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Preface

The first edition of this book appeared in 1998 and was published by Vieweg
(Braunschweig/Wiesbaden). Several years later, the book was sold out and no
longer available. Some time ago, I discussed this situation jointly with Ulrike
Schmickler-Hirzebruch from Vieweg (which is now Springer-Vieweg) and with
Clemens Heine from Springer Germany, and we opted for a second edition
published by Springer, this publisher being better linked to the English language
market.

The book covers many algorithms for summation and integration, most of which
have not changed much in the meantime and are still up-to-date. Fasenmyer’s
algorithm for definite summation (Chap. 4) is very old, nevertheless it is so easy
to describe that it must be included for didactical reasons. Gosper’s algorithm
(Chap. 5) solves the problem of how to find a hypergeometric antidifference, and it
is the starting point of Zeilberger’s celebrated algorithm for definite summation
(Chap. 7). The book also covers the differential counterpart of Zeilberger’s
summation algorithm (Chap. 10) as well as its integration counterparts (Chaps. 11
and 12), and Gosper’s algorithm is the driving force for all these algorithms.
Therefore, its description remained unchanged. The other mentioned algorithms are
also still up-to-date. Therefore, the above chapters have been updated only
cautiously. However, in most chapters, new developments are cited and suggestions
for further reading are given. As in the first edition, in all chapters an introduction to
the corresponding g-theory is given.

The situation is quite different concerning the following parts of the book.
Multivariate hypergeometric summation was still unfeasible when the first edition
was written. In the meantime, ideas by Wegschaider cleared the way. These newer
developments are incorporated and illustrated in Chap. 4, and the corresponding
multsum-package is introduced. Furthermore, van Hoeij’s algorithm has
dramatically improved the efficiency of finding hypergeometric term solutions of
holonomic recurrence equations over Petkovsek’s original approach. Therefore,
his ideas have been incorporated in Chap. 8 so that the reader gets a clear
impression of where the new efficiency comes from. Nevertheless, the presentation
of PetkovSek’s original algorithm has not been withdrawn since it is still
interesting from a historical point of view. More decisively, the efficiency of van
Hoeij’s algorithm can only be understood by comparison with Petkovsek’s
approach. The chapter finishes with the Maple package gFPS which contains the
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g-case of van Hoeij’s algorithm. More details about operator factorization are
given in Chaps. 9 and 12. Finally, there were some new developments on discrete
Rodrigues formulas, by my Ph.D. student Kornelia Fischer, which have been
incorporated in Chap. 13.

For the first edition I had selected Maple as the computer algebra system in
which the algorithms were programmed and demonstrated. Moreover, these (and
some more) algorithms were incorporated in the packages hsum (and gsum for
the g-case). This selection has proven successful, and since the other packages
mentioned (multsum and gFPS) are also written in Maple, Maple is still the best
system to keep the book self-contained.

On the web resource www . hypergeometric-summation.org/ all the
Maple packages

hsum.mpl (programs for hypergeometric summation)

gsum.mpl (programs for g-hypergeometric summation)
multsum.mpl (programs for multiple hypergeometric summation)
gFPS.mpl (contains the g-Petkovsek-van-Hoeij algorithm)

and further materials such as the book’s Maple sessions are available. These
packages are regularly updated to work with newer versions of Maple.

I would like to thank Mama Foupouagnigni, Jiirgen Gerhard, Dieter Schmersau
and Glenn P. Tesler who had read the first edition very carefully and identified
several errors that I could correct. Special thanks go to Mark van Hoeij for his warm
hospitality when I visited him in November—December 2013 at Florida State
University (FSU) in Tallahassee. He gave me important assistance, especially
concerning Chap. 9, about his brilliant algorithm. Also special thanks go to Torsten
Sprenger who updated the hsum and gsum packages, contributed the multsum
(Chap. 4) and gFPS packages (Chap. 9) and incorporated the FormalPower-
Series package, which is mentioned in Chaps. 10 and 13, into Maple. Finally
I am very grateful to Martin Muldoon who smoothed out the English of the man-
uscript again.

The finalization of this project was made possible by a sabbatical from the
University of Kassel, and by the Alexander von Humboldt Foundation who
financed my stay in the USA by awarding an alumni research scholarship. I am
very grateful for this invaluable support.

Last but not least, I thank Ulrike Schmickler-Hirzebruch from Vieweg,
Clemens Heine from Springer Germany, and Lynn Brandon from Springer
London, for their good collaboration and for making this second edition possible.

January 15, 2014 Wolfram Koepf
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Preface to the First Edition

The current book is the result of a lecture course that I gave at the Free University,
Berlin, during the spring semester 1995. This course was influenced by the
remarkable book Concrete Mathematics by Graham, Knuth, and Patashnik, and by
the interesting lecture notes Identities and Their Computer Proofs by Herbert Wilf
[Wilf93]. In the meantime, these notes have appeared together with other material
in the book A = B by Petkovsek, Wilf, and Zeilberger [PWZ96].

In contrast to the books just mentioned, it is my objective to present the material
by giving more detailed advice on implementation. Furthermore, I wished to
cover not only material about recurrence equations but also about differential
equations, not only about sums but also about integrals, and finally not only the
hypergeometric case but also its g-analogue.

In the current book, up-to-date algorithmic techniques for summation are
described in detail, and worked out using Maple programs. With Maple release
V.4 and higher, some of these tools are available through Maple’s sum command
and sumtools package, by an implementation that I incorporated in the Maple
library prior to my lecture course. In this book, readers are invited to implement
the algorithms step by step. This will give them a detailed insight into the structure
of the algorithms under consideration, and will enable them to solve quite involved
problems.

The book covers Gosper’s algorithm for indefinite hypergeometric summation
and Zeilberger’s algorithm for definite hypergeometric summation, as well as the
WZ method and extensions of these algorithms. Petkovsek’s decision procedure
for hypergeometric term solutions of holonomic recurrence equations completes
the picture on the summation topic.

By an analogous technique, differential equations, derivative rules, and similar
identities for sums can be generated, and a chapter on this topic is included.
An equivalent theory of hyperexponential integration, both indefinite and definite,
which was given by Almkvist and Zeilberger, completes the book.

The combination of all results considered gives work with orthogonal
polynomials and (hypergeometric type) special functions a solid algorithmic
foundation. Hence, many examples from this very active field are given.

vii
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Although multiple sums are briefly mentioned in Chapter 4, I have not covered
the algorithmic theory of multisums, integral sums, etc., which was developed by
Wilf and Zeilberger. Instead, by many examples I show how the one-dimensional
theory can be applied successfully to double sums and integral sums, in particular
to sums and integrals involving orthogonal polynomials.

The book contains many worked examples of the algorithms considered, and
Maple implementations of them are presented. Furthermore, a lot of exercises
encourage the readers to do their own implementations in Maple, and to study the
topics included in detail. Exercises that demand Maple implementations are
marked by a diamond (o).

In all chapters, an introduction to the corresponding g-theory is given, whereas
in the hypergeometric case, the algorithms are rigorously presented and detailed
proofs of the statements are given, in the g-case we state only the results, indicate
their proofs, present Maple implementations, and give examples and exercises.

A basic knowledge of a programming language such as Pascal or C should be
sufficient to understand the Maple programs and to solve the corresponding
exercises since all major Maple procedures that are used are briefly described. On
the other hand, a deeper familiarity with Maple might help the reader to understand
the code in more detail.

I could have presented the algorithms in pseudo code, without giving preference
to a particular computer algebra system. On the other hand, an implementation in
an existing and widely distributed computer algebra system makes the algorithms
ready for execution, and therefore fills them with life. As a result, every student
can execute all the examples no matter how complicated they may be.

Hence I had to decide on one of the major systems. Of the most important
general purpose systems, Axiom [JS93], Macsyma [Macsyma], Maple [Char-et-
al91]-[Char-et-al92], Mathematica [Wolfram96] and REDUCE [Hearn95],
undoubtedly Maple and Mathematica have the largest audiences, since they are
accessible at most universities and research institutions.

I wished to write my code as near as possible to the mathematical description of
the corresponding algorithms, and since the latter depend heavily on the fast
symbolic solution of (sometimes very complicated) systems of linear equations,
the poor performance of Mathematica’s Solve command for linear systems (see
[PS95]) supported my decision to choose Maple. Furthermore, Maple is much
friendlier with respect to user information (e.g., the infolevel routine).

Readers who use one of these systems can access some of the algorithms
considered:

Axiom The sum command contains an implementation of Gosper’s
algorithm.
Macsyma The sum command contains an implementation of Gosper’s

algorithm written by Gosper.
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Maple Maple’s sum command contains an implementation of Gosper’s
algorithm, completely rewritten by the author for Maple V.4.
There are implementations of Zeilberger ([Zeilberger91b],
[PWZ96]), and Koornwinder [Koornwinder93] of Zeilberger’s
algorithm; Almkvist and Zeilberger [AZ91] implemented the
continuous version. Maple V.4’s sumtools package was written
by the author [Koepf96] and contains an implementation of
Zeilberger’s algorithm. In the present book, structured implemen-
tations of Gosper’s algorithm, Zeilberger’s algorithm, Petkovsek’s
algorithm and their g-analogues are developed. Salvy and
Zimmermann’s Generating Functions package gfun [SZ94] and
Chyzak’s Mgfun package [Chyzak94] are also strongly connected
with the algorithms developed in the current book.

Mathematica Implementations of Gosper’s and Zeilberger’s algorithms were
done by Paule and Schorn [PS95], and Petkovsek implemented his
algorithm and the corresponding g¢-version ([Petkovsek92],
[PWZ96], and [APP98]). Also Paule and Riese [PR97] imple-
mented the g-analog of Zeilberger’s algorithm. A package on
multidimensional ~ summation is due to  Wegschaider
[Wegschaider97]. !

REDUCE Gosper’s and Zeilberger’s algorithms are accessible by an
implementation of Koepf and Stolting [Koepf95b]; Boing and
Koepf [BK97] implemented the g-analogs of Gosper’s and
Zeilberger’s algorithm.

The Maple programs for the current book are discussed in detail in the text.
Some of the implementations are even printed in the book. The programs are
collected in the package hsum and can be obtained from the URL http: //www.
hypergeometric-summation.org/. Worksheets containing the examples
given in the text, as well as Maple solutions of the exercises are available at the
same URL. The corresponding g-analogs of Gosper’s, Zeilberger’s and Petkovsek’s
algorithms are implemented in the package gsum [BK99], written by Harald
Boing, and can be obtained from the same site.

The present book is designed for use in the framework of a seminar. In seminars
at German universities, every participating student is asked to present a lecture
about a certain topic. The arrangement of the book makes the division into lectures
easy. Each chapter covers a certain subtopic which can be presented by one or two
students. Obviously, the book is also suitable for a lecture course in this area since
it was written in connection with such a course presented by the author. Special
notational conventions used in the book are defined at their first occurrence, and
are listed in the List of Symbols.

' On the web see http://www.math.upenn.edu/~wilf/progs.html and
http://www.risc.jku.at/research/combinat/software/.
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I would like to thank Peter Deuflhard, who introduced me to the study of this
topic, for his support and encouragement. Furthermore, I thank Martin Grétschel,
without whose support the final version would not have been possible. Thanks go
to Herbert Melenk for his advice on Grobner bases, and for his excellent REDUCE
implementation [MA94]. Due to his severe bicycling accident, the paper [MK95]
is still unfinished. Also, I am very grateful for the warm hospitality of the ETH
Ziirich, where I visited to install my code in the Maple library, and especially to
Mike Monagan, who headed the installation. Furthermore, thanks go to Tom
Koornwinder for his implementation zeilb which was the starting point of my
Maple implementations, and to Harald Boing who did some extensions of the
implementations of this book that are covered in the hsum package as well as the
g-implementation under my supervision. A few of the exercises have been col-
lected by Torsten Thiele, and Lisa Temme corrected some of my English language
mistakes. I am very grateful to Martin Muldoon who smoothed out the English of
the final manuscript and to Harald Boing for the final proofreading.

Last but not least, I thank Ulrike Schmickler-Hirzebruch from Vieweg as well
as the editor of the current book series Martin Aigner for their good collaboration
and for making this project happen.

April 15, 1998 Wolfram Koepf
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Introduction

Although the first steps towards an algorithmic treatment of summation go back to
Celine Fasenmyer in the 1940s, these methods have not been used widely because
of the lack of tools, such as fast computers and computer algebra systems, for the
necessary calculations.

Perhaps the first algorithm which probably would not have been found without
the use of a computer algebra system (as the developer states), is Gosper’s
algorithm for indefinite hypergeometric summation, which was discovered in 1978.

In the past two decades computer algebra systems like Maple have achieved
recognition because computers with large amounts of memory are now available
cheaply for everybody. In several papers appearing in the early nineties, Doron
Zeilberger went back to the ideas of Celine Fasenmyer and used Gosper’s
algorithm in a non-obvious way to find a very efficient algorithm for definite
hypergeometric summation.

Zeilberger’s paradigm is to generate a recurrence equation with respect to some
discrete variable for a sum under consideration. In the current text this method is
extended in an obvious way and the generation of differential equations with
respect to non-discrete variables is investigated. Following work of Almkvist and
Zeilberger, it is further shown how recurrence and differential equations for
definite integrals are established.

In particular, the combination of all these results gives work with orthogonal
polynomials and special functions a solid algorithmic foundation.

I would like to explain these ideas in more detail in connection with the
Legendre polynomials P,(x), that form a polynomial system which is orthogonal
with respect to the scalar product

Note that by using the Gram-Schmidt orthogonalization process applied to the
monomial list (1,x,x?,...) the orthogonal polynomials related to the given scalar
product are well-defined up to constant factors.

In different books on orthogonal polynomials one finds quite different
characterizations for the Legendre polynomials P,(x). Any of the representations

Xiii
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na=3 () (7)) g

k=0
P = 3 () -1 et @)

or

P = L3 () () o)

as a sum might be used to define P,(x), or these polynomials might be defined by
means of the Rodrigues formula

(1) @
Palx) = 27 n! dxt

(1—x%)". 4)

Another possibility is to introduce the Legendre polynomials via one of the gen-
erating functions

> 1
P,(x Zn:77 5
> P07 = s 5)
and
oo
Z;aPn(x)z”:e"ZJo(z 1-x%), (6)

the latter with the aid of the Bessel function.
Still other possibilities are to define the Legendre polynomials as a solution of
the recurrence equation

(n+2) Pria(x) = (2n+ 3)x Py (x) + (n+ 1) Py(x) = 0 ()

having the initial values

or as a solution of the differential equation

(1 —x2) Pl(x) —2xP,(x)+n(n+1)P,(x) =0 (8)
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satisfying

Py=1,  Po="0r0

2
Both the recurrence and differential equations are holonomic, i.e. they are
homogeneous and linear, and have polynomial coefficients.”

These different representations of P,(x) give a remarkable set of identities
which are proved by an amazing variety of methods in books on orthogonal
polynomials. This situation raises the question of which of these representations
might be the most natural.

No satisfying answer can be given to the question of which of the three sum
representations (1)—(3) might be preferable, and there are even further different
representations. Rodrigues type representations are specific to the classical
orthogonal polynomials and many interesting function families cannot be
described by such formulas. Furthermore, generating functions cannot always be
represented by elementary functions; see (6). Hence, the recurrence equation (7)
and the differential equation (8) are most natural since both turn out to constitute a
normal form: When common factors of their coefficients are canceled, then they
are the uniquely determined holonomic equations of lowest order valid for P, (x).

The crucial pointis that the algorithms that we describe provide a method for finding
these recurrence and differential equations for functions given by sums like (1)—(3), by
Rodrigues type formulas like (4) or by generating functions like (5)—(6). In particular,
this serves as an algorithmic method to prove that the above representations of the
Legendre polynomials all constitute the same family of functions.

Next, I would like to emphasize another aspect. Even though the sum
representations (1)—(3) cannot be sorted by preference, they can be categorized.
The underlying idea for this categorization is the concept of hypergeometric
functions, in terms of which (1)-(3) read as

—n,n+111—x
Pn(x)2F1< 1 ‘ ) >7
x+1
x—l)

paa) <x2 1)” " < o
) ©

Zn)x” ( —n/2,—n/2+1/2
Fy
Hence, this procedure places us in the world of hypergeometric transformations.

and

P = (

n)on? —n+1/2

2 Note that since there is a strong analogy between a differential equation and a recurrence
equation, we try to avoid the notions recursion, recurrence relation etc. throughout the book;
these are not relations, but equations.
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It turns out that there is a deep connection between this categorization and the
algorithms that we describe. Indeed, the notion of hypergeometric functions is
central to the presentation in this book, and hence we restrict ourselves to the
consideration of hypergeometric sums.

As a final comment, I mention that the evaluation P,(1) = 1 is quite simple if
one of the representations (1)—(2) is at hand, and is quite involved in terms of (3).
In this case, the evaluation P,(1) = 1 is equivalent to the identity

Lnf(_l)k (Z) (2}’1 - 2k> —on (10)

=0 n

Hence we are led to a summation identity that is a by-product of the method used.
This is a typical connection between orthogonal polynomials and summation, and
one of the reasons why the algorithmic examination of such summation identities
is one of the primary concerns of the present text. According to (9), the identity
(10) is a particular case of the Chu-Vandermonde identity (Chap. 2).

I see no need to give a rigorous introduction to orthogonal polynomials and
special functions. Many good introductions exist, for example [AAR99, Chiha-
ra78, GautschiO4, Ismail09, KLSIO],3 [NUS88, OLBC10, Rainville60, Szegd39]
and [Tricomi55]. The level of activity in the field of orthogonal polynomials and
special functions is illustrated by the fact that five of the above monographs have
appeared since the first edition of my book.

The purpose of my presentation is to give an algorithmic viewpoint on the
topic, and to present implementations of efficient algorithms in computer algebra.
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Chapter 1
The Gamma Function

Apart from the elementary transcendental functions such as the exponential and
trigonometric functions and their inverses, the Gamma function is probably the most
important transcendental function. It was defined by Euler to interpolate the factorials
at noninteger arguments.

Following Euler, we define

e¢]

1"(z):=/tz_1 e 'dt,

0

and call it the Gamma function.

This improper integral exists for complex z € C with Re z > 0 (or, if you prefer
only to think of real variables, for real z > 0). Using integration by parts, we get the
fundamental functional equation

o0 =00 o0
r'z+1) =/z1e*fdt = 1! + z/ﬁ”e*fdz =zI(). (1.1
t=0
0 0

From the initial value

oo

oo
F(l):/e_tdtz—e_t =1,
0
0
it follows further by induction that
'k+1) =k (1.2)

for k € N>q:={0,1,2,...}. Therefore the I'-function interpolates the factor-
ial function continuously, and we may define the factorial function by (1.2), for

W. Koepf, Hypergeometric Summation, Universitext, 1
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| - _ _ —

Fig. 1.1 The Gamma function on the real axis

noninteger values k € C. In this book we will use the Gamma and factorial functions
interchangeably, related by (1.2).!

Forpointsz ¢ Z:={..., -2, —1,0, 1,2, ...} with nonpositive real part one reads
the fundamental functional equation (1.1) from right to left to obtain

and defines the I'-function by a recursive application of this rule for z € C\Z with
nonpositive real part (in particular for z € R\Z with z < 0) (Figs. 1.1 and 1.2).

The resulting function is differentiable in the whole complex plane (proved by
standard differentiation under the integral sign) except at the nonpositive integers
where it has poles of order 1. By continuity, we may set

1
Fop =0 kel (1.3)

and by our general interpretation this reads as % =0fork = —1,-2,....In
function-theoretic terms this means that the function 1\I" is an entire function, i.e.,
it is analytic in the entire complex plane with zeros exactly at the negative integers
and the origin, the poles of I".

By induction, we get from (1.1) for k € N:={1,2,3, ...}

I Computer algebra systems like Maple and Mathematica share this policy.
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I'z+k)=z@+D)---4+k—DTI@@) = (2. (1.4)
The shifted factorial
o 4k
@r:=[]+i) = T keN. (1.5)
j=0

which occurs in (1.4), is also called the Pochhammer symbol. It will occur frequently
in this book. For k = 0 the Pochhammer symbol is defined as (z)¢:=1 and for
arbitrary k € C it can be defined by the right term of (1.5). In this book, however,
we will use the Pochhammer symbol only for integer values of k.

From the fundamental identities (1.1) and (1.4), we get the following limit relation
at the poles —k (k € N>0) of the I"-function

kI k r k+1
lim (z+ K1) = lim etleth) o Fetk+D
—>— V4

——k (2 2=~k (2
1 — Dk
= = D (1.6)
(=K k!
This computation may be interpreted as the residue computation
(=Dt
Res I'(z) = .
Res M@=
Note that the identity
@Dk =z@+D - @+k=2)(+k-1) (1.7)

=D'U-z-BHQ2=z-b- (2= D (=)= (D 0 -z =k

reads, in terms of I"-functions, as

re+b _ . ri-o
I'(z) rd—z—k
or equivalently
FrQrd—-z=0re+krd—(c+k). (1.8)
It turns out that in general
sin(rz) 1

r@r-z=

or equivalently

(1.9)

sin(zz) T T -z’
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Fig. 1.2 The function |I"(z)| for complex z

which puts (1.8) in a more general setting. Equation (1.9) is called the reflection
formula of the I'-function, a proof of which is outlined in Exercise 1.7. Note that
a function theoretic interpretation of (1.9) is essentially given by the fact that the
functions on both the left and the right hand sides of (1.9) have the same set of
zeros over C. This set consists of precisely the integers, all zeros having order one
and identical local behavior. That’s why both functions have the same Weierstrass
product representation. Without proof we note the product representations of the sine

function
sin(rz) =7z kli[l (1 — k_z)

whose zeros obviously are precisely the integers, and of the Gamma function

]

n!n® e vz Z\—1
I'(z) = lim = 1+ - ek 1.10
(@)= Jim = L[l( 0 (1.10)

n

1

y = lim (Z i In n) ~ 0.57721 56649 01532 86060 65120 90082
k=1
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_?OOOOO:
!50000i . .
IO()()U(): | |
50000: . .
(;) . ; 10 !..lj e 2.0

Fig. 1.3 The binomial coefficients () fork = 0, ..., 20

denotes the Euler-Mascheroni constant. Of course both representations can be com-
bined to obtain the reflection formula (1.9).

Furthermore, by (1.4) the binomial coefficients can be written in terms of the
I'-function as

(Z):Z(Z_l)...(z—k-i-l)_ r'z+1) (1.11)

k k! kK T(z—k+1)
forarbitrary z € C,z+1#0,—1,...,andz —k+1 # 0, —1, .... In particular, by

(1.3), fork,n € Ngo’ we have

(Z):O fork <Qand k > n

in agreement with the elementary definition of the binomial coefficient as a product
(Fig. 1.3).

Note, further, the following relation between the Pochhammer symbol and the
binomial coefficient,

D wfk-z—1) _(=DF
()= () =

Now we would like to consider the Beta function, defined by
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1

B(z, w) :=/z“1 1 —=n""tdz.
0
This improper integral exists for Rez > 0, Rew > 0. We shall show now that the
Beta function can be expressed in terms of the I"-function. The substitution = 1 —x

shows immediately that
B(z,w) =BWw,z) . (1.12)

Next, we use the substitution 7 = sin’ ¢ to obtain the trigonometric representation

/2
B(z,w) =2 / sin?? g - cos™ pdy . (1.13)
0
Now we consider the product
oo o
I'(z) I'(w) =/tzfleftdt~/uw71e7”du
0 0

and use the substitutions = x% and u = y? to obtain

0 00
I'z) I'(w) :4/e_xzx22_ldx/g—y2y2W—ldy
0 0
o0 o0
= 4// e_x2_y2 x2Z—1y2w—1dxdy. (1.14)
00

Applying polar coordinates x = r cos ¢, y = r sin ¢ to this double integral, we get

/200

'oI'w) =4 //e_’2 rEE2 cos% g sin? g rdrde
00

0 /2
= Z/e_r2 rEtv=lgr 2 / cos® Ly . sin? "l gdy
0 0
=I'(z+w)Bw,2) =I'(z+w)B(z,w)

where the substitution » = /7, and Eqgs. (1.13) and (1.12) are utilized.
Therefore we have deduced
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Theorem 1.1 For Rez > 0 and Rew > O the identity

1 /2
B(z,w) = /tz_1 A=n""ldr=2 / sin?? g - cos™ L pdy =
0 0

is valid.
Session 1.2 Maple knows the I"-function. We define

> term :=GAMMA (z) *GAMMA (1-z) ;
term =TI () I" (1 —2)

Maple uses the reflection formula:

> gsimplify(term) ;
b4
sin (77 z)

‘We can convert between I, factorial, and binomial terms.

> convert (n!,GAMMA) ;

'(n+1)
> res :=convert (binomial (n, k), factorial) ;
n!
res .= ——
k! (n —k)!

> convert (res,binomial) ;
n

(2

> res :=expand (GAMMA (n+4)) ;
Fmn*+6@mn*+11T m)n*+6I (n)n
> collect(res,GAMMA, factor) ;
'mynn+1)(n+2)(n+3)
> simplify (GAMMA (n+4)/n!);
n+3)(n+2)(n+1)
> expand(binomial (n+2,k-1));
(n+2)(n+Dk(})
m+3—-knn+2-kn+1—-k)

> simplify (pochhammer (z,k) *GAMMA (z) /GAMMA (z+k) ) ;

1
Maple can simplify the integrals

> int(t” (z-1)*exp(-t),t=0..infinity);

T @rw)
I'(z+w)

O
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I ()
> Int(t"(z-1)*(1-t) " (w-1),t=0..1);
I w)I (2)

I'(z+w)
and, if we make the correct assumption on z and w, Maple discovers the Beta function

> assume(z,positive);
> assume (w,positive) ;

> int(t"(z-1)*(1-t) " (w-1),t=0..1);
B (w,z2)
Maple also evaluates the trigonometric integral
> int(sin(phi)” (2*z-1) *cos (phi) " (2*w-1) ,phi=0..Pi/2);
1 I'w) I (2)
2 T'(z+w)

By (1.2), we know the exact values of the I"-function at the positive integers. To
calculate the exact value of the I"-function at the point 1/2, we use the substitution

t = x? in our definition and utilize the well-known probability integral, which gives
us - -
ray) =/f1/2e*fdt=2/e*x2 dx = J7 . (1.15)
0 0

Note that this result is also easily deduced from (1.14) (for z = w), or from the
reflection formula (1.9), and yields a closed form for all half integer values using the
basic functional equation (1.1).

Further Reading

For further reading on the Gamma function we recommend the book [AAR99],
Chap. 1.

Exercises

Exercise 1.1 Use the value I'(1/2) to determine formulas for I'(1/2 + k) and
I' (k/2) in terms of factorials with integer arguments, assuming k € Z.

Exercise 1.2 Show that for k € N>,

fim L= gy @R

(Zk)
=~k I'(1 —22) '
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Hint: Use (1.6).

Exercise 1.3 Use (1.10) to prove the limits

. I'(n+)n* _
(@ lim 7oy =1

. I'(n+a)  b—
® Nim Farp =1

Exercise 1.4 Show that forz € C, k € N>

(@) 22 =4* @k (2 + 1/2),
(b)) B32)3k =27k (z + 1/3)k (z +2/3)k.

Deduce a similar rule for (mz),x wherem € N, m > 4.

Exercise 1.5 Prove the following rules for the Pochhammer symbol

@) @ik = @ @+,
(b) (1/2); = 2L

Exercise 1.6 Give a definition of the Pochhammer symbol (a)y, for negative k which
is consistent with (1.4).

VLI

Exercise 1.7 (Reflection Formula) Use Theorem 1.1 to prove (1.9). Hint: The iden-
tity
' r{—-z=B(z1-2),

and the substitution t = x/(1 + x) yields an integral representation that can be
evaluated by the residue theorem.

Exercise 1.8 ForRez > 0, Rew > 0 write

/2
/ sin? g - cos™ L pde
0

in terms of the I" -function.

Exercise 1.9 Use Theorem 1.1 to represent the integrals (n, m € R)

/2 /2 /2
cos" tdt , / sin” tdt , and / cos" t sin™ t dt
0 0 0

in terms of the I" -function. For n, m € N>, express the result in terms of factorials
with integer arguments. -
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Exercise 1.10 Calculate for m, n > 0 the definite integral

1
/ x™ In" x dx.
0

Exercise 1.11 Evaluate

1
/(1 +0 a1 = as.
-1

Reference

AAR99. Andrews, G., Askey, R.A., Roy, R.: Special Functions. Encyclopedia of Mathematics and
its Applications. Cambridge University Press, Cambridge (1999)



Chapter 2
Hypergeometric Identities

In this chapter we deal with hypergeometric identities. These are identities like

n n .
Z(k>:2, (2.1)

k=0
kZO(—l)"(Z) =0 (n#£0), 2.2)
i n\? _ e _ 2n 2.3)
i=o \k nt* n) '
, 2 0  ifnisodd
_1\k _ _1\n/2
kgo( b (k ) - % otherwise ’ 24
n !
n a\3 0 if nisodd
R _ )2
kz‘o( b (k) B % otherwise ’ 2-5)
n/2)!

or

i(_l)k n+b (n+c (b+c _ I'b+c+n+1) 2.6)
=~ n+k)\c+k)\b+k) " reo+ I+ 1) '

involving sums of a special type. We will meet the above identities—and many
more—in one form or another at several places later on in this book. For the moment,
we will not prove any of these identities. However, all of them will be proved by
several methods later.

We would like to mention that these kinds of identities can often be interpreted
combinatorially. Assume S is a set with n elements. The left-hand side of (2.1)
counts the number of subsets of S with k elements and sums these. The right-hand
side counts the total number of subsets of S. As soon as we have this combinatorial
interpretation and proofs using combinatorial arguments for both sides, we have

W. Koepf, Hypergeometric Summation, Universitext, 11
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proved (2.1) combinatorially. On the other hand, in many cases we have the opposite
situation: By combinatorial considerations, a sum of the above type occurs, but we
are lacking a (combinatorial) method to evaluate this sum directly. One may ask
whether the sum under consideration can be rewritten in a simpler form.

We will not deal with combinatorial interpretations of identities in this book.
Instead, we will introduce several methods to find simpler form representations for
sums of the above type.

What do the above sums have in common? They all are definite sums of the type

F=3 a @.7)

the sum to be taken over all integers k. This is so since (forany n € N>) all summands
vanish outside a finite set. We say that a; has finite support in this situation. In most
of the above cases this is the interval k =0, ..., n.

A sum of type (2.7) is called ahypergeometric series if the term ratio a1 /ay. rep-
resents a rational function of k. In this case we call the summand ay a hypergeometric
term.!

Note that the summands of the above identities (2.1)—(2.6) not only represent
hypergeometric terms with respect to the summation variable &, but form hypergeo-
metric terms with respect to all variables (k, n, a, b, ¢) involved.

Without giving a formal definition, we call an equation a hypergeometric identity
if it represents a hypergeometric series (2.7) by hypergeometric terms like the right-
hand sides of (2.1)~(2.6).2 If the sum is written in terms of products of binomial
coefficients, we will frequently also speak of a binomial sum identity. Binomial
sum identities are hypergeometric ones if the arguments of the binomial coefficients
occurring are integer-linear in the summation variable k, i.e., they are of the form
ak + g with o € Z, B € K, K denoting any field of characteristic zero, e.g. K =
Q, R or C. For simplicity, in the current text, we generally assume K = Q or a
transcendental extension of Q with a finite number of variables adjoined, i.e. K =
Qxq, x2, ..., Xm),> and it is implicitly understood that the variables x1, x2, ..., X
are independent of the other variables occurring in the given context.

We will further frequently deal with the case of rational-linear input with argu-
ments of the form ak 4+ 8 with o € Q.

Assume now a hypergeometric series (2.7) is given. In this chapter we begin by
considering how to find a representation of F in terms of the generalized hypergeo-
metric function p, F; given by

I A hypergeometric term is always the summand, not the sum!

2 The right-hand sides a,, form m-fold hypergeometric terms. These are generalizations of hyper-
geometric terms satisfying a recurrence equation of the type a,+, = R(n) a, for some m € N with
rational R(n).

3 Q(x1, x2, ..., xy) denotes the field of rational functions in the variables x1, x3, ..., x;; over Q.
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o0

- () - ()i -+~ (el ¥
= Arxt = PEZ 28
x) 2 A =2 s o e %Y

F Oll,Olz,...,O[p
PR Br. B2, .- By

This is the appropriate thing to do since we shall see soon that the term ratio ay1/ax
of the summand a;: = Akxk of , Fy is a general rational function in k in factored
form.

The numbers oy are called the upper and B the lower parameters of , F;. Note
that , F, (x) is well-defined if no lower parameter is a negative integer or zero and it
constitutes a convergent series if p < g, orif p =¢g + 1 and |x| < 1.

We will, however, deal almost exclusively with the case where , F,; (x) is a poly-
nomial so that convergence is not an issue. This situation occurs if one of the upper
parameters is a negative integer. Throughout the present book, the letter n will denote
a nonnegative integer and —n, —2n, or —n — 1, etc. might denote upper parameters.
In such a case, ,F,(x) is a polynomial in x of degree (at most) n, 2n, or n + 1,
respectively.

Since by the definition of the shifted factorial

(@)k+1

=k +a,
(@)k

the summand a; = Agx¥ of the generalized hypergeometric function has the rational
term ratio

g1 Ajyr T _kta) - (kt+oa)...(k+ap) x

ag Apxk k4B - k+B2) .. (k+By) k+1

(k € Nxg), (2.9)

i.e., the first order recurrence equation

(k+p1)-(k+B2) -~ (k+Bg) - (k+1) Agq1 — (k+o1) - (k+a) - - - (k+ap) Ay =0
(2.10)
is valid for Ayg.

Note that the extra factor (k + 1) in the denominator of (2.9) which does not
occur in the list of lower parameters guarantees that , F, (x), which is a power series,
corresponds to a bilateral sum (2.7), i.e., for arbitrary Ay 7# 0, the statement A_; = 0
can be deduced from (2.10), so that all coefficients Ay with negative k vanish.* This
argument applies whenever none of the upper parameters is a positive integer, whereas
in the latter case the lower bound k = 0 of , F; (x) is not the natural one, i.e., the
summand a; is not identically zero for negative k, and therefore , F,(x) cannot be
considered as a bilateral sum.

The generalized hypergeometric series generalizes the exponential and geometric
series: For

4 This fact is also expressed by the k!-term in the denominator of the right-hand sum (2.8).
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Xk
X
X —
¢ = Z 1’
k=0 "
we have a; = xk/k!, and therefore a1 /ax = x/(k + 1) so that e* = ¢Fy(x). For

1

0

k

= x’
1—x g

we have q; = x¥ (k € N>,), hence aiy1/ar = x (k € N>(). Note that this term
ratio is not valid for k = —1; however, after multiplication by (k + 1), the recurrence
equation (k+ l)ag4+1 — (k+ 1)xay = Oisvalid for all k € Z, and we have for |x| < 1

1_F 1
l_x—lo_x.

In particular, since the upper parameter is a positive integer, this is not a bilateral
sum of type (2.7).

Note that the function ; Fj (x) (whose radius of convergence is 1) was introduced
by Gauss and is therefore called Gauss’ hypergeometric function. On the other
hand, the series | F (x) converges for all x € C and is called Kummer’s confluent
hypergeometric function.

If ahypergeometric series (2.7) is given and if ag # 0, then itis easy to represent F
in terms of a generalized hypergeometric function if we are able to find polynomials
uy and v such that

Ak+1 _ Uk 2.11)
a Vi ’

and if we assume a complete factorization in linear factors of u; and v, by comparison
with (2.9).

We introduce some notation. IK(k) denotes the field of rational functions in the
variable k over K, and K[k] denotes the ring of polynomials in k over K. Similarly,
K(n, k) and K[, k] are the field of rational functions and the ring of polynomials in
two variables, respectively.

Session 2.1 As we saw above, given ay, it is crucial to find polynomials uy, vy €
Q[k] such that (2.11) is valid. How can we find these with Maple? We saw in Session
1.2 that Maple’s expand command expands binomial coefficients and factorial and
I" function terms. Therefore, we have for example

> expand (binomial (n+2,k-1) /binomial (n-1,k+2));
n+2)(n+ Dknk+2)k+1)
m+3—-km+2—-kn+1—-kmn—-k—-2)n—k—1)(n—k)

However, we must say that this is not a safe procedure. This is shown in the following
example that we will consider in more detail in Example 2.5.
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> summand:=binomial (n,k)/2 " n:
> term:=subs (n=n+1, summand) -summand:

> expr:=expand (subs (k=k+1, term) /term) ;

(1) Oy

n
expri=—1/2( Jn|1/2 (k)n +1/2 - G+t
= k n+1—-k?2" n+1—k2n on
-1
n n n
n (k)n (k) (k) T
H/Z(k) V2 osi—onr "V ai—or o -+ D7)
—1
(1) o)
n k k k -
+(k)k Voo T e r T | ®thT (@)

> normal (expr) ;
(—n—14+k)QRk+1—n)
(—n—=142k)(k+1)

We see that in this example, the situation can be resolved by a further application of
normal or simplify.> On the other hand, this procedure is not at all efficient in
cases like

> normal (expand (GAMMA (k+10000) /GAMMA (k+9999))) ;

k + 9999

Issuing this command gives you time to have lunch before you receive the trivial
result. The reason is that both numerator and denominator are expanded indepen-
dently as multiples of I" (k). In the worst case you receive the error message
Error, (in expand/GAMMA) object too large
depending on the memory situation on your computer! We will now present a better
method for the given purpose which is implemented in the hsum package®
> read "hsum.mpl";

which gives an instant answer to the much more complicated question

5 Note that simplify can easily handle the next question. However, simp1li fy does not always
simplify towards a rational function, even if the result is rational. Moreover, simplify is a
combination of so many algorithms so that it is not even possible to describe its full mechanism. It
is better to use simplification commands that have a clear description.

6 The current updated version is hsum17 .mp1. In future Maple sessions we will always assume
that the hsum package is loaded by the read command.
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> gsimpcomb (GAMMA (k+1000000) /GAMMA (k+999999)) ;
k + 999999

The following algorithm, which is almost trivial but decisive, describes how u; and
vk can be identified (at least) for input of a special type. We will later see that the
same algorithm applies for input of a more general type.

Algorithm 2.2 (simpcomb)
The following algorithm decides the rationality of term ratios a1 /a:

1. Input: ax41/ar, where a; # 0 is a ratio of products of rational functions, powers,
factorials, I" function terms, binomial coefficients and Pochhammer symbols that
are rational-linear in their arguments.’

2. (togamma)

Build ag41/ax, and convert all occurrences of factorials, binomial coefficients,
and Pochhammer symbols to I" function terms according to (1.2), (1.5), and
(1.11), avoiding negative arguments. The case of binomial coefficients is done
by the rules

(—Dk —Lk=0) g e7 a<0

a '+ T (—a)
(k)—> 0 ifa—keZ,a—k<0.
L (at+1) otherwise

I (k+1) I' (a—k+1)

3. (simplify_ gamma)
Rewrite the preceding expression recursively according to the rule (see (1.4))

Fa+j=aa+1)---(a+j—1-I'(a)

whenever the arguments a and a + j of two representing I” function terms have
positive integer difference j. Reduce the final fraction canceling common I”
terms.

4. (simplify_power)
Rewrite the preceding expression recursively according to the rule

ba+j — bj be

whenever the arguments a and a4 j of two representing power terms have positive
integer difference j. Reduce the final fraction canceling common power terms.
5. The expression ayy1/ax is rational if and only if the resulting expression uy /v
in step 4 is rational, i.e., uy, vy € Q[k].
6. Output: (ug, vi).

7 If the input terms have integer-linear arguments in k, then the ratio ay 11 /ay is clearly a rational
function; if the input terms are rational-linear in k, then this is not automatically the case, and the
algorithm detects this.


http://dx.doi.org/10.1007/978-1-4471-6464-7_1
http://dx.doi.org/10.1007/978-1-4471-6464-7_1
http://dx.doi.org/10.1007/978-1-4471-6464-7_1
http://dx.doi.org/10.1007/978-1-4471-6464-7_1

2 Hypergeometric Identities 17

Proof Note that this result follows immediately from the given form of a; (as a ratio)
and therefore of the expression a1 /ax. The given form guarantees that common
I" and power terms in the numerator and denominator cancel in steps (3) and (4) if
ak+1/ax is rational.

Note that, for integer-linear input, it is clear, by the use of the given rewrite rules,
that all I" and power terms cancel and polynomials uy, vy € Q[k] are constructed.

Example 2.3 The sine function has the power series representation

0 k 2k+1
. (=D"x
=

k=0

. . . _ 1k 2k+1
To find its hypergeometric counterpart, we start with a; = % and use Algo-

rithm 2.2. We get the term ratio

At 1 Qk 4+ 1)1 (=DK1 x2k43
ar (—DFxZHTT T (2% 1 3)!
2k + 1)! — (= 1)k x2 y2k+1
T (= DEx2T T 2k + 3)(2k + 2)(2k + 1)!

X

2 1 X2
T @k+3)@k+2) (k+3) (k+1)( 4)‘

Since ap = x, this leads finally to the hypergeometric representation

00 k 2k+1 2
—1 —
sne= 3 Gt =von (1)
i Ck+ DI 2
by Algorithm 2.2.

Example 2.4 As another example, the rationality of ay1/ay for

B I (2k)
T4k () T (k+1/2)

a

is recognized using the given procedure by the stepwise transformations

g1 'k +2) I (2k)
ar A0k + D)k +3/2) /4kr(k)r(k +1/2)
Q@K+ DA TR T (k+1/2)  QkQk+1)

CTQk)4 -4 kD () (k+1/2)T (k+1/2)  4k(k+1/2)

From the resulting information, it follows by induction (or easier, by the hyper-
geometric coefficient formula (2.8)) that for k € N
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@k . re» 1
KT TKk+1/2) TN T4arayrae) —2rap - 2dx

(2.12)

using (1.15). Note that (2.12), which is called the duplication formula of the I”
function, is valid for all k € C, k not the half of a negative integer or zero, a fact
which, however, cannot be proved by the present method.

Algorithm 2.2 also applies to

by = ' 2k) —adk T(k) Tk +1/2)

and the same procedure leads to

b
L ok Qk+1)
b
(check!) which is true whenever o # ﬁ; Ifa = #ﬁ, however, by the above

computation, by = 0 and therefore by1 /by is not properly defined.

Note that the occurrence of another variable, «, had the side effect that our cal-
culation was not valid for a particular value of «. This is a typical situation since we
work with rational arithmetic and must make sure that no denominator which might
appear in any intermediate calculation is ever equal to zero.

Example 2.5 Next, we consider the expression (n € N>)

] I (n+1 1 (n
aksz( k)_iik) (2.13)

Note that a; does not have the form required in the above algorithm since it is not

just a ratio but a sum of ratios. On the other hand, it is easily seen that for any sum

ay = ag+ P of expressions o and By for which g / B € K(k) is arational function,®

the same algorithm applies. This is obviously the case for the two summands of ay.
We obtain by the method described

(Y _ i
ag+1 2\ k+1 "\ k+1
ay 1 [(n+1 1 {n

I\ k) P\«k

F'(n+2) _, n+1)
Frk+2)rn—k+1) I'k+2)(n—k)
T'(n+2) I'n+1)

Fk+DIrn—k+2) Tk+DIn—Fk+1)

8 In such a case, a and fy, are called similar hypergeometric terms, see p. 94.
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n+ DI (n+1) F'n+1)
(k+DIk+Dn—kFn—k ~(+ DL k+ DI (n—k)
n+Drn+1) 'n+1)
Fhk+Dn—kn—k+DOI'n—k Tk+Dn—k)I(n—k)
n+1 2
k+Din—k k+1 _n—k+1 n+1-2(0—k
n4 1 2 7 k+1 n+l1-2m—k+1
m—kn—k+1) n—k
_ (k—n—D((k—n/2+1/2)
T k—n/2—-1/2)(k+1)

(2.14)

If we are now interested in

F = Z ar, (2.15)

k=—00

then, according to (2.9), from the final factored form of (2.14) we can read off the
list of upper parameters (—n — 1, —n /2 4 1/2), the lower parameter (—n/2 — 1/2),
and x = —1; and by

_ 1 n-+1 1 (n _ 1
ao = on+1 0 Ton\0) T ontl’

we see (by induction, or by the hypergeometric coefficient formula (2.8)) that

_n o DE R4 U2 s DeCn2 4 U2

(=n/2 = 1)2); k! (—n/2 — 1/2)i k! ontl

ak

and therefore

ad 1 (n+1 1(n)y 1 —n—1,—n/2+1)2
Z(szrl( k )_27(/{))__%21?‘( —n/2—1/2 ’_1)'

) (2.16)

Note that the upper parameters of (2.16) show in particular that the sum F' given by
(2.15) for n € N>, is finite with summands k = O, ..., n + 1 for even n and with

summandsk =0, ..., % for odd n. Furthermore we note that according to identity
(2.1) F = 0 (check!).
Let us consider the even case first. If n = 2m € N>, is even, then by (2.16) we

getform e N
—2m—-1,-m+1/2 .
2F1( —m—1/2 ‘—1):0.
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On the other hand, for odd n, we divided by zero in (2.14) so that this deduction is
not valid. In this case the hypergeometric series (2.16) has a negative integer lower
parameter —n /2 — 1/2. Nevertheless, this is a valid hypergeometric series since the
sum is fromk =0, ..., % only. However, it turns out that its sum is not equal to
0 in this case.

Example 2.6 (Dixon’s Identity) Identity (2.6) (n € N>)is called Dixon’s identity.
We will now give a hypergeometric version. Therefore, for

= (= 1)k n+b\(n+c b+c
U= n+k)\e+rk)\b+k)
we calculate by Algorithm 2.2

apr1 (k —n) (k —b) (k —c)
ax  (k+n+D)k+b+1)(k+c+1)

()

we are led to the hypergeometric representation

n+b\(n+c\(b+c P —n,—b,—c,1 |
n ¢ b )3\ n+1,b4+1,c41] )
where we had to add the number 1 to the list of upper parameters since the denomi-
nator of (2.17) did not contain a factor (k + 1).

But, be careful! Did you realize that this hypergeometric function corresponds to
the sum of Dixon’s term for kK = O, ..., oo rather than for k = —o0,...,00?In a
later example, we will see that in some instances this might be exactly what we want.

In our case, however, to get rid of this problem, and to deduce a 3 F; rather than a
4 F3 representation, we realize that one of the lower parameters, n + 1, is assumed to
be an integer. In such a situation we must apply a suitable shift. Since the summation
is over all k € Z, a shift of the summation index by an integer does not change
the value of the sum. This is the nice thing when working with bilateral sums: their
value is invariant with respect to shifts of the summation variable. Therefore, in our
example, we shift the summation index by —n, i.e., we consider by = ay—_, with

2.17)

(check!), and from

n 00 o] 2n
Sa=3 a= > h=3n
k=—00 k=—00 k=0

k=—n

and we get from (2.17)
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bir1  ak—ni1 (k—=2n)tk—n—->b)tk—n-—c)

by ar—n  k+Dk—n+b+D)k—n+c+1)

By this procedure, we generated a (k + 1)-term in the denominator and since

by =a-, = (—D"(’jf;) (fol),

we have, finally, the hypergeometric representation
_ o nfntec b+c —2n,—-n—>b,—n—c
F=D (c—n) (b—n)3F2 (—n+b+1,—n+c+1 !
for the Dixon sum.
Note that we see from this hypergeometric representation and from the method

of its discovery that the left-hand side is a sum in the range k = —n, ..., n. At first
glance this might not have been obvious. A

Next, we would like to give some more examples that show how one takes care of
possible shifts.

Example 2.7 Let us consider a; = k(z ) Then

Ak+1 n—k

ai k

We see that this cannot be the term ratio of a hypergeometric representation since
the denominator has a zero root. This corresponds to the fact that ag = 0, and any
hypergeometric representation has ag # 0. By a suitable shift, however, we can
overcome this difficulty and, as an important observation, the term ratio given shows
us which shift will be successful! Since the denominator root is zero, we shift by one
to eliminate it and to construct a (k + 1)-term. For by: = aj41, we get

biyi a2 k+1-—n
by ag+1 k+1

so that, from by = a; = n, it follows that
Zk(Z)Zn.IFO( I’l_ ‘—1).
k=0

Next, we consider the similar expression a; = %(

k)' Here we are interested in

o0

> ax rather than the bilateral sum. Let’s see what can be done nevertheless. We
k=1

have
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k1 k(k—n)
ar  (k+ 12’

(2.18)

Since the numerator has a zero root, we must shift by one again. In the present case,
there is no chance to keep a (k + 1)-term in the denominator and therefore we have
to increase the number of upper parameters by adding one to them.

The final result is

n
I(n —n+1,1,1
Sa(k) = (75 )

k=1

In this example, the extra factor (k4-1) that we put in both numerator and denominator
of (2.18) helped us a lot since this step made the sum finite to the left—and that was
exactly what we needed.

Both examples given show that for quite similar input, the orders p and g of the
corresponding hypergeometric representations can be quite different. A

Now we are prepared to state and prove the main result of this chapter. We state
it only for bilateral sums and mention that a similar algorithm can be given for sums
k= k(), ..., 00,

Algorithm 2.8 (Conversion of Sums into Hypergeometric Notation) The following
algorithm converts hypergeometric sums into hypergeometric notation:

1. Input: the summand gy, given as ratio of products of rational functions, powers,
factorials, I" function terms, binomial coefficients, and Pochhammer symbols
that are rational-linear in their arguments, or a sum or difference of such terms
like expression (2.13) in Example 2.5.

2. Calculate a1 /ax and apply Algorithm 2.2 to it generating uy, vy € Q[k] such

that
Ak+1 Uk

ak Vi

If Algorithm 2.2 decides that aj 1 /ay is not rational then return: “No hypergeo-
metric representation exists.”

3. Factorize ug, vi over the rationals.” If there are nonlinear factors, then return:
“No rational factorization found”; exit. (For factors of degree <4, one may use
symbolic complex solutions, though.) If the last step was successful, however,
then we have a representation

ur = A (k+ay) (k+oz) - - - (k+ap) and vp = B (k+p1) (k+p2) - - - (k+B4+1).

4. If any of the parameters B, ..., ;41 is an integer, then calculate the minimal
such value!® m and shift the summation variable by —m + 1, i.e. shift all upper

9 Rational factorization will be considered in more detail on p. 83.
10 1f parameters are involved, this might be undecidable, compare e.g. the Dixon case!
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and lower parameters by —m + 1. Denote the new upper and lower parameters
by (a1, ...,ap) and (B, ..., By+1) again.

5. If none of the shifted lower parameters equals one, then return:
“The bilateral sum does not have a hypergeometric representation.”

6. Calculate the initial value by = ag, where K: = —m + 1 is the total shift that
occurred in step 4 if applicable, else K: = 0; set upper := a1, ..., ap, and
lower: = Bi,..., B, assuming B,,1 = 1;setx: = A/B.

7. Output: the hypergeometric function by-hypergeom (upper, lower, x).

Proof Obviously, in step 2, Algorithm 2.2 decides whether or not ay 41 /ay is rational.
If not, then no hypergeometric representation exists by the definition of a hyperge-
ometric series, whereas in the affirmative case uy, vi € Q[k] are constructed. Note
that this step undoubtedly succeeds if the I"-arguments occurring are integer-linear
w.r.t. k, although this is not a necessary condition.

If the factorization in step 3 fails, no hypergeometric representation with rational
parameters exists. If, on the other hand, a factorization is found, then it obviously
defines a hypergeometric representation if none of the corresponding lower para-
meters is a negative integer. The shift in step 4—if applicable—guarantees that all
negative integer lower parameters disappear (and at the same time that one of the
lower parameters equals 1). This shift corresponds to a shift of the summation vari-
able k and does not change the value of the series.

Finally, if the remaining list of lower parameters does not contain the value 1,
then the bilateral sum cannot be represented by a one-sided infinite hypergeometric
representation.

If the shift is K, then we work with by = axyk, and > br = D ax, so that the
initial value is given by by = ag.

A Maple implementation of the algorithm is given in Session 3.6. If the algorithm
fails because a1 /ay turns out not to be rational, then it may still be possible to find
anumber/ € N such that a4, /ay is rational; compare Algorithm 8.4. In this case the
series under consideration can be written as a sum of / generalized hypergeometric
functions.

If other variables are involved then the shifts of steps (4) and (5) might depend on
the particular values of these variables. As in Example 2.6, the knowledge that any
of the variables occurring is an integer might influence this decision. We give some
final examples of an application of Algorithm 2.8.

Example 2.9 (Legendre Polynomials) Let us give the Legendre polynomials by the

series
ad n —n—1 1—x\*
Pn(x) = Z k k 2 k]

which, of course, is a hypergeometric one. For

)5
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we get by Algorithm 2.2

a1 _ k=—m)k+n+1) 1—x
ai (k 4+ 1)? 2

’

and therefore we have

—n,n+1 ‘ l—x)

Py(x) =2 F1 ( 1 7 (2.19)

This shows in particular that P, (x) is a polynomial of degree n with respect to x.
Next we consider the family

F=Pi(0) =P = D a
k=—00

of consecutive differences of Legendre polynomials. Note that F defines a polyno-
mial of degree n + 1. Does F constitute a hypergeometric series? By (2.19), it is the
difference of two hypergeometric functions, but our question is different. Algorithm
2.8 helps us to find the answer.

An application of Algorithm 2.2 gives

ary1  (k+n+1D)k—n—-1) I—x
ap k(k+1) 2

We see that a shift by one is necessary to obtain a hypergeometric representation.
For by: = aj41, we have

bi+1 _ k+n+2)(k—n) . 1—x
by (k+Dk+2) 2

’

so that with
bp=a=-mn+1)1-x),

there follows

P () = Pa(¥) = =1+ D (1 =) - 2 Fy (_n’;” ‘ lgx).

Example 2.10 (Non-Natural Bounds) In this example, we would like to present a
further method which is of value if the upper bound of a hypergeometric sum is not
anatural one, i.e., the summand is not identically zero outside the summation region
(so that we don’t have a bilateral sum). In this case a direct application of Algorithm
2.8 is not possible. We saw how the use of an extra 1 as upper parameter can be
used if the left bound is not a natural one for the sum under consideration. But what
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if the right bound is not natural? Here a change of variable, essentially of the type
k — —k, helps (hence reversing the order of summation)!
Let us consider the example

F=>a:= Z(—l)"(Z),
k=0 k=0

for arbitrary m < n. Here the lower bound is a natural one, but the upper bound is
not. We change the summation variable, set by = a,,—; and get

F=> b= Z(—l)'"—k(m”_k),
k=0 k=0

for which we find
bry1 k—m

by  k4+n—-m+1

so that by by = a,, = (—1)”‘(:1), we have

e (2 ()

Note that the extra upper parameter 1 made the lower bound a natural one, and
the upper bound m was natural from the beginning! We will investigate this example
further in later chapters.

Session 2.11 Maple can discover some hypergeometric identities:
> sum(binomial (n,k),k=0..n);
2n

However, in many cases the output is different from ours and more complicated.'!

> res :=sum(binomial (n,k)"2,k=0..n);
B 4" (n+1/2)
C Jr L (n+1)

> res2:=convert (res,binomial) ;

res2: = 4" (ril—/é/Z)

> gimplify(res2) assuming n::integer;

res:

I The next two sums presented are not really “nice” and need an application of the Gamma
duplication formula for conversion towards simple forms. Even Maple’s assume facility does not
simplify appropriately.
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n—1/2
“(17)
> sum((-1) "k*binomial (n,k)"2,k=0..n);
V2"
ra+1/2n) I (1/2—-1/2n)

The latter output is equivalent to (2.3), see Exercise 2.7.
Dixon’s sum is also simplified:

> sum((-1) "k*binomial (n+b,n+k) *binomial (n+c, c+k) *
> binomial (b+c,b+k),k=-n..n);

(bzc)r(n+b+1+c)

Fb+c+DHI(n+1)

The Maple procedure
> ratio:=proc(a,k); simpcomb (subs(k=k+1,a)/a); end proc:
from the hsum package calculates ay 1 /ax and simplifies this expression according
to Algorithm 2.2; the Maple procedure hyperterm (upper, lower, x, k) gen-
erates the hypergeometric term corresponding to the upper parameters upper, the
lower parameters 1ower, the variable x, and the summation variable k.
We have for example
> ratio((-1) "k*binomial (n+b,n+k)*binomial (n+c,c+k)*
> Dbinomial (b+c,b+k), k) ;
(b—k)(=n+k)(c—k)
m+1+k)Cc+k+DHOG+k+1)
> ratio(hyperterm([-n,n+1],[1], (1-x)/2,k),k);
1 (n+km+1+k(=1+x)
2 (k + 1)?

> ratio(subs (n=n+1,hyperterm([-n,n+1],[1], (1-x)/2,k)) -
> hyperterm([-n,n+1], [1], (1-x)/2,k),k);

1=+ m+1+0)(—n—1+k)
2 k(k+1)

Since binomial sums come in quite different disguises, it is an important fact that by
the notion of the generalized hypergeometric function these sums are classified and
hence can be identified. This fact will be stressed in the next chapter. This point of
view has been popularized by Dick Askey and George Andrews.

q-Hypergeometric Identities

An important extension of the hypergeometric function is the g-hypergeometric
function (as a general reference for g-hypergeometric functions, see [GR90], and
for an elementary introduction [Gasper97])
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k 14+s—r
o) . k
(a1, a2, .. ar; @ X k (2)
Jx )= (=1
a ) 2 ot b @ D 1

& a,az, ..., dar
"\ by, by, ..., b

k=0
where (aj, az, ..., ar; q); is a short form for the product H;’:l (aj; q)k, and

( k—1 )
IT (1 —agq’) ifk >0
j=0
1 ifk =0

coy, — )OIk ,
@=L —ag=i) ifk <0

i=1
joo .
IT a—aq’) ifk =00

[ j=0

denotes the g-Pochhammer symbol. The g-hypergeometric functions are also called
basic hypergeometric functions since they come with the base ¢.
An ¢ series terminates if one of its numerator parameters is of the form g~

with n € N. In the non-terminating case the g-hypergeometric series converges in its
k

I+s—r
disk of convergence if |¢g| < 1. The additional factor ((1 * g ( 2)) (which does not

n

occur in the corresponding definition of the generalized hypergeometric function)!?

is to facilitate a confluence process. With this factor one gets the simple formula

X\ b ap,az, ..., ar—1 x
q’ar s b],bZ,...,bS q’ ’
An expression ay, is called a g-hypergeometric term if ay1/ay, is a rational function
with respect to ¢¥, a typical example of which is given by the summand of the ¢-
hypergeometric series. Using the notion of the g-hypergeometric function, series

with this property are classified and hence can be identified.
Since forqg — 17

lim 95 D _ @k

- , 2.20
a—1- (q; @ k! (220

one has
. q, q®, ..., q" o lds—r _ ai, az, ..., a,
S rs (q”uqbz,...,q"s @@ =D =e B o |

12° Note that basic hypergeometric functions and their properties were already considered in
[Bailey35] where the definition of the g-hypergeometric function was given without this additional
factor, though.
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which connects the g-hypergeometric function with the hypergeometric function.
By

k

1—
klg = T pgg g,
—dq
(g5 q)
[k]q!::m = [kl - [k — 11, ---[1]4,
kl, Ikl [n — k!
and ( :
q; 9)0 1—z
T, =" (1 -
q(2) 7 Q)oo( q)

one defines the g-brackets (or g-numbers), the g-factorial, the g-binomial coefficient
and the ¢g-Gamma function, and there are g-analogues for many hypergeometric
identities (see e.g. [GRI0]).

We consider an example: Whereas the binomial theorem states that

> (Z)xk => (_kof)" (—x)k =1 Fy ( - ‘—x) —(1+x)%, (221
k=0 k=0 ’

(a particular case of which is (2.1)), the g-binomial theorem due to Cauchy, Jacobi
and Heine is the identity (J¢| < 1, |x| < 1)

a _ N @ Dk _ 0% 9o -
%0 (—‘q’x) ,é(q; D e 222

More details can be found in [Gasper97, GR90], and we will continue these consid-
erations in the later chapters.
Further Reading

For further reading on hypergeometric identities we refer to [AAR99], Chaps. 24,
and for the g-case to [GR90].

Exercises

Exercise 2.1 Show that (2.12) remains valid in the limit as k tends to the half of a
negative integer or zero. Hint: Use Exercise 1.1.
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Exercise 2.2 Prove that the rational term ratio(2.9) together with the initial value
Ao = 1 implies the hypergeometric coefficient formula(2.8).

Exercise 2.3 (Hypergeometric Differential Equation, see e.g. [Rainville60]) Show
a1, 00, ..., ap

that the generalized hypergeometric functionF (x): = ,F, ( 51 pr 8
Bay o By

x) satis-

fies the hypergeometric differential equation
0@ +p1—1) - (O+B—DF(x)=xO+a)@+az) - (0 +ap) F(x) (2.23)

where 0 denotes the differential operator f (x) = xf'(x). Hint: Substitute the series
into (2.23), and equate coefficients.

Exercise 2.4 (Hypergeometric Derivative Rule, see e.g. [Rainville60]) Show that

the generalized hypergeometric function F,(x): = ,Fy (21’;2’ e ’217 x)
17 27 L] q
satisfies the derivative rules
0 Fa() = 1 (Fas1 (x) = ()
for any of its numerator parametersn: = oy (k =1, ..., p) and

0F,(0) = (1= 1) (Fa1 () = o)

for any of its denominator parametersn: = By (k =1,...,q).

