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ABSTRACT. Integrals and sums involving special functions are in con-
stant demand in applied mathematics. Rather than refer to a hand-
book of integrals or to a computer algebra system, we present a
do-it-yourself systematic approach that shows how the evaluation of
such integrals and sums can be made as simple as possible. Illustrat-
ing our method, we present several examples of integrals of Poisson
type, Fourier transform, as well as integrals involving product of
Bessel functions. We also obtain a new identity involving the sums
of oF.

1. INTRODUCTION

Integrals involving Bessel functions are of extreme importance in both
mathematics and physics. The Fourier transform of radial functions on
the Euclidean space R" is a typical example from Fourier analysis. For
example, it is well-known that if f is a given radial function on R", i.e.,
f(z) = fo(|z|) for some real valued function fy defined on (0, 00), then its
Fourier transform is also radial and is given by the formula

F(p) = 2mp' =% / v fo(r) a1 (2mrp)dr (1.1)

where Jn _; is the Bessel function of the first kind of order (n/2) — 1 [11].
This fact has been playing a significant role in Fourier analysis where un-
derstanding the behavior of f is indispensable in a variety of applications.
Accordingly, the problem of evaluating integrals in the form (1.1) is and
will remain a permanent demand.

Anyone who has encountered integrals with special functions knows that
the work involves manipulating cumbersome expressions and tricky manip-
ulations of non-obvious sums. For a thorough discussion concerning the
older methods and related results concerning integrals in the form (1.1), we
refer the reader to consult Watson’s monumental treatise of Bessel func-
tions [15] and the excellent book by Luke [8]. Moreover, for those who are
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interested in the use of computer algebra system (CAS), we cite, among
others, [4, 5, 7, 9, 10] and [16].

The main aim of this paper is to present a systematic approach for eval-
uating integrals in the form (1.1). The ultimate goal is to present a do-it-
yourself approach which does not assume any knowledge about specialized
CAS packages. The basic idea of the presented approach is connecting the
encountered integral with an initial value problem whose solution is the
value of the integral. The latter offers an additional tool to examine the
integral at hand. We should clarify here that it is not our aim to prove
the results presented but to show how they can be obtained in a fairly
straightforward manner.

In order to present our approach, we consider the class Z of integrals of
the form

b

(F,G)(ap () = / F(t)G(xt)dt (1.2)
where 0 < a < b < oo and F and G are real valued functions defined on
the real line with the property that the function (F,G) has a power
series representation with non-zero radius of convergence. It is clear that
the class of integrals Z in (1.2) is more general than the class in (1.1).
Examples of integrals in the class Z are widely available. In particular, if
the given functions F' and G are power series around 0 and the interval of
integration [a, b] lies in the interval of absolute convergence of the power
series F'(t)G(xt), then (F,G),5) belongs to the class 7.

We shall state our method in terms of a theorem whose proof follows
by making use of the antiderivative procedure. Following the presentation
in [17], given a function f defined on an open interval around zero and a
sequence {a,}5°, we will say that f is the ordinary power series of {ay, }§°
and write f < {a,} if and only if f = > anaz™. Hence, if f < {a,},
then z~F (f —ag—a1x — - — an,k,lxnfkfl) = fi) < {anyx} for all
positive integers k. Moreover, if f <> {a,}, then (xD,)f — {na,}, where
D, = a:d% is the usual Euler operator. Combining the just stated two
rules, it follows that if f <> {an}, then {nfany} < (2Dy)" fuy for all
nonnegative integers k and /; and more generally, if P is a polynomial then
P(aD,) fig > {P(n)anii}.

Our main theorem is the following.

Theorem 1.1. Let0 < a < b < 0o and let F' and G be real valued functions
defined on the real line such that (F,G)qp) € Z. Let m be a nonnegative
integer. Forn =0,1,2,..., let

1 4

A= =2 F @) oo -
g LGy la=o
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If the sequence (A,,) satisfies a difference equation in the form
> P(n)Anii+en=0 (1.3)
=0

where each Pi(n) is a polynomial and e,, is some suitable sequence, then the
function u(z) = (F, G)(ap)(z) is the solution to the initial value problem

(DI)JU’ =4;, 0<I<m.
x=0

(1.4)

where g <> {en}.

