable

2
2= ZKki(cy+dax)?, (7.242)
d>
writing w(x) = f(z), the differential equation for f(z) is

o @D+ QCu—1)f'(2)+z2f(2) =0 (7.243)



7.6 Solution of Homogeneous Linear Difference Equations ... 105

in which p = "‘dzd’fzdl. Then, making the transformation of dependent variable

2
g(z) = z!7# f(z), we find that g(z) obeys the differential equation for the Bessel
function:

29 (2) +29'(2) + (22 — (1 — w)?g(z) =0, (7.244)

the solutions being g(z) = Ji_,(z) and g(z) = Y|_,(z). Finally then, for the two
cases (1,1, 1) with A =0 and (0, 0, 1),

y(x) = e () (7.245)
in which
2d,
_ C1d2 — 02d1
d3
2 1 1
i= K (h)(c2 + drx)> (7.246)
2

We note that once one has made the change of dependent variable given in (7.218),
defining the equation (7.219), all of the changes of independent variable introduced to
produce differential equations in a well-recognized form, given in (7.226), (7.231),
(7.237), and (7.242), define the new independent variable z to be a coefficient of
either w(x), w'(x), or w’ (x) raised to the power %, 1 or2.

7.6.2 Solution of Second Order Homogeneous Difference
Equations with Linear Coefficients Through
Transformation of Dependent and Independent
Variables

In this section we analyze the difference equations denoted earlier by (1, 1, 0),
0,1, 1), (1,0,0), (0,0, 1) and (0, 1,0). However, rather than deriving the solu-
tion in the form of an integral, we present an approach in which the dependent
and independent variables of the difference equation are transformed so that the
resulting equation is recognized to have a form whose solution is a well-known spe-
cial function of mathematical physics. This approach resembles that given in [13,
Sect. 6.2, pp.249-252], for differential equations of second order, where it is shown
that the transformed equation has solutions which are either a confluent hypergeo-
metric function or a Bessel function (which may be expressed in terms of confluent
hypergeometric functions), the specific form of the solution depending on the coef-
ficients.
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Referring as before to the difference equation (Eq.(7.153))
(2+d(x+1)y(x + 1)+ (c1 +dix)y(x) + (co +do(x — 1)) y(x — 1) =0,
(7.247)
we first consider the cases (1, 1, 0) (for which dy # 0,d; # 0,d, = 0),and (0, 1, 1)
(for which dy = 0, d; # 0, d, # 0). As noted earlier, the solution to the equations
defined by (1, 1, 0) and (0, 1, 1) are related simply by a multiplicative factor. Thus,
if we start with (1, 1, 0), namely
oyx+ 1)+ +dix)yx)+(co+do(x —1))y(x —1) =0 (7.248)

then, writing this as
¢
ey + 1)+ (cr +dix)y(x) +do (d—o +x - 1) yax—-1D=0 (7.249)
0

and defining
yx)=r (CCTO +x) w(x) (7.250)
0

we obtain the difference equation for w(x)
c (CCTO + x) wkx + 1)+ (c; +dix)wx) +dyw(x — 1) =0 (7.251)
0

which is denoted by (0, 1, 1). In similar fashion, if we start with a difference equation
denoted by (0, 1, 1), namely

(2+dx+ 1)y +1+ (€ +dix)yx) +coyx—1) =0 (7.252)

then, writing this as

d> (572 +x+ 1) yx + 1)+ (e1 +dix)y(x) + coy(x — 1) =0 (7.253)
2

and defining
Yoy = — (7.254)
r (d—2 Fxo+ 1)
we obtain the difference equation for w(x)
dwx + 1)+ (c; + dix)w(x) + co (2—2 —I—x) wkx—1)=0 (7.255)
2

which is denoted by (1, 1, 0).
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We consider first the difference equation denoted by (1, 1, 0), i.e.,
oy + 1)+ (cr +dix)y(x) + (co + do(x — D)y(x = 1) =0 (7.256)

and note from (8.29) that both the confluent hypergeometric functions M (a; c; z) =
%1F1 (a; c; z) and U(a; c; z) obey a difference equation denoted by (1, 1, 0),

namely,

zF@a;c+ 1200+ —z—c)F(@a;c;2)+(—a+c—1)F(a;c—1;2) =0.
(7.257)
In order to show that the difference equation (7.256) has solutions of the form of
M(a;c;z) = F(FC(;)“)IFI (a; c; z) and U(a; c; z), we define F(a; ¢; z) = €™ F(a; ¢; 2)
and replace ¢ by ¢ + x, giving

Faic+x+120)+G@—14+c+x0)F@ac+x;2)+(—a+c+x—1DF@ac+x—1;2)=0

(7.258)
We then define
y(x) = Xw(x) (7.259)
giving the difference equation for w(x):
/\202 A Co
—wx+D+—wx)+|—4+x—-—D)wkx—-1)=0 (7.260)
do do do

To equate the difference equations (7.260) and (7.258) for w(x) and F(a;c+x;2)
we define

d
A= =2
d
Co
c—a=—
do
. )\26‘2
7= a
)\C]
c+z—1=— (7.261)
do
fromwhichz = 2% =9 41— 2% =9 4] _2b _a
di dy a:’ dy d? do”
We then have,° provideda # 0, —1, —2, ..., two linearly independent solutions
of (7.256),

SIf ¢ =0,—1,—2..., then from [36, Sect.13.2(0), Eq.13.2.4], F;C(;ijﬁm(a;wrx;z) -
(=D)*U(a; ¢ + x; z); hence y; (x) = (= 1) y2(x).


http://dx.doi.org/10.1007/978-3-319-29736-1_8
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. I'(c—a+x)
— AX ITX F ; ;
yi(x) e Tern ! 1(a;c+x;2)
y2(x) = Xe™U(a; ¢ + x; 2) (7.262)

The Casoratian of y;(x) and y,(x) may be derived as shown earlier, using the
raising operators to relate the Casoratian to the Wronskian. From [36, Sect. 13.3(ii),
Egs. 13.3.20 and 13.3.27], we have

d (c—a+x) _
— (e Fi(a;c+x2) =———Lee Y1 Fi(a;c+x+1; 2
dz( 1Fi( ) S 1F1( )
d
o (e?U(asc+x;2)) =—e“Uaic+x+1;2) (7.263)
z
from which

CH1(™), y2() = y1@)y2(x + 1) — y1(x + Dy2(x)
I'lc—a+x)

— )\2x+162iﬂ'x
I'(c+x)

d  _
x lFl(a;c—i-x;z)eZd—(e “U(a; ¢ + x3 2))
z

cd
—U(a;c+x;z)e“d—z(e Z1F1(a;64rx;z)))

I'lc—a+x)
I'(c+x)

— /\2x+ 1 e2i7rx

d d
X (lFl(a§C+X§Z)EU(a§C+X§Z)_ deIFl(a;chX;z)U(a;chX;z))

- I'(c—a+x)
—_ \2x+1 2igx - \¥ T AT . . . .
— \2xtl, S W (1Fi(a;c+x:2),U(a; c + x; 2))
_ _prgimle—aty) o, (7.264)
(a)

from [36, Sect. 13.2(vi), Eq. 13.2.34].

We next consider the cases (1,0, 0) (for which dy # 0,d; =0,d>, = 0), and
(0,0, 1) (for which dy = 0,d; =0, d, # 0). As noted earlier, the solution to the
equations defined by (1, 0, 0) and (0, 0, 1) are related simply by a multiplicative
factor. Thus, if we start with (1, 0, 0), namely

oy +1) +cey(x) + (co+do(x = D)y(x = 1) =0 (7.265)
then, writing this as

oyx+1)+cyx) +dy (2—24—)6—1) yx—1)=0 (7.266)

and defining
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yx) =T (2—0 + x) w(x) (7.267)
0
we obtain the difference equation for w(x)
e (2—0 + x) wx + 1) + crw(x) + dow(x — 1) = 0 (7.268)
0

which is denoted by (0, 0, 1). In similar fashion, if we start with a difference equation
denoted by (0, 0, 1), namely

(2 +dr(x+D)y(x + 1) +c1y(x) +coy(x —1) =0 (7.269)

then writing this as
c
d> (d_2 +x+ 1) +cay(x) +coy(x —1) =0 (7.270)
2

and defining

)= "D (7.271)
I TG '

we obtain the difference equation for w(x)
dwx + 1)+ cyw(x) + ¢ (:Tz +x) wx—1)=0 (7.272)
2

which is denoted by (1, 0, 0).
We consider next the difference equation denoted by (1, 0, 0), i.e.,

oy(x+ 1) +cyx) +(co+do(x = 1)y(x —1)=0 (7.273)
and note from (8.36) and (8.38) that both of the parabolic cylinder functions
W(a,z) =e™I'(a + %)U (a,z) and V(a, z) obey a difference equation denoted
by (1, 0, 0), namely

Fa+1,2) —zF(a,2) —(a—$F@a—1,2)=0. (7.274)

In order to show that the difference equation (7.273) has solutions of the form
W(a,z) = ™I (a + %)U(a, z) and V (a, z), we replace a by a + x and define