Exercise 2.5 (Hypergeometric Recurrence Equation) How can Exercises2.3 and2.4
be combined to obtain a recurrence equation with respect to any of the parameters
of , F,;? What is the order of this recurrence equation?

Exercise 2.6 Use Algorithm?2.2 to determine a1 /ay forax: = b(n+ j, k) —b(n, k)
for j =1,...,3 when

(@) b(n.k) = (Z)

®) bn, k) = (”;k)

n

(© b(n.k) =n k),
(d) b(n, k) = (n—k)!

Exercise 2.7 In Session 2.11, Maple’s result

Zn:(_l)knzz 1ﬁ2n1 ]
S R0

was obtained. Show that this result is equivalent to (2.4).
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Exercise 2.8 Use Algorithm 2.8 to calculate the hypergeometric representations of
the sums occurring in (2.1)—(2.5). Which hypergeometric terms are determined by
the right-hand sides of these identities?

Exercise 2.9 Use an adaptation of Algorithm 2.8 to find hypergeometric representa-

tions for Z/f: 4 ax with largest possible summation range, if

() ak=k(k—1)<k—2>(2),

(b) ak=(”;"),

2n
_ 1
(©) 4 = rx=n&—2\ k)

(1))

Which shifts are necessary? Which are the actual ranges (A, B) of the hyperge-
ometric representations?

(d) ax

Exercise 2.10 Show, by a treatment similar to Example 2.5, the identity

—n—1,—n/2+1/2 O (—n— D (=n/241/2); n
F = = (1 1—
o (7 ‘x) 2 sy, t D Enaea
which is valid for even n.
Exercise 2.11 The following are the standard series representations of some elemen-
tary functions. Use Algorithm 2.8 to give their hypergeometric equivalents.

(@ exp(x) = 3 &,

S (=D ok
(c) cos(x) = ]Z:O arx

@ 0= 3 (§)"

k=0

x k
(e) arctan(x) = Y. %x%-ﬂ’
k=0

&)

(e) arcsin(x) = > (zii)f (_]1{/2) xZk+L

k=0
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Exercise 2.12 The Legendre polynomials have the following two different series

representations
I < (n ? n—k k
Pn(X)=2—nk§0 (k) x=D""(x+1

and

1 & k(n\(2n—2k\ %
Pa) =2 2 DT, T )

k=0

besides the one presented in Example 2.9. Convert these into hypergeometric
notation. Here
lx]:=max{n €Z|n <x}

denotes the floor function.
Which identities between hypergeometric functions correspond to the equality of
the three given hypergeometric representations for the Legendre polynomials?
Note that we are not yet able to prove that the three different series representations
for the Legendre polynomials represent the same family of functions. This assertion
will be proved in Chap. 4, Exercise 4.3.

Exercise 2.13 Give a hypergeometric representation for the sum and difference of
consecutive Legendre polynomials P,41(x) = P, (x). Try to give one for P,1,(x) &
P, (x). What happens?

Exercise 2.14 (Apéry Numbers, see [Apéry79]) Convert the Apéry numbers

S0

into hypergeometric notation.

< Exercise 2.15 Write the Maple function hyperterm (upper, lower, x, k)
(in terms of pochhammer) that was utilized in Session 3.11.

Exercise 2.16 (Bieberbach Conjecture, see [deBranges85]) The following sum was
an essential tool in the proof of the Bieberbach conjecture by de Branges in 1984
[deBranges85] (see also Example 7.8)

< IR IANEEY |
J=

Convert into hypergeometric notation under the hypothesis that k denotes a positive
integer.


http://dx.doi.org/10.1007/978-1-4471-6464-7_4
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Exercise 2.17 Convert the identity (see [GKP94], p. 171)

e¢]

Z (=¥ n+b b+c c+d d+n\ _
k__oo(zn+2b+2c+2d) n+k b+k c+k d+k)]

n+b+c+d+k

F(n4b+c+d+ 1) (n+btc+ D) (n4+b+d+ 1) (n+c+d+1) I (b+c+d+1)
MTQn+2b+2c+2d+ DIn+c+t DI b+d+ DI b+ )T et )Id+1)

into hypergeometric notation. What are the natural bounds?

Exercise 2.18 Maple’s expand procedure expands I function terms I"(a + k) for
integer k in terms of I (a). When followed by normal to cancel common factors,
this gives an alternative way to decide the rationality of expressions involving I"
terms.

Time the simplification of the expressions I" (k + 1000)/I" (k + 999), and I" (k +
5000)/I" (k +4999) using normal (expand (..) ) and simpcomb. Explain!

Exercise 2.19 Let a; denote the k' summand of the generalized hypergeometric

function ,F, (al,...,a,,
PEA N\ i,y

x). Show that the following limit procedure generates the

Exercise 2.20 Show that Kummer’s confluent hypergeometric function is the fol-
lowing limiting case'3 of Gauss’ hypergeometric function

a . a,b|x
(2= (4]

Exercise 2.21 Prove the following equations for the q-Pochhammer symbol:

m'™ partial sum

i i F —m,ay, ...,
daj = 11m 1 1
= e—0 p1tat -m+e, B, ..., ,Bq

(@) (a5 )y = i,

(b) 1_aq2n _ (qﬁ;q)n (7q\/5;q)n
= T Vaa), (Ve
© (a: @), (—a: @), = (a*: ¢%),.

n
@ (a; @), = (¢"™"/as q), (—a)" q(2)~

13 This is a confluence process, again; hence the name of the function.
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Exercise 2.22 Prove (2.20).
Exercise 2.23 Show that for k, n € N the relations
(@ [kly!=Ty(k+1),

np _ (4 Dy
(®) |:k:|q @Dk (G P

are valid.

Exercise 2.24 Work out the connection between the binomial theorem (2.21) and the
g -binomial theorem (2.22).

Exercise 2.25 Prove the g-binomial theorem (2.22). Hint: Deduce the functional
equation

fla,x) =1 —ax)f(aq, x)

a . . . . .
for f(a,x): = 1¢o (_ ‘ q, x) by series manipulations, and use induction to show

that
fla,x) = (ax; q), f(aq", x)

which gives

fla, x) = (ax; ) f(0,x)

forn — oo (see [Gasper97]).
Exercise 2.26 Show that

160 (i‘q,x)-lfﬁo (f‘q,ax) =160 (CZ)‘CLX)-
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Chapter 3
Hypergeometric Database

In this chapter we list some of the major hypergeometric identities. Note that most of
these do not require any variables to have integer values. We give examples showing
how this database can be used in connection with Algorithm 2.8 to generate binomial
identities.

The following identities can be found in the book of Bailey [Bailey35], the hy-
pergeometric “bible”. Many more hypergeometric identities are known, but despite
this it turns out that most identities that occur “in practice” can be traced back to one
of those given here (see e.g. [Roy87]). Since the current chapter will give no more
than an idea of how such a database can be used to generate identities, we do not
emphasize a “completion” of the given list.

In later chapters, we will give other methods by means of which binomial identities
can be discovered without referring to such a database.

Note that, if not otherwise stated, a, b, c, d, e denote arbitrary complex numbers,
such that

(a) none of the occurring lower parameters is a nonpositive integer,
and
(b) the hypergeometric sums involved converge.

All series considered have radius of convergence 1, and are evaluated at some bound-
ary point. One can show that for p = ¢ + 1 the generalized hypergeometric function
p I, converges absolutely on the unit circle if

q p
Re 2'31'_2“1 >(),
Jj=1 j=1

(see [Rainville60], Chap. 5). Throughout, the variable n denotes a nonnegative
integer.

W. Koepf, Hypergeometric Summation, Universitext, 35
DOI: 10.1007/978-1-4471-6464-7_3, © Springer-Verlag London 2014
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Hypergeometric Database

1. (Gauss) ([Bailey35], pp. 2-3)

- (a,b ‘ 1) _e=D _T@Me—a=b
(©)—a I'(c—a)I'(c—b)
If —a = n € N, this is the Chu-Vandermonde identity
—n,b _ (c = Db),
o () =
2. (Kummer) ([Bailey35], p. 9)
F < a,b ‘_1> _ (+a)-p TI'A+a-bI'(l+a/2)
2"\ 14+a—-b T (U+a/2)_y T'A4+a)lA+a/2—10b)

3. (Pfaff-Saalschiitz) ([Bailey35], p. 9)

F a, b, —n
372 c,1+a+b—c—n

1)_(c—a»,(c—b)n
 @uc—a—b)y,

4. (Dixon) ([Bailey35], p. 13)

P ( a,b,c )_(1+a)c(1+a/2—b)c

32\ 14+a—bi+a—c| )T A+a2)—c(lta—b).
_I'(U+a/Qr(l+a—-bI'l+a—c)l'(1+a/2—b—c)
I +ar(d+a2-b)Ir'd+a/2—c)[A+a—-b—c)

5. (Watson, Whipple) ([Bailey35], p. 16)

1) _ \/_F (1+2€) 2 (1+a+b) (1—a—2b+20> '
F(lga)l"( +b)1—v<1 a2+2c) I—v(l—bz+2c)

F a, b, c
32\ @+b+1)/2,2¢

6. (Whipple) ([Bailey35], p. 16)

a,l—a,c
3F2(

7272 (e (14 2¢ —e)
e,1+2c—e

= r (%) r (a+1—;20—e) r (1—g+e) r (2+202—a—e) .

We do not prove any of these identities now. All of them, and many more, will be
proved later by several methods.

In order to find a hypergeometric term representation for a given series, when
such a list of hypergeometric identities is at hand, one may utilize Algorithm 2.8.
This converts the sum under consideration into hypergeometric form so that one can
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use the above list as a database. If the hypergeometric function is in the list, the job
is done. We practice some examples:

Example 3.1 We check first whether identity (2.3) can be found in our list. For

n 2
ay.= <k> , we get

a1 (k—n)?

ax  (k+D*
and therefore
5\’ —n, —n
2 () = ()
k=0
This is obviously a particular case of the Chu-Vandermonde identity (b = —n, ¢ =
1), and we have
i(n)z_ L+ _ @) _ (m)
=0 k (Dn n!? n)’

which proves (2.3).

It is worth remembering that the square binomial sum is a particular case of the
Chu-Vandermonde identity.
Example 3.2 To check identity (2.4) for even n, we replace n by 2m (m € N) and

2
get for ay := (= 1)* (2;;1 ) the term ratio

a1 _ (k—2m)?
a  k+1?7

and therefore
2m 2
2m —2m, —2m
k _ ’
St () =an (7)),
k=0

This is not a particular case of the Chu-Vandermonde identity, since the 7 F is

evaluated at x = —1. But, fortunately, Kummer’s identity applies with a = b =
—2m, and gives formally
zi(_l)k om\> (I =2mm  T'd=m)
k Ul =m)y T =2m)A+m)

k=0

This is a formal result which cannot be a valid representation for our sum because
the Pochhammer symbols in both numerator and denominator have a zero factor in


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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common (since m is a positive integer). Equivalently, I" function terms with negative
integer arguments occur. On the other hand, by a continuity argument (Kummer’s
identity is valid for m near an integer), we get the correct result through a limit
computation using the limit deduced in Exercise 1.2. However, we try to keep a rather
algebraic viewpoint and avoid limit computations as much as possible. Therefore, to
deduce a simpler representation (essentially, by cancelling the common zero factors
in both numerator and denominator) for

(1 =2m)

Sp = ———————,
" (= m)am

we compute (by Algorithm 2.2)

Swat __ m+1/2

Sm m+1

(you see: it’s always the same trick!), and it follows that

2m 2
k 2m o o (1/2)m m __ (_l)m (2m)‘ _ m 2m
kZ—O(_l) ( k ) == Y=y = (m )

where we used Exercise 1.5 to rewrite the result in terms of factorials and binomial
coefficients. Hence, (2.4) is seen to be valid for even n.

Example 3.3 For identity (2.5), we again make a check for even n and replace n by

2m

3
A ) , the term ratio

2m (m € N). Then, we have for aq; := (—1)* (
acs1 _ (k—2m)°
ar  (k+ 173

2m 3
2m \~ —2m, —2m, —2m
E k _ ) ’
kO( b <k> _3F2< L1 ‘1>

Therefore, to utilize our database, we check whether there is a 3 > entry with unit
argument. There are four such entries, namely: Pfaff-Saalschiitz’s, Dixon’s, Watson’s
and Whipple’s identities. First, let us try to match the arguments with those in the
Pfaff-Saalschiitz identity. Therefore, we setn = —a = —b = 2m and ¢ = 1. Thus,

so that

we get | +a+ b — ¢ —n = —2m, and since this does not equal 1 we don’t find a
match. On the other hand, with Dixon’s identity, the choice a = b = ¢ = —2m is
successful.

Formally, we have therefore that


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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gi(zm>3:(1—2mnm(v+mnm
S\ k (U =m)zm Dom

Again, this is only a formal result. As in Example 3.2, we use Algorithm 3.2 to
deduce the term ratio

Smil _ _27(m 4+ 1/3) (m +2/3)

Sm (1+m)?

for
o (1 = 2m)op (1 + m)am

S =
(1 —m)om (Dom

El

to deduce the standard representation

(1/3)m 2/3)m

s = (27"

Using Exercise 1.4, we finally have (2.5), for even n.
This example shows that the cube binomial sum is a particular case of Dixon’s
identity.

Example 3.4 We continue with Example 3.10, where we discovered that, form < n

“ k(ny) _ m [N —m, 1
Sowr(z) - (2)on (b))

We see that this representation is again a particular case of the Chu-Vandermonde
identity and leads to

m
(n —m)y n—m [ n
_1k n :_lm n —:_lm_ .
2t ()= (h) e -t ()
Note that in Exercise 3.10 this result will be obtained by other means. Furthermore,

we will meet this result later in connection with Gosper’s algorithm.

Example 3.5 (Székely Identity, see [Székely85]). Finally, we try to find a hyperge-
ometric term representation for the series

o oo

_ A+B+C+D+E—k\ (A+D\ (B+C

F_kz “k'_kz ( E—k ><k+D> <k+C)
=—00 =—00

(3.2)

_(A+C+D+E B+C+D+E
a A+C C+E ’


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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given first by Székely [Székely85] who proved this identity by combinatorial means
(for integer-valued variables).
We get the term ratio

Ak+1 (k—A)(k—B)(k—-E)

ar (*k—(A+B+C+D+ENGK+1+D)(k+1+C)

Since there is no (k + 1)-term in the denominator, we need an assumption about
some of the variables. Assuming C is an integer, we may shift the summation by —C
and get

p_ (A+BH2CHDHEN (A+D ~A-C,-B—-C,-C—-E
= E+C D—-C)3?\ —(A+B+2C+D+E),1+D-C | )

This is a particular case of the Pfaff-Saalschiitz identity with the choice n:=C +
E,a.=—A—-C,b:=—-B—-Candc:= —(A+ B+2C + D + E) if we further
assume E to be an integer.

Hence, the Pfaff-Saalschiitz identity gives

Fe A+B+2C+D+E\[(A+D\ (-B—C—D—-E)cyg(-A—C—D—-E)cig
h E+C D—C)(-A—B—-2C—D—E)cyig (=D —E)cig’

To simplify the result further, we observe that the main integer variable is now
n = C + E. Therefore, replacing E by n — C and denoting the last term for F by
F,, with the aid of the term ratio

Fot1 _ (m+A+D+1)(n+B+D+1)
F, m+D+1-C)(n+1

’

we have the reformulation

P (A—i—D) (A+D+Dcyp(B+D+ etk
D-C (C+EN(MD+1=C)eyr

Converting the Pochhammer symbols and the binomial coefficients to I" function
terms according to (1.5) and (1.11) shows

B I'A+C+D+E+1DI'(B+C+D+E+1)
" I'B+D+DI(D+E+DI(CH+E+DIA+C+1)

which obviously is (3.2). A

The examples given show that the database can be used efficiently to find hypergeo-
metric term representations of binomial sums. On the other hand, the procedure is not
always straightforward but needs limit considerations, or other tricks. Furthermore,
it cannot be a safe assumption that we will ever have a complete list of all valid
hypergeometric identities at hand. Therefore, we will develop other methods soon.


http://dx.doi.org/10.1007/978-1-4471-6464-7_1
http://dx.doi.org/10.1007/978-1-4471-6464-7_1
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Session 3.6 Maple knows a lot about hypergeometric functions, and can reproduce
some hypergeometric identities.

For this purpose, one may use the procedure hypergeom (upper, lower, x)
representing the hypergeometric function whose upper and lower parameters are
given by the lists upper and lower, and argument x. We get for example

> term:=hypergeom([a,b]l, [c],1);
term = 2Fi(a,b; c; 1)
> gimplify(term) ;
I'(c)I'(c—a—D>b)
I'(c—a)I (c—>b)
> gimplify (hypergeom([a,bl, [1+a-bl,-1));
274 /a T (1+a—Db)
r(/2+1/2a)r 14+1/2a —>)

> simplify (hypergeom([a,b,-n], [c,l+a+b-c-n],1))
> assuming (n, integer) ;

3F(a,b,—n; c,1+a+b—c—n; 1)
> gimplify (hypergeom([a,b,c], [l+a-b,1+a-c],1));
274/alr(l+a—-b)rl+a—c) 1+1/2a—b—c)
ra2+12a)rd+1/2a—-b)r(1+1/2a—c)yrfr (14+a—->b—c)
> gimplify (hypergeom([a,b,cl], [(a+b+1)/2,2*c],1));
ST (c+1/2)T(1/2+1/2a+1/2b) I'(1/2—-1/2b—1/2a+¢)
r(,2+12a)rC (1/24+1/2b)I (1/)2-1/2a+c)T" (1/2—-1/2b+¢)
> gimplify (hypergeom([a,l-a,c], [e,1+2*c-e],1));
) e I'(l+2c—e)ymd=°
FA/2=12a+1/2e) T (1 —1/2a+c—1/2e) T (1/2a+1/2e) T (1/2a+1/24c — 1/2¢)

We see that our hypergeometric database (except for the Pfaff-Saalschiitz identity)
is accessible in Maple although the output differs modulo an application of the
duplication formula.

If Maple cannot represent binomial sums in closed form, it sometimes converts
them into hypergeometric notation:

> sum(binomial(n,k)"3,k=0..n);

3F(—n, —n, —n; 1,1; —1)

Finally, we reproduce the computations for the Székely identity:

> summand:=binomial (A+B+C+D+E-k,E-k) *binomial (A+D, k+D) *

> Dbinomial (B+C,k+C) ;

A+B+C+D+E—k)(A+D>(B+C)

summand:z( E—k k4D k4 C

> ratio(summand, k) ;
(E—k)(A—k)(B—k)
k+1+D)k+1+C)(A+B+C+D+E —k)
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> init:=simplify(eval (summand, k=-C)) ;
nit = A+B+2C+D+E A+ D
= E+C D-C

>  term:=init*
> hyperterm([-B-C-D-E,-A-C-D-E, 1], [-A-B-2*C-D-E,-D-E],1,C+E) :

> term:=subs (E=n-C, term) :
> ratio(term,n);
_(A+D+n+1)(B+D+n—|—l)

(—D—n—-14+C)(n+1)
> expr:=eval (subs (pochhammer=1,n=0, term) ) ;

P A+ D
expr == n_ -

> simpcomb (expr*hyperterm([A+D+1,B+D+1], [D+1-C],1,C+E));
I'A+C+D+E+1)I'(B+C+D+E+1)
'A+C+0)IB+D+1)I'(M+D+EYT(E4+CH+1)

The following Maple procedure Sumtohyper (term, k) is an implementation of
Algorithm 2.8, for the case that no shift is necessary, and automates the conversion
of binomial sums into hypergeometric notation. A complete version (including the
shifting) is available in the hsum package.

Sumtohyper :=proc(f,k)
local rat,num,den,x,numlist,denlist,init,i,3;
init :=eval(f,k=0);
if init=0 then
ERROR ("shift necessary")
end if;
rat := simpcomb (subs (k=k+1,f)/f);
if not type(rat,ratpoly(anything,k)) then
ERROR ("cannot be converted into hypergeometric form")
end if;
num :=numer (rat) ;
den :=denom(rat);

numlist :=-[solve (num, k)];
denlist :=-[solve(den,k)];
if not (member (1,denlist,’i’)) then

ERROR ("shift necessary or no conversion possible")
end if;
x :=1lcoeff (num, k) /lcoeff (den,k);
denlist :=subsop (i=NULL,denlist) ;
init*Hypergeom (numlist,denlist,x)
end proc:

Note that Sumtohyper gives the result using the inert form Hypergeom of

hypergeom to avoid automatic evaluation. We get:

> Sumtohyper (binomial (n, k) "2,k);
Hypergeom ([—n, —n], [1], 1)



3 Hypergeometric Database 43

> Sumtohyper ((-1) "k*binomial (2*m, k) "2,k);
Hypergeom ([—2m, —2m], [1], —1)
> Sumtohyper ((-1) "k*binomial (2*m, k) "3,k);
Hypergeom ((—2m, —2m, —2m], [1,1], 1)

Note that the hsum package furthermore contains the rather similar function
termtohyper which uses the same algorithm to rewrite a hypergeometric term in
its normal hypergeometric form as the coefficient of a hypergeometric function. For
this procedure only the output line init*Hypergeom (numlist, denlist, x)

has to be changed towards the hypergeometric term init*hyperterm
(numlist, denlist,x, k).

Example 3.7 (Hypergeometric Transformations) Here we would like to deduce the
Pfaff transformation

1 a,b X a,c—b
e (V) n (U0 e

which is valid whenever |x| < 1/2. The left-hand side is the series

o0

Z (a)r (D)k (—l)k K (1— x)_k_a,

£ (k!

and expanding (1 — x) ¥~ by the binomial theorem, one gets

ii @i B (D" @+h);
par () k! J! '

The coefficient of x” in this double series is

n

3 (@ D)k (=" (@ + K)n—s _ @y — D)k (=n)k (@ (c = by

)i k! (n —k)! n! P k! (c), n!

3.4)
k=0

by an application of the Chu-Vandermonde identity (you might use termtohyper
to obtain the first equality, see Exercise 3.8). Hence (3.3) is deduced. More hyperge-
ometric transformations of this type are considered in Exercise 3.7. A

We would like to point out that there is a Mathematica package written by Christian
Krattenthaler [Krattenthaler94a] which contains a database for generalized hyperge-
ometric functions that is much larger than ours. In particular, this package deals with
all kinds of hypergeometric transformations like those of Kummer, Pfaff and Euler
(see the previous example and Exercise 3.7). With this package these transformations
and many more can be carried out automatically.
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q-Hypergeometric Database

In the last chapter we introduced g-hypergeometric functions, and we saw a g-
analogue of the binomial theorem. Similar g-analogues exist for the entries of our
database and for other hypergeometric identities. As an example, we state the g-
analogues of the Gauss and of the Pfaff-Saalschiitz identities (due to Jacobi and
Heine, and to Jackson, respectively):

(a,b‘ c ) _(c/a; @) (¢/; @)oo
201 q

C
c 1T ab) T (€ @)oo (c/(ab); @)’ ‘E<1’ G-

(3.6)

p q‘”,cll;b gq) = (c/a; q), (c/b; q),
2 | (€ @)y (c/(ab); @),

¢, anfl

Replacing a, b, ¢ by ¢%, ¢”, and g€, respectively, and letting ¢ — 1, one obtains the
identities of Gauss and Pfaff-Saalschiitz.

Note that the method which was developed in this chapter can be adapted to
the g-case. In particular, Christian Krattenthaler designed a Mathematica package
[Krattenthaler94b] containing a large database for g-hypergeometric functions.

With regard to Maple, the gsum package contains g-analogues of the algorithms
discussed here. After loading this package by read "gsum.mpl"; you have ac-
cess to a procedure gsimpcomb (expr) which performs simplifications to decide
the rationality of ratios ag1/ax in terms of g*. The procedure gratio (expr, k)
computes the term ratio of expr w.r.t. k and simplifies it. Furthermore, you can
use the procedure sum2ghyper (expr, g, k) to convert a g-hypergeometric sum
into g-hypergeometric notation. For input purposes the procedures gpochhammer
(a,q,k), gfactorial(k,q), gGAMMA (k,q), gbinomial (n,k,q),
gbrackets (k, g) aswellas gphihyperterm (upper, lower, q, x, k), are
accessible.

Some examples for the use of the package are given by

> gsimpcomb(g”binomial (k,2) *gbinomial (n,k,q));

ql/y‘quochhammer (g,q,n)

q'/2kgpochhammer (q, q, k) gpochhammer (q, g, n — k)
> gratio(g binomial (k,2) *gbinomial (n,k,q), k) ;

4t =q"
—1 +C]6]k
> sum2ghyper (g"binomial (k,2) *gbinomial (n,k,q),q,k);

¢ ([¢7"1. 0. 9. —q")
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Further Reading

For further reading on the hypergeometric database we refer tof AAR99, Chaps. 3-5],
and for the g-case to [GR90]. Prudnikov et al. [PBM90] is an encyclopedia of such
identities.

Exercises

Exercise 3.1 Prove (2.4)—(2.5), for odd n, using the database.

Exercise 3.2 Show that the identities

@ SE)65)=(0)
£ =(7)
© £0)05) =63

all are special instances of the Chu-Vandermonde identity.

Exercise 3.3 Find, using the database, hypergeometric terms for the sums
@ éﬂo (Dt <2kn> <2kk) (42nn—_ Zkk ) ’

o B (2)(127)

0 50)0)

k(1) (ntx—k y .
0 5 @) O

compare Exercise 2.16.

Exercise 3.4 Prove, using the database, Stanley’s identity (see e.g. [Strehl94], (19))
o
Z a b a+b+k\ (a+n)\(b+m
m—kJ\n—k k T\ m n ’
k=—00

Exercise 3.5 Which of the following binomial sums are special cases of results in
our database?


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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n L n)’
o S
L k(n b+k
(b) kgo(—l) <k>< N >
I‘t k(n 2k
(©) kgo(—l) <k><n )
n k(n 3k
@ E ()

In the affirmative cases, give the hypergeometric term results. Hint: If necessary,
distinguish between odd and even n.

Exercise 3.6 Find hypergeometric terms for the following sums using the database.

n n 2n —k
@ S0 ()0 7E)

" n k+s
®) kgo(_])k<k>< t )

Exercise 3.7 Prove the following identities between hypergeometric functions using
the database.

(a) (Kummer) e*- |F (Z ‘—x) =15 (b;a

(b) (Euler) (1—x)*=¢. ,F (“”’ ‘x) — 2 Fy (C“”C"’ ‘x)

Hint: Use the method of Example 3.7.

Exercise 3.8 Use termtohyper to deduce the left equation of (3.4).

Exercise 3.9 Use the Pfaff transformation of Example 3.7 to verify the identity

S (5 - S5 ) oo

k=0 k=0

between two representations of the Legendre polynomials.

m
Exercise 3.10 Use Exercise 2.19 to simplify > (—1)k (Z ) .
k=0

Exercise 3.11 Prove the following identity for the Pochhammer symbols

CERIEDY (Z ) Ok Pk

k=0
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Exercise 3.12 Show that

sm=2}qﬁg>(?)=emf
k=0

Hint: Distinguish between even and odd n.

Exercise 3.13 Assumen = —a € N>. Bring the identities of Watson and Whipple
to a form like identities (2.4)—(2.5), i.e. derive different formulas for even and odd
n. (In this form, the results look more natural, and there is no need for the number 7
to occur.) Hint: Calculate s,,+7 /s, for the right-hand sides s;, and read off the results
for even and odd n, respectively.

Exercise 3.14 A generalized hypergeometric function , F, ( ‘;i‘;g x) is called
e k-balanced if by +by +---+ by =a; +ax+---+a, +k;

e balanced or Saalschiitzian if it is 1-balanced;

e well-poised, if p=q +1,and1 +ay =by +a=by+az3=---=by +ap;

e nearly-poised of the firstkind, if p = g+1,and b1 +az = by+a3z = --- = by +ay.
e nearly-poised of the second kind, if p = g+ 1,and 1 +a; = b1 +a; = by +az =

- :bq_l +ap_1.

Check which of these properties are satisfied by the entries of our database.
Exercise 3.15 Convert into q-hypergeometric notation:

n n k
@ 5L

q

k=0 €14
<k+j>

© >q\ 7 [Z] ,

k=0 g

d)"kz_n][n:|’
( k=0q LAV LS

2n [2n n
© > q" } [ ] :
) kgoq I P LA
2n B
2 |2n 2n
o 5 [7) bl
- q q


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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48 3 Hypergeometric Database

Exercise 3.16 Show that the identity

iqkz H: _ V& 9), (—va: 9), (=4 Dn

k .
= (@5 @n

is a special case of the q-Gauss identity (3.5) fora = q™",

201 (q—n’b‘ %> _ (4" oo (/b D)oo _ (c/bi @) (3.7)

¢ b ) (€ Do (@b ) (€ @)y

which is the g -analogue of the Chu-Vandermonde identity. Prove the second equality
in (3.7).

Exercise 3.17 Show that by reversing the order of summation, the g-Chu-
Vandermonde identity yields the form

g " b (/b @)y 1y
261 ( c ‘q,q> =D, b
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Chapter 4
Holonomic Recurrence Equations

The main algorithmic idea for finding hypergeometric term representations of
hypergeometric series goes back to Celine Fasenmyer (often called Sister Celine):
Her idea is to find a recurrence equation for the sum ([Fasenmyer45, Fasenmyer49],
see also [Zeilberger82]). If the resulting recurrence equation can be solved explicitly,
you are done. In the 1940s, under the direction of Earl Rainville, Celine Fasenmyer
wrote her Ph.D. thesis [Fasenmyer45] on techniques to find such a recurrence equa-
tion. Doron Zeilberger [Zeilberger90a, Zeilberger95] extended this idea in the 1990s.
In ([Rainville60], Chap. 14), Rainville presented one of Fasenmyer’s techniques.
Another one (compare [Fasenmyer49]) will be the topic of the present chapter.

Example 4.1 The easiest example for Fasenmyer’s algorithm concerns the sum
n o
n n
E0)-26)
k=0 k=—o00

It is well-known that the binomial coefficients satisfy the Pascal triangle recurrence

equation
n+1 _ (") + n '
k+1 k k+1
Summing this identity for k = —o0, ..., 0o yields
n n n
> ()= () = ()
k=—00 k=—00 k=—00

or equivalently
sn+1 =2,sn (41)

W. Koepf, Hypergeometric Summation, Universitext, 49
DOI: 10.1007/978-1-4471-6464-7_4, © Springer-Verlag London 2014



50 4 Holonomic Recurrence Equations

since the two right-hand sums agree because they differ only by a shift of the sum-
mation variable. From (4.1) and so = 1 one easily deduces s, = 2" by induction or
by the hypergeometric coefficient formula.

You may not have seen this direct proof for the identity

n n ;
El(k)==2 4.2)
k=0

before. Observe that this method not only proved (4.2) but the right-hand side was
directly computed given the left-hand side.

To illustrate the use of this technique by a less simple example, let us for the
moment assume we have found the recurrence equation

nSpp1—2m+1)s, =0

for the sum

n
Sp = Z k (Z) .
k=0
If so, then we would have

Sn+1 =2n+1'
S n

This equation tells us that a shift by one (putting a (n + 1) term in the denominator)
makes s, the coefficient of a generalized hypergeometric series. For #,, : = 5,41 we
have therefore

Ih+1 _21’l+2

Iy n+1’

so that using the initial value fp = s1 = >k (
coefficient formula (2.8)—(2.9)

) = 1, it follows from the

2’1
tn= Q@27 =0+ 12",

hence,
sp=tho1=n2""1  (m>1). A

But how do we find a recurrence equation for a hypergeometric sum? Let us give
some examples along the lines of Fasenmyer’s development.


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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Example 4.2 'We consider the above example sum

Sy = Z F(n, k) (4.3)

k=—00

with

Fn, k) =k (Z)

Celine Fasenmyer’s idea is to deduce, in the first step, a mixed recurrence equation

1 J
DD aijFont jk+i)=0 (4.4)

i=0 j=0

for the summand F(n, k) with the property that the coefficients a;; = a;;(n) (i =
0,...,1, j =0,...,J) are polynomials with respect to n and do not depend on k.
Such a recurrence equation is called k-free; we will see soon why this is an important
issue.

Let us choose I = J = 1. Then we have the setup

apo F(n, k) +aopt Fn+ 1, k) +ajo Fin,k+1)4+a 1 Fn+1,k+1)=0.

For simplicity, let’s choose agpg = 1 (which would obviously be a bad choice if a
recurrence equation with agp = 0 were to exist).
Division by F(n, k) yields

Fn+1,k) Fn,k+1) Fn+1,k+1)
1+a01 +ajo +ay| ——— =
F(n, k) F(n, k) F(n, k)

0.

By an application of Algorithm 2.2 this results in a purely rational equation whenever
F(n, k) satisfies the hypotheses of Algorithm 2.2 with respect to both n and k.

In our case, we substitute the given F(n, k) =k (Z) and obtain
- n+1 n n—k . n+1 0
a — a a =
01 P 10 X 11 X

which—after multiplication by the common denominator—results in the equation
m+1—-kk+apnn+Dk+aomn—-kn+l1—-k+a1n+1)n+1—-k) =0.

To find k-free coefficients a;;, we may consider the resulting expression as a poly-
nomial in k and equate coefficients. This leads to the linear system
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ao =1
najpg+m+1)a;; =0
(n+Daor —2n+Dayp—n+Dayg=—-m+1)

that we might solve with Maple:

> sgolve({al[l,0]=1,n*a[l,0]+(n+l)*all,1]1=0,
> (n+l1)*al[0,1]-(2*n+1)*all,0]-(n+1)*all,1]=-(n+1)},
> {al0,1],al1,0],al1,11});

n
= O’ = l’ = —
ao,1 at,o ai w1
therefore leading to the valid recurrence equation
m+DFn,k+1)+m+1)F(n,k)y—nFn+1,k+1)=0 4.5)
for F(n, k).

Now we come to the second step: To deduce a recurrence equation for the series,
we sum the k-free recurrence equation (4.5) for k = —oo, ..., 0o. Since the two
shifted series

o o
si= Y. Finby= > Fnk+1)
k=—00 k=—00

have the same value (observe how helpful, again, the bilateral infinite summation
bounds are!), we get

2m+1)s, —nsy41 =0

for s,,, as announced. A

Note that the technique—if successful—obviously generates a homogeneous linear
recurrence equation with polynomial coefficients for s,. Such a recurrence equation
is called holonomic.

Example 4.3 Next, we would like to find a holonomic recurrence equation for the
Legendre polynomials. We recall the hypergeometric representation (see Exam-

ple 2.9)
— (n —n—1 1—x\F
=3 (1) (70 (57)-

k=—00

Therefore, we set
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o= () (7 ()

We note that Fasenmyer’s method fails for I = J = 1 since the linear system to be
solved in this case has no solution (check!). Therefore, we try the next best choice
andset/ =1,J =2:

0=agp F(n,k) +aoy Fn+1,k) +apx F(n + 2, k)
+ap Fn,k+ 1) +an Fn+1,k+1)+an Fn+2,k+1).

Note that by induction, all of the ratios % (i, j € N>() turn out to be rational

and can be treated by Algorithm 2.2. In the present case, division by F(n, k) yields

n+1+k ; n+2+k)(n+1+k)
ntl—k P mt2—kHn+l—k
n—k)(m+14+k) (x — 1) G-Dm+2+k)0n+1+k)
+an
2 (k+1)? 2 (k+1)?
x—Dk+3+n)(n+2+k)(n+1+k)
2+ 1>+ 1k

0 = apo + ao1

+ayo

+ap

which—after multiplication by the common denominator—results in a large poly-
nomial equation of degree 4 in k. Equating coefficients gives a huge linear system
with the astonishingly simple general solution

apo = 0,
x—1)©2n+3)

agy = ———————— 410,

n—+1

ap =0,

ajp = aio,
2n+3

ay] = — ao,

11 w1 10
n+2

ap = ao.

12 w1 10

Therefore, we have found a recurrence equation. Setting ajo = 1 yields, after mul-
tiplication by the common denominator,

0=m+2)Fn+2,k+1)—Qu+3)Fn+Lk+ D)+ m+1)Fn,k+1)
+(1—x)2n+3)F(n+1,k).

Summing with respect to k, finally gives the three-term recurrence equation
(n+2) Pop2(x) = 2n+3)xPp1(x) + (n+ 1) Pi(x) =0

for the Legendre polynomials. A
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Now we have understood Fasenmyer’s recipe and we are prepared to give a detailed
description of her method.

Algorithm 4.4 (Fasenmyer) The following algorithm searches for a holonomic
recurrence equation for series of the form (4.3).

1. (kfreerecursion)
Choose appropriate numbers /, J € N. Then the following procedure finds a
k-free linear recurrence equation with polynomial coefficients (4.4) of order (1, J)
if such a recurrence equation is valid.

(a)
(b)
(c)
(d)
(e)

(9]
(2)
(h)

Input: F(n, k) satisfying the hypotheses of Algorithm 2.2 with respect to
both n and k.

Use the generic expression (4.4) with as yet undetermined a;; and substitute
the given F(n, k).

Divide by F'(n, k) and apply Algorithm 2.2 to rationalize the resulting expres-
sion.

Bring this rational expression into normal form, i.e., put everything on a
common denominator, and multiply by it.

Equate the coefficients with respect to k, i.e., set all coefficients of k-powers
equal to zero and solve the resulting linear system for the variables a;; (i =
0,...,1,j=0,...,J).

If only the trivial solution a;; = 0 exists, then no k-free recurrence equation
of order (I, J) is valid; exit.

If a solution exists, substitute it in (4.4) and multiply by the common denom-
inator.

Output: The k-free recurrence equation for F(n, k) of the last step.

2. (fasenmyer)
Choose an appropriate number J, an upper bound for the order of the resulting
recurrence equation. Then the following procedure searches for a holonomic
recurrence equation for s,, given by (4.3).

(a)
(b)

()
(d)

Input: The summand F (n, k) satisfying the hypotheses of Algorithm 2.2 with
respect to both n and k.

Apply the procedure kfreerecursion to F(n, k), with I = J.! If
this is successful, take the resulting k-free recurrence equation and replace
F(n+ j, k+1) symbolically by s, ;. This generates a holonomic recurrence
equation RE for s;,.

If the resulting recurrence equation RE is trivial (O = 0) then exit.

Output: The holonomic recurrence equation RE for s, of step (b).

Proof (kfreerecursion): Obviously, Algorithm 2.2 rationalizes the generic
expression in step (c) for the given type of input. Therefore, from now on, ratio-
nal arithmetic applies and it is clear that the resulting expression is identical to zero

! This choice is random and might not be the best possible. For a more detailed discussion see
Theorem 7.10.
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if and only if its numerator is the zero polynomial with respect to k. Therefore, for

F(n, k) to satisfy a non-trivial k-free linear recurrence equation with polynomial

coefficients, it is necessary and sufficient that the equations system of step (e) has a

nontrivial solution. The rest of kfreerecursionis straightforward linear algebra.
(fasenmyer): Summing the k-free recurrence equation

1 J

ZZaijF(n—i-j,k—i-i):O

i=0 j=0
fork = —o0, ..., 00, yields

00 I J

0= > D> > aim) Fin+ j k+i)

k=—00 i=0 j=0

I J o0
> aijn) ( > Fn+j.k +i))
i=0

j=0 k=—00

1 J J 1
aij(n) snyj = Z( aij (n))snﬂ
0 0

i=0 j= j=0 \i=

since a;j(n) does not depend on k. Therefore, the method described obviously leads
to a holonomic recurrence equation for s, if kfreerecursion was successful. [J

We saw in Example 4.3 that the application of Fasenmyer’s method may lead to
rather complicated intermediate results, even if the end result is quite simple. This
is a typical situation for symbolic (i.e. non-numeric) algorithms and it is faster (and
safer) to let Maple do the calculations for us.

Session 4.5 The following Maple procedure kfreerec (£, k, n, kmax, nmax)
automates the search for the k-free recurrence equation of F(n, k) of order (I, J) =
(kmax, nmax).

kfreerec:=proc(f, k,n, kmax, nmax)

local N, ansatz,variables,rec,i,j,1l,solution,F,a;

if nargs>5 then F:=args[6] end if;

if nargs>6 then a:=args([7] end if;

N:=(kmax+1) * (nmax+1) ;

ansatz:=add (add (
ali,j]*simpcomb (subs (n=n+j,k=k+1i,f)/f),
j=0..nmax),i=0..kmax) ;

ansatz:=collect (numer (normal (ansatz)) , k) ;

variables:={seqg(seg(ali,j],j=0..nmax),i=0..kmax) };

solution:={solve({coeffs(ansatz,k)},variables) };

if subs(op(solution),variables)={0} then
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ERROR (cat ("No k-free recurrence equation of order
(",kmax,",",nmax, ") exists"));
end if;
rec:=add(add(ali,j]l*F(n+j,k+1),3Jj=0..nmax),1i=0..kmax) ;
rec:=subs(op(1l,solution), rec);
rec:=numer (normal (rec) ) ;
collect (rec,F, factor)=0
end proc:

Note that the use of optional fifth and sixth arguments, F' and a, guarantees that no
global variables with these names interfere with our calculations.
Let us try this function on the above problems, and on some similar examples?:

> rec:=kfreerec (k*binomial(n,k),k,n,1,1,F,a);
rec ' = —m+DaFn,k)—m+DaFn,k+1)+a Fn+1,k+1)n=0
> gsubs(all,1]1=1,rec);
—m+DFn,k)—m+DFmk+D)+Fm+1,k+1)n=0
> rec:=kfreerec(binomial(n,k),k,n,1,1,F,a);
rec ;= —aj F(n,k)—ai F(n,k+1)+a 1 F(n+1,k+1) =0
> subs(all,1]=1,rec);

—Fm,k)—Fn,k+1)+Fmn+1,k+1)=0
The previous computation generated the Pascal triangle recurrence equation

()05

for the binomial coefficients automatically. In a similar fashion one gets for the

summand
n k .n—k
(1)

> rec:=kfreerec(binomial (n, k) *x"k*y”~ (n-k) ,k,n,1,1,F,a);
rec ;= —aj 1 xF(n, k) —ajyF(n,k+1)+a 1 Fn+1,k+1) =0
> subs(all,1]=1,rec);

—xF(n,k)—yFn,k+ 1)+ Fn+1,k+1)=0
Summing this extension of Pascal’s triangle recurrence obviously yields

2 Note that for reasons of efficiency expressions, sets, etc. in Maple are sorted by their memory
allocation, hence rather randomly. In particular, in different Maple sessions you might get differ-
ently sorted results. For this reason, some of the Maple procedures, e.g. solve, have random
effects. Therefore, executing the examples below in different Maple sessions may result in different
surviving variables a;;.
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(x +y)sp = sn11

for the sum

and therefore the binomial theorem
— (n
z (k) xkyn_k =x+y"
k=0

Note that using the summand of the left-hand side we therefore generated the closed
form on the right-hand side automatically.
Next, we reproduce the result from Example 4.3

> rec:=kfreerec (binomial (n,k) *binomial (-n-1,k) *
((1_X) /2)Aklklnlll2lFla);

\%

rec :=ajon+1)Fmk+1)—aio(-14+x)2n+3)Fmn+1,k)

—a102n+3)Fn+Lk+D+aiom+2)F(n+2,k+1)=0

\

legendretermrec:=subs(a[l,0]=1,rec);

m+1D)Fn, k+1)—(—14+x)2n+3)Fn+1, k)
- Q2n+3)Fn+ 1, k+1)+m+2)Fn+2,k+1)=0

> rec:=kfreerec((-1) "k*binomial (n,k)/k!'*x"k,k,n,1,2,F,a);

ap,1 (n+1DF@m, k+1)+ap 1 xFn+1, k) —ap,1 Qn+3)F(n+1, k+ 1)
+ap1n+2)Fn+2,k+1)=0

> laguerretermrec:=subs(a[0,1]=1,rec);

m+DFm, k+D)+Fn+1, kH)x—Q2n+3)Fn+1, k+1)
+n+2)Fn+2,k+1)=0

Furthermore, the last example generated a k-free recurrence equation for the sum-
mand of the Laguerre polynomials

n 1 k
L,(x):= % (Z) xk.
k=0 ’

The following Maple procedure combines the two steps and calculates a holonomic
recurrence equation for the sum using Fasenmyer’s method with / = J = nmax.
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By the use of normal (solve (..

fasenmyer:=proc (f, k, sn, nmax)
local F,a,n,S,1i,Jj,rec;

if type(sn, function) then
S:=o0p(0,sn);

n:=op(l,sn)

else

n:=sn

end if;

4 Holonomic Recurrence Equations

rec:=1lhs (kfreerec(f,k,n, nmax, nmax,F,a)) ;
rec:=applyrule (F (n+j::integer, k+i::integer)=S(n+j),rec) ;

rec:=normal (solve(rec, S (n+nmax))) ;

rec:=denom(rec) *S (n+nmax) -numer (rec) ;

collect(rec, S, factor)=0
end proc:

.) ), factors involving the parameters a;; that

are common to the coefficients of all terms S, ; in the resulting recurrence equation
are canceled.

Here are some holonomic recurrence equations:

> fasenmyer (k*binomial (n, k), k,s(n),1);
(—2n—-2)s(n)+ns(n+1)=0

> fasenmyer (binomial (n, k), k, s(

n),1);

sm+1)—2sm) =0

> legendrerec:=fasenmyer (

> Dbinomial (n, k) *binomial (-n-1,k)*((1-x)/2) "k, k,s(n),2);
legendrerec == n+1)s(n) —x2n+3)sn+DH+n+2)s(n+2)=0

> laguerrerec:=fasenmyer (

> (-1) "k*binomial (n,k)/k!*x"k,k,s(n),2);
laguerrerec ;= (n+1)s(m)+(—2n—-34+x)sn+1)+n+2)s(n+2)=0

Therefore, we have reproduced the three-term recurrence equation for the Legen-
dre polynomials that we saw in Example 4.3, and we have obtained the three-term
recurrence equation

(n+2)Lpp2(x) +(x —2n=3) Lyp1(x) + (n + 1) Ly (x) =0

for the Laguerre polynomials.

The next example shows that it may happen that no k-free recurrence equation
exists.

Example 4.6 (Counterexample, [WZ92]) We consider the sum

Sn = Z k2+}’l2+1

k=—00
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We propose that for this input

1
Fn,k): = ————
N
no k-free recurrence equation exists (see [WZ92]). We choose this example even
though in the given case the sum under consideration is not finite. It is easy to see,
however, that a similar argument applies to the summand of the sum

o0

1 n - 1 n
Sii= 2 k2+n2+1(k)zzk2+n2+1(k)’

k=—00 k=0

see Exercise 4.18.

Note that the number of variables a;; always equals V = (I + 1)(J + 1). In the
present case, it turns out that the number of equations E to be satisfied by the variables
a;j equals E = 2V — 1. Therefore, for any choice of I and J there are many more
equations than variables and no non-trivial solution can be expected.

To prove this, assume a k-free recurrence equation is valid for F (n, k). This cor-
responds to an equation of the form

J

ZI: D aij(n) _o. “6)
Sk +i) (At )2+ ]

j=0

The left-hand side is a rational function with respect to k. Since any rational
function over C is uniquely determined by a finite number of points, (4.6) is valid for
all k € C. Since not all a;;(n) are identically zero, the left-hand side is a nontrivial
sum of meromorphic terms with respect to the variable k. If we take one of the
complex poles k = k € C of one of the summands, we note that all other summands
are finite at k = k. Hence for k = k we obtain a contradiction of the form co = 0,
and (4.6) cannot be valid. A

It can be shown that for input of a special type, the situation in the above example
cannot happen. If I = J, for this type of input, the number of linear equations grows
linearly with J rather than quadratically and hence, eventually, for large enough J, a
k-free recurrence equation must result. In Theorem 7.10, we will prove that for such
proper hypergeometric terms a k-free linear recurrence equation with polynomial
coefficients is satisfied. A hypergeometric term F(n, k) is called proper if it has
finite support, and is of the form F(n,k) = P(n,k) g((zllg w"zK where P(n, k)
is a polynomial (polynomial part) and Q(n, k), R(n, k) are I'-term products with
integer-linear arguments (factorial part).

If Fasenmyer’s algorithm applies, it can prove hypergeometric identities, as
Example 4.1 showed, and other identities as well: In Exercise 4.3, it is shown that
the three different hypergeometric representations (of the Legendre polynomials)
given in Exercise 2.12 define the same functions: just prove that the three different
representations satisfy the same holonomic recurrence equation and the same initial
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values. That’s it. This is Zeilberger’s paradigm [Zeilberger90a], which will be devel-
oped further in later chapters. Another easy adaption of Fasenmyer’s algorithm is
the computation of differential equations instead of recurrence equations, see Exer-
cise 4.4.

Note that Fasenmyer’s algorithm, although very intuitive, has several drawbacks,
some of them severe:

1. It does not state for which type of input it will be successful. However, Theo-
rem 7.10 gives a partial but satisfying answer to this question.

2. The procedure kfreerec is a decision procedure which will find a k-free recur-
rence equation of order (I, J) whenever one exists. This is nice. On the other
hand, no prior knowledge about a safe choice for I and J is given. Compare
Theorem 7.10, again.

3. Inthe procedure fasenmyer, on the other hand, where the bound J for the order
of a proposed recurrence equation is given, no control over a safe choice for / is
known. Therefore we arbitrarily set / = J. See Theorem 7.10 for a priori bounds
for both 7 and J for proper hypergeometric terms. Moreover, we will discuss this
issue in the sequel, and show how it can be resolved intelligently.

4. Nobody can guarantee that fasenmyer will find the holonomic recurrence equa-
tion of lowest order valid for s,,. If a holonomic recurrence equation of order J
is valid for the sum, whereas for no / € N a k-free recurrence equation of order
(1, J) for the summand F (n, k) holds—which can happen—this recurrence equa-
tion for the sum cannot be found by the present method. Quite a few examples
of this type are in the exercises. This is therefore a severe problem that can be
partially resolved. This will also be discussed in the sequel.

5. The most important problem, however, is the complexity problem: The most
complicated and time-consuming part of the method illustrated in this chapter is
the solution of the linear system. This system has (I + 1)(J + 1) variables. If 1
is large, this is much greater than J, and seems to be much more than necessary
to find a holonomic equation of order J having only J free coefficients. This
complexity behavior in the order of the resulting recurrence equation is the most
severe drawback of Fasenmyer’s method. For our choice I = J we have (J + 1)?2
variables to consider.

The last problem (5) of our list will be resolved in Chap. 7. The final tool is the
recurrence equation for the sum, which has order J. Zeilberger’s algorithm finds it
by solving a linear system with (essentially) J variables, in contrast to /J as the
method of this chapter. This might make the difference between being able or not
being able to solve the question under consideration.

Nevertheless there are ways to streamline Fasenmyer’s approach. Wegschaider
[Wegschaider97] developed a more efficient algorithm than Fasenmyer’s original
method in order to use the algorithm also for multiple summation. He modified
Fasenmyer’s algorithm in two ways, which we describe now briefly for the one-
dimensional case. These concepts can be easily adapted to the multivariate case, e.g.
to double or triple sums.
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Firstly, Wegschaider utilized an idea by Verbaeten [Verbaeten76] using special
polyhedral summation ranges leading to much smaller linear systems and thus to more
efficiency. The second improvement uses the fact that recurrences for F(n, k) need
not be k-free in order to deduce a holonomic recurrence equation for the sum s, =
> e o F(n, k). For this purpose Wegschaider introduced certificate recurrence
equations consisting of telescoping parts that vanish by summation and a main part
which corresponds roughly to the holonomic recurrence equation for s,, being sought.

We consider the following example illustrating both improvements. Let

3
Fn, k) = (=) (2:) . 4.7)

Applying Fasenmyer’s algorithm to F(n, k) given by (4.7) with I = 8 and J = 3,
we get the following large k-free recurrence equation

(384n° + 4288n* + 18936n> + 41318n? + 445350 + 18969)(n + 1)2(2n + 1)2F(n, k)
+2(21309 + 488460 4 44563n> +20214n> + 4556n* + 408n°)(n + 1)>2n + 1)>F(n, k + 1)
— 4(158772 + 369213n + 340279n% 4 155322n° + 35108n* 4 3144n°)(n + 1)?>(2n 4+ 1) F(n, k +2)
+2(926643 + 21578101 + 19906212 + 90916213 + 205556n* + 18408n°)(n + 1)>(2n + 1) F(n, k + 3)
— 10(255957 + 5961991 + 550114n% + 251280n° + 56816n* + 5088n°)(n + 1)2(2n + )2 F(n, k +4)
+2(926643 + 21578101 + 199062112 + 90916213 + 205556n* + 184081°)(n + 1)2(2n + 1)2F(n, k +5)
— 4(158772 + 369213n + 3402791 + 155322n° + 35108n* 4 3144n°)(n + 1)?>(2n 4+ 1) F(n, k + 6)
+ 2(21309 + 488460 + 44563n% + 20214n3 + 4556n* + 408n°)(n + 1)>2n + 1)2F(n, k +7)
+ (384n° + 4288n* + 189361 + 4131812 + 445351 + 18969)(n + 1)2(2n + 1)2F(n, k + 8)
— (169575 + 580008 171° + 34869801 + 5984198n* + 11770501 + 3980740n°

+ 45904017 + 1710920n° + 4608n° + 69888n8)F(n + 1, k +2)
— (10997070 4 35011024213 + 2144687881 + 356106570n* + 74137278n

+ 234442404n° + 2673235207 + 100057488n° + 267840n° + 4062240n3)F (n + 1,k + 3)
— (108413445 + 3350010438n° + 206736156612 + 3388782252n* + 721658283n

+2222280648n° + 252327264n" + 94594483210 + 2526336n° + 38316096n8) F(n + 1, k + 4)
— (250652220 + 76528521101 4 473632349012 + 7725210842n* + 1659756198n

+ 5058477028n° + 5734437760 + 2151062672n° + 5739840n° + 87054240n%)F(n + 1, k + 5)
— (108413445 + 3350010438n° + 2067361566n> + 3388782252n* + 721658283n

+2222280648n° + 252327264n" + 945944832n° + 2526336n° + 38316096n%) F(n + 1, k + 6)
— (10997070 + 35011024213 + 2144687881 + 356106570n* + 74137278n + 234442404n°

+ 267323521 + 1000574881 + 267840n° + 4062240n8)F(n + 1,k +7)
+ (169575 + 580008113 + 348698012 + 5984198n* + 1177050n + 3980740n°

+ 45904017 + 1710920n° + 4608n° + 69888n8) F(n + 1, k + 8)
— (=312606 — 87640491 — 5648475n — 8421402n* — 20381760 — 5215700n°

— 52304017 — 2088744n° — 4608n° — 74496n®)F(n + 2, k + 4)
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— (3983364 + 1085783721 + 7082913017 + 103059462n* + 258169321 4 63119108n°
+ 623187207 + 25047648n° + 54720n° + 884640n8)F(n + 2,k + 5)
— (57568644 4 14757317581 + 9729323461 4 1393651260n* + 3615069601
+ 85205829617 + 84180480n” + 338123280n° + 739584n° + 11956608n%) F(n + 2, k + 6)
— (3983364 + 10857837213 4 7082913012 + 103059462n* + 258169321 + 631191081
+ 623187207 + 25047648n° + 54720n° + 884640n8)F(n + 2,k +7)
— (=312606 — 876404913 — 5648475n% — 8421402n* — 20381761 — 5215700n°
— 52304017 — 2088744n° — 4608n° — 74496n%)F(n + 2, k + 8)
— (720 + 3475n + 63981 4 5624n° 4 2368n* 4 384n°)(n + 3)2(2n + 5)°F(n + 3, k + 6)
— (2(15601° + 9620n* + 2294213 4 26371n> + 14603n + 3120))(n + 3)>Q2n + 52 F(n + 3,k +7)
— (720 4 3475n + 639812 4 5624n3 4 2368n* + 384n°)(n + 3)22n +5)2F(n + 3,k +8) =0

for the summand F'(n, k). Summing w.r.t. k € Z and shifting by one gives a holo-
nomic recurrence equation of order 2

9(6n + 5)(3n +2)(3n + 1)(6n + 1)(36n> + 168n% + 257n + 128)s,

+ (3540 + 160164n% + 3028381 + 188784n° + 41526n
+317592n* 4+ 777617 + 59616n°%)s, 11

+ (3613 4 60n% + 291 + 3)(n 4+ 2)>(2n + 3)%s,42 =0

for the famous Dixon sum s, = Z,fi_ oo F(n, k). It turns out that in our example
the structure set S: = {(i,j) € Z* | 0 < i < 8,0 < j < 3} is the smallest
rectangular region for which Fasenmyer’s algorithm succeeds. However, as one can
see from the above recurrence for F(n, k), only a certain part of the rectangular grid
of the 9 - 4 = 36 variables in S is needed in the resulting recurrence. If we consider
I = 2 and J = 3, then in step (e) of Fasenmyer’s algorithm we get a polynomial
in k of degree 24. This leads to a linear system with 25 equations and 12 variables
which has no non-trivial solution. The crucial idea of Wegschaider’s improvement
to Fasenmyer’s algorithm uses the fact that the degree of the polynomial does not
change if we add certain points to the structure set as shown in Fig. 4.1.

The additional points can be determined directly from the input term F'(n, k) by
computing certain boundary points and structure lines which is done by the so-called
Verbaeten completion [Verbaeten76]. This results in a homogeneous linear system
of 25 equations and 25 variables. Solving this linear system one obtains a non-trivial
solution leading to the same k-free holonomic recurrence equation for F (n, k) as for
the rectangular structure set S by considering a significantly smaller linear system.