Obviously, the above theorem leads at least theoretically to a solution
of the integral (1.2) whenever such a solution exists. In order to shed some
light on this theorem and its use, we list the following few remarks.

(i) Examples of non-trivial functions F' and G where the correspond-
ing function (F,G)(,p) satisfies the assumptions of Theorem 1.1
are widely available. For instance, Theorem 1.1 can be applied to
evaluate the integral (1.2) provided that the function (F,G) ) is
I'-hypergeometric. More precisely, we say that a function

f:(—00,00) = (—00,0)
is I'-hypergeometric if
(a) f(z)=3nlqana™;

(b) [T =" f(x)dx is a ratio of I-functions; and
(c) f satisfies a Fuchsian ordinary differential equation with ratio-
nal coeflicients.

It is clear that if F' and G: (—o00, 00) — (—00, 00) are I'-hypergeome-
tric, then (F,G)(_,00) given by (1.2) is also I'-hypergeometric.
Therefore, Theorem 1.1 can be applied. It should be noticed here
that for the application of Theorem 1.1, it is not necessary to require
that both functions F' and G to be I'-hypergeometric. An exam-
ple illustrating this observation is the integral [ tKo(t)J3(tv/z)dt
which will be given in Section 4, where Ky (t) is the modified Bessel
function of the second kind. Another example is given in Section
5.3 in which we show that the integral

/00 re” " Ko(Br)dr
0

- 1 o !
_OZQ—ﬁQ 042—[32n
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can be obtained by solving the first order initial value problem
(z -2’ — (222 + Du+1=0, u(0)=mr.

(ii) It should be noticed here that the recursive formula (1.3) is quite
important for it dictates the order of the initial value problem.
Obviously, the lower the order of the polynomials, the better. Mo-
tivated by this observation, we shall classify our examples based on
the type of difference equations encountered. Of course, different
difference equations for the same sequence may lead to different
representations of the solution function (F,G)p). This results
in obtaining (deriving) new as well as old identities. For concrete
examples see the remark in Subsection 5.3.

(iii) The use of Theorem 1.1 is not restricted to evaluate integrals. More
precisely, if (A,,) is a sequence satisfying a difference equation in
the form (1.3), then the function u(z) = Y " ; A,2"™ is the solution
of the initial value problem (1.4). As such, we explore a few sums
some old and some new. We do so because to our knowledge, the
link between sums and integrals and differential equations have not
received much attention. A possible reason is that when a sum is
difficult enough its associated differential equation should be even
more complex and that is why perhaps not so many people won-
dered in that direction. And while it is indeed true that the more
complicated the integral or the sum is, the harder is the differen-
tial equation, the list of examples given in the rest of this paper
does show that it is a worthwhile road that can even lead to new
identities. In fact, the following identity obtained in Section 6 is
obtainable by solving a first order differential equation.

= oFi(n+antantatl;—1)
(l—x)z e x
n=0

1
~ L R(aasa+15-1)
(6%

x22F1(a+1,1;04+2;§) T

(a+1)2°"" a2®

(1.5)

for —1 < z < 1 where oF; is the Gauss hypergeometric function.
Here, we should express our thanks to Christoph Koutschan for his
effort in checking this identity (using the package HolonomicFunc-
tions [6]) and for his valuable feedback.

This paper is organized as follows. In Section 2, for the sake of self
containment of the paper, we introduce the necessary terminology used in
this paper. Sections 3, 4, and 5 are devoted to presenting various classes of
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integrals in the form (1.1) which can be evaluated using the method of this
paper. In particular, Section 3 is devoted to the Fourier transform of the
unit ball, Section 4 presents an integral involving a product of two Bessel
functions that can be obtained by solving a simple first order differential
equation, and Section 5 covers various examples of integrals of Poisson type.
Finally in Section 6, we shall derive some interesting old and new identities
illustrating the general use of our method.