() = Nwx) (7.275)

giving the difference equation for w(x):


http://dx.doi.org/10.1007/978-3-319-29736-1_8
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ci do (co

To equate the difference equations (7.276) and (7.274) for w(x) and F'(a + x, z) we
define’

PR
(&)
Co 1
=—| =4+ =
¢ (02 2)
= (7.277)
°= C2>\ '
We then have, provided a + x # —%, —%, —%, ..., two linearly independent solu-

tions of (7.273),

yi(x) = Xe™(a+ x + %)U(a +x,2)
y(x) =AV(a+x,z2) (7.278)

The Casoratian of y;(x) and y,(x) may be derived as shown earlier using the
raising operators to relate the Casoratian to the Wronskian. From [36, Sect. 12.8(ii),
Eqgs.12.8.9 and 12.8.11] we have

d |
= (eZZZU(a + x, z)) =—(a+x+ %)e%ZZU(a +x+1,2)
Z
d 1.2 1.2
5-&wvm+x¢ﬂ=eﬂvm+x+L@ (7.279)
Z
from which

CO1(x), »2(x) = yi1(@)y2(x + D — y1(x + Dy2(x)

= NI (@ 4 x 4 e 17
d d -
« (U(a +x)d72 (e“lZZV(a +x,z)) —V(a _|_x,z)d—Z (e%LZU(a —I—x,z)))
= N ™ T (g 4 x + 1)
d d
x\Ula+x)—Via+x,2) = Va+x,2)—-Ula+x,2)
dz dz
= NP (@ 4 x + DYWU (@ +x), Via +x))

:Vﬁ%mrw+x+bJ§ (7.280)
™

from [36, Sect. 12.8(ii), Eq. 12.2.10].

TIf ‘g—g < 0 we can choose A = —sgn (;—;) 1/—i{—g so that z > 0.
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We consider finally the difference equation denoted by (0, 1, 0), i.e.,
ey + 1) + (Crany(x) + coy(x = 1) =0 (7.281)
Here, there are two cases to consider: (a) ¢p and ¢, have the same sign (hence
cocy > 0), and (b) ¢ and ¢, have the opposite sign (hence cocy < 0). If cocy > 0,
then writing y(x) = A*w(x), the difference equation for w(x) is

AXw(x + 1) + My + dix)wx) 4+ cow(x — 1) = 0. (7.282)

Choosing A = —sgn(d,) E—s We then have

il (e B
wkx+1) — Jeoes (Z +x) wx)+wkx —1)=0. (7.283)

Then from (8.32) we have the four linearly independent solutions J,(z), Y, (z),
H{V(z), H®(z), in which

24/616‘2 C1
= V= —
ldi] d

+x (7.284)

As before, the Casoratians can be obtained using the raising operators. However, in
this case they are, apart from a sign, equal to the Wronskian, and are given in [36,
Sect. 10.5, Eqs. 10.5.2-10.5.5]:

2
G(JV(Z), YU(Z)) = _Tr_Z

2

Tz
o 2i
€ (4 (2). H?(2)) = -

€ (4, (), H"(2)

7z
o
e (H"(2), H? (2)) = W—'Z (7.285)


http://dx.doi.org/10.1007/978-3-319-29736-1_8

Chapter 8
Dictionary of Difference Equations
with Polynomial Coefficients

In this chapter we list the difference equations for some of the classical functions
and polynomials of mathematical physics. These difference equations have coeffi-
cients which are polynomials in the argument of the difference equation, their degree
ranging from zero (i.e., constant coefficients) for the Tchebichef polynomials 7}, (x)
and U, (x) to three for the Jacobi polynomials P,fa’ﬁ) (x) and Q,(Ia"ﬂ) (x). We list only
those difference equations in which only one parameter varies (note, for example,
Eq.(8.16), in which only v varies, or Eq.(8.17), in which only p varies). A full
investigation of the relations between contiguous functions, which involve two of
the parameters (given, e.g., in [13, 36]) leads to the subject of partial difference
equations, which we leave to future work. We note, however, that for a function with
two parameters (e.g., P/'(x)), one can obtain a three-term equation connecting the
function at any three distinct points in the two-dimensional grid (a + n, b + m):
AF(a+ny,b+m)+ BF(a+ny,b+my) + CF(a + n3, b+ m3) = 0 directly
from the four contiguous relations for the nine contiguous values of the function, for
whichn,m =0, +1:

AF(a,b)+BF@+1,b)+CF(a,b+1) =0
AF(a,b) + BF(a—1,b) +CF(a,b+1) =0
AF(a,b)+BF(@+1,b)+CF(a,b—1) =0
AF(a,b)+ BF(a—1,b)+CF(a,b—1) =0,

8.1)

Here, (n1, my), (ny, m) and (n3, m3) are distinct pairs of integers, n;, m; = 0, =1,
+2,...,and A, B and C are functions of a and b. In particular, the two relations
involving only one parameter,

AF(a,b)+BF(a,b+1)+CF(a,b—1)=0 8.2)
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and
AF(a,b)+BF(@a+1,b)+ CF(a—1,b)=0 (8.3)

can be derived directly from the contiguous relations given above.
Difference Equations with Constant Coefficients

The Tchebichef polynomials

T, (cos f) = cosnf

i 16 (8.4)
sin 6
obey the same difference equation:
Th1(x) = 2xT(x) + T (x) =0 8.5
Up+1(x) = 2xUp (x) + Up—1(x) =0 (8.6)

Difference Equations with Linear Coefficients

The parameters ¢; and d;, (i = 0, 1, 2), in this section refer to Eq.(7.153). See also
the discussion surrounding (7.163).

(i) Orthogonal polynomials

(i1) Legendre polynomials

(n+ D Pyi1(z) —2z(n + HPy(2) + nP,_1(z) =0
=0, c;=—z, ¢g=1
=1, d=-2z, dy=1, d} —4dydy =4~ 1) (8.7)

<o
——2 =0
(do d +d2)

(i2) Gegenbauer polynomials, C, (z). The Gegenbauer polynomials, also called
ultraspherical polynomials, can be expressed in terms of Legendre functions: C, (z) =

1
y—v+sp3 L (n+)i1'/> - 1)%*%" P 2 /" : (z) as well as in terms of Jacobi polynomials:

v F(V+) T'(n+2v) pv— 2 V— 2)
C/(z) = Totv+D) T P, (2)-

n+DCy () —2z(n+v)C /() +(n—1+20)C)_1(z) =0
=0, ¢ =-2vz, co=2
=1, d=-2z, dy=1, d?—4dydy=4z>—-1) (8.8)

Co C1 C
2224 2) =0
(do d; * dz)


http://dx.doi.org/10.1007/978-3-319-29736-1_7
http://dx.doi.org/10.1007/978-3-319-29736-1_7
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(i3) Laguerre polynomials

(n+ DLy (x)—@n4+a+1—-x)Lyx)+n+a)L;_(x)=0
=0, ci=—(a+1—-x), co=a+1
=1, d=-2, dy=1, d}—4dyd, =0 (8.9)

(i4) Laguerre polynomials

XL (x) = (a0 +x)LO(x) 4+ (@ +n) Lo ' (x) =0
c=x, ¢cg=—x, co=n+1 (8.10)
=0, d=-1, dy=1, d>—4dyd, =1

(i5) Hermite polynomials

Hn+l(x) —2xH,(x) +2nH,_1(x) =0
=1, ¢ =-2x, cp=2 (8.11)
=0, d =0, dy=2, d}—4dyd, =0

(16) Hypergeometric polynomial F,(z) =, Fi(—n, b; ¢; 2)

m+o)F @) —lc+2n—b+n)z]lF @)+ —2)nF,_1(z) =0

co=c—1, ci=bz—c, cy=1—z2

=1, di=z-2, dy=1-2z, d} —4dydry=7" (8.12)
QO _po @) _He=2h)
d() d] dz z—2

l(Y
(i7) Associated Legendre polynomial P %(z) = (%) SR (-n,n+ 151 +

o 59/T(1 + o).
The polynomial P, “(z) defined here can be expressed in terms of the Jacobi

1
polynomial P (z) with § = —a: P{*~)(z) = T0tnta) (z£1)2® pray)

n! z—1
(a+n+DP (@) —2zn+ HP @+ (n— )P, () =0
) =w, C]=-—2I, Cozl—a
dy=1, d=-2z, dy=1, d} —4dydy =4(>—1) (8.13)

Co C1 C
2224+ 2)=0
(do d * dz)
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(i8) Jacobi polynomial Pn(a’ﬂ ) (x). A second solution of the differential equation

obeyed by the function P, (x) is 0" (x), which is not a polynomial but satisfies

the same recurrence relations as P,l(Cwa ) (x) and is a second, linearly independent,

solution of the difference equation satisfied by P,,(a’ﬂ) (x):