Wegschaider’s second improvement is the introduction of holonomic recurrence
equations of a more general form, not restricting to k-free recurrences. The recurrence
equation
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Fig. 4.1 Verbaeten 3
completion of structure sets i
8 o
7 5o
6 o O
@ boundary points 5+ (@) O
~~~~~ structure lines ’
4 o o 0o
3 o o O
2 e o ©®
1 e o o
— & @ ..@—>
1 1 2 j

(—20kn? — 30kn — 11k + 9612 + 48n + 6 + 56n3) F (n, k)
+ (27 + 552n% + 3360 — 27k 4 260n — 48kn* — 72kn)F(n, k + 1)
+ (108 + 55212 + 240n3 + 27k + 422n + 48kn? + 72kn)F (n, k + 2)
+ (30kn + 11k + 1161 + 39 + 96n* + 1613 4 20kn>)F (n, k + 3)
+ (—42kn — 16k + 6n — 6 — 28kn? + 48n2 + 40n>)F(n + 1, k + 2)
+ (42kn 4 16k 4+ 100n + 42 + 28kn> + 48n*> — 16n°)F(n + 1,k +3) =0
is arecurrence for F (n, k), but the coefficients are not independent of the summation

variable k. However, it is possible to rewrite this recurrence equation in the following
form

4(n + 1)2(6n + 5 F(n +1,k) + 12(6n + 5)(3n +2)(3n + 1) F(n, k)
+ A4+ D2(6n+SF(n+1,k) +4(n+ D?(6n +5)F(n+ 1,k + 1)
+(—14k+3)n+ 1D+ 12n+ 16 + 28k +3)(n + 1)?
—16(n+ D2 =16+ 1) +2k)F(n+ 1,k +2)
+ 20(k 4+ 3)(n + 1)? — 744(n + 1)? — 10k + 3)(n + 1)
+258n + 236 + 592(n + 1)3 + k) F (n, k)
+ (=34(k +3)(n + 1) + 156n + 152 + 4k — 412(n + 1)?
+256(n 4+ 1)% 4+ (68(k +3))(n + D> F(n, k + 1)
+ (—10k +3)(n+ 1)+ 12n + 14+ k —32(n + 1)?
+16(n + 1) +20(k +3)(n + D} F(n, k +2)) = 0,
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where Aray = ap+1 — ax is the forward difference operator. Note that the so-called
main part (the first line) of this certificate recurrence equation is k-free. After sum-
mation w.r.t. k the A-part vanishes through telescoping and the resulting recurrence
equation for s, reads

33n+1D)Bn+2)su+ m+ 125,41 =0.

As usual the solution of this first-order recurrence is a hypergeometric term which
can be written in terms of products of Pochhammer symbols that can be read off
easily from the recurrence. The term ratio is given by

i1 3@n+DGr+2)  Gn+ DBn+2)(Bn+3)

Sno (n+1)? B (n+1)3

3
Using the initial value sop = 22:0(— Dk (2,?) = 1, we obtain the result

2n 3 1 2 3
=> (=1 20\ _ g Ga B)a (B _ 0 B!

(3 n3’

which is a special case of Dixon’s identity.

Session 4.7 Let’s have a look at the computer generated proof using Sprenger’s
Maple package multsum [Sprenger04] containing an implementation of
Wegschaider’s algorithm. After loading the package

> read "multsum.mpl";
> with(multsum) :
> infolevel [multsum] :=3:

we define the summand

> term:=(-1) "k*binomial (2*n,k) " 3;

3
term: = (—l)k (Zn)
k

Fasenmyer’s algorithm with rectangular structure set (I = 8, J = 3) yields the
large output that we saw on page 61 and that we suppress:

> rec:=findrec(term,k,n,F, structureset=rect ([8,31),
> certificate=false, upperkbound=0) :

_krec: structure set: [[-] -] number of equations: 43 number of variables: 36
output suppressed (k-free recurrence of order [[8],3])

Summing w.r.t. k and shifting by 1 gives a holonomic recurrence equation of order
2 for s,

> shiftrec (sumrec (rec,s));
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{96n+5CBn+2)Bn+1)6n+1) (360 + 168n +257n + 128) 5 (n)
+ (3540 + 160164 n* + 41526 n + 302838 n*
+ 317592 n* + 188784 1> + 59616 n° + 7776 n")s (n + 1)
+ (367° +60n2 +29n +3) (n +2)* 2n +3)*s (n +2) = 0}

The optimal structure set can be determined by
> opt(term, k,n, [[2],3]);

{{-1,01,[0,01,[0, 11, [0, 2], [1, OF, [1, 1], [1, 2], [1, 3], [1, 4],
(2,01, [2, 11, 2, 2], [2, 3], [2. 4], [2, 5], [2, 6], [3, O],
(3, 11,13, 21, [3, 31, [3, 41, [3, 5], [3, 61, [3, 71, [3, 81}
Now we apply Wegschaider’s improvement with optimal structure set using
Verbaeten completion. The following algorithm iterates over increasing optimal
structure sets based on rectangular structure sets.

> findrec(term,k,n,F,strategy=3, structureset=optimal,

> certificate=false, upperkbound=0) ;

_krec: structure set: [[1] 0] number of equations: 4 number of variables: 2

_krec: structure set: [[0] 1] number of equations: 7 number of variables: 4

_krec: structure set: [[1] 1] number of equations: 10 number of variables: 6

_krec: structure set: [[0] 2] number of equations: 13 number of variables: 9

_krec: structure set: [[1] 2] number of equations: 16 number of variables: 12

_krec: structure set: [[0] 3] number of equations: 19 number of variables: 16

_krec: structure set: [[1] 3] number of equations: 22 number of variables: 20

_krec: structure set: [[2] 3] number of equations: 25 number of variables: 25
output suppressed (k-free recurrence of order [[8],3])

Next we consider Wegschaider’s algorithm using a certificate recurrence equation

> rec:=findrec(term,k,n,F, structureset=optimal,
> certificate=true, upperkbound=1) ;

_rec: structure set: [[1] 0] number of equations: 4 number of variables: 3

_rec: structure set: [[0] 1] number of equations: 7 number of variables: 6

_rec: structure set: [[1] 1] number of equations: 10 number of variables: 10

rec .= {4 n+1D*O6n+5Fn+1,k+126n+5@n+2)Gn+1)F (n,k)

+ MG+ D26+ Fn+1L,k)+4n+1D>6rn+5Fn+1,k+1)
+ @8 (m+1D*(k+3)—16 n+ D> +2k+16—16 (n + 1)°
— M4 n+D)k+3)+2n)F(n+1,k+2)+ (258n+236+k
—10 (n 4+ 1) (k +3) +20 (n + 1)? (k +3) — 744 (n + 1)?
+592 (n+ D} F (n,k) + (=412 (n + D> +256 (n + 1)* + 4k + 152
+68 (n+ 1> (k+3) =34 (n+1)(k+3) +156n)F (n, k + 1)
+ (=32 m+D2+16 n+ 1> +k+14+20 n+ D)2 (k+3)
—10(n+1)(k+3)+12n)F (n,k+2)) =0}
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The result is the following non-k-free recurrence equation.

> certorec(rec);

{(48n + 6 — 11k —30nk —20n*k + 961> + 56 n3) F (n, k)

+ (27 +552n* — 27k +260n — 48 n’*k — 72nk 4+ 336n°) F (n, k + 1)

+ (108 4 55212 + 27k + 422 n + 48 n’k + 72nk + 240n3) F (n, k +2)

+ (96 1% + 1161 + 39 + 16 n° + 11k + 20’k + 30nk) F (n, k + 3)

+ (—28n%k + 481 —42nk +6n — 16k — 6 +40n%) F (n + 1,k +2)

+ (28n%k +48n* +42nk + 100n 4+ 16k +42 — 16n%) F (n + 1,k +3) = 0}
Nevertheless, by telescoping this gives a first order holonomic recurrence equation
for s,

> multsumrecursion(term,k,s(n));
_rec: structure set: [[1] O] number of equations: 4 number of variables: 3

_rec: structure set: [[0] 1] number of equations: 7 number of variables: 6
_rec: structure set: [[1] 1] number of equations: 10 number of variables: 10

3Gn+2)@Bn+Dsm+m+1>s(mn+1)=0

which yields a closed form for s,,. The final result can be retrieved completely auto-
matically by a single Maple call:

> multsumrecursion(term,k, s (n),hypersol);

_rec: structure set: [[1] O] number of equations: 4 number of variables: 3

_rec: structure set: [[0] 1] number of equations: 7 number of variables: 6

_rec: structure set: [[1] 1] number of equations: 10 number of variables: 10

s (0) (—=27)" pochhammer (2/3, n) pochhammer (1/3, n)
(nh)?

For the determination of the initial value s the natural bounds of the sum must be
known. Since these cannot be determined easily in all instances—especially in the
multivariate case—the determination of the initial values is therefore left to the user.

Multiple Summation

Fasenmyer’s technique can be extended to obtain holonomic recurrence equations
for multiple sums

o0 o0
si= D> 0 > Fki... k)
kp=—00

ki=—00

by using linear algebra to deduce a mixed recurrence equation

I Ly J
Z'“ZZaifF(”+j’k1+i1""’k’”+im):0

i1=0  in=0j=0
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for the summand. Summation then yields a holonomic recurrence equation for s,,.
But with increasing number of summation variables m and increasing order of the
proposed recurrence equation the number of linear equations to be solved increases
dramatically. For m > 1 these problems are so severe that only very few results can
be obtained with reasonable time and memory resources.

In [WZ92] Wilf and Zeilberger presented a slightly different approach using a
multidimensional antidifference. For practical purposes, however, their method still
turns out to be rather inefficient.

More efficiently, one can again apply Verbaeten completion to multiple summa-
tion. For example, if we consider the hypergeometric term

k
Fln. ki, k) = (:2) (k?)xkl R

then the number of equations in the resulting linear system corresponding to the
structure sets of a cube (J = I} = I, = 3) and a corresponding larger polyhedral
set S are the same; see Fig. 4.2. The black cube contains 64 variables, and the grey
structure set S with the same number of equations contains 200 variables. On the
other hand, the cube surrounding § has 1,000 variables 800 of which must vanish in
the linear equations generated.

Of course, this example is simple enough to be resolved. For F(n, k1, k2) one
obtains the recurrence
Fn+1Lki+1Lk+1) —zFn ki +1, ko +1)—yF(n ki +1, ko) —x F(n, k1, k2) =0

which yields for s, = Z,ff fy= F(n, ki, ko) after summation

—0o0
x4+z24+y)sp —spp1 =0
with result

sp=(x+z+ "

To show that Wegschaider’s second improvement also has a great impact on multiple
summation, we consider the following hypergeometric term

G k k . t u \%
. h k) = (kl) (kz) (" — ki — kz)

with parameters ¢, u and v. Then

(ky =G, ki, ko) + (k2o + )G(n + 1, ky + 1, k2 + 1)
+m—k+ )G+ 1L, ki +1,k)+n—-u—v—k —1)Gm, ki +1,k) =0



68 4 Holonomic Recurrence Equations

Fig. 4.2 Different structure sets for F (n, k1, k) with the same number of equations

is a recurrence equation for G (n, k1, k), which is obviously not (k1, kp)-free. How-
ever, one can rewrite this recurrence equation in the following form

m+1DGn+1,ki,ko)+(n—t —u—v)G(n, ki, ko)
+Ap (ko + DG+ Lki — Lka+ D)+ (n —ka + DG+ 1,k — 1, ko)
+(n—u—v—k+1)Gn, k; — l,kz))
+ Ak, ((ky = DG+ 1, ki, ko — 1)) = 0.
The main part of this certificate recurrence equation (the first line) is (k1, k2)-free.

After summation w.r.t. k1 and k> the A-parts disappear and one obtains the following
simple recurrence equation

m+Dsp+m—t—u—v)s, =0

for the double sum s, = 3777, _
form

G (n, k1, ky) leading (with sg = 1) to the closed

—00
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t u t u v (=" oty
S":kz Z(kl)(kz)(n—kl_kz): l (—(t+u+v))n:( ! )

1=0 k=0

In contrast, the smallest (k1, k»)-free recurrence equation for G (n, ki, k) computed
by Fasenmyer’s algorithm is

m+3)Gn+3,k+1Lk+D)+m—-—v+2)Gn+2,k1+ 1,k +1)
+m—-—u+2)Gn+2,k1+Lk)+mn—1t+2)Gn+2,ki, ko +1)
+m—u—v+DGn+ 1,1+ 1L, k)+(n—t—v+1)Gn+1,ki,kr+1)
+m—t—u+1)Gn+ 1, ki,ko)+(n—t—u—v)Gn,ki,ky) =0,

which leads to a recurrence equation of order 3 and misses the above simple recur-
rence of order 1.

Session 4.8 The multsum package contains both Verbaeten completion and
certificate recurrences in the multivariate case. The examples above are treated by
the following Maple commands.
> F:=binomial (n,k2)*binomial (k2,kl)*x"kl*y” (k2-k1l)*z" (n-k2) ;
F := binomial(n, k2) binomial(k2, k1) x*! y*2=kD) 7(1—k2)
> multsumrecursion (F, [k1l,k2],s(n));
x+z+y)s(n)y—s(n+1)=0
> multsumrecursion(F, [kl,k2],s(n), hypersol);
sO)(x+z+ )"
> G:=binomial (t,kl)*binomial (u,k2) *binomial (v,n-k1-k2) ;
binomial (¢, k/) binomial(u, k2) binomial(v, n — kI — k2)
> multsumrecursion (G, [k1l,k2],s(n));
(—t—u—v+n)sm)+m+1)sr+1)=0
The whole computation can be done in a single command:
> multsumrecursion(G, [k1,k2],s(n), hypersol);

binomial(t 4+ u + v, n) s(0)

Next we consider yet another complicated double sum

o o0
. j—i t—u—j+i u t—u u—t
s"__z Z (n—i)(r+u—n+i)(i)(j—i)(v—j)‘
We define the summand

> term:=binomial (j-i,n-1)*binomial (t-u-j+i,r+u-n+i)*
> binomial (u,i) *binomial (t-u,j-1i) *binomial (u-t,v-3j):

and compute the recurrence for the double sum
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> RE:=multsumrecursion(term, [i,]],s(n));
(—v+n)(—r+n—-2u)ysm)—n+1)n—r—v—u+1sn+1)=0
In one step we get the resulting hypergeometric term

> multsumrecursion(term, [1,]],s(n), hypersol);
$(0) pochhammer(—v, n) pochhammer(—2u — r, n)

n!pochhammer(l —u —v —r, n)
hence

(= (F2u—r)y
T d—u—v—r)n!’

n

Wegschaider’s algorithm is able to deduce hypergeometric double or triple sum
identities which were out of reach with Fasenmyer’s original approach, e.g. identities
like [Strehl193, Strehl94]

ég(z)(nzl)(];)3:%(2)2(”:]()2 (4.8)

This identity is settled by showing that both sides satisfy (enough initial values
and) the same holonomic recurrence. The common recurrence is obtained by the
commands

> terml:=binomial (n,k)*binomial (n+k, k) *binomial (k,j) " 3;
binomial(n, k) binomial(n + k, k) binomial(k, j )3
> REl:=multsumrecursion(terml, [k,j],s(n),upperkbound=2) ;

s m+1D3=B+2n)A7Tn2+39+51n)sti+ 1)+ @m+2)3s@m+2)= 0
> term2:=binomial (n,k) "2*binomial (n+k,k)"2;

binomial(n, k)% binomial(n + k, k)2

> RE2:=multsumrecursion(term2, k, s (n),upperkbound=2) ;

s+ 1D3=GB+2n) 1702 +39+51n)sn+ D)+ n+23sn+2)=0

Note that the smallest k-free recurrence equation for the summand of the left-hand
side of (4.8) has order J = 7, and the smallest k-free recurrence equation for the
summand of the right-hand side has order J = 5, although both sums satisfy the
second order recurrence

(n+2)3 spsa — 2n+3) (17n2 +51n +39) Smat 4+ (1 + D3 sp = 0.

The latter identities cannot be proved by iterative summation since the inner sums
do not satisfy a hypergeometric recurrence equation. Nevertheless, in many cases,
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iterative techniques turn out to be successful when dealing with multiple sums. This
method is considered in forthcoming chapters.

g-Holonomic Recurrence Equations

In the preceding two chapters we have introduced g-hypergeometric functions, and
we have seen g-analogues of the binomial theorem and of the identities of Gauss and
Pfaff-Saalschiitz.

Similarly, g-analogues for the classical orthogonal polynomials can be given,
see e.g. [AW8S5, KLS10]. The Legendre polynomials P,(x), e.g., have several
g-analogues. The polynomials

q.9x )

are called the little g-Legendre polynomials; the polynomials

o g q" T x
Pn(x,c,q)—3¢2( q.¢q q,q

n+1

_ 9", q
Pu(xlq) = 201 ( g

are called the big g-Legendre polynomials; and the polynomials

—n n+l i0 —i6
) 5 e, e
Pu(x; q) = 43 (q 1 q l/g_qﬂ

q,q) , (x = cosb)

and
ntl g 1/4 g6 g 1/4 o=i
q, _\/—’ —q

(see [KLS10], Sect. 14.5.1), which are related by

P.(x|q) = 4¢3 (q_ 4

q,q), (x =cosb)

Pu(x1g?%) = Pu(x; q), (4.9)

are both called the continuous g-Legendre polynomials. Similarly the generalized
Laguerre polynomials
)

n

D" (n+a n+a —n
(@) ._2 k _
Ly”(x): = k! (n—k)x _( n ) ]Fl(l-l—a

k=0

have the g-analogues
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qot+l; q) q,n
L (x;q) = (—" 191 1
n (6]; q)n qa+

q _an+ot+1)

(see e.g. [KLS10], Sect. 14.21), which are called the g-Laguerre polynomials. All
of these polynomial systems are contained in the so-called Askey-Wilson scheme
[AW85], [KLS10].

Itis rather straightforward to extend Fasenmyer’s method to the g-hypergeometric
situation. If

oo
sn= Y. F(n.k,
k=—00

and F(n, k) is rational w.r.t. both ¢* and ¢”, then the same method applies if we
expand in powers of K : = ¢* rather than in powers of k. The resulting recurrence
equation is then holonomic in ¢”.

The gsum package contains a Maple procedure gfasenmyer (term, g, k,
s (n) , kmax, nmax) to generate this recurrence equation using a k-free recurrence
equation of the summand term of order (kmax, #max) W.I.t. (k, n) if applicable.
The request

> gfasenmyer (gbinomial (n,k,q),q,k,s(n),1,2);
for example, results in the recurrence equation
(1 =g ys(n)+s(n+2)—2s(n+1)=0.
In the exercises, the reader is asked to find recurrence equations for some of the

g-hypergeometric series mentioned.
There is also a multivariate scenario in the g-case which was treated in [Riese03].

Further Reading
For further reading on the univariate case see [Zeilberger82, PWZ96], and on the
multivariate case [Wegschaider97, Sprenger04, Riese03].

Exercises

Exercise 4.1 Prove the identities (2.2)—(2.5) using Fasenmyer’s method. Try to
prove (2.6). What happens? What does the “Pascal triangle recurrence equation”
for the squares of the binomial coefficients look like?


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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Exercise 4.2 Try to prove the entries of our hypergeometric database of Chap. 3
using Fasenmyer’s method. Which entries can be proved and which cannot? What
is the reason for the failure?

Exercise 4.3 Show that the three different hypergeometric representations (see

Exercise 2.12)
n k
n —n—1 1 —x
k=0

1 - n : n—k k
T X x—=1 (x + )",

Pn(x) =
k=0

and

n/2)
1 2 —2k\ ,_
Pu) = o 2.Vt (Z)( n" )x :
k=0

define the same family of functions. Hint: Generate the same holonomic recurrence
equation for all of these representations, and show that they satisfy the same initial
values.

¢ Exercise 4.4 Write a Maple procedure fasenmyerdiffeq(f,k,s(x),
xmax) that computes a differential equation for

o0

s(x) = Z F(x,k)

k=—o00

which uses a function kfreediffeq(f,k,x,kmax,xmax) also to be
implemented. The function fasenmyerdi f feqisapplicable if F (x, k) is a hyper-
geometric term w.r.t. k and a hyperexponential term w.r.t. x, compare Chap. 10.

Apply the procedure to generate a differential equation for the Legendre polyno-
mials, using all three hypergeometric representations given in Exercise 5.3.

Exercise 4.5 The Legendre polynomials P, (x) are orthogonal in [—1, 1]

1

/Pm(x) P,(x)dx =0 for m # n.
-1

Check the orthogonality for0 <m <n =20,1,2,3,4,5.


http://dx.doi.org/10.1007/978-1-4471-6464-7_3
http://dx.doi.org/10.1007/978-1-4471-6464-7_10
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Exercise 4.6 Show that the numbers
w2l
Foy1:= Z ( k )
k=0
are the Fibonacci numbers, i.e.
Foyo — Fyy1 — F, =0, with Fi=1, F=1.

Exercise 4.7 Show that the sum

n 3
n
k=0

satisfies the holonomic recurrence equation

0=8@n+7(m+12sy+Bn+5) (15n2+55n+48) Smi1

12 (9n3 +57n% +116n +74) Saz — (3n+4) (1 +3)% Sups.

Later we will deduce a recurrence equation of lower order for s,,.

Exercise 4.8 Prove the identity (n € N 20)

k) — k nJ)’
k=0 k=0
Exercise 4.9 The Laguerre polynomials are orthogonal in [0, co) with respect to

the density e™, i.c.

/Lm(x) L,(x)e*dx =0 for m #n.
0

Check the orthogonality for0 <m < n < 5.

Exercise 4.10 Deduce a three-term recurrence equation for the generalized
Laguerre polynomials

n

@ . (—D*(n+a kK [(n+o —n
Ln (x)_z k! (n—k)x _( n )1F1(1+Ol

k=0
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Show, for0 < m < n < 5, that L' (x) and L) (x) are orthogonal in [0, c0) with

respect to the density x*e™*.

Exercise 4.11 Find holonomic recurrence equations for the Fasenmyer polynomials
([Fasenmyer47], see also [Rainville60], Chap. 14, Exercise 2) with respect ton €

Ngo
x) ,

~x)

Exercise 4.12 Find holonomic recurrence equations for the following sequences

(ne NZO):
x) ,

o n —n/2, —n/2+1/2, 1+«
®) gn(0): = (2x) m( 2

@ fu):= ze("}: e

—n,n+1, a

(b) gn(x):= 3F2( 1,1/2

—n,n—+p
1,1+«

(@ fulx):= 2F2(

_ 1
x2 '

Exercise 4.13 Find a holonomic recurrence equation for the Bateman polynomials
(see e.g. [Rainville60], Chap. 18)

—n,n+1
Zp(x):= 2F2( 11 ‘x)

Exercise 4.14 Show that the polynomials

fo(x) = (2) 15 (1+_)\n—n

which are related to the generalized Laguerre polynomials, do not form a family of
orthogonal polynomials, since they do not satisty a three-term recurrence equation
of the type

x) = L3 (),

fa(x) = (Ap + Bpx) fu—1(x) + Cp fu—2(x)
for some constants A,, B, C,, (Favard’s Theorem, see [Chihara78]).

Exercise 4.15 Show that for Example 4.6, the number E of equations to be satisfied
by the variables a;;, is given by E =2V — 1.

Exercise 4.16 Use kfreerec to deduce the following hypergeometric term rep-
resentations. Note that the bounds of these sums are not the natural ones.

m Y _ mfn—1
@ > (=D (k)—(—n ( - )
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(

(=}

Exercise 4.17 Find a holonomic recurrence equation for the Hermite polynomials
[n/2]

H _' (l)k 2 n—2k
(x):=n! Z 2k)W(x) )

Show, for0 <m < n <5, that H,,(x) and H, (x) are orthogonal in (—oo, 00) with
respect to the density e

Exercise 4.18 Show that no k-free recurrence equation is valid for the term

. n 1 .
F(n,k):= k m,

compare Example 4.6.

Exercise 4.19 Try to prove the g-analogues of the Chu-Vandermonde and of the
Pfaft-Saalschiitz identities (3.7)

g ".b| cd"\ _ (/b
2¢1( ¢ ’q’ b)_ (©; @)

and (3.6)

q " ab (c/a; @), (c/b; q),
32\ o e |99 )= -
" g1 (c; @), (c/(ab); q),
by the q-Fasenmyer method, using gfasenmyer. What happens?

Exercise 4.20 Find three-term recurrence equations for the little g-Legendre poly-
nomials and for the q-Laguerre polynomials defined on p. 71-72.


http://dx.doi.org/10.1007/978-1-4471-6464-7_3
http://dx.doi.org/10.1007/978-1-4471-6464-7_3
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Chapter 5
Gosper’s Algorithm

For a moment, let’s have a break from searching for hypergeometric term solutions
and recurrence equations of infinite series. Instead, we will deal with sums with
variable limits of summation, an interesting topic in itself. Later, this will prove to
be a useful tool in discovering an algorithmic method for infinite sums.

Let us motivate the topic of the present chapter by considering the issue of inte-
gration. Thanks to the fundamental theorem of calculus, the knowledge of an anti-
derivative, i.e., a function F'(x) with the property

F'(x) = f(x)

makes the evaluation of any definite integral of f easy, according to the simple rule'

b
/f(x)dx = F(b) — F(a).

Therefore, a large database of antiderivatives makes definite integration a solvable
task. On the other hand, no database is complete, and all of us know that many tricks
may be needed if an integrand cannot be found in the database.

To avoid those problems, an algorithmic theory of integration in elementary terms
has been developed by Risch [Risch69, Risch70], and others (see [Bronstein96], and
[GCL92, Chaps. 11, 12]). This theory, however, is rather difficult.

It turns out that a discrete analogue of Risch’s algorithm for indefinite summation,
an algorithm due to Gosper ([Gosper78], see also [GKP94], and [Koepf95a]), is much
simpler.

Gosper’s algorithm deals with the question of how to find a (forward) antidiffer-
ence sy for given ay, i.e. a sequence s for which

1 Of course this is only so if f is absolutely continuous. Otherwise the Fundamental Theorem of
Calculus might not be applicable.

W. Koepf, Hypergeometric Summation, Universitext, 79
DOI: 10.1007/978-1-4471-6464-7_5, © Springer-Verlag London 2014
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ax = Asg = Sk+1 — Sk (5.1

in the particular case that sy is a hypergeometric term, i.e.

Sk+1

2T e Q). (5.2)
Sk

Finding an antidifference s; according to (5.1) is called indefinite summation.
Note that—similar to the case of integration—once an antidifference sy of ay is
known, definite summation is easy since by telescoping we get

n
Dk = (ns1 = 50) + (50— Sn1) + -+ + Smg1 = Sn) = Sup1 — S,
k=m

by an evaluation at the (shifted) limits of summation.

Note that if a hypergeometric term antidifference s; exists, we call the input
function a; Gosper-summable. This function must then itself be a hypergeometric
term, since by (5.1) and (5.2),

Sk+2
ak+1 Sk+2 — Sk+1 Sk+1 s, - Ui
+ — + + — +1 Skt — c Q(k), (53)
Sk+1
ay Sk+1 — Sk Sk T — 1 Vi

Sk

with polynomials u, vy € Q[k] which can be found by Algorithm 2.2.

What follows is a short overview of Gosper’s algorithm.

In the first step, Gosper uses a representation lemma for rational functions to
express ay+1/ax in terms of some specific polynomials.

The idea behind this step comes from the following observation: If we calculate
ay from s = (2k)!/ k!, for example, we get

_Qk+2)! (2R (k)
T k1! k! =@k D=

ak = Sk+1 — Sk

i.e. a product of a polynomial py = (4k + 1) and a factorial term by, = % for

which b"b—;r‘ is rational, hence there are g, ry € Q[k] with b’g—:l = ’;}'{‘—Ll

Gosper then shows that such a representation with the property
gcd (gk, rk+j) =1 forall j € NZO’ 5.4)

can generally be found and gives an algorithm to generate it (Lemma 5.1 and Algo-
rithm 5.2). The greatest common divisor of the two polynomials g and ry is denoted

by ged (k. 7¢).2

2 Relation gcd(f, g) = 1 means that there is no nontrivial, hence nonconstant, common divisor.
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Therefore for ax we have the relation’

Ak+1 _ Pk41 Gk+1

) (5.5)
ak Pk Tk+1
with py corresponding to its polynomial part and (gx, rx) to its factorial part.
Gosper finally defines the function f; by the equation
Sk+1 Pk+1 Tk
= L Sk = — frk—1ax, (5.6)
Ak+1 Tk+1 Pk

from which one sees immediately that

Skl Pkt Sk+1 Pyl 1 pr

= - = —
Al Thtl  Sk42 = Skl Tkl 3 = 17k

is rational. Using property (5.4), Gosper proves the essential fact that fi is a poly-
nomial (Lemma 5.4).
It follows by definition that the polynomial fj satisfies

Tk+1 rk
ax = Skl — Sk = —— frapr1 — — fr—1ak.
k+1 Pk

Multiplying by pi/ax, and using (5.5), gives the inhomogeneous linear recurrence
equation
Ak+1 Pk
Pk = k1 fie = T =1 = Q1 S — 1k i (5.7)
Ak Pk+1

for fi. Using (5.7), Gosper gives an upper bound for the degree of fj in terms of py,
qk, and r; (Lemma 5.5). This yields a method for calculating f; by introducing the
appropriate generic polynomial, equating coefficients, and solving the corresponding
linear system, so that we finally find s, given by (5.6).

If one of the steps to find the polynomial f; fails, then the algorithm has proved
that no hypergeometric term antidifference s; of a; exists, which may give valu-
able information. Thus in this situation, Gosper’s algorithm did not fail, but instead
decided the nonexistence of a hypergeometric term antidifference.

Having seen a general overview of Gosper’s algorithm, we will now go on to
prove each of its steps.

Lemma 5.1 and Algorithm The functions py, qx and ry in (5.5) can be chosen such
that
ged (gr,1kyj) =1 forall j e N;o- (5.8)

3 We use the same functions py, gk, and ry as Gosper did, even though he worked with the backward
antidifference. It may mean that we have some more shifts here than necessary.
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Proof We start with the initial choice py := 1, gx :=uk—1, and ry := vi_1. Now either
(5.8) is satisfied, and so we are done, or (5.8) is not valid. In the latter case there is
some j € N>, such that

ged (gx, rryj) = gk with deg(gr) > 0. (5.9

Let J denote the set of all j € N> such that (5.9) is valid. The construction of the
finite set J is considered in Algorithm 5.2.

For any j € J, we may eliminate the common factor g; choosing new functions
Py q;, and r;, where

/ / qk / 143
Dk = Pk 8k 8k—1---8—j+1, qy=—, and r, = ,
8k 8k—j

since then

/ /
Pit1 Qi1 Pkt 8k+1 8k - - - 8k—j+2 Q41 8k—j+1 _ Pk+1 Gk+1
P Trg Dk 8k 8k—1---8k—j+1 8k+1 Thtl Pk Tkt

By (5.9) it follows that

9k Vk+j
cd (g, r. ;)= cd(—,—):l
g 4k k+j g P %

so that for the triple (p;, g;, ;). (5.9) no longer is valid. Therefore, applying the
rewriting technique to all j € J leads to (pk, gk, rx) satisfying (5.8). Note that if
J contains more than one number, then the gcd condition has to be checked again
before continuing with each of the rewriting steps since it may happen that one of
the previous rewritings had already done the job. O

For any two polynomials g and ¢, the number*
disp(g. 1) i= max { j € Nz | ged(ge. rie) = gi with deg(ge) > 0}

is called the dispersion of g and ry (note that this notion is not symmetric!). Fur-
thermore, the set

Ji={J € Nzg | ged(ge. risj) = gi with deg(ge) > 0}

is called the dispersion set of g; and ry. Note that the dispersion of two polynomials
gives information about their shift structure (answering the question: Does an integer
shift generate a common divisor?).

4 For the sake of completeness let the maximum of the empty set equal —oo.
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The next algorithm shows how to find the dispersion set J. The reader who is
familiar with polynomial resultants (see e.g. [DST88], Appendix, [GCL92, Chap. 7],
[Koepf06, Sect. 7.5]) might observe that J is the set of nonnegative integer roots of
the resultant of g and r; with respect to k.

With Maple, this set can be found roughly using

dispersionset:=proc (g, r, k)
isolve(resultant (q, subs (k=k+3j,r), k), 3)
end proc:

(which calculates all integer roots, not just the nonnegative ones, though). This is a
short and elegant description. Note, however, that this way of calculating the disper-
sion set is not very efficient, particularly because the variable j that is used makes the
problem a two-variable problem even though the dispersion set only contains infor-
mation about polynomials of one variable. Further, the resultant of two polynomials
gk, and 7y ; of degrees m and n with respect to k, respectively, is a polynomial of
degree mn with respect to j.

Since the dispersion set can be calculated more efficiently using rational factor-
ization, this approach will be dealt with here. It is an important fact that rational
factorization can be done algorithmically (see e.g. [Zippel93, GCL92, Chap. 8]).
Moreover, computer algebra systems like Maple contain (for our purposes) rather
efficient implementations for the rational factorization of polynomials, which need
about the same time as is needed to find all integer roots of a polynomial. Since the
resultant computation generates a polynomial (in j) of much higher degree, the cal-
culation of its integer roots is typically more time consuming than the factorization
of the original polynomials g, and ry4 .

Therefore the following algorithm, first implemented by Koornwinder in his
Maple package zeilb [Koornwinder93] and described in an article by Man and
Wright [MW94], makes the entire resultant computation superfluous, and gives a
fairly efficient method to obtain the dispersion set.

Algorithm 5.2 (dispersionset) The following algorithm calculates the dis-
persion set of two polynomials gj and ry:

1. Input: Two polynomials g and ry € Q[k].

2. Factorize g; and r; over Q. (This is exactly what Maple’s factor command
does.)

3. Set J:={}. For each pair of factors sy of gy, and #; of r; calculate D :=
primedispersion (s, t, k) by the following steps:

(a) If the degrees m of sy, and n of #; are different, return D := {}; exit.
(b) Calculate the coefficients a:= coeff(s,k,n), b:= coeff (s, k,
n-1),c:= coeff(t,k,n),andd:= coeff(t,k,n-1).
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(c) If j:= bz;zd is not a nonnegative integer, then return D := {}; exit.
(d) Check whether c¢s; — atyyj = 0. If this is the case, then set D := {j}, else
set D :={}. Return D.
J:=JUD.

4. Output: J.

Proof First, we show that the dispersion of two polynomials g; and r; which are
relatively prime (over the rationals) is given by the subroutine primedispersion
(g,r, k).

Assume that g, and r¢ have dispersion j > 0. We propose that in this case gi
and r; must have the same degree and their ratio must be constant, since the relation

ged(qk, rk+j) = 8k # 1,

implies that g, has the rational factor gy, and r; has the rational factor g;— ;. Therefore,
since by assumption g and ry are relatively prime, the degree of g must be equal
to the (common) degree n of gx and r¢, proving our assertion.

Hence, the two polynomials

g = ak™ +bk" V4

and
re=ck" +dk" 1 ...

have dispersion j € N> if and only if

C
— =iy = clk+ )" +d(k+j)" "+ = ck"+(cnj + d) K"+ (5.10)

using the binomial expansion. The resulting identity can be valid only if the coeffi-
cients of " ~! on both sides match, implying

be ) ~ bc—ad
— =cnj +d, or j=——. (5.11)
a acn
Therefore j, given by (5.11), must be a nonnegative integer. In the affirmative case,
i+ is completely known, and (5.10) can be checked.
To calculate the complete dispersion set of g, and rg, the algorithm uses the
subroutine primedispersion for any pair of rational factors of gi, and r¢, and
all dispersion entries found are collected in the set J. O

Session 5.3 We implement the dispersion calculation described in Algorithm 5.2 in
Maple. The first procedure

primedispersion:=proc(q,r,k)
local f,g,n,a,b,c,d,3;



5 Gosper’s Algorithm 85

f:=collect(q,k);
g:=collect(r,k);
n:=degree(f, k) ;
if n=0 or n<>degree(g,k) then return {} end if;
a:=coeff(f,k,n);
b:=coeff(f,k,n-1);
c:=coeff(g,k,n);
d:=coeff(g,k,n-1);
j:=normal ( (b*c-a*d)/ (a*c*n)) ;
if not type(j,nonnegint) then return {} end if;
if collect(c*f-a*subs(k=k+3j,g),k)=0 then
return {j}
else
return {};
end if;
end proc: # primedispersion

calculates the dispersion of two polynomials of the same degree, which do not have
proper rational factors. Therefore the procedure

dispersionset:=proc(q,r, k)
local f,g,1i,j,result, tmp,opl,op2;
f:=map2 (op,1l,0p (2, factors(q))) ;
g:=map2 (op,1l,o0p (2, factors(r)));
result:={};
for opl in f do
for op2 in g do
tmp:=primedispersion(opl, op2,k);
if tmp<>{} then result:=result union {op(l,tmp)?}
end 1if;
end do;
end do;
return result;
end proc: # dispersionset

completes the implementation of Algorithm 5.2.

Next we do an example computation to show the different timings between the
resultant-based and the resultant-free algorithms. We give two polynomials in fac-
tored form so that we know the dispersion set in advance, and expand them. Read
off the dispersion set by a brief look at the input before looking for Maple’s answer!

> qg:=expand (k* (3*k"2+a) * (k-2536) * (k" 3+a)) ;

3k7 —2533ak* — 7608 kS — 7608 k% a + a k> + a* k> — 2536 a*k
> r:=expand(subs (k=k-345,q)) ;
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258519719195803125 k — 40460071839750 a + 484174775025 a k
+ 4678182 k3 a — 2211703920 k% a — 4258 a k* — 3226 a* k
+993945a% + a k> + a® k* — 17894813625 k*

— 1924651077159375 k? 4 7735770995625 k3 — 14853 k6
+ 23247135k + 3k’ — 14574010679829421875
> TIME:=time(): dispersionset(q,r,k); time()-TIME;
(345, 2881}
0.015

> TIME:=time(): res:=resultant (g, subs (k=k+j,r), k):

> time ()-TIME;

0.281
> TIME:=time(): isolve(res): time()-TIME;
0.187
> degree(res,j);
49

Here we see that the resultant-free calculation finds the two shifts quite efficiently,
whereas the resultant computation is much more time consuming, particularly since
several variables are involved. The computation returns a polynomial of degree 49
in j. Have a look at it, and observe its huge coefficients! It is not surprising that the
calculation of its integer roots is also rather time consuming: This computation alone
needs much longer than that of the entire resultant-free dispersion computation!

The next step in Gosper’s proof is to check that f;, defined by (5.6), is a polynomial.

Lemma 5.4 The function fi, defined by (5.6-5.8), is a polynomial.
Proof Since we know that f is rational, we may assume

Ck

sza

with polynomials cg, di such that dj has positive degree and
ged (ck. di) = 1 = ged (ck—1, di—1). (5.12)
Then after multiplication by dy dj.—1 the recurrence Eq. (5.7) gives the main equation
di di—1 pk = di di—1(qi+1 fx — Tk fk=1) = ke di—1 Gk+1 — Ck—1 di k. (5.13)
Now let j > 0 be the dispersion of d; with itself, i.e. the largest integer such that

ged (di, divj) = gk # 1. (5.14)
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Since j is maximal, and dj ; is a multiple of g, we have
ged (i1, dirj) = 1 = ged (i1, g6 (5.15)
Therefore, shifting k by —(j + 1) in (5.14), we get
ged (di—(j+1), di—1) = &k—(j+1) # 1, (5.16)
and, shifting k by —j in the left side of (5.15), we get
ged (di—j+1), di) = 1 = ged (ge—(j+1), di) (5.17)
since di—(j+1) is a multiple of gx—(j+1)-
Now, we take a careful look at the main Eq. (5.13). We divide this equation by gi

and get
didi—1 Pk Ckdi—1qk+1 Ck—1dk Tk

8k 8k 8k

(5.18)

Since, by (5.14), di is divisible by gi, the left-hand side of (5.18) is a polynomial.
The same is true for the rightmost term, so that it follows that c; di—1 gx+1 is divisible
by gi. By (5.15), dx—1 and gy are relatively prime. By (5.14), di is divisible by g, so
that, by (5.12), cx and g are relatively prime, too. Therefore g;1 must be divisible
by gk, and hence gy is divisible by gi_1.

Next, we divide (5.13) by gr—(j+1). We get

di dy— di— —14,
k Gk—1 Pk _ Ck %k—19k+1 _ Ck—10k Tk (5.19)

8k—(j+1) 8k—(j+1) Sk—(j+1)

Since, by (5.16), dy—1 is divisible by gi—(j+1), the left-hand side of (5.19) is a
polynomial. The same is true for the middle term. It follows that cx_1 dj ry is divisible
by gr—(j+1. By (5.17), d and gr—(j+1) are relatively prime. By (5.16), diy— is
divisible by gx_(j+1), so that, by (5.12) ¢x—1 and gg_(;+1) are relatively prime, too.

Therefore r; must be divisible by gx_(;j+1), and hence r¢4 ; is divisible by gx_1.
So we have finally found that both g, and i ; are divisible by g¢—1. This con-
tradicts the main condition (5.8), however, and therefore f; must be a polynomial.
O

The last step of Gosper’s algorithm gives an a priori bound for the degree of f;.
Remember, as soon as such a bound is known in advance, a generic polynomial
can be substituted into the main Eq. (5.7), and f; can be calculated by equating
coefficients. If in the following lemma the degree bound is negative or if linear
algebra does not provide a suitable fi, then we can deduce that such an f; does not
exist.

Lemma 5.5 and Algorithm An upper bound for the degree of f, is determined by
the following algorithm.
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1. Ifdeg(qi+1 + rk) < deg(qi+1 — k), then
deg fi = deg pr — deg(qk41 — 7).

2. Ifn:= deg(gi+1 + rr) > deg(qk+1 — k), then let a denote the coefficient of k"
in the polynomial qx41 + r, and b denote the coefficient of K"~ in qi41 — r.

(a) If —2b/a is not a nonnegative integer, then
deg fr =degpr —n + 1.
(b) If —2b/a is a nonnegative integer, then
deg fr < max{—2b/a,deg py —n + 1}.
Proof We rewrite the main Eq. (5.7) as

Jie + fi—1 Jie = fr—1 .

Pk = (Gk+1 — k) 5 + G + 10— (5.20)
Observe that for any polynomial fj # 0, one has the identity
deg(fic — fi—1) = deg(fx + fi—1) — 1, (5.21)

since the highest order term in f; — fx—| cancels, whereas the highest order term of
Jfx + fx—1 is not equal to 05

Therefore, if deg(qr+1 + rx) < deg(qk+1 — r«), then the second summand in
(5.20) is definitely of lower degree than the first one. This gives 1.

If deg(qk+1 +rr) > deg(gi+1 — rk), then the situation is a little bit more compli-
cated. Let m be the degree of fi, and f; = ck™ + - --. Then, by (5.20),

m
Pk = (b + aE) ck"=1 4 terms of lower order,

proving 2. O

This finishes the proof of Gosper’s algorithm.
Next, we give some example classes to which Gosper’s algorithm can be applied.

Example 5.6 (Polynomials) Any polynomial a; is Gosper-summable, since any
polynomial a; has a polynomial antidifference s; (proof by induction!). Assum-
ing we do not cancel common factors in a1 /ax (compare with Exercise 5.16), then
the application of Gosper’s algorithm leads to the initial choice py = 1, gx = ax and
rr = ar—1. Therefore, the dispersion set contains the number 1, so that the rewriting

5 For convenience, we set deg(0) := — 1. Then (5.21) remains valid for non-zero constant fj.
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according to Lemma 5.1 leads to the final choice py = ai, and gy = ry = 1, sat-
isfying the conditions of Lemma 5.1. Hence, the main equation is equivalent to the
difference equation

ar = fk — fi-1 (5.22)

for fi, and, according to (5.6), we also have fr = sxy1. Since gxy1 — rx = 0,
case (2b) of Lemma 5.5 applies, and the degree bound turns out to be equal to
deg px + 1 = degay + 1. Note that by (5.21) this can be directly seen from (5.22).
So, in the final step, the coefficients of s; are determined by solving a linear system
with deg ay + 2 variables.

Note, however, that for polynomials there exist faster algorithms than Gosper’s
to deduce their antidifference; see Exercise 5.1.

Example 5.7 (Rational Functions) Not every rational function a; is Gosper-
summable. Indeed, Gosper’s algorithm proves that ay = 1/k does not have a hyper-
geometric term antidifference: We get the representation py = 1, gy = k — 1 and
rrx = k satisfying the conditions of Lemma 5.1, and the degree bound corresponding
to Lemma 5.5 is equal to zero. Therefore, we have the setup f; = ¢ for some constant
¢, and the main equation reads

1l=ck—ck=0,

so that obviously no solution exists.
Therefore the harmonic numbers

do not constitute a hypergeometric term. Note that Hy_ is a discrete antidifference
of ay. since obviously Hy — Hy_1 = %

If, on the other hand, some rational a; has a rational antidifference s, then it
is Gosper-summable, and the application of Gosper’s algorithm is a safe way to
determine si. As an example, we consider

1 (I
k k+1 k(k+1)

ai =

Obviously, s; can be determined by telescoping here (do it!). Instead, we use Gosper’s
algorithm: In the present case the initial choiceof py = 1, gy = k—landry = k+1
is final. Again case (2b) of Lemma 5.5 applies and gives the degree bound 1 for f;.
With the generic polynomial fy = a + bk, the main equation reads

1 = k(a +bk) — (k+ D)(a + bk — 1)) = b —a.
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This generates a solution space of dimension 1, and we may set b = 0 (to make the
order of f; the lowest possible). Equating coefficients, we geta = —1.
Therefore fy = —1. By (5.6), we finally have

® g k+1)— :
Sr = — _1ar = — _— =,
k= T kk+1)  k

Example 5.8 (Binomial Theorem) We try now to see whether the expression

ay:= (Z is Gosper-summable. In the affirmative case, this would imply a hyper-

> ()

k=0

geometric term formula for

for arbitrary m. Such a formula would extend the binomial identity (2.1) which is
the special case when the upper bound m = n is the natural one.
We get
A1 n— k
ar T k41

and therefore the initial choice py = 1, gy =n — k + 1, and ry = k, which is final.
In Lemma 5.5, case (1) applies, and the degree bound yields the value —1. Hence
no polynomial f; satisfying the main equation can exist, and therefore aj is not
Gosper-summable.
Now we change the problem a little, and consider the alternating sum with

ay ;.= (—1)" . Note that in Example 3.4, we discovered the formula

n
k

Zak=2(—l)k(’;) . W (”;) (5.23)
k=0 k=0 n

by other means, which shows that a; is indeed Gosper-summable. But how does
Gosper’s algorithm deduce this result?
Using
ar+1  k—n

ay T k41

we have pr = 1, gr = k —n — 1, and r = k. In the current situation, Lemma 5.5
leads to the case (2a) and the degree bound O for fi. Substituting f; = c into the
main equation leads to the identity

l=(k—-—n)c—kc=—nc,

with the solution ¢ = —1/n, so that fy = —1/n. Finally, by (5.6), we have
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T, k k
St = — fiotag = ——ag = —— (=DF (Z)
Pk n n

in agreement with (5.23) (check!). A

We summarize the results of this chapter in:

Algorithm 5.9 (Gosper) Given ay, the following algorithm decides whether there
is a hypergeometric term antidifference s, and returns it in the affirmative case:

1. Input: ar # 0, a hypergeometric term.
2. Calculate the term ratio ag1/ag. Use Algorithm 2.2 to find uy, vy € Q[k] for

which
Ai+1 Uk

Ak Vk

3. Calculate py, gx and ry € Q[k] with the property (5.8) by Algorithm 5.1.

4. Use Algorithm 5.5 to determine the degree bound M for the polynomial
fx € Qlk]. If M < 0, then return “no hypergeometric term solution exists”;
exit.

5. Substitute the generic polynomial

fe =bo + bk +bok* + -+ by k™
in the functional equation

Dk = Qikt1 fre — 7k fr—1

for fx, equate coefficients, and solve the resulting linear system for the unknowns
by 1=0,...,M).
6. If there is no solution, then return “no hypergeometric term solution exists”; exit.
7. Output: s = % fr—1 ag. O

Gosper’s algorithm shows in particular that whenever a; possesses a hypergeo-
metric term antidifference sy then, by (5.6), s has to be a rational multiple of ay:

;
Sy = Rrary with Ry = -k Jr—1-
Pk

We call Ry the rational certificate of the hypergeometric term ay: Given Ry, it is
easy to check by pure rational arithmetic (which is fast) whether sy = Ry ai is an
antidifference of ay by simply checking that

Sk+1 — Sk = Riy1 ag+1 — Ry ax = ag

or equivalently
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Ri+1  akq

(5.24)
R+ aj

without knowing where the information about R comes from. Therefore for both the
application of Gosper’s algorithm and for a fast proof of its result, given Ry, (besides
polynomial arithmetic) it is only necessary to decide the rationality of ay1 /a; which
is done by Algorithm 2.2.

Finally, we consider the following question: Assume you are given a rational
function Ry which is known to be the rational certificate of some hypergeometric
term ay. Is a; then uniquely determined by Ry ? It is clear that for a multiple ax = cay
of a; we get the same Rj. The following corollary states that the converse is also
true.

Corollary 5.10 Let the rational certificate Ry of a hypergeometric term ay be given.
Then ay is uniquely determined by Ry up to a constant factor.

Proof This follows immediately from (5.24): Given Ry, (5.24) is a first order recur-
rence equation for ag, determining this hypergeometric term uniquely up to a multi-
plicative constant. O

Session 5.11 Gosper’s algorithm is implemented in Maple and is used as a subroutine
of the sum command.® By the assignment infolevel [SumTools] : =5, inter-
mediate information is given. We get for the polynomial a; = k*

> infolevel [SumTools] :=5:
> g:=SumTools[Hypergeometric] [Gosper] (k"3,k) ;

Gosper: Step 1 of Gosper’s algorithm

Gosper: Step 2 of Gosper'’s algorithm

PolynomialNormalForm: construct the polynomial normal form
Gosper: Step 3 of Gosper’s algorithm

Gosper: find non-zero polynomial solution

Gosper: upper bound 4

Gosper: size of the system: 4 equations, 5 unknowns

%k%1—2k+k%
The result can be verified by computing sx4+1 — Sk:
> expand(eval (s, k=k+1)-9);
k3
We reproduce the results of Examples 5.7 and 5.8.
> SumTools[Hypergeometric] [Gosper] (1/k, k) ;
Gosper: Step 1 of Gosper'’s algorithm

Gosper: Step 2 of Gosper’s algorithm
PolynomialNormalForm: construct the polynomial normal form

6 The current author did the implementation of Version V.4 which is available in the sumtools
package. However, this version is now superseded by the SumTools package.
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Gosper: Step 3 of Gosper’s algorithm

Gosper: find non-zero polynomial solution

Gosper: upper bound 0

Gosper: size of the system: 1 equations, 1 unknowns

Error, (in SumTools:-Hypergeometric:-Gosper) no solution found
> SumTools[Hypergeometric] [Gosper] (binomial (n, k), k) ;

Gosper: Step 1 of Gosper’s algorithm
Gosper: Step 2 of Gosper’s algorithm
PolynomialNormalForm: construct the polynomial normal form

Gosper: Step 3 of Gosper’s algorithm
Gosper: find non-zero polynomial solution

Error, (in SumTools:-Hypergeometric:-Gosper) no solution found
> SumTools[Hypergeometric] [Gosper] ((-1) "k*
> Dbinomial (n, k), k);

0.281

Gosper: Step 1 of Gosper’s algorithm

Gosper: Step 2 of Gosper'’s algorithm

PolynomialNormalForm: construct the polynomial normal form
Gosper: Step 3 of Gosper’s algorithm

Gosper: find non-zero polynomial solution

Gosper: upper bound 0

Gosper: size of the system: 1 equations, 1 unknowns

k (= DX binomial(n, k)
n

We give a final example:

> SumTools[Hypergeometric] [Gosper] (k*k!, k) ;
Gosper: Step 1 of Gosper’s algorithm

Gosper: Step 2 of Gosper’s algorithm

PolynomialNormalForm: construct the polynomial normal form
Gosper: Step 3 of Gosper’s algorithm

Gosper: find non-zero polynomial solution

Gosper: upper bound 0

Gosper: size of the system: 1 equations, 1 unknowns

k!
The hsum package also contains a procedure gosper which is decomposed by the
algorithms dispersionset and degreebound, compare Exercises 5.3-5.6.

We would like to remark that many more summation algorithms have been published.
Karr [Karr81] gave a difference field analogue to Risch integration, and hence consid-
ered summation in a rather general framework, see also [Schneider01, Schneider(04,
Schneider08].

Paule [Paule95] presented an algorithm for indefinite hypergeometric summation
(slightly different from Gosper’s) based on greatest factorial factorization which
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extends to more general cases. Paule’s approach can be regarded as a deduction of
Gosper’s algorithm. Bding ([B6ing98, Lemma 3.2]) pointed out how the dispersion
arises quite naturally when searching for a hypergeometric type antidifference; see,
e.g., [Koepf06]. Furthermore, [Koepf06] contains a simplified variant of Gosper’s
algorithm which abandons the rewriting procedure of Lemma 5.1.

Abramov, Bronstein, and PetkovSek [ABP95] presented a method of obtaining
Jk as a solution of the recurrence Eq. (5.7) by solving a linear system whose size is
not proportional to the degree of fj, and iterative computations. Hence if the degree
bound for f is large, this method is advantageous.

Linearization of Gosper’s Algorithm

Although the set of hypergeometric terms is closed under multiplication and taking
reciprocals, it is not closed under addition; e.g. 2€ + 1 is not a hypergeometric term
although 2% and 1 are.

As a result, Gosper’s algorithm is nonlinear, i.e., if ax and by are Gosper-
summable, then a; + by is not necessarily Gosper-summable. Moreover, a; + by
might be Gosper-summable, although the individual summands a; and by are not;
e.g., foray = ﬁ and by = —%. These are important disadvantages.

Given an arbitrary linear combination of hypergeometric terms one would like to
decide whether or not there is an antidifference of the same type. Petkovsek, Wilf
and Zeilberger [PWZ96] found a way to linearize Gosper’s algorithm in this way.

The essential tool is to consider similarity under hypergeometric terms. Two
hypergeometric terms ay and by are called similar if their ratio ax /by € Q(k) is
a rational function of k. This notion divides the family of hypergeometric terms into
equivalence classes one of which consists of the rational functions.

Now, if a linear combination of hypergeometric terms is given, it can be written
as a linear combination of pairwise dissimilar ones. Petkovsek, Wilf and Zeilberger
[PWZ96] show that an application of Gosper’s algorithm to these dissimilar sum-
mands decides whether or not the given linear combination of hypergeometric terms
has an antidifference of the same type; this applies if and only if Gosper’s algorithm
is successful for each of the dissimilar summands.

q-Gosper Algorithm

Just as Gosper’s algorithm finds a hypergeometric term antidifference whenever one
exists, there is a corresponding g-analogue (see [Koornwinder93], compare [PR97])
which finds a g-hypergeometric term antidifference whenever one exists.

An implementation [BK99] based on Koornwinder’s work [Koornwinder93] and
the present book is available through the gsum package containing the Maple pro-
cedure ggosper (term, g, k) for this purpose.
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The request
> qggosper ((-1) "k*q” (k* (k-1) /2) *gbinomial (n,k,q),q, k) ;
e.g., results in the g-hypergeometric antidifference

(1 — g% (= 1)k g(1/2k&=1) gbinomial (n, k, q)
q" —1 '

In [Riese96] Gosper’s algorithm was generalized to the bibasic case, i.e., to (p, q)-
hypergeometric terms that are hypergeometric with respect to two bases p and ¢,
and in [B6ing98] to g-hypergeometric terms that are hypergeometric with respect to
a finite number of bases ¢ = (g1, - . ., gm), see also [BK99]. The gsum package con-
tains an implementation of this algorithm. The following computation gives [GR90],
Appendix II, Formula (34):

> qggosper ((l-a*p"k*q k) /(1-a)/c k*gpochhammer (a,p, k) /
> gpochhammer (a*p/c,p, k) *gpochhammer (¢, g, k) /
> gpochhammer (q,q, k), [p,q],k=0..n);
gpochhammer(c, ¢, n + 1) gpochhammer(a, p, n + 1) (—c + p“+D a)
(=14 gty n=D /(qpochhammer(q, g, n+1)

qpochhammer(ﬂ, p.n+1)(—1+a)(—1+0))
c

Further Reading

For further reading on Gosper’s algorithm see [GKP94, PWZ96, Koepf06], and for
the g-case [Koornwinder93, PR97] and [BK99].

Exercises

Exercise 5.1 Let A denote the forward difference operator
Asp = Sk+1 — Sk

and form € 7, let
m k!
k* .

T hk—m)!

denote the falling factorial. Note that K" =ktk—=1)---(k—m+1) form € N.
Show that

m—1

Ak =m -k,
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where the difference operator is assumed to operate with respect to the variable k.
Show that therefore

b—1 mt1 [k=b b@ . aLH
Zkﬂ = = form # —1
m+1 m+1
k=a k=a
Observe the astonishing analogy to the formulas
d b pmtl +1
— " =mx"" and /xmdxz;a (m # —1).
dx m+1

a

The above information can be used to find the antidifference for any polynomial
without solving a linear system, just by rewriting. How?

Exercise 5.2 (Summation by Parts) Show the following rule of summation by parts
(which is similar to the integration by parts formula):

b b
k=b+1
E up Avi = upvy ’k:a — E Vi+1 Aug.
k=a

k=a

Use it to find an antidifference of the harmonic numbers
%
o J

that we introduced in Example 5.7, in terms of themselves.

oExercise 5.3 Write a Maple procedure update (p, q, r, k) thatuses disper-
sionset to update the functions (py, qk, i) according to Lemma 5.1.

o Exercise 5.4 Write a Maple procedure degreebound (p, g, r, k) determin-
ing the degree bound for fj according to Lemma 5.5. Check the function with the
examples of this chapter and use it for the later exercises!

o Exercise 5.5 Write a Maple procedure £indf (p, g, r, k) that solves the linear
system to find f, and returns this polynomial.