Finally, in several places in this paper, we shall interchange integration
with sum. In all such places, justification is only technical and can be
given by making use of the Lebesgue dominated convergence theorem. An
example of how such justification can be done is given in Section 4. Since
similar arguments can be used in all other places, we shall omit details.

2. PRELIMINARIES

We start this section by recalling the definitions of some special functions
that we shall encounter in this paper. Let v be any complex number. Then
the Bessel function J, of the first kind of order v is defined in series form
by

LS (2D gz
Jv@—;m(a) : (2.1)

It is well-known that J, is a solution of the following Bessel’s differential
equation:

2" (x) 4+ 2u' (z) + (2% — v*)u(z) = 0. (2.2)
The two related functions I,, and K, which are given by
w1, (2) = L(2)

L(z) =i () and - Ki(z) = 5= 1S

(2.3)
are called the modified Bessel functions of the first and the second kind,
respectively.

For non-negative integers p and ¢, the generalized hypergeometric func-
tion is defined by the series expansion

e (a)k(ag)k - (ap)
quaI)—Z (blk)k..].c(bq)kk!kxk

where (t) is the Pochhammer symbol or rising factorial which is given by
T't+k
(1 = S
()
where I' is the Gamma function. The special functions 1 F; the confluent
hypergeometric function and o F; the Gauss’s hypergeometric function are

pFo(ar,az,...,ap;01,. ..
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the most common in literature. The functions 1 F(a; b; x), and 2 Fy (a, b; ¢; x)
satisfy the following differential equations, respectively.

v’ (x) + (b — 2)u'(z) — au(z) =0 (2.4)
(1 —2)u" () + (¢ — (a + b+ 1)z)u/(z) — abu(x) = 0. (2.5)

A well-known function that is related to , Fy, is the AppellF1 function which
is defined by

Fl(avﬂvﬂ/577x y Z Z n+m (ﬂ )nxmyn (26)

mln!(y n+m

m=0 n=0

and converges absolutely for |z| < 1 and |y| < 1. The function AppellF1
was defined by Appell in 1880 and was subsequently studied by Picard in
1881. Among the several properties enjoyed by the AppellF1, the following
is well-known and will be used later on in the paper.

M@y —a) / _ Doyt (1 — )yt
I'(7) Bl b, f.meu) = /0 (1 —uz)?(1—uy)?

We also recall the upper and lower incomplete gamma functions, T'(a, z)
and ~y(a, z) which are respectively given by

F(a,x):/ t"te~tdt, and "y(a,:zr):/ t"te~tat. (2.8)
T 0

du.  (2.7)

3. FOURIER TRANSFORM OF THE UNIT BALL IN R™

The Fourier transform of radial functions plays a crucial role in many
branches of mathematics. In particular, it plays an important role in the
study of various operators in some Banach spaces such as singular integral
operators, oscillatory integral operators as well as many other applications.
The basic example in this regard is the Fourier transform of the unit ball
in the Euclidean space R™. Let B(0,1) be the unit ball in R™. Then it is
known [12] that

L0 (©) = 1€ T, 2r [e)).
This result is usually proved by first observing that

o (© = 2m i~ | g, rlnrtar
and making use of the following identity
/01 Ju(ts)s (1= ) ds =t 'T(v + 1)2" Ty v (t) (3.1)
for p > —-1/2, v > —1, and t > 0.
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However, integrals in the form (3.1) can be evaluated much easier using
our method. In fact, by making use of the series representation of the Bessel
function J,,, we write

1
/ Ju(ts)s'k1 (1—s2)"ds =t"u(t?) (3.2)
0
where u(z) = ZZOZO Apx™ with A, satisfying the difference equation

4n+1)(p+v+n+2)A,41 + A, =0.

Using Theorem 1.1, we conclude that w is the solution of the initial value
problem

I'(v+1)
2'T(p+v+2)

1
:vu"+(u+l/+2)u’+1u=0, u(0) =

/ - _F(V+ 1)
w(0) = 2""T(p+v+3)

Thus, we obtain

SyIESES

u(@) = 2 T + Da~ 5, (V). (33)
Hence, the identity follows by (3.2) and (3.3).