(n+a+B+ DA —-x)PO D) — Qa+ @n+a+ B+ D —x) PP (x)
+2(n+ )P (x) =0

a=mn+PH0-x), aa=—-QCn+F+D(1—x), cg=2mn+1)

db=0-x), di=—-0B—x), dy=2, di—4dodr =(1+x)*

(c_o _Lc c_2> _ Cn+ 6+ 1A +x) (8.14)
do d  d, 3—x

(19) Jacobi polynomial Pn(a’ﬁ) (x). A second solution of the differential equation
obeyed by the function PP (x)is Qf,“’ﬁ) (x), which is not a polynomial but satisfies
the same recurrence relations as P,fu“ﬁ) (x) and is a second, linearly independent,
solution of the difference equation satisfied by P,,(a"g) (x):

+a+f+ DA+ P V@) — @B+ @n+a+ 5+ D +x)) P ()
+2(+ AP V() =0

o=m4+a)(1+x), c;=—-Cn+a+1){1A+x), co=2n+1)

dy=0+x), d=-0@+x), dy=2, di—4dydy=(1—x)?

co Cl c n+a+ 1)1 —x)
A, Tl T 8.15
(do d; * dz) 34+ x ( )

(i1) Classical functions
(iil) Legendre functions, P/'(z). A second, linearly independent, solution of the

differential equation obeyed by the function P/ (z) is Q% (z), which satisfies the same
recurrence relations as P} (z):

(v—p+ P (@) =22+ HPHD) + (w+ P (2) =0
Co=—p, cg=-z, c=p+1
=1, d=-2z, dy=1, di—4ddyd=4(z*~1) (8.16)

Co C1 2
22242 ) =0
(do d; - dz)

(ii2) Legendre functions P#(z) = P!(z)/I'(u — v). The function Q! (z) =
Q!(z)/ ' (u — v) satisfies the same recurrence relations as P*(z):
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(=P @) + 202 = DTPEE) + (u+ ) PET (@)
c=—Ww+1), =0, ¢cg=v—+1

do=1, d*—4dyd, = (8.17)

=1, d =2z —1)"2,

co
— — 2 L4 ) =0
(do d
(ii3) Gegenbauer (ultraspherical) functions, C}/(z). A second, linearly indepen-
dent, solution of the differential equation obeyed by the function C}(z) is D} (z),

which satisfies the same recurrence relation in o as C(2):

(a+1DCh(2) —2zv + )C(2) + Qv+ a—1)C;_(z) =0

=0, ¢ =-2zv, co=2
d=1, d=-2z dy=1, di—4ddydr=4(z"—1) (8.18)
O _L,a ., 2)_ -0
dy d
(ii4) Gegenbauer (ultraspherical) function, C%(z) = (lﬂ# “(2)
1/+2+2
W45+ - DEM @) + Qv +a—3) — (v + @)]€L(2)
~W=1+50€ ) =0
1,1 2 1 2 1
=(—3+;0EC =1, a=a—-3—-az", ¢=—z« (8.19)
db=72-1, di=2-7%, dy=—-1 d’—4dydr =7*
@ _,a a)_Zlets)
d() dl dz 2— Z2
(ii5) Gegenbauer (ultraspherical) function, C%(z) = r(r(u) )C "(2)
1/+2
v+ 30@E = DCH (@) + Qv +a—3) — v+ a)Z*]C(2)
— W =3+ 30 () =0
1 2 11
cz=(—1+§a)(z -1, aqa=a—-j5—az, COZ_E_EO‘ (8.20)

=71, di=2-72, dy=—1 d} —4dydr =7

@ _,a ) _2lts)
d() d] d2 2 — Z2
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(ii6) Gegenbauer (ultraspherical) function, D¥ (z) = 272L*IZZ)V1DZ(1)
F(I/)F(l/+§+§a)
v+ 3i+102DM @)+ (v +a) — Qv+ a— HZ DY)
—w—1+i(1 =)D () =0

112 1y,2 La(z?
=(-3+;07, a=a—(a=-3)7", c=;0 -1

=722, di=1-27 dy=E—1) d? —4dydy =1 (8.21)
@ _,a e\ _(ats)
do d1 d2 222—1

.. . . =201 2y ”
(ii7) Gegenbauer (ultraspherical) function, D (z) = z(l—“l)D;(Z)
F(V)F(V+§a)

W+ 302D @) + (v + @) — Qv+ a — DD ()
—w-1i+in1-D (@) =0

o=(l+307°, c=a— (- c=G+50E 1) 322)

=7 di=1-27 dy=(E"—1) di —4dody =1

@ o @) _lety)
d() d1 d2 222—1

(118) Hypergeometric function , F(a, b; c; 2)

a(l =z Fi(a+1,b;¢c;2) +[c —2a+ (a —b)z]rFi(a, b; c; 2)
+(@—c)pFi(a—1,b;c;2) =0

c=z—1, ci=c—=bz, co=1—-c

d=1-z, d=z-2, dy=1, di—4dyd, =7 (8.23)

€, @) _uc=2b)
d() dl d2 2—z2

(119) Hypergeometric function , F(a, b; c; z)

b(1 =z Fi(a,b+1;¢;2) +[c —2b+ (b —a)zla Fi(a, b; c; 2)

+ (b —c)kli(a,b—-1,¢2)=0

c=z—1, cg=c—az, cg=1—-c¢ (8.24)
dy=1-z, d=z-2, dy=1, d}—4dyds =7

C _ 0, @) _ =2
d() d1 dz 2—-z
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(ii10) Hypergeometric function' »F| (a, b; c; z) = Fl(f(;)b)zFl (a,b;c;2)

(c—a)zF1(a,b;c+1;2)+(c—1—Qc—a—b—1)2),F1(a, b; c; 2)
—(c—b—-—1DU—=-2)F(a,b;c—1;2) =0

o=—(a+1Dz, cg=@+b+Dz—-1, cg=b(1—-2) (8.25)
b=z, di=1-2z, dy=—(1—-2), d?—ddydy =1

co ci 2 1l—a-5>b
—_—2—4 =)= —
dy d d 1-2z2
@iil1) Confluent hypergeometric function F(a;c;z) = 1Fi(a;c;z) or
I'a+1—-c)U(a;c;z2)

aFla+1;c;20)—Qa—c+2)F(a;c;2)+@a@a—c)Fa—1;¢;2) =0

co=-1, ci=c—2z, ¢g=1—c¢

=1, d=-2, dy=1, d*—4dyd, =0 (8.26)
Co C1 C2
AU ok T [P

(do dy * dz) ‘

(ii12) Confluent hypergeometric function F(a;c;z) = ;Ej:g; 1Fi(a; c; 2),

r
ﬁ 1Fi(a; c; z2),or '(a)U(a; c; z)

(a@a+1-c)F@a+1lc;20)—QRQa—c+2)Fa;c;2)+@—1)Fla—1;¢;2) =0
cp=—-—c c1=c—2z, ¢c=0
=1, d=-2, dy=1, d} —4dyd, =0 (8.27)

Co C1 o
— 22— —~Z ) ==
(do d, * dz) ‘

(i113) Confluent hypergeometric function F(a;c;z) = (Fi(a;c;z)/T(c) or
Ua;c;2)/T'(c —a)

z2lc—a)Fla;ce+ 1,200+ —z—0o)F(a;c;2) + Fla;ce—1;2) =0
o=-z(a+1), ca=1-z, =1 (8.28)
=z, d=-1, dy=0, dj—4ddydr=1

n Eqgs. (8.25)—(8.31) in which functions have a coefficient of the form I"(b), one may replace I'(b)
by ¢!/ T'(1 — b) without modifying the associated difference equation.
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(ii14) Confluent hypergeometric function F(a;c;z) = F(FC(C)“)IFI (a;c;z) or
Ua;c; z)

zF@a,c+1;2)+(1 —z—0¢)F(a;c;2)+(c—1—a)F(a;c—1;2) =0
0=z c=1-z, cg=-—a (8.29)
=0, d=-1, dy=1, d?*—4dyd, =1

(ii15) Confluent hypergeometric function U (a; c; z)

zaU(a+1l;c+1;20)+(@Z—c+DU@a;c;2) —U@—1;¢—1;2) =0
=0, ci=z+1, c¢g=-1 (8.30)
b=z, di=—1, dy=0, d?—4dod, =1

(i116) Confluent hypergeometric function F(a; ¢; z) = I'(a)U (a; ¢; z)
Fla+lic+1;20)+(@—c+DF(a;c;2) —(a—DF@—1;¢c—1;2) =0

=2z c=z+1, ¢=0 (8.31)
dy=0, dy=-1, dy=—1, d} —4dyd, =1

(ii17) Bessel functions J,(z), Y, (z), H{V(2), H? (z)

2v

Jl/+l(Z) - ?JI/(Z) + Ju—l(z) =0
2v

Y 11(2) — —Yu(z) +Y,.1(z) =0

) ) M,y _
H, [\ (z) — H (2)+H, ,(2)=0 8.32)

H? () - H<2>(z> +H? () =0
6‘2=1, 01—0, Co—l

4

2
dy=0, diy=—=, dy=0, di —4dody=—
Z

I8\l

(ii18) Bessel functions I,,(z), K ,(z) = ¢"™ K, (z)