o Exercise 5.6 Write a Maple procedure gosper (a, k) that applies Gosper’s
algorithm to a.

Exercise 5.7 Calculate the antidifference solution fora; = m, see Example 5.7.

Exercise 5.8 Find antidifferences for the following sequences.
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. 1
@ = gm0y

o 1
b) a= ey sar:

(©) ak :=4k4+8k364]i§—l§2+4k+3’
@ = 2EESED,

(©) ax:= (k+n)(k+n),

) a:= (k+nf1§1£]§:1;)2r)(n+1)’
@ a= (,’j)

() ap:=C

) ax:= N
(+)

. o f(m—k—1
0 ak'_k(m—n—l)’
&) ar = k),

D) ag = (k —n),.

Exercise 5.9 Check whether the summands of identities (2.3-2.6) are Gosper-
summable.

Exercise 5.10 Show that if ay = txy,, — 1y for some hypergeometric term t;, and
m € N, then ay is Gosper-summable. Determine the antidifference sy in terms of tx.

Exercise 5.11 In SIAM Review 36, 1994, Problem 94-2 [OK94], the following
question was posed:
Determine the infinite sum

G i (=D 4n 4+ 1) @2n — 1)!!’
— 2"2n — 1)(n + 1)!
where 2n — DH!'=1-3...2n —1).
Solve the problem using Gosper’s algorithm. For the limit computation, use Stirling’s
formula

n!
lim ——— = /2.
n—>oc \/n (n/e)!


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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Give another proof using the hypergeometric database.

Exercise 5.12 Are the sequences

n+1 n
vuman (1)1 ()
2 2
— xn? (n+1 2 (n
(b) ax:= (’21;1+2>! ( k ) ~ @ (k)
Gosper-summable? Try to give an interpretation with regard to identities (2.1) and
(2.3)! Hint: Sum from k = —o0 to k = oo.

Exercise 5.13 Characterize those hypergeometric terms ay for which the rational
certificate Ry, is given by (« constant)

(@) Ry = %,
(b) Rk =k,
(©) R =k,
d) Ry =1/k,

(© Ri=(k—1)/k,
() Ri = (k+1)/k.

Exercise 5.14 Assume, si, S, are the antidifferences of two hypergeometric terms
ay, ai with rational certificates Ry, Ry. Then sy = 1/s; implies Ry = 1 — R.

Exercise 5.15 Calculate
()
no\k k
@ > —F—",
k=0 2n
2k
2k \( 2n — 2k
k n—=k

n
®) 2 G

Exercise 5.16 Assume, in the application of Gosper’s algorithm to a polynomial ay,
(Example 5.6), that ay41/ax is reduced. Show that then the dispersion calculation
according to Lemma 5.1 “repairs” this, and generates py = ay, and g, = ry = 1 as
in the non-reduced case.

Exercise 5.17 Show that if fi in Gosper’s algorithm is not uniquely determined, it
contains exactly one parameter; this happens if and only if ay is rational. Hence in
general the solution space has dimension O or 1.

n

k
hypergeometric term antidifference for arbitrary n. Show that, on the other hand, ay
has a hypergeometric term antidifference for fixed negative n € 7Z. Determine the
degree bound of fi. How does it depend on the particular value of n?

Exercise 5.18 In Example 5.8 it was shown that ay := does not possess a


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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Exercise 5.19 It is well-known that
S
2 a
P k 6

From this result it follows that 1/ k> does not have a hypergeometric term antidiffer-
ence. Why? Hint: The number 7t is irrational.

Exercise 5.20 The expression

T
L

(bj* +cj +4d)

.
I
—_

)
RS
Il

=

[1 (6j2 +c¢j+e)

J

is Gosper-summable [Gosper78]. Try your Gosper implementation of Exercise 5.6
on this input. Does it work? If it does not, why not? If necessary, modify your
implementation to work for this example.”

Exercise 5.21 In SIAM Review 38, 1996, Problem 96-16 [IR96], the following
question was posed:

Define .
_ pn+p+1l\ (pn+p+1
S”(p)_.z(:)[(Pj+p—l) (pj+p—2

]:

for integersn > 0 and p > 1.

Evaluate S,,(p) forp = 1,2,3,4,5,6.

Solve this problem for p = 1 and p = 2 using Gosper’s algorithm. For a solution
for p =3,4,5, 6 see Exercise 7.34.

Exercise 5.22 For the following expressions s, construct ap:=Sg+1 — Sk
(ax :==sk+2 — sx), and apply the g-analogue of Gosper’s algorithm to find the
antidifference of ay. Verify the results.

(@ sk:=(a; 9,
(b) si:= [ZL
(©) sg:=[klg.

Exercise 5.23 Find a g-hypergeometric antidifference (or just a hypergeometric
antidifference) for ay := q/* where j is assumed to be any integer. Then replace j
iteratively by 1, 2, 3, ..., and apply the q-Gosper algorithm. Describe what happens
and explain!

7 It might be inefficient to use the modified implementation in the general case, though.
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Exercise 5.24 Find a g-hypergeometric antidifference for

@ ap:=q’* n; ), (G=1,....5),
ktj_ gk

(b) aki=m (J=12,3),
(3) [n
(© ar:=(=Dkg"? [k} :
q

) a:=q¢*[kl; (G=1,...,5),
(5)
) ar:=q [kl

_ k(k+1)

®) ax:=q~ "7 [kly-
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Chapter 6
The Wilf-Zeilberger Method

In this chapter, we study the connection between Gosper’s algorithm and definite
sums. Firstly, we give a direct application of Gosper’s algorithm to definite summa-
tion. Throughout this chapter k denotes a summation variable, n denotes a nonnega-
tive integer variable, and F'(n, k) denotes a hypergeometric term with respect to both
nandk,ie.

F(n+1,k) Fn,k+1)

— and ———

are rational functions with respect to both n and k. Further, we assume that F (n, k)
has finite support. The latter means that for any fixed n € N>, we have F(n, k) # 0

only for finitely many k € Z.
For those summands, we have

Theorem 6.1 Let F(n, k) be a hypergeometric term with respect to both n and k,
Gosper-summable with respect to k with an antidifference s = G(n, k) that is finite
for all k € Z. Furthermore, let F (n, k) be well-defined for all n € N>, and have
finite support. Then a

oo

Z F(n,k)=0 (6.1)

k=—00

for all but (possibly) finitely many n € N;O. Indetail: If G(n, k) = R(n, k) F(n, k)
is an antidifference of F (n, k) with respect to k, then (6.1) is valid for all n € N;o
for which the denominator of R(n, k) is not identical to zero.

Proof By assumption, F(n, k) is Gosper-summable with respect to k, so there is a
(hypergeometric term) antidifference G (n, k):

Fn,k) =G, k+1)— G(n, k).

Summing over all k leads to

W. Koepf, Hypergeometric Summation, Universitext, 103
DOI: 10.1007/978-1-4471-6464-7_6, © Springer-Verlag London 2014
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o0

S Fob= > (G(n,k—i—l)—G(n,k)):O

k=—00 k=—0o0

since the right-hand side is telescoping. Note that because F'(n, k) has finite support,
the sum under investigation is finite. The only problem which might occur, is that
G(n, k) has a singularity at a certain n € N>. Since G(n, k) = R(n, k) F(n, k)
is a rational multiple of F(n, k), the only sinjgularities of G(n, k) are the poles of
R(n, k). O

Note that if the denominator of R(n, k) for some integer £ € Z (depending on
n) has a zero, this must be compensated by a zero of F(n, k) since otherwise the
antidifference G (n, k) = R(n, k) F (n, k) is not finite for this particular k. Therefore,
the zeros n € N>, of the denominator of R(n, k) that are mentioned in the theorem
are those which are independent of k.

Example 6.2 In Example 5.8, we showed that F'(n, k) = (—1)k(2) is Gosper-

summable with L
Gn,k)y=——F(n,k). (6.2)
n

It follows immediately from Theorem 6.1 that for n € N (but not (!) for n = 0 since
this is a pole of (6.2))
n
kfny _
> (=D ( k) =0,
k=0

(compare with (2.2)).
On the other hand, for n = 0 we have

0
k1Y) _
Z(—l) ( k) =1.
k=0
As another example we consider
n n—+1
k k
2n '
2k
First we must define F'(n, k) for k > n and for k < 0 since in this case the given

representation is of the form 0/0 (or co/oc if we replace the binomial coefficients
by I' terms).

F(n, k)=


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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In these cases it is better to define F'(n, k) so that the formula

Fn,k+1)  (n+1—-kQk+1)
Fn,k)  Qn—=2k—=Dk+1)

for the term ratio remains valid. From the value F (n, n) = n + 1, we get then

F(n,k+1) 2n+1
(n,n+1) Fo k) |, (n,n) . (n+1) (2n+1)
and
F(n,k+1
Forn+2) = L@kt D Fn+1)=0
F(nvk) k=n+1

so that F'(n, k) = 0 for k > n + 2. Similarly, one shows that F'(n, k) = 0 for k < 0.
Therefore F'(n, k) has finite support.

This fact is taken care of by the computation

> termtohyper (

> binomial (n,k)*binomial (n+1l,k)/binomial (2*n,2*k) , k) ;

pochhammer(—n — 1, k) (2k)!

1
4k (k)2 pochhammer(—n + 3 k)

which uses Algorithm 2.8 and shows that we have a sum fromk =0tok =n + 1.
It turns out that F (n, k) is Gosper-summable with

2n —2k+ Dk
Gin, k) = %F(n,k)

(check!). Therefore by Theorem 6.1 we have

< ()
ey

for all n € N>q; compare Exercise 5.15. A
As an immediate consequence of Theorem 6.1, we have

Corollary 6.3 Let F(n, k) be a hypergeometric term with respect to both n and k,
well-defined for all n € N>, and having finite support. If > po._ . F(n, k) can be
represented by hypergeometric terms which are not identically zero, then F(n, k) is
not finitely Gosper-summable with respect to k.
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Example 6.4 From the identities (2.1)—(2.6), we immediately observe that none of

2 2 3
n n wfn wfn r(n+b n+c b+c
(@) () () (@) () () G
are Gosper-summable functions according to Corollary 1; compare this with
Example 5.8. A

Note that the corollary shows that results on definite series like (2.1)—(2.6) can
never be obtained by a direct application of Gosper’s algorithm!

On the other hand, some very nice examples of an application of Gosper’s al-
gorithm are given by the Wilf-Zeilberger method for definite summation ([WZ90a,
WZ90b]; see also [PWZ96, Koepf95a]).

The Wilf-Zeilberger method (WZ method for short) is a clever application of
Gosper’s algorithm to prove identities of the form

Sy = Z F(n, k) =1 (6.3)
k=—00

for which F(n, k) is a hypergeometric term with respect to both n and k with finite
support.

To prove a statement of the form (6.3) by the WZ method, one applies Gosper’s
algorithm to the expression

ar:=Fmn+1,k)— F(n, k)

(rather than to F(n, k) itself!) with respect to the variable k. If successful, this gen-
erates G (n, k) with

ar=Fn+1,k) — Fn, k) = G(n, k+ 1) — G(n, k), (6.4)

and summing over all k leads to

oo oo

Sarl == D (F(n+l,k)—F(n,k)): D (G(n,k+1)—G(n,k)):o

k=—00 k=—00

since the right-hand side is again telescoping. Therefore, s, is constant, s, = sg, and

if we are able to prove sop = 1, we are done. Note that s = 1 can generally be proved

since F'(n, k) has finite support, so that no questions concerning convergence arise.
We summarize the above in

Algorithm 6.5 (Wilf-Zeilberger Method to Prove Hypergeometric ldentities) This
method proves the identity (6.3) for n > N, where N € N3 is determined by
step 4. B


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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1. Input: F(n, k), a hypergeometric term with respect to both n and k with finite
support (with respect to the summation variable k).

2. Defineay := F(n+ 1,k) — F(n, k).

3. Apply Gosper’s algorithm to ay. If successful, a hypergeometric term antidiffer-
ence G(n, k) = R (n, k) ay is generated. If not, the method fails; exit.

4. Let N be the largest nonnegative integer root of the denominator 0 € Qln, k] of
R(n, k) (found by a rational factorization), i.e. Q(N k)=0.

5. Ifsyy1 = Zk:_oo F(N +1, k) = 1, the procedure has proved (6.3) forn > N.

6. This initial value, sy+1, can be evaluated by an application of Algorithm 2.8
which provides the information about suitable natural bounds of the sum.

The method described is very simple, and is a direct application of Gosper’s
algorithm. It has the disadvantage, however, that we have no prior knowledge about
for which input it will work. As a test suite for the capabilities of the given method
we use the set of hypergeometric identities found in the book of Bailey [Bailey35]
which is reproduced in Table 6.1.

Since the WZ method works only if n is an integer, we can only try to prove
the statements of Bailey’s list in Table 6.1 if one of the upper parameters of the
hypergeometric series involved is assumed to be a negative integer.

Note that the rationality of ay41/ax for the WZ method is generally decided by
Algorithm 2.2 since

Fin+1,k+1)
a1 Fn+ 1 k+1)—F(nk+1)  Fnk+1)  Fnk+1)
ax F(n+1,k) — F(n, k) T Fn, k)  Fn+1,k

Fn,k)

When Gosper’s algorithm generates the function G (n, k), it also finds the rational

function
G(n, k)

R(n, k) := P

R(n, k) is rational since G(n, k) is a rational multiple of ar = F(n + 1,k) —
F(n,k),G(n,k)y =r(n,k) - (F(n+ 1, k) — F(n, k)), say, so that

R(n. k) = G(n, k) Fn+1,k) — F(n, k) — k)(F(n+1,k) _1)

Fo k) Fn. k) Fn. k)

is also rational. R(n, k) is called the WZ certificate of F(n, k). Once the WZ cer-
tificate of a hypergeometric expression F(n, k) is known, it is a matter of purely
rational arithmetic to decide on the validity of the statement to be proved (6.3). This
is quick and easy and can, in principle, be done by hand since one only has to show
(6.4) which after division by F'(n, k) is equivalent (modulo a possible application of
Algorithm 2.2) to the purely rational identity
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Table 6.1 Bailey’s hypergeometric database
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Page Theorem Identity

2 Chu-V. €=b)-a

_ I'(c)['(c—a—D>b)

o (% ]1) -
3 Gauss ¢ (©)-a

9 Pfaff-S. 3F2

c, 1+a+b—c—n

9 Kummer >

d+a)-p

T I'(c—a)'(c—b)

_(c=a),(c—b),
T ©nlc—a—Db),
_I'+a—-brd+a/2)

)

11 Bailey oF (!¢

(A+a/2)—p
(/2T (a+b+1)/2)

Il +a)(1+a/2—Db)

1
(a+b+1)/2‘ ):

I'(ta+ 1D/ b+ 1/2)
e/ ((c+1)/2)

a,b,c

13 Dixon 3F) lba—blta—ec

(
n (1)
11 Gauss 2F)] (
("
(

7) I'((a+0)/2)Ir' (1 —a+c)/2)

_(U4+a)-d+a/2-D)
C (A +a/2)c(l+a—b)-.

_I(+a/r(0+a-bI'(I+a—l(1+a/2—b—c)

T rd4+ard+a2-nrd+a2—c)ld+a—b—c)

1+ 2c¢ l4+a+b l—a—b+2c

LT ()M ()T ( 5 )

1+a 1+b 1—a+2c 1—b+2c

r( ) ( )
2 2 2 2

72172 M) (1 42c—e)

16 Watson 3F» a,b,c 1)=
(a+b+1)/2,2
Whipple
16 Whipple 37 ( 1 74¢
ppie 312 e,14+2c—e

26 Dougall

): F(%)I—v(aﬁ»ln;h‘fe)r(17121+e)1—v(2+2627a79)

F a,14+a/2,b,c,d,14+2a—b—c—d+n,—n

776 a/2,1+a—b,1+a—c,1+a—d,b+c+d—a—n, 1+a+n
_ l4+a)y,1+a—->b

)

—)py(l4+a—-b—-d)y,(14+a—c—d),

T (t+a-bpd+a—cm(+a—du(l+a—b—c—dn

25 Dougall

sFy (

27

a,l4a/2,c,d,e
a/2,1+a—c,1+a—d, 1+a—e
_I'+a-ol(l+a-d)I'l+a—-e)f(1+a—c—d—e)

_ (+a)_(I+a—c—d)_,
) T (+a-o)_(I+a—d)_,

28 Whipple 4 a,14a/2,d, e

a,1+a/2,—

30 Bail F.
aey s a/2,w

l+afb 1+2b7n

30 Bailey 4F; @ 1+a/2,b, -

30 Bailey 4F; a,1+a/2,b, -

o
(
30 Bailey 3F2(
(
(

T Ir(+al(l4+a—d
_1) _ (I+a)_,

a/2,1+a—d, 1+a—e

—e)'l+a—c—e)l'(1+a—c—d)

_I'(l+a—-d)I'(1+a—e)
T (+a—-d)_. T'(+a)[(1+a—d—e)

w—a—-1-n)w—a)-

1):

a/2,1+a—b, l+2bfn
1) _ (@=2b-1,(1/2+a/2=b)y(—=b—1),

a/2,1+a—b, 2+2b n

W)
a—2b),(1+a/2 —b),(=b),

o
) T (I4+a—b)u(a/2 —b)u(—2b),

—_

) _ (a—2b),(=b)y
T (I+a—b)u(=2b),

— (I+a=b)u(a/2=b—1/2),(=2b—1),
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F(n+1,k) Fin,k+1)

Example 6.6 (Binomial Identity) As an example, to prove the binomial identity (2.1)
in the form
n n 1 n
Sn ::éF(n,k):%z_n(k)zl (6.6)

by the WZ method, we set

. 1 n+1 L (n).
=g\ ok ) T \k)

compare Example 2.5 and Exercise 5.12. Algorithm 2.2 yields

a1 Fn4+1k+1)—Fnk+1) (n—k+1)n—2k—1)
ar F(n+1,k)— F(n, k) T m+1-=2k(k+1)

Therefore Gosper’s algorithm can be applied (do it!), and results in

k 1 n+1 I (n
ntl

This proves (6.6) since sg = 22:0 1 = 1. Note that the denominator zero k = *5

of the rational factor R(n, k) = k/(n + 1 — 2 k), which is an integer for odd values
of n, is compensated for by a zero of gy at this point so that G (n, k) is finite there,
thus the argument remains valid.

The WZ certificate is

Gn.k) k

R(n, k) = 7 = —
(n, k) 2n+1—k)

(check!), and the proof of identity (6.6) is therefore reduced to simplifying the rational
expression

Fn+1.%) Fn.k+1)
St L LR K) — Rn, k4 1D
Fn. k) R B = Rk D—p0 s

nt 1 k k+1 n—k

= 11— .
2(n+1—k) Xntl—h 2m—k k+l

to zero, whichs trivial. A

Table 6.2 is a complete list of those identities in Bailey’s list (Table 6.1) that can
be treated by the given method, together with their rational certificates. Using the
latter the reader may easily prove these identities. Observe that therefore Table 6.2
consists of simple proofs for all of these statements. You might check any of these by
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Table 6.2 The WZ Method
Identity nR(n, k)

(c+k—1)k
(c=b+n)(n+1—k)
k(ctk—1)(c—b+n—a—k)
S c—b+mm+1—k(c—a+n)
k

Chu-Vandermonde —a —

Pfaff-Saalschiitz n

Kummer - - —
2n+1—k)
. (a—b+k)k
Dixon —Cc —
Q24a—-2b+2n)(n+1—k)
Rn—k+Dk@+b—1+2k)
Watson —c—
Whipple 204+b+2n)(1+a+2n)(n+1—-k)
k—1k(2 —k
Whipple —c— e+ J)k@nte—k)
m+1—-k)y(a+2n+e)(—a+1+2n+e)
Dougall n

2n+2a+2—c—d—-b)(1+a—b—c—d+n—k) k (a—d+k) (a—c+k) (a—b+k)
B (14+2a—b—c—d+n)(1+a—c—d+n) 1+a—b—d+n) (1+a—b—c+n) (a+2k) (n+1—k)
(a—c+k)ya—d+kk
T (U+a-c—d+n@+2b(n+1—k
k(a—d+k)
T @t2h i+ 1—k)
(na+a2—wa+a—2+2nk—2n+4k+2ka—2kw) w+k—1)k

Dougall —e

Whipple

Bailey @+2)(n42+a—ww—a—14mGk-n—1
Bailey _(ba—2b2+n+2bn+1—k)(—2b+n—k)k(a—b+k)
(=b+n)Q2+a—-2b+2n)ba—2b+n)(n+1—k)
) (n—ba—k+1—2kb)(=2b+n—k k(a—b+k)
Bailey

(=b+n)b(a+2k)y(a—2b+n)(n+1—-k)

Bailey n— (2b — ab + 2nb + 2nab — 2n — 2n* + a’b — 2ab* + 4nbk + 2abk + 2k
+4nk — 4bk — 4%k — 2k k(a —b+k) (1 +2b—n+k)/
(n+1-kb@+2k)(b+1—n)(a—2b—14n)(a—2b+1+2n))

simply verifying (6.5). Note how simple the rational certificate of Dougall’s identity
is compared to the much more complicated rational certificate of the last of Bailey’s
identities and also note the contrast with the complexity of the corresponding inputs.

Note that neither the statements of Gauss and Bailey with argument x = 1/2
([Bailey35], p. 11) can be deduced with respect to any of the parameters involved,
nor can Watson’s Theorem ([Bailey35], p. 16) be proved by the WZ method with
respect to Watson’s original integer parameter a, nor can the method be applied to
Whipple’s Theorem ([Bailey35], p. 16) concerning parameters a or b since, in all
these cases, the term ratio a1 /ay is not rational.
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In particular, the results of Table 6.2 constitute the first proof of our hypergeometric
database given in Chap. 2, except for Watson’s identity (with respect to the parameters
aorb).

Session 6.7 We can use the Gosper implementation gosper (a, k) of the hsum
package which for Gosper-summable gy returns a hypergeometric term antidiffer-
ence. We recommend, however, that you write such a Maple procedure on your own;
see Exercises 5.3-5.6.

The procedure

WZcertificate:=proc(F,k,n)
local a,gos;
a:=subs (n=n+1,F)-F;
try

gos:=gosper (a, k) ;
catch:

error ‘WZ method fails:‘;
end try;
return simpcomb (gos/F) ;
end proc:

calculates the rational certificate of the WZ method when applied to F(n, k), if
this is applicable. Here, we use Maple’s try, catch and error commands to
give our own error message in case gosper does not return a hypergeometric term
antidifference.

The calculation

> Wzcertificate(binomial(n,k)/2°n,k,n);

1 k

2 —n—1+4+k
confirms the result of Example 6.5, and

> WZzZcertificate(binomial (n,k)*x"k/(1+x) "n,k,n);

k
(—n =14k 1 +x)

yields the binomial theorem.! On the other hand, the calculation

> WZcertificate(binomial (n,k),k,n);

Error, (in WZcertificate) Wz method fails

shows that the WZ method is not applicable for F(n, k) = (Z

). This is not sur-

prising since we know that the sum

! What happens if x = —1?
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is not constant with respect to .
We prove some of the identities of Chap. 1:

> WZcertificate(binomial (n,k) "2/binomial (2*n,n),k,n);
1 (=3n—-3+4+2kk?
2 2n4+1)(—n—1+k)?

> WZzZcertificate(
> (-1) "k*binomial (n+b,n+k) *binomial (n+c, c+k) *binomial (b+c, b+k) /
> (GAMMA (b+c+n+1) / (n! *GAMMA (b+1) *GAMMA (c+1))) ,k,n);

1 (c+k)(b+k)
2(b4+c+n+1)(—n—1+4k)

The final statement proves Dixon’s identity in binomial form (1.6) where no conver-
sion to hypergeometric form was necessary!

Note that the success of the procedure WZcertificate proves that s, =
> e _o F(n, k) is constant! You can find this constant by merely considering the
initial value sq = Z,fi_ oo F(0, k). If F(n, k) has finite support this sum is finite and
can thus be evaluated in finite terms since its bounds can be found by Algorithm 2.8.

Here is an example for which the WZ method does not work (compare [PS95]).

Although
i (—1)k(n)(3k)_]
(=3 \kJ\n )"~

k=—00

is a true statement for n € N> (see Session 7.4 and Exercise 7.14) supported by the
calculation B

> seq(
> add((-1)"k/(-3) "n*binomial (n, k) *binomial (3*k,n),k=0..n),
> n=0..25);

t1,11,11,1,1,1,11,1,1,1,1,1,1,1,1, 1,1, 1,1, 1, 1, 1

the WZ method fails:

> Wzcertificate(
> (-1)"k/(-3) "n*binomial (n, k) *binomial (3*k,n) ,k,n) ;

Error, (in WZcertificate) WZ method fails

Note that the main identity (6.4) has a remarkable symmetry. In the WZ approach,
(6.4) is then summed with respect to k to obtain a formula for >°, _, F(n, k). There
seems to be no reason why the roles of n and k should not be interchangeable to
obtain a formula for >°, .7 G(n, k). Under very mild restrictions this is indeed the
case, and the resulting formula is called the companion identity. Hence by proving
one identity, a new identity is generated. Wilf and Zeilberger ((WZ90a, WZ90b])
also introduced the notion of the dual identity, and Gessel [Gessel95] used a related
approach to generate new identities from known ones in an almost algorithmic way.
More details about these topics can be found in [PWZ96, Chapter II 7].
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q-WZ Method

In the previous chapters we have already seen g-hypergeometric identities. As in
the hypergeometric case, such identities can be proven by an application of the
g-analogue of Gosper’s algorithm.

The procedure

gWzZcertificate:=proc(F,q, k,n)
local a,gos;
a:=subs (n=n+1,F)-F;
try
gos:=qggosper (a,q, k) ;
catch:
error ‘g-WZ method fails‘;
end try;
return gsimpcomb (gos/F) ;
end proc:

which uses the ggosper implementation of the gsum package calculates the certifi-
cate, rational in ¢", of the g-WZ method when applied to F (n, k), if this is applicable.
For example, the request

> gWZcertificate(

> gphihyperterm([qg” (-n),bl, [c],q,c/b*q"n,k)/
> (gpochhammer (c/b, q,n) /gpochhammer (c,q,n)) ,q,k,n);

results in
"1+ @ —q" o)b
(q"q —q*) (—cq™ +b)

(6.7)

which gives the proof certificate for the g-Chu-Vandermonde identity (3.7). This
proves the g-Chu-Vandermonde identity and at the same time gives a manual proof
at your disposal which uses only rational arithmetic; see Exercise 6.9.

Further Reading

For further reading on the WZ method see [Gessel95], [PWZ96], [Wilf05] and
[Koepf06].

Exercises

Exercise 6.1 Prove the identity


http://dx.doi.org/10.1007/978-1-4471-6464-7_3

114 6 The Wilf-Zeilberger Method

°z°: (=D n+b b+c c+d d+n\ _
oo (2n+2b+2c+2d\\n+k ) \b+k)\c+k)\d+k)
n+b+c+d+k

I'n+b+c+d+DI'n+b+c+DI'n+b+d+DI'n+c+d+DIb+c+d+1)
T n+ 2642+ 2d+ DT i+ e+ DT +d+ D) Th+D) Tt D) I'(d+1)

(see Exercise 2.17) by the WZ method.

o Exercise 6.2 Write a Maple procedure checksum (F,R,k,n) that checks
whether Z,fi_oo F(n, k) = 1, using the rational certificate R(n, k); see (6.5).

Use this procedure to prove the identities of Bailey’s list using the rational
certificates of Table 6.2 (and no Gosper implementation!).

Exercise 6.3 Prove Székely’s and Stanley’s identity (Example 3.5 and Exercise 3.4)
by the WZ method.

Exercise 6.4 (Clausen Identity) Prove the following hypergeometric identity due
to Clausen

F a,b,1/2—a—b —n,—n
43 1/24+a+b,1—a—n,1—b—n

1) _ (2a), (a + b), (2b),
T (2a +2b)y (@) (b)n

Exercise 6.5 In Corollary 5.10, we saw that the rational certificate of Gosper’s
algorithm is essentially unique. Show that the same is not true for the rational WZ
certificate. Hint: A counterexample can be found in this chapter.

Exercise 6.6 Prove the identities of Exercise 3.2 by the WZ method.
Exercise 6.7 Try to prove the following identities by the WZ method:

w2 2 2e \ (4 b+ ©)l2n)(2h)(20)!
@ 2 (=D (n+k)(b+k)(c+k) T+ b0+ Ol + olblel’

k=—n

N

oo \m+ k 2k 2m ’
m

" (m—r—+s n+r—s r+k r K
o £ ()G =G G)
i n+a a+n n—+a
@ 2 (i) i) =00)

o 240 =)

- (DY 1
0 25 ()
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Specify carefully any restrictions on the parameters occurring!

Exercise 6.8 Assume that F (n, k) is Gosper-summable with respect to k. Then the
Maple procedure WZcertificate always finds a rational certificate for the WZ
method. Why?

Exercise 6.9 Describe in detail how the proof certificate (6.7) can be used to prove
the q-Chu-Vandermonde identity by rational arithmetic.

Exercise 6.10 Use the g-WZ method to prove the g-binomial theorem (2.22) for

—n

a=4dqg

Z )y xt = (q_.x; 9)e = @/x: D a2 (=0,
= @ D 5 @)oo

the q-Pfaff-Saalschiitz identity (3.6)

q ", a,b
3¢ ( ¢, —ab_

cq"

g _ (c/as @) (c/b3 @)y
' (c; @) (c/(ab); q),’

the g-Kummer identity

’ (a,b‘ _g)_(—q; Do (aq. aq>/b%: %)
21 \ag/p| T (—a/b.ag/b: Doy

b
([GR90], Appendix (11.9)) for b = q™", the g-Dixon identity

p a,—q/a,b,q™"
Y3\ —a.aq/b,ag't"

([GR90], Appendix (I11.14)), and Jackson’s identity

a,q/a, —q+Ja,b,c,d,e,q"
$97\/a,~va, aq /b, aq/c, aq/d, aq e, aq"*"
_ (aq, aq/(bc), aq/(bd),aq/(cd); q),
(aq/b,aq/c,aq/d,aq/(bcd); q), ’

q,

q””ﬁ) _ (aq. q/a/b; q),
b (gv/a,aq/b; q),

»

where a’q = bcdeq™ ([GR90], Appendix (I1.22)), which is a g-analogue of
Dougall’s identity.
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Chapter 7
Zeilberger’s Algorithm

In this chapter, we introduce Zeilberger’s extension of Gosper’s algorithm
([Zeilberger90b, Zeilberger91a, Zeilberger91b]), using which one can not only prove
hypergeometric identities but also sum definite series in many cases, if they represent
hypergeometric terms.

Like Fasenmyer, Zeilberger deals with the question of how to determine a holo-
nomic recurrence equation

J
> Pi(n) sy =0 (7.1)

J=0

with polynomials P; € Q[n], for sums
Sp = Z F(n, k) (7.2)

where F(n, k) is a hypergeometric term with respect to both n and k. We assume
further that F (n, k) has finite support.

If F(n, k) is Gosper-summable with respect to k, then we get a hypergeometric
term form representation for any sum

b
> F(n. k.
k=a

in particular if @ and b are the natural bounds of F (n, k). On the other hand, as we saw
in Theorem 6.1, this information is worthless since we get s, = 0 in all these cases.
Therefore it is never possible to find a nonzero hypergeometric term representation
for s,,, by a direct application of Gosper’s algorithm.

Zeilberger’s idea is to apply Gosper’s algorithm in the following non-obvious
way: For suitable J = 1,2, ... set

W. Koepf, Hypergeometric Summation, Universitext, 117
DOI: 10.1007/978-1-4471-6464-7_7, © Springer-Verlag London 2014
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J
ay = F(n,k)+Zaj(n)F(ﬂ+j,k) (7.3)
j=1

with as yet undetermined variables o; depending on n, but not depending on k. Then

J
Fin,k+ 1)+ > oj(n) Fn+ j, k+1)
ag+1 j=1

Ak

J
F(n,k)+ > oj(n)F(n+ j, k)
j=1
J Fin+j,k+1)
1+ (1) —————~
Fok+1) ,; o) F(n,k+1)
F(n, k) F(n+j, k)
F(n, k)

S €Qmn, k) (74
1+ > ojn)
j=

turns out to be rational with respect to k, so Gosper’s algorithm is applicable.

The first step of Gosper’s algorithm generates three polynomials py, gx and 7.
Note that since the variables o; (j = 1, ..., J) are unknowns, the dispersion set
always contains the value 1, and after the rewriting, the unknowns o; occur linearly
in pi. Next, we calculate the degree bound M for f. This can be done by a mechanical
application of Lemma 5.5, computing over Q(n), and thus ignoring possible values
of n for which the bound might be lower, since we search for a bound which is valid
for all n.

Zeilberger’s crucial observation is the following: If we take the appropriate generic
polynomial

fi = bo + bik + bok? 4 - + by k™,

and equate coefficients in the functional Eq. (5.7) for fi, we get a linear system in the
coefficients b; (I = 0, ..., M) of f; and the unknowns o; (j = 1, ..., J). Rather
than solving this system for b; (I = 0, ..., M) alone, we may search for a solution
forb;j (I =0,...,M)ando; (j =1,...,J) at the same time!

If this procedure is successful, it provides us with an antidifference G (n, k) of ay

(depending on ), and a set of rational functions o;(n) € Q(n) (j =1,..., J) such
that
J
Gn,k+1)—Gn,k)=a, = F(n, k) + Zcrj(n) F(n+j, k). (7.5)
j=1

Therefore, by summation
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00 o0 J
dav= Y |Fnk+D ojn)Fn+j.k)
k=—o00 k=—o00 j=1
J oo
=sit > o= > (Gonk+ D= Gm. k) =0,
j=1 k=—00

since the right-hand side is a telescoping sum. After multiplication by the common
denominator this establishes the desired recurrence Eq. (7.1).

Note that if this procedure is not successful, this does not prove that such a
holonomic recurrence equation is not valid. Zeilberger’s luck is that this happens
rather rarely.

Example 7.1 Let’s try again to find a holonomic recurrence equation of first order
for
n
w=3 ()
k=0

In Chap. 4, Exercise 4.1, we found such a recurrence equation by Fasenmyer’s
method. Now, we use Zeilberger’s algorithm.
We set

Fn, k) = (Z)

and
ap = F(n, k) + 01 Fin+1,k) = (Z) to (”Zl).
By Algorithm 2.2, we get

agr1 _ (n+1—=k)y(n—k+on+o1)
a (m+1l—k+on+o)k+1)

(7.6)

The dispersion calculation shows that we have py = n+ 1 —k +on + o1, qx =
n+2 —k and ry = k (observe the shift of the factors containing o1 in the numerator
and denominator of (7.6)). The degree bound for f. turns out to be zero. Substituting
the generic polynomial f; = by in (5.7) yields the identity

n+l—k+on+o,=m+1—k)by— kby.
Equating coefficients of like powers of k gives the linear equations

—14+2bg =0
n+l+om+o,—m+1)byg=0
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that we can solve for the unknowns {bg, o1} to give the solution
{bo=1/2,00 =—1/2}.

Therefore f; = 1/2, but the more important information for us is that o7 = —1/2
which produces the recurrence equation

1
Sn — ES,H_l =0.

Using so = 1, we conclude that s, = 2". A

Session 7.2 We apply our previous Maple procedures (compare Exercises 5.3-5.6),
available from hsum.mp1, to the above example.

> F:=binomial (n, k) ;
binomial(n, k)
> A:=F+sigma[l]*subs (n=n+1,F);
binomial(n, k) + o1 binomial(n + 1, k)
> rat:=ratio(A,k);

_(—n—l—i—k)(—n—i—k—mn—cn)
(—n—14+k—0on—o)k+1)

> p:=1: g:=subs(k=k-1,numer (rat)): r:=subs(k=k-1,denom(rat)):
> upd:=update(p,q,r,k);

[-n—1+k—0o1n—o0y,n+2—k, k]
> p:=op(l,upd): g:=op(2,upd): r:=op(3,upd) :

> degreebound(p,q,r,k);

> :=b[0];
by
> rec:=collect (subs (k=k+1,q) *f-r*subs (k=k-1,f)-p, k) ;
(—2bg— Dk+mn+1)by+orn+n+1+ 0
> sol:={solve({coeffs(rec,k)}, {sigmall],b[0]})};

b_—l _—1
{{0—7901—7}}
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> gigmal[l]:=subs(op(l,sol),sigmalll);

—1

2

> S(n)+sigma[l]*S(n+1)=0;

S(n)—%S(n—i—l):O

These steps can be combined by the following procedure searching for a holo-
nomic recurrence equation of order one:

zeilberger:=proc (F,k, sn)
local n,A,S,sigma,rat,p,q,r,upd,deg, f,b,j,var,rec,sol,num,den;
option remember;
if type(sn, function) then S:=op(0,sn); n:=op(l,sn)else n:=sn end if;
A:=F+sigma[l] *subs (n=n+1,F) ;
rat:=ratio (A, k);
if not type(rat,ratpoly(anything,k)) then
error ‘Algorithm not applicable®
end if;
p:=1: g:=subs(k=k-1,numer (rat)): r:=subs(k=k-1,denom(rat)) :
upd:=update(p,q,r,k);
p:=op(l,upd): g:=op(2,upd): r:=op(3,upd):
deg:=degreebound(p,q, r, k) ;
if deg<0 then
error ‘Algorithm finds no recurrence equation of first order:
end if;
f:=add(b[j1*k"j,j=0..deg);
var:={sigmal[l],seq(bl[j]l,j=0..deg)};
rec:=collect (subs (k=k+1,q) *f-r*subs (k=k-1,f)-p,k);
sol:={solve({coeffs(rec,k)},var)};
if sol={} then
error ‘Algorithm finds no recurrence equation of first order:
end if;
sigma[l]:=subs(op(l,sol),sigmall]);
sigma[l]:=normal (sigmal[l]) ;
for j from 0 to deg do
sigmal[l]:=subs(b[j]=0,sigmall]);
end do;
num:=factor (numer (sigmall]l)) ;
den:=factor (denom(sigmal[l])) ;
return den*S(n)+num*S(n+1)=0;
end proc:

Therefore, in just one step we get
> zellberger (binomial (n, k), k,s(n));
2s(n)—s(n+1)=0
and similarly

> zeilberger (binomial (n,k)"2,k,s(n));
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Gn+2)sm)+(—n—1)s(n+1)=0

> zeilberger((-1) "k*
> Dbinomial (n+b,n+k) *binomial (n+c, c+k) *binomial (b+c, b+k),
> k,s(n));

b+c+n+D)s(m)+(—n—1)s(n+1)=0

This gives a very short proof for Dixon’s theorem. (Finish this proof!). Moreover,
given the left-hand side of Dixon’s theorem, we have deduced its right-hand side.
What about Dougall’s Theorem? Can we derive the right-hand side of Dougall’s
identity directly from the left-hand sum? Here is the application:

> zeilberger (hyperterm([a,l+a/2,b,c,d,1+2*a-b-c-d+n, -n]l,
> [a/2,1+a-b,1l+a-c,l+a-d,1+a- (1+2*a-b-c-d+n), l+a+n],1,k),
> k,s(n));

l4+a+n(a—d—-c+1+n@+14+n—->b—-d)y(a—c+n+1—->b)s(n)—
m+l+a—-d)@a—c+1+n@+14+n—->b(1+a—-b—c—d+n)
sm+1)=0

which yields an immediate result!
To get the hypergeometric term solutions automatically, we use

closedform:=proc (F, k, sn)
local zeilberg, S,n,rat,num,den,lc,numlist,denlist,j,i,init,cert;
if type(sn, function) then S:=op(0,sn); n:=op(l,sn) else n:=sn end if;
init:=eval (eval (F,k=0),n=0);
if init=0 then
error ‘Shift necessary'
end 1if;
zeilberg:=zeilberger (F,k,S(n));
rat:=normal (solve(zeilberg, S(n+l))/S(n));
num: =numer (rat) ;
den:=denom(rat) ;
lc:=1coeff (num,n)/lcoeff(den,n);
numlist:=normal ([solve (num,n)]);
numlist:=[seq(-j,j=numlist)];
denlist:=normal ([solve(den,n)]);
denlist:=[seq(-j,j=denlist)];
if member (1,denlist,’i’) then
denlist:= subsop (i=NULL,denlist)

else
numlist:= [op(numlist), 1]
end if;
return init*hyperterm(numlist,denlist,lc,n);
end proc:

Here, we assume that the sum goes from k = 0 to k = n,t and F (0, 0) is well-
defined. In particular F'(0, 0) # 0; otherwise an appropriate shift must be applied in
advance.

I The sum can also have bounds [—n, ..., n] as the Dixon example has. We need mainly sop =
F(0,0) #0.
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For the above examples we get
> closedform(binomial (n, k), k,n);
on
> closedform(binomial (n,k)"2,k,n);
2n)!
(nh)?

> closedform((-1) “k*binomial (n+b,n+k) *
> Dbinomial (n+c, c+k) *binomial (b+c,b+k) ,k,n) ;

binomial(b + ¢, b) pochhammer(b + ¢ + 1, n)
n!
> closedform(hyperterm(([a,l+a/2,b,c,d,1+2*a-b-c-d+n, -n],
> [a/2,1l+a-b,1l+a-c,l+a-d,1l+a- (1+2*a-b-c-d+n),l+a+n],1,k),k,n);

pochhammer(1 + a, n) pochhammer(a —d —c + 1, n)
pochhammer(a + 1 — b — d, n) pochhammer(a —c+ 1 — b, n)/(
pochhammer(1 4+ a — d, n) pochhammer(1l +a — ¢, n)
pochhammer(1 + a — b, n) pochhammer(l +a — b — ¢ — d, n))

We do not yet have a proof for Watson’s identity with respect to integer —a = m €
N>, and arbitrary b, c € Q. Let’s find one using Zeilberger’s algorithm! We will
distinguish between even and odd m. First let m = 2n, n € N>,. Here we get

> closedform(hyperterm([-2*n,b,c], [(-2*n+b+1)/2,2*c],1,k),k,n);

1 1
2n)14-m pochhammer(c + 375 b, n)

1 1 1
pochhammer(z +c, n) pochhammer(z —3 b, n) n!

Similarly, for odd m, we get using m = 2n + 1
> closedform/(
> hyperterm([-2*n-1,b,c], [(-2*n-1+b+1)/2,2*c],1,k),k,n);

1
n! pochhammer(l +c— 3 b, n)

1
pochhammer(c + 1, n) pochhammer(l -3 b, n)

These results can be combined easily to prove Watson’s identity!

We see that the application of Zeilberger’s algorithm has the advantage over the
WZ method that the right-hand side of the hypergeometric identity of interest does
not have to be known in advance, but instead is generated by the algorithm. Therefore,
Zeilberger’s algorithm can be used to calculate the values of definite sums rather than
only to prove identities.

In particular all hypergeometric identities that we had proved using the WZ method
can be generated by Zeilberger’s algorithm.
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Moreover, one might be lucky and the returned recurrence equation can be solved
explicitly even though it is not of first order. For example, with this method, we obtain
identities (2.4), (2.5) directly without the a priori distinction between even and odd
values of n.

Session 7.3 The Maple procedure

MAXORDER:=5:

sumrecursion:=proc (F, k, sn)
local n,S,b,sigma,rat,p,q,r,upd,deg,f,1i,3,3j,1,var,req, sol,
num,den,J,a; option remember;
if type(sn, function) then S:=op(0,sn); n:=op(l,sn) else n:=sn end if;
for J from 1 to MAXORDER do
a:=F+add(sigmalj] *subs (n=n+j,F),j=1..J);
rat:=ratio(a,k);
if not type(rat,ratpoly(anything,k)) then
error ‘Algorithm not applicable:
end if;
p:=1: g:=subs(k=k-1,numer (rat)): r:=subs(k=k-1,denom(rat)):
upd:=update(p,q,r, k);
p:=op(l,upd): g:=op(2,upd): r:=op(3,upd):
deg:=degreebound (p,q, r, k) ;
if deg>=0 then
f:=add(b[j]1*k"j,j=0..deq) ;
var:={seq(sigmal[jjl,jj=1..J),seq(bl[jj],ji=0..deg)};
req:=collect (subs (k=k+1,q) *f-r*subs (k=k-1,f) -p, k) ;
sol:={solve({coeffs(req,k)},var)};
if not(sol={} or
{seqg(op(2,0p(l,op(l,s0l))),1=1..nops(op(l,s0l)))}={0}) then
reqg:=S(n)+add(sigmal[j]l*S(n+j),Jj=1..J);
req:=subs(op(l,sol),req);
req:=numer (normal (req)) ;
reqg:=collect (req, [seq(S(n+J-3j),Jj=0..J)1);
return map (factor,req)=0;
end 1f;
end if;
end do;
error
cat (*Algorithm finds no recurrence equation of order
<= ‘,MAXORDER) ;
end proc:

uses Zeilberger’s method iteratively increasing the order J. It results in the holo-

nomic recurrence equation of lowest order that can be obtained by this method; see

Exercise 7.14. Although for a specific type of input we know a priori that this algo-

rithm terminates (see Theorem 7.10), we search only up to order MAXORDER, which

is a global variable that can be adjusted. The default value for MAXORDER is set to

5 since higher order recurrence equations are often too complicated to be useful.
The calculations

> gsumrecursion((-1) "k*binomial (n,k)"2,k,s(n));

n+2)s(n+2)+4s(n)y(n+1)=0


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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> sumrecursion((-1) "k*binomial (n,k)"3,k,s(n));

n+2)2s(n+2)+3s(n) Bn+4) (3n+2)=0
for example, imply identities (2.4), (2.5) in a straightforward manner, using two

initial values rather than one!

With Zeilberger’s algorithm at hand, one has the possibility to prove identities
of another type: If we want to show that two sums represent the same function, we
prove that they satisfy the same holonomic recurrence equation and the same initial
values. That’s it. This is Zeilberger’s paradigm. Here are some examples.

Session 7.4 To prove the identity

n

w=2 (1) -

k=0 k=0

n\2(2k
()
(compare Exercise 4.8), we calculate the common holonomic recurrence equation
> sumrecursion(binomial (n,k)"3,k,s(n));
—(n+2)2sn+2)+ Tn*+21n+16)s(n + 1) +8s(n) n + 1)> =0
> sumrecursion (binomial (n, k) "2*binomial (2*k,n) ,k,s(n));

—(n+2)2sn+2)+ Tn*+21n+16)s(n + 1) +8s(n) (n+ 1)> =0

and check that two initial values s = 1 and s; = 2 agree. That’s all you need to do!
Note that (7.7) is not at all trivial, since forn = litreads 1 +1 =0+ 2.

Another example of the same type is given by the three different representations
of the Legendre polynomials that we met earlier:

> sumrecursion (
> binomial (n, k) *binomial (-n-1,k)*((1-x)/2) "k, k,s(n));

m+2)stn+2)—Cn+3)xsm+ 1) +st)(n+1)=0

> sumrecursion (
> 1/2"n*binomial (n,k) "2*(x-1) " (n-k)* (x+1) "k, k,s(n));

m+2)sn+2)—2n+3)xsn+1)+sn)(n+1)=0

> sumrecursion(l/2"n*(-1) "k*binomial (n, k) *
> Dbinomial(2*n-2*k,n)*x” (n-2*k) ,k,s(n));

m+2)sm+2)—Rn+3)xsn+1)+sr)(n+1)=0

Finally, we present a holonomic recurrence equation for the so-called Apéry num-
bers


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2

126 7 Zeilberger’s Algorithm

Ay = (’;)2(”:’()2, (7.8)

namely
(n+2)% Apio — 2n+3) (17 n?+51n+ 39) Apst + 1+ 13 A, =0. (7.9)

This played a crucial role in Apéry’s proof [Apéry79] of the irrationality of the

number
o0

£G3) =Zki3.

k=1

Even the proof of this recurrence equation is not at all trivial (without Zeilberger’s
algorithm: try it yourself!). Concerning this question, you might have a look in van
der Poorten’s [vanderPoorten78] entertaining presentation of Apéry’s proof and its
history.” On the other hand, it seems to be much simpler to prove such a recurrence
equation than to derive it from scratch. Let’s have a look at Zeilberger’s approach.
We get

> sumrecursion (binomial (n, k) "2*binomial (n+k, k)" 2,k,s(n));

n+23sm+2)—QCn+3)17n2+51n+39s+ 1)+ n+1)3s(n) =0
Hence Zeilberger’s algorithm finds the recurrence equation completely automat-
ically!
Note that—unlike Fasenmyer’s approach—Zeilberger’s algorithm almost always
generates the lowest order recurrence equation in reasonable time.
Here is an example from [PS95] which shows that this is not always the case,
though; see Exercise 7.14 as well. For the sum

wie 3 (1) ()
k=—o00

we have
> sumrecursion((-1) “k*binomial (n,k)*binomial (3*k,n) ,k,s(n));
22n+3)s(n+2)4+3G6n+7Nsn+1)+9sn)(n+1) =0

The sum has the value (—3)" as we shall soon show. Therefore s,, satisfies the first
order recurrence equation s,41 +3 s, = 0. Hence, we see that Zeilberger’s algorithm
does not always generate the recurrence equation of lowest order.

2 “To convince ourselves of the validity of Apéry’s proof we need only complete the following
exercise: show that (7.9) is valid for (7.8). Neither Cohen nor I had been able to prove this in the
intervening two months...”.
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On the other hand, the identity s, = (—3)" is easily checked using the recurrence
equation that is returned by Zeilberger’s algorithm: Just substitute s, = (—3)" into
the recurrence equation obtained, check whether the recurrence equation is satisfied,
and check enough initial values. Then you are done because typically a holonomic
recurrence equation of order N together with N initial values determines s,, uniquely.>

In the given case, we get

23 +2n)(=3)"2 +3G5n + 7)(=3)"t +9(n + 1)(=3)"
=(=3)"(18B+2n)—9Gn+7)+9n+1)) =0,

and the initial values sy) = 1 and s; = —3 are easily checked. This finishes the proof
of the statement s,, = (—3)".

It should be mentioned that—as for the WZ method—Zeilberger’s method faces
problems if a pole appears for some n € N>, anywhere in the intermediate cal-
culations. This happens if the rational certificate of the intermediate application of
Gosper’s algorithm (see (7.5))

G(n, k)
ai

E(}’l, k) =

has nonnegative integer denominator zeros with respect to n.
We summarize the above in the following algorithm.

Algorithm 7.5 (Zeilberger) Given F(n, k), this algorithm searches for a holonomic
recurrence equation for s, 1= Z,fi_oo F(n,k):

1. Input: F(n, k) # 0, a hypergeometric term with respect to both n and k.

2. SetJ :=1.

3. Seta, := F(n,k) + Z]J-ZI oj(n) F(n+ j, k) with undetermined variables o
depending on n, but not depending on k.

4. Apply the adaptation of Gosper’s algorithm described to a;: In the last step,
solve the linear system for the coefficients of fi, and at the same time for the
unknowns o (j = 1,..., J). If the procedure is successful, Gosper’s algorithm
finds G (n, k) with

Gn,k+1)—Gn, k) = ay.

Be aware of possible nonnegative integer denominator zeros, with respect to n,

of the rational certificate
G(n, k)

Ak

R(n, k) =

where the resulting recurrence equation might not be valid.

3 This can fail only if some of the zeros of the highest or lowest coefficient polynomials are integers.
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The calculation also determines the functions o; € Q(n) (j =1,...,J).
If the procedure is not successful then increase J by one and continue with
step 3.
5. Output: By summation, we have
J
Sp + zgj(n) Spyj =0
j=1

for s, if the right-hand side is telescoping, in particular if F'(n, k) has finite
support with respect to k. Multiplication by the common denominator results in
the holonomic recurrence equation sought. ([

The next example shows how sums with non-natural bounds can be treated, leading
generally to inhomogeneous recurrence equations.

Example 7.6 (Non-Natural Bounds,; compare [PS95]) We consider the sum
[n/3] k
n—2k 4
w=> ("3 )(_ﬁ) .

— k ;
n Zk) (—5)", the calculation

ForF(n,k):( X

> F:=binomial (n-2*k,k)*(-4/27) "k:

> Sumtohyper (F,k) ;

o [ 1 1 +2 1 N l] [ 1 1 N 1] 1

ergeom | [—=n, —= =, —= =l [—zn, —3 =1,

ypetg 3 T3 Ty T3t T3k Ty TR TS

suggests that the natural bounds are k = O, ..., [n/3]. But, be careful! The term

ratio F(n,k + 1)/ F (n, k)
> ratio(F,k);
4 (—n+3k+2)(-n+3k+ 1) (-n+3k)
27 k+1D)(—n+2k+ 1) (—n+2k)

shows, on the one hand, that, for k = [n/3], it follows that F(n, k + 1) = 0. On the
other hand, since both n/2 and (n + 1) /2 are zeros of its denominator, it may happen
that the value of F (n, k) begins to differ from zero again for k > |[n/2]. And it does!
See, for example, what happens for n = 20:

> map (expand, subs (n=20,
> [seqg(binomial (n-2*3j,3)*(-4/27)"3,3=0..15)1));
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[1 —8 640 —23296 14080 —28672 114688 0.0.0.0
T 372437 19683 ' 59049 15943237 387420489° T U
16777216 7633633280
1853020188851841° 150094635296999121°
63887638528 3468186091520

450283905890997363° 12157665459056928801
1403921729847296 ]

2954312706550833698643

Hence, the given bounds are not the natural ones, and F'(n, k) does not have finite
support. Nevertheless, we take J = 2 (the choice J = 1 is not successful), set
ar =Fn,k)+o1 Fn+1,k)+ 02 F(n+2, k), and use Zeilberger’s procedure to
get

Fn,k)+o1 Fn+1,k)+00 F(n+2,k)=Gn, k+1)— G, k) (7.10)
for

_3n+4) 9 +2)

o1 = ) 0y = — )
2(n +3) 2(n +3)
and G(n, k) = R(n, k)F(n, k) with

27 (n=2k+2)k(n—2k+1)
2 m+3)(n—-3k+2)(n—3k+1)

R(ﬂ, k) =

Summation of (7.10) from k = 0 to k = [(n + 2)/3] by telescoping generates the
recurrence equation for s,

5]

=0

& &
3(n+4) 9(n +2)
F(n, k) + 203 é F(n+1,k) — 2013 2. F(n+2,k)

=G, (n+2)/3] +1) — G(n,0) = 0.

=~

We choose the upper summation bound k = | (n+2)/3] since F (n+2, k) is involved
in (7.10). On the other hand, since F(n, k) = O for kK immediately after |n/3], we
get

3n+4) 9(n +2) 3 -
3 T 2y sy 2 = G e+ DA+ D) =G0 0) =0.

Even though in general we get an inhomogeneous recurrence equation if non-natural
bounds are involved, in the current case it turns out that the resulting recurrence
equation is homogeneous despite the fact that the bounds are not the natural ones.
This is so since F(n, k) = 0 for all k between |n/3] and |n/2], and G(n, k) is a
multiple of F'(n, k). Hence we have determined the holonomic recurrence equation
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9n+2)spr2—3m+4)spt1 —2(n+3)s, =0

for s,. Note that the hsum package contains an implementation sumrecursion
(F,k=a..b,s(n)) of the inhomogeneous version of Zeilberger’s algorithm,
which finds the above recurrence equation automatically:

> re:=sumrecursion(F,k=0..n/3,s(n));
-92+nms+n)+3m+4dsn+1)+2mn+3)s(n)=0

This establishes our result for nonnegative integers n that are divisible by 3. For
other values of n we compute sumrecursion(F,k=0..n/3-1/3,s(n));
and sumrecursion (F,k=0..n/3-2/3, s (n)) ; with the same result.

We will come back to this example in Session 9.12. A

In the next two examples we show two methods by means of which one can
find hypergeometric representations of certain double sums without the need of
Wegschaider’s algorithm.

Example 7.7 (Clausen’s Formula, see e.g. [Rainville60]) Here we deduce Clausen’s

formula
2
a,b _ 2a,2b,a+b
(2Fl (a+b+1/2 x)) _3F2(a+b+1/2,2a+2b x) .10

which gives all possible squares of 5 Fj functions generating a 3 F>. Therefore we
equate coefficients using the Cauchy product, and apply Zeilberger’s algorithm to
the left-hand side with respect to the summation variable.

Rewriting the left-hand side of (7.11) using the Cauchy product yields

(i (@) () ii (@); (b), (@k—j (D)i—j N
= j

a+b+73), k parfer (RS ) ' a+b+3),_ j k=)

The coefficient of x* on the right is a sum for which Zeilberger’s algorithm generates
the hypergeometric term*

> Closedform(hyperterm([a,b], [atb+1/2],1,7)*

> hyperterm([a,b], [a+b+1/2]1,1,k-3),7,%k);

1
Hyperterm ([Qb, 2a,a+Db]l, [2a+2b,a+b+ E], 1, k)

Hence we have discovered the right-hand side of (7.11)! A
Next, we give an example of a rather complicated double sum identity that can be
discovered by Zeilberger’s algorithm. The motivation for dealing with this sum will
be apparent soon.

4 Closedform is the same as closedform, with hyperterm replaced by the inert form
Hyperterm in the output, preventing evaluation, and hence emphasizing the hypergeometric
structure.
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Example 7.8 (Double Sum Identity, see [Gasper86]) We try to find a hypergeometric
representation for the double sum

N‘
IS

= (),

>
j=0 J’(T)n j (%)n (}’l—2_])’

QIR

+)—j 7);1 —2j (@+Dn—2j F 2j—n,n—2j+a+l,°’7+1
+ a—i—l,‘%z

Application of Zeilberger’s algorithm to the summand gives

zeilberger (pochhammer (1/2, j) *pochhammer (alpha/2+1,n-3j) *
pochhammer ( (alpha+3) /2,n-2*j) *pochhammer (alpha+1l,n-2*3j)/

j ! /pochhammer ( (alpha+3) /2,n-3j) /pochhammer ( (alpha+1l) /2,n-2*3)/
(n-2*3j) ! *hyperterm([2*j-n,n-2*j+alpha+1l, (alpha+1l) /2],
[alpha+1, (alpha+2)/21,x,k),k,AG(3));

vV V.V VYV

Error, (in zeilberger) Algorithm finds no recurrence equation
of first order

Unfortunately, no recurrence equation of first order is discovered, so that we don’t
see a hypergeometric term solution. Therefore, did we lose the battle? No, because
following Gasper, we can change the order of summation, summing with respect to
j first! Using this approach we get for the outer summand the first order recurrence
equation with respect to k
zeilberger (pochhammer (1/2, j) *pochhammer (alpha/2+1,n-3j)*
pochhammer ( (alpha+3) /2,n-2*j) *pochhammer (alpha+l,n-2*3j)/

j ! /pochhammer ( (alpha+3) /2,n-3j) /pochhammer ( (alpha+1) /2, n-2*3)/

(n-2*j) ! *hyperterm([2*j-n,n-2*j+alpha+1l, (alpha+1l) /21,
[alpha+1, (alpha+2)/2],x,k),3,AG(k));

vV V.V VYV

x(a+142k)(—n+k) (k+a+2+n)AG(k)
—k+D(@+1+k)(@+34+2k)AGKk+1)=0

Hence we have discovered the representation

=

2 (j j(%+l)n—j 0lT)n —2j (a+l)’1 —2j

. +3 +1 A

=0 ]!(QT)n—j (QT)n—zj (n—2j)!
2j—nn—2j+a+1,%

xsh2 a+1, w 2|

atl

=C(Vl,0l)~3F2( - ni?t_gé 2 X)

where C(n, «) depends only on n and «. To find C(n, o), we apply Zeilberger’s
algorithm to the coefficient of the left-hand 3 F> function with respect to n with the
result

closedform(pochhammer (1/2, j) *pochhammer (alpha/2+1,n-j) *
pochhammer ( (alpha+3) /2,n-2*j) *pochhammer (alpha+1,n-2*3j)/3!/

pochhammer ( (alpha+3) /2,n-3j) /pochhammer ( (alpha+l) /2,n-2*3)/
(n-2*3)!,3,n);

V.V VvV V
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pochhammer (o + 2, n)

n!

2
Hence C(n, ) = u, and therefore
n!

—

2 _ atl
(o + )n3F2( n,n+a+3, %

j %—'_1) j aT)n —2j (a+1)n 2j
= ), (), = 2))!

2j—n,n—2j+a+1, %L
X3F2( a+ 1,42 ’

)
Applying Clausen’s formula witha = j —n/2,andb = (n —2j + o + 1)/2 to
the right-hand side yields the Askey-Gasper identity [AG76]

)
( +l)n j (%)n —2j (@+1n- 2j (2 ) (J_ %’ n—2j;—o¢+l
1), (), 0= 200

(¢ +2), F —n,n+a+2, 9
n! 31172 +1’O(+3

9))-

(7.12)

R IR

a+2
2

= (b,
j

j=0

which implies the Askey-Gasper inequality

—n,n+a+2, 2L
F ) k] 2
32( Ol+1,0"2~_3

x) >0 xel[-1,1], ¢ > =2, # —1).

For « = 2,4,6,... (compare Exercise 2.16) this was the key inequality in de
Branges’ proof [deBranges85] of the Bieberbach conjecture. Note that the same
argument can be applied to Weinstein’s version of the proof [Weinstein91]; compare
([Todorov92, Wilf94, KS96]).

Note that, whereas it turned out to be easy to deduce the left-hand side from the
right-hand side of (7.12), there is no simple way to reverse this process. Finding this
representation starting with the left-hand side of (7.12) was Askey’s and Gasper’s
brilliant achievement. A

The given method can be used to prove and discover many more hypergeometric
representations of double sums, in particular for sums of orthogonal polynomials,
for example those in [Feldheim43, AF69], or [AG71]. Some examples of this type
are given in the exercises.
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Like the Wilf-Zeilberger method, Zeilberger’s algorithm is accompanied by a
rational certification mechanism. With this rational certificate (see Exercise 7.16) it
is again possible to prove the resulting recurrence equation by rational arithmetic
without any knowledge of where either the certificate and the recurrence equation
come from. This is an important issue as the following example shows:

Example 7.9 Assume that we find an antiderivative using Maple and we would like
to prove it using the fundamental theorem of calculus:

> integral:=int(x/(1-x"2),x);

1 1
—Eln(x e Eln(x +1)

This calculation is obviously proved if we get the integrand back after differenti-
ation.

> derivative:=diff (integral, x) ;

We see, however, that differentiation does not generate the integrand. In the given
case, this is not a crucial issue since the integrand is rational, and the identity

X _ 1 1
1—x2 2x=1 241D

is easily checked, for example by
> normal (derivative-x/(1-x"2));
0

This step is much more difficult if nonrational functions are involved. We get, for
example

> integral:=int(sgrt(x"2+y"2),x);

1 1
7x VX2 4y 4 3 y? ln(x +x2+ yz)
> derivative:=diff (integral, x);
yz (1 i : )
X2 1 /x2 +y2

1 1
— x2+y2+7 + —

2 2 x2+y2 2 x—i—\/)cz—l-y2

> normal (derivative) ;

/x2 _|_y2
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Here we are lucky that, although the differentiated antiderivative is quite different
from the original integrand, we get the integrand back using normal. This is so
since the term under investigation is rational in the variables x, y and v/x2 + yZ.

We give a final example.

> integral:=int(sin(3*x)/cos(xX),Xx);
—2cos(x)? + In(cos(x))
> derivative:=diff (integral, x) ;

sin(x)
cos(x)