4. AN INTEGRAL INVOLVING A PRODUCT OF BESSEL FUNCTIONS

Evaluating integrals involving products of special functions is one of the
main problems in mathematical analysis. In this section we shall present
just one example of such type of integrals to illustrate the use of differential
equations in trivializing these integrals. Consider the following integral
which is also tabulated in [3]

> 1
tKo(t)J2 (ty/x)dt = ——, x> 0.
| a0 evmi = e o

In order to derive the above integral we start by observing that

n+

2n+2m n+m
To (/) = Z Z n' m' 24n+mt (4.1)

nOmO

Thus, by term-by-term integration, we obtain

u(z) = /Ooo tKo(t)J3 (tv/x)dt
n+m n+m

= Oot2”+2m+1K t)dt. 4.2
>y | (it (12)

n=0m
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Now, we observe that
/ P2 UKo (r)dr = 4™ (D(n + 1)) (4.3)
0

for nonnegative integer n. To see (4.3), one only needs to use Fubini’s
Theorem, the integral representation of K

00 efr\/s2+1

Ko(r) = . JoaT ds

and the simple formula

™

2 o1 ,,  L(n+ DI(3)
/0 (cos®) de_iﬂ“(n—k%) .

Thus, by (4.2) and (4.3), we obtain

u(z) = i Apz™
n=0

where
n

A= (D" ) )= D"
m=0
Thus,
(n+1)Ans1+22n+1)A, =0

and we immediately get that u(z) is the solution of the initial value problem
(4z + 1)/ (z) + 2u(z) = 0; u(0)=1

which has the solution u(z) = \/ﬁ.

In the above calculations, we remark that the interchange of the integral
and sum can be easily justified using Lebesgue dominated convergence the-
orem. In fact, one only needs to observe that the sequence of partial sums
of (4.1) is dominated by

>y

n=0m=0

(_1)n+m 2n+2m .n+m
gt T = Io(tV/x)

(nD)?(m)

and that -
/O Lo (t/E) | Ko(t)] dt < oo, (4.4)

The observation of the integrability in (4.4) is a straightforward consequence
of the fact that

rIo(r)Ko(r) = O(r™2), as r — oo
and

rlp(r)Ko(r) = O(1), asr — 0.
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5. INTEGRALS OF P0OISSON TYPE

In this section, we present as application of Theorem 1.1, closed forms
for a large class of integrals in the form (1.2), which covers most of the
elementary functions. In fact, we shall consider the class of integrals

& Y
/ e *tg(Bt)t dt
0
where ¢(t) is real analytic at 0 with a suitable power series expansion.

5.1. Functions With Direct One Step Difference Equation. We as-
sume that g(z) = Y A,z™ where (A,) satisfies a recurrence equation
of the form

(n? 4+ agn + a3)Api1 + (Ben + B3)An =0 (5.1)

for some real aso, a3, B2 and B3. When as = 1 + a3, Theorem 1.1 implies
that g is a solution of the initial value problem

zu’ (z) + (a3 + Baz)u/ (x) + Bzu(z) = 0,u(0) = Ag,u'(0) = A;.  (5.2)

The following functions are examples of functions g(z) that satisfy initial
value problems in the form (5.2):

g(x) = 1Fi(a,b, —cx); (5.3)

g(x) = ' 7T'(a — 1, —bx) (5.4)

for some complex numbers a, b, and ¢. The Poisson integrals of these
functions are well-known and given by the following formula.