2v
IVJrl(Z) + _IV(Z) - Ilzfl(z) =0

iy
Ku1() + — K@) = K,m1(2) = 0 (8.33)

C2=1, C]—O, C0=—1

2 ) 4
=0, di=—-, dy=0, di —4dodr =~
< Z
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(i119) Bessel function K, (z)

2v
Ky y1(z) — ?KV(Z) —-K,_1(z) =0

6‘2=1, 6‘120, C0=—1
4

2
dy=0, diy=—=, dy=0, di —4dydy=—
Z

I8\l

(1120) Parabolic cylinder function D, (z)

Dl/+l(Z) - ZDI/(Z) + VDV*I(Z) =0
=1, cg1=-z, =1

dy=0, di=0, dy=1, d} —4dod, =0
(1i21) Parabolic cylinder function V (a, z)

Va+1)—zV(a,2) —(@—35Va—1,2=0
C2=17 = —4%, Co = —

dy =0, d=0, dy=~1, d} —4dyd, =0

=

(1122) Parabolic cylinder function U (a, z)

@+ U@+ 1)+zU(@,2)—Ua—1,2) =0
c=—5, =2, cp=—1
=1, d =0, dy=0, d} —4dyd, =0

(ii23) Parabolic cylinder function W (a, z) = €™ T (a + %)U (a,z)

W(a+1)—zW(a,2)—(a—DHW@—-1,2)=0
C2=15 ==, Cp=—

dy=0, d=0, dy=—1, d} —4dyd, =0

=

Difference Equations with Quadratic Coefficients

(iiil) Legendre functions, P/ (z).

121

(8.34)

(8.35)

(8.36)

(8.37)

(8.38)

A second solution of the differential equation obeyed by the function P/ (z) is Q% (z),
which satisfies the same recurrence relations as P/'(z) and is a second, linearly

independent, solution of the difference equation satisfied by P/'(z):

PPY(2) + 2uz(2 — l)’%P,ﬁ‘(z) +(u+v)p—v—1)P"(z)=0

(8.39)
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(iii2) Gegenbauer (ultraspherical) function, C}/(z)

v(v — D= DCMN @) + (v — DIQr+a—1) — v+ @)2%1CL(2)
— (v - % + %a)(z/ -1+ %a)C('fl(z) =0 (3.40)

(iii3) Hypergeometric function , F (a, b; ¢; z)

(c—a)(c—b)zoFi(a,b;c+1;2)+c(c—1—Qc—a—b—1)z)2F1(a,b;c+1;2)
—c(c— 11 —-2)2F(a,b;c—1;2) =0 (8.41)

(iii4) Confluent hypergeometric function ; F (a; c; z)
(c—a)ziFi(asc+1;z) —clc—1+2)1 Fi(a; c; D) +c(c— D Fi(a; e — 15 2) (8.42)
(iii5) Confluent hypergeometric function U (a; c; z)

aa—c+NHU@+1;¢;2) —2a—c+2)U(a;c;2)+U(a—1;¢;2)  (8.43)

Difference Equations with Cubic Coefficients

(iv1) Jacobi polynomial P (x).
A second, linearly independent, solution of the differential equation obeyed by the
function Pn(a"g) (x)is Qf,a’g) (x), which is known as the Jacobi function of the second
kind.} This function is not a polynomial but satisfies the same recurrence relations as
P (x):

2+ D+ a+ 4+ D2 +a+ 8PS x)

—Qn4a+B+DICr+a+B)2n+a+ B +2)x+a* — PP (x)
+20n+ )+ BCn+a+B+2)P(x) =0 (8.44)

Expression of Gegenbauer Functions C},(z) and D}, (z) interms of Legendre functions
P! (z) and Q! (2).

For C}(z) we have, from [13, Sect.3.15.1, (14), p. 175], (with n replaced by an
arbitrary, possibly complex «),

1
Cr(2) = o FQv+a)l'(v+3)
reuv)ra+1)

I'Qrv+ «a)
Fr@)a+1)

@ =P @

1y,
PR @=DFFPLL@  (849)
2

o
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Next, from [13, Sect.3.15.2, (32), p. 179], we have

1o T 2r + )

D@ =2 R e D

2 F (1/+%a, %+1/+%04; 1/+04+1;zz)
(8.46)
and from [13, Sect.3.2, (41), pp. 134-135],

(T4 X+ )
W

717/\7u(w2 _ 1)%#
T+ 3)

e MO (w) =27
1 1 1 1 L. 3. 1
X2F1 §+§)\+§M, 1+§>\+§N, )\_’_za ) (847)

1

Setting)\=1/+a—%,u:u—%andw:z‘ , we have

. s 1 1
D'(z) =2" i T ()7 VO 1 (1 — ) 1V Hie i T gl e (-) (8.48)
Z

1
vta—s



Appendix A
Difference Operator

For the higher-order difference of the product of two functions we may write

A upvn) = (E — D (upvn)

: k
= Z(—l)"—f( .)Ef (V) (A.1)
j=0 /
Here
E'i(unvn) = EjunEjvn
= (1 + A u,(1+ A)v, (A2)
Thus
o i (K ()
A*(uyvy) = (—1)F Z(—DJ( ) > ( )A”un > ( )Amvn (A3)
, j n m
Jj=0 n=0 m=0

We now wish to sum first over j. Interchanging j and n we have

zk:i = Zk“zk“ (A.4)

from which
Shy K\ (J ()
A avy) = (=D —1)/ Au, A™y, A5
(V) = ( )ZZ( >(])(n) Z(m) : (A.5)
n=0 j=n m=
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We next interchange the summations over j and m, giving

SHIED WD IS

j=n m=0 m=0 j=n  m=n+1 j=m

‘We have here, for the sums over j,

S remees

and )
E(—])J(lj)(i)(’i) 0<n<m=<k
Thus
st =0 233 () () (1)
n=0 m= 0] n
I EE E )
n=0 m=n+1 j=m
g g ()0)
n=0 m=0
sz s ()0)0)
Sy Y v ()()()arwan
n=0 j=n
Here
ZZ ZZ
n=0 m=n m=0 n=0
Thus

st =t T3 w3 () () (2)

n=0 m=0

(A.6)

(A7)

(A.8)

(A9)

(A.10)
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k m k . .
st S awarn S0 () (1) ()
j=m

m=0 n=0 J
k k k . .
— (DR A", A, Z(-l)!’(,)(i)(’) (A.11)
N J n
n=0 j=n

Thus we need

~
M-
T
i
~
VS
. X
N
N
S~
N
N
S <
N
o
=
(@)
A
3
A
=
IA
~
A
»

~

k . .
Z(_l)j(k')(i)(li) for O<n<m<j<k (A.12)
j=m

Here

SN AYAYA TR J!
—1)/ = -1/ -
JZ( . (j)(n)(m)_n!m!jz( VG- mig w4

j=n n

In the first sum in (A.12), for which0 <m <n < j,weset j = j — n, from which

k | j j! k—n i (j/-i-n)!
— = —1 n
2O GG mG=mt — 2 e i e
k—n
_ " n! (=k+n)j(n+1)
= (n—m)!(k—n)!jzb JN+1—m)j
(A.14)
where we have used )
1)/ (—N):
I _CEEN) (A.15)
(N — j)! N!

and

(N+ ) =T(N+1+j)=(N+1);N! (A.16)



128 Appendix A: Difference Operator

We thus have, forO <m <n <k,

k . .
EZGﬂJC)(v(j)=04W—T——£L———2ﬂ0%+mn+hn+]—mﬂ)
o j) \n) \m m!(n —m)!(k —n)!

(A.17)
The well-known expression for the hypergeometric function with unit argument,

B 'e)'(c—a—>b)
C T(c—a)T(c—b)

F(a,b;c; 1) (A.18)

is generally given with the condition Re(c —a — b) > 0. For the hypergeometric
function directly above we have ¢ —a — b = k — n — m which might be a negative
integer or zero, in which case the expression in (A.18) is ill-defined. However, analytic
continuation of the integer values of the parameters to the complex plane make each
gamma function well-behaved. Thus, since the hypergeometric polynomial is well-
defined, a limit to integer arguments should exist. We thus let m be given a small
imaginary component. Then, with p = k — n,

(k—n)—m)y=p—-1-mp-2-m)---(p—p—ml(m) (A19)
is well-defined, and so is

I'h—m+1)

F(—k+n,n+l;n+1—m;1):m(_m)(_m+1).,.(_m+p_1)
_n—m+1) B
T Th—myn™r
_ (n=—m)! _
= o M (A.20)

Using (A.15) we then have, for0 <m <n <k,

. o (=D*"(n = m)m!
F(—k+n,n+1,n+1—m,1)_(k_m)!(m+n_k)! (A.21)

and from (A.17) and (A.21)

E OO0 ot o
j=n J/\nj \m (k —m)!(k —m)!(n +m — k)! :

Noting that the right-hand side of this equation is symmetric in n and m, it follows
that the remaining sums in (A.11) give identical expressions. We thus have
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k n n m
A ) =k DS Al A"V
k — )k —m)(n + m — k)!

n=0 m=0

"‘k'zk:i A'u, A",
' (k —m)!(k —m)\(n +m — k)!

m=0 n=0
k

AN'u, A",
_k!nzz(; (k — )k —n)!2n — k)! (A-23)

These three sums cover the entire region 0 <m <k, 0 <n <k, so that we may
finally write

A (uva) = k! ii A A (A24)
Upvy) = k! .
2 2 G mylk — m)ln + m — B}

in which it is understood that terms vanish when k > n + m. Alternatively, we may

write
k

k k—n k—m
Au, A \%
k n n
A (u,v,) = k! E E ik —n N (A.25)

n=0 m=0

in which terms vanish when k < n + m.