> expand(sin(3*x)/cos(x)-derivative) ;

4 cos(x) sin(x) —

0
The underlying identity
in(3 .
SIG Y _ 4 sinx) cos(x) — S0
cos(x) cos(x)

cannot be shown by rational arithmetic. To prove this statement, addition formu-
las for trigonometric functions are utilized, which can be done using the expand
command. A

This leaves us with one unanswered question about Zeilberger’s algorithm: How
can we guarantee that the algorithm terminates? We continue to increase the order
J until we find the resulting recurrence equation. Since we saw that Zeilberger’s
algorithm might miss the lowest order recurrence equation, how can we be sure
that it terminates at all? Luckily, one can prove that for proper hypergeomet-
ric terms Zeilberger’s algorithm does actually terminate. Recall that a hypergeo-
metric term F'(n, k) is called proper if it has finite support, and is of the form
F(n,k) = P(n,k) ggﬁ,’g w'zk where P(n, k) is a polynomial (polynomial part)
and Q(n, k), R(n, k) are I'-term products with integer-linear arguments (factorial
part).

We have as a first step

Theorem 7.10 (see [WZ92, GKP94]) Let F (n, k) be a proper hypergeometric term,
written in the form

I'(ak+ pin+cr) - F'(apk + Bpn+cp) &

F(n.k) = P(n.k AR
=P Gk sm+dy - Tk ramrdy © T

P eQln,kl, a1, B, v1,61 € Z, and ¢, dj, w, z € Q.
Then there exists a k-free holonomic recurrence equation with polynomials a; j (n)
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I J

ZZaij(n)F(n+j,k+i):0 (7.14)

i=0 j=0

for large enough I and J. To be precise, the condition

14 q 14 q
J=Jo:=> leyl+ D Iyl and I > <Z|ﬂl|+2|51|—1> o + deg P(n. k) (7.15)
=1 =1 =1

=1
is sufficient (but not necessary) for such a recurrence equation to exist.

Proof We use operator notation that will be especially helpful in the proof of the
theorem’s corollary.
Let K and N denote the (forward) shift operators with respect to k and n, respec-
tively, hence
K'N/ F(n, k) =F(n+ j, k+i).

Then (7.14) reads H(N, K, n) F(n, k) = 0 with the holonomic operator

I J

H(N,K,n) = ZZaij(n)Ki N, (7.16)

i=0 j=0

The operator H(N, K, n) is a polynomial in the variables N, K and n since each
a;j(n) is a polynomial in n. Note, however, that the polynomial ring in the variables
(N, K, n, k) is not commutative since by the calculation K (kay) — kKa, = (k +
Daks1 — kar+1 = ar+1 = Kai we see that the commutator rule Kk — kK = K is
valid. Similarly Nn —nN = N, but the other pairs of variables commute with each
other.

Now, assume F'(n, k) is a proper hypergeometric term. We will show that the
application of H(N, K, n) to F(n, k) results in a proper hypergeometric term again.
Let F(n,k) and H(N, K, n) be given by (7.13) and (7.16), respectively. Then we
set

I~

I'(oyk + Bin + s(—apoyl +s(=Bppi1J +cr)

Hon, k) =" 1q wizk (7.17)
[T "tk + 8in + syl + s(81)81J + dp)

=1

with s(x) denoting the Heaviside function

1 ifx>0
0 otherwise *

s(x) = [
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The importance of H (n, k) comes from the fact that foralli = 0,...,7 and j =
0, ..., J the expression q;; (MK'N/F(n, k) is a polynomial multiple of ﬁ(n, k).
This is a consequence of the fundamental identity (1.4) of the I" function. Since a
finite sum of polynomials forms a polynomial, we see that H(N, K, n)F(n, k) is
indeed a proper hypergeometric term.

Moreover, a closer look shows that

aij (MK NI F(n, k) = pij(n, )Hn, k) (pij(n, k) € Qln, k),

where the polynomial factor p;;(n, k) has degree at most

p q p q
D :=deg; P(n, k) +(Z oy | +Z|V1|)I +(Z|,31| +Z|5l|)~]
=1

=1 =1 =1

with respect to k (see Exercise 7.17).
Hence the identity H(N, K, n) F(n, k) = 0 to be proved reads

1 J
Zzpi,-(n, k)H(n, k) = 0.

i=0 j=0

This must be valid for all k € Z, which is only possible if

r J
Pl k)= > pij(n.k) =0

i=0 j=0

for all k € Z. Equating coefficients yields at most D + 1 homogeneous linear
equations in the (/ + 1)(J + 1) variables. This system undoubtedly has a nontrivial
solution if there are more variables than equations, which is the case if (7.15) is
valid. O

Note that with more effort better (often sharp) bounds can be obtained [MZ05] using
the signs of the coefficients «; and y;. However, the most important applications of
Theorem 7.10 are the next two corollaries which rely on the existence of I and J.

Corollary 7.11 (see [WZ92, GKP94]) Let F(n, k) be a proper hypergeometric
term, given by (7.13). Then there exist polynomials oj(n) € Q[n](j =0,...,J)
(not all zero) and a proper hypergeometric term G(n, k) such that

J
Dojm) Fn+j.k) =G k+1) = Gn. k) (7.18)
j=0

for large enough J.


http://dx.doi.org/10.1007/978-1-4471-6464-7_1
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Proof Let I be the smallest possible choice such that Theorem 7.10 applies. We
write
H(N,K,n)=H(N,1,n) — (K —1)h(N, K, n) (7.19)

for some linear difference operator h(N, K, n). Note that this is equivalent to a
noncommutative division by K —1 (whichis possible since H (N, 1,n)—H(N, K, n)
has a zero at K = 1) in the polynomial ring considered corresponding to

H(N,1,n)— H(N,K,n) = (K — ) h(N, K, n).

Since H(N, 1, n) is a polynomial of degree J in N, we may write
J .
H(N,1,n) = 0oj(n)N/.
i=0

By the proof of Theorem 7.10
G(n,k) :=h(N,K,n) F(n, k) (7.20)
is a proper hypergeometric term. Applying (7.19) to F (n, k), we get

0= H(N,K,n) F(n,k) = (H(N, 1,n) — (K — 1) h(N, K, n))F(n, k)
J
= > 0jm) N'F(n,k) = (K = 1) G(n, k),
j=0

so that (7.18) is valid.

It remains to prove that at least one of the polynomials o; is nonzero. Assume
all o; are identically zero, so then in particular G (n, k) is independent of k. Since
G (n, k) is a hypergeometric term with respect to n, there are polynomials 7o(n) and
71(n) such that

(to(n) + t11(n) N) G(n, k) = 0.

Therefore, by (7.20)
(to(n) + 71 (n) N) h(N, K, n)

forms a nonzero linear difference operator of degree / — 1 with respect to K which,
applied to F(n, k), yields zero. This contradicts the minimality of /. O

Finally we get

Corollary 7.12 (see [WZ92, GKP94]) For series of proper hypergeometric terms,
Zeilberger’s algorithm terminates.
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Proof For proper hypergeometric F(n, k), Corollary 7.11 shows that Zeilberger’s
sum

J
Zaj(n) F(n+j,k)

j=0

has a proper hypergeometric antidifference G (n, k) for suitably chosen o (n) (j =
0,...,J)and J € N. Since Gosper’s algorithm is a decision procedure for such an
output, it will find G (n, k). Summation yields the desired recurrence equation for
the sum, if F (n, k) has finite support. O

In the past decade many more details concerning Zeilberger’s algorithm have been
studied.

In Exercise 7.33 it is shown that Zeilberger’s algorithm does not terminate for all
hypergeometric series. However, Abramov ([Abramov02], see also [AL0O]) gave a
criterion, by means of which the applicability of Zeilberger’s algorithm to hyperge-
ometric terms can be checked a priori. This is implemented in the Maple package
SumTools as SumTools [Hypergeometric] [IsZApplicable]. Koorn-
winder [Koornwinder98] and Vidunas [Vidunas02] extended Zeilberger’s algorithm
to nonterminating series. This is implemented as Maple package infhsum.mpl,
see [VidunasO1], and put into the g-context in [CHMOS8]. Gerhard [Gerhard01] used
a modular approach and gave a worst case asymptotic cost analysis for Zeilberger’s
algorithm.

In [Zeilberger90a] Zeilberger had given a different approach to summation based
on non-commutative elimination techniques. This was further developed by Chyzak
and Salvy [CS98], Koepf [Koepf97a, Koepf97b] and others. An extension of Zeil-
berger’s fast algorithm to the general holonomic case was given in [Chyzak00].
In [CKS09] it was shown how the methods of both Fasenmyer’s and Zeilberger’s
approach can be generalized to certain non-holonomic summations.

The CAOP project (Computer Algebra and Orthogonal Polynomials) [CAOP]
is a web resource which computes recurrence and differential equations online for
families of the Askey-Wilson scheme using the Maple programs of this chapter and
of Chap. 10.

A multivariate variant of Zeilberger’s algorithm was considered in [AZ06].

q-Zeilberger Algorithm

In the previous chapter, the g-analogue of Gosper’s algorithm was used to obtain a
g-analogue of the WZ method for proving ¢-identities.

Applying the same adaptation that we met in this chapter to the g-Gosper algorithm
by solving the linear system for the coefficients of f; (which turns out to be a
Laurent polynomial here), and at the same time for the unknowns o; (j =1, ..., J)
yields the g-analogue of Zeilberger’s algorithm for finding recurrence equations for


http://dx.doi.org/10.1007/978-1-4471-6464-7_10
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q-hypergeometric sums. This algorithm is much stronger in generating g-identities
than the g-Fasenmyer method that we saw in Chap. 4.

An implementation [BK99] based on Koornwinder’s [Koornwinder93] and the
implementations of the present book is given in the gsum package containing
the Maple procedure gsumrecursion(F,q,k,S(n)) for this purpose. The
request5

> gsumrecursion (gbinomial (n,k,q),q,k,S(n),recursion=up) ;

—SQ4+n) +2Sm+ 1)+ (=1 +4"D)ySm) =0

e.g., confirms the recurrence equation that was already computed in Chap. 4. Whereas
in Exercise 4.19 the g-analogue of Fasenmyer’s method failed to generate the g-
analogues of the Chu-Vandermonde and of the Pfaff-Saalschiitz identities (3.7) and
(3.6), the g-analogue of Zeilberger’s algorithm is quickly successful; see Exer-
cise 7.35.

Further Reading

For further reading on Zeilberger’s algorithm see [GKP94, PWZ96, Koepf06], and
for the g-case [Koornwinder93, PR97] and [BK99].

Exercises

Exercise 7.1 Prove the identities (2.4)—(2.5) using Zeilberger’s algorithm in detail
(without Maple!).

Exercise 7.2 Prove the entries of our hypergeometric database in Chap. 3 using
Zeilberger’s algorithm. Which entries with respect to which variables cannot be
solved? Why?

Exercise 7.3 Prove Bailey’s hypergeometric identities (Table 6.1, under Algorithm
6.5) using Zeilberger’s algorithm.

Exercise 7.4 Show that if s, satisfies a holonomic recurrence equation, then it sat-
isfies a holonomic recurrence equation of lowest order which is unique up to poly-
nomial multiples.

Exercise 7.5 Determine for which x the following sums have a hypergeometric term
representation:

5 Without the option recursion=up, the procedure gives the recurrence equation in terms of
downward shifts.


http://dx.doi.org/10.1007/978-1-4471-6464-7_4
http://dx.doi.org/10.1007/978-1-4471-6464-7_4
http://dx.doi.org/10.1007/978-1-4471-6464-7_3
http://dx.doi.org/10.1007/978-1-4471-6464-7_3
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_3
http://dx.doi.org/10.1007/978-1-4471-6464-7_6
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Exercise 7.6 Show that the hypergeometric function of Gauss’ identity (3.1)

a,b
Sm = 2F] (C+m'l)

satisfies the recurrence equation

(c+m)ya@a+b—c—m)sy,+b—-—c—m)ya—m—c)sp+1 =0

1).
Show that letting m — oo implies Gauss’ identity for arbitrary a, b and ¢ for which
we have convergence (see [PS95]).

with respect to the parameter m. Therefore one has, form € N,

JF ( a,b '1)_ (c—=a)m (c = b)p Ry (a,b

c+m _(C)m(c_a_b)m ¢

Exercise 7.7 Take the left-hand sides of the identities of Exercise 6.7, and deduce
the right-hand sides by Zeilberger’s algorithm whenever possible.

Exercise 7.8 Prove the following identity, proposed in SIAM Review 37, 1995,
Problem 95-1 (a) [XT95]:

(MCEED = @D,

k=0 k=0

m

Exercise 7.9 Prove, by Zeilberger’s algorithm,

n

4= (3) 6 s

k=0

Exercise 7.10 (Classical Discrete Orthogonal Polynomials) Find three-term recur-
rence equations with respect to all possible variables for the following families of
discrete orthogonal polynomials (see [KLS10, Koepf97a]). The parameters x, N and
n denote nonnegative integers.


http://dx.doi.org/10.1007/978-1-4471-6464-7_3
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Krawtchouk Polynomials

—n, —x
K, (x; p, N) =2 F) ( N

Meixner Polynomials

—n, —x

My(x; B,c) = 2F) ( 8

)
1--).
c

1 (_l)n —n
—;): o (x—n+1)n~1F1(x_n+l'a).

Charlier Polynomials

—n, —Xx
Cu(x,a) = 2Fp ( N

Hahn Polynomials

@+x+ 1Dy (x =Ny —n,—x,B+N+1—x
. N = F
On(x;a, B, N) @+ Dy (=N, 32(N+1—x—n,—a—x—n

=3F2(—n,—x,ot+ﬂ+n+1 ’1)

)
a+1,—N

Prove that the different representations define the same functions whenever applica-
ble.

¢ Exercise 7.11 In the previous exercise we introduced the classical discrete
orthogonal polynomials. Their recurrence equations with respect to x can be written
in the form

0 (x) AVpu(x) + 7(x) App(x) + Ay pa(x) =0,

or, equivalently, in the form
0 (x) App(x) +T(X)Vpu(x) + Ay pr(x) =0

where Af (x) = f(x+1)— f(x) denotes theforward andV f (x) = f(x)— f(x—1)
denotes the backward difference operator, witho (x) = o(x + 1) + 7(x + 1) and
T(x) = —o(x). Write two Maple procedures sumdeltanabla (F, k, s (x)) and
‘sumdelta+nabla® (F,k, s (x)) to search for recurrence equations in these
forms, respectively, and apply these implementations to the polynomial systems that
were defined in the previous exercise. Note that in these forms the results are much
simpler than the recurrence equation results of the previous exercise. Furthermore,
for the classical discrete orthogonal polynomials, o (x) and 7 (x) are polynomials of
degree at most 2 and 1, respectively.

Exercise 7.12 (Wilson Polynomials) The Wilson polynomials [Wilson80] (see
[KLS10], (10.1.1)) are given by
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W,(x%) = W,(x%; a, b, c,d)
=(a +b)n (a +C)n (a +d)n

w —n,a+b+c+d+n—1,a—ix,a+ix
4t3 a+b,a+c,a+d

1)

Find three-term recurrence equations with respect to all parameters involved, partic-
ularly with respect to n and ix.
Furthermore, prove the identity

W, (x%; a, b, c,d) = Wy(x*; b, a, c,d).

The three-term recurrence equations for W, (x?) with respect to n and ix are quite
complicated. There are much simpler recurrence equations for

W, (x?)
(a+b),(a+c)y(a+d,

W, (x?) =
of the form ([KLS10], (10.1.4))
a(x) Wy (x?) = Ay Woi1 (x2) — (Ay + Cp) W (6 + Cy Wym1 (x%)

where a(x) does not depend on n, and A,, C, do not depend on x, and (compare
[KLS10], (10.1.6))

Bn Wi (x?) = B(x) Wy (i (x + 1)) — (B(x) + D(x)) Wa(x) + D(x) Wy (i(x — 1)),

where B, does not depend on x, and B(x), D(x) do not depend on n, respectively.
Find these! Also use the procedure *sumdelta+nabla" from the previous exer-
cise for which the result looks rather simple.

Exercise 7.13 (Whipple Transformation) Show that

F (—n,b,c,d ‘1> _ (f_b)n(g_b)n
O e fig (FIn (&)

< A F —n,b,e —c,e —d |
B \eb—f—n+1b—g—n+1
constitutes an identity provided thate + f + g =—n+b+c+d + 1.
Exercise 7.14 Show, ford = 2, 3, 4, 5, that

> D) (5) = o, (7.21)
k=—o00

6 There is no recurrence w.r.t. x, but w.r.t. y=ix.
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by an application of Zeilberger’s algorithm [PS95]. What are the orders of the result-
ing recurrence equations?

Can one prove (7.21) for arbitrary d € N by Zeilberger’s algorithm?
Exercise 7.15 Show that the two results concerning the Watson identity in Ses-
sion 8.2 are equivalent to Watson'’s identity.

Exercise 7.16 Define an appropriate rational certificate R(n, k) for Zeilberger’s

algorithm, and give a detailed description of which rational identity must be checked
to prove the resulting recurrence equation with the aid of R(n, k).

Exerc_ise 7.17 Prove that for all i = 0, sl and j = 0, ..., J the expression
K'NJ F(n, k) is a polynomial multiple of H (n, k), given by (7.17),

K'N/F(n, k) = p(n, k)H(n, k)

(p(n, k) € Qln, kI),
where the polynomial factor p(n, k) has degree at most

P q P q
deg; P(n, k) +(Z leul + Iyzl)l +(Z|ﬂz| + an)f
=1 =1 =1 =1
with respect to k.

Exercise 7.18 Find hypergeometric term representations for the following sums
. 4(_1)k(mk—l)(2m—l
@ 2

2k
4m—1
4k

)(4m2+16k2—16km+16k—6m+3)

) (sm—s=3) (4m-si) |
v 5 () ()
/2] (— —
o & e
@ 5 (H 1)
© 3F» (—n,l—a—n,l—b—n

a, b 1)’
) 3B (—n+k,k+1/2,n+k+2

k+3/2,2k + 1 ’1)

Exercise 7.19 Show that Zeilberger’s algorithm applied to

—n,b,c+m
Sp i=3F (

b+1,c ‘1)
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for any fixed given m € N>, generates the recurrence equation of first order
mn+1+D)spr1—m+1)s, =0,

valid for n > m, the degree bound to find f; being equal to m. This shows that the
complexity of Zeilberger’s algorithm can be arbitrarily high despite its success for
J=1

Exercise 7.20 Prove the identity

w2 Pl
Z( )k—2—§(2k+1)(1+4x)’<.

k=0

Give two different hypergeometric representations of the Fibonacci numbers, thus
extending the result of Exercise 4.6.

Exercise 7.21 Prove the following identity, proposed in SIAM Review 37, 1995,
Problem 95-1 (b) [XT95]:

m
2n —m — 1 —k k 2n —1
S(T)) = () e=ne,
k=0
What is the result for the corresponding sum
n
Z(Zn—m—l—k)(m+k)
n—k k
k=0
with natural bounds?

Exercise 7.22 (Clausen’s ProductIdentity) Use the method of Example 7.7 to prove
the Clausen product identity

1/4+a,1/4+b 1/4—a,1/4—b
zFl(/1+a-|/-b ’x)'zFl(/l—a—/b ‘x)

_ g (V212+a=b12—a+b|
- 32 l+a+b,1—a—b '

Exercise 7.23 Use the method of Example 7.7 to find hypergeometric representa-
tions for the following products

N ori (1 |)

(@ oFi (;

a
(b) 1F1 (b
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©) oF2 (a_b X) ) (a_b ‘—X)

Exercise 7.24 Which hypergeometric identity of Bailey’s list (Table 6.1, under
Algorithm 6.5) was proved by the application of Zeilberger’s algorithm in Example 7.8;
see [Gasper86].

Exercise 7.25 Use the method of Example 7.8 to discover a hypergeometric repre-
sentation of the double sum

;)(k) (O (Mt 3> ("Z”j’b ‘ 1);
(see [Gasper74]).

Exercise 7.26 Consider the infinite matrix

w= 35 (V)
= (5 = Z ()

k=—00 k=—00

This shows in particular that A,,, is symmetric, and its diagonal elements A, are
the Apéry numbers A,, of (7.8).

Exercise 7.27 The Maple procedure sumrecursion of Session 7.3 is not very
efficient since ratio is applied to the sum ay, i.e., simpcomb is applied to rather
complicated expressions in general. Rewrite sumrecursion by a more direct
approach using (7.4). Compare the timings of the two different versions of the pro-
cedure using the examples of this chapter, in particular Dougall’s identity.

Exercise 7.28 Prove (10)

ln/2]

s = () () =2
k=0

using Zeilberger’s algorithm.

Exercise 7.29 (Parameter Derivative) Use the method of Example 7.8 to obtain the
identity ([AF69], (3.46), see also [Askey68], (8))

o Wk
Lt =3 L (x)
—(n—k)!


http://dx.doi.org/10.1007/978-1-4471-6464-7_6
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for the generalized Laguerre polynomials
n

v =3 e = () (7))
k=0 :

Take the limit as @ — 0 to get for the derivative with respect to the parameter o
([Koepf97a, KS98b])

I @ S (@)
£Ln (X)ZZmLk (X)
k=0

Exercise 7.30 (Jacobi Polynomials) The Jacobi polynomials P,fa’ﬂ )(x) generalize
the Legendre polynomials P, (x) = P,§°'°> (x), and can be defined by the hypergeo-
metric representation

(@.p) _ n—i—ot) —n,n+a+B+1|1—x
Pn ()C)—( n ZFI( a+1 ) .

Deduce the identities (see [Askey68, AG71], (2.7)—(2.8))

T'h+B+D)TI'n+k+a+B+1)
Tk+B+1) TitatB+1D
o Fk+a+pB+1) (@a—a)—k
I'nm+k+a+B+2) (n—k)!

PP (x) =D k+a+p+1)
k=0

PP (x)

and

F'h+a+D)TI'n+k+a+b+1)
'k+oa+1) I'n+a+b+1)
y Fk+a+B+1) (b— Bk
I'nm+k+a+B+2) (n—k)!

PP (x) =D (=1 F @k +a+ B+ 1)
k=0

PP (x)

by applying the method of Example 7.8. From these identities the representations

9 ! 1
2 p@h iy = _ (P(a,ﬁ)
da " (x) §a+ﬁ+1+k+n w0

a+B+14+2k B+k+1),— (@B)
P, (x))
n—k (O{—'—,B‘l‘k—‘—l)nfk

+

and


http://dx.doi.org/10.1007/978-1-4471-6464-7_2
http://dx.doi.org/10.1007/978-1-4471-6464-7_2
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9 n! 1
2 p@B) iy = ,(P(a,ﬂ)
ag i@ ;HMHH” AP (x)
1+2k k+ 1),
+(_1)n_koe~l-,3+ + (@ +k—+1),—k Pk(a,ﬂ)(x))
n—k (@+B+k+ Dnsk

for the parameter derivatives of the Jacobi polynomials can be obtained ([Frohlich,
KS98b]).

Exercise 7.31 (Bessel Functions) The product of two Bessel functions

_ (XY < (=D* 2%
J"(x)_(i) é4kklr(k+1+n)x

and J,,(x) has a hypergeometric representation. Generate this representation.
Exercise 7.32 Let F (n, k) and s,, be hypergeometric terms. Prove: The WZ method
fails to prove the identity
i F k) _
s

k=—00

if and only if Zeilberger’s algorithm fails to discover the first order recurrence equa-

tion valid for
o0

Sp = Z F(n, k).

k=—o00

Exercise 7.33 Show by an explicit consideration that Zeilberger’s algorithm does
not terminate for |
o = e (0
b= e

([Stolting], Lemma 13, p. 60).

Exercise 7.34 In SIAM Review 38, 1996, Problem 96-16 [IR96], the following
question was posed:

Define
n
B pn+p+1 pn+p+1
S”(p)_Z[(pj+p—1) B (pj+p—2)]
j=0

for integersn > 0 and p > 1.

Evaluate S,,(p) forp =1,2,3,4,5,6. ...

Solve this problem for p = 3,4, 5, 6 using Zeilberger’s algorithm. For p = 1 and
p = 2 the problem was solved in Exercise 5.21 by Gosper’s algorithm. Hint: For
p = 3 the bounds are not the natural ones.
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Exercise 7.35 Use the g-analogue of Zeilberger’s algorithm to generate the
g-analogues of the Chu-Vandermonde and of the Pfaff-Saalschiitz identities (3.7)

—n n b, "
b1 (61 ,b’q’g): (c/b; q)

c b (e @
and (3.6)
b q ",a,b _ (c/as @)y (c/b; @
C gt | (c; q), (c/(ab); ),

compare (4.19).

Exercise 7.36 Use the gq-Zeilberger algorithm to generate the q-analogues of the
binomial theorem, and of Kummer’s, Dixon’s and Dougall’s identities that were
proved by the qg-WZ method in Exercise 6.10 on p. 115.

Exercise 7.37 (q-Orthogonal Polynomials) Find three-term recurrence equations
for the little q-Legendre polynomials, the big q-Legendre polynomials, the contin-
uous q-Legendre polynomials, and the q-Laguerre polynomials, see pp. 71. Prove
the identity (4.9)

Py(xlg?) = Pu(x; q).

For the little and big g-Legendre polynomials, give recurrence equations w.r.t. x.
Replace x by q* if necessary.

Exercise 7.38 (Stanton’s Conjecture) Prove Stanton’s Conjecture

2n 2 2n " > n
g;(_l)k a* (n —4k)q - kzzo"zk [2k]q2 (-a: a?), ., (-1 %),

This conjecture was first proved by Paule and Riese [PS95] using the q-Zeilberger
algorithm.

Exercise 7.39 (q-Hypergeometric Transformations) Prove the following q-hyper-
geometric transformations:
Watson’s transformation:

a,qg/a,—qs/a,b,c,d,e,q"
Va, —«/E aq/b,aq/c,aq/d, aq/e,aq"'*"
_ (aq aq/(de); q), 9 ( aq/(bc),d,e,q7"
 (aq/d.aq/e; q), aq/b,aq/c,deq™" /a

2 2+n
aq-
9> “pede )

q"I)

([GR90], Appendix (I11.18)), Bailey’s transformation:


http://dx.doi.org/10.1007/978-1-4471-6464-7_3
http://dx.doi.org/10.1007/978-1-4471-6464-7_3
http://dx.doi.org/10.1007/978-1-4471-6464-7_4
http://dx.doi.org/10.1007/978-1-4471-6464-7_4
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q’CI)

& a,qya,—q/a,b,c.d, e, f,raq" " /(ef), q7"
9\ Va, —va,aq/b,aq/c,aq/d, aq /e, aq/f, efg" /1, ag" "

_ (aq.aq/(ef).2q/e. 2q/f} Dn
(aq/e.aq/f. rq/(ef), 2q; @)y

oo ( gV, —gh, Abja, Acja, Ad]a, e, f, raq' " [(ef), q7"
Vi, =k, aq/b,aq/c,aq/d, rq /e, hq/f. efq " a, rg't"

C]»CI)

([GR90], Appendix (I111.28)), where ¢ = qaz/(bdk), and

é a,b,c,d,qg7"
3P4 aq/b,aq/c,aq/d,azq_”/k2

_ (r/ai’q/arq),
9) = Gaitqia®q),

s A, gk, —q~A, AbJa, heja, A a, Ja,—/a, Jaq,—.Jaq, \>q'T" Ja, q"
12 \/)‘: _“/X’ aq/b’ aq/67 aq/d, )\q/\/é, _)"q/\/d’ )‘Vq/ s _)"\/q/a’ aq7’1A7 )qu+ T4

(I[GR90], Appendix (II1.25)), where ¢ = qa®/(bdA).

References

Abramov(02. Abramov, S.A.: Applicability of Zeilberger’s algorithm to hypergeometric terms. In:
Proceedings of ISSAC 02, pp. 1-7. ACM Press, New York (2002).

ALO00. Abramov, S.A., Le, H.Q.: Applicability of Zeilberger’s algorithm to rational functions. In:
Proceedings FPSAC’2000, pp. 91-102. Springer LNCS (2000).

AZ06. Apagodu, M., Zeilberger, D.: Multi-variable Zeilberger and Almkvist-Zeilberger algorithms
and the sharpening of Wilf-Zeilberger theory. Adv. Appl. Math. 37, 139-152 (2006)

Apéry79. Apéry, R.: Irrationalité de ¢ (2) et ¢ (3). Astérisque 61, 11-13 (1979)

Askey68. Askey, R.: Dual equations and classical orthogonal polynomials. J. Math. Anal. Appl.
24, 677-685 (1968)

AF69. Askey, R., Fitch, J.: Integral representations for Jacobi polynomials and some applications.
J. Math. Anal. Appl. 26, 411-437 (1969)

AGT71. Askey, R., Gasper, G.: Jacobi polynomial expansions of Jacobi polynomials with non-
negative coefficients. Proc. Camb. Phil. Soc. 70, 243-255 (1971)

AG76. Askey, R., Gasper, G.: Positive Jacobi polynomial sums II. Amer. J. Math. 98, 709-737
(1976)

BK99. Boing, H., Koepf, W.: Algorithms for g-hypergeometric summation in computer algebra.
J. Symbolic Comput. 28, 777-799 (1999)

CAOP. CAOP: Computer Algebra and Orthogonal Polynomials. Web resource www.caop.org.
Idea by Tom H. Koornwinder, first realization by René Swarttouw, now designed by Torsten
Sprenger and maintained by Wolfram Koepf.

CHMO08. Chen, W.Y.C., Hou, Q.-H., Mu, Y.-P.: Non-terminating basic hypergeometric series and
the g-Zeilberger algorithm. Proc. Edinb. Math. Soc. 2(51), 609-633 (2008)

Chyzak00. Chyzak, FE.: An extension of Zeilberger’s fast algorithm to general holonomic functions.
Discrete Math. 217, 115-134 (2000)

CKSO09. Chyzak, F., Kauers, M., Salvy, B.: A non-holonomic systems approach to special function
identities. In: Proceedings of ISSAC 09, pp. 111-118. ACM Press, New York (2009).


www.caop.org

150 7 Zeilberger’s Algorithm

CS98. Chyzak, F., Salvy, B.: Non-commutative elimination in Ore algebras proves multivariate
identities. J. Symbolic Comput. 26, 187-227 (1998)

deBranges85. De Branges, L.: A proof of the Bieberbach conjecture. Acta Math. 154, 137-152
(1985)

Feldheim43. Feldheim, E.: Relations entre les polynomes de Jacobi. Laguerre et Hermite. Acta
Math. 75, 117-138 (1943)

Frohlich. Frohlich, J.: Parameter derivatives of the Jacobi polynomials and the Gaussian hyperge-
ometric function. Integr. Transform. Spec. Funct. 2, 252-266 (1994)

Gasper74. Gasper, G.: Projection formulas for orthogonal polynomials of a discrete variable. J.
Math. Anal. Appl. 45, 176-198 (1974)

Gasper86. Gasper, G.: A short proof of an inequality used by de Branges in his proof of the
Bieberbach. Robertson and Milin conjectures. Complex Variables 7, 45-50 (1986)

GR90. Gasper, G., Rahman, M.: Basic Hypergeometric Series. Encyclopedia of Mathematics and
its Applications, vol. 35. Cambridge University Press, London and New York (1990) (2nd edn
2004).

GerhardO1. Gerhard, J.: Modular algorithms in symbolic summation and symbolic integration.
PhD thesis, Universitit Paderborn (2001).

GKP94. Graham, R.L., Knuth, D.E., Patashnik, O.: Concrete Mathematics, 2nd edn. A Foundation
for Computer Science. Addison-Wesley, Reading, Massachussets (1994)

IR96. Ierley, G.R., Ruehr, O.G.: Problem 96-16. SIAM Rev. 38, 668 (1996)

KLS10. Koekoek, R., Lesky, P., Swarttouw, R.F.: Hypergeometric Orthogonal Polynomials and
their q-Analogues. Springer Monographs in Mathematics, Springer, Berlin (2010)

KS96. Koepf, W., Schmersau, D.: On the de Branges theorem. Complex Variables 31, 213-230
(1996)

Koepf97a. Koepf, W.: Identities for families of orthogonal polynomials and special functions.
Integr. Transform. Spec. Funct. §, 69-102 (1997)

Koepf97b. Koepf, W.: The algebra of holonomic equations. Math. Semesterberichte 44, 173-194
(1997)

Koepf06. Koepf, W.: Computeralgebra. Springer, Berlin (2006)

KS98b. Koepf, W., Schmersau, D.: Representations of orthogonal polynomials. J. Comput. Appl.
Math. 90, 57-94 (1998)

Koornwinder93. Koornwinder, T.H.: On Zeilberger’s algorithm and its g-analogue. J. Comput.
Appl. Math. 48, 91-111 (1993)

Koornwinder98. Koornwinder, T.H.: Identities of nonterminating series by Zeilberger’s algorithm.
J. Comput. Appl. Math. 99, 449-461 (1998)

MZ05. Mohammed, M., Zeilberger, D.: Sharp upper bounds for the orders of the recurrences
outputted by the Zeilberger and g-Zeilberger algorithms. J. Symbolic Comput. 39, 201-207
(2005)

PR97. Paule, P, Riese, A.: A Mathematica g-analogue of Zeilberger’s algorithm based on an
algebraically motivated approach to g-hypergeometric telescoping. In: Ismail, M.E.H., et al.
(eds.) Fields Institute Communications, vol. 14, pp. 179-210. American Mathematical Society,
Rhode Island (1997)

PS95. Paule, P., Schorn, M.: A Mathematica version of Zeilberger’s algorithm for proving binomial
coefficient identities. J. Symbolic Comput. 20, 673-698 (1995)

PWZ96. Petkovsek, M., Wilf, H., Zeilberger, D.: A = B. AK Peters, Wellesley (1996)

Rainville60. Rainville, E.D.: Special Functions. The MacMillan Co., New York (1960)

Stolting. Stolting, G.: Algorithmische Berechnung von Summen. Diploma thesis, Freie Universitit
Berlin (1996).

Todorov92. Todorov, P.: A simple proof of the Bieberbach conjecture. Bull. CI. Sci., VI. Sér., Acad.
R. Belg. 3 12, 335-356 (1992).

vanderPoorten78. van der Poorten, A.: A proof that Euler missed. Apéry’s proof of the irrationality
of ¢(3). Math. Intelligencer 1, 195-203 (1978)

VidunasO1. Vidunas, R.: Maple package inthsum. http://staff.science.uva.nl/thk/specfun/infhsum.
mpl


http://staff.science.uva.nl/thk/specfun/infhsum.mpl
http://staff.science.uva.nl/thk/specfun/infhsum.mpl

References 151

Vidunas02. Vidunas, R.: A Generalization of Kummer’s Identity. Rocky Mountain J. Math. 32,
919-936 (2002)

Weinstein91. Weinstein, L.: The Bieberbach conjecture. Int. Math. Res. Not. 5, 61-64 (1991)

Wilf94. Wilf, H.S.: A footnote on two proofs of the Bieberbach-de Branges theorem. Bull. London
Math. Soc. 26, 61-63 (1994)

WZ92. Wilf, H.S., Zeilberger, D.: An algorithmic proof theory for hypergeometric (ordinary and
“g”’) multisum/integral identities. Invent. Math. 108, 575-633 (1992)

Wilson80. Wilson, J.A.: Some hypergeometric orthogonal polynomials. Siam J. Math. Anal. 11,
690-701 (1980)

XT95. Xin-Rong, M., Tian-Ming, W.: Problem 95-1. SIAM Rev. 37, 98 (1995)

Zeilberger90a. Zeilberger, D.: A holonomic systems approach to special functions identities. J.
Comput. Appl. Math. 32, 321-368 (1990)

Zeilberger90b. Zeilberger, D.: A fast algorithm for proving terminating hypergeometric identities.
Discrete Math. 80, 207-211 (1990)

Zeilberger91a. Zeilberger, D.: The method of creative telescoping. J. Symbolic Comput. 11, 195—
204 (1991)

Zeilberger91b. Zeilberger, D.: A Maple program for proving hypergeometric identities. SIGSAM
Bull. 25, 1-13 (1991)



Chapter 8
Extensions of the Algorithms

In this chapter, we extend Gosper’s, Wilf-Zeilberger’s and Zeilberger’s methods to
accept rational-linear I" inputs rather than only integer-linear ones [Koepf95a]. For
such an input ai+1/ax is not always rational, so that Gosper’s algorithm may not
apply. Therefore, we raise a different question: Given a nonnegative integer m, can
we find a sequence s for given gy, satisfying

Ak = Sk4m — Sk (8.1)

in the particular case that sy is an m-fold hypergeometric term, i.e.,

St e k) 2 (8.2)
Sk

Note that in this case the input function ay, is itself an m-fold hypergeometric term
since by (8.1) and (8.2)

Sk+2m
Ak+m _ Sk+2m — Sk+m _ Sk+m Skm _ Uk
a Sk+tm — Sk spo Koy

Sk

is rational, i.e., uy and v can be chosen to be polynomials, ug, vy € Q[k].

Assume that, given ai, we have found an m-fold antidifference, namely s; with
the property si+m — Sk = ax. Then we can easily construct an antidifference s of
ay by the simple definition

Spo= sk 4+ Sk o Skpm—1) (8.3)

since then, by telescoping,

Skt — Sk = (g1 + -+ Skm) — Gk + -+ Skrn—1)) = Skdm — Sk = ax.

W. Koepf, Hypergeometric Summation, Universitext, 153
DOI: 10.1007/978-1-4471-6464-7_8, © Springer-Verlag London 2014
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We summarize

Lemma 8.1 and Algorithm [f s is an m-fold antidifference of ay then 5i given by
(8.3) forms an antidifference of ay. O

Assume next that an m-fold antidifference sy of a; forms a hypergeometric term.

Then obviously
Sk+m _ Sk4m Sk+(m—1) Sk+1

Sk Sk+(m—1)  Sk4(m—2)) Sk

is also rational, and therefore our algorithm below will find sy.
An m-fold hypergeometric m-fold antidifference can always be constructed by an
application of Gosper’s original algorithm in the following way:

Algorithm 8.2 (extended_gosper)
The following steps generate an m-fold hypergeometric m-fold antidifference:

1. Input: m € N, and a; in terms of rational functions, powers, factorials, I" function
terms, binomial coefficients and Pochhammer symbols that are rational-linear in
their arguments.

2. Define by := apy,.

3. Apply Gosper’s algorithm to by with respect to k. Get the antidifference #; of by,
or the statement: “No hypergeometric term antidifference of b, and therefore no
m-fold hypergeometric m-fold term antidifference of a; exists.”

4. The output s; := t;/,, is a solution of (8.1) with the property (8.2).

Proof The existence of an m-fold hypergeometric solution s; of
Skam — Sk = dk (8.4)
is equivalent to the existence of a rational solution S(k) of
rk) Stk +m) — S(k) =1 (8.5)

where r(k) = aiim/ar and S(k) = six/ar. The existence of a hypergeometric
solution #; of

lkt1 — Ik = Qgm = bi (8.6)
is equivalent to the existence of a rational solution 7 (k) of
rtkm)T(k+1)—T(k) =1 8.7

where T (k) = ti/axm. Clearly (8.5) and (8.7) are either both solvable and have
solutions such that 7' (k) = S(km), or are both unsolvable. So either (8.6) has no
hypergeometric solution and (8.4) has no m-fold hypergeometric solution, or (8.6)
has a hypergeometric solution #; = T (k)ag,, and (8.4) has an m-fold hypergeometric
solution sy = S(k)ay = T (k/m)ay, hence sx = ty/m. U
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Example 8.3 As an example, we consider ax := k (%)!, and m = 2. Then by =
azx = 2k k!, and Gosper’s algorithm yields #; = 2k!. Therefore sp = 132 = 2 (%)'
has the property that

Sk+2 — Sk = ak.

By (8.3), we find the antidifference
. k k+1
= =21=)+2{—)!
Sk = Sk + Sk41 (2) + ( > )

We consider two more examples: If a; = (kﬁ 3) then our algorithm generates the

of ay.

antidifference
k k k
fo (=8 (B =5 -13) (hus) (=5 -273) (keops)

and if a; = (k/2n+1) — (k’/ZZ) then

Sk=,m((sil)‘('§))+m ((%+n3/2)_(%+n1/2))'

For more examples, see Exercise 8.5. A
Next, we give an algorithm that finds an appropriate nonnegative integer m for
suitable input.

Algorithm 8.4 (find_mfold)
The following is an algorithm generating a successful choice of m for an appli-
cation of Algorithm 8.2.

1. Input: a; as aratio of products of rational functions, powers, factorials, I" function
terms, binomial coefficients, and Pochhammer symbols that are rational-linear in
their arguments.

2. Build the list of all arguments. They are of the form p;/q; k + «; with integer
pjand g;, p;j/q; inlowest terms, g; positive.

3. Calculate m := lcm{g,}.

Proof 1t is clear that the procedure generates a representation for by = ay,,, with the
given choice of m which is integer-linear in the arguments involved. Since in this
case by41/by is rational, Algorithm 8.2 is applicable. O

We mention that in our examples above, the given procedure yields the desired

values m = 2 for a; := k(%‘)!, m = 3 for a = (kf), and m = 2 for a; =

(k/2n+ 1) B (kr/l2)'
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Session 8.5 In Exercise 8.2 you are asked to write an implementation of the above
extended version of Gosper’s algorithm. Such an implementation is available in the
hsum package .

The function extended_gosper (a, k,m) returns the m-fold antidifference
of ay if applicable, whereas with extended_gosper (a, k), we get an antidif-
ference of a; using Lemma 8.1 and the number m obtained by using Algorithm 8.4.

The above calculations are done by

> extended_gosper (k*(k/2)!,k,2);

> extended_gosper (k*(k/2)!,k);

2 1k '+2 lk—i-l !
2 ) 2 2)°

> extended_gosper (binomial (k/3,n) ,k,3);

1 1
—k —n) binomial { =k, n
(36 ) s (5151

n—+1

> extended_gosper (binomial (k/3,n),k);

1 . . 1 1 1 . . 1 1
—k —n) binomial { =k, n —k+ - —n) binomial{ —k+ =, n
3 3 n 3 3 3 3

n+1 n+1

1k+2 bi ial lk—i-z
= - — inomial | - =
3 3 " omial | 3 3"

n+1

+

> extended_gosper (binomial (n,k/2+1)-binomial (n,k/2),k,2);

1 1 1
(E k+ 1) (binomial (n, 5 k+ 1) — binomial (n, 5 k))

k+1—n

> extended_gosper (binomial (n,k/2+1)-binomial (n,k/2),k);

1 1 1
(5 k+ 1) (binomial (n, > k+ 1) — binomial (n, 3 k))

k+1—n

1k+3 bi ial lk—i—3 bi ial lk—l—l
> 5 inomial | n, — 3 inomial { n, > 3

k+2—n
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Note that Algorithm 8.2 is also implemented in the Maple package SumTools under
the name SumTools [Hypergeometric] [KoepfGosper]:

> SumTools[Hypergeometric] [KoepfGosper] (
> binomial (n,k/2+1)-binomial (n,k/2),k);

1 1 1
(E k+ 1) (binomial (n, 3 k+ 1) — binomial (n, 3 k))

k+1—n
1 3 L 1 3 . 1 1
(§k+ 5) (bmomlal (n, Ek—i— 5) — binomial (n, §k+ z))
B k+2—n

Next, we will give an extended version of the WZ method which resolves some
questions that remained unanswered in Chap. 6 so that finally Bailey’s complete list
(Table 6.1) can be settled using a unified approach.

Assume that for a hypergeometric identity the WZ method fails. This may happen
either because axy1/ay is not rational, or because there is no single formula for the
result as in Andrews’ statement

0 if n 7 0 (mod 3)

— 3
3F2( n,n+3a,a ‘ ): 0! (@ + Dujs

3 (8.8)
3a/2,(B3a+1)/2 ] 4 (n/3)! 3a + 1),

otherwise

which—together with many similar identities listed in Table 8.1—can be found in a
paper of Gessel and Stanton [GS82].

In such cases, we proceed as follows. Assume we want to prove an identity of the
form

(0.¢]
Sp 1= Z F(n, k) = constant  (n mod m constant), (8.9)

k=—o00

such as, e.g., (8.8) divided by %, m denoting a certain positive integer and

F(n, k) being an (m, I)-fold hypergeometric term with respect to (n, k), i.e.

Fn+mk) Fn,k+1)

Fo.k) °  Fm.k Q. b,

with finite support with respect to k. Then we apply the extended version of Gosper’s
algorithm to find an /-fold antidifference of the expression

ay = F(n+m,k) — F(n, k)

with respect to the variable k.! If successful, this generates G (n, k) with

! In most cases [ = 1, so that Gosper’s original algorithm is applied.


http://dx.doi.org/10.1007/978-1-4471-6464-7_6
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Table 8.1 Gessel and Stanton’s hypergeometric identities

Equation Identity

0 ifn 0 (mod 3)
_ 3
(1.1) 3k ( 3 112,7234- 3(11’)(12 4) = l _nt@+ Dus otherwise
a/2.,Ba+1)/ (/3! Ga + 1),

12 . 2a,2b,1-2b,1+2a/3,—n 1Y @+1/2u@+
' TN a—br1,a+br1/2,2a3. 142a+20 |4) " (@+b+1/2n@—b+ Dy
a,b,a+1/2—b, 142a/3, —n 0 if n odd
A3 sB s t120b, 2, 203, 1atnsa | V) T ] omtbe 2 e
T ’ (DN abHD)up2 b+
1243a,1/2=3a,—n |3\  (1/2—a), (1/2+a),
(1.4) 3F - =
1/2,-3n 4 (1/3)n (2/3)n
1 1 —3a,-n|3 1 1—
(1.5) 3Fs +3a, 3a,—n 2 :( +a) ( a)n
3/2.,—1-3n 4 (2/3)n (4/3)n
20 ,1—a,—n ((n+3)/2)y (n+1)2a + 1)
(1.6) 3 1)=
2a+2,—a—1/2—73n/2 I+ +2a+1)/2), Qatn+1)
2a ,2b,1—-2b,142a/3,a+d+n+1/2,a—d,—n
(.7 7Fs 1
a—b+1,a+b+1/2,2a/3,-2d —2n,2d +1,142a+2n

_ Qa4+ Dypb+d+1/Dpd—=b+1Dn _ (@+1/2p @+ Dy (b+d+1/2)y(d—=b+ 1),

T Qd+ Dy atb+1/2a—b+1),  (@+b+1/2u@—b+1),(d+1/2),d+1),

a,b,a+1/2—-b,14+2a/3,1-2d ,2a+2d+n,—n 1
2a —2b+1,2b,2a/3 ,a+d+1/2,1—d—n/2,14+a+n/2
0 if n odd

b+dnpd—b+a+1/2)pnl(@a+1),,27"

(1.8) 7Fg

otherwise
b+ 1/up@+d~+1/2)pp (d)np (n/2)! (@ —b+ 1)up
—n,=2n—2/3 (5/6)s .,
3.7 2 Fy 43 —8) = G/ (=27)
3a4+1/2,3a+1,-n |4 0 if n #0 (mod 3)
521) 3k 6a+1,-n/3+2a+1 3) =1 _ /33 @/3ns3 otherwise
’ (14 2a)n/3 (—2a)u)3

1y /2 27\"
4] 2n+3/2), (Z)

—8) = (=27)"

(5.23) 2h

0 if n odd
—n,n/2+1 |8
(5.24) 2Fy ) =1 U/ 2up _a—(1/2) .
4/3 9 l /62 (=3) otherwise
012 ) ‘ 1 0(3/2) if n odd
(5.25) 2F ’ 41= n/2 n/2 .
(n+3)/2 /6 T

1/3—n,-n/2,(1—n)/2,22/21 —3n/7

527)  4F
(52D 4Fs 5/6,4/3.,1/21 —3n/7

(
|
(
(
52 . ( —n,1/2
(
(
(
(

_27) _ =y
1—-9n
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ar=Fmn+m,k)y—Fn,k)=Gn,k+1)—G(n, k), (8.10)

and summation over all k leads to

Snam —Sn = i (F(n+m,k)—F(n,k))= i (G(n,k+l)—G(n,k))=o

k=—o00 k=—00

since the right-hand side can be viewed as the sum of / telescoping series. Therefore
sp 1s constant mod m, and these m constants can be calculated using suitable initial
values. This can be accomplished if the series considered is terminating, i.e., if
F(n, k) has finite support. Note that again the function

G(n, k)
F(n,k)

R(n, k) = (8.11)

acts as a rational certificate function, the extended WZ certificate.

Once the extended WZ certificate is known, it is a matter of pure rational arithmetic
to decide the validity of (8.9) since the only thing that one has to show is (8.10) which
after division by F(n, k) is equivalent to the purely rational identity

F(n+m,k) F(n,k+1) _

Example 8.6 (Andrews’ Identity) As an example, we prove (8.8): In the given case,
we setm = 3,/ = 1, and further

O R Gare Gat /21wt Dy

(=) (n+3a); (@i (0/3)! (Ba + 1)y (g )"
2) -

We notice that
F(n,k+1) d F(n+3,k)

Fo k) % TFEm b

are (complicated) rational functions:

> F:=hyperterm([-n,n+3*a,al], [3*a/2, (3*a+1)/2],3/4,k)*(n/3)!*
> pochhammer (3*a+1,n)/ (n!*pochhammer (a+1,n/3)) :

> ratio(F,k);

3k=—n)(n+3a+k)(a+k
Ba+2k)Ba+1+2k Kk+1)

> simpcomb (subs (n=n+3,F) /F) ;

(43 (+3atk)(n+3a+k+DH(+3a+k+2)
k—n—1)(—=n =24k (—n—3+k)(n+3a)
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An application of Gosper’s algorithm to ay = F(n + 3, k) — F(n, k) is successful,
and leads to the rational certificate

_ @n43+430kBa—14+2k)Ba+2k—2)
T A3 k—n—D)(—n—-2+k(-n-3+k

R(n, k)

by the calculation

> A:=subs (n=n+3,F)-F: gos:=gosper (A,Kk):
> simpcomb (gos/F) ;

Rn+34+3a)kBa—-1+2k)Ba+2k—-2)
nm+3a)(k—n—1)(—n—-2+4+k)(—n —3+k)

Therefore

o n
Z F(n, k) = Z F(n, k) = constant  (n mod 3 constant),
k=—00 k=0

and statement (8.8) follows using three trivial initial values (check those!).

Session 8.7 We can automate the calculation of the extended WZ certificate by the
procedure

WZcertificate:=proc(F,k,n)
local a,gos,m,1;
if nargs>3 then m:=args[4] else m:=1 end if;
if nargs>4 then l:=args[5] else 1l:=1 end if;
a:=subs (n=n+m, F) -F;
try
gos:=extended_gosper(a,k,1);
catch:
error ‘Extended WZ method fails®
end try;
return simpcomb (gos/F) ;
end proc:

with optional fourth argument m and fifth argument /, extending the procedure given
in Session 6.7. For Andrews’ example, we get

> WZcertificate(F,k,n,3);

2n+34+3a)kBa—-1+2k)Ba+2k—2)
m+3a))(—n—14+k)(—n—2+k)(—n —3+k)

Table 8.1 lists the hypergeometric identities of the Gessel-Stanton paper (Eq. (1.4)
corrects a misprint in [GS82]), and Table 8.2 contains their rational certificates
(8.11), calculated by WZcertificate, together with the certificates of Bailey’s
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Table 8.2 The extended WZ method
Bailey p. n m R(n, k)
k(1+n—b—2k
11, Gauss  — 7(n+1—k)(n+2—k)
. 2(c—1+kk@2n+3)

11, Bailey 12—+ 1-kn+2-0

kQe—14kA+n—b—2k)

16, Watson = 2 = — (I tn—b+20)

) 2k(=2c+e—k)(e—1+k)2n+3)

16, Whipple —a 2 G it —2cr 0 t+2-0)

Equation m  R(n, k)

m ; _Ba+2k-kBa-1+20@n+3+3a)

: M+3a)n+1—km+2—k(n+3—k)

(12) | 2@a+2b—1+2bk@=b+k
’ m+1—ky(A+2a+2n+k)(2a+3k)

3 , __(Qa-2b+k)@b+k—Dk

(13) m+2—-ky(n+1—k)Q2a+3k)

” Lo 8Qk—Dk@n—k+1)

(14) 2Tn+1—k(1—=2a+2n)(1+2a+2n)

) L 2Qk+1D)kBn+2—k)

’ 27(n+1—ky(I—a+n)(a+1+n)

L6 5 Qa+k+1) 2a+3+3n—-2k) k (9n2+2na+34n+2a+3378nk716k)

(16) B 3m+2—-km+1-kQa+n+1)@n+50Cn+7)

7 L Qd+2n—k+1) 2d+k) Qa+2b—142k) k (a—b+k) 4n+2a+3+2d)
: (n+1—k) 14+2a+2n+k) 2a+3k) 2a+2d+2n+1) 2b+2d+1+2n) (d—b+1+n)
I8 ,  _2Qa+2d-1+20)kQ@b+k—1) 2a=2b+k) @d+n—2k) (1+1+a+d)

(18 (n4+2—k) (n+1—k) 2d —2b+2a+14n) 2a+3k) 2b+2d+n) 2a+2d+n)

37 1 (Tn+9-3k) GBk+ Dk
' 9(6n+8—3k)(6n+5—-3k)(n+1—k)

k(6a+k)(n—6a—3k)
(52D 3 T+l +2—k)(n+3—k)
4 (—=1+6kk

(522 ! TOMm+1—k 4n+3+2k

k(=1+3k) 2ln+23—9k)

(523 ! 2Tn+1—k) 4 +6n—3k (7T+6n—23k)

3(14+3k)k

(5:24) 2 m+1—km+2—k

(=14+3k)k
(525) ToOm+2-k(m+1-k)
(5.2 (—146k)(1+3kk

T4 +n—2k)Q243n—3k (—14+9n—21k)

list (Table 6.1) to which the WZ method did not apply. In all cases considered we
have [ = 1, so that Gosper’s original algorithm is applied.


http://dx.doi.org/10.1007/978-1-4471-6464-7_6
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Table 8.3 Gessel and Stanton’s open problems

Equation Identity

a+1/2,a,b,1—b,—n,QRa+1)/3+n,a/2+1
6.2) 7p6( / a+1)/ / ‘)

1/2,2a—b+3)/3,Q2a+b+2)/3,-3n,2a+143n,a/2
_ ((2a +2)/3)n 2a/3 4+ 1), (1 +b)/3), (2 —b)/3)
(2a =b)/3+ 1), ((2a+b+2)/3)y (2/3)n (1/3)n

63) F (a+ 1/2,a,—n, Qa +1)/3+n,a/2 +1 ‘9) _ ((2a+2)/3)n 2a/3 + Dn
: ST 1/2,-3n,2a+1+3n,a/2 - (2/3)n (1/3)n
L en A [Ty G (20
©.5) ZFI( m+5/4 ‘6)‘(2/3»(13/12)" (35)
L on A1) O (20
(6.6) 2Fi ( 2 +9/4 ‘6) T 4/3), 17/12), (35)

Rational certificates

Equation m R(n,k)
2(a4+2+3n)Bn—k+1)Qa+b—-1+3k)2Ra—-b+3k)2k— 1k

62) b3 (a+2k) 2—b+3n) (14+b+3n) 2a+143n+k) Qa+243n+k) (n +1—k)
63) B Qa+4+6n)GBn—k+1)Qk—1)k
Ba+6k)yRa+143n+k)yRa+2+4+3n+k)y(n+1—k)
65 | 9Kk (520 +75n +26 + 16kn + 24k — 324°)
16(8n+5+4k) 4n+3—4k)(n+1—k)
9k (52n% + 1270+ 72+ 16kn — 4k — 32k?)
(6.6) 1

C16Bn+9+4k)@n+3—4k(n+1—k)

Note, that Gessel and Stanton were not able to present proofs for their statements
(6.2), (6.3), (6.5), and (6.6)%: Table 8.3 contains proofs (see [Koepf95a]).

As with the original WZ approach, this method is not capable of proving Gessel-
Stanton’s (6.1), which is a non-terminating version of (6.2). Also, Gessel-Stanton’s
result (1.9)

(8.12)

b+1,s(—n—>b)—n

F (—sb+s+1,b—l,—n
302 (14 s(b+n)), (b+n)

)_ (I+s+sn),bn+1)

is beyond the capabilities of the given method since in this case the summand is
an (m, [)-fold hypergeometric term only for fixed (rational), but not arbitrary s; cf.
Exercise 8.8.

Next, we give examples of an application for which [ # 1. To prove the identity
(n e N)

2 Obviously these were proved subsequently by Zeilberger’s algorithm.
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- k)2
> () () =1, (8.13)
k=0

we apply the extended WZ method with/ = 2, m = 1, and get the rational certificate

Rty = k=D @n =k
===

which proves (8.13). Note that (8.13) is not valid for n = 0 where the denominator
of the extended WZ certificate is zero.

Finally, we consider an extension of Zeilberger’s algorithm dealing with the ques-
tion of determining a holonomic recurrence equation (7.1) for sums (7.2) for which
F(n, k) is an (m, [)-fold hypergeometric term with respect to (n, k).

In particular, this applies to all cases when the input function F(n, k) is given as a
ratio of products of rational functions, powers, factorials, I" function terms, binomial
coefficients, and Pochhammer symbols that are rational-linearin their arguments with
respect to both n and k.

‘We mention that Zeilberger’s original algorithm may be applicable although this
is generally the case only if the arguments are integer-linear. An example of that type
is given by the function

_ —n/2,-n/241/2 )~ =1/ (—n/2+1/2);
Sn = ZFl( b+1/2 M‘é k! (b +1/2) ’

for which an application of Zeilberger’s algorithm yields the recurrence equation
2b+n)spi1 —2(b+n)s, =0,
and therefore the explicit representation

2" (b)n

Sp = ——.
" @b

Zeilberger’s algorithm applies since F(n+1,k)/F(n, k) and F(n,k+1)/F (n, k)
are rational although the expression for F (n, k) is not integer-linear in its arguments.

On the other hand, Zeilberger’s algorithm is not directly applicable to every
F(n, k) with rational-linear I"-arguments. An example of this situation is the left-
hand side of Watson’s theorem (Table 6.1) with respect to variable a.

We present now an algorithm which can be applied for arbitrary rational-linear
input [Koepf95a].

Algorithm 8.8 (extended_sumrecursion)
The following steps constitute an algorithm to determine a holonomic recurrence
equation (7.1) for sums (7.2).


http://dx.doi.org/10.1007/978-1-4471-6464-7_7
http://dx.doi.org/10.1007/978-1-4471-6464-7_7
http://dx.doi.org/10.1007/978-1-4471-6464-7_6
http://dx.doi.org/10.1007/978-1-4471-6464-7_7
http://dx.doi.org/10.1007/978-1-4471-6464-7_7
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1. Input: F(n, k), given as aratio of products of rational functions, powers, factorials,
I" function terms, binomial coefficients, and Pochhammer symbols with rational-
linear arguments in » and k.

2. Form the list of all arguments. They are of the form p;/q;n +s;/t; k + o with
integers pj,q;j,S;j,tj, pj/q;j and s;/t; in lowest terms, g; and ¢; positive.

3. Calculate m :=lcm{g;} and / := lcm{z;}.

4. Define F(n, k) := F(mn, kl). Then F (n, k) is integer-linear in its arguments.

5. Apply Zeilberger’s algorithm to F(n, k) to get the recurrence equation

J
> Pim) 5y ;=0 (8.14)
j=0

with polynomials P; in n, for the sum

5y = f;i F(n, k).

k=—00

6. The output is the recurrence equation

J
> Pi(n/m) spimj =0

Jj=

for the sum

Proof Our construction provides us with F(n, k) integer-linear in the arguments
involved. Therefore Zeilberger’s algorithm can be applied, and yields the recurrence
equation (8.14), say. Assume first that / = 1. Then, by definition, we have §, = sy,
so that we get

J J
0= Z Pj(l’l) §"+j = Z P/(n) Smn+mj »

j=0 j=0

and the substitution n = n/m gives the result.
If [ > 1, then Zeilberger’s algorithm is an application of Gosper’s to

J
ar = F(n, k) + Zaj(n) F(n+ j. k).
j=1

If successful, we get G (n, k) with
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J
ax=Fn. k) + > ojm) Fn+j.k) =G k+1) = Gn k).
j=1

We sum this equation with respect to all k = k/I (k € Z). Then the right-hand
side can be viewed as a sum of / telescoping sums, again, and we have

J
0= > Fkh+ > ojn) > Fn+j.k
j=1

k=k/1 k=k/1

J
= > Fmn.kl)+ Y oj(n) D F(mn+mj ki)

k=k/1 Jj=1 k=k/1
J
= Smn + Zaj (n) Smn+mj »
j=1
which yields the result. (]

Example 8.9 As a first example, we apply the algorithm to Watson’s function

sn=3F2( —n,b,c 1)

(—n+b+1)/2,2c
with respect to the variable n (Watson’s original integer variable) to which Zeil-
berger’s algorithm does not apply directly. In this case, the algorithm determines
m = 2 and [ = 1, and leads to the two-fold recurrence equation

b—2c—n—-1Dn+Dsy,—b—n—-1)Qc+n+1)s,420=0

from which the explicit right-hand representation listed in Table 6.1 can be deduced
for integer n since so = 1 and

—1bc

= T a0

Example 8.10 As another example, we consider one of the identities of the paper of
Gessel and Stanton [GS82]: The evaluation of ([GS82], (1.8))

- F a,b,a+1/2—-b,1+2a/3,1—-2d ,2a+2d+n,—n |
Sn=TT0 N 2q —2b+1,2b,2a/3 ,a+d+1/2,1—d—n/2,14+a+n/2
0
b+d)pyp(d—-b+a+1/2),pnl(a+1),,227" .
O+ 1/ Dppa+d~+1/Dup (np/2)! (a—b+ Dpp otherwise

if n odd



http://dx.doi.org/10.1007/978-1-4471-6464-7_6

166 8 Extensions of the Algorithms

cannot be handled with respect to n using Zeilberger’s algorithm. The extended
version, however, leads to the equivalent 2-fold recurrence equation

O0=m+1+2d+2a)2b—n—2a—2)(n+142b)(n + 2d)sp+2
+n+14+2d —-2b+2a)(n+2d +2b)2a+n+2)(n+ 1)s,.

Session 8.11 The procedure sumrecursion included in the hsum package con-
tains an implementation of the extended Zeilberger algorithm. Let’s deal with the
Watson example (Example 8.9) again. Set

> summand:=hyperterm([-n,b,c], [ (-n+b+1)/2,2*c],1,k);

pochhammer(—n, k) pochhammer(b, k) pochhammer(c, k)
summand =

b 1
pochhammer (—% + 5 + > k) pochhammer (2 ¢, k) k!

Then this summand is not a hypergeometric term w.r.t. the variable n as the compu-
tation

> ratio(summand,n) ;

r(-2+2) aanr(-2+2+1 4k
2 T2V 27273

r(-24+24k) cn—1rmr (2424 ]
4z —n— T T
2 2 2 2 2
shows. Therefore the implementation sumrecursion of Session 7.3 is not applica-
ble. However, for the given example Algorithm 8.8 extended_sumrecursion
is applied with the result

> sumrecursion (summand, k,s(n)) ;
b—-2c—n—1Dm+1)sn)—QRc+n+1)(—n+b—-1s(n+2)=0
Furthermore, the procedure hyperrecursion (upper, lower,x, s (n))
yields a recurrence equation with respect to n for the hypergeometric function with
upper parameters upper, lower parameters 1 ower, and point x. We get for example
> hyperrecursion([-n,n+3*a,al, [3/2*a, (3*a+1)/2]1,3/4,s(n));
—n+14+3a)(n+24+3a)sm+3))+(m+1)(n+2)s(n)=0

Gessel-Stanton (1.6)

> hyperrecursion([2*a,l-a,-n], [2*a+2,-a-1/2-3/2*n],1,s(n));

3Bn+7@Bn+5 n+2a+1)s(n)
—Ra+7+3n)Ra+54+3n)Ra+3+3n)sn+2)=0
Gessel-Stanton (1.7)

> hyperrecursion([2*a,2*b,1-2*b,1+2/3*a,a+d+n+1/2,a-d, -n],
> [a-b+1,a+b+1/2,2/3%a,-2*d-2*n, 2*d+1,1+2*a+2*n],1,s(n));

d+n+1)Q2d+2n+1)(a+1+n—->b)Qa+2b+14+2n)s(n+ 1)+
QRd+2n+142b)(—-d—n—14+b)y(a+1+n)QRa+1+2n)s(n) =0
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Gessel-Stanton (6.2)
> hyperrecursion([a+l/2,a,b,1-b,-n, (2*a+l)/3+n,a/2+1],
> [1/2,(2*a-b+3) /3, (2*a+b+2)/3,-3*n,2*a+1+3*n,a/2]1,1,s(n));

1+3n)@Bn+2)QRa—b+3+3n)Ra+b+2+3n)s(n+1)
+ B+ 1430 (=2+b-3n)Qa+2+3n) 2a+3+3n)sm) =0

Note that Algorithm 8.8 is also implemented in the Maple package SumTools under
the name SumTools [Hypergeometric] [KoepfZeilberger].

Finally, we characterize the input to which Algorithm 8.8 can be safely applied. If
F(n, k) is a hypergeometric term with respect to both n and k that has finite support,
and is of the form F'(n, k) = P(n, k) %w”zk where P (n, k) is a polynomial and
Q(n, k), R(n, k) are I"-term products with rational-linear arguments we call it an
admissible hypergeometric term. Note that in particular, any proper hypergeometric
term is admissible. For admissible terms, however, rational-linear rather than only

integer-linear I” terms are allowed. We have

Theorem 8.12 (Applicability of Extended Algorithm) For sums of admissible
hypergeometric terms Algorithm 8.8 terminates.

Proof Given any admissible hypergeometric term F(n, k), it is easily seen that
F(n, k) := F(mn, kl), which is constructed in Step 4 of Algorithm 8.8, forms a
proper hypergeometric term. Therefore, by Corollary 7.12, the application of Zeil-
berger’s algorithm terminates, and results in a holonomic recurrence equation for
sn. Hence, the holonomic recurrence equation for s,, generated by the algorithm,