/ t‘y 1F1(a’ab7 _ﬂt)e_tdt: F(’Y_'— 1) 2F1 (”Y‘i‘l,ﬂ;,b, _ﬂ)7 (55)
0

/ t'T(d—1,—pBt)e " dt
0

(=8 "'T(d +7)
7+1 2 (

7+Ld+%2+%%>, (5.6)
where a, b, and d are complex numbers with Re(a) > —1—2v, Re(d) > —~,
v > —1, and 8 > 0. The integrals (5.5)-(5.6) are tabulated in both [3] and
[15] and were obtained using classical methods. However, these formulas
can be obtained by an application of Theorem 1.1. In particular, to prove
(5.5), we replace the function 1 Fy by its power series representation and
integrate term-by-term to obtain

/Oo e_t 1F1 (a, b, —Bt)t‘ydt =Uu (ﬁ) 5 (57)
0
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where u is a function that is real analytic at 0 with B,, = % satisfies
the following recursive formula
b+n)(n+1)Bpt1+ (n+v+1)(a+n)B, =0. (5.8)

Thus, by applying Theorem 1.1, we get that u satisfies the initial value
problem

z(l+z)u”" + b+ 2+a+y)z)u +a(l+v)u=0

u(0) =T(y+1), o/ (0)=—ab 'T(y+2). (5.9)
It is clear that (5.9) has the solution
u(x) =T(v+1) oFi(y+ 1,a,b, —x). (5.10)

By (5.7) and (5.10), we obtain (5.5). By a similar argument, we can give a
proof of (5.6).

It is worth pointing out that the integrals (5.5)-(5.6) can be used to
derive many other interesting integrals. In particular, by considering the
limit

lim t'T(d—1,—pt)e dt

e—0t Jo

and make use of (5.6), we obtain the following well-known formula

> 1) (d + )
t'T(d —1,—Bt)dt = (
/0 ( o (y+1DB7+!
which is tabulated in [3] and [15]. For more examples on a large class of

integrals that can be derived from (5.5)-(5.6) we refer readers to [3] and
[15].

5.2. Functions With Indirect One Step Difference Equation. It is
clear that (5.5)-(5.6) give the Poisson integrals of functions in the form

, Re(d) > —1 (5.11)

(n)
t'g(t) where A, = < n!(o) satisfies a difference equation in the form (5.1).
However, there are many functions g(t) with power series coefficients that
do not obey a difference equation with one step difference but still can be

dealt with. In particular, we consider functions in the form g(t) = h(t?)
(n) (n)

where % does not satisfy a one step difference equation but hT!(O)

does. Because of their practical importance, we choose the example of the

function ¢ ".J, (Bt).

5.2.1. Poisson Kernel. Poisson kernels are integral kernels that have appli-
cations in various fields such as potential theory, complex analysis, theory of
harmonic functions, and control theory. The importance of Poisson kernels
is not limited to their use as tools in the various fields but lies in the huge
amount of research they have generated. In particular, they have been the
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main tools in solving the two dimensional Laplace equations with Dirichlet
boundary conditions, characterizing Hardy spaces both on the unit disk
and in the space, characterizing the Abel means in the theory of Fourier
series and studying singular integral operators on Lebsegue spaces to name
a few applications. The well-known Poisson kernel on the upper half space
is given by

Fo) =T((n+1)/2)amxHD/2(q2 4 |¢?)~(+1D)/2 (5.12)

for &« > 0. The classical derivation of the formula (5.12) involves very
technical arguments and calculations [11]. However, Theorem 1.1 can be
used to give a simple derivation of the formula (5.12). In fact, we consider
the radial function f_(x) = e~?7I*l » € R which by (1.1) can be easily
shown to have the Fourier transform

g2

Ft)=2mp > j[ rEe 2T, (2 |t r)dr, ¢ € R™.
0

Using the series representation of the Bessel function, we obtain

f.®

27T|t|7n2+2 i (_1)m |t| %71+2m /OO n+2m—1 7T‘d
= T b T & T
(2ra)st! = mil (5 —1+m+1) \2a 0
1 = Tm+2m) [ [t
_ _ ECIES 5.13
2n—langs WZ:O m!T'(§ +m) < 402 (5.13)
Therefore,
. L
fol) = ot ( 402 ) o1
where u(z) = Y7 Apa™ and
A I'(n + 2m)
" mID(% +m)

It is easy to see that the sequence A,, satisfies the equation
n
{(m +1)2 + (5 - 1) (m + 1)} Amt1
— [4m® + (4n+2)m + n(n+1)] A, = 0.