Appendix B
Notation

Throughout this work we encounter matrices of the form

up R e N

A T e

: Do Do Do (B.1)
ugn—Z) u;":z) 0 u"? __.u;n—Z)

0 L

in which the jth column is distinguished, either by having elements which differ
from those in the other columns or by being omitted. As written in the above matrix,
the meaning is clear for j =2,3,...n — 1, but not for j = 1 or j = n. To clarify
the intent, which is that the jth column is replaced by something else (or omitted),
we give the above matrix for j = 1:

O Us e Uy
0 u(zl) e ufll)
D : (B.2)
0 M%n*?) L. ufln—2)
P
and for j = n:
u cee Up—q 0
W)l o
: : : (B.3)
T
n— n—
ul e un_l gn
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Appendix B: Notation

For an example in which the jth column is to be omitted, we have the (n — 1) x

(n — 1) determinant

For j = 1 thisis

and for j = n we have

c U Ujil
(1) (e9]
U Ui
(n—=2) (n=2)
U Uy
us e Uy
O
(n=2) . u;n—Z)
ul .« .. un_]
(D) (eY]
Ml “ e un—l
(n—2) (n—2)
ceu)

(B.4)

(B.5)

(B.6)



Appendix C
Wronskian Determinant

The Wronskian determinant for the nth order homogeneous linear differential equa-
tion given in (2.1) is defined by the determinant

ur(x) ua(x) o up(x)
u%l)(x) ugl)(x) ... u,(ll)(x)
W(x) = : ) ) (C.1)
ui"fl)(x) ué"il)(x) u,(l"’l)(x)
where u;(x), k = 1,2, ...n, are the n linearly independent solutions of (2.1).
The Wronskian determinant obeys the simple first order equation
W) = — 21 D00 (C.2)
ay (x)
from which, on integrating, we have
Yay(x)
W(x) = W(xp)exp | — —/dx , (C.3)
xn (X))

known as Abel’s theorem.

A variety of derivations of the first order equation for the Wronskian, Eq. (C.2),
as well as its integral form, Eq. (C.3), known as Abel’s identity, can be found in the
literature.! We have chosen one that provides as well a derivation of the first derivative
of a determinant of any order.? It starts with Leibnitz’s formula for the expansion of
an n x n determinant, expressed as the sum of n! products of its elements. For the
determinant

ISee, e.g., Hartman [20].

2A derivation of the expression for the nth derivative of a j x j determinant has been given by
Christiano and Hall, [9].
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134 Appendix C: Wronskian Determinant

arp(x) ap(x) ... a;(x)

a1 (x) axn(x) ... ay(x)
A(x) = : _— : (C4

a1 (X) apa(x) ... app(x)

the Leibnitz formula is

A= sgn(o) Ha,(,(,) (C.5)

oES,

Here S, is the set of all permutations of the integers {1, 2, ...n}, the sum Zaes,,
is over all permutations o, and sgn(o) is +1 for even permutations o, —1 for
odd permutations. In a;,(;y, the subscript o(i) is the element in position i in the
permutation o.

Taking the first derivative of A, we have

_A Z sgn(o) Z aka(k) H Aio (i)

og€ES,
I;ék
= Z Z sgn((j) Haka(k)alo'(l) (C6)
k=1 o€S,

l;ﬁk

The derivative %A is thus the sum of n determinants, each obtained by replacing
one row in A with the derivative of the elements of that row, leaving all other rows
unchanged:

ay(x) apx) ... a;,(x)

J n : P
—A(x) = Z ap (%) ag, (x) ... ag, (x) (C.7)

dx
k=1

1 () @2 (%)« o ()

Applying Eq. (C.7) for the derivative of a determinant to the Wronskian, Eq.(C.1),
we see that the terms in (C.7) for k = 1,2, ..., n — 1 vanish since in each of these
terms the rows k and k + 1 are identical.> We are thus left with the term for which
k = n, giving

3We use here the property of determinants that if two or more rows (or columns) are identical, then
the value of the determinant is zero.
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up(x)  ua(x) ... wup(x)
o) W) o uD)
W (x) = . (C.8)
uﬁ”fz)(x) ué"iz) () ... u"P(x)

uin)(x) u(zn)(x) v u™(x)

From the differential equation, Eq.(2.1), obeyed by each of the functions u;(x),
z;l:o a; (x)u,(:)(x) =0, k=1,2,...,n, we can express each of the terms in the
last row of (C.8) by

n—1
1 .
(n) @)
u,’ (x) = — E a; (x)u;’ (x). (C.9)
¢ a(x) < ‘
Next, multiplying each of the rows corresponding toi =0, 1,...,n —2in (C.9) by

a;(x) and adding them to the last row in (C.8) then cancels all but the term in (C.9)
for which i = n — 1. The terms in the last row are then —(a;(x)/a, (x))u,(cnfl)(x),
thus giving the first order differential equation for the Wronskian, Eq. (C.2).*

4Here we have used two other properties of determinants: (1), if one adds to any one row (or column)
a linear combination of all other rows (or columns), then the value of a determinant is unchanged,
and (2), multiplication of each element in any row (or column) by the same constant multiplies the
determinant by that constant.
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Appendix D
Casoratian Determinant

The Casoratian determinant for the Nth order homogeneous linear difference equa-
tion given in (2.4), analogous to the Wronskian for differential equations, is defined
by the determinant

uy(n) us(n) e uy(n)

ui(n+1) u(n+1) ... uym+1)

C(n) = : o ; (D.1)
u(n +.N — 1) ury(n +-N —D...uymn +-N -1

where u;(n), k =1,2,...N, are the N linearly independent solutions of (2.4).
The Casoratian obeys the simple first order equation

) Cn) (D.2)

e+ 1) = (—ny¥ 2o
pn ()

and by iteration we obtain Abel’s theorem

n—1 .
e = (1)1 e gy [ 222 (D.3)
el S W)
J=no
From (D.1) we have
u(n+1) u(m+1) ... uym+1)
u(n+2) u(n+2) ... uym+2)
Cn+1) = : : : (D.4)
uyn+N—-—1Dun+N—-1)...uyn(n+N —1)
ui(n+ N) u(n+N) ... uy(m+N)
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138 Appendix D: Casoratian Determinant

From the differential equation, Eq.(2.4), obeyed by each of the functions u;(n),
ZlN:o pimuy(n+i)=0, k=1,2,..., N, we can express each of the terms in the
last row of (D.4) by

N—1

1
up(n + N) = —o go pi(m)ug(n +i). (D.5)

Next, multiplying each of the rows correspondingtoi = 1,2, ..., N — 1in(D.5)
by p;(n) and adding them to the last row in (D.4) then cancels in (D.5) all but the
term for which i = 0. The terms in the last row are then —(po(n)/py (n))ur(n). We
now successively interchange the last row with the row above it, moving it finally
to the position of first row. This involves N — 1 interchanges, each of which intro-
duces a factor of —1.°> The determinant (D.4) is then (—=1)" po(n)/py(n) times the
determinant (D.1), thus giving the first order difference equation for the Casoratian,
Eq.(D.2).

3In addition to the properties of determinants cited in the footnotes in the appendix on the Wronskian,
we have used the property that if two adjacent rows (or columns) are interchanged, the determinant
is multiplied by —1.
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Appendix E
Cramer’s Rule

Cramer’s rule is an explicit formula for the solution of a system of n linear equations
for n unknowns:

anxy +apxs +apxy + -+ apx, = b
ax Xy + anxs + apxs + -+ ayx, = by

(E.1)
an1X1 + ap2xs + a;ﬁxs + Ay = bn
Expressed as a matrix equation, we have
Ax=Db (E.2)
where
ap ap ... 4
A a.21 a.zz a?n E3)
a1 dAyo . Ann
X = (X[, X2y« vy Xn)T (E4)
and
b= (b by,....,0)" (E.5)
Cramer’s rule expresses the solution, x = (xy, xa, .. ., x,)T, in terms of the deter-

minants of the square coefficient matrix A and of the matrices A; formed by replacing
the ith column of A by the column vector b; it is valid and gives a unique solution
provided det(A) # 0:
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_ det(A))

= = 1.2..... E6
YT det(A) ! & (E-6)

A simple proof of Cramer’s rule follows from two properties of determinants:
(1) that multiplication of each element in any row (or column) by the same constant
multiplies the determinant by that constant, and (2) that adding a constant times
any row (or column) to a given row (or column) leaves the value of the determinant
unchanged. We illustrate this here for the case of a 3 by 3 matrix and derive the
expression for the first unknown, x;: Here |A| is the determinant of a 3 by 3 matrix:

ap ap ap
|A| = |ao1 ax ax (E.7)
az as as;

From the first property we have
apxy apiz a3
X1 |A| = |aaix1 ax ax (E.8)
as Xy asp ass

and from the second property

anxy + apxy + aizxs ap ags by ap a3
X1 |A] = |aa1x1 + axnxs + axnx; axp ap| = |by axn axp| = |A{] (E.9)
as X1 + asxy + aszxs as ass bz az az



Appendix F

Green’s Function and the Superposition
Principle

In Chap. 6 on Green’s function we considered a differential operator L and boundary
conditions By, operating on a function y(x). Both the differential operator and the
boundary conditions are linear operators, from which we have the superposition prin-
ciple, which simplifies greatly the solution of the differential equation, particularly
in the case of general boundary conditions. Although this principle applies equally
to the case of an nth order differential equation, we illustrate it here for a second
order differential equation.