is valid. |

Further Reading

For further reading on the extensions of this chapter see [GS82, Koepf95a, HKS12].

Exercises

Exercise 8.1 Show that Algorithm 8.2, the extension of Gosper’s algorithm, carries
a rational certificate sy /ay. Describe the certification procedure.

o Exercise 8.2 Write a Maple procedure extended_gosper (a, k,m) corre-
sponding to Algorithm 8.2, Session 8.11.

o Exercise 8.3 Write a Maple procedure £ ind_mfold corresponding to Algorithm
8.4, Session 8.11.

¢ Exercise 8.4 Give an algorithm to find the hypergeometric term solution for sy,
given by the recurrence equation (m € N)
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On)spym =Pm)s, (P, 0 e€Q[n)

and implement it in Maple.

Exercise 8.5 Find the antidifferences of
k42 ( k

@) T2 (k/2) :
3k+4 ((k/2

O =vy (k/4) ’

© 23k2+42k+16 ((3k/2
AEFDG) \ k)2 )

o Exercise 8.6 Write a Maple procedure extended_sumrecursion correspond-
ing to Algorithm 8.8.

Exercise 8.6 Generate the right-hand sides of the hypergeometric identities of
Table 8.1 by an application of the extended Zeilberger procedure to the left-hand
sides.

Exercise 8.7 Prove (8.12) fors = 1,...,5aswell as fors = 1/2,1/3,1/4.
Exercise 8.8 Apply both Zeilberger’s algorithm and its extended version to the sum

—n/2,—n/2+1/2
2 b ( b+1/2 ‘1)

How can one construct the recurrence equation generated by the extended algorithm
from the (simpler) recurrence equation generated by Zeilberger’s algorithm? Write
the result as a factorization in operator notation.

Exercise 8.9 The numbers

e N 1 et LYY
fn~=§( « )Z;T(_@

represent the Fibonacci numbers, cf. Exercise 7.20.
Apply both Zeilberger’s algorithm and its extended version to both representations
of f,, and describe what happens.
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Chapter 9
PetkovSek’s and van Hoeij’s Algorithm

We saw that in many cases Zeilberger’s algorithm obtains the holonomic recurrence
equation of lowest order for a given definite sum s,. In particular, if the order of the
resulting recurrence equation is one, or if the latter contains only two shifts s, and
Sn+m for some m € N, then one finds a hypergeometric term representation for the
sum under consideration using m initial values.

In this chapter we show what to do if s, is a hypergeometric term, but Zeilberger’s
algorithm fails to find the corresponding recurrence equation of order one. Indeed,
we study the more general situation of finding all hypergeometric term solutions of
any given holonomic recurrence equation. This situation had been investigated by
Petkovsek [Petkovsek92] who found an algorithm that solves the above problem.

Note that this algorithm is completely independent of Zeilberger’s, and is itself
of interest. Like Gosper’s algorithm it is a decision procedure to find hypergeomet-
ric terms, this time as solutions of arbitrary holonomic recurrence equations rather
than the fairly specific recurrence equation s, 11 — s, = a,.' In particular, this algo-
rithm can be used to find the hypergeometric term solutions of recurrence equations
returned by Zeilberger’s algorithm.

PetkovSek’s algorithm comes in two parts. In a first step, Petkovsek gives an
algorithm to find all polynomial solutions of a given holonomic recurrence equation.
In a second part, this subalgorithm is used to determine the hypergeometric term
solutions of a given holonomic recurrence equation.

To omit lengthy notation, we describe the details for the situation where the given
recurrence equation has order two, which indeed is the most interesting case.

Example 9.1 (Polynomial Solutions of Holonomic Recurrence Equations) Here, we
consider the generic second order example. Our considerations will lead us to a
generic algorithm for this case [Petkovs§ek92].

LIf Ant1/an = Uy /vy (Un, vy € Q[n]), then the difference equation s,4+1 — s, = a, implies the
holonomic recurrence equation vy, ;42 — (U, + V) Sp+1 + tn Sp = 0.

W. Koepf, Hypergeometric Summation, Universitext, 169
DOI: 10.1007/978-1-4471-6464-7_9, © Springer-Verlag London 2014
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Assume that a second order holonomic recurrence equation
Pyspio+ Quspy1 + Rysy =0 (Pn, Qn, Ry € Q[n]) ©.1)

for s, is given. We wish to find all polynomial solutions s, s O of this equation.

Note that the only thing we need is an upper bound for the degree of any poly-
nomial solution. As soon as we have such an upper bound, we can substitute a
generic polynomial for the solution s, into (9.1), equate coefficients, and solve the
corresponding linear system for the unknown coefficients of s,,. If the linear system
possesses a nontrivial solution, we have found s, and if not, no such polynomial
solution exists.

Now we show how an upper bound for the unknown degree N of the nontrivial
solution

sp=n" 48 nN 4 sy

with the unknown coefficients §; (/ =1, ..., N) can be determined. Since the recur-
rence equation is linear and homogeneous, any multiple of a solution is also a solution
so that it is sufficient to consider solution polynomials whose leading coefficients
equal to one. Those polynomials are called monic.

Assume we have the representations

Po=aon™ +o1nM 4 fay,

On=Pon™ +p1n™ ' . By

and

1

Ri=yon™ +yinM 1 4. yy

for the given polynomials, where M is the maximal degree of the triple (P,, Q,, R;).

Note that for any j € N the shift 5,4 ; can be expanded by the binomial theorem
as

Sn+j =+ DV s+ DN+ VTP Sy

N(N —1
=N + G+ NV 4 (82+j(N— 18, +j2¥) V=2

Substituting all polynomials into (9.1) yields

0= (aonM—i—alnM_l +) (nN+(81 +2N)nN_1+-~-)
+(Bon™ 4 pra¥ ) (WY L@ NN ) 02)

+(VonM+y1nM*1 +) (nNJr(?mN’1 +)
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M+N

Equating the coefficients of n , we get, in particular,

oo+ Bo+ o =0. (9.3)

Therefore, for any nontrivial polynomial solution, this equation must be valid. If (9.3)
is not satisfied, no polynomial solution exists, and we can quit. Therefore, assume
that (9.3) is valid. Then we equate the coefficients of nMAN-1 4, (9.2), use (9.3) to
replace «g in terms of By and yy, and get the condition

ar+p1+yi—(Bo+2y) N =0. 04

Now two things can happen. Either Sy +2 yg # 0, in which case (9.4) gives a unique
choice for the exact degree N of s,. If this is not a nonnegative integer, we quit.
Otherwise we have found the degree bound searched for.

Assume finally, that

Bo+2y=0. (9.5)

Then, furthermore, by (9.4),
ar+p1+y1=0 9.6)

must be valid. We equate the coefficients of n™ V=2 in (9.2), use (9.3), (9.5) and
(9.6) as replacement rules, and get the condition

N2y — (Br+r+2y)N+a+ 2+ =0.

To prove that this final condition yields only two possible choices for N, we will
check that yg # 0. Assume, to the contrary, yo = 0. Then, by (9.5), Bo = 0, and,
by (9.3), «p = 0, a contradiction to the choice of M. This finishes the search for
the degree bound, and the proof of the algorithm to find all polynomial solutions of
9.1).

To convince ourselves that the calculations that were hidden above are correct,
we repeat them with Maple:

> P:=add(alphal[l]l*n” (M-1),1=0..2):

> Q:=add(beta[l]*n” (M-1),1=0..2):

> R:=add(gamma[l]*n” (M-1),1=0..2):

s:=add (deltal[l]*n” (N-1),1=0..2):

term:=expand (P*subs (n=n+2, s) +Q*subs (n=n+1, s) +R*s) :
term:=expand (

subs ((n+1l) "N=n"N+N*n" (N-1) +N* (N-1) /2*n" (N-2) ,term)) :

term:=expand (
subs ((n+2) "N=n"N+2*N*n" (N-1) +4*N* (N-1) /2*n" (N-2) , term)) :

term:=numer (normal (term/ (n"M*n"N) ) ) :

VvV VYV VvV V

\Y

> term:=collect (term,n):

> deg:=degree(term,n) :
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> eqgl:=factor(coeff(term,n,deqg));

280 (Yo + o + o)
> eqgl:=normal (eqgl/(2*deltal0]));

Yo +ao + Bo
> alpha[0]:=solve(egl,alphal0]);
=v0 — Bo

> eqg2:=factor(coeff(term,n,deg-1));

=280 (=B1+2Ny+pPoN —y1 —a1)
> eg2:=collect(normal (eg2/(2*deltal0])),N);

(290 =B N+ 1+ v+
> alphal[l]:=solve(coeff(eg2,N,0),alphall]);
—B1—n
> betal[0]:=solve(coeff(eg2,N,1),betal0]);

-2
> eqg3:=factor(coeff(term,n,deg-2));

280 (=1 N =21 N = Nyo + N2 yo + 12 + a2 + )
> eqg3:=collect (normal (eg3/ (2*deltal[0])),N);

N2y + (=B =21 — ) N+ 2+ a2+ B2

Example 9.2 Now we consider a less general example. We search for the polynomial
solutions s;, # 0 of the recurrence equation

n(n + Dy — 2n(n + 100)s,11 + (1 + 99)(n + 100)s, = 0. (9.7)

Here P, = n%2 +n, Q, = —2n? — 200n and R, = n? + 199n + 9900. Therefore,
we have M = 2. We get

ap+Bo+rvw=1-2+1=0,
so that condition (9.3) is satisfied. Since
Bo+2y=-2+2=0,
Equation (9.5) is also valid. Therefore we calculate
ar+p1+y1=1-2004199 =0,

and we see that (9.6) holds too. Hence we know that the degree N must satisfy the
quadratic equation

N2 — 199N 49900 = (N — 99)(N — 100) =0

with the solutions N = 99, 100. Since both are nonnegative integers, these two cases
may actually appear. They lead to the polynomial solutions
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(n)gg and (1)100 (9.8)

of (9.7) (check!). With Maple, the general polynomial solution (of degree 100) is
generated as follows.

> P:=n*(n+l1):

>  Q:=-2*n*(n+100) :

> R:=(n+99)* (n+100) :

> s:=add(delta[100-1]*n"1,1=0..100):

> rec:=collect (P*subs(n=n+2,s)+Q*subs(n=n+1,s)+R*s,n) :

> sol:=solve({coeffs(rec,n)}, {seqg(delta[l],1=0..100)1}):

> factor(subs(sol,s));

n(n—+98) (n+97) (n+96) (n +95) (n +94) (n +93) (n + 92) (n +91)
(n+90) (n 4+ 89) (n 4 88) (n + 87) (n 4 86) (n + 85) (n + 84)
(n+83)(n+82) (n+81)(n+80) (n+79) (n+78) (n+177)
nm+76)(n+75) (n+74) (n+73) (n +72) (n +71) (n + 70)

(n 4 69) (n 4 68) (n + 67) (n + 66) (n + 65) (n + 64) (n + 63)
(n+62) (n+61) (n +60) (n 4+ 59) (n + 58) (n + 57) (n + 56)
(n+55) (n +54) (n +53) (n 4+ 52) (n + 51) (n + 50) (n 4 49)
(n+48) (n +47) (n +46) (n +45) (n + 44) (n +43) (n +42)
(n+41) (n +40) (n +39) (n + 38) (n + 37) (n + 36) (n + 35)
(n+34) (n+33) (n +32) (n 4+ 31) (n + 30) (n +29) (n + 28)
(n+27) (n+26) (n +25) (n 4+ 24) (n +23) (n +22) (n + 21)
(n420) (n 4 19) (1 4 18) (n 4+ 17) (n 4 16) (n + 15) (n + 14)
(4 13) (n+12) (0 + 11) (n + 10) (1 + 9) (n + 8) (n +7) (n + 6)
m+5n+4dHn+3)nn+2)(n+1) (81 —48518) + ndpy)

In this example, the final linear system is quite complicated, and takes a second to
solve.? Have a look at these equations! Finally, the factorization takes some time.

Example 9.3 Let us consider the same example from a different perspective. Using
the shift operator N, as we did in the previous chapters, (9.7) can be rewritten in the
form

(n(n + HN? = 2n(n + 100)N + (n 4+ 99)(n + 100))s,, —0. (99

Now observe that the operator
T(N,n) =n(m+ 1)N? = 2n(n 4+ 100)N + (n + 99)(n + 100)

has the following three different polynomial factorizations

2 In the article [ABP95] a method is introduced to obtain the resulting polynomial essentially by
solving a linear system not depending on its degree, and iterative computations. In cases like the
given one this method is obviously advantageous.
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T(N,n) = (nN — i+ 100)) (nN — i+ 99))
= (nN — o+ 99)) (nN — i+ 100)) (9.10)

- ((n F DN —(n+ 100)) ((n — DN —(n + 99)).

You can check these results by writing the operator equations out, or by using the
commutator rule Nn —nN = N and polynomial arithmetic. Note that the existence
of three essentially different factorizations is a consequence of the noncommutativity
of the polynomial ring we are dealing with.

In view of (9.10), we see that if any of the right factors applied to s, is zero, then
T (N, n)s,, is zero too, and hence (9.9) is satisfied. Since the right factors correspond
to hypergeometric terms satisfying the first order recurrence equations

nspr1 — M +99)s, =0, nsyq1 — (n+ 100)s, =0,

9.11)
and (n — 1)sy41 — (n+99)s, =0,

respectively, these are hypergeometric term solutions of (9.9). Let us check which
of these hypergeometric term solutions are polynomials. The first term satisfies

Sp+l n+99

Sn n
and one therefore realizes that up to a constant factor

_(100),—1 (98 +m)!  (n)gg
T =D 9 m—1D!" 99!

Sn

This is one of the polynomial solutions that we met in (9.8). The second term of
(9.11) yields similarly up to a constant factor

0Dy 99+m! (m)ioo
 (m—=1D!  100!(m—1)! 100!’

Sn

the second polynomial solution that we met in (9.8). Finally, the third term of (9.11)
gives
_ (10, (98 +n)! (n — D100

 (m—=2)!  100'(n—2)! 100!

Sn

This is a third (linearly dependent) polynomial solution of (9.7). Check that all three
solutions that we have generated are covered by Maple’s output.

The remaining question is: Can factorizations like (9.10) of operators T (N, n) be
generated automatically? The answer is twofold:
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e Using the algorithm of this chapter and further techniques leads to an algorithm
to find factorizations of operators 7 (N, n) that are polynomials w.r.t. N and have
rational coefficients w.r.t. n. This will be discussed later.

e Noncommutative polynomial factorizations of operator polynomials 7' (N, n) can

be found using advanced commutative and noncommutative Grobner basis tech-
niques. We mention that there is an implementation in the computer algebra sys-
tem REDUCE [Hearn95] for the calculation of noncommutative Grébner bases
and polynomial factorization in noncommutative polynomial rings, given by com-
mutator rules [MA94]. This package ncpoly easily generates the factorizations
(9.10).
Note that, for the given example, the REDUCE factorization algorithm gener-
ates the factorizations (9.10) much faster than Maple generated the polynomial
solutions by PetkovSek’s algorithm. This is not very surprising: Whereas with
Petkovsek’s algorithm the complete polynomial solution has to be calculated, in
particular all the coefficients of the polynomials of degree 100 have to be found
(Note, however, Footnote 2), each of the operator factorizations requires only the
calculation of the much simpler recurrence equation that is valid for the corre-
sponding solution. The advantages and disadvantages of both approaches will be
discussed in more detail later.

Example 9.4 Let’s check whether there are polynomial solutions of the Apéry recur-
rence equation

(1 +2)3 sp12 — 20 +3) (17n2 +51n+ 39) Smit 4+ (4 D35, =0

- 2 lvr)”
=2 () (1)
k=0
We see at a glance that Apéry’s recurrence equation does not possess any polynomial
solution since cg + Bo +yo =1 —-34+1 # 0.

of the sum

Session 9.5 The Maple procedure

rec2poly:=proc ()

local rec,s,n,P,Q,R,M,N,alpha,beta, gamma,delta, sol,tmp,1l,S,REC;
rec:=expand(args[1l]) :

if type(rec, ‘equation‘') then rec:=op(l,rec)-op(2,rec) end if;
s:=0op(0,args(2]);
n:=op(l,args([2]);
P:=collect (coeff (rec,s(n+2)),n);

Q:=collect (coeff(rec,s(n+l)),n);

R:=collect (coeff(rec,s(n)),n);

M:=max (degree (P,n) ,degree(Q,n) ,degree(R,n)) ;
alphal0]:=coeff(P,n,M);

betal0] :=coeff (Q,n,M);

gamma [0] :=coeff (R,n,M) ;

# check first condition

n
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if not(simplify(alphal[0]+betal[0]+gamma[0])=0) then
error ‘No polynomial solution exists‘;
end if;
alphal[l] :=coeff(P,n,M-1);
betal[l] :=coeff(Q,n,M-1);
gamma[l] :=coeff(R,n,M-1);
# check second condition
if not(simplify (beta[0]+2*gamma[0])=0) then
N:=normal ( (alpha[l]+betal[l]+gammall])/ (beta[0]+2*gamma[0])) ;
# check third condition
elif not(simplify(alphal[l]+betal[l]l+gammal[l])=0) then
error ‘No polynomial solution exists:';
else
alpha[2] :=coeff(P,n,M-2);
beta[2] :=coeff(Q,n,M-2);
gamma [2] :=coeff (R,n,M-2) ;
sol:={solve(N"2*gamma[0] - (beta[l]+gamma[0]+
2*gamma[l]) *N+alpha[2]+beta[2]+gamma[2] ,N) };
N:=max (op (select (type, sol,nonnegint))) ;
end if;
if type(N,negint) then
error ‘No polynomial solution exists';
end if;
S:=add(delta[N-1]1*n"1,1=0..N);
REC:=collect (P*subs (n=n+2,S)+Q*subs (n=n+1,S)+R*S,n) ;
sol:={solve(normal ({coeffs (REC,n)}), {seqg(delta[l],1=0..N)})};
))1={0}

if sol={} or {seg(op(2,0p(l,op(l,s0l))),1=1..nops(op(l,sol)
then error ‘No polynomial solution exists®

end if;

return factor (subs(op(l,so0l),S));

end proc:

is an implementation of the above algorithm to find all monic polynomial solutions
of a second order holonomic recurrence equation. We get for example

> rec2poly(
> n*(n+l)*s(n+2)-2*n* (n+10) *s(n+1)+ (n+9) * (n+10) *s(n) ,s (n) ) ;

nmn+8m+7Nn+6)n+5n+4)n+3)(n+2)(n+1)
(ndo + 681 —3680)
> rec2poly(
> n*(n+l)*s(n+2)-2*n*(n+20) *s (n+1) + (n+19) * (n+20) *s(n) ,s(n)) ;

nn+18)(n+17)(n+16)(n+ 15 (n+14) (n+13) (n + 12) (n + 11)
m+10)0(n+9)n+8n+7n+6)n+S5n+4)n+3)(n+2)
(n+1)(ndo+ 81 —17180)

Now, having described and proved how the procedure works for second order recur-
rence equations, we state the general algorithm without proof; see Exercise 9.4.
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Algorithm 9.6 (Polynomial Solutions of Holonomic Recurrence Equations) The
following algorithm finds all polynomial solutions of a given holonomic recurrence
equation.

1. Input: A holonomic recurrence equation

J
> Pi()surj =0 (9.12)
j=0

with polynomials

M
Pi(n) = Zajan_l € Q[n],
1=0

such thatone of ajo #0(j =0, ..., J).
2. Setm :=0.
3. Compute forall/ =0,...,m

J
. )
b = Zj o m—-
Jj=0

If by, =0foralll =0, ..., m, increase m by one, and repeat Step 3.
4. Let ./ be the set of nonnegative integer roots N € N> of the polynomial

i(”)h,m. (9.13)

=0\ !

5. If A4 = ¢ then return “no polynomial solution exists”; exit.

6. Set N := max ./ . Find the general polynomial solution s, of (9.12) by substi-
tuting the generic polynomial of degree N, equating coefficients, and solving the
corresponding linear system.

7. Output: The polynomial solution s,, determined in the previous step. ([

Note that the main part in proving the algorithm is to show that the iteration in Step
3 stops (it turns out that it does not exceed J steps), and that formula (9.13) is valid;
see [Petkovsek92, PWZ96].

We move on to our main problem of finding the hypergeometric term solutions
of a given holonomic recurrence equation. For this purpose we will need a refined
version of Gosper’s representation lemma for rational functions (Lemma 5.1) which
is due to Petkovsek.

Lemma 9.7 and Algorithm (Gosper-Petkovsek Representation of Rational Func-
tions) Any rational function #; € Q(k)\{0} has a representation of the form

Pk+1 qk+1
Pk Tk+1

th=0C

(9.14)
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where px, gk, rr € Q[k]are monic polynomials, C € Q, and the following properties
are valid:

(a) ged (gk, e+ j) = 1forall j € Nxg;
(b) ged (pr, grt1) = 1
(c) ged (pi,re) = 1.

Proof Let

Uk
tp=C—,
Vk

where uy, vy € Q[k] are in lowest terms, and are monic.

Gosper’s rewriting procedure, given in Lemma 5.1 and applied in a specific way,
see below, generates the above representation if we start with the initialization py :=
1, g := ug—1, and ry := vg—_1.

The validity of (a) is then a consequence of Lemma 5.1. It remains to prove (b)
and (c¢).

We apply Gosper’s rewriting procedure in such a way that for each rewrite step
we take the minimal j € N for which

ged (qk, riyj) = gk # 1, (9.15)

successively increasing this value.
In particular, we have then

gcd (g, re+i) =1 foralli < j.
Since, by (9.15), gk+i—j is a divisor of r¢4;, it follows that
ged (qk, grvi—j) =1  foralli < j, (9.16)
and since gi_; is a divisor of gx_;, we have also
ged (gr—i,re) =1 foralli < j. 9.17)

At the beginning of the rewriting, we start with gcd (px, gr+1) = 1 since py = 1.
With every rewriting step, we set p; = pk 8k 8k—1--- 8k—j+1 and q; | = gi—i: 0
that by (9.16) p; and g;, 1 cannot have a common factor either. This proves (b).

Similarly, at the beginning of the rewriting, we have gcd (px, r¢) = 1. With every
rewriting step, we set p; = pi &k 8k—1 - -- 8k—j+1 and r; = g;—f}_ so that by (9.17)

p,’( and r,’c do not have a common factor, and (c) is proved. O
Note that parts (b) and (c) of the lemma state in particular that in the Gosper-

Petkovsek representation (9.14) no canceling between the factors g1 and py, or
Prk+1 and ri1 occurs. It turns out that the Gosper-PetkovSek representation is unique,
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and for this it is essential to take the minimal j € N in each rewrite step; see Exercise
9.15.

We are now ready to state and prove PetkovSek’s main algorithm for second order
recurrence equations.

Example 9.8 (Hypergeometric Term Solutions of Holonomic Recurrence Equations)
Here, we consider the generic second order example. Our considerations will lead
us to a generic algorithm for this case [Petkovsek92].

Assume that a second order holonomic recurrence equation

Pyspio+ OnsSpy1 + Rysp =0 (Pyn, On, Ry € Q[n)) (9.18)

for s, is given. We would like to find all hypergeometric term solutions s, # 0 of
this equation.
Since s, is assumed to be a hypergeometric term, the term ratio

Sn+1
Sn

=1, € Q(n) (9.19)

is rational. Hence, by Lemma 9.7, there exist C € Q and py,, ¢,,, r, € Q[n] such that

1 1
f=C Pn+1 9n+

9
Pn Tn+l

(9.20)

and the gcd conditions (a)—(c) of Lemma 9.7 are valid.
Dividing (9.18) by s, and substituting (9.19), we can therefore write

Pntn+ltn+ Qntn"f‘Rn =0.
Using (9.20), we obtain (after multiplication by p;, 7,41 r,+2) the equation

C2 Py pn2 Gna2 gyl + C 0O, Pnt1qn+1Tnt2 + Ry pprpi rpg2 = 0. (9.21)

Now, we make extensive use of the gcd conditions of Lemma 9.7. Since the first and
second summands of (9.21) have the common factor ¢, 41, division by this term shows
that the third summand R, p,, ;41 r»4+2 must be divisible by g, 1. By Lemma 9.7,
gn+1 is relatively prime to p,, r,+1 and r,, 42 so that it follows that R, /gn+1 € Q[n].
In particular, we obtain the information that g, must be a monic factor of R,_;.
There are only finitely many such choices. But note that there might be many, if the
degree of R, is large; see Exercise 9.11.

Similarly, the second and third summands of (9.21) have the common factor 7, 4.
Division by this term shows therefore that the first summand P, pj, 42 ¢n+2 gn+1 must
be divisible by r,,+2. By Lemma 9.7, r;,» is relatively prime to g, +1, gn+2 and p,4+2
so that P, /r,4+2 € Q[n]. In particular, we obtain the information that r,, must be one
of the finitely many monic factors of P,_,.
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For any chosen pair (g,, r;,) of monic factors of (R,—_1, P,—>) we can cancel
Gn+1Tn+2 in (9.21) and obtain the polynomial equation

Ry

P,
c? " Gns2 P2 + C Qn Pyt + Fat1 pn = 0. (9.22)

n+2 dn+1

Next, we determine the constant C. Therefore, we consider the leading coefficient of
the left-hand side of (9.22), and realize that this generates a quadratic equation for
C since p,, pp+1 and p,42 have the same degree. So, for each choice of ¢, and r,,
(as factors of R,_1 and P,_», respectively) there are at most two possible choices
forC € Q.3

For any fixed choice for ¢, r, and C, we can use Algorithm 9.6 (which for
the present situation is described in Example 9.1 and Session 9.5) to determine
whether there are any nonzero polynomial solutions p,, of (9.22). Any such solution
provides us with a hypergeometric term solution of (9.18). On the other hand, no
other hypergeometric term solutions exist.

Example 9.9 Consider the recurrence equation
(+ 4 su2 + w1 — (1 + 1)sy =0 (9.23)
with P, = n+4, O, = 1, and R, = —n — 1. The only possible choices for g,

(monic factors of R,_1) are g, = 1 or ¢, = n and for r,, (monic factors of P,,_) are
m=1lorr,=n+2.

The following Maple session generates the possible values for #, = L

> P:=n+4: Q:=1: R:=-n-1: g:=1: r:=1:
> {solve(coeff(collect(C"2*normal (P/subs (n=n+2,r)) *subs (n=n+2,q)
> +C*Q+normal (R/subs (n=n+1,q)) *subs (n=n+1,r),n),n),C)};

(-1, 1}
> C:=-1:

> pol:=rec2poly(C"2*normal (P/subs (n=n+2,r)) *p (n+2) *subs (n=n+2,q) +
> C*Q*p(n+l)+normal (R/subs (n=n+1,q)) *p(n) *subs (n=n+1,r) ,p(n));

Error, (in rec2poly) No polynomial solution exists

> C:=1:
> pol:=rec2poly(C"2*normal (P/subs (n=n+2,r)) *p(n+2) *subs (n=n+2, q) +
> C*Q*p(n+l)+normal (R/subs (n=n+1,q)) *p(n) *subs (n=n+1,r) ,p(n));

Error, (in rec2poly) No polynomial solution exists

> g:=n: C:='C’":
> {solve(lcoeff(collect(C"2*normal (P/subs (n=n+2,r)) *subs (n=n+2,q) +
> C*Q+normal (R/subs(n=n+1,q)) *subs (n=n+1,r),n),n),C)};

{0}
> qg:=1: r:=n+2: C:='C"’:

3 Since the degree of the polynomial w.r.t. C is two, we are not confined to Q and can find all
solutions C € C if we want. These computations may take place in an extension field of Q.
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> {solve(lcoeff(collect(C"2*normal (P/subs (n=n+2,r)) *subs (n=n+2,q) +
> C*Q+normal (R/subs (n=n+1,q)) *subs (n=n+1,r),n),n),C)};

{}
> Jg:=n:
{solve(lcoeff (collect(C"2*normal (P/subs (n=n+2,r)) *subs (n=n+2,q) +
> C*Q+normal (R/subs (n=n+1,q) ) *subs (n=n+1,r),n),n),C)};

(-1 1}

\

> C:=-1:
> pol:=rec2poly(C"2*normal (P/subs (n=n+2,r)) *p (n+2) *subs (n=n+2,q) +
> C*Q*p(n+l)+normal (R/subs (n=n+1,q)) *p(n) *subs(n=n+1,r),p(n));

1
580 (3+2n)
> t:=normal (C*subs (n=n+1,pol) *subs (n=n+1,q) / (pol*subs (n=n+1,r))) ;

_(5+2n)(n+1)
B4+2n)(n+3)
> C:=1:
> pol:=rec2poly(C"2*normal (P/subs (n=n+2,r)) *p (n+2) *subs (n=n+2,q) +
> C*Q*p(n+l)+normal (R/subs (n=n+1,q)) *p(n) *subs (n=n+1,r) ,p(n));
)
> t:=normal (C*subs (n=n+1,pol) *subs (n=n+1, q) / (pol*subs (n=n+1,r))) ;
n+1
n+3

Therefore, we see that there are exactly two linearly independent hypergeometric
term solutions (over Q(n)) of (9.23) with

Sntl _ O +2n) (4 1) and Sp1 n+1
sh (B+2n)(n+3) sp n+3’

respectively, i.e. (up to a constant factor),

RORGPY

2 (=1)" 2n+3) _ (D 2
(3 (3/2)n

(-D)'=—" """ and s,
3(m+1D(n+2)

T @), m+Dm+2)

n

Example 9.10 Again, we might use a factorization of the operator polynomial
T(N.n)=m+4HN>+N—@n+1) (9.24)

corresponding to the recurrence equation (9.23) to check the results of the previous
example. As we mentioned earlier, any existing polynomial right factor of T (N, n)
of order one in N generates one hypergeometric term solution of the corresponding
holonomic recurrence equation, and vice versa.

The implementation [MA94]—which is based on polynomial arithmetic and
Grobner basis computations—shows, however, that there is only one single poly-
nomial factorization of T'(N, n) with polynomial coefficients in Q[n], namely

TN, =@+ HN>+N =+ D =N +1) ((+IN = 2+ 1)
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which corresponds to the hypergeometric solution

_ (W 2

T @n +Dn+2)

Sn

of (9.23) that we also found using PetkovSek’s algorithm.
Why, however, is the second solution

(0 5/

S0 = (= 2 EDCn 3
3)n B/2n

= (9.25)
3m+1Dn+2)

not generated? The operator polynomial
n+1D2n+35N—(1n+3)2n+3)

corresponding to (9.25) cannot be a right factor of (9.24) since any polynomial right
factor of (9.24) has degree at most one in n. Therefore this term is hidden! Note that
Petkovsek’s algorithm finds factorizations with rational coefficients, hence elements
of Q(n) rather than Q[n] (this is its advantage), but is restricted to first order right
factors (this is its disadvantage).

However, Petkovsek’s algorithm is the starting point of a general factorization
algorithm for recurrence operators 7 (N, n) over Q(n). It finds all first order right
factors of T. The so-called adjoint operator can be used to find all first order left
factors of T as well. To find second order right factors of T, one generates the
so-called symmetric product of T with itself, i.e., the recurrence operator whose
solutions are the products of the solutions of 7', and applies Petkoviek’s algorithm.
This result can be used to find the second order right factors of 7. Higher order
right and left factors of 7' are dealt with in a similar way. Details can be found, e.g.,
in [Bronstein94, vdPS03, Horn08]. For the computation of the symmetric product
using linear algebra see e.g. [Stanley80, SZ94].4

Note that noncommutative polynomial factorization can also be applied to find
right factors of operator polynomials corresponding to differential equations or even
mixed recurrence-differential equations (see Example 12.5).

Example 9.11 Using Zeilberger’s algorithm, we obtain the recurrence equation

2021+ 3)sp42 + 3G+ Dspp1 + 90+ s, =0 (9.26)

“ n 3k
w=3c0 (1) ()
k=0

for

by the calculation

4 The symmetric product of two recurrence equations can be computed using the function
‘rec*rec" from the gfun package.
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> rec:=sumrecursion((-1) “k*binomial (n, k) *binomial (3*k,n),k,s(n));
234+2n)s(n+2)+3Gn+7stn+1)+9(n+1)s(n) =0
Let’s derive the hypergeometric term solutions of this recurrence equation! We have
P, =22n+3), O, =305n+7) and R, = 9(n + 1). It turns out that the only
choice that generates a hypergeometric term solution is given by g, = 1, r, = 1
and C = —3. This leads to the polynomial solution p, = 1 by Algorithm 9.6, and
therefore to the rational term ratio

Sn+1
Sn

so that S, := (—3)" is a solution of (9.26). Since Sy = sg and S| = 51, and since the
solution of (9.26) with two initial values is unique, it turns out that s, = S,, = (—3)".

Session 9.12 We implement Petkovsek’s algorithm for recurrence equations of order
two. The Maple procedure

generateproducts:=proc (a)
local f,r,n;

r:=[a]l;
f:=proc(a,x)
local p, t;

if member (x,a,p) then
t:=subsop (p=NULL, a); procname(t,x),t
end if;
end;
n:=nops(a) ;
while (0O<n) do
r:=[op(map(f,r,aln])), op(r)l;
n:=n-1;
while (O<n) and (a[n+l]l=al[n]) do
n:=n-1;
end do;
end do;
return map (convert,r,**');
end proc:

recursively generates the set of products with factors in the given list r. Hence

rec2hyper:=proc ()

local rec,s,n,P,Q,R,i,j,Qfactors,Qchoices,Rfactors,Rchoices,
p,q,r,c,so0l,C,tmp, t,cchoices;

rec:=expand(args[1l]) :

if type(rec, ‘equation‘') then rec:=op(l,rec)-op(2,rec) end if;

s:=op(0,args([2]);

n:=op(1l,args(2]);

P:=coeff (rec,s(n+2));

Q:=coeff (rec,s(n+l));
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R:=coeff (rec,s(n));
if (P=0) then

return {-factor_over Q(R,n,0)/factor_over_Q(Q,n,0)};
end if;
R:=factor_over_Q(R,n,-1,Qfactors) ;
Qchoices:=generateproducts (Qfactors) ;
P:=factor_over_Q(P,n,-2,Rfactors) ;
Rchoices:=generateproducts (Rfactors) ;
sol:={};
for g in Qchoices do

for r in Rchoices do

cchoices:=(C"2* (P/subs (n=n+2,r)) *subs (n=n+2, q) +C*Q+
(R/subs (n=n+1,q) ) *subs (n=n+1,r));

try
cchoices:=normal (
{solve (lcoeff (expand (normal (cchoices)),n),C)});
for ¢ in cchoices do
try
tmp:=normal ( (c"2* (P/subs (n=n+2,r) ) *
subs (n=n+2,d) *p (n+2) +c*Q*p (n+1) +
(R/subs (n=n+1,q)) *subs (n=n+1,r)*p(n)));
tmp:=rec2poly(eval (tmp) ,p(n)) ;
t:=normal (c*subs (n=n+1, tmp) *subs (n=n+1,q) /
(tmp*subs (n=n+1,1r)));
sol:={op(sol),t};
catch:
end try;
end do;
catch:
end try;
end do;
end do;
return sol;
end proc:

is an implementation of Petkovsek’s algorithm (over QQ) for recurrence equations of
order 2, where

factor_over_Q:=proc(poly,n,shift,rootlist) local p,i,Jj,1,1f,f;
f:=factors(subs (n=n+shift,poly)); 1:=£[2]; 1f (nargs=4) then
1f:=select (x->degree(x[1],n)=1,1);
rootlist:=[1];
for i from 1 to nops(lf) do
for j from 1 to 1f[i][2] do
rootlist:=[op(op(rootlist)),1£[1i]1[1]1];
end do;
end do;
end if;
return f[1]*mul (factor (subs(n=n-shift, (1[1]1[1])))"1[1][2],
i=1..nops(1));
end proc:
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is an auxiliary function. The procedure rec2hyper results in the set of term
ratios t, = s,41/s, of all possible hypergeometric term solutions. Let’s use the
procedure on the above examples:

> rec2hyper ((n+4) *s (n+2)+s(n+l)-(n+l) *s(n),s(n));

[n—i—l (5+2n)(n+1)]
n+3  (3+2n) (n+3)

> rec2hyper (
> 2% (2*n+3) *s(n+2)+3* (5*n+7) *s(n+1)+9*s (n) * (n+l) ,s(n));

{3}
What about the Apéry numbers?
> rec2hyper (

>  (n+l)"3*s(n)-(2*n+3)*(17*n"2+51*n+39) *s (n+l)+s (n+2) * (n+2) "3
> ,s(n));

{}

Hence, Petkovsek’s algorithm has proved that the Apéry numbers are not hypergeo-
metric terms!

Here are some more results:

> rec2hyper (
2*n* (1+n) *s(n)+(2-3*n-n"2) *s (n+1) + (n-1) *s (n+2) , s (n) ) ;

{2, n+ 1}
rec2hyper (s (n+2) - (n+l) *s (n+l) - (n+1) *s(n) ,s(n)) ;
{n+ 1}

rec2hyper (81* (2+3*n) * (4+3*n) *s (n) -
6* (70+499*n+36*n"2) *s (n+1)+8* (2+n) * (3+2*n) *s(n+2) ,s(n));

%]

In Example 7.6, we had considered the sum

) _an/3:J Y k
" k 27

k=0

\

\

\%

\

and we were able to find the recurrence equation
9n +2)sp12 =3 +4)spp1 —2(m +3)s, =0 9.27)

for s,,. Let us use Petkovsek’s algorithm to find hypergeometric term solutions.

> rec2hyper (9* (n+2) *s (n+2)-3* (n+4) *s (n+1l) -2* (n+3) *s(n) ,s(n) ) ;

1 2(743n)
[ 3’ 3(4+3n)]
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Hence both

1\" 730 (2" 3n+4 (2"
up=\—= and v, =——(z) = =
3 (4/3), \3 4 3
are hypergeometric term solutions of (9.27), and by the linear structure every solu-

tion of (9.27) must be a linear combination of these. Therefore we try to find a
representation for s,, of the form

Sp = auy, + Bv,.

The values so = 51 = 1 generate the linear system

4 p=1 and -2+
o =1 and — -+ — =
3 6

for («, B) with the solution

and g8 =

O —
O | oo

Hence we have found that

1 1\" n 2B3n+4) (2"
Sn ==\ —= _ | - .
"o\ 3 9 3
Finally, we state without proof Petkovsek’s general result on hypergeometric term

solutions of higher order recurrence equations [Petkovsek92]. It is a straightforward
generalization of Example 9.8; see Exercise 9.8.

Algorithm 9.13 (Hypergeometric Term Solutions of Holonomic Recurrence Equa-
tions) The following algorithm finds all hypergeometric term solutions of a given
holonomic recurrence equation.

1. Input: A holonomic recurrence equation
J
> Pi()sytj =0 (9.28)
Jj=0

with polynomials P; € Q[n].
2. Set L := {}.
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3. For all monic factors ¢, of Poy(n — 1) and r,, of Py(n — J) do:
(a) For j=0,...,J set

J J
hjo) = Pio) - [ g~ [] ravi-
=1

I=j+1
(b) Let M := Omaxj deghj(n),and for j =0, ..., J let o; denote the coeffi-
<j= ’

cient of n™ in hj(n).
(¢) For any solution C € Q (or C € C) of the polynomial equation

J
> ;¢ =0 (9.29)
j=0

do: Apply Algorithm 9.6 to the recurrence equation

J

D Clhjn) puyj =0 (9.30)
j=0

to find all polynomial solutions p,, of (9.30). If there is a polynomial solution
Pn, then add the term ratio

Pn+1 4n+1
Pn Tn+l

t, =C

to the set L.

4. Output: Return the set L of term ratios of all hypergeometric term solutions of
(9.28). ]

Note that in Petkovsek’s algorithm rational factorization (in (9.29) and (9.13)) plays
an essential role again. If factorizations are done over C, then the necessary algebraic
extensions make the algorithm very slow. In practice, it turns out that algebraic exten-
sions are most often unnecessary. The hsum package contains an implementation
rechyper of Algorithm 9.13 over Q, as described. Most often this suffices. The
program algebraicrechyper works in extension fields.

Using the notion of similarity under hypergeometric terms, see p. 94, not only is
Petkovsek’s algorithm shown to find the set of all hypergeometric term solutions, but
this set forms a basis for all linear combinations of hypergeometric term solutions
([PWZ96], Sect. 8.7). Hence if Petkovsek’s algorithm does not find any solution, it
has proved that no linear combination of hypergeometric terms is a solution.
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The algorithmic derivation of hypergeometric term representations of sums

Sp = i F(n, k)

k=—00

of admissible hypergeometric terms F(n, k) is now complete: An application of
Zeilberger’s algorithm or its extension generates a holonomic recurrence equation
for s, and an application of PetkovSek’s algorithm finds the hypergeometric term
solutions of the resulting recurrence equation whenever those hypergeometric terms
exist. Finally, by checking enough initial values, we can determine whether or not
one of these hypergeometric terms (or a linear combination of them like in Session
9.12) represents s,,.

In Exercise 9.3, we present a list of hypergeometric sums with hypergeometric
term representations for which the Wilf-Zeilberger approach fails, and Zeilberger’s
algorithm generates a recurrence equation of order two. Obviously in all these cases
PetkovSek’s algorithm finds the hypergeometric term representations.

Note, however, that the complexity of Petkovsek’s algorithm in practice can be
quite high, particularly if the recurrence equation has high degree polynomial coef-
ficients, since in this case quite a few choices have to be checked. We will look at
this in more detail in the following example.

Session 9.14 To check the efficiency of Petkovsek’s algorithm we would like to gen-
erate a recurrence equation with “sufficiently difficult” hypergeometric term solu-
tions. The Maple program

HolonomicRE:=proc (term, sk)

local s,k,r;

s:=o0p(0,sk): k:=op(1l,sk):
r:=ratio(term, k) ;

denom(r) *s (k+1) —-numer (r) *s (k) =0;
end proc:

computes the first order recurrence equation for a hypergeometric term. Hence the
computations

> terml:=GAMMA (n+1/2) "5*GAMMA (n+1) /GAMMA (n+3/4) "3 /GAMMA (n+1/3) ;

1
I'n+=YT(n+1)
terml = 2

F(n+2)31"(n+%)
> REl:=HolonomicRE (terml,s(n)) ;
REI :=(4n+3P@Bn+Dsn+1)—-6Q2n+1° m+1)sm) =0
> term2:=GAMMA (n+1/4) /GAMMA (n+1) "3 /GAMMA (n+1/3) "4;

r 1
(n+Z)

term2 =
1
1"(n+1)31"(n+§)4
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> RE2:=HolonomicRE (term2,s(n)) ;
RE2 =4 (n + 1)3 Bn+ 1)4 sm+1)—324n+81)s(n) =0

I'(n+1/2)° ' (n+1)

I'(n+3/4)3 I'(n+1/3) and

yield the recurrences RE1 and RE2 that are valid for a,, =

b — I (n+1/4)
" T3 T(n+1/3)%
Using linear algebra, it is now easy to find a recurrence equation which is valid for
the sum @, + b, (and for any linear combination of a, and b,) (see e.g. [Stanley80,

SZ94]). With the gfun package, we get’

respectively.

> tmp:=gfun[‘rec+rec'] (RE1l,RE2,s(n)):
> 1f type(tmp,set) then tmp:=select(has,tmp,n)[1l] end if:

> RE:=map (factor, tmp) ;

RE := 486 (4n + 1) (n + 1)(6912n'% 4 134784 n'! 4 1201536 n'0
+ 6475072 n° + 23494256 n3 4 60469320 n” + 113205728 n®
+ 155330368 n> + 155030016 n* + 109737216 n3 + 52242624 n>
+ 14979384 n 4 1944351)(2n + 1)°s(n) — 3 3n + 1)(
47775744 n** + 1289945088 n?* + 16502538240 n*?
+ 133078892544 n?! + 759170949120 n2° + 3259238326272 n!?
+10937158309888 n'® + 29413823444992 7
+ 64488148739328 n'® + 116634920972032 113
+ 175425566746048 n'* + 220546391942592 113
+ 232395627484608 n'? + 205363007155392 n'!
+ 151961459800128 n'0 + 93817776256832 n?
+ 48035486487104 n® + 20215755160896 n7 + 6904026511616 n®
+ 1877330292224 n° + 393755684352 n* + 59712834816 n3
+ 5524092864 n2 + 132123312 n — 17831097)s(n + 1) + 4(
691212 +51840n'! 4+ 175104 110 4 352192 n° + 469808 n®
+ 437960 n7 + 292648 n® + 141288 n° + 42024 n* — 5416 1>
—13640n% —5648n — 2)Bn+ D (n+2)3 G +3n)* 4n+7)3
s(n +2)
This recurrence has leading coefficient P,
> leading:=coeff (RE,s(n+2));

leading = 4(6912n'2 + 51840 n!! + 175104110 4 352192 n° + 469808 n3
+ 437960 n” + 292648 n® + 141288 n° + 42024 n* — 541613
— 1364012 — 56481 — 121)(3n + 1) (n +2)> 4+ 3n)* 4n +7)3

and trailing coefficient R,,

5 gfun treats the algebra of holonomic functions. Note that *rec+rec® sometimes returns a
recurrence and sometimes a set which also contains some initial values. Therefore we check the
output.
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> trailing:=coeff (RE,s(n));

trailing == 486 (4n + 1) (n + 1)(6912n'2 + 134784 n'! 4 120153610
+ 6475072 n° + 23494256 n8 + 60469320 n7 + 113205728 n®
+ 155330368 n° + 155030016 n* + 109737216 n3 + 52242624 n2
+ 14979384 n + 1944351)(2n + 1)°
that already have quite a few factors, hence 2° - 4% . 5. 6 = 15,360 cases have to be

checked. It turns out that PetkovSek’s algorithm takes about one minute to find the
solutions, as one can see from the computation

> TIME:=time(): rec2hyper (RE,s(n)); time()-TIME;

‘ 81(4n + 1) 6(n+1)(2n+1>5}

Am+1D3@rn+D* 4n+33Cn+1)
76.612

In the sequel we will consider how such an example can be dealt with more efficiently
since much fewer cases have to be treated.

Mark van Hoeij [vanHoeij98, CvH06] used a different, and much more efficient,
approach to finding hypergeometric term solutions of holonomic recurrence equa-
tions by considering the local behavior of the solution terms. He implemented his
algorithm in Maple as LREtools [hypergeomsols]. This is the state-of the-
art algorithm for finding hypergeometric term solutions of holonomic recurrence
equations.

In the sequel I would like to present the main ideas of van Hoeij’s approach. How
does a general hypergeometric term solution s, of (9.28) look? In the first place, it
must be a hypergeometric term, therefore by (2.8) having a representation

o (@)n - (@2)n - (@pln x" _ F'n+ap)...I'(n+ap) n

— BUn - (Bn e (Bn n! .F(n+/31)---F(n+ﬂq)'F(n+l)x ’

n

where we used (1.5) to rewrite the Pochhammer symbols in terms of Gamma func-
tions. Next, by (1.4) every Gamma factor occurring here can be replaced by a rational
function times another Gamma factor whose argument differs only by an integer.°
Therefore, for example, we can choose Re oy, Re Bi € (0, 1]. Then, we get

. Fn+ap)...I'n+ap)
Frnh+B)...I'+By)-I'(n+1)

n

sp = R(n)

for some rational function R(n) € Q(n), this time oy, S being uniquely determined.
Since some of the «; or S now might agree, we finally end up with a representation
of the form

6 For the algebraist: We look at these as and Ss not as elements in C, but in C/Z.
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J
sp = R(n) - x" - H I'(n—aj)% (a; €C,e; € Z\{0}), (9.31)
j=1
where all these data are uniquely determined. The numbers a;(j = 1,...,J) are

the finite Gamma singularities of order e;. By

sie1 R+ 1)

r(sp) = 5 R(n)

J
x- [ —ap)® e Q) (9.32)
j=1

we denote the rational certificate of the hypergeometric term s, (9.31) as usual. Here
the part stemming from the Gamma functions is completely factorized.

The crucial idea behind van Hoeij’s approach is now to check the zeros and poles of
a possible solution s,, of (9.28). Note that the rational function R(n) has only finitely
many zeros and poles, whereas every Gamma term in representation (9.31) creates
an infinite number of zeros or poles since I (z) has poles exactly at the nonnegative
integers. We call this the singularity structure of s,. If we can find this singularity
structure, then we can find the solutions.

Next, we consider a simple example which shows how the singularity structure
of a solution of (9.28) can be observed.

Example 9.15 The easiest example is the recurrence equation
Spt1 —(m+1)s, =0. (9.33)

We can use the recurrence in two directions. When we use it to compute—starting
with sp, say—the values of s, from the previous ones in the forward direction, then
all these can be computed without any problem, encountering no zeros or poles. This
is because for no value n € Z is the coefficient of 5,1 zero. However, if we use
(9.33) in the backward direction, this is different. Since the coefficient of s, in (9.33)
is zero at n = —1, the recurrence cannot be used to compute s_j from so. This leads
to a pole of s, for n = —1. This pole repeatedly appears for all negative n € Z. That
is exactly how the Gamma function behaves, see Chap. 1. Therefore the Gamma
structure of a solution of (9.33) contains I"(n + 1), and this can be read off directly
from the leading and trailing coefficients of (9.33).

The representation (9.31) gives us the complete information about the finite local
singularity structure of a hypergeometric term. We call the set of pairs

Sing (s,) :=={(aj.ej)|j=1,...,J}

the set of local types of the hypergeometric term s, at its finite singularities a;.
Note that—as we saw—the singularities a; € C are known modulo Z, and e; €
Z\{0}, (j=1,...,J).

When two hypergeometric terms s, and #, are similar, i.e. their quotient is a
rational function, then their representations (9.31) have the same singularity structure
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Sing (s,), and we must just find the corresponding data J € N, a; € C, ¢; € Z\{0}
forj=1,...,J.

One can also study the singularity structure at infinity. Let’s discuss the local type
of s, at co. For this purpose we look at the behavior of the rational certificate at co.
Substituting t = %, we can write the asymptotic expansion

1 —v 2 v d 1
F(n) (;) —ct (I +di+0@D)) =cn (1+;+0(;))_

The uniquely determined data triple (c, v, d) is called the local type of s, at co.
Note that d again is known only modulo 7Z since an integer shift in a Gamma term
leads to a shift of the same size in d. Note moreover that for two hypergeometric
terms s, and ¢, with data (c1, vi, d1) and (c2, vz, d2), the product s, - #,, has the data
(c1 - c2,v1 +v2,d; + da), see Exercise 9.16. Therefore, we get

Theorem 9.16 (Fuchs Relations) Let be R(n) = gg;; with p(n), ¢(n) € Q[n]. The
following relations between the local types of a hypergeometric term s, given by
(9.31) are valid:

J
(a) v= Zej,
j=1
J
(b) d=—> aje;+deg(p(n)) — deg(q(n)).
=1
() c=ux, !

where (c, v, d) denotes the local type of s, at co.

Proof By expanding the product in (9.32), we get for n — 00

Sorl _ P DG Fro
s _p<n>q<n+1)lejl(” o

é"j J éeﬁl ée.ﬁl
—x [P =S ajenm T 4 (deg(p(n)) - deg(q(n)))nj=‘
j=1
from which one can read off the data of the theorem. O
Note that—modulo an integer—(b) reads as
J
d= _Za,- ej (mod Z). (9.34)

j=1

The Fuchs relations can be used for a fast check of whether a solution term is possible
or not.
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Session 9.17 We continue with Session 9.14. The rational certificates of the
hypergeometric terms terml and term?2 are given by

> ratl:=ratio(terml,n);
62n+17°m+1)
(4n+33G3n+1)

ratl =

> rat2:=ratio(term2,n);
81(4n+1)
4n+133Cn+ D4

The Maple command asympt can compute the asymptotic series of a function,
and for ratl and rat2 we get

rat2 =

> asympt(ratl,n,10);
11n 7 25 605 7037 39589 ( 1 )

n4+—+—+

12 V36 T 864n 2073612 T 24883247 1492992 1 n’

> asympt(rat2,n,10);

1 49 n 361 521 40 1
n®  12a7  36n8  27n° nlo

from which one can read off the local types at oo, namely (1,2,11/12) and
(1, —6, —49/12) forrat1 and rat 2, respectively. The procedure infinitetype
computes these data for a hypergeometric term term:

infinitetype:=proc (term,n)

local rat,t,tay,c,nu,d;

rat:=ratio(term,n) ;

nu:=degree (numer (rat) ,n) -degree (denom(rat) ,n) ;
rat:=normal (subs(n=1/t,rat/n"nu)) ;
tay:=convert (series (rat, t=0,2),polynom) ;
[coeff(tay,t,0),nu,coeff(tay,t,1l)/coeff(tay,t,0)];
end proc:

Using infinitetype, we recover the above data
> infinitetype(terml,n);

11
1,2, —
25

> infinitetype(term2,n);

4
16 —2
12

Now we continue with the recurrence equation RE from Session 9.14, for which
we get, using van Hoeij’s algorithm
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> TIME:=time () :
sol:=LREtools[hypergeomsols] (RE,s(n), {},output=basis) ;
> time()-TIME;

\

F(n—i—%)s F'n+1) F(n+41—1)

sol = ,
1 3 1
F(n+§)1“(n+z)3 1"(n+§)41“(n+1)3

0.343

which yields of course the same solutions as before

> map(x->ratio(x,n),sol);

6(n—+1)Q2n+1)>° 81(4n+1)
An+33@n+1) 4+ 1D3@n+ D*

but in a fraction of the computing time of PetkovSek’s algorithm. Let’s try to explain
how this works.

We recall the leading and trailing coefficients of the recurrence equation for this
example:

> leading;

leading := 4(6912 12 + 51840111 + 175104210 + 352192 1% + 469808 n8
+437960n" + 292648 n0 + 141288 n° + 42024 n* — 5416 3

— 1364012 — 56480 — 72)GBn+ D (n+ 23 @G +3n)* @n+7)3
> trailing;

trailing == 486 (4n + 1) (n + 1)(6912n'2 + 134784 n'! 4 120153610
+ 6475072 n° + 23494256 n8 + 60469320 n7 + 113205728 n®

+ 155330368 n° + 155030016 n* + 109737216 n> + 52242624 n?

+ 14979384 n + 1944351)(2n + 1)°

We can easily read off the zeros (that will lead us to the Gamma singularities) of
the leading coefficient (namely, n = — %, -2, — %, — ZT)’ and the zeros of the trailing
coefficient (namely n = —}1, -1, —%), omitting the zeros of the two polynomials
of 12th degree’ that almost always constitute so-called apparent singularities, since
they don’t show up in the solution and therefore only look like singularities. Recall
that the Gamma terms of a possible solution of the recurrence equation are only
known modulo Z. However, it will also be important to check how often such a zero
occurs. Therefore let’s take the zeros from the interval [—1, 0) and add their degrees.
Then we arrive at the (zero, degree) list

7 If we take the zeros of such polynomials under consideration, we have to work in a complicated
algebraic extension field. Van Hoeij showed how this can be avoided, but we will not consider this
case here.
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1 3
[(—5, 5) ,(—1,3), (_Z 3)} corresponding to the factors

[(n+%,5),(n+1,3), (n+%3)] 9.35)

for the leading coefficient and at

1 1
[(_Z’ 1) , (=1, 1), (_E’ 5)} corresponding to the factors

1 1
[(n—l—z,l),(n—i—l,l), (n+5,5)] (9.36)

for the trailing coefficient, respectively. By the argument given in Example 9.15, only
Gamma terms of arguments given in (9.36) up to the given orders can occur in the
numerator of a possible solution of the form (9.31) of RE. In a similar way, by using
the recurrence equation in the backward direction, one sees that only Gamma terms
of arguments given in (9.35) up to the given orders can occur in the denominator of
a possible solution of the form (9.31) of RE.

Let us count how many Gamma products are possible that are in the ranges (9.36)
(for the numerator) and (9.35) (for the denominator). There are 6-4-4-2-2-6 =
2,304 possible solutions. Petkovsek’s algorithm had to consider 15,360 cases. There-
fore we already have a considerable saving. But we can do much better if we addi-
tionally use the Fuchs relations of Theorem 9.16. For this step, we use the Newton
polygon of the difference operator (see [CVH06], Algorithm Newton t-polygon, see
also [Norlund24], pp. 312-313, and [Birkhoff30], pp. 210-21) as a black box algo-
rithm which directly reads off from the recurrence equation possible choices for v
as well as possible choices for c¢. This algorithm is included in the hsum package.
Applying it to the recurrence equation RE yields

> NewtonpolygonRE (RE, s (n)) ;

{[—6, 429981696 — 429981696 1, {1}],
[2, —429981696 + 4299816961, {1}]}

This fast computation shows that there are only two possible values for v, namely
v = —6 or v = 2. In both cases there is only one possible value for ¢, namely a zero
of the polynomial 429981696 — 429981696 n, hence ¢ = 1.

Now we can check easily how many Gamma combinations additionally satisfy
the first Fuchs relation (Theorem 9.16 (a)). For v = —2 or v = 6, we compute

> number:=0:

> for el from 0 to 5 do

> for e2 from 0 to 3 do

> for e3 from 0 to 3 do

> for e4d from -1 to 0 do

> for e5 from -1 to 0 do
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> for e6 from -5 to 0 do

> if element (el+e2+e3+ed+eb5+eb,{2,-6})
> then number:=number+1;
> end 1if;

> end do;

> end do;

> end do;

> end do;

> end do;

> end do;

> number;

302
hence there are only 302 such combinations. That’s clearly a relevant reduction from
the original 15,360 cases, and this is the main reason why van Hoeij’s algorithm is

so fast.
Van Hoeij’s complete algorithm goes one step further and reads off in another

step the possible values for d directly from the recurrence equation. Therefore the
second Fuchs relation (9.34) can be checked, too, and leads to a further reduction.
In our example case, only 22 choices survive and have to be checked, two of which
are the solutions sought.

Finally, for each possible Gamma combination (9.31) the rational function R(n)
has to be computed. However, this step can be reduced to the search for a polynomial
as in PetkovSek’s algorithm where the symmetric product mentioned previously is
utilized again.®

q-Petkovsek-van Hoeij Algorithm

There is a g-analogue of Petkovsek’s algorithm which was published by Abramov,
Paule, and Petkovsek [APP98] (see also [BK99]).
An implementation of the algorithm of [BK99] is given in the gsum package.
The Maple procedure grecsolve (rec, s (n)) contains this implementation.’
The g-analogue of Fasenmyer’s method generates a second order recurrence equa-
tion for the ¢g-Chu-Vandermonde sum

> RE:=gfasenmyer (
> gphihyperterm([qg” (-n),bl, [c]l,q,c/a” (-n)/b,k),q,k,s(n),1,2);

(_bcq(n+l) +bg+b— bq(n+2) _ Cq(n+l) +q(2+2n) be)s(n+1)
—q@"™ =1 (" c=b)S) +b(cqg"V —Ds(n+2)=0

for which the g-PetkovSek algorithm generates the g-hypergeometric solution

8 Moreover, the computation of d in the last step already leads to the degree bound for the polynomial
sought.

? grecsolve has enhanced capabilities, which is the reason for its name.
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> grecsolve(RE,d, s(n),output=ghypergeometric) ;

gpochhammer (%, q, n)

gpochhammer(c, ¢, n) ’

This is equivalent to the first order recurrence equation
> grecsolve(RE,q, s (n),output=uprec) ;

[([b(g"c—Dst+1)+ (—¢g"c+b)s(n) =0]]
Note, however, that in this case an application of the g-analogue of Zeilberger’s
algorithm determines this recurrence equation in one step (and faster):

> gsumrecursion (gphihyperterm (
> [g"(-n),bl, [c]l,q,c/q"(-n)/b,k),q,k,s(n), recursion=up) ;

b(@"c—Dsn+1)+(—q"c+b)s(n) =0

Note that there is also a g-variant of van Hoeij’s algorithm. Again, the number of
calls of subroutines in the g-PetkovSek algorithm can be drastically lowered by this
approach ([CvHO6], see also [Horn08, HKS12]). We give an example.

Session 9.18 For this session, we load Sprenger’s qFPS package
([KS12, Sprenger(09], see also [HKS12]).10

> read "gFPS.mpl";