By Theorem 1.1, we obtain that u is the solution of the initial value
problem

z(1 — 4z)u” + (g — (6 + 4n)x) w4+ nn+1)u=0,

1
w(0) = 2715 =3D ("; ) . /(0) =2ntipaT (";3> .
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Therefore,
_on—1_-—1 nn +1 n .
u(zr) =2"""'r 22F1(2,—2 1 496),

which when combined with (5.14) imply (5.12).
Following a similar argument as above, we can derive the following gen-
eralization of the integral f_(¢) which can also be found in [15]:

/ t'J,(Bt)e~tdt
0

BT (v+v+1) v4y+1l v+y+2 B2
= F 1,-= 5.15
2vavtrHID (v + 1) 2 2 ’ 2 v a? ( )

for &« > 0, v > —1 and complex numbers 5 and v with Re(v) > —1. When
v = v = 0, the integral (5.15) leads to the Lipschitz integral (see [15, p.
384)).

In addition, using limiting arguments and (5.15), one can derive several
well-known integrals such as the following integral tabulated in [3, p. 692]

/OO J,(br)dr =b"' (Re(v) > —1,b>0),
0

and the Weber integral

oo

lim T_U+M_16_GTJ#(T)CZT’:/ T_V+H_1J#(T)d7"
0

a—0* Jo

where 0 < Re(u) < Re(v) + 3.
Among several other consequences of (5.15), we also have [3, 15]:

© Y+2 v+3 3 B2\ BT(y+2)
tre—ot tdt = oF) [ —, 1 —— = - )—' = (516
/0 e smﬁ 2 1( 9 T 9 9rT 2 aYt2 ( )

P _ Y+l y+2 1 BA\T(r+1)
/0 t7e” " cos Otdt =5 Fy (T,T,?—? Tt (5.17)

where a;, 8 > 0 and v > —1.

5.3. Functions With Two Step Difference Equation. In this section,
we discuss Poisson integrals of functions leading to difference equations with
two step difference.
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5.3.1. Direct two-step difference: Hyperbolic Functions. We consider Pois-
(n)
son integrals of functions g where A,, = % satisfies a recurrence formula
with two step difference. More precisely, when both ¢ and s are complex
numbers, it can be shown that the function
V12 — 4scosh (—Vt22_48£[:) Ag + sinh (—“522_4596) (tAp +24,)

—tx

gi,s(x) = Nomwn ez,
(5.18)
is the only real analytic function at 0 with A4,, = % satisfying
m+1)(n+2)Ant2+t(n+1)A41 + s4, =0. (5.19)
It is easy to see that
/0 r e gy o(Br)dr = Oﬂlﬂu (g) (5.20)

where u(z) = Y°  Bpa™ and B, = A,I'(n+~ +1). By (5.19), it follows
that
(n+2)(n+1)Bpy2+tn+1)(n+ v+ 2)Bnt1
+{sn? + 4y +6)n+s(y+1)(y+2)}B, = 0.

Thus, by Theorem 1.1, it follows that u is the solution of the initial value
problem

(v + 1) (7 +2)su+ (£(2+7) + (4 + 2y)sz)u’ + (1 + to + sz?)u” = 0,

uw(0) =T(y+1)A4g, u'(0)=T(y+2)A4;. (5.21)
The function u satisfying (5.21) can be written explicitly in terms of the

exponential and the inverse trigonometric functions. In particular, when
t =0 and s = 1, the initial value problem (5.21) has the solution

() Ay sin ((1 4+ ) arctan (x)) + Ag cos ((1 + «y) arctan (z))
u(x) = T — .
(VT+22) (T +)
Remark 5.1. Whent =0 and s = 1, the function go,1 is a linear combina-
tion of the trigonometric functions sinx and cosx. Therefore, the integral
(5.20) can be evaluated using (5.16) and (5.17). We thus have an elemen-
tary derivation of the not so obvious formulas tabulated in [3].