We consider a function y; (x) satisfying the inhomogeneous equation Ly;(x) =
f1(x) and boundary conditions B;y; = 711 and By; = 712, and a second function
v (x) satisfying the inhomogeneous equation Ly,(x) = f»(x) and boundary con-
ditions By, = 21 and Byy, = 723, with the same differential operator L. For the
second order equation in which the function y(x) is considered over the interval
a < x < b the general boundary conditions B; and B, are of the form

Biy = any(a) + apy'(a) + Buy®) + B2y (b) = v

Byy = agiy(a) + any'(a) + Bay(b) + frny'(b) = (=D
in which aj; and 3 are given constants. Since the differential operator and the
boundary conditions are linear, we can write L(c;y; + ¢2y2) = c¢1.f1 + ¢2 f>» and
Bi(c1y1 + c2y2) = c1v11 + 2712 and Ba(c1y1 + c2y2) = c1721 + €222, Where ¢
and c; are constants. This leads directly to the question of the uniqueness of the solu-
tion of the inhomogeneous equation: If we consider two solutions, y; and y,, of the
equation Ly = f with identical boundary conditions: Byy; = i, B2y1 = 72, and
Bi1y> = 71, B2y» = 72, then with ¢; = —1 and ¢, = | we obtain the homogeneous
equation L(y, — y;) = 0 and homogeneous boundary conditions Bi(y, — y;) =0
and B,(y, — y1) = 0. Written more simply, with Y = y, — y; we have LY = 0 and
B1Y =0, B,Y =0.Thusif LY = Ohasonly the trivial solution Y = Otheny; = y,,
that is, there is at most one unique solution to the equation Ly = f with the boundary
conditions Byy = 7y and By = 7,. We derive this solution in Chap.6 on Green’s
function. On the other hand, if Y (x) has a non-trivial solution then there is either no
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142 Appendix F: Green’s Function and the Superposition Principle

solution to the inhomogeneous equation Ly = f or there are many solutions. We
will look into this situation after considering the condition which determines whether
there is only the trivial solution ¥ = 0:

Any solution of the equation LY = 0 may be written as a sum of two linearly
independent solutions of this equation:

Y =ciuy + cous
Applying the boundary conditions B;Y = B,Y = 0, we have

c1Biu; +c2Biuy =0
c1Bouy + cyByuy =0

Therefore, if the determinant

—’B‘”l Bua] g (F2)

" | Bauy Bouy

then ¢; = ¢, = 0 and there is only the trivial solution ¥ = 0. The condition A # 0
is illustrated if we choose u(x) and u,(x) to be linearly independent solutions of
LY = O such that Bju; = Bu, = 0. This can be done if we write 1 and u, in terms
of two arbitrary linearly independent solutions v; and v, of LY = 0: Defining u; and
u, in terms of v; and v, by

= (B — (B
up = (Biva)vy — (Biv)wva (F3)
uy = (Bavo)vy — (Bavi)va

we then have Byu; = Bous = 0 and Bjus = —Bou, from which A = (Bju»)? > 0.

As an example which shows when there is one solution (A 7 0) and when there
is either no solution or many solutions (A = 0), we consider the equation y”(x) +
A2y(x) = ¢ (where c is a constant), with the boundary conditions B;y = y(0) =0
and B,y = y(7) = 0.Referring to (F.1), thisimplies;; = 1, ajp =611 =612 =0
and 01 = 1, az; = agy = By = 0. If we choose, as solutions of the homogeneous
equation y”(x) + A2y(x) = 0, the two linearly independent functions

u1(x) = sin \x
. . (F4)
uy(x) = cos Aw sin Ax — sin A cos Ax

we then have Biu; = u1(0) =0, Byur, = ur(m) =0 and Bru; = sin Aw, Bju, =
— sin A, from which, from (F.2), A = sin® \x. Thus if \ #1,2,3,...,thenA >0
and there is only the trivial solution to y” (x) 4+ A?y(x) = 0 with boundary conditions
y(0) = y(m) = 0. The inhomogeneous equation y”(x) + A\>y(x) = ¢ then has the
unique solution
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(1 — cos Am)
sin A\

y(x) = % [(1 — cos Ax) —

sin )\x] (E5)

On the other hand, if A =1,2,3,... then A =0 and the homogeneous equation
y"(x) + A?y(x) = 0 with homogeneous boundary conditions y(0) = y(r) = 0 has
the non-trivial solution y(x) = Asin Ax; (X is an eigenvalue of this equation and
A sin \x is the corresponding eigenfunction). The inhomogeneous equation then has
the general solution

y(x) = % [(1 — cos Ax) + A sin Ax] (F.6)

where A is an arbitrary constant. Then if A = 1,3, 5, ..., the boundary condition
y(m) = 0 can not be satisfied, and there is no solution to the inhomogeneous equa-
tion. However, if A = 2,4, 6, ..., the general solution just given to the inhomoge-
neous equation satisfies the boundary conditions with arbitrary A: we have many
solutions.

For the nth order equation, the extension of (F.2) giving the necessary and suf-
ficient condition in order that Ly = f with boundary conditions Byy =0 (k =
1,2, ...n) have a unique non-trivial solution is A # 0 where

Byuy Byuy --- Biuy
Bzul Bzuz e Bzun

A= . . - (E7)
Bnul Bn”Z e Bnun

(See [33)).



Appendix G

Inverse Laplace Transforms and Inverse
Generating Functions

As discussed in Chap.7 on generating functions, z-transforms and Laplace trans-
forms, the solution of linear differential and difference equations generally requires
the inverse of the derived generating function or Laplace transform. In this appendix
we derive the inverse of a few generating functions and Laplace transforms that are
of particular use in the solution of second order linear differential and difference
equations with linear coefficients.

1) Gw) = Z;’;O y(m)w" = (a — w)~“, in which we assume that « is not a neg-
ative integer or zero.

Writing

(a—w)y *=a" (1 _ f)_" — g i (043,1

a n:
n=0

G

we obtain the inverse of the generating function G(w) = (a — w)~“, namely

_o (@)
a™n!

yn)=5"'Gw) =a (G.2)

For the particular case in which « is a positive integer: « = m + 1, where m =
0,1,2,..., we have

! s ()
(a — w1 = Z qntmt w (G.3)
n=0
and hence
1 1 n-+m
—1
= = G.4
y(n) 9 {(Cl _ w)m+1 } aqnhtm+l ( m ) ( )
as given previously in Eq. (7.56).
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We consider next the generating function

(2) G(w) = (@ — w)™ (b — w)~?, in which we assume that neither « nor Gisa
negative integer.

We assume further that neither a nor 3 is zero, and that a # b, since any of these
choices returns us to the simpler generating function just considered. We now have

Gw)=@—w) *b-w " =ab" Z (@) (ﬂ) i B (E)’“ (G.5)

]
Om.b

m=l

We then let n = [ + m, from which

@—w)(b-w)’ =ab JZ = z (@) (Bt b G.6)

_ 1
= I!(n—Dla

or, alternatively,

m!(n — m)!b™

(a— C(J)_a(b _ (U)_‘B a b~ ’iz Z (ﬁ)m(a)n ma™ (G7)

Here, in (G.6) and (G.7), we write

L _ Dy
(n—1)! n! 5 (G.8)
Bns = (=) 7=
(I—=p8—n)
and
LD e,
—m)! |
(n —m)! n! o (G.9)
(@p—pm = (=1) d—a—n.
respectively.

From (G.6) we then have

n

. 5 g (B (—miey (b
@b =ap . O lz(‘;“(l_ﬁ_n)l (5)

_ _a _goo(ﬁ)n i b\
—a 7y 2F1(—n,a,1—ﬁ—n )w (G.10)

b"n! T a
=0
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and from (G.7),

00 n
—a — —op—] (@)pw" (=) (B)m aym
@—w) b-w P =a bﬁz o Ty ——— (7)
n=0 m=0

a=h ﬁz (O‘)" —nBil—a—m4" (G

The corresponding inverses of the generating function are

yn) =G§7'Gw) =a"b" ‘*l(f)” 2Fi(-nooi1—B—n; k) (G.12)
from (G.10), and
—1 —(I _ﬂ( )n . . a
y(n) =G"'Gw)=a " Fi(-n.B:1—a—n;%) (G.13)
from (G.11).
Here (G.12) is valid if either 3 # integeror = 2, 3, ..., (i.e., a positive integer
>1), and « is arbitrary; (G.13) is valid if either o # integerorav = 2,3, ..., (i.e., a

positive integer >1), and [ is arbitrary. Thus for the following choices for « and (3,
we may choose either (G.12) or (G.13), or both, as solutions.