> with(gFPS) :

As an example we want to compute a rather complicated recurrence equation which,
by construction, has a very simple solution.

m:=14:

REl:=gshift (F(x), [x],q) -x*F(x) :

RE2:=mul (x+i*qg”i,i=1..floor((m-1)/2))*

gshift (F(x), [x$2],q)+mul (x-1*gq"1,1i=1..floor(m/2)) *F(x) :
RE:=gMultiplyRE (RE2,RE1l,F (x))=0;

vV V.V VYV

RE:=(x+¢9)Q2q*+x)3q>+x)(4g* +x) (5¢° +x) (64° + x)
54y . F() = (x +9) 2¢* +x) Bq> +x) (4q* +x) 5¢° + x)
(64°+x)g?xSq, (F(x)) — (—x +q) 2> —x) B3q” —x) (4¢* — x)
(5¢° —x)(64° —x) (7q" — x) Sq,(F(x)) + (—x + q) 2¢* — x)
Bq*—x)@4q* —x)(5¢° —x) (6¢°—x)(Tq" —x)xF(x) =0

which uses the g-shift operator S¢,, where x = ¢", and convert it towards a regular
g-recurrence equation

> RE3:=gREtogRE(RE,F(x),s(n));

10 Note that the packages gsum and gFPS are not completely compatible with each other so that
it may be useful not to use them in parallel.
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RE3:=(q"+q) 2¢° +q") B¢’ +¢") (44* +4") (5¢° +4") (64° + ")
sn+3)—(q"+9) 2¢° +4¢") 34> +¢") (4q* +4") (5¢° +4")
64°+4" q*q" s +2) — (=¢" +q) 2q* —q") B¢’ — q")
“4q*—qM (58’ =4 64° —q" (7" =g s+ 1)+ (=¢" +q)
24> =4 B¢’ =g @Eq* =4 (54> = ¢ 64° —¢") Tq" — ")
q"s(n) =0
The latter equation RE3 can be solved using the g-PetkovSek algorithm
> TIME:=time(): grecsolve(RE3,q,s(n)); time()-TIME;
[[qbinomial(n,2)’ 0< n]]
252.441

which takes several minutes. On the other hand, the g-van Hoeij algorithm, imple-
mented in the gHypergeomSolveRE command, applied to RE3

> TIME:=time () : gHypergeomSolveRE(RE3,s(n)); time()-TIME;
(n—n

Arg 7
2.449
is much faster. With the command
> TIME:=time(): gHypergeomSolveRE(RE,F(x)); time()-TIME;
[x]
2.293
one can directly factorize RE w.r.t. the variable x.

The results in [FKTN12] depend heavily on an efficient implementation of the g-
PetkovSek-van Hoeij algorithm and were computed using the gHypergeomSolve
RE command of Sprenger’s gFPS package.

Further Reading

For further reading on the algorithms of this chapter see [Norlund24, CvHOG,
HKS12].

Exercises

Exercise 9.1 In particular the Maple procedure rec2poly of Session 9.5 can be
used to find polynomial solutions of first order recurrence equations. Describe this
in detail. Find the polynomial solutions of
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@n%sps1 — (M +20)% 5, =0, (b)nsys1 — (n+40)s, = 0.

Write any s,, as hypergeometric term and check the results.

Exercise 9.2 The fixed point free permutations of n items are called derangements.
Their number D, is given by

n k
(=D
D, =n! E T
Show that D, satisfies the recurrence equation

(n+2)Dpi2—(n+1) Dpyy — (n+1) Dy =0.

Use both Gosper’s and Petkovsek’s algorithms to prove that D,, does not constitute
a hypergeometric term.

Exercise 9.3 The following is a list of hypergeometric series for which hypergeo-
metric term representations are given (7.5.3.32)—(7.5.3.40) on p. 556 in the exten-
sive bibliography [PBM90]. For all of them, Zeilberger’s algorithm does not find the
recurrence equation of lowest order and hence the WZ method does not apply (see
Exercise 7.32).

Find hypergeometric term representations for the following hypergeometric sums:

(@) 4F3 (Za . —_nnfi)a/; (lb/z_’l;)/zﬂ 1),
(b) 4Fs (2 e (1152—?1+1>/2’1)
(© 4F; (2 1 e n D/ B w21 ‘1)
(d) 4Fs ( e ’ 1)

(© 4F; ( B ‘ 1)’

(0 4F3(1 P RPN 1)’
® 4F3(1 o 1)’
(h) 4F3 (1 ‘n. 12) 3/192__;;41:; 1/2 1)’
(i) 4F3 (Z—ariz,lzgf/bz:ngf;f;f 1/2 1)

Note that the complexity of Petkovsek’s algorithm is so high that some of these results
take up to about half a minute of computation time or more. Therefore also apply van
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Hoeij’s algorithm via the LREtools [hypergeomsols] command and compare
timings and results.

Exercise 9.4 Prove Algorithm 9.6 on the polynomial solutions of holonomic recur-
rence equations of arbitrary order.

< Exercise 9.5 Write a Maple procedure recpoly (rec, s (n) ) that implements
Algorithm 9.6.

Exercise 9.6 In Exercise 8.9 the recurrence equation
n+14+2b)(n+2b)spio—4mn+b)(n+1+Db)s, =0
for
sn =2F1 ( —n/Z}Q;nl/?z—i— 1/2 ‘ 1)

was determined by the extended version of Zeilberger’s algorithm with m = 2.
Similarly, one gets the recurrence equations

m+142b)(n+24+2b)(n+2b)sy43—8n+2+b)(n+14+by(n+b)s, =0

and
O0=m4+24+2b)(n+2b)(n+34+2b)(n+14+2b)sy44
—16(mn+3+b)(n+2+b)(n+1+Db)(n+0b)s,

when using m = 3 and m = 4. In a first step, find the hypergeometric term solutions
of these recurrence equations by a direct argument, and deduce the closed form of
sn. Then use PetkovSek’s algorithm for the same purpose.

Exercise 9.7 Show that the differential equation
O0=a(l—-2)zF"(x)+ (a+a2 +ab+z—-3az—-3a’7-27° +Z3) F"(2)
+(—3a2 —2a3+b—z—4az—bz+zz+3az2) F'(2)
+2a%*(z — 1) F(z) (9.37)
leads to the recurrence equation

0=a+n) B+n2+a+b+n) uy+s
+ 2 +n) (1—3a—6a2—2a3+b+n—4an—3a2n—an2) Up42

—(1+4a+2a2+b+3n+4an+bn+2n2) Upt1
+(a+n) 2Qa+n) u,
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for the coefficients of a power series solution

o]

F) = un"

n=0

of (9.37); see e.g. [GK95] or [SZ94]. You can use the diffeqgtorec command
of the gfun package [SZ94] for this purpose. Find the hypergeometric function
solutions of (9.37).

Exercise 9.8 Prove Algorithm 9.13 on the hypergeometric term solutions of holo-
nomic recurrence equations of arbitrary order.

Exercise 9.9 Write a Maple procedure rechyper (rec, s (n) ) that implements
Algorithm 9.13, and apply your implementation to the recurrence equations of Exer-
cises 9.6-9.7.

Exercise 9.10 (m-fold Hypergeometric Terms) [PS95, HKS12] Modity Algorithm
9.13 such that one finds, given m € N, all m-fold hypergeometric terms s, having a

term ratio
Sn+m

€ Q(n)

Sn

which satisty the recurrence equation (9.28).

Exercise 9.11 (Complexity) Assume that two polynomials P, and R, of degree p
and r, respectively, are given that are factorized in linear factors over Q. How often
does Petkovsek’s algorithm, applied to the recurrence equation

Puspyo 4+ OnSny1 + Rysp =0,

have to call Algorithm 9.6, described in Example 9.1?
Exercise 9.12 Find a hypergeometric term representation of the sum

()

Sn = r—n—k+1

k=0

Exercise 9.13 Derive a second order recurrence equation for the coefficient Ay of

the double sum
n n
n —k,a,b
D A= (k) Ok (M)p—i - 3F2 < » 1),
k=0 k=0 !

and show that Ay does not satisfy any holonomic recurrence equation of first order;
compare Exercise 7.25.
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Exercise 9.14 Show again that the harmonic numbers

do not constitute a hypergeometric term. For this purpose find a holonomic recurrence
equation for H,, and apply Petkovsek’s algorithm.

Exercise 9.15 Show that the Gosper-Petkovsek representation given by Algorithm
9.7 is unique. Use t; = W{M to show that it is essential to take the minimal
Jj € N in each rewrite step to obtain the Gosper-Petkovsek representation, since
otherwise one of the gcd conditions (b) or (¢) may be invalid [Stolting96, p. 30].

Exercise 9.16 Show that for two hypergeometric terms s, and t, with local data
(c1, v1,dy) and (¢, va, do) at infinity, the product s, - t,, has the data (cy - ¢a, vi +
v2, d1 + da).

Exercise 9.17 Generate a recurrence equation for which the computation time using
PetkovsSek’s algorithm is at least 1,000 seconds by using the ideas of Sessions 9.14 and
9.17 by adding three sufficiently complicated hypergeometric terms. Use the Maple
procedure LocalInfiniteType (RE, s (n) ) contained in the hsum package to
recover the infinite types of the three solutions as well as van Hoeij’s algorithm to
compute its solution basis.

Exercise 9.18 (Symmetrizing) Prove the following identity of Rogers

k(%k 1)

k
Sro=y 2l

= i G Dk @ Dok 45 D

by an application of the q-analogues of Zeilberger’s and PetkovSek’s algorithms.
Note that the q-Zeilberger algorithm returns a recurrence equation of order 3 rather
than 1.

By creative symmetrizing [PR97], the q-Zeilberger algorithm can be taught to do
better: Note that F (n, —k) = qk F(n, k), hence

> Fn.k)=> q"Fn k.

keZ keZ

Show that the application of the q-Zeilberger algorithm to G(n, k) = # F(n, k)
yields the resulting first order recurrence equation in one step.

Exercise 9.19 [PR97] Prove the identity

2

k2+k (— 1k k(51\+3)

=2

keZ

(CI CI)k G: Dp—r (45 Dntir1 @5 @y
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using the q-Zeilberger algorithm and
(a) the procedure ‘recursion/compare" of the gsum package,'!

(b) creative symmetrizing, see Exercise 9.18.

Exercise 9.20 Prove Jackson’s terminating q-analogue of Dixon’s identity

ok [nt+D n+c b+c k=D In+b+c
ZXI)L+J L+J &+J 97 _[mhc} ©-38)
keZ q q q q

where
[n+b+c] _ Intb+cly!

nboc | [nlg![bly! [cly!

using the q-Zeilberger algorithm and

(a) the g-Petkovsek algorithm,
(b) creative symmetrizing, see Exercise 9.18.

Show that (9.38) is equivalent to [GR90, Appendix (II.15)]:

. qz‘”) (b, ¢ @)y (g, b¢; q)a,

bc ) (q.bc; @), (boc; @)ay

¢ q—2n’ b, c
392 ql_Z"/b, ql—Zn/C
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Chapter 10
Differential Equations for Sums

In this chapter, as an interesting variation of Zeilberger’s method, we present an
algorithm which generates holonomic differential equations rather than recurrence
equations for definite sums of a certain type. Again, we call a differential equation
holonomic, if it is homogeneous, linear and has polynomial coefficients. In this book,
we deal exclusively with ordinary differential equations, in which only derivatives
with respect to a single variable, denoted here by x, occur. A function that satisfies
a holonomic differential equation is also called holonomic.
A first order holonomic recurrence equation

OnSpt1 — Ppsy =0 (P, Q €Q[n])
is equivalent to a rational term ratio

Sn+1 Py

Sn On

€ Qn),

hence to the fact that s, is a hypergeometric term.
Similarly, a first order holonomic differential equation

0(x)S'(x) = P(x)S(x) =0 (P, Q € Qlx])
is equivalent to a rational logarithmic derivative

S P
S@ 0

€ Q), (10.1)

and we call a (differentiable) function of the variable x a hyperexponential term if it
satisfies (10.1).
It is possible to characterize hyperexponential terms by elementary functions.

W. Koepf, Hypergeometric Summation, Universitext, 205
DOI: 10.1007/978-1-4471-6464-7_10, © Springer-Verlag London 2014
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Lemma 10.1 A function S(x) is a complex hyperexponential term, i.e. S’ (x)/S(x) €
C(x), if and only if it has a representation

J
S(x) = eR(X) . H(x — Xj)aj (10.2)
J=1

for R(x) € C(x), and aj,x; € C (j =1,...,J). Moreover, if S(x) is a rational
hyperexponential term, i.e. S'(x)/S(x) € Q(x), and if the roots of Q(x) are rational,
then we have

S(x) = C - eRD . 7 (x) (10.3)

forC e C, R, T € Q(x)andm € N.

Proof Taking the antiderivative of the defining Eq. (10.1), we get

_ rap e [S9) 4 [P
In S(x) = / (In$(x))" dx = / s =) o™

Expanding the integrand into partial fractions (over C), one can see that the anti-
derivative of a rational function is the sum of a rational function and of logarithmic
terms of the form

aj In(x —x;) (aj,x;eC(j=1,...,J)),

xj (j=1,...,J) being the complex roots of Q(x). Therefore we get

J
InS(x) = R(x) + Zaj In(x — x;)
j=1

for rational R € C(x). Exponentiation gives us (10.2). If §'(x)/S(x) € Q(x) and if
the roots x; of Q(x) are rational, then it turns out thatsoarear; € Q (j =1,..., J).
Finally (10.3) follows if we take m as the least common multiple of the denominators
ofa; (j=1,...,J).

Note that, on the other hand, any function with representation (10.2) or (10.3) is

easily seen to be a hyperexponential term. (|
Hyperexponential terms that have a representation (10.3) with m = 1 are of
special interest. We call them strictly hyperexponential terms.
We call the roots x; (j = 1,...,J) of the denominator polynomial Q(x) of

(10.1) the critical points of the hyperexponential term S(x) since these are the points
where §’(x)/S(x) has a pole. This may, or may not, imply that S(x) is ill-defined at
x; depending on the corresponding value ;. If o; € N then by (10.2) S(x) is well-
defined in a neighborhood of x ;. For example, any zero of an arbitrary polynomial
S(x) is a critical point in which case «; is the order of the zero since
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Sx) =clx — xj)N + higher order terms

implies

S/(x)_ N
S(x) _x—xj

+ higher order terms.

Next, we state the main algorithm which generates differential equations for definite
sums.

Algorithm 10.2 Given F (x, k), this algorithm searches for a homogeneous, linear
differential equation for S(x) = Z,foz_ oo F(x, k):

1.

Input: F(x, k) # 0, ahypergeometric term with respect to k, which is hyperexpo-
nential with respect to x such that F'(x, k)/F(x, k) € Q(x, k). Assume further
that

S(x) = Z F(x, k)
k=—00

converges absolutely and uniformly in a certain region D C C (or D C R).
Set J := 1.

. Setay = FUO(x, k) + Z{;& 0j(x) FY(x, k) with undetermined variables o;

depending on x, but independent of k.

. Apply the adaptation of Gosper’s algorithm described in Chap. 6 to a: In the last

step, solve the linear system for the coefficients of fi, and at the same time for
the unknowns o; (j =0, ..., J —1). In the affirmative case, Gosper’s algorithm
finds G (x, k) with

ar =G, k+1)—G(x, k). (10.4)

Moreover, the calculation determines the functions o (x). If F(x, k) is strictly
hyperexponential with respect to x, theno; € Q(x) (j =0,...,J —1).

If the procedure is not successful then increase J by one and continue with
Step 3.

. Output: By summation, we have

J—1
SV + D 0j@) V) =0
j=0

for S(x), valid in D. Multiplication by the common denominator results in the
differential equation sought. If F(x, k) is strictly hyperexponential with respect
to x, then this differential equation is holonomic.
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Proof The proof of this algorithm is a straightforward adaptation of the proof of
Algorithm 7.5. The main difference is that, in the current case, we cannot restrict
ourselves to terms with finite support because the simplest examples do not have this
property; see, e.g., Example 10.3 below. Since we assume that

o]

ZFU@

k=—o00

converges absolutely and uniformly in D, in particular F(x, k) — O for k — *o0.
Summation of (10.4) then yields a telescoping right-hand side which by a limit
consideration tends to zero. 0
We give some examples.

Example 10.3 (Elementary Functions) As a first example, we consider the exponen-
tial function, given by its power series representation

Note that since the given sum is a power series, the following general method is
applicable: The holonomic recurrence equation for the coefficient Ay = 1/k!,

(k+1) Agy1 — Ax =0, (10.5)
can be converted to the differential equation
S'x)—Sx)=0 (10.6)

by summing (10.5) from £ = O, ..., co. This method of generating a holonomic
differential equation can always be applied to functions given by power (or Laurent)
series with holonomic coefficients; see, e.g. [Koepf92, Koepf06, GKP94, GK95].

Let us nevertheless use instead Algorithm 10.2, which is more flexible since it is
not restricted to power or Laurent series. The summand F (x, k) = xk / k! does not
have finite support (for k — +00), but the desired convergence property is valid in
the neighborhood of any point x € C. We define

/ Xk vkl
aii=F0 k) + o1 Fl k) = 57+ 01—,
and get

ar+1  x (x + o1k +o01)
a  k+1)(x+o1k)’
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so Gosper’s algorithm is applicable. We find that py = x 4+ 01k, gx = x and ry = k.
The degree bound for f; equals 0, and if we substitute the generic polynomial f; = by
into the main equation for f;, and equate the coefficients, we get the solution

{bo =1,01 = —1}.

In particular this establishes the differential equation (5.6), once again.
Similarly, for

S _ - 2k+1
sinx = S(x) _k_go—(Zk—f-l)!x ,
D'
weuse J =2, set F(x, k) := ———— x**1 and

(2k + 1)!

ay = F(x,k) +01 F/(x, k) +02 F//(.x,k)

_ D" (=DF 5 =D*
o+t T T2 o

This leads to the term ratio

k1 x2 (x2 + 201kx + 3x01 + 409k? + 1002k + 602)
ax  (Gk+6)(k+1) (x2 + 201kx + xo1 + 4o2k? + 202k) ’

and to py = x% + 201xk + o1x + 402k + 200k, gy = —x>and ry =2 2k + 1) k.
The degree bound of f is 0 again, and with f; = bg, we finally find

{o1 =0,00=1,bp = —1}.
In particular, we have deduced the differential equation
S"(x) + S(x) =0
for the power series S(x).

Example 10.4 (Legendre Polynomials) As a more sophisticated and probably more
interesting example, we consider the Legendre polynomials once more, given by
their representation

s $ () (5)-

k=—o00

The holonomic differential equation of P,(x) could be deduced from the hypergeo-
metric representation (2.19) of P,(x) and the hypergeometric differential equation;
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see Exercise 2.3. We use Algorithm 10.2, instead, and therefore set

roo= ()"0 ()

Once again, the choice J = 1 is not successful, hence we use J = 2. For

ak = F(x, k) + 01 F'(x,k) + 02 F"(x, k),
we get the term ratio

%+1_(x—l)U—2x+xl—mk+oﬂx—m+ﬂvy+@kkﬂn@(n—kﬂn+l+m
a 2(k—|—1)2(1—2x—|—x2—01k~|—01kx+02k2—c72k) ’

Now, we have

pr=1-2x + x% — o1k + o1kx + 02k* — ook,
G=x—Dm+bm—k+1), rn=2k,

and the degree bound O for fi. For f; = bg, we finally get

’

x—1 2x 1 —x?
0= -""">",01=— , 02 =
n+1n n+1)n n+1)n

in particular the differential equation
(1 — x2) P/(x) — 2x P/(x) + (1 + 1) n Py (x) = 0.

Session 10.5 The Maple procedure

sumdiffeq:=proc (F, k, sx)
local x,S,a,b,sigma,rat,p,q,r,upd,deg, f,j,jj,1,var,deq, sol,
num, den, J, cert;
if type(sx, function) then
S:=o0p(0,sx); x:=0p(l,sx)

else
X:=8X
end if;

for J from 1 to MAXORDER do
a:=add(sigmal[j]l*diff (F, [x$3]),3=0..J-1)+diff(F,xS$J);
rat:=simpcomb (a/subs (k=k-1,a));
if not type(rat,ratpoly(anything,k)) then

error ‘Algorithm not applicable!

end if;
p:=1: g:=subs(k=k-1,numer (rat)): r:=subs(k=k-1,denom(rat)):
upd:=update(p,q,r,k);
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p:=op(l,upd): g:=op(2,upd): r:=op(3,upd):
deg:=degreebound(p,q, r, k) ;
if deg>=0 then
f:=add(b[j]l*k"j,J=0..deg) ;
var:={seqg(sigmaljjl,jj=0..J-1),seq(bljjl,jj=0..deg)};
deqg:=collect (subs (k=k+1,q) *f-r*subs (k=k-1,£f)-p,k);
sol:={solve({coeffs(deq,k)},var)};
if not(sol={} or
{seqg(op(2,0p(l,op(l,s0l))),1=1..nops(op(l,s0l)))}={0}) then
deg:=add(sigmal[j]*diff (S(x), [x$]]),j=0..0-1)+diff (S (x),xS$T);
deqg:=normal (subs(op(1l,s0l),deq)) ;
deq:=numer (deq) ;
deqg:=collect(deq, [seq(diff(S(x),x$(J-J)),3=0..0-1),8(x)1);
return map (factor,deq)=0;
end if;
end if;
end do;
error cat(‘Algorithm finds no differential equation of order <= ‘',
MAXORDER) ;
end proc:

implements Algorithm 10.2. Note that only a few lines from the code of the Maple
procedure sumrecursion of Session 7.3 had to be changed: All occurrences of
shifts are replaced by the corresponding derivatives, and that’s it. Note moreover that
we do not need a specific simplification procedure for the ratios f/(x)/f (x) of hyper-
exponential terms f(x) since the differentiation of a term of the form (10.2) by the
chain rule reproduces the exponential term, which therefore cancels in f/(x)/f (x),
to give a result which is automatically rational.

We use the above procedure to calculate the differential equations of our previous
examples, again:

> sumdiffeq(l/k!*x"k,k,S(x));
d —
S(x) — 7:S(x) =0
> sumdiffeqg((-1)"k/(2*k+1) !'*x™ (2*k+1) ,k,S(x));
2
S@) + 45 8(x) =0
> gsumdiffeqg(binomial (n, k) *binomial (-n-1,k)*((1-x)/2)"k,k,S(x));
2
—(—14+x0) @+ DL Sx) 2L S x+S)n(n+1)=0

k
The coefficient Ez_,l—if)k, of the function S(x) = sin /x/+/x is strictly hyperexponen-
tial with respect to x so that the differential equation generated by Algorithm 10.2 is
holonomic:

> gsumdiffeqg((-1) "k/(2*k+1) !*x"k,k,S(x));
2
S(x) +6 4 S(x) +4x L S(x) =0
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This is not so for S(x) = V¥ = Ozo: %xk/z [here we have m = 2 in (10.3)], hence
we get a differential equation witlf?l%npolynomial coefficients:
> sumdiffeqg(l/k!*x"(k/2),k,S(x));
S(x) —2/x L S(x)=0
Similarly, we deduce the differential equation
> gsumdiffeqg((-1)"k/(2*k+1) ! *x” ((2*k+1) /m) ,k,S (X)) ;

S(x) 4+ (m — l)mme_2 %S(x) +m2x2(r77;1) %S(x) =0

for S(x) = sin ¥/x. In Exercise 10.7, a modified version of Algorithm 10.2 is to
be used to determine holonomic differential equations for evVx s e% , sin/x, and
sin J/x.

The Bessel function

o]

Jo(x) = Z 4k k;z

k=0

satisfies the Bessel differential equation
> sumdiffeqg((-1)"k/ (4 k*k! A2) *x"(2*k) , k,S(x));
S(x)x—i—dx S(x)+x S(x) =0

See Exercise 10.9 for the complete family J, (x) of Bessel functions.
Note however, that one has to be careful that the sum under consideration is indeed
supported for k = —oo0, ..., co. For the geometric series, we get for example

> sumdiffeq(x"k,k,S(x));

—(—1+x)(xbo—x—bo)%8(x)+5(x)x =0

Here a differential equation for the bilateral sum

-1

o0 o0
Z xkz Z xk+2xk
k=0

k=—00 k=—00

is generated which converges nowhere however since > ¢ ) x*

converges inside and
Zk_7 xk converges outside the unit disk D := {z € C | |z| < 1}.
On the other hand, the method easily deduces an inhomogeneous differential

equation for

Sx) = Zxk.
k=0
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We calculate the antidifference of a; = x* + o1kx*—1 by (5.6)
G, k) = X £y ap = —x*=V (—kbo + kxbo — xbo — kx + x),
Pk

so that summation for k = 0 to k = oo yields

S@) = (x = 1) (xbg —x —bp) S'(x) = > (G(x, k+1)—G(x, k))
k=0
= lim G(x,k) = G(x,0) = 1 = by.

Hence, we might choose by = 1 to obtain the homogeneous differential equation
S+ (x—-DSx)=0

for S(x).

Example 10.6 (Hypergeometric Transformations) Here we apply Algorithm 10.2
to obtain proofs of hypergeometric transformations like the ones that we met in
Exercise 3.7.

These were the transformations of Kummer

b —
(i) (5

1 b X ,c—b
<1—x>a'2Fl(ac ‘_l—x)zzF‘(acc ‘x) oo

and of Euler
b x)z 2 Fy (C_a;f_b‘x). (10.9)

In Exercise 3.7 these identities were deduced by an application of the Chu-Vander-
monde and Pfaff-Saalschiitz identities, respectively, by equating coefficients in each
identity. We can work with differential equations instead. Algorithm 10.2 is able to
generate proofs for such types of hypergeometric transformations.

For the left- and right-hand sides of (10.7)—(10.9), Maple gives:
for the Kummer transformation

x), (10.7)

(=079 R (“’c

> sumdiffeq(exp(x)*hyperterm([a]l, [b],-x,k),k,S(x));

2L S@) + (b= x) & S + (—b +a) S(x) =0
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> gumdiffeq(hyperterm([b-al, [b],x,k),k,S(x));

* %S(XH<b*X)jfo(x)+(fb+a)S(x) =0
for the Pfaff transformation

> gsumdiffeq(l/(1-x) “a*hyperterm([a,bl], [c],-x/(1-x),k),k,S(x));
—x(—1+4+x) afi—zzS(x) —(=xb+x+xa —c+cx)a%S(x)+S(x)a(—c+b) =0

> sumdiffeq(hyperterm([a,c-bl, [c],x,k),k,S(x));

—x(=1+x) %S(x) —(—xb+x+4+xa—c+cx) %S(x) +Sx)a(—c+b)=0
and for the Euler transformation

> sumdiffeq((1l-x)” (a+b-c)*hyperterm([a,b]l, [c],x, k), k,S(x));

x (—1 +x)%S(x)f(xbfx726x+xa+c)%S(x)
+Sx)(—c+b)(—c+a)=0

> sumdiffeq(hyperterm([c-a,c-b]l, [c],x,k), k,S(x));

(=140 L) — (b —x—2cx+xa+e) LS
+Sx)(—c+b)(—c+a)=0
Hence we obtained in each case the same second-order differential equation. Note
that by standard results on ordinary differential equations, the solution f (x) of a dif-
ferential equation of order J is uniquely determined by J initial values ) (xo) (j =
0,...,J — 1) at aregular point xg.
Therefore, it only remains to check two initial values to finish the proof of each
of our identities. We choose x¢p = 0, and get
for the Kummer transformation

> gimplify (subs (x=0, exp(x) *hypergeom([a], [b],-x)-
> hypergeom([b-a], [b],x)));

0

\

simplify (subs (x=0,diff (exp (x) *hypergeom([a], [b], -x)-
> hypergeom([b-a], [b],x),x)));

0

for the Pfaff transformation

\

simplify (subs(x=0,1/(1-x) "a*hypergeom([a,b], [c],-x/(1-x))-
> hypergeom([a,c-b], [c],x)));

0

\

simplify (subs(x=0,diff(1/(1-x) “a*hypergeom([a,bl, [c],-x/(1-x))-
> hypergeom([a,c-b], [c],x),x)));

0
and for the Euler transformation
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>  simplify (subs (x=0, (1-x) " (a+b-c) *hypergeom([a,bl, [c],x)-
hypergeom([c-a,c-b]l, [c],x)));

0

> simplify(subs(x=0,diff((1-x)" (a+b-c)*hypergeom([a,bl, [c], x)-
> hypergeom([c-a,c-b], [c],x),x)));

0

and we are done.

Session 10.7 (Derivative Rules) We can modify Algorithms 7.5 and 10.2 to detect
a derivative rule of the form

J
S (x) = Zaj(n, X) Spyj(x)

j=0

with o; € Q(n, x) for

o0

Su(x)= > F(n.x.k),

k=—o00

F(n, x, k) being hypergeometric with respect to n, k and strictly hyperexponential
with respect to x, rather than a pure recurrence or differential equation. This is done
by the Maple implementation

sumdiffrule:=proc(F,k, snx)
local n,x,S,a,b,sigma,rat,p,q,r,upd,deg, £,3j,3jj,1,var, req, sol,
sol2,num,den,J;
if type(snx, function) then
S:=0p(0,snx); n:=op(l,snx); x:=0p(2,snx) ;

else
n:=op(l,snx); x:=op(2,snx);
end if;

for J from 1 to MAXORDER do
a:=diff (F,x)-add(sigmalj] *subs (n=n+j,F),j=0..J);
rat:=ratio(a,k);
if not type(rat,ratpoly(anything,k)) then
error ‘Algorithm not applicable:‘;
end if;
p:=1: g:=subs(k=k-1,numer (rat)): r:=subs(k=k-1,denom(rat)) :
upd:=update(p,q,r,k);
p:=op(l,upd): g:=op(2,upd): r:=op(3,upd) :
deg:=degreebound(p,q,r, k) ;
if deg>=0 then
f:=add(b[jl1*k"j,j=0..deg);
var:={seq(sigmaljjl,jj=0..J),seq(b[jj],3j=0..deg)};
reqg:=collect (subs (k=k+1,q) *f-r*subs (k=k-1,f)-p,k);
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sol:={solve({coeffs(req,k)},var)};
if not(sol={} or
{seqg(op(2,0p(l,0op(l,s0l))),1=1..nops(op(l,s0l)))}={0})
then sol2:=add(sigmaljl*S(n+j,x),Jj=0..J);
sol2:=subs(op(l,so0l),so0l2)
return diff (S(n,x),x)=map (
end 1if;
end 1if;
end do;
error cat (‘Algorithm finds no derivative rule of order <= ‘',
MAXORDER) ;
end proc:

factor,sol2);

Which derivative rule do the Legendre polynomials satisfy? Here we go:

> sumdiffrule
> (binomial (n, k) *binomial (-n-1,k)*((1-x)/2) "k, k,
> P(n,x));

a P( ) x(n+1)P(n,x) m+1DPn+1, x)
—P(n, x) = —
ox (=14+x)(1+x) (=14+x)1+x)
More general identities between the shifted derivatives of a family of functions

Sy (x) are discussed in [Koepf97a]. They can be treated by a similar approach. One
more example of this type is given next.

Session 10.8 (Integration Rules) Here we are interested in obtaining representa-
tions for the antiderivative [ S, (x)dx of a hypergeometric sum

Su(x) = D F(n.x. k),

k=—o00

F(n, x, k) being hypergeometric with respect to n, k and strictly hyperexponential
with respect to x, in terms of the original functions S,,.
Assume that we find one or several representations of S, (x) of the form

J
Su(x) = D 0j(n.x) S, ;(x)

j=—J

with o; € Q(n, x) for S, (x). If one of these representations has coefficients o; that
are independent of x, then we can integrate and get the representation

J

/Sn(x)dx = Z oj(n) Spyj(x)

j=J

for the antiderivative of S, (x), an integration rule for S, (x).
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By another modification of the previous algorithms, for J = 1 this is done by the
Maple implementation'

sumintrule:=proc (F, k, snx)
local n,x,S,a,b,sigma,rat,p,q,r,upd,deg, f,j,jj,1,var,req, sol,pol,
coefflist,DS,s0l2,num,den;
if type(snx, function) then
S:=0p(0,snx); n:=op(l,snx); x:=0p(2,snx) ;
else
n:=op(l,snx); x:=op(2,snx);
end if;
a:=F-add(sigma[j]*diff (subs(n=n+j,F),x),Jj=-1..1);
rat:=ratio(a,k);
if not type(rat,ratpoly(anything,k)) then
error ‘Algorithm not applicable®
end if;
p:=1: g:=subs(k=k-1,numer (rat)): r:=subs(k=k-1,denom(rat)):
upd:=update(p,q,r, k) ;
p:=op(l,upd): g:=op(2,upd): r:=op(3,upd):
deg:=degreebound(p,q, r, k) ;
if deg>=0 then
f:=add(b[j]1*k"]j,j=0..deg);
var:={seq(sigmaljjl,jj=-1..1),seq(bl[jj],Jj=0..deg)};
req:=collect (subs (k=k+1,q) *f-r*subs (k=k-1,£f)-p, k) ;
sol:={solve({coeffs(req, k)},var)};
if not(sol={} or
{seg(op(2,0p(1l,0op(1l,s0l))),1=1..nops(op(l,s0l)))}={0}) then
req:=S(n,x)-add(sigmal[j]*DS(n+j,x),j=-1..1);
req:=subs(op(l,sol),req);
req:=numer (normal (req)) ;
reqg:=collect(req, S(n,x));
pol:=collect (coeff (req, S
pol,x

( (n,x)),x);
coefflist:={coeffs( )} minus {coeff (pol,x,0)};
for j from -1 to 1 do
req:=collect (req,DS(n+j,x));
pol:=collect (coeff (reqg,DS(n+j,x)),X);
coefflist:={op(coefflist),op({coeffs(pol,x)} minus
{coeff (pol,x,0)})};
end do;
sol2:={solve(coefflist, indets(var) minus {x,n})};
if so0l2={} then ERROR(‘'No such identity exists‘') end if;
reqg:=add (sigma[jl*S(n+j,x),j=-1..1);
req:=subs(op(l,sol),h req);
req:=subs(op(1l,so0l2),req);
req:=map (factor, req) ;
return Int(S(n,x),x)=req;
end if;

! The implementation can be extended easily to J > 1, but this is not necessary for our purposes.
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end if;
error ‘Algorithm finds no integration rule‘;
end proc:

As an example, we consider the Legendre polynomials again. We obtain the
representation

> sumintrule (
> binomial (n, k) *binomial (-n-1,k)*((1-x)/2)"k,k,P(n,x));

P(n—1, P 1,
/P(n, x)dx = — (n *) + (nt1 )
2n+1 2n+1

Note that by the same method one can obtain an integration rule for the Jacobi
polynomials, which cannot be found in mathematical compilations like [OLBC10,
Erdélyi53]; see Exercise 10.14. The Jacobi polynomials generalize the Legendre
polynomials.

The algorithms of this chapter permit us to find differential equations for series
of hyperexponential terms. In the special case of power series this can be handled by
a much simpler approach as shown in Example 10.13 which is implemented in the
gfun package [SZ94] as gfun [rectodiffeq]. Summation of the series will be
successful if the resulting differential equation can be solved.

For the converse question of finding a power series representation of a holonomic
function the FormalPowerSeries package can be used which is implemented
in the convert (...,FormalPowerSeries)command (see e.g.[Koepf92,
GK95]). As an example, one can compute

> convert (exp(arcsinh(x)),FormalPowerSeries) ;

o (=DF4ER @2 p)1x2k
x+§_ (D2 2k — 1)

This procedure is successful if the resulting holonomic recurrence equation for the
power series coefficients can be solved. For this purpose van Hoeij’s algorithm is
used, see Chap. 9.

Using a similar approach the algorithmic computation of formal Fourier series
was dealt with in [NanalO].

q-Differential Equations for Sums

As a g-analogue of the differential operator one can define the g-derivative
operatot2

J ) — flgx)

KA Ty

2 See [GROI0, p. 22, Exercise 1.12]. There are other g-analogues as well, see [GR90, Sect. 7].
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The g-derivative operator has the property

lim 7, () = f'(0).

Note that after replacing x by ¢*, a g-differential equation can be regarded as a
recurrence equation.

A g-analogue of Algorithm 10.2 can be used to generate g-differential equations
for g-hypergeometric sums. An implementation of this algorithm is given in the
gsum package. This package contains the Maple procedure gsumdiffeq(F, q,
k, S (x) ) for this purpose. The following are g-analogues of the exponential, the
sine and cosine functions (see e.g. [GR90, Exercise 1.14]):

S 1
eq(x) :== 160 ( ‘ ) Z(:) (q; ‘I)k & D
E4(x) ¢(—‘ ) iq(z) - |
X):=o0Po\ |9 —X) = . = (ex )
q = (@ D
sing (1) 1= )~ ¢ CID) 5 DO
q(x): 2i =@ Dogr
Sin, (x) := Eq(ix) —2Z.Eq(—z)c)7
i eq(lx) +€q( ix) 0 (— )k 2k
cosy(x) : g e ,
COSq()C) — Eq(lx) +2Eq(—lx).

The requests
> gsumdiffeqg(gphihyperterm([0],[]1,qd,x,k).,q,k,eq(x));
eq(x) + (=1 +¢q) Dgx(eq(x), x, g) =0
and
> gsumdiffeq(gphihyperterm([],[],d,-x,k),q, k,Eq(x));
Eq(x) + (1 +x) (=1 + ¢) Dgx (Eq(x), x, q) = 0

e.g., generate the g-differential equations for the two g-exponentials e, (x) and E, (x),
respectively, and
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> gsumdiffeq(
> (-1) "k*x” (2*k+1) /gpochhammer (g, g, 2*k+1) ,q, k, sing(x)) ;

sinq(x) + (=1 + ¢)? Dy (sing(x), x, x, ¢) =0

gives the g-differential equation for the ¢-sine function sin, (x).

If one uses the option evalqgdiff=true,’ then the resulting g-differential
equation for S(x) is written in terms of S(x), S(gx), S(qzx), L

> gsumdiffeq(

> (-1) "k*x” (2*k+1) /gpochhammer (g, g, 2*k+1) ,g, k, sing(x),
> evalgdiff=true);

(x2 + 1) gsing(x) — (g + Dsinq(x ¢) + sinq(x ¢%) = 0

More g-differential equations will be considered in the exercises. Note that the algo-
rithm considered here uses the g-series representation to find ¢ -differential equations.
For algorithms using the algebra of g-holonomic functions see ((KRMO07, KK09,
KS12, Sprenger09]).

Exercises

Exercise 10.1 Show that if S(x) is a hyperexponential term, then so is S’(x). Show
further that S'(x)/S(x) = R(x) € Q(x) implies that " /S(x) € Q(x) for each
n € N. Use the definition of a hyperexponential term directly, and do not use the
explicit representation of Lemma 10.1.

Exercise 10.2 Show that any rational function S(x) is a hyperexponential term, hav-
ing critical points at its zeros and at its poles. Determine the corresponding exponents
aj.

J

Exercise 10.3 Show, again, that the three different representations of the Legendre

polynomials
ro=2 ()0 ()
= k k 2
P — l S n ? 1 n—k 1 k
n(x>—2—,,2(k) ="K+ 1)
k=0
and

n/2]
1 n\ (2n — 2k
Pi(x) = o > (—1)’<(k)< . )x"_Zk,
k=0

3 Or sets the global variable _gsumdiffeq evalgdiff:=true;
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define the same family of functions, this time by showing that all three functions
satisty the same differential equation and initial values. Do they also satisty the same
derivative rules?

Exercise 10.4 Find recurrence and differential equations of order two for the con-
secutive differences P, 11 (x) — P,(x) of the Legendre polynomials.

Show that the differential equation of order two of S(x) := P,42(x) — P, (x) has
the nice property that the coefficient of S’(x) vanishes.

Exercise 10.5 In[KS96], an article connected with de Branges’ proof of the Bieber-
bach conjecture, the functions

1 _ _
B,(y) = g(c,,j{z(l —2y) - ¢ - 2y)

play a central role. Here,

1—n,n

2

Py = —x) 2k (

1—x

2
denotes the family of Gegenbauer polynomials with upper index v = —1/2. For
v > —1/2 (v # 0) the Gegenbauer polynomials are defined by

1—x
5 .
Show that C,l_]/2 (x) are the limiting functions forv — —1/2 of C, (x).

Find recurrence and differential equations of order two for B, (y). Furthermore,
give a hypergeometric representation of B, (y).

2 n -
C;;(x):(V) ( n,n—+2v

a2 w12

Exercise 10.6 In [KS94], the Bateman functions [Bateman31]

¢t n _1)k
Fo(t) = 67 D (]({ ~ )1)! (Z) Q) (10.10)

k=1

were considered. Give a hypergeometric representation of Fy(t).
Find recurrence and differential equations of order two for Fy, (t). Note how simple
the differential equation looks! Generate a derivative rule for F, ().



222 10 Differential Equations for Sums
Furthermore, show the identities

Fa(0) = e (Ly(20) = Ly 20)),
Fot) = —e 2 LY 2n),
0= D(Es) — Fucr0) + (14 D(FuD) — Fupi(0) = 24 F0),
Fr®) = By (1) = FalO) + Faa (0,

all developed in [Bateman31], where

=D n+a
@y — k
LPw =2 (n—k)x

k=0

denote the (generalized) Laguerre polynomials L, (x) = Lflx).

Exercise 10.7 Find holonomic differential equations for eVx s e‘/g", sin «/x, and
sin «/3x using Algorithm 10.2 with an appropriately chosen J.* Hint: If J is large
enough, the resulting differential equation is not unique. Choose the open parameters
such that the coefficients give polynomials.

Exercise 10.8 Find a differential equation with respect to x and recurrence equations
with respect to n and m for the associated Legendre functions [OLBCI10, (14.3.6)]

1 x+1\?2 41| 1—x
PI"(x) = oR (T .
» ) F(l—m)(x—l) 21( 1—m ’ p )

Exercise 10.9 Find holonomic differential and recurrence equations and a derivative
rule for the Bessel functions

0]

_(*Y (=Dt 2%k
J"(x)_(i) ]§4kk!r(k+1+n))c '

Exercise 10.10 Find derivative rules for the generalized Laguerre polynomials (see
Exercise 10.6) and for the Hermite polynomials

ln/2]

H,(x) = (=D* n—2k
(x) == nz 2k)'k' 2x)" 2k,

4 For another approach you can use the FormalPowerSeries package ([Koepf92, Koepf06])
which is implemented in convert(...,FormalPowerSeries) and can be invoked
by bind(FormalPowerSeries); One of our examples is then given by the command
HolonomicDE (exp (sgrt (x)) ,F(x));
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Exercise 10.11 (Quadratic Transformations) Show the following quadratic trans-
formations of the Gauss hypergeometric function:

a,b 4x . 2 a,a—b+1/2| ,
(a) 2F1 ( 2b (1+X)2) —(1+X) '2Fl ( b+1/2 X 5
a,b B 2a,2b
(b) 2 (a+b+1/2 "”“‘”) =2h (a+b+1/2"‘)’

a,l—a

(c) 2F] (

c—a cta—l1
x):(l—x)c_l-zFl ( 2 ’C 2

Exercise 10.12 (Whipple Transformation) Show that

4x a,b,c
" ) =(1=x) 1 F >
(l—x)z) (1=0%-3 2(1+a—b,1+a—c

4x(1 —x)).

F a/2,a/24+1/2,1+a—b—c
352 l4+a—-b,14+a—c

Exercise 10.13 (Kummer’s Second Identity) Show the identity

2
e 1R a 2x ) =0oFi B a
2a a+1/2| 4 )

Exercise 10.14 (Jacobi Polynomials) The Jacobi polynomials P,§°‘”3 )(x) were
defined in Exercise 7.30 by the hypergeometric representation

n+o —nn4+oa+pB+1|1—x
Pn(a’ﬂ)(x)=( ; )2F1( P ‘—)

a+1 2

Find an integration rule for the Jacobi polynomials (see [Koepf97a]).

Exercise 10.15 (Bessel Polynomials) The Bessel polynomials B,E“) (x) are given

by
2)
x)

Show, by changing the order of summation, that the two representations agree. Find
a derivative rule and an integration rule for these polynomials; see [KS98b].

_ 1 _
B,(,“)(X)ZZFO( montatl ‘_x):mxnm (_2 n

2 21 n—ao

Exercise 10.16 (Classical Orthogonal Polynomials) The Jacobi polynomials (see
Exercise 10.14), the Laguerre polynomials (see Exercise 10.6), the Hermite poly-
nomials (see Exercise 10.10), and the Bessel polynomials (see Exercise 10.15), are
called the classical orthogonal polynomials.

Show that these satisfy a differential equation of the form

o (x) py(x) +T(X) Py (xX) + A pa(x) = 0,

where o (x) and T (x) are polynomials of degree at most 2 and 1, respectively; compare
Exercise 7.11.
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Exercise 10.17 (Ramanujan’s Notebook) In Ramanujan’s second notebook
[Ramanujan57] on p. 258 one finds the identity
x3).

ETAY *
1— =(1+2 F ’
(1+2x) (+X)21( |

Following Garvan [Garvan95] we might ask to generalize this result: For which
A,B,C,a,b,c,dis

A, B 1—x\° d a,b
F ’ 1— =(1+2 F; ’
21(C’ (1+2x)) (+x)2l(c

Hint: Find the differential equations for both sides of (10.11), and arbitrary A, B, C,
a, b, c andd. These differential equations must be multiples of each other. Multiply-
ing by suitable polynomials, and equating coefficients, one gets a nonlinear system
of equations for the unknowns A, B, C, a, b, ¢ and d which (e.g., by computing a
Grobner basis) can be solved to obtain the (essentially) unique solution.

x3)? (10.11)

Exercise 10.18 Investigate the behavior of the g-analogues of the exponential and
trigonometric functions in the limiting case g — 1.

Exercise 10.19 Compute g -differential equations for

(@ S(x) := Sin, (x),
(b) S(x) :=cosy(x),
() S(x) :=Cosy(x),
(d) S(x) :=cosy(x) +ising(x),
(e) S(x):=Cosy(x) +1i Sing (x).

Show that
eq(ix) = cosy(x) +ising(x) and E,(ix) = Cosy(x) + i Sing(x).

Rewrite these q-differential equations for S(x) in terms of S(x), S(gx) and S (qzx).

Exercise 10.20 Find q-differential equations for

@ 5= (" ]01).

b,c )
q,x ).

a,
(b) S(x) =3¢ ( d.e
What is the order of the q-differential equation for ,¢4(x)?
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Chapter 11
Hyperexponential Antiderivatives

In this chapter, we consider a continuous counterpart of Gosper’s algorithm. The
appropriate question is to find a hyperexponential term antiderivative G(x) of a
given f(x) whenever one exists.

In the affirmative case, as in the discrete case, the input function f(x) itself must
be a hyperexponential term since G'(x) = R(x)G(x) (R € Q(x)) implies

1 / / R/(x) /
G"(x) = R(x)G(x) + Rx)G (x) = ( + R(X)) G'(x),
R(x)
and therefore , . ,
f0 6@ _R@

f(x)  Gx) R

is rational.

Note that the Risch-Bronstein algorithm ([Risch69, Risch70, Bronstein92,
Bronstein96, GCL92, Chaps. 11-12]) is much more powerful so that from this per-
spective not much seems to be gained by a continuous version of Gosper’s algorithm.
On the other hand, we are mainly interested in applying the resulting algorithm, this
time to definite integration rather than summation. This will be done in Chap. 12.

The following continuous counterpart of Gosper’s algorithm for indefinite inte-
gration in hyperexponential terms is due to Almkvist and Zeilberger ([AZ90], Sect. 5)
and its proof is along the lines of that of Gosper’s algorithm.

Algorithm 11.1 (Continuous Gosper Algorithm) Given f (x), the following algo-
rithm decides whether there is a hyperexponential term antiderivative G(x), and
returns it if there is one:

1. Input: f(x) # 0, a hyperexponential term.
2. Calculate the logarithmic derivative f’(x)/f(x). Cancellation of exponential
terms yields b(x), c¢(x) € Q[x] for which

W. Koepf, Hypergeometric Summation, Universitext, 227
DOI: 10.1007/978-1-4471-6464-7_11, © Springer-Verlag London 2014
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f/(x) _ b))
fx) )

with ged(b(x), c(x)) = 1.
3. Calculate p(x), g(x) and r(x) € Q[x] satisfying

f(x) _ P'(x) n q(x)
fx)y px)  rx)

(11.1)

with the property

gcd (r(x), q(x) — jr/(x)) =1 forallj e Nzo (11.2)

by a rewriting process starting with p(x) = 1,¢(x) = b(x) and r(x) = c(x),
and applying the rewrite rules

px) = p(x) gx),

Lo . d (r(x) q(x) —jr'(x)

gx) = I7s (g(x)) + T and

. r(x)

Fx) = (11.3)
g(x)

whenever the resultant of g (x) — jr’(x) and r(x) has a nonnegative integer root
J (see e.g. [DST88], Appendix, [GCLI2], Chap. 7), and therefore

g@) = ged (r(0.q(0) = jr')) #1.

4. Use an adapted version of Algorithm 5.5 (see Session 11.3 and Exercise 11.6) to
determine the degree bound M € N for the polynomial f(x) € Q[x] for which

_r)f)

Gx) = fx). (11.4)
p(x)

If M <0, then return “no hyperexponential term solution exists”; exit.
5. Substitute the generic polynomial

f(x)=b0+b1x+b2x2+...+beM

into the functional equation

() = (900 + 7)) F0) +r@) F00) (11.5)
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for f(x). Equate coefficients, and solve the resulting linear system for the
unknowns b;(I =0, ..., M).

6. If there is no solution, then return “no hyperexponential term solution exists”;
exit.

7. Output: G(x) according to (11.4).

Proof First, we have to show that the rewriting of step 3 leaves the term

f@ _rw, qw
f6 T p

invariant. This is established by the calculation

P q P g (d (rm) . g —jir@)) g
o @ pm g +( dx (g<x>) T )r(x)
P dr ) g g )
Tom em e e Tre T
P qWw)
Cop) )’

Next we define f (x) by (11.4), take the derivative of this equation and substitute the
resulting equation into the identity f(x) = G'(x) to get

fo) = - ( @Ff (x)f( ))
X P

d f()) f@) f@)

= rf 7 (() @@ s o fe s

s (@ (x))f(x) f@) f@)

—r(X)f(x)(f() o) e TS S0
g(x) f(x) f@) f@)

=00 S O 0 S T 0 f

using (11.1). Multiplying by p(x)/f (x) yields (11.5). ;
Note that, again, the main single fact to be proved is that f (x), defined by (11.4),
is a polynomial. Since f(x) is clearly rational, we may write

fx) = ux) (11.6)
v(x)

with polynomials u(x), v(x) € Q[x] satisfying

ged (u(x), v(x)) = 1. (11.7)
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Assume now that the degree of v(x) is positive. Then substitution of (11.6) in (11.5)
yields

_ ux) o u(x) u' (x)v(x) — v/ (x)u(x)
p(x) =q(x) v(x) e v(x) +r ( v2(x) ) ’

and after multiplication by v (x), we have

pEVA(x) = g()u)v(x) + 1 Ou)vx) + ru' (Ovx) — rO)v (Oux).
(11.8)

Let w(x) denote any nonconstant prime factor over QQ of v(x). Such a factor exists
since by assumption v(x) is not constant. Then we have, for some k € N, the repre-
sentation!

v(x) = wk(x) ¥(x) (11.9)

for which the conditions
ged (w(x),w'(x)) =1 and ged (w(x), v(x)) =1 (11.10)

are satisfied. After division by wX(x), substitution of (11.9) into (11.8) gives the
identity

PEOWF ()T (x) = g()u()(x) + ' ()ux)(x) + rx)u ()v(x)
kr () u(x)w' (x)v(x)
wi(x) '

— r()ux)v (x) — (11.11)

Therefore, r(x)u(x)w'(x)v(x) is a constant multiple of w(x), and, by conditions
(11.7) and (11.10), we conclude that w(x) must be a divisor of r(x). Hence, we can
write

r(x) = w(x) r(x) (11.12)

for some 7(x) € Q[x]. Note that differentiation yields
w (@R (x) = r'(x) — wx)i (x). (11.13)
Substitution of (11.12) in (11.11) then gives

POWF ()T (1) = g()u(x)F(x) + 1/ ()ux)F(x) + w)F(ou’ (0)(x)
— w)F ) u )V (x) — ku(x)w' (x)7 (x)v(x)
= q()u(x)v(x) 4+ ' (0)u(x)v(x) + wx)F (x)u’ (x)v(x)
— w)FO)u )V (x) — ku(x)v(x) (r'(x) — wx)F' (x))

! For details see, e.g., [DST88], Appendix.
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where we have used (11.13). Dividing by w(x) again, we get finally

pOOW TP () = FOou' (x)F(x) — Fu)V (x) + ku ()00 F (x)

n qg(x)—(k—Dr (x)u(x)f»(x).
w(x)

The conditions (11.7) and (11.10) imply that neither u (x) nor v(x) have acommon
divisor with w(x) so that from the above identity we see that w(x) is a divisor of
q(x) — (k—1)r'(x). This, however, contradicts the main gcd condition (11.2) so that
our assumption about the degree of v(x) cannot be valid. Hence f (x) is a polynomial.

The degree bound algorithm for f(x) is very similar to the discrete case, and
its complete description is given in the Maple procedure contdegreebound

(p,dq,r,x) in Session 11.3 and its proof is left to the reader (Exercise 11.6). [

Example 11.2 Let us consider

f) =e ™ (1 - 2x2)

and check whether the antiderivative

G(x) =/e—)‘2 (1 —2x2) dx

is a hyperexponential term. We have

flx) o 2x (2x2 - 3)
fx)  2xr—1

so that we set initially
px)=1, qgkx)=—-2x (2)62 — 3) and r(x) = 232 — 1.
The dispersion condition (11.2) yields
Ji=1{j € Nxgl ged (r(). () = jr' () # 1) = (1)
and the rewrite procedure (11.3) generates the final choice
p(x)=2x>—1, gx)=-2x and r(x)=1.
The degree bound for f(x) is 1, and we substitute the generic first order polynomial

into the main Eq. (11.5). Equating coefficients gives f (x) = —x, and by (11.4) we
have finally
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r(x) f(x)

Gx) = /227
0 p(x)

fx) = xe .
For the similar example function
fx) = e (1 — xz)

the same procedure yields p(x) = x> — 1,¢(x) = —2x and r(x) = 1, and the
degree bound for f(x) turns out to be equal to 1 again, but in this case no first
order polynomial f (x) satisfies (11.5). Hence we conclude that f (x) does not have
a hyperexponential antiderivative. Indeed, its antiderivative

Gx) = /e*x2 (1 - xz) dx = 4erf(x) n %e*xz,

is in terms of the error function

erf(r): = —— ] e dr
= .
0

TT

Note that one can prove that the error function is not representable by elementary
functions. This result cannot be obtained by the current method. Algorithm 11.1
proves instead the weaker statement that G (x) as well as erf x are not hyperexpo-
nential terms. A

Session 11.3 The following is a complete implementation of Algorithm 11.1.

contratio:=proc(f,x)
simpcomb (diff (f,x)/f);
end proc:

contdispersionset:=proc(q, r,x)
# finds the nonnegative integer dispersion values j
local j,res,s,l;
res:=frontend (resultant, [r,g-j*diff (r,x),x]); # (11.2)
s:=simplify({solve(res,j)});
1:={};
for j in s do

if type(j,nonnegint) then 1l:=1 union {j} end if;
end do;
return convert(l,set);
end proc:

contupdate:=proc(p,q,r,x)
# updates the triple [p,q,r] according to gcd-condition
local dis,g,pnew,gnew, rnew, Jj;
g:=frontend(gcd, [r,g-diff(r,x)]); # (11.2), j=1
if has(g,x) then
pnew:=normal (p*g); # (11.3), j=1
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gnew:=normal (diff(r/g,x)+(g-diff(r,x))/g);

rnew:=normal (r/g); # (11.3), j=1
else

pnew:=p; qnew:=g; YrNnew:=r;
end if;

dis:=contdispersionset (gnew, rnew, x) ;
for j in dis do

#

g:=frontend(gcd, [rnew, gnew-j*diff (rnew,x)]);

if has(g,x) then
pnew:=normal (pnew*g”~j); # (11.3)

anew:=normal (j*diff (rnew/g, x) + (gnew-j*diff (rnew,x))/g) ;

rnew:=normal (rnew/g); # (11.3)
end if;
end do;
return [pnew,gnew,rnew] ;
end proc:

contdegreebound:=proc(p,q,r, x)

# calculates the degree bound for f
local poll,pol2,degl,deg2,a,b;
poll:=collect(r,x);
pol2:=collect (g+diff (r,x),x);

if poll=0 then degl:=-1 else degl:=degree(poll,x)
if pol2=0 then deg2:=-1 else deg2:=degree(pol2,x)

#

(11.3),

if degl<=deg2 then return degree(p,x)-deg2 end if;

a:=coeff (poll,x,degl);

b:=coeff (pol2,x,degl-1);

if not(type(-b/a,nonnegint)) then
return degree(p,x)-degl+l

else
return max(-b/a,degree (p,x)-degl+1)

end if;

end proc:

contfindf:=proc(p,q, r,x)

# finds ftilde, given the triple [p,q,r]

local deg, ftilde,a,j,deq,sol,result;
deg:=contdegreebound(p,q, r,x) ;

if deg<0 then error ‘'No polynomial ftilde exists®

ftilde:=add(aljl*x"3j,Jj=0..deg) ;

deqg:=collect ((g+diff(r,x))*ftilde+r*diff (ftilde,x)-p,x);
sol:={solve({coeffs(deq,x)}, {seqg(alj]l,j=0..deg)})};

if sol={} then
error ‘No polynomial ftilde exists®
else
result:=subs (op(1l,so0l),ftilde);
end if;
for j from 0 to deg do
result:=subs(al[j]=0,result) ;
end do;
return result;
end proc:

contgosper:=proc (f, x)

# implements the continuous version of Gosper’s algorithm

(11.2)

j=1

end if;
end if;

end if;

233

(11.5)
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local rat,p,q,r,pqr, ftilde;
rat:=contratio(f,x);
if not type(rat,ratpoly(anything,x)) then
error ‘Algorithm not applicable®
end if;
p:=1; g:=numer(rat); r:=denom(rat);
pgr:=contupdate (p,q, r, x) ;
p:=op(l,pgr); g:=op(2,pqr); r:=op(3,pqr) ;
try
ftilde:=contfindf (p,q, r,x);
catch:
error ‘No hyperexponential antiderivative exists‘;
end try;
return normal (r*ftilde*f/p); # (11.4)
end proc:

The procedure contgosper (£, x) invokes all particular subalgorithms and
yields the hyperexponential type antiderivative sought, or one of the error
messages “algorithm not applicable” or “no hyperexponential antiderivative exists”
is issued.

Note that the main difference between our implementations of Gosper’s algorithm
(see Exercise 5.6) and the current algorithm is the fact that we could not avoid a
resultant computation in the latter case; compare with Algorithm 4.2. Since j =
1 typically occurs in the rewriting step 3, this case is handled separately by the
procedure contupdate (p, g, r, x) toavoid unnecessary resultant computations.

The above examples are handled by the statements

> contgosper (exp (-x"2)*(1-2*xX"2) ,x);
xe
> contgosper (exp (-x"2) *(1-x"2) ,x) ;
Error, (in contgosper) No hyperexponential antiderivative exists
We give some more examples
> contgosper (exp(-x"2),x) ;
Error, (in contgosper) No hyperexponential antiderivative exists

> contgosper (x*exp (-x"2),x);

> f:=diff(exp((l+x)/(1-x))*(1+x"2)/(1-x"2),%);

Lo XL o 2 15
—X I4+x I4x
T—x a-—x2)¢ " % 2xels 2T (x241) x
2 + 2+ (]_x2)2

1—x 1 —x

> contgosper (f,x);
1+x
eT—x (x2 + 1)
1 —x2
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Example 11.4 (Rational Functions) 1If arational function f(x) € Q(x) has a ratio-
nal antiderivative, Algorithm 11.1 will find it. In particular, in such a case, Algorithm
11.1 will give the output safely as a rational function G (x) € Q(x). This is not the
case with the Maple procedure int as the following example shows.?

> term:=diff ((1+x"°2)/(1-x"10),x);
2x 10 (x2 + 1) x°
1 _XIO (1 _x]0)2
> contgosper (term, xX) ;

(1 +x%)x2
@O -3+ x—D*+x3+x2+x+1)
> integral:=int (term, x) ;

- — x_lf arctan drt1+V5 ! — arctan 4rt1-V5 !
V3l R/ (\/1072«6) 10-2+5 25 e (\/10+2f)\/10+2ﬁ
- dx—1-+/5 1 dx—1++5 1
+1/5 (x+ 1) I+2/5arctan( 10726)\/1072\/§+2/Sarctan<\/10+2\/§) —
15(—8f—(—5+ﬁ)(ﬁ—l))x—zﬁ(ﬁ—1)+2o—4ﬁ
o (10+2V5) (262 = x + V5x +2)
15(sff(fffs)(717f5))x+2f5(717ﬁ)+4«/§+20
Y (1072\/5)(2)(27):7«/5)54»2)
15(—sf—(—f—s)(ﬁ+1))x—2ﬁ(ﬁ+1)+4ﬁ+20
o (10—2ﬁ)(2x2+x+ﬁx+2)
15(8«/>7(75+\/§)(lfﬁ))x+2«/§(17«/§)+2074«/§
o (10+2ﬁ)(2x2+x—ﬁx+2)
X145 / -3/
—4arctan<%)(10+2«/§) —4arctan( 10 2[)(10_2\/5) /
arctan 4x+1+5 _ B2 e (B 3/2
T4 arct (7\/10—72«6)(10 2J§) + 4 arct ( 10+2[)(10+2[)
—4/5 mctan(%)ﬁ(lo+2«/§ _3/2+4/5 arctan(4x 2://;) 10 2\/7 2
74/5arctan(%)ﬁ(1072x@ +4/5arctan( \/%) IO+2[ e

> integral:=normal (integral) ;
320 (x% + l)/((x +1D5-5Cx%+x+50/2x +2)(5+/53)

(72x27x+\/§x72)(71 +x)(2x2fx+x/§x+2)(f2x2+x+\/§x72))

> normal (integral, expanded) ;

2 This result may depend on the version of Maple you use.
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—x2—1
—1 +X10

Note that even with normal we could not get rid of the square roots to convert the
result to an expression in Q(x), but we need the option expanded.

Maple has an implementation of Risch’s algorithm ([Risch69]-[Risch70]) which
unfortunately is not invoked in the current example. Risch’s algorithm can be directly
invoked using ‘*int/risch", which yields correctly

> ‘int/risch' (term, x) ;

1 1

20575

—1 +x10

Further Reading

For further reading on the algorithms of this chapter see [AZ90].

Exercises

Exercise 11.1 Which of the following functions have a hyperexponential antideriv-

ative?
X,Z
@ f@)=el, ) o=t
© fl) = @ f) =0

(€ f(x)=e" " (14 2x +2x2 + 5x% + 3x4) .

In the affirmative cases, compare the results with those of Maple’s int and (if
applicable) *int/risch" commands.

Exercise 11.2 Use Maple’s differentiation procedure to differentiate 10 different
hyperexponential terms, integrate them with contgosper, and check the results.

Exercise 11.3 Take the fifth (tenth) derivative of f(x) = 11;—;120' Use contgosper

iteratively to reconstruct f. Try the same procedure using int and * int /risch".

Exercise 11.4 Compare the calculation for the antiderivatives of