7 (74— 1 y+2 1 :102) cos ((1 + ) arctan (z))

211 =

(Vi+a?)"”
in ((1

(203 ) ),

2 T2 2 r(147) (VIT )

for v > —1 and real x.

(5.22)

: (5.23)
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5.3.2. Indirect Two-step difference: Modified Bessel Function. Our model
example is the following integral tabulated in [3, p. 734] which concerns
the modified Bessel function:

o) n a? 1 .

B p?

(5.25)

(e

> —ar _ 1
/0 re” " Ko(Br)dr = o <\/mln

for a, B > 0.

The derivation of (5.25) is simple. In fact, by making use of the power
series representation of e~*" and (4.3), we have that the left hand side of
(5.25) is gru(—%) where u(z) = Y27 Apz™ with A, = 2"[[(2)]?/nl.
By noticing that Apy2/A, = (n+2)/(n+ 1) and using Theorem 1.1, we

obtain that u is the solution of the initial value problem

(x—2®)' — (222 + Du+1=0, u(0)=r.

Hence, (5.25) follows.

6. MORE ON TwoO STEP DIFFERENCE EQUATIONS

As pointed out in remark (iii) in the introduction, Theorem 1.1 is not
restricted to evaluate integrals. In order to illustrate this, we shall obtain
in this section generating functions corresponding to sequences (A,,) satis-
fying recurrence formulas with 2 consecutive terms which would allow us
to derive new as well as old identities. The two steps difference equations
that concern us in this section are those that lead to first order initial value
problems. In fact, we consider the following type of difference equations

(042 n —|— ﬂQ)AnJrQ —|— (011 n —|— /Bl)AnJrl —|— (040 n —|— ﬁO)An —|— C = O, n Z O (61)

for some constants «;, 3;,0 < i < m and c.
By Theorem 1.1, it follows that the generating function

u(z) = i Apz™
n=0

is the solution of the initial value problem
P(x)u' (x) + Q(z)u(z) + R(z) = 0, u(0) = Ay (6.2)

where P(x) = apx® + a1 22 + ooz, Q(7) = Box? + (61 — a1)x + gﬁg —2a),
and R(z) = (f1 — a1)Aoz + (B2 — 2a2) A + (B2 — a2) Arz + 2.

x
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6.1. Some Interesting Generating Functions. Our first example of
generating functions that obey IVP of the form (6.2) come from our every
day calculus trigonometric integrals. Anyone who has taught a first course
of calculus has come across some trigonometric integrals for which the stu-
dents have to come up with the right recurrence formula. For these type of
integrals and for 0 < b < § and 0 < a < 7, we have generated the following
table:

Sequence Generating function
b n b—xz In(cos b—x sin b)
fO tan” tdt ﬁ ,
b 2n In(2 cos® b)—In(1—z+(1+x) cos 2b)+tan® b
Jo tan®™ tdt DIEED)
13 — ——
[y tan?"+1 tat W
_In(2 cos? b)—In(1—x+(14x) cos 2b)+tan® b
2(14x)
V1-xz2sina
o "1 arctan(imicosa )
Jo cos™ tdt —
. . . te x—sina
foa Sin® b arcsin z—arctan (7\/@ o )
1—a2

TABLE 1. Generating functions of calculus trigonometric integrals

Our next example in this section is the generating function of the fa-
mous Schréoder numbers s(n) believed to be known to Hipparchus 190-127
B. C. [2]. The numbers s(n) are given by the recurrence formula [14]:

32n—1)s(n)=(n+1)s(n+1)+(n—2)s(n—1), n>2,
s(1) =s(2) =1.

By Setting A,, = s(n + 1), it can be shown that A, satisfies (6.1) with
010:—1, Oélzﬁ, ﬂlzg, 012:—1,52:—3, andagzﬂgzc:(). Thus
by (6.2), we obtain that the function u(z) = >~ ; Ap,a™ is the solution of
the initial value problem

(622 — 2 — 23/ (z) + 3z — Du(z) —z+1=0, u(0)=1
which immediately implies the following formula.