« # integer, (3 # integer : (G.12) or (G.13).
« # integer, [ arbitary : (G.13).
( # integer, « arbitary : (G.12).
o, 0=2,3,...(ie., both positive integers >1) : (G.12) or (G.13).
a=1, =2,3,...(ie., apositive integer >1) : (G.12).
6=1, a=2,3,...(ie., apositive integer >1) : (G.13).
(G.14)

We consider next the Laplace transform
B F@)=@—a)”.
From [13, Sect. 1.1(5)],

o0
/ e—sxxﬂ—l dx = F(ﬂ)s—ﬂ mﬁ > 0, (G.15)
0

so that
1 /OO —SX _ax [3—1d ( )—/7 (G 16)
—— e ex X=U—« .
L) Jo
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We thus have the inverse transform of F(s) = (s — o), namely

. 1 y+ioo e xﬁfl
LT F(s) = — ds = a G.17
)= o /Hoo -’ TTH" @10

Next we consider the Laplace transform
# F(s) = (s —an) (s —ax) ™™,
The inverse Laplace transform is

i 1 y+ioco esx
L7'F(s) = —
it

210 Jysico (5 —an)Pi(s — ap)®

1 y+ioo )
= — e“”‘/ s (s — (an — oq)’g2 ds
g

2mi ico

1 sttt ax [T (rmanse_ -4 6
= —(ap — ) e e (o — 1) do
i .

27 —ico
1 y+ioco
= — (v — al)—ﬂl —ﬂz+lemX/ e(az—al)xvo.—ﬂ]—[fz(l _ U—l)—ﬂz do
27Ti ~y—i0o
(G.18)
From [13, Sect.6.10(6)],
o0
/ e x Y F(a;e;x)dx =T(c)s (1 —s~H™@ Re >0, Rs > 1,
0
(G.19)
from which we have the inverse transform
1 y+ioo
—,r(c)/ s (1 —s N ds = x"N Fi(a; ¢; x) (G.20)
2mi N—ioo
Thus,
| 1 y+ioo s
LTF(s) = —
©) = o /7_,»00 5 —anhi(s —ay)”
Ot/ 5
= —— " F, 2 B+ Bo; (v — ap)x
NS 1(B2; B1 + B2 (2 — arp)x)
P+
= ————e"" F1(B1; Bi + B (o — az)x) (G.2D)

LB+ 52)



Appendix H
Hypergeometric Function

In this appendix we give a few of the transformations of the hypergeometric function
2 Fi(a, b; c; z) which have been useful in the analysis presented in this work.

2Fi(a,b;c;z) =2F1(b,a;c; 2) (H.T)

2Fi(a,b;c;2) = (1 —2)7%F (a, ¢ —b;c; L)

z—1

= -2 "F (c—abic =) (H.2)

z—1
ZFi(a,b;c;2) = (1 — ) “ P Fi(c—a,c—b;c; 2) (H.3)

For (H.1) see [13, Sect.2.1.2, p. 57]; for (H.2) and (H.3) see [13, Sect.2.1.4, (22)
and (23), p. 64].

re)frb—c+1 —a 1
4 F) ,a— 1; b — 11— =
Tatb—rct+Dlc—a) 2 l(a“ cthatb-ct )

C(T(B—c+1)
T@Cb—atl)
o T@T@—c+1)
IF'a+b—c+ DHI'(c—b)
rea—c+1) ,_,
FoFa—brn° 07

2Fi(a, by c;z) = €™

2271 — )b R (1 —a,c—a;b—a+1; %)

ey (b,b—c-i—l;a-l—b—c-i—l;l—%)

z)°'7a7b2F| (1 —b,c—b;a—b+1; %)
(HA4)

For (H.4) see [40, Sect. 4, (26), p. 447] or [13, Sect.2.9, (26), p. 106].
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Appendix I
Confluent Hypergeometric Functions

In this appendix we list the confluent hypergeometric functions which result from
different choices of integration path for the integrals given earlier in Egs. (7.200)—
(7.203). Here, from (7.192)—(7.194), (7.199), and (7.206),

Vi = Bo = 7o, Bi =% — ", =% 27 +7

Ci
d;’
From (7.200), we have the integral

/sﬁl—ﬁo—x—l(l _ s)ﬁoﬁ-x—lezs ds = /S—’)/Z—X—l(l _ S)’Y0+X—lezs ds

leading to the confluent hypergeometric function ; F;:

! (=, —x)T
/ sTRT (1 — )0l gy = (=2 — %) (70+X)1F1(—72—x;:31;z)
0 C'(B1)
(=2 =x)(yo+x) .
- S F s — Ll
NG e 1Fi(yo + x; B1; —2) L.1)
4 , . Tmn-x
s—/z—x—l(l _ s)3°+x_lezs ds = 2mi Q0 Hx=Dmi Fi(=v2 — x: 812 2)
A P = —or@n 1R H 0
(=2 —x)

Qotx=Dymi e 1F1 (v +x; fi; —2)

1.2)

=2mi L S
e T =0 — 0T B

b i F'(vo+x)
sTRTTNA = )0 e ds = 2mi TR TIT —E S Fi (= — x5 15 2)
/1 Cop+x+oren 7
. By — B —x )i (v +x) z
=2mieB=—om DT o Py 4 x; B1; —2

e TRt 1(70 Br; —2)
(I.3)
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N Fi (= — x5 A1 2)
(2 +x+DHTA =5 —x)CG)
— 472 e‘dlﬂelel (Yo +x; B1; —2) (14)
C(v2+x+ DI =5 —x)T(B1)

O+,14,0—,1-)
/ 57D (1 )0t D o3 g = 472
«

From (7.201), we have

o115 251 1\ Ao+x—1 1-3 1
sTETP( = PO S gy = 2i T ————  F1 (1 — 0 — x;2 — (15 2)
/, ; re—p i

o]

I

=2riz'™ E1Fi(m+x+1;2—061;—2) (1.5)

-
re-pn
Here, in each of the last five equations, the second confluent hypergeometric function
is obtained using the Kummer transformation ([36, Sect. 13.2(vii), Eq. 13.2.39]):

1Fi(a;c;2) = e Fi(c —a; c; —2) (1.6)

From (7.202), we have, for the integral [ s ~%=*=1(1 4 5)%+* =172 g leading
to confluent hypergeometric functions of the form U (a; c; 2),

o0
/ sHR (1 4 )™ ds = T(—yp — U (=32 — x5 015 2)
0

== =0 U1 =y —x:12- fii2)
(L7)

04 =m0
/ sh—fo—x—1 1+ s)‘%""‘_le_z“' ds =2mi ——U
o0 Cpz+x+1)

e(—12—x)mi
=21 —
F(va+x+1)

(=72 —x; B152)

U - -x2-68:2  (1.8)
and from (7.203), we have, for the integral [ s%**=1(1 4 s)A—Hh=x=lps gy,

o0
/ sHFE1 (1 4 )= mx =165 45 = T (39 + 00U (0 + 31 B —2)
0

=T+ UM +x+ 152615 —2)

(L.9)
0+) . (yo+x)mi
/ sPotx=l(q 4 gyfi—Bo—x—lpzs go — 27ri67U(70 +x; B1; —2)
00 = —x)
e(o+x)mi —3
=2 ————(—2) PWUMm+x+12-0:-2)
L=~ —x)

(1.10)
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Here, in each of the last four equations, the second confluent hypergeometric function
is obtained using the Kummer transformation ([36, Sect. 13.2(vii), Eq. 13.2.40]):

Ula;c;2) =72 U@—c+1:2—¢:2) (I.11)

In order to obtain a solution to the difference equation that satisfies arbitrary
initial conditions y(xy) and y(xo + 1), we require two linearly independent solu-
tions of the difference equation, y;(x) and y,(x). We therefore wish to chose, from
among the solutions listed above, pairs of solutions which are linearly independent.
The particular pair of solutions chosen will depend on the value of the parame-
ters 72 + x 4+ 1 and 9 + x — 1. It is important to note, however, that the recursion
defined by (7.205) fails if v, +x + 1 = 0 if we assume to have two independent
initial conditions, for example w(0) and w(1). The condition that the two solu-
tions to (7.205) be linearly independent is that their Casoratian, C(x), be non-zero:
Cx) =y (x) y2(x + 1) — y1(x + 1) y2(x) # 0. Noting that the Wronskian of the
various solutions that we are considering is relatively well-known, (see, e.g., [36,
Sect. 13.2(vi)]), we determine the Casoratian by expressing it in terms of the Wron-
skian by the use of raising and lowering operators; these relate the differential prop-
erties of the variable z in the solution to the discrete property of the parameter x.