o ()
FO) =" e
form =1,2,3andn =2, ...,5, using Algorithm 11.1 in form of the implementation

contgosper of Session 11.3, and the int procedure, respectively.
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Exercise 11.5 Describe the rational certification mechanism connected with Algo-
rithm 11.1.

Exercise 11.6 Give a complete description and proof of the degree bound compu-
tation of Algorithm 11.1.

Exercise 11.7 Give a hypergeometric representation of the error function.
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Chapter 12
Holonomic Equations for Integrals

Now we are ready to consider definite integration of hyperexponential terms.
If the corresponding indefinite integral is a hyperexponential term again, then
Algorithm 11.1 applies, and definite integration is trivial.

In this chapter we consider definite integrals of the type

b

I, :/F(n,t)dt (12.1)

a

where F(n,t) is a hypergeometric term with respect to n and a hyperexponential
term with respect to ¢, or of the type

b

1(x) = / F(x,t)dt, (12.2)

a

F(x, t) being a hyperexponential term with respect to both x and ¢.

Generally, we cannot expect that a hyperexponential term antiderivative exists, so
the next best thing we can hope for is a holonomic equation for 7, or / (x), in other
words a holonomic recurrence equation for 7, or a holonomic differential equation
for I(x), respectively. As in the way we derived holonomic equations for definite
sums applying Gosper’s algorithm to an appropriate auxiliary function, we can apply
the continuous version of Gosper’s algorithm to the current problem.

This procedure results in the following pair of algorithms [AZ90, AZ91].

Algorithm 12.1 (Almkvist, Zeilberger) Given F(n,t) or F(x,t), this algorithm
searches for a holonomic recurrence or differential equation for 7, or I (x), defined
by (12.1) or (12.2), respectively.

1. Input: F(n,t) # 0 (F(x,t) # 0), a hypergeometric term with respect to n,
hyperexponential with respect to ¢ (or: a hyperexponential term with respect to
both x and 7).

W. Koepf, Hypergeometric Summation, Universitext, 239
DOI: 10.1007/978-1-4471-6464-7_12, © Springer-Verlag London 2014
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2. SetJ :=1.
3. Set
J
f@)=F@mn. 0+ ojn) Fn+j.1)
j=1
or

J .
9/
f@)=Fx, 1)+ E Uj(x)mF(xJ),
=1

respectively, with undetermined variables o; depending on n (or x), but indepen-
dent of 7.

4. Apply the continuous Gosper algorithm adapted in the following way to f(¢): In
the last step, solve the linear system for the coefficients of f (1), and at the same
time for the unknowns o (j =1, ..., J). In the affirmative case, the continuous
Gosper algorithm finds G (n, ¢) with

d
;G0 =1

or G(x,t) with
a
EG(XJ) = f(@).

Pay attention to possible nonnegative integer denominator zeros with respect to
n (or x) of the rational certificate

S G (s G
RouD =70 (R(x’t)_ f(t))

where the resulting holonomic equation might not be valid.
The calculation also determines the functions o; (j = 1, ..., J) thatare in Q(n)
or Q(x). If the procedure is not successful then increase J by one and continue
with step 3.

5. Output: By integration from ¢ = a to ¢t = b, from the fundamental theorem of
calculus it follows that

J t=b
L+ Y 0jn) Iy =G@,b) - G(n,a) = G(n, 1) (12.3)
j=1 t=a
or
J ' t=b
[() + D 0jx) IV(x) = G(x,b) — G(x,a) = G(x,1) (12.4)
t=a

j=1
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for I,, (I (x)) where the right-hand sides of (12.3)—(12.4) in actual situations may
have to be defined as limits. Multiplication by the common denominator results
in the equation sought. O

Note that generally an inhomogeneous recurrence or differential equation results.
In many interesting cases, however, we can choose the integration bounds such that
the resulting holonomic equation is homogeneous.

Example 12.2 'We come back to the definition of the I" function. Let

o0 o0
1(n) :=/F(n,t)dt=/t”*‘e*fdt.
0 0

With J := 1, for
fO)=Fn,)+o Fn+1,0)=1""te " 401"’
we have

f/@)  —t+n—1—o1>+oint
f@ t(14011)

3

and the usual rewriting step yields the triple
pt)y=1+o01t, gt)=n—1—1t and r(t) =t.

The degree bound for f (¢) is zero, and equating coefficients in the main Eq. (11.5)

for f(t) = bg implies by = % o] = —%. Since for Re n > 0 we have
=00 t =00
G(n,1) =— f@ =0
= N1 =0

(requiring limit computations), we arrive at the holonomic recurrence equation
nl,—I,1+1=0 (Ren > 0).

Note that this equation holds for alln € C with Re n > 0 since no further assumption
was needed in the derivation. A hypergeometric term solution, however, can only be
given using a suitable initial value, I1 = 1, say, so that for integer n € N we get
L,=m-—1)!

It is typical that we could also have deduced the result by an intelligent application
of integration by parts as we did in Chap. 1. The main advantage of the technique
given here is that the result is derived completely automatically.


http://dx.doi.org/10.1007/978-1-4471-6464-7_11
http://dx.doi.org/10.1007/978-1-4471-6464-7_1
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Example 12.3 Next, we would like to find a holonomic differential equation for

o0 o0 )
Xt 2
1(x) :=/F(x,t)dt=/e‘r2 "dr
0 0

(see [AZ90]). For J = 1, the procedure does not return a result, hence we set J := 2.
After some complicated calculations, we get

p) = - 201xt2 — 202t2 + 40'2)62,
q) =2x>—4r> —2¢* and  r(r) =13

The polynomial f(t)isof degree zero, f@) = by say,and we getbg = —1/2,01 =0
and 0o = —1/4. Hence we are led to the differential equation

1"(x) —41(x) = 0.

Note that in this particular case, the resulting differential equation can be used easily
to find a hyperexponential term representing the integral under consideration.

Since the functions > and e~2* are linearly independent solutions of the given
differential equation, its general solution is a linear combination

I(x) = ae® + Be 2.

Since lim 7(x) = 0, we must have o = 0.
X—> 00

Furthermore, using the initial value (see 1.15)

o
1(0) :/e_’zdt - ﬁ,
2
0
we have finally 8 = /7 /2 and
I(x) = ge*h,

a rather surprising outcome, indeed!

Session 12.4 The procedures intrecursion (F,t,S(n)) and intdiffeqg
(F,t,S(x)) below implement Algorithm 12.1. Their output is a homogeneous
recurrence/differential equation for the definite integral under consideration assum-
ing that the integration bounds are chosen such that the right-hand sides of (12.3)
and (12.4) vanish.


http://dx.doi.org/10.1007/978-1-4471-6464-7_1
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intrecursion:=proc (F, t,sn)
local S,n,f,b,sigma,rat,p,q,r,upd,deg, ftilde,j,jj,1,var, req, sol,
num, den, J, cert;
if type(sn, function) then
S:=0op(0,sn); n:=op(l,sn) else n:=sn
end if;
for J from 1 to MAXORDER do
f:=F+add(sigma[j]*subs(n=n+j,F),j=1..J);
rat:=contratio(f,t);
if not type(rat,ratpoly(anything,t)) then
error ‘Algorithm not applicable‘;
end if;
p:=1: g:=numer (rat): r:=denom(rat) :
upd:=contupdate(p,q,r, t);
p:=op(l,upd): g:=op(2,upd): r:=op(3,upd):
deg:=contdegreebound(p,q,r, t);
if deg>=0 then
ftilde:=add(b[jl1*t"j,j=0..deqg) ;
var:={seqg(sigmaljjl,jj=1..J),seq(bljjl,3j=0..deqg)};
reqg:=collect ((g+diff(r,t))*ftilde+r*diff(ftilde,t)-p,t);
sol:={solve({coeffs(req,t)},var)};
if not(sol={} or
{seqg(op(2,0p(l,op(l,s0l))),1=1..nops(op(l,s0l)))}={0}) then
reqg:=S(n)+add(sigmal[j]l*S(n+j),j=1..J);
reqg:=normal (subs (op(1l,sol),req)):;
reqg:=collect (numer (req), [seq(S(n+J-3j),3j=0..J)1);
return map (factor,req)=0;
end if;
end if;
end do;
error cat(‘Algorithm finds no recurrence equation of order <= ‘',
MAXORDER) ;
end proc:

intdiffeq:=proc(F, t, sx)
local x,S,f,b,sigma,rat,p,q,r,upd,deg, ftilde, j,jj,1,var,deq, sol,
num, den, J, cert;
if type(sx, function) then
S:=0op(0,sx); x:=0p(l,sx) else x:=sx
end if;
for J from 1 to MAXORDER do
f:=F+add(sigmal[j]*diff (F,x$3j),j=1..J);
rat:=contratio(f,t);
if not type(rat,ratpoly(anything,t)) then
error ‘Algorithm not applicable‘;
end if;
p:=1: g:=numer (rat): r:=denom(rat):
upd:=contupdate(p,q,r, t);
p:=op(l,upd): g:=op(2,upd): r:=op(3,upd):
deg:=contdegreebound(p,q,r, t);
if deg>=0 then
ftilde:=add(b[j]1*t"j,j=0..deg);
var:={seq(sigmaljjl,jj=1..J),seq(b[]jj],jj=0..deg)};
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deqg:=collect ((g+diff(r,t))*ftilde+r*diff (ftilde,t)-p,t);
sol:={solve({coeffs(deq,t)},var)};
if not(sol={} or
{seg(op(2,0p(l,op(l,s0l))),1=1..nops(op(l,s0l)))}={0}) then
deqg:=S(x)+add(sigmal[j]*diff (S(x),xS$j),Jj=1..J);
deq:=normal (subs(op(1l,so0l),deq)) ;
deq:=numer (deq) ;
deqg:=collect (deq, [seq(diff (S(x),x$(J-j)),j=0..0-1),S(x)1]1);
deq:=numer (normal (deq) ) ;
deqg:=collect (deq, [seq(diff (S(x),x$(J-j)),j=0..0-1),S(x)1]1);
return map (factor,deq)=0;
end if;
end if;
end do;
error cat (‘Algorithm finds no differential equation of order <= ‘',
MAXORDER) ;
end proc:

Note that these procedures are only slightly adapted versions of the previous
procedures sumrecursion (F, k, S(n)) and sumdiffeq(F, k,S(x)).
We repeat the above examples with Maple!:

> intrecursion(exp(-t)*t”(z-1),t,S(z));
S@)z—Siz+1)=0
> intdiffeg(exp(-x"2/t"2-t"2),t,S(x));
2
48(x) — 4 S(x) =0

Let us rediscover the connection of the Beta function, defined by

1
B(z,w) = /zz—‘ (-0 lar
0

with the I" function, namely

1

/tz—l (1 — -1 g = LOTW (12.5)

I'z+w)
0

(see Theorem 1.1) for integer z, w € N>;:

> intrecursion(t” (z-1)*(1-t) " (w-1),t,S(z));
—(z4+w)Sz+1)+S(@)z=0

> intrecursion(t” (z-1)*(1-t) " (w-1),t,S(w));
—EZ+w)SW+ 1D +SWw=0

The initial values for w = 1 and z = 1 are easily established.

! Unfortunately, one cannot use a function name like I (z) since I is Maple’s complex unit.
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Example 12.5 Again, we might interpret the resulting holonomic equations in an
appropriate noncommutative polynomial ring. Let’s have another look at Exam-
ple 12.3 from this point of view. Here the resulting differential equation can be
written as

(02 _ 4) I(x) =0

using the differential operator D. The product rule shows that D(xf (x)) = f(x) +
xf'(x) = (1 + xD)f(x), i.e. the commutator rule Dx — xD = 1 is valid. The
operator polynomial D?> — 4 has the factorizations

D>—4=(D—-2)(D+2)=(D+2)(D-2)

with the two different right factors D =+ 2 corresponding to the particular hyperex-
ponential solutions e*2* that we met in Example 12.3. In particular, we realize that
Algorithm 12.1 did not discover the differential equation of lowest order valid for
I(x).

This was a very simple example. Let’s do a more complicated one! We consider

oo

x2
0= [ e ae

—00

(12.6)

Algorithm 12.1 yields the differential equation DE2 of second order
> DE2:=intdiffeq(x"2/ ((x74+t"2)* (1+t"2)),t,S(x));
DE2:=(x—-Dx+1D x>+ Dx j—; S() + (Tx*+1) L S(x) +8x3S(x) =0

for I(x). This corresponds to the operator equation P(D, x)I(x) = 0 with the
operator polynomial

P(D,x) := (x4—1)xD2+(7x4+1)D+8x3. (12.7)
The REDUCE implementation ncpoly [MA94] mentioned earlier yields 60 differ-
ent noncommutative polynomial factorizations of P (D, x) (wow!), one of which is
given by?
P(D,x) = ((x2 —1xD + (3x% + 1)) ((x2 +1)D + 2x). (12.8)
The right factor (x> + 1) D + 2x corresponds to the differential equation

(% 4+ DI'(x) + 2xI(x) =0, (12.9)

2 Singular’s [GLMS10] FirstWeyl command of the ncfactor library can also find this fac-
torization.
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that turns out to be valid for 7 (x). This can be seen by the calculations

> integral:=contgosper ((x"2+1)*

> AifF(x72/ ((X74+E72)* (1+£72) ), %) +2*x*x"2/ ((x"4+t°2) * (1+t°2)) , %) ;

—x2 +12
x4+ (A +12)
> limit (integral, t=infinity);
0

Solving (12.9) we get

I 2
In I(x):/ I((;‘))dxz—/H—xﬁdx=—1n(1+x2)+cl,

hence

I(x)= .
&) =7 e

By the calculation

o0
(1) = / L -7
) A+ 2
—00
we have C = 7, and finally for x # O the result

e e]

1()—/ x? di = 2
VT )+ ) T T

—00

Now, having resolved the particular question of computing the definite integral (12.6),
we would like to consider the question of factoring differential operators from a
more general perspective. Maple can factor differential operators over Q(x) (and
not only over the polynomial ring Q[x]!) by an implementation of Mark van Hoeij
([vanHoeij96, vanHoeij97], see also [Bronstein94]). This implementation is part
of the DEtools package. Note that this implementation is used by the dsolve
command to solve holonomic differential equations.

Considering our above example, again, as a first step, we select the names of the
operators and convert the differential equation to a differential operator:

> _Envdiffopdomain:=[Dx,x]:
> P:=DEtools[de2diffop] (DE2,S(x)) ;
P = —x)Dx>+ (Tx* + 1) Dx + 8x3

according to (12.7). The DEtools [DFactor] command can factorize differential
operators over Q(x). In our example, we get
> fac:=DEtools[DFactor] (P) ;
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3
fac = |:(x5—x)Dx+3x4+l, Dx + 4x :|
=D+ DE2+1D

resulting in a left and a right factor of P. With DEtools [mult] one can multiply
the two differential operators resulting in P again3:
> DEtools[mult] (op(1, fac),op(2, fac));
@ —x)Dxr + (Tx*+ 1) Dx +8x3

Of course the given first order right factor corresponds to a hyperexponential solution.
We deduce the corresponding first order differential equation

> DEl:=DEtools[diffop2de] (op(2, fac),S(x));

. 4x%S(x) d
PE = e he ey )

and get the logarithmic derivative of this solution as

> logder:=solve(DEl,diff (S (x),x))/S(x);
4x3
x—Dx+DE2+1)

so that the corresponding solution is given as

logder = —

> exp(int(logder,x));
1
-DE+DE2+1)

which therefore is also given by dsolve

> dsolve(DEl, S (x));
ci
S - -
© = The -

Having computed this solution, one can find the second linearly independent solution.
This explains dsolve’s output for our starting differential equation DE2

> dsolve(DE2,S(x));

Sy = =L, €2 x?
V= xt—1 x*-—1
which—of course—covers (with C; = —m and C, = ) the obtained solution of

our particular problem.

Example 12.6 (Euler Integral Representation) Euler gave the following integral
representation

1

@b —L b—1g1 _ oe—b—1,1 _ —a

ZFI( ¢ ‘x)_F(b)F(c—b)/t 1= —mx)""dt  (12.10)
0

3 Similarly the two differential operators given in (12.8) can be treated.
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for the Gauss hypergeometric function. Can we prove it? We note that (12.10) is
valid if its left- and right-hand sides both satisfy the same holonomic differential
equation and initial values. Let’s first generate their common differential equation
using Algorithms 10.2 and 12.1, respectively.

> sumdiffeq(hyperterm([a,b]l, [c],x,k), k,S(x));

x(x — 1)%S(x)+(x +xa +xbfc)%5(x)+8(x)ab=0
> intdiffeq(GAMMA (c)/ (GAMMA (b) *GAMMA (c-b) ) *
> t7(b-1)*(1-t)  (c-b-1)*(1-t*x)"(-a),t,S(x));
=D LS+t xatab—c) LS +Sx)ab=0
For x = 0, the initial value statement

1
= L/ﬂ’*‘u — )P ar
I'(b)I (c — b)
0

is a particular case of the Beta function identity (12.5). The equality of the corre-
sponding derivatives at x = 0 yields

1

b _ I"(c) by bl

c F(b)F(c—b)/t (=1 da
0

another case of the Beta function identity. These results are also suggested by the
computations

intrecursion (
>  GAMMA (c) / (GAMMA (b) *GAMMA (c-b) ) *t” (b-1) * (1-t) " (c-b-1) ,t,S(b));

Sb)-Sb+1)=0
intrecursion (c/b*GAMMA (c) / (GAMMA (b) *GAMMA (c-b) ) *
subs (x=0,diff(t” (b-1)*(1-t) " (c-b-1)*(1-t*x) " (-a),x)),t,S(b));

Sy —S(b+1)=0
Note that (12.10) turns out to be valid whenever |x| < 1 and Re (¢) > Re (b) > 0.

Example 12.7 (Bateman Integral Representation) Bateman discovered a hyperge-
ometric representation for
m)dL

How can we rediscover his representation? In Example 7.8 for a similar discrete
example we changed the order of summation, and were successful. Hence we change
the order between integration and summation and interpret the above integral as

1

/lc71 (1— l)dil 2 Fy (a;b

0
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o0 o0 1
> si= D] /t“‘(l—t)d”m(zx)kdz.

|
k=—o00 k=—007y ()i k!

The calculation

> intrecursion (
> t7(c-1)*(1l-t)”" (d-1)*hyperterm([a,bl, [c],t*x,k),t,S(k));

—k+Dd+k+c)Sk+D+SEK)x(B+k) (a+k)=0
shows that the resulting function is indeed a hypergeometric sum. Evaluating Sy
using the initial value

1

So =/zf—1 a—-n?tar =

0

I'(e)I"(d)
Fc+d)’

we have finally deduced Bateman’s identity ([Bateman09, ErdélyiS3], p. 78)
1
'(e)rd
/tc_l (1 —t)d_lel (a’cb tx) dt = —(C) ) 2 Fy ( a,b ’x)
0

I'c+d) c+d
Note that this method can be used to prove and discover many hypergeometric repre-
sentations of integrals of sums, in particular for integrals of orthogonal polynomials,
see e.g. [Feldheim43, AF69], or [AG71]. Some more examples of this type are given
in the exercises.

Further Reading

For further reading on the algorithms of this chapter see [AZ90].

Exercises

Exercise 12.1 Find both a holonomic recurrence and differential equation for the
Abramowitz functions (see [AS64], 27.5)

o0
A(n, x) = /t" e 7 dr. (12.11)
0
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Exercise 12.2 Prove the following integral representations for the Kummer hyper-

geometric function
1
.X) — /etx ta—l (1 _ t)b—a—l dt
0

1
= 21—”ex/2/e—’7* A+l 1 —n*"ar

-1

') (b —a) P (a
) "\ b

Exercise 12.3 Evaluate the integral

1
/e‘l/’t‘3‘" (1 —1)"dt.
0

Exercise 12.4 Describe a continuous version of the WZ method for the proof of
a hypergeometric term integration identity. Apply the method to the appropriate
examples of this chapter, in particular to Exercise 12.3.

Exercise 12.5 Deduce the identities

a,b,c r@ a1 d—a—1 b,c

(a) 3F2 ( d,e x) = m Ofta (1 —t) @ 2F1 e xt dt,
a _ 1 T ot - -

(b) 1F; (b x) = T Ofe tya=l oFy ( b xt) dt,

a,b—d b obed— _ a,b
(© 2F1( . x):% N (L lel( i xt)dt.
0

< Exercise 12.6 [Derivative Rules] Implement intdiffrule(F,t,S(n,x))
as a modified version of Algorithm 10.2 which detects a derivative rule (see Exam-
ple 10.7) of the form

J
I (x) = 20‘/(71, x) Inyj(x)

Jj=0

with o; € Q(n, x) for
b

In(x)z/F(n,x,t)dt,

a

F(n, x,t) being hypergeometric with respect to n, hyperexponential with respect

to t, and strictly hyperexponential with respect to x,under the hypothesis that the

integration bounds are chosen such that the resulting equation is homogeneous.
Apply the procedure to the Abramowitz functions (12.11).
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Exercise 12.7 (Gauss Identity) In Exercise 7.6 the Gauss identity (3.1)

F (a,b‘l)_l"(c)l“(c—a—b) (12.12)
EEL T TI'(c—a)(c—b) ’

of our hypergeometric database in Chap. 3 was proved for arbitrary a, b and c. Give an
alternative proof of (12.12) by using Euler’s integral representation of Example 12.6.

Exercise 12.8 Find a homogeneous differential equation for (see [AS64], (27.6))

1 = dt.
x) / L
0

Exercise 12.9 (Schlifli’s Integral) Show that the contour integral

1 (2 = 1"
Px)=— [ — — 4
n) =50 | e o
Y

where y denotes a closed curve surrounding the point x € C once in the counter-
clockwise direction, is a representation of the Legendre polynomials.

Exercise 12.10 (Airy Integral) Assume y is a curve that is not closed but chosen
such that the integrand of

1 3
Ax) = — [ ™ 5 dt
2mi
¥

vanishes at its boundary points. What does y look like? Can one assume that y lies
entirely on the real axis? Derive a holonomic differential equation for A(x). Note that
the resulting differential equation is one of the simplest differential equations whose
solutions Ai(x) and Bi(x), called Airy functions (see e.g. [OLBC10], (9.2.1)), are
not elementary.

Exercise 12.11 Show that the Bessel functions

('S (=D* 2%
J”(x)_(z) %4kk!1“(k+l+n)x ’

which we defined in Exercise 10.9, have the integral representation

1
— % ixt 2 \n—1/2
Jo(x) = ﬁF(n+1/2)/e a1 -1t drt.
-1
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Exercise 12.12 Give a hypergeometric representation of the integral

2

o
/e_“ X% gm=1 Jo(bx)dx,
0

where J,,(x) denote the Bessel functions.

Exercise 12.13 [KS94] Show that the Bateman functions (10.10)

el (=DF (n
Falt) === 2 5 1)!(k)(2t)’<,

k=1

which we defined in Exercise 10.6, have the representation

oo
1 e (T D)
Fn(l‘)zg/el”md‘f.
—00

Exercise 12.14 Calculate

o0
1 —
/t” e 'L, (t—x) dr,
2
0

L,(x)= L,(10) (x) denoting the Laguerre polynomials.

Exercise 12.15 Algorithm 12.1 may yield a differential equation with nonpolyno-

mial coefficients if
DF(x.1)

Fa) Q@) but ¢ Qx).

Show that the algorithm generates the differential equation
—2(=x*+In(x))x (I'(x))+(=1+2x*)I(x)=0

for
o0

I1(x) := /xtze_xztzdt.

—0o0
Use dsolve to solve this differential equation, and hence find the explicit formula

JT

)= —Y"
0 x2 —1In(x)
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for I (x). Check this result numerically forx =1, ..., 5.
Use the same procedure to evaluate the definite integrals

o
(@ [ x' e dr

—00

e 2 2.2
(b) f xa+bt—ct e t dt .
—0o0

Exercise 12.16 Find a differential equation for

e 2
G@t) = /e—i e T dx

0
see SIAM Review 37, 1995, Problem 95-16 [Glasser95].

Exercise 12.17 Prove the integral representation

1 anrlex w°
Z EXk = ’ /t”eﬂ” dt
! n!
1

for the partial sums of the exponential series (see e.g. [AS64], (5.2.8)). Hint: Use
Exercise 2.19 to find a common differential equation. Note that the limits of integra-
tion are not the natural ones.
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Chapter 13
Rodrigues Formulas and Generating
Functions

In this chapter we use the algorithms of the preceding chapter to obtain holonomic
equations for function families given by Rodrigues type formulas and generating
functions [AZ90]. For this purpose we must assume that the reader is familiar with
complex contour integration and the Cauchy integral formula, see e.g. [Ahlfors53].

Let f(x) denote a function of a complex variable x that is analytic in a simply-
connected domain D C C (for example in a disk). Recall that the Cauchy integral
formula states that such an f(x) is infinitely differentiable, and its derivatives can
be expressed by the integrals

(n) f@
S ()—27”/0 dt (13.1)

x)n+1

where y denotes a closed curve lying completely in D and winding around the point
x € C once in the counterclockwise direction. This will be assumed throughout the
current chapter.

Assume now that a family of functions f;,(x) is given by a Rodrigues type
formula

n

fu(x) = gn(X) h (x) (13.2)

in terms of the nth derivative of another function £, (x). Applying (13.1) to f = h,,
we can write f;(x) as the integral

hy, (1)
Sn(x) = gn(x )_/mdt. (13.3)

W. Koepf, Hypergeometric Summation, Universitext, 255
DOI: 10.1007/978-1-4471-6464-7_13, © Springer-Verlag London 2014
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Example 13.1 (Legendre Polynomials) As an example, we consider the family
Jfa(x) given by the Rodrigues formula

fu(x) = (2_—1)’1 a

Tnl dx"

1—x>". (13.4)

An application of (13.3) shows that f, (x) has the integral representation

(=D 1 (1 —=¢%)n
o =5 %/( dr
Y

t _x)n+l ’

On the other hand, in Exercise 12.9 it was shown that the Legendre polynomials are
given by Schlifli’s integral

1 (l2 _ l)n
B =55 w4
Y

Hence we have verified that the Rodrigues formula (13.4) represents the Legendre
polynomials
(_1)n ar
2" n! dx"

Py(x) = (1—xH",

Session 13.2 Representation (13.3) makes it possible to utilize Algorithm 12.1 for
functions given by a Rodrigues type formula (13.2).
The Maple procedures

rodriguesrecursion:=proc(g,h,x,sn)

local S,n,t,result;

if type(sn, function) then
S:=0p(0,sn); n:=op(l,sn);

else
n:=op(1,sn);
end if;

result:=intrecursion(n!*g*subs(x=t,h)/(t-x) " (n+l),t,S(n));
end proc:

rodriguesdiffeq:=proc(g,h,n, sx)

local S,x,t,result;

if type(sx, function) then
S:=0p(0,sx); x:=0p(1l,sx);

else
x:=0p (1, sx);
end if;

result:=intdiffeqg(g*subs(x=t,h)/(t-x) " (n+l),t,S(x));
end proc:
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use the integral representation (13.3) to find recurrence and differential equations for

fn(x), given by (13.2).

Note that the resulting holonomic equations are always homogeneous since y is
closed.

We do some examples. The calculations

> rodriguesrecursion((-1)"n/(2"n*n!), (1-x"2)"n,x,P(n));
nm+2)Pn+2)—xB+2n)Pn+1)+ (nn+1)P(n) =0

> rodriguesdiffeqg((-1)"n/(2"n*n!), (1-x"2) "n,n,P (X)) ;

(140 (142 L Pa) 25 LP@) + P (1 +1) =0

yield Example 13.1 again, namely the recurrence and differential equations of the
Legendre polynomials. These equations might be compared with those calculated
from the series representation of the Legendre polynomials

> gumrecursion(binomial (n, k) *binomial (-n-1,k)*((1-x)/2) "k, k,P(n));
n+2)Pn+2)—x@B+2n)Pn+1)+m+1)Pn)=0

> gumdiffeqg(binomial (n, k) *binomial (-n-1,k)*((1-x)/2)"k,k,P(x));
(140 (40 L3P0 =23 L P + PR+ 1) =0
dx X
Having therefore proved the above, the family

2" n! dxm

fu(x) = (1—x?)"

now satisfies the same recurrence equation as P,(x) does. To show that f,(x) =
Py, (x) for all n € N>, we have only to check the two initial values

(_1)n ar

— AN — 1 =
fow) = - (= =1=Po(x)
and
0= _epl L g —x=p
ho = Srr e =, = R == Ao,

The following are the recurrence and differential equations of the generalized
Laguerre polynomials

n

Lo = > SR ()

k=0
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> sumrecursion((-1) "k/k!*binomial (n+alpha,n-k)*x"k,k,L(n));
n+2)Ln+2)— (e +3—-x+2n)Le+ D+ m+a+1)LHn)=0
> sumdiffeq((-1) k/k!*binomial (n+alpha,n-k)*x°k,k,L(x));
2L L)+ (x e+ D) E L@ +Lw)n =0
stemming from their series representation. These calculations can be compared with

> rodriguesrecursion (
>  exp(x)/(n!*x"alpha),exp(-x)*x” (alpha+n) ,x,L(n));

nm+2)Ln+2)—(a@+3—x+2n)Ln+ 1)+ m+a+1)L(n)=0
> rodriguesdiffeq(exp(x)/(n!*x"alpha),exp(-x)*x" (alpha+n),n,L(x));
L L)+ (cxta+ DL Le) + LR =0
dx2 dx -

After checking the initial values, these calculations prove the valid Rodrigues formula

et d"

(e—x on—n)

for the generalized Laguerre polynomials.

Next, we would like to find recurrence equations for families given by discrete
Rodrigues formulas. These are in terms of the nth power of one of the difference
operators A or V instead of the differential operator %. Note that this research has
been done by Fischer [Fischer13].

There are two difference operators, the backward difference operator

Vix)=fx)—fx—-1
and the forward difference operator
Af(x) = fx+1 — f(x).
Since the theories with V and A are very similar, we consider here only the V case.
To be able to apply Zeilberger’s algorithm in a suitable way it is essential to have a

representation of V" f(x) as a series, similarly as Cauchy’s theorem yields an integral
representation for % f(x). However, such a representation is easy to find. Since

VIf() = f(x) =2 f(x— 1)+ f(x —2),
V) = f) =3 fx—D+3f(x—2)— f(x—3),

by induction we get for n € N>
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. n
n _ k
Vi (x) _kzo(_l) (k)f(x—k)- (13.5)

Therefore, using (13.5), we can apply Zeilberger’s algorithm to every family of
functions f; (x) of the form

fun(x) = g0 (x) V"'hy (x) (13.6)
in terms of the nth power of V of h,, (x).

Session 13.3 Representation (13.5) makes it possible to utilize Algorithm 8.5 for

functions given by a discrete Rodrigues type formula (13.6).
The Maple procedure

nablarodriguesrec:=proc (g, h,x, sn)
local S,n,k,result;
if type(sn, function) then
S:=op(0,sn); n:=op(l,sn);
else
n:=op(l,sn);
end if;
result:=sumrecursion (g* (-1) "k*binomial (n, k) *subs (x=x-k,h) ,k,S(n));
end proc:

uses the series representation (13.5) to find a recurrence equation w.r.t. n for f,(x),
given by (13.6). Note that the resulting holonomic equation is always homogeneous
since the binomial coefficient in (13.5) makes the bounds natural.

Assume the family f;, (x) is given by the formula

B x! Vnax
Ju(x) = priy

Then we can compute the following recurrence equation w.r.t. n
> nablarodriguesrec (x!/a"x,a"x/x!,x,C(n));
aCn+2)—(a+n—x+1)Cn+1)+n+1)Cn) =0

for f,,(x). Comparing this recurrence equation with that for the Charlier polynomials
(see Exercise 7.10) given by the hypergeometric representation

—n, —x
Cu(x,a) = 2Fp ( -

through the computation
> sumrecursion (hyperterm([-n,-x],[],-1/a,k),k,C(n));

aCn+2)—(@a@a+n—x+1DCn+1)+m+1)Cn) =0
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we see that f,(x) = C,(x, a) by just checking two initial values again. This yields
the representation
x! _ a*
Cy(x,a) = —V"'—
a* x!
for the Charlier polynomials given in ([KLS10], (9.14.10)).
Note, however, that the discrete Rodrigues formula can even be translated directly
towards a series representation by (13.5). In the Charlier case, we get for example

Sax) = x_' Vni

a* x!
x—k o
() (0

as the computation

> Sumtohyper (x!/a"x*(-1) "k*binomial (n, k) *subs (x=x-k,a"x/x!) ,k);

Hypergeom ([—n, —x1, (1, —l)
a

shows.
Similarly the code

nablarodriguesdiffeq:=proc(g,h,n, sx)
local S,x,k,result;
if type(sx, function) then
S:=0op(0,sx); x:=op(l,sx);
else
x:=0op(l,sx);
end if;
result:=sumrecursion(g* (-1) "k*binomial (n, k) *subs (x=x-k,h) ,k,S(x));
end proc:

generates the two identical difference equations (which are also recurrence equations)
for the two different representations:

> mnablarodriguesdiffeqg(x!/a"x,a"x/x!,n,C(x));
aCx+2)—(@—-n+x+DCx+ D+ &+ DHCx) =0
> sumrecursion (hyperterm([-n,-x],[],-1/a,k),k,C(x));
aCx+2)—(@—-n+x+DHCx+DH+ &+ DHCx) =0
Other families can be treated in a similar way, see Exercise 13.7.

Next, we examine generating functions of the family of functions f;,(x). Note
that the generating function of f, (x) is given by the power series
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o
F2) =Y fax) 2"
n=0

Often generating functions are not elementary functions (see e.g. (6) and
Exercise 13.11) or the formal power series is nowhere convergent. Therefore we
deal with the more general generating function

F(z) = Zan fax) 2", (13.7)
n=0

an being a given sequence. In particular, for a,, = 1/n!, this is called the exponential
generating function of f, (x).

Applying the Cauchy integral formula (13.1) to F(z) and using Taylor’s theorem
we get the integral representation

= — — — | —=dt 13.8
Fu(X) a, n! ap 2mwi ) vl ( )

14

1 F(”)(O)_ 1 1 /F(t)

for f,(x), which, in combination with Algorithm 12.1, can be used to obtain recur-
rence and differential equations for functions whose generating function F(z) (given
by (13.7)) is a hyperexponential term.

Session 13.4 The Maple procedures

GFrecursion:=proc (F,a, z,sn)
local S,n;
if type(sn, function) then
S:=0op(0,sn); n:=op(l,sn);
else
n:=op(1l,sn);
end if;
return intrecursion(F/a/z” (n+l),z,S(n));
end proc:

GFdiffeq:=proc(F,a,z,n, sx)

local S,x;

if type(sx, function) then
S:=0op(0,sx); x:=0p(l,sx);

else
x:=0p (1, sx);
end if;

return intdiffeq(F/a/z”" (n+l),z,S(x));
end proc:
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use Algorithm 12.1 to find recurrence and differential equations for f,(x), given by
(13.7), according to (13.8).
For example, the calculations

> GFrecursion((1l-z)” (-alpha-1) *exp(x*z/(z-1)),1,z,L(n));
n+2)Ln+2)—(@+3—x+2n)Ln+ 1)+ mn+a+1)LHn)=0

> GFdiffeqg((1l-z)” (-alpha-1)*exp(x*z/(z-1)),1,z,n,L(x));
L L)+ (~x e+ D) L L) +LE)n =0

show that
. oo
(l _ Z)*O(*l ezﬁ — ZLSY)(X) Zﬂ
n=0

is the generating function of the generalized Laguerre polynomials. The initial values
can be checked by using Taylor’s theorem.

Whereas GFrecursion works for hyperexponential input, a more general pro-
cedure can find the recurrence equation for the power series coefficients for every
holonomic input. This is implemented in the FormalPowerSeries package
([Koepf92, Koepf06]) and can be invoked by the convert command.

For the same example as above we get

> convert((l-z)" (-alpha-1) *exp(x*z/(z-1)),
> TFormalPowerSeries, z,L(n),recurrence) ;

m+2)Ln+2)+(2n+x—a—-3)Ln+ 1D+ m+14+a)L(n)=0

which is of course the same recurrence equation.

g-Rodrigues Formulas

In this section we consider the computation of g-recurrence equations for families
given by a g-Rodrigues formula. The research of this section was again developed
by Fischer [Fischer13].

In ([KLS10], (14.21.12)), the following formula is given for the g-Laguerre poly-
nomials

(I—g)"
G, Dnwx; a;q)

Lff‘)(x;q) = @;‘w(x;a—i—n;q) (13.9)

where
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To continue, we need a series representation for the nth power of the g-derivative
operator Z,. Such a representation was given by ((KRMO7], (4))

n _ 1 c RN L (5)--vk . 4
2@ = T g( 1) [kL q f(g* x). (13.10)

For a proof see also ([Sprenger09], 1.12). Note that another formula for 9; f(x)
appeared in (JAMO8], 2.13), which contains a misprint, though.l

Session 13.5 To get a recurrence equation for

San(x) = gn(x) -@;hn(x),

we apply the g-Zeilberger algorithm to (13.10) and therefore get the implementation

grodriguesrec:=proc(g,h,q,x, sn)

local S,n,k,result;

if type(sn, function) then
S:=o0p(0,sn); n:=op(l,sn);

else
n:=op(l,sn);
end if;

result:=gsumrecursion(g/ ((1-gq) "n*x"n)*(-1) "k*gbinomial (n,k,q)*
q” (binomial (k,2) - (n-1) *k) *subs (x=x*q"k,h) ,q,k,S(n)) ;
end proc:

Applying this procedure to (13.9) we get
> w:=x"alpha/gpochhammer (-x,q, infinity) ;

xl)l

- gpochhammer(—x, g, 00)
> qgrodriguesrec((1l-q) "n/ (gpochhammer (g, q,n) *w) ,
> subs (alpha=alpha+n,w),q,x,L(n));

(_1 +qn)qL(n) + (_q(2n+a)x _ q(a+n+1) _ q(n+l) +q2 + q) L(l’l _ 1)
+ @@ = gL(=2+n) =0

Of course the series representation

-(5 r

ll n

! Their corrected formula Dy f(x) = ( (]1) T > (=D [ ] 61(2) f(g"™" x) follows from
r=0 q

(13.10) by changing the order of summation r = n — k.
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qa+l;q —n
( )nl¢1(q

L@ (x;q) = @D 2!
’ n

q _an+a+1)

yields the same recurrence equation for Lf,a) (x;q):

> gsumrecursion (gpochhammer (q” (alpha+1),q,n) /gpochhammer (g, g, n) *
> gphihyperterm([g” (-n)], [g” (alpha+l)],q, -x*q" (n+alpha+1) ,k),
> q,k,L(n));

(=1 +qn)(1L(1’l) + (_q(2n+ot)x _ q(ot+n+l) _ q(n+]) +q2 +q)L(}’l -1
+ @™ =) gL(=2+n) =0

Asin the discrete case, we can use (13.10) directly to rewrite the g-Rodrigues formula
(13.9) as a series. This can be done by the computation

sum2ghyper ( (1-q) "n/

(gpochhammer (g, g, n) *w) / ( (1-q) "n*x
gbinomial (n,k,q)*q” (binomial (k,2) -
subs ({x=x*q "k, alpha=alpha+n},w) , g

vV V.V VvV

¢(g"™, —x1, [0], ¢, 4" ¢" q)
gpochhammer(q, g, n)

We have therefore found a second independent hypergeometric representation

1 o —x
L@(x; q) = o 201 (q 0
n

’

q, qn+a+l) )

Compare ([KLS10], (14.21.1)).

Further Reading

For further reading on the algorithms of this chapter see [AZ90].

Exercises

Exercise 13.1 (Bateman Functions) Prove that the Bateman functions [Bateman31,

KS9%4
] et EDF iy o
F”(t)=72(k—1)!(k)(2t)

k=1

(see Exercise 10.6) satisfy the Rodrigues formula
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te' d" [ 5 -
Fn(t) — FW (e 2t tn 1)

and have the generating function

—t {+z :ZF (l)z

Exercise 13.2 (Hermite Polynomials) Prove the Rodrigues formula

n

H, () = (1) e® 9o

2

dx"
of the Hermite polynomials
b tg TR
— 2k)'k! '

Furthermore use the method of Example 7.8 to deduce the exponential generating
function

o0

Q2= = Z ! H (x) "

n= 0
Verify the result using the method of the present chapter.

Exercise 13.3 (Jacobi Polynomials) Prove the Rodrigues formula

(=D"

o d"
T )(1+x>ﬁ

PP (x) = ((1 — %A+ 0P (1 —x?) )

for the Jacobi polynomials P,fa’ﬁ ) (x) which are given by the representation

(@ B) . n+at) —n,n+a+B+1|1—x
P, (X)—(n 2F1( ot 1 — )

Exercise 13.4 (Gegenbauer Polynomials) The Gegenbauer polynomials C) (x) are
forv # 0 given by

vy Qo) (v—1/2.v—1/2)
C,(x) = CESYAR Py (x).

Show that this definition is compatible with the one given in Exercise 10.5:
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1—x
> .

Show also that the Gegenbauer polynomials are generated by the simple function

C¥(x) = 2v), ( —n,n+2v

nt P v+12

1

o0
2 G =

n=0

In particular, one has for the Legendre polynomials

o0
ZPH(X)Zn = ;
"m0 V1 —2xz+7?

Exercise 13.5 Show that

Fiz) = —
@ l—z-22
constitutes the generating function of the Fibonacci numbers.

Exercise 13.6 (Laguerre Polynomials) Prove the identity
o0

e (1+2)% =D L ()"
=0

Exercise 13.7 (Discrete Orthogonal Polynomials: Rodrigues Representations) The
Krawtchouk, Meixner and Hahn polynomials were given in Exercise 7.10 by the
following hypergeometric representations:

)

p K

-n,—x
Ky(x; p, N) =2F) ( _N

-n,—x

My (x; B, c) =2F1 ( 8

and

a+1,—N

_na_-xva-’_ +n+1
O0n(x: . B, N) = 3F ( p ‘ 1).

Show that these polynomial families have the following discrete Rodrigues repre-
sentations (see [KLS10], Chap. 9)

Ka(xi p. N) = (N)ﬁv ("> 5))

p
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Ma(xi o) = =2 v (<ﬂ + 1) cX)’

(,B)x c* x!
and
) (=D (B4 Da n 3
Qﬂ(xaayﬁ9N)_ a)(x,a,‘B,N)(—N)nv w(x,(x+n,/3+n,N n),
where

ox;a, B, N)= (ai—x) (ﬂ—]i\_]]z;x)

Exercise 13.8 (Discrete Orthogonal Polynomials: Generating Functions) Show
that the Charlier, Krawtchouk and Meixner polynomials (see Exercises 7.10 and
13.7) have the following generating functions (see [KLS10], Chap. 9):

i 7" Z\*
> Cn(x,a)—zez(l——) ,

n! a
n=0

N X
Z(N) Kn(x; py N) 2" = (1 _4 _p)z) (142",
n )4

n=0

o0

> O o= (1-5) a9t

n!
n=0

o Exercise 13.9 Find and prove a summation formula for A" f(x) similar to
(13.5). Then write corresponding Maple procedures deltarodriguesrec and
deltarodriguesdiffeq to compute recurrence and difference equations for
Ja(x) = gn(x) A"h,(x). Use your programs to compute recurrence equations w.r.t.

n and x for
N X n a” bx
Ja(x) = (n)A 1
< Exercise 13.10 If F(z) is a Laurent polynomial
n
F(z) = Z a 2%,
k=—n

then the coefficient ay is called the constant term of F(z) and is denoted by

ap = CT; F(2).
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Write two Maple procedures CTrecursion(F,z,s(n)) and CTdiffeq
(F,z,s(x)) that calculate a holonomic recurrence and differential equation,
respectively, for the constant term of F (z).

Determine a holonomic recurrence equation with respect to n and a holonomic
differential equation with respect to x for the function

1 n
Sp(x): =CT;, (z+x + z) .

Show further that the functions

2 n
—1
P,(x) = CT, (%)
2z
are the Legendre polynomials.

Exercise 13.11 (Legendre Polynomials) Deduce the exponential generating func-
tion (6) of the Legendre polynomials

oo
1
Z — P,(x)7" = e Jy (z\/ 1— x2) .
—n!
Hint: Prove the hypergeometric representation

Pu(x) = x" 2 Fy (‘"/2’ (= ‘ - i)

x2

for the Legendre polynomials, and use it to represent the left-hand side. Then change
the order of summation.

Exercise 13.12 (Big g-Jacobi Polynomials) Prove the following identity for the so-
called big q-Jacobi polynomials ([KLS10], Sect. 14.5)
, abg

. ) = q"
Pn(xaa7bych)—3¢2( aq’cq q’Q)

ancnqn(n+l)(1 _ q)n
"~ (aq, @n (cq. @nw(x; a, b, c; q)

n+17x

Dyw(x;aq", bq", cq"; q)

where ' .
(@ '%, @)oo (77X, @)oo

(X, @)oo (be™x, @)oo

w(xsa,b,c;q) =

< Exercise 13.13 Implement a Maple procedure grodriguesdiffeqg(g,h,q,
n, s (x)) using gsumdiffeq, and apply it to the g-Laguerre and to the Big
q-Jacobi polynomials.



References 269

References

Ahlfors53. Ahlfors, L.: Complex Analysis. McGraw-Hill Book Co., New York (1953)

AZ90. Almkvist, G., Zeilberger, D.: The method of differentiating under the integral sign. J. Symb.
Comput. 10, 571-591 (1990)

AMOS. Annaby, M.H., Mansour, Z.S.: g-Taylor and interpolation series for Jackson g-difference
operators. J. Math. Anal. Appl. 344, 472-483 (2008)

Bateman31. Bateman, H.: The k-function, a particular case of the confluent hypergeometric func-
tion. Trans. Amer. Math. Soc. 33, 817-831 (1931)

Fischer13. Fischer, K.: Identifikation spezieller Funktionen, die durch Rodrigues-Formeln gegeben
sind. Universitit Kassel, Private communication (2013)

KLS10. Koekoek, R., Lesky, P., Swarttouw, R.F.: Hypergeometric Orthogonal Polynomials and
their g-Analogues. Springer Monographs in Mathematics. Springer, Berlin (2010)

Koepf92. Koepf, W.: Power series in computer algebra. J. Symb. Comput. 13, 581-603 (1992)

KS94. Koepf, W., Schmersau, D.: Bounded nonvanishing functions and Bateman functions. Com-
plex Variables 25, 237-259 (1994)

Koepf06. Koepf, W.: Computeralgebra. Springer, Berlin (2006)

KRMO7. Koepf, W., Rajkovic, PM., Marinkovic, S.D.: Properties of g-holonomic functions. J.
Differ. Equat. Appl. 13, 621-638 (2007)

Sprenger09. Sprenger, T.: Algorithmen fiir g-holonome Funktionen und g-hypergeometrische Rei-
hen. PhD thesis, Universitit Kassel (2009)



Index

Symbols

P, (x) (Legendre polynomials), 1
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Ee_% f(2) (residue of f at zp), 3
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upper
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a
1F1 ( b
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x) (generalized hypergeo-

x ) (Gauss hypergeometric

x) (Kummer’s confluent hyper-

W. Koepf, Hypergeometric Summation, Universitext,
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rPs (lower q,x) (g-hypergeometric se

ries), 26
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(a; q); (g-Pochhammer symbol), 27

[k]4 (g-brackets), 28

[k]4! (g-factorial), 28
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I, (z) (g-Gamma function), 28

0f (x) = xf'(x) (differential operator), 29

x| (floor function), 31

L, (x) (Laguerre polynomials), 57

A (forward difference operator), 64, 141

Pn(x|q) (little g-Legendre polynomials), 71

P,(x; c; q) (big g-Legendre polynomials),
71

P, (x|q) (continuous g-Legendre polynomi-
als), 71

P, (x; g) (continuous g-Legendre polynomi-
als), 71

L,(la) (x) (generalized Laguerre polynomi-
als), 71

Lff‘) (x; q) (g-Laguerre polynomials), 72

F,, (Fibonacci numbers), 74

fn(x) (Fasenmyer polynomials), 75

Z,(x) (Bateman polynomials), 75

H,, (x) (Hermite polynomials), 76

ged (f, g) (greatest common divisor of poly-
nomials), 80

deg (qx) (degree of polynomial), 82, 87

disp (gk, rr) (dispersion of polynomials), 82

max S (maximum of set S), 82
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k!! (double factorial), 97

£(z) (zeta function), 126

K, N (shift operators), 135

K, (x; p, N) (Krawtchouk polynomials),
141

M, (x; B, ¢) (Meixner polynomials), 141

C, (x, a) (Charlier polynomials), 141

0, (x; o, B, N) (Hahn polynomials), 141

V (backward difference operator), 141

W, (x%;a,b,c,d) (Wilson polynomials),
141

PP (x) (Jacobi polynomials), 146

J (x) (Bessel functions), 147

D,, (number of derangements), 199

D (unit disk), 212

Y4 (g-derivative operator), 218, 262

eq(x), E4(x) (g-exponential functions), 219

sing (x), Sing (x) (g-sine functions), 219

cosy (x), Cos, (x) (g-cosine functions), 219

C) (x) (Gegenbauer polynomials), 221

F, (t) (Bateman functions), 221

P} (x) (associated Legendre functions), 222

B,E“) (x) (Bessel polynomials), 223

erf (x) (error function), 232

D (differential operator), 245

A(n, x) (Abramowitz functions), 249

Ai(x) (Airy function), 251

Bi(x) (Airy function), 251
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mial), 267

P,(x;a,b,c;q) (big g-Jacobi polynomi-
als), 268

A
Abramowitz functions, 249
add (addition), 55, 112
Adjoint operator, 182
Admissible hypergeometric term, 167
Airy functions, 251
Airy integral, 251
Algebra of g-holonomic functions, 220
Algebra of holonomic functions, 189
algebraicrechyper (rec,s(n)),
187
Algorithm
Almkvist-Zeilberger, 227, 239
continuous Gosper, 227
extended_gosper, 154
Fasenmyer, 54
Gosper, 79
van Hoeij, 169, 190
Petkovsek, 169
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q-differential equations, 219

gq-Gosper, 94

g-Petkovsek, 196

q-Zeilberger, 138, 139

Risch, 79, 236

Risch-Bronstein, 227

simpcomb, 16

Zeilberger, 117, 127
Almkvist-Zeilberger algorithm, 227, 239
Andrews’ identity, 157
Antidifference, 79

m-fold, 153
Apéry numbers, 31, 125, 145, 185
Apéry recurrence equation, 126, 175, 185
Apparent singularity, 194
a priori bound, 60, 87, 134
Askey-Gasper identity, 132
Askey-Gasper inequality, 132
Askey-Wilson scheme, 72, 138
Associated Legendre functions, 222
assume, 8
asympt, 193
Asymptotic series, 193
Axiom, viii

B

Backward antidifference, 81

Backward difference operator, 141, 258

Bailey identity, 107, 161

Bailey transformation, 148

Bailey’s hypergeometric database, 36

Balanced hypergeometric series, 47

Basic hypergeometric function, 27

Bateman functions, 221, 252, 264

Bateman integral representation, 248

Bateman polynomials, 75

Bessel differential equation, 212, 222

Bessel functions, 147, 212, 222, 251

Bessel polynomials, 223

Beta function, 5, 244

Bieberbach conjecture, 31, 132, 221
Weinstein proofs, 132

Big g-Legendre polynomials, 71, 148

Big g-Jacobi polynomials, 268

Bilateral sum, 13

bind (FormalPowerSeries), 222

binomial (n,k),7

Binomial sum identity, 12

Binomial theorem, 28, 90, 111
g-analogue, 28, 115, 148

Branges’ theorem, de, 31, 132, 221
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Cauchy integral formula, 255
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of continuous Gosper algorithm, 237
of extended Gosper algorithm, 167
of extended WZ method, 159
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of WZ method, 107
of Zeilberger algorithm, 127
Charlier polynomials, 141, 259
generating function, 267
Rodrigues formula, 260
checksum(F,R,k,n), 114
Chu-Vandermonde identity, 36, 107
Classical discrete orthogonal polynomials,
140, 266, 267
Classical orthogonal polynomials, 223
Clausen formula, 130
Clausen identity, 114
Clausen product identity, 130, 144
Closedform(F,k,n), 130
closedform(F,k,n), 122
Companion identity, 112
Compatible recurrence equations, 203
Complexity, 60, 144, 188, 199, 201
Confluence process, 27, 32
Constant term of Laurent polynomial, 267
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contdispersionset (g, r,x), 232
contfindf (p,q,r,x), 233
contgosper (f, x), 234
Continuous ¢-Legendre polynomials, 71,
148
Continuous Gosper algorithm, 227
Contour integration, 255
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convert, 7
convert (..., FormalPowerSeries),
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Database
of antiderivatives, 79
of hypergeometric identities, 36
of g-hypergeometric identities, 44
Decision procedure, 60
Definite integration, 227, 239
Definite summation, 12, 103, 117
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non-natural bounds, 24, 128
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Bessel polynomials, 223
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hypergeometric function, 29
Laguerre polynomials, 222
Legendre polynomials, 216, 221
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DEtools [de2diffop], 246
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DEtools[diffop2de], 247
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DFactor, 246
diff(f,x), 133
diffeqgtorec, 201
Difference operator, 64, 95, 141, 258
Differential equation
Abramowitz functions, 249
Airy functions, 251
Bateman functions, 221
Bessel functions, 212, 222
Bessel polynomials, 223
generalized Laguerre polynomials, 257
Hermite polynomials, 223
holonomic, 205
hypergeometric, 29
inhomogeneous, 212, 241
Jacobi polynomials, 223
Laguerre polynomials, 223
Legendre polynomials, 209, 257
Differential operator, 245
diffop2de, 247
Discrete orthogonal polynomials, 140, 266,
267
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dispersionset (g, r, k), 85,93

Dixon identity, 20, 36, 64, 107
g-analogue, 115, 148

Double sum identity, 131

Dougall identity, 107, 122
g-analogue, 115, 148

dsolve, 246, 247, 252

Dual identity, 112

Dummy variables in Maple, 42

Duplication formula of I" function, 18
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_Envdiffopdomain, 246
Equivalent recurrence equations, 203
error, 111
Error function, 232, 237
Euler integral representation, 247
Euler transformation, 213
Euler-Mascheroni constant, 5
expand, 7, 14, 32, 134
Exponential function, g-analogue, 219
Exponential generating function, 261
Charlier polynomials, 267
Hermite polynomials, 265
Legendre polynomials, 268
extended+_+gosper algorithm, 184
extended_gosper (a, k), 156
extended_gosper (a,k,m), 156, 167
extended+_+sumrecursion, 168
extended WZ certificate, 159

F

factor, 83

factorial (k),7
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rational, 22, 83, 187
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Falling factorial, 95
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Fasenmyer algorithm, 54
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Fasenmyer polynomials, 75
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Fibonacci numbers, 74, 144, 266
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FirstWeyl (Singular), 245
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Floor function, 31
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Forward antidifference, 79

Forward difference operator, 64, 95, 141,258

Fuchs relations, 192, 195

G
GAMMA (z),7
Gamma function, 1, 241
duplication formula, 18
reflection formula, 4
Gauss hypergeometric function, 14, 32
Bateman integral representation, 248
Euler integral representation, 247
Gauss identity, 36, 107, 161
Gcd, 80
Gegenbauer polynomials, 221
generating function, 265
Generalized hypergeometric function, 12
Generalized Laguerre polynomials, 71, 74,
222,266
generating function, 262
parameter derivative, 145
Rodrigues formula, 257
generateproducts (f), 183
Generating function, 260
Charlier polynomials, 267
exponential, 261
Gegenbauer polynomials, 265
generalized Laguerre polynomials, 262
Krawtchouk polynomials, 267
Legendre polynomials, 266
Meixner polynomials, 267
Generation of identities, 123
Gessel-Stanton identities, 158
GFdiffeq(F,a,z,n,s(x)),261
GFrecursion(F,a,z,s(n)), 26l
gfun package, ix, 189, 201, 218
gfun[diffegtorec], 201
gfun[‘rec*rec'], 182
gfun[‘rec+rec'], 189
gfun[rectodiffeq], 218
Gosper
-summable, 80
algorithm, 79
continuous version, 227
g-analogue, 94



Index

gosper (a, k), 96, 111

Greatest common divisor, 80
Greatest factorial factorization, 93
Grobner basis, 175

H
Hahn polynomials, 141
Rodrigues formula, 266
Harmonic numbers, 89, 202
Hermite polynomials, 76
derivative rule, 222
differential equation, 223
exponential generating function, 265
Rodrigues formula, 265
Holonomic
differential equation, 205
function, 205
operator, 135
g-function, 220
recurrence equation, 52
HolonomicDE, 222
HolonomicRE (term, s (k) ), 188

hsum package, ix, 15, 42, 43, 93, 130, 156,

166
Hyperexponential term, 73, 205, 227
antiderivative, 227
strictly, 206
hypergeom (upper, lower, x), 41
Hypergeometric
database
Bailey, 36
differential equation, 29
function
basic, 27
confluent, 14, 32, 250
derivative rule, 29
Gauss, 14, 32, 247, 248
generalized, 12
Kummer, 14, 32, 250
recurrence equation, 29
identity, 12
series, 12
balanced, 47
basic, 27
generalized, 12
k-balanced, 47
lower parameters, 13
nearly-poised, 47
Saalschiitzian, 47
upper parameters, 13
well-poised, 47
sum, 12
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term, 12
admissible, 167
antidifference, 80
local type, 191
local type at oo, 192
m-fold, 153
(m, 1)-fold, 157
proper, 59, 134
rational certificate, 91
with respect to two variables, 103
transformation, 43, 213
g-analogue, 148
hypergeomsols, 190, 193, 200

hyperrecursion (upper, lower,x,s(n)),

166

hyperterm (upper, lower, x, k), 26,
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Bailey, 107, 161
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Chu-Vandermonde, 36, 107
Clausen, 114
Dixon, 20, 36, 64, 107
double sum, 131
Dougall, 107, 122
Gauss, 36, 107, 161, 251
generation of, 123, 127
Gessel-Stanton, 158
hypergeometric, 12
integral sum, 249
Jackson, 115, 148
Kummer, 36, 107, 223
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proving, 106, 123, 214, 249

g-Chu-Vandermonde, 48, 76, 113, 115,

139, 148, 196
g-Dixon, 115, 148
g-Dougall, 115, 148
gq-Gauss, 44, 48
g-Kummer, 115, 148

q-Pfaff-Saalschiitz, 44, 76, 115, 139, 148

Stanley, 45

Strehl, 70

Székely, 40

Watson, 36, 107, 161

Whipple, 36, 107, 161
Indefinite integration, 227
Indefinite summation, 80
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recurrence equation, 129, 241
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Integer-linear, 12
Integral formula of Cauchy, 255
Integral representation

Bateman, 248

Bateman functions, 252

Bessel functions, 251

Beta function, 5, 244

Euler, 247

Gamma function, 1, 241

generating function, 261

Kummer hypergeometric function, 250

Legendre polynomials, 256

Rodrigues formula, 255
Integral sum identity, 249
Integration

contour, 255

definite, 227, 239

indefinite, 227
Integration rule, 216

Bessel polynomials, 223

Jacobi polynomials, 218, 223

Legendre polynomials, 218
intrecursion(F,t,S(n)),242
isolve, 83
IsZApplicable, 138

J

Jackson identity, 115, 148

Jacobi polynomials, 146, 223
integration rule, 218, 223
parameter derivative, 147
q-analogue, 268
Rodrigues formula, 265

K

k-balanced hypergeometric series, 47

kfreediffeq(f,k, x, kmax, xmax),
73

kfreerec (f, k,n, kmax, nmax), 55

k-free recurrence equation, 51

KoepfGosper, 157

Index

KoepfZeilberger, 167
Krawtchouk polynomials, 141
generating function, 267
Rodrigues formula, 266
Kummer hypergeometric function, 14, 32
integral representation, 250
Kummer identity, 36, 107
g-analogue, 115, 148
Kummer transformation, 46, 213

L
Laguerre polynomials, 57
differential equation, 223
generalized, 71, 74, 222
derivative rule, 222
generating function, 262
parameter derivative, 145
Rodrigues formula, 257
g-analogue, 72, 148, 262
Legendre functions, associated, 222
Legendre polynomials, 23, 46, 125, 220
derivative rule, 216, 221
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