> n l4+z—+1—6z+2?
s(n)z™ = 1 .

n=1

Hence,

s(n) =

n! dxn

1 d" <1+x—\/1—6:v+:v2>
1

z=0
For further results about Schréder numbers, one can consult [13].
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6.2. Two Infinite Sums. Evaluating infinite sums is not always an easy
exercise. Especially, when the terms of the series are expressed in terms
of very involved functions like the oF} function and many other special
functions. However, in the following two theorems, we illustrate the effec-
tiveness of Theorem 1.1 in evaluating such kind of sums.

Theorem 6.1. For —1 < x <1 and a > 0, we have

(l—x)i 2F1(n+a,n+oe;n+o¢+1;—1)xn
e n+ o
1 $22F1(Oé+1,1;a+2;£) X
= — oF ; 1;,-1) — 2. 6.4
a 2 1(0&,0&,0&"’ Y ) (a+1)2a+1 a2oc ( )
and
1 —
( x)Fl(a;l;a—l;a—i—l;x—l,—l) (6.5)
Q
1 x? 2F1(Oé+1,1;a+2;£) T
=~ oF st 1;-1) — 2, .
o 2 1(0(,0(,Oé+ ) ) (a+1)2o¢+1 Oé2a
Proof. To prove (6.4), we first notice that
F, ; ;-1 !
ap = 2 1(7’L+Oéan+0(7n+a+ 3 ):/ (1+t)—n—atn+a—ldt'
n+« 0

Thus, an integration by parts implies that

2—71—(1

Anp41 — Qp = —
n—+«

which by (6.1) and (6.2) implies that the function

u(z) = i 2F1(n+oz,n+oe;n+a+1;—1)xn
e n+«
is the solution of the initial value problem (6.2) with initial condition
oFi(a, 0+ 15 —1)
a

ag =

and P(z) = 23 — 32% + 22, Q(x) = az? — (3a — 1)z + 2(a — 1), and
R(z) = ((2a— 1)ag +27%) z — 2(a — 1)ayp.

By solving the obtained differential equation and making use of the initial
condition and the fact that the aimed solution u is real analytic at 0, we
immediately obtain (6.4).
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Next, to obtain (6.5), notice that

B = oFi(n+a,n+ant+atl;—1)
u(x)—z o x
1 ) n «
t t
1+ ¢) " mogntelgngy — / ) e (=) ar
/Z * 0 (;(1+t 1+t
- .
0 1—(33—1)t(1+t)
Thus, by (2.7), we get
1
u(z) = —Fi(sl,a—l;a+ ;2 —1,-1). (6.6)
a

Then, by (6.6) and (6.4), we obtain (6.5). This completes the proof. O

Our final result in this section concerns the upper incomplete gamma
function I'(a, z). For a > 0, let
= T(a+n,t)
Sla,t,x) = ——a". 6.7
o) = 3 e, 1)
Then, we have the following formula.

Theorem 6.2. Let a > 0 and t be real. Then for x € [—1,1], we have

I'a+n,t) o
I‘ (a+n)
B xl e~ t1=21T(a) — (o — 1)D(a — 1,tz)} — t* e t + T(a,t) (6.5)
B (1 —2)l(e) '
and
G I‘(a+n,t) n __ m—+1
HZZO Tlatn) " = S(a,t,x) — 2™ S(a+ m,t,x) (6.9)

where S(a,t,x) is the right hand side of (6.8).

Proof. First, by the definition of the upper incomplete gamma function and
integration by parts, it follows that A, = I'(a+n,t)/T'(n + «) satisfies the
difference equation

(n+a+DApo— (n+a+t+1)A,11 +tA, =0.

Therefore, S(a,t,x) is the solution of the first order initial value problem
(6.2) with

P(z) =z — 2°, Qx)=a—-1—(a+t)z+ta®
R(I) ( )Ao + (tAo 4+ adg+ A — aAl):v.
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Hence, the result follows. The proof of (6.9) follows a similar argument as
the corresponding one for (6.5). O
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