From (I.1)—-(I1.10) we define the ten functions F'1 — F5t of the form | Fy (a; c; z)
and the eight functions U1 — U4t of the form U (a; c; z), from which we obtain
linearly independent pairs of solutions of the difference equation (7.153) in which
d 12 — 4dyd, = 0, each pair being valid for given values of the variable z and the para-
meters 7o + x and vy, + x + 1, presented in detail in Table 7.1. As noted previously,
indefining F1 — F5t and U1 — U4t we have neglected factors independent of x but
retain the gamma functions I'(3;) and I'(2 — /3;) in the denominators; the functions
of the form | Fj (a; c; z)/ I (¢) then remain well-defined when the parameter c is zero
or a negative integer. We then have, from (I.1)—(1.10),

_ T(—% =0T + %)

Fl= T3 ¢ F (=7 = x5 i 2) (L.12)

Pl = = _p)(%g(% 9 imny Fy o + x5 s —2) (L13)

F2=+a 1:(;072_;;?(@) 1R (=72 —x: f152) (1.14)

Far= r(lli(;ow_;;lz(ﬁl)lFl(%+x;ﬁl; —2) (L15)

= F(Vzl:r(zorl);)r(gl) 1P (=7 —x; (13 2) (1.16)

= mff?ff S)r(gl)lﬂ (o + x5 i —2) (117)
e 1Fi(=n —x: 515 2)

4 — (1.18)
Fp+x+ DA =5 —x) INCED)
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Pz — e 1Fi(0 + 3 Bi; —2)
Ly +x+ DI =5 —x) I'(B1)
F5 — 1Fi(l =y —x;2—0152)
r'@2- 05
F 12— By —
Fop | (m+x+1; Bi; —z)
r'@2- 5

Ul=T(7%n—-x)U(=7 —x; B1;2)
Ult =T (= —0)U0 -y —x;2—05152)

imx

e

U2=——U
F(yp4+x+1)

(=2 —x;B152)
ITTX

—— U —~v—x;2—0;:z2
T tat D) (I—7 Bi: 2)

U3 =T(y+x)U(+x; B1; —2)
U3t =T(w+x)U(mn+x+1,2-0;—2)
ST =y —x)

e
Udt = —— UM +x+ 12— 01, —2)
L=~ —x)

U2t =

U4 Uy + x; Bi; —2)

(1.19)

(1.20)

1.21)

1.22)
(1.23)

(1.24)

(1.25)

(1.26)
(1.27)

(1.28)

(1.29)



Appendix J
Solutions of the Second Kind

In this appendix we present two linearly independent solutions of the difference
equation given in (7.205), namely

mtx+Dhwx+D)-2Mn+x)w@)+Oo+x—-DHwkx-1)=0, J.1)

for the case in which v, + x 4+ 1 and vy + x are positive integers, from which 3, =
Yo — 72 is an integer. Referring to Table7.1, we consider first the case in which
61 #0,—1,-2,...(andhence By = 1, 2,3, ...). Then, forz = vy — 2y, + 72 <0,
two linearly independent solutions are

U3 =T(y+x)UNo+x; B1; —2) J.2)

and
(v +x)

F3t =
C(y 4+ x4+ DI(BY)

1Fi(yo + x5 815 —2) (J.3)

Now from [36, Sect. 13.2(i), Eq. 13.2.9], with 8 =n+ 1l,a =y + x,anda — n =
Y2 +x+1

U3 =T(o0+x)U(o +x; 615 —2)

oo

D" (0 + ) > (30 + X (—2)*

= In(— v — (1 -y 1
nl(p+x+1) & (1 + Dek! (I + G0 +x+8) =W+ =W+ 1+b)

(-7

2 (k= DI +k — 50— XDk
JF

,; (n—k)!

= (="' F3tn(—2)

o0

(=)™ (v + x) > (0 + )k (—2)*
n(yp+x+1) pard (n + 1)gk!

{WOo+x+0) =W +k) - ¥ +1+h)}

k= DI 4k =50 —X)uk —k
+ ,; =k 9 0
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Here, since both U3 and F3t are solutions of the difference equation for w(x), the
remaining terms on the right hand side of the above equation also satisfy this equation,
and give a linearly independent solution to that equation.

Furthermore, these terms give a valid solution for both z < 0 and z > 0. Thus,
forBy=v—1n=14+n=1,2,3,..., two linearly independent solutions, valid
for all z, are F3t and

o]

(=D (0 +x) 3 (Y0 + )k (—2)F
n!l(y+x4+1) (n + 1)ik!

{(WOo+x+k) =W+ -V +1+k)

k=0
k= DI04k ==Xk, &
+1§ e (-2) d.s)

The case in which 3; #2,3,4, ..., (and hence 5; = 1,0, —1, =2, ...), may be
treated in similar fashion. For z < 0, two linearly independent solutions are

Ult=T(+x)U(n+x+1;2-05; —2) J.6)

and
1Fi(p+x+1;2- 5 —2)

INCR)

Again from [36, Sect. 13.2(i), Eq. 13.2.9], now with2 — By =n+ l,a =y +x +
l,anda —n =y + x,

F5t =

a7

U3t=T(w+x)U(m+x+12-01;-2)

_EDTTN S it x + D=k
=— kgo TERI {In(=) + W +x+14+k) - WA+ —V@n+1+h}

n

(o +x) z (k= DIk =72 — -k

_ kK
Tp+x+1) (n —k)! =2)

k=1
= (="' F5¢In(—2)

_1\yntl X _\k
+ &b 2 24 Dk ) 4 1) — W+ b — W+ 14 K))

n! s (n + 1)ik!
FOo+x) <~ k=DIk =9 =Xk
T(ntx+1D) 2 (n—h)! (=2) J.8)

k=1

Here, since both U3t and F5t are solutions of the difference equation for w(x), the
remaining terms on the right hand side of the above equation also satisfy this equation,
and give a linearly independent solution to that equation. Furthermore, these terms
give a valid solution for both z < 0 and z > 0. Thus, for 5y =y —n=1—n =
1,0, —1, =2, ..., two linearly independent solutions, valid for all z, are F5t and
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(=DM S (2 +x + Dy (—2)F

(Y +x+ 140 W +k) - +1+k)

e
FOo+x) < =Dk ==k ¢

- J.

F(vz+x+1>k§ =K' = 02

An alternative approach which derives a second solution in the form of a polyno-
mialinx is givenin [37]. For 5; # 0, —1, =2, ..., wewrite 5y =n+1=1,2,...;
Y2+x=N=0,1,2,...and choose F3 as the first solution to the difference equa-
tion, writing

I'(h0 + x)
F3 = Fi(—y — x: fi;
P +x 4 Drgay 1R H 05
(N + n)!
=-—— " F(=N;n+1;2) (J.10)
n!N!

We note that the function given here is the associated Laguerre polynomial (see [36,
Sect. 13.6(v), Eq. 13.6.19 and Sect. 18.5(iii), Eq. 18.5.12]):

(N + n)! .
o iENin L) =LY (). (J.11)

As shown in [34, Sect. 11, Eq.(4), p. 97], given a polynomial solution y,(z) to a
differential equation of the hypergeometric type,® a solution of the second kind may
be obtained as an extended Cauchy-integral:

0.() = —— /oo W) 4o (4.12)
p() Jo s—z

where, for the confluent hypergeometric function | Fi(—N;n + 1; z), satisfying
the differential equation zy”(z) + (n + 1 — 2)y’(z) + Ny(z) = 0 considered here,
p(z) = 7"e~* is a solution of (zp(z))' = (n + 1 — 2)p(z). This approach is devel-
oped in detail in [37], leading to a second linearly independent polynomial solution
in closed form which satisfies both the differential equation and the difference equa-
tion (7.205) in each of the parameters. From [37, Eq.(2.12)], we then have two lin-
early independent polynomial solutions of the difference equation (7.205), in which
Yo+x=Nn+1=0=7%—"7 #0,—1,-2,...and z = vy — 271 + 72:

N +n)!
%IFI(—N;nﬁ-l;z) (1.13)

and

Le., 0(z)y"(z) + T(z)Y'(z) + Ay(z) = 0. See [34, Sects.2, 3, pp. 6-14].
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"EN N k=1 —m)!
X

(n+ Dy k!

J.14)

For the case in which 8y #2,3,...wewrite2 — 01 =n+1=1,2,...; %0+
x—1=N=0,1,2,...and choose F5 as the first solution to the difference equa-
tion:

1Fi(l =y —x;2—=01;2)

F5 =
I'2-p)
Fi(—N; 1;
_ ! 1( n+1;z2) 1.15)
n!
The second, linearly independent solution of (7.205), is then
N n+k—1
1 —N k—1—m)!
LS Cnt m! 016
n! (n+ 1) k!

Our second polynomial solution enables us to define a linearly independent asso-
ciated Laguerre function of the second kind which satisfies the difference equations
for the confluent hypergeometric function in each of its two parameters in terms of
appropriately normalized polynomials. (See [37]).
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